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Summary

The studies described in this thesis focus upon an RNAi-base therapeutic approach for
the treatment of Coll1A1 linked Osteogenesis Imperfecta (OI). Ol is an autosomal
dominant negative disorder in which the presence of mutated al (I) or al (2) chains
in the type I collagen triple results in the formation of weak and brittle bones. It is
genetically heterogeneous with over 350 mutations in the Collal and Colla2 genes
known to cause OI. As it would not be feasible to design effectors of RNAI to target
every OI linked mutation, a mutation independent approach termed suppression and
replacement was undertaken, this involves targeting the wild type coding sequence of
the Collal gene. This should result in suppression of both Collal alleles;
consequently it is likely that a replacement Collal gene would be required to restore
the levels of Collal expression to close to wild type levels. This replacement gene
would have to be engineered such that it is protected from the Collal targeting RNAi

effectors.

Initially 5 Collal targeting siRNAs were evaluated in HeLa cells, each of the 5 siRNAs
potently reduced Collal expression at the mRNA level. For a Collal suppression
strategy to be effective life long suppression of the mutant transcripts would likely be
necessary, therefore selection of siRNA expression plasmids were generated. The
design adopted was the expression of short hairpin RNAs (shRNAs) under the control
of the H1 promoter. The Collal targeting shRNAs potently reduced Collal mRNA
expression in HeLa cells. At this point it was necessary to proceed with the evaluation
of the Collal targeting siRNAs and shRNAs in a target cell line for OI, mesenchymal
stem cells (MSCs). In this regard it is notable that MSCs can differentiate in a variety
of cell types including osteoblasts the bone producing cells of the body. Analysis of
Collal expression levels in MSCs at both the mRNA and protein levels following
delivery of the siRNAs or shRNAs revealed that Collal expression had been reduced
by up to 98%.
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Whilst identification of potent suppressors of Collal expression represents an
important step in the development of a therapeutic strategy for Collal linked OI,
clearly a vector enabling delivery of such nucleic acid based therapies will also be
required. Hence, the potential application of the ®C31 integrase system to a Collal
linked OI therapeutic approach was explored, this system is reported to effect site
specific integration of exogenous DNA sequences into the human genome. The system
was explored in HeLa cells and MSCs and is described in chapter 6 of this thesis. The
multipotency of an MSC population was demonstrated with MSC differentiation into
both osteogenic and adipogenic lineages. A 4 week Collal targeting shRNA

suppression study in MSCs is also described.

The replacement aspect of the therapeutic approach is detailed in chapter 7. It is
essential that the Collal replacement gene is expressed in a tissue specific manner at
as close to endogenous levels as possible. Thus a wild type collal replacement gene
which is a hybrid of genomic and cDNA sequences was successfully generated which
expresses efficiently at the mRNA level. This construct was found to restore Collal
expression levels to within normal range in a Type I OI cells, both at the mRNA and
protein level and the a1(I) chains expressed from the Collal genomic/cDNA
construct appeared to be processed in an identical manner to the endogenous «1(I)

chains.

Thus the topics explored during my PhD studies and described in the chapters of this
doctoral thesis represent a number of elements which may contribute toward the
development of potential nucleic acid based therapeutics for Collal linked
Osteogenesis Imperfecta. In summary the studies involved the initial validation of
Collal targeting siRNAs and shRNAs in HeLa cells, evaluation of the efficacy of these
effectors of Collal RNAI in mesenchymal stem cells a potential target cell type for OI
therapeutics, the exploration of the ®C31 integrase system non viral gene delivery
system as a potential delivery tool and finally the generation and assessment of a wild

type Collal replacement gene in Type I OI fibroblasts.
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Abstract

Osteogenesis Imperfecta (OI) is an autosomal dominant negative disorder in which
the presence of mutated «1(I) or a2(I) chains in type I collagen results in the
formation of weak and brittle bones. Due to the extensive mutational
heterogeneity associated with OI a mutation independent RNAi based suppression
and replacement strategy for Collal linked OI was explored. A selection of Collal
targeting siRNAs and shRINAs were assessed at the RNA and protein level in
Mesenchymal stem cells which are a therapeutically relevant cell type for OI,
following infusion an autologous corrected MSC population, the MSCs should in
theory provide the OI recipient with a life long supply of normal osteoblasts. The
Collal targeting suppressors were extremely potent with Collal expression levels
reduced by up to 98%. The

®C31 integrase system which is reported to effect site specific integration of
exogenous DNA into the human genome was explored in MSCs to evaluate its
potential application for use in the delivery of Collal linked OI therapeutics
Despite the generation of a selection of stable cell lines in the studies employing
the ®C31 integrase system site specific integration was not demonstrated. In
relation to replacement a wild type Collal replacement gene was successfully
generated, evaluation of the construct revealed that it expressed efficiently at the
RNA level, restoring Collal expression to close to wild type levels in a Type I OI
cell line. Protein analysis revealed that the Collal RNA was efficiently translated
into a1(I) chains, which in turn appeared to be processed in an identical manner
to endogenously expressed wild type Collal, In conclusion a selection of potent
effectors of Collal RNAi in MCSs were identified and a Collal replacement gene
which expresses within the endogenous Collal expression range was generated
which together lay the foundations upon which further explorations toward a

Collal linked OI therapeutic strategy.




Chapter 1

General Introduction




1.1 Bone

1.1.1 Micro-structure

Bones are a complex multifunctional tissue providing movement, mechanical support,
organ protection in addition to a site for ion storage and haematopoiesis. Bony tissue
consists of two distinct layers an outer layer of hard dense cortical bone and an inner
layer of porous cancellous bone. Cortical bone also known as compact bone comprises
80% of the mature skeleton. It consists of precise arrangements of cylindrical structures
known as Osteons or Haversian Systems. These units are comprised of calcified matrix
arranged in concentric layers known as lamellae. The lamellae surround a central canal
(haversian canal) which contains an arteriole, venule and nerve. Lacunae, small fluid
filled cavities within which the bone producing osteoblasts reside occur at regular
intervals in the lamellae. Small channels called canaliculi radiate from the lacunae to the
haversian canal creating a network through the hard matrix. Cancellous or Spongy bone
is located deep within bone, it is comprised of trabeculae which have a mesh like
arrangement giving the spongy appearance. The spaces are filled with bone marrow and
the canaliculi connect to adjacent cavities instead of haversian canals to receive their

blood supply (Marieb, 2003) (See Figure 1.1)

1.1.2 Bone macro-structure

The bones of the body come in a variety of shapes and sizes, the four principle types are
long (humerous), flat (sternum), short (metatarsals) and irregular (vertebrae). In

describing the general structure of a bone the long bone will be used as an example.

The main shaft of the bone is called the diaphysis, it surrounds the medullary cavity

which contains the bone marrow and is lined with a thin layer of connective tissue, the




endosteum. On each end of the diaphysis is the epiphysis consisting of spongy bone
surrounded by a layer of compact bone. At the junction between the diaphysis and the
epiphysis is the cartilginous growth plate, a region of mitotic activity responsible for
longitudinal bone growth. A layer of dense connective tissue, the periosteum covers the
entire bone except the ends of the epiphysis which are covered in a layer of articular
cartilage. The collagenous periosteum is highly vascularised and responsible for

appositional growth (Allen, et al., 2004; Sommerfeldt and Rubin, 2001). Figure 1.2

1.1.3. Cellular Composition of bone

Four cell types are found in bone, three of which arise from mesenchymal lineage;
osteoblasts, osteocytes and bone forming cells with the final type osteoclasts arising from
the haemopoietic lineage. The location of these cells also differs, osteoblasts, osteoclasts
and bone lining cells are found on the surface of bone whilst osteocytes are embedded

within the interior of the bone (Downey, 2006).

Osteoblasts

Osteoblasts are derived from pluripotent mesenchymal stem cells (MSCs). Osteogenic
differentiation proceeds through a number of increasingly committed cell stages to the
mature osteoblast. This is regulated by a wide variety of transcription factors such
members of the transcription growth factor f (TGF B) and bone morphogenic protein
(BMP) families (Aubin, 2001). The primary function of osteoblasts is the production and
subsequent mineralization of the bone matrix, which consists primarily of type I collagen
(94%) and a small amounts of osteocalcin, osteopontin, bone sialoprotein and matrix gla
protein. Signalling molecules such as the BMPs, cytokines and growth factors are also

produced and embedded within the matrix (Ross and Christiano, 2006; Sommerfeldt and




Rubin, 2001). This activity is reflected by the presence of a large number of biosynthetic

organelles within the osteoblasts (Kartsogiannis and Ng, 2004).

Osteoblasts are polarised cells, secreting the bone matrix unidirectionally toward the
bone surface on which they lie, which is subsequently mineralized by the addition of
hydroxyapatite like crystals (Downey, 2006; Sommerfeldt and Rubin, 2001). This process
is poorly understood, it is thought that mineral laden vesicles are released from the
osteoblasts, when saturation is reached the minerals begin to crystallise initiating a
mineralisation cascasde (Sommerfeldt and Rubin, 2001). Mature osteoblasts follow one of
3 pathways, 1) remain as an active osteoblast, 2) become surrounded by bone matrix
forming an osteocyte or 3) become a relatively inactive bone lining cell. Osteoblasts are
anchorage dependent and rely on extensive cell-cell contacts to maintain their

responsiveness to metabolic and mechanical stimuli (Sommerfeldt and Rubin, 2001)

Osteocytes

Osteocytes account for 90% of bone cells in the adult skeleton, they are terminally
differentiated osteoblasts encased by the bone matrix. Transformation from a motile
active osteoblast to an entrapped osteocyte takes about three days. During this time the
cell produces a volume three times that of its own cellular volume, as more matrix gets
laid down the cells become located deeper within the bone tissue. They eventually reside
within lacunae and communicate with each other and with bone lining cells on the bone
surface through long intercellular processes which extend through the canaliculi. This
cell network allows exchanges with the vasculature, facilitates the detection of
mechanical stress and communication with other cells. It is now thought that osteocytes
may coordinate the recruitment of bone forming and resorbing cells. (Downey, 2006;

Kartsogiannis and Ng, 2004; Knothe Tate, er a/, 2004; Sommerfeldt and Rubin, 2001)




Bone lining cells.

These are thin elongated cells which cover most surfaces within the mature skeleton
which are neither undergoing resorption nor formation, cytoplasmic extensions ofter.
link bone lining cells to each other or osteocytes (Downey, 2006; Kartsogiannis and Ng,
2004). The function of bone lining cells was largely unknown and subject to much
speculation but an exciting discovery was made with back to back reports in Nature
detailing the involvement of these mesenchymally derived cells in the regulation of
proliferation and differentiation of the Haemopoeitic Stem cells (Calvi, et al., 2003;

Zhang, et al., 2003).

Osteoclasts

Osteoclasts are terminally differentiated, multinucleated cells formed via the fusion cf
monocyte/macrophage precursor cells, differentiation into mature osteocytes is thought
to be directly influence by osteoblasts (Blair, 2002; Ross and Christiano, 2006). These
motile cells are generally located on the bone surface (Downey, 2006). A pivotal playsr in
bone growth, remodelling and healing their functional role is the resorption of the
mineralised bone matrix. The plasma membrane of an osteocyte has an infolded
appearance known as a ruffled border, these infolds wrap around bone or lie along the
surface forming an enclosed area (Karsenty and Wagner, 2002). The osteoclasts pump
protons and proteases into these specialized zones creating an acidic milieu which
demineralises bone matrix and creates an optimum environment for the enzymatic
degradation of the demineralised bone matrix (Blair, 2002; Karsenty and Wagner, 2002).
The co-operative action of osteoblasts and osteoclasts in maintaining skeletal architecture

is evident from their opposing functionality.
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Figure 1.1 Illustration of compact and spongy bone tissue. Compact bone is
comprised of osteons, concentric rings of calcified tissue (lamellae) which surround the
Haversian canal which contains an arteriole and venule. Haversian canals are linked by
smaller Volkmann canals and small channels called canaliculi which radiate outward
from the haversian canals creating a network through the hard matrix. Small cavities,
lacunae, within which osteoblasts reside, occur at regular intervals within the osteons.
Spongy tissue is located deep within bone and has a different structural arrangement. The
mineralized bony matrix has a mesh like arrangement - trabeculae which give the spongy
appearance. The spaces are filled with bone marrow and the canaliculi connect to
adjacent cavities instead of haversian canals to receive their blood supply. The
periosteum a highly vascularised layer responsible for appositional growth surrounds the
outer surface of the bone (except articulating surfaces). [llustration from

htep/en. wikibooks.org/wiki/Image:Illu compact spongy bone.jpg
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Figure 1.2 Illustration of a long bone. The central shaft of a long bone the diaphysis
surrounds the medullary cavity which is lined by the endosteum and contains the bone
marrow. Epiphysis cap each end of the diaphysis, they are capped by articulate cartilage
and contain spongy bone. The ephiphseal line, also known as the growth plate is
comprised of cartilage and is the site of longitudinal bone growth. The nutrient foramen
is the site of entry of a blood vessel into the diaphysis.

http://en.wikibooks.org/wiki/Image:Illu_long bone.jpg




1.1.4 Bone Formation.

There are two distinct mechanisms of bone formation, £ndochondral Ossification and

Intramembrous Ossification.

Endochondral Ossification.

In this process a cartilaginous model of the skeleton is formed and replaced by bone. At
the onset of skeletal development the mesenchyme (collection of undifferentiated cells
derived from the embryonic mesoderm) condense in the locations that will eventually be
occupied by the skeleton. These cells then proceed into the chondrocytic pathway, laying
down cartilaginous matrix in the shape of the future skeleton (Wagner and Karsenty,
2001). A layer of undifferentiated mesenchymal stem cells remains at the periphery of
the cartilaginous template forming the perichondrium (Allen, er a/, 2004). The innermost
chondrocytes further differentiate into hypertrophic chondrocytes, whilst matrix
deposition and mineralization continues (Blair, 2002). The chondrocytes then secrete
metalloproteinases which induces angiogenesis (Karsenty and Wagner, 2002).
Vascularistion facilitates the introduction of osteoclasts and mesenchymal precursors to
the interior of the mineralised cartilage. The osteoclasts remove the mineralised
cartilaginous matrix, the mesenchymal stem cells differentiate into osteoblasts which
replace the osteoclast degraded matrix with bone matrix which consists primarily of type
I collagen. Following vascularisation the hypertrophied chondrocytes die via apoptosis
becoming restricted to the growth plate of the bone which together with osteoblasts
orchestrates longitudinal bone growth which continues through childhood and
adolescence to maturity. A layer of fibrous connective tissue, the periosteum forms and
surrounds the outer surface of the bone and which providies a source of osteoblasts to lay

down new bone throughout growth and development (Olsen, et aZ, 2000).




Intramembembrous Ossification

All flat bones form in this manner, in this process the mesenchyme differentiates directly
into osteoblasts without a chondrocyte intermediary. The mesenchyme clusters and
condenses at the location of the flat bones of the skeleton, this connective tissue becomes
highly vascularised which promotes proliferation of the mesenchymal stem cells many of
which proceed down the osteogenic lineage and begin to lay down the bone matrix. This
matrix is mineralised by the osteoblasts, many of which become entrapped within the
hard matrix forming osteocytes. A periosteum also develops during intramembrous
ossification, it surrounds the outer surface of the flat bones providing a source of
osteoblasts throughout growth and development (Eames, 2003; Karsenty and Wagner,

2002; Olsen, er al., 2000).

1.2 Mesenchymal Stem Cells

First described 30 years ago by Friedenstein, mesenchymal stem cells (MSCs) have
received considerable attention in recent years (Friedenstein, 1966). This is in no doubt
due to the realisation of the therapeutic potential of embryonic stem cells and the
restrictions put upon them. MSCs are an excellent alternative to embryonic stem (ES)
cells, in fact their multipotency and scope of application was initially underestimated.
The potential application of MSCs for therapeutic purposes is supported by the fact that
they do not appear to possess the tumorigenic potential associated with embryonic stem
cells. In addition, the restricted differentiation repertoire of MSCs has further enhanced
their utility as they are easier to direct into a specific cell lineage than embryonic stem

cells, facilitating more controlled concise tissue engineering (Gafni, 2004).

MSCs are multipotent, self renewing adult stem cells with the capacity to differentiate
into a variety of different cell types of non-haemopoietic lineages in response to

biochemical stimuli (Figure 1.3). The hallmark of MSCs is their tri-lineage differentiation



potential 7 vitro, that is; the osteogenic, adipogenic and chondrogenic (Pittenger, er al.,
1999) lineages. The capacity of these cells to differentiate into neurogenic (Long, er al,
2005), angiogenic (Nagaya, er al, 2004), skeletal (De Bari, et a/, 2003) and cardiac muscle
cells (Nagaya, er al,, 2004; Orlic, 2003) has expanded the scope of the potential clinical
applications for MSCs. Traditionally isolated from the bone marrow of a variety of bones,
in humans this tends to be the superior iliac crest of the pelvis, MSCs are thought to
represent a very small fraction (0.001 - 0.01%) of the total population of nucleated cells in
the bone marrow (Pittenger, er al, 1999). However, cultures enriched for MSCs can be
generated and expanded with high efficiency. Frequently the cells are fractionated on a
Percoll gradient, plated for 2 weeks at which point the MSC population will have
adhered to the tissue culture plates, the non-adherent haemopoietic population is then

removed leaving behind the adherent MSCs (Gregory, er al., 2005a; Sekiya, et al., 2002).

New insights into stem cells biology have revealed that MSCs reside in a vast number of
adult tissues outside of the bone marrow. MSCs with potent differentiation capacities
have been isolated from adipose tissue (Dicker, et al, 2005), peripheral blood (Kassis, et
al.,, 2006), muscle (Henry E. Young, 2001), placenta (Zhang, er al, 2006), skin (Henry E.
Young, 2001) and synovium (De Bari, er a/, 2003). A recent study proposes that all organs
contain a mesenchymal stem cell reservoir, (frequently referred to as a niche) as cultures
derived from brain, spleen, liver, kidney, lung, bone marrow, muscle, thymus, pancreas
have all yielded MSC populations (Meirelles, et al, 2006). It is now widely accepted that
adult stem cell reservoirs exist throughout adult life and are central to the functionality of
tissues and organs in which there are high levels of cell turnover (Moore and Lemischka,

2006).
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Figure 1.3 Multipotency of Mesenchymal Stem Cells.

Uncommitted MSCs undergo either self-renewal, maintaining multipotency, or
proliferation and differentiation. Multipotent MSCs can differentiate into a variety of
precursor cells such as osteoblasts, stromal cells, adipoblasts, chrondroblasts and
myoblasts. These cells may differentiate into osteocytes (bone cells), adipocytes (fat cells),

chondrocytes (cartilage cells) and myoctes (muscle cells). (Millington-Ward, er al, 2005)
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1.2.1 The Immunological properties of Mesenchymal Stem Cells.

MSCs are thought to be hypo- Imunogenic cells as the normal process of allogenic cell
rejection does not appear to apply to MSCs in either human or animal models (Ryan, ez
al, 2005). For example, administration of allogenic MSC prolonged allogenic skin graft
survival in a primate model (Bartholomew, er a/, 2002). In another study intra-cardiac
injection of human MSCs in a porcine model of myocardial infarction resulted in
engraftment and differentiation of the cells with preservation of cardiac function. There
was no apparent evidence of an immune response to the human MSCs (Makkar, 2005).
Horwtiz et a/reported an improvement in bone quality in patients with Osteogenesis
Imperfecta following allogenic MSC transplantation once again without evidence of an
immune response (Horwitz, et al., 2002), it is notable that the patients who received the
MSC infusion had previously received bone marrow transplants from the same donors
(Horwitz, et al, 1999; Horwitz, et al,, 2001) . The apparent ability of MSCs to avoid
induction of an immune response in recipients is believed to be due to three factors, (1)
multipotent MSC do not express HLA class II cell surface markers (Le Blanc and Ringden,
2005), (2) MSCs do not induce T cell proliferation (Bartholomew, et a/, 2002; Krampera,
et al., 2003), (3) MSCs release cytokines such as IL-10 and prostaglandins which are

thought to dampen the immune response (Ryan, et a/, 2005).

The unique immunological properties of allogenic MSCs transplantation have sparked
huge interest in the potential therapeutic application of MSCs for immune system
associated dysfunction. It appears that not only can allogenic MSCs evade the recipients’
immune system but they can apparently modulate the behaviour of the hosts’ immune
system. In one small trial 8 patients with steroid refractory Graft verus host disease
(GvHD) received an allogenic MSC infusion. Two patients died and with no evidence of
an MSC response, in the 6 remaining patients there was no evidence of toxicity or ectopic
tissue formation with complete resolution of the GvHD (Le Blanc and Ringden, 2006).
Whilst this is a small study, requiring further exploration and validation, the results are

encouraging.
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Despite this apparent success there have also been contradicting reports. In one study
allogenic MSCs were found to suppress T cell proliferation 7n vitro but the results from
the study suggests that subseqeuent to delivery the allogenic MSC populations did not
display similar immunosuppressive properties iz vivo (Inoue, 2006; Sudres, er al., 2006).
Another study found that allogenic MSCs were rejected following transplantation in
major histocompatability complex (MHC) mismatched mice (Eliopoulos, et a/, 2005).
This indicates that more rigorous investigations are required to determine the true

immuogenicity of MSCs before the development of allogenic MSC based therapeutics.

An inherent difficulty in MSC based studies is that as of yet MSCs have not been
definitively characterised. For example, the cell surface marker repertoire of MSCs is
subject to conflicting reports and has yet to be fully delineated (Baksh, 2004; Barry and
Murphy, 2004; Dazzi, et a/., 2006). The techniques employed in MSC isolation and
culturing often vary, consequently the cells are heterogeneous in their cell surface
markers, homing potential and self renewal capacity. In addition, as the cellular
population will most likely vary in their levels of commitment to particular cell lineages,
their differentiation capacity will also be heterogeneous. This level of potential diversity
between MSC populations can result in conflicting experimental results. Furthermore,
the behaviour and activity of the transplanted MSCs will in part be influenced by the

biochemical milieu into which they are delivered and engraft.

Without a clear definition of what constitutes an MSC, researchers will have to contend
with the variability in reported research results to date. Movreover, once this has been
resolved the information will likely only be a definition of the 7n vitro characteristics of
the MSCs. These cells undoubtedly behave in a totally different manner in vivo. The in
vivo stem cell milieu consists of a complex network of cells, extracellular matrix and cell
to cell signalling environment (Le Blanc and Ringden, 2006). Whilst MSCs are
stimulated to divide and proliferate in the artificial 7n vitro tissue culture environment, it
is known that MSCs may be quiescent in vivo (Baksh, 2004). This is most likely one of the

mechanisms by which life long resources of MSCs with extensive self renewal and
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differentiation capacity are maintained. It has been shown that MSC which have been
extensively cultured loose their differentiation and homing capacities (Javazon, et al.,
2004). In fact, the reduction in their self renewal capacity is thought to be central to the
process of aging as the regenerative capacity of tissues and organs is thought to diminish
with the reduction in vital MSC populations (Sethe, er al, 2006). Given this scenario it
would be important to use MSCs of low passage number when developing potential MSC

based cell therapies.

1.2.2 Homing capacity of mesenchymal stem cells

MSCs appear to have an innate capacity to populate a variety of tissues and organs
following systemic injection (Devine, et a/, 2003; Liechty, et al, 2000). MSCs are
thought to sense the location of injury, preferentially migrate to that site, engraft,
differentiate into the damaged tissue type and contribute to tissue repair and regeneration
at that site. MSCs are known to preferentially migrate to the site of injury, for example,
to sites of neuronal (Coronel, er al,, 2006; Satake, 2003), cardiac (Jiang, et al., 2006;
Nagaya, et al., 2004) and bone (Devine, 2002; Shirley, 2005; Taguchi, er a/, 2005) damage.
The attraction of MSCs to these regions is mediated by the presence of specific signals
and chemoattractive molecules in the area of damage (Frank, 2003; Kraus and Kirker-
Head, 2006). This homing ability may eliminate the need for invasive delivery of MSCs
to target tissues and the potential risks associated with such procedures as systemic
infusion may potentially be a sufficient means of MSC delivery. There appears to be no
significant difference in the homing capacity of allogenic or autologous MSCs, for
example a primate study showed identical tissue distribution 21 months after systemic

administration (Devine, er al, 2003).




1.2.3 Therapeutic applications of Mesenchymal Stem Cells.

The range of diseases and clinical conditions that may potentially be treated using MSCs
is vast, due to the multitude of positive attributes of these cells. MSCs are a self-renewing
cell population readily isolated from a variety of accessible tissues types which are easily
expanded and genetically manipulated in culture. Following systemic administration, the
cells migrate and engraft in a variety of tissues, with sites of injury being a preferential
destination. Once established, the cells should in principle provide a life long source of
normal functional cells through their capacity for self renewal and differentiation.
Results from studies have shown that MSCs contribute to repair and moreover the
transplanted MSCs appear to recruit additional MSCs to sites of injury further
potentiating the regenerative response (Barry and Murphy, 2004; De Bari, et a/, 2003;
Pittenger and Martin, 2004; Rojas, et al, 2005). Finally, the unique immunological
properties of the cells have presented the possibility of perhaps using allogenic MSCs
based therapeutics. This may have most benefit in acute settings where early intervention
may limit tissue damage hence providing the opportunity for optimal recovery, for
example in the case of stroke or cardiac dysfunction. The regenerative capacity of MSC
has been used in the treatment of cardiac dysfunction (Orlic, 2003; Pittenger and Martin,
2004), neurological diseases (Dezawa, et al., 2005; Kurozumi, et al., 2005), skeletal muscle
disorders (Goncalves, et al., 2006), lung injury and disease (Rojas, er al, 2005; Yen, et al,
2006) and renal damage (Morigi, et a/, 2004). In a murine model of multi-organ failure
systemically administered MSCs were found to migrate to and engraft into a variety of
damaged tissues such as intestine, liver, kidney, spleen and contribute to their repair and

regeneration (Chapel, 2003)
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1.2.4 Mesenchymal stem cell bone therapeutics

One of the most prolific areas of MSC research has been in the field of bone repair and
tissue engineering. Whilst osteoblasts are the bone forming cells, these cells have a finite
life span, in principle, millions of osteoblasts would be required to repopulate defective
bone and secrete the required normal extracellular matrix and repeat dosing would most
likely be required. For this reason MSCs with their capacity for self-renewal,
proliferation and differentiation into the osteogenic lineage are considered the ideal cell
source for treatment of orthopaedic and osteogenic defects (Kofron and Laurencin, 2006).
Further impetus toward the use of MSCs has come from the extensive investigation and
delineation of the molecular mechanisms of bone repair. It has been revealed that the
process of fracture healing and bone repair recapitulates intramembrous and

endochondrial bone formation (Dimitriou, er al., 2005; Ferguson, et al., 1999).

Whether systemically or locally administered, MSCs localise primarily on the edges of
the osteogenic defect in an organised rather than random manner. Therefore, MSC
participation in bone regeneration appears to be directed and co-ordinated by the
regenerative biochemical milieu which developed in response to the bone tissue damage
(Gafni, 2004; Kraus and Kirker-Head, 2006). Whilst administration of MSCs has itself
been shown to be an effective means of enhancing bone repair and regeneration (Pereira,
et al,, 1998), one of the primary focuses of research to date has been upon the application
of MSCs for enhanced bone repair at the sites of non-union factures, this type of fracture
is usually unable to heal without surgical intervention (Panagiotis, 2005). In these studies
MSCs were delivered impregnated on a scaffold to the fracture site, the MSCs self-renew,
many differentiate into osteoblasts laying down the new bone required at the fracture site

for repair (Jorgensen, et al., 2004; Meinel, er al, 2005; Yoshikawa, 2005).
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In many studies MSCs have been genetically modified to express osteogenic genes
(Cheng, er al., 2001; Dragoo, 2003; Gysin, 2004; Tsuda, 2005; Zhang, 2004). The bone
morphogenic protein (BMP) family has been extensively investigated as these proteins
are potent inducers of osteogenesis (Abe, 2006). Due to its highly osteoinductive
properties BMP-2 has been extensively used and shown to contribute substantially to
bone formation in vivo (Chang, et al,, 2003; Cheng, et al., 2001; Cowan, et a/., 2005;
Dragoo, 2003; Tsuda, 2005). Other BMPs such as BMP 4 and BMP9 have also been used
(Aslan, er al,, 2006; Dayoub, er al,, 2003; Dumont, 2002; Gysin R, 2004; Zhang, 2004) for
the in vivo promotion of bone formation and regeneration. It has been shown that the
use of MSCs to express BMPs is more effective than use of many other cell types in
promoting efficient and organised bone regeneration. It appears that expression of the
osteogenic BMP transgenes by MSCs affects not only the donor cell and its progeny
(autocrine effect) but the BMP proteins expressed by transplanted MSCs also stimulate

resident host MSCs (paracine effect) (Gazit, 1999).
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1.3 Osteogenesis Imperfecta

Osteogenesis Imperfecta (OMIM 166210) is a congenital brittle bone disorder which
affects 1 in 15:000 to 1:20 000 births. Caused by mutations in either the Collal or Colla2
genes, it is a phenotypically heterogeneous disorder in which severity of bony
deformations, height, susceptibility to fracture, deafness and the involvement of other
tissue types such as skin, dentin, tendon and ligament varies (Primorac, et a/, 2001;

Rauch and Glorieux, 2004; Roughley, 2003).

1.3.1 Classification of Osteogenesis Imperfecta.

Sillence classified the disease into four Types I — IV based upon clinical, genetic and
radiographic findings, all of which are associated with mutations in either the Collal or
Colla2 genes (Sillence, er al, 1979). Type I, the mildest form of the disease, is
characterised by normal height and lack of deformity, Type II in contrast is associated
with perinatal lethality and severe deformities. Type III is the most severe surviving
form, presenting with severe deformities short stature and high fracture rate and Type IV
is moderately severe with moderated deformity, stature and fracture rate. Since this
initial classification three new types of OI have been reported, Types V — VII for which
no direct association with any type I collagen mutations have been detected (Glorieux, et

al, 2000; Glorieux, er al., 2002; Ward, er al.,, 2002).

1.3.2 Type I collagen.

Of the 27 different types of collagens identified to date, Type I collagen is the most
abundant collagen in the body. It accounts for 90% of the organic mass of bone forming a
template for mineral deposition and providing the tensile and elastic strength
characteristic of healthy bone (Di Lullo, er a/, 2002; Niyibizi, et al., 2004; Pace, er al.,
2002). Type I collagen is a triple helical heterotrimer consisting of two a1(I) chains and a

single a2(I) chain. The Collal gene (AF017178) which encodes the a1(I) chains is located
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on chromosome 17q21.3. It contains 51 introns and 52 exons and is approximately 18kb
in length. Two mRNA transcripts of differing lengths are transcribed from the Collal
gene due to the presence of two poly adenylation sites; both transcripts encode a a1 pro-
collagen protein of 1,442 amino acids. The Colla2 gene (AF004877) which encodes o2(I)
chain is located on chromosome 7q22.1 the gene is also comprised of 51 introns and 52
exons and is approximately 38.7kb in length. The Colla2 gene has 6 different poly
adenlyation sites, each of the 6 transcripts expressed from the Colla2 gene encode a o2

pro-collagen of protein of 1,366 amino acids (Figure 1.4).

Type I collagen is synthesised in a procollagen form which consists of a central (Gly - X
— Y)namino acid repeat motif flanked by N and C globular propeptides (Figure 1.4).The
presence of Glycine, the smallest amino acid at every third amino acid position is a
prerequisite for fibril forming collagens (Pace, er al, 2001; Persikov, er al., 2002). A
distinctive (Gly-Pro-Hyp)4 -Gly-Pro-Pro sequence is found at the C-terminus of the
triple-helix domain of the a1(I) and a2(I) chains of type I collagen. This is thought te be
a nucleation site at which the three chains come together to initiate formation of the type
I collagen heterotrimer. This is followed by propagation which proceeds like a “zipper”
from the C to N terminus. The procollagen is secreted from the cell and processed into a
mature fibril via propeptide cleavage following which the type I collagen heterotrimers
associate to form the type I collagen fibril (Beck, et a/, 2000; Persikov, et al, 2002;
Prockop, 1998). This process is termed spontaneous self assembly (Prockop, 1998) which
requires that all subunits are perfect, consequently mutations are poorly tolerated and the
presence of such mutations invariably compromises the functional integrity of the

collagen fibril.
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Figure 1.4. Schematic of Collal and Colla2 genes. A) The Collal gene consists
of promoter sequence, 52 exons and 51 introns and 2 Poly A signals in the 3' UTR B)
The Colla2 gene consists of promoter sequence, 52 exons and introns and 6 Poly A
signals in the 3" UTR. The length of the 3'UTR depends upon the Poly A site used.
Collal and Colla2 can generate 2 or 6 alternative mRNA transcript lengths

respectively.
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1.3.3 Molecular Pathology of Osteogenesis Imperfecta.

The majority of mutations are due to substitution of the essential Glycine residues in the
Gly = X - Y triplet with bulkier amino acids which sterically hinder triple helix
formation (Figure 1.5). A variety of other mutation have been identified including
deletions, insertions, duplications and exon skipping all of which are detailed in the

Collagen mutation database http://www.le.ac.uk/genetics/collagen/, this comprehensive

resource is frequently updated and contains all reported mutations, of which over 350
have been characterised and reported to date (Table 1.1). The severity of the OI
phenotype depends upon a number of factors; (1) the proximity of the mutation to the C-
terminus, most perinatal lethal cases are due to mutations in the C-terminus due to the
negative affect on triple helix assembly, (2) the identity of the mutated chain (a1(I) or
a2(I) chain), due to the presence of two Collal chains in the type I collagen triple helix,
it would be expected that 25% of molecules will be normal and 75% will contain either
one or two mutant Collal chains whilst if the Col1la2 allele is carrying the mutation 50%
of molecules will be normal and 50% mutated (provided that the half life of the mutant
and wild type chains do not differ) and finally (3) in the case of a glycine substitution the
identity of the replacing amino acid, directly impacts on the severity of the phenotype,
the larger the residue the more disruptive its impact on the structural integrity of the
type I collagen fibrils and consequently the more severe the phenotype (Baum and
Brodsky, 1999). The majority of OI Collal mutations act in a dominant negative manner;
the cells produce both normal and abnormal a1 (I) chains both of which will be
incorporated into newly formed triple helices. The abnormal helices are then

incorporated into the collagen fibrils.
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Normal Type I collagen Triple Helix

Normal COL142 alpha chain

Mutated Type I collagen triple helix

Normal COL142 alpha chain

Figure 1.5 Assembly of wild type and mutant type I collagen triple helix. Type I collagen
triple helix heterotrimer is comprised of two a1(I) and a single a1(I) chains. Triple helix
formation and stability is dependent upon the Gly-X-Y amino acid sequence motif
present in the chains, (in which G is glycine, X is frequently proline and Y is
hydroxyproline) A) Wild type, type I collagen triple helix B) The presence of a classic
glycine substitution mutation in the a1(I) chain, indicted by the red hexamer, disrupt the
formation of the triple helix, which in turn disrupts and weakens the type I collagen
fibrils into which it is incorporated leading most likely to the formation of weak bone

tissue, resulting in an OI phenotype.
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Mutation Type Number % OI Types Number % OI Types
characterized | generated characterized | generated
in Collal in Colla2
Amino Acid Substitutions 137 Typel 22% Typel 11 %
TypelI 36% 79 Typell 22%
Type III 25% Type IIT 31 %
Type IV 17% Type IV 36%
Splice mutations 50 Typel 60% 18 Typel 26%
Typell 11 % Typell 47 %
TypeIII 18 % Type Il 11°%
TypeIV 11% TypeIV 16 %
Duplications 2 Type III 100% 2 TypeIII 50 %
TypeIV 50%
Frame Shifts 47 Typel 96% 1 Type II 100%
TypeIV 4%
Deletions (non-frameshift) Typell 66 % Typel 22%
9 TypeIII 22 % 9 Typell 33%
TypeIV 12% Type Il 11°%
TypeIV 33 %
Insertions (non-frameshift) 2 TypeIll 100 % None
reported

Table 1.1. Collal and Colla2 mutations characterised to date in patients with

Osteogenesis Imperfecta. Adapted from http://www.le.ac.uk/genetics/collagen.
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Biochemical abnormalities also arise as a consequence of the incorporation of the mutant
chain in the type I collagen triple helix, these include, increased post-translational
modification, decreased thermal stability and disruption of fibrillar architecture, all of
which negatively impacts bone flexibility and strength (Di Lullo, er a/, 2002; Gajko-
Galicka, 2002; Liat Ries-Levavi, er al,, 2004). Alternatively, the presence of one or more
mutated chains in the triple helix can result in it being targeted for intracellular
degradation reducing the amount of secreted protein by 75% (Jones, er al, 2002;
Pochampally, er a/, 2005). In contrast mutations which generate a premature stop codon
most frequently result in Type I OI (Willing, et a/, 1996) the truncated mRNA is unstable
and most likely targeted for non-sense mediated decay (Byers, 2002). Consequently, only
the full length normal transcripts are translated and normal collagen triple helices are

produced albeit in a reduced amount.

1.3.4 Management of Osteogenesis Imperfecta.

Ol is associated with remarkable clinical diversity, there is little correlation between
genotype and phenotype and it is immensely difficult to treat. Traditionally treatment
involves a combination of physiotherapy, rehabilitation and orthopaedic therapy (Jones,
et al., 2002; Millington-Ward, et al, 2005; Primorac, et al, 2001; Rauch and Glorieux,
2004). These approaches have had limited success, currently the only pharmacological
agents that have shown any beneficial effects are the bisphosphonates. In addition to the
presence of reduced or abnormal type I collagen, in individuals with OI bones are
smaller, thinner and fragile, this is due to the fact that the balance between bone
resorption and formation, which normally favours formation is tipped toward resorption
(Jones, er al., 2002; Lindsay, 2002). Bisphosphonates are pharmacological inhibitors of
bone resorption, they bind to the hydroxyapatite crystal of bone preventing osteoclast
action (Roughley, 2003). Extensive studies using Pamidronate have been carried out in
children, these agents have resulted in a dramatic reduction in bone pain and fracture

number (Frank Rauch, 2005). Despite these successes the optimal treatment regimen and
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the consequences of long-term bisphosphonate treatment in children are currently
unknown. In addition this therapeutic approach does not address the underlying genetic

defect and life long pharmacological intervention will be required.

1.3.5 Cell based therapies.

The basic principle behind cell based therapies is that delivery of a population of normal
cells to the affected individual should lead to phenotypic benefit through the expression
of normal alleles of the mutated protein in question. The cell population delivered ideally
would be stem cell based as these cells should establish a reservoir of normal cells for the
life of the patient. Moreover, these normal cells may possibly have a growth advantage

over the endogenous mutant cells further potentiating the treatment.

Mosaic OI patients are a naturally occurring OI cell therapy model, these patients present
with the very mild disease or lack of symptoms which suggests a degree of type I collagen
mutational burden that the body can tolerate (Constantinou, er al,, 1990; Edwards, er al,
1992; Wallis, er al., 1990). This suggested that a relatively small increase in the amount of
normal collagen available may lead to a significant improvement in bone quality. In fact a
recent study has shown that 40% to 75% of osteoblasts may be heterozygous for a Collal
mutation without negatively impacting skeletal growth, density or histology (Cabral and
Marini, 2004). Whilst osteoblasts are the major type I collagen producers in bone, they
are terminally differentiated cells which have arisen from mesenchymal stem cells
(MSC). In order for an OI targeted therapy to be long lasting it is MSCs and not the
terminally differentiated osteoblasts or even osteoblast precursor cells that would need to
be delivered. Initial studies into the feasibility of such an approach to treat OI were
carried out in mice. Marrow cells were isolated from Collal minigene transgenic mice
which express a truncated form of the human Collal gene, these cells (enriched for
MSC’s) were infused into the femurs of irradiated mice (Pereira, et al, 1995). The cells

were found in the spleen, lungs, brain, cartilage and bone and Collal expression from the
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cells was found occur in a tissue specific manner (Pereira, 1995). In a follow up study
irradiated minigene mice were the recipients of a population of normal MSC'’s once again
cells were found to have engrafted in various tissues and a small increase in both type I
collagen and bone mineral content was observed one month after infusion (Pereira, et a/,
1998). Hou et a/reported similar results in irradiated mice with widespread engraftment
of donor cells, differentiation and tissue specific expression, similar results have also been
reported to occur in sheep (Mackenzie and Flake, 2001) and non-human primates

(Devine, er al,, 2001).

MSC’s appeared immensely suited to this type of therapy, they are easily isolated, can
migrate and engraft into a variety of tissues including bone, express in an appropriate
tissue specific manner and retain their differentiation capacities (Barry and Murphy,
2004; Devine, er al., 2001; Mackenzie and Flake, 2001; Pereira, er al, 1998; Pereira, 1995).
In addition these cells migrate to sites of injury (Prockop, 2003) and have the unique
feature of being non immunogenic, thereby opening up the possibility of allogenic MSC

transplantation (Ryan, er a/, 2005).

A human clinical trial of allogenic bone marrow transplantation for the treatment of OI
has been carried out. Following ablative conditioning therapy three children with Type
[II OI were intravenously infused with bone marrow cells. Engraftment occurred in all
three children with 1.5% —2.0% of osteoblasts thought to be of donor origin after three
months, despite the low level of engraftment increases in bone mineral content, growth
and a decrease in fracture incidence was reported (Horwitz, et al, 1999). The short follow
up time of 6 months and the lack of proper controls (Horwitz, er al,, 2001) somewhat
weakens these results. A second study was carried out in which whole marrow cells were
administered to 5 children, in the three children with engraftment there was an increase
in bone formation and growth rates but this dissipated over time (Horwitz, er al, 2001).
A third study was carried out in which 6 children were infused with MSC’s, engraftment
occurred in 5 of the children, three showed an increase in growth velocity and only one

patient had an increase in mineralization (Horwitz, er al, 2002). Despite the difficulty in
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both assessing and interpreting the actual clinical benefit, the merit in this approach is

clear and warrants further investigation.

1.3.6 Gene supplementation.

Based on the premise that provision of additional functional Collal and Colla2 alleles
may possibly result in phenotype alleviation, gene supplementation strategies have been
investigated. The first study was carried out in 1987 by Schienke er a/, cells derived from
the Collal null Mov13 mice were transfected with a functional human Collal transgene
resulting in the formation of a cross species heterotrimer consisting of 2 human a1(I) and
a single murine a2(I) chain. Gene supplementation has also been explored in the oim
mouse, which do not express Colla2 (Chipman, et al, 1993). Oim bone marrow cells
transduced with an adenoviral Colla2 construct secreted normal type I collagen
heterotrimer. The in vivo efficacy of the adenoviral Colla2 construct was also
demonstrated with synthesis of normal murine type I collagen at the site of injection in
the oim mouse following interdermal injection (Niyibizi, 2001). In a follow up study MSC
migration, engraftment and differentiation in bone was observed four weeks after
systemic injection of an MSC population into 2 day old oim mice (Wang, er a/., 2006a).
Initially gene supplementation was thought to only be suitable for the treatment of Type
I OI a recent study demonstrated that over expression of a wild type Collal allele in Type
IIT OI MSCs increased the expression of wild type Collal at the mRNA levels and protein
level. The correction of the wild type protein deficit was accompanied with restoration of
the differentiation capacity of the cells which prior to transfection had been defective

(Pochampally, er al, 2005).
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1.3.7 Gene Targeting

When treating a dominant negative disorder the key to relieving the phenotype is to
prevent the expression of the mutant protein, a variety of tools are available for the task.
Antisense olignucleotides, ribozymes and siRNA have been used to suppress Collal or
Colla2 expression. Antisense olignucleotides (ASO) are DNA sequences which bind to
RNA transcripts in a sequence specific manner, the DNA:RNA hybrid is targeted by
RNase H for degradation. ASO molecules targeting human Collal were introduced into
NIH 3T3 cells which stably expressed the Collal minigene and down regulated the
human transcripts by 37 — 80% (Colige, er al, 1993). Efficient down regulation of the
Collal minigene was achieved in vivo, mice which expressed the minigene in the
antisense orientation were crossed with mice which expressed it in the correct sense
orientation, the presence of the antisense allele reduced the occurrence of embryonic
lethality from 93% to 27% (Khillan, et a/, 1994). ASO’s designed to target Colla2 allele
with a point mutation have also been explored, efficient down regulation of expression
was achieved, but the specificity was poor with transcripts from both alleles targeted for

degradation (Wang and Marini, 1996).

Ribozymes are catalytic RNA molecules which bind to complementary mRNA molecules
and effect cleavage of the mRNA. Ribozymes have superior allele specificity than ASO’s
and their inherent catalytic activity in principle confers a higher level of efficiency.
(Grassi, et al ., 1997) achieved down regulation in the region of 50% in fibroblasts isolated
from and OI patient using a Collal targeting ribozmye (Grassi, et a/., 1997). The Collal
minigene has also been efficiently suppressed by ribozymes (Peace, er a/., 2005; Smicun,
2003; Toudjarska I, 2001). RNAL is the most recent addition to the molecular toolbox, it is
effected by double stranded RNA molecules which induce sequence specific RNA
degradation, the only report of RNAI for OI so far is a mutation independent strategy
(Millington-Ward, 2004). With the enormous genetic heterogeneity associated with Ol it

would be prohibitively expensive and time consuming to design either ASO’s or
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ribozymes for each individual mutation. To overcome this, a variety of mutation

independent strategies have been developed.

1.3.8. Mutation independent gene therapies

Antisense oligonucleotides, ribozymes and siRNA identify their target mRNA through
sequence specific complementary base pairing. Utilising this feature three novel mutation
independent suppression approaches have been developed. Three mutation independent
suppression strategies have been developed by members of the research team in TCD
(Millington-Ward, er al., 1997) in which either 3’ or 5’ untranslated (UTR) sequences, the
coding sequence or a polymorphism is targeted by a suppression agent e.g. siRNA. In the
first approach either the 3’ or 5 UTR is targeted by the suppression agent resulting in the
suppression of transcripts derived from both the mutant and wild type alleles of the target
gene. Consequently a wild type copy of the gene has to be provided in parallel with the
suppression agent to restore expression of the target gene within the cell; this approach
has been described as suppression and replacement. The replacement transgene provided
will be modified at the nucleotide level at the target sequence for suppression such that
transcripts from the gene are refractory to suppression. However, as the modified
nucleotides are located within the 5’ and 3° UTRs the replacement gene codes for the

wild type a1(I) protein.

In the second approach the suppression agent is targeted toward the coding sequence of
the RNA, once again both the wild type and mutant alleles are suppressed. In this case
the replacement gene is engineered to contain sequence alterations at the wobble base(s)
of each codon located within the target sequence of the suppression agent. In principle
transcripts from the replacement gene will encode the wild type protein yet be refractory
to suppression. The final approach is based upon designing the suppressor to target a
polymorphism known to be present within the mutated allele. For this approach to be

effective the suppressor needs to be highly sequence specific such that it can discriminate
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between the polymorphic alleles down to a single nucleotide difference. If this
sensitivity can be achieved then in principle only the mutated allele should be targeted
for down regulation, a recent publication has indicated that indeed it is possible to
achieve this levels of specificity; the report detailed specific suppression of the mutated
alleles of the superoxidase dismutase and Huntington genes were achieved (Schwarz, er

al., 2006).

Targeting of a mutation linked polymorphic allele using a ribzoyme based approach has
been successfully carried out 7n vitro (Millington-Ward. S, 1999) and in MSC'’s achieving
a 50% down regulation at the RNA and protein level with allele specificity (Millington-
Ward, er al, 2002). The same polymorphism was targeted in MSC’s using siRNA and 85%
down regulation was achieved, however allele specificity was not demonstrated in this
case (Millington-Ward, 2004). An innovative strategy was recently reported in which a
severe form of OI was converted to a less severe form by inactivating the mutated allele
i.e. converting the severe phenotype to the mild phenotype of Type I OI. This was
achieved through the use of an adenoviral gene targeting vector designed to insert into
exon 1 of the Collal gene. Adenoviral transduction of MSC’s isolated from patients with
Ol resulted in 31 to 90% of cells undergoing gene targeting at either the wild type or
mutated allele. When the mutated allele is targeted normal type I collagen synthesis is
restored, in contrast when the normal allele is targeted there is no collagen synthesis. The
cells in which the mutant allele was inactivated retained their capacity to differentiate in

vivo (Chamberlain, er al., 2004).
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1.4 RNA Interference

1.4.1 Discovery

RNA Interference was first described in 1998 by Fire & Mello who discovered that
injection of double stranded RNA (dsRNA) into C.elegans resulted in degradation of
homologous mRNA transcripts. RNAi was soon reported to occur in a variety of
organisms including Hydra (Lohmann, er a/, 1999), Trypanosomes (Ngo, et al,, 1998) and
Drosophila (Caplen, et al., 2000; Kennerdell and Carthew, 2000). With the observation of
RNAI in plants and fungi (Cogoni and Macino, 1999) and the isolation of short dsSRNA
molecules of 21 — 25ntds from plants (Hamilton, 1999) and Drosophila (Elbashir, 2001b)
into which long dsRNA had been introduced, it became clear that the dsRNA triggered
silencing phenomena previously observed in plants, (post transcriptional gene silencing
(PTGS)) and fungi (quelling) (Romano, 1992; van der Krol, er a/, 1990) were functionally
related to RNAI.

RNA interference is an evolutionarily conserved gene silencing mechanism, which is
believed to have developed as a primitive form of an immune system targeting dsSRNA
molecules generated during viral replication (Raoul, er a/, 2005). The utility of RNAi in
mammalian cells was thought to be limited due to the induction of an interferon response
by dsRNA > 30ntd in length, interferon triggers global down- regulation of RNA
expression and ultimately cell death (Stark, er al, 1998). A crucial discovery was made at
that time, the introduction of chemically synthesised small double stranded RNA
molecules of 21 — 22ntds (siRNA) in mammalian cells mediated degradation of
complementary mRNAs sequences without induction of the interferon response
(Elbashir, 2001a; Elbashir, 2001b). Therefore, use of these short interfering RNAs
(siRNAs) 21mer dsRNA duplexes facilitated the exploitation of the RNAi pathway in

mammalian cells.
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1.4.2 RNAi silencing mechanism

dsRNA is cleaved by Dicer a dsRNA specific RINAase III endonuclease (Hammond, et al.,
2000) generating siRNAs, which are 21 — 23mer dsRNA duplexes with symmetric 2 ntd 3’
overhangs with 5’phosphate and 3’hydroxyl groups (Elbashir, 2001a). The siRNA is then
incorporated into a multi-enzyme ribonucleic complex, the RNA Induced Silencing
Complex (RISC) (Hammond, et a/, 2000). Despite the huge amount of research focused
upon elucidation of RISC structure no consensus has been reached (Sontheimer, 2005).
The one common element of all RISC complexes is the presence of a member of the
Argonaute family which have PAZ and PTWI domains (Hall, 2005). Some groups have
reported the unwinding of the siRNA duplex with retention of a single strand within the
RISC complex bound by the PAZ domains, forming siRISC (Liu, er a/, 2004; Martinez, et
al, 2002; Matranga, et al., 2005). Other reports state that it is not unwinding but
cleavage that occurs to release one of the duplex strands whilst the other is retained as
described (Leuschner, 2006; Matranga, er al, 2005). The bound strand (ideally the
antisense strand) guides the RISC to the homologous mRNA, the PIWI RNAase H like
domain of the RISC complex, Slicer executes cleavage of the mRNA (Liu, ez a/, 2004).
The RISC complex is subsequently released and participates in repeated rounds of mRNA
cleavage (Martinez, er al, 2002; Martinez and Tuschl, 2004). The synthetic siRNA 21mers
bypass the Dicer step and are incorporated directly into the RISC complex (Elbashir,
2002; Elbashir, 2001a). Whilst siRNA molecules which bypass the Dicer step are effective
mediators of RNAI, it has been reported that 27mer siRNA which are processed by Dicer
are more potent than their corresponding 21mer siRNA which suggests that siRNA
processing can enhance RISC entry and consequently the potency of the RNAI effect
(Silva, et al, 2005). The cleaved mRNA strands are then processed by the general
eukaryotic machinery for mRNA degradation (Valencia-Sanchez, er al,, 2006).
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1.4.3 Specificity of RNAi based mRNA targeting and cleavage.

The siRNA unwinding or cleavage step is central to determining the specificity of siRNA
triggered RNAi. The strand that is incorporated into the RISC complex is determined by
the thermal stability of the siRNA duplex. The strand with its 5’ terminus at the
thermodynamically less stable end of the duplex is preferentially incorporated into RISC
(Khvorova, er al., 2003; Schwarz, et al, 2003). This ‘thermodynamic asymmetry” is
exploited when designing siRNA molecules to ensure that the intended anti-sense strand
is preferentially incorporated into RISC thereby minimising off target effects (Mittal,
2004; Reynolds, et al., 2004). For a given siRNA the site of RNA cleavage is highly
specific, the phosphodiester bond between nucleotide 10 & 11 (Elbashir, 2001b) . This
accuracy is maintained even when there are up to 5 mismatches on the 5’ siRNA
terminus, but it is notable that this number of mismatches significantly reduces cleavage

efficiencies (Haley and Zamore, 2004; Martinez and Tuschl, 2004).

The power of siRNA and its appeal as a functional genomics tool lies within its sequence
specificity, initial reports indicated that allelic specificity was achievable with only a
single siRNA:mRNA mismatch required to prevent gene silencing (Abdelgany, 2003;
Elbashir, 2001b; Pedro Gonzalez-Alegre, 2003). This unfortunately was not to last,
reports detailing a variety of off target and non-specific suppression events came to light,
such as mRNA degradation induced by partial complementarities (Jackson, er a/., 2003)
and miRNA like translation repression mediated by incomplete homology or
complementarity’s with 3' UTR sequences (Birmingham, et a/, 2006; Doench, et a/., 2003;
Jackson, et al, 2003; Jackson, er al., 2006b; Saxena, et al., 2003; Zeng, et al., 2003). The
use of high concentrations of siRNA has been shown to contribute significantly to off

target effects (Persengiev, er al,, 2004).
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Chemical modification of siRNA molecules is one avenue investigators are exploring as a
means of reducing these off target effects, the use of a 2 O- methyl-ribose substitution at
nucleotide 2 of the siRNA duplex was shown to reduce non-specific effects without
reducing target suppression efficiency regardless of the sequence composition of the
siRNA (Jackson, er al, 2006a). In addition increasingly more complex algorithms are
coming on stream to aid investigators in siRNA design which will contribute further to
minimising off target effects (Arziman, et al, 2005; Naito, er al, 2005; Yamada and
Morishita, 2005). Additionally the levels of allele discrimation achievable appear to be
down to a single base pair with the recent demonstration of spective suppression of

mutant over wild type alleles (Schwarz, 2006)

1.4.4 Micro RNAs (miRNAs).

siRNA resemble endogenously occurring non-coding small RNA molecules micro-RNA’s
(miRNA’s). These molecules direct targeted mRNA degradation or translation repression.
Functionally they have been shown to be involved in a diverse number of regulatory
pathways including apoptosis, haemopoietic cell differentiation, developmental timing
control and organ development (Bartel, 2004). It has been suggested that up to 30% of
human genes may be regulated by miRNA’s (Lewis, er a/, 2005). miRNA genes were
thought to be located in intergenic chromosomal regions, but recent analysis has shown
that 70% of mammalian miRNA are located within defined transcription units
(Rodriguez, et al, 2004). Their genomic locations can be categorised as follows; intronic
miRNA in protein coding regions, intronic or exonic in non-coding genes and finally
those generated by splicing events (Kim and Nam, 2006; Rodriguez, et al, 2004;
Sevignani, er al., 2006).

miRNA are initially transcribed as long transcripts termed pre-miRNAs which are

initially cleaved in the nucleus by the Microprocessor complex which contains an
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RNAase III like enzyme Drosha, which in human’s is associated with DCGRS,
generating 60 — 70 ntd hairpin structures termed Pre-miRNA’s (Gregory, et al., 2004;
Han, et al., 2006). Pre-miRNA’s are exported to the cytoplasm facilitated by Exportin 5,
(Bohnsack, et al, 2004; Lund, et al., 2004) where further processing by Dicer takes place
generating 21mer dsRNA molecules (Kim and Nam, 2006; Zamore and Haley, 2005). In
this final step Dicer is coupled to the RISC complex into which the guide miRNA strand
is efficiently incorporated. In fact the RISC complex has 10 fold greater activity when
using pre-miRNA Dicer substrates than when using siRNA duplexes (Gregory, et al,
2005b).

1.4.5 miRNA mediated translational repression or targeted mRNA

degradation.

In order for targeted mRNA degradation to occur there needs to be a high level of
homology between the miRNA and its cognate mRNA, especially at the Splicer cleavage
site located between nucleotides 10 & 11 (Elbashir, er al, 2001b; Haley and Zamore,
2004). If the required level of homology is present and the correct Argonaute protein
present in the RISC, mRNA cleavage will occur (Valencia-Sanchez, et al., 2006; Zamore
and Haley, 2005). miRNA duplexes tend to have incomplete homology with their target,
this is insufficient to induce mRNA cleavage and induces translational repression
(Doench, er al, 2003). Binding of a single miRNA is usually insufficient to exert
translational repression and several miRNAs may bind at different sites along the
transcript. This opens up the whole area of multi-miRNA regulatory pathways where
different numbers or combinations of miRNA molecule may have distinct effects on gene
expression. In fact mammalian genes can have more than one target site in their 3’'UTR’s
and a given miRNA can target multiple mRNA’s (Bartel, 2004; Sevignani, er a/, 2006;
Zamore and Haley, 2005).
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1.4.6 miRNA associated disorders.

miRNAs have been shown to have a role in human disease Many miRNA’s have roles in
homeostasis with alterations in the expression profiles of miRNA genes contributing to
the pathogenesis of a variety of cancers, with aberrant expression of mir-15& mir-16
associated with Chronic lymphocytic leukaemia (CLL) (Calin and Croce, 2006), mir-155
with B-cell lymphoma (Eis, er al, 2005), mir-143 & mir-145 with colorectal cancer
(Michael, et al., 2003) and mir-21 with Gliobastoma (Chan, er al, 2005). Other diseases
associated with perturbed miRNA expression include Fragile X and spinal muscular
atrophy (Sevignani, er al, 2006). In this regard it is notable that the DCGR8 gene which
associates with Drosha is located in the DiGeorge syndrome chromosomal region

(Landthaler, er al,, 2004).

1.4.7 Chromatin effects

RNAI acts mainly at the post transcriptional level either directing mRNA degradation or
translational repression, but miRNA and siRNA are now thought to effect gene silencing
through genomic modifications which occur at the DNA level via RNA directed DNA
methylation (RADM) and RNAi mediated heterochromatin formation. Both are natural
epigenetic gene regulation mechanisms controlling heritable changes in gene expression
that are not caused by mutations but are epigenetic processes (Wassenegger, 2005).
RdDM has been observed extensively in plants, where dsRNA homologous to promoter
regions can trigger promoter methylation and gene silencing, cytosine’s are methylated
and the methylation is largely restricted to the regions of homology (Bayne and Allshire,

2005; Matzk, 2005).

The occurrence of RADM in mammalian cells is an area of conflicting evidence. Morris et
al 2004 demonstrated RdADM in human cells where siRNA targeting of the elongation
factor 1 alpha (EF1A) promoter which was driving expression of a GFP reporter gene in

human 293FT cells induced DNA methylation of the promoter sequences and down
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regulation of GFP expression (Morris, et al., 2004). In another report an siRNA targeting
the promoter of RASSF1A a tumour suppressor gene did appear to induce DNA
methylation albeit at a low level (Castanotto, er a/, 2005). Park and colleagues reported
that they were unable to induce DNA methylation of the Huntington gene perhaps this is
due to the fact that the siRNAs targeted the coding sequence of the gene rather than the
promoter (one siRNA spanned the ATG start site and the second was completely located
within the fourth exon) and this appears to be a requirement of RARM (Park, er a,

2004).

1.4.8. Applications of RNAi

RNAI is an extremley versatile genomics tool, it lends itself to a variety of applications;
gene discovery, signal transduction pathway elucidation, target identification, target
validation and generation of transgenic animals (Cullen and Arndt, 2005; Echeverri and
Perrimon, 2006; Ito, er al, 2005; Leung and Whittaker, 2005). With the completion of a
large number of genome sequencing projects, including the human genome, a huge
number of genes were identified to which no function has yet been assigned. RNAi
provides a rapid, sensitive and inexpensive means by which loss of function studies can
be carried out in order to characterise unknown coding sequences. The most efficacious
way to do this is do a whole genome screen, a number of these studies have been carried
out in C. elegans, Drosophila and mammalian cells, resulting in the identification of novel
genes involved in processes such as longevity, genome stability, fat storage, cell
morphology, cell growth and apoptosis, reviewed in (Cullen and Arndt, 2005;
Kuttenkeuler and Boutros, 2004; Sugimoto, 2004). Since the realisation that the RNAi
pathway could be exploited in mammalian cells, there has been a flurry of investigation
into the direct application RNAi based therapeutics. The attractiveness of RNAi based
therapeutics is due to 1) the ease at which accessible target sites can be identified, 2) the
very low concentrations of siRNA required for gene silencing, 3) RNAi effector
molecules are very stable, 4) custom synthesis can be carried out rapidly and 5) it is a

relatively inexpensive technology.
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Fig. 1.4 Mechanisms of RNAi mediated gene silencing. Long (> 30 bp) dsRNA,
vector-based shRNAs and endogenous miRNAs are processed by Dicer to form 21-23 bp
siRNA duplexes with symmetric 3'-overhangs and 5'-phosphate groups. The duplexes
associate with RISC, which contains a helicase that unwinds the duplex. Each siRISC
associates with its complementary mRNA which depending on its complementarity,
results in either targeted mRNA cleavage or translational arrest. In theory, the antisense
siRNA strand will target the desirable mRNA for destruction, whereas the RISC that
incorporates the sense strand can potentially associate with other unintended mRNAs

and cause off-target activities. (Mittal, 2004).
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The entire spectrum of diseases have been targeted (for review see (Dallas A, 2006)),
incuding, viral infections such as HIV (Morris and Rossi, 2006b), Hepatitis B (Peng, et
al, 2005), Hepatitis C (Hamazaki, ez a/, 2006), influenza (Bennink and Palmore, 2004)
and west nile virus (Ong, er a/.. 2006 ). Neurodegenerative disease have also been
explored as therapeutic candidates, targeting of genes involved in the pathogenesis of
diseases such as Huntington’s, Alzheimer’s, Spinocerebral Ataxia and dementia have all
shown promising results (Miller, er al, 2005; Ralph, er al, 2005). Investigation into the
potential therapeutic application of RNAi for various forms of cancer has been equally
promising, with genes involved in Chronic Myeloid Leukaemia (Yang, et a/, 2005),
cervical cancer (Gu, er al, 2006), pancreatic carcinoma (Tsutsumida, er a/, 2006) and lung
cancer (Ko, er al, 2006) targeted successfully. Although the development of siRNA based
therapeutics was initiated only a few years ago, siRNA drug candidates have already
entered Phase I clinical trials. A potential therapeutic for age related macular
degeneration (AMD), the anti-VEGF siRNA Cand5 (Acuity Pharmaceutical) is now
recruiting for Phase II trials. Another anti-VEGF siRNA-027 (Sirna Therapeutics) which
is also directed toward treating AMD and a siRNA targeting Respiratory Syncytial Virus

(Alnylam pharmaceuticals) are also in clinial trials (www.rnaiweb.com).

With the depth of knowledge regarding the molecular pathogenesis of Osteogenesis
imperfecta it is has become clear that if it were possible to reduce the amount of mutant
Collal or Colla2 chains incorporated into the type I collagen triple helix alleviation of
the pathology associated with the disorder may occur. RNAi provides a tool by which this
may potentially be achieved, based upon this fact and the realisation of the potential
therapeutic application of MSCs for the treatment of bone disorders such as OI an RNAi
based suppression and replacement strategy for the treatment of Osteogenesis Imperfecta

was devised and was explored in the variety of studies described in this thesis.
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Chapter 2

Materials and Methods



2.1 Reagents

@

(II)

(I11)

(Iv)

V)

Chemicals: All reagents, growth media and antibiotics unless otherwise
stated were obtained from Sigma Chemical Corporation, BDH Laboratory

Supplies or Gibco/BRL.

Enzymes and Buffers: All restriction enzymes and buffers were obtained from
New England Biolabs (NEB), Promega or Roche. T4 DNA Ligase and RNaseIT
cocktail were obtained from Stratagene. RQ1 DNase was purchased from
Promega. Alkaline Phosphatase Enzyme was obtained from New England

Biolabs (NEB).

Markers and ladders. 1kb and 100bp DNA ladders were both obtained from
NEB (Figure 2.1). Kaleidoscope pre stained protein ladder was purchased from
BioRad (Figure 2.2).

Kits: Hi-Speed Plasmid Maxi-kits, Hi-Speed Plasmid Midi-kit RNeasy Mini
Prep Kits, QIAquick Gel Extraction kits and the QuantitTech SYBR Green
RT-PCR kits were all purchased from Qiagen. Metra CICP EIA kits were
purchased from the Quidel Corporation. HiYield Plasmid Mini Kits were
purchased from Real Biotech Corporation. Big Dye Terminator v3.1 Cycle
Sequencing kits were purchased from Applied Biosystems. All procedures

were carried out as described by the manufacturer.

Cloning Vectors: Cloning vectors used were pcDNA3.1- purchased from
Invitrogen, pcDNA3.1 without the CMV promoter was generated by Dr.
M. O’ Reilly. EGFP-1 was purchased from Clontech. EGFP1 with a CMV
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(VD)

(VII)

(VIII)

(IX)

X)

promoter was generated by Dr. N. Chadderton and Dr. S. Kiang generated a

H1-Bluescript vector. All vectors were illustrated in Figures 2.3 -2.7.

Cell Lines: HeLa cells were a kindly provided by Prof. Seamus Martin Dept of
Genetics Trinity College Dublin and Mesenchymal Stem Cells by Dr. Grant
Jordan, Department of Trauma & Orthopaedic Surgery, Musgrave Park
Hospital Belfast Ireland.

Tisssue Culture: Dulbecco’s Modified Eagle Medium (DMEM), a-MEM
Medium, L-Glutamine and Sodium Pyruvate which were all purchased from
Cambrex. Standard Fetal Bovine serum and Fetal Bovine Serum of South
American origin, Trypsin-EDTA, Genetecin and Phosphate Buffered Saline

were all obtained from Gibco. DMSO was obtained from Sigma.

Differentiation Regents. L-Ascorbic Acid, B-glycerophosphate,
Inodomethacin, dexamethasone, 3 Wasobutyl-1-methylxanthine and insulin

all purchased from Sigma.

Histochemical Stains. Oil Red O and Alkaline Phosphatase kit 85C were

purchased from Sigma.

Protease Inhibitors. Complete Mini Protease Inhibitor Cocktail was

purchased from Roche.
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A) 1kb DNA ladder B) 100bp DNA ladder

Figure 2.1 DNA Ladders. A) 1kb ladder which ranges from 500bp to 10.0kb and B)
100bp ladder which ranges from 100bp to 1517bp.
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Figure 2.2. BioRad Kaleidoscope Protein marker. The protein marker which ranges

from 10 - 250kDa.

42




pcDNA
5.4 kb

puc i

¥y

I'7 promoter/primer binding site Nhe | Pme 1l A1 Hind 111 Asp7181 Kpnl
| | | | | |

1
869 GACTCACTAT AGGGAC 3CGTTTA; AAC TTAAGCTTGG TACCGAGCTC

A

Bamil 1 BsiX 1* EcoR1 Eco
| | | |
GGATCCACTA GTCCAGTGT ’ 4

RV Bs llx I* .\v':;'f I .\'hlr; I

AGCAC

x
-
'
T
("}
3
("9}
]
("%}
L)
[ |
(")
(" )
9
9
=)
=
bl
]
J
J
T
“d
[
1
x

4

sy REIEL S ORE"

Xbal Apal Pmel pcDNAS.1/BGH reverse priming site
1

3 3

AA ACCCGCTGAT CAGC

T T S 7 R £

AC TGTGCCTTCT AG

- .v)

Figure 2.3 Cloning vector pcDNA3.1- (Invitrogen) with Multiple Cloning Site (MCS)
detailed.
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pcDNA3. 1- CMV-
3 4.8 kb
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1 | | | | | |
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Yba 1 tpal Pmel pecDNAS. 1/BGH reverse priming site
T — 1
Y RG  ACTOTACACE COCCOATTTAZR ACCCACTEAT CACCATORAL TETACCTTET ACTTECCR(
AGTCTAGAGG GCCCGTTTAA ACC( TCGAC TGTGCCTTCT AGTTGCCA(

Figure 2.4. Cloning vector pcDNA3.1- CMV- (generated by Dr. M O’ Reilly Trinity
College Dublin) with Multiple Cloning Site (MCS) detailed. The CMV promoter has been

removed from this plasmid.
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Figure 2.5. H1-Bluescript Cloning vector (Generated by Dr. S. Kiang) with key
restriction enzyme sites and H1 promoter highlighted.
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Figure 2.6. EGFP1 vector (Clontech) with multiple cloning site (MCS) illustrated.
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pEGFPI-CMV
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Figure 2.7. pEGFP1-CMV which has CMV promoter cloned into the Smal site was
generated by Dr. N. Chadderton, Trinity College Dublin. The multiple cloning site (MCS)

is detailed.
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/ EcoRlI site

18]

pCR TOPO
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D

Figure 2.8 pCR TOPO cloning vector in which the A¢zB sequence was provided, the

EcoRI sites used to remove the 300bp AtzB sequence are indicated by the black arrows.

This AttB containing plasmid was a kind gift of Dr.M.Calos, Dept of Genetics, Stanford
University School of Medicine, Stanford California, USA.
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pCMVint 3
6.2 kb s
g
&

Figure 2.9. pCMVInt, this plasmid contains the gene encoding the ®C31 integrase

enzyme under the control of the CMV promoter. This plasmid was a kind gift of
Dr.M.Calos, Dept of Genetics, Stanford University School of Medicine, Stanford

California, USA.
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2.2. Solutions

o)

(1)

(I11)

(Iv)

1 X TAE: 0.04M Tris-acetate, 0.0001 EDTA (ethylenediaminetetra-acetic

disodium salt).

Agarose gels: generated at the required percentages by dissolving 1g of
agarose in 100ml 1XTAE per percentage required. Loading Buffer consisted of
0.25% Bromophenol blue, 0.25% Xylene cyanol and 30% Glycerol. Ethidium

Bromine was added to a final concentration of 0.5ug/ml

Luria Bertani Medium (LB medium): 1% (w/v) NaCl, 1% (w/v) tryptone,
0.5% (w/v) yeast, 0.2% (w/v) maltose and 10Mm MgSOs. Media was
autoclaved at 151bs pressure psi for 20 minutes. For solid LB plates 1.5% (w/v)
bacto-agar was added prior to autoclaving. Selection of desired bacteria was
achieved using antibiotic selection with 50ug/ml ampicillin and 25ug/ml

tetracycline or kanamycin

Tissue Culture: DMEM complete - 500ml DMEM, 10% FCS, 0.05mg/ml
penicillin/-streptomycin, ImM sodium pyruvate and 2mM L-glutamine. 2x
Freezing Medium- 1ml DMSO, 20% FCS and 2ml DMEM complete. a MEM
20- 500ml « MEM , 20% FCS (South American origin), 0.05mg/ml
penicillin/-streptomycin, ImM sodium pyruvate and 2mM L-glutamine.

Selective Medium —600ug/ml G418 in Complete medium.
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V)

VD

(VII)

PCR: 70X PCR Buffers - 500mM KCL, 100mM TrwasCl (pH 8.8), 0.1%
gelatine & 1% Triton (pH 9.0) supplemented with either 5SmM, 10mM,
15mM or 20mM MgCl2. dNTP mix (Roche) 10ul of dATP, dTTP, dCTP and
dGTP in dH20 to a final concentration of 1.25mM

Mini Preps solutions: Lysis Solution 1- 50mM Glucose, 25mM Trwas pH 8.0
& 10mM ETDA. Lysis Solution 2-0.2M NaOH & 1% SDS. Lysis Solution 3-
3M NaOAc pH 5.2.

Western Blot Analysis: R/PA Buffer-50mM Trwas.Cl pH 7.5, 150mM 1%
Non-Idet P-40, 0.5% Sodium deoxycholate and 0.1% SDS. Heat to 68°C. Prior
to use 10ng leupeptin, 20ng apoprontin and 100ng PMSF was added to 10mls
of RIPA buffer. Ix SDS PAGE Running Buffer- 25mM TrwasCl (pH 8.3),
250mM Glycine, 0.1%SDS. Transfer Buffer - 39mM glycine, 48mM Trizma
base, 0.037% SDS, 20% Methanol. Blocking Solution- 3% BSA-TBST, 20mM
Tris.Cl (pH7.5), 500mM NaCl, 0.05% (v/v) Tween 20, 3% BSA (bovine serum
albumin). Washing Solutions— TBS Buffer - 10mM Tris.Cl (pH 7.5) 150mM
NaCl. TBS-Tween/Triton buffer: 20mM Tris.Cl (pH 7.5), 500mM NaCl, 0.05%
(v/v) Tween 20, 0.2% Triton.
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2.3 Primers

2.3.1 Plasmid PCR and sequencing primers — described in 5’ — 3’ orientation

PcDNAS3.IF CTCTGGCTAATAGAGAAC
PpcDNA3. IR CCAGGGTCAAGGAAGGCACG
PpBluescript 1201 AACAGCTATGACCATG

PpBluescript 1224 CGCCAGGGTTTTCCCAGTCACGAC

pcDNA 82F TTGTGTGTTGGAGGTCG

2.3.2 Collal PCR and sequencing Primers described in 5’ — 3’ orientation

3’ insert detect AATCTGTCTCCCAGAAGAC

Collal cmv-detectR ACGTGGAGTTCTAGAGCCATCTTC

KpnlF GAACGGCCTCAGGTACCATGACCGAG

Acclll GAGAACATCCGGACCCAGAGGGAAGCC

NotlF TAGTCGCGGCCGCAGCAGACGGTTTCTCCT

Clal F TCCGCCTGCCCATCATCGATGTGGCCCCCTTGGACGTT
AAIR GATTACAGTATGAACCTTAAGGCCCATCACCCCAAGGC
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2.3.4 Collal mutation detection sequencing primers described in 5’ — 3’ orientation

Deletion F CAAGGCTGGAGAGCGAGGTG
Deletion R GTCTCCAGGAACAACGTGTTC
Gly — AsnF CTGGACGAGACGGTTCTCC
Gly — AsnR GCCTGTCTEACCCTTGTCAC
Stop Signal F TCCTGGTCCCAAGGTTAACA
Stop Signal R ATCGCGCCAGGGAAACCAC

2.3.5 Minigene sequencing primers described in 5’ — 3’ orientation

102 F GGTTCAAGAACTGCCATCTCAG
103 F CCGCTTCCACGTTTGCAGCTC
104 F CACTGAGTCCAGGTACAACT
105 F GGGTTTGGAGGAAGGCATTTG
106 F GCCCGGTACCAGCTTTTGTT
107 F GAAGAGAGCAGAGGGGCACC
101 3’F CGGAGCCAGGGAGCAGCGA
1023’F GGAATCAGTGTAGAGGAT
1033’F ACCATGTTAGCCAGCCTGGT
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2.3.6 RT-PCR Primers described in 5’ — 3’ orientation

GAPDH F CAGCCTCAAGATCATCAGCA
GAPDH R CATGAGTCCTTCCACGATAC
CollalF CCTGGAAAGAATGGAGATGATGG
CollalR AGCACCAGCAATACCAGGAGCACC
Collal Duo F GAGAGCATGACCGATGGATTCC
Collal Duo R TTAGGTGATGTTATGGGAGGC

Actin F TCACCCACACTGTGCCCATCTACGA
Actin R CAGCGGAACCGCTCATTGCCAATGG
EEF2F CATCGCTGAACGCATCAAC

EEF2R TGGAAGGTCTAGAGC

2.3.7 Integrase sequencing primers described in 5’ — 3’ orientation

AuB F 1201

TCGACGATGTAGGTCACGGTCTCGAAG

AwtB R1200

CCGTGCTCACCGTGACCACCGCGC
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2.4 DNA Manipulations

2.4.1 Oligonucleotide design and synthesis

Primers were usually designed to between 18 and 21 nucleotides in length, with the GC:
AT ratios as close to 1:1 as possible. Primer sequences were checked to ensure low
secondary structure and to minimise primer dimer formation. All oligos were ordered
from Sigma-genosysis. All oligonucleotides were resuspended in nuclease free sterile

water at concentration of 100pmoles/ul or 100uM.

2.4.2 Polymerase Chain Reaction (PCR)

Standard PCR reactions were carried out in a 50pl volume. Each 50pl reaction consisted
of 10pM of each primer (forward and reverse), 200uM dNTPs, 1X PCR buffer and 1U Taq
Polymerase. Optimal MgClz concentrations ranging from 5mM, 10mM, 15mM or 20mM
were determined for each specific reaction. The standard PCR program 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. Finally reactions were incubated for 10 minutes at 72°C.

2.4.3 Agarose Gel Electrophoresis
Agarose gels of the required percentage were prepared in TAE buffer, 0.5ug per ml

Ethidium Bromide was added to facilitate DNA visualisation under UV light.

2.4.4 Gel Extraction using QIAquick Gel Extraction kit (Qiagen).

DNA fragments generated in PCR or restriction enzyme digests were excised from gels
with a sterile scalpel. The equivalent of 3 gel volumes of buffer GQ was added to each gel
slice containing the required DNA (100mg = 100ul). Gel slices were incubated at 50°C for
10 minutes and vortexed every 2 to 3 minutes to aid solution. 1 gel volume of Isopropanol
was added to the sample. Samples were added to the QIAquick spin column and
centrifuged at 18,000¢ for 1 minute to bind the DNA to the column. 0.75ml of Buffer PE
was added to the column and samples were centrifuged for 1 minute at 18,000g. The

flow-through was discarded and the QIAquick column centrifuged for a further minute.

59




The DNA was eluted from the column with 50ul of Buffer EB (10mM TrisCl, pH 8.5) or
dH-0.

2.4.5 Phenol/Chloroform Extraction of DNA and RNA.

Nucleic Acids in aqueous solution were mixed with an equal volume of phenol, vortexed
for 30 seconds and centrifuged at 13,000 rpm (IEC Micromax bench top centrifuge) for 5
minutes. The top aqueous phase containing the nucleic acid was removed and transferred
to a fresh eppendorf. An equal volume of a 1:1 phenol/chloroform mix was added to the
sample, vortexed and centrifuged as above. The top layer was removed and transferred to
a fresh eppendorf and an equal volume of chloroform added, vortexed and centrifuged as
above. The top phase was then removed transferred to a new eppendorf and the nucleic

acids were ethanol precipitated (section 2.4.6).

2.4.6 Ethanol precipitation.

Nucleic acids were precipitated by adding a 10% volume 3M NaOAc (pH5.2) and 2.5
volumes of 100% ice cold ethanol. The sample was vortexed for 10 seconds and left to
precipitate at —20°C for 30min.Nucleic acids were pelleted by centrifugation at 13,000
rpm for 15 minutes. The liquid was carefully removed. 400ul of 75% EtOH was added to
the tube and it was centrifuged for 15min at 18,000 and carefully removed. Pellets were

air dried and resuspended in dH20.

2.4.7 Restriction Enzyme Digests.

Typically DNA was digested with the required restriction enzyme using 2U of enzyme
per pg DNA diluted in the appropriate reaction buffer. 0.1% BSA was added when
appropriate. The mix was then incubated at the optimal temperature for ~ 1 %2 hours.

Digestion was verified by agarose gel electrophoresis.
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2.4.8 DNA Ligations.

Ligations were carried out in 15yl reaction volume. Reaction buffer was used at a 1X
concentration supplemented with rATP to a final concentration of ImM. One unit of
ligase was used to ligate 1ug of DNA. Multiple reactions were carried out for each ligation
in which the ratio of vector: insert was varied, typically from 1:1 to 1:10. In addition the

appropriate digest, insert and ligase controls were performed.

2.4.9 End filling of 5’ DNA overhangs using Klenow.

Reactions were carried out in 50ul volume. 1U of Klenow enzyme was used per pg of
DNA. 33uM of dNTPs were included in the reaction mix. Reactions were incubated at
37°C for 30 minutes. Reactions were terminated by heating samples to 65°C for 5 minutes.

Samples were purified as described in 2.4.5

2.4.10 End filling of 3’ DNA overhangs using T4 polymerase

Reactions were carried out in 50l volumes. Reactions contained 1-3 Units of T4
polymerase per pug of DNA, 100uM of dNTPs and 1X BSA. Reactions were carried out at
12°C for 10 minutes. Reactions were terminated by heating the samples to 65°C for 5

minutes. Samples were purified as described in 2.4.5

2.4.11 Dephosphorylation of DNA fragments using Antartic Phosphatase enzyme.
Antarctic Phophatase (AP) enzyme reactions were carried out in 70ul volumes,
containing 1X AP specific buffer, 2 Units of Antartic Phosphatase enzyme per pg of DNA
was used. This enzyme required stringent deactivation (5mM EDTA, 10 minutes at 65°C
followed by 1 hour at 65°C). A phenol/chloroform extraction of every desphosphorlyated

sample was carried out (2.4.5) following deactivation.
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2. 5 Microbiology
2.5.1 Competent Cells

A 10ml culture of XL1 Blue E.Coli cells were grown in an orbital shaker overnight at
37°C in LB supplemented with 25ug/ml of tetracycline. 100ml of LB broth supplemented
with 25ug/ml tetracycline was inoculated with 1ml of the overnight culture and grown
shaking in an orbital shaker a 37°C until an OD600 of 0.3 — 0.5 was reached (72.5 hours).
The culture flask was placed on ice for at least 30 minutes. Cells were pelleted by
centrifuging at 3K/min for 15 min. Pellets were gently re-suspended in 50ml of ice-cold
50mM CaCl2 and placed on ice for 30 minutes. Cells were pelleted again by
centrifugation at 3K/min for 15 min. The pellet was gently re-suspended in 10ml of ice
cold CaCl.. Competent cells were stored on ice and could be used within 24 hours.

Alternatively cells were stored at —80°C in 15% glycerol for up to 3 months.

2.5.2 Transformation of XL1-Blue E.Coli Cells

5ul of ligated DNA was added to 200pl of competent cells. The cells were placed on ice
for 30min. Cells were heat shocked by incubating at 42°C for 5min, cells were then
placed on ice immediately and 1ml of LB broth added. Cells were shaken gently at 37°C
for an hour. 200pl of transformed cells were plated on 10cm Petri dishes containing
selective LB agar. Plates were placed upside-down in a 37°C oven and grown overnight at

37°C.

2.5.3 Transformation of XL-10 Gold ultracompetent cells

Once thawed on ice the cells were mixed gently and 100ul added to a pre-chilled
polypropylene tubes. 4 pl of B-Mercaptoethanol was added to each tube, mixed gently
and incubated on ice for 10 minutes with gentle mixing every 2 minutes. 0.1 — 50ng of
DNA was added to each aliquot, mixed gently and incubated on ice for 30 minutes.
Following a 30 second heat shock at 42°C the cells were incubated on ice for a further 2

minutes. 0.9mls of pre-heated NYZ+ broth was added and the cell suspension incubated at
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37°C for an hour. 100ul of the transformation mix was plated on to LB agar plates

containing the appropriate antibiotic and the plates incubated overnight at 37°C.

2.5.4 Plasmid PCR from individual bacterial colonies.

Using primers which flanked the multiple cloning site of the vector colony PCRs were
carried out as follows. Single colonies were picked using a sterile toothpick. The colony
was first streaked onto a selective LB agar plate and the remainder of the colony added to
5ul of Tris-Triton lysis buffer in a sterile 500pl tube. In addition each 50yl reaction
consisted of 10pM of each primer (forward and reverse), 200uM dNTPs, 1X PCR Buffer
(20mM MgCl2) and 1U Taq Polymerase. The PCR program runs as follows; 95°C for 5
minutes, 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 10 minutes at 72°C. The PCR

products were analysed on a 1% or 2% agarose gel.

2.6 Preparation of Plasmid DNA

2.6.1. Plasmid Miniprep (M-Stet Boiling Prep)

Single colonies from the selective agar plates were used to inoculate 10ml of selective LB
media and streaked on a selective agar plate. The cultures were grown shaking in an
orbital shaker at 37°C overnight and the plates were placed in a 37°C incubator overnight.
The cultured cells were pelleted by centrifugation at 18,000g for 15 minutes and re-
suspended in 400ul of Lysis Solution I. After incubation at room temperature for 5
minutes 800pl of Lysis solution II was added and the samples placed on ice for 5 minutes.
600ul of ice cold 3M NaOAc (pH5.2) was added and samples placed on ice for a further 5
minutes. Samples were then centrifuged at 13,000rpm for 15 minutes. 600 pl of the
supernatant was transferred to a fresh eppendorf and a phenol extraction and ethanol
precipitation carried out (section 2.4.5). Pellets were re-suspended in 45ul of dH20. 1pl of

RnaselT RNase enzyme was added and samples incubated at 37°C. The presence of the
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desired DNA insert was determined via restriction enzyme digest analysis and

sequencing.

2.6.2 HiYield Plasmid Miniprep (Real Biotech Corporation)

A 5ml overnight culture was grown in the presence of the appropriate selective
antibiotic. 1.5mls of this culture was centrifuged at 18,000¢ for 1 minute, the supernatant
discarded and the pellet resuspended in 200pl of buffer PD1. 200ul of buffer PD2 was
then added and mixed gently by inverting the tube. After a 2 minute incubation at room
temperature 300pl of buffer PD3 was added, gently mixed and the tubes were centrifuged
immediately at 18,000g for 3 minutes. The cleared lysate was then applied to a spin
column and centrifuged at 11,000 for 30 seconds. The flow was discarded; the spin
column returned to the collection tube. 400l of buffer W1 was added. The tubes were
then centrifuged at 11,000¢ for 30 seconds, the flow through discarded and the spin
column returned to the collection tube. 600yl of wash buffer was added and the tubes
were centrifuged at 8,000rpm for 30 seconds. The flow through was discarded once again
and the spin column returned to the collection tube which was centrifuged at 18,000g
for 2 minutes to dry the column matrix. The dried spin column was placed in a clean
tube; 50ul of water added on the centre of the matrix, following 2 minutes incubation the

tube was centrifuged for 2 minutes at 18,000g to elute the purified DNA.

2.6.3 Plasmid Midi-Prep (Qiagen High Speed Plasmid Midi -Kit)

A single colony containing the plasmid of interest was inoculated into 5ml of selective LB
and grown for 8 hours shaking at 37°C. 1ml of this 5ml culture was added to 50ml of
selective LB and grown for an additional 16 hours shaking at 37°C. Bacterial cells were
harvested by centrifugation at 4°C for 15min at 6,000g (Sorvall RC-5B refrigerated super
centrifuge — rotor GSA). The pellet was gently resuspended in 6ml Buffer P1. 6ml of
Buffer P2 was added and the sample was mixed gently by inverting. Whilst the mixture
was incubating for 5 minutes, the QIA cartridges were prepared by adding 6ml of chilled

Buffer P3. The High Speed Maxi Tips were equilibrated by allowing of 4ml of Buffer QBT
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flow through the filter via gravity flow. The cell lysate was then poured onto the Maxi
Tip, the bound DNA was then washed with 20ml of Buffer QC and eluted with 5ml
Buffer QF. DNA was precipitated with 3.5mls of isopropanol at room temperature. A
QIAprecipitator maxi module was attached to the 20ml syringe and the precipitate was
flushed through the module under constant pressure. The DNA which bound to the
module was washed with 2ml 70% ethanol. The module membrane was dried by forcing
air through it using the syringe plunger. Once dry the DNA was eluted with 1ml of TE
Buffer. DNA concentration was determined spectrophotometrically at 260nm (section

2.6.5) and visualised on a 1% agarose gel.

2.6.4 Maxi preps. (Qiagen High Speed Plasmid Maxi Kit)

A single colony containing the plasmid of interest was innoculated into 5ml of selective
LB and grown for 8 hours shaking at 37°C. 1ml of this 5ml culture was added to 500ml of
selective LB and grown for an additional 16 hours shaking at 37°C. Bacterial cells were
harvested by centrifugation at 4°C for 15min at 6,000g (Sorvall RC-5B refrigerated super
centrifuge — rotor GSA). The pellet was gently resuspended in 10ml Buffer P1. 10ml of
Buffer P2 was added and the sample was mixed gently by inverting. Whilst the mixture
was incubating for 5 minutes, the QIA cartridges were prepared by adding 10ml of
chilled Buffer P3. The High Speed Maxi Tips were equilibrated by allowing of 10ml of
Buffer QBT flow through the filter via gravity flow. The cell lysate was then poured onto
the Maxi Tip, the bound DNA was then washed with 60ml of Buffer QC and eluted with
15ml Buffer QF. DNA was precipitated with 10.5mls of isopropanol at room temperature.
A QIA precipitator maxi module was attached to the 30ml syringe and the precipitate was
flushed through the module under constant pressure. The DNA bound to the module
was washed with 2ml 70% ethanol. The module membrane was dried by forcing air
through it using the syringe plunger. Once dry the DNA was eluted with 1ml of TE
Buffer. DNA concentration was determined spectrophotometrically at 260nm (section

2.6.5) and visualised on a 1% agarose gel.
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2.6.5 DNA/RNA quantification
DNA and RNA can be quantified based upon it absorbance at 260nm using the following

formulae;

OD 260nm X dilution factor X 50 = ug/pul DNA
OD 260nm X dilution factor X 40 = ug/ul RNA

2.7 DNA Sequencing

2.7.1 ABI Prism Capillary Sequencing

Each reaction contained 2ul Terminator ready reaction mix, 0.4pl of 5X sequencing
buffer, 3.2pM of the forward or reverse primer and 200pM — 400pM of DNA. The DNA
was amplified using the following sequencing program: 96°C for 2 minutes followed by
25 cycles of 96°C for 10 seconds, 50°C for 30 seconds, 60°C for 4 minutes. PCR products
were precipitated by adding 14.0ul dH20, 3.0ul 3M NaOAc, pH 4.6 and 62.5ul 95% non-
denatured ethanol. Tubes were vortexed and incubated at -20°C for a minimum of
30minutes Tubes were then centrifuged for 20 minutes at 18,000g, the supernatant
aspirated carefully and the pellet was washed with 75% ethanol. Once air-dry the pellet
was re-suspended in 25ul of Template Suppressor Reagent, denatured at 95°C for 5
minutes and immediately placed on ice. Samples were then loaded onto the ABI

Sequencer for analysis.
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2.8 Tissue Culture Techniques

2.8.1 Revival of Frozen cell stocks

Cells were defrosted on ice. Once thawed, 10ml of pre-warmed medium was added to
the cell suspension and the cells were then centrifuged for 5 minutes at 1000rpm (IEC
Centra-3c bench top centrifuge). The supernatant was then removed; cells were gently
re-suspended in 10ml of pre-warmed medium and plated into a 60cm? tissue culture dish.

The cells were grown at 37°C in the presence of 5% COs.

2.8.2 Sub-culturing of mammalian cells

The medium was pipetted off and the cells rinsed with 10ml PBS to remove traces of
medium. 2mls of Trypsin-EDTA was added and the plate incubated at 37°C for 5 minutes.
10ml of warm DMEM (FCS inactivates Trypsin-EDTA) was added and the remaining
cells detached by pipetting the medium against the monolayer. The cell suspension was
centrifuged at 1000rpm (IEC Centra-3c bench top centrifuge) for 5 minutes. The
supernatant was discarded and the cells were re-suspended in 10mls of medium 3mls was
added to each new plate and brought up to 10ml. The cells were grown at 37°C in the

presence of 6% COa.

2.8.3 Counting mammalian cells

Cells were harvested as described 2.8.2, once re-suspended an aliquot of the cell
suspension was taken and a 1:5 dilution with trypan blue was prepared. 20ul of this
suspension was placed on a haemocytometer. The haemocytometer was transferred to a
microscope and viewed under the 10x objective. The cells were then counted. This
involves counting the number of cells in each 4x4 grid and and calculating the average
number of cells. This was the number of cells by 1x104, the dilution factor was adjusted

(5X) for and the number of cells per ml calculated.
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2.8.4 Freezing down cell stocks

Freezing ampules were labelled with the cell name, number of cells/ml, passage number,
date and pre-cooled in the specialised “Mr. Frosty” rapid freeze alcohol container. Once
again the cells were harvested and counted as described 2.8.2 and 2.8.3. Dilutions were
made such that each 500l contained an average of 2x10° cells. An equal volume of
freezing media (20% DMSO, 60% FCS and 20% complete DMEM) was added and the 1ml
then placed in the pre-cooled ampules and place in the —80°C. Cells can be stored in the
—80°C for up to 3 months thereafter being transferred to liquid nitrogen for long-term

storage.

2.85 Transfection of HeLa Cells using Lipofectamine 2000

Cells were harvested, counted and plated in antibiotic free DMEM so that the cells would
have become 90% — 95% confluent at the time of transfection. All transfections unless
otherwise stated were carried out in 6 well plates (Nunclon). 5x10° Hela cells were
seeded per well of the 6 well plate. Using the 6 well format a total of 4.0ug of DNA or
40pm of siRNA was diluted in 250ul of Optimem (specialised serum free medium) and 5pl
of Lipofectamine 2000 was diluted in 250pl of Optimem per well. After 5 minutes
incubation the diluted DNA or siRNA and the diluted lipofectamine were combined and
complexes allowed form for 30 minutes. The 500ul mix was then added to the well,
swirled gently and placed in the 37°C incubator. 24 hours later the media was changed

and assayed at 24 -48 hours post transfection.

2.8.6 Genomic DNA extraction from cultured cells (Gentra Genomic DNA Purification
kit), Extraction from 10-20 million cells.

The cells were harvested via trypsinisation and centrifuged at 500g for 3 minutes. The

supernatant was removed leaving behind 200pl of residual liquid in which the cells were

then resuspended. 3mls of Lysis solution was added and the cells were vortexed for 10
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seconds, 15l of RNase A solution was added and mixed by inverting the tube 25 times.
Following incubation at 37°C for 1 hour the sample(s) were placed on ice for 3 minutes
after which 1ml of protein precipitation solution was added. The cell lysate was vortexed
for 20 seconds to uniformly mix the protein precipitation solution. The solution was
centrifuged at 2000g to pellet the precipitated protein, the supernatant containing the
DNA was transferred to a clean tube containing 3mls of 100% Isopropanol. The sample
was centrifuged at 2,000g for 3 minutes, the supernatant poured off and the pellet washed
in 70% EtOH. The sample was centrifuged at 2000g for 1 minute the supernatant
discarded and the pellet allowed to air dry. Once dry 250ul of DNA hydration solution
was added, heated to 65 °C for an hour and allowed to resuspend overnight at room

temperature.

2.9 RNA Techniques

2.9.1 RNA Extraction.

RNA was extracted from cells in 6 well plates. The cells were rinsed in PBS and 1ml of
Trizol Reagent (MRC) added to each well. The cells were suspended in the Trizol by
repeatedly pipetting up and down and left to incubate at room temperature for 10
minutes. The cell suspension was then transferred to a 1ml eppendorf, 200ul of
chloroform added and vortexed for 15 seconds. The tubes were centrifuged at 16,000g for
15 minutes at 4°C. 400pl of the upper phase was transferred to a new eppendorf. 333l of
isopropanol was added and incubated at room temperature for 15 minutes to allow the
RNA to precipitate. The suspension was centrifuged at16, 000g for 15 minutes at 4°C. The
pellet was washed with 75% EtOH, air dried and resuspended in 50pul nuclease free dH-0.

Trace DNA was removed using DNase enzyme.
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2.9.2 DNase Treatment
1 U of RQ1 RNase free DNase (Promega) enzyme was added to 50ul RNA in the presence
of 1X RQ1 RNase free DNase buffer. After the 30-minute incubation at 37°C the enzyme

was removed via phenol/chloroform extraction (section 2.4.5).

2.9.3 RNA extraction using RNeasy RNA extraction kit (Qiagen)

Trypsin harvested cells were lysed in 350 — 600ul of buffer RLT supplemented with
10pl/ml B-mercaptoethanol. One volume of 70% EtOH was then added and mixed gently.
700pl of the solution was applied to a spin column and centrifuged at 14 000g for 15
seconds and the flow through discarded and repeated if required. 350pl of buffer RW1
was added and centrifuged at 14 000g for 15 seconds and the flow through discarded. Per
column 10pl of DNasel was added to 70ul of buffer RDD, mixed gently, this 80l was
then applied to each column and incubated for 15 minutes to 2 hours. The column was
centrifuged 10 seconds at 14, 000g . 350pl of buffer RW1 was added and the column
centrifuged at 14 000g for 15 seconds. The column was then placed into a fresh 2ml
collection tube and 500ul buffer RPE added. The column was centrifuged at 14 000g for
15 seconds and the flow through discarded. 500pul of RPE was added the tube centrifuged
and the tube centrifuged at 14 000g for 2 minutes. The flow through was discarded. The
column was then centrifuged at 14 000g for 1 minute. The column was inserted into a
1.5ml collection tube, 50ul of RNase free H20 added and the RNA eluted by centrifuging

at 14,000 for 1 minute

2.9.4 Real-Time Reverse Transcription reaction (RT-PCR).

All RT-PCR reactions were carried out using the QunatiTech™ SYBR Green RT-PCR
kits and the ABI Prism 7700. This system can facilitate reverse transcription and gene
specific amplification in a one-tube format. The fluorescent dye SYBR green 1 binds to
double stranded DNA molecules emitting a fluorescent signal on binding which is the

basis of the quantification. All primers used were designed to span an intron yielding a
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product of 100 — 150bp which facilitates the identification of amplification from RNA or

contaminating genomic DNA.

Each individual reaction contains 1x of QunatiTech™ SYBR Green RT-PCR, 10pm of
each primer, 0.2l of QuantiTech RT mix and between 1pg-1lug of RNA with the volume
brought to 20ul with nuclease free water. A master mix containing all reagents except the
RNA was prepared for each primer set. The samples were analysed in duplicate or

triplicate. The cycling parameters were as follows:

Stage 1 - Reverse Transcritption : 20 minutes at 50 °C, Stage 2 — Activation: 15 minutes
at 95°C, Stage 3 - Amplification: 40 cycles of; 30 seconds at 57°C & 30 seconds at 72°C,
Stage 4— Dissociation:15 seconds at 95°C, 30 seconds at 60°C & 15 seconds at 95°C.

The fluorescence data collected during the RT-PCR was presented as a sigmoidal graph of
fluorescence v cycle number. No increase in fluorescence was usually detected between
cycles 3 and 15 (unless RNA was very concentrated), this is the baseline. The threshold is
the point at which the fluorescence emitted goes above the baseline; this is always in the
log linear phase of the RT-PCR reaction. The cycle at which the fluorescence emitted by
a sample crosses the threshold is called the Ct value (Threshold Cycle), the more

abundant the target transcript is in a given sample lower the Ct number.

A standard curve was included in each run, in order to generate the curve 3 to 4
different concentrations of the standard were measured (usually 1x102 to 1x10°) The
amount of your target gene transcript must fall within the range of the standard curve to
enable valid analysis. The curve is illustrated as a plot of the Ct value for each standard v
log of the concentration. The standard curve allows for the concentration of the initial
amount of target RNA in the sample to be calculated from the crossing point of its Ct

value on the curve. The standard curve is also used to determine the efficiency of the RT-
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PCR reaction. The slope of the line will have a value of -3.323 if the efficiency of the
PCR reaction is 100%. It is essential that the PCR efficiency fall between 90 and 110% to
facilitate meaningful analysis. The concentration of the test samples was then normalised
against the expression levels of the selected housekeeping gene(s). Normalisation is
achieved by dividing the quantity of the target/test RNA in a sample by the quantity of
the housekeeping RNA in the same sample. Expression levels were evaluated using the
relative quantification method. In the case of the work carried out in this thesis the
normalised Collal expression values were then weighted against Collal expression levels
in samples which were transfected with control non targeting siRNA duplexes or shRNA
plasmids. Colalal expression values were set at 100% in those cells transfected with
control nucleic acids and the relative Collal expression values in the test samples

calculated as a percentage of this.
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Chapter 3

Evaluation of Collal targeting siRNAs in HeLa Cells




3.1 Introduction

Osteogenesis Imperfecta is caused by mutations in the Colal («1) or Colla2 («2) genes
which encode for the a1(I) and a2(I) collagen proteins. The a1 mutations which give rise
to OI Types II - IV (section 1.3) act in a dominant negative manner. As described
previously (section 1.3), the type I collagen triple helix consists of 2 a1(I) chains and a
single a2(I) chain. In the case of Collal linked O], cells will produce both a wild type
and mutated a1(I) chain, consequently 75% of the pro-collagen triple helices will have
one or two mutated chains and the remaining 25% will contain two wild type a1(I)
chains. Depending upon the type of mutation the mutated heterotrimers may be targeted
for destruction prior to secretion and incorporation into the collagen fibrils, this
potentially could result in a 75% reduction in available type I collagen (Pochampally, et
al., 2005). Alternatively, the abnormal collagen triple helix may be incorporated into the
collagen fibril, the presence of the a1(I) mutant chain interrupts and disorganises the
type I collagen fibril organisation. The abnormal and irregular fibril arrangement severely
impairs the structural integrity of the bone. Due to the difficulties associated with
treating OI it appears that the most effective approach to relieving the pathology
associated with the disorder may be to prevent incorporation of the mutant a1(I) chain

into the triple helix.

There are a variety of molecular tools available for the sequence specific targeting of
mRNA for degradation including antisense oligonucleotides (ASO), ribozymes and RNAi
technology (section 1.3). All of these have successfully been applied in the sequence
specific down regulation of Collal gene expression(Colige A, 1993; Grassi, et al., 1997;
Millington-Ward, 2004; Millington-Ward, et a/, 1999; Millington-Ward, er a/, 1997;
Millington-Ward. S, 1999; Peace, et al, 2005; Pereira, et al., 1998; Smicun, 2003;
Toudjarska I, 2001). Whilst effective suppression reagents, antisense oligonucleotides are
limited by their short half life and toxicity associated with chemical modifications

employed to extend their half life. Ribozymes may be limited by their specific target
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sequence requirements and in addition it has also been difficult to replicate in vitro

ribozymes cleavage efficiencies in vivo (Millington-Ward, et al, 2005).

For this reason it was decided to explore the use of RNAi (section 1.4) for down
regulation of Collal gene expression. RNAI is an endogenous sequence-specific mRNA
silencing pathway, induced by the presence of long double stranded RNA. Initially the
use of this pathway to induce suppression of mRNA in mammalian cells was thought to
be precluded, as long dsRNA induces the interferon response resulting ultimately in
death of the cells (Stark, et al, 1998). Fortuitously it was subsequently discovered that
synthesised small interfering RNAs (siRNA) of approximately 15 -27 nucleotides in
length could induce the RNAIi response without an immunological response (Elbashir, er
al,, 2001a). This observation led to the application of RNAi technology in many areas of
human genetics. More specifically, in relation to Collal linked OI, RNAi was deemed as a
potentially powerful technology to enable silencing of the mutated form of the gene

(Millington-Ward, 2004).

Whilst the availability of potent suppression agents is a prerequisite for the therapeutic
approach under evaluation during the course of this study, OI presents additional
challenges when considering the design of effective therapeutics. As discussed in the
introduction Ol is a genetically heterogeneous disorder, thus far over 350 OI linked
mutations in the Collal and Colla2 genes have been identified

http://www.le.ac.uk/genetics/collagen/. Therefore, the design of siRNAs to target each of

the individual Collal mutations may be precluded by the prohibitively high timelines
and financial costs and in particular the technical difficulties associated with the targeting
of single nucleotide based mutations. To overcome this a mutation independent strategy
for the suppression of Collal expression has been employed in the current study. As
discussed in the introduction (section 1.3.) three mutation independent suppression
strategies have been developed by members of the research team in TCD (Millington-

Ward, er al, 1997) in which either 3’ or 5" untranslated (UTR) sequences, the coding
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sequence or a polymorphism is targeted by a suppression agent. The suppression studies
described thorough out this thesis are focused upon targeting the coding sequence of the
Collal genes such that expression from both Collal alleles should be reduced if the

suppressors are sufficiently potent.

The work described in this chapter of the thesis is focused upon a mutation independent
approach to suppression in which 5 different siRNAs were designed to target the coding
sequence of the Collal gene. In order to assess the potency of each of the siRNA duplexes
for the suppression of the target Collal mRNA, a cell line which endogenously expressed
human Collal was required. HeLa cells, a human cervical cancer cell line, represent an
ideal 7n vitro cell model due to their ease of culturing, transfection, 24 hour doubling
time and expression of Collal at sufficiently high levels to facilitate meaningful analysis
of the potency of the Collal targeting siRNAs. The following chapter describes the
design and generation of the siRNA duplexes, the culturing and transfection of the HeLa
cells. Collal expression levels in cells transfected with both the Collal targeting and
control siRNAs were evaluated using real-time RT-PCR. The Collal mRNA expression
data was analysed for statistical significance and is presented and discussed in this

chapter.
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3.2. Materials and Methods

The specific methods and materials employed to carry out the research presented in this
chapter are detailed below, all general methods and primer sequences are described in

full in chapter 2 of this thesis.

3.2.1 Design of Collal and non-targeting siRNAs.

The four for silencing siRNA package was obtained from Qiagen. These siRNA duplexes
are high performance guaranteed such that at least two will knockdown expression by
70% or more. The Hi-Performance Algorithm employed in the design of the Collal
targeting siRNA duplexes searched for the most potent siRNA molecules with minimal
off target effects. The duplexes (siColl, siCol2, siCol3 & siCol5) were provided annealed
and were resupsended in 1ml of the siRNA Suspension Buffer (100mM potassium acetate
30mM HEPES-KOH and 2m magnesium acetate at a concentration of 20pm/ul. An
additional siRNA (siCol4) molecule initially evaluated by Dr. D. Allen Trinity College
Dublin and found to suppress Collal expression by 85% in COS 7 cells was also included
in the study. In addition two control siRNAs were also purchased from Qiagen, a GFP
targeting siRNA (siGFP) and a non targeting siRNA which does not target any known
human genes (siNon-Tgt). siRNA target sequences, oligonucleotides and annealed

duplexes are outlined in Figure 3.1 to Figure 3.3.

3.2.2 Hela cell culture

HelLa cells were grown at 37°C and 5% CO: in Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 5% L-Glutamine, 5% Sodium Pyruvate and 10% fetal calf
serum. The cells were cultured until about 85% confluent at which point they were sub-
cultured as described in section 2.8.2. Briefly, the medium was pipetted off and the cells

rinsed with 10ml PBS to remove any remaining traces of medium. 2mls of Trypsin-EDTA

was added and the plate incubated at 37°C for 5 minutes. 10ml of warm DMEM was




added (the fetal calf serum in the medium inactivates the Trypsin-EDTA) and the
remaining cells detached by pipetting the medium against the monolayer. The cell
suspension was centrifuged at 1400g for 5 minutes and the supernatant discarded. If the
cells were to be plated into a 6 well plate and the cells were re-suspended in 2mls of
medium, counted (section 2.8.3) and 5x10°> HeLa cells plated per well. Alternatively, the

cells were resuspended in 6mls, split 1:3 and replated into 60mm tissue culture dishes.

3.2.3 RNA extraction from HeLa cells.

In all cases RNA was extracted from HeLa cells which had been plated in 6 well plates.
The cells were rinsed in PBS and 1ml of Trizol Reagent (MRC) added to each well,
pipetted up and down and left to incubate at room temperature for 10 minutes. The cell
suspension was then transferred to a 1ml eppendorf and 200pl of chloroform added and
then vortexed for 15 seconds. The tubes were centrifuged at 17,000g for 15 minutes at
4°C. 400pl of the upper phase was transferred to a new eppendorf. 333l of isopropanol
was added and incubated at room temperature for 15 minutes to allow the RNA to
precipitate. The suspension was centrifuged at 17,000g for 15 minutes at 4°C, washed
with 75% EtOH, air dried and resuspended in 50ul nuclease free dH20. DNA
contamination was removed using the DNase enzyme RQDNasel as described in section

2.9

3.2.4 Real time RT-PCR analysis endogenous levels of Collal expression in a selection of
Human Cell lines

Two human cell lines, 293 and Hela cells were available for use as the in vitro model for
evaluation of the potency of the 5 Collal targeting siRNAs. It was necessary to determine
if either cell line expressed Collal at sufficiently high levels to facilitate meaningful
analysis of the Collal targeting siRNAs. As the Collal expression levels of the cells was

unknown mesenchymal stem cell RNA was used to prepare the standard curve, it was
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also used a positive control against which the levels of Collal expression in the 293 and
Hela cells could be compared. 5x10° cells per were plated in duplicate per well of a 6 well
plate for each cell line. i.e. 293, HeLa and MSCs. RNA was trizol extracted (section 2.9.1)
from each of the cell lines and a single real time RT-PCR run was carried out, with the

reactions set up as described in 2.9.4.

3.2.5 Lipofectamine 2000 based siRNA transfection of HeLa cells

As described in the introduction (section 1.4) off target siRNA effects can be induced by
the introduction of excessively high concentrations of siRNA. A series of optimisation
studies carried out by members of our group had previously established that 40pm of
siRNA per transfection i.e. per single well of a 6 well plate was more than sufficient to
elicit an effective RNAi response. Hence this concentration was used in all transfection
experiments. All HeLa cell transfections were carried out as described in section 2.8.5.
Cells were harvested, counted and 5x10°> HeLa cells seeded per well of a 6 well plate in
antibiotic free DMEM such that cells were 85% — 90% confluent at the time of
transfection. 40pm (2pl) of each siRNA, siCol1 -siCol5, siGFP & siNon-Tgt were diluted
in 250l of Optimem, 5ul of Lipofectamine 2000 was diluted in 250pl of Optimem per
well. After 5 minutes incubation the diluted siRNA and the diluted lipofectamine were
combined and siRNA:liposome complexes allowed form for 30 minutes. The 507pul mix
(2pl siRNA, 5pl lipofectamine 2000 and 500ul Optimem) was then added per well of
Hela cells, swirled gently and placed in the 37°C incubator. Each Collal targeting siRNA
(siColl —siCol5) was transfected in triplicate (i.e. 3 separate wells of HeLa cells) and the
control siRNAs, (siGFP & siNon-Tgt) were transfected in duplicate (i.e. 2 separate wells
of HeLa cells) in a single transfection experiment. RNA was extracted 24 hours later.
Each transfection experiment was carried out three times. This generated 9 independent
RNA samples for each Collal targeting siRNA (siColl —siCol5) and 6 independent RNA
samples for each of the control siRNA (siGFP & siNon-Tgt). The 3 RNAs generated per

Collal targeting siRNA in a single transfection experiment were pooled, generating a
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single pooled RNA sample representing 3 separate transfections. This was carried out for
all 3 experiments generating 3 pooled RNA samples per Collal targeting siRNA, which
represents a total of 9 transfections for each Collal targeting siRNA. The RNAs generated
for each control siRNA siGFP and siNon-Tgt were also pooled generating 3 pooled RNA
samples each representing 6 transfections for siGFP and siNon-Tgt. (Note in the case of
siCol4 four transfection experiments were carried out generating a total of 4 pooled RNA

samples).

3.2.6 Quantitative Real time RT-PCR analysis of Collal expression

Collal expression levels were evaluated using real time RT-PCR and the relative
quantification method. All real time RT-PCR reactions were set up as described in section
2.9.4. Each pooled RNA sample was analysed in triplicate (i.e. 3 wells per RNA) per
primer set in a single 96 well plate RT-PCR assay. Each 96 well plate real time RT-PCR
assay was run 3 — 5 times. In relative quantification method the Collal expression data
generated from all runs was normalized, this is achieved by dividing the Collal
expression value in a given sample by the housekeeper expression value in the same
sample. In this case Collal is divided by GAPDH or B-Actin value from the same sample.
The relative Collal expression value is determined by comparing the normalized Collal
expression values from HeLa cells transfected with Collal targeting siRNAs (siColl -
siCol5) to the normalized Collal expression values from HelLa cells transfected with the
non-targeting control siRNAs, siGFP and siNon-Tgt. Statistical analysis of the relative
expression values was then carried out using GraphPad InStat3. The mean and standard
deviation of the data generated for each sample was determined. Non parametric
ANOVA anlaysis was carried out to determine if the Collal expression observed in cells
transfected with the Collal targeting siRNAs, siColl - siCol5, siGFP and siNon-tgt
differed to any degree of significance. ANOVA analysis was first carried out comparing
siColl —siCol5 and siGFP Collal expression data sets. A P value of p<0.05 indicates that
the Collal expression data sets analysed in the ANOVA differ significantly. In order to
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specifically determine which of the data sets differ post test analysis was carried out. The
Dunn’s multiple comapriosn test was employed, (this is also called the Friedman test but
will be refered to as Dunn’s multiple comparison test through out this thesis).

This test carried out pairwise analysis of every data set in the ANOVA, i.e the siRNA
controls (siGFP or siNon-Tgt) Collal expression data to all Collal targeting siRNA
(siColl —siCol5) data, and each of the Collal targeting Collal expression data (siColl —
siCol5) to each other. A p value of p<0.05 indicates that the two data sets compared differ
significantly whilst a p value of p>0.05 indicates that the two data sets compared are not
significantly different. The ANOVA and Dunn’s multiple comparison analysis was carried

for both GAPDH and B-Actin normalised data.
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A) siColl
Target RNA

Nucleotides 613- 633

Sense

Antisense

Duplex

B) siCol2
Target RNA

Collal NM_000088

5 ATGGCTATGATGAGAAATCAA 3’

5 (GGCUAUGAUGAGAAAUCAA)J(TT) 3’

5 ((UUGAUUUCUCAUCAUAGCC)d(AT) 3’

5 GGCTATGATGAGAAATCAATT 3’
3’ ATCCGAUACUACUCUUUAGUU 5’

Collal NM_000088

Nucleotides 1404-1404 5 CCAAGGGTAACAGCGGTGAA 3’

Sense

Antiense

Duplex

5 (CAAGGGUAACAGCGGUGAA)A(TT) 3’
5 ((UUCACCGCUGUUACCCUUG)(GG) 3

5 CAAGGGUAACAGCGGUGAATT 3
3’ GGGUUCCCAUUGUCGCCACUU 5’

Figure 3.1 Collal siRNA target sequences, oligonucleotides & duplexes. A) siColl and B)

siCol2.

77




C) siCol

Target DNA Collal NM_000088

Nucleotides 5572 -5592 5 AAGGTGCTATTTAACATGGGA 3
Sense 5 r(GGUGCUAUUUAACAUGGGA)J(TT) 3’
Antisense 5 (UCCCAUGUUAAAUAGCACC)(TT) 3
Annealed 5 GGUGCUAUUUAACAUGGGATT 3’

3’ TTCCACGAUAAAUUGUACCCU 5’

Target RNA Collal NM_000088

Nucleotides 227-247 5 ACCAATCACCTGCGTACAGA 3

Sense 5 (CAAUCACCUGCGUACAGAA)J(TT) 3’
Antiense 5 ((UUCUGUACGCAGGUGAUUG)A(GT) 3
Annealed 5 CAAUCACCUGCGUACAGAATT 3’

3 GTGUUAGUGGACGCAUGUCUU 5

Figure 3.2 siRNA target sequences, oligonucleotides & duplexes. C) siCol3 and D) siCol 4.
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E) siCol5

Target RNA Collal NM_000088

Nucleotides 293 -313 5" CCGATCTGCGTCTGCGACAA 3

Sense 5’ r(CAAUCACCUGCGUACAGAA)J(TT) 3
Antisense 5’ r(UUCUGUACGCAGGUGAUUG)d(GT) 3
Annealed 5 CAAUCACCUGCGUACAGAATT 3

3 GTGUUAGUGGACGCAUGUCUU 5

C) siGFP Qiagen Control
Target DNA

Nucleotides 120-143  5° CGGCAAGCTGACCCTGAAGTTCAT 3

Sense 5 r(GCAAGCUGACCCUGAAGUUCAU) 3
Antisense 5 r(GAACUUCAGGGUCAGCUUGCCG) 3
Duplex 5 GCAAGCUGACCCUGAAGUUCAU 3

3’ GCCGUUCGACUGGGACUUCAAG 5’

Figure 3.3 Collal siRNA target sequences, oligonucleotides & duplexes. E) siCol5, B)
siGFP




D) siNon Targeting

Sense AAUUCUCCGAACGUGUCACGT
Anti-Sense UUAAGAGGCUUGCACAGUGCA
Duplex AAUUCUCCGAACGUGUCACG

UUAAGAGGCUUGCACAGUGCA

Figure 3.4 siNon -Targeting sequence oligonucleotides & duplex.
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3.3 Results

3.3.1 Evaluation of endogenous Collal expression levels in a selection of cell lines

The human cell lines 293T and HeLa were available for use as the in vitro model for
evaluation of the potency of the 5 Collal targeting siRNAs. It was necessary to determine
if the cells expressed Collal at sufficiently high levels to facilitate meaningful analysis of
the Collal targeting siRNAs. RNA was extracted from each of the cell lines and a single
real time RT-PCR run was carried out. As the Collal expression levels of the cells was
unknown, mesenchymal stem cell RNA was used to prepare the standard curve and as a
positive control against which the Collal expression levels in 293 and HeLa cells could
be compared. Collal expression levels in MSCs were set at 100% for comparison purposes
and Collal expression was calculated to be in the region of 22.11% and 67.30% in 293
and HeLa cells respectively. As MSCs are known to highly express Collal the level of
expression in HeLa cells was considered to be sufficient to facilitate evaluation of the
efficacy of the Collal targeting siRNAs and the cells were selected for use in the Collal

suppression studies described in this chapter of the thesis.

3.3.2 Real time RT-PCR evaluation of Collal expression levels in HeLa cell transfected
with siCol1 - siCol5.
As HelLa cells proved to express Collal at sufficiently high levels to jusifty further use,
these cells were used in the preliminary siRNA Collal suppression studies in which the
efficacy of five Collal targeting siRNA duplexes was evaluated. As described in 3.2.5 each
Collal targeting siRNA (siCol1 — siCol5) was transfected in triplicate per 6 well plate (i.e.
3 separate wells of HelLa cells) and the control siRNAs, (siGFP & siNon-Tgt) were
transfected in duplicate on a 6 well plate (i.e. 2 separate wells of HeLa cells) in a single
transfection experiment. Each transfection experiment was carried out three times. This
generated 9 independent RNA samples for each Collal targeting siRNA (siColl - siCol5)
and 6 independent RNA samples for each of the control siRNA (siGFP & siNon-Tgt).
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MSsC 293 Cells  Hela Cells

Raw Data 0.00076 0.0003 0.0007
0.00135 0.0002 0.0006
0.00101 0.0002 0.0008
Average 0.00104 0.0002 0.0007
9%Collal expression 100% 22.11% 67.30%

Table 3.1 Evaluation of Collal expression levels in MSCs, 293 cells and HeLa cells. A cell
line was required which expressed Collal at sufficiently high levels to facilitate
meaningful analysis of the Collal targeting siRNAs. The Collal mRNA expression levels
were evaluated in 293 and HeLa cells and compared to Collal expression levels in
mesenchymal stem cells (MSCs). 5x10° cells were plated in duplicate per cell line (MSC,
293 and Hela cells) in a 6 well plate. RNA was extracted from each well 48 hours later. A
single real time RT-PCR run was carried out to determine Collal expression levels.
Collal expression in MSCs was set at 100% and Collal expression levels in 293 (22.11%)

and in HeLa cells (67.30%) estimated by comparison.
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The RNA samples generated per siRNA per transfection experiment were pooled,
generating 3 RNA samples from the 9 transfections for siCol1 to siCol5 and 3 samples for
the controls siGFP to siNon-Tgt from 6 transfections. (Note in the case of siCol4 four

transfection experiments were carried out generating a total of 4 pooled RNA samples).

Collal expression levels in all RNA samples were evaluated using real time RT-PCR and
the analysed using the relative quantification method. As described in section 3.2.6 each
RNA sample was analysed in triplicate (i.e. three wells per 96 well plate) per primer set
(Collal, GAPDH and B-Actin) in a single RT-PCR run. The Collal expression values
were then normalized to each housekeeping gene, GAPDH and p-Actin. This is achieved
by dividing the Collal expression value by either the GAPDH expression value or the p-
Actin expression value in the same sample. This accounts for any concentration
differences in the RNA sample or pipetting error. The next step is to determine the
relative Collal expression values, i.e. levels of Collal expression in HeLa cells transfected
with Collal targeting siRNAs relative to the Collal expression levels in cells transfected
with negative control, non-targeting siRNAs. The non targeting siRNAs used siGFP and
siNon-tgt are thought to be processed in an identical manner in the cell as the Collal
targeting siRNAs, therefore comparative molecular and biochemical events should, in
principle, be occurring in the siColl — siCol5 transfected HeLa cells as in the siGFP and
siNon-tgt transfected cells, up to the point of RNA cleavage as siGFP and siNon-tgt have
no known target genes in mammalian cells. Therefore Collal expression in these cells
should in principle be close to the normal endogenous expression levels and use of such
controls should enable one to determine if non specific suppression of the target gene

under evaluation is occurring.

The relative Collal expression data calculated for each sample in every run was compiled
and analysed using GraphPad InStat3. The mean and standard deviation of each RNA
data set (Collal expression relative to both siGFP and siNon-Tgt following normalisation

to both GAPDH and B-Actin) was determined. The relative expression values are
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presented as percentage (%) expression, with Collal expression in cells transfected with
siGFP and siNon-Tgt set at 100%. A sample calculation is presented in Table 3.2. The
Collal expression data calculated for each of siRNAs is presented in Table 3.3, Table 3.4
and Figure 3.7.

Each of the five siRNAs siColl - siCol5 reduced endogenous Colal expression levels
significantly. When normalized to GAPDH, the relative Collal expression levels in cells
transfected with siCol1- siCol5 ranged from 38.04% to 47.34% (+6.65 — 24.63%). More
specifically the relative range of Collal expression was 38.04 % to 42.89% (+6.65 —
20.23%) and 42.55% to 47.34% (+ 7.38 — 24.63%) when compared to Collal expression
levels in HeLa cells transfected with siGFP and siNon-Tgt respectively. Non parametric
ANOVA analysis was carried out in which levels of Collal expression in HeLa cells
following transfection with siCol1-siCol5, siGFP or siNon-Tg were compared. A p value
of p<0.0001was generated from each ANOVA indicating that Collal expression data sets
compared in each ANOVA, i.e. siCol1l - siCol5 and siGFP or siCol1 - siCol5 and siNon-tgt
differed significantly (Table 3.3 and Figure 3.5).

When B-Actin was used as the internal control housekeeping gene the relative levels of
Collal expression in HeLa cells transfected with siCol1 — siCol5 expression ranged from
28.75 to 39.46% (+ 5.90% - 21.21%) when compared to the levels of Collal expression
levels in HeLa cells transfected with the control siRNAs, siGFP or siNon-Tgt. More
specifically, the relative range of Collal expression was 28.75% to 37.13% (+ 13.77% -
19.95%) and 30.55% to 39.56% (+ 5.78% - 21.21%) when compared to Collal levels in
Hela cells transfected with siGFP and siNon-Tgt respectively. Non parametric ANOVA
analysis was carried in which the Collal expression data for each Collal targeting siRNA
(siCol1 - siCol5) siGFP or siNon-Tgt Collal was comapred. A p value of p<0.0001 was
generated from each ANOVA indicating that Collal expression data sets compared in
each ANOVA, i.e. siCol1 —siCol5 and siGFP or siColl - siCol5 and siNon-tgt differed

significantly (Table 3.4 and Figure 3.5).
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Following ANOVA analysis of the GAPDH or $-Actin normalized Collal expression
data, post test analysis was carried out to determine which of the Collal data sets
differed, and to determine which, if any, of the Col1lal targeting siRNAs (siCol1 — siCol5)
effected more potent suppression of Collal expression in HeLa cells.The post test
employed was the Dunns multiple comparison test, the test carried out pairwise
comaprison of each of the 6 data sets originally compared in the ANOVA. In the case of
the pairwise comparison of siGFP or siNon-tgt Collal expression data to each of the
siCol1 - siCol5 Colal expression data sets a p value of p<0.001 was generated from each
comparison, indicating that Collal expression levels in HeLa cells transfected with each
of the Collal targeting siRNAs differed significantly from Collal expression levels in
Hela cells transfected with siGFP or siNon-tgt (Table 3.5)

The pairwise comparisons of each of Collal expression data sets generated following
transfection of the 5 Collal targeting siRNAs (siColl — siCol5) was also carried out, each
pariwise comparison generated p value of p>0.05 indicating that the Collal expression
data sets did not differ significantly and therefore no single Collal targeting siRNA

appeared to more potently reduced Collal expression levels in HeLa cells (Table 3.5)
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Column 1 5
GAPDH Collal expression%
| siCol4 670 261.99 0.39 36.44
£ 458 187.3 0.4 37.38
A) 343.17 83.99 0.24 22.42
675.87 206.88 0.3 28.03
3.61 1.65 0.45 42.05
15 0.819 0.54 50.46
3.43 1.88 0.54 50.46
\ 2 0.779 0.39 36.44
<~ 336.15 153.56 0.45 42.05
608.3 307.51 05 46.72
268.12 180.79 0.67 62.6
288.26 114.08 0.39 36.38
192.68 72.55 0.37 34.51
29.79 11.38 0.38 35.44
23.06 7.23 0.31 28.91
14.02 4.6 0.32 29.85
608.3 307.51 05 46.72 | 39.23% |
7.12 8 1.12 104
11.01 10.99 <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>