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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.



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 vive 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/rh10 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 i1s 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 cillary 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).
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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 (Gomperts 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 11-cis-retinal (the
source of the purple colour). Upon light hitting “visual purple” the protein gradually transformed from
purple to pink as 11-cis-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-cis
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retinal is bound (Djmagoz et al 1995; Purves et al, 2008). This binding occurs when lysine 296 within
helix VII of rhodopsin is covalently attached to a protonated Schiff base of 11-cis-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-cis-retinal to all-trans-
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 By 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-cis-retinal is
regenerated from 11-trans-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
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(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
c¢cGMP-PDE is also hydrolysed from GTP to GDP, transducin disassociates from cGMP-PDE and re-

associates with Gg, 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
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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 31%
201 1[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. AIPL1), retinal
development (CRB1) 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-cis-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-cis-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.
For 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 IIT 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;
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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-cis-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 XLPRA1 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
(Stricker 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 (Humpbhries 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
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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; Petters
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 cillary 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 rd10 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 rd10
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 dsSRNA 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 (AGO2)
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 L1. 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 dsSRNA
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 DGCRS8 (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 RNAIi 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 Mg*", 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 RNAIi 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’UTR 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 dsSRNA (>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 VEGFRI 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 RNAIi 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 21bp 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 sShRNAs targeting Huntington mRNA and SCA-1 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, Lipofectamine® 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°-O halogen, 2’-amine and Locked Nucleic Acids (Gao et al, 2011). Jackson et
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al, 2006b reported that addition of 2’-O-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 Bec & 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 Bec &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 Bec & Douar, 2006; Mingozzi & High, 2011). These rAAV vectors have a small
packaging capacity of approximately Skb 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 (AAVS1) 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,

2011b; 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 RPEGS 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).
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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 RNAIi 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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Figure 1.2 Different 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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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.
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Figure 1.6 The phototrasnduction cascade

Light hits rhodopsin which is bound to 11-cis-retinal, 11-cis-retinal becomes isomerated
to all-frans-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
¢GMP-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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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
symptom 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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Figure 1.9: ERG responses:

The first ERG panel is the rod respense, the second the mixed rod-cone response and the last
panel the cone-isolated response. A. represents the ERG of a person with 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 of mutant rhodopsins

[ Classification Behaviour Site of point mutation Misfolds
| Class | Fold normally but are not transparted to the outer L328, T342, Q344, V345, A346, P347 No
| segment

Class Il Are retained in the ER and cannot easily reconstitute  T17, P23, G51, T58, V87, G89, G106, C110, L125, Yes
i with 11-cis-retinal A164, C167, P171, Y178, E181, G182, C187, G188,
w. D190, K211, C222, P267, $270, K296
| Class Il Affect endocytosis R135 No
| Class IV Do not necessarily affect folding but affect rod-opsin =~ T4 No
| stability and postiransiational modification
' Class V Mutations show increased activation rate for M44, V137 No
! transducin

Class VI Show constitutive activation of opsin in the absence  GI0, 794, A292, No

of chromophore and in the dark
Unclassified No observed biochemical or cellular defect or not N15, Q28, L4C, Fa5, L46, P53, G109, G114, $127,

|
|
|
[
|
|

studied in detail

L131, Y136, C140, E150, P170, G174, P180, Q184,

$186, 1193, M207, V208, P215, M216, F220, E249,

G284, T289, $297, E3d1

Table 1.11 The classification system (I-VI) of human rhodopsin mutations implicated in

RP Mutations that do not fit into any of the six categories remain unclassified (Mendes et

al, 2005)
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Figure 1.14 The RNA interference pathway

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

]

LR w1

28

Oligonucleotide annealing buffer (Xeragon, pH7.4): 100mM KOAc, 30mM HEPES KOH and
2mM MgOAc

Tris-acetate-EDTA electrophoresis buffer 10X (TAE, Invitrogen, pH 8.3): 400mM Tris-
Acetate and 10mM EDTA (Diluted 1/10 in ddH,0 for a 1X working solution)

Agarose gel: Agarose powder (Sigma-Aldrich) diluted in the appropriate volume of 1X TAE
Ethidium Bromide (Sigma-Aldrich): 10mg/ml

Sybr-Safe (Invitrogen): 10,000X concentrate in DMSO

Agarose gel loading dyes (Sigma-Aldrich):

Xylene Cyanol (6X)

Bromophenol blue (6X)

Molecular weight markers: 100bp ladder (New England Biolabs) and 1kb ladder (New
England Biolabs) were used as size markers on agarose gels 1ul of marker was diluted in 4pl
of 1X TAE with 1ul of loading dye

Roche enzymes and buffers for cloning (Roche):

Sure Cut enzyme buffer A

Sure Cut enzyme buffer B

Klenow polymerase enzyme 2U/ul

T4 DNA polymerase

T4 Ligase

T4 10X Ligation Buffer pH7 at 20°C: 660mM Tris-HCL, 5S0mM MgCl, 10mM Dithiothreitol,
10mM 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

10mM  Bis-Tris-Propabe-HCL, 10mM MgCl, and 1mM

Dithiothreitol

1X NEBuffer 2 (pH7.9 at
25°C)

50mM NaCl, 10mM Tris-HCIl, 10mM MgCl, and 1mM
Dithiothreitol

1X NEBuffer 3 (pH7.9 at
25°C)

100mM NaCl, 50mM Tris-HCl, 10mM MgCl, and 1mM
Dithiothreitol

1X NEBuffer 4 (pH7.9 at
25°C)

50mM potassium acetate, 20mM  Tris-acetate, 10mM

magnesium acetate and 1mM Dithiothreitol

Bovine Serum Albumin

(BSA [pH7.0 @ 25°C])

BSA, 20mM KPO4, 50mM NaCl, 0.1mM EDTA, 5% Glycerol

PCR reagents:

1. Crimson Tag™ (New England Biolabs)

2. 1X Crimson Tag™ reaction PCR buffer pH8.5 at 25°C (New England Biolabs)
12.5mM Tricine, 42.5mM KCI, 1.5mM MgCl, and 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 (pHS5.2 and pH7): 123.045g sodium acetate anhydrous (Sigma-
Aldrich) was dissolved in 400ml of ddH,0. 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 1%NaCl
(Sigma-Aldrich) was added to 1 litre of ddH,0 and the LB autoclaved

LB/Agar: tryptone (1%), 5g yeast extract (0.5%), 10g NaCl (1%) and BBL™Agar Grade A
(1.5%) was added to 1 litre of ddH,0 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

XL1-BlueMRA Competent Cells (Stratagene)

XI.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 50ug/ml

0.5M CaCl, (Sigma-Aldrich)

E. Coli Lysis Solution 1: 50mM Tris pH 8 (50mM), 25% sucrose (Sigma-Aldrich) and 2mM
EDTA pHS8

Lysozyme (40mg/ml): 40mg Lysozyme (Fluka Biochemika), 250mM Tris pHS8

M-STET: 5% trition X-100 (Sigma-Aldrich), 50mM EDTA pHS. 5% sucrose and 50mM Tris
pHS8 and was sterilised by autoclaving

RNase A (1mg/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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1X 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)

B-mercaptoethanol (BDH chemicals LTD)

RQ1 DNase (Promega)

RQ1 DNase 10X Buffer (Promega): 400mM Tris-HCI (pHS8), 100mM MgSO,and 10mM
CaCl,

RQI Stop solution (Promega): 20mM EGTA (pH8)

Hanks Balanced Salt Solution without Ca, Mg and Phenol red (HBSS [Lonza BioWhittaker®])
DNase I, RNase-Free (lyophilised, Qiagen)

Buffer RDD (Qiagen)

QuantiTect SYBR Green reverse transcriptase (RT)-PCR Master Mix (Qiagen- Xeragon):
HotStarTag® DNA Polymerase, QuantiTect SYBR Green RT-PCR Buffer, dNTP mix,
including dUTP, SYBR Green 1, ROX passive reference dye, SmM 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 (pHS8)

10X TBS (pH7.5): 30.3g Tris (Sigma-Aldrich), 80g NaCl (Sigma-Aldrich) and 2g KCI
(Sigma-Aldrich)

Roche protease inhibitor mix: 1 complete mini-protease inhibitor cocktail tablet (Roche) in 1.5

ml of ddH-0
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Protein lysis buffer (6ml): 1% triton X-100, ImM EDTA (pHS8), 10X TBS (pH7.5) and 900ul
of Roche protease inhibitor mix in ddH,0

1 X PBS (Sigma-Aldrich): 2 PBS tablets in 400ml of ddH-0.

2.1.6 Materials and reagents used for western blotting

10% Sodium Dioecyl Sulphate pH7.2 (SDS [Sigma-Aldrich])

1.5M Tris-HCI] pH8.8

0.5M Tris-HCI pH6.8

10% Ammonium Persulphate (APS [Sigma-Aldrich])

5X Lane Marker Reducing Sample Buffer (Thermo Scientific): 0.3M Tris-HCL, 5% SDS, 50%
glycerol, 100mM Dithiothreitol (DTT) and proprietary pink tracing dye

Prestained protein loading marker-broad range (New England Biolabs)

Resolving gel for SDS-PAGE electrophoresis (12%): Sml 1.5M Tris-HCI pH8.8, 6.6ml ddH0,
8ml bis-acrylamide (30%, Sigma-Aldrich), 200ul 10% SDS, 200ul APS and 20ul of TEMED
Stacking gel for SDS-Polyacrylamide gel electrophoresis (SDS-PAGE [4%]): 2.5ml 0.5M
Tris-HC1 pH6.8, 6.8m] ddH-0, 1.33ml bis-acrylamide (30%, Sigma-Aldrich), 100ul 10% SDS,
100ul APS and 10ul of TEMED (Sigma-Aldrich)

10X Running buffer (pH8.6): 30.3g Tris, 144.2¢g 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 1X TBS

Amersham™ ECL™ 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:

D

Plasmids:

PAAV-MCS (Stratagene)
pRep2/Cap521 (Hildinger et al, 2001)
pHelper (Stratagene)
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HEK293 cells were obtained from ATCC (accession number CRL-1573.

. 1 M NaCl (pHS5):

° Polyethlenimine (Sigma-Aldrich): 0.1g/L 150mM NaCl, pH5
° Deoxycholic acid (Sigma-Aldrich)

° Bensonaze (Sigma-Aldrich)

o Polyethylene glycol (PEG8000, Sigma-Aldrich)

o Cesium Chloride (Sigma-Aldrich)

U Slide-a-lisers (MSC/ Fischer)

2.1.8 Animal materials
° Strains used:

1. Wild-type 129/Sv mice (Charles River Laboratories [129])

2. Normal Human Rhodopsin (NHR) mice (Ollson et al, 1992)

3. 129 rhodopsin knockout (129rho™) mice (Humphries et al, 1997)

4. RHO-M (RHO-M"rho™) mice (O’Reilly et al, 2008)

5. Pig P347S rhodopsin (PP347S) mice (kindly provided by Prof. Tiansen Li;: Wong & Hao,
1992)

6. Human P347S rhodopsin mice (Li et al, 1996)

2.1.9 Genotyping

. Tissue Lysis Buffer: 50mM Tris pH8, 100mM EDTA pHS8, 100mM NaCl and 10% SDS
° Proteinase K: proteinase K (10mg/ml) was used to digest tissue samples (Sigma-Aldrich)
o Glycogen (Sigma-Aldrich)

2.1.10 Anaesthetic and reagents used for animal procedures

° Anaesthetic for subretinal injections: Medetomidine (10mg/10g 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/10g 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 100mg/10g body

weight via 1.p injection
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2.1.11 Materials and reagents used for histologv and immunohistochemistry

4% Paraformaldehyde (PFA [Sigma-Aldrich]): 4% PFA was dissolved in IL 1X PBS by
heating at 64 C on a hot stir plate. The pH7.4 was obtained using NaOH and HCI.

10, 20, 30% sucrose (Sigma-Aldrich) was made by in 1X 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 1X PBS

Blocking solution: 10% donkey serum, 0.3% Triton-PBS in 1X PBS

Antibody solution: 2% donkey serum, 0.1% Triton-PBS in 1X PBS

4’ ,6-diamidine-2-phenylindole-dihydrochloride (DAPI, Sigma-Aldrich): 1/10,000 dilution in
1X 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 B-actin (Abcam)

Anti-mouse secondary IgG (Fc-specific) peroxidise conjugate (Sigma-Aldrich)
Anti-mouse light chain only secondary antibody (Millipore)

Anti-rabbit secondary antibody (Abcam)

Anti-mouse Lectin PNA antibody conjugated to Alexa Fluor 568 (Molecular Probes)

2.1.13 Fluorescent Activated Cell sorting (FACs)

HBSS

Trypsin-EDTA 10mg/ml (Sigma-Aldrich)
Trypsin Inhibitor 20mg/ml (Roche)

DNase I 10ug/ul in DNase buffer (Sigma-Aldrich)

Neural tissue dissociation kit (Macs Miltenyi Biotech):

46



I Solution 1

II. Solution 2

1. Solution 3
IV. Solution 4

V. Enzyme mix 1: Solution 1 (50pul) + solution 2 (1900ul)
VL Enzyme mix 2: (Solution 3 (20pl) + solution 4 (10pul)

e Propidium lodide 1mg/ml (Sigma-Aldrich)

e DRAQS5 1mg/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 (1) of 260nm (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=50ug/OD>¢;, RNA=40ug/OD>¢). 2ul 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 DNAS5O or
RNA40 depending on the nucleic acid being measured. 2ul 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 1X TAE buffer and
heating in a microwave oven until all the agarose had melted. Depending on the type of gel needed
either 2ul of SyberSafe or 1ul 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 1 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 100V 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 1X 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 50pul volume in ddH,O. 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 (Qiagen)

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 50ul of ddH-0.

2.2.5 Agarose gel extraction (Qiagen)

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 100mg of gel. The remainder of the protocol was carried out according to the

manufacturer’s instructions. DNA was eluted in 50ul of ddH-0.

2.2.6 Shrimp Alkaline Phosphatase (SAP) treatment

Sul of 10X SAP and 5ul SAP buffer was added to linearised vector solution in a 50ul final volume
with ddH»0. 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. 2ul of Klenow polymerase, 2ul dNTPs
(2mM) and 6ul buffer A was added to 1pg digested DNA in a final volume of 60ul. 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. 2ul T4 DNA polymerase, 4ul buffer A,
2ul ANTPs (2mM) and 1pg DNA in a 100ul 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 (IEC 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,
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vortexed and centifuged at 13,000rpm for 1 minute. The upper aqueous layer was removed and mixed
with a 1:1 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 pHS5.4 were added to the DNA solution. The sample was vortexed
and incubated at -20°C for 30 minutes. This was centrifuged at 13,000rpm (IEC 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 50ul of ddH-0.

2.2.11 Ligations

Ligations were carried out in 10ul 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. 1ul of T4 DNA
ligase and 1pl of 10X DNA ligase buffer was added to the appropriate amount of vector and insert. The
reaction volume was made to 10ul with ddH,0. 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 XL1-blueMRA competent cells

A colony of XLI1- blueMRA E.coli was streaked onto an LLB/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. 250ul 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 (ODgy 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 5S0mM CaCl, was added to the cells and the pellet

was gently resuspended. The cell suspension was left on ice for 15 minutes and centrifuged at
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3,000rpm for 5 minutes. The supernatant was removed and the cell pellet was resuspended in Sml ice

cold, sterile SOmM CaCl, The competent cells were stored on ice and were used within 2 days.

2.2.13 Transformation using XL.1-BlueMRA competent cells

Sul of ligated DNA was added to 200ul of XL 1-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. 200u1 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 X1.10-Gold®Ultracompetent cells

XL 10-Gold®Ultracompetant cells (Stratagene) were stored at —80°C until needed. 6ul of B-
mercaptoethanol (Stratagene) were added to each 150ul vial of cells which were placed on ice for 10
minutes, gently tapping the eppendorf tubes at two minute intervals. 50ul 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. 900ul of warm LB was added to each tube which were incubated for 60 minutes at 37°C in an
orbital incubator, shaking at 110rpm (Innova 4300). 10ul 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 60ul of lysis solution 1 by pipetting up and down; and this suspension was
transferred to an eppendorf. 20ul of lysozyme (10mg/ml) was added and mixed by pipetting. Samples
were left at room temperature for 10 minutes. 550ul 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 (IEC Micromax Microcentrifuge, Thermo-
Electron) for 15 minutes. Bacterial DNA pellets were discarded using a toothpick; 1ul 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; 500ul 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 400ul) and 240ul 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 100u1 of ddH-0.

DNA was stored at -20°C.

2.2.16 DNA mini-preparation (Qiagen Kit)

DNA mini-preparation was also carried out using the Q1Aprep® miniprep kit (Qiagen). Cells from
single colonies were grown in Sml 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 QIAprep® miniprep handbook (Qiagen). DNA was resuspended in 50ul
of ddH,0 and stored at -20° C.

2.2.17 DNA maxi-preparation (Qiagen Kkit)

DNA maxi-preparation (to get high quality DNA of up to 1mg) was carried out using the HiSpeed®
Plasmid Midi and Maxi kit (Qiagen). Sml 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). Following this, 250ul (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 1ml ddH,O 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 2.5mg) 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-0.

2.2.19 Poivmerase chain reaction (PCR)

All PCRs were carried out in a final volume of 20ul containing 250ng DNA template, 0.5pmoles of
forward and reverse primers, 4mM dATP, dTTP, dCTP and dGTP, 4ul 5X Crimson Tag™ reaction
PCR buffer and 1 unit of Crimson Tag™ 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 1 minute, 55°C for 1 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, 2ul of BigDye® terminator and 2ul of the 5X BigDye® sequencing buffer. PCRS were
performed in 10ul 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 62.5ul of 96% ethanol, 3ul 3M sodium acetate (pHS.2) and 24.5ul
ddH,0. Samples were left at room temperature for 20 minutes and centrifuged for an additional 20
minutes at 13,200rpm (IEC Micromax Microcentrifuge, Therma Scientific). The supernatant was

removed and the pellet was washed with 250ul of 70% ethanol. The samples were centrifuged at
53



13,200rpm for 10 minutes, the ethanol was removed and the pellet was air dried. Each pellet was
resuspended in 25ul 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/ul along with 3.2 pmoles/ul of
the sequencing primer. Sequencing was performed on a 7x ABI 3730xl sequencer. Results were

viewed using GATC viewer v1.00 (GATC Biotech).

2.3 Cell culturing procedures

2.3.1 Cell growth

Hel a cells (America type culture collection [ATCC] no. CCL-2) were maintained in complete DMEM
and grown at 37°C in a humidified Steri Cycle CO, incubator (Hepa Class 100, Thermo Scientific) in
the presence of 5% CO, 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 1-2ml 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 Haemocytometer

Cells were prepared for counting by trypsinising, adding a 5-fold excess of complete DMEM and
centrifuging at 1000rpm 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. 500ul1 of cells were placed in a
Nunc Cryo Tube™ (Nunc) along with 500ul of 2X freezing media. These were placed in a prechilled

cryo freezing container (Nalgene) and frozen at -80°C.

2.3.5 General 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’, [Qiagen]) 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
16picomoles) 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. 100pl
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 500ul PBS. Cells were lysed by pipetting 250ul 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 200ul 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). 300u1 of the upper phase
of each sample was transferred to a new eppendorf tube. RNA was precipitated with 200ul 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 50pul nuclease-free H,0. RNA samples were stored at -20C.

2.4.3 RNA isolation from HeLa cells (RNeasy® Plus mini Kit)

RNA was isolated using the RNeasy®Plus mini-kit (Qiagen). 87.5ul of Buffer RLT plus (0.88ul -
mercaptoethanol) was added to each well and quadruplicate transfection samples were pooled. The
pooled cell lysates were then homogenised by placing them onto a QIAshredder spin column placed in
a 2ml collection tube. Samples were centrifuged at 13,000rpm (IEC 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 SOul of nuclease-free water.

2.4.4 DNase treatment of HeLa cell RNA

In order to remove contaminating DNA from HeLa cell RNA samples, Sul of RQI 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 6.5ul of RQ1 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 (RNeasy 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 350u1 buffer RLT (containing 3.5ul B-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 50u1 nuclease free H>O.

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 350ul Buffer RW1 and centrifuged for 15
seconds at 10000rpm (IEC Micromax Microcentrifuge, Thermo-Electron), the flow through was
discarded. Following this, 80ul of DNase 1 in Buffer RDD (10ul DNase 1 + 70ul 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 350ul of

Buffer RW1. The sample was centrifuged at 10000rpm 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 RT-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 B-actin RNA or 18S rRNA),

expression of rhodopsin across different samples can accurately be compared.

A one step real-time RT-PCR kit, the QuantiTect®SYBR® 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 20ul containing 10ul of the supplied Sybr Green
master mix, 0.147ul of the RT Mix (containing reverse transcriptase enzymes), 10 pmoles of the
forward and reverse primer, 4.35ul Nuclease-free H,O and 4.5ul of each RNA sample. These solutions

were kept on ice at all times. Each reaction was performed in triplicate in a MicroAMP™optical 96-

57



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:

o Reverse transcription: 50°C for 20 minutes

o Activation of DNA polymerase: 95°C for 15 minutes.

o ¢DNA amplification: 37 cycles at 95°C for 15 seconds, 60°C for 1 minute.

o 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 v1.4 (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 T,, typically in the region of 70-75C). 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 B-
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). For 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 HelLa cells by adding 150-200ul 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 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>