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Summary
The focus of research presented in this PhD thesis was optimising a therapeutic strategy for an 

inherited retinal disorder termed Retinitis Pigmentosa (RP). RP is a disease in which the 

photoreceptors progressively degenerate. This initiates with degeneration of rod cells and as the disease 

progresses typically the cone photoreceptors are also affected. At the end stage of the disease affected 

individuals are legally blind. RP can be inherited as an autosomal dominant (adRP), autosomal 

recessive or x-linked recessive condition, although digenic and mitochondrial inherited forms of the 

disease have also been characterised. Rhodopsin protein is involved in the initialisation of the rod 

visual transduction cascade. It is notable that mutations within this gene account for approximately 30- 

40% of adRP, making it a good target disease for the development of gene therapies. Rhodopsin-linked 

adRP is mutationally heterogeneous with over 100 mutations identified to date. For this reason a 

mutation-independent therapeutic strategy (suppression and replacement) was explored during the 

course of the study presented in this thesis. The suppression agent of choice was RNAi, a post 

transcriptional gene silencing mechanism by which the introduction of small double stranded RNA 

molecules direct the sequence specific cleavage of target RNA molecules. In addition as both mutant 

and wild-type alleles are suppressed with this mutation-independent strategy, a codon-modified 

replacement rhodopsin gene resistant to suppression by RNAi was designed in an attempt to provide 

adequate levels of wild type rhodopsin protein in photoreceptor cells.

To evaluate siRNA-based rhodopsin therapeutics in a rhodopsin-linked adRP pig model, the research 

detailed in Chapter 3 of the thesis was concerned with the initial design of siRNA molecules which 

could suppress both human and pig rhodopsin. Three molecules were designed and each was co

transfected into HeLa cell culture together with a hRHO plasmid. While significant suppression of 

rhodopsin by all siRNAs was achieved at the RNA level as measured by real-time RT-PCR, only two 

of the three efficiently down-regulated hRHO protein as measured by western blotting. It was decided 

to further evaluate the best suppressor siP3 for in vivo analysis

The study presented in Chapter 4 of this thesis involved the optimisation of in vivo suppressor 

molecules based on siP3. One shRNA and two artificial miRNAs (based on miR-30a and miR-155) 

were cloned and generated into high titre AAV-2/5 vectors and each virus was tested in vivo in a 

transgenic mouse expressing human rhodopsin (NHR mouse). While suppression at the RNA level was 

obtained with all three AAV vectors, only shP3 consistently suppressed human rhodopsin in these mice 

at the RNA, protein, histological and functional level (as assessed by electroretinography). Thus it was 

decided to proceed with in vivo analysis of shP3 in a rhodopsin-linked adRP model.
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In Chapter 5 a study focused on suppression of pig rhodopsin in addition to the evaluation of the 

potential therapeutic benefit associated with suppression of mutant porcine rhodopsin is presented. A 

transgenic mouse model was available in the laboratory that expresses mutant pig rhodopsin on a 

heterozygous mouse rhodopsin background. The target site for shP3 is not homologous between 

porcine and mouse rhodopsin. Therefore the rationale behind the work detailed in Chapter 5 involved 

suppressing the mutant pig rhodopsin in rhodopsin-linked adRP mice, while the non-suppressed mouse 

rhodopsin allele acted as an endogenous replacement gene and thus therapeutic rescue should in 

principle be obtained. While efficient suppression of pRHO was observed at the molecular level in 

terms of RNA, protein and immunohistochemistry, no functional benefit was observed in mice injected 

with shP3. Additionally in vitro, it was found that shP3 may also suppress mouse rhodopsin despite the 

presence of three mismatches. This latter observation may explain the absence of functional rescue 

achieved in shP3 injected mice.

Chapter 6 involved the optimisation of a human rhodopsin replacement gene such that transcripts from 

the replacement gene were resistant to siP3 RNAi-mediated suppression. Initially two codon-modified 

replacement genes were generated resistant to siP2 or siP3 respectively and evaluated in vitro. Notably 

both replacement genes were found to be refractory to suppression by their respective siRNA 

counterparts as evaluated at the RNA and protein level. Subsequently the replacement gene rP3 was 

generated into both AAV-2/5 and AAV-2/8 virus for in vivo evaluation. In vivo evaluation involved 

subretinal injection of either serotype into rhodopsin knockout mice to assess the effects of delivery of 

an AAV-rhodopsin replacement gene in knockout mice. Functional benefit was assessed utilising ERG 

read outs, histology, western blotting and real-time RT-PCR. In addition to evaluation of the rP3 AAV- 

2/5 and AAV-2/8 vectors detailed above, a preliminary comparative analysis was undertaken with 

AAV-2/5, AAV-2/8 and AAV-2/rhlO viral serotypes in order to determine the optimal AAV serotype 

for subretinal administration of a human rhodopsin replacement gene and expression of the transgene 

encoded hRHO protein as assessed by western blotting. The work presented in the thesis provides a 

further impetus to progress this novel dual-component rhodopsin suppression and replacement therapy 

towards evaluation in large animals models of adRP.
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Chapter 1: General Introduction



Section 1; Introduction

According to the World Health Organisation statistics in 2010, 284 million people world-wide are 

visually impaired with 39 million people being registered as completely blind. Globally, Cataract, 

Glaucoma and Age Related Macular Degeneration are the top three causes. Despite these statistics, 

precise estimates of the number of people suffering from world-wide genetic forms of blindness are not 

available, however, it is estimated that in industrialised countries, a significant portion of visual 

impairment is accounted for by genetic diseases (World Health Organisation, 2010). One such genetic 

disorder that leads to severe visual impairment is Retinitis Pigmentosa (RP). This disorder consists of a 

collection of hereditary retinal disorders in which photoreceptors are progressively degenerating 

(Daiger et al, 2007; Hartong et al, 2006). Approximately 1.5 million people are affected worldwide and 

RP represents the most common form of blindness among the registered blind of working age (Farrar 

et al, 2002; Farrar et al, 2010; Hartong et al, 2006). RP represents a significant unmet clinical need. 

With this in mind, in order for one to try to develop therapies for this disease an extensive knowledge 

of the genetics and molecular mechanisms underlying RP, are essential and will greatly expedite the 

design and development of novel therapeutics for this disorder.

1.1 Vision and the eve

Vision in mammals involves the input of visual cues, in the form of light energy (photons) from the 

environment. These light rays are converted and processed into various chemical and electrical signals 

via a complex signal transduction cascade called phototransduction. These results in the generation of 

neural impulses that are interpreted by the brain in a process called visual perception (Davidson, 1980; 

Remington & McGill, 1998). The organ responsible for modulating visual perception is the eye. The 

eye is made up of three main layers (Figure 1.1); the first is the outer protective layer of the eye and 

consists of the sclera and the cornea (Purves et al, 2008). The second comprises three tissues called the 

uveal tract and includes the choroid (involved in supplying blood and nutrients to the photoreceptors), 

the ciliary body (involved in controlling the refraction of the lens as well as producing aqueous humor) 

and the iris (involved in adjusting the size of the pupils). The final layer of the eye is the neural retina 

(Davson, 1980; Purves et al, 2008; Remington & McGill, 1998). In mammals, phototransduction 

occurs in the neural retina (Berg et al, 2002). The eye also contains two kinds of fluid, the aqueous 

humor, located between the cornea and the lens; is responsible for supplying nourishment to this part 

of the eye and the vitreous humor, located between the lens and the retina preserves the globe shape of 

the eye in addition to phagocytosis of any unwanted debris (Purves et al, 2008).



1.2. Retinal structure

The retina comprises three main neural layers; the outer, inner and the ganglion cell layers (Farrar et al, 

2002) containing different cell types (Figure 1.2), the photoreceptors, bipolar cells, amacrine cells, 

horizontal cells and ganglion cells (Purves et al, 2008; Sung & Chuang, 2010). The outer layer of the 

retina contains rod and cone photoreceptors, the primary neurons involved in visual transduction. In 

the retina, photoreceptor inner and outer segments (IS, OS) are located in the outer layer between the 

retinal pigment epithelium (RPE) and the outer nuclear layer (ONL). The axons of photoreceptor cells 

synapse with bipolar cells and horizontal cells in the outer plexiform layer (OPL). The inner layer of 

the retina contains bipolar cells, horizontal cells, amacrine cells, interplexiform cells and Muller cells. 

The inner nuclear layer (INL) contains the nuclear bodies of these cells. In the inner plexiform layer 

(IPL), bipolar cells and amacrine cells interact and form synaptic connections with the output neurons 

of the retina, retinal ganglion cells. The nuclear bodies of the ganglion cells are located in the ganglion 

cell layer (GCL) and it is these neurons that relay visual information to the brain. The RPE is located 

near the outer segments of the photoreceptors cells and separates the outer retina from the choroid 
(Berg et al, 2002; Farrar et al, 2002; Mcllwain, 1996; Rattner et al, 1999).

1.3. Photoreceptor cells

There are two types of photoreceptor cells in the mammalian retina, rods and cones. Each 

photoreceptor is characterised by an outer segment where phototransduction occurs and an inner 

segment containing the nucleus and the cellular organelles (Berg et al, 2002). Humans have 

approximately 125 million rods, the majority of which are located around the periphery of the retina 

(Campbell & Reece, 2002). Rods are highly sensitive to light and are able to detect just 1 photon of 

light energy (Bayler et al, 1979; Gomperts et al, 2009; Hecht et al, 1942; Sung & Chuang, 2010). For 

this reason rods are involved in vision in dim light (scotopic vision, [Berg et al, 2002; Rattner et al, 

1999]). Rods are the most abundant photoreceptor cell in the eye, representing approximately 95% of 

all photoreceptor cells (Rattner et al, 1999). There are approximately six million cones and the bulk of 

these are found in a region of the retina called the fovea. This part of the retina is the region with the 

highest visual acuity (Campbell & Reece, 2002; Purves et al, 2008). The cones are involved in 

controlling vision in bright light (photopic). There are three types of cones; red, green and blue and 

these cells are responsible for colour vision (Kennan et al, 2005; Rattner et al, 1999).



1.4. The Rod photoreceptors

Rods are long structures containing the rod outer segment (ROS), separated from the rod inner segment 

(RIS) by a cilium (Figure 1.4 [Berg et al 2002; Kennan et al, 2005]). At the base of the rods, the cells 

synapse with the secondary neurons, the bipolar cells (Berg et al, 2002; Hargrave & McDowell, 1992; 

Kennan et al, 2005). One of the main components of rods is the long tubular structure known as the 

ROS, which contains approximately 1000 densely stacked rows of ROS discs (Sung & Chuang et al, 

2010). These form when the plasma membrane surrounding the ROS discs invaginates and pinches off 

(Berg et al, 2002; Hargrave & McDowell, 1992). Rhodopsin comprises approximately 90% of the total 

protein present in the ROS disc membranes and each rod has approximately 10** molecules of 

rhodopsin (Daemen et al, 1973: Palczewski et al, 2006; Purves et al, 2008). Other proteins located on 

the disc membranes include peripherin 2 and its homolog, rom-1, both of which are important for disc 

structure, size and stability (Sung & Chuang, 2010). Each ROS protrudes into the RPE as the RPE has 

a vital rode in rod cell maintenance; the older OS discs are constantly being removed and have a life 

span of approximately 12 days (Purves et al, 2008). New ROS discs are made every day at the bottom 

of the ROS. When these segments get older they begin to move up along the ROS, eventually reaching 

the top where they are phagocytosised by the RPE (Purves et al, 2008; Sung & Chuang et al, 2010). 

The RPE also contains the pigment melanin, which catches scattered light that hits the retina and 

prevents it from being picked up by sensitive rod photoreceptors (Oomperts et al, 2009).

1.5. Rhodopsin

Rhodopsin (RHO) was first depicted in 1878 by Professor William Kuhne as “visual purple”. This was 

due to the fact that when found in its dark inactive state, the protein was attached to 1 l-c/v-retinal (the 

source of the purple colour). Upon light hitting “visual purple” the protein gradually transformed from 

purple to pink as 1 l-cw-retinal isomerised and dissociated from rhodopsin (Gomperts et al, 2009; 

Kuhne, 1878). Rhodopsin is a transmembrane protein of approximately 40 kiloDaltans in size (kDA 

[Hargrave & McDowell, 1992]). It is a member of the G-protein coupled receptor (GPCR) family. The 

amino acid sequence of rhodopsin is organised such that seven blocks of hydrophilic regions are 

separated by seven blocks of hydrophobic regions of approximately 21-28 amino acids in length, 

which result in the formation of seven transmembrane domains (7TM [Hargrave & McDowell, 1992]). 

Rhodopsin is 348 amino acids in length, its amino-terminus is located extracellular to the ROS plasma 

membrane and its carboxyl terminus is located on the cytoplasmic side (Hargrave & McDowell, 1992; 

Palczewski et al, 2006). The 7TM helices form a pocket in which the chromophore known as 11-cw



retinal is bound (Djmagoz et al 1995; Purves et al, 2008). This binding occurs when lysine 296 within 

helixVII of rhodopsin is covalently attached to a protonated Schiff base of 1 l-cw-retinal in the inactive 

form of rhodopsin (Mendes et al, 2005; Ridge & Palczewski, 2007). Rhodopsin is made in the RIS and 

once the protein has been synthesised and matured it is transported to the ROS (Ridge &Palczewski, 

2007). The main role of rhodopsin is in the phototransduction cascade; however it also plays a role in 

the formation of the ROS disc membranes as rhodopsin knockout mice have no ROS (Humphries et al, 

1997; Sung & Chuang, 2010).

1.6. The phototransduction cascade

In the dark inactive state, 3 molecules of cGMP are bound to a cGMP-gated cation channel in the ROS, 

keeping the channel open and allowing an influx of Na^ and Ca^”^ ions (Figure 1.6 [Gomperts et al, 

2009; Kennan et al, 2005]). The exposure to light results in isomerisation of 11-c/x-retinal to all-tran^- 

retinal (Berg et al, 2002; Kennan et al, 2005, Mendes et al, 2005). This changes the inactive 

conformation of the opsin (R) and within milliseconds leads to its conversion into a series of 

intermediate states, the last of which is active metarhodopsin II (R*) (Hargrave & McDowell, 1992; 

Ridge & Palczewski, 2007). R* can bind and activate the G protein transducin by allowing the Ga 

subunit of transducin to catalyse the exchange of GDP for GTP. When GTP is bound, the Py transducin 

subunits dissociate from the complex and the a-subunit activates cGMP-phosphodiesterase (cGMP- 

PDE) (Berg et al, 2002; Kennan et al, 2005). Active cGMP-PDE hydrolyses cGMP to 5’GMP and 

cGMP levels decrease. This reduction in cGMP closes the cGMP-gated cation channel in the outer 

membrane and Na"^ and Ca^"^ can no longer enter the rod and as K^ ions flow out of the OS the 

membrane potential of the cell decreases and the cell becomes hyperpolarised (Berg et al, 2002; 

Mendes et al, 2005; Purves et al, 2008). The release of the neurotransmitter glutamate is also inhibited 

and an electrical signal is transmitted through the neurons in the retina, along the optic nerve and to the 

brain for visual processing (Kennan et al, 2005).

Visual transduction is a rapid signalling process that must quickly be terminated in order to prevent a 

continuous visual signal being sent to the brain (Berg et al, 2002; Mendes et al, 2005). To inactivate 

rhodopsin, R* is phosphorylated on serine and threonine residues (located in the c-terminus) by 

rhodopsin kinase with milliseconds of activation. A protein called arrestin can then bind to R* and 

subsequently prevent it from binding and activating any more transducin. Additionally 11-c/x-retinal is 

regenerated from 1 l-tran^-retinal (in the RPE) and this can bind R*, rendering it inactive (Berg et al, 

2002; Kennan et al, 2005; Rattner et al, 1999). Thirdly, a calcium feedback loop exists in which a 

decrease in levels of intracellular Ca""^ leads to the derepression of guanylate-cyclase-activating protein



(GCAP). As the name suggests, this protein activates the guanylate cyclase enzyme which is involved 

in the synthesis of cGMP. As levels of cGMP increase, the cGMP-gated cation channel can reopen and 

thus the visual cascade can be restarted (Mendes et al, 2005). Finally, active transducin bound to 

cGMP-PDE is also hydrolysed from GTP to GDP, transducin disassociates from cGMP-PDE and re

associates with Gpy subunits (Berg et al, 2002).

It should be noted that phototransduction also takes place in the cones and the process is similar to rods 

(Kennan et al, 2005). The retina clearly mediates a complicated and highly controlled mechanism 

involving many cell types that result in the generation of visual signals which are perceived and 

registered by the brain. In recent years the advances in understanding these processes has highlighted 

the ease at which malfunctions in any of these mechanisms can occur and the impact they can have on 

vision.

1.7. Retinitis Pigmentosa (RP)

Retinitis Pigmentosa (RP) results in the death of the rod photoreceptor cells by apoptosis leading to a 

loss in scotopic visual function. As the disease progresses, cone photoreceptors also begin to 

degenerate. The loss of both rod and cones (i.e. peripheral and central vision) can result in complete 
loss of vision (Farrar et al, 2002; Rattner et al, 1999).

1.8. Clinical symptoms of RP

The rod photoreceptors are the primary cell type involved in RP (Figure 1.4.); therefore clinical 

symptoms of RP initially involve deterioration of scotopic vision. This is characterised by development 

of night blindness followed by a progressive loss of peripheral vision, eventually leading to tunnel 

vision (Figure 1.7.a [Daiger et al, 2007; Kennan et al, 2005]). The death of the rods has a negative 

impact on cones and as the cones begin to die, central day time vision is also lost (Kennan et al, 2005). 

Changes in the eye include attenuation of retinal vessels and optic nerve head pallor. An additional 

change to the retina is caused by the degradation of the RPE, resulting in the accumulation of 

pigmented debris within the retina. The observation of these deposits is the origin of the name RP. The 

deposition occurs when the cells in the RPE begin to degrade, resulting in migration and accumulation 

of cellular debris in the retina (Figure 1.7.b [Daiger et al, 2007; Hartong et al, 2006; Kennan et al, 

2005; Phelan et al, 2000;]).



1.9 Clinical Assessment of RP

There are many ways to characterise the clinical symptoms of RP. One such method is by examining 

the retina with an ophthalmoscope or a slit-lamp biomicroscope (Hartong & Dryja, 2006; Rattner et al, 

1999). Other assessments such as the measurement of decreased visual acuity, the rate of night 

blindness and measurement of contrast sensitivity are techniques also used to assess RP. Changes in 

colour vision can also be measured as advanced RP patients often present with diminished function in 

blue cones (Hartong & Dryja, 2006).

A common and well established technique for measuring retinal functions and used in the diagnosis of 

RP is electroretinography (ERG [Figure 1.9]). When exposed to light, retinal cells produce measurable 

electric responses. These responses can be recorded by measuring the difference in electrical potential 

between a reference electrode and one placed on the front of the eye (either on the cornea or the eye lid 

[Hartong & Dryja, 2006; Rattner et al, 1999]). Each retinal cell produces different electrical waves of 

activity. The photoreceptors produce an a-wave, the inner retina a b-wave and the RPE a c-wave 

(Rattner et al, 1999). In 1985 the International Society for Clinical Electrophysiology of vision 

(ISCEV) released a standard protocol that could be used globally to accurately measure ERG responses 

(Marmor et al, 2004). The first measurement consists of a rod ERG response and is measured under 

scotopic conditions. The subject is dark adapted for a minimum of twenty minutes and then presented 

with a flash of dim blue light with the ERG response usually showing a b-wave and no a-wave. This is 

followed by a mixed rod-cone response consisting of a bright white flash and usually the response is a 

negative a-wave followed by a positive b-wave (Hartong & Dryja, 2006; Lanier et al, 2010; Marmor et 

al, 2004). Following a 10 minute period of light adaption, the general cone response is subsequently 

measured using a single flash of bright white light. A series of single flashes of 30 Hz is used to 

measure the response of the cones in the macula (Lanier et al, 2010; Marmor et al, 2004) Patients with 

RP have reduced amplitudes in these rod and cone responses and also often have a delay in the 

response of their photoreceptors to the light stimuli (Hartong & Dryja, 2006; Lanier et al, 2010).

1.10 Genetics of RP

RP is a heterogeneous condition with more than 40 genes involved (RetNet, October 31 

2011 [http://www.sph.uth.tmc.edu/retnet/sum-dis.htm]). Most genes can also have many different 

mutations causing the disorder (Daiger et al, 2007). Fifty percent of RP cases are sporadic but the 

remainder can be inherited in an autosomal recessive (arRP), autosomal dominant (adRP) or X-linked 

pattern (Daiger et al, 2007; Farrar et al, 2002). Inherited RP is predominantly monogenic but rarer



forms caused by mitochondrial mutations in addition to digenic forms also exist (Goldberg & Molday, 

1996; Mansergh et al, 1999). RP can be a component of various syndromes. One of the most common 

syndromes associated with RP is Ushers syndrome which in addition to RP involves hearing 

impairment and occasionally vestibular dysfunction (Millan et al, 2011). A second common syndrome 

associated with RP is Bardet-Biedl syndrome in which in addition to RP, symptoms include obesity, 

renal disorders, mental retardation and polydactyly (Ayuso & Millan, 2010). The first genetic studies 

of RP primarily used linkage mapping in affected families as a way to localise the disease genes 

(Daiger et al, 2007). Using DNA probes capable of detecting restriction fragment length 

polymorphisms specific to the X-chromosome, Bhattacharya et al, became the first group to map a 

form of X-linked RP to the short-arm of the X chromosome (Bhattacharya et al, 1984). Subsequent to 

this in the late 1980s and early 1990s some genes involved in adRP were elucidated. First a gene 

encoding rhodopsin was mapped to the long arm of chromosome 3 (Farrar et al, 1990; McWilliam et 

al, 1989) and a gene encoding RDS-peripherin was mapped to the short arm of chromosome 6 (Farrar 

et al, 1991; Kajiwara et al, 1991). To date 18 different genes have been identified for adRP, 25 have 

been characterised for recessive RP and 6 genes for X-linked RP (RetNet October 3U‘ 

2011 [http://www.sph.uth.tmc.edu/retnet/sum-dis.htm]). RP is caused by mutations in genes involved in 

a large variety of processes such as visual transduction (e.g. mutations in rhodopsin), photoreceptor 

structure (e.g. peripherin-2), the retinoid cycle (e.g. RPE-65), retinal transcriptional regulation (e.g. 

CRX and NRL), pre-mRNA splicing (e.g. PRP31), protein folding and trafficking (e.g.AIPLl), retinal 

development (CRBl) and disc shedding (MERTK) to name a few. For an extensive list of genes 

involved in retinal dystrophies see RetNet (http;//www.sph.uth.tmc.edu/retnet/). Mutations in all of 

these different genes with different functions highlight the diversity of molecular mechanisms that 
underlie RP (Farrar et al, 2002; RetNet).

1.11 Rhodopsin-linked adRP

Given that rhodopsin plays a significant role in the phototransduction cascade it is not surprising that 

mutations in the RHO gene represent the most common cause of RP worldwide. The majority of these 

mutations are involved in adRP but some autosomal recessive RP rhodopsin mutations have been 

identified (Azam et al, 2009; Kartasasmita et al, 2011; Kumaramanickavel et al, 1994; Rosenfeld et al, 

1992). A mutation within RHO (Ala292Glu) causing the constitutive activation of transducin has also 

been implicated in congenital stationary night blindness (CSNB, Dryja et al, 1993). Over 150 

mutations in RHO have been characterised, accounting for approximately 30-40% of adRP (RetNet). 

Mutations are located throughout the RHO gene, again highlighting the complexity and heterogenetity
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of rhodopsin mutations (Al-Maghtheh et al, 1993). Cell culture experiments by Sung et al led to 

classification of RHO mutations into two distinct classes. Mutations belonging to the first class 

clustered along the c-terminus of RHO (Sung et al, 1993). These mutations lead to wild-type 

expression levels, the protein does not aggregate on an SDS-PAGE gel, 11-cA-retinal is regenerated 

and mutant protein can migrate to the plasma membrane (Sung et al, 1991; Sung et al 1993). However, 

in class I, rhodopsin protein cannot translocate to the ROS efficiently (Sung et al, 1994). One example 

of a class 1 rhodopsin mutation is P347S, this single base pair change is within the penultimate amino 

acid of the rhodopsin c-terminus, and is important for proper post-golgi trafficking of the protein to the 

ROS (Deretic, 1998; Deretic et al, 2006). A transgenic mouse containing the human P347S allele has 

been generated. Rods in this mouse appear to accumulate vesicles of rhodopsin between the junction of 

the inner and outer segments (Li et al, 1996). Class II mutations are primarily located in the 

transmembrane and extracellular loops, are less abundantly expressed than wild-type rhodopsin protein 

and can aggregate on an SDS-PAGE gel. In addition, 11-cA-retinal is capable of binding to mutant 

protein in this class, but to varying degrees. The mutant RHO protein accumulates predominantly in 

the endoplasmic reticulum (Sung et al, 1991; Sung et al, 1993; Sung et al, 1994). The pathogenesis of 

this group of rhodopsin mutations is thought to be due to the protein’s inability to fold properly 

(Kennan et al, 2005). Approximately 10% of adRP in the USA is caused by the class II P23H mutation 

(RetNet [http://www.sph.uth.tmc.edu/retnet/]). The mutant aggregated protein accumulates in 

aggresomes. Aggresomes are typically highly ubiquitylated and hence targeted for degradation by the 

ubiquitin proteasome pathway, which may promote apoptosis in cells within this class (Kennan et al, 

2005; Illing et al, 2002). Illing et al showed in cell culture that aggregation of P23H mutant protein had 

a toxic gain-of-function effect on rods by impairing the ubiquitin-proteasome system. This suggests 

class II RHO mutant protein may function in a similar way to some mutant proteins underlying other 

important neurodegenerative diseases (Illing et al, 2002). Biochemical characteristics of other 

rhodopsin mutations have been elucidated that cannot be placed in the first two classes of mutations. 

Eor this reason Mendes et al, has proposed an extension of this classification system in order to 

encompass atypical mutations (Table 1.11 [Mendes et al, 2005]). Class III mutations were proposed by 

Chuang et al, who examined the R135L rhodopsin mutation. This mutant protein is constitutively 

phosphorylated and thus binds to arrestin; arrestin is targeted to the plasma membrane and undergoes 

abnormal endocytosis. Thus, cells expressing mutant protein in this class undergo anomalous 

endocytosis (Chuang et al, 2004). Class IV mutant proteins have similar biochemical characteristics to 

the T4R rhodopsin mutation identified in English Mastiff dogs (a naturally occurring animal model). 

Proteins in this class have abnormal post-translational modifications and stability (Mendes et al, 2005;



Zhu et al, 2004). Mutant proteins in class V have increased levels of transducin activation (Andres et 

al, 2003; Mendes et al, 2005). Mutant proteins in class VI are constitutively active even in the dark and 

in the presence of 11-cA-retinal. Rhodopsin proteins with mutations that do not fit into any of these six 

categories remain as yet uncharacterised (Mendes et al, 2005).

1.12 Animal models

Animal models of a disease are a vital tool for molecular biology, used for identifying disease genes, 

understanding disease pathology and more recently for testing new treatments. Models for RP are no 

exception to this and have led to major advances in the retinal field (Chader 2002; Fletcher et al, 2011). 

There are many models of photoreceptor degeneration available, some have arisen naturally but the 

majority have been genetically engineered (Li et al, 2001). One commonly used animal to study RP is 

the mouse. Mice have a short lifespan and generation time making them an attractive species for such 

studies (Chang et al, 2005). In 1978 Van Nie et al, identified a mouse model (rds mouse) that had a 

slow retinal degeneration phenotype characterised by lack of formation of ROS and a progressive loss 

of photoreceptors for up to 1 year (Van Nie et al, 1978). A naturally arising recessive mutation within 

the coding sequence of the rds-peripherin gene was causative of the retinal pathology. This animal 

model has since been extensively characterised and utilised in many studies (Connell et al, 1991; 

Sanyal & Jansen, 1981; Sullivan et al, 2011). In terms of larger animal models, a naturally occurring 

dog model (the Swedish Briard Beagle dog) of Lebers Congential Amarosis (LCA, a severe retinal 

degeneration presenting in early childhood) has been well characterised and used in many studies. 

These dogs have a retinal degeneration caused by a 46bp deletion in exon 5 of the RPE65 gene. This 

model has been extensively utilised for preclinical evaluation of an AAV delivered RPE65 replacement 

gene facilitating the progression of this therapy to both studies in non-human primates and human 

clinical trials (Acland et al, 2005; Aguirre et al, 1998; Aguire et al, 2007; Jacobson et al, 2006; Le 

Meur et al, 2007; Narfstrom et al, 2003; Stein et al, 2011). A naturally occurring dominant rhodopsin 

mutation has been identified in the English Mastiff dog. This model has a T4R mutation within 

rhodopsin and the disease pathology appears similar to adRP in humans caused by the same mutation 

(Kijas et al, 2002). This animal was used to show the effect of light exposure (similar to that used for 

standard clinical eye examinations in human patients) in accelerating the retinal degeneration in this 

model in addition to studying the molecular mechanisms causative of this light induced retinal damage 

(Cideciyan et al, 2005; Gu et al, 2007; Komaromy et al, 2008a). Naturally occurring models of retinal 

degenerations in feline animal models have also been identified. A recessive mutation in the Cep290 

gene in the Abyssinian cat results in a slow retinal degeneration (Narfstrom, 1983; Narfstrom et al,
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2011). An autosomal dominant mutation in the CRX gene in a feline Abyssinian cat has also been 

identified. This mutation causes the photoreceptors to not develop fully and results in a severe retinal 

degeneration (Barnett et al, 1985; Narfstrom et al, 2011). An example of a naturally occurring model 

for X-linked RP is the XLPRAl Siberian husky. This dog has a 56bp deletion in ORF15 of the X- 

linked RP GTPase regulator gene which results in a severe retinal degeneration (Yang et al, 2002a).

A vast number of genetically engineered animal models of retinal degenerations exist and have been 

invaluable in the study of RP. One such engineered model for rds-peripherin-linked RP is the A307 

mouse. In this model a base pair deletion in codon 307 of rds-peripherin (a mutation seen in human 

RP) was introduced by ES (Embryonic Stem Cell) homologous recombination. This caused a more 

severe phenotype compared to that observed with the naturally occurring rds'^' mutation suggesting the 

mutation may act in a dominant-negative fashion (McNally et al, 2002). Other genetically engineered 

peripherin murine models include the P216L model (Kedzierski et al, 1997) and the C214S model 

(Strieker et al, 2005) to name but a few. A large number of animal models have been generated for 

RHO-linked adRP. A rhodopsin knockout (rho'^') mouse was generated to explore the role of rhodopsin 

in this disease. Mice with this mutation had no ROS, in addition to a severe retinal degeneration 

resulting in loss of rod-isolated ERG responses as early as 2 months of age. Furthermore, by three 

months of age photoreceptors were largely absent (Humphries et al, 1997). In an attempt to mirror RP 

caused by the P23H mutation in humans, Olsson et al, established various murine transgenic lines with 

this human mutant transgene. Mice showed a reduction in photoreceptor cell numbers by post-natal 

day 20 and mirrored the human form of the disease. Interestingly, another model over-expressing a 

normal human rhodopsin (NHR) transgene by five-fold displayed a retinal degeneration similar to that 

observed in P23H mutants, suggesting that over-expression of rhodopsin may have a deleterious effect 

on photoreceptors (Olsson et al, 1992). RHO-adRP models with c-terminus mutations have been 

generated and used to study the pathogenesis associated with mutations in this region. In particular, 

mouse models with both the human P347S rhodopsin mutation and a porcine P347S mutation have 

been characterised (Li et al, 1996; Wong & Hao, 1992). A transgenic mouse with the Q344ter 

rhodopsin mutation has been described by Sung et al, 1994. This mutation introduces a premature stop 

codon into amino acid 344 of rhodopsin and results in the abolishment of the last five amino acids of 

the c-terminal (Sung et al, 1994). The Q344ter mouse has been utilised to study the mislocalisation of 

mutant rhodopsin in rods (Concepcion & Chen et al, 2010). Given the ongoing progress made in gene 

therapy trials around the world, an increasing emphasis is being placed on generation of larger animal 

models for RP. Of particular interest is the transgenic porcine model of RHO-adRP generated by

Petters et al. Transgenic pig lines with either the P347L or P347S mutation have been generated. Many
11



studies have been performed on these models to gain an insight into the pathogenesis associated with 

rhodopsin mutations in the c-terminus region (Kraft et al, 2005; Li et al, 1998; Ng et al, 2008; Fetters 

et al, 1997; Sommer et al, 2011; Tso et al, 1997).

1.13 RP and gene therapy

Currently no effective treatments for RP exist (Hartong & Dryja, 1992). For this reason, an increasing 

number of gene-based therapies are being investigated (Verma & Weitzman, 2005). When designing a 

gene therapy, the different therapeutic approaches employed depend on the type of mutation involved 

in the disorder. Recessive mutations usually cause a loss-of-function and therefore a therapy based on 

introducing a wild-type replacement copy of the gene should in principle be beneficial. In dominant 

disorders the mutant protein often has toxic gain-of-function effects or mutations cause a decrease in 

the level of wild-type protein (haplo-insufficiency). In order to treat gain-of-function diseases, 

suppressing the mutant allele may be beneficial (Hartong et al, 2006; Millington-Ward et al, 1997). 

Some mutant genes may need complete suppression whereas others may only require partial 

suppression to provide benefit. For this reason understanding the way mutations cause disease and the 
exact gene expression patterns of the protein is vital.

Various approaches can be used for gene therapy for adRP. Primary therapies may involve suppression 

of the mutant gene e.g. suppression of mutant rhodopsin. Therapies can also be developed which are 

independent of the disease causing gene but which modulate secondary biochemical pathways involved 

in disease pathogenesis e.g. therapies introducing neurotrophic factors to promote photoreceptor 

survival or anti-apoptotic factors to help prevent photoreceptor cell death (Emerich et al, 2008; Farrar 

et al, 2002; Farrar et al, 2010; Gregory-Evans et al, 2009; Lawrence et al, 2004; Yang et al, 2009). For 

example, AAV (Adeno-Associated Virus) vectors containing proteins known as survival factors have 

been used to promote survival of photoreceptor cells in disease models. In one particular study 

transgenic rodent models with P23H and S334ter mutations within the rhodopsin gene were used to 

study neuroprotection. AAV-2/2 with expression cassettes containing fibroblast growth factor family 

members (FGF-2, FGF-5 and FGF-18) was delivered. The over-expression of these survival factors 

appeared to prolong photoreceptor cell survival despite no improvement in ERG response (Green et al, 

2001; Rolling, 2004). Non erythropoietin (EPO) derivatives are another class of molecule recently 

implicated in neuroprotection. Both subretinal and systemic delivery of AAV-2/1 or AAV-2/5 EPO to 

mouse and rat models of retinal degeneration resulted in increased photoreceptor survival in treated 

animals (Collela et al, 2011; Rex et al, 2009; Sullivan et al, 2011). Clinical trials have been undertaken

evaluating a retinal implant which releases ciliary neurotrophic factor (CNTF) to the retina of human
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patients and has been shown to be well tolerated. Additionally some patients had an improvement in 

visual acuity (Emerich et al, 2008; Thanos et al, 2004], A recent finding has implicated Norgestrel, a 

common component in the contraceptive pill, in the delay of apoptosis in photoreceptor cells. Studies 

in transgenic rdlO mice (a severe retinal degeneration) in addition to mice in which a retinal 

degeneration has been induced by light highlighted the protective effect of this compound. In rdlO 

mice the delay of onset of photoreceptor degeneration with Norgestrel (in a basic fibroblast growth 

factor dependent manner) resulted in a significant improvement in ERG function (Doonan et al, 2011). 

These are just some of the studies out of a large number that are using knowledge of secondary 

pathways associated with and photoreceptor cell survival to protect the retina from degeneration in RP.

In terms of designing a suppression based therapy for correcting the primary genetic defect in 

dominant retinopathies, there are various agents and methodologies that can be used for suppression of 

mutant alleles. Ribozymes are RNA enzymes that can elicit catalytic cleavage of a target RNA (Khan 

et al, 2006). More recently zinc finger nucleases have emerged as powerful tools for inducing gene 

correction. This involves utilising a zinc finger binding domain from a zinc finger transcription factor 

bound to a nuclease domain. The zinc finger nuclease can subsequently be utilised to direct sequence 

specific double stranded breaks into the target DNA and mediate gene correction by homologous 

recombination (Urnov et al, 2010). More recently these zinc finger proteins have been utilised 

alongside a repressor domain to direct sequence specific repression of rhodopsin (Mussolino et al, 

2011a). Other molecules used for suppression studies include antisense DNA/RNA, aptamers, 

antibodies, triple helix DNA, siRNA, artificial miRNA, and exon skipping to name but a few 

(Akiyama et al, 2006; Baek et al, 2010; Boudreau et al, 2008; Brolin et al, 2011; Koilan et al, 2011; Lv 

et al, 2011; Millington-Ward et al, 2011; Takayama et al, 1990; Tanner et al, 2009).

1.14 RNA interference-the siRNA pathway

The 1990’s was a decade that had a great impact on the world of molecular biology and to the 

understanding of the complexity of the human genome. Without a doubt one of the most seminal 

discoveries of this decade was the identification of small regulatory RNAs found to influence gene 

expression substantially in both plants and animals. These small RNAs have since been used as 

valuable tools for understanding gene regulation, identifying new genes and for various gene therapy 

studies (Davidson et al, 2011; McManus & Sharp, 2002).

The presence of these regulatory RNA molecules was first seen in early work by Napoli and colleagues 

in 1990. They described a process of post-transcriptional gene silencing (PTGS) in the Petunia flower.
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In order to study the affect of the enzyme chalcone synthase (CHS) on anthocyanin biosynthesis 

(important for plant pigmentation) they introduced a chimeric version of the CHS enzyme. However, 

instead of observing the expected over-expression of CHS and flowers with purple pigmented petals, a 

novel phenotype with white pigmentation was discovered. It appeared that the introduction of CHS 

was somehow resulting in the post-transcriptional down-regulation of the recombinant and endogenous 

CHS mRNA transcripts, a phenomenon they termed “co-suppression” (Napoli et al, 1990). In 1992, in 

N.crassa a study which involved the introduction of exogenous RNA sequences homologous to a 

particular gene resulted in the “quelling” of the endogenous gene transcript (Romano & Macino, 1992). 

It wasn’t until 1998, in a Nobel Prize winning paper by Andrew Fire and Craig Mello, that the term 

“RNA interference” (RNAi) was coined for this post-transcriptional silencing mechanism. In this 

paper, introduction of exogenous double stranded RNA (dsRNA) complementary to unc-22 mRNA in 

C.elegans led to sequence-specific suppression and a phenotype that mimicked unc-22 knockout 

mutants (Fire et al, 1998). This process of RNAi was found to involve small double stranded RNA 

molecules between 21-23 nucleotides in length (short interfering RNAs, siRNAs) that could bind to 

specific mRNA target sequences and mediate suppression of that target mRNA transcript (Elbashir et 
al, 2001a; Hamilton & Balcombe, 1999; Zamore et al, 2000).

The exogenous siRNA pathway is a process that evolved in invertebrates as a defence mechanism 

against viral dsRNA that was introduced into a host cell via a viral infection. This dsRNA underwent 

degradation via the RNAi pathway as part on the innate immune response. It is currently unclear if this 

response occurs in mammalian cells, but it does suggest that a highly intricate level of protection may 

exist (Kim & Rossi, 2007). The mechanism of RNAi has been well described (Figure 1.14). 
Exogenous dsRNA molecules are introduced into the cytoplasm and are subsequently cleaved by the 

RNase III enzyme Dicer complex (containing Dicer bound to TAR-RNA binding protein, TRBP and 

PACI) in an ATP-dependent manner into small 21-23bp siRNAs (Bernstein et al, 2001; Forstemann et 

al, 2005; Provost et al, 2002; Saito et al, 2005). Processing of dsRNA by Dicer results in an siRNA 

with a 3’ 2 nucleotide overhang, a 5’ monophosphate and a 3’ hydroxyl group (Bernstein et al, 2001; 

Hammond et al, 2000; Ketzinel-Gilad et al, 2006). The strand with the least thermodynamically stable 

5’ end (the anti-sense strand) is the guide strand of the siRNA duplex that is preferentially loaded into 

an enzymatic complex consisting of many different proteins known as the RNA-induced silencing 

complex (RISC [Chu & Rana, 2007; Khvorova et al, 2003]). The endonuclease Arogonaute 2 (AG02) 

is one of the main components of this complex, responsible for binding the guide RNA strand and 

cleaving the passenger (sense) RNA strand (Liu et al, 2004). Once this RNA strand is degraded, the 

RISC complex is guided to an mRNA sequence with complementarity to the antisense siRNA strand.
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AGO 2 cleaves the target mRNA between bases 10 & 11 relative to the 5’ end of the guide siRNA and 

the target mRNA becomes degraded by exonucleases, preventing its translation into protein (Chu & 

Rana, 2007; Kim & Rossi, 2007).

1.15 The miRNA pathway

While the work and discovery of RNAi caused by the introduction of exogenous dsRNA into cells was 

still ongoing, separate studies in C.elegans identified a novel endogenous system in which small RNAs 

were found to regulate gene expression during development. The lin-4 gene in C.elegans negatively 

regulates its temporally controlled lin-14 target during the late stages of larval development. Lin-14 is 

a gene involved in the execution of an early larval stage of development known as LI. The negative 

regulation of lin-14 in later stages, allows for the progression of larval stages L2-L4 to occur in the 

nematode. Examination of lin-4 revealed that rather than coding for a protein, it encoded two small 

dsRNA species, 22nt and 61nt long respectively (Lee et al, 1993). Both species of RNA contained 

sequences complementary to various sequence elements in the 3’UTR of the lin-14 gene. This 

suggested a mechanism in which the lin-4 antisense RNA was responsible for lin-14 suppression by 

binding to the 3’UTR of the lin-14 mRNA and causing its translational repression (Lee et al, 1993; 

Wightman et al, 1993). Seven years later another small RNA was discovered, again using the C. 

elegans model system. This small RNA let-7 appeared to be responsible for regulating the L4- 

adulthood stage in the late larval development of the nematode by binding to the 3’UTR of lin-41 

mRNA (Reinhart et al, 2000). Although it wasn’t realised at the time, these studies represented the first 

evidence of small endogenous dsRNA molecules (micro-RNAs) involved in gene regulation. 

Eventually various studies on both of these systems led to the discovery of the two main RNAi 

pathways; the exogenous siRNA pathway (described above) and the endogenous micro-RNA (miRNA) 

pathway.

Hundreds of miRNAs involved in the negative regulation of gene expression via post-transcriptional 

gene silencing have thus far been identified. miRNAs have vital roles in the regulation of 

developmental processes and also in multiple pathological processes in many organisms including 

worms, flies, plants and mammals (Fazi & Nervi, 2008; He & Hannon, 2004 [Figure 1.14]). 

Endogenous miRNA sequences are located in the genome as polycistronic cassettes, within introns and 

within non-coding DNA (Fazi & Nervi, 2008). The transcription of miRNAs primarily involve RNA 

polymerase II which facilitates the transcription of these miRNAs into hairpin RNA structures that 

undergo 5’capping and adenylation (Lee et al, 2004). Studies have also implicated RNA polymerase III

in transcription (Borchert et al, 2006). These long hairpin RNA transcripts (primary-miRNA, pri-
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miRNA) are cleaved by RNase III endonuclease Drosha in the nucleus. This cleavage results in dsRNA 

structures of approximately 70 nucleotides consisting of an imperfect stem loop (pre-miRNA [He & 

Hannon, 2004, Lee et al, 2003]). In order to cleave pri-miRNA correctly, Drosha must form a complex 

with the dsRNA binding domain protein DGCR8 (Han et al, 2004). The pre-miRNA molecules are 

exported out of the nucleus and into the cytoplasm by Exportin V in a Ran-GTP dependent manner 

(Fazi & Nervi, 2008; Yi et al, 2003). Here the pre-miRNA enters the common RNAi pathway utilised 

by exogenous siRNA molecules. The pre-miRNA is processed by Dicer into a small 21-25nt ds 

miRNA containing a 3’ 2 nucleotide overhang and a 5’ phosphate group (Chu & Rana, 2007). As with 

siRNA, the strand with the less stable 5’ end of the miRNA duplex is preferentially chosen to be 

incorporated into the RISC complex. The mature miRNA guides the RISC to its target site in the 

3’UTR of complementary mRNA sequences where it either undergoes AGO-directed cleavage of the 

target mRNA or translational repression (Filipowicz et al, 2008). In the majority of cases miRNAs 

show imperfect complementarity to their mRNA targets and the binding of these miRNAs is defined 

by a specific sequence (the seed sequence) of 2-7bp located on the 5’ end of the miRNA. This enables 

each miRNA to bind to the 3’UTR of many miRNA targets which have this specific seed sequence 

(Lewis et al, 2003; Lewis et al, 2005; Bartel et al, 2009). Interestingly certain 3’sites in the miRNA 

have also been predicted to have an effect on the binding and repression of target mRNAs. One site 
called the 3’supplementary site is predicted to complement the binding of the miRNA seed region via 

bases 13-16. Additionally a 3’ compensatory site may also exist in which complementarity of 

nucleotides 13-16 in the miRNA to the mRNA target may allow mismatches in the seed region to be 

tolerated (Bartel, et al, 2009; Grimson et al, 2007). The mechanism of action of miRNA based RNA 

suppression has been extensively studied and appears dependent on the complementarity between the 

miRNA and mRNA target. In cases, where there are mismatches between miRNA and the mRNA 

target (although not fully understood) the mechanism appears to be via translational repression during 

initiation or elongation, and the targeting of the mRNA to P-bodies where proteins that repress 

translation are held (Filipowicz et al, 2008; Zimmerman and Wu, 2011). In cases where the sequence 

between the miRNA and the mRNA target is completely complementary, the miRNA acts similar to an 

siRNA and transcripts are targeted for AGO-mediated degradation. Many examples of this have been 

characterised in plants, with fewer examples in mammals (Davis et al, 2005; Jones-Rhoade et al, 2006; 

Shin et al, 2010; Yekta et al, 2004). Recently Shin et al found that miRNAs that had 11-12 nucleotides 

of continuous complementarity to the central region of the miRNA (bases 4-16) bound to mRNA 

targets irrespective of the seed region and 3’ regions previously established as important for miRNA 

function. Indeed this binding resulted in AGO-mediated degradation of the mRNA target in a manner
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dependent on the concentration of raising the idea that there still might be a number of binding 

sites and mechanisms in miRNA-based repression that have yet to be discovered in this complex 

endogenous system (Shin et al, 2010).

1.16 RNAi and gene therapy

Since that initial discovery that 21nt siRNA duplexes could be introduced into mammalian cells and 

drive suppression of mRNA targets, along with the first in vivo studies of RNAi in the liver and brain 

of mice, a wave of research has been undertaken in order to optimise this system (Elbashir, 2001b; 

McCaffrey et al, 2002; McManus & Sharp, 2002; Xia et al, 2002). In particular utilising this RNAi 

mechanism in mammalian cells for use in suppressing disease causing alleles may in principle offer a 

lot of promise and hope for patients. However, in terms of siRNA, these molecules are only present 

transiently, representing a disadvantage for their use in therapy (Kim & Rossi, 2007). To overcome 

this, stable expression vector systems capable of endogenously transcribing small RNAi molecules 

known as short hairpin RNAs (shRNA) via polymerase II or polymerase III promoters have been 

designed. Following transcription, the shRNAs are exported to the cytoplasm via Exportin V and 

processed via Dicer into siRNA for the RISC complex. RNA polymerase III promoters such as HI or 

U6 have been utilised to drive long term constitutive expression of these small RNA transcripts. 

Polymerase II promoters have also been used to drive tissue specific expression (Brummelkamp et al, 

2002; Kim & Rossi, 2007; Paddison et al, 2002).

To date utilising this endogenous cellular mechanism for novel gene therapies has been quite 

successful. 2010 in particular was an exciting year in establishing RNAi mediated suppression in 

human patients. One study showed at the molecular level, RNAi mediated therapy against solid 

tumours, while another trial demonstrated the clinical efficacy of an siRNA against keratin 6a (K6a) 

N171K mutant mRNA in Pachyonychia Congenita, resulting in significant callus regression suggesting 

that as a therapy for humans this strategy is feasible (Davis et al, 2010; Leachman et al, 2010).

Despite some successes, the use of shRNA in mammals has not been without its setbacks. One hurdle 

in mammalian systems was the presence of off target effects (OTE). It was found that when the 

antisense strand of siRNAs has seed sequence matches to the 3’IJTR regions of mRNA, they could 

bind to unintentional targets and possibly function in a similar way to miRNA (Birmingham et al, 

2006; Jackson et al, 2006a). In order to avoid OTE and increase specificity of siRNAs, various 

computer programs have been developed that use sequence alignment algorithms to minimise potential 

OTE (Ketzinal-Gilad et al, 2006).
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Another serious issue when designing RNAi-based therapeutics is ensuring the therapy does not cause 

an immune response. A large amount of data has indicated that the introduction of dsRNA into a cell 

can stimulate an interferon response and lead to a global repression of gene expression. Initially it was 

discovered that long dsRNA (>30nt) could induce the interferon response by binding in a sequence 

specific manner to dsRNA-activated protein kinase (PKR), by activation of the 2’5’-oligoadenylate 

synthetase-RNase L mechanism and by binding to and activating various Toll like receptors (TLR). It 

is now emerging that small siRNAs may also induce an interferon response via TLR3 and TLR7/8 

receptors (Aagaard & Rossi, 2007; Davidson et al, 2011). Certain siRNAs have been found to activate 

the interferon response in a sequence dependent manner via TLR7/8 initiating the innate immune 

response (Hornung et al, 2005; Judge et al, 2005; Stewart et al, 2011).

In terms of the retina an initial study utilised the RNAi pathway to suppress vascular endothelial 

growth factor (VEGF) in cell culture and in vivo in RPE cells. VEGF is capable of promoting 

angiogenesis in the retina and plays a role in causing the “wet” form of age related macular 

degeneration (AMD). siRNA targeting VEGF was tested in mice that had a laser-induced form of 

choroidal neovascularisation (CNV) similar to that observed in the wet form of AMD. In all cases 

significant down-regulation of the VEGF protein was observed (Reich et al, 2003a). Various clinical 

trials for this form of wet AMD and other retinal disorders using RNAi have also been undertaken. In 

particular a human clinical trial using siRNA against VEGF receptor I (siRNA-207) has found to be 

well tolerated and efficous in patients in terms of reducing this CNV(Campochiaro et al, 2006; Kaiser 

et al, 2010). However, recently siRNAs over 21bp have been shown to cause a decrease in CNV due to 

activation of TLR3 irrespective of sequence. In particular this study tested two siRNAs (siRNA-027 

and Bevasiranib) used in clinical trials to prevent CNV and found that this knockdown was abolished 

in mice with no TLR3 receptor whereas in wild-type mice the two siRNAs as well as other non

targeting siRNAs suppressed CNV. This indicated that suppression of CNV is a siRNA class effect and 

not a sequence specific relating to suppression of VEGF or VEGFRl resulting in decreased CNV 

(Kleinman et al, 2008; Kaiser et al, 2010). The same group later showed that this suppression of 

neovascularisation also occurred in mouse models with corneal suture injury and hindlimb ischemia 

irrespective of RNAi sequence and the target, further confirming this RNAi operates to reduce 

angiogenesis by activating the innate immune response (Cho et al, 2009). A recent evaluation of 

siRNA delivery to the retina has implicated siRNAs of over of 21 bp in length as causing retinal 

degeneration via apoptosis in the RPE in a TLR3 dependent manner. Furthermore this toxicity was 

observed with both unmodified siRNAs and cholesterol conjugated siRNAs irrespective of target 

(Kleinman et al, 2011). This effect was not observed for siRNA sequences of 16bp in length. This
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obviously has implications for clinical trials particularly for the retina. Furthermore it is evident that an 

understanding of the sequence, length and the mode of action of the RNAi molecule on the immune 

system is vital to provide an efficacious therapy with no adverse side-effects.

It has been shown in several studies that abundant shRNA expression can be toxic to cells both in vitro 

and in vivo (Beer et al, 2010; Boudreau et al, 2009a; Ehlert et al, 2010; Giering et al, 2008; Grimm et 

al, 2006; Grimm et al, 2010; McBride et al, 2008). One such group examined shRNA expression in 

mice. Administration of shRNA to the liver resulted in severe hepatotoxicity and in some cases death. 

This was caused by a down-regulation of important liver miRNAs, suggesting shRNAs may be toxic 

by saturating the endogenous RNAi machinery. This effect was initially thought to be due to 

oversaturation of Exportin V, but more recent studies have implicated the four AGO proteins as being 

involved in this process (Grimm et al, 2006; Grimm et al, 2010). Beverley Davidson’s group examined 

the long term effects of shRNAs targeting Huntington mRNA and SCA T mRNA in brains of mice. It 

was found that the toxicity observed was due to high levels of shRNA (Boudreau et al, 2009a; 

McBride et al, 2008). Several recent studies have employed artificial miRNAs in an attempt to 

overcome this problem. To try to mimic endogenous miRNAs, these artificial miRNA-based systems 

use siRNA sequences cloned into a pri-miRNA backbone (Boudreau et al, 2008). Backbone of 

miRNA-30a and miR-155 have been utilised with success (Baek et al, 2010; Boden et al, 2004; 

Boudreau et al, 2009a;Chung et al, 2006; Lagos-Quintana et al, 2002; McBride et al, 2008; Shan et al, 
2009a; Shan et al, 2010; Stegmeier et al, 2005; Tam & Dahlberg, 2006; Zeng et al, 2002).

1.17 Modes of Delivery

A significant challenge for gene therapy is optimisation of appropriate delivery systems for use in 

animal models and subsequently in humans. Unmodified therapeutics such as negatively charged 

DNA/RNA cannot readily cross the cell membrane unassisted and are often degraded (Ketzinel-Gilad 

et al, 2006; McManus & Sharp, 2002; Seow & Wood, 2009). In order to design the appropriate 

delivery vehicle, there are various considerations which must be taken into account, all of which 

depend on both the molecule being delivered and the target tissue. Vectors should be capable of 

facilitating the size of the therapeutic transgene and they should be able to target the specific cell type 

affected by the disease (e.g. photoreceptor cells). In addition, they should be safe with no adverse 

immune response in the host (Seow & Wood, 2009; Verma & Weitzman, 2005). Several different 

delivery strategies have been evaluated for use in vitro and in vivo, either in terms of delivery of the 

therapeutic directly to cells by techniques such as high pressured injections (e.g. hydrodynamic
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injection), electroporation or ultrasound (Seow & Wood, 2009; Yuan et al, 2011) or by vectors using 
either non-viral delivery or viral delivery (Verma & Weitzman, 2005).

1.18 Non-viral delivery

Non-viral delivery typically involves delivery of nucleic acids either naked or as a plasmid directly into 

cells (Verma and Weitzman, 2005). This process can involve transfection of therapeutic molecules into 

cells using various particles, e.g., cationic liposomes, cationic polymers, stable-nucleic-acid-lipid 

particles (SNALPs), carbon nanotubes etc. (Dykxhoorn & Lieberman, 2006; Guo & Huang, 2011; Kim 

& Rossi, 2007; Yuan et al, 2011). Liposomes are charged particles capable of carrying nucleic acids 

across a cell membrane (Dykxhoorn & Lieberman, 2006; Gao et al, 2011; Guo & Huang, 2011; Kim & 

Rossi, 2006). They were first used in vivo in rats delivering preproinsulin I to liver cells (Soriano et al, 

1983). Liposomes can transverse the cell membrane by endocytosis (Yuan et al, 2011). Various 

liposomal complexes are commercially available; one such complex, Lipofectaminc® 2000 

(Invitrogen), has been used to co-transfect human rhodopsin cDNA and targeting siRNAs with success 

in HeLa cell culture (Kiang et al, 2005; O’Reilly et al, 2007; O’Reilly et al, 2008). In the retina, both a 

CMV driven LacZ and a non-histone nuclear protein transgene were successfully and safely delivered 

to the photoreceptors in a liposome complex (HVJ liposome) by intravitreal or subretinal injection 
(Hangai et al, 1996). Robust and stable gene expression of peripherin-2 by subretinal injection of a 

peripherin-2 transgene delivered using compacted DNA nanoparticles was observed in 

haploinsufficient rds'"^' mice up to 120 days post-injection (the last time point examined [Cai et al, 

2010a]). This resulted in an increase in rod-isolated ERG function and a cone-isolated ERG at levels 

similar to the wild-type control. In addition, improvement in OS structure was also observed in these 

mice, suggesting DNA nanoparticles as an efficient delivery system for the retina (Cai et al, 2010a).

1.19 Modifications for delivery and stability

Often therapeutic nucleic acids are chemically modified or conjugated to certain chemical groups to 

facilitate delivery in a more efficient, stable and targeted manner (Kim and Rossi, 2006). siRNAs can 

be chemically conjugated to cholesterol groups to aid efficient entry to the cell. In one study, a siRNA 

targeting apolipoprotein B with a conjugated cholesterol to the 3’ sense strand of siRNA via a 

pyrrolidone linker was systemically administered to mice via tail-vein injection and successfully 

lowered cholesterol levels in liver and jejunum (Soutschek et al, 2004). A common modification to 

assist in stable delivery of the nucleic acids is addition of sugars groups to the nucleic acid such as 

2’fluoro, 2’-0-methyl, 2’-0 halogen, 2’-amine and Locked Nucleic Acids (Gao et al, 2011). Jackson et
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al, 2006b reported that addition of 2’-0-methyl ribosyl to the second base of the guide siRNA strand 

(at the seed region) resulted in silencing of target RNA (Jackson et al, 2006b). Similarly Layzer et al 

reported a significantly increased half-life in plasma of siRNAs modified with a 2’-fluor-pyridimidine 

siRNAs (Layzer et al, 2004). Modifications in which the oxygen in the DNA/RNA backbone is 

replaced with another molecule such that the phosphodiester linkage is altered, has been successful 

(Behlke et al, 2008). In particular phosphorothioate or boranophosphonate modifications have been 

reported as effective for increasing the half-life of the therapeutic and with minimal toxicity associated 

(Behlke et al, 2008; Gao et al, 2011; Hall et al, 2004; Overhoff & Sczakiel, 2005).

1.20 Viral delivery

Even though the delivery systems outlined above are safe and have minimal toxicity they are often 

inefficient providing only transient expression. The use of viral vectors holds great promise for the 

future of gene therapy. Viral vectors have an innate ability to deliver genetic material into a host cell. 

There are several different kinds of viral vectors currently being explored for delivery of gene therapies 

including RNA-based viruses such as retroviruses and lentiviruses or DNA-based viruses such as 

adenoviruses and adeno-associated viruses (Verma and Weitzman, 2005). In order to design an 

efficient therapeutic, the choice of viral vector is particularly dependent on the tropism of the target 
tissue, the titre that can be achieved with the vector and the safety of the vector (Farrar et al, 2010).

1.21 AAV-mediated delivery

Adeno-associated virus 2 (AAV-2) was initially discovered in 1965 as a DNA containing virus that co

localised with Simian Adenovirus 15 (SV-15). Electron Microscopy images of SV-15 showed the 

larger adenovirus particles interspersed with a smaller satellite virus serologically different from any 

known adenovirus (Atchison et al, 1965; Hoggan et al, 1966; Mayor et al, 1965). These AAV viruses 

were named “defective” as they could only replicate in the presence of adenovirus (Atchison et al, 

1965). Subsequently AAV-2 was characterised into the genus dependovirus belonging to the 

Parvoviridae family. This viral vector is considered non-pathogenic thus enabling its successful use in 

various animal models in a safe and stable manner (Le Bee & Douar, 2006; Rolling, 2004). It is a 

single stranded DNA (ssDNA) virus with a genome size of 4,675 nucleotides and a diameter of 

between 20-25nm (Mingozzi & High, 2011; Srivastava et al, 1983). It has two coding domains; the 5’ 

domain contains the gene for rep which encodes four rep proteins, involved in the replication of the 

viral genome. The 3’ coding domain is the cap gene which encodes three capsid proteins (Vpl, Vp2 

and Vp3) involved in the assembly of the viral capsid into a 60 sub-unit viron (Wang et al, 2011). Each
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open reading frame is surrounded by two inverted terminal repeats (ITRs) of 145nt (Srivasta et al, 

1983). The ITRs contain palindromic sequences which can form a t-shaped hairpin and facilitate 

second strand DNA synthesis and replication via binding sites for the rep proteins. The first 15bp of 

the ITRs also have a vital function in allowing the excision of AAV DNA contained in recombinant 

plasmids (McCarthy et al, 2004; Wang et al, 2011).

Many AAV serotypes have been identified; however AAV-2 has been the most comprehensively 

studied (Le Bee &Douar, 2006). Once delivered to an organism, AAV undergoes five main steps: 

attachment to cell surface via different receptors (each AAV serotype binds to different cell surface 

receptors, giving certain serotypes tropisms for specific cell types). The next step is endocytosis, a 

mechanism by which AAV gets internalized by endosomes to be carried into the cytoplasm. Following 

this, AAV migrates to the nucleus and uncoats. The ssDNA is subsequently converted into dsDNA 

(Wang et al, 2011; Choi et al, 2005).

For recombinant AAV (rAAV) vectors used in gene therapy the viral genes (i.e. rep and cap) have 

been removed and replaced with an expression cassette (for example an shRNA, a replacement gene or 

a reporter gene) flanked by the ITRs which are essential in cis for efficient packaging of viral DNA 

into capsids (Le Bee & Douar, 2006; Mingozzi & High, 2011). These rAAV vectors have a small 

packaging capacity of approximately 5kb and a propensity for transducing non-dividing cells 

efficiently, making them valuable tools for delivery to cells of the retina, CNS, muscle and hepatocyes 

amongst others (Mingozzi & High, 2011; Warrington & Herzog, 2006). To produce rAAV, the virus is 

typically produced using the triple transfection method. This involves co-transfection of the transgene 

containing plasmid flanked by ITRs, along with an additional plasmid containing the cap and rep genes 

needed for the AAV capsid formation and replication. A helper plasmid is also transfected which 

contain adenovirus genes E4, VA and E2A which provide the function of the helper virus. These 

plasmids typically are transfected into Human embryonic kidney cells (HEK293) and 48-72 hours later 

the cells are lysed and the cell lysate which contains the viral particles is purified (Liu et al, 2003; 

Matsushita et al, 1998; Mingozzi & High, 2011; Warrington & Herzog, 2006; Xiao & Salmulski, 

1998).

Wild-type AAV2 can remain in the cell episomally, however there have been reports that when helper 

virus is not present the wild-type AAV can remain latent in the host genome by integrating into 

chromosome sites with a preference for a site on chromosome 19 (19q 13.4ter [Kotin & Berns, 1989; 

Kotin et al, 1990; Kotin et al, 1992; McCarty et al, 2004; Samulski et al, 1991]). This region contains a

tetranucleotide repeat sequence (AAVSl) that binds to the rep proteins and mediates integration (Kotin
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et al, 1991; Linden et al, 1996a; McCarty et al, 2004; Philpott et al, 2002). In contrast to wild-type 

AAV2, rAAV which lacks rep can integrate non-specifically. This occurs with significantly less 

frequency than wild-type AAV into areas containing pre existing DNA breaks. (Inagaki et al, 2007; Li 

et al, 2011; McCarthy et al, 2004; Miller et al, 2004; Miller et al, 2005; Nakai et al, 1999; Nakai et al, 

2003; Rutledge & Russell, 1997). Largely these rAAV viruses remain in the cell in an episomal form 

both in vitro and in vivo (McCarthy et al, 2004; Nakai et al, 2001; Smith, 2008).

Initially AAV-2 was the rAAV vector of choice, however the AAV-2 capsid binds to only certain cell 

types limiting its utility (Rabinowitz et al, 2002). For this reason hybrid rAAV serotypes have been 

explored for the capability of different capsids to transduce various cell types. Chimeric vectors 

typically contain AAV-2 ITRs within a capsid from one of the other AAV serotypes identified 

(Rabinowitz et al, 2002; Rolling, 2004). Traditionally the ITRs of AAV-2 are usually used in these 

hybrid vectors as AAV-2 has been the most extensively studied AAV (Choi et al, 2005). The 

transduction efficiency of hybrid rAAV containing AAV-2 ITRS with capsids from various other 

serotypes has been extensively characterised.

1.22 AAV in the retina

The transduction efficiency of various AAV serotypes has been examined in the retina. One main issue 

when designing an AAV-mediated therapy for the retina is the route of administration. There are two 

main administration routes; injection into the vitreous or into the subretinal space. Subretinal injection 

in humans and larger animals typically involves a vitrectomy and induces a retinal detachment at the 

site of injection to relieve ocular pressure and allow space for the therapeutic to enter the subretinal 

space. This is therefore a more invasive delivery mechanism compared to intravitreal injection (Liang 

et al, 2001; Vandenberghe & Auricchio, 2012). However, efficient transduction of retinal cells by 

unmodified rAAV serotypes has thus far only been reported for AAV-2 by intravitreal injection 

(Vandenberghe & Auricchio, 2012). Interestingly a recent paper by Dalkara et al, 2009 have implicated 

the inner limiting membrane (ILM) located between the vitreous and the retina as presenting a barrier 

to AAV mediated transduction of the retina via intravitreal injection. Various AAV serotypes (AAV-1, 

2, 5, 8 & 9) were examined for their ability to attach to the ILM, interestingly while AAV-2, AAV-8 

and AAV-9 were able to bind to the vitreoretinal junction, only AAV-2 resulted in GFP expression in 

the retina. This suggested that certain barriers at the ILM may limit the transduction of other serotypes. 

Co-injection of all AAVs with pronase, a protease solution which degrades the ILM resulted in
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expression from all serotypes within the retina. AAV-2/5 mediated transduction was particularly 

effective utilising this method (Dalkara et al, 2009).

In terms of subretinal delivery to the retina, AAV-2/2 was the first AAV vector explored and efficient 

transduction to both the RPE and photoreceptors compared to adenovirus was achieved (Ali et al, 

1996). Subsequent studies have optimised and utilised AAV-2 in the retina with success in dogs, non

human primates and human clinical trials (Acland et al, 2001; Auricchio et al, 2001b; Bainbridge et al, 

2008; Bennett et al, 1999; Cidceyan et al, 2008; Maguire et al, 2008; Vandenberghe et al, 2011). AAV- 

2/5 was subsequently identified as outperforming AAV-2/2 in terms of the efficiency and onset of 

transgene expression in photoreceptors. Subretinal injections into mice with AAV-2/2 or AAV-2/5 

vectors were undertaken by Yang et al, to compare the two serotypes. Transgenes expressed from 

AAV-2/5 were found to be expressed 400-fold higher than from AAV-2/2 vectors. In addition, at 15 

weeks post-injection, AAV-2/5 was found at a much higher viral copy number than AAV-2/2. This 

study highlighted the transducibility of AAV-2/5 in the retina and also outlined the impact that the 

capsid could have on vector tropism (Yang et al, 2002b). AAV-2/5 has subsequently been utilised in a 

large array of retinal studies in mice, dogs, pigs and non-human primates (Beltran et al, 2010; Lotery et 

al, 2003; Millington-Ward et al, 2011; Mussolino et al, 2011b). Interestingly, studies comparing the 

novel serotypes rAAV-2/7, rAAV-2/8 and rAAV-2/9 to rAAV-2/5 under the control of a proximal 

fragment of the rhodopsin promoter in the retina suggested that AAV-2/7 and AAV-2/8 were 6-8-fold 

more efficient than AAV-2/5 at targeting photoreceptors both in vivo and ex vivo (Allocca et al, 2007). 

This observation regarding AAV-2/8 compared to AAV-2/5 was supported by studies in mice (Lebherz 

et al, 2008; Natkunarajah et al, 2008). Additional experiments in dogs, pigs and non-human primates 

have suggested that AAV-2/8 transgene delivery significantly surpasses that of AAV-2/5 and highlight 

the value of evaluating novel AAV serotypes in retina to optimise gene therapies (Mussolino et al, 

201 lb; Steiger et al, 2008; Vandenberge et al, 2011).

1.23 Gene therapy for LCA using AAV-2/2 in human patients

The most exciting studies to date utilising AAV in the retina have probably been the Phase I clinical 

trials on human LCA patients reported in 2008 and 2009. Following successful therapy in Briard dogs 

and the analysis of toxicity and safety in non-human primates, three clinical studies set out to test a 

therapy for human patients deficient in RPE65 (Stein et al, 2011). Three LCA patients with severely 

impaired vision were used in each clinical study (between 17-26 years). In all three studies a single 

subretinal injection of AAV-2/2 containing the RPE65 replacement gene was administered to the

retina. Despite several differences in these studies, all reported a well tolerated therapy with no vector
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dissemination and no adverse immune response to either the vector or the RPE65 transgene 

(Bainbridge et al, 2008; Cideciyan et al. 2008; Maguire et al, 2008). Efficacy of the therapy was also 

observed in all studies. In the Maguire et al 2008 study an increased pupillary response was observed 

in the treated eye of all three patients who received the therapeutic. In addition the injected eye wahs 

approximately three times more sensitive to light compared to baseline conditions (testing of that eye 

prior to the subretinal injection) and the uninjected eye. Patients also showed a reduction in nystagmus 

compared to the baseline condition. Various visual function tests including the patient’s ability to 

navigate a maze were performed before and after treatment and an improvement in visual acuity was 

obtained after treatment. These improvements remained stable and persisted for up to 1.5 years post

injection with no adverse affects or immune response observed at this time-point (Maguire et al, 2008; 

Simonelli et al, 2010). Cideciyan et al, 2008 and Hauswirth et al, 2008 reported an increased visual 

sensitivity in treated patients as well as an increase in cone and rod-photoreceptor based vision that was 

maintained for up to a year after treatment (Cideciyan et al, 2008; Cideciyan et al, 2009; Hauswirth et 

al, 2008). In the Bainbridge et al, 2008 study, patients displayed no clinically significant improvement 

in visual acuity or in peripheral visual fields as measured by Goldmann perimetry, however, one 

patient had an improvement in visual function as measured by microperimetry and dark-adapted 

perimetry. This patient also showed significant improvement in visual mobility under dim light 

conditions (tested by their ability to navigate a maze) after treatment. Before treatment it took the 

patient 77 seconds to navigate a maze with the study eye but after vector administration this was 

reduced to 14 seconds using the treated eye (Bainbridge et al, 2008). Jean Bennett’s group undertook a 

phase 1 clinical trial to assess whether age or dose had an effect on RPE65 gene therapy (Maguire et al, 

2009). 12 patients were tested, ranging from 8-44 years, and groups of patients were treated with three 

different doses of AAV, no adverse effects or immune response was noted in any patients regardless of 

the dose injected. All 12 patients reported an increase in scotopic vision and improved visual fields and 

7 patients had improvements in visual acuity. All patients had improvements in pupillary response, 

notably the youngest patient (8 years old) had light sensitivity in the injected eye comparable to normal 

sighted controls. Decreased nystagmus was also observed in patients, in three patients with 

significantly decreased nystagmus a multifocal ERG was performed and all these patients presented 

with an ERG signal. The most significant result was that the four children injected with the therapy 

were successfully able to navigate a maze unassisted when the injected eye was left uncovered. 

Recovery of function and efficacy remained stable for up to two years (the last time-point monitored). 

This study highlighted the potency of the gene therapy in the retina at different ages, and suggested 

that that the earliest possible intervention may result in the best outcome, to improve vision in patients
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before the retina has undergone irreversible degeneration (Maguire et al, 2009). An interesting question 

in terms of treating retinopathies is whether severe retinal degenerations from an early age can also 

impair neuronal connections in the visual cortex and if so does this mean therapeutic efficacy may be 

limited by this unresponsiveness? An attempt to address this question was undertaken in dogs and 

human patients of LCA2 (Aguirre et al, 2007) and in a recent follow up to the study described above 

(Maguire et al, 2009). In this study three of the patients enrolled in the original trial by Maguire et al, 

2009 (age 8, 9 and 35 years) were tested two years later for changes in the visual cortex by functional 

MRI (fMRI). Patients were exposed to a dim light stimulus which they were unable to respond to in the 

untreated eye and the treated eye pre-injection. It was found that increased cortical activation and 

improved contrast sensitivity occurred in treated patients, with the areas of activation in the brain 

corresponding to areas of the retina that received the therapeutic (around the macula for the younger 

patient and around the periphery in the older patient). Moreover, this study demonstrated that patients 

with severe retinopathies are still capable of visual cortex stimulation even at a time point where the 

retinopathy is very severe. This has significant implications for ocular gene therapy as it highlights that 

even in older patients, visual improvement can be detected and the brain neurons can still be activated 

(Ashtari et al, 2011). Even though all these studies are for recessive LCA rather than adRP, they all 

highlight exciting and promising results and pave the way for the use AAV-mediated gene therapies 
for other retinal disorders.

1.24 A Mutation-independent suppression and replacement strategy

Suppression of the primary defect can be undertaken using various strategies. The first strategy may be 

undertaken in a mutation-independent manner such that only the mutant allele is suppressed. Various 

studies have shown that mismatches between siRNA and mRNA target can prevent siRNA from down

regulating the mRNA transcripts. The consequence of this is that with diseases such as RP in which 

frequently a single point mutation is involved, it may be possible in principle to design an siRNA for 

some mutations that can suppress a mutant allele, and leave a wild-type allele unsuppressed (Schwarz 

et al, 2006). The genes involved in RP typically show high levels of mutational heterogenetity and thus 

designing RNAi therapies for each specific mutation is impractical. Each therapy would need to be 

optimised and evaluated separately in different animal models. If the therapies progressed to clinical 

trial stage, they would each have to be produced according to good manufacturing protocols (GMP) 

and would each undergo clinical trials. Clearly for a heterogeneous disease such as RP this process 

would take a large amount of time, labour and money and would therefore not be practical (Cashman et 

al, 2005).

26



To overcome this hurdle, the use of mutation-independent therapeutic approaches is currently in 

development for RP. This approach involves the suppression of both mutant and the wild-type alleles 

(Kiang et al, 2005; Palfi et al, 2006). Using this approach, both alleles are knocked down and therefore 

a codon-modified replacement gene refractory to suppression would be introduced. This replacement 

gene can be designed by utilising the degeneracy of the genetic code and modifying bases at wobble 

positions within the RNAi target site. The gene should thus still be capable of supplying the correct 

amino acid sequence and functioning as a wild-type allele but should be immune to suppression by the 

RNAi molecule (Millington-Ward et al, 1997; Millington-Ward et al, 2011; Palfi et al, 2006). This 

suppression and replacement technology was first investigated using ribozymes as the suppression 

agents of choice. However more recently RNAi technology has been utilised for this technology 

(Kiang et al, 2005; Millington-Ward et al. 1997; Millington-ward et al, 2011; O’ Neill et al, 2000; Palfi 

et al, 2006).

1.25 Objectives

The overall objective of the research described in this PhD was the optimisation of novel therapies for 

RHO-adRP for use in larger animal models using a mutation-independent RNAi-mediated suppression 

and replacement system. This strategy involved the down-regulation of both mutant and wild-type 

rhodopsin RNA via RNAi and the simultaneous delivery of a codon-modified rhodopsin replacement 

gene resistant to suppression. This therapy, although effective in murine RP models has never been 

tested in larger animal models. Larger animal models are vital components of pre-clinical studies in 

which both the efficacy and safety of the therapeutic may be assessed. The porcine eye is similar in 

size to that in humans, and additionally has a more similar rod: cone ratio than mouse retinas. In 

addition a RHO-linked adRP porcine model is readily available and has been utilised with success to 

characterise the molecular mechanisms behind rhodopsin mutations. For this reason the main goal of 

my project was the design of a suppression and replacement therapy for use in the RHO-linked adRP 

porcine model (Petters et al, 1997). Additionally the study presented in this thesis was concerned with 

optimising RNAi-mediated suppression of rhodopsin to utilise the most efficient, safe molecule 

possible. For this reason in addition to AAV-2/5.shRNA based therapeutics it was also decided to 

evaluate the use of AAV-2/5 driven artificial miRNAs during the course of the study, in order to 

evaluate if potent suppression of rhodopsin by these constructs could be achieved in vivo and indeed if 

functional effects associated with RNAi suppression were observed in transgenic animal models. The 

final aim of the study presented in this PhD thesis involved the generation of a rhodopsin replacement 

gene and the subsequent optimisation of a rhodopsin replacement gene in vivo in terms of AAV
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production protocols, viral dose and AAV serotype evaluation. In particular one goal involved 

comparing rhodopsin replacement gene expression from AAV-2/5 compared to AAV-2/8. The data 

obtained highlight the value of progressing this novel dual-component gene therapy for rhodopsin- 

linked adRP towards future evaluation in large animals.
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Figure 1.1 The eve

This is a diagrammatic representation of the human eye and its main components. 
Layer 1 (1) includes the sclera and the cornea; Layer 2 (2) is composed of the uveal 
tract and includes the choroid, the ciliary body and the iris. Layer 3 is neural 
retina and includes a cone rich region known as the macula. The highest visual 
acuity occurs in the fovea. The aqueous humor is fluid located between the cornea 
and the lens; it provides nourishment to that region of the eye. The vitreous humor 
is fluid located between the cornea and the retina; it maintains the structure of the 
eye and is involved in phagocytosis of unwanted debris.
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Outer mclear layer

Photoreceptor crjter 
segnientJ

Pigment epithelOm

Figure 1.2 Diflerent retinal cell layers.

The first layer of the retina is the outer layer; it 
comprises the RPE, the photoreceptor OS, the ONL 
and the OPL. The inner layers of the retina comprise 
the INL and IPL. The final layer of the retina is the 
GCL.
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and McDowell, 1992

Figure 1.4 Rod photoreceptor cell

Tha above diagram depics a rod photoreceptor, the synaptic body synapses with the second 
order neurons involved in visual trasnduction. The cell body of the rod houses the nucelus 
followed by the IS in which the cellular organel are housed (golgi apparatus, mitochondria). The 
RIS is connected to the ROS by a connecting cilium. The ROS comprises the ROS disk 
membranes to which rhodopin binds.

31



Figure 1.6 The phototrasnduction cascade

Light hits rhodopsin which is bound to 11-ci.v-retinal, 11-ci.v-retinal becomes isomerated 
to all-tra/is-retinal and dissociates from rhodopsin (1). This activates rhodopsin. 
Activated rhodopsin binds to the G protein transducin (T) and GDP is exchanged to GTP 
(2). This activates transducin, active transducin binds to cGMP-PDE (3.[PDE]). Active 
cGMP-PDE hydrolyses cGMP to 5’ GMP and this reduces cGMP in the rod. This closes 
the cGMP-gated cation channel in the ROS and Na^ and Ca^* cannot enter the 
photoreceptor (4). Glutamate is inhibited and the cell becomes hyperpolarised. This 
results in the transmission of an electrica signal through the neurons in the retina and 
sends a signal through the optic nerve to the brain.
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Retini:is Pigmentosa

Images from NIH National eye institute

Figure 1.7.a The loss of peripheral vision associated with RP

A. Represents a non-diseased retina with normal vision. B. Represents the characteristic 
sy mptom of tunnel vision associated with the initial death of the rod photoreceptors in RP.
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Figure 1.7.b Clinical symptoms of RP in the retina

A. Healthy retina, with well defined blood vessels. B. A degenerating retina from an RP 
patient. Note the presence of pigmented deposits in addition to fewer and shortened 
blood vessels
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-h'* r • -I

4—•—i

Farjrar et al, 2002- MiBm/OnkM

Figure 1.9; ERG responses:

The first ERG panel is the rod response, the second the mixed rod-cone response and the last 
panel the cone-isolated response. A. represents the ERG of a person vsith normal vision, B. 
Represents the ERG of a patient with moderatley advanced RP and C. Represents the ERG of a 
patient with advanced RP
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Classification ot mutant rhodopsins
Classifieation Behaviour Site of point mutation Misfolds
Class 1 Fold normally but are not transported to the outer 

segment
L328, T342. 0344. V345. A346, P347 No

Class II Are retained in the ER and canr^o* easily reconstitute 
with IVoifi-retinal

T17, P23, G61, TS.8, V87, G89, G106, ClIO, I.12B, 
A1fi4, C167, P171, Y178, E181. G)82, C187. G188, 
D190, H211, C222, P267. 5270, K296

Yes

Class til A^ect endocytosis R13& No
Class IV Do not nocassanly afiect folding but affect rod-opsin 

stabihTY and posmansiationai modification
14 No

Class V Mutations show increased activation rate for 
transducir

M44, VI37 No

Class VI Show constitutive activation of opsin in the absence 
of chromophore and in the dark

G90, T94, A292, No

Unctassifiod No observed biochemical or cellular defect or not 
studied in detail

N15. 028,140. F46, L46, P53, Gl09. G114, S127. 
L131, Y136. C140. E150, P170, G174, P180, Q184. 
S186, T193, M207, V2ra, P215, M216, F220, E249. 
G284, T289, S297. E341

Table 1.11 The classification system (I-VI) of human rhodopsin mutations implicated in
RP Mutations that do not fit into anv of the six categories remain unclassified (Mendes et 
al, 2005)

36



The endogenous miRNA processing pathway (A), miRNAs are transcribed into pri-miRNA 
and then cleaved by the enzyme Drosha into pre-miRNA, These pre-miRNA (or shRNAs) are 
than exported from the nucleus by Exportin V where they are cleaved by Dicer into mature 
dsmiRNA of between 21-23bp in length. It is here that the exogenous siRNAs enter the 
pathway (B). siRNAs or pre-miRNAs are incorporated into RISC and are guided to target 
mRNA sequences. Here each target mRNA undergoes AGO-mediated cleavage in the case of 
siRNAs and some miRNAs, or as is the case with the majority of miRNAs undergo 
translational repression.
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Chapter 2; Materials & Methods
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Section 2.1; Materials

Buffers and reagents for general procedures

• Oligonucleotide annealing buffer (Xeragon, pH7.4); lOOmM KOAc, 30mM HEPES KOH and 

2mM MgOAc

• Tris-acetate-EDTA electrophoresis buffer lOX (TAE, Invitrogen, pH 8.3): 400mM Tris- 

Acetate and lOmM EDTA (Diluted 1/10 in ddH20 for a IX working solution)

• Agarose gel: Agarose powder (Sigma-Aldrich) diluted in the appropriate volume of IX TAE

• Ethidium Bromide (Sigma-Aldrich): lOmg/ml

• Sybr-Safe (Invitrogen): 10,000X concentrate in DMSO

• Agarose gel loading dyes (Sigma-Aldrich):

1. Xylene Cyanol (6X)

2. Bromophenol blue (6X)

• Molecular weight markers: lOObp ladder (New England Biolabs) and Ikb ladder (New 

England Biolabs) were used as size markers on agarose gels Ipl of marker was diluted in 4pl 

of IX TAE with Ipl of loading dye

• Roche enzymes and buffers for cloning (Roche):

1. Sure Cut enzyme buffer A

2. Sure Cut enzyme buffer B

3. Klenow polymerase enzyme 2U/pl

4. T4 DNA polymerase

5. T4 Ligase

6. T4 lOX Ligation Buffer pH7 at 20°C: 660mM Tris-HCL, 50mM MgCE. lOmM Dithiothreitol, 

lOmM ATP

• Shrimp Alkaline Phosphatase (SAP, USB Corp)

• SAP 10 X RX Buffer (USB Corp)
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Restriction enzyme buffers (New England Biolabs):

1 X NEBuffer 1 lOmM Bis-Tris-Propabe-HCL, lOmM MgCT and ImM

Dithiothreitol

IX NEBuffer 2 (pH7.9 at

25°C)

50mM NaCl, lOmM Tris-HCl, lOmM MgCb and ImM

Dithiothreitol

IX NEBuffer 3 (pH7.9 at

25°C)

lOOmM NaCl, 50mM Tris-HCl, lOmM MgCE and ImM

Dithiothreitol

IX NEBuffer 4 (pH7.9 at

25°C)

50mM potassium acetate, 20mM Tris-acetate, lOmM

magnesium acetate and 1 mM Dithiothreitol

Bovine Serum Albumin

(BSA [pH7.0 @ 25°C])

BSA, 20mM KP04, 50mM NaCl, 0. ImM EDTA, 5% Glycerol

PCR reagents:

1. Crimson Taq^'^ (New England Biolabs)

2. IX Crimson Taq™ reaction PCR buffer pH8.5 at 25°C (New England Biolabs) 

12.5mM Tricine, 42.5mM KCl, 1.5mM MgCPand 6% Dextran Red Acid

3. dNTPs ( dATP, dTTP, dCTP, dGTP, [Roche])

4. PfuTurbo®DNA polymerase and buffer (Stratagene)

Buffer-saturated Phenol (pH7.5, Invitrogen)

Chloroform (Scharlau Chemie)

Ethanol (Scharlau Chemie)

Isopropanol (Scharlau Chemie)

3M Sodium Acetate (pH5.2 and pH7): 123.045g sodium acetate anhydrous (Sigma- 

Aldrich) was dissolved in 400ml of ddH20. The pH was adjusted to pH5.2 with glacial 

acetic acid (Sigma-Aldrich)

Sequencing reagents:

1. BigDye® terminator (Applied Biosystems)X

2. BigDye® sequencing buffer (Applied Biosystems)
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3. Formamide (Sigma-Aldrich)

2.1.2 Buffers and reagents for bacterial culturing

• Luria-Bertani (LB) broth: 1% tryptone (Oxoid), 0.5% yeast extract (Oxoid) and l%NaCl 

(Sigma-Aldrich) was added to 1 litre of ddH^O and the LB autoclaved

• LB/Agar: tryptone (1 %), 5g yeast extract (0.5%), 1 Og NaCl (1 %) and BBL™Agar Grade A 

(1.5%) was added to 1 litre of ddH20 and the LB/agar autoclaved

• LB/Agar plates: 400ml of LB/Agar was melted and cooled to a temperature of approximately 

60”C, the appropriate antibody was added and the LB/Agar was subsequently poured 

immediately into sterile plastic petri dishes and allowed to set

• XL 1 -BlueMRA Competent Cells (Stratagene)

• XL 10-Gold Ultracompetent cells (Agilent Technologies)

• Antibiotics (Sigma-Aldrich):

Antibiotic Stock Solution Working Concentration

Ampicillin 20 mg/ml 50pg/ml

Tetracycline 10 mg/ml 25pg/ml

Spectinomycin 10 mg/ml 50pg/ml

0.5M CaCL (Sigma-Aldrich)

• E. Coli Lysis Solution 1: 50mM Tris pH 8 (50mM), 25% sucrose (Sigma-Aldrich) and 2mM 

EDTA pH8

• Lysozyme (40mg/ml): 40mg Lysozyme (Fluka Biochemika), 250mM Tris pH8

• M-STET: 5% trition X-100 (Sigma-Aldrich), 50mM EDTA pH8. 5% sucrose and 50mM Tris 

pH8 and was sterilised by autoclaving

• RNase A (1 mg/ml, Sigma-Aldrich)

2.1.3 Cell culturing materials and reagents

Complete DMEM: 10% fetal calf serum (FCS, PAA Laboratories), 2mM L-Glutamine 

(Cambrex) & 2mM Sodium Pyruvate (Cambrex) in Dulbecco’s modified eagle media 

(DMEM, Cambrex). FCS was first heat inactivated at 50°C for 30 minutes. Complete DMEM 

was stored at 4°C for up to 1 month
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IX Sterile Phosphate Buffer Saline (PBS, Cambrex)

Trypsin-EDTA (Cambrex)

Trypan-blue (0.4%, Sigma-Aldrich)

2X Freezing Media: 25% Dimethyl Sulfoxide (DMSO, Sigma-Aldrich), 25% FCS and 50% 

complete DMEM

Lipofectamine® 2000 reagent (Invitrogen)

Opti-MEM (Invitrogen)

2.1.4 RNA materials and reagents

Nuclease Free water (Ambion)

RNase Away® (Invitrogen)

Tri-Reagent (Molecular Research Centre)

P-mercaptoethanol (BDH chemicals LTD)

RQl DNa.se (Promega)

RQl DNase lOX Buffer (Promega): 400mM Tris-HCl (pH8), lOOmM MgS04and lOmM 

CaCL

RQl Stop solution (Promega): 20mM EGTA (pH8)

Hanks Balanced Salt Solution without Ca, Mg and Phenol red (HBSS [Lonza BioWhittaker®]) 

DNase I, RNa.se-Free (lyophilised, Qiagen)

Buffer RDD (Qiagen)

QuantiTect SYBR Green reverse transcriptase (RT)-PCR Master Mix (Qiagen- Xeragon): 

HotStarTaq® DNA Polymerase, QuantiTect SYBR Green RT-PCR Buffer, dNTP mix, 

including dUTP, SYBR Green 1, ROX passive reference dye, 5mM MgCL 

. QuantiTect reverse transcriptase RT) Mix: Omniscript® Reverse Transcriptase, Sensiscript® 

Reverse Transcriptase

2.1.5 Protein materials and reagents

• 1 % Triton X-100

• 0.5M EDTA (pH8)

• lOX TBS (pH7.5): 30.3g Tris (Sigma-Aldrich), 80g NaCl (Sigma-Aldrich) and 2g KCl 

(Sigma-Aldrich)

• Roche protease inhibitor mix: 1 complete mini-protease inhibitor cocktail tablet (Roche) in 1.5 

ml ofddH^O
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Protein lysis buffer (6ml); 1% triton X-100, ImM HDTA (pH8), lOX TBS (pH7.5) and 900pl 

of Roche protease inhibitor mix in ddH20 

1 X PBS (Sigma-Aldrich): 2 PBS tablets in 400ml of ddH^O.

2.1.6 Materials and reagents used for western blotting

• 10% Sodium Dioecyl Sulphate pH7.2 (SDS [Sigma-Aldrich])

• 1.5M Tris-HCl pH8.8

• 0.5M Tris-HCl pH6.8

• 10% Ammonium Persulphate (APS [Sigma-Aldrich])

• 5X Lane Marker Reducing Sample Buffer (Thermo Scientific): 0.3M Tris-HCL, 5% SDS, 50% 

glycerol, 1 OOmM Dithiothreitol (DTT) and proprietary pink tracing dye

• Prestained protein loading marker-broad range (New England Biolabs)

• Resolving gel for SDS-PAGE electrophoresis (12%); 5ml 1.5M Tris-HCl pH8.8, 6.6ml ddH20, 

8ml bis-acrylamide (30%, Sigma-Aldrich), 200pl 10% SDS, 200pl APS and 20pl of TEMED

• Stacking gel for SDS-Polyacrylamide gel electrophoresis (SDS-PAGE [4%]): 2.5ml 0.5M 

Tris-HCl pH6 8, 6.8ml ddH20, 1.33ml bis-acrylamide (30%, Sigma-Aldrich), lOOpl 10% SDS, 

lOOpl APS and lOpl of TEMED (Sigma-Aldrich)

lOX Running buffer (pH8.6): 30.3g Tris, 144.2g Glycine (Sigma-Aldrich) and 1% SDS 

Transfer buffer; 3.03g Tris, 14.42g Glycine and 20% methanol (Scharlau Chemie)

Ponceau S (Sigma-Aldrich): 0.1% PonceauS (w/v) in 5% (v/v) acetic acid.

5% blocking solution: 5% Marvel original dries skimmed milk in IX TBS 

AmershamT'^ ECL^m Western Blotting Detection Reagents (GE Healthcare)

Developer (Kodak GBX developer and replenisher (Sigma-Aldrich)

Fixer (Kodak GBX fixer and replenisher (Sigma-Aldrich)

Restore™ Western Blotting Stripping Buffer (Thermo Scientific)

2.1.7 AAV production materials:

• Plasmids:

1. pAAV-MCS (Stratagene)

2. pRep2/Cap521 (Hildinger et al, 2001)

3. pHelper (Stratagene)
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HEK293 cells were obtained from ATCC (accession number CRL-1573.

1 M NaCl (pH5):

Polyethlenimine (Sigma-Aldrich): 0.1 g/L ISOmM NaCl, pH5 

Deoxycholic acid (Sigma-Aldrich)

Bensonaze (Sigma-Aldrich)

Polyethylene glycol (PEG8000, Sigma-Aldrich)

Cesium Chloride (Sigma-Aldrich)

Slide-a-lisers (MSC/ Fischer)

2.1.8 Animal materials

• Strains used:

Wild-type 129/Sv mice (Charles River Laboratories [129])

Normal Human Rhodopsin (NHR) mice (Ollson et al, 1992)

129 rhodopsin knockout (129rho'^') mice (Humphries et al, 1997)

RHO-M (RHO-M-^' rho'' ) mice (O’Reilly et al, 2008)

Pig P347S rhodopsin (PP347S) mice (kindly provided by Prof. Tiansen Li; Wong & Hao, 

1992)

Human P347S rhodopsin mice (Li et al, 1996)

1.

2.

3.

4.

5.

6.

2.1.9 Genotyping

• Tissue Lysis Buffer: 50mM Tris pH8, lOOmM EDTA pH8, lOOmM NaCl and 10% SDS

• Proteinase K: proteinase K (lOmg/ml) was used to digest tissue samples (Sigma-Aldrich)

• Glycogen (Sigma-Aldrich)

2.1.10 Anaesthetic and reagents used for animal procedures

Anaesthetic for subretinal injections: Medetomidine (lOmg/lOg body weight) and Ketamine 

(750mg/10g body weight) was administered via intraperitoneal (i.p) injection 

Anaesthetic for ERGs: Ketamine (16mg/10g body weight) 

and Xylazine (1.6mg/1 Og body weight)

For dilating eyes: 1% Cyclopentolate and 2.5% Phenylephrine was administered 

Analgesia: 1% Amethocaine and Vidisic gel

Reversal agent: Atipamezole Hydrochloride was administered at a dose of lOOmg/lOg body 

weight via i.p injection

45



2.1.11 Materials and reagents used for histology and immunohistochemistrv

4% Paraformaldehyde (PFA [Sigma-Aldrich]): 4% PFA was dissolved in IL IX PBS by 

heating at 64 C on a hot stir plate. The pH7.4 was obtained using NaOH and HCl.

10, 20, 30% sucrose (Sigma-Aldrich) was made by in IX PBS

Optimal cutting temperature compound (OCT compound, Lennox Laboratory Supplies) 

Polylysine® (PLL) slides (Sigma-Aldrich)

Donkey Serum (Sigma-Aldrich)

10% Triton-PBS solution; 10% Triton X 100 in IX PBS 

Blocking solution: 10% donkey serum, 0.3% Triton-PBS in IX PBS 

Antibody solution: 2% donkey serum, 0.1% Triton-PBS in IX PBS

4',6-diamidine-2-phenylindole-dihydrochloride (DAPl, Sigma-Aldrich); l./l0,000 dilution in 

IX PB

Aqueous mounting media (Aqua PolyMount, Polysciences)

2.1.12 Antibodies

Anti-mouse rhodopsin primary antibody (4D2) obtained from Prof. RS Molday (Hicks & 

Molday, 1986)

Anti-rabbit polyclonal p-actin (Abeam)

Anti-mouse secondary IgG (Fc-specific) peroxidise conjugate (Sigma-Aldrich) 

Anti-mouse light chain only secondary antibody (Millipore)

Anti-rabbit secondary antibody (Abeam)

Anti-mouse Lectin PNA antibody conjugated to Alexa Fluor 568 (Molecular Probes)

2.1.13 Fluorescent Activated Cell sorting (FACs)

HBSS

Trypsin-EDTA lOmg/ml (Sigma-Aldrich)

Trypsin Inhibitor 20mg/ml (Roche)

DNase I lOug/pl in DNase buffer (Sigma-Aldrich) 

Neural tissue dissociation kit (Macs Miltenyi Biotech):
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Solution I

II. Solution 2

III. Solution 3

IV. Solution 4

V. Enzyme mix 1: Solution I (50|il) + solution 2 (I900|il)

VI. Enzyme mix 2: (Solution 3 (20nl) + solution 4 (10^1)

Propidium Iodide 1 mg/ml (Sigma-Aldrich)

DRAQ5 I mg/ml (Biostatus)
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Section 2.2; General cloning techniques

2.2.1 DNA/RNA spectrophotmetry

DNA and RNA concentration was calculated from absorbance at a wavelength (A.) of 260nni (A260) 

using the NanoDrop™ 1000 spectrophotometer (Therma Scientific). The Beer-Lambert Law states that 

the concentration of double stranded DNA and RNA is directly proportional to their absorption of light 

at 260nm. This equation is based on the different extinction coefficients of each nucleic acids 

(DNA=50pg/OD26o. RNA=40pg/OD26o). 2pl of nuclease free water was added to the optical surface of 

the nanodrop in order to obtain a blank measurement. The software was either set to DNA50 or 

RNA40 depending on the nucleic acid being measured. 2pl of each sample was loaded onto the optical 

surface and a concentration for each was calculated. Purity of nucleic acids was measured by 

examining A260/A280 ratios measured on the nanodrop.

2.2.2 Agorose gel electrophoresis

Agarose gels were made by adding the appropriate amount of agarose extract to IX TAE buffer and 

heating in a microwave oven until all the agarose had melted. Depending on the type of gel needed 

either 2pl of SyberSafe or Ipl EtBr was added to 30ml of melted agarose. This was poured into a gel 

cast (Bio-Rad) with a comb and the gel was left to set for at least twenty minutes. Loading dye was 

added to each DNA sample at a dilution of I in 6 and each sample was loaded onto the gel along with a 

DNA size ladder. The gel was electrophoresed at a constant voltage of lOOV and DNA was visualised 

on a UV transilluminator (Vilber Lourmat). Photographs were taken using a Mini Bis PRO (DNR, Bio- 

Imaging Systems) with Gel capture software (DNR, Bio-Imaging Systems).

2.2.3 Restriction enzyme digestion

Restriction enzyme digestion of DNA was performed as follows: A IX concentration of the 

recommended enzyme buffer and bovine serum albumin (BSA) was added to each reaction. The 

amount of units of restriction enzyme was recommended by the manufactures. Reactions were 

typically performed in a 50pl volume in ddH20. Unless otherwise stated all reactions were carried out 

for 2 hours at 37°C. The enzyme activity was inactivated by heating to 65°C for 20 minutes, by a 

reaction enzyme clean up kit (Section 2.2.4) or agarose gel extraction (Section 2.2.5).
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2.2.4 Enzyme reaction clean up (Oiagen)

Purification of PCR products and restriction digests was carried out using the QIAquick PCR 

purification kit (Qiagen). A 5:1 volume of buffer PB to DNA was added and this was transferred to a 

QIAquick spin column. The remainder of the protocol was carried out according to the manufacturer’s 

instructions. DNA was eluted in 50pl of ddH20.

2.2.5 Agarose gel extraction (Oiagen)

DNA was extracted from 1% agarose gels using the QIAquick gel extraction kit (Qiagen). DNA on 

agarose gels were visualised under the UV transilluminator (Vilber Lourmat) and using a sterile blade, 

gel sections containing DNA of interest was excised. The gel slice was weighed and 3 volumes of 

Buffer QG was added per lOOmg of gel. The remainder of the protocol was carried out according to the 

manufacturer’s instructions. DNA was eluted in 50pl of ddHiO.

2.2.6 Shrimp Alkaline Phosphatase (SAP) treatment

5pl of lOX SAP and 5pl SAP buffer was added to linearised vector solution in a 50pl final volume 

with ddH20. The reaction was incubated for 2 hours at 37 C and subsequently heat inactivated at 65°C 
for 20 minutes in a Thermocycler (Biometra T300 Thermocyclers, Biosciences).

2.2.7 Filling in 5’ DNA overhangs (Klenow polymerase reaction)

Klenow polymerase was used to fill in 5’DNA overhangs. 2pl of Klenow polymerase, 2pl dNTPs 

(2mM) and 6pl buffer A was added to Ipg digested DNA in a final volume of 60pl. This reaction was 

incubated at 37'C for 30 minutes.

2.2.8 Filling in 3’ DNA overhangs (T4 DNA polymerase reaction)

The T4 DNA polymerase was used to fill in 3’DNA overhangs. 2pl T4 DNA polymerase, 4pl buffer A. 

2pl dNTPs (2mM) and Ipg DNA in a lOOpl reaction volume was incubated at 12°C for 10 minutes and 

heat inactivated at 75°C for 10 minutes.

2.2.9 Phenol-chloroform extraction

Buffer-saturated phenol was added to an equal volume of DNA solution, the sample was vortexed and 

centrifuged at 13,000rpm (lEC Micromax Microcentrifuge, Thermo-Electron) for 1 minute. The top 

aqueous layer (containing the DNA) was taken and again an equal amount of phenol was added,

49



vortexed and centifiiged at 13,000rpm for 1 minute. The upper aqueous layer was removed and mixed 

with a 1; I mixture of phenol chloroform, was vortexed and centrifuged as above. Again the top phase 

was taken, mixed with an equal volume of chloroform, vortexed and centrifuged at 13,000rpm. The 

upper aqueous phase containing the DNA was removed and the DNA was precipitated with by ethanol 

precipitation (see below 2.2.10).

2.2.10 Ethanol precipitation

250% of ethanol and 10% 3M NaAc pH5.4 were added to the DNA solution. The sample was vortexed 

and incubated at -20°C for 30 minutes. This was centrifuged at I3,000rpm (lEC Micromax 

Microcentrifuge, Thermo-Electron) for 20 minutes and the supernatant was carefully removed. The 

pellet was washed with 70% ethanol, centrifuged for 5 minutes, the supernatant was removed and the 

DNA pellet was air dried. DNA was resuspended in 50pl of ddH20.

2.2.11 Litzations

Ligations were carried out in lOpl reaction volumes. The amount of vector and insert DNA was 

estimated by visualisation (of various concentrations of vector and insert) on a 1% agarose gel. Vector: 

insert ratios of approximately 1:3 and 1:10 were typically used in ligation reactions. Ipl of T4 DNA 

ligase and Ipl of lOX DNA ligase buffer was added to the appropriate amount of vector and insert. The 

reaction volume was made to lOpl with ddH^O. Ligation controls were included with all cloning 

reactions, typically this involved two controls; the first was a ligase control containing digested vector 

and ligase and the second was a vector digestion control containing digested vector.

2.2.12 XLl-blueMRA competent cells

A colony of XL I - blueMRA E.coli was streaked onto an LB/agar plate containing tetracycline. This 

was incubated overnight at 37°C. Using a toothpick a single colony from this plate was used to 

inoculate 10ml LB broth with tetracycline, which was and incubated overnight in an orbital incubator, 

shaking at 220 rpm (Innova 4300) at 37°C. 250pl of the overnight culture was added to a conical flask 

containing 25ml of LB broth and tetracycline which was grown in an orbital incubator for 

approximately 2 hours until the bacterial cells were in their early exponential growth phase (ODeoo of 

0.3 to 0.5). Cells were centrifuged at 3,000rpm (Centrifuge 5810, Eppendorf) for 5 minutes and the 

supernatant was removed. 25ml of ice cold, sterile 50mM CaCB was added to the cells and the pellet 

was gently resuspended. The cell suspension was left on ice for 15 minutes and centrifuged at

50



3,000rpm for 5 minutes. The supernatant was removed and the cell pellet was resuspended in 5ml ice 

cold, sterile 50mM CaCT. The competent cells were stored on ice and were used within 2 days.

2.2.13 Transformation using XLl-BlueMRA competent cells

5pl of ligated DNA was added to 200pl of XLl-BlueMRA competent cells and placed on ice for 20 

minutes. Cells were heat shocked at 42°C for 5 minutes in a water bath. 1 ml of LB was added to each 

tube and this was incubated at 37°C for 1 hour. 200pl of each sample was spread on an LB/agar plate 

and left to dry. Each LB/Agar plate contained the appropriate antibiotic for selecting transformed 

bacterial colonies (unless otherwise stated the antibiotics used were Ampicillin and Tetracycline). Each 

plate was incubated at 37°C overnight. Transformation controls were also included in this experiment. 

A circular plasmid was transformed to confirm the transformation process was efficient. In addition 

non-transformed competent cells were plated, to ensure the competent cells and the LB/agar plates 

were not contaminated.

2.2.14 Transformation using XL10-Gold®mtraconipetent cells

XL 10-Gold®Ultracompetant cells (Stratagene) were stored at -80°C until needed. 6pl of p- 

mercaptoethanol (Stratagene) were added to each 150pl vial of cells which were placed on ice for 10 

minutes, gently tapping the eppendorf tubes at two minute intervals. 50pl of cells were transferred to 

universal tubes and the DNA to be transformed was added. Each tube was incubated on ice for 30 

minutes and then heat shocked at 42°C for 30 seconds. The samples were returned to ice for a further 2 

minutes. 900pl of warm LB was added to each tube which were incubated for 60 minutes at 37°C in an 

orbital incubator, shaking at 1 lOrpm (Innova 4300). lOpl of each transformation mixture were spread 

on an LB/agar plate supplemented with appropriate antibiotics which were incubated overnight at 

37°C.

2.2.15 DNA mini-preparation (boiling method)

10ml LB broth containing the appropriate selection antibiotic were inoculated with each transformation 

colony and grown overnight at 37°C in the orbital incubator. The overnight cultures were centrifuged 

for 10 minutes at 3,000rpm (Centrifuge 5810, Eppendorf) and the supernatant was removed. Pellets 

were resuspended in 60pl of lysis solution 1 by pipetting up and down; and this suspension was 

transferred to an eppendorf. 20pl of lysozyme (lOmg/ml) was added and mixed by pipetting. Samples 

were left at room temperature for 10 minutes. 550pl of MSTET solution was subsequently added to 

each sample, mixed by pipetting and the samples incubated for a further 10 minutes. Samples were
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boiled for 90 seconds and centrifuged at 13,000rpm (lEC Micromax Microcentrifuge, Thermo 

Electron) for 15 minutes. Bacterial DNA pellets were discarded using a toothpick; Ipl of RNase A was 

added to each tube and samples were incubated at 37°C for 15 minutes. A phenol extraction was then 

carried out; 500pl of buffer-saturated phenol were added to each tube and all samples were vortexed. 

Tubes were centrifuged at 13,000rpm for 5 minutes. The top organic layer was transferred to a fresh 

eppendorf (approximately 400pl) and 240pl of isopropanol (0.6 of the total volume) were added. 

Samples were vortexed for a few seconds. These were then incubated for 15 minutes at room 

temperature and subsequently centrifuged at 13,000rpm for 15 minutes. The supernatant was removed. 

DNA pellets were washed with 70% ethanol. Pellets in ethanol were left to stand for ten minutes and 

the ethanol was then discarded. Samples were pulse spun and the remainder of the ethanol was 

removed using a pipette. Pellets were left to air dry for 30 minutes and resuspended in lOOpl of ddH20. 

DNA was stored at -20°C.

2.2.16 DNA mini-preparation (Qiagen kit)

DNA mini-preparation was also carried out using the QlAprep® miniprep kit (Qiagen). Cells from 

single colonies were grown in 5ml of LB supplemented with appropriate antibiotics overnight at 37°C 

in an orbital incubator (Innova 4300). The overnight culture was centrifuged at 3,000rpm (Centrifuge 

5810, Eppendorf) for 10 minutes and the supernatant was removed. A mini-preparation was carried out 

on the pellet according to the QlAprep® miniprep handbook (Qiagen). DNA was resuspended in 50pl 

of ddH:0 and stored at -20° C.

2.2.17 DNA maxi-preparation (Qiagen kit)

DNA maxi-preparation (to get high quality DNA of up to Img) was carried out using the HiSpeed® 

Plasmid Midi and Maxi kit (Qiagen). 5ml of LB broth with the appropriate antibiotic was inoculated 

with the colony to be prepared. This starter culture was grown for 8 hours at 37°C in an orbital 

incubator, shaking at 220rpm (Innova 4300). Poliowing this, 250pl (1/1000 dilution) of this .starter 

culture was used to inoculate 250 ml LB broth containing the appropriate antibiotic. Cultures were 

grown at 37°C overnight, shaking at 220rpm in an orbital incubator. The next day the cultures were 

centrifuged at 3000rpm for 15 minutes (Centrifuge 5810, Eppendorf) and the supernatant was 

removed. The maxi-preparation was carried out on bacterial pellets according to the HiSpeed® 

Plasmid Purification handbook. Pellets were re-suspended in 1 ml ddH20 and stored at -20°C.
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2.2.18 DNA mega-preparation (Qiagen kit)

DNA mega-preparation (to get high quality DNA of up to 2.5nig) was carried out using the Qiafilter™ 

Plasmid Megakit (Qiagen). 2ml of LB broth with the appropriate antibiotic was inoculated with cells 

from the colony to be prepared. This starter culture was grown for 8 hours at 37°C in an orbital 

incubator, shaking at 220rpm (Innova 4300). Following this, the 2 ml starter culture (1/300 dilution) 

was used to inoculate into 600ml LB broth (in a 2000ml conical flask) containing the appropriate 

antibiotic. Cultures were grown at 37°C overnight, shaking at 220rpm in an orbital shaker. The next 

day the bacteria were harvested by centrifugation at 9000rpm (Sorvall RC-5B refrigerated superspeed 

centrifuge-rotor GSA). The mega-preparation was carried out on bacterial pellets according to the 

Qiafilter™ Plasmid Purification handbook. Following step 16 (the washing of the DNA pellet with 

70% ethanol), the remainder of the protocol was carried out in a laminar flow cabinet (Holten 

LaminAir Model 1.2, Thermo Electron Corporation), in order to prevent contamination of the DNA. 

The pellet was air dried (for approximately 30 minutes) and resuspended in 1.5ml ddH^O.

2.2.19 Polymerase chain reaction (PCR)

All PCRs were carried out in a final volume of 20pl containing 250ng DNA template, 0.5pmoles of 

forward and reverse primers, 4mM dATP, dTTP, dCTP and dGTP, 4pl 5X Crimson Taq^'^ reaction 

PCR buffer and 1 unit of Crimson Tar/™ DNA polymerase. Samples were vortexed and placed on a 

thermocycler (Biometra T300 Thermocycler, Biosciences) typically programmed with a standard PCR 

protocol: 94°C for 5 minutes, 35cycles of 94°C for I minute, 55°C for I minute and 72°C for 1.2 
minutes. Finally samples were incubated at 72°C for 10 minutes.

2.2.20 Sequencing (automated capillary method)

DNA samples to be sequenced were amplified using the BigDye® Terminator v3.1 Cycle Sequencing 

Kit (Applied Biosystems). PCR reaction mixtures contained: 500ng of plasmid DNA, 2.5pmoles of 

primer, 2pl of BigDye® terminator and 2pl of the 5X BigDye® sequencing buffer. PCRS were 

performed in lOpl volumes. PCR reactions were performed using a thermocycler (Biometra T300 

Thermocycler, Biosciences) as follows: 96°C for 2 minutes, 26 cycles of 96°C for 10 seconds, 50°C 

for 5 seconds and 60°C for 4 minutes and finally 15 minutes at 72°C. DNA was subsequently 

precipitated by the addition of 62.5pl of 96% ethanol, 3pl 3M sodium acetate (pH5.2) and 24.5pl 

ddHiO. Samples were left at room temperature for 20 minutes and centrifuged for an additional 20 

minutes at 13,200rpm (lEC Micromax Microcentrifuge, Therma Scientific). The supernatant was

removed and the pellet was washed with 250pl of 70% ethanol. The samples were centrifuged at
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13,200rpm for 10 minutes, the ethanol was removed and the pellet was air dried. Each pellet was 

resuspended in 25pl formamide and transferred to sequencing tubes. The samples were denatured at 

95°C for 5 minutes and immediately transferred to ice. Sequencing was performed using an ABI 373A 

DNA sequencing machine as per the manufacturer's protocol by Alex McKee. Sequencing was 

analysed using ABI data collection and analysis software.

2.2.21 Sequencing (GATC or Source Bioscience LifeSciences)

Sequencing reactions were outsourced to GATC Biotech or Source Bioscience LifeSciences. Plasmid 

DNA samples were sent at a concentration of approximately 30-100ng/pl along with 3.2 pmoles/pl of 

the sequencing primer. Sequencing was performed on a 7x ABI 3730x1 sequencer. Results were 

viewed using GATC viewer vl .00 (GATC Biotech).

2.3 Cell culturing procedures

2.3.1 Cell growth

HeLa cells (America type culture collection [ATCC] no. CCL-2) were maintained in complete DMEM 

and grown at 37'’C in a humidified Steri Cycle CO2 incubator (Hcpa Class 100, Thermo Scientific) in 

the presence of 5% CO2. All cell culture procedures were carried out in a laminar flow cabinet (Holten 

LaminAir Model 1.2, Thermo Electron Corporation). Cells were visualised using a microscope 

(Olympus CK30).

2.3.2 Cell passaging

Cells were passaged routinely on average every 2-3 days. Complete DMEM was removed from cells. 

Cells were then washed with PBS and removed from tissue culture dishes by incubation with l-2ml of 

Trypsin-EDTA at 37°C for 5 minutes. Once the cells had been removed from the tissue culture plates a 

5-fold excess of complete DMEM was added to the cell suspension in order to inactivate the Trypsin. 

1/6 of the total cell suspension was then added to new 10cm tissue culture dishes and grown in 

complete DMEM.

2.3.3 Cell counting using a Haemocvtometer

Cells were prepared for counting by trypsinising, adding a 5-fold excess of complete DMEM and 

centrifuging at lOOOrpm for 10 minutes (IEC-Centra-3C centrifuge). The resulting cell pellet was 

resuspended in 10ml complete DMEM. A 1:1 dilution of cell suspension with 0.4% trypan blue in was
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performed and cells were counted using a Haemocytometer. The Haemocytometer was washed with 

70% ethanol and dried. A clean coverslip was placed over the counting area and the cell suspension 

was applied beneath the coverslip by capillary action. The number of cells per grid of 16 squares was 

counted. Cells were counted in 8 different grids and the average taken. In order to obtain the number of 

cells per ml this average was multiplied by 2 X 10'*.

2.3.4 Freezing cells

Cells were frozen at low passage numbers in order to maintain stocks. 500pl of cells were placed in a 

Nunc Cryo Tube™ (Nunc) along with 500pl of 2X freezing media. These were placed in a prechilled 

cryo freezing container (Nalgene) and frozen at -80°C.

2.3.5 Genera! co-transfection protocol using Lipofectamine® 2000

HeLa cells were seeded in complete DMEM at a density of 2 X 10^ on 24 well plates and transfected 

when they were approximately 90-95% confluent using Lipofectamine® 2000 reagent. Each siRNA 

was co-transfected with a rhodopsin expression plasmid into HeLa cells. All rhodopsin expression 

plasmids expressed rhodopsin cDNA from a CMV promoter. A non-silencing negative control siNT 

(5’-UUCUCCGAACGUGUCACGU-3’, IQiagenJ) and a positive control siBB targeting nucleotides 

254-274 of hRHO (5’-TCAACTTCCTCACGCTCTACGT-3, |Proligo]) were used in all co

transfection experiments (O’Reilly et al, 2007). The optimal amounts of each siRNA (usually 

Ibpicomoles) and rhodopsin plasmid DNA (usually 400ng) were first diluted with Opti-MEM. 

Lipofectamine® 2000 was also diluted 1/25 with Opti-MEM and incubated for 5 minutes at room 

temperature. Once the incubation period was complete the DNA/RNA solution was mixed with the 

Lipofectamine® 2000 solution and liposomal complexes were allowed to form for 25 minutes. lOOpl 

of this co-transfection complex was subsequently added to each well of HeLa cells, mixed well with 

the culture medium and incubated RNA and protein were extracted for analysis 24 hours post

transfection. Transfections were typically performed in either triplicate or quadruplicate.

2.4 RNA Methods

2.4.1 Ribonuclease (RNase) free conditions

In order to prevent RNA degradation by RNases certain precautions were taken. Nuclease-free

eppendorf tubes (Axygen Scientific Inc.), nuclease-free filtered pipette tips (Axygen Scientific Inc.)

and nuclease-free water (Ambion) were used at all times. RNA samples were kept on ice during

experiments. The benches were wiped with 70% ethanol and RNase AWAY^“^ (Invitrogen).
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2.4.2 RNA isolation from HeLa cells (Using Tri-reagent)

RNA was extracted from cells 24 hours post-transfection. The medium was removed from each well 

and the cells were washed gently with 500pl PBS. Cells were lysed by pipetting 250pl of Tri-reagent 

into each well of a 24 well plate and mixing gently. The plate was incubated at room temperature (RT) 

for 5 minutes. Quadruplicate transfection samples were pooled and 200pl of chloroform was added. 

Each tube was shaken vigorously for 2 minutes and left for 2-3 minutes at RT. The samples were 

centrifuged at 12,000rpm for 15 minutes at 4°C (Beckman GS-6 centrifuge). 300pl of the upper phase 

of each sample was transferred to a new eppendorf tube. RNA was precipitated with 200pl of 

isopropanol at RT for 10 minutes. Tubes were subsequently centrifuged at 4°C for 10 minutes at 

12,000rpm. The supernatant was removed and RNA pellets were washed with 75% ethanol. Tubes 

were centrifuged for 5 minutes at 12,000rpm at 4°C. RNA pellets were first air dried then resuspended 

in 50pl nuclease-free H:0. RNA .samples were stored at -20‘C.

2.4.3 RNA isolation from HeLa cells (RNeasv® Plus mini kit)

RNA was isolated using the RNeasy®Plus mini-kit (Qiagen). 87.5pl of Buffer RLT plus (0.88pl p- 

mercaptoethanol) was added to each well and quadruplicate transfection .samples were pooled. The 

pooled cell lysates were then homogenised by placing them onto a QlAshredder spin column placed in 

a 2ml collection tube. Samples were centrifuged at I3,000rpm (lEC Micromax Microcentrifuge, 

Thermo-Electron) for 2 minutes. The remainder of the isolation was carried out according to the 

manufacturer’s instructions. Samples were resuspended in 50pl of nuclease-free water.

2.4.4 DNase treatment of HeLa cell RNA

In order to remove contaminating DNA from HeLa cell RNA samples, 5pl of RQl DNase and 6pl 

RQI DNase Buffer was added to each sample. Samples were incubated at 37°C for 1 hour and the 

DNase was deactivated by adding 6.5pl of RQl stop solution and by heating samples to 80°C for 10 

minutes. Each RNA sample was frozen and stored at -20°C.

2.4.5 RNA isolation from mouse retina (RNeasv mini kit)

Unless otherwise stated all in vivo RNA isolations were carried out using the RNeasy mini kit 

(Qiagen). Retinas were extracted from mice and immediately washed in 1 ml ice cold HBSS in a 24 

well plate. The lens and surrounding RPE was removed from the retina, and each retina was placed 

into 350pl buffer RLT (containing 3.5pl P-mercaptoethanol). The retina was homogenised by pipetting
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the sample up and down a number of times. Retinal RNA extraction following addition of buffer RLT 

was carried according to the manufacturer’s protocol. RNA was eluted in 50pl nuclease free H2O.

2.4.6 DNase treatment of mouse retinal RNA (on column digestion)

During the above protocol (using the RNeasy mini kit), an on column DNase digestion step was 

performed. The RNeasy spin column was washed with 350pl Buffer RWl and centrifuged for 15 

seconds at 100(X)rpm (lEC Micromax Microcentrifuge, Thermo-Electron), the flow through was 

discarded. Following this, 80pl of DNase 1 in Buffer RDD (lOpl DNase 1 -I- 70pl Buffer RDD) was 

added to the centre of each column and incubated for 2 hours at 37°C. The column was then briefly 

centrifuged to remove the DNase in RDD Buffer mixture and subsequently washed with 350pl of 

Buffer RWl. The sample was centrifuged at lOOOOrpm for 15 seconds and the flow through discarded.

2.4.7 General One Step Real- Time RT-PCR protocol

Real-time reverse transcriptase-PCR (RT-PCR) was used to measured levels of RNA. In all one-step 

real-time Rd'-PCR experiments in this thesis, a relative standard curve method for quantification was 

used. This method determines the ratio between the amount of rhodopsin RNA and an internal control 

housekeeping gene (Applied Biosystems Real-Time PCR systems chemistry guide, 2005). The mRNA 

transcript of a housekeeping gene is ubiquitously expressed, therefore by comparing the ratio of 

rhodopsin RNA expression and the housekeeper RNA levels (either p-actin RNA or 18S rRNA), 
expression of rhodopsin across different samples can accurately be compared.

A one step real-time RT-PCR kit, the QuantiTectOSYBR® Green RT-PCR kit (Qiagen-Xerogon) was 

used in all one-step RT-PCR reactions which were carried out on an Applied Biosystems 7300 Real- 

Time PCR system. This system uses the Sybr green 1 fluorescent dye. Sybr green 1 binds to double 

stranded DNA and fluoresces. During the PCR reaction the more DNA that has been amplified, the 

more Sybr Green 1 will bind to it and the higher the fluorescent intensity (Applied Biosystems Real- 

Time PCR systems chemistry guide, 2005). The 7300 real-time RT-PCR machine measures the 

fluorescence after each PCR cycle and records this.

Each reaction was carried out in a final volume of 20pl containing lOpl of the supplied Sybr Green 

master mix, 0.147pl of the RT Mix (containing reverse transcriptase enzymes), 10 pmoles of the 

forward and reverse primer, 4.35pl Nuclease-free H2O and 4.5pl of each RNA .sample. These solutions 

were kept on ice at all times. Each reaction was performed in triplicate in a MicroAMP™optical 96-
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well reaction plate (Applied Biosystems). A negative control (water blank) to which no RNA was 

added was included. The real-time RT-PCR program was as follows:

• Reverse transcription: 50°C for 20 minutes

• Activation of DNA polymerase: 95°C for 15 minutes.

• cDNA amplification: 37 cycles at 95°C for 15 seconds, 60°C for 1 minute.

• Dissociation: 95°C for 15 seconds, 60°C for 30 seconds and 95°C for 15 .seconds.

Analysis was carried out using sequence detection software vl.4 (Applied Biosystems). Initially in 

order to verify the presence of each RT-PCR product a dissociation curve analysis was performed. 

Each product has a particular melting temperature (T,,,); therefore examining the temperature at which 

the PCR product DNA dissociates (melts) helps to confirm that the correct product of the correct size is 

present. Dissociation curves also help identify contaminations in water blanks and primer dimers 

(recognised by dissociation peaks with low Tm. typically in the region of 70-75 C). It was always 

critical to check for the presence of these peaks after every real-time RT-PCR.

In order to measure relative gene expression levels (typically rhodopsin) in samples and to compare 

levels in different samples, expression levels were normalised using a housekeeping gene (typically p- 

actin or 18S RNA). Hence two .standard curves were generated using rhodopsin and housekeeping gene 

primers and relative gene expression levels of both genes determined in each sample. Each standard 

curve was analysed using the auto analysis function in the software (auto CT). Eor both the rhodopsin 

and the housekeeping standard curves a line of best fit was generated based on the known dilution 

factors of the standards. This compares cycle no. to the log of the dilution value. The slope and R^ 

value of each standard curve was checked to make sure the assay was efficient (the slope should be - 

3.33 for 100% efficiency and the R‘ value should be as close to 1 as possible). Each sample to be tested 

was then compared to this line and a value of relative expression for each was determined. This was 

automatically done with the software package. The quantity value for each sample was taken for use in 

the relative quantification calculation. For each sample, the relative rhodopsin quantity was normalised 

to the relative quantity of the house keeping in the same sample.
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2.5 Protein techniques

2.5.1 Protein extraction from HeLa cells

Protein was extracted from HeLa cells by adding 150-200|j1 of protein lysis buffer to each well 

containing cells (work was done on ice at all times). The cells were dislodged from the base of each 

well using a plastic cell scraper, quadruplicate wells were pooled and each cell solution was transferred 

to an eppendorf. These were stirred for 1 hour at 4°C using small magnetic stir-bars. The contents of 

each eppendorf was transferred to a fresh eppendorf tube and centrifuged at 12,000rpm for 30 minutes 

at 4°C (Beckman GS-6 centrifuge). The supernatant containing the protein was retained and frozen at - 

20°C.

2.5.2 Protein extraction from mouse retina

Retinas were extracted from mice eyes and immediately placed in ice cold PBS in a 24 well plate. The 

lens and RPE was removed from the retina and each retina was added to 200pl of protein lysis buffer. 

Retinas were homogenised by pipetting up and down a number of times with a PI000 pipette tip. In the 

case of retinal samples that were particularly viscous, the extract was sonicated (Labsonic U, B. Braun 

Biotech International). Samples were stirred on ice for 1 hour at 4°C using small magnetic stir-bars. 

The contents of each eppendorf was transferred to a fresh eppendorf tube and centrifuged at 12,000rpm 

for 30 minutes at 4°C (Beckman GS-6 centrifuge). The supernatant containing the protein was retained 
and frozen at -20°C.

2.5.3 BCA protein assay

The protein concentration of each sample was quantified using the Pierce BCA protein assay kit 

(Pierce). This method uses bichinochonic acid (BCA) for the colourmetric detection of protein. In 

alkaline medium Cu’"^ is reduced to Cu''^ by protein. When one molecule of Cu'^ is present it chelates 

with two molecules of BCA to give a purple coloured product. This absorbs light of 562 nm. The more 

protein is present (20-2000pg/ml), the more molecules of Cu'"^ are generated, the more intense the 

purple colour and the higher the absorbance. In this kit BSA (Pierce) of known concentration (2mg/ml) 

was used to generate the following standards curve; Omg/ml, 0.25mg/ml, 0.75mg/ml, l.Omg/ml, 

l.Omg/ml, 1.5mg/ml and2 mg/ml. Protein samples were diluted 1:5 with protein lysis buffer. lOpl of 

each BSA standard, protein dilution and lysis buffer blank control were loaded in triplicate onto a 96 

well reaction plate (Nunc^^*^). The BCA reagent was prepared [50 parts BCA A (alkaline solution 

containing BCA):1 part BCA B (4% cupric sulphate)]. 200pl of this solution was added to each well.
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This was covered in tinfoil and incubated at 37°C for 30 minutes. Absorbance was read on a plate 

reader at 595nm (Rosys Anthos). The absorbance values of each standard (y-axis) were plotted against 

the known concentration of each standard (x-axis). A trend-line was generated and the slope of this line 

calculated. The concentration of protein present in each unknown protein sample was calculated using 

the equation: y=mx-i-c, where y=OD, m=slope of the line, x = concentration of protein and c is the 

intercept (0).

2.6 Western Blot Protocol

2.6.1 Preparation of SDS PAGE gels

SDS-PAGE gels were cast using the AE-6450 Dual Mini Slab Kit (ATTO Bioscience and 

Biotechnology Corporation). All gel cast was assembled according to the manufacturer's instructions. 

A 12% resolving polyacrylamide gel was made and approximately 8ml of this was poured into the gel 

cast leaving a space at the top for the Teflon comb. The resolving gel was left to polymerise for 30 

minutes and then the ddHiO overlay was removed. A 4% stacking polyacrylamide gel was prepared 

and poured on top of the resolving gel and a Teflon comb was added to the stacking gel. This was left 

to set for 15 minutes.

The gel electrophoresis apparatus was assembled according to the manufacturer. Following 

quantification with a BCA assay, 40pl of each protein sample was added to lOpl Lane Marker Sample 

Buffer (1/5 dilution). Samples were denatured by heating to 65°C for 30 minutes and loaded directly 

onto the we.stem gel. A broad range prestained protein marker was heated for 5 minutes and lOpl was 

added to the outer most lane of the gel. The SDS-PAGE electrophoresis was carried out at 30mV per 

gel for 90 minutes (Consort EV261).

2.6.2 Semi-dry transfer

The semi dry transfer rig (AE-6688 HorizBIot) was assembled according to the operating instructions 

(ATTO Bioscience and Biotechnology Corporation) with the cathode locked at the highest position. 4 

pieces of filter paper were soaked in transfer buffer and stacked one after the other onto the anode of 

the HorizBIot apparatus. Transfer membrane (Nitrocellulose, Protran BA 83, Whatman or PVDF, 

Immobilon™) was placed on the filter paper. In the case of PVDF, the membrane was first activated 

with methanol then, washed with ddH20 and transfer buffer. The membrane was gently placed onto the 

stacked filter paper and all bubbles removed. The resolving gel (washed in transfer buffer) was gently 

placed onto transfer membrane. 4 pieces of filter paper were soaked in transfer buffer and placed on
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top of the gel. All bubbles were removed. The transfer rig was closed and the cathode gently lowered 

until it pressed down on the stacked materials. The cathode was then locked. The transfer was carried 

out at 80mV for 2 hours (Consort EV261).

2.6.3 Ponceau S Staining

Following electroblotting, the membrane was stained with Ponseau S protein stain (Sigma Aldrich), in 

order to ensure that protein bands had been transferred correctly. Once the presence of protein has been 

verified, the membrane was washed four times for 15 minutes (4X15 minutes) with IX TBS on an 

orbital shaker (Bellco Biotechnology).

2.6.4 Blocking of immunoblots

The membrane was blocked with 30ml of 5% blocking solution for 1 hour at room temperature on an 

orbital shaker. The blocking solution should bind to all non-specific protein binding sites on the 

membrane, and ensured that non-specific binding of the primary antibody does not occur.

2.6.5 Antibody probing of blots

The membrane was probed with 10ml of the appropriate dilution of primary antibody (diluted in 5% 

blocking solution) specific for the protein to be examined. The membrane was covered in tinfoil to 

prevent evaporation and subsequently incubated overnight at 4°C.

The primary antibody was removed and the membrane was washed 4X15 minutes with IX TBS on an 

orbital shaker (Bellco Biotechnology). The blot was probed with the appropriate dilution (in 5% 

blocking solution) of the corresponding secondary antibody. The membrane was covered in tinfoil and 

incubated at room temperature for 2 hour. Following this incubation the membrane was washed for 4 X 

15 minutes with IX TBS.

2.6.7 Chemiluminescent detection of proteins

The rest of the western blot protocol was performed under dark conditions. Chemiluminecence was 

carried out using the Amersham ECF Western blotting detection reagents. A 1:1 dilution of detection 

reagent 1: detection reagent 2 was made and added to each immunoblots. Horseradish-peroxidase 

(HRP) substrate, which is located on the secondary antibody will oxidise the luminal in the detection 

solution and this will cause the luminal to be in an excited state and it will emit light. It is this light 

emission that can be detected by exposure of the blot on a blue light sensitive autoradiography film.
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The amount of light emitted, correlates to the amount of HRP which in turn is dependent on the 

amount of primary antibody present and the amount of protein expressed. After 1 minute the detection 

solution was removed from the membrane and the excess removed. The membrane was positioned 

between two transparent sheets (acetates) and placed in a film cassette. Autoradiography film (Super 

RX medical X-ray film, FUJIFILM) was put on top of the membrane and the cassette was closed. After 

the appropriate amount of exposure time the film was developed. After developing the autoradiography 

film it was washed with ddH^O and then fixed.

2.6.8 Stripping of immunoblots

In order to reprobe membranes with different antibodies, membranes were stripped with Western Blot 

Stripping Buffer for 30 minutes with gentle agitation. After stripping the membrane was washed 4 X 

15 minutes with IX TBS and then reprobed overnight with the appropriate antibody.

2.7 Generation of AAV-2/5

2.7.1 Triple transfection method

AAV was generated using the triple transfection method according to Xiao et al, 1998. This involves 

the transfection of the plasmid containing the transgene cloned between AAV-2 ITRs (p.AAV-MCS), a 

pHelper plasmid and a pRep2/CAP5 plasmid (AAV-2 Rep proteins and Capsid 5 proteins [Hildinger et 

al, 2001]) into HEK293 cells (ATCC accession number: CRL-1573). The AAV-2/5 production was 

carried out in house by Dr. Naomi Chadderton according to the protocol outlined by O’Reilly et al, 

2007.

To generate AAV-2/5, 5X10* celfs/ml of HEK 293 cells were seeded onto fifty 150mM tissue culture 

dishes and grown to 90% confluency in 20ml DMEM containing 10% FCS. 625pg of the pAAV-MCS, 

625pg pRep2/CAP5 and 1250pg pHelper (a ratio of 1: 1:2) was added to 50ml of 150mM NaCl pH5.1. 

An equal volume of the transfection reagent polyethlenimine was added and this transfection solution 

was incubated for 8 minutes at room temperature (Reed et al, 2006). 1ml of this transfection solution 

was added to each plate of HEK293 cells such that each plate was transfected with 12.5pg pAAV- 

MCS, 12.5pg pRep2/CAP5 and 25pg pHelper. 7 hours post-transfection, the medium in each plate of 

transfected cells was replaced and cells were maintained for a further 48 hours.
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2.7.2 AAV-2/5 purification using the Caesium chloride purification method (Aurricchio et al,
2001a)

Forty eight hours post-transfection, transfected HEK293 cells were dislodged from tissue culture 

dishes using a cell scraper, and the cells were centrifuged at lOOOrpm for 30 minutes (SL-16, Thermo 

Scientific). Cell pellets were resuspended in 10ml IX PBS and underwent three rounds of freeze 

thawing (by heating to 37°C in water bath, followed by cooling to -80°C) in order to lyse the cells. 

lOmg RNase A and I0,000U DNase I were added to lysed cells and this was incubated for 30 minutes 

at 37 C. This was subsequently centrifuged at lOOOrpm (SL-16, thermo Scientific) for 15 minutes and 

the supernatant was removed. Deoxycholic acid was added to the supernatant, to act as a detergent 

(0.5% final concentration) and samples were incubated for 30 minutes at 37°C. CsCF (0.454g/ml) was 

then added to the supernatant which was incubated on ice for 5 minutes. A CsCL Density gradient was 

generated (Polyallomer Beckman tubes) by adding 9ml 1.4 density CsCB (548.3mg/ml) on top of 9ml 

1.6 CsCl (816.5mg/ml). The viral supernatant was placed on the top of this CsCF. gradient. Each tube 

was equilibrated and centrifuged at 25,OOOrpm for 18 hours at 4 C in an ultracentrifuge with a 

Beckman SW28 rotor (Beckman Coulter Optima™ L-lOO XP ultracentrifuge). Using a 16G needle, the 

gradient tubes were gently pierced, and 1 ml fractions were collected from each. The refractive index 

(RI) of each fraction was taken using a refractometer (Thermo Electron Corporation). Fractions of 

between 1.373-1.368 were collected, pooled and equilibrated with the 1.4 density CsCF. These were 

centrifuged at 59,()00rpm for 18 hours a 4'C in an ultracentrifuge with a Beckman fixed angle rotor 

VTi65. The RI of 500pl fractions was obtained and samples with a RI of between 1.373-1.368 were 

pooled and centrifuged as above. 500pl fractions with a RI of 1.373-1.368 were collected (usually 
about three fractions) and dialysed in Slide-a-Lysers with 10 changes of IX PBS.

2.7.3 Determination of viral titre (Rohr et al. 2002)

Before determining viral titre, Ipl from each viral fraction was treated with 7U DNase I for 30 minutes 

at 37 C and this was incubated for 10 minutes at 70 C. Proteinase K (7pg) was added and the reaction 

was incubated at 50°C for 1 hour and inactivated at 95°C for 20 minutes. qPCR analysis was carried 

out with transgene specific primers. A serial dilution of a plasmid containing the viral transgene was 

made consisting of between 10''-10* copies of plasmid. These dilutions were used to generate a 

standard curve for determining viral titre. qPCR was performed using the two-step RT-PCR Sybr green 

PCR kit (Qiagen) and reaction were carried out as follows:

• Activation of DNA polymerase: 95°C for 10 minutes
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• cDNA amplification: 37 cycles at 95°C for 15 seconds, 67°C for 15 seconds and 72°C for

10 seconds.

2.8 Animal procedures

2.8.1 Housing of mice

All mice were kept under specific pathogen free (SPF) conditions in individually ventilated racks with 

12 hours light and 12 hours darkness at a temperature of 21°C±2°C. All work was carried out in 

compliance with the European Communities Regulations 2002 and 2005 (Cruelty to Animals Act) and 

the Association for Research in Vision and Ophthalmology (ARVO) statement regarding animal 

procedures in ophthalmic and vision research. All young mice were kept with the mother until weaning 

at 21 days. After weaning, males and females were separated from each other. No more than four 

female weaned mice were kept together in each cage and no more than three male weaned mice were 

kept together in a cage. For breeding purposes females were always placed into the males cage. Mice 

were sacrificed by CO2 asphyxiation.

2.8.2 General genofy ping procedure

Ear clips or tail tips were taken from mice to be genotyped and placed in 400pl tissue lysis buffer along 

with 30pl of proteinase K (lOmg/ml). Samples were incubated overnight at 55°C with occasional 

vortexing. The tissue was centrifuged at 7500rpm (lEC Micromax Microcentrifuge, Thermo-Electron) 

to remove particulate matter. Two phenol/chloroform extractions were performed, followed by one 

chloroform extraction. Two volumes of ethanol to one volume of DNA solution were added in order to 

precipitate DNA. Prior to centrifuging the ethanol-DNA mixture, Ipl of glycogen was added. DNA 

pellets were resuspended in lOOpl of ddH^O. Unless otherwise stated Ipl of each DNA sample was 

used in a standard 50pl PCR reaction (Section 2.2.16). Transgene specific primer pairs were used in 

PCR reactions to confirm the presence of the transgene. PCR products were sized on an agarose gel 

(Section 2.2.2) in order to amplify up the gene of interest. For genotyping it was important to ensure 

the proper positive controls (a DNA sample containing the gene of interest) and a negative control 

(water blank or a sample known to be negative for the gene of interest) were included.

2.8.3 Subretinal AAV injection

All subretinal injections were carried out by Dr. Paul F Kenna, a registered ophthalmologist according 

to O’Reilly et al, 2007 (for adult mice). Adult mice were anesthetised and the pupils were dilated.

64



AAV contained in a 10|il syringe (usually 3|j1 of AAV unless otherwise stated) was injected using a 

blunt-ended microneedle (34-gauge, Hamilton) into the subretinal space via a small incision made 

under local anaesthetic and a retinal detachment was induced. A reversing agent was administered to 

the mouse and body temperature was maintained using a homoeothermic heating device. Mice were 

carefully monitored until recovery. Sub-retinal injections on new born mice were carried out in 

accordance with Matsuda and Cepko as follows (Matsuda and Cepko, 2004). New bom mice (P5) were 

chilled on ice for six minutes in order to anae.sthetise them. A small incision was made into the eye lid 

and the eye was exposed. The eyes of new born mice are not clearly visible, therefore all sub-retinal 

injections were performed by touch, rather than visualisation of the needle into the sub-retinal space 

(The eye was gently touched until a slight movement and resistance was felt at the far wall of the eye). 

The eye was punctured at the sclera at the edge of the lens with a 30-gauge needle and AAV was then 

injected into the sub-retinal space of the eye using a blunt ended microneedle (33-gauge, Hamilton). 

Mice were warmed for 30 minutes at 33°C. Upon recovery they were returned to their mother.

2.8.4 ERGS

ERGS were carried out by Dr. Paul F Kenna a registered ophthalmologist according to Chadderton et 

al, 2009. This was based on a protocol approved by the International Clinical Standards Committee for 

human electroretinography. The mice were dark-adapted for 12 hours and all preparations were 

subsequently carried out under dim red light. The pupils of the mice were first dilated and the mice 

were anaesthetised and the eyes fixed in place in a proptosed position for the majority of the procedure. 

In order to record the ERG response simultaneously in both eyes, small contact lens electrodes 

(Goldwire electrodes, Roland Consulting) were placed on the cornea of both eyes using 1% 

Amethocaine as a topical anaesthetic. To prevent the cornea from drying out and also to maintain 

conductivity a small amount to Vidisic gel was used. A gold reference electrode was placed 

subcutaneously I mm from the temporal canthus of the eye followed by a reference electrode placed 

subcutaneously 1mm to the anterior of the tail. To ensure uniform retinal illumination, full field 

standardised flashes of light were presented to the mouse and analysed using a RetiScan RetiPort 

electrophysiology unit. Rod-isolated responses were recorded under dim white light conditions (a flash 

of -25dB maximal intensity where maximal flash intensity was 3 candelas/m2/s), followed by a mixed 

rod-cone response to the maximal intensity flash. Mice were subjected to 10 minutes of light (30 

canelbras/m2/s) and then cone-isolated responses were measured. The a-wave is measured from the 

baseline to the trough and the b-wave from the baseline (for rod-only responses) or the a-wave trough.

65



2.8.5 Fixation of eves

The eyes and the optic nerve was removed from the eye cup of each mouse by proptosing the eye using 

a forceps and gently pulling upward to detach the eye. Eyes were washed in PBS and subsequently 

fixed overnight in 4% Paraformaldehyde at 4°C with gentle rotation. Following this, the eye was 

washed with IX PBS and the lens were removed under a light .source (Intralux® 6000-1, Volpi) using 

a dissection microscope. Eyes were then washed three times with IX PBS

2.8.6 Preparation of the eves for crvosectioning

Eyes were cryoprotected in a series of sucrose gradients. They were initially placed in 10% sucrose for 

30 minutes, 20% sucrose for 1 hour and 30% sucrose overnight at 4°C. The following day, the same 

volume of OCT to 30% sucrose was added to each vial of eyes and gently rotated for 30 minutes at 

room temperature. Each eye was placed in plastic moulds containing OCT, and the mould was placed 

in a container with isopropanol, this container was then submerged in liquid nitrogen and the eyes were 

frozen. Snap frozen eyes were stored at -20°C and sectioned as soon as possible.

2.8.7 Crvosectioning

Frozen eye blocks were cryo-sectioned on a cryostat (Leica CM 1900 Cryostat, Leica Biosciences) 

with a head temperature of -25°C and a unit temperature of -20°C. Each eye was cut into sections of 

12pM thickness and the sections were collected on Polysine® slides (Thermo Scientific). 

Approximately 14 sections were collected on each slide, with on average of 13 slide.s/ eye. All slides 

were stored in a slide box at 20°C.

2.8.8 Immunohistochemistrv

Were possible the middle slides (5-7) of each eye were used for the staining protocol so as to ensure

the visualisation of the central part of the retina. Each slide was removed from the freezer and left to

dry at room temperature for 20 minutes. Using a PAP pen a mark was drawn around the section on

each slide and the PAP stain was left to dry. The slides were then washed for 5 minutes with IX PBS.

Each slide was blocked with blocking solution (120pl/slide) for 1 hour in a humidified chamber. The

blocking solution was removed by gently tapping the slide to tissue paper, and the primary antibody

was applied at the appropriate dilution. Slides were incubated over-night in a humidified chamber. The

following day, the slides were washed 3X5 minutes with IX PBS and the anti-mouse CY-3 secondary

antibody (Sigma-Aldrich) was subsequently applied for two hours at room temperature in a humidified

chamber (1/500 dilution). The secondary antibody was removed and the slides were washed 1 X 5
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minutes with IX PBS. Nuclei were counterstained by adding 4’, 6-diamidine-2-phenylindole- 

dihydrochloride (DAPl, 1/10,000 dilutions) for 5 minutes at room temperature. Slides were then 

washed 2X5 minutes with 1 X PBS and mounted using aqueous mounting media. Sections were 

analysed using the fluorescent microscope (Axiophot microscope, Carl Zeiss LTD). DAPI staining was 

visualised under the ‘02’ filter, EGFP under the ‘10’ filter and rhodopsin was visualised under the ‘00’ 

filter of the microscope. Photographs were taken of sections at 20X magnification using analysis B 

software. Composite images were produced using Adobe Photoshop (Adobe Systems Europe).

2.9 Statistical analysis

Statistical analysis was performed on results using Data Desk 6.0. The averages and standard deviation 

(SD) were calculated using Microsoft Excel. Unless otherwise stated a two sample t-test was utilised in 

order to determine the significance. P<0.05 was statistically significant.
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Chapter 3: RNAi-mediated suppression

of rhodopsin in vitro
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3.1 Introduction

As mentioned in the introduction (Section 1.10), the most common genetic mutations associated with 

adRP are those found within the rhodopsin gene (RetNet). This form of RHO-adRP is a highly 

heterogeneous condition, with more than 100 mutations, located in various regions of the rhodopsin 

genomic sequence (Al-Maghtheh et al, 1993; RetNet). Typically dominant rhodopsin mutations do not 

appear to result in haploinsufficiency, owing to the fact that the presence of one allele of rhodopsin 

appears to be sufficient for a functioning retina and results in only a very mild retinopathy (Humphries 

et al, 1997; Lem et al, 1999; Millington-ward et al, 1997; Rosenfield et al, 1992). With this in mind a 

gene therapy resulting in the suppression of mutant rhodopsin would in principle be a highly feasible 

therapeutic strategy. Owing to the fact that both significant knock-out of the rho gene and over

expression of wild-type rhodopsin results in a retinal degeneration, a suppression strategy that 

maintains the correct balance in terms of levels of rhodopsin expression needed for normal retinal 

function is essential (Humphries et al, 1997; Ollson et al, 1992; Millington-ward et al, 1997). There are 

many ways to design therapies for suppressing the dominant mutations of RHO-adRP and several 

different groups have displayed successful suppression of rhodopsin, in various transgenic models of 

adRP. Mechanisms for suppression of gene expression have traditionally involved both mutation- 

dependent and mutation-independent approaches (Section 1.13) using various molecular tools such as 

ribozymes, exon-skipping, zinc finger proteins and RNAi technology (Gorbatyuk et al, 2007a; 
Millington-Ward et al, 2011; Mussolino et al, 2011a; Tanner et al, 2009).

3.1.2 Mutation-dependent rhodopsin suppression using ribozymes

Drenser et al, 1998 designed both hammerhead and hairpin ribozymes (Section 1.13) targeting two 

nucleotide changes in both mutant P23H and S334ter rhodopsin transgenes, not present in wild-type rat 

rhodopsin. This group demonstrated efficient cleavage of both mutant transgenes in vitro using their 

corresponding ribozymes compared to controls; the wild-type rhodopsin transcripts remained 

uncleaved. More importantly the P23H hammerhead ribozyme resulted in cleavage of 20% of mutant 

rhodopsin RNA after 10 minutes and 80% cleavage after 5 hours (Drenser et al, 1998). AAV mediated 

delivery of this ribozyme to a transgenic line of P23H-3 rat (containing the 2 nucleotide changes that 

the ribozyme targets) resulted in a the down-regulation of P23H RNA but not wild-type RNA, 

additionally an increase in the photoreceptor cell number and increased ERG responses were also 

demonstrated. This efficacy was maintained for up to 8 months, the longest time-point evaluated 

(LaVail et al 2000; Lewin et al, 1998). Shaw et al, 2001 successfully designed hammerhead ribozymes

to cleave the P347S porcine rhodopsin mutation efficiently in vitro, this ribozyme did not cleave wild-
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type porcine rhodopsin making it an attractive mutation-dependent model. However a similar ribozyme 

designed to specifically cleave the human P347S rhodopsin mutation was not efficient. Furthermore as 

the porcine P347S hammerhead ribozyme was designed specifically for porcine rhodopsin mutations, 

the evaluation of its efficacy for human’s patients was therefore not possible (Shaw et al, 2001).

3.1.3 Mutation-dependent approaches for rhodopsin splice site mutations

A novel a mutation-dependent approach for RHO-adRP was proposed by Tanner et al, 2009. A 

rhodopsin splice mutation was characterised within exon 4. Transfection of a mini mutant rhodopsin 

construct (containing the exon 4 mutation) into cells and mouse retinal explants resulted in an 

increased level of mutant rhodopsin with exon 4 skipping in addition to the activation of a cryptic 

.splice site (cs). The activation of the cs led to a 4bp deletion at the end of the exon. Rescue of this 

phenotype was achieved in cells by altering both the Ul snRNA (to match the mutation and the 

surrounding exon 4 sequence) and by inactivating the cs site. This led to an 89% reduction in 

incorrectly spliced rhodopsin transcripts compared to non-rescued mutant rhodopsin (Tanner et al, 

2009). In addition, the same group later utilised this approach to correct a splice site mutation in BBS 1, 

a gene involved in Bardet-Biedl syndrome (Schmid et al, 2011). Another group, designed a therapy for 

the dominant splice mutations c.531-2a>g and c. 937-lG>T. siRNAs that specifically target the 

aberrant splice transcripts were made. In particular, an siRNA targeting the c.937-lG>T mutant 

transcript suppressed only mutant rhodopsin spliced RNA and not wild-type spliced RNA significantly 

in cell culture (Hernan et al, 201 la). All the above examples describe a system in which a mutation- 

dependent approach is harnessed to target rhodopsin mutations involved in aberrant splicing.

3.1.4 Mutation-dependent siRNA based approach

Other mutation-dependent RNAi (Section 1.23) based approaches have been tested for rhodopsin. 

Both .siRNAs and shRNAs targeting the mouse P23H mutation were designed and found to efficiently 

suppress mouse P23H RHO but not mouse wild-type RHO in cellulo. AAV mediated in vivo RNAi- 

based suppression was achieved at an RNA level. AAV-2/5 expressing mouse .shP23H was 

subretinally injected into transgenic rats that have normal wild-type rhodopsin alleles and a mutant 

mouse P23H allele (the sequence between the mutant and wild-type rhodopsin differs by 4bp at the 

RNAi target site). However therapeutic efficacy was not achieved in terms of functional or histological 

improvement. Rhodopsin is the most abundant protein in the eye therefore it may be that 62% 

suppression of mouse P23H RNA may not be adequate to confer efficacy (Tessitore et al, 2006).
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3.1.5 Mutation-Independent ribozyme based approaches

Given the mutational heterogeneity present in RHO-adRP, it would be of value to develop a strategy 

which corrects the primary defect but in a mutation-independent manner. The initial approach to 

mutation-independent strategies for rhodopsin suppression, involved a strategy in which ribozymes 

would be designed to target both the mutant and the wild-type rhodopsin sequence, following this 

rhodopsin expression would be rescued by the simultaneous introduction of a rhodopsin transgene, 

engineered as resistant to the ribozyme by the creation of silent mutations (Millington-Ward et al, 

1997). Originally, different hammerhead ribozymes were designed to target mouse rhodopsin in vitro. 

Ribozymes targeted the 5’UTR of mouse wild-type rhodopsin efficiently, whereas rhodopsin 

constructs in which the 5’UTR had been altered (by replacing it with the 5’UTR of mouse peripherin 

or by altering the ribozyme site from GUC to GGC) remained intact. Both monomeric and multimeric 

ribozymes also achieved efficient cleavage of both mouse and human rhodopsin open reading frames 

(ORFs) in vitro. Rhodopsin transcripts in which the wobble base of the codon at the ribozyme site was 

altered by taking advantage of the degeneracy of the genetic code were resistant (Millington-ward et al, 

1997; O’Neill et al, 2000). Sullivan et al, 2002 designed ribozymes to successfully target and cleave 

full length wild-type and mutant human rhodopsin in vitro in human cells (Abedlmaksoud et al, 2009; 

Sullivan et al, 2002). In vivo mutation-independent ribozymes have been a somewhat successful. 

Ribozymes homologous to both mouse and dog rhodopsin transcripts were generated; in vitro these 

ribozymes significantly suppressed both endogenous and mutant rhodopsin (Gorbatyuk et al, 2005; 

Gorbatyuk et al, 2007a). Furthermore ribozyme-based suppression in a rodent model of adRP, the 

P23H rat containing a mouse P23H allele, resulted in significant suppression of mouse RNA and an 

improvement in both ERG response and ONE thickness (Gorbatyuk et al, 2007a).

3.16 Mutation-independent Zinc finger nucleases

A recent mutation-independent suppression approach may offer an alternative method to correcting 

rhodopsin mutations based on inducing homologous recombination (Section 1.13). Zinc finger 

nucleases (ZFN) targeting the human rhodopsin sequence were designed, and in vitro induced double 

stranded breaks into rhodopsin after 48 hours with minimal toxicity, furthermore when rhodopsin 

targeting ZFN were co-transfected with linear donor DNA into a cell line stably expressing human 

P23H rhodopsin, an increase in homologous recombination was observed (Greenwald, et al 2010). 

Mussolino et al, 2011a used a zinc finger protein bound to transcriptional repressors to specifically 

target human rhodopsin for repression both in vitro and in vivo. Moreover AAV-2/8 subretinal delivery

of this zinc finger repressor resulted in a 26% reduction in human P347S transcript in a mouse model
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of adRP, this reduction resulted in both an improvement of ERG response and in photoreceptor cell 

survival.

3.17 Mutation-independent siRNA based approaches

Various groups have reported mutation-independent siRNA based approaches for rhodopsin 

suppression both in vitro and in vivo (Cashman et al, 2005; Gorbatyuk et al, 2007b; Kiang et al, 2005; 

O’Reilly et al, 2007). Cashman et al, 2005 demonstrated efficient silencing of both wild-type human 

rhodopsin and P23H rhodopsin in vitro at the protein level in human embryonic retinoblasts, a codon 

modified replacement gene was also assessed in vivo and found to be resistant to siRNA mediated 

suppression (Cashman et al, 2005). Gorbatyuk et al, 2007b established AAV-2/5 mediated suppression 

of rhodopsin in hemizygous rhodopsin mice. This resulted in the significant suppression of rhodopsin 

RNA and protein and caused a significant reduction in ERG response and ONE thickness (Gorbatyuk 

et al, 2007b). The team in TCD have been involved in the development of mutation-dependent RNAi- 

based rhodopsin therapies. siRNAs and shRNAs assessed in cell culture reduced human rhodopsin 

RNA and protein significantly, in vitro (cell culture), ex-vivo (in retinal explants) and in vivo (mouse 

retinas), furthermore efficacy was also achieved in terms of increased ONE thickness and improved 

ERG (Chadderton et al, 2009; O’Reilly et al, 2007). Subretinal injection of a shRNA (shQl) which 

only targets human rhodopsin into RHO-adRP P347S transgenic mice demonstrated suppression of 

mutant human P347S. However, the endogenous mouse rhodopsin alleles remained resistant. This 

resulted in rescue of the P347S phenotype in terms of improved ONE thickness and ERG responses 

(Chadderton et al, 2009). Replacement rhodopsin constructs resistant to rhodopsin suppression have 

also successfully been generated and rescue of the phenotype in rhodopsin null mice (129rho'^ ) 

obtained (Palfi et al, 2010). The two component suppression and replacement therapy has subsequently 

been evaluated in vivo in mouse RHO-adRP models and of note significant benefit was obtained using 

hi.stological and electrophysiological readouts (Millington-Ward et al, 2011; O’Reilly et al, 2007; 

O’Reilly et al, 2008; Palfi et al, 2010).

3.18 Objectives of chapter 3

siRNA mediated suppression of target RNA is an effective approach to achieve in vivo suppression of 

rhodopsin for RHO-adRP. In this regard it is of note that no clinical trials correcting the primary defect 

for this form of adRP currently exist (www.clinicaltrials.gov). Eor a gene such as rhodopsin in which 

so many mutations are implicated in the disease pathology, a tailor-made therapy for each individual 

mutation is not realistic. With this in mind, a more feasible and economically viable therapy may be a
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mutation-independent strategy (Cashman et al, 2005; Millington-Ward et al, 1997). Of the suppression 

approaches described above, the most well established and efficacious therapy in vitro and in vivo was 

the siRNA based therapy. This approach resulted in the reduction of over 90% of rhodopsin in vivo, 

potency in terms suppression which was not observed for any of the alternative mutation-independent 

approaches described in the sections above (Section 3.1). Furthermore the RNAi-based suppression 

and replacement approach has been evaluated in disease in the models of adRP and therapeutic benefit 

has been demonstrated (Millington-Ward et al, 2011). Thus far no gene therapy for RHO-adRP has 

been evaluated in a larger animal model. In order to proceed towards human clinical trial, studies in 

larger animal models which better represent the human condition are vital (Ellinwood & Clay, 2009). 

This path towards clinical trial has been demonstrated in the RPE65 clinical trials, in which efficacy in 

both dogs and toxicity and biodistribution in non-human primates was demonstrated prior to testing in 

human patients (Stein et al, 2011). The pig represents a valuable animal model for the evaluation of 

adRP therapies owing to the fact that the pig eye is similar to the human eye and in addition RHO- 

adRP porcine models are available for such evaluations (Petters et al, 1997). With this in mind the aim 

of the study described in this chapter of the thesis was to design siRNAs homologous to both porcine 

and human rhodopsin for the eventual evaluation of a suitable therapy for use in RHO-adRP pig 

models. However before an in vivo based siRNA approach can be evaluated, initial testing in vitro 

needs to be undertaken. Therefore the overall aim of the work presented in this chapter involved 

generating siRNA molecules and testing their efficacy in vitro in HeLa cell culture as detailed below.
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3.2 Materials and Methods:

3.2.1 siRNA design

All siRNAs were designed using online software by either the GenScript Corporation (siPl & siP2) or 

by Invitrogen BLOCK-iT™ RNAi Designer (siP3). These software programs use specific criteria and 

advanced algorithms to generate siRNA targets. The human rhodopsin mRNA (hRHO [GenBank 

accession number NM_000539]) was submitted to these programs and siRNA targets of between 30- 

60% GC content and of 19bp were recommended. The siRNAs were subsequently aligned with human, 

mouse (mRHO [GenBank accession number NM_ 145383]) and porcine rhodopsin (pRHO [GenBank 

accession number NM_214221J) mRNA sequences and targets with 100% homology between human 

and pig were selected (Figure 3.3.1.a). The program used to perform the sequence homology between 

human, mouse and porcine rhodopsin was clustalw and can be found at 

http://www.genome.jp/tools/clustalw/. All custom made siRNA oligonucleotides were ordered pre

annealed and HPLC purified (Ambion).

3.2.2 Resuspending of annealed siRNAs

Vials containing the siRNA oligonucleotides (40nmole.s) were briefly centrifuged and resuspended to a 

stock concentration of lOOpM using nuclease-free H^O, each resuspended siRNA was then aliquot and 

stored at - 20°C. For a working concentration of siRNA, an aliquot of lOOpM was thawed and diluted 
to 20pM (20pmoles/pl).

3.2.3 Co-transfection of hRHO with siRNAs into HeLa cells

Each siRNA was co-transfected with a human rhodopsin cDNA plasmid (hRHO, a kind gift from Prof. 

W. Baehr, University of Utah, USA) into HeLa cell culture (Section 2.3.5). Initially a number of 

controls were tested in order to check for toxicity associated with the hRHO or siRNAs. The following 

three controls were included. A Lipofectamine® 2000 only control where no DNA or RNA was 

included to ensure the concentration of Lipofectamine® 2000 was not toxic. A hRHO plasmid control 

where no siRNA was included was performed to ensure the DNA plasmid was not toxic. Finally, a 

siRNA only control was included to ensure that the siRNA was not toxic to the cells. After 24 hours 

each well of cells was viewed under a microscope and the amount of cell death observed. Following 

this analysis, 400ng of hRHO was co-transfected with 16 pinoles of each siRNA to be evaluated (siNT, 

siBB, siPl, siP2 or siP3) in separate wells and this was performed in quadruplicate such that each
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siRNA was co-transfected with hRHO in four wells. An untransfected cells control was also included 

on every plate. Each co-transfection experiment was carried out at least four times.

3.2.4 RNA isolation of HeLa cells con-transfected with hRHO and each siRNA

RNA isolations were carried out using Tri-Reagent or the RNeasy plus mini kit (Section 2.4.2 & 

Section 2.4.3.); quadruplicate wells containing hRHO and each siRNA were pooled. Following 

extraction of RNA the OD40 of each RNA sample was measured in order to assess the quality of the 

RNA. A DNase digestion was undertaken on every RNA sample (Section 2.4.4).

3.2.5 Optimisation of primers for use in subsequent real-time RT-PCR experiments

When first using real-time RT-PCR it is vital to optimise all primer sets, to identify a consistent highly 

expressed housekeeping gene as well as to evaluate efficient primer pairs. Initially hRHO primers and 

human p-actin primers were evaluated (Table 3.2.5). A standard curve for both rhodopsin and P-actin 

was made using RNA samples from HeLa cells co-transfected with hRHO RNA and a non-silencing 

siRNA (siNT). This sample was diluted 1/100 in nuclease free H2O and 5-fold serial dilutions were 

generated and given the arbitrary numbers 625, 125, 25, 5 and 1 respectively. A Sybr green master mix 

containing hRHO primers (forward and reverse lOpmoles/pl) was made along with a second mix 

containing the P-actin primers. Two different sets of the 5 standard curve RNA samples were pipette in 

triplicate into the real-time plate, one each for each set of primer mixes. The real-time RT-PCR was set 

up as described (Section 2.4.7). When the real-time RT-PCR had concluded, two standard curves were 

generated, one for the hRHO primer pairs-which amplified hRHO in the RNA samples and the other 

one for the P-actin primer pairs which amplified human P-actin (hp-actin) in the RNA samples. The 

slope and R‘ value for both hRHO and hp-actin was determined, and a melting curve analysis was 

undertaken to ensure that the primers were specifically amplifying the correct products with no 

contamination. A sample of the hRHO amplicon and the hp-actin amplicon were removed from the 

plate and run on a 2% agarose gel (Section 2.2.2), in order to determine the correctly sized products 

had been amplified.

3.2.6 Real-time RT-PCR of RNA from HeLa cells co-transfected with hRHO and each siRNA

Following the successful optimisation of both hRHO and hp-actin primers for real-time RT-PCR, 

hRHO RNA expression from each co-transfection experiment was analysed. As with the primer 

evaluation, the HeLa RNA samples from cells co-transfected with hRHO and siNT were used to 

generate the two 5X standard curves for hRHO and hp-actin. Each standard curve sample was used in
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duplicate for both h.RHO and hp-actin. Each RNA sample to be evaluated (siNT, siBB, siPl, siP2 and 

siP3) was diluted 1/500 in nuclease-free HiO and used in triplicate on each plate. A water blank sample 

was used for each Sybr green mix to ensure the water used to dilute all RNA samples was not 

contaminated. The real-time RT-PCR was analysed as described previously (Section 2.4.7). A melting 

curve analysis was undertaken on each RNA sample to ensure the amplification in each well was 

specific. Each RNA sample was measured against the standard curve generated for hREIO and hp- 

actin. and a value was calculated for each. Each RNA sample was evaluated in triplicate therefore the 

average quantity of hRHO and hp-actin per sample was obtained. Eollowing this, each RNA hRHO 

value was normalised to its corresponding hp-actin value in order to obtain a true comparison of 

relative hRHO expression in each sample. The normalised value for hRHO expression in the control 

sample (RNA sample from HeLa cells co-transfected with hRHO and siNT) was set at 100% hRHO 

expression, and all other samples (RNA samples from HeLa cells co-transfected with hRHO and siBB. 

siPI, siP2 and siP3) were expressed as a percentage of this value. Each real-time RT-PCR was carried 

out at least twice for each set of transfections.

3.2.7 Statistical analysis

The average raw data and standard deviation of normalised rhodopsin (rhodopsin/hp-actin) of each 

sample (averaged for at least four different co-transfections) was calculated using Microsoft Excel. A 

two sample t-test was performed to analyse the significance between rhodopsin expression in the 

control sample (RNA samples from HeLa cells co-transfected with hRHO and siNT) compared to the 

siRNA samples to be tested (RNA samples from HeLa samples co-transfected with hRHO and siBB, 

siPl, siP2 or siP3) using Datadesk 6. The statistical significance between each sample to be tested (i.e. 

between siBB, siPI, siP2 and siP3) was also analysed using a two-sample t-test to determine if any 

siRNAs performed statistically better than others.

3.2.8 Protein extraction and concentration evaluation

Protein isolations from HeLa cells co-transfected with hRHO and each siRNA was carried out as 

described previously (Section 2.5.1). An important negative control was the inclusion of protein from 

untransfected cells. The protein concentration was determined for each protein sample using a BCA 

assay (Section 2.5.3). Each sample from a particular transfection experiment was analysed at the same 

time on the same plate, in order to accurately normalise the levels of protein in samples to each other. 

The concentration of each protein was calculated in pg/ml.
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3.2.9 Western Blotting

Western blotting was carried out according to Section 2.6. Between 10|j1-20|j1 of the protein sample 

with the lowest concentration was added to the appropriate well and the amount of protein added for all 

other samples was normalised to this value. This was to ensure that in each gel, each protein sample 

would have the same concentration of protein. In an attempt to limit the oligomerisation of rhodopsin 

protein, the protein samples were prepared for western blotting according to Vihtelic et al, 1999 and 

boiled at 65 C for 30 minutes. Nitrocellulose was the transfer membrane used for the western blotting 

described in this chapter and each membrane was probed only twice (for rhodopsin and hp-actin). The 

primary anti-mouse 4D2 rhodopsin antibody (1/1000 dilution [Hicks & Molday, 1986]) and the anti

mouse secondary antibody (1/1000 dilution) were used. For hp-actin, the primary anti-rabbit antibody 

(1/1000 dilution) and the anti-rabbit secondary antibody (1/1000 dilution) were used. Initially a 

western blot was undertaken on a hRHO positive sample (HeLa protein from cells transfected with 

hRHO and siNT) and a hRHO negative control (protein from untransfected HeLa cells). This was 

undertaken to ensure the 4D2 antibody was working efficiently. Following this preliminary 
experiment, evaluation of suppression of hRHO by each siRNA at the protein level was undertaken.
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3.3. Results

3.3.1. Design of the siRNAs

In order to evaluate suppression of rhodopsin in the porcine animal model it was important to design 

siRNAs with complete homology to both hRHO and pRHO. A pairwise sequence alignment was 

performed between the human, porcine and mouse RHO ORFs (1047bp, Section 9.0). It was found 

that human and pig RHO sequences are 91% identical, human and mouse RHO 87% identical and 

mouse and pig RHO sequences are 88% identical (Section 9.1). Using online software the liRHO ORF 

was used to generate siRNAs that target hRHO. The siRNAs chosen were 19 nucleotides in length as 

this is in accordance with other siRNAs used in the laboratory as well as the positive and negative 

controls that were used in all subsequent experiments (O’Reilly et al, 2007). GenScript Corporation 

ranked the top ten siRNAs predicted to suppress hRHO; of the ten, two were 100% homologous to 

pRHO (Figure 3.3.1.a). The first, named siPl (ranked no.7) had a GC content of 47.37% and targets 

position 289-308 of the hRHO ORF. The second was siP2 (ranked no. 10) had a GC content of 52.63% 

and targets 618-637 of the hRHO ORF. Subsequently a third siRNA (siP3) was designed by BLOCK- 

ITim RNAi designer. siP3 (ranked no.3) had a GC content of 53.64% and targets 404-423 of the hRHO 

ORF (Figure 3.3.1a). These three siRNA sequences were chosen as they were the only three 

homologous to both hRHO and pRHO. All siRNA oligonucleotides were ordered with high purity and 

with 3’dTdT ends according to the design by Elbashir et al 2001c (Table 3.3.1.a). A homology check 

was undertaken between each siRNA and rhodopsin RNA sequence from other species. siP2 is the 
only siRNA homologous to mouse rhodopsin (Table 3.3.1.b).

3.3.2. Co-transfection of siRNA and hRHO into HeLa cells

Co-transfection experiments of siRNA and hRHO cDNA in HeLa cells have previously been described 

and optimised in the laboratory (O’Reilly el al, 2007; O’Reilly et al, 2008) using Lipofectamine® 2000 

as the transfection reagent of choice. In order to assess toxicity, wells of cells containing a hRHO 

plasmid only control, an siRNA only control and a Lipofectamine® 2000 only control were initially 

included in experiments. After 24 hours each well of cells was viewed under a microscope and the 

amount of cell death observed. Cells from untransfected wells appeared to display less cell death than 

the cells from all transfected wells suggesting that the co-tran.sfecting of rhodopsin and siRNA by 

Lipofectamine® 2000 may have a negative effect on cell survival. However, this assessment of cell 

death was purely observational and no cell counts or statistical analysis was undertaken to confirm this
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result. When the dead cells were washed with IX PBS, healthy living cells were still adhered to the 

cell culture dish and were used for analysis.

3.3.3 Real-time RT-PCR optimisation

When first using real-time RT-PCR it is vital to optimise the use of all primer sets and to identify a 

consistent highly expressed housekeeping gene. The hRHO and h|3-actin primers used (Table 3.2.5) 

were previously designed in the laboratory and are known to be both specific and efficient (O’Reilly et 

al, 2007). Analysis of a typical hRHO standard curve is shown (Figure 3.3.3.a). A 5X standard curve 

was generated by using RNA from HeLa cells transfected with hRHO and siNT and arbitrary 

concentrations of 1, 5, 25, 125 and 625 was set for each standard from low to high respectively. In an 

efficient assay each different standard is amplified at a particular cycle number, the most concentrated 

is amplified at the earliest cycle number and as it is a 5X curve, the second highest standard should be 

amplified 2 cycles later and so on. Following the real-time RT-PCR, the cycle number at which each 

standard is amplified is graphed with the log of the concentration and a line of best fit is generated. The 

slope of the hRHO standard curve was -3.4 which is within the optimal slope range for this assay (-3.1 

to -3.6 i.e. 100+10% efficiency) and the R‘ value was 0.9998 which means there is an almost perfect 

correlation between cycle number and concentration. This is indicative of a good standard curve for 

hRHO using this RNA and these primers. The dissociation curve (Figure 3.3.3.b) indicates that the Tn, 

of all amplified products is approximately 82°C, which is the correct predicted Tm for hRHO 
amplification with these primer pairs. No unspecific amplification had occurred. In addition no primer 

dimers formed. A low insignificant amount of hRHO amplification did occur in water blank samples 

but this was at such a low level therefore it was deemed not to affect results. hRHO amplification 

products were run on a 2% agarose gel and a band at approximately 108bp was generated. This 

represents the correct amplification size for hRHO amplified with the hRHO primer set used in the 

experiment (Figure 3.3.3.C).

For previous real-time RT-PCR studies analysing hRHO expression a human P-actin housekeeper (hp-

actin) was used to normalise rhodopsin expression levels (O’ Reilly et al, 2007). As observed in

(Figure 3,3,3.d.) the hp-actin standard curve was as efficient as the hRHO standard curve with a slope

of -3.2 and an R" value of 0.999. A dissociation curve with a Tm of approximately 81°C was

consistently observed for hp-actin amplification products and this was also consistent with the

predicted Tm for hp-actin amplified by this primer pair. The water blank was free from contamination

and no primer dimers were observed in standard samples (Figure 3.3.3.e). Primer dimers were present

in water blank controls, this is however not uncommon as primers can often dimerise in samples were
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there is very little or no cDNA present, hp-actin amplification products were 103bp, which represent 

the correct amplification size predicted for this primer pair. This indicates that these hP-actin primers 

are specifically amplifying hp-actin with high efficiency (Figure 3.3.3.C).

Samples were analysed using the standard curve method as this was used in the laboratory previously 

to assess rhodopsin expression (O’Reilly et al, 2007). Additionally, use of the comparative CT method 

is dependent on the target efficiencies for both rhodopsin and P-actin being equal and having assays of 

between 90-110% efficiency (slope of between - 3.1 and -3.6). Since this may not always be the case 

for rhodopsin and hp-actin the relative standard curve method was used (Applied Biosystems training 

manual 7300; Livak & Schmittgen, 2001). For all real-time RT-PCR quantification, the relative RHO 

expression levels in treated samples (RNA from cells transfected with hRHO and each hRHO siRNA) 

were expressed as percentages of the relative RHO expression levels in a control sample (RNA from 

HeLa cells co-transfected with hRHO and a non-targeting negative control).

For clarity regarding the analysis used to calculate the level of hRHO expression in each sample, a 

working example is presented (Figure 3.3.4.f.). The average quantity of hRHO and hp-actin in each 

sample (samples were in triplicate) was obtained by comparison to both the hRHO and hp-actin 

standard curves. In the working example siNT (RNA from cells co-transfected with hRHO and siNT 

control) had an average rhodopsin quantity of 132.5 (the average was obtained from each sample in 

triplicate) and an average hP-actin quantity of 158.3. The quantity in each sample is an arbitrary value 

obtained by comparing the Ct value of each “unknown” sample to the Ct values of either the 5X hRHO 

or 5X hp-actin standard curve (in which 5X arbitrary values of 1,5, 25, 125 & 625 have been assigned) 

and the relative quantity (concentration) compared to the arbitrary standard curve quantities is 

obtained. The siBB sample (RNA from cells co-transfected with hRHO and siBB, the positive control) 

had an average hRHO quantity of 21.8 and an average hp-actin quantity of 177.9. The hRHO value in 

each sample was normalised to hP-actin by dividing the average hRHO quantity by the average hp- 

actin quantity (132/158.3= 0.84 for siNT and 21.8/ 177.92= 0.12 for siBB). When these values were 

obtained the relative hRHO expression in siBB compared to siNT was calculated. As siNT is the 

sample in which ceils are transfected with hRHO and a non-targeting siRNA. the level of hRHO is set 

at 100% expression, in order to calculate relative hRHO levels in siBB the normalised hRHO value of 

siNT (0.84) is divided by the normalised hRHO value of siBB (0.12), and multiplied by 100 to get a 

percentage value (15%). Thus in the working example for relative hRHO expression, hRHO in cells 

transfected with siBB is suppressed to 15%.
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3.3.4 siPl and siP2 RNA suppression data

Originally two siRNAs (siPl and siP2) were co-transfected into HeLa cells with hRHO. Levels of 

hRHO RNA expression in RNA samples from HeLa cells transfected with hRHO and each siRNA 

were compared to levels of hRHO expression obtained in HeLa cells co-transfected with siNT (Section 

2.3.5) and hRHO. The hRHO RNA suppression results are graphed (Figure 3.3.4.a). The positive 

control siBB (Section 2.3.5) significantly reduced hRHO as expected to 15±3%, P<0.00L siP2 

efficiently reduced hRHO RNA levels to 22+7%, P<0.0005. siPl also significantly reduced hRHO 

RNA levels to 36+13%, P<0.00L The statistical significance between test siRNAs was also evaluated 

(between siBB, siPl and siP2). hRHO suppression by siBB and siP2 was significantly similar 

(P=0.0970). Additionally, hRHO suppression by siPl and siP2 was statistically similar (P=0.1167). 

siBB was a more potent suppressor of hRHO when compared to siPl (P <0.05). This indicated that 

both siPl and siP2 were efficient suppressors of hRHO but siPl was not as efficient when compared to 

siBB in vitro.

3.3.5 Western blot analysis of hRHO expression

Suppression of hRHO RNA by siRNAs should theoretically result in suppression of hRHO protein. It 

was decided to examine hRHO protein expression in HeLa cells co-transfected with siRNAs (siNT, 

siBB, siPl and siP2) and hRHO cDNA using western blotting. Initially in order to test the 4D2 

antibody, a pilot western with protein from Hela cells co-transfected with hRHO and the siNT (the 

positive hRHO control) and with untransfected cells (the negative hRHO control) was undertaken. 

hRHO bands should be present in the positive control sample but absent in the negative control. This 

preliminary experiment should determine if any unspecific binding of the 4D2 antibody to HeLa cell 

protein was occuring. The representive western blot is shown in Figure 3.3.5.a hRHO protein was only 

observed in the positive control (lane 1) and not the negative control (lane 2). The hRHO monomer 

was present at 39kDA, which is the correct predicted size for RHO protein. RHO bands at higher 

molecular weigths were also visible, these bands represent dimers and various oligomers of hRHO. 

Following this analysis western blots were established for protein samples from HeLa cells co

transfected with hRHO and each siRNA. The protein concentration of HeLa protein from each 

transfection was normalised to each other in order to ensure equal loading. Figure 3.3.5.b represents a 

typical western blot obtained from this analysis. Bands were visible at 39kDA representing the hRHO 

monomer in the siNT sample (lane 1), as well as higher molecular weight forms of hRHO; this pattern 

of RHO immunoreactivity was in accordance with that observed in the pilot study (Fig 3.3.5.a). There
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was no visible hRHO protein in samples transfected with either siBB (lane 2) or siP2 (lane 4) and these 

lanes were comparable to the negative control lane (lane 5). This corresponds to the RNA result and 

suggests that 78% suppression of hRHO RNA is sufficient to result in a significant reduction in hRHO 

protein from the cell. A somewhat surprising result was that siPl did not seem to be efficient at 

suppressing hRHO at the protein level (lane3). P-actin was used to probe for equal loading, and this 

was obtained in all cases, suggesting that the suppression of hRHO with siBB and siP2 was a valid 

observation. Western blotting was carried out on 4 separate co-transfecton experiments and all western 

blots gave the same result.

3.3.6 siP3 RNA suppression data

As siPl was not as efficient at suppressing hRHO at the protein level compared to siBB and siP2, a 

third RHO-targeting siRNA (siP3) was designed and tested in vitro. hRHO RNA levels analysed from 

HeLa cells co-transfected with wild-type hRHO and siP3 (and controls siNT and siBB) are shown 

(Figure 3.3.6.a). siBB reduced hRHO RNA as expected to 15+2%, P<0.0001. siP3 reduced hRHO 

RNA the most efficiently of all three siRNAs designed (to 8 +6%, P<0.0001) making it a good 

candidate for future use in vivo. siP3 and siBB were .statistically similar in terms of potency of 

suppression achieved (P=0.2877). In contra.st siP2 and siP3 were statistically different from each other 

(P<0.05). This suggested that siBB and siP3 were the mo.st efficient at suppressing hRHO RNA in 

vitro.

3.3.7 siP3 protein suppression data

To confirm that suppression of hRHO by siP3 at the RNA level is mirrored at the protein level, western 

blotting was also performed on protein samples from HeLa cells co-transfected with hRHO and siP3 

(Figure 3.3.7.a). Rhodopsin protein expression was undetected in cells transfected with siP3 (lane 3) 

compared to siNT (lane 1). The lack of hRHO protein in this lane was comparable to lane 4 

(untransfected cells) in which no hRHO is present. hRHO protein suppression achieved with siBB was 

similar to that observed in the previous analysis (Fig.3.3.5.b). The concentration of protein added to 

each well was the same and this correlated with the observation that equal levels of human p-actin 

were visible in each lane of the western blot. Western blotting was carried out seven times, using 

protein from seven separate co-transfection experiments for siP3 and of note the same result was 

obtained every time.
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Overall these results indicate that two out of the three RNAi based suppressors designed suppress 

hRHO efficiently at both the RNA and protein levels. As evaluated in cell culture by real-time RT-

PCR and western blotting.
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3.4 Discussion

Various therapeutic strategies exist for genetic disorders, all of which rely on a firm knowledge of the 

gene implicated in the disease, the mode of inheritance and the type of mutation (den Hollander et al, 

2010; Farrar et al, 2002; Farrar et al, 2010). For heterozygous autosomal dominant mutations, such as 

those found in RHO-adRP specific suppression of the mutant allele may be beneficial. This is 

particularly relevant for rhodopsin given that mice with only one wild-type allele of rhodopsin 

maintain sufficient visual function (Humphries et al, 1997; Rosenfeld et al, 1992). Strategies involving 

suppression of the mutant rhodopsin allele but not the wild-type allele have been described in the 

introduction in terms of using ribozymes, splicing approaches and RNAi to elicit suppression. 

However, these strategies, although innovative each have their limitations. The mutation-specific 

approaches using ribozymes have mainly focused on two well known and common RHO mutations 

(P23H and P347S, RetNet). For a P23H ribozyme, while the authors achieved efficacy in vitro and in 

vivo in transgenic rat models, this precise ribozyme therapeutic would not be applicable to human 

patients. The P23H mutation in human’s results in a 1 nucleotide mismatch, which does not 

specifically create a ribozyme cleavage site, thus a specific ribozyme for this mutation in human 

patients is not feasible (Drenser et al, 1998). In terms of specific ribozymes for the P347S mutation, 

while efficient cleavage of the porcine P347S allele was achieved, the ribozyme designed to cleave the 

human equivalent, mutant P347S hRHO, failed to function efficiently. The porcine ribozyme was 

specific for pRHO and thus is not an approach that can be used in human patients (Shaw et al, 2001). 

In terms of using molecular tools which alter aberrant splicing of hRHO in RP patients with splice site 

mutations, this approach, while efficient in vitro has yet to be tested in vivo (Hernan et al, 2011a; 

Tanner et al, 2009). This mutation-dependent approach would only be capable of specifically targeting 

splice site mutations which unfortunately do not account for a large number of known hRHO mutations 

(RetNet). One mutation-dependent siRNA approach evaluated provided 62% suppression of the 

mutant allele. Unfortunately this suppression was not sufficient to rescue the disease phenotype or 

provide therapeutic benefit in this study (Tessitore et al, 2006). Dominant mutations in RHO are 

separated into different classifications based on their different biochemical properties which lead to 

retinal degeneration, thus while 62% suppression was not sufficient to prevent pathogenesis by the 

P23H allele, rescue of the disease phenotype caused by rhodopsin mutations in other classes with this 

level of suppression may still be achievable (Mendes et al, 2005; Tessitore et al, 2006).

An alternative approach is the optimisation of a strategy in which both the mutant and wild-type allele 

are significantly suppressed. This therapeutic strategy would include the simultaneous delivery of a
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replacement rhodopsin allele refractory to suppression. This approach has the significant advantage in 

that it is mutation-independent. Thus in principle a single therapy could be used to treat a wide range of 

rhodopsin mutations (Millington-Ward et al, 1997; Millington-ward et al, 2011). In terms of mutation- 

independent approaches, while ribozymes and correction using zinc finger transcription factors have 

been described and represent interesting suppression molecules for rhodopsin (Greenwald et al, 2010; 

Mussolino et al, 2011a). The most efficient therapeutic to date was that of mutation-independent 

suppression using RNA interference. This resulted in high levels of hRHO suppression at the RNA and 

protein levels in adRP models along with the achievement of therapeutic benefit (Chadderton et al, 

2009; Millington-ward et al, 2011; O’Reilly et al, 2007). In addition, RNAi based suppression and 

replacement could be considered for the treatment of other autosomal dominant heterogeneous 

disorders such as dominant dystrophic collagen-linked Epidermolysis Bullosa (MIM # 131750) and 

collagen-linked autosomal dominant Osteogenesis Imperfecta (MIM # 166200). Indeed this approach 

has recently been utilised in vivo in mice for the suppression and replacement of SOD-1, a gene 

involved in dominant forms of Amyotrophic Lateral Sclerosis (Kubodera et al, 2011). In addition in 

vitro suppression and replacement strategies have been explored in the retina for other genes 

implicated in adRP such as NRL and peripherin (Heman et al, 2011b; Palfi et al, 2006). Thus it was 
felt that further investigation of this approach should yield promising results.

One objective of this study was the optimisation of suppression and replacement based therapy for 

RHO-adRP in larger animal models. To the author’s knowledge, this is the first study in which siRNAs 

have been designed to specifically target both human and porcine rhodopsin. The 9% nucleotide 

sequence differences between the human and porcine rhodopsin genes limited the choice of target sites 

for siRNAs to three sites as predicted by software from GeneScript Corporation siRNA target finder or 

Invitrogen BLOCK-IT RNAi designer (Figure 3.3.1a). However, one siRNA (siBB) which has 

previously been evaluated in the laboratory and is an efficient suppressor of hRHO both in vitro and in 

vivo is also homologous to pRHO (O’Reilly et al, 2007; Millington-Ward et al, 2011). It was critical to 

have a range of therapeutics for evaluation of suppression in the porcine RHO-adRP model. Therefore 

with this in mind two additional siRNAs were initially designed for in vitro assessment of hRHO 

suppression.

siRNA design is a crucial feature in generating potent RNAi mediated therapeutic strategy. A thorough 

knowledge of the elements needed to make the most safe, efficient and functional siRNA molecule is 

key to an efficacious gene therapy (Walton et al, 2010). Initially complementarity, siRNA length and 

the presence of 3’overhangs were believed to be the main features vital for RNAi (Chang et al, 2011;
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Walton et al, 2010). All siRNAs designed in this study were 19bp in length with two dTdT overhangs 

on the 3’ end. this classic format was proposed to bring about efficient incorporation of the siRNA into 

RISC. Even though various studies have recently been published suggesting there is more flexibility on 

the target length of siRNAs and the presence of the 2nt 3’ overhangs then previously evaluated, it was 

decided to remain with the classic siRNA format proposed by Elbashir et al, 2001c (Chang et al, 2011; 

Elbashir et al, 2001c). In addition all other siRNAs previously designed in the laboratory as well as the 

two control siRNAs (siNT and siBB) had been previously designed according to this strategy (O’Reilly 
et al, 2007).

More recently various algorithms have evolved to aid in the identification and prediction of functional 

siRNAs. These algorithms are frequently updated and gaining complexity as various criteria regarding 

what makes an efficient siRNA is constantly being discovered (Walton et al, 2010). The siRNA 

prediction tools used in this study for rhodopsin were GenScript Corporation siRNA target finder and 

Invitrogen BLOCK-IT RNAi designer. These programs use a wide range of conditions, published from 

the literature in order to predict functional siRNA binding sites. The criteria these two programs take 

into account include; analysis of thermodynamic stability, sequence composition, the nucleotides 

present at the siRNA termini, GC content ad OTE etc. One important feature of designing siRNAs is 

ensuring the siRNA candidate has a low internal stability at the 5’termini of the antisense strand (AS). 

It has been validated that siRNAs in which the 5’ AS termini has low thermodynamic stability are 

more likely to be functional and are more likely to be loaded into RISC (Khvorova et al, 2003), with 

this in mind siRNAs which have an A/U as the last base on the 5’ end of the AS and which have a 

significant number of AU’s in the sequence of this region are favourable (Birmingham et al, 2007; 

Reynolds et al, 2004; Shabalina et al, 2006a; Ui tei et al, 2004).Thi.s prediction has been confirmed 

with the finding that the middle (MID) domain of human AG02 preferentially binds to AMP or UMP 

as opposed to CMP or GMP (Frank et al, 2010) Of the three siRNAs chosen, siPl and siP3 had a U/A 

as the last base on the 5’ AS strand, siP2 had a G. All siRNAs designed had a favourable number of 

A/U nucleotides in the 5’ AS region. siPl and siP3 had 4/5 /VUs in this region and siP2 had 3/5 /WUs. 

A G/C at the 5’ termini of the sense strand (SS) was also predicted to be favourable (Ui-Tei et al, 

2004). Both siP2 and siP3 had G/C in this region. In addition, a GC content of between 30-60% is 

essential for ensuring efficient separation of the sense and antisense strands within RISC (Birmingham 

et al, 2007; Reynolds et al, 2004). All siRNAs had % GC content within this range. Other sequence 

effects such as internal repeats, palindrome sequences, a GC stretch bigger than 7 nucleotides and a 

repeat run of single nucleotides are unfavourable (Khvorova et al, 2003; Ui Tei et al, 2004). None of

the siRNAs selected had any of these features. Taking all the above optimal parameters into account
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siP3 was predicted as the most efficient siRNA out of the three. This result correlated with the fact that 

it was ranked in the top three of the BLOCK-IT list of favourable hRHO targets as opposed to siPl and 

siP2 which was seventh and tenth respectively with the GeneScript Corporation algorithm.

A limiting factor of in vitro rhodopsin experiments is the lack of an immortal photoreceptor cell line 

endogenously producing sustained consistent levels of the rhodopsin protein. Rhodopsin is only 

expressed in rod photoreceptors and the pineal gland, i.e., in cells that are post-mitotic and difficult to 

culture. One retinoblastoma cell line, Y79 has been shown to express rod specific genes including low 

levels of rhodopsin RNA (Di Polo et al, 1995). Furthermore Y79 cells have subsequently been used for 

evaluating the transcriptional regulation of various rod specific genes including rds-peripherin, 

rhodopsin and cGMP-PDE p (Cai et al, 2010b; Rehemtulla et al, 1996; Verado et al, 2009). Thus it was 

proposed that Y79 cells may be beneficial for the analysis of therapeutic strategies for rhodopsin in 

vitro. However in the laboratory, Y79 cells stably expressing RHO soon lost their initial RHO 

expression levels, possibly due to the innate toxicity of the protein, excluding this cells line from future 

studies (Dr. Sophia Millington-Ward, unpublished data). Another method for the analysis of 

endogenous rhodopsin expression has been successfully employed by culturing retinal murine explants 

e.x vivo and transfecting these with particular therapeutics (Palfi et al, 2006). However, this method is 

rather cumbersome, so for a quick and reliable in cellulo method for testing suppression, an alternative 

approach was adopted where a hRHO plasmid and siRNAs were co-transfected into HeLa celts. HeLa 

cells were chosen as these cells are amenable to efficient transfection by Liposomes (McManus and 

Sharp, 2002). One difficulty with these rhodopsin co-transfection experiments using 

Lipofectamine2000® has been toxicity resulting in cell death. Ensuring the cells were of the proper 

confluency at the time of transfection and that the passage numbers of HeLa cells were optimal or at 

lea.st did not differ too much between transfections (pl2-pl8 was always used in these experiments) 

was of the upmost importance. Furthermore, in cases where cell death following transfection was 

observed, there were also a number of healthy cells adhered to each well when the dead cells had been 

washed away with PBS. The proportion of cell death in each co-transfection well was approximately 

equal as evaluated at the observational level, allowing for consistent measurement of RNA and protein 

expression between wells and siRNAs. It could be argued that gene expression profiles may change as 

cells begin to die. The level of cell death was variable at all times and as previously mentioned was 

dependent on cell confluency and passage number. Yet despite this variability between experiments, 

consistent results in terms of levels of suppression achieved with a particular siRNA were always 

obtained.
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Suppression of rhodopsin in HeLa cells by the first two siRNAs, siPl and siP2, was evaluated at the 

RNA level using real-time RT-PCR (Figure 3.3.4.a). Both siRNAs significantly suppressed rhodopsin, 

with siP2 achieving 78% knock-down of RHO. These results mirrored other studies utilising siRNA 

against rhodopsin in vitro. Gorbatyuk et al, reported a RHO suppression level of up to 80% evaluated 

in HEK 293 cells as analysed by real-time RT-PCR (Gorbatyuk et al, 2007b). Interestingly previous 

studies from our laboratory have obtained up to 87% suppression in vitro in HeLa cell culture with 

amongst others siBB (Chadderton et al, 2009; O’Reilly et al, 2007). This siRNA represents the positive 

control used in the current study and a significant down-regulation of rhodopsin RNA by 

approximately 85% was observed using siBB in these experiments. This level of suppression is 

consistent with O’Reilly et al, 2007, thus indicating the validity of our experimental control and the co
transfection procedure.

Down-regulation of RNA should theoretically result in down-regulation of protein expression. 

Therefore in order to minimise variability, every time a co-transfection experiment was undertaken, 

one set of wells was used for RNA analysis and another set of wells was used for protein analysis. This 

ensured that all cells tested, whether for RNA or protein, were subject to the same experimental 

procedures. In order to quantify rhodopsin protein expression in the laboratory, previous studies 

typically relied on enzyme-linked immunosorbent assays (ELISAs) and immunohistochemical 

techniques. While these techniques are valid, it was felt that optimising the western blotting procedure 

for rhodopsin protein would be of benefit for both this study and for future analysis involving 

rhodopsin. The western blotting procedure was readily optimised owing to the fact that a good anti

mouse rhodopsin antibody (4D2) was available in the laboratory which cross-reacts well with human 

rhodopsin. This antibody was designed to target the n-terminus of the bovine rhodopsin protein (Hicks 

& Molday, 1986). Rhodopsin protein in all western blotting experiments was visible as multiple bands. 

While the 39kDA monomer of rhodopsin protein was always observed, very often bands of higher 

molecular weight were also present (Figure 3.3.5.a). These bands were thought to represent various 

dimers, trimers and oligomers of the rhodopsin protein. This is a known characteristic of this protein 

(Eotiadis et al, 2003; Illing et al, 2002).

At the protein level, bands of hRHO in the positive control sample controlling for RNAi suppression 

(HeLa cells co-transfected with hRHO & siBB) were always absent (Figure 3.3.5.b [lane 2]). In fact 

this lane of the gel looked similar to the lane with protein from untransfected control HeLa cells (where 

no rhodopsin is expressed in HeLa cells). This result supports the ELISA and immunohistochemistry 

results observed by O’Reilly et al, 2007. siP2 also efficiently suppressed hRHO protein, indicating that
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like siBB, it is indeed a potent RNAi based suppressor in vitro (Figure 3.3.5.b [lane 4]). Somewhat 

surprisingly, potent suppression of hRHO by siPl was not observed at the protein level (Figure 3.3.5.b 

[lane 3]). Currently it is not known why this was found to be the case. However, siPl suppressed 

rhodopsin RNA the least efficiently and it was therefore not unexpected that the level of protein 

suppression may be lower. The estimated half life of rhodopsin is 30 hours. Thus a possible reason for 

the lack of RHO protein suppression observed by siPI may be that by extracting the cellular protein 24 

hour post-transfection, enough time has not passed between RNA suppression and degradation of the 

existing rhodopsin protein. There are two pieces of evidence that do not support this hypothesis. The 

first is that none of the other siRNAs tested in the same way showed a reduction in suppression 

efficiency at the protein level. Secondly all studies undertaken were co-transfection experiments, 

transfecting in wild-type rhodopsin cDNA at the same time as the siRNA into a rhodopsin-deficient 

cell line. There is, therefore no pre-existing store of rhodopsin protein present before siRNA-based 

suppression occurs. One possibility is that siPl suppresses RHO more slowly than the hRHO plasmid 

produces mRNA, allowing rhodopsin protein to accumulate. There may be a threshold present to the 

level of hRHO RNA that must be suppressed in order to correspond to a change in the protein level. If 

this is the case, siP2 suppresses hRHO RNA by 78% and siPl suppresses by 64% this threshold may 

possibly lie somewhere between these two points, however this is just speculation. In terms of in vivo 

rhodopsin expression, hRHO rhodopsin is a highly expressed protein, accounting for 90% of the 

protein in the membranes of the ROS (Palczewski et al, 2006). Therefore it is likely that a potent 

suppressor would be required in order to suppress such high quantities of rhodopsin and achieve 

therapeutic benefit. Thus, the fact that siPl does not suppress hRHO RNA or protein as efficiently as 

siP2 would preclude its further in vivo evaluation.

As siPl was inefficient at suppressing rhodopsin protein expression in HeLa cells after 24 hours, it was 

decided a third siRNA (siP3) would be designed and evaluated. siP3 suppressed hRHO RNA the most 

efficiently (92%) of all three siRNAs tested (Figure 3.3.6.a). In addition siP3 was predicted to be the 

most favorable and efficient siRNA based on various siRNA design rules incorporated into the online 

programs used for siRNA target selection, further strengthening the validity of these online programs. 

In terms of the most efficient siRNA at suppressing hRHO at the RNA level, siP3 and siBB were 

statistically the same. In contrast siP3 was found to be significantly more potent than either siP2 or 

siPl. Therefore based on these in vitro studies siP3 and siBB would seem to be stati.stically the best 

hRHO siRNAs at the RNA level.
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Protein analysis of siP3-based suppression was undertaken, again using western blotting (Figure 

3.3.7.a). In all cases rhodopsin expression appeared completely obliterated in cells transfected with 

siP3 and hRHO (Figure 3.3.7.a [lane 3]). No bands were observed in these wells and results were 

similar to those obtained for the untransfected HeLa cell control (Figure 3.3.7.a [lane 4]). This result 

was comparable to that observed with siBB (Figure 3.3.7.a [lane 2]). Consequently in terms of 

efficacy, as with the RNA results siBB and siP3 may be the most potent suppressor molecules for 

future use in animal models such as the porcine RP models.

Overall the aim of the research described in this chapter of the thesis involved designing and evaluating 

a suitable siRNA homologous to both pRHO and hRHO, which could subsequently be used for in vivo 

evaluation. In vivo evaluation for an RNAi mutation-independent strategy has never before been 

explored in larger animal models for RHO-adRP. Owing to the availability of a RHO-adRP porcine 

model, it was decided to generate a siRNA based gene therapy for use in both pigs and humans (Petters 

et al, 1997). Typically, the evaluation of an RNAi based in vivo therapeutic, is initially evaluated using 

siRNAs in vitro. The most efficient siRNAs will then subsequently be generated into shRNA 

constructs and evaluated in vivo. The least efficient siRNAs will not proceed to in vivo evaluation. 

During the course of the study outlined in this chapter of the thesis, three siRNAs were designed and 

evaluated. Two of the three siRNAs (siP2 and siP3) were found to significantly suppress hRHO RNA 

and protein expression in cell culture. siP3 potently suppressed expression of hRHO at a level 

comparable to siBB previously evaluated in the laboratory (O’Reilly et al, 2007). Furthermore, unlike 

both siP2 and siBB, siP3 is not homologous to mRHO niRNA, therefore in principle this siRNA could 

be ideally utilised in a RHO-adRP mouse model for evaluating therapeutic benefit associated with 

suppression of the mutant hRHO while maintaining expression of mRHO. Chadderton et al, 2009 

demonstrated therapeutic efficacy in an adRP mouse model containing a mutant transgene by AAV- 

mediated subretinal delivery of an siRNA (shQI) targeting the hRHO transgene but containing 

mismatches to the endogenous mRHO alleles (Chadderton et al, 2009). Thus it was proposed that like 

shQI, siP3 may be u,seful in a RHO-adRP transgenic mouse for suppressing a mutant pRHO or hRHO, 

while leaving the endogenous mRHO alleles protected. These endogenous wild-type alleles could 

therefore act as a natural replacement and the therapeutic benefit of siP3 could be assessed. For the 

reason outlined above it was decided to further evaluate siP3 based suppressors in vivo.
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hRHOF 5 ’ -CTTTCCTG ATCTGCTGGGTG-3 ’

hRHOR 5 ’ -GGC A AAG AACGCTGGG ATG-3 ’

P-actin F 5’-AGAGCAAGAGAGGCATCC-3’

p-actin R 5 ’ -TC ATTGTAG AAGGTGTGGTGCC-3 ’

Table 3.2.5 primers used for real-time RT-PCR analysis

Both hRHO and p-actin primers pairs were optimised using RNA from HeLa cells co-transfected 
with hRHO and siNT. hRHO amplifles hRHO products with a Tn, of SI C and that are 108bp in 
length. The p-actin primers amplify p-actin cDNA transcripts with a T^ of SrC and these 
products are 103bp in length. All primers Mere obtained from Sigma-Aldrich
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siPl target
Human RHO 289 ACCTCTCTGCATGGATACT

Pig RHO 289
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
ACCTCTCTGCATGGATACT

siP2 target
Human RHO 618 CATGTTCGTGGTCCACTTC

Pig RHO 618
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 
CATGTTCGTGGTCCACTTC

3iP3 target
Human RHO 404 GGTACGTGGTGGTGTGTAA

Pig RHO 404
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 

GGTACGTGGTGGTGTGTAA

Figure 3.3.1.a. hRHO and pRHO siRNA targets and homology

siPl targets nucleotide 289 to 308 of hRHO and pRHO, siP2 targets 618 
to 637 of hRHO and pRHO and and siP3 targets position 404 to 423 of 
hRHO and pRHO.
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siPl sense 5’-ACCUCUCUGCAUGGAUACUtt-3’

siPl antisense 5’-AGUAUCCAUGCAGAGAGGUtt-3’

siP2 sense 5’-CAUGUUCGUGGUCCACUUCtt-3’

siP2 antisense 5’-GAAGUGGACCACGAACAUGtt-3’

siP3 sense 5’-GGUACGUGGUGGUGUGUAAtt-3’

siP3 antisense 5’-UUACACACCACCACGUACCtt-3’

Annealed

Table 3.3.1.a Sequence of each siRNA oligonucleotide and the alignment of each siRNA
pair

Each siRNA oligonucleotide was ordered from Ambion and came preannealed. All 
siRNAs were 19bp in length and had a 3’ 2nt dTdT overhang designed according to 
Elbashir et al, 2001c
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siRNA Homologous organisms

siPl human, pig chimpanzee, dog

Human ACCTCTCTGCATGGATACT
Pig ACCTCTCTGCATGGATACT
Chimp ACCTCTCTGCATGGATACT
Dog ACCTCTCTGCATGGATACT
Cow ACCTCTCTGCACGGGTACT
Mouse ACATCACTCCATGGCTACT
Rat ACCTCACTGCATGGCTACT

siP2 human, pig, chimpanzee, dog. cow, mouse, rat

Human CATGTTCGTGGTCCACTTC
Pig CATGTTCGTGGTCCACTTC
Chimp CATGTTCGTGGTCCACTTC
Dog CATGTTCGTGGTCCACTTC
Cow CATGTTCGTGGTCCACTTC
Mouse CATGTTCGTGGTCCACTTC
Rat CATGTTCGTGGTCCACTTC■*★*★*★**★★**■******■*

siP3 human, pig. chimpanzee, dog

Human GGTACGTGGTGGTGTGTAA
Pig GGTACGTGGTGGTGTGTAA
Chimp GGTACGTGGTGGTGTGTAA
Dog GGTACGTGGTGGTGTGTAA
Cow GGTACGTGGTGGTGTGCAA
Mouse GCTACGTGGTGGTCTGCAA
Rat GCTACGTGGTGGTCTGCAA *• ★•**★*•***■*** ** *★

Table 3.3.1.b The homology of each siRNA to rhodopsin in different
organisms

Of all the three siRNAs designed, only the siP2 target site is homologous to the 
sequences of all organisms examined including mRHO. siPl and siP3 are not 
homologous to the mRHO sequence (yellow nucleotides). In addition these 
siRNAs also contain mismatches to the cow rhodopsin sequence and the rat 
rhodopsin sequence (yellow nucleotides). The fact that siPl & siP3 are not 
homologous to mRHO is of particular relevance for future in vivo applications 
of siRNAs, as the initial testing in vivo typically involves transgenic mice.
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Figure 3.3.3.a hRHO standard curve.

This standard curve was generated using RNA from the HeLa cell sample co
transfected with hRHO and siNT. Five, 5X serial dilutions were used to generate the 
standard curve. The cycle threshold (C,) is the point at which fluorescence from 
each accumulating amplicon in each standard curve crosses the threshold value 
(assigned at a point during which the rate of amplification is exponentially 
increasing relative to the baseline). This number is then plot against the log of the 
known concentration of values (each 5X standard was arbitrarily assigned 1, 5, 25, 
125 and 625) and a line of best fit is generated. Providing the slope and R^ values are 
in the right range the Ct of each hRHO sample can be measured against this line 
and the relative concentration calculated. In this case the slope of the hRHO 
standards is -3.4 which is in the right range (-3.1 to -3.6 i.e. 100+10% efficiency) and 
the R" value is 0.9997 which is very close to 1.
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Dissociation Curve

Temperature (C)

Figure 3.3.3.b Melting curve analysis of hRHQ amplicons

This figure describes the dissociation curve generated from the hRHO amplification that 
results from the two hRHO primers used. Each product has a specific melting 
temperature (Tm), this is the temperature at which the double stranded DNA is 
denatured (Temperature C), and is correlated to the change in the fluorescence produced 
by Sybr green at this T^ (Derivative). As can be observed from the above figure, the only 
peak present is that at S2°C, this is the correct predicted Tm for the hRHO amplicon. 
There is a small peak present in the water blank sample, which suggests a small amount 
of hRHO contamination; this however is at such a small value that it is not deemed to 
have an impact on the analysis of hRHO expression in each sample
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Lanel Lane 2

hRHO P>aclin

Hgure 3.3.3.C 2% agarose gel analysis of hRHO and hB-actin RT-PCR amplification

products.

From the PCR plate used to optimise hRHO and hp-actin, a sample from each 
primer pair was taken from two different wells. One well containing cDNA amplifled 
by hRHO and another well containing cDNA amplified by hp-actin primers was 
used. These products were run on a 2% agarose gel. A band of approximately 108bp 
was amplified for hRHO primers (lane 1) and a band of 103bp was amplified for the 
hp-actin primers (lane 2).
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Figure 3.3.3.d hB-actin standard curve.

This hp-actin standard curve was generated using RNA from the HeLa cell sample co
transfected with hRHO and siNT. Five, 5X serial dilutions were used to generate the 
standard curve. The cycle threshold (Ci) is the point at which fluorescence from each 
accumulating amplicon in each standard curve crosses the threshold value (assigned at a 
point during which the rate of amplification is exponentially increasing relative to the 
baseline). This number is then plot against the log of the known concentration of values 
(each 5X standard was arbitrarily assigned 1, 5, 25, 125 and 625) and a line of best fit is 
generated. Providing the slope and R' values are in the right range the Ci of each hRHO 
sample can be measured against this line and the relative concentration calculated. In 
this case the slope of the hp-actin standards is -3.2 which is in the right range (-3.1 to - - 
3.6 i.e. -100+10 efficiency), and the R* value is 0.9999 which is very close to 1.
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Dissociation Curve
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Figure 3.3.3.e Melting curve analysis of hB-actin amplicons

This figure describes the dissociation curve generated from the hp-actin amplification that 
results from the two hp-actin primers used, hp-actin has a specific melting temperature (T„,), this 
is the temperature at which the double stranded DNA is denatured (Temperature C), and is 
correlated to tbe change in the amount of fluorescence produced by Sybr green at this Tm 
(Derivative). The highest peak present is that at STC, this is the correct predicted Tm for the hp- 
actin amplicon. There is clearly no amplification of hp-actin in the water blank, as no 
amplification is occurring at 8TC. The presence of a peak at 73"C in the blank sample is 
representative of primer dimers. The formation of these dimers often occurs in a sample with 
little or no DNA present.
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RHODOPSIN ANALYSIS P-ACTIN ANALYSIS

Sample Primer Quantity AVERAGE

siNTa hRHO 140.82
SiNTb hRHO 129.669 132.519

siNTc hRHO 127.067
siBBa hRHO 20.6927
siBB hRHO 20.3135 21.8329

siBBc hRHO 24.4927

Sample Primer Quantity AVERAGE

siNTa
siNTb
siNTc
siBBa
siBBb
siBBc

mP-actin
mp-actin
mp-actin
mp-actin
mp-actin
mp-actin

164.7
147.1
163.1
165.7
184.8 

183.3

158.3

177.92

Divide the average hRHO by the average 
hp-actin for each sample (siNT and siBB)

Average sample hRHO/ mB-actin

SiNT 0.837085465

SiBB 0.122711893

Set siNT (0.837085465) as 100% hRHO expression 
and express siBB (0.122711893) as a percentage of 
the SiNT value (0.122711893/0.837085465 X 100)

Sample % hRHO

SiNT 100 %

SiBB 15%

% hRHO expression in eachFigure 3.3.4.f A working example of the calculation the
sample using for standard curve method

This is an example of typical calculations utilised to obtain the % hRHO RNA expression 
in RNA samples co-transfected with hRHO and each siRNA compared to the % RNA 
expression in RNA samples co-transfected with hRHO & siNT as assessed by real-time 
RT-PCR. Each standard curve sample was assigned 5 arbitrary quantities (1, 5, 25, 125 
& 625), thus by comparing the C| values of “unknown” samples to the Ct values of the 
standard curve samples the relative concentration (quantity) in each could be assigned. 
The average of each set of RNA triplicates (siNT a-c and siBB a-c) was obtained for 
hRHO and hp-actin and the average hRHO value was normalised to hp-actin (0.8371 for 
siNT & 0.1227 for siBB). hRHO RNA expression from samples transfected with hRHO & 
siNT was set at 100 % and the hRHO RNA expression from samples transfected with 
hRHO & siBB was expressed as a percentage of this value (15%)
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Figure 3.3.4.a. Real-time RT-
PCR evaluation of hRHO expression in HeLa cells co-transfected with hRHO and siRNAs

Relative hRHO RNA levels in HeLa cells following co-transfection with hRHO and siNT (a non
targeting siRNA), siBB (a positive control), siPl and siP2 in HeLa cells. The data are presented 
as percentages of rhodopsin RNA levels in RNA samples co-transfected with wild-type hRHO 
and the non-targeting siRNA (siNT, 100%). The average and standard deviation of each sample 
was calculated using Microsoft Excel. Statistical significance was assessed using a two-sample t- 
test (DataDesk 6.0). Error bars represent % SD values
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SAMPLE
NAME hRHO + hRHO-

BCA (pg/ml) 2840 3650
protein/ well 

(Ml) 8.45 6.58
[protein]/well

(Mg) 24 24

Figure 3.3.5.a Optimisation of the 4D2 RHO antibody for western blotting

This pilot study was undertaken in order to evaluate that the 4D2 antibody was 
working efficiently and specifically binding to hRHO. HeLa protein from cells 
co-transfected with hRHO and siNT was used as the positive hRHO control 
(hRHO + cells, lane 1) and untransfected cells were used as the negative hRHO 
control (hRHO - cells, lane 2). A hRHO monomer is visible at 39kDA in lane 1 as 
well as various bands at higher molecular weights representing multimeric 
hRHO. In lane 2 no hRHO is present. This indicates that 4D2 bind specifically to 
hRHO only in HeLa cells. The table represents the concentration of total protein 
in each sample added to each well in order to ensure equal loading. As this was 
an initial assessment of the 4D2 anti-mouse hRHO antibody hp-actin was not 
utilised for this particular western blot to evaluate equal loading
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hp-actin

hRHO

LANE

42kDA

39kDA

IE NT BB PI P2 UT

1 2 3 4 5

SAMPLE NAME NT BB PI P2
BCA (pg/ml) 1506 1386 1651 1303

protein/ well (pi) 8.35 9.4 7.89 10
[protein]/ well (pg) 13 13 13 13

Figure 3.3.5.b Western blot analysis of hRHO protein expression.

Lane 1 is protein from cells transfected with hRHO and siNT (NT, the 
negative non-targeting siRNA control). Lane 2 contains protein from cells 
transfected with hRHO and siBB (BB, a positive control siRNA). Lanes 3 
& 4 contains protein from cells transfected with hRHO and siPl or siP2 
respectively (PI & P2). Lane 5 is protein from untransfected HeLa cells 
(UT). Human p-actin (42kDA) was used as an equal loading control. The 
presence of hRHO monomers (39kDA) as well as multimeric forms of 
hRHO is clearly observed in lane 1 and 3 and completely absent in lane 2, 
4 and 5 (untransfected cells). This indicates that siBB and siP2 are causing 
a significant reduction in hRHO protein with no visible protein 
remaining. siPl is not as efficient at suppressing hRHO at the protein 
level. The table represents the concentration of total cytoplasmic protein 
in each sample added to each well in order to ensure equal loading. This is 
a representative blot of one transfection experiment. Additional western 
blotting was carried out with three more transfection experiments and the 
same result was obtained in all cases.
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Figure 3.3.6.a Real-time RT-PCR evaluation of hRHO expression in HeLa cells co
transfected with hRHO and siP3

Relative hRHO RNA levels in HeLa cells following co-transfection with hRHO and siNT 
(a non-targeting siRNA), siBB (a positive control) and siP3 in HeLa cells. The data are 
presented as percentages of rhodopsin RNA levels in RNA samples co-transfected with 
wild-type hRHO and the non-targeting siRNA (siNT, 100%). The average and standard 
deviation of each sample set was calculated by Microsoft Excel. Statistical significance 
was assessed using a two sample t-test (DataDesk 6.0). Error bars represent SD values
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hB-actin

hRHO

42kDA

39kDA

NT BB P3 UT

Lane 1 2 3 4

SAMPLE NAME NT BB P3 UT
BCA (pg/ml) 423 678.2 698.4 698.4

protein/ well (pi) 20 12.5 12.11 12.11
[protein]/ well (pg) 8.46 8.46 8.46 8.46

Figure 3.3.7.a Western blot analysis of hRHO protein expression in cells co-transfected with
hRHO and siP3

Lane 1 contains protein from cells transfected with hRHO and siNT (NT, the negative non
targeting siRNA control). Lane 2 is protein from cells transfected with hRHO and siBB (BB, a 
positive control siRNA). Lane 3 contains protein from cells transfected with hRHO and siP3 
(P3). Lane 4 is protein from untransfected HeLa cells (UT). Human p-actin (42 kDA) was used as 
an equal loading control. The presence of hRHO monomers (39kDA) as well as multimeric 
forms of hRHO is clearly observed in lane 1 and completely absent in lane 2, 3 and 5 
(untransfected cells). This indicates that siBB and siP3 are causing a signiflcant reduction in 
hRHO with no visible protein remaining. The table represents the concentration of total 
cytoplasmic protein in each sample added to each well in order to ensure equal loading.
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Chapter 4; The in vivo evaluation of human
rhodopsin suppression bv shRNA and
artificial miRNA based constructs
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4.1. Introduction

The screening of potential RNAi-based suppressors to efficiently knock-down mRNA expression of 

target genes often initially involves the design, generation and evaluation of siRNA based suppressors 

in vitro as described in Chapter three for rhodopsin. However suppression by siRNAs is only 

temporary, owing to their short half life and rapid degradation (Kim & Rossi, 2007; McManus & Sharp 

2002; Sibley et al, 2010). An efficient therapeutic for human clinical trials, ideally must be capable of 

long-term sustained expression. In 2002 this siRNA limitation was overcome by the design of shRNA 

molecules (Section 1,16), capable of expression from different vectors and different promoters 

(Brummelkamp et al, 2002; Paddision et al, 2002). These shRNAs are composed of the sense and 

antisense siRNA duplexes connected by a stem loop, and are designed to resemble pre-miRNAs 

(Sibley et al, 2010). shRNAs have been used with success in a large range of in vivo studies and are 

currently being investigated for use in human clinical trials (Davidson et al, 201 1). However, despite 

the excitement surrounding RNAi-based therapeutics, recent advances particularly in the liver and 

central nervous system (CNS) have indicated that achieving high therapeutic efficacy with low toxicity 

using shRNAs may not be as simple as previously envisioned (Boudreau et al, 2008; Boudreau et al, 
2009a; Ehlert et al, 2010; Grimm et al, 2006; Grimm et al, 2010: McBride et al, 2008).

4.1.1 shRNA mediated toxicity

A major indication that shRNAs may result in toxicity came from studies by Grimm et al, 2006, who 

discovered high dose systemic shRNA administration to the mouse liver resulted in severe 

hepatotoxicity and death in mice irrelevant of the shRNA target (Grimm et al, 2006; Grimm et al, 

2010). Furthermore these high dose shRNAs caused down-regulation of important liver miRNAs (in 

vitro and in vivo), suggesting that the shRNAs may be saturating the endogenous RNAi machinery. 

Lowering the shRNA dose tenfold alleviated this liver toxicity; further indicating high dose shRNA 

delivery may have detrimental effects (Grimm et al, 2006; Yi et al, 2005). Over expression of Exportin 

V appeared to improve liver cell survival, suggesting that competition between shRNA and miRNAs 

may result in the saturation of RNAi machinery, in particular Exportin V (Grimm et al, 2006). 

Recently the saturation of the AGO proteins by shRNAs has also been implicated as being involved in 

this process (Grimm et al, 2010; Vickers et al, 2007). Furthermore Beer et al, 2010 established that 

even low doses of shRNAs irrespective of the target may induce a subtle level of liver damage 

promoting liver cell division. While this did not result in severe toxicity in wild-type mice, in mice 

expressing an ongogene MYC it resulted in an increase of tumorogenesis. This highlights the need to 

regulate shRNAs in models were oncogenesis may be promoted (Beer et al, 2010). Beverley Davidson
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and colleagues have explored the effects of AAV-1 delivered, U6 driven shRNAs targeting Huntington 

mRNA and SCA-1 mRNA in the brains of transgenic mice. Striatal toxicity and Purkinje cell death 

was obtained in these mice due to high levels of unprocessed shRNA transcripts (Boudreau et al, 2008; 

Boudreau et al, 2009a; McBride et al, 2008). Neuronal toxicity was also observed in the red nuclei of 

AAV-1 delivered CMV driven shRNAs targeting Class 3 Semaphorin receptors in rats. This resulted in 

severe toxicity in rat red nuclei, independent of AAV or GFP (Ehlert et al, 2010). In addition, Martin et 

al, 2011 obtained shRNA mediated striatal toxicity in mouse brains. A shRNA was administered to 

both transgenic (a human DYTl dystonia model) and wild-type mouse via intrastriatal injections, 

severe toxicity and death was observed in these mice. Of particular note, the level of toxicity was 

dependent on the genetic background. An earlier onset, more severe effect occurred with mice with a 

129/SvEV background compared to C57BL/6 background. This is an important finding and must be 

taken into account for future in vivo studies (Martin et al, 2011).

4.1.2. Reducing the shRNA dose

Clearly shRNA dose can have significant effect on tissue toxicity, particularly in liver and brain. This 

is clearly an unwanted side effect of shRNAs, and ways to circumvent this need to be explored. While 

Grimm et al, 2006 found that lowering shRNA dose tenfold, alleviated toxicity and still resulted in 

suppression in the liver, McBride et al, 2008 established that lowering the AAV titre by a full log, did 

not lessen toxicity, furthermore, decreasing the titre any lower than this abolished therapeutic efficacy 
in the striatum (McBride et al, 2008). Similarly, Ehlert et al, 2010 switched from using AAV-1 based 

vectors to AAV-2 based vectors in the rat red nuclei as AAV-2, has lower transduction rate than AAV- 

1 in this tissue. While toxicity was not observed, efficacy of the shRNA was eradicated (Ehlert et al, 

2010). Consequently in terms of designing a therapy for clinical trial, while lowering the viral titre or 
transduction may reduce toxicity, it does so potentially at the cost of therapeutic benefit.

Other methods to overcome abundant expression of unprocessed shRNAs, resulting in the saturation of 

the RNAi machinery could include over-expressing RNAi proteins which become saturated. This was 

validated by Grimm et al, 2010 who relieved hepatotoxicity in vivo by over-expressing Exportin V and 

AG02 while still maintaining efficacy (Grimm et al, 2010). However, for human clinical trials, over

expressing such proteins may not always be a feasible option. One possibility could involve utilising 

weaker promoters do drive shRNA expression. Highly expressing promoters such as the polymerase III 

promoter U6 can be more toxic than weaker promoters in certain tissues. In primary human T 

lymphocytes U6 driven shRNAs (U6-shRNAs) for CCR5 were much more potent then HI-driven

shRNAs (HI-shRNAs), however, U6-shRNAs produced much more shRNA compared to HI which
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was most likely the reason for this difference. Both ex vivo and in vivo administration of U6-shRNAs 

resulted in a loss of cell number and a reduction in EGFP positive cells compared to administration of 

Hl-shRNAs. Furthermore Hl-shCCR5 was still capable of significant suppression in vivo, making it a 

more desirable candidate for reducing toxicity and maintaining efficacy (An et al, 2006). Moreover, 

Grimm et al, 2010 utili.sed weaker polymerase III HI or 75K promoters to express shRNA in the liver. 

This resulted in reduced hepatotoxicity in vivo compared to U6 and conferred significant therapeutic 

efficacy. shRNA expression is driven primarily by polymerase III promoters, as they are easy to clone 

and have well defined transcription and termination signals. Giering et al, 2008 set about optimising 

shRNAs under the control of polymerase II promoters. One such APoF promoter driven shRNA had 

no toxicity associated with it, even at high doses, compared to U6. Furthermore a significant level of 

suppression was maintained despite a 40X decrease in shRNA transcripts from ApoF compared to U6. 

Additionally the expression of the shRNA was confined to the liver, which is not a trait of constitutive 

polymerase III promoters (Giering et al, 2008).

4.1.3. Utilising artificial miRNAs

An approach, currently gaining popularity is the use of artificial miRNAs. This involves, removing 

endogenous mature miRNA duplex sequences from endogenously expressed miRNAs and replacing 

with siRNA sequences within these pri-miRNA backbones (Boudreau et al, 2008; Sibley et al, 2010). 

These artificial miRNAs would resemble and be processed in a similar manner to natural miRNAs 

upstream of Drosha, and thus may improve efficacy. Furthermore miRNA are more flexible then 

shRNAs in that they are more amenable to incorporation of polymerase II promoters, thus these 

artificial miRNA based constructs could in principle be expressed in a controlled, tissue specific 

manner (Sibley et al, 2010).

4.1.4 Artificial miRNA-30a

Artificial miRNA based systems initially evolved from the exploration of miR-30a. This miRNA was 

first isolated from HeFa cells as an endogenously expressed HeFa miRNA (Fagos-Quintana et al, 

2001). Experiments expressing a 71 nucleotide miR-30a within various mRNAs sequences, introns or 

3’ UTRs in cell culture, resulted in its efficient processing of a 22 nucleotide functional miRNA, 

capable of knocking down target gene expression (Zeng & Cullen, 2005). Furthermore, replacing the 

mature miR-30a duplex sequence with siRNA sequence resulted in efficient siRNA processing and 

suppression of the siRNA target via mRNA cleavage (Zeng et al, 2002; Zeng et al, 2003). Following 

on from this innovative artificial miRNA design, several studies utilised artificial miRNA based on
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miR-30a under the control of both polymerase II and polymerase III promoters to efficiently suppress 

target genes (Boden et al, 2004; Silva et al, 2005). Despite the initial excitement surrounding these 

artificial miRNA based suppressors, Li et al, 2007 demonstrated that the efficacy of both polymerase II 

CMV driven and polymerase III U6 driven artificial miRNAs, were significantly reduced compared to 

their shRNA counterparts in vitro (Li et al, 2007). However, evaluation of transgenic mice brains have 

at times revealed toxicity associated with shRNA molecules (Boudreau et al, 2008; Boudreau et al, 

2009a; Martin et al, 2011; McBride et al, 2008). Notably by expressing shRNAs in the backbone of 

miRNA-30a, this toxicity issue was drastically alleviated. Furthermore these artificial miRNAs 

suppressed target transcripts at comparable levels of shRNA equivalents (McBride et al, 2008). 

Boudreau et al, 2008 set about reducing the variability between these two constructs (shRNA and 

artificial miRNA), in order to gain an accurate comparison of efficacy. This involved designing 

shRNA and artificial miRNAs with optimal overhangs and processing sites such that processed siRNA 

sequences from shRNAs and miRNAs would have similar strand bias. Evaluation of these optimal 

constructs in vitro and in vivo, resulted in more potent suppression by the shRNA based construct, as 

described by Li et al 2007 (Boudreau et al, 2008; Li et al, 2007). Additional exploration revealed that 

while unprocessed shRNA transcripts can compete with endogenous miRNA biogenesis, artificial 

miRNAs do not, even when used at a tenfold higher dose then shRNAs (Boudreau et al, 2009a). In vivo 

AAV-2/i injection of shRNAs or miRNAs designed to target human spinocerebellar ataxin-1 (SCA-1) 

into the cerebellum of SCA-1 transgenic mice resulted in efficient silencing of SCA-I in addition to 

histological improvement with the miRNA. The AAV-delivered shRNA construct in contrast resulted 

in severe neuronal death (Boudreau et al, 2009a). Furthermore an artificial miRNA targeting 

Huntington mRNA resulted in an enhanced rotarod performance in transgenic mice with Huntington’s 

disease, demonstrating that therapeutic benefit with artificial miRNAs can be achieved in the central 

nervous system (CNS [Boudreau et al, 2009b]). This artificial miRNA-30a has been used in other 

studies involving many target tissues including the retina (Georgiadis et al, 2010). Efficient artificial 

miRNA-based knock down of peripherin-2 was achieved with a miR-30a peripherin-2 construct, which 

indicated the retina may be an amenable to miRNA-based suppressors (Georgiadis, et al, 2010).

4.1.5. Artificial iniRNA-155

The endogenous human miR-155 is expressed from the third exon of a conserved non-coding RNA 

known as BIG, located on chromosome 21 (Lagos-Quintana et al, 2001; Lagos-Quintana et al, 2002; 

Tam, 2001) The BIG gene was first identified in chickens, activated by retroviral insertion at the BIG 

locus in B cell lymphomas caused by Avian Leukosis Virus or by BIG over-expression in a retrovirus
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vector (Tam et al, 1997; Tam & Dahlberg, 2006). The miRNAs ability to knockdown target sequences 

was experimentally validated by Chung et al, 2006, who established a 108 nucleotide region containing 

the pri-miRNA-155 with the relevant flanking regions driven by a polymerase II CMV promoter was 

enough for efficient processing of the miRNA in mammalian cells. Furthermore, a luciferase reporter 

gene, containing a miR-155 target site within the 3’UTR, was efficiently down-regulated following 

transfection with this miR-155 construct. An artificial miRNA was generated by replacing the miR-155 

duplex with siRNA sequences of a target gene, and these artificial miRNAs could efficiently suppress 

these target mRNA sequences (Chung et al, 2006). Following on from this study, an optimised 

artificial miRNA based on murine-miR-155 became commercially available from Invitrogen (The 

BLOCK-iT^’^Pol II miR RNAi system, Invitrogen). This system generated engineered pre-miRNA 

sequences within an optimised miR-155 backbone, under the control of a CMV promoter. Some of the 

first studies utilising this vector focused on suppressing targets involved in cancer metastases. Studies 

using, artificial-miRNA-155 vectors to significantly reduce cancer cell migration and invasion in 

addition to decreasing both peritoneal and breast cancer metasta.ses in vitro and in vivo were successful 

(Li et al, 2006; Liang et al, 2007). Another group generated an artificial miRNA-155 targeting the 

neurokinen-1 receptor in mice brains; this resulted in a decrease in the voluntary alcohol consumption 

in mice and presented a novel example of treating alcohol addiction (Back et al, 2010). A comparison 

of shRNA and miRNA-155 suppression, established CMV driven artificial miRNAs were significantly 

more efficient at silencing GFP and LacZ target sequences than U6-driven shRNAs (Anesti et al, 

2008). An interesting comparison between CMV driven shRNA, CMV driven artificial miRNA-155 

and CMV driven artificial miRNA-30 was undertaken in vitro. At the RNA and protein level both the 

artificial miRNAs were significantly better at suppressing the target gene compared to the shRNA. 

Furthermore miR-155 was more superior to miR-30a at suppressing both GFP and GAPDH RNA and 

protein in cell culture as assessed by semi-quantitative RT-PCR, Immunocytochemistry and western 
blotting (Shan et al, 2009b).

4.1.6. Objectives of Chapter 4

While toxicity with shRNAs in the retina has never been observed in any studies in our laboratory, it 

was felt that artificial miRNA-based constructs for RHO-adRP would nevertheless be worth exploring 

in the context of the mammalian retina. However, ensuring efficient silencing of rhodopsin by artificial 

miRNAs at comparable levels to that previously obtained by shRNAs in vivo would be critical 

(Chadderton et al, 2009; O’Reilly et al, 2007). This is of particular importance as rhodopsin accounts 

for such a large proportion of the protein found in ROS disc membranes (Paiczewski et al, 2006). It has
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been previously shown that a 62% decrease in rhodopsin mRNA is likely not sufficient to improve 

retinal function in a RHO-adRP animal model (Tessitore et al, 2006), thus if artificial miRNAs reduce 

efficacy, they may not be an appropriate tool for rhodopsin mediated suppression With this in mind the 

best in vitro suppressor (siP3) characterised as a result of the study described in Chapter three, was 

generated into two artificial miRNAs, one expressed within the miR-155 backbone under the control of 

a CMV promoter and one expressed within a miR-30a backbone, under the control of a U6 promoter in 

addition to a HI-driven shRNA. All three constructs were engineered into AAV-2/5 and recombinant 

AAV-2/5 suppressor vectors were tested for efficacy in vivo, in a mouse model with a wild-type hRHO 

transgene.
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4.2 Materials & Methods

4.2.1 Design and Cloning of shP3 into pSuper.GFP.neo

An shRNA for siP3 (shP3) was designed and generated according to Brummelkamp et al, 2002 and by 

using a protocol obtained from Oligoengine (Figure 4.2.1.a). A pSuper.GFP.neo vector (Oligoengine; 

Section 9.2) containing a HI promoter to drive the shRNA and an EGFP gene under the control of the 

phosphoglycerate kinase (PGK) promoter was linearised by restriction enzyme digest with Bglll and 

Hindlll (Section 2.2.3). The linearised vector was isolated using agarose gel extraction method 

(Section 2.2.5). In order to prevent the linearised end of the vector from reannealing they were 

dephosphorylated by treatment with SAP (Section 2.2.6). The SAP treated reaction was cleaned using 

the Qiagen enzymatic reaction clean up kit (Section 2.2.4).

Two oligonucleotides (shP3F & shP3R) were designed according to Brummelkamp et al, 2002 and 

used to generate the shRNA sequence (Table 4.2.1.a). shP3F had a 5’15 nucleotide sequence 

incorporating a BamHI site, the 19 nucleotide sense P3 siRNA sequence, a 9 nucleotide spacer 

followed by the 19 nucleotide antisense P3 sequence. A poly T sequence provided a poly A 

tran.scription terminator signal and this was followed by a 3’sequence containing a Hindlll site. The 

BamHI and Hindlll ensured that when oligonucleotides were annealed and digested with BamHI and 

Hindlll, the 5'BamHI overhang and the ^Hindlll overhang would facilitate directional cloning into 

the vector. These desalted oligonucleotides were supplied by Sigma-Aldrich and each strand was 

resuspended to a concentration of lOOpM in nuclease free HjO. Ipl of each F and R oligonucleotide 

was mixed with 48pl of oligonucleotide annealing buffer, heat inactivated at 94°C for 5 minutes and 

gradually cooled to 18 C overnight. The annealed oligonucleotides were purified using the Qiagen 

enzyme reaction clean up kit (Section 2.2.4) and digested with Hindlll and BamHI (Section 2.2.3.).

The BamHI and Hindlll digested annealed oligonucleotides were ligated (Section 2.2.11) to BglU and 

Hindlll sites of the linearised SAP treated pSuper.GFP.neo vector downstream of the HI TATA box 

(Section 9.3). Following transformation into XLl-BlueMRA E.coli competent cells (Section 2.2.12), 

positive clones containing the shRNA were identified by restriction enzyme analysis using Hindlll and 

EcoRI enzymes (Section 2.2.3.). Plasmid DNA from putative positive clones was purified using the 

plasmid mini-preparation method (Section 2.2.16) and verified by sequencing (Section 2.2.21) using 

the pSuperR primer (Table 4.2.1b).

114



4.2.2 Cloning of shP3 into the pAAV.shNT vector

In order to generate AAV for subretinal delivery of shP3 to the eye, the Hl-shP3 construct must be 

located between AAV-2 ITRS into a pAAV-MCS vector. A two step cloning process was used. 

pSuper.shP3 (Section 9.3) was digested with EcoRJ and Hindlll (Section 2.2.3) and the Hl-shP3 

fragment isolated using agarose gel extraction (Section 2.2.5). In order to facilitate blunt-end cloning, 

the EcoRl and HindlH overhangs were removed by Klenow polymerase (Section 2.2.7.). This reaction 

was cleaned by the Qiagen enzyme reaction clean up kit (Section 2.2.4). A pAAV plasmid 

(pAAV.rp3) was linearised by Xhal (Section 2.2.3). The overhanging ends of the vector were filled by 

Klenow polymerase and the vector then purified by phenol chloroform extraction followed by ethanol 

precipitation (Section 2.2.9 & Section 2.2.10). The Hl-shP3 fragment was subsequently ligated 

(Section 2.2.11) into the blunt sites of the pAAV.rP3 vector such that Hl-shP3 was situated between 

two spacers (SRSR and SRSF) in the vector. Ligated DNA samples were transformed using XL 10- 

Gold Ultracompetent cells (Section 2.2.14). Plasmid mini-preparations (Section 2.2.15) of positive 

clones were identified by sequencing (Section 2.2.20) using the SRSR primer (Table 4.2.1.b). A 

Ndel/Sfil fragment containing the spacers and Hl-shP3 fragment was isolated using agarose gel 

extraction (Section 2.2.5). The 5’and 3’ overhangs were filled using Klenow polymerase (Section 

2.2.7) and T4 DNA polymerase respectively (Section 2.2.8) and the DNA was isolated from the 

reaction mixture using the Qiagen enzyme reaction clean up method (Section 2.2.4). A 

pAAV.CMV.EGFP vector [Section 9.4) was digested with Nsil and Hindlll and purified by phenol 

chloroform extraction and ethanol precipitation (Section 2.2.3, Section 2.2.9 & Section 2.2.10 

respectively). The 3’ and 5’ overhanging ends were filled using Klenow polymerase (Section 2.2.7) 
and T4 DNA polymerase respectively (Section 2.2.8) and a Qiagen enzyme reaction clean up was 

performed (Section 2.2.4) The Hl-shNT spacer fragment was ligated (Section 2.2.11) between the 

blunt sites of the pAAV.shNT.CMV.EGFP vector and transformed into XL 10-Gold Ultracompetent 

cells (Section 2.2.14). Positive clones of pAAV.shP3.CMV.EGFP (Section 9.5) were verified by 
sequencing with the SRSR primer (Table 4.2.1b).

4.2.3. Design and cloning of miRP3-30a into pMA.U6mi30BB

miRP3-30a was designed according to Boudreau et al, 2008. miRP3-30a was cloned into 

pMA.U6mi30BB (this was made by and obtained from Dr. Mary O’Reilly). This plasmid contains the 

mouse U6 (mU6) promoter with mU6 flanking regions (Boudreau et al, 2008). Downstream of this 

promoter are the miRNA flanking regions (miV2) which were designed to provide optimal silencing

by Boudreau et al, 2008. Within this miV2 site are Xhol and Notl sites to facilitate cloning of miRP3-
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30a. The pMA.U6iT!i30BB vector was digested with Xho] and Notl (Section 2.2.3) to replace iTii30BB 

(an artificial iniRNA previously evaluated in the laboratory) with miRP3-30a and the backbone was 

isolated by agarose gel extraction (Section 2.2.5).

The miRP3-30a oligonucleotides were designed according to Boudreau et al, 2008 (Table 4.2.1.a). 
They contain a Xhol site followed by miR30-a 5’flanking regions, the sense siP3 sequence and the 

endogenous 19 nucleotide miR-30a loop. Following the loop is the antisense siP3 sequence, some 

3’miR-30a sequence and a Notl site. As the full length oligonucleotide is long (109 nucleotides), 

oligonucleotides were designed such that the F oligonucleotide contained 56 nucleotides of the 5’ 

region finishing at the end of the loop sequence and the R oligonucleotide contained the reverse 

compliment starting at the start of the loop sequence and continuing until the end of the 3" region. This 

ensured that once annealed, both strands would bind to each other in the region of complementarity 

(19bp) and could then be extended to produce a full length annealed oligonucleotide . The F and R 

miRP3-30a oligonucleotides each at a concentration of 2.5pM in 25pM NaCl were annealed at 94°C 

for 5 minutes and cooled to 18 C overnight. The DNA reaction was purified using the enzyme reaction 

clean up kit (Section 2.2.4). Annealed oligonucleotides were extended using Klenow polymerase 

(Section 2.2.7) which filled in the 5’overhangs on each strand generating a double stranded molecule. 

This reaction was purified by using the Qiagen enzyme reaction clean up kit (Section 2.2.4). The 

miRP3-30a DNA was digested by Xhol and Notl and the fragment was purified by the Qiagen enzyme 
reaction clean up kit (Section 2.2.4). miRP3-30a was subsequently ligated into the Xhol and Notl sites 

of the pMA.U6 vector (Section 2.2.11) and transformed into XL-1 BlueMRA competent cells (Section 

2.2.13). Plasmid DNA was extracted from cells using mini-preparation (Section 2.2.16) and positive 

clones were identified and verified by sequencing (Section 2.2.21) with the U6R3 primer (Table 
4.2.1.b).

4.2.4. Design and cloning of miRP3-30a into pAAV.shNT

Similar to shP3, miRP3-30a was cloned into the pAAV.CMV.EGFP vector (Section 9.4) using a two 

step cloning process. pMA.U6miRP3-30a was digested with Xbal in order to relea.se the mU6-miRP3- 

30a fragment (Section 2.2.3); this was isolated by agarose gel extraction (Section 2.2.5). The U6- 

miRP3-30a fragment was ligated (Section 2.2.11) into the Xhal site of pAAV.rp3 between spacers 

SRSF and SRSR. Ligations of DNA samples were transformed onto XL 10-Gold Ultracompetent cells 

(Section 2.2.14). Positive clones were identified by sequencing (Section 2.2.21) using the SRSF 

primer (Table 4.2.1.b). The fragment containing the spacers, and U6-miRP3-30a was excised from the

pAAV.rP3 vector using Ndel and Sfil (Section 2.2.3) and isolated by agarose gel extraction (Section
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2.2.5), The 5'NdeI overhang was filled by Klenow polymerase and the 3'Sfil overhang was filled by 

T4 DNA polymerase (Section 2.2.7 & Section 2.2.8) and the DNA was cleaned using the Qiagen 

enzyme reaction clean up kit (Section 2.2.4), The fragment was blunt-end ligated (Section 2.4.11) to 

the pAAV,CMV,EGFP vector (Section 9.6) at Huidlll and Nsil which were filled with Klenow 

polymerase (Section 2.2.7) and T4 DNA polymerase (Section 2.4.8) and transformed using XL 10- 

Gold Ultracompetent cells (Section 2.2.14), Positive clones were verified by sequencing (Section 

2.2.21) with the SRSF primer (Table 4.2.1b),

4.2.5. Design and Cloning of miRP3-155 into pcDNA^'^6.2-GW/±EmGFP-niiR vector

siP3 was cloned into the miR-155 backbone based on the protocol by Invitrogen, The pcDNA™6,2- 

GW/+EmGFP-miR plasmid (Invitrogen, [Section 9.7]), contains a CMV promoter which controls the 

expression of an EmGFP gene. Directly downstream of this gene, are the 5’ and 3’miR-l55 flanking 

regions and the double stranded oligonucleotide is inserted between these two sites (Figure 4.2.5,a), 
This miRNA plasmid was digested with Bsal (Section 2.2.3), This cleaved two Bsal sites facilitating 

replacement of a 26bp staffer sequence with the artificial miRNA, The linearised vector was separated 
from the staffer sequence by agarose gel extraction (Section 2.2.5).

A pair of F and R miRP3-155 oligonucleotides was obtained from Sigma-Aldrich according to the 

design recommended by Invitrogen (Table 4,2.1.a). The oligonucleotides have 5 nucleotides from the 

5’ endogenous miR-155 sequence and this forms a 4 nucleotide 5’F overhang to facilitate cloning into 

the Bsal site of the linearised miR vector. This is followed by the antisense siP3 sequence and a 19 

nucleotide loop from miR-155, After this loop the oligonucleotide had nucleotides 1-8 and 11-21 of the 

sense siP3 sequence incorporated. Nucleotides 9 and 10 were removed to form a 2 nucleotide internal 

loop in the mature miRNA, 4 more nucleotides from the 3’miR-155 flanking region follow this loop. 

An important feature of this artificial miR-155 design is that it was optimised in the literature to 

generate a mature miRNA sequence of 21 nucleotides in length (Chung et al, 2006), For this reason it 

was decided to increase the length of the siP3 sequence to 21 nucleotides. This was done by 

incorporating an extra nucleotide at each end of the siRNA sequence (3’ and 5’), homology between 

hRHO and pRHO was still maintained. The miRP3-155 oligonucleotides were resuspended to lOOpM 

with nuclease-free H^O, The oligonucleotides were annealed by adding 2pl of each to 46|j1 of annealing 

buffer. The reaction incubated at 95‘C for 4 minutes and allowed to cool slowly to room temperature. 

The annealed miRP3-l55 was ligated (Section 2.2.11) into the linearised miRNA vector and 

transformed into XLl blueMRA E.coli competent cells (Section 2.2.13), Plasmid DNA mini-
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preparations were preformed (Section 2.2.15). The successful insertion of miRP3-155 was verified by 

sequencing (Section 2.2.21) using the EmGFP F primer (Figure 4.2.1b).

4.2.6. Cloning of niiRP3-155 into pAAV-CMV. EGFP

In order to facilitate the generation of miRP3-155 into an AAV based construct, miRP3-155 (Section 

9.8) was cloned into pAAV.CMV.FGFP.b ([Section 9.9]). pAAV.CMV.FGFP.b was linearised with 

BglU (Section 2.2.3.) and purified by phenol chloroform extraction and an ethanol precipitation 

(Section 2.2.9 & Section 2.2.10). The miRP3-155 plasmid (Section 9.8) was digested with BamHl 

and Bglll to excise miRP3-155 and both the 5’ and 3’ miR-155 flanking regions from the original 

vector. The miRP3-155 fragment was ligated (Section 2.2.11) into the Bglll site of pAAV- 

CMV.FGFPb and transformed into XT-10 Gold Ultracompetant cells (Section 2.2.14). Positive clones 

were identified by restriction enzyme digest using Bglll and Xholof plasmid (Section 2.2.3). The 

presence of the miRP3-l55 fragment was verified by sequencing (Section 2.2.21) with miRNA R 

primer (Table 4.3.Lb).

4.2.7. Generation of AAV-2/5

shP3, miRP3-l55 and miRP3-30a have each been cloned into a pAAV vector and can be used to 

generate AAV-2/5 virus for in vivo evaluation in the retina. All three transgene constructs 

(pAAV.shP3, pAAV.miRP3-155 and pAAV.miRP3-30a) were used to generate virus in house by Dr. 

Naomi Chadderton (Section 2.7.1 & 2.7.2). Fach of the three RNAi constructs were triple transfected 

into separate batches of HFK-293 cells and generated into AAV-2/5 at the same time so as to minimise 

experimental variation between them.

In terms of determining the viral titre (Section 2.7.3), a 5 log standard curve was generated using 

pFGFP-1 plasmid DNA (Figure 4.2.7.a). The primers used in this qPCR reaction were designed to 

amplify a fragment of the FGFP transgene within each AAV-2/5 (Table 4.2.1.b). Two controls, of 

known titre were used in this reaction. They were AAV-2/5.CMV-FGFP (1 X 10'\p/ml) and AAV- 

2/5. NT20 (2 X lO'^ vp/ml). The copy number of all viral fractions from the three viruses (AAV- 

2/5.shP3, AAV-2/5.miRP3-155 and AAV-2/5.miRP3-30a) was determined and this allowed the viral 

titre to be calculated. The fraction from each virus with the highest titre was aliquot and stored at - 

80°C.

The non-targeting control viruses for each construct had previously been generated and evaluated in 

the laboratory. The control for AAV-2/5.shP3 is AAV-2/5.NT20 containing a non-targeting control
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shRNA (titre=2 x lO'"* vp/ ml). The control for AAV-2/5.miRP3-155 was AAV-2/5.miNT, this was 

made in house by Dr. Naomi Chadderton and contained a non-targeting siRNA within the miR-155 

backbone (titre=2 X lO'" vp/ml). The control for miRP3-30a was AAV-2/5.Luc46. This was a 

luciferase targeting siRNA within the miR-30a backbone made by Dr. Mary O'Reilly and generated 

into AAV-2/5 by Dr. Naomi Chadderton (titre=l X lO'" vp/ml).

4.2.8. NHR transgenic mice

The mouse model used to test the efficacy of the three AAV-2/5 viruses against hRHO was a model 

known as NHR (Section 2.1.8; Ollsen et al, 1992). This model has no inRHO alleles and one hRHO 

allele (NHR''^‘129rho'^^'). For breeding purposes NHR"^^'129rho'^^' were mated with 129rho‘^' (Humphries 

et al, 1997) such that 50% will be positive for the NHR transgene. It was necessary to genotype mice 

prior to injection. Following weaning, they were genotyped (Section 2.8.2) using P23HF and P23HR 

primers (Table 4.2.1.b). Mice positive for the NHR transgene were subsequently used for in vivo 

evaluation of hRHO suppression.

4.2.9. Subretinal injection of AAV-2/5 constructs into NHR transgenic mice

The three AAV-2/5 viruses (AAV-2/5.shP3, AAV-2/5.miRP3-155 and AAV-2/5.miRP3-30a) were 

titre matched by diluting with PBS. The control viruses were titre matched to their respective 

constructs where possible. Adult NHR mice were subretinally injected with approximately 3pl of 

virus/eye (Section 2.8.3.) The left eye (LE) was injected with the control virus and the right eye (RE) 

with the suppressor virus.

4.2.10 Fluorescent Activated cell sorting (FACS);

4.2.10.1. Retinal dissociation and preparation of cells for FACS - Trypsin metbod

In order to accurately assess suppression, the retinal cells that have received virus need to be separated

from cells that did not receive the virus. Each AAV-2/5 virus contained an EGEP gene. This enables

EGEP positive cells (cells in which has been transduced) to be detected and sorted from EGEP

negative cells by EACS. Injected mice were sacrificed (Section 2.8.1), and retinas were extracted

(Section 2.4.5). Each retina was added to I ml Trypsin/HBSS (1 mg/ml). This was incubated at 37'C for

20 minutes. During this incubation, the cells were dissociated by pipetting up and down at 5 minute

intervals. 5pl DNase I was added after the first five minute interval. lOOpl Trypsin inhibitor was added

to the dissociated mixture and the cells were centrifuged at 2500rpm for 5 minutes (lEC MicroMax

Microcentrifuge). Following centrifugation, half the supernatant was discarded and the remaining cells
119



were centrifuged at 2500rpm for 5 minutes. The remaining supernatant was carefully removed and 

discarded and the cell pellet was resuspended in Iml HBSS. lOpl DNasel was added and the mixture 

was incubated for 10 minutes at 37'C. 1ml of HBSS was added to the cell solution, and the cells were 
placed on ice.

4.2.10.2 Retinal dissociation and preparation of cells for FACS- neural tissue dissociation kit

During the course of FACs analysis, occasionally, there was a large volume of cell debris. It was 

thought that the trypsinising protocol might be too harsh on the cells. For this reason, a dissociation kit 

using Papain instead of Trypsin was utilised (Section 2.1.13). The kit used was the neural tissue 

dissociation kit P (NTDK P, MACS Miltenyi Biotec). The retinal dissociation was carried out 

according to the manufacturer’s instructions. Four retinas were processed at a time. Briefly, the first 

two retina’s were placed in the C Tubes containing 1950pl of preheated enzyme mix 1, placed in the 

gentleMACS dissociator and ran under program “m_brain_01”. Two retinas were then incubated at 

37°C for 10 minutes, gently rotating at 4rpm using a MACSmix tube rotator. When the first pair of 

retinas had started this incubation, the next pair of retinas were then placed in enzyme mix 1 and 

underwent step one of this protocol. This staggering of retinas was to ensure that all retinal cells 

underwent the same incubation times. After 15 minutes, the retinas were placed on the gentleMACS 

dissociator and the “m_brain_02” program was selected. 30pl enzyme mix 2 was added to each C tube 

and incubated with rotation for 10 minutes at 37 C. The retinas were placed under the “m_brain_03” 

program on the gentleMACs dissociator and incubated at 37‘C for 10 minutes with gentle rotation. The 

C-tubes containing the retinas were centrifuged at 2500rpm (Centrifuge 5810, EppendorQ for 5 

minutes, half the supernatant was discarded and the cells were centrifuged again for a further 5 

minutes. The supernatant was gently removed, and the cells were resuspended in 2ml HBSS. The cells 

were incubated on ice and transported to FACs facility. 1 mg/ml Propidium Iodide (PI) was added to 
each sample prior to FACS in order to distinguish the proportion of dead cells within the mixture.

4.2.10.3 FACS analysis

FACs analysis was undertaken in the UCD Cytometry core facility by Dr. Alfonso Blanco. Prior to 

sorting, dissociated retinal cells were filtered through a 50pm filter (Filcon, DakoCytomation) into 

small polystyrene round bottom Falcon tubes (BD falcon) to remove debris which may interfere with 

the FACS machine. Each filtered retinal cell suspension was analysed using a BD EACSaria cell 

sorting system (BD Biosciences) which detected the EGEP fluorescence. This sorting system uses 

three lasers, A blue laser, detects light at 488nm, a red laser detects light at 635nm and a violet laser
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detects light at 405nm. The cells suspension is injected into a flow stream, which compresses the cells 

into single file. The cells are passed through a focussed laser beam, and at the point in which the cells 

and the laser beam meet, light scatter and fluorescence is measured. Flow cytometry enables the 

detection of two signals. The first, called forward scatter measures light in the forward direction and is 

proportional to cells size. The second, is side scatter, this is a measure of the shape and granularity of a 

cell. The blue laser at 488nm is the beam used to detect EGFP fluorescence, a FITC optical filter was 

used to detect and filter EGFP fluorescence from the cell. Initially, a uninjected retinal sample (EGFP 

negative cells) was used as a negative EGFP control, to determine the limits of autofluorescence and 

act as a baseline for EGFP positive cells. A measure of fluorescence and autofluorescence was 

presented for each sample, in the form of two peaks. The first peak on the left hand side is a measure of 

auto fluorescence (Figure 4.3.7.b), the second peak on the right is a measure of fluore.scence (EGFP 

positive cells [Figure 4.3.7.d]). In order to ensure that every cell chosen was EGFP positive, a gate 

from a GFP signal of -10'^'^ was generated and EGFP positive celts with an EGFP signal greater than 

10^ *' were chosen and collected for further analysis. For all three viruses evaluated (AAV-2/5.shP3, 

AAV-2/5.miRP3-155 and AAV-2/5.miR-30a) the same gate was set in order to ensure that every 

sample contained the same gated population of EGFP positive cells. The ideal EGFP positive cells 

numbers chosen were between 50,000-100,000 cells. However in samples with EGFP positive cells 

lower than this, the maximum numbers of EGFP positive cells were obtained. Cells were immediately 

concentrated on an Ultrafree-MC filter unit (Millipore) by centrifugation at ISOOrpm for 1 minute. 

These cells were placed on dry ice for transportation and subsequently stored at -20°C.

4.2.11 RNA isolation of FACS cells

350pl of ice cold buffer RET (containing 3.5pl p-mercaptoethanol) was added to the Ultrafree-MC 

filter unit of each cell sample. This was centrifuged at 6500rpm for 2 minutes (lEC Micromax 

Microcentrifuge, Thermo-Electron). This was done four times, passing the same supernatant from each 

sample through its corresponding filter. Following this, the RNA isolation was carried out (Section 

2.4.5). RNA was eluted in 30pl of nuclease free HiO.

4.2.12. Optimisation of real-time RT-PCR for FACS RNA isolated from FACS sorted cells

In a whole retina, hRHO is confined to photoreceptors; p-Actin is expressed in every cell of the retina. 

Thus the level of hRHO expression is similar to the level of P-actin. FACS isolated retinal cells, 

containing AAV-2/5.EGFP represent a small population of retinal cells, the majority of which are 

photoreceptors. Thus in these samples the hRHO expression is much more concentrated compared to
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whole retina RNA, and the j3-actin expression compared to concentrated hRHO is much lower. I8S is 

however, much more highly expressed than P-Actin, and was therefore chosen as the housekeeper to be 

used in this study to normalise hRHO. Optimisation of the 18S primer pair (Table 4.2.1.b) was carried 

out in a similar manner to the optimisation of hRHO and p-actin (Section 3.2.5). The RNA used to 

generate the 18S standard curve was FACS retinal RNA from NHR mice sub-retinally injected with 

AAV-2/5.NT20.

4.2.13 Real-time RT-PCR of FACS RNA for FACS sorted cells

Real-time RT-PCR analysis was undertaken on FACS isolated retinal RNA from mice subretinally 

injected with AAV-2/5.shP3, AAV-2/5miRP3-155 and AAV-2/5.miR-P3-30a and their corresponding 

controls. As the amount of RNA present in FACS cells is too low, to enable the determination of RNA 

concentration by spectrophotometry, the concentration of RNA used in each set of real-time RT-PCR 

was determined by FACS cell number. RNA from the three samples with the highest cell numbers 

from control injected retinas were pooled and used to generate the 5X standard curve. Each RNA 

sample to be tested was diluted, such that they all represented an RNA concentration from the same 

cell number. The cell number for dilution was the average number present in the middle of the standard 

curve. The real-time RT-PCR was carried out and analysed as previously described (Section 2.4.7 & 

3.2.6). hRHO expression in each sample was normalised to 18S expression in each sample. The hRHO 

expression in retinal RNA from mice sub-retinally injected with the AAV-2/5 controls was set at 100% 
and each AAV-2/5 suppressors were compared to that of its respective control.

4.2.14 Analysis of siP3 expression in NHR retinas

To quantify mature siP3 expression generated from shP3 compared to the two miRNAs (miRP3-155 

and miRP3-30a) a Custom Taqman®Small RNA assay (Applied Biosystems) was undertaken. This 

as.say is used to quantify small RNA sequences such as mature miRNA or processed shRNA. The 

Custom Taqman®Small RNA assay design tool was used to design an assay for the siP3 sequence 

(Applied Biosystems). A stem-loop RT-primer specific to siP3, a mixture of siP3 specific F & R 

primers and a Taqman®MGB probe specific to siP3 were supplied. This was a two-step reaction, in 

the first step all siP3 RNA is converted to cDNA, this is done using the siP3 specific stem loop primer. 

The second reaction is the qPCR reaction for the siP3 cDNA. A control miRNA known as sno-202 was 

used to normalise the expression of siP3 in the retina. This control miRNA was available as a pre

designed assay (Applied Biosystems). In order to evaluate the expression of siP3, a siP3 control sample 

of known concentration was used to generate the standard curve. The control used in this instance was
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the synthetic siP3 (20jiM) used previously for in vitro studies in Chapter 3 and obtained from Ambion 

(Section 3.2.1). RNA from an uninjected NHR retina was used to generate a standard curve for sno- 

202.

4.2.14.1 RNA isolation using a miRNeasv mini kit (Qiagen)

To isolate small RNA molecules of fewer than 100 nucleotides, the miRNeasy mini isolation kit was 

used IQiagen]). Retinas from NHR mice were extracted (Section. 2.4.5). The RNA extraction protocol 

was carried out according to the manufacturer’s protocol. RNA was eluted in 50pl of nuclease-free 

H.O.

4.2.14.2. Reverse transcription of siP3 and sno-202

An RT reaction was carried out twice for each set of retinal RNA samples using the 

TaqMan(E)MicroRNA RT kit (Applied Biosystems). The first was carried out specifically for siP3 and 

the second was carried out for sno-202. Each RNA sample was reverse transcribed using both siP3 and 

sno-202 primers. siP3 was utilised such that in the siP3 assay it acted as a positive control for siP3 

analysis (siP3-i-) and a negative control for sno-202 analysis (sno-202-) and vice versa for RNA from 

an uninjected retina in the sno-202 assay (sno-202-(- & siP3-) Each RNA sample was diluted to 

approximately 4.7 ng/pl. In order to denature the double stranded siP3 and sno-202 duplex 5pl of the 

diluted RNA was mixed with 3pl of the specific RT primer (siP3 or sno-202 RT primer). This was 

heated at 85°C for 5 minutes followed by 60°C for 5 minutes. The reactions were then cooled on ice for 

5 minutes. This reaction mixture was then combined with 7pl of the RT master mix and incubated on 

ice for 5 minutes. Using a Thermocycler (Biometra T300 Thermocycler, Biosciences), the RT reaction 

was carried out as follows; 30 minutes at 16°C, followed by 30 minutes and 42“C and 5 minutes at 
85°C. The RT product was stored at -20°C.

4.2.14.3 qPCR amplification

The qPCR reaction was carried out using the TaqManCDUniversal PCR Master Mix II with no Uracil- 

N-glycosylate (UNG [Applied Biosystemsj) and undertaken on an Applied Biosystems 7300 real time 

PCR system. A small pilot qPCR was undertaken to optimiser primers similar to that previously 

described for hRHO and h3-actin (Section 3.2.5). Two standard curves were generated, one using the 

siP3 and the other the sno-202 control. For the siP3 standard curve, the siP3 cDNA was initially diluted 

1/600 in nuclease free H2O and a lOX standard curve was generated. For the sno-202 standard curve, 

sno-202 cDNA from an NHR mouse retina was used at a dilution of 1/10 and a 5X standard curve was
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generated. For siP3 analysis the two controls (siP3 + and siP3-) were included and for sno-202 analysis 

the two controls (sno-202+ and sno-202 - ). All control samples were diluted 1/60. Two master mixes 

were made, one for siP3 and one for sno-202. For each siP3 and sno-202 reaction, 1.33pl of cDNA 

from the RT reaction was mixed with Ipl of 20X Taqman® Small RNA assay (containing siP3 (or 

sno-202) F & R primers and the siP3 (or sno-202) Taqman® MGB probes). This was mixed with lOpl 

Taqman® Universal PCR Master Mix II (2X), no UNG and 7.67pl nuclease-free H2O. Each sample 

was pipette in duplicate onto a PCR plate, and the reaction was carried out as follows:

• Activation of DNA polymerase: 95°C for 10 minutes.

• cDNA amplification: 40 cycles at 95°C for 15 seconds, 60°C for 1 minute.

Following the qPCR, the RT-PCR reaction was analysed according to (Section 2.4.7) and standard 

curves were generated for both siP3 and sno-202. Optimisation using the pilot study allowed analysis 

of siP3 in retinal RNA samples to proceed. The reaction was carried out identical to the pilot study, 

except every sample was loaded onto the plate in triplicate. Each sample for siP3 or sno-202 was 

compared to the siP3 or sno-202 standard curves respectively and a value for each was obtained. siP3 

expression was then normalised to sno-202 expression in each sample in order to obtain the relative 

amount of siP3 species. siP3 expression from retinas injected with shP3 was set as 100% and siP3 

expression from retinas injected with either of the two miRNAs were compared to this value.

4.2.15 ERG

ERGs were carried out on NHR mice subretinally injected with each suppressor construct (AAV- 

2/5.shP3, AAV-2/5.miRP3-l55 or AAV-2/5.miRP3-30a) in the right eye (RE) versus each 

corresponding control (AAV-2/5.shNT20, AAV-2/5.miNT or AAV-2/5.Luc-46) in the left eye (EE). 

These ERGs were performed 6 weeks post-injection and carried out by Dr. Paul Kenna (Section 2.8.4). 

A rod-isolated, mixed rod-cone and cone-isolated response was obtained for each eye. The average b- 

wave of each ERG response in the EE or RE were combined. For each response the average LE b- 

wave was set at 100% and the average RE b-wave (suppressor injected eyes) was expressed as a 

percentage of this value.

4.2.16 Statistical analysis

The mean and standard deviation of data sets was calculated using Microsoft Excel. For RNA analysis 

statistical significance was calculated using a two-sample t-test, for ERG analysis a paired two-sample

124



t-test was utilised to evaluate statistical significance. All statistical analysis was carried out using 

DataDesk 6.0.

4.2.17 Protein isolation

6 weeks post-injection (following ERG) retinas from two NHR mice injected with AAV-2/5.shP3 (or 

the control virus AAV-2/5.shNT20) and two mice injected with AAV-2/5.miRP3-30a (or the control 

virus AAV-2/5.Luc-46) were extracted and placed in HBSS on a glass microscope slide. The retinas 

were visualised using the fluorescent microscope (Axiophot microscope. Carl Zeiss LTD) and under 

the blue filter “10”, EGLP positive regions of the retina were excised by Dr. Arpad Palfi using a 

dissection scissors. This EGLP positive portion of the retina was placed in protein lysis buffer, the 

protein was isolated and the protein concentration determined (Section 2.5.2 and Section 2.5.3).

4.2.18 Western blotting

Western blotting was undertaken to analyse protein suppression in NHR mice injected with AAV- 

2/5.shP3 (RE) and AAV-2/5.NT20 (LE) or AAV-2/5.miRP3-30 (RE) and AAV-2/5.Luc46 (LE). The 

protocol was undertaken as described (Section 2.6). PVDE membrane was used for transfer, as this is 

more amenable to repeated probing for different proteins. A negative hRHO control from a rho 

knockout mouse (129rho"^', Humphries et al, 1997) was included for each western. The 4D2 antibody 

(Hicks & Molday, 1986) was used to detect hRHO protein expression (1/1000 dilution). The anti

mouse light chain only secondary antibody was used (1/2000 dilution). The anti-rabbit hp-actin 

antibody (at a dilution of 1/500) was used to ensure equal loading. The anti-rabbit secondary antibody 

(at a dilution of 1/1000) was used in this case

4.2.19 Immunohistochemistrv

Immediately following ERG analyses at 6 weeks post-injection immunohistochemistry was undertaken 

on retinal samples from three NHR mice injected with AAV-2/5.shP3 (and the control virus AAV- 

2/5.shNT20) and on three mice injected with AAV-2/5.miRP3-30a (and the control AAV-2/5.Luc46). 

This was done 6 weeks post-injection (Section 2.8.5-Section 2.8.8). The 4D2 rhodopsin antibody 

(Hicks & Molday, 1986) at a dilution of 1/100 was used to stain all sections for hRHO. The anti-mouse 

Cy2 antibody was used at a dilution of 1/500. EGFP positive regions were examined, and once 

identified the presence of hRHO staining within this region was evaluated, hRHO staining in EGFP 

positive regions of the LE was compared to hRHO staining in EGFP positive regions of the RE. hRHO 

staining in uninjected regions (EGFP negative) were also used as a control in LEs and REs.
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4.3. Results

4.3.1 shP3 cloning into pAAV

The first in vivo siP3 based suppressor designed was generated in a shRNA form (shP3). 

Oligonucleotides were designed according to Brummelkamp et al, 2002 and the Oligoengine protocol 

as described in Section 4.2.1 (Figure 4.3.1.a [step a]). The oligonucleotides were designed so that the 

sense and antisense siP3 sequence were located between a nine nucleotide spacer (Brummelkamp et al, 

2002), this was to ensure that once transcribed by the HI promoter the shP3 would form a unpaired 

loop (9 nucleotide spacer) attached to a stem of the siP3 sense and antisense sequence annealed to each 

other. The 5 thymidines in a row at the 3’ end of the oligonucleotide signified a well defined 

transcriptional termination site was present in which cleavage occurs after the second U. This ensures 

the transcript resembles the 2 nt 3’ overhang associated with synthesised siP3. The oligonucleotide was 

cloned into pSuper.gfp/neo (Section 9.2) such that the 5'BamHl overhang of the shP3 oligonucleotide 

was inserted into the BgllJ site of the pSuper.gfp/neo vector (Section 9.3), destroying both the Bglll 

and BcimHl sites. The yHindUI restriction site was however maintained (Figure 4.3.1.a [step b]). The 

presence of the shP3 sequence in positive clones was verified by sequencing (Figure 4.3.1.b).

In order to express the HI driven shP3 between AAV-2 ITRs (for generation into AAV-2/5), the 281 

nucleotide fragment containing the HI promoter and shP3 was blunt cloned into pAAV.rp3 (Figure 

4.3.1.a [step c]) such that the Hl-shP3 sequence was situated between two spacers SRSF and SRSR. 

Positive clones were identified and verified by sequencing (Section 9.11). The 5’spacer is SRSR and 

the 3’ spacer was SRSF. The 870 nucleotide fragment containing the Hl-shP3 construct between the 

two SRSR and SRSF spacers was blunt cloned into the pAAV.CMV.EGFP vector (Figure 4.3.1a [step 

d]). shP3 was placed between the two AAV-2 ITRs and upstream of a CMV driven EGFP reporter 

gene (Section 9.5). This was verified by sequencing (Section 9.12).

4.3.2 niiRP3-30a cloning into pMA.mU6mi30BB

miRP3-30a was designed and cloned according to Boudreau et al, 2008. This miRNA was generated to 

contain the 19 nucleotide terminal loop of miRP3-30a separating the sense and antisense sequence of 

siP3; additionally nucleotides were incorporated into the base of the stem and prior to the stem loop in 

order to facilitate optimal processing of the miRNA by Drosha and Dicer respectively. The miV2 

flanking region was used, as described in Boudreau et al, 2008 and was found to drive miRNA based 

suppression 20% more efficiently than the endogenous miR30-flanking regions. The full length 109bp 

oligonucleotide was generated by Klenow polymerase extension of the 19bp complementary region
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between the F and R strands (Figure 4.3.2.a [step a]). This miRP3-30a insert was subsequently cloned 

into the linearised MA.U6rni30BB (Figure 4.3.2.b [step b]). The sequence results (Figure 4.3.2.b) 
confirmed that miRP3-30a was located downstream of the mU6 promoter.

In order to facilitate the generation of miRP3-30a into AAV-2/5 the miRP3-30a needed to be expressed 

within an AAV vector between AAV-2 ITRs. For this reason the fragment containing the miRP3-30a 

sequence, the miRNA flanking regions and the mU6 promoter was blunt cloned into the pAAV.rP3 

vector, such that the mU6-miRP3-30a sequence was situated between the SRSF and SRSR spacers 

(Figure 4.3.2.a[step c). Positive clones were identified, and the location of miRP3-30a between the 

two spacers was verified by sequencing (Section 9.13). The 870bp fragment containing the mU6- 

miRP3-30a sequence situated between the two SRSR and SRSF spacers was excised and blunt-end 

cloned into pAAV.CMV.EGFP (Figure 4.3.2.a [step d]). This placed miRP3-30a and the mU6 

promoter between the two AAV-2 11 Rs and upstream of a CMV driven EGFP reporter gene (Section 

9.6). The mU6 promoter was situated such that it was transcribed in the opposite direction to the CMV 

driven EGEP gene. This was verified by sequencing (Section 9.14). Boudreau et al, 2008 recommend 

the use of a polymerase III terminator signal with miRP3-30a, while this was not included in the 

original MA.U6mi30BB vector, a string of 5 thymidines are present approximately 80bp downstream 

of miRNA-30a vector located in the SRSE spacer in pAAV.miP3-30a.rP3 and 

pAAV.miRP3.CMV.EGFP and likely acts as the termination signal for this sequence.

4.3.3 miRP3-155 cloning into pcDNA6.3-GW/-)-EniGFP-miR

miRP3-155 was designed according to Invitrogen and based on the miRP3-155 analysis undertaken by 

Chung et al, 2006 (Figure 4.3.3.a [step a]) The siP3 oligonucleotide comprised the stem of the 

miRP3-155 miRNA with the siP3 antisense and the siP3 sense sequence separated by the endogenous 

miRP3-155 19 nucleotide terminal loop. The sequences at the base of the stem loop were the 3’and 5’ 

flanking regions of the miRP3-155 sequence such as to aid efficient cleavage and processing of this 

miRNA by Drosha and Dicer in a strategy which mimics the endogenous processing of miR-155. As 

all analysis in the literature incorporated a 21bp siRNA sequence containing a 2 nucleotide deletion in 

the centre of the sense strand, it was decided to incorporate an extra two nucleotides into siP3. An extra 

nucleotide from each end of the siP3 target site was inserted into the oligonucleotide such that 

homology between hRHO and pRHO was still maintained. The presence of a 2 nucleotide deletion of 

nucleotides 9 and 10 of the sense siP3 strand was to facilitate the formation of a 2 nt short terminal 

loop which has been shown to result in more efficient suppression (Chung et al, 2006).
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The annealed niiRP3-155 oligonucleotides had been ligated into the pcDNA6.3-GW/+EniGFP-miR 

(Section 9.8) (Figure 4.3.3.a [step b]). Positive clones were sequence verified (Figure 4.3.3.b). To 

express iTiiRP3-155 between AAV-2 ITRs, the fragment containing the endogenous 5’ and 3’ miR-155 

sequence from the vector along with the miRP3-155 sequence (a 150 nucleotide fragment) was cloned 

into a pAAV-CMV.EGFPb vector (Section 9.9), such that miRP3-155 was expressed downstream of 

EGFP from the same CMV promoter (Figure 4.3.3.a [step c]). Sequencing verified the presence of the 

150 nucleotide miRP3-155 fragment with the miR-155 flanking regions (Figure 4.3.3.c).

4.3.4 AAV-2/5 generation

All suppressors’ shP3, miRP3-155 and miRP3-30a were generated as high titre AAV-2/5 vectors using 

the triple transfection method. When cells were harvested 48 hours post transfection, the DMEM was 

visibly tinged with green for each suppressor owing to the expression of the EGFP gene which is 

contained on each construct as a reporter gene. This was a good initial indicator that the suppressor 

plasmids may be functional and expressing protein. As the cells were lysed and further processed 

through the AAV-2/5 generation protocol, the green colour of the cell lysate gradually faded as the 

virus was purified. After dialysis, each fraction of virus for each suppressor (three fractions for shP3, 

three fractions from miRP3-155 and two fractions for miP3-30a) underwent qPCR with EGFP primers 

in order to evaluate viral titre. The copy number obtained during qPCR analysis of each suppressor 

fraction was compared to that of the two controls of known titre, thus allowing the titre in each 

suppressor fraction to be calculated (Table 4.3.4). Fraction 5 of AAV-2/5.shP3 (AAV-2/5.shP3-5) had 

the highest copy number of the shP3 fractions (2.51235 X 10^) and an estimated titre of 5.6 X lO'" 

vp/ml. Fraction 4 of AAV-2/5.miRP3-155 (AAV-2/5.miRP3-155-4) had the highest copy number for 

miRP3-155 (1.48388 X 10^) and an estimated titre of 3.3 x lO'" vp/ml. Fraction 3 of AAV-2/5.miRP3- 

30a had the highest copy number for miRP3-30a (1.52966 x 10^) and an estimated titre of 3.4 X lO'^ 

vp/ml. The controls for each suppressor virus had previously been generated and titres calculated by 

Dr. Naomi Chadderton against the AAV-2/5.CMV.EGFP controls. The titre of the miRP3-155 control 

(AAV-2/5.miNT) was 2 X lO'" vp/ml and the titre of the miRP3-30a control (AAV-2/5.Fuc46) was 1 

X lO'" vp/ml. Thus an important decision had to be undertaken regarding the dilutions to use in vivo. If 

all suppressors and their corresponding controls were diluted to be titre matched (so as to ensure an 

accurate comparison between each) than they all would be diluted to 1 X lO'" vp/ml (the titre of AAV- 

2/5.Fuc46). However, by lowering the titre, the efficacy of suppressor becomes compromised, thus it 

was decided to titre match all suppressors to each other (AAV-2/5.shP3, AAV-2/5.miRP3-155 and 

AAV-2/5.miRP3-30a) to 3.3 X 10'“ vp/ml. In terms of the controls AAV-2/5.NT20 (NT20) was also
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diluted to match AAV-2/5.shP3. Both the titres of AAV-2/5.miNT and AAV-2/5.Luc46 controls were 

lower than the titres of the suppressors.

4.3.5 NHR transgenic animals

To evaluate AAV delivered RNAi mediated suppression of hRHO in vivo the NHR transgenic mouse, 

which carries the wild-type hRHO gene was employed (Ollson et al, 1992). In the laboratory the NHR 

mice are maintained on a 129rho'^' background (Humphries et al, 1997) such that the genotype of all 

mice is NHR^^ rho'^'. When the NHR mice are bred (with 129rho'^‘), only 50% of the resulting progeny 

have the NHR transgene and the remaining 50% are negative for both hRHO and mRHO (129rho’^ ). 

Genotyping was therefore undertaken on DNA from every mouse used for evaluation. If the mice were 

positive for the NHR transgene, a hRHO amplification product of approximately 0.5Kb would be 

evident on a 1% gel (Figure 4.3.5.a). If the mice were negative for the NHR transgene, no hRHO 

amplification would be visible. In all cases the positive control (a known positive NHR mouse) yielded 

a hRHO product of 0.5kb and the negative control (dH^O) sample never yielded any amplification 

products, therefore validating the PCR results.

4.3.6 Subretinal injections of AAV-2/5 suppressors into NHR mice

For the evaluation of AAV-2/5.shP3; AAV-2/5.NT20 (9.9 X 10\'p) was subretinally injected into the 

left eye (LE) and AAV-2/5.shP3 (9.9 X 10\'p) into the right eye (RE) of each NHR mouse. For AAV- 

2/5.miRP3-155 (miRP3-155); AAV-2/5.miNT (6 X 10\'p) was subretinally injected into the LE and 

AAV-2/5.miRP3-155 (9.9 X 10%p) into the RE of each mouse. For miRP3-30a analysis; AAV- 

2/5.Luc46 (3 X 10\p) was subretinally injected into the LE and AAV-2/5.miRP3-30a (1.02 X 10'”vp) 

into the RE of NHR mice. Any bad injections were noted, as they could affect analysis.

4.3.7 FACS isolation of EGFP positive retinal cells for hRHO mRNA expression analysis 4 weeks

post -injection

It is of note that every AAV-2/5 control and suppressor virus had a CMV driven EGFP transgene, thus 

in order to quantify suppression of hRHO at the RNA level with each suppressor virus, the EGFP 

positive retinal cells from each mouse were purified using FACS. Typically only about a third of a 

non-degenerating retina is transduced, after subretinal injection (Chadderton et al, 2009). Therefore the 

EGFP positive portion of the retina representing transduced cells is the population of cells that should 

be evaluated for suppression (suppression may be masked if whole retina RNA was used). Initially 

each suppressor virus and its corresponding control were subretinally injected into adult NHR mice
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and cells disscKiated four weeks post-injection. This time point was chosen to allow sufficient lime for 

high levels of EGFP expression in each injected retina. An EGFP negative (uninjected) NHR retina 

was used to set the baseline parameters for EGFP fluorescence (Figure 4.3.7a). The same baseline 

parameters and gating parameters were used in this study and that of O'Reilly et al, 2007 to ensure that 

similar populations of cells in each study were being compared (Figure 4.3.7.b). A background GFP 

signal from -10^ to lO’ was observed representing EGFP negative cells, thus from 10^ onwards (the 

threshold at which no cells are present in the negative control) represents the region in transduced 

samples that EGFP positive cells would be present. An EGFP positive sample (NHR mouse retina 

injected with AAV-2/5.NT20 incorporating EGFP) was used to check these parameters (Figure 

4.3.7.C). At a GFP signal from 10^ onwards (Ml) a peak representing EGFP positive cells was present 

(Figure 4.3.7.d), this was not observed in the EGFP negative control cell population. A gate in which 

the GFP signal was lO’"’ was chosen as the threshold for which all EGFP positive ceils would be 

collected.

The first mice to undergo FACS were four NHR mice injected with AAV-2/5.NT20 (LE) eye and 

AAV-2/5.shP3 (RE). The number of EGFP positive cells obtained from this FACS ranged between 

50,000-120,000 cells (Table 4.3,7). The average % EGFP positive cells for retinas injected with AAV- 

2/5.NT20 was 34% compared to 16% for retinas injected with AAV-2/5.shP3. The lower percentage of 

EGFP positive cells in the sample containing the suppressor was not surprising. If shP3 is suppressing 

hRHO in the NHR mouse, this may lead to retinal degeneration, thus the EGFP cells may begin to die. 

The average mean fluorescence intensity (Media, MFI) in retinal cells with AAV-2/5.shP3 was 

7008MFI compared to 3232MFI for AAV-2/5.NT20 injected retinas. The lower EGFP intensity for 

NT20 has been observed previously (Dr. Naomi Chadderton [personal communication]). One mouse 

failed to have any EGFP positive cells in either eye. This mouse however, was noted to have had a bad 

subretinal injection which may be the reason for this result.

For FACS analysis with NHR mice injected with AAV-2/5.Fuc46 (EE) and AAV-2/5.miRP3-30a 

(RE), lower cells numbers were obtained than with shP3 analysis. The cell numbers from each retina 

ranged from 18,000-100,000 EGFP positive cells (Table 4.3.7). AAV-2/5.Fuc46 injected retinas had 

between 18,000-50,000 EGFP positive cells with an average of 36,000 cells. In the retina with 18,000 

EGFP positive cells, it had been noted that the mouse did not receive a good injection in that eye. 

EGFP positive cell numbers for AAV-2/5.miRP3-30a injected retinas ranged from 40,000-100,000 

EGFP positive cells with an average cell number of 65,000. The average % EGFP positive cells for 

AAV-2/5.Fuc46 versus AAV-2/5.miRP3-30a treated eyes was 5.65% compared to 11.6%. There was

130



twofold less EGFP positive cells in the control eye; this may possibly due to litre difference. AAV- 

2/5.Luc46 was used at a 3 fold lower litre than AAV-2/5.miRP3-30a. The % of EGFP positive cells 

correlated well with the EGFP positive cells number obtained during FACS, the lowest number of 

AAV-2/5.miRP3-30a injected EGFP positive cells collected was 40,000 which corresponded with 

3.4% EGFP positive cells in the whole retinal sample. Furthermore this correlated with the fact that the 

mouse had a subretinal haemorrhage in this eye; this highlights the importance of noting any 

significant changes to the retina during subretinal injection. Fluorescent intensity was also lower in 

AAV-2/5.Fuc 46 injected retinas (3875MFI) compared to miRP3-30a injected retinas (10544MFI); 

again this may likely be due to litre difference.

For FACS analysis with 5 NHR mice injected with AAV-2/5.miNT(FE) and AAV-2/5.miRP3- 

155(RE), the EGFP positive cell number ranged from 4,900-75,000 (Table 4.3.7). Mouse eyes injected 

with AAV-2/5.miNT had between 23,000-75,000 EGFP positive ceils (50,000 average) and 

approximately 13.6% of retinal cells were EGFP positive. Mouse eyes injected with AAV-2/5.miRP3- 

155 had an EGFP positive cell number ranging from 4,900-55,000 (26,980), 7.88% of all cells were 

EGFP positive. The reason for this difference may be due to the suppressor activity of miRP3-155. The 

intensity of fluorescence in cells injected with AAV-2/5.miRP3-155 was lower (6632 MFI) than cells 

injected with AAV-2/5.miNT (14162). One NHR mouse injected with miNT failed to generate any 

EGFP positive cells from the FACS analysis, which corre.sponded to a low % of EGFP positive cells 

(0.5%), again due to a bad subretinal injection.

4.3.8 Optimisation of 18S for real-time RT-PCR analysis of FACS isolated RNA

Initially, prior to evaluation of hRHO RNA expression in vivo, assays for assessing the house keeping 

gene to be used for real-time RT-PCR was optimised. Real-time RT-PCR assays for hRHO and human 

P-actin had previously been optimised as described in chapter 3 (Section 3.3.3). 18S primers were 

previously designed in the laboratory and were used to generate a 5X 18S standard curve using RNA 

from FACS purified EGFP positive cells from an NHR mouse subretinally injected with AAV- 

2/5.NT20. Similar to the results obtained with hRHO and human P-actin, an efficient slope (-3.1) and 

an Revalue (0.98) was obtained. In addition all 18S products had the correct predicted Tm(81"C) and 

size (101 bp). Thus this 18S primer set is appropriate for use on FACS isolated retinal RNA.
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4.3.9 Real-time RT-PCR analysis on FACS isolated retinal RNA 4 weeks post-injection

Real-time RT-PCR analysis to evaluate hRHO expression in retinas injected with either AAV- 

2/5.NT20 versus AAV-2/5.shP3 was undertaken. The RNA concentration obtained from EGFP 

positive retinal cells collected during FACS is too low to be accurately quantified using a nanodrop 

spectrophotometer. Therefore each RNA sample was diluted according to the FGFP positive cell 

number obtained for that sample during FACS. RNA from three AAV-2/5.NT20 injected eyes in 

which the highest cell numbers were obtained was used to generate a standard curve. RNA from an 

average of 5,833 cells was used as the first standard and a 5X standard curve was generated. RNA from 

approximately 2,000 cells was used as the input RNA concentration for each sample. Fach sample was 

compared to the two curves (hRHO & 18S) and a quantity of hRHO RNA and 18S in AAV-2/5.NT20 

versus AAV-2/5.shP3 injected retinas was obtained. hRHO expression in each sample was normalised 

to 18S and was analysed as de.scribed (Section 4.2.13). The level of hRHO expres.sion in NHR retinas 

injected with AAV-2/5.shNT was 49.7+27.5% compared to AAV-2/5.NT20 ((Figure 4.3.9.a 

[P=0.07J). One of the animals (316) showed no hRHO suppression in the AAV-2/5.shP3 injected eye; 

this appeared to be an outlier and is not uncommon in animal studies. In the other two mice (301 and 

286), suppression was obtained in AAV-2/5.shP3 treated eyes (35% and 24% of AAV-2/5.NT20 

respectively). However in the 301 mouse the 18S value from NHR mice injected with AAV-2/5.shP3 

was almost half that obtained for the 18S RNA in AAV-2/5.NT20 injected mice. This may be 

indicative that suppression of NHR by shP3 could be resulting in the degeneration of the retina and 

may cause the 18S RNA levels to decrease. As this could not be confirmed owing to the small n 

numbers used, it was decided to repeat this analysis with a fresh set of mice and evaluate these mice at 

an earlier time point of 14 days (Section 4.3,10 below).

In a similar manner to that described above, real-time RT-PCR analysis to evaluate hRHO expression 

in retinas subretinally injected with either AAV-2/5.Fuc.46 or AAV-2/5.miRP3-30a was undertaken 

(Section 4.2.13). RNA from the AAV-2/5Fuc46 treated samples in which the highest cell numbers was 

obtained was used to generate a standard curve. This was undertaken such that RNA from an average 

of 1,775 cells was used as the first standard of the 5X curve. Approximately 1,000 cells from each 

RNA sample was used as the input RNA dilution. Following real-time RT-PCR, the relative 

concentration of hRHO RNA and 18S in AAV-2/5.Fuc46 injected retinas versus AAV-2/5.miRP3-30a 

injected retinas was obtained (As outlined above for the shP3 analysis.). Compared to Fuc46 injected 

eyes, miRP3-30a suppressed hRHO to 11.2 ±6.85%, P<0.05 (n=4 [Figure 4.3.9.b]).
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Real-time RT-PCR analysis to evaluate hRHO expression in eyes injected with either AAV-2/5.miNT 

or AAV-2/5.miRP3-155 was undertaken. EGFP positive cell numbers in miRP3-155 treated eyes were 

low, therefore only a 1/5 dilution of RNA from 3 eyes injected with AAV-2/5.miNT in which the 

highest EGFP positive cell numbers were obtained was used to generate the standard curve. An 

average of 2,373 cells was used to generate the first standard of the 5X standard curve. Approximately 

1,500 cells from each RNA sample was used as the input RNA concentration. Following the real-time 

RT-PCR, the quantity of hRHO mRNA and 18S in AAV-2/5.miNT vs. AAV-2/5.miRP3-155 injected 

retinas was obtained (as outlined for the shP3 analysis). In miRP3-155-injected mice the average 18S 

values were lower than in AAV-2/5.miNT injected mouse; this also corresponded to a lower 

percentage of EGFP positive cells in these retinas. This result may be due to the nature of hRHO 

suppression in the litter of AAV-2/5.miRP3-155 treated NHR mice, which at 4 weeks post-injection 

was beginning to cause a retinopathy. Compared to AAV-2/5.miNT injected eyes, AAV-2/5.miRP3- 

155 suppressed hRHO to 25 ±13%, P<0.05 (Figure 4.3.9.C).

4.3.10 FACS isolation of EGFP positive cells for hRHO mRNA expression analysis 2 weeks post -
injection

As significant suppression had been obtained for AAV-2/5-delivered miRP3-30a and miRP3-155, and 

owing to a shortage of NHR mice, it was decided to only analyse AAV-2/5 delivered shP3 at 14 days 

post-injection. The retinal dissociation protocol was altered (Section 4.2.10.2) such that Papain instead 

of Trypsin was used to dissociate cells. It was suspected that the low cell numbers obtained previously 

may have been due to the Trypsin dissociation method being too harsh. Prior to FACS analysis PI 

solution was added to each sample, when excited by light at a wave length of 488nm, PI fluoresces red. 

PI cannot enter the cell membrane of viable cells, thus the appearance of red fluorescence is indicative 

of dead cells and can be used to sort healthy cells from non-healthy cells. Retinal cells from an 

uninjected EGFP negative control mouse were used to set the PI baseline (Figure 4.3.10.a). PI 

negative cells (live cells, red arrow) were clearly separated from PI positive cells (dead cells/debris). 

No EGFP positive healthy cells were obtained in this control as expected (Figure 4.3.10.b). An EGFP 

positive and PI positive control was used to assess the efficiency of the assay. This was an NHR mouse 

injected with AAV-2/5.NT20, cells that were dissociated 14 days post-injection. The PI positive cells 

were distinguished from PI negative cells (Figure 4.3.10.c), indicating that there was a larger 

population of healthy cells compared to non-viable cells. From this population of viable cells, EGFP 

positive healthy cells were isolated (Figure 4.3.10.d) such that only PI negative, EGFP positive cells 

were chosen for FACS (black cells).
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The cell numbers obtained for NHR mice injected with AAV-2/5.NT20 and AAV-2/5.shP3 and 

analysed 14 days post-injection were between 21,000-97,000 PI negative and EGFP positive cells 

(Table 4.3.10.e). No difference in cell number was obtained between AAV-2/5.NT20 or AAV- 

2/5.shP3 treated mice and the average % EGFP positive cells for AAV-2/5.NT20 versus AAV- 

2/5.shP3 was 15.6% and 20.2% respectively. The higher percentage of EGFP positive cells obtained 

for AAV-2/5.shP3 compared to the last AAV-2/5.shP3 FACS experiment may be due to the shorter 

incubation time of 14 days, i.e., retinal cells in which hRHO was suppressed were not yet undergoing 

degeneration. AAV-2/5.NT20 was only slightly less fluorescent than AAV-2/5.shP3 (1198MFI and 

1814MFI respectively).

Real-time RT-PCR analysis to evaluate hRHO expression in retinas injected with either AAV- 

2/5.NT20 or AAV-2/5.shP3 14 days po.st-injection was undertaken. An average of RNA from 7,746 

cells was used as the first standard of the 5X standard curve. 833 cells from each RNA sample was 

used as the input RNA concentration. Real-time RT-PCR analysis for AAV-2/5.NT20 versus AAV- 

2/5.shP3 was undertaken as previously described for the 1 month shP3 analysis (Section 4.9). 

Compared to AAV-2/5.NT20 injected eyes, AAV-2/5.shP3 suppressed hRHO to 22+8%, P<0.05 

(Figure 4.3.10.e)

4.3.11. Optimisation of TaumanCBiSmall RNA assay for siP3 expression analysis

To evaluate the level of mature siP3 species produced from AAV-2/5.miRP3-30a and AAV- 

2/5.miRP3-155 compared to AAV-2/5.shP3 it was decided to use the custom Taqman®Small RNA 

assay designed by Applied Biosy.stems. The first part of this assay involved the specific reverse 

transcription of mature siP3; this was achieved using a stem loop RT primer specific for the siP3 

sequence. This stem loop primer cannot bind to pri-miRNA or pre-miRNA (shRNA) siP3 species as 

these sequences already contained a hairpin, thus this ensured only mature siP3 species were evaluated. 

In the qPCR amplification step, specific primers amplified siP3, an siP3 specific Taqman®MGB probe 

was bound to the siP3 sequence of the siP3 cDNA, DNA polymerase cleaved the probe once it was 

hybridised to the target DNA. This released a quencher which separated from the reporter dye. This 

separation caused the reporter dye to fluoresce. The level of fluorescence was proportional to the 

specific amount of siP3 being amplified. As with all real-time RT-PCR evaluation, the relative level of 

siP3 in each sample was calculated by normalising to a housekeeping sequence. For this analysis, sno- 

202 was chosen as this is known to have consistent expression across retinal samples (Foscher et al, 

2008).
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Standard curves for siP3 and sno-202 were optimised as previously described (Section 3.3.4). For siP3, 

the slope was -3.09 and the R' value was 0.998 indicating that this siP3 curve was efficient. For sno- 

202, the slope was -3.5 and the R' value was 0.9996, indicating that the sno-202 primer set was 

efficient.

4.3.12 Analysis of siP3 RNA expression in retinas injected with AAV-2/5.shP3 compared to AAV-

2/5.niiRP3-155 and AAV-2/5.miRP3-30a

Having optimised the assays for siP3 and sno-202, these assays was be used to evaluate expression of 

suppressors in AAV-suppressor treated NHR mouse eyes. NHR mice were subretinally injected with 

AAV-2/5.shP3 (LE) and AAV-2/5.miRP3-30a (RE) and RNA was extracted 10 day post injection 

(n=4). All samples were converted to siP3 and sno-202 cDNA and underwent qPCR using the siP3 and 

sno-202 standard curves described above (Section 4.3.11). siP3 RNA expression in retinas injected 

with AAV-2/5.shP3 was set as 100% and siP3 expression in retinas injected with AAV-2/5.miRP3-30a 

was expressed as a percentage of this value (Figure 4.3.12.a). siP3 expression from AAV-2/5.miRP3- 

30a injected retinas compared to AAV-2/5.shP3 was 8.8+4.4%, P<0.005. Thus siP3 was 11 fold less 

expressed using the miRP3-30a backbone compared to siP3 expression from shP3.

NHR mice were subretinally injected with AAV-2/5.shP3 (LE) and AAV-2/5.miRP3-155 (RE) and 

RNA was extracted 10 day post injection (n=6). All samples were converted to siP3 and sno-202 

cDNA and underwent qPCR and were analysed using the siP3 and sno-202 standard curves as 

described above (Section 4.3.11). siP3 expression from AAV-2/5.miRP3-155 compared to shP3 was 

2+1.63%, P<0.005 (Figure 4.3.12.b). Thus siP3 was expressed from the AAV-2/5.miRP3-155 

backbone approximately 50 fold lower compared to siP3 expression from AAV-2/5.shP3. In summary 

the results suggest that significantly lower levels of siP3 were obtained in vivo using constructs with 

iniRNA backbones compared to short hairpin RNA constructs.

4.3.13 ERG analysis of suppression by suppressor viruses

ERG analysis was undertaken on NHR mice injected with AAV-2/5.NT20 (LE) and AAV-2/5.shP3 

(RE), n=9. Six weeks post injection ERG responses (b-wave values) were measured for rod-isolated 

responses (Figure 4.3.13.a), mixed rod-cone responses (Figure 4.13.3.b) and cone-isolated responses 

(Figure 4.3.13.C). The average b-wave values for each of the three ERG tests were combined and the 

ERG response in mice injected with AAV-2/5.NT20 was set at 100%, the average b-wave response in 

the eyes injected with AAV-2/5.shP3 were compared to this value. The average rod isolated response

in mice injected with AAV-2/5.NT20 was 582+165pV and AAV-2/5.shP3 was 256+94pV,
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(P<0.0005). This corresponded to a rod-isolated decrease in ERG function to 44+16% (Figure 

4.3.13.d). The average mixed rod-cone response was 852+229pV for AAV-2/5.NT20 injected eyes and 

379±119pV for AAV-2/5.shP3 injected eyes (P<0.001) similarly this resulted in an average decrease in 

ERG response to 45+14% in AAV-2/5.shP3 injected eyes (Figure 4.3.13.e). The cone-isolated ERG 

was also significantly decreased in AAV-2/5.shP3 injected mice. The ERG response was 78+26pV for 

AAV-2/5.NT20 injected mice and 38+19pV for AAV-2/5.shP3 injected mice (P<0.05), which was a 

decrease to 49+25% compared to AAV-2/5.NT20 injected eyes (Figure 4.3.13.f).

ERG analysis was undertaken on NHR mice subretinally injected with AAV-2/5.rP3.Euc46 (EE) and 

AAV-2/5.miRP3-30a (RE |n=8]). Six weeks post-injection the ERG responses in both eyes were 

measured for rod-isolated responses (Figure 4.3.13.g), mixed rod-cone responses (Figure 4.3.13.h) 

and cone-isolated responses (Figure 4.3.13.i). The average b-wave values for each ERG test were 

combined and the ERG response in mice injected with AAV-2/5.Luc46 was set at 100%, the average 

b-wave response in eyes injected with AAV-2/5.miRP3-30a were compared to this value. The average 

rod isolated response in AAV-2/5.Luc46-injected eyes was 496+196pV and in the AAV-2/5.miRP3- 

30a-injected eyes was 404+157pV, P<0.2460 (Figure 4.3.13.j). This indicated that despite a highly 

significant down regulation of hRHO RNA, miRP3-30a was not significantly suppressing the rod- 

isolated ERG function. Additionally this was mirrored with the mixed rod-cone response with an 

average b-wave amplitude of 763+337pV in AAV-2/5.Luc46 injected eyes compared to 637+224pV in 

AAV-2/5.miRP3-30a injected eyes, P=0.3322 (Figure 4.3.13.k) Likewise in the cone-isolated 

response AAV-2/5.miRP3-30a did not significantly influence function. The average b-wave amplitude 

was 71+45.4pV for AAV-2/5Luc46 and 70+22pV for AAV-2/5.miRP3-30a, P=0.9593 (Figure 

4.3.13.1). Of note, of the 8 mice that underwent ERG, 3 mice appeared to have a reduced ERG function 

in the AAV-2/5.miRP3-30a injected eye compared to the AAV-2/5.Luc46 injected eye, however when 

all the results were combined together overall not significance was not achieved.

ERG analysis was undertaken on NHR mice subretinally injected with AAV-2/5.miNT (LE) and 

AAV-2/5.miRP3-155(RE), n=5. Six weeks post injection ERG responses in both eyes were measured 

for rod-isolated responses (Figure 4.3.13.m), mixed rod-cone responses (Figure 4.3.13.n) and cone- 

isolated responses (Figure 4.3.13,0). The average b-wave values for each ERG test were correlated and 

the ERG response in mice injected with AAV-2/5.miNT was set at 100%, the average b-wave response 

in the eyes injected with AAV-2/5.miRP3-155 were compared to this value. The average rod-isolated 

b-wave amplitude for the AAV-2/5.miNT injected eye was 254+39pV and in the AAV-2/5.miRP3-155 

injected eye was 341.8+116pV, P=0.2088. This resulted in a modest but not significant increase to
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135+46% in the AAV-2/5.miRP3-155 injected eye compared to the AAV-2/5.miNT injected eye 

(Figure 4.3.12.p). The mixed rod-cone ERG correlated to the rod-isolated result with average b-wave 

amplitude of 404+56pV in AAV-2/5.miNT injected eyes compared to 551+215pV in AAV- 

2/5.miRP3- 155 injected eyes, P=0.2154. This resulted in a modest but not significant increase in the 

mixed rod-cone ERG function to 136.5+53% (Figure 4.3.12.q). In the cone only response miRP3-155 

also did not significantly influence function, the average b-wave amplitude is 35.9+4.7pV for AAV- 

2/5.miNT and was increased to 62+24.9pV (171+69%) for AAV-2/5.miRP3-155, P=0.1013 (Figure 

4.3.12.r). It was clear that the hRHO RNA suppression obtained by AAV-2/5.miRP3-155 was not 

sufficient to confer a functional effect on the NHR retina. Thus it was decided not to pursue the AAV- 

2/5.miRP3-155 suppressor for hRHO any further.

4.3.14 Analysis of protein expression in NHRs injected with AAV-2/5.NT20 and AAV-2/5.shP3

by western blotting

In order to obtain protein for western blotting, EGFP positive cells in the retina must be separated from 

EGFP negative cells or RNAi mediated suppression may potentially be masked by the presence of total 

retinal protein. For protein expression analysis evaluated by a western blotting, EGFP positive cells 

should not undergo FACS analysis, as photoreceptor OS are often lost or damaged during the retinal 

dissociation FACS protocol. Although this is not an issue for RNA analysis (hRHO mRNA is in the 

cell body and not the OS), this is an issue for protein. For this reason the EGFP positive portion of the 

retina was physically excised and separated from the EGFP negative portion of the retina. This was 

delicate work and at times it was difficult to excise all EGFP negative cells from the EGFP positive 

cells. Western blot analysis was undertaken on samples from two NHR mice that had previously 

undergone ERG. These mice were subretinally injected with AAV-2/5.NT20 (EE) and AAV-2/5.shP3 

(RE). Eyes were extracted 6 weeks post-injection (Figure 4.3.14.a). In the retinal protein samples from 

the two mice injected with AAV-2/5.NT20 (LE), abundant hRHO expression at 39kDA was present 

(lanes 1 & 3). In the retinal protein sample from two mice injected with AAV-2/5.shP3 (RE [lane 2 & 

4]) hRHO protein expression was lower than that of the corresponding controls (lanes 1 & 3). Retinal 

protein from a 129rho'^' mouse was used as a negative hRHO control (lane 5). Only a small amount of 

hRHO at higher molecular weights was observed in the retina protein samples containing AAV- 

2/5.NT20 but not in the AAV-2/5.shP3 injected samples and this was in accordance with Illing et al, 

2002 in which the absence of multimeric hRHO at lower expression levels was observed (Illing et al, 

2002). Mouse P-actin was used to assess equal loading however as only a small portion of the retina 

(the EGFP positive portion) was used, P-actin reactivity was lower than would usually be obtained in
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HeLa cell protein (Section 3.3.1 l.a) or for whole retina. For this reason longer exposure times and a 

higher concentration of primary antibody was used. In this case an overnight exposure for P-actin was 

performed. As equal loading in some samples was not always clear, densitometry was undertaken in 

order to calculate the relative % of hRHO protein expression in AAV-2/5.shP3 injected retinas (Figure 

4.3.14.b). The mean pixel intensity of hRHO in protein samples from retinas injected with AAV- 

2/5.NT20 was set at 100% expression and the mean pixel intensity of hRHO from protein samples of 

retinas injected with AAV-2/5.shP3 was compared to this value. It was found that shP3 suppressed 

hRHO protein by 68%±7.4%. As only n=2 animals were used for western blot analysis, evaluation of 

statistical significance was not undertaken.

4.3.15 Analysis of protein expression in NHRs injected with AAV-2/5.Luc46 and AAV-

2/5.miRP3-30a by western blotting

Despite the fact that AAV-2/5.miRP3-30a did not significantly suppress ERG function in NHR mice, a 

highly significant suppression of hRHO by miRP3-30a was achieved at the RNA level. For this reason, 

it was decided to evaluate hRHO protein expression in NHR mice injected with AAV-2/5.miRP3-30a. 

Two of the mice that had undergone ERG analysis were used to evaluate hRHO protein expression 

(Figure 4.3,15.a). Abundant hRHO protein was visible at 39kDA in the retinal protein samples from 

mice injected with AAV-2/5.Luc46 (lanes 1 & 3), compared to 129rho‘^' in which no hRHO protein 

was observed (lane 5). hRHO protein was also observed in retina protein samples from mice injected 

with AAV-2/5.miRP3-30a (lanes 2 and 4). P-actin was used to assess equal loading at an exposure time 

of twenty minutes. Even though it does appear that hRHO expression was lower in AAV-2/5.miRP3- 

30a injected eyes compared to AAV-2/5.Euc46, it was unclear if this result was definitive. For this 

reason densitometry was undertaken on this western blot (Figure 4.3.15.b). The % hRHO protein 

expression in AAV-2/5.miRP3-30a injected eyes compared to the hRHO protein expression in AAV- 

2/5.Luc46 was undertaken (Section 4.3.14). It was established that miRP3-30a suppressed hRHO 

protein by 40±13%. The number of animals used in the study was n=2 therefore evaluation of 

statistical significance was not undertaken. This suppression by miRP3-30a was lower than that 

obtained at the mRNA level, which may be the reason that the ERG function in NHR mice injected 

with miRP3-30a was not significantly altered compared to the control eye. It must be emphasised that 

n numbers are small for these experiments.
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4.3.16 Immunohistochemistry on retinal sections from NHR mice injected with AAV-2/5.NT20
and AAV-2/5.shP3

Immunohistochemistry was undertaken on retinal sections from n=3 mice injected with AAV- 

2/5.NT20 and AAV-2/5.shP3. These mice had previously undergone ERG analysis at 6 weeks and 

significant suppression of ERG responses had been obtained. Thus it was decided to evaluate if the 

suppression of ERG responses by shP3 translated to changes in the retinal histology. Histology was 

performed at 6 weeks post-injection using the mouse 4D2 antibody, which should specifically bind the 

hRHO protein in the NHR photoreceptors. All three mice examined showed the same result and a 

representative retinal section is presented (Figure 4.3.16.a). The first two columns depict the control 

NHR mouse injected in AAV-2/5.NT20, column 1 is the EGFP positive region of the control retina in 

which the AAV-2/5.NT20 had transduced. Heavy hRHO staining was observed in this eye (lA) and 

this .staining was comparable to the hRHO staining present in the EGFP negative region of the same 

retina (2A), thus AAV-2/5.NT20 was not negatively effecting hRHO immunoreactivity. In the EGFP 

positive portion of this retina (IB), a strong EGFP signal was observed; this suggests that by 6 weeks 

the NT20 EGFP vector was expressing EGFP efficiently compared to earlier time points. Additionally 

an overlay of RHO, EGFP and DAPI showed numerous healthy green IS. This was consi.stent with the 

finding that AAV-2/5.NT20 does not negatively impact the NHR retina. In the untranduced portion of 

the AAV-2/5.shP3 injected retinas hRHO was present (3B), however in contrast no hRHO staining was 

observed in regions of the retina transduced by AAV-2/5.shP3 (4A). Furthermore when the overlay of 

RHO, EGFP and DAPI (4C) was examined no EGFP positive IS or OS were present, and the EGFP 

signal was confined to the ONE. This suggested that suppression of hRHO in the NHR mice probably 

had a negative impact on photoreceptor cell survival and initiated degeneration of the photoreceptors. 

This finding was supported by the visible reduction photoreceptor nuclei rows in the ONE compared to 

the AAV-2/5.NT20 control and the EGFP negative region of the same retina.

4.3.17 Immunohistochemistry on retinal sections from NHR mice injected with AAV-2/5.Luc46
and AAV-2/5.miR-30a

It was decided to examine retinal sections from three of the NHR mice previously injected with AAV- 

2/5.Luc46 and AAV-2/5.miRP3-30a that had undergone ERG at 6 weeks. Despite significant 

suppression of hRHO RNA by AAV-2/5.miRP3-30a, overall no significant change in ERG function in 

the NHR animals injected with AAV-2/5.miRP3-30a was observed. Moreover in two of the animals 

that had previously undergone ERGS, only a 40% reduction in hRHO protein was obtained. It should

be mentioned that three of the 8 animals that had undergone ERG showed a decrease in ERG
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responses, however when responses from all 8 mice were combined this reduction was insignificant. It 

was decided to evaluate the histology of two of the mice in which no change in ERG function was 

obtained and compare it to one mouse that had a significant reduction in b-wave responses. 

Surprisingly, in the retina of the mouse that did show suppression of ERG function (mouse 361), no 

change in RHO immunoreactivity or DAPI staining was observed in this mouse compared to controls. 

This suggests that the reason for the lowered ERG response in the AAV-2/5.miRP3-30a injected eye 

may not have been attributable to any changes in histology. It may be that an inefficient ERG analysis 

was undertaken in this injected eye (suboptimal contact between electrode and cornea) or that this RE 

had a slower recovery rate than its corresponding EE. A similar result was obtained for the second 

mouse (mouse 356) in which no change in ERG was obtained, however the staining pattern was 

difficult to visualise owing to only a small EGFP positive area in this retina. However, the most 

surprising result was from the third mouse (mouse 358 [Figure 4.3.17.a]). In the AAV-2/5.Euc46 

injected eye the RHO staining and DAPI cell layers were similar in the EGFP positive region (1A and 

1C) and in the EGFP negative region of the same retina (2A and 2C) which suggests that like AAV- 

2/5.NT20, AAV-2/5.Euc46 does not negatively impact on the health of the photoreceptor cells. This 

was further supported by the presence of EGFP positive healthy inner segments (1C). However in the 

AAV-2/5.miRP3-30a injected eye, while RHO immunoreactivity and DAPI .staining (3A and 3C) were 

similar in the EGFP negative regions (3B) to that observed in the AAV-2/5.NT20 injected eye, a 

reduction in RHO immunoreactivity (4A) was clearly observed in the EGFP positive region of the 

same retina (4C). This was surprising given the negative result from the two other mice and the fact 

that a negative ERG was obtained for this mouse. When the overlay of RHO, EGFP and DAPI was 

examined (4D), EGFP staining was clearly observed in the IS, indicating that despite the lack of RHO 

the photoreceptor cells had not yet degenerated. Overall it appears that AAV-2/5.miRP3-30a-based 

suppression was somewhat variable in these mice and therefore it was decided not to proceed with 

miRP3-30a at this point in time.
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Section 4.4 Discussion

For degenerating retinopathies such as those caused by RHO-adRP, an effective therapeutic conferring 

long term stable expression in vivo in the retina would likely be the most advantageous. As siRNA- 

based suppressors provide only a short term solution for the down-regulation of hRHO, efficient 

therapeutic efficacy would require re-administration of the siRNA via subretinal injection, which is not 

a particularly feasible option for human patients. For this reason, the design of siRNAs, modified to 

allow stable suppression from an efficient promoter within the context of the degenerating retina would 

be beneficial. Previous RNAi based studies in the retina have traditionally used shRNA molecules 

delivered by viral vectors to achieve potent therapeutic efficacy (Millington-ward et al, 2011; O’Reilly 

et al, 2007). Various groups are now seeking to optimise artificial miRNA based systems, such that 

siRNAs can be cloned within the backbone of an endogenous pri-miRNA. Consequently, the siRNA 

can then act as a mimic for an endogenous miRNA and undergo processing through the miRNA 

pathway (Boudreau et al, 2007; Boudreau et al, 2009a; Davidson et al, 2011). Various artificial 

miRNA-based systems have been employed for use to date, miRNA-based shuttles appear particularly 

efficient at processing exogenous siRNA sequences provided the correct secondary structure of the 

endogenous miRNA is retained (Sibley et al, 2010). In particular ensuring the endogenous miRNA 

terminal stem loop, the Drosha and Dicer recognition sequences and maintaining mismatches present 

in the endogenous miRNA sequence appears particularly important (Feng et al, 2011; Han et al, 2006; 

Zeng & Cullen, 2005 ; Zhou et al, 2005). Additionally conventional shRNA-based vectors have 

depended on the use of polymerase III promoters where as artificial miRNAs can be transcribed from 

polymerase II promoters. This allows for a better control on both the timing and location of siRNA 

expression. Recently miRP3-30a-based artificial miRNA shuttles have been utilised with tissue 

specific promoters in various target cells and tissues such as the striatum and vascular smooth muscle, 

to deliver potent suppression of target mRNA transcripts (Nielsen et al, 2009; Rhee et al, 2009; Sibley 

et al, 2010; Zeng et al, 2007). Many groups have found high dose shRNAs cause toxicity, particularly 

in liver (Grimm et al, 2006; Grimm et al, 2010) and in brain (Boudreau et al, 2008; McBride et al, 

2008). While this shRNA mediated toxicity has not to the authors knowledge thus far been reported 

within the retina, artificial miRNAs which imitate their endogenous counterparts may be more 

beneficial as a gene therapy targeting the delicate degenerating retinal tissue. However, aside from 

safety, an important factor to be considered when designing a therapeutic strategy for a disorder such 

as RHO-adRP is also therapeutic efficacy. It has previously been established that a high level of hRHO 

suppression is needed in vivo to provide therapeutic benefit in a RHO-adRP mouse model (Tessitore et
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al, 2006). Thus only artificial miRNAs and indeed shRNAs that suppress hRHO to sufficient levels, 

such that functional benefit in transgenic mice is obtained will be considered for further evaluation.

Given that efficient suppression of hRHO RNA and protein by siP3 in HeLa cell culture was achieved 

(Chapter 3), it was decided to evaluate this siRNA in vivo. This involved the generation of siP3 into a 

shRNA construct (shP3) in addition to artificial miRNA constructs. Two artificial miRNA constructs 

have successfully been optimised and evaluated in the literature; the first is based on the endogenous 

miR-155 backbone (Chung et al, 2006) and is commercially available from Invitrogen (miRP3-155). 

The second is an artificial miRNA based on the endogenous miR-30a backbone (miRP3-30a); this has 

previously been optimised to mediate high suppression of target transcripts in the CNS and to provide 

therapeutic efficacy in transgenic mice with diseases such Huntington’s disease and Alzheimer's 

disease (Boudreau et al, 2008; Boudreau et al, 2009; Piedrahita et al, 2010). Efficient delivery and 

efficacy of artificial miRNAs to the brain is of particular relevance to this study given that the retina is 

part of the CNS (Purves et al, 2001). Each construct (shP3, miRP30-l55 and miRP3-30a) was placed 

under the control of their recommended promoter (HI for shP3 [Brummelkamp et al, 2002], CMV for 

miR-155|Chung et al, 2006] and U6 for miRNA-30a jBoiidreau et al, 2008]), thus an accurate 

comparative analysis of hRHO suppression between each construct could not be obtained. In order to 

enable a comparison between each suppressor, each construct would need to be under the control of the 

same promoter. However, it was decided to leave each promoter unaltered in order to ensure the 

efficacy and safety of the optimised suppressors was not be compromised Therefore each suppressor 

was evaluated individually with its individual optimised parameters.

In order to assess the in vivo suppression of hRHO an animal model which expresses hRHO was 

needed. The NHR mouse was an ideal candidate at it has one hRHO transgene, and displays a wild- 

type phenotype (Ollson et al, 1992). The NHR mouse was placed on a mRHO null background 

(129rho'^‘ [Humphries et al, 1997]). The absence of the mRHO alleles is of particular benefit for this 

study as the 4D2 antibody typically used for protein analysis targets mRHO and would otherwise mask 

any results obtained (Hicks & Molday, 1986). Additionally the absence of endogenous mouse alleles, 

allowed the evaluation of hRHO suppression by siP3 based suppressors to be undertaken at the 

functional level. Furthermore, this NHR mouse has been used previously with success to evaluate 

hRHO suppression by other shRNAs in vivo (Chadderton et al, 2009; O’ Reilly et al, 2007).

Initially a four week time point was chosen in order to examine hRHO suppression at the RNA level, 

previous studies in the laboratory has established that the negative control construct for shP3

evaluation (AAV-2/5.NT20) has lower EGFP expression than AAV-2/5.shP3 and this can make it
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difficult to collect significant high numbers of cells by FACS. Owing to the limited availability of 

NHR mice, only four mice w'ere used for shP3 analysis. Of these one had bad injections in both eyes 

and AAV-2/5 transduction did not occur (Table 4.3.7). This result highlights how important it is to 

keep injection records to explain anomalies which may occur during later analysis. Of the three mice 

for which EGFP positive cells were collected, no significant suppression of hRHO was achieved 

(Figure 4.3.9.a), however, 2/3 mice did suppress hRHO mRNA efficiently and the low overall 

insignificant suppression was most likely masked by the lack of suppression observed in a third outlier. 

Additionally, one of the mice in which hRHO suppression by AAV-2/5.shP3 was achieved had half the 

level of 18S mRNA within the retinal sample injected with shP3 compared to AAV-2/5.NT20. This 

could further mask the relative hRHO expression value obtained for this sample by altering the hRHO 

to 18S ratio. This 18S anomaly indicated that AAV-2/5.shP3 may be suppressing hRHO to such levels 

that may cause the death of the rods and result in a decreased level of 18S. There was half as much % 

EGFP positive cells in AAV-2/5.shP3 treated retinas compared to AAV-2/5.NT20 treated retinas 

which suggests that EGFP positive cells may be dying as the retinal cells containing the suppressor 

degenerate. A shorter time-point of 14 days was therefore chosen for the shRNA analysis in order to 

accurately assess hRHO RNA expression in AAV-2/5.shP3 injected samples before a retinal 

degeneration phenotype was induced. This obviously had consequences for the AAV-2/5.NT20 treated 

samples in which EGFP expression at this time point may not have reached adequate levels to enable 

FACS. For this reason, it was decided to use a gentler retinal dissociation protocol in order to get the 

maximum amount of EGFP positive cells possible despite low fluorescent intensity. In the previous 

analysis using the Trypsin dissociation protocol a large number of cells were damaged and thus no 

longer EGFP positive. PI was added to cells prior to FACS in order to ensure only healthy EGFP 

positive cells were collected. This was done with the premise that if hRHO suppression was causing 

retinal degeneration than by getting rid of any dead cells, normal 18S expression would be preserved 

and thus an accurate analysis of hRHO suppression could be undertaken. Two weeks post-injected 

AAV-2/5.shP3 was found to suppress hRHO in vivo by 78% (Figure 4.3.10.e) This suppression of 

hRHO by an shRNA was higher than obtained in a previous study for shRNAs targeting mRHO in 

wild-type mice (Gorbatyuk et al, 2007b). In terms of hRHO, previous hRHO RNA suppression with a 

different shRNA in NHR mice also achieved significant suppression by approximately 95% (O’Reilly 
et al, 2007; Chadderton et al, 2009).

To date no analysis of artificial miRNA-155-based suppressors in the retina have been published, 

however, high levels of suppression of target mRNA by artificial miRNA-155 have been achieved at 

the mRNA level in other tissues such as the brain (Baek et al, 2010). For the current study the design
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used is based on Chung et al, 2006 who generated an artificial miRNA targeting an area of 21 bp. The 

endogenous miRNA-155 antisense strand is 2 nucleotides longer than the complimentary strand; 

therefore in designing the artificial miRNAs, Chung et al removed 2 nucleotides from the sense 

miRNA strand to create a 2 nucleotide internal loop similar to the endogenous counterpart. In addition 

artificial miRNAs with this 2 nucleotide deletion were more functional than those without it (Chung et 

al, 2006). For this reason it was decided to design .siP3 within the miR-155 backbone to be 21 bp, in 

order to maintain a similar structure to both published artificial miRNAs and the endogenous miR-155. 

In this study AAV-2/5.miRP3-155 was found to significantly reduce hRHO mRNA by 75%, which 

indicates the extra two nucleotides added to either side of the original siP3 target site does not abolish 

siP3 efficacy (Figure 4.3.9.C). Lower 18S levels and lower EGFP positive cell percentages in retinal 

cells injected with miRP3-155 suggested that like shP3, at 4 weeks AAV-2/5.miRP3-155 may be 

resulting in retinal degeneration, owing to potent hRHO suppression. Analysis at 2 weeks post- 

injection of vector in NHR mice was not undertaken as the AAV-2/5.miRP3-155 did not result in 

changes in ERG function at 4 weeks and was thus precluded from further analysis. The miRP3-155 

based suppression achieved in this study was better than reported previously using the artificial 

miRNA-155 construct delivered to mouse brains via lentivirus, where the target mRNA (neurokinin 

receptor -1) was only suppressed by 40-50% in vivo as assessed by real-time RT-PCR (Baek et al, 

2010). Interestingly a study by Liu et al, 2010 exploring the use of artificial miRNA-155 constructs 

using the lentiviral system established that the CMV promoter results in a reduced lentiviral titre (Liu 

et al, 2010). No effect on titre was observed for AAV-2/5.CMVmiRP3-155 generation compared to 

other artificial miRNA or shRNA constructs driven by U6 or HI respectively, indicating that this is not 

the case for the production of AAV-2/5 virus

miRP3-30a was designed similar to the optimised parameters described by Boudreau et al, 2008. The 

experimentally validated Drosha processing and Dicer cleavage sites were maintained as were any 

mismatches in the endogenous stem-loop, so as to aid in efficient production of miRP3 in the retina 

(Eeng et al, 2011; Lee et al, 2003; Silva et al, 2005; Zeng & Cullen et al, 2003). One of the main 

changes to this construct involved altering the flanking region at the base of the stem loop to a 

sequence miV2. This sequence originated from flanking regions within the MCS of the vector used by 

Boudreau et al, 2008 which had been altered to a sequence predicted to form RNA secondary 

structures. Boudreau et al, 2008 found 20% more suppression of target RNA using this region 

compared to the endogenous miR-30a flanking region. The authors hypothesised that this was due to a 

sequence within miV2 which is single stranded and therefore may be more amenable to the binding of 

the Drosha-DGCR8 RNAi complex, as the substrate for Drosha-mediated cleavage appears to be an
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extended stem loop followed by a region of single stranded RNA (Boudreau et al, 2008; Zeng & 

Cullen, 2005). The highest level of hRHO suppres.sion was achieved with AAV-2/5.niiRNA-30a 

compared to AAV-2/5.shP3 and AAV-2/5.miRP3-155 at the RNA level (89% hRHO suppression 

[Figure 4.3.9.b]). This is comparable to that achieved using artificial miRNA-30a constructs targeting 

peripherin-2 RNA in the retina, in which an AAV-2/8 delivered construct resulted in an 83% 

suppression of endogenous peripherin-2 mRNA as assessed by real-time RT-PCR (Georgiadis et al, 

2010).

Despite the differences in backbone and promoters, all constructs (AAV-2/5.shP3, AAV-2/5.miRP3- 

155 and AAV-2/5.miRP3-30a) significantly suppressed hRHO RNA in vivo. It was decided to 

examine the expression of mature siP3 species processed from each vector. Boudreau and colleagues 

established via northern blotting that mature siRNAs from an shRNA-based backbone are expressed 

more abundantly than siRNAs from artificial miRNA-30a based constructs, even though therapeutic 

efficacy can be achieved with miRNA-30a based suppressors (Boudreau et al, 2008; Boudreau et al, 

2009a). Therefore it was proposed that AAV-2/5.miRP3-155 and AAV-2/5.miRP3-30a may yield 

lower quantities of siP3 species than AAV-2/5.shP3. Previous studies in the laboratory examining the 

expression of siRNA from shRNA shuttles utilised RNase protection assays with a P^‘-based siRNA 

probe (O’Reilly et al, 2007). Northern blot analysis has been used by Boudreau et al, in order to 

quantify both processed and unprocessed shRNAs and artificial miRNAs (Boudreau et al, 2008; 

Boudreau et al, 2009a). In this study a highly quantitative two step real-time RT-PCR approach was 

undertaken, using a probe designed specifically for mature siP3. This approach has been used 

previously with success in the retina to evaluate the relative expression of various miRNAs (Loscher et 

al, 2008). The results of this experiment mirror those found in the literature, i.e. shRNA based RNAi 

produce more siRNA species than miRNAs. Of note the most efficient suppressor AAV-2/5.miRP3- 

30a produced 11 times less siP3 than AAV-2/5.shP3 (Figure 4.3.12.a) supporting findings that high 

efficacy with artificial miRNAs can be achieved, despite lower levels of processed miRNA compared 

to shRNAs (Boudreau et al, 2009a). AAV-2/5.miRP3-155 produced low levels of mature siP3 (50 

times less siP3 than shP3), which was not surprising given that the level of suppression of hRHO by 

AAV-2/5.miRP3-155 was the lowest of the three constructs (Figure 4.3.12.b). Previous studies 

comparing mature siRNA expression from different shuttles have used the same promoter in all 

constructs for a direct comparison, however this was not the case in this instance, therefore it is 

impossible to conclude if the reason for mature siP3 expression differences is due to miRNA 

processing or differences in promoter. The finding that CMV driven miRP3-155 was the least efficient 

suppressor is interesting given the fact that when CMV driven shRNA, CMV driven miR-30a and
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CMV driven miR-155-based constructs targeting both GAPDH and GFP were compared hi vitro, miR- 

155-based suppression was more potent (Shan et al, 2009b). This suggests that placing shP3 and 

miRP3-30a under the control of CMV may possibly reduce the efficacy of these suppressors, and thus 

the CMV promoter may not be as efficient as U6. An interesting experiment would entail evaluating 

miRP3-155 driven by the mU6 promoter and measuring if hRHO suppression may be as efficient as 

with mU6 driven miRP3-30a.

Previous data in the laboratory has been undertaken comparing shBB, an shRNA known to be a potent 

hRHO suppressor in vivo (O’Reilly et al, 2007), to artificial miRNAs ba.sed on miR-155 and miR-30a 

in an evaluation similar to the current study (Millington-Ward, personal communication [unpublished 

data]). No significant hRHO RNA suppression was achieved from either of the artificial miRNAs. 

Furthermore analysis of mature siBB expression from shBB compared to miRBB-30a, revealed a 200 

fold difference in siBB expression between the two suppressors. As miRBB-155 had two extra 

nucleotides incorporated into its siRNA duplex as recommended by Chung et al, 2006, it is possible 

that these extra nucleotides abolished the efficacy with which siBB binds to its target site. However as 

the miR-30a-based suppressor for siBB exactly mirrored the miRP3-30a suppressor, this suggests that 

at least for miR-30a the siP3 target sequence within the miRNA vector must be favourable to miRNA- 

mediated suppression compared to the siBB sequence. Secondary structure and the flanking sequences 

surrounding miRNA target sites have been identified as important for recruiting the miRNA 

machinery. In one particular study U rich regions within target mRNA promoted the binding of dead 

end 1 (Dnd-1) and negatively regulated miRNA based suppression by preventing the miRNA 

machinery from binding (Ameres et al, 2007; Kedde et al, 2007; Kertesz et al, 2007). It is possible that 

the BB target sequence is within a region of the RHO ORF less favourable for miRNA mediated 

regulation compared to the P3 target site, however, presumably siRNA based suppression may also 

have been inhibited if this was the case and shBB based suppression is very efficient in vivo . 

Differences in the siRNA processing machinery and the miRNA processing machinery could account 

for this change in efficacy such as processing of the miRNA-BB by Drosha. miRNA target sites near 

the 3’ end of the mRNA ORF are much more efficient target sites compared to sites further upstream 

(Forman et al, 2010). Despite the siP3 target site not being near the 3’end of the RHO ORF, it is more 

3’ than the siBB site and thus might be more amenable to the miRNA machinery. This finding 

highlights the importance of screening RNAi targets in various different locations within an mRNA 

sequence and suggests that efficacious shRNAs may not necessarily translate into efficacious artificial 

miRNAs.
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ERGs are one of the most predominant techniques used to assess visual function in clinical settings 

(Reynolds et al, 2008). This technique can also be used to assess changes in retinal function in mice. 

ERG responses were assessed in mice 6 weeks post-injection, this was the time-point chosen in order 

to allow the mice to sufficiently recover from the injection. Even though all suppressors significantly 

suppressed hRHO, it was important to establish if this down-regulation of hRHO was sufficient to 

provide a functional effect in the NHR mouse. The rod-isolated ERG response which is a measure of 

the rod cell function (where hRHO is expressed) was reduced significantly by 56% with AAV- 

2/5.shP3 compared to AAV-2/5.NT20 (Figure 3.13.d). Thus 78% suppression of hRHO RNA by shP3 

was sufficient to alter rod function, moreover both mixed rod-cone and cone-isolated ERG responses 

were reduced to similar levels (Figure 3.13.e & Figure 3.1.3.f). This corresponds to the literature, 

where prior findings established that degenerating rod photoreceptor cells have the secondary effect of 

being detrimental to cone function (Chadderton et al, 2009; Humphries et al, 2001; Leveillard et al, 
2004).

For mice injected with AAV-2/5.miRP3-155 no significant effect on ERG function in the NHR mouse 

was achieved when compared with that of AAV-2/5.miNT (Figure 4.3.13.p, Figure 4.3.13.q & 

Figure 4.3,13.r) this may due to the fact that AAV-2/5.miRP3-]55 was the least efficient suppressor of 

hRHO. Additionally 62% reduction in mutant RHO RNA was not sufficient to provide functional 

benefit to a RHO-adRP mouse model (Tessitore et al, 2006). In an NHR mouse injected with 2 X lO'" 

vp/ml of AAV-2/5, the virus has been found to transduce about 30-40% of the retina (Chadderton et al, 

2009). If only a third of the retina is receiving the therapeutic, than 75% suppression of EGFP positive 

cells, would translate to approximately 25% suppression of overall retinal hRHO therefore it could be 

speculated that a threshold may be present in which there is a minimum amount of hRHO needed 

overall in order to confer a functional change. As AAV-2/5.miRP3-155 did not confer adequate 
suppression to disrupting ERG function, it was decided not to proceed further with this construct.

Interestingly no significant changes in ERG responses in NHR mice injected with AAV-2/5.miRP3- 

30a compared to the AAV-2/5.Luc46 control were achieved (Figure 4.3.13.j, Figure 4.3.13.k & 

Figure 4.3.13.i) This was surprising given that AAV2/5.miRP3-30a resulted in the most potent hRHO 

suppression at the RNA level. The reason for this discrepancy is unknown. In general potent hRHO 

suppression at the RNA level has been found to correlate well with hRHO protein suppression 

(Chadderton et al, 2009; Millington-Ward et al, 2011; O’Reilly et al, 2007). It is of note that even 

though significant alterations in ERG function were not achieved overall, 3 of the 8 mice tested did 

show a decreased ERG response in AAV-2/5.miRP3-30a injected eyes compared to AAV-2/5.Luc46
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injected eyes, which was masked by the five mice in which no changes in ERG response were noted. It 

is possible that for these three mice, the electrode on the shP3-injected eye was not functioning as 

efficiently (e.g. not attached to the cornea properly etc) and this may be the reasons for the anomalies. 

Increasing the n numbers of animals tested at this time was not possible due to the limited number of 

NHR mice available.

Now that AAV-2/5.shP3 was confirmed as successfully suppressing hRHO RNA to such an extent as 

to alter ERG function, it was decided to examine the down-regulation of hRHO protein both at the 

molecular level and at the histological level in order to ensure that hRHO protein suppression was 

being achieved. Even though AV-2/5.miRP3-30a based hRHO mRNA suppression did not result in 

significant alterations in ERG responses compared to control, it was decided to also further evaluate 

this construct at the protein level so as to elucidate a reason for this anomaly. Initially the hRHO 

protein expression was examined in the retinas of injected NHR mice by western blotting. The FACS 

analysis dissociation protocol can be harsh on cells, and rather than risk losing the delicate outer 

segments containing hRHO protein, it was decided to physically excise the EGFP positive region of 

the NHR retina so as to obtain hRHO protein only from cells which had been transduced. Bands 

representing hRHO monomeric protein were successfully obtained despite the small amount of tissue 

isolated; this is owing to the high sensitivity of the 4D2 antibody. During in vitro analysis (Chapter 3), 

hRHO over expression resulted in the presence of hRHO at high molecular weights. At lower 

expression levels, wild-type rhodopsin is present only as a monomer, therefore by only using the EGFP 

portion of the retina for analysis, less rhodopsin was present and consequently no higher molecular 

weight forms of rhodopsin were observed (filing et al, 2002).

hRHO protein expression in NHR samples injected with AAV-2/5.shP3 compared to AAV-2/5.NT20 

were lower, densitometry was undertaken and a 68% hRHO protein reduction was achieved with shP3, 

correlating with the RNA result (Figure 4.3.14.a & Figure 4.3.14.b) . Intere.stingly the level of hRHO 

protein suppression achieved by AAV-2/5.miRP3-30a was not as obvious, and it was clear that a large 

amount of hRHO immunoreactivity were still present in lanes containing retinal protein from mice 

injected with miRP3-30a (Figure 4.3.15.a). Using densitometry analysis it was established that only a 

40% reduction in hRHO protein was observed with AAV-2/5.miRP3-30a (Figure 4.3.15.b). This may 

however, explain the discrepancy observed with the ERG result in which no significant change in ERG 

amplitudes were noted in AAV-2/5.miRP3-30a injected retinas. The reason that the 89% hRHO 

mRNA suppression obtained did not correspond to protein suppression is not known. However, owing
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to limitations with animal numbers only two mice for each construct shP3 and miRP3-30a was used for 

western blot evaluation, thus no statistical analysis could be undertaken.

It was decided to examine the exact effects of both AAV-2/5.shP3 and AAV-2/5miRP3-30a on the 

retinal structure by performing immunohistochemistry, 6 weeks post-injection on NHR mice injected 

with both suppressors and their corresponding controls (Figure 4.3.16.a). In all case AAV-2/5.shP3 

transduced eyes displayed a decrease in hRHO immunoreactivity in the EGFP positive sections of the 

retina compared to the EGFP negative sections of the retina and to the AAV-2/5.NT20 injected retinas. 

Furthermore intact, healthy IS were clearly observed in the EGFP positive regions of the AAV- 

2/5.NT20 injected retinal sections, whereas with the EGFP positive regions of the shP3 retinal sections 

no IS were observed. A similar result was obtained with shQl, which suppresses hRHO by up to 95% 

in vivo, in which a reduction in hRHO reactivity led to the loss of healthy IS and OS within the retina, 

compared to the control eyes (Chadderton et al, 2009). This supports the RNA analysis at 4 weeks in 

which hRHO RNA suppression was hypothesised to cause the degeneration of the retina and lowering 

the levels of 18S in the AAV-2/5.shP3 injected samples.

From the three NHR animals injected with AAV-2/5.miRP3-30a and AAV-2/5.Fuc46, the results 

obtained were more variable. In one of the animals a clear decrease in hRHO immunoreactivity, EGFP 

positive IS and ONE ceil nuclei was observed, sugge.sting that, corresponding to the RNA results 

efficient hRHO suppressions was occurring (Figure 4.3.17.a) In one of the animals, the result was less 

clear due to inefficient transduction of the AAV resulting in only a small region EGFP reactivity. In 

the third animal examined hRHO immunoreactivity was visible in EGFP positive regions of mice 

injected with miRP3-30a compared to controls. Furthermore healthy IS were also present. This result is 

very surprising given that the ERG performed on this animal prior to histology, was one of the three 

ERG responses to yield decreased amplitude in the AAV-2/5.miRP3-30a treated eye. One possibility 

that cannot be excluded was that during the fixation of eyes, AAV-2/5.miRP3-30a injected eyes from 

the first and the third mouse were accidently swapped, which would explain why the results for each 

eye were opposite to what was expected. Another explanation is the possibility that some error 

occurred during ERG analysis so as to not yield a proper result in the AAV-2/5.miRP3-30a injected 

NHR 361. This would not explain the suppression observed in the NHR 358 mouse, however it is 

evident from the RNA, protein and ERG results that variation in the assessment of miRP3-30a based 

suppression, seems to be occurring, given this variation any further analysis of miRP3-30a in the retina 

was not considered at this time.
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Throughout the course of the study described in this chapter, it became apparent that siP3 may possibly 

contain sequence characteristics unfavourable to the innate immune response (Judge et al, 2005). The 

inclusion of these sequences in the siP3 sequence was surprising given the stringent criteria Invitrogen 

claim to utilise to select efficient siRNA sequences. Systemic delivery of siRNAs containing amongst 

other motifs the sequence 5“UGUGU”3’ were found to stimulate the immune response in blood 

immune cells when systemically delivered via liposomes irrespective of the mRNA target site (Gantier 

et al, 2010; Judge et al, 2005). Delivery of these immunostimiltory siRNAs by this method required the 

incorporation of the siRNAs into endocytotic compartments, where they stimulated TLR7/8 receptors 

(Heil et al, 2004; Hornung et al, 2005; Sioud et al, 2005). While this may be a cause for concern for the 

siRNA-based study delivered to HeLa cells using Lipofectamine® 2000 (Chapter 3), no adverse 

reaction such as toxicity or altered house keeper gene expression was observed with siP3 compared to 

any of the otlier siRNAs evaluated. Furthermore, evaluation of a replacement gene for siP3 which was 

undertaken in parallel to this study (Chapter 5), confirmed hRHO based suppression w'as target site 

dependent and the efficacy achieved both in vitro and in vivo was clearly a result of an efficient RNAi 

molecule. The main goal of this thesis was the design of a therapeutic for use in vivo for delivery 

specifically to the retina, an immunocompromised tissue. This therapeutic would therefore not be 

delivered systemically with liposomal based complexes, but by sub-retinal delivery of recombinant 

AAV. Robbins et al, 2006 explored delivery of shRNAs containing “immunostimiltory motifs” and 

found these shRNAs stimulated the immune system if delivered by cationic liposomes. Of note stable 

expression of these shRNAs from a lentivirus vector resulted in minimal stimulation of the innate 

immune response (Robbins et al, 2006). The shRNAs in this study and all subsequent studies were 

expressed stably by AAV-2/5 and this should in theory evade detection by the TLR7/8 receptors 

present within endosomal compartments. A recent publication established that tagging this 

5’UGUGU3’ sequence to the 5’ end of an siRNA was much more potent at up regulating an immune 

response compared to the tagging of this sequence to the 3’ end of an siRNA, the 5’UGUGU3’ 

sequence within siP3 is at the 3’ end of the sequence and therefore it is possible that even when 

systemically delivered via liposomal complexes may not be stimulatory to the immune system (Stewart 

et al, 2011). Taking all these points into account, and the fact that AAV-2/5.shP3 was the most potent 

suppressor of hRHO, it was decided to continue with siP3-based suppression studies. However, in the 

future the immune response of this shRNA and all other shRNAs in the laboratory utilised in vivo 

should be evaluated thoroughly to rule out any adverse reactions.

In conclusion, AAV-2/5.shP3 is the most consistent, efficient suppressor of hRHO in vivo at the 

mRNA, protein, functional and histological level evaluated in the current study. Notably significant
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RNA suppression was obtained with all suppressors assessed. AAV-2/5.iTiiRP3-155, the least efficient 

suppressor at the RNA level was not a sufficient suppressor in terms of providing changes in ERG 

amplitudes and was therefore excluded from further evaluation. The activity of AAV-2/5.miRP3-30a 

represents the most surprising result obtained in this study. On one hand the most efficient hRHO 

suppression at the RNA level was achieved by this suppressor, but in terms of all other readouts of 

suppression efficiency, the results obtained were highly variable and less than positive. It is possible 

that the AAV-2/5.miR-30a backbone may not be optimal for the retina. However in studies using a 

miR-30a based suppressor of peripherin -2 within the retina, efficient suppression was achieved 

(Georgiadis et al, 2010). The mature siRNA species was never quantified in this instance nor was any 

functional assessment undertaken. It is possible that the suppression of peripherin-2 observed in this 

study does not correspond to a functional change; furthermore peripherin-2 expression in the retina is 

lower than hRHO and therefore may possibly have a lower threshold in which suppression can lead to 

benefit. Additionally AAV-2/8 was used in the peripherin-2 study in contrast to the AAV-2/5 used in 

this chapter. AAV-2/8 seems to be better at transducing photoreceptors compared to AAV-2/5 (Allocca 

et al, 2007; Georgiadis et al, 2010; Lebherz et al, 2008; Mussolino et al, 201 lb) and thus may explain 

why such potent suppression was achieved. As the AAV-2/5.miRP3-30a results were quite variable 

and AAV-2/5.shP3 achieved efficient suppression of hRHO mRNA and protein in addition to a 

decrease in ERG responses and RHO immunoreactivity it was decided to focus on shP3 for further 
evaluation of RNAi-based AAV-delivered in vivo suppression of hRHO.
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1. shRNA oligonucleotides cloned into pSuper.gfp/neo 
via Bglll and Hindlll sites

IBglll) Target Sequence: sense (Hairpin) Target Sequence: antisense
•' gactccagtggtaatctact: .-.gtagattaccactggagtc: '

- ctgaggtcaccattagatg;v-.:?t '^'■'"catctaatggtgacctcag -..-aatt'c-a - ■'
(Hindlll)

2. shRNA transcribed from pSUPER by HI 
promoter

n rGACDCCAGDGGDAADCUAC^° \
UDCUGAGGDCACCADUAGADGAg^g

3. shRNA hairpin is cleaved by Dicer in siRNA

GACDCCAGDGGDAAOCUACDU
UOCOGAGGDCACCADnAGAGG

Figure 4.2.l.a Strategy behind shRNA design within pSUPER (Oligoengine)

1. The shRNA oligonucleotide is designed such that the 5’ BamHI overhang and the 
Hindlll overhang were easily inserted into the Bglll and Hindlll restriction enzyme 
sites in the linearised pSUPER vector such that the shRNA is located downstream of the 
HI promoter.

2. The shRNAs are efficiently transcribed from the polymerase III HI promoter into 
short hairpin RNA structures.

3. Dicer cleaves the hairpin such that an 19 nucleotide siRNA is released which can enter 
RISC
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pSuper F 5 ’ -CTTGCGACTGC AGT AGTTGG-3 ’
pSuper R 5- AACAGCTATGACCATG-3’
SRSF 5 ’ -GTGCCTGTGACTTAAC-3’
SRSR 5 ’ - AGFA AGTGTG ACC AC AG AAGGTA-3 ’
EmGFP F 5’-GGCATGGACGAGCTGTACAA-3’
miRNA R 5 ’ -CTCTAG ATC AACC ACTTTGT-3 ’
U6F 5 ’ -TGGCGG A AGGCCGTC AAG-3'
U6R 5 ’ -CTC ATGGGCCTTCCGCTC-3 ’
3’155R 5 ’ -CCC ACC AGCCTTGTCCTAAT-3 ’
EGFPR 5 ’ - AAACGCCAGCAACGCGGCC
EGFPF 5’-CCGTTTACGTCGCCGTCCAG-3’
18SF 5 ’ -CAAGAACGAAAGTCGGAGGT
18SR 5 ’ -CGGGTC ATGGG AATA ACG-3 ’
P23HR 5 ’ -CATTCTTGGGTGGG AGC AG-3 ’
P23H F 5 ’ -GG AC AGG AG A AGGG AG AAGG-3 ’

Table 4.2.1b Primer sequences for Chapter 4

All primers were ordered from Sigma-Aldrich. pSuper forward and reverse primers (pSuper F 
and pSuper R) were used to screen for the successful cloning of an shRNA into pSuper.gfp/neo. 
SRS forward and reverse primers (SRSF and SRSR) were used to determine the successful 
cloning of shP3 and miRP3-30a into both the pAAV.rP3 and pAAV.CMV.EGFP vectors. 
EmGFP forward and miRNA reverse primers (EMGFP F and miRNA R) were used to detect 
positive clones of miRP3-155. U6 forward and reverse (U6F and U6R) determined if miRP3-30a 
was successfully cloned downstream of the mUh vector in pMA.mi30BB.EGFP. Forward and 
reverse primers (EGFPF and EGFPR) were used to determine the titre of the AAV-2/5 
suppressor viruses. P23H forward and reverse primers (P23HF & P23HR) were used to 
genotype the NHRs. 18S forward and reverse primers (18SF and 18SR) were used as primers to 
amplify the 18S housekeeper in all real-time RT-PCR experiments.

155



3_ DesigTTi

TGCTG 

CCTG —

2 . A1-XI-X& a_l i. rri-gr

TGCTG
C ■GTCC

3 .

i 4:, X ran s f oa^TT^ation.

Figure 4.2.5.a cloning strategy for iniR-155 within the pcDNAT^^<6.2/GW/EmGFP-niiR
(Invitrogen)

1. Oligonucleotides were designed with the appropriate overhangs to facilitate directional 
cloning,

2. The two oligonucleotides were annealed to generate a double stranded miRNA oligo,

3. The double stranded oligonucleotide is ligated into the miR vector via the 5’ and 3’ 
overhangs. This is to ensure the miRNA is inserted down-stream of the CMV-EmGFP 
promoter.

4. The ligation reactions are cloned and colonies screened for positive clones.
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Figure 4.2.7.a EGFP-1 vector (Clontech)

This is the vector used to generate the EGFP standard curve for determining the titre of all the 
suppressor viruses (AAV-2/5.shP3, AAV-2/5.niiRP3-30a and AAV-2/5.miRP3-155). A 
maxipreparation of the EGFP-1 plasmid underwent serial dilution w ithin the range 10'' to 10** to 
generate the standard curve. The EGFP F & R primer set (Table 4.2.1b) was used to amplify the 
EGFP gene.
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A. 5'-GATCC(:CGGTACGTGGTGGTGTGTAATTCAAGAGATTACACACCACCACGTACCT rA-3'

BamHl overhang

GGGCCATGCACCACCACACATTAAGTTCTCTAATGTGTGGTGGTGCATGGAAAAATTGAYAGTTCTCYA'

9 nt loop

Hindlll overhang

LTR SPACER HI shP3 SPACER

Figure 4.3.1.a Cloning of shP3 into pAAV.

Oligonucleotides were designed according to Brummelkamp, 2002 (step A) and cloned into the 
Bglll and Hiiidlll overhangs of pSuper.GFP.neo/neo under the control of the HI promoter 
(step B). The HI promoter and shP3 was excised from B using EcoRI and Hiiidlll and blunt 
cloned into the blunt Xhal sites of pAAV.rp3 (step C), The final cloning step involved excising 
the spacers and shP3 from C with Ndel and Sfil and blunt end cloning into the blunt end 
Hindlll and Nsil sites of pAAV.NT20 to form pAAV.shP3 (step D).
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Xhol
tcgagigagcgcggtacgtggtggtgtgtaactgtaaagccacagatgggttacacccaccacgtacctcgcctactagagc

cactcgcgccatgcaccaccacacattgacatttcggtgtctacccaatgtgtggtggtgcatggagcggatgatct:gccgg

1
Nnn

19 nt loop

Xhol Notl

K
B vector mU6 ^ miRP3-30a vector

LTR SPACER mU6 miRP3-30a SPACER RHOP rP3 polyA LTR

LTR SPACER CMV S EGFP polyA LTRSPACER! mU6

Figure 4.3.2.a Cloning of miRP3-30a into pAAV.

Oligonucleotides were designed according to Boudreau et al, 2008 (A) and cloned into the Xhol 
and Notl overhangs of pmU6 under the control of the mU6 promoter (B). The mU6 promoter and 
miRP3-30a was excised from B using Xhal and blunt cloned into the blunt Xhal sites of 
pAAV.rp3 (C). The final cloning step involved excising the spacers and miRP3-30a from C (Ndel 
and Sfil) and blunt cloning into pAAV.NT20 to form pAAV.niiRP3-30a (D).
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5' miR155 siP3 anti-sense siP3 sense (- nt 9 & 10)
5' TGCTG ITTACACACCACCACGTACCGGTTTTGGCCACTGACTGACCGGTACGTTGGTGTGTAAG 3'

GAATGTGTGGTGGTGCATGGCCAAAACCGGTGACTGACTQGCCATGCAACCACACATTC3TCC5'

3' miR155

19 nt loop

Xhol Notl

K
vector mU6 \ iTsiRP3-30a vector

Figure 4.3.5.a Cloning of miRP3-155 into pAAV

Oligonucleotides were designed according to Boudreau et al, 2008 (A) and cloned into the Xhol 
and Notl overhangs of pniU6 under the control of the mUO promoter (B). The mU6 promoter and 
miRP3-30a was excised from B using Xhal and blunt cloned into the blunt Xhal sites of 
pAAV.rp3 (C). The final cloning step involved excising the spacers and miRP3-30a from C. (Ndel 
and SJII) and blunt cloning into pAAV.NT20 to form pAAV.miRP3-30a (D).
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AAV-2/5.shP3 fractions Copy number
AAV-2/5,shPi- 4 8,32622x10'
AAV-2/5.shP?.-5 2.51235x10“
AAv-2/5 shP3-6 106418x10“

AAV-2/5.miRP3-155 fractions Copy number
AAV-2/5.miRP3-155-3 1.558 X 10“
AAV-2.'5.miRP 3-155- 4 148388 X 10“
AAV-2/5,miRP3-155-5 5.89687x 10'

AAV-2/5.miRP3-30a fractions Copy number
AAV-2/5,miRP3-30a- 3 152966X 10'
AAV-2/5.miR,P3-30a- 4 9,64454xl0'

Controls Copy number Known titre
AAV-2/5.CMV,EGFP 4.61396x 10' lx 10^ vp/ml
AAV-2/5,NT20(JB) 9.84516x 10“ 2x 10^' vp ,'ml

Copy no each suppressor 

Copy number of confrol
Control litre

Obtain a . eraRe for each control

AAV-2/5 suppressors Assumed litres
AAV-2,/5.shP3-5 5.6 X 10^‘ vp/mlidilute 1 in 1.7)
AAV-2/5.miRP3-155-4 3.3x10^ vp/ml
AAv-2/5.miRP3-30d-3 3.4x10"" vp/ml

Table 4.3.4 The calculation of litres for each suppressor virus

The copy number for each fraction was obtained based on the standard curve. For 
each suppressor (AAV-2/5.shP3, AAV-2/5.miRP3-155 and AAV-2/5.miRP3-30a), the 
fraction with the highest copy number was taken (red). The copy number of each 
suppressor was compared to the copy number of the two controls and multiplied hy the 
known titre of each control. The average of the two titre values obtained from the two 
controls was taken as the estimated titre for each suppressor virus. The titre from the 
control viruses had previously been estimated against the AAV-2/5.CMV.EGFP 
control.
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ml m2 m3 m4 m5

0.5 Kb

m6 m7 mS m9 mlO

0.5 Kb

Figure 4.3.5.a NHR Genotvping

The above is an example of a typical genotyping result for the NHR litters. The positive 
control is DNA from a mouse known to be positive for the NHR transgene, and has a 
positive band at 0.5Kb, the correct PCR product size for the P23HF and P23HR primers. 
The negative control is water blank and demonstrates that there was no DNA 
contamination during the PCR reaction. M1-M7 have a band at 0.5kb therefore they are 
NHR+. M8-M10 have no bands at 0.5Kb bence they are NHR - .
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NHR mouse % green cells Mean Ekiorescence 
Intensitv (Media, MFI)

Cell numbei obtained

301 NT20 (LE) 63 2696 120,000
301 shP3 (RE) 241 3352 50,000
286 NT20 (LE) 23 4106 100,000
286 shP3 (RE) 17.4 12144 121,000
288 NT20 (LE) 0.4 2036 0
288 shP3 (RE) 3.9 6181 0
316 NT20 (LE) 17,3 2894 60,000
316 sh|)3 (RE) 64 5527 120,000

NHR mouse % green cells Mean Fluorescence 
Intensity (Media, MFI)

Cell number obtained

292 Luc46(LE) 6,7 3104 49,000
292 miRP3-30a 16.6 15326 100,000
294 Luc46(LE) 5.9 3119 25,000
294 miRP3-30a 14,9 7256 70,000
310Luc46(LE) 7,5 7105 50,000
310 miRP3-30a 3.7 11462 40,000
320 Luc46(LE) 2.5 2171 18,000
320 miRP3-30a 11.3 8133 50,000

NHR mouse % green cells Mean Fluorescence 
IntensitS' (Media, MFI)

Cell number obtained

304 iniNT (LE) 0.5 6995 0
304miRP3-155(RE) 14.3 12386 55,000
305 miNT (LE) 17.7 14477 75,000
305 miRP3-155(RE) 3.9 3150 4,900
306 iiiiNT(LE) 20.9 11963 53,000
306miRP3-155(RE) 10.6 7698 50,000
308 mWT(LE) 8,8 15345 50,000
308miP,P3-155(RE) 6.7 7108 10,000
326 iniNT(LE) 7.3 14864 23,000
326miRP3-155(RE) 3,9 2817 15,000

Table 4.3.T. E(3T positive * o cells and the cell numbers obtained

Each letiiia cell sample was analysed 1 monfli post-nijectiaii for tlie *o EGFP positn e cells present 
m die sample ccanpared to * o noii-gi eeii. The oi)timal cell niunbeis obtained were benveeii 50.000- 
150,000 E<]3FP positive cells Samples marked in red represented retinal cell samples in wliich a 
very insigiiificaiit amoimt of EGEP positive cells were present due to bad injections
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hRHO mRNA expression in NHRs injected with 
NT20 (LE) Vs shP3 (RE) 1 month post -injection

c
g
uiU)
Oiu
a
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<
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o
I
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100

60

P = 0.0‘

MT20 n=3 shP3

%ofNT20 
% of SD

NHRs with NT20
100
23

NHRs with shP3
49
28

Figure 4.3.9.a hRHO mRNA expression in NHR mice injected with AAV-2/5.NT20 and
AAV-2/5.shP3 1 month post-injection.

Three NHR mice were subretinally injected with 3pl AAV-2/5.NT20 and AAV-2/5.shP3 
(9 X 10'’vp) and 1 month post-injection, retinal cells were dissociated and the EGFP 
positive cells were purified by FACS. Tbe average bRHO, average hp-actin in each 
sample and the standard deviation was calculated using Microsoft Excel. hRHO mRNA 
expression from the retinal RNA of mice injected with AAV-2/5.NT20 was set at 100% 
and the hRHO mRNA expression from the retinal RNA of mice injected with AAV- 
2/5.shP3 was expressed as a % of this value. Statistical significance was assessed using the 
normalised rhodopsin expression values by a two sample t-test (DataDesk6.0). Error bars 
represent % SD values.
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hRHO mRNA expression in NHRs injected with 
Luc46{Le) Vs miP3-30a (RE)
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Figure 4.3.9.b hRHO mRNA expression in NHR mice injected with AAV-2/5.Luc46 and AAV-
2/5.miRP3-30a 1 month post-injection.

Four NHR mice were subretinally injected with 3nl AAV-2/5.Luc46 (3 X lO’vp) and AAV- 
2/5.nuRP3-30a (1.02 X 10'%p) and 1 month post-injection, retinal cells were dissociated and the 
EGFP positive cells were purified hy FACS. hRHO mRNA expression from the retinal RNA of 
mice injected with AAV-2/5.Luc46 was set at 100% and the hRHO mRNA expression from the 
retinal RNA of mice injected with AAV-2/5.miRP3-30a was expressed as a % of this value. 
Statistical significance in the form of a two sample t-test was assessed using normalised hRHO 
values (DataDesk 6.0). The average and standard deviation of each normalised hRHO value was 
calculated hy Microsoft Excel. Error bars represent % SD values.
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hRHO mRNA expression in NHRS injected with 
miNT(LE)Vs tniRP3-155(RE)
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Figure 4. 3.9. c hRHO mRNA expression in NHR mice injected with AAV-2/5.miNT and
AAV-2/5.miRP3-155 1 month post-injection.

Four NHR mice were subretinally injected with 3pl AAV-2/5.miNT (6 X lO’vp) and 
AAV-2/5.miRP3-155 (9.9 X lO’vp) and 1 month post-injection, retinal cells were 
dissociated and the EGFP positive cells were purified hy FACS. The average and 
standard deviation was calculated for normalised hRHO values using Microsoft Excel, in 
addition a two-sample t-test was utilised on normalised hRHO data sets to assess 
statistical significance (DataDeskh.O). Normalised hRHO mRNA expression from the 
retinal RNA of mice injected with AAV-2/5.miNT was set at 100% and the hRHO mRNA 
expression from the retinal RNA of mice injected with AAV-2/5.miRP3-155 was 
expressed as a% of this value. Error bars represent % SD values.
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NHR mouse % green cells Mean Eluorescence Intensity 
(Media, MEI

Cell number obtained

1 NT20 (LE) 20.8 1498 50,000
1 shP3 (RE) 3.8 860 21,000
2 NT20 (LE) 12.1 1075 39,000
2 shP3 (RE) 15.2 1732 65,000
3 NT20 (LE) 0.9 399 0
3 shP3 (RE) 37.8 3475 58,000
4 NT20 (LE) 8.2 750 30,000
4 shp3 (RE) 34.1 1600 97,000
5 NT20 (LE) 21.4 1470 60,000
5 shP3 (RE) 10.4 1404 43,000

Table 4,3.10. % EGFP positive cells and cell numbers 14 days post-injection

Each retinal cell sample was analysed 14 days post-injection for the % of EGFP positive cells 
present in the sample compared to % of EGFP negative cells. The optimal cell numbers obtained 
were between 50,000-150,000 EGFP positive cells. Samples marked in red represented retinal cell 
samples in which an insignificant amount of EGFP positive cells were present due to bad 
injections.
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hRHO mRNA expression in NHRs 
injected with NT20(Le) Vs shP3 (RE)
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Figure 4.3.10.e hRHO mRNA expression in NHR mice injected with AAV-2/5.NT20
and AAV-2/5.shP3 14 days post-injection.

Three NHR mice were subretinally injected with 3pl AAV-2/5.NT20 and AAV-2/5.shP3 
(9.9 X lO’vp) and 14 days post-injection, retinal cells were dissociated and the EGFP 
positive cells were purified by FACS. The average and standard deviation for 
normalised hRHO expression values in each data set were calculated using Microsoft 
Excel. Statistical significance was assessed using a two-sample t-test (DataDesk 6.0). 
HRHO RNA expression from the retinal RNA of mice injected with AAV-2/5.NT20 was 
set at 100% and the hRHO mRNA expression from the retinal RNA of mice injected 
with AAV-2/5.shP3 was expressed as a % of this value. Error bars represent % SD 
values.
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siP3 expression in NHRs injected with shP3 (Le) 
Vs miRP3-30a (Re|
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Figure 4.3.12.a siP3 expression in NHR mice injected with AAV-2/5.shP3 versus AAV-
2/5.miRP3-30a

Analysis was undertaken in order to determine the level of mature slP3 species processed and 
expressed from the shRNA backbone compared to the miR-30a backbone. All normalised siP3 
values were averaged and the standard deviation obtained by Microsoft Excel. Normalised siP3 
values in each data set (AAV-2/5.shP3 or AAV-2/5.niiRP3-30a) were assessed for statistical 
significance using a two sample t-test (DataDesk 6.0). As efficient shRNAs typically have 
abundant mature siRNA expression, siP3 expression from shP3 was set at 100% and siP3 
expression from miRP3-30a was compared to this value (8.8%). siP3 is expressed 11 fold less 
from the miRP3-30a backbone. Error bars represent SD values.
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160
siP3 expression in NHRs injected with shP3 (Le) 

Vs miRP3-155(RE)

[KO.OOS

n=6 m PP3-155

NHRs with shP3
% siP3 expression 

%SD
100

47

NHRs with iniRP3-155
2
2

Figure 4.12.b siP3 expression in NHR mice injected with AAV-2/5.shP3 versus AAV-
2/5.niiRP3-155

Analysis was undertaken in order to determine the level of mature siP3 species processed 
and expressed from the shRNA backbone compared to the miR-155 backbone. Averages 
and standard deviations on normalized siP3 datasets were calculated using Microsoft 
Excel. Statistical significance was assessed with a two sample t-test (DataDeskb.O). As 
efficient shRNAs typically have abundant mature siRNA expression, siP3 expression 
from AAV-2/5.shP3 was set at 100% and siP3 expression from AAV-2/5.miRP3-155 was 
compared to this value (2%). siP3 is expressed 50 fold less from the miRP3-155 
backbone. Error bars represent SD values.
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Channel a[ms] b[ms] a-wave b-wave

1 right Max 47 142 3.87|jV 209|jV

2 left Max 37 132 25.4|aV 726|jV

Figure 4.3.13.a Rod-isolated ERG for NHRS injected with AAV-2/5.NT20 (LE> and AAV-
2/5.shP3 (RE).

This is a representative rod-isolated ERG response from an NHR mice subretinally injected with 
AAV-2/5.NT20 (LE) and AAV-2/5.shP3 (RE). This was the most significant result obtained out of 
all 9 mice analysed.
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Diagnostic Data

Channel a[ms] b|ms] a-wave b-wave

1 right Max 28 125 81.2|jV 281mV

2 left Max 20 133 272|jV 1.02mV

Figure 4.3.13.b mixed rod-cone ERG for NHR mice injected with AAV-2/5.NT20 (LE)
and AAV-2/5.shP3 (RE).

This is a representative mixed rod-cone ERG result from an NHR mice subretinally 
injected with AAV-2/5.NT20 (LE) and AAV-2/5.shP3 (RE). This was the most significant 
result obtained out of all 9 mice analysed.
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Diagnostic Data

Channel Nlms) a[ms] blms] a-wave b-wave

1 right 
cone SF

0 30 81 381nV 24|jV

2 left cone
SF

0 26 72 8.64|aV 99.6|aV

Figure 4.3.13.C cone-isolated ERG for NHR mice injected with AAV-2/5.NT20 (LE) and AAV-
2/5.shP3 (RE).

This is a representative cone isolated ERG result from an NHR mice subretinally injected with 
AAV2/5.NT20 (LE) and AAV-2/5.shP3 (RE). This was the most significant result obtained out of 
all 9 mice analysed.
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Rod-isolated ERG response for NHR mice LE- 
injected (NT20) Vs RE-injected (shP3)

140

P< (1.0005

NT20 n=9 shP3

NHR with NT20
%ofNT20 

% of SD
100

28

NHR with shP3

44

16

Figure 4.3.13.d % ERG response in NHR mice injected with AAV-2/5.NT20 versus AAV-

2/5.shP3

The rod-isolated b-waves of all mice subretinally injected with AAV-2/5.NT20 and AAV- 
2/5.shP3 were combined for each construct. Averages and the standard deviation of each 
data set were calculated using Microsoft Excel. A paired t-test was undertaken to assess 
statistical significance (DataDesk 6.0). The average b-wave value for AAV-2/5.NT20 
injected eyes was set at 100% and the rod-isolated b-wave for AAV-2/5.shP3 injected 
eyes was expressed as a % of this value. AAV-2/5.shP3 suppressed the rod-isolated b- 
wave response significantly to 44%. Error bars represent% SD values
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Figure 4.3.13.e % mixed rod-cone ERG response in NHR mice injected with AAV-2/5.NT20 vs.
AAV-2/5.shP3

The mixed rod-cone b-waves of all mice subretinally injected with AAV-2/5.NT20 and AAV- 
2/5.shP3 were combined for each construct. Averages and tbe standard deviation of each data set 
were calculated using Microsoft Excel. A paired t-test was undertaken to assess statistical 
significance (DataDesk 6.0). The average b-wave value for AAV-2/5.NT20 injected eyes was set at 
100% and the mixed rod-cone b-wave for AAV-2/5.shP3 injected eyes was expressed as a % of 
this value. AAV-2/5.shP3 suppressed the mixed rod-cone b-wave response significantly to 45%. 
Error bars represent % SD values
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Figure 4.3.13.f % cone-isolated ERG response in NHR mice injected with AAV-2/5.NT20

vs. AAV-2/5.shP3

The cone-isolated b-waves of all mice subretinally injected with AAV-2/5.NT20 and 
AAV-2/5.shP3 were correlated for each construct. Averages and the standard deviation 
of each data set were calculated using Microsoft Excel. A paired t-test was undertaken to 
assess statistical significance (DataDesk 6.0). The average b-wave value for AAV- 
2/5.NT20 injected eyes was set at 100% and the cone-isolated b-wave for AAV-2/5.shP 
injected eyes was expressed as a % of this value. AAV-2/5.shP3 suppressed the cone- 
isolated b-wave response significantly to 49%. Error bars represent % SD values
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Diagnostic Data

Channel a[ms] blms] a-wave b-wave

1 right Max 35 105 15|jV 353|jV

2 left Max 34 105 4.67|iV 360m V

Figure 4.3.13.g Rod-isolated ERG for NHR mice injected with AAV-2/5.Luc46 (LE) and AAV-
2/5.miRP3-30a (RE).

This is a representative rod-isolated ERG result from an NHR mice injected with AAV- 
2/5.Luc46 (LE) and AAV-2/5.miRP3-30a (RE). Of the 8 mice analysed, five of the mice tested had 
no change in ERG function in AAV-2/5.miRP3-30a injected eyes compared to AAV-2/5.Luc46 
injected eyes. This typical ERG is representative of the 5 mice with no ERG change
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Diagnostic Data

Channel a[ms| b|ms| a-wave b-wave

1 right 
Max

24 146 128|jV 670pV

2 left
Max

25 125 1 19|jV 516pV

Figure 4.3.13.h Mixed rod-cone ERG for NHR mice injected with AAV-2/5.Luc46 (LE)
and AAV-2/5.miRP3-30a (RE).

This is a representative mixed rod-cone ERG result from an NHR mice injected with 
AAV-2/5.Luc46 (LE) and AAV-2/5.miRP3-30a (RE).
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Diagnostic Data

Channel a[ms] b[iTis] a-wave b-wave

1 right Max 24 64 395 pV 105pV

2 left Max 22 62 212pV 39.2pV

Figure 4.3.13.i Cone-isolated ERG for NHRS injected with AAV-2/5.Luc46 (LE) and AAV-
2/5.miRP3-30a (RE).

This is a representative cone-isolated ERG result from an NHR mice injected with AAV- 
2/5.Luc46 (LE) and AAV-2/5.miRP3-30a (RE). This is a typical ERG
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Figure 4.3.13.i % rod-isolated ERG response in NHR mice injected with AAV-2/5.Luc46
vs. AAV-2/5.niiRP3-30a

The rod-isolated b-waves of all mice subretinally injected with AAV-2/5.Luc46 and AAV- 
2/5.niiRP3-30 were combined for each construct. The average and standard deviation 
was calculated using Microsoft Excel and statistical significance was calculated by a 
paired t-test (DataDeskb.O). The average b-wave value for AAV-2/5.Luc46 injected eyes 
was set at 100% and the rod-isolated b-wave for AAV-2/5.miRP3-30a Injected eyes was 
expressed as a% of this value. AAV-2/5.miRP3-30a is suppressed to 82% of AAV-2/5.Luc 
46 and this is not significant. Error bars represent % SD
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Figure 4.3.13.k % mixed rod-cone ERG response in NHR mice injected with AAV-2/5.Luc46 vs.
AAV-2/5.iTiiRP3-30a

The mixed rod-cone b-waves of all mice injected with AAV-2/5.Luc46 and AAV-2/5.miRP3-30 
were combined for each construct. The average and standard deviation was calculated by 
Microsoft Excel. Statistical significance was assessed using a paired t-test (DataDesk 6.0). The 
average b-wave value for AAV-2/5.Luc 46 injected eyes was set at 100% and the mixed rod-cone 
b-wave for AAV-2/5.miRP3-30a injected eyes was expressed as a % of this value. AAV- 
2/5.miRP3-30a is suppressed to 83% of AAV-2/5.Luc 46 and this was not significant. Error bars 
represent % SD values.
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Figure 4.3.13.1 % cone-isolated response in NHR mice injected with AAV-2/5.Luc46 vs.
AAV-2/5.niiRP3-30a

The cone-isolated b-waves of all mice injected with AAV-2/5.Luc46 and AAV-2/5.miRP3- 
30 were combined for each construct. The average and standard deviation was calculated 
using Microsoft Excel and statistical significance was assessed by a paired t-test 
(Datadeskb.O). The average b-wave value for AAV-2/5.Luc 46 injected eyes was set at 
100% and the cone-isolated b-wave for AAV-2/5.miRP3-30a injected eyes was expressed 
as a % of this value. AAV-2/5.miRP3-30a is 99% compared to 100% of AAV-2/.5.Luc 46 
and this is not significant. Error bars represent% SD
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Diagnostic Data

Channel a[ms] b[rns] a-wave b-wave

1 right Max 30 111 9.44|jV 310|jV

2 left Max 36 1 11 9.56|jV 257mV

Figure 4.3.13.ni Rod isolated ERG for NHR mice injected with AAV-2/5.niiNT (LE) and AAV-
2/5.miRP3-155(RE).

This is a representative rod-isolated ERG result from an NHR mice subretinally injected with 
AAV-2/5.miNT (LE) and AAV-2/5.miRP3-155 (RE).
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500 nV/ division

RE (miRP3-155)

LE (miNT)

50 ms/ division

Diagnostic Data

Channel a[rns] b[ms] a-wave b-wave

1 right Max 23 110 129|jV 443m V

2 left Max 24 109 102|jV 374mV

Figure 4.3.13.n mixed rod-cone ERG for NHR mice subretinallv injected with AAV-
2/5.miNT (LE) and AAV-2/5.miRP3-155(RE).

This is a representative mixed rod-cone ERG result from an NHR mice subretinally 
injected with AAV-2/5.miNT (LE) and AAV-2/5.niiRP3-155 (RE).
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Diagnostic Data

Channel a[ms] b[ms| a-wave b-wave

1 right Max 22 55 7.33|aV 45.7|iV

2 left Max 19 62 3.59pV 32.I|jV

Figure 4.3.13.0 Cone-isolated ERG for NHR mice injected with AAV-2/5.miNT (LE) and AAV-
2/5.nuRP3-155(RE).

This is a representative atypical cone-isolated ERG result from an NHR mice subretinally 
injected with AAV-2/5.miNT (LE) and AAV-2/5.miRP3-155 (RE)/
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Figure 4.3.13.P % rod-isolated ERG response in NHR mice injected with AAV-2/5.miNT
vs. AAV-2/5.miRP3-155

The rod-isolated b-waves of all mice subretinally injected with AAV-2/5.miNT and AAV- 
2/5.niiRP3-155 were combined for each construct. The average and standard deviation 
was calculated using Microsoft Excel. The average b-wave value for AAV-2/5.miNT 
injected eyes was set at 100% and the rod-isolated b-wave for AAV-2/5.miRP3-155 
injected eyes was expressed as a % of this value. AAV-2/5.miRP3-155 is 135% of AAV- 
2/5.miNT and this was not significant as assessed by paired t-test (DataDesk 6.0). Error 
bars represent % SD values.
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Figure 4.3.13.q. % mixed rod-cone ERG response in NHR mice injected with AAV-2/5.miNT vs.

AAV-2/5.niiRP3-155

The mixed rod-cone b-waves of all mice subretinally injected with AAV-2/5.miNT and AAV- 
2/5.miRP3-155 were combined for each construct. The average and standard deviation was 
calculated using Microsoft Excel. The average b-wave value for AAV-2/5.miNT injected eyes was 
set at 100% and the mixed rod-cone b-wave for AAV-2/5.miRP3-155 injected eyes was expressed 
as a% of this value. AAV-2/5.miRP3-155 is 136% of AAV-2/5.miNT and this was not significant 
as assessed by paired t-test (DataDesk 6.0). Error bars represent% SD values.
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Figure 4.3.13.r % cone-isolated ERG response in NHR mice injected with AAV-2/5.miNT
Vs AAV-2/5.miRP3-155

The cone-isolated b-waves of all mice subretinally injected with AAV-2/5.miNT and 
AAV-2/5.niiRP3-155 were combined for each construct. The average and standard 
deviation was calculated using Microsoft Excel. The average b-wave value for AAV- 
2/5.miNT injected eyes was set at 100% and the cone-isolated b-wave for AAV- 
2/5.miRP3-155 injected eyes was expressed as a % of this value. AAV-2/5.miRP3-155 is 
171% of AAV-2/5.miNT and this was not significant as assessed by a paired t-test 
(DataDesk 6.0). Error bars represent % SD values.
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h3-acti 42kDA

hRHO 39kDA

Rho-/- shP3-2 NT20-2 shP3-l NT20-1

LANE 5 4 3 2 1

SAMPLE NAME Rho-/- shP3-2 NT-20-1 shP3-l NT20-1
BCA (pg/ml) 2506 1271.2 659.1 604.2 2014

protein/ well (pi) 2.63 5 10 10.9 3.27
[protein]/ well (pg) 6.6 6.6 6.6 6.6 6.6

Figure 4.3.14.a Western blot analysis of hRHO protein expression in NHR mice LE-
injected eves (AAV-2/5.NT20) versus RE-iniected eves (AAV-2/5.shP3)

Lane 1 contains protein from the first NHR mouse LE injected with AAV-2/5. NT20 
(NT20-1). Lane 2 is hRHO protein from the first NHR RE injected with AAV-2/5.shp3 
(shP3-l). Lane 3 is hRHO protein expression from the second mouse LE injected with 
NT20 (NT20-2) and Lane 4 is hRHO expression in the second NHR mouse RE injected 
with shP3 (shP3-2). Lane 5 contains protein from cells a 129rho'^' mouse (the negative 
control). The hRHO monomer is clearly present at 39kDA, in the lanes in which had the 
highest protein expression (NT20 lanes) some hRHO oligomerisation at higher molecular 
weights was observed. hRHO expression in eyes injected with AAV-2/5.NT20 is clearly 
higher than in eyes injected with AAV-2/5.shP3. There is no hRHO present in the 129rho' 
'' sample, validating the experimental control used, hp-actin was used to probe for equal 
loading. Due to the low amount of retinal protein obtained, an overnight exposure was 
used to obtain adequate p-actin expression. The table represents the concentration of 
protein added to each well as determined by BCA assay.
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Figure 4.3.14.b Densitometric analysis of hRHO protein expression from two NHR mice
LE-injected eves (AAV-2/5.NT20) versus RE-iniected eves (AAV-2/5.shP3).

The mean pixel intensity of hRHO protein bands was calculated using image J and 
normalised to the mean pixel intensity of hp-actin protein bands from the same western 
blot. The average and standard deviation was assessed by Microsoft Excel. hRHO 
protein expression for AAV-2/5.NT20 injected eyes was set at 100% expression and 
hRHO protein from AAV-2/5.shP3 eyes was compared to this value (68% suppression). 
n=2, therefore no statistical analysis was undertaken.

198



h3-actin

hRHO

42kDA

39kDA

Rho-/- 30a-2 Luc46-2 30a-l Iuc46-1
NE 5 4 3 2 1

SAMPLE NAME Rho-/- 30a-2 Luc46-2 30a-1 Luc46-1
BCA (pg/ml) 5133 1905 1107 491 918

protein/ well (pi) 1.9 5.14 8.86 20 10.67

[protein]/ well (pg) 9.8 9.8 9..8 9.8 9.8

Figure 4.3.15.a Western blot analysis of hRHO protein expression in NHR mice LE-
injected (AAV-2/5.Luc46) Vs RE-injected (AAV-2/5.niiRP3-30a)

Lane 1 contains protein from the first NHR mouse LE injected with AAV-2/5.Luc46 
(Luc46-1). Lane 2 is hRHO protein from the first NHR RE injected with AAV- 
2/5.miRP3-30a (30a-l). Lane 3 is hRHO protein from the second mouse LE injected 
with Luc46 (Luc46-2) and lane 4 is hRHO expression in the second NHR mouse RE 
injected with shP3 (30a -2). Lane 5 contains protein from a 129rho'^' mouse (the 
negative control, no hRHO is present). The hRHO monomer is clearly present at 39 
kDA. There does appear to be some difference in hRHO expression in eyes injected 
with AAV-2/5.Luc46 compared to AAV-2/5.miRP3-30a however n Is only 2. Human 
p-actin was used to probe for equal loading (20 minute exposure). The table 
represents the concentration of protein added to each well as assessed by BCA assay.
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Figure 4.3.15.b Densitometric analysis of hRHO protein expression from two NHR mice
LE-iniected (AAV-2/5.Luc46) Vs RE-injected (AAV-2/5.miRP3-30a)

The mean pixel intensity of hRHO protein bands was calculated using image J and 
normalised to the mean pixel intensity of human p-actin protein bands from the same 
western blot. The average and standard deviation was calculated by Microsoft Excel. 
hRHO Protein expression for AAV-2/5.Luc46 injected eyes was set at 100% expression 
and hRHO protein from AAV-2/5.niiRP3-30a eyes was compared to this value (40% 
suppression). However additional n numbers would need to be used to assess for 
statistical significance (n=2, in this case).
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NT20 EGFP + NT20EGFP shP3 EGFP shP3 EGFP+

Figure 4.3.16.a Immunohistochemistry of NHR eves LE-iniected (AAV-2/5.NT20) Vs RE injected
(AAV-2/5.shP3)

Immunohistochemistry analysis was performed on three NHR mice LE-injected with AAV-2/5.NT20 and 
RE-injected with AAV-2/5.shP3. All figures depicted above are from the mouse which gave the best ERG 
response. The Immunohistochemistry was performed on three mice and similar results were obtained each 
time. hRHO staining was carried out using the 4D2 RHO antibody (1/100 dilution). The first column of 
diagrams is from an EGFP positive region of an NHR injected with NT20 (lA, IB & 1C), hRHO is clearly 
present (red staining) and overlaps with the EGFP staining in the outer segments (lA & IB). Column 2 is 
the same retina from column 1 (NHR injected with NT20) but in an EGFP negative region (2A, 2B & 2C). 
hRHO staining is clearly visible in the outer segments, comparable to column 1 (2A). Column 3 is an 
EGFP negative region from the retina of an NHR injected with shP3 (3A, 3B & 3C), hRHO is clearly 
labeled in the outer segments (3A). Column 4 represents the same retina as column 3 but in an EGFP 
positive region injected with shP3 (4A, 4B & 4C). hRHO immunostaining is negative in the outer segments 
compared to the NT2() figures and the shP3 EGFP negative control of the same retina (4A). Row A is 
hRHO staining only, row B is EGFP only and row C represents hRHO, EGFP and DAPI staining overlaid. 
OS= outer segments, ONE = outer nuclear layer, INL = inner nuclear layer and GCL = ganglion cell layer. 
Scale bar (L) represents 116pM.
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Figure 4.3.17. a Immunohistochemistry of NHR eves LE-iniected (AAV-2/5.Luc46) Vs
RE injected (AAV-2/5.niiRP3-30a)

Immunohistochemistry analysis was performed on three NHR mice LE-injected with 
AAV-2/5 Luc46 and RE-injected with AAV-2/5.miRP30-a. Of all the three mice 
observed, this was the only mouse in which a decrease in hRHO staining was observed in 
the miRP3-30a injected eye. hRHO staining was carried out using the 4D2 RHO antibody 
(1/100 dilution). The first column of diagrams is from an EGFP positive region of an 
NHR injected with Luc46 (lA, IB & 1C), hRHO is clearly present (red staining) and 
overlaps with the EGFP staining in the outer segments (lA & IB). Column 2 is the same 
retina from column 1 (NHR injected with Luc46) but in an EGFP negative region (2A, 
2B & 2C). hRHO staining is clearly visible in the outer segments, comparable to column 
1 (2A). Column 3 is an EGFP negative region from the retina of an NHR injected with 
miRP3-30a (3A, 3B & 3C), hRHO is clearly labeled in the outer segments (3A). Column 4 
represents the same retina as column 3 but in an EGFP positive region injected with 
miRP3-30a (4A, 4B & 4C). hRHO immunostaining is negative in the outer segments 
compared to the Luc46 figures and the miRP3-30a EGFP negative control of the same 
retina (4A). Row A is hRHO staining only, row B is EGFP only and row C represents 
hRHO, EGFP and DAPI staining overlaid. OS= outer segments, ONE = outer nuclear 
layer, INL = inner nuclear layer and GCL = ganglion cell layer. Scale bar (L) represents 
n6pM.
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Chapter 5: Exploration of shRNA-based
RHO suppression in a rhodopsin-linked
adRP mouse model
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5.1 Introduction

In chapter 4 the role of RNAi-based suppressors for hRHO was explored in vivo and AAV-2/5.shP3 

was found to be particularly efficient at suppressing hRHO. While the initial results from the animal in 

vivo suppression studies are promising it is however vital to explore the use of such suppressors in 

models of the disease to determine if gene suppression translates to therapeutic benefit. Animal models 

of retinal disease are very valuable as many develop retinal degeneration with a similar pathology to 

human patients. This allows not only for the dissection of the molecular mechanisms behind these 

retinal diseases but also for the evaluation of efficacy and for toxicity studies of the possible 

therapeutics (Fletcher et al, 2011; Penha et al, 2010). Previous studies in which suppression of 

rhodopsin has been achieved have examined the mutation-independent suppression of both the wild- 

type and mutant forms of rhodopsin in vitro and in vivo using RNAi technology (Cashman et al, 2005; 

Chadderton et al, 2009; Gorbutyuk et al, 2007a). O'Reilly et al, 2007 initially evaluated therapeutic 

benefit using an RNAi-based rhodopsin suppression and replacement strategy in a mouse model with 

the P23H hRHO mutation. While an improvement in ONL thickness was obtained in eyes injected 

with a suppression and replacement construct, an improvement in visual function could not be 

determined due to the fast rate of retinal degeneration in the P23H mouse model (O'Reilly et al, 2007). 

An animal model in which the disease pathogenesis caused by the mutation is well characterised and in 

which the rate of disease progression is sufficient to allow the evaluation of therapeutic efficacy is 

vital. One set of hRHO mutations that have been well characterised and that have been incorporated 

into various animal models are mutations within the c-terminal of rhodopsin as detailed below.

5.1.2 Mutations w ithin codon 347 of rhodopsin

Dryja et al, 1990 examined a subgroup of 28 patients from separate families with RP. Of the 28, 2 

patients were heterozygous for a C to T nucleotide mutation within the second nucleotide of codon 

347. Mutations within this codon disrupt an Mspl restriction site within rhodopsin, which provided a 

method for screening all 150 patients. This confirmed that 9/150 patients had mutations within codon 

347. Sequencing of these patients revealed 8 with a CCG to CTG mutation in codon 347 which 

substituted proline for leucine (P347L) and 1 had a CCG to TCG mutation resulting in a proline to 

serine mutation (P347S). Furthermore patients with these mutations displayed reduced (P347L) or 

undetectable (P347S) rod and cone ERG responses (Dryja et al, 1990). In cell culture mutant P347S 

mutants were found to belong to Class I rhodopsin mutant proteins. This class of mutant rhodopsin can 

regenerate 11-c/'x-retinal, and have similar expression levels to wild-type hRHO. In addition, these

Class I mutations cluster all along the c-terminus region (Sung et al, 1993). This c-terminus has
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subsequently been found to be highly conserved and a 'hot-spot’ for adRP mutations (Sung & Tai, 

2000). Elucidating the molecular mechanisms behind these c-terminus mutations has involved the use 

of both in vitro assays and in vivo studies using animal models.

5.1.3 Transgenic mouse with porcine P347S mutant rhodopsin

The first animal model generated to have a P347S mutation was a mouse containing a porcine mutant 

rhodopsin gene with the P347S mutation (Wong & Hao et al, 1992). Several transgenic lines were 

created with the Serine 6 (Ser 6) line having been the most characterised. The photoreceptor cells 

develop as normal until 3 weeks of age and by 7 weeks 50% of the nuclei in the ONE are abolished, by 

one year there are few photoreceptors remaining and this represents the end stage of the degeneration 

(Chang et al, 1993; Huang et al, 1993; Wong and Hao, 1992). The mutant porcine rhodopsin mouse 

model displays increased levels of cAMP in light and dark conditions which is indicative of cell death 

and is consistent with the fact that this model has been shown to have an increased levels of cell death 

by apoptosis (Chang et al, 1993; Weiss et al,1995). Additionally, abnormal mutant rhodopsin is 

ectopically expressed within the IS of rods. Western blot analysis of mutant retinal porcine rhodopsin 

compared to wild-type porcine rhodopsin indicates that the proteins are identical in banding pattern and 

size, thus the mutant rhodopsin appears to undergo normal post-translational modifications and 

expression. In vitro assays of mutant porcine P347S in HEK293 cells revealed that this protein was 

similar to wild-type in terms of activating transducin, additionally the mutant protein was able to 

undergo phosphorylation by protein kinase and thus bind as normal to arrestin (Weiss et al, 1995). An 

interesting study generated a chimeric mouse model by aggregating the embryos from the Ser 6 mutant 

rhodopsin mouse and a wild-type mouse. The resulting mice had patches of porcine transgenic 

photoreceptors and patches of wild-type mouse photoreceptors within the retina. This model was used 

to elucidate the interactions between each photoreceptor. In all chimeric mice generated, retinal 

degeneration occurred in all photoreceptors, not just the cells expressing the transgene. Furthermore 

the rate of degeneration was proportional to the extent of the chimerism. Retinas with more wild-type 

patches displayed a phenotype less severe than retinas with large amounts of transgene patches. The 

fact that patches of normal retinal cells displayed a retinal degeneration phenotype was an important 

indicator that photoreceptors may interact with each other (Huang et al, 1993).

5.1.4 Trangenic mouse model with the human P347S transgene

A mouse model with the human P347S transgene has also been generated by Li et al, 1996. Six 

transgenic lines were made with varying degrees of transgene expression and the rate of degeneration
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in each line corresponded to the transgene expression (i.e. the higher the mutant hRHO RNA 

expression, the faster and more severe the phenotype). Mice with intermediate levels of transgene 

expression compared to endogenous rhodopsin expression had 1 to 2 rows of nuclei at 4 months. In 

contrast, at 4 months one transgenic line in which the expression of the transgene was low, displayed a 

phenotype in which only half the photoreceptors were remaining. Furthermore, altered ERG responses 

were observed in all animals at rates corresponding to the level of degeneration. The majority of 

mutant rhodopsin was observed in the OS as expected, with only a small level of rhodopsin 

immunoreactivity observed in the IS and ONE. Upon examining the photoreceptor ultrastructure, 

mutant rhodopsin was present in ectopic vesicles near the base of the OS. Additionally, the number of 

these vesicles corresponded to the level of the mutant rhodopsin transgene. The results from this study 

therefore suggested that the P347S mutation may lead to abnormal transport of rhodopsin containing 

post-golgi vesicles (Li et al, 1996)

5.1.5 Transgenic porcine models with P347L and P347S mutations

While mice are valuable animal models for use in retinal research, often the use of larger animal 

models may be more advantageous. This is particularly relevant in terms of retinal studies using the 

porcine model. Pigs have eyes that are of comparable size and morphology to human eyes and that 

have a similar retinal vasculature (Beauchemin et al, 1974; De Schaepdrijver et al, 1992; Fletcher et al, 

2011; Simoens et al, 1992). Additionally, despite the fact that pigs do not have a cone rich fovea, 

which is a distinct characteristic of the human retina, they do have a similar rod and cone ratio 

(Chandler et al, 1999). This makes them an attractive model to use for studies of eye disease. A porcine 

transgenic line was generated by pronuclear microinjection in which the pigs had a porcine RHO 

transgene with either the P347L or P347S mutation (Petters et al, 1997). The degeneration in the 

P347L transgenic pig has subsequently been well characterised. Initially the rods undergo degeneration 

such that by 3 weeks, two thirds of the retina has degenerated and by 6 weeks only 50% of the ONL 

remain. By 8 weeks no rods remain. An ERG at 4 weeks shows a normal cone-isolated response when 

compared to wild-type pigs, however, following the initial stages of rod cell death the cones undergo 

.severe degeneration with only 50% of the cone cells remaining from 6-12 weeks. After this point the 

remaining cones slowly degenerate until 20 months, when there is only one cone photoreceptor layer. 

This cone degeneration is thus highlighted at 20 months when a significant decrease in the cone- 

isolated ERG response is obtained compared to wild-type mice (Petters et al, 1997; Tso et al, 1997). 

Further characterisation of this animal model of adRP established that at birth, rhodopsin 

immunoreactivity was observed in the IS, OS & ONL and that within this region rhodopsin containing
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membranes (similar to that reported by Li et al, 1996) were present. It has been established that rod 

photoreceptors in transgenic pigs with the P347L mutation do not synapse with rod bipolar neurons in 

the OPL, a finding that has been observed in human patients with P347L mutations (Peng et al, 2000). 

This prompted the exploration of the expression of specific synaptic markers in these mutant porcine 

models. The expression of one protein, PSD-95, which is usually localised to the rod and cone 

synapses in wild-type retinas was examined; interestingly this protein was absent from the rod 

synapses (but not the cone synapses) from an early stage in transgenic pigs. This study therefore 

highlighted the affect the P347L mutant rhodopsin may have on important synaptic proteins within the 

degenerating retina (Blackmon et al, 2000; Li et al, 1998). Additional studies focused on elucidation of 

the mechanisms of cone cell dysfunction and resulted in the observation that an increased level of 

oxidative stress was observed in cones in transgenic pigs harbouring the P347L mutation (Shen et al, 

2005). Recent assessment of this porcine adRP model was undertaken in order to assess the effect of 

breeding this transgenic pig for nine generations on a heterogeneous background (Sommer et al, 2011). 

Importantly, the retinal degeneration phenotype originally observed by Letters et al, 1997 remained 

stable thus highlighting the value of this model for use in preclinical studies, for example, for potential 

gene therapies.

5.1.6 Molecular mechanisms of mutations within the c-terminus of rhodopsin.

Studies using the various animal models described above elucidated the fact that adRP mutations 

located within the last four amino acids of the rhodopsin c-terminal do not result in altered 

phototransduction (Li et al, 1996; Osawa and Weiss, 1994; Weiss et al, 1995). Therefore mutant 

rhodopsin with mutations in the 347 codon must have an alternative mode of pathogenesis. Deretic & 

Papermaster, 1991 characterised post-golgi vesicles involved in the transport of rhodopsin to the ONL 

using an in vitro retinal free model system. Furthermore Deretic & Papermaster, established that the 

addition of an antibody which targets the last 9 amino acids of the rhodopsin c-terminal abolished 

rhodopsin localization to the ONL (Deretic & Papermaster, 1991). In addition. Sung et al showed that 

rhodopsin with a stop codon mutation eliminating the last five amino acids of the rhodopsin c-terminal 

abolishes rhodopsin expression in the ROS (Sung et al, 1994). Subsequently using the retinal free 

system originally described by Deretic et al, it was established that the introduction of either missense 

rhodopsin mutations within this c-terminal region or a truncated rhodopsin protein results in the 

mislocalisation of rhodopsin (Deretic & Papermaster, 1991; Deretic et al, 1998; Deretic et al, 2006) 

The proposal that mutations within the VXPX c-terminal domain of rhodopsin (the last four amino 

acids) caused its altered subcellular location was further supported by the evidence that transgenic mice
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with the human P347S rhodopsin mutation accumulated ectopically expressed rhodopsin vesicles at the 

base of the ROS, in a manner which correlated with the amount of mutant transgene expression (Li et 

al, 1996). All these in vitro and in vivo studies established that mutations within codon 347 (P347S or 

P347L) or indeed within any of the codons in the VXPX c-terminus result in the targeting signal of 

rhodopsin to the ROS being abolished (Sung & Chuang, 2010).

5.1.7 The use of these animal models to study adRP

While no studies have yet utilised the mouse with mutant pig rhodopsin transgene to test potential 

treatments for RHO-adRP, this model was vital for understanding the P347S disea.se pathology (Wong 

& Hao, 1992). In contrast, the transgenic mouse with the human P347S mutation has been extensively 

used to evaluate therapeutic strategies for RHO-adRP. Chadderton et al, 2009 bred this transgenic 

mouse onto a 129 wild-type background to evaluate RNAi-mediated suppression of the human 

rhodopsin mutant. Additionally the therapeutic efficacy provided by the presence of two endogenous 

wild-type alleles (acting as natural shRNA resistant replacement genes) was examined (Chadderton et 

al, 2009). Further elucidation of an shRNA which suppresses both mRHO and hRHO established that 

co-administration of this shRNA along with a resistant hRHO replacement gene conferred significant 

therapeutic benefit in this RP model and highlighted the value of testing this therapy in larger animal 

models (Millington-ward et al, 2011). P347S or P347L porcine models of RHO-adRP have not thus far 

been used to evaluate a gene therapy. However, this model has been used to test other novel treatments 

for photoreceptor degeneration. Neurotrophic factors have previously been shown to promote 
photoreceptor cell survival. It was proposed that a lensectomy and a vitrectomy may release these 

factors and preserve a degenerating retina. These procedures were performed on the P347L transgenic 

pig and 8 weeks post-surgery an increased number of cell nuclei were observed compared to the 

unoperated eye; suggesting that these procedures resulted in the delay of photoreceptor cell death in 

this transgenic model (Mahmoud et al, 2003). Another treatment involved surgically placing a normal 

fetal neonatal retina graft within the host of a severely degenerated transgenic pig eye which resulted in 

the grafts forming rods, cones and inner retinal cells. An increased number of surviving rods in treated 

eyes compared to controls was observed. In addition, an eventual improvement in the cone ERG 

response in operated retinas (once the eyes had recovered from surgery) compared to control eyes was 

obtained (Ghosh et al, 2004; Ghosh et al, 2007).
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Objective of Chapter 5

The premise for designing siRNAs for the studies detailed in this thesis was to enable the evaluation of 

a suppression and replacement therapeutic strategy in larger animal models of RHO-adRP. One such 

model available for this assessment is the transgenic pig model described above (Section 5.1.5). The 

pigs have a P347L RHO mutation and display a severe rod degeneration followed by a much slower 

degeneration of the cones (Petters et al, 1997). Prior to testing such therapies in these larger animal 

models of RHO-adRP, two important parameters need evaluation in smaller animal models: 1. that the 

shRNAs designed suppress rhodopsin sufficiently to confer therapeutic benefit in RHO-adRP models 

and 2. In addition to human rhodopsin, the shRNAs suppress porcine rhodopsin. These two questions 

could be simultaneously addressed given the presence in the TCD laboratory of the transgenic mouse 

expressing the mutant porcine P347S mutation (Wong & Hao et al, 1992). Of note the P347S and 

P347L pigs (Petters et al, 1997) were generated using porcine rhodopsin sequence. It would therefore 

be of significant value to have an RNAi suppressor targeting porcine rhodopsin which could directly be 

evaluated in this pig model in the future. Ideally this suppressor should be homologous in its target site 

to human rhodopsin such that it could in principle be directly relevant to the treatment of human 

patients in the future. Of note siP3/shP3 has these features and so continued assessment of this 

suppressor in vivo was deemed of significant value. In this regard the RHO-adRP mouse with the 

porcine rhodopsin transgene provided an opportunity to simultaneously assess specific RNAi mediated 

suppression of porcine rhodopsin together with the potential therapeutic benefit of RNAi mediated 

suppression of porcine rhodopsin. The latter could be evaluated as siP3/shP3 does not target the 

endogenous mouse rhodopsin gene and hence could in principle act as an RNAi resistant rhodopsin 

replacement gene. With this in mind, the porcine RHO-adRP transgenic mouse bred onto the 129 

background first needed to be characterised in order to establish baseline degeneration conditions. In 

addition, confirmation was required that the degeneration on this genetic background was not too rapid 

to preclude it from use. The main goal of the research presented in this chapter was to establish if both 

potent suppression of porcine rhodopsin and therapeutic efficacy could be achieved by shP3 in vivo in 

a RHO-adRP mouse.
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Section 5. 2 Materials and Methods

5.2.1 Animals

The animal model used in this chapter was a mouse model, containing a porcine rhodopsin gene, with 

the porcine P347S (PP347S) autosomal dominant rhodopsin mutation first identified in human subjects 

(Dryja et al, 1990). This mouse had previously been generated by Wong & Hao, 1992. The original 

transgenic line was hemizygous for the PP347S mutation on a C57BL/6 background (Jackson 

Laboratories). The original line was maintained by crossing hemizygous females with C57BL/6 mice 

such that 50% of the mice were transgenic (Huang et al, 1993). This model was obtained in our 

laboratory in 2004, and bred on to a pure i29rho'^' background for 10-12 generations (Humphries et al, 

1997). A homozygous PP347S^^^ rho'^‘ line was then established. For the analysis in this chapter it was 

decided to use the mouse with the heterozygous genotype PP347S'^^' rho"^^' by breeding homozygotic 

transgenic males with female wild-type 129rho'^^'^ mice such that 100% of the progeny would have the 

PP347S'^^'rho'^^' genotype.

5.2.2 Genotvping

Random spot checks were performed so as to ascertain the genotype of the mice. The genotyping 

procedure was carried out (Section 2.8.2) using the primers P347SF and PP347SR (Table 5.2.2) in 

order to specifically amplify the rhodopsin pig transgene. The P347SF primer target site is at the 3’ end 

of exon 4 of pRHO and the PP347SR primer targets the 3’UTR of the pRHO sequence. A positive 

control (a mouse homozygous for the PP347S allele) was used in the PCR reaction. A PCR fragment 

of 1093bp indicated the presence of the P347S allele.

5.2.3 ERG characterisation

In order to characterise the degeneration of the heterozygous PP347S mouse (hetPP347S) at a 

functional level, ERG analysis was undertaken (Section 2.8.4) on different hetPP347S litters at 3, 8, 

12, and 16 weeks, 6 months, 9 months and 1 year. Rod-isolated, mixed rod-cone and cone-isolated 

responses were measured at each time point. For each animal the eye that gave the highest b-wave at 

each timepoint was the one used for analysis. The b-wave responses for each ERG test at each time- 

point were combined and the average for each obtained.
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5.2.4 Optimisation of the 4D2 antibody for pRHO protein

The initial western blotting undertaken was to optimise the 4D2 antibody for use with pRHO. A pig 

eye was obtained from an abattoir by Dr. Sophia Millington-Ward, the retina was isolated from the eye 

using a blade and placed into 10ml of protein lysis buffer. The retinal sample was placed on ice for 

thirty minutes and then sonicated. The protein extraction and the evaluation of protein concentration 

were carried out according to Section 2.5.2 & Section 2.5.3. Approximately 20pg of porcine retinal 

protein was used for western blotting. The western blotting protocol was carried out according to 

Section 2.6. The transfer membrane used was PVDF. 4D2 (Hicks & Molday, 1986 [1/1000] dilution) 

and the secondary anti-mouse antibody (1/2000 dilution) were used. The membrane was also probed 

for pig P-actin using the anti-p-actin antibody (1/2(X)0 dilution) and the anti-rabbit secondary antibody 

(1/2000 dilution).

5.2.5 Rhodopsin protein expression over time

As the retina in the hetPP347S mouse degenerates, the level of both mRHO and pRHO protein should 

also decrease over time as the photoreceptors die. No specific pRHO antibody exists therefore it was 

decided to use the 4D2 rhodopsin antibody. This antibody also detects mRHO such that western 

blotting of retinal protein for the hetPP347S mouse would show both mRHO and pRHO protein 
expression.

When it was established that the 4D2 antibody could be used to detect pig rhodopsin, retina protein 

from the hetPP347S mouse at the following time points; 3 weeks, 16 weeks, 6 months, 9 month and 1 

year was isolated (Section 2.5.2) and the protein concentration estimated (Section 2.5.3). The number 

of protein samples for each time point was at least 3. Not all samples could be analysed on the one 

blot. The initial western blot undertaken evaluated the rhodopsin protein expression in the hetPP347S 

mouse at 3 weeks, 16 weeks and 6 months. The second set of western blots evaluated protein 

expression at the time points of 6 months, 9 months and 1 year. One sample from a 3 week PP347S 

animal was also included in this analysis to ensure the same result was obtained as with the previous 

sets of western gels. Similarly the 6 month time point protein sample had been analysed in previous set 

of westerns and was used to check the same result was obtained. Retinal protein from each of the time- 

points was loaded onto a western gel in addition to a positive control (retinal protein from an NHR or 

RHO-M mouse) and a negative control (retinal protein from a 129rho'^'mouse). Densitometry was

carried out by scanning in western blots and analysed using image J software.
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5.2.6 Immunohistochemistry of hetPP347S retinal sections

Retinal sections from hetPP347S mouse eyes at 3 weeks, 16 weeks, 6 months, 9 months and 1 year 

were prepared (Section 2.8.5-Section 2.8.8). Sections from each mouse (n=3 for each time point) were 

taken and stained for rhodopsin (4D2, 1 in 100 dilution [Hicks & Molday, 1986]) in order to as.sess the 

decrease in rhodopsin (mRHO and pRHO) immunoreactivity over time as the retina degenerates. DAPI 

staining was also undertaken in order to assess the decrease in ONL cell nuclei over time as the retina 

degenerates. In order to evaluate if degeneration of the cone photoreceptor cells was taking place, 

sections were stained for Lectin Peanut Agglutinin (PNA [1/500 dilution]). This protein is only present 

within the cone cells of the retina. It is conjugated to an Alexa Fluor 568 and does therefore not require 

incubation with a secondary antibody. PNA staining was analysed using the green channel ‘10’ of the 

fluorescent microscope (Axiophot microscope, Carl Zeiss LTD).

5.2.7 Sub-retinal injection of hetPP347S mice with AAV-2/5.NT20 and AAV-2/5.shP3

AAV-2/5.shP3 was tested in the hetPP347S animal model to determine if pRHO was efficiently 

suppressed and to evaluate if therapeutic benefit in a RHO-adRP model was achieved. Each animal 

was injected at PIO with 5 X 10*^vp of AAV-2/5.NT20 (LE) and 5.6 X 10\p of AAV-2/5.shP3 (RE) 

for all injections undertaken in this chapter. These injections were undertaken by Dr. Paul Kenna

(Section 2.8.3).

5.2.8 Optimisation of real-time RT-PCR for analysis of pRHO expression

In order to analyse if shP3 specifically suppresses pRHO, three primer sets were designed (Table 5.2.2 

[PI, P2 and P3]) targeting pRHO and not mRHO. These primers were optimised similarly to 

previously described (Section 3.25). A 5X pRHO RNA standard curve was generated using RNA from 

3 week old hetPP347S mice in order to evaluate if each primer pair could efficiently amplify pRHO. 

Additionally a 5X standard curve was generated using RNA from a wild-type 129'^^'^ mouse in order to 

ensure no mRHO amplification was occurring with these primers.

5.2.9 Optimisation of FACS analysis of EGFP positive regions of hetPP347S retinas

The quantity of pRHO RNA obtained from AAV-2/5 injected hetPP347S retinas following FACS

analysis was determined. Six hetPP347S mice were injected with AAV-2/5.NT20(LE) and AAV-

2/5.shP3(RE) and retinal cells were dissociated (Section 4.2.10.2) using the Papain method. As the

animal model used is a retinal degeneration model, DRAQ5 was added to each sample prior to FACS

analysis; this was to ensure that only live and healthy cells were obtained. An uninjected hetPP347S
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mouse was used to establish baseline gating parameters for both EGFP and DRAQ-5. FACS analysis 

was undertaken on these cells and the highest possible number of healthy FGFP positive retinal cells 

was obtained and the RNA was isolated (Section 2.4.5 & Section 4.2.10.3).

5.2.10 Real-time RT-PCR analysis of FACS sorted hetPP347S retinal RNA

As so few FGFP positive cells were obtained for each retinal sample, a real-time RT-PCR was 

undertaken using half the RNA from each sample isolated (a 2X dilution in nuclease free H^O). A lOX 

standard curve was generated using mRNA from an un-injected 3 week old hetPP347S mouse. The 

real-time RT-PCR was carried out (Section 2.4.7) using the PI primers to amplify pRHO and the 18S 

primer set previously optimised (Section 4.2.12). The number of cycles in the qPCR reaction was 

increased to 50. Following the real-time RT-PCR, the amplification plots were analysed for both 

pRHO and I8S in order to ensure that all samples were amplified within the range of the standard 
curve samples.

5.2.11 Real-time RT-PCR analysis of RNA from excised EGFP positive portions of the
hetPP347S mouse

As no pRHO could efficiently be amplified from FACS isolated RNA from hetPP347S mice injected 

with AAV-2/5.shP3 and AAV-2/5.NT20, it was decided to attempt extracting RNA by excising the 

FGFP positive regions of each retina using a sterile blade as described previously (Section 4.2.17). 
This was undertaken by Dr. Arpad Palfi. Mice were injected with AAV-2/5.NT20 and AAV-2/5.shP3 

and two weeks post-injection the FGFP positive portion of each retina was placed in 350pl buffer RLT 

(containing 3.5pl P-mercaptoethanol) and pipetted up and down until the retinal cells were dissociated. 

The RNA was isolated (Section 2.4.5 & Section 2.4.6) and the RNA concentration determined 

(Section 2.2.1). Retinal RNA from an uninjected 3 week hetPP347S (PP347S UI) was used to generate 

the 5X standard curve for pRHO and 18S. All samples to be tested were diluted to 0.0 Ing and two 

master mixes were made; one for pRHO using the PI primer pair and the other for the 18S primer pair. 

The real-time RT-PCR was undertaken (Section 2.4.7) and the results analysed. All samples in which 

pRHO was amplified were checked to confirm they fell within the range of the pRHO standard curve. 

Following this, each sample was compared to that of the pRHO or the 18S standard curves and a 

relative value for pRHO and 18S expression was obtained in each. pRHO expression was normalised 

to 18S. pRHO expression from retinal RNA samples of mice injected with AAV-2/5.NT20 was set at 

100% and pRHO expression from retinal RNA samples of mice injected with AAV-2/5.shP3 was 

compared to this value.

213



5.2.12 Real-time RT-PCR analysis of pRHO RNA expression in hetPP347S mice injected with

AAV-2/5.NT20 and AAV-2/5.shBB

AAV-2/5.shBB has previously been established in the laboratory as a potent suppressor of hRHO in 

vivo in NHR mice (O’Reilly et al, 2007). As the target site for shBB was 100% homologous to pRHO 

it was decided to evaluate shBB mediated suppression of pRHO in vivo in the hetPP347S mouse. Five 

mice were injected with AAV-2/5.NT20 and AAV-2/5.shBB (2 X lO'^vp) and 2 weeks post-injection, 

the EGFP positive regions of each retina were excised. The real-time RT-PCR was undertaken by Dr. 

Sophia Millington-Ward. A 5X standard curve was generated using RNA from AAV-2/5.NT20 

injected mice. Each RNA sample to be te.sted was diluted 1/600 in nuclease free H2O. Two master 

mixes were made; one for pRHO using the PI primers and the other for the I8S primers pair. The real

time RT-PCR was undertaken (Section 2.4.7) and the results analysed similar to Section 5.2.11,

5.2.13 Analysis of pRHO protein suppression by western blotting in hetPP347S animals injected

with AAV-2/5.shP3 and AAV-2/5. NT20

In order to as.sess if suppression of pRHO RNA corresponds to a change in pRHO protein expression, 

it was decided to carry out a western blot. HetPP347S mice were subretinally injected with AAV- 

2/5.NT20 (LE) and AAV-2/5.shP3 (RE), 2 weeks post-injection the EGFP positive region of the retina 

was excised (Section 4.2.17), the protein was isolated (Section 2.5.2) and the concentration of each 

sample determined (Section 2.5.3). Western blotting was carried out using the 4D2 antibody (Hicks & 

Molday, 1986| 1/1000 dilution]) and the anti-mouse light chain only secondary antibody (1/2000 

dilution). As there was only a small amount of retinal tissue being analysed, the P-actin antibody and 

the anti-rabbit secondary antibody were used at a dilution of 1/500 & 1/1000 respectively. Longer 

exposure times than usual were used for p-actin, these were 10, 30 minutes and an overnight exposure. 

It was decided to also probe for EGEP in order to assess if this could be used as a measure of equal 

loading for AAV injected animals. The anti-rabbit EGFP and the anti-rabbit secondary antibody were 

each used at a dilution of 1 in 2000

5.2.14 Functional assessment of therapeutic benefit in hetPP347S mice injected with AAV-

2/5.NT20 and AAV-2/5.shP3

Eleven hetPP347S mice (2 litters) were injected with AAV-2/5.NT20 (LE) and AAV-2/5.shP3 (RE)

and ERGS were undertaken (Section 2.8.4) at 6 and 12 weeks in order to assess if any functional ERG

change was taking place. Another 6 mice (1 litter) were injected with AAV-2/5NT20 (LE) and AAV-

2/5.shP3 (RE) and ERGS were undertaken at 10 and 14 weeks. The rod-isolated, mixed rod-cone and
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cone-isolated responses at each time-point were measured and the b-wave for each of these tests was 
combined and the average b-wave taken for each litter.

5.2.15 Immunohistochemical analysis of suppression of pRHO in hetPP347S mice

Retinal sections of injected hetPP347S mice were taken at 12 weeks following ERG analysis (Section 

5.2.14). Sections from each mouse retina were taken and stained for rhodopsin (4D2, 1/100 dilution[ 

Hicks & Molday,1986]) to assess if there was a decrease in pRHO and mRHO in the EGFP positive 

sections injected with AAV-2/5.shP3 compared to the EGEP positive regions injected with AAV- 

2/5.NT20. DAPI .staining was also undertaken in order to visualise the nuclei in the ONE. This 

protocol was undertaken according to Section 2.8.5-2.8.8.

5.2.16 Analysis of mRHO suppression by siP3

During the course of the analysis of shP3 suppression in the hetPP347S mouse, it appeared that siP3, 

despite having three mismatches to the mRHO target sequence, might target mRHO mRNA. It was 

decided to check this in vitro in cell culture. mRHO and siNT, siBB, siP2 or siP3 were co-transfected 

into HeEa cells (Section 3.2.4) and 24 hours later the RNA was extracted (Section 2.4.3). A real-time 

RT-PCR assay was preformed to analyse mRHO RNA from HeEa cells co-transfected with mRHO 

and each siRNA (Section 3.2.7). mRHO mRNA expression in HeEa cells transfected with siNT was 

set at 100% and mRHO mRNA expression in HeEa cells transfected with each siRNA was compared 

to this value. siBB was used as the positive RNAi control in this instance as it is 100% homologous to 

mRHO.

5.2.17 Statistical analysis

The average and standard deviation of all ERG, real-time PCR and densitometry data sets were 

undertaken using Microsoft Excel. Eor experiments in which the hetPP347S mouse was characterised, 

two-sample t-tests were undertaken for each data set (ERG and western blotting) in order to obtain 

statistical significance. Eor the analysis of suppression in mice injected with AAV-2/5.NT20 versus 

AAV-2/5.shP3 paired t-tests were carried out on RNA and western blotting data sets. All statistical 

analysis was performed using Datadesk 6.0
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5.3 Results

5.3.1 Genotvping the PP347S mice

Initially homozygous mice (PP347S'^^'^129rho‘^‘) were genotyped in order to confirm the porcine P347S 

(PP347S) transgene was present. A positive control, which was DNA from a known homozygous 

PP347S mouse, was used to confirm the genotyping PCR. A negative H2O blank control was used to 

ensure the H2O used was not contaminated. The P347S F targets the 3’region of exon 4 of pRHO and 

the PP347S R primer targets the 3’UTR of pRHO. This ensures amplification of a portion of exon 4, 

intron 4, exon 5 and 103bp of the 3’UTR such that positive bands of 1093bp confirmed the presence of 

the PP347S gene in the homozygous mice and the positive control. There were no bands present in the 

negative control sample (Figure 5.3.1.a). The homozygous PP347S mice were mated to wild-type 

129^^’^ mice and all the offspring were heterozygous PP347'^^'129rho'’^^’.

5.3.2 ERG characterisation

ERGs were undertaken at 3 week, 16 week, 6 month, 9 month and 1 year time points on different 

hetPP347S mice. At least n=3 were used per time-point. For each mouse an ERG response (b-wave 

value) in the right eye (RE) and the left eye (LE) was obtained. For analysis of each mouse it was 

decided to use the eye (RE or LE) with the highest b-wave value. In a sub-optimal ERG (due for 

example to contact with the electrode) the response is going to decrease with respect to the correct 

value, thus it was felt that by taking the higher ERG value this would better represent the b-wave for 

this animal. ERGs at all time-points were compared to that of 129 wild-type mice (4 weeks, n = 3). A 

representative ERG from a wild-type mouse for rod-isolated, mixed rod-cone and cone isolated 

responses showing typical a-wave and b-wave values is presented (Figure 5.3.2.a). For ail wild-type 

mice analysed there was little variance between mice and eyes. In all the hetPP347S mice variance in 

ERG responses were obtained, likely due to the fact that this model has a degenerating retina and 

degeneration was occurring at different rates depending on the mouse. A representative ERG from 

hetPP347S mice at 3 weeks is presented (Figure 5.3.2.b). A rod-isolated b-wave, a mixed-rod-cone 

and a cone-isolated b-wave was obtained, similar to the high wild-type values. The degeneration was 

more apparent at the 8 week time-point (Figure 5.3.2,c), with the b-waves and a-wave having 

decreased in the rod-isolated and mixed rod-cone responses from that observed in the wild-type and 3 

week hetPP347S mice. The cone-isolated a-wave and b-wave ERG appeared unchanged. This pattern 

of decreasing rod-isolated and mixed rod-cone a-wave and b-wave continue at 12 (Figure 5.3.2.d) and 

16 weeks (Figure 5.3.2.e) for hetPP347S mice. By 6 months (Figure 5,3.2.f) the a-wave and b-wave
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amplitudes appeared severely reduced for rod-isolated and mixed rod-cone responses, the cone-isolated 

responses also appear reduced. This reduction in all three ERG responses was observed at 9 months 

(Figure 5.3.2.g) until finally at 1 year the a-wave and b-waves appear flat (Figure 5.3.2.h).

Rod-isolated ERG responses for all animals at all time-points were combined and the average b-wave 

at each time-point obtained. The wild-type rod-isolated b-wave was set at 100% and all of the 

hetPP347S rod-isolated ERG responses were compared to this value (Figure 5.3.2.i). The hetPP347S 

rod-isolated b-wave at 3 weeks was of similar levels to wild-type (75+19%, [P= 0.1502]), by 8 weeks 

only a 35+14% b-wave response remained compared to wild-type (P< 0.0001). A modest b-wave 

decrease was observed between 12 (31+11% [P<0.01]) and 16 weeks (25%+6%, [P<0.0001]). By 6 

months only 7.5+4.8% (P<0.0(X)1) b-wave function remained and this decreased further at 9 months 

(3+3.5%, [P<0.(X)01]) until at 1 year no rod-isolated b-wave remained (P<0.0001).

The average mixed-rod b-wave responses for each time-point compared to the wild-type followed a 

similar pattern to that observed for rod-isolated responses (Figure 5.3.2.j). The hetPP347S mice at 3 

weeks had a b-wave response statistically similar to the wild-type b-wave (87+18%, [P=0.3]). At 8 

weeks only 41% of the mixed rod-cone response remained compared wild-type mice (P<0.0(X)1). This 

significant reduction in mixed rod-cone responses was observed at 12 (52+18%, [P<0.05]) and 16 

weeks (30+6%, [P<0.0001]) in transgenic mice compared to wild-type controls. No statistical 

significance was observed between the 8, 12 and 16 week time-points. By 6 months only 9+6%, 

P<0.0(X)1 of the ERG response remained and continued to decrease at 9 months (3+3%, [P<0.0001]) 

until at 1 year the mixed rod and cone b-wave ERG was 0.2 +0.4%, P<0.0005.

The average cone-isolated b-wave response for each time-point compared to wild-type was different 

than observed for the rod-isolated and mixed rod-cone response (Figure 5.3.2.k), with the cone 

degeneration occurring much slower than the rod degeneration. At 3 weeks 98.9+15% (P=0.9) of the 

hetPP347S cone-isolated b-wave compared to wild-type mice remained. At 8 weeks 71+26.5% 

(P<0.05) of the b-wave function remained. Surprisingly at 12 weeks 97%+18.5% remained, P=0.8. The 

reason for this discrepancy was most likely due to the large standard deviation obtained with the 8 

week time-point. By 16 weeks 75+12% of the b-wave cone function was present (P<0.05). At 6 

months a sharp decrease to 12+8% in the cone-isolated response was observed (P<0.0001). By 9 

months 9+5% remained (P<0.0001) and by 1 year only 1.6 ±1% of a cone-only b-wave amplitude was 

present (P<0.0001).
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5.3.3 Optimising of 4D2 for western blotting of pRHO

To evaluate the hetPP347S mouse at the protein level, an efficient antibody would be needed that 

reacted with pRHO. It was decided to examine if the RHO 4D2 antibody could react with pRHO. The 

hetPP347S mouse has 1 mouse allele and thus by using the 4D2 antibody (which definitely reacts with 

mRHO) in this model it would be impossible to assess if 4D2 was reacting with pRHO. Therefore 

retinal protein from a pig was obtained and the 4D2 antibody was tested with this sample (Figure 

5.3.3.a). Rhodopsin staining was present in protein samples from porcine retinas. A band at 39kDA 

represented the pRHO monomer. Bands of higher molecular weight were also observed representing 

the RHO dimers and trimers. It was decided to assess if the anti-rabbit P-actin antibody used in the 

laboratory was reactive to pig P-actin for use in future .studies, p-actin was present at 42kDA. Thus 

when this study eventually proceeds to the porcine animal model both the 4D2 and P-actin antibodies 

will be available for use.

5.3.4 Decrease in RHO protein expression in the hetPP347S mouse over time

An evaluation of the decrease of total RHO protein in the retinas of the hetPP347S mice at different 

time-points was undertaken. As the retina degenerates and the OS begin to die, RHO protein 

expression should decrease. It was decided to indirectly assess the degeneration of the OS by 

examining the decline in RHO protein. The 4D2 antibody reacts with both pRHO (Section 5.3.3) and 

mRHO, therefore any decrease observed is that of the total RHO protein expression within the retina. 

The time-points of 3 week, 16 week. 6 month, 9 month and 1 year were chosen for analysis. Later 

time-points were selected as this was proposed to be when the rods would have severely degenerated 

and thus these time-points should have the least amount of RHO. Not all time-points could fit on the 

one western gel so each western was carried out in two parts. The first was protein from hetPP347S 

mice at 3 weeks, 16 weeks and 6 months (Figure 5.3.4.al) together with a positive (NHR rhodopsin 

retinal protein) and negative control (129rho’^' retinal protein). In all 3 week hetPP347S samples had 

RHO monomers at 39kDA in addition to the higher molecular weight forms of RHO, this pattern of 

expression was similar to that obtained for wild-type RHO (lane 9). At 16 weeks, RHO monomers 

were present with less intensity than at 3 weeks. There were no higher molecular weight forms of 

RHO. Faint monomers of RHO were present at 6 months and there were no higher molecular weight 

forms. Mouse P-actin was used to assess equal loading. As these hetPP347S retinas were degenerating 

it was difficult to obtain equal loading, therefore densitometry was also performed (Figure 5.3.4.bl). 

As no rhodopsin was present in the negative control 129rho'^‘ sample this was used as the experimental

blank sample. The pixel intensity value obtained for RHO in the 129rho'^‘sample for each western was
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subsequently subtracted from the RHO pixel intensities obtained from all other samples of the same 

western blot. All time-points were compared to the average normalised RHO pixel intensity expression 

in the 3 week hetPP347 mice which was set at 100%. RHO protein was expressed at 40+11%, P=0.07 

in the 16 week samples and at 5+2%, P<0.0005 at 6 months compared to the 3 week time-point. In the 

second set of westerns one sample from a 3 week hetPP347S was used, to act as a comparison between 

westerns. RHO protein expression from 6 month, 9 month and 1 year old mice was examined (Figure 

5.3.4.a2). The 6 month samples were included to ensure the same RHO expression in these samples 

compared to the 3 week sample was similar to previously obtained with the first set of western blots. In 

the 3 week sample a RHO monomer at39 kDA was observed, as was a band at 80kDA, representing 

RHO dimers. Only faint RHO monomers were visible in the 6 month sample, which was similar to that 

obtained in the first set of westerns. No RHO bands were visible at 9 months or 1 year and this was 

comparable to the 129rho‘^‘ sample. It was very difficult to obtain P-actin at the later time-points due to 

the degenerating retina. Thus an overnight exposure was needed; this had the disadvantage of 

overexposing some of the earlier time-point P-actin bands (Figure 5.3.3.a2 [3f]). Densitometry was 

performed to evaluate the % RHO expression of each timepoint compared to the 3 week hetPP347S 

sample (Figure 5.3.4.b2). RHO was expressed to 7+5%, P<0.005 at the 6 month hetPP347S time-point 

compared to the 3 week time-point and this was similar to that obtained in the first set of westerns. At 

9 months the majority of RHO protein expression was gone from the retina (0+1 %, P<0.0001) and by 1 

year no RHO protein remains as assessed by western blotting (0+1%, P<0.0001) compared to the 3 

week time-point respectively. No significant difference was obtained between the 6 and 9 month time- 

points (P=0.1679) or the 6 month and 1 year time-points (P=0.1658), similarly no significant difference 

in RHO expression was occurring between the 9 month and 1 year time-points (P=0.8138). Thus it can 

be concluded that as the hetPP347S retina degenerates, RHO levels begin to reduce to the extent that 

by 6 months little RHO protein is remaining.

5.3.5 RHO staining of retinal sections from the hetPP347S mouse at different time-points

Retinal sections from hetPP347S mice were stained for RHO and DAPI at 3 week, 16 week, 6 month, 

9 month and 1 year time-points compared to a control retina. This was undertaken to assess the 

staining patterns of RHO in this RHO-adRP model (Figure 5.3.5.a & Figure 5.3.5.b). A unique RHO 

staining pattern was present in hetPP347S mice. RHO appeared predominantly in the ONL, IS and OS 

in all sections (A). At 3 weeks to 6 months this RHO mislocalisation was also observed in the OPL 

(2A. 3A & 4A). In contrast in the control mouse, RHO (1 A) was typically localised to the OS. At three 

weeks the retina was heavily stained for RHO (2A) but by 16 weeks (3A & 3B) both RHO and DAPI
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staining have decreased. By 6 months (4B) only 4-5 rows of DAPl stained nuclei remained and this 

corresponded to a significant decrease in RHO expression {4A). By 9 months (5B) only 1-2 rows of 

nuclei were visible in the ONL and this correlated to a very small amount of RHO staining (5A). By 1 

year the ONL had completely degenerated (6B) and no RHO staining was visible (6A).

5.3.6 Lectin-PNA staining of retinal sections from the hetPP347S mouse at different time-points

In the retina, PNA lectin protein is specific to the cone photoreceptor cells and the cone domains in the 

interphotoreceptor matrix; therefore it was an ideal antibody for charting the degeneration of cone cells 

in the hetPP347S model at different time-points (Figure 5.3.6.b & Figure 5.3.6.b). At 3 (2A & 2B) 

and 16 (3A & 3B) weeks, efficient staining of the cone cells was clearly observed and this was 

comparable to the cone staining pattern observed in the control eye (1A & IB). By 6 months (4A & 

4B) there were fewer, shorter cones. This corresponded to the point at which a significant decrease in 

the cone-isolated ERG was observed. This cone cell degeneration continued at 9 months (5A & 5B) 

when only 1-2 nuclei rows remained. At 1 year (6A & 6B) no ONL cell nuclei were present and 

staining for cones was completely abolished. Thus cones in hetPP347S mice appear relatively similar 

to control mice until 6 months when a significant decline in number and morphology was observed.

5.3.7 Optimisation of primers for the amplification of pRHO

To assess suppression of pRHO by AAV-2/5.shP3, primers that amplify pRHO and not wild-type 

mRHO were designed. Three primer pairs were generated that contained mismatches to mRHO but 

were 100% homologous to pRHO (Figure 5.3.7.a). The first primer set was PI, the PI forward primer 

(PI forward) had 6 mismatches to mRHO, located all along the primer. The PI reverse primer (PI 

reverse) also had 6 mismatches to mRHO, 4 of these mismatches were within the last 4 nucleotides of 

the 3’ end of the primer. The second primer set (P2), the P2 forward primer (P2 forward) was the PI 

reverse primer but in the opposite orientation, the P2 reverse primer (P2 reverse) had 2 mismatches 

located on the 3’ end of the primer. The last primer set designed was the P3 set, the P3 forward primer 

(P3 forward) contained 4 mismatches to mRHO, situated all along the primer. The P3 reverse primer 

contained 6 mismatches to mRHO, again these were located all along the primer (Figure 5.2.2.a).

A real-time RT-PCR was carried out with each primer set on RNA from the hetPP347S mouse and on

RNA from a 129 wild-type mouse to ensure that pRHO was specifically and efficiently amplified but

not mRHO. All primers amplified pRHO and the standard curve and melting temperature analysis for

each set were examined similar to previously described (Section 3.3.4). The PI set of primers was the

most efficient at amplifying pRHO with a slope of -3.3 and an R" value of 0.99. Additionally the PI
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primers had a similar to that predicted (84‘’C) and the correct sized amplification product of 241 bp 

was also obtained. None of the primers amplified mRHO significantly, a small level of unspecific 

amplification was detected with the PI primers but this was lower than the water blank. It was decided 

to utilise the PI primer for future experiments as this set had the most efficient standard curve.

5.3.8 Optimisation of FACS for the hetPP347S mouse

As the retina of the hetPP347S mouse was degenerating, it was unknown if FACS analysis could be 

undertaken in order to isolate sufficient EGFP positive cells for subsequent analysis. Six mice were 

injected with AAV-2/5.NT20 and AAV-2/5.shP3 at PIO and 3 weeks post-injection dissociated retinal 

cells underwent FACS analysis. This time-point was chosen in order to allow sufficient time for EGFP 

expression from the AAV-2/5.NT20 vector. DRAQ-5 was used in these samples in order to distinguish 

the unhealthy or dead cells from the viable EGFP positive cells, as DRAQ-5 only binds to live cells. 

An uninjected hetPP347S control was used to establish the baseline parameters of DRAQ-5 in the 

absence of EGFP fluorescence (Figure 5.3.8.a). High levels of dead cells were present in this sample, 

this was not surprising given that the retina in this mouse was degenerating and undergoing cell death. 

Analysis of the gate for EGFP positive cells (Figure 5.3.8.b) in this mouse revealed that as expected 

only DRAQ-5 positive, EGFP negative cells could be obtained. A hetPP347S mouse injected with 

AAV-2/5.NT20 was used to assess the presence of DRAQ-5 positive cells in an injected EGFP 

positive retina (Figure 5.3.8.c). A large number of dead cells similar to that observed in Figure 5.3.8.a 

was present in this sample, of the DRAQ-5 positive healthy cells, EGFP positive cells were clearly 

distinguished from the EGFP negative, DRAQ-5 positive cell population (Figure 5.3.8.d).

The EGFP positive cell numbers obtained with hetPP347S mice were between 2,500-29,000 cells 

(Table 5.3.8). This was substantially lower than previous cell numbers obtained in the NHR mouse 

using the same FACS protocol (Section 4.3.10). The average % EGFP positive cells obtained from the 

hetPP347S mice injected with AAV-2/5.NT20 was 8% compared to a 14.5% average obtained from 

AAV-2/5.shP3 injected eyes. If shP3 was suppressing mutant pRHO, the AAV-2/5.hP3 injected eyes 

may be protected from degeneration, thus a higher % of EGFP positive cells would be expected in 

these eyes. In terms of the mean fluorescence intensity, an average intensity of 5334MFI was obtained 

for AAV-2/5.NT20 injected eyes and an average intensity of 5553MFI for AAV-2/5.shP3 injected 

eyes. Therefore in this hetPP347S model both AAV-2/5.NT20 and AAV-2/5.shP3 were expressing 

EGFP to comparable levels. Using this FACS protocol in the NHR mouse, AAV-2/5.NT20 and AAV- 

2/5.shP3 were expressed to comparable levels in the mice that underwent FACS at 14 days. At 1 month

however, the AAV-2/5.shP3 EGFP expression was much higher in the NHR mouse than AAV-
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2/5.NT20. The reasons for these differences were most likely attributable to the different post-injection 

time-points used and the different genotype of the mice (healthy retina versus degenerating retina).

5.3.9 Real-time RT-PCR analysis of pRHO from FACS isolated RNA in the injected hetPP347S

mouse

As such low cell numbers were obtained from the hetPP347S mouse by FACS it was unknown if 

adequate pRHO RNA could be obtained for real-time RT-PCR analysis. 50% of the RNA extracted 

from the EGFP positive cells was used for the real-time RT-PCR with the PI primers. High 18S 

amplification in all samples was obtained as expected, however only low pRHO expression was 

obtained within each sample compared to 18S. This amplification was not sufficient to assess 

suppression of pRHO in AAV-2/5.shP3 versus AAV-2/5.NT20 injected retinas as it was below the 

pRHO standard curve samples. Thus FACS-isolated RNA from hetPP347S mice injected with AAV- 

2/5.NT20 and AAV-2/5.shP3 was precluded from further analysis.

5.3.10 Real-time RT-PCR analysis of pRHO mRNA expression from EGFP positive cells excised

from the retinas of the hetPP347S mice injected with NT20 & shP3

As too little pRHO RNA was obtained from EGFP positive retinal cells that had undergone FACS, it 

was decided to physically excise the EGFP positive region of each injected hetPP347S retina. 

HetPP347S mice were subretinally injected with AAV-2/5.NT20 and AAV-2/5.shP3 and 14 days post

injection (the same time-point used for analysis of shP3 in the NHRs), the EGFP portion of the retina 

was taken. Compared to the NHR mice, the EGFP portion of the retina was much smaller in the 

hetPP347S mouse. This was not surprising given that this is a model with retinal degeneration. 

Furthermore, AAV-2/5.NT20 was expressing at lower levels than the AAV-2/5.shP3 vector. Real-time 

RT-PCR analysis was carried out on RNA from the EGFP positive regions of each mouse retina using 

the PI primer set to specifically amplify pRHO and the 18S primer set to amplify mouse 18S. pRHO 

expression in the hetPP347S mice injected with AAV-2/5.shP3 was 33+18% compared to AAV- 

2/5.NT20 (Figure 5.3.10.a). As each animal had a retinal degeneration, and thus would degenerate 

with some variability, a paired t-test was undertaken to analyse the statistical significance between 

AAV-2/5.NT20 and AAV-2/5.shP3 injected eyes and significant suppression with shP3 was 

established (P<0.05).
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5.3.11 Real-time RT-PCR analysis of pRHO mRNA expression from EGFP positive cells excised
from the retinas of the hetPP347S mice injected with NT20 and shBB

A previous shRNA successfully designed in the laboratory to suppress hRHO expression in vitro and 

in vivo was shBB; additionally therapeutic efficacy has been demonstrated with this shRNA in the 

HP347S mouse mode (O’Reilly et al, 2007; Millington-Ward et al, 2011). shBB is also 100% 

homologous to pRHO and therefore it was decided to establish if potent pRHO RNA suppression with 

shBB could be obtained. 4 hetPP347S mice were subretinally injected with AAV-2/5.NT20 (LE) and 

AAV-2/5.shBB (RE). 14 days post-injection, RNA from EGFP positive regions of the retina was 

extracted and pRHO RNA expression was analysed by real-time RT-PCR identical to Section 5.3.10. 
This real-time RT-PCR analysis was undertaken by Dr. Sophia Millington-Ward. AAV-2/5.shBB 

suppressed pRHO to 33+15%, P<0.01 compared to AAV-2/5.NT20 (Figure 5.3.11.a). Analysis of 

pRHO suppression by AAV-2/5.shP3 compared to AAV-2/5.shBB established that there was no 
statistical difference between pRHO suppression by AAV-2/5.shBB or AAV-2/5.shP3 (P=0.2937).

5.3.12 RHO protein expression in hetPP347S mice injected with AAV-2/5.NT20 and AAV-
2/5.shP3 as assessed by western blotting

Suppression of pRHO RNA by shP3 should correlate with suppression of pRHO protein. To assess if 

this was the case, western blotting was undertaken. The 4D2 antibody reacts with both mRHO and 

pRHO in the hetPP347S mouse, therefore analysis of specific pRHO protein expression could not be 

undertaken. However, if sufficient pRHO suppression was occurring then a decrease in overall RHO 

content of each retina should be observed. HetPP347S mice were injected with AAV-2/5.NT20 and 

AAV-2/5.shP3 and 14 days post-injection protein was extracted from the EGFP positive portion of 

each retina. A western blot was carried out (Figure 5.3.12.a) using the 4D2 antibody (Hicks & 

Molday, 1986). In protein samples from AAV-2/5.NT20 injected eyes, RHO was visible at 39kDA (all 

three AAV-2/5.NT20 samples) and at 80kDA (for INT [lane 1] and 2NT [lane 3]). For protein samples 

from two of the AAV-2/5.shP3 injected eyes (ishP3 [lane 2] and 3shP3 [lane 6]), fainter RHO 

monomers were visible compared to AAV-2/5.NT20, no multimeric RHO was observed. One AAV- 

2/5.shP3 injected sample (2shP3 [lane 4]) had no RHO protein similar to that observed in the 129rho‘^‘ 

negative control (lane 7). Mouse p-actin was evident, however equal loading was somewhat difficult to 

obtain as each retina was degenerating at different rates and thus the level of p-actin protein in each 

retina may be different. It was decided to determine if EGFP expression could be analysed as a marker 

of equal loading. An anti-rabbit EGFP antibody was used to probe for EGFP protein; however EGFP

protein expression was higher in AAV-2/5.shP3-injected samples than in AAV-2/5.NT20 injected
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samples. This is in accordance with the observation that AAV-2/5.NT20 produces less EGFP than 

AAV-2/5.shP3. As equal loading was not clearly obtained, densitometry was carried out (Figure

5.3.12. b). AAV-2/5.shP3 suppressed RHO protein to 56+0.2% compared to RHO expression in AAV- 

2/5.NT20 injected eyes (P<0.05).

5.3.13. Functional analysis of hetPP347S mice injected with NT20 and shP3

Three litters of hetPP347S mice were injected with AAV-2/5.NT20 and AAV-2/5.shP3 to evaluate if 

significant suppression of pRHO RNA and protein corresponded to a significant change in ERG 

response. If the mutant dominant allele was being suppressed to sufficient levels, one would expect to 

see an improvement in function due to the presence of the RNAi resistant endogenous mouse allele. 

Two litters of mice underwent ERG analysis at 6 and 12 weeks and one litter underwent ERG at 10 and 

14 weeks. In the two litters in which ERG analyses was undertaken, at 6 and 12 weeks, it appeared that 

the litters gave different results. This was surprising given the mice are of the same genotype and have 

been bred on a pure background for many generations. The average litter 1 rod-isolated, mixed rod- 

cone and cone-isolated b-wave responses appeared lower in the AA-2/5.shP3 injected eyes than in the 

AAV-2/5.NT20 injected eyes at both 6 (Figure 5.3.13.a) and 12 weeks (Figure 5.3.13.b) suggesting 

that suppression of retinal function was taking place. However in litter 2 the average b-waves for rod- 

isolated, mixed rod-cone and cone-isolated responses appeared higher in AAV-2/5.shP3 injected eyes 

than in AAV-2/5.NT20 injected eyes at 6 (Figure 5.3.13.C) and 12 weeks (Figure 5.3.13.d). Rod- 

isolated responses at 6 and 12 weeks were combined for each litter and the average b-wave response 

was obtained for each. The average b-wave value for AAV-2/5.NT20 injected eyes was set at 100% 

and the average b-wave value for mice injected with AAV-2/5.shP3 was expressed as a percentage of 

AAV-2/5.NT20. The litter 1 b-wave response in AAV-2/5.shP3 injected eyes was reduced to 80+13% 

of the AAV-2/5.NT20 injected b-value at 6 and 12 weeks was reduced to 84+27% of the AAV- 

2/5.NT20 injected b-value (Figure 5.3.13.e[a]). However AAV-2/5.shP3 does not appear to suppress 

rod-isolated ERG function significantly in AAV-2/5.shP3 injected eyes with respect to AAV-2/5.NT20 

injected eyes at either time-point (P=0.1959 and P=0.1638) indicating no significant ERG change was 

recorded in this litter with AAV-2/5.shP3. There was significant differences between the AAV- 

2/5.NT20 injected eyes at 6 and 12 weeks (P<0.05) and also between the shP3 injected eyes at these 

time points (P<0.05). This was not surprising given that the retinas were degenerating. In litter 2 the 

average rod-isolated b-wave increased to 132+24% in AAV-2/5.shP3 injected eyes compared to AAV- 

2/5.NT20 injected eyes at 6 weeks and was 115+29% at 12 weeks (Figure 5.3.13.f[a]). In terms of 

statistical significance the 32% increase of rod function in AAV-2/5.shP3 injected eyes was significant
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when compared to the b-wave in AAV-2/5.NT20 injected eyes at 6 (P<0.05) but not at 12 weeks 

(P=0.2205). There was no significant difference between AAV-2/5.NT20 injected eyes at different 

time-points (P=0.2736) but there was between AAV-2/5.shP3 injected eyes at the different time-points 

(P<0.0]). This was likely a function of the degeneration or of the rate of recovery from injection. In 

terms of the mixed rod-cone-response, in litter 1 the average b-wave value was 75±7% in AAV- 

2/5.shP3 injected eyes compared to AAV-2/5.NT20 at 6 weeks and was 79±11% at 12 weeks (Figure 

5.3.13.e[b]). Similar to the rod-isolated response this decrease was not significant at either time-point 

(P=0.1053 and P=0.1010). There was no significant decrease observed for each eye injected with 

AAV-2/5.NT20 at the different time-points (P=0.06) but there was for AAV-2/5.shP3-injected eyes 

(P<0.05). For litter 2, the average b-wave response in AAV-2/5.shP3 injected eyes was increased to 

135 ±26% compared to AAV-2/5.NT20 injected eyes and to 113+28% at 12 weeks (Figure 5.3.13.f 

[b]). Unlike the rod-isolated response the result at 6 or 12 weeks was not significant (P=0.0701 and 

P=0.3713). Similar to the rod-isolated response no significant difference was obtained in AAV- 

2/5.NT20 eyes at the different time-points (P=0.4934). The AAV-2/5.shP3 injected ERG function 

between 6 and 12 weeks was significantly different (P <0.01). At 6 weeks the cone-isolated response 

(Figure 5.3.13.e[c]) for litter 1 was reduced to 73±10% with AAV-2/5.shP3 compared to the AAV- 

2/5.NT20, this was not significant (P=0.2742) and at 12 weeks was 84±19% (P= 0.1146). There was no 

significant difference in AAV-2/5.NT20 ERG responses or AAV-2/5.shP3 ERG responses at the two 

different time-points (P=0.5318 and P=0.8I22). In litter 2 the cone-isolated b-wave at 6 weeks in 

AAV-2/5.shP3 injected eyes significantly increased to 151±32% (P< 0.05) compared to AAV- 

2/5.NT20 injected eyes and at 12 weeks had increased to 119+30% in AAV-2/5.shP3 injected eyes 

compared to AAV-2/5.NT20 eyes (Figure 5.3.13.flc]), this later increase was not significant 

(P=0.369). There was no difference between AAV-2/5.NT20 ERG responses or AAV-2/5.shP3 ERG 

responses at 6 or 12 weeks (P=0.4375 and P= 0.4966). For litter 1, it appeared that despite a slight 

decrease in ERG function, overall no significant change was apparent for all three ERG tests 

undertaken, in contrast some significant changes were observed for litter 2. Litter 3 was analysed at 10 

(Figure 5.3.13.g) and 14 weeks respectively (Figure 5.3.13.h). When AAV-2/5.shP3 injected eyes 

were compared to AAV-2/5.NT20 injected eyes the rod-isolated response was reduced to 95+25% 

(P=0.6970) at 10 weeks and to 70+15% (P<0.05) at 14 weeks (Figure 5.3.13.i[a]). There was a 

significant difference in AAV-2/5.NT20 for each time-point (P<0.01). There was however no 

significance between ERG response with AAV-2/5.shP3 at different time-points (P=0.6418). The 

mixed rod-cone isolated response was reduced to 91+20% and 63+10% at 10 and 14 weeks 

respectively (Figure 5.3.13.i[b]). Similar to the rod-isolated response this was not significant at 10
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weeks (P= 0.4926) but was at 14 weeks (P<0.01). Again as with the rod-isolated response the ERG 

responses in AAV-2/5.NT20 injected eyes at the two different time-points assessed were significantly 

different (P<0.005) but not in the AAV-2/5.shP3 injected eyes between time points (P=0.099). The 

cone isolated response at 10 and 14 weeks was reduced to 87+29% and 63+12% respectively (Figure 

5.3.13.i [c]). This was not significant at 10 weeks (P= 0.5417) but was at the later time-point of 14 

weeks (P<0.05). Both the AAV-2/5.NT20 and AAV-2/5.shP3 injected eyes between time-points had a 

significant change in ERG response (P<0.01 & P<0.05). These three litters gave conflicting results; on 

one hand with litter 1, no significant change had occurred in all ERG tests performed suggesting that 

no therapeutic benefit was derived. On the other hand in litter 2 increases in ERG function at all time- 

points was observed. This was however only significant for the rod-isolated and cone-isolated b-wave 

responses at 6 weeks. Statistical analysis using a two sample t-test was performed on the ERG 

responses from AAV-2/5.NT20 injected eyes at 6 and 12 weeks between litter 1 and 2 and from AAV- 

2/5.shP3 injected eyes at the same time-points for all three ERG tests. Surprisingly a significance 

difference between the two litters was only observed between the two AAV-2/5.NT20 injected eyes 

examined at 6 weeks and only for the rod-isolated response (P<0.05). No other significance differences 

between the two litters were observed. Thus it appears that overall there was no significant difference 

in ERG function between AAV-2/5.NT20 or AAV-2/5.shP3 injected eyes or between each litter. The 

differences observed with litter 2 in which there was a significant difference in the rod-isolated and 

cone-isolated b-wave response between AAV-2/5.NT20 and AAV-2/5.shP3 was likely attributable to 

differences in injection or animals. As a modest decrease in ERG function, while not significant, was 

observed for litter 1 one explanation for the data could be that in addition to pRHO, AAV-2/5.shP3 

may also suppress niRHO (despite 3 mismatches). If this was the case, than the decrease in levels of 

mRHO in the region of viral transduction may counteract the expected therapeutic efficacy achieved by 

suppressing pRHO. In Litter 3, significant differences in ERG function only occurred at 14 weeks and 

not 10 weeks. This suggested that timing of analysis may be important. In future, long time points may 

be needed to fully assess suppression in this model. Additionally use of larger n numbers of mice 

would also be valuable.

5.3.14. Immunhistochemistry of hetPP347S mice injected with AAV-2/5.NT20 and AAV-2/5.shP3

It was decided to stain retinal sections for RHO in mice injected with AAV-2/5.NT20 and AAV- 

2/5.shP3 that had undergone ERG at 12 weeks. Eyes from both litter 1 and 2 were analysed at 12 

weeks (Figure 5.3.14.a). The diagram represents the retina in which the best result was achieved. In all 

eyes examined, approximately 3-4 slides out of 13 were EGEP positive, in comparison to the 6-7
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EGFP positive slides usually obtained from injected NHR eyes. This indicated that in this degenerated 

transgenic model the viral spread may not have been as extensive as wild-type. In AAV-2/5.NT20 

injected retinas, the EGFP expression was often low and difficult to visualise. In the AAV-2/5.NT20 

injected eyes, RHO staining (1 A) in EGFP positive regions (2A) was comparable to that of RHO (IB) 

staining in the EGFP negative region of the same retina (2B). In the AAV-2/5.shP3 injected retinas 

RHO staining (1C) in the EGFP negative region (2C) was comparable to that of the AAV-2/5.NT20 

eye i.e. RHO was expressed in the OPE, ONE IS and OS. In contrast, in the EGFP positive region of 

the same shP3 injected retina (2D), RHO staining was reduced and was mostly confined to the OS 

(ID). This suggested that AAV-2/5.shP3 was efficiently suppressing RHO protein at the histological 

level. Interestingly little if any RHO staining remains in the ONE and IS, which are the regions in 

which RHO was found to be ectopically expressed in the hetPP347S mouse suggesting that RHO, 

when expressed at lower levels (due to the presence of AAV-2/5.shP3), was not mislocalised (at least 

to some extent). Despite the differences in ERG between litter 1 and litter 2, a similar RHO staining 
pattern was observed.

5.3.15 Analysis of mRHO mRNA suppression by siP3 in vitro

There are three mismatches between the siP3 target site and mRHO, however the ERG and 

immunohistochemistry results from mice injected with AAV2/5.NT20 and AAV-2/5.shP3 indicated 

that in addition to pRHO, mRHO may also be suppressed. Hence it was decided to examine at the 
RNA level if siP3 was capable of targeting and suppressing mRHO. As with previous co-transfection 

experiments a mouse mRHO plasmid (provided by Dr. Sophie Kiang), was co-transfected along with 

siNT, siBB, siP2 or siP3 into HeLa cells. The real-time RT-PCR result is shown in (Figure. 5.3.15. a). 

siBB suppressed mRHO to 13.2% which was similar to that achieved with hRHO and siBB (Section 

3.3.5). siP2 suppressed mRHO to 17.4%, again this was similar to the level of suppression achieved for 

hRHO and siP2 (Section 3.3.5). siP3 suppres.sed mRHO to 53.7% which was somewhat surprising 

given the presence of three mismatches at the siP3 target site in mRHO. It should be noted that this 

transfection experiment was only carried out once, however the values obtained for suppression by 

siBB and siP2 were in accordance with suppression values previously obtained from hRHO analysis. 

While this result should be repeated, overall the in vitro results in HeLa cells suggest that siP3 may 

suppress mRHO (to some extent). Whether this in vitro result in HeLa cells translated to suppression in 

vivo using subretinally injected AAV-shP3 would need to be evaluated.
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5.4 Discussion

Previous analysis of therapeutic benefit in the laboratory in RHO-adRP mouse models have utilised the 

P23H mouse model (Ollson et al, 1992) or the HP347S mouse (Li et al, 1996). However, despite the 

fact that efficacy of a suppression and replacement strategy for RHO-adRP was observed using a 

histological read out in the P32H mouse, ERG benefit could not be evaluated due to the speed of the 

retinal degeneration observed in these mice (Ollson et al, 1992; O’Reilly et al 2007). This problem has 

since been circumvented by utilising the HP347S model, which presents with a slower retinal 

degeneration. Photoreceptor cell death is not complete until 4-5 months, which increases the 

therapeutic window for therapeutic intervention. This allowed therapeutic benefit to be analysed in 

terms of both histology and ERG analyses (Chadderton et al, 2009). In the study presented in this 

chapter it was decided to simultaneously examine RNAi-based suppression of pRHO by shP3 at a 

molecular level in addition to evaluating potential therapeutic benefit. This was undertaken using the 

PP347S model previously described by Wong and Hao, 1992. This mouse model was bred onto a 

heterozygous wild-type 129 background such that the transgenic mouse had one pRHO PP347S allele 

and one wild-type mRHO allele. In comparison, a transgenic model on a homozygous wild-type RHO 

background was used by Chadderton et al, 2009. This heterozygous genotype was chosen at it was felt 

it would more accurately mirror the genotype of human patients with RHO-adRP which have one 

mutant and one wild-type allele. Additionally, as siP3 has three mismatches over the siP3 target site in 

mRHO and should therefore not suppress mRHO, the presence of the wild-type mRHO allele in the 

PP347S model should act as a natural replacement gene and allow evaluation of therapeutic efficacy to 

be undertaken.

To evaluate shP3 in the hetPP347S transgenic mouse, the degeneration needed to be characterised in 

this model in order to establish the progression of the degeneration over time. The original transgenic 

PP347S mouse generated (Ser 6 line) was maintained on a wild-type C57BE/6 background. Since 

obtaining these mice in 2004 the model has since been bred to homozygosity on a 129rho‘^' background 

(PP347S'^^'^ 129rho'^ ). Therefore it was felt that the degeneration of the hetPP347S'^^ l29rho'^^‘ mice 

utilised in this study should be charted. Furthermore, to our knowledge ERG analysis characterising 

the degeneration of photoreceptor function overtime has not been reported previously for this 

transgenic PP347S mouse. A feature of RP is that the rods degenerate first and this has a secondary 

effect of causing cones to die. This cone photoreceptor degeneration happens late in the course of the 

retinal degeneration (Farrar et al, 2002). The rod and cone ERG function in the hetPP347S was 

consistent with this observation. At 3 weeks the rod-isolated response (Figure 5.3.2.i) and mixed rod-
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cone (Figure 5.3.2.j) response was modestly lower but statistically similar to wild-type levels, 

however, a dramatic decrease in ERG function occurred between 3 to 8 weeks with only a third of the 

rod-isolated ERG function remaining at 8 weeks. This decrease in function remained relatively stable 

from 8 to 16 weeks, at 6 months less than 10% of rod-isolated ERG and mixed rod-cone response 

remained. By 1 year the ERG response was flat as degeneration of the rods was complete (Figure 

5.3.2.1 & Figure 5.3.2.j [ly]). In contrast to the rod response and the mixed rod-cone response, 

reduction in the cone-isolated response was not apparent until 6 months when a decrease in cone- 

isolated ERG function to 12% was observed (Figure 5.3.2.k). This diminution in response continued 

until 1 year (the final time-point measured) when the average cone isolated b-wave had been reduced 

to less than 10%.

Western blot analysis was subsequently undertaken as it was proposed that as the rods degenerate, both 

levels of mutant and wild-type rhodopsin should theoretically be reduced. In principle this reduction in 

RHO immunoreactivity could also be used as a measure of the photoreceptor degeneration. 

Establishing the time-point at which very little RHO protein remains in photoreceptor cells was an 

important baseline for future studies in which western blot analysis of RHO suppression would be 

undertaken in mice injected with AAV-2/5.shP3. As no pRHO specific antibody was available, it was 

decided to optimise an antibody currently available in the laboratory for these studies. The 4D2 

antibody (Hick & Molday, 1986) was found to react with pRHO extracted from a porcine retina and 

pRHO extracted from the hetPP347S mouse (Figure 5.3.3.a). This will be particularly useful when 

analysis of this therapy progresses into the porcine RHO-adRP model, as an antibody will already have 

been optimised for u.se in these studies. The pattern of RHO staining in the hetPP347S mouse was the 

same as that observed both in the original PP347S mouse generated by Weiss et al, 1995. This was 

consistent with the observation that mutant P347S RHO protein does not undergo any post- 

translational abnormalities (Weiss et al, 1995). In terms of the reduction in total RHO protein overtime, 

a significant decrease was observed between 3 and 16 weeks, however RHO depletion was particularly 

evident from 6 months (Figure 5.3.3.al & 5.3.3.bl). The level of rhodopsin present in all samples 

from 6 months to I year was comparable to that observed in a 129rho'^' mouse (Figure 5.3.3.a2 & 

5.3.3.b2). This indicated that by 6 months very little RHO containing rod photoreceptors must remain 

and this correlates well with the rod-isolated and mixed rod-cone responses in which less than 10% 

ERG function remains at this time (Figure 5.3.2.1 & Figure 5.3.2.j).

At all time-points examined in the hetPP347S retinal sections (identical time-points to the western blot 

analysis), RHO was localised not only to the OS but also strong RHO staining was visible in the IS,
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ONL and OPL (Figure 5.3.5.a). While RHO staining in the ONL has been observed in wild-type mice 

up until approximately three weeks, at later time-points wild-type RHO is confined to OS (O’Reilly et 

al, 2008). Consistent with this staining pattern, in the original studies with this PP347S transgenic 

mouse on C57BL/6 background (Weiss et al, 1995), RHO was localised to the IS in addition to the 

OS. No mention of RHO staining in the ONL was noted, however while the RHO localisation pattern 

in this paper was mentioned, no data to confirm the location of mutant RHO was presented (Weiss et 

al, 1995). In contrast, the original report of the transgenic HP347S mouse demonstrated mutant hRHO 

localisation to the OS with little staining in the ONL and IS (Li et al, 1996). The reason for the 

different staining pattern between these transgenic mice models (HP347S and PP347S) is unknown, 

however ultrastructure analysis did reveal the mislocalisation of RHO into ectopically expressed 

rhodopsin containing extracellular vesicles between the junction of the IS and OS (Li et al, 1996). This 

suggested that mislocalisation of RHO into these vesicles may possibly be involved in the 

degeneration. The aberrant staining pattern of RHO observed with the transgenic PP347S mice would 

be consistent with this hypothesis. It has now been established that mutations in the c-terminal domain 

of rhodopsin (including P347S) result in mislocalisation of RHO throughout photoreceptors, this c- 

terminal region appears to be vital for the interaction of rhodopsin with various proteins involved in the 

post-golgi transportation of RHO to the OS disc membranes (Deretic et al, 1998; Deretic et al, 2006, 

Mazelova et al, 2009). Interestingly a mutation in codon 334 of rhodopsin exists in which a stop codon 

(Q334ter) is generated; this results in the last five amino acids (including codon 347) of rhodopsin 

being deleted. Examination of transgenic mice with this mutation reveals that mutant RHO has a 

similar staining pattern to that observed in the hetPP347S mice used in this study (Concepcion & Chen 

et al, 2010; Lee & Flannery, 2007; Sung et al, 1994). In addition the transgenic porcine model with the 

P347L pig transgene that simulates RHO-adRP has a similar pattern of rhodopsin staining in the IS, 

ONL and synaptic terminals (Blackmon et al, 2000; Li et al, 1998). This further highlights the 

importance of the c-terminal amino acids of rhodopsin for adequate trafficking to the OS to confer 

function and confirms that the aberrant staining observed in hetPP347S transgenic mice is consistent 

with that reported in transgenic mice with other mutations in the c-terminal region of RHO.

At a histological level, hetPP347S mice (at the different time-points) presented with a moderate retinal 

degeneration, slower than that in transgenic HP347S mice. In the HP347S transgenic mouse utilised in 

previous studies in the TCD laboratory, rhodopsin staining was significantly reduced by 10 weeks with 

1 -2 ONL nuclei remaining. At 20 weeks no ONL nuclei remain and there was no rhodopsin staining. 

Rod-isolated ERG function at this time was completely abolished (Chadderton et al, 2009; Millington- 

ward et al, 2011). In contrast the ONL cell nuclei did not decrease to 1-2 rows until 9 months in the
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hetPP347S retinas and furthermore this degeneration was only complete at 1 year (compared to 5 

months in HP347S mice). In the original PP347S characterisation studies (Chang et al, 1993; Weiss & 

Hao et al, 1992), half the photoreceptor cell nuclei were abolished as early as 8 weeks (4-5 rows of cell 

nuclei remain in the hetPP347S mouse at 6 months) however the degeneration slowed pace and was 

complete by 1 year (Chang et al, 1993; Wang & Hao, 1992). The decrease in RHO over the time- 

course of this degeneration was most evident from 6 months onwards, which was consistent with the 

ERG and western results previously obtained in the .study described in this thesis in which only a 10% 

and 6% reduction in function and RHO expression respectively was observed at this time-point.

It was decided to examine the degeneration of the cones at the histological level to ensure the change in 

cone-isolated ERG response observed at 6 months was consistent with a significant decrease in cone 

photoreceptors (Figure 5.3.6.a). Peanut Agglutinin protein (PNA) is a 110 kDA plant lectin protein 

which selectively binds to the inter photoreceptor matrix surrounding the cone inner and outer 

segments and thus allows visualisation of the cones in the mammalian retina (Blanks & Johnson et al, 

1983; Johnson et al, 1986; Krishnamoorthy et al, 2008). No difference in PNA staining was observed 

at early time-points between the hetPP347S and wild-type control retinas and this was consistent with 

the cone-isolated ERG results for these time-points. However a significant reduction in PNA staining 

was clearly visible a 6 months, this corresponds to the point at which a significant decrease in the cone- 

isolated ERG function occurs. As with the ERG analysis, this PNA staining continued to decrease until 

1 year when no staining was visible, corresponding to the end point of the retinal degeneration (Figure 

5.3.6.b). This is consistent with prior findings in this transgenic mouse in which by 1 year the retinal 

degeneration was virtually complete (Weiss et al, 1995).

Having characterised the hetP347S transgenic mouse in terms of ERG, protein expression and 

histology the results suggested that the suppression strategy detailed in Chapter 4 may be amenable to 

evaluation in this mouse model given to the large window available for therapeutic intervention. 

Initially retinas from mice injected with AAV-2/5.NT20 and AAV-2/5.shP3 underwent EACS analysis 

in order examine if sufficient EGFP positive cell numbers could be obtained for further analysis in this 

model using this method. However an insufficient number of EGFP positive cells for real-time RT- 

PCR analysis were collected from these injected mice (Table 5.3.8.a). Obtaining EGFP positive cells 

from the H347S mouse had also been difficult using FACS (Dr. Naomi Chadderton [personal 

communication]). There were several likely reasons for this observation: The mice were injected at a 

young age (PIO) before the photoreceptors have completed development, as the eyes of these mice are 

smaller only I pi of virus (instead of the 3pl usually administered) was subretinally injected into these
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mice, therefore a lower number of cells were transduced. Additionally previous analysis has 

established that typically only 10-20% of the retina was transduced in the HP347S mouse compared to 

30-40% observed in an aged and titre matched injected NHR mouse (Chadderton et al, 2009), thus the 

viral spread in the PP347S tran.sgenic mouse was likely to be similar. The reduced viral spread and 

lower viral volume injected would clearly contribute to a lower percentage of EGFP positive cells. 

Moreover the AAV-2/5.NT20 vector has previously been shown in the laboratory to be inefficient at 

expressing EGFP. The retina of the PP347S mouse was degenerating thus more cell death was 

observed in these retinas, the retinal cells undergo dissociation prior to FACS and this process was 

likely to cause the loss of some cells from the retina as evidenced by the high number of DRAQ-5 

negative cells in the hetPP347S retinal sample. While a loss of viable cells may be tolerated in the 

wild-type mouse retina which had significantly more EGFP positive cells to begin with, the death of 

cells in the hetPP347S may have a significant impact on the overall EGFP cel! numbers obtained in 

this model. Therefore an altered protocol in which the EGFP positive regions of the retina were 

physically excised and the RNA immediately extracted was undertaken to avoid disrupting the delicate 

retinal cells. Using this protocol it was established that as expected both the viral spread and the 

expression of AAV-2/5.NT20 were lower in the hetPP347S mouse.

Real-time RT-PCR was undertaken on mice injected with AAV-2/5.NT20 and AAV-2/5.shP3. shP3 

significantly reduced pRHO RNA by 67% in the hetPP347S transgenic mouse (Figure 5.3.10.a). This 

level of suppression was comparable to that obtained with shBB in the H347S model. Furthermore this 

level of hRHO suppression by shBB was sufficient to provide therapeutic benefit in the HP347S mouse 

when a replacement gene refractory to shBB mediated suppression was simultaneously delivered to 

this transgenic mouse (Millington-Ward et al, 2011). Therefore in the context of the hetPP347S 

transgenic mouse model and shP3, it was hoped that similar therapeutic efficacy could be achieved. 

shBB is 100% homologous to both hRHO and pRHO, therefore one would assume that a potent 

suppression of hRHO by shBB in previous studies would correspond to a potent suppression of pRHO 

by shBB, this however had not been evaluated (Millington-Ward et al, 2011; O’Reilly et al, 2007). 

Therefore the suppression of pRHO by shBB at the mRNA level in these hetPP347S mice was 

assessed (Figure 5.3.11.a). A suppression level stati.stically similar to shP3 of 67% (P=0.2937) was 

obtained using shBB. As shBB and shP3 suppress pRHO to similar levels in vivo in the hetPP347S 

mouse and shBB suppresses hRHO to similar levels in the HP347S mouse, this suggested that shP3 

may be a potent suppressor of RHO in RHO-adRP models and be as efficient as the best suppressor 

characterised previously in the TCD laboratory (Millington-Ward et al, 2011; O'Reilly et al, 2007).
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As suppression of pRHO mRNA by shP3 should correlate with suppression of pRHO protein, it was 

not surprising that a decrease in RHO protein by shP3 was achieved (Figure 5.3.12.a). No previous 

studies in the TCD laboratory have examined the suppression of RHO in a RHO-adRP model by 

western blotting. The 4D2 antibody reacts with both pRHO and mRHO therefore as mRHO expression 

would mask the suppression result, only a modest change in RHO protein expression was expected. 

Evidently a significant decrea.se in RHO protein was observed, this suggested that despite three 

mismatches over the target site for shP3, suppression of the endogenous mouse allele RHO may be 

taking place (Figure 5.3.12.b).

The functional effects of pRHO suppression by shP3 was analysed at 6 and 12 weeks post-injection for 

two litters of n=10 mice and 10 and 14 weeks for one litter for n=6 mice, however some variability in 

results between litters were observed. For litter 1, examined at 6 and 12 weeks, no significant 

functional benefit was obtained for this time-point (Figure 5.3.13.e [a-c]). In contrast for litter 2, 

evaluated at 6 and 12 weeks, an increase in retinal function was observed suggesting therapeutic 

benefit could be achieved in these mice (Figure 5.3.13.f [a-c]). When this litter was assessed for 

significance, only increases in rod-isolated and cone-isolated responses at 6 weeks were significant. 

Furthermore, comparative analysis between the b-wave values in the AAV-2/5.NT20 injected retinas 

versus the b-wave values in the AAV-2/5.shP3 injected retinas between litter 1 and litter 2 revealed 

that no significant difference between AAV-2/5.shP3 injected eyes at 6 weeks for the two litters was 

observed, nor for the AAV-2/5.NT20 injected or AAV-2/5.shP3 injected eyes at 12 weeks. The only 

significant change occurred in the AAV-2/5.NT20 ERG responses at 6 weeks between the two litters. 

This suggests that overall, no significant benefit was taking place in these injected mice. For litter 3, 

examined at 10 and 14 weeks, a significant decrease in ERG function only at 14 weeks was noted 

(Figure 5.3.13.k [a-c]). The reason for the variability among litters could be attributed differences in 

injection; the second litter of mice were born on a weekend and thus the exact age of injection may not 

have correctly been determined. All three litters were injected on different days, with different aliquots 

of virus which could also lead to variability. The fact that the third litter only showed significant 

suppression of the ERG function at 14 weeks suggests that perhaps a longer post-injection evaluation 

period may be required in these mice. Mussilino et al, 2011a noted that despite identical transgene 

levels in the HP347S transgenic mice on a C57BJ/6 background, there was variability in ERG 

responses between different litter mates, thus they contextually measured baseline ERG parameters of 

each animal prior to injection (Mussilino et al, 201 la). This may be an approach to employ for future 

suppression studies in these mice to overcome variability. It is also of note that increases in n numbers 

of mice used might lead to the generation of more robust results.
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As no robust effects at the ERG level were found in the majority of animals injected with AAV- 

2/5.shP3 in this study, this suggested that 67% suppression of pRHO observed in transduced cells 

(approximately 10-20% of the retina [Chadderton et al, 2009]) was not sufficient to provide efficacy in 

this model. This could be due to lower viral transduction obtained in these mice compared to NHR 

mice. Interestingly, when an shRNA alone (shBB), which suppresses both hRHO and mRHO, was 

subretinally injected into the HP347S model no significant change in rod-isolated ERG function was 

obtained (Millington-Ward et al, 2011). This was similar to the ERG analysis observed in this study 

suggesting that mRHO in the hetPP347S mouse may be suppressed in part by shP3 and that this may 

be the reason no overall benefit was obtained.

Immunohistochemistry was undertaken on mice from litter 1 and 2 that had previously undergone ERG 

analysis at 12 weeks in order to assess if any differences in RHO staining were observed (Figure

5.3.14. a). A decrease in RHO immunoreactivity was evident in both mouse litters, of note RHO 

staining previously observed in the ONE, INL and IPL in hetPP347S appeared to be reduced. This 

indicated that levels of mutant pRHO are reduced due to shP3-mediated suppression. A decrease in 

overall RHO was evident, and this would correspond with the ERG and western blotting results to 

suggesting mRHO may also be suppressed by shP3 in the retina.

In order to evaluate if siP3 may also suppress mRHO, despite the presence of 3 mismatches, an in 

vitro experiment co-transfecting hRHO and each siRNA into HeLa cells was undertaken (Figure

5.3.15. a). siBB and siP2 suppressed mouse rhodopsin to a similar extent as hRHO as expected, given 

there was 100% homology for these target sites in both species. Surprisingly, siP3 was found to 

suppress mRHO albeit to a lesser extent (46%). This was an almost 50% reduction in silencing 

efficiency compared to hRHO. Kiang et al, 2005 found that an mRHO targeting shRNA with 2 

mismatches to hRHO was still capable of suppressing hRHO. Similarly, mutating nucleotide 10 within 

the shRNA target site in mRHO .still resulted in mRHO suppression (20 % lower than the wild-type 

mRHO mRNA). These results indicated that certain mismatches between siRNA and rhodopsin can be 

tolerated (Kiang et al, 2005). Moreover, it has been experimentally validated in the literature that the 

number of mismatches, the position of these mismatches and type of nucleotide substituted has an 

effect on silencing efficacy (Dahlgren et al, 2008; Du et al, 2005; Huang et al, 2009). Studies have 

indicated that mismatches between the 5’end of the antisense guide strand are more tolerated then 

mismatches at the 3’ end, in particular mutations in positions 5-11 appear to be least tolerated to confer 

efficient suppression (Dahlgren et al, 2008; Du et al, 2005). One study examined the effect of different 

nucleotide mismatches at different positions along the target sequence, relative to the siRNA guide
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strand. In general it was found that a purine to a pyrimidine was the most well tolerated mismatch 

compared to purine to purine or pyrimidine to pyrimidine (Huang et at, 2009). mRHO has three 

mismatches with the siP3 antisense strand. The T' is an A: C mismatch at position 3, which is the best 

tolerated at this position (pyrimidine: purine). The other two mismatches were at postion 6 and position 

18 and the mismatch was a C: C. This mismatch (purine; purine) is the least tolerated at this position. 

However cytosine mismatches in these regions were well tolerated compared to cytosine based 

mismatches in most of the 17 other positions examined (Huang et al, 2009). Most studies have taken 

into account the effect of a single mismatch between siRNAs and target whereas in this case there are 

three mismatches, the position and type of mismatches relative to each other is likely to influence 

efficacy. Dahlgren et al characterised the position and type of double mismatches between a particular 

target sequence and siRNAs. The majority of these double mismatches provided efficacy of between 

20-60% compared to the 92% achieved with a wild-type sequence. Furthermore the 3’ end and central 

region of the antisense strand appeared to be the most sensitive to both single and double mutations 

(Dahlgren et al, 2008; Du et al, 2005). Two of the mRHO mutations are in the 3’ of the target site (5’ 

to AS siP3) and as such should be more tolerated than if they were in the 5’target region. The third 

mutation is in position 18 relative to the 3’AS of siP3, however mutations in nucleotide position 18-19 

have been found generally to be well tolerated ( Dahlgren et al, 2008; Du et al, 2005).

In terms of mRHO, 46% suppression mRHO is not efficient compared to the activity of siP3 targeting 

pRHO. siPl which suppressed pRHO RNA by 64% (Section 3.3.4) was not efficient at completely 

eliminating hRHO protein, therefore it is likely that there would still be significant levels of mRHO 

protein present after siP3 suppression. The transgenic model utilised in this study had only one mRHO 

allele, therefore a 46% reduction in this allele would reduce the total wild-type RHO in this mouse to 

approximately 27%. Despite the fact that one endogenous RHO allele is sufficient for photoreceptor 

function, a very mild retinopathy is observed in heterozygous RHO"^^' knockout mice (Humphries et al, 

1997), therefore by reducing RHO levels even further in AAV-2/5.shP3 treated hetPP347S mice, one 

might not expect to rescue photoreceptor function. In this model a balance may exist where 

suppression of mutant RHO rescues the disease phenotype only when sufficient levels of endogenous 

wild-type RHO are also present. There is most likely a certain threshold of RHO expression that is 

needed in the retina for function. If this is the case, stabilising the balance between the suppression of 

mutant RHO and the expression overall RHO in the retina to a point where rescue is obtained is vital. 

Rhodopsin expression in the shP3 treated hetPP347S mice may be on this threshold, which may 

account for the variations of ERG function observed between the different mice litters evaluated.
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In conclusion, the study presented in this thesis involved the evaluation of a RHO-adRP with a porcine 

rhodopsin mutant transgene model and the utilisation of this model for examining suppression of 

mutant RHO. The hetPP347S mouse used had a slow degeneration as evaluated by ERG, western blot 

analysis and histology which provided a larger therapeutic window for testing the suppression strategy 

than for example the P23H or the HP347S mouse models. Furthermore the aberrant location of mutant 

P347S RHO was identified as a characteristic of mutations within the c-terminal region of RHO. 

Mutations in this region abolish the signal used for transporting RHO efficiently to the OS of the 

photoreceptors (Deretic et al, 2006), therefore it was not surprising that RHO is mislocalised in these 

transgenic mice. The evaluation of suppression of pRHO by shP3 was successfully undertaken as 

assessed by real-time RT-PCR and western blot analysis. However, despite potent suppression, overall 

no rescue of photoreceptor function was observed. Further analysis determined that siP3 also 

suppresses mRHO albeit to a lesser extent than pRHO. As the transgenic mouse used for the research 

described in this chapter was placed on a background in which only one mouse allele is present, the 

lack of rescue may be due to the reduction in wild-type mRHO that accompanied shP3-mediated 

suppression of the mutant porcine RHO. Two strategies could be utilised to overcome this, firstly the 

suppression of mRHO was only evaluated in vitro in this study. In order to evaluate suppression in vivo 

AAV-2/5.shP3 should be subretinally injected into wild-type mice and suppression subsequently 

analysed. Secondly, Cbadderton, et al, utilised the HP347S transgenic mouse on a wildtype^^ 

background to confirm therapeutic efficacy. If like siP3 in vitro, shP3 only suppresses mRHO by less 

than 50% then evaluating the PP347S mouse on a wild-type"^^^ background should in theory achieve 

rescue (Chadderton et al, 2009). Furthermore, the hetPP347S mouse could subsequently be utilised for 

studies involving the simultaneous delivery of both a shP3 suppressor and replacement gene resistant 

to suppression, similar to those undertaken by Millington-Ward et al, 2011. The development of such 
RNAi resistant replacement gene is detailed in Chapter 6.

The evaluation of suppression in vivo in this laboratory to date has utilised AAV-2/5 as the delivery 

vehicle to the retina (Chadderton et al, 2009; Millington-Ward et al, 2011; O’Reilly et al, 2007). 

Recently however, AAV-2/8 has been established as an efficient delivery vehicle for in vivo 

suppression of target genes in the retina. Georgiatis et al, 2009 utilised AAV-2/8 to achieve potent 

suppression of peripherin-2 in the photoreceptors (Georgiatis et al, 2009). An AAV-2/8 Zinc finger 

based suppressor of rhodopsin was found to successfully transduce the OS of the HP347S transgenic 

mouse, providing both significant suppression of hRHO and therapeutic rescue of photoreceptors 

(Mussilino et al, 201 la). Of all the recombinant AAV viruses thus far identified, it has been suggested 

that AAV-2/8 may be most efficient delivery vehicle to photoreceptors identified to date (Allocca et al,
236



2007; Lebherz et al, 2008; Natkunavajeh et al, 2008; Steiger et al, 2008). Specifically AAV-2/8 was 

established to transduce the porcine photoreceptors more efficiently than the AAV-2/5 (Mussilino et al, 

201 lb). This is of particular interest for the current study given the therapeutic is being developed for 

its eventual use in the pig. Therefore a future avenue for the analysis of therapeutic benefit derived 

from shP3 could be the evaluation of AAV-2/8.shP3-based constructs in the retinas in the PP347S 

model of RHO-adRP.
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P347SF 5 ’ CC ATCT AC A ACCCTGTC AT-3 ’
PP347SR 5 ’ -TTTGGTTCTG AC AGGTGCG-3 ’
PIF 5’-AGAAGGCCTGCAGTGCTCG-3’
PIR 5’-AGCCACGACCATGATGATG-3’
P2F 5 ’ -C ATC ATC ATGGTCGTGGCT-3 ’
P2R 5 ’ -GGC AAAG A AGGCTGGGTG-3 ’
P3F 5 ’ -CT ACGTGCCTTTCTCC AAC AA-3 ’
P3R 5 ’ -TCCTCC AAGTTGC AT-3 ’
MRHOF 5 ’ -CTG AGGGC ATGC A ATGTTC A-3 ’
MRHOR 5 ’ -C AT AGC AG A AG AAG ATG ACG-3 ’

Table 5.2.2 Primers used in Chapter 5

P347S forward and PP347S reverse (P347S F and PP347S R) were used for genotjping 
mutant pRHO in the transgenic mouse with pRHO. P1-P3 forward and reverse (F & R) 
were used to analyse pRHO suppression by shP3. MRHO forward and reverse primers 
(MRHO F & R) were used to analyse mRHO expression.
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COl C02 COS

1Kb

Figure 5.3.1a PP347S genotvping

This is an example of a typical genotyping result for the homozygous PP347S mice. The positive 
control is DNA from a mouse known to be positive for the PP347S transgene, and has a positive 
band at 1.1 kb which is the correct size in which the P347SF and PP347SR primers amplify 
pRHO. The negative control is water blank; it is negative for any bands. This demonstrates that 
there was no DNA contamination during the PCR reaction. C01-C03 have a band at l.lkb
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Rod-isolated ERG response of the heterozygous 
120 PP347S mouse over time compared to wild-type
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P<0.0001 PO.Ol P<0.0001

Hp<o.oooi

I ^ P<0.0001 P<0.0001

\V4\,veek PP347S3 PP347S5 PP347S P=347S PP347S6m PP347S9” :'P347Slv
v,vk IZwk 16wk

rod-isolated ERG responses
WT PP347S PP347S pp347S PP347S

Timepoint 4wk 3wk 8wk 12wk 16wk
%ofWT 100 75.4 35.4 30.6 24.7
%SD 2 19 14 11 6

PP347S PP347S PP347S 
6m 9m ly
7.5 3.9 0
4.8 3.5 0

Figure 5.3.2.i Average rod-isolated b-wave responses in heterozygous PP347S mice at
different time-points compared to wild-ty pe.

The average rod-isolated b-wave responses for 4 week old wild-type mice and hetPP347S 
mice at 3 week (wk), 8wk, 12wk, 16wk, 6month (m), 9m and 1 year (y) was combined for 
each time-point. The average and standard deviation was calculated using Microsoft 
Excel. Statistical significance was assessed by a two sample t-test (DataDeskh.O). The rod- 
isolated response in the wild-type was set at 100% and all other hetPP347S b-wave values 
at different time-points were expressed as percentages of this value. Error bars represent 
% SD.
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mixed rod-cone ERG response of the 
heterozygous PP347S mouse over time 

compared to wild-type
P=0.3

P<0.0001 P<0.05■ ■ P<0.0001

■I P<0.0001 
H P<0.00(

. I. m.-
0001 P<0.0005

WT4wk PP347S PP347S pp347S PP347S PP34756mPP347S9m PP347Sly
3wk 8wk 12wk 16wk

Mixed rod-cone isolated ERG responses
WT PP347S PP347S PP347S PP347S PP347S PP347S PP347S

Timepoint 4wk 3wk 8wk 12wk 16wk 6m 9m ly
% of WT 100 86.9 40.9 52 30.4 9.1 3.4 0.2
% of SD 4 18 17 18 6 6 3 0.4

Figure 5.3.2.i Average mixed rod-cone b-wave responses at in heteroz\'gous PP347S
mice at different time-points compared to wild-type.

The average mixed rod-cone b-wave responses for 4 week old wild-type mice and 
hetPP347S mice at 3 week (wk), 8wk, 12wk, 16wk, 6month (m), 9m and 1 year (y) was 
combined for each time-point. The average and standard deviation were calculated 
using Microsoft Excel. Statistical significance was analysed by a two sample t-test 
(DataDesk6.0). The mixed rod-cone response in the wild-type was set at 100% and all 
other hetPP347S b-wave values at different time-points were expressed as percentages 
of this value. Error bars represent % SD.
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140

cone isolatedERG response of the 

heterozygous PP347S mouse over time 

compared to wild-type
P=0.9 P <0.05 P =0 8

P <0.05

P <0.0001 P <0.0001 P <0.0001

ii it
WT4wk PP347S PP3475 pp3'^7S PP347S PP347S PF347S PP347Sly

3wk 8wk 12wk 16wk 6m 9m

Cone isolated ERG responses
WT PP347S PP347S pp347S PP347S PP347S PP347S PP347S

Timepoint 4wk 3wk 8wk 12wk 16wk 6m 9m ly
%ofWT 100 98.9 71 96.8 75.1 12 9 1.6

%ofSD 3 15 26 19 12 8 5 1

Figure 5.3.2.k Average cone-isolated b-wave responses at in heteroz\'gous PP347S mice at
different time-points compared to wild-type.

The average cone-isolated b-wave responses for 4 week old wild-type mice and hetPP347S 
mice at 3 week (wk), 8wk, 12wk, 16wk, 6month (m), 9m and 1 year (y) was combined for each 
time-point and the standard deviation obtained using Microsoft Excel. Statistical significance 
was assessed by a two sample t-test (DataDesk6.6). The cone-isolated response in the wild- 
type was set at 100% and all other hetPP347S b-wave values at different time-points were 
expressed as percentages of this value. Error bars represent % SD.
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P-actin
Pig retinal protein

42kDA

hRHO

80kDA
dimer

39kDA

SAMPLE NAME pRHO 
BCA (pg/ml) 1035
protein/ well (pi) 20
[protein]/ well
(Pg) 21

Figure 5.3.3.a Optimisation of the 4D2 antibody for porcine rhodopsin.

Retinal protein from a porcine retina was loaded in duplicate and 
probed with 4D2. The pRHO monomer at 39kDA was clearly 
observed in both samples as was the presence of pRHO at higher 
molecular weights. The porcine protein was probed for p-actin to 
check the p-actin antibody was reactive to pig. Positive bands at 42 
kDA indicated that this antibody could react with pig p-actin.
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Figure 5.3.5.a.Imniunohistochemistrv of heterozygous PP347S retinas from 3 weeks to 16
weeks

A1-A6 represents RHO staining with 4D2, B1-B6 represents the RHO staining overlaid with 
DAPI. OS=outer segments, IS=inner segments, ONL=outer nuclear layer, INL= inner nuclear 
layer and GCL=ganglion cell layer. Scale bar (L) represents 116 pM
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Figure 5.3.5.b Immunohistochemistry of heterozygous PP347s retinas from 6 months to 1
year.

A1-A6 represents RHO staining with 4D2, B1-B6 represents the RHO staining overlaid 
with DAPI. OS=outer segments, IS=inner segments, ONL=outer nuclear layer, IN = inner 
nuclear layer and GCL=ganglion cell layer. Scale bar (L) represents 116 fiM
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Wild-type^
/• . '

^ A' < - ^ a •’ ,

3 week

A2

16 week
^‘**’'* ‘M ...

Wild-type
4 .

B1 . ■ ■
3 week

B2

16 week
os

' A
IS,

OIML

INL

B3 ----------- GCL

Fi£ure 5.3.6.a Immunohistochemistrv of PNA staining in heterozygous PP347s retinas from
3 weeks to 16 weeks

A1-A6 represents PNA staining of the cone cells, B1-B6 represents the PNA staining 
overlaid with DAPI. OS=outer segments, IS=inner segments, ONL=outer nuclear layer, 
INL=inner nuclear layer and GCL=ganglion cell layer. Scale har (L) represents 116 pM
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Figure 5.3.6.a Immunohistochemistrv of PNA staining in hetPP347s retinas from 6 months
to 1 year.

A1-A6 represents PNA staining of the cone cells, B1-B6 represents the PNA staining 
overlaid with DAPI. OS=outer segments, IS=inner segments, ONL=outer nuclear layer, 
INL=inner nuclear layer and GCL=ganglion cell layer. Scale bar (L) represents 116 pM

Page 2 of 2
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PI Forward
PIG AGAAGGCCTGCAGTGCTCG

II III I I I I II II
Mouse TGAGGGCATGCAATGTTCA

PI Reverse
PIG CATCATCATGGTCGTGGCT

I I M I I M I I M I
Mouse TATCATCATGGTCATCTTC

P2 Forward
PIG CATCATCATGGTCGTGGCT

I I I I I I I I I I I I I
Mouse TATCATCATGGTCATCTTC

P2 Reverse
PIG CACCCACCAGGGCTCCGACTTTGG

I I I I I I I I I I I I I I I I I I I I II
Mouse CACCCACCAGGGCTCCAACTTCGG

P3 Forward
PIG CTACGTGCCTTTCTCCAACA

II I I I I I I I I I I I I I I
Mouse TTATGTGCCCTTCTCCAACG

P3 Reverse
PIG ATGCAACTTGGAGGGA

I I I I I I I I I I
Mouse CTGTAATCTCGAGGGC

Figure 5.3.7.a primer design for pRHO amplification

Three primer sets were designed that were 100% homologous to pRHO but 
contained mismatches to mRHO. This was to ensure that only pRHO mRNA 
would be amplified from the heterozygous PP347S mouse.
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PP347S mouse % green 
cells

Mean Fluorescence
Intensity (Media, MFI

Cell number 
obtained

PI NT20(LE) 6.3 4971 4,808
PlshPB (RE) 5.8 5035 7,198
P2 NT20 (LE) 8.4 5559 10,000
P2 shP3(RE) 4.8 3440 2858
P3 NT20 (LE) 1.3 3609 9833
P3 shP3(RE) 4.3 4598 7801
P4 NT20 (LE) 13.5 5440 7205
P4shp3 (RE) 36.2 7496 28,589
P5 NT20 (LE) 11 7137 7186
P5shP3 (RE) 21.6 6751 15500
P6 NT20(LE) 10.1 5288 6360
P6shP3(RE) 14.5 5995 6280

Table 5.3.8 EGFP positive cells and cell numbers obtained 14 days post-injection of heterozygous
PP347S mice

Each retina sample was analysed 14 days post-injection for the % of EGFP positive cells present 
in each sample compared to the % of EGFP negative cells. The cell numbers obtained were 
between 2,500-29,000 EGFP positive cells.
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pRHO mRNA expression in PP347S mice LE- 
injected (NT20) Vs RE-injected (shP3)

140

P<0.05

NT20 n = 3 £hP3

Sample
%NT20
%shP3

hetPP347S with NT20 hetPP347S with shP3
100
27

33
18

Figure 5.3.10.a The % pRHO mRNA expression in heterozygous PP347S mice injected
with AAV-2/5.NT20 and AAV-2/5.shP3.

pRHO (PI) specific primers were used to amplify pRHO RNA from each retina samples. 
pRHO expression from mice -injected with AAV-2/5. NT20 (LE) was set at 100% and the 
pRHO expression from mice with AAV-2/5.shP3 (RE) was expressed as a % of this value. 
Averages and standard deviations were calculated using Microsoft Excel. A paired t-test 
was used to assess statistical significance (DataDesk 6.0) Error bars represent % SD 
values.
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pRHO mRNA expression in heterozygousPP347S 
mice LE-injected (NT20)\/s RE-injected (shBB)

120

100

80

60

40

20

PO.Ol

NT20 n=4 snBB

Sample Heterozygous PP347S with NT20
% of NT20 100

16

Heterozygous PP347Swith 
shP3

33
15

Figure 5.3.11.a The % pRHO mRNA expression in heterozygous PP347S mice injected with
AAV-2/5.NT20 (NT20) and AAV-2/5.shBB (shBB)

pRHO (PI) specific primers were used in each reaction to amplify pRHO RNA only in each 
retina. The average and standard deviation of each data set were calculated using Microsoft 
Excel. pRHO expression from mice LE-injected with NT20 was set at 100% and the pRHO 
expression from mice RE-injected with shBB was expressed as a % of this value. Statistical 
significance was assessed using a paired t-test (Datadesk 6.0) Error bars represent % SD values.
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42kDA'

80kDA
Himpr

39kDA

25kDA

P-actin

hRHO

EGFP

INT lshP3 2NT 2shP3 3NT 3shP3

Lane 1 2 3 4 5 6 7
SAMPLE

NAME INT lshP3 2NT 2shP3 3NT 3shP3 Rho-/-
BCA

(kig/ml) 526 781 507 602 343 355 761
protein/ 
well (pi) 9.8 6.6 10.1 8.5 15 14.5 6.8

[protein]/ 
well (pg) 5 5 5 5 5 5 5

Fi2ure 5.3.12.a RHO protein expression in the hetPP347S mouse injected
with AAV-2/5.NT20 & AAV-2/5.shP3

Three hetPP347S mice were subretinally injected with AAV-2/5.NT20 (LE) and 
AAV-2/5.shP3 (RE) and 14 days post-injection RHO protein expression was 
analysed using 4D2. Abundant RHO expression was present in the NT20 injected 
eyes (INT [lane 1], 2NT [lane 3] & 3NT [laneS]). In contrast lower levels of RHO 
immunoreactivity was visible in shP3 injected eyes (lshP3 [Iane2], 2shP3 [lane4] & 
3shP3 [lane 6]). Retinal protein from a 129rho'^' mouse (Rho’^ [lane 7]) was used as a 
negative control. Both p-actin and EGFP were used to assess equal loading.
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a.
c
TO
O

60

40

20

Densitometry of heterozygous PP347S mice LE- 
injected (NT20) Vs Re-injected (shP3)

P<0.05

M20 n = 3 sh-i

Sample hetPP347S with NT20 hetPP347S with shP3
% of NT20 

%SD
100
10

56
0.2

Figure 5.3.12.b Densitometric analysis of RHO protein expression from hetPP347S mice injected
with AAV-2/5.NT20 (LE) and AAV-2/5.shP3 (RE)

The mean pixel intensity of RHO protein in each sample was calculated using image J and 
normalised to the mean pixel intensity of mouse p-actin protein from the same western blot. 
RHO protein expression for AAV-2/5.NT20 injected eyes was set at 100% expression and RHO 
protein exp using Microsoft Excel. RHO protein expression from AAV-2/5.shP3 injected eyes 
was compared to this value. Error bars represent % SD values.
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Figure 5.3.13.e Rod-isolated, mixed rod-cone and cone-isolated responses for hetPP347S mice
(litter 1) injected with AAV-2/5.NT20 and AAV-2/5.shP3

The b-wave responses for each ERG test (rod-isolated [A], mixed rod-cone [B] and cone-isolated[c]) 
for each construct were combined , the average and standard deviation calculated for both 6 wk and 
12 wk time-points using Microsoft Excel. For mice injected with AAV-2/5.NT20 (blue) the average 
b-wave for each response was set at 100%. The average b-wave responses for mice injected with 
AAV-2/5.shP3 (red) were expressed as a percentage of this value. The statistical significance was 
assessed using a paired t-test (Datadesk 6.0) Error bars represent % SD

270



:8o
(1)160

^140
2120
Q.
i^ioo
*- 80
cc “
tu 40 

20 
0

200

180
4)
lA 160
§140

9-120in0) 100 
15 80 

25 63 ■
5? « 

20

rftd-isolated ERG in hetPP347 mice NT20 
& shP3 injected 6 wk and 12 wk post- 

T injection

P <0.05 P =0.2205

6t»sek 12 week

c;lA
c
0
am0)L

W
KLU

B mixed rod-cone ERG in hetPP347 mice NT20 & 
jgj shP3 injected 6 wk and 12 wk post-injection
163 - 

143 “

120 ■:

IM - 
B3

60 - 

40 ■

20 - 
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6f/eek 12'.«fk

fene-isolated ERG in hetPP347 mice NT20 & 
shP3 injected 6 wk and 12 wk post-injection

P <0.05
r

P =0.3690

6 week

6 week 12 week

NT20 shP3 NT20 shP3

100 ±
41%

132 ±
24%

100 ±
18%

115

± 29 %

6 week 12 week

NT20 shP3 NT20 sh,P3

100 ±
37 %

135 ±
26%

100 ±
26%

113

± 28 %

6 week 12 week

NT20 shP3 NT20 shP3

100 ±
44%

151 ±
32%

100 ±
25%

119

± 30 %

Figure 5.3.13.f Rod-isolated, mixed rod-cone and cone-isolated responses for hetPP347 litter 2
injected with AAV-2/5.NT20 and AAV-2/5.shP3

The b-wave responses for each ERG test (rod-isolated [A], mixed rod-cone [B] and cone- 
isolated[c]) for each construct were combined and the average and standard deviation calculated 
for both 6 wk and 12 wk time-points using Microsoft Excel. For mice injected with NT20 (blue) 
the average b-wave for each response was set at 100 %. The average b-wave responses for mice 
injected with shP3 (red) were expressed as a percentage of this value. The statistical significance 
was assessed using a paired t-test (Datadesk 6.0) Error bars represent % SD
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Figure 5.3.13.i Rod-isolated, mixed rod-cone and cone-isolated responses for hetPP347
litter 3 injected with NT20 and shP3

The b-wave responses for each ERG test (rod-isolated [A], mixed rod-cone [B] and cone- 
isolated[c]) for each construct were combined and the average and standard deviation calculated 
for both 10 wk and 14 wk time-points using Microsoft Excel. For mice injected with AAV- 
2/5.NT20 (blue) the average b-wave for each response was set at 100%. The average b-wave 
responses for mice injected with AAV-2/5.shP3 (red) were expressed as a percentage of this value. 
The statistical significance was assessed using a paired t-test (Datadesk 6.0) Error bars represent 
% SD
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AAV-2/5.NT20EGFP+ AAV-2/5.NT20 EGFP - AAV.2/5.shP3 EGFP - AAV-2.5.shP3 EGFP+

Figure 5.3.14.a Immunohistochemistrv' of hetPP347S eves LE-iniected (AAV-2/5.NT20) Vs RE
injected (AAV-2/5.shP3)

The above animal was taken at 12 weeks post-injection. Row 1 represents RHO staining, row' 2 
represents EGFP and row 3 is an overlay of RHO, EGFP and DAPI from each section. Column 
A (lA, 2A & 3A) is from an EGFP positive region of the heterozygous PP347S retina injected 
with NT20. , RHO is clearly present (lA) in the ONE, IS and OS and overlaps with both EGFP 
(2A) staining and DAPI staining (3A). Column 2 is the same retina from column 1 (PP347S 
injected with NT20) but in an EGFP negative region (2A, 2B &2C). RHO staining is clearly 
visible in the ONE, IS and OS, comparable to column 1. Column 3 is an EGFP negative region 
from the retina of a heterozygous PP347S mouse injected with AAV-2/5.shP3 (3A, 3B& 3C), 
RHO is clearly labeled in the ONE, IS and OS. Column 4 represents the same retina as column 3 
but in an EGFP positive region injected with shP3 (4A, 4 B & 4C). RHO immunostaining is less 
than observed in controls (1, 2 &3) and is present in the outer segments only compared to the 
NT20 figures and the shP3 EGFP negative figures of the same retina. OS=outer segments, 
IS=inner segment, ONE=outer nuclear layer, INE=inner nuclear layer and GCE=ganglion cell 
layer. Scale bar (E) represents 116 pM.
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Figure 5.3.15.a. Real-time RT-PCR evaluation of mRHO expression in HeLa cells co
transfected with mRHO and each siRNA

Relative mRHO mRNA levels in HeLa cells following co-transfection with mRHO and 
siNT (a non-targeting siRNA), siBB (a positive control), siP2 and siP3 in HeLa cells. The 
average and standard deviation was calculated by Microsoft Excel. The data are 
presented as percentages of rhodopsin mRNA levels in RNA samples co-transfected with 
wild-type mRHO and the non-targeting siRNA (siNT, 100%). Statistical significance was 
assessed using a two-sample t-test (DatadeskO.O). Error bars represent SD values.
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Chapter 6: Optimisation of a hRHO
replacement gene both in vitro and in vivo
for use in a suppression and replacement
therapeutic strate2V
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6.1 Introduction

One major issue when developing a mutation-independent therapy for autosomal dominant disorders 

such as RHO-adRP or peripherin-linked adRP is suppression abolishes expression from both the 

mutant and wild-type alleles (Millington-Ward et al, 1997). This is of particular concern for rhodopsin 

in which the total depletion of RHO in transgenic mice results in a severe retinal degeneration 

phenotype (Humphries et al, 1997). However, this problem can be alleviated by the simultaneous 

delivery of a replacement gene refractory to suppression by the RNAi molecule. Historically for RNAi 

this has involved utilising of the degeneracy of the genetic code to alter synonymous nucleotides 

within each codon such that although the nucleotide .sequence has been altered the amino acid code 

remains unchanged (Millington-ward et al, 1997; O’Reilly et al, 2007). This suppression and 

replacement therapy has been particularly efficient in the retina in which successful suppression and 

replacement both in vitro and in vivo has been undertaken with genes including rhodopsin (Millington- 

ward et al, 2007; Millington -ward et al, 2011; O’Reilly et al, 2007; O’Reilly et al, 2008; Palfi et al, 

2010). A critical factor in designing a replacement gene is obtaining appropriate levels of replacement 

gene expression. On one hand, suppression of the mutant allele (in addition to the wild-type allele), 

followed by an insufficient level of expression of the replacement gene may result in too little 

rhodopsin in the photoreceptors. This in itself may have a negative impact on the treated cell type. 

Therefore ways of increasing gene expression to close to wild-type levels are needed (Millington-Ward 

et al, 1997). On the other hand, over-expression of the replacement allele may also have a negative 

impact on phenotype. As mentioned previously, in studies by Olsson et al, 1992, 5-fold over

expression of normal human rhodopsin, resulted in a retinopathy in mice similar to that seen in P23H 

models of RP (Olsson et al, 1992). This indicates maintaining correct balance between having too little 

and too much replacement gene expression is crucial to any RHO-based suppression and replacement 

therapy. Therefore a detailed analysis of factors which may influence gene expression such as codon 

usage, promoter, enhancers and viral delivery are required.

6.1.1 Codon Usage analysis

As nucleotide changes are only incorporated into the degenerative position of each codon within the 

siRNA target site such that the protein sequence is still maintained, it would not be expected that any 

impact on protein function would be observed from these synonymous mutations. However since the 

1980’s unequivocal evidence has been building suggesting changes to degenerative nucleotides can 

have significant effects on gene expression, protein folding and function (Angov et al, 2011). Initial 

studies with prokaryotes established that highly expressed genes, show codon bias and incorporate
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preferred codons. This correlates with the fact that more abundant isoacceptor tRNAs for these 

preferred codons were available within the cell and supports a model in which highly expressed genes 

are more likely to utilise a codon if the tRNA for that codon is abundant in order to increase 

translational efficiency (Gouy & Gautier 1982; Ikemura et al, 1981; Ikemura et al, 1985). Furthermore 

evidence of this codon bias has been shown in C.elegans, D.melanogaster and X.laevis (Duret, 2000; 

Duret, 2002; Musto et al, 2001). There has been controversy surrounding codon bias in mammals that 

cannot be explained by translational efficiency alone, it is now emerging that factors such as GC 

content in isochore structures, mRNA secondary structure and stability are also subject to codon usage 

bias (Angov et al, 2011; Bernard!, 2000; Chamary & Hurst, 2005; Shabalina et al, 2006b). Recently a 

study has demonstrated in humans the importance of maintaining preferred codon usage. A 

synonymous mutation within the human MDRl gene, which codes for a P glycoprotein (P-gp), was 

found to result in altered substrate specificity when expressed in various cell lines. This is an important 

protein involved in drug metabolism and has been implicated in the multidrug resistance of cancer 

cells. Further investigations established that while this protein was of similar length and had similar 

expression levels compared to the wild-type, it had an altered protein conformation. The authors 

hypothesised that the likely reason for this altered protein product was due to the timing of translation. 

As the cell produces more P-gp, the t-RNA species for preferred codons become depleted. The 

incorporation of a rarer codon caused translation to slow down; this may allow time for the region of 

the peptide chain that has already been translated to fold into an alternative structure, thus altering 

protein conformation (Kimchi-Sarfaty et al, 2007). Thus minimising the potential for codon bias by 

altering the degenerative nucleotides within siRNA target sites for rhodopsin with preferred codons 

would be beneficial and has been undertaken in previous studies in which rhodopsin replacement genes 

were generated (O' Reilly et al, 2007).

6.1.4 Choice of AAV serotype

A major consideration for gene therapy to the retina using AAV is ensuring the correct and most 

efficient serotype is chosen for the specific cell type and species chosen for evaluation (Vandenberge 

& Auricchio, 2012). Previously for hRHO suppression and liRHO replacement vectors AAV-2/5 has 

been used (Chadderton et al, 2009; Millington-ward et al, 2011; O’Reilly et al, 2007; O’Reilly et al, 

2008; Palfi et al, 2010). However, as outlined in Section 1.22 since the initiation of these hRHO based 

suppression studies, a novel serotype AAV-2/8 has emerged as a potent transducer of the photoreceptor 

cells in mice, conferring high transgene expression compared to AAV-2/5 (Allocca et al, 2007; 

Lebherz et al, 2008 Natkunarajah et al, 2008).
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In dogs subretinal injections of AAV-2/8 was found to efficiently transduce the RPE, the 

photoreceptors, the inner retina, the ganglion cell layer and the brain (Stieger et al, 2008). Of particular 

relevance to the current study, was a recent evaluation of subretinal injection of both AAV-2/5 and 

AAV-2/8 in the porcine retina. Robust AAV-2/5 and AAV-2/8 transgene expression was achieved in 

the RPE and photoreceptors with both serotypes. Furthermore cells in the inner retina were also 

efficiently transduced. In contrast to the rodent retina, the pig retina is cone-rich. PNA staining of the 

cones in this model demonstrated that in addition to the rods, the cones were efficiently transduced. 

Overall AAV-2/8 transgene expression was approximately five times higher compared to AAV-2/5, 

indicating that similar to observations in mice, for the porcine retina AAV-2/8 may be the vector of 

choice. No aberrant immunological responses or toxicity was observed. In terms of biodistribution 

AAV-2/8 was observed in the retinas and optic nerves but not the brain (Mussolino et al, 201 lb). 

AAV-2/2 transduction compared to AAV-2/8 has also been evaluated in cynomolgus macaques; this 

was of particular interest as macaques have a fovea, a feature of the retina confined to primates. AAV- 

2/8 was found to transduce the RPE and photoreceptors efficiently at lower doses compared to AAV- 

2/2 (transduction was only observed at a tenfold higher dose). While typically transduction was 

restricted to rods, however, at high doses of both AAV-2/5 & AAV-2/2 cone transduction occurred, 

particularly in the cone rich fovea (Vandenberge et al, 2011). This is in contrast to dogs and pigs in 

which efficient cone transduction occurred and highlights the importance of te.sting each AAV serotype 

in a wide range of species. In addition, increased anti-AAV neutralising antibodies were present both 

locally and systemically in this study. A systemic t-cell response was also observed in response to the 

AAV transgene in animals injected with high dose AAV and inflammation in the retina was visible in 

these animals due to either high doses of AAV and/or high doses of the EGFP transgene. The authors 

noted however, that no toxicity has ever been reported for the EGA clinical trials with AAV-2/2. 

Furthermore the EGFP transgene is foreign to the host thus is different to a clinical setting in which an 

endogenous gene would most likely be administered. As AAV-2/8 can target both the RPE and 

photoreceptors it represents an attractive gene vehicle for future in vivo analysis

An AAV based transduction strategy, delivering an enzyme involved in lysosomal storage disease 

(GUSB) to the brain of mice e.stablished that in addition to AAV-2/8 and AAV-2/9, AAV-2/rhlO virus 

was efficient at targeting the brain (Cearley & Wolff, 2006). Furthermore AVV-2/rhlO has been found 

to confer widespread luciferase transgene expression to both mitotic and non-mitotic cells when 

administered to neonatal mice at P2, compared to AAVI-AAV-9. This suggested that AAV-2/rhlO 

might be an efficient viral vector for gene therapy studies to the CNS (Hu et al, 2010). This finding 

was further supported in studies comparing AAV-2/], AAV-2/2, AAV-2/rh8, AAV-2/9 and AAV-
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2/rhlO EGFP mediated delivery to the striatum of rats and pigs via convection enhanced delivery 

(White et al, 2011). In this study efficient AAV-2/rhlO based transgene expression was observed in the 

rat striatum, however in the pig striatum compared to AAV-2/rh8, AAV-2/1 and AAV-2/9 transduction 

was relatively poor. The discrepancy in the rat versus pig brain demonstrates the need to evaluate viral 

transduction in various species (White et al, 2011). In terms of AAV-2/rhlO in the eye, two recent 

studies established efficient transduction of AAV-2/rhlO to the retina. Giove et al delivered AAV- 

2/rhlO via intravitreal injection to the mouse retina and efficient transduction of the ONL and RPE was 

observed. Delivery to the inner retinal cells including the bipolar and horizontal cells in the outer 

plexiform layer was also achieved (Giove et al, 2010). Mao et al 2011, intravitreally delivered an 

AAV-2/rhlO virus expressing Bevacizumub (an anti-VEGF monoclonal antibody used in therapy for 

AMD or diabetic retinopathy) to provide long term stable expression which was confined to the RPE. 

Furthermore this therapy provided a 90% decrease in neovascularisation in a transgenic mouse model, 

demonstrating that AAV-2/rhlO can provide therapeutic efficacy in the retina. The discrepancy 

between RPE only transduction in this study and the widespread retinal transduction observed by 

Giove et al, 2010 may possibly be due to the use of a secreted transgene in the Mao et al, study as 

opposed to intracellular GFP in the Giove et al, study. In addition, differing mouse strains or the fact 

that the AAV-2/rhlO receptors are unknown may also have a role (Giove et al. 2010; Mao et al, 2011). 

These studies suggest that in addition to AAV-2/8, AAV-2/rhlO may be a likely candidate for efficient 
photoreceptor transduction.

6.1.5 Choosing the correct promoter

While many AAV serotypes drive robust transgene expression in photoreceptors there has to date been 

no photoreceptor specific AAV serotype, an important issue in ensuring transgene expression is 

restricted to the correct target when designing human clinical trials. While selecting various AAV 

serotypes with different tropisms can aid in this restriction, the choice of promoter or other regulatory 

elements can offer a significant level of control in terms of transgene expression (Karali et al 201 1). 

Constitutive promoters such as the CMV/CBA promoters have been utilised with success in the retina 

to drive transgene expression in the RPE, the photoreceptors and the inner retina for AAV serotypes 

such as AAV-2/2, AAV-2/5 or AAV-2/8 in species such as mouse, rats, dogs, pig and monkey 

(Acland, 2005; Allocca et al, 2007; Beltran et al, 2010; Lebherz et al, 2008; Mussolino et al, 201 la; 

Pang et al, 2008; Vandenberge et al, 2011a; Yang, 2002b). Additionally the CBA promoter has been 

utilised for AAV-2/2 delivery of RPE65 to human LCA patients with no toxicity reported (Maguire et 

al, 2008). Palfi et al, 2010 utilised the CMV promoter to drive robust expression of EGFP in
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photoreceptors, however, the authors noted that utilising the mRHO proximal promoter resulted in a 

five times higher expression of EGFP, thus the mRHO promoter was utilised for subsequent studies 

(Palfi et al, 2010).

The rhodopsin or rhodopsin kinase promoter has been utilised to drive photoreceptor specific transgene 

expression in the retina with various AAV serotypes (Allocca et al, 2007; Mussolino et al, 2011b; 

O’Reilly et al, 2008; Palfi et al, 2010; Young et al, 2003). For hRHO, transgene expression has been 

particularly effective using a region of the hybrid rhodopsin promoter to drive a hRHO transgene with 

AAV-2/5. Furthermore hRHO expression was sufficient to provide therapeutic benefit in murine 

models of RHO-adRP (Millington-ward et al, 2011; Palfi et al, 2010). However some of the promoters 

outlined in the various studies above result in transduction of not only rods but also cones, as 

additional regulatory elements may be needed to restrict expression to rods (Allocca et al, 2007; 

Glushakova et al, 2006; Karali et al, 2011; Mussolino el al, 201 lb). A recent study in canines utilising 

the mouse opsin promoter (mOP) and human G coupled receptor protein kinase 1 promoter (hGRKl) 

with AAV-2/5 resulted in rod-only restricted transgene expression except at higher viral litres. In 

contrast studies in mice with the hGRKl promoter resulted in expression in rods and cones irrespective 

of litre; this again highlights the need for evaluating therapies in different species prior to human 

clinical trials (Beltran et al, 2010; Khani et al, 2007). Several studies have used cone-specific 

promoters to restrict transgene expression to cones, in particular the cone red opsin promoter has been 

u.sed with success in mice (Komaromy et al, 2008b; Komaromy et al, 2010) A recent paper utilised a 

clever mechanism of specific miRNA targets sites to restrict transgene expression. In this study 

incorporating RPE specific miRNA target sites within a CMV driven FGFP construct resulted in 

restricted expression of the AAV-2/5 driven FGFP to photoreceptors but not to the RPF in mice and 

pigs. Similarly incorporating a miRNA expressed in all retinal layers except the RPF into this construct 

resulted in RPF only restricted expression in mouse and pig. This represents a novel approach utilising 

the RNAi machinery to alter and confine AAV mediated delivery to specific cell types (Karali et al, 

2011).

6.16 RNAi mediated suppression and replacement in the retina for adRP

The suppression and replacement strategy has been successfully employed both in vitro and in vivo for 

several retinal genes (Millington-Ward et al, 1997). Suppression of both mouse and human peripherin 

was demonstrated in vitro in COS-7 and ex vivo in mouse retinal explants by Palfi et al, 2006. In 

addition, generation of a replacement peripherin gene using the degeneracy of the genetic code resulted

in protection of the peripherin replacement gene from RNAi based suppression (Palfi et al, 2006).
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adRP mutations in the neural leucine zipper gene (NRL), an important photoreceptor specific 

transcription factor have been identified (Bessant et al, 1999; Hernan et al, 2011b). Subsequently 

shRNAs which suppressed NRL RNA in co-transfection experiments in COS-7 cells were 

characterised. Furthermore a codon-modified NRL replacement gene was designed (Hernan et al, 

201 lb). A suppres.sion and replacement based strategy has been utilised with success for hRHO both in 

vitro and in vivo. Similar to the experiments described by Palfi et al, 2006 and Hernan et al, 2011b 

shRNAs for hRHO were designed and this was followed by generation of codon-modified replacement 

genes refractory to hRHO mediated suppression in vitro (Kiang et al, 2005; O’Reilly et al, 2007; 

O’Reilly et al, 2008). Additionally optimisation of the hRHO replacement to obtain adequate levels of 

functional RHO protein has been undertaken (Palfi et al, 2010). A transgenic mouse was generated on 

a mouse rhodopsin null background in which the hRHO transgene contained mismatches to a particular 

hRHO shRNA sequence. Of note the replacement transgene expressed hRHO to 70% wild-type levels 

and was fully functional, providing a benchmark level of expression against which future replacement 

constructs could be measured (O’Reilly et al, 2008). Furthermore, the hRHO gene in this transgenic 

mouse was resistant to suppression with its corresponding shRNA compared to wild-type hRHO mice 

(O’Reilly et al, 2007; O’Reilly et al, 2008). In addition AAV-2/5-mediated delivery of a hRHO 

replacement gene achieved high levels of hRHO expression and provided functional improvement in 

the 129rho'^' mouse (Palfi et al, 2010). More recently significant suppression of rhodopsin in a 

transgenic mouse of RHO-adRP in addition to effective replacement of hRHO has been evaluated. 

Moreover this dual component strategy resulted in therapeutic benefit as measured by histology and 
ERG analysis (Millington-Ward et al, 2011).

6.1,17 Objectives of chapter six

The research described in Chapters 3-5 focused on optimising efficient suppression strategies for both 

human and porcine rhodopsin in vitro in cell culture (Chapter 3), in vivo for wild-type hRHO (Chapter 

4) and for mutant pRHO (Chapter 5). However, this suppression strategy represents the first part of a 

two component therapy for RHO-adRP patients. Therefore the work outlined in this chapter focuses on 

the optimisation of the second component for this suppression and replacement therapeutic. 

Replacement genes for hRHO have previously been generated for the most efficient hRHO suppressor 

(shBB) previously evaluated (Millington-Ward et al, 2011; O’Reilly et al, 2007; Palfi et al, 2010). In 

the current study siRNAs 100% homologous to hRHO and pRHO have been identified as efficient 

suppressors of hRHO in vitro in HeLa cells. Therefore it was decided to design replacement RHO 

genes refractory to suppression by siP2 and siP3 respectively and evaluate in vitro if they are protected
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from RNAi-based suppression. The current best in vivo suppressor evaluated as part of the study in this 

thesis is shP3, thus the main aim of the study described in this chapter was to generate a siP3-based 

replacement gene and evaluate it in vivo. Traditionally AAV-2/5 has been utilised in the TCD 

laboratory for RHO replacement gene studies, however, more recently AAV-2/8 has emerged as a 

potent delivery vehicle for photoreceptors. Therefore it was decided to undertake a comparative 

analysis of AAV-2/5 and AAV-2/8-mediated delivery of the siP3-based replacement gene in vivo in 

rhodopsin mice. The final aim of this study was to initialise preliminary comparative evaluation of 

hRHO protein expression from AAV-2/5, AAV-2/8 and AAV-2/rhlO based viral vectors with a hRHO 

replacement gene subretinally injected into wild-type and 129rho'^ mice.

284



Section 6.2 Materials and Methods

6.2.1. The design of replacement gene resistant to siP2 (rP2) and siP3 (rP3)

In order to design a hRHO replacement gene resistant to siP2 or siP3- mediated cleavage (rP2), the 

third nucleotide of each codon (the wobble position) within the siP2 or siP3 target site was altered such 

that while the mRNA sequence was changed, the amino acid sequence encoded by the P2 or P3 target 

site remained identical. This ensured that the replacement protein with the rP2 or rP3 changes were 

identical to the endogenous wild-type hRHO protein. A maximum of six nucleotide changes could be 

made within both the rP2 and rP3 target sites. In order to maintain similar codon usage patterns in the 

rP2 and rP3 genes to hRHO, codon usage in rhodopsin was analysed using the sequence manipulation 

suite (http://ww'w.ualberta.ca/~stothard/iavascript/codon usage.html [Section 9.15). Where possible, 

the six nucleotide changes to the third nucleotide of each codon were generated such that similar codon 

usage patterns between the replacement genes and hRHO were maintained. When the rP2 and rP3 

changes had been designed, the replacement genes were generated using PCR directed mutagenesis.

6.2.2. Generation of the replacement genes by PCR directed mutagenesis

PCR directed mutagenesis uses mismatches in a primer sequence to introduce mutations in a PCR 

product. With this premise, this technique was used to generate the six changes for rP2 or rP3 within a 

hRHO PCR product. For each replacement gene (rP2 and rP3) two PCR mutagenesis replacement 

primers (F & R) containing the rP2 or rP3 mismatches were designed to introduce silent mutations in 

the replacement genes target regions (Table 6.2.2). Additionally two primers which amplify regions of 

wild-type hRHO the forward 5’ and the reverse 3’ primers located either side of each siRNA target site 

were designed (Table 6.2.2). Each contained a unique restriction site to facilitate the cloning of the rP2 

and rP3 gene. For both replacement genes these primers were identical, the F primer contained a 

unique HindHI site and was located in the 5’UTR of hRHO and the R primer contained a unique BstEH 

restriction site and was located within the coding sequence near the 3’ end of hRHO. Oligonucleotides 

were obtained from Sigma-Genosys. The wild-type hRHO plasmid (hRHO, Section 3.2.3) was used as 

the initial template for PCR-directed mutagenesis. The generation of the replacement rhodopsin 

regions was carried using three different PCR reactions. The first PCR reaction using the hRHO DNA 

as template contained the reverse primer (for rP2 or rP3) with the 6 directed mutations and the forward 

wild-type hRHO 5'Hindin primer (Figure 6.2.2.a [step l]).This yielded a PCR product (PCRI) of the 

5’ region of hRHO and the replacement changes (for rP2 or rP3). The second PCR reaction using the 

hRHO DNA template contained the forward primer with the directed mutations (for rP2 or rP3) and
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the reverse wild-type hRHO i’BstEH primer (Figure 6.2.2.a [step 2]). I'his yielded a PCR product 

(PCR2) containing the 3’ region of wild-type hRHO and the replacement changes (for rP2 or rP3). 

PCR 1 and PCR2 rP2 or rP3 amplified products were gel isolated in order to remove primers from the 

reactions (Section 2.2.5) The purified products were then used as template DNA for a third PCR using 

the 5’Hindu/ F and yBstEII R primers (Figure 6.2.2.a [step 3]). Since the PCR 1 and PCR 2 

amplified PCR products overlap, they anneal together, therefore PCR 3 yields one long PCR fragment 

containing the rp2 or rP3 mutations and the Hindi// and BstEII unique restriction enzyme sites on 

either end. These PCR3 fragments were subsequently cloned into a rhodopsin vector (Figure 6.2.2.a 

[step 4]). All PCRs were carried out using a proofreading PfuTurbo DNA polymerase kit (Stratagene 

[Section 2.1.1]) and contained: lOOng DNA template, lOpmoles of each primer, 2.5nmoles of each 

dNTP (dGTP, dCTP, dTTP, and dATP), 2.5U PfuTurbo DNA polymerase and lOX PfuTurbo Buffer. 

The PCR amplification protocol was identical to the standard PCR protocol (Section 2.2.19) with the 

exception that it consisted of 30 cycles rather than the usual 35 as recommended by the manufacturer’s 

instructions.

6.2.3 Cloning of rP2 and rP3 into the CMV-hRHO plasmid for in-vitro evaluation

Each replacement PCR3 product (rP2 or rP3) and the wild-type hRHO plasmid underwent sequential 

restriction digestion with Hind/II and BstE/I (Section 2.2.3 and Section 2.2.4). Following restriction 

digestion the linearised hRHO vector was purified by phenol chloroform extraction, followed by an 

ethanol precipitation (Section 2.2.9; 2.2.10). Each replacement PCR3 product was subsequently 

ligated into the Hind/II and BstEII sites of the hRHO vector such that the wild-type hRHO ORF was 

essentially swapped for the replacement hRHO ORF (Section 2.2.11). Ligations were transformed into 

XLl-BlueMRA E.Coli competent cells and the colonies obtained were purified and plasmid mini

preparation was preformed (Section 2.2.15). Positive clones containing the 6 nucleotide changes of 

either rP2 or rP3 were identified by sequencing (Section 2.2.20 for rP2 and Section 2.2.21 for rP3) 

with the yBstEII R primer (Table 6.2.2).

6.2.4 Co-transfection of rP2 and rP3 with siRNA in HeLa cell culture

rP2 or rP3 plasmids were co-transfected with siRNAs into HeLa cell culture using Lipofectamine® 

2000. 400ng of the rP2 or rP3 plasmid was co-transfected with Ibpmoles of each siRNA (siNT, siBB, 

siP2 and siP3) in quadruplicate in a 24 well plate, in an identical method previously described (Section

2.3.5 and Section 3.2.3).
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6.2.5 Real-time RT-PCR analysis of rP2 and rP3 mRNA expression

Prior to real-time RT-PCR analysis the RNA from each co-transfection was isolated using the 

RNeasy® Plus mini kit (Section 2.4.3) and the concentration of each RNA sample was evaluated 

(Section 2.2.1), The primers for this real-time RT-PCR analysis were hRHO and hp-actin and had 

previously been optimised (Section 3.2.5). For rP2 and rP3 analysis an RNA sample from HeLa cells 

co-transfected with hRHO and siNT was used to generate the 5X standard curves and the real-time RT- 

PCR was undertaken (Section 3.2.6). The relative hRHO expression from HeLa cells co-transfected 

with the replacement gene (rP2 or rP3) and siNT was set as 100%, the RNA from all other samples 

was expressed as a percentage of this value.

6.2.6. Western blot analysis of rP2 and rP3 protein expression

Protein from each co-transfection was extracted according to Section 2.5.1 and the protein 

concentration of each sample was obtained (Section 2.5.3). For rP2 a western blot was undertaken with 

five samples. These consisted of protein from HeLa cells co-transfected with rP2 and siNT, siBB or 

siP2, the fourth was protein from HeLa cells co-transfected with wild-type hRHO and siNT and the 

final sample was untransfected cells. For rP3 six samples were analysed, protein from HeLa cells co

transfected with siNT, siBB, siP2 or siP3, protein from HeLa cells co-transfected with hRHO and siNT 

and protein from untransfected cells. The protein from HeLa cells transfected with hRHO and siNT 

represented the negative RNAi control and protein from untransfected cells represented the negative 

hRHO control. Western blot analysis was carried out (Section 2.6) using nitrocellulose transfer 

membrane. The hRHO 4D2 antibody (1/1000 dilution [Hicks & Molday, 1986]) and the anti-mouse 

secondary antibody (1/1000 dilution) was used. The Anti-rabbit P-actin (1/2000 dilution) and the anti

rabbit secondary antibody (1/2000 dilution) were used to probe for p-actin.

6.2.7 Cloning of rP3

In order to evaluate the rP3 replacement construct in vivo with AAV it was cloned in a pAAV-based

vector between the two AAV-2 ITRs. Initially the rP3 construct was cloned into the pAAV.BB32

vector. This pAAV.BB32 vector contains a bicistronic construct with a shRNA (shBB) and a hRHO

replacement gene (rBB). It was decided to clone rP3 in this vector to facilitate eventual generation of a

shP3-based suppression and replacement system for use in future studies. This vector has the hybrid

rhodopsin promoter with various conserved sequences as detailed in Palfi et al, 2010. The rP3 RHO

fragment was excised from the hRHO vector by a sequential restriction enzyme digest with Hindlll

and BstEU (Section 2.2.3). The rP3 gene fragment was separated from the linearised hRHO vector by
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agarose gel extraction (Section 2.2.5). Similarly the BB32 vector was linearised by HindUI and BstEII 

digestion in an identical manner (Section 2.2.3) such that the rBB ORF within this vector was excised. 

Linearised BB32 was purified by phenol chloroform extraction followed by an ethanol precipitation 

(Section 2.2.9 and Section 2.2.10). The rP3 fragment was ligated into the linearised BB32 plasmid, 

such that rP3 RHO replaced rBB RHO (Section 2.2.11). Ligations were transformed using XL 10-Gold 

Ultracompetent cells (Section 2.2.14). Colonies were purified and plasmids extracted using mini

preparation (Section 2.2.15) and positive clones were identified by sequencing (Section 2.2.21) with 

the y BstEII R primer (Table 6.2.2).

6.2.8 Cloning of rP3 into a “replacement only” construct

The pAAV.rP3 plasmid generated was subsequently utilised to clone the siP3 based suppressors into a 

pAAV based vector (Section 4.2.2 & Section 4.2.4). This was undertaken to place each suppressor 

within the correct spacers, in addition to having a dual suppression and replacement construct readily 

available for future evaluation. Therefore in order to generate an AAV-based vector containing only 

the rP3 replacement, the suppressor sequence was removed. pAAV.shP3.rP3 underwent restriction 

enzyme digestion with Xbal to remove the shP3 fragment (Section 2.2.3). The rP3 fragment was 

separated from the shP3 fragment by agarose gel isolation (Section 2.2.5). The pAAV.rp3 fragment 

was subsequently ligated (Section 2.2.11). Clones were purified by mini-preparation (Section 2.2.15) 

and the absence of the shP3 in positive clones was determined by a restriction enzyme digest with 

Xbal (Section 2.2.3). This was verified by sequencing using the SRSF primer (Table 4.2.1)

6.2.9 The generation of AAV-2/5.rp3 and AAV-2/8.rP3

During the in vivo suppression studies (Chapter 4 and Chapter 5) it became apparent that AAV-2/8 

would be worth evaluating as a delivery vector. As efficient expression of the replacement gene in a 

suppression and replacement based therapy is vital for obtaining therapeutic efficacy, it was decided to 

generate the replacement only construct with both AAV-2/5 and AAV-2/8 and undertake a 

comparative analysis between these two AAV serotypes. The AAV protocol undertaken by Dr. Naomi 

Chadderton was a second generation CsCl gradient protocol, this was very similar to the F‘ generation 

CsCl gradient AAV protocol previously used (Section 2.7). However some modifications were 

undertaken to increase vector purity and viral titre. The major change involved precipitating the AAV 

particles by polyethylene glycol (PEG 800). The protocol was undertaken according to Ayuso et al, 

2010. The triple transfection protocol was carried out as described previously (Section 2.7.1). A master 

mix containing 1250pg of pAAV.rP3, 1250pg pReP2/CAP5 or pREP2CAP8 and 2500pg of pHelper
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plasmids in 50iti1 of ISOmM NaCl pH5.1 was generated. This ensured that each plate of cells was 

transfected with 25pg pAAV.rP3, 25pg of pRep2/CAP5 (or pRep2/CAP8) and 50pg of pHelper. The 

cells were harvested and 48 hours later centrifuged at lOOOrpm for 30 minutes (SL-16, Thermo 

Scientific). The supernatant was collected and left on ice overnight. The cell pellet was lysed in 200ml 

lysis buffer and underwent three rounds of freeze thawing. The supernatant and the clarified cell 

lysates were pooled and PEG800 was added to a final volume of 8%. This was incubated at 4°C 

overnight and then centrifuged at 2500rpm for 30 minutes at 4 C and the supernatant was discarded 

(SL-16, Thermo Scientific). The cell pellet was resuspended in 200ml of PBS and benzonase (2.5U/pl) 

was added. This was incubated at 37°C for 1 hour. The clarified cell lysate was overlaid onto a CsCl 

gradient previously described (Section 2.7.2).

6.2.10 Determination of the viral titre of AAV-2/5.rP3 and AAV-2/8.rp3

The viral titre for each virus was calculated (Section 2.7.3) using a hRHO plasmid to generate the 

standard curve. The primers used in the qPCR reaction were the hRHO F & R primer pair (Table 

3.2.1) and were used such that RHO expression from each replacement gene would be amplified from 

each of the viruses during the qPCR reaction. Two controls of known titre were used in this reaction. 

Two individual preparations of AAV-2/5.BB24 (A) one titre was 6 X lO'^^vp/ ml and the second 

(AAV-2/.BB24 [B]) had a titre of 1 X 10'\p/ml. The copy number of all viral fractions from each 

virus was obtained and was used to determine viral titre (vp/ml). The fraction of AAV-2/5.rP3 and 
AAV-2/8.rP3 with the highest titre was aliquot and stored at -80°C.

6.2.11 Subretinal injection of AAV-2/5 or AAV-2/8 into 129rho'^'

In order to evaluate expression of rP3, a mouse model is required in which no rhodopsin is expressed. 

Therefore if rhodopsin expression is achieved, it is definitively attributed to the rhodopsin replacement. 

The mouse model used in this study was the 129rho'^' mouse (Humphries et al, 1997). Subretinal 

injections were carried out by Dr. Paul Kenna (Section 2.8.3). The 129rho‘^' mice were subretinally 

injected at P5 with 0.8pl of virus per eye. For eyes injected with virus a 1/10 dilution of AAV- 

2/5.RHO-EGFP (EGFP under the control of the rhodopsin promoter) was also included in the viral 

prep. This acted as a tracer in order to visualise the delivery of AAV to the photoreceptors. For AAV- 

2/5.rP3 analysis, three litters (15 mice) were used; the LE was uninjected and the RE was injected with 

AAV-2/5.rP33 (4.8 X 10'“vp). For one litter (7 mice) the LE was injected with AAV-2/5.BB24 (A) and 

the RE with AAV-2/5.rP3 (4.8 X 10'”vp). For AAV-2/8.rP3 analysis two litters of 129rho‘^’ mice (5 

mice) were LE-uninjected and RE-injected with AAV-2/8.rP3 (3.2 X 10'%p). Additionally three litters
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(14 mice) were injected with AAV-2/8.BB24 (JB) in the LE (3.2 x IO'°vp)and AAV-2/8.rP3 in the RE 

(3.2 X 10'“vp).

6.2.12 ERG analysis of 129 rho'^' mice injected with AAV-2/5.rP3

The initial replacement virus evaluated in this study was AAV-2/5.rP3. ERGs represent a good 

indication that a replacement gene is functional and thus it was decided to first analyse the replacement 

gene in terms of ERG response. If the replacement rhodopsin is expressed at sufficient levels an ERG 

response should be detected in these 129rho‘^'mice (uninjected mice have a flat rod-isolated ERG). All 

mice underwent ERG at 6 weeks post-injection by Dr. Paul Kenna (Section 2.8.4). The rod-isolated, 

mixed rod-cone and cone-isolated responses were examined and the presence of any increased 

amplitudes in rod-only responses were recorded as a positive ERG response.

6.2.13 ERG analysis of 129rho'^' mice injected with AAV-2/8.rP3

The 14 mice injected with AAV-2/8.BB24 (LE) and AAV-2/8.rP3 (RE) underwent ERG at 

approximately 6 weeks post injection. Two litters in which the LE was uninjected and the RE was 

injected with AAV-2/8.rp3 additionally underwent ERG at approximately 6 weeks. ERGs were 

measured by Dr. Paul Kenna (Section 2.8.4).

6.2.14 Immunohistochemistrv of 129rho'^' mice injected with AAV-2/5.rP3 and AAV-2/8.rP3

Immediately following ERG the mice that showed an increased ERG response in the AAV-2/5.rP3 or 

AAV-2/8.rP3 injected eyes (n=3 for each construct) were processed for immunohistochemistry 

(Section 2.8.5-Section 2.8.8). Retinal sections from each eye (LE and RE of each mouse) were stained 

for hRHO using the 4D2 antibody (1/100 dilution [Hicks & Molday, 1986]). A DAPI stain (1/10,000 

dilution) was also performed for each section in order to visualise the retinal cell nuclei. The absence 

of RHO immunostaining in uninjected eyes was used to define the base line parameters for eyes 

injected with AAV-2/5.rP3. Eor AAV-2/8.rP3 two of the eyes evaluated had an uninjected LE and 

represented the negative control for EGEP expression and hRHO immunoreactivity. One mouse was 

injected with AAV-2/5.BB24 in the left eye and this represented the positive control eye for AAV- 

2/8.rP3 in which the level of RHO in the EGEP positive region could be used for comparison.

6.2.15 Western blot analysis of 129rho'^' mice injected with AAV-2/5.rP3 and AAV-2/8.rP3

In order to establish if hRHO expression was present even in the absence of an ERG response it was 

decided to undertake western blotting on retinal protein from eyes in which no change in the baseline
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ERG was recorded for both AAV-2/5.rP3 and AAV-2/8.rP3. Total retinal protein was isolated from 

mouse and protein concentrations obtained (Section 2.5.2 and Section 2.5.3). Western blot analysis 

was undertaken according to Section 2.6 using PVDF as the transfer membrane. The 4D2 antibody 

(Hicks & Molday, 1986(1/1000 dilution]) was used for all westerns in addition to the anti-mouse light 

chain only antibody (1/2000 dilution). For AAV-2/5.rP3 analysis n=3 mice FE uninjected and RE 

injected with AAV-2/5.rP3 were analysed for hRHO immunoreactivity. For AAV-2/8.rP3 three mice 

with FE injected with AAV.2/5.BB24 and RE injected with AAV-2/5.rP3 was analysed for hRHO 

immunoreactivity. Protein from RHO-M mouse (O’ Reilly et al, 2008) retinas was used as a positive 

control and protein from a 129rho'^' mouse retina was used as a negative control. The anti-rabbit P- 

actin antibody was used (1/1000 dilution) to assess for equal loading. The anti-rabbit secondary 

antibody (1/2000 dilution) was used. As the retina was degenerating it was often difficult to obtain hp- 

actin, therefore longer exposure times of 30 minutes and overnight were needed.

6.2.16. Real-time RT-PCR analysis of hRHO mRNA expression from AAV-2/5.rP3 and AAV-
2/8.rP3 in 129 wild-type mice

To assess the hRHO replacement RNA expression from AAV-2/5.rP3 and AAV-2/8.rP3, six adult 129 

wild-type mice were FE-injected with AAV-2/5.rP3 (1.8 x 10"vp/eye) and RE-injected with AAV- 

2/8.rP3 (1.2 x 10"vp). 10 days po.st-injection RNA was extracted (Section 2.4.5) and real-time RT- 

PCR was undertaken (Section 2.4.7). RNA from an NHR retina was u.sed to generate the 5X standard 

curve. Each RNA sample from the injected wild-type retinas was diluted to 0.08ng/pl. RNA from NHR 

retinas and RNA from RHO-M retinas was included for each analysis and acted as control samples 

(Ollson et al, 1992; O'Reilly et al, 2008). The hRHO primers were used to amplify rP3 rhodopsin 

mRNA expressed from each virus (Table 3.2.1). hRHO expression in each sample was normalised to 

mouse P-actin. The average relative hRHO expression from the NHR mouse was set at 100% and the 

relative hRHO expression from each RNA sample in wild-type mice injected with AAV-2/5.rP3 or 

AAV-2/8.rP3 was expressed as a percentage of this value. Relative hRHO expression from RHO-M 
RNA samples were also expressed as a percentage of NHR.

6.2.17 Subretinal injections of AAV-2/8.BB24 and AAV-2/8.rP3 at a 3.5 fold lower dose

It was decided to assess if lowering the AAV-2/8.rP3 injection dose 3.5-fold in 129rho'^' mice would 

improve the numbers of mice with an improved ERG result. At the same time as this analysis, an 

AAV-2/8.BB24 (B) virus was generated in the laboratory according to the new second generation 

protocol (Section 6.2.10). Therefore it was decided to evaluate this virus in the EE (6.9 X lO'^vp/ml)
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and a low dose of AAV-2/8.rP3 in the RE (9 X 10\p). Seven l29rho‘^’ mice were injected with these 

doses of virus and 6 weeks post-injection ERG analysis was undertaken. The rod-isolated, the mixed 

rod-cone and cone-isolated responses were measured (Section 2.8.4)

6.2.18 Comparative analysis of hRHO protein expression form AAV-2/5.BB24. AAV-2/8.BB24

and AAV-2/rhlO.BB24

A preliminary experiment was undertaken to assess the level of hRHO protein expression from AAV- 

2/5.BB24, AAV-2/8.BB24 and AAV-2/rhlO.BB24. n=3 mice (129rho'^') were injected with AAV- 

2/5.BB24 (LE) and AAV-2/8.BB24 (RE), an additional three mice were injected with AAV- 

2/5.RHOP-EGFP (1/10 dilution [LE]) and AAV-2/rhlO.BB24 (RE). All BB24 injections were 

undertaken with 4.8 X 10'“vp/eye. A 1/10 dilution of AAV-2/5.RHOP-EGFP was included in each 

injected eye to utilise the EGFP protein as a measure of equal loading. Mice LE-injected with AAV- 

2/5.RHOP.EGFP served as the negative hRHO control. Protein was extracted 14 days post-injection 

(Section 2.5.2 & Section 2.5.3). Western blotting analysis (Section 2.6) was undertaken on all protein 

samples using the 4D2 antibody (1/1000 dilution) and the anti-mouse light chain only antibody (1/2000 

dilution). The anti-rabbit EGFP antibody (1/2000 dilution) and the anti-rabbit secondary antibody 

(1/2000 dilution) was used to probe for equal loading.

6.2.19 Statistical analysis

For all in vitro real-time RT-PCR data, the mean and standard deviation was obtained for relative 

hRHO expression in .samples co-transfected with hRHO and each siRNA (siBB, siP2 or siP3). For each 

transfection (a minimum of four separate transfections was carried out for rP2 or rP3 analysis) and a 

student t-test was used to assess significance in the NT control and samples transfected with siRNAs. 

For in vivo real-time RT-PCR data the mean and the standard deviation of the relative hRHO 

expression in wild-type animals injected with either AAV-2/5.rP3 or AAV-2/8.rP3 was obtained and 

compared to the mean hRHO expression in NHR and RHO-M retinas. Statistical significance was 

undertaken using a two-sample t-test. For all ERG data the average rod-isolated, mixed rod-cone and 

cone-isolated ERG responses were combined for both injected and uninjected eyes and the standard 

deviation for each data set was obtained. Statistical significance was assessed using a two-sample t- 

test. All statistical analysis was carried out using DataDesk 6.0.
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6.3. Results

6.3.1 Design of the rP2 replacement sequence

A replacement gene for each siRNA was generated based on the degeneracy of the genetic code where 

only nucleotides at wobble positions within the siRNA target sequence were altered. This ensures 

replacement genes should express a wild-type rhodopsin protein. The siP2 target sequence was 

examined in order to determine the maximum number of nucleotide changes that were possible within 

this target site without changing the amino acid sequence. Despite no change occurring to the amino 

acid sequence of the hRHO gene, interfering with codon usage may have an effect on mRNA 

secondary structure or half-life thus affecting gene expression (O’Reilly et al, 2007; Ren et al, 2007; 

Shabalina et at, 2006b). For this reason analysis of codon usage in the rhodopsin cDNA was 

undertaken. Nucleotides at third base positions of each codon within these sites were altered so that 

possible changes in codon usage within the hRHO gene were minimised (Table 6.3.1). A detailed 

analysis of codon frequencies with hRHO is presented in Section 9.15. In the siP2 site the first amino 

acid within the siP2 site is tyrosine (Try) and the codon sequence utilised is TAC, this was changed to 

TAT. The second codon is Metionine (Met) and this is the start codon and therefore no flexibility for 

codon changes is tolerated. The third codon is phenylalanine (Phe) and the sequence used is TTC 

which was converted to TTT. The fourth and fifth codon within the siP2 target site was valine (Val) 

and the codon sequence was GTG and GTC, for these two codons, GTG was changed to GTC and 

GTC was changed to GTG. The sixth codon was histidine (His) and the codon sequence was CAC and 

the only possible change that could be made to this sequence was CAT. The final codon change made 

was within Phe, this was the same sequence as codon three in the siP2 target site.

When these changes had been designed, rP2F & R PCR mutagenesis primers were generated which 

incorporated these mutations, and which aided in the creation rP2 replacement gene sites (Figure 

6.3.1.a). Two primers with unique restrictions enzyme sites (HindlU and BstEIf) either side of the siP2 

target sequence were also generated (Table 6.2.1). The forward primer was located 718bp upstream of 

the siP2 target sequence within the 5’UTR hRHO sequence and included a HindlU restriction site. The 

reverse primer was located 123bp downstream of the siP2 target site and included a BstElI restriction 

site. The first PCR for the generation of the rP2 sequence amplified a PCR fragment of 746bp with the 

5'HindlU F primer and rP2 R primer. PCR 2 yielded a 147bp product with the rP3F and 3'BstEUR 

primers. The third PCR product generated from using the amplification products from PCRl and PCR2 

was approximately 860bp. This fragment was cloned into pCMV.hRHO and the rP2 changes were 

verified by sequencing (Figure 6.3.1.b).
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6.3.2 Design of the rP3 replacement sequence

Similar to the rP2 gene, codon usage analysis was undertaken within the siP3 sequence and all possible 

codon changes were minimised (Table 6.3.2). A detailed analysis of the codon usage of hRHO can be 

obtained from Section 9.15. The first amino acid within the siP3 target site was arginine (Arg) and the 

codon sequence utilised was CGG, this was altered to CGC, the most common Arg codon within 

hRHO. The second codon within the siP3 target site was Tyr, and the only change available for Tyr 

was TAT. The third, fourth and fifth codons all code for Val, and the sequence used within the siP3 

region was GTG, and this sequence was altered to GTC. The final amino acid within the siP3 site was 

cystine (Cys), the sequence was TGT and this was changed to the only other nucleotide sequence 

available for this amino acid TGC.

rP3F & R PCR mutagenesis primers were generated which incorporated these sequence alterations and 

which aided in creation of the rP3 replacement gene (Figure 6.3.2.a). Primers with unique restrictions 

enzyme sites used previously for the generation of rP2 were utilised (5'HindllfF & yBstEflR, [Section 

6.2.1.b]). PCR with the 5'HmdIII¥ primer and rP3R primer yielded a 537bp product. PCR2 utilised the 

rP3F and 3'BslEIIR primers and resulted in an amplification product of 309bp. The final PCR used the 

amplification products from PCRl and PCR2 and generated a rP3 amplification product of 846bp. This 

rP3 fragment was cloned into pCMV.hRHO and the rP3 changes were verified by sequencing with the 

3'BstEIIR primer (Figure 6.3.2.b).

6.3.3 Co-transfection of rP2 and rP3 with hRHO siRNAs in HeLa cells

Co-transfection experiments were carried out using the same protocol as for the original hRHO and 

hRHO siRNAs in Chapter 3. However, in this study instead of wild-type hRHO, replacement hRHO 

was co-transfected with each siRNA, to analyse its resistance to its respective siRNA. rP2 (or rP3) was 

transfected with siNT (negative control) or siBB (positive control). In addition, rP2 was co-transfected 

with siP2 and rP3 was co-transfected with siP3 in order to verify that each replacement gene was 

resistant to its respective siRNA. All co-transfection experiments undertaken out a minimum of four 

times

6.3.4 Analysis of rP2 RNA expression by real-time RT-PCR

Initially rP2 RNA expression in HeLa cells transfected with siNT, siBB or siP2 was evaluated by real

time RT-PCR as described (Section 6.2.5). siBB was found to suppress rP2 to 11.8+3%, confirming 

that similar to the wild-type hRHO rP2 is capable of being significantly suppressed by siBB
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(P<0.001 [Figure 6.3.4.a]). In contrast to the previous results obtained with wild-type hRHO and siP2 

in which hRHO was reduced to 22% expression levels (Section 3.3.5), rP2 was expressed to 83.5+23% 

with siP2 and this was comparable to rP2 expression with siNT (P=0.3273). Therefore this suggested 

that unlike wild-type hRHO rP2 is resistant to suppression by siP2 at the RNA level.

6.3.5 Analysis of rP3 mRNA expression by real-time RT-PCR

Analysis of resistance of rP3 RNA to siP3 was carried out in a similar manner to Section 4.3.4. As 

expected siBB reduced rP3 RNA to 14+6% (P<0.005), this is consistent with previous analysis in 

which siBB reduced wild-type hRHO to 15% and confirms that similar to wild-type hRHO, rP3 is 

amenable to suppression by RHO siRNAs (Section 3.3.5 [Figure 6.3.5.a]). rP3 expression with siP3 

was not significantly reduced (92+26%, P= 0.6338) when compared to rP3 expression with siNT. This 

is in contrast to wild-type hRHO in which hRHO RNA is reduced to 8% (Section 3.3.8) and indicates 

that the six nucleotide changes within the rP3 target site are sufficient to render hRHO resistant to 

siP3-mediated suppression.

6.3.6 Western blot analysis of rP2 protein expression

In addition to evaluating the resistance of rP2 RNA to siP2 suppression it was important to assess if 

this correlated with the protection of the rP2 protein. Western blotting was carried out on protein from 

HeLa cells co-transfected with rP2 and each siRNA (siNT, siBB and siP2). Additionally protein from 

HeLa cells co-transfected with hRHO and each siRNA (siNT, siBB, siP2 and siP3) was included in the 

analysis. This set of protein samples acted as the positive control and the protein sample from HeLa 

cells co-transfected with hRHO and siNT acted as a control to ensure similar expression levels of rp2 

with siNT were obtained (Figure 6.3,6.a). hRHO immunoreactivity was visible in lane 1 which was 

protein from HeLa cells transfected with rP2 and siNT; this hRHO expression was similar to that 

obtained from HeLa cells transfected with wild-type hRHO and siNT. This suggests that the sequence 

alterations in rP2 are not conferring any significant change in hRHO protein expression. No hRHO 

immunoreactivity is present in the lane containing protein from HeLa cells transfected with rP2 and 

siBB (lane 2); this was comparable to lane 5 which contains HeLa cell protein from cells transfected 

with hRHO and siBB. This confirms that both hRHO and rP2 protein are significantly suppressed by 

siBB. rP2 protein was visible in lane 3 (cells co-transfected with rP2 and siP2). This level of 

immunoreactivity was comparable to both lane 1 (rp2 and siNT) and lane 4 (hRHO and siNT) and 

suggests that similar to the RNA result, rP2 was resistant to suppression by siP2. In contrast no hRHO 

protein was present in lane 6 which is protein from HeLa cells with wild-type hRHO and siP2,
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supporting the view that six nucleotide changes in rP2 was sufficient for protection of hRHO from siP2 

mediated suppression. In contrast as expected hRHO was not protected from suppression. Protein from 

HeLa cells co-transfected with hRHO and siP3 were included in the analysis (lane 7) as an additional 

control for hRHO suppression. Untransfected cells acted as the negative control (lane 8). The 

expression of the hp-actin protein was used to evaluate equal loading, this was obtained in all cases and 

further validates the results from the western blot experiments.

6.3.7 Western blot analysis of rP3 protein expression

In order to ensure that rP3 RNA resistance to siP3 translated to abundant rP3 protein expression in 

HeLa cells co-transfected with rP3 and siP3, a western blot was undertaken similar to the rP2 analysis 

(Figure 6.3.7.a). Abundant monomeric and multimeric forms of hRHO were visible in protein samples 

transfected with rP3 and siNT (lane 1); this was comparable to the hRHO protein expression observed 

in samples from HeLa cells transfected with hRHO and siNT and suggests that the P3 target sequence 

may not be conferring any negative changes on hRHO protein expression. Owing to the absence of 

hRHO immunoreactivity in lane 2 and 5, in which protein from HeLa cells co-transfected with either 

rP3 and siBB or hRHO & siBB, it was determined that as expected siBB efficiently suppressed both 

rP3 and hRHO protein. In lane 3 (protein from cells transfected with rP3 and siP3), hRHO 

immunoreactivity was pre.sent at similar levels to rP3 and siNT or hRHO and siNT. In contrast in 

protein samples from HeLa cells co-transfected with hRHO and siP3 no hRHO immunoreactivity was 

observed (lane 6). This supports a view that transcripts from rP3 are resistant to siP3-mediated 

suppression. Untransfected cells acted as the negative control (lane 7). Human P-actin 

immunoreactivity was used to assess equal loading.

6.3.8 The preparation of rP3 for in vivo analysis

Throughout the course of these in vitro replacement gene experiments, analysis of shP3-based 

suppression of hRHO in vivo was being undertaken in parallel using AAV as the vector for subretinal 

delivery (Chapter 4). Efficient suppression by shP3 was consistently being observed, therefore it was 

decided to design a replacement construct based on the rP3 sequence for the in vivo analysis of 

replacement gene expression. A major consideration which had to be undertaken for in vivo 

investigation was the design of the replacement construct. Previous evaluation of various replacement 

hRHO genes in vivo had been undertaken in the TCD laboratory (Palfi et al, 2010). Various elements 

such as the length of the promoter or the presence of various enhancer elements were assessed in order 

to obtain a hRHO gene which expressed sufficient levels of hRHO to provide benefit in 129rho-/-
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mice. Due to the size constraints of AAV it was impossible to include a larger RHO promoter, e.g., the 

entire 5kb sequence which precedes the hRHO ORF. Therefore a comparative analysis was undertaken 

by Dr. Mary O’Reilly examining the 5’UTR RHO sequence for multiple species to evaluate conserved 

regions which may be important for hRHO expression. Regions that were deemed important in the two 

species were included in the gene construct. These promoter sequences have previously been described 

by Palfi et al, 2010. It was decided to clone the rP3 fragment into the rBB rhodopsin sequence within 

the BB32 vector such that rP3 would undergo the same regulation as the replacement gene in Palfi et 

al, 2010.

6.3.9 Cloning of rP3 into pAAV.BB32

The BB32 plasmid was generated in the TCD laboratory by Dr. Mary O’Reilly. It contains a HI driven 

shBB suppressor construct followed by the BB24 replacement gene. The rP3 RHO sequence was 

cloned into this plasmid to facilitate the future evaluation of a dual shP3-based suppression and 

replacement construct (pAAV.rP3). A region of 854 nucleotides containing the rBB region of the 

BB32 plasmid was excised and replaced with the 854 nucleotide rP3 fragment, such that rP3 was 

expressed downstream of the hybrid RHO promoter (Figure 6.3.9.a). In order to generate a construct 

that was “replacement only’’, the 300 nucleotide shP3 suppressor was excised from the pAAV.rP3 

plasmid by Xbal digestion. Positive clones were identified by the absence of this 300 nucleotide 
fragment and this was verified by sequencing (Figure 6.3.9b).

6.3.10 The generation of pAAV.rP3 into AAV-2/5 and AAV-2/8

Traditionally in the laboratory AAV-2/5 was utilised as the vector for delivery to photoreceptors 

(Millington-ward et al, 2011; Palfi et al, 2010). However as stated above AAV-2/8 has recently been 

described as a highly efficient viral vector in the retina (Allocca et al, 2007; Lebherz et al, 2008; 

Mussolino et al, 201 lb; Steiger et al, 2008; Vandenberghe et al, 2011). Several groups have employed 

AAV-2/8 for gene delivery to several mouse models of recessive retinal dystrophies with success 

(Carvalho et al, 2011; Mihelec et al, 2011; Tan et al, 2009). In addition AAV-2/8 has been utilised to 

provide efficient suppression of target RNA within the retina including rhodopsin and peripherin-2 

(Georgiadis et al, 2010; Mussolino et al, 201 la). For this reason it was decided to generate the rP3 

replacement gene in both AAV-2/5 and AAV-2/8 to undertake a comparative analysis between the two 

viruses. A new second generation protocol was undertaken for generating AAV-2/5 and AAV-2/8; this 

was based on the method outlined by Ayuso et al, 2010. This protocol used the precipitation of the 

AAV particles with PEG800 prior to CsCl purification for a better purification yield (Ayuso et al,
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2010). Producing high litre, pure AAV virus for the rhodopsin replacement gene was particularly 

important to obtain sufficient hRHO expression. Previously in the laboratory efficient hRHO 

expression was achieved with the BB24 replacement in 129rho’^’ with 1.3 X 10'\p/ml (Palfi et al, 

2010). AAV-2/5.rP3 and AAV-2/8.rP3 was generated utilising the new protocol with viral litres in the 

region of 6 X lO' Vp/ml and 4 X 10'\p/ml respectively (Table 6.3.10).

6.3.11 ERG AAV-2/5

Initial experiments were undertaken using AAV-2/5.rP3. In order to evaluate if the presence of the 

hRHO rP3 replacement gene could sufficiently improve ERG function in a 129rho'^' mouse, 15 129 

rho ^' mice were subretinally injected with 4.8 X 10'“vp of AAV-2/5.rP3 (RE). The EE was uninjected 

acting as the negative control. Mice were allowed to recover from injection for approximately six 

weeks before ERG responses were measured. Of the 15 mice evaluated (3 litters), a rod-isolated 

response was observed in only four mice. This was somewhat surprising given that when 129rho'^' 

mice were injected with BB24 approximately half of the mice had improved retinal function (Dr Paul 

Kenna [personal communication]). An additional 7 mice were injected with AAV-2/5.BB24 (4.8 X 

10'"vp) in the EE and AAV-2/5.rP3 in the RE (4.8 X 10’‘'vp); AAV-2/5.BB24 acting as the positive 

control. However due to a bad batch of AAV-2/5.BB24 virus the EEs of these mice could not be 

included in the analysis. Six weeks post-injection only 1/7 mice had an improved rod-isolated ERG, in 

total this corresponds to only 5/22 mice showing any sufficient improvement in ERG (< 22%). 

Representative rod-isolated (Figure 6.3,1 l.a), mixed rod-cone (Figure 6.3.1 l.b) and cone-isolated 

(Figure 6.3.1 l.c) ERG responses are presented here. This ERG was representative of the mouse with 

the highest rod-isolated ERG response in the AAV-2/5.rP3 injected eye recorded for any of the mice. 

The highest rod-isolated ERG b-wave was 125pV in AAV-2/5.rP3 injected retinas compared to the 

uninjected 129rho'^' control (0 pV). The mixed rod-cone response in the same AAV-2/5.rP3 injected 

eye was 314pV compared to 204pV in the uninjected eye. For the cone-isolated response from this 

mouse, the b-wave value was 6.98pV in the AAV-2/5.rP3 injected eye compared to the uninjected eye 

(83.5pV). Of the 22 mice evaluated the results from the five in which a rod-isolated b-wave was 

obtained were combined in order to determine if improvement in rod function was significant (Figure 

6.3.1 l.d). The average rod response was significantly increased to 87+39pV, P<0.01 in the eye 

injected with AAV-2/5.rP3 compared to the uninjected eye in which a rod response of OpV was always 

obtained. This suggested that rP3 was expressing hRHO in the retina in these mice and resulting in an 

increase in the rod cell function. Similarly, the mixed rod-cone response was increased to 231 + 102pV 

n the AAV-2/5.rP3 injected eye compared to 147±51pV in the uninjected retina, this increase in the
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mixed rod-cone response was however not significant (P=0.1493[Figure 6.3.1 l.e]). In contrast, the 

cone-isolated response in AAV-2/5.rP3 injected retinas decreased to 19±18pV compared to 52+25pV 

in the uninjected cones (Figure 6.3.1 l.f). The decrease in cone function was consistently observed in 

the injected eyes, this could be as a result of mechanical damage to the cones by the injection process. 

While damage would likely also occur in the rods cells, the expression of hRHO may be sufficient to 

mask this in the rod-isolated or mixed-rod cone ERG. This cone response was not significant 

(P=0.0786). Cone damage was observed in the study by Palfi et al, 2010 when AAV-2/5.Rho-EGFP or 

PBS was injected implicating the injection process as the cause. Overall it does appear that the despite 

the low ratio of mice with an increased ERG response, hRHO must clearly be expressed in these five 

mice at sufficient levels to result in improvement in the rod photoreceptor cells.

6.3.12 ERG of 129 rho-/- subretinallv injected with AAV-2/8.rP3

As only low numbers of mice with an improved ERG response were obtained for AAV-2/5.rP3 it was 

decided to include an AAV-2/8.BB24 positive control for future analysis. AAV-2/8.BB24 had been 

previously established to provide potent hRHO expression in l29rho'^‘ retinas [Chadderton et al, 

[unpublished data]). Therefore it was expected that when injected into 129rho-/- mice in this study, it 

should act as a potent positive control. 13 l29rho'^' mice (3 litters) were injected with 3.2 X 10'°vp of 

AAV-2/8.BB24 (EE) and AAV-2/8.rP3 (RE). 10 713 of the mice had an improved rod-isolated 

response in the eye injected with AAV-2/8.BB24 and the highest rod-isolated response recorded for 

this construct was 371pV. In contrast, only 2/13 mice injected with AAV-2/8.rP3 had any increa.se in 
the rod-isolated ERG function. Eour rhol29'^' mice were injected with 3.2 X lO'^vp of AAV-2/8.rP3 

and remained uninjected in the EE. 2/4 of the mice had an increased rod function compared to the 

uninjected mouse. This brought the overall total of mice in which an increased ERG response was 

obtained to 4/17 mice (24%). A rod-isolated ERG (Figure 6.3.12.a) is presented from the mouse in 

which the highest rod-isolated response with AAV-2/8.rP3 was achieved. The b-wave in this mouse 

was 82pV for the AAV-2/8.rP3 injected eye and this was compared to 148pV in the eye with AAV- 

2/8.BB24. For the mixed rod-cone response the b-wave in this mice was 194pV with AAV-2/8.rP3 

compared to 379pV with AAV-2/8.BB24 (Figure 6.3.12.b). The cone-isolated response with AAV- 

2/8.rP3 was 0 and was 28.8pV with AAV-2/8.BB24 (Figure 6.3.12.C). Of the 17 mice evaluated the 

results from the four in which a rod-isolated b-wave was obtained were combined in order to determine 

if the improvement in rod function was significant (Figure 6.3.12.d). Compared to uninjected mice 

(rod response of 0 pV), the average rod b-wave was significantly increased to 47.2±28pV, P<0.05 in 

the eye injected with AAV-2/5. This suggested that rP3 was expressing hRHO in the retina of these
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mice and resulting in an increase in rod cell function. For BB24 the average b-wave was 239±85jjV 

(P<0.005). When the rod-isolated response of BB24 and rp3 were compared it was determined that 

these two viruses were performing significantly different to each other (P<0.005), which suggested that 

AAV-2/8.rP3 may not be as efficient as AAV-2/8.BB24. For the rod-cone mixed response (Figure 

6.3.12.e), the b-wave for the AAV-2/8.rP3 injected retina (122+53pV) was comparable to the 

uninjected retina {143+l8pV [P=0.5039]). The average b-wave response was 433±127pV in mice 

injected with AAV-2/8.BB24 and this was significantly different to both AAV-2/8.rP3 injected and 

uninjected eyes (P< 0.005 and P< 0.01). Similar to that observed with AAV-2/5.rP3, the average cone- 

isolated response in AAV-2/8.rP3 injected retinas decreased to 5.6+11.2pV compared to uninjected 

mice (52+9pV, P <0.005). The cone isolated response in AAV-2/8.BB24 injected eyes was modestly 

improved compared to AAV-2/8.rP3 injected retinas (27±15pV |P<0.05|) (Figure 6.3.12.f). Overall 

these results suggest that AAV-2/8.rP3 may not be as efficient at expressing hRHO compared to the 

titre matched BB24 control. When AAV-2/5.rP3 at a titre of 4.8 X 10'\'p was compared to AAV- 

2/8.rP3 (3.2 X 10'%p) no significant difference in the rod-isolated (P=0.1198), mixed rod-cone 

(P=0.0835) or cone-isolated responses (P=0.2559) was obtained.

6.3.13 Immunohistochemistry on retinal sections from 129 rho-/- mice injected with AAV-2/5.rP3

Three 12 129rho'^' mice in which improved ERG responses were obtained in eyes injected with AAV- 

2/5.rP3 underwent immunohistochemistry with the 4D2 antibody six weeks post injection. For all mice 

examined hRHO immunoreactivity was present in the EGFP positive portions of the retina injected 

with AAV-2/5.rP3 but absent in the EGFP negative regions of the same retina. The animal in which the 

best hRHO staining was achieved is presented (Figure 6.3.13.a). An aged matched 7 week RHO-M 

transgenic mouse was used as the positive control. RHO-M is a mouse with a transgenic hRHO 

replacement gene that expresses hRHO to 70% wild-type levels and provides a rod-isolated response 

of approximately 800pV (O’Reilly et al, 2008). Compared to RHO-M. no hRHO staining was 

observed in uninjected 129rho'^' retinas. Similar to that observed in uninjected mice, no hRHO 

immunoreactivity was observed in the non transduced retinal regions from 129rho'^‘ mice injected with 

AAV-2/5.rP3. However, hRHO staining was evident in the ROS of the transduced (EGFP positive) 

region of these animals, albeit at lower levels than the hRHO expression in the RHO-M mouse. 

Furthermore regions of EGFP expression in the IS indicate that short photoreceptor OS were formed in 

this region. Overall this result verifies the ERG result, confirming that hRHO expression with AAV- 

2/5.rP3 is present in these mice in which a positive ERG was obtained.
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6.3.14 Immunohistochemistry on retinal sections from 129 rho-/- mice injected with AAV-2/8.rP3

Two mice in which a positive ERG result was obtained with AAV-2/8.rP3 were analysed for hRHO 

expression. These retinal sections were compared to AAV-2/8.BB24 and uninjected retinas. Similar to 

AAV-2/5.rP3, RHO-M was used as a hRHO control. The results presented are from the mouse in 

which the best hRHO staining was observed (Figure 6.3.14.a). In general hRHO staining for AAV- 

2/8.rP3 was not as good as that obtained with AAV-2/5.rP3. While no RHO staining was visible in the 

the non transduced region of retinal sections form 129rho'^' injected with AAV-2/8.BB24, abundant 

hRHO staining was visible in the transduced region of this retina and this was comparable to hRHO 

staining in the RHO-M mouse. Additionally abundant healthy EGFP IS were present, verifying that 

AAV-2/8.BB24 was capable of very efficient hRHO expression. The EGFP positive portion of the 

retina transduced with AAV-2/8.rP3 showed very few, short EGFP positive IS, with EGFP positivity 

mainly confined to the ONE. hRHO staining was visible but at low levels.

6.3.15 Western blot analysis of hRHO rP3 protein expression by .4AV-2/5.rP3

While few animals had an improved rod-isolated re.sponse when injected with AAV-2/5.rP3 or AAV- 

2/8.rP3, it was decided to evaluate if hRHO expression was present in animals in which a negative 

ERG was obtained. Retinal protein from three mice in which the LE remained uninjected and the RE 

had been subretinally injected with AAV-2/5.rP3 was extracted and a western blot was undertaken 

using the 4D2 antibody (Figure 6.3.15). RHO-M was used as the positive control for this experiment 

and in this lane (lane 8) abundant hRHO immunoreactivity was observed. Low hRHO 

immunoreactivity was observed in two of the three mice injected with AAV-2/5.rP3 (lane 1 & 3) 

compared to the uninjected left eye (lane 2 & lane 4) when blots were overexposed for forty minutes. 

This suggested that hRHO expression from AAV-2/5.rP3 was present but most likely at low levels 

such that no ERG function would be recorded. However this western was carried out twice and the 

second time the presence of the second band (lane 3) was not detected. An interesting observation was 

the presence of immunoreactivity at approximately 25kDA in all 129rho'^' animals (injected and 

uninjected) used for the AAV-2/5 study. This may represent the mouse light chain IgG that the anti

mouse light chain only antibody is binding to, however no immunoreactivity at 25kDA was ever 

previously observed in any western blotting experiments. The anti-rabbit p-actin antibody was used to 

ensure that actin protein was present in the lanes in which no hRHO immunoreactivity was observed, 

in order to rule out protein quality as a reason for no hRHO in these retinas.
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6.3.16 Western blot analysis of hRHO rP3 protein expression by AAV-2/8.rP3

In an experiment similar to the AAV-2/5.rP3 protein expression study, protein from three retinas 

injected with AAV-2/8.BB24 (LE) and AAV-2/8.rP3 (RE) and in which no ERG response was 

obtained within the AAV-2/8.rP3 injected eyes were extracted for western blotting (Figure 6,3.16.a). 

Abundant hRHO immunoreactivity was visible at 39kDA for all eyes injected with AAV-2/8.BB24 

(lane 1, 3 & 5) this correlates to a positive rod-isolated ERG response in these animals and further 

supports AAV-2/5.BB24 as an efficient in vivo replacement gene. In contrast only one animal injected 

with AAV-2/8.rP3 expressed hRHO (lane 6). No immunoreactivity at 25kDA was observed in any of 

these samples. P-actin was used to ensure the presence of protein in the samples in which there was no 

hRHO immunoreactivity. It therefore appears that hRHO is being expressed at very low levels in these 

mice which is the likely reason for the unaltered rod-isolated b-wave. Western blotting was performed 

on two different occasions

6.3.17 hRHO RNA expression in wild-f\pe mice injected Mith AAV-2/5.rP3 and AAV-2/8.rP3

In order to evaluate the level of hRHO RNA expression from AAV-2/5.rP3 and AAV-2/8.rP3, 5 adult 

129 w'ild-type mice were injected with AAV-2/5.rP3 (1.8 X 10"vp) and AAV-2/8.rP3 (1.2 X 10"vp) 

and RNA was extracted 10 days post-injection. The availability of hRHO specific primers allowed this 

evaluation to be undertaken in wild-type mice rather than 129rho'^‘ mice (Figure 6.3.17.a). RNA from 

RHO-M was also included in the analysis, and was expressed to 44+14% NHR levels. AAV-2/5.rP3 

expression was significantly different to hRHO expression in NHR (70+12%, P<0.01). AAV-2/8.rP3 

expressed hRHO to similar levels as NHR (54+45%, P=0.09). The reason that the % expression was 

lower in the AAV-2/8.rP3 injected eyes compared to AAV-2/5.rP3, yet is still statistically significant 

can be explained by the high standard deviation between the AAV-2/8.rP3 injected eyes. Two samples 

within this group express hRHO only at 14 and 16 % of NHR levels, when these eyes are omitted from 

the analysis; the hRHO expression was 79% of NHR. The fact that both AAV-2/5.rP3 and AAV- 

2/8.rP3 was expressed similar to RHO-M is interesting given that RHO-M RHO expression is from the 

whole retina. However in the AAV-2/5.rP3 and AAV-2/8.rP3 129rho'^‘ injected mice, only 

approximately 30-40% of the retina is transduced with hRHO (Palfi et al, 2010).

6.3.18 ERG analysis in 129rho-/- mice injected with AAV-2/8.BB24 and AAV-2/8.rP3 at a lower
dose

AAV-2/8.BB24 (B) has been produced in the TCD laboratory using the new protocol (Dr. Naomi

Chadderton) at a titre of 3 x 10'\p/ml. It was decided that during the analysis of AAV-2/8.BB24 (B),
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AAV2/8.rP3 would be injected into the opposite eye at a lower dose previously used as a final 

evaluation for this construct. For AAV-2/5.rP3 the dose was reduced 3.5-fold to 9 X 10^ and injected 

into 7 mice. For AAV-2/8.BB24 (B) the dose was 6.9 X 10'%p. 6 weeks post-injection these mice 

underwent ERG analysis. Of the 7 mice injected, 1 mouse had a subretinal hemorrhage in the AAV- 

2/8.rP3 injected eye and thus was excluded from analysis. 4/6 mice however had an increased rod- 

isolated b-wave compared to uninjected mice. Similarly 4/6 mice showed an increased rod-isolated 

response in the AAV-2/8.BB24 injected eyes. The rod-isolated (Figure 6.3.18.a), mixed rod-cone 

(Figure 6.3.18.b) and cone-isolated (Figure 6.3.18.C) responses from the mouse in which the best rod- 

isolated ERG response was achieved with AAV-2/8.rP3 is presented here. The rod-isolated response in 

the LE injected with AAV-2/8.BB24 was 239pV and in the RE injected with AAV.rP3 was 234pV. 

This was in contrast to the high dose AAV-2/8.rP3 in which the highest rod-isolated response was 

85pV. For the mixed rod-cone response in this mouse the b-wave was 544pV in A.\V-2/8.BB24 

injected eye compared to 659pV in the AAV-2/8.rP3 eye. This was compared to a response of only 

122pV in the high dose AAV-2/8.rP3 mouse. The cone-isolated response in the eye injected with 

AAV-2/8.BB24 was IS.lpV compared to 56.3pV in the eye injected with AAV-2/8.rP3, again this is 

in stark contrast to the high dose AAV-2/8.rP3 in which a response of only 5.6pV was recorded. The 

average b-wave responses for all ERG tests in mice injected with either AAV-2/8.BB24 or AAV- 

2/8.rP3 were combined and compared with the average b-wave responses for aged matched uninjected 

mice (Figure 6.3.18.d) For the rod-isolated response AAV-2/8.BB24 had a statistically similar 

response (109±97pV) compared to AAV-2/8.rP3 (132+70 pV, |P=0.7212j). The rod-isolated response 

for AAV-2/8.rP3 was significantly different to the uninjected eyes (P<0.05), confirming that AAV- 

2/8.rP3 was efficiently improving the rod cell function. In contrast the average b-wave response with 

the old dose of AAV-2/8.rP3 was 47pV. The rod-isolated b-wave in AAV-2/8.BB24 eyes was however 

not significant compared to uninjected (P=0.1099). This was probably due to the high standard 

deviation between samples; the lowest ERG was 22.3pV for this construct. The mixed rod cone 

responses for AAV-2/8.BB24 was 227±230pV compared to 403+180pV, P=0.2772 for AAV-2/8.rP3. 

Unsurprisingly, compared to the uninjected eye, AAV-2/8.BB24 was not significantly altering the 

mixed rod-cone response (P=0.5208). Additionally AAV-2/8.rP3 appeared to have no significant effect 

on the mixed rod cone response compared to the uninjected mice P=0.06. The cone-isolated (Figure 

6.3.18.f) response in AAV-2/8.BB24 injected retinas (ll+9pV) was significantly different to AAV- 

2/8.rP3 (52+19pV [P<0.05]). This implies that despite any damage to cones which may have been 

caused by the injection process the lower dose AAV-2/8.rP3 may be having a positive impact on cone

cell function. The cone-isolated response in AAV-2/8.rP3 and uninjected mice was statistically similar
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(P=0.9764) supporting the view that some protection of cone cells maybe taking place in order to 

increase the cone-isolated ERG compared to uninjected mice. This may be the reason for the non

significant result obtained with the mixed rod-cone response between AAV-2/8.rP3 and uninJected 

eyes. The increased cone response in the AAV-2/8.rP3 to levels similar to uninjected mice eyes was 

probably .sufficient enough to mask the significant rod-isolated contribution to this response. Overall it 

appears that the lower dose AAV-2/8.rP3 is efficient at rescuing the ERG response in the 129rho'^' 

mice. The injection process has been established as being damaging to the photoreceptors at this age 

(Palfi et al, 2010), the fact that an improved cone response compared to other injected mice was 

obtained with this construct suggests that benefit to the cones may being achieved. Statistical analysis 

was performed between the old-dose AAV-2/8.rP3 and the new dose AAV-2/8.rP3, no significant 

difference was obtained between the rod isolated responses of these two doses (P=0.09). However the 

experimental variation is quite high in these mice, the highest b-wave response in the mice injected 

with the old do.se of AAV-2/8.rP3 was 87.9pV whereas the lowest ERG response in the mice injected 

with the low-dose AAV-2/8.rP3 was 86.3pV and this is most likely reason for statistical similarity. The 

improved ERG response with the old dose was better reflected in the mixed rod-cone (P<0.05) and 

cone-isolated responses (P<0.01). It has to be noted that all of these results have been generated with 

relatively small n numbers of mice. Furthermore given significant variation in the quality of subretinal 

injection in mice, caution must be taken not to over-interpret data. Therefore the data thus far obtained 

promotes trends that would have to be validated with later experiments including larger n numbers of 
mice.

6.3.19 The comparative analysis of AAV-2/5.BB24, AAV-2/8.BB24 and AAV-2/10.BB24 by

western blotting

AAV-2/5 and AAV-2/8 have previously been shown to be efficient transducers of the mouse 

photoreceptors (Allocca et al, 2007). AAV-2/rhlO has recently been shown in the literature to be 

efficient at transducing the brain and retina (Mao et a, 201 1; White et al, 2011). Therefore research 

currently ongoing in the TCD laboratory has been to establish hRHO expression from BB24 with the 

AAV-2//5, AAV-2/8 or AAV-2/rhlO serotype. One of the preliminary studies undertaken was to 

determine by western blotting which AAV serotype was capable of producing the most robust hRHO 

expression. Titre matched AAV-2/5.BB24 (LE), AAV-2/8.BB24 (RE) and AAV-2/8.AAV-2/rh 10 

(RE) were each injected into a three aged matched 129rho'^' mice eyes. Three additional eyes (LE) were 

injected with a 1/10 dilution of AAV-2/5.RHO-P-EGFP (RE). Each AAV virus was injected alongside 

a 1/10 dilution of AAV-2/5 RHO-P-EGFP to utilise the expression of EGFP as an equal loading

304



control for western blotting. 14 days post-injection protein was extracted from each retina and western 

blot analysis was undertaken using the 4D2 antibody (Figure 6.3.19.a). Protein from RHO-M was 

used as a positive control for 4D2 (lane 1). hRHO immunoreactivity was visible with AAV- 

2/rhlO.BB24 (lanes 2-4) and AAV-2/5.BB24 (lanes 8-10) at 39kDA. However in samples from AAV- 

2/8.BB24 injected mice abundant monomeric and multimeric forms of hRHO was observed (lanes 5- 

7). It seemed that AAV-2/8.BB24 was expressing hRHO 14 days post-injection more efficiently than 

AAV-2/5 or AAV-2/rhlO. Animals injected with AAV-2/5. RHO-P.EGFP, which is a vector 

containing EGFP and no hRHO represented the negative control. In previous western blotting 

experiments equal loading with |3-actin was somewhat difficult to obtain in 129rho'^' mice, therefore it 

was decided to utilise EGEP as an equal loading control, EGFP at 25kDA was clearly present in all 

lanes of protein from mice injected AAV and absent from the RHO-M mouse. Overall EGFP appeared 

to be an appropriate loading control for these experiments. As this was only one preliminary western 

blot experiment, in future this evaluation would need to be repeated to verify AAV-2/8.BB24 is 

definitely the most efficient serotype in the photoreceptor cells. In addition evaluating different time- 

points would be beneficial in order to assess the onset of hRHO expression from these viral serotypes.
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6.4 Discussion

Mutation-independent suppression and replacement strategies for autosomal dominant disorders 

involving suppression of both the mutant and wild-type alleles can be challenging (Millington-ward et 

al, 1997). Thus for RHO-adRP in which absence of hRHO results in a severe degeneration an approach 

to circumvent this rhodopsin loss is needed (Humphries et al, 1997). The suppression and replacement 

strategy for rhodopsin was first described by Millington-Ward et al, 1997 utilising ribozymes as the 

suppression agent. RNAi based mutation-independent suppression followed by the simultaneous 

delivery of a codon-modified human rhodopsin replacement gene has been explored in vitro and in 

vivo (Kiang et al, 2005; Millington-ward et al, 2011; O’ Reilly et al, 2007; O’Reilly et al, 2008). 

RNAi-mediated mutation-independent suppression of wild-type hRHO and mutant pRHO has been 

successfully obtained as described in Chapters 3-Chapter 5 of this thesis. Therefore the focus of work 

presented in the current chapter was the optimisation of the second component of this therapy, codon- 

modified replacement, both in vitro and in vivo.

It was initially decided to design replacement genes two potent suppressors for siP2 and siP3. It was 

important to evaluate each replacement gene in cell culture as the sequence changes in each modified 

codon may not confer resistance to the corresponding siRNA. Therefore prior to in vivo analysis, 

replacement genes were designed and cloned into CMV-driven RHO plasmids to evaluate resistance to 

siRNA targets in HeLa cell culture similar to the experiments described in Chapter 3. An important 

feature of replacement gene design was ensuring an adequate amount of sequence changes have been 

introduced into the specific siRNA target site such that no suppression would take place. It has 

previously been established in chapter 5 that three mismatches between mRHO and the siP3 target site 

was sufficient to significantly suppress mRHO by 46% (Section 5.3.14). In addition Kiang et al 

established that mRHO with one mismatch to the siRNA and hRHO with 2 mismatches still resulted in 

rhodopsin suppression (Kiang et al, 2005). Thus it was decided to maximise the number of changes 

over the siP2 and siP3 target sites in hRHO. For siP2 the maximum number of changes that could be 

generated was 6, other replacement rhodopsin genes have been designed with between 4 to 10 

mismatches which suggested that 6 changes should be sufficient (Cashman et al, 2005; O’Reilly et al, 

2007; O’Reilly et al, 2008). However, it has previously been established that a siRNA (siC) with 5 

mismatches to replacement hRHO was not sufficient to confer resistance, in contrast siCC a siRNA 

whose target site overlaps with siC had 4 mismatches to the replacement gene and did not suppress 

hRHO. This highlights the importance of how slight differences in target region can have an impact on 

siRNA mediated suppression and confirmed the need to evaluate every replacement gene in vitro
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(O’Reilly et al, 2008). When designing replacement genes, some amino acids allow changes of more 

than one nucleotide within a codon such as leucine, arginine or serine in which nucleotide changes in 

the two positions of each codon are tolerated. O’Reilly et al utilised this concept to design replacement 

genes for two shRNA target sites shBB and shQl. The siP2 target site had a codon for methionine 

within its sequence, which contains no redundancy and thus could not be altered. In terms of 

minimising codon usage, the number of nucleotide changes which could be introduced into siP2 

without altering the codon usage frequency of the replacement gene was limited (Table 6.3.1). One 

codon for the amino acid tyrosine and two codons for phenylalanine were within the siP2 target site. 

Only two sequence variations exist for these amino acids, therefore only a choice of one different 

codon was available. These alternate codons had low codon usage within wild-type rhodopsin, which 

may not be ideal. There were fewer restrictions within the siP3 target site (Table 6.3.2) Three of the 

codons in this region coded for valine, therefore three possible choices for an alternative codon were 

possible, enabling conservative changes in the codons to be used. This allowed codon usage to be 

optimised. As previously mentioned the arginine within the siP3 site had five possible changes, 

however only one of these changes was present with high frequency in hRHO. The only codon which 

limited codon usage in the siP3 target site was phenylalanine.

Each replacement rhodopsin gene (rP2 & rP3) was co-transfected with its corresponding siRNA (siP2 

& siP3) or the negative or positive control siRNAs (siNT or siBB). In theory, a replacement gene 

should be resistant to suppression by its corresponding siRNA but not resistant to other siRNAs. In 

principle the level of rhodopsin expression in HeLa cells transfected with the replacement gene and a 

non-targeting siRNA should therefore be similar to the level in HeLa cells transfected with the 

replacement gene and its corresponding siRNA. At the RNA level, rhodopsin replacement expression 

levels in cells co-transfected with siP2 and rP2 (82% rP2 expression [Figure 6.3.4.a]) and siP3 and rP3 

(92% rP3 expression [Figure 6.3.5.a]) did not significantly differ from cells co-transfected with siNT 

and hRHO. However, significant suppression of the replacement genes was consistently observed 
when they were co-transfected with a non-corresponding siRNA (siBB).

In was important to establish if, despite the six nucleotide changes, each replacement gene was capable 

of adequate translation and protein expression in vitro (Figure 6.3.6.a & Figure 6.3.7.a). The amount 

of rhodopsin protein in samples transfected with the replacement gene and a non-targeting control was 

approximately equal to the amount of protein in samples transfected with wild-type rhodopsin and a 

non-targeting control. This suggests that in HeLa cells the expression levels of the rhodopsin 

replacement genes rP2 and rP3 are not significantly different from wild-type rhodopsin levels when
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expressed from CMV promoters. Furthermore, each replacement rhodopsin gene appeared to be fully 

resistant to suppression by the corresponding siRNAs and demonstrated expression levels similar to 

when it was transfected with the non-targeting control.

The in vivo evaluation of shP3 in chapter 4 and chapter 5 established that this construct provided potent 

suppression the retina of both wild-type and rhodopsin linked adRP mice, therefore it was decided to 

choose the siP3 replacement gene rP3 for in vivo evaluation. In order to generate an in vivo 

replacement construct one of the most important considerations for rhodopsin is achieving appropriate 

levels of gene expression. In RHO knockout mice, the absence of RHO results in retinal degeneration 

as does over-expression, thus maintaining the correct balance of expression for a healthy retina is of 

extreme importance (Humphries et al, 1997; Millington-ward et al, 1997; Ollson et al, 1992). The 

creation of a transgenic mouse which expresses a hRHO replacement transgene in vivo was vital in 

providing proof of principle evidence that a replacement rhodopsin gene could provide the functional 

equivalent of its endogenous counterpart (O’Reilly et al, 2008). A vital understanding of the 

components needed for adequate hRHO expression from an AAV delivered rhodopsin replacement 

was achieved by comparative analysis of the hRHO replacement constructs with various promoters, 

promoter length and different transgene regulatory elements. The most efficient construct “BB24” 

contained a hybrid rhodopsin promoter as described in Palfi et al, 2010. Functional rescue both in 

terms of histology and ERG read-outs was achieved using this construct. It was therefore decided to 

model the rP3 replacement gene on the BB24 construct in order to obtain robust rP3 expression in the 

retina similar to that achieved with rBB in vivo (Millington-ward et al, 2011; Palfi et al, 2010).

As AAV-2/5 has been the vector of choice for all in vivo based studies in this laboratory previously 

and is an efficient delivery vehicle of human rhodopsin to the retina it was decided to generate AAV- 

2/5 mediated rP3 replacement (Millington-ward et al, 2011; Palfi et al, 2010). Recent studies however, 

have explored the use AAV-2/8 based delivery to the photoreceptors with success. In particular 

Mussolino et al utilised AAV-2/8 for RHO-based suppression in the photoreceptors (Mussolino et al, 

2011a). Thus it was decided to generate AAV-2/8.rP3 and perform a comparative analysis of rP3 

transgene expression in the retina from AAV-2/5 and AAV-2/8 based constructs. Previously in the 

laboratory, the first generation CsCl method was used to purify AAV-2/5, in this protocol the 

supernatant of the clarified cell lysates following HEK293 transfection is typically di.scarded 

(Auricchio et al, 2001b). This is a disadvantage given that the supernatant has been shown to have high 

titre AAV infectivity (Vandenberghe et al, 2010). For human clinical trials, a high titre, purified virus 

made in accordance with good manufacturing practices is needed. Ideally this virus must achieve
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potent transduction, resulting in sufficient transgene expression without causing immunogenicity in 

human patients (Wright, 2011).

Recently a second generation AAV CsCl purification protocol has been published. This method 

involves precipitation of DNA and protein impurities from AAV particles present not only in the cell 

pellet but also in the supernatant by PEG800. This was done prior to the first ultracentrifugation step 

and resulted in significantly reduced DNA and protein contamination compared to the standard 

protocol. Furthermore, this high titre purified AAV virus was comparable to scaled up AAV 

production methods currently being used in human clinical studies. In addition, when this optimised 

virus was compared in mice and dogs, an improved viral tran.sduction was observed to the target 

tissues compared to virus made by the standard protocol. This indicated that low doses of potent AAV 

may be both favorable and achievable at reducing the immune response and conferring significant 

therapeutic benefit in human patients (Ayuso et al, 2010). As a result of this study it was decided to 

generate AAV-2/5.rP3 and AAV-2/8.rP3 using this optimised protocol. In accordance with that 

described by Ayuso et al, 2010 viral titres in the region of 6 X 10'’vp/ml or 4 X lO'^vp/ml for AAV- 

2/5 and AAV-2/8 respectively were achieved.

High titre AAV-2/5.rP3 and AAV-2/8.rP3 were subretinally injected into 129rho'^' mice. The main goal 

of this experiment was to evaluate if rP3 rhodopsin could produce hRHO in the ROS of these mice and 

have functional effects. The second aim of this experiment was to explore if there were differences in 

hRHO expression between AAV-2/5.rP3 and /VAV-2/8.rP3. The initial evaluation of rP3 expression 

involved assessing if rP3 could provide functional benefit in 129rho-/- mice by ERG. The highest titre 

possible for both AAV-2/5.rP3 and AAV-2/8.rP3 was injected. It has previously been reported that at 

PO the injection process may damage photoreceptors, while at PIO this damage is greatly reduced 

(Palfi et al, 2010). In addition P4 is the age at which endogenous rhodopsin begins to be expressed in 

wild-type mice (McNally et al, 1999). For this reason a time-point of P5 was chosen for injection to 

prevent as much damage as possible while still providing early therapeutic intervention. The rod- 

isolated response obtained from uninjected mice was consistently OpV which is consistent with that 

described for this model (Humphries et al, 1997). For AAV-2/5.rP3 out of 22 mice only 22% showed a 

rod-isolated ERG this was surprising as previously in the laboratory utilising AAV-2/5.BB24 or AAV- 

2/8.BB24 approximately half of 129rho"^' mice have improved rod-isolated b-waves (Dr. Paul 

Kenna[personal communication]). Furthermore when the positive rod-isolated b-wave responses were 

combined at a dose of 4.8 X 10'° vp an average b-wave response of 87pV was recorded (Figure 

6.3.11.d). While this represented a significant difference compared to the uninjected eye, it was lower
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than that previously obtained with AAV-2/5.BB24 at a lower dose of 6.5 X lOwp in 129rho'^' mice 

(135pV|Palfi et al, 2010]). The highest b-wave for AAV-2/5.rP3 was 125|iV and the standard 

deviation was high at 49|iV, it may be that this difference is due to the lack of n numbers showing an 

improved rod-isolated response. In order to rule out any anomalies with the 129rho'^‘ mice, a titre 

matched AAV-2/5.BB24 was included as a positive control in 7 mice. Unfortunately this control virus 

was from a bad batch of virus and thus was subsequently excluded from the analysis. For AAV-2/8.rP3 

a titre matched AAV-2/8.BB24 control was injected into the fellow eye as a control. This AAV- 

2/5.BB24 control was made by Jean Bennett’s laboratory and had previously been shown as very 

efficient. As expected of the 13 eyes injected with AAV-2/8.BB24, 10 had a significantly increased 

rod-isolated response. In contrast similar to AAV-2/5.rP3 only 24% of mice gave an increase in the 

rod-isolated ERG response when injected with AAV-2/8.rP3. AAV-2/8.BB24 elicited potent rod- 

isolated responses in the region of 239pV, in comparison AAV-2/8.rP3 resulted in an average rod- 

isolated response of 47pV (Figure 6.3.12.d). While no significant differences were recorded between 

AAV-2/5.rP3 and AAV-2/8.rP3 overall the trend was towards lower rod responses with AAV-2/8.rP3 

It should be noted that in all cases, the cone-isolated responses with AAV-2/5.rP3 (Figure 6.3.11.1) 

and AAV-2/8.rP3 (Figure 6.3.13.r; injected eyes were lower than the uninjected eye. This has 

previously been noted by Palfi et al, in which delivery of an AAV-2/5.BB24 replacement gene resulted 

in alteration of cone function. Furthermore in this study it was established that both AAV-2/5 RHO- 

P.EGFP and PBS injections resulted in the same phenomenon, suggesting this may be a result of 

mechanical injury to the retina. At PIO the cone damage is not observed, however, by increasing the 

age of injection to PIO, one may not achieve as much therapeutic efficacy in 129rho'^' mice (Palfi et al, 

2010). A recent study by Beltran et al, 2010 in dogs established high dose EGFP delivered by AAV- 

2/5 and driven by the CBA or hGRKl promoter resulted in damage to the cones as assessed by 

histology. While it is possible that cone damage could be occurring as a result of the promoter used or 

the AAV vector, it is likely that high dose EGEP expression was causing cone mediated toxicity in this 

case (Beltran et al, 2010).

Retinal sections of mice in which increased rod-isolated ERG responses were observed when injected 

with AAV-2/5.rP3 (Figure 6.3.13.a) and AAV-2/8.rP3 (Figure 6.3.13.b) were taken and hRHO and 

DAPI staining were performed. Similar to that observed in Palfi et al, 2010 liRHO staining was clearly 

evident in the retinal sections from mice injected with AAV-2/5.rP3 compared to uninjected mice. 

Furthermore hRHO staining was only observed in the EGFP positive region which confirmed that 

AAV-2/5 mediated rP3 expression had occurred in these mice. Furthermore EGFP positive inner
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segments were present, indicating that some improvement in histology in transduced areas of the 

retina. The aged matched RHO-M transgenic mouse had abundant hRHO expression as expected 

validating the use of this model as an experimental control (O’Reilly et al, 2008). For AAV-2/8.BB24 

the transduced area of the retina had nice healthy EGFP positive inner segments and robust staining of 

the OS with hRHO, similar to that observed in RHO-M mice. This is not surprising given the rod- 

isolated significant ERG responses recorded in these animals. Histological examination of AAV- 

2/8.rP3 treated eyes demonstrated that in transduced of the retina only minimal, shortened inner 

segments with a small amount of hRHO staining was present and indicated that AAV-2/8.rP3 may not 

be efficient at providing sufficient hRHO to 129rho‘^' mice

A western blot was undertaken with mice injected with AAV-2/5.rP3 (Figure 6.3.15.a) or AAV- 

2/8.rP3 (Figure 6.3.16.a) in which no improved ERG response was recorded. This was undertaken in 

order to establish if despite no functionality, if these vectors were still producing hRHO protein but just 

at lower levels. For AAV-2/5.rP3 2/3 mice had low levels of hRHO. Similarly for AAV-2/8.rp3, 1/3 

mice had low hRHO expression; this appeared to indicate that hRHO in some of these animals was 

being produced. In order to confer functionality it is important to obtain sufficient levels of hRHO. It 

may be that the level of hRHO rP3 expression from AAV-2/5 or AAV-2/8 is just below this threshold 

and thus would explain why only a small number of animals demonstrated a minimal rod-isolated ERG 

increase in this set of subretinal injections. AAV-2/8.BB24 injected animals had robust hRHO 

expression, which was consi.stent with the high rod-isolated ERG responses and abundant hRHO outer 
segment staining obtained in each of these mice.

In order to check if the AAV-2/5.rP3 and AAV-2/8 rP3 dose administered may have been too high and 

therefore not tolerated in these mice, real-time RT-PCR analysis was undertaken examining hRHO rP3 

mRNA expression in adult wild-type mice injected with the equivalent dose of either AAV-2/5.rP3 or 

AAV-2/8.rP3 and compared RHO expression in both NHR and RHO-M mice (Figure 6.3.17.a). While 

a significant difference in expression was achieved with AAV-2/5.rP3 compared to NHR, no 

significant difference was achieved with AAV-2/8.rP3. In addition there was no significant difference 

between RHO-M and either AAV-2/5.rP3 or AAV-2/8.rP3. However there was high variability 

between the AAV-2/8.rP3 .samples, with two mice in particular only expressing hRHO at 16 & 14% of 

NHR respectively. It may be possible that the variance observed with AAV-2/8.rP3 is the reason that 

only some mice yielded an ERG read-out. In this regard it is notable that in a 129rho'^‘ mouse, typically 

the viral spread is approximately 30-40% after subretinal injection (Palfi et al, 2010). Thus in the 

AAV-2/8.rP3 mice (where expression was comparable to NHR and RHO-M) or indeed in the AAV-
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2/5.rP3 in which high hRHO expression was obtained (comparable to RHO expression in RHO-M in 

which the entire retina expresses RHO) it may be possible that too much hRHO in the injected region 

of the retina may have a negative impact on the transduced cells. In order to evaluate if lowering the 

dose had any difference on functionality, diluted virus may be employed.

Towards the end of the study presented in this thesis, a high titre AAV-2/8.BB24 was produced by Dr. 

Naomi Chadderton using the new second generation CsCl gradient protocol (Ayuso et al, 2010). It was 

decided that during the evaluation of this newly generated vector in 129rho'^' mice, a lower dose of 

AAV-2/8.rP3 would also be tested in order to confirm if lowering viral titre rescues hRHO 

functionality. At a lower dose of 9 X lOVp, 4/6 mice had a significantly higher rod-isolated ERG when 

injected with AAV-2/8.rP3 compared to uninjected mice (Figure 6.3,18.d). This represented 66% of 

the mice showing an improved response with the lower dose vector compared to 24% with the high 

dose AAV-2/8. The average rod-isolated response was in the region of 132pV, with the highest 

achieved being 234pV, suggesting that lowering dose improved the functional benefit obtained. 

Previous analysis had shown an impaired cone response in AAV injected eye compared to the 

uninjected eye. This however was not the case for the lower dose AAV-2/8.rP3 vector in which a cone 

response similar to the uninjected eyes was observed (Figure 6.3.18.f)- Thus in the context of 

subretinal surgery at P5 into the young mouse eye delivery of a high dose AAV-2.8BB24 or AAV- 

2/8.rP3 may have an impact on cone photoreceptors. It may be that while the injection may damage 
both rods and cones, any improvement in rod-isolated function in the 129rho'^' mouse in which the rod 

function was zero may be sufficient to mask the damage to rod-cells and provide improvement in some 

rod responses. In 129 rho'^'the cones cells still function therefore damage due to injection may have a 

negative impact on cell function (Humphries et al, 1997). Overall lowering the titre of AAV-2/8.rP3 

successfully improved the rod-isolated responses in a 129rho'^' mice. This supports the further 

optimisation of low dose AAV-2/8.rP3 for use in a suppression and replacement strategy for rP3. In 

addition this highlights the need for .studies prior to proceeding to human clinical trial, evaluating 

different doses not only in mice but also larger animal models to establish the dose limiting toxicity of 

each individual therapeutic (Vandenberghe & Auricchio, 2012). For retinal human clinical trials the 

highest AAV dose administered to the retina of human patients was 1.5 X 10"vp of AAV-2/2, no 

adverse effects were noted with this dose (Maguire et al, 2009). In addition for larger animal models 

such as non-human primates the highest dose evaluated to date has been 2.7 X lO'^vp for a therapeutic 

.strategy for red green color blindness and 6.4 X lO' Vp was used in dogs in order to rescue cone 

function in a congenital achromatopsia model (Komaromy et al, 2010; Mancuso et al, 2009;
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Vandenberghe & Auricchio, 2012). However despite efficacy being achieved in these models no 

thorough dose toxicity studies were specifically undertaken (Vandenberghe & Auricchio, 2012). In 

other studies assessing AAV delivered transgenes to the retina in non-human primate using high dose 

AAV-2/2 (10'°vp) and AAV-2/8 (10"vp) the authors noted a dose related increase in neutralising 

antibodies to the vector capsid. In addition evidence of t-cell responses to the GFP transgene product 

was obtained in two animals that had received the highest dose of AAV-2 and AAV-8. This highlights 

the need to evaluate high dose AAV-based therapies fully in terms of immune responses to the AAV 

capsid and/or the transgene (Vandenberghe et al, 2011).

One of the main que.stions to be answered in response to the above result is why was high dose AAV- 

2/8.rP3 or AAV-2/5.rP3 toxic to photoreceptors? The second generation CsCl protocol utilised in this 

laboratory to make these vectors is only in the early stages of optimisation. AAV-2/2 has been shown 

to be prone to aggregation (Wright et al, 2003; Wright et al, 2005). However the serotypes used in this 

study were AAV-2/5 and AAV-2/8. No aggregation of AAV-2/5 has thus far been obtained in the TCD 

laboratory. As AAV-2/8 is not a virus that has traditionally been generated in the laboratory it is 

possible that AAV-2/8 may be aggregating, and thus by diluting out the aggregating virus 3.5 fold 

adverse effects on the retina are being prevented. One of the differences between the protocol used in 

this study and the Ayuso et al, 2010 protocol is that in the original method two ultracentrifugation steps 

are performed, in contrast three ultracentrifugation steps are undertaken in our laboratory. It could be 

that by performing an extra ultracentrifugation step the amount of time in which the virus would have 

an opportunity to aggregate is being increased (Dr. Naomi Chadderton [personal communication]). In 

future studies with this protocol, aggregation of both AAV-2/8 and AAV-2/5 viruses will be tested 

using a dynamic light scattering device. In addition each qPCR reaction is only performed twice in our 

laboratory therefore one cannot rule out slight under estimations of viral titre as reasons for 

discrepancies between “titre matched” viruses. Further analysis into the low dose AAV-2/8.rP3 virus is 

warranted in order to fully confirm the extent of hRHO rescue in 129rho'^' mice. Due to the time 

constraints it was not possible to further evaluate this lower dose. However in future analysis both low 

dose AAV-2/5.rP3 and AAV-2/8.rP3 in terms of ERG (with increased animal numbers), 

immunohistochemistry, western blotting and ultrastructure analyses will be performed to optimise this 

replacement component. In addition, the generation of alternate viral preparations may be needed to 

rule out any impurities or abnormalities that may have occurred during the generation of AAV-2/5.rP3 

and AAV-2/8.rP3 in this study.
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The final experiment undertaken in this study was a comparative analysis of protein expression from 

AAV-2/5.BB24, AAV-2/8.BB24 and AAV-2/rhlO.BB24 (Figure 6.3.19.a). It has been shown that 

both AAV-2/8 and AAV-2/rhlO are efficient at producing high levels of transgene expression (Allocca 

et al, 2007; Mao et al, 201 la). In order to assess rhodopsin expression from these three vectors a 

comparative analysis is currently ongoing in the TCD laboratory utilising the BB24 rhodopsin 

construct. Three titre matched (6 X lO'^vp/ml) are currently being evaluated in terms of ERG, 

tran.sduction efficiencies, distribution and expression. The first time-point chosen was 14 days as this is 

the time-point at which AAVl, 4, 5, 7, 8, 9 and rhlO reach their peak in transduction efficiency 

(Lebherz et al, 2008; Mao et al, 201 la). Western blot analysis with protein samples from three mouse 

eyes injected with each construct and assessed at 14 days suggests that AAV-2/8 efficiently expresses 

hRHO compared to AAV-2/5 and AAV-2/rhlO. This study also demonstrated the use of EGFP as an 

equal loading control for western blotting for these experiments. This western blot experiment was 

only undertaken once, clearly in order to confirm the result this analysis needs to be repeated. 

Furthermore assessing AAV-2/5, -2/8 and -2/rhlO at earlier and later time points would be of value to 

determine the rhodopsin transgene expression pattern from all serotypes.

In conclusion the research presented in this chapter has involved the optimisation of a replacement 

strategy for rhodopsin for use as part of a two-component suppression and replacement gene therapy 

for RHO-adRP. Replacement genes made for the siP2 and siP3 target sites within hRHO were 

successfully generated and tested in vitro in order to confirm resistance from siRNA-mediated 

suppression. In addition, optimising the gene expression of the rP3 replacement gene in vivo was 

explored. A previous replacement gene construct BB24 had been designed using a hybrid rhodopsin 

promoter to drive replacement hRHO expression. This promoter has been utilised with success in vivo 

therefore rP3 was also expressed from this promoter (Millington-Ward et al, 2011; Palfi et al, 2010). 

While high dose AAV-2/5.rP3 or AAV-2/8.rP3 was not found to be as efficient as previous 

replacement genes generated in the laboratory, lowering the dose injected had a significant impact on 

rod-isolated ERG function. In one study recently therapeutic benefit in terms of improved histology 

and ERG function when a wild-type replacement gene was delivered to a mouse model with the P23H 

mutant transgene was achieved (Mao et al, 201 lb). This was somewhat surprising given the dominant 

nature of the P23H mutation. In addition delivery of a hRHO replacement gene in the absence of a 

suppressor molecule to the HP347S mouse was not sufficient to rescue the retinal degeneration in 

studies in this laboratory (Millington-Ward et al, 2011). The results from these studies highlight the 

need for evaluating each therapeutic approach in a wide range of animal models with different forms of

RHO-adRP to obtain a complete and accurate analysis of each therapy.
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rP2F 5 ’ -C ATCTAT ATGTTTGTCGTGC ATTTTACC ATC-5 ’

rP2R 5 ’ -G ATGGT AA AATGC ACG AC AA AC AT AT AG ATG-3 ’

rP3F 5 ’ -CGAGCGCTATGTCGTCGTCTGCAAGCCCATG- 3 ’

rP3R 5’-CATGGGCTTGCAGACGACGACATAGCGCTCG-3’

5’ Hindlll F 5’-GATAAGCTTAGAGTCATCCAGC-3’

3’ BstEII R 5’-ATGCGGGTGACCTCCTTC-3’

Table 6.2.2 The PCR primers used to generate both the rP2 and rP3 replacement genes
by PCR directed mutagenesis.

The rP2 forward and reverse primer (rP2 F and rP2 R) were designed such that they 
introduce 6 nucleotide alterations into the rP2 target site. The rP3 forward and reverse 
primers (rP3 F and rP3 R) were designed such that they introduce the 6 nucleotide 
changes into the rP3 target site. The 5’HindIJI Forward and 3’ BstEII reverse (5’ Hindi 11 
F and 3'BstEII R) were used that each replacement RHO PCR product was flanked by 
Hindlll and BstEII restriction sites, in order to facilitate cloning.

315



step 1; PCR 1

CMV hRHO

(S' Hlndlll 3'

Fo'-ward unque re'trirtbr srts 
primer {Hind Hi}

5^XX X XX X 3'

Reverie primer wifr. targeted 
mutations (x)

S'Hindlll X X >: X X X

step 2: PCR 2

CMV hRHO

5' X X X X X X 3’

Foru’ard primer withitargetsi 
mutatbfT- (X)

B I X X X X X X

BstEII

5' BitEIIS'
Reverse unique restriction 

site prinver (BstEII)

BstEII

Step 3: PCR 3

AB

Hindlll

5' Hindu! S'

Fo^rtard urvque restrictjon site 
primer (Mir>d ill)

Hindlll

X X X X X X

X X X X X X

PCR 3

X X X X XX

BstEII

S' BstEII 3'

Reverse unique restriction 
site primer (BstEII)

BstEII

Figure 6.2.2.a PCR directed mutagenesis of hRHO to create rP2 or rP3

1. Using hRHO as a DNA template the 5'Hindlll F and R replacement primer with the 
directed mutations in used for PCR 1

2. PCR 2 is carried out using the hRHO template and the F replacement primer with 
the directed mutations

3. The third PCR ins carried out using the amplification products from PCRl and 
PCR2 as the template at the 5’ Hindlll and 3'BstEH primers, such that an overall 
replacement hRHO is generated flanked by Hindlll and BstEII
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Codon usage in wild-type RHO and the replacement RHO gene for siP2, rP2

RHO amino acid Y M F V V H F

RHO nucleotide sequence TAC ATG TTC GTG GTC CAC TTC

RHO Codon Usage

(No. of codons in hRHO)

17 15 25 13 15 3 25

rP2 amino acid Y M F V V H F

rP2 nucleotide sequence TAT ATG TT'r GTC GTG CAT TTT

rP2 Codon usage

(No. of codons in rP2)

2 15 5 15 13 0 5

Table 6. 3.1 Codon usage analysis within the hRHO siP2 target site

Rows 1 to 3 depict codon usage of the siP2 target site within wild-type hRHO. Six 
changes were made to the seven codons within this sequence; all changes minimised 
changes to codon usage were possible. Rows 4-6 are the nucleotide changes present 
within each of the six codons of the siP2 target sequence, for Tyr (Y), Phe (F) and His 
(H); a choice of only one additional codon w as available. For Val (V) the most common 
codon following the original codon was utilised. No changes were made to Met (M); this 
is the start codon for transcription; there is no degeneracy of this codon.
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ATG AAT GGC ACA GAA GGC CCT AAC TTC TAC GTG CCC TTC TCC AAT GCG ACG
GGT GTG GTA CGC AGC CCC TTC GAG TAC CCA CAG TAC TAC CTG GCT GAG CCA
TGG CAG TTC TCC ATG CTG GCC GCC TAC ATG TTT CTG CTG ATC GTG CTG GGC
TTC CCC ATC AAC TTC CTC ACG CTC TAC GTC ACC GTC CAG CAC AAG AAG CTG
CGC ACG CCT CTC AAC TAC ATC CTG CTC AAC CTA GCC GTG GCT GAC CTC TTC
ATG GTC CTA GGT GGC TTC ACC AGC ACC CTC TAC ACC TCT CTG CAT GGA TAC
TTC GTC TTC GGG CCC ACA GGA TGC AAT TTG GAG GGC TTC TTT GCC ACC CTG
GGC GGT GAA ATT GCC CTG TGG TCC TTG GTG GTC CTG GCC ATC GAG CGG TAC
GTG GTG GTG TGT AAG CCC ATG AGC AAC TTC CGC TTC GGG GAG AAC CAT GCC
ATC ATG GGC GTT GCC TTC ACC TGG GTC ATG GCG CTG GCC TGC GCC GCA CCC
CCA CTC GCC GGC TGG TCC AGG TAC ATC CCC GAG GGC CTG CAG TGC TCG TGT
GGA ATC GAC TAC TAC ACG CTC AAG CCG GAG GTC AAC AAC GAG TCT TTT GTC
ATC ^AC ATG TTC GTS
8TC CAC TTC ACC ATC CCC ATG ATT ATC ATC TTT TTC TGC TAT GGG CAG CTC
GTC TTC ACC GTC AAG GAG GCC GCT GCC CAG CAG CAG GAG TCA GCC ACC ACA
CAG AAG GCA GAG AAG GAG GTC ACC CGC ATG GTC ATC ATC ATG GTC ATC GCT
TTC CTG ATC TGC TGG GTG CCC TAC GCC AGC GTG GCA TTC TAC ATC TTC ACC
CAC CAG GGC TCC AAC TTC GGT CCC ATC TTC ATG ACC ATC CCA GCG TTC TTT
GCC AAG AGC GCC GCC ATC TAC AAC CCT GTC ATC TAT ATC ATG ATG AAC T^G
CAG TTC CGG AAC TGC ATG CTC ACC ACC ATC TGC TGC GGC AAG AAC CCA CTG
GGT GAC GAT GAG GCC TCT GCT ACC GTG TCC AAG ACG GAG ACG AGC CAG GTG
GCC
B

CCG GCC TAA i
TCGACGGTATCGATAAGCTTAGAGTCATCCAGCTGGAGCCCTGAGTGGCTGAGCTCAGGCCTTCGCAGC 
ATTCTTG s'Hindlll F primer
GGTGGGAGCAGCCACGGGTCAGCCACAAGGGCCACAGCC ATG AAT GGC ACA GAA GGC CCT
AAC TTC TAC GTG CCC TTC TCC AAT GCG ACG GGT GTG GTA CGC AGC CCC TTC
GAG TAC CCA CAG TAC TAC CTG GCT GAG CCA TGG CAG TTC TCC ATG CTG GCC
GCC TAC ATG TTT CTG CTG ATC GTG CTG GGC TTC CCC ATC AAC TTC CTC ACG
CTC TAC GTC ACC GTC CAG CAC AAG AAG CTG CGC ACG CCT CTC AAC TAC ATC
CTG CTC AAC CTA GCC GTG GCT GAC CTC TTC ATG GTC CTA GGT GGC TTC ACC
AGC ACC CTC TAC ACC TCT CTG CAT GGA TAC TTC GTC TTC GGG CCC ACA GGA
TGC AAT TTG GAG GGC TTC TTT GCC ACC CTG GGC GGT GAA ATT GCC CTG TGG
TCC TTG GTG GTC CTG GCC ATC GAG CGG TAC GTG GTG GTG TGT AAG CCC ATG
AGC AAC TTC CGC TTC GGG GAG AAC CAT GCC ATC ATG GGC GTT GCC TTC ACC
TGG GTC ATG GCG CTG GCC TGC GCC GCA CCC CCA CTC GCC GGC TGG TCC AGG
TAC ATC CCC GAG GGC CTG CAG TGC TCG TGT GGA ATC GAC TAC TAC ACG CTC
AAG CCG GAG GTC AAC AAC GAG TCT TTT GTC ATC TA|n!TGT?TT'T!Tc"75TG'"C^T
KJacc ATC CCC ATG ATT ATC ATC TTT TTC TGC TAT GGG CAG CTC GTC TTC
ACC GTC AAG GAG GCC GCT GCC CAG CAG CAG GAG TCA GCC ACC ACA CAG AAG
GCA GAG AAG GAG GTC ACC CGC ATG GTC

ATC ATC ATG
3'est£//R primer
GTC ATC GCT TTC CTG ATC TGC TGG GTG CCC TAC GCC AGC GTG

GCA TTC TAC ATC TTC ACC CAC CAG GGC TCC AAC TTC GGT CCC ATC TTC ATG
ACC ATC CCA GCG TTC TTT GCC AAG AGC GCC GCC ATC TAC AAC CCT GTC ATC
TAT ATC ATG ATG AAC AAG CAG TTC CGG AAC TGC ATG CTC ACC ACC ATC TGC
TGC GGC AAG AAC CCA CTG GGT GAC GAT GAG GCC TCT GCT ACC GTG TCC AAG
ACG GAG ACG AGC CAG GTG GCC CCG GCC TAA

Figure 6.3.1.a Design of the rP2 replacement gene

The first sequence (A) with wild-type hRHO with the siP2 target site marked (red). The 
second sequence (B) is the rP2 replacement gene (rP2) with the 6 changes within the siP2 
target site (red) and with the two primers 5’ and 3’ to the target site with the Hindlll and 
BstEII restriction sites marked (yellow)
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Figure 6.3.l.b: Sequence of rP2 over the siP2 target site
The reverse BstEII primer was used for sequencing of rP2 over the siP2 site; the six changes 
(TACATGTTCGTGGTCCAC TTC to TATATGTTTGTCGTGCATTTT) are indicated by the 
red arrows.
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Codon usage in wild-type RHO and the replacement RHO gene for siP3, rP3

R Y V V V C

RHO nucleotide
sequence

No. codons in
hRHO

CGG TAC GTG GTG GTG TGT

RHO Codon
Usage

4 17 13 13 13 2

rP3 amino acid Y M F V V H

rP3 nucleotide
sequence

CGC TAT GTC GTC GTC TGC

rP3 Codon usage

No. of codons in
rP3

4 2 15 15 15 8

Table 6. 3.2 Codon usage analysis within the hRHO siP3 target site

Rows 1 to 3 depict codon usage of the siP3 target site within wild-type hRHO. Six 
changes were made to all six codons within this sequence; all changes minimised 
changes to codon usage were possible. Rows 4-6 are the nucleotide changes present 
within each of the six codons of the siP3 target sequence, for Tyr (Y) and Cys (C), a 
choice of only one additional codon was available. For Arg (R) and Val (V) the most 
common codon following the original was utilised.
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ATG AAT GGC ACA GAA GGC CCT AAC TTC TAG GTG CCC TTC TCC AAT GCG ACG GGT GTG
GTA GGC AGG GGG TTG GAG TAG GGA GAG TAG TAG GTG GGT GAG GGA TGG GAG TTG TGG
ATG GTG GGG GGG TAG ATG TTT GTG GTG ATG GTG GTG GGG TTG GGG ATG AAG TTG GTG
AGG GTG TAG GTG AGG GTG GAG GAG AAG AAG GTG GGG AGG GGT GTG AAG TAG ATG GTG
GTG AAG GTA GGG GTG GGT GAG GTG TTG ATG GTG GTA GGT GGG TTG AGG AGG AGG GTG
TAG AGG TGT GTG GAT GGA TAG TTG GTG TTG GGG GGG AGA GGA TGG AAT TTG GAG GGG
TTG TTT GGG AGG GTG GGG GGT GAA ATT GGG GTG TGG TGG TTG GTG GTG GTG GGG ATG
GAG GgS TAC 5T(5 (STfi (ST5 f 5T IgG GGG ATG AGG AAG TTG GGG TTG GGG GAG AAG GAT
GGG ATG ATG GGG GTT GGG TTG AGG TGG GTG ATG GGG GTG GGG TGG GGG GGA GGG GGA
GTG GGG GGG TGG TGG AGG TAG ATG GGG GAG GGG GTG GAG TGG TGG TGT GGA ATG GAG
TAG TAG AGG GTG AAG GGG GAG GTG AAG AAG GAG TGT TTT GTG ATG TAG ATG_TTG GTG 
GTG GAG TTG AGG ATG GGG ATG ATT ATG ATG TTT TTG TGG TAT GGG GAG GTG GTG TTG
AGG GTG AAG GAG GGG GGT GGG GAG GAG GAG GAG TGA GGG AGG AGA GAG AAG GGA GAG
AAG GAG GTG AGG GGG ATG GTG ATG ATG ATG GTG ATG GGT TTG GTG ATG TGG TGG GTG
GGG TAG GGG AGG GTG GGA TTG TAG ATG TTG AGG GAG GAG GGG TGG AAG TTG GGT GGG
ATG TTG ATG AGG ATG GGA GGG TTG TTT GGG AAG AGG GGG GGG ATG TAG AAG GGT GTG
ATG TAT ATG ATG ATG AAG AAG GAG TTG GGG AAG TGG ATG GTG AGG AGG ATG TGG TGG
GGG AAG AAG GGA GTG GGT GAG GAT GAG GGG TGT GGT AGG GTG TGG AAG AGG GAG AGG
AGG GAG GTG GGG GGG GGG TAA

8 I
TGGAGGGTATGGATTUlGGTTAGAGTGATGGAGGTGGAGGaCTGAGTGGGTGAGGTGAGGGGTTGGGAGGATTGTT

5'Hindlll F primer
GTA GGG AGG GGG TTG GAG TAG GGA GAG TAG TAG GTG GGT GAG GGA TGG GAG TTG TGG
ATG GTG GGG GGG TAG ATG TTT GTG GTG ATG GTG GTG GGG TTG GGG ATG AAG TTG GTG
AGG GTG TAG GTG AGG GTG GAG GAG AAG AAG GTG GGG AGG
GGT GTG AAG TAG ATG GTG GTG AAG GTA GGG GTG GGT GAG GTG TTG ATG GTG GTA GGT
GGG TTG AGG AGG AGG GTG TAG AGG TGT GTG GAT GGA TAG TTG GTG TTG GGG GGG AGA
GGA TGG AAT TTG GAG GGG TTG TTT GGG AGG GTG GGG GGT G7^ ATT GGG GTG TGG TGG
TTG GTG GTG GTG GGG ATG GAG dcT35TT!TC^TcT!TcT3c
AAG G GGG ATG AGG AAG TTG GGG TTG GGG GAG AAG GAT GGG ATG ATG GGG GTT GGG 
TTG AGG TGG GTG ATG GGG GTG GGG TGG GGG GGA GGG GGA GTG GGG GGG TGG TGG AGG
TAG ATG GGG GAG GGG GTG GAG TGG TGG TGT GGA ATG GAG TAG TAG AGG GTG AAG GGG
GAG GTG AAG AAG GAG TGT TTT GTG ATG TAT ATG TTT GTG GTG GAT TTT AGG ATG GGG
ATG ATT ATG ATG TTT TTG TGG TAT GGG GAG GTG GTG TTG AGG GTG AAG GAG GGG GGT
GGG GAG GAG GAG GAG TGA GGG AGG AGA GAG AAG GGA GAG AAG GAG GTG AGG GGG ATG
GTG ◄----------------------------------------

3’BstEII R primer
ATG ATG ATG GTG ATG GGT TTG GTG ATG TGG TGG GTG GGG TAG GGG AGG GTG GGA
TTG TAG ATG TTG AGG GAG GAG GGG TGG AAG TTG GGT GGG ATG TTG ATG AGG ATG GGA
GGG TTG TTT GGG AAG AGG GGG GGG ATG TAG AAG GGT GTG ATG TAT ATG ATG ATG AAG
AAG GAG TTG GGG AAG TGG ATG GTG AGG AGG ATG TGG TGG GGG AAG AAG GGA GTG GGT
GAG GAT GAG GGG TGT GhGT AGG GTG TGG AAG AGG GAG AGG AGG GAG GTG GGG GGG 
GGG TAA

Figure 6.3.2.a Design of the rP3 replacement gene

The first sequence (A) with wild-type hRHO with the siP2 target site marked (red). The second sequence 
(B) is the rP2 replacement gene (rP2) with the 6 changes within the siP2 target site (red) and with the two 
primers 5’ and 3’ to the target site with the Hindlll and BstEII restriction sites marked (yellow).
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Figure 6.3.2.b: Sequence of rP3 over the siP3 target site
The reverse BstEII primer was used for sequencing of rp3 over the siP3 site; the six 
changes (CGGTACGTGGTGGTGTGT to CGCTATGTCGTCGTCTGC) are indicated 
by the red arrows.
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Replacement (rP2) rhodopsin mRNA levels with target 
siRNAs in HeLa cells

P=0.32"3

1P2+S1NT rP2+siBB iP2+siF2 
1P2 RHO with target siRNAs

Sample
% of rP3 with NT 

%SD

rP3 + siNT rP3+siBB rP3 + siP3
100
20.8

11.8
2.9

83.5
22.9

Figure. 6.3.4.a rP2 RNA expression from HeLa cells transfected with rP3 and siRNAs

Relative replacement (rP2) human rhodopsin RNA levels in HeLa cells co-transfected wth siP2, 
siNT siBB and rP2. The data are given as percentages of rhodopsin RNA levels in samples 
transfected with rP2 and a non-targeting negative control (siNT, 100%). The positive control 
siRNA used was siBB. The average and standard deviation (SD) for each sample was calculated 
using Microsoft Excel. A two-sample t-test was used to assess statistical signifcane of data sets 
using DataDesk 6.0 software. Error bars represent % SD values.
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Figure. 6.3.5.a rP3 RNA expression from HeLa cells transfected with rP3 and siRNAs

Relative replacement (rP3) human rhodopsin RNA levels in HeLa cells co-transfected 
w ith siP3, siNT siBB and rP3. The data are given as percentages of rhodopsin RNA levels 
in samples transfected with rP3 and a non-targeting negative control (siNT, 100%). The 
positive control siRNA used w'as siBB. The average and standard deviation (SD) for each 
sample w'as calculated using Microsoft Excel. A tw'o-sample t-test w'as used to assess 
statistical signifcane of data sets using DataDesk 6.0 softw'are. Error bars represent % 
SD values.
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hp-actir j'

hRHC]

42kDA

39kDA

RNT RBB RP2 HNT HBB HP2 HP3 UT
LANE 1 2 3 4 5 6 7 8

SAMPLE NAME RNT RBB RP2 HNT HBB HP2 HP3 UT
BCA (pg/ml) 1161 933 1031 895 972 928 847 1568
protein/ well (pi) 15 18 16 19 17 18 20 11
[protein]/ well (pg) 17 17 17 17 17 17 17 17

Figure 6.3.6.a Western blot analysis of rP2 protein expression.

Lane 1 contains protein from cells transfected with rP2 and siNT (rNT) and this 
representing the control for rP2 expression in this experiment. Lane 2 contains protein 
from cells transfected with rP2 and siBB (rBB), rP3 is not resistant to siBB as can be 
observed by absence of hRHO immunoreactivity. Lane 3 is protein from HeLa cells 
transfected with rP2 and siP2 (rP2). hRHO protein expression is visible and comparable 
to Lane 1, thus rP2 is resistant to siP2. Lane 4 contains protein from cells transfected 
with wild-type hRHO and siNT (HNT), hRHO expression in this lane is comparable to 
hRHO expression in both RNT and RP2. Lane 5, 6 lane 7 represents protein from cells 
transfected with wild-type hRHO and siBB (HBB), siP2 (HP2) and siP3 (HP3) 
respectively and represents the controls to ensure suppression with each was still 
occurring with wild-type hRHO. Lane 8 is protein from un-transfected cells and 
represents the 4D2 antibody negative control (UT). Human p-actin was used as a control 
for equal loading. The table represents the concentration of total cytoplasmic protein in 
each sample added to each well in order to ensure equal loading.

325



hp-actin

hRHO

42kDA

39kDA

LANE RNT RBB RP3 HNT HBB HP3 UT
1 2 3 4 5 6 7

SAMPLE NAME RNT RBB RP2 HNT HBB HP3 UT
BCA (pg/ml) 
protein/ well

638 665 759 423 678 698 476

m 13 13 11 20 13 12 18
[protein]/ well

(Pg) 8 8 8 8 8 8 8

Figure 6.3.7.a Western blot analysis of rP3 protein expression.

Lane 1 contains protein from cells transfected with rP3 and siNT (rNT) representing 
the control for rP3 expression. Lane 2 contains protein from cells transfected with rP3 
and siBB (rBB), rP3 is not resistant to siBB as can be observed by absence of hRHO 
immunoreactivity. Lane 3 is protein from HeLa cells transfected with rP3 and siP3 
(rP3). hRHO protein expression is visible and comparable to Lane 1, thus rP3 is 
resistant to siP3. Lane 4 contains protein from cells transfected with wild-type hRHO 
and siNT (HNT), hRHO expression in this lane is comparable to hRHO expression in 
both RNT and RP3. Lane 5 and 6 represents protein from cells transfected with wild- 
type hRHO and siBB (HBB) and siP3 (HP3), this represents the controls to ensure 
suppression with each siRNA was still occurring with wild-type hRHO. Lane 7 is 
protein from un-transfected cells and represents the 4D2 antibody negative control 
(UT). Human p-actin was used as a control for equal loading. The table represents the 
concentration of total cytoplasmic protein in each sample added to each well in order 
to ensure equal loading.
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Sequencing was verified using the 3'BstEII R primer, the rP3 sequence changes are present. The 
siBB target site was checked to ensure the rBB sequence had been swapped with the wild-tjpe 
siBB target sequence.
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Figure 6.3.9.b sequencing result for pAAV.rP3

The sequencing of the pAAV.rP3 plasmid was undertaken using the SRSR primer. The 
absence of the shP3 was verified by checking that only one Xhal site was present in the 
sequence. This Xhal site was flanked by the SRSR and SRSF spacers.
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AAV-2/5.rP3 fractions Copy number
AAV-2/5.rP3-3 6.61819X10^
AAV-2/5.rP3-4 9.98627X10®
AAV-2/5.rP3-5 8.25069 X 10^

Controls for AAV 2/5.rP3 fractions Copy number Known titre
AAV-2/5.BB24(A) 9.68044 X 10^ 6 X 10^^

vp/ml
AAV-2/5.BB24(B) 1.11182X10^ 1 X10“ vp 

/ml

AAV-2/8.rP3 fractions Copy number
AAV-2/8.rP3 -4 4.76014 X 10®
AAV-2/8.rP3-5 2.21393 X lO'
AAV-2/8.rP3-7 1.06487 X 10®

Controls for AAV-2/8 fractions Copy number Known titre
AAV-2/5.BB24 (A) 2.71287X10^ 6 X 10“ 

vp/ml
AAV-2/5.BB24(B) 3.576893 x 10® lx 10“ vp 

/ml

AAV replacement genes Assumed litres
AAV-2/5.rP3-4 6 X 10“ vp/ml (use neat)
AAV-2/8.rP3-7 4X 10“ vp/ml (use neat)

Controls Assumed litres
AAV-2/5.BB24 6 X 10“ vp/ml

AAV-2/8. BB24(A) 4 X 10“ vp/ml
AAV-2/8.BB24(B) 3X10“ vp/ml

Table 6.3.10 Calculation of litres for each suppressor virus

The copy number for each fraction M as obtained based on the standard curve. For each replacement 
rhodopsin virus (AAV-2/5.rp3 and AAV-2/8.) the fraction M'ith the highest copy number M'as taken 
(red). The copy number of each suppressor M'as compared to the copy number of the tM'o controls and 
multiplied by the knoM'n titre of each control. The average of the tM'o titre values obtained from the 
tM'o controls M'as taken as the estimated titr^?8r each suppressor virus. The titre from the control 
viruses had previously been estimated.



SOOnV/div

RE (AAV-2/5.rP3 4.8 X lO'" VP)

LE (uninjected)

50ms/div

Diagnostic Data

Channel a[ms] b[ms] a-wave b-wave

1 right
Max

35 143 305 pV 125 pV

2 left
Max

0 0 OpV OpV

Figure 6.3.1 l.a Rod-isolated ERG for 129rho'^' mice injected with AAV-2/5.rP3 (RE)

The highest rod-isolated ERG result obtained from 129rho'^' mice injected with AAV- 
2/5.rP3 (RE) and analysed 6 weeks post-injection is presented.
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500|aV/div

r-

RE (AAV-2/5.rP3 4.8 X 10^“ vp)

LE (un-injected)

50ms/div

Diagnostic Data

Channel a[ms] b[ms] a-wave b-wave

1 right Max 27 170 70.8 pV 314pV

2 left Max 23 109 18.6pV 204pV

Figure 6.11.b mixed rod-cone ERG for 129rho mouse injected with AAV-2/5.rP3 (RE)

The mixed rod-cone response from the mouse in which the highest rod-isolated ERG result was 
obtained from 129rho'^’ mice injected with AAV-2/5.rP3 (RE) and analysed 6 weeks.
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125nV/div

RE (AAV-2/5.rP3 4.8 X 10^° vp)

A
\ LE (un-injected)

50ms/div

Diagnostic Data

Channel a[ms] b[ms] a-wave b-wave

1 right
Max

23 74 2.31nV 6.98pV

2 left
Max

20 67 3.31pV 83.5pV

Figure 6.3.1 l.c Cone-isolated ERG for 129rho mice injected with AAV-2/5.rP3 (RE)

The cone-isolated ERG result obtained from 129rho'^' mice with the best rod-isolated ERG 
response injected with AAV2/5. rP3 (RE) and analysed 6 weeks post-injection is presented.
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Figure 6.3.1 l.d The average rod-isolated ERG response in 129rho'^' mice injected with AAV-
2/5.rP3 or uninjected

The rod-isolated b-wave value for the 129rho mice injected with AAV-2/5.rP3 at a dose of 4.8 x 
lO'** vp were combined and the average and standard deviation (SD) obtained using Microsoft 
Excel. Only the b-wave values from mice in which a positive ERG response was obtained were 
used for this analysis. Two sample t-tests were undertaken to determine statistical significance 
between data sets (DataDesk 6.0). The average b-wave value for aged matched uninjected mice 
that underwent ERG analvsis at the same time was used as the control.
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Figure 6.3.1 l.e The average mixed rod-cone ERG response in 129rho''
AAV-2/5.rP3 or uniniected

mice injected with

The mixed rod-cone b-wave value for the 129rho'^' mice injected with AAV-2/5.rP3 at a
dose of 4.8 x 10 vp were combined and the average and standard deviation (SD) 
obtained using Microsoft Excel. Only the b-wave values from mice in which a positive 
ERG response was obtained were used for this analysis. Two sample t-tests were 
undertaken to determine statistical significance between data sets (DataDesk 6.0). The 
average b-wave value for aged matched uninjected mice that underwent ERG analysis at 
the same time were used as the control for negative rhodopsin expression.
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Figure 6.3.11.f The average cone-isolated ERG response in 129rho'^' mice injected with AAV-
2/5.rP3 or un-injected

The cone-isolated b-wave value for the 129rho'^’ mice injected with AAV-2/5.rP3 at a dose of 4.8 x 
lO’** vp were combined and the average and standard deviation (SD) obtained using Microsoft 
Excel. Only the b-wave values from mice in which a positive ERG response was obtained were 
used for this analysis. Two sample t-tests were undertaken to determine statistical significance 
between data sets (DataDesk 6.0). The average b-wave value for aged matched uninjected mice 
that underwent ERG analysis at the same time were used as the control for negative rhodopsin 
expression.
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500nV/div

RE (AAV-2/8.rP3 3.2 X 10^“ vp)

LE (AAV-2/8.BB24 3.2 X lO"" vp)

SOpV/ms
a'$M

Diagnostic Data

Chan
nel

a[ms] b[ms] a-wave b-wave

1
right
Max

39 123 2.52 pV 81.7 pV

2 left
Max

48 142 4.8 pV 148 pV

Figure 6.3.12.a Rod-isolated ERG for 129rho'^' mice injected with AAV-2/8.rP3 (RE) and
AAV-2/8.BB24 (LE)

The highest rod-isolated ERG result obtained from 129rho'^' mice injected with AAV- 
2/8.rP3 (RE) and AAV-2/8.BB24 (LE) is injected.
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Diagnostic Data

Channel a[ms] b[ms] a-wave b-wave

1 right Max 26 148 31.1nV 194pV

2 left Max 19 144 Sl.SpV 379nV

Figure 6.3.12.b mixed rod-cone ERG for 129rho'^' injected with AAV-2/8.rP3 (RE) and AAV-
2/8.BB24 (LE)

The highest mixed rod-cone ERG result obtained from 129rho'^' mice injected with AAV-2/8.rP3 
(RE) and AAV-2/8.BB24 (LE) is presented.
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125[i\//div

RE (AAV-2/8.rP3 3.2 X 10^“ vp)

LE (AAV-2/8.BB24 3.2 X 10^“ vp)

SOms/^v

Diagnostic Data

Channel a[ms] b[ms] a-wave b-wave

1 right
Max

0 0 0 pV OpV

2 left
Max

22 75 8.54 pV 28.8 pV

Figure 6.3.12.C cone-isolated ERG for 129rho'^' injected with AAV-2/8.rP3 (RE) and
AAV-2/8.BB24 (LE)

The highest cone-isolated ERG result obtained from 129rho'^' mice injected with AAV- 
2/8.rP3 (RE) and AAV-2/8.BB24 (LE) is presented.
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Figure 6.3.12.d The average rod-isolated ERG response in 129rho'^' injected with AAV-
2/8.rP3. AAV-2/8.BB24 or un-iniected

Rod-isolated b-wave values for the 129rho-/- mice injected with AAV-2/8.rP3 or AAV-2/8.BB24 
at a dose of 3.2 x lO'® vp were combined and the average and standard deviation obtained using 
Microsoft Excel. Only the b-wave values from mice in which a positive ERG response was 
obtained was used for this analysis. The average b-wave value for aged matched uninjected mice 
that underwent ERG analysis at the same time were used as the negative control for rhodopsin 
expression. Statistical significance was assessed by a two sample t-test between data sets 
(DataDesk 6.0). Error bars represent SD values.
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600 injected with AAV-2/8.rP3 (RE), AAV-2/8.BB24 or 
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Figure 6.3.12.e Average mix rod-cone ERG response in 129rho'^' injected (AAV-2/8.rP3
or AAV-2/8.BB24) or uninjected

Mixed rod cone b-wave values for 129rho'^' mice injected M'ith AAV-2/8.BB24 or AAV- 
2/8.rP3 at a dose of 3.2 x lO’” were combined and the average and standard deviation 
obtained using Microsoft Excel. Only the b-wave values from mice in which a positive 
ERG response was obtained were used for this analysis. The average b-wave value for 
aged matched uninjected mice that underwent ERG analysis at the same time were used 
as the control for negative rhodopsin expression. Statistical significance was assessed by a 
two-sample t-test between data sets (DataDesk 6.0). Error bars represent SD values.
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Figure 6.3.12.f Average cone-isolated ERG response in 129rho-/- injected (AAV-2/8.BB24 (A) or
AAV-2/8.rp3 or uninjected

Cone-isolated b-wave values for 129rho'^' mice injected with AAV-2/8.BB24 or AAV-2/8.rP3 at a 
dose of 3.2 x lO"* vp were combined and the average and standard deviation obtained using 
Microsoft Excel. Only the b-wave values from mice in which a positive ERG response was 
obtained were used for this analysis. The average b-wave value for aged matched un-injected 
mice that underwent ERG analysis at the same time were used as the control for negative 
rhodopsin expression. Statistical significance was assessed by a two-sample t-test between data 
sets (DataDesk 6.0). Error bars represent SD values.
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Figure 6.3.13.a Immunohistochemistry of 129rho'^' eyes LE uniniected Vs RE injected
(AAV-2/5.rP3)

Immunohistochemistry analysis was performed on three 129rho'^' mice. The LE was 
uninjected and served as the experimental control. The RE was injected with AAV- 
2/5.rP3. hRHO staining was carried out using the 4D2 RHO antibody (1/100 dilution). 
The first column of diagrams is retinal sections from a RHO-M mouse (lA, IB & 1C), 
hRHO is clearly present (red staining) in the OS layer (lA). This mice is an un-injected 
animal, therefore is EGFP negative (IB). Column 2 represents an uninjected LE from a 
129rho'^' mouse. These mice do not express RHO (2A) Column 3 is an EGFP negative 
region from the retina of a 129rho'^' injected with AAV-2/5.rP3 (3A, 3B & 3C) hRHO is 
clearly absent in the outer segments (3A) in addition to EGFP expression (3B). Column 4 
represents the same retina as column 3 but in an EGFP positive region injected with 
AAV-2/5.rP3 (4A, 4B & 4C). hRHO immunostaining is positive in the outer segments 
(4A). The EGFP expression depicts the formation of inner segments in this retina (4B). 
Row 1 is hRHO staining only, row 2 is EGFP only and row 3 represents hRHO, EGFP 
and DA PI staining overlaid. OS= outer segments, ONL = outer nuclear layer, INL = 
inner nuclear layer and GCL = ganglion cell layer. Scale bar (L) represents 116 pM.
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Figure 6.3.14.a Immunohistochemistry of 129rho'‘'' eves LE un-iniected, or LE-AAV-
2/8.BB24 injected with the RE-iniected with AAV-2/8.rP3

In one mouse the LE was un-injected and served as the control. In the second mouse the LE was 
injected with AAV-2/8.BB24 and was the positive control. The RE was injected with AAV- 
2/8.rP3. hRHO staining was carried out using the 4D2 RHO antibody (1/100 dilution). Column 
1 is retinal sections from RHO-M mouse (lA, IB & 1C), hRHO is clearly present (red staining) 
in the OS layer (lA). This mice was an un-injected animal, therefore was EGEP negative (IB). 
Column 2 represents an un-injected LE from a 129rho'^' mouse. These mice to not express RHO 
(2A) Column 3 is the LE of the EGEP positive region from the retina of a 129rho'^' injected with 
AAV-2/8.BB24 (3A, 3B & 3C) hRHO is clearly visible in the outer segments (3A) in addition to 
EGEP expression (3B).The overlaid figured (3C) portray healthy EGEP positive IS and 
abundant hRHO staining. Column 4 represents an EGEP positive region of the RE injected with 
AAV-2/8.rP3 (4A, 4B & 4C). hRHO immunostaining can be detected at a low level (4A). EGEP 
expression is detected (4B) in the ONL, very few, short EGEP positive IS and OS can be detected 
compared to BB24. Row 1 is hRHO staining only, row 2 is EGEP only and row 3 represents 
hRHO, EGEP and DAPI staining overlaid. OS=outer segments, ONL=outer nuclear layer, INL= 
inner nuclear layer and GCL=ganglion cell layer. Scale bar (L) represents 116 pM.
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hp-actin Wm— 42kDA

hRHO

39kDA

25kDA
P31 Cl P32 C2 P33 C3 - RM

LANE 1 2 3 4 5 6 7 8

SAMPLE
NAME P31 Cl P32 C2 P33 C3 RM
BCA 3317 851 3069 2782
(pg/ml) 1220 838 8422 908
protein/ 5 20 5 6
well (pi) 14 20 2 19
[protein]/ 17 17 17 17
well (pg) 17 17 17 17

Figure 6.3.15.a Western blot analysis of rP3 protein expression from AAV-2/5.rP3

In order to detect if hRHO protein was being expressed from AAV-2/5.rP3 in mice in 
which no ERG response was recorded a western blot was undertaken. Protein from 
three mice in which a rod-isolated response of 0 in the AAV-2/5.rP3 injected eye was 
taken for analysis. Lanes 1, 3 & 5 represent the 3 AAV-2/5.rP3 injected eyes (P31, P32
6 P33) Lane 2, 4 & 6 represent their respective un-injected controls (Cl, C2 and C3). 
At high exposure times (30 minutes) the presence of hRHO was detected in 2/3 mice 
injected with AAV-2/5.rP3 compared to the un-injected eyes. Thus hRHO protein is 
being expressed in these retinas from AAV-2/5.rP3 just at low expression levels. Lane
7 represents the negative rho'^’ control for this experiment. RHO-M (lane 8) 
represents the positive control, as the western blot was exposed for 30 minute; the 
hRHO expression in RHO-M is overexposed. Interesting in all samples of 129rho‘^' 
protein, extra bands at 25 kDA were present. Human p-actin was used as a control for 
equal loading and to ensure that protein in the samples negative for hRHO was 
present. The table represents the concentration of total cytoplasmic protein in each 
sample added to each well in order to ensure equal loading
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hp-actin

hRHO

42kDA

39kDA

BB241 rP31 BB242 rP32 BB243 rP33
LANE 1 2 3 4 5 6

SAMPLE NAME BB241 rP31 BB322 rP32 BB243 rP33
BCA (pg/ml) 568 2723 418 1598 1214 6000

protein/ well (pi) 14.7 3.1 20 5.23 6.88 1.64

[protein]/ well (pg) 8 8 8 8 8 8

Figure 6.3.16.a Western blot analysis of rP3 protein expression from AAV-2/8.rP3

In order to detect if hRHO protein was being expressed from AAV-2/5.rP3 in mice in 
which no ERG response was recorded in the AAV-2/8.rP3 injected eye, a western blot 
was undertaken. Protein from three mice in which a rod-isolated response of OpV in the 
AAV-2/8.rP3 injected eye was taken for analysis. Lanes 1, 3 & 5 represent the 3 AAV- 
2/6.BB24 injected eyes (BB241, BB242 & BB243). This represents the positive control for 
rP3. AAV-2/8.BB24 yielded high ERG rod-isolated responses and would therefore be 
expected to produce sufHcient hRHO. Lane 2, 4 & 6 represent mice injected with AAV- 
2/8.rP3 (rP31, rP32 and rP33). The presence of hRHO was detected in only 1/3 mice 
injected with AAV-2/8.rP3 compared to the abundant hRHO expression produced from 
all 3 AAV-2/8.BB24 injected eyes. Unlike AAV-2/5.rP3 no immunoreactivity at 25 kDA 
was observed. Human p-actin was used as a control for equal loading and to ensure that 
protein in the samples negative for hRHO was present. Equal loading was difficult to 
obtain in these mice owing to the fact that the protein samples are from mice with a 
retinal degeneration. The table represents the concentration of total cytoplasmic protein 
in each sample added to each well in order to ensure equal loading.
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Figure 6.3.17.a The
compared to NHR

% hRHO RNA expression from AAV-2/5.rP3 and AAV-2/8.rP3

Five wild-type 129 mice were injected with 1.8 X 10’'vp of AAV-2/5.rP3 (LE) and 
1.2X10"vp of AAV-2/8.rP3 (RE) in order to evaluate the relative hRHO expression from 
each virus compared to the hRHO expression in the NHR mouse by real-time RT-PCR. 
hRHO specific primers ensured the specific amplification of hRHO expression only. 
RHO-M which was used as an experimental control, it is known that this mouse 
expresses hRHO 70% the level of NHR. The mean and standard deviation was calculated 
with Microsoft Excel. Two-sample t-tests were performed on the data set to assess 
statistical significance (DataDesk 6.0). Error bars represent % SD
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IN a_
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50ms/div
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Channel a[ms] b[ms] a-wave b-wave

1 right Max 28 131 2.28mV 239nV
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Figure 6.3.18.a Rod-isolated ERG for 129rho'''' injected with AAV-2/8.rP3 (LE) and AAV-
2/8.BB24(RE).

The highest rod-isolated ERG result obtained from 129rho'^' mice injected with AAV-2/8.rP3 
(LE) and AAV-2/8.BB24 (RE) is presented.
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Figure 6.3.18.b Mixed rod-cone ERG for rhol29'^' injected with AAV-2/8.rP3 (LE) and

AAV- 2/8.BB24 (RE).

The highest mixed rod-cone ERG result obtained from 129rho'^’ mice injected withAAV- 
2/8.rP3 (LE) and AAV-2/8.BB24 (RE) is presented.
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Figure 6.3.18.C cone-isolated ERG for 129rho'^' injected with AAV-2/8.rP3 (LE) and AAV-
2/8.BB24 (RE).

The highest cone-isolated ERG result obtained from 129rho’^' mice injected with AAV2/8. rP3 
(LE) and AAV-2/8.BB24 (RE) is presented.
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Figure 6.3.18.d The average rod-isolated ERG response in 129rho'^' injected with AAV-
2/8.rP3, AAV-2/8.BB24 or un-injected at a lower dose

The average rod-isolated b-wave value for the 129rho"^' mice injected with AAV-2/8.rP3 
(9 X lO’) or AAV-2/8.BB24 (6. 9 x 10’"vp), in addition to age matched un-injected mice 
were combined and the average and standard deviation obtained using Microsoft Excel. 
In the AAV-2/8.rP3 injected mice, only the b-wave values from mice in which a positive 
ERG response was obtained was used for this analysis. Statistical significance between 
injected and uninjected mice was evaluated using two sample t-test (DataDesk 6.0).
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Figure 6.3.18.e The average mixed rod-cone ERG response in 129rho'^' injected with AAV-
2/8.rP3, AAV-2/8.BB24 or un-iniected at a lower dose

The average mixed rod-cone b-wave value for the 129rho'^' mice injected with AAV-2/8.rP3 (9 X 
lO’vp) or AAV-2/8.BB24 (6. 9 x lO'" vp), in addition to age matched un-injected mice were 
combined and tbe average and standard deviation obtained using Microsoft Excel. In the AAV- 
2/8.rP3 injected mice, only the b-wave values from mice in which a positive ERG response was 
obtained was used for this analysis. Statistical significance between injected and uninjected mice 
was evaluated using two sample t-test (DataDesk 6.0).
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Figure 6.3.18.f The average cone-isolated ERG response in 129rho'^' injected with AAV-
2/8.rP3, AAV-2/8.BB24 or un-iniected at a lower dose

The average cone-isolated b-wave value for the 129rho'^' mice injected with AAV-2/8.rP3 
or AAV-2/8.BB24 at a dose of 9 x lO’ vp, in addition to aged matched un-injected mice 
were correlated and the average and standard deviation obtained using Microsoft Excel. 
In the AAV-2/8.rP3 injected mice, only the b-wave values from mice in which a positive 
ERG response was obtained was used for this analysis. Statistical significance between 
injected and uninjected mice was evaluated using two sample t-test (DataDesk 6.0).
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hRHO

EGFP

39kDA

25kDA

RM 10a 10b 10c 8a 8b 8c 5a 5b 5c Ca Cb Cc
LANE 1 2 3 4 5 6 7 8 9 10 11 12 13

10
SAMPLE RM 10a b lOc 8a 8b 8c 5a 5b 5c Cl C2 C3
BCA 12
(tig/ml) 2506 1308 67 786 1191 2182 933 1003 1091 1707 1678 1467 1806
protein/
well (pi) 6.27 12 12 20 13 7 17 16 14 9 9 11 9

[protein]/
well (pg) 16 16 16 16 16 16 16 16 16 16 16 16 16

Figure 6.3.19.a Western blot analysis of rBB protein expression from AAV-2/10.BB24,
AAV-2/8.BB24 and AAV-2/5.BB24 14 days post-injection

In order to detect which AAV serotype was the most efficient at expressing hRHO 
protein a comparative analysis was undertaken by injecting 129rho’^’ mice with each 
serotype and analysing by western blotting 14 days post-injection. 3 mice were injected 
with AAV-2/5.BB24 in the LE and AAV-2/8 in the REBB24. An additional 3 mice were 
injected with AA-2/10.BB24 in the LE and 1/10 dilution of AAV-2/5RHO-EGFP in the 
RE. RHO EGFP does not express rhodopsin and acts as the negative control in this 
experiment. 1/10 the volume of AAV-2/5.RHO-EGFP was added to each viral prep in 
order to allow EGFP to be utilised as an equal loading control. Lane 1 is protein from a 
RHO-M mouse and it the positive control for 4D2. Lanes 2-4 is protein from mice 
injected with AAV-2/10.BB24. Lanes 5-7 is protein from mice injected with AAV- 
2/8.BB24, Lanes 8-10 is protein from mice injected with AAV-2/5.BB24 and Lanes 11-13 
is protein from retinas injected with EGFP (AAV-2/5.RHO-EGFP 1/10 dilution). Clearly 
at 14 days post-injection AAV-2/8.BB24 is the most efficient at expressing hRHO 
compared to AAV-2/5 or AAV-2/10. The anti-rabbit EGFP antibody was used to probe 
for equal loading
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Chapter 7: General discussion
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Given the dominant nature of mutations in RHO-adRP, a therapeutic strategy which suppresses the 

effects of the mutant allele may be the most feasible approach for correcting the primary defect in 

rhodopsin. Two methods for rhodopsin suppression have been described (Section 3.1), the first 

involves the specific suppression of the mutant rhodopsin allele in a mutation-dependent manner and 

has been undertaken utilising ribozymes and siRNA in vitro and in vivo (Gorbutyuk et al, 2007b; 

Tessitore et al, 2006). While the second approach involves the mutation-independent suppression of 

both the mutant and wild-type rhodopsin alleles in addition to simultaneous delivery of a codon- 

modified replacement gene refractory to suppression (Millington-Ward et al, 1997). Given the 

mutational heterogeneity in the rhodopsin gene a mutation-dependent approach may not be feasible. In 

addition, the demonstration of therapeutic benefit in a RHO-adRP model in previous studies using 

suppression and replacement technology supports the further exploration of this approach (Millington- 

Ward et al, 2011). Thus, it was decided that aspects of a mutation-independent suppression and 

replacement therapeutic approach for RHO-adRP using the porcine RHO gene in a mouse model 

would be explored as part of the research undertaken during the course this PhD study.

A mutation-independent RNAi-based suppression approach was explored for use in the porcine model 

of RHO-adRP such that siRNA molecules homologous to both hRHO and pRHO were designed 

(Chapter 3). The in vitro evaluation of these molecules was successfully undertaken by co-transfection 

of hRHO and each siRNA into HeLa cells. At the RNA and protein level two out of the three siRNAs 

were established as potent hRHO suppressors in vitro. The siP3 molecule in particular was found to 

result in a 92% downregulation of hRHO RNA and was thus chosen for further analysis in vivo.

While potent suppression by siRNAs in vitro provides proof of principle for the evaluation of RNAi 

molecules for rhodopsin, in vivo assessment of these molecules in the context of the retina is vital. 

Rhodopsin comprises 90% of the ROS disc membrane protein and therefore while adequate 

suppression of rhodopsin may be achieved in a laboratory setting, achieving sufficient potent 

suppression in photoreceptors may be challenging (Palczewski, 2006). With this in mind siP3-based 

suppression detailed in Chapter 4 involved the use of a transgenic mouse model expressing human 

rhodopsin (the NHR mouse [section 4.3.7]). This NHR model represents a valuable tool in the 

laboratory for in vivo assessment of mutation-independent strategies applicable to RHO- adRP patients 

(Ollson et al, 1992). It was decided to generate siP3, the most potent siRNA into a shRNA-based form 

and evaluate shRNA based suppression in vivo (Chadderton et al, 2009; Millington-ward et al, 2011; 

O’ Reilly et al, 2007). Additionally due to recent concern with regards to potential shRNA-mediated

356



toxicity in tissues such as liver and brain, it was decided to evaluate artificial miRNAs as potential 

rhodopsin suppressors in vivo (Boudreau et al, 2008; Boudreau et al, 2009a; Elhert et al, 2010; Grimm 

et al, 2010). Two artificial miRNA backbones were chosen for this evaluation miR-30a and miR-155 

(Boudreau et al, 2008; Chung et al, 2006). Of note, despite AAV-2/5 mediated delivery of these 

constructs into the NHR mouse, potent suppression in terms of RNA, protein, ERG function and 

immunohistochemistry was only consistently achieved with the shP3 molecule, thus no further 

evaluation with artificial miRNAs was undertaken during the course of the studies described in this 

thesis. The reason for less robust and less consistent suppression with miRNA-based vectors currently 

remains undetermined.

The pathway for development of a novel two-component gene therapy involving RNAi-mediated 

suppression of hRHO in conjunction with provision of an RNAi-resistant hRHO replacement gene will 

involve preclinical evaluation in rodents, followed by the same in large animals e.g. pigs. Additionally, 

in larger animal models, toxicity and biodistribution studies will be undertaken eventually leading to 

clinical trial. An essential element of this is studies in larger animals such as pig. Indeed the pig has 

been chosen in the current study as the animal model for further R&D associated with hRHO 

suppression and replacement. Here a key objective of the current study was the evaluation of the 

therapeutic approach in an animal model relevant to pig as a prelude to further studies in the porcine 

animal model. In this regard another murine model of hRHO-adRP was characterised as part of the 

research in this thesis, a transgenic mouse engineered to express a mutant porcine RHO gene (P347S 

mutation [Chapter 5]). While the initial evaluation of hRHO suppression in NHR mice provided a 

valuable demonstration of the potency of shP3, the need to evaluate both suppression of pig rhodopsin 

by shP3 in addition to therapeutic efficacy was of the upmost importance. Thus the study presented in 

Chapter 5 was concerned with these two parameters. It was decided that given the 3 nucleotide 

difference between shP3 and the mouse rhodopsin sequence the utilisation of a transgenic mouse with 

mutant porcine rhodopsin on a heterozygous mouse rhodopsin background may be of value for the 

purpose outlined above (hetPP37S mouse). Thus suppression of mutant pRHO could be evaluated in 

addition to the potential benefit conferred by the remaining mouse allele. While significant suppression 

of pRHO RNA and protein was achieved with shP3 in vivo in this animal model, in addition to a 

reduction of RHO immunoreactivity in mouse retinal sections significant therapeutic benefit was 

achieved in terms of improved ERG functionality. Additionally preliminary testing in cell culture 

revealed shP3 was capable of suppressing mRHO RNA by 46%. The suppression of mRHO may 

potentially aid in interpreting the absence of therapeutic benefit derived from AAV-delivered shP3 in
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the PP347S mouse model of RHO-adRP. It may be that while significant suppression of the mutant 

pRHO allele is beneficial, the one remaining wild-type mRHO allele may reduce levels of wild-type 

rhodopsin protein to such an extent that detrimental effects are present. In contrast, previous shRNA- 

mediated suppression of hRHO has been found to provide benefit when mRHO alleles were resistant to 

RNAi-mediated suppression (Chadderton et al, 2009). Thus in future utilising a model in which mutant 

pRHO is expressed on a homozygous mouse rhodopsin background may be more amenable to 

achieving therapeutic efficacy at a functional level.

The analysis of RNAi-based suppression undertaken in Chapters 3-5 established shP3 as a potent 

suppressor of both human and porcine rhodopsin, thus it was decided to initialise the generation and 

evaluation of a shP3-resistant replacement gene (Chapter 6). Initially the design and examination of 

replacement genes resistant to siP2 and siP3 suppression at the RNA and protein level was successfully 

undertaken by utilising the degeneracy of the genetic code to introduce nucleotide sequence changes 

over the target sites of RNAi suppression, while maintaining the encoded wild-type amino-acid 

.sequence. The replacement gene (rP3) resistant to siP3-based suppression was sub.sequently generated 

in AAV for in vivo evaluation. The promoter sequence employed for this replacement gene had 

previously been shown to provide sufficient levels of rhodopsin to achieve functional benefit in 

rhodopsin knockout mice (Palfi et al, 2010). Recent explorations in mice, dogs, pigs and non-human 

primates have established that significantly higher levels of transgene expression may be achieved 

using AAV-2/8 compared to AAV-2/5 (Allocca et al, 2007; Lebherz et al, 2008; Mussolino et al, 

201 lb; Steiger et al, 2008; Vandenberghe et al, 201 1). For this reason the generation of rP3 in both 

AAV-2/5 and AAV-2/8 vectors was undertaken to evaluate if superior transgene expression could be 

achieved with .AAV-2/8. A novel second generation AAV production protocol was used to generate 

the AAV vectors described in Chapter 6, to increase vector purity and titre (Ayuso et al, 2010). Of 

note, when the highest dose possible was utilised for both AAV-2/5 and AAV-2/8 in rhodopsin 

knockout mice, less than 25% of the mice showed an improvement in ERG function. This was in 

contrast to previous studies in the laboratory in which approximately half of the mice had an improved 

rod-isolated ERG (Dr Paul Kenna, [personal communication]). The results in particular were 

disappointing for AAV-2/8.rP3 especially given the fact that a control AAV-2/8.BB24 construct 

significantly out-performed AAV-2/8.rP3 in terms of ERG benefit. Additionally AAV-2/8.BB24 

hRHO protein was abundantly expressed when analysed by western blotting or immunohistochenistry 

compared to AAV-2/8.rP3. This prompted the evaluation of hRHO RNA expression from AAV- 

2/5.rP3 and AAV-2/8.rP3 injected wild-type mice to assess the level of transgene expression compared
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to levels in NHR and RHO-M mice. While AAV-2/5 was expressing hRHO levels statistically lower 

than hRHO in the NHR retina, surprisingly there was no significant difference between AAV-2/8.rP3 

compared to hRHO expression in the NHR retina. However a high variability of hRHO AAV-2/8.rP3 

between samples was observed which prompted the view that this virus may be at a dose which causes 

retinal toxicity. This speculation was confirmed when lowering the dose of AAV-2/8.rP3 delivery 3.5X 

increased the number of animals with a rod-isolated ERG response and improved cone function. Thus 

while this newer protocol achieved high AAV titre it possibly did so at the cost of therapeutic efficacy. 

A thorough evaluation of AAV-2/5.rP3 or AAV-2/8.rP3 doses using this protocol would be needed to 

choose the most beneficial replacement gene for future evaluations.

Despite the initial optimisation of suppression and replacement for porcine models of adRP described 

in this thesis there are still a lot of avenues that need exploring. The next step for this project would 

involve assessing therapeutic benefit with AAV-shP3 using the appropriate animal model. Initially 

AAV-shP3 would be subretinally injected into wild-type mice to evaluate if inRHO is suppressed in 

vivo by shP3. If shP3 is suppressing mRHO by less than 50 % (as reported in preliminary in vitro 

.studies) than the therapeutic benefit associated with AAV-shP3 would be examined in the homPP34S 

mouse with two wild-type mRHO alleles similar to previous studies (Chadderton et al, 2009). If 

however shP3 suppresses mRHO in vivo by more than 50% it is likely that evaluation of efficacy 

would proceed directly to utilising a suppression and replacement therapeutic.

Another parameter which should be further examined is the possible immunogenicity of shP3. 

Although it is unlikely that AAV-mediated shP3 is immunogenic due to the reasons outlined in Section 

4.4, Although no adverse effects in vivo have so far been observed for AAV-shP3, the fact that the 

siRNA sequence contains possible immunostimiltory motifs would suggest that activation of 

TLR7/TLR8 and increases in interferon a in vivo with this shRNA should be monitored (Judge et al, 

2005). Due to time constraints no such analysis was carried out, however, prior to testing AAV-shP3 in 

larger animal models, this would be undertaken. A recent report has suggested that siRNAs over 21 

base pairs (19bp-i-2nt overhang) result in the sequence independent activation of TLR3 both 

intracellularly and extracellulary in the RPE. Of particular note, this activation was reported to lead to 

degeneration of the RPE (Kleinman et al, 2011). Additionally preliminary findings have reported this 

may also be the case for AAV delivered siRNAs to the retina (Luo et al, 2011). Clearly this has 

significant implications for all siRNA mediated studies within the retina. However, shRNA based 

delivery to the retina has been well established and evaluated in this and other laboratories with various
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difterent shRNA molecules for many years and no such degeneration has ever been observed 

(Chadderton et al, 2009; Millington-ward et al, 2011; O’Reilly et al 2007; O’Reilly et al, 2008). 

Moreover in several models of retinal degeneration, siRNA-based therapies have provided rescue, a 

result one would not expect to achieve if the shRNA was in itself inherently toxic to the retinal tissue 

(Chadderton et al, 2009; Gorbatyuk et al, 2007b; Jiang et al, 2011; Millington-Ward et al, 2011; O’ 

Reilly et al, 2007).

As mentioned previously AAV-2/8 mediated transgene delivery thus far reported in the retina has led 

to higher levels of transgene expression compared to AAV-2/5 (Allocca et al, 2007 ; Lebherz et al 

2008; Mussolino et al, 201 lb; Steiger et al, 2008; Vandenberghe et al, 2011). In addition low dose 

AAV-2/8.rP3 in this study achieved significant rescue of rod function (and cone function) in the 

rhodopsin knock out mouse. Furthermore preliminary evaluations undertaken at the end of the study 

presented in Chapter 6 indicate that AAV-2/8 might be superior to AAV-2/5 and AAV-2/rhlO in terms 

of rhodopsin protein expression. Therefore the future focus for the replacement gene optimisation 

described in this study would likely involve further evaluation of low dose AAV-2/8.rP3 in rhodopsin 

knockout mice in terms of increasing the n numbers of animals for ERG analysis, evaluating rhodopsin 

immunoreactivity and histological benefit in these mice, in addition to ultrastructure analysis. 

Moreover a dosage study utilising a range of low to high viral doses may be beneficial in order to 
determine the optimal AAV titre required rescue RHO-adRP.

For the eventual evaluation of the dual-component suppression and replacement strategy two methods 

of delivery need to be taken into account. The first method involves the utilisation of a bicistronic 

construct containing both the shP3 suppressor and the rP3 replacement gene. A bicistronic suppression 

and replacement vector has been utilised previously in the laboratory to evaluate therapeutic efficacy in 

the P23H mouse model of rhodopsin linked adRP, however, while improvement in terms of ONE 

thickness was obtained utilising this strategy, no ERG benefit was observed. This was likely due the 

rapid retinal degeneration in the P23H mouse necessitating PO subretinal injection and excluding ERG 

and the low levels of replacement gene expression (Millington-ward et al, 2011; O’ Reilly et al, 2007). 

Subsequent RHO replacement constructs have been optimised (Palfi et al, 2010) and used in separate 

suppression and replacement vectors. Co-delivery of these two vectors has been explored and benefit 

observed (Millington-Ward et al, 2011). Furthermore co-delivery of these vectors enabled greater 

control on the dose of suppression and replacement administered. Thus in terms of the future direction

360



for suppression and replacement utilising AAV-shP3, co-delivery of an AAV-2/5-shP3 in addition to 

delivery of AAV-2/8.rP3 based replacement gene may be explored.

As mentioned, a particular limitation of AAV-mediated delivery is the packaging capacity of 4.5kb for 

the majority of AAV serotypes (Farrar et al, 2010). This issue is particularly vital when delivering 

large transgenes to the retina involving multiple components e.g. for suppression and replacement or 

for gene supplementation of larger retinal transgenes implicated in RP such as APCA4, Cep290, 

Myosin VII or USH2a all of which are larger than 4.5kb (den Hollander et al, 2010). There have been 

several conflicting reports regarding the ability of AAV to package genomes larger than 4.5kb. In 

particular Allocca et al 2008 evaluated several rAAV serotypes and found that AAV-2/5 could package 

large genomes of up to 8.9kb more efficiently than other serotypes. Moreover, this packaging of larger 

genomes resulted in only an eight fold lower titre compared to packaging of smaller transgenes. 

Furthermore southern blot analysis confirmed that the full length genes were packaged by this virus. 

Additionally expression of these transgenes (ABCA-4 and MYO 7a) was detected in vitro and in vivo. 

The administration of AAV-2/5.ABCA-4 to ABCA-4 knockout mice resulted in the rescue of the 

disease phenotype, suggesting that AAV-2/5 was efficient at packaging larger transgenes and capable 

of conferring therapeutic efficacy (Allocca et al, 2008). Despite the initial excitement, several studies 

have attempted to repeat this without success. Three groups independently attempted to package large 

transgenes in various AAV serotypes, however, using southern blot analysis they found that no vector 

sequence larger than 5kb was ever retrieved from the AAV (Dong et al, 2010; Lai et al, 2010; Wu et al, 

2010). Additionally Wu et al, established that these AAV serotypes packaged trangenes with 

heterologous sequence lengths and truncated 5’ ends (Wu et al, 2010). Despite these observations 

however all three groups noted either in vitro or in vivo that the full length transgene was capable of 

expression (Dong et al, 2010; Lai et al, 2010; Wu et al, 2010). One hypothesis to explain these data is 

that the partial packaging of transgene segments may complement each other and by homologous 

recombination may result in generation of the longer transgenes (Hirsch et al, 2010). Thus alternative 

methods may need to be examined for AAV-based therapies in which transgene size is the limiting 

factor. One such alternative method may be to employ a transplicing approach. This involves 

separating the transgenes across two separate AAV vectors, and utilising engineered intronic sequences 

on both half of the transgene to ensure that within the target cell the two transgene components will be 

spliced together into one full length sequence (den Hollander et al, 2010). Proof of principle of this 

approach in the retina was demonstrated by Reich et al 2003b in which a LacZ gene was split, the 5’ 

half was engineered to have a splice donor site and the 3’ half was engineered to half a splice acceptor

site. Expression of the transgene was achieved both in vitro and in vivo in the mouse retina when the
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AAV vectors were delivered either with AAV-2/2 (expression was achieved in RPE) or more 

efficiently with AAV-2/5-mediated delivery (expression in both photoreceptors and RPE). Eurthermore 

when either half of the LacZ was delivered alone no transgene expression was observed (Reich et al, 

2003b). The recent optimisation of a dual AAV-2/5 vector strategy for the delivery of suppression and 

a replacement gene might be amenable to the AAV transsplicing approach (Millington-Ward et al, 

2011).

Given the success of the EGA clinical trials and the establishment of long term safe expression of the 

AAV-2 delivered RPE65 transgene to human patients, the future for AAV-mediated ocular gene 

therapy is bright (Bainbridge et al, 2008; Cidceyian et al, 2008; Maguire et al, 2008; Maguire et al, 

2009). The research discussed in this thesis has preferentially focused on correction of the primary 

genetic mutation associated with RHO-adRP. While correcting the primary defect may be a rationale 

approach for adRP or indeed any genetically inherited disorders, this may not always be the most 

feasible option. For example some patients with cases of advanced RP may not have sufficient 

numbers of photoreceptors remaining. Thus the primary defect cannot be corrected, if the cells 

expressing the mutant gene no longer remain. Indeed the importance of patients receiving therapeutic 

intervention as early as possible has been demonstrated by the EGA phase I clinical trials in which 

delivery of the RPE65 therapeutic was reported as more efficacious in younger patients (Maguire et al, 

2009). Focusing on therapies that can benefit patients with advanced RP is vital. Strategies being 

explored for such patients currently include cell transplantation, the use of electronic prosthesis or 

microchips and optogenetics (Ahuja et al, 2011; Busskamp et al, 2012; Ghader et al, 2009; Gronin & 

Bennett, 2011; Gias et al, 2007; Keegan et al, 2003; Lawrence et al, 2004; Stem & Temple, 2011).

The electronic prosthesis, such as Argus II involves a video camera attached to the patient’s glasses, 

which records external images and transmits the information to a microprocessor. The images are then 

converted into electrical .stimuli and conveyed to an electrode array implanted into the retina. This 

signal is thus passed onto the retinal ganglion cells and transmitted to the visual cortex (Ghader et al, 

2009). This device has undergone phase I and phase II/III clinical trials and involves an epiretinal 

implant of the electrode array. Argus II has been utilised with success in human patients where 

improvements in both spatial and temporal motor task have been observed (Ahuja et al, 2011). A pilot 

study with three blind human patients utilised a microchip placed subretinally to restore visual function 

has been undertaken. This light sensing microchip detects light from the environment and transmits the 

electrical signals to the retinal ganglion cells for visual processing. In patients with this implant, 

improvements in vision such as the ability to recognise and locate illuminated objects placed on a dark
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table were demonstrated Furthermore one patient had the ability to read large letters as complete w'ords 

(Zrenner et al, 2011).

A novel advance in designing a therapeutic for patients with RP had been the use of optogenetics, this 

involves delivering certain light inducible channels or receptors into the remaining inner cells of the 

retina in order to convert these cells into artificial photoreceptors and mediate light induced visual 

responses to the brain independent of the rods and cones (Busskamp et al, 2012; Cronin & Bennett, 

2011). Several of these optogenetic tools have been explored in the retina, channel-rhodopsin-2 from 

Chlamydomonas reinhardtii (chR2) is a light gated cation channel which causes depolorisation of 

neurons and has been utilised with success in mouse and rat RP models targeting “ON” bipolar and 

retinal ganglion cells (Busskamp et al, 2012). One of the first studies utilising this approach involved 

the intravitreal delivery of an AAV-2 cassette with chR2 driven by a constitutively expressed CAG 

promoter to a mouse model with severe photoreceptor degeneration (the rdl mouse). This resulted in 

the light induced depolarisation of the retinal ganglion cells and the transmission of this light induced 

signals to the visual cortex in these mice (Bi et al, 2006). In addition chR2 has been specifically 

delivered to the “ON” bipolar cells by electroporation or AAV-8 delivery utilising an “ON” bipolar 

cell specific promoter to mice models of retinal degeneration. This enabled not only the light induced 

depolarisation of these bipolar cells but also activation of amacrine and retinal ganglion cells, in 

addition to the transmission of this signal to the visual cortex. Furthermore increases in light induced 

behavior were also observed in these studies (Doroudchi et al, 2011; Lagali et al, 2008). In one study 

an optical switch consisting of an ionotrophic glutamate receptor (LiGlur), covalently attached to 

maleimide linked to azonobenzene (a photoisomerable molecule [MAG]) has been created. When light 

at 380nm isomerisies MAG, glutamate is moved such that the ion channel opens; at other wavelengths 

glutamate is in a conforination which keeps the ion channels closed. This molecule has been utilised in 

mice with retinal degeneration. AAV-2-LiGlur was delivered to the retinal ganglion cells of rdl mice 

and resulted in stimulation of electrical responses in retinal ganglion cells and transmission of these 

signals to the visual cortex. Furthermore the pupillary light reflex in these mice was restored in 

addition to restoration of light avoidance behaviour (Caporale et al, 2011; Cronin & Bennett, 2011). 

An alternative approach has utilised a light activated chloride pump isolated from Archea 

Nalronomonas pharaonis called halorhodopsin (NpHR) to induce hyperpolorisation of “OFF” retinal 

ganglion cells in a rdl mouse model. Furthermore, co-delivery of two AAV-2 CMV driven constructs 

containing chR2 and NpHR to retinal ganglion cells resulted in generation of light induced ON, OFF 

and ON-OFF retinal responses (Zhang et al, 2009). The AAV-2 mediated delivery of NpHR

specifically to the cone IS of rdl mice resulted in activation of retinal ganglion cells and transmission
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of these responses to the visual cortex. Furthermore it resulted in restoration of light induced retinal 

responses in these mice and suggested a means of recuing the phototransduction response further 

upstream of bipolar, amacrine and retinal ganglion cells. In addition, when this NpHR was delivered 

ex vivo to human retinal explants photocurrents in the cone photoreceptor cells were generated, 

suggesting that human patients may be amenable to this therapy (Busskamp et al, 2010).

The novel therapeutic strategies described above highlight just how rapidly the ocular gene therapy 

field is changing. Indeed since the beginning of this PhD in 2007 a vast number of advances have been 

made and many clinical trials for RP have been initiated, the most well described for the retina being 

the AAV-RPE65 clinical trials for LCA (Stein et al, 2011). A future in which gene-based medicines 

are available as standard treatments for human patients would be an achievement for genetic research 

and indeed the medical field. Furthermore a scenario in which each patient with a retinal degeneration 

can be individually assessed such that a particular therapeutic is administered to suit the needs of that 

patient would be the ultimate objective. For patients with early onset retinal degeneration that may 

involve correction of the primary mutation using for example, the suppression and replacement 

approach described in this thesis, or approaches that increase photoreceptor cell survival such as the 

use of growth factors, or anti-apoptotic agents or indeed any combination of these methods may be of 

benefit. For patients with advanced RP in which very little photoreceptors are remaining, a therapy 

involving cell transplantation, retinal pro.sthesis or implants may be more viable. Additionally 

utilisation of novel optogenetic approaches may also be of benefit to these patients. The recent 

designation of a RHO-adRP therapy as an orphan disease represents a small step in driving the 

suppression and replacement therapies toward human clinical trial (European Medicines Agency, 

December 2010). A prerequisite prior to human clinical trial is the evaluation of the efficacy of AAV- 

delivered suppression and replacement therapies in larger animal models such as pig. Hence the work 

undertaken as part of this thesis in which AAV-shP3 suppression of porcine rhodopsin was 

demonstrated represents a valuable step towards progressing this novel therapeutic for RHO-adRP 

towards clinical trials. Transgenic pigs generated previously by Petters et al, 1997 will provide a vital 

resource to undertake such proposed studies in larger animals. The demonstration of efficacy in large 

animals and subsequent progression to clinical trial for a AAV-delivered suppression and replacement 

therapy for RHO-adRP would represent the first in man demonstration of a mutation-independent 

method for correcting a dominantly inherited disorder while still targeting the primary genetic defect 

and would pave the way for such a technology to be applied to other dominantly inherited conditions.
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Section 9.0 Rhodopsin mRNA for human (Homo sapiens), pig (Sus scrofa) and mouse (Mus
musculus)
> giI 169808383:96-1142 Homo sapiens rhodopsin (RHO), mRNA
ATGAATGGCACAGAAGGCCCTAACTTCTACGTGCCCTTCTCCAATGCGACGGGTGTGGTACGCAGCCCCTTCGAG
TACCCACAGTACTACCTGGCTGAGCCATGGCAGTTCTCCATGCTGGCCGCCTACATGTTTCTGCTGATCGTGCTG
GGCTTCCCCATCAACTTCCTCACGCTCTACGTCACCGTCCAGCACAAGAAGCTGCGCACGCCTCTCAACTACATC
CTGCTCAACCTAGCCGTGGCTGACCTCTTCATGGTCCTAGGTGGCTTCACCAGCACCCTCTACACCTCTCTGCAT
GGATACTTCGTCTTCGGGCCCACAGGATGCAATTTGGAGGGCTTCTTTGCCACCCTGGGCGGTGAAATTGCCCTG
TGGTCCTTGGTGGTCCTGGCCATCGAGCGGTACGTGGTGGTGTGTAAGCCCATGAGCAACTTCCGCTTCGGGGAG
AACCATGCCATCATGGGCGTTGCCTTCACCTGGGTCATGGCGCTGGCCTGCGCCGCACCCCCACTCGCCGGCTGG
TCCAGGTACATCCCCGAGGGCCTGCAGTGCTCGTGTGG7VATCGACTACTACACGCTCAAGCCGGAGGTCAACAAC
GAGTCTTTTGTCATCTACATGTTCGTGGTCCACTTCACCATCCCCATGATTATCATCTTTTTCTGCTATGGGCAG
CTCGTCTTCACCGTCAAGGAGGCCGCTGCCCAGCAGCAGGAGTCAGCCACCACACAGAAGGCAGAGAAGGAGGTC
ACCCGCATGGTCATCATCATGGTCATCGCTTTCCTGATCTGCTGGGTGCCCTACGCCAGCGTGGCATTCTACATC
TTCACCCACCAGGGCTCCAACTTCGGTCCCATCTTCATGACCATCCCAGCGTTCTTTGCCAAGAGCGCCGCCATC
TACAACCCTGTCATCTATATCATGATGAACAAGCAGTTCCGGAACTGCATGCTCACCACCATCTGCTGCGGCAAG
AACCCACTGGGTGACGATGAGGCCTCTGCTACCGTGTCCAAGACGGAGACGAGCCAGGTGGCCCCGGCCTAA

>giI 47523517 I ref INM_214221.1 I Sus scrofa rhodopsin (RHO), mRNA
ATGAATGGGACGGAGGGCCCAAACTTCTACGTGCCTTTCTCCAACAAGACGGGCGTGGTGCGCAGCCCCTTTGAG
TATCCGCAGTACTACCTGGCTGAGCCATGGCAGTTCTCCATGCTGGCTGCCTACATGTTCATGCTGATTGTGCTT
GGCTTCCCCATCAACTTCCTCACGCTCTACGTCACGGTCCAGCACTU^GAAGCTGCGCACACCCCTCAACTACATC
CTTCTCAACCTGGCAGTGGCTGACCTCTTCATGGTCTTCGGAGGCTTCACCACCACCCTCTACACCTCTCTGCAT
GGATACTTCGTCTTTGGACCCACAGGATGCAACTTGGAGGGATTCTTTGCCACCCTGGGCGGTGAAATCGCCCTG
TGGTCCTTGGTGGTCCTGGCCATTGAACGGTACGTGGTGGTGTGTAAGCCTATGAGCAACTTCCGCTTCGGGGAG
AACCACGCCATCATGGGCCTGGCCCTCACCTGGGTCATGGCTCTGGCCTGCGCTGCGCCCCCTCTCGTCGGCTGG
TCCAGGTACATCCCAGAAGGCCTGCAGTGCTCGTGCGGGATTGACTACTACACACTCAAGCCGGAGGTCAACAAT
GAGTCCTTCGTCATCTACATGTTCGTGGTCCACTTCTCCATCCCCTTGGTCATCATCTTCTTCTGCTATGGGCAG
CTGGTCTTCACAGTCAAGGAGGCTGCCGCCCAGCAGCAGGAGTCAGCCACCACACAGAAGGCCGAGAAGGAGGTC
ACTCGCATGGTCATCATCATGGTCGTGGCTTTCCTGATCTGCTGGCTGCCCTACGCCAGTGTGGCATTCTACATC
TTCACCCACCAGGGCTCCGACTTTGGCCCCATCTTCATGACCATCCCAGCCTTCTTTGCCAAGAGCGCCTCCATC
TACAACCCCGTCATCTATATCATGATGAACAAGCAGTTCCGGAACTGCATGCTCACCACGCTCTGCTGTGGCAAG
AACCCACTGGGTGATGACGAGGCCTCCACCACCACTTCCAAGACAGAGACCAGCCAGGTGGCACCAGCCTAAGCC
CCGCCAAGGACTCTGCGGCTCTGCGGCTCTGTAGGAGTCTCCCCACCCCTGCCCATCCCAGCCACAGCCACCCCA
CCAGGAGCCGCACCTGTCAGAACCA

>giI 21717804 : 79-1125 Mus musculus rhodopsin (Rho), mRNA
ATGAACGGCACAGAGGGCCCCAATTTTTATGTGCCCTTCTCCAACGTCACAGGCGTGGTGCGGAGCCCCTTCGAG
CAGCCGCAGTACTACCTGGCGGAACCATGGCAGTTCTCCATGCTGGCAGCGTACATGTTCCTGCTCATCGTGCTG
GGCTTCCCCATCAACTTCCTCACGCTCTACGTCACCGTACAGCACAAGAAGCTGCGCACACCCCTCAACTACATC
CTGCTCAACTTGGCCGTGGCTGACCTCTTCATGGTCTTCGGAGGATTCACCACCACCCTCTACACATCACTCCAT
GGCTACTTCGTCTTTGGGCCCACAGGCTGTAATCTCGAGGGCTTCTTTGCCACACTTGGAGGTGAAATCGCCCTG
TGGTCCCTGGTGGTCCTGGCCATTGAGCGCTACGTGGTGGTCTGCAAGCCGATGAGCAACTTCCGCTTCGGGGAG
AATCACGCTATCATGGGTGTGGTCTTCACCTGGATCATGGCGTTGGCCTGTGCTGCTCCCCCACTCGTTGGCTGG
TCCAGGTACATCCCTGAGGGCATGCAATGTTCATGCGGGATTGACTACTACACACTCAAGCCTGAGGTCAACAAC
GAATCCTTTGTCATCTACATGTTCGTGGTCCACTTCACCATTCCTATGATCGTCATCTTCTTCTGCTATGGGCAG
CTGGTCTTCACAGTCAAGGAGGCGGCTGCCCAGCAGCAGGAGTCAGCCACCACTCAGAAGGCAGAGAAGGAAGTC
ACCCGCATGGTTATCATCATGGTCATCTTCTTCCTGATCTGCTGGCTTCCCTACGCCAGTGTGGCCTTCTACATC
TTCACCCACCAGGGCTCCAACTTCGGCCCCATCTTCATGACTCTGCCAGCTTTCTTTGCTAAGAGCTCTTCCATC
TATAACCCGGTCATCTACATCATGTTGAACAAGCAGTTCCGGAACTGTATGCTCACCACGCTGTGCTGCGGCAAG
AATCCACTGGGAGATGACGACGCCTCTGCCACCGCTTCCAAGACGGAGACCAGCCAGGTGGCTCCAGCCTAA
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Section 9.1 Clustalw multiple sequence alignment between human, pig and mouse rhodopsin

Human RHO ATGAATGGCACAGAAGGCCCTAACTTCTACGTGCCCTTCTCCAATGCGAC
Pig RHO ATGAATGGGACGGAGGGCCCAAACTTCTACGTGCCTTTCTCCAACAAGAC
Mouse RHO ATGAACGGCACAGAGGGCCCCAATTTTTATGTGCCCTTCTCCAACGTCAC★ ★★★★ ★★ ★★ ★★ ★★★★★ ★★ ★★ ★★ ★★

Human RHO
Fig RHO
Mouse RHO

Human RHO
Pig RHO
Mouse RHO

Human RHO
Pig RHO
Mouse RHO

Human RHO
Pig RHO
Mouse RHO

Human RHO
(289-:307)
Fig RHO
Mouse RHO

Human RHO
Pig RHO
Mouse RHO

Human RHO
Pig RHO
Mouse RHO

Human RHO
Pig RHO
(499-,518)
Mouse RHO

Human RHO
Pig RHO
Mouse RHO

Human RHO
Pig RHO
Mouse RHO

Human RHO

GGGTGTGGTACGCAGCCCCTTCGAGTACCCACAGTACTACCTGGCTGAGC 
GGGCGTGGTGCGCAGCCCCTTTGAGTATCCGCAGTACTACCTGGCTGAGC 
AGGCGTGGTGCGGAGCCCCTTCGAGCAGCCGCAGTACTACCTGGCGGAAC ★ ★ ★★ ★★★ ★ ★★ ★

CATGGCAGTTCTCCATGCTGGCCGCCTACATGTTTCTGCTGATCGTGCTG
CATGGCAGTTCTCCATGCTGGCTGCCTACATGTTCATGCTGATTGTGCTT
CATGGCAGTTCTCCATGCTGGCAGCGTACATGTTCCTGCTCATCGTGCTG

GGCTTCCCCATCAACTTCCTCACGCTCTACGTCACCGTCCAGCACAAGAA
GGCTTCCCCATCAACTTCCTCACGCTCTACGTCACGGTCCAGCACAAGAJV
GGCTTCCCCATCAACTTCCTCACGCTCTACGTCACCGTACAGCACAAGAA

GCTGCGCACGCCTCTCAACTACATCCTGCTCAACCTAGCCGTGGCTGACC 
GCTGCGCACACCCCTCAACTACATCCTTCTCAACCTGGCAGTGGCTGACC 
GCTGCGCACACCCCTCAACTACATCCTGCTCAACTTGGCCGTGGCTGACC ★★ •**★★★■*•*★★★★★★★ •*•★★★★★ ★ ★★ ★★*★★★★**•*•

TCTTCATGGTCCTAGGTGGCTTCACCAGCACCCTCTACACCTCTCTGCAT
TCTTCATGGTCTTCGGAGGCTTCACCACCACCCTCTACACCTCTCTGCAT 
TCTTCATGGTCTTCGGAGGATTCACCACCACCCTCTACACATCACTCCAT ★ ★★★★★★★★★★ ★★ ★★ ★★★★★★★★★★★★ ★★ ★★ ★★★

GGATACTTCGTCTTCGGGCCCACAGGATGCAATTTGGAGGGCTTCTTTGC 
GGATACTTCGTCTTTGGACCCACAGGATGCAACTTGGAGGGATTCTTTGC 
GGCTACTTCGTCTTTGGGCCCACAGGCTGTAATCTCGAGGGCTTCTTTGC ★★ ★★

CACCCTGGGCGGTGAA-ATTGCCCTGTGGTCCTTGGTGGTCCTGGCCATCG 
CACCCTGGGCGGTGAAATCGCCCTGTGGTCCTTGGTGGTCCTGGCCATTG 
CACACTTGGAGGTGAAATCGCCCTGTGGTCCCTGGTGGTCCTGGCCATTG ★ ★★ ★★ ★★ ★★★★★★★★ ★★★★★★★★★★★★ ★

AGCGGTACGTGGTGGTGTGTAAGCCCATGAGCAACTTCCGCTTCGGGGAG
AACGGTACGTGGTGGTGTGTAAGCCTATGAGCAACTTCCGCTTCGGGGAG
AGCGCTACGTGGTGGTCTGCAAGCCGATGAGCAACTTCCGCTTCGGGGAG
★ ★★ ★★■*•**★*★**★ ★★ ★★★★Ar ★★★★★7kr*'Ar'Ar*Ar'ArAr*Ar*T*rTlr*'ArTlr'jlr*T'r

AACCATGCCATCATGGGCGTTGCCTTCACCTGGGTCATGGCGCTGGCCTG
AACCACGCCATCATGGGCCTGGCCCTCACCTGGGTCATGGCTCTGGCCTG
AATCACGCTATCATGGGTGTGGTCTTCACCTGGATCATGGCGTTGGCCTG
★ ★ ★★ ★★★★★■*•★ ★★★*★**

CGCCGCACCCCCACTCGCCGGCTGGTCCAGGTACATCCCCGAGGGCCTGC 
CGCTGCGCCCCCTCTCGTCGGCTGGTCCAGGTACATCCCAGAAGGCCTGC 
TGCTGCTCCCCCACTCGTTGGCTGGTCCAGGTACATCCCTGAGGGCATGC ★ ★ ★★★★★★★★★★★★★★★★★★★★ ★★ ★★★

AGTGCTCGTGTGGAATCGACTACTACACGCTCAAGCCGGAGGTCAACAAC
387
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Pig RHO AGTGCTCGTGCGGGATTGACTACTACACACTCAAGCCGGAGGTCAACAAT
Mouse RHO AATGTTCATGCGGGATTGACTACTACACACTCAAGCCTGAGGTCAACAAC

* if -k ** *★ *★★*★*■*•*★★★ ★•*•**★*★•*■ ★*■*■***★★•*’*★

Human RHO GAGTCTTTTGTCATCTACATGTTCGTGGTCCACTTCACCATCCCCATGAT 
Pig RHO GAGTCCTTCGTCATCTACATGTTCGTGGTCCACTTCTCCATCCCCTTGGT
site (618-636)
Mouse RHO GAATCCTTTGTCATCTACATGTTCGTGGTCCACTTCACCATTCCTATGAT

siP2

Human RHO TATCATCTTTTTCTGCTATGGGCAGCTCGTCTTCACCGTCA-AGGAGGCCG
Pig RHO CATCATCTTCTTCTGCTATGGGCAGCTGGTCTTCACAGTCAAGGAGGCTG
Mouse RHO CGTCATCTTCTTCTGCTATGGGCAGCTGGTCTTCACAGTCAAGGAGGCGG

Human RHO CTGCCCAGCAGCAGGAGTCAGCCACCACACAGAAGGCAGAGAAGGAGGTC
Pig RHO CCGCCCAGCAGCAGGAGTCAGCCACCACACAGAAGGCCGAGAAGGAGGTC
Mouse RHO CTGCCCAGCAGCAGGAGTCAGCCACCACTCAGAAGGCAGAGAAGGAAGTC

Human RHO ACCCGCATGGTCATCATCATGGTCATCGCTTTCCTGATCTGCTGGGTGCC
Pig RHO ACTCGCATGGTCATCATCATGGTCGTGGCTTTCCTGATCTGCTGGCTGCC
Mouse RHO ACCCGCATGGTTATCATCATGGTCATCTTCTTCCTGATCTGCTGGCTTCC

Human RHO CTACGCCAGCGTGGCATTCTACATCTTCACCCACCAGGGCTCCAACTTCG
Pig RHO CTACGCCAGTGTGGCATTCTACATCTTCACCCACCAGGGCTCCGACTTTG
Mouse RHO CTACGCCAGTGTGGCCTTCTACATCTTCACCCACCAGGGCTCCAACTTCG

Human RHO GTCCCATCTTCATGACCATCCCAGCGTTCTTTGCCAAGAGCGCCGCCATC
Pig RHO GCCCCATCTTCATGACCATCCCAGCCTTCTTTGCCAAGAGCGCCTCCATC
Mouse RHO GCCCCATCTTCATGACTCTGCCAGCTTTCTTTGCTAAGAGCTCTTCCATC

Human RHO TACAACCCTGTCATCTATATCATGATGAACAAGCAGTTCCGGAACTGCAT
Pig RHO TACAACCCCGTCATCTATATCATGATGAACAAGCAGTTCCGGAACTGCAT
Mouse RHO TATAACCCGGTCATCTACATCATGTTGAACAAGCAGTTCCGGAACTGTAT

Human RHO GCTCACCACCATCTGCTGCGGCAAGAACCCACTGGGTGACGATGAGGCCT
Pig RHO GCTCACCACGCTCTGCTGTGGCAAGAACCCACTGGGTGATGACGAGGCCT
Mouse RHO GCTCACCACGCTGTGCTGCGGCAAGAATCCACTGGGAGATGACGACGCCT

★ ★★*•*•*★★* ★★ ★★ ★★★★

Human RHO CTGCTACCGTGTCCAAGACGGAGACGAGCCAGGTGGCCCCGGCCTAA---
Pig RHO CCACCACCACTTCCAAGACAGAGACCAGCCAGGTGGCACCAGCCTAAGCC
Mouse RHO CTGCCACCGCTTCCAAGACGGAGACCAGCCAGGTGGCTCCAGCCTAA---
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Section 9.2 The region of pSuper.GFP/Neo sequence used to clone shP3 (Starting from the HI promoter)

EcoRl site (^ee^), HI promoter (^|). Bglll site (Blue). Hindlll site (^^H)

ACCCGGTABAATTCGAACGCTGACGTCATCAACCCGCTCCAAGGAATCGCGGGCCCAGTGTCACTJ
SGCGGGAACACCCAGCGCGCGTGCGCCCTGGCAGGAAGATGGCTGTGAGGGACAGGGGAGTGGCGC 
eCTGCAATATTTGCATGTCGCTATGTGTTCTGGGAAATCACCATAAACGTGAAATGTCTTTGGATl 
rGGGAATCTTATAAGTTCTGTATGAGACCAClAGATCCC TCGATACCGTCGACCTCGAG 
GGGGGGCCCGGTACCCAGCTTTTGTTCCCTTTAGTGAGGGTTAATTGCGCGCTTGGCGTAATCATG 
GTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTCCACACAACATACGAGCCGGAAG 
CATAAAGTGTAAAGCCTGGGGTGCCTAATGAGTGAGCTAACTCACATTAATTGCGTTGCGCTCACT 
GCCCGCTTTCCAGTCGGG7VAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAG 
AGGCGGTTTGCGTATTGGGCGCTCTTCCGCTTCCTCGCTCACTGACTCGCTGCGCTCGGTCGTTCG 
GCTGCGGCGAGCGGTATCAGCTCACTCAAAGGCGGTAATACGGTTATCCACAGAATCAGGGGATAA 
CGCAGGAAAGAACATGTGAGCAAAAGGCCAGCAAAAGGCCAGGAACCGTAAAAAGGCCGCGTTGCT 
GGCGTTTTTCCATAGGCTCCGCCCCCCTGACGAGCATCACAAAAATCGACGCTCAAGTCAGAGGTG 
GCGAAACCCGACAGGACTATA7VAGATACCAGGCGTTTCCCCCTGGAAGCTCCCTCGTGCGCTCTCC 
TGTTCCGACCCTGCCGCTTACCGGATACCTGTCCGCCTTTCTCCCTTCGGGAAGCGTGGCGCTTTC 
TCATAGCTCACGCTGTAGGTATCTCAGTTCGGTGTAGGTCGTTCGCTCCAAGCTGGGCTGTGTGCA 
CGAACCCCCCGTTCAGCCCGACCGCTGCGCCTTATCCGGTAACTATCGTCTTGAGTCCAACCCGGT 
AAGACACGACTTATCGCCACTGGCAGCAGCCACTGGTAACAGGATTAGCAGAGCGAGGTATGTAGG  
CGGTGCTACAGAGTTCTTGAAGTGGTGGCCTAACTACGGCTACACTAGAAGGACAGTATTTGGTAT 
CTGCGCTCTGCTGAAGCCAGTTACCTTCGGAAAAAGAGTTGGTAGCTCTTGATCCGGCAAACAAAC 
CACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAGGATCTCA 
AGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTTAAGGGAT 
TTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAAGTTTTAA 
ATCAATCTAAAGTATATATGAGTAAACTTGGTCTGACAGTTACCAATGCTTAATCAGTGAGGCACC 
TATCTCAGCGATCTGTCTATTTCGTTCATCCATAGTTGCCTGACTCCCCGTCGTGTAGATAACTAC 
GATACGGGAGGGCTTACCATCTGGCCCCAGTGCTGCAATGATACCGCGAGACCCACGCTCACCGGC 
TCCAGATTTATCAGCAATAAACCAGCCAGCCGGAAGGGCCGAGCGCAGAAGTGGTCCTGCAACTTT 
ATCCGCCTCCATCCAGTCTATTAATTGTTGCCGGGAAGCTAGAGTAAGTAGTTCGCCAGTTAATAG 
TTTGCGCAACGTTGTTGCCATTGCTACAGGCATCGTGGTGTCACGCTCGTCGTTTGGTATGGCTTC 
ATTCAGCTCCGGTTCCCAACGATCAAGGCGAGTTACATGATCCCCCATGTTGTGCAAAAAAGCGGT 
TAGCTCCTTCGGTCCTCCGATCGTTGTCAGAAGTAAGTTGGCCGCAGTGTTATCACTCATGGTTAT 
GGCAGCACTGCATAATTCTCTTACTGTCATGCCATCCGTAAGATGCTTTTCTGTGACTGGTGAGTA 
CTCAACCAAGTCATTCTGAGAATAGTGTATGCGGCGACCGAGTTGCTCTTGCCCGGCGTCAATACG 
GGATAATACCGCGCCACATAGCAGAACTTTAAAAGTGCTCATCATTGGAAAACGTTCTTCGGGGCG 
AAAACTCTCAAGGATCTTACCGCTGTTGAGATCCAGTTCGATGTAACCCACTCGTGCACCCAACTG 
ATCTTCAGCATCTTTTACTTTCACCAGCGTTTCTGGGTGAGCAAAAACAGGAAGGCAAAATGCCGC 
AAAAAAGGGAATAAGGGCGACACGGAAATGTTGAATACTCATACTCTTCCTTTTTCAATATTATTG 
AAGCATTTATCAGGGTTATTGTCTCATGAGCGGATACATATTTGAATGTATTTAGAAAAATAAACA 
AATAGGGGTTCCGCGCACATTTCCCCGAAAAGTGCCAC
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Section 9,3 Re2ion of pSuper with shP3

EcoRI site (y|nj||)
HI promoter
Bglll site (Blue)
shP3 sequence (Yellow)
Hindlll site (|^H)
shP3 is cloned between Bglll and Hind HI

CTTGGGAAAAGCGCCTCCCCTACCCGGTAjBAATTC'GAACGCTGACGTCATCAACCCGCTCCAAGGj 
MCGCGGGCCCAGTGTCACTAGGCGGGAACACCCAGCGCGCGTGCGCCCTGGCAGGAAGATGGCTG 
rGAGGGACAGGGGAGTGGCGCCCTGCAATATTTGCATGTCGCTATGTGTTCTGGGAAATCACCATJI 
MICGTGAAATGTCTTTGGATTTGGGAATCTTATAAGTTCTGTATGAGACCAI^gaccacIaGATCCCCGGTACG

tcgataccgtcgatggtggtgtgtaattcaagagattacacaccaccacgtaccttttt| 
cctcgagggggggcccggtacccagcttttgttccctttagtgagggttaattgcgcgcttggcgt 
aatcatggtcatagctgtttcctgtgtgaaattgttatccgctcacaattccacacaacatacgag 
ccggaagcataaagtgtaaagcctggggtgcctaatgagtgagctaactcacattaattgcgttgc 
gctcactgcccgctttccagtcgggaaacctgtcgtgccagctgcattaatgaatcggccaacgcg 
cggggagaggcggtttgcgtattgggcgctcttccgcttcctcgctcactgactcgctgcgctcgg  
tcgttcggctgcggcgagcggtatcagctcactcaaaggcggtaatacggttatccacagaatcag 
gggataacgcaggaaagaacatgtgagcaaaaggccagcaaaaggccaggaaccgtaaaaaggccg 
cgttgctggcgtttttccataggctccgcccccctgacgagcatcacaaaaatcgacgctcaagtc 
agaggtggcgaaacccgacaggactataaagataccaggcgtttccccctggaagctccctcgtgc 
gctctcctgttccgaccctgccgcttaccggatacctgtccgcctttctcccttcgggaagcgtgg 
cgctttctcatagctcacgctgtaggtatctcagttcggtgtaggtcgttcgctccaagctgggct 
gtgtgcacgaaccccccgttcagcccgaccgctgcgccttatccggtaactatcgtcttgagtcca 
acccggtaagacacgacttatcgccactggcagcagccactggtaacaggattagcagagcgaggt  
atgtaggcggtgctacagagttcttgaagtggtggcctaactacggctacactagaaggacagtat

TTGGTATCTGCGCTCTGCTGAAGCCAGTTACCTTCGGT^AAAAlGAGTTGGTAGCTCTTGATCCGGCA
AACAAACCACCGCTGGTAGCGGTGGTTTTTTTGTTTGCAAGCAGCAGATTACGCGCAGAAAAAAAG
GATCTCAAGAAGATCCTTTGATCTTTTCTACGGGGTCTGACGCTCAGTGGAACGAAAACTCACGTT
AAGGGATTTTGGTCATGAGATTATCAAAAAGGATCTTCACCTAGATCCTTTTAAATTAAAAATGAA
GTTTTAAATCAATCTAAAGTATATATGAGTAA
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Section 9.4 pAAV.CMV.EGFP _____
AAV-2 ITRS (Itod), SRSR-Hl-shP3-SRSF fragment, CMV promoter (■■), EGFP (iHI), Hbidlll (yellow), 
Nsil (IH)

CCTGCAGGCAGCTGCGCGCTCGCTCGCTCACTGAGGCCGCCCGGGCAAA® 
CCCGGGCGTCGGGCGACCTTTGGTCGCCCGGCCTCAGTGAGCGAGCGAG( 
BCGCAGAGAGGGAGTGGCCAACTCCATCACTAGGGGTTCCTGCGGCCC 
ctcgagctcaagcttHH^Httagttatt

Gf

tccgctagcggatccacc 
ggtcgccacc^tggtgagcaaggg'cgaggagctgttcaccggggtggtgO 
Ccatcctggtcgagctggacggcgacgtaaacggccacaagttcagcgto 
Iccggcgagggcgagggcgatgccacctacggcaagctgaccctgaagtx 
CATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGTGACcil 

Ccctgacctacggcgtgcagtgcttcagccgctaccccgaccacatgaao

CAGCACGACTTCTTCAAGTCCGCCATGCCCGAAGGCTACGTCCAGGAGCQ
CACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCGAGGTG*
lOTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGAfl
trCAAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTAClI
CAGCCACAACGTCTATATCATGGCCGACAAGCAGAAGAACGGCATCAA^

rGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCC
BACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCq
CGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAAcd

fcGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATO
HCTCTCGGCATGGACGAGCTGTACAAqXAAAC^GGCCGCGACTCTAGATC
ATAATCAGCCATACCACATTTGTAGAGGTTTTACTTGCTTTAAAAAACCT
CCCACACCTCCCCCTGAACCTGAAACATAAAATGAATGCAATTGTTGTTG
TTAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATC
ACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTT
GTCCAAACTCATCAATGTATCTTAAGGCCGCAGGAACCCCITAGTGATGGI
BTTGGCCACTCCCTCTCTGCGCGCTCGCTCGCTCACTGAGGCCGGGCGAC
CAAAGGTCGCCCGACGCCCGGGCTTTGCCCGGGCGGCCTCAGTGAGCGAC
CGAGCGCGCAGCTGCCTGCAqGGGCGCCTGATGCGGTATTTTCTCCTTAC
GCATCTGTGCGGTATTTCACACCGCATACGTCAAAGCAACCATAGTACGC
GCCCTGTAGCGGCGCATTAAGCGCGGCGGGTGTGGTGGTTACGCGCAGCG
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Section 9.5 pAAV.shP3.CMV.EGFP

AAV-2 ITRS {(Bk SRSR-Hl-shP3-SRSF fragment (Light Blue rHl-shP3 underlined]). CMV promoter 
(^■), EGFP )

m
CTGCAGGCAGCTGCGCGCTCGCTCGCTCACTGAGGCCGCCCGGGCAAAGCCCGGGCGTCGGGCGACCTTTGGTCGCCCg
CCTCAGTGAGCGAGCGAGCGCGCAGAGAGGGAGTGGCCAACTCCATCACTAGGGGTTCCTGCGGCC^ATCTCGAGCTC^

AGCTGGGCCCTCTAGTAAGTGTGACCACAGAAGGTAACAGAGATGCCCAACAGTGCTACCAAGGCAGTACCCTGGACACG
GGGAGATAAGCAAGCTCGACCCACCCATCACCCTGGCTTTGGGCTTTGCTACACCCACTTCTGTTTCCTCCTGTATCCAC
TGGAAACATCTCTAGGTCCCAGCCCGGAGACCCTGGCTCTGGTCCTGGCTCTCCCATATCTCTAGAATTCGAACGCTGAC
GTCATCAACCC6CTCCAAGGAATCGCGGGCCCAGTGTCACTAGGC6GGAACACCCAGCGCGCGTGCGCCCTGGCAGGAAG
ATGGCTGTGAGGGACAGGGGAGTGGCGCCCTGCATATTTGCATGTCGCTATGTGTTCTGGGAAATCACCATAAACGTGM
ATGTCTTTGGATTTGGGAATCTTATAAGTTCTGTATGAGACCACAGATCCCCGGTACGTGGTGGTGTGTAATTCAAGAGS
TTACACACCACCACGTACCTTTTTAAGCTCTAGAGGGCCCTATACTCGAGTAGATGTGATTTTTGCCTGCTCCCTGCCTC
AGTTTTCTCAGCTAAACAGGCTCTGTTGCTTCTCGAAAGAGCCTCATTGACCTTCCAGTTAAGGGAGAGAAAATGTTTGG 
aaacacctggcgtagcatagtggtccgtgcctgtgacttaactag^Icatttagttattg;

cgctagcggatccaccggtcgccaccRtggtgagcaagggcgaggagctgttcaccggggtggtgcccatcctggtcgag
ctggacggcgacgtaaacggccacaagttcagcgtgtccggcgagggcgagggcgatgccacctacggcaagctgaccci
gaagttcatctgcaccaccggcaagctgcccgtgccctggcccaccctcgtgaccaccctgacctacggcgtgcagtgci
tcagccgctaccccgaccacatgaagcagcacgacttcttcaagtccgccatgcccgaaggctacgtccaggagcgcacc
atcttcttcaaggacgacggcaactacaagacccgcgccgaggtgaagttcgagggcgacaccctggtgaaccgcatcga
gctgaagggcatcgacttcaaggaggacggcaacatcctggggcacaagctggagtacaactacaacagccacaacgtci
atatcatggccgacaagcagaagaacggcatcaaggtgaacttcaagatccgccacaacatcgaggacggcagcgtgcag

CTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCi^
GTCCGCCCTGAGCAAAGACCCCAACGAG^GCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATCACTC
Tcggcatggacgagctgtacaaqtaaagcggccgcgactctagatcataatcagccataccacatttgtagaggttttac
TTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACATAAAATGAATGCAATTGTTGTTGTTAACTTGTTTATI
gcagcttataatggttacaaataaagcaatagcatc

ACAAATTTCACAAATAAAGCATTTTTTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTAA
GGCCGCAGGAACCCCfTAGTGATGGAGTTGGCCACTCCCTCTCTGCGCGCTCGCTCGCTCACTGAGGCCGGGCGACl
CAAAGGTCGCCCGACGCCCGGGCTTTGCCCGGGCGGCCTCAGTGAGCGAtj
CEAGCC^CGCAGCTGCCTGCAtiGGGCGCCTGATGCGGTATTTTCTCCTTAC
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Section 9.6 DAAV.niiRP3-30a.CMV.EGFP
.4AV-2 ITRS (tel), SRSF-miRP3-30a-mU6-SRSR fragment (Light Blue rmU6-miRP3-30a underlined]). CMV

(BBirEGFPtll^)promoter (|

;GTgJCTGCAGGCAGCTGCGCGCTCGCTCGCTCACTGAGGCCGCCCGGGCAAAGCCCGGGCGTCGGGCGACCTTTGGT' 
iCCCGGCCTCAGTGAGCGAGCGAGCGCGCAGAGAGGGAGTGGCCAACTCCATCACTAGGGGTTCCTGCGGCO
GGCCGATCTCGAGCTCAAGCTTATGTCTAGTTAAGTCACAGGCACGGACCACTATGCTACGCCAGGTGTTTCCAA
ACATTTTCTCTCCCTTAACTGGAAGGTCAATGAGGCTCTTTCGAGAAGCAACAGAGCCTGTTTAGCTGAGAAAAC
TGAGGCAGGGAGCAGGCAAAAATCACATCTACTCGAGTATAGGGCCCTCTAGATTATCATGTCTGGATCTCCCCG
CTGTGGCGGCCGCTCTAGTAGGCGAGGTACGTGGTGGTGTGTAACCCATCTGTGGCTTTACAGTTACACACCACC
ACGTACCGCGCTCACTCGAGTTTAAACGGTACCATCTGACGGTTCACTAAACGCAAACAAGGCTTTTCTCCAAGG
GATATTTATAGTCTCAAAACACACAATTACTTTACAGTTAGGGTGAGTTTCCTTTTGTGCTGTTTTTTAAAATAA
TAATTTAGTATTTGTATCTCTTATAGAAATCCAAGCCTATCATGTAAAATGTAGCTAGTATTAAAAAGAACAGAT
TATCTGTCTTTTATCGCACATTAAGCCTCTATAGTTACTAGGAAATATTATATGCAAATTAACCGGGGCAGGGGA
GTAGCCGAGCTTCTCCCACAAGTCTGTGCGAGGGGGCCGGCGCGGGCCTAGAGATGTCTAGAGATATGGGAGAGC 
CAGGACCAGAGCCAGGGTCTCCGGGCTGGGACCTAGAGATGTTTCCAGTGGATACAGGAGGAAACAGAAGTGGGT 
GTAGCAAAGCCCAAAGCCAGGGTGATGGGTGGGTCGAGCTTGCTTATCTCCCCGTGTCCAGGGTACTGCCTTGGT 
AGCACTGTTGGGCATCTCTGTTACCTTCTGTGGTCACACTTACTAGAGGGCCdTTAGTTATT;

JGGTG
JkGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAS
frrCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGC
^UkGCTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCAGTGCTTCAGCCGCTACCCCGAC
CacatgaagcagcacgacttcttcaagtccgccatgcccgaaggctacgtccaggagcgcaccatcttcttcaaG
iSACGACGGCAACTACAAGACCCGCGCCGAGGTGft

Sgcacaagctggagtacaactacaacagccacaacgtctatatcatggccgacaagcagaagaacggcatcaag G
IGAACTTCAAGATCCGCCACAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACACCCCC*
jrCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACS
ifcGAAGCGCGATCACATGGTCCTGCTGGAGTTCGTGACCGCCGCCGGGATC
iRCTCTC£GCATGGACG^GCTGTAC^QTAAAGCGGCCGCGACTCTAGATCATAATCAGCCATACCACATTTGTAG
AGGTTTTACTTGCTTTAAAAAACCTCCCACACCTCCCCCTGAACCTGAAACATAAAATGAATGCAATTGTTGTTG
TTAACTTGTTTATTGCAGCTTATAATGGTTACAAATAAAGCAATAGCATCACAAATTTCACAAATAAAGCATTTT
TTTCACTGCATTCTAGTTGTGGTTTGTCCAAACTCATCAATGTATCTTAAGGCCGCAGGAACCCClTAGTGATGGJII
BTTGGCCACTCCCTCTCTGCGCGCTCGCTCGCTCACTGAGGCCGGGCGAC]
CAAAGGTCGCCCGACGCCCGGGCTTTGCCCGGGCGGCCTCAGTGAGCGAC
SGAGCGCGCAGCTGCCTGCACj
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Section 9. 7 MCS of the pcDNA6.2-GW/EmGFP-miR validated vector from (invitrogen.com)

Note this is NOT the full sequence, it is shown from the CMV promoter through the MCS
CMVpromoterl^
EmGFP (Hire^)
5’ miR-155 flanking region (Yellow)
3’ miR-155 flanking region (^|)

TTATCGAAATTAATACGACTCACTATAGGGAGTCCCAAGCTGGCTAGTTAAGCTATCAACAAGTTTGTA
CAAAAAAGCAGGCTTTAAAACCMGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCl
■GTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCGATGCCAC 
JTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGGCCCACCCTCGl 
JACCACCTTCACCTACGGCGTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAGCAGCACGACTTCTI 

^GTCCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACM 
\CCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTl 

5AAGGAGGACGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAAGGTCTATATCAC 
IGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGACCCGCCACAACATCGAGGACGGCAGCGI 
SCAGCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCJ 
JTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGCTGGJI
IttcgtgaccgccgccgggatcactctcggcatggacgagctgtacaagtaagctmIgcacttcgtggc

CGTCGATCGTTTAAAGGGAGGTAGTGAGTCGACCAGTGGATCCTGGAGGCTTGCTGAAGGCTGTATGCT
pAGGACACAAGGCCTGTTACTAGCACTCACATGGAACAAATGGCCjCAGATCTGGCCGCACTCGAGATAT
CTAGACCCAGCTTTCTTGTACAAAGTGGTTGATCTAGAGGGCCCGCGGTTCGCTGATGGGGGAGGCTAA
CTGAAACACGGAAGGAGACAATACCGGAAGGAACCCGCGCTATGACGGCAATAAAAAGACAGAATAAAA
CGCACGGGTGTTGGGTCGTTTGTTCATAAACGCGGGGTTCGGTCCCAGGGCTGGCACTCTGTCGATACC
CCACCGTGACCCCATTGGGGCCAATA
CGCCCGCGTTTCTTCCTTTTCCCCACCCCACCCCCCAAGTTCGGGTGAAGGC
CCAGGGCTCGCAGCCAAC
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Section 9.8 Region of pcDNA6.2-GW/EniGFP with iTiiRP3-155

CMV promoter (HU), EmGFP (|||Cree|), 5’ miR-155 flanking region (Yellow), miRP3-155 (Grey) 
3’ rniR-155 flanking region

|CTCTGGCTAACTAGAGAACCCACTGCTTACTGGCT 
TATCGAAATTAATACGACTCACTATAGGGAGTCCCAAGCTGGCTAGTTAAGCTATCAACAAGTTTG
TACAAAAAAGCAGGCTTTAAAACCMGGTGAGCAAGGGCGAGGAGCTGTTCACCGGGGTGGTGCCe
MCCTGGTCGAGCTGGACGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGC
BATGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAGCTGCCCGTGCCCTGfl
CCCACCCTCGTGACCACCTTCACCTACGGCGTGCAGTGCTTCGCCCGCTACCCCGACCACATGAAt
E^^lGcacgacttcttcaagtccgccatgcJ ~ ........
CCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGACGACGGCAACTACAAGACCCGCGCCfi

GGTGAAGTTCGAGGGCGACACCCTGGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGfl
.CGGCAACATCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAAGGTCTATATCACCGCCG
.CAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGACCCGCCACAACATCGAGGACGGCAGCGTGC
.GCTCGCCGACCACTACCAGCAGAACACCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACe
.CTACCTGAGCACCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGTCCTGC
ggagttcgtgaccgccgccgggatcactctcggcatggacgagctgtacaagtaagctjui(gcact

TCGTGGCCGTCGATCGTTTAAAGGGAGG
TAGTGAGTCGACCAGTGGATCCTGGAGGCTTGCTGAAGGCTGjATGCTGCTTACACACCACCACGT
accggttttggccact'^ctgaccggtacgttggtgtgtaag)caggacacaaggcctgttacta'^
IkCTCACATGGAACAAATGGCdCAGATCTGGCCGCACTCGAGATATCTAGACCCAGCTTTCTTGTAC
aaagtggttgatctagagggcccgcggttcgctgatgggggaggctaactgaaacacggaaggaga
CAATACCGGAAGGAACCCGCGCTATGACGGCAATAAAAAGACAGAATAAAACGCACGGGTGTTGGG
TCGTTTGTTC
ATAAACGCGGGGTTCGGTCCCAGGGCTGGCACTCTGTCGATACCCCACCGTGACCCCATTGG
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Section 9.9 pAAV. CMV. EGFPb

AAV-2 ITR (^|), CMV promoter (| |), EGFP (Green), BgUI (Blue)

gCTGCAGGCAGCTGCGCGCTCGCTCGCTCACTGAGGCCGCCCGGGCAAAd 
JCCGGGCGTCGGGCGACCTTTGGTCGCCCGGCCTCAGTGAGCGAGCGAGt 
JCGCAGAGAGGGAGTGGCCAACTCCATCACTAGGGGTTCCTGCGGCCGC

TCTAGAGTCGACCTGCAGAagctGATCCACCGGTCGCCACC|i 
fUkGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGJ 
CGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGCC 
kTGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAACj 
BTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGC* 
BTGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGT 
CCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGAC 
BACGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCI 
SGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAACal 
rCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATC 
fcTGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCJI 
pyVCATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAAClj 
CCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGfl 
kCCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGl 
eCTGCTGGAGTTCGTGACCGCCGCCGGGATCAACTCTCGGCATGGACGAQ 
gTGTACAagbaallGCggccAGCTTGCCTCGAGCAGCGCTGCTCGAGATCT
ACGGGTGGCA
TCCCTGTGACCCCTCCCCAGTGCCTCTCCTGGCCCTGGAAGTTGCCACTC
CAGTGCCCACCAGCCTTGTCCTAATAAAATTAAGTTGCATCATTTTGTCT
GACTAGGTGTCCTTCTATAATATTATGGGGTGGAGGGGGGTGGTATGGAG
CAAGGGGCAAGTTGGGAAGACAACCTGTAGGGCCTGCGGGGTCTATTGGG
AACCAAGCTGGAGTGCAGTGGCACAATCTTGGCTCACTGCAATCTCCGCC
TCCTGGGTTCAAGCGATTCTCCTGCCTCAGCCTCCCGAGTTGTTGGGATT
CCAGGCATGCATGACCAGGCTCAGCTAATTTTTGTTTTTTTGGTAGAGAC
GGGGTTTCACCATATTGGCCAGGCTGGTCTCCAACTCCTAATCTCAGGTG
ATCTACCCACCTTGGCCTCCCAAATTGCTGGGATTACAGGCGTGAACCAC
TGCTCCCTTCCCTGTCCTTCTGATTTTGTAGGTAACCACGTGCGGACCGA
aCGGCCGCAGGAACCCCTAGTGATGGAGTTGGCCACTCCCTCTCTGCGCG
CTCGCTCGCTCACTGAGGCCGGGCGACCAAAGGTCGCCCGACGCCCGGGC
rTTGCCCGGGCGGCCTCAGTGAGCGAGCGAGCGCGCAGCTGCCTGCAGGG
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Section 9.10 pAAV.miRP3-155

AAV-2 ITR CMV promoter (| 
(Grey), BgUl (Blue)

|), EGFP (Green), Bglll-BamHl destroyed site (Yellow), miRP3-155

CCTGCAGGCAGCTGCGCGCTCGCTCGCTCACTGAGGCCGCCCGGGCAAAC
CCCGGGCGTCGGGCGACCTTTGGTCGCCCGGCCTCAGTGAGCGAGCGAGC
BCGCAGAGAGGGAGTGGCCAACTCCATCACTAGGGGTTCCTGCGGCCG<

TCTAGAGTCGACCTGCAGAagctGATCCACCGGTCGCCACq 
IfcGGGCGAGGAGCTGTTCACCGGGGTGGTGCCCATCCTGGTCGAGCTGGl 
CGGCGACGTAAACGGCCACAAGTTCAGCGTGTCCGGCGAGGGCGAGGGC6 
ItTGCCACCTACGGCAAGCTGACCCTGAAGTTCATCTGCACCACCGGCAAG 
CTGCCCGTGCCCTGGCCCACCCTCGTGACCACCCTGACCTACGGCGTGCJI 
BIGCTTCAGCCGCTACCCCGACCACATGAAGCAGCACGACTTCTTCAAGT 
CCGCCATGCCCGAAGGCTACGTCCAGGAGCGCACCATCTTCTTCAAGGAC 
BfcCGGCAACTACAAGACCCGCGCCGAGGTGAAGTTCGAGGGCGACACCCl 
SGTGAACCGCATCGAGCTGAAGGGCATCGACTTCAAGGAGGACGGCAAC* 
rCCTGGGGCACAAGCTGGAGTACAACTACAACAGCCACAACGTCTATATC 
fcTGGCCGACAAGCAGAAGAACGGCATCAAGGTGAACTTCAAGATCCGCCJ 
CAACATCGAGGACGGCAGCGTGCAGCTCGCCGACCACTACCAGCAGAACa 
CCCCCATCGGCGACGGCCCCGTGCTGCTGCCCGACAACCACTACCTGAGC 
kCCCAGTCCGCCCTGAGCAAAGACCCCAACGAGAAGCGCGATCACATGGl
CctgctggagttcgtgaccgccgccgggatcaactctcggcatggacgaG
ETGTACAagtctai^GCggccAGCTTGCCTCGAGCAGCGCTGCTCGAGAGAT
CCTGGAGGCTTGCTGAAGGCTGTATGCTGCTTACACACCACCACGTACCG
GTTTTGGCCACTGACTGACCGGTACGTTGGTGTGTAAGCAGGACACAAGG
CCTGTTACTAGCACTCACATGGAACAAATGGCCCAGATCTACGGGTGGCA
TCCCTGTGACCCCTCCCCAGTGCCTCTCCTGGCCCTGGAAGTTGCCACTC
CAGTGCCCACCAGCCTTGTCCTAATAAAATTAAGTTGCATCATTTTGTCT
GACTAGGTGTCCTTCTATAATATTATGGGGTGGAGGGGGGTGGTATGGAG
CAAGGGGCAAGTTGGGAAGACAACCTGTAGGGCCTGCGGGGTCTATTGGG
AACCAAGCTGGAGTGCAGTGGCACAATCTTGGCTCACTGCAATCTCCGCC
TCCTGGGTTCAAGCGATTCTCCTGCCTCAGCCTCCCGAGTTGTTGGGATT
CCAGGCATGCATGACCAGGCTCAGCTAATTTTTGTTTTTTTGGTAGAGAC
GGGGTTTCACCATATTGGCCAGGCTGGTCTCCAACTCCTAATCTCAGGTG
ATCTACCCACCTTGGCCTCCCAAATTGCTGGGATTACAGGCGTGAACCAC
TGCTCCCTTCCCTGTCCTTCTGATTTTGTAGGTAACCACGTGCGGACCGA
BCGGCCGCAGGAACCCCTAGTGATGGAGTTGGCCACTCCCTCTCTGCGCG
CTCGCTCGCTCACTGAGGCCGGGCGACCAAAGGTCGCCCGACGCCCGGGC
rTTGCCCGGGCGGCCTCAGTGAGCGAGCGAGCGCGCAGCTGCCTGCAGGG
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Section 9.11 Sequencing confirming the successful cloning of shP3 into pAAV.rP3 between the correct
spacers SRSR and SRSF
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Section 9.12 Sequencing confirming the successful cloning of shP3 into pAAV.CMV.EGFP between the
correct spacers SRSRR and SRSF

':Ge?c:':£GC'::';:cCA'?j^I(TcTAGAAT!^C6AAC6:IG.cg^:A'::K.:.ccc6:Tc:AASs;A?CG<:55G:cc;■G':5?:;c:':.^GG:GGS^Ac;c:ccAg

no 180 190 200 210 220 230 240 250

SRSR spacer
XbaliEcoRl

HI promoter

399



580 590 600 610 620 630 660 650 660
:cii:c^G!'i;.^sGG-G^G^AAii3'::':e5xAAC;.cc:s3:G:i;.:jt:T A Gissiccsi5:cTG9SACiUACiA3:.C;,':i";.j'r':Ai?AAi;.sii

SRSF

400



Section 9.13 sequencing of miRP3 within the pAAV.niiRP3.rP3 vector

220 230 240 250 260 270 280 290 300 310
C.IICTGIGGCOOIACIGOI.ICACACCaCCACG^.^CCGOG OCaCICGAGIIIAAACGGT.^CCAOCGGACGGIOC.ACI.^AACGCAAAC^.AGGOTITTC:

miRP3-30a
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Section 9.14 Sequencing of pAAV.niiRP3-3()a with the SRSF primer

310 320 330 340 350 360 370 330 390 400

mU6 promoter
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710 72C 730 743 750 143 110 180 73C 80C
CAAAKC.SSSTSAlGGG^SSG^CG^GCITSCllAJCICCCCGIGriCr.GSC-I.^ClSCCIISSlASCACieiTSSGMrnCTGTTACCTTCISlGS:

SRSR spacer
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Section 9.15 Codon usage results for wild-type human rhodopsin
http://www.ualberta.ca/~stothard/iavascript/codori usage.html

A= Amino acid 
B= Codon Sequence 
C= Frequency of codon within hRHO 
D= % of that codon in hRHO 
E= % of that codon for that amino acid within hRHO

AmAcid Codon No. % of codon 
within hRHO

% codon 
amino ac.

Ala GCG 3 0.86 9
Ala GCA 3 0.86 9
Ala GCT 5 1.4 16
Ala GCC 21 6.17 66

Cys TGT 2 0.573 20
Cys TGC 8 2.29 80
Asp GAT 1 0.287 25
Asp GAC 3 0.860 75
Glu GAG 14 4.11 88
Glu GAA 2 0.573 13
Phe TTT 5 1.433 17
Phe TTC 25 7.163 83
Gly GGG 3 0.86 14
Gly GGA 3 0.86 14
Gly GGT 5 1.43323
Gly GGC 11 3.52 50
His CAT 2 0.573 40
His CAC 3 0.860 60
lie ATA 0 0 0
He ATT 2 0.573 8
He ATC 22 6.304 92
Lys AAG 11 3.152 1
Lys AAA 0 0 0
Leu TTG 2 0.573 7
Leu TTA 0 0 0
Leu CTG 15 4.298 52
Leu CTA 2 0.573 7
Leu CTT 0 0 0
Leu CTC 10 2.865 34

Met ATG 15 4.298 1
Asn AAT 3 0.860 19
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Asn AAC 13 3.725 81
Pro CCG 2 0.57310 10
Pro CCA 5 1.43325 25
Pro CCT 3 0.860 15
Pro CCC 10 2.865 50
Gin CAG 12 3.438 1
Gin CAA 0 0 0
Arg AGG 1 0.287 14
Arg AGA 0 0 0
Arg CGG 2 0.57329 29
Arg CGA 0 0 0
Arg CGT 0 0 0
Arg CGC 4 1.146 57
Ser AGT 0 0 0
Ser AGC 6 1.719 35
Ser TCG 1 0.287 6
Ser TCA 1 0.287 6
Ser TCT 3 0.860 18
Ser TCC 6 1.719 35
Thr ACG 6 1.719 25
Thr ACA 3 0.860 13
Thr ACT 0 0 0
Thr ACC 15 4.298 63
Val GTG 13 3.725 43
Val GTA 1 0.287 3
Val GTT 1 0.287 3
Val GTC 15 4.298 50
Trp TGG 5 1.4331
Tyr TAT 2 0.57311 11
Tyr TAC 17 4.871 89
End TGA 0 0 0
End TAG 0 0 0
End TAA 1 0.287 1
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