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Abstract

Autosomal dominant genetic diseases exhibit a phenotype when one gene allele is mutated
whereas recessive diseases require both alleles to be mutated for disease pathology to arise. Disease
alleles inherited in a dominant manner may give rise to disease pathology via a combination of one or
more of the following mechanisms: 1) a reduction in the level of wild-type (wt) protein (haplo-
insufficiency), 2) interference with the activity of the wt protein or 3) the gaining of new functions. For
diseases where pathology arises from haploinsufficiency, delivery of the wt gene may be sufficient to
provide therapeutic benefit. However, for mutations that have a dominant effect, delivery of the wt gene
alone may not be sufficient and hence, suppression of the mutant gene may be necessary. Examples of
diseases that arise as a result of dominant mutations include autosomal dominant retinitis pigmentosa
(adRP) and osteogenesis imperfecta (OI) (Millington-Ward et al., 1997). In addition, mutations that act
in a dominant manner may contribute to the pathology of multi-factorial diseases such as p53-related
cancer and Alzheimer's disease (Farrar et al., 2002).

Developing gene-based therapeutic strategies for disorders caused either entirely or in part by
dominantly acting mutations, can involve targeting the primary genetic mutation or a secondary effect
associated with disease pathology, while possibly maintaining expression of the wt allele. This thesis
describes the evaluation of such therapeutic strategies for an autosomal dominant Mendelian disorder,
adRP and a multi-factorial disease, p53-related cancer. adRP is a degenerative retinopathy that primarily
effects the rod and cone photoreceptors, which have been shown to die by a final common pathway of
cell death, apoptosis (Chang et al., 1993; Portera-Cailliau et al., 1994). Given the genetic and mutational
heterogeneity of adRP, tailoring individual therapies to each mutation may not be feasible, thus targeting
a common secondary effect such as apoptosis offers a means of overcoming this mutational
heterogeneity. Chapter 3 describes a study evaluating the potential protective effect of expressing a
number of anti-apoptotic proteins, X-linked inhibitor of apoptosis protein (XIAP), c-IAP-1 and c-IAP-2,
in a line of cone photoreceptor cells, 661W, exposed to a variety of apoptotic insults. Results show that
stable expression of XIAP was found to be moderately protective against apoptosis (approximately 13%
cell rescue) induced by etoposide, a chemotherapeutic agent, while c-IAP-1 and c-IAP-2 expression
provides no observable protection.

Given the results from a previous study completed in the laboratory in Trinity College Dublin,
demonstrating that another anti-apoptotic protein, p35, provides a significant level of cell rescue in 661W
cells exposed to apoptosis-inducing chemicals (Tuohy et al., 2002), further evaluation of p35 was
undertaken and is described in Chapter 5. The anti-apoptotic activity of p35 expression was assessed in
cultured retinal explants from wt C57BL/6J mice exposed to an apoptotic insult, and the results
demonstrate a significant cell rescue of approximately 50%. In addition for this study, a transgenic
mouse model with conditional expression of p35 was obtained (Hisahara et al., 2000). p35 expression in
this model is silent due to the presence of a neomycin resistance gene flanked by loxP sites between the

transgene promoter and the p35 gene, which can be removed by expression of the enzyme Cre
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recombinase (Cre). As this model potentially represents a model in which the effect of p35 expression in
photoreceptors could be evaluated, experiments were undertaken as part of the study in Chapter 5 to
establish if p35 expression could be activated in retinal explants from loxP-p35 mice. However, no p35
expression was detected suggesting that the level of Cre expression obtained from plasmid
electroporation was possibly inadequate. Hence, the exploration of using adeno-associated viral (AAV)
vectors to deliver Cre is described as the final aspect of Chapter 5.

Another possible approach for activating p35 in loxP-p35 mice is to inter-cross these mice with
transgenic mouse models with photoreceptor-specific expression of Cre. Chapter 4 describes the
generation and in cellulo evaluation of such constructs with rod and cone photoreceptor promoter-driven
expression of Cre, for the generation of two lines of transgenic mice. The results show the functionality
of Cre in cellulo and in cultured retinal explants. Furthermore, transgenic mouse models with
photoreceptor-specific expression of Cre, could be used to investigate the anti-apoptotic effects of other
genes, in addition to p35, and explore the role of genes involved in the pathogenesis of adRP and other
retinal degenerations.

As stated above, another therapeutic approach for genetic disorders caused either entirely or in
part by dominantly acting mutations is to target the primary genetic mutation. The mutational
heterogeneity of many disorders presents a challenge for such an approach, and the mutation-independent
strategies developed in this laboratory offer a means of overcoming this (Millington-Ward et al., 1997,
O'Neill et al., 2000). p5S3 is a tumour suppressor protein, mutated in approximately 50% of human
tumours (Hollstein ez al., 1991). Results from studies have demonstrated that many p53 mutations act in
a dominant-negative manner with possible gain-of-function activities (Harvey et al., 1995; Sigal et al.,
2000; de Vries et al., 2002). Chapter 6 describes a study involving the in vitro evaluation of six
hammerhead ribozymes targeting the p53 transcript, using a mutation-independent strategy. One
particularly efficient ribozyme, Rz 1561 was identified, and although results from an initial in cellulo
evaluation were disappointing, further evaluation, possibly using AAV technology described in Chapter
5, may be worthwhile.

In summary this thesis describes the evaluation of a number of gene therapy based strategies for
disorders where disease pathology arises as a result of dominantly acting mutations, either by targeting a
secondary effect associated with disease pathology or targeting the primary genetic mutation in a
mutation-independent manner. More specifically, the work involves the exploration of strategies for
modulating apoptosis in degenerating photoreceptors and targeting the primary genetic mutations of the
pS3 gene, frequently mutated in human tumours. The work here represents the initial steps toward the
development of therapeutic strategies for dominantly acting mutations for disorders such as adRP and

p53-related cancers.
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CHAPTER 1

General Introduction




1.1 Introduction

This introductory chapter describes the basic anatomy of the human retina and
photoreceptors, the genetics of autosomal dominant retinitis pigmentosa (adRP) and the
most recent developments in gene therapy strategies for adRP including a review of
transgenic animal models. The following section introduces the pS3 protein, explaining
its role in cancer development and how it is an important therapeutic target for cancer
treatment. The origin, mechanism of function and uses of ribozymes as suppression
tools for gene therapy are described. The final section focuses on methods for
delivering gene therapies that overcome the mutational heterogeneity associated with

dominant disorders such as adRP and p53-related cancers.

1.2 Retinitis pigmentosa

1.2.1 The retina

The retina forms the innermost layer of the eye and is composed of a sensory region
and a layer of retinal pigment epithelium (RPE) (Newell 1996). The RPE acts as a
protective barrier between the neural retina and choroidal circulation supplying the
outer retina. It has several other important functions, including outer photoreceptor
segment phagocytosis and visual pigment regeneration (Kalloniatis er al., 2004). The
neural retina comprises six main layers (Figure 1.1): 1) rod and cone photoreceptors,
the nuclear bodies of which are located within 2) an outer nuclear layer (ONL). These
photoreceptors synapse with horizontal cells at 3) the outer plexiform layer (OPL) and
bipolar cells, the nuclei of which are located in 4) an inner nuclear layer (INL). Further
processing of the visual signal continues via amacrine cells in 5) the inner plexiform
layer (IPL) to 6) the ganglion cell layer (GCL), from where sensory impulses are

relayed via the optic nerve to the occipital lobe of the cortex.

1.2.2 Photoreceptor cells

There are two types of light-sensitive photoreceptors in the retina known as rods and
cones (Newell 1996). Rods operate under conditions of dim light (scotopic vision) and

comprise about 95-97% of photoreceptor cells (Curcio et al., 1990; Applebury et al.,




2000). The remaining 3-5% are cone cells, which function in bright light (photopic
vision) and are responsible for visual acuity and pattern detection. Cone cells are
concentrated in a central region of the retina known as the fovea centralis, where rods

are absent, and are also scattered in the peripheral retina.

Both cell types have the same basic structure (Figure 1.2): (1) an outer segment,
composed of flattened discs; (2) a cilium, a tubular structure that connects the outer and
inner segments; (3) an inner segment containing the mitochondria and other organelles;
(4) the outer rod (or cone) fiber connecting the inner segment to the cell body; (5) the
cell body that contains the nucleus; and (6) the inner rod (or cone) fiber that terminates
in a specialised synaptic ending. The light sensitive pigments are located in the outer
segment of each cell. Rhodopsin is the visual pigment of rods and has a maximum
absorption at about 507nm. There are three types of cone cells containing different
visual pigments that absorb light at approximately 440nm (blue), 535nm (green) and
570nm (red).

1.2.3 Visual transduction cascade

As rods comprise the majority of photoreceptors, the visual transduction cascade within
these cells will be described here (Figure 1.2) (Newell 1996; Molday 1998). The rod
visual pigment rhodopsin is composed of an opsin (a seven transmembrane G-protein-
coupled receptor), and a small chromophore 11-cis retinal. Following light absorption,
11-cis retinal is converted to its all-trans isomer, dissociating from the now activated
rhodopsin (Rho*). Rho* binds transducin, a member of the G-family of proteins,
catalysing the conversion of GDP to GTP, activating transducin. This activated
transducin in turn activates the enzyme cGMP phosphodiesterase (PDE), which then
hydrolyses cGMP to 5'-GMP. The fall in cGMP levels leads to the closure of cGMP-
gated cation channels on the plasma membrane of the rod outer segment (ROS),
preventing the influx of sodium and calcium ions. The resulting hyperpolarisation of
the entire rod-cell plasma membrane inhibits the release of the rod’s neurotransmitter,
glutamate, at its synaptic terminal, producing an electrical signal, which is relayed via

the optic nerve to the brain. The deactivation of Rho* begins with phosphorylation by



rhodopsin kinase, followed by arrestin binding, preventing further activation of
transducin. Transducin hydrolyses GTP to GDP, and so is unavailable for further
activation of PDE. The drop in intracellular calcium, results in the synthesis of cGMP
by the enzyme guanylate cyclase, reopening the cGMP-gated channels and returning
the photoreceptor to its depolarized state. The all-fzrans isomer of the chromophore,
which dissociated from opsin on light activation, is reduced to all-frans retinol and
transported to the RPE where it is converted to 11-cis retinal and returned to the

photoreceptor.

1.2.4 Retinal dystrophies

Hereditary retinal disorders encompass a large group of genetically and clinically
heterogeneous diseases, which are classified by clinical features including: age of onset,
rod vs cone involvement, pattern of vision loss, retina appearance, and the genes
involved (Rattner et al., 1999). Retinal dystrophies can be broadly placed in three
categories, the first of which is retinitis pigmentosa (RP). RP is clinically characterised
by night blindness (nyctalopia) as a result of the initial death of rod photoreceptors,
followed by a progressive loss of vision owing to secondary degeneration of cone cells
(Phelan et al., 2000; Kalloniatis et al., 2004). The second category is referred to as the
cone or macular dystrophies, in which visual loss results from cone photoreceptor death
in the central, cone-rich part of the central retina. Rod-cone diseases comprise the third
category, which show an early loss of cone-mediated central vision, with deterioration
in night and peripheral vision, as a result of simultaneous degeneration of rod and cone
photoreceptors (Phelan ez al., 2000). For a comprehensive review of retinal dystrophies
and the genes involved refer to the RetNet database:

http://www.sph.uth.tmc.edu/Retnet/.

1.2.5 Clinical features of RP

RP is the leading cause of visual handicap among working populations in developed
countries with an estimated 1.5 million patients worldwide (Weleber 2001). Clinical
features vary between patients and even among family members carrying the same
mutation (Kalloniatis et al., 2004). In typical cases the first symptom is night blindness,

as a result of rod photoreceptor degeneration with the age of onset varying from infancy



to late middle age. This is usually followed by a loss of mid-peripheral visual fields,
and without the support of the rods, cone photoreceptors begin to gradually degenerate
resulting in a loss of central vision, which can lead to complete blindness. It is this
progressive loss of cone photoreceptors that has the greatest impact on the patient's
vision. A characteristic symptom of RP, from which the name derives, is abnormal
pigmentation (Figure 1.3). As rod photoreceptors die, pigment is released into the
retinal pigment epithelium (RPE) and accumulates within the retina as "bone-spicule
formations" (Phelan ez al., 2000). In later stages of the disease, the optic nerve appears
waxy and pale, the retinal blood vessels are narrowed and the peripheral and central

retina are atrophied.

1.2.6 Genetics of RP

RP is a genetically heterogeneous disease, which can be inherited in an autosomal
dominant, recessive, X-linked recessive, digenic or mitochondrial mode, with around
40 known or predicted genes implicated in  disease  pathology

(http://www.sph.uth.tmc.edu/Retnet/). In addition, RP can also present as part of a

multi-system disorder, including Usher syndrome, which involves sensorineural
deafness and in some cases, vestibular dysfunction. Of the RP genes with known
functions, some encode proteins involved in phototransduction, including rhodopsin,
the first gene to be implicated in RP (McWilliam et al., 1989; Farrar et al., 1990),
phosphodiesterase (PDE) (Huang et al., 1995) and a cGMP gated channel (Dryja et al.,
1995). Rhodopsin mutations are estimated to account for approximately 25% of adRP
cases and to date, up to 100 mutations have been identified within the rhodopsin gene
(Briscoe et al., 2004). Another gene frequently mutated in RP encodes for rds-
peripherin, a structural protein that localizes to the outer disc rims in both rod and cone
photoreceptors (Farrar et al., 1991; Kajiwara et al., 1991). In addition to RP, mutations
in rds-peripherin can cause other retinal dystrophies such as cone-rod and pattern
dystrophies (Molday 1998). Genes that encode proteins of the visual cycle, such as
RPE65 (Marlhens et al., 1997), ABCR (Martinez-Mir et al., 1998) and CRALBP (Maw
et al., 1997), are mutated in many cases of autosomal recessive RP (arRP). Interestingly

a number of adRP genes are widely expressed but only cause disease pathology in the




retina. Included in this latter category are the genes PRPF3 (Chakarova et al., 2002),
PRPF8 (McKie et al., 2001) and PRPF31 (Vithana et al., 2001) encoding pre-mRNA
splicing factors and the gene which encodes inosine monophosphate dehydrogenase
type I IMPDHI) (Bowne et al., 2002; Kennan et al., 2002), the rate limiting enzyme
of the de novo pathway of guanine nucleotide biosynthesis. While great progress has
been made in characterising RP genes, a number of genes that are implicated in adRP,
arRP, X-linked RP and allied diseases remain to be identified. The genetic
heterogeneity highlighted in this section presents a challenge for therapeutic
development. Thus exploring alternative approaches to targeting the primary mutation,
such as slowing photoreceptor cell death (see 1.2.10.1), as described in the studies in

Chapters 3 and 5, represent a valid therapeutic strategy for adRP.

1.2.7 Photoreceptor cell death

Although RP is genetically heterogeneous, photoreceptors in retinal degenerations have
been shown to die by a final common pathway of cell death, apoptosis (Chang et al.,
1993; Portera-Cailliau et al., 1994). Apoptosis is a regulated mode of cell death that is
essential for normal development and tissue homeostasis (Jacobson et al., 1997; Danial
et al., 2004). However, abnormal regulation of apoptosis can result in either excessive
or impaired activation of apoptotic pathways, contributing to many disease pathologies
including cancer (Hanahan et al., 2000; Ghobrial et al., 2005), autoimmune disorders
(Vaux et al., 2000) and retinal degenerations (Chang et al., 1993). Numerous studies in
cell culture (Tuohy et al., 2002) and in various animal models of retinal degeneration,
including inherited and light-induced models of retinal damage (Reme et al., 1998; Liu
et al., 1999; Bode et al., 2003) support the initial observation by Chang er al. that

photoreceptors die by apoptosis.

1.2.8 Apoptosis

Apoptosis can be mediated by caspases, a group of cysteine aspartyl-specific proteases
(Thornberry et al., 1998; Earnshaw et al., 1999; Nicholson 1999). To date, 14
mammalian caspases have been identified, a subset of which are involved in apoptosis,
while the remainder are involved in processing pro-inflammatory cytokines (Shi 2002).

Apoptotic caspases fall broadly into two categories, initiators and effectors. Initiator



caspases, such as caspase-8, -10, and -12 are the first to be activated in response to a
death stimulus, which in turn activate the effector caspases, namely caspase-3, -6 and -
7. Once activated these caspases mediate cell destruction by degrading a broad range of
structural and regulatory proteins. Apoptosis can be initiated from both outside and
within the cell, depending on the pro-apoptotic stimulus (Yan et al, 2005). The
extrinsic pathway is triggered via the activation of cell surface death receptors, e.g., Fas
(or CD95) receptor and the tumour necrosis factor receptor 1 (TNFR1), which in turn
activates caspase-8 within the cell. The intrinsic pathway can be activated by a variety
of stimuli, including UV light, chemotherapeutic agents or growth factor deprivation,
which triggers mitochondrial outer membrane permeabilisation (MOMP), releasing
cytochrome-c and pro-apoptotic factors such as Smac/DIABLO. MOMP is a central
event in cell death, and is tightly regulated by the Bcl-2 family of proteins, comprising
both pro- and anti-apoptotic members. An intrinsic pathway that centres on the
endoplasmic reticulum (ER) has also been identified, where insults that induce ER

stress including misfolded proteins and oxidative stress, lead to caspase-12 activation
(Rao et al., 2001).

Additionally, programmed cell death (PCD) can occur independent of caspase
activation, so called caspase-independent cell death, where dying cells contain several
of the morphological characteristics of apoptosis (Leist et al., 2001; Kroemer et al.,
2005). Alternative proteases, including cathepsin B, calpains and serine proteases such
as granzyme B, have been shown to mediate caspase-independent cell death via several
pathways (Leist et al., 2001). Calpains are a family of ubiquitously expressed calcium-
dependent cysteine proteases, comprising at least 15 members, the best characterised of
which are pu— and m-calpain (Goll et al., 2003). These proteases have been implicated
in the pathogenesis of cell death in cerebral ischaemia (Rami 2003), cataract formation
(Takeuchi et al., 2001), neurodegenerative disorders including Huntington's disease
(Gafni et al., 2002) and retinal degenerations (Donovan et al., 2002; Sharma et al.,
2004). Calpains are activated in response to elevated levels of intracellular calcium,
which is associated with neurodegenerative disorders (Sattler et al., 2000; Arundine et

al., 2003). Although the role of calpains remains to be fully understood, like the




caspases, calpains degrade intracellular proteins, including cytoskeleton proteins, such
as actin and spectrin, transcription factors and growth factor receptors (Saido et al.,
1994). Elucidating the role of calpains is further complicated by studies demonstrating
cross-talk between the two proteolytic systems of caspases and calpains, including the
activation of caspase-3 and -12 by calpain (Nakagawa et al., 2000; Blomgren et al.,
2001). Programmed cell death is clearly a complex process, involving at least one type
of protease, the activation of which is likely to be dependent on critical factors such as
cell type and cell death stimulus. Understanding the molecular pathways that lead to
cell death may facilitate the design of effective therapeutic strategies for diseases such

as RP, where programmed cell death is associated with pathogenesis.

1.2.9 Pathways to photoreceptor degeneration

Although the genetics of RP are well characterised, much remains to be learned about
the pathways between the primary mutation and final photoreceptor degeneration. It is
unlikely that each RP mutation initiates an equivalent number of separate cell death
pathways, so what is more probable is that such events converge and progress via one,
or a limited number of cell death cascades. As rhodopsin is one of the most commonly
mutated genes in adRP, understanding how cell death is initiated by these mutations has
been a major focus of research (Briscoe et al, 2004). Various models have been
proposed to explain the underlying mechanisms of degeneration, which involve
dominant-negative and/or gain-of-function activities, as none of the adRP disease
alleles appear to be null mutations. In addition, heterozygous rhodopsin-knockout mice

do not show significant photoreceptor degeneration (Humpbhries et al., 1997).

One group of rhodopsin mutants, referred to as Class II, have been shown to misfold
and accumulate in the ER when expressed in cell culture (Sung ez al., 1991; Kaushal ez
al., 1994; Illing et al.,, 2002). In vivo this may result in chronic ER stress and the
induction of the unfolded protein response (UPR) (Rutkowski et al., 2004). In a recent
study, Galy er al. demonstrated that in a Drosophila model of retinal degeneration,
mutant rhodopsin accumulated in the ER resulting in the activation of UPR associated

MAPK kinases, p38 and JNK (Galy ez al., 2005). Further evidence supporting this




model is provided by a study investigating the mechanism another adRP gene, CA4,
which encodes for carbonic anhydrase IV, which showed that expression of the mutant
protein in COS-7 cells, led to the up-regulation of a number of proteins associated with
ER stress including an ER stress chaperone, BiP, a proapoptotic transcription factor,
CHOP and an ER stress-inducible kinase, PERK (Rebello et al., 2004). While the
pathways from these signalling molecules to cell death remain to be elucidated, ER

stress is likely to be involved in some cases of photoreceptor degeneration in adRP.

Another mechanism that has been suggested is defective trafficking of rhodopsin (Sung
et al., 1994; Chuang et al., 2004). Argl35Leu rhodopsin mutations are associated with
a severe form of adRP (Ponjavic et al., 1997). Argl35Leu mutants expressed in cellulo
were shown to bind with high affinity to arrestin, a protein of the visual transduction
cascade (Chuang et al., 2004). Furthermore, these rhodopsin-arrestin complexes were
internalised by intracellular vesicles, in a process known as endocytosis, which has an
essential role in normal cell homeostasis. In vivo, a disruption to endocytotic processes
such as nutrient uptake and iron transport may result in photoreceptor degeneration. In
the case of impaired nutrient uptake for example, given that the retina is one of the most
metabolically active tissues in the body (Yu er al., 2001), a reduction in the supply of

ATP may result in critical cell damage, initiating photoreceptor degeneration.

While studying the biochemical effects of rhodopsin mutations in cellulo or using
Drosophila models is informative, the relevance to photoreceptor degeneration in the
mammalian retina must be considered. Animal models of rhodopsin-associated RP
have been used to investigate the mechanisms of cell death. For example, in the retina
of transgenic pigs carrying the Pro347Leu rhodopsin mutation, abnormal rhodopsin
localisation was observed together with aggresomes of misfolded rhodopsin (Petters et
al., 1997; Li et al., 1998). However, much of the present knowledge of in vivo
pathways of degeneration has been generated from light-induced models of
photoreceptor cell death (Reme et al., 1998; Wenzel et al., 2001; Donovan et al., 2002).
One of the significant advantages of this model is that cell death is synchronised and

rapid, so key molecules may be more readily identified compared to the slower



photoreceptor degeneration in many inherited genetic models. An example of a
signalling molecule that was studied using light-induced degeneration is c-Fos, a
component of the proapoptotic transcription factor AP-1 (Smeyne et al., 1993). After
abnormal expression of the c-fos gene was observed in the rd model of retinal
degeneration, the role of c-fos was further investigated. c-fos -/- mice, exposed to light
were shown to be completely protected from photoreceptor degeneration (Hafezi et al.,
1997), suggesting the possible involvement of AP-1 in light-induced cell death.
However, knocking out c-fos in two models of inherited degeneration, the rd and Rho-/-
models, was not found to be protective (Hafezi et al., 1998; Hobson et al., 2000),
indicating that c-fos is not significantly involved in photoreceptor degeneration for at

least these inherited models.

Although this result does question the relevance of light-induced apoptosis to genetic
models of retinal degeneration, using light-induced models does help in studying of
mechanisms of retinal cell death. For example, a study by Hao er al. demonstrated that
two different pathways of apoptosis were induced by light in knockout mice with
defects in the phototransduction pathway (Hao et al., 2002). Exposure to low levels of
light resulted in apoptosis that was dependent on transducin, an essential protein in
phototransduction, indicating that light-activated rhodopsin was a necessary component
of this cell death pathway. This result supports the so-called "equivalent light
hypothesis" (Lisman et al., 1995), which proposes that mutations that result in defective
rhodopsin deactivation leads to retinal degeneration (Yamamoto et al., 1997; Khani et
al., 1998). In contrast, bright-light induced apoptosis independent of transducin
accompanied by induction of AP-1. This study clearly highlights the complexity of
photoreceptor degeneration and using both light and inherited models of degeneration,

should continue to aid in the elucidation of the mechanisms of these pathways.

10



1.2.10 Therapeutic strategies for RP

1.2.10.1 Targeting apoptosis

Photoreceptors have been demonstrated to die by a common pathway of apoptosis,
hence inhibiting cell death represents a potential therapeutic strategy for treating RP,
including adRP. As such an approach is independent of the primary genetic mutation,
inhibiting apoptosis offers the potential of overcoming the considerable genetic
heterogeneity inherent in RP. As results from studies have demonstrated that caspases
are activated in photoreceptor degenerations, caspase inhibition has been explored as a
potential therapeutic strategy. For example, there is substantial evidence to support the
activation of caspase-3 in various animal models of retinal degeneration, including the
rd mouse (Kim et al., 2002; Sharma et al., 2004), the rhodopsin mutant rat (Liu et al.,
1999) and the tubby mouse (Bode et al., 2003). Although there is significant evidence
to support caspase-3 activation, the impact of caspase-3 ablation in knockout mice has
been shown to provide only minimal protection against photoreceptor degeneration in
the rd mouse model (Zeiss et al., 2004). Caspase-3 is an effector caspase, thus it is
activated downstream of mitochondrial outer membrane permeabilisation (MOMP), a
critical event in apoptosis, which is suggested to be irreversible (Green et al., 2004).
Targeting caspases upstream of MOMP, using the pan-caspase inhibitor p35 has been
demonstrated to be more effective at inhibiting apoptosis in models of retinal

degeneration.

p35 is a pan-caspase inhibitor that targets both initiator (caspase -2, -8, -10) and
effector (caspase-3, -6, -7) caspases (Bump et al., 1995; Xue et al., 1995; Zhou et al.,
1998) and was originally identified in the Autographica californica
nucleopolyhedrovirus (AcNPV) (Clem et al., 1991; Clem et al., 1994). The expression
of p35 in mammalian cells was shown to effectively block apoptosis induced by a
variety of signals, such as nerve growth factor withdrawal, ionising radiation and Fas
ligation (Beidler et al., 1995; Martinou et al., 1995; Datta et al., 1997). Hence, p35 has
been evaluated as a therapeutic agent for inhibiting apoptosis, which contributes to
many disease pathologies: examples include diabetes (Hollander et al., 2005), cerebral

ischaemia (Shibata et al., 2000) and spinal cord injury (Tamura ez al., 2005). With
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regard to retinal degeneration, p35 expression has been shown to rescue photoreceptor
degeneration in Drosophila models of retinal degeneration (Davidson er al., 1998;
Alloway et al., 2000; Galy et al., 2005). Furthermore, p35 has also been shown to
protect against chemical-induced apoptosis in the cone photoreceptor cell line, 661 W,
in this laboratory (Tuohy et al., 2002). Hence, there was a clear rationale to continue
exploring the anti-apoptotic potential of this effective inhibitor of photoreceptor cell
death using primary retinal systems and animal models. Chapter 5 describes the
evaluation of the potential protective effect of p35 expression against chemical-induced
apoptosis in cultured retinal explants from wild-type (wt) C57BL/6J animals. To further
assess the therapeutic potential of p35 in vivo, a conditional Cre/loxP transgenic model
of p35 was obtained from Professor Masayuki Miura (Department of Genetics,

University of Tokyo, Japan) and is discussed in Chapter 5 (also see 1.2.11.2).

Another group of caspase inhibitors, first identified in baculoviruses (Crook et al.,
1993), are the inhibitor of apoptosis proteins (IAPs), of which eight mammalian
members are known to date (Yan ez al., 2005). IAPs contain one to three cysteine-based
motifs of approximately 65 amino acids known as baculoviral IAP repeats (BIRs), and
many also have a RING zinc-finger protein motif. The best characterised member of
the IAPs is X-chromosome-linked IAP, XIAP, which has been demonstrated to inhibit
caspase-3, -7 and -9 in vitro (Deveraux et al., 1997) and in cellulo (Duckett et al., 1996;
Deveraux et al., 1998). Hence, XIAP has been evaluated as a therapeutic anti-apoptotic
agent for a number of disorders including forebrain ischaemia (Xu et al., 1999),
diabetes (Emamaullee et al., 2005) and glaucoma (McKinnon et al., 2002). Two other
IAPs with similar caspase specificity to XIAP are c-IAP-1 and c-IAP-2 (Roy et al.,
1997; Deveraux et al., 1998). Following the successful evaluation of p35 using 661W
cone photoreceptor cells by Tuohy et al., all three IAPs were assessed as potential
protective agents against apoptosis: results from the study are described in Chapter 3.
Although XIAP was found to only modestly protect against apoptosis in 661W cells in
the current study described in Chapter 3, results from a recent study demonstrated

structural and functional photoreceptor protection against chemical-induced retinal
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degeneration in Sprague-Dawley rats using adeno-associated viral (AAV) vector

delivery of XIAP (Petrin et al., 2003).

1.2.10.2 Alternative targets in programmed cell death

While caspase activation has been demonstrated in models of retinal degeneration, a
number of other studies support the case for caspase-independent mechanisms of
photoreceptor cell death (Donovan et al., 2002; Doonan et al., 2003; Zeiss et al., 2004;
Sharma et al., 2004). This may be explained by the use of different retinal degeneration
models, which may have subtle differences in programmed cell death pathways and by
possible cross-talk between the different protease systems. As outlined above in 1.2.8,
calpains, an alternative group of proteases, have been shown to interact with caspases.
One study demonstrated that caspase-3 and calpain were activated in the rd mouse
model of retinal degeneration (Sharma et al., 2004; Paquet-Durand et al., 2006). The rd
mouse carries a recessive mutation in the B subunit of cGMP phosphodiesterase,
involved in the phototransduction cascade (Bowes et al., 1990). The resulting decrease
in cytoplasmic cGMP concentration leads to the opening of cGMP-gated channels and
intracellular levels of ions, particularly calcium, increase significantly (Fox et al.,
1999). To further investigate the mechanisms of photoreceptor degeneration, in the
same study by Sharma et al., cell death was induced by calcium in 661W cone
photoreceptor cells, to mimic the in vivo scenario in the rd retina, and shown to be
caspase-3 and calpain dependent. Analysis of other possible key molecules involved in
this pathway, revealed that there was an increase in the cleavage of Bid, a pro-apoptotic
protein and a collapse of mitochondrial membrane potential, followed by a release of
cytochrome-c. Furthermore, a calpain inhibitor was shown to block these events and
protect the 661W cells from calcium-induced cell death, suggesting a possible

therapeutic strategy for retinal degenerations.

In another study, activation of calpain was again observed in the rd mouse model,
accompanied by the cleavage of calpastatin, an endogenous inhibitor of p— and m-
calpain (Doonan et al., 2005). Interestingly, the activation of cathepsin D, an aspartyl

protease was also demonstrated. However, treatment of rd retinal explants with a
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calpain inhibitor did not protect against photoreceptor degeneration, suggesting that
multiple components of the cell death pathways may need to be targeted to successfully
inhibit photoreceptor degeneration. What is apparent is that elucidation of the
mechanisms underlying photoreceptor degeneration, are revealing the complexity of the
cell death pathways. Increasing our understanding of these mechanisms will likely aid
in designing effective therapeutic strategies and it was with this aim in mind, that the
conditional gene targeting strategy described in Chapter 4 was undertaken, discussed
further in 1.2.11.2. In principle, the transgenic mouse with a loxP-flanked p35 gene
described in Chapter 4 provides an opportunity to explore the anti-apoptotic effects of

p35 expression in rod or cone photoreceptor cells.

In addition to modulating photoreceptor cell death, other therapeutic strategies for RP
include promoting photoreceptor survival using neurotrophic factors (Tao et al., 2002;
Lawrence et al., 2004; Leveillard et al., 2004), or replacing lost photoreceptor cells by
retinal transplantation (Lund et al., 2003) or stem cell therapy (Ahmad 2001). As a
review of these areas is beyond the scope of this thesis, refer to the recent papers

indicated.

1.2.10.3 Targeting primary genetic mutations

Therapies targeting the primary mutations implicated in RP, will likely involve either
delivery of the wild-type gene for autosomal recessive RP (arRP) or alternatively some
form of suppression of the mutant gene for autosomal dominant RP (adRP). There have
been notable successes in the treatment of arRP and other recessive retinal
degenerations, including Leber congenital amaurosis (LCA). Results from these studies
have demonstrated that delivery of wt genes including the rds-peripherin gene to the
rds mouse (Ali et al., 2000; Schlichtenbrede et al., 2004) and the Mertk gene to the
Royal College of Surgeon rat model of retinal degeneration (Smith er al., 2003;
Tschernutter ez al., 2005) resulted in photoreceptor cell rescue and a preservation of
photoreceptor structure. LCA is an early onset retinal degeneration, effecting both rod
and cone photoreceptors, and mutations in RPE65, a retinal isomerohydrolase

expressed in the RPE (Moiseyev et al., 2005), are responsible for approximately 10-
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15% of LCA cases. Photoreceptor cell rescue has been shown in a RPE65” canine
model of LCA, by viral delivery of the RPE65 gene (Acland et al., 2001; Narfstrom et
al., 2003). Most recently, Pawlyk et al. rescued photoreceptors in a mouse model of
LCA by delivery of the RPGRIP gene, another gene associated with LCA, which codes

for a photoreceptor structural protein.

With respect to adRP, targeting primary mutations presents a formidable challenge, as
it involves suppression of the mutant gene by tools such as ribozymes or RNA
interference (RNAI), in addition to maintaining expression of wild-type gene. Multiple
mutations have been encountered in adRP disease-causing genes, such as rhodopsin or
rds-peripherin, thus targeting each individual mutation will likely not be feasible.
Mutation-independent based therapeutic strategies, previously developed in the
laboratory, represent a possible approach to overcoming the challenge of mutational
heterogeneity in adRP (Millington-Ward ez al., 1999; O'Neill et al., 2000; Kiang et al.,
2005; Palfi et al., 2006).

One strategy involves targeting untranslated regions of the transcript (UTRs), so both
the mutant and wt alleles are suppressed. This approach is mutation-independent and so
in principle, could suppress transcripts from many mutated genes. Notably, in
conjunction with suppression, a wt replacement gene is provided whose sequence has
been altered in the UTRs, thereby protecting the transcripts from suppression. A second
approach utilises suppression agents targeting the coding sequence and exploits the
degeneracy of the genetic code, i.e. a single amino acid may be encoded by more than
one codon. Again the suppression agent suppresses both mutant and wt alleles, and the
replacement gene is protected from suppression by altering the sequence around the
target site. As sequence changes are made at third base wobble positions, the
replacement gene still encodes a wild-type protein. Finally a third strategy exploits
intragenic polymorphisms that occur frequently in the genome. By targeting such
polymorphisms, instead of individual mutations, a potential gene therapy may be
applicable to a larger number of patients (Millington-Ward ez al., 1999; Millington-
Ward et al., 2002). Millington-Ward et al. and O'Neill et al. demonstrated the
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successful suppression of a number of photoreceptor-specific transcripts in vitro, using
these mutation-independent based therapeutic approaches. Most recently, Kiang er al.
showed the downregulation of rhodopsin in cellulo and in vivo, using an RNA
interference (RNAi)-based mutation-independent approach, establishing the validity of
this strategy for treating adRP.

1.2.11 Transgenic animal models

1.2.11.1 Introduction

Animal models for human disease are important for understanding the pathways from
genetic mutations to the resulting disease pathology, which in addition can lead to the
identification of novel therapeutic targets. These same models can be used to evaluate
the efficacy of new therapies, before possibly progressing toward clinical trials in
humans. While there are several naturally occurring models for recessive RP, including
the well-characterised retinal degeneration slow (rds), retinal degeneration (rd) mouse
models, there are no comparable models for adRP (Chader 2002). Rapid developments
in genetic engineering over the last 20 years have made it possible to generate animal
models of many human diseases, including adRP. Transgenic models can be generated
either by direct pronuclear injection of DNA into fertilized zygotes (Wagner et al.,
1981) or injection of genetically modified embryonic stem (ES) cells into blastocysts
(Thomas et al., 1987). The first technique is limited in its application as it depends on
the over-expression of the randomly inserted DNA to produce a disease phenotype.
However, application of this method has enabled the generation of many transgenic
mouse models of adRP expressing genes, such as rhodopsin with dominant mutations
of Pro23His (Olsson et al., 1992), Thr17Met (Li et al., 1998b) and Pro347Ser (Li et al.,
1996).

The second technique, known as gene targeting, employs homologous recombination,
where designed targeting constructs recombine with the endogenous gene in ES cells,
and was first reported in 1987 (Doetschman et al., 1987; Thomas et al., 1987). With
advances in genetic engineering technology, it is now possible to engineer site-specific

modification of the genome, ranging from single base-pair changes to deletion of entire
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genes. Gene targeting has been used to generate transgenic mouse models of adRP
including for example a model carrying a single base pair deletion at codon 307 of the
rds gene (rds-307) (McNally et al., 2002). Transgenic adRP models generated by
random integration or gene targeting such as the Pro23His and rds-307 models are
valuable tools for elucidating mechanisms of disease pathology and evaluating
therapeutic strategies. The transgenic models described so far, carry mutations in
photoreceptor specific genes such as rhodopsin and peripherin, but to explore the role
of some non-photoreceptor specific genes in photoreceptors, conditional gene

expression is required.

1.2.11.2 Conditional gene expression

Advances in genetic engineering techniques have made it possible to modify genes in a
tissue or temporal specific manner, known as conditional gene expression (Muller
1999). This approach is useful as deleting a gene or expressing a transgene in all tissues
of the animal may result in embryonic lethality. There are two main techniques,
transcriptional transactivation, and site-specific recombination (van der Weyden et al.,
2002). Several transcriptional transactivation systems have been described, but the most
widely used is the tetracycline-dependent regulatory system (Figure 1.4). It is
composed of two elements: 1) the target gene under the control of a tetracycline
responsive element (TRE), which is activated by a tetracycline-dependent transactivator
(tTA), and 2) a plasmid expressing tissue-specific tTA. In the presence of tetracycline,
tTA does not bind to TRE inactivating expression of the target gene (tet-off). A
complementary approach was developed using a mutated tTA known as reverse tTA
(rtTA), which binds TRE in the presence of tetracycline (tet-on), activating expression
of the target gene. Transgenic mouse models with rod photoreceptor-specific
expression of tTA and rtTA have been generated allowing activation and inactivation of
target genes in a tissue-specific and temporal manner (Chang et al., 2000; Angeletti et
al., 2003). The tetracycline-inducible system has been used in the development of
transgenic models for numerous diseases, including Huntington’s disease (Tanaka et
al., 2005), chronic myeloid leukemia (Huettner er al, 2003) and proliferative
retinopathy (Nambu et al., 2005).
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The second main technique for conditional gene expression is site-specific
recombination. Essentially this system comprises a recombinase enzyme and its target
sequence. Examples of two such systems are Cre recombinase-loxP and Flp
recombinase-FRT. Cre recombinase, derived from the bacteriophage P1, is the most
widely used recombination system. Cre binds and cleaves DNA at conserved 34 bp
recognition sequences, known as loxP sites (Figure 1.5: A). The number and position of
loxP sites in the transgene determine the type of genetic modification: excision,
inversion or translocation. For example, if two loxP sites in the same orientation flank
the target gene, Cre recombinase activity excises the region between the loxP sites,

resulting in deletion of the target gene (Figure 1.5: B1).

To generate transgenic models with tissue-specific activation or deletion of genes using
the Cre-loxP system, two lines of animals are required: one with Cre recombinase
expression driven by a tissue-specific promoter and a second carrying the transgene
flanked by loxP sites. Crossing of these two lines should result in an F1 transgenic
model with tissue-specific target gene deletion or activation, catalysed by Cre activity
at the loxP sites. Alternatively Cre recombinase can be delivered directly to the
transgenic model carrying the loxP-flanked transgene using viral vectors such as adeno-
associated viral (AAV) vectors, allowing temporal control of gene activation or

deletion.

The Cre-loxP system is widely used in generating transgenic models for investigating
the function of genes, the underlying pathologies of human disease and the evaluation
of potential therapeutic strategies for these diseases. Tissue-specific gene modification
has allowed the generation of more accurate animal models of disease and the targeting
of genes that would not have been previously possible using conventional gene
targeting techniques due to embryonic lethality. Examples of transgenic disease mouse
models generated by conditional gene targeting include models for prostrate cancer
(Maddison et al., 2004), acute myeloid leukemia (Higuchi ez al., 2002) and Parkinson’s
disease (Drago et al., 1998).
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To further explore the mechanisms of photoreceptor degeneration in RP, including
adRP and investigate novel therapeutic approaches, transgenic models allowing
photoreceptor specific gene targeting would be valuable tools. One of the goals of this
PhD project was to generate constructs enabling the generation of transgenic mouse
models with rod and cone photoreceptor-specific expression of Cre recombinase. This
work is described in Chapter 4 together with a review of transgenic models with retinal
specific expression of Cre recombinase, which have become available since the

initiation of this project.

1.3 pS3-Related Cancer

1.3.1 Introduction

There are two gene therapy approaches for treating genetic diseases: targeting the
primary genetic mutation, or modulating a secondary effect associated with disease
pathology. Targeting a common pathway such as apoptosis in RP, including adRP,
potentially provides a means of overcoming the mutational heterogeneity associated
with adRP and other Mendelian disorders (Farrar et al., 2002). Chapters 3, 4 and 5 of
this thesis describe the evaluation of therapeutic strategies to inhibit photoreceptor
apoptosis in adRP, which may indeed be applicable to other retinal degenerations.
Given this mutational heterogeneity, strategies targeting the primary genetic mutation
in a mutation-independent manner have been developed in our laboratory (also see
1.2.10.3 above) (Millington-Ward et al., 1997; O'Neill et al., 2000). Furthermore, in
recent years, it has become evident that dominant mutations contribute to the pathology
of multi-factorial diseases, including p53-related cancer, Alzheimer's disease (AD) and
neurofibromatosis (Farrar et al., 2002). Thus, it was considered that the mutation-
independent suppression/replacement gene therapy approaches described in 1.2.10.3

above, for treating adRP, could potentially be applied to treat such disorders.

p53 is a tumour suppressor protein mutated in approximately 50% of human cancers
(Hollstein et al., 1991) and as such is an important therapeutic target for anti-cancer
strategies (Hupp et al., 2000; Lane et al., 2002). As results from a number of studies

have demonstrated that many pS53 mutations act in a dominant-negative manner
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(Dittmer et al., 1993; Liu et al., 2000; de Vries et al., 2002), targeting p53 using gene
suppression/replacement strategies represents a novel therapeutic approach to treating
pS3-related cancer. Chapter 6 describes a study evaluating a mutation-independent

approach to cleaving the p53 transcript using ribozymes as a suppression tool.

1.3.2 p53 tumour suppressor protein

The p53 tumour suppressor protein, often referred to as the "guardian of the genome",
(Lane 1992) is a 53kDa transcription factor that induces senescence, cell-cycle arrest or
apoptosis, in response to cellular stresses such as UV light, chemotherapeutic agents,
hypoxia or DNA damage (Levine 1997; Volgelstein et al., 2000; Vousden et al., 2002;
Oren 2003). Through these activities, pS3 prevents the proliferation of damaged or
mutated cells, which otherwise may lead to tumour development. Cellular response
pathways to stress are complex, with several factors influencing whether p53 mediates
cell-growth arrest or apoptosis, including cell type, the type of stress-signal, and p53
expression levels (Sionov et al., 1999; Balint ef al., 2001). Under normal conditions,
p53 protein is maintained at a low level by E3 ubiquitin ligases, including MDM2, that
bind p53, targeting it for degradation (Oren et al., 2003; Lu et al., 2005). In response to
stress, pS3 levels are mainly increased at the protein level through the inhibition of

MDM2 by proteins such as pl4ARF

and post-translational modifications that stabilise
p53 (Vousden et al., 2002; Lu et al., 2005). To date approximately 100 target genes of
p53 have been identified, and expression analyses have revealed many more potential
p53-binding sites in the genome, thus highlighting the complexity of the signaling
pathways mediated by the p53 protein (Zhao et al., 2000; Lu et al., 2005). Examples of
target genes include p21Wafl1/Cipl (el-Deiry et al., 1993; Harper et al., 1993) encoding
an enzyme that is involved in controlling cell division, and pro-apoptotic genes, Bax
and Noxa (Thornborrow et al., 2002; Oda et al., 2000). Considering the critical

functions of p53, it is conceivable that mutated p5S3 may result in uncontrolled cell

proliferation or the survival of damaged cells with oncogenic potential.

1.3.3 p53 Mutations

The genetic heterogeneity of p53-related cancer is considerable, with approximately

1,300 different mutations identified to date (Soussi et al., 2001; Soussi et al., 2005).
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p53 mutations are catalogued in a number of databases including the International

Association of Cancer Registries database (http://www.iarc.fr/p53), and the p53 web

site (http://www.p53.curie.fr). The majority of these mutations (71%) are missense,

resulting in single amino acid changes to the DNA binding core of the pS3 protein
(Brachman 2004) (Figure 1.6). These alterations result in a misfolded protein and/or
alter sites that directly contact DNA which are essential for the transcriptional
activation function of p53. A number of sites in the DNA binding domain of the protein
are frequently mutated and so are referred to as "hotspot" mutation sites. Examples
include arginine to histidine mutations at codons 175 and 273, and glycine to serine at

codon 245 of the p53 protein (Hollstein ez al., 1991).

As a result of partial or complete impairment of DNA binding by the mutated p53
protein, there is a loss of cell cycle control, and an increased resistance to apoptosis (Lu
et al., 2003). Furthermore, pS3 functions as a tetrameric protein, so the activity of the
remaining wild-type p53 can be adversely affected by oligomerisation with mutant p53
protein, as illustrated in Figure 1.7. This dominant-negative effect of mutant p53 has
been demonstrated in cellulo (Kern et al., 1992; de Vries et al., 2002) and in
experimental animal models (Harvey er al., 1995; Liu et al., 2000). Harvey et al.
demonstrated that transgenic expression of a mutant p53 gene (Alal35Val) in p53-
deficient mice (p53*") resulted in enhanced tumour progression. Several studies have
also shown that p53 mutants may have a "gain of function" effect, independent of wild-
type p53, which may contribute to tumour progression (van Oijen et al., 2000; Tsang et
al., 2005). Mutant p53 can induce overexpression of the multiple drug resistance
oncogene (MDRI), and bind the pro-apoptotic protein Daax, inhibiting a pathway of
apoptosis (Dittmer et al., 1993; Ohiro et al., 2003). Another p53 family member, p73,
that also plays an essential role in cellular response to stress (Flores et al., 2002), has
been shown to be inhibited by mutant p53 (di Como ez al., 1999). While these studies
demonstrate the dominant-negative function of some p53 mutants in cancerous cells,

the function and regulation of mutant p53 still remains to be fully understood.
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1.3.4 Therapeutic strategies

There is a clear rationale for targeting and suppressing the mutant p53 gene to inhibit
tumour growth, in parallel with wt gene replacement. Furthermore, individuals with
p53 mutations often show a poor clinical response to chemotherapeutic agents and Yy-
radiation treatment (Soussi et al., 2001; Iacopetta 2003; Tweddle et al., 2001), so a
restoration of wt p53 activity could potentially result in an improved response to
standard cancer treatment: Currently, the principle gene therapy strategy for restoring
p53 function is delivery of wt p53 to cancerous cells. Studies have demonstrated that
expression of wt p53 in cancer cell lines and animals models reduces tumour growth,
through a restoration of normal p53 activity (Fujiwara et al., 1994a; Hsiao et al., 1997,
Logunov et al., 2004; Irie et al., 2005). Logunov et al. showed that adenoviral (Ad)
vector delivery of wt p53 to a nude mouse model with an epithelial carcinoma, resulted
in tumour regression and a restoration of p53 activity. Furthermore, there are a number
of ongoing current clinical trials evaluating Ad delivery of wt p53 as a treatment for
non-small cell lung cancer and carcinoma of the head and neck (listed at:

http://www.wiley.co.uk/genmed/clinical/). One adenoviral vector delivered pS3 gene,

known as INGN-101, has been evaluated in several published clinical trials, which have
reported a good response in patients with non-small cell lung cancer (Swisher ez al.,

1999; Nemunaitis et al., 2000; Swisher et al., 2003): see 1.5.3.5 for more details.

Although introducing a wt p53 gene is a reasonably effective therapeutic strategy, it
does not address the dominant-negative effect of many p53 mutant genes. The genetic
heterogeneity of p53 mutations makes targeting the mutant pS3 gene a challenge. A
number of papers have evaluated RNAi as a strategy to downregulate mutant p53
expression (Martinez et al., 2002; Shen et al., 2003) using small interfering RNA
(siRNA) or short hairpin RNA (shRNA) expressing constructs (see 1.4.4). Martinez et
al. demonstrated that siRNA targeting a known dominant-negative mutant, Arg248Trp,
in cellulo, suppressed mutant p53 expression and restored wt p53 activity. Significantly
the siRNA targeted the mutant p53 specifically and did not suppress the endogenous wt
ol
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An additional approach is the use of another RNA based tool, namely trans-splicing
ribozymes. Like the hammerhead ribozymes described in 1.4, trans-splicing ribozymes
cleave RNA in a sequence specific manner. In addition trans-splicing ribozymes
replace the sequence downstream of the cleavage site with a new exon sequence.
Essentially the ribozyme mediates the repair of the transcript, by replacing the mutated
sequence of the gene with the wt sequence. A number of studies have shown repair of
the p53 transcript using a trans-splicing ribozyme attached to wt p53 sequence
(Watanabe et al., 2000; Shin et al., 2004). Shin e? al. demonstrated that expression of a
trans-splicing ribozyme in ovarian cancer cell lines, restored wt p53 activity and also
observed a significant increase in the expression of the pS3 responsive genes, p21 and
Bax. In addition expression of the ribozyme also resulted in an increased level of
apoptosis, indicating a restoration of pS53-responsive pathways. This approach
represents a promising therapeutic strategy and could potentially be applied to a large
number of p5S3 mutants, overcoming the obstacle of mutational heterogeneity. Another
possible approach to overcoming mutational heterogeneity is described in Chapter 6,
which involves the in vitro evaluation of hammerhead ribozymes targeting the p53

transcript, using mutation-independent strategies.

1.4 Suppression Tools

1.4.1 Introduction

Targeting the primary genetic mutation by suppressing the expression of the messenger
RNA (mRNA) is a possible therapeutic approach for diseases caused either entirely or
in part by dominant-negative mutations. Over the last thirty years a number of
suppression tools have been developed, including antisense oligonucleotides (Scanlon
2004), DNAzymes (Schubert et al., 2004), peptide-nucleic acids (Phylactou 2000),
hairpin ribozymes (Puerta-Fernandez et al., 2003) and RNAi (Leung et al., 2005). A
number of these technologies are reviewed in the following section, with a particular

focus on hammerhead ribozymes.
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1.4.2 Antisense oliognucleotides (ASO)

1.4.2.1 Introduction

Antisense molecules are composed of single-stranded oligodeoxynucleotides, usually
12-28 bases, which act by binding complementary target mRNA, resulting in the
inhibition of mRNA processing or translation (Jansen et al., 2002; Patil et al., 2005). In
addition the antisense molecule forms a heteroduplex with the mRNA, which can be
degraded by RNase H. ASOs were the earliest suppression tool to be developed and
Zamecnik and Stephenson first demonstrated this approach almost thirty years ago by
showing that targeting the Rous sarcoma virus using an ASO, blocked viral replication
in chicken fibroblasts (Zamecnik et al., 1978). Following this discovery, the technology
rapidly developed, dominating the suppression field for a number of years but on
failing to fulfil expectations in clinical trials, the focus gradually moved to other
suppression tools, including ribozymes and more recently, RNAi. However, a number
of companies continued developing ASOs and recent improvements in delivery
combined with the generation of more biologically stable ASOs indicate that this

technology may yet prove to be more successful than originally predicted.

1.4.2.2 Therapeutic applications

Antisense therapy is being developed for a range of diseases, including cancer (Badros
et al., 2005), ulcerative colitis (Myers et al., 2003) and cardiovascular disease (Crooke
et al., 2005). Currently there is one antisense drug available on the market, which was
approved by the Food and Drug Administration in 1998. The drug, known as Vitravene,
is produced by Isis Pharmaceuticals and used for treating cytomegalovirus retinitis
associated with HIV infection (Crooke 1998). Isis is evaluating a number of other
antisense molecules, including ISIS 2302, that targets intracellular adhesion molecule 1
(ICAM-1), involved in inflammation. Although the results from a Phase III clinical trial
to treat patients with Crohn’s disease were disappointing, ISIS 2302 will being assessed
as a potential therapeutic for ulcerative colitis in Phase III clinical trials

(www.isispharm.com).
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Antisense molecules targeting genes involved in cancer are also being developed. One
target is the anti-apoptotic bcl-2 gene, a member of the Bci-2 family of proteins, which
is overexpressed in many types of cancer (Selzer et al., 1998). Genasense, produced by
Aventis and Genta, is an oligonucleotide of 18 modified DNA bases which has been
evaluated in Phase III trials for patients with chronic lymphocytic leukaemia and
malignant melanoma with a modest response reported (Chanan-Khan ez al., 2004). A
multi-centre clinical Phase I/II study began in May 2005 with another ASO targeting
Bcl-2, SPC2996, produced by Santaris (www.santaris.com). SPC2996 is based on

nucleic acid analogs known as locked nucleic acids (LNA), which have a higher
binding affinity for their targets and longer half-lives than unmodified nucleotides, so it
may be potentially more effective than Genasense (Kumar et al., 1998). Bcl-xL is
another member of the Bcl-2 family of proteins, which is often coexpressed with Bcl-2
in many tumours (Jansen et al., 2002). In preclinical studies, a novel bispecific ASO
targeting Bcl-2 and Bcl-xL was demonstrated to induce apoptosis and enhance
chemosensitivity in a number of cancer cell lines (Zangemeister-Wittke et al., 2000,

Yamanaka et al., 2005).

The future for ASO technology appears considerably brighter than a decade ago and
this was most recently reflected in the first meeting of the Oligonucleotide Therapeutics
Society in September of 2005, which focused both on ASOs and siRNAs

(http://www.nyas.org/ebriefreps/splash.asp?intEbriefID=441). However, for the project

described in Chapter 6 of this thesis, using ASO technology is not a suitable approach
as ASOs are less specific compared to ribozymes or siRNA, which can discriminate
between transcripts with a single base change. Thus, this approach is not suitable for
diseases such as adRP and p53-related cancer, where the aim is to suppress the
expression of the mutant transcript, and introduce a modified wild-type transcript that is

protected from suppression.
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1.4.3 Ribozymes

1.4.3.1 Introduction

Ribozymes are RNA molecules with enzymatic activity capable of site-specific
cleavage of target mRNAs. Thomas Cech and his colleagues first coined the term in
1982 to describe the activity of a self-splicing sequence in pre-ribosomal RNA (rRNA)
of the ciliate Tetrahymena (Kruger et al., 1982). Known as a Group I intron, this natural
ribozyme catalyses its own excision from the rRNA, which is followed by ligation of
the two flanking exons. This represented a highly significant discovery, as previously it
had been believed that proteins were the sole catalytic agents of the cell. Since then
many other natural ribozymes have been identified in a diverse range of organisms,
involved in essential biological processes such as: 1) replication of RNA plant viruses
(Symons 1992), 2) RNA splicing in bacteria, fungi and yeast (Pyle 1996) and 3) peptide
bond formation during translation (Nissen er al., 2000). Furthermore, the ability of
ribozymes to catalyse site-specific cleavage of RNA, has been exploited to develop
ribozymes as suppression tools used to elucidate gene function and treat genetic
diseases. Most ribozymes used as therapeutic agents are based on two types from the
small catalytic RNA family: hairpin and hammerhead ribozymes, the latter of which is
the focus of this introduction. Hairpin ribozymes have been used less widely as there
are more limitations on selecting potential target sites (Earnshaw et al., 1997). For a
review of other naturally occurring catalytic ribozymes, refer to the following papers:

Dobherty et al., 2000, Puerta-Fernandez et al., 2003 and Schubert et al., 2004.

1.4.3.2 Hammerhead ribozymes

The hammerhead ribozyme is one of the best-characterised ribozymes and is found
mainly in the plant virus satellite RNAs and plant viroids (Symons 1992). This
ribozyme is the smallest of the natural ribozymes, composed of approximately 40
nucleotides, arranged as three base-paired helices with a conserved core (Doudna et al.,
2002) (Figure 1.8). As the catalytic domain is located in stem II and the substrate
domain in stem III, this is a cis-cleavage reaction involving site-specific cleavage by a
2'-hydroxyl group in stem II, generally 3' of a GUC triplet. The discovery that the

catalytic and substrate domains were separated in the Avocado sunblotch viroid
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(ASBV), led to the development of synthesised trans-acting ribozymes, which could be
designed to target and cleave specific RNA sequences (Uhienbeck 1987; Haseloff ez
al., 1988). Most trans-acting ribozymes are composed of a single-stranded, conserved
catalytic core (stem II) flanked by two arms complementary to the target sequence,
which form stems I and III based on the original design by Haseloff et al. (Figure 1.9).
Cleavage of the target RNA proceeds by the same mechanism as for naturally occurring
hammerhead ribozymes, with a 2'-hydroxyl group in the catalytic core attacking a
phosphate group in the target, generating two fragments, one with a 5'-hydroxyl group
and the other a 2', 3'-cyclic phosphate group (Fedor et al., 2005). Hammerhead
ribozymes require divalent metal ions, such as magnesium (Mg>*) to catalyse the
reaction and to stabilise the conformation of the ribozyme-substrate complex (Bassi et
al., 1997).

Trans-acting hammerhead ribozymes, like their natural counterparts, cleave target RNA
in a site-specific manner. However, mutation studies revealed that trans-acting
ribozymes cleave at additional sites to GUC, which led to the widely accepted NUX
rule that states: a site where N is any nucleotide, U is uracil and X is any nucleotide
except guanine, can be cleaved by a hammerhead ribozyme (Ruffner er al., 1990;
Shimayama et al., 1995). There is some evidence for a hierarchy of preferred cleavage
sites with the most efficient cleavage occurring at GUC and AUC codons (Zoumadakis
et al., 1995).

1.4.3.3 Hammerhead ribozyme as gene therapy tools

1.4.3.3.1 Introduction

Site-specific cleavage of RNA by trans-acting hammerhead ribozymes (referred to as
hammerhead ribozymes hereafter) has been harnessed for therapeutic application and
for functional gene studies. The focus of this section is the use of hammerhead
ribozymes as suppression tools for disease. For a review of other applications refer to
Kato et al., 2004 and Kruger et al., 2001. There are several stages to applying
hammerhead ribozymes as therapeutic tools: the first is identifying suitable cleavage

sites in target mRNA, whether that is for example a mutated gene contributing to a
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carcinoma, a viral gene, for example in hepatitis C (Lee et al,, 2000) or a mutated
photoreceptor gene resulting in retinitis pigmentosa (Fritz er al., 2004). Following
selection of cleavage sites, hammerhead ribozymes targeting these sites are designed,
generated and evaluated in vitro. Efficient ribozymes are then further evaluated in

relevant cell culture and animal models, prior to possible testing in clinical studies.

1.4.3.3.2 Selection of hammerhead ribozyme cleavage sites

Cleavage efficiency at NUX sites depends on the critical factor of accessibility, so
sequence flanking the site should be single-stranded to be available for base-pairing
with the two antisense arms of the hammerhead ribozyme (Fritz et al., 2004; Citti et al.,
2005). However, due to base-pairing within mRNA sequences, the resulting secondary
structures are complex and chosen cleavage sites may not be accessible to ribozymes.
Indeed, up to 90% of potential cleavage sites have been shown to be inaccessible to
suppression tools such as ribozymes (Fritz et al., 2004). There are however a number of
different methods for predicting accessibility of these sites. One method involves using
computer-modeling programmes to predict mRNA secondary structure, using
algorithms based on free energy minimisation parameters derived from experimental
cleavage of known simple structures. Examples of programs include Mfold/PlotFold
(Zuker et al., 1989; Zuker 2003) and RNAdraw (Matzura et al., 1996), which were used
to predict the mRNA secondary structure of the tumour suppressor protein p53 in
Chapter 6. The other available methods are experimental and include screening random
ribozyme libraries (Lieber et al., 1995) and mapping the accessibility of target mRNA
using RNase H (Birikh et al., 1997).

1.4.3.3.3 Hammerhead ribozyme design

Once cleavage sites have been selected, hammerhead ribozymes are then designed to
target these sites. Most therapeutic hammerhead ribozymes are based on Haseloff and
Gerlach's (Haseloff et al., 1998) original design, which has a conserved catalytic core
of 13 nucleotides. The sequences of the flanking arms of the ribozyme change as they
determine target specificity and flanking arm length can also vary. Optimal arm length

is approximately 6-8 nucleotides: shorter arms result in a loss of specificity and longer
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arms in a slower catalytic turnover, as the ribozyme is more strongly hybridised to the
target mRNA (Hertel ez al., 1994; Hertel ef al., 1996). It is also been suggested that
ribozymes with asymmetric arms have a higher catalytic turnover than those with

symmetric arms (Hendry et al., 1996).

1.4.3.3.4 Hammerhead ribozyme delivery

Following ribozyme design, the next stage in development is to evaluate ribozyme
catalytic efficiency for cleaving target mRNA. Ribozymes are usually tested using in
vitro methods, to select the most efficient ribozymes for further in cellulo and in vivo
evaluation. A widely used method involves expressing radioactively labeled ribozyme
and target mRNA from plasmid vectors, undertaking cleavage reactions and resolving
the target mRNA cleavage products on a polyacrylamide gel (Millington-Ward et al.,
2000; O'Neill et al, 2000; Shaw et al., 2001; Fritz et al, 2004). Although
nonradioactive methods are also available including resolution of target cleavage
products on high-resolution agarose gels or silver-stained polyacrylamide gels (Liu et
al., 2002; Palfner et al., 1995), these methods are not commonly used, as radioactive
labelling has been proven to be a sensitive and effective technique for in vitro ribozyme
evaluation. In Chapter 6, rUTP [a-P*?] labeling was used for evaluating ribozymes

targeting p53 tumour suppressor mRNA.

The success of ribozymes as therapeutic tools in cellulo and in vivo depends on several
factors including: 1) the amount of active ribozyme present in cells 2) localisation of
ribozyme within the cell, 3) catalytic efficiency of the ribozyme and 4) accessibility of
the target mRNA cleavage sites (Shiota et al., 2004). Ribozyme concentrations are
determined in part by the efficiency of the delivery method used, reviewed in 1.5.2, and
the stability of the ribozymes. Ribozymes are rapidly degraded by 3' exonucleases and
pyrimidine specific nucleases present in serum (Sproat et al., 1986; Schubert et al.,
2004), however they may be protected at least in part by chemical modifications of the
2'-hydroxyl group of ribose or the phosphodiester linkage for example. Substituting 2'-
hydroxyl with groups including, 2'-O-methyl, 2'-O-fluoro or 2'-amino groups protects
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the ribozyme from degradation, thus prolonging its half-life (Pieken et al., 1991;
Beigelman et al., 1995; Usman et al., 2000).

Localisation of the ribozyme to target cells can be controlled using several techniques,
including coupling ribozymes to antibodies or ligands that bind cell receptors (Hudson
et al., 1999), generating ribozymes that function in an allosteric fashion and designing
ribozyme expression constructs with tissue-specific promoters. Allosteric ribozymes
have a binding site for target mRNA, which upon binding the mRNA, induces a
catalytically favourable conformational change in the ribozyme, thus increasing target

cleavage specificity (Porta et al., 1995; Tanabe et al., 2000).

For ribozymes expressed endogenously from plasmid and viral vectors, the choice of
promoter can determine their expression levels and subcellular localisation. Polymerase
(pol) II and III promoters have been used to drive ribozyme expression (Bertrand et al.,
1997; Good et al., 1997). Pol Il promoters have the advantage of directing cell-specific
expression and resulting RNA transcripts have a 5'-cap and poly (A) tail, enhancing
ribozyme stability (Shiota er al., 2004). While pol II promoters are useful for evaluating
ribozymes in vitro and in cellulo, pol III promoters including tRNA and U6 snRNA,
which transcribe short RNAs may be more suitable for ribozyme expression in vivo.
The therapeutic potential of pol III promoters compared to pol II promoters was
demonstrated in a recent study which evaluated lentiviral vector delivery of a triple
RNA-based gene therapy (shRNA, ribozyme, decoy RNA) targeting three genes
involved in HIV-1 infection (Li et al., 2005a). Seven weeks after the infection of a
human T cell line with the lentiviral vector, transcripts of a hammerhead ribozyme
driven by a pol III promoter were still present, in comparison there was a reduction in
pol II promoter-driven EGFP expression, attributed to silencing of the pol II promoter.
Although, pol III promoters are not tissue specific, they can be used to direct
subcellular localisation of expressed ribozymes, with tRNA and U6 snRNA directing
cytoplasmic and nuclear localisation respectively (Kato et al., 2001). It should be noted
that pol III promoters have been widely used for expression of another RNA

suppression agent, small interfering RNA (siRNA), reviewed in 1.4.4 below.
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1.4.3.3.6 Hammerhead ribozyme therapeutic applications

Ribozymes have been used as tools to suppress gene expression for a range of diseases
including cancer (Irie er al., 2005). cardiovascular disease (Gu et al., 2001) viral
infections (Sun et al., 1995) and autosomal dominant diseases (Millington-Ward et al.,
2002). The pathology associated with an autosomal dominant disease results from the
expression of a mutant gene, hence one therapeutic approach may be to target the
primary genetic defect by ribozyme-mediated gene suppression, while still maintaining
expression of the wt gene. In several studies ribozymes have been evaluated as a
potential therapy for adRP, and successful in vitro and in vivo cleavage of mutant
photoreceptor gene transcripts has been demonstrated (Lewin et al., 1998; La Vail et
al., 2000; O’Neill et al., 2000; Shaw et al., 2001). Viral delivery of a ribozyme
targeting mutant rhodopsin to a transgenic rat model of a retinal degeneration, resulted
in a slowing of photoreceptor cell loss for up to three months post administration of the
ribozyme (Lewin et al., 1998; La Vail et al., 2000). O'Neill et al. demonstrated in vitro
cleavage of ribozymes targeting rhodopsin and peripherin, other genes frequently
mutated in adRP, using mutation-independent strategies (see 1.2.10.3). The genetic and
mutational heterogeneity extant in adRP presents a considerable challenge to the
development of therapeutic strategies, as it is likely to be commercially unviable to
tailor therapies to individual mutations. Hence, mutation-independent therapeutic
approaches would be preferable and these have been previously used in the exploration
of therapies for another autosomal dominant disease, osteogenesis imperfecta (OI).
Furthermore, dominantly acting mutations may underlie multi-factorial diseases such as
pS3-related cancers (Dittmer et al., 1993; Liu et al., 2000; de Vries et al., 2002). As
reviewed in section 1.3, p53 is a tumour suppressor protein, mutated in approximately
50% of tumours, and is highly genetically heterogeneous, thus presenting the same
challenge as RP to achieve therapeutic gene suppression. Mutation-independent
strategies could potentially be used to develop therapies for p53-related cancers.
Chapter 6 describes a study undertaken to design and explore potential suppression and
replacement gene-based therapies targeting the pS3 gene, using hammerhead ribozymes

as the suppression tool.
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Ribozymes have been widely evaluated as therapeutic tools for cancer, targeting a
range of mutant genes that contribute to the development, growth and invasiveness of
tumours. Oncogenes are involved in normal cell growth and differentiation but are
frequently mutated and/or over expressed in tumours. Examples include ras, a GTPase
enzyme and myc, a transcriptional activator. Downregulation of ras and myc transcripts
using ribozymes has been demonstrated in cancer cell lines and nude mouse models
(Zhang et al., 2000; Wang et al.,, 2002; Cheng et al., 2000). Genes involved in
controlling apoptotic cell death also represent attractive targets for anti-cancer
therapies. Apoptosis is a normal process that is essential for removing cells with critical
DNA damage and over-proliferating cells. Defects in the apoptotic pathway can
contribute to tumour development. Anti-apoptotic genes that have been targeted by
ribozymes include survivin and bcl-2. Survivin inhibits caspases, enzymes that mediate
apoptosis and Bcl-2 inhibits the release of cytochrome-c from the mitochondria, a
critical step in one of the main pathways of apoptosis. Ribozymes targeting survivin
transcript have been demonstrated to increase the susceptibility of cancer cells to
apoptosis induced by chemotherapeutic agents, and reduce tumour formation in nude

mice models (Choi et al., 2003; Pennati et al., 2004).

Although there are no approved ribozymes for use in cancer therapy, a number are
currently being assessed in human clinical trials. Angiozyme or RP1.4610 is an example
of a ribozyme being developed for a clinical application, with phase I studies for
advanced solid tumours (Kobayashi et al., 2005) and phase III studies for metastatic
colorectal cancer have recently been completed (Hurwitz et al.,, 2004). Vascular
endothelial growth factor (VEGF) promotes the growth of tumour blood vessels, known
as angiogenesis, via binding to endothelial cell surface receptors. Angiozyme cleaves
and targets the transcript for one of these receptors, VEGFR-1. Preclinical studies have
demonstrated that Angiozyme inhibited tumour growth in renal, ovarian and prostate
cancer cell lines and in mouse models of lung and colorectal cancer (Pavco et al., 2000;
Weng et al., 2001; Kobayashi et al., 2005). There are numerous other examples of

ribozymes targeting genes for cancer therapy, which are beyond the scope of this thesis.
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For further reviews of this area, refer to Schubert et al., 2004, Citti et al., 2005, and
Zaffaroni et al., 2005.

1.4.4 RNA Interference (RNAi)

1.4.4.1 Introduction

RNALI is the most recent suppression technology to emerge and has been shown to have
great potential as a therapeutic tool. Indeed, although it is less then five years since
RNAIi was first demonstrated to specifically suppress mammalian genes (Elbashir ef al.,
2001; Caplen et al., 2001), there are currently several ongoing phase I clinical trials
evaluating RNAi-based therapeutics for treating asthma, HIV-1 and a retinal
degenerative disorder, Age-related Macular degeneration (AMD) (Leung et al., 2005).
As p53-related tumours could potentially be treated using an RNAi-based mutation-
independent approach, in addition to the potential use of the ribozymes described in
Chapter 6, the application of RNAI in the development of genetic therapies is briefly

reviewed here.

1.4.4.2 Mechanism of RNA interference (RNAIi)

RNAI refers to post-transcriptional gene silencing by small interfering RNAs (siRNAs)
approximately 21-28 nucleotides in length, processed from double stranded RNA
(dsRNA) (Elbashir et al., 2001). RNAI in vertebrates was first described in a pivotal
paper by Fire et al., 1998 demonstrating that delivery of dsRNA targeting genes in the
C. elegans worm, resulted in specific gene suppression. From this initial discovery, it
was subsequently reported that the mechanism of RNAIi is a conserved biological
response in eukaryotes (Hammond et al., 2001; Elbashir et al., 2001), related to post-
transcriptional gene silencing in plants (Jorgensen et al., 1996). Briefly, RNAi involves
the cleavage of dsSRNA by an RNase IlI-like enzyme known as Dicer into siRNA, and
recruited to a protein RNA-induced silencing complex (RISC) (Berstein et al., 2001;
Nykanen et al., 2001). Following RISC activation, siRNA binds to the complementary
mRNA target sequence, which is then catalytically cleaved by RISC. For a recent

review of the mechanism of RNAI refer to Leung e al., 2005.
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1.4.4.3 Therapeutic applications of RNAi

RNAI interference can be mediated by directly introducing siRNAs targeting the gene
of interest or delivering expression vectors to endogenously transcribe short hairpin
RNAs (shRNAs) (Paddison et al., 2002; Dykxhoorn et al., 2003). shRNAs are
subsequently processed by Dicer, as described above in 1.4.4.2, into siRNAs. Both
approaches have been demonstrated to successfully downregulate gene expression as a
therapeutic strategy for cancer (Li et al., 2004), viral infections (Dave et al., 2004;
Wilson et al., 2003), respiratory disease (Shao er al., 2004) and dominant disease (Xia
et al., 2004; Kiang et al., 2005; Palfi et al., 2006). Several papers have been published
showing successful downregulation of p53 in cellulo using siRNA and viral vector
delivery of shRNA (Martinez et al., 2002; Zhao et al., 2003a; Liu et al., 2004).
Martinez et al. demonstrated that siRNA delivered to cells stably expressing mutant
p53, suppressed the expression of mutant but not wt p53, highlighting the specificity of
siRNA cleavage. Furthermore, the suppressed mutant pS3 is a dominant-negative
mutation, so reducing the levels of the p5S3 mutant gene, resulted in a restoration of wt
p53 function. This paper highlights the potential therapeutic benefit of suppressing pS3
dominant-negative mutations as a therapeutic strategy for p53-related cancers, and
supports the therapeutic approach described in Chapter 6. A future study exploring an
RNAi-based mutation-independent suppression/replacement approach for p53-related

cancer would be of great interest.

Although in recent years, there has been a diminished interest in ribozymes, due in part
to the emergence of RNAI based technology, they have great potential as therapeutic
agents, which is indicated by the ongoing successful clinical trials of the anti-HIV-1
ribozyme and the pre-clinical studies described above in 1.4.3.3.6. In addition,
ribozymes may be used in conjunction with other suppression agents, such as RNAI to
develop more effective therapeutic agents. A recent paper demonstrated that lentiviral
vector delivery of a triple combination of an shRNA, ribozyme and decoy peptide
targeting different HIV-1 genes was more effective at suppressing HIV-1 infection in
cellulo than single or double combination therapy (Li et al., 2005a). Although the

developments in RNAi technology have been quite remarkable, there are concerns
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regarding off-target effects of siRNA (Jackson er al., 2003; Scacheri et al., 2004) and
induction of the interferon response (Bridge et al., 2003; Sledz et al., 2003), a primitive
anti-viral mechanism that can induce the non-specific degradation of mRNAs (Hall
2004). Further research is required to understand the mechanisms underlying these
effects, to develop more effective and safe RNAi based therapeutics, for use in a
clinical setting. For detailed reviews of the therapeutic application of RNAI, refer to the
recent excellent reviews of Mittal 2004, Hall 2004, Leung et al., 2005 and Dykxhoorn,
et al., 2005.

1.5 Delivery of Genetic Therapies

1.5.1 Introduction

The success of suppression tools, anti-apoptotic agents or indeed any gene therapy for
disease depends on efficient, safe delivery to the target tissue in vivo. This section
reviews current delivery systems and examines how these systems are being employed
for RP and p53-related cancer gene therapy. There are two basic delivery strategies:
exogenous and endogenous delivery, the former involving delivery of chemically
synthesised nucleic acids, the latter, expression of genes from plasmid or viral vectors
(Schubert et al., 2004). Cellular uptake of synthesised nucleic acids such as ribozymes,
antisense oligonucleotides and siRNA is inefficient so they are usually complexed with
liposomes, polymeric dendrimers or polypeptides to enhance uptake, and chemically
modified to protect them from degradation by endogenous nucleases (Shiota et al.,
2004; Scanlon 2004; Dykxhoorn et al., 2005). These non-viral delivery methods may
also be employed to deliver plasmid vectors carrying ribozyme or other therapeutic
genes, which are then expressed endogenously. Therapeutic genes can also be
expressed from viral vectors, which unlike plasmid vectors do not require complexing
with liposomes or polypeptides, as they are capable of self-delivery to target tissues

(Verma et al., 2005).

1.5.2 Non-viral delivery

Non-viral delivery systems are an essential tool in the research laboratory for safely and

efficiently delivering plasmid DNA, antisense oligonucleotides (ASOs) or siRNA. A
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frequently used lipid-based system employs positively charged (cationic) lipids, usually
in the form of liposomes, vesicle-like structures composed of a bilayer of cationic lipids
(Selsek 2004; El-Aneed 2004). Liposomes interact with negatively charged DNA, and
the complex is absorbed across the cell membrane by endocytosis. While this system is
widely used in vitro, liposomes often have a toxic effect when delivered systemically in
vivo and are rapidly removed from the blood stream. So to prolong the circulation
period of liposomes, polyethylene glycol (PEG)-lipid derivatives can be used as
stabilising agents. In addition, PEG-liposomes can be targeted using conjugated
antibodies to generate PEG-immunoliposomes (PILs) (Shi et al,, 2001; Zhang et al.,
2003). In the study by Zhang e al., expression of reporter genes B—galactosidase and
luciferase was shown in the retina of rhesus monkeys following intravenous delivery of

plasmid constructs using PILs.

Another group of gene delivery agents, which also act by endocytosis across the cell
membrane are cationic polymers (Selsek 2004; El-Aneed 2004). Polyethylenimine
(PEI) is an example of a widely studied polymer, with efficient cellular uptake due to
its strong buffering capacity at essentially any pH value. In vivo toxicity does limit the
use of PEI, but the development of low molecular weight and linear PEI with lower
toxicity may allow PEI to be used safely in vivo. Studies have demonstrated the
delivery of ribozymes and siRNA using PEI to successfully downregulate gene
expression (Aigner et al., 2002; Ge et al., 2004). Polyamidoamine (PAMAM) is
another example of a cationic polymer that is used as a delivery agent (Selsek 2004).
This highly ordered polymer forms spherical dendrimers, which are used for mainly in
vitro gene delivery: commercial agents include Superfect and Polyfect (Qiagen).
Further tools include nanospheres, peptide carriers, antibodies, receptor ligands and

biodegradable polymers (Selsek 2004).

In addition, suppression agents such as ribozymes and siRNA can also be delivered
directly, without any of the non-viral systems described above (Scanlon et al., 2004;
Citti et al., 2005). Naked nucleic acids have a very short half-life due to endogenous

nucleases, however they may be chemically modified to protect them from degradation.
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Modifications include blocking the 3' end of the molecule or substituting the 2'-
hydroxyl groups of the ribose moiety with other chemical groups, such as 2'-O-methyl
of 2'-fluoro groups (Goodchild 1992; Heidenreich et al,, 1994; Chiu et al., 2003).
Recent studies have demonstrated the therapeutic efficacy of siRNA (Song et al.,
2003), ribozyme (Macejak et al.,, 2001; Sandberg et al., 2000): and antisense-ODN
(Kim et al., 2004; Gautschi et al., 2001) suppression agents delivered in this way. One
study showed the anti-tumour activity of an antisense ODN (OL(1)p53) targeting the
p53 tumour suppressor gene in a lymphoma cell line (Sharp et al., 2001). Phase I
clinical trials were begun to evaluate OL(1)p53 as a therapy for patients with acute
myelogenous leukemia (AML) but discontinued due to poor efficacy, possibly as a
result of both suppression of mutant and wt pS3 without concomitant replacement of wt
p53, which may have reduced p53-dependent apoptosis (Jansen et al., 2002). However,
an OLG that targets MDM2, a negative regulator of p53, frequently overexpressed in
various tumours (Zhang et al., 2004b), has been demonstrated to have anti-tumour
activity in various in vitro and in vivo models of breast, colon and prostate cancer, and
so may be of potential benefit in treating human cancer patients (Wang et al., 2001;

Wang et al., 2002; Zhang et al., 2004b).

Direct delivery of plasmid vectors expressing therapeutic genes or suppression tools
such as ribozymes, has also been undertaken. Plasmid expression of the therapeutic
agent has several advantages to delivery of the pre-synthesised form: 1) expression is
more sustained, 2) chemical modification, which may be toxic to cells, is not required
and 3) cost-effectiveness. siRNA in particular, can be expensive to synthesise, which is
a limiting factor for siRNA use. Plasmid vectors on the other hand are readily prepared
in bulk. In one study a reduction in the metastatic potential of a murine melanoma in
vivo using a systemically delivered plasmid ribozyme targeting telomerase was
demonstrated (Nosrati ez al., 2004). Constructs expressing siRNA or shRNA have also
been shown to successfully downregulate expression of target genes in murine disease
models of hepatitis B (McCaffrey et al., 2002), hepatitis C (Giladi et al., 2003) and

renal-perfusion injury (Hamar ez al., 2004) following tail-vein injection.
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As stated earlier, one approach to treating adRP is suppression of the mutant gene in
conjunction with wt gene replacement. In a recent study the downregulation of
rhodopsin in cultured retinal explants using plasmids expressing shRNA targeting
rhodopsin (siMR3) was demonstrated (Kiang et al., 2005). In addition a replacement
rhodopsin target was generated with altered binding sites for siMR3, but as these
changes were made to degenerate bases within the rhodopsin coding sequence, there
were no amino acid changes. No suppression of co-delivered altered rhodopsin by
siMR3 was found in liver tissue in vivo, following tail vein injections of mice,
compared to a 90% suppression of wild-type rhodopsin. As well as demonstrating the
effective delivery of siRNA directly, this study highlights the potential of mutation-
independent strategies for adRP, (described in 1.2.10.3) to overcome the challenge that

genetic heterogeneity presents to the development of adRP therapies.

Non-viral methods of gene delivery are essential tools for therapeutic evaluation in
vitro and more efficient systems continue to be developed. In vivo, the application of
these tools is more limited compared to viral vectors, but advantages include less
adverse immune responses and cost-effective production in bulk. Results from
numerous studies have demonstrated the efficacy of these methods for gene delivery in
vivo, which due to their transient nature, are particularly suitable for acute diseases such
as cancer and viral infections (Putney et al., 1999; Jansen et al., 2000; Zhang et al.,
2004a; Urban-Klein et al., 2005). A number of ongoing clinical trials using non-viral

methods for delivering gene therapy agents are listed in Table 1.1.
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Table 1.1*: Current clinical trials employing non-viral methods of gene delivery

Direct siRNA
Benitec Pharm. HIV Phase I Clinical Multiple siRNA
Genta Pharm. Melanoma Phase II Clinical Antisense-siRNA
Intradigm Corporation Solid Tumour Preclinical Nanoparticle- siRNA
Isis Pharm. CMV-retinitis Approved Antisense-ODN
Sirna Therapeutics Solid Tumour Phase II Clinical Modified ribozyme
Sirna Therapeutics Hepatitis C Preclinical Modified siRNA
Sirna Therapeutics Asthma Phase I Clinical Aerosol siRNA

*Modifed from Leung et al., 2005, 'Pharmaceuticals, “Respiratory Syncytial Virus

Ribozymes targeting p53, as described in Chapter 6, or other suppression tools could
potentially be delivered as a therapeutic for p53-related cancer using the methods
described here. With regard to therapeutic gene delivery for RP, non-viral methods are
useful for initially evaluating therapeutic strategies in cell lines and in vivo, as
described above with the siRNA targeting rhodopsin. However, the use of non-viral
vectors is limited as the effect of the delivered agent is transient. More significantly,
delivery using these methods is inefficient, since agents delivered systemically must, in
order to target the retina, cross the blood-retina barrier. Also as photoreceptors are not
easily transduced by non-viral methods, subretinal injections may not deliver sufficient
levels of the therapeutic agent to be of clinical benefit. Gene delivery using viral
vectors such as adeno-associated viral (AAV) vectors is a more efficient method for
further evaluating therapeutic strategies in transgenic disease models and in a clinical
setting as AAV can potentially provide stable long-term expression of therapeutic

genes.

1.5.3 Viral Delivery

1.5.3.1 Introduction
Viral vectors can be subdivided into two categories, integrating and non-integrating

vectors (Robbins et al., 1998; Lundstrom 2003; Verma et al., 2005). Integrating vectors
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include retroviral, lentiviral and AAV vectors, which are capable of integrating into the
genome, potentially providing sustained expression of the therapeutic gene. Adenoviral
vectors are the most commonly used non-integrating vectors and are maintained in the
cell nucleus as episomes. The underlying principle is essentially the same for each type
of viral-vector, involving the removal of vital viral genes necessary for replication and
subsequent replacement with the therapeutic gene. The pros and cons of each type are
discussed in the following sections, with a review of current viral vector based gene

therapy for adRP and p53-related cancers.

1.5.3.2 Retroviral vectors

Retroviral vectors are based on RNA viruses with either a single-stranded or double-
stranded RNA genome. Vectors based on one family of retroviruses, the Retroviridae,
were the first to be designed, with the majority based on the moloney murine leukemia
virus (MoLV). Retroviral vectors have been used to deliver therapeutic agents like
ribozymes (Millington-Ward et al., 2002), RNA decoys (Michienzi et al., 2002) and
siRNA (Brummelkamp et al., 2002; Liu et al., 2004) as well as a wide variety of genes
for primarily treating cancer (Barzon et al., 2003; Finger et al., 2005). One recently
completed clinical trial using retroviral delivery evaluated the safety of an anti-HIV-1
ribozyme (RRz2), targeting the tar gene, which is essential for HIV-1 viral replication
(Macpherson et al., 2005). CD4+ T cells, which differentiate into T helper cells
targeted and destroyed by HIV-1, were transduced ex vivo with a retroviral vector
expressing RRz2 and infused into patients. Preclinical studies evaluated the efficiency
of RRz2, in vitro and in cellulo, therefore, the aim of this phase I trial was to
demonstrate safety and feasibility (Sun er al,, 1994; Wang et al., 1998). No serious
adverse effects were observed and expression of the transduced T lymphocytes was
detectable for up to 44 months following treatment. Given these results, phase II trials

will be designed and undertaken.
Retroviral vectors do have a number of disadvantages. While they are effective at

transducing dividing cells like precursor T cells, they cannot transduce non-dividing

tissues, such as photoreceptor cells making them ineffective for treating RP. In recent
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years retroviral vectors have also been associated with serious side effects. Several
patients being treated for X-linked severe combined immunodeficiency (X-SCID), with
retroviral vectors, developed a form of leukaemia as a result of retroviral insertional
mutagenesis (Hacein-Bey-Abina et al., 2003). Subsequent studies have found that
integration by MoMLYV is not random, preferentially targeting regions around gene
promoters (Wu et al., 2003; Mitchell et al., 2004), a discovery which strongly supports
a cautious approach towards the use of retroviral vectors in gene delivery. However, to
date there have been no similar cases observed in clinical trials using retroviral vectors
to transduce mature precursor T cells (Muul e al., 2003), and with the continuing
development of self-inactivating vector (SIN) technology, together with the emergence
of other retroviral vectors based on lentiviruses, the role of retroviral vectors as gene
delivery agents is promising (Anson 2004). Indeed, retroviral vector delivery accounts
for  approximately 25% of current gene therapy  clinical trials

(http://www.wiley.co.uk/genmed/clinical/).

1.5.3.3 Lentiviral vectors

Lentiviruses are another type of retrovirus with the important property of stably
transducing non-dividing and dividing cells, and a well-known example is human
immunodeficiency virus (HIV) (Delenda 2004; Verma et al., 2005). Most lentiviral
(LV) vectors are based on HIV serotype 1 and efficient gene delivery to various cell
types has been successfully demonstrated in vivo, including to hippocampal cells
(Ahmed er al., 2004), hepatocytes (Kafri er al., 1997) and chronic myelogenous
leukaemia cells (Soda er al., 2004). With regard to delivery to the eye, a study by
Miyoshi et al. demonstrated the efficient transduction of RPE and photoreceptor cells in
postnatal day 0-2 (PO-P2) infant rats using a LV vector carrying GFP. Further work
showed photoreceptor rescue in a mouse model of retinal degeneration with LV vector
delivery of a therapeutic gene (Takahashi er al., 1999). However, results from a
subsequent study showed that LV transduction of photoreceptors in adult mice was
inefficient (Bainbridge er al., 2001). Thus, LV-mediated delivery is clearly unsuitable
for adRP and other retinal degenerations where the associated pathogenic gene is

expressed in photoreceptor cells. However, in recent years, another viral vector, based
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on the adeno-associated virus (AAV) has emerged as a potentially powerful gene

delivery tool for retinal degenerations.

1.5.3.4 Adeno-associated viral vectors

Adeno-associated viruses are non-pathogenic single stranded DNA viruses that belong
to the Parvoviridae family (Carter et al., 2000; Buning et al., 2003; Verma et al., 2005).
AAV are replication defective, so a helper virus (adeno-or herpesvirus) is necessary for
infection of target cells and numerous different serotypes have been identified in
humans and primates (Verma et al., 2005). Vectors based on AAV have several
advantages compared to the other viral vectors: 1) ability to infect a broad range of
dividing and non-dividing cells, 2) derivation from a non-pathogenic virus, 3) minimal
immunogenicity and 4) stable integration into host genome. Vectors based on the well-
characterised AAV?2 serotype, are the most widely used for gene delivery. AAV2 has a
4.7 kb genome encoding four replication and three structural capsid proteins. Currently
a new generation of AAV2 vectors are being developed, with AAV2 genomes and
other serotype capsid proteins. As the range of cells infected by AAV depends on the
serotype, this is being exploited to generate more efficient, tissue specific expression of
therapeutic genes. For example, AAV2/1 and 2/7 vectors have been demonstrated to
infect muscle efficiently in vivo (Gao et al., 2002; Rabinowitz et al., 2002), AAV?2/8,
liver tissue (Gao et al., 2002) and AAV2/5, photoreceptor cells of the retina (Auricchio
et al., 2001; Yang et al., 2002). These exciting advances in AAV technology mark

another important step in the development of AAV vectors for clinical use.

AAV vectors have been used to deliver therapeutic genes for a range of diseases
including haemophilia (Arruda et al., 2005), Duchenne muscular dystrophy
(Athanasopoulos et al., 2004) and cystic fibrosis (Flotte et al., 2001). Clinical trials
evaluating AAV delivered therapies for these disorders are currently on going

(http://www.wiley.co.uk/genmed/clinical/). For the purpose of this thesis, a review of

AAV vector mediated gene therapy for RP is discussed. AAV vectors are ideally suited
for use in the retina for the reasons outlined above and in addition, results from a phase

II clinical trial treating cystic fibrosis patients have shown AAV to be safe (Moss et al.,
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2004). AAV-mediated delivery of RP genetic therapies have been evaluated in animal
models of retinal degeneration. Several studies have showed that AAV2 delivery of
ribozymes targeting mutant rhodopsin with a proline to histidine mutation at codon 23
in a rat model of adRP, resulted in a significant slowing of photoreceptor degeneration
(Lewin et al., 1998; La Vail et al., 2000). As RP is genetically heterogeneous, with
Pro23His representing 1 of approximately 100 rhodopsin mutations, such an approach
is limited in its application. A recently published paper evaluated ribozyme (Rz397)
suppression of wild-type rhodopsin in heterozygous rhodopsin knockout mice (Rho*")
using AAV vector delivery (Gorbatyuk ef al., 2005). An 80% reduction in rhodopsin
protein, as assessed by Western blotting, was demonstrated 2 months after injection of
Rho*" mice with AAV-Rz397. Suppression of both wild-type and mutant rhodopsin
could be used to treat adRP, where the ribozyme would be co-delivered with a
replacement rhodopsin construct modified to protect it from ribozyme suppression.

This is similar to the mutation-independent approaches described in 1.2.10.3.

Delivery of replacement genes has been undertaken in studies of gene therapeutic
strategies for arRP, which unlike adRP does not involve additional gene suppression.
AAV2 delivery of rds-peripherin has been evaluated in the rds mouse model,
homozygous for a mutation in the rds-peripherin (Ali et al., 2000; Sarra et al., 2001;
Schlichtenbrede ez al., 2003, 2004). The study by Ali et al., showed that there was an
improvement in photoreceptor morphology for up to 10 weeks following injection
together with a significant electroretinogram (ERG) response compared to rds control
animals. Although subsequent papers found that this effect was transient, a study
published last year, demonstrated that treated rds mice had improved visual function

(Schlichtenbrede et al., 2004).

Another retinal degeneration that has been successfully treated using AAV delivered
gene therapy is Leber congenital amaurosis (LCA), a severe, early-onset retinopathy
that involves both rod and cone photoreceptors (Allikmets 2004; Koenekoop et al.,
2004). Mutations in the RPE65 gene, expressed in the retinal pigment epithelium, can
result in LCA. AAV delivery of RPE65 to murine and canine models of LCA, restored
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vision significantly, and as a result human clinical trials are being initiated (Acland et
al., 2001; Narfstrom et al., 2003; Acland er al., 2005). AAV delivery of another gene
associated with LCA, RPGRIP, to a murine model of LCA resulted in significant
preservation of photoreceptor morphology and function, as assessed by ERG (Pawlyk
et al., 2005). For further information on AAV delivery to the retina, refer to two

excellent recent reviews, Rolling 2004 and Dinculescu et al., 2005.

Another therapeutic approach for retinal degenerations such as RP, is to promote
photoreceptor survival using neurotrophic factors including glial cell line-derived
neurotrophic factor (GDNF) (Frasson et al., 1999; McGee Sanfter et al., 2001), rod-
derived cone viability factor (Leveillard er al., 2004) and ciliary neurotrophic factor
(CNTF) (Liang et al., 2001; Bok et al., 2002). Although AAV2 delivered CNTF was
shown to preserve photoreceptor morphology in murine models of retinal degeneration,
photoreceptor abnormalities and suppressed ERGs were noted, possibly due to high
expression levels (Liang er al., 2001; Bok et al., 2002). Notably, the development of a
novel delivery system for CNTF, namely an encapsulated cell therapy device (ECT),
may potentially overcome the problems with excessive levels of CNTF (Tao et al.,
2002).

AAV2 vectors have great potential as gene delivery vectors for retinal degenerations
and the development of second-generation vectors with enhanced cell targeting
specificity represents a significant step toward realising this potential. By exchanging
the AAV2 capsid protein with capsids from other AAV serotypes, several studies
demonstrated that the AAV2 transduction efficiency in the retina is modified
(Auricchio et al., 2001; Yang et al., 2002). For example while AAV2/2 infects the RPE
and photoreceptors, using the capsid from serotype 1 results in expression
predominantly in the RPE (AAV2/1) and using AAV2/S is more effective for
transducing photoreceptors. Additionally, the capsid serotype determines the onset and
level of gene expression in the photoreceptors, varying from 24-48 hours following

administration with AAV2/1 to 14-28 days with AAV?2/2 (Auricchio et al., 2001).




With regard to gene delivery for cancer therapy, AAV vectors are not widely used, and
the majority of clinical trials employ adenoviral viral vectors, discussed below.
However, results exploiting the recent discoveries regarding varying tissue tropism
among different AAV serotypes, indicate that AAV vectors may be promising delivery
agents for cancer gene therapy (Hacker et al., 2005). By comparing the transduction
efficiency among a range of cancer cell lines with different AAV serotypes, AAV2 was
found to be the most efficient compared to AAVI-AAV4. In addition, a number of
papers have shown that AAV sensitises cancer cells to chemotherapeutic agents
(Hillgenberg et al., 1999) and radiation (Walz et al., 1992), suggesting that further

evaluation of AAV vectors for gene based cancer therapy is worthwhile.

1.5.3.5 Adenoviral vectors

Adenoviruses are a family of double-stranded DNA viruses, which have been isolated
from avian and mammalian species (Volpers et al., 2004; Verma et al., 2005). Within
the human adenoviruses, there are approximately 50 serotypes, but the majority of
adenoviral vectors are based on serotype 2 or 5 (Ad2, Ad5). Ad vectors are important
gene delivery vectors as they have a low pathogenicity, can be generated at a high titre
and have a transgene capacity of approximately 30 kb, which is considerably more than
AAYV which is limited to less than 5 kb. In addition, unlike the other viral vectors so far
described, Ad vectors are non-integrating (Voplers et al., 2004). Ad vectors have been
widely applied as delivery agents for human gene therapy and notably, were one of the
first viral vectors to be used in clinical trials (Crystal et al., 1994). At present there are
approximately 200 ongoing clinical trials evaluating Ad vector delivered genes for
vascular diseases (angina), Mendelian disorders (cystic fibrosis) and cancer (melanoma,

prostate cancer) (http://www.wiley.co.uk/genmed/clinical/).

As Ad vectors provide high levels of short-term expression, they may be optimal for
treating acute diseases such as cancer. Indeed, almost 80% of Ad clinical trials are
evaluating various therapeutic strategies for cancer. Examples of cancer therapeutic
genes delivered using Ad vectors in preclinical studies include expression constructs for

ribozymes targeting genes involved in oncogenesis, such as K-ras (Kijima et al., 2004)
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and Her-2/neu (Irie et al., 2005), pro-apoptotic genes including TRAIL (El-Zawahry et
al., 2005) and Smac (Hasenjager et al., 2004) and cytokines (Slos et al., 2001; Dummer
et al., 2004).

As the p53 gene is mutated in approximately 50% of human cancers (Hollstein et al.,
1991), it is an important focus for the development of therapeutic strategies for cancer
(see 1.3). One approach is to deliver the p53 gene using Ad vectors to cancer cells,
restoring the p53 apoptotic pathway, thereby inducing cell death and sensitising the
cells to cytotoxic agents and radiation therapy (Nielsen et al., 1998; Horowitz 1999).
Results from studies in cellulo (Fujiwara et al., 1994a; Sandig et al., 1997) and in vivo
(Turturro et al., 2000; Logunov et al., 2004) have demonstrated that the delivery of wt
p53 using Ad vectors, results in reduced cell proliferation and tumourogenicity.
Currently there are approximately 30 clinical trials worldwide, evaluating Ad vector
delivered p53 gene for cancers including non-small cell lung cancer (NSCLC), ovarian
cancer and head and neck squamous cell carcinoma (HNSCC)

(http://www.wiley.co.uk/genmed/clinical/). Many of these trials are evaluating a p53

Ad vector, produced by Introgen Therapeutics (Austin, TX, USA), known as INGN-
201. Several phase I and II trials have been undertaken, to evaluate INGN 201 in
patients with lung (Swisher et al., 2003), ovarian (Wolf et al., 2004) and bladder cancer
(Pagliaro et al., 2003). Results from phase I clinical trials demonstrated that INGN-201
delivery was safe with minimal toxicity (Pagliaro et al., 2003; Wolf et al., 2004), while
results from the phase II trial were encouraging with a full (5%) or partial (58%)
tumour regression in a total of 19 patients with non-small cell lung cancer (Swisher et
al., 2003). Phase III trials are currently ongoing to evaluate the efficacy of INGN-201
with co-administration of chemotherapeutic agents, for treating head and neck
squamous cell carcinoma (http://www.wiley.co.uk/genmed/clinical/). Examples of
other clinical trials using p53 delivered using Ad vectors are shown in Table 1.2.
Furthermore, while clinical trials are ongoing in the United States, the State Food and
Drug Administration of China recently granted a drug license to Shenzhen SiBono
Gene Technologies to produce AdpS53 for treating head and neck squamous cell

carcinoma, the world’s first commercially approved gene therapy (Pearson et al., 2004).
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Ad vectors, unlike retroviral vectors transduce non-dividing cells, and so have been
used to deliver therapeutic genes for retinal degenerations. Ad vectors efficiently
transduce retinal pigment epithelium (RPE) and Miiller cells (Bennett et al., 1994; Li et
al., 1994), so retinal degenerations resulting from mutations in RPE specific genes can
be potentially treated using Ad-mediated gene transfer. Mertk is a receptor tyrosine
kinase, mainly expressed in the RPE and mutations in this gene can result in arRP. A
study undertaken in 2001, demonstrated photoreceptor cell rescue in the Royal College
of Surgeons (RCS) rat model of arRP, using Ad delivered Mertk (Vollrath et al., 2001).
In addition, Ad vectors have been used to deliver neurotrophic factors to mouse models
of retinal degeneration, including ciliary neurotrophic factor (CNTF) and brain-derived
neuorotrophic factor, thus retarding photoreceptor cell loss. However, as Ad vectors do
not efficiently transduce photoreceptor cells (Bennett er al., 1994; Cashman et al.,
2002), this observed protective effect is possibly from the direct preservation of the

supporting Muller cells.

Like other viral vectors there are safety concerns with Ad vectors, particularly since the
death of a patient enrolled in a phase I clinical trial due to a severe immune response
(Raper et al., 2002). Immune responses to Ad vectors are a significant challenge to
using them safely and efficiently, but a better understanding of these responses has
enabled researchers to develop new techniques and develop safer Ad vectors. For a
review of this area refer to St George 2003. With continued improvements in safety, Ad
vectors have great potential as gene delivery agents for certain diseases. Indeed,
adenoviral vector gene delivery accounts for 25% of current clinical gene therapy trials

(http://www.wiley.co.uk/genmed/clinical/).
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Table 1.2: Examples of some proposed and current clinical trials employing viral

methods of delivery

Professor MacGregor
University of Pennsylvania
Medical Center, PA, USA

[ Phase I Clinical

Professor David Stein HIV-1 Phase I/IT Lentiviral HIV-1 Eny

Albert Einstein College of Clinical

Medicine, NY, USA

Aventis Pharmaceuticals Head and Neck Phase IIT Adenoviral-p53
Carcinoma Clinical

Introgen Therapeutics, Austin, | NSC' Cancer Phase II/IIT Adenoviral-p53

TX, USA Clinical

GenVec, Pancreatic Cancer | Phase II Clinical Adenoviral-TNE-o

Gaithersburg, MD, USA

Professor Robin Ali LCA® Enrolling for AAV-RPE65

Institute of Opthalmology, Phase I Clinical

University of London, UK

Professor Jean Bennett, LCA® Enrolling for AAV-RPEG65

Department of Opthalmology,
University of Pennsylvania,
USA

Phase I Clinical

"Non-small cell, “Leber congenital amaurosis, ° Tumour necrosis factor-alpha

Following this introduction are five chapters, the first of which is a review of the

materials and methods used for the experimental studies undertaken as part of this

Ph.D. Chapter 3 describes the evaluation of three inhibitory of apoptosis proteins

(IAPs) as anti-apoptotic agents for adRP in a line of cone photoreceptor cells, 661W.

The next chapter gives details on the design, generation and in cellulo evaluation of

constructs with photoreceptor-specific promoter-driven expression of Cre recombinase,

for the future generation of transgenic mouse models. Following on from a previous

study in the laboratory in TCD, Chapter 5 describes the further evaluation of another

anti-apoptotic protein, p35, using cultured retinal explants and a transgenic mouse
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model with conditional expression of p35. The final chapter describes the in vitro

evaluation of a ribozyme-based mutation-independent approach to p53-related cancer.
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Figure 1.1: Retinal histology from a wild-type retina. The various layers
of the retina are identified: retinal pigment epithelium (RPE), rod outer
segments (ROS), inner segments (RIS), outer nuclear layer (ONL), outer
plexifom layer (OPL), inner nuclear layer (INL), inner plexiform layer (IPL)
and ganglion cell layer (GCL).
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Figure 1.2: Diagram of a photoreceptor and the visual transduction
cascade*. The cascade is initiated by the absorption of a photon of light by
rhodopsin (Rho), converting 11-cis retinal to all-trans retinal and activating
Rho to Rho*. Rho*, activates transducin (T) by catalysing the exchange of
GDP for GTP, which in turn activates cGMP-phosphodiesterase (PDE).
PDE hydrolyses cGMP to 5’-GMP, and the resulting decrease in cGMP
levels causes the c-GMP gated-channels to close. The photoreceptor
becomes hyperpolarised inhibiting the release of the neurotransmitter,
glutamate, at its synaptic terminal, which is relayed as an electrical signal
via the optic nerve to the brain. The Na*/Ca?* ion exchanger continues to
transport Ca?*, decreasing levels within the outer segments and triggering a
feedback mechanism to facilitate photoreceptor recovery. *Image from

Kennan et al., 2005.



Figure 1.3*: Photographs of a normal (A) and RP retina (B). Features
typical of RP, such as marked pigment epithelial thinning, optic disc
pallor, retinal vascular attenuation and the classical ‘bone spicule’
intraretinal pigmentary deposits, are clearly evident in the RP
retina.¥*Image kindly provided by Dr. Paul Kenna, Ocular Genetics Unit,

Trinity College Dublin.
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Figure 1.4*: Diagram of the tetracycline-inducible system for gene

expression. (A) The tetracycline-dependent transactivator (tTA) is a fusion
of the tetracycline repressor (tetR) and viral transcriptional regulator
(VP16). The second element of the system is a plasmid with a tetracycline
responsive element (TRE) controlling expression of the target gene. A
tissue-specific promoter drives the expression of tTA, which binds to TRE
in the presence of doxycyclin, a tetracycline analog, preventing expression
of the target gene. (B) The Tet-On system operates in the reverse fashion,
with a reverse tTA which binds to the TRE in the presence of doxycyclin,
activating expression of the target gene.*Image from van der Weyden et

al., 2002.
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Figure 1.5%: Diagram of a loxP sequence and recombinations

catalysed by Cre recombinase. Diagram (A) shows the 34 bp loxP

sequence with the 13 bp symmetric elements underlined with red arrows

and the 8 bp AT-rich core in blue font. Diagram (B1) shows a target gene

(red and yellow rectangles) flanked by loxP sites (triangles) in the same

orientation. Cre activity excises the target gene. (B2) shows the target gene

flanked by loxP sites orientated in opposite directions so Cre activity

inverts the target gene. The arrows indicate the reversibility of the

reactions.*Images modified from van der Weyden et al., 2002.



pS3 Protein

LB Y
Sex- 118
. - s

Mutation 1 % 2 39 SO 3.4% 0.3%
Frequency
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I: Transactivation domains: aa 1-42, 43-62
I1: Proline-rich region: aa 65-97

III: DNA binding domain: aa 102-292
I'V: Oligomerisation domain: aa 323-356
V: Regulatory domain: aa 363-393

Figure 1.6*: Diagram of the p53 protein. The 53 kDa p53 protein can be divided
into 5 domains: 1) a transactivation domain that also contains the site for MDM?2
protein binding (negative regulator of p53), 2) a conserved proline-rich region, 3) a
DNA binding domain where approximately 80% of mutations are located, 4) an
oligomerisation domain for dimerisation with another p53 protein (p53 functions as
two dimers: tetramer) and 5) a regulatory domain which contains nuclear
localisation signals and is involved in downregulation of DNA binding of the
central domain. Codons that are frequently mutated are indicated in green, with the
relative frequency of each represented by the length of the line. The relative
proportion of p53 mutations that occur in each domain and that are missense are
indicated in red and blue respectively.*Diagram modified from http://www-

iarc.p53.1r/.
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Figure 1.7: Diagram of pS53 activity. A) Wild-type (wt) p53 functions as a
tetramer and is maintained at low levels in unstressed cells by a number of
mechanisms, including binding by MDM?2, which targets p53 for proteosomal
degradation. In response to stress (i.e. DNA damage, hypoxia), pS3 levels increase
and by activating the transcription of target genes, p53 induces cell cycle arrest or
apoptosis. B) Mutant p53 may have a dominant-negative effect on the activity of
wt p53 by oligomerising to form wt/mutant tetramers. p53 levels may increase as
degradation by MDM2 is inhibited and in response to stress, the wt/mutant
tetramer may not efficiently activate gene transcription for DNA repair or

apoptosis, possibly leading to tumour development.




Stem Il

Stem Il

o

Figure 1.8*: Structure of a self-cleaving hammerhead ribozyme. (A) shows the
secondary structure with stems I, II, and III. An arrow marks the cleavage site. (B)
shows the crystal structure with red circles marking the cleavage site to the right
and an important catalytic adenosine (A,) to the left.*Image from Fedor et al.,

2005.
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Figure 1.9*%: Diagram of the structure of a frans-cleaving hammerhead
ribozyme. The structure consists of a catalytic core (stem II), flanked by two arms
that bind the target mRNA forming stems I and III. The cleavage site after a GUC
triplet, outlined in blue, is marked by a red arrow.*Diagram is modified from

Schubert et al., 2004.



CHAPTER 2

Materials and Methods



2.1 Materials

2.1.1 Reagents

@

(i)

(i)

@iv)

(v)

Chemicals and antibiotics: All chemical reagents, growth media and
antibiotics, unless stated, were obtained from: 1) BDH Laboratory Supplies,
Poole, England, 2) Calbiochem, Nottingham, UK, 3) Gibco, Paisley, UK or
4) Sigma-Aldrich, Stenheim, Germany.

Enzyme and buffers: Restriction enzymes and buffers were obtained from
New England Biolabs, Frankfurt, Germany. Taq DNA polymerase,
PfuTurbo DNA polymerase, T4 DNA ligase and RNacelT were obtained
from Stratagene, La Jolla, CA, USA. Lysozyme was obtained from Sigma-
Aldrich. Klenow enzyme and T4 DNA polymerase were obtained from
Roche Diagnostics, Penzberg, Germany. Shrimp alkaline phosphatase (SAP)
was obtained from USB Corporation, Cleveland, OH, USA.

Molecular weight standards: 100 bp and 1 kb DNA ladders were obtained
from New England Biolabs. Kaleidoscope prestained protein ladder was
obtained from Bio-Rad Laboratories, Munich, Germany.

Molecular biology kits: Ribomax Large Scale RNA Production System-T7
and Access RT-PCR kits were obtained from Promega, Madison, WI, USA.
EndoFree Plasmid Maxi Kit, HiSpeed Plasmid Maxi Kit, Qiaquick Gel
Extraction Kit, Omniscript RT Kit and RNeasyMini Kit were obtained from
Qiagen, Hilden, Germany. QuikChange Site Directed Mutagenesis Kit was
obtained from Stratagene. ViraKit was obtained from Virapure, San Diego,
CA, USA.

Tissue culture: Dulbecco’s modified Eagle medium (D-MEM), RPMI 1640
medium, foetal calf serum (FCS), L-glutamine, taurine, B-27 supplement,
trypsin-EDTA, phosphate buffered saline (PBS, pH 7.2), Hanks’ balanced
salt solution (HBSS) and Opti-MEM 1 were obtained from Gibco-
Invitrogen, Paisley, UK.
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2.1.2 Solutions

)

(i1)

(i11)

(iv)

v)

(vi)

(vii)

Luria-Bertani medium (LB medium): 1% (w/v) tryptone, 0.5% (w/v) yeast
extract, 1% (w/v) NaCl. To prepare agar plates 1.5% (w/v) Agar grade A
was added to the medium. LB agar and broth were autoclaved at 15 p.s.i. for
20 minutes. E. coli (XL-1B) cultures were selected using 50ug/ml
ampicillin and 25ug/ml tetracycline.

1X-Tris-acetate (TAE) buffer (pH 8.0): 0.04M Tris-acetate, 0.01M
ethylenediaminetetra-acetic acid disodium salt (EDTA, pH 8.0).

Gel loading dye: 0.25% (w/v) bromophenol blue, 0.25% (w/v) xylene
cyanol and 30% (w/v) glycerol in double-distilled water (ddH0).

10X-PCR buffer: 500mM KCI, 100mM Tris-HCI1 (pH 9.0), 0.1% gelatin,
1% Triton X-100 and either 10, 15, 20 or 25mM MgCl,.

Miniprep solutions: Lysis solution 1: S0mM Tris-HCI (pH 8.0), 0.25%
sucrose and 2mM EDTA (pH 8.0). M-STET solution: 5% Triton X-100,
50mM EDTA (pH 8.0), S0mM Tris-HCI (pH 8.0) and 5% sucrose.

Caesium chloride maxiprep solutions: Lysis solution 1: 50mM glucose,
25mM Tris-HCI (pH 8.0) and 10mM EDTA (pH 8.0). Lysis solution 2:
0.2M NaOH and 1% sodium dodecyl sulphate (SDS). Lysis solution 3: 3M
sodium acetate (pH 5.2). Top-up solution: 0.95g CsCl per 1ml Tris-HCI, pH
8.0.

RNA solutions: RNA loading dye: 1mM EDTA, 0.25% bromophenol blue,
0.25% xylene cynanol and 50% glycerol. DEPC H>0: 500ml ddH,0 treated
with Iml diethylpyrocarbonate (DEPC) overnight at 37°C, followed by
autoclaving at 15 p.s.i. for twenty minutes. 10X-Tris-borate (TBE) buffer:
55g boric acid, 108g Trizma base and 40ml 0.5M EDTA (pH 8.0) in a final
volume of 1L. 20% acrylamide: 96.5g acrylamide, 3.35g bis-acrylamide,
233.5g urea and 50ml 10X-TBE in a final volume of 500ml. 7.75M urea:
233.5g urea, S0ml 10X-TBE and ddH;0 to 500ml. Polyacrylamide gel (4%):
45ml 7.75M urea, 30ml 20% acrylamide, 600ul ammonium persulphate
(APS) and 75ul N,N,N,’N’- tetramethylethylenediamine (TEMED).
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(viii)

(ix)

(x)

(x1)

(xi1)

(xiii)

Western blot analysis: RIPA buffer: SOmM Tris-HCI, pH 7.5, 150mM NacCl,
1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS. Polyacrylamide gel
(10%): 10% polyacrylamide mix, 0.375M Tris-HCI (pH 6.8), 1% SDS, 1%
APS, 0.04% TEMED. 5X SDS Loading Buffer: S0mM Tris-HCI (pH 6.8),
100mM dithiothreitol (dTT), 2% SDS, 0.1% bromophenol blue and 10%
glycerol. Tris-glycine electrophoresis buffer: 25SmM Tris base, 250mM
glycine (pH 8.3), 0.1% SDS. Transfer buffer: 39mM glycine, 48mM Tris
base, 0.037% SDS, 20% methanol. Blocking solution (5% Milk TBS-
Tween): 10mM Tris-HCI (pH 8.0), 150mM NaCl, 0.05% Tween-20, 5%
non-fat dried milk, 0.05% sodium azide. Wash solution (TBS-Tween):
10mM Tris-HCl (pH 8.0), 150mM NaCl, 0.05% Tween-20.

Tissue culture medium: Complete D-MEM: D-MEM, 10% (v/v) FCS, 2mM
sodium pyruvate, 2mM L-glutamine. Complete RPMI 1640: RPMI 1640,
15% (v/v) FCS, 2mM sodium pyruvate. Complete D-MEM/F12: 10% (v/v)
FCS, 2mM taurine, 2% (v/v) B-27 supplement.

2X-HBS buffer: 280mM NaCl, 10mM KCIl, 1.5mM Na,HP0,;, 12mM
dextrose and SO0mM Hepes (pH 7.1).

B-galactosidase (B-gal) staining solutions: Fixative solution: 0.2%
glutaraldehyde and 2% paraformaldehyde in PBS (pH 7.2). Staining
solution: 5SmM potassium ferricyanide, SmM potassium ferrocyanide, 2mM
MgCl,, 0.02% NP-40, 0.01% SDS in PBS. 5-bromo-4-chloro-3-indolyl-f-D-
galactoside (X-gal) at a stock concentration of 20mg/ml (in dimethyl
formamide) was added fresh before use at a final concentration of 1mg/ml.
10% Neutral formalin: 100ml formalin, 6.5g sodium phosphate dibasic and
4.0g sodium phosphate monobasic in a final volume of 1L ddH,0.

TUNEL assay mix: 50ul 5SX buffer, 2.5ul Terminal deoxynucleotidyl
Transferase (Promega), 1.5ul tetramethylrhodamine-5-dUTP (Roche
Diagnostics) in a final volume of 500ul ddH,0.
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2.1.3 Oligonucleotide synthesis

Oligonucleotides were supplied by Sigma-Genosys, Pampisford, Cambridgeshire, UK.
They were resuspended in ddH,0 at a final concentration of 100uM and diluted

appropriately for use.

2.1.4 Cell lines

Human embryonic kidney (HEK) 293 cells were obtained from Stratagene. Professor
Seamus Martin of Trinity College Dublin provided HEK 293T (adenovirus-
transformed) cells and HeLa human epitheloid carcinoma cells. The mouse
photoreceptor cell line 661W was supplied by Professor Muayyad Al-Ubaidi of the
Department of Cell Biology, University of Oklahoma Health Sciences Center,
Oklahoma City, OK, USA. Dr. Michael Cheetham of the Institute of Opthalmology,
London, UK, provided the Y79 human retinoblastoma cells.

2.1.5 Animals

All experiments using animals were conducted in compliance with the Association for
Research in Vision and Opthalmology (ARVO) statement regarding the use of animals
in ophthalmic and vision research. Two strains of mice were used: 1) wild-type (wt)
C57BL/6J mice from Harlan Laboratories, Oxfordshire, UK and 2) loxP-p35 transgenic
mice kindly provided by Professor Masayuki Miura from the Department of Genetics,
University of Tokyo, Japan.
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2.2 General Methods

2.2.1 Phenol/chloroform extraction of DNA and RNA

Samples were mixed with equal volumes of buffer saturated phenol (pH 7.5), vortexed
for 30 seconds and centrifuged at 13,200rpm on a Micromax centrifuge (International
Equipment Company: Thermo-Electron, Waltham, MA, USA) for 5 minutes to separate
the phases. The upper aqueous phase was transferred to a fresh eppendorf. An equal
volume of phenol/chloroform was added and the sample was vortexed and centrifuged
as before. The upper phase was removed, an equal volume of chloroform was added
and the sample was treated as before. The aqueous phase was removed and the nucleic

acid was ethanol precipitated.

2.2.2 Eihanol precipitation of DNA and RNA

Nucleic acids were precipitated by adding 0.1x volume of 3M sodium acetate (pH 7.0)
and 2.5x volume of ethanol. Samples were mixed and left for thirty minutes at room
temperature. They were then centrifuged for twenty minutes at 13,200rpm (Micromax)
and the supernatant was removed. The pellet was washed with 70% ethanol and

resuspended in ddH,0.

2.2.3 Restriction enzyme digestion

Restriction enzyme digestions of DNA were carried out in final volumes of 20-50pul.
Restriction enzymes were used at a concentration of 1U per lug DNA with the
appropriate buffer. The reactions were incubated for a minimum of 2 hours at 37°C or

other specified temperature according to the manufacturer’s instructions.

2.2.4 Visualisation of DNA by agarose gel electrophoresis

Agarose gels were prepared by boiling 0.8-3.0% (w/v) of agarose in 1X-TAE buffer.
The higher percentage gels were used for visualising DNA bands smaller than 500 bp.
Agarose solutions were allowed to cool for several minutes and ethidium bromide
(EtBr) was added at a final concentration of 0.5ug/ml. Combs were inserted and gels
were allowed set for 30 minutes. Combs were removed and 1X-TAE was added to the

gel rig (Bio-Rad Laboratories). The DNA samples (mixed with 0.1x volume of DNA
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loading dye) were loaded into the wells alongside a DNA size marker. Samples were

electrophoresed at 80mA. DNA was visualised on the Gene Genius Gel Documentation

System with GeneSnap software (Syngene, Cambridge, UK).

2.2.5 Purification of DNA fragments from agarose gels

Restriction enzyme digested or PCR amplified DNA samples were mixed with 0.1x
volume of loading dye, loaded on 1-1.5% agarose gels as described above in 2.2.4. Gels
were visualised with a TEX20M UV transilluminator and required fragments cut out
with sterile razor blades. Gel isolated fragments were cleaned using the Qiaquick Gel
Extraction Kit (Qiagen) in accordance with the manufacturer’s instructions. An aliquot
of the purified DNA was run on an agarose gel to ensure accuracy of isolation. Gel-

purified fragments were then sequenced or used for cloning.

2.2.6 Ligations

In a 15pul reaction volume, varying concentrations of insert DNA were added to 100ng
vector. 1.5ul of 10X buffer and 1.5ul rATP was subsequently added with 1ul ligase
enzyme. The final volume was adjusted to 15ul with ddH,0 and the mix was incubated

at 18°C overnight.

2.2.7 Competent cell preparation for XL-1B cells

Overnight cultures of E. coli (XL-1B) in 1ml LB selective (with tetracycline) media
were used to inoculate 50ml LB selective media to an ODgg of 0.4 to 0.6. The cells
were centrifuged for 10 minutes at 3,200rpm on a GS-6 centrifuge (Beckman Coulter,
Fullerton, CA, USA). The supernatant was discarded and the cells were washed in an
equal volume of 100mM MgCl, (4°C). The cells were centrifuged again for 10 minutes.
The MgCl, was discarded and the cells were resuspended in 0.5x volume of 100mM
CaCl,. The cells were then left on ice for 20 minutes. The cells were then centrifuged as

before and resuspended in 0.05x volume of 100mM CaCl, (4°C).
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2.2.8 Transformation

Sul of each ligation mix was made up to a final volume of 100ul with 100mM CaCl,,
and added to 150ul competent cells, incubated on ice for 30 minutes and heat shocked
for 2 minutes at 42°C. 2ml of LB medium was added to the cells, which were then
incubated at 37°C for 90 minutes and inoculated to selective (ampicillin or kanomycin)

agar media plates at 37°C overnight.

2.2.9 Selection of positive XL-1B transformants using PCR analysis

Single XL-1B colonies were re-inoculated to fresh selective agar media plates for a
further night, and screened using PCR analysis (see 2.2.15). A sterile toothpick was
used to transfer each single colony to Sul Tris-HCI-EDTA (TE) buffer in an eppendorf.
To this, a solution containing 10pmol forward and reverse primer, 0.2mM dNTPs, 1.5U
Taq polymerase and 2ul 10X-PCR buffer (2.1.2 {iv}, with a final concentration of 10-
25mM MgCl,) made to a final volume of 15ul with ddH,0, was added. The reactions
were cycled as described in 2.2.15. Amplified DNA products were run on an agarose
gel with a DNA sizing ladder, to identify the colonies carrying the plasmid construct.
Positive single colonies were re-inoculated in 10ml selective LB medium with shaking

in an orbital incubator at 37°C overnight for plasmid mini-prep analysis.

2.2.10 Boiling miniprep procedure

Cultures were centrifuged at 3,200rpm (GS-6) for 10 minutes. The pelleted cells were
resuspended in 60ul resuspension buffer (2.1.2 {v}) and transferred to a 1.5ml
eppendorf on ice. 20ul lysozyme solution (40mg/ml in 250mM Tris-HCl pH 8.0) was
added and the samples were left for 10 minutes on ice. 550ul M-STET (2.1.2 {v}) was
added and the samples were left to stand at room temperature for 10 minutes. The lids
of the eppendorfs were opened and the samples were boiled for 1 minute. They were
then centrifuged for 30 minutes at 13,200rpm (Micromax). The pellet was pulled out
with a sterile toothpick and 1ul RNacelT (Stratagene) was added to each sample. They
were incubated at 37°C for 15 minutes before one phenol extraction. 0.6x volume

isopropanol was added to the samples, which were left for 15 minutes at room
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temperature. The samples were centrifuged for 10 minutes and washed with 80%

ethanol. The pellets were resuspended in S0ul ddH»0.

2.2.11 Qiagen plasmid maxipreps

To prepare large quantities of clean DNA for techniques including transfection to
mammalian cell lines and electroporation of retinal explants, HiSpeed and EndoFree
Plasmid Maxi Kits were used (Qiagen) in accordance with the manufacturer’s

instructions.

2.2.12 Caesium chloride DNA maxipreps

Overnight cultures of transformed E. coli (XL-1B) in 5Sml selective LB media were
used to inoculate 1L selective LB media and grown for 7 hours. 0.1g of
chloramphenicol was then added and the cuiture was grown overnight. Following
centrifugation at 7,000rpm on a Sorvall RC-5B centrifuge (Thermo-Electron, Waltham,
MA, USA) for 10 minutes, the pellets were pooled in 50ml lysis solution I (2.1.2 {vi}),
and left on ice for 30 minutes. 50ml lysis solution II was added slowly and the
suspension was left on ice for 15 minutes after mixing well. The suspension was then
centrifuged at 8,000rpm for 5 minutes, 0°C. The supernatant was filtered through gauze
into a new bottle and 0.6x volume of cold isopropanol was added. It was then
centrifuged immediately for 10 minutes at 8,000rpm, 0°C. The supernatant was
discarded and the pellet was briefly dried upside down. The pellet was resuspended in
8.3ml of 10mM Tris-HCI (pH 8.0). 8.8g of caesium chloride was weighed into a 50ml
tube and 8.7ml of the plasmid mix was added. 0.35g of 10mg/ml EtBr was then added.
The caesium chloride was dissolved fully and the solution was transferred into a
centrifuge tube. It was then filled with top-up solution, and centrifuged overnight at
45,000rpm in a Beckman L8-M ultracentrifuge. The bottom band of plasmid DNA was
removed by side puncture (approximately 3ml). This solution was washed with
saturated butanol to remove the ethidium bromide. Following pressure concentration,
the DNA solution was dialysed against 10mM Tris-HCI1 (pH 8.0) for 8 hours, which

was changed 4 times every 15 minutes and then 1 time per hour for 5 hours. DNA was
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then quantified (2.2.13) and sequenced (2.2.14) to confirm its integrity before use in

experiments.

2.2.13 Quantification of DNA and RNA

DNA and RNA were quantified at 260nm and 280nm respectively on a CE 3021
spectrophotometer (Cecil Instruments, Cambridge, UK). The amount of nucleic acid
present was calculated on the basis that an optical density (OD) of 1 corresponds to
50pg/ml for double-stranded DNA and 40ug/ml for single-stranded DNA and RNA.
The ratio between the readings at 260nm and 280nm also indicate the purity of the
nucleic acid. Pure preparations of DNA and RNA should have OD 340280 Values of 1.8

and 2.0 respectively.

2.2.14 DNA sequencing

Sequencing was performed using the ABI 310 Genetic Analyser (Applied Biosystems,
Santa Clara, CA, USA) using BigDye Terminator chemistry (PerkinElmer, Boston,
MA, USA). 250ng of DNA, 2 pmol primer, 2ul BigDye Terminator mix and 2ul 5X-
buffer were made up to a final volume of 10ul. The reaction was cycled 25 times at
96°C for 30 seconds, 50°C for 15 seconds, 60°C for 4 minutes. The samples were then
ethanol precipitated and resuspended in 25ul template suppression reagent
(PerkinElmer). The resuspended samples were heated at 94°C for 2 minutes, and then
chilled on ice. Samples were loaded onto an ABI 310 Genetic Analyser. Sequence data
was collected and analysed using the ABI Prism 310 collection and Sequencing

Analysis 3.4.1 programs.

2.2.15 Polymerase chain reaction (PCR)

A typical 25ul PCR reaction had the following components: 0.2mM dNTPs, 10 pmol of
forward and reverse primer, 1.5U Taq polymerase, 20ng DNA template and 2.5ul 10X-
PCR buffer (2.1.2 {iv}, with a final concentration of 10-25mM MgCl,) brought to a
final volume of 25ul with ddH,0. Following denaturation at 94°C for 5 minutes the
reactions were typically cycled 35 times at 94°C for 1 minute to denature, 55°C for 1

minute to amplify, and 72°C for 1 minute to elongate. These times did vary according
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to the particular fragment being amplified. A 10 minute step at 72°C was added at the

end to increase product yield. PCR amplifications were carried out on a DNA engine
PTC-200 (MJ Research: Thermo-Electron, Waltham, MA, USA) using a heated lid to

prevent evaporation.

2.2.16 End-filling of DNA fragments using Klenow enzyme and T4 DNA polymerase

Klenow enzyme was used to end-fill 5’ overhangs of DNA fragments. A 50ul reaction
contained 1ul enzyme, 2mM dNTPs, 5ul Roche A buffer and 1ug DNA. The reaction
was incubated at 37°C for 30 minutes. The Klenow enzyme was then removed by
phenol/chloroform extraction (see 2.2.1). T4 DNA polymerase was used to end-fill 3’
overhangs of DNA fragments. A 50ul reaction contained 1ul enzyme, 2mM dNTPs,
10ul incubation buffer and 1ug DNA. The reaction was incubated at 12°C for 10

minutes and then immediately cleaned using phenol/chloroform extraction.

2.2.17 Dephosphorylation of 5'-phosphorylated ends of DNA

Shrimp alkaline phosphatase (SAP) is used to dephosphorylate 5'-phosphorylated ends
of linearised plasmid DNA, to prevent re-ligation of the plasmid. Each reaction
contained Sul 10X supplied buffer, 2ul SAP enzyme, 1ug DNA made up to a final
volume of 50ul with ddH,0. The reaction was incubated for 1 hour at 37°C and SAP
was inactivated by heating at 65°C for 15 minutes. 1ul of the reaction was then run on a

1% agarose gel to estimate the quantity of vector to use for the ligation.
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2.3 RNA Methods

2.3.1. Working with RNA

RNA is more susceptible to degradation than DNA and so several precautions were
taken to reduce the risk of sample degradation. These included using nuclease-free
eppendorfs, nuclease-free water, filtered tips and treating all solutions with DEPC as
described in 2.1.2 (vii).

2.3.2. Computer-aided RNA-folding

RNA forms a complex secondary structure in vivo, formed by hydrogen-bonded
pairings of complimentary bases (Uhlenbeck et al., 1997). A number of computer
modelling programs have been developed that predict RNA secondary structure based
on the primary sequence by using different algorithms or mathematical formulas
(Matzura et al., 1996; Zuker 1989). The widely used Mfold program, uses a recursive
algorithm that determine the optimal structures based on the lowest equilibrium free
energy as according to basic thermodynamic principles, this structure should be the
most stable (http://www.bioinfo.rpi.edu/application/mfold; Zuker 1989; Zuker et al.,
2003). As the Mfold algorithm generates the structure base by base, the free energy
contributions of base-pairs, hairpin loops and other secondary structural interactions are
calculated. These free energy values are based on thermodynamic parameters derived
from in vitro experimental data generated by analysing the thermodynamics of melting
short RNA oligonucleotides (Frier et al., 1986; Walter et al., 1994; Matthews et al.,
1999). A detailed description of the Mfold algorithm can be found in Zuker 1989 and
Zuker et al., 1994.

Folding constraints can be placed on the generated secondary structures to include a
specific helix or hairpin loop for example, or prevent specified regions from base-
pairing. In addition, the temperature is set at 37°C and ionic conditions at IM Na* and
OM Mg*, to reflect physiological conditions. To display the optimal and suboptimal
RNA secondary structures generated by Mfold, a companion program PlotFold is used.

A range of representations can be used including an energy dotplot, which takes the
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form of a two-dimensional graph, or a squiggles plot, which shows the base-pairing of

stems, loops and other secondary structures. To identify NUX ribozyme cleavage sites
located in open accessible loops, as described in Chapter 6, a squiggles plot output was

selected (Figure 6.1).

A second folding program, RNAdraw, was used to compare the prediction of open loop
structures to those generated by Mfold/Plotfold to select the most likely regions to form

open accessible loops (http://www.rnadraw.com; Matzura et al., 1996). RNAdraw can

be used on an Intel compatible computer with any recent Windows program, in contrast
to Mfold/Plotfold, which relies on an Intel/Linux mainframe computer located at
Renssalaer Polytechnic Institute, New York, USA. RNAdraw also uses a recursive
algorithm from Hofacker et al., to generate an optimal secondary structure (Hofacker et
al., 1994). This can be viewed as a two-dimensional graph, showing the base-pairing

probability or as a base-paired structure similar to a squiggle plot (Figure 6.2).

2.3.3 Isolation of RNA from cultured cells

TRI Reagent (Molecular Research Center, Cincinnati, OH, USA) was used to isolate
total RNA from cultured cells. Iml TRI Reagent was pipetted onto a 3.5cm dish. This
was left for 5 minutes at room temperature and then transferred to an eppendorf. 200ul
of chloroform was then added and the solution was vortexed for 15 seconds. This was
left for 2-3 minutes again at room temperature. The solution was centrifuged for 15
minutes at 12,000rpm (Micromax) at 4°C. Approximately 600ul of the upper phase was
transferred to a new eppendorf. The RNA was precipitated with 500ul isopropanol and
left for 10 minutes. It was then centrifuged for 10 minutes at 12,000rpm 4°C. The
isopropanol was poured off and the RNA was washed with Iml of 75% ethanol and
resuspended in 20ul DEPC ddH,0. Isolated RNA was treated with RNase-free DNase
(Promega), cleaned using phenol/chloroform extraction and resuspended in 20ul

ddH»0.
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2.3.4 Isolation of RNA from mouse retina

Wild-type C57BL/6]J animals were culled, and RNA was extracted from the retinas
using TRI Reagent as described in 2.3.3 above. Following treatment with RNase-free

DNase, RNA was resuspended in 20ul ddH,0.

2.3.5 Analysis of RNA by reverse-transcription PCR (RT-PCR)

50ng-2ug of DNase treated total RNA was reverse transcribed to cDNA using the
Omniscript RT kit (Qiagen) as follows: A reverse transcription mix was made
consisting of 2ul of 10X RT buffer, 2ul ANTP mix, 1l Omniscript RT, 1ul random
primers (Promega, 500pug/ml), Yul of RNA and Xpl of H;0, such that X + Y was 14pul.
The reaction was then incubated for 1 hour at 37°C and terminated by heating to 65°C
for 10 minutes. PCR reactions were set up using 2ul cDNA, 0.1U Taq polymerase, 2ul
10X-PCR buffer with 15mM MgCl,, 200uM dNTPs, 10pmol forward and reverse
primers and ddH,0 to 20ul. The reaction was cycled as follows: 94°C for 1 minute
followed by 30 cycles of 94°C for 1 minute, 55°C for 1 minute, 72°C for 1 minute and

a final 10 minute extension time at 72°C.

2.3.6 Analysis of RNA by quantitative real-time RT-PCR

RNA was analysed by real-time RT-PCR using a Quantitect Sybr Green Kit (Qiagen-
Xeragon, Crawley, UK) on a LightCycler (Roche Diagnostics) or an Applied
Biosystems 7300 Real Time PCR System. Reactions were carried out in a final volume
of 20ul with 10ul supplied mix, 0.2ul enzyme, 0.5ul of each primer, 4.3ul ddH,0 and
4.5ul RNA sample. The following cycling conditions were used: 50°C for 20 minutes;
95°C for 15 minutes; 35 cycles of 94°C for 15 seconds, 57°C for 20 seconds and 72°C
for 10 seconds. Primers used were purified by high performance liquid chromatography
(HPLC) and the RNA levels of transcript of interest were standardised to house keeping
genes: B-actin, glyceraldehyde-3-phosphate dehydrogenase (GAPDH) or 18s rRNA.

2.3.7. Expression and radioactive labeling of RNA

Ribomax Large Scale RNA Transcription Kits (Promega) were used to express RNA

from plasmid constructs in accordance with the manufacturer's guidelines. 1.6ug of
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clean digested DNA was transcribed with 4ul 5X-T7 buffer, 2ul T7 enzyme mix,
25mM ATP, CTP, GTP, 2.5mM UTP, 25mM rUTP [o->> P] (Amersham Biosciences)
and made up to 20ul with nuclease-free water. Samples were incubated at 37°C for 3
hours and incubated with 1ul RNase-free DNase (Promega) for 15 minutes. Following
incubation at 65°C for 10 minutes to inactivate the DNase, RNA samples were stored at

-80°C.

2.3.8 Polyacrylamide gel electrophoresis

Sul of RNA loading dye (2.1.2 {vii}) was added to the RNA transcription reaction
(21l), heated to 94°C for 3 minutes and then chilled on ice prior to loading on a 4%
polyacrylamide gel (2.1.2 {vii}). Samples were electrophoresed at 43mA for
approximately 3 hours dependent on transcript length. Gels were blotted to
chromatography paper (Albet, Barcelona, Spain), and viewed by autoradiography on
Hyperfilm MP (Amersham Biosciences) before desired fragments were excised from

gels with sterile scalpels.

2.3.9 RNA gel extraction and purification

Excised bands were incubated overnight in an orbital shaker at 37°C in 700ul 0.3M
sodium acetate (pH 5.2) and 0.2% SDS. RNA transcripts were cleaned with 4-5
phenol/chloroform washes, ethanol precipitated and resuspended in 20ul nuclease-free
ddH»0. 1l of transcript was quantified by scintillation counting of incorporated radio-
nucleotide in S5Sml Ecoscint (National Diagnostics, Atlanta, Georgia) on a Beckman LS-

6500 Scintillation Counter.

2.3.10 Ribozyme: substrate cleavage reactions

Ribozymes were incubated with RNA targets with 1ul 100mM MgCl, and 10mM Tris-
HCl in a final volume of 10ul for 3 hours at 37°C. For time point cleavage reactions,
2ul were removed from reactions at appropriate times and added to 2ul RNA loading
dye. Time point samples were heated to 94°C for 3 minutes and then chilled on ice
prior to loading on a 4% polyacrylamide gel for 3 hours. Gels were transferred to

chromatography paper, dried down under vacuum for 1 hour and exposed to autorad
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film overnight at —70°C. Dried blots of cleavage reactions were visualised and
quantified using phosphor screens, a Typhoon Imaging System (Amersham

Biosciences) and ImageQuant software (Molecular Dynamics, Sunnyvale, CA, USA).

2.3.11 Molecular weight markers for RNA

A radioactive DNA ladder was made by end-filling 1ug of Mspl digested pBR322
(New England Biolabs) with Klenow in a reaction containing 3ul 10X-buffer, 1.5ul
dCTP [OL32 P] (10mCi/ml), 0.5U Klenow in a final volume of 30ul. 2ul of end-labeled
digest was mixed with 60ul ddH,0 and 60ul formamide dye. 2ul of labeled ladder mix

was loaded per gel.
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2.4 Cell Culture and Protein Methods

2.4.1 Routine mammalian cell culture conditions

Cells were maintained in a sterile humidified environment at 37°C and 5% CO, and
passaged every 2-3 days. They were grown in either complete D-MEM or RPMI-1640
(2.1.2 {ix}). Adherent cells were passaged by removing old media and then by washing
the monolayers with PBS, to remove any residual media. The cells were dissociated
from culture plates by trypsinisation in approximately 1-2ml of trypsin-EDTA. Cells
were returned to the incubator for a period of 5-10 minutes and dissocation of
monolayers was monitored by visual inspection under light microscopy. The trypsin
was then neutralised by the addition of approximately 5ml of complete medium and
cells were resuspended in 10ml fresh pre-warmed medium following centrifugation at
1,100rpm (Centra-3C centrifuge, International Equipment Company) for 5 minutes. An
aliquot of 10ul was resuspended on a haemocytometer slide and a cell count was
undertaken as described below. For passaging, cells were plated at a concentration of 1

x 10° on 10cm plates.

2.4.2 Cell cryopreservation and thawing

Individual cell-lines in routine culture were maintained in continuous passage for no
longer than 2-3 months in order to avoid in vitro accumulation of further mutations that
might alter the defined characteristics of the line. Upon receipt of a new cell line, cells
of low passage number were harvested in exponential growth, as described in 2.4.1 and
pellets resuspended in 2ml of freezing medium (10% dimethyl sulfoxide {DMSO},
40% complete D-MEM, or RPMI-1640 medium and 50% FCS). Aliquots of 500ul of
cells were placed in cryogenic storage vials and allowed to freeze slowly in a -70°C
freezer. Following freezing, cells were maintained in liquid nitrogen tanks for long-
term storage. To revive frozen stocks, cells were rapidly defrosted by placing storage
vials in a 37°C incubator. Complete thawing or warming of aliquots was avoided. The
cryopreservation medium was removed by diluting 500ul of defrosted cells in 20ml

medium without FCS. The cells were then centrifuged at 1,100rpm (IECCentra-3C
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centrifuge) for 5 minutes. The supernatant was aspirated off and the cell pellet was

resuspended in 10ml complete medium.

2.4.3 Haemocytometer cell counting

Before use the haemocytometer was washed with 70% ethanol and dried. A coverslip
was placed over the counting area of the haemocytometer chamber. Following
trypsinisation the cell sample was resuspended in 10ml medium and 10ul was placed
on the edge of the coverslip, which then filled the chamber. The haemocytometer was
transferred to a microscope and viewed under the 10X objective. The number of cells
present in 16 squares was noted. This was repeated for the 3 other 16 squared areas and
the average number of cells calculated. The number of cells in the sample counted =

average cell count X dilution 10%/ml.

2.4.4 Transfection using the calcium phosphate precipitation method

200ng of plasmid DNA was diluted in a final volume of 100ul ddH,0 (per transfection).
25ul of 2.5M CaCl, was then added and mixed well. The DNA/CaCl, solution was
added drop-wise to 125ul of 2X-HBS buffer, pH 7.1 (2.1.2 {x}). Following a 20-30
minute incubation period the DNA precipitate was added slowly to cells plated in 6-
well plates the night before and re-incubated at 37°C for 4-5 hours prior to changing the

cell medium. Cells were then incubated for at least a further 24 hours prior to analysis.

2.4.5 P-galactosidase staining of transfected cells

Transfected adherent cells were washed with cold PBS, fixed with 1ml fixative solution
(2.1.2 {xi}) per well in a 6-well plate and incubated for 5 minutes at room temperature.
The fixative was removed and the cell monolayer was again washed with ice-cold PBS
for 5 minutes. 0.8ml B—gal staining buffer (2.1.2 {xi}) with Img/ml X-gal was added to
each well in a 6-well plate and incubated at 37°C for 1-2 hours. Cells were scored for

B—gal expression using a CK30 light microscope (Olympus, Munich, Germany).

2.4.6 Immunocytochemistry of transfected cells

For immunocytochemistry, 1.3 x 10° HeLa cells were plated on 15mm sterilised glass

coverslips (Scientific Laboratory Supplies, Nottingham, UK) in each well of a 24-well
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plate. 48 hours following transfection, cells were washed twice with PBS for 5 minutes
and fixed with 500ul of 4% paraformaldehyde for 1 hour. After 2 further washes with
PBS, cells were incubated in a blocking buffer (1-3% serum, 0.1% Triton X-100) for 1
hour. During this time, a 10cm plate was filled with blotting paper soaked in water and
covered with parafilm to create a humidified chamber. Cells on coverslips were then
carefully transferred to the parafilm and 80l of diluted primary antibody per coverslip
area was gently pipetted on top of the cells. A lid was placed on the chamber, and the
cells were incubated with primary antibody overnight at 4°C. The following day, the
coverslips were placed back in 24-well plates and washed twice with PBS for 10
minutes. Cells were incubated with appropriate secondary antibody in the humidified
chamber for 1-2 hours and washed twice more with PBS. Cells were then mounted on
polylysine glass slides (Menzel-Glaser, Braunschweig, Germany) using Aqua-
Poly/Mount (Polysciences, Warrington, PA, USA) covered with a 24 x 60mm coverslip
(Scientific Laboratory Supplies) and examined using a Zeiss Axioplan-2 Optical
Fluorescent Microscope (Carl Zeiss, Oberkoclen, Germany) with the appropriate Zeiss

filter and analysis”B Imaging Software (Olympus).

2.4.7 Protein extraction, quantification and Western blot analysis

The cells were harvested 24-48 hours following transfection. The medium was
removed, 800ul of RIPA Buffer (2.1.2 {viii}) was added to the cells and they were
incubated on ice for 5 minutes. The lysates were then centrifuged at 11,800rpm for 15
minutes on a Microfuge 22R centrifuge (Beckman Coulter) at 4°C and the supernatant
was stored at —20°C. To quantify the protein, dilutions of 1/10 and 1/20 of each sample
were prepared and 20ul of each was assayed in 980ul of Bio-Rad protein assay (Bio-
Rad Laboratories) and read in triplicate on a spectrophotometer (Bio-Rad SmartSpec
3000) at 595nm. Approximately 100ug of each sample (final volume of 30ul with 5X-
SDS loading dye) was heated to 90°C for 6 minutes, chilled on ice and then
electrophoresed at 80V for 3-4 hours through a 10% polyacrylamide gel (2.1.2 {viii}).
A prestained protein ladder was loaded to monitor protein separation and act as a
molecular weight marker. The protein gel was then transferred to a nitrocellulose

membrane (Schleicher and Schuell, Dassel, Germany) and transferred for 2 hours at
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120mA. Membranes were blocked for 1 hour in 5% Milk TBST-Tween (2.1.2 {viii})
and then probed overnight at 4°C with an appropriate dilution (1/750-1/2000) of a
primary antibody diluted in the same buffer. Membranes were then washed for 1 hour
in 4 changes of TBS-Tween (2.1.2 {viii}) and incubated for 2 hours with a horseradish
peroxidase-coupled secondary antibody (Abcam, Cambridge, UK). Bound antibody
was detected by enhanced chemi-luminescence, using the SuperSignal West Pico Kit

(Pierce, Rockford, IL, USA).
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2.6 Recombinant AAV-2 Methods

2.6.1 Production of high-titre recombinant AAV-2 (rAAV-2) in the absence of helper

adenovirus

The method followed here is based on the published method of Xiao et al., 1998. For
rAAV-2 (referred to as AAV hereafter) production, the expression construct was first
cloned into the plasmid vector pAAV-MCS (Stratagene), prepared in bulk using
EndoFree Plasmid Maxi Kit (Qiagen) and resuspended in TE buffer, pH 8.0 at a final
concentration of lug/ml. The pHelper (Stratagene) and control plasmid, pAAV-RC
(Stratagene) were prepared in a similar way. 24 hours prior to transfection, 293 cells
were plated at a concentration of 2 x 10° cells per 10cm tissue culture plate in Sml of
complete DMEM. For each 10cm plate, 10ul of each of the three plasmid solutions
(10pg of each) was pipetted into a 15ml conical tube. 1ml of 0.3M CaCl, was added
and mixed gently. 1ml of 2X-HBS buffer, pH 7.1 (2.1.2 {x}) was pipetted into a second
15ml conical tube and the 1.03ml DNA/CaCl, was added slowly to the buffer.
Following 30 minutes incubation at room temperature, the DNA/CaCl,/HBS
suspension was added to the 10cm plate of 293 cells dropwise, while swirling gently to
evenly distribute the suspension. The 293 cells were incubated at 37°C for 12 hours,
and then the old medium replaced with 5Sml fresh complete DMEM. 293 cells were

incubated for a further 48 hours.

293 cells were dislodged from 10cm plates by gently pipetting up and down, thus
resuspending cells in Sml DMEM. Two methods were routinely used employed to
harvest AAV, caesium chloride (CsCl) density gradient centrifugation, and membrane
based purification (Virakit, from Virapure). The method using CsCl, was followed
according to the protocol of Zolotukhin er al., 1999. Vector-containing cells were
centrifuged at 3,000rpm (Centra-3C centrifuge) for 30 minutes. Cell pellets were
resuspended in 10ml PBS and subjected to three rounds of freeze/thaw (-80°C, 37°C),
followed by 30 minutes incubation at 37°C with 25U/ml Benzonase (recombinant
DNase/RNase from Novagen: Merck, Darnstadt, Germany). Following a 15 minute

centrifugation at 3,000rpm, the supernatant was transferred to a new tube and incubated
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with 0.5% (final concentration) deoxycholate for 30 minutes at 37°C to further lyse any

remaining cells. Following the collection of AAV in 50ml tubes, 0.454g CsCl/ml was
added to each sample and incubated on ice for 5 min. A density gradient was prepared
in polyallomer centrifuge tubes (Beckman-Coulter), with 9ml of 8.16g/ml CsCl and
9ml of 5.48g/ml CsCl. The AAV samples were then applied to the top of the gradient
and spun at 25,000rpm (Beckman L8-M ultracentrifuge) for 18 hours at 4°C. 1ml
fractions from the gradient were collected and analysed using a refractometer (Thermo-
Electron, Waltham, MA, USA). Fractions within the range of 1.373-1.368 were
collected, pooled in polyallomer tubes and equilibrated with 5.48g/ml CsCl. Samples
were spun at 59,000rpm (Beckman L8-M ultracentrifuge) for 18 hours at 4°C. 0.5ml
fractions were collected and those within the refractive index of 1.373-1.368 were
pooled into a polyallomer Beckman tube and centrifuged as above. Following
collection, 0.5ml fractions from within the refractive range 1.373-1.368 were dialysed
against 10L of PBS, pH 7.0 over 40 hours (1L/4hrs) using 0.5ml Slide-A-Lysers

(Pierce). Purifed AAV was then stored at -80°C, and the genomic titre was determined.

The second method of AAV purification involved using the membrane based ViraKit
from Virapure, according to the manufacturer's instructions. After dislodging 293 cells
from 10cm plates, cell lysate and media were collected in 50ml tubes, and subjected to
three rounds of freeze/thaw (-80°C, 37°C), followed by a 30 minute incubation at 37°C
with 25U/ml Benzonase (recombinant DNase/RNase). Samples were centrifuged at
3,000rpm (Centra-3C centrifuge) for 30 minutes and the supernatant collected in fresh
50ml tubes. Briefly, the supernatant was purified using a 0.45u filter, and following the
addition of supplied buffers, further purified using two additional filters. Purifed AAV

was then stored at -80°C and the genomic titre was determined.

2.6.2 Titration of genomic AAV particles using quantitative real-time PCR

The genomic titre of AAV was determined following the method of Rohr et al., 2002.
S5ul of AAV was made up to 30ul ddH,0. 15ul of this was added to 29ul ddH,0, 1ul
RNase-Free DNase enzyme (Qiagen), Syl of supplied buffer and then incubated for 30

minutes at 37°C and for 10 minutes at 70°C. 1ul Proteinase K was added to the DNase
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treated virus, which was further incubated for 1 hour at 50°C, and 20 minutes at 95°C.
The remaining untreated 15ul of diluted virus was made up to 50ul ddH,0. Quantitation
was carried out on an Applied Biosystems 7300 Real Time PCR System with the
LightCycler-FastStart DNA Master SYBR Green system (Qiagen). Each reaction
contained 10ul enzyme mix, lul primer mix (10pmol forward and reverse), 4.5ul
ddH,0 and 4.5ul sample. Primer sequences were designed to amplify 100-150 bp
products. Following denaturation at 95°C for 15 minutes, the reactions were cycled 35
times at 95°C for 15 seconds and 60°C for 1 minute. A standard curve was generated
using a serially diluted plasmid vector. By relating the quantitative PCR curves of AAV

to the standard curves of the plasmid vector, the concentration of AAV was calculated.

Genomic particles/ml = (copy number in gPCR) xax b
a= dilution factor (20)

b= factor to yield genomic particles per ml (222.22, as 4.5ul of AAV was used)

2.6.3 Titration of infectious AAV particles using quantitative real-time PCR

The infectious titre of AAV was determined following the method of Rohr et al., 2005.
5 x 10’ 293 cells were plated per well of a 96-well plate. 1 hour later, 2ul of AAV to be
titred was added. Following 24 hrs, 293 cells were trypsinised (see 2.4.1), pellets
washed twice with PBS, pH 7.2 and resuspended in 50l PBS (without Ca®* or Mg®*).
1ul of Proteinase K was added to each sample, incubated at 50°C for 60 minutes and
then inactivated at 95°C for 15 minutes. Samples were then centrifuged at 14,000rpm
(Micromax) for 10 minutes and the supernatant transferred to a fresh tube. 10ul of the
supernatant was digested with 10U S1 nuclease (Promega) for 30 minutes at 37°C, and
then inactivated at 95°C for 5 minutes. To prevent PCR inhibition by S1 nuclease, the

mixture was diluted 1/100.
Quantitative real-time PCR was performed as described in 2.6.2 using 2l of prepared

sample. A standard curve was generated using a serially diluted plasmid vector. By

relating the quantitative PCR curves of AAV to the standard curves of the plasmid
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vector, the number of infectious viral particles per ml can be calculated. The calculation

is shown below:

Infectious particles/ml = (copy number in gPCR) xax b x ¢

d

a=dilution of whole cell lysate (100)
b=final volume of whole cell lysate (55)
c= factor to yield infectious particles per ml (500, as 2ul of AAV was used)

d=template volume in qPCR (2ul)

2.6.4 Infection of cells with AAV

661W cells and 293 cells were plated at concentrations of 1.5 x 10* and 2.5 x 10* cells
respectively, per well of a 24-well plate. The following day cells were washed with
serum free D-MEM and twice with PBS, pH 7.2. Typically between 10°'? viral
particles/ml (vp/ml) were diluted in 200ul PBS and applied to cells for 90 minutes.
Following addition of 250ul of D-MEM with serum, the cells were incubated for three
days, fixed in 4% paraformaldehyde and either examined directly for EGFP
fluorescence using a Zeiss Axioplan-2 Optical Fluorescent Microscope using Zeiss
filter set 38 (excitation maximum: 470nm) with analysis"B Imaging Software, or

immunostained prior to examination as described in 2.4.6.
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2.7 Animal Methods

2.7.1 Isolation and purification of DNA from mouse-tails

Icm of tail tip was cut with a sterile blade and placed in an eppendorf. 400ul of tail
lysis buffer (50mM Tris-HCI, pH 8, 100mM EDTA, pH 8, 100mM NaCl, 1% SDS)
was then added with 15ul of Proteinase K (20mg/ml) and incubated overnight in a
55°C water bath. 400ul of phenol/chloroform was added to the tail solution, which was
vortexed for 3 minutes. Following centrifugation at 12,000rpm (Micromax) for 8
minutes, the upper layer was transferred to a fresh eppendorf with 400ul chloroform
and the solution was vortexed and centrifuged as before. The upper layer was
transferred to a fresh eppendorf and 2x volume of ice-cold ethanol was added. The
precipitated DNA was spooled out using a plastic tip, transferred into a clean eppendorf
and air-dryed for 10 minutes. The DNA was resuspended in 200ul ddH,0, incubated at
37°C for 20 minutes and vortexed briefly before quantifying using a spectrophotometer

(see 2.2.13).

2.7.2 Preparation, electroporation and culturing of retinal explants

Newborn mouse pups (postnatal day 0-2 {P0O-P2}) were culled, and dissected retinas
were transferred to a micro electroporation chamber (Nepa Gene, Chiba, Japan) filled
with a DNA solution of plasmid of interest (1ug/pul in Hanks’ balanced salt solution),
and five square pulses (30V) of 50 ms duration with 950 ms intervals were applied by
using pulse generator ECM 830 (BTX). 1ml complete D-MEM/F12 (2.1.2{ix}) was
pipetted into the lower compartment of a Costar transwell polycarbonate membrane
chamber (Corning Life Sciences, Acton, MA, USA) and 2ml into the upper
compartment. Electroporated retinas were placed in the upper compartment, the
medium was removed and the retinal explants gently flattened onto the membrane.
Retinal explants were cultured at 37°C, 5% CO,. The medium was changed the next

day and then every 2-3 days.
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2.7.3 Isolation of RNA from retinal explants

Media was aspirated from the retinal explants and 350ul (+ 10ul/ml B-
mercaptoethanol) of RLT buffer from the RNeasy Mini Kit (Qiagen) was added
directly to each pair of retinal explants. The buffer was pipetted up and down several
times to homogenise explants before transferring them to an 800ul column provided by
the kit. The remaining steps were carried out according to the manufacturer's

instructions.

2.7.4 Preparation of retinal explants for cryosectioning and vibratome sectioning

Retinal explants were harvested 8-14 days following electroporation and sectioned

using either a cryostat or a vibratome.

To prepare for cryosectioning:

Media was removed from retinal explants and they were washed twice with PBS. 1ml
of 10% neutral formalin (2.1.2 {xii}) was pipetted underneath the explants, which were
then incubated at 4°C for 4-5 hours. Explants were cryoprotected in 30% sucrose in
PBS overnight at 4°C, followed by embedding in OCT compound (Sakura, Tokyo,
Japan). Sections of 7-20um were cut on a Leica CMI900 cryostat (Leica Biosciences,

PA, USA) at -16°C and collected on polylysine slides (Menzel-Glaser).

To prepare for vibratome sectioning:

Media was removed from retinal explants and they were washed twice with PBS. 1ml
of 4% paraformaldehyde was pipetted underneath the explants, which were then
incubated at room temperature for 1 hour. Explants were washed twice in PBS,
carefully cut from the insert and set in 6% select agar (prepared by boiling 6g select
agar in 100ml PBS). Sections of 20-50um were cut using a Leica VT1000S Vibratome

and stored in PBS at 4°C prior to immunohistochemistry.

2.7.5 Immunohistochemistry of retinal explant sections

Retinal sections prepared by cryosectioning:
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A PAP pen (Sigma-Aldrich) was used to create an impermeable barrier around 2-3
retinal sections. Sections were first blocked with 50ul 1-3% BSA or serum solution
with 0.1-3% Triton X-100 in PBS (pH 7.0), for 1 hour. The sections were then
incubated with a primary antibody diluted to the appropriate concentration overnight at
4°C, in a humidified chamber to prevent the retinal explant sections drying out. The
next day, the sections were washed with PBS three times for 10 minutes and incubated
with a secondary antibody for 2 hours at room temperature. Following three 10 minute
washes with PBS, the sections were fixed using Aqua Poly/Mount and examined using
a Zeiss Axioplan-2 Optical Fluorescent Microscope with the appropriate Zeiss filter

and analysis”B Imaging Software.

Retinal sections prepared using the vibratome:

Unlike the cryosections, these retinal sections float freely in PBS so immunostaining
was undertaken in 24-well tissue culture plates. To move the sections easily between
wells, chambers were created using cut segments of 5Sml syringes with gauze melted
onto the bases. The retinal sections were carefully placed in the fabricated chamber
within a well of the 24-well plate, and immunostained as described for the cryosections,

using solution volumes of approximately S00pul.

2.7.6 TUNEL staining of retinal sections

Frozen retinal explant sections, cut as described in 2.7.4 above, were thawed at room
temperature for 10 minutes. Slides were placed in PBS for 5 minutes, excess PBS was
removed and a PAP pen (Sigma-Aldrich) was used to create an impermeable barrier
around 2-3 retinal sections. 50ul of 0.1% Triton X-100 in PBS was pipetted onto
sections and left for 2 minutes at room temperature. Slides were washed in PBS for 5
minutes twice and 50ul of TUNEL Mix (2.1.2 {xiii}) was placed onto sections, which
were then incubated for 1 hour at 37°C. Slides were then placed in 1ug/ml DAPI
solution for 2 minutes and washed in PBS three times for 10 minutes. Slides were
dried, mounted in Aqua-Poly/Mount and examined using a Zeiss Axioplan-2 Optical
Fluorescent Microscope with the appropriate Zeiss filter and analysis"B Imaging

Software.
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CHAPTER 3

Evaluation of three Inhibitor of Apoptosis (IAP) Proteins in 661W
Cone Photoreceptor Cells




3.1 Introduction

Autosomal dominant retinitis pigmentosa (adRP) is an hereditary degenerative disease
of the retina, for which there is currently no effective treatment available (Weleber
2001; Kalloniatis et al., 2004). Although adRP is a genetically heterogeneous disease,
photoreceptors degenerate by a common form of cell death, apoptosis (Chang et al.,
1993; Portera-Cailliau ef al., 1994). Inhibition of apoptosis is an alternative or possibly
complementary therapeutic strategy to targeting the underlying primary mutation.
While the apoptotic pathways leading from the primary mutations to photoreceptor cell
death are not fully understood, a number of possible targets have emerged through

research in vitro and with animal models of retinal degeneration.

One of these is the caspase group of cysteine aspartyl-specific proteases that can
mediate apoptosis (Thornberry er al., 1998; Earnshaw et al., 1999; Nicholson 1999).
Using animal models of retinal degeneration, caspases have been shown to be involved
in the death of photoreceptors (Liu et al., 1999; Jomary et al., 2001; Kim et al., 2002;
Sharma et al., 2004) and so are potential therapeutic targets for adRP. In several of
these papers inhibition of caspase-3 using specific inhibitors including Z-DEVD-FMK,
was found to slow retinal degeneration (Liu et al., 1999; Yoshizawa et al., 2000; Bode
et al., 2003). However, the protection afforded by caspase-3 inhibition has been shown
to be transient (Yoshizawa et al., 2002). There has been more success with pan-caspase
inhibitors, most notably the p35 protein. p35 was originally identified in the
baculovirus, Autographica californica nucleopolyhedrosis virus (AcMNPV), (Clem ez
al., 1991; Clem et al., 1994) and has been shown to rescue photoreceptor degeneration
in Drosophila models of retinal degeneration (Davidson et al., 1998; Alloway et al.,
2000; Galy et al., 2005). Furthermore, p35 has been shown to protect against chemical-
induced apoptosis in the cone photoreceptor cell line, 661W (Tuohy et al., 2002).

Encouraged by these results, the therapeutic potential of another group of caspase
inhibitors, the inhibitor of apoptosis (IAP) proteins, was evaluated. Like p35, the IAPs
were originally identified in baculoviruses (Crook et al., 1993; Birnbaum et al., 1994)

and to date eight IAP mammalian homologues are known (Salvesen et al., 2002). The
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best characterised of the IAPs are the X-linked inhibitor of apoptosis protein (XIAP), c-
IAP-1 and c-IAP-2, which each inhibit caspase-3, -7 and -9 (Deveraux et al., 1997; Roy
et al., 1997; Deveraux et al., 1998). Cell culture provides an efficient, reproducible
means of evaluating the therapeutic potential of the IAPs, prior to moving to in vivo
models. There are several photoreceptor cell models available, including primary
retinal cultures, retinoblastoma cultures and genetically engineered cultures (Seigel
1999). For the purpose of this research, primary retinal cultures were unsuitable as they
are heterogeneous, with a very limited passage number and are labour intensive.
Transformed cell lines on the other hand, have the advantages of being homogeneous.
reducing the number of animals used in research and can be easily cultured to a higher
passage number. 661W cells, a line of transformed mouse cone photoreceptor cells,
which had been used previously to evaluate the potential of p35 as a protective agent
for photoreceptors, were selected as the model for this research. 661W cells are one of
the most recently developed retinal cell lines and were originally cloned from a retinal
tumour of a transgenic mouse line expressing the simian virus (SV)-40 T antigen under
the control of the interphotoreceptor retinol binding protein (IRBP) (Agarwal 1998).
661W cells have been shown to express cone-specific proteins including blue and green
cone pigments, arrestin and cone transducin, thus making them a useful tool for
studying photoreceptor cell biology and function (Tan ez al., 2004). Notably, 661W
cells have been previously used in a number of studies of photoreceptor apoptosis
(Tuohy et al., 2002; Sanvicens et al., 2004; Gomez-Vicente et al., 2005; Miller et al.,
2005).

For evaluating the IAPs, apoptosis was induced using UV light and two
chemotherapeutic agents, daunorubicin and etoposide. UV light induces apoptosis
through cytochrome-c release and activation of caspase-3 (Kluck er al., 1997).
Daunorubicin and etoposide are chemotherapeutic agents, routinely used in cancer
therapy (Slevin 1991; Monneret 2001). Daunorubicin is an anthracycline antibiotic,
derived from Streptomyces peucetius, which intercalates into DNA, interfering with
DNA transcription resulting in cell death (Frederick et al., 1990; Gewirtz 1999).

Etoposide, a semi-synthetic derivative of podophyllotoxin, interferes with
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topoisomerase II, a nuclear enzyme involved in DNA replication and transcription
resulting in DNA strand breaks, and eventual cell death by apoptosis (Robertson et al.,
2000). Etoposide-induced apoptosis proceeds through the mitochondrial apoptotic
pathway, resulting in mitochondrial outer membrane permeabilisation (MOMP) and the
release of cytochrome-c. In summary, the aim of this chapter was to evaluate the
potential protective effect of three IAPs, XIAP, c-IAP-1 and c-IAP-2, against apoptosis
induced by UV light and chemotherapeutic agents in the mouse 661 W photoreceptor-

derived cell line.
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3.2 Materials and Methods

3.2.1 Culturing and passaging

Cell cultures were maintained and passaged as described in Chapter 2: 2.4.1. Cultures
were routinely seeded in a 6-well plate at a density of 2 x 10° cells for the 661W cells
and 5 x 10° for the 293T cells. The cultures were expanded to approximately 75-80%
confluency in a volume of 3ml complete D-MEM (2.1.2 {ix}) prior to transfection.

3.2.2 Culture cryopreservation and thawing

661W and 293T cells were maintained for a limited number of passages to minimise
genetic changes: up to passage 30 for 661W cells and passage 20 for 293T cells. Early
passages of both cells lines were cryopreserved as described in Chapter 2: 2.4.2 to
maintain adequate stocks. To thaw frozen 661W and 293T cells, one 500ul vial of

frozen stock at a concentration of 1 x107 cells was thawed at 37°C as described in 2.4.2.

3.2.3 Inhibitor of apoptosis protein (IAP) constructs

The three IAP plasmids, pcDNA-myc.XIAP (pcXIAP), pcDNA-myc.cIAP1 (pcIAP-1)
and pcDNA-myc.clAP2 (pcIAP-2) (Figure 3.1), were kindly provided by Professor
Seamus Martin of Trinity College Dublin. These plasmids were originally constructed
by Professor John Reed (Burnham Institute, La Jolla, CA, USA) (Deveraux et al., 1997,
Roy et al.,, 1997). All three constructs were sequenced to confirm their sequence

integrity (Chapter 2: 2.2.14).

3.2.4 Transfection of 661W cone photoreceptor and 293T cells with pCMVp -
galactosidase, pcXIAP, pcIAP-1 and pclAP-2:

A number of commercially available transfection agents were evaluated in 661W cells
as per manufacturer’s instructions including Superfect (Qiagen), NeuroPorter (Gene
Therapy Systems, San Diego, CA, USA), Effectene (Qiagen) and Lipofectamine 2000
(Gibco-Invitrogen). 293T cells were transfected according to the calcium phosphate-
based transfection method, as described in Chapter 2: 2.4.4. 661W and 293T cells were
transfected with: (a) pcXIAP, (b) pcIAP-1, (c) pc-IAP-2 and (d) pCMV-galactosidase
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(Figure 3.2). After 48 hours, 661W cells transfected with pCMV[3-galactosidase were

assayed for 3-gal expression (2.4.5).

3.2.5 Cell death assays

To assess the potential protection of the IAPs, the following agents were used to induce
cell death:
(1) UV radiation was conducted on a TFX20M transilluminator for 75 seconds
(Tuohy 2001).
(i)  Daunorubicin was used at a final concentration of 2.5uM (Tuohy 2001). The
exposure time was 20 hours.
(iii)  Etoposide was used at a final concentration of 30uM (Roy et al., 1997). The
exposure time was 48 hours.
Cells were scored as either apoptotic or viable according to morphology. Apoptotic
cells are characterised by membrane blebbing and the formation of numerous apoptotic
bodies (Kerr et al., 1972). At least 300 cells were evaluated per cell sample from 3
fields of view, and subsequent mean values and standard errors calculated. Significance
was assessed using an unpaired z-test (P < 0.05). Apoptosis was also assessed using
4',6-Diamidine-2'-phenylindole dihydrochloride (DAPI, Roche Diagnostics), a
fluorescent dye that binds DNA to form a complex. To assess cell death, 661W and
293T cells were trypsinised and resuspended in 4% paraformaldehyde containing
5ug/ml DAPIL 10ul of this suspension was placed on a glass slide and covered with a
cover slip. Cell morphology was observed using a Zeiss Axioplan-2 Optical
Fluorescent Microscope with Zeiss filter set 01 (excitation maximum, 365nm) and
analysis"B Imaging Software. Apoptotic nuclei were identified by bright condensed
chromatin compared to the less fluorescent viable cells. Again approximately 300 cells

per sample were evaluated as described above.

3.2.6 Detection of XIAP transcript using RT-PCR

661W cells transfected with 2ug of pcXIAP, were harvested after 48 hours. RNA was
isolated using TRI Reagent (Molecular Research Center) as described in Chapter 2:

2.3.3. 1ug of total RNA was used for RT-PCR reactions and these were carried out as
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described in 2.3.5. A comparison of the mouse and human XIAP sequences showed
that the sequences were similar. To avoid potentially amplifying mouse XIAP in the
661W cells, a forward primer was designed to bind in the N-terminal myc tag of the
human pcXIAP construct. The sequences of both primers used in the RT-PCR reaction

are shown below:

Forward Myc: 5° AGAAACTCATCTCTGAAGAG 3’
Reverse XIAP: 5° CCTTATTGATGTCTGCAGG 3’

In addition, part of the housekeeping gene glyceraldehyde-3-phosphate dehydrogenase
(GAPDH), was amplified by PCR to assess the quality of the cDNA. The sequences of

the primers used are shown below:

Forward GAPDH: 5° CCATGGAGAAGGCCGGGG 3’
Reverse GAPDH: 5° GTGGTTCACACCCATCACAA 3’

3.2.7 Western blot analysis of XIAP expression in 661W cone photoreceptor cells

661W cells were plated at a concentration of 1.6 x 10° on 10cm dishes and transfected
with 4ug of pcXIAP. The cells were harvested after 48 hours as described in Chapter 2:
2.4.8 and the extracted protein analysed by Western blot (2.4.7) using the following

antibodies:

Primary Antibodies:
(1) Rabbit anti-human/mouse XIAP polyclonal antibody targeting amino acids
244-263 of human XIAP (R and D Systems, Minneapolis, MN, USA).
(i)  Rabbit anti-human/mouse B-actin polyclonal antibody targeting amino acids

1-100 of human B-actin epitope (Abcam, Cambridge, UK).

Secondary Antibodies:

(iii)  Horseradish peroxidase-coupled rabbit anti-mouse IgG (Abcam).
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3.2.8 Establishment of a stable 661W cone photoreceptor cell line expressing XIAP

Stable lines of 661 W cells expressing XIAP were generated using antibiotic selection
with G418 (Gibco-Invitrogen). Initially it was important to determine the concentration
of G418 to be used for selection as sensitivity to G418 varies between cell types. The
optimal concentration results in complete cell death within 14 days and this was
established to be 400ug/ml. 661W cells were plated in 6-well tissue culture plates and
transfected with 4ug of pcXIAP. Controls of cells transfected with vector alone
(pcDNA3.1+) and untransfected cells were also set up. At 48 hours post-transfection,
cells were placed under selection with 400ug/ml G418 following reseeding in 6-well
plates. Medium with G418 was replaced every 2-3 days. Approximately 10 days
following transfection, 661W cells on negative control plates had died, so isolation of
stable clones, which were G418 resistant, was proceeded with. Cells were trypsinised,
resuspended at a concentration of 5-10 cells/50ul and plated in 200pl medium with
G418 on a 48 well plate. Cells were grown for 2 weeks and colonies that had grown
well were transferred to a 6-well plate. Expression was assessed in two established lines
661W-XIAP/A and 661W-XIAP/B by quantitative RT-PCR using the LightCycler
(Roche Diagnostics), as described in Chapter 2: 2.3.6 using the same primers for XIAP
and the housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GADPH) as
in 3.2.6. Protein was isolated from 661 W-XIAP/A and probed for XIAP by Western

blot analysis as described in 3.2.7.

3.2.9 Cell death assay for stable 661W cone photoreceptor cells expressing XIAP

661 W-XIAP/A cells were plated at a concentration of 2 x 10° cells per well of a 6-well
plate and exposed to etoposide at final concentrations of 15uM, 30uM, 60uM and
90uM. 48 hours following exposure, cells were trypsinised and resuspended in 4%
paraformaldehyde containing Sug/ml DAPIL. Cell death was assessed as described in
3.2.5 above.
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3.2.10 Generation of adeno-associated viral vector with CMV promoter-driven EGFP
(AAV-EGFP)

To generate the plasmid construct for AAV-EGFP, pEGFP-1 (Clontech, Mountain
View, CA, USA) (Figure 3.3) was digested with BamHI and Xbal to isolate a 749 bp
fragment carrying the EGFP gene. pAAV-MCS (Stratagene, La Jolla, CA, USA)
(Figure 3.4) is a plasmid construct used to generate AAV, containing inverted terminal
repeats to direct viral replication and packaging. The EGFP gene was ligated into
PAAV-MCS digested with BamHI and Xbal to generate pAAV-EGFP (cloning
undertaken by Dr. Naomi Chadderton). With this construct, AAV virus was produced
by triple-plasmid calcium phosphate transient transfection of 293 cells, as described in
Chapter 2: 2.6.1. The genomic titre of AAV-EGFP was determined according to the
method of Rohr er al., 2002, (see 2.6.2) using the primers for the EGFP gene below:

Forward EGFP: 5' TTCAAGGAGGACGGCAACATCC 3'
Reverse EGFP: 5' CACCTTGATGCCGTTCTTCTGC 3'

3.2.11 Infection of 661W and 293 cells with AAV-EGFP

661W cells and 293 cells were plated at a concentration of 1.5 x 10* and 2.5 x 10* cells
respectively, per well of a 24-well plate. The following day cells were washed with
serum free D-MEM and twice with PBS. 1ul of AAV-EGFP (1.7 x 107 viral
particles{vp}) was diluted in 200ul PBS and applied to cells for 90 minutes. Following
addition of 250ul of D-MEM with serum, the cells were incubated for three days, fixed
in 4% paraformaldehyde and examined for EGFP fluorescence as described in 3.2.5

using Zeiss filter set 38 (excitation maximum: 470nm).

3.2.12 Genomic titration of AAV-XIAP

AAV-XIAP, kindly provided by Professor William Hauswirth (University of Florida,
Gainesville, FL, USA) was titrated according to the method of Rohr et al., 2002, using
quantitative real-time PCR (Chapter 2: 2.6.2). Primer sequences (shown below) were
designed to amplify a 100 bp product of the XIAP gene. The copy number of AAV-
EGFP, was calculated using a standard curve generated from amplifying the 100 bp

85




XIAP product from the plasmid construct, pcXIAP, allowing the genomic titre of
AAV-XIAP to be estimated.

Forward XIAP RT: 5' TGGCCAGACTATGCTCACCT 3'
Reverse XIAP RT: 5' TTTCCACCACAACAAAAGCA 3'
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3.3 Results

3.3.1 Optimisation of the transfection of 661W cone photoreceptor cells using a CMV

promoter-driven [f—galactosidase reporter gene

To assess whether the IAPs may protect against apoptosis in 661W cells, it was
important to determine the efficiency with which the plasmids carrying the IAPs could
be transfected into 661W cells. Previous work had shown a transfection efficiency of
approximately 20% with Lipofectamine Plus (Tuohy et al., 2002). Several transfection
agents were evaluated to determine if this could be improved upon to ensure that the
protective effect was not limited by transfection efficiency. In all cases transfection
efficiency was quantified using a reporter construct, CMV promoter-driven f3-
galactosidase (Figure 3.5), and agents producing transfection levels of less than 20%
were not considered further. The calcium phosphate-based transfection method was
evaluated but this method was found to be very poor with a transfection efficiency of
approximately 5% (data not shown), so a number of commercial transfection agents
were then assessed. Of the four commercial agents evaluated, Lipofectamine 2000, was
the most efficient with a transfection efficiency of 21.85 + 1.20% with 1.25 x 10’ cells
per well of a 12-well plate, and a ratio of DNA (ug) to Lipofectamine 2000 (ul) of 1:2.

The results are shown in Table 3.1 below and Figure 3.6.
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Table 3.1: Percentage transfection efficiency with CMV promoter-driven f-

galactosidase reporter gene using Lipofectamine 2000 in 661 W photoreceptor cells

G T R N s
0.625x 10° |1:2 14.07 + 1.52
0.625x10° | 1:3 14.13 + 1.33
1.25x 10° 1:1 13.66 + 0.99
1.25x 10° 1:2 21.85 + 1.20
125 % 10F 1:3 19.12 +0.95

*Mean of two independent experiments with duplicate samples + standard error (S.E.)

3.3.2 Evaluation of protection of 661W cone photoreceptor cells transfected with

pcXIAP, using UV light and daunorubicin to induce apoptosis
661W cells were exposed to UV light for 75 seconds on a TFX20M transilluminator

(10mJ/cm?) and the optimal time point for scoring cells (as described in 3.2.5) i.e. when
cell death was maximal, was found to be 22 hours following exposure. Figures 3.7: A,
B, show 661W cells before and after exposure to UV light. The characteristic features
of apoptosis, including membrane blebbing and the formation of apoptotic cell bodies
are evident in the cells exposed to UV light (Kerr et al., 1972). 661W cells were plated
as described in 3.2.1, transfected with varying concentrations of pcXIAP and then
exposed to UV light for 75 seconds. The cells were then scored for apoptosis 22 hours
later (Table 3.2, Figure 3.8). Although there was no significant protection (P > 0.05)
against UV light-induced apoptosis in 661W cells transfected with pcXIAP, compared
to vector alone, marginally higher levels of cell survival were observed. This indicates

a marginal trend toward protection, which cannot however be considered significant.
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Table 3.2: Percentage survival of 661W cells transfected with pcXIAP, 22 hours
following exposure to UV light

1 400 21.64 £ 1.79
2 0 400 23.97 +2.00
3 800 0 12.78 £ 2.92
4 0 800 1491 +2.03
5 1600 0 14.95 +2.44
6 0 1600 16.10 + 2.64
) 0 0 2337 x 258

*Mean of two independent experiments with triplicate samples + standard error (S.E.)

The chemotherapeutic agent, daunorubicin, was used to induce apoptosis in order to
further evaluate the potential protective effect of XIAP. 661W cells had previously
been shown to undergo apoptosis when exposed to daunorubicin (Tuohy 2001). An
advantage of using a chemical agent was that the dose could be adjusted with greater
accuracy than exposure to UV light. 661W cells were transfected with increasing
amounts of pcXIAP, exposed to 2.5uM daunorubicin and cells were scored as
described in 3.2.5. The results, as shown in Table 3.3 and Figure 3.9, indicated that
across three concentrations of pcXIAP, XIAP expression provided no significant
protection (P > 0.05) against daunorubicin-induced apoptosis in 661 W cells, compared

to the transfection of vector alone.
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Table 3.3: Percentage survival of 661W cells transfected with pcXIAP, 22 hours

following exposure to 2.5uM daunorubicin

[2304+308

400
2 0 400 22.15+2.91
3 800 0 17.48 £ 1.79
4 0 800 19.82 +2.86
5 1600 0 15.67 +2.43
6 0 1600 11.32+323
7 0 0 20.45 +1.93

*Mean of two independent experiments with triplicate samples + standard error (S.E.)

3.3.3 Detection of XIAP expression using reverse transcription (RT)-PCR

As no protection was observed with transient transfection of pcXIAP in 661W cells
exposed to UV light and daunorubicin, RNA from transfected 661 W cells was analysed
by RT-PCR to assess XIAP gene transcription. Using XIAP gene specific primers, a
100 bp fragment was amplified by RT-PCR confirming that the XIAP gene was being
transcribed (Figure 3.10: Lane 2).

3.3.4 Western blot analysis of XIAP protein in 661W cells

To confirm that XIAP protein was being expressed, total protein was isolated from
transfected 661W cells and analysed by Western blotting (3.2.7). The 56 kDa XIAP
protein was detected in transiently transfected cells (Figure 3.11: B1l). The XIAP
antibody also detected endogenous XIAP protein but the level of XIAP expression was
greater in the transiently transfected cells compared to the untransfected cells (Figure
3.11: Al). Equal loading of the protein samples was assessed by probing for B-actin,
and Figure 3.11: A2, B2, show bands of equal intensity. This indicates that the more
intense band for XIAP protein in Figure 3.11: B1, is not as a result of loading a greater
quantity of protein lysate from 661W cells transfected with pcXIAP, compared to

protein lysate from cells transfected with vector alone.
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3.3.5 Evaluation of protection of 293T and 661W cells transfected with pcXIAP, using

etoposide to induce apoptosis

RT-PCR and Western blotting confirmed that XIAP was expressed in 661W cells at the
RNA and protein level respectively. The lack of significant protection against apoptosis
induced by UV light or daunorubicin contrasted with other papers showing protection
with XIAP, although in different cell lines. One study showed that transient expression
of XIAP in a breast carcinoma cell line, provided a percentage cell survival of 61 +
~5% compared to 6 + ~5% of cells transfected with vector alone, when exposed to UV
light (Duckett et al., 1998). Another study demonstrated that XIAP was protective
against UV-induced apoptosis in NT2 carcinoma cells, with a percentage cell survival
of 89 + ~5% compared to 21 + ~10% of cells transfected with vector alone (Silke et al.,
2002). It was decided to use a control cell iine of 293T celils, in which c-IAP-1 and c-
IAP-2 had been shown to be protective against apoptosis, in parallel with 661W cells.
This was to demonstrate that the lack of protection in 661W cells was not a function of
some other parameter and that functional XIAP protein was being expressed from the
pcXIAP plasmid. To minimise variation, the method of Roy et al., 1997, was followed,
in which 30uM of etoposide was used to induce apoptosis in both cell lines. 293T cells
were transfected with increasing amounts of pcXIAP, exposed to 30uM of etoposide
and scored as described in 3.2.5. Figure 3.12 shows 293T cells following exposure to
30uM of etoposide for 48 hours. The results in Table 3.4 show that XIAP expression
resulted in a significant percentage cell rescue (P < 0.01) of approximately 16% across
the three concentrations of XIAP, with no significant titration of its protective effect.
Even accounting for an approximate transfection efficiency of ~70% in 293T cells (as
assayed by transfection of a (-gal reporter construct, data not shown), this is a
somewhat lower than expected level of protection considering the original paper by
Roy et al., 1997, in which c-IAP-1 and c-IAP-2 provided a percentage cell rescue of 34
+ ~8% and 22 + ~9% respectively. Furthermore, XIAP has been demonstrated to be a
more efficient caspase inhibitor than c-IAP-1 or c-IAP-2 (Deveraux et al., 1997

Deveraux et al., 1998).
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Table 3.4: Percentage survival of 293T cells transfected with pcXIAP, 48 hours

following exposure to 30uM etoposide

1 400 0 26.44 + 1.80
. 0 400 39.98 +2.67
3 800 0 3443 +2.35
4 0 800 5133 +.1.61
5 1600 0 2799 £ 2.58
6 0 1600 4447 + 1.88
) 0 0 32.64 +3.14

*Mean of three independent experiments with duplicate samples + standard error (S.E.)

To complete this work and demonstrate that absence of protection by XIAP against

induced apoptosis in 661W cells was a valid result, the above experiment was repeated

in parallel with 661 W cells.
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Table 3.5: Percentage survival of 293T and 661W cells transfected with pcXIAP, 48

hours following exposure to 30uM etoposide

PNA2 1 0/ all Crivsin

+(ng) | pcXIAP (ng)
il -

2233339
2 2937 0 400 44.09 +2.19
3 293T 800 0 25.65 +3.36
4 2937 0 800 40.94 = 0.87
5 293T 1600 0 26.36 + 2.64
6 293 0 1600 41.72 +3.03
7 23T 0 0 28.37 +3.65
8 661W 400 0 34.01 +3.44
9 661W 0 400 36.22 +0.74
10 661W 800 0 30.30 £ 0.67
11 661W 0 800 3542 +0.31
12 661W 1600 0 30.80 = 1.16
13 661W 0 1600 35.68 £0.48
14 661W 0 0 29.12 + 2.66

*Mean of three independent experiments with duplicate samples + standard error (S.E.)

Again, on average (calculated across the three concentrations of pcXIAP transfected),
XIAP expression in 293T cells resulted in a significant percentage cell rescue (P <
0.01), of approximately 15% shown above in Table 3.5 and in Figure 3.13. On average
(calculated across two higher concentrations of pcXIAP) there was a small but
significant rescue (P < 0.01) of approximately 5% in 661W cells transfected with
pcXIAP. c-IAP-1 and c-IAP-2 are two other members of the IAP family, which have
also been shown to be effective inhibitors of apoptosis in mammalian cells (Roy et al.,
1997; Deveraux et al., 1998). The above experiment was repeated for both of these

IAPs. As the pcIAP-1 and pcIAP-2 constructs were routinely used by Professor Seamus
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Martin's group (personal communication) and the constructs were not modified, no

analysis of IAP-1 or IAP-2 expression was undertaken for the current study.

Table 3.6: Percentage survival of 293T and 661W cells transfected with pcIAP-1, 48

hours following exposure to 30uM etoposide

e P G S BT PR SO |

293T

400 35.19 + 3.26
2 293T 0 400 47.80  1.98
3 203T 800 0 31.45 + 2.80
4 293T 0 800 41.67 = 1.87
5 293T 1600 0 34.96+ 1.19
6 203T 0 1600 4420 = 3.77
7 203T 0 0 38.10 + 2.09
8 661W 400 0 36.17  2.48
9 661W 0 400 32.92+0.76
10 661W 800 0 40.47 £0.77
11 661W 0 800 42.83 = 1.28
12 661W 1600 0 41.71+0.97
13 661W 0 1600 41.03 = 1.19
14 661W 0 0 36.40+ 0.70

*Mean of three independent experiments with duplicate samples + standard error (S.E.)

On average (calculated across the three concentrations of pcIAP-1 transfected), c-IAP-1
expression in 293T cells resulted in a significant percentage cell rescue (P < 0.01) of
approximately 11% as shown in Table 3.6 above and in Figure 3.14. There was no
significant protection (P > 0.05) against etoposide-induced apoptosis in 661W cells
transfected with pcIAP-1, compared to vector alone. The experiment was repeated for

c-IAP-2.
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Table 3.7: Percentage survival of 293T and 661W cells transfected with pcIAP-2, 48

hours following exposure to 30uM etoposide

1

203T 400 (31.47 + 3.01
2 203T 0 400 31.42+0.72
3 203T 800 0 28.77 + 1.83
4 203T 0 800 38.180.75 ‘
5 293T 1600 0 B
6 203T 0 1600 3339 + 1.64
7 293T 0 0 38.57 + 1.56
8 661W 400 0 28.63 + 3.71
9 661W 0 400 31.36 + 1.53 :
10 661W 800 0 37.14 + 1.49
11 661W 0 800 3352+ 1.17
12 661W 1600 0 31.66 + 0.86
13 661W 0 1600 3270 = 1.13
14 661W 0 0 36.41 +2.10

*Mean of three independent experiments with duplicate samples + standard error (S.E.)

On average (calculated across the two higher concentrations of pcIAP-2 transfected), c-
IAP-2 expression in 293T cells resulted in a significant percentage cell rescue (P <
0.01) of approximately 9% as shown in Table 3.7 above and in Figure 3.15. There was
no significant protection (P > 0.05) against etoposide-induced apoptosis in 661W cells
transfected with pcIAP-2, compared to vector alone. The level of protection afforded by
IAPs in 293T cells was less than had been reported in the literature, so to confirm these
results, DAPI staining was used to evaluate cell death in 293T cells exposed to
etoposide. When cells undergo apoptosis, the chromatin condenses within the nucleus,

and this can be observed using a fluorescent DNA-specific stain like DAPI (Figure
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3.16: D). 293T cells were transiently transfected with plasmid DNA expressing each of
the IAPs, exposed to etoposide and cell death assessed (Table 3.8 and Figure 3.17).

Table 3.8: Percentage survival of 293T cells transfected with pcXIAP, pcIAP-1 and
pcIAP-2, 48 hours following exposure to 30uM etoposide by evaluation of DAPI-

stained nuclei

ig 144.09 +2.71
2 0 1600 |0 0 6742097
3 0 0 1600 |0 57.79=0.18
4 0 0 0 1600 |5527235
5 0 0 0 0 4846+ 233

*Mean of three independent experiments with duplicate samples + standard error (S.E.)

Using DAPI staining to evaluate cell death, each of the IAPs rescued 293T cells from
apoptosis, ranging from an average of 23% for XIAP, 14% for c-1IAP-1 and 11% for c-
IAP-2 (P < 0.01). This is a similar trend to what had been observed in the current study
when cell death was quantified by assessing apoptotic morphology with a percentage
rescue of approximately 15% for XIAP, 11% for IAP-1 and 9% for IAP-2 (Tables 3.5-
7). The percentage cell survival was moderately greater when quantified by DAPI
staining, compared to assessment of apoptotic cell morphology by eye. For the DAPI
staining protocol, the cells are prepared in a single cell suspension, so the fluorescence
of individual cells is easily noted. Characterising the morphology of cells in a 6-well
dish is more difficult as individual cells are not as readily distinguished. Given the
results for this experiment, it may be that DAPI staining is a more reliable method for

assessing apoptosis in a cell population.
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3.3.6 Evaluation of protection of pcXIAP in a stable line of 661W cells

Given the lower than expected protection afforded by IAPs against etoposide-induced
apoptosis in 293T cells, the lack of protection observed in 661W cells (~5%, Figure
3.13) may possibly be the result of the low transfection efficiency in 661W cells.
Hence, to establish the level of protection that XIAP may possibly afford in 661W cells
exposed to an apoptotic insult, a stable line of 661W cells expressing XIAP was
generated using selection with G418 over a time-frame of six weeks (see 3.2.8). XIAP
expression was assessed in two of the resulting clones, using RT-PCR to compare
relative XIAP levels and thereby select the line with highest expression. Note that using
a forward primer for the myc tag incorporated into the pcXIAP construct, excluded the
possibility of PCR amplification of endogenous XIAP. Figure 3.18 shows a melting
curve analysis of XIAP and GAPDH PCR products from isolated RNA of 661W cells
with stable expression of XIAP, indicating expression of the XIAP transcript from
pcXIAP.

Table 3.9: Comparison of RNA levels of myc.XIAP in stable lines of 661W-XIAP
cells using quantitative RT-PCR

661W-XIAP/A | 100359
661W-XIAP/B | 97.27 £4.32

*Mean of three independent experiments with duplicate samples +

Standard Error (S.E.). Level of XIAP in 661W-XIAP/B is expressed

as a percentage of the level in 661 W-XIAP/A.
As can be seen from Table 3.9 there was no significant difference in expression
between the two stable cell lines, so 661 W-XIAP/A was used in further experiments,
following confirmation of XIAP protein expression by Western blot analysis (see
3.2.7). Figure 3.19 of the Western blot shows that there is a higher level of XIAP
expressed in isolated protein from 661 W-XIAP/A cells (C1), compared to protein from
661W cells transiently transfected with empty vector pcDNA3.1+ (Al) or pcXIAP
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(B1). Equal loading of the protein samples was assessed by probing for f-actin, and
Figure 3.19: A2, B2, C2 show bands of equal intensity. This indicates that the more
intense bands for XIAP protein in Figure 3.19: A2, and A3, corresponding to protein
from 661W cells with transient and stable expression of XIAP respectively, compared
to the band in Figure 3.19: Al, are not as a result of loading greater quantities of

protein.

Having established XIAP expression by RT-PCR and Western blotting in this line of
661W cells stably expressing XIAP, the possible protective effect of XIAP was
evaluated by exposing the stable 661W cell line to the chemotherapeutic agent,
etoposide (3.2.9). As results from the current study has suggested that DAPI staining
was possibly a more reliable method for assessing cell death (3.3.8: Table 3.8), this
method was used to quantify cell death in 661W cells stably expressing XIAP,
following exposure to etoposide (Table 3.11 and Figure 3.20).

Table 3.11: Percentage survival of 661W cells stably expressing XIAP, 48 hours

following exposure to 15-90uM etoposide by evaluation of DAPI-stained nuclei

2-661W-XIAP/A | 15 37.82+0.97
3-661W 30 22.86 +2.58
4-661W-XIAP/A | 30 32.90 + 2.65
5-661W 60 22.46 +2.05
6-661W-XIAP/A | 60 29.22+241
7-661W 90 26.04 + 1.64
8-661W-XIAP/A | 90 31.00 £2.24

*Mean of three independent experiments with duplicate samples + S.E.
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Stable expression of XIAP provided an average rescue of approximately 9% across the
four concentrations of etoposide, ranging from approximately 13% for 15uM etoposide
to 5.00% for 90uM etoposide (P < 0.01). The observed protection was consistent with
earlier results from 661W cells treated with etoposide following transient transfection
with pcXIAP, indicating that XIAP expression provides a low level of protection
against etoposide-induced apoptosis in the 661W cone photoreceptor cell line. As other
caspase inhibitors such as the baculoviral protein p35 have been shown to protect
aganst apoptosis in 661W cells (Tuohy et al., 2002), it may be appropriate to continue
further evaluation of p35 as a potential therapeutic agent rather than focus on XIAP.
However, as the research described here on XIAP was being undertaken, a paper was
published demonstrating that adeno-associated virus (AAV) vector delivery of XIAP
subretinally, provided significant protection in a chemical-induced model of retinal
degzneration in Sprague-Dawley rats (Petrin et al, 2003). This finding contrasts
somewhat with the low level of protection observed in the current study. Furthermore,
while 661W cells are derived from mouse photoreceptors (Agarwal 1998), the results
usirg IAPs in this cell line, may not mirror the potential of IAPs to protect retinal
tissies against apoptosis in vivo. In addition, as the 661W cell line stably expressing
XIAP was not monoclonal, there may have been varying expression of XIAP within the
cell population. AAV efficiently infects many cell types (Bueler 1999; Buning et al.,
2003), including photoreceptors (Rolling 2004; Dinculescu et al., 2005), so it could
pot:ntially be used to deliver XIAP to the majority of 661W cells, thereby
ciramventing the potential problems associated with transient transfection and the
gereration of stable cell lines. The research group that generated the AAV-XIAP,
healed by Professor William Hauswirth, kindly provided an aliquot of AAV-XIAP to

evauate in 661W cells.

Tozstablish the optimal multiplicity of infection (MOI: ratio of infectious particles to
nunber of cells infected) for 661W cells, the cells were infected with AAV-EGFP,
hovever, unfortunately 661W cells proved to be difficult to infect compared to the
cortrol cell line of 293 cells. Figure 3.21: B shows a small number of 661W cells

expressing EGFP (approximately 2-3 per field of view). However, this contrasts with
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the high level of expression in 293 cells in Figure 3.21: D. Both cell lines were infected
with approximately 10’ vp, providing an MOI of approximately 1000 for 661W cells
and 600 for 293 cells (differences due to original number of cells plated). Increasing the
viral particles on 661W cells, should in principle result in higher numbers of infected
cells. Note that although a high titre AAV-EGFP was not available at the time, the
aliquot of AAV-XIAP we received had, on personal communication, a high titre of 3 x
10" vp/ml. To confirm this viral titre, the viral genome copy number was quantified
using real-time PCR, and calculated to be approximately 6.45 x 10® vp/ml. Notably, the
viral titre obtained from this experiment was 10 fold lower than expected, compared to
expected titre of 3 x 10" vp/ml. The reduction in viral titre may possibly have been due
to delays during transit from the United States. Unfortunately, given this scenario, it
was decided that this titre was too low to use for the proposed experiments in 661W
cells. Nevertheless, in principle, AAV-mediated delivery may provide an alternative

means of exploring the anti-apoptotic potential of XIAP in 661W cells.
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3.4 Discussion

Photoreceptors in retinal degenerations such as adRP, have been shown to die by
apoptosis, a so-called "final common pathway of cell death". Inhibiting photoreceptor
degeneration may provide therapeutic benefit and one approach is to target caspases, an
important group of enzymes that can mediate apoptosis. The aim of this chapter was to
evaluate the anti-apoptotic potential of three members of the IAP family, a group of

caspase inhibitors, in 661 W cone photoreceptor cells.

One of the limitations of 661W cells and other neuronal cell lines is low transfection
efficiency. Considerable time was spent evaluating several of the main commercial
transfections agents, including a specialised agent for neuronal cells, NeuroPorter.
Although 661W cells are a transformed cell line, they were originally derived from
neuronal precursor cells, so it was thought that this agent could be useful. However,
NeuroPorter was found to be an inefficient agent for transfecting these cells. The
maximum transfection efficiency that could be achieved using three different
commercial agents was ~20%. Lipofectamine 2000 was selected as the transfection
agent, as it was marginally more effective that Superfect (data not shown). An
alternative method for delivering exogenous DNA that was not assessed is
electroporation, and newly developed systems are now available to optimise
transfection such as the Nucleofector Device from Amaxa (Cologne, Germany). This

approach may be worth exploring for future experiments using 661W cells.

XIAP is the best characterised of the IAPs to date, hence XIAP was evaluated first in
661W cells exposed to UV light, which induces apoptosis. Transient expression of
XIAP was not found to be protective (Figure 3.8). This was in contrast to several other
papers that had shown XIAP to be significantly protective against apoptosis induced by
UV light, with a percentage cell rescue ranging from 55% in MCF7 cells to 37% in
NT2 cells (Duckett et al., 1998; Silke et al., 2001). This lack of protection could be a
function of the cell line used, as apoptotic pathways vary between cell lines, both in

threshold of activation and pathway followed. For example, two retinoblastoma cell
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lines, Y79 and Weri Rb-1 were found to respond differently to apoptosis-inducing

cytokines (Cullinan e al., 2004).

Daunorubicin, a chemotherapeutic agent, was also used to induce cell death in 661W
cells. It had been used in previous studies of apoptosis in 661W cells (Tuohy et al.,
2002). Daunorubicin induces cell death though a number of mechanisms of action,
including activation of caspase-3, -6, -7 and -8 (Wesselborg et al., 1999). In 661W
cells, daunorubicin is a potent apoptosis-inducing agent, resulting in approximately
80% cell death after an exposure time of 20 hours. However, no protection was
observed in 661W cells transiently expressing XIAP (Figure 3.9). Although the
sequence integrity of pcXIAP had been confirmed (data not shown), to exclude the
possibility that XIAP protein was not being expressed, RT-PCR and Western blot
analysis confirmed that XIAP was being transcribed and translated (Figures 3.10-11).

A control cell line (293T cells), in which IAPs had been previously shown to protect
against apoptosis, was treated in parallel with 661W cells to exclude errors associated
with experimental technique or other parameter as the reason for the lack of protection
afforded by XIAP (Figures 3.8-9). In a previous study by Roy et al., c-IAP-1 and c-
IAP-2 had been found to result in a percentage survival of approximately 34% and 22%
respectively in 293T cells exposed to 30uM etoposide (Roy et al., 1997). In the current
study, transient expression of XIAP afforded a significant (P < 0.01) percentage cell
rescue of approximately 16% in 293T cells (Table 3.4), confirming that functional
XIAP was being expressed. Although the protective effect of XIAP was not evaluated
by Roy et al., whose method of etoposide-induced apoptosis was being followed for the
current study, XIAP has been demonstrated to be more potent than c-IAP-1 and c-IAP-
2 in a number of studies (Deveraux et al., 1997; Deveraux et al., 1998). Considering
this, the protection obtained in the current study is lower than would have been
expected. In addition, XIAP had been previously shown to be protective in NT2 and
293 cells exposed to etoposide, with an average cell rescue of approximately 45%

(Sauerwald et al., 2002; Silke et al., 2002). In the current study, expression of c-IAP-1
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and c-IAP-2 provided significant (P < 0.01) cell rescue of approximately 11% and 9%
respectively, which is also less than that obtained previously by Roy et al., 1997.

To confirm the results obtained here, cell death was assessed using another method,
DAPI staining (Figure 3.16). Notably, a similar trend in protection was observed, with
a significant (P < 0.01) percentage rescue of 293T cells ranging from an average of
23% for XIAP, 14% for c-IAP-1 and 11% for c-IAP-2 (Figure 3.17). For the DAPI
staining assay, cells are trypsinised, generating a single cell suspension, hence assessing
the morphology of individual cells is more straightforward compared to assessing the
morphology of cells in situ, where cells are frequently clumped together. Thus, on
consideration, DAPI staining was more likely the more reliable method for assessing
cell death. The transfection efficiency in 293T cells in the current study was in the
order of 70% (data not shown), so this may at least in part account for the difference in
XIAP-based protection observed between this study and previous ones. With regard to
the other studies that demonstrated that XIAP significantly protects against apoptosis
induced by UV light, etoposide and other chemotherapeutic agents, variations in the
protocol, including the length of exposure to UV light (Duckett et al., 1998),
concentration of etoposide (Sauerwald et al., 2002), or cell type (Silke et al., 2002),

may explain the difference in protection observed compared to the current study.

Transient expression of XIAP afforded a slight but significant (P < 0.01) rescue of 5%
in 661W cells exposed to the same concentration of etoposide as 293T cells (Table 3.5,
Figure 3.13). Consistent with the trend observed in 293T cells where c-IAP-1 and c-
IAP-2 protected significantly less than XIAP against etoposide-induced apoptosis, a
similar trend emerged for 661W cells, with no significant protection afforded by c-IAP-
1 or c-IAP-2. Clearly the low transfection efficiency of 661W cells was a limiting
factor in assessing the potential protective effect of IAPs. However, recent publications
have continued to show that XIAP protects against apoptosis in a number of cell death
models. For example, transgenic mice overexpressing XIAP were found to be more
resistant to brain injury following transient forebrain ischaemia (Trapp et al., 2003) and

adenoviral delivery of XIAP was demonstrated to protect retinal ganglion cells (Kugler
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et al., 2000; Straten et al., 2002), motor neurons (Perrelet et al., 2002) and hippocampal
neurons after axotomy (Xu ez al., 1999). Hence in an attempt to circumvent low
transfection efficiency in 661W cells and to satisfactorily establish to what extent XIAP
may protect from apoptosis in 661W cells, a stable cell line was generated. Further
research was not continued with the other two IAPs as this work suggested that they
may be less effective at inhibiting apoptosis compared to XIAP, a finding consistent

with other studies (Deveraux et al., 1997; Deveraux et al., 1998).

Stable expression of XIAP provided a low level of rescue of 661W cells ranging from
approximately 13% for 15uM etoposide to 5% for 90uM etoposide, comparable to the
level of rescue observed in the transient studies (Table 3.11, Figure 3.20). As using the
same assays as those used for XIAP, other caspase inhibitors have been shown to be
effective in 661W cells such as the p35 baculoviral protein, the low level of protection
afforded by XIAP, did not encourage further research. However, in this regard, it is
worth noting that a further paper has emerged recently however, in which AAV was
used to deliver XIAP to rats with a chemical-induced retinal degeneration (MNU: N-
methyl-N-nitrosourea) (Petrin et al., 2003; Leonard er al., 2005). In the study
undertaken by Petrin er al., significant protection of the outer nuclear layer (ONL) of
the retina was observed in four out of six animals treated with AAV-XIAP one week
after MNU-induced degeneration, compared to control-injected or uninjected eyes at
the same time-point, where the ONL was essentially destroyed. Two of the animals
with structural protection of the ONL, also had a weak but recordable electroretinogram
(ERG) response at 1 week, with b-wave amplitudes of approximately 5-15% compared
to pre-treatment with MNU. Considering that only 20% of the retina was transduced
with AAV, as suggested by the authors, this result suggests that XIAP may be
significantly protective, further validating apoptosis inhibition as a potential therapeutic
approach for adRP and other retinal degenerations. More recently at the 2005 meeting
of The Association for Research in Vision and Opthalmology (ARVO), Leonard et al.,
2005, presented results on AAV delivery of XIAP to the Pro23His and Ser344Ter rat
models of retinal degeneration, both of which carry autosomal dominant RP mutations

of rhodopsin. In the study, significant protection of the ONL was observed in both
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models of RP, following subretinal injection of AAV-XIAP at postnatal day 16 (P16),
up to 32 weeks. Although the slight improvement in ERG function of the Ser344Ter
model, declined after 18 weeks following injection, the results with the Pro23His model
were encouraging, with an ERG improvement maintained to 20 weeks post-injection of
AAV-XIAP. Clearly recent data published subsequent to this study in 661W cells
undertaken as part of this Ph.D. would suggest that XIAP may have a role in protecting

photoreceptors from apoptosis in vivo.

As the level of expression of stably transfected plasmids can vary within a stable cell
line that is not monoclonal, the level of protection afforded by XIAP in the stable line
of 661W cells generated in the current study, may not reflect the full inhibitory
potential of XIAP. Given the encouraging results from the study by Petrin et al., 2003,
demonstrating significant protection in a chemical-induced animal model of retinal
degeneration, following XIAP expression, it was considered valuable to firmly
establish the protective effect of XIAP in 661W cells. As AAV-XIAP, generated in the
former study was available, and AAV gene delivery has been shown to be highly
efficient compared to transient transfection, a study was undertaken to evaluate the
potential protective effect of AAV-delivered XIAP in 661W cells exposed to etoposide.
Professor William Hauswirth kindly provided an aliquot of AAV-XIAP, with a titre of
3 x 10" vp/ml. As the multiplicity of infection (MOI) varies between cell lines, 661W
cells were transduced with AAV-EGFP, generated on site, to determine the MOI. Using
107 viral particles, only a small percentage (1-5%) of 661W cells expressed EGFP
(Figure 3.21: B), indicating that 661W cells have a high MOI: that is a high ratio of
viral particles to number of cells being infected is required. As the AAV-XIAP had a
high-titre of 10", it should, in principle, have been possible to achieve a sufficiently
high MOI (suggested MOI for 661W cells of 1000-10,000: via personal
communication, Dr. Adam Baker, Eastern Ontario Research Institute, Ottawa, Ontario,
Canada). Unfortunately however, the genomic viral titre was determined by real-time
PCR to be 6.45 x 10°, approximately 5 fold lower than expected. This may have been
due to delays in transit from the United States. Given this titre, the study was not

undertaken with the AAV-XIAP provided by Professor Hauswirth. However, results
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from Petrin et al., 2003, and Leonard et al., 2005, highlight the validity of the approach
that was being followed in the current study, and suggest that further work to explore
the full anti-apoptotic potential of XIAP for photoreceptors should be undertaken. In
this regard, given that the team in Trinity College Dublin can now produce high-titre
AAV, one possibility for future work may involve the generation of AAV serotype 2/5,
which transduces photoreceptors efficiently, (Chapter 1: 1.5.3.4) for the further

exploration of the anti-apoptotic effect of XIAP in vivo.

In summary, suppressing photoreceptor apoptosis represents a potential therapeutic
strategy for adRP and other retinal degenerations. An essential element of this research
involves identifying and evaluating anti-apoptotic agents in relevant in cellulo and in
vivo systems. The aim of the study described here was to evaluate three members of the
inhibitor of apoptosis protein (IAP) family, in 293T cells and 661W cone
photoreceptors. Previous studies have shown that IAPs are effective caspase inhibitors,
conferring protection against numerous apoptotic agents. In this current study, XIAP, c-
IAP-1 and c-IAP-2 were shown to be less effective than previous studies at inhibiting
chemical-induced apoptosis in 293T cells. Percentage cell rescue ranged from
approximately 23% for XIAP, 14% for c-IAP-1 and 11% for c-IAP-2. 661W cells are
less easily transfected than 293T cells, so consistent with the results in 293T cells,
XIAP expression provided a slight protection of approximately 5% in 661W cells,
while expression of c-IAP-1 or c-IAP-2, provided no observable protection. To
overcome the low expression of XIAP, a stable line of 661W cells expressing XIAP
was generated. Stable expression provided a significant (P < 0.01) cell survival of
37.82 + 0.97% compared to control 661W cells at 25.14 + 1.52% when exposed to
15uM etoposide. This is a relatively modest level of protection, and is not consistent
with a recent study showing that XIAP is protective in both inherited and chemical-
induced animal models of retinal degeneration (Petrin et al., 2003; Leonard et al.,
2005). With regard to the lack of protection afforded by XIAP in 661 W cells exposed
to daunorubicin, the chemical agent used initially, differences in the potency of the
agent or mechanism of initiating cell death compared to etoposide, may explain this

result.
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In the current study, XIAP expression from the pcXIAP construct was confirmed at the
RNA and protein level by RT-PCR and Western blot analysis. In addition, all three IAP
constructs used were the same as those used in the studies by Roy et al., 1997 and
Deveraux et al., 1998, demonstrating the anti-apoptotic effect of XIAP, c-IAP-1 and c-
IAP-2. However, there may be a number of reasons why XIAP may not have been
found to be protective in the current study. Clearly transient transfection of 661W cells
is inefficient and may in part explain the low level of protection afforded by XIAP
expression. In stable 661W cells expressing XIAP, the level of expression may have
varied, as the cell line was not monoclonal in origin. Although XIAP is expressed in the
stable cell line (Figure 3.19), the protection afforded to 661W cells exposed to a
chemical insult, may have been limited by insufficient levels of XIAP expression.
Furthermore, although 661W cells have been used by this and other laboratories
previously (Roque et al., 1999; Tuohy et al., 2002; Gomez-Vicente et al., 2005), the
661W cell line is only a representative model of retinal photoreceptors and it cannot be

certain how closely a transformed line mirrors in vivo cell lineages.

Although the results obtained in this current study with XIAP in 661W cells were not
very encouraging, further research may provide support for the use of XIAP as an anti-
apoptotic agent and hence it will be interesting to further evaluate the therapeutic
efficacy of XIAP in animal models of retinal degenerations, such as the Pro23His and
Ser344Ter models carrying rhodopsin mutations, outlined above in the study by
Leonard et al., 2005. Furthermore, additional mouse models of RP exist such as the
rds-307 model carrying a base-pair deletion of the rds/peripherin gene (McNally et al.,
2002) and the rd model with a mutation in the B-subunit of cGMP phosphodiesterase
(Bowes et al., 1990). Hence, the anti-apoptotic effects of XIAP could be explored in
such animal models to assess how applicable XIAP is as an anti-apoptotic agent for the
many causes of RP. As there is increasing evidence to support caspase-independent
mechanisms of photoreceptor cell death (Zeiss et al., 2004; Sharma et al., 2004;
Doonan et al., 2005), it may be necessary to deliver XIAP with another therapeutic

agent. Although it is notable that in a recent study, XIAP was demonstrated to inhibit
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caspase and calpain cleavage, thereby significantly inhibiting motor neuron

degeneration in vivo (Wootz et al., 2006).

Another inhibitor of apoptosis, the p35 baculoviral protein, was evaluated in this
laboratory and shown to be very effective at protecting 661W cells against chemical-
induced apoptosis, providing a percentage cell rescue of approximately 50% (Tuohy et
al., 2002). Considering the results of this study and a number of others demonstrating
that p35 protected against photoreceptor loss in Drosophila models of retinal
degenerations (Davidson et al., 1998; Galy et al., 2005) , there was a clear rationale to
further evaluate the therapeutic efficacy of p35 in vivo, which forms the basis for the

next two chapters of this thesis.
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p-CMV: Cytomegalovirus promoter (bases 209-863)

N-Myc: Myc epitope tag (bases 913-939)

XIAP: 1.5 kb of XIAP gene (bases 957-2471)

BGH poly A: Bovine growth hormone polyadenylation signal (bases 2519-2750)
Neo®: Neomycin resistance gene (bases 3652-4433)

SV40 poly A: SV40 polyadenylation signal (bases 4501-4873)

AmpR: Ampicillin resistance gene (bases 5951-6811)

Figure 3.1: Plasmid map of pcDNA-myc.XIAP (maps for pcIAP-1 and pcIAP-2
are similar in design). Restriction enzyme sites for EcoRI and Xhol are shown in

red.
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Figure 3.2*: Plasmid map of pCMVf. pCMVp is a reporter plasmid that
expresses [3-galactosidase in mammalian cells. Unique restriction sites are
highlighted in bold. *Diagram from http://www.clontech.com (Clontech, Mountain
View, CA, USA).
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EGFP: Enhanced green fluorescent protein (bases 90-816)
SV 40 poly A: SV 40 early mRNA polyadenylation signal (970-1020)

Kan®/Neo®: Kanomycin/neomycin resistance gene (2047-2841)

Figure 3.3*: Plasmid map of pEGFP-1. This plasmid encodes a gene for
enhanced green fluorescent protein (EGFP), used as a reporter for gene expression.
The promoter of interest is cloned into the multiple cloning site. Unique restriction
sites are highlighted in bold. *Diagram from http://www.clontech.com (Mountain

View, CA, USA).
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ampicillin: Ampicillin resistance gene (2970-3827)

Figure 3.4*: Plasmid map of pAAV-MCS. The gene of interest is cloned into the
multiple cloning site, and expression is driven by a CMV promoter. The inverted
terminal repeats are necessary to direct AAV viral replication and packaging. Non-
unique Notl restriction sites are highlighed in bold. *Diagram from

http://www.stratagene.com (La Jolla, CA, USA).




Figure 3.5: 661W cone photoreceptor cells transfected with CMV promoter-
driven P—galactosidase. Cells were plated at a density of 1.25 x 105 per well of a
12-well plate, transfected with 500ng pCMVf (Figure 3.2) using Lipofectamine
2000 and assayed for B-gal expression after 48 hours (see 3.2.4). Blue colour

indicates expression of the reporter gene in transfected cells (200X magnification).
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Figure 3.6: Percentage transfection of 661W cells with varying ratios of
pCMVB DNA:Lipofectamine 2000 as measured by staining for f-
galactosidase expression. Cells were plated at 6.25 x 10*and 1.25 x 105 per well
of a 12-well plate, transfected with 500ng pCMVP using a DNA (ug) to
Lipofectamine 2000 (ul) ratio of 1:1, 1:2 and 1:3 and assayed for (3-gal expression
after 48 hours (see 3.2.4). A minimum of 300 cells were scored as blue or white for
each well, and the percentage transfection expressed as blue cells/total cells x 100.

Bars represent mean + standard error (S.E.) of duplicate experiments.
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Figure 3.7: 661W cone photoreceptor cells following exposure to UV light. (A)
Untreated 661W cells under standard conditions, (B) 22 hours following exposure
to UV light for 75 seconds (see 3.2.5). Black arrows indicate common features of
apoptosis: membrane blebbing and the formation of apoptotic bodies (200X

magnification).
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Figure 3.8: Percentage survival of 661W cells transiently transfected with
pcXIAP following exposure to UV light. Cells were plated at a density of 2 x 10°
per well of a 6-well plate and transfected with pcXIAP. After 48 hours cells were
exposed to UV light for 75 seconds and scored for apoptotic and viable cells 22
hours later (see 3.2.5). A minimum of 300 cells were scored per well. Bars
represent mean + standard error (S.E) of duplicate experiments. There was no
significant difference (P > 0.05) in cell survival between cells transfected with
pcXIAP, compared to vector alone. The percentage survival of cells transfected
with 800ng or 1600ng DNA is lower compared to the control or cells transfected
with 400ng DNA, indicating the possibility that the higher concentration of DNA

and Lipofectamine was toxic.
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Figure 3.9: Percentage survival of 661W cells transiently transfected with
pcXIAP following exposure to 2.5uM daunorubicin. Cells were plated at a
density of 2 x 105 per well of a 6-well plate and transfected with pcXIAP. After 48
hours cells were exposed to 2.5uM daunorubicin and scored for apoptotic and
viable cells 24 hours later (see 3.2.5). A minimum of 300 cells were scored per
well. Bars represent mean + standard error (S.E.) of duplicate experiments. There

was no significant difference (P > 0.05) in cell survival between cells transfected

with pcXIAP, compared to vector alone.
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Figure 3.10: RT-PCR analysis on RNA extracted from 661W cells transiently
transfected with pcXIAP. Lane 1, 100 bp DNA ladder; Lane 2, amplification of
cDNA from 661W cells with primers for XIAP gene (see 3.2.6, 100 bp product);
Lane 3, amplification of cDNA from 661W cells with primers for GAPDH gene
(see 3.2.6, 100 bp product); Lanes 4-5, amplification of cDNA from untransfected
661W cells with primers for XIAP and GAPDH genes; Lane 6-7, water blanks
with primers for XIAP and GAPDH genes. PCR products of 100 bp are indicated

in red and DNA size standards in black.
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Figure 3.11: Western blot analysis of cell lysate from 661W cells transiently
transfected with pcXIAP. Lysates from cells transiently transfected with (A)
pcDNA3.1+ (2ug), or (B) pcXIAP (2ug), were probed using a polyclonal
antibody for XIAP (A1, B1) and a monoclonal antibody for B—actin (A2, B2)
(loading control) (see 3.2.7). Molecular weight (Mr) of XIAP and B-actin proteins
are shown to the right of the images. The approximate position of protein size
standards (Kaleidoscope prestained protein ladder from Bio-Rad Laboratories) are

shown to the left of the images.



Figure 3.12: 293T cells. (A) Untreated 293T cells under standard conditions, (B)

293T cells 48 hours following exposure to 30uM etoposide (200X magnification).
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Figure 3.13: Percentage survival of 293T and 661W cells transiently
transfected with pcXIAP following exposure to 30uM etoposide. 293T and
661W cells were plated at a density of 5 x 10°and 2 x 105 respectively, per well of
a 6-well plate and transfected with pcXIAP. After 48 hours cells were exposed to
30uM etoposide and scored for apoptotic and viable cells 48 hours later (see 3.2.5).
A minimum of 300 cells were scored per well. Bars represent mean + standard
error (S.E.) of triplicate experiments. There was a significant difference (P <
0.01%) in cell survival between 293T cells transfected with pcXIAP, compared to
vector alone. There was also a significant difference (P < 0.01%) in cell survival
between 661W cells transfected with the two higher concentrations of pcXIAP,

compared to vector alone.
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Figure 3.14: Percentage survival of 293T and 661W cells transiently
transfected with pcIAP-1 following exposure to 30uM etoposide. 293T and
661W cells were plated at a density of 5 x 10°and 2 x 105 respectively, of a 6-well
plate, and transfected with pcIAP-1. After 48 hours cells exposed to 30uM
etoposide and scored for apoptotic and viable cells 48 hours later (see 3.2.5). A
minimum of 300 cells were scored per well. Bars represent mean + standard error
(S.E.) of triplicate experiments. There was a significant difference (P < 0.017) in
cell survival between 293T cells transfected with pcIAP-1, compared to vector
alone. There was no significant difference (P > 0.05%) in cell survival between

661W cells transfected with pcIAP-1, compared to vector alone.
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Figure 3.15: Percentage survival of 293T and 661W cells transiently
transfected with pcIAP-2 following exposure to 30uM etoposide. 293T and
661W cells were plated at a density of 5 x 105and 2 x 105 respectively, of a 6-well
plate and transfected with pcIAP-2. After 48 hours cells were exposed to 30uM
etoposide and scored for apoptotic and viable cells 48 hours later (see 3.2.5). A
minimum of 300 cells were scored per well. Bars represent mean + S.E. of
triplicate experiments. There was a significant difference (P < 0.017) in cell
survival between 293T cells transfected with the two higher concentrations of
pcIAP-2, compared to vector alone. There was no significant difference (P >
0.05*) in cell survival between 661W cells transfected with pcIAP-2, compared to

vector alone.



Apoptotic Cell Apoptotic Cell

Figure 3.16: 661W cone photoreceptor cells treated with 30uM etoposide and
stained with DAPI. Cells were plated at 2 x 105 per well of a 6-well plate, exposed
to 30uM etoposide for 48 hours, fixed and stained with DAPI (see 3.2.5). (A)
shows control cells under white light, and (B) under UV fluorescent light. (C)
shows treated cells under white light and (D) under fluorescent light (200X

magnification).
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Figure 3.17: Percentage survival of 293T cells transiently transfected with
pcXIAP, pcIAP-1 and pcIAP-2 following exposure to 30uM etoposide. Cells
were plated at a density of 5 x 10° per well of a 6-well plate and transfected with
pcXIAP. After 48 hours cells were exposed to 30uM etoposide and scored for
apoptotic and viable cells 48 hours later (see 3.2.5). A minimum of 300 cells were
scored from 3 fields of view. Bars represent mean + S.E. of triplicate experiments.
There was a significant difference (P < 0.017) in cell survival between 293T cells

transfected with pcXIAP, pcIAP-1 and pcIAP-2, compared to vector alone.
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Figure 3.18*: Melting curve analysis of XIAP and GAPDH PCR products
from isolated RNA of 661W cells with stable expression of XIAP. Black arrows
indicate the peaks of specific amplification products: GAPDH, the housekeeping
gene and XIAP (see 3.2.8). Note that there are no amplification peaks for the water

blanks indicating the absence of contamination in samples (*image is a print-out

from the LightCycler {Roche}).
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Figure 3.19: Western blot analysis of cell lysate from 661W cells with
transient and stable expression of XIAP. Cell lysates from 661W cells
transiently transfected with (A) 2ug pcDNA3.1+, (B) 2ug pcXIAP and (C) 661W
cells stably expressing XIAP, were analysed by Western blot using a polyclonal
antibody for XIAP (A1, B1, C1) and a monoclonal antibody for —actin (A2, B2,
C2) (loading control) (see 3.2.7). Molecular weight (Mr) of XIAP and B-actin
proteins are shown to the right of the images. The approximate position of protein
size standards (Kaleidoscope prestained protein ladder from Bio-Rad Laboratories)

are 