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Summary

The primary aim of this thesis was to explore genetic agents with the ability 

to suppress expression of certain gene products i.e. those involved in the 

etiology of dominant disorders such as osteogenesis imperfecta (OI) and 

dominant dystrophic epidermolysis bullosa (dDEB). OI and dDEB are 

inherited in an autosomal dominant fashion and have a high level of 

intragenic heterogeneity. Over 150 and 80 mutations in the C O LlA l and 

C0L1A2 genes respectively are known to give rise to 01 and over 200 

mutations have been reported in the COL7A1 gene in dDEB patients. 

Given this mutational diversity a mutation-independent therapeutic 

approach using ribozymes and RNAi interference (RNAi) is being 

developed. This approach follows a suppression and replacement strategy 

previously described. The focus of the study described here is the design, 

generation and evaluation of key elements of this therapeutic approach.

A study on the use of hammerhead ribozymes to cleave transcripts from the 

human C O LlA l gene implicated in dominant OI is described in chapter 3. 

The study involved the cloning of target and replacement C O LlA l DNA 

fragments into a plasmid, pcDNA3, and the evaluation of ribozyme-based 

cleavage. The hammerhead ribozyme approach described in chapter 3, 

whilst a valid approach in principle, it is notable that in our experience and 

indeed the experience of many other groups, it is difficult to identify a 

ribozyme which efficiently down-regulates its target. Hence, their use has 

largely been superceded by a new suppression technology, RNAi, which 

forms the basis of the work described in chapter 4 of this thesis.

A study on the suppression of the target genes, human C O LlA l and 

C0L7A1, with siRNAs is described in chapter 4. Initially the compatibility 

of RNAi-based suppression with a mutation independent gene silencing 

strategy involving suppression and replacement was explored. siRNA was 

indeed found to be a suitable suppression agent which could potentially be 

employed to suppress C O L lA l or COL7A1 expression. Furthermore,
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synthesized siRNA targeting both C O LlA l and COL7A1 transcripts was 

evaluated in vitro. RNAi-based suppression of C O LlA l was demonstrated 

in mammalian cell culture when siRNAs targeting C O LlA l transcripts 

were co-transfected with a C O L lA l target gene. RNA was extracted from 

transfected mammalian cells and suppression quantified using real-time 

rtPCR. Notably, one of the siRNAs evaluated resulted in approximately 

90% suppression of the C O LlA l target. In contrast to the co-transfection 

studies undertaken with C O L lA l, RNAi-based suppression of C0L7A1 

was demonstrated in human epidermal keratinocytes (HaCaT) 

endogenously expressing COL7A1. siRNAs targeting C0L7A1 were 

transfected into HaCaT cells, RNA was extracted and suppression was 

again quantified using real-time rtPCR. Notably, one of the siRNAs 

evaluated resulted in approximately 80% suppression of the COL7A1 

target. In summary, chapter 4 established that RNAi was indeed a powerful 

suppression agent which could be invoked to suppress expression of 

C O L lA l and C0L7A1 and moreover which may be suitable for inclusion 

in a mutation-independent therapeutic approach for disorders such as 

CO LlA l-linked 01 and COL7A1-linked EB.

Chapters 5 and 6 of this thesis describe a study exploring whether RNAi 

suppression technologies may be further refined to enable long term tissue 

specific suppression of a target gene. Constructs with novel design elements 

were designed and tested both in vitro (chapter 5) and in vivo (chapter 6). In 

chapter 5, five constructs were designed with a view to using cis-acting 

ribozymes, RNAi and Pol II promoters in concert to achieve long-term 

RNAi-based suppression of eGFP expression. While each of the tissue- 

specific RNAi constructs under evaluation contained two core elements, 

that is at least one cis-acting hammerhead ribozyme and shRNA sequences, 

they also differed significantly from each other. All designs were evaluated 

in vitro by co-transfection of the tissue-specific RNAi constructs with the 

target eGFP gene into mammalian cells. RNA was extracted from 

mammalian cells and suppression quantified using real-time rtPCR. Results 

from these studies demonstrated that three of the constructs did indeed elicit 

potent suppression of the target.
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In chapter 6, the hypothesis that the constructs designed and evaluated in 

chapter 5 could also be utilised to achieve potent suppression of eGFP 

expression in vivo was explored. Results from the initial part of this study 

demonstrated suppression in livers of transgenic mice expressing eGFP 

when the tissue-specific RNAi constructs designed in chapter 5 were 

delivered by tail-vein injection. Subsequent to establishing that tail-vein 

injection was unable to deliver plasmid DNA beyond the liver an 

alternative method (direct injection into the inferior vena cava (I.V.C.)) was 

explored and found to successfully deliver plasmid DNA to the kidney. 

Following this discovery a modified tissue-specific RNAi construct 

targeting eGFP (tsRNAi(egfp)) was explored using both CM V and albumin 

promoters. Notably, the CMV-driven tsRNAi(egfp) construct suppressed 

eGFP expression in liver and kidney of injected mice when analysed by 

real-time rtPCR and fluorescence microscopy. In contrast to the CMV- 

driven tsRNAi(egfp) construct, a liver specific (albumin promoter driven) 

version of the construct suppressed eGFP expression in liver, but not 

kidney, of injected mice when analysed by real-time rtPCR and 

fluorescence microscopy. The results from the study were extremely 

encouraging and suggested that, using a combination of shRNA sequences, 

cis-acting ribozymes and polymerase II promoters, tissue specific RNAi is 

readily achievable. Indeed, the results of the research described in chapters 

5 and 6 demonstrate cis-acting hammerhead ribozymes can be used in 

concert with RNAi and polymerase II promoters to achieve long term tissue 

specific suppression of expression of a target gene in vitro and in vivo.

The topics explored during my PhD studies and described in the pages of 

this thesis represent a number of elements which may be of value when 

designing potential therapies for dominantly inherited disorders. In 

summary, the studies included exploration o f ribozyme-based suppression 

of C O L lA l (implicated in 01) expression, RNAi-based suppression of 

C O L IA l and C0L7A 1 (implicated in EB) expression, and the exploration 

of innovative methodologies for tissue-specific RNA interference.
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Chapter 1 

General Introduction



This thesis seeks to explore and advance the use of RNAi based 

therapeutics for the suppression of gene expression and with this in mind 

this introduction serves to establish key factors. It is evident from the 

sections of this introduction pertaining to epidermolysis bullosa (sections 

1.3.1 to 1.3.3) and osteogenesis imperfecta (sections 1.4.1 to 1.4.3), two 

severely disabling inherited disorders, that certain similarities exist between 

these diseases in terms of their genetic etiologies. Key amongst these 

similarities is their genetic heterogeneity, with both disorders involving 

multiple genes and indeed multiple mutations within each gene. This 

mutational diversity and the subsequent need for a mutation independent 

suppression strategy are further dealt with in chapter 3. Chapter 3 describes 

hammerhead ribozyme suppression studies carried out using C O LlA l 

based 01 as a model. The introduction in chapter 3 builds on the general 

ribozyme introduction presented here, focusing on the type of ribozyme 

employed in this study, hammerhead ribozymes. It is evident from the 

sections of this introduction pertaining to ribozymes (sections 1.2.1 to 

1.2.4) and RNAi (sections 1.1.1 to 1.1.4) that they can both, at times, be 

effective as gene suppression strategies. Chapter 4 describes RNAi-based 

suppression studies carried out using C O LlA l based 01 and COL7A1 

based EB as models. The aim of the research presented in chapter 4 is to 

evaluate the suitability of RNAi as a gene suppression strategy. The 

introduction in chapter 4 expands on the general RNAi introduction in this 

chapter; it also expands on the genetics of epidermolysis bullosa in section 

1.3 above. The genetics of osteogenesis imperfecta (section 1.4) is 

expanded in the introduction to chapter 3. Chapter 5 and 6 attempt to 

combine ribozymes and RNAi by exploring whether cis-acting 

hammerhead ribozymes can be used in concert with RNAi to generate 

constructs that suppress gene expression in vitro and in vivo. With this aim 

in mind, the introductions to both chapters expand on the general ribozymes 

and RNAi sections above. Topics introduced above, such as cis-acting 

hammerhead ribozyme, plasmid delivery of shRNA and the off-target 

effects of RNAi are all explored in greater detail in section 5.1 and 6.1 of 

this thesis.

-  1 -



1.1 RNA interference

1.1.1 Discovery of RNA interference

The silencing effect of complimentary double stranded RNA was first 

observed when petunias developed areas of hypopigmentation after being 

transduced with the gene encoding an enzyme required for pigment 

synthesis (Napoli et al, 1990). The term cosuppression used to describe this 

phenomenon. The names posttranscriptional gene silencing (PTGS) and 

quelling were given to the observation that when particular DNA was 

transformed into plant or fungal genomes, respectively, silencing of 

homologous genes in the genome occurred (de Carvalho et al., 1992; 

Romano and Macino, 1992). In 1995, a group trying to understand the role 

of the par-1 gene in the establishment of the anterior-posterior polarity in 

the nematode Caenorhahditis elegaiis embryo found that the control sense 

RNA led to just as much par-}  silencing as the antisense RNA. These 

observations remained largely unexplained and antisense-mediated

silencing continued to be used widely. In wasn’t until 1998 that an 

explanation for this phenomenon was found, again in the nematode C. 

elegans (Fire et al., 1998). At the time, a common approach to studying 

gene function in the nematode was to inject large quantities of antisense 

single-stranded RNA (ssRNA) into each gonad arm of adult

hermaphrodites. These ssRNA samples were usually prepared with

bacteriophage RNA polymerases, and were often contaminated with

dsRNA transcripts. Fire and colleagues hypothesised that the reason both 

sense and antisense RNAs were able to induce silencing was because of the 

small amount of dsRNA that could contaminate both of these samples. The 

hypothesis was tested by preparing both single and double-stranded RNA 

targeting the imc-22 gene. When the samples were injected into worm 

gonads it was found that dsRNA was over 100-fold more effective at 

silencing unc-22 than antisense ssRNA. Fire and colleagues then coined the 

term RNA interference (RNAi).



Following the discovery of RNAi, a number of genetic screens led to the 

identification of some of the genes required for dsRNA-mediated silencing 

in the worm (Tabara et al., 1999). After identification of these genes, 

sequence comparisons revealed that silencing phenomena in other 

organisms shared much of the same machinery (Fagard et al., 2000). 

Furthermore, RNAi is related to the other gene silencing methods 

mentioned here i.e. PTGS and quelling. Indeed, while these processes do 

differ from each other in some respects, they all utilise dsRNA homologous 

to the silenced gene. Studies to date suggest that sequence-specific 

posttranscriptional gene silencing by dsRNA is highly conserved in a range 

of organisms across evolution from plants through to humans, with the 

yeast Saccharomyces cerevisiae being a notable exception.

1.1.2 Molecular mechanisms of RNA interference

As mentioned above, although they may differ in the details, RNAi in a 

variety of organisms results from the same highly conserved mechanism, 

suggesting an ancient origin (Matzke et al., 2001). All RNA-silencing 

mechanisms involve the cleavage of dsRNA by an RNase Ill-like protein, 

known as Dicer. There are two types of naturally-occurring small RNAs 

(sRNAs) that can act as gene silencers; short interfering RNA (siRNA) and 

microRNA (miRNA). The siRNAs derive from long dsRNA duplexes 

which may be produced during the course of viral reproduction within cells 

(foreign dsRNA), or by hybridization of overlapping transcripts from 

repetitive sequences in the genome, such as transposons or latent viruses 

(foreign DNA). As stated, these long dsRNAs are then cleaved into ~21nt 

siRNAs by the enzyme Dicer (Bernstein et al., 2001). Dicer is a large 

protein (-220 kD) containing a dsRNA binding domain (dsRBD), two 

catalytic RNase III domains, and a helicase domain, as well as a piwi- 

argonaute-zwille (PAZ) interaction domain (Bernstein et al., 2003). After 

association with Dicer the two strands are unwound, presumably by a 

helicase. Whilst some organisms, such as mammals and C. elegans, have 

only one copy of this gene, others have several, each responsible for 

processing RNA from different sources. Drosophila melanogaster are an



example of this with two Dicer paralogs DCR-1 and DCR-2. Long dsRNA 

processing is managed by DCR-2 while miRNA processing is assigned to 

DCR-1 (Lee et al., 2004).

As stated, these miRNAs are a subset of sRNAs. The precursors of 

miRNAs are partially dsRNAs produced by RNA polymerase II that are 

cleaved by Dicer. Almost all metazoan cells encode some transcripts that 

contain 20 to 50bp inverted repeats of complementary sequences (Bartel, 

2004). These fold back on themselves and base-pair along complementary 

regions to form dsRNA hairpins. These hairpin precursors are first 

processed into shorter pre-miRNAs approximately 70nt long. This occurs 

within the nucleus and is controlled by the enzyme Drosha, a ribonuclease 

III similar to Dicer (Lee et al., 2003). After processing, the pre-miRNAs are 

exported to the cytosol, where they are converted into mature ~21nt long 

miRNAs by Dicer before going on to inhibit translation of mRNAs 

(Bernstein et al., 2001). There is another entryway into the RNAi pathway 

that has only been observed in plants, fungi, and C. elegans which will be 

dealt with again in chapter 4. A unique family of genes encoding RNA- 

dependent RNA polymerases (RdRPs), have been found to be involved in 

transgene silencing. Upon encountering ssRNA in the cell, RdRPs can 

synthesize a complementary strand of RNA (Makeyev and Bamford, 2002). 

The resulting dsRNA intermediates can then be processed by Dicer and 

trigger silencing of homologous sequences as described above.

Now that these siRNAs and miRNAs have been generated by dicer they go 

on to mediate post-transcriptional gene silencing. RNAi gene silencing can 

mediate expression of homologous genes by three different methods; 

translational repression, mRNA cleavage, and chromatin modification. The 

route an siRNA takes depends on the extent of its sequence homology to 

the target, the composition of the protein complex to which it is bound, and 

the organism in which it is found. The post-transcriptional mechanisms of 

RNAi are translational repression and mRNA degradation. These both 

begin with the assembly of siRNAs or miRNAs into ribonucleoprotein 

(RNP) complexes called RISC (RNA-induced silencing complex) or



miRNPs, respectively (Hammond et al., 2000; Mourelatos et al., 2002). 

These RNP complexes consist of the unwound RNA duplex tightly bound 

to a member of the Argonaute (Ago) family of proteins. Ago proteins 

consist of two conserved domains, a PAZ domain which binds small RNAs 

(Ma et al., 2004) as well as a PIWI domain which has been shown to 

catalyze mRNA cleavage in human cells (Liu et al., 2004; Meister et al., 

2004). The PIWI domain has significant homology to RNase H proteins 

(Song et al., 2004). Once bound to this complex, the single-stranded siRNA 

serves as a template for sequence-specific degradation of homologous 

mRNAs (Martinez et al., 2002). It is the action of a ribonuclease, called 

Slicer, that degrades the target mRNA (Liu et al., 2004). In plants miRNAs 

function exactly as siRNAs do. However, in animals they appear to have 

insufficient homology to catalyze mRNA cleavage (Bartel, 2004). In most 

cases, they tend to initiate translation repression rather than mRNA 

degradation. It has been found that miRNAs in combination with their 

mRNA targets associate with polyribosomes (Kim et al., 2004). This 

suggests that miRNPs block translation downstream of the initiation step.

RNAi in C. elegans and mammals so far seems limited to post- 

transcriptional effects. Notably, work carried out in other organisms 

suggests that its influence may extend into the nucleus where it has the 

capability to modulate the epigenetic status of the genome itself. RNA- 

mediated epigenetic modulation occurs in two different ways: RNA- 

directed DNA methylation (RdDM) and RNA-mediated heterochromatin 

formation. RdDM was first observed in plants, where small dsRNAs were 

shown to turn off transcription of target genes by inducing de novo 

methylation of homologous sequences in promoter regions (Mette et al., 

2000). Highly sequence specific RNA-mediated heterochromatin formation 

serves as a means to silence transcription across large regions of the 

chromosome. Typically heterochromatin is found in highly-condensed 

regions of genomic DNA that are transcriptionally inactive, and often 

contain long regions of transposon-derived tandem repeat sequences. In 

Schizosaccharomyces pombe almost all of the key components of the RNAi 

pathway such as Dicer, Ago, and RdRP are present as single-copy genes.



When any o f these genes are knocked out, reporter genes em bedded in 

centromeric heterochromatin become transcriptionally active, and 

transcripts from both strands of these repeats begin accumulating in cells 

(Volpe et al., 2002). The proteins responsible for this activity have been 

isolated and termed the RNAi induced transcriptional gene silencing (RITS) 

complex (Verde! et a l ,  2004). This RITS complex incorporates siRNAs, 

Ago and several other proteins. In the present model for RITS activity the 

siRNAs guide the RITS complex to a homologous locus which then leads 

to histone modification by associated histone methyltransferases. The entire 

complex is then tethered to the locus by histone methylation in order to 

maintain silencing over the long term (Noma et al., 2004). The data from 

yeast suggests a role for RNAi in heterochromatin formation; it will be of 

interest to establish if similar mechanisms are active in other species.

1.1.3 Biological function of RNA interference

It may be tempting nowadays to think of RNAi solely as a research tool for 

functional genomics or gene suppression but clearly it is also a fundamental 

biological process with important roles in eukaryotic cells. The first such 

function that has been suggested for RNAi is in viral immunity. Infection 

by viruses has the potential to produce dsRNA in the cell. RNA viruses 

produce dsRNA intermediates during replication, while DNA viruses can 

generate dsRNA upon overlapping transcription of their genomes. Plants 

use viral-induced gene silencing as a type of immune system equivalent, to 

silence viral gene expression and replication in response to these dsRNAs. 

Long, virally derived, dsRNA duplexes are processed into siRNAs leading 

to a sequence-specific cellular defense (Hamilton and Baulcombe, 1999; 

W aterhouse et al., 2001).

It is currently unknown to what extent RNAi is a component of the antiviral 

response in animals. There is some evidence that RNAi does play a role in 

flies and worms, however, studies in other organisms has been limited by 

the innate immune response to viral infection (Ding et al., 2004). Notably, 

in turn, viruses can utilise or circumvent RNAi in their pathogenesis, as



demonstrated in the two examples below. Some plant viruses produce 

proteins that inhibit RNAi (Waterhouse et al., 2001). Additionally, some 

pathogenic viroids express miRNAs that may cause disease by suppressing 

host gene expression (Wang et al., 2004). This phenomenon is not just 

confined to plants; it appears that some animal viruses also hijack RNAi 

machinery as part of their life cycle. Epstein Barr virus-infected cells were 

recently shown to contain unique miRNAs (Pfeffer et al., 2004). 

Additionally, dsRNA binding proteins encoded by vaccinia and influenza 

viruses interfere with RNAi-mediated antiviral effects in Drosophila cells 

(Li et al., 2004).

A second role for RNAi in cell biology also relates to cellular defense, this 

time against active transposons. If left unregulated, active transposons can 

rapidly compromise the integrity of a cell’s genome. Transposable elements 

are present in the genomes of almost all organisms. Genetic screens have 

found that many of the genes required for silencing transposition in the 

germline are also required for RNAi, suggesting that dsRNA may function 

to repress transposition (Tabara et al., 1999). Transposable elements 

constitute 12% of the C. elegans genome with the most common transposon 

being T c l. It has been demonstrated that siRNAs targeting Tcl can be 

isolated from germline cells, and that the parent dsRNA duplexes are 

formed from read-through transcription of these elements in the genome 

(Sijen and Plasterk, 2003). Whilst this study proposed that germline 

repression of Tcl transposition was most likely due to the 

posttranscriptional effects of RNAi, the discovery of RNA-mediated 

heterochromatin formation coupled with the fact that retrotransposable 

elements often interrupt heterochromatic repeats suggest that RNAi has the 

potential to impact transposable elements at the genome level (Rao and 

Sockanathan, 2005).

A third role for RNAi lies in embryonic development. In a classical forward 

genetic screen, genes are mutated at random. The resulting changes in 

phenotype of a cell or organism are then attributed to the mutated genes. 

The first miRNA described was identified in one such forward genetic



screen designed to isolate genes that regulate developmental timing in C. 

elegans (Ambros and Horvitz, 1984). In lower organisms the target genes 

of miRNAs are often fundamental regulators of cellular development that 

determine body patterning or transition from one developmental stage to 

another and include genes that encode transcription factors and apoptosis 

regulators (Wightman et al., 1993; Lee et al., 1993). Is appears that miRNA 

function in embryonic development is involved in major processes such as 

cell fate determination and developmental timing. Additionally, miRNAs 

with developmental functions have now been identified in many different 

organisms. W hilst target genes of miRNAs are largely unknown in 

mammals, bioinformatic approaches have been used to predict mammalian 

miRNA targets (Lewis et al., 2003). However, elucidating the role of RNAi 

in mammalian development has been difficult largely due to early 

embryonic lethality of mice lacking elements of the RNAi machinery. This 

lethality (due to loss of such proteins as Dicer) suggests that dsRNA 

processing is critical for normal development (Bernstein et al., 2003; Yang 

et al., 2005). The first example of a miRNA functioning in a mammalian 

system is mouse mir-181 (Chen et at., 2004). Mir-181 is normally 

expressed at low levels in hematopoietic progenitors, and upregulated as 

they differentiate into B-cells in the bone marrow and thymus. When 

hematopoietic stem cells are transduced with a retrovirus that expresses 

mir-181 and then transferred into irradiated mice, they develop 

preferentially into B cells. This data demonstrated that mir-181 is capable 

of influencing cell fate in the hematopoietic system and could play a role in 

B-cell differentiation. It is clear that the data em erging on miRNAs is 

suggesting an increasingly important role for these molecules in many 

fundamental cellular processes.

1.1.4 RNA interference as a research tool

The potential use of RNAi as a therapeutic tool is instantly apparent from 

the preceding introduction on the mechanisms of RNAi. Indeed the main 

focus of this thesis is the development of RNAi as a means o f gene 

suppression. For this reason, the use of RNAi as a potential therapeutic tool



is dealt with throughout the thesis. Here it is important to communicate that 

when using RNAi for disease therapeutics there are two main methods of 

deHvering the inhibitory RNA into target cells (figure 1.7)(Davidson and 

Paulson, 2004). The first method is to deliver synthesised siRNA and the 

second method is to deliver expression vectors. When the synthesised 

siRNA are delivered with a reagent that facilitates entry of the duplex RNA 

into cells, the duplexes become incorporated into the RISC complex. As 

described previously, in section 1.4.2, the RISC complex directs the duplex 

to the appropriate target transcript and initiates its degradation. In contrast, 

with the expression vector approach, plasmids or viral vectors engineered to 

express short hairpin RNA (shRNA) are introduced into cells. These 

shRNA are processed into siRNA and incorporated into the RISC to 

orchestrate a directed suppression of the target mRNA. Given the recent 

sequencing of the human genome the sequence o f the majority of human 

genes has been published, as is also true for many other organisms. This 

sequence information coupled with the ubiquitous nature of RNAi has, in 

principle, opened up the possibility of silencing almost any gene. A number 

of research groups have already taken advantage of this potential, and are 

utilising RNAi as a powerful research tool to study gene function, and the 

possible application of such powerful suppressors in the development of 

gene therapies for a number of debilitating genetic conditions.

In classical reverse genetics, the starting point is a gene of interest, the 

function of which can be found by looking at the phenotype when the gene 

is mutated. An example of this is creating mice deficient in a particular 

gene to understand the biological function of that gene. RNAi is a powerful 

research tool for reverse genetic studies, which seek to determine the 

function of a gene by its disruption. In principle, target genes may be 

silenced by transfection with siRNAs or expression vectors as described 

above. Notably, RNAi-mediated silencing is usually incomplete, often 

resulting in a gene-knockdown rather that a gene-knockout of the target 

gene. Many of the advances in functional genomics using RNAi have been 

made in C. elegans because the worm genome is relatively small. 

Additionally, RNAi can be easily induced systemically in C. elegans by



feeding them bacteria that express long dsRNAs (Timmons and Fire, 1998). 

The simplicity of this system has lead to the development of libraries of 

bacterial strains which target over 85% of the genes in the C. elegans 

genome (Kamath and Ahringer, 2003). These libraries have already been 

utilized to study gene function in a number of processes including viability, 

fat metabolism, and embryogenesis (Lee et al., 2003; Ashrafi et al., 2003; 

Piano et al., 2000). Additionally, high throughput screens to identify genes 

involved in carcinogenesis have been successfully carried out (Poulin et al.,

2004). In Drosophila, comprehensive libraries of ~500bp dsRNAs 

representing sequences from >90% of all Drosophila mRNAs have been 

used for powerful high-throughput screening to identify unknown genes 

involved in cell viability (Boutros et al., 2004). Furthermore, genes 

involved in development and carcinogenesis in D. melanogaster have also 

been identified (Lum et al., 2003; Dasgupta and Perrimon, 2004). Results 

from these screens will undoubtedly prove informative to researchers 

interested in the development of many organisms, as many of the genes 

involved are likely to be conserved.

Whilst there is one report that in ovo electroporation of long duplexes was 

effective in chick embryos (Pekarik et al., 2003), large in vivo screens have 

remained difficult in vertebrates. However, a number of in vitro screens 

have been developed. Although synthetic siRNAs are compatible with 

high-throughput formats (Vanhecke and Janitz, 2004), genome-scale 

libraries of synthesized siRNA have not been reported. Most of the research 

in this area has utilised vector-based shRNA libraries (Vanhecke and Janitz,

2005). In the course of this research several groups have generated libraries 

of retroviral shRNA and plasmid siRNA vectors targeting over 9,000 

mammalian genes (Bems et al., 2004; Paddison et al., 2004; Zheng et al., 

2004). Notably, whilst the screens identified new members of the pathways 

analysed, they failed to detect some known members of the pathways 

highlighting a potential problem with this approach.

RNAi has also been explored in the production of transgenic animals with 

stably silenced gene expression (Tiscomia et al., 2003). Generating these
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mice is generally technically easier than generating knockout mice by 

traditional routes. This is because producing a knockdown mouse in 

principle only requires inserting a single transgene, whereas making a 

knockout mouse by gene targeting involves altering a part of the 

endogenous gene on both mouse chromosomes. Whilst the RNAi 

knockdown approach has been utilized, to date mostly in mice, it can 

theoretically be applied to other organisms not amenable to traditional, 

homologous recombination-based gene knockout approaches (Hasuwa et 

al., 2002). Notably, because RNAi sequences vary in their extent of 

silencing, it is possible to produce mice with graded degrees of silencing of 

a particular gene (Hemann et al., 2003).

1.2 Ribozymes

1.2.1 Catalytic RNA

Much like proteins, RNA molecules can fold into complex three- 

dimensional structures, allowing them to form surfaces and binding pockets 

to specifically interact with other molecules. This three-dimensional 

structure is the result of nucleotide binding within the RNA molecule. The 

first demonstrated catalytic RNAs, or ribozymes, were derived from the 

intron of the Tetrahymena large (26s) rRNA subunit (Kruger et al., 1982) 

and the RNA component of E. coli RNase P (Guerrier-Takada et al., 1983). 

This was the first time that biochemical catalysis had been observed 

without the presence of protein-based enzymes. In 1990, Tom Cech and 

Sidney Altman shared the Nobel Prize for their demonstration that RNA 

could act as an enzyme. Since this discovery RNA chemical catalysis has 

been described in several essential processes, e.g. replication of the RNA 

genome, RNA splicing, RNA processing, and peptide bond formation 

during translation (Ban et al., 2000; Muth et al., 2000; Nissen et al., 2000). 

With the exception of the ribosome, naturally occurring ribozymes catalyse 

the cleavage (or ligation) of the RNA phosphodiester backbone. They 

perform like all enzymes in that one ribozyme (enzyme) molecule can 

process several substrate molecules and they are unmodified during the
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reaction. The ribozyme is thought to be a metalloenzyme (Wamecke et al., 

1999).

Ribozymes can be separated into three groups: self splicing introns, RNase 

P and small catalytic RNAs. Self-splicing introns can be divided into two 

classes, group I and group II, based on their secondary structure and 

splicing mechanism. RNase P is the key enzyme involved in the 

biosynthesis of tRNAs. Lastly, small catalytic RNAs can be separated into 

four groups based on different catalytic motifs. The four groups are called 

hammerhead, hairpin, hepatitis delta virus (HDV) and VS ribozymes 

(Puerta-Femandez et al., 2003).

1.2.2 Self-splicing introns

RNA splicing, which consists of the exact excision of the intron and 

covalent linkage of the boundary exons, is an essential process in gene 

expression. Most introns belonging to group I and group II have been 

shown, in vitro, to catalyse their own spHcing (Saldanha et al., 1993). As 

previously stated the first suggestion of catalytic activity in RNA molecules 

was seen in a group I intron in Tetrahymena themiophila. Whilst they are 

found to interrupt a wide range of tRNAs, mRNAs and rRNAs they have a 

common splicing pathway and secondary structure (Cech, 1990). This 

common secondary structure has conserved structural and sequence 

elements essential for catalytic activity (Puerta-Femandez et al., 2003). 

Crystal structure analysis has revealed that the RNA folds into a globular 

structure with a relatively inaccessible interior (Cate et al., 1996). Group II 

introns are large RNA molecules essential in RNA catalysed self-splicing 

and intron mobility reactions. Group II introns are predominantly present in 

mRNAs however they also occur in tRNAs and rRNAs. They are 

commonly found in bacteria, plants and fungi (Bonen and Vogel, 2001). 

Phylogenetic and mutational analysis has shown that the secondary 

structure contains six helical domains emerging from a central domain. For 

catalytic activity only domains I and V are indispensable (Koch et al., 

1992).
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1.2.3 Ribonuclease P (RNase P)

As previously mentioned RNase P is the key enzyme involved in the 

biosynthesis of tRNAs. Hence RNase P is found in all cells and organelles 

that carry out tRNA synthesis (Altman et al., 1993). It is an RNA 

processing endonuclease that specifically cleaves the tRNA precursors to 

release mature tRNAs. The majority of RNase P enzymes are 

ribonucleoproteins that contain an RNA subunit necessary for catalysis. 

Despite the fact that the RNA component of RNase P from bacteria varies 

widely in length a consensus secondary structure has been elucidated 

(Brown, 1998; Haas and Brown, 1998). Phylogenetic analysis of related 

sequence (comparative sequence analysis) defined a secondary structure 

with two domains containing a substrate recognition site and a ribozyme 

active site (Brown et al., 1996). In human cells the RNase P complex is 

longer and includes multiple protein components in addition to the RNA 

(Frank et al., 2000; Xiao et al., 2001). In the absence of these protein 

components the human RNase P RNA is not catalytically active.

1.2.4 Small catalytic RNAs

Small catalytic RNAs can be separated into hammerhead, hairpin, hepatitis 

delta virus (HDV) and VS ribozymes. Although each of the groups has a 

distinct secondary characteristic, they are all naturally involved in the 

replication process of the RNA genomes in which they are contained. 

Additionally, in all cases the reactions catalysed by any small catalytic 

RNA occurs by transesterification generating 5-hydroxyl and 2 ’3 ’-cyclic 

phosphate termini (Symons, 1992). All hammerhead ribozymes have a 

characteristic secondary structure. The hammerhead ribozyme-substrate 

complex has an intramolecular helix (helix II) and two intermolecular 

helices (helix I and III) generated after the substrate interaction. Cleavage 

requires three components (Haseloff and Gerlach, 1988). Two of these are 

part of the ribozyme itself; the central sequence that is the catalytic core for 

cleavage (Ruffner et al., 1990) and the binding arms that flank the catalytic
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core, which can be designed to be complimentary to any target sequence 

(Symons, 1992). The third component necessary for ribozyme action is on 

the target RNA and consists of a three-nucleotide cleavage site. The three 

dimensional structure of a hammerhead ribozyme is a Y-shape in which 

helices II and III are co-linearly stacked with helix I adjacent to helix II. 

This structure (figure 1.6) was established by X-ray diffraction and FRET 

(Pley et al., 1994; Tuschl et al., 1994).

The most common hairpin model is a 50-nt long RNA that recognizes and 

cleaves an external 14-nt long substrate RNA (Hampel and Tritz, 1989). 

The secondary structure of the ribozyme, as established by mutational and 

in vitro selection analysis, is formed by two independently folding domains 

(Berzal-Herranz et al., 1993; Anderson et al., 1994; Butcher et al., 1995). 

Each of the domains has two helical regions separated by an internal loop. 

The first is formed by both the ribozyme and the substrate RNA molecules 

and consists of the two intermolecular helices and the internal loop. The 

second domain is entirely composed of the ribozyme sequences. After 

formation of the ribozyme-substrate complex, the first domain folds onto 

the second and the nucleotides of both loops interact. This process, known 

as docking, is essential for the activity of the hairpin ribozyme (Eamshaw et 

al., 1997; Walter et al., 1998). The crystal structure of the hairpin ribozyme 

shows a solvent-excluded cleft in the ribozyme active site (Rupert and 

Ferre-D’Amare, 2001). This crystal structure also shows an active-site 

adenosine, which may play an important role in general acid-base catalysis 

(Ryder et al., 2001).

Hepatitis delta virus is an infectious agent, existing as a satellite RNA of 

the hepatitis B virus, the genome of which is a single stranded circular 

RNA (Taylor, 1992). The secondary structure differs from that of the other 

small catalytic RNAs and has four double stranded regions. Stems I and II 

form a pseudoknot structure while stems III and IV are stem loop motifs 

(Perrotta and Been, 1991). Stem I contains the cleavage site. The minimal 

self-cleavage domain is 85nt long with Int 5 ’ of the cleavage site (Perrotta 

and Been, 1990). HDV ribozymes are extremely stable ex vivo with a half-
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life of approximately 100 hours. Stem II has a critical role to play in this 

stability (Levesque et al., 2002). The efficiency of catalytic activity of 

HDV is improved with the presence of divalent cations. Notably, the same 

is also true of hammerhead and hairpin ribozymes. The crystal structure 

reveals a deep active site cleft with a specific cytosine positioned to act as a 

general acid-base catalyst (Ferre-D’Amare et al., 1998; Nakano et al., 

2000).

The VS ribozyme was isolated from the mitochondria of the V arkud-lc 

strain of Neurospora (Saville and Collins, 1990). This catalytic m otif is 

responsible for the self-cleavage and ligation of the non-encoding VS RNA 

(Saville and Collins, 1991), which is transcribed from the VS plasmid DNA 

(Kennell et al., 1995). The minimal catalytic activity was described as a 

154-nt-long fragment; with Int 5 ’ of the cleavage site (Guo et al., 1993). 

However further reductions, down to 126nt, of this domain have been 

achieved by deletions of internal regions within the different structural 

domains (Rastogi and Collins, 1998). The proposed secondary structure is 

com posed of six defined domains (I-VI) and suggests an essential 

interaction between the nucleotides of loops I and V. O ther structural 

rearrangements are then required for ribozyme catalytic activity (Andersen 

and Collins, 2001).

1.3 Epidermolysis Bullosa

1.3.1 Skin Morphology

The skin is an intricate matrix composed of a top layer called the epidermis 

and a lower layer called the dermis (figure 1.1). Between the two layers is 

the basement membrane zone (BMZ). Notably, the epidermal BMZ 

(eBM Z) is the area involved in all of the currently identified forms of 

epidermolysis bullosa (EB) and hence a detailed description of this region 

of the skin is provided here. It is this eBMZ that provides the integrity and 

resistance (against external shearing forces) of the skin (Bruckner- 

Tuderman, 1999). The eBMZ forms a continuous layer separating the
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epidermis from the dermis and is also known as the dermal-epidermal 

junction zone (DEJZ). The DEJZ, whilst just one of many basement 

membrane zones in the body, is highly specialised. Electron microscopy 

and immunodissection has demonstrated that within the DEJZ are two 

distinct layers, an upper lamina lucida (electron lucent) and a lower layer, 

the lamina densa (electron dense) (Keene et al., 1997).

The DEJZ contains all the ubiquitous BMZ molecules as well as 

components unique to this zone. It is these unique anchoring complexes 

that strengthen the adhesion between the epidermis and the dermis 

(Burgeson et al., 1997). The anchoring complexes are composed of 

hemidesmosomes, anchoring filaments, and anchoring fibrils (Bruckner- 

Tuderman et al., 1999). Hemidesmosomes are similar in morphology to 

halves of desmosomes, however, unlike desmosomes, hemidesmosomes 

attach epithelial cells to the basal lamina. Desmosomes are essential 

adhesion structures in most epithelia that link the intermediate filament 

network of one cell to its neighbour. The hemidesmosomes are positioned 

at the ventral plasma membrane of the basal keratinocytes. The anchoring 

filaments span the lamina lucida from the hemidesmosomes to the lamina 

densa (Borradori et al., 1997). The final component of these anchoring 

complexes is the anchoring fibrils. Anchoring fibrils are mostly composed 

of polymers of collagen VII (figure 1.2). These anchoring fibrils extend 

from the lamina densa into the dermal connective tissue where they either 

reinsert back up to the lamina densa or else insert into anchoring plaques 

(figure 1.3) (Burgeson, 1993).

1.3.2 Molecular pathology

Epidermolysis bullosa (EB) is a rare genetically determined disorder 

affecting up to 1 in 20,000 of live births (National Epidermolysis Bullosa 

Registry). It is a mechanobullous disease that is characterised by excessive 

blistering and erosions of the skin and mucous membranes (Uitto and 

Richard, 2004). Conventionally EB is divided into three main forms; EB 

simplex (EBS), junctional EB (JEB) and dystrophic EB (DEB). Notably a
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fourth category has been recently introduced termed hemidesmosomal EB 

(HEB). Cases are categorised based on the location of blister formation 

within the DEJZ (figure 1.4). This is usually accessed by diagnostic 

transmission electron microscopy and/or immunoepitope mapping (Fine et 

a l ,  2000). Blister formation in EBS occurs within the basal layer of 

epidermis due to fragility of the basal keratinocytes. EBS is sometimes 

referred to as epidermolytic EB. Tissue separation in JEB is at the level of 

the lamina lucida in the basement membrane zone. DEB is a scarring form 

of EB that occurs in the anchoring fibrils below the lamina densa within the 

upper papillary dermis. In HEB, blister formation occurs at the 

hemidesmosomes in the basal cell -  lamina lucida interface (Pulkkinen and 

Uitto, 1998).

Keratins are the most abundant proteins in epithelial cells. They are 

epithelial specific members of the superfamily of intermediate filament (IF) 

proteins that form lOnm wide cytoskeletal filaments known as keratin 

intermediate filaments (KIF). The genes associated with these proteins 

express in a tissue and differentiation specific manner (Hesse et a i ,  2001). 

KIFs assemble to form a highly dynamic three dimensional cytoskeleton 

that spans between the nucleus and the cell membrane. This provides 

structural stability and flexibility (Galou et al., 1997). Undifferentiated 

basal keratinocytes in the epidermis primarily express keratins K5 and K14. 

Epidermolysis bullosa simplex is classically attributed to mutations within 

the genes for these proteins, KRT5 and KRT14. The majority (==60%) o f the 

mutations occur at two mutational ‘hot spots’ corresponding to the end of 

the central rod domain, known as the helix initiation and helix termination 

peptides (Cassidy et al., 2002). These are overlap zones between keratin 

heterodimers during KIF assembly (Steinert et al., 1993). This results in a 

detrimental effect on KIF assembly. The incorrectly formed KIFs are then 

unable to carry out their role as scaffold proteins at and above the basal 

level. This in turn causes a weakening of the cytoskeleton and hence results 

in skin fragility (Lane, 1994). EBS is usually inherited in an autosomal 

dominant manner; however, there are some autosomal recessive subtypes.
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Laminin 5 is a basement membrane zone protein which consists of the cc3, 

P3 and y2 chains encoded by the genes LAMAS, LAMB3 and LAMC2 

(Burgeson et al., 1994). The a3 , P3 and y2 proteins combine into 

heterotrimeric laminin 5 molecules (LAMS). These then assemble into 

anchoring filaments; hence laminin 5 is located in the lower lamina lucida 

extending down into the lamina densa (M asunaga et al., 1996). These 

anchoring filaments associate with hemidesmosomal components, such as 

a6 3 4  integrin, and the anchoring fibril protein; type VII collagen. 

Junctional epidermolysis bullosa is classically divided, based on clinical 

severity, into the lethal Herlitz type (H-JEB) and a variety of non-Herlitz 

forms (NH-JEB) (Fine et al., 2000). Immunohistochemical and 

ultrastructural studies revealed abnormalities in the hemidesmosome- 

anchoring filament complexes of patients affected with HJEB (Eady et al., 

1994). Notably, immunostaining for laminin 5 revealed the proteins 

absence (Schofield et al., 1990). Although a large number o f mutations 

have been identified, in JEB patients, in all three genes encoding the 

polypeptide subunits of laminin 5 the majority (~80%) of the mutations 

occur in LAMB3 (Pulkkinen et al., 1999). Within LAMB3 there are two 

mutational ‘hot spots’, R635X and R42X that both involve C to T 

transitions resulting in a premature termination codon (PTC) (Kivirikko et 

al., 1996 and Nakano et al., 2000). These PTCs results in the synthesis of 

truncated, non functional polypeptides which then leads to the absence of 

laminin 5 seen in the fatal H-JEB. Alternatively missense mutations can 

occur that alter the conformation of laminin 5. These partially functional 

anchoring filaments result in the milder clinical phenotype o f NH-JEB 

(Nakano et al., 2002). All forms of JEB are inherited in an autosomal 

recessive manner.

The collagens comprise a family of proteins that play a crucial role in the 

maintenance of extracellular matrix integrity with the more abundant 

collagens (e.g. type I) having widespread distribution. M inor collagens, like 

type VII collagen, are found exclusively in the BMZ of stratified squamous 

epithelia (Smith et al., 1988). Type V ll collagen is synthesised and secreted

-  18 -



into the extracellular matrix as a precursor procollagen VII. Procollagen VII 

is a homotrimer of three al(V II) chains with each polypeptide containing a 

central triple-helical collagenous domain flanked by an amino-terminal 

(NC-1) and a carboxy-terminal (NC-2) non-collagenous domain (Bruckner- 

Tuderman et al., 1995). Two of these triple-helical molecules align anti

parallel with overlapping carboxy termini and the amino termini pointing 

outwards (figure 1.2). A number of these dimers laterally assemble in a 

non-staggered manner into anchoring fibrils (Burgeson, 1993). These 

anchoring fibrils are adhesive suprastructures that are essential in the 

function of the anchoring complexes which in turn ensure the connection of 

the eBMZ with the dermal extracellular matrix (figure 1.3). Electron 

microscopy revealed abnormalities in the anchoring fibrils in patients with 

DEB. The fibrils can be morphologically altered, reduced in number or 

entirely absent (Tidman and Eady, 1985; McGrath et al., 1993). 

Immunohistochemistry of skin from patients with severe RDEB showed no 

type VII collagen present (Bruckner-Tuderman et al., 1989). The COL7A1 

locus on chromosome 3p21was linked to both the dominantly and 

recessively inherited dystrophic forms of epidermolysis bullosa (Hovnanian 

et al., 1992; Ryynanen et al., 1991). DEB is characterised by scarring as a 

result of the blister formation in the sub-lamina densa and can be inherited 

in either an autosomal dominant or an autosomal recessive manner 

(Christiano and Uitto, 1996).

As mentioned above, relatively recently a fourth category has been added to 

the EB group. Traditionally these would have been classed as NH-JEB 

types. In HEB blister formation occurs at the hemidesmosomes in the basal 

cell -  lamina lucida interface (Pulkkinen and Uitto, 1998). Whereas the 

previous three groups (EBS, JEB and DEB) involved mutations in a single 

gene or gene family, mutations have been identified in three distinct 

hemidesmosomal associated genes in HEB (Uitto and Richard, 2004). 

Unlike most collagens, collagen XVII is a transmembrane protein. Collagen 

XVII is a type II transmembrane protein that is a structural component of 

hemidesmosomes and is also referred to as BP180 (Hirako et al., 1996).
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Mutations in the C0L17A 1 gene have been identified in patients with 

generalised atrophic benign EB (GABEB) (McGrath et al., 1995; Gatalica 

et al., 1997). The a6P4 integrin is a laminin-5 cell surface receptor 

involved in hemidesmosome formation. The alpha and beta subunit 

polypeptides are encoded by the genes ITGA6 and ITGB4 respectively. 

Immunohistochemical analysis established that the expression of a6p4  

integrin is reduced or entirely absent in patients with EB with pyloric 

atresia (EB-PA) (Brown et al., 1996). M utations in one or other of the 

genes encoding the alpha and beta subunits were then demonstrated in EB- 

PA patients (Pulkkinen and Uitto, 1998). Plectin, one of the largest known 

polypeptides, binds actin, microtubules and intermediate filaments. Plectin 

is localised to the hemidesmosome, where it cross-links the intermediate 

filament system to the hemidesmosome itself (Liu et al., 1996). Mutations 

in the PLECl gene, encoding plectin, were found in patients with a form of 

EB associated with late onset muscular dystrophy (EB-MD) (Uitto et al., 

1996). Immunostaining of EB-MD patients revealed a negative staining 

pattern for a plectin variant in the dermal-epidermal BMZ and muscle 

(Gache et al., 1996; Smith et al., 1996).

1.3.3 Medical pathology

As stated previously, according to the national epidermolysis bullosa 

registry report, approximately 50 EB cases occur per 1 million live births. 

These cases break down as follows; approximately 92% are EBS, 5% are 

DEB, 1% is JEB, and 2% remain unclassified. Patients with HEB are 

thought to constitute less than 1% of total EB cases. Onset of EB is usually 

at birth or in the first few months. Exceptions occur in mild cases of EBS 

which, if detected at all, may remain undetected until adulthood. Blistering 

caused by any of the EB subtypes may be accompanied by infection, sepsis, 

and death with severe forms of EB increasing the risk of mortality. Patients 

with HJEB have the highest risk during infancy with an estimated mortality 

rate of 87% during the first year. In patients with EB that survive 

childhood, the most common cause of death is metastatic squamous cell
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carcinoma. This occurs particularly in patients with RDEB (Marinkovich, 

1999).

Common manifestations of EBS include blisters, keratoderma, nail 

dystrophy and problems with the soft tissue inside the mouth. Although EB 

simplex is considered a non-scarring form of EB secondary infection may 

cause scarring. Some forms are localised, however all skin cells are affected 

so all skin surfaces are prone to develop generalised blistering (Okulicz, 

2002). Symptoms of JEB include blisters and erosions, dystrophic nails, 

atrophic scarring, granulation tissue, anaemia, enamel hypoplasia, and 

symptoms in the respiratory tract, gastrointestinal tract and eyes. JEB is 

also considered a non-scarring form of EB, however tightening and 

thinning of the skin does occur and in many instances residual atrophic 

scarring occurs. While there is no evidence that people with JEB are at a 

higher risk of developing malignant melanomas than the normal population, 

in rare cases squamous cell carcinoma have been reported (Mallipeddi et 

al., 2004). DEB affected individuals demonstrate differing degrees of 

blistering, scarring, and mucosal involvement. Common manifestations 

include blistering, absent or dystrophic nails, atrophic scarring, anaemia, 

milia, growth retardation and other symptoms in a variety of systems. 

Following initial blister formation, scars may occur at sites of epithelial 

injury, both on cutaeneous surfaces and in the gastrointestinal tract. Some 

cases include fusion of the skin between the fingers and the toes 

(pseudosyndactly), and as previously mentioned may also involve the 

development of severe cancers (Mallipeddi, 2002).

1.4 Osteogenesis Imperfecta

1.4.1 Bone Morphology

There are two types of bone tissue: compact and spongy. Compact bone 

consists of closely packed osteons or haversian systems and is optimised to 

handle compressive and bending forces. Near the ends of the bones, where 

stresses become more complex, the haversian systems splay out and branch
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to form a meshwork of cancellous, or spongy bone. The osteon consists of a 

central canal called the haversian canal, which is surrounded by concentric 

rings (lamellae) of matrix. Between the lamellae, in space called lacunae, 

the bone cells (osteocytes) are located. There are three types of cells that 

contribute to bone homeostasis. Osteoblasts are bone-forming cells, 

osteoclasts resorb or break down bone, and osteocytes are mature bone 

cells. Equilibrium between osteoblasts and osteoclasts maintain bone tissue 

(Ghani, 1997). The haversian system can be considered to be the basic unit 

of bone (figure 1.5). In simple terms the haversian system is a hollow 

laminated rod of collagen and calcium phosphate; the hollow core is a 

nutrient channel (haversian canal). Brittle but rigid calcium and 

phosphorous from blood crystallise and interweave with the flexible but 

weak collagen rods. These minerals give the bones strength while the 

collagen rods provide resiliency. Collagen rods are actually formed by a 

strict interactive arrangement of rigid collagen molecules (Glowacki and 

Gross, 1981). The collagen molecules are organized in an overlapping 

manner and held together by their attachment to themselves, to other 

molecules and by the calcium and phosphorous that comes from the blood. 

Diseases that interfere with the ability of calcium and phosphorous to be 

deposited around the collagen rods yield bones that bend but do not 

necessarily break. These diseases are usually diagnosed as rickets and are 

seen in people deficient in Vitamin D (Berry et al., 2002). Diseases in 

which the collagen rods are abnormal produce brittle bones and fall under 

the category of Osteogenesis Imperfecta.

1.4.2 Molecular pathology

Osteogenesis imperfecta (01) is a rare genetically determined disorder 

affecting up to 1 in 20,000 of live births (Byers et al., 1992). It is 

characterised by bone fragility due to low bone mass, which leads to an 

increased incidence of fractures (Kocher and Shapiro, 1998). This bone 

fragility has lead to the term brittle bone disease being adopted. 01 exhibits 

a widely varying degree of severity, from intrauterine fractures and 

perinatal lethality to very mild forms without fractures that may go
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unnoticed till adulthood (Shapiro et al., 1992). The classification proposed 

by Sillence and colleagues which is divided into four clinical types 

(Osteogenesis imperfecta types I - IV) is the most widely used system 

(Sillence et al., 1979). However, a further three groups are now generally 

accepted. These groups represent patients that had a clinical diagnosis of OI 

but presented clearly distinct features (Glorieux et al., 2000; Glorieux et at., 

2002 and W ard et al., 2002). Osteogenesis imperfecta types I -  IV are 

commonly associated with mutations in the genes for type I collagen. To 

date no type I collagen gene mutations have been detected in patients with 

types V -  VII (Roughley et al., 2003). These new subtypes are not thought 

to be directly associated with type I collagen mutations but rather with 

some yet unidentified macromolecules. In spite of the wide range of 

clinical severity mentioned, most cases of 01 result from mutations in the 

genes that encode the p ro a l and proa2  polypeptide chains that comprise 

the type I collagen molecule (Kuivaniemi et al., 1991). The vast majority of 

these mutations are dominant negative and are tabulated in the database of 

human collagen mutations (Dalgleish, 1997).

Type I collagen is the most abundant type of collagen in the body and is 

widely distributed in almost all connective tissue. It comprises 95% of the 

collagen content of the bone and 80% of the total protein content o f bone 

(Niyibizi and Eyre, 1994). Type I collagen is also the major protein in skin, 

tendon, ligament, sclera, cornea and blood vessels. For this reason although 

bone is the tissue most affected in OI, many other tissues are also severely 

affected. A collagen type I molecule consists of three polypeptides chains 

(two a l  and one a2 ) that form a triple helical structure (Kadler et al., 

1996). The genes that encode the a l  and a 2  polypeptide chains are 

C O L lA l and COL1A2 respectively. For the three chains to intertwine 

correctly it is essential they have a glycine residue at every third position. 

As glycine is the smallest amino acid it can occupy the limited space at the 

centre of the triple helix enabling triple helix formation and stability. Both 

of the a  chains are synthesised in a precursor p ro a  form. The p ro a  chain 

consists of globular extension peptides at the amino and carboxy terminal
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ends (Niyibizi et al., 2004). These p ro a  chains assemble to form 

procollagen, a collagen precursor. Processing of the procollagen then 

removes the amino and carboxy terminal globular ends resulting in the 

generation of collagen molecules. These molecules then assemble in a 

staggered airay undergoing intermolecular cross linking to form fibrils.

Mutations in the C O L lA l and C 0L 1A 2 genes result in types I -  IV OI. As 

stated the positioning of glycine in the third residue position is essential. 

For this reason glycine substitutions represent the most commonly observed 

type of 01 mutation. However, deletions or duplications have also been 

reported as have mutations involving exon skipping and mutations in the C- 

terminal end (Millington-W ard et al., 2005). W hilst the genotype- 

phenotype relationship is still not fully understood what is clear is that bone 

fragility can result from either insufficient matrix synthesis or the 

accumulation of defective collagen in the extracellular matrix (Prockop, 

1992). As stated the genotype-phenotype correlation is still too weak to 

predict the phenotypic effect of most mutations, however, mutations that 

create a premature stop codon with the C O L lA l gene mostly result in an 

OI type I phenotype (Willing et al., 1996). The transcription products of 

genes with such a mutation are unstable and are typically destroyed by a 

process called nonsense-mediated decay (Byers, 2002). Notably, because of 

this, only normal collagen type 1 chains are produced by fibroblasts of 

affected individuals. However, in affected individual the rate of collagen 

production is reduced (Byers, 2000).

1.4.3 Medical pathology

Apart from brittle bones, a phenotypic characteristic present in all cases of 

01, all other extra skeletal manifestations are variable. Typically these 

include blue sclera (due to the thinness of the sclera), dentinogenesis 

imperfecta, hyperlaxity of ligaments and skin, hearing impairments and 

presence of wormian bones in the sutures of the skull. As stated these 

clinical characteristics are variable to the extent that members of the same
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family may present with a vastly dissimilar degree of severity (Smith, 

1994). The clinical diagnosis of 01 is largely based on the signs and 

symptoms previously listed here but the most relevant clinical 

characteristics is bone fragility, the severity of which increases as follows; 

type I < types IV, V, VI, VII < type III < type II (Rauch and Glorieux, 

2004).

Type I OI is the mildest form of the disease, being non-deforming and 

resulting in patients typically having a normal stature. The patients typically 

have blue sclera, but this blue colour may fade as individuals grow older. 

Dentinogenesis imperfecta is less common but may still present even in 

mild cases. Fractures are not commonly observed at birth, as bone density 

may be normal during the first few months. However fractures may begin 

to occur after this period as individuals fail to increase bone mineral density 

with age (Smith, 1986). Type II 01 is the most severe form of the disease, 

often resulting in death in the perinatal period. Typically cause of death is 

malformations or hemorrhages of the central nervous system, extreme 

fragility of the ribs or pulmonary hypoplasia (Pauli and Gilbert, 1986; 

Shapiro et al., 1989). Infants surviving birth rarely survive for more than a 

few days as they present with multiple intrauterine fractures o f the skull, 

long bones and vertebrae and show severe skeletal deformity (Andrews and 

Amparo, 1993). Bone histology reveals a marked decrease in both cortical 

bone thickness and trabecular bone. Type III OI is the most severe form of 

the disease compatible with survival beyond the perinatal period. It is 

characterised by severe progressive skeletal deformity. Individuals may 

possess chest deformities, severe deformities o f the long bones, vertebral 

fractures and scoliosis. The incidence of fracture remains high in adult life. 

Patients have severely short stature and because of deformity and bone 

fragility are frequently confined to a wheelchair for life. Dentinogenesis 

imperfecta is commonly present. Severe cases may have respiratory 

complications that can compromise survival (Plotkin, 2004). Type IV 01 is 

clinically the most diverse group in the Sillence classification and 

encompasses all those individuals who do not meet the criteria for types I- 

III 01. The phenotype can vary from severe to mild, with the more severely
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affected patients presenting with fractures at birth, suffering moderate 

skeletal deformity and attaining a relatively short stature. Scoliosis and joint 

laxity may be present and the patients have white sclera. This group has 

been further divided into two groups based on the presence or absence of 

dentinogenesis imperfecta (Levin et al., 1978).

Type V 01 is moderately deforming, and patients exhibit moderate to 

severe bone fragility. Patients are characterised by three features distinctive 

to type V 01: the presence of hypertrophic callus formation at fracture sites, 

calcification of the interosseous membranes between the bones o f the 

forearm, and the presence of a radio-opaque metaphyseal band immediately 

adjacent to the growth plates upon X-ray. Blue sclera and dentinogenesis 

imperfecta are not present. Histological examination shows the lamellar 

organisation of the bone has an irregular mesh-like appearance distinct 

from normal lamellar organization (Glorieux et al., 2000). Like type V, 

type VI 01 patients also present with moderate to severe skeletal deformity 

and do not present with blue sclera or dentinogenesis imperfecta. The 

distinctive features of this 01 type are the fish scale-like appearance of the 

bone lamellae and the presence of excessive osteoid upon histological 

examination. Although the osteoid accumulation suggests a mineralization 

defect like osteomalacia, there is no abnormality in calcium, phosphate, 

parathyroid hormone or vitamin D metabolism, and growth plate 

mineralization proceeds normally (Glorieux et al., 2002). Again type VII 

01 patients have moderate to severe skeletal deformity and bone fragility, 

and lack blue sclera and dentinogenesis imperfecta. The distinctive clinical 

feature here is a rhizomelic shortening of the humerus and femur (W ard et 

al., 2002). Unlike all the other forms of OI type VII 01 exhibits autosomal 

recessive inheritance.
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Figure 1.1: Diagram of skin showing basement membrane zone

This figure represents a simplified skin model, the dermis and epiderm is is 

indicated. The main components of the epidermal basement membrane 

zone (eBM Z) are labelled. The eBM Z forms a continuous layer separating 

the epidermis from the dermis. Beneath the plasma membrane o f the basal 

keratinocytes lies the lamina lucida. The lamina densa lies below the 

lamina lucida. The anchoring fibrils stem from the lamina densa down into 

the papillary dermis (modified from www.debra.org).
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Figure 1.2: Schematic representation of anchoring fibril polymerisation

The figure above is a schematic representation of the anchoring fibril 

polymerisation (reproduced from Bruckner-Tuderman et al., 1999). 

Anchoring fibrils are mostly composed of polymers of collagen VII. 

Procollagen VII is a homotrimer of three a l(V II) chains with each 

polypeptide containing a central triple-helical collagenous domain flanked 

by an amino-terminal (NC-1) and a carboxy-terminal (NC-2) non- 

collagenous domain. Two of these triple-helical molecules align anti

parallel with overlapping carboxy termini and the amino termini pointing 

outwards. A number of these dimers laterally assemble in a non-staggered 

manner into anchoring fibrils
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Figure 1.3: Schematic representation of anchoring flbriis

The figure above is a schematic representation of the anchoring fibrils as 

part of the anchoring complex at the dermal-epidermal junction zone 

(reproduced from Bruckner-Tuderman et al., 1999). These anchoring 

fibrils are adhesive suprastructures that are essential in the function of the 

anchoring complexes which in turn ensure the connection of the epidermal 

basement membrane zone with the dermal extracellular matrix. Anchoring 

fibrils extend from the lamina densa into the dermal connective tissue 

where they either reinsert back up into the lamina densa or else insert into 

anchoring plaques.
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Figure 1.4: Diagram of skin showing sites of blister formation

This figure represents a simplified skin model, the dermis and epidermis is 

indicated. The epidermal BM Z (eBM Z) (see figure 1.1) is the area 

involved in all of the currently identified forms o f epiderm olysis bullosa 

(EB). A above indicates the mid-epidermis where blister formation occurs 

in patients with localised Epidermolysis Bullosa simplex. B above 

indicates the basal layer where blister formation occurs in patients with 

generalised Epidermolysis Bullosa simplex. C above indicates the lamina 

lucida where blister formation occurs in patients with recessive junctional 

Epidermolysis Bullosa. D above indicates the papillary dermis where 

blister formation occurs in patients with dom inant and recessive 

dystrophic Epidermolysis Bullosa (modified from w w w .debra.org).
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Figure 1.5: Arrangement of collagen in bone

This figure represents a simplified bone model dem onstrating the 

arrangement of collagen in bone. The haversian system is a hollow 

laminated rod o f collagen and calcium phosphate. Brittle but rigid calcium 

and phosphorous from blood crystallise and interweave with the flexible 

but weak collagen rods. Collagen rods are formed by a strict interactive 

arrangement of rigid collagen molecules. The collagen m olecules are 

organized in an overlapping manner and held together by their attachment 

to themselves, to other molecules and by the calcium  and phosphorous 

that comes from that blood. A collagen type I m olecule consists o f three 

polypeptides chains (two a l  and one a2 ) that form a triple helical. Both of 

the a  chains are synthesised in a precursor p ro a  form. The p ro a  chain 

consists o f globular extension peptides at the amino and carboxy terminal 

ends. These p ro a  chains assemble to form procollagen, a collagen 

precursor. Processing o f the procollagen then removes the amino and 

carboxy terminal globular ends resulting in the generation o f collagen 

molecules. These molecules then assemble in a staggered array 

undergoing intermolecular crosslinking to form fibrils.

- 3 1  -



Figure 1.6: Secondary and crystal structure of the hammerhead ribozyme

The figure A above represents the secondary structure of the hammerhead 

ribozyme. The bases essential for catalytic activity are shown and the 

cleavage site is indicated by the arrow. The figure B above represents the 

crystal structure of the hammerhead ribozyme as described by Pley et al. 

in 1994. The first ribozyme structure to be determined revealed a Y- 

shaped conformation in which the nucleotides essential for catalysis were 

clustered at the junction of the three helical arms (reproduced from 

Doudna and Cech, 2002).
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Figure 1.7: Ways of inhibiting gene expression with RNAi in cells

The figure above represents two methods of evoking RNAi mediated 

inhibition of gene expression in cells. On the left siRNA duplexes are 

introduced into ceils. This siRNA then becomes incorporated into the 

RISC complex and ultimately leads to degradation of the target transcript 

(see section 1.4.4). In the second case, on the right, plasmid encoding 

shRNA are introduced into cells. The shRNA is then processed and 

exported from the nucleus where it becomes incorporated into the RISC 

complex and ultimately leads to degradation of the target transcript (see 

section 1.4.4) (reproduced from Davidson and Paulson, 2004).
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Chapter 2 

Materials and Methods



2.1 Materials

2.1.1 Enzymes and size standards

Restriction enzymes were purchased from New England Biolabs. The 

lOObp and Ikb DNA ladders (figure 2.1) were also purchased from New 

England Biolabs. The lOObp and Ikb ladders (figure 2.2) were purchased 

from Invitrogen.

2.1.2 Commercial Kits

The following kits were purchased from Qiagen: QIAquick PCR 

purification kit, QIAquick gel extraction kit, HiSpeed Plasmid Maxi kit and 

QuantiTect SYBR Green RT-PCR kit. RiboM AX Large Scale RNA 

Production System -  T7 was purchased from Promega. BigDye Term inator 

v3.1 Cycle Sequencing kit was purchased from Applied Biosystems. The 

protocols for all commercial kits were carried out as per the m anufacturer’s 

instructions.

2.1.3 Primers and oligonucleotides

All primers and oligonucleotides were synthesised by Sigma-Genosys UK. 

Primer sequence information for cloning and sequencing is given in Table 

2.1. Oligonucleotide sequences for cloning are given in Table 2.2. 

Sequences of all oligonucleotides and primers for cloning tissue specific 

constructs are in Tables 2.3 and 2.4. Sequence information of all HPLC 

purified primers synthesised for real-time rtPCR is given in Table 2.5.

2.1.4 Cloning vectors

Cloning vectors used were pcDNA3, pcDNA3.1+, pcD N AS.l-, pIRES2- 

eGFP, pEGFP-Cl and pEGFP-1. These vectors are shown in figures 2.3, 

2.4, 2.5, 2.6 and 2.7 respectively.
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2.1.5 Cell lines

Cell lines used were Cos7 and HeLa. Cos7 cells are immortal kidney 

fibroblasts derived from African green monkey. HeLa cells are derived 

from human cervical cancer cells and are also immortal.

2.1.6 Synthesised siRNA

Synthesised siRNA were purchased from Xeragen (now Qiagen) and 

Dharmacon. Full sequence information for all synthesised siRNA is given 

in Table 2.6.

2.2 Methods 

2.2.1 Primer and oligonucleotide synthesis

Primers were designed to be between 18 to 24 bases in length with GC 

content of approximately 50%. Primers were checked using FastPCR 

(Institute of Biotechnology, University of Helsinki) to ensure a low 

secondary structure and eliminate primer dimer formation. All primers 

designed were checked for unspecific binding, or homology, to sequences 

other than the target using a homology and similarity search tool BLASTn 

(www.ncbi.nlm.nih.gov). All primers and oligonucleotides were ordered 

pre-synthesised and purified from Sigma-Genosys UK (as in section 2.1.3). 

All primers were re-suspended to a concentration of 100pmol/|xl.

2.2.2 DNA annealing

Oligonucleotides were re-suspended at a stock concentration of 

lOOpmol/nl. l |i l of each of the complementary oligonucleotides and 48|xl 

annealing buffer (lOOmM potassium acetate, 30mM HEPES-KOH pH7.4 

and 2mM magnesium acetate) were dispensed into a clean 1.5ml eppendorf
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tube and placed in a heating block at 95°C. The block was immediately 

turned off and allowed to cool to room temperature.

2.2.3 Restriction enzyme digest reactions

Restriction enzymes were used to cut at specific recognition sequences 

within DNA. Enzyme digestions were typically carried out in a final 

reaction volume of 50)J,1. The appropriate buffer and bovine serum albumin 

was present at Ix concentration (according to m anufacturer’s protocols). 

Units of restriction enzyme (U) were added as per m anufacturer’s 

instructions. The total reaction volume was made up with sterile water and 

the digest reactions incubated for 2 hrs at 37°C. Reactions were stopped by 

heat inactivation at the recommended temperature for 20 minutes or by 

addition of l |il lOOmM EDTA.

2.2.4 Restriction enzyme partial digest

Partial enzyme digest reactions were performed when the enzyme 

recognition sequence was not unique. A range of digest reactions were 

performed using various dilutions of the restriction enzyme. Reactions were 

stopped by heat inactivation or the addition of l|al lOOmM EDTA at various 

time points ranging from 1 second to 30 minutes. DNA from partial digest 

reactions were separated on 1% (w/v) agarose gels to ascertain the enzyme 

concentration and digest reaction time that gave the required fragment.

2.2.5 Agarose gel extraction

1% agarose gels were used in all DNA gel extractions/purifications. The 

relevant gel section was excised. The DNA was extracted from the gel 

section using the QIAquick gel extraction kit (Qiagen) (as per the 

manufacturer’s protocol). DNA was eluted with 50|J,1 Buffer EB by 

centrifugation at 13000 rpm (EEC Micromax benchtop centrifuge) for 1 

minute.
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2.2.6 Phenol DNA extraction

DNA samples were mixed with an equal volume of phenol, vortexed and 

centrifuged at ISOOOrpm (lEC Micromax benchtop centrifuge) for 1 

minute. The top aqueous layer was removed and transferred to a new 

eppendorf. This phenol step was repeated for especially low purity samples.

2.2.7 Chloroform DNA extraction

DNA samples were mixed with an equal volume of a 50:50 

phenolxhloroform , vortexed and centrifuged at 13000rpm (lEC Micromax 

benchtop centrifuge) for 1 minute. The top aqueous layer was removed and 

transferred to a new eppendorf. An equal volume of chloroform was added 

to the newly transferred top layer. This was vortexed and centrifuged at 

13000rpm (lEC Micromax benchtop centrifuge) for 1 minute. The top 

aqueous layer was removed and transferred to a new eppendorf.

2.2.8 Ethanol precipitation

The DNA sample was mixed with 250% (v/v) ethanol and 10% (v/v) 3M 

sodium acetate. After inverting the eppendorf several times, the sample was 

placed in a -20°C freezer for 30 minutes. The sample was then centrifuged 

for 20 minutes at 13000rpm (lEC Micromax benchtop centrifuge) and the 

liquid removed from the DNA pellet, carefully to avoid disturbing the 

pellet.

2.2.9 Isopropanol precipitation

DNA sample was mixed with 60% (v/v) isopropanol and 10% (v/v) 3M 

sodium acetate. After inverting the eppendorf several times, the sample was 

left at room temperature for 20 minutes. The sample was then centrifuged 

for 15 minutes at 13000rpm (lEC Micromax benchtop centrifuge) and the 

liquid removed from the DNA pellet.
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2.2.10 Ethanol wash

Salts were removed from precipitated DNA with 400|xl 70% ethanol and 

samples were centrifuged at 13000rpm (lEC Micromax benchtop 

centrifuge) for 5 minutes. The ethanol was then removed and the remaining 

DNA pellet allowed to air dry before resuspension in H2O.

2.2.11 Ligation

Ligations were carried out in a 15|i,l reaction volume. Buffer was present at 

Ix concentration (according to manufacturer’s protocols). Ligations were 

carried out at various ratios off Vector:Insert; typically between 1:1 and 

1:10. rATP was present at Ix concentration and 1 |il of T4 ligase (1 unit/|J,l) 

v^as added. The remaining volume was made up with dH20.

2.2.12 Bacterial growth

Bacterial cultures were grown in Luria-Bertani (LB) medium. LB medium 

was prepared with 1.0% (w/v) tryptone, 0.5% (w/v) yeast extract, and 1.0% 

(w/v) NaCl. One litre of LB was made by dissolving lOg of tryptone, 5g of 

yeast extract and lOg NaCl in IL  of deionised water. The medium was 

autoclaved for 20 minutes at 15 psi and allowed to cool to 55°C before the 

addition of the antibiotic (if needed). Ampicillin was used as the selective 

antibiotic at a final concentration of 50)ig/ml. Tetracycline was used as the 

selective antibiotic at a final concentration of 25)j.g/ml. Kanamycin was 

used as the selective antibiotic at a final concentration of 30)j.g/ml. LB agar 

plates were prepared by the addition of 15g of bactoagar to the LB before 

autoclaving.

2.2.13 XLl-blueMRA competent cells

X Ll-blueM RA  E.coli were streaked onto LB/agar plates with tetracycline 

antibiotic selection and incubated overnight at 37°C. A single colony, from
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the overnight plate, was added to 10ml LB broth with tetracycline and 

placed in an agitating incubator at 37“C overnight. 100ml o f LB media 

broth with tetracycline was inoculated with 1ml o f overnight culture. Cells 

were grown to an ODgoo of 0.3 to 0.5 (approx. 2 V2 hours) to achieve a 

bacterial culture in early exponential growth. The culture was then placed 

on ice for 15 minutes before being centrifuged in 50ml aliquots for 5 

minutes at 3000rpm (Beckman GC-6 benchtop centrifuge). The pellets 

were suspended in 50ml cold, sterile 50mM  calcium chloride (CaCb) and 

left on ice for 15 minutes before being centrifuged for 5 minutes at 

3000rpm. The pellets were resuspended in 10ml cold, sterile 50m M  CaCh, 

The competent cells were stored on ice at 4°C and used within 24 hours.

2.2.14 Transformation

200)j,l o f competent X Ll-blueM R A  E.Coli were added to 5|o.l o f  ligation 

mix and placed on ice for 30 minutes. The mix was then placed in a water 

bath at 42°C for 5 minutes before being returned to ice. After 5 minutes on 

ice 1ml o f LB broth was added and then placed at 37°C for an hour (very 

gently agitation). LB agar plates were spread with 200^.1 o f transformation 

mix and incubated overnight at 37°C.

2.2.15 DNA mini-preparation

Transformed bacterial colonies were used to inoculate 10ml LB broth and 

fresh LB agar plates (with the antibiotic the plasmid confers resistance to). 

Plates and media broth were placed at 37°C overnight. Overnight cultures 

were centrifuged for 10 minutes at 3000rpm (Beckman GC-6 benchtop 

centrifuge) and the supernatant was removed. Pellets were resuspended in 

60|xl lysis solution I (50mM  Tris pH 8, 25% sucrose and 2mM  EDTA pH8) 

and transferred to an eppendorf. 20|il lysozym e (40m g/m l in 250m M  Tris 

pH 8) was added and left at room temperature. After 10 minutes 550^1 

MStet (5%  triton-x, 50mM  EDTA pH 8, 5% sucrose and 50mM  Tris pH 8) 

was added. After a further 10 minutes samples were boiled for 90 seconds.
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Samples were centrifuged at 13000rpm (lEC Micromax benchtop 

centrifuge) for 15 minute. After the bacterial pellet had been removed, 

using a toothpick, l|.il RNase-It was added to the eppendorf and it was 

incubated at 37°C for 15 minutes. One phenol extraction was carried out 

followed by an isopropanol precipitation and 70% ethanol wash. After air 

drying the resulting DNA pellets, samples were re-suspended in 100 .̂1 

dH20.

2.2.16 Polymerase chain reaction (PCR)

Standard PCR reaction were carried out in a 50|J,1 volume containing 250ng 

of template DNA, 5pmol of forward and reverse primers, 0.2M dATP, 

dTTP, dCTP, and dGTP, 5̂ ,1 lOx buffer and 1 unit of Taq polymerase. The 

lOx buffer (500mM KCl, lOOmM Tris pH9, 0.1% gelatin (v/v), 1% triton-X 

and MgCh) MgCb concentration was in the range lOmM to 25mM. The 

standard PCR cycle run was as follows; 94°C for 5 minutes followed by 35 

cycles of 94°C for 1 minute, 55°C for 1 minute and 72°C for 1.2 minutes, 

ending with a final incubation at 72°C for 10 minutes.

2.2.17 PCR directed mutagenesis

PCR conditions were the same as those used for standard PCR reactions. 

Changes in the primers were used to insert mutations in the PCR product. 

The first round of PCR used a forward primer with a mutation and a normal 

reverse primer. The second round used a normal forward primer and a 

reverse primer with the same mutation. The third and final round of PCR 

used the two normal primers and the gel isolated PCR products from rounds 

1 and 2 as template (see chapter 3 figure 3.7).

2.2.18 Bacterial colony PCR

PCR on DNA from bacterial colonies was used to verify the presence of an 

insert in a recombinant plasmid. Colonies to be tested were streaked out on
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antibiotic selective LB agar plates and grown overnight at 3 ? V . Sterile 

1.5ml eppendorf tubes with 500|xl of LB broth and the selective antibiotic 

were inoculated with a single colony. Cultures were grown at 37°C 

(agitating incubator) for 2 hours. Colony PCRs were performed with 2|il of 

culture as template in standard PCR reaction (section 2.2.16).

2.2.19 PCR and restriction enzyme purification

DNA from PCR or restriction enzyme digests was purified using the 

QIAquick PCR purification kit from Qiagen (as per the m anufacturer’s 

protocol). The DNA was eluted with 50|il Buffer EB by spinning at 13000 

rpm (lEC Micromax benchtop centrifuge) for 1 minute.

2.2.20 DNA maxi-preparation (CsCl method)

Bacterial miniprep colonies containing a plasmid of interest were used to 

inoculate 5ml LB broth with antibiotic selection. Broth was placed shaking 

at 37°C overnight. 5ml of the overnight culture was used to inoculate a litre 

of LB broth with selective antibiotics. After 7 hours at 37°C in an agitating 

incubator O.lg of chloramphenical was added. The broth was again 

incubated at 37°C, in an agitating incubator, overnight. The litre of broth 

was divided into four containers and centrifuged at 7000rpm for 10 minutes 

(Sorvall RC-5B refrigerated superspeed centrifuge -  rotor GSA). The 

resulting pellets were pooled in 50ml lysis solution I (50mM glucose, 

25mM Tris pH8 and lOmM EDTA pH8) and placed on ice for 30 minutes. 

50ml of lysis solution II (0.2M NaOH and 1% (v/v) SDS) was slowly added 

and following thorough mixing, the samples were placed on ice for 5 

minutes. Samples were again placed on ice for 15 minutes after the addition 

of 40ml cold lysis solution III (3M sodium acetate pH 5.2). The mix was 

centrifuged at SOOOrpm for 5 minutes (Sorvall RC-5B refrigerated 

superspeed centrifuge -  rotor GSA). The supernatant was filtered through 

gauze, 60% (v/v) cold isopropanol added and centrifuged at SOOOrpm for 10 

minutes (Sorvall RC-5B refrigerated superspeed centrifuge -  rotor GSA).
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The supernatant was removed and the pellet briefly dried. Once dry the 

pellet was resuspended in 8.3ml lOmM Tris pH 8.0 in a 50ml tube. To this 

8.8g CsCl and 350(il ethidium bromide (lOmg/ml) was added. This plasmid 

mix was placed in an ultracentrifuge tube and topped up with maxiprep top- 

up solution (1.76g CsCl, 17.4ml lOmM Tris pH8 and 1.4g ethidium 

bromide). The bung was added, ensuring no bubbles formed, and the tube 

sealed with the metal cap. Samples were centrifuged at 45000rpm overnight 

(Beckman L8-55 ultracentrifuge -  rotor TV865B). The circular plasmid 

layer was visualised with a UV light box and removed by side puncture. 

The sample was then washed with equal volumes of water saturated butanol 

until all the ethidium bromide had been removed. The sample was then 

dialysed against lOmM Tris pH8.0 and pressured concentrated until the 

volume was approximately 1ml. The sample was further dialysed to remove 

CsCl changing the Tris regularly for approximately 4 hours. This maxiprep 

method is more laborious than the kit method but yields several fold more 

DNA which is significantly cleaner.

2.2.21 DNA maxiprep (Kit method)

Bacterial colonies carrying a plasmid of interest were used to inoculate 5ml 

LB containing selective antibiotics. Cultures were placed shaking at 37°C 

for 8 hours. After this time 1ml was used to inoculate 150ml LB broth 

containing selection antibiotics and this was incubated at 37°C overnight. 

The culture was centrifuged at 6000rpm for 15 minutes (Sorvall RC-5B 

refrigerated superspeed centrifuge -  rotor GSA). The pellet was processed 

using the Qiagen high-speed maxiprep kit (as per the manufacturer’s 

protocol). The DNA was eluted with 1ml Buffer TE. This maxiprep method 

is quicker than the CsCl method but yields less DNA and isn’t as pure.

2.2.22 DNA sequencing (gel metliod)

A PCR reaction with 500ng DNA, 5pmol of prim er (forward or reverse), 

8^1 Taq-mix from the Dye terminator cycle sequencing ready reaction kit
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(Perkin Elmer) and H 2O up to I2\i\ was performed. The sequencing PCR 

program was as follows: 94°C for 5 minutes follow ed by 35 cycles o f 94°C 

for 1 minute, 55“C for 1 minute and 72°C for 1.2 minutes, ending with a 

final incubation o f 72“C for 10 minutes. D N A  from the PCR reaction was 

precipitated with 50|xl o f 100% ethanol and 2|uil 3M NaAc pH5.2 at -20°C  

for 30 minutes. Salts were removed from the D N A  pellet with a 70% 

ethanol wash. The pellets were air dried and resuspended in 3.5|xl 

resuspension buffer (100^1 formamide and 20|xl 50mM  EDTA pH8.0) and 

samples were briefly heated to 94°C and then placed on ice. Glass plates 

were washed with a small amount o f alcanox and rinsed with hot water. 

Glass plates were air dried and cleaned with tissue to ensure to reading area 

was clear. The glass plates were placed together with spacers, clipped and 

the bottom taped. Gel was prepared by mixing 26.4m l diluent, 9.6ml 

concentrate and 4ml buffer from the SequaGel sequencing system  

(Kimberly Research). Immediately before pouring 200|xl 10% APS 

(ammonium persulphate) and 2O|0,l TEMED (tetramethylethylenediamine) 

was added to the gel mix. The gel was left for 2 hours to polymerise. After 

the gel had polymerised and the tape removed, plates were secured in an 

ABI 373A DNA sequencer. The chambers were filled with IxTBE and the 

wells loaded with samples. After the pre-run the full scan was run.

2.2.23 DNA sequencing (automated capillary method)

A PCR reaction with 500ng D N A , 3.5pmol o f primer, 0.4|il sequencing 

buffer and 2.0^1 dye from the bid dye terminator cycle sequencing kit 

(Applied Biosystem s) and H 2O up to lOfAl was performed. The sequencing 

PCR program was as follows: 96°C for 2 minutes follow ed by 25 cycles o f  

96°Cfor 10 seconds, 50°C for 5 seconds and 60°C for 4 minutes. After the 

PCR reaction the mix made up to 20|j,l with H 2 O and was ethanol 

precipitated and ethanol washed (2.2.8 and 2.2.10). D N A  pellets were air 

dried and resuspended in 25fxl template suppressing reagent (TSR) and 

heated to 95°C for 5 minutes before placement on ice.

-43  -



2.2.24 Thawing mammalian cells

Frozen cells were defrosted on ice and pipetted into 20ml universals with 

10ml D M EM  (D ulbecco’s M od Eagle M edium ). The D M E M  was already 

supplem ented with 4500m g/l glucose and L-glutam ine. The tube was then 

centrifuged at lOOOrpm (EEC Centra-3c bench top centrifuge) fo r 5 m inutes. 

The supernatant was rem oved and the pellet resuspended in 5ml D M EM + 

(500m l D M EM , 50ml foetal ca lf serum  (FCS), 5ml lOOmM sodium  

pyruvate and 5ml penicillin/streptom ycin). A m illilitre o f this was placed 

into each 9cm  tissue culture dish and m ade up to 10ml w ith D M EM +. The 

plates were incubated at 37°C and 6% C O 2.

2.2.25 Counting mammalian cells

A dherent cells in tissue culture plates were w ashed with 10ml phosphate 

buffered saline (PBS) to rem ove FCS. 2ml o f trypsin was placed on a 9cm  

plate o f cells and this was placed at 37 °C for 5 m inutes. The cells were 

agitated to lift them  from  the plate. D M EM + was added to bring to volum e 

to 10 ml. The cell m ix was placed in a 20 ml sterile universal and 

centrifuged at lOOOrpm (lEC Centra-3c bench top centrifuge) for 5 m inutes. 

The supernatant was rem oved and the pellet resuspended in 1ml PBS. 

Equal volum es o f cell suspension and trypan blue were m ixed (usually 10 

Hl o f each). Cells were then quickly transferred to a haem ocytom eter. The 

cells in the four squares at the com ers and the central square were then 

counted. The total num ber o f cells for the five squares was then averaged 

and the figure m ultiplied by 2x10'* to give the num ber o f cells/m l o f cell 

suspension.

2.2.26 Sub-culturing mammalian cells

Cells were passaged by first w ashing with sterile PBS. Cells were 

trypsinised at 37 °C for 5 m inutes and then agitated to lift them  from  the 

plate. Trypsin was inactivated with D M EM + before the cells were pelleted
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by centrifugation at lOOOrpm (lEC  C entra-3c bench top centrifuge) fo r 5 

m inutes. The cell pellet was resuspended in D M EM +, dilu ted  appropriately  

and seeded on plates. Plates were incubated at 37°C and 6%  C O 2 .

2.2.27 Freezing mammalian cells

Cell pellets were resuspended in freezing m edium  (PCS + 10% D im ethyl 

Sulphoxide (DM SO )). The cells were aliquoted into cryotubes and frozen 

in a cryofreezing container at -80°C. The cryofreezing con tainer ensures a 

slow , steady rate o f cooling to m inim ise loss o f cell viability. A fter 

overnight freezing, cells were transferred to liquid nitrogen.

2.2.28 Cell transfection using Lipofectamine-2000 (Gibco BRL)

Cells were counted and seeded at a cell density  so that plates w ere 90-95%  

confluent on the day o f transfection. The volum es o f D N A  (and siR N A ), 

reagents and m edia varied depending on the plate form at being used (as per 

the m anufacturer’s protocol). On the day o f transfection the m edium  in the 

plates was replaced with antibiotic free D M EM +. The D N A  to be 

transfected was diluted in O pti-M EM  I reduced serum  m edia. 

L ipofectam ine-2000 reagent was also d iluted in O pti-M E M  I reduced 

serum  m edium  and after m ixing was incubated for 5 m inutes at room  

tem perature. A fter this tim e the diluted D N A  was added to the diluted 

L ipofectam ine-2000 and left for a further 20 m inutes at room  tem perature. 

O pti-M EM  was used to bring the m ixture up to its final volum e. The 

D N A /Lipofectam ine-2000 com plexes were added to the m edium  and cells. 

The plates were then gently rocked and left at 37°C and 6%  C O 2 for 24 

hours.

2.2.29 Cell transfection using Lipofectamine-Plus (Gibco BRL)

Cells were counted and seeded at a cell density  so that plates w ere 80-90%  

confluent on the day o f transfection. The volum es o f D N A , reagents and
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m edia varied depending on the plate form at being used (as per the 

m anufacturer’s protocol). On the day o f transfection D N A  to be transfected 

was diluted in serum  free DM EM . Lipofectam ine-PIus reagent was added, 

m ixed and incubated at room  tem perature for 15 m inutes. M eanw hile the 

L ipofectam ine-Plus reagent was diluted in serum  free D M EM  and after the 

15 m inutes incubation added to the D N A /L ipofectam ine-P lus m ixture. This 

was then m ixed and left at room  tem perature for a further 15 m inutes. The 

m edia was taken o ff the cells and was replaced with serum  free D M EM  and 

the D N A /Lipofectam ine-Plus/L ipofectam ine-P lus m ixture. The plates were 

incubated at 37°C and 6%  C O 2 for 3 to 5 hours. D M EM + with 30%  PCS 

was added to plates so that the final concentration o f ECS in the m edia was 

10%.

2.2.30 Ceil transfection using Oligofectamine (Gibco BRL)

Cells were counted and seeded at a cell density so that plates were 30-50%  

confluent on the day o f transfection. The volum es o f siRN A , reagents and 

m edia varied depending on the plate form at being used. On the day of 

transfection the m edia in the plates was replaced with antibiotic free 

DM EM +. The siRNA to be transfected was diluted in O pti-M EM  1 reduced 

serum  m edium . O ligofectam ine reagent was d iluted in O pti-M EM  I 

reduced serum  m edium  and after m ixing was incubated fo r 10 m inutes at 

room  tem perature. A fter this tim e the diluted siRNA was added to the 

diluted O ligofectam ine and left for a further 25 m inutes at room  

tem perature. O pti-M EM  was used to bring the m ixture up to  its final 

volume. The siR N A /O ligofectam ine com plexes were added to the m edia 

and cells. The plates w ere then gently rocked and left at 37°C and 6%  C O 2 

for 24 hours.

2.2.31 Generating stable cell lines

T ransfections were carried out with either L ipofectam ine Plus or 

Lipofectam ine 2000 (as in section 2.2.28 and 2.2.29). 48 hours post

transfection DMEM-i- was replaced with D M EM + supplem ented with
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G418. Selective media was then changed every 24 hours for 3 days. After 

this time cells were split. Cells expressing the construct of interest were 

selected for a further 3 weeks using DMEM+ supplemented with G418. 

Cells were then split again and grown for one more week in selective 

media.

2.2.32 Statistical Analysis

Transfections Statistics were performed using Data Desk® 6.0 (Altman 

1991; Velleman 1995). Unpaired 2 sample t-tests were performed on the 

data to compare the differences between sample means with the following 

statistical hypothesis; HO: nA -  |^B = 0; HA: ^A -  )xB ^  0. It should be 

noted that since relatively small sample numbers were used, these studies 

should be considered preliminary findings rather than a conclusive report. 

Means and standard deviations were calculated using Excel 2002 

(Microsoft). The mean was calculated by using the ‘average’ function 

which returned the arithmetic mean of its argument. The standard deviation 

was calculated by using the ‘stdev’ function which returns how widely 

values are dispersed from the average value (the mean). The standard 

deviation is calculated using the "nonbiased" or "n-1" method.

2.2.33 Animal Handling

All animals used in these experiments complied with the ARVO statement 

for the Use of Animals in Ophthalmic and Vision research and were also 

passed by an intuitional ethics committee and under licence. Mice were 

held in the barrier mouse facility in the Department of Genetics prior to 

experimental procedures. Animals requiring anaesthetise were 

anaesthetised using a mixture of Ketamine (Vetalar, Pharmacia, Vechta, 

Germany; ll lm l/k g )  and Xylazine (Rompun, Bayer Healthcare, Kiel, 

Germany; llm l/kg). Anaesthetic was administered by interperitoneal (IP) 

injection. Subsequent, to the carrying out of experimental procedures, mice 

where held in the mouse facility in the Department of Genetics. All mice 

were sacrificed by C 0 2  asphyxiation.
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Figure 2.1; Size standards/from New England Biolabs

(A) 0.5 |J.g o f lOObp DNA ladder separated on a 1.3% TAE agarose gel and 

visualised by ethidium bromide staining (figure from NEB).

(B ) 0.5 |j,g o f Ikb DNA ladder separated on a 0.8% TAE agarose gel and 

visualised by ethidium bromide staining (figure from NEB).
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Figure 2.2: Size standards from Invitrogen

(A) 0.5 ng o f lOObp DNA ladder separated on a 2.0% agarose gel and 

visualised by ethidium bromide staining (figure from Invitrogen).

(B) 0.5 |j,g o f Ikb DNA ladder separated on a 0.9% agarose gel and visualised 

by ethidium bromide staining (figure from Invitrogen).
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Figure 2.3: Map of pcDNA 3 vector (Invitrogen) showing multiple cloning site
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Figure 2.4: Map of pcDNA 3.1(+/-) vector (Invitrogen) showing multiple 
cloning site
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Figure 2.5: Map of pIRES2-EGFP vector (Clontech) showing multiple cloning 
site
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Figure 2.6: Map of pEGFP-Cl vector (Clontech) showing multiple cloning 
site
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Figure 2.7: Map of pEGFP-1 vector (Clontech) showing multiple cloning site
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Table 2.1: Sequences of primers used in cloning and sequencing 

experiments. Sequences are given in a 5’ to 3’ orientation.

Name Sequence

Col3970F ACCAAGCTTGGATGCCATCAAAGTCTTCT

Col4740R ACCTCTAGAGGTAAGGTTGAATGAACTTTTG

ColMut4258F AGACTGGCAACCTGAAGAAG

ColMut4258R CTTCTTCAGGTTGCCAGTCT

CollAlRNAiF CGGAATTCAGGGACCCAAGGGAGAACACT

CollAlRNAiR CGGGATCCCATGGGACCTGAAGCTCCAG

CollAlReplF GGAAACTTTGCGCCCCAGCTGTCTTAT

CollAlReplR ATAAGACAGCTGGGGCGCAAAGTTTCC

CollAlRep5F GGCAACTTTGCGCCACAGCTTTCGTAT

CollAlRepSR ATACGAAAGCTGTGGCGCAAAGTTGCC

CollAlTargetlF CAAGCTAGCCCCAGCCACAAAGAGTCTAC

CollAlTargetlR CCAAAGCTTCCAGTAGCACCATCATTTCC

CollAlTarget2F CAAGCTAGCCAAGAGAAGGCTCACGATGG

CollAlTarget2R CCCAAGCTTGTAAGGTTGAATGCACTTTTG

pcDNA3F CTCTGGCTAACTAGAGAAC

pcDNA3R CCAGGGTCAAGGAAGGCACG

pBS1201 AACAGCTATGACCATG

pBS1224 CGCCAGGGTTTTCCCAGTCACGAC

eGFPseqF CGGGACTTTCCAAAATGTCG
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Table 2.2: Sequences of oligonucleotides used in cloning experiments. 

Sequences are given in a 5’ to 3’ orientation.

Name Sequence

RzwoblAlF GAACAAGCTTGCCTTCTTCTGATGAGTCCG

TGAGGACGAAAGGTTGCTCTAGAGCAG

RzwoblAlR CTGCTCTAGAGCAACCTTTCGTCCTCACGG

ACTCATCAGAAGAAGGCAAGCTTGTTC

Rib(egfp)lF CTAGCGGCCGTTCTGATGAGTCCGTGAGGA

CGAAACGTCGCCA

Rib(egfp)lR AGCTTGGCGACGTTTCGTCCTCACGGACTC

ATCAGAACGGCCG

Rib(egfp)2F CTAGCTGAAGAACTGATGAGTCCGTGAGGA

CGAAATGGTGCGA

Rib(egfp)2R AGCTTCGCACCATTTCGTCCTCACGGACTC

ATCAGTTCTTCAG

Rib(egfp)3F CTAGCTGTGGCGCTGATGAGTCCGTGAGGA

CGAAATCTTGAAA

Rib(egfp)3R AGCTTTTCAAGATTTCGTCCTCACGGACTC

ATCAGCGCCACAG

ColTAlRNAiF CGGAATTCCAAAGGCTGAAGGGGCAGGGG

GTCAAGCTATTTGCTGTGGGGATCCCG

ColTAlRNAiR CGGGATCCCCACAGCAAATAGCTTGACCC

CCTGCCCCTTCAGCCTTTGGAATTCCG

ColTAlReplF CGGAATTCCAAAGGCTGAAGGGGCAGGG

AGTCAAGCTATTTGCTGTGGGGATCCCG

Col7AlReplR CGGGATCCCCACAGCAAATAGCTTGACT

CCCTGCCCCTTCAGCCTTTGGAATTCCG

Col7AlRep2F CGGAATTCCAAAGGCTGAAGGGACAGGGAG

TCAAACTATTTGCTGTGGGGATCCCG

Col7AlRep2R CGGGATCCCCACAGCAAATAGTTTGACTCC

CTGTCCCTTCAGCCTTTGGAATTCCG
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Table 2.3: Sequences of primer and oligonucleotides used for cloning 

R2D2 constructs (a) -  (c). Sequences are given in a 5’ to 3’ orientation.

Name Sequence

R2D2(a)oligoF CGTCCAACCACTACCTGAGCACCCAGTTCAAG
AGACTGGGTGCTCAGGTAGTGGTTGTCGACGG
ATCATGATCCGTCCTGATGAGTCCGTGAGGACG
AAACAACCACGAATTCAAGCTTGGG

R2D2(a)oligoR AACCACTACCTGAGCACCCAGTCTCTTGAACTG
GGTGCTCAGGTAGTGGTTGGACGGTACCGGGT
ACCGTTTCGTCCTCACGGACTCATCAGCAACCA
CGGATCCTCTAGAGCTAGCTAG

R2D2(a)primerF CTAGCTAGCTCTAGAGGA

R2D2(a)primerR CCCAAGCTTGAATTCGTG

R2D2(b)oligoF CGTCCAACCACTACCTGAGCACCCAGTTCAAG
AGACTGGGTGCTCAGGTAGTGGTTGTCGACGG
ATCATGATCCGTCCTGATGAGTCCGTGAGGACG
AAACAACGAATTCAAGCTT

R2D2(b)oligoR AACCACTACCTGAGCACCCAGTCTCTTGAACTG
GGTGCTCAGGTAGTGGTTGGACGGTACCGGGT
ACCGTTTCGTCCTCACGGACTCATCAGCCACGG
ATCCTCTAGAGCTAGCTAG

R2D2(b)primerF CTAGCTAGCTCTAGAGGA

R2D2(b)primerR CCCAAGCTTGAATTCGTG

R2D2(c)oligoFl GCTAGCGTGGGTTGCTGATGAGTCCGTGAGGA
CGAAACGGTACCCGGTACCGTCCAACCACTAC
CTGAGCACCCAGTTGACGGATCTAGA

R2D2(c)oligoRl TCTAGATCCGTCAACTGGGTGCTCAGGTAGTGG
TTGGACGGTACCGGGTACCGTTTCGTCCTCACG
GACTCATCAGCAACCCACGCTAGC

R2D2(c)oligoF2 TCTAGATCCGTCCTGATGAGTCCGTGAGGACGA
AACTGGGTCGCTAAAGCCCACCCAGCTGATGA
GTCCGTGAGGACGAAACGGTACC

R2D2(c)oligoR2 GGTACCGTTTCGTCCTCACGGACTCATCAGCTG
GGTGGGCTTTAGCGACCCAGTTTCGTCCTCACG
GACTCATCAGGACGGATCTAGA

R2D2(c)oligoF3 GGTACCGTCCTGGGTGCTCAGGTAGTGGTTGTC
GACGGATCATGATCCGTCCTGATGAGTCCGTGA
GGACGAAACAACCACAAGCTT

R2D2(c)oligoR3 AAGCTTGTGGTTGTTTCGTCCTCACGGACTCAT
CAGGACGGATCATGATCCGTCGACAACCACTA
CCTGAGCACCCAGGACGGTACC
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Table 2.4: Sequences of primer and oligonucleotides used for cloning 

R2D2 constructs (d) & (e), tsRNAi(egfp) and tsRNAi(non). Sequences 

are given in a 5’ to 3’ orientation.

R2D2(d)oligoF CGTCCTACTCCACTACCTGAGCACCCAGTTCAG
AAGACTGGGTGCTCAGGTAGTGGAATAAAGGA
AATTTATTTTCATTGCAATAGTGTGTTGGTTTTT
TGTGTGGAATTCAAGCTTGGG

R2D2(d)oligoR TTCCACTACCTGAGCACCCAGTCTTCTGAACTG
GGTGCTCAGGTAGTGGAGTAGGACGGTACCGG
GTACCGTTTCGTCCTCACGGACTCATCAGCTAC
TGGATCCTCTAGAGCTAGCTAG

R2D2(d)primerF CTAGCTAGCTCTAGAGGA

R2D2(d)primerR CCCAAGCTTGAATTCCAC

R2D2(e)oligoF GTCCTACTCCACTACCTGAGCACCCAGTTCAAG
AGACTGGGTGCTCAGGTAGTGGTTGTCGACGG
ATCATGATCCGTCCTGATGAGTCCGTGAGGACG
AAACAAGAATTCAAGCTTAAGT

R2D2(e)oligoR AACCACTACCTGAGCACCCAGTCTCTTGAACTG
GGTGCTCAGGTAGTGGAGTAGGACGGTACCGG
GTACCGTTTCGTCCTCACGGACTCATCAGCTAC
TGGATCCTCTAGAGCTAGCTAG

R2D2(e)primerF CTAGCTAGCTCTAGAGGA

R2D2(e)primerR CAAGAATTCAAGCTTAAC

FinalR2D2f CCTAGCGGATCCAGTAGC

FinalR2D2r GCTAGGAAGCTTCACACA

R2D2(d)impF CGTCCTACTGCAAGCTGACCCTGAAGTTCATCA
GAAGAGAACTTCAGGGTCAGCTTGCCGAATAA
AGGAAATTTATTTTCATTGCAATAGTGTGTTGG

R2D2(d)impR TTCGGCAAGCTGACCCTGAAGTTCTCTTCTGAT
GAACTTCAGGGTCAGCTTGCAGTAGGACGGTA
CCGGGTACCGTTTCGTCCTCACGGACTCATCAG
CTACTGGATCCGCTAGG

R2D2(d)nonF CGTCCTACTTTCTCCGAACGTGTCACGTTTCAG
AAGAACGTGACACGTTCGGAGAATTAATAAAG
GAAATTTATTTTCATTGCAATAGTGTGTTGGTT
TTTTGTGTGAAGCTTCCTAGC

R2D2(d)nonR TTAATTCTCCGAACGTGTCACGTTCTTCTGAAA
CGTGACACGTTCGGAGAAAGTAGGACGGTACC
GGGTACCGTTTCGTCCTCACGGACTCATCAGCT
ACTGGATCCGCTAGG
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Table 2.6: Sequences of primers used in real time rtPCR reactions. 

Sequences are given in a 5’ to 3’ orientation.

Name Sequence

GAPDHrtpcrF CAGCCTCAAGATCATCAGCA

GAPDHrtpcrR CATGAGTCCTTCCACGATAC

rlSSrtpcrF CAAGAACGAAAGTCGGAGGT

rlSSrtpcrR CGGGTCATGGGAATAACG

bACTINrtpcrF GCTCG TCGTC GACAA CGGCT C

bACTINrtpcrR CAAAC ATGAT CTGGG TCATC TTCTC

NEOrtpcrF GCCGAATATCATGGTGGAAA

NEOrtpcrR AATATCACGGGTAGCCAACG

eGFPrtpcrF TTCAAGGAGGACGGCAACATCC

eOFPrtpcrR CACCrrGATGCCGTTCTTCTGC

COLlAlrtpcrlF GAAGCTGGAAAACCTGGTCG

COLlAlrtpcrlR CCATCCAAACCACTGAAACC

COLlAlrtpcr2F ACAAGAGGCATGTCTGGTTC

C0LlAlrtpcr2R ACATCAGGCGCAGGAAGG

COL7AlrtpcrF GGATGGACTGGAGCCAGATA

COLVAlrtpcrR GATCTGCAGCCTCGACACAC
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Table 2.7; Synthesised siRNA sequences. Sequences are given in a 5’ to 

3’ orientation.

Name Target Sequence

eGFP siRNA Xeragon CGGCAAGCTGACCCTGAAGTTCAT

eGFP siRNA Dharmacon GGCTACGTCCAGGAGCGCACC

CollA l SiRNA #1 CCAATCACCTGCGTACAGA

CollA l SiRNA #2 TCTGTGACGAGACCAAGAA

CollA l SiRNA #3 AATCAACCGGAGGAATTTC

CollA l SiRNA #4 CCTCAAGATGTGCCACTCT

Col7Al siRNA #1 GTCAGACAGCATTCGACTT

Col7Al siRNA #2 GCCAGTGGATTTCGGATTA

ColTAl SiRNA #3 CCTCGTGTTCCAAGCATTG

Col7Al siRNA #5 CCAGATAATGAGCTGAGAT

Col7Al SiRNA #6 CGAGTGCACGTCCGTTATT
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Chapter 3

Hammerhead Ribozyme Suppression Studies



3.1 Introduction

The full-length human type I collagen a l  mRNA is approximately 5.9kb 

comprising 52 exons. The full-length cDNA sequence contains a 4,395nt 

open reading frame encoding 1,465 amino acids. C O LlA l is located on 

chromosomes 17q21.3 - q22.1. The full-length human type I collagen a l  

mRNA is approximately 5.0kb comprising 52 exons. The full-length cDNA 

sequence contains a 4,100nt open reading frame encoding 1,366 amino 

acids. COL1A2 is located on chromosome 7q22.1 (N.C.B.I.

http://www.ncbi.nlm.nih.gov/). As mentioned in the general introduction 01 

types I -  IV result from mutations in the C O LlA l and/or C0L1A2 genes. 

The majority of these mutations are dominant negative. Dominant disorders 

demonstrate a disease phenotype even when only one allele has a mutation. 

In contrast to this recessive disorders require mutations in both alleles 

before a disease phenotype occurs. Notably, with recessively inherited 

genetic disorders delivery of a wild type copy of the defective gene may, in 

principle, be sufficient to rescue the disease phenotype. There are many 

cases of this approach being taken for recessive disorders. In fact due to the 

relative simplicity of treating recessive disorders, compared to dominant 

disorders, the majority of gene therapy research to date has involved 

recessive diseases. Cystic fibrosis is a classic example of a single gene 

disorder where this type of strategy is being employed both in vitro and in 

vivo (Griesenbach et al., 2003). Additionally such a replacement approach 

has been successfully demonstrated in 01 (Schnieke et al., 1987; Niyibizi et 

al., 2001). Notably, as with all gene therapies, for any disorder 

(independent of its mode of inheritance), the success of the therapy is 

dependent on many elements, not least the vector used for delivery, the 

nature of the target tissue, the mode of administration of the therapy and the 

immunological response of the host.

With dominantly inherited genetic disorders such as 01 this replacement 

approach will most likely not be sufficient. In contrast to recessive 

disorders, the disease pathology observed in dominantly inherited genetic
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conditions can usually be the result of one of two disease mechanisms or 

indeed a combination of both. In principle dominant disorders can operate 

through a mechanism where the dominant mutant protein causes disease 

pathology -  a gain of function mutation. Alternatively, the disease 

symptoms may be as a result of the lack of wild type protein, that is, due to 

haplo-insufficiency. In some cases the disease pathology may be due to a 

combination of both mechanisms. Clearly the mode of action of a dominant 

mutation has implications for the strategy of therapy that will be adopted, a 

gain of function mutation in principle requiring some form of gene 

suppression, whereas mutations causing disease pathologies like haplo- 

insufficiency would in principle require delivery of the wild type gene to 

restore normal levels of gene expression. In dominantly inherited genetic 

disorders, such as 01, a suppression -  replacement strategy would appear to 

be the best approach. In principle the strategy involves suppressing 

production of the mutant protein coupled with delivery of a wild type copy 

of the gene. This suppression -  replacement strategy will be dealt with in 

greater detail later in this chapter and also in chapter 4. There are several 

tools available for the sequence specific suppression of gene expression 

including, inter alia, antisense, ribozymes and RNAi. Notably, all three of 

these methods have been used in gene therapy approaches with OI. 

Antisense oligonucleotides have been used to successfully reduce the 

intracellular levels of human pro alpha I chains in mice and cultured cells 

(Laptev et al., 1994; Colige et al., 1993). Furthermore, antisense 

oligonucleotides were used in transgenic mice to reduce the incidence of a 

lethal fragile bone phenotype from 92% to 27% (Khillan et al., 1994). 

Suppression studies utilising ribozymes have been demonstrated by 

numerous groups (Grassi et al., 1997; Dawson and Marini, 2000; 

M illington-W ard et al., 2002 and Smicun et al., 2003). Finally RNAi has 

recently been applied to OI (Millington-W ard et al., 2004 and Shegogue 

and Trojanowska, 2004). Notably at the time of the ribozyme study 

described in this chapter, RNAi technology was unused in mammalian 

systems and ribozymes were at the forefront of sequence specific 

suppression strategies.
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Small ribozymes, such as the hammerhead and hairpin ribozymes, are at 

present the best-known ribozymes for inhibition of gene expression. The 

hammerhead ribozyme, at -40  nucleotides, is one of the smallest ribozymes 

known (Birikh et al., 1997). Recent experiments have shown that the 

hammerhead motif is the most efficient self-cleaving sequence that can be 

isolated from randomised pools of RNA (Salehi-Ashtiani and Szostak, 

2001). Such ribozymes can be designed to cleave almost any RNA (Grassi 

and Marini, 1996). Because of this, ribozymes can be used as a valuable 

tool for a range of purposes, including pathway elucidation and gene 

function analysis (Christofferson, 1997). Additionally, as stated, they are 

suitable for specific gene silencing and, hence, can be developed as 

potential therapeutic agents. Many experiments involving the use of trans

acting hammerhead ribozymes to achieve specific gene inactivation have 

been carried out. For example, ribozyme have been evaluated extensively 

as potential suppressors of HIV RNAs. The suppression of the RNAs from 

the tat, env and pol genes of HIV have all been explored. Suppression of 

the highly conserved 5’-LTR region and the packing signal has also been 

investigated. Many of the ribozymes tested inhibited HIV replication in 

cultured cells and suppression of p24 production levels and total viral RNA 

levels have been achieved (Rossi, 1999). Hepatitis B viral replication has 

been inhibited by targeting HBx mRNA, which codes for a transcriptional 

activator protein (Kim et al., 1999; Weinberg et al., 2000). Hammerhead 

ribozyme have also been used to suppress Hepatitis C viral RNA in 

hepatocytes from chronic HCV-infected patients (Lieber et al., 1996). The 

specific suppression of mRNAs from a variety of other viruses, including 

mumps, influenza and human papillomavirus type 16, has also been 

demonstrated (Albuquerque-Silva et al., 1999; Tang et al., 1994; Alvarez- 

Salas et al., 1998).

Ribozyme studies have not been limited to suppression of viral gene 

expression. Cancer gene therapy is another area where ribozymes have been 

employed. RNAs involved in the induction and progression of tumours 

have been targeted (Sandberg et al., 2000; Vetvicka et al., 2002; Aigner et
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al., 2002). Other genes important to cancer therapy, such as the multidrug 

resistance gene MDR-1, have also been targeted and suppressed in cancer 

cells (Gao et al., 1999; Wang et al., 1999). RNAs associated with a variety 

of cellular diseases, such as Alzheimer’s, rheumatoid arthritis and diabetes 

have been targeted by ribozymes. Ribozymes have also been employed in 

gene therapy strategies for a range of genetic disorders such as Retinitis 

Pigmentosa (O’Neill et al., 2000; Fritz et al., 2004). Notably, ribozymes are 

currently being tested in human clinical trials. Several phase I clinical trials 

have been initiated using a range of anti-HIV ribozymes (Wong-Staal et al., 

1998; Amado et al., 1999). A Phase II clinical trial was designed to test the 

efficacy of a ribozyme in breast and colorectal cancer. This ribozyme 

targets flt-1 mRNA, which encodes a receptor for endothelial growth factor 

(Sullenger and Gilboa, 2002). In another trial, involving breast cancer, the 

target is human epidermal growth factor receptor type 2 mRNA.

It is evident that ribozymes may represent a potential therapeutic for a 

dominant disorder such as OI, in the form of a sequence specific suppressor 

of co lla l and/or colla2 mRNA. Several factors affect the success of a 

ribozyme including the quantity of active ribozyme in the cell, the ability to 

co-localise the ribozyme with the target transcript and features that affect 

catalytic efficiency and intracellular stability. The solution to some of these 

problems may be relatively straightforward in principle, such as controlling 

the localisation and expression of ribozymes using various promoters (Kato 

et al., 2001). Furthermore, catalytic performance of ribozymes may be 

enhanced by sequence modification and stability may be improved through 

the use of chemical modifications (Esteban et al., 1997). In addition, 

another major obstacle to the development of a therapy for a disorder like 

01 exists in the form of its degree of heterogeneity. Frequently, dominant 

diseases due to gain of function mutations display a diverse range of 

different mutations. Osteogenesis imperfecta is one such immensely 

heterogeneous disorder with up to 250 different mutations in the C O L lA l 

or COLl A2 genes identified to date (Dalgleish, 1997).
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In designing therapies, based on correcting the primary genetic defect, for 

dominantly inherited disorders due to gain of function mutations, both the 

mechanisms of action of the mutation and the potential mutational 

heterogeneity in the disease must be considered. This mutational diversity 

demands innovative therapeutic strategies which are mutation independent 

but still correct the underlying primary defect in the gene. To overcome this 

key barrier to therapeutic development, research has been focused on the 

design and evaluation of methods termed ‘mutation-independent’ 

approaches such that the potential therapeutic is independent o f the precise 

mutation (Millington-W ard et al., 1997). These general therapeutic 

approaches have been developed previously in the Genetics Department, 

TCD and were applied to CO Ll A 1-related dominant OI in this study. This 

therapeutic approach involves a suppression and replacement therapeutic 

strategy. In essence the approach involves suppression of both wild type 

and mutant alleles of the CO Ll A 1 gene in combination with provision o f a 

replacement gene which has been subtly altered such that the replacement 

gene is protected from suppression. In this case the protection is provided 

by utilising the degeneracy of the genetic code such that replacement genes 

encode wild type protein but are protected from suppression (Millington- 

Ward et al., 1997). The third position in a triplet encoding for an amino 

acid is known as the wobble position. In many cases this wobble position 

may be altered without affecting the amino acid and hence the protein. For 

example GUA, GUC or GUU are all viable ribozyme cleavage sites, in 

principle, changing any of these to GUG could be used to generate a 

protected replacement construct. This new GUG destroys the ribozyme 

cleavage site while still coding for a valine residue. Transcripts from such a 

replacement gene should, in principle, be protected from suppression. 

Nevertheless it is notable that, despite significant in vitro work, many 

ribozymes when tested in vivo have typically not resulted in levels of 

suppression predicted from the in vitro analysis.

This introduction expands the details on the genetics of osteogenesis 

imperfecta supplied in the general introduction (chapter 1 section 1.4) and 

also builds on the general ribozyme introduction presented in chapter 1
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(section 1.3), focusing on the type of ribozyme employed in this study, 

hammerhead ribozymes. Finally, it introduces the concept of mutation 

independent approaches to gene suppression and their particular importance 

when dealing with genetically heterogenic disorders. Much like proteins, 

RNA molecules can fold into complex three-dimensional structures, 

allowing them to form surfaces and binding pockets to specifically interact 

with other molecules. This three-dimensional structure is the result of 

nucleotide binding within the RNA molecule. Plotfold programs determine 

optimal and suboptimal secondary structures for an RNA or DNA molecule 

by calculating energy matrices (by assigning an energy value to each base 

pair in a secondary structure). Ribozymes are only catalytically active if the 

target site is within a predicted open loop structure. The main aim of the 

study presented in this chapter was to design and clone a ribozyme which 

targets transcript from the human C O LlA l gene. This ribozyme could then 

be evaluated by cloning a partial human C O LlA l gene and expressing the 

target in vitro. Additionally, a modified replacement human C O L lA l gene 

(incorporating a sequence alteration at a degenerate site) would be 

designed. Transcripts from the replacement gene should in principle avoid 

ribozyme suppression. These materials were tested in vitro using a 

radioactive-labelled ribozyme cleavage assay.
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3.2 Materials and methods

Specific techniques involved in carrying out the research presented in this 

chapter are detailed below. All general materials and methods are described 

in full in chapter 2.

3.2.1 Ribozyme design

Plot fold programs (Mfold or RNAdraw from Mazura Multimedia, Solna, 

Sweden) were used to predict the folding of the target mRNA (see 

Introduction 3.1). Loops were analysed to find ribozyme NUX sites (N = 

any base, X = any base except G) at various free energy levels. A further 

stipulation for a wobble approach was to find sites that fit the above criteria 

where the X was a degenerate base in an amino acid coding triplet (wobble 

base). Once a suitable site was found, a ribozyme was designed by taking 

short (=6-7nucleotide) arms either side of the target site and incorporating 

them into the standard ribozyme core. Ribozymes were ordered as forward 

and reverse oligonucleotides and annealed as described in materials and 

methods 2.2.2.

3.2.2 RNA expression and radio-labelling

Sequences to be expressed in vitro were first linearised with a restriction 

enzyme. The DNA from samples were then extracted and washed as 

described in the materials and methods (2.2.6 -  2.2.10). The only deviation 

from this standard protocol was the phenol extraction being repeated 4 

times. For RNA expression, the RiboMAX^*^ Large Scale RNA Production 

Systems T7 (Promega) was used. The standard mix for target sequences 

(==770nt) had a final volume of 20|xl containing buffer at Ix concentration, 

4.5^1 of a lOOmM rNTPs (G,C and A) mix, 1.5^1 of a lOmM cold rUTP 

mix, 1.5|0,1 of a lOOmM hot rUTP (“‘̂ ^P) mix, 5|ag DNA template and 2|xl 

T7 enzyme mix. The remaining volume was made up with DEPC treated 

dH20. The standard mix for ribozymes (=40nt) had a final volume of 20(xl
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containing buffer at Ix concentration, 4|xl of a 50mM rNTPs (G,C and A) 

mix, 1.5^1 of a lOmM cold rUTPmix, 2.5^1 of a lOmM hot rUTP 

mix, 5|ig DNA template and 2|il T7 enzyme mix. The remaining volume 

was made up with DEPC treated dH20. The reactions were placed at 37°C 

for 3 hours.

3.2.3 Gel isolation of radio-labelled RNA

Glass plates to run an acrylamide gel were prepared by washing with hot 

water followed by ethanol. Glass plates were finally wiped with 

dimethyldichlorosilane and allowed to air dry. The two plates were 

assembled with spacers and taped on three sides. 4% acrylamide gel (96.5g 

acrylamide, 3.35g bis-acrylamide, 233.5g urea and 50ml lOxTBE made up 

to 500ml with dHaO) was made up and poured into the plates. Once the 

comb was in place the plates and comb were clipped and allowed to set for 

an hour. 10̂ .1 loading dye was added to each RNA in vitro expression 

reaction and placed at 94°C for 3 minutes. Samples were run on the 4% 

acrylamide gel in IxTBE (108g Tris base, 40ml 0.5M EDTA and 55g Boric 

acid in 10 litres). When the RNA samples had run sufficient distance, the 

gel was stopped and the top plate removed. The exposed gel was covered in 

cling film and moved into a dark room. In the dark room an autoradiograph 

was cut to size and place over the gel for 5 minutes. Once the autorad was 

developed the dark patches were cut out. The autoradiograph was then 

placed back on top of the gel the acrylamide containing the samples were 

removed through the hole in the film. The acrylamide was placed in an 

eppendorf with a mix of 700|uil of 0.3M sodium acetate pH 5.2 and 0.2% 

SDS.

3.2.4 Clean-up of radio-labelled RNA

The RNA sample was transferred to a new eppendorf. It was then mixed 

with an equal volume of phenol. This was then vortexed and spun at 

I3000rpm (EEC Micromax benchtop centrifuge) for 1 minute. The top layer
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was then removed and transferred to a new eppendorf. An equal volume of 

a 50:50 phenolxhloroform mix was added to the newly transferred top 

layer. This was then vortexed and spun at 13000rpm (lEC Micromax 

benchtop centrifuge) for 1 minute. The top layer was removed and 

transferred to a new eppendorf. An equal volume of chloroform was added 

to the newly transferred top layer. This was then vortexed and spun at 

ISOOOrpm (lEC Micromax benchtop centrifuge) for 1 minute. The top layer 

was removed and transferred to a new eppendorf. The remaining sample 

was then ethanol precipitated and washed. All removed fractions were 

stored in radioactive waste.

3.2.5 Scintillation count and ribozyme cleavage assay

Five millilitre of EcoScint H was added to a scintillation vial with l(il of 

radio-labelled RNA. A scintillation counter was used to measure 

radioactive decay. Target sequence and ribozyme reaction volumes for the 

cleavage assay were calculated from these scintillation counts. 3jxl of 

50mM Tris pH 8.0 was added and DEPC treated dHaO up to 22.5^1. After 

incubation at 90°C for 3 minutes samples were placed on ice. At time zero 

samples were placed at 37°C after the addition of MgC^. At fixed time 

points 3|il of the reaction mixture was removed and added to 1.5(il of 

formamide to stop the cleavage reaction. After the full allotted time elapsed 

2.5|xl of each sample was run on a 4% acrylamide gel.

3.2.6 Autoradiograph exposure and development

The top plate of the gel was removed and chromatography paper placed on 

the exposed gel. The gel/paper was then wrapped in cling film and dried on 

a heated vacuum plate for at least 45 minutes. In a dark room the dry gel 

was placed in an autoradiograph cassette with an autoradiograph. The 

following day the autoradiograph was developed in a RGII Fuji X-ray film 

processor.
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3.3 Results: In vitro study of ribozymes

The aim of this study was to design and clone a ribozyme which targets 

transcript from the human C O LlA l gene. This ribozyme would be 

evaluated by cloning a partial human C O LlA l gene and expressing the 

target in vitro. Additionally, a modified replacement human C O LlA l gene 

(incorporating a sequence alteration at a degenerate site) would be 

designed. Transcripts from the replacement gene would in principle avoid 

ribozyme suppression. These materials were tested in vitro using a 

radioactive-labelled ribozyme cleavage assay.

3.3.1 Design and cloning of a ribozyme targeting human COLlAl

Plot fold programs were used to predict the folding of the target mRNA. 

Loops were analysed to find ribozyme NUX sites. A further stipulation for 

a wobble approach was to find sites within predicted open loop structures 

where the X (of the NUX) was the degenerate base in an amino acid coding 

triplet (wobble base). The ribozyme target site was selected from a 

predicted open looped region seen at various energy levels. This is seen in 

the plot fold in figure 3.1a. This predicted plot fold is from 3750bp to 

SlOObp of the human C O LlA l gene sequence (Accession number: 

NM_000088).

A suitable NUX ribozyme target site was found at position 4271 in an open 

loop of the predicted 2-D structure (as seen in figure 3.1b). Once the 

suitable site was found a ribozyme was designed by taking short (=6- 

Vnucleotide) arms either side of the target site and incorporating them into 

the standard ribozyme core. Forward and reverse oligonucleotides 

incorporating antisense arms 5’ and 3’ of the ribozyme cleavage site 

together with the ribozyme catalytic core sequence were synthesised 

commercially. Figure 3.2 shows the ribozyme designed to cleave the human 

CO LlA l fragment at position 4271. Oligonucleotides were annealed and 

cloned into the multiple cloning site of pcDNA3 using the Hindlll and
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Xbal restriction sites incorporated in tiie design. Ligations, transformations, 

and DNA minipreps were carried out as described in materials and methods 

2.2.11, 2.2.14 and 2.2.15. Miniprep DNAs were tested by digesting with 

Notl restriction enzyme. Clones carrying the inserted ribozyme should no 

longer have a Notl restriction enzyme site. Alternatively, clones that did 

not carry the ribozyme would have a Notl restriction enzyme site and 

should be linearised subsequent to digestion with N otl. DNA sequencing 

was carried out on DNA from positive minipreps to ensure that the 

ribozyme, termed RiblAlw4271, had indeed been successfully cloned into 

pcDNA3. Figure 3.3 shows the sequence of the ribozyme cloned into 

pcDNA3.

3.3.2 PCR and cloning of a human COLlAl gene fragment

Primers were designed to PCR amplify a fragment of the human C O LlA l 

gene surrounding the ribozyme target site. Primers col3970F and col4740R 

predicted a 770bp fragment as shown in figure 3.4. This 770bp fragment 

was successfully amplified by PCR. Notably primers col3970F and 

CO14740R had Hindlll and Xbal sites incorporated into them. These sites 

were subsequently used to clone the 770bp fragment of the C O LlA l gene 

into pcDNA3.1+. Ligations, transformations and DNA minipreps were 

carried out as described in materials and methods 2.2.11, 2.2.14 and 2.2.15. 

DNA minipreps were tested by digesting with Hindlll and X bal. Clones 

carrying the inserted C O LlA l DNA fragment were found to have a 770bp 

insert following restriction enzyme digestion. DNA sequencing was carried 

out on DNA from positive minipreps to ensure successful cloning of the 

770bp C O LlA l DNA target fragment into pcDNA3.1+. Figure 3.5 shows 

the sequence of the partial human C O LlA l gene.

3.3.3 PCR and cloning of a replacement human COLlAl gene 

fragment

Primers were designed to PCR amplify a fragment of the human C O L lA l 

gene carrying an altered base (figure 3.6) at position 4271. Primers
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colMut4258F and colMut4258R were used to introduce a sequence 

alteration and primers col3970F and col4740R were used to amplify the 

770bp fragment as shown in figure 3.7. Primers col3970F and 

colMut4258R and primers colMut4258F and col4740R were used to PCR 

amplify fragments of 30ibp and 469bp respectively. Using the initial PCR 

amplification products as templates a second round of PCR using primers 

CO13970F and col4740R gave the 770bp fragment with an altered base at 

position 4271. This altered base at position 4271 is the third base in the 

codon coding for the amino acid. The primer directed mutagenesis gave a 

C-G substitution. Notably both the original CUC and the altered CUG 

sequence code for the same amino acid, leucine. A 770bp fragment of the 

human C O LlA l gene with a modified base was successfully PCR 

amplified by primer directed mutagenesis. The primers used to PCR 

amplify the 770bp fragment had Hindlll and Xbal enzyme restriction sites 

incorporated into them. These sites were subsequently used to clone the 

770bp fragment into pcDNA3.1+. Ligations, transformations and DNA 

minipreps were carried out as described in materials and methods 2.2.11, 

2.2.14 and 2.2.15. DNA minipreps were digested with Hindlll and Xbal to 

identify those carrying the 770bp altered human co llA l DNA fragment. 

DNA sequencing was carried out on DNA from positive minipreps to 

ensure successful cloning of the 770bp co llA l DNA replacement target 

fragment into pcDNA3.1+. Figure 3.8 shows the sequence of the partial 

human co llA l gene with a mutation at the wobble position.

3.3.4 Ribozyme cleavage assay with target and replacement

Maxipreps of the ribozyme, target C O LlA l and replacement C O L lA l 

were carried out, as described in materials and methods 2.2.20 and 2.2.21, 

on selected positive minipreps. The ribozymes, target C O LlA l and 

replacement C O LlA l clones were expressed using the T7 promoter in 

pcDNA3 and pcDNA3.1+, radiolabelled with “'^^P uracil and quantified 

using a scintillation counter. The scintillation counts were used to calculate 

the amount of transcript generated. Counts were used to establish the
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volumes required to achieve the desired ratios of template : ribozyme RNAs 

in the cleavage reactions. An example of one of these calculations is shown 

in figure 3.9. Cleavage reactions were undertaken, as described in section 

3.2.6 of this chapter, to demonstrate the ribozyme cleavage of the wild type 

human C O LlA l target transcript and protection of the replacement human 

C O LlA l transcript from cleavage. Unfortunately no cleavage of the target 

transcript was observed with ribozyme RzlAlw4271 (figure 3.10). The 

experiment was repeated on several occasions. The ribozyme, target 

C O LlA l fragment and replacement C O LlA l fragment were all re

expressed using the T7 promoter in pcDNA3 and pcDNA3.1+ and 

radiolabelled with uracil. When tested, these new expression products 

demonstrated no difference in cleavage. All buffers and reagents were 

remade and sequentially tested to ensure that each was correct and RNase 

free. No individual reagent, or indeed groups of reagents, could be 

attributed to the lack of cleavage. Maxipreps originally carried out using the 

Qiagen HiSpeed Maxi kit (materials and methods 2.2.21) were carried out 

using the CsCl DNA maxiprep method (materials and methods 2.2.20). 

After altering these, and other, parameters without success for several 

months a cleavage reaction was eventually carried out at three time points 

on a hammerhead ribozyme and human C O L lA l target transcript 

previously shown to work. This was done as a final check of all techniques 

and reagents and to establish if the ribozyme RzlAlw4271 just didn’t 

cleave in vitro. The ribozyme was R zPollA l previously used by Dr. 

Millington-Ward (Genetics, Trinity College Dublin). This ribozyme 

targeted a polymorphic site with the coding region of the C O LlA l mRNA 

(i.e. a different target site to that of RzlAlw4271). The ribozyme cleaved 

the target at the two time points after time zero, as seen in figure 3.11, 

indicating that the methodology being used should have enabled cleavage 

to occur in RzlAlw4271 if the ribozyme were active. The absence of 

cleavage with RzlAlw4271 suggested that unfortunately the ribozyme was 

not active in the assay being utilised in the experiment.
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3.3.5 Assessment of ribozymes as a suitable tool for suppression of 
COLlAl and COL7A1

Subsequent to establishing that the techniques were working, the sequence 

was re-analysed to check the predicted folding structure using more than 

one plot fold program. It was found that the loop was predicted to be 

present at various energy levels when analysed between 3750bp to SlOObp 

of the COLlAl gene sequence (Accession number: NM_000088). 

However, when the actual human COLlAl gene PCR product, between 

3970bp to 4740bp (Accession number: NM_000088), was analysed by 

these same techniques the loop was no longer predicted to be present. This 

is demonstrated by figure 3.12. A further study of 3 regions of human 

COLlAl all varying by only a lOObp shift is shown in figure 3.13. In these 

figures it can be seen that a very significant 70bp loop becomes a bound 

straight region when the sequence analysed is moved. All plot-folds were 

carried out on human COLlAl sequence accession number NM_000088. A 

plot-fold from 3870bp to 4640bp predicted a 70bp loop. A plot-fold from 

3970bp to 4740bp predicted the same 70bp loop. However, when 4070bp to 

4840bp was analysed the loop was no longer predicted. Analysis beyond 

4070bp shows the predicted loop does not re-appear.
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3.4 Discussion

In this study plot fold programs have been used to predict the folding of the 

target mRNA. RNA, like protein, has a complex three-dimensional 

structure. Ribozymes can only bind to regions of the mRNA that are open 

loops in this secondary structure. Loops were analysed to find suitable 

ribozyme NUX sites. A suitable NUX ribozyme target site was found in an 

open loop of the predicted 2-D structure. Initially a hammerhead ribozyme 

(RzIAIw4271) was cloned into pcDNA3. Clones were checked by DNA 

sequencing and a clone with the correct sequence expressed in vitro using 

the method described in 3.2.2. In addition both the target human C O L lA l 

DNA fragment and a replacement COLIAI DNA fragment, whose 

sequence was altered using primer-directed mutagenesis (Chapter 2, section 

2.2.17) were cloned into pcDNA3.1+ and in vitro transcribed as described 

in 3.2.2. “'^^F-UTP was incorporated into in vitro transcription reactions to 

enable cleavage reactions to be readily monitored. These cleavage reactions 

were undertaken to demonstrate the ribozyme cleavage of the wild type 

human collagen target transcript and protection of the replacement human 

collagen transcript from cleavage. Unfortunately no cleavage of the target 

transcript was observed with ribozyme R zlA lw 427I (figure 3.10). The 

experiment was repeated on several occasions, however, no cleavage was 

observed on each occasion (see section 3.3.4). In contrast, a ribozyme and 

human type I collagen target transcript previously shown to cleave its target 

was used as a positive control and cleaved the target efficiently as seen in 

figure 3.11. Subsequent to establishing that the ribozyme cleavage assays 

were working, using the positive control, the target C O LlA l sequence was 

re-analysed to check the predicted folding structure of the target transcript 

using more than one plot fold program (Mfold and RNAdraw from Mazura 

Multimedia). It was found that although the open loop structure was 

predicted to be present at various energy levels when the 3750bp to 5100bp 

of the human co llA l gene sequence (Accession number: NM_000088) was 

analysed, when the actual 770bp human collagen target DNA fragment was 

analysed by these same techniques the open loop structure was no longer
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predicted to be present. Clearly, it appears that some of the open loop 

structures predicted may not be robust, when the size of the target transcript 

is altered. The maximum size that can typically be analyses by current RNA 

plot fold programs is between lOOObp to 1500bp and hence it is possible 

that an open loop structure predicted for a target sequence may not be 

represent what is actually present in the full length transcript. Additionally, 

even if it were possible to analyse sequence length greater than ISOObp 

using plot fold programs, in vitro transcription reactions become less 

efficient as the size of the product increases. Notably, both these limitations 

are especially relevant with relatively large transcripts such as C O LlA l 

(5.9 kb) or C0L7A1 (9.2kb). Additionally, programs such as those used 

here (Mfold and RNAdraw from Mazura Multimedia) only generate 

predicted structures for transcripts and at times such models may be 

inaccurate and may not represent the actual transcript in vitro.

For the reasons outlined above, together with emerging data which suggests 

that it may be difficult to identify hammerhead ribozymes with potent in 

vivo activity, alternative methods of gene suppression were contemplated 

and will be discussed in further detail in chapter 4. Briefly, a new potent 

suppression technology, RNA interference, has emerged over the past few 

years. Notably, with regard to the current study, it is believed that RNAi 

potency may largely be independent of transcript secondary structure. 

Given the power of this novel technology it was decided to explore whether 

RNAi-based mechanisms could be utilised to achieve efficient suppression 

of C O LlA l and C0L7A1. This study is described in chapter 4.
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Figure 3.1: Plot fold of fragment of COLlAl mRNA from 3750bp to SlOObp

(A) Predicted plot fold using RNAdraw. Sequence folded is human 

C O LlA l mRNA from 3750bp to 5100bp (Accession number: 

NM_000088). Position 4271 is marked with an arrow.

(B) Close up of the NUX site at position 4271. NUX bases are highlighted 

with a box.
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Figure 3.2: Hammerhead ribozyme designed to cleave the human COLlAl 

fragment at position 4271

The hammerhead ribozyme designed to cleave the human C O LlA l 

fragment at position 4271 (accession number NM_000088 GenBank). The 

ribozyme is marked in red and the substrate is marked in blue. The site 

where ribozyme cleavage occurs is indicated.
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Figure 3.3: DNA sequence of ribozyme (Riblalw4271) clone

(A) DNA sequence of ribozyme clone

(B) DNA sequence of ribozyme clone focusing specifically on the 

sequence around the ribozyme insert
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COI3970K

N M _ 0 0 0 0 8 8 : GGATGCCATCAAAGTCTTCTGCAACATGGAGACTGGTGAGACCTGCGTGT : 50  

N M _ 0 0 0 0 8 8 : ACCCCACTCAGCCCAGTGTGGCCCAGAAGAACTGGTACATCAGCAAGAAC : 1 0 0  

N M _ 0 0 0 0 8 8 : CCCAAGGACAAGAGGCATGTCTGGTTCGGCGAGAGCATGACCGATGGATT : 1 5 0  

N M _ 0 0 0 0 8 8 : CCAGTTCGAGTATGGCGGCCAGGGCTCCGACCCTGCCGATGTGGCCATCC : 2 0 0  

N M _ 0 0 0 0 8 8 : AGCTGACCTTCCTGCGCCTGATGTCCACCGAGGCCTCCCAGAACATCACC : 2 5 0  

N M _ 0 0 0 0 8 8 : TACCACTGCAAGAACAGCGTGGCCTACATGGACCAGCAGACTGGCAACCT : 3 00  

N M _ 0 0 0 0 8 8 : CAAGAAGGCCCTGCTCCTCAAGGGCTCCAACGAGATCGAGATCCGCGCCG : 3 50  

N M __000088: AGGGCAACAGCCGCTTCACCTACAGCGTCACTGTCGATGGCTGCACGAGT : 4 0 0  

N M _ 0 0 0 0 8 8 : CACACCGGAGCCTGGGGCAAGACAGTGATTGAATACAAAACCACCAAGTC : 4 50  

N M _ 0 0 0 0 8 8 : CTCCCGCCTGCCCATCATCGATGTGGCCCCCTTGGACGTTGGTGCCCCAG : 5 0 0  

N M _ 0 0 0 0 8 8 : ACCAGGAATTCGGCTTCGACGTTGGCCCTGTCTGCTTCCTGTAAACTCCC : 5 5 0  

N M _ 0 0 0 0 8 8 : TCCATCCCAACCTGGCTCCCTCCCACCCAACCAACTTTCCCCCCAACCCG : 6 0 0  

N M _ 0 0 0 0 8 8 ; GAAACAGACAAGCAACCCAAACTGAACCCCCCCAAAAGCCAAAAAATGGG : 65  0 

NM_00 0 0 8 8 :  AGACAATTTCACATGGACTTTGGAAAATATTTTTTTCCTTTGCATTCATC : 7 00 

N M _ 0 0 0 0 8 8 : TCTCAAACTTAGTTTTTATCTTTGACCAACCGAACATGACCAAAAACCAA : 7 50

COI4740R

NM 0 0 0 0 8 8 :  AAGTGCATTCAACCTTACC ; 77  0

Figure 3.4 Nucleotide sequence context of primers used to amplify the human 

COLlAl gene fragment

The sequence with accession number NM_000088 was taken from 

GenBank. Primers were designed to amplify a 770bp amplicon 

surrounding the ribozyme target region. The position of the forward 

primer col3970F is marked in red and the position of the reverse primer 

col4740R is marked in blue.
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Figure 3.5: DNA sequence of partial human COLlAl gene

(A) DNA sequence of partial human C O LlA l gene

(B) DNA sequence of partial human C O LlA l gene focusing on the 

sequence around the ribozyme cleavage site

-81  -



col397()K

N M _ 0 0 0 0 8 8 : GGATGCCATCAAAGTCTTCTGCAACATGGAGACTGGTGAGACCTGCGTGT : 50

N M _ 0 0 0 0 8 8 : ACCCCACTCAGCCCAGTGTGGCCCAGAAGAACTGGTACATCAGCAAGAAC : 1 0 0  

N M _ 0 0 0 0 8 8 : CCCAAGGACAAGAGGCATGTCTGGTTCGGCGAGAGCATGACCGATGGATT : 1 5 0  

N M _ 0 0 0 0 8 8 : CCAGTTCGAGTATGGCGGCCAGGGCTCCGACCCTGCCGATGTGGCCATCC : 2 0 0  

N M _ 0 0 0 0 8 8 : AGCTGACCTTCCTGCGCCTGATGTCCACCGAGGCCTCCCAGAACATCACC : 2 5 0

col Mu 14258 F & R

N M _ 0 0 0 0 8 8 : TACCACTGCAAGAACAGCGTGGCCTACATGGACCAGCAGACTGGCAACCT : 3 0 0  

N M _ 0 0 0 0 8 8 : CAAGAAGGCCCTGCTCCTCAAGGGCTCCAACGAGATCGAGATCCGCGCCG : 3 50  

N M _ 0 0 0 0 8 8 : AGGGCAACAGCCGCTTCACCTACAGCGTCACTGTCGATGGCTGCACGAGT : 4 0 0  

N M _ 0 0 0 0 8 8 : CACACCGGAGCCTGGGGCAAGACAGTGATTGAATACAAAACCACCAAGTC : 4 5 0  

N M _ 0 0 0 0 8 8 : CTCCCGCCTGCCCATCATCGATGTGGCCCCCTTGGACGTTGGTGCCCCAG : 5 0 0  

N M _ 0 0 0 0 8 8 : ACCAGGAATTCGGCTTCGACGTTGGCCCTGTCTGCTTCCTGTAAACTCCC : 5 5 0  

N M _ 0 0 0 0 8 8 : TCCATCCCAACCTGGCTCCCTCCCACCCAACCAACTTTCCCCCCAACCCG : 6 0 0  

N M _ 0 0 0 0 8 8 : GAAACAGACAAGCAACCCAAACTGAACCCCCCCAAAAGCCAAAAAATGGG ; 6 5 0  

N M _ 0 0 0 0 8 8 : AGACAATTTCACATGGACTTTGGAAAATATTTTTTTCCTTTGCATTCATC : 7 00  

N M _ 0 0 0 0 8 8 : TCTCAAACTTAGTTTTTATCTTTGACCAACCGAACATGACCAAAAACCAA : 7 50

tol474()K

N M _ 0 0 0 0 8 8 : AAGTGCATTCAACCTTACC : 77  0

Figure 3.6 Nucleotide sequence context of primers used to amplify the human 

COLlAl gene fragment and introduce an altered base

The sequence with accession number NM_000088 was taken from 

GenBanlc. Primers were designed to introduce an altered base at 

position 4271 (as in m aterials and m ethod 2.2.17). The position of the 

forward primer co!3970F is marked in red and the position of the reverse 

primer col4740R is marked in blue. The mutation primer is marked in 

purple with the altered base highlighted and marked by an arrow.



330bp

469bp 1st Round

2nd Round

• Mutation 
^  COI3970F
-  colMut4258R
-  colMut4258F 
^  COI4740R

Figure 3.7 Primer directed mutagenesis PCR

Primer directed mutagenesis PCR to introduce an altered base at position 

4271. Primers col3970F and colMut4258R and primers colMut4258F and 

col4740R were used to PCR amplify fragments of 330bp and 469bp 

respectively. Using the initial PCR amplification products as templates a 

second round of PCR using primers col3970F and col4740R gave the 

770bp fragment with an altered base at position 4271 (see materials and 

method section 2.2.17).
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A i i r r r A r . r . q j ' '>  A -S A A T j^ T M A rrr ir .  i^ n n r o A N A N h ^  i « * n n *  î i a i  c  : / f t i  f if ij ji ; |V 4 < N A .q n r* |g ^ T T :A -r/ '- r< ^ G A in i P < f - n 'n j i | | i j 0 ^ a c ; x x u ^ i ^

m
'C f^  -y ( A" '^ ~ < T X T ' T M ^ ^ y o R * tN y f^c c r ,  r i c ^ t ^ c * i o a # j t ^ - a e A j  i ^ ^ ^ M L i ( i A , |^ y » a ? x M ^ a ' i < X N O ^ ! a 'A f l # i \ y ^ r i  i a a a ocr7T̂ i x̂;r>M«w>j

TM f Q V 'N N M M ^ C ^ C A a U N

L f * ! ^ r r i J A  ' r q ^ o r a ; ^ ^ W T V , ) [ T ^  ' a * a ^ ' ^ ' o ^ x w c y j j ^  i m m  i i ^ j u ,  i m<i, * m t t m a m '.

im^( c ^ j ^ v k ; a . v ^ j ^ c u g a ' . a ^ j o u i  g c ^ ^ i  irn c i(^ ;y C C . '’;C 0 X < ^ jjT T T rT ii  < ^.

B

;a a a  A

Figure 3.8: DNA sequence of partial human COLlAl replacement gene

(A) DNA sequence of CO Llal replacement

(B) DNA sequence of C O L lal replacement focusing on the sequence 

around the ribozyme cleavage site
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Expressed clone Scintillation count (cpm/^l)

Wild-type COLlAl 35648

Replacement COLlAl 64181

Ribozyme (RzlAlw4271) 18816

Calculation of volumes for cleavage reaction

Target RNA : Ribozyme RNA

Ratio of Cold : Hot coll A1 U’s 

1.5^1(1/10) cold: 1.5^1 hot 

6000 of 50|iM + 2.5 of 50 

^  200 : 1

Ratio of Cold : Hot Ribozyme U’s 

1.5^1 (1/10) cold : 2.5^1 (1/10) hot 

3000 of 50|iM -h 2.5 of 50 

^  1200 : 1

—> 6 times less hot in ribozyme

Number of u’s in collA l 150 

Number of u’s in ribozyme 13 

—>11.54 times less u’s in ribozyme 

^69 .24  times less total

Wild-type COLlAl 35648 cpm/^il 

Ribozyme 69.24 less = 514.85 

Ribozyme 18816 cpm/|Lil

—> for 1:1 need 0.027[il of 

ribozyme per îl target RNA

Replacement RNA : Ribozyme RNA

Ratio of Cold : Hot Replacement U’s 

1.5|xl (1/10) cold : 1.5^1 hot 

6000 of 50^M + 2.5 of 50 îM 

200 : 1

Ratio of Cold : Hot Ribozyme U’s 

1.5nl (1/10) cold : 2.5nl (1/10) hot 

3000 of 50^iM + 2.5 of 50 nM 

^  1200 : 1

6 times less hot in ribozyme

Number of u’s in replacement 86 

Number of u’s in ribozyme 13 

—>6.62 times less u’s in ribozyme 

—>39.72 times less total

Replacement COLlAl 64181 cpm/|xl 

Ribozyme 39.72 less = 1615.84 

Ribozyme 18816 cpm/jAl

for 1:1 need 0.086^1 of 

ribozyme per |il replacement RNA

Figure 3.9: Scintillation counts and cleavage reaction calculations
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1 2 3 4 5 6

Figure 3.10: Autoradiograph assessing ribozyme cleavage of human collagen 

target transcript with ribozyme RzlAlw4271

Autoradiograph carried out on ribozyme (RzlA lw 4271). Lanes 1, 2, 3 and 

4 contain the 770bp human collagen gene fragment and RzlA lw 4271 at 

time zero, 30 minutes, 60 minutes and 180 minutes respectively. Lanes 5 

and 6 contain the 770bp human collagen gene fragment and RzlAlw4271 

at time zero and 180 minutes respectively (diluted 1 in 50). No cleavage of 

the target transcript was observed in any of the lanes.
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1 2 3

381bp

I n  0  i 24Sbp

• • 136bp

Figure 3.11: Autoradiograph showing ribozyme cleavage of human COLlAl 

target transcript with ribozyme RzPoIlAl

Autoradiograph from cleavage assay carried out with R zPollA l (positive 

control). Lane 1 contains the 381bp human C O L lA l gene fragment and 

RzPollA l at time zero. Lane 2 shows the gene fragment after 30 minutes 

cleavage by targeting ribozyme (RzPollA l). Cleavage products of 245bp 

and 136bp can be clearly seen. Lane 3 shows the target and cleavage 

products after 180 minutes. After 180 minutes the majority of the 

C O LlA l target has been cleaved by R zPollA l.
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Figure 3.12: Plot fold of fragment of COLlAl mRNA from 3970bp to 4740bp

(A) Predicted plot fold using RNAdraw. Sequence folded is human 

C O L lA l mRNA from 3970bp to 4740bp (Accession number; 

NM_000088). Position 4271 is marked with an arrow.

(B) Close up of the NUX site at position 4271. NUX bases are 

highlighted with a box.
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Figure 3.13: Plot folds of fragments of COLlAl mRNA

(A) C O L lA l fragment from 3870bp to 4640bp. Arrow shows 70bp loop

(B) C O LlA l fragment from 3970bp to 4740bp. Arrow shows 70bp loop

(C) C O LlA l fragment from 4070bp to 4840bp. Arrows show start and finish 

of 70bp bound region
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Chapter 4 

RNA interference suppression studies



4.1 Introduction

As discussed in chapter 3 hammerhead ribozymes were deemed unsuitable 

as a gene suppression technology for C O LlA l linked 01. A new potent 

suppression technology, RNA interference, has emerged over the past few 

years and given the power of this novel technology it was decided to 

explore whether RNAi-based mechanisms could be utilised to achieve 

efficient suppression of COLIAI. Additionally RNAi will also be explored 

as a suppression agent for C0L7AI-linked EB. The full-length human type 

VII collagen mRNA is approximately 9.2 kilobases comprising 118 exons. 

The full-length cDNA sequence contains an 8,833 nucleotide open reading 

frame encoding 2,944 amino acids. C0L7A1 is located on chromosome 

3p21. Type VII collagen is composed of three identical a  chains each 

consisting of a 145-kDa central collagenous triple-helical segm.ent 

characterized by repeating Gly-X-Y amino acid sequences. This central 

collagenous triple-helical segment is flanked by a large 145-kDa amino- 

terminal, noncollagenous domain (NCI), and a small 34-kDa carboxyl- 

terminal, noncollagenous domain (NC2) (N.C.B.I.

http://www.ncbi.nlm.nih.gov/). As mentioned in the general introduction, 

dystrophic EB results from mutations in the COL7A1 gene. These 

mutations can be both dominantly of recessively inherited. As previously 

stated dominant disorders demonstrate a disease phenotype even when only 

one allele has a mutation whereas a recessive disorder requires mutations in 

both alleles before a disease phenotype occurs. As noted, with recessively 

inherited genetic disorders delivery of a wild type copy of the defective 

gene may be sufficient to rescue the disease phenotype. There are many 

studies where such an approach is being explored for recessive forms.

In one such study, retroviral vectors delivering the LAMB3 cDNA, which 

encodes the P3 subunit of laminin-5, were used to correct JEB 

keratinocytes (Robbins et al., 2001). Retroviruses were also used in the 

gene correction of EB-PA patient keratinocytes (Dellambra et al., 2001). 

Additionally, retrovirus-mediated delivery of the human C0L17A1
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(BP180) gene normalized adhesion properties in primary keratinocytes 

from patients with generalised atrophic benign EB (Seitz et al., 1999). The 

use of retroviral vectors to develop a gene therapy for dystrophic EB has 

been hampered by the relatively large size (9kb) of the type VII collagen 

cDNA. Due to this size constraint, a recombinant truncated type VII 

collagen ‘minigene’ has been developed (Chen et al., 2000). This 

‘minigene’ has been used to successfully reverse the disease phenotype in 

keratinocytes from recessive DEB patients (Chen et al., 2002). Notably, 

retroviruses have recently been used to deliver an 8.8kb canine type VII 

collagen which successfully restored the normal phenotype in human and 

canine recessive DEB keratinocytes (Baldeschi et al., 2003). Several 

nonviral methods of gene delivery to primary keratinocytes have also been 

explored. The sleeping beauty transposable element, spliceosome-mediated 

RNA trans-splicing and the ^C31 bacterio-phage integrase system have all 

been utilised in gene therapy approaches to EB (Ortiz-Urda et al., 2003a; 

Dallinger et al., 2003; Ortiz-Urda et al., 2003b). Lentiviral vectors and the 

0C31 bacterio-phage integrase system have both been used specifically to 

restore type VII collagen expression (Ortiz-Urda et al., 2002).

With dominantly inherited genetic disorders, such as the dominant 

dystrophic form of EB, this replacement approach will most likely not be 

sufficient as a therapeutic strategy. In all likelihood it will be necessary to 

first suppress the production of the mutant type VII collagen protein. In this 

case a suppression and replacement strategy would appear to be one 

possible approach. This strategy involves suppressing production of the 

mutant protein coupled with delivery of a wild type copy of the gene. There 

are several tools available for the sequence-specific suppression of gene 

expression including, inter alia, antisense, ribozymes and RNAi. Notably, 

no significant advances have been made to date in the suppression of 

C0L7A1 gene expression in a gene therapy approach using any of these 

(Ferrari et al., 2005). From the results obtained in previous research in this 

thesis, presented in chapter 3, ribozymes were deemed less suitable as a 

suppression strategy than RNAi. The relatively large size of type VII 

collagen cDNA may have been a factor, making a strategy that worked
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independently of secondary structure more favourable (see chapter 3 

section 3.4 for details). RNAi not only suppresses in a sequence-specific 

manner independent of secondary structure but has also been shown to be 

100 -  1000 fold more potent than antisense (Bertrand et al., 2002).

RNA interference is a post-transcriptional, sequence-specific gene-silencing 

technology that utilises double-stranded RNA molecules to degrade 

messenger RNA containing the same sequence as the dsRNA. As all cells 

are believed to contain the machinery necessary for RNAi and all genes are 

potential targets, the therapeutic applications are, in principle, limitless. 

RNAi has been used in several studies to suppress viral replication. Short 

interfering RNA (siRNA) targeting the poliovirus (one corresponding to a 

capsid sequence and another to a viral polymerase sequence) reduced the 

viral titre and promoted clearance of the virus, however it has since been 

shown that the poliovirus escapes suppression of RNAi through point 

mutations within the targeted regions (Gitlin et al., 2002; Gitlin et al., 

2005). A similar suppression followed by viral escape was seen when 

attempts were made to suppress HIV-1 viral replication (Boden et al., 2003; 

Das et al., 2004). Despite this setback, when hematopoietic stem cells with 

sequences designed to silence HIV rev were injected into SCID mice the 

differentiated macrophages and T cells were resistant to in vitro HIV-1 

challenge (Banerjea et al., 2003). Influenza virus production has also been a 

target of RNAi. The virus production in lungs of infected mice was reduced 

by siRNAs given either before or after initiating virus infection (Ge et al., 

2004). Similarly siRNA has been used to inhibit hepatitis B virus 

replication in mice (Giladi et al., 2003; McCaffrey et al., 2003).

RNAi-based gene therapy has also been explored in several progressive 

neurodegenerative diseases including, Alzheimer’s disease, Huntington’s 

disease, amyotrophic lateral sclerosis and retinitis pigmentosa (Miller et al., 

2004; Davidson and Paulson, 2004; Ding et al., 2003; Kiang et al., 2005). 

Furthermore, adeno-associated virus expressing shRNA have been 

delivered via intracerebellar injection and were found to inhibit 

polyglutamine-induced neurodegeneration in a mouse model of
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spinocerebellar ataxia (Xia et al., 2004). Hydrodynamic injection, or low- 

volume renal vein injection, of siRNA has been used to successfully 

suppress both Fas mRNA and protein in mouse liver and hence protect 

against fulminant hepatitis or renal ischemia-reperfusion injury (Song et al., 

2003; Hamar et al., 2004). RNAi has been explored in gene therapy 

approaches for cancer therapy (Zhang et al., 2004; Takei et al., 2004). 

RNAi has also been explored in many other fields of research including 

sepsis (Sorensen et al., 2003), parasitology (Mohmmed et al., 2003; 

Narasimhan et al., 2004) and pain management (Dorn et al., 2004). 

Furthermore, RNAi has been employed in the understanding the 

pathophysiology of psychiatric and neurological disorders (Thakker et al., 

2004 and Thakker et al., 2005). These studies, which are representative of 

only a small subset of the current research being carried out using RNAi, 

further demonstrate the potential use of RNAi as a therapeutic approach for 

many disorders, including dominantly inherited disorders which is the 

group of interest in the studies associated with this thesis.

Like 01, a major obstacle to the development of a therapy for a disorder 

such as the dominant dystrophic form of EB exists in the form of its degree 

of heterogeneity. Dominantly inherited dystrophic EB is a heterogeneous 

disorder with more than 100 different mutations identified in the COL7A1 

gene to date. As with the approach previously described in chapter 3, which 

used a ribozyme-based therapeutic approach to 01, ‘mutation-independent’ 

approaches such that the potential therapeutic is independent of the precise 

mutation would again be explored. Again the degeneracy of the genetic 

code would be exploited in the so called ‘wobble approach’. Notably, in 

this study another potential ‘mutation-independent’ strategy is also 

applicable. This strategy utilises the untranslated regions (UTRs) of 

transcripts. Targeting UTRs provides flexibility in the choice of sequence 

for suppression as RNAi can be designed to target any part of the 

transcripts in 5’ or 3’ UTR sequences. A protected replacement gene can be 

generated that does not contain the target site in the UTR. As the UTRs are 

untranslated any sequence changes made here should not affect the 

structure of the protein produced (Millington-Ward et al., 1997).
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Clearly it was of interest in this chapter to explore the utility o f siRNA as a 

suppression tool for C O L lA l and C0L7A 1 down-regulation. However, a 

number of prior studies have indicated that in invertebrates, such as C. 

elegans, siRNA can stimulate production of additional siRNAs 5’ of the 

original target siRNA sequence (Sijen et al., 2001). This phenomenon, 

termed ‘transitive interference’, represents another barrier to the 

development of RNAi as a therapeutic. Transitive interference is believed 

to occur by generation of dsRNA 5’ of the siRNA target by an RNA- 

dependent RNA polymerase (RdRP) and subsequent cleavage of dsRNA 

into siRNAs of approximately 20-25 nucleotides. Resulting siRNAs can 

originate from 5’ sequence that does not overlap with the original siRNA 

target sequence. The strategy of suppression using siRNA and replacement 

with a gene modified over the siRNA target site is only compatible with 

siRNA as the suppression agent if this mechanism is not present in 

mammalian systems. Notably, to date no genes homologous to RdRP genes 

have been identified in mammalian genomic sequences.

This introduction expands the details on the genetics of epidermolysis 

bullosa supplied in the general introduction (chapter 1 section 1.2) and also 

builds on the general RNAi introduction presented in chapter 1 (section 

1.3). Finally it introduces the concept of transitive interference and the 

potential barrier to successfully applying RNAi to a mutation independent 

gene silencing strategy. The main aim of the study here was to establish if 

RNAi-based suppression was indeed compatible with a mutation 

independent, suppression and replacement, gene silencing strategy. 

Furthermore, synthesized siRNA targeting both C O L lA l and C0L7A 1 

would be evaluated in vitro. RNAi-based suppression of C O L lA l was 

explored by co-transfection of siRNA and partial human C O L lA l genes. 

Suppression was quantified using real-time rtPCR. RNAi-based 

suppression of C0L7A 1 was explored by transfection of siRNA into human 

epidermal keratinocytes (HaCaT) endogenously producing type VII 

collagen. Suppression was again quantified using real-time rtPCR.
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4.2 Materials and methods

Below are listed specific techniques involved in carrying out the research 

presented in this chapter. All general materials and methods are listed in 

full in chapter 2.

4.2.1 siRNA design

The siDESIGN centre (www.dharmacon.com) chooses siRNA that satisfy 

selection criteria such as 30% to 52% G/C content and no GGG or CCC 

patterns. A BLASTn analysis (www.ncbi.nlm.nih.gov) was then conducted 

on all selected siRNA to ensure no homology with other known mammalian 

genes. The siRNA targeting region was finally checked for any known 

polymorphisms. Notably, other design sites now exist as discussed later in 

the introduction to chapter 6.

4.2.2 Fluorimetry

Cells were washed and re-suspended in 200 îl PBS. The Picofluor from 

Turner Designs was used to measure eGFP fluorescence. The minicell 

adaptor was used so volumes of 75 -  200 )xl would be measurable. The 

fluorimeter was first blanked with PBS. Subsequent readings were taken on 

the blue channel (excitation 475 ± 15nm, emission 515 ± 20nm).

4.2.3 RNA extraction from cells

HeLa and cos-7 cells disassociated from the tissue cultures plates

immediately after the addition of 1ml of TRI reagent. After the addition of

100)4,1 bromochloropropane (BCP), eppendorfs were vortexed and left at

room temperature for 10 minutes. Samples were then spun in a 4°C cold 

room at 12000rpm (lEC Micromax benchtop centrifuge) for 15 minutes. 

400|il of the upper aqueous phase was transferred to a new eppendorf and 

500|xl isopropanol added. Samples were mixed gently and left at room
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temperature for 10 minutes before spinning at 12000rpm (lEC Micromax 

benchtop centrifuge) for 8 minutes. The supernatant was discarded and the 

RNA pellets washed in 800^1 of 75% ethanol before spinning at 12000rpm 

(lEC Micromax benchtop centrifuge) for 5 minutes. The supernatant was 

again discarded and the RNA pellet allowed to air dry. The RNA was 

resuspended in 50|il of nuclease free water by heating at 65°C for 10 

minutes. Once resuspended, 5)il of DNase and 5.5|al DNase buffer was 

added and the samples incubated at 37°C for 30 minutes. Subsequently, 6̂ .1 

of RNase stop solution was added and the samples heated to 65°C for 10 

minutes. RNA samples were made up to 100|o,l with nuclease free water and 

stored at -80°C.

4.2.4 Real-time rtPCR

The real-time rtPCR reaction was set up in a cooling block that kept all 

reagents and samples at 4°C for at least 30 minutes. Real-time rtPCR 

reactions were carried out in 20)j,l glass capillaries. Each separate reaction 

contained 4.5|il RNA, lOpmol forward and reverse rtPCR primers, lO îl 

SYBR Green and 0.13|xl enzyme (QuantiTect SYBR Green RT-PCR kit 

from Qiagen). The final volume was made up to 20|j.l with nuclease free 

water. Capillaries, in cooling block adapters, were spun up to 2000rpm 

(lEC Micromax benchtop centrifuge) for several seconds. Capillaries were 

loaded into the sample carousel of the Lightcycler (Roche). The sample 

carousel was then loaded into the Lightcycler. The standard real-time rtPCR 

run was as follows;

1. RT step: 50“C for 20 minutes

2. Activation: 95°C for 15 minutes

3. Amplification: 35 cycles of; 94°C for 15 seconds, 55°C for 20 

seconds and 72°C for 4 seconds

4. Melting curve: After rising to 95°C at the end of the last 

amplification cycle the temperature was dropped to 65°C for 10 

seconds. The temperature was then raised to 95°C at a temperature 

transition rate of 0.1°C per second.

5. Cooling: 40°C for 30 seconds
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Unless otherwise indicated, the temperature transition rate was 20°C per 

second. After the run had finished, melting curves of fluorescence vs. 

temperature were analysed to ensure amplification of the correct product. 

The melting curves were also checked to ensure the absence of unwanted 

by-products (e.g. primer dimers). If all products were correct analysis was 

carried out on the quantification data from the Lightcycler software. For 

analysis of quantification data the Lightcycler software only considers 

fluorescence values from the log-linear phase of the PCR amplification. 

Graphs are presented as fluorescence vs. cycle number. The second 

derivative maximum method for quantification was routinely used. The 

second derivative maximum method provides a fast, highly reproducible, 

automatic data calculation. This automatic data calculation is achieved by a 

software algorithm which identifies the crossing point of the fluorescence 

curve. In terms of this graphed curve the crossing point corresponds to the 

first maximum of the second derivative curve. Where optimisation of the 

standard curve was necessary the fit points method was used. The fit points 

method allowed user influence over such factors as baseline adjustment, 

noise band etc.

The final data is listed as crossing points. Crossing points represent the 

cycle number where the fluorescence of all samples is at the same level just 

above background. This crossing point value is dependent on the starting 

amount of the RNA in question in the sample. With increasing amounts of 

starting RNA fewer cycles are required to achieve this specific fluorescence 

value. Fluorescence values from serial dilutions of one of the test RNAs 

were used to define a standard curve. This standard curve plots crossing 

point against the logarithm of the concentration for each sample. The 

software calculates a linear regression line through the data points. This 

standard curve allows for the relative concentration (against the test RNA 

from the standard) of any test RNA to be calculated from the crossing 

point. This relative concentration data was then imported to MS Excel for 

detailed analysis.
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4.3 Results: Assessment of RNAi as a suitable tool for suppression

RNA interference is a post-transcriptional, targeted gene-silencing 

technology that utilises double-stranded RNA molecules to degrade 

messenger RNA containing the same sequence as the dsRNA. The dsRNA 

can be processed by a protein called Dicer into short interfering RNAs 

(siRNAs) approximately 21-23 nucleotides (nt) in length with terminal 

phosphate and 3’ short (~2nt) overhangs. These siRNAs are incorporated 

into an RNA induced silencing complex (RISC) which is used as a guide in 

the mechanism. These siRNAs, in principle, represent a potent molecular 

tool to suppress expression of a target gene in a sequence specific manner. 

The same approach as that described earlier (i.e. suppression and 

replacement) was adopted in this section of the work. The siRNA targeting 

the human C O LlA l gene were designed and evaluated in vitro. In addition 

a modified replacement gene, altered such that transcripts from these genes 

avoid siRNA suppression, was generated. If transitive interference were in 

operation in mammals, siRNA generated 5’ of the original target sequence 

would inhibit expression of both the wild type and modified replacement 

genes. For siRNA to be a suitable suppression tool these factors need to be 

assessed. The siRNAs used were commercially synthesised by Xeragon 

(Qiagen). These materials were then tested in cos-7 cells using reduction in 

eGFP fluorescence as a marker for potential suppression.

4.3.1 PCR and cloning of a human COLlAl gene fragment

Primers were designed to PCR amplify a fragment of the human C O LlA l 

gene surrounding the siRNA target site. Primers collA lR N A iF and 

collA lRNAiR predicted a 320bp fragment as shown in figure 4.1. This 

320bp fragment was successfully amplified by PCR. Notably primers 

collA lRN AiF and collA lRN AiR had EcoRI and BamHl sites 

incorporated into them. These sites were subsequently used to clone the 

320bp fragment of the C O LlA l gene into pIRES2-eGFP. Ligations, 

transformations and DNA minipreps were carried out as described in
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materials and methods (sections 2.2.11, 2.2.14 and 2.2.15). DNA minipreps 

were tested by colony PCR screening as in materials and methods 2.2.18. 

Clones carrying the inserted C O LlA l DNA fragment were predicted to 

give a 320bp amplicon following PCR. DNA sequencing was carried out on 

DNA from positive minipreps to ensure successful cloning of the 320bp 

C O LlA l DNA target fragment into pIRES2-eGFP.

4.3.2 PCR and cloning of a replacement human COLlAl gene 

fragment

Primers were designed to PCR amplify a fragment of the human C O LlA l 

gene carrying altered bases (figure 4.2). Primers collA lR epF and 

collA lR epR  were used to introduce a sequence alteration and primers 

collA lR N A iF and collAlRNAiR were used to amplify the 320bp 

fragment as shown in figure 4.3. Primers collA lRN A iF and collA lR epR  

and primers collA lR epF and collA lRN AiR were used to PCR amplify 

fragments of 164bp and 184bp respectively. Using the initial PCR 

amplification products as templates, a second round of PCR using primers 

collA lR N A iF and collA lRNAiR gave the 320bp fragment with altered 

bases. A 320bp fragment of the human C O LlA l gene with modified bases 

was successfully PCR amplified by primer directed mutagenesis. The 

primers used to PCR amplify the 320bp fragment had EcoRI and BamHl 

enzyme restriction sites incorporated into them. These sites were 

subsequently used to clone the 320bp fragment into pIRES2-eGFP. 

Ligations, transformations and DNA minipreps were carried out as 

described in materials and methods (sections 2.2.11, 2.2.14 and 2.2.15). 

DNA minipreps were tested by PCR screening (as in materials and methods 

2.2.18) to identify those carrying the 320bp altered human C O LlA l DNA 

fragment. DNA sequencing was carried out on DNA from positive 

minipreps to ensure successful cloning of the altered 320bp human 

C O L lA l DNA replacement target fragment into pIRES2-eGFP. Figure 4.4 

demonstrates the wild-type sequence of the partial human C O L lA l gene 

fragment compared to the altered sequence of replacement human C O L lA l 

gene fragment.
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4.3.3 In vitro suppression studies of siRNA and a human COLlAl 
gene fragment in cos-7 cells

Maxipreps of the target C O LlA l and replacement C O LlA l were carried 

out, as described in materials and methods (section 2.2.21). Suppression of 

target C O L lA l transcripts was initially evaluated by co-transfection of cos- 

7 cells with lOOpmol of siRNA targeting human C O LlA l and the 2p.g of 

the collA l-eG FP construct using Lipofectamine2000 (as described in 

materials and methods 2.2.28). The pIRES2-eGFP vector contains an 

internal ribosomal entry site (ires) enabling co-expression of the target and 

an enhanced green fluorescent protein (eGFP). Subsequent to transfection 

eGFP fluorescence was measured using a Picofluor (Turner Designs). Cells 

transfected with siRNA showed a significant (p<0.05, DataDesk) reduction 

in collA l-eG FP levels as assessed by eGFP fluorescence (figure 4.5a). In 

contrast, a non-complimentary control siRNA targeting COL7A1 showed 

no significant down-regulation (DataDesk).

The sequence specificity of siRNA suppression was further explored using 

a modified collA l-eG FP construct carrying five base changes in the 

sequence targeted by siRNA (as described in 4.3.2). These alterations are at 

codons 157, 160, 161, 163 and 164. In codon 157 there is an A to C change 

in the third base. This is the wobble position and hence both the wild type 

GGA and modified GGC sequences code for a glycine residue in the 

protein. Codon 160 has a T to G, codon 161 has a C to A, codon 163 has a 

G to T and codon 164 has a T to G change. All these changes occur in 

wobble positions and hence still code for the original amino acids as the 

wild type sequence (see figure 4.4). Suppression of replacement C O LlA l 

transcripts was again evaluated by co-transfection of cos-7 cells with 

lOOpmol of an siRNA targeting human C O L lA l and 2|j.g of the 

replacement collA l-eG FP construct using Lipofectamine2000 (as 

described in materials and methods 2.2.28). Notably, the modified construct 

showed no significant (DataDesk) down-regulation by siRNA targeting 

wild type C O L lA l sequence (figure 4.5a).
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Stable cell lines expressing the co llA l-eG F P  target were generated as in 

materials and methods 2.2.31. RNAi-based suppression was then evaluated 

in these stable cos-7 cell lines expressing the co llA l-eG F P  target 

subsequent to transient transfection with lOOpmol of C O L lA 1-specific 

siRNA using Oligofectamine (as described in materials and methods 

2.2.30). Again eGFP fluorescence was measured using a Picofluor (Turner 

Designs). This data is shown in figure 4.5b. Notably, cells transfected with 

siRNA again showed a significant (p<0.05, DataDesk) reduction in c o llA l-  

eGFP levels. In contrast, a non-complimentary control siRNA targeting 

C0L7A 1 showed no significant down-regulation (DataDesk).

4.3.4 Investigation of the presence of transitive interference in 

mammals

The phenomenon of transitive interference as discussed in the introduction 

(section 4.1) was assessed in cos-7 cells containing three components - wild 

type co llA l-eG F P  transcripts, modified co llA l-eG F P  transcripts (with five 

altered bases at degenerate sites) together with siRNA targeted to wild type 

human C O Ll A 1 sequence. Stable cell lines expressing the co ll A 1-eGFP 

target as described in section 4.3.3 were transfected with lOOpmol of an 

siRNA targeting human C O L lA l and 2[ig o f the replacement c o llA l-  

eGFP construct using Lipofectamine2000 (as described in materials and 

methods 2.2.28). The modified replacement collAl-eGPT* transcript will be 

protected from suppression as demonstrated in section 4.3.3. Notably, as 

discussed above, the replacement co llA l-eG F P  transcript had 

modifications at the wobble positions of the target site; however, no 

modifications were made 5’ of this. Hence, if siRNA were generated 5 ’ of 

the original target site (as occurs during transitive interference), the 

modified co llA l-eG F P  transcript should, in principle, not be protected 

against these siRNAs. Notably, in the current study such an inhibition was 

not observed (figure 4.6). The data suggest that the mechanism of transitive 

interference observed in invertebrates may be absent in mammalian systems 

and that siRNA 5’ of the original trigger sequence may not be generated.
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The results obtained in this initial study demonstrate the potential of RNAi 

as a suppression tool. However, it is notable that the Picofluor is unsuitable 

for quantitative measurement of siRNA-based down-regulation. The 

Picofluor based assay may be suitable to screen initially if an siRNA may 

be functional, but not for quantifying the relative efficiencies o f various 

siRNAs. For such quantification, a method with better resolution is 

required. To this end the evaluation of siRNA-based suppression was 

undertaken using real-time rtPCR. Real-time rtPCR allows for the absolute 

quantification of a specific mRNA in any given RNA pool. The use of real

time rtPCR would allow for the direct comparison of the relative potency of 

multiple siRNA. Additionally, real-time rtPCR allows for independent 

quantification of mRNA with only minor sequence differences. This would, 

in principle, allow for the quantification of wild-type versus replacement 

human C O L lA l in the same cell experiments.
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4.4 In vitro study of COLlAl suppression with siRNA

Previous investigations carried out have indicated the suitability of siRNA 

as an agent to suppress C O LlA l gene expression (section 4.3). The next 

step in the current study involved establishing the relative potency of 

individual siRNAs. The most effective siRNAs could be identified and then 

used in future suppression research involving C O L lA l. In these studies 

siRNAs were commercially synthesised by Dharmacon. These materials 

were then tested in cos-7 and HeLa cells using real-time rtPCR to measure 

reduction in C O LlA l mRNA transcript levels.

4.4.1 Selection of siRNA targeting COLlAl

Selection of siRNA targeting human C O L lA l was carried out on the 

Dharmacon siDESIGN centre web. The selected siRNA target sites within 

the human C O LlA l target 1 (as described in 4.4.2) were;

1. CCAATCACCTGCGTACAGA

2. TCTGTGACGAGACCAAGAA

3. AATCAACCGGAGGAATTTC

The selected siRNA target site within the human C O LlA l target 2 (as 

described in 4.4.2) is;

4. CCTCAAGATGTGCCACTCT

Selected siRNA target sites are shown in figures 4.7 and 4.8.

4.4.2 PCR and cloning of a human COLlAl gene fragment

Primers were designed to PCR amplify two fragments of the C O LlA l gene 

incorporating all the siRNA target sites. Primers co llA lT argetlF  and 

collA lT argetlR  predicted a 1030bp fragment as shown in figure 4.7. This 

1030bp fragment was successfully amplified by PCR. Notably primers 

co llA lT argetlF  and collA lTargetlR  had Nhel and Hindlll sites 

incorporated into them. These sites were subsequently used to clone the 

1030bp fragment of the C O LlA l gene into pcDNA3.1-. Ligations, 

transformations and DNA minipreps were carried out as described in
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materials and methods (sections 2.2.11, 2.2.14 and 2.2.15). DNA minipreps 

were tested by PCR screening (as in materials and methods 2.2.18). Clones 

carrying the inserted C O L lA l DNA fragment were predicted to give a 

1030bp amplicon following PCR. DNA sequencing was carried out on 

DNA from positive minipreps to ensure successful cloning of the 1030bp 

C O L lA l DNA target fragment into pcD N A S.l-. Primers co llA lT arget2F  

and collA lT arget2R  predicted a lOlObp fragment as shown in figure 4.8. 

This lOlObp fragment was successfully amplified by PCR. Notably primers 

co llA lT arget2F  and co llA lT arget2R  had N hel and H indlll sites 

incorporated into them. These sites were subsequently used to clone the 

lOlObp fragment of the C O L lA l gene into pcD NAS.l-. Ligations, 

transformations and DNA minipreps were carried out as described in 

materials and methods (sections 2.2.11, 2.2.14 and 2.2.15). DNA minipreps 

were tested by PCR screening (as in materials and methods 2.2.18). Clones 

carrying the inserted C O L lA l DNA fragment were predicted to give a 

lOlObp amplicon following PCR. DNA sequencing was carried out on 

DNA from positive minipreps to ensure successful cloning of the lOlObp 

C O L lA l DNA target fragment into pcDNA3.1-.

4.4.3 In vitro suppression studies of siRNA and human COLlAl gene 

fragments in cos-7 and HeLa ceils

Maxipreps of the two target human C O L lA l gene fragments were carried 

out, as described in materials and methods (section 2.2.21). Suppression of 

target C O L lA l transcripts was evaluated by co-transfection o f cos-7 and 

HeLa cells with siRNA targeting human C O L lA l and 2\ig  of the C O L lA l 

target 1 or target 2 construct using Lipofectamine2000 (as described in 

materials and methods 2.2.28). Cells were also co-transfected with 2|j,g of 

either the C O L lA l target 1 or target 2 construct and a non-targeting control 

siRNA with no homology to any known mammalian genes. Subsequent to 

transfection, C O L lA l mRNA transcript levels were measured using real

time rtPCR. Cells transfected with siRNA showed varying reductions in 

C O L lA l mRNA transcript levels as assessed by real-time rtPCR. Five 

independent sets of transfections were carried out for each of the four
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siRNA. Tw o sets o f transfections were carried out using cos-7 cells. The 

other three sets o f transfections were carried out using H eLa cells. In each 

set o f transfections each siRNA was tested at a m inim um  o f two 

concentrations (40pm ol and SOpmol) with each concentration being 

undertaken in duplicate. This allow ed for up to 20 independent 

transfections for each o f the four test siRNA. RN A  isolated from  each 

transfection was run in m ultiple real-tim e rtPC R reactions, usually in 

duplicate. Expression from  glyceraldehyde-3-phosphate dehydrogenase 

(GA PD H ) and neom ycin genes were used as controls. This rigorous testing 

ensured suppression values obtained were as accurate and reproducible as 

possible. An exam ple real-tim e rtPCR standard curve report and analysis 

report are shown in figures 4.9 and 4.10. A single set o f real-tim e rtPC R 

data including relevant calculations are shown in figure 4.11. The final 

data, com prising o f the m eans + !-  standard deviation, is show n in figure 

4.12. All expression level were norm alised against hum an C O L lA l 

fragm ent transcript levels in non-targeting siRNA transfections. Notably, all 

C O LlA l mRNA transcript levels in cells transfected with siRNAs targeting 

C O LlA l were significantly different (p<0.05, D ataD esk) from C O L lA l mRNA 

transcript levels in cells transfected with an siRNA with no homology to any 

known mammalian genes. siRNA#l suppressed the human C O L lA l target 1 by 

90% +/- 4. siRNA#2 suppressed the human C O LlA l target 1 by 58% +/- 17. 

siRNA#3 suppressed the human C O LlA l target 1 by 46% +/- 12. siRNA#4 

suppressed the human C O LlA l target 1 by 53% +/- 16. The siRNA with the 

greatest relative potency, out of the 4 examined in this study, was siRNA 1 which 

appeared to suppress approxim ately 90%  o f the target type 1 collagen gene.
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4.5 In vitro study of C0L7A1 suppression with siRNA

As discussed in sections 1.1.2 and 4.1 dominant dystrophic form of EB 

involve mutations in C0L7A1. In this section of the study human 

epidermal keratinocytes, HaCaT cells, which endogenously produce 

C0L7A1, were used to evaluate siRNA-based suppression of C0L7A1. 

With HaCaT cells, siRNA targeting human C0L7A1 can be introduced to 

the cells without the need to also supply the collagen target gene. This 

study again involved establishing the relative potency of individual siRNAs 

to suppress expression of the target gene, C0L7A1. Once more the most 

effective siRNAs can be identified and then used in future suppression 

research. siRNAs were commercially synthesised by Dharmacon. These 

materials were then tested in HaCaT cells using real-time rtPCR to measure 

reduction in C0L7A1 mRNA transcript levels.

4.5.1 Selection of siRNA targeting C0L7A1

Selection of siRNA targeting human COL7A1 was carried out on the 

Dharmacon siDESIGN centre web page. The selected siRNA target sites 

within COL7A1 were;

1. GTCAGACAGCATTCGACTT

2. GCCAGTGGATTTCGGATTA

3. CCTCGTGTTCCAAGCATTG

4. CCAGATAATGAGCTGAGAT

5. CGAGTGCACGTCCGTTATT

4.5.2 In vitro suppression studies of siRNA in HaCaT cells 

endogenously expressing COL7A1

Suppression of human COL7A1 transcripts was evaluated by transfection 

of HaCat cells with siRNA targeting human COL7A1 using Oligofectamine 

(as described in materials and methods 2.2.30). Subsequent to transfection 

C0L7A1 mRNA transcript levels were measured using real-time rtPCR. 

Cells transfected with siRNA showed varying reductions in C0L7A1
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mRNA transcript levels as assessed by real-time rtPCR. Three independent 

sets of transfections were carried out for each siRNA. In each set of 

transfections each siRNA was tested at two concentrations (lOOpmol and 

200pmol) with each concentration being undertaken in duplicate. This 

allowed for up to 12 independent transfections for each of the five test 

siRNA. RNA isolated from each transfection was run on multiple real-time 

rtPCR reactions, usually in duplicate. Expression from glyceraldehyde-3- 

phosphate dehydrogenase (GAPDH) was used as a control. This rigorous 

testing ensured suppression values obtained were as accurate and 

reproducible as possible. An example real-time rtPCR standard curve report 

and analysis report are shown in figures 4.13 and 4.14. A single set o f real

time rtPCR data including relevant calculations are shown in figure 4.15. 

The final data, comprising of the means +/- standard deviation, is shown in 

figure 4.16. All expression levels were normalised against human COL7A1 

transcript levels in non-targeting siRNA transfections. COL7A1 mRNA 

transcript levels in cells transfected with siRNAs 1, 2, 3 and 5 targeting C0L7A1 

were significantly different (p<0.05, DataDesk) from COL7A1 mRNA transcript 

levels in cells transfected with an siRNA with no homology to COL7A1. siRNA# 1 

suppressed human C0L7Alby 79% +/- 7. siRNA#2 suppressed human COL7A1 

by 49% +/- 7. siRNA#3 suppressed human C0L7A1 by 62% +/- 8. siRNA#5 

suppressed human C0L7A1 by 65% +/- 7. However, siRNA 6 whilst 

demonstrating slight suppression in HaCaT cells was not significantly different 

(DataDesk) from cells transfected with an siRNA with no homology to C0L7A1. 

siRNA#6 suppressed human COL7A1 by 26% +/- 10. The siRNA with the 

greatest relative potency, out of the 5 examined in this study, was siRNA 1 which 

appeared to suppress approximately 80% of the target type 7 collagen gene.
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4.6 Discussion

This study, to determine if RNAi represents a suitable suppression 

technique for a mutation independent approach, demonstrates the potential 

of RNAi as a powerful suppression tool. Notably, RNAi is sequence 

specific and transitive interference does not appear to occur in mammals.

Once the suitability of RNAi was established the next step was to test 

multiple siRNA to find ones that successfully elicit the necessary 

suppression of the human C O L lA l and the human COL7A1 mRNA. 

Suppression of human C O L lA l transcripts was evaluated by co

transfection of HeLa and cos-7 cells with siRNAs targeting human 

C O L lA l and subsequently transcript levels measured using real-time 

rtPCR. Notably, approximately 90% suppression of the target collagen I 

gene was obtained with one of the siRNA. This siRNA was used in further 

studies carried out in the lab in Trinity College Dublin by Helena 

McMahon. In these studies mesenchymal progenitor cells (MFC), which 

endogenously produce C O L lA l, were transfected using the nucleofactor 

device from Amaxa biosystems. Again suppression in excess of 90% was 

observed. Furthermore, Dr. Sophia Millington-W ard (Genetics, Trinity 

College Dublin) has demonstrated that successful mRNA suppression of the 

human C O L lA l mRNA correlates to suppression of the human C O L lA l 

protein in human MFCs (Millington-W ard et al., 2004). From both these 

studies it is apparent that siRNAs selected due to their relative potency as 

determined in assays such as that above (section 4.4) may indeed correlate 

to siRNAs with high potential to suppress in vivo.

Suppression of human C0L7A 1 transcripts was evaluated by transfection 

of HaCaT cells with siRNAs targeting human C 0L7A 1, again measuring 

transcript levels using real-time rtFCR. In contrast with the study of RNAi- 

based suppression of C O L lA l, which involved co-transfection of the 

partial target gene with the suppressing agent, this study involved cells 

which endogenously produce the target protein. In human epidermal 

keratinocytes approximately 80% suppression o f the target collagen VII
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gene was obtained with siRNA 1. The aim of this study was to establish 

siRNAs that demonstrate high relative potency in vitro in the hope that 

these same siRNAs represent the best siRNAs to use in an in vivo study. It 

is of interest that in both the C O LlA l and COL7A1 studies it was siRNA 

targeting the 5’ end of the construct that elicited the highest relative 

potency. Without further studies it is uncertain whether this is due to some 

aspect of siRNA activity or is co-incidence.

In essence these studies undertaken demonstrate that RNAi represents a 

potent suppressing agent for suppression of collagen I gene expression and 

is appropriate to utilise as a component of a suppression and replacement 

strategy for dominant forms of collagen I linked 01. Furthermore, it has 

been demonstrated that RNAi represents a potent suppressing agent for 

suppression of collagen VII gene expression and is appropriate to utilise as 

a component of a suppression and replacement strategy for dominant forms 

of collagen VII linked EB.

In June 2003 Nature Cell Biology published an editorial addressing the rise 

in publication of RNAi based studies (Whither RNAi? Nature Cell Biology 

5, 489 - 490 (2003)). One of the aims of this editorial was to lay out the 

controls necessary in RNAi studies including both loss of function studies 

and suppressions studies (such as those presented in this chapter). Notably, 

the studies presented in this chapter were carried out prior to this editorial, 

nevertheless the presented data will be critically analysed, in retrospect, in 

relation to their suggestions (which are now universally accepted). They 

suggest a mismatched (or scrambled) siRNA that has no homology to the 

intended target. This type of control is used in the study presented here, in 

the form of the non-targeting siRNA. Another suggested control is a 

quantitative control which involves titration of the siRNA. Whilst the 

minimum concentration of siRNA required to suppress was not ascertained 

in the above studies the siRNAs were tested at multiple concentration. A 

third suggested control is a functional control. Notably, this from of control 

is represented in the form of the replacement gene in the study discussed in 

section 4.3. The next control is a multiplicity control which involves
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demonstrating a similar effect with two or more siRNAs targeted to 

different sites of the intended target. This control is very important in 

functional genomics studies involving loss of function using RNAi. The 

studies presented in this chapter involve multiple siRNAs as the aim is to 

quantify the relative potency of these siRNA. The final control they suggest 

is a basic control. This highlights the importance of showing reduction of 

expression at the mRNA and protein level. The studies in this chapter 

clearly demonstrate suppression at the mRNA level using real time rtPCR 

but lack this protein data.

The single greatest omission from the above studies is the lack of protein 

data to back up the mRNA data. As mentioned above the effect o f the 

siRNAs on mRNA levels was quantified using real time rtPCR. The levels 

of C O L lA l and C0L7A 1 expression levels were calculated and 

suppression of mRNA analysed in this sense. However no protocols, 

typically used to quantify protein levels, were used. Possible methods of 

quantifying the effect of siRNAs on protein level include W estern blotting 

and ELISA (Enzyme-Linked Immunosorbent Assay). Both methods 

involve antibodies specific to your protein of interest (in this case C O L lA l 

and COL7A1). W hilst the studies above do not address protein expression 

it is notable that suppression of both C O L lA l (OI) and COL7A1 (EB) 

protein levels are being analysed to further the above studies. As discussed 

above Dr. Sophia M illington-W ard (Genetics, Trinity College Dublin) has 

carried out human C O L lA l protein studies in human MPCs. This study 

uses a C O L lA l ELISA to quantify C O L lA l protein levels. Furthermore, 

as discussed above, Helena McMahon (Genetics, Trinity College Dublin) 

has carried out further studies in mesenchymal progenitor cells (MPC), 

which endogenously produce C O L lA l. These studies include both Western 

blotting and ELISA. Further COL7A1 suppression studies including protein 

data are currently being set up by me. To this end two monoclonal anti

collagen Type VII antibodies, clone LH7.2 (Sigma) and MAB2501 

(Chemicon), have been purchased. These studies will include Western 

blotting and ELISA, as well as real time rtPCR, to quantify the effect 

various siRNA have on both mRNA and protein levels.
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c o l l A I R N A i F

N N _ 0 0 0 0 8 8 :  AG6GACCCAAG6GAGACACTQOCCCCC6AQGCCCAAOGOGACCCOCAOOC : 5 0

N M _ 0 0 0 0 8 8 :  CCCCCTGGCCGAGATGGCATCCCTGGACAGCCTGGACTTCCCGGACCCCC : 1 0 0  

N T y i_ 0 0 0 0 8 8 : CGGACCCCCCGGACCTCCCGGACCCCCTGGCCTCGGAGGAAACTTTGCTC : 1 5 0  

N M _ 0 0 0 0 8 8 :  CCCAGCTGTCTTATGGCTATGATGAGAAATCAACCGGAGGAATTTCCGTG : 2 0 0  

N M _00 0 0 8 8 :  CCTGGCCCCATGGGTCCCTCTGGTCCTCGTGGTCTCCCTGGCCCCCCTGG : 2 5 0  

N M _ 0 0 0 0 8 8 :  TGCACCTGGTCCCCAAGGCTTCCAAGGTCCCCCTGGTGAGCCTGGCGAGC : 3 0 0

c o l l A l R N A i R

NM 0 0 0 0 8 8 :  CTGGAGCTTCAGGTCCCATG : 3 2 0

Figure 4.1 Nucleotide sequence context of primers used to amplify the human 

COLlAl gene fragment

The sequence with accession number NM_000088 was taken from 

GenBank. Primers were designed to amplify a 320bp amplicon 

surrounding the siRNA target region. The position of the forward primer 

collA IRN A iF is marked in red and the position of the reverse primer 

collA lRN A iR is marked in blue.
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c o l l A l R N A i l -

N M _ 0 0 0 0 8 8 : AGGGACCCAAGGGAGACACTGGCCCCC6AGGCCCAAGGGGACCCGCAGOC : 50

N M _ 0 0 0 0 8 8 : CCCCCTGGCCGAGATGGCATCCCTGGACAGCCTGGACTTCCCGGACCCCC : 1 0 0  

N M _ 0 0 0 0 8 8 : CGGACCCCCCGGACCTCCCGGACCCCCTGGCCTCGGAGGAAACTTTGCTC ; 1 5 0  

N M _ 0 0 0 0 8 8 : CCCAGCTGTCTTATGGCTATGATGAGAAATCAACCGGAGGAATTTCCGTG : 2 00

N M _ 0 0 0 0 8 8 : CCTGGCCCCATGGGTCCCTCTGGTCCTCGTGGTCTCCCTGGCCCCCCTGG : 2 5 0  

N M _ 0 0 0 0 8 8 : TGCACCTGGTCCCCAAGGCTTCCAAGGTCCCCCTGGTGAGCCTGGCGAGC : 3 0 0

c o l l A l R N A i R

NM 0 0 0 0 8 8 ;  CTGGAGCTTCAGGTCCCATG : 3 2 0

Figure 4.2 Nucleotide sequence context of primers used to amplify the human 

COLlAl gene fragment and introduce altered bases

The sequence with accession number NM_000088 was taken from 

GenBank. Primers were designed to introduce altered bases (as in 

m aterials and m ethods 2.2.17). The position of the forward primer 

collA lRN A iF is marked in red and the position of the reverse primer 

collA lRN A R is marked in blue. The mutation primer is marked in purple 

with the altered bases highlighted and marked by an arrow.
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164bp -

184bp 1 s t  Round

• Mutation
• coHM RNAiF

■ col1 A1 RepR
-  co llA lR ep F
^  coHAIRNAiR

Figure 4,3 Primer directed mutagenesis PCR

Primer directed mutagenesis PCR to introduce altered based. Primers 

collA lR N A iF and collA lRepR and primers collA lR epF  and colRNAiR 

were used to PCR amplify fragments of 164bp and 184bp respectively. 

Using the initial PCR amplification products as templates a second round 

of PCR using primers collA lRN A iF and collA lRN A iFR gave the 320bp 

fragment with altered bases (see materials and methods sections 2.2.17).
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Amino acid # 157 158 159 160 161 162 163 164 165

Wild-type

target

GGA AAC TTT GCT CCC CAG CTG TCT TAT

Modified

target

GGC AAC TTT GCG CCA CAG CTT TCG TAT

Amino acid Gly Ala Pro Leu Ser

Figure 4.4 Wild-type COLlAl fragment vs. replacement COLlAl fragment

The sequence specificity of siRNA suppression was further 

explored using a modified co llA l-eG F P  construct carrying five 

base changes in the sequence targeted by siRNA. These alterations 

are at codons 157, 160, 161, 163 and 164 (accession number 

NM_000088). In codon 157 there is an A to C change in the third 

base. This is the wobble position and hence both the wild type GGA 

and modified GGC sequences code for a glycine residue in the 

protein. In codon 160 there is a T to G change in the third base, both 

the wild type GCT and modified GCG sequences code for an 

alanine residue in the protein. In codon 161 there is a C to A change 

in the third base, both the wild type CCC and modified CCA 

sequences code for a proline residue in the protein. . In codon 163 

there is a G to T change in the third base, both the wild type CTG 

and modified CTT sequences code for a leucine residue in the 

protein. In codon 164 there is a T to G change in the third base, both 

the wild type TCT and modified TCG sequences code for a serine 

residue in the protein.
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Figure 4.5 eGFP fluorescence in cos-7 cells with siRNA targeting COLlAl

eGFP fluorescence in ceils was measured with a Picofluor fluorimeter 

(Turner Designs) (using excitation optics with a blue LED at 475nm (+/- 

15), emission optics at 515nm (+/-20). Lane A shows eGFP fluorescence 

in cos-7 cells with the human collA l-eG FP construct. siRNA targeting 

C O LlA l inhibited the wild type target (lane B) whereas transcripts with 

sequence modifications at five degenerate sites along the C O LlA l 

sequence targeted by siRNA avoided suppression (lanes D). Similarly no 

suppression was observed when a control siRNA was used (lane C). Data 

+/- standard deviation are derived from four independent experiments 

evaluating eGFP fluorescence. Furthermore, eGFP fluorescence was 

assessed in a stable cell line expressing the collA l-eG FP target (lane E). 

siRNA-1 targeting wild type C O LlA l suppressed the target in cells stably 

expressing the collA l-eG FP target (lane F); whereas no suppression was 

observed using a control siRNA (lane G).
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Figure 4.6 Investigation into the presence of transitive interference

eGFP fluorescence in cells was measured with a Picofluor fluorimeter 

(Turner Designs) (using excitation optics with a blue LED at 475nm (+/- 

15), emission optics at 515nm (+/-20). Lane A shows eGFP fluorescence 

as assessed in a stable cell line expressing the collA l-eG FP target. siRNA 

targeting wild type C O LlA l suppressed the target in cells stably 

expressing the collA l-eG FP target (lane B); whereas no suppression was 

observed using a control siRNA (lane C). Cells with the wild type 

C O LlA l target (stably expressed) and a modified C O L lA l target (co

transfected) showed some suppression with siRNA targeting the wild type 

C O LlA l sequence (lane E) compared to the expression found in cos-7 

cells with non-complimentary siRNA (lane D). This suppression is likely 

due to inhibition by siRNA-1 of the wild type C O L lA l target while the 

modified C O LlA l target avoided suppression. This data indicates that the 

phenomenon of transitive interference has not ocuured.
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coll AlTarj»t‘tlK
N M _ 0 0 0 0 8 8 : CCCAGCCACAAAGAGTCTACATGTCTAGGGTCTAGACATGTTCAGCTTTG : 50  

N M _ 0 0 0 0 8 8 : TGGACCTCCGGCTCCTGCTCCTCTTAGCGGCCACCGCCCTCCTGACGCAC : 1 0 0  

N M _ 0 0 0 0 8 8 : GGCCAAGAGGAAGGCCAAGTCGAGGGCCAAGACGAAGACATCCCACCAAT : 1 5 0  

N M _ 0 0 0 0 8 8 : CACCTGCGTACAGAACGGCCTCAGGTACCATGACCGAGACGTGTGGAAAC : 2 0 0  

N M _ 0 0 0 0 8 8 : CCGAGCCCTGCCGGATCTGCGTCTGCGACAACGGCAAGGTGTTGTGCGAT : 2 5 0  

N M _ 0 0 0 0 8 8 : GACGTGATCT6TGACGAQACCAAGAACTGCCCCGGCGCCGAAGTCCCCGA : 3 0 0  

N M _ 0 0 0 0 8 8 : GGGCGAGTGCTGTCCCGTCTGCCCCGACGGCTCAGAGTCACCCACCGACC ; 3 5 0  

N M _ 0 0 0 0 8 8 : AAGAAACCACCGGCGTCGAGGGACCCAAGGGAGACACTGGCCCCCGAGGC : 4 0 0  

N M _ 0 0 0 0 8 8 ; CCAAGGGGACCCGCAGGCCCCCCTGGCCGAGATGGCATCCCTGGACAGCC : 4 5 0  

N M _ 0 0 0 0 8 8 : TGGACTTCCCGGACCCCCCGGACCCCCCGGACCTCCCGGACCCCCTGGCC : 5 0 0  

N M _ 0 0 0 0 8 8 : TCGGAGGAAACTTTGCTCCCCAGCTGTCTTATGGCTATGATGAGAAATCA : 5 5 0  

N M _ 0 0 0 0 8 8 : ACCQGAGGAATTTCCGTGCCTGGCCCCATGGGTCCCTCTGGTCCTCGTGG : 6 0 0  

N M _ 0 0 0 0 8 8 : TCTCCCTGGCCCCCCTGGTGCACCTGGTCCCCAAGGCTTCCAAGGTCCCC : 6 5 0  

N M _ 0 0 0 0 8 8 : CTGGTGAGCCTGGCGAGCCTGGAGCTTCAGGTCCCATGGGTCCCCGAGGT : 7 00  

N M _ 0 0 0 0 8 8 : CCCCCAGGTCCCCCTGGAAAGAATGGAGATGATGGgHBHSHHHBHB : 7 50  

N M _ 0 0 0 0 8 8 : iggBTCCTGGTGAGCGTGGGCCTCCTGGGCCTCAGGGTGCTCGAGGAT : 8 0 0  

N M _ 0 0 0 0 8 8 : TGCCCGGAACAGCTGGCCTCCCTGGAATGAAGGGACACAGAjaBBBBBHi : 8 5 0  

N M _ 0 0 0 0 8 8 : SHBffiiTGGTGCCAAGGGAGATGCTGGTCCTGCTGGTCCTAAGGGTGA : 9 0 0  

N M _ 0 0 0 0 8 8 : GCCTGGCAGCCCTGGTGAAAATGGAGCTCCTGGTCAGATGGGCCCCCGTG : 9 5 0  

NM_0 0 0 0 8 8 :  GCCTGCCTGGTGAGAGAGGTCGCCCTGGAGCCCCTGGCCCTGCTGGTGCT :1 0  0 0

col IA I Tarjjel 1 R
N M _ 0 0 0 0 8 8 : CGTGGAAATGATGGTGCTACTGG : 1 0 2  3

Figure 4.7 Nucleotide sequence context of primers used to amplify the human 

COLlAl gene fragment

The sequence with accession number NM_000088 was taken from 

GenBank. Primers were designed to amplify a 1030bp amplicon 

surrounding the siRNA target sites. The position of the forward primer 

co ilA lT argetlF  is marked in red and the reverse primer co llA lT argetlR  

is marked in blue. The siRNA within target region 1 are highlighted in 

yellow. Real-time rtPCR primer sites are highlighted in green.
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coll A lT a rg e tIF
N M _ 0 0 0 0 8 8 :  CAAGAGAAGGCTCACGATGGTGGCCGCTACTACCGGGCTGATGATGCCAA : 5 0  

N M _ 0 0 0 0 8 8 ;  TGTGGTTCGTGACCGTGACCTCGAGGTGGACACCACCCTCAAGAGCCTGA : 1 0 0  

N M _00 0 0 8 8 :  GCCAGCAGATCGAGAACATCCGGAGCCCAGAGGGAAGCCGCAAGAACCCC : 1 5 0  

N M _ 0 0 0 0 8 8 :  GCCCGCACCTGCCGTGACCTCAAGATQTGCCACTCTGACTGGAAGAGTGG : 2 0 0  

N M _ 0 0 0 0 8 8 :  AGAGTACTGGATTGACCCCAACCAAGGCTGCAACCTGGATGCCATCAAAG : 2 5 0  

N M _ 0 0 0 0 8 8 :  TCTTCTGCAACATGGAGACTGGTGAGACCTGCGTGTACCCCACTCAGCCC : 3 0 0  

N M _ 0 0 0 0 8 8 :  A G TG TG G CCCA G A A G A A C TG G TA C A TC A G CA A G A A CCC CA A G G BH H B : 3 5 0  

N M _ 0 0 0 0 8 8 :  H B B H H H B B g G C G A G A G C A T G A C C G A T G G A T T C C A G T T C G A G T A T G  : 4 0 0  

N M _ 0 0 0 0 8 8 :  G C G G C C A G G G C T C C G A C C C T G C C G A T G T G G C C A T C C A G C T G aH E tC ® | : 4 5 0  

N M _ 0 0 0 0 8 8 :  aH fflH B SBJCCA C CG A G G CCTCC CA G A A C A TC A CC TA C CA C TG C A A G A A  : 5 0 0  

N M _ 0 0 0 0 8 8 :  CAGCGTGGCCTACATGGACCAGCAGACTGGCAACCTCAAGAAGGCCCTGC : 5 5 0  

N M _ 0 0 0 0 8 8 :  TCCTCAAGGGCTCCAACGAGATCGAGATCCGCGCCGAGGGCAACAGCCGC : 6 0 0  

N M _ 0 0 0 0 8 8 :  TTCACCTACAGCGTCACTGTCGATGGCTGCACGAGTCACACCGGAGCCTG : 6 5 0  

N M _00 0 0 8 8 :  GGGCAAGACAGTGATTGAATACAAAACCACCAAGTCCTCCCGCCTGCCCA : 7 0 0  

N M _ 0 0 0 0 8 8 :  TCATCGATGTGGCCCCCTTGGACGTTGGTGCCCCAGACCAGGAATTCGGC : 7 5 0  

N M _ 0 0 0 0 8 8 :  TTCGACGTTGGCCCTGTCTGCTTCCTGTAAACTCCCTCCATCCCAACCTG : 8 0 0  

N M _ 0 0 0 0 8 8 :  GCTCCCTCCCACCCAACCAACTTTCCCCCCAACCCGGAAACAGACAAGCA : 8 5 0  

N M _ 0 0 0 0 8 8 :  ACCCAAACTGAACCCCCCCAAAAGCCAAAAAATGGGAGACAATTTCACAT : 9 0 0  

N M _ 0 0 0 0 8 8 :  GGACTTTGGA AAATATTTTTTTCCTTTG CATTCA TCTCTCAAA CTTAGTT : 9 5 0

col 1A IT argetZ R
NM _0 0 0 0 8 8 :  TTTATCTTTGACCAACCGAACATGACCAAAAACCAAAAGTGCATTCAACC : 1 0  0 0 

N M _ 0 0 0 0 8 8 :  TTAC : 1 0 0 4

Figure 4.8 Nucleotide sequence context of primers used to amplify the human 

COLlAl gene fragment

The sequence with accession number NM _000088 was taken from 

GenBanic. Primers were designed to amplify a lOlObp amplicon 

surrounding the siRNA target sites. The position of the forward prim er 

co ilA lT arge t2F  is mari<ed in red and the reverse primer co llA lT arget2R  

is marked in blue. The siRNA within target region 2 is highlighted in 

yellow. Real-time rtPCR primer sites are highlighted in green.
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Figure 4.9 Real-time rtPCR standard curve from one human COLlAl gene 

fragment real-time rtPCR run

Demonstration standard curve report from one real-time rtPCR run 

analysing human C O L lA l fragment transcript levels. The standard curve 

as shown in the graph above plots crossing cycle num ber versus the log of 

the concentration. The values listed below the standard curve (e.g. slope, 

intercept, error and r) describe the curve data for the calculated regression 

line. W hilst these are common mathematical operations they have some 

relationship to the rtPCR itself. The slope represents the overall reaction 

efficiency, the error indicates tube to tube variation (e.g. pipetting error) 

and r gives an indication of systemic errors (e.g. accum ulated error in 

dilution series)
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Figure 4.10 Real-time rtPCR analysis reports from one human COLlAl gene 

fragment real-time rtPCR run

Demonstration analyses from one real-time rtPCR run analysing human 

C O LlA l gene fragment transcript levels. The graph above plots 

fluorescence versus crossing cycle number for each sample. Each curve 

above represents an individual sample. Fluorescence, as graphed above, 

occurs due to the fact that SYBR green (used in the real-time rtPCR 

reaction) binds to double-stranded DNA and fluoresces when excited at 

470nm. As the real-time rtPCR product concentration increases (i.e. 

increase in the amount of DNA) so to does the level of fluorescence.
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ij<i|xlh p i ii i ie is A B C D
siRNA(non) 2.799

sIRNA #1 gOpmol 3.221
SiRNA #1 40pmol 2  626
siRNA #2 SOpmol 2.541
SiRNA #2 40pmol 2,46
siRNA #3 SOpmol 3.038
siRNA #3 40pmol 3.424

c o llA I  U i i je t  1 i ii i in e is
siRNA(non) 1.529 0.546266524 1 0

SiRNA #1 SOpmol 0.1713 0.053182242 0.09735585 90.26441504
siRNA #1 40pmol 0.1587 0.06043412 0.110631199 88.93688013
siRNA ffi SOpmol 0.521 0.205037387 0.37534313 62.465687
siR N A ffi 40pmol 0.6351 0.25608871 0.468798102 53.12018977
SiRNA SOpmol 0.SO3 0.26431S631 0.4S3S63863 51.61361365
siRNA #3 40pmol 1.011 0.295268692 0.5405213 45.94787

T

Norm alised express ion  values w ntten 
 ̂ a s  percen tage  sup p ress io n  w hen 
com pared to non-target siRNA 
e.g. (1 -0 .09735585)x100  = 90%

w eighed coM A1 values norm alised against values for non-targeting siRNA 
e.g 0.063182242/0,546266524 = 0.09735585

C0 IIAI values w eighed against gapdh values 
e.g. 1.529/2.799 =  0.546266524

Figure 4.11 Data and calculations from one human COLlAl gene fragment 

real-time rtPCR runs

The data set labelled ‘siRN A(non)’ represents a non-targeting siRNA with 

no homology to any known mammalian genes. W hen C O L lA l target 1 

primers were used the concentration calculated from the standard curve 

(using the crossing point as in section 4.2.4) was 1.5. W hen GAPDH 

primers were used the concentration calculated from the standard curve 

(using the crossing point as in section 4.2.4) was 2.8. In principle control 

(housekeeping) gene expression levels should not fluctuate between cell 

experiments, i.e. gapdh mRNA concentration should be a product of the 

starting concentration of RNA in the test sample. Assuming this to be true 

C O L lA l levels can be weighted such that C O L lA l mRNA 

concentrations from independent transfections can be compared. When 

this is done for ‘siRNA(non)’ the value obtained is 0.55 (as shown above). 

This calculation was also done for all other data sets i.e. siRNA #1 - #3 at 

SOpmol and 40pmol (as above). When the C O L lA l mRNA concentration 

is then set to 1 (indicating maximum C O L lA l expression) the relative 

expression o f C O L lA l RNA in cells transfected with siRNAs targeting 

C O L lA l can be compared to cells transfected with a non-targeting siRNA 

with data expressed as a percentage suppression (as dem onstrated above).
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Figure 4.12 COLlAl mRNA transcript levels in cos-7 and HeLa cells with 

siRNA targeting COLlAl

C O L lA l mRNA transcript levels were measured using real-time rtPCR 

and normalised against non-targeting controls. Lane A shows siRN A #l 

targeting human C O L lA l. siRN A #l suppressed the human C O L lA l 

target 1 by 90% +/- 4. Lane B shows siRNA#2 targeting human C O L lA l. 

siRNA#2 suppressed the human C O L lA l target 1 by 58% +/- 17. Lane C 

shows siRNA#3 targeting human C O L lA l. siRNA#3 suppressed the 

human C O L lA l target 1 by 46% + !- 12. Lane D shows siRNA#4 

targeting human C O L lA l. siRNA#4 suppressed the human C O L lA l 

target 1 by 53% + !- 16. Notably, all C O L lA l mRNA transcript levels in 

cells transfected with siRNAs targeting C O L lA l were significantly 

different (p< 0 .05 , D a taD esk ) from C O L lA l mRNA transcript levels in 

cells transfected with an siRNA with no homology to C O L lA l. The graph 

represents the means and standard deviations from 100 independent 

transfections.
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Figure 4.13 Real-time rtPCR standard curve from one human COL7A1 gene 

real-time rtPCR run

Demonstration standard curve report from one real-time rtPCR run 

analysing human C 0L7A 1 transcript levels. The standard curve as shown 

in the graph above plots crossing cycle num ber versus the log o f the 

concentration. The values listed below the standard curve (e.g. slope, 

intercept, error and r) describe the curve data for the calculated regression 

line. W hilst these are common mathematical operations they have some 

relationship to the rtPCR itself. The slope represents the overall reaction 

efficiency, the error indicates tube to tube variation (e.g. pipetting error) 

and r gives an indication of systemic errors (e.g. accum ulated error in 

dilution series)
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Figure 4.14 Real-time rtPCR analysis reports from one human COL7A1 gene 

real-time rtPCR run

Demonstration analyses from one real-time rtPCR run analysing human 

C 0L7A 1 gene transcript levels. The graph above plots fluorescence 

versus crossing cycle number for each sample. Each curve above 

represents an individual sample. Fluorescence, as graphed above, occurs 

due to the fact that SYBR green (used in the real-time rtPCR reaction) 

binds to double-stranded DNA and fluoresces when excited at 470nm. As 

the real-time rtPCR product concentration increases (i.e. increase in the 

amount o f DNA) so to does the level of fluorescence.
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p ih n e is A 3 C D
Cells + Lipo 1.149
siRNA 5 200 1.764
siRNA 5 200 1.962
siRNA 5 200 1,863
siRN A S 100 1.49
siRN A S 100 1 32
SiRNA 6  200 1.32
SIRNA6  200 1.092
SIRNA6  200 1 1
S1R N A 6  100 1 37
SiRNA 6  100 1,22

col7A1 |) iiiii« is
Cells + Upo 1.919 1.670147955 1 G
siRNA 5 200 1 142 0.B4739229 0.387625712 61 23742879
SIRNA5 200 1 15 0.509139344 03 5 2 746799 64.72532014
SiRNA 5  200 0.9302 0,499302201 0.298956867 70.10431325
siRN A S 100 0 8 8 0,590604027 0.353623776 54 63762236 Normalised expression  values written

siR N A 5 100 0.729 0552272727 0  330672936 66 93270643 _  a s  percen tage  supp ressio n  when

S1R N A 6 2 OO 1,528 1,157575758 0.693097731 30.69022692 com pared  to non-target siRNA

SIRNA6  200 1 36 1.245421245 0,745695159 25.43048405 e.g. 0  - 0 .387625712)x l00  = 61%

S1R N A 6 2 OO 1,398 1,270909091 0,76095599 23,90440097
S1R N A 6  100 1,741 1.27080292 0.76089242 23,91075796
siR N A 6  100 1,59 1.303278689 0.780337266 21.96627342

t
w eighed col7Al values norm alised against values for non-targeting siRNA
e.g. 0  64739229/1 670147955 = 0.387625712

C0 I7A1 values weighe d against gapdh values
e g ,  1 ,919/1,149 = 1,670147955

Figure 4.15 Data and calculations from one human COL7A1 gene real-time 

rtPCR runs

The data set labelled ‘Cells + L ipo’ represents a non-targeting siRNA with 

no homology to any known mammalian genes. W hen C 0L 7A 1 primers 

were used the concentration calculated from the standard curve (using the 

crossing point as in section 4.2.4) was 1.9. W hen gapdh primers were used 

the concentration calculated from the standard curve (using the crossing 

point as in section 4.2.4) was 1.15. In principle control (housekeeping) 

gene expression levels should not fluctuate between cell experim ents, i.e. 

gapdh mRNA concentration should be a product o f the starting 

concentration of RNA in the test sample. Assuming this to be true 

C 0L7A 1 levels can be weighted such that COL7A1 mRNA 

concentrations from independent transfections can be compared. W hen 

this is done for ‘siRN A(non)’ the value obtained is 1.67. This calculation 

was also done for all other data sets i.e. siRNA #5 - #6 at 200pmol and 

lOOpmol (as above). W hen the C 0L7A 1 mRNA concentration is then set 

to 1 (indicating maximum C 0L7A 1 expression) the relative expression of 

C 0L7A 1 RNA in cells transfected with designs targeting C 0L7A 1 can be 

compared to cells transfected with a non-targeting siRNA with data 

expressed as a percentage suppression (as demonstrated above).
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Figure 4.16 COL7A1 mRNA transcript levels HaCaT cells transfected with 

siRNA targeting COL7A1

COL7A1 mRNA transcript levels were measured using real-time rtPCR. 

Lane A shows siRNA#l targeting human COL7A1. siRNA#l suppressed 

human COL7Alby 79% +/- 7. Lane B shows siRNA#2 targeting human 

C0L7A1. siRNA#2 suppressed human C0L7A1 by 49% +/- 7. Lane C 

shows siRNA#3 targeting human COL7A1. siRNA#3 suppressed human 

COL7AI by 62% +/- 8. Lane D shows siRNA#5 targeting human 

COL7AL siRNA#5 suppressed human COL7A1 by 65% +/- 7. Lane E 

shows siRNA#6 targeting human C0L7A1. siRNA#6 suppressed human 

C0L7A1 by 26% +/- 10. Notably, all C0L7A1 mRNA transcript levels in 

cells transfected with siRNAs 1, 2, 3 and 5 targeting COL7A1 were 

significantly different (p<0.05, D ataD esk) from C0L7A1 mRNA 

transcript levels in cells transfected with an siRNA with no homology to 

COL7A1. However, siRNA 6 whilst demonstrating slight suppression in 

HaCaT cells was not significantly different (DataDesk) from cells 

transfected with an siRNA with no homology to COL7A1. The graph 

represents the means and standard deviations from 72 independent 

transfections.
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Chapter 5

Tissue specific RNAi: Design, cloning and

vitro analysis



5.1 Introduction

As previously discussed RNAi represents a powerful tool which may be 

used in a gene therapy involving the need to silence expression of a disease 

gene. Much of the research undertaken in the field of RNAi in mammalian 

cells and animals has utilised synthetic siRNAs such as that used in chapter 

4 of this study. Such synthetic siRNA can clearly elicit a potent and specific 

suppression of gene expression in mammalian systems (Elbashir et al., 

2001a). However, synthesised siRNA can typically only provide transient 

suppression of a target gene, typically in the order of 7 to 10 days. To 

overcome this limitation, a mammalian vector which expresses siRNA-like 

transcripts capable of suppression of target mRNA is necessary. Notably, at 

the time the research in this thesis was initiated, no such plasmid design had 

been published. Subsequently, several methods to generate stable vector 

driven RNAi have been developed.

As stated above, the transient nature of synthesised siRNA is one reason a 

vector driven design was required for the current study. Another reason is 

cost; the cost of synthesising siRNA is not insignificant, making a more 

cost effective method practical for investigating in parallel the functions of 

large numbers of genes or indeed testing multiple different sequences 

against the same gene. Notably, cost of siRNA can be reduced by 

synthesising them in vitro using T7 RNA polymerase (Yu et al 2002; 

Paddison et al., 2002). An additional benefit, of a plasmid based approach, 

is that it allows for the ability to generate stable cell lines with a suppressor 

or even to create transgenic animals. One key parameter that must be taken 

into account when using a plasmid based approach for the production of 

functional siRNAs is the siRNAs lack of tolerance of overhanging 

nucleotides (Elbashir et al., 2001b). Short hairpin RNA (shRNA) 

containing the sense and antisense strands linked by a hairpin loop are 

processed into active siRNA in vivo by Dicer (Paddison et al., 2002). 

Although this processing suggests that shRNA may be more tolerant of
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these overhanging nucleotides it is still necessary to express short double 

stranded RNAs with defined ends to produce potent siRNAs.

RNA polymerase III (Pol III) promoters direct the synthesis of small, non 

coding transcripts whose 3’ ends are clearly defined by termination within a 

stretch of 4 to 5 thymidines (in the DNA sequence) (Bogenhagen et al., 

1980). Given these features of Pol III promoters, it is possible to use Pol III 

promoters to synthesis, in vivo, small RNAs with the structural features 

required for potency. The U6 promoter is one such Pol III promoter which 

has the typical Pol III transcriptional termination (Tazi et al., 1993; Booth 

and Pugh, 1997). Whilst most genes transcribed by RNA polymerase III 

require cis-acting regulatory elements within their transcribed regions, the 

regulatory elements for the U6 small nuclear RNA gene are contained 

within the U6 promoter (Reddy, 1988). A number of plasmids containing 

shRNA sequences under the control of the U6 promoter have been 

successfully created, have generated functional siRNAs and elicited 

suppression of target transcripts (Paul et al., 2002; Miyagishi and Taira, 

2002; Sui et al., 2002 and Yu ef al., 2002). After the success of these 

original U6 promoter-driven shRNA constructs the U6 system has now 

been widely adopted by many scientists in the field of RNAi. The tRNAVal 

promoter was also used in some early plasmid based RNAi suppression 

studies (Kawasaki and Taira, 2003). Another somewhat similar promoter is 

the Pol 111 HI RNA gene promoter. The HI promoter again produces small 

RNA transcripts lacking a poly-adenosine tail and has a well defined start 

of transcription. A vector, pSuper (containing shRNA sequences), was 

created using the HI promoter and was successfully used to silence target 

genes over periods in excess of two months (Brummelkamp et al., 2002). 

Again HI promoter-driven constructs are currently widely used in shRNA 

suppression studies. The use of the Pol III promoters in the delivery of 

therapeutic RNAs was not newly developed for shRNA, these promoters 

had been previously used in a variety of gene therapy studies for example, 

Pol III promoters have been, and still are being, used successfully in the 

development of ribozyme-based therapeutics (Good et al., 1997; Beger et
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al., 2001 and Kato et al., 2001). Additionally, Pol III promoters have also 

been utilised in the delivery of antisense RNA (Ohkawa and Taira, 2000).

Given their widespread use in research, it may appear that Pol III driven 

shRNA constructs represent an ideal means to achieve stable and sequence 

specific RNAi-based suppression, however, whilst these systems clearly 

solve the problem of long-term suppression they do not address several 

issues important in a gene therapy approach where suppression of gene 

expression is required. The most important of these factors is the spatial or 

temporal specificity of the RNAi-based silencing. Notably, none of these 

methods allows for the controlled production of siRNAs as the promoters 

used are ubiquitous. In any suppression strategy, it is ideal to have a level 

of control over the expression of the suppression agent; in the case of RNAi 

the need for this control is even greater. W hilst RNAi represents a powerful 

tool for suppression of gene expression, significant ‘off-target’ effects have 

been observed where suppression of genes other than the target gene has 

been encountered (Jackson et al., 2003 and Leung and W hittaker 2005). For 

this reason it would obviously be valuable in terms of safety to minimise 

possible ‘off-target’ effects by limiting RNAi expression to the target 

tissue. The details of the so called ‘off-target’ effects and tissue specificity 

of RNAi will be dealt with in chapter 6 of this thesis. However, it must be 

noted here that the vast majority of mammalian promoters are RNA 

polymerase II promoters and that RNA polymerase II promoters have been 

studied in detail and are useful in systems that require tissue specific or 

signal activated transcription (Bonifer, 1999; Burcin et al., 1998; Brivanlou 

and Darnell, 2002). Notably, use of Pol II promoters in RNAi research is 

limited to date. This is largely due to Pol II promoters lacking the very 

properties that make Pol III promoters ideal for expression of functional 

siRNA, that is, the ability to produce small RNAs with well defined start of 

transcription and transcriptional termination.

The cytomegalovirus (CMV) promoter is a Pol II promoter expressed in 

most mammalian cell types. The CMV promoter has successfully been used 

in an extensive RNAi suppression study (Xia et al., 2002). In the study by
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Xia et al. the effects of Pol Il-expressed shRNA on gene expression in vitro 

was explored. An shRNA targeting enhanced green fluorescent protein 

(eGFP) was cloned almost immediately after the CMV transcription start 

site (within 6bp) and was followed by a 70bp minimal polyA cassette. The 

construct was termed siGFP. Two other constructs targeting P-galactosidase 

and human P-glucuronidase were generated and termed siPgal and si^gluc 

respectively. A final control construct was created with the eGFP targeting 

shRNA cloned after the CMV transcription start site but with a full length 

SV40 polyadenylation cassette. When co-transfected into HEK-293 cells 

with a plasmid producing eGFP (pEGFP-Nl) the siGFP construct markedly 

reduced eGFP fluorescence. Notably, with the other three plasmids the 

eGFP RNA, protein and fluorescence levels remained unchanged. 

Recombinant adenoviruses expressing siGFP and si^gluc were generated 

and use to infect HeLa cells. A specific reduction in human P- 

glucuronidase mRNA and ^-glucuronidase activity was seen in cells 

infected with siPgluc relative to cells infected with siGFP. The group then 

went on to demonstrate viral mediated suppression in mice. It was 

demonstrated that siGFP suppressed eGFP in mouse brain when delivered 

to the brain striatal region. Furthermore, additionally a construct expressing 

murine siPgluc was delivered to mouse liver via tail vein injection. Liver 

tissue harvested from injected mice showed a specific reduction in P- 

glucuronidase mRNA and a fluorometric assay of liver lysates confirmed 

this reduction with a decrease in enzyme activity. Finally Xia et al. 

demonstrated the application of these approaches to reduce expression of 

gene products in dominantly inherited diseases such as polyglutamine 

neurodegenerative disorders.

Whilst this research undoubtedly shows the capability of inducible and/or 

tissue specific expression of siRNA when the Pol II promoter is juxtaposed 

immediate to the transcriptional start site, it also serves to highlight a key 

problem associated with the use of Pol II promoters for RNAi. The lack of 

tolerance of overhanging nucleotides in shRNA requires knowledge of the 

position of the transcriptional start site for a given Pol II promoter. It is



notable that for many mammalian promoters the transcriptional start site is 

ill-defined or indeed multiple transcriptional start sites may be used by the 

promoter and hence placing shRNA sequences juxtaposed to a 

transcriptional start site may not always represent a viable option. 

Therefore, enabling use of Pol II promoters while still retaining minimal 

overhanging nucleotides would be valuable.

It is notable that cis-acting ribozymes cleave target sequences within the 

same RNA molecule. Indeed the first cis-acting ribozyme was identified in 

Tetrahymena and elicited intron cleavage (Kruger et al., 1982). Moreover, 

cis-acting ribozymes have been engineered into constructs designed to 

release an ‘active ribozyme’ tailored to destroy a target RNA (Taira et al., 

1990; Taira et al., 1991; Ohkawa et al., 1993). They have subsequently 

been used in a range of ‘shotgun’ ribozyme studies. Shotgun ribozymes 

contain a series of cis-acting ribozymes flanking trans-acting ribozymes. 

The action of these cis-acting ribozymes releases the trans-acting 

ribozymes. This ability of cis-acting ribozymes to cleave target sequences 

within the same RNA molecule at specific positions makes them suitable 

for the generation of siRNAs without extra overhanging nucleotides (from 

shRNA plasmids).

This introduction builds on the general RNAi introduction in chapter 1 and 

the more specific siRNA introduction in chapter 4. Notably, it provides 

details about shRNA, which were first introduced in chapter 1 (section 1.4). 

It also introduces the concept of using cis-acting hammerhead ribozymes in 

the delivery of gene therapeutics. Given that tissue specific RNA would be 

preferable for the reasons outlined in the introduction above, the focus of 

the current chapter of this thesis has been the generation of a novel 

methodology to achieve this key aim. The methodology explored involves 

the combining of powerful biological tools; RNAi, cis-acting ribozymes 

and polymerase II promoters. Initially constructs carrying combinations of 

shRNA sequence, cis-acting ribozymes and Pol II promoters were 

generated and their ability to drive expression of functional siRNAs in cell 

culture was investigated.
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5.2 Materials and methods

Below are listed specific techniques involved in undertaking the research 

presented in this chapter. All general materials and methods are listed in 

full in chapter 2.

5.2.1 PCR for R2D2 and tsRNAi constructs

All primers and oligonucleotides for R2D2 synthesis are listed in tables 2.3 

and 2.4 in chapter 2. The PCR reaction had a final volume of 20|xl 

containing 5pmol of forward and reverse primer, O.Spmol of forward and 

reverse template oligonucleotide, 0.2M dATP, dTTP, dCTP, and dGTP, 5(xl 

lOx buffer and 1 unit of Taq polymerase. The lOx buffer (500mM KCl, 

lOOmM Tris pH9, 0.1% gelatin (v/v), 1% triton-x and 15mM MgCb). The 

standard PCR cycle run was; 94°C for 5 minutes followed by 35 cycles of 

94°C for 1 minute, 55°C for 1 minute and 72°C for 1.2 minutes, ending with 

a final step of 72°C for 10 minutes.

5.2.2 RNA extraction from HeLa and cos-7 cells

HeLa and cos-7 cells disassociated from the tissue cultures plates 

immediately after the addition of 1ml of TRI reagent. After the addition of 

lOOjxl bromochloropropane (BCP), eppendorfs were vortexed and left at 

room temperature for 10 minutes. Samples were then spun in a 4°C cold 

room at 12000rpm (lEC Micromax benchtop centrifuge) for 15 minutes. 

400^1 of the upper aqueous phase was transferred to a new eppendorf and 

500|il isopropanol added. Samples were mixed gently and left at room 

temperature for 10 minutes before spinning at 12000rpm (EEC Micromax 

benchtop centrifuge) for 8 minutes. The supernatant was discarded and the 

RNA pellets washed in 800|il of 75% ethanol before spinning at 12000rpm 

(lEC Micromax benchtop centrifuge) for 5 minutes. The supernatant was 

again discarded and the RNA pellet allowed to air dry. The RNA was
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resuspended in 50|j,l of nuclease free water by heating at 65°C for 10 

minutes. Once resuspended, 5)il of DNase and 5.5^1 DNase buffer was 

added and the samples incubated at 37°C for 30 minutes. Subsequently, 6)4.1 

of RNase stop solution was added and the samples heated to 65°C for 10 

minutes. RNA samples were made up to 100^1 with nuclease free water and 

stored at -80°C.

5.2.3 Real-time rtPCR

The real-time rtPCR reaction was set up in a cooling block that kept all 

reagents and samples at 4°C for at least 30 minutes. Real-time rtPCR 

reactions were carried out in 20|il glass capillaries. Each separate reaction 

contained 4.5)al RNA, lOpmol forward and reverse rtPCR primers, lO îl 

SYBR Green and 0.13|il enzyme (QuantiTect SYBR Green RT-PCR kit 

from Qiagen). The final volume was made up to 20^1 with nuclease free 

water. Capillaries, in cooling block adapters, were spun up to 2000rpm 

(EEC Micromax benchtop centrifuge) for several seconds. Capillaries were 

loaded into the sample carousel of the Lightcycler (Roche). The sample 

carousel was then loaded into the Lightcycler. The standard real-time rtPCR 

run was as follows;

1. RT step: 50°C for 20 minutes

2. Activation: 95°C for 15 minutes

3. Amplification: 35 cycles of; 94°C for 15 seconds, 55°C for 20 

seconds and 72°C for 4 seconds

4. Melting curve: After rising to 95°C at the end of the last 

amplification cycle the temperature was dropped to 65“C for 10 

seconds. The temperature was then raised to 95°C at a temperature 

transition rate of 0.1°C per second.

5. Cooling: 40°C for 30 seconds

Unless otherwise indicated, the temperature transition rate was 20°C per 

second. After the run had finished, melting curves of fluorescence vs. 

temperature were analysed to ensure amplification of the correct product.

-  133 -



The melting curves were also checked to ensure the absence of unwanted 

by-products (e.g. primer dimers). If all products were correct analysis was 

carried out on the quantification data from the Lightcycler software. For 

analysis of quantification data the Lightcycler software only considers 

fluorescence values from the log-linear phase of the PCR amplification. 

Graphs are presented as fluorescence vs. cycle number. The second 

derivative maximum method for quantification was routinely used. The 

second derivative maximum method provides a fast, highly reproducible, 

automatic data calculation. This automatic data calculation is achieved by a 

software algorithm which identifies the crossing point of the fluorescence 

curve. In terms of this graphed curve the crossing point corresponds to the 

first maximum of the second derivative curve. Where optimisation of the 

standard curve was necessary the fit points method was used. The fit points 

method allowed user influence over such factors as baseline adjustment, 

noise band etc.

The final data is listed as crossing points. Crossing points represent the 

cycle number were the fluorescence of all samples are the same level just 

above background. This crossing point value is dependent on the starting 

amount of the RNA in question in the sample. With increasing amounts of 

starting RNA fewer cycles are required to achieve this specific fluorescence 

value. Fluorescence values from serial dilutions of one of the test RNAs 

were used to define a standard curve. This standard curve plots crossing 

point against the logarithm of the concentration for each sample. The 

software calculates a linear regression line through the data points. This 

standard curve allows for the relative concentration (against the test RNA 

from the standard) of any test RNA to be calculated from the crossing 

point. This relative concentration data was then imported to MS Excel for 

detailed analysis.
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5.3 Results: Establishing control suppressors for eGFP

The aim of the research in this section of the thesis was to create a construct 

that allowed stable RNAi-based suppression in a tissue-specific or inducible 

manner. To study the ability of any new construct to suppress eGFP, it is 

necessary to have appropriate positive controls that suppress eGFP 

expression and negative controls that do not.

5.3.1 Design and cloning of positive and negative controls for eGFP 

suppression

Control siRNA targeting eGFP were purchased from Xeragon (Qiagen) and 

Dharmacon. The control siRNAs were;

1. CGGCAAGCTGACCCTGAAGTTCAT (Xeragon (Qiagen))

2. GGCTACGTCCAGGAGCGCACC (Dharmacon)

A plasmid-based shRNA targeting eGFP was also designed for cloning into 

a H i construct. Target sequence was; AACCACTACCTGAGCACCCAG. 

A non-targeting siRNA was purchased from Xeragon (now Qiagen); 

AATTCTCCGAACGTGTCACGT. A plasmid-based non-targeting shRNA 

was also designed for cloning into a H i construct. The target sequence was; 

AATTCTCCGAACGTGTCACGT. This non-targeting sequence showed 

no known homology to any mammalian genes. The eGFP targeting HI 

construct was cloned by Dr. Mary O ’Reilly. The non-targeting H i construct 

was cloned by Dr. Arpad Palfi.

5.3.2 In vitro RNAi suppression studies with control siRNA and 

shRNA

Suppression of target eGFP transcripts was evaluated by co-transfection of 

cos-7 and HeLa cells with siRNA or shRNA and pEGFP-Cl. Subsequent to 

transfection, eGFP mRNA transcript levels were measured using real time 

rtPCR. Five independent sets of transfections were carried out for each 

siRNA. Two sets of transfections were carried out using cos-7 cells. The 

other three sets of transfections were carried out using HeLa cells. In each
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set of transfections each siRNA and each shRNA was tested at two 

concentrations (40pmol and SOpmol for siRNA and l|j,g and 2[ig for 

shRNA) with each concentration being undertaken in duplicate. This 

allowed for up to 20 independent transfections for each of the control 

siRNA. RNAs isolated from each transfection were run in multiple real 

time rtPCR reactions, usually in duplicate. Expression from 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and neomycin genes 

were used as controls. This rigorous testing ensured suppression values 

obtained were as accurate and reproducible as possible. An example of a 

real-time rtPCR standard curve report and the associated analysis report are 

shown in figures 5.1 and 5.2. A single set of real-time rtPCR data including 

relevant calculations is shown in figure 5.3. The final data, comprising of 

the means +/- standard deviation, is shown in figure 5.4. All expression 

level were normalised against eOFP transcript levels in transfections with 

the non-targeting controls. Control siRNA targeting eOFP was significantly 

different (p<0.05, DataDesk) from non-targeting siRNA. The eGFP 

targeting control siRNA purchased from Xeragon (now Qiagen) suppressed 

approximately 86% of eGFP mRNA with the eGFP targeting control 

siRNA purchased from Dharmacon suppressing approximately 69% of 

eGFP mRNA. The HI derived shRNA targeting eGFP didn’t suppress to 

the level of either siRNA, however the difference was significant (p<0.05, 

DataDesk). The HI derived shRNA targeting eGFP suppressed 

approximately 49% of eGFP mRNA.
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5.4 Results: Ribozyme RNAi delivery design A and B

As mentioned previously Pol III promoters e.g. HI and U6 can be used to 

provide long term expression of shRNAs. The aim of this research was to 

establish a Pol II system that could be used to achieve long term expression 

of functional siRNAs. To achieve this cis-acting ribozymes have been 

employed together with shRNA sequence. In essence the ribozyme RNAi 

delivery designs that were established to achieve this are somewhat similar 

in principle to multimeric shotgun ribozymes. Multimeric shotgun 

ribozymes contain cis-acting and trans-acting hammerhead ribozymes. The 

cis-acting ribozymes are self-cleaving which results in the release of trans

acting ribozymes. The essence of the designs under evaluation was to place 

RNAi sequences between cis-acting hammerhead ribozymes which self

cleave to release functional shRNA which in turn gets processed to 

siRNAs. In principle potent siRNA molecules do not tolerate many over

hanging bases 5’ or 3’ of the double stranded region of the molecule, the 

cis-acting hammerhead ribozymes act to remove these extra overhanging 

bases typically created by polymerase II promoters. Using such designs 

functional siRNA can, in theory, be expressed from any promoter. Freedom 

in choice of promoter should allow much greater control on expression of 

RNAi molecules both spatially and temporally.

5.4.1 Design of R2D2 design A

Given the availability of biological tools such as cis-acting hammerhead 

ribozymes and RNAi, a number of constructs incorporating these 

components were generated to establish if functional siRNAs could be 

generated from such hybrid constituents. The first of these designs has been 

termed R2D2 design A. R2D2 design A uses two cis-acting hammerhead 

ribozymes that in principle release an shRNA which, in this case, targets 

eGFP. Once released the shRNA should, in principle, fold and operate in 

the same manner as an shRNA expressed from a HI promoter. Figure 5.5 

shows both a schematic and the actual sequence of design A.
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5.4.2 Cloning of R2D2 design A

Primers and oligonucleotides were designed to PCR amplify R2D2 design 

A (table 2.3 of chapter 2). Primers R2D2(a)primerF and R2D2(a)primerR 

predicted a 185bp fragment when in a PCR reaction with R2D2(a)oligoF 

and R2D2(a)oligoR as shown in figure 5.6. This 185bp fragment was 

successfully amplified by PCR (as in materials and methods 5.2.1 of this 

chapter). Notably primer R2D2(a)primerF had Nhel, Xbal and BamHl sites 

incorporated into it. R2D2(a)primerR had EcoRI and Hindlll sites 

incorporated into it. The Nhel and Hindlll sites were subsequently used to 

clone the 185bp R2D2(a) into pcDNA3.1-. Ligations, transformations and 

DNA minipreps were carried out as described in materials and methods 

(sections 2.2.11, 2.2.14 and 2.2.15). DNA minipreps were tested by PCR 

screening (as in materials and methods 2.2.18). Clones carrying the inserted 

R2D2(a) were predicted to give a 325bp amplicon following PCR. DNA 

sequencing was carried out on DNA from positive minipreps to ensure 

successful cloning of R2D2(a) into pcDNA3.1-.

5.4.3 In vitro suppression studies with R2D2(a)

Suppression of eGFP transcripts was evaluated by co-transfection of cos-7 

and HeLa cells with R2D2(a) and the target gene pEGFP-Cl using 

Lipofectamine2000 (as in materials and methods 2.3.5). Subsequent to 

transfection, eGFP mRNA transcript levels were measured using real-time 

rtPCR and compared with the non-targeting HI construct. R2D2(a) was not 

significantly different (DataDesk), in terms of eGFP suppression, from non

targeting constructs.

5.4.4 Design of R2D2 design B

One possible explanation for the failure of R2D2(a) to suppress eGFP 

transcript levels in the co-transfection experiments may be competitive 

binding. The shRNA sequence shown in green in figure 5.5 folds into a 

hairpin structure. The first 7 nucleotides at the 5’ end and the last 7
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nucleotides at the 3’ end of this folded stmcture are also the regions that the 

cis-acting hammerhead ribozymes bind to. Once the hairpin structure was 

fully folded there would be no position for the cis-acting hammerhead 

ribozymes to bind. Stimulated by this theory design B was generated and 

notably had no competition for binding at the 3’ end of the shRNA. Figure 

5.7 shows both a schematic and the actual sequence of design B.

5.4.5 Cloning of R2D2 design B

In a similar fashion to design A, primers and oligonucleotides were 

designed to PCR amplify R2D2 design B (table 2.3 of chapter 2). Primers 

R2D2(b)primerF and R2D2(b)primerR predicted a 177bp fragment when in 

a PCR reaction with R2D2(b)oligoF and R2D2(b)oligoR as shown in figure 

5.8. This 177bp fragment was successfully amplified by PCR (as in 

materials and methods 5.2.1 of this chapter). Notably primer 

R2D2(b)primerF had Nhel, Xbal and BamHl sites incorporated into it. 

R2D2(b)primerR had EcoRI and Hindlll sites incorporated into it. The 

Nhel and Hindlll sites were subsequently used to clone the 177bp R2D2(b) 

into pcDNA3.1-. Ligations, transformations and DNA minipreps were 

carried out as described in materials and methods (sections 2.2.11, 2.2.14 

and 2.2.15). DNA minipreps were tested by PCR screening (as in materials 

and methods 2.2.18). Clones carrying the inserted R2D2(b) were predicted 

to give a 315bp amplicon following PCR. DNA sequencing was carried out 

on DNA from positive minipreps to ensure successful cloning of R2D2(b) 

into pcDNA3.1-.

5.4.6 In vitro suppression studies with R2D2(b)

Suppression of eGFP transcripts was evaluated by co-transfection of cos-7 

and HeLa cells with R2D2(b) and the target gene pEGFP-Cl using 

Lipofectamine2000 (as in materials and methods 2.3.5). Subsequent to 

transfection, eGFP mRNA transcript levels were measured using real-time 

rtPCR and compared with the non-targeting HI construct. R2D2(b) was not
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significantly different (DataDesk), in terms of eGFP suppression, from non

targeting constructs.
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5.5 Results: Ribozyme RNAi delivery designs C, D and E

W hilst design B should, in principle, have no competition for binding with 

the cis-acting hammerhead ribozyme at the 3 ’ end of the shRNA, no 

suppression of the eGFP transcript was obtained. If competition for binding 

was indeed the cause, then the competition at the 5 ’ end of the shRNA may 

also hinder cleavage of the transcript by the 5 ’ cis-acting hammerhead 

ribozyme. Therefore design E was created; this issue has been addressed in 

design E by adding 5 extra nucleotides to the 5 ’ and 3 ’ ends of the shRNA 

sequence. In contrast to the use o f two cis-acting hammerhead ribozymes in 

concert with an shRNA, as in designs A, B and E, design C uses four cis- 

acting ribozymes to deliver sense and antisense portions of the dsRNA that 

should bind to form siRNA. In contrast to design C which uses four cis- 

acting hammerhead ribozymes and designs A, B and E which use two cis- 

acting hammerhead ribozymes, design D uses only one ribozyme at the 5 ’ 

end of the shRNA with a minimal poly-A tail on the 3 ’ end. The minimal 

poly-A tail cassette is approximately 70bp long.

5.5.1. Design of R2D2 design C

As stated above, R2D2 design C uses four cis-acting ribozymes that release 

sense and antisense portions of the dsRNA, which, should bind and 

subsequently form a functional siRNA targeting eGFP. Figure 5.9 shows 

both a schematic and the actual sequence of the design. Notably, the design 

differs significantly from designs A, B, D and E in that there is no shRNA 

element in the design, in this case the sense and antisense strands of the 

dsRNA are made directly.

5.5.2 Cloning of R2D2 design C

Multiple oligonucleotides were designed to clone R2D2 design C (table 2.3 

of chapter 2). After annealing (as in materials and methods 2.2.2), the three 

oligonucleotides were cloned sequentially (figure 5.10). Insert one was 

90bp incorporating N hel and X bal enzyme restriction sites. These sites
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were subsequently used to clone the 90bp insert into pcDNAS.l-. Ligations, 

transformations and DNA minipreps were carried out as described in 

materials and methods (sections 2.2.11, 2.2.14 and 2.2.15). DNA minipreps 

were tested by PCR screening (as in materials and methods 2.2.18. Clones 

carrying the insert were predicted to give a 210bp amplicon following PCR. 

DNA sequencing was carried out on DNA from positive minipreps to 

ensure successful cloning of the first insert into pcDNA3.1-. Insert two was 

also 90bp, this time incorporating Xbal and Acc65I (Kpnl) enzyme 

restriction sites. These sites were subsequently used to clone the second 

90bp insert into a pcDNA3.1- plasmid already containing the first insert. 

Ligations, transformations and DNA minipreps were carried out as 

described in materials and methods (sections 2.2.11, 2.2.14 and 2.2.15). 

DNA minipreps were tested by PCR screening (as in materials and methods 

2.2.18). Clones carrying both the inserts were predicted to give a 300bp 

amplicon following PCR. DNA sequencing was carried out on DNA from 

positive minipreps to ensure successful cloning of both the first and second 

inserts into pcDNAB.l-. The third insert was 90bp incorporating Kpnl and 

Hindlll enzyme restriction sites. These sites were subsequently used to 

clone this 90bp insert into a pcDNAB.l - plasmid already containing the first 

and second inserts. Ligations, transformations and DNA minipreps were 

carried out as described in materials and methods (sections 2.2.11, 2.2.14 

and 2.2.15). DNA minipreps were tested by PCR screening (as in materials 

and methods 2.2.18. Clones carrying all three inserts were predicted to give 

a 390bp amplicon following PCR. DNA sequencing was carried out on 

DNA from positive minipreps to ensure successful cloning of R2D2(c) into 

PCDNA3.1-.

5.5.3 Design of R2D2 design D

As stated above, R2D2 design D uses one cis-acting hammerhead ribozyme 

at the 5’ end of the shRNA in concert with a minimal poly-A at the 3’ end 

of the shRNA. The cis-acting hammerhead ribozyme and poly-A signal, in 

principle, act to release a shRNA which, in this case, targets eGFP. Once 

released the shRNA should fold, be processed into siRNA and operate in

-  1 4 2 -



the same manner as shRNA expressed from a HI promoter. Figure 5.11 

provides both a schematic and the actual sequence of design D.

5.5.4 Cloning of R2D2 design D

Primers and oligonucleotides were designed to PCR amplify R2D2 design 

D (table 2.4 of chapter 2). Primers R2D2(d)primerF and R2D2(d)primerR 

predicted a 175bp fragment when in a PCR reaction with R2D2(d)oligoF 

and R2D2(d)oligoR as shown in figure 5.12. This 175bp fragment was 

successfully amplified by PCR (as in materials and methods 5.2.1 of this 

chapter). Notably primer R2D2(d)primerF had Nhel, Xbal and BamHl sites 

incorporated into it. R2D2(d)primerR had EcoRI and Hindlll sites 

incorporated into it. The Nhel and Hindlll sites were subsequently used to 

clone the 175bp R2D2(d) into pcDNA3.1-. Ligations, transformations and 

DNA minipreps were carried out as described in materials and methods 

(sections 2.2.11, 2.2.14 and 2.2.15). DNA minipreps were tested by PCR 

screening (as in materials and methods 2.2.18). Clones carrying the inserted 

R2D2(d) were predicted to give a 315bp amplicon following PCR. DNA 

sequencing was carried out on DNA from positive minipreps to ensure 

successful cloning of R2D2(d) into pcDNA3.1-.

5.5.5 Design of R2D2 design E

As stated above, R2D2 design E uses two cis-acting hammerhead 

ribozymes that release a shRNA which, in this case, targets eGFP. Once 

released the shRNA should fold, be processed in siRNA and operate in the 

same manner as shRNA expressed from a HI promoter. Figure 5.13 

provides both a schematic and the actual sequence of design D.

5.5.6 Cloning of R2D2 design E

Primers and oligonucleotides were designed to PCR amplify R2D2 design 

E (table 2.4 of chapter 2). Primers R2D2(e)primerF and R2D2(e)primerR 

predicted a 180bp fragment when in a PCR reaction with R2D2(d)oligoF
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and R2D2(d)oIigoR as shown in figure 5.14. This 180bp fragment was 

successfully amplified by PCR (as in materials and methods 5.2.1 of this 

chapter). Notably primer R2D2(e)primerF had Nhel, Xbal and B am H l sites 

incorporated into it. R2D2(e)primerR had EcoRI and H indlll sites 

incorporated into it. The Nhel and H indlll sites were subsequently used to 

clone the 180bp R2D2(e) into pcDNA3.1-. Ligations, transformations and 

DNA minipreps were carried out as described in materials and methods 

(sections 2.2.11, 2.2.14 and 2.2.15). DNA minipreps were tested by PCR 

screening (as in materials and methods 2.2.18) Clones carrying the inserted 

R2D2(e) were predicted to give a 320bp amplicon following PCR. DNA 

sequencing was carried out on DNA from positive minipreps to ensure 

successful cloning of R2D2(e) into pcDNA3.1-.

5.5.7 In vitro suppression studies witli R2D2(c), (d) and (e)

Various designs to access the ability to utilise cis-acting hammerhead 

ribozymes in concert with RNAi were generated (using the methodologies 

outlined above). It is notable that three of the designs (A, B and E) in 

essence comprise an shRNA sequence cleaved 5 ’ and 3 ’ by two cis-acting 

hammerhead ribozymes. In contrast, design C differs as, in this case, four 

cis-acting hammerhead ribozymes are utilised and an shRNA is not 

generated. Instead sense and antisense strands are generated separately and 

have to find their complementary target within the cell in order to generate 

functional siRNA. In design D another novel element has been introduced 

into the design. The use of cis-acting hammerhead ribozymes has been 

minimised (one 5’ of the shRNA) and a 3 ’ minimal poly-A has been 

included and placed juxtaposed to the sequence coding for the antisense 

portion of the shRNA. Having cloned these constructs (designs C, D and E) 

in addition to the initial two evaluated (designs A and B) the ability of these 

hybrid constructs to generate potent siRNAs in cell culture was evaluated. 

Suppression of eGFP transcript levels was evaluated by co-transfection of 

cos-7 and HeLa cells with H l(egfp), R2D2(c), R2D2(d) and R2D2(e) 

together with the target plasmid pEGFP-Cl using Lipofectamine2000. 

Subsequent to transfection, eGFP mRNA transcript levels were measured
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using real-time rtPCR and compared to the non-targeting construct. Five 

independent sets of transfections were carried out for each siRNA. Two sets 

of transfections were carried out using cos-7 cells. The other three sets of 

transfections were carried out using HeLa cells. In each set of transfections 

each siRNA was tested at a minimum of two concentrations (40pmol and 

SOpmol for siRNA and l|^g and 2)j,g for shRNA) with each concentration 

being done in duplicate. This allowed for up to 20 independent 

transfections for each of the test constructs. RNAs isolated from each 

transfection were run in multiple real-time rtPCR reactions, usually in 

duplicate. Expression from glyceraldehyde-3-phosphate dehydrogenase 

(GAPDH) and neomycin genes were used as controls. This rigorous testing 

ensured suppression values obtained were as accurate and reproducible as 

possible. An example of a real-time rtPCR standard curve report and 

analysis report are shown in figures 5.15 and 5.16. A single set of real-time 

rtPCR data including relevant calculations are shown in figure 5.17. The 

final data, comprising of the means +/- standard deviation, is shown in 

figure 5.18. All expression level were normalised against eGFP transcript 

levels in transfections with non-targeting controls. The eGFP expression 

levels with Designs C, D and E were not significantly different (DataDesk) 

from HI derived shRNA targeting eGFP. Design C suppressed 

approximately 42% of eGFP mRNA, design D suppressed approximately 

43% of eGFP mRNA, design E suppressed approximately 48% of eGFP 

mRNA whilst the HI derived shRNA targeting eGFP suppressed 

approximately 49% of eGFP mRNA. Notably eGFP expression with all 

four targeting constructs were significantly different from eGFP expression 

with the HI derived non-targeting shRNA (p<0.05, DataDesk).
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5.6 Discussion

As noted previously in section 5.1, none of the current methods for the 

production of shRNA within a cell allow for the tissue specific control of 

production of shRNAs as the promoters used to drive expression of 

shRNAs are typically ubiquitous. Hence the primary focus of the current 

study involved the initial exploration of novel methods to achieve this goal. 

In total 5 different designs incorporating both RNAi sequence and cis- 

acting hammerhead ribozymes have been developed. The constructs termed 

R2D2(a)-(e), one non-targeting negative control construct and an eGFP 

targeting positive control construct were generated and evaluated in cell 

culture. The initial task associated with the project involved cloning the 

relevant constructs to enable the evaluation of whether cis-acting ribozymes 

and shRNA may be used in combination with each other to release 

functional siRNAs. Constructs R2D2(a)-(e) were generated for this purpose 

-  these constructs contain multiple elements and hence the cloning in itself 

represents a substantial task (figures 5.6, 5.8, 5.10, 5.12 and 5.14). The key 

aim of this section was simply to establish that cis-acting ribozymes could 

indeed be used in concert with shRNA to generate functional siRNAs (as 

stated above). The promoter chosen to drive expression of the ribozyme- 

shRNA constructs was a strong ubiquitous polymerase II promoter, the 

CMV promoter. A HI driven positive control construct (shRNA sequence 

targeting eGFP) and negative control construct (a non-targeting shRNA 

sequence) was also generated. The non-targeting negative control sequence 

has no known homology to mammalian genes. Subsequent to completion of 

cloning, suppression of target eGFP transcripts was evaluated by co

transfection of cos-7 and HeLa cells with RNAi constructs and the target 

gene, pEGFP-Cl (Clontech). Subsequent to transfection, eGFP mRNA 

transcript levels were measured using real-time rtPCR. R2D2(a) and (b) did 

not show any statistical difference in suppression from non-targeting 

control constructs. It is notable in design A, 7 bases at the 5’ and 3’ end of 

the shRNA are shared between the cis-acting hammerhead ribozyme and 

the shRNA sequence (figure 5.5). Furthermore design B, 4 bases at the 5 ’ 

end of the shRNA are shared between the cis-acting hammerhead ribozyme
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and the shRNA sequence (figure 5.7). Given the results obtained in cell 

culture with design A and B, which possibly suggest that no competition 

between sequences involved in ribozyme binding and formation of 

functional siRNAs may be tolerated (not particularly surprising in 

retrospect), a number of designs which may overcome such potential 

competition were explored (designs C, D and E). Again, subsequent to 

completion of cloning, suppression of target eGFP transcripts was 

evaluated by co-transfection of cos-7 and HeLa cells with RNAi constructs 

and the target gene, pEGFP-Cl (Clontech) followed by eGFP mRNA 

transcript levels measured using real-time rtPCR. In summary, designs 

R2D2(c)-(e) suppressed the target reporter gene (eGFP) with approximately 

the same efficiency as a positive control siRNA known to target eGFP 

efficiently and expressed from a HI promoter construct. In essence, the use 

of cis-acting ribozymes in concert with shRNA constructs to generate 

functional siRNAs had been validated by these experiments at least in cell 

culture. Designs C, D and E suppressed the target reporter gene (eGFP) by 

approximately 50%, on a par with the positive control (HI derived shRNA 

targeting eGFP). This relatively low level of suppression, when compared 

to suppression achieved with control siRNA, may be in part due to 

difficulties with co-transfecting two plasmids into the same cell. When co

transfecting siRNA and target plasmids the number of siRNA molecules is 

vastly greater than the number of target plasmids, from this it may be 

expected that any cell successfully transfected with a target plasmid would 

also be expected to receive, at the very least, one siRNA molecule. 

However, when co-transfecting two plasmids together, there may be any 

number of cells that are only transfected by the target plasmid. If the actual 

suppression value was of importance, rather then suppression relative to a 

positive control as above, two methods of circumventing this problem are 

either to generate a stable cell line expressing the target construct or else 

design a single construct expressing both target and suppressor.

Given that the data from chapter 5 provided clear evidence that cis-acting 

hammerhead ribozymes can act in concert with RNAi to produce functional 

siRNAs from plasmid constructs and elicit efficient suppression of a target
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gene in cell culture, it was timely to explore the next stages in this 

methodology. Firstly, it would be of value to establish if functional siRNAs 

could also be generated in vivo (in mice) in the same manner. Furthermore, 

given that the CMV promoter in the constructs encoding designs C -  E 

could readily be replaced by a tissue specific promoter it was timely to 

generate such constructs and thereby obtain the biological tools to address 

whether tissue specific RNAi was possible in vivo using a cis-acting 

hammerhead ribozyme / RNAi hybrid design (see chapter 6).
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Figure 5.1 Real-time rtPCR standard curve from one eGFP real-time rtPCR 

run

Demonstration standard curve report from one real-time rtPCR run 

analysing eGFP transcript levels. The standard curve as shown in the 

graph above plots crossing cycle number versus the log o f the 

concentration. The values listed below the standard curve (e.g. slope, 

intercept, error and r) describe the curve data for the calculated regression 

line. W hilst these are common mathematical operations they have some 

relationship to the rtPCR itself. The slope represents the overall reaction 

efficiency, the error indicates tube to tube variation (e.g. pipetting error) 

and r gives an indication of systemic errors (e.g. accum ulated error in 

dilution series)
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Figure 5.2 Real-time rtPCR analysis reports from one eGFP real-time rtPCR 

run

Demonstration analyses from one real-time rtPCR run analysing eG FP 

transcript levels. The graph above plots fluorescence versus crossing cycle 

number for each sample. Each curve above represents an individual 

sample. Fluorescence, as graphed above, occurs due to the fact that SYBR 

green (used in the real-time rtPCR reaction) binds to double-stranded 

DNA and fluoresces when excited at 470nm. As the real-time rtPCR 

product concentration increases (i.e. increase in the amount of DNA) so to 

does the level of fluorescence.
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siRNA(non) 2.046

siRNA(egfp)Q80 2.464
siRNA(egfp)040 2.014

B C D
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siRNA(non) 0 .9272 0.453177 1

siRNA(egfp)Q80 0 .1457 0.059131 0.130482
siRNA(egfp)Q40 0 .1184 0.056788 0.129725

0
86.95179
87.02748 }Norm alised expression  values written 

a s  percen tage  su p p ress io n  when 
com pared  to non-target siRNA 
e.g. (1 -0 .130482)x100  = 67%

T T
weighed egfp values norm alised against values for non-targeting siRNA 
e.g. 0 .059131/0.453177 = 0.130482

egfp values weighed against gapdh values 
e.g. 0 .9272/2 .046 = 0.453177

Figure 5.3 Data and calculations from one eGFP real-time rtPCR run

The data set labelled ‘siRNA(non)’ represents a non-targeting siRNA with 

no homology to any known mammalian genes. W hen eG FP primers were 

used the concentration calculated from the standard curve (using the 

crossing point as in section 5.2.3) was 0.93. W hen gapdh primers were 

used the concentration calculated from the standard curve (using the 

crossing point as in section 5.2.3) was 2.05. In principle control 

(housekeeping) gene expression levels should not fluctuate between cell 

experiments, i.e. gapdh mRNA concentration should be a product o f the 

starting concentration of RNA in the test sample. Assuming this to be true 

eGFP levels can be weighted such that eOFP mRNA concentrations from 

independent transfections can be compared. W hen this is done for 

siRNA(non) the value obtained is 0.45. This calculation is also done for 

siRNA(egfp)Q80 and siRNA(egfp)Q40 (SOpmol and 40pmol o f siRNA 

targeting eOFP (Qiagen)) giving the value 0.059. W hen the eG FP mRNA 

concentration is then set to 1 indicating m aximum eO FP expression in this 

data set the relative value for the siRNA targeting eG FP (Qiagen) is 0.13. 

From this it is clear that the relative expression of eOFP RNA in cells 

transfected with siRNA targeting eOFP (Qiagen) when com pared to cells 

transfected with a non-targeting siRNA shows an 87% reduction.
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Figure 5.4 eGFP mRNA transcript levels in cos-7 and HeLa cells with siRNA 

and shRNA targeting eGFP

eGFP mRNA transcript levels were measured using real-time rtPCR. Lane 

A shows HI-derived non-targeting shRNA with no homology to any 

known mammalian genes. Lane B shows H I-derived shRNA targeting 

eGFP. Lane C shows eG IT  targeting siRNA from Xeragon (Qiagen). 

Lane D shows eGFP targeting siRNA from Dharmacon. C o n tro l siR N A  

ta rg e tin g  eG F P  w as sig n ifican tly  d iffe ren t (p< 0 .0 5 , D a taD esk ) from  

n o n -ta rg e tin g  siR N A . T h e  eG F P  ta rg e tin g  con tro l s iR N A  p u rch ased  

from  X erag o n  (now  Q iagen ), te rm ed  shRNA(egfp)Q, suppressed eGFP 

mRNA transcript levels by 86% + !- 6. T h e  eG F P  ta rg e tin g  con tro l 

siR N A  p u rch ased  from  D h arm aco n , te rm ed  shRNA(egfp)D, 

suppressed eGFP mRNA transcript levels by 69% + ! -  18. T h e  H I 

d eriv ed  sh R N A  ta rg e tin g  eG F P  d id n ’t su p p ress to  the  level o f e ith e r 

s iR N A , h o w ev er the d iffe ren ce  w as sig n ifican t (p < 0 .0 5 , D a taD esk ). 

T h e  H I  d eriv ed  sh R N A  targ e tin g  eG F P , te rm ed  H l(e g fp )  suppressed 

eGFP mRNA transcript levels by 49% +/- 5. The graph represents the 

means and standard deviations from 80 independent transfections.
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c g A
A T * ’
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CACCAACA CTGCCT ,  T 
A C
A T g ,
G
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Figure 5.5 Design of R2D2(a) targeting eGFP

(A) Schematic overview of R2D2(a) showing a CM V prom oter driving 

expression. The overall design includes a Pol II CM V promoter 

driving expression o f two cis-acting hammerhead ribozymes flanking 

the sense and antisense strands o f an shRNA targeting eGFP. The 

hairpin section o f the shRNA is a 9bp sequence.

(B ) Design of R2D2(a) showing the full nucleotide sequence. The 

ribozymes are shown according to their secondary structure (as 

described in the introduction section 1.3.4). The eGFP targeting 

shRNA is shown in green (1). Notably, the 5 ’ 7bp binding arm o f the 

5 ’ cis-acting hammerhead ribozyme binds to the 5 ’ region of the 

shRNA and the 3’ 7bp binding arm o f the 3 ’ cis-acting hammerhead 

ribozyme binds to the 3’ region o f the shRNA. The shRNA is shown 

how it should fold after it has been released by cis-acting 

hammerhead ribozymes (2) and finally how the resulting siRNA 

should form after processing (3).
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A

C*TCGJLTtCJUaTCTCCTiC0CiCC*iCC*CTiCTC*GCCACTCCTCCTTTMCiTO(5CCClTC' w'-TTr-vT-.A'T-i.-r.KTTrrjiT-irr* » 0 crnv-TTMirnrr.AArn

B

R2D2(a)oligo
R2l )2(a)pr imerF

CTAGCTAGCTCTAGAGGATCCGTGGTTGCTGATGAGTCCGTGAGGACGAA : 50

R2D2(a)oligo ACGGTACCCGGTACCGTCCAACCACTACCTGAGCACCCAGTTCAAGAGAC : 100

R2D2(a)oligo 

R2D2(a)oligo

TGGGTGCTCAGGTAGTGGTTGTCGACGGATCATGATCCGTCCTGATGAGT
R2I)2( ii )pr imerF

CCGTGAGGACGAAACAACCACGAATTCAAGCTT : 184

: 150

Figure 5.6 Cloning of R2D2(a) targeting eGFP

(A) Schematic overview of R2D2(a) cloning strategy. Forward primer 

R2D2(a)primerF is shown in red. The reverse primer 

R2D2(a)primerR is shown in blue. The area where R2D2(a)oligoF 

and R2D2(a)oligoR anneal is shown in green.

(B) The sequence of R2D2(a) showing the position of the forward primer 

in red. The reverse primer is shown in blue.
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G T ^
‘’ TACCGTCCCACTACCTGAGCACCCAGTTCAAGAGACTGGGTGCTCAGGTACTGGTTGTCGACGGA

^  ...ATGGCA GGTG 
^ ^ A C

C G *  T 
A T 
G C 
G C 
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G T

CC A OA C CTG A GC A C CCA G
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CCACTACCTGAGCACCCAGTT 
C l  ('.I K U U G A K . G A C I C f i T G G G i r  

T  5-

Figure 5.7 Design of R2D2(b) targeting eGFP

(A) Schematic overview of R2D2(b) showing a CM V prom oter driving 

expression. The overall design includes a Pol II CM V promoter 

driving expression o f two cis-acting hammerhead ribozymes flanking 

the sense and antisense strands o f an shRNA targeting eGFP. The 

hairpin section o f the shRNA is a 9bp sequence.

(B ) Design o f R2D2(b) showing the full nucleotide sequence. The 

ribozymes are shown according to their secondary structure (as 

described in the introduction section 1.3.4). The eG FP targeting 

shRNA is shown in green (1). Notably, the 5 ’ 4bp binding arm o f the 

5’ cis-acting hammerhead ribozyme binds to the 5’ region o f the 

shRNA. The shRNA is shown how it should fold after it has been 

released by cis-acting hammerhead ribozymes (2) and finally how the 

resulting siRNA should form after processing (3).
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^
^r.Trrf T '-.* rr* rn  * — .•*Ar.ir.*rTT.<-.frr-.'-T,-A(;(rr*r.Tr< r  CTCCACCCATCATGATCCCTCCTGATCACTCCCTeiCGACCliiCUCCACGAAITCiACdTOOe 

(UK(UTCC*C*TmaAGOCKCC*CTiCTC*l»C«TCCTGCnTCCC*TCCCCC*TC —»-'---.A-:'-f:Tr;rr.r *A'rrTC7fTT.*f ri l.-'.k-rTfri.V'kr.>'AA
4  ■ CTOCTTAAerrCGAACCC

B

R2D2(b)oligo
R2l)2{b)primerF

c t a g c t a g c t c t a g a g g a t c c g t g g c t g a t g a g t c c g t g a g g a c g a a a c g : 50

R2D2(b)oligo GTACCCGGTACCGTCCAACCACTACCTGAGCACCCAGTTCAAGAGACTGG : 100

R2D2(b)oligo 

R2D2(b)oligo

GTGCTCAGGTAGTGGTTGTCGACGGATCATGATCCGTCCTGATGAGTCCG
R2l)2(l))primcrF

TGAGGACGAAACAACGAATTCAAGCTT : 177

: 150

Figure 5.8 Cloning o f R2D2(b) targeting eG FP

(A ) Schematic overview of R2D2(b) cloning strategy. Forward primer 

R2D2(b)primerF is shown in red. The reverse primer 

R2D2(b)primerR is shown in blue. The area where R2D2(b)oligoF 

and R2D2(b)oligoR anneal is shown in green.

(B ) The sequence of R2D2(b) showing the position o f the forward primer 

in red. The reverse primer is shown in blue.
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Figure 5.9 Design of R2D2(c) targeting eGFP

(A) Schematic overview of R2D2(c) showing a CM V prom oter driving 

expression. The overall design includes a Pol II CM V promoter 

driving expression o f four cis-acting hammerhead ribozymes. The 

first two cis-acting hammerhead ribozymes flank the sense strand of 

the siRNA, whilst the second two cis-acting ham m erhead ribozymes 

flank the antisense strand of the siRNA targeting eGFP.

(B ) Design of R2D2(c) showing the full nucleotide sequence. The 

ribozymes are shown according to their secondary structure (as 

described in the introduction section 1.3.4). The eG FP targeting 

siRNA is shown in green (1). It is shown above (2) how the sense and 

antisense strands should be released by cis-acting ham m erhead 

ribozymes and finally how the resulting siRNA should form  after the 

sense and antisense strands meet and anneal in the cell (3).
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Nhe1-Pme1-Dra11<Apa1-Xba1-Xho1-Not1 •6stX1-EcoRV-EcoR1BstX1-BamH1-Asp716*Kpn1-Hlnd111-Afl11*Pme1

GCTAGCnTGGGTTGCTGATGAGTCCGTGAGGACGAAACGGTAC.CrX.GTArXGTD A A C f A C l A f . (  K .A G C TV C C C A C IH G A C G G A T C T A G A  
C G A T C G C A C C C A A C G A C T A C T C A G G C A C T C C T G a T T G C C A T G G G a W T G G C A G M  l ( . ( . l ^ / M f . ( . A C H A A C T G C C T A G A T C l

N h e l ............... ■X ba1.X ho1.N ot1.BstX 1-EcoRV ^coR1-B5tX 1Bam H 1-A sp718-K pn1-H ind111A fl11-Pm e1

X b a l Acc651(Kpn1)

B  ,CTAGA,CCGTCCTGATGAGTCCG.r.AGGACGAAACTGGr.TCGCTAAAGCC(^C:CCAGCTGATGAGTCCGTGAGGACGAAACGG.ACC
A GA TCtAG GCAGGArTACICAGGCACTCCTGCTTTGACCCAGCGATTTCGGGTGGGTCGACTACTCAGGCACrCCTGCII rG C C A T G G

N h a l-  -X bal- -K pn l Hlnd111VMI11 P m e l

K pn l H in d l l lc
GGTACCCGGTACCGTCar.Gr.TGCirjVGr.TAr.Tr.r.rrCICG ACG GATCATGA TCCGTCCTGATG AGTCCGTGAG GACGAAA CAA CCACAAG CTT 
CCATGGGCCATGGCAGI ,A (  ( (7V( ( ; A ( .  T I I -ft I ( 7 \ (  ( AA(.A(.CTGCCTAGTACTAGGCAGGACTACTCAGGCACTCCTGC rrTGTTGG TG t  TCGAA

N h e l-  -X bal- -K pn l H lnd1l1-A ni1-Pm »1

Figure 5.10 Cloning of R2D2(c) targeting eCFP

The sequence of the R2D2(c) cloning strategy. Restriction enzyme sites 

are shown in red and purple. The three fragments were cloned sequentially 

from top to bottom. Insert A incorporated N hel and X bal enzyme 

restriction sites which were used to clone into pcD N A S.l-. Insert B 

incorporated X bal and Acc65I (Kpnl) enzyme restriction sites 

which were used to clone into a pcDNA3.1- plasmid already 

containing the insert A. Insert C incorporated Kpnl and H indlll 

enzyme restriction sites which were used to clone into a pcD NAS.l- 

plasmid already containing the inserts A and B. The final product 

was a pcDNA3.1- plasmid containing inserts A, B and C. The sense 

and antisense strands of the siRNA are shown in green.
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Figure 5.11 Design of R2D2(d) targeting eGFP

(A) Schematic overview of R2D2(d) showing a CM V prom oter driving 

expression. The overall design includes a Pol II CM V promoter 

driving expression of a single cis-acting ham m erhead ribozyme 5 ’ of 

the shRNA targeting eGFP. A 70bp minimal PolyA cassette lies 

immediately 3’ of the shRNA targeting eGFP

(B) Design o f R2D2(d) showing the full nucleotide sequence. The 

ribozyme is shown according to their secondary structure (as 

described in the introduction section 1.3.4). The eG FP targeting 

shRNA is shown in green (1). The shRNA is shown how it should 

fold after it has been released by cis-acting ham m erhead ribozyme 

and the minimal PolyA signal (2) and finally how the resulting 

siRNA should form after processing (3).
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A

■ .,»M»*«CC**«ITI*mtC*TIOCA»T*CTCIC?ICCTfmT6ICtCC**tICA*CCrTeOe 
«*TCC*ICSM*TCTCCT*CCTC*ICMCI«CICAC«C«CICCIGCTIT«CCAr66«CC*IC ^  fAfrniACtircAArrr

B

R2l)2(d)primcrK

R2D2(d)oligo :CTAGCTAGCTCTAGAGGATCCAGTAGCTGATGAGTCCGTGAGGACGAAAC:50

R2D2(d)oligo : GGTACCCGGTACCGTCCTACTCCACTACCTGAGCACCCAGTTCAGAAGAC: 100

R2D2(d)oligo : TGGGTGCTCAGGTAGTGGAATAAAGGAAATTTATTTTCATTGCAATAGTG: 15 0
R2l)2(d)prlmerF

R2D2(d)oligo :TGTTGGTTTTTTGTGTGGAATTCAAGCTTGGG:182

Figure 5.12 Cloning of R2D2(d) targeting eGFP

(A) Schematic overview of R2D2(d) cloning strategy. Forward primer 

R2D2(d)primerF is shown in red. The reverse primer 

R2D2(d)primerR is shown in blue. The area where R2D2(d)oligoF 

and R2D2(d)oligoR anneal is shown in green.

(B ) The sequence o f R2D2(d) showing the position of the forward primer 

in red. The reverse primer is shown in blue.
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Figure 5.13 Design of R2D2(e) targeting eGFP

(A) Schematic overview of R2D2(e) showing a CM V prom oter driving 

expression. The overall design includes a Pol II CM V promoter 

driving expression o f two cis-acting hammerhead ribozymes flanking 

the sense and antisense strands of an shRNA targeting eGFP. The 

hairpin section o f the shRNA is a 9bp sequence.

(B) Design o f R2D2(e) showing the full nucleotide sequence. The 

ribozymes are shown according to their secondary structure (as 

described in the introduction section 1.3.4). The eG FP targeting 

shRNA is shown in green (1). Notably, in contrast to designs A and B 

no the binding arms of both cis-acting ham m erhead ribozymes have 

no homology to the 5 ’ or 3 ’ regions o f the shRNA. The shRNA is 

shown how it should fold after it has been released by cis-acting 

hammerhead ribozymes (2) and finally how the resulting siRNA 

should form after processing (3).
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B

R2I)2(c)prinierK

R2D2(e)oligo : c t a g c t a g c t c t a g a g g a t c c a g t a g c t g a t g a g t c c g t g a g g a c g a a a c 50

R2D2(e)oligo : GGTACCCGGTACCGTCCTACTCCACTACCTGAGCACCCAGTTCAAGAGAC 100

R2D2(e)oligo : TGGGTGCTCAGGTAGTGGTTGTCGACGGATCATGATCCGTCCTGATGAGT
K2l)2(e)prlmerK

150

R2D2(e)oligo : CCGTGAGGACGAAACAACGAATTCAAGCTT : 180

Figure 5.14 Cloning of R2D2(e) targeting eGFP

(A) Schematic overview of R2D2(e) cloning strategy. Forward primer 

R2D2(e)primerF is shown in red. The reverse primer 

R2D2(e)primerR is shown in blue. The area where R2D2(e)oligoF 

and R2D2(e)oiigoR anneal is shown in green.

(B) The sequence of R2D2(e) showing the position of the forward primer 

in red. The reverse primer is shown in blue.
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Figure 5.15 Real-time rtPCR standard curve from one eGFP real-time rtPCR 

run

Demonstration standard curve report from one real-time rtPCR run 

analysing eGFP transcript levels. The standard curve as shown in the 

graph above plots crossing cycle number versus the log o f the 

concentration. The values listed below the standard curve (e.g. slope, 

intercept, error and r) describe the curve data for the calculated regression 

line. W hilst these are common mathematical operations they have some 

relationship to the rtPCR itself. The slope represents the overall reaction 

efficiency, the error indicates tube to tube variation (e.g. pipetting error) 

and r gives an indication o f systemic errors (e.g. accum ulated error in 

dilution series)
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Figure 5.16 Real-time rtPCR analysis reports from one eGFP real-time 

rtPCR run

Demonstration analyses from one real-time rtPCR run analysing eGFP 

transcript levels. The graph above plots fluorescence versus crossing cycle 

number for each sample. Each curve above represents an individual 

sample. Fluorescence, as graphed above, occurs due to the fact that SYBR 

green (used in the real-time rtPCR reaction) binds to double-stranded 

DNA and fluoresces when excited at 470nm. As the real-time rtPCR 

product concentration increases (i.e. increase in the am ount of DNA) so to 

does the level of fluorescence.
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y<ipilh p i i i i i e is A B C D
non-targeting 2,267

R2D2(c) 2 46
R2D2(c) 2,466
R2D2(d) 2,854
R2D2(d) 2767
R2D2(e) 2.473
R2D2(e) 2.652
HI (egfp) 2.947
HI (egfp) 2.831

egf|> p i i i n e i s
non-targetmg 2.2985 1.013895 1 0

R2D2(c) 1.378 0.560163 0.552486 44.75142
R2D2(c) 1.485 0.60219 0 593937 40.6063
R2D2(d) 1.68 0.5B8648 0.58058 41.94197
R2D2(d) 1.515 0547524 0.540021 45.99792
R2D2(e) 1.244 0.503033 0.496139 50 38611
R2D2(e) 1.401 0.528281 0.521041 47.89593
HI (egfp) 1.51 0.512385 0.505383 49.46366
HI (egfp) 1.412 0 498764 0491928 50.80717

i  k. T

Normalised expression values written 
_  as percentage suppression when 
' compared to non-target sIRNA 

e.g. (1 -0.552486)x100 = 45%

weighed egfp values normalised against values for non-targeting siRNA 
e.g. 0.560163/1,013895 = 0.552486

egfp values weighed against gapdh values 
e g'. 2.2985/2,267 = 1.013835

Figure 5.17 Data and calculations from one eGFP real-time rtPCR run

The data set labelled ‘non-targeting’ represents a non-targeting H l-  

derived shRNA with no homology to any known m ammalian genes. When 

eGFP primers were used the concentration calculated from the standard 

curve (using the crossing point as in section 5.2.3) was 2.3. W hen gapdh 

primers were used the concentration calculated from the standard curve 

(using the crossing point as in section 5.2.3) was 2.27. In principle control 

(housekeeping) gene expression levels should not fluctuate between cell 

experiments, i.e. gapdh mRNA concentration should be a product o f the 

starting concentration of RNA in the test sample. Assuming this to be true 

eOFP levels can be weighed such that eGFP mRNA concentrations from 

independent transfections can be compared. W hen this is done for ‘non

targeting’ the value obtained is 1.01. This calculation was also done for all 

other data sets i.e. designs C -  E and the H i-derived shRNA targeting 

eOFP (as above). When the eG FP mRNA concentration is then set to 1 

(indicating maximum eOFP expression) the relative expression of eOFP 

RNA in cells transfected with designs targeting eO FP can be com pared to 

cells transfected with a non-targeting H I-derived shRNA with data 

expressed as a percentage suppression (as demonstrated above).
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Figure 5.18 eGFP mRNA transcript levels in cos-7 and HeLa cells with 

ribozyme-RNAi delivery designs targeting eGFP

eGFP mRNA transcript levels were measured using real-time rtPCR. Lane 

A shows HI-derived non-targeting shRNA with no homology to any 

known mammalian genes. Lane B shows Hi-derived shRNA targeting 

eGFP. Lanes C, D and E represent designs C, D and E respectively. The 

positive control construct, Hl(egfp) suppressed eGFP mRNA transcript 

levels by 49% +/- 4.8. The R2D2(c) construct suppressed eGFP mRNA 

transcript levels by 42% +/- 4.7. Similarly R2D2(d) and R2D2(e) 

constructs suppressed eGFP mRNA transcript levels by 43% +/- 5.9 and 

48% +/- 5.6 respectively. The columns represent the data averaged from 5 

sets of transfections. Expression levels were normalised against eGFP 

transcript levels in control transfections (transfected with non-targeting 

constructs). Notably, eGFP expression levels with designs C, D  and E 

w ere not significantly different (D ataD esk) from  H I derived shRN A 

targeting eGFP. H ow ever, all four targeting constructs were 

significantly  different, in term s o f eG FP suppression, from  the H I 

derived non-targeting shRN A (p<0.05, D ataD esk). The graph 

represents the means and standard deviations from 100 independent 

transfections.
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Chapter 6

Tissue specific RNAi: in vivo analysis and tissue 

specific suppression



6.1 Introduction

Off-target effects of RNAi refer to the suppression of gene products other 

than those being directly targeted. This off-target activity can generally 

arise from two main mechanisms. The first mechanism is suppression at the 

mRNA levels of targets not 100% homologous to the siRNA. Several 

different research groups have noted that in some situations siRNAs can 

tolerate one mismatch to the mRNA target whilst still retaining silencing 

activity (Yu et al., 2002; Vickers et al., 2003; Pusch et al., 2003). 

Additionally, it has been found in some cases that several mismatches can 

be tolerated (Holen et al., 2002; Amarzguioui et al., 2003). Some studies 

have suggested that some regions of the siRNA are more tolerant of 

mismatches than others (Schwarz et al., 2003). One study has even shown a 

specific tolerance for G-U wobble pairing between the siRNA and the 

target RNA (Saxena et al., 2003). The other potential mechanism for off- 

target activity occurs due to the similarity between the physical structure of 

siRNA and that of microRNAs. MicroRNAs are naturally occurring 

noncoding RNA that interact with the same protein complexes as those 

involved in RNAi. However, microRNAs mediate inhibition of gene 

expression through translational inhibition (Lagos-Quintana et al., 2001; 

Lagos-Quintana et al., 2002; Lagos-Quintana et al., 2003). This actually 

appears to works both ways, with cases where siRNAs have been able to 

act as microRNAs (Doench et al., 2003) and vice versa (Hutvagner and 

Zamore, 2002). Together these mechanisms, siRNA mismatch tolerance 

and microRNA translation inhibition, create a risk of off-target activity.

It is important to stress that, in contrast to the studies referred to above; 

many studies have found high specificity in RNAi studies where a single 

base change was enough to eliminate RNAi-based suppression. Microarray 

studies carried out have also demonstrated highly specific siRNA effects 

(Semizarov et al., 2003; Chi et al., 2003). It is clear, however, that this is 

not always the case. Indeed another microarray study carried out found a 

large non-specific siRNA effect (Jackson et al., 2003). In the study by 

Jackson et al expression profiling was used to undertake an unbiased.
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genome-wide analysis of the efficacy and specificity of siRNA-induced 

silencing of two genes involved in signal transduction, the insulin-like 

growth factor 1 receptor (IGFIR) and the mitogen-activated protein kinase 

(MAPK14). 16 siRNAs were designed to target IGFIR and 8 siRNAs to 

MAPK14. After transfecting the siRNAs into HeLa cells, expression 

profiles from silencing experiments with the same target gene but differing 

siRNAs were compared. The analysis suggested that, whilst different 

siRNA to the same target transcript elicit a small number of gene 

regulations in common, the vast majority of the transcript expression 

patterns were siRNA-specific rather than target specific. Additionally, the 

number and identity of the altered transcripts did not correspond with the 

ability of the siRNA to silence the target gene. Notably, this indicates that it 

should, in principle, be possible to find an optimised suppressor of a given 

target gene with minimal off-target effects. They were unable to titrate the 

off-target gene regulation from silencing of the target. This would seem to 

suggest that the off-target effects observed were not caused by using 

siRNAs at high concentrations, a finding also seen in other similar studies 

(Scacheri et al., 2004). Expression profiling showed a degree of gene 

regulation at time points well before any decrease in MAPK14 was 

observed. This finding would appear to rule out any secondary effects 

resulting from the loss of MAPK14 activity. An additional, interesting, 

finding in the study was that for one siRNA, the off-target gene silencing 

was directed by the antisense strand of the RNA, whilst for another siRNA 

the off-target gene silencing was directed by the sense strand. This 

observation suggests that both the sense and antisense strands of the siRNA 

duplex can contribute is some way to transcript silencing.

An additional possible non-specific effect of siRNA may be due to immune 

stimulation. It has been reported that even synthetic siRNA may be potent 

inducers of interferons and inflammatory cytokines both in vitro and in vivo 

(Judge et al., 2005). Judge et al reported that the immuno-stimulatory 

activities of the formulated siRNAs were dependant on the nucleotide 

sequence. Furthermore, putative immuno-stimulatory motifs that may allow 

for the design of siRNAs that can mediate RNAi-based suppression with
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minimal immune activity were identified in the study. The accumulation of 

data like this has lead to a variety of methods to predict siRNA sequences 

that minimise potential off-target effects. One such search algorithm used 

identifies mismatch patterns (Yamada and Morishita, 2004). Tests have 

shown that this method can rapidly identify potential cross-hybridisation 

candidates for any siRNA sequence. In terms of computational 

performance, the program significantly outperforms traditional methods 

and identifies potential cross-hybridisation candidates that the widely used 

BLAST search may overlook. This software for searching for potential off- 

targets is available as part of the web based design software siDirect (Naito 

et al., 2004). The group has recently released other web-based online 

software for estimating off-target effects caused by long double-stranded 

RNA such as those used in RNAi studies in Caenorhabditis elegans. 

Drosophila or plants (Naito et al., 2005). Several other similar 

computational studies and web applications designed to optimise RNAi 

suppression whilst minimising off-target effects have been developed 

(Arziman et al., 2005; Qiu et al., 2005).

Whilst programs such as those referred to above can help design siRNA 

that should, in principle, elicit minimal off-target effects, it would be highly 

preferable in many instances to limit expression of siRNA to the tissue of 

interest. As discussed in the previous chapter Pol II promoters, in general, 

allow for this level of control. One such Pol II promoter is the albumin 

promoter. Albumin is one of the most abundant proteins in adult serum. It is 

almost exclusively expressed in the adult liver and its expression is 

regulated at the transcriptional level (Powell et al., 1984). The albumin 

promoter has been isolated from a number of different species and shows a 

high degree of homology between the different species (Schorpp et al., 

1988). The albumin promoter, used in the study presented here in chapter 6, 

was a 2.3kb rat albumin enhancer/promoter fragment containing the cis- 

acting DNA elements that are important for efficient, tissue-specific 

expression of the mouse albumin gene in adult mice (Pinkert et al., 1987). 

Furthermore, the 2.3kb rat albumin enhancer/promoter fragment has
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previously been shown to direct hepatocyte-specific expression in mice 

(Postic et al., 1999).

Notably, since generating the initial vector designs for this study, utilizing a 

combination of polymerase II promoters and cis-acting hammerhead 

ribozymes, other groups have made successful attempts to achieve long

term conditional RNAi-based suppression. A recent publication built on a 

previous study demonstrating a tamoxifen-inducible gene knockdown 

system in cultured cells using a combination of RNAi and the Cre-LoxP 

system (Coumoul et al., 2004). In this study a neomycin cassette, flanked 

by loxP sites, was inserted into the U6 promoter to disrupt its activity. 

Because the neomycin cassette is flanked by loxP sites it can be excised 

upon Cre-mediated recombination restoring the activity of the U6 promoter. 

In the most recent publication, by the same group, this system was 

validated in mouse, showing that it could be used to suppress the expression 

of an endogenous gene (Fgfr2) with high efficiency (Coumoul et al., 2005). 

Transgenic mice carrying the U6-ploxPneo-Fgfr2 RNAi construct were 

normal, displaying Fgfr2 transcript levels equivalent to those of wild-type 

controls. This indicated that the U6 promoter was inactive in vivo, 

presumably due to the presence of the neo in the promoter. After excision 

of the neo gene by crossing U6-ploxPneo-Fgfr2 mice with transgenic mice 

expressing Cre, the U6 promoter was activated, leading to an over 95% 

reduction of Fgfr2 transcript levels. This knockdown of Fgfr2 consequently 

leads to embryonic lethality. Additionally, in the study the U6 promoter 

was activated tissue specifically using transgenic mice that only express 

Cre in the progress zone of the limb, resulting mice are viable but have 

malformation of the digits of both the forelimbs and hindlimbs. This 

method does indeed provide an efficient method of RNAi suppression, in 

vivo, in a tissue-specific manner. However, the system requires a two part 

arrangement and a multitude of tissue-specific Cre systems.

Another approach to generate tissue specific RNAi involved the generation 

of a Ski-knockdown mouse using long double-stranded RNA (Shinagawa 

and Ishii, 2003). After long dsRNA are transferred to the cytoplasm (after
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transcription), typically they induce an interferon response (Manche et al., 

1992). The interferon response leads to a general block in translation and 

non-specific mRNA degradation (Elbashir et al., 2001; Paddison et al., 

2001). In this study by Shinagawa and Ishii a means of avoiding this 

interferon response was explored by generating a novel vector which was 

termed pDECAP. Transcripts from pDECAP lack both a 5’-cap and a 

3’poly(A) tail, and hence are not exported to the cytoplasm and therefore do 

not induce the interferon response. The removal of the 5’-cap is achieved 

through the action of a cis-acting hammerhead ribozyme. One potential 

problem with this system is use of long dsRNA which raises more concerns 

regarding potential off-target effects than short dsRNA. As stated 

previously, one approach being contemplated for dominant disorders with 

mutational heterogeneity is suppression and concurrent replacement disease 

causing gene (see Chapter 3, section 3.1). The use of long dsRNA in a gene 

therapy approach for a dominant disorder make the generation of a 

replacement construct very laborious, if not impossible.

A final study of note involved the development of a novel vector for the 

generation of siRNA (Kato and Taira, 2003). The design in this study is 

most similar to the R2D2(c) (design C) presented in chapter 5 and as such 

in theory should allow for tissue specific suppression. In this study Kato 

and Tairi demonstrated suppression in HeLa cells using a CMV promoter 

again similar to the results found with design C in chapter 5. To date, no 

suppression in vivo or indeed any form of tissue specific suppression has 

been demonstrated using this method.

This introduction builds on the general RNAi introduction in chapter 1 and 

the more specific siRNA introduction in chapters 4 and 5. Notably, it 

provides details about the potential for off-target effects when exploring 

RNAi-based suppression, which was first introduced in chapter 5 (section 

5.1). It also identifies various methods designed to circumvent or minimize 

these potential off-target effects. Given the requirement of tissue specific 

RNAi and the potential advantages of this type of improvement to current 

RNAi technology, the aim of the study described in this chapter was to

-  171 -



demonstrate that RNAi in combination with cis-acting hammerhead 

ribozymes and Pol II promoters could be utilized to drive tissue specific 

suppression of a target gene in vivo. This approach holds significant 

advantages over those methods that have emerged since the inception of 

this project (see discussion).
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6.2 Methods

6.2.1 High pressure/volume tail-vein injection

Endotoxin-free plasmid DNAs and/or siRNAs were added at their final 

concentrations (see injections tables 6.1, 6.2 and 6.3) to sterile Hartmann’s 

solution (131 mmol/1 Na+, lllm m ol/1 Cl', 29 mmol/1 lactate, 5mmol/l K"̂ , 2 

mmol/1 Ca' '̂ ,̂ pH = 6.5). Total injection volume per mouse (in ml) is 

calculated by dividing the weight of the mouse (in g) by 10. Mice were not 

anesthetised prior to injection. Un-anesthetised mice were restrained in a 50 

ml syringe barrel with rubber bungs. The rubber bung on the injection end 

had an opening to allow for tail exposure. Once in position a lamp was used 

to warm the mouse tail to dilate the tail vein facilitating tail-vein 

visualization. Once the dilated tail vein was visualised a 3ml syringe, fitted 

with a 0.75cm 26 gauge needle, was used to deliver the appropriate volume 

of solution. The syringe needle was placed into the dilated tail vein and 

inserted nearly the full length of the needle. Once the needle was inserted, 

the complete volume of solution was injected into the tail vein within 10 

seconds (as described in Lewis et al., 2002). Figures 6.1 and 6.2 show 

pictures from a typical tail vein injection. After 48 hours, post final 

injection, all mice were sacrificed using C 02 asphyxiation.

6.2.2 Direct inferior vena cava injection

Endotoxin-free plasmid DNAs were added at their final concentrations (see 

injections tables 6.1, 6.2 and 6.3) to sterile Hartmann’s solution (131 

mmol/1 Na+, 111 mmol/1 Cl', 29 mmol/1 lactate, 5mmol/l 2 mmol/1 C a^ , 

pH = 6.5). Total injection volume per mouse was always 500|o,l. Mice were 

anesthetised prior to injection using ketamine/xylazine. In anesthetized 

mice the inferior vena cava (IVC) was exposed using a midline incision, 

after the area was shaved. A 1ml syringe, fitted with a 30 gauge needle, was 

used to deliver the DNA solution. Once the needle had been inserted the 

complete volume of solution was injected into the IVC within 10 seconds 

(as described in Wu et al., 2005). Figures 6.3 and 6.4 show pictures from a

-  1 7 3 -



typical IVC injection. After 48 hours, post injection, all mice were 

sacrificed using CO2 asphyxiation.

6.2.3 RNA extraction from tissue

Organs collected were immediately placed on ice until homogenised in 1ml 

of TRI reagent using sterile polypropylene pellet pestles (Sigma Aldrich) 

and vortexing. After the addition of lOÔ il bromochloropropane (BCP) 

eppendorfs were vortexed and left at room temperature for 10 minutes. 

Samples were then spun in a 4°C cold room at 12000rpm (lEC Micromax 

benchtop centrifuge) for 15 minutes. 400^1 of the upper aqueous phase was 

transferred to a new eppendorf and 500)xl isopropanol added. Samples were 

mixed gently and left at room temperature for 10 minutes before spinning at 

12000rpm (EEC Micromax benchtop centrifuge) for 8 minutes. The 

supernatant was discarded and the RNA pellets washed in 800(4,1 of 75% 

ethanol before spinning at 12000rpm (lEC Micromax benchtop centrifuge) 

for 5 minutes. The supernatant was again discarded and the RNA pellet 

allowed to air dry. The RNA was resuspended in 100)j,l of nuclease free 

water by heating at 65°C for 10 minutes. Once resuspended, 10^1 of DNase 

and 1 Ifxl of DNase buffer was added and the samples stored at 37°C for 30 

minutes. After this time, 12|j,l of RNase stop solution was added and the 

samples heated to 65°C for 10 minutes. RNA samples were made up to 

500|il with nuclease free water and stored at -80°C.

6.2.4 Tissue fixing

All harvested organs collected were immediately placed on ice until they 

were preserved in 4% paraformaldehyde. Samples were placed in 500|il of 

sterile PBS in 1.5ml eppendorfs at collection. Immediately after all organs 

were collected, PBS was removed and replaced with 1ml of 4%  

paraformaldehyde. Organs were stored at 4°C in the dark for 24 hours. 

After this time the 4% paraformaldehyde was removed and replaced with 

1ml of sterile PBS. Organs were stored at 4°C in the dark until embedded in 

agar for sectioning.
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6.2.5 Agar embedding organs

After fixing in 4% paraformaldehyde, all organs collected were embedded 

in 6% agar. 6% (w/v) agar was made by adding 6g of agar per 100ml of 

PBS. The 6% agar was heated on a hot plate with a magnetic stirrer until a 

clear, bubble-free, mix was achieved. Organs were placed in 6-well tissue 

culture plates and the 6% agar was poured over the organs ensuring no 

bubbles formed around the organs. Plates were then allowed to cool at room 

temperature before being stored at 4°C in the dark for no longer than 48 

hours.

6.2.6 Vibrating microtome (vibratome) sectioning

Agar embedded organs were removed from 6-well plates. The excess agar 

around the organs was trimmed off leaving just enough agar to keep the 

organ held in the vibratome (Leica VTlOOOs). Trimmed agar embedded 

organs were glued to the holding plate in the buffer tray. All sections were 

carried out using standard razor blades (Gillette). All tissue sections taken 

were 100|o,m thick. Sections were cut at a blade vibrating frequency of 

70Hz and a speed of 0.75mm/s. Cut sections were stored at 4°C in the dark 

for no longer than 24 hours before mounting on slides using Aqua 

polymount (polysciences inc.).
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6.3 Results: In vivo suppression studies in mice

Suppression studies carried out in the previous chapter established that 

R2D2 designs C, D and E were not significantly different (DataDesk) from 

HI derived shRNA targeting eGFP in cell culture. The research described 

in this chapter was designed to demonstrate suppression of eGFP in vivo 

using the R2D2 designs C, D and E. Hence, the initial study undertaken 

involved the delivery of individual R2D2 constructs and control constructs 

to transgenic mice expressing eOFT* and the evaluation of eGFP 

suppression obtained. Subsequently, tissue specific promoters were 

engineered into R2D2 constructs to explore if the combination of Pol II 

tissue specific promoters, cis-acting hammerhead ribozymes and RNAi 

could be used to achieve tissue specific RNAi.

6.3.1 In vivo suppression of endogenous GFP in transgenic mice

Transgenic mice endogenously expressing an enhanced GFP under the 

control of a chicken beta-actin promoter and cytomegalovirus enhancer 

were purchased from Jackson Laboratories (C57BL/6-Tg(ACTB- 

EGFP)IOsb/J). These mice were bred against wild-type C57 mice as 

homozygotes expressing the transgene die within two weeks of birth. 

Positive heterozygotes are identified using a blue photonlight at wavelength 

470nm. Endotoxin free plasmid was delivered by high pressure, high 

volume, tail-vein injection as described in the materials and methods 

(section 6.2.1). Mice were injected with the test constructs (R2D2(c), 

R2D2(d) and R2D2(e)) as well as positive (HI derived eGFP-targeting 

shRNA) and negative (HI derived non-targeting shRNA) controls. An 

injection schedule is shown in Table 6.1. From this table it can be seen that 

each separate set of injections were carried out in eight mice and that mice 

received repeat injections of the same construct. The first injections were 

made at day I, with repeat injections occurring on day 2. Liver, kidney and 

spleen samples were collected from each injected mouse on day 4. From 

each mouse five liver samples were harvested, three liver samples were 

collected in trizol to be processed for RNA analysis using real-time rtPCR,

-  1 7 6 -



with the remaining two liver samples being preserved in 4% 

paraformaldehyde for fluorescence microscopy. Both kidneys were 

harvested from each injected mouse, one kidney was collected in trizol to 

be processed for RNA analysis using real-time rtPCR, with the other kidney 

being preserved in 4% paraformaldehyde for fluorescence microscopy. 

Finally, two spleen samples were harvested from each injected mouse; one 

was collected in trizol to be processed for RNA analysis using real-time 

rtPCR, with the other being preserved in 4% paraformaldehyde for 

fluorescence microscopy.

Expression from glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 

beta actin and 18s ribosomal rRNA was tested, as potential controls, at 

various RNA concentrations in real-time rtPCR reactions. 18s ribosomal 

rRNA was found to be the most suitable house keeping gene when 

analysing eGFP mRNA levels i.e. its expression levels were on a par with 

endogenous eGFP expression levels from C57BL/6-Tg(ACTB- 

EGFP)10sb/J mice. RNA isolated from organs from each injected mouse 

was run individually on two real-time rtPCR reactions, in duplicate. With 8 

mice injected for each construct and three liver samples collected from each 

mouse, a total of 24 liver samples were analysed per construct. As 

previously stated each samples was run in duplicate on two separate real

time rtPCR reactions, therefore for one test construct, e.g. R2D2(c), 96 

separate real-time rtPCR results were obtained. This value is less for kidney 

and spleen as fewer samples were harvested; however at 32 separate real

time rtPCR results, the testing was still quite stringent. This rigorous testing 

ensured that suppression values obtained were as accurate and reproducible 

as possible. This was especially important in light of the natural variation 

seen in animal experiments. The final data, comprising of the means +/- 

standard deviation, is shown in figure 6.5. All expression level were 

normalised against eGFP transcript levels in non-targeting HI injections. 

Notably, Designs C, D and E were not significantly different (DataDesk) 

from HI derived shRNA targeting eGFP. Design C suppressed 

approximately 40% of eGFP mRNA, design D suppressed approximately 

54% of eGFP mRNA, design E suppressed approximately 43% of eGFP

-  177 -



mRNA whilst the H I derived shRNA targeting eGFP suppressed 

approximately 45% of eGFP mRNA. However, in contrast to liver, no 

significant suppression (DataDesk) was seen in any kidney or spleen 

samples irrespective of the construct injected. The final data, comprising of 

the means +/- standard deviation, is shown in figure 6.6. All expression 

level were normalised against eGFP transcript levels in non-targeting H I 

injections.

Two liver, one kidney and one spleen sample harvested from each mouse 

was preserved in 4%  paraformaldehyde for fluorescence microscopy. Each 

of the tissue samples were embedded in 6%  agar (as in section 6.2.5). Agar 

embedded tissue samples were cut into 100|j.m thick sections on a vibrating 

blade microtome (vibratome). 50% to 60% of each tissue sample was 

sectioned yielding approximately 40 sections that were 100|xm thick. With 

8 mice injected for each construct and two liver samples collected from 

each mouse, a total of 16 liver samples were analysed per construct, 

therefore for one test construct, e.g. R2D2(c), up to 600 sections were 

analysed. Again this value is less for kidney and spleen as fewer samples 

were harvested; however with upwards of 300 separate sections being 

analysed per construct, the testing was still quite rigorous. Liver samples 

harvested from animals that received injections of the R2D2 constructs, 

showed reduced levels of eGFP compared to sections of liver from mice 

injected with a non-targeting control construct (as shown in figures 6.7, 6.8 

and 6.9). The results obtained with fluorescent microscopy mirrored the 

real-time rtPCR data. Notably, again, no suppression was seen in kidney or 

spleen sections.

These preliminary results appear to demonstrate that the R2D2 constructs 

suppress eGFP expression in vivo in transgenic mice. Indeed, it appears 

from this data that cis-acting hammerhead ribozymes in concert with 

shRNA and a Pol II promoter may be used to elicit RNAi-based 

suppression in vivo. Notably, no significant suppression was seen outside of 

the liver (section 6.3.1) and to ultimately demonstrate tissue specific 

suppression we must first be able to suppress in more than one organ with
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the non-specific (CMV promoter driven) version of the construct. As the 

promoter used (CMV) is highly expressed in most tissues, a likely reason 

for a lack of visible suppression may be a failure of the construct to reach 

tissues beyond the liver. With this in mind the next section focuses on the 

ability to deliver plasmid DNA to liver and other organs. The data from the 

pilot study, mentioned above, is not presented here as the numbers of mice 

were too low to draw any significant conclusions. However, when the in 

vivo tissue specific RNAi-based suppression studies of section 6.5 and 6.6 

where being set-up this pilot study was taken into consideration and co

injections of suppression constructs and target plasmid were used (see 

section 6.6 for details).
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6.4 Results: Plasmid delivery study in mice

As previously stated a likely reason for suppression only being seen in the 

liver may be the failure of the construct to reach tissues beyond the liver 

subsequent to tail vein injection. Although previously published data from 

experiments using high pressure, high volume tail-vein injections with 

much smaller concentrations of siRNA would lead us to expect the 

plasmids to reach multiple organs (Lewis et al., 2002) this was clearly not 

found to be the case in the current study. Other published data suggests that 

the injected plasmid would be cleared substantially on the first pass through 

the liver (Pouton and Seymour, 2001). Indeed 80-90% of the injected DNA 

may be taken up by macrophage of the liver and spleen within minutes of 

the intravenous administration. To investigate whether DNA administered 

by tail-vein injection v.'as being expressed outside the liver, multiple 

injection techniques and concentrations were tested with the pEG FP-Cl 

plasmid (Clontech) that expresses eGFP under the control of the CMV 

promoter.

6.4.1 In vivo delivery of eGFP to CD-I mice by tail-vein injection

The pEGFP-Cl plasmid was delivered to CD-I mice (Bioresources TCD, 

Ireland) by high pressure, high volume tail-vein injection as described in 

the materials and methods (section 6.2.1). Concentrations of 10|j,g, 20|j.g 

and 40|o.g of the plasmid were delivered. An injection schedule is shown in 

Table 6.2. From this table it can be seen that each separate set of injections 

were carried out in three mice. The injection was made at day 1 with liver, 

kidney and spleen samples collected from each injected mouse on day 3. 

From each mouse two liver samples were harvested, one liver sample was 

collected in trizol to be processed for RNA analysis using real-time rtPCR, 

with the other liver sample being preserved in 4% paraformaldehyde for 

fluorescence microscopy. Both kidneys were harvested from each injected 

mouse, one kidney was collected in trizol to be processed for RNA analysis 

using real-time rtPCR, with the other kidney being preserved in 4% 

paraformaldehyde for fluorescence microscopy. Finally, two spleen
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samples were harvested from each injected mouse; one was collected in 

trizol to be processed for RNA analysis using real-time rtPCR, with the 

other being preserved in 4% paraformaldehyde for fluorescence 

microscopy. Agar embedded tissue samples were cut into lOOum thick 

sections on a vibrating blade microtome (vibratome). Liver samples 

harvested from animals showed no visible eGFP expression when 10|j,g of 

DNA was injected, with slightly higher levels of eGFP expression seen at 

20|o,g and 40^g doses as seen in figure 6.10. No visible expression was seen 

in kidney or spleen sections. The negative microscopy for kidney and 

spleen for CD-I mice injections is not shown here. However, negative 

microscopy from tail-vein injections in 129S2/SvHsd mice are discussed in 

section 6.4.2 and shows in figures 6.12 and 6.13. Real-time rtPCR analysis 

backed up the results from microscopy, with no amplification in kidney or 

spleen samples. Notably, in kidney and spleen samples that showed no real

time rtPCR amplification with eGFP primers, control 18s primers amplified 

as expected indicating that the RNA extracted was intact. The negative real

time rtPCR for kidney and spleen for CD-I mice injections is not shown 

here. However, negative real-time rtPCR from tail-vein injections in 

129S2/SvHsd mice are discussed in section 6.4.2 and shows in figure 6.14. 

Notably, this low level of expression in liver samples of injected plasmid in 

CD-I mice has also been witnessed by Sophie Kiang (Genetics, Trinity 

College Dublin). In this study siRNA and shRNA targeting rhodopsin were 

unsuccessful in CD-I mice but successfully suppressed in 129S2/SvHsd 

mice (Kiang et al., 2005).

6.4.2 In vivo delivery of eGFP to 129S2/SvHsd mice by tail-vein 

injection

Given that low levels of eGFP expression were obtained in CD-I mice 

subsequent to tail-vein injection, the pEGFP-Cl plasmid was delivered to 

129S2/SvHsd mice (Harlan Labs, UK) by high pressure, high volume tail- 

vein injection (as described in the materials and methods section 5.2.1) to 

establish if delivery of plasmid was more efficient in this strain of mice. 

Concentrations of lO^g, 20)i,g, 40|o,g and 100|ig of the plasmid were
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delivered. An injection schedule is shown in Table 6.2. From this table it 

can be seen that each separate set of injections were carried out in three 

mice. The 10|xg, 20|j,g and 40(4.g injections were made at day 1 with liver, 

kidney and spleen samples collected from each injected mouse on day 3. 

The lOOjig injections were made at day 1 with kidney, spleen, gut, heart, 

lung and tail samples collected from each injected mouse on day 3. From 

each mouse two liver samples were harvested, one liver sample was 

collected in trizol to be processed for RNA analysis using real-time rtPCR, 

with the other liver sample being preserved in 4% paraformaldehyde for 

fluorescence microscopy. Both kidneys were harvested from each injected 

mouse, one kidney was collected in trizol to be processed for RNA analysis 

using real-time rtPCR, with the other kidney being preserved in 4% 

paraformaldehyde for fluorescence microscopy. Finally, two spleen 

samples, two heart samples, two intestine samples, two lung samples and 

two tail samples were harvested from each injected mouse; one from each 

set was collected in trizol to be processed for RNA analysis using real-time 

rtPCR, with the other being preserved in 4% paraformaldehyde for 

fluorescence microscopy. Agar embedded tissue samples were cut into 

lOOum thick sections on a vibrating blade microtome (vibratome). Liver 

samples harvested from animals showed eGFP expression across the 10|ig 

to 40|ig range of concentrations as shown in figure 6 .U . Real-time rtPCR 

analysis backed up microscopy showing amplification of eGFP cDNA in 

liver samples. Notably, kidney, spleen, gut, heart, lung and tail samples 

showed no eGFP expression in sections (figures 6.12 and 6.13). Real-time 

rtPCR analysis backed up the results from microscopy, with no 

amplification in kidney or spleen samples. Notably, in kidney and spleen 

samples that showed no real-time rtPCR amplification with eGFP primers, 

control 18s primers amplified as expected indicating that the RNA 

extracted was intact. An example of negative real-time rtPCR results from 

tail-vein injections in 129S2/SvHsd mice are shown in figure 6.14. From 

these injections it can be seen that even at concentrations of 100|ig there 

appears to be no eGFP expression outside the liver. Although the high 

pressure, high volume tail-vein injection technique is ideal for plasmid 

delivery to the liver, to investigate whether tissue specific RNAi-based

-  182 -



suppression may be possible, another method is required to deliver plasmid 

DNA to other organs.

6.4.3 In vivo delivery of eGFP to 129S2/SvHsd mice by I.V.C. 

injection

Given the requirement of a method of administration of plasmid DNA to 

achieve expression in organs other than liver, the pEGFP-Cl plasmid was 

delivered to 129S2/SvHsd mice by direct injection into the inferior vena 

cava (I.V.C.) as described in the materials and methods (section 6.2.2). 

40)j,g of the plasmid was delivered to six mice with a further six mice 

receiving buffer only. An injection schedule is shown in Table 6.2. The 

injections were made at day 1 with kidney samples collected from each 

injected mouse on day 3. From each mouse, one kidney harvested was 

collected in trizol to be processed for RNA analysis using real-time rtPCR, 

with the other kidney being preserved in 4% paraformaldehyde for 

fluorescence microscopy. Agar embedded tissue samples were cut into 

lOOum thick sections on a vibrating blade microtome (vibratome). Kidney 

samples harvested from animals showed eGFP expression as shown in 

figure 6.15. Notably, no eGFP expression was visible in mice receiving the 

control injection (figure 6.16). The eGFP expression appears to be mainly 

confined to the cortex and outer medullary region of the kidney. Real-time 

rtPCR analysis backed up microscopy showing amplification of eGFP 

cDNA in all kidney samples. From these results, the I.V.C. injection 

method appears to successfully deliver plasmid into mouse kidney. With 

the ability to deliver to two tissue types it was now possible to investigate 

the possibility of tissue specific RNAi-based suppression in vivo using the 

R2D2 constructs to elicit suppression.
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6.5 Results: In vivo tissue specific RNAi-based suppression study, 

part I -  Generation of tsRNAi(egfp) constructs

The high pressure, high volume tail-vein injection has been shown to 

successfully deliver plasmid DNA to the livers of 129S2/SvHsd mice 

(section 6.4.2). Furthermore, the I.V.C. injection method successfully 

delivers plasmid into the kidney of 129S2/SvHsd mice (section 6.4.3). As 

previously stated, with the ability to deliver to two tissue types, it was now 

possible to investigate the possibility of tissue specific RNAi-based 

suppression using the R2D2 constructs described in chapter 5. The 

experimental approach being adapted involved the evaluation of CMV- 

promoter driven shRNA constructs targeting eGFP in both kidney and liver. 

Additionally, albumin-promoter driven shRNA constructs targeting eGFP 

were evaluated in both kidney and liver. The 590bp cytomegalovirus 

(CMV) promoter expresses in nearly all tissue types in mice including liver 

and kidney. In contrast, the 2.3kb rat albumin promoter/enhancer allows for 

liver specific expression in mice (Postic et al., 1999).

An eGFP targeting sequence based on the highly successful GFP siRNA 

from Qiagen suppresses to a greater degree than the previous eGFP 

targeting sequence used in the design of R2D2(a)-(e) (see materials and 

methods table 2.4). For this reason a new tissue specific eGFP targeting 

design, termed tsRNAi(egfp), was designed and cloned for this in vivo 

study. The R2D2(d) design, using one ribozyme and a minimal poly-A, was 

chosen as the initial template for the new design. In addition, a new non

targeting negative control based on the non-targeting control siRNA from 

Qiagen was designed and cloned. This tsRNAi(non) construct was also 

based on the R2D2(d) design. In summary, the sole alteration in the new 

R2D2(d) designs is the use of altered sequence in the shRNA portion of the 

construct.
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6.5.1 Design of tsRNAi(egfp) (R2D2(d)improved design)

The tsRNAi(egfp) design uses one cis-acting hammerhead ribozyme at the 

5 ’ end of the shRNA in concert with a minimal poly-A at the 3 ’ end of the 

shRNA. The cis-acting hammerhead ribozyme and poly-A signal, in 

principle, act to release an shRNA which, in this case, targets eGFP. Once 

released the shRNA should fold, be processed into siRNA and operate in 

the same manner as shRNA expressed from a HI promoter. Figure 6.17A 

shows the actual sequence of the design.

6.5.2 Cloning of tsRNAi(egfp) (R2D2(d)improved design)

Primers and oligonucleotides were designed to PCR amplify the 

tsRNAi(egfp) design (table 2.4 of chapter 2). Primers FinalR2D2f and 

FinalR2D2r predicted a 175bp fragment when in a PCR reaction with 

R2D2(d)impF and R2D2(d)impR as shown in figure 6.18A. This 175bp 

fragment was successfully amplified by PCR (as in materials and methods

5.2.1 of chapter 5). Notably primer FinalR2D2f had a Bam Hl site 

incorporated into it. FinalR2D2r had a H indlll site incorporated into it. The 

Bam H l and H indlll sites were subsequently used to clone the 175bp 

tsRNAi(egfp) into pcDNA3.1-. Ligations, transformations and DNA 

minipreps were carried out as described in materials and methods (sections 

2.2.11, 2.2.14 and 2.2.15). DNA minipreps were tested by PCR screening 

(as in materials and methods 2.2.18). Clones carrying the inserted 

tsRNAi(egfp) were predicted to give a 315bp amplicon following PCR. 

DNA sequencing was carried out on DNA from positive minipreps to 

ensure successful cloning of tsRNAi(egfp) into pcDNA3.1-.

6.5.3 Design of tsRNAi(non) (R2D2(d)non-targeting design)

The tsRNAi(non) design uses one cis-acting hammerhead ribozyme at the 

5 ’ end of the shRNA in concert with a minimal poly-A at the 3 ’ end of the 

shRNA. The cis-acting hammerhead ribozyme and poly-A signal, in 

principle, act to release a shRNA which has no homology to any known
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mammalian genes (non-targeting). Once released the shRNA should fold, 

be processed into siRNA and operate in the same manner as shRNA 

expressed from a HI promoter. Figure 6.17B shows the actual sequence of 

the design.

6.5.4 Cloning of tsRNAi(non) (R2D2(d)non-targeting design)

Primers and oligonucleotides were designed to PCR amplify the 

tsRNAi(non) design (table 2.4 of chapter 2). Primers FinalR2D2f and 

FinalR2D2r predicted a 175bp fragment when in a PCR reaction with 

R2D2(d)nonF and R2D2(d)nonR as shown in figure 6.18B. This 175bp 

fragment was successfully amplified by PCR (as in materials and methods 

5.2.1 of chapter 5). Notably primer FinalR2D2f had a B am H l site 

incorporated into it. FinalR2D2r had a H indlll site incorporated into it. The 

Bam H l and H indlll sites were subsequently used to clone the 175bp 

tsRNAi(egfp) into pcDNA3.1-. Ligations, transformations and DNA 

minipreps were carried out as described in materials and methods (sections 

2.2.11, 2.2.14 and 2.2.15). DNA minipreps were tested by PCR screening 

(as in materials and methods 2.2.18). Clones carrying the inserted 

tsRNAi(non) were predicted to give a 315bp amplicon following PCR. 

DNA sequencing was carried out on DNA from positive minipreps to 

ensure successful cloning of tsRNAi(non) into pcDNAS.l-.

6.5.5 Cloning of Albumin promoter

The 2.3kb rat albumin promoter/enhancer (alb-e/p) was received as a gift 

from M. Magnuson (Vanderbilt University, Tennessee) (originally from R. 

Palimiter). The plasmid supplied had N otl and Bam H l sites either side of 

the alb-e/p. These sites were subsequently used to clone the 2.3kb alb-e/p 

into the tsRNAi(egfp) and tsRNAi(non) constructs. Ligations, 

transformations and DNA minipreps were carried out as described in 

materials and methods (sections 2.2.11, 2.2.14 and 2.2.15). DNA minipreps 

were tested by digesting with N otl. Clones carrying the inserted alb-e/p 

were found to be 2.4kb larger following restriction enzyme digestion. DNA
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sequencing was carried out on DNA from positive minipreps to ensure 

successful cloning of the CMV-ALB-tsRNAi(egfp) and CMV-ALB- 

tsRNAi(non) constructs. These CMV-ALB-tsRNAi(egfp) and CMV-ALB- 

tsRNAi(non) constructs were digested with Nrul and Notl to remove the 

CMV promoter. The constructs were then Klenow filled, blunt ligated, 

transformed and minipreped as in the materials and methods (2.2.11 to 

2.2.15). Clones carrying the inserted alb-e/p and the tsRNAi constructs, but 

without the CMV promoter, were found to be 720bp smaller. DNA 

sequencing was carried out on DNA from positive minipreps to ensure 

successful cloning of the ALB-tsRNAi(egfp) and ALB-tsRNAi(non) 

constructs. Maxipreps of the ALB-tsRNAi(egfp) and ALB-tsRNAi(non) 

constructs were carried out, as described in materials and methods (2.2.21).
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6.6 Results: In vivo tissue specific RNAi-based suppression study, 

part II -  Evaluation of eGFP suppression in mice

Endotoxin free plasmid was delivered by high pressure, high volume, tail- 

vein injection and inferior vena cava injection as described in the materials 

and methods (sections 6.2.1 and 6.2.2). Mice were injected with the test 

constructs (CM V-tsRNAi(egfp) and ALB-tsRNAi(egfp)) or negative 

controls (CMV-tsRNAi(non) and ALB-tsRNAi(non)). The target plasmid, 

pEG FP-C l, was co-injected with the test (or control) DNA. As discussed in 

section 6.3 the pilot study carried out suggested that the co-injection 

approach was more suitable than injection into C57BL/6-Tg(ACTB- 

EG FP)10sb/J mice expressing eGFP. An injection schedule is shown in 

Table 6.3. The injection was made at day 1 with liver and kidney samples 

collected from each injected mouse on day 3. As shown in the injection 

schedule, each separate set of injections was carried out in six mice. From 

each mouse tail-vein injected four liver samples were harvested, two liver 

samples were collected in trizol to be processed for RNA analysis using 

real-time rtPCR, with the remaining two liver samples being preserved in 

4% paraformaldehyde for fluorescence microscopy. From each mouse 

receiving an I.V.C. injection both kidneys were harvested from each 

injected mouse, one kidney was collected in trizol to be processed for RNA 

analysis using real-time rtPCR, with the other kidney being preserved in 

4% paraformaldehyde for fluorescence microscopy.

Expression from glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 

beta actin and 18s ribosomal rRNA was tested, as potential controls, at 

various RNA concentrations in real-time rtPCR reactions. 18s ribosomal 

rRNA was found to be the most suitable house keeping gene when 

analysing eGFP mRNA levels. RNA isolated from organs from each 

injected mouse was run individually on two real-time rtPCR reactions, in 

duplicate. With 6 mice injected for each construct and two liver samples 

collected from each mouse, a total of 12 liver samples were analysed per 

construct. As previously stated each samples was run in duplicate on four 

separate real-time rtPCR reactions, therefore for one test construct, e.g.
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CM V-tsRNAi(egfp), 96 separate real-time rtPCR results were obtained. 

This value is less for kidney as fewer samples were harvested; however at 

48 separate real-time rtPCR results, the testing was still quite stringent. This 

rigorous testing ensured that suppression values obtained were as accurate 

and reproducible as possible. The final data, comprising of the means +!- 

standard deviation, is shown in figure 6.19. All expression level were 

normalised against eGFP transcript levels in non-targeting control 

injections.

The CMV-tsRNAi(egfp) and ALB-tsRNAi(egfp) constructs both suppress 

eGFP mRNA expression in 129S2/SvHsd mouse liver when co-injected 

with target pEGFP-Cl plasmid by tail vein injection, 91% and 70% 

respectively. The CMV-tsRNAi(egfp) suppresses eGFP mRNA expression 

by approximately 55% in mouse kidney when co-injected, using the I.V.C. 

injection method, with target pEG FP-Cl plasmid. Notably the ALB- 

tsRNAi(egfp) showed no suppression in mouse kidney samples. Put another 

way, the albumin driven suppression construct showed no suppression in 

kidneys, but showed 70% suppression in the livers, of 129S2/SvHsd mice. 

In contrast, the CMV driven suppression construct suppressed in both 

kidney (55%) and liver (91%) of 129S2/SvHsd mice. CM V-tsRNAi(egfp) 

was significantly different, in terms of eGFP suppression, from CMV- 

tsRNAi(non) (p<0.05, DataDesk) in liver and kidney. Furthermore, ALB- 

tsRNAi(egfp) was significantly different, in terms of eGFP suppression, 

from ALB-tsRNAi(non) (p<0.05, DataDesk) in liver. However, in kidney 

ALB-tsRNAi(egfp) was not significantly different, in terms of eGFP 

suppression, from ALB-tsRNAi(non) (DataDesk).

Two liver and one kidney sample harvested from each mouse was 

preserved in 4% paraformaldehyde for fluorescence microscopy. Each of 

the tissue samples were embedded in 6% agar (as in section 6.2.5). Agar 

embedded tissue samples were cut into 100|j,m thick sections on a vibrating 

blade microtome (vibratome). 50% to 60% of each tissue sample was 

sectioned yielding approximately 40 sections that were lOOjxm thick. With 

6 mice injected for each construct and two liver samples collected from
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each mouse, a total of 12 liver samples were analysed per construct, 

therefore for one test construct, e.g. CMV-tsRNAi(egfp), up to 500 sections 

were analysed. Again this value is less for kidney and spleen as fewer 

samples were harvested; however with upwards of 250 separate sections 

being analysed per construct, the testing was still quite rigorous. The results 

obtained with fluorescent microscopy mirrored the real time rtPCR data 

(figures 6.20, 6.21, 6.22 and 6.23).

-  190 -



6.7 Discussion

From the data presented in chapter 5 it would appear that cis-acting 

hammerhead ribozymes can act in concert with RNAi to produce functional 

siRNAs from plasmid constructs and elicit efficient suppression of a target 

gene in cell culture. The initial aim of this chapter was to establish if 

functional siRNAs could also be generated in vivo (in mice) in the same 

manner. The three constructs generated in section 5.5 were tail-vein 

injected into C57BL/6-Tg(ACTB-EGFP)10sb/J transgenic mice which 

endogenously produce eGFP under the control of a chicken beta-actin 

promoter and cytomegalovirus enhancer. A H l-derived shRNA targeting 

eGFP and a H l-derived shRNA with no homology to any know mammalian 

genes were administered to mice as positive and negative controls, 

respectively. Real-time rtPCR and fluorescence microscopy established 

suppression of eGFP in livers of injected mice when compared to non

targeting negative controls. The data obtained suggests that a combination 

of polymerase II promoters, cis-acting hammerhead ribozymes and RNAi 

can be used to achieve tissue specific RNAi in vivo. However, in this initial 

experiment, suppression could not be demonstrated outside of the liver. 

This inability to suppress beyond the liver was investigated in section 6.4. 

In this study a pEGFP-Cl plasmid, which produced eGFP under the control 

of a CMV promoter, was injected into 129S2/SvHsd and CD -I mice using a 

variety of methods of administration. From this study it was established that 

tail-vein injection was a suitable method of plasmid delivery to the liver of 

I29S2/SvHsd mice. Furthermore, direct injection into the inferior vena cava 

of I29S2/SvHsd mice was found to be a suitable method of plasmid 

delivery to the kidney. With an indication that a combination of polymerase 

II promoters, cis-acting hammerhead ribozymes and RNAi can be used to 

achieve tissue specific RNAi in vivo and the establishment of techniques to 

successfully delivery plasmid DNA to liver and kidney it was timely to 

explore if tissue specific RNAi-based suppression was indeed possible. 

Section 6.5 of this chapter documents the generation of plasmids designed 

to establish if constructs employing cis-acting ribozymes in concert with 

RNAi previously shown to suppress in vitro (section 5.5.7) and in vivo
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(section 6.3.1) could be used with Pol II promoters other than the CMV 

promoter. With a new set of studies being carried out to establish if this was 

indeed possible, it was an opportune time to improve on the original 

shRNA designs. New constructs were generated based on the R2D2(d) 

design originally presented in section 5.5.3. The eGFP targeting shRNA in 

these new constructs was different from that used in the original R2D2 

designs with the new shRNA being based on a highly successful siRNA 

sequence targeting GFP from Qiagen. The new construct was termed 

tsRNAi(egfp). A new negative control was also generated which contained 

an shRNA with no homology to any known mammalian genes, termed 

tsRNAi(non). CMV-driven versions of these constructs were delivered to 

both liver and kidney as described in section 6.6. The CMV-driven 

tsRNAi(egfp) suppressed eGFP in liver and kidney of injected mice when 

analysed by real-time rtPCR and fluorescence microscopy. A liver specific 

(albumin promoter driven) version of these constructs were also delivered 

to both liver and kidney as described in section 6.6. This albumin promoter- 

driver tsRNAi(egfp) suppressed eGFP in liver, but not kidney, of injected 

mice when analysed by real-time rtPCR and fluorescence microscopy. This 

data demonstrates that it is possible to use a combination of Pol II 

promoters, cis-acting hammerhead ribozymes and RNAi to achieve tissue 

specific RNAi in vivo.

As discussed in the introduction of this chapter (section 6.1) tissue specific 

RNAi has several immediate benefits over traditional methods not least of 

which is the ability to minimise the off-target effects of RNAi. Another, 

obvious, benefit to an RNAi system which can potentially use any promoter 

type is the ability to maintain a level of control superior to traditional 

methods. With any potential gene therapy approach the ability to maintain 

control of expression, either spatially or temporally (or indeed both), is 

extremely advantageous. Tissue-specific RNAi, in principle, greatly 

increases the resolution of RNAi facilitating the ability to switch off genes 

in individual tissues which, if down-regulated in all tissue types, may be 

lethal. Furthermore, it allows for the exploration of the role of a specific 

gene product in an individual tissue type or cell lineage. The benefits of
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tissue-specific RNAi over traditional RNAi mirror the advantages of 

conditional gene targeting over traditional gene targeting in all tissues.

Also discussed in the introduction of this chapter (section 6.1), is the fact 

that since generating the initial vector designs for this study, utilising a 

combination of polymerase II promoters and cis-acting hammerhead 

ribozymes, other groups have made successful attempts to achieve long

term conditional RNAi-based suppression. In the study, described in section 

6.1, by Shinagawa and Ishii a Ski-knockdown mouse was generated using 

long double-stranded RNA. This was achieved using a plasmid, pDECAP, 

which generated long double-stranded RNA which would not be exported 

to the cytoplasm where they would induce the interferon response. Whilst, 

the approach here involves a relatively simply, single plasmid approach the 

use of long dsRNA raises m.any concerns regarding potential off-target 

effects, more so than shRNA would. Furthermore, as mentioned in the 

introduction (section 6.1), the use of long dsRNA in a gene therapy 

approach for a dominant disorder make the generation of a replacement 

construct very laborious, if not impossible. In the study, described in 

section 6.1, by Coumoul et al. a Cre-LoxP system was used to achieve 

suppression of the expression of an endogenous gene. Furthermore, tissue 

specificity was achieved using transgenic mice that only express Cre in 

certain tissues. Notably, this system is fairly complex requiring two 

separate biological elements and a multitude of tissue-specific Cre systems. 

The strategy employed in the study described in this thesis is a fairly simple 

one involving cis-acting ribozymes which have been found in this study, 

and indeed in other studies, to potently and efficiently cleave their target 

transcripts. Furthermore, the other constant element of the designs, that is 

the shRNA sequence, has also been found in this study, and indeed in other 

studies, to evoke potent suppression of expression of a target gene. In 

summary, the designs described in chapters 5 and 6 of this thesis draw 

together several biological elements that are all well characterised 

separately but before their use in this thesis had yet to be employed together 

to achieve tissue-specific RNAi.
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Notably, after the cessation of the research carried out in this thesis a paper 

was published in October 2005 (Dickins et al., 2005) that I feel requires 

review as it attempts to achieve the very goals explored in chapters 5 and 6 

i.e. long term RNAi-based suppression in concert with Pol II promoters. 

Dickins et al. found that microRNA-based shRNA could suppress gene 

expression when driven by Pol II promoters. Furthermore, tetracycline- 

responsive promoters were used to demonstrate conditional suppression in 

vitro and in vivo. Whilst the data presented by Dickins et al, suggests that 

rationally designed microRNA-based shRNA can achieve all the benefits of 

the tissue-specific RNAi constructs from chapters 5 and 6 of this thesis, it is 

notable that the use of microRNAs, rather than siRNAs or shRNAs, is at a 

rather embryonic stage of development and hence how universally 

applicable the technology will be has still to be fully established. 

Nevertheless, it is worth noting that, given that microRNAs represent as 

potent a tool for suppression as siRNA or shRNA, it is possible to employ 

microRNA sequences to be expressed from polymerase II promoters and 

thereby produce tissue-specific suppression of a target gene. Hence, the 

approach described by Dickins et al. earlier this month may represent an 

alternative method to that outlined in chapter 5 and 6 of this thesis. 

Regardless of the outcome with microRNAs, it is notable that the 

methodologies developed as part of this thesis represent novel strategies to 

enable tissue-specific suppression of a target gene using shRNA as the 

suppression tool.
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Figure 6.1 Tail-vein injection photograptis -  setup

The pictures above represent the set-up used to carry out tail-vein 

injections. Un-anesthetised mice were restrained in a 50 ml syringe 

barrel using rubber bungs (as seen in A - D). The rubber bung on the 

injection end had an opening to allow for tail exposure (as seen in C 

and D). Once in position a lamp was used to warm the mouse tail to 

dilate the tail vein facilitating tail-vein visualization.
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Figure 6.2 Tail vein injection photographs - injection

The picture above represents the actual tail-vein injection. Once the 

dilated tail vein was visualised (as shown in figure 6.1) a 3ml 

syringe, fitted with a 0.75cm 26 gauge needle, was used to deliver 

the appropriate volume of solution. The syringe needle was placed 

into the dilated tail vein and inserted nearly the full length of the 

needle. Once the needle was inserted, the complete volume of 

solution was injected into the tail vein within 10 seconds.
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Figure 6.3 Inferior vena cava injection photographs -  setup

The pictures above represent the set-up used to carry inferior vena 

cava injections. Mice were anesthetised prior to injection using 

ketamine/xylazine (ketamine lllm l/k g  and xylazine llm l/kg).. 

Anesthetised mice were shaved (A) before any incisions were made. 

In anesthetized mice the inferior vena cava (IVC) was exposed 

using a midline incision (B - D). A 1ml syringe, fitted with a 30 

gauge needle, was used to deliver the DNA solution Once the 

needle had been inserted the complete volume of solution was 

injected into the IVC within 10 seconds.
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Figure 6.4 Inferior vena cava injection photographs -  injection

The picture above represents visuaHsation of the inferior vena cava 

immediately prior to injection. Once the inferior vena cava (IVC) 

was exposed using a midline incision a 1ml syringe, fitted with a 30 

gauge needle, was used to deliver the DNA solution Once the 

needle had been inserted the complete volume of solution was 

injected into the IVC within 10 seconds
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Table 6.1 In vivo suppression of endogenous GFP: injection schedule

Mouse Rep. Injection 1 Injection 2 Total per 
mouse

1 1 20^g Hl(egfp) 20^g Hl(egfp) 40^g
2 2 20^g Hl(egfp) 20^g Hl(egfp) 40^g
3 3 20^g Hl(egfp) 20^g Hl(egfp) 40fig
4 4 20n,g Hl(egfp) 20^g Hl(egfp) 40^g
5 5 20\ig Hl(egfp) 20^g Hl(egfp) 40^g
6 6 20^g Hl(egfp) 20^g Hl(egfp) 40M,g
7 7 20^g Hl(egfp) 20^g Hl(egfp) 40^g
8 8 20ng Hl(egfp) 20ng Hl(egfp) 40M.g
9 1 20^lg R2D2(c) 20^g R2D2(c) 40^g
10 2 20^g R2D2(c) 20^g R2D2(c) 40^g
11 3 20ng R2D2(c) 20M,g R2D2(c) 40^g
12 4 20ng R2D2(c) 20ng R2D2(c) 40^ig
13 5 20ng R2D2(c) 20^ig R2D2(c) 40^g
14 6 20ng R2D2(c) 20^g R2D2(c) 40^g
15 7 20^g R2D2(c) 20ng R2D2(c) 40^g
16 8 20ng R2D2(c) 20ng R2D2(c) 40tig
17 1 20^g R2D2(d) 20ng R2D2(d) 40^g
18 2 20^g R2D2(d) 20ng R2D2(d) 40^g
19 3 20^g R2D2(d) 20^g R2D2(d) 40^g
20 4 20^g R2D2(d) 20^g R2D2(d) 40^g
21 5 20n,g R2D2(d) 20ng R2D2(d) 40^ig
22 6 20jig R2D2(d) 20^g R2D2(d) 40^g
23 7 20^g R2D2(d) 20^g R2D2(d) 40|ig
24 8 20ug R2D2(d) 20ng R2D2(d) 40|xg
25 1 20^g R2D2(e) 20^g R2D2(e) 40|ig
26 2 20ng R2D2(e) 20^g R2D2(e) 40^lg
27 3 20ng R2D2(e) 20^ig R2D2(e) 40^lg
28 4 20^g R2D2(e) 20^g R2D2(e) 40^lg
29 5 20^g R2D2(e) 20^g R2D2(e) 40^g
30 6 20^g R2D2(e) 20n,g R2D2(e) 40ng
31 7 20^g R2D2(e) 20jig R2D2(e) 40^g
32 8 20ng R2D2(e) 20ng R2D2(e) 40jig
33 1 20fig HI (non) 20|j,g HI (non) 40^g
34 2 20^g HI (non) 20fig HI (non) 40^ig
35 3 20^g HI (non) 20^ig HI (non) 40^ig
36 4 20|ig HI (non) 20)ig HI (non) 40^g
37 5 20|Ag HI (non) 20|ig HI (non) 40^ig
38 6 20^g HI (non) 20^,g HI (non) 40^g
39 7 20|o,g HI (non) 20^g HI (non) 40jig
40 8 20jig HI (non) 20ng HI (non) 40hr
41 1 Buffer only Buffer only -

42 2 Buffer only Buffer only -

43 3 Buffer only Buffer only -

44 4 Buffer only Buffer only -

45 5 Buffer only Buffer only -
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Table 6.2 Plasmid delivery study: injection schedule

Mouse Rep. Injection Mouse Strain Technique
1 1 40ug pEGFP-Cl CD-I Tail-vein Injection
2 2 40ug pEGFP-Cl CD-I Tail-vein Injection
3 3 40ug pEGFP-Cl CD-I Tail-vein Injection
4 1 20ug pEGFP-Cl CD-I Tail-vein Injection
5 2 20ug pEGFP-C 1 CD-I Tail-vein Injection
6 3 20ug pEGFP-Cl CD-I Tail-vein Injection
7 1 lOug pEGFP-Cl CD-I Tail-vein Injection
8 2 lOug pEGFP-Cl CD-I Tail-vein Injection
9 3 lOug pEGIT-Cl CD-I Tail-vein Injection
10 1 Buffer Only CD-I Tail-vein Injection
11 2 Buffer Only CD-I Tail-vein Injection
12 3 Buffer Only CD-I Tail-vein Injection

13 1 lOOug pEGFP-Cl 129 Tail-vein Injection
14 2 lOOug pEGFP-Cl 129 Tail-vein Injection
15 3 lOOug pEGFP-Cl 129 Tail-vein Injection
16 1 40ug pEGFP-C 1 129 Tail-vein Injection
17 2 40ug pEGFP-C 1 129 Tail-vein Injection
18 3 40ug pEGFP-C 1 129 Tail-vein Injection
19 1 20ug pEGFP-C 1 129 Tail-vein Injection
20 2 20ug pEGFP-Cl 129 Tail-vein Injection
21 3 20ug pEGFP-Cl 129 Tail-vein Injection
22 1 lOug pEGFP-Cl 129 Tail-vein Injection
23 2 lOug pEGFP-Cl 129 Tail-vein Injection
24 3 lOugpEGFP-Cl 129 Tail-vein Injection
25 1 Buffer Only 129 Tail-vein Injection
26 2 Buffer Only 129 Tail-vein Injection
27 3 Buffer Only 129 Tail-vein Injection

28 1 40ug pEGFP-C 1 129 I.V.C. injection
29 2 40ug pEGFP-Cl 129 I.V.C. injection
30 3 40ug pEGFP-C 1 129 I.V.C. injection
31 4 40ug pEGFP-Cl 129 I.V.C. injection
32 5 40ug pEGFP-C 1 129 I.V.C. injection
33 6 40ugpEGFP-Cl 129 I.V.C. injection
34 1 Buffer Only 129 I.V.C. injection
35 2 Buffer Only 129 I.V.C. injection
36 3 Buffer Only 129 I.V.C. injection
37 4 Buffer Only 129 I.V.C. injection
38 5 Buffer Only 129 I.V.C. injection
39 6 Buffer Only 129 I.V.C. injection
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Table 6.3 In vivo suppression of co-injected eGFP; injection schedule

Mouse Rep. Test DNA Target DNA Technique
1 1 40ug CMV-tsRNAi(egfp) 20ug pEGFP-C 1 Tail-vein
2 2 40ug CMV-tsRNAi(egfp) 20ug pEGFP-Cl Tail-vein
3 3 40ug CMV-tsRNAi(egfp) 20ug pEGFP-Cl Tail-vein
4 4 40ug CMV-tsRNAi(egfp) 20ug pEGFP-Cl Tail-vein
5 5 40ug CMV-tsRNAi(egfp) 20ug pEGFP-Cl Tail-vein
6 6 40ug CMV-tsRNAi(egfp) 20ug pEGFP-Cl Tail-vein
7 1 40ug CMV-tsRNAi(egfp) 20ug pEGFP-C 1 I.V.C.
8 2 40ug CMV-tsRNAi(egfp) 20ug pEGFP-Cl I.V.C.
9 3 40ug CMV-tsRNAi(egfp) 20ug pEGFP-Cl I.V.C.
10 4 40ug CMV-tsRNAi(egfp) 20ug pEGFP-Cl I.V.C.
11 5 40ug CMV-tsRNAi(egfp) 20ug pEGFP-C 1 I.V.C.
12 6 40ug CMV-tsRNAi(egfp) 20ug pEGFP-Cl I.V.C.
13 1 40ug CMV-tsRNAi(non) 20ug pEGFP-Cl Tail-vein
14 2 40ug CMV-tsRNAi(non) 20ugpEGFP-Cl Tail-vein
15 3 40ug CMV-tsRNAi(non) 20ug pEGFP-Cl Tail-vein
16 4 40ug CMV-tsRNAi(non) 20ug pEGFP-Cl Tail-vein
17 5 40ug CMV-tsRNAi(non) 20ug pEGFP-Cl Tail-vein
18 6 40ug CMV-tsRNAi(non) 20ug pEGFP-Cl Tail-vein
19 1 40ug CMV-tsRNAi(non) 20ug pEGFP-Cl I.V.C.
20 2 40ug CMV-tsRNAi(non) 20ug pEGFP-C 1 I.V.C.
21 3 40ug CMV-tsRNAi(non) 20ug pEGFP-Cl I.V.C.
22 4 40ug CMV-tsRNAi(non) 20ug pEGFP-Cl I.V.C.
23 5 40ug CMV-tsRNAi(non) 20ug pEGFP-Cl I.V.C.
24 6 40ug CMV-tsRNAi(non) 20ug pEGFP-Cl I.V.C.

25 1 40ug ALB-tsRNAi(egfp) 20ug pEGFP-C 1 Tail-vein
26 2 40ug ALB-tsRNAi(egfp) 20ug pEGFP-Cl Tail-vein
27 3 40ug ALB-tsRNAi(egfp) 20ug pEGFP-Cl Tail-vein
28 4 40ug ALB-tsRNAi(egfp) 20ug pEGFP-Cl Tail-vein
29 5 40ug ALB-tsRNAi(egfp) 20ug pEGFP-Cl Tail-vein
30 6 40ug ALB-tsRNAi(egfp) 20ug pEGFP-Cl Tail-vein
31 1 40ug ALB-tsRNAi(egfp) 20ug pEGFP-C 1 I.V.C.
32 2 40ug ALB-tsRNAi(egfp) 20ug pEGFP-Cl I.V.C.
33 3 40ug ALB-tsRNAi(egfp) 20ug pEGFP-C 1 I.V.C.
34 4 40ug ALB-tsRNAi(egfp) 20ug pEGFP-Cl I.V.C.
35 5 40ug ALB-tsRNAi(egfp) 20ug pEGFP-Cl I.V.C.
36 6 40ug ALB-tsRNAi(egfp) 20ug pEGFP-Cl I.V.C.
37 1 40ug ALB-tsRNAi(non) 20ug pEGFP-Cl Tail-vein
38 2 40ug ALB-tsRNAi(non) 20ug pEGFP-Cl Tail-vein
39 3 40ug ALB-tsRNAi(non) 20ug pEGFP-Cl Tail-vein
40 4 40ug ALB-tsRNAi(non) 20ug pEGFP-Cl Tail-vein
41 5 40ug ALB-tsRNAi(non) 20ug pEGFP-C 1 Tail-vein
42 6 40ug ALB-tsRNAi(non) 20ug pEGFP-Cl Tail-vein
43 1 40ug ALB-tsRNAi(non) 20ug pEGFP-Cl I.V.C.
44 2 40ug ALB-tsRNAi(non) 20ug pEGFP-Cl I.V.C.
45 3 40ug ALB-tsRNAi(non) 20ug pEGFP-C 1 I.V.C.
46 4 40ug ALB-tsRNAi(non) 20ugpEGFP-Cl I.V.C.
47 5 40ug ALB-tsRNAi(non) 20ug pEGFP-Cl I.V.C.
48 6 40ug ALB-tsRNAi(non) 20ug pEGFP-C 1 I.V.C.
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Figure 6.5 eGFP mRNA transcript levels in liver tissue from C57BL/6- 

Tg(ACTB-EGFP)10sb/J mice

A positive control Hi-derived shRNA targeting eGFP (HI(egfp), a 

negative control HI-derived shRNA with no homology to any known 

mammalian genes (non-target) controls and R2D2 (c) - (e) constructs were 

evaluated in vivo by injection into the tail vein of transgenic mice 

producing eOFP (according to injection schedule Table 6.1). RNA 

extracted from liver tissue was analysed for eOFP expression levels using 

real-time rtPCR. The data represents mean relative expression values (of 

eOFP) +/- standard deviation from 96 separate real-tim e rtPC R  results 

(see section 6.3.1 for details). The positive control construct, Hl(egfp) 

suppressed eOFP mRNA transcript levels by 45% +/- 9. The R2D2(c), 

R2D2(d) and R2D2(e) constructs suppressed eOFP mRNA transcript 

levels by 40% +/- 16, 54% +/- 11 and 43% +/- 17 respectively. Notably, 

eOFP expression levels with designs C, D and E w ere not significantly  

different (D ataD esk) from  H i derived shRN A  targeting eGFP. 

H ow ever, all four targeting constructs were significantly  different , 

in term s o f eG FP suppression, from  the H I derived non-targeting 

shRN A  (p<0.05, D ataD esk). The graph represents m eans and 

standard deviations from  40 mice.
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Figure 6.6 eGFP mRNA transcript levels in kidney and spleen tissue from 

C57BL/6-Tg(ACTB-EGFP)10sb/J mice

A positive control HI-derived shRNA targeting eGFP (Hl(egfp), a 

negative control HI-derived shRNA with no homology to any known 

mammalian genes (non-target) controls and R2D2 (c) - (e) constructs were 

evaluated in vivo by injection into the tail vein of transgenic mice 

producing eGFP (according to injection schedule Table 6.1). RNA 

extracted from kidney and spleen was analysed for eGFP expression levels 

using real-time rtPCR. The data represents mean relative expression 

values (of eGFP) +/- standard deviation from 32 separate real-tim e 

rtPC R results (see section 6.3.1 for details). Notably, eGFP expression 

levels with all constructs were not significantly  different (D ataD esk) 

from  H i derived shRN A with no homology to any known mammalian 

genes. The graph represents m eans and standard deviations from  40 

mice.
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Figure 6.7 Representative sections from C57BL/6-Tg(ACTB-EGFP)10sb/J 

mice injected with the R2D2(d) construct or a non-targeting control

Panels A1 and A2 represent liver sections (lOX) from C57BL/6- 

Tg(ACTB-EGFP)10sb/J mice tail vein injected with a total of 40n,g of the 

R2D2(d) construct according to the injection schedule in table 6.1. Panels 

B1 and B2 represent liver sections (lOX) from C57BL/6-Tg(ACTB- 

EGFP)10sb/J mice tail vein injected with a total of 40n,g of the non

targeting control construct, an shRNA with no homology to any known 

mammalian genes, according to the injection schedule in table 6.1. Panels 

A1 and B1 are under white light. Panels A2 and B2 are under UV-light 

and a GFP filter. Sections are from agar embedded tissue and cut using a 

vibrating blade microtome (vibratome) (lOOum sections). The microscope 

pictures above are representatives from the 16 liver samples sectioned (see 

section 6.3.1 for details). Notably, a significant reduction in green 

fluorescence can be observed between the targeting (B2) and non

targeting (A2) injections.
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Figure 6.8 Liver tissue sections from C57BL/6-Tg(ACTB-EGFP)10sb/J mice 

injected with a non-targeting control

Panels A to D represent liver sections (5X) from C57BL/6-Tg(ACTB- 

EGFP)10sb/J mice tail vein injected with a total of 40(j.g of a non

targeting control construct, an shRNA with no homology to any known 

mammalian genes, according to the injection schedule in table 6.1. Panels 

A to D are under UV-light and a GFP filter. Sections are from agar 

embedded tissue and cut using a vibrating blade microtome (vibratome) 

(lOOum sections). The microscope pictures above are representatives from 

the 16 liver samples sectioned (see section 6.3.1 for details). A significant 

level of green fluorescence can be observed in each of the sections A-D. 

The figures 6.8 and 6.9 demonstrate the same point as figure 6.7; they are 

presented here because at 5x magnification they offer an advantage over 

the lOx magnification in figure 6.7. In the above sections, and the sections 

in figure 6.9, it is possible to view an entire liver section demonstrating the 

even distribution of eGFP fluorescence and the equal even distribution of 

eGFP suppression (see figure 6.9).



Figure 6.9 Liver tissue sections from C57BL/6-Tg(ACTB-EGFP)10sb/J mice 

injected with the R2D2(d) construct

Panels A to D represent liver sections (5X) from C57BL/6-Tg(ACTB- 

EGFP)10sb/J mice tail vein injected with a total of 40^ig of the R2D2(d) 

construct according to the injection schedule in table 6.1. Panels A to D 

are under UV-light and a GFP filter. Sections are from agar embedded 

tissue and cut using a vibrating blade microtome (vibratome) (lOOum 

sections). The microscope pictures above are representatives from the 16 

liver samples sectioned (see section 6.3.1 for details). A significant 

reduction in green fluorescence can be observed in each of the sections A- 

D compared to those of figure 6.8. The figures 6.8 and 6.9 demonstrate the 

same point as figure 6.7; they are presented here because at 5x 

magnification they offer an advantage over the lOx magnification in figure 

6.7. In the above sections, and the sections in figure 6.8, it is possible to 

view an entire liver section demonstrating the even distribution of eGFP 

fluorescence (see figure 6.8) and the equal even distribution of eGFP 

suppression.



Figure 6.10 Liver tissue sections from CD-I mice injected witli pEGFP-Cl
Panels A1 and A2 represent liver sections (lOX) from CD-I mice tail vein 

injected with 20^ig of pEGFP-Cl plasmid according to the injection schedule in 

table 6.2. Panels B i and B2 represent liver sections (lOX) from CD-I mice tail 

vein injected with 40ng of pEGFP-Cl plasmid according to the injection schedule 

in table 6.2. The pEGFP-Cl plasmid produces eGFP under the control of a CMV 

promoter. Panels A1 and B l are under white light. Panels A2 and B2 are under 

UV-light and a GFP filter. Sections are from agar embedded tissue and cut using a 

vibrating blade microtome (vibratome) (lOOum sections). The microscope 

pictures above are representatives from 6 injected mice (see section 6.4.1 for 

details). Low levels of eGFP fluorescence are visible in the 20ng and 40ng 

injection.
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Figure 6.11 Liver tissue sections from 129S2/SvHsd mice injected with 

pEGFP-Cl
Panels A1 and A2, B1 and B2 and C l and C2 represent liver sections (lOX) from 

129S2/SvHsd mice tail vein injected with lO^ig, 20\ig and 40ng of pEGFP-Cl plasmid, 

repectively. The pEGFP-Cl plasmid produces eGFP under the control of a CMV 

promoter. Panels A l, B1 and C l are under white light. Panels A2, B2 and C2 are under 

UV-light and a GFP filter. Sections are from agar embedded tissue and cut using a 

vibrating blade microtome (vibratome) (lOOum sections). The microscope pictures above 

are representatives from 9 injected mice (see section 6.4.2 for details). Levels of eGFP 

fluorescence increased with injected concentration, up to the 40ng injection which showed 

quite significant fluorescence.
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Figure 6.12 Kidney, spleen, intestine from 129S2/SvHsd mice injected with 

pEGFP-Cl
Panels A1 and A2 represent kidney sections (lOX) from 129S2/SvHsd mice tail vein 

injected with lOO^g of pEGFP-Cl plasmid. Panels B1 and B2 represent spleen sections 

(lOX) from 129S2/SvHsd mice tail vein injected with lOOng of pEGFP-Cl plasmid. Panels 

C l and C2 represent small intestine sections (lOX) from 129S2/SvHsd mice tail vein 

injected with lOO^g of pEGFP-Cl plasmid. Panels A l, B1 and C l are under white light. 

Panels A2, B2 and C2 are under UV-light and a GFP filter. Sections are from agar 

embedded tissue and cut using a vibrating blade microtome (vibratome) (lOOum sections). 

The pictures above are representatives from 3 injected mice (see section 6.4.2 for details). 

No fluorescence was visible in any of the sections.
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Figure 6.13 Lung, heart, tail sections from 129S2/SvHsd mice injected with 

pEGFP-Cl
Panels A1 and A2 represent lung sections (lOX) from 129S2/SvHsd mice tail vein injected 

with 100|ig of pEGFP-Cl plasmid. Panels B1 and B2 represent heart sections (lOX) from 

129S2/SvHsd mice tail vein injected with iOO^g of pEGFP-Cl plasmid. Panels C l and C2 

represent tail epidermis sections (lOX) from 129S2/SvHsd mice tail vein injected with 

lOOng of pEGFP-Cl plasmid. Panels A l, B1 and C l are under white light. Panels A2, B2 

and C2 are under UV-light and a GFP filter. Sections are from agar embedded tissue and 

cut using a vibrating blade microtome (vibratome) (lOOum sections). The pictures above 

are representatives from 3 injected mice (see section 6.4.2 for details). No fluorescence 

was visible in any of the sections.



1 egfp BLANK
2 egfp El 00 A
3 egfp E100 0
4 egfp E1000 A
5 egfp El 000 B
6 egfp E10000A
7 egfp E10000 B 
SegfpAIOOO
9 egfp N1a 1000 
lO e a fp N Ib  1000
11 egfp II a  1000
12 egfp Mb 1000
13 egfp 12a 1000
14 egfp 12b 1000
15 egfp 13a 1000 
1 6 eg fp l3 b 1 0 0 0  
1 7 18s BLANK 
18 18S E 100A  
1918SE 1O O 0
20 ISsEIOO OA
21 18S E 1000B
22 18SE 10000A
23 18SE 10000B
24 18s A 1000
25 18s N1 a 1000 
2 6 1 8 s  NIblOOO 
27 1 8 s l1 a  1000 
2 8 1 8 s l1 b 1 0 0 0
29 18s 12a 1000
30 18s 12b 1000
31 18s 13d 1000
32 18s 1.3b tOOO

1 2 3 4  5  e 7 e  9 10 11 12 13 14 16 10 17 18 10 20 21 22 23 24  25 26 27 26 20 30 31 32

Cycle Number

Figure 6.14 Real-time rtPCR analysis reports from one eGFP real-time 

rtPCR run

Demonstration analyses from one real-time rtPCR run analysing eGFP 

transcript levels. The graph above plots fluorescence versus crossing cycle 

number for each sample. Each curve above represents an individual 

sample. Fluorescence, as graphed above, occurs due to the fact that SYBR 

green (used in the real-time rtPCR reaction) binds to double-stranded 

DNA and fluoresces when excited at 470nm. As the real-time rtPCR 

product concentration increases (i.e. increase in the amount of DNA) so to 

does the level of fluorescence. Notably, no am plification occurs in real

time rtPCR reactions using eGFP primers (on left). In contrast, 

am plification occurs as expected in real-time rtPCR reactions using 

control 18s prim ers (on right), indicating that the R N A  extracted 

was intact.
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Figure 6.15 Kidney sections from 129S2/SvHsd mice I.V.C. injected with 

pEGFP-Cl
All panels represent kidney sections (lOX) from 129S2/SvHsd mice I.V.C. 

injected with lOO îg of pEGFP-Cl plasmid. The pEGFP-Cl plasmid produces 

eGFP under the control of a CMV promoter. Panels A l, B i and C l are under 

white light. Panels A2, B2 and C2 are under UV-light and a GFT* filter. Sections 

are from agar embedded tissue and cut using a vibrating blade microtome 

(vibratome) (lOOum sections). The microscope pictures above are representatives 

from 6 injected mice (see section 6.4.2 for details). Significant levels o f eGFP 

fluorescence are visible.



Figure 6.16 Kidney sections from I.V.C. sham injected 129S2/SvHsd mice
All panels represent kidney sections (lOX) from 129S2/SvHsd mice I.V.C. 

injected with buffer only. Panels A l, B1 and C l are under white light. Panels A2, 

B2 and C2 are under UV-light and a GFP filter. Sections are from agar embedded 

tissue and cut using a vibrating blade microtome (vibratome) (lOOum sections). 

The microscope pictures above are representatives from 6 injected mice (see 

section 6.4.2 for details). No fluorescence was visible in any of the sections.
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Figure 6.17 Design of tsRNAi(egfp)

Design o f tsR N A i(eg fp ) (A ) and  tsR N A i(n o n ) (B ) showing full 

sequence. The ribozyme is shown according to their secondary structure 

(as described in the introduction section 1.3.4). The eGFP targeting 

shRNA is shown in green (A l) and the non targeting shRNA is shown in 

purple (B l). The shRNA is shown how it should fold after it has been 

released by cis-acting hammerhead ribozyme and the minimal PolyA 

signal (A2, B2) and finally how the resulting siRNA should form after 

processing (A3, B3).
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A

F i n a l R 2 D 2 f

R2D2(d)imp : CCTAGCGGATCCAGTAGCTGATGAGTCCGTGAGGACGAAACGGTACCCGG: 50 

R2D2(d)imp : TACCGTCCTACT :CAAG CTG ACrrTGAAGTTCATCAGAAGAGAA CTTCAG:100 

R2D2(d)imp ; GGTCAGCTTGCC. AATAAAGGAAATTTATTTTCATTGCAATAGTGTGTTG:150
F in a lR 2 l ) 2 r

R2D2(d)imp : GTTTTTTGTGTGAAGCTTCCTAGC: 174

“b

F i i i a lR 2 D 2 f

R2 D2(d)non : CCTAGCGGATCCAGTAGCTGATGAGTCCGTGAGGACGAAACGGTACCCGG: 5 0 

R2 D2(d)non : TACCGTCCTACTTTCTCCGAACGTGTCACGTTTCAGAAGAACGTGACACG:10 0 

R2 D2(d)non : TTCGGAGAATTAATAAAGGAAATTTATTTTCATTGCAATAGTGTGTTGGT:15 0
Fin a l R 2 I)2 r

R2D2(d)non : TTTTTGTGTGAAGCTTCCTAGC:172

Figure 6.18 Cloning of tsRNAi(egfp)

(A) The sequence of tsRNAi(egfp) showing the overview o f the 

tsRNAi(egfp) cloning strategy. The forward prim er FinalR2D 2f is 

shown in red. The reverse primer FinalR2D 2r is shown in blue. The 

eGFP targeting part of the sequence is shown in green.

(B) The sequence of tsRNAi(non) showing the overview of the 

tsRNAi(non) cloning strategy. The forward prim er FinalR2D 2f is 

shown in red. The reverse prim er FinalR2D2r is shown in blue. The 

non targeting part of the sequence is shown in purple.
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M eG FP -targeting

Figure 6.19 eGFP mRNA transcript levels in liver and kidney sections in 

129S2/SvHsd mice co-injected with pEGFP-Cl and either tsRNAi(egfp) or 

tsRNAi(non)

CMV-tsRNAi(egfp) and ALB-tsRNAi(egfp) (detailed in section 6.5) were 

evaluated in vivo by injection into 129S2/SvHsd mice (according to the 

injection schedule in Table 6.3). CMV-tsRNAi(non) and ALB- 

tsRNAi(non) (detailed in section 6.5) were also evaluated in vivo by 

injection into 129S2/SvHsd mice (according to the injection schedule in 

Table 6.3). RNA extracted from tissue was analysed for eGFP expression 

by real-time rtPCR using gapdh and ribosomal 18s as housekeeping genes. 

Expression of eGFP was compared to eGFP expression from mice injected 

with non-targeting constructs. CMV-C-eGFP suppressed eGFP transcript 

levels by 91% +/- 5 in liver (Lane 2) and 55% +/- 5 in kidney (Lane 4) and 

differed significantly (p<0.05, DataDesk v6.0) from CMV-C-NT (Lanes 1 

and 3). ALB-C-eGFP suppressed eGFP transcript levels by 70% +/- 3 in 

liver (Lane 6) and differed significantly (p<0.05, DataDesk v6.0) from 

ALB-C-NT (Lane 5). Notably ALB-C-eGFP showed no suppression in 

mouse kidney (Lane 8) and did not differ significantly (DataDesk v6.0) 

from ALB-C-NT (Lane 7).
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Figure 6.20 Liver tissue sections from co-injected 129S2/SvHsd mice

Panels A1 and A2 represent liver sections (lOX) from 129S2/SvHsd mice, 

tail vein injected with the 40|j,g CMV-tsRNAi(non) and 20n,g pEGFP-Cl 

plasmid according to the injection schedule in table 6.3. Panels B1 and B2 

represent liver sections (lOX) from 129S2/SvHsd mice, tail vein injected 

with the 40|i,g CMV-tsRNAi(egfp) and a 20^g pEGFP-Cl plasmid 

according to the injection schedule in table 6.3. Panels A1 and B1 are 

under white light. Panels A2 and B2 are under UV-light and a GFP filter. 

Sections are from agar embedded tissue and cut using a vibrating blade 

microtome (vibratome) (lOOum sections). The microscope pictures above 

are representatives from the 24 liver samples sectioned (see section 6.6 for 

details). Notably, a significant reduction in green fluorescence can be 

observed between the targeting (B2) and non-targeting (A2) injections.
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Figure 6.21 Liver tissue sections from co-injected 129S2/SvHsd mice

Panels A1 and A 2 represent liver sections (lO X ) from  129S2/SvH sd m ice, 

tail vein injected w ith the 40n,g ALB -tsR N A i(non) and lO^ig pE G F P -C l 

p lasm id according to the injection schedule in table 6.3. P anels B1 and B2 

represent liver sections (lO X ) from  129S2/SvH sd m ice, tail vein injected 

w ith the 40)ig ALB -tsR N A i(egfp) and a 20(ig p E G F P -C l p lasm id 

accord ing  to the injection schedule in table 6.3. P anels A i and B1 are 

under w hite light. Panels A 2 and B 2 are under U V -ligh t and a G FP  filter. 

Sections are from  agar em bedded  tissue and cu t using a vibrating  blade 

m icrotom e (vibratom e) (lOOum sections). T he m icroscope p ictures above 

are represen tatives from  the 24 liver sam ples sectioned (see section 6 .6  for 

details). N otably , a significant reduction  in green  fluorescence can be 

observed betw een the targeting  (B 2) and non-targeting  (A 2) injections.
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Figure 6.22 Kidney tissue sections from co-injected 129S2/SvHsd mice

Panels A1 and A2 represent kidney sections (lOX) from  129S2/SvHsd 

mice, tail vein injected with the 40yig CM V-tsRNAi(non) and 20(ig 

pEGFP-Cl plasmid according to the injection schedule in table 6.3. Panels 

B i and B2 represent kidney sections (lOX) from 129S2/SvHsd mice, tail 

vein injected with the 40|ig CM V-tsRNAi(egfp) and a 20^ig pEG FP-C l 

plasmid according to the injection schedule in table 6.3. Panels A1 and B l 

are under white light. Panels A2 and B2 are under UV-light and a GFP 

filter. Sections are from agar embedded tissue and cut using a vibrating 

blade microtome (vibratome) (lOOum sections). The m icroscope pictures 

above are representatives from the 12 kidney samples sectioned (see 

section 6.6 for details). Notably, a significant reduction in green 

fluorescence can be observed between the targeting (B2) and non

targeting (A2) injections.
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Figure 6.23 Kidney tissue sections from co-injected 129S2/SvHsd mice

Panels A i and A2 represent kidney sections (lOX) from 129S2/SvHsd 

mice, tail vein injected with the 40|ig ALB-tsRNAi(non) and 20|ig 

pEGFP-Cl plasmid according to the injection schedule in table 6.3. Panels 

B1 and B2 represent kidney sections (lOX) from 129S2/SvHsd mice, tail 

vein injected with the 40jj,g ALB-tsRNAi(egfp) and a 20\ig pEGFP-Cl 

plasmid according to the injection schedule in table 6.3. Panels A l and B1 

are under white light. Panels A2 and B2 are under UV-light and a GFP 

filter. Sections are from agar embedded tissue and cut using a vibrating 

blade microtome (vibratome) (lOOum sections). The microscope pictures 

above are representatives from the 12 kidney samples sectioned (see 

section 6.6 for details). Notably, no significant reduction in green 

fluorescence can be observed between the targeting (B2) and non

targeting (A2) injections.
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Concluding Remarks

The main aim of this thesis was to explore genetic agents with the ability to 

suppress expression of certain gene products i.e. those involved in the 

etiology of dominant disorders such as osteogenesis imperfecta (01) and 

dominant dystrophic epidermolysis bullosa (dDEB). A study on the use of 

hammerhead ribozymes to cleave transcripts from the human C O LlA l 

gene implicated in dominant 01 is described in chapter 3. Notably, in our 

experience it is difficult to identify a ribozyme which efficiently down- 

regulates the target. Hence, their use has largely been superceded by a new 

suppression technology, RNAi. A study on the suppression of the target 

genes, human C O LlA l and COL7A1, with siRNAs is described in chapter 

4. Notably, siRNA was indeed found to be a suitable suppression agent 

which could potentially be employed to suppress C O LlA l or C0L7A1 

expression. Furthermore, one of the siRNAs evaluated, in the RNAi-based 

suppression of C O LlA l, resulted in approximately 90% suppression of the 

C O LlA l target. Additionally, one of the siRNAs evaluated, in the RNAi- 

based suppression of C0L7A1, resulted in approximately 80% suppression 

of the COL7A1 target. In summary, chapter 4 established that RNAi was 

indeed a powerful suppression agent which could be invoked to suppress 

expression of CO LlA l and C0L7A1 and moreover which may be suitable 

for inclusion in a mutation-independent therapeutic approach for disorders 

such as CO LlAl-linked OI and C0L7Al-linked EB. Chapters 5 and 6 of 

this thesis sought to explore whether RNAi suppression technologies may 

be further refined to enable long term tissue specific suppression of gene 

expression. Constructs with novel design elements were designed and 

evaluated both in vitro (chapter 5) and in vivo (chapter 6). Results from the 

research presented in these chapters were extremely encouraging and 

suggested that this goal has indeed been achieved. That is to say cis-acting 

hammerhead ribozymes can be used in concert with RNAi and polymerase 

II promoters to achieve long term tissue-specific suppression in vitro and in 

vivo.

- 221  -



It is wortiiwhile considering what direction the next phase of this project 

may take. Future work on the exploration of therapeutic approaches for 

COL7A1-linked EB and C O L lA 1-linked 01 would involve further 

characterisation of RNAi-based suppression agents targeting C O L lA l and 

C 0L7A 1. In this regard the most efficient of the suppression agents (from 

chapter 4) will be modified to establish if suppression may be further 

optimised. M odifications will include, for example, extending length of 

siRNA sequence to 27 bases (Kim et al., 2005). Furthermore, siRNAs 

which are found to provide efficient suppression of expression of the target 

C 0L 7A I or C O L IA l gene would be cloned in an shRNA format and their 

ability to suppress expression of their target gene evaluated. Potent shRNA 

could then be incorporated into the tissue-specific RNAi constructs and 

expressed under the control of appropriate promoters (e.g. keratin 5, 10, 14 

or 19 promoters which only express in keratinocytes).

In terms of tissue-specific RNAi technology, developing the next phase of 

this research will likely involve expressing shRNA targeting gene products 

other than eGFP under the control of various other tissue specific 

promoters, as mentioned above. By testing the tissue-specific RNAi designs 

generated during my PhD studies in multiple systems their widespread 

applicability will be further validated. The widespread applicability of 

tissue-specific RNAi constructs is also being improved by attempting to 

edit the design slightly such that different shRNAs can be cloned into the 

construct easily, in essence, generating a generic template in which 

shRNAs targeting any gene of interest can be cloned in a single step. In 

principle, this will allow users to achieve RNAi-based suppression in a 

tissue specific manner by simply cloning in a 70bp oligonucleotide 

containing an shRNA targeting their gene of interest. Notably, at present 

the entire construct, including the cis-acting hammerhead ribozymes and 

any minimal poly-A cassette, must be changed for each new shRNA 

evaluated. The improvement outlined above should make the tissue specific 

RNAi constructs more accessible to other researchers. M oreover, it will 

make the tissue-specific RNAi constructs more amenable to widespread use 

in gene therapies requiring RNAi-based suppression of a target gene.
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