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Abstract 
The polyglutamine disorders are a subgroup of inherited neurodegenerative 

disorders with a common mutation which confers toxicity via a polyglutamine 

tract in the protein leading ultimately to various forms of neurodegeneration. 

One of these disorders, spinocerebellar ataxia 7 (SCA7) exists at a higher 

frequency in South Africa, than elsewhere in the world, and a founder effect 

has been demonstrated in South Africa, such that every patient tested thus far 

is linked to a common ancestor.  

 

The manipulation of RNA interference (RNAi) has been used with increasing 

success to selectively knockdown the expression of disease-causing genes at 

the RNA level. Thus, the possibility of applying this method to SCA7 in South 

Africa was considered. However, the wild-type allele of ataxin-7 is likely to be 

necessary for cellular function therefore a form of allele-specific silencing is 

required, such as a SNP linked to the mutation. Given the less than desirable 

nature of the SNP itself, extensive screens of twenty different RNAi hairpins 

were performed to identify one that might distinguish between the mutant and 

wild-type alleles. Using different reporter genes and target lengths a hairpin 

was identified that showed significant selective knockdown of the mutant 

transcript in a heterozygous full-length assay. Furthermore, this hairpin led to 

the release of wild-type protein from mutant-forming aggregates, suggesting 

an additional benefit of allele-specific silencing over general knockdown. 

Finally, re-structuring of this hairpin in a primary miRNA based format yielded 

the same selectivity at the same position, strongly suggesting that the designs 

and therefore mismatch placement positions were accurate. These findings 

strongly support previous studies that suggest that single nucleotide mismatch 

placement in the 3’ end of the guide strand may lead to strong discrimination. 

 

Most importantly, as SCA7 uniquely presents with a retinal phenotype in 

addition to the classic cerebellar pathology, the relative accessibility of the eye 

lends itself to efficacious assessment of therapy. This study will therefore form 

the basis for in vivo work investigating the efficacy of RNAi based gene 

therapy. 
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1. Introduction 

 

In recent years, disorders of the nervous system have been seen to have an 

increasing impact on the global burden of disease (1) for the most part, due 

to the trend towards aging populations (2). While this is currently more of a 

feature in developed countries, improved medical care in developing nations 

will soon lead to a similar phenomenon, with better health care leading to 

increased life expectancy (2). Neurodegenerative diseases encompass a 

group of nervous system disorders presenting with progressive symptoms 

that last decades, placing a significant financial and emotional burden on 

families. The devastating phenotypes and general lack of meaningful 

therapies thus requires a significant effort towards the investigation of novel 

cures. Given the incomplete understanding of neurodegeneration, an ideal 

subgroup to study is that of the dominantly inherited disorders, since the 

disease-causing mutation sheds light on the mechanism of pathogenesis. 

 

The dominantly inherited neurodegenerative disorders include a plethora of 

distinct as well as phenotypically overlapping diseases. Within this group, the 

subset of polyglutamine disorders constitutes a significant area of research. 

Conditions falling within this subset have a common type of mutation; that of 

an expanded CAG repeat, encoding a stretch of polyglutamines within the 

disease-causing protein. To date, nine polyglutamine disorders have been 

identified; Huntington disease (HD), spinobulbar muscular atrophy (SBMA), 

dentatorubral pallidoluysian atrophy (DRPLA) and the following 

spinocerebellar ataxias, 1, 2, 3, 6, 7 and 17 (3). As a result of the common 

type of mutation these disorders share a variety of features including late 

onset of symptoms, anticipation and instability of repeats in transmission 

from parent to child. The common pathogenic number of repeats in each 

polyglutamine disorder vary, but mostly lie in the 40-60 range, with numbers 

extending into the hundreds (4, 5). The polyglutamine disorders share similar 

threshold levels, such that numbers of 37- 40 repeats in most of these 



Univ
ers

ity
 of

 C
ap

e T
ow

n

 
 
 
  Chapter 1: Introduction 

 

2

conditions results in presentation of neurodegeneration (3). A common 

feature of all these disorders is that of anticipation, whereby the number of 

repeats beyond the threshold level is inversely proportional to the age of 

onset (AOO) of symptoms, such that larger expansions result in earlier and 

often more severe forms of the phenotype. While the mechanism of 

pathogenesis for each disorder has not been fully elucidated, many common 

features have been identified. The toxic gain-of-function caused by the 

mutant protein is a generally accepted view, possibly due to nuclear 

fragmentation and/or cytoplasmic or nuclear aggregation of the mutant 

proteins, of which the implications of the latter is a highly contentious issue 

(6). The context within which the expanded repeat lies is likely to lead to 

different cell-type susceptibilities based on the function of each of the protein 

coding genes. Thus specific disorders show degeneration of various regions 

of the cerebellum and cortex, consequently leading to different phenotypic 

symptoms. It is therefore possible that research conducted on one of these 

disorders may provide information on others. 

 

With this in mind, we wanted to investigate a possible therapeutic approach 

targeting the mutant gene in SCA7. One of the methods showing success 

with other polyglutamine disorders is the manipulation of the RNA 

interference (RNAi) pathway in order to yield decreased expression of the 

disease-causing gene. Thus, in this study an RNAi based approach was 

investigated specifically for SCA7 patients in South Africa.  

 

1.1. Spinocerebellar ataxia 7 

1.1.1.  Phenotype 

The significant heterogeneity between and within families with inherited late 

onset ataxia led to the classification of the different forms of the disorder into 

three different subsets of autosomal dominant cerebellar ataxias (ADCA) 

based on the Harding classification (7); ADCAI, II and III. ADCAII was 

characterised by ataxia and the distinction of progressive blindness in the 
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form of pigmentary retinopathy (8). However in the mid-1990s the 

identification of heterogeneous disease-causing mutations in this and other 

types of ADCA led to a reclassification based on the genotype. Although 

ADCAI and III constitute a variety of genetically different SCAs, ADCAII is 

caused by SCA7 alone (8). A single exception to this classification has been 

identified in which a British family presenting with SCA7 symptoms is 

negative for the SCA7 mutation (9). 

 

A more recent description of SCA7 symptoms includes ataxia, dysarthria, 

dysphagia, and exaggerated deep tendon reflexes, as well as a macular 

degeneration of cone-rod dystrophy (10, 11). In adult onset SCA7, cerebellar 

symptoms usually precede the visual phenotype; however other phenotypic 

signs are evident in the earlier onset (childhood or juvenile) forms of the 

disorder, usually with visual degeneration preceding the onset of cerebellar 

symptoms (12). Juvenile onset SCA7 presents with an early onset of 

symptoms and a more rapid progression of the disorder, but is otherwise 

similar to adult onset SCA7. Infantile onset, however, which occurs before 2 

years of age, can be quite distinct phenotypically (13, 14). Features include 

failure to thrive, weight loss, motor regression, cardiac abnormalities, wasting 

and hypotonia with ataxia difficult to recognise; indeed the infantile onset 

cases appear to involve multiple tissues and organs (14, 15). 

 

1.1.2.  Genetics 

Identification of linkage to the short arm of chromosome 3 indicated that 

SCA7 was genetically distinct from other ADCAs (16).  Further investigation 

of some SCA7 families using the repeat expansion detection method (used 

to identify expanded repeats without knowledge of the locus of the mutated 

gene) indicated that an expanded triplet repeat co-segregated with the 

disease (4). Refinement of the previously mentioned area of chromosome 3 

(17) and positional cloning techniques (18) resulted in characterisation of the 

SCA7 gene, ataxin-7 (atxn7) (19) confirming the expanded repeat sequence 
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as disease-causing in five different French families with SCA7. A schematic 

representation of the atxn7 is indicated in Figure 1.1. 

 

 

Figure 1.1: Representation of the atxn7 transcript in Vega (BCM:ATXN7-001). This 

transcript represents the most common isoform containing 13 exons, 3.940 Kb with 

892 residues over 135.62 Kb of genomic DNA (19). Alternative transcripts have 

subsequently been identified in humans with homologues in mice (20, 21). Numbers 

represent exons shown with approximate distances between each other. 

 

The normal allele of atxn7 contains CAG repeat numbers ranging from 4 to 

35 with the most common normal sized alleles being (CAG)10, (12, 22) 

although this differs in some population groups (23). Allele sizes within the 

range of 28 to 35 are now considered mutable normal alleles (previously 

known as intermediate alleles) because while there are no reports of SCA7 

being associated with these sizes, they have been shown to expand into the 

pathological range in transmission from parent to child (24). The sizes of 

disease-causing expansions are considered to range from 37 to over 400, 

with the largest expansion identified being (CAG)460 (15). The lower threshold 

is not perfectly defined, however, as results from a family study show 

phenotypic presentations in individuals with 36 repeats (25). Repeats in 

SCA7 show the greatest instability in transmission from parent to child than 

any of the polyglutamine disorders, in particular through the paternal line, 

indicating the predisposition of spermatogenic instability (24, 26) such as that 

indicated in Figure 1.2. The bias of instability in  paternal transmission is not 

unique to SCA7 (27, 28) and may be due to the high mitotic turnover of 

spermatocytes in comparison to oocytes (29). However the extreme cases of 

instability far surpass those of the other polyglutamine disorders with a report 

of a (CAG)49 expanding to (CAG)460 in a single transmission (15). A possible 

1                                                    2                        3 4                                                              5                                          6    7 8    9 10 11 12 13 (CAG)

135.62 
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explanation may be that the genomic context within which the atxn7 

expansion lies contributes to the instability of the repeat (30). Evidence for 

this has been demonstrated in a mouse model of SCA7 where the removal of 

intronic sequences within and flanking atxn7, leads to reduced instability in 

transmission to offspring (30).  

 

Figure 1.2: A comparison of the number of repeats identified in blood (top panel) 

and sperm (bottom panel) of a SCA7 patient. PCR products were analysed using 

GENESCAN software, where the horizontal axis represents the number of repeats 

and the vertical axis, fluorescent units. Taken from David et al. 1998 (22).  

 

1.1.3.  Correlations between genotype and phenotype 

Anticipation is the phenomenon of a decreasing AOO in successive 

generations first observed in patients with HD by Heilbronner in 1903 (31). It 

has since been shown to be caused by an increase in the number of repeats 

in transmission from parent to child (32), and is striking in SCA7, due to the 

previously mentioned dramatic instability of the SCA7 (CAG) repeat. The 

strong correlation between the AOO and the number of repeats has been 

examined extensively (12, 22, 24) and indicates that the repeat number 

contributes to most of the variability in AOO, with an inversely proportional 
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relationship. An increase in the number of repeats has also been shown to 

be associated with a more severe and shorter course of disease (22).  

Generally, patients with smaller repeat sizes (less than 60) present with 

classic ataxic symptoms, later followed by progressive macular degeneration 

(12). Indeed, a patient with only 39 repeats and an AOO of 77 years showed 

no gross macular degeneration, reinforcing this observed trend (33). In 

contrast, patients carrying larger expansions (which constitute a smaller 

percentage of SCA7 patients (12, 22)), and therefore presenting with an 

earlier AOO, present with initial symptoms of macular degeneration, followed 

by progressive ataxia or a dual onset of symptoms. 

 

1.1.4.  Pathology 

The pathology of SCA7 correlates with the phenotype in that both regions of 

the cerebellum and the retina show marked degeneration. Atrophy of the 

cerebellum and pons in human studies are typical of SCA7, with the latter 

significantly worse in SCA7 patients than for other SCAs, and found to 

precede atrophy of the cerebellum (11). Specifically, atrophy of the cerebellar 

cortex and dentate nucleus, is noted (34). Extensive loss of the Purkinje cells 

with minimal changes to the granular layer of the cerebellum occurs.  In the 

brainstem, olivocerebellar, spinocerebellar, and pyramidal tracts show 

atrophy with the inferior olive showing noticeable neuronal loss with gliosis. 

Pyrimidal pathways and motor neurons in the spinal cord are also affected. 

Degeneration of the subthalamic nucleus, globus pallidus and substantia 

nigra is variable, and seen in some patients (34). Other pathologies include 

neuronal loss in brainstem cranial nerve motor nuclei (III, IV, XII), and 

demyelination of pyramidal tracts and posterior columns of the spinal cord 

(11). Inclusion formation has been reported in affected areas, notably in the 

inferior olive, however they are also found in some areas of the cerebral 

cortex not affected in SCA7 brains, although this study reported an early 

onset case (35). In contrast, cases of severe infantile onset SCA7 show 

significant multiorgan failure in addition to neuronal degeneration (14, 15). 
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The retinal phenotype occurs as a result of the degeneration of the cone and 

rod photoreceptor neurons in the retina – one of the few disorders 

characterised by cone followed by rod photoreceptor degeneration (36). The 

retinal phenotype appears as macular degeneration, but is caused by 

photoreceptor dysfunction of initially the cones, followed by the rods, leading 

to the disorder being incorporated into the group of cone-rod dystrophies. 

Central vision is initially impaired as indicated by a decrease in colour 

discrimination (37, 38). The loss of vision then proceeds to the entire retina, 

as dysfunction of the rods follows that of the cones, leading to total 

blindness.  

 

1.1.5.  Function of the normal protein 

The normal protein has been studied by several groups with some success 

as to the characterisation and the identification of the function of the protein. 

Initial investigations of the atxn7 gene product (ATXN7) indicated that it 

localised to the nucleus due to the presence of an arginine-lysine nuclear 

localisation signal (NLS), whose activity was demonstrated in transfected 

Cos-1 cells (39). In addition the protein was shown to contain a phosphate 

binding site (40). Both of these domains are conserved in the murine 

homologue of ATXN7, which has 88% homology to the human sequence 

(41). In addition, the protein has been found to possess a highly conserved 

nuclear export signal (42) which in addition to the NLS suggests a nuclear-

shuttling role for ATXN7 (43). Immunoreactivity for the 95 kD protein has 

been found the nucleus of Purkinje cells, although both cytoplasmic and 

nuclear staining has been identified in non-cerebellar neurons (44). The 

distribution of the normal protein indicates ubiquitous expression throughout 

the neurons of the nervous system, as well the retina, in addition to 

expression of atxn7 in several non-neuronal tissues (45). The only tissues 

tested that did not show immunoreactivity were the liver and kidney. 

Jonasson and colleagues refined these data by comparing their data with 

that of other studies (46). They indicated that there may be an age-

dependent sub-cellar localisation of the protein in brains of control 
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individuals, with nuclear staining present earlier followed by cytoplasmic 

staining later in life. However the data for these controls is not conclusive and 

since the studies on the five different controls were performed by four 

different groups, this would need to be verified (46). Subcellular localisation 

shows co-localisation with cytoplasmic organelles such as the endoplasmic 

reticulum and nuclear envelope, but with neither the mitochondria nor the 

golgi (45).  

 

Yeast 2-hybrid studies looking for ATXN7-interacting proteins identified R85, 

a splice variant of Cbl-associated protein as well as an ATPase subunit S4 of 

the 19S proteasomal complex (47, 48). The former suggested a possible role 

for the ubiquitination and degradation of ATXN7, whilst the latter indicated 

proteasome inhibition, which is known to cause aggregation and neuronal 

intranuclear inclusions (NIIs) in in vitro polyglutamine models such as SCA3  

(49).  

 

Subsequently, several studies have proposed that ATXN7 is involved in 

transcriptional regulation. In 2001, a study revealed that ATXN7 interacted 

with the cone-rod homeobox (CRX) protein – a photoreceptor cell-specific 

transcription factor (50). Although the exact function of CRX is unknown, 

mutations in the gene coding for the latter are responsible for retinal 

degenerative disorders (51). Biologically, many of these mutations have been 

shown to result in dysregulated expression of the photoreceptor genes. 

Furthermore a knockout mouse model of Crx (the mus musculus homologue 

of CRX) develops retinal degeneration due to impairment of photoreceptor 

cell development (52). In 2004 interacting domains of CRX and ATXN7 were 

mapped using various deletions and point mutations and indicated that the 

CRX/ATXN7 interaction occurs via their respective polyglutamine tracts 

present in the wild-type proteins (36). It was further indicated that CRX and 

ATXN7 co-occupy a regulatory region of the CRX target genes regulating 

expression of retinal genes (36).   
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A second hypothesis for the role of ATXN7 in transcriptional regulation came 

from the identification of a yeast homologue which showed significant 

similarity to a gene identified as a novel subunit of the histone 

acetyltransferase (HAT) Spt/Ada/Gcn5/acetylase (SAGA) complex - 

responsible for approximately 10% of transcription regulation of the yeast 

genome (53). The following year the ATXN7 protein was identified as a 

subunit of GCN5 HAT of the transcriptional co-activator complexes, TATA 

box binding protein (TBP)-free TBP associated factor (TAF) containing 

protein TFTC, and SPT3/TAF9/GCN5 acetyltransferase complex STAGA; the 

mammalian equivalent of the yeast SAGA complex (54). These complexes 

contain several proteins except TBP, making it distinct from the general 

transcription factor TFIID and preferentially acetylate histone H3 and activate 

transcription on chromatin templates (54). Indeed it has since been 

demonstrated that an in vivo interaction between STAGA and ATXN7 exists 

and is functional, based on the HAT activity of GCN5 (55). 

 

1.1.6.  Pathogenesis 

A common point of discussion within the area of research of polyglutamine 

disorders is that of the mechanism of pathogenesis; whether it be solely a 

gain-of-function due to the accumulation of toxic protein fragments, or 

alternatively whether loss-of-function of the wild-type allele contributes to 

disease pathogenesis. Certainly, it is generally accepted that the gain-of-

function accrued by the toxic mutant protein contributes towards and results 

in cell death in all the polyglutamine disorders. However, the precise manner 

in which the mutant protein which causes toxicity is unknown. Many studies 

have explored cell-specific vulnerability, expression, aggregate formation and 

other possible mechanisms of pathogenesis without definitive outcomes. In 

addition the extent to which loss of function may contribute towards disease 

pathogenesis is also unknown.     
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1.1.6.1. Expression and aggregation 

For the most part there has been difficulty identifying a correlation between 

the level of expression, cell-type expression and aggregate formation with 

respect to the neuropathology observed in SCA7 patients. This is most 

strikingly demonstrated by the ubiquitous expression of atxn7 contrasting 

sharply with specific sub-types of neurons affected by the disease process 

(45). Furthermore there is no relationship between levels of expression and 

the degree of degeneration suggested by the strong immunoreactivity of 

ATXN7 in the external pallidum compared with the weak presence of the 

protein in the Purkinje cells, both severely degenerated in SCA7 patient 

brains (see Figure 1.3, page 21, (56)). The only correlating observation made 

was the increase in loss of neurons with nuclear labelling. However this 

hypothesis is weakened due to the lack of a direct relationship between cells 

containing inclusions and cell death. While almost all cells with inclusions 

showed high levels of expression, the converse did not follow in many 

situations such as the lack of inclusions in the putamen and pallidum, which 

had shown high levels of expression.  

 

One of the most controversial areas within the field of polyglutamine 

disorders research is the consequence of aggregate formation within specific 

neuronal cell types, i.e. are the aggregates protective, causative or simply 

associated with neuronal death?  Aggregation in the form of NIIs has been 

identified in multiple neuronal cell types  (35, 39, 44, 46, 56) and these 

inclusions appear large and at the ultra-structural level, filamentous, a feature 

regarded as specific to the glutamine expansion (57). These NIIs have been 

shown to be for the most part, ubiquitinated, indicating that the inclusions are 

recognised by the ubiquitin proteasome system (UPS) but are in some way 

resistant to degradation (35, 56). Interestingly, a patient with 41 repeats (who 

died at 92 years of age) was shown to have no inclusion formation, whilst a 

patient from the same kindred with 42 repeats did show evidence for 

inclusion formation, suggesting other factors were involved in the formation 

of inclusion bodies (44). Furthermore, inclusion formation in infantile cases of 



Univ
ers

ity
 of

 C
ap

e T
ow

n

 
 
 
  Chapter 1: Introduction 

 

11

SCA7 spreads to non-neuronal tissues such as the cardiovascular system 

which is known to be a component of the broad systemic phenotype of 

infantile cases (58). These inclusions were shown to be non-ubiquitinated. 

However, strongly ubiquitinated inclusions were identified in the 

hippocampus of the same individual; an area demonstrating a striking lack of 

cellular loss. ATXN7 NIIs have been shown to form in nuclear bodies and 

recruit proteins including those involved in the UPS as well as chaperones 

(47, 48, 59) although the impairment of the UPS was examined in vivo and 

shown not to be involved in disease pathology. Indeed this study strongly 

suggests that NIIs are protective (60).  

 

1.1.6.2. Studies of the mutant protein 

In a study by Zander and colleagues, extensive observations of ATXN7 were 

made using comparisons of in vitro cellular models (42). Using various 

constructs of full-length and truncated, mutant and wild-type atxn7 cDNA 

fused to multiple tags, the authors were able to investigate the localisation 

and interactions of both wild-type and mutant ATXN7. Firstly, they showed 

that the protein in its normal form is predominantly nuclear, confirming a 

functional nuclear localisation signal (NLS) initially identified by Kaytor and 

colleagues (39), and that no aggregates were found in human embryonic 

kidney cells (HEK293) transfected with the normal (CAG)10-containing vector. 

However, nuclear and peri-nuclear inclusions were formed in the same cells 

transfected with the mutant (CAG)100 full-length vector. Interestingly, cells 

sub-cloned from a human neuroblastoma cell line did not show as high 

expression levels of transfected ATXN7, nor as extensive aggregate 

formation. Ultrastructural examination provided evidence for the fact that the 

aggregates formed by ATXN7 were fibrillar in nature. Furthermore, the study 

showed that the aggregate formation in the in vitro cellular model did not 

require cleavage of the protein, in that both terminals of the protein could be 

identified in vitro, however in SCA7 brains, most of the NIIs were only 

reactive to the N-terminal antibody, suggesting some kind of masking or 
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processing of the protein had occurred in vivo. This is not a phenomenon 

unique to SCA7 (61).  

 

Importantly, the study by Zander et al. also examined the proteins recruited 

by the ATXN7 inclusions (42). Experiments using co-transfection of mutant 

and wild-type vectors showed that the mutant ATXN7 recruits its wild-type 

counterpart into the aggregates. Further investigation indicated that several 

other proteins are recruited into the inclusions of SCA7 patient brains, 

mimicked by the in vitro model (42). The first of these, the SCA3 protein 

(ATXN3), reinforces previous studies that proteins containing polyglutamine 

stretches are recruited by inclusions caused by other polyglutamine proteins. 

Other examples include an abundance of heat shock protein (Hsp) -40 and 

ubiquitin, as well as proteasome subunits, although a discrepancy lies in the 

fact that the 19S subunit was detected in the SCA7 brain, whilst the 20S 

subunit is detected only in the transfected cells. The latter aside, the 

aforementioned folding proteins suggest that an effort towards refolding/ 

disaggregation/ degradation of the mutant proteins is made by the cell but is 

none-the-less unsuccessful. Low levels of activated caspase-3 were also 

detected in both models. Indeed comparisons of SCA7 and non-SCA7 brains 

indicated a substantial and statistically significant increase in the level of 

activated caspase-3 in the former, which would suggest the initiation of a 

cell-death pathway. This is pertinent given that mutant ATXN7 has been 

shown to cause apoptotic cell death in primary cultures of cerebellar neurons 

by induction of caspase-3 and -9 (62). However the Zander et al. study (42) 

also noted several morphological changes within cells forming ATXN7 

positive inclusions such as irregular shaped nuclei as well as ultrastructural 

observations such as nuclei with indentations often associated with 

membrane disruption and multiple organelle abnormalities such as swollen 

mitochondria and enlarged cisternae of the Golgi complex associated with 

proximal autophagic vacuoles. These observations indicate early signs of 

cells in distress reminiscent of an autophagic (non-apoptotic) cell death 

illustrating the importance of differences noted between neuronal and non-
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neuronal cell types. Further analysis of these cells showed 10-20 times 

retarded growth, compared to minimal effects by the addition of only the wild-

type vector, suggesting a response of the cell to both expression of the 

mutant protein, as well as the effects of aggregation. 

 

1.1.6.3. Alteration of transcription 

Since the wild-type protein has been shown to be affected by the presence of 

the mutant, there is a suggestion that loss of function of this transcription 

subunit would lead to undesired phenotypic effects. Alternatively transcription 

could be affected by the dominant negative effects of the mutant protein.  

 

Given that ATXN7 has been shown to recruit and interact with retinal-specific 

transcriptional complexes, it follows that disruption of the recruitment would 

lead to dysfunction of retinal-specific genes. Although ATXN7 had been 

shown to be a subunit of the transcriptional activator complex, STAGA (54), 

the introduction of the expansion did not prevent complex formation. 

Experiments in yeast showed that while human ATXN7 could rescue SAGA 

formation in the absence of yeast Sca7, expanded human ATXN7 forms a 

dysfunctional SAGA complex (63). This complex retains its HAT activity, but 

has reduced interactions of crucial proteins, allowing for acetylation of free 

histones, but not nucleosomes, suggesting the alteration of transcription of 

certain genes. In an accompanying paper this mechanism of mutant ATXN7 

pathogenesis was further elucidated as indicated by the ascertainment of 

GCN5 HAT activity which is removed with the addition of atxn7_92Q but not 

a truncated form of atxn7_92Q (55). Furthermore, the authors showed an in 

vitro as well as in vivo association of STAGA and CRX, dependent on the 

presence of ATXN7. Interestingly, knockdown of atxn7 resulted in decreased 

levels of GCN5 and STAF36 (another component of STAGA), and that the 

resultant lack of HAT activity could be rescued by the addition of histone 

deacetylase (HDAC). In vivo experiments showed a discrepancy between 

consistently reduced CRX occupancy on CRX-dependent promoters as 

opposed to a progressive reduction in acetylated histone 3 (AcH3; a 
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substrate of GCN5) on CRX dependent genes. This led the authors to 

suggest that an effect of polyglutamine ATXN7 on CRX could not be solely 

responsible for the transcriptional dysregulation observed. Taken together 

the study contributed not only to the understanding of the normal function of 

ATXN7, but in addition to the complex effect of the polyglutamine protein. 

Indeed the authors suggest that while it is not clear whether expanded 

ATXN7 replaces normal ATXN7, or interferes with the latter’s associations, it 

is clear that it causes a dominant negative effect upon retinal transcription, 

contributing to the understanding of the unique retinal-specific degeneration 

in SCA7.  

 

1.1.6.4. Nuclear localisation and cleavage 

Trafficking into and out of the nucleus appears to be a common theme of 

polyglutamine disorders (64, 65). In their study Taylor and colleagues 

showed that a point mutation in the conserved nuclear export signal (NES) of 

ATXN7 resulted in cellular toxicity, in addition to which the mutant protein 

was shown to have a reduction in its ability to export from the nucleus in a 

polyglutamine-length dependent manner. This lends itself to the hypothesis 

that the accumulation of the mutant protein in the nucleus may lead to mild 

toxicity which is evident over a longer time period – resulting in a late onset 

of symptoms (43).  

 

Cleavage of the mutant protein into truncated N-terminal fragments has been 

suggested as contributing to pathogenesis in other polyglutamine disorders 

(66-69). Hinting at a similar mechanism in SCA7, ATXN7 NIIs in animal 

models show the presence of truncated fragments (70) (Chapter 1.1.7.1). 

Recently it was shown that caspase-7 cleaves ATXN7 (71). Cleavage results 

in increased toxicity in vitro as well as the accumulation of NIIs and 

transcriptional repression. Interestingly though, this cleavage position results 

in the disruption of the NES, creating accumulation of the fragment in the 

nucleus. They further showed that expanded ATXN7 activates caspase-7 in 

the nucleus and the resulting product is the same size as that seen in vivo 
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(70) thus indicating that capase-7 would likely act in vivo to create the 

observed fragments. Prevention of this cleavage can result in reduced 

toxicity, as is the case with other polyglutamines suggesting a common 

contributing mechanism of pathogenesis for the polyglutamine diseases (71), 

but as has been previously shown, cleavage does not prevent aggregation in 

vitro (chapter 1.1.6.2), further reinforcing the lack of a correlation between 

aggregation and toxicity.  

 

1.1.6.5. Contribution of larger normal alleles 

While most studies have centred on expanded polyglutamine proteins 

beyond a defined threshold level, one study has investigated the implications 

of larger normal (LN) alleles. Investigation of a cohort from Southern India 

showed that a population of patients with ataxia symptoms (negative for 

expansions in SCA1, 2, 3, 7 and DRPLA) had a significantly higher frequency 

of LN alleles (23). For instance the most common normal allele in this group 

for the SCA7 locus was (CAG)15. Many of these individuals had LN alleles at 

more than three of the aforementioned loci, indeed, over 75% had LN alleles 

at more than two loci, while none of the control individuals had LN alleles at 

more than two loci. Given that sequestration of transcription factors 

(theorised to give rise to pathogenesis) occurs due to accumulation of 

polyglutamine proteins, the authors suggest that a possible mechanism of 

disease could be caused by not one polyglutamine protein in the traditional 

defined expanded range, but by many LN polyglutamine proteins. While 

these results are intriguing, this study is the only investigation to hypothesise 

such a mechanism and has yet to be validated experimentally or by other 

studies of polyglutamine disorders.  

 

1.1.7.  Lessons from in vivo models 

In an elegant paper in 2004, Helmlinger and colleagues posed the following, 

“It remains to be determined at which stage polyglutamine expansions induce 

irreversible damage to neurons. This issue is crucial, considering therapeutic 
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strategies interfering with polyglutamine protein expression. Finally, it is not 

known whether neurons can recover from the toxicity of full-length mutant 

proteins and whether these results can be extended to other polyglutamine 

disorders” (72). Hence it is of utmost importance to be aware of the detailed 

phenotype of animal models of the disease, in order that we might be able to 

assess the efficacy of interventions as well as gain a deeper understanding 

of the mechanism of disease. 

 

1.1.7.1. Mouse models 

Three groups have created transgenic mouse models in an attempt to mimic 

the SCA7 phenotype. The first designed several transgenic lines created 

using full-length human atxn7 cDNA containing 10 or 90 (CAG) repeats 

expressed off either the photoreceptor-specific rhodopsin promoter (R7N/E) 

or the Purkinje cell-specific (pcp-2) promoter (P7N/E) (73). Mice expressing 

the expanded sequence from these two promoters developed retinal and 

locomotor deficient phenotypes respectively. R7E mice showed several 

manifestations of retinal pathology including severe disorganisation of the 

outer nuclear layer (ONL), and a reduction in the percentage of 

photoreceptor cells. Interestingly, in addition to demonstrating progressive 

retinal degeneration as well as profuse NII formation, the mice showed 

morphological changes in interneurons (postsynaptic to the targeted 

neurons) suggesting a possible explanation for a trans degeneration of 

neurons with minimal atxn7 expression. In the P7E mice, Purkinje cells 

showed NIIs after eight months, and by 16 months, almost all these cells 

contained NIIs. The phenotype was less obvious, in that there were no visible 

abnormalities in the mice after 1 year possibly due to the low expression 

level of the transgene under the pcp-2 promoter. However, a rotarod 

performance test showed that P7E mice performed significantly worse than 

their wild-type littermates. The pathological changes in these mice were also 

less noticeable than those in the R7E mice, however, reduced dendritic 

arbour – indicative of unhealthy neurons - and a decreased Purkinje cell 

density were evident in the cerebellum. Interestingly, the NIIs were shown to 
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be positive only for the N-terminal ATXN7 antibody, and not the C-terminal 

antibody, suggesting that some form of proteolytic cleavage of the mutant 

protein may be occurring as is the case in SCA7 brains (42). Redesigning the 

transgene construct to incorporate 128 repeats expressed off a stronger 

promoter resulted in. the mice developing ataxia a few months after birth, 

with death within 3 months of the onset of symptoms (74). It was shown that 

localisation and processing - including N-terminal fragment accumulation and 

stabilisation of ATXN7 by the expansion resulting in decreased turnover of 

the mutant protein - was the same through spared and unspared areas of 

neurodegeneration. Finally it was noted that NIIs sequestered many proteins 

of the transcriptional pathway confirming findings from a previous in vitro 

study (42).  

 

The R7E mouse model was also used to investigate the involvement of 

chaperones in the pathogenesis of SCA7. Previous studies of drosophila 

models of polyglutamine disorders and in vitro cellular models (75, 76) had 

shown that increased expression of specific heat shock proteins has 

beneficial effects. However, although increased expression of Hsp40 and 70 

reduced aggregate formation in vitro, no reduction occurred in vivo (77). The 

authors suggest that while the expression of specific chaperones may not 

ameliorate pathogenesis, indication of a global heat shock response may be 

more successful. This data is intriguing in light of the fact that a later study 

showed decreased protein levels of Hsp27 and 70 in patient lymphoblasts 

(78). Given the lack of correlation between in vivo mouse models and in vitro 

human cell lines, this aspect of SCA7 pathogenesis warrants further study.  

 

A second study (72) adapting the aforementioned mouse model (74) 

investigated at which point irreversible neuronal damage occurs after 

exposure to polyglutamine proteins, using double transgenic mice, R7N-R7E. 

These mice expressed both full-length normal (R7N) and expanded (R7N) 

human atxn7 specifically in the retina under the transcriptional control of the 

rhodopson (79) promoter in order to investigate whether the retinal 
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phenotype was caused by a general polyglutamine effect due to the 

observation of retinopathy in an HD mouse model. Experiments using this 

mouse model showed that the disappearance of normal recombinant atxn7, 

when expressed in combination with R7E was not due to recruitment of 

normal ATXN7 by the expanded polyglutamine protein. Rather, given an 

associated decrease in normal atxn7 mRNA levels, the presence of 

polyglutamine proteins appears to cause transcriptional dysregulation of the 

Rho promoter. Moreover it was shown that expression of the mutant atxn7 

was also reduced; indeed they noted a reduction in expression to minimal 

levels of 1% after just 9 weeks without alleviation of retinopathy and eventual 

but not complete clearance of aggregate formation.  

 

Given that CRX is involved in the transcription of photorecepter specific 

genes such as Rho, and that HD polyglutamine can also suppress Rho 

promoter activity, this study suggests that retinal dysfunction in SCA7 cannot 

be completely explained by the ATXN7/CRX interaction reported by La 

Spada and colleagues (50). It follows that mutant ATXN7 may cause 

irreversible transcriptional dysregulation, and this in conjunction with the 

comparatively slow removal of aggregates results in continued disease 

progression.  

 

The R7E mouse has been used in other studies in comparison to the 

transcriptional changes that occur in the SCA1 knock-in mouse model. In 

2006, a study demonstrated that the neuronal differential programme of 

photoreceptors in SCA7 and HD mice was altered due to transcriptional 

alterations of certain rod-specific genes (80). This is in addition to the 

investigation of the effect of SCA7 pathogenesis leading to altered neuronal 

fate and function by way of activation of the JNK/c-Jun stress pathway (81). 

A third study proposed that since there are significant overlaps between 

SCA1 and 7 in phenotype and pathology, there may be a common 

pathogenic mechanism contributing to disease (82). Using microarray 

methods, the authors found an alteration in a signalling pathway, the insulin-
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like growth factor (IGF) pathway in a response likely due to neuronal injury. 

Because this down-regulation occurred in the cerebellar granular layer, it is 

suggested that non-cell-autonomous degeneration of the Purkinje cells might 

occur due to this change in the granule neurons. While this is acknowledged 

not to be the primary cause of disease, the commonality between the two 

models may represent a common pathogenetic result, a finding important in 

the context of other polyglutamine disorders.  

 

The second group to create a SCA7 mouse was La Spada and colleagues 

(50). Using a neuron-specific promoter, they were able to create transgenic 

mice expressing the full-length human atxn7 containing either 24 (Prp-SCA7-

c24Q) or 92 (Prp-SCA7-c92Q) repeats directed specifically to allow high 

levels of expression in neurons. The authors noted that the mice showed 

ATXN7 NIIs in the retina and demonstrated a specific con-rod dystrophy 

phenotype as well as a complex neurological phenotype including gait ataxia 

and involuntary movements. Progressive thinning of the ONL with significant 

loss of cone photoreceptors was observed, as well as activation of Muller 

cells (the retinal counterparts of the astrocytes in the central nervous system 

(CNS)) indicating that some injury was taking place resulting in dysfunctional 

neurotransmission in the retina. Positive TUNEL staining indicated that 

apoptosis may also contribute towards the reported ONL thinning. In 

summary, it is suggested that the loss of photoreceptor cells cannot 

completely account for this severe retinal phenotype, and hence it is 

suggested that cellular dysfunction is the primary cause of the complete 

blindness in these SCA7 mice.  

 

The neurological examinations of these mice (70) indicated little to no 

expression of ATXN7 protein in the Purkinje cell layer although these cells 

were seen to degenerate rapidly. This suggests a possible non-cell-

autonomous degeneration whereby deficits in neighbouring cells result in 

degeneration of the Purkinje cell layer (Figure 1.3, page 21). Furthermore, 

the study showed evidence for truncated N-terminal fragment of ATXN7 



Univ
ers

ity
 of

 C
ap

e T
ow

n

 
 
 
  Chapter 1: Introduction 

 

20

present in the NIIs. Interestingly, the appearance of these NIIs coincided with 

the presentation of ataxic gait symptoms in the mice indicating a possible 

pathogenic role for the nuclear localisation of a truncated fragment.  

 

Given that the cell bodies of Bergmann glia surround Purkinje cells, the 

aforementioned transgenic mice were manipulated in order to express the 

full-length mutant and wild-type human atxn7 genes only in the former cells 

(83). Remarkably, these mice developed ataxia and neurodegeneration. 

Since Bergmann glia are known to remove glutamate from Purkinje cells, the 

authors investigated the effects of GLAST (the Bergmann glia-specific 

glutamate transporter). A significant reduction in GLAST was noted in mutant 

mice, which impaired glutamate transport in Bergmann glia cells, cerebellar 

slices and cerebellar synaptosomes. In addition, the Purkinje cell 

degeneration that was evident suggested excitotoxic injury. This study has 

greatly contributed to the understanding of the degeneration of Purkinje cells 

– the most severely affected cell type in SCA7. 
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Figure 1.3: Purkinje cell degeneration in SCA7. (a) Immunohistochemistry with anti-

ATXN7 (magenta), calbindin (green) and DAPI (blue) antibodies. Note the reduced 

dendritic arborisation and displaced Purkinje cells in the SCA7 mouse compared to the 

control.  Neurons in the granule cell layer (GCL) and the molecular layer (ML) contain 

aggregates of ATXN7, while mutant ATXN7 is not present in degenerating Purkingje 

cells; thus indicating a non cell-autonomous process. (b) Expression of mutant ATXN7 is 

sufficient to induce Purkinje cell degeneration. Immunohistochemistry analysis 

performed using anti-ATXN7 (green) and anti-calbindin (red) antibodies. Note that both 

non-transgenic (NT) mice and mice transgenic for atxn7 containing only 10 repeats 

(10Q) have normal cerebellar cytoarchitecture; whereas mice transfected with atxn7 

containing 92 repeats (92Q) have reduced ML thickness, misaligned Purkinje cell layer 

(PCL) and tortuous Purkinje cell dendrites. ATXN7 expression is diffuse in 10Q PCL, 

whereas it becomes punctate in the 92Q PCL (arrows). From Garden and La Spada 

2007 (11). 
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The third group to create a SCA7 mouse is that led by Huda Zoghbi. The 

only knock-in mouse created thus far, incorporated 266 CAG repeats in the 

murine Sca7 gene, which normally contains 5 repeats (84). Repeat sizes 

over 200 generally result in infantile onset of SCA7 symptoms and the 

Sca7266Q/5Q mouse recapitulates many of the human infantile symptoms, a 

broad, rapidly progressive and severe form of the late onset disorder. The 

progressive cone-rod dystrophy phenotype includes a decrease in several 

retinal-specific genes; indeed, Rho knockout mice have a similar retinal 

pathology (85). However cell loss is not as extensive as has been reported in 

other transgenic models (50, 73). Expression analysis indicated that not all 

downregulated genes corresponded with those affected by CRX removal, 

further evidence that CRX may not be the sole factor involved in the specific 

retinal degeneration. Further experiments reiterated the stabilisation of - and 

thus inability of the cellular machinery to degrade - the mutant protein also 

observed by Yvert and colleagues (74). Finally the study indicates that the 

NIIs are unlikely to be required for pathogenesis, but rather observations of 

accumulated mutant protein tagged by ubiquitin and Hsp70, and precursors 

of NIIs, correspond with increased neuronal sensitivity and death.  

 

Using the same mouse model Bowman and colleagues examined the 

impairment of the UPS in vulnerable neuronal cell populations because 

aggregates had previously been shown to be resistant to degradation (60). 

The Sca7266Q/5Q mouse was crossed with a well documented UPS reporter 

mouse. High levels of the reporter gene (fused to green fluorescent protein; 

GFP) in the latter model indicated a dysfunctional UPS, whilst low levels 

presented functional UPS by way of the high degradation of the reporter 

protein. Although high levels of GFP were noted in the adapted knock-in 

model, these levels were shown to correlate with a dramatic increase in 

mRNA, thus exempting a dysfunctional UPS. Interestingly, the increase in 

transcription of the gene correlated with vulnerable neurons and the 

expression was shown to be directly proportional to cell specific 

neuropathology. Furthermore, it was demonstrated that expression of this 



Univ
ers

ity
 of

 C
ap

e T
ow

n

 
 
 
  Chapter 1: Introduction 

 

23

reporter of neuropathology was inversely related to NII formation 

strengthening the hypothesis that NIIs are neuroprotective, until such time as 

the toxicity overwhelms the cells and causes cell death.  

 

1.1.7.2. Drosophila model 

Latouche and colleagues assessed a drosophila SCA7 model in which they 

induced expression of expanded atxn7 only within the neuronal cells (86), in 

order to distinguish between developmental defects caused by ubiquitous 

over-expression and specific neuronal effects. The dual aims of the study 

were to identify potential modifying genes affecting the SCA7 phenotype, as 

well as to assess the effect of inducing repression of the toxic protein in order 

to determine whether a normal phenotype could be restored. To allow for 

quicker and increased levels of expression, the study used a truncated form 

of atxn7 in the fly model. The model demonstrated a reduced lifespan as well 

as locomotor dysfunction and limited cell death. Due to the latter, the authors 

suggested that the formation of NIIs (which co-immnoprecipitated with the 

same proteins previously linked to NIIs) may be the cause of the cell 

dysfunction. Removal of induction of the expanded ATXN7 protein, showed a 

significant time dependent increase in the life span of the flies as well as a 

decrease in the number of NIIs. Although it was removed after day two, this 

apparent clearance of NIIs only occurred after 14 to 20 days after induction, 

and although these flies died later than their continuously expressing 

counterparts and showed significant improvement in motor function, the data 

reiterates Helmlinger’s study (72) that irreversible pathogenic events had 

taken place.  

 

While this study addressed many aspects of the mechanism of degeneration, 

it should be noted that a model expressing a truncated form of a mutant 

polyglutamine protein yields only the ability to assess the effects of a toxic 

gain-of-function effect. The most accurate model of any disorder would be 

that of a transgenic model mimicking the natural situation and thus allowing 

for the investigation of not only a likely toxic gain-of-function, but also the 
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effects of a possible loss-of-function due to alteration of the protein’s 

secondary structure as is the case with the Zoghbi mouse model (84). 

 

1.1.8.  SCA7 in South Africa 

Globally, SCA7 represents one of the rarer polyglutamine disorders with a 

prevalence of less than 1:100 000, in comparison to the other dominantly 

inherited ataxias (87, 88). However the situation in South Africa is different, 

such that SCA7 constitutes one of the more prevalent forms of the disorders 

(Figure 1.4), as is the case in Scandinavia (89). While it remains a rare 

disorder in comparison to infectious diseases, the SCA7 situation in South 

Africa has further unique attributes in that it is only found in the Black African 

population group (Figure 1.4) (90). This is in contrast to the rest of the world 

where most SCA7 patients reported are of Caucasian, Arabic or North 

African (non-Black) descent (24). Only one family of black African descent 

outside of South Africa has been reported (13). The allele sizes of South 

African SCA7 patients range from 6 – 15 in the normal range and 42 – 92 in 

the expanded range in line with those documented globally (90). The mean 

age of onset in South Africa is 20.3 years (S.D. = 11.84, r = 5–39 years) (90). 

 

Following the study by Bryer and colleagues, a second study in South Africa 

indicated that all the families with SCA7 shared a common ancestor (91). 

The presence of founder effects in South Africa is not uncommon, indeed, 

the variegate porphyria gene is considered one of the classic founder effects 

(92). Recently, another polyglutamine gene, which had previously been 

hypothesized to have a founder mutation in South Africa, was proved using 

molecular marker analysis (93). However these founder effects were 

identified in the Cape, a region known to have a significant sudden migrant 

influx in the 1600’s thus explaining the presence of the common ancestor 

theory. In contrast, the founder effect identified for SCA7 showed that the 

families were from different geographical origins within the country (91). 

Although no further explanation of the founder effect is available at present, it 
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remains that all the patient samples available in the UCT database to date 

share the same segment of DNA around the SCA7 mutation. 
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Figure 1.4: Ethnic distribution of the families in SA that tested positive for one of the 

five SCA expansions tested for at the UCT/NHLS laboratory in January, 2007. B = 

black African, MA = Mixed ancestry, C = Caucasian. I = Indian, U = Unknown. Data 

compiled using the University of Cape Town Human Genetics Laboratory database 

from de-identified and coded samples.   

 

 

1.2. RNAi  

RNA interference (RNAi) is a powerful endogenous gene silencing 

mechanism triggered by double-stranded RNAs (dsRNA) which are present 

in various forms including small interfering RNAs (siRNAs) and 

endogenously encoded microRNAs (miRNAs). These small, 19 – 25 

nucleotide (nt) RNAi effectors trigger silencing in a sequence specific manner 

resulting in knockdown of the target mRNA. While siRNAs have traditionally 

been exploited for use by investigators to ascertain the functions of specific 

genes and as a therapeutic method to silence disease genes, miRNAs are a 

crucial component of the endogenous pathway responsible for the fine-tuning 

of gene regulation.  
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1.2.1.  History of discovery 

While the focus of this thesis is not the endogenous RNAi pathway, the 

context in which RNAi-based therapy falls requires a thorough understanding 

of this mechanism. In the years leading up to the discovery of RNAi, a 

mechanism of ‘co-suppression’ was identified in plants. Puzzling to 

researchers at the time, the introduction of transgenes coding for the purple 

pigment in flowers yielded reduced rather than increased levels of 

pigmentation (94, 95). This was reiterated in drosophila with the adh gene 

(96). Baulcombe and colleagues then made the important discovery that 

RNA was the common target inducing a similar mechanism between viral-

induced gene silencing and transgene silencing, even suggesting that 

dsRNA may be required (97). Studies prior to 1998 had shown that antisense 

RNA could be used to specifically suppress levels of expression of 

endogenous genes but required high levels of expression themselves in 

order to be efficient (98). Conversely, others had shown that introducing the 

sense RNA strand also resulted in suppression (99). It was the Nobel 

laureates, Andrew Fire and Craig Mello who were able to show that gene-

specific knockdown was triggered by dsRNA in animals (C. elegans) and that 

the mechanism was catalytic in nature such that the presence of only a few 

copies of dsRNA resulted in significant and specific knockdown that was 

transferred to the first generation progeny (100). As a result of the noted 

catalytic or amplificatory mode of action, they further suggested that 

“Whatever their target, the mechanisms underlying RNA interference 

probably exist for a biological purpose.” However, the same long dsRNA 

triggered an antiviral immune response in mammals resulting in non-specific 

mRNA destruction and inhibition of protein synthesis (101). The suggestion 

that RNAi might be guided by short 21-25 nt dsRNA species (102) led to the 

discovery that short 21-23 nt dsRNA fragments could be used to initiate RNAi 

in mammals (103) and that chemically synthesized siRNAs could be used to 

trigger RNAi (104), launching the tool of RNAi to the world.     
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1.2.2.  Mechanism of action 

The RNAi pathway is triggered by the following mechanisms; exogenous 

double-stranded RNA, including viral RNA, endogenous dsRNA and selfish 

genetic elements such as transposons. As such there are many different 

small non-coding dsRNAs responsible for these different functions. For the 

purpose of this review, the following discussion will centre on the small 

dsRNAs relevant to this investigation; small interfering RNAs (siRNAs), 

microRNAs (miRNAs) and short hairpin RNAs (shRNAs). The differences 

between these two are vitally important (extensively reviewed in Rana 2007 

(105). Figure 1.5 shows an example of the endogenous miRNA pathway 

coupled with the various points of introduction of exogenous siRNAs.  

 

Primary miRNA (pri-miRNA) transcripts are expressed off RNA polymerase II 

(Pol II) promoters (although Pol III promoter driven expression has been 

identified (106)) from various regions of the genomic DNA, occasionally 

occurring in clusters (105). These transcripts resolve into a folded secondary 

structure, resembling a hairpin formation with a stem of approximately 33 nt 

with flanking single-stranded sequences. This relatively conserved general 

structure is then associated with the microprocessor complex, Drosha-

DGCR-8 (DiGeorge critical region-8). DGCR-8 is a co-factor that recognises 

and binds the pri-miRNA while Drosha (an RNase III enzyme) cleaves the 

structure approximately 11 bases from the junction of the stem and the 

flanking ssRNA (107, 108). It is this precise anchoring of DGCR8 at the 

junction between the flanking ssRNA and dsRNA stem rather than the 

relative position of the terminal loop that has been shown to determine the 

site of cleavage by Drosha (107). 

 

The resultant precursor miRNA (pre-miRNA) with a two nt overhang is 

transported across the nuclear membrane by exportin-5 (109, 110). At this 

point, a second RNase III enzyme, Dicer cleaves the loop approximately 22 

nts from the base of the stem, resulting in a small RNA duplex with 

characteristic two nucleotide overhangs on the 3’ ends (111). The exact 

cleavage is thought to occur due to the Piwi Argonaute Zwille (PAZ) domain 
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Figure 1.5: Various entry points of manipulation of RNAi in mammalian cells. The 

diagram shows how to manipulate the RNAi pathway in order to achieve knock 

down. 1. Viral or DNA plasmid vectors can be introduced into the cell nucleus to 

result in stable expression of hairpin structures. These can be designed to mimic pri-

miRNA based hairpins which are processed by the Drosha-DGCR8 complex into 

pre-miRNA based hairpins expressed off Pol II promoter. Alternatively, shRNAs can 

be designed to resemble the pre-miRNA structure and are usually expressed off Pol 

III promoters. 2. Processed structures are exported into the cytoplasm and 3. 

processed by TRBP-dicer to yield siRNAs, which can alternatively be directly 

introduced into the cell. 4. The guide strand is incorporated by RISC and leads to 

translational repression or target mRNA cleavage. Adapted from Gonzalez-Allegre 

and Paulson 2007 (112).  

 

of Dicer acting as a molecular ruler, binding the 3’ overhang, resulting in the 

placement of the pre-miRNA stem at the precise position of cleavage (113). 

The mature miRNA/siRNA is then incorporated by the RNA-induced silencing 

complex (RISC) (114, 115). In humans, RISC is composed of Dicer, 

Argonaute proteins, TAR RNA binding protein (TRBP) and a dsRNA binding 

protein (105). The complex incorporates the miRNA/siRNA duplex and 
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releases one of the strands (referred to as the ‘passenger’ or antiguide 

strand) and retains the guide (or sense) strand (116). The functional 

asymmetry of the duplex determines which strand is incorporated into the 

RISC loading complex (RLC) whereby the strand with the more unstable 5’ 

end is selectively retained, referred to as the “characteristic thermodynamic 

signature” of the duplex (117, 118).  

 

The suggestion by Schwarz and colleagues that degradation of the 

passenger strand rather than separation of the duplex occurs was confirmed 

using drosophila and human cells (119, 120). Indeed, Matranga and 

colleagues suggest a model whereby Argonaute 2 (Ago2) receives the 

siRNA duplex, and cleaves the passenger strand, releasing the guide for 

formation of mature RISC (siRISC) (119). This cleavage has been confirmed 

in other studies where it has been shown that modification of the passenger 

strand can prevent the formation of a functional RISC, and that in addition, 

the cleavage occurs at position 10 of the passenger strand (121). This 

process is altered in mature miRNA RISC (miRISC) formation due to the 

characteristic mismatches between an miRNA guide strand and its 

passenger counterpart; such that the mismatches prevent Ago2 from 

cleaving the passenger strand, which instead is removed by a slower bypass 

mechanism not requiring Ago2 (119).  

 

The mature miRISC/siRISC is then directed in an as yet, unknown manner, 

to a complimentary mRNA transcript, where RISC facilitates binding of the 

guide to the mRNA leading to translational inhibition or cleavage of the target 

mRNA (extensively reviewed in (122)). It is known however, that both 

sequence specificity as well as target site accessibility play an important role 

in the ability of activated RISC to exert knockdown. In the first instance, it has 

been shown that the ‘seed’ region (considered the first eight nucleotides of 

the 5’ end of the guide strand) is enough to allow for target site recognition by 

the miRNA (123); and secondly, that sites with significant secondary 

structure formations are inaccessible and therefore prevent RISC associated 

knockdown (124).  
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1.2.3.  Comparing siRNAs and miRNAs 

One of the distinguishing aspects between siRNAs and miRNAs is that the 

former are generally perfectly complementary to the mRNA target. This exact 

match results in cleavage of the mRNA by the Ago2 component of RISC, 

yielding a transcript recognised by cellular machinery as being aberrant, and 

hence degraded, preventing translation (122). Ago2 has been referred to as 

the “catalytic engine of mammalian RNAi” (125) and is essential for 

mammalian development. Indeed, it was shown that Ago2 is distinct from 

other Ago proteins in being the only species with the ability to cleave mRNA. 

In one of their most interesting experiments, the authors show that Ago2 

knockout mammalian cells are unable to knock down exactly matched 

targets, but that they can reduce expression of mismatched targets 

reinforcing the essential role of Ago2 as a component of a cleavage complex, 

but not in mismatched-target knockdown. Furthermore they showed that 

murine Ago2 knockouts resulted in embryonic lethality. These observations 

raise the issue of the importance of target cleavage in mammals, considering 

the presence of such an evolutionally conserved protein. Indeed it has been 

shown that miRNAs fully complementary to their targets, and siRNAs 

mismatched to their targets can result in cleavage and translational 

repression respectively (126); indeed miRNA directed cleavage has been 

reported in mammalian cells (127). 

 

However, this dramatic mechanism of gene knockdown is seldom utilised by 

the endogenous RNAi pathway in mammals. In this scenario, mature 

miRNAs accompanied by RISC bind to mismatched mRNA targets. The 

degree of mismatched nucleotides varies, but it yields a more subtle form of 

regulation, in that Ago2 is prevented from cleaving the target, but the binding 

itself prevents the translational machinery from processing the transcript. 

Some studies have shown that the complex associated with the target, can 

be escorted to the cells’ processing bodies or p-bodies, where the mature 

miRNA/RISC associated complex can be re-used, as well as maintain 

translational suppression. Extensive studies have examined the mechanism 

of translational inhibition and are reviewed in (122). 



Univ
ers

ity
 of

 C
ap

e T
ow

n

 
 
 
  Chapter 1: Introduction 

 

31

1.2.4.  Manipulation of the endogenous pathway 

The purpose of this chapter is to understand how RNAi can be manipulated 

for therapeutic benefit. As can be seen in Figure 1.5 (page 28) there are 

several points of entry of the miRNA pathway that can be used to induce a 

specific gene silencing response, which is required for studying effects of 

loss-of-function, as well as for use in therapeutic investigations. As has been 

previously mentioned, Tuschl and colleagues demonstrated that siRNAs 

could be synthetically produced to exact such a response (104). However, 

this response is transient; thus a mechanism for the introduction of stable 

inducers of RNAi was required. Hairpin RNA structures include a stem of 19-

21 bases separated by a loop sequence of a few nucleotides, expressed off 

strong Pol III promoters which can lead to long-term expression of effectors, 

ideal for many applications in therapeutic approaches (128, 129). Indeed 

Brummelkamp and colleagues designed these short hairpins to resemble the 

pre-miRNA let-7, with 3’ two nucleotide U overhangs, which result from the 

cleavage by Drosha and the polyT transcription stop signal (128); in addition, 

due the short nature of the dsRNA species, they are able to evade the 

mammalian immune response, which had prevented long dsRNAs from 

allowing a specific RNAi response. Whilst these RNAi effectors have been 

used with great efficiency to result in strong knockdown an improvement was 

made in the development of shRNAs While traditional shRNAs mimic pre-

miRNAs in structure, modified hairpins were designed to incorporate features 

of pri-miRNAs (130-132). As a result, they have been shown to be up 12 

times more effective (133). Furthermore, the use of Pol II promoters results in 

pri-miRNA based hairpins being more amenable to regulation e.g. tissue 

specificity can be achieved (134). A further advantage has been recently 

revealed in gene therapy studies, whereby traditional shRNAs can over-

saturate the endogenous miRNA pathway and therefore cause toxicity in vivo 

(135, 136). The limiting factor in this over-saturation was shown to be 

exportin-5 (135) although ongoing studies indicate that due to the sequence 

specificity of the interaction, Ago2 also appears to be a limiting factor (137). 

The various points of entry of these different effectors are shown in Figure 
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1.5 (page 28) and illustrates the complexity of the RNAi pathway, in addition 

to the importance of knowledge of the endogenous pathway.  

 

1.3. RNAi-based gene therapy for dominantly 
inherited disorders 

Gene therapy has been studied as a potential treatment for inherited and 

other disorders. However, delivery of large sequences of recombinant DNA, 

with issues such as efficiency, tissue specificity and long-term expression 

has slowed the advancement of this sphere of study (138). More recently, the 

investigation of small nucleic acids in suppression of genes causing a toxic 

gain-of-function has spurred this field. Small molecules such as antisense 

oligonucleotides (139), and ribozymes (140) have been investigated 

therapeutically to reduce gene expression in a sequence specific manner. 

The most recent addition to the field of therapeutic gene silencing are RNAi 

effectors. The major advantage of these over the previously mentioned gene 

suppression molecules lies in that they can be virally delivered for long-term 

expression off tissue specific promoters.  

 

The potential of RNAi in the treatment of many different disorders was 

recognised soon after the publication of the Fire and Mello paper (100). 

However, the manner in which to transfer this sequence specific knockdown 

to mammalian cells remained an obstacle until Tuschl and colleagues 

demonstrated that siRNAs could trigger RNAi without inducing an immune 

response in mammalian cells (141). It then became clear that it would be 

feasible to treat a broad range of disorders including cancer, infectious 

disease and genetic conditions, where partial, temporal or complete removal 

of the disease-causing mRNA would likely result in amelioration of the 

phenotype (142). Since then, a plethora of studies targeting various diseases 

using various mechanisms in vitro and in vivo have been investigated with 

encouraging results (143). In particular, the group of neurodegenerative 

diseases lend themselves to the investigation of an RNAi-based therapy. 
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Given the extensive research on these disorders, many pathogenic genetic 

(not necessarily inherited) defects have been identified which can be 

targeted using RNAi. The focus of this chapter, however, will centre on 

dominantly inherited disorders of neurodegeneration, with special emphasis 

on the polyglutamine disorders. 

 

Studies have shown success using RNAi-based gene therapies in mouse 

models of neurodegenerative disorders (reviewed in (112, 144)). However, 

studies of some dominantly inherited conditions demonstrate that evidence of 

a loss of wild-type function leads to pathogenic effects due to the 

requirement of the normal protein in cellular functioning. As such general 

knockdown of both alleles would likely result in phenotypic abnormalities, 

thus allele-specific silencing of the mutant and not the wild-type transcript 

may be desirable (145, 146).  

 

Given that the impact of losing SCA7 function is not well understood, the 

importance of preserving the normal SCA7 allele in a knockdown strategy is 

unknown. Thus, in order to review the likelihood of this requirement, studies 

of other diseases in this group have been incorporated in this chapter to infer 

mechanisms of action of the expanded protein on the wild-type, in addition to 

the importance of the wild-type protein in cellular function i.e. whether 

general knockdown of both alleles would be sufficient as an RNAi-based 

therapy, or whether allele-specific knockdown resulting in the partial 

expression of wild-type protein is required. The toxic gain-of-function caused 

by the polyglutamine tract is for the most part common to each and has been 

reviewed extensively (6). However, additional contributions to disease 

pathology have been shown to include loss-of-function of the specific wild-

type protein; and the importance of this effect requires consideration when 

designing an allele-specific approach.  
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1.3.1.  Effect of loss of wild-type function: 

Ultimately the decision to apply knockdown of both mutant and wild-type 

versus allele-specific knockdown will depend to some extent on how well the 

total loss of wild-type function is tolerated. Thus the identification and 

assessment of wild-type function using in vivo studies such as knockout 

models is invaluable. The function of the normal gene product in 

polyglutamine disorders is mostly unknown. However, studies that indicate 

essential function, especially in late development, would be strong indicators 

of a requirement for allele-specificity. Some of these issues are summarised 

in Table 1.1.   

 

Table 1.1: Assessment of the importance of the wild-type function in 

polyglutamine disorders 
Polyglutamine 
disorder* Gene Function of the wild-type Knockout model severity  

SCA6 cacna1α 
Calcium channels involved 
in neurotransmitter release 
(147) 

Severe phenotype (148) 

HD htt 

Possibly involved in 
transcription; trafficking and 
endocytosis; signalling; 
metabolism (149), transport 
of Brain-derived 
neurotrophic factor (BDNF) 
and post-Golgi-trafficking 
(150)  

Embryonic lethality (151) 

Conditional knockout 
significant phenotypic 
abnormalities (152) 

SCA3 MJD1/ 
atxn3 Unknown Behavioural changes (153) 

SCA1 atxn1 Unknown Mild neurobehavioural 
abnormalities (154) 

SCA7 atxn7 
Increasing evidence as a 
co-factor in retinal gene 
expression  (50, 54) 

- 

SCA17 TBP Transcription initiation (155) - 

SCA2 atxn2 Unknown, possible RNA 
processing (156) 

Mild phenotype including 
increased body weight and 
fatty acid changes in the 
liver (157); possible 
developmental vulnerability 

*The disorders have been ordered starting with the strongest candidates for allele-

specificity, leading to those which may not require such intervention. Since SBMA is 

an X-linked disorder, it has not been included in this summary, nor in the text, 

however loss-of-function has been implicated in SBMA (158). Furthermore, analysis 

of DRPLA has been excluded due to limited studies to date.  
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In assessing SCA7 for the requirement of allele-specific silencing, the 

following must be considered; will reduction of the mutant whilst retaining the 

remaining single wild-type allele lead to a significantly better phenotype than 

general knockdown of both alleles? An important distinction made here is 

that while loss-of-function may not contribute significantly to disease 

pathogenesis, complete removal of the wild-type allele may lead to 

detrimental defects, hence the importance of knockout models of disease.  

 

Studies on the function of ATXN7 have been reviewed in this chapter 

(chapter 1.1.5, page 7). Briefly, while the toxicity caused by the mutant gene 

in SCA7 is well documented in vivo (50, 72, 84), less evidence for the 

importance of the wild-type is available in that no knockout models have 

been generated unlike for the causative genes of SCA1, 2, 3, 6 and HD 

(Table 1.1). Indeed Dragatis and colleagues have shown that a conditional 

knockout mouse model of HD results in a neurological phenotype suggesting 

the importance of the normal allele late in development (152). Conditional 

knockout models are invaluable, as therapy is likely to occur post-natally, 

therefore defects due to a lack of the protein during early development can 

be eliminated. Importantly in HD, evidence of a balanced translocation in a 

non-symptomatic individual provides the perfect evidence in a ‘human model’ 

for the fact that the remaining single allele is sufficient for normal 

development and function (159). This is the only reported case of a balanced 

translocation in a polyglutamine gene. In contrast the mild phenotype 

exhibited by the knockout model of SCA2 suggests that allele-specificity may 

not be required as the phenotype can be rescued on a low fat diet (157). This 

supports the idea that while the type of mutation is common to the 

polyglutamine diseases, the therapeutic approach may not be the same. The 

interaction of wild-type ATXN7 with the transcriptional activator complex 

TFTC/STAGA and CRX, both of which are known to regulate the expression 

of retinal genes suggests a dominant negative effect of the mutant protein on 

the wild-type leading to the distinct macular degeneration seen in SCA7 (50, 

55). Furthermore, as is the case with SCA3 (160, 161) the wild-type protein is 

recruited by the mutant into inclusions (50) suggesting that the restriction of 
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normal function may contribute to pathogenesis. This indicates that retention 

of the wild-type is likely to be desirable.  

 

Even with a knockout model, the impact of total loss-of-function in 

conjunction with a significant amount of mutant expression prior to treatment 

cannot be fully ascertained. Such is the case in SCA1 where a 

neuroprotective role for the wild-type was shown such that transgenic mutant 

mice lacking the wild-type allele showed an exacerbated phenotype (162). 

Since null Sca1 mice show no signs of ataxia and have a normal life span 

(154), it is likely that the wild-type protects against effects of the mutant, and 

may be required to limit the damage caused by the mutant. Alternatively, the 

removal of the mutant protein may negate the neuroprotective effects of the 

wild-type. The distinction between loss-of-function caused by a dominant-

negative effect and neuroprotective effects of the wild-type could result in 

very different approaches to allele-specificity. However, the issue of minimum 

threshold levels of mutant verse wild-type protein tolerated by the cell can 

only be answered in vivo. With regard to SCA7, although extensive data has 

not been published, Yoo et al. have commented that mice homozygous for 

the expanded allele (i.e. lacking the wild-type allele) showed no exacerbated 

phenotype, suggesting neuroprotection is unlikely to be an issue in SCA7 

(84).  

 

Another facet to consider is the importance of the function of the wild-type 

ATXN7 protein. SCA7 is one of the few polyglutamine disorders for which the 

function of the wild-type has been partly elucidated and its importance as a 

transcription factor may indicate its essential cellular function. For example, 

the wild-type protein in SCA17, TBP, and its function as a part of eukaryotic 

transcription is well described (163); thus the importance of the protein as a 

ubiquitous transcription factor may pre-empt the requirement of extensive 

evidence obtained from knockout models, i.e. it is likely that knockout models 

would show embryonic lethality. Similarly, the role of ATXN7 in retinal gene 

transcription and the loss-of-function created by the disruption of the 

transcriptional complex suggest a knockout model would likely have retinal 
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defects at least. What this additional impact would have in cerebellar neurons 

is unknown without any knockout models. Furthermore there is little evidence 

to suggest a redundant protein may rescue the lost ATXN7, as is likely to be 

the case in SCA2 with the ATXN2 related protein 1 (A2RP1) (164). Taken 

together, it is likely that the function of the wild-type protein is required in 

order to prevent undesired effects caused by general knockdown and that 

allele-specific knockdown would be beneficial.  

  

1.3.2.  RNAi studies in polyglutamine disorders 

1.3.2.1. Studies using general knockdown 

There have been studies using general RNAi knockdown to treat 

polyglutamine disorders; specifically SBMA, SCA1 and HD (165-167). 

Caplen and colleagues (165) were one of the first groups to show sequence 

specific knockdown in invertebrates and mammalian cells. They 

demonstrated that by using small dsRNAs, this could be obtained without 

invoking the non-specific immune response of mammalian cells to dsRNA. 

Thus they importantly showed evidence for the use of RNAi as a therapeutic 

reverse genetics tool.  

 

In 2004, this was further by investigated by assessing whether viral vectors 

expressing hairpins directed against a human transgene could reduce 

pathology in a SCA1 mouse model (167). After screening hairpins targeting 

10 different regions of the full-length myc-tagged atxn1 sequence, one 

showed efficient knockdown in vitro. Transferring this knockdown to neuronal 

cells by adopting a viral vector with cytomegalovirus (CMV; a Pol II) instead 

of an H1 (Pol III) promoter resulted in more efficient expression of the hairpin 

as well as successful knockdown. Using this effector plasmid in vivo, the 

study noted significantly improved motor performance, with no effects of 

toxicity cause by the expression of the hairpin. Furthermore, SCA1 specific 

pathology improved in that thickenings of the molecular layer was noted 

(thinning of this layer is indicative of SCA1 pathogenesis in humans and 

mice) to the point where it was indistinguishable from the control. The rapid 
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expression of the AAV1 vector resulted in a reduction of ATXN1 levels only a 

week after injection as well as the complete resolution of inclusions – 

characteristic of SCA1 and other polyglutamine disorders. Notably, 

accessibility to the target was clearly shown to be an issue in that over 10 

constructs had to be tested before an efficacious hairpin could be identified. 

The following year the same group performed an equivalent study on an HD 

mouse model (166). This HD mouse contained an N-terminal truncated 

huntington gene (htt) fragment containing the expansion. Various hairpins 

were tested in vitro against the short N-terminal myc-tagged transgenes and 

full-length sequences. The most efficient hairpin was incorporated within an 

adeno-associated viral (AAV) vector driven off the Pol II U6 promoter for in 

vivo studies. This showed the same strong sustained hairpin expression and 

consequent knockdown (up to five months) as the previous study. Benefits 

included the absence of inclusions reactive for htt compared to abundance in 

the disease model, corresponding to reduced levels of soluble htt protein and 

mRNA. Although there was no improvement in the weight loss of the mice 

(also a characteristic of the human phenotype), significant improvements in 

stride length and rotarod tests were observed. These studies are important in 

the study of RNAi-based therapy for polyglutamine disorders in that removal 

of the mutant protein was shown to result in amelioration of the phenotype.  

 

However, the shRNAs used targeted only the human transcript leaving the 

endogenous wild-type for the most part, intact; therefore the studies were 

unable to address the issue of expected knockdown of the wild-type gene in 

a therapeutic system. Currently, investigations into general but partial RNAi 

knockdown of murine htt in a knock-in HD mouse model are being assessed 

to create partial reduction (approximately 50%) of both mutant and wild-type 

protein (168).  

 

1.3.2.2. Therapeutic benefits of allele-specific studies 

There are few studies of the polyglutamine disorders which have investigated 

the phenotypic benefits of allele-specific silencing. One of the critical issues 
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associated with creating allele-specific silencing for the polyglutamine 

disorders is that one cannot use the difference in size between the 

polyglutamine tracts as a distinguishing factor, as most effectors are only 19-

24 bp in length resulting in the targeting of all CAG repeat motifs (165, 169). 

This is in contrast with disorders such as the Swedish mutations in 

Alzheimers disease (AD) and the small deletion in DYT1 dystonia which 

allow for relatively simple designs for allele-specific selection (170-172). As 

such, one needs to identify another distinguishing factor between the two 

alleles of polyglutamine genes. One way would be to use single nucleotide 

polymorphisms (SNPs). This was first shown in 2003 against a SNP linked to 

the mutant allele of atxn3 (169). To date, phenotypic effects of allele-specific 

silencing have only been reported in one polyglutamine disorder; using this 

SNP linked to atxn3 (169, 173).  

 

The study by Miller and colleagues in 2003 investigated the possibility of 

discriminating between the two alleles of atxn3, in vitro (169). Various 

siRNAs were tested including one targeting the CAG repeat itself in the hope 

that the expansion might lend to this transcript accessibility not achievable 

against the shorter repeat in the wild-type target. The results indicated that 

the repeat length could not be used to discriminate between the two alleles. 

However, a SNP linked to the mutant gene, was successful, in that many of 

the siRNAs tested, varying the position of the mismatch within the siRNA, 

showed significant selective knockdown of the full-length mutant target with 

minimal effects on the wild-type. This selectivity was maintained in a 

heterozygous assay, in which both transgenes were expressed, as well using 

hairpin constructs of the most selective siRNA expressed off a U6 promoter 

in an adenovirus backbone transfected in a neuronal cell line. That selectivity 

could be achieved was important. Further investigations used siRNAs 

targeting the red fluorescent protein (RFP) and GFP tagged reporter genes 

of the mutant and wild-type transcripts respectively. This experiment 

demonstrated that the selective removal of the mutant, released the wild-type 

to a normal dispersed expression from recruitment into aggregates. Although 

this was not demonstrated with the atxn3 sequence targeting effectors, it 
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strongly suggests that this would be an additional phenotypic advantage of 

allele-specific silencing.  

 

This study has further implications in that if one can identify a SNP which is 

not only linked to the mutant allele, but also has a significant heterozygosity; 

presumably a significant number of the individuals with the disorder could 

theoretically be treated with the same effector. This therapeutic avenue can 

be especially targeted towards populations in which the disease shows 

evidence of a founder effect. 

 

A study published just a few months later targeting the same SNP outlined 

above, indicated similar success in selectivity of siRNAs, as well in a 

significant decrease in cell death in a neuronal cell line caused by toxicity of 

the mutant gene (173). However, this study did produce interesting data on 

secondary structure, indicating that the repeat size (using 22 and 79 repeats) 

could significantly affect the accessibility of the target to knockdown. 

Although this was a comparison of normal versus the expanded repeat size, 

it suggests that large differences in repeat sizes between different 

expansions may result in differential selectivity, and should be taken into 

account when assessing the effects in patients with different repeats. This 

may be particularly pertinent to SCA7 which has the largest difference in 

repeat sizes. In essence, these studies provide evidence that allele-specific 

silencing is a feasible and desirable approach for therapy for the 

polyglutamine disorders which should be further investigated. 

 

The only in vivo study using an allele-specific approach in a neurological 

disorder showed that modest selectivity of the mutant allele delayed onset of 

disease symptoms in a mouse model of ALS (174). The importance of this 

study lies in the fact that complete discrimination between the two alleles is 

not essential for beneficial phenotypes, suggesting that even moderate 

discrimination of the two alleles may lead to phenotypic advantages. To date 

there has been no allele-specific study investigated for polyglutamine 

diseases in vivo. 
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Given the fact that even moderate discrimination is not always feasible for 

some single nucleotide differences, Kubodera et al. have investigated a 

different approach of allele-specific repression (175). Using SCA6 as a model 

system, they were able to show strong knockdown of both mutant and wild-

type alleles of SCA6 in vitro. The siRNA was co-transfected with a vector 

expressing a modified version of wild-type cacna1α, which was resistant to 

siRNA repression. This was achieved by incorporating specific synonymous 

nucleotide changes in the region targeted by the siRNA such that the siRNA 

guide sequence would not be complementary to and thus would not 

knockdown the replacement wild-type transcript. This method has several 

advantages and disadvantages such as bypassing the numerous mutations 

in genes such as SOD1 and presenilin; however the level of expression of 

the modified wild-type gene would have to be assessed and carefully 

controlled, although this may be said to be the case in any gene 

supplementation therapy. Given that these issues are being assessed in 

other disorders (176) this method represents a potential alternative strategy 

to the more canonical allele-specific silencing method.  

 

1.3.2.3. Mechanistic aspects to consider 

Initial studies investigated the sequence specificity of the guide strand to the 

target with opposing results. Whereas some results showed single mismatch 

specificity – the ability of an effector to discriminate between two sequences 

based on a single nucleotide difference – (177-179), others indicated that 

single nucleotide changes could be easily accommodated (177, 180) (Table 

1.2, page 43). There have been several publications showing effective 

discrimination based on single nucleotide discrimination against a variety of 

genes involved in neurodegenerative disorders including the acetylcholine 

receptor (AchR) in slow-channel congenital myasthenic syndrome (SCCMS) 

(181), the London mutation in AD (170) and the SOD1 mutations that cause 

ALS (174, 182, 183) and HD (183). Aspects of these studies are included in 

the summary of all allele-specific studies performed to date in Table 1.2. 
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In addition several mechanistic issues remain to be considered. Most 

importantly strand bias, while not a concern exclusive to allele-specific 

studies, must be addressed. As has been discussed in the previous section, 

the RISC complex can retain either strand of the siRNA duplex, and this is 

largely determined by the thermodynamic profile of the duplex (118). It has 

been shown that RISC incorporates the strand with greater thermodynamic 

instability at its 5’ end. Thus, subtle changes within the 3’ end of the 

antiguide/passenger strand can be introduced to this effect, such as those 

that produce G:U wobbles with the 5’ end of the guide strand, which do not 

interfere too much with duplex structure (118). The extent of off-target effects 

which result from undesired strand bias can be measured using simple 

reporter assays (171). This is an important consideration bearing in mind that 

off-target effects can result from incorporation of the passenger strand by 

RISC as even limited sequence similarity (e.g. less than 11 continuous 

complementary bases) allows for silencing (184). Indeed, off-target effects 

should be considered for the guide strand as even double mismatched 

sequences may have an effect on non-specific transcripts (185). Thus it is 

possible that even if the correct guide strand is incorporated; it may lead to 

knockdown of other genes with similar sequences. 
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Table 1.2: Summary of allele-specific studies  

Disorder/Gene Effector Position tested and the 
most effective mismatch* 

Type of 
mismatch to 
the wild-type 

Distinctive outcomes 

Notch gene in drosophila (177) siRNA Central positions, using single 
and double mismatches various Decreased but not completely 

abrogated knockdown 

Luciferase (178) siRNA Various, including multiple 
mismatches Various 

Knockdown abrogated when the 
mismatches were placed centrally and 
in the 3’ region of the guide strand. 

Human tissue factor (180) siRNAs Centrally placed Purine:purine Moderate selectivity 

GFP (179) siRNAs/shRNAs Centrally placed double 
mismatches Various Double mismatches could confer 

specificity; single mismatches less so 
Oncogenic genes 

(186) 

(187) 

(128) 

 

siRNAs 

shRNAs 

 

Position 9 

Position 9 

Position 11 and 18 

 

G:U 

A:G 

U:C and U:G 
respectively 

First papers to show single nucleotide 
specificity for therapeutic purposes; 
Showed that it was feasible to create 
expression cassettes producing 
functional siRNAs using viral vectors 

ALS (182) 
siRNAs 

shRNAs 

Position 9; 10; 11 

Position 11 

G:A; C:C 

G:G 

Showed that different types of 
mismatches within the same sequence 
context and placed at the same position 
showed different efficacies of 
knockdown. 

SCCMS (181) shRNAs Tested positions 12 and 13, 
12 most effective A:C All positions showed some selectivity. 

SCA3, Tau (169) siRNAs/ shRNAs

Positions 11; 16; double 
mismatches P16P15; latter 
most effective 

Positions 14; double 
mismatches P14P15; P14P11 

G:G 

 

G:U 

Targeting the CAG repeat had no effect 

Targeted a linked SNP; Double 
mismatch most efficient 

 
Tau (188) shRNAs ‘Centrally placed’ G:U Noted difficulty with weaker mismatches 
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SCA3, atxn3 (173) siRNAs Positions 6; 9; 12; and 15 with 
9 the most effective G:G 

Targeted the same linked SNP as 
above; Found sequence independent 
knockdown likely due to 2o structure 
causing disruption of accessibility. 

CD46 (189) siRNAs Central and 3’ positions†  Various 

A:C and G:U mismatches (in particular 
the latter) are well tolerated; Centrally 
placed positions better for 
discrimination 

AD (170) shRNAs 
Positions 10, 11, 12, 13 with 
the latter working the best 
against the London mutation. 

G:U 

Additional double mismatches (placed 
in the 3’ end) added to an initial 
centrally placed mismatch may aid 
discrimination 

sickle cell anaemia (190) siRNAs Position 10 Multiple 
Showed that bulky purine:purine 
residues were most effective for single 
nucleotide discrimination 

ALS (174) shRNA Position 11 G:G Low selectivity required for significant 
improvement using in vivo phenotype 

ALS, SOD1 
HD, htt (183) siRNAs Positions 1 to 19; with P16 the 

most effective 
G:G 
G:A 

Positions 3’ to the centre showed the 
greatest discrimination, in particular 
position 16. Showed limited selectivity 
using a G:U mismatch. 

CD46 (185) siRNAs Positions 1- 19 Various 
Double mismatches better tolerated in 
the 3’ region of the siRNA than the 5’ 
region 

pachyonychia congenita (191) siRNAs Positions 1 to 19 with P4 and 
12 working most efficiently U:C Mismatches at positions both 3’ and 5’ 

of the centre can result in selectivity 

*In the analysis of publications where a different nomenclature has been used, the positions have been changed to correspond with Schwarz 

et al. 2006, where the position of the mismatch is given according to the first nucleotide of the 5’ end of the predicted guide strand. †This is 

extrapolated because the target site was changed, not the siRNA itself. The allele-specific study on DYT1 Dystonia (171) has not been 

included because the discrimination is based on a 3 base pair (bp) difference which creates a significantly easier manner of discrimination.  
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In 2001 and 2002 investigations of the tolerance of mismatches to the target 

sequences noted abrogation of knockdown in the presence of mismatches (177-

180). This led to the hypothesis that it may be possible to distinguish between 

two alleles for therapeutic purposes. However the rules that govern single base 

pair allele-specific silencing are not strongly defined. With specific reference to 

allele-specific studies, the following are important aspects to consider: strength 

of the mismatch, position of the mismatch and accessibility of the target site.  

 

The strength of the mismatch formed against the wild-type allele can differ 

resulting in effective or minimal levels of discrimination (183, 190) shown by 

different mismatches in the same sequence context at the same position 

yielding different selectivity (182). Those cases where the mismatch conferred 

against the wild-type is predicted to be a strong destabiliser (such as bulky 

purine:purine mismatches) will show the greatest discrimination (190). In 

comparison, weaker mismatches such as purine:pyrimidine. In particular the 

G:U wobble pair is generally well tolerated (169, 183, 188, 189), although, one 

study has indicated that strong selectivity can be achieved (186). This can be 

modified with the addition of secondary mismatches such that the guide has two 

mismatches against the wild-type but only one against the mutant target (169, 

170).  

 

The position of the mismatch relative to the proposed cleavage site of Ago2 is 

also important in the design, as early studies suggested that given that Ago2 

cleavage occurred at centrally at positions 10 and 11 (178), placing the 

mismatch at this position would yield the most selectivity. Numerous studies 

have examined centrally placed mismatches (Table 1.2) but these have been 

shown to not always be the most successful. Of mismatches at positions 16, 15 

and 9, a double mismatch of the former was shown to be the most selective 

(169); with position 13 (170) and positions 12 and 4 (191) also showing the 

strong selectivity. A recent study has indicated that those placed 3’ to the centre 

of the effector can be more effective (183). This study was particularly important 
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because it used two identical and consistent screens of siRNAs defining 

placement of the mismatch exactly and that mismatches placed at position 16 

appear to consistently show the greatest selectivity.  

 

Secondary structure of the target region can be an issue for siRNA accessibility 

(180). The target region containing the SNP should be taken into consideration 

rather than modified since the presence of the SNP dictates limited mobility of 

the placement of the effector. Furthermore, since predicting software is limited, it 

may not be possible to effectively predict the accessibility of a certain region. 

However this may alter discrimination in polyglutamine disorders since the large 

expansions may create significant alterations in secondary structure and 

therefore accessibility. 
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   1. 4. Aims and Objectives 
 
In the same way that allele-specific silencing was used to specifically target a 

linked SNP in SCA3 (169), it is proposed that SCA7 too would benefit from such 

an approach. The function of the wild-type protein in SCA7, although not 

definitive, indicates that it is likely to be essential for cellular function. Thus a 

method of retaining the normal protein is desirable. In South Africa, it has been 

shown that a founder effect exists in the cohort of SCA7 patients (91). As such, 

there is a well-characterised SNP (rs3774729) located in exon 12 of atxn7, 

linked to the mutant allele in 100% of the patients studied to date. In addition, 

over 50% of these patients are heterozygous for this SNP, which provides a 

single nucleotide disparity with which to discriminate between the wild-type and 

mutant alleles, containing the G and A alleles respectively. Finally, SCA7 is the 

only polyglutamine disorder that has a retinal degenerative phenotype in 

addition to the progressive neurological symptoms, thus providing a more 

accessible tissue to measure the efficacy of the treatment in vivo. In addition, 

age-related macular degeneration is currently being tested as a potential 

therapeutic target for RNAi (192) and most recently, successful human trials for 

Leber’s congenital amaurosis have been performed (193) providing a 

therapeutic testing ground for gene therapy based approaches in the eye.  

 

The aim of this project was to identify expressed RNAi effectors in order to 

specifically suppress expression of the mutant allele of the atxn-7 gene in 

heterozygous mammalian cell lines, such that this effector has the potential to 

be used for an RNAi based gene therapy for SCA7 patients in South Africa.     

 

In order to do this the following objectives were identified: 

1. Design stably expressing RNAi effectors incorporating mismatches at multiple 

positions.  

2. Screen these hairpins against the wild-type and mutant targets in a 

hemizygous cellular assay using short target sequences and identify an shRNA 
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which selectively reduces mutant protein levels without significantly affecting the 

levels of the wild-type protein.  

2. Screen the aforementioned effectors in a cellular assay which more closely 

resembles the natural state using full-length targets in both hemizygous and 

heterozygous systems, and investigate any beneficial effects in vitro. 
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2. Materials and Methods 
 

2.1. RNA isolation 
RNA was isolated from mammalian cells using the RNeasy mini kit (Qiagen, 

Southern Cross Biotechnology, Republic of South Africa (RSA)) as per 

manufacturer’s instructions. Following each method the quality and 

concentration of each sample was determined by spectrophotometry (NanoDrop 

ND-1000 spectrophotometer, NanoDrop Technologies, Inqaba, RSA). Samples 

indicating an A260/A280 of 1.8 to 2.0 were stored at -80C for further experiments.  

 

2.2. PCR 
Amplification of the G>A SNP polymerase chain reaction (PCR) was performed 

according to basic conditions outlined in the Appendix (A1, page 134) with the 

modification of an annealing temperature (TA) of 60oC. Primers used for the 

PCR are indicated in Table A2 in the Appendix (page 134). 

 

2.3. Sequencing 
Total PCR product was resolved on a 1% agarose gel at 120 volts for 30 

minutes (min). The bands were excised using a scalpel, placed in pre-weighed 

1.5 ml tubes (Eppendorf, Merck, RSA) and weighed. The DNA was extracted as 

per the instructions in the QIAquick Gel Extraction kit (Qiagen, Southern Cross 

Biotechnology, RSA). After the clean-up, 5 μl of recovered amplicon was 

resolved by agarose gel electrophoresis to confirm the presence of extracted 

PCR product. The cycle sequencing reaction was performed in a total volume of 

20 μl containing 5 μl of the PCR product, 8 pmol of primer, 1 μl of the BigDyeTM 

termination mix (Applied Biosystems, RSA), 1 x BigDyeTM Buffer (Applied 

Biosystems, RSA), made up with distilled H2O (dH2O). The cycling conditions 

were performed as follows on a Hybaid Touchdown Thermocycler:  

1 cycle of   96oC – 5 min 
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30 cycles of   96oC – 30 seconds (sec) 

50oC – 15 sec 

60oC – 4 min 

Unincorporated nucleotides and salts were subsequently removed from 

sequencing products using columns (CENTRI-SEP, Princeton Separations, 

RSA), as per the manufacturer’s instructions. Sequencing analysis was 

performed using capillary based electrophoresis on the ABI 3100 Genetic 

Analyzer and analysed using the Sequence Analysis version 3.7 software 

(Applied Biosystems, RSA).  

 

2.4. cDNA synthesis 
2.4.1. DNase treatment 

RNA was treated with AmbionTurbo DNAse (Ambion, UK) to remove remaining 

genomic and/or plasmid DNA contamination. The reaction was performed using 

a maximum of 10 μg of RNA; 1x TURBO buffer; 2 units of TURBO DNase made 

up to a final volume of 50 μl with RNAse-free dH2O and incubated for 30 min at 

37oC. DNase was inactivated using 3μl of DNase Inactivation reagent (Ambion, 

UK), incubated at room temperature for two to three min, vortexing during 

incubation. The sample was centrifuged at 10 000 x g for two min, after which 

the supernatant was transferred to a fresh tube.  

 

2.4.2. cDNA synthesis 
cDNA synthesis was performed according to the PrimerDesign protocol 

(PrimerDesign, UK). 

 

2.5. Real time PCR 
PCR was performed using custom made primers (PrimerDesign, UK). The 

following reaction conditions were used to perform real time PCR; 10 μl of 

Precision Mastermix (PrimerDesign, UK); 10 pmol of each primer 

(PrimerDesign, UK); 25 ng of cDNA template in a total volume of 20 μl. A 
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standard curve consisting of the following dilution was made using multiple 

aliquots of test samples; 100 ng, 50 ng, 25 ng, 10 ng, 5 ng. The cycling 

conditions used were: 

1 cycle of   95oC – 10 min 

40 cycles of   95oC – 15 sec 

56oC– 30 sec 

72oC – 30 sec 

PCR was performed using an Applied Biosystems 7000. Each sample was 

quantified in duplicate and a negative control was used in each experiment to 

control for contamination. Relative expression levels were normalised to GAPDH 

(Table A2, page 134).  

 

2.6. Effector design  
2.6.1.  shRNA 

2.6.1.1. General design 

shRNA effectors were designed based on the original expression vector system 

by Brummelkamp and colleagues (128). The design included the use of a Pol III 

promoter which produces small transcripts with a well-defined start site and a 

five thymidine termination signal. In this study the Pol III promoter from the 

pTZU6+1 vector was used for small transcript production (194). The effectors 

were then designed with 19 nt of sequence matching the target sequence 

representing the sense strand followed by 19 nt of reverse complementary 

sequence representing the antisense strand. This semi-palindromic sequence 

was interrupted by a short nine nt spacer or loop sequence. Finally the 

antisense sequence was followed by five thymidines which results in a two nt 3’ 

overhang because termination site cleavage occurs after the second uracil 

(195). The favoured thermodynamics of the transcript thus predict the formation 

of a short hairpin loop structure. Cleavage of this dsRNA product by Dicer has 

been shown to yield 21 and 22 nt sense and antisense products (128). 

Furthermore, functional asymmetry of the predicted duplex was induced by 
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creating G:U mis-pairings in the 3’ end of the anti-guide strand as has been 

shown previously (118) in order to bias guide strand incorporation by RISC.  

 

2.6.1.2. Mismatch placement 

Based on the predicted guide strand, mismatches to the wild-type G allele were 

placed consecutively from position 10 to position 16 where position 1 is the first 

nt of the guide strand assuming a 21 nt duplex (Figure 2.1). Further shRNA 

mismatch designs incorporated a secondary mismatch immediately 3’ to the 

primary mismatch (Figure 2.2). Finally, shRNAs with alternative secondary 

mismatch positions were designed as well as the addition of a tertiary mismatch 

(Figure 2.3) 
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Figure 2.1. Single mismatch guide strands in shRNA format. Convention for the 

diagram follows Schwarz and colleagues (183). Sequences of expected single 

mismatch guide strands (underlined) processed from a shRNA format indicating the site 

of the primary mismatch to the G allele of the wild-type atxn7 target. Sequence context 

of both the wild-type and mutant targets are shown. G:U mis-pairings are highlighted in 

bold. The shRNAs were labelled according to the position of the primary mismatch 

relative to the 5’ end of the guide strand. 
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Figure 2.2. Double mismatch guide strands in shRNA format. Convention for the 

diagram follows Schwarz and colleagues (183). Sequences of expected double 

mismatch guide strands (underlined) processed from a shRNA format indicating the site 

of the primary mismatch to the G allele of the wild-type atxn7 target. Sequence context 

of both the wild-type and mutant targets are shown. G:U mis-pairings are highlighted in 

bold. The shRNAs were labelled according to the position of the primary mismatch 

relative to the 5’ end of the guide strand; followed by any additional mismatches. 
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Figure 2.3. Additional mismatch guide strands in shRNA format. Convention for the 

diagram follows Schwarz and colleagues (183). Sequences of expected double and 

tertiary mismatch guide strands (underlined) processed from a shRNA format indicating 

the site of the primary mismatch to the G allele of the wild-type atxn7 target. Sequence 

context of both the wild-type and mutant targets are shown. G:U mis-pairings are 

highlighted in bold. The shRNAs were labelled according to the position of the primary 

mismatch relative to the 5’ end of the guide strand; followed by any additional 

mismatches. 

 

2.6.2. miRNA 
2.6.2.1. general design 

The design of the pri-miRNA-based constructs was adapted from Ely and 

colleagues (196). The reported miR-122 structure from miRBase, 

http://microrna.sanger.ac.uk/cgi-bin/sequences/mirna_entry.pl?acc=MI0000442, 

was used as a template for the design of the constructs seen in Figure 2.4 (page 

57). The miR-122 guide/antiguide sequences were replaced with 22 nt atxn7 
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sequences without modifying the overall secondary structure of the pri-miRNA 

and inserted within an exon of a CMV immediate early promoter enhancer 

expression cassette. The predicted guide sequence was designed to be 

perfectly complementary to the target unlike most miRNAs and thus should 

trigger Ago2 directed cleavage of the target. Furthermore, the bulges caused by 

single mismatches in the stem loop were maintained wherever possible; in terms 

of both position as well as mismatch strength.  

 

2.6.2.2. Mismatch placement 

Given that the pri-miR based hairpins are based on a naturally occurring and 

experimentally confirmed guide sequence, constructs were designed to place 

the mismatch at position 16. However, since Dicer processing of shRNA 

constructs may yield heterogeneous products, variations of the shRNA based 

P16 construct were accommodated by creating multiple pri-miRNA based 

hairpins one or two nt up and down of the predicted Drosha and Dicer cleavage 

sites (Figure 2.4). 
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Figure 2.4. Guide strands in miRNA format. Sequences of mismatch guide strands 

processed from a miRNA format indicating the site of the primary mismatch to the G 

allele of the wild-type atxn7 target. Sequence context of both the wild-type and mutant 

targets are shown. The miRNAs were labelled according to the position of the primary 

mismatch relative to the 5’ end of the guide strand. Major species refers to the strand 

most likely to be incorporated by RISC, while the minor species indicates the strand 

less likely to be incorporated.  
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2.7. Plasmid construction/ cloning 
2.7.1.  shRNA 

Construction of shRNA-expressing vectors has been previously described (197) 

in which the pTZU6+1 vector (194) is used as a template to create U6/shRNA 

cassettes. This method was modified by using a single step PCR step. 

U6/shRNA cassettes (Figure 2.5) were constructed as follows; A PCR cocktail of 

200 μg of pTZU6+1 vector, 10 pmol U6 universal forward primer (Table A3, 

Appendix, page 135), 10 pmol long reverse primer (Table A3), 0.2 mM dNTPs, 1 

x Gotaq Buffer (Promega, Whitehead Scientific, RSA), 2 units of GoTaq 

(Promega, Whitehead Scientific, RSA), was made up to a final volume of 25 μl 

with dH2O. The cycling conditions were the same as those for standard PCR as 

indicated in the Appendix (A1, page 134). PCR products were electrophoresed 

on a 2% agarose gel. The expected product size of 300 nt was excised under 

low Ultra violet (UV) light and cleaned using the Qiagen Gel Extraction kit 

according to manufacturers’ instructions (Qiagen, Southern Cross 

Biotechnology, RSA). The PCR products were quantified using a NanoDrop ND-

1000 spectrophotometer (NanoDrop Technologies, Inqaba, RSA. A total of 100 

ng of PCR product was ligated to the TA cloning vector pGEMTeasy (Promega, 

Whitehead Scientific, RSA) according to manufacturers’ instructions including 

ligation and background control reactions, and incubated at 4oC overnight. Five 

μl of the ligation product was then used to transform competent DH5α 

Esherichia coli cells and grown on ampicillin selective agar plates. Blue/white 

screening was used to identify potentially positive clones. White colonies were 

screened using PCR with T7 and SP6 primers (Integrated DNA Technologies, 

Whitehead Scientific, RSA) according to the standard method in the Appendix 

(A1). Colonies producing the correct band size were selected and transformed 

using a miniprep kit (Qiagen, Southern Cross Biotechnology, RSA). Plasmid 

preparations were sequenced using both SP6 and T7 primers to confirm the 

correct sequence. It should be noted that some of the colonies representing the 

correct size fragment showed mismatches within the region of the U6/cassette. 
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Correct sequences were confirmed by manual screening as well as using 

Bioedit (Tom Hall, Ibis Biosciences, USA). Plasmid integrity was verified by 

performing either EcoRIII or NotI (Promega, Whitehead Scientific, RSA) 

restriction endonuclease reactions and electrophoresed on a 2% agarose gel. 

 

 
Figure 2.5. Schematic representation of the shRNA cassette. U6/shRNA expression 

plasmids were constructed using cassettes constructed as shown schematically where 

L indicates the loop.  

 

2.7.2.  miRNA 
Pri-miRNA based hairpin constructs (Figure 2.6) were created by performing 

PCR-based primer extension of partially overlapping complementary long 

oligonucleotides (Table A4, 132); followed by a secondary PCR using partially 

flanking outer primers with XhoI and NotI restriction sites. PCR products were 

gel excised (Qiagen, Southern Cross Biotechnology, RSA), and ligated to the 

pGEMTeasy TA cloning vector (Promega, Whitehead Scientific, RSA). Positive 

clones were confirmed by sequencing and restriction enzyme digestion. These 

were then digested with XhoI and NotI restriction enzymes and ligated to 

complementary overhangs of the pCI_neo vector (Promega, Whitehead 

Scientific, RSA). Expression plasmids sequences were confirmed as previously 

described.  

 

 

 

 

 



Univ
ers

ity
 of

 C
ap

e T
ow

n

  Chapter 2: Materials and Methods 

 60

 

 
 
Figure 2.6. Schematic representation of the miRNA cassette. U6/shRNA expression 

plasmids were constructed using cassettes constructed as shown schematically where 

L indicates the loop.  

 

2.7.3.  Construction of luciferase targets 
Short target sequences of atxn7 were cloned into psiCHECK (Promega, 

Whitehead Scientific, RSA) that expresses the Renilla luciferase reporter gene 

(Figure 2.7). Seventy four bp of annealed DNA oligonucleotides harbouring each 

of the target sequences and NotI and XhoI sticky ends were ligated into the 

psiCHECK plasmids upstream of the Renilla reporter gene (Oligonucleotide 

sequences are found in Table A5, 133). 

 

 
Figure 2.7. Schematic of the dual luciferase reporter targets. atx7-G-luc and atx7-A-luc 

are the wild-type and mutant reporter siCHECK plasmids used in the luciferase assay, 

and included a short region of 60bp of atxn7 target sequence spanning the G>A SNP 

fused to the Renilla luciferase reporter gene.  

 

2.7.4.  Construction of full-length targets 
Full-length atxn7 cDNA constructs (wild-type (CAG)10 and mutant (CAG)100) 

were fused to the N-terminus of the reporter gene, enhanced green fluorescent 

protein (eGFP), kindly provided by Alexis Brice (42). Mutant atxn7 (CAG)100 was 
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modified to replace the G residue of the SNP with the mutant A allele. Long 

oligonucleotides (Table A5, Appendix, page 137) were annealed and subjected 

to an initial primer extension with taq polymerase; this was followed by a 

secondary primer extension to produce XhoI and HindIII sticky ends. The 

resultant 150 nt dsDNA cassette harbouring the A allele with XhoI and HindIII 

ends was cloned into the mutant vector (CAG)100 linearised with XhoI and 

HindIII. The generated A allele (atx7-100-A-eGFP) was confirmed by DNA 

sequencing. For the heterozygous assay, the mutant atx7-100-A-eGFP was 

modified to substitute the eGFP with the red fluorescent protein pdsRED-

monomer-N1 vector (Clontech, Takara Bio, USA). The dsRED-monomer-N1 

plasmid was linearised with HpaI and Age and the resulting dsRED fragment 

was cloned into the atx7-100-A-eGFP vector which had been linearised with the 

same restriction endonucleases to remove the eGFP gene. The sequence of the 

mutant vector (atx7-100-A-dsRED) was confirmed. pdsRED-monomer-N1 was 

chosen because it does not result in aggregate formation as other dsRED 

protein  has been shown to do, therefore any aggregate formation is as a result 

of the fused target protein (198). Schematic diagrams of the expression 

cassettes are indicated in Figure 2.8.  
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Figure 2.8. Schematic of the full-length target reporter constructs. atx7-10-G-eGFP, 

atx7-100-A-eGFP, atx7-100-A-dsRED are the 3 reporter plasmids used in the full-length 

hemi- and heterozygous assays and consist of the full-length atxn7 cDNA. The wild-

type construct (atx7-10-G-eGFP) has a CAG repeat length of 10 incorporating the G 

allele of the SNP, fused to eGFP. The two mutant constructs (atx7-100-A-eGFP, atx7-

100-A-dsRED) have CAG repeat lengths of 100, as well as the A allele of the SNP, and 

are fused to eGFP and dsRED respectively. (Figure drawn by M. Weinberg) 

 

2.8. Transfections 
2.8.1.  Maintenance of cell line 

All the transfection experiments of this project were performed in HEK293 cell 

lines. This is a well known and commonly used cell line for artificial in vitro 

experiments (199). Cells were cultured in Dulbecco’s modified Eagle’s medium 

(DMEM) supplemented with 10% Fetal Calf Serum (FCS; Sigma, UK); L-

glutamine (4 mM; Sigma, UK), penicillin (50 U/ml; Sigma, UK), and streptomycin 

(50 mg/ml; Sigma, UK). Cells were maintained in a 37oC incubator and medium 

was replaced every three to five days. Since this cell line had been shown to be 
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amenable to transfection of the fusion construct plasmids obtained (42), 

HEK293s were used in all the transfection experiments. In addition, an antibody 

targeting ATXN7 had indicated no detectable levels of the protein in mock 

transfected HEK293 cell lines (42). However, a concern regarding the effect of 

endogenous levels of the ubiquitous atxn7 transcript seen in other studies (55) 

was addressed by performing real-time PCR. Atxn7 levels in cells transfected 

with full-length transcript plasmids were quantified relative to non-transfected 

cells. As can be seen in Figure 2.9, there was a 500 fold increase in the former 

indicating that endogenous levels of the transcript would have insignificant 

effects on the quantitative nature of the assay.  

 
Figure 2.9. Relative abundance of atxn7 transcript. Fold change in levels of atxn7 

between endogenous levels of transcript and transfection of 1 μg of the full-length wild-

type target as indicated. Each experiment was performed in triplicate, and the data is 

normalised to levels of GAPDH. Average ± standard deviation is shown.  
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2.8.2.  Validation of cellular assay 
All transfection experiments were normalised to a non-specific control 

shR/miRNA expression plasmid. In order to confirm that these sequences had 

no effect on the target sequence, they were compared to expression plasmids 

containing only the corresponding promoter with no effector sequences. The 

results confirm that the non-specific effectors have no effect on the target 

sequences, and thus can be accurately used for normalisation purposes (Figure 

2.10). In each assay, miRNA and shRNA effectors were always normalised to 

miR-NS and shR-NS respectively, in order to take into account any effects of the 

different promoters and background vector sequence. 

 

Figure 2.10: Effect of non-specific effectors on the target relative to empty vectors a full-

length hemizygous assay. Quantitation of fluorescence in HEK293 cells transfected with 

wild-type (atx7-10-G-eGFP) or mutant (atx7-100-A-eGFP) expression plasmids and the 

indicated effector. Each experiment was performed in triplicate and the data is relative 

to that measured using a non-specific effector, NS. Average ± standard deviation is 

shown. Wild-type and mutant targets are represented by red and blue bars respectively. 

pTZU6+1 is the empty shRNA vector, and pCI_neo is the empty miRNA vector. 
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Further validation of this assay was demonstrated by the similar levels of 

knockdown achieved using E19 (Figure 2.11; kind gift from Y. Yokobayashi 

(200)); the eGFP-specific hairpin. In each experiment using the full-length assay, 

this hairpin was used, and demonstrated that a) knockdown of the transcript was 

feasible, and b) similar levels of knockdown were achieved against the mutant 

and wild-type sequences indicating that this assay was an accurate 

measurement of transfected target knockdown.   

 

 

Figure 2.11: Effect of eGFP specific effector on the target in a full-length hemizygous 

assay. Quantitation of fluorescence in HEK293 cells transfected with wild-type (atx7-10-

G-eGFP) or mutant (atx7-100-A-eGFP) expression plasmids and shR-E19. Each 

experiment was performed in triplicate and the data is relative to that measured using a 

non-specific effector, NS. Average ± standard deviation is shown. Wild-type and mutant 

targets are represented by red and blue bars respectively.  
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2.8.3.  Hemizyous assays 
Plasmid transfections using the luciferase targets were performed using 

Lipofectamine 2000 (Invitrogen, RSA), according to manufacturer’s instructions 

with a total of 1μg of DNA in a 1:1 ratio of target:shRNA vector. Transfections for 

the hemizygous full-length target fluorescence assays were performed using 

jetPEI (Polyplus, Autogen Bioclear, UK) with a Nitrogen to Phosphate ratio (N/P) 

of 5, using a total of 2 μg of DNA in a 1:1 ratio of target:shRNA vector. All 

hemizygous assays were performed by seeding 1 x 105 cells in each well of a 

24-well plate.  

 

2.8.4.  Heterozygous assays 
2.8.4.1. shRNA transfections 

The heterozygous assays were performed as above except for the following 

changes; 6-well plates were seeded with 2.5 x 105 cells per well with a total of 

6μg of DNA. In cases where target vectors were transfected separately for 

comparison in the heterozygous experiments, pU6TZ+1 was included to equate 

the total amount of DNA transfected to that in the co-transfections of both 

targets.  

 

2.8.4.2. miRNA transfections 

The heterozygous assays were performed in a 2:1 ratio of target to effector 

using 6-well plates and a total of 6μg of DNA. The change in the ratio was 

performed to overcome problems of promoter occlusion of the target and 

effector CMV promoters. The combination of two CMV expressing targets as 

well as a CMV expressing effector (in contrast to the Pol II promoter-expressing 

shRNAs) likely led to a saturation of Pol III machinery recruited by the various 

vectors thus resulting in reduced levels of target expression. In order to 

accurately measure the effectors of the miRNAs, target plasmid DNA was 

increased to increase levels of reporter expression which could be read by the 

fluorimeter. In cases where target vectors were transfected separately for 
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comparison in the heterozygous experiments, miR-NS was included to equate 

the total amount of DNA transfected to that in the co-transfections of both 

targets. In addition, the addition of miR-NS allowed for accurate measurement 

since it contains the same CMV promoter as the other miRNAs.   

 

 

2.9. Luciferase assay 
For the purpose of this experiment, the luciferase assay was used to identify 

changes in mRNA levels of short targets tagged to luciferase reporter genes by 

measuring changes in luciferase activity. Using the target constructs shown in 

Figure 2.7 (page 60), expression of renilla luciferase can used to identify 

knockdown of the target (Figure 2.12), as well as then normalised to levels of 

firefly luciferase, resulting in easily replicable results. The activities of Renilla 

and firefly luciferase were measured with the Dual-Glo™ Luciferase Assay 

System (Promega, Whitehead Scientific, South Africa) and using the Veritas 

dual injection luminometer (Turner BioSystems, Sunnyvale, USA). 
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Figure 2.12. Mechanism of luciferase assay using psiCHECK vectors (adapted from 

Promega, www.promega.com/paguide/images/4339MA10_3A.jpg). 
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2.10.  Fluorescence assay 
2.10.1. Protein quantification  

All quantitative experiments were performed by normalising to 100 μg/ml of 

protein using the Micro BCA Protein Kit (Pierce, USA).  

 

2.10.2. Fluorimeter quantification 
Fluorescence was quantified using the Optima software program on an Optima 

FLUOSTAR fluorimeter. Average values are shown from experiments in 

biological triplicate with values from indicated U6/shRNA expression plasmids 

normalized to a miss-targeted shRNA expression plasmid set at 1. Error bars 

indicate variation between experiments as the standard deviation of the mean. 

For the hemizygous experiments; equivalent quantities of mock-transfected cells 

seeded in 24-well plates were used to subtract the background fluorescence. 

Both eGFP and DsRed have an excitation wavelength 489 nm and 556 nm 

respectively; and emission of 508 nm and 586 nm respectively (Clontech, 

Takara Bio, USA). In measuring the fluorescence dual assay of eGFP and 

DsRed an overlap can occur and influence the fluorescent measurements of 

both. In order to avoid the overlap of green and red fluorescence in a dual 

hemizygous assay two modifications were performed. Firstly the excitation and 

emission wavelengths for both proteins were adjusted to create minimal overlap, 

such that eGFP and dsRed were read at excitation wavelengths of 485 nm and 

544 nm respectively; and emissions of 520 nm and 590 nm respectively. 

Secondly because the overlap cannot be completely removed, equivalent 

quantities of cells transfected with 0.5 μg atxn7-10-G-eGFP + 1.5 μg of 

pTZU6+1 were used as the background values whilst reading through the red 

channel. Conversely, equivalent quantities of cells transfected with 0.5 μg atxn7-

100-A-dsRED + 1.5μg of pTZU6+1 were used as the background values whilst 

reading through the green channel. Hemizygous assays were measured at 48 

hours, while heterozygous assays were measured at 72 hours in order to 

maximise levels of fluorescence measured.  
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2.11.  Aggregate counting assay 
Aggregate-containing cells were counted as previously reported (201) with the 

following modifications. Cells were co-transfected in triplicate as described in the 

heterozygous assay. Non-overlapping frames of live cells from each well were 

captured on an AxioVision Inc. microscope using the AxioVision 4.6.3 software 

after 72 hours. The sum of the total number of cells in three frames was 

calculated using a 40x objective. Cells with aggregates and those with dispersed 

patterns of expression were counted as a total of the three different frames of 

live cells. This was performed in triplicate with the mean representing the 

average number of that biological triplicate. It is noted that previous studies 

using the tagged vectors had shown that the reporter genes had no effect on the 

localisation and expression pattern of the ATXN7 protein (42). 

 

2.12.  Confocal microscopy 
A Zeiss LSM 510 laser scanning confocal microscope was used. Images were 

taken with the 40X and 63X oil immersion objective lenses. The following filter 

sets were used: MBS NT 80/20 or HFT UV 488/543/633 with DBS NFT 490 or 

NFT 545 or mirror or none. An Argon laser at 488nm was used to excite eGFP, 

emission collected using 505 -550 nm band pass filter. A Helium-Neon laser was 

used to excite dsRed at 543 nm, emission collected using band pass 560nm – 

615nm. Representative images shown were analysed by the ZEISS LSM 4.1 

software.  
 

2.13.  Statistical analysis  
Statistical analysis utilized two-tailed t-tests, unless otherwise stated. Statistical 

differences were considered significant when the two-tailed p value < 0.05 using 

a paired t-test. 
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3. Results 
3.1. Luciferase assay  

3.1.1.  Single mismatches 

In order to identify RNAi effectors targeting the atxn7 SNP, multiple shRNAs 

were designed to place the weak G:U mismatch created against the wild-type 

transcript successively in positions 10 to 16 from the 5’ end of the shRNA guide 

strand (Figure 2.1, page 53). These predicted shRNAs were screened in a dual 

luciferase reporter assay (section 2.9, page 67) incorporating a short stretch (60 

nt) of either the mutant or the wild-type target gene sequence (Figure 2.7, page 

60). Mismatches at positions P11-P16 showed statistically significant (p<0.05) 

discrimination (Figure 3.1). Of these shRNAs, shR-P15 showed the greatest 

discrimination with the wild-type minimally affected at 90% and the mutant 

knocked down to nearly 55%, relative to a non-specific control. Mismatches 

placed at position 12 and 14 also showed a significant degree of selectivity with 

20 – 25 % discrimination between knockdown of the mutant and wild-type, 

although this selectivity was achieved with strong knockdown against both the 

mutant and the target with more than 50% knockdown against both targets. This 

is in contrast to the selectivity obtained using shR-P15, where neither target was 

reduced to less than 50%. Finally, hairpins shR-P11, -P13 and -P16 showed 

significant but minimal discrimination of approximately 10 – 15 %. Selective 

target knockdown was the least efficient at the central shR-P10 position where 

no significant selectivity was obtained. Interestingly, shR-P16 which showed little 

mutant-specific discrimination dramatically knocked down both wild-type and 

mutant targets indicating that the shRNA was highly tolerant of a single 

nucleotide mismatch against a short target sequence at this position.  
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Figure 3.1. Analysis of series of mismatched shRNA guide sequences targeting the 

G>A SNP in atxn7 in a dual luciferase assay. Relative levels of Renilla luciferase 

(hRluc) expression normalised to firefly luciferase (hFluc) expression. Each experiment 

was performed in triplicate and the data is relative to that measured using a non-

specific shRNA, NS. Average ± standard deviation is shown. Statistically significant 

differences (p<0.05) between wild-type and mutant silencing are indicated by 

corresponding p values. Relative expression of wild-type and mutant targets is 

represented by red and blue bars respectively.  
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3.1.2. Double mismatches 

Given the weak nature of the atxn7 G:U nucleotide mismatch, efforts were made 

to enhance the level of wild-type:mutant discrimination by incorporating a 

secondary mismatch 3’ to the primary mismatch (Figure 2.2, page 54). This 

resulted in a weak A:C mismatch against both the mutant and the wild-type 

targets in addition to the G:U mismatch against the mutant, thus creating a 

double mismatch against the mutant in comparison to the single mismatch 

against the wild-type. The results of the dual luciferase screen showed that 

discrimination could not be improved beyond that achieved using the single 

mismatch at shR-P15 (Figure 3.2). The greatest discrimination achieved 

occurred using the double mismatch shR-P13P14, where enhancement of the 

10% selectivity obtained using the single mismatch at position 13 was increased 

to 25% with the addition of the second mismatch. This was the only position to 

show an enhancement of selectivity. While significant levels of discrimination 

were obtained for almost all the other positions, the levels were reduced or 

remained the same in each case. Furthermore the inclusion of these secondary 

mismatches resulted in decreased levels of discrimination at almost all positions 

tested, such that only two hairpins (shR-P10P11 and -P16P17) showed greater 

than 50% knockdown against both targets. However this abrogation of 

knockdown was minimal in the case of the double shR-P16P17 mismatch, which 

maintained the strong 80% knockdown against the wild-type target.  
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Figure 3.2. Analysis of secondary mismatched shRNA guide sequences targeting the 

G>A SNP in atxn7 in a dual luciferase assay. Relative levels of Renilla luciferase 

(hRluc) expression normalized to firefly luciferase (hFluc) expression. Each experiment 

was performed in triplicate and the data is relative to that measured using a non-

specific shRNA, NS. Average ± standard deviation is shown. Statistically significant 

differences (p<0.05) between wild-type and mutant silencing are indicated by 

corresponding p values. Relative expression of wild-type and mutant targets is 

represented by red and blue bars respectively.  
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3.1.3.  Additional mismatches 

Since the introduction of a double mismatch had been less successful in 

enhancing the initial discrimination obtained, further modifications were 

attempted. A secondary mismatch was incorporated immediately 3’ to the initial 

primary mismatch at position 15 as before. However the mismatch itself was 

designed to create greater destabilisation than the previous A:C combination by 

yielding a U:C mismatch (shR-P15P16’). Two further modifications were made 

to the P15 hairpins which including changing the nucleotide at this position from 

a U to an A or G, changing the nature of the primary mismatch itself. This 

resulted in an A:G mismatch to the wild-type corresponding with a G:G 

mismatch to the mutant (shR-P15A:G); and a G:G mismatch against the wild-

type corresponding with an A:G mismatch against the mutant target (shR-

P15G:G). Although the level of discrimination remained significant for all three of 

these positions, none led to discrimination greater than 10% and appeared to 

reduce the ability of the hairpin structures to exert knockdown (Figure 3.3).  

Further investigation into the tolerance of the mismatch at position 16 was also 

attempted. A secondary mismatch was placed 5’ to the original shR-P16 

mismatch yielding a C:U mismatch against both the mutant and the wild-type 

(shr-P16P15); in addition, a second hairpin was generated by placing additional 

mismatches on both 3’ and 5’  to the primary mismatch (shR-P16P15P17) 

(Figure 2.3, page 55). The results showed that neither hairpin was able to create 

enhanced discrimination (Figure 3.3). Interestingly, however, both hairpins 

retained the ability to exert strong knockdown approaching 80% against both 

targets.   
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Figure 3.3. Analysis additional mismatched shRNA guide sequences targeting the G>A 

SNP in atxn7 in a dual luciferase assay. Relative levels of Renilla luciferase (hRLuc) 

expression normalized to firefly luciferase (hFLuc) expression. Each experiment was 

performed in triplicate and the data is relative to that measured using a non-specific 

shRNA, NS. Average ± standard deviation is shown. Statistically significant differences 

(p<0.05) between wild-type and mutant silencing are indicated by corresponding p 

values. Relative expression of wild-type and mutant targets is represented by red and 

blue bars respectively.  
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3.2. Full-length assay  
3.2.1.  Hemizygous assay 

3.2.1.1. Single mismatches 

To replicate the SCA7 disease state with greater precision, shRNAs were tested 

against the full-length atxn7 gene fused to eGFP in a hemizygous cell system. 

The assay was performed using the HEK293 cell line which had been validated 

for this study by confirming minimal levels of endogenous atxn7 transcript in 

comparison to the transfected full-length transcripts (Materials and Methods, 

Figure 2.9, page 63). The results of this assay indicated that target knockdown 

was reduced across the panel of shRNAs in comparison to the knockdown seen 

in the luciferase assay (Figure 3.4). Again, shRNAs mismatched at shR-P12 and 

-P14 showed some level of selectivity (although not significant). However shR-

P15 showed no ability to knockdown either the full-length mutant or wild-type 

gene, contrasting with the results which showed selectivity in the luciferase 

assay. Surprisingly shR-P16, which showed the most effective knockdown 

against both targets in the luciferase assay and thus minimal discrimination, 

demonstrated the most selectivity against the full-length targets with minimal 

effect to the wild-type (75%) and strong selectivity for the mutant target (40%; 

p<0.05).  
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Figure 3.4: Single mismatched shRNAs targeting the atxn7 G>A SNP in a full-length 

hemizygous assay. Quantitation of fluorescence in HEK293 cells transfected with wild-

type (atx7-10-G-eGFP) or mutant (atx7-100-A-eGFP) expression plasmids and the 

indicated shRNA. Each experiment was performed in triplicate and the data is relative 

to that measured using a non-specific shRNA, NS. The anti-eGFP shRNA, used was 

pE19; a published U6/shRNA expression plasmid targeting eGFP (200). Average ± 

standard deviation is shown. Statistically significant differences (p<0.05) between wild-

type and mutant silencing are indicated by corresponding p values Wild-type and 

mutant targets are represented by red and blue bars respectively. 

 

3.2.1.2. Double mismatches 

In a similar manner to P16 the double mismatch P16P17 showed moderate 

selectivity in the full-length target assay (Figure 3.5). In general, as was the case 

with the luciferase assay, the level of knockdown across the screen was 

reduced in comparison to the single mismatches to the point where none of the 

effectors demonstrated any ability to knock down the targets. However, E19, the 

hairpin designed to target eGFP specifically showed similar levels (70-80%) of 
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knockdown in both assays indicating that the assay accurately reflected 

knockdown ability of each shRNA.   

 

 

 

Figure 3.5: Double mismatched shRNAs targeting the atxn7 G>A SNP in a full-length 

hemizygous assay. Quantitation of fluorescence in HEK293 cells transfected with wild-

type (atx7-10-G-eGFP) or mutant (atx7-100-A-eGFP) expression plasmids and the 

indicated shRNA. Each experiment was performed in triplicate and the data is relative 

to that measured using a non-specific shRNA, NS. The anti-eGFP shRNA, used was 

pE19; a published U6/shRNA expression plasmid targeting eGFP (200). Average ± 

standard deviation is shown. Statistically significant differences (p<0.05) between wild-

type and mutant silencing are indicated by corresponding p values Wild-type and 

mutant targets are represented by red and blue bars respectively. 
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3.2.1.3.  Additional mismatches 

Since P16 had been shown to be the most effective hairpin in this assay, the 

previously mentioned modified versions of the primary mismatch hairpin were 

assessed in this assay in the hope that discrimination might be enhanced. 

Neither P16P15 which included shifting of the position of the secondary 

mismatch, nor P16P15P17 which incorporated additional mismatches showed 

any ability to selectively knockdown the mutant target (Figure 3.6). Indeed 

neither of these hairpins showed any ability to knockdown either target 

reinforcing the data from the luciferase assay.  

 

Figure 3.6: Additional mismatched shRNAs targeting the atxn7 G>A SNP in a full-length 

hemizygous assay. Quantitation of fluorescence in HEK293 cells transfected with wild-

type (atx7-10-G-eGFP) or mutant (atx7-100-A-eGFP) expression plasmids and the 

indicated shRNA. Each experiment was performed in triplicate and the data is relative 

to that measured using a non-specific shRNA, NS. The anti-eGFP shRNA, used was 

pE19; a published U6/shRNA expression plasmid targeting eGFP (200). Average ± 

standard deviation is shown. Statistically significant differences (p<0.05) between wild-

type and mutant silencing are indicated by corresponding p values. Wild-type and 

mutant targets are represented by red and blue bars respectively. 
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3.2.2. Heterozygous assay 

A significant test of RNAi-based single nucleotide discrimination is to use a 

heterozygous system (169). Therefore a full-length assay was designed to 

measure levels of knockdown following co-transfection of both full-length wild-

type and mutant DNA encoding transcripts into HEK293 cells tagged to GFP 

and dsRED respectively. The P16 shRNA was chosen for study based on its 

high degree of target selectivity in the full-length hemizygous assay. The 

discriminatory effects seen with this shRNA were comparable to those in the 

earlier hemizygous full-length assay (Figure 3.7). Indeed, shR-P16 showed 

strong selectivity for the mutant target, efficiently knocking down the mutant to 

7% whilst minimally affecting the wild-type with knockdown at only 74% of the 

control levels (p<0.05). shR-P15 again showed minimal selectivity and 

knockdown against both targets reinforcing the results of the full-length 

hemizygous assay. The eGFP-specific hairpin showed specific and consistent 

knockdown of the wild-type target tagged to eGFP, with no ability to recognise 

and therefore knock down the mutant transcript tagged to dsRED demonstrating 

the specificity of this assay. Finally, shR-P15 showed similar results to that 

obtained in the hemizygous assay, further demonstrating the accuracy of the 

assay.  
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Figure 3.7. shRNA targeting the atxn7 G>A SNP in a full-length heterozygous assay. A. 

Quantitation of fluorescence in HEK293 cells co-transfected with wild-type atx7-10-G-

eGFP and mutant atx7-100-A-dsRED expression plasmids and the indicated shRNA. 

Each experiment was performed in triplicate and the data is relative to that measured 

using a non-specific shRNA, NS. Average ± standard deviation is shown. Statistically 

significant differences (p<0.05) between wild-type and mutant silencing are indicated by 

using the one-tailed t-test. Wild-type and mutant targets are represented by green and 

red bars respectively. 

 

3.3. Study of aggregate formation 
3.3.1.  Confocal images 

It is well documented that mutant polyglutamine proteins form aggregates which 

are associated with, if not directly causative of disease pathogenesis (202). In 

addition, it has been shown that mutant ATXN7 recruits wild-type ATXN7 into 

intracellular inclusion-like aggregates (42). In the process of performing the 

heterozygous assay, live cells were viewed using fluorescence microscopy prior 

to protein extraction to confirm fluorescent gene expression. To obtain more 

enhanced images, confocal microscopy was used to observe the pattern of 
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expression of the mutant and wild-type protein. As has previously been 

demonstrated (42) the wild-type protein indicates a dispersed pattern of 

expression with minimal aggregate formation, while in contrast the mutant 

protein appears in the form of inclusion bodies or large aggregates (Figure 3.8). 

Co-transfection of both wild-type and mutant atxn7 genes replicates previously 

reported results (42) in that the wild-type protein co-localizes to these 

aggregates of mutant protein indicating recruitment of the wild-type protein by 

the mutant protein into the inclusions (Figure 3.9). However, with the 

introduction of the P16 hairpin, the remaining wild-type protein was observed to 

revert to the normal pattern of expression, and the number of intracellular 

aggregates of mutant protein appeared significantly reduced (Figure 3.9). 
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Figure 3.8. Representative confocal images of HEK293 cells from the heterozygous 

assay. Confocal images of cells transfected with (i, ii) mutant (atx7-100-A-dsRED) alone 

(iii, iv) wild-type (atx7-10-G-eGFP) alone; (i) Image visualized under red fluorescence 

(ii) red fluorescence merged with the bright field, (iii) green fluorescence and (iv) green 

fluorescence merged with the bright field. Scale bar represents 10μm. 
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Figure 3.9. Representative confocal images of HEK293 cells from the heterozygous assay. Confocal images of cells co-

transfected with wild-type and mutant expression plasmids in addition to (i - iii) shR-NS or (iv - vi) shR-P16. (i) and (iv) show 

images under green fluorescence to reveal wild-type protein, (180) and (v) show images under red fluorescence to reveal 

mutant protein, and (iii) and (vi) show images then merged under green and red fluorescence and bright field. Scale bar 

represents 10μm. 
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3.3.2.  Aggregate counting assay 

In order to quantify whether the level of wild-type release from aggregation to a 

normal dispersed pattern of expression was significant, the number of cells 

containing aggregates or presenting a normal pattern of expression was counted 

following shRNA treatment and compared to that of the non-specific control 

(Figure 3.10). This data shows a substantial decrease in the number of cells 

expressing mutant aggregates in the presence of shR-P16, corroborating data 

from the fluorescent heterozygous assay. More importantly, these results further 

support the original observation that, not only does the combination of mutant 

and wild-type protein result in a significantly increased percentage of aggregates 

containing wild-type protein (p<0.05), but that treatment with shR-P16 promotes 

release of the wild-type protein to the dispersed distribution seen in cells 

expressing the wild-type alone. 
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Figure 3.10. shRNA P16 reduces wild-type atxn7 aggregates in a heterozygous assay. 

Cells expressing eGFP and/or dsRED were counted according to whether they 

contained aggregates or a dispersed pattern of expression of mutant and wild-type 

ATXN7. Cells were transfected with wild-type target (atx7-10-G-eGFP) alone; mutant 

target (atx7-100-A-dsRED) alone; mutant (atx7-100-A-dsRED), wild-type (atx-10-G-

eGFP) and NS (non-specific shRNA); mutant, wild-type and shR-P16. Cells were 

counted separately in the red and the green filter by collecting 3 representative images 

from each well and combining the total number. This was performed for each indicated 

combination in biological triplicate, yielding standard deviations. The bars comprise the 

total number of cells counted in each transfection; separated according to whether they 

contained aggregates (blue) or a dispersed pattern of expression (grey). Note that the 

decrease in expression from target vectors transfected alone to co-transfected cells is 

likely to be a result of the promoter occlusion effect of co-expression of targets and not 

due to the addition of the shR-NS which has no effect upon the target vectors (Figure 

2.10, page 64). Statistically significant differences in % of aggregate containing cells are 

indicated by corresponding p values. 
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3.4. miRNA assay 
3.4.1. Hemizygous assay 

Given that shRNAs have been shown to be toxic in vivo, effectors were 

constructed in a pri-miRNA based structure and screened in a full-length assay 

in order to identify an equivalent allele-specific effector in a format predicted to 

be less toxic (Figure 2.6, page 60). Due to the possibility of alternative 

processing of the two different types of effectors, multiple miRNAs were 

designed to incorporate this potential variation in the hope that one would mimic 

the mature shR-P16 guide strand. Thus miRNAs were screened in the same 

manner as previously described in a full-length hemizygous assay and tested 

simultaneously with the shR-P16 effector. Results show that miR-P16 is capable 

of discriminating as efficiently as shR-P16 (Figure 3.11). Indeed, miR-P16 

shows almost exactly the same levels of knockdown against the mutant and 

wild-type effectors (with 80% and 40% remaining respectively) as shR-P16.   
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Figure 3.11: miRNAs targeting the atxn7 G>A SNP in a full-length hemizygous assay. Quantitation of fluorescence in 

HEK293 cells transfected with wild-type (atx7-10-G-eGFP) or mutant (atx7-100-A-eGFP) expression plasmids and the 

indicated miR/ shRNA. Each experiment was performed in triplicate and the data is relative to that measured using a non-

specific shRNA, shR-NS or non-specific miRNA, miR-NS. The anti-eGFP shRNA, used was pE19; a published U6/shRNA 

expression plasmid targeting eGFP (200). Average ± standard deviation is shown. Statistically significant differences 

(p<0.05) between wild-type and mutant silencing are indicated by corresponding p values Wild-type and mutant targets are 

represented by red and blue bars respectively. 
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3.4.2.  Heterozygous assay 

To compare the efficiency of the miRNAs with the selective shR-P16 in a 

heterozygous system, the miRNAs were screened as previously outlined. 

The results indicate similarities between the selectivity obtained between the 

shR-P16 (Figure 3.7, page 82) and the miR-P16 (Figure 3.12) with the latter 

demonstrating the same ability to show increased selectivity in a 

heterozygous system. Remarkably, miR-P16 results in almost complete 

ablation of the mutant target (to less than 10%) with minimal effect on the 

wild-type (retaining 75% expression).   

 

Figure 3.12. miRNAs targeting the atxn7 G>A SNP in a full-length heterozygous 

assay. Quantitation of fluorescence in HEK293 cells co-transfected with wild-type 

atx7-10-G-eGFP and mutant atx7-100-A-dsRED expression plasmids and the 

indicated shRNA. Each experiment was performed in triplicate and the data is 

relative to that measured using a non-specific miRNA, miR-NS. Average ± standard 

deviation is shown. Statistically significant differences (p<0.05) between wild-type 

and mutant silencing are indicated. Wild-type and mutant targets are represented by 

green and red bars respectively.  
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3.4.3.  Ratio assay 

Given that the miRNA screen performed using the heterozygous assay 

resulted in allele-specificity at a 2:1 ratio of target:effector, an attempt was 

made to ascertain whether lower ratios of target:effector might still be 

effective. The hairpin shR-P16 maintained the previously established high 

level of allele-specificity with the wild-type minimally affected to over 80% 

relative to the non-specific control; while the mutant target was reduced to 

less than 10% expression (Figure 3.13). In comparison, the selectivity of 

miR-P16 was significantly reduced (Figure 3.14). Interestingly, while the level 

of knockdown of the wild-type remained the same as that at a 2:1 ratio at 

70%, the ability of the pri-miRNA-based hairpin to knockdown the mutant was 

drastically reduced, to the extent that 30% of the mutant target remained in 

comparison to the 10% previously exhibited.  
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Figure 3.13. shRNAs targeting the atxn7 G>A SNP in a full-length heterozygous 

assay with decreased effector. Quantitation of fluorescence in HEK293 cells co-

transfected with wild-type atx7-10-G-eGFP and mutant atx7-100-A-dsRED 

expression plasmids and the indicated shRNA. Each experiment was performed in 

triplicate and the data is relative to that measured using a non-specific shRNA, shR-

NS. Average ± standard deviation is shown. Statistically significant differences 

(p<0.05) between wild-type and mutant silencing are indicated. Wild-type and 

mutant targets are represented by green and red bars respectively. 
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Figure 3.14. miRNA targeting the atxn7 G>A SNP in a full-length heterozygous 

assay with decreased effector. Quantitation of fluorescence in HEK293 cells co-

transfected with wild-type atx7-10-G-eGFP and mutant atx7-100-A-dsRED 

expression plasmids and the indicated shRNA. Each experiment was performed 

in triplicate and the data is relative to that measured using a non-specific 

miRNA, miR-NS. Average ± standard deviation is shown. Statistically significant 

differences (p<0.05) between wild-type and mutant silencing are indicated. Wild-

type and mutant targets are represented by green and red bars respectively. 
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4. Discussion 
 

In this study, the efficacy of RNAi hairpins to target the mutant atxn7 

transcript using a linked SNP, with the intention of ameliorating the 

pathogenicity of SCA7 in a cellular model was investigated. Using an 

extensive screen of various designs of expressed hairpins, multiple cellular 

models of target knockdown were tested. Comparisons of the short luciferase 

and full-length eGFP reporter assays led to conclusions regarding secondary 

structure. While the luciferase assay may be useful for mechanistic 

investigations, the full-length assay more accurately represents the 

endogenous gene response. Full-length heterozygous assays indicate that 

an allele-specific effector has been identified, which has little knockdown 

effect on the wild-type, and strong silencing of the mutant. Structural 

modifications of this effector to resemble a pri-miRNA structure yielded 

remarkably similar selectivity, which has importance in future work in that in 

vivo studies would require a non-toxic effector. Finally, hairpin selectivity in 

the heterozygous system indicated a further benefit of allele-specific silencing 

due to the reduction of total mutant protein causing reduced aggregate 

formation. Consequently, the wild-type protein is released into the more 

dispersed pattern of expression indicative of that observed with the normal 

protein alone.  

 

 

4.1. Mechanistic implications 
Effectors used to screen multiple positions of the SNP in order to obtain 

selectivity were based on the shRNA structure. Despite possible toxic effects 

in vivo (135), they are easy to design. Since they have been more 

extensively studied than miR-based hairpins, the rules governing their 

construction yield fairly predictable outcomes in terms of guide sequence 

production. They require only a single processing step by Dicer, pre-empting 

the complications of the Drosha, exportin-5, and Dicer processing that the 

miR-based hairpins require. Should the structure of the miR-based hairpins 
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be in-accurate, they may not be recognized by Drosha, or be cut in 

alternative positions.  

 

In designing guide sequences several issues were taken into account, 

reviewed in the introduction. These include the position of the mismatch 

within the guide strand, the strength of the mismatch, and target accessibility 

(Figure 4.1, page 96). Secondary structure of the target region and the 

strength of the mismatch cannot be controlled, as these are defined by the 

single nucleotide change itself; however they should be taken into 

consideration as they have significant effects on the discrimination. Mismatch 

placement, however, can be modified; thus we were able to address this 

issue extensively. 

 

4.1.1.  Mismatch placement 
In order to achieve selective target knockdown, a sequence change must be 

amenable to exploitation. Given that the nature of the mutation in 

polyglutamine disorders is not suitable for discrimination by a short RNA 

guide sequence, an alternative approach is required. Highly heterozygous 

SNPs present in the targeted transcripts can be used as an alternative for the 

mutation itself. In SCA7 patients in South Africa, it has already been 

demonstrated that one such SNP exists such that over 50% of the patients 

have been genotyped with an A and G allele on the mutant and wild-type 

transcripts respectively. This single nucleotide change was investigated as a 

template for selective silencing in this study.  

 

The question of where to position this single base pair change within the 

guide sequence of a predicted shRNA effector to achieve optimal selectivity 

in allele-specific RNAi is debatable and has been examined in various 

studies (Table 1.2, page 43). Traditionally, it has been hypothesised that 

centrally placed mismatches i.e. those placed near position 10 or 11, with 

position 1 being the first nucleotide of the 5’ end of the guide strand, allow for 

the greatest discrimination because they would interrupt the site of Ago2 

cleavage (178). Since cleavage is the predominant form of post- 
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Figure 4.1: Aspects to consider in allele-specific silencing 
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transcriptional suppression in perfectly complementary sequences (124, 125) 

knockdown of the mismatched target would be avoided. However, the 

comprehensive study by Schwarz and colleagues (183) showed extensive 

evidence suggesting that mismatches in the 3’ region of guide strands could 

allow greater selectivity than those placed centrally. In addition, the same 

study indicated that while mismatches placed in the seed region result in 

discrimination, they did not yield the most efficient selectivity in a full screen 

of two different genes, indicating that interfering with catalysis rather than 

binding, would lead to greater discrimination (183). With the view to 

screening as many likely discriminating sequences as efficaciously as 

possible, we screened mismatches placed at positions 10 to 16 of the 3’ end 

of the guide strand, which Schwarz and colleagues had shown to have 

greatest selectivity in their screen. In contrast to the siRNAs investigated in 

the Schwarz study, expressed hairpins were used as effectors in the data 

presented here. Expressed hairpins are inexpensive in comparison to the 

RNA oligomers of siRNAs. Placement of a Pol III promoter upstream of these 

hairpin sequences allows for stable expression of these short sequences with 

specific termination without the requirement for complex termination 

regulatory sequence elements. For the purpose of addressing mechanistic 

issues, the initial part of this discussion will focus on the data obtained from 

the luciferase assay due to the reduced impact of secondary structure. It is 

acknowledged that expressed hairpins predicted to place mismatches at 

specific positions may yield heterozygous heterogeneous species, with the 

major species not representing the predicted mismatch. Thus it is 

emphasized that the observations made are based on predicted structure 

and not necessarily definitive. However, it is likely that should there be 

alternative species, they will be at most one or two nucleotides up or 

downstream of what is predicted. Further, given the extensive published 

studies using this design and the similarity of the results presented in this 

thesis, the conclusions drawn from predicted positions are likely to be 

correct.  
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Results from the luciferase assay, in which a short target sequence of 50 

nucleotides is tagged to the luciferase reporter gene, indicated various single 

mismatches placed 3’ to the centrally placed shR-P10 appear to be the 

discriminatory, including those at positions 12, 14, and 15. The single 

mismatches placed at positions 10 and 11 showed minimal selectivity 

conflicting with the hypothesis that interfering with the site of Ago2 cleavage 

at these positions leads to the greatest discrimination. Indeed, the results 

reinforce the Schwarz study suggesting an important role for the 3’ region of 

the guide strand (183). To date, no such role has been proposed. Current 

theories on the regional structure of guide sequences indicate an important 

role for the 5’ nucleotides of the guide, known as the seed region. This region 

has been shown to be essential in binding and recognition of the target 

sequence and have been shown in structural studies of Ago2 in Pyrococcus 

furiosus to directly interact with the slicer protein (203). Studies have shown 

that anchoring of the 5’ nucleotide of the guide strand to a binding pocket in 

the PIWI domain of Ago2 in Archaeoglobus fulgidus (204) leads to direct 

interaction of the seed region within a small groove of the PIWI domain due 

to the conserved positive charges of the latter interacting with the negative 

phosphate backbone of the RNA (203). A possible reason for the importance 

of the 3’ end may lie in the requirement of an alpha helix for slicer activity. 

Studies of Ago2 suggest that the PAZ domain which recognises the 3’ end of 

the guide strand may provide additional constraints on the dsRNA helix 

formation (205). Nucleotide interactions have previously suggested that 

mismatches within nucleic acid duplexes can be more stable if surrounded by 

strong G:C pairings, whereas weaker adjacent pairs such as A:U allow the 

mismatch to maintain its maximum destabilisation (206). Similarly, since the 

seed region is maintained within a tight small groove within the Piwi domain 

of Ago2, destabilising effects may be minimised, while in comparison, it has 

been suggested that the 3’ region bound to the target may extend into a less 

constrained region of Ago2, possibly even into solvent (204). Thus enabling 

even weak mismatches to create maximum local widening of the duplex 

preventing Ago2 slicing (207), possibly due to disruption of alpha-helix 

formation.  Indeed, the alpha-helical conformation of the target:guide duplex 
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has been shown to be essential for binding stability of the PAZ domain (208) 

Furthermore thermodynamic destabilisation has been shown to be less 

important than distortion of the helix to the point where A:C mismatches are 

more tolerated by Ago2 than G:U mismatches (207). If this is the case, it may 

explain why traditionally weak mismatches correctly placed in a specific 

region have such a strong effect on slicer efficiency.  

 

4.1.2.  Nature of the mismatch 
Most studies based on a single nucleotide change have exploited 

purine:purine or pyrimidine:pyrimidine mismatches. In this study, the nature 

of the SNP resulted in a weak G:U mismatch between the wild-type target 

and the guide strand. As such, complete discrimination was unlikely to occur, 

although minimal selectivity has been demonstrated in other studies (Table 

1.2, page 43). The surprising selectivity of shR-P16, indicates that G:U 

wobbles can be used to discriminate, even though it is not considered a true 

mismatch due to the formation of a single hydrogen bond. This is likely in part 

due to the sequence context of the mismatch. It has been well established, 

from the complex nearest neighbour model used to identify thermodynamic 

differences within RNA hybrids, that different sequences surrounding the 

same mismatch significantly change the thermodynamic profile of the 

mismatch. Thus it is unlikely that every G:U mismatch will be amenable to 

selectivity. Only a few studies have looked at using G:U mismatches across 

different positions with varying degrees of success (Table 1.2, page 43). 

However, most acknowledge that some modifications of the guide sequence 

may be required to enhance selectivity. Not all of these studies have clearly 

defined positions, while they label a mismatch as being “central”, some have 

used alternative nomenclature such that a position 9 is in fact equivalent to 

position 12 from the 5’ end. One study has shown that a G:U mismatch at 

position 10 from the 5’ end of the guide strand leads to minimal selectivity 

(183). This corroborates the data presented in our study. However the same 

study did show significant selectivity at position 10 using a strong 

purine:purine mismatch. The notion of relaxed conformation leading to 

maximum destabilisation in the 3’ region may further explain the significant 



Univ
ers

ity
 of

 C
ap

e T
ow

n

 
  Chapter 4: Discussion 

 100

selectivity obtained even with a G:U wobble. It is possible that strong 

mismatches lead to strong destabilisation even in tight small grooves, such 

as that where cleavage occurs thus resulting in the strong selectivity obtained 

both at positions 10 and 16. However, a weaker mismatch may be more 

easily constrained at the tight cleavage junction, minimising local widening of 

the duplex, and thus allowing slicing of the target.  

 

4.1.3.  Modifications 
Given the nature of the weak mismatch, several attempts were made to 

enhance the level of selectivity identified in the 3’ region. Initial modifications 

included introducing a second mismatch immediately 3’ to the primary 

mismatch. This resulted in a single weak purine:pyrimidine (A:C) mismatch 

against the mutant, with two mismatches the A:C mismatch and the initial 

G:U mismatch against the mutant. Surprisingly, only one of the double 

mismatches resulted in selectivity greater than that achieved using the 

corresponding single mismatch; that of shR-P13P14. Other studies using 

weak (and strong) mismatches have shown that the addition of a secondary 

mismatch may enhance the selectivity by increasing the difference in 

destabilisation  (169, 170) (Table 1.2, page 43). Indeed a double mismatch at 

position 14 has previously been shown to enhance mismatch specificity with 

a weak G:U wobble against the normal tau transcript (169). The data 

presented in this thesis suggest that this is not always the case, and may 

reinforce the role of sequence context. The general abrogation of knockdown 

against both targets is not surprising given that additional mismatches are 

expected to hamper alpha helix formation, and therefore cleavage efficiency. 

However, further attempts to enhance selectivity were made by changing the 

position of the secondary mismatch in shR-P15 which had shown the 

greatest selectivity in the luciferase assay. The changes that were tested 

included, 

o shR-P15P16’: changing the nature of the secondary mismatch 

from a weak A:C to a stronger pyrimidine:pyrimidine U:C to 

enhance destabilisation.  
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o shR-P15A:G: changing the nature of the primary mismatch. 

According to thermodynamics one of the most destabilizing 

mismatches possible is a purine:purine mismatch, in particular, 

A:G. Purine:purine mismatches are considered the strongest, 

because the strength of these bonds is decreased by 

incompatible hydrogen bonding positions (209, 210). 

Furthermore different purine: purine mismatches show different 

destabilisation, thus it may be possible to increase the 

difference in destabilisation such that, although there are single 

mismatches to both mutant and wild-type targets, the A:A 

mismatch to the mutant is less destabilizing than the A:G 

against the wild-type. The hypothesis is that the difference in 

destabilization between A:A and A:G may be greater than U:A 

and U:G and therefore possibly more discriminatory. 

o shR-P15G:G: changing the nature of the primary mismatch. 

Although the above rules are true stereotypically, mismatch 

destabilisation is sequence specific. However, it has been 

suggested that G:A mismatches might form ionic bonds and 

that tandem G:A pairs could well in fact stabilize RNA duplex 

structure (211, 212). As a result, it may be possible that G:A 

mismatches are more stable than A:A, or G:G mismatches. 

With that in mind another hairpin was created to yield a G:G 

mismatch with the wild-type, and a G:A with the mutant.  

 

Unfortunately, none of the modifications showed increased specificity for the 

wild-type. As was expected, the general level of knockdown against the 

mutant in all three hairpins was less than that of the perfectly complementary 

shR-P15 hairpin.   

 

While investigating the modifications of the selective shR-P15, an attempt 

was made to modify the strong shR-p16 effector in the hope that weakening 

the efficacy may lead to enhanced selectivity since this effector had 

maintained the ability to knockdown the wild-type with a double mismatch. 
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Placing the second mismatch on the 5’ side of the primary mismatch had no 

effect; while the introduction of a triple mismatch (shR-P16P15P17) released 

knockdown by less than 5%. The tolerance for a triple mismatch at this 

position is surprising given that two of these mismatches overlap with shR-

P15P16 which showed minimal knockdown efficiency in contrast to the lack 

of tolerance to a mismatch at this position in plant genes such as 

PHABULOSA  (79). However, it does reinforce the previous observation that 

a shift in a single base pair may have significant repercussions for allele-

specific knockdown.  

 

The use of the tagged reporter genes which may or may not confer 

differential secondary structure to the target region that are not present in 

endogenous atxn7 transcripts, as well as the use of expressed hairpins as 

opposed to siRNAs, may limit the ability to draw specific conclusions about 

the mechanisms involved in single nucleotide mismatch design. Short targets 

are more likely to yield accurate information regarding base by base rules, in 

that they negate the effects of secondary structure. Therefore most of the 

conclusions drawn in this study regarding mechanistic rules are taken from 

the luciferase assay. Comparisons of similar types of effectors are required to 

make assumptions regarding specific selective positions. Here, expressed 

hairpins which showed selectivity were identified at positions similar to the 

data presented in the Schwarz et al. 2006 study, i.e. positions 12, 14, and 15 

(183). These may not hold true for every sequence, given the nature of the 

mismatch and sequence context. Furthermore, expressed hairpins predicted 

to place the mismatch at each position may not be as specific as siRNAs 

used in the Schwarz et al 2006 screen. While every effort was made in the 

design of these hairpins to place the mismatches, studies have indicated that 

a heterogeneous species of guide strands may result from Dicer cleavage of 

the hairpin, such that shR-P15 may result in the presence of P13. P14, P15 

P16 and P17 placed mismatches (128).  
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4.1.4.  Comparisons of short verses full-length 
hemizygous assays 

Given that the luciferase tagged assay had yielded results demonstrating 

successful allele-specificity, full-length targets were constructed to more 

accurately represent the effect on endogenous atxn7.  Comparisons of the 

short target luciferase and full-length assays indicated that the former failed 

to identify or predict the specific guide sequence with the highest degree of 

selectivity in the full-length assay. Knockdown was generally diminished from 

the luciferase assay to the full-length assay. Since full-length mRNA 

secondary structure can affect the efficiency of RISC-associated cleavage 

(213) these results are not surprising. Significant energy may be required to 

disrupt the target region in order to accommodate RISC binding resulting in 

decreased knockdown efficiency (213). Given this effect of secondary 

structure, it was still unexpected to observe the distinct changes in efficient 

effectors, such as that of shR-P15. This hairpin had resulted in strong 

discrimination in the luciferase assay, while in the full-length assay, 

demonstrated no ability to knockdown either the mutant or the wild-type. A 

possible reason for this is that while shR-P15 had shown the highest 

selectivity, the levels of knockdown had been less efficient (remaining levels 

of expression at 90% for the wild-type and 55% for the mutant) than all the 

other single mismatch hairpins, most of which were able to show less than 

50% of remaining levels of both targets. The effect of secondary structure 

would thus interfere with target binding to such an extent that knockdown of 

either the mutant or the wild-type was no longer possible, hence abolishing 

the resultant selectivity. The observation that all but one of the double 

mismatched hairpins, which had shown decreased knockdown but still limited 

selectivity, in the luciferase assay, now demonstrated no ability to knockdown 

either target in the full-length assay reinforces this theory. The converse of 

this hypothesis could be used to explain the resultant selectivity obtained 

using shR-P16 in the full-length assay. This hairpin had previously shown 

strong levels of knockdown against both targets in the luciferase assay, but 

became selective in the full-length assay. Secondary structure could reduce 

the accessibility of the target, resulting in significant release of the 
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mismatched wild-type target, while the perfectly matched mutant target 

duplex retained knockdown ability to a greater degree. Interestingly, the 

double mismatch, shR-P16P17, which had also shown strong knockdown of 

both targets in the luciferase assay, showed limited (although statistically 

insignificant) selectivity against the full-length targets and may represent a 

subtle replication of this hypothesis. 

 

Although the full-length target assay is likely to represent more accurately the 

endogenous system, the question of the repeat size should be taken into 

account. In this study, the wild-type allele contained 10 CAG repeats – the 

most common normal size in most populations (12, 22). The size of the 

expansion in SCA7 patients varies from over 39 to 406; in this study, only 

one mutant allele size was examined – at 100 repeats. To place this in 

context, as of 2003, the largest repeat size of SCA7 in South Africa was 

reported to be 92 repeats (90). Thus it could be argued that given the 

extensive evidence of an effect of target structure, a large change in the 

repeat size of the expanded allele may confer significant secondary structure 

alterations from one mutant allele to another, thus effecting selectivity. This 

may be the case with the SNP used to selectively target atxn3, located 

immediately 3’ to the SCA3 CAG repeat, (169). Furthermore, it may confer 

improved target accessibility to the wild-type allele, leading to unwanted 

selective knockdown of the wild-type, although this has yet to be shown. 

However, an advantage of the SNP used here, is the significant distance 

between the expansion and the SNP, with the former in exon 3 and the latter 

in exon 12, over 2.5kb away. Therefore, local secondary structure around the 

SNP is less likely to be affected by a change in the size of the expansion, 

and almost certainly not by a small change in the size of the normal allele.  

 

With reference to the full-length assays, It is noted that a lower than expected 

transfection efficiency of the full-length targets was observed as seen in 

Figure 3.8 and 3.9, page 84 and 85. One of the main reasons for this was 

thought to be the introduction of a fusion protein in cells which express the 

endogenous gene at much lower levels. In order to maximise the level of 
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transfection, several transfection reagents were tested. Only jetPEI (Polyplus, 

UK) showed reasonable levels of transfection efficiency. In addition, half of 

the total amount of DNA introduced into the cells included a non-specific 

shRNA expressing plasmid to ensure that the same amount of DNA, and 

ratio of target to transfection reagent was added to each well. Despite the low 

level of transfection, good standard deviations were achieved by using 

normalising to protein levels, thus validating the reliability of the assay.   

 

4.1.5.  Strand bias 
In designing any effector, the aspect of strand bias should be taken into 

account. RISC has been shown to have the ability to incorporate both 

passenger and guide strands of a small RNA duplex. As a result, those 

effectors which lack the ability to knockdown both the mutant and the wild-

type target may not represent inefficient selectivity, but rather be due to the 

preferential incorporation of RISC of the passenger strand (117, 118). This 

could explain the lack of selectivity of some of the double mismatch hairpins, 

in particular shR-P11P12 and –P13P14. Both hairpins showed a significant 

decrease in knockdown of the wild-type gene to the point where silencing 

was completely removed. It is therefore possible that improved design 

incorporating enhanced duplex instability may result in increased 

incorporation of the guide, with an improvement in mutant knockdown, 

without significant effects on the wild-type. However, while the introduction of 

double mismatches at positions 12 and 14 (shR-P12P13 and –P14P15) 

resulted in decreased knockdown as well as decreased selectivity, silencing 

was not completely removed indicating that this is a true reflection of double 

mismatches unable to enhance selectivity. As such, it is likely that strand bias 

would reduce/ enhance levels of knockdown of both targets, and have little 

effect on the selectivity obtained. Furthermore, each hairpin in this 

investigation was designed with the intention of incorporating a 

thermodynamic signature, such that the duplex would be significantly 

destabilised using G:U wobble pairs in the 3’ end of the passenger strand, 

facilitating preferential incorporation of the guide strand. 
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4.1.6.  Heterozygous assay 
In an attempt to replicate the cellular system, the knockdown efficiency of 

each of the effectors was investigated. In order to distinguish between levels 

of knockdown of mutant verses wild-type, the eGFP reporter from the full-

length mutant target was replaced with the dsRED reporter gene. The results 

of this assay corroborated well with that of the full-length hemizygous assay 

in that both shR-P16 and shR-P15 demonstrated either the ability or lack 

thereof to selectively knockdown the mutant target. Indeed shR-P16 showed 

significantly decreased levels of mutant relative to wild-type protein indicating 

strong silencing of the toxic protein with a difference of nearly 80% in 

selectivity. This was greater even than that observed in the hemizygous 

assays.  

 

The reasons for this increase in selectivity of the mutant are perplexing. 

Before suggesting mechanistic reasons for this enhancement the alteration in 

the assay itself should be addressed. Changes in levels of discrimination 

over short periods of time hours (1-2 hours (183)) and days (24 hours 

through to 72 hours; personal communication C. Sibley) have been 

observed. Although the heterozygous assay was performed at 72 hours in 

comparison to the hemizygous assay which was performed after 48 hours of 

transfection, 72 hour incubation of the hemizygous assay showed no 

increase in selectivity excluding the extended incubation as a possible 

reason for increased selectivity (comparison between shR-P16 in Figure 3.4, 

page 78 and 3.11, page 89; measured at 48 and 72 hours respectively).  

 

In addition, the possibility of a difference in mutant verses wild-type 

expression from the full-length targets has been examined. While the level of 

knockdown against the wild-type target remains the same from hemizygous 

to heterozygous conditions, it is the level of mutant expression which 

changes significantly from approximately 40% to 10%. Thus, the expression 

of the two different types of mutant target vectors could vary, with greater 

levels of expression with the eGFP tagged target, and lower levels with the 

dsRed-tagged target. It is unlikely, that an increase in eGFP mutant 
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expression would significantly affect knockdown by a hairpin, since the 

eGFP-specific hairpin shows equal levels of knockdown against both mutant 

and wild-type targets in the hemizygous assay. Furthermore, a significant 

reduction is unlikely to be the cause in the heterozygous assay, since shR-

P15 shows the same effect on the hemi- and heterozygous assays. Although 

the same amount of target plasmid was added in each transfection, 

quantitative PCR indicates that there are some changes in the levels of target 

expression (A6, Appendix, page 138). The data indicates that the levels of 

expression of the mutant target tagged to eGFP are greater than the 

equivalent target tagged to dsRED in the heterozygous assay. Thus 

increased levels of mutant target in the hemizygous assay may contribute to 

the difference in hairpin selectivity of the mutant target. This indicates that the 

actual level of discrimination is likely to be greater than that indicated in the 

hemizygous assay. 

 

A second argument is that of altered secondary structure due to the dsRED 

in comparison with tagged eGFP, which were tagged to the 3’ end of the full-

length construct, thus less than 100 nucleotides from the SNP. That there is 

limited sequence homology between dsRED and eGFP (approximately 50%) 

suggests that this may contribute to altered selectivity in this assay. However, 

without knowing which reporter confers greater inaccessibility, if at all, little 

can be drawn from this theory. A possible way in which to test this hypothesis 

would be to switch reporter genes in the hemizygous assays. This may clarify 

whether the secondary structure effect proposed to cause changes in allele-

specific positions is created by the reporter tags or the length of the repeat. 

Additionally, it may be worthwhile to widen the target sequence from 60 nt in 

the luciferase assay, to assess the importance of proximity of local secondary 

structure. This would significantly add to the importance of this work by the 

creation of a predictable in vitro system. These surprising results do further 

reiterate the importance of choice of reporter genes.  

 

It is tempting to tentatively suggest that the reason for enhanced 

discrimination when both targets are present may be due to competition of 
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the targets. To the best of our knowledge, no data has been produced to 

substantiate this hypothesis. Although the exact mechanism by which mature 

RISC finds the complementary target is not completely understood, this 

theory of competition is unlikely to be explained by active recruitment of the 

target for the shRNA. A model for target recognition has been proposed by 

Ameres and colleagues whereby activated RISC binds to single stranded 

RNA non-specifically, and cleavage depends on the thermodynamics of the 

complementary base pairing, where unfavourable base pairing results in 

dissociation of RISC (124). Indeed it is even suggested that this may facilitate 

the coming together of potential target sites for testing with the guide strand. 

Whatever the mechanism, if competition were the reason for the enhanced 

knockdown, it is likely that rather than the level of mutant knockdown 

increasing, the level of wild-type knockdown would be expected to decrease, 

such that guide strands in a heterozygous system would be preferentially 

bound to the mutant, and therefore less likely to act against the wild-type.  

 

It is possible that promoter occlusion has some effect in this matter. Given 

the strong nature of the CMV promoter expressing the targets, co-expression 

leads to reduced levels of both targets, resulting in an optimal threshold ratio 

of target to effector for selectivity. No matter what the explanation, it is clear 

that this effector has the ability to result in significant selectivity in 

heterozygous assay.  

 

4.1.7.  miRNA formatted effectors 
It is now well established that shRNA effectors can lead to toxicity in vivo by 

the saturation of the endogenous miRNA pathway (135). However, pri-miR 

structured hairpins have been shown not to result in this toxic effect, due to 

their more endogenous structure, resulting in more efficient processing (214, 

215). In particular, the miR-122 shuttle has been shown to produce highly 

homogenous mature sequences of 21 bases in length as opposed to the 

heterogeneous products identified using the equivalent miR-31 shuttle (196). 

In designing a pri-miRNA, alternative processing by Drosha and Dicer was 

taken into account. The data indicate that miR-P16 which is predicted to 
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place the mismatch against the wild-type at the same position as shR-P16 

showed the greatest selectivity in a full-length hemizygous assay. Indeed in 

an assay in which both shR-P16 and miR-P16 were tested simultaneously, 

the degree of knockdown of the mutant and wild-type targets is to all intent 

and purposes, exactly the same. Furthermore, the results of miR-P16 in a 

heterozygous assay reveal the same level of knockdown as shR-P16 with 

70% of the wild-type remaining and less than 10% of the mutant target. None 

of the other pri-miR hairpins demonstrated a similar reduction in mutant 

targeting, although the selectivity using miR-p14 became significant, albeit 

minimal. This suggests that the enhanced selectivity identified using both 

these effectors may be specific to the guide sequence used, rather than the 

solely due to the difference between the hemi- and heterozygous assays.  

 

In the absence of the use of a primer extension sequencing method of the 

guides themselves, the remarkable similarity of the data from heterozygous 

assays may indicate that the design of both hairpins is accurate in predicting 

the placement of the mismatch. At the very least, they are predicted to result 

in the same mismatch position. As has been discussed, the anchoring of the 

first nucleotide of the 5’ end of the guide defines the position of the guide 

strand within the groove between the Piwi and PAZ domains of Ago2, while 

the 3’ end is more loosely bound. This would allow for two effectors of 

approximately the same length (~21 nucleotides) to contain a mismatch at 

the same stereotypic position within the mature RISC complex. Thus, it is 

likely that the mismatch of these two effectors, which result in exactly the 

same selectivity in two different transfection conditions, must be placed in the 

same position relative to the first 5’ nucleotide in order to create the same 

destabilisation. Furthermore, observations of shR-P15 and miR-P15 in both 

full-length hemi- and heterozygous assays indicate that the pri-miR formatted 

hairpin performs better, with stronger knockdown efficiencies in both cases. 

This is in agreement with recent studies indicating that miRNAs are 

processed more efficiently, thus resulting in stronger knockdown; and further, 

that the use of a Pol II promoter prevents saturation of the endogenous 

miRNA pathway (214).   
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4.1.8.  Reduced ratios of target to effectors 
Due to the issue of promoter occlusion created by the combination of three 

Pol II promoters in the pri-miRNA assay in a heterozygous state, the assay 

was performed using a ratio of 2:1 of target:effector, in contrast to all the 

other assays which had been performed at a 1:1 ratio. This allowed 

increased levels of target, in order to maximise the low level of target 

expression already discussed to obtain reliable data. Given that selectivity 

was achieved using less effector, an attempt was made to identify whether a 

lower ratio could result in the same specificity. It was hoped that this may 

indicate that reduced amounts of effector could maintain discrimination, 

translating into reduced amounts required in vivo. These experiments 

indicated that while shR-P16 maintained a high level of selectivity, miR-P16 

selectivity was moderately reduced. While this is not the result hoped for, it is 

not unexpected. shRNAs result in significantly higher levels of guide 

sequences in part due to the expression off a Pol III promoter. Thus, there 

may be excess guide, at a 1:1 ratio, such that at 5:1, enough effector 

remains. However, pri-miRNAs are already more economically regulated by 

expression from a Pol II promoter. Thus, the lower ratio may be below the 

threshold for optimal selectivity. In any event, these various conditions are 

more likely to be informative in vivo.  

 

 

4.2. Therapeutic implications of successful allele-
specific knockdown: aggregate removal  

The benefits of allele-specific knockdown in SCA7 are for the most part, 

conjectures. It is assumed that the function of the wild-type is required at the 

very least for retinal specific genes, such that additional loss of the one 

remaining wild-type allele even without the toxic gain of function of the 

expanded polyglutamine protein would result in a more severe retinal 

phenotype i.e. a full knockout model would be expected to have a retinal 

phenotype. Without data from in vivo investigations of loss-of-function of this 

gene, in vitro evidence suggests that recruitment of the wild-type protein into 
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mutant aggregates (42) causes a loss-of-function contributing to 

pathogenesis and been discussed in the Introduction of this thesis. This was 

reiterated in the data presented here using confocal microscopy, where co-

expression of the mutant and wild-type targets indicated co-localisation of the 

mutant and wild-type protein. In the normal state, wild-type protein shows a 

dispersed pattern of expression, while the mutant protein aggregates into 

large inclusion-like bodies. It was observed that the introduction of an allele-

specific hairpin (shR-P16) resulted in decreased mutant aggregates, due to 

the reduced levels of mutant expression. As a result, the numbers of cells 

containing wild-type aggregates were also reduced. The protein however, 

appeared to retain the normal dispersed expression pattern seen when the 

wild-type was expressed alone, thus not as a result of decreased wild-type 

protein. This was quantified as being significant by counting the cells showing 

aggregate formation in comparison to those with dispersed expression. In the 

wild-type state, the ratio of aggregates to dispersed cells is minimal. However 

with the addition of the mutant protein, the ratio shifts to a majority of cells 

showing aggregates of wild-type protein. The addition of the shRNA results in 

a significant change back to the normal state, such that the ratio of cells 

containing aggregates to dispersed expression in this condition is not 

significantly different from that in the normal state.  

 

Some studies suggest that inclusion formation is protective and thus 

inhibition of these aggregates may lead to detrimental effects (216). In our 

study it is important to note that the removal of large aggregates correlates 

with the associated removal of toxic mutant protein and thus is very likely to 

be beneficial. Furthermore we observed as a consequence of the reduction 

of mutant aggregate protein, the release of wild-type ATXN7 from aggregates 

to a distribution of expression resembling the pattern seen in the normal 

state. The importance of this lies in the fact that the function of the wild-type 

protein in transcription (50, 54, 55) may be retarded by this sequestration into 

aggregate formation. One of the advantages of the full-length assay used in 

this experiment is that eGFP has been shown not to interfere with the 

localisation of ATXN7 (42), and further that the monomeric nature of the 
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dsRED reporter gene used in our investigation prevents formation of dsRED 

aggregates. Thus, localisation of the tagged wild-type protein is likely, even in 

this artificial system, to be representative of that occurring in the natural 

state, and that the aggregates that do form can only be as a result of the 

mutant ATXN7 protein, not the tagged reporter gene. As has been discussed, 

there are questions that remain regarding the contributing secondary 

structure of these reporter genes to atxn7 mRNA. It may be necessary to 

also investigate untagged ATXN7 levels, using Western blot analysis with an 

anti ATXN7 antibody indicating levels of total ATXN7 (both mutant and wild-

type) and a 1C1 antibody (specific for expanded polyglutamine tracts) to 

reveal levels of remaining mutant ATXN7. However this may not allow 

accurate comparisons of wild-type knockdown, which the fluorescent tags 

have accomplished.  

 

Given the striking change in the cellular distribution of wild-type ATXN7, it is 

expected to have a significant impact on the ability of the protein to perform 

its function. The in vivo implications could be quite extensive. One of the 

issues to consider is when an RNAi based allele-specific therapy should be 

started. Some studies of SCA7 mouse and drosophila models suggest that 

initiation of therapeutic intervention in the form of suppression of mutant 

protein must take place as early as possible; in order to precede what is likely 

to be a threshold point of irreversible damage. The question is therefore 

raised as to how early this is required, and importantly, what follows is the 

issue of what the effects of a long-term gene therapy would be? These 

questions will no doubt be answered eventually, but in the interim, can 

assumptions be made regarding the benefits of retaining the wild-type allele?  

The SCA7 models studied removed only the mutant protein, leaving the wild-

type for the most part intact, yet still, they indicated an early threshold level of 

toxicity. However, these studies used extreme expansion sizes with truncated 

mutant proteins and significantly high levels of expression of the mutant 

protein, thus creating drastic phenotypes unlikely to be representative of 

SCA7 patients with lower expanded repeat sizes – constituting the majority of 

patients. It is therefore possible that a threshold of untreatable toxicity occurs 
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later in the human SCA7 condition, and that retaining the wild-type allele may 

lead to significant beneficial effects. A further argument for an allele-specific 

approach stems from the mild neurological phenotypes noted in knockout 

models, which may not accurately reflect the equivalent in humans, such that 

‘mild’ phenotypes may correlate to highly undesirable side-effects in human 

patients. Thus, as is the case with SCA1 (154), this may depend upon the 

severity of the symptoms, in that even mild symptoms that are apparently 

well-tolerated in a murine model may be undesirable in the human condition. 

  

As with the example of the redistribution of wild-type expression shown here, 

any therapy that can remove the mutant allele of a disease-causing dominant 

gene while retaining the endogenous functional allele would be ideal. 

However, finding a SNP linked to the disease in the polyglutamine disorders 

could prove difficult as is the case with HD. Interestingly, this difficulty is 

partly due to the heterogeneous populations studied. This is not the case in 

South Africa where the presence founder effects provide a more 

homogeneous patient cohort, and an increased opportunity of finding a single 

SNP that may be useful for a significant proportion of the group. Without this 

advantage, the mechanistic complexity involved in assembling an allele-

specific therapy may be too great. Therefore, it is noted that where not 

possible, general knockdown of the target gene, both wild-type and mutant, 

may delay onset of the disease to such a time, that significant quality of life 

may be allowed for those patients who have inherited the expansion. This is 

especially the case when taking into account the polyglutamine disorders, for 

which a significant delay and not necessarily total elimination of disease 

pathogenesis, may push the disease onset to beyond a natural life 

expectancy. Incomplete knockdown of both alleles may lead to sufficient wild-

type protein remaining to perform its function, and little enough mutant to 

delay the onset of progression to beyond the normal life expectancy resulting 

in a significant phenotypic benefit, originally suggested by Harper and 

colleagues (166).  
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Although our data has not been tested in vivo, the release of the wild-type 

protein suggests that allele-specificity may show significant phenotypic 

advantages over a general knockdown approach of both alleles.  

 

 

4.3. Concluding remarks 
In summary, this study has identified an RNAi effector sequence that can 

selectively knockdown the expression of the disease-causing gene in SCA7 

patients. Extensive modifications to the design of the effector, as well as the 

various assays tested, indicate that allele-specific silencing using a weak G:U 

mismatch is attainable, but careful consideration must be made in this design 

and in the types of assays performed. While many hypotheses regarding the 

exploitation of single base pair changes can be drawn from the short target 

luciferase assay, it is likely that for the purposes of therapeutic approaches, 

full-length target assays should be tested to more accurately replicate the 

effects of the endogenous expression and sequence context. Further 

investigations of the effects of allele-specific silencing suggest that the 

additional benefit of removal of aggregates will release the wild-type protein 

to its normal expression pattern. It is likely that this reversal of a 

characteristic cellular polyglutamine phenotype will confer a significant 

advantage to allele-specific silencing in comparison to a general knockdown 

gene therapy approach. It is important to note that the unique macular 

degeneration phenotype of SCA7 model would provide an ideal model for 

studying the principle of allele-specific knockdown in patients with 

neurodegenerative disease. Given the data reported here, showing that even 

a moderate degree of mutant selectivity may have beneficial phenotypic 

effects through decreasing mutant aggregates and restoring wild-type protein 

to its native distribution pattern; such a study may have implications for 

many, if not all, of the currently untreatable polyglutamine disorders. 
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4.4. Future studies 
 

Many of the questions regarding the mechanistics of single nucleotide 

discrimination effector design have yet to be answered. Although these have 

less impact on the major direction of this work, they would none-the-less be 

of great value to the study of guide strand structure and RISC function and 

requirements.  Firstly, what other, if any, modifications could be incorporated 

to produce greater selectivity? Although extensive modifications were made 

in this study, screening the 5’ region may show additional selectivity. No 

screen of mismatches in the 5’ region of the guide strand has yet been 

performed using shRNAs, in particular targeting a G:U mismatch. Data from 

such an experiment would test the hypothesis that stronger structural 

constraints around the seed region transfer increased stability to mismatches 

by reducing local widening of the RNA duplex.   

 

Determining the exact species of the guide strand produced by the shRNAs 

and miRNAs would also contribute to a better understanding of expressed 

hairpin design. While primer extension may serve to identify these 

sequences, given the remarkably similar success with shR-P16 and miR-

P16, it is likely that our predictions are correct.  

 

A further aspect to consider would be the biological consequences of 

introduction of such effectors. There are multiple avenues to investigate here, 

including the effect of the vector, the presence of modified hairpin constructs 

on the endogenous RNAi machinery, and the off-target effects of the guide 

sequence on the expression of other genes. The ideal way in which to test 

these would be to look at gene expression changes within patient cell lines 

using expression based micro-arrays, though thorough consideration of 

interpretations of this type of experiment would be required given the plethora 

of changes that could be identified.  

 

The main focus of this study will now turn towards the therapeutic 

implications of successful allele-specific silencing and the phenotypic 
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advantages conferred by this approach. This is likely to require two different 

branches of investigation. Firstly, testing a primary cell line such as 

transformed lymphoblasts can be relatively easily obtained from SCA7 

patients with the correct heterozygous G>A genotype, thus, the effects of 

these effectors can be measured in patient cell lines. It is likely that this will 

require the construction of viral vector mediated transductions given the 

difficulty in transfecting this cell line. Western blot analysis would enable a 

clear evaluation of the level specific knockdown. In addition, levels of heat 

shock proteins could be investigated, given that these have been shown to 

be reduced in SCA7 lymphoblast cell lines (78). A return to normal levels 

may not necessarily indicate the direct involvement of these proteins in 

pathogenesis, but may be an indicator of a return to the normal state, as 

seen with the release of the wild-type protein from aggregates.  

 

More recently, the development of induced pluripotent stem (iPS) cell 

technology should allow for significantly improved patient-specific ex vivo 

cell-based investigations (217, 218). These and other studies indicate that 

fibroblasts from patients could be re-programmed into embryonic stem cells, 

differentiated into different cell types such as neurons, and investigated both 

for pathogenic mechanisms of disease, but also assessed for different 

therapeutic strategies. This would be particularly useful for polyglutamine 

disorders in that several aspects previously mentioned could be addressed, 

such as assessing the effect of different sizes of repeats as well as 

investigating the very cell types that degenerate.  

 

Finally, the acme of gene therapy investigations would be to investigate the 

amelioration of pathogenic phenotypes using in vivo mouse models of SCA7. 

An ideal model would include the use of the transgenic SCA7 mouse which 

has an expanded repeat sequence within one of the endogenous mouse 

alleles, such that the effects of general knockdown versus allele-specific 

knockdown could be investigated. Improved delivery using viral vectors such 

as lentivirus and AAV would need to be investigated. Extensive phenotypic 

characterisation of this model would be crucial for this study especially with 
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reference to the macular phenotype. Intra-ocular delivery of an efficient 

vector would be more conducive to assessment, given the well-established 

method of gene therapy to this organ, and the natural presence of an internal 

control in the untreated eye.  

 

In summary, the data from this study should pave the way for an ideal model 

system of investigating allele-specific silencing for the polyglutamine 

disorders. Although this has been applied to other polyglutamine disease 

models, the work described here represents the only study on SCA7 to date. 

Given the unique ocular involvement of SCA7, investigation of an allele-

specific approach for this disorder holds the greatest potential for the 

realisation of attainable gene therapy for inherited neurodegenerative 

diseases.  
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 Appendix 
 
A1. Basic PCR Cocktail and cycling conditions 

PCR was performed in 0.2ml tubes (Eppendorf, Merck) in a total volume of 25 μl 

containing 200 ng of DNA; 10 pmol of each primer; 0.2mM of each of the 4 

dNTPs (Bioline, Celtic Molecular Diagnostics, SA), 1 x PCR Buffer (Promega, 

Whitehead Scientific, SA); 0.5 Unit of Taq polymerase (Promega GoTaq, 

Whitehead Scientific, SA), made up with H2O. PCR was carried out on a Perkin 

Elmer DNA thermal cycler as follows: 

• 1 cycle of   95oC – 5 min 

• 30 cycles of   95oC – 30 sec 

50oC – 30 sec 

72oC – 40 sec 

• 1 cycle of   72oC – 7 min 

 
A2. Table of primers used for PCR 

Primer Sequence (5’ – 3’) 

G>A SNP_F TCCAATGAACTGCCTGTCAA 

G>A SNP_R GCTGATGAAGGAGGGAACTG 

GAPDH_F AAGGTGAAGGTCGGAGTCAA 

GAPDH_R GAAGATGGTGATGGGATTTC 
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A3. Long reverse oligonucleotides required for cloning shRNAs 
Primer Sequence 5’ – 3’  
U6+1 GATCGTCGACAAGGTCGGGCAGGAAGAGGGCCT 

shR-NS Kind gift of C Sibley. 

shR-P10 AAAAAAGTGCCAGCCATGAACAATGTGGGTCAGGCACTGCCCATGGCTGGCACGGTGTTTCGTCCTTTCCACAA 

shR-P11 AAAAAATGCCAGCCATGAACAATGTTGGGTCAGGACATTATTCATGGCTGGCCGGTGTTTCGTCCTTTCCACAA 

shR-P12 AAAAAAGCCAGCCATGAACAATGTCTGGGTCAGGGACATTATTCATGGCTGGCGGTGTTTCGTCCTTTCCACAA 

shR-P13 AAAAAACCAGCCATGAACAATGTCCTGGGTCAGGGAACATTATTCATGGCTGCGGTGTTTCGTCCTTTCCACAA 

shR-P14 AAAAAACAGCCATGAACAATGTCCATGGGTCAGGTAGACATTGTTCATGGCTCGGTGTTTCGTCCTTTCCACAA 

shR-P15 AAAAAAAGCCATGAACAATGTCCACTGGGTCAGGATAGACATTGTTCATGGCCGGTGTTTCGTCCTTTCCACAA 

shR-P16 AAAAAAGCCATGAACAATGTCCACATGGGTCAGGTATGAACATTGTTCATGGCGGTGTTTCGTCCTTTCCACAA 

shR-P10P11 AAAAAAGTGCCAGCTATGAACAATGTGGGTCAGGCACTGCCCATAGCTGGCACGGTGTTTCGTCCTTTCCACAA 

shR-P11P12 AAAAAATGCCAGCTATGAACAATGATGGGTCAGGTCATTATTCATAGCTGGCCGGTGTTTCGTCCTTTCCACAA 

shR-P12P13 AAAAAAGCCAGCTATGAACAATGTCTGGGTCAGGGACATTATTCATAGCTGGCGGTGTTTCGTCCTTTCCACAA 

shR-P13P14 AAAAAACCAGCTATGAACAATGTCCTGGGTCAGGGAACATTATTCATAGCTGCGGTGTTTCGTCCTTTCCACAA 

shR-P14P15 AAAAAACAGCTATGAACAATGTCCATGGGTCAGGTAGACATTGTTCATAGCTCGGTGTTTCGTCCTTTCCACAA 

shR-P15P16 AAAAAAAGCTATGAACAATGTCCACTGGGTCAGGATAGACATTGTTCATAGCCGGTGTTTCGTCCTTTCCACAA 

shR-P16P17 AAAAAAGCTATGAACAATGTCCACATGGGTCAGGTATGAACATTGTTCATAGCGGTGTTTCGTCCTTTCCACAA 

shR-P16P15 AAAAAAGCCAGGAACAATGTCCACATGGGTCAGGTATGAACATTGTTCCTGGCGGTGTTTCGTCCTTTCCACAA 

shR-P16P15P17 AAAAAAGCTAGGAACAATGTCCACATGGGTCAGGTATGAACATTGTTCCTAGCGGTGTTTCGTCCTTTCCACAA 

shR-P15P16’ AAAAAAAGCAATGAACAATGTCCACTGGGTCAGGATAGACATTGTTCATTGCCGGTGTTTCGTCCTTTCCACAA 

shR-P15A:G AAAAAAAGCCTTGAACAATGTCCACTGGGTCAGGATAGACATTGTTCAAGGCCGGTGTTTCGTCCTTTCCACAA 

shR-P15G:G AAAAAAAGCCCTGAACAATGTCCACTGGGTCAGGATAGACATTGTTCAGGGCCGGTGTTTCGTCCTTTCCACAA 

 
 



Univ
ers

ity
 of

 C
ap

e T
ow

n

 
  Appendix 

 136

 
A4. Long reverse oligonucleotides required for cloning miRNAs 
Primer Sequence 5’ – 3’  

miR-122 universal F GATACACTCGAGTGGAGGTGAAGTTAACACCTTCGTGGCTACAGAGTTTCCTTAGCAGAGCTG 

miR-122 universal R TGTATCGCGGCCGCAAGCAAACGATGCCAAGACATTTATCGAGGGAAGGATTGCCTAGCAGTAGCTA

miR-P14 F GTTTCCTTAGCAGAGCTGTGGACATTGTTCATGGCTGGCATGTCTAAACTATTG 

miR-P14 R CTAACGGATCGTCATCGATAGATGTAACACGTACCGACCGTTATCAAATCTGTAC 

miR-P15 F GTTTCCTTAGCAGAGCTGGTGGACATTGTTCATGGCTGGCTGTCTAAACTATGC 

miR-P15 R CTAACGGATCGTCATCGATCCGCTGTAACCAGTACCGACCGTATCAAATCTGTCG 

miR-P16 F GTTTCCTTAGCAGAGCTGTGTGGACATTGTTCATGGCTGGTGTCTAAACTATCC 

miR-P16 R CTAACGGATCGTCATCGATAACCCTGTAAGAAGTACCGACCTATCAAATCTGTGG 

miR-P17 F GTTTCCTTAGCAGAGCTGATGTGGACATTGTTCATGGCTGTGTCTAAACTATCA 

miR-P17 R CTAACGGATCGTCATCGATTCGACCTGTACCAAGTACCGACTATCAAATCTGTGT 

miR-P18 F GTTTCCTTAGCAGAGCTGCATGTGGACATTGTTCATGGCTTGTCTAAACTATAG 

miR-P18 R CTAACGGATCGTCATCGATGGCCACCTGTCACAAGTACCGATATCAAATCTGTTC 
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A5. Oligonucleotides required for cloning target plasmids 
Primer name Primer sequence 5’ -3’ Purpose 

Atx7-G-luc_F 
TCGAGATATCACAAAGGTTGCCAAAGTGCCAGCCGTGAACAATGTCCACA

TGAAACACACGC 

Atx7-G-luc_R 
GGCCGCGTGTGTTTCATGTGGACATTGTTCACGGCTGGCACTTTGGCAAC

CTTTGTGATATC 

Oligonucleotide sequences used for 

cloning the wild-type luciferase target 

vector 

 

Atx7-A-luc_F 
TCGAGATATCACAAAGGTTGCCAAAGTGCCAGCCATGAACAATGTCCACA

TGAAACACACGC 

Atx7-A-luc_R 
GGCCGCGTGTGTTTCATGTGGACATTGTTCATGGCTGGCACTTTGGCAAC

CTTTGTGATATC 

Oligonucleotide sequences used for 

cloning the mutant luciferase target 

vector 

 

Atx-A-s 

 

CTCGAGCAGCATCAACAACAGCAGCAGCAAACCCACAAAGGTTGCCAAAG

TGCCAGCCATGAACAATGTCCACATGAAACACACAGGCAC  

Atx-A-as 

 

AAGCTTGGGACGTGCCTTTGGCTGATGAAGGAGGGAACTGTTCATCAGTC

CTTGTGCCCCTGGGATGGTGCCTGTGTGTTTCATGTG   

Atx-A-s-F-p GATACAACTCGAGCAGCATC  

Atx-A-as-R-p TTGTATAAAGCTTGGGACGT  

Oligonucleotide sequences required 

to replace the G allele of the full-

length target 
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A6. Levels of atxn7 in transfected cells 
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Figure A6: Levels of mutant atxn7 mRNA relative to wild-type. The top graph 

indicates an increased fold change of mutant target expression relative to the 

wild-type when the target is tagged to the eGFP. The bottom graph indicates 

that the level of mutant target when tagged to dsRED is slightly less relative 

to the levels of wild-type target. These experiments were performed in 

duplicate. Standard deviations are indicated.  
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“There is no medicine like hope. No incentive so great and no tonic so 

powerful as expectation of something new tomorrow. Janine, in your research, 

expect something new every day”  

 - Mr Joe Andrews, Chairman of the South African Spinocerebellar 

Ataxia Association. 
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“It is not enough that we do our best; 

sometimes we have to do what is required.” 

- Winston Churchill. 
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