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Abstract

The purpose of this Ph.D. thesis has been to contribute towards the generation of 

therapies for inherited disorders such as retinitis pigmentosa (RP) and 

osteogenesis imperfecta (01). In chapter 2, a novel mitochondrial disease m utation 

in the second serine tRNA gene (MTTS2) was discovered and characterised. A 

heteroplasmic C^A transversion a t position 12258 in MTTS2 was found to cause 

RP in conjunction w ith sensorineural deafness in a large Irish kindred (Kenna et 

al., 1997; M ansergh et al., 1999). This study highlights yet again, the genetic 

heterogeneity present in many inherited disorders such as RP (Appendix B and 

table 2, chapter 1).

C hapter 3 explores the use of ham m erhead ribozymes in m utation-independent 

methods of gene suppression. The generation of m utation-independent suppressors 

for dominant-negative disorders such as RP and osteogenesis imperfecta (01) is 

imperative, as these disorders are frequently associated with immense genetic 

heterogeneity, m aking the generation of mutation-specific therapeutic agents 

impractical. Three m utation-independent strategies, studied in chapter 3, are 

based on either selective cleavage of m utant transcripts or alternatively cleavage of 

both m utan t and wildtype transcripts and concurrent introduction of replacem ent 

genes which supply modified wildtype transcripts which are protected from 

cleavage. In these approaches, ribozyme m ediated cleavage occurs, not at m utation 

sites, but at wobble positions, in untranslated regions (UTRs) of the ta rget mRNA 

or a t polymorphic sites. Replacement genes, which encode wildtype protein, were 

generated. Replacement genes were specifically altered at ribozyme cleavage sites, 

protecting transcrip ts from cleavage (Millington-Ward et al., 1997; O’Neill et al., 

1999).

In chapter 4, a particularly efficient ribozyme first described in chapter 3,

R zpollal, was characterised in detail in term s of its kinetic profile. R zpollal 

targets a common polymorphic site in exon 52 of the C O LlA l transcript, a gene 

involved in 01. The polymorphism is sufficiently common to make R zpo lla l a 

potential therapeutic agent applicable to 1 in 5 01 patients with a dominant- 

negative m utation in COLIAI. R zpollal had an efficient maximum cleavage 

velocity (Vmax) of 0.41 min-^ (Millington-Ward et al., 1999). The ability of the
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ribozyme to cleave a structurally  complex target transcrip t (in this case 371 bases) 

efficiently in vitro strongly suggests th a t this ribozyme is worth testing thoroughly 

for in vivo cleavage activity (see chapters 4 and 5).

In chapter 5, R zpo lla l was protected from ribonucleases by the incorporation of 2’- 

amino pyrim idines w ith a view to protecting the ribozyme from nucleases and 

delivering the pre-formed ribozyme in an exogenous fashion to either cell cultures 

or anim al models for 01. R zpo lla l with protected nucleotides, while m aintaining 

both stability  in serum  and cleavage specificity, was somewhat problematic to 

transcribe in vitro; ribozyme yields were low. However, there may be ways to 

circum vent th is difficulty (see discussion section). In addition, in chapter 5, hum an 

prim ary fibroblast cell lines, known to express the polymorphic varian ts of the 

C O LlA l gene, were obtained and one of them characterised in term s of its  ability 

to be transfected, using viral (adenovirus and melony leukem ia virus) and non- 

viral (electroporation and lipids) means of gene delivery. The cell lines were only 

susceptible to viral transfection. Thus, a plasmid was generated carrying R zpollal 

driven by a CMV promoter, which will be used to generate an MLV retrovirus. The 

x’esulting virus will be studied in the characterised fibroblast cell lines and in a 

suitable anim al model for 01.

The last decade has resulted in a substantial elucidation of the molecular etiologies 

of many heritable disorders. This provides knowledge of the underlying molecular 

pathogenesis of disease, a greater understanding of the mechanisms of many 

disease processes and indeed a platform on which to explore and build therapies for 

these disorders. The research undertaken for this Ph.D. thesis touches upon these 

areas outlined above. The data obtained from the study provide additional 

information on the molecular etiology of RP w ith the implication of the second 

mitochondrial serine tRNA in causing RP in association w ith sensorineural 

deafness. The rem aining chapters explore the possible utility of ribozyme 

technologies in the design of therapies for genetically heterogeneous disorders such 

as RP and 01.
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General Introduction

1.1. G ene therap y, in trodu ction

Gene therapies are therapies directed towards genetic disorders. Theoretically they 

can be divided into two tjT)es. Somatic gene therapies are based on the suppression 

of genes, the addition of genes, the alteration of genes or a combination of 

strategies a t a somatic cell level. Germline gene therapies on the other hand would 

require a therapy to be carried out a t a germline stage, resulting in the alteration 

of all cells of an organism. The prospect of gene therapies has been a cause of much 

excitem ent since the late 1980's, when the molecular etiologies of many inherited 

disorders s tarted  to be elucidated. With the help of newly identified genetic 

m arkers such as restriction fragm ent length polymorphisms (RFLPs) and 

microsatellites, high-resolution genetic maps were being generated. With these 

maps and new techniques such as the polymerase chain reaction (PCR), and single 

strand  conformation polymorphism gel electrophoresis (SSCPE) linkages between 

disease loci for many inherited disorders and genetic m arkers were being 

established (section 1.14 and section 2 discuss these methodologies in detail). 

Subsequently, many genes w ithin the critical region of genetic linkages have been 

sequenced and disease-causing m utations identified.

For instance, in section 2 of this Ph.D. thesis a family, family ZMK, segregating 

retin itis pigmentosa (RP) and sensorineural deafness was studied. Initially the 

disease was thought to be autosomal dom inant or x-linked dominant. However, 

linkage analysis excluded over 92% of the genome from harboring the disease gene. 

It subsequently emerged th a t the disorder could possibly be mitochondrially 

inherited as the only instance of male to offspring transm ission of the disease in 

pedigree ZMK was brought into question (see chapter 2 for details). Finally a 

m utation, not present in 270 controls from the same ethnic background, was 

identified a t a highly conserved position in the second serine tRNA gene of the 

mitochondrion (see chapter 2). Thus, the genetic basis of m any diseases, such as 

the disease segregating in family ZMK, is now known. However a great deal more 

study needs to be carried out in order to understand the underlying mechanisms, 

causing the disease.
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The clarification of the underlying genetic basis of many genetic disorders has 

enabled researchers, for the first time, to consider the possibility of gene therapy 

seriously. Permission for the first hum an gene-therapy trials was granted in the 

early 1990s, but it was not until the mid 1990s th a t the first results of these trials 

were published. In 1995 Blaese et al., and Bordignon et al., reported the resu lts of 

the first hum an clinical trials for severe combined immunodeficiency disease 

(SCID), th a t is caused by an adenosine deaminase (ADA) deficiency. Both studies 

used ex vivo retroviral-m ediated transfer of the ADA gene to T cells, bone marrow 

cells and to peripheral blood lymphocytes of 2 children w ith ADA. Notably, the 

pa tien ts’ num ber of T lymphocytes and humoral immune responses normalised. 

T reatm ent in both studies was discontinued after 2 years, however, ADA continued 

to be expressed in T cells due to integration of the gene into the genome of the 

patients. Sim ilar studies have been repeated a number of times and it has now 

been shown that, while the transduced ADA cDNA continued to be expressed in T 

lymphocytes and myeloid cells in a few patients, there was no significant 

improvem ent in immune function. This disappointing effect may be due to the low 

efficiency of stem  cell transduction with retroviral vectors (reviewed in Hershfield, 

1998).

In 1992 Rosenfeld et al., transferred the normal hum an CFTR gene, the gene th a t 

causes cystic fibrosis (CF), into cotton rats. This was an in vivo transfer utilising a 

replication-deficient recombinant adenoviral (Ad) vector. RNA could be detected for 

up to 6 weeks. Crystal et al., (1994) successfully carried out the same experim ent 

on 4 hum ans w ith CF. However the patients soon developed immune responses 

towards the vector. The initial problems with Ad vectors due to immunological 

responses, have not been resolved fully although second and th ird  generation 

vectors utilising viruses such as lentiviruses, adenoviruses, adeno-associated 

viruses and herpes simplex viruses, which elicit a reduced response, have been 

developed (Klimatcheva et al., 1999; Crystal, 1999; Morsy and Caskey, 1999; 

Lalwani et al., 1996; Fink et al., 1996; Bonini et al., 1997; Alvarez and Curiel,

1997). In addition, many other problems such as how to adm inister therapies safely 

and efficiently have still to be resolved. Scientists around the world are actively 

investigating both modified viral vectors for gene delivery and various non-viral 

vectors such as liposomes and synthetic polymers such as dendrim ers (Urdea and 

Horn, 1993) (paragraph 1.13).
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The majority of gene therapy studies to date have focussed on the development of 

therapies for cancers and infectious diseases such as HIV (paragraph 1.6 for 

details). Gene therapies for M endelian disorders have, however, also been studied 

quite extensively. Initially, gene therapies for recessive Mendelian disorders were 

focused on, as in theory the disease phenotype may be ameliorated by simply 

adding a gene encoding a missing protein. In contrast, dom inant gain of function 

m utations may require the switching off of a disease-causing gene while leaving 

the wildtype allele intact. In addition, if haploinsufficiency were to cause some 

disease pathology, the introduction of a second wildtype allele may also be 

required. Another complication in relation to the development of therapies for 

dom inant disorders is allelic heterogeneity. There are, for instance, over 100 

m utations in the gene encoding rhodopsin known to cause retin itis pigmentosa 

(RP) and over 150 m utations in the type I hum an collagen lA l and 1A2 genes 

known to cause osteogenesis imperfecta (01). To develop a specific therapy for each 

known m utation may therefore not be time or cost effective. Thus m utation 

independent strategies will most likely be a more realistic approach to gene 

therapies for such heterogeneous disorders. RP and 01 will be discussed in detail in 

sections 1.7 to 1.10 of this chapter.

When devising a m utation independent therapeutic strategy for genetic disorders, 

one can target the prim ary defect causing the disease; th a t is try to suppress a 

dom inant negative gene or supply a recessive gene. Alternatively, a secondary 

effect associated w ith the disease process may be targeted. For instance, in the case 

of RP and most re tinal degenerations, is has been well documented th a t 

photoreceptor cells die through apoptosis (programmed cell death). In the context 

of work carried out during this Ph.D., RP will be focussed on as a model disease in 

this section. For example, in retinal degeneration slow (rds) mice, retinal 

degeneration (rd) mice and transgenic mice carrying either a Pro347Ser or Q244ter 

m utan t rhodopsin gene photoreceptor cell death is known to occur by apoptosis (see 

1.12 for details on anim al models of RP) (Chang et al., 1993; Portera-Cailliau et al., 

1994). Thus by preventing the apoptotic pathw ay from either commencing or 

reaching completion, theoretically it may be possible to re tard  many retinal 

degenerations. There is some evidence th a t bcl-2 over-expression reduces apoptotic 

photoreceptor cell death in mouse models for different retinal degenerations (i.e. 

the rd mouse and a mouse expression a C-terminal truncated form of rhodopsin. In 

addition bcl-2 over-expression had a protective effect on albino mice exposed to 

sustained illum ination from photoreceptor degeneration (Chen et al., 1996).
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However, a sim ilar study in the same year dem onstrated no photoreceptor cell 

protection from light-induced apoptosis by over-expression of bcl-2 in rd mice and 

mice carrying a dominant rhodopsin mutation, (Joseph and Li, 1996). In addition, 

the absence of p53 delays apoptotic photoreceptor cell death in the rds mouse (Ali 

et al., 1998). However, the absence of c-fos may prevent light-induced apoptotic cell 

death  of photoreceptors in re tinal degenerations and the expression of aberran t 

expression levels of c-fos accompanies photoreceptor cell death in the rd mouse 

(Hafezi et al., 1997; Rich et al., 1997). However, c-fos is by no means the only factor 

influencing the apoptotic pathw ay in the rd mouse, as the retinal degeneration in 

th is mouse also occurs in the absence of c-fos (Hafezi et al., 1998). In another study, 

p35 (baculovirus cell survival protein) expression retarded retinal degeneration in 

Drosophila w ith an autosomal dom inant m utation in rhodopsin (Davidson and 

Steller, 1998).

A second way in which to modify photoreceptor cell death associated w ith many 

re tinal degenerations is by using growth factors and neurotrophic factors to 

enhance the life of photoreceptor cells. In one study the effects of brain-derived 

neurotrophic factor (BDNF) were examined in a feline anim al model of retinal 

detachm ent. Most anim als receiving BDNF had well-organised outer segments th a t 

were longer than  those in controls. BDNF did not reduce overall cell death in the 

detachm ents or death  of photoreceptors by apoptosis. However, the results of the 

study suggest th a t BDNF may aid in the recovery of the retina after reattachm ent 

by m aintaining surviving photoreceptor cells and perhaps by promoting outer 

segm ent regeneration (Lewis et al., 1999).

In a second study, repeated in trav itreal injections of a ciliary neurotrophic factor 

analogue, either axokine or hum an BDNF, were carried out in order to study long­

term  effects on photoreceptor survival in hereditary retinal degeneration in an 

autosom al dom inant feline model of rod-cone dystrophy. Axokine significantly 

prolonged photoreceptor survival and reduced the presence of apoptotic cells.

BDNF and sham-injected eyes were not significantly different from un treated  eyes. 

Thus, axokine and not BDNF delays photoreceptor loss in this re tinal degeneration 

(Chong et al., 1999). However, cataract and mild retinal folds were found in all 

axokine-treated eyes in both dystrophic and normal animals.

In another study the intraocular gene transfer of an adenovirus carrying ciliary 

neurotrophic factor (CNTF) prevented the death and increased the responsiveness 

of rod photoreceptors in the rds mouse (Cayouette et al., 1998).
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In one study the survival of purified ra t photoreceptors in culture was stim ulated 

directly by fibroblast growth factor-2 (FGF-2). In control cultures 36% of the 

originally seeded photoreceptors were alive after 5 days in vitro. Notably in the 

presence of 20 ng/ml FGF-2 this num ber doubled to 62% (Fontaine et al., 1998).

Another exciting field of retinal therapy, which also targets the secondary effect of 

various m utations, is retinal reconstruction using retinal transplantation.

Professor Ray Lund's research group carried out experiments on ra ts  w ith 

inherited  eye diseases. Cells were taken  from nerves in the leg and injected into 

the retina. These ’peripheral’ nerve cells have the ability to regenerate and within 

six weeks, basic tests showed th a t the anim als’ eyesight had improved radically. 

One in three people over 60 have m acular degeneration cause by cells in the 

macula dying. Thus initial studies would suggest th a t re tinal transplantations may 

be instrum ental in treating  both RP and m acular degeneration (Whiteley et al., 

1998).

The studies described above clearly indicate th a t a number of therapeutic 

approaches for retinopathies are actively being explored. For example it may be 

necessary to am end the prim ary genetic lesion to provide long term  therapeutic 

benefit. At present we do not know if it will be necessary to modify the prim ary 

defect or to modulate some secondary effects associated with the disease pathology 

or indeed to use a combination of these approaches to provide therapeutic benefit. 

Given th a t we now know the precise underlying genetic lesion cavising the disease 

pathology for m any inherited retinal degenerations one aim of the present study 

was to explore m utation-independent therapeutic approaches, which am end the 

prim ary genetic defect.

Three m utation independent strategies for dominant-negative heterogeneous 

disorders, such as RP and 01 will be discussed in detail in chapter 3 of this thesis. 

The three strategies utilise ham m erhead ribozymes as suppression effectors 

(paragraph 1.3.1) and target the prim ary genetic defects causing RP and 01. The 

first method utilises untranslated  regions (UTRs) of RNA. Ribozymes are 

generated which ta rget UTRs at specific sites and suppress both the wildtype and 

m utan t alleles of a given gene. Concurrently a replacement gene is provided which 

has an altered UTR at the ribozyme cleavage site, so th a t replacem ent transcripts 

are m asked from suppression.
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The second m utation independent strategy also discussed in chapter 3 is based on 

the wobble hypothesis or the degeneracy of the genetic code. Ribozymes are 

designed which target RNA specifically at wobble positions of the genetic code; 

present in both the wildtype and m utan t allele. Concurrently a replacem ent gene 

w ith an altered base a t the wobble position is provided; replacem ent transcrip ts 

expressed from the gene are in principle masked from suppression.

The th ird  m utation independent strategy studied in chapter 3 of th is thesis is 

based on the occurrence of naturally  occurring intragenic polymorphisms. 

Ribozymes were generated which differentiate between the alleles of a 

polymorphism and selectively suppress one allele. Therefore, if in a patient, the 

suppressible polymorphism is present on the same allele as a disease m utation, 

such a suppressor may selectively suppress the m utant allele. In cases where 

haploinsufficiency does not give rise to disease pathology the suppression step may 

be sufficient to provide therapeutic benefit and the reintroduction of a wildtype 

allele may not be necessary. In such cases the reintroduction of a wildtype allele 

may not be necessary.

Interestingly, the possible role of polymorphism in both genomics-driven drug 

design and the fine mapping of polygenic disorders has clearly been recognised by 

the scientific community as dem onstrated by the new aims of the United States 

hum an genome project 1998-2003. One of the new goals (goal 3) of the project is the 

generation of a comprehensive natu ra l sequence variation map. The most common 

polymorphism in the hum an genome is the single nucleotide polymorphism (SNP). 

When two haploid genomes are compared, on average an SNP occurs every kb.

Thus SNPs, being abundant, stable and widely distributed across the genome are 

excellent candidates for mapping complex tra its  such as cancer diabetes and 

m ental illness. By 2003 an SNP map of at least 100,000 m arkers (that is one SNP 

per 30,000 nucleotides) will be generated and made publicly available. This should 

not only help in the identification of susceptibility loci, it may also help in the 

understanding of certain  types of drug-resistance which some patients seem to 

carry and which may be associated with polymorphism(s) (Collins et al., 1998). It is 

of note tha t the m utation independent strategies outlined above for autosomal 

dom inant disorders may also potentially be useful in the generation of gene 

therapies for polygenic or susceptibility diseases and indeed may possibly help 

combat some genomics-based drug resistance in the future.
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There is a range of methods to suppress gene expression, which can be utilised in 

the development of therapies for dominantly inherited disorders. Suppression 

effectors assessed to date include antisense DNA and RNA, DNA and RNA 

ribozymes including m ulti-target ribozymes (minizymes, connected or shotgun 

ribozymes), or triple helix forming oligonucleotides and peptide nucleic acids which 

are known to inhibit gene expression. RNA ribozymes are studied in detail in 

chapters 3 to 5 and are discussed in sections 1.3 to 1.6. Antisense nucleic acids will 

be discussed in greater detail in section 1.2. Triple helix forming oligonucleotides 

are sm all DNA sequences th a t can recognise specific sequences by the major 

grooves in double stranded DNAs. These oligonucleotides can under experim ental 

conditions inhibit DNA transcription and replication, generate site-specific 

m utations, cleave DNA and induce homologous recombination (Chan and Glazer, 

1997). Peptide nucleic acids (PNA) are nucleic acids in which the entire sugar- 

phosphate backbone has been replaced by an N-aminoethylglycine-based polyamide 

structure. PNAs bind DNA and RNA w ith higher affinity than  natu ra l 

oligonucleotides and have the unique ability to displace one strand  of a DNA 

double-helix (Uhlmann, 1998). Triple helix forming ohgonucleotides and PNAs will 

not be discussed further in this thesis, as they were not used in any of the 

suppression strategies explored during the course of my Ph.D. studies.

After a suitable suppression effector has been chosen for a gene therapy study, the 

suppressor needs to be assessed for specificity and efficiency; initially in vitro and 

subsequently in cell culture and anim al models. The in vitro efficiency of a 

ribozyme, for instance, can be described using classic Michaelis-Menten kinetic 

param eters and can be used as a broad predictor of potential i?i vivo activity. 

Ribozyme kinetics will be explored in detail in section 1.5 and chapter 4 of the 

thesis.

Finally, prior to a gene therapy being tested on patients it m ust be studied 

extensively in cell culture and anim al models. In the context of this Ph.D. thesis, 

the use of ribozymes in cell culture and anim al models for RP and 01 will be 

focused on in section 1.11 and 1.12 of this chapter. In addition, chapter 5 explores 

the potential utility of a ham m erhead ribozyme targeting a polymorphism in the 

C O LlA l gene (a gene known to cause 01 when mutated) in cell culture and an 

anim al model for 01. Various modifications, which can be made to ribozymes, to 

enhance either their efficiency or their stability in vivo will also be explored in 

chapter 5 of this Ph.D. thesis.
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A wide range of suppression effectors has been developed for future gene therapies 

for dominant-negative disorders. Additionally, appropriate cell systems and anim al 

models have been devised to enable testing of therapies. However, the immense 

genetic heterogeneity associated with many dom inant disorders has not been 

addressed adequately to date. During the course of this Ph.D. thesis m utation 

independent strategies for gene suppression were explored in detail in chapters 

3 to 5.

In chapter 3 m any m utation-independent ham m erhead ribozymes, which target 

hum an rhodopsin, peripherin/i?Z)S and the two type one collagen transcipts, genes 

involved in RP and 01, were designed and tested in vitro. In chapter 4 the most 

efficient ribozyme, R zpo lla l, targeting a polymorphic site of the C O LlA l 

transcrip t was characterised in detail kinetically and was shown to be extremely 

efficient. In chapter 5 suitable cell lines to test R zpollal activity were obtained and 

tested in term s of their ability to be transfected by non-viral and viral means. In 

addition, a viral MLV construct was generated with R zpollal driven by a CMV 

promoter. This will be used to generate an MLV virus carrying R zpollal.

1.2. Su p p ression  effectors/ an tisen se  n u cle ic  acids

Antisense nucleic acids are single strands of nucleic acids, either DNA or RNA, 

which are complementary to a target sequence. These oligonucleotides suppress the 

target sequence by hybridising to it, thus preventing other interactions needed for 

expression (e.g. transcription, splicing or translation), or by stim ulating nucleases 

to degrade the hybrid (either DNA:RNA or RNA:RNA), or by deactivating the 

target by cleaving it (e.g. ribozymes).

There are multiple uses for antisense in research. Firstly antisense molecules can 

suppress m utan t alleles th a t cause a disease or are contributing to m ultifactorial 

disorders. O ther uses of antisense molecules are th a t they can interfere with 

oncogenic transform ation (Scherr et al., 1997) or viral infections (e.g. HIV). Further 

useful functions of antisense in research include the down-regulation of genes with 

the aim of characterising their function and the use of antisense in the elucidation 

of complex cellular m echanisms such as apoptosis. Furtherm ore, antisense may be 

used to suppress norm al physiological responses is hum ans, which may, for 

example, cause organ rejection after surgery or may cause drug resistance. When 

trying to suppress a disease pathology, antisense is more likely to be effective in 

situations where the pathology is dosage sensitive. An unresolved hazard  of
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antisense is th a t suppression based on hybridisation may not be specific, causing 

suppression of the wrong protein or control region. This may be particularly  

hazardous w hen the antisense sequence used for suppression has some homology to 

a num ber of genes. For example, various hum an collagen genes are extremely 

homologous and the three cone opsin genes and the rhodopsin gene exhibit high 

levels of homology. It will therefore be highly preferable to target antisense 

molecules to unique sequences in the genome. The hum an genome project should 

provide useful information in this regard. There has been some evidence th a t 

antisense RNAs directed towards the 5’UTRs of genes may give the greatest 

inhibition, although 3’UTRs and translated  regions have also been known to cause 

a reduction of gene expression (Ch’ng et al., 1989).

Historically, the first antisense oligonucleotide to be artificially created was DNA 

designed to selectively modify a target nucleic acid (Belikova et al., 1967). In 1988 

the discovery th a t antisense RNA is used as a na tu ra l suppressor in eukaryotic and 

prokaryotic gene-expression led to an entirely new field of research (Takayam a and 

Inouye, 1990) and indeed the many applications of antisense in control of gene 

expression are still being elucidated. For example, researchers have found th a t 

antisense RNA helps regulate plasmid copy number in bacteria (Aiba et al., 1987; 

Actis et al., 1999). In another example the transform ation of antisense, sense and a 

promoter-less construct of the coding sequence of the elicitin gene into the 

oomycete p lan t pathogen Phytophthora infestans resulted in the transcriptional 

silencing of the transgenes (sense, antisense and promoter-less construct) and the 

endogenous elicitin gene. The gene rem ained silenced in nontransgenic 

homokaryotic progeny from the silenced heterokaryons, dem onstrating th a t the 

presence of transgenes is not essential for m aintaining the silenced sta tus of the 

endogenous gene. The exact mechanism, however, is still unknown (van W est et al., 

1999).

The ability to clone DNA into plasmids containing bacterio phage promoters such 

as Sp6, T7 and T3, which was developed largely in the 70s, led to the successful 

expression of specific RNA sequences m  vitro, greatly facilitating studies of 

antisense RNA. The field of antisense grew rapidly in the 80s and 90s. At one point 

during th is development it was believed th a t antisense technologies would produce 

viable trea tm en t for m any disorders. As w ith many technologies a num ber of 

complications have arisen which are briefly discussed here. One problem of using 

antisense RNA is the instability of this molecule and the slow uptake of antisense
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into the cytoplasm and nucleus. B etter uptake can be achieved by associating 

antisense RNA with lipids, such as lipofectAMlNE (GibcoBRL), now commercially 

available. A way of stabilising small RNAs is by chemically modifying RNA in 

various ways. A list of problems and solutions associated w ith the use of antisense 

RNAs is given in table 1. One special type of antisense RNA molecule is the 

ribozyme. Ribozymes are small catalytic molecules with a conserved core sequence 

and unconserved antisense arms, which bind target RNA. Under specific 

circum stances ribozymes can elicit sequence specific cleavage of target RNAs. 

F u rth er details of ribozymes are provided below.

1.3. S u pp ression  effectors/ ribozym es

Ribozymes are small ribonucleic acid (RNA) molecules th a t form a new class of 

metaloenzyme. They can have various very specific shapes and cleave the 

phosphodiester backbone of RNA at specific target sites. They require divalent 

m etal ions (e.g. MgCb) in order to perform cleavage reactions and to stabilise 

themselves. The first ribozyme to be discovered was in the ciliated protozoan, 

Tetrahymena thermophila, and was a self-splicing rRNA catalysing the splicing of 

its intron (Kruger et al., 1982). The first ribozyme to be characterised was 400 

bases of RNA comprising the part of RNase P ribozymes th a t can cleave pre- 

tRNAs. RNase P is mostly made up of protein but about 20% of it is comprised of 

RNA. In 1993 a group in Yale showed th a t it was the RNA component of RNase P 

th a t catalyses this cleavage and not the protein component (Guerrier-Takada et al., 

1993). A part from intron splicing ribozymes and RNase P there are now a further 4 

known categories of ribozymes; ham m erhead ribozymes, hairpin ribozymes. 

H epatitis delta viral RNA and Neurospora mitochondrial VS RNA.

1.3.1. Hammerhead ribozymes

Haseloff and Gerlach first described a ham m erhead ribozyme in the tobacco 

ringspot virus, which undergoes self-catalysed cleavage during replication.

However the exact sequence of the catalytic core th a t elicits this cleavage was not 

isolated at th a t stage (Haseloff and Gerlach, 1989). Ham m erhead ribozymes, called 

so because of their shape, trans-cXeave RNA at NUX sites (N = A, U, G or C and X = 

A, U or C). With two antisense arms they first bind RNA and then cleave the 

phosphodiesterase bonds of the RNA molecules to give 5’hydroxyl and 2’-3’-cyclic 

phosphate termini. They, like any ribozyme, require metal ions for their enzymatic 

reactions, but are flexible as to which m etal ions they can utilise; Mg^+, Mn^^, Co^ ,̂
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Sr2+ and Ba^+ all for instance function as coenzymes (Dahm and Uhlenbeck, 1991). 

In 1994 the exact structure of the ham m erhead ribozyme was elucidated (Pley et 

al., 1994). It contains 24 highly conserved bases flanked by its two antisense arms. 

Together these bases form three stem-like structures (figure 1). Additionally, 

various researchers have found th a t the rate of ham m erhead ribozyme catalysis 

can vary greatly from target site to target site and indeed from ribozyme to 

ribozyme (Zoumadakis et al., 1994) (see 1.5). These findings m irror the 

observations presented in th is Ph.D. thesis, where a large variance in the catalytic 

ra te  was found between ribozymes. The specific nature of cleavage elicited by 

ham m erhead ribozymes would suggest th a t the consensus sequence of the catalytic 

core is im portant in this process. Indeed many studies have investigated, via site 

specific m utagenesis of the consensus bases, the degree of sequence variability 

available while still m aintaining ribozyme cleavage activity (Ruffner et al., 1990).

In addition, cleavage rates vary depending on the perm utation of the NUX cleavage 

site. At 37°C, the NUC motif was found to be cleaved most efficiently, w ith the 

AUC motif being cleaved best (Zoumakakis and Tabler, 1995).

1.3.2. Hairpin rihozymes

The original hairpin ribozyme to be discovered was in the minus strand  of the 

Tobacco Ringspot Virus Satellite ([-]TRSV) RNA (Prody et al., 1986; Haseloff and 

Gerlach, 1989). Hairpin ribozymes are larger than  ham m erhead ribozymes and 

require alkaline earth  metals like Mg2+ Ca^+or Sr^+for efficient cleavage (Chowrira 

et al., 1993). They consist of four helical domains and five loops (figure 2) (Hampel 

and Tritz, 1989; Berzal-Herranz et al., 1993). Much like ham m erhead ribozymes, 

hairp in  ribozymes bind the substrate using two antisense arms, allowing for 

specificity and cleavage in trans. Substrate requirem ents are more complicated 

than  for ham m erhead ribozymes, however, any RNA molecule is still expected to 

contain many potential target sites. In summary, substrate requirem ents are the 

following: a GUC substrate cleavage site is required (G = guanine, U = uracyl and 

C = cytosine), substrates should have a C or a U a t position -2 and preferably a G 

or A a t position -3 (figure 2).

1.3.3. Hepatitis delta virus (HDV) and Neurospora mitochondrial VS RNA

HDV RNAs contain a self-cleavage site thought to be necessary during rolling circle 

replication (Wu et al., 1989). Their secondary structure has not yet been elucidated, 

though three models have been proposed: cloverleaf (Wu et al., 1989), pseudoknot 

(Perrotta and Been, 1990) and axehead (Branch and Robertson, 1991). None of
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these models is sim ilar to the catalytic domains described above for other 

ribozymes. Like all ribozymes known to date, HDVs require divalent cations for 

cleavage (Wu et al., 1989) and cleavage results in products with 2'3'-cyclic 

phosphate and 5'-0H  term ini (Branch and Robertson, 1991).

VS RNA is single-stranded circular RNA of 881 nucleotides. (Saville and Collins, 

1990). The cleavage products again comprise of term ini with 2'3'-cyclic phosphate 

and 5'-0H  and VS RNAs again require divalent cations for cleavage. The catalytic 

core has been found to comprise 154 nt. (Guo et al., 1993).

All ti'aiis-acting ribozymes cleave target RNA after binding the target using 

antisense arms. Logically therefore, RNA must, in the case of ham m erhead 

ribozymes, not only contain the required target NUX site, but also be accessible to 

the ribozyme. Areas in target RNAs th a t contain a high level of interm olecular 

base pairing are thought not to be very accessible to ribozymes. To determ ine 

w hether a site in a target RNA is suitable for ribozyme cleavage one can perform 

various experiments such as RNase H mapping (Frank and Goodchild, 1997). 

Another, more rapid, method for determ ining accessible sites uses computer 

algorithms, although the data generated in this way is not believed to be as 

accurate as th a t generated via RNase H mapping. One such computer program, 

MFOLD or PlotFOLD (Zuker, 1989), attem pts to specifically identify areas in 

ta rget RNA th a t are likely to hybridise with the ribozyme. The output is presented 

as plots of the most likely secondary structure of the RNA for various in ternal 
energy (AG) levels. N aturally, plots of the RNA with lower in ternal energies are 

more likely to represent the conformation of an RNA molecule a t a given time. 

Typically approximately the 10 most likely RNA conformations in term s of energy 

are analysed and open loop structures which are present in all or most of these 

conformations are designated as potential ribozyme target sites.

1.4. M ultitarget ribozym es; connected  and shotgun  ribozym es and  
m inizym es

1.4.1. Connected and shotgun rihozymes

Several groups of researchers have been investigating m ultitarget ribozymes (Chen 

e t al., 1992; Weizacker et al., 1992). Joining several ribozyme sequences in tandem  

w ithin a vector makes one type of m ultitarget ribozyme, the connected type. This 

type is transcribed as a single RNA. A second type of m ultitarget ribozyme can be 

made by combining cis-acting ribozymes (CARs) separated by trans-acting
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ribozymes so several trans-acting ribozymes are trimmed at the 5’ and 3’ ends by 

the CARs, thus freeing multiple trans-acting ribozymes (shotgun type).

1.4.2. Minizymes

A  hammerhead minizyme is like a hammerhead ribozyme, but instead of a stem- 

loop 2 region (figure 1) it contains a short oligonucleotide linker. Sometimes two 

minizymes can form divalent structures with two catalytic centres (figure 3) 

(Amontov et al., 1996; Sugiyama et al., 1996; Kuwabara et al., 1996; Sioud et al., 

1997). In this way it is possible to design two minizymes to form one dimer that is 

capable of cleaving RNA at two different target sites. Minizymes, like all ribozymes 

are dependent on the presence of divalent cations such as MgCb for cleavage.

1.5. Ribozyme Reaction Rates

Some of the same rules that apply to protein enzymes also apply to ribozymes.

They bind the target molecule in order to make bimolecular reactions 

unimolecular, they stabilise the transition state of a substrate and destabilise the 

ground state (Cech et al., 1992; Narlikar et al., 1995; Pan et al., 1993; Cech et al., 

1993; Hertel et al., 1994). Usually, enzyme catalysed reactions show a first-order 

dependence of rate on substrate concentration at very low concentrations, however, 

as the concentration of enzyme increases the rate approaches a limit, known as the 

saturation limit. Adding more enzyme will not increase the reaction rate and the 

reaction becomes of zero order with respect to substrate. Michaelis and Menten 

(Michaelis and Menten, 1913) were the first to develop enzyme kinetics in the way 

that we know it today. They exercised proper control of pH and used initial rates 

rather than whole time courses. They proposed that the first step in a reaction is 

the binding of a substrate (S) to an enzyme, in this case a ribozyme (Rz), to form a 

libozyme-substrate complex (RzS), which then reacts to give the product (P) with  

the regeneration of the free ribozyme:

/C-i /ci /C2 ki = association rate

Rz -I- S <=> RzS => Rz + P (1-1) '̂1  ̂dissociation rate

Km ki = rate of cleavage step

(eo -  a:) {no -  x) (x) (p) Km = equilibrium constant
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eo is the total concentration of enzyme and the concentration of RzS is x. Therefore 

the concentration of free enzyme is eo -  x. The same applies to the concentration of 

substrate; if 00 is the total am ount of substrate then ao — x  m ust be the am ount of 

free substrate, a t least until there has been time for the conversion of significant 

am ounts of S to P. Normally, ao is far larger than  eo (for example, 1 mM compared 

w ith 1 nM) and one need not distinguish between the total am ount of substrate  and 

the am ount of free substrate (ao = a). This may, however, not be assum ed in the 

case of ribozyme kinetics as the am ount of ribozyme (enzyme) and tem plate 

(substrate) is frequently in the same order. Michaelis and M enten assum ed th a t 

the first half of equation 1.1 was an equilibrium, where the equilibrium constant 

Km = [enzyme] [S] / [enzymeS].

The catalytic constant ko a t or turnover number of an enzyme defines the capacity of 

the enzym e-substrate complex, once formed, to form the product, P. Values of about 

10'̂  s * are typical for regular enzymes; for ribozymes kcat ra tes are generally several 

orders smaller. Another kinetic value of in terest is the limiting rate or the 

maximum rate of the reaction ( V m a x ) .  A final Michaelis -  Menten value is the 

Michaelis constant ( K m ) .  It has the dimensions of concentration and specifies the 

relative concentrations of free enzyme, free substrate and enzym e-substrate 

complex, under steady-state reacting conditions, before any of the param eters are 

rate limiting. Steady-state reacting conditions m ust be determ ined before 

commencing kinetic experiments. The concentration at which an enzyme is half­

saturated, th a t is, where the velocity of the reaction (v) is equal to 0.5 Vmax, is when 

(ao-x) = Km

For experim ental purposes one can vary the relative molar concentrations of 

substrate  and ribozyme to obtain kinetic constants such as Vmax, K m ,  k c a t  or k c a J K m .  

Additionally, other param eters such as tem perature, pH and metal ion 

concentration, typically Mg^+, affect the rate of the cleavage step. Kinetic 

experiments as described above in conditions of substrate excess are term ed 

multiple-turnover kinetic experiments, because a ribozyme may cleave multiple 

target RNAs. Another type of kinetics often carried out w ith ribozymes is single­

turnover kinetics in which the rate of cleavage is determ ined under single-turnover 

conditions; th a t is conditions of ribozymes excess. Experimentally, a large excess of 

ribozyme is added to the substrate, ensuring th a t saturation  has taken place, and 

the RNAs are pre-annealed before in itiating the reaction w ith MgCb. Thus under 

single-turnover conditions, ribozymes never cleave more than  once at most. The
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param eter obtained in this m anner, k2, is a m easurem ent of the cleavage step, after 

annealing has taken place. An additional param eter th a t can be m easured is k-i. 

This param eter defines the rate constant of substrate dissociation and thus 

describes the rate a t which a substrate  dissociates from a ribozyme and, like k 2, is 

independent of ribozyme or substrate  concentration.

1.5.1. Temperature o f  the reaction

If the ribozyme cleavage step is the rate-determ ining step of the reaction, 

increasing the tem perature increases the rate of cleavage. For all ribozymes, 

activation energies are said to vary from 50-80 kJ/mole (Uhlenbeck, 1987; Dahm 

and Uhlenbech, 1991; Dahm et al., 1993), which corresponds to doubling of the 

reaction rate for every 10 °C increase of the reaction tem perature. However, the 

reaction is also dependent on the binding of the ribozyme to the target RNA w ith 

antisense arms. In contrast to the above, lower tem peratures favour ribozyme 

binding. An additional consideration is that, cleavage products may not be released 

efficiently by the ribozyme if reaction tem peratures are too low. Therefore changes 

in tem perature may have varying effects on overall reaction rates.

1.5.2. pH  o f the reaction

Typically the rate-constant of ham m erhead ribozyme cleavage will increase 10-fold 

for each pH unit th a t one increases the reaction by. This is because a t a neutral pH 

only a fraction of the 2’-hydroxyl groups will be deprotonated at any given time, as 

the pKa (-logKa where Ka is the acidconstant) of the 2’-hydroxyl groups in the 

ham m erhead ribozyme is about 11.4 (Saenger, 1984). As the pH increases the 

fraction of deprotonated 2'-hydroxyl groups increases. Mg2+reduces the pKa, 

however, the pKa typically still rem ains greater than  pH 6.0-8.0. Globally pH 

affects all ribozymes in a sim ilar manner. For the chemistry see section 1.3.1.

1.5.3. concentration

The natu ra l intracellular concentration of free Mg^+ions in an average m am m alian 

cell is approximately 0.6 mM. This low abundance may prove to be a lim iting factor 

for subsequent in vivo studies on ribozyme cleavage. The total concentration of 

Mg“̂ in m am m alian cells is about 20 mM, but most ions are bound to proteins and 

other substances. One positive factor is th a t ham m erhead ribozymes can utilise 

other m etal ions as cofactors such as Mn^+, Co^+ and Sr̂ "̂  too. This will increase the 

concentrations of divalent metal-ions available for ribozyme cleavage. Cleavage
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efficiencies for many ribozymes were evaluated at various Mg^+ concentrations in 

experim ents carried out during the course of this Ph.D.

In vitro kinetic analyses of ribozyme activity can be undertaken and detailed 

kinetic profiles of ribozymes produced. Using in vitro experim ental approaches 

great variance in ribozyme efficiencies have been observed (reviewed in Stage- 

Zim m erm ann and Uhlenbeck, 1998). Such kinetic profiles although somewhat 

inaccurate can act as broad predictors of potential cleavage efficiencies in vivo and 

it can therefore be valuable to screen batteries of ribozymes in vitro to identify 

those which are more likely to show effective activity in vivo.

1.6. Ribozyme utilities

There are multiple utilities for ribozymes, many of which have been tested in cell 

culture and anim al models. For instance ribozymes may be used to knock out genes 

of unknown function in order to study the effect. Ribozymes may also be used to 

down-regulate genes in anim al models of genetic diseases. However, most work up 

to date has been on ribozymes directed against various infectious agents such as 

the HIV-1 virus and Plasmodium falciparum and cancer genes such as the 

retinoblastom a gene and H-ras (see below for details). Much work has also been 

carried out on ribozymes as potential therapeutic agents for dom inant-negative 

genes such as ribozymes against rhodopsin or COLIAI. A relatively new area in 

the field of ribozyme gene therapy is the ribozyme-mediated repair of m utant 

genes. The method requires th a t the ribozyme base pairs to the m utan t RNA and 

cleaves it 5' to the m utation site. A corrected version of the 3' region of the gene is 

then ligated onto the 5' cleavage site to generate intact message (see below for 

details).

1.6.1. Rihozymes to study gene function

A new strategy to create conditional knock-out m utations using a targeted heat- 

inducible ribozyme was suggested by Zhao and Pick in 1993. The ribozyme method, 

tested in Drosophila, was proposed as an alternative to traditional mutagenesis, 

because m utagenesis is time-consuming, labour-intensive and not always 

successful. Moreover, the functions of genes th a t are expressed during several 

discrete times during development are often obscured in the la ter stages because of 

disruptions caused by the absence of early gene function. Transgenic flies 

expressing a ribozyme against the fushi tarazii (ftz) gene were generated. Because 

ftz is expressed during two separate developmental phases in Drosophila, ftz
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function was tested separately during the two phases by timed induction of the 

ribozyme. Results showed th a t activation of the ribozyme in the blastoderm 

disrupted the ftz seven-stripe pattern  and produced ftz-line pair-rule defects in 

larvae. The involvement of ftz in neurogenesis was verified by activation of the 

ribozyme during the early phase of formation of the central nervous system (Zhao 

and Pick, 1993). In another study the ribozyme-mediated strategy for gene down- 

regulation was utilised for the identification of gene function in zebrafish. A gene 

encoding a ribozyme, which targeted the known dom inant zebrafish no tail gene, 

was transiently  transfected into a fertilised zebrafish egg to rapidly produce high 

levels of ribozyme. The study clearly dem onstrated the functionality of the down- 

regulation method of studying gene function (Xie et al., 1997).

J.6.2. Generating loss offunction animal models fo r  genetic diseases

In one study a transgenic mouse model for diabetes was generated, which 

expressed a ribozyme against glucokinase (GK) under the control of the insulin 

promoter. GK is the enzyme, which phosphorylates glucose to glucose 6-phosphate 

and sei’ves as a glucose sensing mechanism for regulating insulin secretion in p 

cells by sensing the intercellular concentration of glucose. Transgenic mice in two 

independent lineages had about 30% of the normal GK activity. Insulin release in 

response to glucose from in situ-peviused pancreas was impaired. However, the 

plasm a glucose and insulin levels of the mice rem ained normal. These mice are 

likely to be predisposed to type II diabetes and may m anifest increased 

susceptibility to genetic and environm ental diabetogenic factors. Thus, these 

anim als provide an anim al model for studying the interaction of such factors with 

reduced GK activity (Efrat et al., 1994).

1.6.3. Rihozymes targeting infectious agents

Another application for ribozymes, which has been studied extensively, is their 

ability to target infectious agents such as HIV. Monomeric and multimeric 

ribozymes have been generated which target the conserved regions of the HIV 

genome such as the ta t and envelope (env) genes (reviewed in Macpherson et al., 

1999).

For example Ramezani et al. engineered retroviral vectors to express monomeric 

and multimeric ham m erhead ribozymes targeting one and nine highly conserved 

sites within the HIV-1 env gene coding region. A hum an CD4-I- T lymphocyte- 

derived MT4 cell line was stably transduced and selected for ribozyme expression.
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Compared to the control cells lacking ribozyme, HIV-1 replication was delayed in 

monomeric ribozyme-expressing cells. Viral replication was almost completely 

inhibited in multimeric ribozyme expressing cells as no viral RNA or protein could 

be detected in these cells and in the cell culture supernatan t for up to 60 days after 

infection (Ramezani et al., 1997). Phase 1 clinical trials to evaluate the safety and 

effects in HIV-1 infected hum ans of autologous lymphocytes transduced w ith a 

ribozyme th a t cleaves HIV-1 RNA are currently underway. Prelim inary results 

indicate th a t infusion of gene-altered, activated T-cells in HIV infected patien ts is 

safe and th a t transduced cells can persist for long intervals in HIV-infected 

patients. In addition results suggest ribozyme transduced cells may possess a 

survival advantage in vivo for a t least 6 months (Wong-Staal et al., 1998).

Ribozymes have also been designed towards other infectious agents such as 

hepatitis C virus (HS\0. In one study, ribozymes targeting conserved regions of the 

HCV RNAs were incorporated into adeno associated viral vectors and adenoviral 

vectors and tested for their ability to inhibit HCV core expression in a tissue 

culture model. Substantial inhibition of HCV gene expression was observed in 

tissue culture (Welch et al., 1998). Thus ribozymes have great potential in the 

development of anti-viral drugs against viruses such as HIV-1 and HCV.

1.6.4. Rihozymes against cancer

In one study ham m erhead ribozymes were designed to cleave the m utan t sequence 

of the dom inant H -ras oncogene transcript. The ribozyme was delivered by an 

adenovirus (Ad) to neoplastic (cancer) cells. High efficiency reversion of the 

neoplastic phenotype was accomplished in H-ras expressing tum or cells (Feng et 

al., 1995).

In a sim ilar study two ham m erhead ribozymes targeting point m utations in the 

dom inant N-ras oncogene were synthesised and their catalytic activity evaluated ex 

vivo. The ribozymes were 2'-modified to protect them against degradation by 

nucleases. 2'-fluoro-2'-deoxyuridine/cytidine-substituted ribozymes were nearly as 

active as their unmodified counterparts and had a prolonged stability in cell 

culture supernatant containing foetal calf serum. Ribozyme stability had been 

increased by introduction of term inal phosphorothioate groups without significant 

effects on catalytic efficiency. An assay based on the use of N-ras/luciferase fusion 

genes as a reporter system was established to detect ribozyme-mediated cleavage 

in HeLa cells. A reduction of nearly 60% in luciferase activity was observed in cells
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expressing m utan t but not wildtype N-ras/luciferase fusion transcrip ts (Scherr et 

a l ,  1997).

1.6.5. Rihozymes directed at dominant-negative and multifactorial disease genes

Kilpatrick et al., (1996) directed a ham m erhead ribozyme towards the hum an 

fibrillin-1 gene; a gene known to cause M arfan syndrome when m utated. The 

ribozyme, delivered into cultured dermal fibroblasts by receptor-mediated 

endocytosis of a ribozyme-transferrin-polylysine complex, specifically reduced both 

cellular fibrillin mRNA levels and the deposition of fibrillin protein in the 

extracellular matrix, suggesting th a t the ham m erhead ribozyme may be useful in 

the development of a gene therapy for M arfan syndrome.

In a different study, Grassi et al. (1997) designed five ham m erhead ribozymes to 

the type I collagen (COLlAl) transcript. This gene, which causes osteogenesis 

imperfecta (01) when mutated, was specifically cleaved at m utation sites in vitro, 

although in this study the cleavage efficiency rem ained relatively low for the 

ribozymes tested. Thus, these particular ribozymes may not be very useful as 

potential therapeutic agents for 01.

Trinucleotide repeat expansions (TREs) are a class of mutation characterised by a 

change in the size of a genomic fragment due to amplification of a repeated unit. 

TREs are thought to be causative of a num ber of genetic disorders including 

Huntington disease and myotonic dystrophy (MD) (reviewed in Timchenko and 

Caskey, 1996). In one study a group I intron ribozyme was designed to target the 

TRE at the 3' end of the MD protein kinase transcript, the TRE known to cause 

MD. The ribozyme was designed to excise twelve repeats in the TRE and ligate 5 

repeats, contained w ithin the ribozyme. The strategy was shown to be successful 

both in vitro and in m am m alian cells. Thus ribozyme-mediated RNA repair may 

prove to be a valuable therapeutic strategy for diseases associated w ith repeat 

expansions (Phylactou et al., 1998).

J.6.6. Rihozyme-mediated repair o f  genes

A novel approach for ribozyme-based gene therapy is ribozyme-mediated repair of 

m utan t transcripts. Lan et al., for example, successfully repaired sickle P-globin 

mRNA in erythrocyte precursor cells. Sickle cell anaem ia is one of the most 

common recessive disorders in the world. Individuals w ith the disease accumulate 

long polymers of sickle hemoglobin in their erythrocytes, which leads to chronic
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anaem ia and cumulative tissue damage, eventually leading to early death. In this 

experim ent the authors designed a trans-splicing ribozyme carrying exon 3 of the 

fetal y-globin gene, a gene known to greatly impede polymerisation of the sickle 

hemoglobin. The ribozyme was shown successfully to bind the target RNA, release 

the 3' cleavage product containing the m utation and ligate in exon 3 of the y-globin 

gene, thereby generating an anti-sickling y-globin protein in cell culture (Lan et al., 

1998).

1.7. R etin itis P igm entosa

Retinitis Pigmentosa (RP) is the name given to a group of retinopathies resulting 

in the death of photoreceptor cells in the retina. It affects between 1 in 3000 and 1 

in 7000 people (Bunker et al., 1984) and about 1.5 million people in the world have 

been estim ated to be affected. Clinically, RP may manifest itself in various 

m anners, from mild visual im pairm ent at a late stage in life, to near blindness in 

young patients. Symptoms include night blindness, progressive loss of peripheral 

vision which sometimes subsequently leads to loss of central vision, waxy pallor of 

the optic disc, pigment depositions on the retina (hence the name RP) (figure 4), 

a ttenuated  retinal vessels and a lowered or non-recordable electro-retinogram 

(ERG) (Heckenlively, 1988a). The ERG is an evoked response by the retina to a 

flash of light, which can be recorded. Responses from rod and cone photoreceptor 

cells can be tested separately using ERGs. By performing the test in the light- 

adapted state, the (photopic) ERG measures the cone system while under such 

conditions rods do not respond. In contrast, after a patient has been dark-adapted 

for at least 30 minutes, a dim flash of light below cone threshold will evoke a 

(scotopic) ERG from the rod system.

RP can be inherited in an autosomal dominant (adRP), autosom al recessive (arRP), 

X linked (xlRP), digenic or mitochondrial fashion. RP also occurs sporadically, 

however generally this is thought largely to represent cases of arRP (Kajiwara and 

Berson, 1994). The first two RP genes to be localised were xlRP genes 

(Bhattacharya et al., 1984; Francke et al., 1985). The first adRP locus found, 

mapped to chromosome 3q in a large Irish family (McWilliam et al., 1989). Since 

rhodopsin had previously been localised to 3q (Sparkes et al., 1986; N athans et al., 

1986) and nonsense m utations in the Drosophila opsin gene were already known to 

cause photoreceptor degeneration in Drosophila (W ashburn and O'Tousa, 1989), 

this gene was considered to be a hkely candidate gene for RP. This was confirmed 

by a linkage in the same Irish pedigree to m arkers close to the rhodopsin gene
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(F arrar et al., 1990), and by dem onstrating a m utation in this gene a t codon 23 

(Dryja et al., 1990a). Over 100 different m utations in rhodopsin, causing RP or 

congenital stationary night-blindness, have now been established. For a complete 

list: http://mol.ophth.uiowa.edu/MOL_WWW/Rhotab.html. It is now known th a t 

m utations in a range of other genes, many involved in phototransduction and outer 

segm ent morphogenesis, such as the hum an cofactor C gene, the GTPase regulator 

gene, the tubby-like protein 1 gene, the ATP-binding cassette transporter gene, the 

re tinal pigment epithelium specific 65kD gene, the neural retina lucine zipper 

gene, the retinal outer segment membrane protein gene (ROM-1) and the second 

mitochondrial serine tRNA can also cause RP. Notably, m utations in ROM-1 may 

only cause disease pathology when found in conjunction with m utations in the 

peripherin/i?DS gene. Many more RP genes have as yet not been characterised (for 

a complete table of all loci and genes known to cause RP and other retinopathies, 

see Appendix B; for a complete list of all RP loci and genes identified to date see 

table 2). In one gene, coding for the photoreceptor protein peripherin/i?Z)S on 

chromosome 6p21 (Farrar et al., 1991a, b; Kajiwara et al., 1991; Jordan et al.,

1992) over 40 different m utations have been characterised, th a t can cause 

inherited retinal degenerations including adRP, m acular and peripheral 

degeneration and various m acular dystrophies such as butterfly-shaped pigment 

dystrophy, dom inant cone-rod dystrophy and diffuse retinal degeneration areolar 

choroidal dystrophy. For a complete on-line list see:

http: //mol.ophth.uiowa.edu/MOL_www/RDStab.htmi. It is clearly evident from the 

above th a t hum an inherited retinopathies such as RP are extremely genetically 

heterogeneous.

1.8. U sher syndrom e

RP can occur on its own or in conjunction w ith other diseases (see Appendix B for a 

full list of retinal disorders, including RP). RP syndromes include Kearns-Sayre 

syndrome which manifests RP combined w ith cardiac conduction defects and 

Bardet-Biedl syndrome which manifests RP in conjunction w ith obesity, 

hypogonadism, polydactyly and m ental retardation. Usher Syndrome (US) is an 

autosom al recessive disease in which RP is associated with congenital deafness. It 

is so named after a British ophthalmologist, Charles Usher, who em phasised the 

hereditary nature of the disorder (Usher, 1914). US was first described by Von 

Graefe (1858) and Liebreich (1861). The disease can be divided into various types. 

Type 1 is characterised by profound congenital deafness, vestibular a-reflexia and
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early onset progressive RP (onset by age 10). Type II US patients have RP, are 

hard  of hearing (not profoundly deaf) and have normal vestibular function (Moller 

et al., 1989). US type III, the ra rest form of US (estim ated to comprise about 2% of 

all US cases), in contrast is estim ated to cause approximately 42 % of US cases in 

Finland. Patients manifest progressive hearing loss (in contrast to patients w ith 

US types I and II), vestibular hypoactivity, cataracts and RP and the disease is 

genetically linked to chromosome 3q21-q25 (Sankila et al., 1994). At least six genes 

have been implicated in type I US (types lA-lF). Type lA is linked to 14q (Kaplan 

et al., 1992), type IB to l lq  (Weil et al., 1995), type 1C to l ip  (Smith et al., 1992), 

type ID to lOq (Wayne et al., 1996) and type IE to 21q (Chaib et al., 1997) and type 

IF to lOq (Wayne et al., 1997). Type IB is mapped to l lq l3 .5  and is caused by 

m utations in the myosin VIIA gene (Weil et al., 1995). Type II US maps to lq41 

(Kimberling et al., 1990; Lewis et al., 1990). Two loci have been linked to type II 

US; 2A has been localised to lq41 (Kimberling et al., 1990) and is known to be 

caused by m utations in the USH2A gene. The USH2A protein contains motifs, th a t 

are most commonly observed in proteins comprising components of basal lamina, 

extracellular m atrixes or cell adhesion molecules (Eudy et al., 1998a; Eudy et al., 

1998b). US type 2B, although clinically sim ilar to type 2A, is thought to m anifest a 

milder form of RP and patients are thought to show mild vestibular abnorm alities. 

However, type 2B is not linked to chromosome lq41 and no linkage has been found 

to any other region of the genome (Pieke-Dahl et al., 1996). The family studied in 

chapter 2 of this Ph.D. thesis (family ZMK) present with an US-like syndrome. 

However, in the case of this family the disease is inherited in a mitochondrial 

fashion (see chapter 2 for details).

1.9. The v isu a l tran sd uction  cycle, rhodopsin  and peripherin/R D S

The roles of rhodopsin and peripherin/i?Z)S in hum an retinopathies have been 

focused on in this section of the introduction for the following reasons. These two 

proteins were the first to be implicated in causing adRP. Moreover, the therapeutic 

approaches explored in this Ph.D. thesis for adRP have focused on ribozymes 

directed to transcripts from hum an rhodopsin and hum an peripherin/i?£)S. 

However, it is well established th a t many other proteins involved in visual 

transduction can when m utated cause retinal degenerations and th a t additionally 

proteins which are not directly involved in visual transduction can also result in 

photoreceptor cell loss when m utated (Appendix B and table 2).
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1.9.1. Rhodopsin

Rod and cone photoreceptor cells are neurons in the retina, which are involved in 

vision. There are three types of cone photoreceptor cells, red, blue and green and 

one type of rod photoreceptor cell in the hum an retina. The genes encoding the 

pigm ent proteins in these photoreceptors all show a large am ount of sequence 

homology, indicating a sim ilar ancestry (Nathans et al., 1986). Cones are neurons 

th a t perceive colour; hence the necessity for red, blue and green type cones w ith 

light-sensitive red, blue and green pigments respectively, to enable a wide range of 

colour vision. Rod photoreceptor cells, being far more sensitive than  cone 

photoreceptor cells, are the neurons th a t enable the perception of light, w ithout 

distinguishing between colours. Rod and cone photoreceptor cells are 

morphologically similar, elongated cells (figure 5). From internally to externally 

they comprise of four distinct areas. Firstly there are the photoreceptor outer 

segment, which contains hundreds of flattened discs with rim region a t the edges 

called the outer segment discs. These discs are constantly renewed making 

photoreceptor cells highly metabolically active cells. This region is responsible for 

carrying out phototransduction and converting light into an electrical signal, which 

eventually reaches the brain. A th in  motile cilium connects the outer segm ent with 

a second compartment, the rod inner segment, which holds many organelles, such 

as mitochondria and golgi apparatuses. The third com partm ent is the cell body and 

contains the nucleus. The final region is the synaptic area through which an 

electric signal is transm itted  to other neurons in the I'etina and finally to the brain. 

The neurotransm itter a t these synapses is glutamate.

On average hum ans have approximately 92 million rod photoreceptor cells (so 

called because of their shape (figure 5)) per eye. Rod photoreceptors contain a light 

sensitive visual pigment molecule called rhodopsin (or visual purple) which is made 

of the two components, opsin (a 40 kDa protein m anufactured by the rod) and 11- 

c;'s-retinal (a chromaphor derivative of vitam in A). Rhodopsin is a 38 kDa guanine 

nucleotide-binding protein (G-protein) comprising of 348 amino acids, located in the 

m embrane of the outer segment discs of the rod photoreceptor cell and is highly 

sensitive to light (even dim light) of around 498 nm. After rhodopsin absorbs a 

photon of light, retinal isomerises from the 11-cis form to an all-iravis isomer. This 

leads to the activation of the visual cascade (figure 6). Firstly, the excited visual 

pigment interacts w ith the a  subunit of another G-protein called transducin (GDP 

is exchanged for GTP). The a  subunit of this protein (T„), then activates cGMP 

phosphodiesterase (PDE), causing the hydrolysis of cGMP to 5’-GMP. The absence
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of cGMP ensures the closure of the cationic cGMP-gated channels in the plasm a 

mem brane of the photoreceptor, causing the inhibition of glutam ate release a t the 

rod synapsis and a drop in calcium ions in the outer segment. This, in tu rn  leads to 

hyperpolarisation and the generation of the neural response (Streyer, 1991; 

Fesenko et al., 1985). It is this response th a t is in terpreted by the brain and results 

in vision. After excitation, the rod returns to a dark adapted state  by the shutdown 

of the visual cascade and the synthesis of cGMP; a process known as 

photoextinction. Rhodopsin is inactivated by ATP-dependent phosphorylation at 

the C term inus and subsequent binding to arrestin. Transducin and PDE are 

inactivated by the hydrolysis of GTP on Ta. Guanylate cyclase (the enzyme th a t 

converts GTP into cGMP) is activated by a drop in the concentration of calcium 

ions. This leads to the reopening of the cGMP gated channel and the rod is 

depolarised. Calcium levels re tu rn  to normal and guanylate cyclase re tu rns to its 

usual activity. For a comprehensive review on visual transduction see Molday 

1998. Patients suffering from rhodopsin-linked RP m anifest rod photoreceptor cell 

death. It is therefore not unexpected th a t patients suffering from rhodopsin-linked 

RP present with night blindness as one of their earlier clinical symptoms.

1.9.2. Pehpherin/RDS

Peripherin/i?£)S, a 39 kDa trans-m em brane protein comprising 346 amino acids 

and located in the rim of rod and cone outer segments, is believed to play a major 

role in the morphogenesis and structure of disc membranes in photoreceptor cells, 

both rods and cones. M utations in the gene can cause adRP and various forms of 

m acular degeneration and pattern  dystrophies such as butterfly shaped pigment 

dystrophy and cone-rod dystrophy (Appendix B). Interestingly, in some cases, 

m utations in peripherin//?Z)S in conjunction with m utations in the rim outer 

segment membrane protein gene (ROM-1) can cause digenic RP. For example, 

digenic adRP has been found in families segregating an L185P m utation in 

peripherin/i?Z)S and a null m utation in ROM-1. However, m utations in ROM-1 

alone do not cause retinal degeneration (Kajiwara et al., 1994; Dryja et al., 1997). 

To understand this form of digenic adRP, Goldberg studied the wildtype 

peripherin/i?Z)S and the L185P m utant expressed in COS-1 cells in the presence 

and absence of ROM-1 (Goldberg and Molday, 1996). Briefly, in cells expressing 

wildtype peripherin//?Z)S and null ROM-1, hom otetram ers consisting of four 

peripherin/RDS molecules were formed. In cells expressing L185P peripherin/i?DS 

and normal ROM-1, heterotetram ers were formed and in cells expressing L185P 

peripherin/i?Z)S and null ROM-1, no tetram ers were formed. Thus tetram er
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formation seems to be imperative for photoreceptor cell survival. This hypothesis is 

fu rther supported by the observation th a t in a ROM-1 knockout mouse, 

peripherin/i?£)S hom otetram ers compensate for the absence of ROM-1 and the 

mouse does not manifest a retinal degeneration (Clarke et al., 1998).

1.10. O steogen esis Im perfecta, co llagen  and the type I co llagen s

In 1849 Vrolik described a severe form of diaphyseal dysplasia which he named 

Osteogenesis Imperfecta (01) (Vrolik, 1849). However, it was not till the early part 

of this century th a t Bell described the disease in more detail as m anifesting blue 

sclerotics and fragility of the bone in the first major report on 01 in English 

literatu re  (1928). 01 is a brittle bone disorder, affecting about 1:12,000 people, 

which results from m utations in the CO LlA l and C0L1A2 genes. Over 150 

m utations have been discovered in these two genes located on chromosomes 17cen- 

17q24 and 7q21.3-q22.1 respectively. The resulting disease normally manifests 

itself in an autosomal dominant fashion (Byers et al., 1993; W enstrup et al., 1990; 

Sillence et al., 1979, 1981; Prockop et al., 1994; Kuivaniemi et al., 1991). Both 

genes encode the two type one pro-collagen proteins, the most abundant protein in 

man and the major protein lending strength to bone and fibrous tissue.

The disease phenotype of 01 patients varies, however, the disease can generally be 

divided into four major categories (types I-IV) depending on the specific m utation 

involved. Type I 01, the mildest and in fact often undiagnosed form of the disease, 

is characterised by blue sclera, brittle bones, sometimes loss of hearing, 

dentinogenesis imperfecta and is usually caused by null m utations in the CO LlA l 

gene th a t result in a 50% reduction in the quantity of protein produced. The more 

severe types of 01, types II, III and IV, are caused by m utations in CO LlA l or 

C0L1A2 genes th a t result in structural deformities in the encoded protein. Type II 

01 results in extensive fractures and deformities causing perinatal death. Types III 

and IV are fairly sim ilar disorders. They are both progressive and cause short 

stature, hearing loss, fracturing, blue sclera and dentinogenesis imperfecta 

(Sillence et al., 1979; Byers, 1989, 1990, 1993; W enstrup et al., 1990).

Collagen is the most abundant protein in animals. In order to be classified as a 

collagen, a protein m ust form supra-molecular aggregates (fibrils, filaments or 

networks) which m ust contribute to the structural integrity of the extra-cellular 

m atrix and m ust contain a t least one triple-helical domain. In fibrillar collagens, 

each m ature collagen molecule contains only one such domain. However, basem ent
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m em brane collagens or FACIT collagens contain several shorter triple-helical 

domains, which are separated by non-triple-hehcal domains. Structurally, type I 

collagens are involved in tendons, ligaments, skin and bone, type II collagens in 

hyaline cartilage and type IV in basem ent membranes. The structura l roles of 

other types of collagen are less clear. One theory is th a t they may play im portant 

roles in the assembly process of tissues and organs during embryonic development 

(Gordon and Olson, 1990). F ibrillar collagens include types I, II, III, V and XI and 

form banded fibrils in various tissues. Each gene contains about 330 repeats of 

trip let sequence, Gly-X-Y- (Gly is glycine, and X and Y are often proline residues), 

flanked by short non-triplet containing sequence, telopeptides a t each end. The 

proteins form stable triple-helices at 37°C which are about 300 nm rigid rod like 

structures w ith a diam eter of 1.5 nm (figure 7). The molecule consists of 

approximately 1000 amino acids. Fibrillar collagens are produced by a variety of 

cells, mostly (but not all) of mesenchymal origin. After the assembly of the trip le­

helix, the pro-collagen molecules containing amino and carboxyl propeptide 

extensions flanking the central triple-helical domain are secreted from the cell into 

the extracellular matrix. This pro-collagen molecule is then processed to form the 

m ature collagen (figure 7). The fibrils are then arranged in different patterns in 

different tissues. Parallel fibril bundles in tendon, criss-crossing layers in cornea 

and spiral arrangem ents in lam ellar bone.

Type I collagen molecules, consisting of two a l  chains and one a2 chain, are 

products of two genes, CO LlA l and C0L1A2 located on the hum an chromosomes 

17 and 7 respectively. Each gene contains more than  50 exons. M utations in 

C O LlA l and C0L1A2 are known not only to cause 01, but also the autosomal 

dom inant type VII Ehlers-Danlos syndrome (EDS) (Lehmann et al., 1994), a 

disease which classically causes loose-jointedness and fragile, bruisable skin th a t 

heals with peculiar 'cigarette-paper' scars (Barabas, 1966; Byers et al., 1997).

C urrently there are over 150 different m utations in C O LlA l known to cause 01 

and over 80 in C0L1A2 known to cause either EDS or 01 (for a complete online list 

see http: //www. le . ac . uk/genetics/collagen/collal. html). Also, there are over 40 

m utations in the peripherin/i?Z)S gene and over 100 m utations in the rhodopsin 

gene known to cause RP. In the development of gene therapies for heterogeneous 

disorders such as 01 and RP it will be necessary to develop m utation independent 

therapeutic agents.
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1.11. Ribozymes in cells

N aturally, after testing a ribozyme, or indeed any kind of gene therapy in vitro, one 

needs to test it in vivo. Hum an cell lines present an excellent environm ent for 

testing ribozymes in a system, which partially mirrors the in vivo situation, while 

allowing the environm ent to be controlled. Unfortunately, ribozyme cleavage 

products are extremely unstable and are immediately digested in a cellular 

environment. Cleavage products can not be detected in cell studies. Nevertheless 

ham m erhead ribozymes have in many studies been shown to be active in cell 

culture. Bauer et al. generated stable cell lines containing double ham m erhead 

ribozymes designed to cleave the tat and rev transcripts of HIV-1. When the 

transduced cultures were infected with HIV-1 virus, viral replication was inhibited 

up to lOOOx (Bauer et al., 1997). Benedict et al. (1998) generated a ribozyme which 

targeted the retinoblastom a gene (Rb) mRNA. The Rb susceptibility gene serves as 

a tum or suppressor gene encoding the nuclear phosphoprotein which is necessary 

for normal cell cycle function. Stably transfected mouse fibroblasts showed 

reductions in Rb mRNA levels of over 70%, abnormal morphology and loss of 

contact inhibition. Modifications to ribozymes are often required to obtain efficient 

cleavage in vivo. For example, lengthening antisense arm s will stabihse ribozyme- 

substrate  complexes. Adding groups such as phosphorothioates may further 

stabilise the molecules by protecting them from nuclease degradation (Chowrira 

and Burke, 1992; Heidenreich et al., 1994). It has been well documented th a t the 

cleavage of long target RNAs by ribozymes is much less efficient than  cleavage of 

short oligonucleotide substrates because of higher order structure in the long 

target RNA. This may theoretically be due to intra-m olecular base pairing w ith the 

target RNA, which could prevent the base pairing between the ribozyme and the 

cleavage site or due to steric hindrance because of the tertia ry  structure of large 

target RNAs. There is some evidence th a t the former is the case and th a t steric 

interference is unlikely to affect ham m erhead ribozyme cleavage (Campbell et al., 

1997). Long targets are more efficiently cleaved by ribozymes w ith longer stem 

sequences; however, dissociation of the cleavage products is strongly decreased 

w ith such ham m erhead ribozymes (11, 12). There are currently two ways to 

overcome this problem. Firstly, the addition of non-specific nucleic acid binding 

proteins can increase the catalytic turnover due to their annealing activity. For 

example facilitation of ham m erhead ribozyme catalysis by nucleocapsid protein of 

HIV-1 (NCp7) and the heterogeneous nuclear ribonucleoprotein A l (Al) has been 

dem onstrated (Bertrand and Rossi, 1994). Secondly, the addition of
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oligonucleotides capable of interacting w ith the substrate RNA adjacent to the 5' or 

3'-end of the ribozyme, so called facilitator molecules, has been found to enhance 

turnover of ham m erhead ribozymes. Facilitators can comprise of either DNA or 

RNA (Goodchild, 1992; Denman, 1996; Nesbitt and Goodchild, 1994). In one study 

facilitator-effects were determ ined in vitro. Generally the facilitator-effects 

increased with the length of the facihtator molecule and RNA facilitators had 

greater effects than  DNA on the same substrate sequence. Interestingly, 3'-end 

facilitators were found to increase the turnover of the ribozyme and 5' facilitators 

to decrease the rate of turnover (Jankowsky and Schwenzer, 1996a). In a sim ilar 

in vitro study it was dem onstrated th a t facilitators not only increased the ra te  of 

the cleavage step, but also pre-formed the substrate, accelerating substrate  

association. 3'-end facilitator accelerated both of these rates. 5'-end facilitators 

increased the association rate, but could either increase or decrease the ra te  of 

cleavage depending on the length of the substrate; they increased the ra te  of 

cleavage of long substrates and decreased the rate of cleavage of short substrates 

(Jankowsky and Schwenzer, 1996b). In summary, varying effects have been found 

using facilitators but overall they are believed to aid ribozymersubstrate 

association.

/ . / / . / .  Cell lines expressing Rhodopsin andperipherin/RDS

U nfortunately photoreceptor cells, as a model for RP, do not grow in culture, as 

they are non-dividing cells. Retinoblastoma cell-lines, however, grow in culture and 

some of these are known to express some of the photoreceptor cell specific proteins 

(Fong et al., 1988; Donoso et al., 1985; Bogenmann et al., 1988; Di Polo et al.,

1995). These cancerous cells are, naturally, not true photoreceptor cells, as they 

divide. Retinoblastoma cells are generally thought to be derived from photoreceptor 

precursor cells, i.e. neurectodermal cells (Griegel et al., 1990). One such 

retinoblastom a cell line, Y79 (McFall et al., 1977), expresses rod a, p and y-PDE 

(three subunits comprising rod phosphodiesterase), rod transducin a  (Ta), 

rhodopsin and cone a ’-PDE (Di Polo et al., 1995). Y79 cells have not, as yet, been 

tested for peripherin/i?Z)S expression. To my knowledge no stable cell lines have 

ever been made using Y79, however, transien t expression experiments have been 

carried out w ith these cells (Di Polo et al., 1995). Similarly transien t expression 

studies have also been carried out successfully in another retinoblastom a cell line, 

WERI (Shao-Ling Fong et al., 1993). Due to the lack of appropriate cell lines 

expressing high levels of retinal specific proteins some colleagues in this lab have 

initiated  the generation of stable COS-7 cell lines (African Green Monkey kidney
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cells) expressing hum an peripherin/i?Z)S, and both hum an and mouse rhodopsin 

genes (Oprian, 1993). Such cell lines will be valuable for testing the ribozyme-based 

therapeutic approaches for RP, which are under development and described in 

chapter 3 of this Ph.D. thesis.

l . l  1.2. Cell lines expressing type I  collagens

The precursor proteins of the CO LlAl and C0L1A2 genes are expressed in 

fibroblasts and mesenchymal progenitor cells present in bone marrow. These cells 

are loosely interspersed in the extra-cellular m atrix and secrete many proteins, 

such as the type I collagens, into the matrix. There are many commercially 

available hum an fibroblast cell lines, although most of them are not immortal. One 

cell line, originally derived from hum an skin and with a finite life span, is IBR3 

(Taylor et al., 1975; A rlett et al., 1988). This cell line grows in monolayers and is 

easy to m aintain. However, fibroblast cell lines are relatively easy to generate in 

the lab from hum an skin tissue. Indeed, many such cell lines are available. Dr. 

Marcia Willing, for instance, has kindly donated three fibroblast cell lines to this 

lab derived from hum an 01 patients (Willing et al., 1994; chapter 5). M esenchymal 

progenitor cells are cells with multilineage potential (Pittenger et al., 1999). These 

cells, which are thought to be able to replicate as undifferentiated cells and to have 

the potential to differentiate into different lineages of mesenchymal tissues such as 

bone cartilage, fat, tendon, muscle and marrow stroma, may be extracted from bone 

marrow and grown in cell culture. The addition of appropriate growth factors 

induces the cells to differentiate into the various mesenchymal tissues m entioned 

above (Pittenger et al., 1999; chapter 5). As w ith the cell lines described above 

expressing retinal proteins, these cell lines expressing type I collagens will be 

extremely valuable in the evaluation of therapeutic approaches for diseases such as 

01 involving m utations in the type I collagen genes.

1.12. R ibozym es in vivo  and anim al m odels

One of the most appropriate environments for testing gene therapies is in anim al 

models. Initially, small mammals with short life cycles and gestation periods, such 

as mice, are preferable, as they are cheaper to breed. However, given promising 

results in small mammals experimental procedures frequently would then  have to 

be evaluated in larger mammals. Notably, in the context of th is Ph.D. thesis, 

ham m erhead ribozymes have been shown to be functional in a number of anim al 

models. For instance, adeno-virus-mediated expression of ribozymes against
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hum an growth hormone in transgenic mice producing the hum an transcrip t 

resulted  in a 96% reduction of transcrip t over a period of several weeks (Lieber and 

Kay 1996).

In another study, a nuclease-resistant ham m erhead ribozyme decreased 

strom elysin mRNA levels in rabbit synovial fluid following exogenous delivery to 

the knee joint. The anim al used in the study was a rabbit model of in terleukin 1- 

induced arth ritis  and the targeted gene, the m atrix metalloproteinase stromelysin, 

is believe to be a key mediator in arthritic diseases. Thus inhibiting the gene may 

be a valid therapeutic approach for arthritis. Not only were the protected 

ribozymes found to be stable w ithin the knee joint, the synovial interleukin 1- 

induced stromelysin mRNA was reduced, suggesting th a t this ribozyme may be a 

potentially be useful in the treatm ent of some types of arthritic  diseases (Flory et 

a l ,  1996).

Heterozygous m utations in the glucokinase gene have been found in patients with 

autosom al dominantly inherited m aturity-onset diabetes of the young (MODY).
This raises the possibility th a t a decrease in P-cell GK activity may im pair the 

insulin secretory response of these cells to glucose. A ribozyme-based study 
dem onstrated ribozyme-mediated attenuation of pancreatic p-cell glucokinase (GK) 

transgene expression in transgenic mice resulting in im paired glucose-induced 

insulin secretion. Thus mouse models for MODY were generated, which expressed 

a ribozyme against GK under the control of the insulin promoter. Insulin release in 

response to glucose from in situ-perfused pancreas was impaired, but interestingly, 

plasm a glucose and insulin levels of the mice rem ained normal. Thus these mice 

may be predisposed to diabetes and may manifest increased susceptibility to 

genetic and environm ental diabetogenic factors, providing an anim al model for 

studying the interaction of such factors with reduced GK activity (Efrat et al.,

1994).

In addition, efficient ribozyme-mediated reduction of bovine a-lactalbum in 

expression was dem onstrated in double transgenic mice expressing a bovine a- 

lactalbum in (a-lac) ribozyme and the bovine (a-lac) transgene. High expression of 

the ribozyme was detected by Northern blot, leading to significant reduction (up to 

78%) of target mRNA levels. This study once more dem onstrates the feasibility of 

ribozyme-mediated down-regulation of transcripts in transgenic anim als (L'Huillier 

et al., 1996).
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Another example of ribozymes utiHsed in vivo was provided by work carried out by 

Larsson et al. (1994). In this study a ribozyme (Rz) targeting the mouse 2- 

microglobulin (P2M) mRNA, which had previously been shown to be efficient in cell 

culture, was used to generate a transgenic mouse. Ribozyme expression was 

accompanied by a reduction of the (32M mRNA levels in heterozygous mice (Rz+/-). 

The effect was most pronounced in lung with a greater than  90% reduction of the 

target gene.

Thus ribozymes have been shown to be active in anim als in many studies. Given 

th a t ribozyme based therapeutic approaches may be used for diseases such as RP 

and 01 it is pertinent to address w hether appropriate anim al models are available 

to test therapeutic approaches in (see below).

1.12.1. Animal models fo r  rhodopsin related RP

Many anim al models for hum an inherited retinopathies exist; both naturally  

occurring anim als (such as rds mice, see below) and anim al models generated using 

transgenic and targeting technologies (for example various knockout mice and 

transgenic mice carrying dominantly or recessively inherited rhodopsin m utations 

exist).

A num ber of mouse models for hum an rhodopsin associated RP have been 

generated and include mice carrying a Pro23His (C to A transversion a t codon 23) 

hum an rhodopsin transgene (Dryja et al., 1990; Olsson et al., 1992). This C—>A 

missense m utation at codon 23 is the most common m utation among patients w ith 

adRP in North America, most likely due to a founder effect (Berson et al., 1991; 

Dryja et al., 1991). This transgenic mouse contains a hum an rhodopsin transgene 

from a patien t w ith adRP. Notably, these mice manifest photoreceptor 

degeneration sim ilar to hum an adRP. Various mouse lines were generated with 

this transgene and the least severely affected lines were also the ones th a t 

expressed the lowest levels of the transgene. Interestingly, the same group also 

generated two transgenic mice w ith wildtype hum an rhodopsin, one of which 

expressed approximately equal amounts of hum an and m urine rhodopsin and 

manifested no retinopathy and one of which expresses about 5 times more hum an 

than  m urine rhodopsin and manifested an RP-like retinal degeneration. This 

indicates that, a t lease in mice, over-expression of normal hum an rhodopsin can 

lead to RP, stressing strong dosage dependence. This finding has clear implications
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for the tight control of levels of gene expression necessary in therapies involving 

delivery of the rhodopsin gene.

A second model for rhodopsin linked RP is the serine 6 mouse. This mouse 

expresses a m utan t Pro347Ser (P347S) rhodopsin gene and displays a re tinal 

degeneration sim ilar to autosomal dom inant RP in hum ans. By 5 weeks after birth 

the mice have lost about 35% of their photoreceptor cells (Weiss et al., 1995). There 

is some evidence th a t the m utation impairs the transport of rhodopsin from the 

inner segments to the outer segments. Thus it is possible th a t the photoreceptor 

degeneration occurs because of a failure to renew outer segments at a norm al rate, 

leading to a progressive shortening of outer segments (Li et al., 1996).

The Q344ter transgenic mouse, which contains a nonsense m utation a t position 

344 of the mouse rhodopsin gene resulting in photoreceptor cell death is another 

mouse model for rhodopsin-linked RP. The photoreceptor cell death is thought to be 

due to the inefficient transportation of rhodopsin to or retention of rhodopsin in the 

outer segment (Sung et al., 1994).

Another very useful mouse for the study of rhodopsin related RP is the rhodopsin 

knockout mouse (Humphries et al., 1997), which carries a targeted disruption in 

the murine rhodopsin gene. The Rho -/- mouse cannot form rod outer segments. At 

3 months the photoreceptor nuclei are entirely lost. The Rho +/- mouse m aintains 

photoreceptor cell function but shows a small degree of structu ral disorganisation 

of inner and outer rod photoreceptor segments. This mouse as it has a recessive 

retinopathy will be particularly useful in evaluating replacem ent approaches 

involving gene delivery of rhodopsin to Rho-/- mice.

A somewhat larger anim al model for rhodopsin-linked RP is a transgenic pig 

(Petters et al., 1997) th a t expresses a m utated rhodopsin gene (Pro347Leu), known 

in m an to cause RP. The pigs show severe early onset rod cell degeneration 

followed by later onset cone degeneration. These characteristics are rem arkably 

sim ilar to the analogous disease in man. The pig may be particularly useful in th a t 

its profile of rod and cone photoreceptor cells mirrors th a t in hum an retinas more 

closely than  th a t present in nocturnal anim als such as mice.

An interesting model for rhodopsin linked RP is a transgenic ra t containing a 

hum an rhodopsin transgene with an autosomal dominant m utation (P23H) (Lewin 

et al., 1998). This is the most common m utation in the US, affecting 12% of 

American RP patients (Olsson et al., 1992). A recent study dem onstrated the utility
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of a ham m erhead ribozyme and a hairpin ribozyme targeting rhodopsin in th is rat. 

The ribozymes, which targeted an artificially introduced NUX ribozyme cleavage 

site present in the transgenic rat, were delivered by recombinant adeno-associated 

virus (AAV) into the retina of transgenic ra ts  containing the P23H m utation. 

Subsequent to AAV-ribozyme adm inistration, the rate of photoreceptor 

degeneration was retarded for a t least three months in treated  ra ts  (Lewin e t al., 

1998). This study clearly dem onstrates the potential application of ribozymes for 

autosom al dominantly inherited disorders such as adRP. U nfortunately the 

ribozymes used in this study will not be directly of benefit to hum an patien ts as 

they target the artificially created NUX site, which is not present in the hum an 

rhodopsin sequence. However, the transgenic ra t provides an extremely useful 

anim al model for gene therapy studies on P23H-linked RP and indeed for 

evaluation of m utation-independent gene therapy approaches such as the gene 

therapy strategies discussed in chapter 5.

1.12.2. Animal models fo r  peripherin/RDS related RP

The retinal degeneration slow (rds) mouse (van Nie et al., 1978) carries a partially  

dom inant m utation leading to abnormal rod and cone photoreceptor cell 

development, eventually resulting in the slow loss of both of these cell types. The 

rds gene is thought to be necessary for the assembly of rod outer segments and 

most probably principally plays a structural role in the retina. The effects of the 

rds m utation in heterozygous mice are thought to be caused by haploinsufficiency 

(Cheng et al., 1997). In contrast to heterozygous rds mice, homozygous rd s /rd s  

mice form no outer segments in either rods or cones, resulting in loss of almost all 

of these cells by one year post-natally. Rds/+ mice do form outer segments, however 

these are reduced in length and arranged in an irregular fashion. Heterozygous 

rds/+ mice eventually loose photoreceptors, but only very slowly. This last 

phenotype is thought to possibly resemble hum an adRP caused by some m utations 

in the peripherin//?DS gene.

Additionally, Kedzierski et al., (1997) developed and analysed a transgenic mouse 

expressing a hum an peripherin/i?Z)S P216L transgene known to cause adRP in 

man. From their study they concluded th a t the resulting loss of photoreceptors in 

this transgenic mouse was caused both by haploinsufficiency and by a direct 

dom inant effect of the m utant peripherin//?Z)S protein.
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/. 12.3. Animal models fo r  type I  collagen associated dominant 01

A mouse-model for type I 01 (Bonadio et al., 1990) carries a null m utation in intron 

1 of the mouse co lla l gene preventing any protein from being formed. Homozygous 

anim als, which produce no co lla l protein, are not viable. Heterozygous anim als 

m anifest defects in mineralised and non-mineralised connective tissue and 

progressive hearing loss. The model clearly dem onstrates th a t a t least p a rt of the 

disease in mouse is caused by haploinsufficiency.

A true gain of function mouse model for 01 is the minigene mouse, a transgenic 

mouse expressing a CO LlA l hum an mini-gene. The gene contains the promoter 

I’egion and the 5’- and 3’- ends of the gene, but lacks 41 exons in between. In man, 

th is in frame m utation produces a lethal form of 01. Some mouse lines expressing 

large am ounts of the mini-gene had a lethal phenotype, while others expressing 

lower levels of the transgene survived, manifesting 01 or osteoporosis (Khillan et 

al., 1991; Pereira et al., 1993).

1,13. G ene d e liv ery

Approaches for gene therapy vary significantly for different disorders. For instance, 

in the case of recessive disorders the aim may be to supply a missing gene and in 

the case of dom inant negative disorders to silence a gene which is causing a 

disease. However therapeutic genes may also be utilised in cancer therapies and 

against infectious agents such HIV viruses. During the development of a gene 

therapy, no m atter w hat the aim is, there are a number of im portant steps, some of 

which are outlined below. Firstly, the genetic cause of the pathology needs to be 

known. Secondly, one needs to generate a therapeutic oligonucleotides, which can 

be tested in vitro, in cell culture or both. Thirdly, a method of delivering the 

therapeutic agent to the correct tissue m ust be devised. Fourthly, the therapy m ust 

be tested in a series of anim al models, initially in small anim als such as rodents 

and subsequently in prim ates. Only after accomplishing these steps can one 

consider em barking on a hum an clinical tria l of a gene therapy. There are various 

approaches for gene therapy. One approach is germ line therapy in which germ line 

cells, i.e. a zygote, an egg cell or a sperm cell, are transformed. This method 

ensures th a t all cells in all tissues will contain the transgene and therefore th a t the 

progeny of the transgenic organism will also contain the transgene. To date this 

method of therapy is illegal for ethical reasons. A second approach for gene therapy 

is somatic. Thus, the transgene is deUvered to parts of the body, preferably tissues,

47



which require the transgene. This method should not, in principle, affect progeny. 

No m atter w hat the aim of the somatic gene therapy is, methods for efficient gene 

delivery m ust be devised. In this regard, there are two general approaches for gene 

delivery. The first is ex vivo gene therapy and the second is in vivo. Ex vivo gene 

therapy is carried out outside the body on some affected tissue (m aintained in 

tissue culture), which has been removed from the organism. The transform ed 

tissue is then replaced in the organism.

One example of a successful hum an ex vivo gene therapy was carried out on the 

liver of a woman with familial hypercholesterolemia (FH) (Wilson et al., 1992). The 

liver was then transplanted  back into the female patient. FH is an autosom al 

dom inant disorder caused by deficiency in the receptor th a t clears low density 

lipoprotein (LDL) from serum. One abnormal LDL receptor allele causes elevations 

in plasm a LDL and patients are prone to prem ature coronary artery  disease. One 

advantage of using an ex vivo approach for gene delivery is th a t the target tissue is 

readily accessible to the transgene. One disadvantage is th a t not all tissues can be 

removed, m aintained in tissue culture and replaced into an organism. For instance, 

term inally differentiated neurons, such as photoreceptor cells, cannot be targeted 

ex vivo. In  vivo gene therapy requires the delivery of a transgene directly into 

affected tissue of an organism or via a systemic route such as the circulatory 

system. Thus for both in vivo and ex vivo gene therapy approaches, vectors may be 

required to carry the therapeutic gene into tissues. Currently used vectors can be 

classified into viral and non-viral vectors.

1.13.1. Viral vectors

There are three types of recombinant virus used as gene therapy vectors: double 

stranded RNA viruses, double stranded DNA viruses and single stranded DNA 

viruses. In the context of this thesis, which mainly deals with gene therapy 

strategies for RP and 01, many of the examples given below are examples of virus- 

m ediated gene transfer into ocular tissue. Examples of viral vectors being used in 

the trea tm ent of 01 will be given in chapter 5.

1.13.1.1. Double stranded RNA viruses, or retroviruses

There are two types of retrovirus, the lentivirus such as HIV and the C type virus 

such as the mouse melony leukemia virus (MLV). Both types integrate randomly 

(non-homologously) into host genomes, are extremely infectious and can carry up to 

8 kb of foreign DNA. To date, recombinant retroviruses have been the most
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commonly used viral vector in gene therapy studies, partly because of the relative 

ease in which they can be generated a t high titers. For safety reasons, recom binant 

retroviruses are made replication-deficient, missing the viral genes encoding the 

m atrix  proteins, nucleocapsid proteins and core proteins (gag), the viral polymerase 

(pol) and the viral envelope protein (env). Thus, when generating recom binant 

retroviruses, a packaging cell line is required, which expresses these genes and 

supplies the missing proteins to the virus. C type viruses can only transverse host 

nuclear membranes during cell mitosis and therefore can only multiply in dividing 

tissues. For th is reason, recombinant C type viruses are not suitable gene therapy 

vectors for non-dividing tissues such as neurons. Lentiviruses on the other hand 

can readily cross host nuclear membranes a t any stage of the cell cycle and are 

suitable vectors for all tissues. One danger of using recom binant retroviruses for 

gene therapies is th a t the viruses may disrupt host DNA when integrating 

random ly into the host genome, possibly causing disorders such as cancer. A second 

danger in using recombinant retroviruses in gene therapies is the small possibility 

of including a replication-efficient retrovirus, which has recombined with the 

packaging cell line and picked up the missing gag, pol and env genes.

An example of the use of an HIV-based lentiviral vector in term inally differentiated 

(non-dividing) retinal cells was given in 1997 (Miyoshi et al., 1997) using subretinal 

injections (figure 8). In this study a green fluorescent protein (GFP) reporter gene 

driven by a cytomegalovirus (CMV) promoter was efficiently expressed in both rod 

and cone photoreceptor cells and the retinal pigment epithelium (RPE) of ra ts. In 

the same study a GFP gene driven by a rhodopsin promoter (from —2174) resulted 

in expression predominantly in photoreceptor cells. GFP expression persisted for at 

least 12 weeks without any apparent decrease.

1.13.1.2. Double stranded DNA viruses

There are two types of recombinant double stranded DNA virus generally used in 

gene therapy studies. The first is derived from the Herpes Simplex virus (HSV) and 

the second from the Adenovirus (Ad). Dr. Rowe, when attem pting to discover the 

cause of the common cold, discovered Ad in adenoid cells in 1953 (reviewed in 

Sohier et al., 1965). Ads generally infect moist tissues such as ocular, respiratory, 

gastrointestinal or urinary epithelia. Recombinant double stranded DNA viral 

genomes rem ain extra-chromosomal, may carry up to 8kb of foreign DNA and 

generally can infect both dividing and non-dividing tissues. Recombinant double 

stranded DNA viruses are prepared in much the same m anner as retroviruses
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using a packaging cell line. Problems associated w ith utilising these recom binant 

viruses as gene therapy vectors are th a t the recombinant virus may become 

replication-efficient again by recombining w ith wildtype HSV or Ad. In addition, as 

these viruses do not integrate into a host's genome, as therapeutic agents, the virus 

would need to be adm inistered repeatedly. Therefore, the host would build up an 

immune response to the virus. One key advantage of these viruses is th a t they 

rem ain extra-chromosomal, there is no risk of a disruption in the host genome due 

to insertional mutagenesis. In addition they are relatively easy to generate a t high 

titers.

There are a num ber of examples of gene therapy studies using HSV vectors, 

particularly  in the treatm ent of tumors as these viruses have been found to be 

cytotoxic (Kramm et al., 1997) and will naturally  be more toxic to rapidly dividing 

tumors. In one study a group investigated the efficacy of a viral vector, hrR3 

derived from HSV in destroying colon carcinoma cells in vitro and in vivo. The 

hrR3 vector is capable of replication and its replication is cytotoxic to cells. HrR3 

also possesses the HSV-thymidine kinase gene, which converts gancyclovir into a 

toxic metabolite. Thus, the addition of gancyclovir to hrRS-infected cells may 

enhance the ability of hrRS to destroy tum or cells. The inherent cytotoxicity of 

hrR3 replication effectively destroys colon carcinoma cells. However, the 

cytotoxicity was not found to be enhanced in vivo by the addition of gancyclovir.

The authors concluded th a t in the future, more efficacious and selective HSV 1 

vectors may be useful in the treatm ent of cancer (Yoon et al., 1998).

There are multiple examples of gene therapy studies in which Ad viruses have 

been used very successfully. In the context of this thesis, the following examples 

again focus on Ad viral delivery of genes into retinal tissue and bone cells. In 1994 

two papers were pubhshed which utilised Ad vectors to transfer genes into murine 

retina. In the first, a replication-deficient Ad was used to mediate the transfer of 
the bacterial P-galactosidase (LacZ) reporter gene, driven by a CMV promoter, into 

the subretinal space of normal, rd and rds mice. LacZ expression was detected in 

the retinal pigment epithelial and photoreceptor cells (Li et al., 1994). In the 

second paper, another adenovirus, carrying a LacZ reporter gene driven by a CMV 

promoter was microinjected into the subretinal space of CD-I mice. LacZ 

expression was detected up to 95 days in the retinal pigment epithelium  and 

photoreceptor cells (Bennett et al., 1994).
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The same group pubHshed another paper in 1996, in which they utihsed an Ad 

virus containing the murine cDNA for the wildtype cGMP phosphodiesterase gene 

(PPDE) driven by a CMV promoter, in a gene therapy study on the rd mouse. This 

mouse m anifests a retinal degeneration very sim ilar to hum an RP due to a 

recessive m utation in the pPDE gene. Subretinal injections of this virus into 

neonate rd  mice resulted in the generation of pPDE transcripts, increased PDE 

activity and delayed photoreceptor cell death by six weeks, dem onstrating the 

feasibility of treating  an inherited retinal degeneration by somatic gene therapy 

(Bennett et al., 1996).

In the same year another group published a paper in which they studied the effects 

of Ad gene transfer to the tissues of the anterior segment in vitro in ra t and 

monkey lens organ cultures and in vivo by single injection into the anterior 

cham ber of rabbits. In the in vitro study, intact lens cultures were exposed to Ad 

containing either LacZ or the firefly luciferase (luc) gene under the control of the 

Rous sarcoma virus promoter. Both viruses efficiently delivered the reporter genes 

to the ciliary processes but penetrated poorly into the capsulated lenses. However, 

viral receptors were detected in ra t lens epithelium, and in the prim ary trabecular 

meshwork and other lens cell lines. In the in vivo study, the anterior cham bers of 

eight rabbits were injected once with Ad containing LacZ driven by a CMV 

promoter. After 48 hours they were evaluated and gene transfer was evident in 

corneal endothelium, iris anterior surface and trabecular meshwork (Borras e t al., 

1996).

In another study the role of cell-mediated imm unity in the stability of ocular Ad 

m ediated transgene expression was evaluated. An Ad containing the LacZ gene 

under the control of a CMV promoter was injected in travitreally  or subretinally 

(figure 8) into eyes of immunocompetent (+/+) and immunocompromised, congenic 

nude (iiuinu) CD-I mice. Additional mice received subretinal injections of the 

same virus w ith co-administration of 200 mg of hum an immunoglobulin (Ig) G or 

CTLA4Ig by intraperitoneal, in travitreal or subretinal injection (figure 8). Results 

of the study dem onstrated th a t LacZ expression was extended from 1 week to more 

than  5 weeks in the corneal endothelium, iris and trabecular meshwork of nuinu 

mice compared with time of expression in mice when Ad was adm inistered 

intravitreally. In contrast, subretinal injection resulted in only a minimal increase 

in transgene stability in nuInu mice compared with th a t in +/+ mice. Neither 

systemic nor intraocular adm inistration of IgG or CTLA4Ig affected the stability of
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LacZ expression in the retina or retinal pigment epithelium after subretinal 

injection in +/+ mice. IgG and CTLA4Ig enhance the stability of transgene 

expression in the trabecular meshwork. Thus, a T-cell m ediated immune response 

appears to play a role in the loss of Ad m ediated expression after in trav itreal but 

not after subretinal injection. This result imphes th a t the subretinal space is an 

immune-privileged site and favorable site for gene transfer (Hoffman et al., 1997).

Another study supports the fact th a t immune responses lim it Ad m ediated gene 

expression in the mouse eye. In this study an Ad containing the LacZ gene driven 

by a Rous sarcoma virus LTR promoter was injected into one immunocompetent 

mouse strain , one im munosuppressed strain  (BALB/c) and one immunodeficient 

s tra in  (congenic nude mice, iiuinu). The Ad was injected subretinally, 

subconjunctivally or into the anterior chamber (figure 8). The results dem onstrated 

th a t T cell-mediated immune responses lim it the duration of Ad-mediated ocular 

gene expression in adult mice since LacZ gene expression was detected for a t least 

15 weeks in T cell-deficient nuinu  mice, however, the level of transgene expression 

did decrease over time. In contrast to the previous paper mentioned by Hoffman et 

al., intra-ocular Ad-mediated gene expression was not found to have a significantly 

greater longevity than  extra-ocular expression, suggesting th a t the eye is not 

normally immune-privileged with respect to viral vectors. Re-injection of BALB/c 

mice resulted in a rapid decline in reporter gene expression, however, successful re­

adm inistration of virus was possible in the case of the nude mice (Reichel et al., 

1998).

1.13.1.3. Single stranded DNA viruses

The main single stranded DNA virus used in gene therapy studies is the Adeno- 

Associated virus (AAV). This small virus belongs to the parvovirus family and is a 

satellite virus to other viruses, either Ad or HSV, as it requires coinfection w ith 

these viruses to replicate. AAVs were first discovered in 1966 sim ultaneously by 

Atchison and Hoggan. All cultured hum an cells seem to be prone to infection by 

AAVs and no adverse symptoms have been dem onstrated so far after infection. The 

wildtype AAV preferentially integrates on hum an chromosome 19ql3.4 and is not 

tumorgenic (Kremer and Perricaudet, 1995). Recombinant AAV vectors have a high 

transduction efficiency, do not integrate preferentially on chromosome 19, can 

carry up to 4.7 kb of foreign DNA and do not seem to elicit an immune response in 

the host. AAVs are generated in a packaging cell system, which contains a 

recombinant AAV vector DNA plasmid and which has been infected w ith either
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wildtype Ad or wildtype HSV. Density gradient centrifugation or heat inactivation 

removes the wildtype Ads or HSVs. Thus, recombinant AAVs are difficult to 

prepare and are easily contam inated with wildtype AAV and helper Ad or HSV 

viruses. There are multiple examples in which AAV viruses have been used to 

deliver genes into all types of tissue, especially non-dividing tissues such as 

neuronal cells. In the context of this thesis the following examples will focus on the 

use of AAV vectors for gene delivery into the retina.

For example, in 1996 a recombinant AAV was utilised to deliver a LacZ gene driven 

by a CMV promoter. The AAV was subretinally injected into immunodeficient 

(nude) mice. LacZ gene expression persisted in all layers of the neuroretina as well 

as the retinal pigment epithelium (RPE) for at least four weeks. Interestingly the 

same group carried out the same experiment in wildtype animals and found th a t 

LacZ expression decreased over time. They speculate th a t the decrease in 

transcrip t levels appears to be as a result of an immune m ediated loss of cells, 

possibly directed against the bacterial reporter gene LacZ, although contam ination 

of AAV stocks w ith residual wildtype helper Ad could not be discounted. Thus, this 

lim itation may be overcome by the use of AAV vectors encoding endogenous genes 

and by the development of more sophisticated methods for producing purified AAV 

stocks (Ali et al., 1996).

In a second fascinating study, AAV carrying either the LacZ or the gfp gene driven 

by a mouse opsin promoter was injected subretinally into mice or rats. Transgene 

expression in both rodents was limited exclusively to photoreceptor cells and after 

a single injection 2.5 million photoreceptor cells were estim ated to have been 

transduced. The group also determined experimentally th a t the AAV carrying the 

gfp gene was free of both Ad helper virus and wildtype AAV as judged by plaque 

assay and infectious center assay. All test animals exhibited strong gfp expression 

at 6 or 8 weeks, whereas a t 1-3 weeks post-injection, expression was weak. A 

possible cause of this slow onset of expression may be the slow conversion of input 

AAV DNA (single-stranded) to a transcriptionally active, double-stranded form in 

non-dividing photoreceptor cells. Reporter gene expression was detectable for at 

least 10 weeks postinjection (Flannery et al., 1997).

In 1997 a paper was published on in vivo recombinant AAV-mediated transduction 

into retinal tissue. The aim of the study was to evaluate the efficiency, cell 

specificity, stability and toxicity of recombinant AAV-mediated retinal transduction 

in vivo in the adult immunocompetent mouse. Thus an AAV, carrying the gfp gene
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under the control of a CMV promoter, was subretinally injected into mice, which 

were examined (real-time) by direct observation of fluorescence by ophthalmoscopy, 

using excitation-barrier filters. Histologic analyses of retinal tissue were used to 

identify infected cells and to assess inflammation. Real-time imaging showed th a t 

AAV efficiently transduces a variety of cells of the neural retina and retinal 

pigm ent epithelium. Transgene expression was not observed until 1 week 

postinjection, after which the num ber of gfp-expressing cell increased until week 3. 

Transgene expression was observed for at least 11 weeks post adm inistration.

There was no clinical or histological evidence of inflammatory response. Thus, 

/AAV-mediated retinal gene transfer is stable and efficient and is not associated 

w ith clinically or histologically detectable toxicity or immune reaction (Bennett et 

al., 1997).

1.13.2. Non-viral vectors and methods o f  gene delivery 

1.13.2.1. Bacterial delivery o f  DMA

One non-viral vector for gene delivery, which presents some great advantages over 

the viral vector, is the bacterial vector. Investigators exploit mechanisms of 

entering and growing in cells, used by intracellular microbial pathogens, which 

have co-evolved with a host for millions of years. In 1995 two separate groups 

investigated the potential of using Shigella flexneri as a vehicle for gene delivery 

(by means of plasmid DNA containing the gene of interest) into m am m alian cells 

(Sizemore et al., 1995; Courvalin et al., 1995). The S. flexneri strains used in both 

studies were deficient in cell-wall synthesis and required diaminopimelicacid 

(DAP) for growth. In the absence of DAP, the recombinant bacteria lyse in the host 

cytosol and release the plasmid DNA of interest. Results showed that, subsequent 

to addition of bacteria, up to 28% of cells contained one to five visually in tact 

bacterial cells, w ith 1.7% containing five bacteria. Recently in another paper, a 

group exploited Listeria monocytogenes, another intracellular pathogen, to deliver 

plasm id DNA carrying a gfp reporter gene into the cytosol of macrophages. The 

recom binant L. monocytogenes expressed a Listeria-specific phage lysin, which 

causes L. monocytogenes to lyse inside the host cytosol and release the plasmid.

The group infected the macrophages w ith the bacteria a t a one to one ratio and 

found th a t over 0.2% of the macrophages expressed gfp (Dietrich et al., 1998). Thus 

in comparison to viral vectors, bacterial vectors appear to be less efficient vehicles 

for gene delivery. However, two advantages of using this system are th a t one 

recom binant vector can potentially carry any number of different plasmids. In 

addition bacteria are relatively easy to transform, grow and purify. Also, many
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bacteria, such as E. coH K12, have very high plasm id copy num bers and are thus 

ideal candidates to optimise this method of gene delivery.

1.13.2.2. Gene transfer by in vivo electroporation or cell permeabilisation

One of the most efficient methods of introducing small molecules and genes into 

m am m alian cells is by using electric pulses (Neumann et al., 1982). Although it is 

thought th a t the pulses create electropores, there is a lack of clear data on the 

exact mechanism of the permeabilisation-process. However, 

electroperm eabilisation may arise from a change in transm em brane potential 

difference, which at values of 200-250 mV leads to m em branes becoming 

transien tly  permeable (Teissie and Rols, 1993). Clinical trials of in vivo 

electroporation have been performed with success in the case of head and neck 

carcinoma and melanoma (Mir et al., 1995). The results of one phasel/II clinical 

tria l for the treatm ent of cutaneous and subcutaneous tum ors using 

electrochemotherapy dem onstrated th a t 50% of nodules treated  w ith low doses of 

bleomycin, chemotherapy drug, followed by an electic pulse disappeared (Heller et 

al., 1996). Many tissues including skin, brain and liver have been shown to be 

susceptible to this method of gene delivery. In addition, no secondary cytotoxic 

effects have been observed (Titomirov et al., 1991; Nishi et al., 1996).

In one recent study on in vivo cell permeabilisation, mouse melanomas were 
injected directly w ith either the (3-galactosidase reporter protein or a plasmid 

containing the LacZ reporter gene. Subsequently, electric pulses were applied with 

surface electrodes in contact with the skin. The efficiencies of protein and gene 

delivery were 20% and 4% respectively. No secondary effects on treated  anim als 

were observed (Rols et al., 1998).

lonthophoresis is a sim ilar method of gene delivery to electroporation. However, 

ionthophoresis applies a small low voltage (typically lOV or less) continuous 

constant current (typically O.SmA/cm^) and electroporation applies a high voltage 

(typically around lOOV) pulse for a very short duration (reviewed in Banga et al., 

1999). lonthophoresis of a drug called dexamethasone (Dex) into a ra t model for 

endotoxin-induced uveitis has had some beneficial effects in the trea tm ent of 

uveitis. In this study the therapeutic efficacy of Dexamethasone (Dex) 

adm inistered by ionthophoresis was compared to systemic injection and to topical 

application with the iontophoresis apparatus in the absence of electrical current. 

The study dem onstrated tha t Dex adm inistration by ionthophoresis allows for a 

therapeutic effect on the posterior as well as the anterior segment of the eye, and



may present a viable alternative to systemic adm inistration of glucocorticoids in 

severe ocular inflammations (Behar-Cohen et al., 1997). It is of note th a t this 

method of drug delivery may be applicable to gene therapies too.

1.13.2.3. Gene delivery using cationic lipids

Cationic lipids are molecules which self-associate with plasm id DNA and condense 

it into particles, term ed lipoplexes. Lipoplexes are able to in teract w ith the cellular 

plasm a m embrane and efficiently to promote plasmid entry into cells. Lipoplex 

entry  into the cell is believed to occur via endocytosis (Zabner et al., 1995). Cationic 

lipids were first utilised for gene delivery by three individual research groups in 

the late 1980s (P Feigner, JP  Behr and L Huang). They have now been tested in 

several clinical trials, mostly in therapies for cancer of cystic fibrosis. Two of the 

main problems associated w ith the use of lipids in gene delivery are the relatively 

low transfection efficiency compared to viral methods of gene delivery and their 

toxicity. Another drawback to cationic lipid-mediated gene transfer is th a t lipolexes 

are unstable, which can lead to the formation of large aggregates. N aturally  this 

creates difficulties for in vivo studies. Nevertheless, cationic lipids have been tested 

in vivo and have met w ith some success. For example, the use of cationic lipids 

increased the retention of DNA plasmids injected directly in mouse tum ors from 

50% to 90% 2 hours post-injection. However, gene expression in the tum or was not 

enhanced significantly, due to the fact th a t the lipoplexes did not diffuse from the 

site of injection. These mixed results may not be relevant if the delivered gene- 

product in required in only very small quantities to be of benefit to a patient, as, for 

example, may be the case for certain growthfactors or hormones.

The systemic delivery of lipoplexes into the bloodstream to reach liver, lung and 

kidney has been tried (Lai et al., 1997; Lai et al., 1998). In the 1997 study, three 

different routes of lipid-mediated gene delivery to kidney in mice were compared; 

through intra-renal-pelvic, in tra-renal-arterial and intra-renal-parenchym al 

injections. A plasmid carrying the LacZ reporter gene driver by a CMV promoter 

was used to monitor gene expression. P-galactosidase activity was detected in cells 

in the cortex and outer medulla in both intra-renal-pelvic and in tra-renal-arterial 

groups, but not in the intra-renal-parenchym al group or in noninjected control 

kidney. Evidence of gene transfer was observed in tubular epithelial cells, but not 

in glomerular, vascular, or in terstitia l compartments. The levels of P-galactosidase 

expression stai’ted to decrease 3 weeks after injection. In addition, gene transfer in 

the kidney was not associated with nephrotoxicity. Thus, both intra-renal-pelvic
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and in tra-renal-arterial injections provide transien t gene transfer to the renal 

tubu lar cells and are suitable routes for kidney-targeted gene therapy (Lai et al.,

1997). The 1998 study dem onstrated th a t in the mouse model for renal tubular 

acidosis (CAII mice) injected with cationic liposomes complexed w ith the wildtype 

CAIl cDNA driven by a CMV promoter, the disease phenotype was suppressed for 3 

weeks after gene therapy and was eventually lost by 6 weeks. As in the 1997 study, 

immunohistochemistry studies using anti-CAII antibodies showed th a t CAII was 

expressed in tubular cells of the outer medulla and corticomedullary junction. In 

addition, once more the gene therapy was not associated with nephrotoxicity (Lai 

et al., 1998).

l .J 3.2.4. Gene delivery using synthetic polymers

Another non-viral method of gene delivery is via synthetic polymers. A wide range 

of synthetic polymers is available for exploring as gene delivery agents. For 

example, S tarburst polyamidoamine dendrim ers (dendrimers), first described in 

1996 (Roberts et al., 1996), are spherical macromolecules composed of repeating 

polyamidoamino units. They can be produced in various sizes and are thought to 

in teract with DNA and help it reach the cell nucleus. In one study dendrim ers were 

efficiently used to transfer genes into murine cardiac grafts (Qin et al., 1998). In 

another study dendrim ers increased oligonucleotide uptake into cells by 50-fold 

(Delong et al., 1997).

Another example of a synthetic vector is polyethyleneimine (PEI), which can be 

complexed to DNA to form a linear PEI/DNA complex. This complex was 

successfully transfected into the mouse central nervous system after an 

in traventricular injection of the complex. The complexes were shown to be highly 

diffusible in the cerebrospinal fluid of mice, diffusing from a single site of injection 

throughout the entire brain ventricular spaces. Reporter transgene expression was 

found in both neurons and glia adjacent to ventricular spaces, suggesting th a t this 

vector may be useful for gene delivery to the central nervous system (Goula et al.,

1998).

There is a wide range of other synthetic polymers which are being evaluated as 

non-viral vectors for gene delivery including synthetic block co-polymers, synthetic 

virus-like particles, synthetic DNA-compacting peptides polylysine, DEAE-dextran 

and protam ine (Wolfert et al., 1996; Erbacher et al., 1999; Schwartz et al., 1999). 

One clear advantage of synthetic vectors such as polymers is th a t their size, shape 

and charge can be modified with ease. Moreover, targeting ligands can be attached
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to such non-viral vectors to aid tissue specific gene delivery and delivery form 

cytoplasm to nucleus.

1.14. Linkage studies

/ .  14.1. L inkage

Linkage analysis is based on the occurrence of recombination events between an 

area of a chromosome of in terest and a known polymorphic m arker. During first- 

division-meiosis, recombination events between homologous chromosomes occur. 

Due to these events, chromosomes in an offspring are in fact a patchwork of parent 

chromosomes. If two areas or loci on a parent chromosome are far apart, the 

likelihood th a t an offspring inherits both parts of the chromosome from one parent 

is 50 % (i.e. the two areas are unlinked). However, the closer together the two areas 

or loci are situated, the more lilcely it becomes th a t both loci will be inherited. Two 

loci considered to be linked if the chance of inheriting both loci is greater than  50%.

Thus, the probability of recombination between loci may provide an estim ate of the 

distance between them; i.e. the genetic distance. The unit for this distance is given 

in Morgans (M); 1 centi-Morgan (cM) corresponds to approximately 1 million bases 

of DNA. However, recombination rates vary between sexes; women have a higher 

recombination rate than  men and therefore a longer genetic map. Additionally, 

recombination rates across a chromosome do not rem ain uniform. For example, the 

recombination rate near the telomere of any chromosome is higher than  th a t a t the 

rest of the chromosome. Finally the occurrence of a recombination event inhibits 

the occurrence of a second event in the vicinity of the first event; a phenomenon 

called interference. Thus genetic distance is only loosely related to actual 

chromosome distance.

Linkage analysis in the context of a disease represents a test for the co-segregation 

of a disease locus w ith a particular polymorphism. If the disease locus and the 

polymorphic m arker are on the same chromosome, but far apart, there is a 50% 

chance th a t they will either be found on the same strand  of DNA or th a t they will 

be separated during meiosis. If, however, the disease locus and the polymorphic 

m arker are close together or tightly linked they are unlikely to be separated during 

meiosis. The recombination fraction 0  is the total num ber of recombinants divided 

by the total num ber of offspring and will be 50 % or 0.5 if a disease and a 
polymorphism are unlinked. However, if they are linked, 0  will drop towards 0.0, 

depending on how tightly they are linked. The ascertained value for 0  between two

58



loci can be used to estim ate a value for the genetic distance between the two loci. 

However, due to phenomena such as interference 0  m ust be converted into cM 

using a mapping function such as the Kosambi mapping function or the H aldane’s 

m apping function (Haldane, 1919). There are several methods for calculating 0 .

The most common is the logarithm of the odds or the lod-score (Z), which is the 
most likely value of 0.

L(0)
Z (0) = logio --------  or Z (0) = logio[L(0)] - logio[L(0 = 0.5)] (1.2.)

L(0.5)

Where Z(0) = the lod-score a t a given 0; L(0) = the likelihood of the observed 

recombination fraction; L(0.5) = the likelihood obtained under the assum ption of no 

linkage (Terwilliger and Ott, 1993). Morton suggested param eters for linkage and 

exclusion mapping in 1955 (Morton, 1955). If Z is larger than  3, linkage is 

suggested, if Z is below -2  the polymorphism and the disease are unlinked and if Z 

lies between -2  and 3, no conclusions can be drawn regarding linkage/exclusion.

W hereas two-point analysis involves calculating the likelihood of linkage between 

two polymorphic sites (usually a m arker site and a m utation site), m ultipoint 

analysis involves the analyses of data from multiple loci and can be used if the 

genetic distance between two or more m arkers is known. M ultipoint analysis can 

enhance exclusion/linkage mapping by enabling data for various m arkers to be 

analysed together. A range of computer programs are available to undertake two- 

point and multipoint analyses such LIPED, LINKAGE and FASTLINK (Ott, 1974; 

Suiter et al., 1983; Lathrop et al., 1984; Shaffer et al., 1996) and which are 

commonly used to map disease loci.

1.14.2. Software fo r  linkage analysis

Software packages such as LIPED and LINKAGE use the recombination fraction to 

calculate lod-scores in two-point and multipoint analyses. These original program s 

have been updated with more efficient algorithms such as in the CRI-MAP and 

Vitesse packages (Lander and Green 1987; Donis-Keller et al., 1987; Green e t al., 

1989, Lander et al., 1987; O'Connell and Weeks, 1995), which has helped in the 

creation of a larger genetic linkage map than  was originally possible (Donis-Keller 

et al., 1987; Gyapay et al., 1992; Buetow et al., 1994). The CRI-MAP program is 

more efficient than  LINKAGE when full data (that is, all parental genotypes) are 

known. However, LINKAGE is more equipped a t dealing with missing genotypes
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(Weaver et al., 1992). Some specific software packages will be discussed below, but 

for a comprehensive review see (Bryant, 1996).

1.14.2.1. LIPED

LIPED is a software package which computes two-point lod-scores (Ott, 1974). 

While the package can process data from many different types of genetic m arkers 

including RFLPs and microsatellites, one serious disadvantage is th a t LIPED is 

able to process a maximum of five different alleles for each genetic m arker. A 

second software program called MAP (Morton and Andrews, 1989) can combine 

two-point lod-score data generated by LIPED and other sources to construct a 

multilocus map.

1.14.2.2. LINKAGE

The LINKAGE package performs multipoint linkage analysis (Suiter e t al., 1983; 

Lathrop et al., 1984). Genetic m arkers are divided into four types; RFLPs, 

microsatellites, dominant-recessive tra its  and quantitative phenotypes. LINKAGE 

performs best w ith small numbers of markers, usually up to five. MLINK is used to 
construct two-point lod-score tables; LODSCORE is used for estim ating 0 , ILINK 

for multipoint maps and LINKMAP to insert m arkers into larger m ultipoint maps. 

However, it may be more practical to use MAP MAKER or CRI-MAP for large 

problems involving the CEPH family reference panel (reviewed in Bryant, 1996). 

Sex-specific maps can be generated.

1.14.2.3. CRI-MAP and MAP MAKER

CRI-MAP (Donis-Keller et al., 1987; Green et al., 1989) presents an efficient 

method for calculating likelihood's and is used in constructing very large 

multilocus linkage maps. It is specifically adept at mapping disease loci where 

affected carriers are disallowed and full penetrance is assumed.

MAPMAKER is a software package for constructing large m ultipoint maps from 

nuclear CEPH-style families and F2 crosses (Lander et al., 1987). However, it is 

not a general-purpose linkage package and cannot be used for disease mapping.

Nor can it be applied to extended pedigrees. MAPMAKER is relatively slow to run, 

for it is possible to construct files for use in batch or background jobs

1.14.3. Polymorphic markers

As previously mentioned, linkage analysis is based on the occurrence of 

recombination events between a locus of interest, often a disease locus, and a
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polymorphic genetic marker. One of the first m arkers to be utilised in linkage 

studies were protein m arkers such as the ABO blood groups and the Rhesus factor 

(Bradley et al., 1989). One of the first types of genetic m arker to be identified was 

the restriction fragm ent length polymorphism (RFLP) (Botstein e t al., 1980). With 

th is discovery, the first crude genetic maps were generated (Donis-Keller et al., 

1987). However, RFLP analysis has 3 im portant restrictions. Firstly, there may not 

be an RFLP in a relevant genetic region. Secondly, an RFLP may not be highly 

polymorphic, frequently being di-allelic. Finally, the analysis of RFLPs was 

initially very labor intensive as it involved Southern blotting. However, the advent 

of PCR (see below) technology in many cases circumvented th is th ird  restriction.

Subsequently, two types of highly informative polymorphic m arkers were 

discovered which have greatly enhanced linkage analysis. Both types of m arker are 

highly polymorphic and composed of variable numbers of tandem repeats. The first 

is the m inisatellite, which is composed of a variable number of 33bp repeat units 

(Jeffreys et al., 1985). The second and most useful m arker for linkage analysis is 

the microsatellite (see below). Microsatellites can be amplified using polymerase 

chain reaction (PCR) and amplified products run and separated on polyacrylamide 

gels to differentiate between different alleles.

1.14.3.1. Microsatellites

M icrosatellites consist of very short units, which, like VNTRs and m inisatellites, 

are repeated in tandem. The units usually comprise of mono-, di-, tri- and tetra- 

nucleotide repeats sequences. The most common include A, AC, AAAN, AAN or AG 

in decreasing order of abundance (Hearne et al., 1992). The units can be repeated 

as such, can be in terrupted with other sequence, or can appear as a combination of 

two types of repeat unit. Their potential as a tool in linkage analysis was 

discovered by Weber and May (1989) and Lit and Luty (1989) when they reported 

th a t the repeats varied in length between individuals and readily could be analysed 

using PCR, as most microsatellites can be amplified in less than  300 bp fragments. 

Large num bers of microsatellites have been characterised in the hum an genome. 

New microsatellites can be readily detected by hybridising genomic clones w ith 

oligonucleotide probes. Thus hum an linkage maps now mostly comprise of 

microsatellite m arkers which have been typed through reference families such as 

the CEPH (Centre d'Etude du Polymorphisme Humaine) reference families. 

Notably, microsatellites have now been characterised in huge abundance; a t 

approximately IcM (1 million base) intervals (Dib et al., 1996; Gyapay et al., 1994;
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Collins et al., 1996) in the hum an genome, making linkage analysis a very efficient 

m eans of discovering the location of disease loci. The localisation of a M endelian 

disorder, given the appropriate pedigrees are available, is now a relatively 

straightforw ard process. The high-resolution hum an linkage maps currently being 

generated will be extremely valuable in the future localisation of genes involved in 

frequent polygenic disorders using approaches such as sub-pair analysis.

1.15. Summary

In sum m ary th is Ph.D. thesis contains work on varying aspects of hum an genetics, 

leading, ultimately, towards the generation of gene therapies for disorders such as 

RP and 01. Chapter 2 describes the locahsation of a m utation in a novel gene 

(MTTS2) causing mitochondrial deafness and RP. The study highlights again the 

heterogeneous nature of hum an inherited retinal degenerations. In chapter 3 the 

immense problem of allelic heterogeneity which is inherent in many dom inant 

negative disorders, including RP and 01 is addressed. Three novel methods of gene 

silencing, which are m utation-independent, were tested iti vitro. A total of twelve 

ham m erhead ribozymes were designed and tested for cleavage efficiency of 

rhodopsin, peripherin/i?DS and the two type I collagen transcripts. In chapter 4 the 

most efficient ribozyme, R zpollal, which targets a common polymorphic site in the 

C O LlA l transcrip t was characterised in depth using classic Michaelis-Menten 

enzyme kinetics. Additionally, the frequency of the polymorphism targeted by 

R zpollal w'as evaluated. R zpollal was subsequently, in chapter 5, considered for 

use in, vivo. An MLV viral construct was generated with R zpo lla l driven by a CMV 

promoter. This construct will be utilised in future work for the generation of an 

MLV virus, which will be tested both in cell culture and in the C O LlA l minigene 

mouse model for 01. Prior to the generation of the MLV construct, a fibroblast cell 

line, known to be heterozygous for the CO LlA l polymorphism was infected w ith an 

MLV virus carrying a LacZ reporter gene and was determ ined to be susceptible to 

MLV infection. R zpollal was also generated with protected nucleotides (2’- 

aminopyrimidines) in an attem pt to generate a nuclease resistan t ribozyme, which 

in principle should rem ain intact in cells for a longer period than  unprotected 

ribozyme. Notably, R zpollal rem ained intact in the presence of nucleases for at 

least 30 m inutes while still m aintaining its ability to cleave the CO LlAl 

transcript. The study described in the Ph.D. thesis contributes to the growing 

knowledge th a t is available on the etiologies of inherited retinopathies and
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moreover explores novel therapeutic approaches for the dominantly inherited forms

of human retinopathies such as RP and bone disorders such as 01.
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F ig u re  1. Ham m erhead ribozyme. Ham m erhead ribozymes consist of two antisense 

arm s (stems 1 and 3) with which they bind a complementary substrate. Conserved 

nucleotides are shown in bold. Dashes indicate Watson-Crick base pairs. N represents 

any nucleotide. X represents the nucleotides C, U or A. Y represents a pyrim idine and R 

a purine. The arrow indicates the cleavage site in the target RNA, just after the NUX site 

(in italic). Stems 1-3 may be of variable length.
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F ig u re  2. How to design a hairpin ribozyme. The arrow indicates the substrate  GUC 

cleavage site and dashes indicate Watson-Crick base pairs. N is any base, R is G or A and 

Y is C or U (Yu and Burke, 1997). The texts within the grey boxes explain which sites 

w ithin the ribozyme are necessary for retaining high catalytic activity. Copied from Yu 

and Burke (1997).
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F ig u re  3. S tructure of a ham m erhead ribozyme (A), a minimised ham m erhead ribozyme 

or minizyme (B), two minizymes designed to target the same sequence (C) and a 

minizyme dimer (D). For clarity the two minizymes are represented in a different font. In 

theory minizymes need not be identical to form dimers (Sugiyama et al., 1996; K uwabara 

et al., 1996). Figure adapted from Amontov et al., 1996.
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F ig u re  4. A, Fundus photograph of a retina from a healthy individual. Note the healthy 

pink optic disc and normal retinal blood vessels. B, Retina from a patient suffering from 

RP. Note the characteristic pigmentary depositions in the classical 'bone spicule' 

configuration. Neither the waxy pallor of the optic disc nor the a ttenuated  blood vessels 

can be seen on this picture. Photos were kindly provided by Dr. Paul F. Kenna.
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F ig u re  5. Diagram of a rod photoreceptor cell (Molday, 1998). The four regions of a 

photoreceptor cell, mentioned in the text are shown: 1, Rod outer segment w ith the discs; 

2, Rod inner segment; 3, Cell body; 4, Synaptic term inal. In mammals rod cells are about 

60 ).im X 15.2 |Lim in size. Cone photoreceptor cells are shorter and conical. Both rhodopsin 

and peripherin/i?Z)S are localised to the outer segment membrane discs. The arrow 

indicated the direction from which light enters. A diagram of the rod outer segm ent is 

shown to the right.
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F ig u re  6. Diagram of the cascade of visual transduction (Molday, 1998). Light converts 

11-cis re tinal to the aW-trans isomer of retinal resulting in the activated state  of 

rhodopsin. Rhodopsin then catalyses the exchange of GDP for GTP on T„. T„ 

subsequently interacts with PDE to release the inhibitory constraint on the enzyme.

Thus PDE can catalyse the hydrolysis of cGMP to 5'GMP, which leads to a decrease in 

in tracellu lar cGMP. This causes the cGMP gated channel to close and the rod cell to 

hyperpolarise. Intracellular Ca2+ levels drop as the Na/Ca-K exchanger continues to 

extrude Ca^’̂ from the outer segment. The shutdown of the visual cascade and the 

calcium m ediated feedback mechanism results in photorecovery. F irst the 

phosphorylation of rhodopsin by rhodopsin kinase (RK) and the subsequent binding of 

arrestin  occur. Then GTP gets hydrolysed to GDP on T„ and PDE returns to its 

inactivated state. Low intracellular Ca^+ concentrations lead to the activation of 

guanylate cyclase, and an increase in the sensitivity of the channel to cGMP as a resu lt of 

the dissociation of calmodulin from the channel. As a result of the increase of cGMP the 

channels reopen and the cell is depolarised. In addition, the increase in Ca^^ converts 

guanylate cyclase to its normal level of activity during depolarisation. The solid arrows 

show the photoexcitation process and the dashed arrows show the photorecovery process 

(Molday, 1998).
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F ig u re  7. A, Diagram of a type I fibrillar pro-collagen molecule (Kielty et al., 1993).

Three protein chains form stable triple-helices. These triple-helical molecules are about 

300 nm rigid rod like structures with a diam eter of 1.5 nm. Subsequent to post- 

translational modifications (hydroxilation and glycosylation) and triple-helix assembly, 

precursor pro-collagen molecules containing amino and carboxyl pro-peptide extensions 

flanking the central triple-helical domain are secreted from the cell. These extensions 

are removed by specific endoproteinases during extracellular processing of pro-collagen to 

collagen. B, Rotary shadowing image of type I pro-collagen. The length of the rod-like 

triple helix is observed and the C-terminal pro-peptide is viewed as a globular domain, 

while a t the other end of the molecule characteristic ‘hook’ arrangem ent of the N-pro- 

peptide is apparent which arises as a consequence of the short helical sequence it 

contains (Kielty et al., 1993).
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F ig u re  8. Schematic diagram of a mouse eye and three types of injection used for gene- 

dehvery to mouse eyes; sub-retinal injection, anterior chamber injection and sub­

conjunctival injection. Figure from Reichel et al., 1998.



Issue Problem Solution

Specificity Target recognition Length

RNase H sensitivity

Protein binding Sequence

Stability Degradation by nucleases Phosphotriesters

Alkylphosphorates

a  -Oligomers

Phosphorothioates

Phosphorodithioates

Phosphoramidates

2'-0-alkyl

RNase H induction mRNA cleavage Phosphodiester

Phosphorothioate

Uptake Membrane penetration Length/charge

Endocytosis Hydrophobicgroups

Polycations

Lipoproteins

Liposomes

Affinity Competition with proteins Modified bases

Intercalating agents

Active groups

Modified backbone

Toxicity Nonspecific binding

Mutagenicity

Carcinognicity

Table 1. Various problems and solutions associated with the use of antisense RNA 

(Toulme, 1992). Various methods of protection of antisense RNA are discussed in detail 

in chapter 5. (table 1 is taken from "Antisense RNA and DNA" edited by Murray).



G ene symbol locus Protein (if known)
RPl 8 q ll-q l3 dominant RP; protein: RPl protein
RP2 X p ll.3 X-linked RP; protein: novel protein with similarity to human 

cofactor C
RP3/ RPGR Xp21.1 X-linked RP; X-linked CSNB (possibly); protein: retinitis 

pigmentosa GTPase regulator
RP4/ RHO 3q21-q24 dominant RP; dominant CSNB; recessive RP; protein: rhodopsin
RP5 3q same as RP4
RP6 Xp21.3-p21.2 X-linked RP
RP7/RDS 6p21.2-cen dominant RP; dominant MD; digenic RP with R O M l; dominant 

adult vitelliform MD; protein: peripherin/RDS
RP9 7pl5-p l3 dominant RP
RPIO 7q31.3 dominant RP
R P ll 19ql3.4 dominant RP
RP12 Iq31-q32.1 recessive RP with para-arteriolar preservation o f the RPE (PPRPE)
RP13 17pl3.3 dominant RP
RP14/TULP1 6p21.3 recessive RP; protein: tubby-like protein 1
RP15 Xp22.13-p22.11 X-linked RP, dominant
RP16 14 recessive RP (possibly)
RP17 17q22 dominant RP
RP18 Iql3-q23 dominant RP
RP19 Ip21-p22 recessive Stargardt disease, juvenile and late onset; recessive MD; 

recessive RP; recessive fundus flavimaculatus; recessive combined 
RP and cone-rod dystrophy; protein: ATP-binding cassette 
transporter - retinal

RP20/ LCA2/ 
RPE65

lp31 recessive Leber congenital amaurosis; recessive RP; protein: retinal 
pigment epithelium-specific 65 kD protein

RP21 not 9q34-qter dominant RP with sensorineural deafness
RP22 16pl2.1-pl2.3 recessive RP
RP23 Xp22 X-linked RP
RP24 Xq26-q27 X-linked RP
RP25 6cen-ql5 recessive RP
RP26 2q31-q33 recessive RP
RP27/ NRL 14qll.2 dominant RP; protein: neural retina lucine zipper
RP28 2 p ll-p l6 recessive RP
ROMl l l q l 3 dominant RP; digenic RP with RDS; protein: retinal outer segment 

membrane protein 1
MTTS2 mitochondrion RP with progressive sensorineural hearing loss; protein: serine 

tRNA 2 (AGU/C)

Table 2. Loci and genes known to cause RP. Table 2 is a modified version of a table by 

Dr. S. P. Daiger: http://www.sph.uth.tmc.edu/Retnet/disease.htm. For references see the 

original table.



Identification of a novel disease gene causing 
RP and sensorineural deafness in family

2.1. Introduction

Family ZMK is a large Irish kindred segregating classic Retinitis Pigm entosa (RP) 

and sensorineural deafness (figure 1). The disease is clinically very sim ilar to the 

progressive autosomal recessive type III U sher syndrome (US). In family ZMK, 

however, the pattern  of inheritance in consistent w ith autosomal dominant, x- 

linked dom inant or a mitochondrial inheritance pattern  (see 2.2.1). For a detailed 

description of US see section 1.7. For a synopsis of the genetics of US see table 1. 

Severity and age of onset vary considerably between affected members of family 

ZMK; one adolescent male was legally blind in his early twenties, while a female in 

her sixties manifested mild loss of night vision. However, most affected family 

members show loss of hearing by their teens and bad night vision and loss of the 

peripheral visual field in their twenties (figure 2).

Since the late 1980's, the molecular etiologies of many inherited disorders have 

been clarified. With the help of newly identified genetic m arkers such as restriction 

fragm ent length polymorphisms (RFLPs), variable numbers of tandem  repeats 

(VNTRs) and microsatellites, high-resolution genetic maps were generated. With 

these maps and techniques such as Southern blotting, the polymerase chain 

reaction (PCR), and single strand conformation polymorphism gel electrophoresis 

(SSCPE), linkages between disease loci for many Mendelian disorders and genetic 

m arkers were being established (chapter 1.14 discusses polymorphic m arkers and 

linkage analysis in detail). Many genes within the critical region of genetic maps 

have been sequenced and disease-causing m utations identified.

A full genome search was undertaken in this laboratory to localise the disease gene 

in family ZMK, which initially was thought to be autosomal dominant, as a 

mitochondrial mode of inheritance was ruled out as a result of the inheritance of 

the disease through the male individual 1-1. However, this was based on 'word of 

mouth' ra ther than  clinical diagnosis, as individual 1-1 was deceased before the
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study was initiated. Using DNA from 29 members of family ZMK and 5 spouses 

(figure la), a battery of microsatellite m arkers were examined in the family with 

the aim of finding a linkage to the disease locus (Kumar-Singh et al., 1993a, 1993b; 

Kenna et al., 1997). After an extensive search through the genome a linkage was 

thought to have been found on 9q (Kenna et al., 1997). However, no m arkers were 

found a t zero recombination w ith the disease locus. In addition, the m arkers with 

the highest lod-scores, D9S118 (Zmax = 3.75; 0  = 0.10) and D9S121 (Zmax = 3.41;

0  = 0.10), were unmapped a t th a t time.

There were a num ber of reasons for believing th a t the positive lod-scores found on 

9q occurred by chance. Firstly, as mentioned, no m arkers were found a t zero 

recombination with the disease locus. Secondly, the unmapped m arkers, D9S118 

and D9S121, were run through a subset of the CEPH panel in order to generate a 

map of chromosome 9 including these critical markers. However, on th is newly 

generated map the m arkers giving the highest lod-scores and the fewest 

recombination events with the disease locus were closely flanked on either side by 

m arkers w ith lower lod-scores and more recombination events. Thirdly, multipoint 

analysis based on map distances from the newly generated map of 9q, excluded the 

disease causing gene in family ZMK from 9q (Mansergh Ph.D. thesis, 1997; 

Millington-W ard M.Sc. thesis, 1996; M ansergh et al., 1999).

Subsequently the author has, during the course of this Ph.D., run an additional 22 

m arkers through the ZMK family, excluding most of the larger gaps, which had not 

previously been excluded by Fiona Mansergh, Sophia Millington-Ward, Rajendra 

Kum ar Sing and Alexandra Erven. However, no linkage to the disease locus was 

found (Mansergh et al., 1999). Thus, in all, over 90% of the nuclear genome, 

including most of the known RP and deafness loci, and chromosome 9q, has been 

excluded from linkage in the family ZMK.

In 1998 the affected status of 4 members of family ZMK, previously thought to be 

unaffected, was brought into question. However, the information was obtained by 

personal communications and the persons in question did not approached our 

ophthalmologist. Dr. P. Kenna, on the m atter. Thus, we decided not to broach the 

delicate m atter of re-diagnosis w ith these persons. However, as the question of 

reduced penetrance was thereby introduced, the author decided to reanalyse all 

400 microsatellite m arkers run in the laboratory by all the various people 

mentioned above, using affected members of the family only. After reanalysis no 

significantly positive lod-scores were obtained (tables 3a/b).



On further examination, the information on the disease sta tus of individual 1-1 

also turned  out to be unsure, as no living member of the family could rem em ber 

w hether he or his wife had originally passed on the disease; individual 1-1 died in 

the 1890s. As no father to child transm ission of the disease is now known to occur 

in this pedigree, the mitochondrion was considered a likely candidate for harboring 

the disease mutation. In addition, individuals with mitochondrial m utations are 

known in many cases to vary widely in term s of the disease symptoms they 

m anifest (reviewed in Treem and Sokol, 1998). M itochondrial m utations are also 

frequently associated with muscle abnormalities and neurological disorders (see 

tables 6a/b and 7). Thus, electromyographies (EMGs) and electrocariography 

(ECGs) were carried out on individuals 3-22, 4-4, 4-5 and 4-6 (see 2.2.1). All four 

individuals showed right axis deviation (EGG), suggesting the presence of a 

subclinical cardiomyopathy and abnormal (EMG). Also a quadriceps femoris 

muscle biopsy, extracted from individual 3-22 revealed abnormal quantities of 

mitochondria beneath the sarcolemnal membrane.

A large scale mitochondrial deletion was ruled out by Dr. Fiona M ansergh by 

Southern blot analysis of total DNA from affected members of the family and a 

PCR probe of a portion of the mitochondrial DNA (Mansergh et al., 1999). In this 

study 1.5kb of the mitochondrial genome was direct sequenced by the author and 

the rem aining 15kb by Dr. Fiona M ansergh and Avril Kennan. In addition to 

various polymorphisms, both known and unpublished, a C->A transversion at 

position 12258 of the second mitochondrial serine tRNA gene (MTTS2) was 

discovered in family members. This m utation was not present in 270 controls, 

determ ined by Dr. Sophie Kiang. Notably, a sequence alignm ent carried out by the 

author and Dr. Fiona M ansergh of MTTS2 revealed this particular base (C12258) 

to be highly conserved between species (Mansergh et al., 1999). Given the 

observation of a m utation a t position 12258 of the mitochondrial genome, it was 

im portant to establish which family members showed evidence of the presence of 

the mutation, to ascertain if this m utation was likely to be the disease causing 

m utation in family ZMK.

Heteroplasmy is the phenomenon where both m utant and wildtype genes occur 

w ithin one cell. In mitochondrial disease this is very common, as a de novo 

m utation will, most likely, occur in one of an organism's mitochondria a t a time. 

Thus, as egg cells contain many mitochondria, when a gamete is formed in an 

organism carrying a mitochondrial m utation in an egg cell, many other healthy
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mitochondria will be present in addition to the m utated one. Levels of 

heteroplasm y are likely to vary between different members of a family segregating 

a heteroplasmic mtDNA mutation, depending on the chance ratio of m u tan t versus 

wildtype mtDNA present in the egg cell which formed them. Heteroplasmic 

mitochondrial disorders have threshold levels of m utant m itochondrial DNA 

(mtDNA) levels versus levels of wildtype mtDNA above which disease symptoms 

manifests. The threshold of wildtype mtDNA required to rescue the biochemical 

function of cells depends on the m utation in question. For example, in the case of 

point m utations in either the tRNAleu or tRNAlys, only about 15% wildtype tRNA 

is required to compensate for the m utant tRNAs (Katayama et al., 1991; Bower et 

al., 1992).

In this study the levels of heteroplasmy in family ZMK were assessed in three 

separate ways. Firstly, Avril Kennan sequenced the entire family over the 

m utation site and estim ated the ratio of wildtype C to m utan t A m itochondrial 

sequence by eye. Secondly, Avril Kennan carried out an SSCPE for all members of 

the family and the degree of heteroplasmy was again estim ated by eye. Thirdly, the 

author cloned 160 PCR fragm ents over the m utation site, from 4 different samples, 

miniprepped the clones and Sophie Kiang sequenced these to determ ine the 

genotypes of the clone. The PCRs were carried out on DNAs extracted from bloods 

of two severely (3-22 and 4.14) and one asymptomatic individual (3-18) and from 

DNA extracted from a muscle biopsy of one of the severely affected members of 

family ZMK (3.22) (figure 1).

Thus heteroplasmy was compared between severely and mildly affected members 

of the family and between two tissue types, blood and muscle, of a severely affected 

member of the family. The data generated added to the body of evidence supporting 

the view th a t the disease causing m utation in family ZMK was mitochondrial and 

was indeed the C ^ A  transversion a t position 12258 of the second mitochondrial 

serine tRNA gene.

2.2. M aterials and M ethods

2.2.1. Patients and patien t diagnosis

Dr. Paul Kenna in the Royal Victoria Eye and Ear Hospital in Dublin diagnosed all 

29 related patients and 5 spouses. DNAs were extracted from blood using standard  

protocols (Fiona M ansergh Ph.D. thesis, 1997) by Dr. Paul Kenna, Dr. Rajendra 

Kumar-Singh, Dr. Fiona M ansergh and Mrs. Elizabeth M achlan-Sharp. In family
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ZMK the sensorineural hearing loss and RP are, like in US type III, progressive. 

Classic RP, manifesting waxy disc pallor, arteriolar narrowing and bone spicule 

pigm entary depositions, are evident in older affected members of the family (figure 

2).

Patien ts were clinically assessed in great detail with electroretinogram s (ERGs) 

and audiometry ERGs though variable, show delayed and reduced rod and cone 

responses. By age 50-60 affected members of this family do not usually have 

detectable rod or cone responses (Kenna et al., 1996). Audiometric analysis shows 

m oderate to severe sensorineural deafness, particularly to middle range 

frequencies, w ith evidence of 'recruitm ent' (marked distortion and physical 

discomfort by loud noise) (Kumar-Singh et al., 1993, 1993a; Kenna et al., 1997). 

Electromyography (EMGs) and electrocariography (ECGs) were carried out on 

individuals 3-22, 4-4, 4-5 and 4-6 in St. Jam es' Hospital and the Adelaide Hospital 

respectively. All four individuals showed right axis deviation (ECG) and short 

sm all motor unit potentials (EMG). Also a quadriceps femoris muscle biopsy, 

extracted from individual 3-22 a t the Adelaide Hospital in Dublin by Mr. F. Keane 

FRCH. H alf the biopsy was used for DNA extraction (by Dr. Fiona M ansergh) and 

the other half was subjected to light and electron microscopy (by Ms. Anne Mynes 

and Dr. Michael Farrel a t St. Jam es' Hospital, Dublin). Interestingly there were 

unusually high numbers of mitochondria beneath the sarcolemnal mem brane in 

the muscle sample; a m atter consistent with a mitochondrial myopathy. High 

resolution karyotyping, performed on DNAs from four affected family members 

revealed no large sale chromosomal deletion or inversion (Kenna et al., 1997).

2.2.2. O ligonucleotide selection, synthesis and purification

Oligonucleotides were synthesised on an Applied Biosystems 394 DNA/RNA 

synthesiser by Dr. Sophie Kiang. Oligonucleotides with high polymorphic values 

were selected from the 1994 and 1996 Genethon maps (Dib et al., 1996; Gyapay et 

al., 1994) and from the online genome data base (GDB) for the purpose of running 

m icrosatellites. Oligonucleotides were purified using one chloroform extraction and 

subsequently drying prim ers in a Savant SVC200 vacuum centrifuge. The pellets 

were resuspended in dH20 to a final concentration of 50 pmoles per p,l. Prim ers for 

the purpose of sequencing were purified in a different manner. Briefly, prim ers 

were dried, resuspended in lOOfj.1 of dH20 and extracted with phenol, 

phenol/chloroform and chloroform. Prim ers were then ethanol precipitated, spun at 

13,000 rpm for 20 m inutes and the pellets washed in 70% ethanol. Pellets were



dried and resuspended in dH20, and diluted to a final concentration of 5 pmoles/|il. 

Various oligonucleotides were purchased from commercial companies such as 

GibcoBRL and VH Bio.

2.2.3. Non-Radioactive PCR and MgCh curve

To optimise PCRs, MgCk curves were usually carried out a t various annealing 

tem peratures. In a 50 fil reaction 50 ng of DNA was added to 8 |o,l of cold dNTP mix, 

5 fj.1 of MgCk buffer (10 mM, 12.5 mM, 15 mM, 20 mM and 25 mM), 1/6 unit of Taq 

polymerase and 25 pmoles of each prim er (appendix A). Typically, 35 cycles of 1 

m inute a t 94®C, 1 minute at 56°C and 1.20 minute a t 72“C were carried out. If the 

product was more than  800 bp, the elongation time was extended to 2 m inutes and 

if the estim ated melting tem perature of the prim ers was higher than  56°C, a higher 

annealing tem perature was maintained.

2.2.4. Radioactive PCRs

Radioactive PCRs were carried out in 20 fil volumes containing 25 pmoles of each 

primer, 0.1 |il of [a^^PJdCTP or dATP (Amersham), 4 |il of hot dNTP mix, 1/6 unit 

Taq polymerase and 2 |il of the appropriate MgCb buffer. See appendix A for 

solution recipes. PCRs were typically carried out for 35 cycles of 1 m inute a t 94°C,

1 minute a t 56“C and 1 m inute and 20 seconds a t 72°C. To save time and m aterials, 

duplex PCRs were carried out. These were done in the same m anner as above, 

except th a t two sets of prim ers were added to the 20 |ul PCR reaction. Successful 

sets of prim ers for the purpose of running duplex PCRs on a single gel, amplify 

DNA fragm ents th a t differ by about 80bp in size.

2.2.5. Polyacrylamide gels and visualisation o f radioactive PCRs

Prior to loading radioactive PCR samples on gels, 6 ).d of formamide loading dye 

(appendix A) was added and samples were heated to 94°C for a t least 2 minutes. 

The samples were run on 8% polyacrylamide and 4.65M urea gels (Sambrook et al., 

1989). Polymerisation was achieved by adding 600 |al of 10% ammonium 

peroxodisulphate and 75 (il of TEMED. Gels were run a t 2 kV and 40 mA and were 

dried under vacuum. Radioactivity on the gel was visualised on autoradiograph 

film (Afga Curix).

2.2.6. Microsatellite, selection, computer analysis and affecteds only analysis

Microsatellite data were analysed using the Linksys Data M anagem ent Package 

version 4.11 (Attwood and Bryant, 1988). Two point lod-scores were calculated
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using LIPED version IBM PC/AT. Frequencies of the disease and normal 

phenotypes were set at 0.0001 and 0.9999 respectively. Full penetrance was 

assumed. M ultipoint analyses were carried out by Dr. Fiona M ansergh (M ansergh 

et al., 1999) as described. A chromosome 9 map including the previously unm apped 

m arkers D9S118 and D9S121 was generated by Dr. Fiona M ansergh (M ansergh et 

al., 1999); the two m arkers were mapped using a subset of the CEPH families 

(Millington-Ward M.Sc. thesis, 1996; M ansergh Ph.D. thesis, 1997; M ansergh et 

al., 1999). Exclusions, in Kosambi centimorgan (cM), of regions from containing the 

disease locus were calculated from the recombination fraction (0) associated w ith a 

lod-score of -2 or below (Ott, 1974), using the Kosambi mapping function:

cM = 25 In (1 + 20)

(1 - 2 0 )

2.2.7. Direct sequencing o f  the mitochondrion

Fiona M ansergh extracted total DNA from a quadriceps femoris muscle biopsy 

(carried out in the Adelaide Hospital in Dublin) of individual 3-22 (Fiona M ansergh 

Ph.D. thesis, 1997). This and DNA extracted from blood of individuals 3-18, 4-14 

(an asymptomatic and a severely affected family member respectively) and 4-23 (a 

m arried in individual) was direct sequenced using standard  protocols presented in 

(Fiona M ansergh Ph.D. thesis, 1997). Briefly, 5 pmoles of prim er was 5' end labeled 

with 5 (0.1 of y-dATP (Amersham), 1 (j.1 of lOx PNK buffer and 1 (al of PNK enzyme in 

a 10 (al volume at 37°C for a t least 1 hour. The enzyme was then deactivated a t 96° 

C for 5 minutes.

PCR prim ers for sequencing (in a 5'-3' orientation) were as follows:

M6651 F GGCTTCGGAATAATCTCCCA
M7001 F ACTACACGACACGTACTACG
M7046 R TAGGACATAGTGGAAGTGGG
M7234 F CCGATGCATACACCACATGA
M7339 R TTCGAAGCGAAGGCTTCTCA
M7600 F GCAAGTAGGTCTACAAGACG
M7670 R TGAGGGCGTGATCATGAAAG
M7959 F CATTATTCCTAGAACCAGGCG
M8002 R GTCACCGTCAAGGAGTCGCA
M8273 R GGTGCTATAGGGTAAATACG

Two PCR products, generated with M6651F and M7670R and with M7600F and 

M8273R respectively, were sequenced with the prim ers above in a forward and a
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reverse orientation. The names of the prim ers indicate the base a t which 

sequencing-primer s tarts  (GenBank accession number: JO 1415). R stands for 

reverse and F for forward primer.

Resulting sequence was run on 8% polyacrylamide gels. Remaining sequence was 

generated by Fiona M ansergh and Avril Kennan.

2.2.8. Controls

270 controls were sequenced by autom ated sequencing over the 12258 m utation 

site by Dr. Sophie Kiang. The control DNAs, kindly provided by Dr. Lesley Mynett- 

Johnson, were derived from blood donated to the Irish blood transfusion board.

2.2.9. Cloning PCR products and determining levels o f heteroplasmy

PCR products, amphfied from DNAs extracted from bloods from individuals 3-22, 

4-14 and 3-18 and from a muscle biopsy from individual 3-22 were cloned into the 

H ind lll and Xbal sites of pcDNA3 (Invitrogen). The prim ers used for this purpose 

(in a 5'-3' orientation):

Forw ard  c t a g a a g c t t c c g a c a t a a t t a c c g g g t t t  

Reverse t t c a t c t a g a t t t g t t a g g g t t a a c g a g g g

Restriction enzyme sites are underlined. PCR products were digested w ith H ind lll 

and Xbal (NEB), were ligated into the multiple cloning site (MCS) of the digested 

plasmid, pcDNA3 (Invitrogen), using rATP and ligase (Stratagene). According to 

standard  protocols the vector was previously treated with alkaline phosphatase 

from calf intestine (CIPed) (Boehringer Mannheim). PCR inserts generated for 

cloning were digested w ith the same enzymes and were purified w ith phenol, 

phenol/chloroform and chloroform extractions followed by an ethanol precipitation 

and a 70% ethanol wash. Approximately 100 ng of vector and 100 ng, 200 ng and 

500 ng of insert were ligated over night a t 15“C. The Promega ligation k it was used 

according to the m anufacturer’s protocol. Ligations were transform ed in XL 1-blue 

MRA cells and resulting colonies picked, grown in LB broth and DNA isolated 

using standard  miniprep protocols.

Briefly, 100 ml of LB broth with tetracycline (appendix A) was inoculated w ith 500 

(.d of overnight XLl-blue MRA culture. The culture was grown to an OD600 of 0.3- 

0.5 after which cells were left on ice for 30-60 minutes. Cells were then spun a t 

3000 rpm for 5 m inutes in a bench-top centrifuge (Savant) and gently resuspended 

in 50 ml of cold 50 mM CaCb. Cells were stored on ice for 20-60 m inutes and spun
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at 3000 rpm for 5-10 minutes. Competent cells were gently resuspended in 10 ml of 

cold 50 mM CaCb. Competent cells could be stored at -70°C in 15% glycerol.

Transform ations were carried out by mixing 5 |il of ligation mix w ith 200 (xl of 

competent cells and leaving on ice for 30 minutes. Cells were then heat-shocked for 

5 m inutes a t 42°C in a w ater bath. Immediately after heat shocking, 1 ml of LB 

broth was added to the transform ation and the cells were left shaking gently a t 37° 

C for 1 hour. 200 |j.l of transform ed cells were plated on 10 cm LB plates containing 

appropriate antibiotics and grown over night a t 37°C.

Colonies present on plates incubated over night were picked and grown over night 

in 10 ml of LB broth supplem ented with appropriate antibiotics. 10 ml overnight 

cultures of clones were miniprepped in the following fashion. Cells were spun at 

3000 rpm, for 15 minutes, were resuspended in 400 |il of lysis solution I (appendix 

A) and were left a t room tem perature for 5 minutes. 800 |u,l of lysis solution II 

(appendix A) was added and the cells were left on ice for 5 m inutes. Then, 600 |a.l of 

ice cold 3 M NaOAc pH 5.2 was added and the cells were left on ice for 10 m inutes. 

The lysate was transferred to eppendorfs and spun a t 13000 rpm for 15 m inutes. 

The supernatan t was extracted twice with phenol, once with phenol/chloroform and 

once w ith chloroform. This was then ethanol precipitated and the pellet washed 

with 70% ethanol. Ifil of RNacit cocktail (Stratagene) w'as added to minipreps to 

remove RNA. DNA from 40 minipreps generated using PCR products from each of 

the four ZMK-samples chosen for the study (DNA from 160 minipreps in all) were 

sequenced by Dr. Sophie Kiang on an autom ated sequencer (M ansergh et al., 1999).

2.3. ZMK Results

2.3.1. Linkage analysis

Linkage analysis was carried out in an Irish family (family ZMK) suffering from 

RP in conjunction w ith sensorineural deafness. The study was carried out using a 

battery  of microsatellite m arkers throughout the genome. Having typed these 

m arkers through family ZMK resulting exclusions/linkages between m arkers and 

the disease locus were calculated. In previous linkage studies of family ZMK 

undertaken by Dr. Fiona Mansergh, the author. Dr. Rajendra K um ar Singh and 

Dr. A lexandra Erven a large portion of the genome, including 9q, a region 

previously thought to be linked to the disease, had been excluded from linkage to 

the disease m utation (Kenna et al., 1997; M ansergh et al., 1999; M ansergh Ph.D.
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thesis, 1997; Millington-Ward M.Sc. thesis, 1996). 22 additional m arkers on 

various chromosomes were run through the family in the study presented in  this 

thesis. Details of the microsatellite m arkers used in the study are presented in 

table 2. The lod-scores obtained at various recombination fractions w ith 

microsatellite m arkers are given in table 2. Resulting exclusions (in Kosambi cM) 

are also presented in table 1. The data generated in this study together w ith 

previous data excluded approximately 92% of the genome from harboring the 

disease gene segregating in family ZMK. Some examples of microsatellite 

autoradiographs are presented in figures 3 and 4. In summary, all the data 

generated using microsatellites typed through ZMK resulted in exclusions ra th e r 

than  linkages to the disease locus.

However, notably, the affectation sta tus of 4 individuals, who rem ain anonymous 

for reasons of confidentiality, was brought into question in 1997, thereby initially 

raising the possibility of the presence of reduced penetrance in the family. Reduced 

penetrance had not previously been thought to be a key issue in family ZMK as 

many individuals in the pedigree were affected and therefore the disease looked 

fully penetrant. Given the introduction of the notion of reduced penetrance in ZMK 

all 400 microsatellite markers, which had previously been run  through the family 

by Drs. Fiona Mansergh, Rajendra Kumar-Singh, Alexandra Erven and the author, 

were reanalysed using affected members of the pedigree only. Resulting 2-point 

lod-scores are presented in table 3a. No significant lod-scores were obtained, 

although 9 m arkers were slightly positive a t zero recombination (sum m arised in 

table 3b). For instance, RHO and D3S1299 both give positive lod-scores over 1 at 

zero recombination, however D3S47, which is situated  between these two m arkers 

excludes 7 cM to either side of it and m arkers D3S1291 and GLUT2 exclude 7 cM 

and 15 cM to either side respectively, excluding the whole area around RHO and 

D3S1299. The m arker D5S119 gives a lod-score of 1.278 a t zero recombination. 

However, this area is excluded by the m arkers C SFlR  and D5S414. D10S209 gives 

a lod-score a t zero recombination of 1.313. Again, however, the area is excluded 

from harboring the disease gene by m arkers DIOS 187, D10S222 and D10S587. 

D11S906, giving a lod-score of 0.161, is excluded by D11S937 and D11S527. The 

positive DRD2 on chromosome 11 (1.278) is excluded by m arkers D11S490,

D11S29, CD3D and D11S925. D13S168 which gives a positive lod-score a t zero 

recombination of 1.386 is excluded by m arker D13S156. D17S261 which is mildly 

positive a t zero recombination (0.705) is excluded by D17S783 and THRAl. The 

last positive m arker a t zero recombination, D18S62 (1.056), is excluded by m arker
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D18S877. Thus, no m arkers analysed through family ZMK using affected members 

only were significantly positive and all positive m arkers a t zero recombination 

were excluded by more informative m arkers in the area.

2.3.2. M itochondrial analysis

Recently, in 1997, the affectation status of yet another family member was brought 

into question. Individual 1-1, previously thought to be the only affected m ale to 

have produced offspring w ith the disorder in the family, died around the tu rn  of the 

century. Despite initial hearsay it seems th a t no one in the family can now 

rem em ber clearly w hether he or his wife had suffered from RP and deafness. Thus, 

no male to offspring transm ission of the disorder may ever have taken place in 

family ZMK. Since over 90% of the genome had been excluded from linkage, the 

ECG and EMG had been found to be abnormal in 4 family members and the light 

and electronmicroscopic analyses of the muscle biopsy from individual 3-22 

contained an abnormally high number of mitochondria, the m itochondrial genome 

was considered a candidate for harboring the disease locus. In th is study 1.5kb 

(base 6651-8273) of the mitochondrial genome was directly sequenced using DNA 

from four members of family ZMK. One previously reported T/C polymorphism was 

detected a t position 6776 in the resulting sequence (figure 5). The rem aining 

portion of the mitochondrial genome was sequence by Dr. Fiona M ansergh and 

Avril Kennan. A heteroplasmic C—>A transversion was discovered at position 

12258 of the second tRNA serine gene by Dr. Fiona Mansergh. Subsequent 

sequence for each member of this pedigree over the m utation site was generated by 

Avril Kennan and clearly dem onstrated th a t all family members except individuals 

2-3 and 2-5, who are both asymptomatic, are heteroplasmic for the m utation in 

DNA derived from blood. Notably the m utation was not found in 270 control DNAs, 

which Dr. Sophie Kiang sequenced over the m utation site. As mentioned in the 

introduction of this chapter, the occurrence of heteroplasmy in many m itochondrial 

disorders, particularly where a tRNA m utation is concerned, has been well 

documented (table 6a/b). Levels of heteroplasmy can differ from patien t to pa tien t 

and from tissue to tissue (Morgan-Hughes, 1995). The ratio of m utan t to norm al 

mitochondria in photoreceptor cells and in the inner cochlea may determ ine the 

severity of the disorder in different patients in family ZMK. Thus, varying degrees 

of heteroplasmy may explain the enormous variation in disease severity and age of 

onset noted in family ZMK. Degrees of heteroplasmy in family members were 

estim ated in three ways. Firstly Avril Kennan sequenced blood-derived DNAs of 

the entire family over the m utation site and estim ated the ratio of normal and
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m u tan t DNA by eye (Mansergh et al., 1999). Secondly Avril Kennan carried out an 

SSCPE of PCR fragm ents from blood-derived DNAs over the m utation site for all 

family members and estim ated the ratio of normal to m utant DNA by eye 

(M ansergh et al., 1999). Thirdly, an additional method was used to estim ate levels 

of heteroplasm y which was deemed to be more accurate than  the two methods 

outlined above. 40 PCR fragm ents which included the region over the m utation site 

were generated from DNA samples from individuals in ZMK and were cloned by 

the author into pcDNAS (in all 160 clones were generated). The DNA samples were 

obtained from blood samples of individuals 3-22 (severely affected), 3-18 

(asymptomatic) and 4-14 (severely affected) and from the muscle biopsy of 

individual 3-22. The 160 clones were miniprepped by the author and were 

sequenced by Dr. Sophie Kiang (table 5). The estim ates of heteroplasm y obtained 

from the m anual sequence and the SSCPE analysis revealed no correlation w ith 

affectation status and age of onset. The degrees of heteroplasm y determ ined by 

cloning by the author revealed no such correlation either. Interestingly, however, a 

large discrepancy was found between the ratio of m utant and wildtype 

mitochondrial DNAs in blood derived DNA and muscle derived DNA (25:15 and 

37:3 respectively) from the same individual (individual 3-22).

Notably, the levels of heteroplasmy estim ated from blood samples may not reflect 

the actual situation (that is the levels of heteroplasmy present in the affected 

tissues, for example in the retina and cochlea). The absence of a correlation 

between levels of heteroplasmy and severity of disease may be due to inappropriate 

na tu re  of the tissue tested (that is blood).

2.4. D iscussion

2.4.1. Linkage analysis

The linkage studies, which commenced in 1992 in this laboratory in family ZMK 

have been continued during the course of this Ph.D. and have resulted in the 

exclusion of about 92% of the nuclear genome. Thus most of the candidate loci, 

including all the US, RP and most deafness and retinopathy loci have been 

excluded from linkage (Kumar-Singh et al., 1993a, 1993b; Millington-Ward M.Sc. 

thesis, 1996; Kenna et al., 1997, M ansergh et al., 1999; M ansergh Ph.D. thesis, 

1997). A suggestion of linkage to the disease m utation was found on chromosome 

9q. However, no m arkers were a t zero recombination w ith the disease locus, and a 

map generated by ourselves incorporating the two unmapped markers, D9S118
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and DOS 121, which had given the highest lod-scores, showed th a t these m arkers 

were separated from the disease locus by other m arkers with lower lod-scores and 

more recombination events. Thus, a multipoint over the 9q region incorporating 

these two previously unmapped m arkers and using map distances derived from our 

map excluded the region from linkage. Also, haplotype analysis showed no common 

allele segregating with the disease in family ZMK (Mansergh et al., 1999). Recently 

the affectation status of four family members was brought into question, raising 

the possibility of the presence of reduce penetrance. All m arkers previously run 

through the family by various researchers including the author were thus 

reanalysed using affected family members only. However, subsequent to 2-point 

analyses, no lod-scores were found th a t exceeded the established threshold of 

significance of 3.0 (tables 3a/b). Therefore after reanalyses of family ZMK using 

only family members whose diagnostic sta tus was beyond doubt (that is affected 

members), no significant positive lod-scores were obtained w ith 400 m arkers well 

spread throughout the genome.

In 1998 the affectation sta tus of individual 1-1 was brought into question. This 

family member deceased in the 1890s, therefore no current members of family 

ZMK can remember him or indeed his health status. His somewhat younger wife, 

who died in her late 80s is however remembered and is thought to have suffered no 

hearing loss or visual impairment. Thus her husband was presum ed to carry the 

disease m utation, thereby ruling out the possibility of a m aternal mode of 

inheritance of the disease. However, given the ra ther spurious nature  of this 

evidence it is now thought, th a t perhaps not he, but his wife carried a 

mitochondrial mutation, she herself not manifesting the disease or m anifesting the 

disease very mildly.

There are now nine reasons for suspecting a mitochondrial mode of inheritance of 

the disorder in family ZMK. Firstly, disease loci for RP, sensorineural and other 

optic disorders are prevalent on the mitochondrial genome (table 6a/b and 7). 

Secondly, there is no confirmed male to child transm ission of the disease in family 

ZMK. However, again this evidence is ra ther spurious as most males in the family 

did not produce offspring, possibly for sociological reasons. Thirdly, the 

phenomenon of recruitm ent (marked distortion and physical discomfort by loud 

noise), observed in some affected members of the family, is more common in 

mitochondrial disorders (Prof. W. Kimberling, personal communication). Fourthly 

the ECGs carried out on four individuals, show right axis deviation (Kenna et al..
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1997). Such observation would be consistent with a mitochondrial disease (table 

6a/b and 7). Fifthly, the EMG, carried out on individual 3-22 shows clear 

abnorm alities, again consistent with mitochondrial disease (tables 6a and 7). 

Sixthly, analysis of the muscle biopsy from individual 3-22 reveals abnorm al 

quantities of mitochondria (Kenna et al., 1997). M uscular abnorm alities due to the 

function of the mitochondrion are common in mitochondrial disorders (tables 6a 

and 7). The seventh reason for suspecting a mitochondrial mode of inheritance of 

the disease in family ZMK is the suspected occurrence of reduced penetrance in a 

pedigree already containing such a large proportion of affected individuals (figure 

1) is suggestive of a m aternal mode of inheritance. In addition, the enormous 

variability in disease symptoms between affected individuals in family ZMK 

suggest an eighth reason for believing in a mitochondrial inheritance p a tte rn  in 

family ZMK. For example, one individual was clinically blind a t age 21 and another 

mildly night blind in her 80s. The final reason for suspecting th a t the mode of 

inheritance in family ZMK is mitochondrial is th a t over 90% of the nuclear genome 

had been excluded from linkage by microsatellite analysis. Thus, given the nine 

reasons outlined above, the entire mitochondrial genome was screened for disease 

m utations by Dr. Fiona Mansergh, Avril Kennan and the author.

2.4.2. M itochondrial analysis

Mitochondrial sequence was obtained for blood-derived DNAs from one severely 

affected family member (3-22), an asymptomatic family member (3-18) and from 

muscle-derived DNA from one severely affected family member (3-22). As a control 

a m arried in member was also sequenced (3-23). A number of sequence changes 

were observed and are presented in table 4 (see results section of details). One 

notable sequence change was detected a t a highly conserved position (position 

12258) of the second serine tRNA gene MTTS2. A sequence alignm ent of th is gene 

reveals th a t base 12258 is conserved between widely divergent species, including 

opossum, vulture and frog (figure 6). Notably, this sequence change was not 

detected in 270 control individuals from the same ethnic background as family 

ZMK, suggesting th a t 12258A may indeed be the disease causing m utation.

The degree of heteroplasmy was determ ined in various family members using three 

methods. The first two methods (carried out by Avril Kennan) involved sequencing 

the entire family over the m utation site and subjecting a PCR amplification over 

the m utation site to SSCPE analysis. In both cases the degree of heteroplasm y was 

determ ined by eye and no correlation between degree of heteroplasm y in blood-

97



derived DNA and severity of the disease was determined. The th ird  method was 

more accurate and was carried out by the author. N ineteen PCRs were carried out 

on 4 separate DNA samples. The nineteen PCRs were pooled, cloned into pcDNAS, 

and 40 clones derived from of each pooled PCR sample were picked, grown over 

night miniprepped and sequenced over the m utation site. The four samples used to 

generate the pooled PCR samples were blood-derived DNA from two severely 

affected members of the family and an asymptomatic member of the family 

(individuals 3-22, 4-14, and 3-18 respectively) and muscle-derived DNA from 

individual 3-22, who is severely affected. Sequencing of the clones (kindly carried 

out by Dr. Sophie Kiang) showed th a t there was again no correlation between 

affectation status and degree of heteroplasmy in blood-derived DNA. However, 

there was a m arked variation in heteroplasmy in the samples from blood- and 

muscle-derived DNA from individual 3-22 (table 4). The observation of an 

enormous variance in levels of heteroplasmy between blood and muscle tissues, 

although only tested in one individual, suggests th a t possibly the level of 

heteroplasm y is dependant on the nature of the tissue. For example it may be th a t 

the degree of heteroplasmy is very different in slowly dividing and non-dividing 

tissues such as muscle and photoreceptor cells and rapidly dividing tissues such as 

blood. The same variance in heteroplasmy in the two different tissues of individual 

3-22 was observed with both the SSCPE and sequence analyses (as estim ated by 

eye). Therefore the levels of heteroplasmy observed in blood may not accurately 

reflect the situation present in the tissues affected in the disorder. Thus, high 

proportions of m utan t mitochondria may be present in severely affected individuals 

in retinas and cochleas and low amounts in asymptomatic members of the family.

Interestingly, the same C12258A m utation was discovered in a mother and 

daughter from Newcastle, England, who segregate diabetes, cerebellar ataxia, 

cataracts and deafness (Lynn et al., 1998). The m utation in these two patien ts was 

not detected in 100 unrelated control subjects. Briefly, the researchers carried out 

muscle biopsies in both patients and sequenced the entire mitochondrion. The 

degree of heteroplasm y was estim ated in muscle and blood using quantitative 

RTPCR (QTPCR) on DNAs extracted from muscle and using a mism atch PCR 

technique on DNAs extracted from blood. The levels of heteroplasm y estim ated 

were (m u ta n t: wildtype) 85% in the daughter and 68% in the m other in DNA 

extracted from muscle and 45% in the daughter and 19% in the m other in DNA 

extracted from blood. Southern blotting showed no evidence of major 

rearrangem ent in the mtDNA. It is of note th a t a number of homoplasmic
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polymorphisms were also detected in this study, which were identical to the 

polymorphisms found in family ZMK (table 4). The results from the Newcastle 

study stim ulated fu rther questioning of family ZMK members. It has now been 

established th a t the index case in the above mentioned study and individual 2-11 

in family ZMK were sisters (figure 1). However, notably, there is no cerebellar 

ataxia or diabetes in family members of ZMK. Moreover, there does not appear to 

be any RP present in the two patients presented in the above study. However, 

cataracts are often associated w ith RP and, as no elecroretinograms have been 

undertaken on the two patients in the study, they may be pre-clinical, or indeed 

asymptomatic, w ith respect to RP and therefore w arran t further detailed clinical 

evaluation. It is also of note th a t the diabetes, in the patients in the Newcastle 

study, may have a different underlying genetic cause than  the deafness in these 

two patients, as diabetes is a very common disorder. Nonetheless, members of 

family ZMK are currently being analysed for possible abnormal blood-sugar levels..

Some speculation can be made as to the exact mechanism by which the m utation in 

MTTS2 causes the neurological disease in family ZMK (that is RP and 

sensorineural deafness). Mitochondria are double m embraned organelles present in 

the cytoplasm of cells and are characterised by having a high degree of genetic and 

metabolic autonomy. The function of the mitochondrion is essentially the synthesis 

of the high-energy molecule, adenosine triphosphate (ATP). Embedded w ithin the 

inner m embrane are proteins which carry out the process of oxidative 

phosphorylation. Mitochondria fulfil most of the energy requirem ents of aerobic 

cells by coupling electron transfer reactions with the synthesis of the ATP 

(reviewed in Mitchell e t al., 1979). In an active cell with a high energy demand, 

such as a muscle cell, mitochondria supply most of the ATP required. The 

mitochondrial genome encodes 13 genes, all of which encode components necessary 

for the metabolic pathw ay responsible for oxidative phosphorylation. Highly 

metabolically active cells suffer dram atically when energy levels are withheld. For 

example m utations in 8 of the 13 mitochondrial genes causes the diseases Leber's 

H ereditary Optic Neuropathy (LHON), Neurogenic muscle weakness. Ataxia and 

RP (NARP), Leber's hereditary Optic Neuropathy and Dystonia (LDYT) (table 6a). 

M utations in any of the 13 mitochondrial genes can cause muscle disorders such as 

mitochondrial myopathy (MM), NARP, chronic in testinal pseudoobstruction w ith 

myopathy and ophthalmoplegia (CIPO), m aternal myopathy and cardiomyopathy 

(MMC), fatal infantile cadiomyopathy in conjunction with MELAS-associated 

cardiomyopathy (FICP), mitochondrial encephalomyopathy, lactic acidosis and
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stroke-like episodes (MELAS) and many others (table 7 for a complete list). Thus 

most m utations in the m itochondrial genes cause different types of myopathy or 

neurological disorders such as RP and ataxia, suggesting th a t muscle and 

neurological tissues require high levels of ATP.

In addition to 13 genes encoding proteins, mitochondria contain 2 ribosomal RNAs 

(rRNAs) and 22 tRNAs, necessary for the transcription and translation of the 13 

proteins encoded on th is genome. N aturally mitochondrial tRNA and rRNA 

m utations affect the synthesis of mitochondrial proteins and hence im pair the 

metabolic pathw ay responsible for generating energy (ATP). Many m utation in 

tRNAs have been discovered (full list see table 6b) and in each case, except for the 

tRNA Asp m utan t th a t accumulates precursors w ith 3' extensions (Zennaro et al., 

1989), the tRNAs are generated but their charging is defective, reducing their 

ability to bind the correct amino acid. Thus depending on the severity of the defect, 

the synthesis of some or all mitochondrial translation products is decreased. So far 

in hum ans, all except one mitochondrial tRNA m utation have been found to be 

heteroplasmic and the severity of the symptoms generally relates to the ratio of 

wildtype and m utant DNA. Homoplasmic m utations in the mitochondrial 12S 

rRNA gene can cause deafness and heteroplasmic m utations in various tRNA 

genes can cause Diabetes M ellitus and Deafness (DMDF), Chronic Progressive 

External Ophthalmoplegia (CPEO) and M aternally Inherited Deafness or 

Aminoglycoside-Induced Deafness (DEAF) (table 6 for a complete list).

For example an A->G m utation at nucleotide 8344 in the tRNAlys gene co- 

segregate with myoclonic epilepsy and ragged red fiber (MERFF) syndrome 

(Shoffner et al., 1990; Yoneda et al., 1990). It causes a defect in the ra te  of protein 

synthesis, which is correlated with respiration and cytochrome C oxidase 

deficiencies. The synthesis of larger proteins is more severely affected than  th a t of 

sm aller proteins and several new peptides are made; both observations are 

consistent w ith prem ature term ination of protein synthesis (Chomyn et al., 1991).

In another example, a tRNA m utation was associated with mitochondrial 

myopathy, encephalopathy, lactic acidosis and stroke-like episodes (MELAS) (Goto 

et al., 1990; Kobayashi et al., 1990). The m utation altered a conserved base in the 

D-loop of the mitochondrial genome, which regulated the relative levels of rRNA to 

mRNA through transcription term ination. In vitro term ination of transcription is 

im paired by the m utation, suggesting th a t an alteration of the same process in vivo 

could account for the observed phenotype (Hess et al., 1991).

100



Thus, the m utations characterised to date in tRNAs mainly cause neurological 

disorders and not m uscular disorders as commonly seen in patients w ith m utations 

in one of the 13 mitochondrial genes. Perhaps in non-dividing cells such as 

photoreceptor cells, which require high levels of ATP, m utant mitochondria 

inherited a t birth  rem ain in the photoreceptor cell during the lifetime of a patient, 

eventually leading to photoreceptor cell degeneration. In contrast to this, in 

dividing cells, such as muscle cells, m utant mitochondria (with m alfunctioning 

tRNAs or rRNAs) may not divide as efficiently as wildtype mitochondria and may 

thus be depleted during each cell division. Thus even though muscle tissue requires 

more energy than, for example, a photoreceptor cell, mitochondria w ith m utan t 

tRNAs or rRNAs may not cause muscle degenerations. On the other hand, tRNA 

m utations are mainly heteroplasmic, suggesting th a t homoplasmic m utations in 

tRNAs may frequently be fatal. The exact mechanism by which this newly 

identified serine tRNA m utation causes photoreceptor cell loss and sensorineural 

deafness is not known. However, data provided by the study strongly implicate this 

m utation in the disease pathology present in ZMK. Further studies may include 

chemical studies on the differences in charging of m utant and wildtype serine 

tRNAs. In addition, the exact effect of mitochondria carrying the MTTS2 m utation 

on cells may be studied in cell culture studies.

2.5. Sum m ary

A novel C ^ A  transversion a t position 12258 in the second serine tRNA gene, 

MTTS2, has been found in family ZMK segregating RP in conjunction with 

sensorineural deafness (Kenna et al., 1997; M ansergh et al., 1999). This m utation 

is not present in over 270 control individuals. Sequence alignm ent shows base 

12258 to be highly conserved between species, suggesting an im portant role for this 

base in serine tRNA structure and/or function. Levels of heteroplasmy, determ ined 

using a num ber of techniques, indicate th a t the m utation is heteroplasmic, with 

ratios of wildtype to m utan t mitochondria varying significantly in blood derived 

DNAs between different family members and between different tissues belonging 

to the same individual. The ratio of normal versus m utant m itochondrial DNA 

present in DNA samples extracted from peripheral blood lymphocytes does not 

correlate w ith the severity of the disorder in ZMK family members. Notably, the 

ratio of wildtype to m utan t mitochondria varies in different tissues, suggesting 

th a t the ratio observed in rapidly dividing tissues such as blood may not represent 

the ratio in non-dividing tissues such as photoreceptor cells and cochlea.
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The identification of a novel mutation in the second serine mitochondrial tRNA 

gene and the implication of the mutation in a syndrome incorporating RP and 

sensorineural deafness, serves to highlight, yet again, the high levels of genetic 

heterogeneity inherent in RP and deafness. The genetic etiologies of this group of 

disorders has been revealed to be extremely complex over the past decade (see 

appendix B). The current study contributes to our understanding of this complexity 

and suggests that banks of DNA from patients with retinopathies and/or hearing 

loss should be screened not only for autosomally inherited mutations but also for 

mitochondrially inherited disease causing genes.
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F ig u re  1. A, Partial pedigree of family ZMK with RP in conjunction with sensorineural 

deafness. The 34 Individuals used in the study are marked with an asterisk. The two 

individuals connected by a dashed line were brothers. It is unclear whether the two 

shade individuals are affected with the disease. Generation numbers are given to the left 

and individual numbers are given under each pedigree symbol. B, Full pedigree of family 

ZMK. Individuals marked with an asterisk were clinically assessed and DNA samples 

were obtained from them. Shaded individuals were examined clinically but their 

diagnoses were unsure. The individual marked by a question mark, is the affected 

granddaughter of an apparently unaffected grandmother (II-5). The figure was kindly 

lent to the author by Dr. Fiona Mansergh.
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Figure 2. A. Fundus photograph of a retina from a mildly affected individual from family 
ZMK. Early stages of RP such as the thinning of the RPE and mild attenuation of the 
retinal blood vessels can be seen. B. Fundus photograph of a retina from a more severely 
affected individual from family ZMK. Severe thinning of the RPE and typical small 
pigment depositions are visible to the top right and left-hand sides of the photograph. A 
fundus photograph of a normal retina is shown in chapter 1 figure 4.



Figure 3.



F ig u re  3. PCR amplification of microsatellite markers of DNAs from family ZMK run 

through polyacrylamide gels. A, D20S480. The lanes from left to right represent PCR 

amplifications of DNA from individuals 1-21 and 23-34 (see figure la). B, D17S1866. The 

lanes from left to right represent PCR amplifications of DNA from individuals 1-21 and 

23-34 (see figure la). C, D19S878. The lanes from left to right represent PCR 

amplifications of DNA from individuals 1-21 and 23-34 (see figure la). D, SIS 

(chromosome 22). The lanes from left to right represent PCR amplifications of DNA from 

individuals 1-21 and 23-34 (see figure la  for numbering). In A-D DNA from individual 22 

was not amplified, becaused the laboratory ran out of DNA.



Figure 4.



F ig u re  4. Duplex PCR of microsatellite markers of DNAs from family ZMK run through 

polyacrylamide gels. A, D7S820 (top) and D4S1647 (bottom). The lanes from left to right 

represent PCR amplifications of DNA from individuals 10-21, 23-34, and 1-9 (see figure 

la). B, D1S2890 (top), D1S197 (bottom). The lanes from left to right represent PCR 

amplifications of DNA from individuals 8-21, 23-34 and 1-7 (see figure la  for numbering). 

In A  and B  DNA from individual 22 was not amplified, becaused the laboratory ran out of 

DNA.



Figure 5.



F ig u re  5. Direct sequence of two members of family ZMK. Left 3-23 who is m arried in to 

the family and right 3-22, who is an affected member of family ZMK. The bases G, A, T 

and C are shown above the appropriate lanes. The asterisks indicate the site of a known 

silent (H-H) polymorphism at position 6776 of the mitochondrial genome.



Species Sequence

M TTS2 (m utation) GAGAAAGCTCA-------- CAAGAACTGC- TAACT- CATGCCCCCATGTCTAAC- AA-CATGGATTT-CTC
H um an GAGAAAGCTCA----------CAAGAACTGC -  TAACT - CATGCCCCCATGTCTAAC - AA - CATGGCTTT - CTC
C him panzee GAGAAAGCTTA--------- TAAGAACTGC-TAATT-CATATCCCCATGCCTAAC-AA-CATGGCTTT-CTC
G ibbon GAGAAAGCCCA--------- CAAGAACTGC -  TAACT - CACTATCCCATGTATAAC - AA- CATGGCTTT- CTC
M ouse AAGAAAGATTG--------- CAAGAACTGC -  TAATT - CATGCTTCCATGTTTAAA - AA- CATGGCTTT- CTT
R hinoceros GAGAAAGCACT--------- CAAGAACTGC - TAACT - CATGCCCCCATATTTAAC - AA- TATGGCTTT- CTC
C'at GAAAAAGTATG--------- CAAGAACTGC - TAATT -  CATGCCTCCACGTATAAA - AA - CGTGGCTTT -  TTC
Seal GAAAAAGAATG--------- CAAGAACTGC - TAACT- CATGCCCCCACGTATAAA - AA- CGTGGCTTT - TTC
1 lorse GAGAAAGTATG--------- CAAGAACTGC - TAATT - CATGCCCCCATGTCCAAC -  AAACATGGCTCT - CTC
D onkey GAGAA - GTATG--------- CAAGAACTGCCTAATT - CATGCTTCCGCGTCTGAC - AAACACGGCTCT -  CTC
O possum  GAGAATGCA - T --------- CAAGAACTGC - TAATT - CATGAACCCATATTTAAC AA-TATGGCTTT ■ CTC
I’latypus GAGAGAGAA - A --------- TAAGAACTGC -  TAATC -  CTTAACTTCATGCCTAAC - CA - CATGACTCTACTT
V u I ture GTTACAACCAG--------- CAGGAACTGC -  TAACT -  CTTGCATCTGAGTCTAAA - AC - CTCAGCCC - CCTT
[•'rog GAACTTGACTGGACCTAAGAACTGC - TAATTACTTACG - CTGTG - TTCATTC - - CACGGCTTG -  TTC



F ig u re  6. Sequence alignm ent of the MTTS2 gene in various species. The asterisks 

indicate conserved bases. It is of note th a t the normal C base a t position 12258, indicated 

w ith bold typeface in the table, is conserved between vertebrate species as diverse as 

hum an, mouse, platypus, vulture and frog. Drosophila, Saccheromyces Cerevisiae and 

A sterinia Pectinifera sequences were also examined but showed no consensus a t the site 

of the m utation.



T ype o f US L in k ag e G ene

lA 14q34 Unknown

IB llq lS .S Myosin VIIA

1C l lp lS . l Unknown

ID lOq Unknown

IE 21q21 Unknown

IF Unknown Unknown

2A lq41 USH2A

2B lOq Unknown

3 3q21-q25 Unknown

T ab le  1. Summ ary of known US loci and the genes, if known, implicated in the disease.



0
m ark e r\ 0.000 0.001 0.01 0.05 0.10 0.15 0.2 0.3 0.4 © ( - 2 ) cM  excl

D1S197 -99.99 -9.322 -4.374 -1.132 0.018 0.509 0.715 0.685 0.339 0.03 6.00

D1S2890 -99.99 -18.744 -10.812 -5.533 -3.545 -2.569 -1.970 -1.084 -0.424 0.175 36.74

D4S1647 -99.99 -22.927 -12.996 -6.313 -3.687 -2.309 -1.445 -0.340 -0.064 0.125 25.66

D6S305 -99.99 -22.894 -12.990 -6.367 -3.825 -2.536 -1.747 -0.813 -0.271 0.175 36.74

D7S820 -99,99 -10.276 -5.353 -2.146 -1.025 -0.555 -0.358 -0,311 -0.247 0.05 10.04

D14S1007 -99.99 -14.936 -8.029 -3.484 -1.816 -1.020 -0.571 -0.143 -0.016 0.09 18.20

D14S267 -99.99 -22.724 -12.800 -6.118 -3.503 -2.153 -1.327 -0.450 -0.103 0.15 30.92

D15S118 -99.99 -18.403 -10.461 -5.112 -3.013 -1.917 -1.232 -0.454 -0.098 0.125 25.56

LIPC (15) -99.99 -6.703 -3.744 -1.800 -1.017 -0.573 -0.293 -0.039 -0.010 0.04 8.02

D16S411 -99.99 -9.167 -5.200 -2.521 -1.474 -0.933 -0.598 -0.220 -0.051 0.06 12.06

D17S789 -99.99 -11.868 -6.894 -3.512 -2.148 -1.409 -0.929 -0.363 -0.093 0.10 20.29

D17S926 -99.99 -23.261 -13.343 -6.674 -4.056 -2.675 -1.789 -0.727 -0.193 0.175 36.72

D17S928 -99.99 -1'7.364 -9.426 -4.080 -2.033 -1.028 -0.465 0.014 0.082 0.10 20.28

D17S1866 -99.99 -20.640 -11.685 -5.581 -3.179 -1.948 -1.207 -0.433 -0.125 0.125 25.56

D18S851 -99.99 -16.690 -8.784 -3.553 -1.615 -0.702 -0.224 0.062 -0.057 0.08 16.14

D19S215 -99.99 -25.355 -14.443 -7.085 -4.195 -2.688 -1.749 -0.683 -0.177 0.175 36.72

D19S222 -99.99 -9.676 -5.693 -2.972 -1.868 -1.261 -0.854 -0.341 -0.081 -0.09 18.10

D19S878 -99.99 -16.815 -8.884 -3.599 -1.596 -0.617 -0.073 0.348 0.272 0.08 16.14

D20S103 -99.99 -21.696 -12.740 -6.611 -4.114 -2.751 -1.859 -0.778 -0.224 0.175 36.74

D20S480 -99.99 -15.659 -8.715 -4.039 -2.211 -1.268 -0.696 -0.106 0.074 0.10 20.28

DXS1047 -99.99 -49.020 -30.046 -16.886 -11.332 -8.168 -5.991 -3.089 -1.233 0.30 69.32

DXS1060 -99.99 -26.177 -15.165 -7.522 -4.387 -2.689 -1.624 -0.418 0.049 0.175 36.74

T able 2. Two point lod-scores for various recombination fractions (0, row 1) of 22 

markers run through family ZMK. In this study the initial diagnoses of all 34 members of 

family ZMK were utilised. The last two columns give 0  with a lod-score of less than -2 

and the resulting exclusion (in cM) respectively.



M arker 0.000 0.001 0.050 0.100 0.150 0.200 0.250 0.300 0.400 0.500 0  = -2 cM excl

D1S103® -99.990 -7.560 -1.105 -0.248 0.107 0.258 0.300 0.279 0.143 0,000 0,03 6
D1S102® -99.990 -9.451 -2.774 -1.655 -1.040 -0.645 -0.381 -0.204 -0.025 0,000 0,075 15
D1S189 CD -99.990 -15.338 -3.781 -2.020 -1.142 -0.632 -0.326 -0.148 -0.018 0,000 0.1 20
D1S193 ct> -99.990 -1.966 1.016 1.201 1.133 0.967 0.758 0.537 0,159 0,000 0.001 0,2
D1S197 Z -99.990 -6,131 -0.947 -0.132 0.229 0.389 0.433 0.402 0,207 0,000 0.01 2

D1S199 0) -99.990 -10.115 -1.959 -0.802 -0.284 -0.033 0.070 0.085 0,020 0,000 0.05 10
D1S200 O -99.990 -0.880 0.676 0.783 0.740 0.633 0.489 0,355 0,116 0.000 0 0
D1S201 ct> -99.990 -0.373 1.007 0.998 0.879 0.726 0.561 0.397 0,116 0.000 0 0
D1S207 @ -99.990 -8.347 -1.924 -1.105 -0.785 -0.649 -0.570 -0.473 -0,209 0,000 0.05 10
D1S211 O -99.990 -2.532 0.488 0.721 0.713 0.621 0.501 0.379 0,163 0,000 0.04 8
D1S213 O -99.990 -5.366 -0,655 -0.142 0.013 0.044 0.036 0.022 0,013 0,000 0.01 0,2
D1S216 O -99.990 -13.156 -3,295 -1.836 -1.131 -0.731 -0.490 -0.335 -0,132 0,000 0.085 17
D1S220 O -99.990 -3.330 -0,253 0.036 0.096 0.083 0.051 0.020 -0,017 0,000 0.001 0,2
D1S228 O -99.990 -9.400 -2,645 -1.494 -0.895 -0.546 -0.338 -0.215 -0,090 0,000 0,06 12
D1S230 @ -99.990 -8.091 -1,601 -0.706 -0.309 -0.115 -0.032 -0.015 -0,050 0,000 0,07 14
D1S235 (D -99.990 -5.423 -0,594 0.049 0.316 0.427 0.453 0.423 0,256 0,000 0.07 14
D1S243 <D -99.990 -12.888 -3,015 -1.542 -0.823 -0.417 -0.183 -0.058 0.012 0,000 0.07 14
D1S249 0) -99.990 -5.269 -0,578 -0.098 0.002 -0.042 -0.133 -0.203 -0,188 0,000 0.01 2
D1S255 <D -99.990 -2.877 0,157 0.406 0.416 0.348 0.257 0.173 0.061 0,000 0.04 8
D1S2890 X -99.990 -8.108 -1,650 -0,794 -0.434 -0.267 -0.188 -0.145 -0.076 0,000 0.07 14
D1S463 d) -99.990 -4.983 -0,224 0,347 0.541 0.581 0.537 0.442 0,196 0,000 0,01 2
D1S547 0) -99.990 -8.634 -2,112 -1,187 -0.755 -0.513 -0.356 -0,241 -0,075 0,000 0,05 10
F13B® -99.990 -0.150 1,191 1,132 0.962 0.761 0.561 0,378 0,100 0,000 0 0
D1S207 0 -99.990 -8.347 -1,924 -1,105 -0.785 -0.649 -0.570 -0,473 -0,209 0,000 0,05 10
D1S104 ® -99.990 -14.360 -4,233 -2.530 -1.606 -1.014 -0.611 -0,335 -0,044 0,000 0,1 20
D1S305 O -99.990 -10.824 -2,600 -1.370 -0.770 -0.429 -0.230 -0,118 -0,034 0,000 0,06 12
015242 0 -99.990 -8.643 -2,091 -1.129 -0.661 -0.389 -0.219 -0,110 -0,(X)4 0,000 0,05 10
D1S238 O -99.990 -15.891 -4,275 -2.449 -1.510 -0.941 -0.580 -0,356 -0,151 0,000 0,1 20
MYCL® -99.990 -4.593 0.090 0.581 0.699 0.673 0.583 0,467 0,228 0,000 0,001 0,2
D1S236 ® -99.990 -8.942 -2.218 -1.144 -0.610 -0.309 -0.146 -0,062 -0,037 0,000 0,07 14
D1S53 <D -99.990 -8.415 -1.878 -0.926 -0.472 -0.222 -0.083 -0,011 0,015 0,000 0,07 14



M arker 0.000 0.001 0.050 0.100 0.150 0.200 0.250 0.300 0.400 0.500 0  = -2 cM excl
APOBO -99.990 -15.803 -4.238 -2.463 -1.570 -1.038 -0.701 -0.479 -0.204 0.000 0.125 25
CD8AO -99.990 -13.143 -3.232 -1.717 -0.957 -0.511 -0.237 -0.074 0.049 0.000 0.08 16
CRYGl cp -99.990 -56.694 -1.838 -1.145 -0.794 -0.565 -0.394 -0.259 -0.074 0.000 0.04 8
CTLA4 O -99.990 -10.713 -2.488 -1.255 -0.657 -0.321 -0.131 -0.029 0.025 0.000 0.07 14
D2S111 CD -99.990 -13.232 -3.321 -1.805 -1.049 -0.608 -0.341 -0.182 -0.050 0.000 0.08 16

D2S116 O -99.990 -3.362 -0.245 0.080 0.168 0.171 0.139 0.097 0.030 0.000 0.001 0.2
D2S123 O -99.990 -16.727 -5.065 -3.186 -2.185 -1.544 -1.095 -0.766 -0.314 0.000 0.15 30
D2S125 @ -99.990 -8.592 -2.076 -1.148 -0.704 -0.448 -0.286 -0.177 -0.048 0.000 0.05 10
D2S131 O -99.990 -15.901 -4.332 -2.539 -1.629 -1.081 -0.728 -0.484 -0.208 0.000 0.13 26
D2S139 @ -99.990 -3.175 -0.102 0.177 0.217 0.171 0.092 0.016 -0.046 0.000 0.001 0.2
D2S159 @ -99.990 -2.931 0.161 0.458 0.517 0.489 0.424 0.345 0.177 0.000 0.001 0.2
ILIA ® -99.990 -21.104 -6.074 -3.636 -2.333 -1.503 -0.938 -0.547 -0.111 0.000 0.17 34
D2S114 @ -99.990 -8.182 -1.732 -0.866 -0.489 -0.299 -0.194 -0.129 -0.043 0.000 0.05 10
D2S135 @ -99.990 -8.960 -2.426 -1.469 -0.986 -0.681 -0.466 -0.308 -0.104 0.000 0.07 14

2DS144 @ -99.990 -16.766 -4.842 -2.871 -1.841 -1.206 -0.789 -0.506 -0.175 0.000 0.13 26
D2S164 @ -99.990 -13.101 -3.236 -1.763 -1.049 -0,646 -0.412 -0.275 -0.129 0.000 0.08 16
D2S171 @ -99.990 -4.842 -2.871 -1.841 -1.206 -0.789 -0.506 -0.311 -0.075 0.000 0.08 16
D2S172 @ -99.990 -5.283 -0.564 -0.032 0.146 0.193 0.183 0.148 0.060 0.000 0.001 0.2
D2S177 @ -99.990 -21.016 -5.983 -3.549 -2.263 -1.458 -0.922 -0.557 -0.148 0.000 0.17 34

M arker 0.000 0.001 0.050 0.100 0.150 0.200 0.250 0.300 0.400 0.500 II cM excl

D3S1265 O -99.990 -7.567 -0.961 -0.020 0.371 0.521 0.533 0.457 0.194 0.000 0.02 4
D3S1267 cu -99.990 -12.692 -2.790 -1.287 -0.556 -0.155 0.055 0.139 0.088 0.000 0.07 14
D3S1300 O -99.990 -14.349 -4.462 -2.911 -2.020 -1.380 -0.902 -0.548 -0.127 0.000 0.15 30
D3S1228 ® -99.990 -18.854 -5.505 -3.345 -2.187 -1.442 -0.926 -0.560 -0.131 0.000 0.15 30
D3S1262 <1) -99.990 -8.020 -1.508 -0.580 -0.152 0.069 0.176 0.210 0.147 0.000 0.01 2
D3S1279 0 -99.990 0.070 1.456 1.445 1.316 1.146 0.957 0.763 0.377 0.000 0 0
D3S1284 O -99.990 -9.746 -1.618 -0.491 0.004 0.237 0.328 0.333 0.200 0.000 0.03 6
D3S1286 O -99.990 -18.166 -4.887 -2.803 -1.726 -1.065 -0.637 -0.356 -0.071 0.000 0.17 34
D3S1291 O -99.990 -13.264 -3.352 -1.837 -0.076 -0.623 -0.340 -0.163 -0.(X)3 0.000 0.09 18
D3S1297 O -99.990 -8.820 -1.837 -0.753 -0.256 -0.006 0.106 0.130 0.044 0.000 0.01 2
D3S1298 O -99.990 -8.663 -2.123 -1.164 -0.693 -0.418 -0.249 -0.144 -0.038 0.000 0.05 10
D3S1299 O 1.507 1.502 1.268 1.042 0.835 0.651 0.491 0.356 0.146 0.000 0 0

D3S1307 O -99.990 -8.820 -1.838 -0.756 -0.260 -0.011 0.098 0.117 0.016 0.000 0.01 2
D3S1314 d> -99.990 -5.109 -0.333 0.261 0.428 0.551 0.538 0.474 0.260 0.000 0.001 0.2
D3S1595 (P -99.990 -8.561 -1.979 -0.981 -0.487 -0.200 -0.029 0.065 0.101 0.000 0.05 10
D3S196 cp -2.772 -1.286 0.178 0.278 0.279 0.250 0.209 0.163 0.072 0.000 0 0
D3S47 ® -99.990 -12.366 -2.524 -1.081 -0.400 -0.037 0.147 0.218 0.163 0.000 0.07 14
D3S659 ® -99.990 -12.869 -2.979 -1.489 -0.755 -0.335 -0.090 0.044 0.104 0.000 0.08 16
GLUT2 tp -99.990 -20.841 -5.835 -3.417 -2.136 -1.331 -0.793 -0.432 -0.063 0.000 0.15 30
RHO® 1.251 1.247 1.049 0.858 0.682 0.522 0.381 0.262 0.093 0.000 0 0
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0.000 0.001 0.050 0.100 0.150 0.200 0.250 0.300 0.400 0.500

-99.990 -9,115 -3.643 -1.741 -1.316 -1.063 -0.875 -0.702 -0.347 0.000
-99.990 -11.252 -3.008 -1.730 -1.087 -0.682 -0.411 -0.227 -0.031 0.000
-99.990 -15.878 -4.282 -2.478 -1.548 -0.975 -0.596 -0.340 -0.063 0.000
-99.990 -4,915 -2.805 -1,706 -1,027 -0.584 -0.296 -0.118 -0.009 0.000
-99.990 -15,878 -4.313 -2,527 -1,607 -1,037 -0,658 -0,402 -0,132 0,000
-99,990 -19,134 -5,671 -3.440 -2,239 -1,470 -0,944 -0,576 -0.150 0.000
-99.990 S.708 -2.163 -1.192 -0.711 -0,426 -0,246 -0.132 - 0,022 0.000
-99,990 -1,308 0,290 0,454 0.474 0.434 0.364 0,282 0,118 0.000
-99.990 -11.920 -3.436 -2.023 -1.277 -0.812 -0.505 -0.297 -0.071 0.000
-99.990 -16.196 -4.640 -2,854 -1,924 -1.329 -0.910 -0,601 0.207 0.000
-99.990 -2,504 0,580 0,863 0,900 0.837 0.725 0,587 0.288 0.000
-99.990 -4,141 -0.923 -0.415 -0.188 -0.099 -0.085 -0,105 -0.138 0.000
-99,990 -15.878 -4,282 -2,478 -1,548 -0,975 -0,596 -0.340 -0.063 0.000

0.000 0.001 0.050 0.100 0.150 0.200 0.250 0.300 0.400 0.500

-99,990 -6,391 -1,491 -0,774 -0.430 -0.236 - 0.121 -0.053 0,005 0,000
-99.990 -1.532 -0.004 0.122 0.134 0.118 0.097 0.077 0.036 0,000
-99.990 - 1,112 0.312 0,347 0,283 0,201 0,129 0,075 0.016 0.000
-99.990 -18.364 -5.065 -2.961 -1.863 -1.176 -0.720 -0,409 -0.073 0.000
-99,990 -3.755 -0.610 -0.249 -0.116 -0.057 -0.027 -0.(X)9 0.004 0.000

1.278 1.273 1.064 0.864 0.679 0.513 0.367 0.244 0.071 0.000
-99.990 -5.771 -0.988 -0.388 -0.156 -0.061 -0.028 - 0.020 -0.015 0.000
-99.990 -13.468 -3.590 -2.093 -1.330 -0.859 -0.547 -0.335 -0.193 0.000
-99.990 -15.944 -4.248 -2.374 -1.402 -0.808 -0.428 -0.187 0.026 0.000

-99.990 -13.095 -3.198 -1.700 -0.962 -0.540 -0.292 -0.150 -0.037 0.000
-99.990 -6.271 -1.418 -0.756 -0.456 -0.292 -0.190 0.119 0.030 0.000
-99.990 -15.399 -3.816 -2.036 -1.139 -0.611 -0.287 -0.095 0.045 0,000
-99.990 -12,166 -3.752 -2.251 -1.420 -0.891 -0.537 -0.299 0.050 0.000
-99.990 -11.389 -2.812 -1.437 -0.760 -0.377 -0.158 -0.043 0.400 0.000
-99.990 -2.909 -0.184 0.485 0.546 0.514 0.433 0.327 0.108 0.000
-99.990 -10.835 -2.575 -1.324 -0.710 -0.360 -0.154 -0.037 0.041 0.000
-99.990 -16.317 -3.878 -1.546 -0.384 0.294 0.353 0.312 0.218 0.000



M arker 0.000 0.001 0.050 0.100 0.150 0.200 0.250 0.300 0.400 0.500 0 II cM excl
D6S249 @ -99.990 -10.496 -2.292 -1.083 -0.507 -0.192 -0.020 -0.064 0.079 0.000 0.07 14
D6S252 @ -99.990 -0.296 1.076 1.052 0.923 0.768 0.608 0.448 0.155 0.000 0 0
D6S257 @ -99.990 -9.748 -1.614 -0.489 -0.002 0.217 0.283 0.253 0.059 0.000 0.03 6
D6S2611 -99.990 -13.060 -3.173 -1.679 -0.944 -0.526 -0.280 -0.140 -0.029 0.000 0.08 16
D6S271 @ -99.990 -12.563 -2.673 -1.181 -0.456 -0.057 0.157 0.251 0.207 0.000 0.07 14
D6S281 @ -99.990 -15.941 -4.360 -2.579 -1.677 -1.130 -0.768 -0.513 -0.176 0.000 0.125 25
D6S285 @ -99.990 -13.428 -3.448 -1.883 -1.093 -0.628 -0.343 -0.173 -0.027 0.000 0.08 16
D6S291 @ -99.990 -11.243 -3.018 -1,767 -1.131 -0.741 -0.483 -0.306 -0.099 0.000 0.08 16
D6S305 E -99.990 -15.904 ^.362 -2.600 -1.709 -1.167 -0.807 -0.551 -0.214 0.000 0.125 25
D6S309 @ -99.990 -8.188 -1.686 -0.782 -0.376 -0.166 -0.055 0.002 0.040 0.000 0.02 4
D6S310 @ -99.990 -12.197 -3.339 -1.815 -1.024 -0.547 -0.250 -0.070 0.062 0.000 0.08 16
D6S87 @ -99.990 -3.311 -0.126 0.253 0.380 0.404 0.376 0.317 0.161 0.000 0.001 0.2
D6S89 ® -99.990 -5.989 -1.159 -0.519 -0.244 -0.108 -0.040 -0.007 0.014 0.000 0.02 4
RDS® -99.990 -7.409 -0.977 -0.136 0.203 0.339 0.366 0.329 0.161 0.000 0.01 2
D6S206 @ -99.990 -22.504 -5.912 -3.305 -1.963 -1.151 -0.639 -0.327 -0.097 0.000 0.15 30
D6S251 @ -99.990 -5.690 -0.908 -0.317 -0.082 0.026 0.071 0.080 0.045 0.000 0.01 2

M arker 0.000 0.001 0.050 0.100 0.150 0.200 0.250 0.300 0.400 0.500 0  = -2 cM excl

CFTR® -99.990 -13.295 -3.374 -1.840 -1.061 -0.596 -0.307 -0.132 0.000 0.000 0.08 16
D7S1818 <13 -99.990 -8.321 -1.816 -0.907 -0.496 -0.285 -0.173 -0.114 -0.048 0.000 0.01 2
D7S466 ® -99.990 -8.567 -2.059 -1.134 -0.691 -0.433 -0.267 -0.154 -0.076 0.000 0.05 10
D7S471 ® -99.990 -18.416 -5.087 -2.951 -1.831 -1.139 -0.688 -0.394 -0.107 0.000 0.125 25
D7S485 O -99.990 -5.041 -0.257 0.317 0.508 0.539 0.483 0.379 0.130 0.000 0.001 0.2
D7S486 ® -99.990 -16.357 -4.723 -2.876 -1.906 -1.295 -0.879 -0.583 -0.208 0.000 0.14 28
D7S493 ct -99.990 -6.424 -1.550 -0.849 -0.511 -0.313 -0.188 -0.105 -0.015 0.000 0.01 2
D7S495 O -99.990 -8.090 -1.637 -0.766 -0.389 -0.206 -0.117 -0.075 -0.034 0.000 0.03 6
D7S505 O -99.990 -3.820 -0.665 -0.292 -0.147 -0.080 -0.047 -0.030 -0.013 0.000 0.001 0.2
D7S507 ct> -99.990 -15.743 -4.162 -2.377 -1.470 -0.923 -0.570 -0.338 0.085 0.000 0.125 25
D7S514 ® -99.990 -9.141 -2.548 -1.480 -0.888 -0.508 -0.262 -0.113 -0.009 0.000 0.07 14
D7S517 CD -99.990 -5.802 -0.939 -0.280 -0.000 0.124 0.164 0.157 0.082 0.000 0.01 2
D7S460 03 -99.990 -11.334 -3.097 -1.784 -1.079 -0.637 -0.351 -0.171 -0.011 0.000 0.08 16
D7S523 ® -99.990 -13.274 -3.359 -1.830 -1.057 -0.594 -0.304 -0.124 0.028 0.000 0.08 16
D7S530 O -99.990 -9.333 -2.735 -1.726 -1.206 -0.876 -0.642 -0.461 -0.191 0.000 0.07 14

D7S550 O -99.990 -7.419 -0.951 -0.090 0.263 0.401 0.416 0.353 0.117 0.000 0.01 2

D7S820 I -99.990 -5.734 -0.905 -0.285 -0.059 0.001 -0.026 -0.088 -0.146 0.000 0.01 2
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0.000

-99.990
-99.990
-99.990
-99.990
-99.990
-99,990
-99.990
-99.990
-99,990
-99.990
-99,990
-99.990
-99.990
-99.990
-99.990
-99.990
-99.990

0.001

-8.178 ' 
-2.785 ’ 
-8.969'
- 6 .237 '

-10.470' 
-10.637' 
-12.940 ’ 
-9.660' 
-8.447' 
-3.814 ' 
-9.253 ' 

-10.524 ' 
-18.277 ’ 
-14.517' 

-3.659 ' 
-9.660 ' 

-14.642'

0.050 

-1.178 ' 
0.314' 

-2.382' 
-1.389' 
-2.316' 
-2.532' 
-3.094' 
-2.822' 
-1.966' 
-0666' 
-2.465 ’ 
-2.380' 
-4.976 ’ 
-4.217' 
-0.486 ’ 
-2.822' 
-4.703 '

0.100

-0.786 
0.608 ' 

-1.350 '
- 0 . 722 '  

-1.162 ' 
-1.412 ' 
-1.647 ' 
-1.659 ' 
-1.073 ' 
-0.283 '
- 1 .340 ’ 

- 1.210 '  

-2.872' 
-2.457' 
-0112  ’ 

-1.659 ' 
-3.057'

0.150

-0.383 ' 
0.652' 

-0.804 ' 
-0.413 ' 
-0.634' 
-0.915 ' 
-0.957' 
-1.050 ' 
-0.673' 
-0.128 ' 
-0.768 ’ 
-0.655 ' 
-1.777
- 1.519 '

0.019'
- 1.050 '

-2.071 '

0.200

-0182 ' 
0.597' 

-0.463’ 
-0.413 ’ 
-0.362' 
-0.661 ’ 
-0.580 ' 
-0.680' 
-0.460 ' 
-0.053 ‘ 
-0.434 ' 
-0.349 ' 
- 1.101 '  

-0.931 ' 
0.059' 

-0.680' 
-1.380'

0.250

-0.083 ' 
0.494' 

-0.246 ’ 
-0,134' 
-0.224 ’ 
-0.524' 
-0.372 ’ 
-0.441 ' 
-0.329 ’ 
-0.013 '
- 0 2 3 4 ’

-0,177' 
-0.659 ' 
-0.543 ' 
0.059 ’ 

-0.441 ' 
-0.887'

0.300 

-0.041 ' 
0.372' 

-0.114 ’ 
-0.069 ’ 
-0.164 ’ 
-0.437' 
-0.261 ’ 
-0.282' 
-0.233 ' 
0.008 ' 

-0118 ’ 
-0,088 ' 
-0,368 ’ 
-0119' 
0.045 ’ 

-0.282' 
-0.536 '

0.400

-0.019 ' 
0.139' 

- 0.011 ’ 

-0.006 ' 
-0.119 ' 
-0,267' 
-0,142 ’ 
-0,099 ' 
-0,083 ' 
0,024 ' 

-0,023 ’ 
-0.037' 
-0,074 ’ 
0.013 ' 
0017' 

-0,099' 
-0.134 ’

0.500

0.000 '  

0 .000 '  

0,000 ’ 

0,000 '  

0.000 ’ 

0.000 '  

0.000 ’ 

0.000 '  

0.000 '  

0.000 '  

0.000 ’ 

0.000 '  

0.000 ’ 

oooo' 
0 0 0 0 '  

0 ,000 '  

0 0 0 0 ’

0.000 0.001 0.050 0.100 0.150 0.200 0.250 0.300 0.400 0.500

-99,990 -3.855 -0,595 -0,138 0,057 0.143 0169 0.160 0,091 0,000
-99,990 -13.980 -4.118 -2.632 -1.878 -1.405 -1.067 -0.800 -0,365 0,000
-99,990 -5.897 - 1,102 -0.497 -0.242 - 0.111 -0.038 -0.004 -0.014 0.000

-99,990 -16.966 -4.845 -2.780 -1.684 - 1.002 -0.557 -0.268 -0,003 0,000
-99,990 -12.994 -3.097 -1.601 -0.862 -0.435 -0.181 -0.037 0,044 0,000
-99,990 -1.399 0.089 0.195 0,197 0.169 0.132 0.096 0.039 0,000

1,313 1,308 1,074 0.854 0.658 0.490 0.345 0.220 0,037 0,000
-99.990 -4.723 -1.233 -0.653 -0.366 -0.205 -0.113 -0.064 -0.029 0.000

-99.990 -5.569 -0.743 -0.131 0.097 0.171 0.170 0.134 0,043 0,000
-99,990 -12,334 -1,088 -0.230 -0.089 0.079 0.140 0135 0,095 0,000
-99,990 -13,884 -3.866 -2.249 -1.400 -0.872 -0.526 -0.297 -0.064 0.000
-99.990 -13.327 -3.430 -1.932 -1.184 -0,739 -0.454 -0.264 -0.051 0.000
-99.990 -14.238 -3.707 -1.993 -1.129 -0,620 -0.305 - 0.112 0.040 0.000
-99.990 -16.966 -4.845 -2.780 -1.684 - 1,002 -0.557 -0.268 -0.003 0.000
-99.990 -13.659 -3.711 -2.160 -1.372 -0.898 -0.594 -0.391 -0.151 0.000
-99.990 -2.056 -0.468 -0250 -0.146 -0.088 -0.057 -0.042 -0.027 0.000
-99.990 -5.985 -1.077 -0.365 -0.041 0119 0.185 0189 0.091 0.000



M arker 0.000 0.001 0.050 0.100 0.150 0.200 0.250 0.300 0.400 0.500 0  = -2 cM excl

CD3D® -99.990 -9.631 -1.495 -0.369 0.118 0.335 0.402 0.376 0.190 0.000 0.04 8
D11S1324 <t> -99.990 -13.247 -3.324 -1.799 -1.026 -0.565 -0.277 -0.099 0.043 0.000 0.08 16
D11S1344 ct> -99.990 -13.554 -3.567 -1.983 -1.162 -0.662 -0.346 -0.151 0.004 0.000 0.1 20
D11S29 ® -99.990 -9.626 -1.484 -0.351 0.144 0.370 0.444 0.422 0.220 0.000 0.03 6
D11S35 ® -99.990 -7.535 -1.086 -0.237 0.101 0.225 0.237 0.190 0.066 0.000 0.03 6
D11S419 ® -99.990 -4.340 -1.073 -0.598 -0.366 -0.229 -0.141 -0.083 0.019 0.000 0.03 6
D11S490 ® -99.990 -9.999 -1.829 -0.667 -0.140 0.122 0.235 0.255 0.149 0.000 0.03 6
D11S527 O -99.990 -12.705 -3.411 -1.744 -0.905 -0.419 -0.134 0.024 0.102 0.000 0.08 16
D11S528 ® -99.990 -3.623 -0.481 -0.132 -0.025 -0.003 -0.011 0.022 0.015 0.000 0.001 0.2
D11S534 CD -99.990 -12.731 -2.882 -1.429 -0.731 -0.340 -0.115 0.011 0.087 0.000 0.06 12
D11S836® -99.990 -4.443 -0.961 -0.408 -0.152 0.024 0.033 0.047 0.021 0.000 0.001 0.2
D11S874® -99.990 -1.495 0.433 0.661 0.679 0.609 0.495 0.362 0.115 0.000 0 0
D]lS900(t> -99.990 -5.564 -0.738 -0.117 0.124 0.211 0.217 0.181 0.070 0.000 0.01 2
D11S901 O -99.990 -7.120 -0.705 0.102 0.405 0.501 0.487 0.411 0.183 0.000 0.01 2
D11S906 O 0.161 0.159 0.038 -0.058 -0.114 -0.129 -0.115 -0.084 -0.021 0.000 0 0
D11S910 O -99.990 -2.297 0.799 1.083 1.108 1.020 0.868 0.676 0.255 0.000 0.001 0.2
D11S912 CD -99.990 -1.814 1.169 1.357 1.295 1.135 0.932 0.713 0.295 0.000 0 0
D11S914 CD -99.990 -0.871 0.523 0.530 0.437 0.324 0.221 0.142 0.053 0.000 0 0
D11S917 CD -99.990 -9.405 -1.295 -0.193 0.271 0.468 0.515 0.470 0.243 0.000 0.03 6
D11S920 CD -99.990 -3.937 -0.511 -0.025 0.157 0.213 0.205 0.166 0.062 0.000 0.01 2
D11S925 CD -99.990 -12.788 -2.923 -1.455 -0.748 -0.359 -0.145 -0.040 0.009 0.000 0.08 16
D11S927 CD -99.990 -2.701 0.389 0.676 0.716 0.658 0.551 0.424 0.177 0.000 0.001 0.2
D11S934 CD -99.990 -5.390 -0.333 0.380 0.646 0.714 0.665 0.543 0.201 0.000 0.001 0.2
D11S935 ® -99.990 -2.685 0.434 0.730 0.752 0.658 0.506 0.334 0.045 0.000 0.001 0.2
D11S937 CD -99.990 -13.340 -3.430 -1.924 -1.166 -0.712 -0.421 -0.227 -0.022 0.000 0.1 20
D11S968 CD -99.990 0.104 1.467 1.422 1.254 1.037 0.805 0.576 0.189 0.000 0 0
D11S969 CD -99.990 -1.901 1.118 1.319 1.255 1.076 0.832 0.553 0.055 0.000 0.001 0.2
DRD2® 1.278 1.273 1.064 0.863 0.679 0.513 0.367 0.244 0.071 0.000 0 0
HBEl CD -99.990 -8.439 -1.902 -0.956 -0.501 -0.242 -0.090 -0.004 0.042 0.000 0.05 10
D11S1309 CD -99.990 -2.211 0.836 1.080 1.076 0.970 0.808 0.614 0.207 0.000 0.001 0.2
TH® -99.990 -15.408 -3.825 -2.037 -1.133 -0.598 -0.267 -0.067 0.078 0.000 0.1 20



M arker 0.000 0.001 0.050 0.100 0.150 0.200 0.250 0.300 0.400 0.500 0  = -2 cM excl

D12S341 Z -99.990 -11.606 -3.328 -2.025 -1.337 -0,899 -0.597 -0.383 -0.118 0.000 0.1 20
D12S342 S -99.990 -6.136 -1.275 -0.604 -0.300 -0.139 -0.053 -0.010 0,011 0,000 0.03 6
D12S357 Z -99.990 -17.711 -4.454 -2.389 -1.338 -0,711 -0.323 -0.093 0,065 0,000 0.12 24
D12S364 E -99.990 -10.724 -2.539 -1.337 -0.760 -0,435 -0.243 -0,130 -0,034 0,000 0.06 12
D12S43 ® -99.990 -16.728 -5.067 -3.170 -2.143 -1.475 -1.007 -0.667 -0,234 0,000 0.15 30
D12S78 I -99.990 -14.547 -4.355 -2.591 -1.629 -1.015 -0,602 -0,322 -0,034 0.000 0.13 26
D12S79 Z -99.990 -18.015 -4.741 -2.661 -1.594 -0.949 -0,543 -0,291 -0.070 0.000 0.13 26
D12S811 -99.990 -15.639 -4.048 -2.255 -1.341 -0,791 -0.443 -0,223 -0,022 0.000 0.12 24
D12S871 -99.990 -13.514 -3.605 -2.086 -1.309 -0,829 -0.506 -0.283 -0.038 0.000 0.1 20
D12S90 Z -99.990 -5.346 -0.630 -0.119 0,020 0.017 -0.045 -0.110 -0.113 0.000 0.001 0.2
IGFl ® -99.990 -16.558 -4.618 -2.635 -1.600 -0.966 -0.558 -0.296 -0.046 0.000 0.13 26

Marker 0.000 0.001 0.050 0.100 0.150 0.200 0.250 0.300 0.400 0.500 II cM excl

D13S156 O -99.990 -8.436 -1.837 -0,855 -0,397 -0.159 -0.044 -0 .0 0 2 -0.015 0 ,0 0 0 0.04 8
D13S158 <t> -99.990 -16.862 -5.225 -3.272 -2,164 -1.426 -0,909 -0,542 -0,118 0 ,0 0 0 0.15 30
D13S168 <t> 1.386 1.381 1,154 0.940 0.742 0.560 0,397 0,258 0,071 0 .0 0 0 0 0

D13S173 ct> -99,990 -6,661 -1,740 -1 ,0 0 1 -0.626 -0,397 -0.247 -0,147 -0,039 0 .0 0 0 0.04 8
D13S175 ® -99,990 -3,835 -0,713 -0.371 -0.250 -0,193 -0.151 -0 .1 1 0 -0,036 0 ,0 0 0 0 ,0 0 1 0 .2

D13S218 ® -99,990 -1,640 -0,140 -0.017 0,004 -0.006 -0.0Z3 -0,040 -0,047 0 ,0 0 0 0 0

D13S221 ct -99.990 -19,372 -5.837 -3.575 -2,344 -1.551 -1.007 -0,625 -0,178 0 ,0 0 0 0,17 34
D13S285 ct> -99.990 -12,927 -3.034 -1.545 -0,812 -0.394 -0.148 -0 ,011 0,067 0 ,0 0 0 0.08 16
D13S71 cU -99,990 -10,759 -2,563 -1.354 -0,774 -0.453 -0,270 -0,168 -0,071 0 ,0 0 0 0.06 1 2

FLTIO -99.990 -1,409 0,084 0.188 0,186 0.152 0 ,1 1 0 0,070 0,014 0 ,0 0 0 0 0

D13S328 (t> -99.990 -2,347 0,714 0.967 0,966 0.862 0,704 0,517 0,143 0 .0 0 0 0 .0 0 1 0 ,2

M arker 0 .0 0 0 0 .0 0 1 0.050 0 .1 0 0 0.150 0 .2 0 0 0.250 0.300 0.400 0.500 II t cM excl

D14S1007 Z -99,990 -7.961 -1.427 -0.519 -0.130 0,042 0.101 0.100 0.048 0.000 0,04 8
D14S261 Z -99,990 -0.695 0.731 0.771 0.700 0,590 0.466 0.340 0.123 0.000 0 0
D14S267 Z -99,990 -18.637 -5.293 -3.147 -2.009 -1,293 -0.812 -0.484 -0.119 0.000 0,15 30
D14S288 Z -99,990 -9.949 -1.800 -0.658 -0.151 0,091 0.188 0.196 0.090 0.000 0.04 8
D14S43 CD -99,990 -2.563 0.453 0,660 0.618 0,481 0.312 0.152 -0.019 0.000 0,001 0,2
D14S45 <I) -99.990 -13.305 -3.441 -1,953 -1,196 -0.730 -0.423 -0.219 -0,021 0.000 0,1 20
D14S592 (D -99.990 -8.708 -2.183 -1,224 -0,745 -0.456 -0,269 -0.145 -0,017 0,000 0.05 10
D14S68 Z -99.990 -10.814 -2,666 -1,504 -0,953 -0.646 -0,466 -0.355 -0,203 0,000 0.08 16
PI O -99.990 -6.089 -1,215 -0.543 -0,249 -0.105 -0,039 -0,013 -0,004 0,000 0,02 4



M arker 0.000 0.001 0.050 0.100 0.150 0.200 0.250 0.300 0.400 0.500 ® II cM excl

D15S122 S -99.990 -8.817 -2.322 -1.393 -0.935 -0.647 -0.440 -0.283 -0.080 0.000 0.06 12
D15S165 <H -99.990 -3.009 -0.013 0.274 0.321 0.286 0.225 0.164 0.069 0.000 0.001 0.2
D15S211 ct) -99.990 -16.190 -4.548 -2.698 -1.725 -1.113 -0.700 -0.416 -0.096 0.000 0.13 26
D15S652 0 -99.990 -13.511 -3.619 -2.103 -1.332 -0.859 -0.545 -0.329 0.082 0.000 0.1 20

D15S659 <D -99.990 -12.457 -2.597 -1.144 -0.454 -0.084 0.106 0.180 0.119 0.000 0.06 12
D15S87 Z -99.990 -0.994 0.453 0.515 0.471 0.396 0.313 0.235 0.103 0.000 0 0

FES® -99.990 -9.715 -2.928 -1.799 -1.197 -0.813 -0.549 -0.359 -0.119 0.000 0.07 14

M arker 0.000 0.001 0.050 0.100 0.150 0.200 0.250 0.300 0.400 0.500 II 1 hJ cM excl

D16S265 c p -99.990 -5.557 -0.785 -0.200 0.027 0.120 0.147 0.137 0.065 0.000 0.001 0.2
D16S287 c j ) -99.990 -2.988 0.061 0.312 0.327 0.268 0,189 0.120 0.037 0.000 0.001 0.2
D16S403 C D -99.990 -15.811 -4.209 -2.403 -1.475 -0.909 -0.541 -0.298 -0.046 0.000 0.12 24
D16S406 O -99.990 -6.874 -2.057 -1.405 -1.059 -0.788 -0.550 -0.352 -0.088 0.000 0.05 10

D16S411 S -99.990 -6.186 -1.337 -0.682 -0.400 -0.259 -0.182 -0.134 -0.067 0.000 0.03 6
D16S422 O -99.990 -13.720 -3.818 -2.295 -1.517 -1.034 -0.704 -0.464 -0.149 0.000 0.12 24
D16S521 O -99.990 -19.972 -5.576 -3.343 -2.153 -1.400 -0.893 -0.543 -0.144 0.000 0.15 30

M arker 0.000 0.001 0.050 0.100 0.150 0.200 0.250 0.300 0.400 0.500 II cM excl

CA14 ® -99.990 -4.792 -1.226 -0.632 -0.348 -0.195 -0.113 -0.070 -0.031 0.000 0.03 6
D17S1866 Z -99.990 -13.093 -3.199 -1.711 -0.984 -0.572 -0.334 -0.200 -0.093 0.000 0.08 16
D17S784 I -99.990 -10.642 -2.455 -1.247 -0.661 -0.327 -0.130 -0.018 0.050 0.000 0.06 12
D17S789 Z -99.990 -6.582 -1.641 -0.912 -0.560 -0.353 -0.221 -0.134 -0.039 0.000 0.02 4
D17S801 I -99.990 -11.320 -3.047 -1.773 -1.134 -0.752 -0.509 -0.349 -0.154 0.000 0.08 16
D17S926 Z -99.990 -15.854 -4.238 -2.414 -1.478 -0.913 -0.554 -0.324 -0.095 0.000 0.12 24
D17S928 Z -99.990 -15.020 -3.485 -1.740 -0.882 -0.393 -0.110 0.042 0.100 0.000 0.08 16
D17S261 @ 0.705 0.702 0.566 0.442 0.335 0.243 0.167 0.107 0.028 0.000 0 0
D17S783 @ -99.990 -14.721 -4.679 -2.991 -2.063 -1456 -1.030 -0.717 -0.292 0.000 0.15 30
D17S796 @ -99.990 -7.907 -1.428 -0.540 -0.155 0.026 0.099 0.113 0.060 0.000 0.04 8
D17S806 @ -99.990 -14.018 -3.735 -2.058 -1.209 -0.710 -0.406 -0.225 -0.072 0.000 0.1 20
D17S849 ® -99.990 -15.592 -3.981 -2.188 -1.286 -0.754 -0.424 -0.219 -0.031 0.000 0.1 20
D17S938 @ -99.990 -15.509 -3.917 -2.118 -1.208 -0.669 -0.341 -0.148 -0.012 0.000 0.1 20
D17S945 ® -99.990 -15.323 -3.761 -2.002 -1.127 -0.619 -0.315 -0.143 -0.037 0.000 0.1 20

THRAl ® -99.990 -13.423 -3.574 -2.109 -1.386 -0.957 -0.680 -0.491 -0.239 0.000 0.1 20



M arker 0.000 0.001 0.050 0.100 0.150 0.200 0.250 0.300 0.400 0.500 0  = -2 cM excl

D18S34 ® -99.990 -11.133 -2.894 -1.647 -1.028 -0.662 -0.472 0.264 0.067 0.000 0.08 16
D18S464 cU -99.990 -3.849 -0.689 -0.310 -0.163 -0.103 -0.079 -0.068 -0.040 0.000 0.01 2
D18S51 CD -99.990 -10.380 -2.127 -0.899 -0.322 -0.025 0.112 0.146 0.065 0.000 0.05 10
D18S53 03 -99.990 -1.302 0.171 0.260 0.243 0.198 0.149 0.104 0.041 0.000 0 0
D18S59 ct> -99.990 -15.716 -4.116 -2.308 -1.383 -0.822 -0.462 -O.Z30 -0.007 0.000 0.12 24

D18S62 O 1.056 1.052 0.867 0.694 0.537 0.399 0.281 0.183 0.051 0.000 0 0
D18S70 03 -99.990 -10.217 -2.059 -0.900 -0.372 -0.103 0.028 0.077 0.059 0.000 0.05 10
D18S851 03 -99.990 -15.524 -3.960 -2.194 -1.308 -0.784 -0.460 -0.258 -0.060 0.000 0.1 20
D18S877 03 -99.990 -18.638 -5.305 -3.166 -2.031 -1.312 -0.824 -0.486 -0.106 0.000 0.15 30

M arker 0.000 0.001 0.050 0.100 0.150 0.200 0.250 0.300 0.400 0.500 0  = -2 cM excl

D19S180 ® -99.990 -5.566 -0.750 -0.127 0.116 0.201 0.204 0,159 0,029 0,000 0,01 2
D19S210 03 -99.990 -10.429 -2.202 -0.990 -0.427 -0.140 -0.007 0.031 -0,012 0.000 0,05 10

D19S214 @ -99.990 -10.014 -1.867 -0.714 -0.196 0.057 0.164 0.183 0,095 0.000 0,04 8
D19S215 Z -99.990 -18.224 -4.933 -2.831 -1.738 -1.063 -0.622 -0.331 -0,042 0.000 0,13 26
D19S216 03 -99.990 -15.821 -4.204 -2.387 -1.453 -0,884 -0.518 -0.281 -0,047 0.000 0.12 24
D19S217 03 -99.990 -12.997 -3.106 -1.611 -0.877 -0,458 -0.214 -0.078 -0,007 0,000 0,08 16
D19S221 03 -99.990 -18.160 -4.849 -2.729 -1.624 -0,944 -0.504 -0.221 0,030 0,000 0.13 26
D19S222 I -99.990 -7.180 -2.147 -1.287 -0.808 -0,502 -0.301 -0.172 -0,045 0,000 0.05 10
D19S225 03 -99.990 -1.616 -0,086 0.069 0.116 0,122 0.110 0.088 0,038 0,000 0 0

D19S49 ® -99.990 -0.991 0.457 0.516 0.465 0,383 0.293 0.208 0,074 0,000 0 0

D19S878 Z -99.990 -10.172 -2.006 -0.838 -0.306 -0,039 0.084 0.120 0,067 0,000 0,05 10

M arker 0.000 0.001 0.050 0.100 0.150 0.200 0.250 0.300 0.400 0.500 0  = -2 cM excl

D20S103 S -99.990 -13.963 -3.962 -2.348 -1.492 -0.950 -0.585 -0.334 -0.063 0,000 0.12 24
D20S110 Z -99.990 -4,094 -0.791 -0.310 -0.095 0.009 0.051 0.060 0,031 0,000 0,005 1
D20S189 @ -99.990 -7,612 -1.180 -0.337 0.017 0.177 0.237 0.238 0,138 0.000 0,005 1
D20S27 ® -99.990 -8,077 -1.516 -0,568 -0.134 0,084 0.183 0.207 0,130 0,000 0,03 6

D20S480 Z -99.990 -13,934 -3.975 -2,389 -1.550 -1,015 -0.648 -0.389 -0,090 0,000 0,12 24

D20S851 03 -99.990 -15,762 -4.154 -2.337 -1.408 -0,849 -0,497 -0.276 -0.066 0,000 0,12 24

D20S175 @ -99.990 -2,015 -0.425 -0,202 -0.093 -0.034 -0.005 0.006 0,000 0,000 0,001 0,2



M arker 0.000 0.001 0.050 0.100 0.150 0.200 0.250 0.300 0.400 0.500 0  = -2 cM excl

A PPO -99.990 -13.027 -3.118 -1.605 -0.849 -0.408 -0.147 -0.007 0.042 0.000 0.08 16
D21S11 O -99.990 -13.414 -3.587 -2.126 -1.398 -0.957 -0.663 -0.456 -0.179 0.000 0.1 20
D21S167 ® -99.990 -3.874 -0.710 -0.332 -0.183 -0.111 -0.070 -0.042 -0.008 0.000 0.001 0.2
D21S172 O -99.990 -12.477 -2.630 -1.176 -0.485 -0.115 0.077 0.156 0.128 0.000 0.07 14
D21S215 ct> -99.990 -5.285 -0.475 0.127 0.347 0.408 0.382 0.305 0.104 0.000 0.01 2
D21S265 ct> -99.990 -8.956 -2.239 -1.169 -0.633 -0.328 -0.153 -0,061 -0.013 0.000 0.05 10
D21S266 O -99.990 -6.341 -1.478 -0.777 -0.437 -0.245 -0.134 -0.073 -0.023 0.000 0.005 1
D21S270 ® -99.990 -15.911 -4.277 -2.435 -1.481 -0.900 -0.527 -0.289 -0.059 0.000 0.12 24
D21S65 CD -99.990 -8.078 -1.571 -0.643 -0.212 0.015 0.126 0.160 0.084 0.000 0.07 14

M arker 0.000 0.001 0.050 0.100 0.150 0.200 0.250 0.300 0.400 0.500 0  = -2 cM excl

D22S156 ® -99.990 -15.406 -3.798 -1.995 -1.081 -0.542 -0.215 -0.027 0,076 0,000 0.1 20
D22S283 S -99.990 -10.801 -2.631 -1.457 -0.906 -0.603 -0,426 -0.316 -0,168 0,000 0.07 14
D22S420 O -99.990 -3.354 -0.271 0.019 0.078 0.062 0.027 -0.002 -0,016 0,000 0.001 0.2

M arker 0 .0 0 0 0 .0 0 1 0.050 0 .1 0 0 0.150 0 .2 0 0 0.250 0.300 0.400 0.500 II0

cM excl

D MD ® -99,990 -17,165 -5,463 -3.545 -2.493 -1,790 -1.273 -0,874 -0.314 0.000 0.18 36
DXS1047 I -99,990 -32,774 -10,869 -17.148 -5.062 -3.650 -2.613 -1.818 -0,699 0,000 0.23 46
DXS1060 Z -99,990 -26,177 -7,522 -4.387 -2.698 -1.624 -0,902 -0.418 0,049 0,000 0,18 36
DXS6797 O -99,990 -18,546 -5,169 -2.995 -1,835 -1,101 -0.610 -0.281 -0,068 0,000 0.14 38
DXS6800 O -99,990 -24,155 -7,389 -4.618 -3,106 -2.118 -1.422 -0.917 -0,283 0,000 0,2 40
DXYS154 CD -99,990 -18,546 -5.169 -2.995 -1,835 -1.101 -0.610 -0.281 0,035 0,000 0.14 28
MAOA® -99,990 -7,072 -2.123 -1.366 -0,975 -0.728 -0.553 -0.418 -0,199 0,000 0.05 10
DXS989 @ -99.990 -20.776 -5.754 -3.332 -2,049 -1,242 -0.705 -0,346 -0.006 0.000 0.15 30

Table 3a. Two point lod-scores for various recombination fractions (0, row 1) of 298 

markers (column 1) run through family ZMK by Fiona Mansergh (O ), Sophia Millington- 

Ward (Z), Alexandra Erven (@) and Rajendra Kumar-Singh (®). These data were obtained

by analysing current data (table 2) and previous data, using affected members of family 

ZMK only. The last two columns represent 0  with a lod-score of less than -2 and the 

resulting exclusion (Kosambi cM) to either side of the marker respectively. Notably, no 

table is presented in this thesis for markers and exclusions on chromosome 9 as Fiona 

Mansergh undertook the affected only analysis of the 62 markers typed on chromosome 9 

and presented the resulting data in her thesis.



M arker Lod-score at zero recom b ination

D3S1299 1.507

RHO (chromosome 3) 1.251

D5S119 1.278

D10S209

D11S906

1.313

0.161

DRD2 (chromosome 11) 1.278

D13S168 1.386

D17S261 0.705

D18S62 1.056

Table 3b. Positive lod-scores found a t zero recombination when microsatellite m arkers 

run through family ZMK were reanalysed, using affected members of the family only. 

None of the m arkers are above the accepted threshold of significance (3).



Position Consensus ZMK Gene Amino Acid

533* A G Control -
6776* T C MTCOl H-H
11953 C T MTND4 L-L
12258 c A M T T S 2 -
13404 T C MTND5 I-I
14272* C G MTND6 F-L
14569* G A MTND6 P-P
14766* A G MYCYB I-T
16239* C G Control -
16519* T C Control -
16569 T C Control

T ab le  4. M itochondrial sequence variations found in family ZMK members. Note: The 

putative disease-causing m utation in the serine tRNA gene is highlighted in bold. 

Additional sequence variations were found both in ‘m arried-in’ members of family ZMK 

and across all four individuals sequenced including the unaffected control individual 

(data not presented). Many of the variations from the consensus sequence presented 

above are either previously reported sequence variations, indicated with *, or do not alter 

encoded amino acids. Notably, no m utations in the control region of the mtDNA are 

known to cause disease (MITOMAP, 1999).



Individual Affection status Tissue Ratio A:C
3-22 Severely affected Muscle 37:3
3-22 Severely affected Blood 25:15
3-18 Asymptomatic Blood 16:24
4-14 Severely affected Blood 24:16

T able  5. Estim ated levels of heteroplasmy are provided for members of family ZMK. A is 

the m utated variant, C is the normal base. Tissue refers to the type of tissue from which 

DNA was extracted. Unaffected members of the family have been referred to as 

asymptomatic, given th a t some individuals are still young and th a t there is evidence for 

a widely variable age of onset and penetrance in the pedigree. The ratios of clones, cloned 

from PCR samples, containing the m utant A base and wildtype C base are shown for four 

DNA samples extracted from bloods and muscle.



Locus Disease Nucleotide

Position

Nucleotide

Change

Amino

Acid

Change

Homoplasmy Heteroplasmy

MTNDl LHON 3394 T-C Y-H + -

MTNDl LHON 3460 G-A A-T + +

MTNDl LHON 4136 A-G Y-C + -

MTNDl LHON 4160 T-C L-P + -

MTNDl LHON 4216 T-C Y-H + -

MTND2 LHON 4917 A-G D-N + -

MTND2 LHON 5244 G-A G-S - +

MTCOl LHON 7444 G-A Term-K + -

MTATP6 LHON 9101 T-C I-T + -

MTC03 LHON 9738 G-T A-T + -

MTC03 LHON 9804 G-A A-T + -

MTND4L LHON 10663 T-C V-A + -

MTND4 LHON 11778 G-A R-H + +

MTND5 LHON 13708 G-A A-T + -

MTND5 LHON 13730 G-A G-E - +

MTND6 LHON 14484 T-C M-V + +

MTCYB LHON 15257 G-A D-N + -

MTCYB LHON 15812 G-A V-M + -

MTATP6 NARP 8993 T-G L-R - +

MTATP6 NARP/Leigh 

disease

8993 T-C L-P +

MTND6 LDYT 14459 G-A A-V + +

Table 6a. Reported mitochondrial DNA base substitutions involved in LHON (Leber's 

Hereditary Optic Neuropathy), NARP (Neurogenic muscle weakness, Ataxia and RP; 

alternate phenotype at this locus is reported as Leigh Disease) and LDYT (Leber's 

hereditary Optic Neuropathy and Dystonia).



Locus Disease Nucleotide Position RNA Homoplasmy Heteroplasmy

MTTLl DMDF 3243 tRNALeu (UUR) - +

MTTI CPEO 4298 tRNA lie - +

MTTN CPEO 5692 tRNA Asn - -1-

MTTN CPEO 5703 tRNA Asn - -1-

MTTL2 CPEO 12308 tRNA Leu (CUN) nd nd

MTTL2 CPEO 12311 tRNA Leu (CUN) + +

MTTL2 CPEO 12315 tRNA Leu (CUN) - -1-

MTRNRl DEAF 1555 rRNA 12S -H -

MTTSl DEAF 7445 tRNA Ser (UCN) + +

Table 6b. Reported mitochondrial rRNA and tRNA m utations involved in DMDF 

(Diabetes M ellitus and Deafness), CPEO (Chronic Progressive External 

Ophthalmoplegia) and DEAF (M aternally Inherited Deafness or Aminoglycoside-Induced 

Deafness).



Disease Locus

NARP MTATP6

MM MTCYB, MTTF, MTTLIMTTM, MTTW, MTTN, MTTSl, MTTL2, MTATT, MTTT, MTTP

MERRF MTTK

CIPO MTTSl

MMC MTTLl

FICP MTTI

MELAS M TNDl, MTC03, MTND4, MTCYB, MTPV, MTTLi

LIMM MTTT

MHCM MTTG

T able 7. Mitochondrial disease associated w ith muscular abnormalities. NARP: 

neurogenic muscle weakness, ataxia, and RP. MM; mitochondrial myopathy. MERRF: 

myoclonic epilepsy and ragged red muscle fibers. CIPO: chronic in testinal 

pseudoobstruction w ith myopathy and ophthalmoplegia. MMC; m aternal myopathy and 

cardiomyopathy. FICP: fatal infantile cadiomyopathy in conjunction w ith MELAS- 

associated cardiomyopathy. MELAS: mitochondrial encephalomyopathy, lactic acidosis 

and stroke-like episodes. LIMM: lethal infantile mitochondrial myopathy. MHCM: 

m aternally inherited hypertrophic cadiomyopathy.



3. Hammerhead ribozymes in vitro

3.1. In trod uction

A potential gene therapy for a recessive disorders, caused by the absence of a 

protein, will in theory require the introduction of a wildtype gene. Dom inant 

disorders, however, can arise in three ways. Firstly, a dom inant disorder may be 

due to a reduction in wildtype protein (i.e. haploinsufficiency), secondly it may 

arise directly from the m utant protein (i.e. gain of function m utation or dom inant 

negative mutation) or thirdly a combination of both may cause disease pathology. 

Dominant negative disorders such as many forms of Osteogenesis Imperfecta (01) 

and Retinitis Pigmentosa (RP) will require the selective silencing of m utan t alleles, 

while m aintaining expression of the wildtype alleles. There is a range of 

suppression effectors from which to choose when designing a gene therapy for such 

disorders, such as antisense DNA and RNA, DNA and RNA ribozymes, peptide 

nucleic acids and triple helix forming oligonucleotides, each with advantages and 

disadvantages (see sections 1.1 to 1.3). In this chapter RNA ribozymes were 

investigated as suppressors for the dominant negative forms of 01 and RP 

(sections 1.7 to 1.10).

Ham m erhead ribozymes are small catalytic RNAs th a t cleave target RNA a t very 

specific sites (Haseloff and Gerlach, 1989). With two antisense arm s they bind 

target RNA and, in the presence of cofactors, typically divalent cations (usually 

Mg2+), cleave target RNA at NUX (N = any base; U = uracyl; X = any base except 

guanine) sites, present in target RNA (see figure 1, chapter 1 and section 1.3.1). 

The efficiency of ribozyme cleavage may depend on a num ber of things. For 

instance, target RNA th a t is readily accessible to ribozymes will more easily be 

bound and cleaved than  inaccessible target sites (Fedor and Uhlenbeck, 1990). 

Thus methods have been devised to identify such suitable areas in target RNAs 

(see section 1.3.3).

One such method involves the use of a computer program called PlotFOLD (Zuker, 

1989). The secondary structure of RNA contains large areas, which are hybridised 

internally  and which are interspersed w ith loop-like structures of single stranded 

RNA (figure 2). It is within these loops th a t RNA may form W atson and Crick
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basepairs w ith ribozymes. PlotFOLD uses m athem atical algorithms, which 

a ttem pt to identify loops in RNA. Output is presented in plots of the most likely 

RNA secondary structure for various in ternal energy (AG) levels. N aturally, RNA 

plots w ith lower AGs are more likely to represent accurate RNA conformations a t a 

given time, though RNA conformations are thought to be fluid and to alter 

continuously. One should therefore attem pt to design ham m erhead ribozymes 

towards loop-hke structures, which are consistently predicted to occur w ithin as 

may different AG plots as possible.

A second issue to consider when designing ham m erhead ribozymes is the length of 

the antisense arms. Long antisense arm s will enable ribozymes to recognise and 

bind targets easily. However, long antisense arm s may not render the ribozyme 

sufficiently specific, causing unw anted down-regulation of other RNAs. Also, 

dissociation after cleavage may not occur or may be slow and may thus increase the 

ribozyme turnover time. Short antisense arm s will readily dissociate from cleavage 

products, but may not enable ribozymes to recognize and bind targets easily w ithin 

the large quantity  of other DNAs and RNAs, which surround the ribozyme. 

Generally, it has been found th a t ribozymes with longer stem s 3 and shorter stems 

1 (figure 1) cleave more efficiently than  a ribozymes with the reverse (Hendry and 

McCall, 1996).

Another issue for consideration when designing a ham m erhead ribozyme is the 

sequence of the actual NUX target site. Zoumadakis and Tabler (1995) tested the 

12 perm utations of NUX and calculated the cleavage rate constants in vitro. The 

ra tes were found to vary quite considerably depending on the sequence of the 

target site. Their findings are summ arised below. Target sites are given in order of 

efficiency: AUC, GUC, UUC, AUA, GUA, AUU, CUC, UUA, GUU, CUA, CUU, 

UUU. Cleavage efficiencies of UUU target sites were found to be 40 tim es lower 

than  of AUC sites. A sim ilar study revealed somewhat different results.

Shim ayam a et al., (1995) found th a t all m utations of the GUC cleavage site reduce 

the efficiency of cleavage. A at the first or th ird  base position of the NUX site 

increased K m  (the affinity of the ribozyme for the substrate, see section 1.5) by 35 or 

30 fold respectively, while the effect on kca t (the cleavage efficiency, see section 1.5) 

was small. U a t the first or th ird  base position of the NUX site decreased k ca t by 8 

or 15 fold respectively while the effect on K m  was small. The effect of C a t the first 

base of the NUX site was relatively small on both kinetic param eters. In short, 

Shim ayam a et al., (1995) concluded th a t w ith respect to cleavage efficiency, the
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more efficient target sites were GUC, CUC, UUC, GUU, AUA, AUC, QUA, UUU, 

UUA, CUA, AUU, CUU.

A further issue for consideration when designing a ham m erhead ribozyme is the 

sequence of the catalytic core (see chapter 1 figure 1). The catalytic core contains 11 

highly conserved bases, two partially conserved bases and one unconserved base. 

The unconserved base (figure 1, underlined) has been studied in depth and has 

been found to influence cleavage efficiency substantially. U is the most efficient, 

followed by G, A, and C, which have a 60%, 50% and 20% activity compared to U 

(Ruffner et al., 1990). In stem 2 there is catalytically a strong preference for a G-C 

base (see figure 1, underlined) (Tuschl and Eckstein, 1993). The length of stem  2 

also has some influence on the catalytic efficiency of ham m erhead ribozymes.

Stems of less than  two base pairs have been found to be significantly less active 

(Tuschl and Eckstein, 1993). However, the length and composition of the loop in 

stem 2 seems not to influence ham m erhead ribozyme activity (Thomson e t al.,

1994).

01 is a brittle-bone-disorder caused by m utations in either of the type I collagen 

genes, CO LlA l and C0L1A2. Type I collagen, the most abundant protein in man, 

lends strength  to bone and fibrous tissue. Null-m utations cause a very mild form of 

the disorder due to haploinsufficiency (type 1 01) and will not be discussed further 

in this thesis. More serious forms of 01 (types II-IV) arise from dom inant gain of 

function fram eshift m utations and point m utations resulting in a s truc tu ra l 

abnorm ality of the collagen protein. The collagen fibers, i.e. the bundles of collagen 

th a t give bone and fibrous tissue strength, become brittle causing symptoms which 

range from mildly brittle bones to perinatal death (see section 1.10).

RP is the name given to a group of retinopathies, which result in photoreceptor cell 

death. Clinically, patients may manifest night blindness, waxy pallor of the optic 

disc, pigment depositions on the retina (see figure 4 chapter 1) and attenuated  

re tinal vessels (see section 1.6 for details). RP can be inherited in an autosomal 

dom inant (gain of function) (adRP), autosomal recessive (arRP, due to 

haploinsufficiency), x linked (xlRP) or digenic fashion. It also occurs sporadically, 

but generally this is thought to represent arRP, adRP m anifesting partia l 

penitrance or perhaps digenic RP. Notably, de novo m utations may also appear as 

sporadic cases of RP. However, 1 will focus on autosomal dom inant forms of RP in 

th is chapter of the thesis. The first two genes to be implicated in adRP were the rod 

photoreceptor cell pigment, rhodopsin (see sections 1.7 and 1.9.1), and the
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s truc tu ra l rod and cone protein peripherin/i?Z)S (see section 1.7 and 1.9.2) (F arrar 

et al., 1990; Dryja et al., 1990; F arrar et al., 1991a, b; Kajiwara et aL, 1991; Jordan 

et al., 1992). However, other RP causing genes have now been identified (see 

appendix B for a complete list of cloned and/or mapped genes causing retinal 

diseases and chapter 1 table 2 for a complete list of the known loci and genes 

Unked to RP).

However, like many dom inant negative disorders, 01 and RP are extremely 

heterogeneous; over 150 different m utations in the CO LlA l and C0L1A2 genes are 

known to cause 01 and over 100 m utations in the rhodopsin gene and 40 in the 

peripherin/i?Z)S gene are known to cause RP. Thus, due to restrictions in term s of 

time, money and indeed in term s of design-potential, m utation-independent 

methods of gene-suppression (chapter 1.1) will be required for the development of 

gene therapies for such disorders.

Recently three general m utation-independent methods of gene-suppression were 

suggested and tested in vitro as a means of circumventing the immense allelic 

heterogeneity often associated with dom inant disorders (Millington-Ward et al., 

1997). Two general strategies for gene suppression and one mutation-specific 

strategy for suppression, all of which utilised ham m erhead ribozymes, were 

studied during the course of this Ph.D. Ham m erhead ribozymes were used because 

they are extremely specific (see sections 1.2 and 1.3). Also ham m erhead ribozymes 

are the best-characterised ribozyme and the most flexible in term s of design (see 

section 1.3).

In an attem pt to optimise the catalytic activity of ribozymes in this study, all 

ribozymes were designed with a U a t the unconserved position of the catalytic core 

and C-G at the semi-conserved positions in stem 2 (figure 1). Stem 2 contained 4 

base pairs w ith a 4 base loop. The lengths of stem s 1 and 3 vai’ied between 6-8 and 

7-8 bases (see 3.2.5), depending on the sequence composition; in general, where 

sequences comprised many pyrimidines shorter stems 1 and 3 were used. The exact 

compositions of the NUX sites are sum m arised in table 1.

In addition, in an attem pt to mimic an in vivo situation as accurately as possible, 

long, structured RNA targets were used to test ribozyme cleavage. All target 

transcrip ts were over 350 bases, indeed, in many cases over 900 bases long. Many 

studies in the literature  utilise short unstructured RNAs of 20-30 bases in length to 

test ribozyme catalytic activity, and due to the absence of secondary and tertiary
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structures in these transcripts find higher catalytic activities than  may perhaps be 

expected in an in vivo situation (Drenser et al., 1998; Vaish et al., 1997; Zaug et al., 

1998). However, despite the length of our target RNAs, many of the ribozymes 

tested in this chapter compare very favourably to ribozymes in other studies.

The first strategy of gene suppression studied in this chapter was a disease specific 

strategy, in which three ribozymes were specifically designed to cleave rhodopsin 

RNA a t three autosomal dom inant m utation sites, while leaving the wildtype 

hum an rhodopsin RNA intact. These mutations, known to cause adRP, a t codons 

23, 51 and 255 (Inglehearn et al., 1991; Dryja et al., 1991) of hum an rhodopsin, 

create NUX ribozyme cleavage sites and occur in predicted open-loop structures in 

the RNA.

The second strategy utilises the untranslated  regions (UTRs) of RNA. Three 

ribozymes were designed to cleave hum an rhodopsin, hum an type 1 C0L1A2 and 

hum an peripherin/i?DS transcripts in 5’UTR sequences. In addition, a ribozyme 

was designed to cleave hum an rhodopsin in 3’UTR sequence. cDNAs with modified 

UTR sequences, which did not contain the ribozyme NUX target site, were 

generated to replace the gene. The th ird  strategy explored in this study utilises 

intragenic polymorphism. Three ribozymes were designed to cleave one 

polymorphic varian t of hum an type I CO LlA l and C0L1A2, while leaving the 

other polymorphic varian t intact. The three strategies outlined above have been 

tested and shown to work in vitro (Millington-Ward et al., 1997). Two ribozymes, 

Rz8 and RzpollA l, targeting the hum an peripherin/i?DS 5’UTR and a hum an 

C O LlA l polymorphism respectively, were quantified w ith respect to extent of 

cleavage achieved, to evaluate w hether to proceed to in vivo studies w ith these 

ribozymes.

An extensive search was carried out to identify suitable polymorphisms in the 

hum an rhodopsin and peripherin/i?Z)S genes for ham m erhead ribozyme-based 

therapies. A suitable polymorphism m ust be common, occur in an open-loop 

structure of target RNA and create an NUX target site. To this end restriction 

digest analysis and single strand  conformation polymorphism electrophoresis 

(SSCPE) were carried out. Unfortunately, no suitable polymorphisms were 

revealed w ithin the rhodopsin or peripherin/i?Z)S gene. The ever increasing 

quantity  of hum an DNA sequence th a t is becoming available will greatly facilitate 

the identification of suitable intragenic polymorphisms for this type of ribozyme- 

based therapeutic approach.



In th is chapter, one mutation-specific and two m utation-independent strategies for 

gene suppression using ham m erhead ribozymes were investigated in detail in vitro. 

All three methods were found to elicit sequence specific cleavage of ta rget RNAs, 

although the ribozymes varied greatly in cleavage efficiency. M utation-independent 

strategies will be necessary in gene therapy drug development because of the 

heterogeneous state  of most dom inant negative disorders and because not all 

m utation sites lend themselves to gene suppression. The genes chosen for the study 

were hum an rhodopsin and peripherin/i?Z)S and hum an C O LlA l and C0L1A2; 

genes known to cause adRP and 01. However, it is of note th a t these mutation- 

independent strategies may not only be extremely valuable for dom inant gain of 

function single gene disorders, but also for complex tra its  such as bipolar disease 

and Alzheimer's disease. It is also of note th a t the m utation-independent strategies 

outlined in this chapter need not necessarily be explored using ham m erhead 

ribozymes but could potentially use other suppressing agents such as antisense 

and peptides.

3.2. M aterials and M ethods

3.2. J. Predicting RNA Secondary Structures

Oligonucleotides required for PCR amplifications were selected, synthesised and 

purified as in section 2.2.2. PCRs and MgCb curves were carried out as in section 

2.2.3. Two-dimensional secondary RNA structures of hum an rhodopsin, hum an 

peripherin/i?£)S and hum an collagens lA l and 1A2 were predicted using PlotFOLD 

(figure 2) (Zuker, 1989). Ribozymes were designed to target predicted open-loop 

structures in the RNA target sequence, as these are thought to be more accessible 

for ribozymes to bind and cleave. Because RNA can have various conformations, 

depending on the in ternal energy level of the molecule, the loops were assessed for 

a t least 6 different possible conformations w ith different in ternal energies.

3.2.2. Finding and Assessing Common Polymorphisms

Previously, W esterhausen et al. found a CCC/CTC intragenic polymorphism at 

position 3210 in hum an COLIAI. One of these variants, CTC (T-allele) contains an 

NUX ham m erhead ribozyme cleavage site, while the other (C-allele) does not. 

PlotFOLD predicted this polymorphic site to be in an open-loop structure of the 

C O LlA l RNA and hence potentially to be accessible to ribozymes (see 3.2.1) (figure 

2d). In this study, 11 unrelated individuals from the CEPH panel were assessed for 

the polymorphism by sequencing PCR products over the polymorphic site.
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To assess w hether a Ban I polymorphism (G/T) in intron 4 of the hum an rhodopsin 

gene (position 4335) (Sung et al., 1991) was common, DNA of 20 individuals from 

the Irish blood bank was PCR amplified (see section 2.2.3), subsequently digested 

w ith Ban I and run on an agarose gel. Dr. Lesley M ynett-Johnson generously 

provided these DNAs from the blood bank.

Prim ers used for the amplification were:

F TCCCATCTTCATGAGCATCC 

R  TCTCCGAGGAACCCTTTACC

A th ird  polymorphism, which was assessed for allele frequency, and which occurs 

in a predicted open-loop structure in the hum an peripherin/i?Z)S RNA, (Ile32Val 

position 611) was tested using SSCPE analysis (Keen and Inglehearn, 1996). 

Prim ers used to amplify the region were

F CTCTTCAACATCATCCTCTT 

R  ATTGCTGATCCACTGAATCT

A radioactive PCR (see 2.2.4. Radioactive PCRs, page 89) was carried on DNA's 

extracted from 20 individuals from the blood bank (kindly donated by Dr. Lesley 

Mynett-Johnson). SSCPE was undertaken on PCR products amplified from the 20 

DNAs described above. PCR fragments were run on various percentages (6%-9%) of 

acrylamide gel, w ithout urea, under constant cooling w ith a fan heater, a t 6W. The 
loading dye used was made by adding 50 p.1 of 10 M NaOH, 0.03 g of bromophenol 

blue and 0.03 g of xylene cyanol to 50 ml of formamide.

3.2.3. Cloning and transforming

All except two of the DNA fragm ents were cloned into the multiple cloning site 

(MCS) of the expression vector pcDNA3 (Invitrogen), to allow for subsequent 

expression either in vitro from the T7 promoter or in m am m alian cells from the 

CMV promoter. Hum an Peripherin/i?Z)S was cloned into MCS of Bluescript and 

was kindly provided by Dr. Gabriel Travis. Dr. Wolfgang Baehr kindly donated 

hum an rhodopsin cDNA with an incomplete 5’UTR. Using PCR directed 

m utagenesis and a H ind lll (in pcDNA3) BstEII (in exon 4 of hum an rhodopsin) 

cassette. Dr. Jane F arrar inserted the full length 5’UTR into Dr. B aehr’s clone. For 

a diagram of prim er directed m utatgenesis see figure la . This new full length 

rhodopsin cDNA was digested and inserted in the H ind lll and EcoRI sites of 

pcDNA3 by Dr. J. Farrar. Vectors were digested with suitable enzymes and treated
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w ith alkaline phosphatase from calf intestine (CIPed) (see section 2.2.9). Inserts 

were digested and purified and ligations and transform ations were carried out (see 

section 2.2.9).

3.2.4. Automated Sequencing

All clones and various PCR fragments were sequenced by Dr. Sophie Kiang, Avril 

Kennan, Gearoid Tuohy and the author on an Applied Biosystems (ABI) 373A DNA 

sequencer using standard  protocols.

3.2.5. Constructs

3.2.5.1. Ribozymes

All ribozymes (Rz) used in these experiments were ham m erhead ribozymes, which 

were synthesised by VhBio as two single stranded forward and reverse 

oligonucleotides. These were purified using OPC columns (Applied Biosystems), 

after which the forward and the reverse strand were annealed by heating 10-15 |j.g 

of each in a 40 |il reaction with 25 mM NaCl to 94°C for 3 m inutes and leaving over 

night a t room tem perature. All annealed oligonucleotides were cloned into the 

H indlll and Xbal sites of the pcDNAS MCS. Ribozymes were designed as in 

figure lb.

3.2.5.2. Disease Specific Mutation 

HiDiinn rhodopsin w ith  G ly S lV a l  mutation

A single base change (GlyGGC51ValGTC; Dryja et al., 1991) was introduced into 

hum an rhodopsin using prim er driven m utagenesis and a H ind lll to BstEII 

cassette.

Himiaii rhodopsin w i th  Pro23Leii mutation

A single base change (ProCCC23LeuCTC; Dryja et al., 1991) was introduced into 

hum an rhodopsin by Arpad Palfi using prim er driven m utagenesis using H indlll 

and BstEII cassette.

H um an rhodopsin w i th  del255 mutation

A three base pair deletion (Del255ATC; Inglehearn et al., 1991) was introduced 

into hum an rhodopsin using prim er driven m utagenesis and a H ind lll to Acyl 

cassette by Patrick Hayden.
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Ribozym e 20

Ribozyme 20 (Rz20) was designed to cleave a CUC m utation site in the hum an 

rhodopsin RNA at position 361-363. Arpad Palfi cloned Rz20. Antisense arm s are 

underlined.

Rz20: UACUCGAACUGAUGAGUCCGUGAGGACGAAAGGCUGC 
R ihozym e 10

Ribozyme 10 (RzlO) was designed to cleave a GUC m utation site in the hum an 

rhodopsin RNA at position 475-477 and was cloned by Najma A1 Jandal. Antisense 

arm s are underlined.

RzlO: GGACGGUCUGAUGAGUCCGUGAGGACGAAACGUAGAG

R ihozym e 255

Ribozyme 255 (Rz255) was designed to target an AUG m utation site in the hum an 

rhodopsin RNA at position 4161-4163 and was cloned by Patrick Hayden.

Antisense arm s ax’e underlined.

Rz255: AUGACCAUCUGAUGAGUCCGUGAGGACGAAAUGACCA 
Ribozytiie 44 7

Ribozyme 447 (Rz447) was designed to target a GUC target site at position 445-447 

of the hum an rhodopsin RNA. Antisense arm s are underlined.

Rz447: UGGGGAACUGAUGAGUCCGUGAGGACGAAACCAGCAC 
3 . 2 . 5 . 3 .  U T R

H um an rliodopsin c D N A  (4B)

Hum an rhodopsin cDNA with full-length 5’-UTR was cloned into the H ind lll and 

EcoRl sites of pcDNAS by Dr. G. Jane F arrar and Dr. W. Baehr (3.2.3). Using 

prim er driven PCR m utagenesis and a H ind lll (in pcDNA3) to BstEIl (in exon IV 

of hum an rhodopsin) PCR cassette the full 5’-UTR was inserted into the clone. To 

understand the base-numbering system, see accession num ber K02281.

H ybr id  replacement human rhodopsin w ith  a shortened 5 ' -U T R  (5A)

The hum an full rhodopsin clone (see above) was generated by Dr. G. Jane F a rrar 

by deleting all but the 21 bases of the 5’-UTR immediately 5’ to the ATG s ta r t site 

and was cloned into the EcoRI site in pcDNA3.

H ybr id  replacement human rhodopsin in the 3 '-U T R  (8A)

Full hum an rhodopsin w ith a T>G (CTT>CTG) transition at base 1393-1395 in the 

3’UTR was generated. The m utation destroys the CTT ribozyme cleavage site. The
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m utation was introduced into clone 4B (see above) by prim er driven PCR 

m utagenesis and a BstEII (in exon IV of hum an rhodopsin) to Xhol (in pcDNA3) 

PCR cassette.

H im ian peripherin c D N A  (6B)

H um an peripherin full cDNA, including the 5’-UTR, was kindly provided by Dr. 

Gabriel Travis. The gene had been cloned into the EcoRI site of Bluescript in a 5’-3’ 

orientation allowing subsequent in vitro expression from the T7 promoter.

H yb r id  replacement peripherin c D N A  (7A )

Hybrid hum an peripherin cDNA was kindly generated by Dr. G. Jane F a rra r using 

prim er driven PCR m utagenesis of a BamHI (in the 5’-UTR sequence) to Bglll (in 

the coding sequence of the above cDNA) DNA fragment. The clone contains full 

hum an peripherin coding sequence, hum an 5-UTR sequence till the BamHI site at 

position 76 and mouse RD S  5’-UTR sequence until the ATG s ta r t site (position 84- 

250 of mouse cDNA sequence).

H um an collagen 1A 2 template fo r  U TR  w ork (IB)

The 5’-UTR and exon 1 of hum an C0L1A2 genomic DNA was amplified and cloned 

into the H ind lll and Xhol sites of the pcDNA MCS.

H um an collagen 1A 2 hybrid  replacement fo r  U TR  work (2A)

Hybrid replacem ent collagen 1A2 was generated by prim er driven m utagenesis and 

contains the 5’-UTR of hum an collagen lA l and exon 1 of hum an collagen 1A2

Ribozym e 18

Ribozyme 18 (Rzl8) was designed to cleave hum an type 1 collagen 1A2 RNA in the 

5’-UTR at a GUC site at position 448-450 (Accession number: J03464). Antisense 

arm s are underlined.

Rzl8: ACAUGCACUGAUGAGUCCGUGAGGACGAAACUCCUUG 
R ibozym es 8 and 9

Ribozymes 8 and 9 (Rz8 and Rz9) were designed to cleave hum an peripherin/i?i)S 

5’-UTR-RNA sequence at CUA and GUU at positions 234-236 and 190-192 

respectively (Accession number: M62958). Antisense arm s are underlined (Cloned 

by Gearoid Tuohy).

Rz8: CCAAGUGCUGAUGAGUCCGUGAGGACGAAAGUCCGG 

Rz9: CAAACCUUCUGAUGAGUCCGUGAGGACGAAACGAGCC
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Ribozyme 15

Ribozyme 15 (Rzl5) was designed to cleave hum an rhodopsin RNA at an AUU site 

(position 249-251) (Accession number: K02281). Antisense arm s are underlined.

Rzl5: ACCAAGCUGAUGAGUCCGUGAGGACGAAAUGCUGC 
Ribozyme 25

Ribozyme 25 (Rz25) was designed to cleave hum an rhodopsin RNA at a CUU site 

a t position 1393-1395 (Accession number: K02281) in the 3’UTR. Antisense arm s 

are underlined.

Rz25: GGGGGACUGAUGAGUCCGUGAGGACGAAAGGUGUAG 

3.2.5.4. Polymorphism 

Pollal T  and Pollal C

Exon 52 of H um an collagen lA l genomic DNA was amplified and sequenced (see 

above). Clones containing the T and C allele of a common polymorphism at position 

3210 were cloned into the H indlll and Xbal sites of pcDNA3 (Accession number: 

K01228).

CoIpoUAl, 1 (G902, T907) and 2 (A902, A907)

cDNA (position 229-1107) of hum an type 1 collagen 1A2 was cloned into the 

H indlll and Xbal sites of the MCS of pcDNA3. This cDNA clone, called clone 1, has 

a GUC ribozyme target site a t position 907, but has a non-cleavable CUG site at 

position 902) (Accession Number: Y00724).

Clone 2 w ith adanine residues a t positions 902 and 907 was generated by PCR 

m utagenesis utilising a H ind lll to Xbal cassette. This clone has a CUA ribozyme 

target site a t position 902, having lost the site at 907 (GAC). Clones 1 and 2 are 

polymorphic variants of one another.

Ribozynie 902

Ribozyme 902 (Rz902) was designed to cleave hum an type 1 collagen 1A2 a t a CUA 

ribozyme target site (position 900-902) in clone 2 (see above). Antisense arm s are 

underlined.

Rz902: GGUCCAGCUGAUGAGUCCGUGAGGACGAAAGGACCA 
Ribozynie 907

Ribozyme 907 (Rz907) was designed to cleave hum an type I collagen 1A2 at the 

GUC ribozyme target site (position 906-908) in clone 1 (see above).

Antisense arm s are underlined.
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Rz907; CGGCGGCUGAUGAGUCCGUGAGGACGAAACCAGCA 
Ribozynie p o l l a l

Ribozyme p o lla l (RzpollAl) was designed to cleave hum an type I collagen lA l at 

a CUC ribozyme target site (position 3209-3211) in the clone w ith the T allele (see 

above). Antisense arm s are underlined.

RzpollA l: UGGCUUUUCUGAUGAGUCCGUGAGGACGAAAGGGGGU

3.2.6. In vitro transcription ofRNA

Constructs were linearised and expressed in vitro using the Promega Ribomax 

expression kit and standard  protocols. Frequently different restriction enzymes 

were utilised so resulting transcripts would by of different lengths and therefore 

distinguishable on polyacrylamide gels. Radiolabeling of RNA was achieved by 

incorporating [aP^^jj-UTP (Amersham) in the expression reaction (Gaughan et al., 

1995, Millington-W ard et al., 1997). Resulting RNA was run on 4% polyacrylamide 

gels and was purified from these using 0.3 M sodium acetate and 0.2% SDS. The 

enzymes used to linearise the clones and the expected size of the RNA products are 

given in table 1.

3.2.7. Cleavage o f  RNA

RNA ham m erhead ribozyme cleavage reactions were performed under standard  

conditions a t 37°C. MgCb curves (0-15mM) for the cleavage reactions were 

performed in order to optimise the MgCb concentration in the reaction (normally 

for 3 hours). Timepoints of up to 5 hours were taken for cleavage reactions using 

the pre-determ ined optimal MgCb concentration. Radiolabeled target RNAs, 

replacem ent hybrid RNAs and cleavage products were run on 4-8% polyacrylamide 

gels and were visualised on autoradiograph film (see section 2.2.5). The expected 

sizes of cleavage products are given in table 1.

3.2.8. DNA Ladder

MspI cut pBR322 was end-labeled using standard  protocols. This was used as a 

rough size estim ate for RNA in all the experiments (figure 4a). DNA and RNA do 

not, however, m igrate a t exactly the same speed; hence the m arker serves as a 

means to roughly estim ate RNA size.

3.2.9. Maximum quantity o f  target cleavage by ribozyme

Maximum quantity  of cleavage by a ribozyme (maximum extent of cleavage) was 

assessed for Rz8 and R zpollal using various molar ratios of ribozyme to tem plate
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RNA in cleavage reactions. Ratios of tem plate to ribozyme varied between 1:1, 1:2, 

1:5, 1:10, 1:50, 1:100, 1:200, 1:250 and 1:500. The formula used to work out the 

molar ratio  of ribozyme to tem plate RNA was the following:

{{elf)] X [(b X d) / ( a x  c)] 

a = length of ribozyme 

b = length of target RNA

c = the ratio of hot to cold rUTP used in the expression of the ribozyme 

d = the ratio of hot to cold rUTP used in the expression to the tem plate 

e = the num ber of disintegrations of the ribozyme used in the reaction 

f = the num ber of disintegrations of the tem plate used in the reaction

Disintegrations per minute (dpm) were counted in a liquid scintillation counter. 

Subsequent gels were radioactively quantified using an instan t im ager (Packard). 

Background was corrected for by counting equal areas of uncleaved and product 

RNAs.

3.3, Results

In this chapter mutation-specific and m utation-independent strategies for gene 

suppression were studied for dominant-negative gene therapies. The mutation- 

independent methods of gene suppression were designed in an attem pt to overcome 

the heterogeneity, frequently associated w ith autosomal dom inant disorders 

including RP, 01 and epidermolysis bullosa (EB). The strategies were tested 

utilising ham m erhead ribozymes, though in theory other suppression affectors, 

such as peptide nucleic acids and antisense could be used. H am m erhead ribozymes 

were chosen in this project because of their sequence specificity, the ease whith 

which they can be generated and their flexibility in target seqence (see sections 1.3- 

1.5). In addition ham m erhead ribozymes have on many occasions been utilised 

w ith success in cell culture and anim al models (see sections 1.6, 1.11 and 1.12). It is 

of note th a t designing a mutation-specific suppressor, such as a ribozyme, towards 

each separate m utation, causing a dom inant heterogeneous disorder, may not be 

possible in term s of time and cost. Some individual m utations may only occur in a 

single small family. Also, in term s of design, it may not be possible to generate 

suppressors towards m utation sites. For instance, ham m erhead ribozymes have 

strict sequence requirem ents necessary for efficient cleavage, such as the presence 

of an NUX site (most m utations do not create NUX sites), situated  in an open-loop 

structure, which is accessible to the ribozyme. Some other suppressors currently in
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use, such as hairpin ribozymes, have ever more stringent requirem ents (see 

chapter 1, figure 2 and section 1.3.2).

However, three m utations in the hum an rhodopsin gene, known to cause adRP, 

created ham m erhead ribozyme NUX target sites and were predicted to be situated  

in open-loop structures of the target RNA. Thus, these m utation sites were suitable 

for mutation-specific ham m erhead ribozyme suppression and the wildtype 

rhodopsin transcrip t (which does not contain the NUX site) should not be cleavable 

by the ribozymes. Thus, three m utation dependent ribozymes targeting different 

m utations in hum an rhodopsin were generated (discussed in detail in paragraph 

3.3.1). M utant rhodopsin cDNAs were generated by PCR directed m utagenesis. All 

three ribozymes were shown to cleave the m utant rhodopsin RNAs and to leave 

wildtype rhodopsin RNAs intact. In addition, all cleavage products were of the 

correct size, though cleavage efficiencies varied (for details see 3.3.1; figures 3 and 

4). However, as mentioned above, most m utations are not suitable for selective 

ribozyme cleavage. In addition, most dominant negative disorders are extremely 

heterogeneous as many m utations w ithin one gene may cause sim ilar disease 

pathology. Thus two methods of gene suppression utilising ham m erhead ribozymes 

were investigated which are m utation-independent.

The first m utation-independent strategy (discussed in detail in paragraph 3.3.2) for 

gene suppression tested in this study involved a suppression and replacem ent step. 

Ribozymes were directed towards NUX target sites, situated in the 3' or 5'UTRs of 

hum an rhodopsin (figure 2a), peripherin/i?£)S (figure 2b), or C0L1A2 (figure 2c) 

RNAs. Ribozymes would therefore in theory cleave both m utant and wildtype 

RNAs of these genes, making a replacement step necessary. Replacement genes 

were generated with altered UTRs at the NUX ribozyme target site, which were 

thus protected from ribozyme cleavage. Four ribozymes were generated, tested  in 

vitro, and shown to cleave wildtype RNAs while leaving replacem ent RNAs intact. 

In addition, the maximum extent for cleavage of one of these ribozymes was 

determ ined w ith a view to use the ribozyme in subsequent in vivo studies.

The second m utation-independent strategy for gene suppression in this study 

involved the suppression of m utan t alleles at polymorphic sites situated on the 

same allele as m utation sites. Thus, if haploinsufficiency were not to play a large 

role in the disease pathology, a replacement step may not be necessary. This 

method was tested for three ribozymes, which targeted polymorphic sites in hum an 

C O LlA l (figure 2d) and C0L1A2 (figure 2c) (discussed in detail in paragraph
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3.3.3). In each case ribozymes were shown to selectively cleave one of the 

polymorphic variants, while leaving the other intact. With a view to possibly using 

one of these ribozymes in subsequent in vivo studies, the maximum extent of 

cleavage was determined.

Thus, one mutation-specific and two m utation-independent methods of gene 

suppression were tested in vitro using twelve different ham m erhead ribozymes 

targeting four hum an genes (rhodopsin, peripherin/i?Z)S, C O LlA l and C0L1A2). 

All cleavage NUX sites were predicted with PlotFOLD to occur in accessible open- 

loop structures of target RNAs (figure 2). Ribozyme cleavage of target RNAs and 

replacem ent RNAs were tested in vitro a t various MgCh concentrations and for 

varying times (figures 3-9, paragraphs 3.3.1-3.3.3). All cleavage products were of 

the predicted sizes and all replacem ent RNAs were protected from cleavage and 

rem ained intact. Details are given below.

3.3.]. Disease Specific Mutation (codons 23, 51 and 255)

The first mutation-specific ribozyme (Rz447), was generated to cleave hum an 

rhodopsin RNA at a m utation site (GlyGGC5lValGTC at position 445-447/GUC), 

known to cause adRP in hum ans. Wildtype rhodopsin RNA (4B) which does not 

contain the m utant NUX target site, should thus in theory be protected from 

cleavage by Rz447. Rz447 was digested with Xbal and expressed in vitro. A m utan t 

rhodopsin clone (GlyGGCSlValGTC) and the wildtype hum an rhodopsin were 

digested with BstEII and Acyl respectively. Both constructs were expressed in 

vitro. Resulting RNAs were mixed together a t various Mg-"̂  concentrations (figure 

3a) and for varying times (figure 3b). Template and ribozyme were added together 

in a molar ratio of 1 to 30. As expected the ribozyme specifically cut m utan t 

rhodopsin transcrip t while leaving wildtype transcrip t intact. However, the 

cleavage efficiency was relatively low and about 30% of the m utan t RNA rem ained 

in tact after 5 hours. The Mg^+ concentration appeared not to have any influence on 

the cleavage efficiency of Rz447 (figure 3a).

The second mutation-specific ribozyme designed and tested during the course of 

th is Ph.D. was Rz255, designed to target a known rhodopsin deletion (causing 

adRP) a t codon 255. Rz255 was designed to target and cleave the AUG site 

flanking the deletion on either side while leaving the wildtype transcrip t intact. 

Codon 255 of hum an rhodopsin was deleted from the wildtype gene by PCR 

directed mutagenesis (clone Del255ATC). The clone was digested w ith Acyl and
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expressed in vitro. In addition, the wildtype hum an rhodopsin was digested w ith 

BstEII and expressed in vitro. Rz255 was digested with Xbal and was expressed in 

vitro. Resulting RNAs were mixed together with various concentrations of MgCb, 

incubated for 3 hours and run on an acrylamide gel (figure 3c). Rz255 cleaves 

Del255ATC specifically while leaving the wildtype rhodopsin transcrip t intact. All 

cleavage products were of the predicted size. Interestingly, the MgCb concentration 

does seem to influence the cleavage efficiency of Rz255. At a higher concentrations 

of Mg^^(15mM), Rz255 cleaves more efficiently than  a t the lower concentrations. 

Thus, using a 15mM concentration of MgCb, a timepoint was carried out in the 

presence of a 150x molar excess of Rz255 (figure 3d). After 5 hours most of the 

tem plate had been cleaved, however, a residual am ount of m utan t transcrip t 

rem ained intact. Non cleavage of the wildtype RNA (4B) by Rz255 was 

dem onstrated in a separate experiment (data not shown).

The th ird  ribozyme generated to target a specific m utation was ribozyme 20 (Rz20), 

designed to target and cleave an adRP m utation site (ProCCC23LeuCUC) at 

position 361-363 of hum an rhodopsin, while leaving wildtype rhodopsin RNA intact 

(accession num ber K02281). M utant Pro23Leu cDNA was generated by PCR 

directed mutagenesis, digested with BstEII and expressed in vitro. In addition, 

Rz20 was digested with Xbal and was expressed in vitro. Resulting RNAs (with a 

40x excess of Rz20) were mixed together a t various MgCb concentrations and 

subsequently run  on polyacrylamide gels. As expected, the m utan t RNA was 

cleaved specifically. Cleavage products were of the predicted sizes. Non-cleavage of 

wildtype hum an rhodopsin was determ ined in a different experim ent (data not 

shown). In a tim epoint experiment only a residual am ount of m utan t RNA 

rem ained uncleaved after 5 hours (figure 4b), dem onstrating the relatively high 

efficiency of Rz20. However, as most adRP m utations do not create NUX sites, 

necessary for ribozyme cleavage, and do not occur in accessible predicted open-loop 

structures of RNA and as many m utations w ithin one given gene may cause a 

disease phenotype, it is not always either possible or practical to design disease- 

specific ribozymes. A more general approach would be to target an open-loop 

structure, not at a m utation site, but a t a wobble position of a target transcrip t and 

to re-adm inister the gene with the base a t th a t particular wobble position altered, 

so it is protected from cleavage by the ribozyme. With this in mind, RzlO was 

designed to cleave the hum an rhodopsin transcrip t at a th ird  base wobble position 

at a GUC (position 475 to 477) of hum an rhodopsin in a large predicted open-loop 

structure of the RNA (figure 2a). M utant Pro23Leu DNA and wildtype hum an
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rhodopsin were digested with BstEII and Acyl respectively and were expressed in 

vitro. RzlO was digested with Xbal and was also expressed in vitro. Resulting 

RNAs were incubated together for different periods of time and were run  on a 

polyacrylamide gel (figure 4c). RzlO was again a highly efficient ribozyme, leaving 

very little  of the m utant rhodopsin target uncleaved after 5 hours. All products 

were of the predicted size. The m utation-independent strategy, based on the wobble 

hypothesis and dem onstrated with RzlO has been studied in th is laboratory in 

depth by Brian O’Neill, but was not further tested during the course of th is Ph.D. 

(Millington-Ward et al., 1997). Notably, the most common m utation to cause adRP 

in the U nited S tates (12% of cases) is the Pro23His mutation. The m utan t 

transcrip t generated for testing Rz20 and RzlO carried not the Pro23His, bu t the 

less common Pro23Leu mutation, because Dr. Bill H ausw irth was investigating the 

use of ribozymes against the Pro23His m utation already (personal communication).

3.3.2 UTR cleavage and replacement

In addition to the mutation-specific method of gene suppression discussed in 3.3.1, 

two m utation-independent strategies of gene suppression were studied. The first of 

these was based on UTRs. Two m utation-independent ribozymes, ribozymes 8 and 

9, were designed to cleave the hum an peripherin/i?Z)S transcrip t in the 5’UTR 

(positions 234-236 (GUA) and 190-192 (GUU) respectively). Peripherin/i?£)S was 

chosen to dem onstrate the utility of the m utation-independent strategy, because it 

is known to cause, amongst other diseases, adRP. Rz8 and Rz9 were digested with 

Xbal and were expressed in vitro. Clones 6B (hviman peripherin/i?Z)S) and 7A 

(hum an peripherin//?Z)S hybrid (replacement), w ith p a rt of the 5’UTR sequence 

replaced w ith mouse peripherin 5’UTR sequence) were cut w ith Bglll and A vrll 

respectively and expressed in vitro. Resulting RNAs were mixed w ith Rz8 RNA in 

both magnesium chloride and timepoint reactions, to test for specific cleavage. The 

exact magnesium chloride concentration used in the reaction made a slight 

difference to the cleavage efficiency of Rz8. Cleavage efficiencies seemed to be 

somewhat higher at higher MgCb concentrations. Most of 6B was cleaved while 7A, 

lacking the target site in the 5’UTR of hum an peripherin/i?Z)S, rem ained intact 

(figure 5a). In the timepoint reaction w ith Rz8, again 7B rem ained intact, while 6B 

was alm ost fully cleaved after 180 m inutes (figure 5b). Almost the same results 

were obtained in a magnesium chloride curve and timepoint w ith 6A, 7A and Rz9. 

This ribozyme, however, seems to cleave even more efficiently, leaving very little of 

6A transcrip t uncleaved after 180 minutes. In addition, Rz9 does not seem to be 

sensitive to MgCb concentration (figures 5c/d). M agnesium chloride curves and
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tim epoints of Rz8 and Rz9 were carried out in collaboration w ith Brian O’Neill. 

(Brian O’Neill expressed RNAs and set up cleavage reactions, and the author gel- 

purified RNAs and ran  polyacrylamide gels).

In addition, the maximum extent of cleavage of 6B by Rz8 was tested in vitro, in 

order to assess w hether this ribozyme should be used in la ter in vivo experiments. 

Various molar ratios of 6B and Rz8 were used in three-hour cleavage reactions and 

resulting samples run on a polyacrylamide gel (figure 5e). The resulting gel was 

quantified and a graph plotted (figure 5f and 5g). As is clearly shown in figure 5, a 

50 fold molar excess of ribozyme is needed to cleave half the tem plate. However, 

using a Rz8 molar excess of 200 fold, over 70% of 6B is cleaved. Thus, 30% of the 

ta rge t transcrip t rem ains intact, which possibly may im pair la ter in vivo cleavage 

experiments.

The second gene chosen to illustrate the first mvitation-independent strategy of 

gene suppression, based on UTR, was hum an rhodopsin, a gene known to cause 

adRP. H am m erhead Rzl5, designed to cleave the hum an rhodopsin transcrip t in 

the 5’ UTR was generated. In addition, a hybrid (replacement) rhodopsin transcrip t 

w ith a shortened 5’UTR and not containing the cleavage site was generated. R zl5 

was designed to cleave hum an rhodopsin RNA in a predicted loop structure at 

position 249-251. However, the loop was not predicted to be either very large or to 

have a large am ount of integrity between different RNA conformations. A series of 

magnesium chloride curve experiments was carried out with R zl5 and hum an 

rhodopsin RNA. Saturating  levels of ribozyme were added in each experiment.

In the first experim ent 4B (full hum an rhodopsin construct) and 5A (replacement 

hum an rhodopsin construct with a shortened 5’ UTR) were digested w ith BstEH 

and expressed in vitro. R zl5 was cut w ith Xbal and also expressed in vitro. 

Resulting RNAs were mixed together and magnesium chloride curves were carried 

out (figure 6a/b). Non-cleavage of 5A transcrip t was dem onstrated in a separate 

experim ent (data not shown). In the second experim ent carried out w ith Rzl5, 4B 

and 5A were digested with Acyl and resulting RNAs were mixed separately with 

Rzl5 RNA. The reason th a t 4B and 5A RNA was not mixed together was th a t the 

sizes of the RNAs would have been too sim ilar to distinguish on a polyacrylamide 

gel. Again magnesium chloride curves were carried out (figure 6c). In the third 

experiment, clone 4B was digested with BstEII and 5A with Fspl. Resulting RNAs 

were mixed together w ith Rzl5 RNA. M agnesium chloride curves were carried out 

(figure 6d). All RNAs and cleavage products were of the predicted size and the



MgCh concentration seemed not to influence the cleavage efficiency of Rzl5. 5A, 

having a shortened 5’UTR and therefore not containing the cleavage target site, 

was not cleaved by Rzl5 in any of the experiments. In each experim ent 4B was 

cleaved by Rzl5, however, only partially. This is consistent w ith the predicted 

inconsistency of the open-loop structure of 4B around the ribozyme ta rget NUX site 

and may be caused by the ribozyme’s difficulty in approaching or binding the target 

site. Acyl was the only enzyme used th a t cuts 4B after the rhodopsin stop codon. 

Resulting RNA is therefore full length and the most likely to have a three 

dimensional structure sim ilar to the rhodopsin transcrip t found in photoreceptor 

cell.

The last ribozyme targeting UTR sequence of the hum an rhodopsin transcrip t 

designed and tested during this Ph.D. was Rz25, targeting the 3’UTR. This 

ribozyme w'as added in equal amounts to wildtype hum an rhodopsin transcrip t (4B) 

and incubated for various times a t 37°C. However, cleavage, although specific, was 

very inefficient (figure 7c). In addition, non-cleavage of replacem ent 8A transcrip t 

was dem onstrated (data not shown).

The th ird  gene chosen to highlight the first m utation-independent strategy, based 

on UTR was hum an C0L1A2, a gene known to cause dom inant 01. Thus, ribozyme 

18, designed to cleave hum an type I collagen 1A2 a t a GUX site at position 448-450 

of the 5’UTR, was generated. Rzl8 was digested with Xbal and expressed in vitro.

A construct containing the 5’UTR and exon 1 of the hum an collagen 1A2 cDNA 

(clone IB) was digested with Xhol and expressed in vitro. In addition, a hybrid 

replacem ent construct containing exon 1 of the hum an collagen 1A2 (clone 2A) 

cDNA and the 5’UTR of hum an collagen lA l, was digested w ith Xhol and 

expressed in vitro. M agnesium chloride curves and timepoint reactions were 

carried out for Rzl8 and clones IB and 2A (figure 7a/b). In both experiments, 

sa tu rating  levels of Rzl8 were used (molar ratio of target RNA to R zl8  was 1:50). 

Both experim ents clearly dem onstrate th a t Rzl8 is not efficient a t cleaving the 

ta rget transcript, though Rzl8 does seem to function a t low magnesium chloride 

concentrations. The reason th a t cleavage is so incomplete may, possibly, be th a t 

the target NUX site is predicted to be situated in a very small open-loop structure. 

All cleavage products were of the expected size. The initial ra te  of the cleavage 

reaction was determ ined from the slope of a graph of % product versus time and 

was estim ated to be 1.0 x 10"̂  min  ̂ (data not shown).
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J.J.J. Polymorphism

3.3.3.1. Finding common polymorphisms

The second m utation-independent strategy for gene suppression, studied during 

th is Ph.D., was based on the selective silencing of one polymorphic allele a t a 

polymorphic site. For a polymorphic site to be a suitable ribozyme target site, it 

m ust be situated in a large open-loop structure of target RNA, create a ribozyme 

cleavage NUX site and must, importantly, occur frequently in the population. The 

first genes th a t were investigated to establish if they harbor such polymorphisms 

were hum an rhodopsin and peripherin/i?JDS. Using the computer program 

PlotFOLD it was predicted tha t two hum an rhodopsin and peripherin/i?Z)S 

polymorphisms, previously described in the literature, were fortuitously situated  in 

open-loop structures of these two transcripts. Thus these polymorphisms 

represented possible candidate sites for designing m utation-independent ribozymes 

towards.

The first candidate polymorphism (Ile32Val) was situated a t position 611 of the 

hum an peripherin/i?Z)S gene. SSCPE analyses were carried out on PCRs from DNA 

samples purified from 20 individuals from the Irish population. The PCRs, which 

spanned the area of the peripherin/i?Z)S gene containing the Ile32Val 

polymorphism, were subjected to SSCPE analysis in an attem pt to determ ine the 

frequency of this polymorphism. No shifts were found, even though a control 

sample (kindly provided by Dr. Fiona Mansergh) shifted in the expected m anner 

(data not shown).

The second polymorphism which was analysed for its allele frequency was situated 

in intron 4 of the hum an rhodopsin gene. This polymorphism destroys a BanI 

restriction site. Therefore, BanI digests were carried out on PCRs, containing the 

polymorphic site, amplified from DNA samples from 20 unrelated Irish individuals. 

Unfortunately, the polymorphism was not detected in these 20 samples and the 

polymorphism was therefore considered to be too rare for further study.

Thus, no common polymorphisms were discovered in either the hum an rhodopsin 

or the hum an peripherin/i?Z)S gene. However, additional genes, which could be 

targeted by ham m erhead ribozymes, were investigated for the presence of frequent 

polymorphisms situated in open-loop structures of the target RNA and which 

created ribozyme cleavage (NUX) sites. In the context of this Ph.D., two genes

125



known to cause 01, the type I collagen genes (COLlAl and C0L1A2), were 

investigated.

3J.3.2. Rzpollal

W esterhausen et al., (1991) first described a C/T polymorphism at position 3210 in 

the hum an collagen lA l gene. One polymorphic varian t (the T-allele) contains a 

ribozyme NUX target site, while the other (the C-allele) does not. They assessed 

the frequency of the polymorphism in 18 individuals. 11 were homozygous T, 5 

were heterozygous and 2 were homozygous for the C-allele. We assessed an 

additional 11 unrelated individuals from the CEPH panel for the polymorphism. Of 

the total of 58 alleles, 42 were T and 16 were C. The frequencies for the T- and C- 

alleles, p and q respectively, are therefore estim ated to be p = 0.72 and q = 0.28, 

suggesting th a t the frequency of heterozygotes is 0.4032 (2pq). In addition, RNA 

PlotFOLD predicted th a t the C3210T polymorphism is situated  in an, extremely 

large conserved loop structure of the CO LlA l RNA (figure 2c). Thus, this 

polymorphism fulfilled all three criteria necessary for being a suitable 

ham m erhead ribozyme site for this m utation-independent strategy. R zpollal, was 

therefore designed to cleave one polymorphic allele, the T-allele, while leaving the 

other polymorphic allele, the C-allele, intact. To determine the specificity of 

R zpollal cleavage a MgCb curve was carried out with R zpollal, the T-allele RNA 

(figure 8a) and the C-allele RNA (figure 8b). As expected R zpollal cleaved the T- 

allele RNA and left the C-allele RNA intact. In addition, a time-point cleavage 

reaction was carried out w ith R zpollal and the T- and C-allele RNAs respectively 

(figure 8c/d). This dem onstrated th a t R zpollal was not only specific, but also very 

efficient a t cleaving the T-allele transcript; after 30 m inutes most of the tem plate 

had been cleaved. Therefore, with a view to possibly using R zpollal in future in 

vivo studies, the maximum extent of cleavage of the T-allele RNA by R zpo lla l was 

determ ined. Various molar ratios of T-allele RNA and R zpollal were used in three- 

hour cleavage reactions (figure 8e). The resulting gel was quantified and a graph 

showing cleavage efficiency for various molar ratios of R zpo lla l to ta rget RNA 

plotted (figure 8f). As is clear from figure 8e/f, R zpollal is extremely efficient, 

cleaving 90% of the tem plate CO LlA l RNA with only a 5 fold molar excess of 

ribozyme. Interestingly, the reaction seems to show asymptotic behaviour, reaching 

93% cleavage, suggesting th a t 7% of the C O LlA l transcrip t may not be suitable for 

cleavage by R zpollal. This may possibly be due to 7% of the CO LlA l transcrip t 

having an alternative conformation, which is not accessible to R zpollal. However, 

the cleavage efficiency achieved is sufficiently high to make R zpo lla l an extremely
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in teresting ribozyme as a potential m utation-independent therapeutic agent for 

C O LlA l associated 01 and hence w arranting further study (Millington-Ward at 

al., 1999).

3.3.3.3. Colpollal, 902 and 907

Two additional polymorphic sites in the C0L1A2 transcrip t were investigated as 

potentially suitable sites for ribozyme cleavage. Ribozymes 902 and 907 (Rz902 and 

Rz907) were designed to cleave two naturally  occurring polymorphic NUX and 

GUX sites at positions 902 and 907 of the hum an C0L1A2 gene. Both sites were 

predicted to be situated in open-loop structures of the target RNA. However, the 

open-loop containing the Rz902 target site was not consistently predicted to occur 

a t all the AG levels. The ribozymes were cloned and expressed in vitro after 

linearisation. In addition, two polymorphic variants of the hum an C0L1A2 gene, A 

and B, containing respectively G (902), T (907) and A (902), A (907) were cloned, 

linearised and expressed in vitro. Rz902, clone A and clone B RNAs were mixed 

together a t various MgCh concentrations. Rz902, although able to cleave clone B 

RNA specifically while leaving clone A RNA intact, was not efficient a t any of the 

MgCb concentrations tested (figure 9a). This is consistent with the predictions of 

RNA secondary structure, in which the loop targeted by Rz902 was not always 

present for different RNA energy levels.

A MgCb curve of Rz907, clone A RNA and clone B RNA was also carried out. Again 

Rz907 cleaved the target site in clone A specifically, while leaving clone B intact.

No noticeable difference was found in cleavage efficiency at different MgCb 

concentrations (figure 9b). A timepoint was then undertaken for th is ribozyme, 

dem onstrating almost complete cleavage after 5 hours (figure 9c).

In summary, twelve ham m erhead ribozymes have been designed and tested in 

vitro for cleavage of mRNAs of hum an rhodopsin, hum an peripherin, hum an 

C O LlA l and C0L1A2. Three of these were designed to cleave hum an rhodopsin at 

dom inant m utation sites known to cause adRP in hum ans. The ribozymes 

successfully cleave the target RNAs a t the expected positions. However, to 

circumvent complications associated w ith the allelic heterogeneity associated w ith 

many dom inant disorders, including RP, two general approaches for gene 

suppression were tested successfully in vitro, one utilising intragenic 

polymorphism and the other UTRs. Each of the rem aining 9 ribozymes elicited 

specific cleavage of target transcripts, although cleavage efficiencies varied 

substantially. One ribozyme in particular, R zpollal targeting a polymorphic site in
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hum an CO LlA l, was extremely efficient in vitro and may potentially be very 

useful as a m utation-independent therapeutic agent for C O LlA l associated 01.

3.4. D iscussion

In the development of gene therapies for dom inant negative disorders it will be 

necessary to devise methods of suppressing m utan t alleles. However, many 

dom inant disorders, such as RP, 01, epidermolysis bullosa (EB) and hypertrophic 

cardiomyopathy, are heterogeneous in their etiologies. For instance over 100 and 

40 m utations in rhodopsin and peripherin/i?Z)S respectively are known to cause 

RP. In addition, over 150 m utations in CO LlA l and C0L1A2 are known to cause 

OI. Many of these m utations are extremely rare making the generation of gene 

therapies based on targeting specific m utations unlikely. Many m utations may not 

lend themselves to selective suppression by therapeutic agents such as antisense 

RNA, DNA or ribozymes. Antisense RNAs and DNAs, for instance, may not be able 

to distinguish between wddtype and m utan t alleles, as these may, in many cases, 

only differ by a single base. H am m erhead ribozymes on the other hand require 

specific and accessible target NUX sites, which most m utations do not create. Some 

m utation sites such as the Pro23Leu, Del255 and GlySlVal m utations in hum an 

rhodopsin, known to cause adRP and which have been investigated in th is chapter, 

create suitable ribozyme NUX cleavage sites which occur in open-loop structures of 

the target RNA (figures 3 and 4). However, statistically this situation is not likely 

to occur very frequently. Unfortunately, antisense arm s of a ribozyme (stems 1 and 

3, see figure 1) are in many cases unlikely to be able to discrim inate between single 

base changes. Dr. Fiona M ansergh tested th is approach using a ham m erhead 

ribozyme targeting a hum an rhodopsin mutation, Met207Arg, and found th a t the 

ribozyme cleaved both the m utan t and wildtype alleles (personal communication). 

In a sim ilar fashion, other gene suppressors such as hairpin ribozymes, antisense 

DNA and RNA, triple helices and peptide nucleic acids may either have more 

complex target sequence requirem ents or may not be sufficiently specific to achieve 

the selective silencing of a disease allele which differs by one base from the 

wildtype allele (see sections 1.1 to 1.3). This study, therefore, explores two 

strategies for suppressing m utant alleles in viti'o, which are m utation-independent 

and thus in principle are applicable to many individuals with different m utations 

w ithin a gene. For each of these approaches ham m erhead I’ibozymes have been 

utilised.
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The first strategy is based on the silencing of m utan t and wildtype RNAs a t NUX 

sites in UTRs. A replacement, hybrid gene, is generated, which is altered a t the 

NUX site and protected from ribozyme cleavage. Replacement UTRs may be 

modified in a variety of ways. For example, replacem ent UTRs may be a ltered  by 

ju s t one or two bases so the NUX site is destroyed or may be shortened so th a t the 

NUX site and the sequence surrounding it are absent. In addition, the UTRs may 

be replaced w ith UTRs from genes w ith sim ilar expression profiles. Ribozymes 15 

and 25 targeting the hum an rhodopsin 5' and 3'UTRs respectively and ribozymes 8 

and 9 targeting the 5'UTR of hum an peripherin/i?Z)S, were all found to cleave 

wildtype RNAs specifically while leaving replacem ent RNAs in tact (figures 5, 6 and 

7c). Replacement RNAs, which only differ from wildtype RNAs by one base a t the 

NUX site, theoretically make the unw anted down-regulation of replacem ent RNAs 

due to an antisense effect by stems 1 and 3 of the ribozyme (figure 1) a distinct 

possibility. This possible effect would require further in vivo study. Such an 

antisense effect, caused by non-functional ribozyme, which differed from a 

functional ribozyme in one base only (at the NUX target site), was observed in vivo 

and presented by Dr. Bill H ausw irth a t the 3'''* international EU m eeting on New 

therapeutic approaches in hereditary eye diseases-“from genes to cure” at 

Tuebingen, Germany. Dr. H ausw irth described the use of a functional 

ham m erhead ribozyme, targeting an artificially introduced NUX ribozyme target 

site in a hum an rhodopsin transgene, in a transgenic ra t model for adRP. 

Subsequent to subretinal injection in the ra t model w ith an adeno-associated viral 

vector (AAV) with functional and non-functional ribozyme (used as a control) a 

down-regulatory effect on transgene expression was observer in both cases, 

although the effect with the functional ribozyme was greater.

With this antisense effect in mind, Ribozyme 18, studied in th is chapter of the 

Ph.D. thesis, was designed to cleave C0L1A2 transcrip t in the 5'UTR. However, a 

replacem ent C0L1A2 gene, containing an altered 5'UTR w ithout the ribozyme 

cleavage site, was generated, which did not contain any sequence homology to the 

antisense arm s (stems 1 and 3, see figure 1) of Rzl8. The 5'UTR of C0L1A2 was 

replaced w ith the 5'UTR of COLlAl, a gene with a sim ilar expression profile, 

hence increasing the likelihood th a t transcription of the replacem ent gene will be 

correctly regulated in terms of tissue profile and levels of expression. Thus, since 

the replacem ent RNA does not contain the ribozyme cleavage site or homology to 

antisense arms, in principle, it should not competitively bind R zl8  and inhibit 

ribozyme cleavage of the target wildtype transcript. Rzl8, elicited selective
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cleavage of the wildtype RNA while leaving hybrid replacem ent transcrip ts intact 

(figure 7a/b). However, ribozyme cleavage was inefficient; the initial ra te  of 

cleavage was calculated to be 1.0 x 10“* min ^

The m utation-independent strategy of gene suppression base on UTR relies on the 

concurrent adm inistration of a replacement hybrid gene w ith an altered UTR 

sequence such th a t replacement transcripts are protected from suppression. There 

has been a substantial elucidation in recent years of the roles of 5’- and 3’UTRs on 

gene expression. Thus, altering UTRs in a manner, which enables tissue- and level- 

specific expression of replacement genes, will require careful consideration. For 

instance, three types of translational control on m aternal mRNAs present in 

oocytes have emerged. The first is translational activation by cytoplasmic 

polyadenylation. The second is translational activation by RNA localisation and the 

th ird  is regulated translational repression. In each case translational control 

depends on the binding trans-acting factors to sequences in the 3’UTR. Recently 

some of these factors have been identified, shedding light on the molecular 

mechanisms th a t mediate translational control (reviewed in Seydoux, 1996). Thus 

changing sequences within the 3’UTR, which interact w ith these factors, may 

potentially alter im portant features controlling gene expression and levels of 

translation. In addition, sequences in the 3’UTR and the poly-A tail can have 

dram atic effects on translational initiation frequency, th a t is the frequency th a t an 

mRNA is translated. This can have particularly profound effects in early 

development.

The 5’UTR, on the other hand, can determine which initiation pathw ay is used to 

bring the ribosome to the initiation codon, how efficiently initiation occurs and 

which initiation site is selected. In addition 5’UTR-mediated control can be 

accomplished via sequence-specific mRNA binding proteins (reviewed in Gray and 

Wickens, 1998). Again, changing the 5’UTR w ithin these regions may alter such 5’- 

m ediated control. Translation of mRNAs with long 5’UTRs, containing AUG sites 

and complex secondary structures, can severely ham per ribosomal scanning; a 

process necessary for translation. These characteristics are commonly found in 

mRNAs encoding regulatory proteins like proto-oncogenes and growth factors. 

M utations in the 5’UTR or the occurrence of alternative 5’UTRs have been 

implicated in the progression of various forms of cancer, including melanoma and 

prostate cancer (Liu et al., 1999; Crocitto et al., 1997). Interestingly, the 

translational efficiency of mRNAs with long 5’UTRs can vary depending on the
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sequence of the 5’UTR, which provides post-transciptional regulation (reviewed in 

van der Velden and Thomas, 1999). In summary, 5’- and 3’UTR sequences play 

im portant roles in the regulation of gene expression and therefore modifications to 

replacem ent genes would have to be designed carefully taking into consideration 

such mechanisms for control of gene expression.

A sim ilar m utation-independent strategy for gene suppression utilising UTRs has 

been tested in cell culture (Kilpatrick et al., 1996). A ham m erhead ribozyme 

directed towards the 5’UTR of fibrillin-1, a gene involved in M arfan syndrome, was 

delivered to cultured dermal fibroblasts using a ribozyme-transferrin-polylysine 

complex. It is notable th a t in this study both fibrillin-1 mRNA and protein levels 

were reduced.

The second m utation-independent approach for gene suppression studied in this 

Ph.D. thesis, also utilising ham m erhead ribozymes, is based on the presence of 

intragenic polymorphisms in the hum an genome. In this method a ribozyme is 

directed to cleave transcripts from one polymorphic variant of the gene. This 

approach was tested w ith three ribozymes, which target three polymorphisms in 

the hum an CO LlA l and C0L1A2 transcripts. In each case the ribozymes were 

found to specifically cleave one polymorphic variant while leaving the other intact 

(figures 8 and 9).

The polymorphism strategy may not be possible to design for all diseases using 

ribozymes, as suitable polymorphisms m ust occur in accessible areas of target 

RNAs to enable ribozyme binding (i.e. in open-loop structures of target RNAs). In 

addition, polymorphisms m ust occur frequently in the population and m ust create 

NUX ribozyme target sites. However, in situations where such a suitable 

polymorphism were available and a patient were heterozygous for such a 

polymorphism, and carried the cleavable polymorphic varian t on the same allele as 

the m utation, a gene replacem ent step may not be necessary. Suppression of the 

m utan t by targeting one allele of the polymorphism may provide therapeutic 

benefit. However, if haploinsufficiency causes sufficient disease pathology, a gene 

replacem ent step would still be necessary. For example, haploinsufficiency of 

CBFA2 causes familial thrombocytopenia with propensity to develop acute 

myelogenous leukem ia (Song et al., 1999) and reduced expression of the G209A 

alpha-synuclein allele is associated w ith familial parkinsonism  (Markopoulou et 

al., 1999). In addition, GATA4 haploinsufficiency in patients with an in terstitia l 

deletion of chromosome region 8p23.1 causes congenital heart disease (Pehlivan et
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al., 1999). However, in cases where genes encode structural proteins, such as 

fibrillin-1 (associated w ith M arfan syndrome) and both type 1 collagens (associated 

w ith 01), haploinsufficiency is frequently associated w ith a very mild disease 

phenotypes, which frequently rem ain undiagnosed (Aoyama et al., 1994; De Paepe, 

1998).

A th ird  m utation-independent therapeutic strategy for gene suppression, touched 

on in paragraph  3.3.1, was based on the degeneracy of the genetic code. RzlO in 

3.3.1 was designed to cleave hum an rhodopsin RNA at a wobble position and a 

hybrid replacem ent construct was generated with the wobble base altered, thereby 

disrupting the NUX cleavage site. However, the replacem ent gene would in theory 

code for wildtype rhodopsin protein. One advantage of this th ird  approach includes 

a greater choice of target sequence for suppression. Since genes are generally far 

larger than  5’- or 3’UTRs, they are more likely to harbor suitable ribozyme cleavage 

(NUX) sites in accessible regions of the target RNA than  UTRs or, indeed, 

polymorphic sites are. In addition, it is unlikely th a t the alteration of a th ird  base 

site in a gene will affect gene expression, whereas alterations in UTRs may 

possibly alter the expression of the replacement gene.

Some additional complications th a t may be encountered while exploring the utility 

of using ribozymes in vivo are th a t ribozymes may not be expressed a t sufficiently 

high levels in vivo to make a substantial difference in target transcrip t levels or 

th a t the ribozyme catalytic activity may not be great enough to down-regulate 

ta rget gene expression. In addition, competitive inhibition, caused by cellular RNA, 

DNA and the replacem ent RNA, all present in a cell, may greatly reduce the 

ribozyme’s catalytic efficiency in vivo. It is therefore im perative to select ribozymes 

which are very catalytically active in vitro, for subsequent in vivo studies. It is of 

note th a t the catalytic efficiencies of the 12 ribozymes tested in this chapter varied 

significantly. Table 2 outlines the relative efficiencies of the ribozymes studied 

estim ated by eye, the target NUX sequence and the size and consistency of the 

open-loop structure in the target RNA. As mentioned previously the catalytic core 

in all the ribozymes explored in this thesis was identical. Two research groups have 

tested the relative efficiencies of ribozyme cleavage by testing cleavage of all twelve 

perm utations of the NUX site. However, these groups obtained significantly 

different results (see section 3.1). As can be seen from table 2, however, in the 

present study cleavage efficiencies seem to be largely dependent on the size and 

consistency of the open-loop structure and not so much on the sequence of the NUX
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site. In general, the larger and more consistent the loop is, the more efficient the 

ribozyme was found to be. This would certainly suggest th a t the computer program 

PlotFOLD provides relatively good predictions of RNA secondary structure. The 

only exception to the above was Rz447; cleavage of the hum an rhodopsin transcrip t 

by Rz447 was found to be ra ther inefficient despite the size and integrity of the 

open-loop targeted by Rz447. However, it is of note th a t though Rz447 cleaves 

w ithin a large open-loop structure, one of the antisense arm s is not w ithin the loop 

region and may reduce the binding efficiency of the ribozyme.

For future in vivo studies it may be necessary to reduce the competitive binding 

effect, described by Dr. Bill H ausw irth in Tuebingen and mentioned above, of any 

hybrid replacem ent transcrip t to the ribozyme. For instance, the complementary 

region to the ribozyme antisense arm s in the hybrid replacem ent genes could be 

altered  a t wobble positions so as to decrease their binding capacity to the ribozyme 

while still coding for wildtype amino acids. Yet another possible problem associated 

w ith ribozymes in vivo is possible a-specific antisense inhibition and potentially 

even aspecific cleavage of other RNA molecules. The hum an genome project and 

com puter programs such as BLAST, which can search sequence databases for 

sequence homology, may in time help researchers in selecting appropriate sites for 

designing suppession agents towards. Naturally, problems associated w ith the 

adm inistration of gene therapies rem ain a t large. Non-viral methods of gene 

delivery in vivo are still not very efficient compared to viral gene-delivery.

However, recombinant viruses such as Adenoviruses (Ad) may elicit immune 

responses or be cytotoxic (for example Herpes Simplex virus), (section 1.13). 

However, new recombinant viruses such as HIV based viruses and Adeno 

Associated viruses (AAV) are being generated constantly and improved on to avoid 

some of these complications (see section 1.13 for detailed discussions on gene 

delivery).

It is of note that, the m utation-independent strategies for gene therapy, in this 

study utilising ham m erhead ribozymes towards m utan t alleles associated with 

single-gene disorders, may, in addition, be useful in the suppression of m utan t 

alleles associated w ith polygenic disorders, such as m ental illnesses, and 

neurological disorders such as Parkinson’s disease and Multiple Sclerosis. Complex 

tra tes  are most likely significantly more common than  single-gene disorders and 

w ith time more multiple-gene disorders will be characterised.
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In sum m ary, in this chapter mutation-specific and m utation-independent 

strategies for gene suppression have been tested in vitro. M utation-independent 

methods of gene suppression will be necessary, to overcome the immense 

heterogeneity inherent in many dominant negative disorders. Notably, the 

ribozymes tested in vitro, varied immensely in term s of their cleavage efficiencies, 

although the catalytic cores of all ribozymes were identical. It is therefore optimal 

to test ribozymes extensively in vitro for cleavage efficiency before proceeding with 

a ribozyme to in vivo studies.

To this end R zpollal targeting hum an CO LlA l RNA and RzlO targeting hum an 

rhodopsin, both found to be highly efficient in vitro, will be used for fu rther studies 

iji vivo by the author and Brian O’Neill respectively.

3.5. S u m m ary

Many dominant-negative disorders, such as RP, 01, epidermolysis bullosa (EB), 

Charcot-Marie-Tooth disease and some forms of cancer, are very heterogeneous; 

m any different m utations w ithin the same gene give rise to sim ilar disease 

pathologies. Thus, when designing gene therapies for these disorders, it may not be 

practical to generate mutation-specific therapies. In this chapter, not only 

mutation-specific, but m utation-independent methods of gene suppression were 

tested in vitro using ham m erhead ribozymes. Two of the m utation-independent 

strategies were based on the suppression of both m utant and wildtype alleles in 

UTRs or a t wobble positions of the target transcript. A replacem ent gene was then 

generated which had been altered at the site of cleavage, masking it from ribozyme 

suppression. The th ird  m utation-independent method of gene suppression was 

based on the selective suppression of a m utan t RNA transcrip t by a ham m erhead 

ribozyme a t a polymorphic site. Thus the wildtype allele, which does not contain 

the suitable polymorphism for ribozyme cleavage, is left in tact by the ribozyme. In 

all, three mutation-specific ribozymes, targeting rhodopsin m utation sites, known 

to cause RP were generated and tested in vitro. Selective cleavage of the m utan t 

transcrip ts was dem onstrated and wildtype rhodopsin transcrip t was left intact. In 

addition 5 ribozymes were designed to target hum an rhodopsin, peripherin/i?Z)S 

and C0L1A2 transcripts in either the 5’ or 3’ UTRs. In each case a replacem ent 

(hybrid) transcrip t was generated which was left in tact by the ribozymes, while 

wildtype alleles were cleaved specifically. To dem onstrate the th ird  mutation- 

independent method of gene suppression, three ham m erhead ribozymes were 

generated which cleaved one polymorphic varian t of either the CO LlA l or C0L1A2
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gene and left the other polymorphic allele intact. As with the other ribozymes 

tested, target RNAs were cleaved at the polymorphic site and non-cleavage of the 

other polymorphic variant was demonstrated, however, cleavage efficiencies varied 

greatly. In addition, in some cases a residual amount of target transcript remained 

intact, even after prolonged incubation with the ribozyme. These ribozymes may 

therefore not be as suitable for in vivo studies. However, one extremely efficient 

ribozyme was discovered, R zpollal, which targets a common polymorphic site in 

the C O LlA l gene. This ribozyme cleaves the target C O LlA l transcript fully after 

3 hours and indeed most of the target transcript is cleaved after 5 minutes. This 

ribozyme warrants further in vitro characterisation with a view to using it in in 

vivo studies; both in cell culture and animal models.
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F ig u re  la .  Ham m erhead ribozyme structure used for all ribozymes. H am m erhead 

ribozymes consist of two antisense arm s w ith which they bind a complementary 

substrate  and 24 highly conserved nucleotides. Dashes indicate W atson-Crick base pairs. 

N means any base. The arrow indicates the cleavage site in the target RNA, ju s t after the 

NUX site, which is in italics. At the position of the only unconserved base in the catalytic 

core (underlined and in bold print) we used a Uracyl residue. Stems 1-3 of the ribozyme 

are shown. We generated all our ribozymes w ith the C-G (underlined in stem 2), because 

these, though not conserved, are known to be the most active residues a t these two 

positions.
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F ig u re  lb . Diagram of PCR directed mutagenesis. Two PCR amplifications are carried 

out w ith prim er pairs Fi and Ri (Blue), and F2 and R2 (purple). However, F2 and Ri, 

which overlap in a t least 20 nucleotides, have base missm atches at the site one wishes to 

m utaginise (indicated w ith an X). The two resulting PCR products are gel-isolated (in 

order to remove any residual primers) and used as tem plate DNA for a th ird  PCR 

amplification, which is carried out with prim ers F 1 and R2.



Figure 2 .



Figure 2. The most probable secondary structure of RNAs predicted using PlotFOLD 
(Zuker, 1989). A, human rhodopsin. Arrows a-e indicate the cleavage sites in the 
I’hodopsin transcript by RzlO, Rz20, Rz447, Rz225 and Rz25 respectively. The cleavage 
site of Rzl5 is not indicated as this region of the transcript has not been plotted here. B, 
human peripherin/i?Z)S transcript. Arrows a an b indicate the cleavage sites in the 
transcript by Rz8 and Rz9 respectively. C, human C0L1A2 transcript. Arrows a and b 
indicate the cleavage sites of Rz902 and Rz908 respectively. The cleavage site of Rzl8 is 
not indicated as this region of the transcript has not been plotted here. D, human 
COLlAl transcript. The arrow indicates the cleavage site in the transcript by Rzpollal.
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F ig u re  3. MgCk curves and timepoint cleavage reactions of m utant rhodopsin RNAs 

with Rz447 and Rz255. From top to bottom mutant RNA and cleavage products are 

highlighted with arrows. Wildtype rhodopsin RNA (4B) is highlighted with an enlarged 

ari’ow. A, MgCb curve of Rz447, 4B transcript and mutant Gly51Val rhodopsin 

transcript. Lanes 1 and 8, DNA ladder; lane 2 wildtype (4B) rhodopsin transcript alone; 

lane 3 m utant GlySlVal rhodopsin transcript alone; lanes 4-7 cleavage reactions with 

Rz20 at 37“C with 0, 2.5, 5 and lOmM MgCb. B, Timepoint of Rz447, 4B transcript and 

m utant rhodopsin GlySlVal transcript. Lanes 1 and 9, DNA ladder; lane 2, wildtype (4B) 

rhodopsin transcript alone; lane 3, mutant GlySlVal RNA alone; lanes 4-8 cleavage 

reactions with Rz447 at 37“C for 0, 30, 60, 120 and 300 minutes respectively. C, MgCb 

curve of Rz255 and m utant rhodopsin Del255ATC transcript. Lanes 1 and 7, DNA ladder; 

lane 2, Del255ATC RNA alone; lanes 3-6 cleavage reactions with Rz255 at 37°C with 0, 

2.5, 5 and lOmM MgCb. D, Timepoint of Rz255 and mutant rhodopsin Del255ATC 

transcript. Lanes 1 and 8, DNA ladder; lane 2 Del255ATC RNA alone; lanes 3-7, cleavage 

reactions with Rz255 at 37“C for 0, 30, 90, 210 and 300 minutes respectively.
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F ig u re  4. A, Diagram of end-labeled MspI cut pBR322. Sizes are indicated. The DNA 

was run on polyacrylamide gels to provide an estimate of sizes of RNA products on gels. 

B, timepoint reaction with m utant Pro23Leu rhodopsin RNA and Rz20. Lanes 1 and 8, 

DNA ladder; lane 2, m utant Pro23Leu rhodopsin transcript; lanes 3-7, cleavage reactions 

of m utant Pro23Leu transcript by Rz20 at 37°C for 0, 30, 60, 120 and 300 minutes 

respectively. From top to bottom m utant RNA and cleavage products are highlighted 

with arrows. C, timepoint reaction with mutant Pro23Leu rhodopsin RNA and RzlO. 

Lanes 1 and 8, DNA ladder; lane 2, mutant Pro23Leu rhodopsin transcript; lanes 3-7, 

cleavage reactions of mutant Pro23Leu transcript by RzlO at 37°C for 0, 30, 60, 120 and 

300 minutes respectively. From top to bottom m utant RNA and cleavage products are 

highlighted with arrows.
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F ig u re  5a. MgCb curves and timepoint cleavage reactions of Rz8 and Rz9 targeting the 

5’UTR of wildtype human peripherin/i?Z)S (6B) RNA. In all figures 6B RNA and cleavage 

products are highlighted with arrows. Replacement (7A) transcript is highlighted with an 

enlarged arrow. A, MgCb curve of Rz8 and 6B transcript. Lane 1, DNA ladder; lanes 2-5, 

cleavage reactions at 37°C with Rz8 with 0, 5, 10 and 15mM MgCb. B, timepoint 

reactions of Rz8, 6B RNA and replacement peripherin/i?Z)S (7A) transcript. Lanes 1 and 

7, DNA ladder; lanes 2-5, cleavage reactions with Rz8 at 37®C for 0, 60, 120, and 180 

minutes respectively; Lane 6, wildtype and replacement RNAs alone. C, MgCb curve of 

Rz9 and 6B transcript. Lane 1, DNA ladder; lanes 2-5, cleavage reactions at 37°C with 

Rz9 with 0, 5, 10 and 15mM MgCb. D, timepoint reactions of Rz9, wildtype 

peripherin/i?Z)iS 6B transcript and replacement peripherin/i?Z)S 7A transcript. Lanes 1 

and 7, DNA ladder; lanes 2-5, cleavage reactions with Rz9 at 37“C for 0, 60, 120, and 180 

minutes respectively; Lane 6, 6B and 7A RNA on their own.
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F ig u re  5b. E, Maximum extent of cleavage of wildtype peripherin/i?Z)S 6B transcrip t by 

Rz8. Lanes 1-8 represent 3 hour cleavage reactions a t 37°C with molar ratios of 6B 

RNA:Rz8 of 1:0, 1:1, 1:2, 1:5, 1:10, 1:50, 1:100 and 1:200 respectively. F, Reading given by 

the Packard in s tan t imager of gel in 5E. G, Graph of maximum extent of cleavage of 6B 

by Rz8. The vertical axis represents the percentage cleavage of transcrip t and the 

horizontal axis represents the excess of Rz8 used over 6B RNA.
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F igu re  6. MgCb curves of Rzl5 targeting the 5’UTR of the wildtype human rhodopsin 

transcript (4B). A, MgCb curve of Rzl5, and 4B transcript from clone 4B digested with 

BstEII. Lanes 1 and 6, DNA ladder; lanes 2-5 cleavage reactions with Rzl5 at 37°C with

0, 5, 10 and 15mM MgCb. From top to bottom 4B RNA, the larger cleavage product and 

the ribozyme are highlighted with arrows. The smaller cleavage product can not be 

distinguished from the ribozyme in size. B, MgCb curve of Rzl5, and 4B transcript from 

clone 4B digested with BstEII. Lanes 1 and 6, DNA ladder; lanes 2-5 cleavage reactions 

with Rzl5 at 37°C with 0, 5, 10 and 15mM MgCb. From top to bottom 4B RNA and the 

larger cleavage product are highlighted with arrows. The smaller cleavage product can 

not be seen in this figure. C, MgCk curves of Rzl5 and transcript from clone 4B digested 

with Acyl and replacement rhodopsin transcript from clone 5A digested with Acyl. Lanes

1, 7 and 13, DNA ladder; lanes 2-5 cleavage reactions of 4B transcript with Rzl5 at 37°C 

with 0, 5, 10 and 15mM MgCb, lane 6 4B transcript alone; lanes 8-11, cleavage reactions 

of 5A transcript with Rzl5 at 37°C with 0, 5, 10 and 15mM MgCb. Lane 12, 5A transcript 

alone. From top to bottom rhodopsin transcripts and the larger cleavage products are 

highlighted with arrows. 4B transcript is clearly cut by Rzl5 while replacement 5A RNA 

is not. D, MgCL curve of Rzl5, wildtype rhodopsin 4B transcript from clone 4B digested 

with BstEII and replacement rhodopsin 5A transcript from clone 5A digested with FspI. 

Lanes 1 and 8, DNA ladder; lanes 2-5 cleavage reactions with Rzl5 at 37“C with 0, 5, 10 

and 15mM MgCL. Lane 6, 4B transcript alone. Lane 7, 5A transcript alone. From top to 

bottom, wildtype 4B transcript, the larger cleavage product and the replacement 5A 

transcript are highlighted with arrows.
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F ig u re  7. A, MgCl2 curve of Rzl8, wildtype C0L1A2 transcript and hybrid C0L1A2 

transcript. Lanes 1 and 8, DNA ladder; lane 2 wildtype C0L1A2 transcript alone; lane 3, 

hybrid replacement C0L1A2 transcript alone; lanes 4-7 cleavage reactions with Rzl8 at 

37“C with 0, 2.5, 5 and lOmM MgCb. B, Timepoint of Rzl8, wildtype C0L1A2 transcript 

and replacement C0L1A2 transcript. Lane 1, DNA ladder; lane 2, wildtype C0L1A2 

transcript alone; lane 3 hybrid C0L1A2 transcript alone; lanes 4-8 cleavage reactions 

with Rzl8 at 37“C for 0, 30, 60, 180 and 300 minutes respectively. C, Timepoint cleavage 

reaction of Rz25 and wildtype human rhodopsin transcript (4B). Lanes 1-9 represent 

cleavage reactions for 1, 2, 5, 7.5, 10, 20, 30, 60 and 180 minutes respectively. Cleavage 

products are highlighted with arrows.
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F ig u re  8. MgCb curves and timepoint cleavage reactions of COLlAl polymorphic site 

with Rzpollal. T-allele or C-allele RNA and cleavage products are highlighted from top 

to bottom with arrows. A, MgCb curve of Rzpollal and T-allele transcript. Lanes 1 and 7, 

DNA ladder; lane 2 T-allele RNA alone; lanes 3-6 cleavage reactions with R zpollal at 

37“C with 0, 5, 10 and 15mM MgCb. B, MgCb curve of Rzpollal and C-allele RNA.

Lanes 1 and 7, DNA ladder; lanes 3-6 cleavage reactions with Rzpollal at 37°C with 0, 5, 

10 and 15mM MgCb. C/D, timepoint cleavage reactions of Rzpollal with T-allele RNA 

and C-allele RNA respectively. Lanes 1 and 8 represent DNA ladders; lanes 2-7 represent 

cleavage reactions at 37°C for 0, 30, 60, 120 and 300 minutes. E, Maximum extent of 

cleavage of T-allele RNA by Rzpollal. Lanes 1-8 represent 3 hour cleavage reactions at 

37"C with molar ratios of clone 6B:Rz8 of 1:0, 1:1, 1:2, 1:5, 1:10, 1:50 and 1:100 

respectively. F, Graph of maximum extent of cleavage of T-allele RNA by Rzpollal. The 

vertical axis represents percentage T-allele transcript cleaved and the horizontal axis the 

molar excess of Rzpollal over T-allele RNA used in the cleavage reaction.



1 2 3  4 5 6 7 8
Figure 9.

1 2 3 4  5 6 7 8 1 2 3  4 5 6 7 8 9  10

• " I * " I



F ig u re  9. MgCb curves and timepoint reactions of two polymorphic sites in the C0L1A2 

transcript by Rz902 and Rz907. A, Lanes 1 and 8, DNA ladder; lane 2, RNA from 

C0L1A2 clone B; lane 3, RNA from C0L1A2 clone A; lanes 4-7 C0L1A2 RNAs of clone A 

and B and Rz902 incubated with 0, 5, 10, and 15 mM MgCb for 3 h at 37°C. From top to 

bottom RNA from clone B and A and the two cleavage products from clone B are 

highlighted with arrows. B, Lane 1 and 8, DNA ladder; lane 2, RNA from C0L1A2 clone 

B; lane 3, RNA from C0L1A2 clone A; lanes 4-7 C0L1A2 RNAs of clone A and B and 

Rz907 incubated with 0, 5, 10, and 15 mM MgCb for 3 h at 37°C. From top to bottom 

RNA from clone A and B and the two cleavage products from clone A are highlighted 

with arrows. C, Lanes 1 and 10, DNA ladder; lane 2, RNA from the human C0L1A2 clone 

B of the 907 polymorphism; lane 3, RNA from C0L1A2 clone A of the 907 polymorphism; 

lanes 4-9, C0L1A2 RNAs from clones A and B and Rz907 incubated with 10 mM MgCb 

at 37°C for 0, 30, 60, 120, 180 and 300 minutes respectively. From top to bottom RNA 

from clones A and B , and the two cleavage products from clone A transcript are 

highlighted by arrows.



Enzyme uncleaved NUX site cleavage
RNA size products size

UTR
4B BstEII 851 61, 790 (Rzl5)

Acyl 1183 61,1122 (Rzl5)
5A BstEII 841

Acyl 1173
FspI 300

Rzl5 Xbal 60 AUU
6B Bglll 489 238, 251 (Rz8)

Bglll 489 194, 295 (Rz9)
7A Avrll 331
Rz8 Xbal 60 CUA
Rz9 Xbal 60 GUU
IB Xhol 217 127, 90 (Rzl8)
2A Xhol 256
Rzl8 Xbal 60 GUC
4B PCR 406 166, 240 (Rz25)
8A PCR 406
Rz25 Xbal 60 CUU

Disease specific m utation
GlySlVal BstEII 851 254, 597 bases (Rz447)
Pro23Leu BstEII 851 170, 681 bases (Rz20)
Del255 Acyl 1183 865,318 bases (Rz255)
4B BstEII 851 61, 790 bases (RzlO)
4B Acyl 1183
Rz447 Xbal 60 GUC
Rz20 Xbal 60 CUC
RzlO Xbal 60 GUC
Rz255 Xbal 60 AUC

Polymorphism
p o lla l C Xbal 381
polla l C Bbsl 514
po lla l T Xbal 381 245,136 bases
RzpollA l Xbal 60 CUC
clone A Xbal 888 689,199 bases (Rz907)

MvnI 837
clone B Xbal 888 683,105 (Rz902)

MvnI 837
Rz902 Xbal 60 CUA
Rz907 Xbal 60 GUC

Table 1. Transcript and cleavage product sizes. Enzymes used to linearise plasmid DNA 

prior to expression are indicated. The NUX target sites are given.



R ibozym e NUX site Loop size 

(bases)

consistency % cleavage 

e s tim ated  by eye

Rzpollal cuc 68 yes 95

RzlO GUC 33 yes 85

Rz20 CUC 22 yes 85

Rz447 GUC 33 yes, one arm not in 

loop

70

Rz255 AUC 42 no 70

Rz9 GUU 6 yes 70

Rz8 CUA 8 yes 70

Rzl5 AUU 5 no 50

Rz907 GUC 3 no 50

Rz902 CUA 4 no 30

Rzl8 GUC 4 yes 10

Rz25 CUU 20 no 5

T a b le  2. H am m erhead  ribozym es studied  in th is  chap ter from top to bottom  in  order of 

cleavage efficiency. The exact cleavage NUX site, the size of the open-loop s tru c tu re  in 

the ta rg e t RNA, and  the  consistency of the open-loop s tru c tu re  are  given. In  addition, an  

estim ate  has been m ade of the m axim um  am ount of cleavage (in percent) of ta rg e t 

tran sc rip ts  by the various ribozymes.



4. Characterisation of a Mutation- 
Independent ribozyme for Osteogenesis 

Imperfecta

4.1. Introduction

Osteogenesis Imperfecta (01) is a dom inant disorder involving the development of 

brittle  bones. Affecting 1/12000 people, it is known to arise from m utations in 

e ither of the type I pro-collagen genes, CO LlA l and C0L1A2 (Sillence et al. 1979). 

The severity of the disease is dependent upon the position and type of mutation. 

Null m utations cause relatively mild phenotypes due to haploinsufficiency. More 

severe forms of 01 resu lt from fram eshift mutations, especially when located in the 

first exons of the gene. (Sillence et al., 1979, 1981; W enstrup et al., 1990; 

Kuivaniemi et al., 1991; Byers et al., 1993; Prockop et al., 1994). C urrently  over 

150 and 80 01 causing m utations have been defined in the C O LlA l and the 

C0L1A2 genes respectively (HGMD, 1998) (for details on CO LlA l, C0L1A2 

and 01, see section 1.10). In addition, 18 m utations in the C0L1A2 gene have been 

shown to cause type VIIB Ehler’s Danlos syndrome (HGMD, 1998). Thus the 

generation of m utation-independent therapeutic strategies would be highly 

preferable when designing gene therapies for type 1 collagen disorders (see 

section 1.1 and chapter 3 for details on m utation independent strategies for gene 

therapy).

A range of techniques is now available for gene suppression. For example, 

ham m erhead ribozymes are small catalytic RNAs th a t can, in the presence of 

divalent cations (usually MgCk), cleave RNA at NUX sites (N = any nucleotide, U = 

Uracyl, X = any nucleotide but Guanine). Cleavage efficiencies are thought to 

depend on the ribozyme core sequence, the length and composition of antisense 

arm s and the tertiary  structure of the target mRNA, th a t is its accessibility for the 

ribozyme. Cleavable areas in mRNA can be revealed using, amongst other 

techniques, RNase H mapping, ribozyme expression libraries and computer 

program s such as RNAPlotfold (Zuker 1989; Lieber and Strauss, 1995; B irikh et al. 

1997b). Ribozymes are discussed in detail in sections 1.3 to 1.6.
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Ribozymes can, like protein enzymes, follow Michaelis-Menten kinetics (Fedor and 

Uhlenbeck, 1992); the constants V m ax and Km indicating the maximum velocity of 

the cleavage reaction and the affinity of the ribozyme for the target RNA 

respectively, can be determ ined from initial rates of cleavage under multiple- 

turnover conditions. The rate of the cleavage step k'z, and the dissociation ra te  k-\, 

(m aterials and methods) can be determined under single-turnover conditions (see 

section 1.5). Kinetic profiles of ribozymes in vitro can be used as broad predictors of 

efficiencies in vivo (Birikh et al., 1997a).

Recently, ham m erhead ribozymes have been designed to selectively cleave three 

m u tan t collagen transcripts. Cleavage in vitro, though selective, was inefficient, 

possibly due to the inaccessibility of the m utation sites for the ribozymes (Grassi et 

al. 1997).

Many disease m utations do not create ham m erhead ribozyme NUX target sites or, 

in addition, are not accessible to ribozymes, and hence do not lend them selves to 

selective ribozyme suppression. Moreover the vast array of diverse m utations 

which can give rise to sim ilar disease pathologies makes the generation of 

mutation-specific therapies most probably unrealistic. Therefore mutation- 

independent strategies for suppression of dominant gain-of-function m utations 

would be preferable and have indeed been proposed previously (Millington-Ward et 

al., 1997; section 1.1 and chapter 3). These approaches utilise ham m erhead 

ribozymes, however, in principle, the same strategies could be used in conjunction 

w ith other agents including antisense DNA/RNA or triple helix forming 

oligonucleotides. In essence the approach explored in the current study involves the 

utilisation of the polymorphic nature of the genetic code. To date polymorphism has 

provided an invaluable tool enabling the generation of high-resolution genetic 

linkage maps (section 1.14). Recently however, additional novel applications for 

polymorphisms have been recognised and have been highlighted by the recent 

inclusion of the creation of a comprehensive polymorphism database containing 

over 100,000 polymorphisms as a new aim of the hum an genome project (Collins et 

al., 1998). Undoubtedly there is now a growing realisation th a t polymorphism will 

play a central role in genomics driven drug-design, modulation of disease severity, 

efficacy of various drugs in patients w ith different haplotypes and in mapping 

m ultifactorial tra its  such as cancer and mental-illness (Persidis, 1998). As 

dem onstrated in the current study, polymorphisms may provide a powerful means
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of directing gene therapeutic agents specifically to disease alleles in a m utation- 

independent manner.

In the present study a ham m erhead ribozyme (Rzpollal, figure Ib/c) has been 

designed to overcome heterogeneity in CO LlAl-associated 01. R zpo lla l cleaves 

C O LlA l RNA at a common polymorphic ribozyme target site, C3210T 

(W esterhausen et al., 1991; accession number K01228), situated in a predicted 

open-loop structure of the transcrip t (figure la). The heterozygosity index for this 

polymorphism indicates th a t over 40% of individuals (ascertained from Europe and 

the US) are predicted to be heterozygous for this polymorphism. A detailed kinetic 

profile of R zpollal has been established in vitro; V m ax, Km,  fe and k-i were 

determined. Additionally, inhibitory effects on cleavage by cellular RNA, the 

alternative polymorphic varian t (C-allele) RNA, cleavage products and DNA were 

assessed in vitro together w ith the stability of R zpollal a t 37"C. This detailed 

kinetic profile of R zpollal indicates th a t R zpollal elicits efficient cleavage of 

3210T; hence this ribozyme may potentially be a valuable single therapeutic agent 

for OI caused by diverse gain-of-function m utations in CO LlA l (Millington-Ward 

et al., 1999). Moreover the study clearly dem onstrates the increasing potential role 

of pharmacogenetics in future drug development.

4.2. M aterials and M ethods

4.2.1. CO LlAl and Rzpollal RNA

In chapter 3 cDNAs derived from both polymorphic variants (C/T position 3210) of 

the hum an CO LlA l gene (comprising bases 2977-3347; accession num ber K01228) 

were cloned a t the Hind III and Xbal sites of the expression vector pcDNA3 

(Invitrogen). In this chapter clones were linearised with Bell and Xbal respectively, 

transcribed in vitro and purified as previously described (Millington-Ward et al. 

1997). C- and T-allele RNAs were 428 and 381 bp respectively. R zpo lla l (figure 

Ib/c) was designed to cleave T-allele RNA at its polymorphic CUC site. R zpollal 

was generated by cloning annealed forward and reverse oligonucleotides 

(Gibco/BRL), into the Hind III and Xbal sites of pcDNA3. In this chapter R zpollal 

was linearised with Xbal, transcribed in vitro and purified. Molar ratios of 

ribozyme and target RNAs were determined by liquid scintillation counting (1500 

TRI-CARB).
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4.2.2. Determining steady-state intervals

RNAs were combined in molar ratios of T-allele RNA;Rzpollal from 1:10-1:0.01 (T- 

allele RNA and R zpollal of 22.9 nM and 229.3-0.2 nM) with 100 mM Tris pH 8.0. 

Reactions were heated to 90°C for two m inutes and transferred to ice. Reactions 

wei’e in itiated  a t 37°C with lOmM MgCk. Aliquots were removed a t various times 

and quenched with equal volumes of stopmix (80% formamide, lOmM EDTA). 

Samples were separated on polyacrylamide gels and counted on a Packard Instan t 

Im ager as in chapter 3.

4.2.3. Inhibition o f  ribozyme-induced T-allele cleavage by cellular RNA, C-allele RNA 

and DNA

Incubations were carried out for 8.5 minutes; a time frame experim entally 

determ ined to be within the steady-state interval. A 400x weight excess 

(determ ined spectrophotometrically) of cellular RNA was added to reactions to 

assess inhibition. Molar ratios of T-allele RNA:Rzpolla were varied between 0.1:1 

to 10:1 (T-allele RNA and R zpollal of 8.2 nM and 0.8 to 83.4 nM), however for 

m ultiple-turnover kinetics only ratios of 1.25:1 to 10:1 1 (T-allele RNA and 

R zpollal of 8.3 nM and 0.8 to 6.7 nM) were analysed. In addition to assessing 

inhibition by cellular RNA, the inhibitory effect of the uncleavable C-allele was 

examined. Molar ratios of C-allele RNA:RzpoIlal were kept constant a t 1:1. Molar 

ratios of T-allele RNA:Rzpollal varied between 0.1:1 to 10:1 (T-allele RNA and 

R zpollal of 8.2 nM and 0.8 to 83.4 nM), however again for m ultiple-turnover 

kinetics only ratios of 1.25:1 to 10:1 (T-allele RNA and R zpollal of 8.3 nM and 0.8 

to 6.7 nM) were analysed. In an experiment to determine inhibitory effects on 

ribozyme cleavage by DNA, varying amounts of herring sperm DNA (Ox, lOx, 50x, 

lOOx, 200x, and 500x, determ ined spectraphotometrically), which had been 

fragm ented by autoclaving it for one hour, was added to cleavage reactions. These 

reactions contained T-allele RNA:Rzpollal of 1:1 and were carried out for 8 

minutes.

4.2.4. Determining catalytic constants

Multiple- and single-turnover kinetic data are presented in Lineweaver-Burk plots. 

The constants Km, a m easurem ent for the affinity of the ribozyme for the target 

RNA and V m ax, the maximum velocity of the cleavage reaction, were determ ined 

under m ultiple-turnover conditions using the following equations (Cornish-Bowden 

and W harton, 1990).
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K„,= 'Ly-'Lvla -  Zv^lal,v ^max =  'Lv l̂a '̂Lv  ̂-  (Zv^/a)^ a = concentration o f substrate
'Lv’la ’lLv -  I,v^/al,v/a 'Lv l̂a '̂Lv -  Z vV «Iv/a v = rate of the reaction

4.2.5. Inhibition o f  ribozyme activity by cleavage products

Cleavage reactions were undertaken as described above. Aliquots of 2^1 were 

removed from reactions containing molar ratios of T-allele:Rzpollal of 1:0.1 (T- 

allele RNA and R zpollal of 9.8 nM and 1.0 nM) and 1:100 (T-allele RNA and 

R zpo lla l of 9.8 nM and 1012.2 nM) a t 10, 20 and 30 m inutes and quenched. At 31 

m inutes half the original amount of tem plate was added to the reactions. 

Additional aliquots were removed a t 41, 51 and 61 minutes. Given th a t a t 30 

minutes, as empirically determined, 88.7% of the original T-allele had been cleaved 

when a lOOx excess of R zpollal was present, and in addition th a t 30% of R zpollal 

had been removed by sampling, the ratio of T-allele:Rzpollal a t 31 m inutes was 

1:120.8, (T-allele RNA and R zpollal of 0.7 nM and 83.8 nM) (at zero m inutes it 

was 1:100). In contrast, when the ratio of T-allele RNA to R zpollal was 1:0.1 at 

time zero, 7.3% of the RNA had been cleaved after 30 minutes. Therefore, the ratio 

of T-allele RNA:Rzpollal a t 31 m inutes after sampling and addition of extra 

tem plate was 1:0.06094 (T-allele RNA and R zpollal of 13.3 nM and 0.8 nM).

To determ ine how active R zpollal rem ained after incubation a t 37°C for one hour 

prior to in itiating reactions, timepoints were carried out a t 5, 10, 20, 30 and 40 

m inutes for pre-incubated and non-pre-incubated R zpollal a t molar ratios of T- 

allele:R zpollal of 1:0.1 (T-allele RNA and R zpollal of 9.7 nM and 0.1 nM) and 

1:100 (T-allele RNA and R zpollal of 9.7 nM and 974.4 nM).

4.2.6. Single-turnover kinetics; determining 11/2, k2 andk-i

The half-life of T-allele RNA, ti/2 , the rate of the cleavage step of the reaction, fi2, 

and the rate of dissociation, k-i (see below), were determ ined under single-turnover 

conditions with a lOOx excess of R zpollal over T-allele RNA. (in the case of k 2 , 

concentrations of T-allele RNA and R zpollal were 22.9 nM and 2293.1 nM.

ki k2
Rz + S <-> RzS RzPlP2 —> Rz + PI + P2 Rz = ribozyme PI = cleavage product 1

k - i  S = target RNA P2 = cleavage product 2
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ti /2 was determ ined over 2 half-lives from the initial rate of cleavage, indicated by 

the slope of a graph of the fraction of uncleaved T-allele RNA versus time. Ii2 was 

calculated from k 2 = ln2/ti/2 (Hendry et al., 1997a).

k.\ was determ ined from the following equation (Hendry et al., 1997b).

k-i = k z x  (P«cont - P«test) P<»cont = am ount of product at t = oo for the control reaction
________________  Pootest = am ount of product at t = co for the test reaction

P  Mtest

Briefly, in two tubes, labelled test and control, an excess of ribozyme (1.0 nM) over 

[a^^pjUTP labelled T-allele RNA (0.4 nM) were combined in the presence of 50 mM 

TrisCl pH 8.0 and dH20 in a 27 |i,l reaction. After the RNAs had annealed for a t 

least 30 m inutes a t 37 °C, the control reaction was initiated w ith 3 ml of 100 mM 

MgCh (lOmM final concentration). Samples were removed a t various time intervals 

(1 m inute etc.) and quenched. The test reaction was then in itiated  w ith MgCk and 

37.3 nM of unlabelled T-allele RNA. Again, samples were removed and quenched at 

sim ilar time intervals to the control reaction. Test and control samples were 

separated on 8% polyacrylamide gels and bands analysed by in stan t imager. 

Amount of product a t t = co for the test and control reactions were determ ined from 

a graph of percent product versus time.

4.3. Results

4.3.1. Predicting the accessibility o f  the 3210 polymorphism fo r  R zpolla l

The RNA secondary structure of COLlAl, predicted using the computer program 

RNAPlotfold, dem onstrates th a t the 3210 polymorphism in C O LlA l is situated  in 

a large open-loop structure of the transcrip t and is thus predicted to be accessible 

for ribozyme approach, binding and cleavage (figure la). Also, the open-loop 

structure is present in the ten most probable estim ations of the two-dimensional 

structure of CO LlA l mRNA.

4.3.2. R zpolla l functionality and specificity

The first things to establish were w hether R zpollal, designed to cleave the 

CO LlA l transcrip t at the 3210 C/T polymorphism, could firstly cleave the T-allele 

a t this position and secondly left the C-allele RNA intact. Thus, a tim epoint 

cleavage reaction with equal amounts of C-allele RNA, T-allele RNA and R zpo lla l 

was carried out (figure 2). Cleavage of the T-allele transcrip t was clearly
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dem onstrated w ith only a small amount of in tact transcrip t rem aining after 3 

hours a t 37°C. C-allele RNA, however, rem ained intact. Thus R zpo lla l is able to 

cleave T-allele RNA while leaving C-allele RNA intact, dem onstrating the 

functionality of the m utation independent strategy based on polymorphism.

4.3.3. Determination o f steady-state intervals fo r  Rzpolla l

To assess w hether R zpollal may be an efficient m utation-independent suppressor 

for the C O LlA l transcript, the maximum velocity of the cleavage reaction Vmax and 

the affinity of the ribozyme for the target RNA Km, were determ ined under 

m ultiple-turnover conditions. That is under conditions of substrate  excess, where 

the ribozyme is expected to cleave multiple substrate  molecules. M ultiple-turnover 

kinetic reactions m ust always be carried out during the steady-state interval when 

no inhibitors such as cleavage products or depleted levels of substrate  are 

inhibiting the reaction (see section 1.5 for details). The steady-state interval of the 

cleavage reaction, determined from time point cleavage reactions of seven T-allele 

RN A:Rzpollal molar ratios ranging between 1:0.1-1:100 (figure 3 a-g), was a t least 

10 m inutes for ratios ranging between 1:0.1-1:2 (figure 4a/b) (with excess 

substrate). A timeframe within the steady-state interval (8.5 minutes) was chosen 

for subsequent multiple-turnover kinetics reactions.

4.3.4. Inhibition o f  ribozyme activity due to cleavage products or to ribozyme instability

To assess w hether cleavage products inhibit ra tes of cleavage, samples were 

removed every 10 m inutes from a reaction containing a molar ratio of T-allele 

RNA:Rzpollal of 1:0.1. At 31 m inutes half the original am ount of T-allele RNA was 

added to the reaction. As the relative am ount of T-allele had increased (methods), 

the rate of cleavage should exceed the original ra te  if no inhibition had taken place. 

However, as shown in figure 5a, the rate of cleavage is significantly lower. This 

may be due either to inhibition by cleavage products or loss of ribozyme catalytic 

activity a t 37°C.

To test the la tte r scenario, reactions were carried out a t two molar ratios of T- 

allele:R zpollal (1:0.1 and 1:100). Reactions were undertaken in duplicate w ith one 

sample containing R zpollal pre-incubated a t 37°C for one hour. Cleavage profiles 

over time show th a t pre-incubation a t 37°C has little effect on R zpo lla l activity 

(figures 5c/d). Hence, the observed inhibition (T-allele:Rzpollal = 1:0.1) may 

possibly be due to the presence of cleavage products.
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Steady-state intervals for lOx and lOOx excess R zpollal were significantly shorter 

th an  for ratios ranging between 0.1x-2x (figure 4a). This may be a function of 

inhibition by cleavage products or simply a lack of in tact T-allele RNA. This 

possibility was addressed by testing w hether initial rates of cleavage could be 

achieved after adding extra T-allele RNA to reactions (T-allele RNA:Rzpollal of 

1;100) after 30 minutes. As a result of this experiment initial rates were achieved 

indicating th a t lack of T-allele RNA may cause the shortened steady-state interval 

(figure 5b). In addition, these results suggest th a t a large excess of ribozyme may 

enable inhibitory effects due to cleavage products observed in the previous 

experim ent when ribozyme was limited to be overcome.

4.3.5. Michaelis-Menten constants and inhibition o f  cleavage by total RNA and C-allele 

RNA

Michaelis-Menten constants, Vmax and K m ,  provide knowledge of the efficiency, Vmax 

(the maximum velocity of the cleavage reaction) and affinity of the ribozyme for the 

substrate  { K m ) .  Reactions with molar ratios of T-allele RNAiRzpollal ranging from 

1.25:1-10:1 were carried out for 8.5 minutes, a time-span deemed to be w ithin the 

steady state  interval (figure 4). Simultaneously, experiments were carried out with 

400x excess cellular RNA (figure 6a/b). By comparing the Vmax and Km of these 

reactions w ith and w ithout potential inhibitor under m ultiple-turnover conditions, 

one can determ ine the nature of potential inhibition. Competitive inhibition will 

result in an increased Km (and therefore a decreased affinity of the ribozyme for the 

substrate) and an unaltered Vmax. Uncompetitive inhibition will resu lt in a reduced 

Vmax and unaltered K m .  Figures 6a/b and 7a dem onstrate th a t inhibition is taking 

place. V m ax and K m  for R zpollal were determ ined from the formulas in paragraph 

4.2.4. V m ax was the same with and w ithout inhibitor (0.4) whereas K m  increased 

w ith inhibitor from 9.5 to 10.3, suggesting th a t the inhibitory effects of total RNA 

on R zpo lla l are competitive (table 1).

The inhibition experim ent was repeated with the alternative polymorphic varian t 

as inhibitor. Equal am ounts of C-allele RNA and R zpollal were combined. V m ax 

and K m  were determ ined a t 0.4 and 9.8 respectively. A Lineweaver-Burk plot shows 

40% inhibition of cleavage activity by C-allele RNA (figure 7b). As w ith cellular 

RNA, the data suggest th a t inhibition by C-allele RNA is competitive. Additionally, 

an experim ent was carried out to determine the possible inhibitory effects of total 

DNA on ribozyme activity (figure 8). Interestingly, the effect showed asymptotic 

behaviour, tending towards a maximum inhibitory effect of about 70%.
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4.3.6. Single-turnover kinetics; determination o f  tj/2, k2 and k.;

The cleavage-rate constant k 2 and the dissociation rate k-\ were determ ined under 

single-turnover ribozyme-saturation conditions where the ratio of tem plate 

RNA:Rzpollal was 1:100 (figure 3g). The half-life of the T-allele RNA, ti/2, 

calculated from the initial (linear) portion of figure 7c, was 1.199 minutes, 

generating a k 2 of 0.58 min ^ k-i, determined from a Poocont of 92.000 % and a P<»test of 

79.978 %, was determ ined to be 0.087 min * (figure 7d; see 4.2.6 for details).

Thus a single therapeutic agent, R zpollal, designed to overcome heterogeneity in 

CO LlA l-linked 01, has been tested for efficiency of cleavage of the C O LlA l T- 

allele transcrip t under both multiple and single turnover conditions. Notably, the 

C-allele RNA rem ained in tact (figure 2). Kinetic param eters V^max, Km, k 2 and k.i 

(table 1) all show R zpollal to be extremely efficient in vitro, while inhibitory 

effects by cellular RNA, cleavage products and transcrip t from the alternative 

polymorphic varian t (C-allele) and DNA, have been found to be small 

(approximately 40%). Notably, in vitro ribozyme cleavage efficiencies have in 

general been found to correlate with efficiencies in vivo (Birikh et al., 1997a).

4.4. D iscussion

A significant problem associated with the development of gene therapies for 

dom inant diseases is the substantial genetic heterogeneity often associated w ith 

such disorders. In addition, individual m utations are frequently confined to 

individual pedigrees; in such cases designer therapies may not be viable owing to 

cost and difficulties in the design of therapies for specific m utations. For example, 

ham m erhead ribozymes require very specific NUX target sites in RNA, which m ust 

preferably occur w ithin accessible areas of target RNA in order to ensure a 

ribozyme cleaves its target efficiently. Thus m utation-independent therapies are 

likely to present a more realistic approach to therapy. Such therapies could be 

targeted towards the prim ary genetic defect or a secondary effect associated with 

disease pathology. In term s of the latter, it is becoming evident th a t many 

disorders, including retin itis pigmentosa (RP) and age related m acular 

degeneration (ARMD) involve apoptosis (reviewed in Adler et al., 1999). Therefore 

modulating apoptosis might provide a means of therapy, independent of the 

individual disease m utation. In the current study a strategies for a mutation- 

independent therapy targeting the prim ary defect of C O LlA l linked 01 has been 

explored in vitro\ a disease in which over 150 m utations in the type I pro-collagen
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gene C O LlA l are known to be involved (HGMD 1998). A very mild form of disease 

is m anifested when null m utations occur, suggesting th a t suppression of a m utan t 

allele, known to cause a severe form of 01, alone may ameliorate the disease. The 

approach, consisting of directing a ham m erhead ribozyme (R zpollal) to one allele 

of a polymorphism provides a novel genomics-driven means of selectively 

suppressing m utan t alleles in a m utation-independent manner, while leaving the 

alternative allele coding for wildtype protein intact.

A C3210T intragenic polymorphism in hum an CO LlA l has previously been 

described (W esterhausen et al. 1990). One variant, the T-allele contains an NUX 

ham m erhead ribozyme target site, while the C-allele does not. The frequency of the 

polymorphism was assessed in 18 individuals (27 T-allele, 9 C-allele) 

(W esterhausen et al., 1990). An additional 11 unrelated individuals from the CEPH 

panel were assessed in this study. Of the total 58 alleles, 42 w'ere T (0.72) and 16 

were C (0.28), suggesting a heterozygote frequency of 0.4032 (2pq). Therefore it is 

predicted th a t approximately 1 in 5 dominant-negative 01 patients will be 

heterozygous for the 3210 polymorphism and will carry the disease m utation on the 

same allele as 3210T and hence R zpollal could potentially provide a therapy for 

these patients. Therefore this polymorphism has almost the maximum resolution 

possible for any 2-allele system using a single ribozyme. Moreover it is fortuitous 

th a t this polymorphism creates a ribozyme cleavage site which is predicted by 

RNAPlotfold to be situated  in a large open-loop structure of the C O LlA l RNA 

(figure la). This, together with the heterogeneous nature of 01 stim ulated us to 

explore R zpo lla l as a potentially powerful m utation-independent therapeutic 

agent for 01.

R zpollal cleaves the T-allele of CO LlA l RNA in a sequence specific m anner in 

vitro, while leaving the C-allele RNA intact (figure 2). Moreover, the results of this 

study indicate th a t R zpollal is extremely efficient in cleaving a 381 bp fragm ent of 

C O LlA l RNA ill vitro, with a Vmax of 0.4 min '. Maximum cleavage rates of 

ham m erhead ribozymes for unstructured short (20bp) RNAs have typically 

approxim ated 1 min-' (Zaug et al., 1988). However, significant reductions (in excess 

of 200 fold) in cleavage rates are typically observed for longer more complex RNA 

targets (Jankowsky and Schwenzer, 1996), suggesting th a t R zpo lla l is efficient at 

cleaving its structured target. Notably the activity of R zpollal was modified by 

competitors. A 400 fold weight excess of total RNA over R zpo lla l reduced the rate 

of cleavage by approximately two-fold, while a 1;1 ratio of C-allele RNA:Rzpollal
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inhibited the cleavage rate by 40% (figure 7a/b). In both experim ents the observed 

inhibition was competitive and could be overcome with higher concentrations of 

substrate . It is not surprising th a t competitive inhibition with the C-allele RNA 

was observed, since the ribozyme antisense arm s are a perfect m atch for th is allele. 

The fact th a t no uncompetitive inhibition by total RNA was observed was 

som ewhat surprising since uncompetitive inhibition caused by the ribozyme- 

substra te  complex binding to the inhibitor, or physical interference of RNA might 

have been expected. Inhibitory effects have been investigated in other studies of 

ribozyme kinetics and various effects have been observed. Grassi et al., (1997) 

found no inhibition of ribozyme activity by total RNA, and Kisich e t al., (1997) 

found competitive and uncompetitive inhibition by cellular RNA. In addition to 

RNA-inhibition on ribozyme cleavage, DNA-inhibition was investigated (figure 8). 

Interestingly, the inhibitory effect showed asymptotic behaviour, towards a lim it of 

approxim ately 70% inhibition. This effect may be due to aggregation of DNA when 

present a t high concentrations. This in tu rn  may lead to a clumping effect of the 

DNA w ith ‘gaps’ containing no DNA in-between. Thus, when more DNA is added to 

such a solution of DNA clumps, the ‘gaps’ may not reduce much in size and the 

inhibition caused by the additional DNA may be relatively low. In addition to 

exploring cleavage rates and inhibition, the cleavage rate constant and dissociation 

constant, ki and k.\, were determ ined under single-turnover conditions, where the 

I’ibozyme is in excess of the target RNA, and were found to be 0.58 min'^ and 0.087 

min ' respectively (figure 7c/d). These figures fall w ithin the range determ ined for 

many other ham m erhead ribozymes (Stage-Zimmerman and Uhlenbeck, 1998). 

for short unstructured RNA targets (30 bases) ranges between 0.3 and 2.5. The rate 

of dissociation, k-\, which depends greatly on the length and composition of 

ribozyme antisense arms, though not often studied can vary widely; values greatly 

exceeding ki or indeed far sm aller have been observed (Stage-Zimmerman and 

Uhlenbeck, 1998).

In the current study, in addition to inhibition observed w ith competitor RNA, 

inhibition by cleavage products was observed in the presence of lim iting am ounts of 

ribozyme (figure 5a), however inhibition was overcome using a large excess of 

ribozyme (figure 5b). In contrast to the situation in vitro, the product inhibition 

observed a t low ribozyme concentrations is unlikely to occur in vivo, since such 

cleavage products lack either a 5’ cap or 3’ polyA tail and are therefore unstable. 

Additionally, the stability of R zpollal a t 37°C was assessed and this ribozyme was 

found to be extremely stable a t 37°C (figure 5c/d), a situation th a t does not apply to
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all RNAs. R zpollal had not lost activity after 3 hours a t 37°C. Perhaps the 

ribozyme secondary structure with in ternal base-pairing stabilises R zpo lla l. The 

m aintenance of activity of R zpollal a t 37°C suggested th a t the inhibition observed 

may be due to inhibition by cleavage products (as discussed above) ra th e r th an  loss 

of activity a t 37°C.

4.5. Sum m ary

In conclusion, the ham m erhead ribozyme R zpollal has been shown to elicit 

selective highly efficient cleavage of one allele of a polymorphism in the hum an 

C O L lA l transcript. The common nature of the polymorphism suggests th a t a 

single therapeutic agent would in principle be applicable to 20% of 01 patien ts w ith 

gain-of-function m utations in the CO LlA l gene. Thus one single potential cure 

(R zpollal) would benefit many patients (20%) with different m utations in the 

C O LlA l, in which over 100 different m utations are known to cause 01 (Millington- 

W ard et al., 1999). An exponential increase in characterisation of intragenic 

polymorphisms, which is a necessary consequence of the hum an genome project 

given its restated  aims for 2003, th a t is the listing of 100,000 hum an SNPs in a 

special database, will greatly expedite the exploitation of polymorphism in 

innovative allele-specific drug designs. The power of SNPs to undertake linkage 

studies, to direct therapeutic agents in an allele-specific m anner and to understand 

the molecular basis of variable responses of patients to many drugs has been 

realised not only in the academic community (in the guise of the hum an genome 

project) but additionally by a number of commercial companies. Not least among 

these are: Isis Pharm aceuticals, who mainly generate antisense technology and 

Surgen, which is a joint-venture company of GENSET and the Royal College of 

Surgeons in Ireland (RCSI). This company has the following two main aims. The 

first aim is to discover novel genetic variants, which can improve drug 

development; mainly by identifying a protein or protein region as a target for drug 

action. The second aim is to discover novel genetic variants, which can improve 

clinical practise; mainly by allowing gene diagnosis to assist in therapeutic decision 

making.

The current study clearly dem onstrates how valuable SNPs, such as CO LlA l 

C3210T, may be in circumventing the inherent diversity in the genetic etiology of 

01. It is of note th a t a sim ilar pharmacogenetic approach, exploiting intragenic 

polymorphisms and using a range of therapeutic suppressors such as antisense or
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ribozym es, could  be adop ted  for m any  h e te rogeneous d o m in a n tly -in h e rited  genetic

d iso rd e rs  an d  com plex t r a i ts  w ith  d o m in an t-n eg a tiv e  genetic  factors.
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Figure 1. A, RNAPlotfold of COLlAl RNA. The Ribozyme cleavage site, indicated with 
an arrow, is situated in a large open-loop structure of the RNA; B, diagram of 
hammerhead ribozyme Rzpollal. The two antisense arms (stems 1 and 3) and the 
double-stranded region (stem 2) are shown. The NUX target site of the substrate RNA is 
highlighted in bold print, with an arrow indicating the exact position of cleavage of the T- 
allele polymorphic variant of COLIAI. C, diagram of Rzpollal (as in B) showing non­
cleavage of the C-allele polymorphic variant of the COLlAl transcript.
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F ig u re  2. Cleavage timepoints of T-allele RNA, C-allele RNA and R zpollal. Lanes one 

and six represent Sal3A cut Pucl9  and MspI cut pBR322 DNA size m arkers. From top to 

bottom the T-allele RNA, C-allele RNA, two cleavage products and the ribozyme are 

highlighted. Cleavage products of the T-allele RNA were of predicted sizes. However, as 

can clearly be seen, the C-allele RNA rem ains intact.
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F ig u re  3. A-G, cleavage timepoints of T-allele RNA by R zpollal used to determ ine 

steady-state intervals; cleavage times (minutes) are given above the lanes and cleavage 

products are highlighted w ith arrows. T-alleleRNA:Rzpollal ratios in A-G are as 

following 1:0.1, 1:0.3, 1:0.5, 1:1, 1:2, 1:10 and 1:100. Cleavage products were of predicted 

sizes.
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F igu re  4. A, graph of percentage T-allele RNA cleaved by Rzpollal versus time. Curves 

a-g depict timepoint cleavage results for molar ratios of T-allele RNAiRzpollal of 1:0.1, 

1:0.3, 1:0.5, 1:1, 1:2, 1:10 and 1:100 respectively. B, curves a-e show the steady-state 

interval for ratios of T-allele RNA:Rzpollal of 1:0.1, 1:0.3, 1:0.5, 1:1 and 1:2 respectively. 

The steady-state interval is at least 10 minutes.
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F ig u re  5. A, bar chart of rates of cleavage per Rzpollal molecule per 10 minutes versus 

time for the ratio of T-allele RNA:Rzpollal of 1:0.1. Initial rates of cleavage are not 

achieved at 41 minutes after adding extra T-allele RNA; B, bar chart of rates of cleavage 

per Rzpollal molecule per 10 minutes versus time for the ratio of T-aUele RNA:Rzpollal 

of 1:100. Initial rates of cleavage are achieved at 41 minutes after adding extra T-allele 

RNA. C/D,  Timepoint reactions of T-allele RNA cleavage by Rzpollal (1:100) with (C) 

and without (D) ribozyme pre-incubation at 37“C for 1 hour. Cleavage times (minutes) 

are given above the lanes. Uncleaved RNA and the two cleavage products are highlighted 

from top to bottom with arrows.
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F ig u re  6. Autoradiographs of cleavage gels w ithout (A) and with Y79 RNA as inhibitor 

(B). The two cleavage products and R zpo lla l are highlighted from top to bottom by 

arrows. Molar ratios of T-allele RNA:Rzpollal in lanes 1-8 are 1:0.1, 1:0.2, 1:0.5, 1:1, 

1:1.25, 1:2, 1:5 and 1:10 respectively.
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F ig u re  7. A, Lineweaver-Burk plot (rate * versus [T-allele RNA] *) for iji vitro cleavage of 

R zpo lla l w ith (curve a) and w ithout (curve b) a 400x excess of Y79 total RNA; B, 

Lineweaver-Burk plot for in vitro cleavage of R zpollal in the presence of C-allele RNA. 

The m olar ratio of Rzpollal:C-allele was 1:1; C, graph of fraction of T-allele RNA 

rem aining versus time, under single-turnover conditions (T-allele RNA:Rzpollal =

1:100). ti /2 was used to calculate k 2 . D, Graph of percentage T-allele RNA cleaved versus 

tim e (minutes) of control and test cleavage reactions of T-allele RNA by R zp o lla l (ratio 

1:2.5 respectively). In the control reaction RNAs were annealed prior to initiation of the 

reaction w ith MgCb. In the test reaction RNAs were also pre-annealed, however, 

concurrently to initiation of the reaction w ith MgCb. A lOOx excess of unlabeled T-allele 

RNA over labeled T-allele RNA was added to the reaction. Samples were taken  a t various 

times. The am ount of product formed for the control and test reaction a t t  = oo were 

determ ined from these graphs. As can be seen, P»ocont = 92.000% and Potest = 79.978%. 

These figures were used to determine k-\.
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F igure 8. Diagram of inhibition of ribozyme cleavage by DNA. The horizontal axis 

represents the weight-excess of DNA over ribozyme and the horizontal axis represents 

the inhibition (inhibition = 1 - (observed cleavage with DNA/expected cleavage without 

DNA)).



R zpollal V m ax (min-1) K„(nM) /C2(min*) fc-i (min'i)

- inhibitor 0.41 9.5 0.58 0.087

+ Y79 RNA 0.42 10.3

+ C-allele RNA 0.42 9.8

T ab le  1. Kinetic param eters for in vitro cleavage of R zpollal on its own and in 

the presence of a 400x excess Y79 total RNA and C-allele RNA.



5, Rzpollal studied for in vivo work

5.1. In trod uction

Catalytic ham m erhead ribozymes have been discussed in detail in chapters 3 and 

4. In chapter 3 many ribozymes targeting a variety of transcrip ts were designed 

and tested in vitro. In addition, in chapter 4 the most efficient ribozyme, R zpollal 

targeting  a polymorphic site in the hum an CO LlA l transcript, was kinetically 

characterised in vitro and found to be extremely efficient (Vmax =  0 .4 1  min'^). In this 

chapter, R zpo lla l will be evaluated for future in vivo studies; both in cell lines and 

an anim al model.

Many studies have been undertaken on ham m erhead ribozyme structure and their 

ill vitro kinetics (1.3-1.5). Efficient ribozymes then may be studied in vivo; either in 

cell culture or anim al models (1.11-1.13). There are two generally accepted methods 

of introducing ribozymes into cells. The first is through exogenous delivery of pre­

formed ribozymes and the second through endogenous delivery, which involves the 

expression of ribozymes from transcriptional units such as DNA plasmids. 

Endogenous expression has been achieved on many occasions (1.6, 1.12, 1.13), 

using plasm ids and viruses with strong promoters driving ribozyme expression, 

such as the SV40, CMV, RNA polymerase II (polll) and actin, promoters or tissue 

specific promoters. To aid delivery of plasmids into target cells, plasm ids can be 

associated w ith non-viral vectors such as lipids and synthetic polymers (sections 

1.13.2.2 to 1.13.2.4).

Pre-formed ribozymes, on the other hand, can be delivered using lipids, synthetic 

polymers, electroporation or microinjection (sections 1.13.2.2 to 1.13.2.4). These 

ribozymes may require the introduction of modified nucleotides, to protect them 

from nucleases present in cells. There are three major target sites for modification 

present in RNAs: the base (A, U, C or G), the sugar, and the internucleotide 

phosphodiester linkage, where individual bases are linked to one another. Modified 

RNAs can be generated using chemical or enzymatic techniques.

For instance, all RNAs transcribed by polll contain a 5’-cap which protects them 

against 5’-exoribonucleases (Furuichi et al., 1977). Thus if pre-formed ribozymes 

are generated w ith the 5’-cap they are partially protected from nuclease
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degradation. In addition, the 5’-end of a ribozyme (the first base) can comprise of a 

modified oligonucleotide containing modifications such as guanosine, guanosine 5’- 

monophosphate (GMP), guanosine 5’-0-(l-thiom onophosphate), ApG, CpG, AmpG, 

and others (reviewed in Gaur and Krupp, 1997).

Oligonucleotides (either DNA or RNA) containing phosphorothioate linkages (on 

the sugar) can be synthesised by either chemical or enzymatic means (Eckstein, 

1985) and are protected from degradation by endonucleases.

In addition the 2’-hydroxyl groups (on the base) in RNAs can be exchanged for 

2’fluoro-, 2’-amino-, 2’-0-methyl-, 2’-0-allyl or 2’-deoxy-nucleotides. These RNAs 

can be generated using chemical or enzymatic approaches. In addition, in 

chemically synthesised ribozymes 2’-modified bases can be introduced a t specific 

sites, although only short RNAs can be synthesised chemically. In th is chapter one 

method of RNA modification was tested for R zpollal targeting a polymorphic site 

in the hum an type I collagen transcript. In preparation for possible exogenous 

delivery of R zpollal to cells, the ribozyme was enzymatically generated, by in vitro 

transcription, w ith the incorporation of 2’-aminonucleotides; both Us and Cs. The 

modified ribozyme was tested both for stability in serum and cleavage of the 

C O LlA l transcript.

The incorporation of 2'-fluoro- and 2'-aminonucleotides into ham m erhead 

ribozymes is one of the more successful methods of stabilising the molecule (Pieken 

et al., 1991a). However, the catalytic efficiency of the ribozyme may be reduced by 

th is modification, depending on how many bases are modified and where these are 

located (Pieken et al., 1991b; Heidenreich and Eckstein, 1992). The exact 

mechanism of the inhibition of cleavage efficiency was not elucidated until 1998 

when a comprehensive study in Norway dem onstrated the effect(s) of each base 

substitution (Leirdal and Sioud, 1998). The study showed th a t efficient cleavage 

activity could be achieved for the 2'-amino modified ribozymes when their 

sequences were designed to contain only a few pyrimidines in helix I. Ribozymes 

with no pyrim idines in helix I cleave their target RNAs with almost the same 

efficacy as their unmodified versions. Selective 2'-amino modifications a t positions 

2.1 and 2.2 reduced the ribozyme cleavage activity by 8-fold, suggesting th a t the 

modifications a t these positions may interfere with the formation of the ribozyme’s 

active conformation (Leirdal and Sioud, 1998).
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In preparation for either exogenous or endogenous deUvery of R zpo lla l to cells, 

four prim ary fibroblast cell lines (C, F I, F7 and F5) were obtained from Drs. 

Willing and Deschenes, which were derived from 01 patients and were known to 

express the C O LlA l gene (Willing et al., 1994). The cell lines had previously been 

genotyped for the C3210T polymorphism in the CO LlA l gene and were as follows:

C: heterozygous for the C-allele and the T-allele.

F I and F7: heterozygous for the C- and T- allele, but only forming mRNA 

derived from the C-allele because of a null m utation in the T-allele DNA. The 

patien t manifests type I 01, due to haploinsufficiency.

F5: heterozygous for C- and T-allele, but only forming mRNA derived from 

the T-allele because of a null m utation in the C-allele. The patien t manifests 

type 1 01, due to haploinsufficiency.

One of these cell lines, C, was used to optimise two (non-viral) methods of gene 

transfection. To this end a plasmid containing a LacZ reporter gene driven by a 

CMV promoter was transfected into the cell line using electroporation and a 

commercially available lipid, lipofectAMINE-PLUS (GibcoBRL). N either of the 

methods achieved successful transfection of cell line C, although both methods 

were shown to work in a control COS-7 cell line. Therefore a virus was considered 

to be a more likely vector to achieve successful introduction of genes into this cell 

line. The inefficient transfection obtained with cell line C would render the 

exogenous approach for ribozyme delivery to this particular cell line impossible.

Initially, an Adenovirus (Ad) carrying the LacZ gene (section 1.13.1.2) driven by a 

CMV promoter was tested in cell line C, as th is virus was available in the 

laboratory. Notably, in contrast to electroporation and lipofectAMINE, Ad infected 

over 90% of the cells from cell line C. Additionally, an MLV retrovirus (1.13.1.1) 

carrying a LacZ gene driven by a CMV promoter was bought from Dr. M iyanohara 

(Yee et al., 1994) and tested in cell line C. This virus too successfully infected cells 

from line C, stim ulating the generation of a construct carrying R zpollal driven by 

a CMV promoter, which will be utilised in the generation of an MLV virus. This 

virus may be used to test R zpollal cleavage in cell culture or in an anim al model.

Thus, in this chapter a protected ribozyme (R zpollal) containing 2’-amino modified 

nucleotides was generated and tested in vitro for stability in serum and cleavage of 

the C O LlA l transcript. Appropriate cell lines, described above, were obtained for
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testing  R zpo lla l in cell culture. Given th a t these cell lines were not suitable for 

non-viral transfection methods, an MLV viral construct was generated containing 

R zpo lla l driven by a CMV promoter. The resulting retrovirus will be used to test if 

R zpo lla l elicits efficient cleavage of CO LlA l transcripts in cell culture or in 

anim al models.

5.2. M aterials and Methods

5.2.1. R zpo lla l protection

A protected version of R zpollal was generated by transcribing clone R zpo lla l 

(chapter 3.2.5.4) in vitro as in chapter 3.2.6, however including one change in the 

protocol. Instead of using the usual nucleotides provided in the Ribomax k it 

(Promega), 2’-NH2-dUTP and 2’NH2-dCTP (Amersham) were used. In  vitro 

transcription reactions of the T-allele and cleavage reactions of T-allele RNA by 

protected R zpo lla l were carried out as in chapter 3.2.6/3.2.7. Extrem ely small 

quantities of R zpo lla l were added to T-allele RNA and incubated a t 37°C for 

varying am ounts of time. The amount of R zpollal added was too sm all to quantify 

due to inefficient transcription (discussed in sections 5.3 and 5.4).

5.2.2. Cell lines

Four prim ary derm al fibroblast cell lines (FI, F7, F5 and C), the first 3 derived 

from patients w ith 01 and the last from a normal individual, were kindly donated 

by Drs. M arcia Willing and Sachi Deschenes (Willing et al., 1994). Two of the cell 

lines, F I and F7, are heterozygous for the C- and the T-allele of CO LlA l, but only 

express mRNA derived from the C-allele because of a null m utation in the T-allele 

DNA. In contrast, cell line F5 is heterozygous for both the C- and T-allele, but only 

expresses RNA derived from the T-allele because of a null m utation in the C-allele. 

The patien ts from whom these three cell lines were derived m anifested the mild 

type I 01 due to haploinsufficiency. The fourth cell line, line C, is heterozygous for 

the C- and T-allele and expresses both alleles. Cell line C was used in transfection 

studies of a plasm id carrying a reporter LacZ gene (pZeoSV/LacZ (Invitrogen)) 

using both electroporation and lipofectAMINE-PLUS (GibcoBRL). In addition, cell 

line C was used to assess infection of prim ary fibroblasts by both an Adenovirus 

(Ad) and a M urine Leukaemia Virus (MLV) carrying LacZ reporter genes.
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5.2.3. Cell culture

All cell lines were grown in either 3 or 10 cm petridishes (Falcon or NUNC^^) at 

37°C and 5% or 6% CO2 in a Forma Scientific infrared CO2 incubator (Bio- 

Sciences). The media used was Dulbecco’s Modified Eagle’s Medium (DMEM) 

(GibcoBRL) supplem ented with various substances including bovine foetal calf 

serum  (FCS) (for recipe, Appendix A). Prior to addition of FCS to the DMEM, the 

FCS was incubated a t 55°C for 30 minutes. DMEM which has been supplem ented 

w ith the item s mentioned in Appendix A will be referred to as DMEM+.

Cells, grown in 10 cm petridishes, were harvested in the following m anner. The 

medium was removed in a class two lam inar flow cabinet and the cells were rinsed 

w ith 3-4 ml of PBS (GibcoBRL) (Appendix A). 2 ml of trypsin (GibcoBRL) was 

added and the plate was incubated at 37°C for 5 m inutes to loosen cells from the 

plate. The cells in the trypsin were transferred to a universal tube (Sterilin) with 8 

ml of DMEM-i- and spun for 5 m inutes a t 1000 revolutions per m inute (rpm). For 

re-plating purposes, cells were split four times.

Cells were stored at —80°C in the following manner. 0.5 ml (2x10") of cells 

resuspended in PBS were combined with 0.5 ml of 2x freezing medium (1 ml 

DMSO, 1 ml FCS, 2 ml DMEM+). This was aliquoted into pre-cooled am pules and 

initially stored a t -80°C. Subsequently, ampules were transferred to liquid 

nitrogen and stored indefinitely.

5.2.4. Cell transfections using lipofectAMINE-PLUS

Cell transfections, undertaken in 6 well (3 cm) plates (Falcon), using cell line C 

were optimised for cell density (1x10^-5x10^ cells), lipofectAMINE concentration 

(GibcoBRL) (2.5-20 |j,1), PLUS concentration (3-20 jal) (GibcoBRL), quantity  of DNA 

(0.5-5.0 fig), transfection time (3-5 hours) and time of assay (from 24-48 hours after 

transfection) according to the m anufacturer’s protocols. Transfections, in 6 well (3 

cm) plates (Falcon), were carried out in serum and antibiotic free DMEM-i-. The 

plasm id used to optimise the assay was pZeoSV/LacZ (Invitrogen), driven by a 

CMV promoter. A C0S7 cell line, known to transfect well using lipofectAMINE- 

PLUS was transfected under sim ilar conditions and used as a control for the 

transfection and LacZ assays.
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5.2.5. Electroporation o f mammalian cells

Cells, grown in monolayers in 10 cm petridishes, were washed twice in PBS 

(Appendix A). Subsequently, 2.5 ml of trypsin (GibcoBRL) was added to each plate 

and incubated a t 37°C for 5 minutes. 10 ml of DMEM+ (GibcoBRL) (Appendix A) 

was added and cells were spun a t 1000 rpm for 5 minutes. The pellet was 

resuspended in PBS and counted with the aid of a haemocytometer. 5x 10*" cells 

were pu t in a 0.4 cm gene pulser electroporation cuvette (BioRAD) and left on ice 

for 20-30 minutes. Cells were then electroporated a t 300V and 500jj,F.

Subsequently cells were left on ice for 20 m inutes and plated out on a 10 cm 

petridish in 10 ml of DMEM+. 300V was chosen as a suitable voltage to use for the 

electroporation because a deathcurve had established th a t a t 300V half the cells 

are killed. The deathcurve was carried out on 6 identical cell samples. Samples 

were electroporated as above at 250V, 300V, 350V, 400V, 450V and 500V (figure 1).

5.2.6. Viral infection o f  cell cultures

5x10'’ m am m alian cells from cell line C were infected w ith Ix 10  ̂or 1x10’̂ plaque 

forming units (pfu) of either Ad or MLV respectively carrying a LacZ gene driven 

by a CMV promoter. In the case of Ad infection, cells were grown a t 37°C for 24 

hours and assayed for LacZ expression (5.2.7). In the case of MLV infection, cells 

were grown at 37°C for 48 hours and assayed for LacZ expression. The Ad virus 

was kindly donated by Dr. H. Bueler. The MLV retrovirus was commercially 

obtained from Dr. M iyanohara (Yee et al., 1994).

5.2.7. LacZ assay

Cell culture monolayers in 10 cm petridishes were tested for the presence of the 

LacZ reporter protein as follows. Cells were washed twice w ith PBS (Appendix A) 

and fixed twice a t room tem perature for ten m inutes in 10 ml of fix solution 

(Appendix A). Subsequently the cells were washed twice a t room tem perature in 10 

ml of rinse solution (Appendix A). Cell were then stained over night a t 37°C with 

2.5 ml of stain  solution (Appendix A). After colour development cells were rinsed 

twice for 10 m inutes with rinse solution and stored indefinitely at 4°C.

5.2.8. Cloning viral construct

The pLRNL plasmid, kindly donated by Dr. Miyanohara, was used to clone 

R zpollal, driven by a CMV promoter. pLRNA is the plasm id which was used to 

generate the MLV virus carrying the LacZ reporter gene (5.6.2) (Yee et al., 1994).
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The insert, CMV driven R zpollal, was generated by a PCR amplification (as in 

section 2.2.3) of the pcDNAS clone carrying R zpollal (section 3.2.5.4). Prim ers 

used for PCR amplification were the following:

pLRNL F: 5' GATCAGTCGACCGATGTACGGGCCAGATATA 3' 

pLRNL R: 5' GATCAGGATCCACCCCCTTTCGTCCTCACGGA 3'

The Sail and BamHI site in the forward and reverse prim ers respectively are 

underlined. The sequences 3’ to the restriction sites in the forward and reverse 

prim ers are p art of the CMV and R zpollal sequence respectively, present in clone 

R zpollal. The five nucleotides 5’ of the restriction sites are random bases which 

were included to aid in subsequent restriction digests. The PCR product, using 

these two prim ers and plasmid pLRNL were digested with Sail and BamHI. The 

insert was subsequently ligated into the pLRNL as in section 2.2.9. Ligations were 

transform ed into XII blue-MRA cells as in section 2.2.9, resulting colonies picked, 

grown in LB broth supplem ented with suitable antibiotics (Appendix A) and 

miniprepped as in section 2.2.9. Minipreps were subjected to restriction digest 

analysis w ith Sail and BamHI and checked on agarose gels for the presence of 

inserts. Positive clones were sequenced by an autom ated sequencer using the 

primei’s pLRNL F and pLRNL by the author and Dr. Sophie Kiang as in 

section 3.2.4.

5.3. Results

R zpollal, targeting a common polymorphic site in the hum an CO LlA l transcript, 

was initially tested for cleavage specificity (chapter 3) and efficiency (chapter 4). In 

this chapter, R zpo lla l was assessed for in vivo work; both through exogenous and 

endogenous means of delivery.

Ribozymes, such as R zpollal, th a t are highly efficient in vitro may, due to a short 

in vivo half-life, not be so efficient when they are delivered in cell culture or anim al 

models. Thus, ribozymes which are delivered in an exogenous m anner, are often 

protected from ribonucleases by the incorporation of a wide range of chemical 

modifications such as, the incorporation of phosphorothioates, 2'-aminonucleotides 

and 2'-0-alkyl groups, (Zhang et al., 1998; Pieken et al., 1991a; Ludwig et al..
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1998; see paragraph 5.1). The addition of 2'-aminonucleotides has the advantages 

of not only stabilising ribozymes over 14,000-fold compared to unmodified versions 

(Sioud and Sorensen, 1998), but also of being easy to generate in vitro in the 

laboratory by simply adding protected nucleotides to transcription reactions. For 

these reasons the author decided to protect R zpollal w ith pyrimidines containing 

2'-amino uridine and cytidine. Both the cleavage efficiency of protected R zpo lla l 

and its stability in DMEM+ was tested in vitro. R zpollal proved to be difficult to 

transcribe in vitro w ith protected nucleotides and the protected ribozyme yield was 

so low th a t it  was hardly detectable in the usual m anner on a polyacrylamide gel 

(3.2.6). Protected and normal R zpollal were incubated in DMEM+ for up to 30 

m inutes and run on a polyacrylamide gel. After one m inute about half of the 

unprotected ribozyme had degraded, leaving no intact ribozyme after 30 minutes. 

The protected ribozyme, however, rem ained fully intact for at least 30 m inutes 

(figure 2a/b). Due to the small quantity of protected R zpollal generated, an 

unknown and very small amount of protected R zpollal was added to tim epoint 

cleavage reactions of the T-allele RNA of CO LlA l (figure 2c). Protected R zpollal 

cleaved the target transcrip t specifically. The efficiency of the cleavage reaction 

was difficult to determine, given an inability to quantify the am ount of protected 

ribozyme used in cleavage reactions. However, due to the difficulties encountered 

in generating the protected R zpollal, this method of RNA protection may not be 

suitable for R zpollal. O ther methods of protection such as the incorporation of 

phosphorothioates and 2’-0-allyl groups (Zhang et al., 1998; Ludwig et al., 1998; 

see 5.1 for details) or indeed protected ribozymes could be chemically synthesised. 

However, the la tte r approach was not tested in this study due to cost 

considerations. Thus, endogenous methods of gene delivery of R zpo lla l to cell 

cultures and anim al models were considered; two viral constructs were evaluated 

in the prim ary fibroblast cell lines.

A num ber of hum an prim ary fibroblast cell cultures, known to express hum an 

C O LlA l and previously genotyped for the presence of the 3210 CO LlA l 

polymorphism were available in the laboratory (5.2.2). One of these cell lines, C, 

which is heterozygous for the 3210C/T polymorphism was tested in a series of 

transfection experiments. Firstly a commercially available lipid, lipofectAMINE- 

PLUS (GibcoBRL) reagent was used to test transfection of a reporter plasm id 

carrying a LacZ gene driven by a CMV promoter. A range of param eters including 

the concentration of PLUS and lipofectAMINE, the cell density, transfection time 

and assay time were varied in order to optimise the transfection procedure.
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However, under all circumstances no transfection of fibroblasts by the LacZ 

reporter plasm id was observed although a control COS-7 cell line expressed the 

reporter gene under the same transfection conditions (data not shown). Thus an 

alternative method of gene delivery to the fibroblasts had to be devised. Hence, 

electroporation was evaluated as a possible method of gene delivery to fibroblasts. 

F irst an electroporation death-curve was carried out on cell line C, in which the 

voltage of the electroporation was varied. The optimal voltage, after which 50% of 

cells die, was determ ined to be 300V and used in further experiments. 

Electroporation was carried out using either the reporter plasm id w ith the LacZ 

gene or the plasmid carrying R zpollal. Fibroblast cells were either tested  for LacZ 

gene expression or selected for three to four weeks with G418 (neomycin m arker 

present on the plasmids) in an attem pt to generate stable cell lines carrying 

R zpollaL  A second deathcurve was established to optimise the concentration of 

G418 for selection of stable fibroblast cell lines. However, unfortunately no cells 

e ither expressed LacZ or survived selection w ith G418. Given the lack of success 

w ith both lipofectAMINE-PLUS and electroporation another method of transfection 

of the fibroblast cell lines had to be considered.

Cell line C was therefore infected w ith an Ad virus carrying a LacZ reporter gene 

driven by a CMV promoter, which was available in the laboratory. After 24 hours 

the cells were assayed for LacZ gene expression (figure 3a). Over 90% of the cells 

turned  blue, showing efficient viral infection. In addition an MLV retrovirus 

carrying the LacZ reporter gene driven by a CMV promoter was ordered 

commercially from Dr. M iyanohara (Yee et al., 1994) and tested on cell line C. The 

cells were assayed for LacZ expression after 48 hours and some blue cells were 

identified (figure 3b). Control cells rem ained unstained (figure 3c). The MLV 

retrovirus, which unlike the Ad virus integrates into host genomes, was therefore 

thought to be a good virus for stably delivering R zpollal to cell cultures and 

anim al models for 01.

To make an MLV virus carrying R zpollal driven by a CMV promoter, clone 

R zpo lla l was PCR amplified over the CMV promoter and R zpollal. The resulting 

amplified product was cloned into the pLRNL plasmid. This is the same plasm id 

which was used by Drs. Yee and M iyanohara to generate the MLV virus carrying 

the LacZ gene discussed above. Resulting colonies were picked, grown in LB 

medium and miniprepped. The resulting DNAs were sequenced by an autom ated 

sequencer and a num ber of clones carrying the appropriate insert were identified.
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Clones carrying the correct insert will be used to generate an MLV retrovirus 

carrying R zpollal. This recombinant virus will subsequently be used in cell line C 

and the other prim ary fibroblast cell lines described above and effects on levels of 

expression of the C and T3210- polymorphic alleles evaluated. In addition the MLV 

virus may be used in studies on an anim al model for 01; either using ex vivo 

m ethods of gene delivery or systemic methods. Fortunately, a transgenic mouse 

model for 01 was generated in 1991 (Olsen et al., 1991; Khillan et al., 1991). This 

anim al is discussed in detail in 5.4. Translating results obtained w ith ribozymes in 

vitro to cell or anim al systems may involve significant modifications to ribozyme 

design and methods of delivery. A num ber of such modifications and delivery 

methods have been evaluated for fibroblast cells in the current study.

5.4. D iscussion
5.4.1. Results

R zpollal, known in vitro to specifically cleave the hum an CO LlA l transcrip t 

efficiently a t a polymorphic site (3210T) was studied for in vivo work. W ith an 

exogenous method of gene delivery in mind, R zpollal was protected from nucleases 

by the incorporation of 2’-amino pyrimidines in the RNA structure. This was 

achieved by in vitro transcription from a T7 promoter of the ribozyme in the 

presence of the modified nucleotides. Although the ribozyme still cleaved the T- 

allele of the CO LlA l transcript specifically and ribozyme stability in DMEM+ was 

enhanced significantly, the transcription reaction was somewhat problematic and 

protected R zpollal yields were low.

The incorporation of 2’-fluoro and 2’-aminonucleotides into ham m erhead ribozymes 

was first discussed in 1991 (Pieken et al., 1991a). In this study the presence of 2’- 

fluorouridines, 2’-fluorocytidines or 2’-aminouridines did not significantly decrease 

the catalytic efficiencies of the ribozymes. However, the incorporation of 2’- 

aminonucleotides decreased ribozyme activity approximately by a factor of 20 and 

the replacem ent of all adenosines with 2’-fluoroadenosines abolished detectable 

catalysis. The 2’-fluoro and 2’-amino modifications conferred resistance toward 

ribonuclease degradation by a factor of at least 10  ̂compared to unmodified 

ribozymes. An advantage of the incorporation of 2’-aminonucleotides over 2’- 

fluoronucleotides in ribozymes in term s of ribozyme-protection against nucleases is 

th a t 2’-aminonucleotides protect RNAs from not only RNases but also from alkaline 

cleavage, whereas 2’-fluoronucleotides only protect RNAs from RNases (Janik et 

al., 1972; Hobbs et al., 1973; Pieken et al., 1991a).
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In 1992 another group tested the influence of 2’-modified pyrimidine nucleotides on 

ham m erhead ribozymes. 2'-fluorocytidine substitutions as well as four term inal 

phosphorothioate internucleotidic linkages influenced the catalytic efficiency of 

ribozymes only negligibly. However, the substitution of uridine by 2'-fluorouridine 

resulted  in a 5-fold decrease in cleavage efficiency. A ribozyme containing all these 

modifications revealed only a 7-fold lower catalytic efficiency than  the unmodified 

ribozyme but had a m arkedly increased stability in cell culture supernatan t 

(Heidenreich and Eckstein, 1992).

In 1993 the same group found th a t replacem ent of the 2’-fluoro-2’deoxyuridines in 

the conserved region of a ribozyme at positions 4 and 7, by 2’-amino-2’- 

deoxyuridines fully restored catalytic activity of the ribozymes, while the ribozyme 

rem ained stable in fetal calf serum and in cell culture supernatant.

Another group of researchers also studied the effects of 2’-amino pyrimidine 

modification on ham m erhead ribozyme activity and stability. They found good 

cleavage activity can be achieved with ribozymes w ith uniform 2’-pyrimidine 

modifications, provided the ribozyme has no pyrimidines in helix 1. Interestingly, 

selective 2’-amino modifications a t positions 2.1 and 2.2 reduced the ribozyme 

cleavage activity by 8-fold, suggesting th a t the 2’-amino groups a t these two 

positions may interfere with the formation of the ribozyme secondary structure 

(Leirdal and Sioud, 1998). A ham m erhead ribozyme with 2’-amino pyrimidine 

modifications, which targeted the protein kinase C alpha (PKC alpha) transcrip t 

was found to inhibit glioma cell growth in vitro as a result of the inhibition of PKC 

alpha gene expression. In addition, the modified ribozyme had a 14,000-fold longer 

half-life in serum  compared to an unmodified version of the ribozyme (Sioud and 

Sorensen, 1998).

In regard to the low transcriptional yield of protected R zpollal, which was 

obtained during the study, the author contacted Dr. M. Sioud for advice on this 

issue. His unpublished results, which he kindly discussed w ith the author, indicate 

th a t the efficiency of transcription using 2’-modified pyrimidines and a T7 promoter 

depend on the sequence of the ribozyme. In order to achieve a high yield, a 

ribozyme sequence should contain a t least 5 purines (although 7 are preferable) 

near the s ta r t of transcription a t the 5’ end of the ribozyme. U nfortunately 

R zpollal contains many pyrimidines a t these positions, which may account for the 

low transcriptional yield obtained for R zpollal. Thus exogenous delivery of 

R zpollal protected w ith 2’-modified pyrimidines may not be a good option due to
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the low transcriptional yield. However, it would be possible in principle to 

synthesise the ribozyme w ith protected bases commercially. This was not 

undertaken  during the study due to cost. However, alternative methods of 

protection could be explored, such as the incorporation of 2’-0-methyl, 2’-0-allyl or 

2’-deoxy-nucleotides. This can be achieved both chemically or, less expensively, 

enzymatically. In addition, the ribozyme can be generated containing 

phosphorothioate linkages; either chemically or enzymatically. Various different 

chemical modifications are discussed in detail in 5.1. In addition to difficulties with 

levels of transcription of protected ribozyme , plasmid gene delivery to fibroblast 

cell line C, heterozygous for the 3210C/T polymorphism in CO LlA l, was 

unsuccessful using both lipofectAMINE-PLUS (GibcoBRL) and electroporation. 

Therefore, exogenous gene delivery of protected R zpollal into cell line C may not 

be a viable option. However, endogenous gene expression, of for example plasmid 

DNA carrying the ribozyme, using non-viral methods of gene delivery would also 

not be a good option as prim ary fibroblast cells are in some way im penetrable to 

DNAs. Ribozymes have on many occasions successfully been delivered to cell 

cultures using sim ilar methods outlined in this chapter, including using lipids and 

electroporation, for either transien t expression of the ribozyme or for generating 

stable cell lines (Ohta et al., 1996; Cameron and Jennings, 1989; Prasm ickaite et 

al., 1998; Kariko et al., 1994; Kijima et al., 1998; Gonzalez et al., 1998; Sakamoto et 

al., 1996). However, Professor D.J. Prockop and Dr. J. M arini both mentioned, in a 

personal communication, th a t they had encountered the same difficulties in 

transfecting prim ary fibroblast cell lines as those encountered in th is study. The 

author therefore suggests th a t prim ary fibroblasts may be in some way protected 

against the uptake of nucleic acids, perhaps as a method of cellular protection due 

to their derm al function or due to the fact they are undifferentiated cells, whose 

in tegrity  m ust be carefully maintained. Dr. M arini mentioned th a t after trying to 

transfect a prim ary fibroblast cell line with a plasmid using lipofectAMINE 

(GibcoBRL), one or two stable cell lines were obtained. However, there is 

significant concern th a t these few stable cell lines, which took 6 m onths to 

generate, may be in some way defective and may not represent norm al fibroblast 

behavior. As an alternative to non-viral methods of transfection viral modes of 

endogenous gene delivery were considered.

Initially, an Ad virus, available in the laboratory was evaluated in cell line C and 

was found to infect these cells extremely efficiently. Additionally an MLV virus was 

obtained from Dr. M yanohara (Yee et al., 1994) to test its ability to infect cell line
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C. This virus, unHke Ad viruses, integrates into host genomes and therefore only 

expresses in dividing tissues. However, integration ensures prolonged expression of 

any transgene carried by the MLV virus (section 1.13 for details). The MLV virus 

infected cell line C successfully and could therefore in principle be used to carry 

any transgene, including R zpollal, into cell C. As MLV was found to infect cell 

line C, a vector has been constructed to enable generation of an MLV virus carrying 

R zpo lla l driven by a CMV promoter.

5.4.2. Future work

Interestingly, the resulting MLV virus carrying R zpollal could be used for a 

variety of studies. For example, the virus could be used for ex vivo studies w ith a 

transgenic anim al model for 01, expressing the hum an T-allele of the C O LlA l 

gene. In addition the virus could be used to study systemic delivery of R zpo lla l 

into a suitable anim al model.

In term s of ex vivo gene delivery, it is of note th a t a method has recently and 

successfully been investigated for the delivery of transp lan ts into bone marrow 

precursor cells; the cells th a t specialise into osteoblasts, chondrocytes and other 

cells involved in 01 (Horwitz et al., 1999). In the study, the effects of 

transp lan tation  of allogenic bone marrow, derived from donors, led to engraftm ent 

of functional mesenchymal progenitor cell in three children w ith severe forms of 

01. Three months after the transplantation (DNA analysis showed a presence of 

1.5-2% of donor cells), the bone density of the children was significantly increased 

(on average the bone density went up 26 grams, compared to the predicted 1.3 

gram s in norm al children w ith sim ilar changes in weight). Also growth velocity was 

increased and patients manifested reduced frequencies of bone fracture. This 

method of therapy for dominant 01 is very attractive in th a t it circumvents the 

allelic heterogeneity of the disease (i.e. th a t many different m utations in the type 1 

collagen genes cause the disease phenotype). In addition, the same therapy may be 

used in a range of different diseases involving bone marrow cells, such as Ehlers 

Danlos Syndrome and 01. However, it is based on the introduction of healthy donor 

stem cells into patien ts’ bone marrow, not removing m utant cells or suppressing 

m utan t genes; hence the ratio of m utant protein (the patien ts’) versus normal 

protein (the donors’) is altered. This, unfortunately, makes the use of 

nnm unosuppressing agents necessary for patients treated  in this manner. It is of 

note th a t mesenchymal progenitor stem cells may also be utilise in future as 

vehicles of ex vivo gene delivery. Therapeutic genes could be stably introduced into



a patien t's  bone marrow precursor cells and these reintroduced into the patien t's 

bone marrow.

A second study investigated the m ultihneage potential of adult hum an 

mesenchymal stem cell (Pittenger et al., 1999) and for the first time dem onstrated 

their ability to replicate as undifferentiated cells in cell culture and to have the 

potential to differentiate to different lineages of mesenchymal tissues such as bone, 

cartilage, fat, tendon, muscle and marrow stroma. The cells were extracted from 

bone marrow taken from the illiac crest of hum an donors and could be cultured in 

vitro for up to 12 passages. Between approximately 0.001 and 0.01% of bone 

marrow cells were estim ated to be mesenchymal progenitor cells (P ittenger e t al, 

1999).

Finally, a group of researchers was able to transduce hum an marrow-derived 

osteogenic mesenchymal progenitors w ith retroviruses containing LacZ and hum an 

interleukin-3 (hIL-3) in vivo. In this study syeloproliferative sarcoma virus 

containing the LacZ and neo genes were stably transduced in cell cultures of 

mesenchymal progenitor cells and 18% of cells manifested gene expression. After 

culture expansion and selection with G418, approximately 70% of the neo resistan t 

cells co-expressed LacZ. These cells were seeded into porous calcium phosphate 

ceramic cubes and im planted subcutaneously in SCID mice. LacZ expression was 

observed in osteoblasts and osteocytes in bone developing w ithin the ceramics 6 

and 9 weeks after implantation, dem onstrating firstly th a t transduced progenitor 

cells re ta in  their ability to differentiate into bone cells and secondly th a t expression 

of LacZ rem ains stable for at least 9 weeks (Allay et al., 1997). A sim ilar 

experim ent was carried out in which mesenchymal progenitor cells were 

transduced w ith hIL-3 cDNA, adhered to ceramic cubes and im planted in SCID 

mice. Bone, which was subsequently formed, secreted detectable levels of hIL-3 

into the systemic circulation for a t least 12 weeks (Allay et al., 1997).

Thus as a method of gene delivery for disorders of mesenchymal tissue or recessive 

disorders, which arise from m utan t protein which is excreted, such as horm onal 

disorders, it may in future be possible to extract a patients bone marrow, grow bulk 

quantities of mesenchymal stem cells from this and carry out ex vivo gene therapy. 

Subsequently, the patient's mesenchymal stem cells, carrying a therapeutic gene 

would be transplanted  back into the patient, hopefully leading to successful 

transplantation  of functional mesenchymal progenitor cells. Such an ex vivo 

approach may be used in a gene therapy study of 01 using the MLV virus w ith
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R zpo lla l and a suitable anim al model. Another method to test the functionality of 

R zpo lla l in vivo involves the generation of transgenic mice or ra ts  carrying the 

R zpo lla l transgene and a m utant hum an C O LlA l transgene w ith the T-allele.

The anim al should, in the absence of the ribozyme, m anifest a severe form of 01 

due to a dom inant negative mutation. Possible benefits of the R zpo lla l transgene 

could be assessed in mice carrying the disease causing transgene and the 

therapeutic transgene. A mouse model carrying a hum an C O LlA l minigene has 

existed since 1991 and displays a lethal form of 01 (Olsen et al., 1991; Khillan et 

al., 1991). This anim al may prove valuable in future gene therapy studies for 01.

A minigene version of the hum an C O LlA l gene has previously been generated 

(Olsen et al., 1991) which contained -2.3 kilobases of the 5' upstream  sequence, 

exons and introns 1-5 of the gene, the last 6 exons and introns of the gene and 

about 3 kilobases of 3' sequence. The construct lacks 41 of the exons and introns of 

CO LlA l. This minigene was shown by northern and western analysis to be 

expressed in mouse fibroblast cell line NIH 3T3. The minigene construct was then 

used to generate a transgenic mouse th a t expressed the minigene version of 

CO LlA l; the mouse developed a phenotype resembling a lethal form of 01 (Khillan 

et al., 1991). Additionally, a second transgenic mouse was generated expressing the 

minigene construct in a reverse orientation. This antisense mouse was bred onto 

the minigene mouse and rescue of the disease was demonstrated; the lethal fragile 

bone phenotype of the progeny was reduced from 93% to 27% (Khillan et al., 1994).

A C O LlA l minigene 01 mouse, expressing the T-allele of CO LlA l, could be used to 

test R zpo lla l in four ways. Firstly, systemic delivery of the MLV virus with 

R zpollal could be investigated. In this regard it is of note th a t systemic delivery, 

either through oral means or through injection into the bloodstream, has not been 

a very successful method of gene delivery to date. There are however, some success 

stories involving systemic delivery. For example, Adeno-associated viral (AAV) 

vectors have been shown to preferentially transduce hepatocytes after systemic 

adm inistration in adult mice and to provide long-term expression of introduced 

genes. In one study this characteristic was utilised by injecting into mouse tail 

veins AAV vectors encoding hum an granulocyte colony-stimulating factor (G-CSF), 

which increases m ature neutrophil numbers in hum ans and anim als and has 

therapeutic effects in disorders featuring chronic neutropenia. High levels of G- 

CSF and m arked elevation of neutrophil counts were detected for a t least 5 months 

subsequent to viral adm inistration. A therapeutically relevant am ount of G-CSF
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production was obtained when the liver-specific mouse albumin prom oter-enhancer 

was used to drive G-CSF expression (Koeberl, 1999).

In addition to systemic delivery, the MLV vector encoding R zpollal and the 

m inigene mouse could be used to explore injection of the virus into bones of the 01 

mouse. It would be extremely difficult to trea t all bones, however, initially more 

fragile and accessible bones, such as thigh bones could be studied. There are a 

num ber of studies, which dem onstrate th a t viral delivery of a therapeutic ribozyme 

to a ta rg e t tissue has provided a beneficial effect. As mentioned on pages 45 and 46 

of th is Ph.D. thesis one of the more recent studies involved ribozyme delivery to 

re tina l tissues of a transgenic ra t model for adRP. The rate of photoreceptor 

degeneration was considerably slowed in the ra t for at least three m onths after a 

single adm inistration of virus. (Kimberly et al., 1998; Lewin et al., 1998).

A th ird  m anner in which the MLV vector encoding R zpollal could be tested using 

the minigene mouse is through ex vivo delivery of the virus. Mesenchymal 

progenitor cells (see above) from the 01 mouse could be extracted from bone 

marrow, purified and grown in bulk in cell culture with the MLV virus, selected in 

cell culture for MLV expression and re-injected into the 01 mouse (see above; Allay 

et al., 1997; Hurwitz et al., 1997). Re-injection could either be directly into the bone 

or systemically (see above). It is of note th a t mesenchymal progenitor cells have a 

homing instinct and th a t a small percentage of these cells, when injected into the 

bloodstream will find their way to bone marrow (Prockop, 1998). One large 

advantage of this ex vivo method of gene delivery is th a t theoretically the mouse 

should not suffer an immune response against the therapeutic cells, as these are 

derived from the mouse’s own tissue.

The fourth m anner in which R zpollal could be tested for functionality, using the 

minigene mouse, involves the generation of a second transgenic mouse expressing 

R zpollal. This mouse could then be bred w ith the 01 mouse model. Subsequent 

progeny would express both the minigene and the therapeutic agent somatically. 

Transgenic mice have previously been used to test the functionality of ribozymes. 

For example this approach was tested in 1996, when researchers generated a 

double transgenic mouse expressing the bovine a-Iactalbum in and a specific 

ribozyme targeting this gene. Heterozygous expression of the ribozyme resulted in 

a reduction in the levels of target mRNA to 78%, 58% and 50% of th a t observed in 

the non-ribozyme transgenic litterm ate controls for three independent lines 

(L’Huillier et al., 1996).

169



Given the potential usefulness of the 01 mouse described above, the author 

genotyped the 01 construct, kindly donated by Dr. A. Fertala, used in generating 

the 01 minigene mouse and discovered th a t the mouse contains 32 IOC in the 

C O LlA l gene and thus is not suitable for R zpollal cleavage. However Dr. F ertala  

has kindly given us permission to mutagenise the minigene construct and use this 

to generate a second minigene mouse or indeed other anim al model, carrying the 

3210T version of the minigene. So we can m utagenise the construct and generate a 

second anim al w ith the cleavable T-allele a t position 3210, which we can utilise in 

the m anners described above.

5.5. Sum m ary

In this chapter, R zpollal targeting a common polymorphic site in the hum an 

CO LlA l gene (the T-allele) and known to be specific and efficient a t cleaving its 

target was evaluated for in vivo studies; both in cell culture and an anim al model.

A suitable prim ary fibroblast cell line expressing both C O LlA l polymorphisms was 

characterised in term s of its ability to be transfected and found to be transfectable 

by viral m eans only. A plasmid was therefore generated w ith R zpo lla l driven by a 

CMV prom oter which will be utilised in the generation of an MLV retrovirus. This 

recom binant virus carrying R zpollal can be tested for cleavage of C O LlA l (T- 

allele) transcrip ts in cell culture and in an anim al model. Fortuitously, a dom inant 

01 mouse model with a hum an CO LlA l m ini-transgene has preciously been 

generated and is available for this study. However, in the current study it has been 

established th a t the 01 mouse expresses the non-cleavable polymorphism (the C- 

allele) a t position 3210 of COLlAl, making the generation of a new 01 anim al 

model expressing the T-allele necessary. The minigene plasm id has kindly been 

donated by Dr. A. Fertala  and can be mutagenised at position 3210 of CO LlA l for 

this purpose. In addition to the exploration of viral delivery to prim ary fibroblasts, 

the suitability of delivering R zpollal in an exogenous m anner was investigated. 

R zpollal was protected with 2’-amino pyrimidines and tested for T-allele cleavage 

and stability in DMEM-i-. The protected R zpollal was both specific a t cleaving its 

target and stable in the presence of serum, however, the ribozyme was somewhat 

problematic to transcribe in large quantities in vitro. This may be due to the 

presence of pyrimidines near the s ta rt of transcription. There are a num ber of ways 

to overcome this difficulty including synthesising the ribozyme commercially or 

altering the bases near the s ta rt of transcription. In summary, given th a t the next 

step towards the ultim ate goal of therapeutic ribozymes for 01 is in vivo evaluation
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of the ribozymes studied in sections 3 to 5, both viral and non-viral methods of

ribozyme delivery to primary fibroblasts have been explored. The results of these

studies have been presented here in chapter 5 of the Ph.D. thesis.
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Figure 1. Electroporation deathcurve of primary fibroblast cell line C. The horizontal 

axis represents the voltage of the electroporation. The vertical axis represents the 

percentage of cell death after electroporation.
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F ig u re  2. Protected Rzpollal stability in DMEM+ and cleavage of the T-allele 

transcript. A, lanes 1-3 represent protected Rzpollal incubated in DMEM+ for 0, 1 and 

30 minutes. No degradation is observed after 30 minutes. B, lanes 1-3 represent 

unprotected Rzpollal incubated in DMEM+ for 0, 1 and 30 minutes. No intact Rzpollal 

is visible after 30 minutes. C, timepoint cleavage reactions of protected R zpollal and the 

T-allele RNA of COLIAI. Lanes 1-4 represent cleavage reactions for 0, 30, 60 and 180 

minutes respectively. T-allele RNA and cleavage products are highlighted with arrows 

from top to bottom.
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F ig u re  3. A, Ad LacZ expression in cell line C, assayed after 24 hours. Over 90% of cells 

are expression the reporter gene. B, MLV virus driving LacZ expression in cell line C, 

assayed after 48 hours. A small portion of cells expressed the LacZ reporter gene. C, 

Control fibroblast C cells which have not been infected with virus.



Concluding remarks

The aim of the study presented in this Ph.D. thesis has been to contribute towards 

the eventual generation of therapies for genetic disorders such as retin itis 

pigm entosa (RP) and osteogenesis imperfecta (01). To enable the generation of such 

therapies, a disease gene m ust first be localised and characterised. In chapter 2 of 

th is  thesis a novel mitochondrial disease mutation, causing RP and sensorineural 

deafness in an Irish family, was identified in the second mitochondrial serine 

tRNA, highlighting yet again the immense heterogeneity associated w ith disorders 

such as RP. In addition to knowledge of the genetic pathogenesis of diseases, to 

enable the generation of gene therapies for many dominantly inherited disorders 

(although not recessive disorders) suppression agents will be required, which can 

selectively switch off m utan t alleles while leaving wildtype alleles intact. However, 

many dom inantly inherited disorders are genetically heterogeneous. For instance, 

there are over 150 different m utations in the hum an CO LlA l and C0L1A2 genes 

known to cause 01 and similarly well over 100 m utations in the rhodopsin gene 

give rise to adRP. Thus, the use of mutation-independent suppressors for such 

disorders is likely to present a more realistic therapeutic approach. In chapters 3 

and 4 of th is Ph.D. thesis 12 mutation-specific and m utation-independent 

ham m erhead ribozymes, targeting the hum an rhodopsin, peripherin/i?Z)S, CO LlA l 

and C0L1A2 transcripts, were designed and tested in vitro. All ribozymes elicited 

sequence specific cleavage of target RNAs, although cleavage efficiencies varied 

widely. Therefore, in chapter 4 of this Ph.D. thesis the most efficient ribozyme 

identified in chapter 3, R zpollal, which targets a polymorphic site in the CO LlA l 

transcrip t was characterised in term s of its kinetic profile and was found to be 

extremely efficient with a Vmax of 0.41 min '. Additional steps involved in 

generating gene therapies, suitable for humans, include testing therapeutic agents 

in cell culture and suitable anim al models and to design a m eans of delivering 

therapies to appropriate tissues. In chapter 5 of this Ph.D. thesis suitable prim ary 

hum an fibroblast cell lines expressing the polymorphic varian ts of hum an CO LlA l 

were characterised and subsequently used to evaluate various methods of gene 

delivery. In this study in fibroblast cells, the cell lines were found to be resistan t to 

non-viral means of gene delivery (lipofectAMINE PLUS and electroporation) but 

were susceptible to viral gene delivery, including viruses such as Ad and MLV.
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Thus a viral MLV plasmid carrying R zpollal under the control of a CMV promoter 

was generated, which will be used to construct an MLV retrovirus carrying the 

ribozyme. The virus may be used to deliver R zpollal to cells or into a suitable 

anim al model for 01, expressing the cleavable polymorphic varian t of C O LlA l. A 

sim ilar anim al model, expressing a hum an C O LlA l minigene was designed in 

1991 by Khillan and Olsen (see chapter 5 for details), but unfortunately carries the 

non-cleavable varian t of CO LlA l. The anim al m anifests a phenotype sim ilar to 

hum an 01. The plasmid, which was used to generate the minigene mouse, was 

kindly donated to the author and will be m utagenised and used to generate a 

second anim al model for 01 carrying the cleavable varian t of the CO LlA l gene. 

This anim al could subsequently be used in two studies briefly described below.

Firstly, the anim al could be crossed with a transgenic anim al carrying and 

expressing R zpo lla l and subsequent beneficial effects on the disease phenotype 

evaluated. Secondly, viral delivery using the MLV virus with R zpo lla l could be 

studied, perhaps using an ex vivo approach involving infection of bone marrow 

mesenchymal progenitor cells, the undifferentiated cells which give rise to cells 

involved in 01, with recombinant virus. Again, subsequently, the 01 phenotype and 

C O LlA l expression profile could be studied in these animals.

In addition, in chapter 5 of the thesis, the ability of R zpollal to be protected from 

ribonuclease degradation by incorporating 2’amino-pyrimidines into the ribozyme 

was assessed. This was carried out with a view to delivering R zpo lla l in an 

exogenous m anner into cell cultures and perhaps, a t a la ter stage into an 

appropriate anim al model of 01. Having undertaken a num ber of transfection 

assays using the prim ary fibroblast cell lines obtained for the study it would now 

seem th a t delivery in an exogenous (non-viral) m anner to these fibroblast cell lines 

may not be possible as these cells are highly resistan t to transfection. Exogenous 

delivery of protected R zpollal to prim ary fibroblasts may prove difficult, however, 

it may be possible for example to transfect bone marrow progenitor ceUs. These 

cells would, in principle, be an ideal target cell for an in vivo approach to 01 

therapy. In th is regard it is notable th a t R zpollal when protected w ith 2'amino- 

pyrim idines was stable in the presence of serum for at least 30 m inutes and still 

elicited sequence specific cleavage of target RNA.

Thus during the course of this Ph.D. a novel mitochondrial disease mutation, 

causing RP in conjunction w ith sensorineural deafness was identified, highlighting 

the large levels of heterogeneity inherent in hum an inherited retinopathies. In



addition m utation independent ham m erhead ribozymes, targeting re tinal and 

collagen transcrip ts (rhodopsin, peripherin/i?Z)S, CO LlA l and C0L1A2), 

implicated in RP and 01, were designed and tested in vitro. In chapter 5 of th is 

thesis, various studies were initiated  which will be required to test the most 

efficient ribozyme, R zpollal targeting the CO LlA l transcrip t a t a polymorphism, 

in cell culture and anim al models. However, the evaluation of a gene therapy in an 

anim al model represents only the beginning of the path leading towards a 

functional gene therapy, which is suitable for hum an patients. The development of 

such therapies is labor intensive and indeed extremely costly. Some elem ents 

involved in th is process are outlined below.

Subsequent to testing therapeutic agents in an anim al model for a genetic disorder 

such as a rodent, typically such agents m ust be tested in larger anim als such as 

transgenic pigs and prim ates. Only after these tests have been carried out can 

hum an trials of the gene therapeutic drugs be attem pted. In addition, to minimize 

risks in term s of safety, hum an experim ental drug trials proceed through four 

phases. In phase 1 clinical trials, a drug or treatm ent is tested in a sm all group of 

people (20-80 patients, who have not reacted well to any drugs on the m arket) for 

the first time to evaluate its safety, determine a safe dosage range and identify 

possible side effects. Phase II clinical trials involve testing the study drug or 

treatm ent in a larger group of people (100-300) and evaluating the efficacy and 

safety further. In phase III studies the drug or treatm ent is tested in an even 

larger group of people (1,000-3,000) to confirm the efficacy, monitor side effects, 

compare it to commonly used treatm ents and collect information th a t will allow the 

drug or trea tm en t to be used in a safe manner. Phase IV studies are carried out 

after the drug or treatm ent has been m arketed and involves continued evaluation 

to collect information about beneficial effect(s) in various populations and any side 

effects associated w ith long-term use.

Thus, to develop a therapy from a concept into a product involves carrying out 

essential studies including anim al studies, hum an trials, product development and 

m arketing and is estim ated to take about 10 years and cost a t least 100 million 

dollars (estim ates vary from about 100-500 million dollars). Such vast quantities of 

money are hardly ever available in university environm ents and m ust therefore 

frequently come from various investors, initially often involving venture capitalists, 

but latterly involving large m ultinationals. However, investors typically will only 

invest in a potential product if there is a good chance of monetary re tu rn  in the
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future. For th is reason, many scientists developing therapies have found it 

necessary to apply for patents in order to generate appealing intellectual property, 

often required to tem pt investors. In this regard, three patents have arisen from 

research undertaken during the course of this Ph.D.

The paten ts describe the three m utation-independent strategies of gene 

suppression (outlined in chapter 3) using ham m erhead ribozymes and based on 

suppressing transcrip ts a t polymorphic sites, in UTRs or a t wobble positions. In the 

la tte r two cases, replacem ent genes would be generated and concurrently 

adm inistered, which have been altered a t the target cleavage site and which are 

thereby protected from ribozyme cleavage. In the case of the polymorphism 

approach, gene replacem ent may only be necessary, where haploinsufficiency plays 

a large role in disease pathology. These m utation-independent methods of gene 

suppression may help overcome the immense heterogeneity inherent in many 

dom inant-negative disorders, including 01 and RP. O ther m utation-independent 

methods of therapy for disorders such as RP th a t could be considered would include 

the use of growth factors, the suppression of apoptotic genes involved in 

photoreceptor cell death and retinal transplants. The ability to overcome genetic 

heterogeneity will be one of the many components required to develop successful 

therapies for these disorders.

Gene therapies for dom inant negative disorders, such as RP, which involve 

complex target tissues such as neurons (both rod and cone photoreceptor cells), 

which m ust survive throughout a person’ s lifetime, as they are post-mitotic, will 

possibly involve combination therapies. Combination therapies may comprise of 

gene suppressors, for example ham m erhead ribozymes, growth factors and anti- 

apoptotic agents. In addition retinal transplantation may be required. It is of note 

th a t the relatively late onset of RP, in theory, gives patients time in which to seek 

therapy. In the case of therapies for simpler disorders such as 01, which involves 

dividing cells, an ex vivo approach of gene therapy, involving viral delivery of a 

therapeutic suppressor to mesenchymal progenitor cells present in bone marrow, 

may be a viable approach to eventually treating 01. In the study presented in 

chapters 4 and 5, an extremely efficient ham m erhead ribozyme, R zpollal, has been 

designed and tested in vitro, which targets a common polymorphic site in COLIAI. 

R zpollal may be a suitable and novel suppression agent for 20% of all 01 patients 

with a dom inant negative m utation in the CO LlA l gene and for th is reason 

w arran ts further investigation in cell culture and anim al models.
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Another essential component required for the development of gene therapies will 

undoubtedly be the availability of safe and efficient vector systems for delivery to 

the tissues involved in disorders such as RP and 01. Novel developments in 

vectorology should expedite the overall development of successful gene therapies.
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Appendix A

Agarose Loading  Dye 

0.25% brom ophenol blue 

0.25% xylene cyanol 

30% glycerol 

69.5% H 2O

Form am ide L oad ing  Dye 

1 mg/ml brom ophenol blue 

1 mg/ml xylene cyanol 

lOmM EDTA pH 8.0 

80% form am ide

lOX TB E  

55g boric acid 

lOSg trizm a base 

40ml 0.5M EDTApHB.O 

H 2O to IL

Hot N T P  m ix  

10 ml dGTP 

10 ml dTTP 

10 ml dATP

12.5 ml 1/100 dll dCTP

717.5 ml H 2O

M gC h Buffer (Promega)

500mM  KCl

100m TrisCl pH  9.0

0.1% gelatin

1% tritonXlOO

10, 12.5, 15. 20 or 25mM

MgCl2

20% A crylam ide  

96.5g acrylam ide 

3.35g bis-acrylam ide 

233.5g urea 

50ml lOx TBE 

H 2O to 500ml

7.75M  Urea m ix  

233.5g urea  

50ml lOx TBE

Cold N T P  m ix  

10 m l dGTP 

10 m l dCTP 

10 m l dTTP 

10 m l dATP 

760 m l H 2O

P B S  

8g NaCl 

0.2g KCl 

1.44gNaHP04 

0.24gK H 2PO 4

L B  broth a n d  plates  

lOg NaCl 

lOg tryp tone 

5g y east ex trac t 

lOmM Mg SO4 

0.2% m altose 

H 2O to IL

(plates: 15g bactoagar) 

0.05g am picillin  

0.025g tetracycline 

H 2O to 500ml

T E S

lOmM T risC l pHS.O 

Im M  EDTA pH8.0 

0.1% SDS
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DMEM+

500 ml DMEM (GibcoBRL)

5 ml L-glutamine (GibcoBRL)

5 ml penicillin/streptomycine (GibcoBRL) 

5 ml sodium pyruvate (GibcoBRL)

50 ml fetal calf serum  (GibcoBRL)

Rinse solution (500 ml)

0.5 M sodium phosphate buffer pH7.3 

l.O M M gC h

50 mg sodium deoxycholate

10 ml nonidet P-40

H 2O

X-gal solution

25 mg X-gal per ml dimethylformamide

Fix solution

25 % gluteraldehyde

0.5 M sodiumphosphate buffer pH7.3

O.lMEGTApHS.O

l .OMM gCb

Stain solution (100 ml)

96 ml rinse solution 

0.165 g potassium  ferricyanide 

0.165 g potassium ferrocyanide 

4 ml X-gal solution
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Appendix B

Modified from the online Retnet database maintained by Dr. S.P. Daiger. 

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

Cloned and/or Mapped Genes Causing Retinal Diseases

Listed by chromosome

Chromosome 1
Symbol Location Disease, protein M apping method, comment

LCA2, RP20, 
RPE65

lp31 Recessive Leber congenital 
amaurosis; recessive RP; 
protein: retinal pigment 
epithelium-specific 65 kD 
protein

Cloned gene; accounts for 
2% of recessive RP and 16% 
of recessive Leber congenital 
amaurosis; 'RP20' 
withdrawn; same as 
Swedish Briard-Beagle dog 
retinal degeneration

STGDl, 
RP19, ABCR

Ip21-p22 Recessive S targard t disease, 
juvenile and late onset; 
recessive MD; recessive RP; 
recessive fundus 
flavimaculatus; Recessive 
combined RP and cone-rod 
dystrophy: protein: ATP- 
binding cassette transporter - 
retinal

Linkage mapping, cloned 
gene; may be involved in 
age-related m acular 
degeneration but 
controversial; same as 
R0S1.2 and rim protein, 
expressed only in rod outer 
segment

RP18 Iql3-q23 Dominant RP Linkage mapping; Danish 
family; early onset night 
blindness

ARMDl lq25-qSl Dominant MD, age-related Linkage mapping; possible 
model for acquired age- 
related m acular 
degeneration

AXPCl lq31-qS2 Recessive ataxia, posterior 
column with RP

Linkage mapping

RP12 lqSl-q32.1 Recessive RP with para- 
arteriolar preservation of the 
RPE (PPRPE)

Linkage mapping; Dutch 
family; close to mouse rd3

USH2A lq41 Recessive Usher syndrome, 
type 2a; protein: novel protein 
with sim ilarity to laminins 
and cell adhesion molecules

Linkage mapping, cloned 
gene; may be either an 
extracellular-m atrix protein 
or cell adhesion molecule; 
USH2B at same site; 
common 2314delG m utation 
with atypical phenotype
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C hrom osom e 2

Symbol Location Disease, protein M apping method, comment
EFE M Pl,
DHRD,
MTLV

2pl6-p21 Dominant radial, m acular 
drusen; dom inant Doyne 
honeycomb retinal 
degeneration (M alattia 
Leventinese): Protein: EGF- 
containing fibrillin-like 
extracellular m atrix protein 1

Linkage mapping, cloned 
gene; single m utation 
(Arg345Trp) found in all 
affected individulals to date; 
possible model for age- 
related m acular degeneration

ALMSl,
ALSS

2p l4 -p l3 Recesssive Alstrom syndrome Homozygosity and linkage 
mapping; sympotms include 
RP, deafness, obesity and 
diabetes (like BBS)

RP28 2 p ll-p l6 Rrecessive RP Homozygosity mapping; 
Consanguinous Indian family

ACHM2,
RMCH2,
CNCG3,
CNGA3

2 q ll Recessive achromatopsia; 
protein: cone photoreceptor 
cGMP-gated cation channel, 
alpha subunit

Homozygosity mapping, 
cloned gene; total color 
blindness and other cone- 
related abnorm alities (rod 
monochromacy)

RP26 2q31-q33 Recessive RP Lmkage m apping
BBSS 2q31 Recessive Bardet-Biedl 

syndrome
Linkage m apping

SAG 2q37.1 Recessive Oguchi disease; 
recessive RP; protein: arrestin  
(s-antigen)

Cloned gene; CSNB and 
fundus palor in Japanese 
primarily; recessive RP in 
Japanese

C hrom osom e 3

Symbol Location Disease, protein M apping method, comment
GNATl 3p22 dom inant CSNB, Nougaret 

type; protein: rod transducin 
alpha subunit

cloned gene; missense 
m utation in a single large 
French family, may affect 
taste perception

SCAT,
0PCA3,
ADCA2

3pl3-p l2 dom inant spinocerebellar 
ataxia w/ MD or retinal 
degeneration; protein: SCAT 
protein

linkage mapping, cloned 
gene; Moroccan, Belgian, 
French, Swedish, American 
and African-American 
families; shows anticipation 
with expanding CAG repeat 
in coding sequence of protein 
with unknown function

BBS3 3pl3-p l2 recessive Bardet-Biedl 
syndrome

homozygosity and linkage 
mapping

RP5 3q not distinct from RH0/RP4 linkage mapping; mapping 
error: was dropped

RHO, RP4 3q21-q24 dom inant RP; dominant 
CSNB; recessive RP; protein: 
rhodopsin

linkage mapping, cloned 
gene; accounts for 30 to 40% 
of autosomal dom inant RP; 
more than  100 distinct 
m utations but RhoPro23His 
cause s 15% of adRP in US 
Caucasians; 'RP4' w ithdrawn

USH3A,
USH3

3q21-q25 recessive Usher syndrome, 
type 3

linkage mapping; USH3 
w ithdrawn
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OPAl 3q28-q29 dom inant optic atrophy, Kjer linkage mapping; little or no
type genetic heterogeneity

C hrom osom e 4

Sym bol Location Disease, protein M apping method, comment
STGD4 4p dom inant Stargardt-like 

m acular dystrophy
linkagemapping; Caribbean 
family

CSNB3,
PDE6B

4pl6.3 recessive RP; dom inant CSNB; 
protein: rod cGMP 
phosphodiesterase beta 
subunit

linkage mapping, cloned 
gene; same as mouse rd, 
mouse r and rcd ilrish  
Settter dog retinal 
degeneration

W FSl 4pl6.1 recessive Wolfram syndrome; 
protein: wolframin

linkage mapping, cloned 
gene; symptoms include 
diabetes, optic atrophy and 
deafness; often associated 
with m ultiple mitochondrial 
deletions

CNGAl,
CNCG,
CNCGl

4pl2-cen recessive RP; protein: rod 
cGMP-gated channel alpha 
subunit

cloned gene; nonsense, 
missense and deletion 
m utations in four RP families

ABL, MTP 4q24 recessive
abetalipoproteinemia; protein: 
microsomal triglyceride 
transfer protein

cloned gene; m ultiple lipid 
abnorm alities including 
pigm entary retinal 
degeneration

C hrom osom e 5

Symbol Location Disease, protein M apping method, comment
W GNl, ERVR 5ql3-q l4 dom inant Wagner disease and 

erosive vitreoretinopathy
linkage mapping

PDE6A 5q31.2-q34 recessive RP; protein: cGMP 
phosphodiesterase alpha 
subunit

cloned gene; homozygote and 
compound heterozygote 
m utations

C hrom osom e 6

Symbol Location Disease, protein M apping method, comment
RP14, TULPl 6p21.3 recessive RP; protein: tubby- 

like protein 1
linkage mapping, cloned 
gene; two Dominican families 
and others; same as mouse 
tub which causes obesity, 
deafness and retinal 
degeneration

RDS, RP7 6p21.2-cen dom inant RP; dom inant MD; 
digenic RP with ROMl; 
dom inant adult vitelliform 
MD; protein: peripherin/RDS

linkage mapping, cloned 
gene; dom inant m utations; 
also, compound heterozygotes 
with ; accounts for 5% of 
autosomal dom inant RP; 
same as mouse rds; 'RP7' 
w ithdrawn

C0D3,
GCAPl,
GUCAIA

6p21.1 dom inant cone dystrophy; 
protein: guanylate cyclase 
activating protein lA

linkage mapping, cloned 
gene; British family with 
constitutively active m utan t

C0RD7 6q dom inant cone-rod dystrophy linkage mapping
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RP25 6cen-ql5 recessive RP homozygosity mapping; 
Spanish families (10-20% of 
arRP); mapped to region 
containing GABA receptors

STGD3 6 q ll-q l5 dom inant MD, Stargardt-like linkage mapping; excluded 
from MCDRl; Griesinger 98 
may be distinct

MCDRl,
PBCRA

6ql4-ql6.2 dom inant MD, North Carolina 
type; dom inant progressive 
bifocal chorioretinal atrophy

linkage mapping; North 
Carolina, German, Belizean 
and British families; PBCRA 
is clinically distinct from 
MCDRl

RCDl 6q25-q26 dom inant retinal-cone 
dystrophy 1

deletion mapping

C hrom osom e 7

Symbol Location Disease, protein M apping method, comment
CYMD 7p21-pl5 dom inant MD, cystoid linkage mapping; distinct 

from RP9
RP9 7pl5-p l3 dom inant RP linkage mapping
PEXl, IRD 7q21-q22 recessive Refsum disease, 

infantile; protein: peroxisome 
biogenesis factor 1

cloned gene; symptoms 
include RP, retardation  and 
hearing deficit

RPIO 7q31.3 dominant RP linkage mapping; Spanish, 
Scottish and American 
families

BCP, CBT 7q31.3-32 dom inant tritanopia; protein: 
blue cone opsin

cloned gene; several 
mutations; progressive 
retinopathy not observed

C hrom osom e 8

Symbol Location Disease, protein M apping method, comment
RPl 8 q ll-q l3 dom inant RP; protein: R Pl 

protein
linkage mapping, cloned 
gene; causes 5 to 10% of 
adRP; protein is 
photoreceptor-specific with 
unknown function but 
sim ilarity over short region 
to doublecortin; distinct from 
mouse Rd4\ large Kentucky 
family and others

TTPA 8ql3.1-ql3.3 recessive RP and/or recessive 
or dom inant ataxia; protein: 
alpha-tocopherol-transfer 
protein

cloned gene; TPA m utations 
found in patients with 
vitam in E deficiency

ACHM3 8q21-q22 recessive achromatopsia 
Pingelapese

linkage mapping; includes 
total color blindness, 
photophobia and nystagmus; 
affects 4 to 10% of 
Pingelapese people on the 
E astern  Caroline Islands

VMDl not 8q24 dom inant MD, atypical 
vitelliform

linkage exclusion; linked to 
GPT but la ter excluded
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I
[

C hrom osom e 9

Symbol Location Disease, protein M apping method, comment
RP21 not 9q34- 

qter
dom inant RP with 

sensorineural deafness
linkage mapping; RP21 
withdrawn; la te r m apped to 
in mitochondrion

C hrom osom e 10

Symbol Location Disease, protein M apping method, comment
USH IF 10 recessive Usher syndrome, 

type If
homozygosity mapping; 
inbred H utterite  family; 
distinct from USHID

RDPA,
PHYH, PAHX

10pl5.3-
pl2 .2

recessive Refsum disease; 
protein: phytanoyl-CoA 
hydroxylase

homozygosity mapping, 
cloned gene; symptoms 
include RP, peripheral 
neuropathy and cerebellar 
ataxia; same proteins with 
different names

USHID lOq recessive Usher syndrome, 
type Id

homozygosity mapping; 
Pakistani family

( . . . ) 10q21 recessive nonsyndromal 
congenital retinal 
nonattachm ent

homozygosity mapping; 
Iran ian  population

RBP4 10q24 recessive RPE degeneration; 
protein: retinol-binding protein 
4

cloned gene; RPE atrophy 
with night blindness and 
reduced visual acuity; carrier 
protein for serum  retinol

ONCR, PAX2 10q25 dominant renal-coloboma 
syndrome; protein: paired 
homeotic gene 2

cloned gene; optic nerve 
colobomas w ith renal 
abnormalities; sim ilar 
malformations in mouse 
Pax2(lNeu) m utation

OAT 10q26 recessive gyrate atrophy; 
protein: ornithine 
am inotransferase

cloned gene; many m utations 
reported

C hrom osom e 11

Symbol Location Disease, protein M apping method, comment
AA l lp l5 dom inant atrophia areata; 

dom inant chorioretinal 
degeneration, helicoid

linkage m apping

USHIC l lp lS . l recessive Usher syndrome, 
Acadian

linkage mapping; possibly 
same as mouse rdS

BBSl l lq lS recessive Bardet-Biedl 
syndrome

linkage mapping; 
approximately 40% ofBBS 
families

ROMl l lq lS dom inant RP; digenic RP with 
RDS; protein: retinal outer 
segment membrane protein 1

cloned gene; compound 
heterozygote with ; dominant 
RP is rare and doubtful

\TUD2 llq lS dom inant MD, Best type; 
protein: bestrophin

linkage mapping, cloned 
gene; bestrophin is retinal- 
specific, expressed in the 
RPE, possibly involved in 
m etabolism /transport of 
polyunsaturated fatty acids
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II

EVRl, FEVR H ql3-q23 dom inant familial exudative 
vitreoretinopathy

linkage mapping; distinct 
from VRNI

VRNI l lq l3 dom inant neovascular
inflammatory
vitreoretinopathy

linkage mapping; distinct 
from EVRl

MY07A,
DFNB2,
USHIB

llq lS .S recessive Usher syndrome, 
type 1; recessive congenital 
deafness w ithout RP; recessive 
atypical Usher syndrome 
(USHS-like); protein: myosin 
VlIA

linkage mapping, cloned 
gene; MY07A is a common 
component of cilia and 
microvilli; same as mouse 
s h l  shaker-1 (but no RP); 
'USHIB' w ithdrawn

Chromosome 12

Symbol Location Disease, protein M apping method, comment
RDH5, RD Hl 12ql3-ql4 recessive fundus 

albipunctatus; protein: 11-cis 
retinol dehydrogenase 5

cloned gene; stationary night 
blindness with subretinal 
spots and delayed dark 
adaptation; protein is an 
RPE microsomal enzyme 
involved in converting 11-cis 
retinol to 11-cis retinal

Chromosome 13

Symbol Location Disease, protein M apping method, comment
RBI 13ql4.2 dominant germline or somatic 

retinoblastoma; benign 
retinoma; pinealoma; 
osteogenic sarcoma; protein: 
retinoblastoma protein 1

deletion mapping, cloned 
gene; requires 'second hit' 
loss of heterozygosity; 5 to 
10% inherited, 20 to 30% new 
m utation, rem ainder 
sporadic; preferential loss of 
m aternal chromosome; 
protein is cell-cycle 
regulatory elem ent

STGD2 13q34 dominant MD, Stargardt type linkage mapping; large 
American family

RHOK, RK 13q34 recessive CSNB, Oguchi type; 
protein: rhodopsin kinase

cloned gene;several 
m utations in Japanese

C hrom osom e 14

Symbol Location Disease, protein M apping method, comment
(RP16) 14 recessive RP (possibly) linkage mapping
ACHMl,
RMCH

14 recessive rod monochromacy or 
achromatopsia

uniparental isodisomy; total 
color blindness or 'day 
blindness'

NRL, RP27 14qll.2 dom inant RP; protein: neural 
retina lucine zipper

linkage mapping, cloned 
gene; NRL is a retinal 
transcription factor which 
interacts w ith and promotes 
transcription of rhodopsin 
and other retinal genes

LCA3 14q24 recessive Leber congenital 
amaurosis

homozygosity mapping; 
consanguineous Saudi 
Arabian family

USHIA,
USHl

14q32 recessive Usher syndrome, 
French

linkage mapping; was 'U SH l'
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C hrom osom e 15

Symbol Location Disease, protein M apping method, comment
BBS4 15q22.3-q23 recessive Bardet-Biedl 

syndrome
homozygosity and linkage 
mapping; approximately 30% 
of BBS families

MRST 15q24 recessive retardation, 
spasticity and retinal 
degeneration

linkage mapping; inbred 
Pakistani family

RLBPl,
CRALBP

15q26 recessive RP; recessive 
Bothnia dystrophy; recessive 
retinitis punctata albescens; 
protein: cellular retinaldehyde- 
binding protein

cloned gene; consanguineous 
Indian family, Swedish 
families and others

C hrom osom e 16

Symbol Location Disease, protein M apping method, comment
CLN3, JNCL 16pl2.1 recessive Batten disease 

(ceroid-lipofuscinosis, neuronal 
3), juvenile; protein: Batten 
disease protein

linkage mapping, cloned 
gene; symptoms include 
early-onset retinal 
pigm entary degeneration 
with later m ental deteriation

RP22 16pl2.1-
pl2 .3

recessive RP homozygosity mapping; 
Indian families

BBS2 16q21 recessive Bardet-Biedl 
syndrome, type 2

linkage mapping; Bedouin 
family; approximately 20% of 
BBS families

C hrom osom e 17

Symbol Location Disease, protein M apping method, comment
CORDS,
RCD2

17pl3-pl2 dominant cone dystrophy, 
progressive; recessive cone-rod 
dystrophy

linkage mapping; several 
families with dom inant 
CORD map to th is region, as 
does a family with recessive 
CORD -  these may or may 
not be allelic

CACD 17pl3 dom inant central areolar 
choroidal dystrophy

linkage mapping

RP13 17pl3.3 dom inant RP linkage mapping; South 
African and English families; 
not recoverin

GUCY2D,
C0RD6,
LCAL
RETGCl

17pl3.1 recessive Leber congenital 
amaurosis; dom inant cone-rod 
dystrophy; protein: retinal- 
specific guanylate cyclase

linkage mapping, cloned 
gene; North African families 
and several m utations; same 
as chicken rd /rd

C0RD4 17q cone-rod dystrophy association with 
neurofibromatosis; presumed 
dom inant like NF

PDE6G,
PDEG

17q21.1 mouse recessive retinal 
degeneration; protein: cGMP 
phosphodiesterase gamma 
subunit

cloned gene; targeted 
disruption transgene
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RP17 17q22 dom inant RP linkage mapping; South
African and Dutch famihes;
PDEG excluded; same
location as dog prcd
progressive rod-cone
degeneration

C hrom osom e 18

Symbol Location Disease, protein M apping method, comment
CORDl 18q21.1-

q21.3
cone-rod dystrophy; de 
Grouchy syndrome

deletion mapping; isolated 
case; symptoms include COD, 
retardation and hearing 
im pairm ent

C hrom osom e 19

Symbol Location Disease, protein M apping method, comment
0PA3, MGA3 19ql3.2-

ql3.3
recessive optic atrophy with 
ataxia and 3-methylglutaconic 
aciduria

linkage mapping; Iraqi- 
Jew ish families

C0RD2, CRX 19ql3.3 dom inant cone-rod dystrophy; 
recessive, dominant and 'de 
novo' Leber congenital 
amaurosis; dom inant RP; 
protein: cone-rod otx-like 
photoreceptor homeobox 
transcription factor

linkage mapping, cloned 
gene; meiotic drive 
suggested; CRX also 
activates pineal genes; 
interacts with

R P ll 19ql3.4 dom inant RP linkage mapping; distinct 
from C0RD2; high frequency 
in British Isles (21%), highly 
variable: some cases may 
involve protein kinase C 
gamma (PRKCG)

C hrom osom e 20

Symbol Location Disease, protein M apping method, comment
AGS, PLCB4 20pl2 dominant Alagille syndrome; 

protein: phospholipase-C-beta- 
4

deletion mapping, cloned 
gene; m ultiple affected 
organs; same as Drosophila 
norpA retinal m utan t

C hrom osom e 21

Symbol Location Disease, protein M apping method, comment
USHIE 21q21 recessive Usher syndrome, 

type 1
linkage mapping

C hrom osom e 22

Symbol Location Disease, protein M apping method, comment
SFD, T1MP3 22ql2.1-

ql3.2
dom inant Sorsby's fundus 
dystrophy; protein: tissue 
inhibitor of 
metalloproteinases-3

linkage mapping, cloned 
gene; model for ARMD; 
common British mutation; 
vitam in A reverses night 
blindness

X C hrom osom e

Symbol Location Disease, protein M apping method, comment

189



RP23 Xp22 X-linked RP linkage mapping; distinct 
from RP2 and RP3

RSI, XLRSl Xp22.2 retinoschisis; protein: X- 
linked retinoschisis 1 protein

linkage mapping, cloned 
gene

RP15 Xp22.13-p22.11 X-hnked RP, dominant linkage mapping; distinct 
from CODl, RP2, RP3, RP6 
and RS

( . . . ) Xp21-q21 RP with m ental retardation linkage mapping; may be 
contiguous gene syndrome 
including RP2

RP6 Xp21.3-p21.2 X-lmked RP linkage mapping
DMD Xp21,2 Oregon eye disease (probable 

cause): protein; dystrophin
cloned gene; exons 20-28 
involved in retinal disease

RPGR, RP3 Xp21.1 X-hnked RP; X-hnked CSNB 
(possibly); protein: retinitis 
pigmentosa GTPase 
regulator

linkage mapping, cloned 
gene; RPGR m utations are 
found in roughly 20% of 
RP3 cases; protein 
homologous to RCCl and 
binds PDE-delta; m utations 
may affect protein 
localization

AIED, 0A2 Xpll.4-q21
U

Aland island eye disease linkage mapping
CSNB4 X p ll.4 -p ll.3 X-hnked CSNB linkage mapping; distinct 

from RP2, RP3, CSNBl and 
CSNB2; overlaps with 
CODl; 'CSNB4' also refers 
to rhodopsin

CSNBl X p ll.4 -p ll.3 X-hnked CSNB linkage mapping
0PA2 X p ll.4 -p ll.2 X-hnked optic atrophy linkage mapping; large 

Dutch family
CODl X pll.4 X-hnked cone dystrophy, 1 linkage mapping; RP2 and 

RP3 excluded
PRD X p ll.3 -p ll.2 3 retinal dysplasia, prim ary linkage mapping; linked to 

Norrie disease, may be 
same locus

NDP, EVR2 X pll.3 Norrie Disease; familial 
exudative vitreoretinopathy; 
protein: Norrie disease 
protein

linkage mapping, cloned 
gene; expressed in multiple 
tissues, function unknown; 
some m utations cause 
FEVR but evidence of 
genetic heterogeneity; 
associated with retinopathy 
of prem aturity

RP2 X pll.3 X-hnked RP; protein: novel 
protein with sim ilarity to 
hum an cofactor C

linkage mapping, cloned 
gene; hum an cofactor C is 
involved in beta-tubulin 
folding; accounts for 10% of 
XIRP

CSNB2,
CSNBX2,
CACNAIF

X pll.23 X-hnked CSNB, incomplete; 
protein: L-type voltage-gated 
calcium channel, alpha-1 
subunit

linkage mapping, cloned 
gene; distinct from CSNBl; 
includes large Mennonite 
family; CACNAIF is 
retinal-specific

PGKl Xql3.3 RP with myopathy; protein: 
phosphoglycerate kinase

cloned gene; one case only - 
RP is not usually found 
with PGK deficiency
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CHM, R E Pl Xq21.1-q21.3 choroideremia; protein: 
geranylgeranyl transferase 
Rab escort protein 1

linkage mapping, cloned 
gene; ubiquitously 
expressed protein (REP2 
can substitute); attaches 
isoprenoids to Rab (e.g, Rab 
27) proteins

RP24 Xq26-q27 X-linked RP linkage mapping; single 
large family; RP2, RP3 and 
RP15 excluded

C0D2,
XLPCD

Xq27 X-linked progressive cone 
dystrophy, 2

linkage mapping

CBP, RCP Xq28 protanopia and rare 
dystrophy in blue cone 
monochromacy: protein: red 
cone opsin

cloned gene; AlalSOSer 
polymorphism with spectral 
shift

CBD, GCP Xq28 deuteranopia and rare 
retinal dystrophy in blue 
cone monochromacy; protein: 
green cone opsin

cloned gene; one to five 
copies 3' to red pigm ent 
gene or more complex 
organization

M itochondrion

Symbol Location Disease, protein M apping method, comment
KSS mitochondrion Kearns-Sayre syndrome 

including retinal pigmentary 
degeneration

sequencing; m utations in 
ATPase subunit 6 or 
multiple large deletions

LHON mitochondrion Leber hereditary optic 
neuropathy; protein: several 
mitochondrial proteins

sequencing; three 
m utations ( n t 3460, 11778 
and 14484) account for 95% 
of European cases and one 
(11778) for 80% of Japanese 
cases; penetrance 
influenced by mtDNA 
haplotype; uncertain role of 
rare variants; spontaneous 
recovery possible

MTTLl,
DMDF

mitochondrion macular pa ttern  dystrophy 
with type 11 diabetes and 
deafness; protein: leucine 
tRNA 1 (UUA/G)

sequencing; one of two 
mitochondrial leucine 
tRNAs; often caused by 
heteroplasmic A3243G 
m utation; other m utations 
can cause a sim ilar disease

MTTS2 mitochondrion RP with progressive 
sensorineural hearing loss; 
protein: serine tRNA 2 
(AGU/C)

linkage mapping, 
sequencing; one of two 
mitochondrial serine 
tRNAs; Irish family; 
previously mapped to 9q as
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