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ABSTRACT  
 

Huntington Disease (HD) is a dominantly inherited neurological disease attributed to a 

CAG expansion within the HD gene. The HD mutation gives rise to a polyglutamine expansion 

in exon 1 of the protein huntingtin (Htt). Since the discovery of the HD mutation in 1993, 

various HD gene mouse models have been developed to contain either fragments or full-length 

copies of the mutant HD gene. The existence of these HD mouse models enables focused 

therapeutic testing to develop potential treatments for HD. RNA interference (RNAi) therapy is 

a targeted gene silencing approach whereby synthetic RNA constructs are shuttled into the cell 

by viral vectors and used by the cell’s endogenous RNAi machinery to silence a gene of interest. 

RNAi therapy holds promise for mutant huntingtin (muHtt) allele-specific silencing as a 

treatment for HD. The purpose of this thesis was to develop the tools for pre-clinical testing of 

RNAi-mediated gene silencing of human muHtt in the YAC128 mouse model of HD. First, 

AAV serotypes were compared for delivery to striatal neurons, the neurons most affected in HD. 

From this work AAV serotype 1 was selected as the most effective serotype for construct 

delivery. Second, synthetic RNAi constructs including short-hairpin RNA (shRNA) and 

microRNA-based constructs (miR-shRNAs) were compared for silencing of human muHtt 

expression in vivo. Here, miR-shRNAs were found to have increased gene silencing and 

improved tolerance in avoiding immune activation compared to shRNAs. Alternatively, the 

shRNAs induced dramatic immune activation and morbidity in some cases. Ultimately these 

findings will contribute to a pre-clinical trial in YAC128 mice investigating Htt RNAi-mediated 

gene silencing in the treatment of HD, which is also discussed in this thesis. This future work 

provides proof-of-principle for muHtt allele-specific silencing as a treatment of HD.  
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Chapter 1: Introduction 

INTRODUCTION 

Huntington Disease is a dominantly inherited neurodegenerative disease with the 

mutant allele being inherited at a frequency of 1 out of every 2 children in affected 

families. Symptoms of the disease include motor abnormalities, cognitive dysfunction, 

and neuropsychiatric disturbances typically arising around 35-50 years of age and 

progressing to death approximately 15-20 years later [1]. Prevalence of the disease sits 

around 1:10,000 in some populations of European ancestry, with a 10-fold reduced 

prevalence rate for individuals of Asian or African descent [1]. To date no effective 

treatment exists for preventing onset or slowing progression of the disease for individuals 

carrying the mutant HD allele. 

1.1.1 History 

George Huntington definitively described Huntington chorea as a distinct disease 

in 1872. Although chorea, involuntary and jerky movement was described for centuries 

embracing many different afflictions, its inherited forms were not better delineated until 

the nineteenth century. Around 1832 an English physician, Elliotson, was the first to 

suggest its hereditary nature “when it [chorea] occurs in adults it is frequently connected 

with paralysis or idiotism and will perhaps never be cured. It appears to arise for the most 

part from something in the original constitution of the body, for I have often seen it 

hereditary.” [2].  Years later, George Huntington described in great length his personal 

and detailed observations of the disease. An excerpt from his talk published in the 

Medical and Surgical Reporter on April 13, 1872 stated precisely “There are three 

marked peculiarities in this disease: 1. its hereditary nature; 2. a tendency to insanity and 

suicide; 3. its manifesting itself as a grave disease only in adult life” [3].  His vivid 
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account of the disease translated across much of Europe, and gave rise to the name 

“Huntington Chorea”.  While its original name is still used today, “Huntington’s Disease” 

or “Huntington Disease” has currently gained more popular, widespread acceptance and 

the latter form will be used in this thesis.     

1.1.2 HD clinical symptoms 

The major clinical symptoms of HD stem from its neurological dysfunction 

affecting motor, cognitive, and psychiatric health. The appearance of an extrapyramidal 

movement disorder in an individual carrying the HD gene mutation or with a known 

family history of HD is required for the formal diagnosis of HD. Cognitive and 

psychiatric dysfunction may occur in HD carriers before the onset of the movement 

disorder, however, these changes are mild and variable across individuals with HD.  

 The progressive motor dysfunction seen in HD is comprised of two phases 

including an increase in involuntary movements, followed by a progressive decline in 

voluntary movements [4].  The most striking clinical feature of the disease is the 

involuntary movement known as “chorea” characterized by irregular, jerky movements of 

the face, limbs or trunk. Dystonia (sustained muscle contraction) also occurs in this stage.  

Abnormal voluntary movements include bradykinesia (slowed voluntary movements), 

rigidity, dysphagia (problems swallowing), dysarthria (speech disturbance), and gait 

disturbance [1]. The motor abnormalities as seen in HD are assessed using a standardized 

rating system known as the Unified Huntington Disease Rating Scale (UHDRS). 

Subtle cognitive changes are reported to occur “presymptomatically” in HD 

before the development of motor dysfunction and the formal diagnosis of HD. Many 

early studies have alluded to learning and memory changes in gene carriers of HD [5, 6]. 

More recent studies evaluating larger (n=200-500) sample groups have provided 

confirmation of these cognitive changes [7, 8].  These presymptomatic cognitive changes 
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are variable and mild, only proving consistent in persons near clinical diagnosis of HD in 

the studies by Paulsen et al. (2001). In contrast, when there is a clinical diagnosis of HD, 

cognitive defects tend to progress at a similar rate to motor disturbances. Deficits in 

procedural learning [9], attention and executive function [10], memory recall [11], and 

reduced mental flexibility [12] are all apparent in symptomatic HD patients. 

Neuropsychiatric problems are also evident in presymptomatic HD gene carriers 

showing increased affective disorders including depression, anxiety, and obsessive-

compulsive disorder [13]. Some studies, however, have failed to repeat these findings 

[14] suggesting that, as is the case with cognitive changes, these affects may be subtle 

early on. As motor abnormalities increase in HD patients, neuropsychiatric problems can 

become more pronounced although highly variable in onset and severity throughout the 

course of the disease. Affective disorders such as depression, anxiety and irritability 

occur frequently, affecting 50% of patients in one study [15], while psychiatric symptoms 

(hallucinations, delusions) are rarely reported. Behavioural problems include loss of 

energy and initiative, poor perseverance and quality of work, impaired judgment, poor 

self-care and emotional blunting [15].  

1.1.3 HD genetics 

HD is a simple monogenic disease exhibiting autosomal dominant inheritance 

with features of anticipation, most commonly when inherited through the paternal 

germline.  The mutation causing HD was found in 1993 by the HD Collaborative 

Research Group analyzing a large Venezuelan pedigree affected by the disease [16]. The 

HD mutation, a large CAG expansion imbedded near the 5’ end of the HD gene 

(originally known as IT15) gives rise to a polyglutamine expansion in exon 1 of the 

protein huntingtin (Htt). Polyglutamine expanded mutant huntingtin (muHtt) appears to 

have altered physical and functional properties leading to a dominant toxic gain-of-
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function. Additionally, the mutation may disrupt certain aspects of the protein’s wildtype 

function, such as its neuroprotective role in brain, leading to a loss of function 

mechanism which may also contribute to HD pathogensis [17].  

CAG tract length is polymorphic in both normal and HD affected individuals.  A 

tight range, between 9 and 35 CAG repeats, exists for the normal allele in unaffected 

individuals while in HD carriers mutant alleles with greater than 35 CAG repeats (with 

upwards of 250 CAG repeats in juvenile HD [18]) is known to give rise to the disease.  

Longer CAG tracts are associated with an earlier age of onset and increased disease 

severity [19].  CAG repeat sizes between 35 and 39 are associated with very late onset, 

leading to reduced penetrance for this repeat range [20]. While CAG repeat sizes between 

27 and 35 known as intermediate alleles are not associated with developing HD, 

however, they may expand into the pathogenic range during intergeneration transmission 

giving rise to an affected offspring [21]. Paternal transmission of the CAG repeat results 

in a +7.3 CAG repeat expansion on average intergenerationally [22] leading to the 

clinical phenomenon of anticipation. Fewer cases of maternally transmitted 

intergenerational expansions have been reported [23, 24]. The majority of juvenile cases 

of HD occur due to the paternal transmission of an expanded allele [25]. 

 1.1.4 Neuropathology 

The most dramatic pathologic feature of HD is a prominent atrophy of the caudate 

nucleus and putamen (collectively known as the striatum). Atrophy of the globus pallidus 

is also apparent, while cortical atrophy is subtle macroscopically [26].  Brain volume 

measurements using MRI reflect similar changes in HD brains measuring the greatest 

volume loss in the putamen (53%), caudate (37%), globus pallidus (41%), nucleus 

accumbens (41%), and amygdala (24%).  Slight changes are seen in the hippocampus 

(9%) and cerebral white matter (13%), while regions like the cerebellum and thalamus 
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were relatively spared [27]. Overall it can be concluded that in HD, muHtt protein 

possesses a region-selective toxicity, affecting areas such as the striatum and globus 

pallidus early in disease course, leaving other areas of the brain relatively untouched until 

the end-stage of disease. 

Vonsattel et al. (1985) established a grading system for the progressive 

neuropathological changes seen in HD.  Analyzing 163 patients at autopsy they described 

5 distinct pathological grades ranging from grade 0 early in the course of disease to grade 

4 where up to 95% neuronal loss is incurred. Grade 0 brains show early ‘islands’ of 

neuronal loss and astrocytosis in the dorsoventral caudate and putamen [28]. Grade 1 

brains show neuronal loss beginning in the dorsomedial ‘tail’ of the caudate and dorsal 

putamen, while neuronal loss spreads ventrally in grades 2 and 3 brains to accumulate 

almost 50% neuronal loss. Grade 4 brains show massive neuronal loss (up to 95%) and 

gliosis in the striatum with moderate gliosis in the nucleus accumbens [29]. Of the cells 

affected in the striatum, GABAergic medium spiny projection neurons are the most 

predominatly affected and form the majority of cells in the striatum [30, 31].   

By light microscopy, nuclear and cytoplasmic intracellular inclusions have been 

identified in post-mortem human HD brain [32] and transgenic mice [33]. These 

inclusions, originally identified in the transgenic mice, are insoluble, ubiquitinated 

protein aggregates that have been shown to sequester a variety of cellular proteins. 

Although these inclusions have been implicated in toxicity in HD [34], other findings 

have suggested a protective role [35, 36] for these inclusions leaving their relevance in 

the course of disease pathogenesis up for debate.     
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1.1.5 HD mouse models 

HD full-length models 

Full-length models contain an expanded human HD transgene in addition to 

endogenous murine Hdh. One mouse line was created using a genomic yeast artificial 

chromosome (YAC) clone spanning the complete human HD gene, including introns and 

endogenous promoter (~25 kb of upstream regulatory sequence).  Transgenic mice 

expressing full-length mutant HD cDNAs have also been generated including HD48 and 

HD89, expressed under a constitutive CMV promoter [37], and an inducible mouse 

model using a tetracycline regulated promoter in brain (PrP-tTA- 6/iFL148Q) [38].  

The best-characterized and most-widely used full-length mouse model is 

YAC128. Of the YAC mouse lines generated, this model displayed the earliest and most 

pronounced phenotype stimulating its application to pre-clinical therapeutic trials. 

YAC46 and YAC72 mice showed relatively weak, late-onset behavioral changes 

beginning at 7 months of age and subtle neuropathological changes by 12 months 

discouraging its use in pre-clinical trials [39]. Alternatively, YAC128 shows a spectrum 

of measurable behavioral, cognitive, motor, and neuropatholgical changes amenable to its 

use in therapeutic testing. Behavioral changes occur first at 3 months of age, exhibiting 

first as hyperactivity and progressing to hypoactivity by 12 months. Motor deficits are 

evident on the rotarod beginning at 6 months of age and progressively worsen with age. 

Neurodegeneration of specific brain regions also develops in YAC128 mice with striatal 

atrophy beginning at 9 months of age and cortical atrophy arising by 12 months [40]. 

These quantifiable motor and neurodegenerative changes make the YAC128 line a 

particularly suitable model for pre-clinical therapeutic testing.  
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Importanty, HD full-length models replicate the selective neuropathology 

observed in human HD. HD48 and HD89 mice were the first full-length models reported 

to show selective neuronal loss in the brain suggesting that having the polyglutamine 

expansion within the context of the full-length Htt protein, as opposed to a N-terminal Htt 

fragment (see next section), is important to the selective neuronal loss seen in HD brains 

[37]. This phenomenon was better characterized later in YAC128 mice where neuronal 

loss showed its greatest effects in the striatum, with less severe neuronal loss in the 

cortex, and virtually no effect in regions usually unaffected in HD such as the cerebellum 

[40, 41]. Furthermore,  an abnormal nuclear accumulation of Htt was shown to obey this 

same regional selectivity pattern with changes occurring as early as 2 months of age in 

YAC128 striatum [41].  

Despite the relevance of their neuropathology to human HD, full-length HD 

mouse models display weaker phenotypes relative to N-terminal mouse models. This 

makes for longer pre-clinical trials (average 12 month trials), less dramatic outcome 

measurements, and wider mouse-to-mouse variability demanding larger testing cohorts 

(15 mice per treatment group) to reach statistical significance. Overall this increases the 

time and money required for each pre-clinical trial, hindering many labs from using this 

model for therapeutic testing. 

HD fragment models 

Fragment models were designed to express an N-terminal portion of the human 

HD gene containing an expanded CAG stretch within exon 1 in addition to endogenous 

murine Htt. Numerous N-terminal Htt fragments have been identified in HD brain to 

suggest an important pathogenic role of Htt fragments in HD. The strong neurological 

phenotype seen in fragment models provides interesting evidence to suggest that a 
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truncated N-terminal portion of mutant Htt can replicate certain aspects of the HD disease 

process [42]. Subsequently, a variety of HD fragment models have been generated 

extending over exons one and two of the htt gene to include the multiple cleavage sites 

(calpain, caspase, etc) concentrated around the N-terminal region of the protein [42-45]. 

The best-characterized N-terminal mouse models are the R6/2 and N171-82Q 

models, which are routinely used in pre-clinical therapeutic drug trials. The R6/2 mouse 

model contains HD exon 1 carrying a (CAG)130 expansion and promoter sequence (~1kb 

of 5’ UTR). The N171-82Q mouse was created with a slightly longer N-terminal Htt 

fragment than the R6 line containing 82 CAG repeats. N-terminal mouse models display 

the earliest disease onset and most rapid disease progression of any of the HD mouse 

models created. Both R6/2 and N171-82Q (line 81 and 100) exhibit HD-like features 

including motor deficits, severe weight loss, reduced brain weight, neuronal intranuclear 

inclusions, and premature death [33, 42, 44, 46-48]. In R6/2, the early onset of 

phenotypic abnormalities  (motor deficits at 5-6 weeks) and premature death (starting at 

10-13 weeks) enable the rapid completion of therapeutic trials in as few as 3 months [42]. 

The early and robust phenotype seen in these mice also gives rise to low inter-animal 

variability permitting small testing cohorts [49, 50]. Despite its advantages in pre-clinical 

trial design, N-terminal mouse models do not display certain neuropathological features 

evident in HD. For example the reduction in brain size and nuclear inclusion formation in 

these animals affects all CNS structures disagreeing with the predominant striatal cell 

loss seen in human patients [41, 42, 49]. In addition, this model does not allow the study 

of early pathogenesis related to the cleavage of muHtt. 

Additionally a conditional N-terminal mouse model, HD94-tet, was constructed 

that is useful in investigating the reversibility of the disease process (by shutting down 
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muHtt fragment expression) at different time-points in the disease. The Tet/HD94 

conditional mice were generated containing a chimeric murine/human huntingtin exon 1 

fragment including 94 CAG repeats under a tetracycline regulated promoter [45]. 

Although not used in drug testing, these mice were critical in establishing the therapeutic 

potential of shutting-off the mutant HD transgene both early in disease-onset [45] and 

late in disease progression [51]. Even in late-stage disease progression mice showed a 25 

% reduction in striatal neuronal loss and a complete recovery in motor function given a 

reduction in muHtt expression [51]. These mice showed promise for any therapeutic trials 

based on silencing the mutant HD gene. 

HD knock-in mouse models 

Murine and human Htt exhibit high conservation being 86% identical at the DNA 

level and 91% identical at the protein level [52]. As a result, multiple knock-in mouse 

lines were created by homologous recombination of either complete or partial human HD 

exon 1 containing expanded CAG repeats between 50-150 units with the mouse Hdh 

gene [53-58]. This model is considered the most genetically accurate mouse model of HD 

existing in either the heterozygous or homozygous state. Of the mouse lines created with 

<80 CAG repeats no neuropathological or behavioural changes were noted [53, 54, 56, 

58]. Mouse lines with the largest CAG expanded tracts, >140 CAG repeats, including 

CAG140 and CHL2 mice exhibit the most robust phenotype of all knock-in mice and for 

this reason are the most thoroughly characterized mice. 

CAG140 or CHL2 mice both show progressive behavior abnormalities. CAG140 

mice have early hyperactivity preceding hypoactivity at 4 months of age and gait 

anomalies by 12 months of age. A proportion of homozygous CHL2 (Hdh 

(CAG)150/150) mice show inactivity, hind-limb clasping, and motor dysfunction on the 
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rotarod before 10 months of age. A similar proportion of heterozygous CHL2 mice show 

these symptoms but at a later time-point before 20 months of age [54]. Neuropathological 

observations of knock-in mice have revealed no visible loss of brain regions or decline in 

neuronal counts [54]. Most knock-in models with >80 CAG expansions have however, 

identified prominent diffuse nuclear Htt accumulation with age, and the subsequent 

formation of inclusions (ubiquitin and Htt positive) in the striatum, nucleus accumbens, 

and layers of the cortex [54, 55, 57]. This selective pattern of nuclear Htt accumulation 

parallels that seen in full-length HD mouse models confirming that the full-length 

expanded form of Htt is necessary for the selective pathology seen in HD.  

The weak phenotype observed in these mice was initially disappointing because 

this model exists as the most accurate genetic model of HD. Subsequently to its earliest 

characterizations, however, the development of knock-in mice with larger CAG tracts has 

proven very useful for the investigation of the early pathogenic events in HD. 

Additionally the knock-in model, existing in either the homozygotic or heterozygotic 

state, has provided evidence for increased HD age of onset and symptomatic severity 

provided increased muHtt dose. These findings agree with recent human data showing 

increased disease severity in patients homozygotic for the mutant HD allele [59]. In terms 

of pre-clinical trials, while these mouse models are used for compounds testing they are 

not as widely used as the full-length or N-terminal mouse models. 

1.1.6 Wildtype huntingtin function 

While many of the models discussed above have been created with the purpose of 

studying the role of muHtt in HD, an alternative approach such as knocking-out the HD 

gene in mice is useful for studying the function of wildtype Htt. Complete loss of Hdh in 

mice results in embryonic lethality [60], however, this lethality can be rescued by the 
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presence of Htt in the extraembryonic tissue suggesting a critical role of Htt in 

development [61]. Adult Hdh+/- chimeras show neurological dysfunction [62], while 

conditional Hdh knock-outs limited to the forebrain and testis show progressive neuronal 

degeneration and sterility (Reiner et al. 2003). Together this line of evidence suggests 

that wildtype Htt has a functional role in the adult brain, and that a reduction of Htt levels 

below 50 % endogenous levels would be harmful in the adult. YAC128 transgenic mice 

lacking endogenous Htt (YAC128-/-) show increased motor abnormalities and decreased 

survival with no observable effects on striatal volume or neuronal counts [63]. This 

shows that wildtype Htt also plays a subtle protective role during the course of the 

disease to improve the motor phenotype and survival. These mouse lines illustrate the 

necessity of maintaining wildtype Htt’s expression and prosurvival function throughout 

life. Therefore, RNAi therapeutic strategies aimed to silence the mutant HD allele should 

demand an HD allele-specific therapy in order to selectively silence the mutant HD gene.   

1.1.7 Methods of gene therapy (gene replacement, gene silencing) 

The possibility of altering or replacing the expression of a defective gene with 

gene-targeted therapy presents an obvious target for the treatment of Huntington disease 

and many other genetic diseases. Early gene therapy research employing gene 

replacement strategies in loss-of-function diseases such as severe compromised 

immunodeficiency (SCID), cystic fibrosis, and Duchenne muscular dystrophy have 

shown us the clinical potential of gene therapy as well as warned us of its possible pitfalls 

(reviewed in [64, 65]). SCID stands as the most successful gene therapy clinical 

application to date whereby a cytokine receptor γ chain gene is delivered via retroviral 

delivery to restore lost T cell function and the immune system. Recent clinical studies on 

20 infants with X-linked SCID (SCID-X1) [66, 67] and 13 patients with Adenosine 

 11



deaminase deficiency (ADA-SCID) [68, 69] have shown successful gene replacement 

and T cell recovery. While these clinical outcomes are encouraging, 4 patients with 

SCID-X1 later developed leukaemia-like complications as a result of insertional 

mutagenesis by the carrier retrovirus [70]. This outcome has motivated on-going research 

into gene carrier vectors that do not rely on genome integration for gene expression such 

as Adeno-associated virus vectors (AAV) and integration deficient Lentiviral vectors 

(LV). 

Viral-mediated gene delivery of neurotrophic factors has been tried in proof-of-

principal studies in HD mouse models.  Viral delivery of trophic factor genes such as 

brain-derived neurotrophic factor (BDNF), glial-derived neurotrophic factor (GDNF), 

and ciliary neurotrophic factor (CNTF) are proposed to counteract the neurodegeneration 

seen in HD by providing enhanced neuroprotection. Studies supporting this claim include 

neuroprotection seen after acute QA-mediated striatal neurotoxicity given pre-treatment 

with either rAAV-delivered BDNF or GDNF [71]. Further studies in the N171-82Q 

mouse model saw improvements in neuropathology and motor function with rAAV2-

GDNF [72]. Alternatively, LV delivery of GDNF to the R6/2 model saw no improvement 

[73]. Differences between viral vectors, GDNF expression levels, or mouse models may 

account for the inconsistent findings here. 

A second method of gene therapy, opposite in approach to gene replacement, is 

targeted gene silencing whereby short, anti-sense RNAs (ex. siRNAs, shRNAs, etc) are 

used to selectively target viral or disease-causing mRNAs for degradation in the cell (see 

1.1.8 RNAi pathway in mammals). This approach would be effective for the treatment of 

dominant gain-of-function disorders such as HD, certain neurological disorders, viral 

infection, and cancers. In neurological disorders such as Alzheimers disease, siRNAs 

have been tested for proof-of-principal to silence genes associated with disease pathology 
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such as β-secretase (BACE). BACE is an enzyme known to cleave amyloid precursor 

protein contributing to amyloid plaque formation and Alzheimer’s-related degenerative 

changes. LV-mediated delivery of shRNAs targeting BACE saw reduced amyloid 

deposition in affected brain regions of transgenic mice, with full recovery of spatial 

learning and memory [74]. In dominant disorders, siRNAs could be used to silence 

disease alleles directly precluding either gain-of-function or dominant negative 

mechanisms leading to disease.   

1.1.8 RNAi pathway in mammals 

The ability to effectively silence defective or “toxic” genes in the body holds 

promise for the treatment of many dominant, gain-of-function diseases. In 1998, 

researchers uncovered a potent pathway for regulating gene expression at the mRNA 

level known as RNA interference (RNAi) [75]. This pathway, which is conserved from 

plants to humans, uses small (~21-23 nucleotides), double-stranded RNA (dsRNA) 

molecules to target specific mRNAs for degradation or translational arrest.   

In mammals, the RNAi pathway consists of a series of processing events (Fig. 

1.1) [76]. Depending on the source of dsRNA (endogenous or exogenous), the processing 

events can begin in the nucleus with Drosha cleaving endogenous microRNA (miRNA) 

precursors, or in the cytoplasm with Dicer cleaving synthetic short-hairpin RNAs 

(shRNA). Ultimately, irrespective of the origin of the dsRNA, the RNAi pathway 

generates a double-stranded small interfering RNA (siRNA) (~21-23 nucleotides) as its 

final cleavage product. At its final stage in the RNAi pathway, this double-stranded 

siRNA is incorporated into the RNA induced silencing complex (RISC). Inside RISC, the 

siRNA is unwound and a single-strand (either sense or anti-sense) retained to target 

exactly or partially complementary mRNA transcripts for either mRNA degradation or 

translational repression. 
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Figure 1.1: RNAi pathway in mammals 
Endogenous microRNAs pass through a series of processing steps in the cell from early 
transcription in the nucleus to incorporation of the mature miRNA into the RISC 
complex. Synthetic RNAi triggers can enter this pathway at various points including 
early as miR-shRNAs, midpoint as shRNAs, or late as double-stranded siRNAs. For 
simplicity, only key enzymatic factors are depicted. 
 
 

The degree of complementarity of the anti-sense RNA determines whether the 

RNAi pathway directs either mRNA degradation or translational repression [77]. In 

vertebrates, endogenous miRNAs have mismatches that permit either translation 

repression or mRNA degradation to occur from the 3’ end of the transcript. Alternatively, 

synthetic siRNAs with the exact complement to its target sequence will only direct 

mRNA degradation from where the anti-sense RNA molecule binds the target mRNA.  
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 The existence of the RNAi pathway in mammals has made it a very attractive 

mechanism for “turning off” disease-related genes using synthetic RNAi constructs. 

Synthetic RNAi construct designs include siRNAs [78], short-hairpin RNAs (shRNA) 

[79], and microRNA-based RNAs (miR-shRNA) [80], which have thus far been tried. An 

increased understanding of the RNAi pathway in mammals partnered with advances in 

the design of synthetic RNAi constructs [78, 79] continues to provide momentum to the 

use of RNAi-based therapeutics in disease.  

1.1.9 Viral delivery 

For the treatment of brain diseases, administering naked siRNA or shRNAs 

systemically is rather futile due to restrictions by the blood brain barrier and the rapid 

degradation of nucleic acids in vivo by endonucleases. To by-pass these limitations, direct 

delivery of small RNA constructs to the brain by stereotaxic injection is used. Long-term, 

stable expression of these small RNA constructs can be achieved by using viral vectors 

such as recombinant AAV. 

 Recombinant AAV vector (rAAV) is derived from the naturally occurring virus 

Adenoassociated virus (see 2.1 Introduction). rAAV has become a very popular vector 

for gene therapy in the brain provided its ability to transduce dividing and non-dividing 

cells such as neurons [81]. AAV also presents low immunogenicity and no pathogenicity 

in mammals proving safe for translating these trials to humans in the future [82]. Long-

term expression of rAAV in mammals has also been demonstrated proving its efficacy in 

providing extended treatment in vivo. For example, rAAV has shown gene expression 

activity for up to 19 months in rat brain [83] and up to 6 years in primate brain [84]. 

Further AAV persists predominantly in an episomal form in humans [85]. This 

characteristic of expressing itself episomally distinguishes it from another popularly 

employed vector, Lentivirus. Lentivirus is derived from HIV retrovirus posing the risk of 
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integrating into the genome via the integrase protein. Non-specific integration can be 

problematic risking insertional mutagenesis and possible malignant transformations as 

was the case with another retrovirus [70].  

 Although rAAV provides many advantages as a gene therapy vector, some 

distinct disadvantages limit its application and use. rAAV has a small carrying limit of 

4.7-5 kb [86]. This carrying capacity limits rAAVs use to delivering small genes such as 

BDNF and GDNF, or delivering small RNA constructs for RNAi. Another disadvantage 

to using rAAV is in its translation to human clinical trials. Over 80% of the human 

population is positive for an antibody against AAV serotype 2 [86]. This pre-existing 

immunity was proposed to lead to the termination of rAAV transgene expression shortly 

after treatment in a phase II clinical study of hemophilia B [87]. It is proposed that cell-

mediated immunity targeting antigens of the AAV2 capsid directed removal of 

transduced hepatocytes and the decline of transgene expression [87]. This finding has 

motivated on-going investigation into alternative AAV serotypes, such as AAV1-8, for 

use in humans.      

1.1.10 Gene silencing and polyglutamine disorders 

Polyglutamine disorders are caused by an expanded polyglutamine tract within its 

associated protein and typically show widespread pathogenicity within the cell. 

Unfortunately, mechanisms underlying the toxic nature of these mutant polyglutamine 

proteins are poorly understood. RNAi provides a useful therapeutic strategy by degrading 

the mutant mRNA strand upstream of protein synthesis therefore removing the toxic 

entity causing disease. 

 Conditional mouse models of HD and Spinocerebellar Ataxia 1 (SCA1) have 

shown that shutting off the expanded polyglutamine protein, even into symptomatic 

onset, will recover health and neuropathology of transgenic mice.  A tetracycline-
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regulated mouse model of HD (Tet/HD94) carrying exon 1 of the HD gene with 94 CAG 

repeats was turned off at either 5 or 17 months in post-symptomatic mice [45, 51]. Both 

groups showed symptomatic recovery where even the later cohort saw slowed striatal 

neuronal loss, a 90% decrease in htt aggregate formation, and complete recovery in motor 

function on the rotarod. The conditional SCA1 mouse model also showed clinical 

efficacy in turning off the mutant gene early in disease. In this case, the SCA1 mice 

showed almost complete recovery in Purkinje cell pathology and motor function. 

Shutting the gene off late in disease saw similar but lesser effects [88]. Overall, both HD 

and SCA1 conditional models showed symptomatic recovery in vivo indicative of the 

potential for RNAi in these diseases. 

 The first in vivo evidence that RNAi could be feasible in dominant disorders was 

shown in a mouse model of SCA1 [89]. In this case, the SCA1-82Q mouse model 

received rAAV1 delivery of a short-hairpin RNA targeting mutant ataxin-82Q. The 

treatment, which only targeted 5-10 % of cerebellar Purkinje cells, saw notable 

improvements in neuropathology including a reduction of neuronal inclusions and 

reduced thinning of the cerebellum molecular layer. Further the animals showed 

improved motor performance. 

 Despite the growing in vivo proof that RNAi shows efficacy in treating SCA1 and 

other polygluatmine disorders, one limitation in the field is the ability to selectively target 

the disease allele while avoiding its wildtype copy. Given the existence of repetitive 

CAGs in both wildtype and mutant alleles, little sequence specificity distinguishes the 

two alleles for targeted silencing. In vitro siRNAs have been designed to target allelic 

polyglutamine expanded mutations indirectly by targeting SNPs in linkage disequilibrium 

with the disease mutation. One example is Machado-Joseph disease (MJD) where a C/G 

polymorphism distinguishes 50% of wildtype and mutant alleles in humans [90]. In this 
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case, siRNAs effectively targeting the C polymorphism in the mutant alleles saw 

selective silencing in vitro with modest effects on the wildtype allele [91].  

1.1.11 Hypothesis and research objectives 

Hypothesis: rAAV-mediated RNAi constructs will effectively silence human mutant Htt 

in the YAC128 mouse model of HD. 

 

The research objectives for this project include: 

Identifying an AAV serotype for delivery to striatal neurons � 

� 

� 

Testing RNAi constructs for silencing human mutant huntingtin expression in vivo 

Developing a tool for pre-clinical testing of RNAi-mediated gene silencing of human 

mutant huntingtin in the treatment of HD 
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Chapter 2: Comparing AAV1 and AAV5 serotypes for construct 

delivery to neurons 

2.1 INTRODUCTION 

AAV is potentially useful as a gene therapy vector for brain diseases due to its 

ability to transduce non-dividing cells [81]. AAV’s predominant episomal expression 

does not require it to integrate into the genome providing a unique advantage to retrovirus 

and HIV-derived Lentivirus. Other advantages to AAV include its low immunogenicity 

and lack of pathogenicity in mammals [82]. 

Recombinant AAV vectors (rAAV) have 96% of the AAV genome removed 

leaving only its two inverted terminal repeats as vector backbone.  Replication of rAAV 

is done ex vivo using a recombinant AAV helper plasmid to provide all the replication 

and packaging potential. This helper plasmid packages rAAV into a specific capsid 

protein to facilitate its entry into the cell [92]. To date, AAV has 11 known serotypes 

(AAV1-AAV11) which are distinguishable based on their capsid proteins [93]. 

  Until recently, most research conducted using rAAV as a gene therapy vector 

used AAV serotype 2. The observation that AAV serotype may influence transduction 

prompted researchers to compare AAV serotypes for transducing specific brain regions 

and cell types.  Early results showed distinct differences between transduction efficiency 

and cell tropism between AAV serotypes 1, 4, and 5 [94].  AAV5 serotype showed in 

some cases 5000 times better transduction than AAV2 serotype in mouse brain 

confirming significant serotype-related differences [94].  The ability to cross package 

AAV type 2 terminal repeats with different AAV capsids enabled more controlled 

experiments in comparing vector serotype differences using identical viral genome 

content. Using these new methods, both AAV1 and AAV5 serotypes showed improved 
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transduction efficiency relative to AAV2 serotype in different brain regions in rat [95] 

and mouse [96]. 

In this work, I compared the transduction efficiency, cellular tropism, and safety 

of AAV1 and AAV5 serotype delivery in mouse brain. The goal of this work was to 

identify an effective viral vector for RNAi pre-clinical trials in the YAC128 Huntington 

Disease mouse model. 

 

2.2 MATERIALS AND METHODS 

2.2.1 rAAV vectors 

Recombinant AAV vectors contain reporter gene sequence flanked by AAV2 

terminal repeats with all other viral genes removed. The reporter sequence includes 

CMV-humanized Renilla GFP (hrGFP)-simian virus 40 poly(a) reporter cassette for GFP 

fluorescence detection.  Vectors are packaged inside either AAV serotype 1 or 5 capsid 

proteins creating unique vector constructs. These constructs are known as rAAV2/1 and 

rAAV2/5 respectively, however, for simplification in this study will be known as AAV1 

and AAV5 to emphasize the serotype comparison being made.  All vectors were prepared 

at the University of Iowa Gene Transfer Vector Core. 

2.2.2 Surgical procedures 

Bilateral striatal injections administered by stereotaxic injection to FVB/N mice at 

2 months of age. Injection coordinates were 1.8 mm anterior, 0.8 mm lateral, and 3.5 mm 

depth using 5 uL (~107 Tu) per striata at an infusion rate of 250 nl/min.  Brains were post-

fixed in 3 % paraformaldehyde 1 month following injections and prepared as 25 µm 

sections for all analysis. 
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2.2.3 Transduction efficiency 

Brain sections were quantitatively analyzed for total GFP expression area and 

fluorescence intensity using Metamorph imaging software.  25 µm rostral-caudal brain 

sections spanning 200 µm of the striatum were analyzed for each animal and AAV 

serotype (n=3).  

2.2.4 Immunofluorescence and histology 

Immunoflourescence co-localization studies were conducting using NeuN 

antibody (Chemicon MAB377; 1:500) for labeling neurons, GFAP antibody (DAKO 

Z0334; 1:3000) for labeling glia, and fluorescent-labeled secondary antibodies (1:1000 

anti-mouse Alexa Fluor 594 and 1:500 anti-rabbit Alexa Fluor 594 respectively) for 

visualization. Cresyl violet staining was done for 3 minutes for histological analysis. 

2.2.5 Statistical analysis 

A Students t-test was performed to determine differences in the means between 

various treatment groups, and Levene’s test to determine equality of variance. 

Differences were assumed statistically significant given they reached the 95 % 

confidence level. All values are represented as averages with standard error of the mean. 

 

2.3 RESULTS 

2.3.1 AAV5 serotype displays increased transduction area 

Recombinant AAV vector packaged inside either AAV1 or AAV5 capsid proteins 

represents unique vector serotypes for transduction comparisons. FVB/N mice were 

striatally injected with AAV serotypes, AAV1 or AAV5, for comparison of vector 

distribution through the striatum. rAAV vectors were administered at equivalent titer and 

volume and subsequently evaluated for transduction efficiency and fluorescence intensity 

after 3 weeks incubation. To maximize vector distribution through the entire striatum 
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total injection volumes were chosen to be 5 µL.  Both rAAV1 and rAAV5 showed 

consistent injection distributions through the striatum according to active GFP positive 

expression in rostral to caudal brain sections. Comparison of serotype transduction 

efficiency quantitatively by electronically tracing GFP positive regions found rAAV5 to 

have a greater transduction area through the striatum than rAAV1 (Fig. 2.1) suggesting 

improved distribution of rAAV5.  Comparison of fluorescence intensity per unit area of 

injected regions did not show a significant difference between the two serotypes 

suggesting a roughly equivalent transduction to individual cells (data not shown). 
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Figure 2.1: AAV5 displays increased transduction area.  

Tracing total GFP positive area 3-weeks post-injection AAV5 (7.45 + 0.62) shows an 
increased transduction area relative to AAV1 (3.21 + 0.16 x 106) (P<0.05).  

 
 

2.3.2 AAV1 serotype shows improved cellular tropism for neuronal cell types 
 

AAV serotypes were compared for cellular tropism by co-localization with either 

neuronal or glial cell type markers. Identical brain sections were visualized for GFP-

labeled virus and either red-labeled NeuN antibody to denote neuronal cell types or 

GFAP antibody to identify glial cell types. Image overlays showed that rAAV1 
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predominantly transduced neurons (Fig. 2.2A), while glial cell transduction was 

undetected (data not shown). Oppositely, rAAV5 showed neuronal transduction limited 

to marginal injection boundaries where viral expression was low (Fig. 2.2B), whereas 

transduction of glial cell types was more ubiquitously apparent (Fig. 2.2C). Due to an 

interference of NeuN labeling in areas of high rAAV5 transduction (see below), GFP 

positive cell types were identified according to cell morphology in these areas. In this 

case, GFP positive cells showed small cell bodies with a high number of processes 

representative of astrocyte cells.  
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Figure 2.2: AAV1 shows improved cellular tropism for neuronal cell types. 
A. Immunohistochemistry labeling neurons with NeuN antibody (red) and GFP-labeled 
AAV1 virus shows AAV1 predominantly transducing neuronal cell types. B. AAV5 
shows co-localization of NeuN and AAV5-GFP only where transduction of neuronal cell 
types is low. C. Labeling of glial cells with GFAP antibody (red) shows transduction by 
AAV5. 20X magnification. 
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2.3.3 AAV5 serotype treatment induces adverse effects not evident with AAV1 

Unexpectedly, areas showing high rAAV5 viral expression lacked NeuN labeling 

suggesting a loss of neurons in these regions or possible interference of this vector 

serotype with NeuN antigen expression. Cresyl violet staining of rAAV1 (Fig. 2.3C) and  
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Figure 2.3: AAV5 induces adverse effects not evident with AAV1. 

A, B. Labeling of reactive astrocytes with GFAP antibody (red) shows increased 
astrocytosis in AAV5-GFP injected hemispheres (B) relative to AAV1-GFP injected 
hemispheres (A). C,E. Cresyl Violet staining shows normal brain cellularity in AAV1 
injected hemispheres at 10 X (C) and 40 X (E) magnification. D,F. In AAV5 injected 
hemispheres increased cellularity is evident around blood vessels (arrows) at 10 X (D) 
and 40 X (F) indicative of an immunological response. 
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rAAV5 (Fig. 2.3D) injected brain sections revealed normal neuron distribution and size 

in injected areas supporting the hypothesis that NeuN antigen expression was being 

affected by high rAAV5 viral load. Increased astrocytosis as indicated by increased 

GFAP-labeling was also observed in rAAV5 injected areas (Fig. 2.3B) in comparison to 

rAAV1 (Fig. 2.3A) further indicating toxicity attributed to rAAV5.  Also, cresyl violet 

staining showed massive cellular infiltration around blood vessels in rAAV5 injected 

areas (Fig. 2.3F), not present in rAAV1 treated brains (Fig. 2.3E).    

 

2.4 DISCUSSION 

In this study, AAV1 and AAV5 serotypes were compared for transduction 

efficiency, cellular tropism, and safety in determining a proper vector for RNAi delivery 

to mouse striatal neurons. Results showed that AAV1 serotype appeared to be an 

effective and safe vector showing a high cellular tropism for striatal neurons and no 

obvious signs of toxicity up to 3 weeks post-injection.  AAV5 serotype on the other hand 

proved ineffective, showing low transduction of neurons, and high transduction of glial 

cell types. AAV5 serotype also caused obvious signs of toxicity including astrocytosis, 

cellular infiltration around blood vessels, and interference with neuronal antigen 

expression (NeuN) in injected regions. 

Two other reports similarly compare AAV serotype transduction (using AAV2 

terminal repeats) in rodent brain.  In rats, comparable transduction efficiency and cellular 

tropism was seen between rAAV1 and rAAV5 in striatum [95] with both serotypes 

showing relatively improved transduction relative to rAAV2.  In mouse, comparison of 

many different serotypes including rAAV1, 2, 5, 7, and 8 saw no difference in 

transduction efficiency at the highest titers evaluated except for reduced transduction by 

rAAV2 overall [96]. 
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Discrepancies between our results and those described in these other reports may 

be explained by differences in viral titer, mouse strain, injection rates, or injection 

volumes. The higher titer used in my experiments may have activated cellular defense 

pathways against rAAV5 leading to toxicity, which at lower titers may not be observed.  

Increasing viral dose has been previously reported to contribute to increasing toxicity of 

AAV serotypes in neuronal and glia cultures [97]. Mouse strain could also influence 

striatal sensitivity to AAV5. Differences have not been reported before for AAV 

serotypes, however, intrastriatal injections of neurotoxins (ie. Quinolinic Acid and Kainic 

acid) have revealed strain-dependent differences in susceptibility to neurodegeneration 

[98]. Injection parameter differences such as rate and volume are less likely to have 

contributed to transduction differences based on previous experiments using Adenovirus 

[99]. The rAAV1 was injected at a similar titer to rAAV5 and did not show adverse 

effects, suggesting that rAAV1 has a higher safety threshold in striatum.  

  Previous studies also showed predominately neuronal transduction by both 

rAAV1 and rAAV5 [95, 96]. In my study, rAAV1 showed the expected neuronal 

transduction, while rAAV5 showed a preferential transduction of glial cells over neurons 

and a very large area of transduction through the brain. A similar result was found in 

comparing AAV vector serotypes in primate brain [100]. This study found that rAAV5 

gave the greatest efficiency of gene transfer in the primate brain of all the serotypes 

tested. Further immunohistochemistry revealed increased tropism for glial cells over 

neurons by rAAV5. In this previous study, it would be interesting to see if activation of 

“toxic” pathways accounted for the increased glial transduction efficiency by rAAV5. 

Overall, I found that AAV1 serotype displays the preferred transduction of striatal 

neurons in our mice with a high degree of safety, whereas AAV5 serotype transduced 

predominantly glial cells with marked indicators of toxicity. Together, this data suggests 
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AAV1 serotype is a better vector than AAV5 serotype for RNAi delivery to mouse 

striatal neurons for future preclinical trials in YAC128 mice.
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Chapter 3: Improved silencing and tolerance of miR-shRNA versus 

shRNA for effective knock-down of human mutant Htt in YAC128 

3.1 INTRODUCTION 

The ability to silence muHtt expression holds promise for the treatment of 

Huntington Disease. In 1998, the discovery of the RNAi pathway in C. elegans revealed 

a potent pathway for selective gene silencing in animals [75]. This pathway, conserved 

across species from plants to humans, presents a potential approach to selectively silence 

disease-related genes such as mutant HD. 

 Increasing knowledge of the RNAi pathway and mammalian miRNA structure 

has precipitated the design of synthetic RNAi constructs.  Originally, siRNAs (21-23 nt 

double-stranded) were observed to mediate gene silencing in Drosophila [101, 102]. This 

propelled the use of siRNAs in many subsequent mammalian systems; however, the 

growing knowledge of endogenous miRNA processing influenced new design 

techniques.  Synthetic shRNAs (approximately 70 nt hairpin) mimicking pre-miRNA 

structure were proven effective at gene silencing in mammals [103]. These transcripts 

originate in the nucleus like pre-miRNAs and are then processed into 21-nt RNAs by 

Dicer before targeting its associated mRNA. In comparing shRNAs to siRNAs, shRNAs 

exhibited far greater gene silencing and at a much lower dose [79] sparking their 

popularity.  Effective in vivo gene targeting has been seen using shRNAs in many animal 

models of disease [89, 104, 105], however, recent evidence suggests that shRNAs may 

cause toxicity at high doses questioning the safety of this design [106]. 

 Other researchers have designed RNAi constructs that act even earlier in the 

miRNA pathway creating shRNAs resembling early miRNA primary transcripts (pri-
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miRNA). These modified constructs known as miR-shRNA have placed active 21-nt 

RNA targeting sequence onto primary miR-30 backbone including miR-30 hairpin and 

flanking sequences [107]. Comparing shRNA and miR-shRNA libraries, miR-shRNA 

sequences displayed improved processing and more efficient gene silencing [80].  To 

date, no analysis has been done in animal models to compare the efficacy and safety of 

comparable shRNA and miR-shRNA constructs making this a key question for the field. 

 Previously shRNA constructs (shHD2.1) targeting human muHtt were tested in a 

mouse model of HD [104]. This shHD2.1 construct has since been modified slightly to 

introduce improved strand biasing selection in creating an optimized shRNA [108]. I 

compared the efficacy and safety of shRNA and miR-shRNA constructs (shHD2.1 and 

miHD2.1 respectively) targeting identical Htt sequence in a mouse model of Huntington 

Disease (YAC128).    

 

3.2 MATERIALS AND METHODS 

3.2.1 Animals 

YAC128 mice developed in the lab of Michael Hayden on FVB/N background 

containing the complete human HD gene including 128 CAG expansion and ~25 kb of 

upstream promoter (Fig. 3.1) [40]. All animal experiments are approved by the UBC 

Animal Care Committee and were carried out in accordance with our institutional animal 

care guidelines. 
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Figure 3.1: Schematic of the YAC128 transgene and HD2.1 target sites 
YAC128 transgene consists of 210 kb of the human HD gene (NM_002111) including 25 
kb upstream and 120 kb downstream. The HD mRNA transcript has 67 exons (light 
blue), with the CAG expansion existing in exon 1. The shHD2.1 and miHD2.1 constructs 
(red) are designed to target HD mRNA corresponding to nucleotides 416 to 436 in the 
human HD gene. TSS: transcription start site. 
 
 
3.2.2 rAAV vectors 

Recombinant AAV vectors include AAV1 serotype capsid protein combined with 

AAV2 inverted terminal repeats. Vectors contain either short-hairpin sequence under the 

U6 promoter or miR-shRNA sequence under the CMV promoter. Both vectors carry 

humanized Renilla GFP (hrGFP)-simian virus 40 poly(a) reporter cassette under the 

CMV promoter. Short-hairpin RNA sequences include shHD2.1 targeting exon 2 of the 

human HD gene (nucleotides 416 to 436) (Fig. 3.2) and negative control shBgal targeting 

Escherichia coli β-galactosidase (nucleotides 1152 to 1172) as used in [104]. MicroRNA-

based sequences include miHD2.1 targeting identical sequence to shHD2.1 (Fig. 3.2) and 

negative control miGFP targeting eGFP (nucleotides 416 to 436).  All vectors were 
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designed and previously tested in vitro by R. Boudreau from the University of Iowa. All 

vector constructs were synthesized at the University of Iowa Gene Transfer Vector Core. 

 
Figure 3.2: Structure of shHD2.1, miHD2.1, and endogenous miR-30. 
ShHD2.1 was designed as a hairpin RNA, while miHD2.1 was designed using 
endogenous miR-30 sequence as its structural backbone. After cellular processing, both 
shHD2.1 and miHD2.1 will release similar anti-sense sequence (red) for silencing human 
mutant htt expression. Arrows indicate probable cleavage sites by Drosha and Dicer of 
the miR-based sequences. 
 
 
3.2.3 Surgical procedures 

Unilateral striatal injections administered by stereotaxic injection to YAC128 

mice at 2 months of age. Injection coordinates were 1.8 mm anterior, 0.8 mm lateral, and 

3.5 mm depth using 5 µL (shBgal or shHD2.1 ~3 x 108 Tu; miGFP or miHD2.1 ~7 x 107 

Tu) per striata at an infusion rate of 250 nl/min. 

3.2.4 Quantitative RT-PCR 

Striatally injected brain tissue sliced into 1 mm thick coronal sections and stored 

in RNA-later stabilization buffer (Qiagen) for dissection.  GFP positive regions were 

dissected out using a fluorescent microscope and identical regions in opposite 
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hemispheres dissected out as a control for each mouse. Total RNA isolated using the 

RNA mini kit (Qiagen) and cDNA made from 500 ng total RNA using the Reverse 

Transcriptase kit (Qiagen) both following manufacturer’s protocol. qRT-PCR was 

performed using the SYBR Green PCR master mix (Applied Biosystems) and ABI7000 

machine. Individual samples were analyzed in duplicate including control (n=3) and 

rAAV-treatment groups (n=8 each). Primer sequences included human Htt-specific, 

mouse Htt-specific, mouse DRD2, and mouse CD11b (Table 3.1).  

Table 3.1: Primer sequences for huntingtin, DRD2, and CD11b. 

Primer Forward Reverse 

Human 
Htt 

5’TCTCATTTCTCCGTCAGCAC 5’TCTGGTGGTTGATGTGATTA 

Mouse 
Htt 

5’TGGTAATGACAGTTGAGGCCC 5’CCAGGTTGTACTGCAATGGCT 

DRD2 5’CATTGTCTGGGTCCTGTCCT 5’CAGGTTGGCTCTGAAAGCTC 

CD11b 5’CAGGACCCACAAAACCAAGT 5’GGATGATCCCATACGGTCAC 

 
 

3.2.5 Immunofluorescence and histology 

GFAP antibody (DAKO Z0334; 1:3000) was used for labeling reactive astrocytes 

and fluorescently labeled secondary antibody (1:500 anti-rabbit Alexa Fluor 594) for 

visualization. Cresyl violet staining was done for 3 minutes for histological analysis. 

3.2.6 Behaviour testing 

Animals were monitored after rAAV injections using a modified SHIRPA test 

once a week for 3 weeks to identify any behavioural or physical health changes. The 

testing protocol was adapted from the primary screening procedure as in [109] and 

monitored weight, piloerection, gait or posture, motor control and coordination, novel 
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cage activity, response to touch, and tail-suspension testing.  All parameters were scored 

to provide quantitative assessment.  

3.2.7 Statistical analysis 

A Students t-test was performed for determining differences in the mean between 

treatment groups and Levene’s test to determine equality of variance. Differences were 

assumed statistically significant given they reached the 95 % confidence level. All values 

are represented as averages with standard error of the mean. 

 

3.3 RESULTS 

3.3.1 shHD2.1 selectively decreases human muHtt 

rAAV carrying shHD2.1 and controls were injected into YAC128 transgenic mice 

and evaluated by qRT-PCR for human HD gene silencing. shHD2.1 selectively decreased 

human mutant HD mRNA by 53% (p=0.003) (Fig. 3.3) with no effect on endogenous 

murine Hdh expression relative to the sham-injected control. Unexpectedly, the short-

hairpin negative control, shBgal, showed a non-specific trend for decreasing both human 

and murine Htt mRNA expression (Fig. 3.3). When evaluating empty rAAV control 

expressing GFP reporter no changes were observed in human or murine Htt mRNA 

expression suggesting that the shBgal-related mRNA expression changes are attributed to 

shRNA sequence (Fig. 3.3). 
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Figure 3.3: Selective silencing of human mutant htt by shRNA HD2.1. 

shHD2.1 treatment selectively decreases human Htt mRNA levels by 53% (P=0.003) 
with no effect on mouse Htt. Negative control shBgal treatment shows non-specific 
effects decreasing human Htt mRNA levels by 55% (P=0.07) and a trend for decreased 
mouse Htt mRNA levels. These non-specific effects were not evident after AAV-GFP 
injection alone ruling out AAV or GFP-mediated toxicity. All mRNA values are derived 
from unilaterally injected mice and calculated as a ratio of injected to uninjected 
hemispheres to normalize for inter-animal variability. Significance is determined relative 
to sham injected control values. Treatment groups include sham (n=3), GFP (n=5), 
shBgal (n=6) and shHD2.1 (n=6). 
 
 
3.3.2 miHD2.1 shows improved silencing of human muHtt 

MicroRNA-based construct design was applied to the HD2.1 sequence and 

injected into YAC128 mice for comparison to shHD2.1 for gene silencing. MicroHD2.1 

exhibited reduction of human Htt mRNA expression by 64% (p=0.01) (Fig. 3.4) with no 

effect on endogenous murine Htt when compared to the sham injected controls. The 

miGFP negative control showed no effect on either human or murine htt mRNA 

expression in this case. 
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Figure 3.4: Improved silencing of human mutant htt by miHD2.1. 

miHD2.1 treatment selectively decreases human Htt mRNA levels (P=0.01) by 64% with 
no effect on mouse Htt levels. Negative control miGFP treatment has no effect on either 
human or mouse Htt mRNA. All mRNA values are derived from unilaterally injected 
mice and calculated as a ratio of injected to uninjected hemispheres to normalize for 
inter-animal variability. Significance is determined relative to sham injected control 
values. Treatment groups include sham (n=3), miGFP (n=6) and miHD2.1 (n=6). 
 
 
 
3.3.3 Short-hairpin constructs induce adverse effects not evident with miRNA-based 

treatments 

Following the initial injections of short-hairpin constructs, 4 animals died out of 8 

total (50%) within 3 weeks after rAAV-shBgal injection. Subsequent injections with a 

new preparation of shBgal construct also caused fatalities at later ages (at the same 

percentage). As a result, to detect any adverse effects associated with either short-hairpin 

or miRNA-based constructs animals were screened routinely for behavioural or non-

specific mRNA expression changes as indicators of toxicity. 
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 In the modified SHIRPA behaviour screen, shRNA-treated mice displayed 

abnormal trunk curling and limb clasping in the tail-suspension test (Fig. 3.5B). All of the  
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Figure 3.5: Behavioural changes associated with shRNA treatment not evident after 
miRNA or empty AAV-GFP treatment. 

A. Animals injected with AAV-GFP, miGFP, or miHD2.1 show normal splay upon tail 
suspension. B. Animals injected with either shBgal (8/8) or shHD2.1 (3/7) display 
abnormal trunk curling and limp grasping upon tail suspension.  
 
 
shBgal-treated mice displayed this abnormal behaviour (8/8), while only a portion of the 

shHD2.1-treated mice showed this abnormality (3/7). None of the miRNA-treated mice, 

either miGFP or miHD2.1, displayed any abnormal behaviours in the screen (data not 

shown). 

 Non-specific mRNa expression changes were evaluated using “indicator genes” to 

reveal changes in specific cell types including CD11b for microglia and DRD2 for 

neurons. Up-regulation of CD11b was observed in shRNA-treated mice, shBgal (408%; 

p=0.006) and shHD2.1 (338%; p=0.03) (Fig. 3.6A). A subtle trend for increased CD11b  
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Figure 3.6: Non-specific gene changes after shRNA treatment not evident after 
miRNA or empty AAV-GFP treatment. 

A. shBgal (408 %; P= 0.006) and shHD2.1 (338 %; P= 0.03) exhibit increased microglial 
activation marker CD11b relative to sham injected controls according to qRT-PCR. 
miRNA constructs miGFP and miHD2.1 show comparable CD11b levels to empty AAV-
GFP alone. miGFP, miHD2.1, and empty AAV-GFP CD11b levels are not statistically 
different from sham-injected controls. B. Striatal DRD2 expression is unaffected by 
shHD2.1, miGFP, and miHD2.1 small RNA constructs relative to sham and empty AAV-
GFP treatment. Conversely shBgal constructs significantly reduce DRD2 expression (-
83%; P= 0.002). All mRNA expression values are represented as ratios of injected to 
uninjected striata to normalize per mouse.    Treatment groups include sham (n=3), GFP 
(n=5), shBgal (n=6), shHD2.1 (n=6), miGFP (n=8), and miHD2.1 (n=8). 
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was observed for miGFP or miHD2.1-treated mice, similar to the increases seen when 

injecting empty rAAV-GFP; however these changes were statistically insignificant 

relative to changes seen in sham-injected controls. When evaluating changes in neuronal 

DRD2 levels, shBgal induced a dramatic decrease in DRD2 expression levels (-83%; 

p=0.002) with no other treatment groups having an effect relative to the sham-injected 

controls (Fig. 3.6B). 

 As a follow-up to the mRNA expression changes seen in shRNA-treated mice 

neuropathological indicators were evaluated to see if the differences could be accounted 

for by neuropathological changes. GFAP-labeling revealed increased astrocytosis in the 

injected hemisphere of shBgal and shHD2.1-treated mice (Fig. 3.7). Further cresyl violet 

staining revealed a dramatic loss of neurons in the injected hemisphere of shBgal treated 

mice (Fig. 3.8A) relative to both its respective uninjected hemisphere and shHD2.1-

treatment (Fig. 3.8B).   A summary of the toxicity findings can be found in Table 3.2. 
injected uninjected
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Figure 3.7: Astrocytosis evident after shBgal and shHD2.1 treatment. 

Immunohistochemistry labeling GFAP (red) showed increased astrocytosis localized to 
shBgal (n=3) and shHD2.1 (n=3) injected hemispheres.  A. Representative image 
showing increased GFAP labeling in shHD2.1 unilaterally injected brain (2.5X 
magnification). B. Same brain section as in A. showing GFAP co-localizing to regions of 
shHD2.1 GFP labeled virus. 
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Figure 3.8: Neuronal integrity is affected after shBgal treatment. 

A. Cresyl violet staining reveals neuronal loss at shBgal injection sites in animals 
displaying overt toxicity (weight loss, death). B. Neuronal loss is not evident at shHD2.1 
injection sites although cresyl violet staining does reveal increased glia at these sites. 
Arrowheads identify areas of neuronal loss, while arrows identify glial cells. Images 
show injected versus uninjected striatal hemispheres at 20X. 
 
 

Table 3.2: Summary of behaviour, neuropathology, and fatalities associated with 
short-hairpin and miRNA treatments. 

 
 AAV-

GFP shBgal shHD2.1 miGFP miHD2.1 

Tail-
suspension Normal 

Curling; 
Limb 
grasping 

Curling; 
Limb 
grasping 

Normal Normal 

Neurons Normal Neuronal loss Normal Normal Normal 

Glia Normal 
Activated 
microglia; 
astrocytosis 

Activated 
microglia; 
astrocytosis 

Normal Normal 

Fatalities None 4/8 None None None 
 
 
3.4 DISCUSSION 

This study found that miHD2.1 constructs showed improved gene silencing at 

64% human muHtt silencing relative to the 53% seen by shHD2.1 in YAC128 mice.  It is 

important to note that miHD2.1 constructs were injected at 10-fold less viral titer relative 
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to shHD2.1 and yet still showed better performance. These results agree with preliminary 

tissue culture experiments that demonstrated increased gene silencing by miHD2.1 

relative to shHD2.1 (personal communication B. Davidson).  These preliminary 

experiments also showed that lower dosages of miHD2.1 were required for effective 

silencing (personal communication B. Davidson). Together these data confirm improved 

silencing using miR-shRNA construct design both in vitro and in vivo. 

 Differences in cellular processing of RNAi triggers provide a plausible 

mechanism for the increased gene silencing seen by miHD2.1. Similar observations were 

made comparing large-scale libraries employing both shRNA and related miR-based 

design strategies [80]. In testing these constructs in 293 cells, miR-shRNAs showed 12 

times more processed 21-nt RNA than related shRNA constructs suggesting improved 

processing by Dicer in constructs containing miRNA backbone. An increased processing 

rate of miHD2.1 in neurons would allow for greater gene silencing overall, and may 

explain my finding of increased silencing by miR-shRNA with lower titer than shRNA.  

My work showing increased silencing by miHD2.1 provides the first in vivo 

example that miR-shRNA constructs exhibit enhanced performance over related shRNAs 

in silencing a disease gene. Others have shown similar improvements using miR-shRNAs 

in cellular models of disease such as Leukemia. In one case, combination miR-shRNAs 

showed improved Bcr-Abl oncogene suppression and slowed leukemic cell growth 

previously unaffected by shRNA constructs [110]. My work and the work of others 

provide evidence to support miR-based RNAi as a novel treatment strategy. 

 Our experiments, while showing marked differences between miR-based and 

shRNA constructs with respect to gene silencing, also revealed important safety 

considerations in comparing miR-shRNAs and shRNAs in an animal model. These 

experiments showed that both shHD2.1 and the shBgal negative control induced dramatic 
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upregulation of CD11b indicative of toxicity. The presence of clasping on the tail 

suspension test indicated unilateral brain dysfunction. Consistent with striatal injury the 

negative control construct, shBgal, induced a more severe toxicity in some animals 

developing neuronal loss, shrunken brain hemispheres, weight loss, and fatality within as 

little as 2 weeks in some cases. The mice treated with miR-shRNAs either miHD2.1 or 

miGFP showed no behavioural or neuropathological signs of toxicity.  

 The fatality seen in our short-hairpin negative-control mice was similar to another 

report showing fatalities in mice after delivering high titer shRNA to the liver [106]. 

Several of the mice treated with high dose shRNA vector showed weight loss and died 

within one month of treatment comparable to our results. In testing 49 distinct rAAV-

shRNA vectors and empty vector components, these authors found that at high doses 36 

shRNAs caused liver injury, with 23 ultimately causing death. This said that the fatality 

was a generalized response to high dose shRNAs. Mechanistically, the authors suggested 

that high levels of shRNAs saturated cellular RNAi pathways, specifically exportin-5, 

and competed with endogenous miRNAs for shuttling out of the nucleus. 

 In my study, shBgal and to less of an extent shHD2.1 may have saturated cellular 

RNAi pathways interfering with endogenous miRNA export and processing. This cellular 

disruption could upregulate cell defense pathways (as with shHD2.1) and in more severe 

cases lead to neuronal death and fatality (as with shBgal).  At first our results were very 

surprising given shBgal negative-control had been previously tested in the N171-82Q 

mouse model of HD [104]. Subsequent repeat injections with new viral preparations 

showed consistent toxicity in our mice ruling out the possibility of viral contamination. 

Further, testing shBgal in another mouse strain, C57BL/6J, showed no adverse affects 

(unpublished) suggesting a very unexpected increased sensitivity of the FVB/N strain to 

shRNA-related toxicity. Ongoing work in the lab is investigating the possibility that 
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endogenous brain-specific miRNA processing may be disrupted by high dose shRNAs in 

YAC128 mice. MiHD2.1 may not show these same toxicological effects in vivo due to 

the improved processing of miRNA-based constructs as in Silva et al. (2005) allowing 

effective silencing with lower titers. Other groups have also shown that shRNAs compete 

with endogenous miRNAs in vitro and that miR-shRNAs do not even at higher doses 

[111]. The authors confirm the finding of Grimm et al. (2006) and show that some of this 

effect is caused by saturation of exportin-5, although they show that other factors may be 

involved in the toxicity as well (they propose RISC). 

 I have generated data demonstrating increased efficacy and tolerance of miHD2.1 

over shHD2.1. This work lays the groundwork for HD pre-clinical trials using the 

miHD2.1 construct. It also provides growing evidence to the field in support of miR-

shRNA construct design. The surprising toxicity seen in YAC128 mice using shRNA 

constructs provides a striking brain-related example of the deleterious effects of shRNAs. 

Further studies are investigating the potential interference of shRNAs on endogenous 

miRNA pathways in the brain, to better understand the brain’s sensitivity to RNAi 

therapy for future therapeutic studies. 
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Chapter 4: Summary and conclusion 

This thesis explored rAAV vector serotypes and RNAi constructs in the YAC128 

mouse model of HD. Initially, AAV serotypes were compared for transduction to striatal 

neurons in choosing an appropriate viral vector for gene delivery. Subsequently, rAAV-

delivered RNAi constructs, using either shRNA or miR-shRNA construct designs, were 

compared for human muHtt gene silencing in YAC128 mice. Overall this work 

determined that rAAV1-mediated miHD2.1 constructs were effective in silencing human 

muHtt in the YAC128 mouse model of HD. Ultimately this work contributes to a future 

pre-clinical trial testing RNAi-mediated gene silencing of human muHtt as a treatment 

for HD.  

 Initially this report compared the transduction of AAV1 and AAV5 serotypes for 

use as an RNAi vector in YAC128 mice. My results showed that AAV1 serotype 

displayed neuronal tropism, substantial coverage through the striatum, and immune 

tolerance proving it to be an effective vector for construct delivery. Alternatively, AAV5 

showed high glia transduction and activation of immune response making it an 

ineffective vector for construct delivery in YAC128. Comparing these results to others 

investigating AAV serotypes [95, 96] my results characterized toxicity never before 

reported using AAV5. Either the higher viral titers used in my experiments or a FVB/N 

strain-specific sensitivity to AAV5 could explain the AAV5-related toxicity observed. 

Interestingly this toxicity was not observed with AAV1 serotype at a similar titer. 

Overall, this work concluded AAV1 serotype vectors to be an effective and safe delivery 

method for RNAi constructs in YAC128 mice. 

After determining AAV serotype 1 to be an appropriate viral vector for gene 

delivery, a shRNA construct targeting human muHtt for gene silencing, shHD2.1, was 

 43



tested in YAC128 mice. An initial version of the shHD2.1 construct was designed by my 

collaborators at the University of Iowa (B. Davidson) and previously shown to be 

effective in the N171-82Q fragment model of HD. An optimized strand-biased version of 

shHD2.1 was then tested in our YAC128 mice. This construct was expected to show 

improved silencing of human muHtt based on previous in vitro work (personal 

communication B. Davidson), but instead triggered neuroinflammatory changes and 

morbidity in YAC128 mice. In addition the negative-control shRNA, shBgal, previously 

tested in the N171-82Q model showed neuro-immunological activation, off-target gene 

silencing, morbidity, and fatality in YAC128 mice.  I showed that this shRNA-related 

toxicity was not attributed to vector or GFP expression, was reproducible with fresh viral 

preparation, and hence showed remarkable similarities to the shRNA toxicity reported by 

Grimm et al. (2006). From this I concluded that shRNA constructs may not be useful for 

RNAi in vivo and tested miRNA-based constructs targeting identical regions of human 

muHtt as shHD2.1.  

In vitro work by our collaborators and others had shown that miR-shRNAs were 

more potent inducers of gene silencing and at lower dosages. My work confirmed these 

findings in vivo showing increased human muHtt gene silencing using miHD2.1, with no 

evidence of immunotoxicity or morbidity. These results concluded miHD2.1 to be a more 

potent and safer construct for human muHtt gene silencing in YAC128 mice, and present 

a novel RNAi therapeutic approach to be tested in an animal model of HD. 

 

4.1 SIGNIFICANCE 

This work contributes to the development of Htt allele-specific RNAi approaches 

in treating HD. The in vivo testing of rAAV vectors is important to this pursuit because 

the vector is critical in delivering the construct to the appropriate cell type and must 
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prove safe at high viral titers in moving from pre-clinical to human clinical trials. AAV 

serotype 2 has recently proven safe and effective in phase I human clinical trials for 

Parkinson’s disease [112]. This work showed no adverse events related to rAAV-

mediated gene delivery in advanced-stage Parkinson’s disease patients. Additionally, 

rAAV-mediated glutamic acid decarboxylase (GAD) gene delivery coincided with 

improved motor scores and brain metabolism showing a positive therapeutic effect. This 

finding is promising for the eventual translation of gene therapy work using rAAV in 

other neurological diseases such as HD. My work contributed to further testing of 

alternate AAV serotypes, AAV1 and AAV5, in a rodent model based on their improved 

transduction efficiency relative to AAV serotype 2 [95, 96]. The toxicity observed with 

AAV5 serotype suggests a dose-related toxicity that must be considered in future trials 

with this serotype. For these serotypes to progress into human clinical trials more 

rigorous dose-response testing in non-human primates would be required. 

 My work also contributes to the development of Htt allele-specific RNAi 

approaches in exploring promising new RNAi construct designs. Understanding which 

construct design shows the strongest selective gene silencing, with minimal side effects, 

is crucial in detecting positive therapeutic effects in pre-clinical animal model testing.  

Given the time and number of animals required for pre-clinical trials in YAC128 mice, I 

wanted to ensure we had the most promising construct in moving ahead into the pre-

clinical testing phase. My results showing improved silencing and safety of miHD2.1 

contributes a new RNAi construct in moving forward to pre-clinical testing. 

 The translation of RNAi therapies to human clinical trials currently demands a 

greater reassurance of safety before employing this treatment strategy. The issue of off-

target effects and interference with endogenous miRNA pathways are crucial 

impediments to clinical progress. The toxicity seen with shRNA constructs in this study 
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and others warn against the use of this particular construct design. Oppositely the miR-

shRNA construct, miHD2.1, proved more effective and safer than shHD2.1 in YAC128 

mice at early time-points. This work then merits further long-term investigation of 

miHD2.1 constructs in YAC128 mice, and as well suggests greater attention to the gene 

therapy field in exploring miRNA-based constructs in developing RNAi therapies. 

 

4.2 FUTURE DIRECTIONS  

 The improved performance of miRNA-based constructs in vitro (personal 

communication B. Davidson) and in my in vivo analysis provides strong evidence to 

support the use of this therapeutic strategy in the YAC128 mouse model of HD. I am 

currently in the process of expanding my findings to a larger pre-clinical trial in YAC128 

mice testing the rAAV1-mediated miHD2.1 RNAi approach. (refer to Chapter 5). I 

predict that given the significant gene silencing and tolerance of miHD2.1 constructs, 

these animals will show a significant therapeutic effect. This pre-clinical trial will be the 

first in vivo RNAi therapeutic study to use miR-based RNAi constructs. This will help 

identify the therapeutic efficacy of using a miR-based RNAi approach. This RNAi 

therapeutic study will also be unique in using a full-length (YAC128) mouse model of 

HD. Previous RNAi pre-clinical trials have used fragment models of HD (see 5.1 

Introduction). Using the YAC128 model provides unique advantages to studying gene-

targeted therapeutic approaches in that it contains the complete human HD gene. In 

designing RNAi constructs this enables greater possibilities in optimizing siRNA target 

sequences. If the miR-based RNAi approach proves effective in YAC128, siRNA target 

sequences throughout the HD gene can be compared for gene-silencing efficacy in future 

studies. Use of the YAC128 model also provides phenotypic advantages over fragment 

mouse models in the selective striatal neuronal loss observed. Although a milder 
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phenotype overall, the striatal neuronal loss in YAC128 provides a measurable endpoint 

to reveal a treatment’s neuroprotective properties. Ultimately, a neuroprotective treatment 

could translate to humans in treating the massive striatal neuronal loss seen in HD 

patients. 
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Chapter 5: Future directions 

Pre-clinical trial using miRNA-based RNAi for the therapeutic treatment of HD    

5.1 INTRODUCTION 

HD is a devastating neurological disease attributed to an expanded CAG tract 

within the HD allele. Synthetic small RNA molecules provide a powerful means to 

silence the mutant HD gene through a natural RNAi pathway used by endogenous 

microRNAs. Initial experiments in a conditional HD mouse model showed early promise 

for RNAi-based therapeutics in the treatment of HD. These experiments found that 

turning off the mutant HD allele early or late after symptomatic onset improved 

aggregate formation, neuronal loss, and motor function in the Tet/HD94 conditional HD 

mouse model [51, 113]. 

The growing knowledge in the field of RNAi-based treatments has since 

motivated researchers to test alternate approaches for the effective knockdown of a 

disease gene. Different groups have tried sleeping beauty transposons [114], shRNAs 

[104, 115, 116], and lipid-conjugated siRNAs [117] for silencing muHtt in HD mouse 

models. Thus far, shRNAs have shown the most promising results with consistent 

improvements seen across different HD mouse models. After shRNA-mediated 

treatment, the N171-82Q mouse model saw reduced aggregate formation and full motor 

recovery on the rotarod at 18 weeks [104]. The R6/1 mouse model saw reduced aggregate 

formation and 60 % improvement in rear-paw clasping [115]. While these results are 

promising for its treatment efficacy, cases of shRNA-associated toxicity reported in HD 

mouse models [115] and other reports [106] have breathed caution to the community 

about the eventual translation of this approach to human patients. 
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An alternate but similar approach to shRNA-based therapy is the development of 

small RNA constructs that more closely resemble early microRNA transcripts. These 

modified transcripts known as miR-shRNAs place the RNAi targeting sequence onto an 

endogenous miRNA backbone.  Most commonly, the primary-miR-30 backbone has been 

used, including miR-30 hairpin and flanking sequences [107]. In comparing shRNA and 

miR-shRNA derived construct libraries, miR-shRNA sequences displayed improved 

processing and more efficient gene silencing [80].  This would suggest that lower dosages 

of miR-shRNAs than shRNAs are required for effective gene silencing. Others have also 

shown in vitro that shRNAs exert a competition with endogenous miRNAs that miR-

shRNAs at even higher dosages do not [111]. Together this suggests improved 

performance given a miRNA construct design. 

Previous work in our laboratory has shown that a miRNA-derived construct, 

miHD2.1, showed improved muHtt silencing and a higher safety tolerance in vivo than 

shRNA designed constructs in the YAC128 mouse model of HD. The purpose of this 

current work is to test the pre-clinical efficacy of miHD2.1 in ameliorating the HD 

phenotype in YAC128 mice.  It is hypothesized that decreasing muHtt protein early in 

disease progression will lead to an improvement in behavioural and neuropathological 

phenotypes in YAC128 mice. 

 

5.2 MATERIALS AND METHODS 

5.2.1 Animals 

YAC128 mice developed in the lab of Michael Hayden on FVB/N background 

containing the complete human HD gene including 128 CAG expansion and ~25 kb of 

upstream promoter (refer to Chapter 3, Fig. 3.1) [40]. Wildtype and transgenic animals 

will be assigned to testing cohorts as specified in Table 5.1. For an overview of study 
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design refer to Fig. 5.1. All animal experiments are approved by the UBC Animal Care 

Committee and will be carried out in accordance with our institutional animal care 

guidelines. 

Table 5.1: Experimental design for pre-clinical therapeutic trial. 
 

 Pre-Clinical Trial Gene Silencing 

Treatment Wildtype Transgenic 6 monthsa 12 monthsa 

Sham 17 15 4 4 

miGFP 17 15 6 6 

miHD2.1 17 15 6 6 

TOTAL 51b 45 16 16 
aall YAC128 transgenic 
b more wildtype than transgenic mice included to compensate for 10% of wildtype mice 
developing SID epileptic phenotype by 12 months of age 
 
 
 

 
 

Figure 5.1: Timeline of miRNA-based RNAi pre-clinical trial in YAC128. 
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5.2.2 rAAV vectors 

Recombinant AAV vectors include AAV1 serotype combined with AAV2 

inverted terminal repeats. Vectors contain miRNA-based RNAi sequence and a 

humanized Renilla GFP (hrGFP)-simian virus 40 poly(A) reporter cassette both under the 

CMV promoter.  MiHD2.1 sequence includes siRNA target sequence for exon 2 of the 

human HD gene (nucleotides 416 to 436) integrated into endogenous miR-30 backbone 

including miR-30 hairpin and flanking sequences (refer to Chapter 3, Fig. 3.2). The 

negative control construct uses a similar miR-30 backbone with siRNA targeting eGFP 

(nucleotides 416 to 436). The Vector Core at the University of Iowa produces all vectors. 

5.2.3 Surgical procedures 

Bilateral striatal injections will be administered by stereotaxic injection to animals 

at 2 months of age. Injection coordinates are 1.8 mm anterior, 0.8 mm lateral, and 3.5 mm 

depth using 5 µL (miGFP or miHD2.1 ~7 x 107 Tu) per striata at an infusion rate of 250 

nl/min. For qRT-PCR experiments, animals will be unilaterally injected only. 

5.2.4 Quantitative RT-PCR 

Striatally injected brain tissue will be sliced into 1 mm thick coronal sections and 

stored in RNA-later stabilization buffer (Qiagen) for dissection.  GFP positive regions 

will be dissected out using a fluorescent microscope and identical regions in opposite 

hemispheres dissected out as a control for each mouse. Total RNA will be isolated using 

the RNA mini kit (Qiagen) and cDNA made from 500 ng total RNA using the Reverse 

Transcriptase kit (Qiagen) both following manufacturer’s protocol. qRT-PCR will be 

performed using the SYBR Green PCR master mix (Applied Biosystems) and ABI7000 

machine. Primer sequences include human Htt-specific, mouse Htt-specific, mouse 

DRD2, and mouse CD11b (refer to Chapter 3, Table 3.1).  
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5.2.5 Behaviour and motor control testing 

Two-month old animals will be trained on rotarod (UGO Basile) for 3 trials per 

day over 3 consecutive days. Animals will then be tested on rotarod and open-field (San 

Diego Instruments) to establish a phenotypic baseline before treatment.  Post-treatment, 

animals will be tested in open field to measure activity level changes at 3 and 12 months 

of age. Motor co-ordination and balance will be monitored using accelerating rotarod 

every 2 months until 12 months of age. The rotarod will be set to accelerate from 5 

revolutions per minute (rpm) to 40 rpm over 4 minutes, and performance will be 

measured as the total running time on the rotarod to a maximum of 300 s per trial. 

Rotarod scores are the average of 3 trials executed 2 hours apart. All testing will occur in 

the light cycle. 

5.2.6 Neuropathological assessment 

At 12 months of age mice will be euthanized and assessed for neuropathology. 

Animals will be deeply anesthetized and transcardially perfused with 3% 

paraformaldehyde in phosphate-buffered saline (PBS). Brains will be post-fixed for 24 

hours in 3% paraformaldehyde, weighed, and then further fixed in 25% sucrose solution 

before cutting. Coronal sections are prepared as 25 µM sections on a cryostat (Microm 

HM 500M, Richard-Allan Scientific, Calamazoo, MI, USA) and stored in PBS before 

analysis. Coronal sections (25 µm) spanning the striatum (200 µm total) will be incubated 

in NeuN antibody solution (1:100 Chemicon) for neuronal detection, and biotinylated 

anti-mouse antibody (1:200 Vector Laboratories), ABC Elite kit (Vector Laboratories) 

and diaminobenzidine (Pierce) for signal amplification and visualization. 

Stereoinvestigator software (Microbrightfield) will be used for striatal volume and 

neuronal count analysis. Striatal volumes will be determined by tracing the perimeter of 

the striatum in serial sections, while neuronal counts will be determined by counting 
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neurons within a 550 µm x 550 µm grid of 25 µm x 25 µm counting frames spaced 

evenly throughout the striatum using a 100x objective lens. To assess neuronal cross-

sectional area, a single neuronal section from each animal will be incubated with 

Alexa488-conjugated NeuN antibody (MAB377X, Chemicon) for neuronal detection and 

visualization. Each section is then mounted and analyzed using Neurolucida software 

(Microbrightfield) to trace the perimeter of clearly defined neurons within a 550 µm x 

550 µm grid of 25 µm x 25 µm counting frames. 

  

5.3 EXPECTED OUTCOMES 

This study will add additional proof-of-principle evidence to validate microRNA-

mediated muHtt allele-specific silencing as a treatment of HD. Specifically this study will 

use microRNA-based RNAi constructs (miHD2.1) to silence human muHtt in YAC128 

mice and will monitor behavioural and neuropathological outcomes to assess therapeutic 

efficacy. I predict that decreasing muHtt protein early in disease progression will lead to 

an improvement in behavioural and neuropathological phenotype in YAC128 mice. The 

miHD2.1 construct has thus far been shown to selectively silence the human muHtt gene 

decreasing mRNA expression levels by ~80 %. It is expected that this gene suppression 

will translate to a comparable decrease in human muHtt protein resulting in a positive 

therapeutic outcome. I am currently confirming the effect on muHtt protein in YAC128 

mice before commencing the pre-clinical trial.  

RNAi-mediated suppression of the mutant Htt gene is also expected to show 

broad improvements in both motor function and neurodegeneration in YAC128 animals.  

Previous RNAi studies targeting a fragment of mutant Htt have detected phenotype 

changes including motor improvements in genetic models of HD [104, 115] and slowed 

neuronal loss in rapid viral HD models [117, 118]. Using the YAC128 mouse model 
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provides the advantage of evaluating both motor function and neuronal loss 

simultaneously given its slower disease progression. The existence of the full-length 

human muHtt gene in YAC128 also provides a more clinically relevant scenario in 

studying gene-targeted therapeutic approaches.  

 

5.4 POTENTIAL PITFALLS 

Potential obstacles to proving miHD2.1 therapeutic efficacy in YAC128 mice 

include problems with long-term rAAV expression, inadequate gene suppression, or 

limitations in viral spread to affected brain regions. 

 Sustained viral and miR-shRNA expression throughout the duration of the 

experiment is ideal in showing a positive therapeutic effect in YAC128 mice. An 

adaptive immune response has been shown to silence rAAV vectors [87] and shRNAs in 

vivo [106]. This immune response is typically activated immediately within a few weeks 

after vector or shRNA delivery. Provided the vectors and miR-based constructs that I 

used showed no immediate immune activation up to 3-weeks post-injection as assessed 

by qRT-PCR and immunohistochemistry (refer to Chapters 2 and 3), it is unlikely for 

vector or construct silencing to occur in the preclinical trial. Further, AAV1 serotype has 

been tried in other mouse trials showing tolerance and gene expression up to 1 year post-

injection [119].  

 A second obstacle could be inadequate Htt gene silencing by the miHD2.1 

construct. Inadequate protein suppression is of concern given Rodriguez-lebron et al. 

(2005) showed discrepancies between Htt mRNA (-78%) and protein (-28%) suppression 

by shRNA constructs. For this reason it is expected that protein analysis be completed 

before commencing the pre-clinical trial with the expectation that 50% protein 

suppression is observed. Further, once the trial has commenced necessary checks have 

 54



been put in place to monitor Htt gene silencing by quantitative RT-PCR periodically 

through the trial. This ensures that should the construct or vector be silenced it will be 

known before in-depth behaviour and neuropathological analysis is completed.  

 A third obstacle to proving therapeutic efficacy of miHD2.1 would be an 

inadequate spread of the virus through the brain. The striatum is the predominantly 

affected region in the brain showing massive neuronal loss in HD patients and for this 

reason it is standard to target this area in treatment. Presently rAAV1 transduces nearly 

~50-100 % of the striatum with variability highly dependent on the skill of the surgical 

technician. To minimize this risk in the pre-clinical trial the same surgical technician will 

be used for all rAAV injections. A small body of research, however, suggests that HD-

related dysfunction may also reside within cortical pathways affecting trophic synthesis 

and supply to the striatum [120, 121]. With this in mind a therapy delivered intrastriatally 

would be ineffective on cortical dysfunction and additional brain regions could 

potentially be targeted in future studies.  

 

 55



References 

 
[1] Harper PS. Huntington's Disease. 2nd ed. London: W.B. Saunders Company Ltd. 
1996. 
[2] Hayden M. Huntington's Chorea. Great Britain: Springer-Verlag Berlin 
Heidelberg 1981. 
[3] Huntington G. On Chorea. The Medical and Surgical Reporter: A Weekly 
Journal. 1872;26(15):317-21. 
[4] Young AB, Shoulson I, Penney JB, Starosta-Rubinstein S, Gomez F, Travers H, 
et al. Huntington's disease in Venezuela: neurologic features and functional decline. 
Neurology. 1986 Feb;36(2):244-9. 
[5] Diamond R, White RF, Myers RH, Mastromauro C, Koroshetz WJ, Butters N, et 
al. Evidence of presymptomatic cognitive decline in Huntington's disease. J Clin Exp 
Neuropsychol. 1992 Nov;14(6):961-75. 
[6] Foroud T, Siemers E, Kleindorfer D, Bill DJ, Hodes ME, Norton JA, et al. 
Cognitive scores in carriers of Huntington's disease gene compared to noncarriers. 
Annals of neurology. 1995 May;37(5):657-64. 
[7] Paulsen JS, Zhao H, Stout JC, Brinkman RR, Guttman M, Ross CA, et al. Clinical 
markers of early disease in persons near onset of Huntington's disease. Neurology. 2001 
Aug 28;57(4):658-62. 
[8] Paulsen JS, Langbehn DR, Stout JC, Aylward E, Ross CA, Nance M, et al. 
Detection of Huntington's disease decades before diagnosis: The Predict HD study. J 
Neurol Neurosurg Psychiatry. 2007 Dec 20. 
[9] Schmidtke K, Manner H, Kaufmann R, Schmolck H. Cognitive procedural 
learning in patients with fronto-striatal lesions. Learn Mem. 2002 Nov-Dec;9(6):419-29. 
[10] Ho AK, Sahakian BJ, Brown RG, Barker RA, Hodges JR, Ane MN, et al. Profile 
of cognitive progression in early Huntington's disease. Neurology. 2003 Dec 
23;61(12):1702-6. 
[11] Butters N, Wolfe J, Martone M, Granholm E, Cermak LS. Memory disorders 
associated with Huntington's disease: verbal recall, verbal recognition and procedural 
memory. Neuropsychologia. 1985;23(6):729-43. 
[12] Lawrence AD, Sahakian BJ, Rogers RD, Hodge JR, Robbins TW. Discrimination, 
reversal, and shift learning in Huntington's disease: mechanisms of impaired response 
selection. Neuropsychologia. 1999 Nov;37(12):1359-74. 
[13] Duff K, Paulsen JS, Beglinger LJ, Langbehn DR, Stout JC. Psychiatric symptoms 
in Huntington's disease before diagnosis: the predict-HD study. Biol Psychiatry. 2007 
Dec 15;62(12):1341-6. 
[14] Julien CL, Thompson JC, Wild S, Yardumian P, Snowden JS, Turner G, et al. 
Psychiatric disorders in preclinical Huntington's disease. J Neurol Neurosurg Psychiatry. 
2007 Sep;78(9):939-43. 
[15] Craufurd D, Thompson JC, Snowden JS. Behavioral changes in Huntington 
Disease. Neuropsychiatry Neuropsychol Behav Neurol. 2001 Oct-Dec;14(4):219-26. 
[16] MacDonald MEA, C.M.; Duyao,M.P.; Myers,R.H.; Lin,C.; Srinidhi,L.; 
Barnes,G.; Taylor,S.A.; James,M.; Groot,N.; Macfarlane,H.; Jenkins,B.; Anderson,M.A.; 
Wexler,N.S.; Gusella,J.F.; Bates,G.P.; Baxendale,S.; Hummerich,H.; Kirby,S.; North,M.; 
Youngman,S.; Mott,R.; Zehetner,G.; Sedlacek,Z.; Poustka,A.; Frischauf,A.M.; 
Lehrach,H.; Buckler,A.J.; Church,D.; Doucettestamm,L.; Odonovan,M.C.; 

 56



Ribaramirez,L.; Shah,M.; Stanton,V.P.; Strobel,S.A.; Draths,K.M.; Wales,J.L.; 
Dervan,P.; Housman,D.E.; Altherr,M.; Shiang,R.; Thompson,L.; Fielder,T.; 
Wasmuth,J.J.; Tagle,D.; Valdes,J.; Elmer,L.; Allard,M.; Castilla,L.; Swaroop,M.; 
Blanchard,K.; Collins,F.S.; Snell,R.; Holloway,T.; Gillespie,K.; Datson,N.; Shaw,D.; 
Harper,P.S. A novel gene containing a trinucleotide repeat that is expanded and unstable 
on Huntington's disease chromosomes. The Huntington's Disease Collaborative Research 
Group. Cell. 1993 Mar 26;72(6):971-83. 
[17] Cattaneo E. Dysfunction of wild-type huntingtin in Huntington disease. News 
Physiol Sci. 2003 Feb;18:34-7. 
[18] Nance MA, Mathias-Hagen V, Breningstall G, Wick MJ, McGlennen RC. 
Analysis of a very large trinucleotide repeat in a patient with juvenile Huntington's 
disease. Neurology. 1999 Jan 15;52(2):392-4. 
[19] Andrew SE, Goldberg YP, Kremer B, Telenius H, Theilmann J, Adam S, et al. 
The relationship between trinucleotide (CAG) repeat length and clinical features of 
Huntington's disease. Nature genetics. 1993 Aug;4(4):398-403. 
[20] Brinkman RR, Mezei MM, Theilmann J, Almqvist E, Hayden MR. The likelihood 
of being affected with Huntington disease by a particular age, for a specific CAG size. 
Am J Hum Genet. 1997 May;60(5):1202-10. 
[21] Semaka A, Creighton S, Warby S, Hayden MR. Predictive testing for Huntington 
disease: interpretation and significance of intermediate alleles. Clin Genet. 2006 
Oct;70(4):283-94. 
[22] Cannella M, Gellera C, Maglione V, Giallonardo P, Cislaghi G, Muglia M, et al. 
The gender effect in juvenile Huntington disease patients of Italian origin. Am J Med 
Genet B Neuropsychiatr Genet. 2004 Feb 15;125(1):92-8. 
[23] Hayden MR, Berkowicz AL, Beighton PH, Yiptong C. Huntington's chorea on the 
island of Mauritius. S Afr Med J. 1981 Dec 26;60(26):1001-2. 
[24] Nahhas FA, Garbern J, Krajewski KM, Roa BB, Feldman GL. Juvenile onset 
Huntington disease resulting from a very large maternal expansion. Am J Med Genet A. 
2005 Sep 1;137(3):328-31. 
[25] Duyao M, Ambrose C, Myers R, Novelletto A, Persichetti F, Frontali M, et al. 
Trinucleotide repeat length instability and age of onset in Huntington's disease. Nature 
genetics. 1993 Aug;4(4):387-92. 
[26] Vonsattel JP, Myers RH, Stevens TJ, Ferrante RJ, Bird ED, Richardson EP, Jr. 
Neuropathological classification of Huntington's disease. J Neuropathol Exp Neurol. 
1985 Nov;44(6):559-77. 
[27] Rosas HD, Koroshetz WJ, Chen YI, Skeuse C, Vangel M, Cudkowicz ME, et al. 
Evidence for more widespread cerebral pathology in early HD: an MRI-based 
morphometric analysis. Neurology. 2003 May 27;60(10):1615-20. 
[28] Hedreen JC, Folstein SE. Early loss of neostriatal striosome neurons in 
Huntington's disease. J Neuropathol Exp Neurol. 1995 Jan;54(1):105-20. 
[29] Myers RH, Vonsattel JP, Stevens TJ, Cupples LA, Richardson EP, Martin JB, et 
al. Clinical and neuropathologic assessment of severity in Huntington's disease. 
Neurology. 1988 Mar;38(3):341-7. 
[30] Graveland GA, Williams RS, DiFiglia M. Evidence for degenerative and 
regenerative changes in neostriatal spiny neurons in Huntington's disease. Science. 1985 
Feb 15;227(4688):770-3. 
[31] Albin RL, Reiner A, Anderson KD, Dure LSt, Handelin B, Balfour R, et al. 
Preferential loss of striato-external pallidal projection neurons in presymptomatic 
Huntington's disease. Annals of neurology. 1992 Apr;31(4):425-30. 

 57



[32] DiFiglia M, Sapp E, Chase KO, Davies SW, Bates GP, Vonsattel JP, et al. 
Aggregation of huntingtin in neuronal intranuclear inclusions and dystrophic neurites in 
brain. Science. 1997 Sep 26;277(5334):1990-3. 
[33] Davies SW, Turmaine M, Cozens BA, DiFiglia M, Sharp AH, Ross CA, et al. 
Formation of neuronal intranuclear inclusions underlies the neurological dysfunction in 
mice transgenic for the HD mutation. Cell. 1997 Aug 8;90(3):537-48. 
[34] Kitamura A, Kubota H, Pack CG, Matsumoto G, Hirayama S, Takahashi Y, et al. 
Cytosolic chaperonin prevents polyglutamine toxicity with altering the aggregation state. 
Nature cell biology. 2006 Oct;8(10):1163-70. 
[35] Saudou F, Finkbeiner S, Devys D, Greenberg ME. Huntingtin acts in the nucleus 
to induce apoptosis but death does not correlate with the formation of intranuclear 
inclusions. Cell. 1998 Oct 2;95(1):55-66. 
[36] Arrasate M, Mitra S, Schweitzer ES, Segal MR, Finkbeiner S. Inclusion body 
formation reduces levels of mutant huntingtin and the risk of neuronal death. Nature. 
2004 Oct 14;431(7010):805-10. 
[37] Reddy PH, Williams M, Charles V, Garrett L, Pike-Buchanan L, Whetsell WO, 
Jr., et al. Behavioural abnormalities and selective neuronal loss in HD transgenic mice 
expressing mutated full-length HD cDNA. Nature genetics. 1998 Oct;20(2):198-202. 
[38] Tanaka Y, Igarashi S, Nakamura M, Gafni J, Torcassi C, Schilling G, et al. 
Progressive phenotype and nuclear accumulation of an amino-terminal cleavage fragment 
in a transgenic mouse model with inducible expression of full-length mutant huntingtin. 
Neurobiology of disease. 2006 Feb;21(2):381-91. 
[39] Hodgson JG, Agopyan N, Gutekunst CA, Leavitt BR, LePiane F, Singaraja R, et 
al. A YAC mouse model for Huntington's disease with full-length mutant huntingtin, 
cytoplasmic toxicity, and selective striatal neurodegeneration. Neuron. 1999 
May;23(1):181-92. 
[40] Slow EJ, van Raamsdonk J, Rogers D, Coleman SH, Graham RK, Deng Y, et al. 
Selective striatal neuronal loss in a YAC128 mouse model of Huntington disease. Human 
molecular genetics. 2003 Jul 1;12(13):1555-67. 
[41] Van Raamsdonk JM, Murphy Z, Slow EJ, Leavitt BR, Hayden MR. Selective 
degeneration and nuclear localization of mutant huntingtin in the YAC128 mouse model 
of Huntington disease. Human molecular genetics. 2005 Dec 15;14(24):3823-35. 
[42] Mangiarini L, Sathasivam K, Seller M, Cozens B, Harper A, Hetherington C, et 
al. Exon 1 of the HD gene with an expanded CAG repeat is sufficient to cause a 
progressive neurological phenotype in transgenic mice. Cell. 1996 Nov 1;87(3):493-506. 
[43] Laforet GA, Sapp E, Chase K, McIntyre C, Boyce FM, Campbell M, et al. 
Changes in cortical and striatal neurons predict behavioral and electrophysiological 
abnormalities in a transgenic murine model of Huntington's disease. J Neurosci. 2001 
Dec 1;21(23):9112-23. 
[44] Schilling G, Becher MW, Sharp AH, Jinnah HA, Duan K, Kotzuk JA, et al. 
Intranuclear inclusions and neuritic aggregates in transgenic mice expressing a mutant N-
terminal fragment of huntingtin. Human molecular genetics. 1999 Mar;8(3):397-407. 
[45] Yamamoto A, Lucas JJ, Hen R. Reversal of neuropathology and motor 
dysfunction in a conditional model of Huntington's disease. Cell. 2000 Mar 31;101(1):57-
66. 
[46] Carter RJ, Lione LA, Humby T, Mangiarini L, Mahal A, Bates GP, et al. 
Characterization of progressive motor deficits in mice transgenic for the human 
Huntington's disease mutation. J Neurosci. 1999 Apr 15;19(8):3248-57. 

 58



[47] Stack EC, Kubilus JK, Smith K, Cormier K, Del Signore SJ, Guelin E, et al. 
Chronology of behavioral symptoms and neuropathological sequela in R6/2 Huntington's 
disease transgenic mice. The Journal of comparative neurology. 2005 Oct 3;490(4):354-
70. 
[48] Yu ZX, Li SH, Evans J, Pillarisetti A, Li H, Li XJ. Mutant huntingtin causes 
context-dependent neurodegeneration in mice with Huntington's disease. J Neurosci. 
2003 Mar 15;23(6):2193-202. 
[49] Hersch SM, Ferrante RJ. Translating therapies for Huntington's disease from 
genetic animal models to clinical trials. NeuroRx. 2004 Jul;1(3):298-306. 
[50] Hockly E, Woodman B, Mahal A, Lewis CM, Bates G. Standardization and 
statistical approaches to therapeutic trials in the R6/2 mouse. Brain research bulletin. 
2003 Sep 30;61(5):469-79. 
[51] Diaz-Hernandez M, Torres-Peraza J, Salvatori-Abarca A, Moran MA, Gomez-
Ramos P, Alberch J, et al. Full motor recovery despite striatal neuron loss and formation 
of irreversible amyloid-like inclusions in a conditional mouse model of Huntington's 
disease. J Neurosci. 2005 Oct 19;25(42):9773-81. 
[52] Barnes GT, Duyao MP, Ambrose CM, McNeil S, Persichetti F, Srinidhi J, et al. 
Mouse Huntington's disease gene homolog (Hdh). Somatic cell and molecular genetics. 
1994 Mar;20(2):87-97. 
[53] Levine MS, Klapstein GJ, Koppel A, Gruen E, Cepeda C, Vargas ME, et al. 
Enhanced sensitivity to N-methyl-D-aspartate receptor activation in transgenic and 
knockin mouse models of Huntington's disease. Journal of neuroscience research. 1999 
Nov 15;58(4):515-32. 
[54] Lin CH, Tallaksen-Greene S, Chien WM, Cearley JA, Jackson WS, Crouse AB, et 
al. Neurological abnormalities in a knock-in mouse model of Huntington's disease. 
Human molecular genetics. 2001 Jan 15;10(2):137-44. 
[55] Menalled LB, Sison JD, Dragatsis I, Zeitlin S, Chesselet MF. Time course of 
early motor and neuropathological anomalies in a knock-in mouse model of Huntington's 
disease with 140 CAG repeats. The Journal of comparative neurology. 2003 Oct 
6;465(1):11-26. 
[56] Shelbourne PF, Killeen N, Hevner RF, Johnston HM, Tecott L, Lewandoski M, et 
al. A Huntington's disease CAG expansion at the murine Hdh locus is unstable and 
associated with behavioural abnormalities in mice. Human molecular genetics. 1999 
May;8(5):763-74. 
[57] Wheeler VC, White JK, Gutekunst CA, Vrbanac V, Weaver M, Li XJ, et al. Long 
glutamine tracts cause nuclear localization of a novel form of huntingtin in medium spiny 
striatal neurons in HdhQ92 and HdhQ111 knock-in mice. Human molecular genetics. 
2000 Mar 1;9(4):503-13. 
[58] White JK, Auerbach W, Duyao MP, Vonsattel JP, Gusella JF, Joyner AL, et al. 
Huntingtin is required for neurogenesis and is not impaired by the Huntington's disease 
CAG expansion. Nature genetics. 1997 Dec;17(4):404-10. 
[59] Squitieri F, Gellera C, Cannella M, Mariotti C, Cislaghi G, Rubinsztein DC, et al. 
Homozygosity for CAG mutation in Huntington disease is associated with a more severe 
clinical course. Brain. 2003 Apr;126(Pt 4):946-55. 
[60] Zeitlin S, Liu JP, Chapman DL, Papaioannou VE, Efstratiadis A. Increased 
apoptosis and early embryonic lethality in mice nullizygous for the Huntington's disease 
gene homologue. Nature genetics. 1995 Oct;11(2):155-63. 

 59



[61] Dragatsis I, Efstratiadis A, Zeitlin S. Mouse mutant embryos lacking huntingtin 
are rescued from lethality by wild-type extraembryonic tissues. Development 
(Cambridge, England). 1998 Apr;125(8):1529-39. 
[62] Reiner A, Del Mar N, Meade CA, Yang H, Dragatsis I, Zeitlin S, et al. Neurons 
lacking huntingtin differentially colonize brain and survive in chimeric mice. J Neurosci. 
2001 Oct 1;21(19):7608-19. 
[63] Van Raamsdonk JM, Pearson J, Rogers DA, Bissada N, Vogl AW, Hayden MR, 
et al. Loss of wild-type huntingtin influences motor dysfunction and survival in the 
YAC128 mouse model of Huntington disease. Human molecular genetics. 2005 May 
15;14(10):1379-92. 
[64] Alexander BL, Ali RR, Alton EW, Bainbridge JW, Braun S, Cheng SH, et al. 
Progress and prospects: gene therapy clinical trials (part 1). Gene Ther. 2007 
Oct;14(20):1439-47. 
[65] Alton E, Ferrari S, Griesenbach U. Progress and prospects: gene therapy clinical 
trials (part 2). Gene Ther. 2007 Nov;14(22):1555-63. 
[66] Cavazzana-Calvo M, Hacein-Bey S, de Saint Basile G, Gross F, Yvon E, 
Nusbaum P, et al. Gene therapy of human severe combined immunodeficiency (SCID)-
X1 disease. Science. 2000 Apr 28;288(5466):669-72. 
[67] Hacein-Bey-Abina S, Le Deist F, Carlier F, Bouneaud C, Hue C, De Villartay JP, 
et al. Sustained correction of X-linked severe combined immunodeficiency by ex vivo 
gene therapy. N Engl J Med. 2002 Apr 18;346(16):1185-93. 
[68] Aiuti A, Slavin S, Aker M, Ficara F, Deola S, Mortellaro A, et al. Correction of 
ADA-SCID by stem cell gene therapy combined with nonmyeloablative conditioning. 
Science. 2002 Jun 28;296(5577):2410-3. 
[69] Gaspar HB, Bjorkegren E, Parsley K, Gilmour KC, King D, Sinclair J, et al. 
Successful reconstitution of immunity in ADA-SCID by stem cell gene therapy following 
cessation of PEG-ADA and use of mild preconditioning. Mol Ther. 2006 Oct;14(4):505-
13. 
[70] Hacein-Bey-Abina S, Von Kalle C, Schmidt M, McCormack MP, Wulffraat N, 
Leboulch P, et al. LMO2-associated clonal T cell proliferation in two patients after gene 
therapy for SCID-X1. Science. 2003 Oct 17;302(5644):415-9. 
[71] Kells AP, Fong DM, Dragunow M, During MJ, Young D, Connor B. AAV-
mediated gene delivery of BDNF or GDNF is neuroprotective in a model of Huntington 
disease. 2004 May;9(5):682-8. 
[72] McBride JL, Ramaswamy S, Gasmi M, Bartus RT, Herzog CD, Brandon EP, et 
al. Viral delivery of glial cell line-derived neurotrophic factor improves behavior and 
protects striatal neurons in a mouse model of Huntington's disease. 2006 Jun 
13;103(24):9345-50. 
[73] Popovic N, Maingay M, Kirik D, Brundin P. Lentiviral gene delivery of GDNF 
into the striatum of R6/2 Huntington mice fails to attenuate behavioral and 
neuropathological changes. 2005 May;193(1):65-74. 
[74] Singer O, Marr RA, Rockenstein E, Crews L, Coufal NG, Gage FH, et al. 
Targeting BACE1 with siRNAs ameliorates Alzheimer disease neuropathology in a 
transgenic model. Nat Neurosci. 2005 Oct;8(10):1343-9. 
[75] Fire A, Xu S, Montgomery MK, Kostas SA, Driver SE, Mello CC. Potent and 
specific genetic interference by double-stranded RNA in Caenorhabditis elegans. Nature. 
1998 Feb 19;391(6669):806-11. 
[76] Cullen BR. RNAi the natural way. Nature genetics. 2005 Nov;37(11):1163-5. 

 60



[77] Wu L, Belasco JG. Let me count the ways: mechanisms of gene regulation by 
miRNAs and siRNAs. Molecular cell. 2008 Jan 18;29(1):1-7. 
[78] Kim DH, Behlke MA, Rose SD, Chang MS, Choi S, Rossi JJ. Synthetic dsRNA 
Dicer substrates enhance RNAi potency and efficacy. Nat Biotechnol. 2005 
Feb;23(2):222-6. 
[79] Siolas D, Lerner C, Burchard J, Ge W, Linsley PS, Paddison PJ, et al. Synthetic 
shRNAs as potent RNAi triggers. Nat Biotechnol. 2005 Feb;23(2):227-31. 
[80] Silva JM, Li MZ, Chang K, Ge W, Golding MC, Rickles RJ, et al. Second-
generation shRNA libraries covering the mouse and human genomes. Nature genetics. 
2005 Nov;37(11):1281-8. 
[81] Samulski RJ, Chang LS, Shenk T. Helper-free stocks of recombinant adeno-
associated viruses: normal integration does not require viral gene expression. J Virol. 
1989 Sep;63(9):3822-8. 
[82] McCown TJ. Adeno-associated virus (AAV) vectors in the CNS. Curr Gene Ther. 
2005 Jun;5(3):333-8. 
[83] Klein RL, Meyer EM, Peel AL, Zolotukhin S, Meyers C, Muzyczka N, et al. 
Neuron-specific transduction in the rat septohippocampal or nigrostriatal pathway by 
recombinant adeno-associated virus vectors. Experimental neurology. 1998 
Apr;150(2):183-94. 
[84] Bankiewicz KS, Forsayeth J, Eberling JL, Sanchez-Pernaute R, Pivirotto P, 
Bringas J, et al. Long-term clinical improvement in MPTP-lesioned primates after gene 
therapy with AAV-hAADC. Mol Ther. 2006 Oct;14(4):564-70. 
[85] Schnepp BC, Jensen RL, Chen CL, Johnson PR, Clark KR. Characterization of 
adeno-associated virus genomes isolated from human tissues. J Virol. 2005 
Dec;79(23):14793-803. 
[86] Mandel RJ, Manfredsson FP, Foust KD, Rising A, Reimsnider S, Nash K, et al. 
Recombinant adeno-associated viral vectors as therapeutic agents to treat neurological 
disorders. Mol Ther. 2006 Mar;13(3):463-83. 
[87] Manno CS, Arruda VR, Pierce GF, Glader B, Ragni M, Rasko J, et al. Successful 
transduction of liver in hemophilia by AAV-factor IX and limitations imposed by the 
host immune response. 2006 Mar;12(3):342-7. 
[88] Zu T, Duvick LA, Kaytor MD, Berlinger MS, Zoghbi HY, Clark HB, et al. 
Recovery from polyglutamine-induced neurodegeneration in conditional SCA1 
transgenic mice. 2004 Oct 6;24(40):8853-61. 
[89] Xia H, Mao Q, Eliason SL, Harper SQ, Martins IH, Orr HT, et al. RNAi 
suppresses polyglutamine-induced neurodegeneration in a model of spinocerebellar 
ataxia. Nat Med. 2004 Aug;10(8):816-20. 
[90] Limprasert P, Nouri N, Heyman RA, Nopparatana C, Kamonsilp M, Deininger 
PL, et al. Analysis of CAG repeat of the Machado-Joseph gene in human, chimpanzee 
and monkey populations: a variant nucleotide is associated with the number of CAG 
repeats. Human molecular genetics. 1996 Feb;5(2):207-13. 
[91] Li Y, Yokota T, Matsumura R, Taira K, Mizusawa H. Sequence-dependent and 
independent inhibition specific for mutant ataxin-3 by small interfering RNA. Annals of 
neurology. 2004 Jul;56(1):124-9. 
[92] Peel AL, Klein RL. Adeno-associated virus vectors: activity and applications in 
the CNS. Journal of neuroscience methods. 2000 Jun 1;98(2):95-104. 
[93] Choi VW, McCarty DM, Samulski RJ. AAV hybrid serotypes: improved vectors 
for gene delivery. Current gene therapy. 2005 Jun;5(3):299-310. 

 61



[94] Davidson BL, Stein CS, Heth JA, Martins I, Kotin RM, Derksen TA, et al. 
Recombinant adeno-associated virus type 2, 4, and 5 vectors: transduction of variant cell 
types and regions in the mammalian central nervous system. Proceedings of the National 
Academy of Sciences of the United States of America. 2000 Mar 28;97(7):3428-32. 
[95] Burger C, Gorbatyuk OS, Velardo MJ, Peden CS, Williams P, Zolotukhin S, et al. 
Recombinant AAV viral vectors pseudotyped with viral capsids from serotypes 1, 2, and 
5 display differential efficiency and cell tropism after delivery to different regions of the 
central nervous system. Mol Ther. 2004 Aug;10(2):302-17. 
[96] Taymans JM, Vandenberghe LH, Haute CV, Thiry I, Deroose CM, Mortelmans 
L, et al. Comparative analysis of adeno-associated viral vector serotypes 1, 2, 5, 7, and 8 
in mouse brain. Human gene therapy. 2007 Mar;18(3):195-206. 
[97] Howard DB, Powers K, Wang Y, Harvey BK. Tropism and toxicity of adeno-
associated viral vector serotypes 1, 2, 5, 6, 7, 8, and 9 in rat neurons and glia in vitro. 
Virology. 2008 Mar 1;372(1):24-34. 
[98] McLin JP, Thompson LM, Steward O. Differential susceptibility to striatal 
neurodegeneration induced by quinolinic acid and kainate in inbred, outbred and hybrid 
mouse strains. The European journal of neuroscience. 2006 Dec;24(11):3134-40. 
[99] Betz AL, Shakui P, Davidson BL. Gene transfer to rodent brain with recombinant 
adenoviral vectors: effects of infusion parameters, infectious titer, and virus concentration 
on transduction volume. Experimental neurology. 1998 Mar;150(1):136-42. 
[100] Markakis EAL, C.; Bober, J.; Samulski, R.J.; Rabinowitz, J.; Zhou, S.; Vives, K.; 
Redmond, D.E. Jr. . Efficiency of gene delivery among AAV serotypes in primate brain. 
Experimental neurology. 2006 April 2006;198(2):2. 
[101] Elbashir SM, Lendeckel W, Tuschl T. RNA interference is mediated by 21- and 
22-nucleotide RNAs. Genes & development. 2001 Jan 15;15(2):188-200. 
[102] Zamore PD, Tuschl T, Sharp PA, Bartel DP. RNAi: double-stranded RNA directs 
the ATP-dependent cleavage of mRNA at 21 to 23 nucleotide intervals. Cell. 2000 Mar 
31;101(1):25-33. 
[103] Paddison PJ, Caudy AA, Bernstein E, Hannon GJ, Conklin DS. Short hairpin 
RNAs (shRNAs) induce sequence-specific silencing in mammalian cells. Genes & 
development. 2002 Apr 15;16(8):948-58. 
[104] Harper SQ, Staber PD, He X, Eliason SL, Martins IH, Mao Q, et al. RNA 
interference improves motor and neuropathological abnormalities in a Huntington's 
disease mouse model. Proceedings of the National Academy of Sciences of the United 
States of America. 2005 Apr 19;102(16):5820-5. 
[105] Miller TM, Kaspar BK, Kops GJ, Yamanaka K, Christian LJ, Gage FH, et al. 
Virus-delivered small RNA silencing sustains strength in amyotrophic lateral sclerosis. 
Annals of neurology. 2005 May;57(5):773-6. 
[106] Grimm D, Streetz KL, Jopling CL, Storm TA, Pandey K, Davis CR, et al. Fatality 
in mice due to oversaturation of cellular microRNA/short hairpin RNA pathways. Nature. 
2006 May 25;441(7092):537-41. 
[107] Zeng Y, Wagner EJ, Cullen BR. Both natural and designed micro RNAs can 
inhibit the expression of cognate mRNAs when expressed in human cells. Molecular cell. 
2002 Jun;9(6):1327-33. 
[108] Khvorova A, Reynolds A, Jayasena SD. Functional siRNAs and miRNAs exhibit 
strand bias. Cell. 2003 Oct 17;115(2):209-16. 
[109] Rogers DC, Fisher EM, Brown SD, Peters J, Hunter AJ, Martin JE. Behavioral 
and functional analysis of mouse phenotype: SHIRPA, a proposed protocol for 
comprehensive phenotype assessment. Mamm Genome. 1997 Oct;8(10):711-3. 

 62



[110] McLaughlin J, Cheng D, Singer O, Lukacs RU, Radu CG, Verma IM, et al. 
Sustained suppression of Bcr-Abl-driven lymphoid leukemia by microRNA mimics. 
Proceedings of the National Academy of Sciences of the United States of America. 2007 
Dec 18;104(51):20501-6. 
[111] Castanotto D, Sakurai K, Lingeman R, Li H, Shively L, Aagaard L, et al. 
Combinatorial delivery of small interfering RNAs reduces RNAi efficacy by selective 
incorporation into RISC. Nucleic acids research. 2007;35(15):5154-64. 
[112] Kaplitt MG, Feigin A, Tang C, Fitzsimons HL, Mattis P, Lawlor PA, et al. Safety 
and tolerability of gene therapy with an adeno-associated virus (AAV) borne GAD gene 
for Parkinson's disease: an open label, phase I trial. Lancet. 2007 Jun 23;369(9579):2097-
105. 
[113] Yamamoto A, Lucas JJ, Hen R. Reversal of neuropathology and motor 
dysfunction in a conditional model of Huntington's disease. 2000 Mar 31;101(1):57-66. 
[114] Chen ZJ, Kren BT, Wong PY, Low WC, Steer CJ. Sleeping Beauty-mediated 
down-regulation of huntingtin expression by RNA interference. Biochem Biophys Res 
Commun. 2005 Apr 8;329(2):646-52. 
[115] Rodriguez-Lebron E, Denovan-Wright EM, Nash K, Lewin AS, Mandel RJ. 
Intrastriatal rAAV-mediated delivery of anti-huntingtin shRNAs induces partial reversal 
of disease progression in R6/1 Huntington's disease transgenic mice. Mol Ther. 2005 
Oct;12(4):618-33. 
[116] Machida Y, Okada T, Kurosawa M, Oyama F, Ozawa K, Nukina N. rAAV-
mediated shRNA ameliorated neuropathology in Huntington disease model mouse. 
Biochem Biophys Res Commun. 2006 Apr 28;343(1):190-7. 
[117] DiFiglia M, Sena-Esteves M, Chase K, Sapp E, Pfister E, Sass M, et al. 
Therapeutic silencing of mutant huntingtin with siRNA attenuates striatal and cortical 
neuropathology and behavioral deficits. Proceedings of the National Academy of 
Sciences of the United States of America. 2007 Oct 23;104(43):17204-9. 
[118] Franich NR, Fitzsimons HL, Fong DM, Klugmann M, During MJ, Young D. 
AAV Vector-mediated RNAi of Mutant Huntingtin Expression Is Neuroprotective in a 
Novel Genetic Rat Model of Huntington's Disease. Mol Ther. 2008 Mar 25. 
[119] Passini MA, Watson DJ, Vite CH, Landsburg DJ, Feigenbaum AL, Wolfe JH. 
Intraventricular brain injection of adeno-associated virus type 1 (AAV1) in neonatal mice 
results in complementary patterns of neuronal transduction to AAV2 and total long-term 
correction of storage lesions in the brains of beta-glucuronidase-deficient mice. J Virol. 
2003 Jun;77(12):7034-40. 
[120] Zuccato C, Marullo M, Conforti P, Macdonald ME, Tartari M, Cattaneo E. 
Systematic Assessment of BDNF and Its Receptor Levels in Human Cortices Affected by 
Huntington's Disease. Brain Pathol. 2008 Apr;18(2):225-38. 
[121] Gharami K, Xie Y, An JJ, Tonegawa S, Xu B. Brain-derived neurotrophic factor 
over-expression in the forebrain ameliorates Huntington's disease phenotypes in mice. J 
Neurochem. 2008 Apr;105(2):369-79. 
 
 
 
 
 
 
 
 

 63



Appendix: Animal care protocol 

 

 
 

 64


	ABSTRACT
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	LIST OF ABBREVIATIONS
	ACKNOWLEDGEMENTS
	INTRODUCTION
	1.1.1 History
	1.1.2 HD clinical symptoms
	1.1.3 HD genetics
	1.1.4 Neuropathology
	1.1.5 HD mouse models
	HD full-length models
	HD fragment models
	HD knock-in mouse models

	1.1.6 Wildtype huntingtin function
	1.1.7 Methods of gene therapy (gene replacement, gene silencing)
	1.1.8 RNAi pathway in mammals
	1.1.9 Viral delivery
	1.1.10 Gene silencing and polyglutamine disorders
	1.1.11 Hypothesis and research objectives

	2.1 INTRODUCTION
	2.2 MATERIALS AND METHODS
	2.2.1 rAAV vectors
	2.2.2 Surgical procedures
	2.2.3 Transduction efficiency
	2.2.4 Immunofluorescence and histology
	2.2.5 Statistical analysis

	2.3 RESULTS
	2.3.1 AAV5 serotype displays increased transduction area
	2.3.2 AAV1 serotype shows improved cellular tropism for neuronal cell types
	2.3.3 AAV5 serotype treatment induces adverse effects not evident with AAV1

	2.4 DISCUSSION
	3.1 INTRODUCTION
	3.2 MATERIALS AND METHODS
	3.2.1 Animals
	3.2.2 rAAV vectors
	3.2.3 Surgical procedures
	3.2.4 Quantitative RT-PCR
	3.2.5 Immunofluorescence and histology
	3.2.6 Behaviour testing
	3.2.7 Statistical analysis

	3.3 RESULTS
	3.3.1 shHD2.1 selectively decreases human muHtt
	3.3.2 miHD2.1 shows improved silencing of human muHtt
	3.3.3 Short-hairpin constructs induce adverse effects not evident with miRNA-based treatments

	3.4 DISCUSSION
	4.1 SIGNIFICANCE
	4.2 FUTURE DIRECTIONS
	5.1 INTRODUCTION
	5.2 MATERIALS AND METHODS
	5.2.1 Animals
	Sham
	5.2.2 rAAV vectors
	5.2.3 Surgical procedures
	5.2.4 Quantitative RT-PCR
	5.2.5 Behaviour and motor control testing
	5.2.6 Neuropathological assessment

	5.3 EXPECTED OUTCOMES
	5.4 POTENTIAL PITFALLS

