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Summary

The main focus of this Ph.D. thesis centres on exploration of a potential gene therapy for
treatment of the dystrophic form of the rare blistering skin disorder Epidermolysis Bullosa
(EB). There are three main subtypes of the disease, characterised by mutations of different
genes important for maintaining the integrity of epithelial lined or surfaced tissue layers of the
human body, but all of which result in a phenotype of fragility of the skin and mucous
membranes (Solovan et al., 2005; Fine, 2010a). All three forms of the disease are genetically
heterogeneous and symptoms range in severity according to the mutation in question. The
dystrophic form of EB may be inherited in either a dominant (DDEB) or recessive (RDEB)
manner and it is the exploration of a potential gene therapy for the dominantly inherited form
of dystrophic EB which was under investigation during the course of this study. DEB arises
due to mutations of the Collagen Type VII protein-encoding COL7A1 gene (Parente et al.,
1991; Van den Akker et al., 2011). Anchoring fibrils, which are important structural
components of the skin and function to anchor the layers together, are composed of Collagen
VII protein (McGrath et al., 1993; Chung and Uitto, 2010). Dominant COL7A1 mutations
give rise to mutant protein which has a dominant negative effect, leading to a weakening of
the integrity of these anchoring fibril structures, thus causing the DDEB disease phenotype
(Dang and Murrell, 2008). One potential method of treatment of DDEB may possibly be
provided by exploitation of the molecular tool RNA interference (RNAi), which is based on
the sequence specific suppression of mRNA transcripts and thus which may be useful in the
prevention of production of the dominant mutant Collagen VII protein (Kiang et al., 2005;
Kim and Rossi, 2007; Angaji et al., 2010). It is an exploration of such an RNAi-based gene
therapy approach which is investigated in the course of the studies carried out as described in

this Ph.D. thesis.

Chapter 1 of this thesis provides an introduction to the topic and chapter 2 provides
details of the materials and methods utilised. Chapter 3 is based on the attempted RNAi-based
suppression of COL7A1 mRNA utilising artificial microRNA constructs. Cultured human
keratinocyte cells were electroporated with 13 of these RNAi molecules and following FAC
sorting of treated cells, real-time rtPCR analysis was used to measure levels of COL7A1 RNA
and thus the suppression ability of the artificial microRNAs. The most potent artificial
microRNA was found to reduce endogenous human COL7A1 mRNA levels by approximately
50%. While COL7A1 suppression was achieved as described in chapter 3, chapter 4 involved
an attempt to identify more potent inhibitors of COL7A1 expression. 4 human COL7A1-
targeting siRNAs were delivered to both human keratinocyte and human fibroblast cells in

vitro and potent suppression of COL7A1 mRNA of up to 80% was achieved, as measured by

v



real-time rtPCR. This suppression was validated at the protein level following western blot
analyses. The attempted suppression of COL7A1 as detailed in chapters 3 and 4 involved a
mutation-independent-based approach for DDEB. Thus the suppressors identified would in
principle result in a reduction in the levels of both wild-type and mutant transcripts, as RNAi
molecules were not designed to distinguish between the two. Thus in theory such a
therapeutic would be applicable for the treatment of all patients suffering from DDEB
regardless of the COL7A1 mutation in question. However, such a dramatic reduction in the
overall levels of Collagen VII protein would likely be harmful and so a strategy for
replacement of the wild-type COL7A1 protein would likely be required. The designing of
replacement COL7A1 sequences such that they display resistance to the effects of the most
potent RNAi suppressors was addressed in chapter 5 of this Ph.D. thesis. The approach
exploits the redundancy of the genetic code to generate RNAi-resistant COL7A1 replacement
sequences which code for wild-type amino acids. Following confirmation of the resistance of
all sequences by flow cytometry analyses of HEK293 cells co-transfected with the relevant
siRNAs and small COL7A1 gene fragments fused to GFP, a full length COL7A1 replacement
gene was generated which was found to be resistant to the effects of one of the most potent

siRNAs at both the mRNA and protein levels.

A further RNAi-based approach for DDEB was investigated in chapter 6 of this
thesis, although in contrast to the above, the approach in question was a mutation-dependent
one. Two dominantly inherited DEB-causing COL7A1 mutations were chosen and sequence
walks of the mutation regions were carried out such that all possible siRNAs that could target
the mutant alleles were designed but which in theory may not effectively suppress the wild-
type equivalents due to the sequence specificity of RNAi. HEK293 cells were co-transfected
with small fragment COL7A1-GFP fusion vectors and siRNA effectiveness was measured by
GFP intensity during flow cytometry analysis. Whilst unfortunately no efficient RNAi
suppressor of one of the dominant mutations was found, the second mutation which is the
most commonly occurring DDEB-causing COL7A1 mutation was reduced by approximately
45% with one of the siRNAs. The same siRNA however also reduced wild-type levels, albeit
less potently with at a lower level of 20% suppression. Overall the results presented in this
Ph.D. thesis represent significant steps towards development of RNAi-based therapeutics for

DDEB, a debilitating disorder with an unmet clinical need.
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1.1 Introduction

Epidermolysis Bullosa (EB) comprises a group of rare and heritable human skin
diseases, affecting approximately 1 in 17,000 of live births with approximately
500,000 known cases of the disease worldwide (Featherstone, 2007). It is a
prototypical mechanobullous disease and was first described by the German physician
Kobner in 1886. It is characterised by the presence of recurring blisters on the skin
surface and mucous membranes after exposure to minor friction or trauma, due to an
increase in fragility of the skin and mucosa (Solovan et al., 2005; Fine, 2010a). EB is
classified into a number of different subtypes, of which there exists three main forms.
These comprise Dystrophic EB, Junctional EB and EB Simplex. The different forms
of EB arise due to mutations in a variety of genes encoding proteins which have
important structural functions for the human body (Eady and Dunnill, 1994; Nagy and
McGrath, 2010). Such genetic mutations result in either complete absence of a
particular protein or the presence of a mutant protein, thus weakening the skin
structure and causing the disease phenotype for which there is currently no known

cure.

While no therapies currently exist for Epidermolysis Bullosa, great advances
have been made in the past few decades including identification of the causative
mutant genes. Therapeutic strategies have been developed in recent years, including
clinical trials in which gene therapy approaches directed at correcting the initial
genetic defect have been undertaken (Mavilio et al., 2006; Siprashvili et al., 2010).
The dominant dystrophic form of EB (DDEB) arises due to mutations of the COL7A1
gene which encodes Type VII Collagen (Parente et al., 1991; Van den Akker er al.,
2011). The resulting mutant protein displays a dominant negative effect, causing the
disease phenotype. A potential gene therapy approach for DDEB would likely require
suppression of expression of the mutant COL7A1 gene: no such gene-therapy based
trial has yet been reported. The method of RNA interference (RNAi) represents one
such molecular tool which may be suitable for achieving such suppression. RNAI is
based on the sequence specific binding of RNA molecules to endogenous mRNA
transcripts, resulting in their subsequent degradation (Tiemann and Rossi, 2009; Pecot
et al., 2011). Thus RNA interference technology, which has been shown to hold great

promise for the treatment of a wide range of dominant diseases (Kiang et al., 2005;



Kim and Rossi, 2007), potentially offers a therapeutic strategy for treatment of this

particular form of the group of disorders that fall under the umbrella term EB.

1.2 The skin

The integumentary system is the bodily system comprising the skin and its associated
structures including the hair, nails, sweat glands and sebaceous glands (Figure 1.1). It
is both the largest and perhaps the most complex organ of the human body, with a
variety of cell types contributing to its structure (Menon, 2002). The skin is a complex
organ, covering the entire surface area of the body and thus accounting for
approximately 15% of total adult body weight. It is continuous with the mucous
membranes lining the orifices of the human body. The skin has a wide range of
functions, the main one being that of protection. This includes the bodies’ physical,
chemical, immune, UV radiation and free radical defences. Furthermore, the skin
functions as a sensory organ, plays a role in thermoregulation and also has endocrine
functions due to its ability to synthesise Vitamin D. The skin has two main layers, the
epidermis and dermis, below which lies a layer of subcutaneous fat (the hypodermis).
It presents both a challenge and an opportunity in terms of the delivery of drugs to the
human body, due to its protective barrier function and large surface area (Chuong et

al., 2002).

1.2.1 Skin structure

The skin is composed of two primary layers. The dermis, which forms the bulk of
skin, is composed of connective tissue which acts to cushion the body by providing it
with flexibility and strength. It is highly vascular and contains the sweat and oil
glands as well as the blood vessels, and contains nerve endings, providing the skin
with the senses of heat, cold, pain, pressure and touch. The dermis is composed of
collagen, elastin and glycosaminoglycans which collectively are termed the
extracellular matrix (ECM), as well as fibroblast cells which elaborate the ECM. The
dermis also includes dermal adipose cells, the pilosebaceous units, mast cells and
infiltrating leucocytes (Menon, 2002). The upper, papillary layer of the dermis

contains a thin arrangement of collagen fibers while the lower, reticular layer, is



thicker and made of thick collagen fibers that are arranged parallel to the surface of

the skin (Prost-Squarcioni, 2006).

The outermost skin layer is known as the epidermis and it acts as the body’s
protective barrier to the surrounding environment, covering the body surface and thus
preventing entry of water, allergens and potentially pathogenic microbes. The major
cell type of the epidermis is known as the keratinocyte, which makes up roughly 90-
95% of all epidermal cells. These layers of densely packed keratinocytes produce the
protein keratin. The rest of the epidermal layer constitutes melanocytes which produce
the pigment melanin, protecting the skin from damage by UV rays, dendritic
Langerhans cells which play a role in the body’s immunity and Merkel cells
(mechanoreceptors). The stratified epidermis is approximately 100 to 150pm thick,
and is composed of four layers: the stratum basale (SB; basal or germinative cell
layer) (single layer), stratum spinosum (SS; spinous cell layer) (5-15 layers), stratum
granulosum (SG; granular cell layer) (1-3 layers), and stratum corneum (SC; horny
layer) (5-10 layers) (Kanitakis, 2002). Epidermal keratinocytes are formed by mitotic
division of stem cells in the stratum basale. As the daughter keratinocytes produced
there migrate up through the stratum spinosum and stratum granulosum towards the
skin surface, they undergo morphological and biochemical differentiation to form a
rigid internal structure of keratin, microfilaments and microtubules (keratinisation)
(Lawton, 2006). The outer layer of the epidermis, the stratum corneum, comprises
layers of flattened dead cells known as corneocytes, which are lacking a cell nucleus.
They are arranged in overlapping layers, imparting a waterproof nature to the skin’s
surface. These cells are shed from the skin, in a process known as desquamation, with
the entire process from formation to desquamation taking approximately 28-30 days

(Brysk and Rajaraman, 1992; Kanitakis, 2002; Houben et al., 2007).

Located beneath the dermis, the deepest part of the skin is known as the
hypodermis. It is a layer of subcutaneous fat and its thickness varies, depending on the
region of the body in question. It functions to supply the upper skin layers with a
source of blood vessels and nerves, while also connecting the skin to the underlying
muscle and bone. It also plays important roles in thermoregulation, insulation,
provision of energy (nutritional store) and protection of the body from mechanical

injuries. The main cells of the hypodermis are large, rounded adipocytes (Kanitakis,



2002; Prost-Squarcioni, 2006). Located at the dermal-epidermal adhesion zone is the
cutaneous basement membrane zone (BMZ), which stabilizes the association of the
epidermal keratinocytes to the underlying dermis. It is a weakness of the skin within
the basement membrane zone which leads to the clinical features of EB (Uitto and
Richard, 2005). With EB simplex, the resulting lesions are found at the intraepidermal
layer of skin, within the basal keratinocytes of the skins outer layer. Junctional EB
differs in that the lesions occur at the epidermal-dermal junction, within the cutaneous
basement membrane zone. Finally, dystrophic EB lesions generally occur at the
intradermal layer of skin, below the dermo-epidermal basement membrane within the

upper papillary dermis (Mitsuhashi and Hashimoto, 2003).

1.2.2 The Basement Membrane Zone (BMZ)

The basement membrane zone is an important and intricate region of the skin,
comprised of multiple protein complexes which function to stabilise the association
between the epidermal and dermal skin layers (Figure 1.2). It represents a narrow
interface between the basal keratinocytes and the dermis. The BMZ is composed of
two main layers, the upper lamina lucida and the lower lamina densa (Pulkkinen and
Uitto, 1999). Several protein molecules are associated with these two layers and
extend upwards to the epidermis and downwards to the dermis, providing the integrity
and support required for the skin to maintain its protective function. The
hemidesmosomes (HDs) are rivet-like structures which extend from the intracellular
portion of the upper epidermal basal keratinocytes to the extracellular milieu of the
lamina lucida. They comprise two plaques, the inner plaque which is located directly
beneath keratin intermediate filaments and the outer plaque, which overlies the cell
plasma membrane. The anchoring filaments are thread-like structures which interact
with the hemidesmosomes. They traverse the lamina lucida and insert into the lamina
densa. Anchoring fibrils are loop structured attachment molecules which extend from
the lower section of the lamina densa to the underlying dermis skin layer (Uitto,
2009). The inner and outer plaques of the hemidesmosomes, along with the anchoring
filaments and anchoring fibrils are collectively knows as the HD-stable adhesion
complex or the HD-anchoring filament complex. This complex forms a continuous

link between the intermediate keratin filaments of the basal keratinocytes and the



underlying basement membrane zone and dermal components (McMillan et al.,
2003).

Each of these important structural molecules is composed of multiple protein
macromolecules, each of which plays an important role in the maintenance of normal
skin function. At least four distinct proteins are known to interact with each other to
form the hemidesmosome. These consist of the 230-kDa BPAG1 (bullous pemphigoid
antigen 1) which binds the hemidesmosomes to the intermediate keratin filaments; the
180-kDa BPAG2, a collagenous protein also known as type XVII collagen
(COL17A1) which anchors the keratinocytes to the BMZ; an integrin protein known
as 0eP4, which also serves to attach the epidermis to the BMZ; and plectin, a large
multifunctional adhesion molecule. The anchoring filaments are composed of laminin
332 (formerly known as laminin 5 (Aumailly et al., 2005)), from the laminin family
of proteins. Laminin 332 consists of three polypeptide chains: a3, B3 and y2. These
are encoded by the LAMA3, LAMB3 and LAMC?2 genes respectively. The anchoring
fibrils consist of type VII collagen, which is encoded by the COL7Al gene. The
importance of each of these protein molecules is displayed when mutations in the
genes involved occur. Such genetic alterations may lead to the synthesis of a truncated
protein due to a premature termination codon mutation, or missense mutations may
alter the proteins conformation and affect important protein-protein interactions. Such
genetic mutations generally lead to a weakness in the skin at the epidermal-dermal
junction, resulting in clinical manifestation of the symptoms of skin fragility and
blistering which is characteristic of the different forms of EB (Uitto and Richard,
2005).

1.3 Epidermolysis Bullosa

Epidermolysis Bullosa constitutes a group of rare disorders which manifest with a
mechanical fragility of epithelial lined or surfaced tissues, most notably the skin. It is
a genetically heterogeneous disease, allowing for its classification into a number of
different types and subtypes according to the genetic mutation in question, as well as
the location of lesions and the resulting clinical features which are observed (Fine,

2010b). Mutations in at least ten distinct genes have so far been implicated. Three



major forms of the disease have been identified and these comprise EB simplex,
junctional EB and dystrophic EB. EB may be further subdivided, according to the
specific gene mutations involved, all of which encode proteins which are intimately
involved in the structural stability of keratinocyte cells or adhesion of keratinocytes to

the underlying dermis (Mitsuhashi and Hashimoto, 2003).

Clinical symptoms of EB vary widely and range in severity, from localised
blistering of the hands and feet to generalised blistering of the skin and oral cavity, as
well as injury to many internal organs (Figure 1.3). Diagnosis of the disease is
initially based on examination of the clinical symptoms and elicitation of the personal
and family medical history of the patient, while final diagnosis mainly depends on
DNA-based mutation analysis (Sawamura et al., 2010). While no cure currently
exists, treatment of affected patients is based around the protection of susceptible
tissues against trauma, treatment of lesions with sophisticated wound care dressings
and nutritional support. Prognosis varies significantly and is dependent on both the
subtype of the disease and the overall health of the patient in question (Fine, 2010b).
Epidermolysis Bullosa is a life-long debilitating illness, which has profound effects on

many aspects of the lives of both the patient and their surrounding family members.

1.3.1 EB Simplex

Epidermolysis Bullosa Simplex is the most common form of the disease
(approximately 1 case per 25,000 live births), as well as being the least severe. It is
the basal layer of epidermal keratinocytes which are affected and an inherited defect
causing EB simplex results in their rupture when the epidermis is subjected to
mechanical stress (Coulombe, 2009). The major subtypes of EB Simplex are inherited
in an autosomal dominant manner, due to dominant negative mutations in the keratin
5 (KRTS5) and keratin 14 (KRT14) genes. These genes encode type I and type II
intermediate filament (IF) proteins which are expressed in the epidermal basal
keratinocytes and related complex epithelia and these keratin filaments are associated
with the basement membrane zone complex (Fuchs, 1995). The major subtypes are
EB simplex-generalised (in which the distribution of blistering is generalised over the
body), EB simplex-localised (in which the distribution of blistering is localised) and

EB simplex Dowling-Meara (in which the distribution of blistering is generalised but



shows a distinct clustered pattern). Other rarer subtypes of EB Simplex arise due to
mutations of the plectin gene. These are typically recessively inherited and are often
associated with late-onset muscular dystrophy (Coulombe, 2009; Rezniczek et al.,
2010). Clinically, EB simplex D-W is the most severe subtype, with symptoms at
birth including widespread blistering, erosions and areas of denuded skin (Uitto and

Richard, 2004).

1.3.2 Junctional EB (JEB)

In the case of the junctional form of Epidermolysis Bullosa, tissue separation occurs
within the cutaneous basement membrane zone. There are two main subtypes of
Junctional EB: the Herlitz (lethal) subtype and the non-Herlitz (non-lethal) subtype.
The more severe form is JEB-Herlitz, which has the highest risk of infant mortality
among EB neonates, infants and young children, often due to overwhelming infection.
However the most common Junctional EB subtype is that of the non-Herlitz variety
(Fine, 2010b). It is most commonly mutations of the LAMA3, LAMB3 and LAMC2
genes encoding the constituent polypeptides a3, B3, and y2 of laminin 332 protein,
which are implicated in Junctional EB and the disease usually follows an autosomal
recessive pattern of inheritance. As previously described, the anchoring filaments
which are composed of laminin 332 protein are important constituents of the
basement membrane zone and thus are vital for the skin to maintain its structural
support role. JEB-Herlitz usually arises due to premature termination codon mutations
in these genes. The non-Herlitz form generally harbours mutations in the same genes
but these are usually missense or splice site mutations, which have milder
consequences at the mRNA and protein levels (Varki et al., 2006). Additionally, the
COL17A1 gene which encodes bullous pemphigoid antigen, a transmembranous
collagen, has been implicated in some cases of JEB. Both recessively (McGrath et al.,
1995) and dominantly (Almaani et al., 2009) inherited COL17A1 mutations have

been identified as causing JEB.

1.3.3 Dystrophic EB (DEB)

The dystrophic form of epidermolysis bullosa (DEB), in which tissue separation

occurs in the dermis, is characterised by blistering, scarring and milia (small benign



keratinous cysts; Berk and Bayliss, 2008) formation. DEB is separated into two major
subtypes based on the mode of transmission: DEB can be inherited in either an
autosomal dominant or autosomal recessive pattern. Both forms are caused by
mutations in a single gene, COL7A1. This gene encodes type VII collagen, which is
the major component of the anchoring fibrils. Absence of the normal protein product
of the COL7Al gene or the presence of an aberrant protein product leads to a
weakness of the basement membrane zone and thus fragility of the skin of such an
affected individual, resulting in the displayed symptoms of dystrophic EB (McGrath
et al., 1993). Dystrophic EB has been further divided into subtypes, in accordance
with variations in the particular mutations of the COL7A1 gene and the clinical

features observed (Mitsuhashi and Hashimoto, 2003).

A number of subtypes of recessive dystrophic EB (RDEB) have been
identified, the main ones being RDEB-severe generalised and RDEB-generalised
other (Fine et al., 2008). The more severe subtype is RDEB-severe generalised, which
represents one of the most devastating and debilitating multi-organ genetic diseases of
mankind. This form of the disease may result in such symptoms as generalised skin
blistering at birth, progressive and mutilating scarring of the skin, blistering of other
epithelial tissues leading to severe injury of gastrointestinal and genitourinary tracts,
blistering and scarring of the cornea, mouth blistering, growth retardation and failure
to thrive, esophageal strictures and pseudosyndactyly of the hands and feet (fusion of
the hands and feet resulting in mitten-like deformities and thus severe loss of
function) (Fine, 2010b). RDEB-severe generalised patients are also at a high risk of
development of squamous cell carcinoma (SCC) as chronic inflammation of affected
skin cells may cause mutations in the cells DNA. The lifetime risk of aggressive SCC
is approximately 90%, with most patients dying of metastatic SCC within five years
of the initial diagnosis (Fine et al., 2009). The generalised other-recessive subtype has
a similar but less severe phenotype, with localisation of blistering to hands, feet, knees
and elbows and usually without the severe scarring seen in RDEB. RDEB-severe
generalised patients usually have a complete lack of COL7Al-encoded anchoring
fibril structures while RDEB-generalised other patients usually have some COL7A1
expression, but at reduced levels compared to non-effected individuals. Other rarer
RDEB subtypes include RDEB inversa, RDEB pretibial, RDEB pruriginosa and
RDEB centripetalis (Fine et al., 2008).



The main subtype of dominantly inherited dystrophic EB (DDEB) is
generalised DDEB, which encompasses the two previously separate subtypes Pasini
and Cockayne-Touraine DDEB (Fine et al., 2008). The phenotype of DDEB is
generally milder in comparison to that of severe generalised-RDEB. DDEB patients
usually show generalised blistering at birth, atrophic or hypertrophic scarring and nail
dystrophy (Figure 1.4). Blistering and erosion of the esophagus is also common,
leading to constriction of the esophagus and difficulty in swallowing (dysphagia).
Other rarer subtypes include DDEB accral, DDEB pretibial and DDEB pruriginosa
(Fine et al., 2008). Approximately 70% of patients diagnosed with DDEB are
reported to have an affected parent (Pfendner and Lucky, 2006). DDEB mutations are
strongly associated with glycine substitutions in one allele of the COL7A1 gene

encoding type VII collagen protein (see section 1.4).

1.4 Collagen VII protein and gene

An abundance of collagen proteins, known as the collagen superfamily, are found in
the extracellular matrix of the human body, where their main function is to provide
strength and support. They are an important element of vertebrate tissues such as
cartilage, tendon, bone and skin. Collagens also play a significant role in cell
migration, angiogenesis, cancer, tissue morphogenesis and tissue repair (Kadler et al.,
2007). These proteins are subdivided, according principally to their structure,
although all members are similar in that they are trimeric molecules composed of
three o polypeptide chains containing the tripeptide repeat (Gly-X-Y),, where X is
frequently proline and Y is frequently hydroxyproline. The repeats allow formation of
a triple helical structure, characteristic of the proteins of the collagen superfamily
(Ricard-Blum and Ruggiero, 2005). Flanking the triple helical regions (also known as
Col domains) are non-(Gly-X-Y) regions, termed non-collagenous domains (Gordon
and Hahn, 2010). Each polypeptide chain of the triple helical domain forms a left
handed helix, with 18 amino acid residues per turn, and the three chains are wound
around a central axis to form the triple helical structure. Being the smallest of the
amino acids, the non-bulky glycine residues are generally located in the centre of the
triple helix, allowing the collagen molecule to form a tight compact structure,

consistent with its role in providing support to organs such as the skin (Gelse et al.,
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2003). The importance of the collagen proteins is illustrated by the resulting
phenotypes in a wide range of diseases caused by collagen-encoding gene mutations.
These include Osteogenesis Imperfecta (Collagen I; Marini et al., 2007), Alport
syndrome (Collagen IV; Kashtan, 1999) and as previously mentioned, dystrophic

Epidermolysis Bullosa (Collagen VII).

1.4.1 Collagen VII protein structure

The collagen superfamily is divided into two major groups based mainly on the types
of supramolecular organisations which they form. This includes the fiber-forming
fibrillar collagens, which are composed of uninterrupted triple helical domains, and
the non-fibrillar collagens, which are composed of a-chains with both triple helical
and non-triple helical interrupting regions of varying lengths. Type VII Collagen is a
non-fibrillar collagen molecule and is a homotrimer of three «l(VII) chains
(Christiano et al., 1994a). Each of these chains is composed of 2944 amino acids, with
a molecular mass of approximately 300 kDa. The glycine-rich collagenous segment of
the polypeptide spans 1530 residues, although it contains some interruptions,
including a 39 residue non-collagenous “hinge” region (Pulkkinen and Uitto, 1999).
At the amino-terminal region of the polypeptide is the non-collagenous NC-1 region
of approximately 145 kDa, while at the carboxy-terminal end the non-collagenous
NC-2 domain, of roughly 18 kDa, resides. The NC-1 domain consists of sub-elements
which have homology to known adhesive proteins, including cartilage matrix protein,
fibronectin type III-like domains and the A domains of von Willebrand factor, while
the NC-2 domain has homology to the Kunitz protease inhibitor (Christiano et al.,

1992; Greenspan, 1993).

Initially, each al(VII) chain is translated to a 350 kDa polypeptide, termed
proal(VII) (Figure 1.5). Each of these three chains subsequently associates with one
another to form homotrimeric type VII collagen monomers which are secreted from
the keratinocyte cells where they are primarily synthesised. These monomers may
then interact to form antiparallel dimers which overlap at the carboxy-terminal ends
and are stabilised by intermolecular disulfide bonds. Cleavage of a segment of the
NC-2 domain also occurs at this stage, resulting in the approximate 300 kDa a1 (VII)

chains (Figure 1.6). It is then possible for these collagen dimer protein molecules to
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assemble into anchoring fibrils at the basement membrane zone (Bruckner-Tuderman
et al., 1999; Varki et al., 2007). Intertwining of the anchoring fibrils between
interstitial collagen fibers, consisting mainly of types I, Il and V collagens, allows for
the stable association of the dermal-epidermal basement membrane zone to the

underlying dermis (Pulkkinen and Uitto, 1999).

1.4.2 The COL7A1 locus

The human type VII collagen gene (COL7A1) has been mapped to the short-arm of
chromosome 3, region 3p21.1 (Parente et al., 1991). Strong genetic linkage between
the COL7AIl locus and dystrophic EB was identified after the discovery and
exploitation of COL7A1l intragenic and flanking polymorphic markers, thus
implicating mutations of COL7A1l in the dominant and recessive DEB disease
phenotypes (Gruis et al., 1992; Hovnanian et al., 1992). The gene is 31,132
nucleotides in length from the transcription start site to the site of polyadenylation.
After COL7AIl is transcribed and post-transcriptionally modified, the resulting
mRNA sequence is approximately three times smaller in length than its DNA
precursor, measuring approximately 9kb. The extensive length of the transcript
suggests that the introns of the gene are relatively small in comparison with other
genes, and a large part of the gene is composed of coding exons. There are in fact 118
exons within the type VII collagen gene and the average length of introns within
COL7AL is just 188 nucleotides (Christiano et al., 1994a). By comparison, the much
larger 2.4mb dystrophin gene is composed of just 79 exons (Roberts et al., 1993). The
NC-1 domain of COL7A1 is encoded by 27 exons. The triple helix coding region of
the gene is composed of 84 exons with the last of these, exon 112, along with 6
additional exons, encoding the beginning of the NC-2 domain. Exons 70, 71 and 72
encode non-triple helical interruptions of the triple helix coding domain. All other
exons of the triple helix coding domain begin with a codon for glycine (Christiano et

al., 1994a).

1.4.3 Mutations of the COL7A1 gene

A number of mutations of the human collagen type VII gene have been identified,

resulting in either autosomal dominant or recessive dystrophic EB, the symptoms of
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which may range in severity according to the particular mutation in question (Figure
1.7). Currently over 300 pathogenic mutations have been identified, although novel
mutation sites are still continuously being detected (Dang and Murrell, 2008,
Jerabkova et al., 2010). With regard to recessive DEB, the majority of cases are
caused by either nonsense mutations, or small deletions or insertions, resulting in
either a premature stop codon (PTC) or a frameshift mutation in the DNA of affected
individuals. Such mutations have been identified at numerous nucleotide positions
throughout the COL7A1 gene (Varki et al., 2007). The RDEB-severe generalised
form of the disease usually arises due to PTC mutations, resulting in either nonsense-
mediated decay of the mRNA or truncated polypeptides which are unable to assemble
into functional anchoring fibrils (Pulkkinen and Uitto, 1999; Dang and Murrell,
2008). When an individual has one mutated allele and one wild type allele, such
mutations are generally silent. However, when an individual is homozygous for the
mutant allele, the resulting significant alteration in levels of collagen type VII protein
leads to the skin fragility associated with the most severe form of recessive DEB
(Christiano et al., 1997). The milder forms of RDEB generally arise due to compound
heterozygous COL7A1 mutations. A PTC mutation of one allele along with a
missense mutation in the other, results in production of full-length type VII collagen
polypeptides by the affected individual. These polypeptides however have different
conformations, which affects the stabilisation of the anchoring fibrils due to structural

changes (Dang and Murrell, 2008).

Dominant dystrophic EB generally arises as a result of missense mutations at
the COL7AI locus, although deletions and splice-site mutations have also been
implicated in some cases. The missense mutations usually occur within the triple-
helix coding domain of the gene and typically result in substitutions of glycine
residues. Approximately 60 glycine substitutions in COL7A1 have been shown to
result in a dominantly inherited DEB phenotype (Nakamura et al., 2004). Although
such missense mutations have been identified at a range of positions inside the triple-
helix coding region, they occur most frequently within exons 73-75 (Varki et al.,
2007). As such changes in the DNA sequence do not generally result in nonsense
mutations, the entire collagen type VII gene may be transcribed and translated, but the
resulting protein molecule is altered. Such mutated polypeptides are capable of

interacting with other wild type polypeptides to form collagen homotrimeric
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structures, as well as having the ability to form antiparallel dimers with other wild
type homotrimers. However, the dominant negative interference which arises as a
result of these glycine substitutions leads to a weakening of the anchoring fibrils and
thus increased fragility of the skin. Assuming equal expression of both the mutant and
wild-type alleles, seven out of every eight collagen VII trimeric molecule includes at
least one mutant pro-al chain, while just one-eighth consists solely of normal
polypeptides (Dang and Murrell, 2008). The fact that it is still possible for these
anchoring fibrils to be synthesized despite the existence of mutations in the COL7A1
gene explains the reason why the severity of the symptoms of some cases of dominant
DEB is relatively mild in comparison with other forms of the disease such as certain
severe cases of recessive DEB, where the anchoring structures may be completely
absent. The severity of the symptoms displayed by an affected DDEB is also affected
by the position within the triple helix of the mutated amino acid and the structure of
the particular residue which replaces the wild type glycine residue (Varki et al.,
2007).

1.5 Therapeutic approaches for Epidermolysis Bullosa

Advances in the field of molecular biology in recent decades, including the
establishment of technology which allows for the successful cloning and manipulation
of genes in vitro, have led to studies into the possible treatment of a number of genetic
diseases, in a process known as gene therapy (Weissman, 1992). Dominant dystrophic
epidermolysis bullosa represents just one of such diseases which may benefit as a
result of continuing advances in the field of gene therapy. Gene therapies directed
towards recessive disorders often involve attempts to introduce the expression of a
wild-type gene which in essence has been suppressed in the mutated form, causing a
disease phenotype. In contrast, gene therapy-based strategies for dominant disorders
may require prevention of expression of the mutant gene along with the possible need
for concurrent delivery of the wild-type gene. Alternatively, attempts to directly repair
the defective gene in question may be possible in both dominant and recessive cases
of a particular disease. For gene therapy-based strategies, an optimal delivery strategy
needs to be considered (viral vs. physical/chemical) depending on the tissue in

question, as well as the method of correction (in vivo/ex vivo). Other therapeutic
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approaches which are currently being investigated for the treatment of genetic
disorders such as Epidermolysis Bullosa include cell-based and protein replacement

therapies.

One initial success, in the treatment of recessive junctional EB, has been
reported in recent years. This study involved an ex vivo viral delivery gene therapy-
based approach (Mavilio et al., 2006). As previously described, this form of EB is
often caused by mutations in one of the three chains of laminin 332, a heterotrimeric
protein made of a3, B3, and y3 chains, and which is a key constituent of the dermal-
epidermal junction. Scientists successfully introduced expression of the LAMB3 gene
into cultured epidermal stem cells taken from an affected patient with a LAMB3
mutation, using a Moloney murine leukaemia virus (MLV)-derived retroviral vector
carrying the full-length LAMB3 c¢cDNA under the control of the viral long terminal
repeat (LTR) promoter. Subsequent transplanting of corrected skin grafts onto the
upper-leg regions of the patients body resulted in stabilisation of the epidermis and
relief from the symptoms of junctional EB in the treated areas. More than 5 years of
follow up has seen persistence of stable, non-blistered skin in the transplanted area,
either spontaneously or upon being rubbed, compared to the chronic blistering lesions
visible in the surrounding non-treated regions (Tamai et al., 2009). Continued
expression of laminin 332 protein has been detected and additionally, no
inflammation or immune response against the transgene product has been observed

(De Luca et al., 2009).

The success of this initial clinical trial seems promising for future gene
therapy methods which may be directed at treatment of other forms of EB and it is
hoped that the general applicability of such an approach will soon be realised.
Regarding dystrophic EB however, a number of issues have arisen which need to be
considered for any gene therapy approach for this form of the disease. Firstly, the
human COL7A1 mRNA transcript is large, at approximately 9kb in length, posing
technical challenges for effective gene delivery. Furthermore, duration of expression
of any delivered COL7A1 gene and its long-term effect on human epidermal
homeostasis and immune surveillance needs to be further investigated (Siprashvili et
al., 2010). It is also of note that the precise level of COL7A1 expression required for a

wild-type phenotype is currently not fully understood. Individuals who are
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heterozygous carriers of a nonsense COL7A1 mutation exhibit a normal non-
blistering phenotype, suggesting that the levels of type VII collagen required to
prevent blistering lies somewhere in the region of 0 to 50% (Tidman and Eady, 1985).
Furthermore, whilst COL7A1-null mice usually die within the first two weeks of life
(Heinonen et al., 1999), transgenic mice which express collagen type VII at 10% of
normal levels exhibit a milder phenotype and survive to adulthood (Fritsch et al.,
2008). Therefore, it is possible that the presence of a relatively low amount of normal
collagen VII protein may suffice for the maintenance of a normal dermal-epidermal

adhesion zone.

1.5.1 Therapeutic approaches for recessive dystrophic EB (RDEB)

Gene therapy approaches for recessive dystrophic EB have involved research into the
use of lentiviral vectors, retroviral vectors and non-viral based vectors for restoration
of collagen type VII protein levels. Transduction of lentiviral vectors carrying the
COL7ALI gene into collagen VII-deficient recessive DEB keratinocyte and fibroblast
cell lines has resulted in the persistent production of type VII collagen.
Transplantation of these gene-corrected cells onto immune-deficient mice resulted in
successful formation of anchoring fibrils in vivo at the basement membrane zone
(Chen et al., 2002). Subsequent direct intradermal injection of this lentiviral vector
into RDEB skin grafted onto muscle fascia of severe combined immunodeficient
(SCID) mice (Wang et al., 2000), resulted in restoration of collagen type VII protein
production and anchoring fibril formation. A single lentiviral vector injection resulted
in stable type VII collagen protein at the BMZ for at least 3 months. Thus these data
demonstrated efficient and long-term type VII collagen gene transfer in vivo using
direct intradermal injection of an engineered lentiviral vector (Woodley et al., 2004).
A non-viral vector approach has involved use of the phi C31 bacteriophage integrase,
which resulted in stable integration of the COL7A1 cDNA into primary epidermal
progenitor cells from four unrelated RDEB patients. Skin regenerated using these
cells resulted in a correction of the RDEB disease phenotype including expression of
type VII collagen, formation of anchoring fibril structures and cohesion of the dermal-

epidermal skin layers (Ortiz-Urda et al., 2002).
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Retroviral vectors have also been utilised in the transfer of the 9kb COL7A1
cDNA into primary human RDEB keratinocytes, resulting in successful secretion of
functional collagen type VII protein. Fibrin-based skin equivalents made with the
transduced RDEB keratinocytes and grafted onto SCID mice generated cohesive and
orderly stratified epithelia with all the characteristics of normal human epidermis,
including formation of anchoring fibrils (Gache et al., 2004). More recently, further
significant advances have been made with the use of retroviral vectors for delivery of
the COL7A1 gene. Self-inactivating (SIN) retroviral vectors have recently been
developed in which the COL7A1 ¢cDNA is under the control of the human elongation
factor 1 (EF1) or COL7A1 promoter. It is thought that these new minimal self-
inactivating vectors would minimise the risk of oncogenic events associated with the
use of a retrovirus. Using these vectors, long-term expression of type VII collagen
along with anchoring fibril formation and dermal-epidermal adherence was achieved,
upon ex vivo correction of RDEB keratinocytes and fibroblasts and subsequent
grafting of the corrected cells onto immunodeficient mice (Titeux et al., 2010). In a
separate study, retroviral delivery of full-length COL7A1 ¢cDNA to RDEB human
keraninocytes followed by regeneration of corrected skin grafts onto immunodeficient
mice resulted in long-term type VII collagen expression in vivo. Type VII collagen
expression was maintained for 1 year, leading to restoration of anchoring fibrils at the
BMZ and thus correction of the RDEB phenotype. No noticeable tissue toxicity was
observed and so this study has shown corrective, durable gene delivery to long-lived
epidermal progenitor cells without causing any adverse reactions. Therefore these
preclinical studies have provided the foundation for a human phase I clinical trial of
ex vivo gene delivery in RDEB, which has been approved by the United States Food
and Drug Administration (Siprashvili et al., 2010), the results of which have yet to be

reported.

Recent investigations into a method of correction of type VII collagen
expression in dystrophic EB have also shown some promising results (Murauer et al.,
2011). Such an approach may be applicable not only for the treatment of the recessive
form of the disease, but may also represent a method of correction of those mutations
which are inherited in a dominant manner. In this in vitro study using RDEB
keratinocytes, retroviral transduction of the cells with a 3’ pre-trans-splicing molecule

resulted in correction of full-length collagen type VII expression. The mechanism in
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question of trans-splicing utilises the cells own spliceosome machinery to recombine
an endogenous target pre-mRNA and an exogenous RNA molecule called a pre-trans-
splicing molecule (PTM). A new reprogrammed mRNA containing the desired
nucleotide sequence is produced by trans-splicing of the PTM into the 3’ or 5’
sequence of the target pre-mRNA (Puttaraju et al., 1999; Wally et al., 2008). In this
COL7A1 correction study, normal localisation of type VII collagen protein was found
at the basement membrane zone of skin equivalents from transduced cells and this
resulted in assembly of anchoring fibril-like structures (Murauer er al., 2011). The
delivered PTM used encompassed just 3.3kb and thus eliminates the need for delivery
of the large 9kb full-length COL7A1 ¢cDNA. The single PTM construct in question
also in theory could allow for correction of one third of all COL7A1 mutations, of

both recessive and dominant types.

The strategy of protein replacement therapy for EB is based on the concept of
administration of recombinant protein to the skin by topical application, local
injection or systemic administration to the circulation. Such an approach may be
amenable to both dominant and recessive forms of the disease as it would potentially
allow for either replenishment of an absent protein or replacement of a defective
protein (Uitto, 2009). Recent studies have involved investigation of the direct delivery
of recombinant human type VII collagen protein to COL7A 1-null mice, an approach
which would bypass requirement of delivery of the large COL7A1 gene. Intradermal
injection of purified human collagen VII into RDEB mice resulted in stable
incorporation of the protein into the basement membrane zone, decreased skin
fragility and markedly prolonged survival compared to non-treated mice. Untreated
COL7A1-null mice usually die within their first week of life due to extreme fragility
of the skin and mucous membranes due to absence of anchoring fibrils at the BMZ.
However intradermal injection of the recombinant type VII protein resulted in a
significantly prolonged survival of these mice, with some surviving as long as 20-25
weeks (Remington et al., 2009). Additionally, despite development of circulating anti-
human type VII collagen antibodies in treated mice, these antibodies did not appear to
be pathogenic as they failed to bind to the mouse BMZ nor did they prevent
incorporation of newly injected human collagen VII protein into the BMZ.
Furthermore, formation of these antibodies was prevented by treatment of the injected

mice with an anti-CD40L monoclonal antibody MR1. Thus it is conceivable that
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protein replacement therapy may represent an option in the future treatment of DEB

(Remington et al., 2009).

Further recent attempts to develop molecular strategies for the treatment of
DEB have involved research into cell-based therapies. Human fibroblast cells have
been shown to migrate to wounded areas of skin upon their intravenous injection into
RDEB mice, where they deliver collagen type VII and promote wound healing
(Woodley et al., 2007). Following these findings, pilot studies in which five RDEB
patients were given single intradermal injections of autologous or allogeneic
fibroblasts have seen some promising results (Wong et al., 2008). The skin of treated
patients showed a reduced tendency to blister following injection, with an increase in
local type VII collagen expression. The benefits of these cell injections were found to
last for at least three months. However, it was later determined that these benefits had
arisen due primarily to cytokine-mediated up-regulation of mutant type VII collagen
expression in those patients who had residual levels of activity from their mutant
alleles. Synthesis of normal type VII collagen protein from the newly introduced cells
was not apparent (Wong et al., 2008). These studies suggest that those RDEB patients
who display some baseline synthesis of partially functional collagen VII protein may
benefit from this cell-based therapy, whereas those patients completely lacking type

VII collagen expression might not (Uitto, 2008; Wong et al., 2008).

Another cell-based therapy approach for RDEB which has recently been
investigated involves bone marrow stem cell transfer. Bone marrow-derived cells
have been found to have the ability to differentiate into cell types which are important
for both skin maintenance and for aiding in repair of damaged skin (Badiavas, 2004).
Studies in which GFP-expressing mice were used as a source of bone marrow cells for
transplantation of RDEB mice have recently provided evidence that a population of
bone marrow cells may signify a potentially valuable method of treatment of RDEB.
COL7A1-null mice were found to produce collagen type VII protein after injection at
birth or within a few days of birth of isolated subpopulations of these bone marrow
cells. Such injections resulted in formation of anchoring fibrils, reduced skin fragility
and reduced lethality (Tolar et al., 2009). In a similar study, embryonic bone marrow
cell transfer to RDEB mice resulted in amelioration of the RDEB phenotype at birth,

with an extension of survival of up to several weeks compared to non-treated control
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RDEB mice (Chino, 2008). Based on the results of these animal studies, human
clinical trials using allogeneic stem cell transplantation have recently been undertaken
for the treatment of RDEB patients. Seven children suffering from RDEB were
treated with immunomyeloablative chemotherapy and allogeneic stem cell
transplantation. Although further studies are required in order to assess the long-term
risks and benefits of such a therapeutic approach, initial results do seem promising.
While one of the patients died of cardiomyopathy before transplantation, all six
recipients were found to have substantial proportions of donor cells in the skin and
none had detectable anti-collagen VII antibodies. In five of the six recipients, an
increase in collagen VII protein was also observed at the dermal-epidermal junction
(Wagner et al., 2010). These early observations suggest that in the future, bone
marrow cell populations may be capable of correction of the basement membrane
defect in human RDEB patients. Recent investigations into generation of induced
pluripotent stem cells (iPSCs) from both normal human fibroblast cells as well as
fibroblasts from RDEB patients have also yielded promising results (Itoh et al., 2011).
These iPSCs were successfully differentiated into keratinocyte cells at high efficiency
and were used to generate 3D skin equivalents, highlighting the potential for iPSCs to
provide a novel approach for applying regenerative medicine to cutaneous diseases

such as DEB (Itoh et al., 2011; Uitto, 201 1a).

1.5.2 Therapeutic approaches for dominant dystrophic EB (DDEB)

Gene therapy strategies aimed at the treatment of dominant disorders generally differ
considerably from those used to treat recessive ones, as it is likely that a gene
replacement approach will not suffice regardless of the efficiency of the replacement
system. Dominant disorders may be caused by a decline in the amount of wild-type
protein which is being synthesised; the disease phenotype may arise due to a gain of
function mutation; or a combination of the two. Thus gene therapies directed at the
treatment of dominant disorders may require suppression of the mutant allele while
also maintaining expression of the wild type allele (Millington-Ward et al., 1997).
This is likely the case for DDEB due to the dominant negative nature of the mutations
in question, causing the disease phenotype. No gene therapy-based clinical trials for
treatment of DDEB patients have yet been reported. Gene correction by either trans-

splicing or homologous recombination represents possible methods of investigation
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for silencing the mutant allele. As discussed in section 1.5.1, recent investigations into
the use of pre-trans-splicing molecules (PTMs) for correction of mutant COL7A1
have demonstrated some success in vitro and hence may hold promise for the
provision of a tool for future treatment of both the dominant and recessive forms of
dystrophic EB (Murauer et al., 2011). Immense progress has also been made in the
recent past with regard to homologous recombination due to the introduction of zinc-
finger nuclease technology (Durai et al., 2005; Davis and Stokoe, 2010; Le Provost et
al., 2010). This class of DNA-binding proteins facilitates editing of the genome by
creating double-stranded breaks in DNA, thus stimulating homology-directed gene
repair. Thus in principle, it is possible to replace a region of mutated DNA by delivery
of a copy of a corrected version, which is incorporated into the chromosomal site by
homologous recombination (Kim et al., 1996; Kandavelou ef al., 2009; Van Nierop et
al., 2009). Another possible method of silencing the dominant mutated COL7A1
allele may involve the use of RNA interference (RNAi) technology, which is based on
sequence specific suppression of target mRNA molecules and which has been shown
to hold great promise for the treatment of a wide range of dominant diseases (Kiang et
al., 2005; Kim and Rossi, 2007; Boudreau and Davidson, 2010). Such an approach
may require concurrent introduction of the wild-type genes protein product for some

dominantly inherited disorders (see section 1.7).

1.6 RNA interference (RNAIi)

RNA interference (RNALI) is a relatively simple and rapid process which occurs in a
wide range of organisms, whereby the expression of targeted genes may be silenced.
RNAI involves inhibition of the production of proteins due to suppression of mRNA
molecules, mediated by double stranded RNA. The field of RNAi has grown rapidly
in the past decade, with the elucidation of the RNAi pathway and the discovery of its
involvement in crucial biological events. The discovery of RNAi has provided a
potent tool with which to study gene function and which has the potential to
revolutionise the treatment of many diseases. Despite it being just slightly more than a
decade since its discovery, RNA interference is already being exploited
therapeutically in human clinical trials. Currently, several RNAi-based clinical trials

are underway for treating human diseases such as age-related macular degeneration,
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acute renal failure, skin disease and even cancer (Davis, 2009; Kaiser et al., 2010;

Leachman et al., 2010).

1.6.1 Discovery of RNAi

The process of RNAi was first reported in 1990 when attempts to overexpress
chalcone synthase (CHS), a protein involved in the production of the purple colour of
petunias, by introduction of a CHS transgene, resulted in the production of some
white flowers instead of the expected darker coloured purple ones. It was theorised
that the endogenous CHS gene was being cosuppressed by the newly introduced
transgene (Napoli et al., 1990). Similar cosuppression events were observed in
Neurospora Crassa (Romana and Macino, 1992) and Caenorhabditis elegans (Guo
and Kemphues, 1995) but it was not until 1998 that an explanation was finally
provided. While investigating methods of manipulating gene expression in C. elegans,
Andrew Fire and Craig Mello introduced both single stranded (ss) and double
stranded (ds) RNA molecules into the C. elegans genome in an effort to interfere with
the unc-22 gene. They found that silencing of unc-22 by dsRNA was significantly
more effective than the silencing achieved by ssRNA molecules and thus they
deduced that the observed gene silencing was occurring as a result of the presence of
double stranded RNA molecules, in the process which is now referred to as RNA
interference (Fire et al., 1998). While Fire and Mello were unsure of the precise
mechanism of RNA-mediated interference in C. elegans, studies were soon
undertaken on identifying the components involved in the process. Multiple genes
were soon determined to be involved in the C. elegans system (Tabara et al., 1999)
and it is now known that the mechanism of RNA mediated silencing involves a
pathway in which several proteins act on the double stranded RNA, resulting in the
eventual degradation of sequence specific target mRNA or inhibition of its translation.
It is not just the nematode in which such a system occurs; similar pathways are now
known to exist in a range of organisms from plants to humans. The cells endogenous
RNAI pathway is thought to have arisen as a mechanism of inhibition of transposon
mobilization (Tabara et al., 1999) and as an antiviral mechanism in plants (Kasschau

and Carrington, 1998).
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1.6.2 MicroRNAs

MicroRNAs (miRNAs) represent one class of silencing molecule which is
endogenous to the human genome. They function in the regulation of gene expression
at the post-transcriptional level by inhibiting the expression of mRNAs comprising
fully or partly homologous target sequences. Thus microRNAs play important roles in
numerous cellular processes including development, stem cell division, apoptosis,
cancer and disease (Zimmerman and Wu, 2011). It is estimated that approximately
3% of human genes code for microRNAs, while these miRNAs may regulate a further
30% of the protein coding genes (Wang and Wu, 2009). Advancement in research in
the area of silencing molecules resulted in a merging of the RNAi pathway with the

miRNA pathway by showing that core components are closely shared.

miRNAs are initially transcribed by RNA polymerase II as primary miRNA
precursors (pri-miRNA) of several kilobases in length containing a stem-loop
structure. After cleavage of the hairpin structure by a complex consisting of Drosha,
an RNase Il enzyme and DiGeorge critical region gene eight protein (DGCRS), small
hairpin precursor miRNAs (pre-miRNAs) of approximately 70bp are generated (Zeng
et al., 2005a). These pre-miRNAs are subsequently exported from the nucleus by
exportin-5, a nuclear transport receptor (Yi et al., 2003), and further processed by
numercus protein complexes until they are incorporated into a micrcRNA RNA-
induced silencing complex (RISC), where they may function to down regulate the
activity of homologous mRNAs (Cullen, 2005). It is components of this RISC which
the miRNA pathway shares with the RNAi pathway (section 1.6.3). MicroRNAs
regulate gene expression by either inhibiting translation or promoting degradation of
specific mRNA transcripts, depending on the degree of complementarity between the
microRNA and its target mRNA transcript. Higher complementarity generally results
in mRNA degradation while lower complementarity generally results in translational

attenuation (Zimmerman and Wu, 2011).

1.6.3 The RNAi pathway: siRNA- and shRNA-based therapies

Artificial RNAi molecules offer a powerful tool for the down regulation of various
mRNA molecules. Such suppression would be extremely useful in the treatment of

various diseases, by preventing translation of mutated protein molecules. It is now
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possible to synthesise small double stranded RNA molecules to target almost any
gene within the human genome (Davidson and Paulson, 2004). Gene silencing
methods using artificial double stranded RNA molecules may involve the direct
introduction of small interfering RNAs (siRNAs) into the cell, or the introduction of
short hairpin RNAs (shRNAs) which first must be processed in the cell’s nucleus into
siRNAs (Kim and Rossi, 2007). Each of these molecules is then processed by
cytoplasmic machinery which is endogenous to the cell (Figure 1.8). shRNAs are
generally introduced into the cell by means of vectors. Either plasmids or viral vectors
which have been engineered to express the shRNA are incorporated into the nucleus.
shRNAs generally consist of a sense sequence composed of about 21 bases, followed
by a 6 to 8 base non-complementary loop and an antisense sequence which is
complementary to the sense sequence (Davidson and Paulson, 2004). The shRNA is
transcribed from a specific promoter and is then processed and exported from the
nucleus where it is further processed by Dicer, an RNAaselll-like enzyme, resulting
in a short double stranded siRNA molecule. The Dicer enzyme is composed of a
double stranded RNA binding domain (dsRBD), two catalytic RNase III-like
domains, a ssRNA-binding piwi-argonaute-zwille (PAZ) domain and an RNA
helicase/ATPase domain (Zhang et al., 2002).

In the cytoplasm of the cell, siRNAs, which are usually composed of
approximately 21-23 base pairs and have 2-nucleotide 3’ overhangs, interact with a
multisubunit ribonucleoprotein complex known as the RISC, as defined previously.
The siRNA antisense strand (known as the guide strand) is then incorporated into the
RISC and binds to its complementary mRNA target. Selectivity of strand
incorporation is dependent on differential thermodynamic stabilities of the ends of the
siRNA; the end which is least thermodynamically stable unwinds the 5’ end of the
guide strand and is cleaved (Geusens et al., 2009). If the two mRNA and siRNA guide
strand are perfect complements around the site of cleavage, which is usually roughly
10 to 11 bases upstream of the 5’ end of the guide strand, the mRNA will
subsequently be completely degraded by endonuclease digestion (Elbashir et al.,
2001a). If on the other hand the two strands are not perfect matches, as is often the
case with the cell’s endogenous microRNAs, the mRNA target is not cleaved, but its
translation is suppressed (Olsen et al., 1999; Lares et al., 2010). The RNAse H
enzyme Argonaute 2 (AGO2) is the RISC subunit which is responsible for cleavage
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of target mRNA in humans (Rana, 2007). The cleavage site of the mRNA target
sequence is aligned with the AGO2 PIWI endonuclease domain and AGO2 cleaves
the phosphodiester bond on the mRNA in the middle of the siRNA-mRNA
recognition site. The cleaved mRNA fragments are subsequently released and
recognised as aberrant transcripts, resulting in their degradation. The siRNA-loaded
RISC can generally be used for multiple rounds of silencing, making RNAi molecules

particularly suitable for therapeutic purpose (Manjunath and Dykxhoorn, 2010).

1.6.4 RNAI delivery

Possibly the biggest challenge in the use of RNAi-based therapies is the difficulty of
delivery into the cell of these small molecules. Direct delivery of naked RNA may be
possible, but although the simplest method, does not always result in high delivery
efficiencies due to the difficulty associated with penetrating cellular lipid membranes
(Li et al., 2006). Thus the use of vectors, which facilitate the delivery of nucleic acids
into the target cells and their nuclei, offer an extremely useful tool for RNAi based
therapy methods. Such vectors are required to be safe for human exposure while also
remaining safe themselves from degradation or from an immune attack posed by the
infected host. Additionally, it should be possible to purify such vectors at high
concentrations in high amounts at a relatively inexpensive cost. At present two major
kinds of vector hold great promise for successful treatment of numerous genetic
diseases. These include viral vectors such as lentivirus and adeno-associated virus and

non-viral vectors, such as plasmids (Gardlik ez al., 2005).

Plasmid vectors which are designed to participate in RNA interference-based
therapies are generally modified resulting in the cloning of sShRNA sequences into the
plasmid. Such plasmids have the ability to express the shRNAs as they are placed
under the control of promoters dependent on RNA Polymerase III, such as U6 or H1
promoters. Once these shRNA molecules are expressed they may undergo
intracellular processing, resulting in generation of cytoplasmic siRNA molecules
which may enter the RISC and eventually degrade target mRNA (Wall and Shi,
2003). One such useful mammalian expression vector which can be used to direct the
expression of siRNA molecules is pSuper (suppression of endogenous RNA)

(Brummelkamp et al., 2002a). Vectors which utilize the RNA Polymerase III H1 gene
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promoter generally produce small RNA transcripts which lack a polyA tail. The
promoter contains a distinct transcription start site and a termination signal of five
thymidine nucleotides. Cleavage of the transcript occurs at the second uridine
nucleotide at the termination site, resulting in an shRNA molecule with 2-nucleotide
3’ overhangs on each strand. The shRNA transcript may then fold back on itself, with
the two complementary strands binding to form the stem loop structure typical of an

shRNA (Paddison et al., 2002).

An additional form of delivery of shRNA molecules has been exploited in
recent years, and this relatively new technology is based on the cell’s own
endogenous microRNA system. The shRNA are designed such that upon delivery to
the cell they are released to form an intra-molecular stem loop structure similar to the
structure of the cell’s own endogenous pre-miRNA, which is then processed by the
cell’s RNAi machinery into a mature artificial miRNA. Complementary mRNA
sequences may then be targeted for degradation. Such a system has a number of
benefits, namely due to the polymerase II promoters in use. While the previously
mentioned shRNAs are expressed from polymerase III promoters and thus are
ubiquitously expressed in all tissues, the artificial microRNAs are under the control of
polymerase II promoters, which can be replaced by other tissue specific or inducible
promoters. This allows for a greater level of control of the potential therapeutic.
Furthermore, these miRNA expression cassettes are thought to possibly represent a
delivery method with reduced toxicity in comparison to previously widely used
vectors, due to the fact that they are modeled on the cell’s own endogenous miRNA
machinery (McBride et al., 2008; Boudreau et al., 2009). shRNAs have been found to
be expressed at significantly higher levels than artificial microRNAs and so concerns
have arisen over the safety profiles of the sShRNA molecules. High levels of processed
and unprocessed shRNA may saturate the RNA1 machinery, thus interfering with the
cell’s endogenous miRNA processing (Boudreau et al., 2008). MicroRNA-based
approaches seem to be less prone to interfering with such processes, thus suggesting
that artificial miRNAs may be less toxic (McBride et al., 2008; Boudreau et al., 2008;
Boudreau et al., 2009).
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1.7 Replacement

A major problem associated with the use of RNAi molecules as a therapeutic is the
fact that the siRNA may not have the ability to distinguish between normal and
mutated forms of the same allele. Whilst some success has been achieved in the
isolation of siRNAs which distinguish between transcripts which differ by only a
single nucleotide (Miller et al., 2003; Hickerson et al., 2008), often the optimal
suppressor molecules for a particular mRNA target are found to target a region of the
transcript which is common to both wild-type and mutant copies, and not the area in
which the disease-causing mutation lies. Thus RNAi-mediated suppression of a
particular gene may result in complete absence of that genes protein product, which in
most cases would have detrimental effects on an individual’s health if applied in
human clinical trials. Furthermore, many disorders, including dominantly inherited
dystrophic EB, are genetically heterogeneous, with the existence of hundreds of
different mutations of the one gene affecting different families. Indeed, novel DEB-
causing COL7A1 mutations are still continuously being detected (Jerdbkova et al.,
2010; Galehdari et al., 2010). The establishment of different therapies for the
treatment of each separate mutation may not be viable and so any potential therapy
would generally likely require a mutation-independent knockdown approach, which
would result in suppression of both the wild type and mutant gene (Kiang et al., 2005;
Palfi et al., 2010; Millington-Ward et al., 2011). Thus, central to most mutation-
independent RNAi suppression therapies is the requirement for replacement of the

wild type protein.

1.7.1 Gene replacement

Any mutation-independent RNAi-based therapeutic strategy, in which both the mutant
and wild-type forms of the gene are suppressed, would likely require concurrent
delivery of the wild-type gene. Such a gene however, must be resistant to the effects
of the RNAi molecules in question. Taking advantage of the degeneracy of the genetic
code is one method by which this resistance problem may be overcome. Replacement
genes may be introduced which are genetically altered at the wobble base positions of
codons. This results in the introduction of a gene which differs from the wild type

gene in terms of the nucleotide sequence, but leads to translation of the same
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sequence of amino acids. A gene of this nature would in principle be resistant to the
effects of RNAi-mediated suppression. Such an approach would ultimately result in
the absence of the RNAi-suppressed mutant gene and the presence of the genes wild-
type protein product (Millington-Ward et al., 1997; O’Reilly et al., 2007; Millington-
Ward et al., 2011).

1.7.2 Protein replacement

It may however be possible to circumvent the need for a replacement gene, by direct
introduction of the protein product of the gene being repressed. As previously
mentioned (section 1.5.1), direct injection of collagen type VII protein is a possible
viable therapeutic for the treatment of recessive dystrophic Epidermolysis Bullosa.
Studies into such an approach are currently underway and some therapeutic benefit
has been observed in COL7Al-null mice following intradermal injection with
recombinant human type VII collagen protein (Remington et al., 2009). With regard
to the dominant form of the disease, in conjunction with suppression of both the
mutant and wild-type alleles with an allele-unspecific RNAi approach, introduction of
recombinant collagen VII protein may represent an alternative therapeutic approach,

and one which would be independent of the effects of the RNAi molecules.

1.7.3 Mutation-dependent RNAi

One possible therapeutic approach in an RNAi-based study which would circumvent
the requirement for concurrent delivery of a replacement gene or protein would be the
undertaking of a mutation-dependent RNAi-based suppression approach. In such a
case, RNAi molecules would be designed such that only the mutant allele is
susceptible to suppression, whilst the wild-type allele should be resistant and thus
transcribed and translated in the usual manner. A number of such studies have been
investigated and reported (Ohnishi et al., 2008; Scholefield er al., 2009; Hohjoh,
2010; Atkinson et al., 2011) including research into allele-specific RNAI for a genetic
skin disease termed Pachyonychia Congenita (PC). This method involves the testing
of a range of siRNAs covering the region of the mutation site, in an attempt to
identify an siRNA molecule which suppresses the mutant allele but not the wild-type

copy (Hickerson et al., 2008). Following identification of an siRNA which was found
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to inhibit expression of the mutant keratin 6a allele without affecting wild-type gene
expression, initial reports of a human clinical trial have recently been published.
Injection of the siRNA in question into the callused foot of a patient has resulted in
callus regression. This represents the first use of siRNA in human skin and the results
appear promising for the treatment of other dominant-negative skin diseases
(Leachman et al., 2010). As mentioned above (section 1.7), such an allele-specific
RNAi approach may not be viable for heterogenous diseases in which multiple
mutations in the one gene have been identified. However for the most commonly
occurring mutations, which may affect a significant percentage of total patients, this
mutation-specific strategy may represent a viable option for exploration in the quest

for RNAi-based therapeutics for EB.

1.8 Aims

At the outset of the studies undertaken for this Ph.D., whilst the molecular basis
underlying the dystrophic form of EB was understood, there was no published
research with the specific aim of development of a gene therapy strategy for the
dominant form of the disease. It was thought that this form of the genetic skin disease
may possibly represent a good candidate for an attempted suppression and
replacement therapeutic approach using the powerful RNA interference (RNAi)
molecular tool. The focus of the research described in this Ph.D. thesis therefore
centres on identification and development of suitable potential RNAi suppressors of
the COL7AIl gene, the gene implicated in the disease phenotype. An investigation
into a range of potential suppressor types was undertaken, including analysis of the
effects of siRNAs, shRNAs and artificial microRNAs on COL7A1 expression.
Following identification of effective mutation-independent COL7A1 suppressors, it
would then be of interest to investigate development of a replacement gene refractory
to the effects of the RNAi whilst still encoding wild-type collagen type VII protein.
An additional mutation-dependent RNAIi study for DDEB was carried out, with the
aim of identifying potent suppressors of certain chosen dominant mutant COL7A1
alleles which do not affect expression of the wild-type allele. The data obtained
represent significant steps in the progression towards development of a suitable

therapeutic for DDEB.
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Figure 1.1 Structure of the skin: Diagram representing the layers of skin (epidermis,

dermis and hypodermis) and their principle components (Cummings, 2002).
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Figure 1.2 Illustration of the complexity of the cutaneous basement membrane

zone: The schematic representation depicts the presence of basal keratinocytes

overlying the papillary dermis, with the dermal-epidermal basement membrane

separating these two compartments.

Ultrastructurally recognisable attachment

structures within this adhesion zone are indicated on the left, and individual protein

components comprising these structures are indicated on the right. Note the level of

tissue separation in the Simplex, Junctional and Dystrophic forms of Epidermolysis

Bullosa (figure and legend modified from Pulkkinen and Uitto, 1999).
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Figure 1.3 Clinical features of various epidermolysis bullosa subtypes: (a) In very

mild Epidermolysis bullosa (EB) simplex, blisters occur occasionally after friction,
and light scaling is seen after healing of a blister. (b) A 12-year-old patient with
Kindler syndrome (a skin fragility syndrome similar to EB) shows significant skin
atrophy on the hand. (c) Dominant dystrophic EB (DEB) leads to nail loss, and (d, e)
recessive DEB to severe trauma-induced blistering on the foot and the hand. (f) In
recessive mutilating DEB, scarring leads to contractures of the fingers and functional

deficits (figure and legend modified from Aumailley et al., 2006).
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Figure 1.4 Some clinical features of DDEB: (a) Hypertrophic scarring in a patient
with generalised DDEB. (b) Atrophic scarring and post-inflammatory
hypopigmentation on the extremity of a patient with DDEB. (c) Dystrophy of all
twenty nails in a patient with DDEB (figures from Fine, 2010b).
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Figure 1.5 Type VII collagen domain organisation: Schematic representation of
type VII collagen domain organization. The type VII collagen molecule consists of a
central collagenous triple-helical domain which has a 39-amino acid non-collagenous
interruption (‘hinge’ region). The collagenous domain is flanked by amino-terminal
and carboxy-terminal globular domains, with submodules with homology to known
protein modules, as indicated on the lower left corner (figure and legend modified

from Pulkkinen and Uitto, 1999).

34



A

M&wm\\\pm

helix

é Processing
; and lateral
‘ association

NC-2<= of dimers

Dimerization

Monomer Antiparallel Anchoring fibril
dimer
NC-1 g NC-2
_ g propeptide
g - -—
—p Tiple & —— 5 Fo _4L__,

al (Vi)

Figure 1.6 Schematic representation of the polymerization of anchoring fibrils:
The type VII procollagen monomer consists of three al(VII) polypeptide chains
folded into a triple helix. Two monomers form an antiparallel dimer, from which the
NC-2 propeptides are removed proteolytically. Finally, the mature dimers laterally

aggregate into anchoring fibrils (Bruckner-Tuderman, 2009).
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Figure 1.7 Anchoring fibril assembly and the consequences of the major types of
mutations on type VII collagen protein synthesis in dystrophic epidermolysis
bullosa (DEB): The left side shows the physiology of type VII collagen and the right
side shows the pathology. I: proal (VII) polypeptides are synthesized in ribosomal
complex. II: Three of these chains assemble into a triple helical type VII collagen
molecule — homotrimers. At stages /Il & IV, two homotrimers form antiparallel tail-
to-tail dimers with a central carboxy-terminal overlap and with the amino-termini
outwards, a portion of the NC-2 domain is removed, and the association of the
monomers in stabilized by intermolecular disulphide bonds. Stages V & VI: a large
number of dimer molecules assemble into anchoring fibrils and the complete NC-1
domain keeps the adhesive property at both ends. Mature anchoring fibrils are
stabilized by transglutaminase cross-links in vivo. Stage VII: premature termination
codon mutations (PTC) decrease the amount of the mutated transcripts and result in
truncated non-functional polypeptides which are unable to assemble into anchoring
fibrils, then causing Hallopeau-Siemens recessive dystrophic epidermolysis bullosa

(RDEB-HS; also known as RDEB-severe generalised). VIII: Missense mutations alter
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homotrimer formation and/or subsequent stabilization of the dimer molecules by
disulphide bonds result in decreased stability and/or alter function of VII collagen
leading to milder types of recessive dystrophic epidermolysis bullosa (RDEB-nHS).
IX: Glycine substitutions often happen in triple helix region of COL7A1 affecting the
correct folding and the secretion of type VII collagen, resulting in dominant
dystrophic epidermolysis bullosa (DDEB) (figure and legend modified from Dang and
Murrell, 2008).
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Figure 1.8 RNA interference: Three ways of inhibiting protein expression with
RNAIi. Left: cells are transfected with pre-formed siRNA duplexes, generally in
combination with a transfection reagent. The transfected siRNA becomes
incorporated into the RISC following cell entry, leading to degradation of target gene
expression. Middle: transfected plasmid vectors must reach the nucleus for
transcription of shRNA. The shRNA is processed and exported to the cytoplasm
where it is incorporated into the RISC for directed gene silencing. Right: viral vectors
encoding siRNA or shRNA bind to the target cell via a receptor, followed by
receptor-mediated endocytosis. Uncoating of the viral protein coat (adeno-associated
viruses) or fusion of the viral envelope with cellular membranes (lentivirus) releases
viral genomes and allows trafficking to the nucleus (figure and legend modified from
Davidson and Paulson, 2004).
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Chapter 2

Materials and Methods

38



2.1 General Materials

2.1.1 Materials for molecular biology methods

10X TAE Buffer: 400mM Tris-Acetate and10mM EDTA (Invitrogen).

Xylene Cyanol: 0.25% Xylene Cyanol (BDH Laboratory Supplies), 30% glycerol
(Sigma Aldrich) in dH,O.

Bromophenol Blue: 0.25% Bromophenol Blue (BDH Laboratory Supplies), 40%
(w/v) sucrose (Sigma Aldrich) in dH,O.

DNA Oligo Annealing Buffer: 100mM KOAc, 30mM HEPES K-OH, 2mM Mg-
OAc, pH7.4 (Xeragon).

Crimson Taq 1 polymerase (NEB)

1X Crimson Taq Reaction Buffer: 12.5mM Tricine, 42.5mM KCl, 1.5mM MgCl,,
6% Dextran, Acid Red, pH8.5 at 25°C (NEB)

dNTPs (Roche Diagnostics)

Luria-Bertani (LB) Medium: 2g Bacto-tryptone (OXOID), lg Yeast extract
(OXOID) and 2g NaCl made up to 200ml with ddH,O before autoclaving at 121°C

for 15 minutes.

Luria-Bertani (LB) Agar: 4g Bacto-tryptone (OXOID), 2g Yeast extract (OXOID),
4¢g NaCl and 6g Agar made up to 400ml with ddH»O before autoclaving at 121°C for

15 minutes.

SOC medium: 2% Tryptone (OXOID), 0.5% Yeast extract (OXOID), 10mM NaCl,
2.5mM KCl, 10mM MgCl, 6H,0, 20mM glucose.

NZY* medium: 10g NZ amine (casein hydrolysate; Unipath Ltd.), 5g yeast extract
(OXOID) and 5g NaCl was dissolved in ddH,O, the pH was adjusted to 7.5 with
NaOH and the medium made up to llitre with ddH,O. Following autoclaving at
121°C for 15 minutes, the following filter-sterilised supplements were added: 12.5ml
of 1M MgCl,, 12.5ml of 1M MgSO4 and 20ml of 20% (w/v) glucose.
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Antibiotics

Stock concentration  Working concentration

Tetracycline (Sigma Aldrich) 10mg/ml in 50% ethanol 25mg/ml
Spectinomycin (Sigma Aldrich) 10mg/ml 50pg/ml
Ampicillin (Sigma Aldrich) 100mg/ml 100pg/ml
Kanamycin (Sigma Aldrich) 10mg/ml 50ug/ml

Spectinomycin, Ampicillin and Kanamycin stock solutions were made in ddH,O,
filter sterilized using a sterile 0.2 pm syringe filter unit (Sartorius), aliquoted and

stored frozen at -20°C

0.5M CaCl;: 36.755g of CaCl,2H,0 (Sigma Aldrich) was dissolved in ddH,0O, made

to 500ml and autoclaved for 15 minutes at 121°C.

IM Tris-Cl, pH 8.0: 60.55g of Tris base (Sigma Aldrich) was dissolved in ddH,O.
The pH was adjusted to 8.0 by addition of concentrated hydrochloric acid (HCI). The
solution was made up to a final volume of 500ml with ddH,O and autoclaved at

121°C for 15 minutes.

0.5M EDTA, pH 8.0: 93.05g of disodium ethylenediaminetetra-acetate 2H,O (Sigma
Aldrich) was dissolved in ddH,O. The pH was adjusted to 8.0 with NaOH and the
volume was made up to 500ml with ddH,O, followed by autoclaving at 121°C for 15

minutes.

3M Sodium Acetate, pH 5.2 and pH 7.0: 123.045g of sodium acetate anhydrous
(Sigma Aldrich) was dissolved in ddH,O. The pH was adjusted to either 5.2 with
glacial acetic acid or to 7.0 with dilute acetic acid. The volume was made up to 500ml

with ddH,O and the solution was autoclaved at 121°C for 15 minutes.

E. coli cell Lysis Solution I: 50mM Tris pH 8.0, 25% sucrose and 2mM EDTA pH
8.0.

M-STET buffer: 5% triton-x, S0OmM EDTA pH 8.0, 5% sucrose and 50mM Tris pH
8.0.
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2.1.2 Tissue culture materials

Dulbecco’s Modified Eagle Medium (DMEM)+: 500ml Dulbecco’s Modified Eagle
Medium (Lonza) was supplemented with 50ml foetal calf serum (Invitrogen,
Carlsbad, CA, USA), 5Sml of 100mM sodium pyruvate (Lonza) and S5ml of 200mM L-

glutamine (Lonza).

Fibroblast Growth Medium-2 (FGM-2)+: 500ml FGM-2 medium (Lonza) was
supplemented with 0.5ml insulin (Lonza), 0.5ml r-human fibroblast growth factor-B

(Lonza), 0.5ml gentamicin-sulfate (Lonza) and 10ml fetal bovine serum (Lonza).

2X Freezing media: 25% DMSO (Sigma Aldrich), 50% DMEM or FGM-2 and 25%

fetal calf serum.

4% Paraformaldehyde: 130ml of Phosphate Buffered Saline (PBS) was heated to
65°C on a heated plate. The heat was turned off prior to addition of 8g of powdered
paraformaldehyde (Sigma Aldrich) with constant stirring using a magnetic stirrer.
NaOH was added dropwise, to aid solubilisation of the paraformaldehyde. Once the
solution had reached room temperature, the pH was adjusted to 7.4 using HCI and the

final volume was adjusted to 200ml using PBS.

Cell lines: Normal Human Dermal Fibroblast cell line (NHDF) was purchased from
Lonza. Human Embryonic Kidney 293 cell line (HEK293) was purchased from
ATCC. Human Epidermal Keratinocyte cell line (Human adult low Calcium
Temperature keratinocytes; HaCaTs) was a kind gift from Professor Fusenig at the

DKFZ (German Cancer Research Center).

2.1.3 RNA materials

Real-time rtPCR DNA primer sequences
COL7A1 Fw: 5°-GAT GAC CCA CGG ACA GAG TT-3
COL7A1 Rev: 5’-ACT TCC CGT CTG TGA TCA GG-3’

UBC Fw: 5’-ATT TGG GTC GCG GTT CTT G-3’
UBC Rev: 5°-TGC CTT GAC ATT CTC GAT GGT-3’
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TBP Fw: 5’-CAC GAA CCA CGG CAC TGA TT-3’
TBP Rev: 5°-TTT TCT TGC TGC CAG TCT GGA-3’

B2M Fw: 5°-GAT GAG TAT GCC TGC CGT GTG-3’
B2M Rev: 5’-CAA TCC AAA TGC GGC ATC T-3’

YWHAZ Fw: 5’-ACT TTT GGT ACA TTG TGG CTT CAA-3’
YWHAZ Rev: 5’-CCG CCA GGA CAA ACC AGT AT-3’

2.1.4 Oligonucleotide synthesis

Oligonucleotides were supplied by Sigma-Aldrich. Primers were resuspended in

ddH,O0 at a final stock concentration of 100 uM and diluted appropriately for use.

2.1.5 Protein materials

1X TBS: 137mM NaCl, 25mM Tris-HCI pH7.5, and 3mM KCI were dissolved in
350ml ddH,O and the pH was adjusted to 7.5 with HCI. The final volume was then
adjusted to 400ml.

Total protein lysis buffer: 62mM Tris, 2% SDS, 10mM DTT. One protease-
inhibitor-cocktail tablet (Complete; Roche Diagnostics, UK) added to 10ml of the

solution.

Cytoplasmic Protein Lysis Buffer: 1% triton, 1X TBS, ImM EDTA. 300ul of a
protease inhibitor stock solution (1 Roche Diagnostics protease inhibitor cocktail

tablet in 1.5ml ddH,0O) was added to 1.7ml cytoplasmic protein lysis buffer.

Bicinchoninic acid (BCA) assay reagents

Reagent A: 500ml containing sodium carbonate, sodium bicarbonate, bicinchoninic
acid and sodium tartrate in 0.1M sodium hydroxide.

Reagent B: 25ml containing 4% cupric sulfate.

Albumin standard ampoules: 2.0mg/ml bovine serum albumin (BSA) in 0.9%

saline and 0.05% sodium azide.

43



1.5M Tris HCI, pH 8.8: 36.33g of tris was dissolved in 150ml ddH,O. The pH was
adjusted to 8.8 with HCl and the volume was made up to 200ml with ddH,O.

0.5M Tris HCI, pH 6.8: 12.11g of tris was dissolved in 15ml of ddH,O. The pH was
adjusted to 6.8 with HCI and the volume was made up to 200ml with ddH,O.

10% SDS, pH 7.2: 20g of sodium dodecyl sulphate (SDS, Sigma Aldrich) was
dissolved in 150ml ddH,O by heating. The pH was adjusted to 7.2 with NaOH and/or
HCI and the final volume was made up to 200ml with ddH,O.

6% polyacrylamide gel:

1.5M Tris HCI, pH 8.8 Sml
Acrylamide/Bis 30% Solution (Sigma Aldrich) 4ml
10% SDS (Sigma Aldrich) 200pul
10% Ammonium persulfate (Sigma Aldrich) 200pl
TEMED (N,N,N’,N’-tetramethylethylethylene-diamine,

Sigma Aldrich) 20ul

4.5% stacking gel:

0.5M Tris HCL, pH 6.8 1.67ml
Acrylamide/Bis 30% Solution (Sigma Aldrich) 1.33ml
10% SDS (Sigma Aldrich) 100pul
10% Ammonium persulfate (Sigma Aldrich) 100p1
TEMED (N,N,N’,N’-tetramethylethylethylene-diamine,

Sigma Aldrich) 10pl

2X Sample Buffer: 125mM Tris pH 6.8, 2% SDS, 10% glycerol, 0.2% bromophenol
blue, 50mM DTT.

1X TBS-tween: 137mM NaCl, 25mM Tris-HCI pH 7.5, 3mM KCl, 0.05% (v/v)
Tween-20 (Sigma Aldrich).

1X Electrophoresis running Buffer: 25mM Tris pH 8.9, 192mM Glycine, 0.2%
SDS.



1X Western Blot Transfer Buffer: 25mM Tris pH 8.9, 192mM Glycine, 0.05%
SDS.

Ponceau S Solution: 0.1% Ponceau S (w/v) in 5% (v/v) acetic acid.
Restore Western Blot Stripping Buffer (Thermo Scientific)

PageBluerM Protein Staining Solution (Fermentas Life Sciences)
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2.2 General Methods

2.2.1 Cloning

2.2.1.1 Restriction enzyme digests

Restriction enzyme digest reactions were typically carried out in a final volume of
50ul. Between 1-2 Units of the required restriction enzyme was used per ug DNA,
with the appropriate buffer at 1X concentration. Reactions were typically incubated in
a 37°C water bath for 2 hours unless otherwise stated. Restriction enzymes and

buffers were obtained from New England Biolabs (Frankfurt, Germany).

2.2.1.2 DNA purification

In order to purify DNA fragments from enzymatic reactions, purification was carried
out using the Qiagen QIAquick Enzyme reaction Purification Kit Protocol. 5 volumes
of Buffer PB was added to 1 volume of the enzymatic reaction and placed in a
QIAquick spin column. Samples were centrifuged for 1 minute at 13,000rpm (IEC
Micromax, Thermo-Electron), washed with 0.75ml Buffer PE and centrifuged for an

additional 1 minute. DNA was eluted in 50ul Buffer EB.

2.2.1.3 Ethanol precipitation

Ethanol precipitation of DNA was typically carried out to concentrate DNA fragments
that were too small for use of the Qiagen QIAquick PRC Purification Kit (<100bp). In
order to precipitate DNA, 3X volume of 100% ethanol and 0.1X volume of sodium
acetate (pH 7.0) were added to the DNA sample. Samples were left to stand at room
temperature for 30 minutes, followed by centrifugation at 13,000rpm (IEC Micromax,
Thermo-Electron) for 20 minutes. Supernatant was removed and samples were left to

airdry, followed by resuspension in ddH,O.

2.2.1.4 Gel electrophoresis

1 or 2% agarose gels were prepared by heating the appropriate amount of agarose in
1X TAE Buffer (Invitrogen): 1% for separation of large and 2% for separation of
smaller fragments. 2pl of 10,000X Sybr® Safe (Invitrogen) was added to 25l agarose
to allow visualization of DNA under UV light. Prior to loading, 6X loading dye

(either xylene cyanol or bromophenol blue) was added to DNA samples.
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Bromophenol blue and xylene cyanol migrate in a 1% gel at 400-500bp and 4-5Kb
respectively. Samples together with a DNA size marker (100bp or 1Kb; New England
Biolabs) were electrophoresed at a constant voltage of 100V. DNA was then
visualized under a UV light source and images were captured using a UV lamp
(MiniBIS Pro, DNR Bio-Imaging systems Ltd.) with GelCapture software (DNR Bio-
Imaging systems Ltd.).

2.2.1.5 Gel extraction

To isolate specific fragments from restriction enzyme fragmented DNA, samples were
electrophoresed on a 1% agarose gel, the required fragment was excised using a
scalpel blade and the DNA purified from the gel using the Qiagen QIAquick Gel

Extraction Kit Protocol according to the manufacturer’s instructions.

2.2.1.6 Annealing of oligonucleotides

Oligonucleotides were re-suspended in ddH,O to a stock concentration of 100pmol/ul
(100uM). 2ul of both sense and its corresponding antisense sequence were annealed
in 46pul annealing buffer (Xeragon; see section 2.1.1). The annealing reaction
involved heating the samples to 90°C for 4 minutes and step cooling to 70°C for 10
minutes, 37°C for 20 minutes followed by incubation at 10°C until samples were

ready for use.

2.2.1.7 Ligations

Ligation reactions were typically set up in total volumes of 10ul unless otherwise
stated. 1ul of T4 DNA ligase enzyme (Roche Diagnostics) was used along with
ligation buffer (Roche Diagnostics) at a concentration of 1X. Typically 100ng of
DNA was used in ligations and various ratios of vector DNA: insert DNA (typically
1:10 to 1:20) were utilised. Appropriate control reactions eg restriction enzyme
digested-vector with and without ligase were included. Reactions were incubated

overnight at 18°C.

2.2.1.8 Making E. coli cells competent for transformation

10ml LB broth, containing 25ug/ml tetracycline was inoculated with a single colony
of E. coli XL1-blue cells and incubated overnight at 37°C in an orbital shaker at
220rpm (Innova 4300; New Brunswick Scientific). 0.25ml of this overnight culture
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was subcultured into 25ml fresh LB containing 25ug/ml and grown at 37°C in the
orbital shaker until the ODgoy reached 0.3-0.7. The cells were centrifuged for 5
minutes at 3,000rpm (Centrifuge 5810; Eppendorf) and the supernatant was discarded.
The pellet was resuspended in 25ml cold 50mM CaCl,, left on ice for approximately
15 minutes, centrifuged for 5 minutes at 3,000rpm, and the supernatant was discarded.
The pellet was resuspended in Sml cold CaCl,. The competent cells were used for

plasmid DNA transformation experiments within 24 hours.

2.2.1.9 Plasmid DNA Transformations

Approximately 100ng of DNA in 5Sul of ligation solution was added to 200ul of
competent cells in 1.5ml eppendorf tubes. Samples were placed on ice for
approximately 30 minutes, heat shocked in a 42°C water bath for 5 minutes and
returned to ice. Iml of LB broth was added to each tube, followed by gentle mixing.
Samples were incubated at 37°C for lhr. 200ul of each sample was plated onto LB
agar plates containing the required selective antibiotic. Plates were incubated

overnight at 37°C.

2.2.1.10 In-Fusion™ Advantage PCR Cloning

The manufacturer’s instructions were followed for cloning using the In-Fusion™
Advantage PCR Cloning kit (Clontech). DNA inserts were synthesised and cloned in
plasmid vectors by GeneArt AG (Germany). Polymerase chain reactions were carried
out on a T3000 Thermocycler (Bio-Sciences) in a total volume of 20ul in Crimson
Taq Reaction Buffer (New England BioLabs), containing the GeneArt vectors as
template, 10pmol each of forward and reverse primers, 0.2mM each of dATP, dTTP,
dCTP and dGTP (Roche Diagnostics), and 1 unit of Crimson Taq DNA polymerase
(New England BioLabs). The standard PCR cycle run was as follows; an initial
denaturation step at 95°C for 5 minutes followed by 35 cycles of 95°C for 30 seconds
for denaturation, 55°C for 30 seconds for annealing and 72°C for 1 minute for DNA
extension, ending with a final incubation at 72°C for 10minutes to ensure maximum
yield of product. Following verification of the fragment size which was amplified
during the PCR by loading 5ul of the PCR product on a 2% agarose gel, Sul of the
PCR product was added to 2ul of kit-supplied Cloning Enhancer. This mixture was
then incubated at 37°C for 15 minutes, followed by 80°C for 15 minutes on a T3000

Thermocycler. Ligations were then carried out in a final volume of 10ul in In-Fusion
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Reaction Buffer containing 1pl In-Fusion Enzyme, 100ng vector plasmid DNA, 1ul
Cloning Enhancer-treated PCR insert. Samples were incubated for 15 minutes at
37°C, followed by 15 minutes at 50°C, then placed on ice. Reaction volumes were

then brought to 50ul with TE buffer (10mM Tris-HCl, ImM EDTA, pH 8.0), and
mixed well by pipetting.

Transformations were subsequently carried out, using the kit-supplied Fusion-
Blue™ competent cells and SOC medium. Cells were thawed on ice and 50ul was
transferred to falcon tubes (BD Falcon). 2.5ul of ligation reactions was added to cells
and tubes were placed on ice for 30 minutes. Cells were heat-shocked for 45 seconds
at 42°C and then placed on ice for 1-2 minutes. 447.5ul pre-warmed SOC medium
was added to tubes and cells were incubated with shaking at 220rpm for 1 hour at
37°C. Transformed cells were plated neat (100ul per plate and 50ul per plate) and

10X concentrated (100 pl per plate). Plates were incubated overnight at 37°C.

2.2.1.11 Plasmid DNA Mini-preparation

Plasmid mini-preps were carried out on selected colonies. Firstly, each colony was
inoculated in 10ml of selective LB broth and incubated overnight at 37°C in an orbital
shaker at 220rpm (Innova 4300; New Brunswick Scientific). The following day,
cultures were centrifuged at 3,000rpm (Centrifuge 5810; Eppendorf) for 10mins and
the supernatant discarded. Pellets were resuspended in 60ul E. coli cell lysis solution
1, and transferred to 1.5ml eppendorf tubes. 20ul lysozyme solution (40mg/ml in
250mM Tris, pH 8, freshly prepared) was added to each sample, which were then
mixed by pipetting and left at room temperature for 10 minutes. 550ul M-STET
buffer was added and samples were gently mixed and left at room temperature for a
further 10 minutes. Samples were then boiled for 90 seconds and centrifuged at
13,000rpm (IEC Micromax, Thermo-Electron) for 15 minutes. The bacterial cell
debris pellet was then removed with a toothpick and discarded. 1pl RNase-A
(10mg/ml; Sigma Aldrich) was added to each tube in order to degrade any RNA and
samples were incubated at 37°C for 15 minutes. An equal volume of phenol was
added to samples, which were then mixed by vortexing. Samples were then
centrifuged at 13,000rpm (IEC Micromax, Thermo-Electron) for 5 minutes. 400ul of

the top aqueous layer was transferred to 1.5ml eppendorf tubes and 0.6X volume of
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isopropanol was added, followed by vortexing of each tube for a few seconds.
Samples were left at room temperature for 15mins and then spun at 13,000rpm for a
further 15 minutes. Isopropanol was poured off, pellets were washed with 500ul 96%
ethanol and left to stand for 10 minutes. Ethanol was discarded, samples were left to

air dry, and plasmid DNA was resuspended in 100u1 dH,0.

Alternatively, after overnight cultures were pelleted, minipreps were carried
out using the Qiagen QiaPrep® Spin Miniprep kit according to the manufacturer’s

instructions.

2.2.1.12 Plasmid DNA maxi-preparation

Sml of selective LB was inoculated with a bacterial colony containing a plasmid of
interest and incubated for 8 hours in a 37°C orbital shaker at 220rpm (Innova 4300;
New Brunswick Scientific). 200ul of the starter culture was transferred to 200ml of
fresh LB with the appropriate antibiotics and grown overnight in a 37°C orbital
shaker. Cells were centrifuged at 3,000rpm (Centrifuge 5810; Eppendorf) for 15
minutes and plasmid DNA was prepared using the Qiagen HiSpeed® Plasmid Maxi

Kit according to the manufacturer’s instructions.

2.2.1.13 Capillary Sequencing

Sequencing was performed using BigDye® Terminator v3.1 Cycle Sequencing Kit
(Applied Biosystems). Each reaction mixture contained 250ng plasmid DNA, 2pmol
primer, 0.4ul 5X BigDye® Sequencing Buffer, 2ul BigDye® Terminator mix in a
final aqueous volume of 10ul. Sequencing reactions were performed on a PTC-225
Peltier Thermal Cycler (MJ Research, Inc.) for 2 hrs. The steps were as follows: an
initial denaturation step at 96°C for 2 minutes, followed by 25 cycles of 96°C for 10
seconds for denaturation, 50°C for 5 seconds for annealing and 60°C for 4 minutes for
DNA extension, followed by a 15 minute 4°C incubation period. The DNA was
subsequently precipitated by addition of one-tenth volume 3M NaAc (pHS5.2) and 3X
volumes 96% ethanol. Samples were incubated for 30 minutes at room temperature
and subsequently centrifuged at 13,200rpm (IEC Micromax, Thermo-Electron) for 20
minutes. The pelleted DNA was allowed to airdry. Samples were resuspended in
EDTA + formamide (95% deionised formamide, 10 mM EDTA, pH 8.0), heated to

95°C for 5 minutes and immediately cooled to 4°C. Sequencing was performed using
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an ABI 373A DNA sequencing machine according to the manufacturer’s instructions
and data was processed using ABI data collection and analysis software. Sequencing
was undertaken with the assistance of Alex McKee of the Smurfit Institute of

Genetics, Trinity College Dublin.

2.2.1.14 Commercial sequencing
Plasmid DNA and primers were sent to either GATC Biotech or Source BioScience
LifeScience for sequencing, using an ABI 3730 xl sequencing machine. Data was

processed using GATCViewer™ software.

2.2.1.15 Nucleic acid concentration determination

DNA and RNA concentrations were measured using a NanoDropTM 1000
Spectrophotometer (Thermo Scientific), by measuring the absorbance at a wavelength
of 260nm (A260). All samples were blanked with 2ul of ddH»O or the relevant buffer
in which samples were resuspended. 2ul of each sample was then loaded on the
surface of the plate reader and the absorbance readout in ng/ml was recorded. Nucleic
acid concentration was calculated based on the Beer Lambert Law, which relates the
amount of light absorbed at 260nm to the concentration of dsDNA (50ug/OD260) and
RNA (40pg/OD260), based on the different extinction coefficients of the nucleic
acids. The ratio between the readings A260/A280 was used to determine the purity of
the DNA and RNA samples. A ratio of 1.8 and 1.9-2.1 was achieved for DNA and

RNA samples respectively, an indication of the purity of the samples.

2.2.2 Tissue culture techniques

2.2.2.1 Sub-culturing of cells

Spontaneously immortalised human keratinocytes (HaCaT cells), normal primary
human skin fibroblasts (NHDFs) and HEK293 cells were maintained in a sterile
humidified environment at 37°C and 5% CO,. All cell culture experiments were
performed in a laminar flow hood (ESI Securigarde 1200; Thermo Electron) under
sterile conditions unless otherwise stated. Cells were grown in flasks of either 75cm?

or 175¢cm? unless otherwise stated.
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HaCaT cells were grown in supplemented Dulbecco’s Modified Eagle media
(DMEM+). Adherent HaCaT cells were passaged by removal of DMEM and
incubation in 0.02% EDTA (Sigma) at 37°C for 20 minutes. EDTA was removed and
cells were incubated in Trypsin/EDTA (0.25mg/ml, Lonza) for 5 minutes in order to
dissociate cells from the plate. Trypsin was neutralised by addition of DMEM+ and

cells were seeded onto fresh plates.

Normal Human Fibroblasts were incubated in FGM-2 medium. For passaging
of fibroblast cells, medium was removed and cells were washed in Hepes Buffered
Saline Solution (30mM, Lonza). Cells were incubated in trypsin/EDTA (0.25mg/ml,
Lonza) at 37°C for approximately 2 minutes or until cells were dissociated from the
plate, followed by neutralisation of trypsin by addition of an equal volume of Trypsin
Neutralizing Solution (Lonza). FGM-2 was added and cells were seeded onto fresh

plates.

HEK?293 cells were incubated in DMEM+. Adherent cells were passaged by
removal of media and washing of cells in 1X phosphate buffered saline (PBS, Lonza).
PBS was removed and cells were incubated in trypsin/EDTA at 37°C for
approximately 2 minutes or until cells were dissociated from the plate, followed by

neutralisation by addition of DMEM+. Cells were then seeded onto fresh plates.

2.2.2.2 Haemocytometer cell counting

Cells were dissociated from plates as previously described. Following neutralisation,
cells were centrifuged at 1,000rpm (IECCentra-3C centrifuge, DJB Labcare) for 5
minutes and resuspended in the appropriate medium. 100ul of cells were taken and
diluted 1 in 2 in Trypan blue solution (Sigma Aldrich). A haemocytometer slide
(Hawksley) was prepared by moistening the slide and affixing a coverslip over the
cell counting area, creating a firm seal. Cells were gently pipetted under the edge of
the coverslip, resulting in their movement throughout the area beneath the coverslip
by capillary action. The slide was then viewed under a microscope using 10X
magnification (Olympus CK30 microscope). The number of cells in all 8 quadrants
was counted and the average calculated. The haemocytometer is designed so that the

number of cells in one quadrant is equivalent to the number of cells x 10%/ml.
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Therefore the number of cells per ml was calculated as the average cell count of all

quadrants x dilution factor x 10°.

2.2.2.3 Freezing of cell stocks

Cells were dissociated and pelleted as previously described, followed by resuspension
in DMEM+ or FGM-2. Cells were then counted using a haemocytometer and 1x10°
cells were resuspended in medium and an equal amount of 2X freezing medium in
labelled CryoTubes (Nunc). Tubes were placed in a Cryo 1°C Freezing Container
(Nalgene), which allows for the gradual cooling of cells at a rate of -1°C per minute,

and subsequently transferred to a -80°C freezer.

2.2.2.4 Nucleofection of celis

HaCaT and fibroblast cells were transfected using the Lonza Cell Line
Nucleofector™ Kit V for HaCaT cells and the Lonza Human Dermal Fibroblast
Nucleofector Kit respectively. The required number of cells was prepared using a
haemocytometer slide and centrifuged at 1,000rpm for S5mins in DMEM or FGM-2.
The cells were resuspended in the appropriate Nucleofector™ Solution to a
concentration of 1-5x10° cells/100pl for HaCaTs or 4-5x10° cells/100ul for
fibroblasts. For each sample, 100ul cell suspension was mixed with the required
amount of plasmid DNA (1-5ug) and transferred to an Amaxa certified cuvette which
was then placed in the nucleofection machine (Nucleofector® II; Amaxa) and the U-
20 or U-023 programs were selected for HaCaTs and fibroblasts respectively.
Following transfection 500ul medium was added and the cells transferred to a well of
a 6 well plate containing 2ml medium, using a plastic pipette. The plate was rocked

gently to mix cells and incubated at 37°C.

2.2.2.5 Generation of stable cell lines

Prior to generation of stable cell lines, a kill curve was set up, in order to determine
the minimum concentration of antibiotic required to kill untreated cells within 1-3
weeks. A range of antibiotic concentrations was tested, selective medium was
replenished every 3-4 days and the percentage of surviving cells analysed daily. When
the appropriate antibiotic concentration was determined, cells were transfected by
nucleofection as previously described (section 2.2.2.4). 8 wells of 6 well plates (each

well being approximately 2cm’) were transfected per construct. 24 hours post
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transfection, cells were washed with PBS and DMEM+ was replaced with fresh
medium. 48 hours post transfection cells were passaged from eight wells to a tissue
culture flask of 175¢cm’. 3 hours later, media was removed and replaced with
DMEM+ containing the appropriate pre-determined concentration of antibiotic. Cells
were fed with selective medium every 3-4 days until all non-transfected cells were

killed and an antibiotic-resistant stable cell line population was formed.

2.2.2.6 siRNA transfection

HaCaT cells and normal human fibroblasts were transfected with siRNAs, using
HiPerFect Transfection Reagent (Qiagen). For HaCaTs, 1x10’ cells per well of a 24-
well plate were seeded in 0.5ml of DMEM+ and incubated under normal conditions.
For each well, the appropriate amount of siRNA was diluted in 100pl serum-free
DMEM+ and HiPerFect Transfection Reagent was added. Samples were then mixed
by vortexing and incubated for 10 minutes at room temperature to allow formation of
transfection complexes. The complexes were added drop-wise onto the cells and the
plate was swirled gently to ensure uniform distribution of the transfection complexes.

Cells were then incubated at 37°C.

For normal human fibroblast cells, 6x10* cells per well of a 24-well plate were
seeded in 0.5ml FGM-2 and incubated under normal conditions. For each well the
appropriate amount of siRNA was diluted in 100ul culture medium and mixed by
vortexing. HiPerFect Transfection Reagent was then added to the diluted siRNA and
samples were mixed by vortexing for 10 seconds. Samples were incubated at room
temperature for 10 minutes and added drop wise onto the cells. Cells were then

incubated under their normal growth conditions.

2.2.2.7 Co-transfections

HEK?293 cells were co-transfected with both a DNA plasmid and siRNA, using
Attractene Transfection Reagent (Qiagen). 5x10° cells per well of a 6-well plate were
seeded in 2ml DMEM+ and incubated under normal conditions. For each well, the
appropriate amount of plasmid DNA was diluted in serum-free DMEM+ in 1.5ml
eppendorf tubes, to a total volume of 100ul and the appropriate volume of siRNA was
added. Samples were mixed by vortexing. Attractene Transfection Reagent was then

added to each tube and following vortexing, samples were incubated at room
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temperature for 10-15 minutes. Following incubation samples were added drop wise

onto cells, which were then incubated under their normal growth conditions.

2.2.2.8 Fluorescent Activated Cell Sorting (FACS)

Following transfection of cells and incubation for the appropriate amount of time,
HaCaT cells in each well of a 6 well plate were treated with EDTA (0.02%) and
trypsin, pelleted, and resuspended in 800yl sterile PBS in a 1.5ml eppendorf. Samples
were then placed on ice and transported to the Flow Cytometry Core Facility of
University College Dublin, where FACS was carried out with the assistance of Dr.
Alfonso Blanco. Immediately prior to sorting, the cell suspension was filtered using a
S0um Filcon Filter (DakoCytomation) and transferred to 5ml polystyrene round-
bottom faicon tubes (BD Falcon). Cells were sorted based on green fluorescent
protein (GFP) fluorescence, using a BD FACSAria Cell Sorter (BD Biosciences). The
sorter is designed with 3 lasers: 488 nm (blue), 635 nm (red) and 405 nm (violet),
enabling detection of two scattered signals. As cells flow past a focused laser beam
the beam is deflected enabling the detection of two scatter signals, side scatter and
forward scatter. Forward scatter is a measure of cell size and side scatter is a measure
of cell granularity or general shape. An FITC optical filter was used to detect GFP
fluorescence and a sorting flow rate was chosen to maximise the purity of the final
samples. A non-fluorescent sample was used as a control to enable identification of
scatter profiles and negative populations for the fluorochrome. Approximately
100,000-200,000 GFP positive cells were collected per sample. Sorted cells were
collected in a 1.5ml eppendorf tube and Iml of RNAprotect Cell Reagent (Qiagen)
was added immediately. This stabilizes RNA in sorted or cultured cells for up to 1 day

at 30°C, 7 days at 15-25°C and 4 weeks at 2-8°C.

2.2.2.9 Flow cytometry

Following co-transfections, HEK293 cells were incubated for the required amount of
time (24 or 48 hours) and subsequently collected and pelleted as previously described.
Cells were resuspended in 400ul PBS/4% paraformaldehyde (3:1) and transferred to
5ml polystyrene round-bottom falcon tubes, placed on ice and transported to the Flow
Cytometry Core Facility of University College Dublin. Flow cytometry was carried
out using a CyAn ADP machine, which is designed with 3 lasers: 488nm (blue),
635nm (red) and 405nm (violet). The CyAn ADP measures forward light scatter and
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side light scatter and a FITC optical filter was used to detect fluorescence. A non-
fluorescent sample was used as a control, to enable the determination of the auto-
fluorescence threshold. For each sample, mean GFP fluorescence of 15,000 cells was

measured. Analysis of samples was carried out using Summit 4.3 software.

2.2.3 RNA analysis

2.2.3.1 RNA isolations

Mammalian cells suspended in RNAprotect cell reagent were centrifuged at 8,000rpm
(IEC Micromax, Thermo-Electron) for 5 minutes, supernatant was discarded and cells
were resuspended in Buffer RLT from the Qiagen RNeasy® Plus mini kit. The RNA
isolation was then performed according to the Qiagen RNeasy® Plus mini kit protocol.
In order to homogenise the lysate QIAshredder™ spin columns (Qiagen) were

utilised.

Alternatively, RNA from cells growing in a monolayer was isolated by adding Buffer
RLT directly to the cells. Cells were then scraped with a pipette tip in order to
dislodge them from the surface of the plate, and transferred to a 1.5ml eppendorf. The
RNA isolation protocol was then followed using the Qiagen RNeasy® Plus mini kit

according to the manufacturer’s instructions.

2.2.3.2 Real time rtPCR

Quantitative real time rtPCR was carried out on RNA isolated from mammalian cells
using the QuantiTect® SYBR® Green RT-PCR kit (Qiagen). This allows for
measurement of changes in expression of a target gene relative to an untreated
control. SYBR Green binds double-stranded DNA, and upon excitation emits light.
Thus as a PCR product accumulates, fluorescence increases, forming the basis of
quantification. The reaction was carried out using the Applied Biosystems 7300 Real
Time PCR System, in ABI PRISM™ 96-Well Optical Reaction Plates (Applied
Biosystems). Primers for the target gene of interest were resuspended to 100pmole/pl
in nuclease-free H,O. A range of internal control genes were included, against which
RNA levels of the transcript of interest could be standardised. Each well contained a
total volume of 20ul, including 4.5u1 RNA and 15.5p]1 Master Mix. The Master Mix

contained 10picomoles of forward and reverse primers, 10ul SYBR Green (Qiagen),
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0.147ul RT-enzyme (Qiagen), and 4.353ul nuclease-free H,O per reaction. The
master mix was added to each well first using reverse pipetting technique, followed
by addition of the RNA. The 96-well plate was covered with MicroAmp™ Optical
Adhesive Film (Applied Biosystems) and centrifuged (Centrifuge 5810; Eppendorf)
for a few seconds to ensure thorough mixing in each well. Analysis was performed
using the Applied Biosystems 7300 Real Time PCR System employing the following

reaction protocol:

Reverse transcription: 50°C for 20 minutes;
Activation of DNA polymerase: 95°C for 15 minutes;
c¢DNA amplification: 37 cycles of 95°C for 15 seconds and 60°C for 1 minute;

Dissociation: 95°C for 15 seconds and 60°C for 15 seconds.

The data collected during the real-time rtPCR was presented as a graph of
fluorescence versus cycle number, on the Applied Biosystems 7300 Sequence
Detection Software, Version 1.4. Melting curves were analysed, which represent the
rate of change of fluorescence with time versus temperature, peaking at the melting
temperature (T,,). Following a run, a melt curve is automatically calculated whereby
the temperature is raised by a fraction of a degree, causing the two strands of DNA to
separate resulting in a subsequent decrease in fluorescence which is measured. As all
PCR products for a particular primer pair should have the same melting temperature
and since SYBR green does not distinguish between different DNA samples, it is
important that all samples have a similar Ty,. If peaks are not similar, contamination
of samples, mispriming or presence of primer-dimer artifacts may have occurred. For
analysis of quantification data, only fluorescence values from the log-linear phase of
the PCR amplification were considered. The cycle number at which the increase in
fluorescence, and thus cDNA accumulation, is exponential is known as the threshold
and the point at which the fluorescence crosses this fixed threshold is known at the
Cr. The more abundant the target transcript is in a given sample, the lower the Cr

number.

2.2.3.3 Real time rtPCR data analysis
Real time rtPCR data was analysed using the comparative Ct method, also known as

the 2'AACT method, as described by Livak and Schmittgen (Livak and Schmittgen,
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2001). The relative quantification method of data analysis which was employed
relates the PCR signal of the target transcript in a treatment group to that of a control
sample. The threshold cycle (Cr) indicates the fractional cycle number at which the
amount of amplified target reaches a fixed threshold. Therefore, the Ct value of any
single well is a measure of the stage at which the number of amplicons in that well
has accumulated to be at a statistically significant point above the baseline. To obtain
a measure of the fold change, the data was transformed to a linear scale, as Cr data is
expressed on a log, scale. The amount of target, normalised to an endogenous
reference and relative to a calibrator, is given by 2'AACT. The AACrt value is obtained

from the following formula:

(Crgene of interest-Crinternal control gene)rreated sample - (Crgene of interest-

Crinternal control gene)untreated control sample

The comparative Cy method relies on the assumption that the amplification
efficiencies of the target and control transcripts are approximately equal, and that the

efficiency of the PCR is close to one.

2.2.3.4 Statistical analysis

Statistical analysis was performed using Minitab 15 Statistical Software. The mean,
standard deviation and standard error were calculated for each set of samples. A two-
sample t-test was used in order to determine significance. Values of p<0.05 were

taken as statistically significant.

2.2.4 Protein analysis

2.2.4.1 Isolation of protein from cell media

Cells at 80-100% confluency were incubated in serum-free DMEM for 24 hours.
Medium containing secreted collagen type VII protein was collected and a protease-
inhibitor-cocktail (Complete; Roche, UK), 2mM N-ethylmaleimide (Sigma Aldrich)
and 10mM EDTA (Sigma Aldrich) were added. Protein was concentrated using
Amicon® Ultra centrifugal filter devices (Millipore) with a molecular weight cut-off

of 100,000. Filtered protein was collected and stored at -80°C.
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2.2.4.2 Isolation of total cell protein

Medium was removed from cells in wells of a 6 well-plate and cells were washed
with ice-cold PBS twice. 300ul of Total Protein Lysis Buffer was added to each well
and pipetted up and down until detachment of the cells from the plate surface had
occurred. Cell lysates were transferred to eppendorf tubes and left on ice for 20
minutes. Samples were then centrifuged at 14,000rpm (IEC Micromax, Thermo-

Electron) for 20 minutes and the supernatant collected into a fresh eppendorf.

2.2.4.3 Isolation of cytoplasmic protein

Medium was removed from cells in wells of a 6-well plate and cells were washed
twice with ice-cold PBS. 300ul of Cytoplasmic Protein Lysis Buffer was added to
each well and pipetted up and down until detachment of the cells from the plate
surface had occurred. Cell lysates were then transferred to eppendorf tubes containing
small magnetic stirring bars (Smm x 2mm; Fisher Scientific). Samples were left
stirring on ice for 1 hour. Samples were then transferred to a fresh eppendorf and spun
at 12,000rpm at 4°C (Microfuge 22R Centrifuge, Beckman Coulter) for 30 minutes.

The supernatant was collected into a fresh eppendorf.

2.2.4.4 Protein concentration measurement

The concentration of protein isolated from cells was measured using a BCA Protein
Assay Kit (Pierce). Concentrations were determined with reference to a series of
dilutions of known concentration of bovine serum albumin (BSA) protein. The BSA
standard curve was set up on a 96-well plate with the following concentrations:
Omg/ml, 0.25mg/ml, 0.5mg/ml, 0.75mg/ml, Img/ml, 1.5mg/ml and 2mg/ml. Isolated
protein samples of unknown concentration were diluted one in five and 10ul of each
sample as well as each protein standard and a blank sample were loaded. 200ul of
BCA working reagent (50:1 dilution of reagent A: reagent B) was then added to each
well. All samples were loaded in triplicate. Plates were incubated at 37°C for 1 hour
and subsequently measured at 595nm on a Rosys 2010 Anthos Plate reader and data
was retrieved using Anthos 2010 platereader MS-DOS according to the
manufacturer’s instructions. A standard curve was prepared by plotting the average
blank-corrected measurement for each BSA standard versus its concentration in
mg/ml. This standard curve was used to establish the concentration of each unknown

protein sample using the equation y=mx+c, where y is the OD, x is the concentration
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of protein and m and c are the standard curve determined slope and axis intercept

respectively.

2.2.4.5 TCA precipitation

An equal volume of 20% Trichloroacetic acid (TCA) was added to collected, filtered
media protein. Samples were incubated on ice for 30 minutes, and subsequently
centrifuged at 13,000rpm for 15 minutes (IEC Micromax, Thermo-Electron). 200ul
ice-cold acetone was added and samples were then centrifuged at 13,000rpm for 5
minutes at 4°C (Microfuge 22R Centrifuge, Beckman Coulter). Supernatant was then
removed and the pellet was left to airdry, followed by freezing. For western blot

analysis, pellets were resuspended in one volume of Sample buffer.

2.2.4.6 Western blotting

Two glass plates and 1.5mm spacers were assembled in a dedicated gel
electrophoresis apparatus according to the manufacturer’s instructions (BioRad). A
6% separating polyacrylamide gel solution was prepared and carefully poured
between the glass plates to a point approximately 4cm from the top of the inner plate.
The gel was overlaid with ddH,O and left to polymerise at room temperature for
approximately 20 minutes. Upon polymerisation of the gel, the top layer of water was
removed and a 4.5% stacking gel was cast with loading combs inserted in the
resolving gel. The gel was left to polymerise at room temperature for approximately

20 minutes.

Prior to loading onto the polyacrylamide gel, protein samples were diluted in
2X Sample buffer and heated at 90°C for 5 minutes. Up to 25ul of protein samples
were loaded onto the gel per well, as well as 20ul of a molecular weight marker
(Novex® Sharp Pre-Stained Protein Standards; Invitrogen). The gel was run at 120V

in 1X Running buffer until the desired separation was obtained.

Protein samples were electrotransferred from the polyacrylamide gel onto a
nitrocellulose membrane (Whatman) in 1X transfer buffer in a dedicated apparatus.
Samples were transferred at 400mA for 2 hours at 4°C. Membranes were stained in

Ponceau S solution (Sigma) for approximately 30 seconds in order to assess the
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quality of transfer. Membranes were then washed 2x5 minutes followed by 2x10

minutes in 1X TBS and destained for 5 minutes in ddH,O.

Non-specific antibody binding to the membrane was prevented by incubation
in 5% dried milk powder (marvel) diluted in TBS-tween, at room temperature with
agitation for one hour. Blocked membranes were transferred to 5% marvel containing
the appropriate primary antibody at a 1 in 500 dilution, and incubated overnight at
4°C with gentle agitation. Membranes were washed 2x5 minutes followed by 2x10
minutes in TBS-tween, and incubated in a solution of 5% marvel containing the
appropriate peroxidase-conjugated anti-rabbit secondary antibody (Sigma) at a
dilution of 1 in 2,000 for 1 hour at room temperature with gentle agitation.
Membranes were subsequently washed again for 2x5 minutes in TBS-tween followed
by 2x10 minutes in TBS-tween. Membranes were then incubated in ECL Plus Mix
solution (Amersham Biosciences) for 5 minutes, sealed in a plastic sheet and exposed
to chemiluminescence sensitive film (Fuji Medical X-Ray Film, Fujifilm) in a

dedicated cassette from a few seconds to 30 minutes at room temperature.
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Figure 2.1: Vector map of pSuper.gfp/neo (OligoEngine). The key restriction sites

are illustrated.
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Chapter 3

Artificial microRNA-mediated COL7A1 suppression
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3.1 Introduction

Dystrophic Epidermolysis Bullosa (DEB) is caused by mutations of the COL7A1
gene which encodes type VII collagen protein (section 1.3). A number of these
COL7A1 mutations, which may be genetically inherited or arise de novo in any
affected individual, act in a dominant negative manner, giving rise to the blistering
phenotype which is typical of all forms of EB. More than 100 missense mutations that
result in a glycine substitution have been described in the collagenous domain of the
collagen type VII protein, approximately half of which have a dominant-negative
effect causing DDEB (Christiano et al., 1995b; Varki et al., 2007). Collagen type VII
protein is a homotrimer of three al(VII) chains, which assemble as dimers into
anchoring fibrils at the basement membrane zone. These anchoring fibrils provide
structural integrity to the epithelial tissue of the human body (Chung and Uitto, 2010;
section 1.4). In the case of COL7A1-linked DDEB, in cells which are expressing both
a wild-type and mutant allele and thus are producing equal amounts of both wild-type
and mutant collagen VII protein, seven out of every eight collagen VII trimeric
molecule produced will include at least one mutant pro-al chain, while just one-
eighth will consist solely of normal polypeptides. This leads to disruption of type VII
collagen anchoring fibril organisation, impairing the structural integrity of the skin
and thus causing the disease phenotype (Dang and Murrell, 2008). Due to the
difficulties associated with treating DEB, one of the most effective approaches to
relieving the pathology associated with the disorder may be to prevent incorporation

of the mutant a1(VII) chains into the triple helix.

In the past number of decades, a variety of molecular tools have become
applicable in the sequence-specific targeting of mRNA for degradation. These include
antisense oligonucleotides (Hnik er al, 2009; Visser et al., 2010), ribozymes
(Mastroyiannopoulos et al., 2010; Mulhbacher et al., 2010) and RNAi technology
(section 1.6). Whilst some success has been found with antisense oligonucleotides
(ASOs) they are limited by their short half-life and toxicity associated with chemical
modifications which have been employed to extend the ASO half life. Similarly,
advances in the use of ribozymes as therapeutics have been limited by the fact that in
vitro suppression efficiencies have failed to be replicated in vivo (Millington-Ward et

al., 2005). Advances in the field of RNAIi in recent years have proved extremely
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promising and so in this study, it was decided to explore the use of RNAi technology
for down-regulation of COL7A1 expression: no such therapeutic approach directed
towards the treatment of DDEB has yet been reported. RNAi is an endogenous
sequence-specific mRNA silencing pathway, induced by the presence of double-
stranded RNA (dsRNA). Whilst long dsRNA was found to induce an RNAI response
in a range of non-mammalian cell types including plants, nematodes, protozoan and
invertebrate species, it was originally thought that this pathway could not be induced
in mammalian cell lines (Caplen ez al., 2000). This was owing to the triggering of an
interferon response and ultimate death of the cells following introduction of long
dsRNA (Stark et al., 1998). However it was subsequently discovered that synthesised
small interfering RNAs (siRNAs) of approximately 21 nucleotides in length could
induce RNAi-mediated gene silencing in mammalian cells without an immunological
response (Elbashir er al., 2001b). Thus this observation led to the possibility of the

application of RNAIi technology to many areas of the field of human genetics.

Apart from the need for the identification of potent suppressors for the
therapeutic approach under evaluation in this study, DDEB presents additional
challenges when considering the design of effective therapeutics. DDEB is a
genetically heterogenous disease; of the approximate 300 DEB-causing mutations,
thus far more than 60 of these mutations of the COL7A1 gene have been implicated in
the DDEB disease phenotype (Varki et al., 2007; Van den Akker er al, 2011).
Therefore, the design of RNAi suppressor molecules to target each individual
dominant COL7A1 mutation may not be a viable option, due in particular to the
financial costs and technical difficulties involved. One method of overcoming this
which is addressed in the current chapter of this study, involves a mutation-
independent approach. As discussed in section 1.6, the suppression studies described
in the current chapter of this Ph.D. thesis are focused upon targeting the coding
sequence of the COL7A1 gene such that expression of both wild-type and mutant
alleles should be reduced. It is of note however, that the level of suppression required
of the dominant negative COL7A1 allele in order to reverse the DDEB phenotype is

currently not yet fully known.

At the outset of this study, an increasing amount of research in the RNAi field

was being published which focused on the use of artificial microRNAs (miRNAs) as
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suppressor agents (Zeng et al., 2005b; Du et al., 2006; Scherr and Eder, 2007). These
artificial miRNAs comprise miRNA-based expression cassettes expressing RNAs
which resemble the stem-loop structure of endogenous precursor miRNAs (pre-
miRNAs). This allows these artificial miRNAs to enter the miRNA pathway and be
processed into mature siRNAs. The use of artificial miRNAs in suppression studies is
thought to have a number of benefits over the use of previously widely used shRNA
molecules, as described in section 1.6.4, namely due to the ability to more tightly
regulate their expression as well as the fact that they are thought to represent a less
toxic RNAI delivery methodology (McBride et al., 2008; Boudreau et al., 2009). For
these reasons, it was decided to commence this COL7A1 RNAI suppression study
with the testing of COL7A1-targeting artificial miRNA constructs. Extensive studies
expressing endogenous microRNAs 30 and 155 from vectors had previously
demonstrated that artificial miRNAs could be expressed from synthetic stem-loop
precursors based on the miRNA-30 and miRNA-155 pre-miR sequences (Zeng et al.,
2002; Stegmeier et al., 2005; Chung et al., 2006). One commercially available vector
which has emerged from these studies is the pcDNA 6.2-GW/EmGFP-miR construct,
which has been utilised in this study for the expression of the designed COL7A1-
targeting artificial miRNA.

pcDNA 6.2-GW/ EmGFP-miR is a vector system based on the murine pri-
miR-155 sequence (Lagos-Quintana et al., 2002), that mediates the expression of
synthetic miRNAs. Previous characterisation of the miR-155 gene had identified the
promoter regions and the minimal sequence length of the pre-miR-155 sequence
required for efficient production of mature miR-155, including the stem-loop pre-miR
and adjacent flanking regions (Tam, 2001). The pcDNA 6.2-GW/ EmGFP-miR vector
system retains the sequence requirements of miR-155, whilst incorporating slight
modifications. Optimisation of the stem-loop structure from the 5 nucleotide/3
nucleotide internal loop found in the native miR-155 loop to a 2 nucleotide internal
loop was carried out in order to improve knockdown rates. Thus this vector allows for
insertion of engineered pre-miRNA duplexes within the pre-miR-155sequence,
replacing both miR-155 and its complementary strand, whilst maintaining the miR-
155 loop and its flanking regions (figure 3.1). The expression of the artificial miRNA
vector is under the control of the cytomegalovirus (CMV) Pol II promoter, which

allows for a high level of expression in various mammalian cells (Boshart et al.,
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1985). Additionally, the EmGFP (Emerald Green Fluorescent Protein) is incorporated
within the pre-miRNA expression cassette in order to allow efficient tracking of

miRNA expression.

The aim of the study described in the current chapter of this thesis is therefore
the generation and testing of artificial microRNA constructs designed to target the
human COL7A1 gene and analysis of their ability to achieve this objective.
Experiments were undertaken to analyse COL7Al gene expression in human
keratinocyte (HaCaT) cells, which endogenously express COL7A1, at both the RNA
and protein levels following treatment with artificial miRNA constructs. It was also of
interest to compare the potency of the COL7A]1-targeting artificial miRNAs which

were found to be the most effective, with their equivalent shRNA molecules.
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3.2 Materials and methods

3.2.1 Materials and methods for artificial microRNAs

3.2.1.1 Artificial microRNA DNA oligo design

Artificial microRNA sequences were designed using the Invitrogen online BLOCK-
iT™ Pol I miR RNAi Designer program, which identifies optimal target sites within
a gene for an artificial microRNA to induce gene knockdown. Following input of the
RefSeq ID of the gene of interest (COL7A1 in this case; accession number
NM_000094), the Designer automatically generated high probability 60bp DNA
duplexes based on the endogenous mouse miRNA-155 sequence, that once processed,
would have 100% homology to the human COL7A1 gene. These double-stranded
oligos encoding the engineered pre-miRNA and based on miRNA-155 comprise a 4
nucleotide 5’ overhang (TGCT) complementary to the vector; a 5’G + 21 nucleotide
antisense sequence (mature miRNA) derived from the target gene; a short spacer of
19 nucleotides to form the terminal loop; a sense target sequence with 2 nucleotides
removed to create an internal loop and a 4 nucleotide 5° overhang (CAGG)
complementary to the vector (figure 3.2). In total, 13 COL7A1l-targeting artificial

microRNA sequences were chosen (see figure 3.3 for sequences).

3.2.1.2 Artificial miRNA vector construction

The pcDNA 6.2-GW/EmGFP-miR vector (Invitrogen) mediates the expression of
shRNAs which have characteristics of miRNAs and thus are processed by the miRNA
processing pathway. The vector allows for the insertion of an engineered pre-miRNA
ds-oligonucleotide (section 3.2.1.1) between the 5’ and 3’ flanking regions of the
miRNA-155 sequence (figure 3.4). The incorporation of the miR-155 flanking
sequences facilitates the processing of the inserted pre-miRNA sequence by the
Drosha enzyme (see section 1.6.2). Circularised pcDNA 6.2-GW/EmGFP-miR was
linearised using the Bsal restriction enzyme and 1X NEB Buffer 3. Digestion was
carried out at 50°C for 2 hours followed by 65°C for 20 minutes in order to heat
inactivate the restriction enzyme. Bsal cleaved the vector at two sites
(5°..GGTCTC(N),’..3’), resulting in removal of a 26bp stuffer fragment (Appendix I)
and linearisation of the vector. This creates an insertion site for the pre-miRNA

cassette which has a 5’TGCTG and 3’GTCC overhang. The digested vector was
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separated from the 26bp stuffer insert by gel electrophoresis (1%), the linearised
vector was excised from the gel and the DNA extracted using a QIAquick column

(see section 2.2.1.5).

The top and bottom oligo DNA sequences for each artificial miRNA
expression construct were resuspended in nuclease-free H>O to a concentration of
100uM and annealed according to section 2.2.1.6, resulting in a S0pM stock solution.
This stock solution was then further diluted to 10nM for ligation into the linearised
pcDNA 6.2-GW/EmGFP-miR vector. Ligations were carried out in a final volume of
20ul, containing 2ul linearised vector, 4ul ds oligo (10nM), 2ul 10X ligation buffer,
1ul T4 DNA ligase and 11ul ddH2O; and incubated overnight at 18°C.

Competent XL1-blue E.coli bacteria were prepared (see section 2.2.1.8) and
transformed using Spl of ligated insert and vector (see section 2.2.1.9). 200l of each
transformation was plated onto LB agar plates containing spectinomycin (50pg/ml)
and incubated at 37°C overnight. Transformants were examined and a number of
colonies were chosen for mini plasmid DNA preparation (see section 2.2.1.11). The
sequence of each plasmid was verified using the recommended forward and reverse
primers (see figure 3.5 for primer sequences) to determine the sequence and

orientation of the engineered pre-miRNA cassette, as per section 2.2.1.13.

Validated positive clones were identified and transformations were again
carried out using Spl of a 1 in 50 dilution of the appropriate mini preparation (section
2.2.1.9). The Qiagen High Speed Plasmid Maxi Kit was used for large-scale plasmid
purification, as outlined in section 2.2.1.12. The concentration and purity of the DNA
samples was determined using the NanoDrop™™ 1000 Spectrophotometer (section
2.2.1.15) and the constructs were again sequenced as outlined above, to guarantee that
the expected DNA construct was isolated. In total, 13 of these COL7Al-targeting
artificial microRNA constructs were generated (mil-mil3), as well as a non-targeting
negative control vector which contains a pre-miRNA structure which is predicted to

not target any known vertebrate gene (figure 3.3).
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3.2.1.3 Nucleofection of HaCaT cells with artificial miRNA vectors

Frozen stocks of HaCaT cells were thawed and grown in supplemented DMEM (see
section 2.2.2.1). Cells were transfected with artificial miRNA constructs by the
process of nucleofection, as described in section 2.2.2.4. The pcDNA 6.2-
GW/EmGFP-miR vector containing a pre-miRNA sequence which is predicted not to
target any known vertebrate gene was employed as a negative control and transfected
in parallel with the COL7A 1-targeting constructs. The required number of cells was
collected and the pellet was resuspended in Nucleofector™ Solution to a
concentration of 1x10° cells/100ul. For each sample, 100ul cell suspension was
mixed with 5ug of the DNA of interest and transferred to an Amaxa certified cuvette
whereby the process of nucleofection was subsequently carried out (section 2.2.2.4).
After transfer of each nucleofected cell sample to a well of a 6-well plate, cells were

incubated under normal growth conditions for the appropriate amount of time.

Cells were then collected and FAC sorting was carried out, whereby only
fluorescent cells and thus cells expressing the RNAi constructs were isolated (section
2.2.2.8). Originally, four of these artificial micro-RNA vectors (mil-mi4) were tested
along with the negative control and the transfection of each construct was undertaken
in duplicate in 6-well plates. FAC sorting was carried out 24 hours post-nucleofection,
with the experiment being undertaken three times. Additionally, a time-point assay
was carried out, in which what was found to be the optimal suppressor and the non-
targeting construct were transfected in sextuplicate and RNA was directly isolated
from duplicate transfected sample wells after 24, 48 and 72 hours. The optimal
suppressor was also transfected in duplicate along with the negative control construct
and FAC sorting was carried out following incubation of cells for 72 hours. Following
this set of experiments, another nine COL7A1-targeting constructs were cloned and
transfected, along with the negative control. Transfection of each construct was
undertaken in duplicate in 6-well plates and this was carried out either two or three

times for each construct. FAC sorting was carried out 24 hours post transfection.

3.2.1.4 Analysis of RNA from transfected cells

RNA from transfected cells was extracted either by direct treatment of cells in 6-well
plates with Buffer RLT using the Qiagen RNeasy® Plus mini kit (see section 2.2.3.1)
or in the case of FAC sorted cells, by pelleting of cells suspended in RNAprotect Cell
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Reagent and resuspension in Buffer RLT using the Qiagen RNeasy® Plus mini kit (see
section 2.2.3.1). The concentration and purity of the RNA samples was determined
using the NanoDrop™™ 1000 Spectrophotometer (section 2.2.1.15). Real-time rtPCR
was used to analyse expression levels of COL7A1 mRNA according to section 2.2.3.2
using COL7A1 primers previously available in the laboratory (section 2.1.3).
Expression was normalised using 4 endogenous internal control genes (section 2.1.3):
Ubiquitin C (UBC), TATA box binding protein (TBP), Beta-2-microglobulin (B2M)
and tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta
polypeptide (YWHAZ). The real-time rtPCR steps which were carried out are
outlined in section 2.2.3.2 and the Cycle Threshold (CT) values were used for RNA

quantification as outlined in section 2.2.3.3.

3.2.1.5 Statistical Analysis
Analysis of statistical significance was performed using a two-sample t-test and the
Statistical Software Minipad 15. Values of p<0.05 were considered statistically

significant.

3.2.1.6 Generation of stable cell lines

Blasticidin-resistant HaCaT stable cell lines expressing the most potent artificial
miRNA plasmid and the negative control miRNA plasmid were generated as
described in section 2.2.2.5, made possible by the presence of a blasticidin-resistance
gene on the pcDNA 6.2-GW/EmGFP-miR construct. A kill-curve, in which a range of
antibiotic concentrations (from 1pg/ml to 10pg/ml) were tested, demonstrated that the
minimum concentration of blasticidin antibiotic required to kill untreated HaCaT cells
within 1-3 weeks was Spug/ml. Following nucleofection of cells with the two separate
constructs, the selection process was carried out as detailed in section 2.2.2.5, until all

cells conferred blasticidin resistance.

Cells were treated for media protein isolation as described in section 2.2.4.1
and following removal and collection of media, cells were pelleted and counted as
previously described (section 2.2.2.2) and resuspended in RNAprotect Cell Reagent
(2x10° cells/ml) for RNA extraction and quantification by real-time rtPCR (sections
2.2.3.1 and 2.2.3.2). Expression was normalised using the endogenous internal control

genes (section 2.1.3) Ubiquitin C (UBC), TATA box binding protein (TBP) and
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tyrosine 3-monooxygenase/tryptophan S5-monooxygenase activation protein, zeta

polypeptide (YWHAZ).

3.2.1.7 Protein analysis

Protein analysis of artificial microRNA-treated cells was carried out by western
blotting; two experimentation models were employed. Firstly, as described above,
stable cell lines were established and media was isolated from these cells expressing
the most potent artificial COL7A1-targeting microRNA and cells expressing the
negative control artificial microRNA, for western blot analysis. Additionally, a large-
scale transfection experiment was undertaken, in which 25 nucleofections of the most
potent artificial microRNA and 25 nucleofections of the non-targeting control were
carried out (see section 2.2.2.4 and section 3.2.1.3). Instead of transferral of
nucleofected samples to 6-well plates, each set of 25 nucleofections were transferred

to two T175 tissue culture plates and incubated under normal growth conditions.

Following collection of media from both sets of cells, measurement of protein
concentration using a BCA Protein Assay Kit (section 2.2.4.4) was carried out.
Western blotting was then undertaken in order to measure any differences in collagen
type VII protein levels between cells treated with COL7A 1-targeting and those treated
with non-targeting artificial microRNA expression constructs as described in section
2.24.6. A 1 in 500 dilution of anti-collagen type VII rabbit polyclonal antibody
(Calbiochem) was used to detect collagen type VII protein. An exposure time of
approximately 5 seconds at room temperature was generally adequate for collagen

type VII protein to be detected on chemiluminescence sensitive film.

3.2.2 Materials and methods for shRNAs

3.2.2.1 shRNA design

shRNAs were designed using the pSuper RNAi System"" (OligoEngine) based on the
shRNA design algorithms as described by Brummelkamp et al., 2002a. These double-
stranded oligos comprise a 15 nucleotide 5’ sequence including a BamHI restriction
site, such that upon BamHI digestion of the annealed oligo, a 5° BgllI end will result;
the 21 nucleotide target sequence (sense); a 9 nucleotide (TTCAAGAGA) hairpin

sequence, the 21 nucleotide target sequence (antisense) and an 18 nucleotide 3’
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sequence including a HindllI restriction site such that upon HindlIl digestion of the

annealed oligo, a 3’ HindlIIl end will result (see figure 3.14 for sequences).

3.2.2.2 shRNA vector construction

Circular pSuper.gfp/neo vector (OligoEngine) was linearised by sequential digests
with Hindlll and BglII restriction enzymes. Following digestion with HindIIl using
NEB Buffer 2 (section 2.2.1.1), the vector was then purified (section 2.2.1.2) and
subsequently digested with the Bglll enzyme, using 1X NEB Buffer 3 as per section
2.2.1.1. The digested vector was excised from an agarose gel (1%) and the DNA
extracted using a QIAquick column (section 2.2.1.5). In order to remove the
phosphate groups from the ends of the linearised vector, DNA was then treated with
Shrimp Alkaline Phosphatase (SAP). The 30ul of linearised vector, along with 5ul
SAP enzyme (Affymetrix, Inc.), Sul 10X SAP buffer (Affymetrix, Inc.) and 10ul
ddH»O, were incubated at 37°C for 2 hours, followed by heating to 65°C for 20
minutes in order to inactivate the enzyme. The linearised and SAP-treated vector was

then purifed (section 2.2.1.2).

The top and bottom oligo DNA sequences for each shRNA were resuspended
in nuclease-free H,O to a concentration of 100uM and annealed according to section
2.2.1.6. Annealed oligos were then digested with HindIll and NEB Buffer 2, as per
section 2.2.1.1 and subsequently concentrated by carrying out an ethanol precipitation
and resuspending in 42.5p]1 ddH,O (section 2.2.1.3). BamHI digestion of the oligos
was then carried out using NEB Buffer 3 (section 2.2.1.1). 1X Bovine Serum
Albumin (BSA; NEB) was also included in the reaction, which prevents adhesion of
the restriction enzyme to reaction tubes and pipette surfaces. Following digestion,
DNA was concentrated by ethanol precipitation (section 2.2.1.3) and resuspended in

50ul ddH,O.

Ligations were carried out in a final volume of 10ul containing either 1 or 3ul
digested ds oligo, 1pl linearised pSuper vector, 1pl 10X ligation buffer, 1pl T4 DNA
ligase and either 6 or 4ul ddH,O; and incubated overnight at 18°C. Competent XL1-
blue E.coli bacteria were prepared (see section 2.2.1.8) and transformed using 5ul of

ligated insert and vector (see section 2.2.1.9). 200l of each transformation was plated
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onto LB agar plates containing ampicillin (100pg/ml) and incubated at 37°C
overnight. Transformants were examined and a number of colonies were chosen for
mini plasmid DNA preparation (see section 2.2.1.11). The sequence of each plasmid
was verified using the recommended forward and reverse primers (see figure 3.5) to

determine the sequence and orientation of the shRNA inserts, as per section 2.2.1.14.

Validated positive clones were identified and transformations were again
carried out using Sul of a 1 in 50 dilution of the appropriate mini preparation (section
2.2.1.9). The Qiagen High Speed Plasmid Maxi Kit was used for large-scale plasmid
purification, as outlined in section 2.2.1.12. The concentration and purity of the DNA
samples was determined using the NanoDrop™ 1000 Spectrophotometer (section
2.2.1.15) and the constructs were again sequenced as outlined above, to guarantee that
the expected DNA construct was isolated. Two of these shRNA constructs were
generated, based on the same COL7A1 target sequences as the two optimal artificial
microRNA vectors, as well as a non-targeting negative control shRNA vector which

contains a sequence which is predicted to not target any known vertebrate gene.

3.2.2.3 Nucleofection of HaCaT cells with shRNA vectors

Nucleofection of HaCaT cells with shRNAs was carried out as for artificial
microRNA constructs (section 3.2.1.3). The pSuper.gfp/neo vector containing an
shRNA sequence which is predicted not to target any known vertebrate gene was
employed as a negative control and transfected in parallel with the COL7A1-targeting
constructs. Transfection of each construct was carried out in duplicate. RNA was
extracted directly from 6-well plates 24 hours after transfection and RNA was
analysed as per section 3.2.1.4. Expression was normalised using 2 endogenous

internal control genes: Ubiquitin C (UBC) and TATA box binding protein (TBP).

3.2.2.4 Statistical Analysis
Analysis of statistical significance was performed using a two-sample t-test and the
Statistical Software Minipad 15. Values of p<0.05 were considered statistically

significant.
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3.3 Results

3.3.1 Artificial microRNA vector construction

The pcDNA 6.2-GW/EmGFP-miR vector was used to generate the artificial
microRNA constructs. The terminal regions of the arms of endogenous miRNA-155
are contained in the linearised vector, which provide overhangs for insertion of
artificial miRNA sequences. Web designed insert structures designed to target the
COL7A1 gene are outlined in figure 3.2 and their sequences are displayed in figure
3.3. The Invitrogen online BLOCK-iT™ Pol II miR RNAi Designer which was used
incorporates their own design rules into a proprietary algorithm which claims to
design pre-microRNA sequences which have optimal silencing potential for the target
gene of interest and which are compatible for use upon cloning into the pcDNA 6.2-
GW/EmGFP-miR vector. The programme claims that more than 70% of designed
miRNAs reduce target gene expression by at least 70%. Originally, 4 sequences
predicted by the Invitrogen RNAi Designer programme to suppress expression of the
COL7AI1 transcript were ordered and cloned into the miRNA expression vector
(miRNA1-4) as well as a negative control insert in which the pre-miRNA sequence is
not predicted to target any known mammalian gene (NT miRNA). Constructs were
designed and cloned as outlined in figure 3.4. Double-stranded oligos were annealed
and inserted into the linearised vector using T4 DNA ligase. Positive clones were
sequenced (see figure 3.5 for primer sequences) in order to ensure the correct
sequence and orientation and DNA preparations of each construct were made and
used in further analysis. Following testing of these 4 constructs, another 9 COL7A1-
targeting sequences were chosen and constructs were generated and tested (miRNAS-
13). These 13 constructs are designed to target a broad range of areas across the open

reading frame (ORF) of the COL7A1 transcript.

3.3.2 Analysis of COL7A1 mRNA suppression by miRNAs 1-13

Originally, miRNAs 1-4 were cloned and tested in vitro in human keratinocyte
(HaCaT) cells along with the negative control plasmid NT miRNA. Cells were
transfected with S5ug DNA by the process of nucleofection and the transfection of
each construct was undertaken in duplicate in 6-well plates. HaCaTs were collected
24 hours post-nucleofection and FAC sorting for emGFP expression was carried out,

with the experiment being repeated three times. FAC sorting of treated cells showed
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that the process of nucleofection of HaCaT cells with artificial miRNA constructs
results in a relatively high transfection efficiency, with approximately 70-80% of cells
from each well emitting fluorescence (see figure 3.6). Total RNA was extracted from
cells which were found to express GFP during the cell sorting process using the
RNeasy® Plus mini kit and real-time rtPCR was used to analyse expression levels of
COL7A1 mRNA. Expression was normalised using expression levels of 4
endogenous control genes: UBC, TBP, B2ZM and YWHAZ. Data was analysed by the
2'AACT method, in order to compare differences in levels of COL7A1 mRNA
expression between the non-targeting negative control-treated cells and the COL7A1-
targeting artificial microRNA-treated cells. Of the 4 original constructs tested, the
most potent suppressor of COL7A1 mRNA was miRNA 4, treated cells with which
were found to result in an approximate mean 47% decrease of COL7A1 transcript
levels compared to cells which were treated with NT miRNA (figure 3.7). A two-
sample t-test, with which p values of less that 0.05 were taken to be statistically
significant, found this COL7A1 mRNA suppression to be statistically significant
(p<0.0005). Statistically significant COL7A1 suppression was also achieved with
miRNAs 2 and 3 (p=0.039 and p=0.034 respectively), although the levels of COL7A1
mRNA suppression were much lower than those found with miRNA 4, with mean
COL7A1 suppression of approximately 16% and 25% respectively. miRNA 1 on the
other hand, failed to significantly down regulate the COL7A1 transcript (p=0.140)
(figure 3.7).

In order to examine whether or not extended periods of cell incubation
following nucleofection and before isolation of RNA results in a higher knockdown
rate of COL7A1 mRNA, a time-point assay was carried out. Six wells in total of the
most potent suppressor miRNA 4, along with NT miRNA, were nucleofected into
HaCaT cells. RNA from duplicate samples of each construct was collected directly
from 6-well plates without FAC sorting, at 24, 48 and 72 hours and analysed by real-
time rtPCR. While mean suppression of COL7A1 mRNA was found to increase
slightly over time (approximate mean suppression of 34%, 42% and 44% at 24, 48
and 72 hours respectively), the suppression seen at 72 hours was not significantly
different from that seen at 24 hours (p=0.401) (figure 3.8). As these samples
represented a mixed cell population of both cells expressing and those not expressing

the artificial microRNA constructs due to the fact that FAC sorting was not carried
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out, it was of interest to further investigate the effects of the 72 hour incubation
timepoint on COL7A1 expression. Both miRNA 4 and NT miRNA were transfected
by nucleofection in duplicate as previously described and incubated for 72 hours.
FAC sorting was then carried out and RNA from cells expressing the miRNA
constructs was isolated and analysed by real time rtPCR. Statistically significant
(p<0.0005) mean suppression values of approximately 42% were seen in cells treated
with miRNA 4 after 72 hours, compared to those treated with miRNA NT (figure
3.9). Thus overall, incubation of cells treated with the COL7A1-targeting miRNA for
increased time periods did not seem to have a significant impact on the expression

levels of the cell’s COL7A1 mRNA.

Following analysis of the effects of four artificial miRNA vectors which were
designed to target and downregulate COL7A1 gene expression, it was notable that
levels of COL7A1 suppression of greater than 50% failed to be achieved. This was
despite Invitrogen’s claims that more than 70% of their web-designed artificial
miRNAs reduce target gene expression by at least 70%. For this reason, it was
subsequently decided to clone and test nine more of these vectors, in an attempt to
identify a vector with increased potency compared to those 4 already tested, and
which would match the suppression levels claimed to be achievable by Invitrogen.
Following generation of these 9 constructs (mi5-13), their effects on COL7AIl
expression were analysed in the same manner as for the previous 4 vectors.
Transfection of each construct was undertaken in duplicate in 6-well plates and this
was repeated either two or three times for each construct. FAC sorting was carried out
24 hours post transfection and following RNA isolation, COL7A1 mRNA levels of
treated cells were evaluated by real-time rtPCR compared to those of NT miRNA-
treated cells. Significant COL7A1 mRNA suppression was achieved by all but one of
these constructs (miRNA 13; p=0.702). However, of the 8 remaining constructs, the
highest suppression achieved was with miRNA 6, which reduced COL7A1 mRNA by
approximately 37% (p<0.0005) (Figure 3.10). Thus overall, the greatest mean
COL7A1 suppression yielded by any of the artificial miRNA constructs was in the
order of 50% with miRNA 4.
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3.3.3 Analysis of collagen type VII protein suppression by miRNA 4

In order to measure the effects of the most potent tested suppressor, miRNA 4, on
collagen type VII protein levels in treated HaCaT cells, it was firstly of interest to
generate a reliable and effective method of measurement of collagen type VII protein.
Following generation of a western blot protocol, a range of various parameters were
altered and optimised in an effort to maximise its efficiency. This included testing and
comparing total protein from HaCaT cells (see section 2.2.4.2), cytoplasmic protein
(see section 2.2.4.3) and media secreted protein (see section 2.2.4.1), the testing of
multiple anti-collagen VII-specific antibodies, and investigations into the amount of
HaCaT cells required for the ability to adequately detect collagen VII protein.
Following optimisation of the protocol, as well as personal communication with
Professor Edel O’Toole (Professor of Molecular Dermatology at Barts and The
London School of Medicine and Dentistry, London), such an assay was successfully
established from media-secreted protein using an anti-collagen type VII rabbit
polyclonal antibody (Calbiochem). An adequate signal was only detected when a
large number of cells were utilized (approximately 1x10 cells). Detection of collagen
VII from this cell line was not possible from a smaller quantity of cells, even with
precipitation and thus concentration of the media protein using Trichloroacetic acid
(see section 2.2.4.5). Hence a method of measurement of collagen type VII protein
was ascertained, allowing for quantification of data for all future studies, a valuable

capability for the validation of any suppression study (see section 2.2.4.6).

In an attempt to further characterise the levels of suppression achieved with
the miRNA 4 construct, two methods of analysis of the effects of the suppressor on
protein levels were carried out. Firstly, stable cell lines of HaCaT cells expressing the
miRNA 4 construct and the non-targeting control were established, made possible by
the presence of a Blasticidin-resistance gene on the miRNA expression plasmid (see
section 3.2.1.6). Selection was complete after approximately 3 weeks of treatment of
nucleofected cells with Spug/ml or 7.5pg/ml Blasticidin. As the protein is expressed
from this cell line at quite low levels, a large number of HaCaT cells (approximately
1x10") are required for adequate analysis of protein levels. This is unlike the
previously discussed RNA studies, of which analysis of COL7A1 mRNA levels is
possible from just a small number of cells (a sufficient amount of RNA was isolated

from samples comprising approximately 1x10° cells after FAC sorting). Additionally,
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similar to RNA analysis from FAC-sorted cells, in principle this stable cell line model
would allow for testing of a population consisting exclusively of cells expressing the
transfected construct. Collagen type VII protein is a large protein of 290kDa, which is
secreted from HaCaT cells after its synthesis. For this reason, media from cells of the
stable cell line populations was collected and treated as described in section 2.2.4.1, in
order to perform western blot analysis of collagen VII protein levels. After collection
of the protein-containing media, cells were lysed and RNA was isolated using the
Qiagen RNeasy® Plus mini kit as per section 3.2.1.6. However, upon analysis of RNA
from the stable cell line populations, the expected approximate 50% deduction of
COL7A1 mRNA, as previously observed in transfected and FAC-sorted samples, was
not replicated. No significant difference in COL7A1 mRNA levels between miRNA
4-treated and NT miRNA-treated cell populations was observed despite the fact that
these cell populations conferred blasticidin resistance (p=0.0667) (figure 3.11). Thus
as expected, following probing for collagen type VII protein by western blotting using
secreted media protein from stable cell line populations, there appeared to be no
visible difference in collagen VII protein levels between samples (figure 3.12). Thus
these stable cell lines were found not to be a suitable model for analysis of

suppression of collagen type VII protein.

Further to this preliminary work with stable cell lines, another method of
testing for suppression of collagen type VII protein was undertaken. A large scale
transfection of the miRNA 4 and non-targeting constructs was carried out, with 25
nucleofection samples of each construct added to single T175 tissue culture plates, in
principle sufficient for adequate detection of the COL7A1 protein product (see section
3.2.1.7). Western blot analysis was then carried out on media protein secreted from
these transfected cells as described in section 3.2.1.7. However again no significant
suppression of collagen type VII protein was seen in miRNA 4-treated cells compared
to the NT miRNA-treated control cells (figure 3.13). It is of note that due to the nature
of the collagen type VII protein no sufficient control protein had been identified at
this point which would ensure proof of equal loading of samples in all wells. As
mentioned, collagen type VII is a large protein and is secreted from the cells into the
media and so a protein with these mutual properties would be required. Thus control

proteins such as B-actin which are routinely used to control for loading during western
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blot analyses for many other proteins would not be relevant in this case (see section
3.4).

3.3.4 shRNA vector construction

It is of note that levels of suppression of COL7A1 mRNA of greater than 50% were
not achieved despite the testing of 13 different artificial microRNA constructs and
despite Invitrogens claims that more than 70% of designed miRNAs reduce target
gene expression by at least 70% (Invitrogen BLOCK-iT™ Pol II miR RNAi
Expression Vector Kits user manual, Version E, June 2007). An increase in RNAi-
mediated suppression of COL7A1 would be ideal and so two COL7Al-targeting
shRNA molecules were then designed (mi-sh4 and mi-sh6) using the OligoEngine
pSuper RNAi system which is based on the optimal shRNA-design algorithms as
described by Brummelkamp er al., 2002a. These constructs were designed to target
the same regions of the COL7Al transcript as two of the most potent artificial
miRNAs, miRNA 4 and 6. Thus, once cloned and tested in vitro, it would be possible
to directly compare the efficiencies of both shRNA constructs with those of their
equivalent artificial miRNA-based vectors in an effort to identify any suppression-
limiting effects elicited by the microRNA characteristics of the artificial miRNA
vector. A non-targeting control vector was also designed, which similar to mi-sh4 and
6, would be processed to the same siRNA transcript as its equivalent non-targeting

artificial miRNA.

shRNAs were designed according to the OligoEngine pSuper RNAIi system,
which provides a mammalian expression vector that directs intracellular synthesis of
siRNA-like transcripts (pSuper manual: A Vector System for Expression of Short
Interfering RNA, OligoEngine). The pSuper.gfp/neo vector was utilised, which uses
the polymerase-III H1 gene promoter. It produces a small RNA transcript lacking a
polyadenosine tail and has a well-defined start of transcription and a termination
signal consisting of five thymidines. Cleavage of the transcript occurs after the second
uridine of the termination site, resulting in a sequence resembling the ends of
synthetic siRNAs. The top oligos of the two shRNA molecules were designed with
their 21 nucleotide COL7A1 target sequences in both sense and antisense orientation,
separated by a 9 nucleotide spacer sequence and Bglll and HindIll 5° and 3’ ends
respectively (figure 3.14). The resulting transcript is predicted to fold back on itself to
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form a stem-loop structure which is cleaved in the cell to produce a functional siRNA
which is stably expressed (figure 3.15). For the construction of the sShRNA vectors,
double-stranded oligos were annealed, digested and inserted into the SAP-treated
linearised pSuper.gfp/neo vector using T4 DNA ligase. Positive clones were
sequenced (see figure 3.5 for primer sequences) in order to ensure the correct
sequence and orientation and DNA preparations of each construct were made and

used in further analysis.

3.3.5 Analysis of COL7A1 mRNA suppression by shRNAs 4 and 6

Upon cloning of the two COL7A1-targeting and one non-targeting shRNA molecules
into the pSuper.gfp/neo vector, HaCaT cells were transfected by the method of
nucleofection in the same manner as the testing of artificial microRNAs (see section
3.2.2.3). Transfection of each construct was carried out in duplicate and RNA was
extracted directly from 6-well plates 24 hours after transfection. COL7A1 mRNA
levels were analysed as per section 3.2.1.4. Interestingly, no significant difference in
COL7A1 expression between mi-shRNA 4 and NT mi-shRNA was observed
(p=0.675), despite the equivalent artificial miRNA 4 having yielded approximately
50% suppression (section 3.3.2). In contrast, mi-shRNA 6 significantly suppressed
COL7A1 transcript levels, with a mean suppression of approximately 37%
(p<0.0005) (figure 3.16). This level of COL7A1 suppression is comparable to that
obtained with the equivalent artificial miRNA 6 which similarly reduced COL7A1
mRNA expression by approximately 37% compared to the non-targeting control

vector.
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3.4 Discussion

The mechanism of RNA interference represents a powerful tool with which to prevent
the natural cellular process of translation and thus achieve suppression of production
of a particular protein, as ably demonstrated by the myriad of publications using this
suppression technology over the past decade (Angaji et al., 2010; Stieger and Lorenz,
2010; Lochmatter and Mullis, 2011). Dominantly inherited dystrophic EB, caused by
mutations of the COL7A1 gene, is characterised by the production of a mutant type
VII collagen protein. This leads to a weakening of the Basement Membrane Zone,
causing a phenotype of blistering and erosions of the skin and mucous membranes.
Thus far, no significant advances have been made in the suppression of COL7A1 in
any gene therapy directed approach for DDEB. The mechanism of RNAi holds great
potential for the provision of a possible means of treatment of this form of EB, by
acting to suppress the mutant type VII collagen protein. It is such a strategy that has
been employed in this study and the focus of this particular chapter of this Ph.D.
thesis has centred on the use of artificial microRNAs as suppressor agents. The
artificial microRNAs in question while based on the murine pri-miR-155 sequence,
were designed such that upon their processing by the cells endogenous RNAi
machinery, the resulting double-stranded siRNA molecules are complementary to
regions of the COL7A1 transcript and thus in principle, should target COL7Al
mRNA for degradation.

Initially, it was decided to test the efficiency of artificial microRNA molecules
for their ability to suppress expression of the collagen VII gene. The effectiveness of
13 such constructs was assessed in human epidermal keratinocyte cells (HaCaTs), a
spontaneously immortalised human epithelial cell line from adult skin, which exhibits
full epidermal differentiation capacity (Boukamp et al., 1988). HaCaTs represent an
ideal cell line for use in these studies due to the fact that they endogenously produce
collagen type VII protein as well as their ease of availability, genetic homogeneity
and comparable behaviour to primary keratinocytes (Jacobsen et al., 2006). The
artificial miRNA constructs were delivered to cells by the method of nucleofection, a
non-viral electroporation-based gene transfer method which delivers directly to the
cell’s nucleus (Trompeter et al., 2003; Martinet et al., 2003). As keratinocyte cells are
notoriously difficult to transfect (Nead and McCance, 1995; Compton et al., 2000) the
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highly efficient method of transfection by nucleofection was chosen for delivery of
the RNAi molecules in this study. Such a delivery method is also useful for the
constructs in question in this study, as in principle direct delivery of miRNA plasmids
to the nucleus should allow for the rapid initiation of their processing from pri-
miRNAs to pre-miRNAs by the nuclear enzyme Drosha (Lee et al., 2003). The
presence of an emGFP marker gene on the artificial miRNA plasmid allowed for
segregation of positive cells which were expressing the constructs, following
employment of the method of fluorescent activated cell sorting (FACS). After
isolation of RNA, COL7A1 mRNA levels were analysed by real-time rtPCR in
targeting and non-targeting-treated cells. Expression was normalised using expression
levels of a range of endogenous control genes which had previously been found in the
Trinity College laboratory to be stably expressed in HaCaT cells and thus appropriate
for normalisation of expression data (Allen er al., 2008). Of the thirteen artificial
miRNA constructs generated and tested, the most potent suppressor reduced mean

COL7A1 mRNA expression levels by approximately 50% (p<0.0005; figure 3.7).

As decreased levels of COL7A1 mRNA should coincide with decreased levels
of collagen type VII, the transcript’s protein product, validation of the achieved RNA
findings with protein data was attempted. In this case however, neither a blasticidin-
resistant stable cell line model nor a large scale transfection resulted in such a
validation at the protein level. With regard to the stable cell line, the previously seen
significant suppression of approximately 50% in transient transfections by miRNA 4
at the RNA level following FAC sorting, failed to be replicated in this stable cell line
(figure 3.11). In this case it is possible that the artificial miRNA vector may have
integrated into an area of the genome from which only low levels of expression were
achievable, thus preventing adequate levels of expression of the targeting sequence to
allow COL7A1 suppression. While it would have been possible to attempt to explain
if this may be the case using, for example, RNase protection assays, or by measuring
whether or not the cells were expressing the emGFP reporter gene contained in the
artificial microRNA vector by fluorescence microscopy, it was deemed that the focus
of the work should be the characterisation of one or more potent suppressor of the
COL7A1 gene rather than exploring reasons for absence of potency with some
suppressors. Large scale transfection of cells with miRNA 4 also failed to adequately

detect the construct’s suppression abilities at the protein level. However, due to the

84



nature of this experimental model using transient transfections, it is likely that any
suppression which is occurring at the protein level may be somewhat difficult to
validate. As the transfection efficiency of the artificial microRNA plasmid is not at
100% efficiency (it is in the order of approximately 70%, as found during the original
undertaking of FAC sorting of nucleofected cells) and thus not all cells are expressing
the miRNA 4 construct, combined with the fact that maximum suppression levels of
just approximately 50% were obtained at the RNA level from FACs purified cells,
any reduction in collagen type VII protein may possibly be somewhat masked. It is of
note that at this point, no control protein was probed for, in order to ensure proof of
equal loading of samples in all wells. Collagen type VII is a large 290kDa protein and
is secreted from HaCaT cells into the media in which the cells are incubated.
Following collection of this media, the protein is concentrated by filtering, and any
protein below 100kDa is excluded. Thus during these preliminary suppression studies,
a large protein which is secreted from HaCaT cells and is detectable by western
blotting was not identified and so evidence of equal loading of all wells was difficult
to attest. However, following these studies the Laminin 332 protein was later
identified as a possible control protein (see chapter 4). Its large 165kDa a3 chain and
145kDa B3 chain as well as the fact that it is secreted from HaCaT cells make it an
ideal choice. Thus all future studies involving measurement of collagen VII protein
levels from HaCaT cells by western blotting have included the additional step of

probing for Laminin 332 protein.

It was primarily decided to initiate this study with the testing of artificial
microRNA vectors due to their increasing recognition in recent times as having a
number of advantages over previously widely used polymerase IIlI-based shRNA
suppressor molecules. As well as in principle allowing for a greater level of control of
the therapeutic due to the tissue-specific or inducible expression that polymerase II
promoters permit, these miRNA expression cassettes are also thought to represent an
RNAi methodology with reduced toxicity in comparison with previously widely used
shRNA vectors, due to the fact that the artificial microRNA vectors are modelled on
the cells own endogenous miRNA machinery (McBride et al., 2008). However
despite the testing of thirteen such molecules, suppression levels of the COL7A1
transcript of greater than 50% failed to be realised with any of the constructs. This

was despite the claims by Invitrogen that at least 70% suppression with more than
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70% of their designed artificial miRNAs may be achieved using their online BLOCK-
iT™ Pol II miR RNAi Designer program. Subsequent to these findings, target
sequences of the two most potent artificial microRNAs were used in the conversion of
miRNA 4 and 6 to equivalent polymerase III-based shRNA molecules, cloned into the
pSuper.gfp/neo vector and driven by the H1 promoter. No significant improvement in
suppression ability was seen with the shRNAs when compared to their equivalent
artificial microRNAs (figure 3.16). In fact, while equivalent suppression levels were
obtained with both mi-shRNA 6 and miRNA 6 (approximately 37% COL7A1 mRNA
suppression in both cases), no significant suppression was obtained with mi-shRNA 4
compared to the non-targeting control shRNA. It is notable that analysis of the
efficiency of suppression of shRNAs was undertaken using RNA samples isolated
directly from cells in 6-well plates, rather than RNA from those which had been FAC
sorted. It is possible that an improvement in COL7A1 suppression levels would be
detected in RNA isolated from FACs-purified cells which had been treated with the
shRNA constructs. A substantial increase in measured suppression levels in such
samples would be unlikely however, considering the high transfection efficiency in
the order of 70% (see figure 3.6) which was generally found to arise using this
experimental model (and considering no notable differences in size exist between the
pcDNA 6.2-GW/EmGFP-miR and pSuper.gfp/neo vectors which are approximately
5.7kb and 5.4Kkb in size respectively).

The combined artificial microRNA and shRNA COL7A1 suppression data
obtained during these studies suggests that the levels of suppression achieved thus far
may not be due to limitations associated with the microRNA vector specifically. It is
possible that the particular 21bp regions of the COL7A1 gene being targeted may not
have been particularly amenable to RNAi-mediated suppression, possibly due to the
mRNA secondary structure. The endogenous RNAi machinery of HaCaT cells may
also be a limiting factor whereby processing of both the artificial miRNA and shRNA
vectors to siRNAs in the nucleus and in the cytoplasm may be restricted. The affects
of these constructs have only been tested in the HaCaT cell line, and due to
differences in expression patterns between cell types, there is the possibility that
analysis of their affect in other cell lines may result in an improvement in COL7A1
suppression levels. Moreover, the affects of these constructs in an in vivo model have

yet to be examined, and other published findings have found significantly greater
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efficiencies associated with artificial microRNA-based shRNA constructs in vivo, in a
mouse model, in comparison with in vitro data (McBride et al., 2008). Thus these
artificial microRNA molecules still hold some potential for use in further studies,
despite their current seeming suppression limitations, particularly due to the

previously mentioned benefits of their use over other potential suppressor molecules.

It is also of note that due to the nature of the disease pathology, there is a
possibility that controlled shifting of wild type to mutant collagen VII ratios, rather
than complete obliteration of the mutant protein, may have therapeutic potential for
DDEB. In the case of DDEB, the mutant protein has a dominant negative affect as it
accounts for 50% of collagen VII polypeptides and incorporates into the triple-helical
homotrimers, affecting folding of normal polypeptides. Thus if more wild-type than
mutant protein is expressed, it is predicted that more wild-type collagen VII
polypeptides would be incorporated into collagen VII homotrimers, and so there
would be an increase in the number of fully functional and stable anchoring fibril
structures. As mentioned in chapter 1, the level of collagen type VII expression
required for a wild-type phenotype is not yet fully known. However, the fact that
individuals who are heterozygous carriers of a nonsense COL7A1 mutation do not
display symptoms of DEB despite only producing 50% of normal levels of the protein
(Tidman and Eady, 1985), suggests that levels of collagen type VII of between 0 and
50% of normal levels should in principle be sufficient to prevent the dystrophic EB
phenotype. Initial published data from recent studies have shown that counteracting
the dominant negative interference of dominant COL7A1 mutations may be possible
by shifting the balance between wild-type and mutant chains forming the collagen
triple helix (Fritsch et al., 2009). One such way of shifting the wild-type to mutant
ratio would be to suppress the collagen VII gene. In such as case, the 50%
suppression capability of the most potent tested artificial microRNA construct may

represent an ideal tool for creating such a shift in the balance.

3.5 Conclusion

Artificial microRNA expression constructs were generated, designed to reduce
COL7A1 mRNA expression levels, through the application of the pcDNAG6.2 vector

system. The results presented in the current chapter of this Ph.D. thesis represent a
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preliminary work-up of potential RNAi-based suppressors for COL7A1 and
demonstrate that suppression of COL7A1 mRNA of approximately 50% was achieved
with the optimal artificial microRNA suppressor. These constructs may potentially be
suitable for use in a future gene therapy-based therapeutic for the dominant form of
Dystrophic EB. Given the levels of COL7A1 suppression achieved with the artificial
miRNA construct however, it was of interest to ascertain whether or not a greater
reduction of COL7A1 mRNA expression could be attained. The work associated with
addressing this question forms the basis of the studies described in Chapter 4 of this

Ph.D. thesis.
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Figure 3.1 Map of pcDNA™6.2-GW/EmGFP-miR vector: a) 60bp web-designed
inserts are inserted into the pcDNA6.2 vector between mir-155 flanking regions.
EmGFP is located upstream of the insert. b) The linearised 5.7kp vector has ACGA
and CAGG overhangs, allowing for insertion of inserts with complementary
overhangs. Inserts are under the control of a CMV promoter. The plasmid contains
gene sequences conferring spectinomycin resistance for selection in E. coli and
blasticidin resistance for selection in E. coli and mammalian cells (Figure from
BLOCK-iT™ Pol II miR RNAi Expression Vector Kits user manual, Invitrogen,
Version E, June 2007).
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Figure 3.2 Engineered pre-miRNA structure: Structural features of the ds
oligonucleotide encoding the engineered pre-miRNA. The 5’ and 3’ overhangs are
complementary to the vector and required for directional cloning. The 21 nucleotide
antisense sequence (mature miRNA) is derived from the target gene, and a short
spacer of 19 nucleotides forms the terminal loop. Finally, the short sense sequence has
2 nucleotides removed to create an internal loop. (Figure and Legend modified from
Invitrogen BLOCK-iT™ Pol II miR RNAi Expression Vector Kits user manual,
Version E, June 2007).
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StrandName Sequence 5'- 3'

mi1 Top TGCTGTCCAGGTGATAGCTGCTGAGCGTTTTGGCCACTGACTGACGCTCAGCATATCACCTGGA
mi1 Bottom CCTGTCCAGGTGATATGCTGAGCGT( ARAACGCTCAGCAGCTATCACCTGGAC
mi2 Top TGCTGTAAGACAGCAGGCCAACCTGAGTTTITG ACTCAGGTTGCTGCTGTCTTA
mi2 Bottom CCTGTAAGACAGCAGCAACCTGAGTCAGTCAG CTCAGGTTGGCCTGCTGTCTTAC
mi3 Top TGCTGAATACTCGGAGTATTCAGAGTGTTTTGGCCACTGACTGACACTCTGAACTCCGAGTATT
mi3 Bottom CCTGAATACTCGGAGTTCAGAGTGTCAGTCAGTGGCCAAAACACTCTGAATACTCCGAGTATTC
mi4 Top TGCTGATCCCAAGGAGCTTCAGGGTCGTTTTGGCCACTGACTGACGACCCTGACTCCTTGGGAT
mi4 Bottom CCTGATCCCAAGGAGTCAGGGTCGTCAGTCAGTGGCCARAACGACCCTGAAGCTCCTTGGGATC
mi5 Top TGCTGTCCAGTAAGAACACAATGTCAGTTTTGGCCACTGACTGACTGACATTIGTTCTTACTGGA
mi5 Bottom CCTGTCCAGTAAGAACAATGTCAGTCAGTCAGTGGCCAAAACTGACATTGTGTTCTTACTGGAC
mi6 Top TGCTGAGAAGAAGAAGTCACTGGTGGGTTTTGGCCACTGACTGACCCACCAGTCTTCTTCTTICT
mi6 Bottom AAACCCACCAGTGACTTCTTCTTCTC
mi7 Top TGCTGTATTCTGGATGGTCAGTTCCGGTTTTGGCCACTGACTGACCGGAACTGCATCCAGAATA
mi7 Bottom CCTGTATTCTGGATGCAGTTCCGGTCAGTCAGTGGCCAAAACCGGAACTGACCATCCAGAATAC
mi8 Top TGCTGTAATGGTGACAGATGAGCTGCGTTTTGGCCACTGACTGACGCAGCTCATGTCACCATTA
mi8 Bottom CCTGTAATGGTGACATGAGCTGCGTCAGTCAGTGGCCAAAACGCAGCTCATCTGTCACCATTAC
mi9 Top TGCTGTGTAAGAGACGCCAGGCTCTAGTTTTGGCCACTGACTGACTAGAGCCTCGTCTCTTACA
mi9 Bottom CCTGTGTAAGAGACGAGGCTCTAGTCAGTCAGTGGCCAAAACTAGAGCCTGGCGTCTCTTACAC
mi10 Top TGCTGATGACTGTAAGACAGCAGGCCGTTTTGGCCACTGACTGACGGCCTGCTCTTACAGTCAT
mi10 Bottom CCTGATGACTGTAAGAGCAGGCCGTCAGTCAGTGGCCAAAACGGCCTGCTGTCTTACAGTCATC
mi11 Top TGCTGAGCATCTGGTGCCAACATGTAGTTTTGGCCACTGACTGACTACATGTTCACCAGATGCT
mi11 Bottom CCTGAGCATCTGGTGAACATGTAGTCAGTCAGTGGCCAAAACTACATGTTGGCACCAGATGCTC
mi12 Top TGCTGTGAATATGTCACCTCTCAAGGGTTTTGGCCACTGACTGACCCTTGAGATGACATATTCA
mi12 Bottom CCTGTGAATATGTCATCTCAAGGGTCAGTCAGTGGCCAAAACCCTTGAGAGGTGACATATTCAC
mi13 top TGCTGACCACATTAAGCCCAGAAGCCGTTTTGGCCACTGACTGACGGCTTCTGCTTAATGTGGT
mi13 Bottom CCTGACCACATTAAGCAGAAGCCGTCAGTCAGTGGCCARAACGGCTTCTGGGCTTAATGTGGTC
NT top TGCTGAAATGTACTGCGCGTGGAGACGTTTTGGCCACTGACTGACGTCTCCACGCAGTACATTT
NT bottom CCTGAAATGTACTGCGTGGAGACGTCAGTCAGTGGCCARAACGTCTCCACGCGCAGTACATTTC

Figure 3.3 Artificial microRNA sequences: DNA sequences of top and bottom

strands of artificial microRNA oligonucleotides. Red nucleotides indicate overhangs

following annealing of top and bottom strands. Green nucleotides indicate the

terminal loop region based on the endogenous murine miRNA miR-155.
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Figure 3.4 Overview of Artificial miRNA vector construction
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Sequence 5'-3'

EmGFP forward sequencing primer GGCATGGACGAGCTGTACAA
miRNA reverse sequencing primer CTCTAGATCAACCACTTTGT
pSuper forward sequencing primer CTTGCGACTGCAGTAGTTGG
pSuper reverse sequencing primer AACAGCTATGACCATG

Figure 3.5 Primer Sequences: DNA sequences of primers used in Chapter 3. For

primers used for real-time rtPCR, see section 2.1.3.
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Specimen 001-41 5

Q
o4

Count

FITC-A
Population ZEvents % Parent Mean
B P 29,146 97.2 67,300
< P2 23,619 81.0 83,008
CdP3 20,007 68.6 97.625
<] Pa 20,267 69.5 96,406
< Ps 22,711 77.9 86,298
<] PB 3,082 10.6 101
E r7 2,707 9.3 73

Figure 3.6 Distribution of HaCaT cells during FACS analysis: HaCaT cells were
transfected with an artificial microRNA construct expressing emGFP. The P35
population of cells indicates those cells expressing emGFP and thus the artificial
microRNA construct (77.9% of cells in this case). The P7 population of cells indicates
the cells which do not express emGFP and thus are not fluorescent, representing those
cells which did not receive the artificial microRNA construct during the nucleofection
process. Cells from the P5 population were collected and analysed for RNAi-mediated

COL7A1 suppression.
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Figure 3.7 Mean changes in COL7A1 expression: effect of artificial microRNAs
1-4 on COL7A1 expression. Error bars represent standard deviation and stars
represent statistical significance. HaCaT cells were transfected with S5pg DNA
(artificial miRNA 1, 2, 3, 4 or NT). 24 hours later, cells expressing the artificial
miRNA constructs were isolated by FAC sorting and their COL7A1 mRNA levels
were measured by real-time rtPCR. Transfection of each construct was undertaken in
duplicate and the experiment was repeated three times. Analysis of statistical
significance was performed using a two-sample t-test and values of p<0.05 were
considered statistically significant. While miRNA 1 failed to significantly suppress
COL7A1 mRNA when compared to a non-targeting negative control artificial miRNA
(p=0.140), significant COL7A1 suppression was achieved with miRNA 2 (p=0.039),
miRNA 3 (p=0.034) and miRNA 4 (p<0.0005). These constructs reduced COL7A1
suppression by approximately 16%, 25% and 47% respectively.
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Figure 3.8 Mean changes in COL7A1 expression: effect of artificial microRNA 4
on COL7A1 expression following incubation for a range of time periods. Error
bars represent standard deviation and stars represent statistical significance. HaCaT
cells were transfected with 5ug DNA (artificial miRNA 4 or NT). RNA was directly
isolated from duplicate transfected sample wells after 24, 48 and 72 hours and their
COL7A1 mRNA levels were measured by real-time rtPCR. Analysis of statistical
significance was performed using a two-sample t-test and values of p<0.05 were
considered statistically significant. Mean suppression of COL7A1 mRNA was found
to increase slightly over time (approximate mean suppression of 34%, 42% and 44%
respectively; p=0.065, 0.049 and 0.005 respectively). However, COL7A1 mRNA
suppression visible at 72 hours was not significantly different from that seen at 24

hours (p=0.401).
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Figure 3.9 Mean changes in COL7A1 expression: effect of artificial microRNA 4
on COL7A1 expression after 72 hours. Error bars represent standard deviation and
stars represent statistical significance. HaCaT cells were transfected with 5ug DNA
(artificial miRNA 4 or NT). 72 hours later, cells expressing the artificial miRNA
constructs were isolated by FAC sorting and their COL7A1 mRNA levels were
measured by real-time rtPCR. Transfection of each construct was undertaken in
duplicate. Analysis of statistical significance was performed using a two-sample t-test
and values of p<0.05 were considered statistically significant. Statistically significant
mean suppression values of approximately 42% were seen in cells treated with

miRNA 4 after 72 hours compared to those treated with miRNA NT (p<0.0005).
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Figure 3.10 Mean changes in COL7A1 expression: effect of artificial microRNAs
5-13 on COL7A1 expression. Error bars represent standard deviation and stars
represent statistical significance. HaCaT cells were transfected with Sug DNA
(artificial miRNA 5-13 or NT). 24 hours later, cells expressing the artificial miRNA
constructs were isolated by FAC sorting and their COL7A1 mRNA levels were
measured by real-time rtPCR. Transfection of each construct was undertaken in
duplicate and this was repeated either 2 or 3 times for each construct. Analysis of
statistical significance was performed using a two-sample t-test and values of p<0.05
were considered statistically significant. Significant COL7A1 mRNA suppression was
achieved with all but one of these constructs (miRNA 13; p=0.702). Of the 8
remaining constructs, miRNA 6 was the optimal suppressor. It reduced COL7A1

mRNA expression by approximately 37% (p<0.0005).
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Figure 3.11 Mean changes in COL7A1 expression: analysis of RNA from stable
cell lines. Stable cell lines were established expressing NT miRNA and miRNA 4.
Establishment of such cell lines was possible due to the presence of a blasticidin-
resistance gene on the pcDNA 6.2 vector. RNA was isolated from stable cell line cells
and COL7A1 mRNA levels measured by real-time rtPCR. Error bars represent
standard deviation. Analysis of statistical significance was performed using a two-
sample t-test and values of p<0.05 were considered statistically significant. No
significant difference in COL7A1 mRNA levels between miRNA 4-treated and NT
miRNA-treated cells was observed despite the fact that these cell populations were

blasticidin-resistant (p=0.0667).
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Collagen VII (290kDa)

Figure 3.12 Mean changes in collagen type VII protein levels: western blot
analysis of collagen type VII protein from conditioned media of stable HaCaT
cell lines. Cells were transfected by nucleofection with NT miRNA (Lane 1) and
miRNA 4 (Lane 2) and cells expressing the constructs were stably selected for, made
possible by the presence of the blasticidin-resistance gene on the plasmids in question.
Following establishment of stable cell lines, cells in tissue culture plates of 175cm?
were incubated in 13ml serum-free media and 24 hours later, media was collected,
conditioned and filtered. Media protein samples were subjected to 6% SDS-PAGE.
The positions of the bands corresponding to full-length 290kDa collagen type VII are

indicated. Western blot analysis was carried out on three separate occasions.
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Collagen VII (290kDa)

Figure 3.13 Mean changes in collagen type VII protein levels: western blot
analysis of collagen type VII protein from conditioned media of mass-transfected
HaCaT cells. A large scale nucleofection experiment was undertaken, whereby 25
transfections with NT miRNA (Lane 1) and 25 transfections with miRNA 4 (Lane 2)
were carried out and both sets of transfections were transferred to tissue culture plates
of 175cm’. 24 hours post transfection, cells were incubated in 13ml serum-free media
and a further 24 hours later, media was collected, conditioned and filtered. Media
protein samples were subjected to 6% SDS-PAGE. The positions of the bands
corresponding to full-length 290kDa collagen type VII are indicated. Western blot

analysis was carried out on three separate occasions.
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RN

U
B GACUCCAGUGGUAAUCUACY A
' UUCUGAGGUCACCAUUAGAUGAGAG

4

. (Bglll) Target Sequence: sense (Hairpin) Target Sequence: antisense
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2 -GGGCTGAGGTCACCATTAGATGAAGTT CTCTCATCTAATGGTGACCTCAGAAREATTCGA —57
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Figure 3.15 Processing of shRNAs: Diagram shows the design structural features of
shRNA sequences. shRNAs are transcribed and fold back on themselves to form
hairpin structures. Processing of shRNAs leads to formation of functional siRNAs.
The 19nt target sequence in this diagram is derived from the pSuper RNAi System™
manual. In the case of mi-shRNA 4 and 6, the target sequences based on the target
sequences of miRNA 4 and 6, were 21 nucleotides in length (figure derived from

pSuper RNAi System™ manual).
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Figure 3.16 Mean changes in COL7A1 expression: effect of mi-shRNA molecules
on COL7A1 expression. Error bars represent standard deviation and stars represent
statistical significance. HaCaT cells were transfected with Spg DNA (mi-shRNA 4, 6
and NT). RNA was directly isolated from duplicate transfected sample wells after 24
hours and their COL7A1 mRNA levels were measured by real-time rtPCR. Analysis
of statistical significance was performed using a two-sample t-test and values of
p<0.05 were considered statistically significant. No significant difference in COL7A1
mRNA levels was observed between mi-shRNA 4 and NT mi-shRNA (p=0.675). mi-
shRNA 6 significantly suppressed COL7A1 mRNA by approximately 37%
(p<0.0005). In comparison, the equivalent artificial microRNAs (miRNA 4 and 6)
suppressed COL7A1 mRNA by approximately 47% (p<0.0005) and 37% (p<0.0005)
respectively (see figures 3.7 and 3.10).
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Chapter 4

siRNA-mediated COL7A1 suppression
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4.1 Introduction

Since the 1990s, insights into the pathway involved in the process of RNAi and
efforts to exploit this natural cellular process have become major areas of interest in
the field of biology and genetics (section 1.6). RNAi not only offers itself as a
valuable biological research tool for deciphering gene function or uncovering genes
implicated in disease, it also has potential for use as a therapeutic for gene-related
diseases. A number of both preclinical and clinical studies have arisen in recent years,
which take advantage of the sequence-specific suppression of mutant genes afforded
by RNAI technology (Davis, 2009; Kaiser et al., 2010; Millington-Ward et al., 2011).
As outlined in chapter one of this thesis, patients suffering with the dominant form of
the genetic disease dystrophic EB may be one such set of people who may potentially
benefit from advances in the field of RNAI. It is dominant negative mutations of the
COL7A1 gene which are implicated in this disease, the wild-type function of which is
the production of anchoring fibrils composed of collagen type VII protein (Hovnanian
et al., 1992). DDEB-causing mutations lead to a phenotype of fragility of the skin and
mucous membranes, the severity of which ranges between individuals and is
dependent on the COL7A1 mutation in question, of which approximately 60 have so

far been identified (Nakamura et al., 2004).

RNAI is a natural regulatory mechanism which occurs within eukaryotic cells,
mediated by RNAi molecules known as microRNAs (section 1.6.2). The process
involves suppression of mRNA translation and this homology-dependent control of
gene expression is carried out by small double-stranded RNA molecules. The RNAi
pathway has been found to be artificially triggered in two different manners; the first
by introduction into a cell of synthetic 21-23 basepair duplexes (siRNAs) and the
second by introduction of DNA expression vectors which transcribe short hairpin
RNAs (shRNAs). shRNA expression systems are typically driven by Polymerase III
promoters, usually U6 or Hl. The sense and antisense sequences of the single
transcript self-anneal to form a hairpin structure (Brummelkamp et al., 2002a;
Paddison et al., 2002). These hairpin molecules are then exported from the cell’s
nucleus by means of the cell’s endogenous miRNA machinery, and upon entry to the
cytoplasm they are processed into siRNAs. It is the siRNA antisense strand which is

then incorporated into the RISC for RNAi-mediated suppression of its target mRNA,
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whilst the siRNA sense strand is degraded (Geusens et al, 2009). The focus of chapter
3 of this thesis involved an investigation into suppression of the COL7A1 gene
utilising artificial microRNA vectors. These artificial microRNAs which were
described and tested in chapter 3 are based on the same design as shRNAs, although
they differ slightly in structure such that they should have characteristics of the cell’s
own endogenous miRNAs as well as being driven by polymerase II promoters. The
potential benefits of using such constructs over regular sShRNA molecules are outlined

in sections 1.6.4 and chapter 3.

Artificial miRNA and shRNA systems offer an advantage over the direct
introduction of siRNAs into a cell, due to the fact that their continuous expression
from their delivery DNA plasmids will increase the longevity of their effects. RNAi-
mediated suppression using synthesised siRNAs has been found to be transient, with
suppression only lasting approximately 3-5 days (Holen et al., 2002; Amarzguioui et
al., 2005). While chemical modifications can be used to significantly augment
longevity (Chernolovskaya and Zenkova, 2010; Bramsen and Kjems, 2011), a
continuous cell-produced supply of RNAi molecules may be preferable for many
applications of RNAi. Plasmid delivered RNAi molecules have an inherent higher
stability and large amounts of shRNAs may be transcribed from each individual
template plasmid. Furthermore, it is possible to achieve stable expression of shRNA-
expressing vectors by either their integration into the genome or in episomal form. In
principle, this should allow for constitutive expression of the RNAi suppressor
molecules (Uprichard, 2005). The ability to include selectable markers or reporter
genes within shRNA expression plasmids may also assist in the identification of

plasmid-expressing cells and thus generation of cell lines stably expressing shRNAs.

However, an advantage of directly using chemically synthesised siRNAs for
suppression studies is the fact that they may be chemically modified in order to
improve their effectiveness. Such modifications may increase the RNAi molecule’s
stability, prevent specific off-target effects by blocking binding to unintended target
transcripts, and reduce general off-target effects by preventing potential immune
stimulatory effects (Castanotto and Rossi, 2009). Increased in vivo resistance of
siRNAs to ribonucleases has been achieved by replacement of all 2°-OH residues on

the RNA with 2’-fluoro, 2’-O-Methyl or 2’-deoxy residues (Morrissey et al., 2005a;
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Morrissey et al., 2005b). Incorporation of 2-O-Methyl residues into siRNAs has been
found to inhibit Toll-like receptor (TLR)-mediated immune stimulation which is often
seen following delivery of unmodified siRNAs, without a reduction in gene silencing
efficacy (Robbins et al., 2007). Specific off-target effects mediated by siRNAs have
also been reduced by chemical modifications which have been found to decrease or
block the activity of the siRNAs sense strand. RISC-loading of the sense strand may
be reduced by blocking 5°-phosphorylation by methylation (Chen et al., 2008), while
incorporation of DNA nucleotides at the 3’ end of the sense strand had been found to
significantly reduce sense strand-mediated off-target effects (Ui-Tei et al., 2008).
Other siRNA modifications have included addition of lauric acid, lithocholic acid and
cholesterol derivatives, which has resulted in increased cellular uptake of siRNAs
(Lorenz et al., 2004). Other chemical modifications of siRNAs which have resulted in
increased silencing efficiency of the target mRNA compared to unmodified
equivalents without increasing toxicity have included incorporation of two 4’-C-
hydroxymethyl-DNA (HM) residues at the 3’ end of the sense strand together with
two locked nucleic acid (LNA) residues (nucleosides in which the ribose ring is
“locked” by a methylene bridge connecting the 2°-O atom and the 4’-C atom) at the 3’
end and one HM residue towards the 5’ end of the antisense strand, all of which are
thought to result in favoured antisense incorporation into the RISC (Bramsen et al.,
2009). Increased gene silencing activity relative to unmodified siRNAs has also been
seen upon the introduction of boron atoms in place of one of the non-bridging oxegen

atoms of the siRNA residues (Hall et al., 2004; Corey, 2007).

The aim of the study described in this chapter is the testing of chemically
synthesised siRNA molecules designed to target the COL7A1 gene and analysis of
their effects in vitro. Whilst approximately 50% suppression of COL7A1 mRNA
expression was achieved using artificial microRNAs as outlined in chapter 3, it was of
interest to examine whether or not higher suppression of the COL7A1 transcript could
be achievable using COL7A]-targeting siRNAs. Both COL7Al-expressing human
keratinocyte (HaCaT) and primary fibroblast (Normal Human Dermal Fibroblasts)
cell lines were utilised in this investigation. An analysis of potential off-target effects
elicited by COL7A1-targeting siRNA was also carried out, in which the effects of the
most potent siRNA on the expression of a range of extracellular matrix and adhesion

molecules were measured. In addition, it was of interest to generate and analyse the
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effects of shRNA and artificial microRNA expression vectors which were designed
based on the target sequences of those siRNAs which were found from this study to
be the most potent suppressors of the human COL7A1 gene and to ascertain their
relative potencies of suppression in comparison to the siRNAs and to the constructs

tested in chapter 3.
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4.2 Materials and Methods

4.2.1 siRNA design

4 siRNA molecules (Qiagen) designed to target the human COL7A1 gene were tested.
Following input of the COL7A1 RefSeq ID (NM_000094) to the online program
GeneGlobe Web portal (Qiagen), 4 FlexiTube GeneSolution siRNAs were
recommended. All 4 COL7A1-targeting siRNAs (siRNAs 1-4), as well as a tested and
validated AllStars negative control siRNA (NT siRNA; Qiagen) with no homology to
any known mammalian gene, were provided annealed (see figure 4.1 for 21
nucleotide target sequences). siRNAs were resuspended in nuclease-free H,0 to a

concentration of 10uM.

4.2.2 HaCaT siRNA transfection

Human keratinocyte HaCaT cells were transfected with siRNAs using the HiPerFect
Transfection Reagent (Qiagen) as per section 2.2.2.6. HiPerFect is a blend of neutral
and cationic lipid molecules which allow for effective uptake of siRNAs and their
efficient release once inside cells (HiPerFect Transfection Reagent Handbook, 2008).
1x10° cells were seeded in each well of a 24-well plate and 5nM of siRNA (siRNA 1-
4 and NT siRNA) was added along with 3ul transfection reagent (section 2.2.2.6).
Each siRNA was transfected in duplicate, with the experiment being carried out four
times. Transfected cells were incubated under normal growth conditions for 24 hours
before isolation of RNA from cells. A pool of all four siRNAs was also tested
whereby 5nM of all 4 COL7Al-targeting siRNAs (1.25nM of each siRNA) were
transfected into a single well of a 24-well plate, in quadruplicate. RNA was isolated
from all 4 wells, as well as 4 wells of 5SnM NT siRNA after 24 hours. An experiment
was also undertaken in which a range of concentrations of siRNA were tested. siRNA
3 and NT siRNA were transfected in duplicate at concentrations of 1nM, 5nM, 10nM
and 20nM and RNA was isolated from cells 24 hours later. Additionally, a time-point
assay was carried out in which siRNA 3 and NT siRNA were transfected in
sextuplicate and RNA was isolated from duplicate sample wells after 24, 48 and 72

hours.
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4.2.3 Fibroblast siRNA transfection

Normal Human Dermal Fibroblast (NHDF) cells were transfected with siRNAs using
the HiPerFect Transfection Reagent (Qiagen) as per section 2.2.2.6. 6x10* cells were
seeded in each well of a 24-well plate and 5nM siRNA (siRNA 1-4 and NT siRNA)
was added along with 3ul transfection reagent (section 2.2.2.6). Each siRNA was
transfected in duplicate, with the experiment being carried out four times. Transfected
cells were incubated under normal growth conditions for 24 hours before isolation of
RNA from cells. A pool of all four siRNAs was also tested whereby 5nM of all 4
COL7A1-targeting siRNAs (1.25nM of each siRNA) were transfected into a single
well of a 24-well plate, in quadruplicate. RNA was isolated from all 4 wells, as well
as 4 wells of 5nM NT siRNA after 24 hours. An experiment was also undertaken in
which a range of concentrations of siRNA were tested. siRNA 3 and NT siRNA were
transfected in duplicate at concentrations of 1nM, 5nM, 10nM and 20nM and RNA
was isolated from cells 24 hours later. Additionally, a time-point assay was carried
out in which siRNA 3 and NT siRNA were transfected in sextuplicate and RNA was

isolated from duplicate sample wells after 24, 48 and 72 hours.

4.2.4 Analysis of RNA from siRNA-transfected cells

RNA from HaCaT and NHDF cells transfected with siRNAs using HiPerFect
Transfection Reagent was extracted using the Qiagen RNeasy® Plus mini kit. 350ul
Buffer RLT was added directly to each well of a 24-well plate and the RNeasy® Plus
mini kit protocol was followed (section 2.2.3.1). The concentration and purity of RNA
samples was determined using the NanoDrop'™ 1000 Spectrophotometer (section
2.2.1.15). Real-time rtPCR was used to analyse expression levels of COL7A1 mRNA
according to section 2.2.3.2 using COL7A1 primers previously available in the
laboratory (section 2.1.3). Expression was normalised using the endogenous internal
control gene Ubiquitin C (UBC) (section 2.1.3). The real-time rtPCR steps which
were carried out are outlined in section 2.2.3.2 and the Cycle Threshold (CT) values

were used for RNA quantification as outlined in section 2.2.3.3.

4.2.5 Statistical Analysis
Analysis of statistical significance was performed using a two-sample t-test and the
Statistical Software Minipad 15. Values of p<0.05 were considered statistically

significant.

111



4.2.6 Protein analysis

Protein analysis of siRNA-treated cells was carried out by western blotting. For
HaCaT cells, 1x107 cells were seeded in a T175 plate and cells were transfected with
siRNA 3 at a concentration of 5nM, along with 300ul HiPerFect Transfection
Reagent, according to section 2.2.2.6. A separate T175 plate was transfected with NT
siRNA at a concentration of 5nM. For NHDF cells, 12x10° cells were seeded in a
T175 plate and cells were transfected with siRNA 3 at a concentration of 5SnM. A
separate T175 plate was transfected with NT siRNA at a concentration of 5SnM. For
both cell lines, 24 hours later, cells at approximately 90% confluency were washed
with PBS and incubated in serum-free DMEM for a further 24 hours. Media protein
was then collected and treated, as described in section 2.2.4.1, and protein
concentration was measured using a BCA Protein Assay Kit (section 2.2.4.4).
Western blotting was then undertaken in order to measure any differences in collagen
type VII protein levels between cells treated with COL7A1-targeting siRNA and

those treated with non-targeting siRNA as described in section 2.2.4.6.

A 1 in 500 dilution of anti-collagen type VII rabbit polyclonal antibody
(Calbiochem) was used to detect collagen type VII protein. An exposure time of
approximately 5 seconds at room temperature was generally adequate for collagen
type VII protein to be detected on chemiluminescence sensitive film. Following
probing for collagen type VII protein, nitrocellulose membranes were incubated in
Restore Western Blot Stripping Buffer (Thermo Scientific) with gentle agitation for
20 minutes, in order to remove primary and secondary antibodies from the membrane.
Membranes were then washed 3x10 minutes in 1X TBS and incubated overnight in
5% marvel containing a 1 in 500 dilution of an anti-laminin 332 rabbit polyclonal
antibody (Abcam). Membranes were then processed according to section 2.2.4.6 and
exposure times of approximately 30 minutes were generally required for adequate
laminin 332 detection. Transfection and western blot analysis was repeated on three

separate occasions for each cell line.

4.2.7 Analysis of human extracellular matrix and adhesion molecule profiles in
siRNA-treated cells

HaCaT cells were transfected with S5SnM of either siRNA 3 or NT siRNA, as described
in section 4.2.2. NHDF were transfected in 6-well plates with 5nM siRNA3 or NT
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siRNA, at a density of 24x10° cells per well. Following extraction of RNA from cells
24 hours later using the Qiagen RNeasy® Plus mini kit as described in section 2.2.3.1,
RNA was converted to cDNA using the RT? First Strand Kit (SABiosciences). Firstly,
approximately 1ug RNA was treated with 5X gDNA Elimination Buffer in a total
volume of 10ul, in order to remove any possible genomic DNA contamination.
Samples were mixed gently by pipetting and incubated at 42°C for 5 minutes,
followed by chilling on ice for at least one minute. An RT Cocktail was prepared, in a
final volume of 10ul for each reaction, containing RT Buffer 3 (4ul), Primer &
External Control Mix (1ul), RT Enzyme Mix 3 (2ul) and H,O (3ul). The 10ul of RT
Cocktail was subsequently added to the 10ul of genomic DNA Elimination mixture
and mixed gently by pipetting. Samples were then incubated at 42°C for 15 minutes
and the reaction was immediately stopped by heating at 95°C for 5 minutes. 91ul H,O
was then added to each 20ul of cDNA synthesis reaction and mixed well by pipetting.

First Strand cDNA Synthesis reaction samples were stored at -20°C until use.

Real-time PCR was carried out on cDNA samples using the SABiosciences’s
RT’ gPCR Master Mix. 102ul of diluted First Strand cDNA Synthesis reaction
samples were mixed with 1350u] of 2X SABiosciences RT? gPCR Master Mix and
made to a final volume of 2.7ml with H,O. The master mix contains Sybr Green dye
which, as previously described (section 2.2.3.2), binds to double-stranded DNA and
fluoresces, allowing for a monitoring of the quantity of the gene of interest. The
Experimental cocktail was then dispensed to an RT* PCR Array Loading Reservoir
(SABiosciences) and 25ul of the cocktail was added to each well of the PCR Array
plate (SABiosciences) using an eight-channel pipettor. The PCR array in question is
the Human Extracellular Matrix & Adhesion Molecules RT? Profiler PCR Array,
which is a set of optimized real-time PCR primer assays on a 96-well. It profiles the
expression of 84 genes important for cell-cell and cell-matrix interactions, including
the COL7AI1 gene (see figure 4.2 and Appendix II). The remaining wells of the 96-
well plate include a profile of the expression of 5 control housekeeper genes, a
genomic DNA control, a reverse transcription control (in triplicate) and a positive
PCR control (in triplicate). Following loading of the plate, the PCR array was tightly
sealed with optical thin-wall 8-cap strips (SABiosciences) and centrifuged for 1

minute at room temperature at 1000rpm (Centrifuge 5810; Eppendorf). The plate was
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then loaded onto the machine (Applied Biosystems 7300 Real Time PCR System) and

the reaction steps were as follows:

Activation of DNA polymerase: 95°C for 10 minutes;
c¢DNA amplification: 37 cycles of 95°C for 15 seconds and 60°C for 1 minute;

Dissociation: 95°C for 15 seconds and 60°C for 15 seconds.

The data collected during the real-time PCR was presented as described in section
2.2.3.2. The SABiosciences’s PCR Array Data Analysis Web Portal, which
automatically performs calculations and provides an interpretation of the data upon
inclusion of threshold cycle data from the real-time instrument, was used to analyse

the data (http://www.SABiosciences.com/pcrarraydataanalysis.php). This web-based

software package for the PCR Array System automatically performs all AAC, based
fold-change calculations from the uploaded raw threshold cycle data. The average raw
threshold cycle data of five housekeeping genes were used to normalise the PCR
Array data. The genomic DNA control primer set incorporated into the array was used
to specifically ensure the absence of any non-transcribed genomic DNA
contamination. The reverse transcription control (RTC) wells were used to test the
efficiency of the RT? First Strand Kit reaction with a primer set designed to detect
template synthesised from the kit's built-in external RNA control: any impurities
which affect the reverse transcription of the external RNA control would also affect
the reverse transcription of experimental RNA. A positive PCR control (PPC) was
also included to test the efficiency of the polymerase chain reaction itself using a pre-
dispensed artificial DNA sequence and the primer set that detects it, as any impurities
which affect the positive control PCR amplification will also affect amplification of
the gene-specific products of interest. Furthermore, the two sets of replicate control
wells (RTC and PPC) on the PCR Array also test for inter-well, intra-plate
consistency. In total, 6 PCR arrays were analysed for each cell line. 3 of these arrays
involved analysis of cDNA converted from the RNA isolated from cells treated with
siRNA 3, and 3 of which involved analysis of cDNA converted from the RNA
isolated from cells treated with NT siRNA.
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4.2.8 shRNA vector construction and RNA analysis

shRNA constructs were generated using the pSuper.gfp/neo vector, based on the
target sequences of siRNAs 1, 3 and 4. shRNA oligonucleotides were designed in the
same manner as those described in chapter 3 (section 3.2.2.1; see figure 4.3 for
sequences). shRNA vector construction was carried out in the same manner as
described in section 3.2.2.2 and HaCaT and NHDF cells were nucleofected with all
three shRNA molecules, as well as the non-targeting sShRNA, as described in section
2.2.2.4. HaCaT cells were resuspended in Nucleofector™ Solution V to a
concentration of 1x10° cells/100pl and along with Spg DNA, cells were transfected
using the U-20 program on the nucleofection machine. NHDF cells were resuspended
in the Human Dermal Fibroblast Nucleofector® Solution to a concentration of 5x10°
cells/100p! and cells were transfected with Spg DNA using the U-023 program on the
nucleofection machine. 24 hours after nucleofection, cells were collected and FAC
sorting was carried out, as described in section 2.2.2.8. Transfection of each construct
was undertaken in duplicate in 6-well plates and for HaCaT cells the experiment was
repeated 3 times. RNA was extracted from FAC sorted cells and analysed as per
sections 2.2.3.1, 2.2.3.2 and 2.2.3.3. Expression was normalised using the endogenous

internal control genes Ubiquitin C (UBC) and TATA box binding protein (TBP).

4.2.9 Artificial microRNA vector construction and RNA analysis

Artificial miRNA constructs were generated using the pcDNA 6.2-GW/EmGFP-miR
vector, based on the COL7AIl target sequences of siRNAs 1, 3 and 4. Artificial
miRNA oligonucleotides were based on the same design as described in section
3.2.1.1 (see figure 4.4 for sequences) and vector construction was carried out in the
same manner as described in section 3.2.1.2. HaCaT cells were resuspended in
Nucleofector™ Solution V to a concentration of 1x10° cells/100ul and cells were
transfected with Sug DNA using the U-20 program on the nucleofection machine.
Cells were then incubated under normal growth conditions and 24 hours later, cells
were collected and FAC sorting was carried out, as described in section 2.2.2.8.
Transfection of each artificial miRNA construct, as well as the non-targeting artificial
miRNA (see figure 3.3 for sequence) was undertaken in duplicate in 6-well plates and
the experiment was repeated twice. RNA was extracted from FAC sorted cells and

analysed as per sections 2.2.3.1, 2.2.3.2 and 2.2.3.3. Expression was normalised using
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the endogenous internal control genes Ubiquitin C (UBC) and TATA box binding
protein (TBP).

4.2.10 Statistical analysis
Analysis of statistical significance was performed using a two-sample t-test and the

Statistical Software Minipad 15. Values of p<0.05 were considered statistically

significant.
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4.3 Results

4.3.1 Analysis of COL7A1 mRNA suppression by siRNAs in keratinocytes

Given that despite the guarantee provided by Invitrogen regarding potent suppression
using the online BLOCK-iT™ Pol II miR RNAi Designer program, COL7A1
suppression studies using artificial microRNA vectors as described in chapter 3 of this
Ph.D. thesis failed to result in a greater than 50% suppression level of COL7A1
mRNA. Thus it was decided to test synthesised siRNA molecules targeting COL7A1
and the ability of these molecules to suppress collagen type VII production in vitro.
Predesigned and validated siRNAs for the target gene were chosen and ordered from
Qiagen, a company which claims to provide at least 70% gene knockdown of target
sequences. HaCaT cells were transfected using the HiPerFect Transfection Reagent
(Qiagen), using 1x10° cells per well of a 24 well plate (each well being approximately
2cm2) as described in section 4.2.2. Four siRNA molecules were tested (termed
siRNAs 1, 2, 3 and 4), as well as a non-targeting Allstars Negative Control siRNA
(Qiagen), which has no homology to any known mammalian gene and is incorporated
into the RISC. Each siRNA transfection involved addition of siRNA at a
concentration of 5nM into a single well, with duplicate wells for each siRNA. Each
transfection experiment was carried out on four separate occasions. Following
transfection, cells were incubated with the transfection complexes under their normal
growth conditions and after 24 hours, RNA was isolated directly from the wells.
siRNA gene silencing effects were monitored by real-time rtPCR and COL7AI
expression was normalised using expression levels of the Ubiquitin C (UBC)

endogenous control gene as described in section 4.2.4.

COL7AL1 expression levels were found to be statistically significantly different
in cells transfected with each of the siRNA molecules in comparison with those
treated with the negative control (p<0.0005 for siRNA 1, siRNA 2, siRNA 3 and
siRNA 4; figure 4.5). siRNA 1, siRNA 3 and siRNA 4 appeared to be the optimal
suppressors, with mean COL7A1 suppression levels of approximately 65% and 68%
being achieved with siRNA 1 and siRNA 4 respectively. Up to 83% suppression was
achieved with siRNA 3 and the estimated mean COL7A1 mRNA suppression
obtained was 71%<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>