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Abstract 

Recessive dystrophic epidermolysis bullosa (RDEB) is a severe life-threatening skin 

adhesion disorder caused by loss-of-function mutations in the COL7A1-encoding type 

VII collagen (C7), a structural protein playing a crucial role in anchoring fibril (AF) 

formation at the dermal-epidermal junction (DEJ). 

Combinatorial cell and gene therapies based on the addition of a full-length copy of 

COL7A1 cDNA in RDEB keratinocytes, fibroblasts and skin equivalents have shown 

potential in preclinical and clinical settings although only modest and transient 

improvements have been reported. In parallel, induced pluripotent stem cells (iPSCs) 

are being investigated in preclinical studies for RDEB. iPSCs represent a valuable 

source of autologous patient material and can be differentiated into keratinocytes 

and fibroblasts for cellular therapy applications. Implementation of CRISPR/Cas9 and 

base editing-mediated gene correction in patient-derived iPSCs has allowed for the 

generation of autologous cellular models capable of overcoming barriers of 

conventional gene therapy.  

In this regards, the work described in this thesis aims to evaluate the feasibility of 

genome-editing approaches using CRISPR/Cas9 and Cytosine Base editing (BE) 

platforms to correct a mutation hotspot (c.425A>G, p.Lysl42Arg) within exon 3 of 

COL7A1 gene in patient-derived iPSCs. Gene repair by homology-directed 

recombination (HDR) following CRISPR/Cas9-induced double-strand breaks (DSBs) 

through viral and non-viral donor template deliveries resulted in a significant 

correction of the COL7A1 locus on genomic level. To avoid concerns surrounding the 

generation of DSBs, seamless BE-based G:C to A:T conversion resulted in a high 

restoration of the wild type COL7A1 sequence. Ultimately, capacity of gene- and 

base-corrected RDEB iPSCs to be differentiated in into keratinocytes (iKer) was 

evaluated in vitro and functional recovery of de novo C7 was assayed on protein level.  

Overall, this study explored the potential of CRISPR/Cas9 and BE site-specific 

correction of COL7A1 in RDEB-derived pluripotent stem cells. Furthermore, it 

demonstrated that gene-corrected iPSCs can be used as a source of epidermal 
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progenitors thereby confirming their potential for future cell therapies for skin 

disorders. 
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Impact statement 

Over the past decades, correction of life-threatening inherited skin disorders by gene 

addition have shown significant potential for preclinical and clinical implementation 

with significant progress made for Recessive Dystrophic Epidermolysis Bullosa 

(RDEB). Advances in the field have allowed for the development of ex vivo cellular 

therapy approaches via delivery of a copy of full-length COL7A1 transgene via 

retroviral and lentiviral vectors. Despite recent promising ex vivo gene therapy 

application for other forms of epidermolysis bullosa, clinical trials based on 

genetically corrected skin grafts for RDEB are hurdled by technical and biological 

limitations. On the other hand, targeted genome editing tools have the potential to 

overcome barriers associated with conventional gene addition approaches and 

several proof-of-concept studies have shown the feasibility of precise COL7A1 

restoration under its endogenous promoter.  

This report describes investigations and evaluation of precise gene correction using 

the CRISPR/Cas9 and Cytosine Base genome editing systems, including  in RDEB 

patient-derived induced pluripotent stem cells (iPSCs). 

In the first instance, the study focused on the design of CRISPR/Cas9 and base editing 

strategies to target a specific COL7A1 loss-of-function mutation hotspot (Chapter 3). 

In this regards, critical aspects of nuclease and donor template delivery by the means 

of viral or non-viral approaches were investigated. The second part of the study 

(Chapter 4) focused on investigating the feasibility of reprograming RDEB fibroblasts 

into induced pluripotent stem cells (RDEB-iPSCs) and evaluation of endogenous 

COL7A1 repair by HDR-mediated donor templates and seamless C>T base correction 

using CB editors. Both systems have shown efficient and precise correction of COL7A1 

mutation hotspot in RDEB-iPSCs. In the final part of the project (Chapter 5) the ability 

of gene corrected iPSCs to be differentiated into keratinocytes was evaluated 

followed by the assessment of type VII collagen protein restoration in vitro.  

Although this project reports the application of CRISPR/Cas9- and BE-mediated 

correction of a single point mutation, the gene targeting approaches described in this 
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manuscript would be suited to potentially correct a wide variety of COL7A1 mutations 

involved in recessive (RDEB) and dominant dystrophic epidermolysis bullosa (DDEB).  

 

Results of this study have contributed to a number of publications over the course of 
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Chapter 1 Introduction  

1.1 Epidermolysis bullosa: overview 

Epidermolysis bullosa (EB) constitutes a group of genetically heterogeneous skin 

disorders mainly characterized by chronic erosion and blistering of the skin and 

mucous membrane at birth or during the adulthood. Although main clinical 

manifestations involve skin and mucous membranes, extracutaneous manifestations 

affecting hair, nails, teeth and gastrointestinal and oesophageal tracts make EB a 

systemic disease. The outcome for patients affected by EB is correlated with the 

spectrum of phenotypic manifestation.  Forms of EB range from mild, where life-long 

blistering has no impact on the overall longevity of patients, to severe life-threating 

conditions due to metabolic perturbations, dehydration and chronic infections of the 

blistered skin. In addition, some forms of EB are characterized by debilitating scarring 

leading to highly aggressive skin cancer, lethal by young adulthood. Currently, clinical 

management is still focused on reducing the symptoms of the disease. Wound care 

and daily dressing remain the cornerstone of treatment and the average annual cost 

per patients across the EU countries is estimated at € 31,3190 (Angelis et al., 2016).  

Despite the broad phenotypic nature of EB clinical subtypes, at molecular level, most 

of the genes involved play key role in skin integrity and structural stability within the 

epidermis and between the epidermis and the dermis underneath. EB is known to 

result from mutations in 21 different genes (Table 1.1) expressed within the 

cutaneous basement membrane zone (BMZ) at the dermal-epidermal junction (DEJ) 

(Has et al., 2020). As a result of the mutations, the proteins produced in skin cells are 

either functionally impaired or absent. Expression of aberrant proteins corresponds 

to the presence of recurrent generalized or localized blisters, lesions and erosions of 

the skin and mucous tissues upon minor mechanical trauma with tendency for 

phenotype severity the deeper the cleavage occurs within the dermal-epidermal 

region. At the molecular level, the gravity of EB depends on the type of mutated gene, 

the localization of the corresponding protein within the cutaneous membrane zone 

at the DEJ and on the level of epidermal-dermal separation from the underlying basal 
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lamina. The genes involved can have either dominant or recessive inheritance. Since 

its first description based on electron microscopic features described in 1962 

(Pearson 1962), traditionally, EB has been classified into four broad categories, 

determined by diagnostic transmission electron microscopy (TEM) of the BMZ and/or 

immunoepitope mapping (IFM). 
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Table 1.1 Summary table of molecular and clinical features of EB  

EB Type EBS JEB DEB KS 

Major EB 

subtypes 

Suprabasal Basal Generalized localized RDEB DDEB Generalized 

Subtype Loc 

WC 

Gen. 

Sev. 

DM 

Gen. Int. 

nDM 

Koebner 

Sev.(Herlitz) 

Int. (non-

Herlitz) 

inversa Gen. Sev. 

Gen. Int. 

Localized 

Gen.  

Inheritance AR, AD AR AR AD AR 

Most 

common 

clinical 

features 

Blisters/erosions 

Crust 

Nail dystrophy 

Keratoderma 

Mechanical fragility 

Oral cavity erosions 

Growth retardation 

(occasional) 

 

Blisters/erosions 

Crusts, Milia 

Dystrophic nails 

Atrophic scarring 

Granulation tissue 

(Herlitz), 

Scarring alopecia 

Mechanical fragility 

Oral cavity erosions 

Enamel hypoplasia 

severe growth 

retardation (Herlitz) 

anaemia (Herlitz) 

Gastrointestinal tract 

Involvement (Herlitz) 

Genitourinary tract 

(Herlitz) 

Ocular involvements 

(Herlitz) 

Blisters/erosions 

Crust, Milia 

Dystrophic nails  

Atrophic scarring 

scalp abnormalities 

EB nevi (RDEB)  

Severe mechanical 

fragility 

anaemia (RDEB) 

Ocular 

involvements  

Gastrointestinal 

tract 

Growth retardation 

(RDEB) 

Squamous cell 

carcinoma (RDEB),  

Blisters 

Atrophic 

scarring 

Dystrophic/ 

absent nails 

Granulation 

tissue, 

Keratoderma, 

Poikiloderma, 

Photosensitivity 

Colitis 

Esophagitis 

Squamous 

cell carcinoma 

(after age 30) 

Death 

related to 

EB 

None/uncommon  Common (Herlitz) Common (RDEB) Uncommon 

Level of 

cleavage 

Intra-epidermal  Lamina Lucida Lamina densa mixed 

Genes 

involved 

TGM5 

PKP1 

DSP 

JUP 

 

KRT5, 

KRT14 

PLEC1 

EXPH5 

LAMA3 

LAMB3 

LAMC2 

LAMA3 

LAMB3 

LAMC2 

COL17A1 

ITGA3 

ITGA6 

ITGB4 

 

 
COL7A1 

 

 

FERMT1 

Type of  

mutations 

Spl, Del, NS, MS, In-

frame InDels 

 

MS, NS Ins, Spl NS, 

Spl 

MS, NS, 

Del, Ins 

NS, Del, Spl, Ins, 

InDels 

Summary table based on data collection from published data (Fine et al., 2014; Has et al., 

2020) and from Dr. Christos Georgiadis (Georgiadis, 2016). Abbreviations: EBS, Epidermolysis 

Bullosa Simplex; JEB, Junctional Epidermolysis Bullosa; DEB, Dystrophic Epidermolysis 

Bullosa; KS, Kindler Syndrome; AR, Autosomal Recessive; AD, Autosomal Dominant; HD, 

Hemidesmosome; AF, Anchoring Fibril; KC, Keratinocyte; Spl, Splice site mutation; Del, 

Deletion; NS, Nonsense mutation; MS, Missense mutation; InDels, insertion/deletion; Gen, 

generalised; Loc, localised; Del, Deletion; NS, Nonsense mutation; MS, Missense mutation. 
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1.2 Structure and overview of the human skin  

The skin is the largest organ in the human body and a first-order physical barrier 

against a wide range of environmental insults. Its functions include protection against 

pathogen invasion, chemicals, natural factors (e.g. UV light) and mechanical or 

environmental stress. Like every other organ, the skin is a dynamic tissue with a high 

adaptive response to external and internal signals. In this regard, it plays an important 

role in the immunologic surveillance, body fluid loss control, thermoregulation and 

sensorial functions. The complexity of its physiochemical and mechanical functions 

reflects a deeper complex network of different cell types which are finely regulated 

to co-work in different layers of the skin. The skin consists of three different layers as 

known as epidermis, dermis and the deeper subcutaneous fatty layer underneath, 

the hypodermis.   

The epidermis is the outermost layer of the human skin and it comprises mainly of 

keratinocytes which are distributed in four distinct “strata” with an additional layer 

present in thicker skin found in the palms and soles (strarum lucidum) (Figure 1.1). 

The most external layer, the stratum corneum, consists of terminally differentiated 

enucleated cells, known as corneocytes, which essentially constitute the first line of 

separation and defence with the external environment. Corneocytes possess a flat 

cell morphology and are organized in a lipid-rich extracellular matrix which 

substitutes the cell-cell junctions present in the lowest layers. The barrier function is 

mainly supported by a process of cornification which keratinocytes undergo upon 

terminal differentiation.  

The stratum granulosum is a thin layer of diamond-shaped cells mainly producing 

keratohyalin and lamellar granules which contain a wide range of keratins and 

glycolipids, respectively. Both those cellular products are secreted from keratinocytes 

and undergo towards biochemical modifications making a complex extracellular 

structure which keeps cells adherent together. Below, the stratum spinosum, 

contains irregular shaped keratinocytes due to their ability to contact neighbouring 

cells through desmosomes, and in the bottom layer, transient amplifying 

keratinocyte progenitors from the stratum basale, are found. In this last layer, active 
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keratinocyte stem cells are attached to the basement membrane and provide long-

lived renewal of the epidermis around every 4 weeks. Additional other cell 

populations situated amongst the keratinocytes such as melanocytes, Merkel cells 

and Langerhans ‘cells are distributed in different layers of the epidermis and are 

responsible for the pigmentation of the skin, mechanoreceptive and immune 

functions, respectively.  

The importance of the human skin structure and all its different skin layer functions  

are two key factors that need to be carefully evaluated for clinical diagnosis for 

gernodermatoses and to assess the capacity of ex vivo transgenic keratinocyte stem 

cells to mimic a correct skin structure upon skin graft onto patients’ wounds. 

Although progresses in translational research concerning the use of pre-clinical 

mouse models for skin wound healing and tissue regeneration, remarkable 

distinctions between the human and mouse skin morphophysiology make difficult to 

bridge the gap between preclinical and clinical  studies. Nevertheless human and 

mouse skin have overlapping features, they greatily differs in skin thickness and cell 

number. Human skin is relatively thick and firm (> 100µm) whereas murine skin is 

thinner (>25 µm) and made by 2 to 3 layers of keratinocytes with a less pronounced 

cornified layer. Furthermore, a higher density of hair follicles could be seen in the 

murine epidermis compared to human skin where, in contrast, displays a sparse and 

uneven hair follicle distribution. 

Underneath the epidermis, the dermis is a fibrous connective structure situated 

between the epidermis and the subcutaneous fat tissue, largely contributing towards 

water retention and tensile and supportive stability of the skin. It is made up of two 

different dermal layers called papillary dermis, in proximity to the epidermis, and a 

thick lower layer called reticular dermis. The cellular and extracellular composition of 

the two layers is different. The papillary dermis is mainly composed of loose 

connective tissue characterized by fibrous components released from fibroblasts and 

consists of collagen, specifically type I and III, elastic fibres, composed of elastin, 

fibrillin, microfibrils and polysaccharides. The main role of these components is to 

contribute to water retention and to support the epidermis with the tensile strength 

required upon mechanical stress from the environment. To a lesser extent, the 
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papillary dermis contains mast cells, localized in the perivascular areas of the dermis, 

which are involved in inflammatory reactions, wound healing and collagen 

remodelling (Wilgus and Wulff, 2014). The dermis also houses other cellular 

components such as histocytes which assist the skin immune system, blood vessels, 

contributing to thermoregulation and metabolic functions, nerve endings involved in 

sensorial perceptions and glands. The reticular dermis is made of dense connective 

tissue and constitutes the bulk of the dermis. The subcutaneous layers below the 

dermis offers insulation and energy storage but also has an active role in the hair 

follicle regeneration and wound healing (Kruglikov and Scherer 2016).  
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Figure 1.1 Schematic of human skin 

Schematic of the epidermal-dermal architecture of the skin. The skin is composed of two 

main layers: the dermis and the epidermis, separated by a thin layer of extracellular matrix 

as known as basement membrane (BMZ). Above the BMZ is the stratum basale, consisting 

quiescent and high proliferating epidermal stem cells. Following vertical stratification, 

different epidermal layers are formed: stratum spinosum, stratum granulosum, stratum 

lucidum and stratum corneum. The main structural proteins involved within the BMZ and the 

stratum basale are listed in the figure magnification below.  



30 
 

1.2.1 The role of keratinocyte stem cells in human epidermis  

Epidermal stem cells play a crucial role in the formation of the layered skin structure 

and its long-term homeostasis and repair following injury. The complete turnover of 

the epidermis is around 3 to 4 weeks and implies a “vertical” progression of 

keratinocytes towards terminal differentiation from the stratum basale to the 

outermost cornified layer. To accomplish its self-renewal process, the epidermis 

relies on the presence of stem cells, which retain high proliferative capacity and long-

lasting self-renewal, and transient amplifying cells (TA). The latter, arise from stem 

cells but have a high proliferative rate only for a limited period of time, therefore, TA 

represent the largest group of dividing cells which undergo terminal differentiation 

(Figure 1.2B). To date, different epithelial stem cells have been found in different 

locations of skin which act as sheltered microenvironments or “niches” (Figure 1.2A). 

The niches harbour differentiated progeny and stem cells that coexists providing a 

fine regulation of stem cells maintenance and behaviour (Barrandon and Green 1987; 

Rochat et al., 1994; Hsu et al., 2011). Three different niches have been identified 

hosting epithelial stem cells. Using an approach of lineage tracing in stem cells (Lavker 

et al., 1982; Bickenbach et al., 1981; Boehnke et al., 2012; Hsu et al., 2014) epidermal 

stem cell have been identified in the basal layer of the epidermis (interfollicular 

epidermal stem cells -IFE), in the bulge area of hair follicles (HF) and in a region 

between the bulge and the sebaceous glands (SG). HF epidermal stem cell are 

multipotent in vivo and their commitment to a specific cell fate is determined by a 

finely orchestrated external signals and transcriptional factors such as Lef1 and Tcf3 

(Merrill et al., 2001). For example, HF stem cells can migrate upwards for 

differentiation into sebocytes and downward to contribute to the formation of the 

inner root sheath, but were also shown to migrate towards the stratum basale and 

transiently contribute to the renewal of the epidermis after injury (Cotsarelis et al., 

1990; Ito et al., 2005).  

Of particular importance, the regeneration of the human epidermis is sustained by 

the basal interfollicular stem cells which reside in the basal layer of the epidermis and 

in the rete ridges which function as natural protective niches. Those cells are 

characterized by high clonogenic expansion in vitro (Barrandon and Green, 1987) and 
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their ability to generate functional skin sheets ex vivo which has become a gold-

standard for cell therapies for burn patients (Langdon et al., 1988; Green 1991) or for 

novel new gene/cell therapy clinical treatments (Hirsch et al., 2017; Mavilio et al., 

2006). Among interfollicular stem cells, in vitro colony-forming human epidermal 

cells shown heterogeneity in their capacity for sustained growth in culture. Analysis 

of such different single cell derived colonies showed that three different clonal cell 

types exist in human primary keratinocytes in culture with distincitive proliferation 

hallmarks and gene expression patterns: holoclone, paraclone and meroclone 

(Barrandon and Green 1987; Enzo et al., 2021) (Figure 1.2C). Holoclone is the 

epidermal stem cell with the highest proliferative potential and is considered by 

different research groups the prototypic keratinocyte stem cell (Jones and Watt 

1993; Pellegrini et al., 1999; Green 1991). Upon grafting keratinocytes cultures 

containing holoclones can regenerate life-long epidermis, whereas cultures of 

meroclones and paraclones only can only transiently fulfil the regeneration of the 

epidermis (Gallico et al., 1984). A single holoclone, in fact, is able to undergo more 

than 140 doublings before senescence and represent only 5% of the epidermal stem 

cell populations (Hirsch et al., 2017). Those cells are mitotically active with a strong 

telomerase activity which determines the ability for permanent tissue regeneration 

from a single cell in animal models as well as in humans. The paraclone is generated 

by TA cells, and shows a very limited proliferative potential (~15 doublings) and 

usually gives rise to aborted colonies. The meroclone is a mixed cellular population 

with intermediated characteristics between holoclones and paraclones and mainly 

consists of a reservoir of TA cells. The clonal conversion from holoclone to meroclone 

and paraclone is unidirectional and results in a progressively reduced growth 

potential and stemness (Barrandon and Green, 1987). Various studies were 

conducted aiming to understand the mechanisms by which holoclones can be found 

either in resting or active proliferation state, thus being able to self-renew and to 

trigger terminal differentiation commitment. One model proposes that slow cycling 

cells are able to undergo an asymmetric division due to the polarization of key 

regulatory factors during mitosis resulting in the generation of two cell daughters, 

one with committed suprabasal and the other with proliferate basal cell fate (Lechler 

and Fuchs 2005). 
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Comprehensive efforts have been also made to molecularly identify and isolate 

human keratinocyte stem cells. Holoclones display high level of ΔNp63-α, a 

transcriptional factor which regulates the proliferative potential of keratinocyte stem 

cells (Pellegrini et al., 2001). The p63 transcription factor belongs to a family that 

includes two structurally related proteins such as p53 and p73 and plays a crucial role 

in the early epithelial morphogenesis in mice and humans (Yang et al., 1999; Mills et 

al., 1999; Senoo et al., 2007). Knockout of p63 showed absence of stratified epithelia 

or inability of ectoderm-derived cells to develop into epithelial lineages due to the 

lack of stem cells to fulfil a correct morphogenesis or renewal (Yang et al., 1999; Mills 

et al., 1999). The role of p63 has also been demonstrated in meroclones and 

paraclones with the presence of two different isoforms (ΔNp63-β and ΔNp63-γ, 

respectively) which are involved in epidermal differentiation (Pellegrini et al., 2001). 

Other isoforms of p63, characterized by the lack of the transactivational domain 

(TAp63), were shown to be involved in epithelial stratification and able to induce the 

formation of keratin 14-positive cells, marker of mature keratinocytes (Koster et al., 

2004).  

Alongside p63, keratin filaments such as keratin 5 (K5) and keratin 14 (K14) are also 

considered markers of epidermal stem cells (Webb et al., 2004). Keratin filaments 

consist of a large group of intermediate filaments providing mechanical and 

scaffolding support to the epidermis and accounting for 85% of the total mass of 

differentiated keratinocytes (Fuchs 1995). The keratins expression network is tightly 

regulated during squamous cell differentiation (Alam et al., 2011). Absence or 

mutation of these keratins can have detrimental impact on tissue integrity resulting 

in blistering disorders and tissue fragility (Coulombe et al., 2009). Mitotically active 

basal keratinocytes connected to the basement membrane have shown to express 

high concentrations of K14 and K5 expressed as heterodimeric pairs (Moll et al., 1982; 

Nelson and Sun 1983). K14 is also considered as a markers of epithelial stem cells. Its 

regulatory function in epithelial homeostasis has been shown in K14 knockout mice 

(Alam et al., 2011). K14-/- epithelial cells showed perturbation in proliferation and 

delay in cell progression. With the progression towards terminal differentiation, 

levels of K5 and K14 gradually decrease leading to an increased synthesis of K1 and 
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K10 in post mitotic keratinocytes within the suprabasal and spinous epidermal layers 

(Moll et al., 1982). In the uppermost layer (stratum granulosum) the synthesis of 

keratins is replaced with the production of filaggrin from the keratohyalin granules 

aiding to the water retention and skin barrier function. Loricrin is another protein 

secreted by cells from stratum granulosum and is subsequently used in terminally 

differentiated post mitotic corneocytes for strengthening the skin barrier.  
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Figure 1.2 Localization of epidermal stem cells and clonal morphology of 
keratinocyte stem cells 

Yellow squares and their magnifications on the right indicate different locations of epidermal 

stem cells within skin and their respective contributions to the maintenance of skin 

homeostasis (A): 1. Interfollicular epidermal stem cells; 2. Bulge epidermal stem cells; 3. 

isthmus epidermal stem cells; 4. Hair follicle dermal-sheath stem cells; 5. Skin-derived 
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precursors; 6. dermal mesenchymal stem cells. (Figure taken from Petrova et al., 2010). 

Schematic of epidermal stem cells in the basal layer (B). Self-renewal relies on quiescent 

slow-dividing stem cells (purple). Other stem cells generate transient actively dividing TA cells 

(green) which generate non-dividing, differentiated cells making the supra-basal layers. 

Clonal classification of keratinocyte stem cells (figure taken from Hsu et al., 2014)(Hsu et al., 

2014) (C). (Right) Holoclone stem cells (red) generate cell progeny that forms large 

progressively growing colonies (meroclones/paraclones in green) which progressively 

generate only colonies committed to terminal differentiation (yellow). (Top Left) Morphology 

of holoclone, meroclone and paraclone forming colonies under brightfiled microscope. 

(Bottom Left) Colony forming efficiency (CFE) assay is a common way of measuring the 

clonogenic ability of keratinocyte stem cells and estimating the number of holoclones in a 

biopsy and their growth potential (cells in purple) in vitro. Clones are scored according to 

their colony morphology. Holoclone represents ~5% of the clonogenic population and retains 

extensive proliferative potential. Mercolone/paraclone (~95%) show fewer colonies 

indicating clonal conversion and progressive loss of growth potential. (Figure modified from 

Hirsch et al., 2018) (Hirsch et al., 2018). 

 

1.2.2 The role of the basement membrane zone  

The epidermal basement membrane zone (BMZ) is a distinct complex network of 

structural proteins and macromolecules secreted from keratinocytes and fibroblasts 

from the epidermis and dermis, respectively. On macroscopic level, the BMZ has a 

crucial role in anchoring the epidermis with the dermis and abnormalities in its 

composition result in blistering skin disorders such as epidermolysis bullosa. On 

ultrastructural level, the BMZ is composed of 4 different layers such as: the plasma 

membrane of basal keratinocytes (the lamina lucida), lamina densa and the sub-basal 

lamina fibrous zone. Keratinocyte stem cell layer is attached to the BMZ by a complex 

cytoplasmic plaques known as hemidesmosomes (HDs). HDs are multiprotein 

complexes that facilitate the stable adhesion of the keratinocyte stem cell basal pole 

to the underlying basement membrane. The core of this complex comprises of 5 

proteins with intracellular (BP230 and Plectin) and transmembrane localization (α6β4 

integrin, type XVII collagen also known as BP180 and CD151) (Owaribe et al., 1990; 

Walko et al., 2015)(Figure 1.3). The mechanical stability of HDs rely on multiple 

interactions of several protein components that form a membrane-embedded 

tightly-ordered complex. Since HDs are required to bind the epidermis to the 

underlying dermis, their dissolution is implicated in blistering diseases and a variety 

of biological processes. For example, during terminal differentiation, basal 



36 
 

keratinocytes detach from the BMZ to allow for their migration toward the 

suprabasal epidermal layers. During this process, cells disassemble their HDs in order 

to loosen their tight attachment to the BMZ and become migratory (Hopkinson et al., 

2014). On the intracellular level, the transmembrane α6β4 integrin interacts with the 

keratin intermediate filaments consisting of basal keratins-5 and -14 through the 

association with two members of the plakin family such as plectin and dystonin 

(230kDa BPAG1e, BP230) at the inner hemidesmosomal plaque (Walko et al., 2015). 

On the extracellular level, however, the α6 integrin extracellular domain binds the 

BP180, CD151 and Laminin-332 passing through the lamina lucida and densa 

(Hopkinson et al., 1998). Another main component playing a crucial role in the 

epidermal-dermal adhesion is type VII collagen which forms U-shaped, “wheat stack” 

shaped loop structures called anchoring fibrils (AFs). Type collagen VII is secreted 

from keratinocyte and, to a lesser extent, from fibroblasts. The terminal (NC1)-

domain of type VII collagen indirectly binds with hemidesmosomal α6β4 integrin via 

the bridging activity of laminin-332 in the lamina densa (Rousselle et al., 1997). In 

human skin, AFs protrude from the BMZ to the “anchoring plaques” made of type I 

and III collagen in the underlying dermal papillae elements before terminating back 

in the lamina densa (Shimizu et al., 1997).  

The integrity and mechanical resistance to external stress is mainly given by the 

extracellular membrane (ECM) composition of the BMZ. Mutation in the HD 

compartment or in other main BMZ components in between the lamina lucida and 

densa, such as collagen VII, collagen XVII, α6β4 integrin or laminin-332, can also lead 

to the formation of intercellular or epidermal-dermal blisters characteristic of 

junctional (JEB) and dystrophic epidermolysis bullosa (DEB). Although originally the 

BMZ components were thought to have only a physical supportive role in the skin, it 

was also shown that they interplay in the regulation of cell growth, self-renewal of 

keratinocyte stem cells, migration and apoptosis (Gumbiner 1996; Aumailley and 

Smyth 1998; De Rosa et al., 2019). Dynamic changes in cell adhesion participate in 

the skin morphogenesis and homeostasis which require finely tuned interactions 

between adhesion molecules, the cytoskeleton of the basal cells and the network of 

signalling pathways coming through the dermis and epidermis (Hsu et al., 2014; 
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Gumbiner 1996). Furthermore, signals generated locally by adhesion junctions can 

interact with classic signal transduction pathways to help control cell growth, 

differentiation and migration. An example of cell growth regulation was recently 

shown in JEB and in wild type keratinocyte stem cells by single-cell trancriptomic 

analysis (De Rosa et al., 2019; Enzo et al., 2021). Mutation occurring in laminin-332 

was shown to lead depletion of JEB holoclones through the dysregulation of the 

laminin-332 adhesion dependent YAP/TAZ pathway in keratinocyte stem cells (De 

Rosa et al., 2019). Moreover, dysregulation of laminin-332 is also implicated in 

tumour progression through the modulation of cell adhesion and migration following 

upregulation of the phosphoinositol-3-kinase (PI3K) (Katayama and Sekiguchi 2004; 

Waterman et al., 2007). Similarly to Laminin-332, the α6β4 integrin was shown to 

have a significant impact on signalling molecules that stimulate migration and 

invasion through PI3K and Rho GTPases. In epithelial carcinoma, abnormally 

migrating carcinoma cells showed enhanced stimulation of actin protrusions and 

stimulation of the α3β1 focal adhesion integrin (Mercurio et al., 2001). Together 

α3β1 and α6β4 integrin are the major epidermal integrin in the ECM of the BMZ. In 

human epidermis, high expression of β1 integrin is seen in slow-cycling keratinocyte 

stem cells and their ablation in mice models cause defects in the BM assembly and 

impaired proliferation (Raghavan et al., 2000). Moreover, selection of β1+ human 

keratinocyte basal cells produces a high concentration of colony-forming cell when 

cultured in vitro, thus confirming that this cell population retains a high stem cell 

potential (Jones and Watt 1993). Similarly, α6β4 integrin is also involved in 

proliferation of basal cells through its signalling network with a small GTPase known 

as Rac1 (Benitah et al., 2005).  

Collectively all these studies demonstrated that the BMZ is a crucial niche component 

for keratinocyte stem cells in the basal layer.  
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1.2.3 Fibroblasts and role of human dermis in epidermal homeostasis 

Another essential niche component of basal epidermal stem cells is constituted by 

fibroblasts in the dermis. The dermis is located below the BMZ and it is divided in two 

layers: the uppermost dermal papillae and the lower reticular dermis. Dermal 

fibroblasts represent the most important population in the dermis, however, 

different subpopulation have been identified in papillary and reticular dermis 

harbouring different biological and functional characteristics (Schafer et al., 1985). 

Fibroblasts from the papillary area, in conjunction with keratinocytes, have shown to 

contribute to the scaffolding and organization of the basement membrane 

(Marinkovich et al., 1993). Types IV and VII collagen and a subset of laminin are 

actively synthetized and deposited at the BMZ. As previously mentioned in section 

1.2.2, absence of collagen VII results in blistering at the dermal-epidermal junction, 

however, cell and gene therapies to correct collagen VII in DEB patients can be 

addressed by targeting either keratinocytes or fibroblasts. Other collagen types, such 

as types I and III collagens, are mainly expressed by fibroblasts and play a key role in 

maintaining the epidermal-dermal structural integrity through their interaction with 

the AFs. To a lesser extent other subtypes of collagens (types V, VI, XII, XIV and XVI) 

are also synthetized and co-interact with the surface of collagen type I and III (Blum 

and Ruggiero 2005).  

Co-culture of fibroblasts and keratinocytes have shown to co-regulate each other 

through cell-cell contact or paracrine release of grow factors and cytokines. It was 

shown that fibroblasts regulate the expression of collagen VII by keratinocytes 

through TGF-β signalling (König and Bruckner-Tuderman, 1992; Strassburg et al., 

2010). Through paracrine and autocrine interactions fibroblasts can engage with the 

epidermis during homeostasis (Gilchrest et al., 1983; Werner and Smola 2001) or 

wound healing upon injury (Smith et al., 1997; Moulin 1995). Different studies 

highlighted the importance of dermal fibroblasts-derived growth factors in the 

regulation of keratinocyte colony formation in vitro and in mice models through the 

release of mitogens, such as insulin-like growth factors (IGFs), keratinocyte growth 

factors (KGF-1), fibroblasts growth factor-7 (FGF-7) and -10 (FGF-10) epidermal 

growth factors such as EGFR ligands (Rheinwald and Green 1975; Lewis et al., 2010). 
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Similarly, evidence of paracrine support of the fibroblasts matrix on the epidermis 

homeostasis has been observed in embryonic stem cells-derived keratinocytes (Lewis 

et al., 2010). Accordingly, the use of lethally irradiated mouse fibroblast 

mesenchymal cells has shown to support the growth of adult human keratinocytes 

paving the way for their serial culture in vitro for regenerative medicine applications 

(Rheinwald and Green, 1975). The use of lethally irradiated 3T3-2 murine fibroblasts 

nowadays is considered a standard method for the production of graftable epithelia 

for clinical ex vivo applications (Hirsch et al., 2017; Mavilio et al., 2006). 

1.3 Molecular characterization of epidermolysis bullosa types 

1.3.1 Epidermolysis Bullosa Simplex (EBS) 

EBS is the most generalized severe subtype of EB. In accordance to the National 

Epidermolysius Bullosa Registry, the overall prevalence is estimated about 11.07 per 

million population (Fine 2016). Clinical hallmarks of EBS are blisters occurring in 

clusters with inflammatory appearance following exposure to mechanical friction or 

trauma. In most of the case, EBS has an autosomal dominant inheritance leading to 

deleterious dominant negative effects in basal keratin genes, KRT5 and KRT14 (Figure 

1.3). Aberrations in cytoskeletal keratins-5 and -14 proteins result in the disruption 

of the intermediate filament network in the basal keratinocyte layer and within the 

dermal-epidermal junction leading to cell fragility and non-scarring blisters.  

1.3.2 Junctional Epidermolysis Bullosa (JEB) 

In junctional epidermolysis bullosa (JEB) the tissue separation occurs within the 

dermal-epidermal junction, primarily within the lamina lucida. Two different 

subtypes of JEB have been classified: the Herlitz type (lethal) and the non-Herlitz form 

(non-lethal). The classic clinically devastating Herlitz JEB (H-JEB) is frequently lethal 

during the first years and is characterized by premature termination codon (PTC) 

mutations leading to truncated non-functional proteins within the dermal-epidermal 

junction whereas the non-Herlitz form has a milder prognosis associated with life-

long blistering. Despite their differences in clinical severity, both forms are inherited 

in autosomal recessive pattern. Most of the newborns affected by JEB show blisters 
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covering large part of the skin body surface including mucosal membranes, such as 

the respiratory and digestive tracks, leading to respiratory issues and malnutrition. 

The blister occurs at the level of the hemidesmosome complexes within the basal 

keratinocytes involving four principal genes. Up to 70% of JEB mutations involve 

complete or partial loss of function in the laminin-332 trimer (LAMB3) and, with 

lesser extent, LAMA3, LAMC2, integrin alpha6beta4 (ITGA6, ITGB4) and COL17A1, 

thus all proteins essential for the integrity of the epidermal layer or the dermis 

underneath (Figure 1.3). 

1.3.3 Dystrophic Epidermolysis Bullosa (DEB) 

Alongside Herlitz JEB, dystrophic EB is one of the most severe form of EB resulting in 

generalized blistering accompanied by high mortality rate in young adulthood. To 

date, incidence of DEB has been estimated to affect 6 out of 100000 patients 

worldwide with over 815 pathogenic mutations including missense, nonsense, 

splicing, small insertions or deletions reported (Kowalewski et al., 2011). Clinical 

phenotypes in patients affected by DEB include localized or generalized skin fragility 

after minimal mechanical trauma, scarring blisters and erosions on the whole body 

surface. As in JEB, internal mucosae are also involved. Typical consequences of severe 

blistering encountered by DEB patients are joint contractures of limbs or hand 

deformities including progressive digital fusion (pseudosyndactyly), flexion 

contractures and adduction contracture of the thumb leading to life threatening skin 

carcinomas. Patients suffering from DEB have been associated with a 70% chance of 

developing squamous skin carcinomas by adulthood with a 90% of mortality rate. DEB 

is inherited in autosomal dominant (DDEB) or autosomal recessive (RDEB) inheritance 

pattern. The gene responsible of DEB clinical manifestations is the COL7A1 gene 

encoding for type VII collagen alpha 1 (C7) protein. Type VII collagen is the major 

component of fibrous structures called anchoring fibrils (AFs) with a key role in 

preservation of the structural integrity of the skin creating a biologic “velcro” 

between the epidermis and the underlying dermis at the BMZ (Figure 1.3). Loss of 

function in the COL7A1 gene leads to the lack of functional AFs within the lamina 

densa of the dermal-epidermal basement membrane zone, thus leading to the 

formation of deep blisters involving the papillary dermis. 
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 Figure 1.3 Molecular basis of Epidermolysis bullosa 

The left figure shows a haematoxylin and eosin staining of normal skin. The right figure is a 

schematic of molecular architecture of the basement membrane zone (BMZ) and the 

structural proteins involved in different types of EB. Abbreviations: EBS, epidermolysis 

bullosa simplex; MD, muscular dystrophy; KS, Kindler syndrome; JEB, junctional 

epidermolysis bullosa; PA, pyloric atresia; GI, generalized intermediate; GS, generalized 

severe; DEB, dystrophic epidermolysis bullosa. (Picture taken from Naso and Petrova, 2019). 
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1.4 Type VII collagen  

Type VII collagen plays a key role in the maintenance of the epidermal-dermal 

integrity and is the major component of AFs in the BMZ. Firstly discovered in 1983 

(Bentz et al., 1983), and cloned in 1994 (Christiano et al., 1994b), extensive functional 

studies of type VII collagen have been conducted due its clinical correlation with 

dystrophic epidermolysis bullosa (DEB). Type VII collagen is encoded by the COL7A1 

gene and its chromosomal linkage analysis which was carried out in 1991 mapped the 

gene in the short arm of chromosome 3 at the locus 3p21 (Parente et al., 1991) 

(Figure 1.4A). The COL7A1 gene consists of 118 exons in approximately 31,132Kb of 

the human genome from its transcriptional start site to the polyadenylation one 

(Christiano et al., 1994b). The corresponding mRNA is compact, 9Kb size, and codes 

for 2944 amino acids encoding for a 350kDa proα1(VII) polypeptide. C7 is produced 

and secreted extracellularly by keratinocytes and dermal fibroblasts. Type VII 

collagen belongs to a large family of non-fibrillar collagens and is characterized by 

heterogeneous supramolecular organization (Christiano et al., 1994a). A 

characteristic structural feature of type VII collagen is the presence of a 1530 amino 

acid protein domain in triple-helical conformation which provides structural stability 

and is used as structural building blocks for the formation of AFs (Ramshaw et al., 

1998; Christiano et al., 1994b). This structural protein domain spans the central 

portion of the proα1 polypeptide and the characteristic collagenous triple-helical 

domain fold is made up of Gly-X-Y repeats from exon 29 to exon 112. The central 

collagenous domain is flanked by a 145kDa non-collagenous amino-terminal globular 

domain (NC1) and by a 20kDa carboxy-terminal globular domain (NC2) (Figure 1.4B). 

In details, the amino-terminal NC1 domain starts with the 5’ untranslated region 

consisting of a signal peptidase cleavage site encoded by the first exon of COL7A1 and 

is critical for the release of C7 pre-proteins from the cytoplasm into the extra-

cytoplasmic location (Christiano et al. 1994b). The NC1 domain also encodes for three 

sub-modules with significant homology to adhesive proteins including cartilage 

matrix domain CMP (38.8%), from exon 2 to 5, fibronectin type III-like domains FN-III 

(23.2%), from exon 6 to 23, and to the von Willebrand factor A domain (21.1%) 

(Christiano et al., 1994b). The two final NC1 exons, 27 and 28, encode for a cysteine 
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proline rich domain with no homology sequence described so far. The triple-helical 

domain consists of 84 exons (29-112) flanked by the two non-collagenous domains. 

The region is made up of Gly-X-Y repeats with a 39 amino acid interruption forming 

the hinge region. The NC2 domain, exon 113 to 118, is placed on the C-terminal of 

the proα1 chain and has a segment with homology to the Kunitz protease inhibitor, 

however, its function has not been yet established.   

 

Figure 1.4 Schematic of human chromosome 3 and COL7A1 gene  

Magnified view of the chromosome 3 and localization of the COL7A1 gene (3p21.31) and its 

118 exons (A). Schematic representation of the structural organisation of the type VII 

collagen proα1(VII) polypeptide exons (B). The N terminus of the amino acid sequence codes 

for a 5’ UTR signal peptide which is followed by a non-collagenous domain (NC1) spanning 

across 26 exons, approximately 145kDa in size, and consisting of sub domains with homology 

to known adhesive molecules. These are a cartilage matrix protein (CMP) like domain, 

followed by nine consecutive fibronectin type III modules, a von Willebrand factor A, domain 

and a cysteine, proline rich region. The triple–helical domain (84 exons) flanked by the two 

non-collagenous regions is made up of Gly-X-Y repeats with a large 39 amino acid 

interruption forming a collagenous hinge region (orange box). The polypeptide ends with the 

second non-collagenous domain (NC2) made up of seven exons and about 30kDa in size 

containing a segment resembling the Kunitz protease inhibitor molecule. Organization into 

anchoring fibrils. 
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Type VII collagen is one of the main component of AFs. Together with the 

hemidesmosomes, AFs are involved in the reinforcement of the dermal-epidermal 

attachment. The essentiality of such structure is supported by the observation of 

ultrastructural aberrations in patients affected with dystrophic epidermolysis bullosa 

(DEB). During intracellular processing of C7, three proα1 chain fold together through 

their carboxy-terminal ends and collagenous domains, into a homotrimeric type VII 

collagen monomer acquiring the typical triple helical conformation. Upon secretion, 

type VII collagen homotrimers, also known as procollagens, assemble in an 

antiparallel dimers through their overlapping C-terminal ends following proteolytic 

cleavage of the NC2 domain, hence promoting the stability of the dimer (Figure 1.5). 

Subsequently, multiple dimers laterally aggregate to form cross-banded, centro-

symmetrical AF structures with the NC1 domains at both ends (Bächinger et al., 

1990). Transmission electron microscopy shows that both ends of AFs fall within the 

lamina densa where the NC1 domains bind key macromolecules such as the β3 chain 

and γ2 chain of laminin-332 guaranteing the adhesion of AFs to basal epidermal cells. 

The flexibility of the AFs is conferred by the highly conserved discontinuities within 

the Gly-X-Y repetition in each proα1 chains and the creation of a “U-shapes” which 

secure the entrapment of type I and III collagens in the papillary dermis (Christiano 

et al., 1994a; König and Bruckner-Tuderman, 1992). Validation of new synthesis and 

deposition of AFs at the dermal-epidermal junction through electron microscopy is 

used to determine the functional level of type VII collagen upon gene and cell therapy 

for DEB patients.  
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Figure 1.5 Organisation of type VII collagen into anchoring fibrils 

Three monomeric proα1(VII) procollagen polypeptides are synthetized and assembled into a 

triple helix (as known as homotrimer) acquiring a characteristic triple helical conformation.  

Upon homotrimers secretion into the extracellular space, triple helical type VII collagen 

molecules form antiparallel dimers followed by proteolytic cleavage of the NC2 domain. 

Subsequently, several dimer molecules laterally assemble to form cross-striated, centro-

symmetric anchoring fibrils (AFs).  
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1.4.1 Type VII Collagen involvement in Epidermolysis Bullosa and squamous cell 

carcinoma 

Mutations in the COL7A1 gene lead to severe clinical consequences on integrity of 

the skin. Immunofluorescence and transmission electronic microscopy analysis of 

skin sections from DEB patients shows absence or significant reduction of collagen 

VII epitopes and alteration of the BMZ due to malformation or complete absence of 

AFs, respectively. Cloning of the COL7A1 gene and the determination of the function 

of every single domain paved the way for in-depth studies on the involvement of 

collagen VII in blistering diseases (Christiano et al., 1994a; Christiano et al., 1994b). 

To date more than 800 distinct mutations, including nonsense, missense splicing, 

insertion or deletions in the COL7A1 gene have been reported, spanning all over the 

118 exons (Wertheim-Tysarowska et al., 2012) (Figure 1.6). Consequently, genotype-

phenotype correlations have been observed and different combinations of mutations 

determine a different degree of disease manifestation. In recessive DEB (RDEB) 

patients, the presence of premature termination codon (PTC)-causing mutations in 

both alleles result in complete absence of type VII collagen with severe mutilating 

scarring and blistering. On the other hand, combinations of a PTC mutation with a 

more subtle missense mutation can result in milder RDEB forms. Dominant DEB 

(DDEB) is mostly due to mutations which result in glycine substitution in the Gly-X-Y 

repeat sequence within the triple-helix central domain. Collectively, the precise 

degree of severity of DEB reflects the combinations of mutations in COL7A1 and their 

mRNA and protein levels, combined with the effects of modifier genes on the 

individuals’ genetic background and the exposure to environmental trauma (Chung 

and Uitto 2010; Christiano and Uitto 1996).  

Therefore, loss of the structural function of C7 in RDEB patients is associated with 

chronic lifelong blistering, scarring and impaired wound-healing. Chronic wounds are 

typically characterized by increased bacterial colonization, fibrosis and inflammation 

which in turn can predispose patient into squamous cell carcinoma (SCC) 

development. Of note, RDEB-associated SCCs (RDEB-SCCs) have been reported as 

more aggressive than common skin SCCs of different etiology (e.g. UV-mediated 

epithelial SCCs) and characterized by high morbidity and mortality (Condorelli et al., 
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2019). According to the The USA National EB Registry, the incidence of developing in 

RDEB-SCCs increases with age and it is currently 67.8% by age 35 and up to 90.1 (Tang 

et al., 2021; Fine et al., 2009).  

One of the causes associated with the development of SCC relies on the inverse 

correlation between the severity of the RDEB and the levels of PTC truncated collagen 

VII expression in patients. This hypothesis was initially  corroborated by Ortiz-Urda et 

al., due to the reported high incidence of RDEB-SCCs in patients retaining the amino-

terminal noncollagenous domain NC1 (Ortiz-Urda et al., 2005). More precisely, the 

fibronectin-like sequences within the residual NC1 domain was shown to overexpress 

Ras-driven Skin SCC development and promote tumour cell invasion in a lamimin-

332-depended manner (Ortiz-Urda et al., 2005). This obserevation was also 

corroborated upon the clinical observation that RDEB patients with absent levels of 

type VII collagen failed to develop SCC (Ortiz-Urda et al., 2005). By contrast, in a 

second study involving a different cohort of RDEB patients, it was reported that even 

the complete lack of C7 expression can promote the development of SCC without the 

detection of any Ras-activating events (Pourreyron et al., 2007). Although the 

uncertain ethiology of C7 role in the develpoment RDEB-SCC, other molecular 

associated factors such as hypermethylation of p16INK4a, low expression of growth 

factor binding protein 3 and elevated levels of matrix metalloproteinase (MMP7) 

have been frequently linked to SCC in RDEB patients (Kivisaari et al., 2008).  

More recently, the identification of mutational signatures in RDEB SCC has provided 

more insight into the underlying genetic cause of skin cancer development. Whole-

exome, whole-genome, and RNA sequencing of 27 RDEB SCC tumors has displayed 

patterned mutations in several genes (CASP8, TP53, NOTCH1, NOTCH2, CDKN2A, 

HRAS, and FAT1) previously identified as potential drivers in multiple aggressive skin 

SCC sequencing studies (Cho et al., 2018; Li et al., 2015; Pickering et al., 2014). In 

order to identify the genetic cause that could lead to the early-onset of skin cancer in 

RDEB patients, a recent study from Cho et al., found APOBEC (apolipoprotein B 

mRNA-editing enzyme catalytic polypeptide–like) -driven mutation signatures due to 

recurrent C>T and C>G somatic conversions in RDEB-SCC-associated driver genes 

such as HRAS, NOTCH1 and TP53 (Cho et al., 2018). Although APOBEC signatures were 
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already found to a different extent in several cancer types, in RDEB-SCC the amount 

of mutations determined by the APOBEC deaminase activity is significantly higher 

than that detected in non-RDEB SCCs (1.7–2%) or HPV-induced head and neck 

squamous cell carcinoma SCCs (HNSCC) (30%) (Inman et al.,  2018; Cho et al., 2018; 

Condorelli et al., 2019). In support of these findings, up-regulation of different human 

APOBEC members such as, APOBEC3A, APOBEC3B and APOBEC3H, has been 

observed particularly prominent in areas of RDEB chronic tissue damage (Cho et al., 

2018). All together, these recent findings helped to better understand the biological 

and molecular etiology of RDEB-SCC and could shed the light  to the development of 

genomically-driven treatments, such as anti-APOBEC therapies. 

 

 

 



49 
 

 

Figure 1.6 COL7A1 mutation types reported in RDEB and DDEB patients. 

Missense and nonsense mutations (A) and COL7A1 deletions, insertions, splice site mutations 

(B) in dystrophic epidermolysis bullosa (DEB) patients. Red and blue arrows correspond to 

dominant (DDEB) and recessive (RDEB) dystrophic epidermolysis bullosa mutations, 

respectively. Figure taken from (Dang and Murrell, 2008). 
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1.5 Cell therapy for DEB   

1.5.1  Therapy for DEB skin disorders: cell therapy  

To date, the main treatment option for patients with DEB is extensive daily wound 

dressing of skin chronic wounds combined with nutritional supplements or 

gastrostomy in severe cases, for lesions of the mucosal membranes. Although a long 

lasting and effective treatment is yet to be found for DEB, in the past decades various 

cell and gene therapy approaches have been evaluated. For cell therapy applications, 

different cell types have been shown to be effective to alleviate local and systemic 

RDEB complications (Figure 1.7). For RDEB, C7 producing cells such as keratinocytes 

and fibroblasts have been widely used in gene and cell therapies in preclinical and 

clinical settings. Although keratinocytes and fibroblasts contribute to the synthesis of 

extracellular matrix components of the BMZ, the former have shown to retain a 

higher proliferative potential, secrete larger amount of C7 and able to sustain the 

adhesion of the epidermis to the dermis (Chen et al., 2002). An example of cell 

therapy involving ex vivo generation of autologous epidermal grafts been shown to 

be applicable for EB patients affected by revertant mosaicisms (Gostyński et al., 

2014a; Gostyński et al., 2014b). In particular for RDEB, revertant mosaicism has been 

reported in 36% of patients mainly affecting keratinocytes (Jonkman and Pasmooij, 

2009), although rare cases of reversion has been documented in patient’s fibroblasts 

(Twaroski et al., 2019). Clinically, patients with different forms of EB have shown 

small patches of normal skin due to a spontaneous correction of the inherited 

mutation with a second somatic mutation which deplete the EB-causing one. 

Although mechanisms of reversion have not been fully elucidated, cell therapy using 

naturally revertant keratinocytes has been reported in two JEB patients with germline 

mutations in COL17A1 (Gostyński et al., 2014b) and LAMB3 (Gostyński et al., 2014) 

genes. In both patients, modest re-epithelization was observed although a gradual 

reduction of revertant cells have been reported within the grafts. Such decrease, was 

hypothesized to be related to the different behaviour of revertant and non-revertant 

cells in culture due to the activation of NF-Kb pro-inflammatory pathways which 

confers clonal selection of the latter over the former (Gostyński et al., 2014a). To 
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circumnavigate the issue of non-revertant cell proliferation during cell expansion, 

revertant JEB and RDEB cells were shown to be converted into induced pluripotent 

stem cells (iPSCs) and subsequently differentiated into naturally gene-corrected 

keratinocytes (Umegaki-arao et al., 2014; Tolar et al., 2014). Another constraint of 

natural cell therapy is related to the small number of revertant cells that can be 

expanded from single punch biopsies. As shown by a recent study of Hirsch and 

colleagues, approximately 1888 holoclones/cm2 were required to achieve 

therapeutic longevity of transgenic keratinocyte grafts in a paediatric patient with 

JEB (Hirsch et al., 2017). However, although “natural” cell therapy using revertant 

cells has shown some potential in patients with JEB, only proof-of-concept 

applications using patient-derived iPSCs have been reported for RDEB (Tolar et al., 

2011; Umegaki-Arao et al., 2014). On the other hand, retroviral and lentiviral vectors 

encoding for a copy of the COL7A1 cDNA, fully described in section 1.6, have been 

widely used to transduce and correct RDEB patients’ keratinocytes. 

1.5.2  Allogeneic fibroblasts therapy  

Although keratinocytes are the main contributors of collagen VII in the skin, injections 

of dermal fibroblasts showed to actively sustain collagen expression in RDEB along 

with a critical role in wound healing (Stanley et al., 1985; König and Bruckner-

Tuderman, 1992). Previously, potential of allogeneic fibroblast-based approaches 

was tested in a preclinical RDEB model (Kern et al., 2009). In this study, 20x106 EGFP+ 

new-born-derived murine fibroblasts were injected intradermally into 

immunocompetent hypomorph RDEB mice expressing only baseline (10%) C7 at 

dermal-epidermal junction (Kern et al., 2009). Intradermally injected fibroblasts 

showed slight lateral migration from the point of injection, and up to 35% of COL7A1 

mRNA and de novo C7 protein were detected 100 days post injection. First reported 

clinical study of singular injection of allogeneic fibroblasts in 5 RDEB patients carrying 

different mutations showed a short-term increase of C7 at the dermal-epidermal 

junction (Wong et al., 2008). However, contribution of de novo C7 from donor’s 

fibroblasts was only partial, and the increase in patients ‘own COL7A1 mutant mRNA, 

and subsequent formation of aberrant AFs, was also observed. Accordingly, most 

marked C7 deposition at DEJ following intradermal injections was seen in patients 
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with reduced and not absent baseline expression of C7, suggesting that such therapy 

would be most beneficial in patients with residual protein expression. The 

mechanism underlying the increase of endogenous C7 and wound healing was 

proposed to be related to the elevated expression of heparin binding EGF-like growth 

factor (HB-EGF) at the site of injection (Nagy et al., 2011). Consequently, a phase II 

double-blinded randomised vehicle-controlled trial in 5 RDEB patients showed that 

injections of either allogeneic fibroblasts or suspension solution alone encouraged 

healing of chronic wounds at a comparable level (Venugopal et al., 2013). Overall, 

data collected from patients suggested that only short term benefits can be achieved 

following allogeneic fibroblasts injections. This limitation of allogeneic fibroblast-

based therapy was reported in two different clinical trials (Petrof et al., 2013; 

Venugopal et al., 2013) where significant  clinical response was limited to up to 1 

month post injection, after which there was no discernible difference with the 

placebo treatment. 

1.5.3 Bone marrow transplantation of allogeneic cells  

Taken into consideration the systemic manifestations of DEB, significant efforts have 

been made in evaluating cell types that can address its systemic nature. Initial 

research in animal models showed that bone marrow and hematopoietic cell 

transplantation (HTC) of non-haematopoietic (mesenchymal stromal stem cells, 

MSCs) or haematopoietic stem cells (multipotent HSCs and progenitors) contributed 

to wound healing in the skin (Badiavas et al., 2003). Proof-of-principle study carried 

out in chimeric mice models transplanted with EGFP-bone marrow cells, 

demonstrated that skin wound healing was promoted by migration of EGFP-derived 

cells from the site of the injury (Fathke et al., 2004; Badiavas et al., 2003). 

Interestingly, two subpopulations of bone marrow-derived cells including 15-20% of 

non-haematopoietic CD45- cells and a small percentage of haematopoietic CD45+ 

cells have been detected in the injured skin sites (Fathke et al., 2004; Badiavas et al., 

2003). Systematic evaluation of wounding-stimulated bone marrow cells 

engraftment in the skin was observed by Tolar et al. by congenic bone marrow 

transplantation (BMT) in a COL7A1-/- knockout RDEB mouse model (Tolar et al., 2009). 

Moreover, BMT mice demonstrated that infusions of high doses of allogeneic bone 
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marrow-derived cells enriched in signalling lymphocytic activation molecule (SLAM) 

CD150+ and negative for CD48- in new-born COL7A1-/- irradiated mice were at least 

in part responsible for cellular homing to the injured skin. In particular, deposits of 

de novo C7 and development of rudimentary anchoring fibrils were detected in mice 

demonstrating improved survival rates in 15% of the transplanted CD150+/CD48− 

animals (Tolar et al., 2009). Following the effectiveness of BMT in murine RDEB, the 

first in-human study has been developed (Wagner et al., 2010). Six RDEB children 

received HLA-matched allogeneic transplantation of unfiltered bone marrow or 

umbilical cord stem cells under immunomyeloablative chemotherapy regime 

(Wagner et al., 2010). Clinical improvements of chronic wounds and decreased 

mucocutaneous blisters were observed within 100 days post transplantation. 

Increasing de novo C7 deposition was seen in 5 out of 6 patients between 30 and 100 

days after transplantation followed by deposition of rudimental anchoring fibrils 

detected by transmission electronic microscope. FISH and PCR of polymorphic 

variable-number tandem repeat regions to determine the percentage of chimerism 

in BMT patients confirmed homing of bone marrow-derived cells to the recipient’s 

wounded skin confirming observation from preclinical animal model studies (Tolar et 

al., 2009). Although data showed by Wagner et al. demonstrated a proof of concept 

of potential effectiveness of HCT in RDEB patients, side effects of aggressive 

myeloablative conditioning used in this study can put patient’s life at high risk.  

Moreover, the precise mechanisms as well as the characterization of BM-cellular 

subpopulations which play a role in epithelial regeneration are still unclear.  

1.5.4 Mesenchymal stromal stem cells  

In parallel with HCT therapies, different groups investigated the potential of 

mesenchymal stromal stem cells (MSCs) to migrate to injured skin tissues and 

stimulate wound healing in RDEB skin injuries (Sasaki et al., 2008; Petrof et al., 2015; 

Perdoni et al., 2014; Igoucheva et al., 2011). Contribution of MSCs in natural healing 

process relies on their ability to be recruited to wound sites by paracrine signalling 

from the injured skin as well as the secretion of different collagen proteins such as III, 

VII and XVII improving the wounding healing process (Fujita and Shimizu, 2010). 

Moreover, the ability of MSCs to transdifferentiate into fibroblastic-like phenotype 
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cells when in co-culture with fibroblasts suggested that cell-cell interactions and/or 

secreted factors (such as IL-6 and IL-10) play a key role in the differentiation of MSCs 

towards fibroblast-like fate, thereby contributing to re-epithelization of chronic and 

acute wounds (Igoucheva, Alexeev, and Uitto, 2011). Intradermal injection of high 

concentration (0.1-5x106/cm2) of human MSCs in COL7A1 -/- mouse model 

demonstrated migration of MSCs to the wounded skin with cells adopting fibroblast-

like morphology leading to the restoration of 15% of C7 protein within the BMZ 

compared to the wild type levels (Kühl et al., 2015). Molecular analysis at 1 week post 

injection showed dose-dependent contribution of MSCs to de novo C7 deposition at 

the dermal-epidermal junction. As previously shown in BMT for RDEB patients 

(Wagner et al., 2010), production of de novo C7 promoted the formation of functional 

but rudimentary anchoring fibrils for up to 3 months (Kühl et al., 2015). However, 

long term engraftment of MSCs in the dermis did not occur as demonstrated by 

apoptosis assays (Kühl et al., 2015). First reported clinical use of MSCs in two RDEB 

patients was demonstrated by Conget et al. where 0.5x106 of allogeneic MSCs were 

injected intradermally in chronic wounded sites (Conget et al., 2010). Similarly to 

preclinical animal models, deposition of new C7 at the BMZ followed by re-

epithelization of the blistering sites led to clinical benefits for up to 4 months post 

injection. Short term amelioration of RDEB symptoms after intravenous infusions of 

BM-MSCs were recently reported in 10-patients clinical trial (Petrof et al., 2015) and 

in a double-blinded clinical study conducted by El-Darouti et al. where allogeneic 

MSCs were administered intravenously into 14 RDEB patients (El-Darouti et al., 2016). 

To increase the release of MSC-derived C7, Petrova et al., designed a gene therapy 

approach on MSCs using self-inactivating lentiviral vector expressing codon-

optimized COL7A1 under expression of phosphoglycerate kinase (PGK) constitutive 

promoter in humanized skin model in vivo (Petrova et al., 2020). Ex vivo graft of 

transduced MSCs and RDEB fibroblast and keratinocyte grafted on NOD-

SCIDIL2Rgammanull mice showed absence of blisters at dermal-epidermal junction 

with expression of human coC7 and anchoring fibril composition at the basement 

zone comparable with WT grafts. Deposition of sparse C7 sufficient to improve 

functional adhesion at the dermal-epidermal junction was observed upon 

intradermal injection of human engineered MSCs. By contrast, systemic delivery of 
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coCOL7A1 MSCs via intravenous route showed significant migration in the lungs and 

next to the injection site. No deposition of C7 detected in the graft confirmed the 

absence of migration to the blistered skin areas. In contrast with the observation of 

short-lived MSC after 28 days post administration in C7-hypomorphic mice (Kühl et 

al., 2015), this study showed persistence of Ki-67+ cells at 30 days post injection, 

albeit MSCs appeared to actively proliferating and expanding in the human graft 

(Petrova et al., 2020). Despite the absence of evidence of long-lasting clinical 

improvement in MSC-mediated wound healing, molecular mechanisms of MSC 

migration to acute and chronic blistered skin have not been completely 

characterized. In this context, some insight in activation and migration of bone 

marrow-derived cells towards the damaged skin tissues has been gained with the 

discovery of PDGFRα+ bone marrow cells contributing to epithelial regeneration in 

mice (Tamai et al., 2011). Tamai et al. reported that the release of high mobility group 

box 1 (HMBG1) factor in hypoxic environment of RDEB epidermal blisters was the 

main factor for recruiting and mobilization of non-haematopoietic cells from bone 

marrow (Tamai et al., 2011). By grafting COL7A1-/- skin onto the back of irradiated 

mice with EGFP-BM transplant, the authors demonstrated that the release of HMBG1 

into the circulation led to the mobilization and recruitment of BM-derived epithelial 

progenitors of non-hematopoietic lineage (Lin-) positive for the platelet-derived 

growth factor receptor alpha (PDGFR-alpha). At 4 weeks post-engraftment 

EGFP+/PDGFR-alpha+/Lin- cells expressing both keratin 5 (marker of keratinocyte 

lineage) and C7 were detected by immunofluorescence and FACS analysis. 

Transplantation of dermal MSCs expressing ATP-binding cassette B5 (ABCB5+) in 

COL7A1−/− mice resulted in increased survival compared to the untreated controls, 

although no de novo C7 or infused ABCB5+ cells were detected in the skin. 

Nevertheless, the immunomodulatory activity of ABCB5+ MSCs and their ability to 

suppress inflammatory infiltration of myeloid derivatives led to the development of 

an early phase clinical trial of systemic administration of allogeneic ABCB5+ cells for 

treatment of RDEB (NCT03529877). Perdoni et al. showed that cytokine pre-

conditioning of murine MSCs with TGFβ and TNFα for 48 hours induced simultaneous 

8-fold, 4-fold and 2.2-fold increase in COL7A1, (TNFα)-stimulated protein 6 (Tsg6) and 

CXCR4R expression, respectively, compared to wild-type MSCs. Pre-conditioning 
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effects, however, have yet to be assessed therapeutically in humans (Perdoni et al., 

2014). 

  1.5.5 Induced pluripotent stem cells (iPSCs)  

The importance of the discovery that somatic cells can be induced to be 

reprogrammed back to  pluripotent cells (iPSCs) through the ectopic expression of 

reprogramming factors (Takahashi and Yamanaka, 2006) has paved the way for the 

development of novel allogeneic and autologus treatment optitions for rare 

disorders. Similarly to embryonic stem cells (ESCs), iPSCs can be expanded indefinitely 

and can be differentiated into all three germ layers (mesoderm, ectoderm and 

endoderm) which can be used for the development of corrective therapies. 

Importantly, the use of autologous iPSCs in regenerative medicine can potentially 

overcome any ethical concerns and clinical obstacles associated with the use of 

primary cells or ESCs thus offering a possibility to treat patients with their own cells 

without the need of immunosuppressive drugs to prevent tissue rejection. Despite 

their tremendous potential application for cell-based therapies and disease 

modelling, the reliability of cell reprogramming, the development of robust protocols 

for the differentiation of iPSCs into relevant adult cell lines and their further 

translation for clinical applications are still under investigation although few clinical 

trials have been already launched (Deinsberger et al., 2020).  

The combination of intracellular factors involved in the pluripotency reprograming 

network was firstly discovered in 2006 by Yamanaka et al. (Takahashi and Yamanaka 

2006). In this study, 24 putative reprograming factors were analysed for their 

previous reported ability in ESCs to individually contribute to induce pluripotency in 

murine somatic cells (Cartwright et al., 2005; Niwa et al., 1998; Boyer et al., 2005; 

Niwa et al., 2000).  Consecutive rounds of screening led to the discovery that only 4 

ectopic factors were sufficient to reprogram somatic cells into embryonic-like state 

when co-delivered by retroviral vectors. These factors, Oct3/4 (also known as 

POU5F1), sex determining region Y (SRY)-box2 (Sox2), Krüppel-like factor 4 (Klf4) and 

c-Myc, collectively called OKSFM factors (Takahashi and Yamanaka 2006), have 

become the focal point of reprograming manipulation. Fibroblasts-derived iPSCs 
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showed ESC-like morphology, in vitro expression of ESC markers such as NANOG and 

SSEA-1 and were able to generate teratomas in vivo when injected into 

immunodeficient mice (Takahashi and Yamanaka 2006). Subsequently, iPSCs have 

been derived from a number of different species, including humans  (Takahashi et al., 

2007; Park et al., 2008), rats (Li et al., 2009) and rhesus monkeys (Liu et al., 2008) by 

expression of the four Yamanaka factors, demonstrating that fundamental features 

of the transcriptional network governing pluripotency remain conserved during 

evolution. Similarly, iPSCs have been derived from other skin cell populations, such 

as keratinocytes (Aasen et al., 2008; Maherali et al., 2008) and melanocytes (Utikal 

et al., 2009) or from somatic cells like neural cells (Eminli et al. 2008), stomach and 

liver cells (Aoi et al., 2008), pancreatic β cells (Stadtfeld et al., 2008) and terminally 

differentiated lymphocytes (Eminli et al., 2009). Advances in the area of iPSCs 

generation permitted the development of different combinations of factors able to 

induce pluripotency suggesting that an indefinite number of other molecular factors 

is implicated in the reprogramming process towards pluripotency. These modulators 

of the iPSCs state include transcription factors (Sox1 and Kfl2 (Nakagawa et al., 

2008)), chromatin regulators (such as histone deacetylase (HDAC) inhibitor with 

valproic acid (VPA) (Huangfu et al., 2008), growth factors receptors (Yu et al., 2007) 

as well as miRNAs (Yu et al., 2007). However, it has been shown that expression of 

Yamanaka’s factors is only essential in the initial steps of reprogramming and 

undesired silencing of the exogenous factors might occur by epigenetic factors such 

as DNA and histone methyltransferases (Stadtfeld et al., 2008). Reprograming blocks 

were also observed when constitutively active lentiviral vectors were used 

(Brambrink et al., 2008; Sommer et al., 2010). Overexpression of the reprograming 

factors such as c-Myc led to increased tumourigenicity in chimera mice (Nakagawa et 

al., 2008; Takahashi and Yamanaka 2006). Successful reprograming, albeit with a 

reduced efficiency and speed, was also achieved without the expression of 

exogenous c-Myc (Nakagawa et al., 2008; Marson et al., 2008) or with the use of 

inducible and polycistronic lentiviral vectors (Sommer et al., 2009). To circumvent the 

possible harmful effects, such as insertional mutagenesis and leaky transgene 

expression, of reprogramming through integrating vectors, integration-free 

techniques to generate iPSCs have been developed. These include non-integrating 
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vectors such as Sendai viruses (Fusaki et al., 2009), polycistronic vectors with Cre-lox 

system (Kaji et al., 2009), modified mRNA expressing reprogramming factors (Warren 

et al., 2010), transposons (Soldner et al., 2009) and proteins (Zhou et al., 2009).  

Another important key factor to achieve high efficiency and quality of reprograming 

is the starting somatic cell population. Different somatic cells lineages showed 

variable reprogramming capacities depending on their origin, differentiation stage 

(progenitors or terminally differentiated cells) and gene expression profile 

predisposition. Furthermore, although genome-wide transcriptomic analyses 

comparing human iPSCs and hESCs showed no significant differences in their global 

gene expression, DNA methylation and histone patterns (Guenther et al., 2010), iPSCs 

displayed to have propensity for differentiation towards specific cell lineages. 

Remnants of epigenetic imprinting from the donor tissue, known as “epigenetic 

memory”, have been shown to predispose iPSCs to differentiation to the cell type of 

origin. For example, iPSCs derived from foreskin keratinocytes and umbilical cord 

blood have been shown to have a much higher differentiation potential for their 

respective cell lines as their tissue of origin (Kim et al., 2010). Subsequently, 

molecular analyses of the iPSCs-methylation patterns confirmed the presence of 

differentially methylated loci depending on their tissue of origin. These findings 

suggest that human iPSCs do not efficiently silence the expression patterns of the 

somatic cells from which they are derived. Different studies indicate that early-

passage iPSCs are most likely to retain transient epigenetic signatures and fail to 

induce certain genes expressed in undifferentiated and highly proliferative hESCs. 

The supplementation of epidermal-derived iPSCs with exogenous cytokine such as 

WNT3A was shown to increase their blood-forming colony, thus suggesting that 

epigenetic marks can be overcome by manipulating the culture conditions (Kim et al., 

2010). Although iPSCs can overcome the limitations associated with ESCs and offer a 

promise of personalized treatment, recent studies have shown increased genomic 

instability, epigenetic abnormality, and immunogenicity of iPSCs, raising safety 

concerns of iPSC-based cell therapy (Sebban and Buganim, 2016). Safe and successful 

application of iPSCs in cell and gene therapy requires a pure population of fully 

differentiated cells. In addition, standardized and efficient protocols for cell 
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reprogramming need to be established. Therefore, despite significant advances in the 

field of iPSCs technology, crucial criteria for their manufacturing and safety need to 

be met before their clinical use.  

 1.5.5.1 Application of iPSCs in dermatology  

In dermatology, iPSCs have already been investigated for in vitro disease modelling 

and for generation of de novo keratinocytes for repair strategies when patients‘ cells 

are not available. Unlike primary keratinocytes and fibroblasts, iPSCs are more 

amenable to genetic manipulation both by the means of classic gene therapy or the 

novel gene and base editing strategies. Access to EB patient’s keratinocytes is not 

always possible due to the young age of the patient and the severity of the disease. 

In severe forms of RDEB, where patient’s skin is under chronic inflammation as a 

result of persistent blistering, keratinocyte stem cells might become depleted and 

cannot be cultivated or expanded in vitro prior to gene correction. Additionally, 

extensive manipulations of primary keratinocytes and clonal selection of single gene-

corrected cell might also interfere with their self-renewal capacity leading to 

exhaustion and senescence (Siprashvili et al., 2016; Latella et al., 2017; De Rosa et al., 

2019). Furthermore, because the epidermis is continuously renewed by keratinocyte 

stem cells in the proliferative basal layer, any permanent genetic correction must 

target this stem cell population. Although in vitro clonal analysis might be required in 

gene-corrected RDEB-iPSCs, they can in theory provide an inexhaustible supply of 

COL7A1 functional cells due to their indefinite self-renewal capacity. So far, various 

skin cell types, such as fibroblasts, keratinocytes and melanocytes, have been used 

for reprogramming into iPSCs (Aasen et al., 2008; Utikal et al., 2009). Keratinocytes 

and melanocytes showed higher reprogramming efficiency compared to fibroblasts 

and their residual epigenetic memory may allow for easier differentiation back into 

the corresponding original cell type for cell replacement. To date, human iPSCs have 

been used to generate multi-lineages cell types populating the skin, including 

keratinocytes (Table 1.2 and Table 1.3), folliculogenic human epithelial stem cells 

(Yang et al., 2014), fibroblasts (Table 1.4) and melanocytes (Ohta et al., 2011; Liu et 

al., 2019). The use of iPS-derived skin cells combined with the development of 3D 

scaffold systems resulted in the generation of cellular models for several 
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genodermatoses including different forms of epidermolysis bullosa, such as EBS 

(Bilousova and Roop, 2014), JEB (Tolar et al., 2013) and DEB (Itoh et al., 2011; Tolar 

et al., 2011), p63 mutant ectrodactyly, ectodermal dysplasia (Shalom-Feuerstein et 

al., 2013), epidermolytic hyperkeratosis (Bilousova et al., 2011), dyskeratosis 

congenita (DC) (Agarwal et al., 2010; Batista et al., 2011) and ichthyosis (Petrova et 

al., 2014; Kolundzic et al., 2019). Despite significant advances in the field of iPSCs, 

crucial criteria for their manufacture and safety need to be met before their clinical 

use. Moreover, elucidation of the long-term skin regeneration capacity and safety 

profile of cells derived from iPSCs is required before safe and efficacious clinical 

translation can take place. 

1.5.5.2 Differentiation of pluripotent stem cells into keratinocytes 

The main prerequisite that has to be met when manipulating cell fate of a pluripotent 

stem cell in vitro, is a thorough understanding of the embryonic morphogenesis of a 

given tissue, in order to achieve efficient production of the desired cell type. Over the 

last decades, significant advances in the field of pluripotent stem cells (PSCs) and 

epidermal stem cells biology have contributed towards the generation of 

keratinocytes derived from ESCs and iPSCs. One of the first reported evidence of 

keratinocyte-like derivation from murine ESCs (mESCs) was shown by Bagutti et al. in 

1996 (Bagutti et al., 1996) alongside molecular studies on the role of β1 integrin in 

the epidermal differentiation process (Bagutti et al., 2001). In vitro cellular 

aggregates, known as embryoid bodies (EBs) (Doetschmanet al., 1985), from wild 

type mESCs cultured on de-epidermized human dermis (DED) with human dermal 

fibroblasts showed the formation of a small group of cells expressing common 

keratinocyte stem cell markers such as cytokeratin 14 (K14) and adhesion protein like 

α6β4 integrin. In accordance with the contribution of feeder layer in the epidermal 

cell maintenance in vitro (Green et al., 1979; Rheinwatd and Green 1975), the 

paracrine signalling promoted by fibroblasts in culture lead to the release of growth 

factors such as FGF10, TGFα and KGF that are capable of promoting growth and 

maturation of ESC-derived epidermal stem cells into multi-layered skin (Bagutti et al., 

1996).   
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An important milestone in understanding the molecular network in the in vitro 

epidermal differentiation from ESCs was achieved by Kawasaki and colleagues as part 

of the study on generating neuronal stem cells from mESCs (Kawasaki et al., 2000). 

Upon gastrulation, the ectodermal germ layer has the potential to differentiate 

towards surface ectoderm and neuroectoderm which ultimately specify into the skin 

epithelium and the nervous system, respectively (Hemmati-Brivanlou and Meltont 

1997). In vitro/in vivo fate-mapping and gene-knockout studies of the genesis of the 

epidermis have shown that bone morphogenic protein 4 (BMP-4), a member of the 

transforming growth factor β (TGFβ) ligand superfamily, can influence the 

commitment of ESCs into ectodermal-epidermal fate over ectodermal-neuronal one 

(Hemmati-Brivanlou and Meltont 1997; Baker et al., 1999; Davis et al., 2004; Troy and 

Turksen., 2005). 

The importance of BMP-4 for keratinocyte derivation was confirmed by the study by 

Coraux et al., where K14+ progenitor cells able to produce multi-layered epidermal 

tissue in organotypic culture models were obtained (Coraux et al., 2003). Histology 

and immunofluorescence staining of the generated epidermis revealed the 

expression of further keratinocyte markers, such as collagen IV, VII, laminin-332 and 

α6β4 integrin at the stratum basale, as well as the expression of epidermal 

differentiation markers in the outermost layers. Transmission electron microscopy of 

the BMZ of the reconstituted skin displayed formation of hemidesmosomes and AFs, 

thus confirming that mESCs-derived keratinocytes can correctly recapitulate 

keratinocyte phenotype and skin architecture and structure.  

Alongside BMP-4, retinoic acid (RA) exhibits stage-specific effects on epithelial 

differentiation from hESCs. RA is a pleiotropic potent regulator of cell proliferation 

and modulator of cell differentiation highly involved in embryonic stem cells (Gudas 

and Wagner., 2011), as well as skin morphogenesis (Fisher and Voorhees., 1996). 

Addition of RA to primary human keratinocytes was shown to inhibit the terminal 

differentiation of keratinocytes in vitro by modulating the expression of ΔNp63 

(Bamberger et al., 2002), a master key regulator of keratinocyte proliferation and 

epidermal stratification (Mills et al., 1999; Yang et al., 1999). Accordingly, it has been 

shown that RA increases the frequency of hESC-derived epithelial cells expressing 
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p63, K14, laminin332, and involucrin (IVN) and cytokeratin 10 (K10) in the outermost 

epithelial-like layers in organotypic culture (Metallo et al., 2010; Metallo et al., 2008). 

Consequently, several studies confirmed that synergic induction of BMP-4 and RA in 

hESCs mimics the commitment of the surface ectoderm derived from pluripotent 

stem cells into single-layered epithelium expressing early epidermal markers such as 

cytokeratin 8 (K8) and 18 (K18) (Lingyu Li et al., 2013; Metallo et al., 2008; Aberdam 

et al., 2008; Selekman et al., 2013). Cultivation of ESC-derived K18+ epidermal 

progenitors on stromal fibroblast layer drove epidermal lineage maturation, 

consisting of cell death, migration, and epithelial colony formation of p63+/K14+ 

hESC-derived basal keratinocytes (Aberdam et al., 2008). In support of such findings, 

in depth molecular and epigenetic understandings of keratinocyte development from 

pluripotent stem cells have been developed. High-throughput RNA sequencing and 

chromatin landscape organization during lineage-specific commitment into 

keratinocyte, revealed key transitions master regulators of lineage initiation and 

maturation of keratinocytes (Lingjie Li et al., 2019). Three major stages of epigenetic 

landscapes and associated-gene expression patterns changes have been described as 

the sequential transition between pluripotent stem cell, characterized by OCT4 

(POU5F1), surface ectoderm progenitor (initiation), typified by K8 and K18 expression 

upon BMP-4 and RA treatment and mature keratinocyte (maturation) corresponding 

to the emerging expression of p63  

Despite the accepted role of RA/BMP-4 in the earliest epidermal commitment, 

significant variability between all the studies on PSC-differentiation into epidermal 

cells can be explained by the differences in the composition of matrix and media 

used, often resulting in variable differentiation efficiencies and poor reproducibility. 

Therefore, multiple studies have addressed the role of cell-cell and cell-matrix 

interactions in epithelial and epidermal differentiation. The importance of cell-matrix 

interaction was observed in β1 null mESCs which were unable to differentiate 

towards epidermal lineages (Bagutti et al., 2001). The absence of the β1 integrin, in 

fact, lead to the lack of molecular networks between the cells and growth factors, 

expressed by the ECM in vivo or surrogate matrix in vitro, leading to impaired 

keratinocyte differentiation (Bagutti et al., 2001). Serial cultivation of hESCs on 
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stromal fibroblast layer showed an enriched and stable population of K18/K8 positive 

epithelial cells derived from the ectodermal lineage (Aberdam et al., 2008). In 

addition, cell density during the commitment phase in RA-based epithelial 

differentiation protocol is critical. It has been estimated that cell density of at least 

4500 cells/cm2  is necessary to achieve an almost pure population of committed K18+ 

simple epithelial cells (Selekman et al., 2013). Moreover, hESCs can be differentiated, 

either as EB aggregates or adherent cells, on different ECMs, such as collagen I, 

(Metallo et al., 2010; Metallo et al. 2010), collagen IV (Bilousova et al., 2011) or 

commercial coating matrices with variable collagen/laminin ratio such as Matrigel® 

(Shinkuma et al., 2016), Geltrex® (Kogut et al., 2013), StemAdhere and Synthemax 

(Selekman et al., 2013).  

High variability has been also observed in the media composition. Similarly to normal 

human keratinocyte culture, a co-culture system consisting of ESCs and irradiated 

feeder layers and use of optimized media (such as FAD) containing insulin, fibroblast 

growth factor (FGF), and epidermal growth factor (EGF) provided a suitable molecular 

environment for ESCs differentiation into epidermal cells (Guenou et al., 2009; Haase 

et al., 2007; Aberdam et al., 2008; Green et al., 2003). However, different rates of 

epidermal cell-derivation, abnormal colony formation of keratinocyte-like cells and 

short-cell doubling were observed in all the studies.  

Abnormal colony morphology of iPSCs-derived keratinocytes was postulated to be 

related to ambiguity of markers to identify epithelial cells derived from PSC cells as 

“keratinocytes” and the fact that FAD medium equally supports the growth of 

epidermal subtypes from other stratified and non-stratified epithelia of both 

endodermal and ectodermal origin (Pellegrini et al., 1999). For example, p63 and K14 

were also reported as general markers of endodermal commitment during 

development (Dabelsteen et al., 2009). Cells from epidermal tissues such as urothelial 

and tracheobronchial share the same markers with epidermal keratinocytes, 

including p63/K14 in the basal layer and involucrin/K10 during their commitment to 

terminal differentiation (Dabelsteen et al., 2009). The short-lived progeny of 

epidermal-derived cells was shown to be related to impaired regulation of the 

p16INK4A and p14ARF-dependent senescence mechanisms (Dabelsteen et al., 2009;  
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Iuchi et al., 2006) or due to an incomplete epidermal differentiation in vitro. Use of 

more defined keratinocyte medium (such as DM and DKSFM) in ESCs showed 

significant level of epidermal enrichment with higher number of p63/K14 expressing 

cells compared to FAD medium (Metallo et al., 2010; Itoh et al., 2013). Similarly, in 

iPSCs the highest rate of p63+/K14+ keratinocytes derivation was achieved when cells 

were cultured in DKSFM with up to 44.7% of p63+/K14+ cells obtained after the 30-

days of differentiation and over 70% after the first passage, indicating that K14+ 

population can be enriched by culture conditions (Itoh et al., 2013). Furthermore, 

enrichment of K14 cells is feasible by flow sorting the cells expressing high levels of 

integrin α6 (ITGA6) and β4 (ITGB4) in order to obtain a pure keratinocyte population 

for downstream studies (Itoh et al., 2013).  

Alongside the capacity of PSC-derived keratinocyte to stratify and recapitulate the 

skin architecture in 3D models in vitro and in vivo, iPSC-derived epidermal stem cells 

were shown to form de novo hair follicles, sebaceous glands and interfollicular 

epidermis hence confirming the multipotent capacity of PSC-derived epidermal stem 

cells (Yang et al., 2014; Bilousova et al., 2011). Yang study has also shown that fine 

temporal control of EGF, RA and BMP signalling leads to the expression of 

intracellular and surface markers of epithelial stem cells from the hair follicle bulge, 

including cytokeratin 15 (K15) and CD200+/ITGA6+, with as a similar gene expression 

levels in hiPSC-derived epidermal stem cells as in human hair follicles (Yang et al., 

2014). Human iPSC-derived cells were shown to be capable of generating all hair 

follicle lineages including the hair shaft, and the inner and outer root sheaths in skin 

reconstitution assays. 

In the context of EB, significant effort has been put into the development and 

validation of differentiation protocols for obtaining keratinocytes and other relevant 

cell types from iPSCs for a potential cell therapy application (Itoh et al., 2011; 

Umegaki-arao et al., 2014; Bilousova et al., 2011). Several research groups have 

demonstrated the feasibility of generating iPSC-derived keratinocytes from patients 

with various forms of EB (Umegaki-arao et al., 2014; Tolar et al., 2011; Webber et al., 

2016; Shinkuma et al., 2016; Jacków et al., 2019; Osborn et al., 2020). First examples 

of potential application of iPSCs technology in EB were described by Umegaki et al. 
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and Tolar et al., with the generation of iPSCs from keratinocytes and fibroblasts 

obtained from patients who presented with revertant mosaicism for JEB and RDEB, 

respectively (Umegaki-Arao et al., 2014; Tolar et al., 2011). These iPSCs were then 

differentiated into keratinocytes, which exhibited similar global gene expression 

profile as the original somatic revertant keratinocytes and showed upregulated 

expression of COL17A1 or COL7A1 compared to the mutant, non-revertant cells 

(Umegaki-Arao et al., 2014; Tolar et al., 2011). C17 and C7 proteins were also 

detected in the basal layer in xenograft mouse models (Umegaki-Arao et al., 2014; 

Tolar et al., 2011).  

In the absence or revertant mosaicism, several research groups have successfully 

combined cell reprogramming and differentiation with gene and base editing 

strategies to produce functional, gene corrected cells (Shinkuma et al., 2016; Jacków 

et al., 2019; Sebastiano et al., 2014; Osborn et al., 2020). COL7A1-corrected iPSC-

derived keratinocytes were shown to share morphological and biological features of 

primary human keratinocytes, including the ability to produce epidermal sheets 

expressing functional C7 resulting in AF formation in vivo (Shinkuma et al., 2016; 

Jacków et al., 2019). To assess the potential of iPSC-derived keratinocytes in cellular 

therapy for RDEB, molecular analysis from 2D cultures confirmed the expression of 

full length of secreted mature collagen VII as well as its deposition at the basement 

membrane zone and anchoring fibrils formations in 3D skin equivalents in vivo 

(Shinkuma et al., 2016; Jacków et al., 2019). 

1.5.5.3 Differentiation of pluripotent stem cells into fibroblasts 

In contrast to keratinocyte differentiation, established protocols for generating 

dermal fibroblasts from ESCs/iPSCs have not been fully defined yet. Elucidation of the 

protocols for dermal fibroblasts differentiation has been hindered by insufficient 

knowledge in the developmental biology of mesodermal tissues and a lack of specific 

markers of fibroblasts maturation. Spontaneous differentiation of ESCs-derived 

embryoid bodies (EBs) into fibroblast-like spindle-shaped cells has been observed in 

different studies (Chen et al., 2009; Xu et al., 2004; Togo et al., 2011). 
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Studies of Hewitt et al. have reported simultaneous generation of multiple skin cell 

lineages, including keratinocyte- and fibroblast-like cells from ESCs and iPSCs (Hewitt 

et al., 2009, 2011; Shamis et al., 2012). PSCs were differentiated into heterogeneous 

mix of epithelial and fibroblast cells using FAD medium, feeder layers and BMP-4, 

components widely used for generating epithelial cells from ESCs/iPSCs. In these 

studies, both iPSCs/ESCs-derived fibroblasts shared similar cell morphology 

characterized by elongated and polygonal cell shapes with proliferative potential 

between 10-18 doublings (Hewitt et al., 2009, 2011; Shamis et al., 2012). During 

differentiation, progressive loss of pluripotency markers in both hESCs and iPSCs was 

observed alongside increasing co-expression of mesenchymal stromal stem cell 

associated antigens (CD73, CD10, and CD13) and endothelial adhesion molecules 

(such as CD105) with levels of expression similar to parental fibroblasts. In addition, 

overlapping patterns of fibroblasts-related genes and methylation profiles of 

promoters associated with ECM (such as collagens I and IV) production, were 

observed. Supplementation with ascorbic acid, known to increase collagen synthesis 

(Pinnel, 1987), resulted in greater production of proα1 (I) (COL1A1), proα1(IV) 

(COL4A1), proα1(III) (COL3A1) and pro-α1(V) (COL5A1) collagens in fibroblast-like 

cells compared to the parental ones (Shamis et al., 2012). PSC-derived-fibroblasts 

were also shown to deposit de novo ECM-forming basement membrane interface 

when co-cultivated with foreskin-derived keratinocyte in vitro, thereby mimicking the 

crosstalk between stromal and epidermal skin compartments required for tissue 

development.  

Based on the evidence of ascorbic acid (Franceschi 2009; Keller 2005) and TGFβ family 

members (Kumar and Sun 2005; Watabe and Miyazono 2009) contribution to 

mesodermal development from ESCs, Itoh et al. developed a different method of 

deriving pure fibroblasts from iPSCs (Itoh et al., 2013). IPSC-derived cells expressed 

mesodermal and fibroblast inductions markers such as CD73, CD90 alongside 

multiple types of collagens, including type I, III, IV and VII.  As with PSC-derived 

keratinocytes, iPS-derived cells with features of fibroblasts may present an important 

source for future therapeutic applications in RDEB. In this direction, PSCs-derived 

fibroblasts and keratinocytes were shown to be successfully co-cultivated on matrix 
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supports in order to generate skin equivalents (SEs) for RDEB and  other skin disorders 

(Itoh et al., 2013; Kim et al., 2018). SEs are composed of both keratinocytes and 

fibroblasts and, hence, have a potential to combine the positive effects of both cell 

types. Several studies showed that SEs, composed of healthy or gene corrected RDEB 

iPSCs-derived keratinocytes and fibroblasts, were able to deposit ECM-forming 

basement membrane interface and sustain significant de novo C7 expression at the 

BMZ when grafted onto immunodeficient mice (Itoh et al., 2013; Kim et al., 2018). 

Potential of such application in RDEB resides on the fact that SE are currently under 

evaluation in clinical trials. Despite the rapid progression towards the clinical use of 

iPSCs, further elucidation on the molecular features that define these iPS- and ES-

derived fibroblasts following differentiation must be taken to fine-tune the 

engineering of specific types of fibroblasts that function in the development of organs 

and tissues. 

Collectively, hESCs and hiPSCs offer a potential to generate all relevant cell types that 

can be used in gene and cell therapy for EB. Despite the advances in establishing the 

protocols for epidermal and dermal differentiation from ESCs and iPSCs, major 

roadblocks remain. To meet clinical demands for the various cell types that can be 

generated from hPSCs, it is necessary to employ reproducible differentiation systems 

with fully defined cell culture and matrix components. To this end, dissecting 

genome-wide regulatory landscape during differentiation remains critical for 

understanding lineage commitment in epidermal and dermal development. 
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Table 1.2 Differentiation of ESCs into keratinocytes  

Ref. Cell Line Method Matrix Media+IF Markers Comments 

Bagutti et al. 

1996  

mESC D3  

mESC (G-201) (β1-)  

EBs Feeder layer 

Gel.Coating 

 

CM  

EM  

K14,α6β4int, 

K10,K8,K18,K19 

 

Keratinocytes 

No terminal differentiation (K1- /Involucrin-) 

Bagutti et al. 

2001 

mESC (D3) 

mESC (G-201) (β1-) 

EBs HDF 

DED 

CM 

FGF,KGF,FGF10,TGFα,TGFβ1,

HGF 

K5,K14,α6β4int,K10 Cysts resembling stratified squamous epithelia (D3) 

Kawasaki et al. 

2000 

mESC (EB5) Ad PA6 feeder EM  (+ BMP-4, 2-βME) K14 Epidermal differentiation only 

Coraux et al. 

2003 

mESC (CGR8) Ad HNFs/NIH-3T3  EM (+ BMP-4 or AA) K14, K10, ColIV/VII, 

α6β4int, lamα3, filaggrin 

Stratification and formation of BMZ 

Cutaneous epidermal cells 

Green et al.  

2003  

hESC (H9)  - EBs 

-Teratoma 

NIH-3T3 FAD  K14, p63, involucrin, 

basonuclin   

General keratinocytes of squamous epithelium 

Sparse stratification (involucrin+) 

~15 doublings  

Selekman et al. 

2013 

hESC (H9) Ad StemAdhere 

Synthemax ® 

UCM (+ RA) 

DKSFM 

K18,K14,P63,filaggrin, 

involucrin, K10 

K14+/p63+ keratinocyte progenitor 

Cell doubling depending on the substrate 

Aberdam et al. 

2008 

hESC (H9) Ad PA6feeder/ 

NIH-3T3 

FAD ( + BMP-4) K8/K18 intermediate 

K14, p63, lamα3 

~60 doublings for K8/K18+cells 

Metallo et al. 

2008, 2010 

hESC (H1,H9) EBs/Ad Gel.coating DKSFM +RA (for EB) 

DKSFM +RA+BMP-4 (Ad) 

K18, K14, p63, involucrin, 

filaggrin 

~10 doublings 

Keratinocyte progenitors  

Hewitt et al. 

2009 

hESCs (H9) Ad MEF (day0-14) 

Plastic (14-21) 

Col-I (21 ) 

 

NHK (day0-7) 

NHK (+BMP-4) (Day4-7) 

SCES (day 7-14) 

NHK (14-onwords) 

K18 >20 passages  
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Guenou et al. 

2009 

hESC H9, SA01 Ad NIH-3T3/ColI FAD (+ BMP-4 + AA) 

KGM2  

p63, K5, K14, K10, 

involucrin, 

α6β4int, laminin332, 

filaggrin, ColVII 

Long replicative lifespan of p63/K14 + cells (~40-60 

doublings) 

Epidermal keratinocytes 

Huang et al. 

2008 

mESCs 

(KM,DS3,CJ7) 

Ad MEF EM + MEF 

EM only  

K14,K18,K10, involucrin  Variable cell doubling (10-30) 

Keratinocyte-like cells 

Haase et al. 

2007 

mESC (CCE) EBs ColI  FAD  K14, involucrin  Epithelial cells, no long-term culture  

No successful cell passaging  

Summary table compiled based on published data of PSCs differentiation into keratinocyte lineages discussed in section 1.5.2.2. To note: due to the high 

variability and complexity of all the differentiation protocols cited in this thesis, a simplified representation of the most important characteristics of each study 

are reported in the table. Abbreviations: column “cell line”: mESC, Mouse embryonic stem cells; hESCs, human embryonic stem cells; in brackets are the 

names of the cell lines used in every study. Column “Method”: EBs, Embryoid bodies; Ad, adherent cells. Column “Matrix”: HDF, human dermal fibroblasts; 

DED, de-epidermized dermis;  HNF, human normal fibroblasts; NIH-3T3, Todaro and Green 3T3 mouse embryonic fibroblast line; Col, collagen; MEF, mouse 

embryonic fibroblasts; column “Media + inducing factors (IF)”: CM, conditioned medium; EM, various versions of Eagle’s medium; ESCM, Embryonic stem cell 

culture medium; FAD: serum and growth factor supplemented Rheinwald/Green medium widely used for keratinocyte growth; KGM2, keratinocyte growth 

medium; RA, Retinoic Acid; BMP-4, Bone morphogenetic protein 4; AA, Ascorbic acid. Column “markers” (epidermal markers detected on protein level  by 

immunostaining or Western blot analysis): K14, keratin 14; K5; Keratin 5; K10, keratin 10; K8; Keratin 8; K18, keratin 18; col-VII, collagen VII; Col-XVII, collagen 

XVII; p63, TP63 transformation-related protein 63; α6β4int,integrin alpha6 beta4.  
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Table 1.3 Differentiation of iPSCs into keratinocytes  

Ref. Cell Line Method Matrix  Media + IF Markers  Protocol 

duration 

Note 

Bilousova 

et al., 2011 

miPSC  EBs ColIV 

 

ESCM (Initiation) 

      + RA/BMP-4 

DKSFM (Maturation) 

      +Ca++(terminal 

differentiation) 

K14, K5, p63, 

K1, loricrin 

>14 days De novo keratinocyte 

Hair, Sebaceous glands (in vivo) 

~18 doublings 

Itoh et al., 

2011, 2013 

hiPSCs 

(RDEB/WT) 

Ad Matrigel®  

 

ESCM (Initiation) 

     + RA + BMP-4 

DKSFM (Maturation) 

DKSFM(Terminal differentiation) 

     + Ca++  

K14, K5, 

α6β4int, K10 

 

>30 days ~ 5 passages  

Epidermal keratinocytes  

Increase of K14+/p63+ upon rapid attachments  

Kogut et 

al., 2013 

hiPSCs Ad Geltrex®/ColIIV 

ColI/ColIV-rapid 

attachment 

DKSFM (Initiation) 

     + RA + BMP-4 

DKSFM (Maturation) 

CnT07 (Maturation/Propagation) 

K14, p63 >24 days Pure K14+ population after 3 Rapid 

Attachments 

Tolar et al., 

2013 

hiPSCs  

(JEB) 

EBs Low attachment, Gel 

Coating  

DKSFM 

    + RA + BMP-4 

K5, K1, Col-VII, 

Col-XVII 

nr Keratinocyte cells 

Sebastiano 

et al., 2014 

hiPSCs EBs Gel.coating 

 

ColI (propagation) 

FAD (initiation) 

   + RA + BMP-4 

N2 (commitment) 

  + RA + BMP-4 

DKSFM (maturation) 

K14, p63, K10, 

laminin-332, 

α6int, 

Involucrin, Dsg3 

>60 days Keratinocyte cells 

Webber et 

al., 2016 

hiPSCs 

(RDEB) 

Ad Geltrex® 

ColI/ColIV-rapid 

attachment 

DKSFM (initiation) 

     + RA + BMP-4 

DKSFM (maturation) 

CnT07 (Maturation/propagation) 

K14, p63, K5 >24 days Keratinocyte cells 
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Kim et al. 

2018 

hiPSCs EBs ColIV EM ( + RA + BMP-4) -Initiation 

EM( + RA + BMP-4)- Maturation 

EM (+ EGF + BMP-4)-Maturation 

 

K14, p63, K5, 

involucrin, 

loricrin  

>30 days Keratinocyte cells similar to primary 

keratinocytes in morphology and gene 

expression 

Yang et al. 

2014 

hiPSCs EBs 3T3-feeder EM (Initiation) 

  + BMP-4  

DKFSM (maturation) 

  + RA + BMP-4  

KSFM/DKSFM (maturation) 

  + BMP-4 + RA + EGF 

KSFM (propagation) 

  + EGF 

CD200, α6int, 

K18, K5, K14, 

K15, P63 

>40 days iPSCs-derived EpSCs able to reconstitute the 

epithelial components of the hair follicle and 

interfollicular epidermis 

Jacków et 

al. 2019 

hiPSCs 

(RDEB) 

Ad Vitronectin  PSCM (Initiation) 

     + RA + BMP-4 

DKSFM 

(Maturation/Propagation) 

K14, p63, K10, 

loricrin 

>60 days Keratinocyte cells 

Stratified epidermis from human skin 

equivalent  in vivo 

Petrova et 

al. 2014 

hiPSCs/hESCs Ad Matrigel® 

 

HDF-ECM 

 

ColIV 

PSCM (Initiation) 

     + RA + BMP-4 

EM (Selection) 

     + RA + BMP-4 

DKSFM (Maturation) 

     + RA  

EpiLife®(Propagation) 

K14, p63, K18, 

filaggrin, 

loricrin, 

involucrin 

>28 days Stratification and formation of BMZ-like 

structure 

 

Summary table compiled based on published data of PSCs differentiation into keratinocyte lineages discussed in section 15.2.2. To note: due to the high 

variability and complexity of all the differentiation protocols cited in this thesis, a simplified representation of the most important characteristics of each study 

are reported in the table. Abbreviations: column “cell line”: miPSCs, Mouse induced pluripotent stem cells; hiPSCS, human induced pluripotent stem cells; 

(RDEB), studies that used RDEB-iPSCs. Column “Method”: EBs, Embryoid bodies; Ad, adherent cells. Column “Matrix”. Different matrix and media are used 

according to the differentiation stage. Typically, the commitment of pluripotent stem cells into epidermal cells is classified in three stages: initiation, cells are 
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committed towards ectodermal differentiation, maturation and propagation of fully mature PSC-derived keratinocytes. Abbreviations: HDF, human dermal 

fibroblasts; DED, de-epidermized dermis; HNF, human normal fibroblasts; NIH-3T3, Todaro and Green 3T3 mouse embryonic fibroblast line; Col, collagen; 

MEF, mouse embryonic fibroblasts. Column “Media + inducing factors (IF)”: CM, conditioned medium; UM, unconditioned medium; EM, various versions of 

Eagle’s medium; ESCM, Embryonic stem cell culture medium; FAD: serum and growth factor supplemented Rheinwald/Green medium. DKSFM/KSFM, 

Defined/keratinocyte serum-free medium; CnT07®, EpiLife®, are proprietary media used for keratinocyte cultivation; RA, Retinoic Acid; BMP-4, Bone 

morphogenetic protein 4; AA, Ascorbic acid. Column “markers” (epidermal markers detected on protein level  by immunostaining or Western blot analysis): 

K14, keratin 14; K5; Keratin 5; K10, keratin 10; K8; Keratin 8; K18, keratin 18; K15, keratin 15, colVII, collagen VII; Col-XVII, collagen XVII; p63, TP63 

transformation-related protein 63; α6β4int, integrin alpha6 beta4. 
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Table 1.4 Differentiation of ESCs/iPSCs into fibroblasts 

Ref. Cell Line Method Matrix  Media + IF Markers  Protocol 

duration 

Note 

Itoh et al., 

2013/ 

Jacków et 

al., 2019 

hiPSCs 

(RDEB/WT) 

EBs Gel coating  

Plastic  

DMEM + 20%FBS  

     + AA + TGF- β2 

DMEM +20%FBS 

DMEM +10%FBS 

 

 

ColIII, ColI, vimentin, CD-

90,CD-73 

>30 days Morphology of spindle-shaped iPSC-derived 

fibroblasts was observed after several 

passages. RDEB-induced fibroblasts able to 

produce colVII and fulfil epidermal 

stratification in SE 

Kim et al., 

2018 

 

CBMC-iPSCs EBs Matrigel®  coating  

plastic 

ColI coating  

EM1 

  +EGF (+BMP-4) 

EM2 

Fibronectin, vimentin, CD-

73, CD-105, CD-90, ColI, 

ColIII 

>30 days Fibroblasts cells 

Derived fibroblasts supports development 

and maturation of keratinocytes in SE 

Hewitt et 

al., 2009, 

2011; 

Shamis et 

al., 2012 

iPSCs/hESCs 

(H9) 

Ad MEF (day0-14) 

Plastic (14-21) 

ColI (21 ) 

 

NHK (day0-7) 

NHK (+BMP-4) (Day4-7) 

SCES (day 7-14) 

NHK (14-onwords) 

K18, CD73, CD-10,CD-

13,CD-105, 

CD166,ColI,ColIII,colIV,ColV 

vimentin 

>30 days proliferative potential between 10-18 

doublings 

Derived fibroblasts supports development 

and maturation of keratinocytes in SE 

Production of ECM in the BMZ 

Summary table compiled based on published data of PSCs differentiation into fibroblasts discussed in section 15.2.3. To note: a simplified representation of 

the most important characteristics of each protocols are reported in the table. Abbreviations: column “cell line”: hiPSCs, human induced pluripotent stem 

cells; CMBC, Cord blood mononuclear cells; ESCs, embryonic stem cells. Column “Method”: EBs, Embryoid bodies; Ad, adherent cells. Column “Matrix”: ColI, 

type I collagen; MEF, mouse embryonic fibroblasts. Column “Media + inducing factors (IF)” EM, various versions of Eagle’s medium for different stage of 

iPSCs-derived fibroblast derivation; DMEM, Dulbecco's Modified Eagle Medium: FBS, fetal bovine serum; AA, ascorbic acid; TGF-β2, Transforming growth 

factor-beta 2; BMP-4, Bone morphogenetic protein 4; EGF, epidermal grow factor.  Column “markers” (Mesenchymal/fibroblasts markers are detected on 

cDNA and protein level): colI, collagen I; colIII, collagen III; colIV, collagen IV, colV, collagen V, col VII, collagen VII.
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1.6  Gene therapy for RDEB  

Despite the potential of cell therapy protocols for RDEB, their long-term efficacy and 

safety are still unclear. With the advent of gene therapy, correction of patient`s cells 

by adding a wild type copy of the affected gene by viral vectors offers a promising 

potential for skin diseases. Like fibroblasts, human keratinocytes are a useful cell type 

for clinical applications in DEB. Thanks to the pioneering work by Barrandon and 

Green, primary epidermal stem cells (also known as holoclones) can be cultured in 

vitro while preserving their self-renewal, proliferative potential and differentiation-

stratification properties (Barrandon and Green, 1987; Pellegrini et al., 1999). 

Although their cultivation in vitro can be challenging, keratinocytes showed to be a 

suitable target for viral gene therapies allowing the creation of autologous 

keratinocyte sheets that could be grafted on DEB patient wound beds. 

1.6.1  Gamma-retrovirus based therapies for RDEB  

In the last decades gamma-retroviruses have been converted into efficient DNA 

carriers for gene addition therapies by inserting a copy of the wild type gene within 

the retroviral genome. To take advantage of a virus for vector development, 

retroviral backbones were engineered and all genes encoding for structural, 

replication and envelop retroviral proteins, gag pol env, respectively, were divided 

into separate plasmids to reduce the likelihood of replication competent retrovirus 

(RCR) in gene-modified cells (Sakuma et al.,2012). The resulting retroviral backbone 

can accommodate a copy of a therapeutic cassette expressed from the viral 5’ long 

terminal repeat (5’LTR). Retroviral vector have been adapted for RDEB gene therapy. 

Despite recent promising results in ex vivo skin gene therapy trial, where over 80% of 

patient`s body surface affected by JEB was replaced by autologous LAMB3-corrected 

skin grafts regenerating a long-term fully functional epidermis, addition of a normal 

copy of the COL7A1 gene remains one of the biggest hurdles setting back the 

development of human gene therapy protocols for RDEB. To overcome limitations 

associated with the large size of the COL7A1 cDNA (8.9Kb) and hence the inability to 

accommodate the full-length gene inside a gamma retroviral vector as well as the 

presence of repetitive sequences encoding for the Gly-X-Y collagenous central 
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domain, a COL7A1 minigene lacking exons 70-104 which was able to mimic C7 

trimerization was designed by Chen et al. ( Chen et al., 2000) RDEB keratinocytes 

gene-corrected by retroviral mediated gene transfer showed persistent production 

of the reduced 230kDa monomer by western blot and enhanced cell adhesion and 

proliferative potential confirming that “minicollagen VII” had similar functional 

characteristics as the full-length C7. An alternative strategy to accommodate the 

transgene was developed by Muraurer et al. using a trans-splicing repair mechanism 

of cell’s spliceosome to recombine endogenous COL7A1 pre-mRNA in RDEB 

keratinocytes along with an exogenously delivered RNA molecule called pre-trans-

splicing molecule (PTM) (Murauer et al., 2011). Specifically, full-length COL7A1 gene 

was replaced with 3.3Kb of wild type coding sequence from exon 65 to 118 and 

incorporated with 3’ trans-splicing element including 224bp coding sequence 

complementary to the last nucleotides of the COL7A1 intron 64 pre-mRNA and 36 

nucleotides of exon 65. Correction was achieved in vitro in patient cells with a 

mutation in exon 106 with no signs of truncated C7 produced.  

Based on previous investigation in canine RDEB keratinocytes which demonstrated 

the ability to accommodate the full-length COL7A1 cDNA into two different retroviral  

vectors backbones (namely, pLZRS and pMSCV) and achieved correction of the RDEB 

phenotype in vitro (Baldeschi et al., 2003), Gache et al. showed the feasibility of 

pMSCV in human primary RDEB keratinocytes (Gache et al., 2004). Despite low 

transduction efficiency (40%), sufficient amount of clonogenic keratinocytes could be 

transduced to produce transplantable epithelia with a self-renewal capacity. 

Genetically corrected cells in skin equivalents maintained their proliferative potential 

and reverted the RDEB phenotype by producing 50 times more intra- and extra-

cellular C7 than that produced by wild-type keratinocytes. Genetically corrected skin 

equivalents engrafted onto the back of 6-week old NOD/SCID mice showed 

deposition of anchoring fibrils at the dermal-epidermal junction 6 months post 

grafting. Sustained treatment of keratinocytes and fibroblasts in vivo with full-length 

COL7A1 cDNA (LZRSE-COL71) under long terminal repeat (LTR), was developed by 

Siprashvili et al. (Shukla et al., 2010) Although the large cDNA size of COL7A1 has a 

negative impact on virus packaging, causing a reduction in viral titre that hampers 

the clinical development of this type of vector-based gene therapy, Siprashvili and 



76 
 

co-workers were able to achieve a high viral titre by designing a gibbon ape leukemia 

virus (GALV) envelope. In vivo grafting experiments in immunodeficient mice of 

COL7A1-transduced RDEB keratinocytes resulted in a self-renewing epithelia for 

more than 12 epidermal turnovers cycles in vivo and deposition of human C7 at the 

basement membrane zone. Following the promising results of the preclinical testing, 

a phase-I clinical trial treating 4 patients affected by severe RDEB forms was 

conducted (Siprashvili et al., 2016). Autologous keratinocytes isolated from biopsies 

were transduced with Good Manufacture practice (GMP) grade LZRSE-COL7A1. 

Although no serious adverse events were reported, in 67% of the grafts generated 

the presence of self-renewing genetically-corrected keratinocytes was low with faint 

detection of de novo anchoring fibrils at the grafted sites. Variable response in wound 

healing was observed 1-year post engraftment. Similarly, a 1/2a open-label long-term 

study using the same retroviral vector has been reported including the 4 patients 

previously enrolled for a total of 7 patients (Eichstadt et al., 2019). Interestingly 95% 

of the treated areas showed around 50% or greater (75%) healing progression at 3 

and 6 months and stable persistent healing in the grafted areas up to three years post 

grafting. For some participant, robust wound healing was evaluated up to 5 years. 

Skin reconstitution determined the presence of C7 and anchoring fibrils in 3 out of 7 

patients at 12 months. Notably, a phase 3 trial is anticipated to start in late 2019 (EB-

101) (NCT04227106). It is possible that, unlike JEB, limitations of gene therapy for 

RDEB could be associated to the low viability of skin stem cells and holoclones in DEB 

patients. Moreover, the use of gamma-retroviral vectors pose additional challenges 

for RDEB gene therapy due to the fact that retrotranscription of highly repetitive 

sequences might be more prone to genetic recombination leading to formation of 

non-functional recombinant C7 (Siprashvili et al., 2016). Furthermore, the use of viral 

long-terminal repeat (LTR) containing a strong enhancer located in the U3 region to 

drive transgene expression, was previously associated with a higher risk of insertional 

mutagenesis (Hacein-bey-abina et al., 2008; Howe et al., 2008; Ott et al., 2006). In 

fact, insertional mutagenesis has always been one of the biggest concerns in the 

development of human gene therapy protocols due to the capacity of integrating 

viral vector to integrate into or in the proximity of proto-oncogenic transcriptional 

units. Serious adverse events have been reported and described for 
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lymphoproliferative disorder in patients treated for X-linked Severe Combined 

Immunodeficiency (X-SCID) (Hacein-bey-abina et al., 2008; Howe et al., 2008) and X-

linked Chronic Granulomatous Disease (X-CDG) (Ott et al., 2006).  

Therefore, new strategies have emerged aiming to replace the classical gamma-

retrovirus-based approach with self-inactivating (SIN) retroviral vectors. To minimize 

the risk of oncogenic events, Titeux et al. developed a minimal self-inactivating (SIN) 

retroviral vector able to accommodate the full-length COL7A1 cDNA under the 

control of  the EF1-α promoter used for preclinical studies (Titeux et al. 2010). Both 

keratinocytes and fibroblasts were transduced with high multiplicity of infection 

(MOI) two times within 24 hours with a transduction efficiency around 30-80% and 

38-70%, respectively. An average copy number of integrated transgene of around 1-

3 copies per cell was detected. Despite rearrangement of the proviral COL7A1 

sequence upon retrotranscription, expression of both full-length and recombinant 

truncated C7 did not hinder the expression and the stability of functional anchoring 

fibrils at the dermal-epidermal junction of genetically corrected skin equivalents 

grafted onto immunodeficient mice. Based on encouraging preclinical data and 

improved biosafety of SIN-gamma-retroviral vector observed in vivo, a clinical trial 

which aims to produce genetically corrected RDEB skin equivalents suitable for 

transplantation in patients will launch this year (Genegraft) (Gaucher et al., 2020).   

 

1.6.2 Lentiviral-based therapy for RDEB  

To overcome the raised concerns in biosafety associated with use of retroviral vectors 

due to LTR-driven oncogenes and their reversion to a virulent state, 3rd generation 

replication defective self-inactivating lentiviral vectors based on the human 

immunodeficiency virus (HIV) have been developed. In contrast to gamma-retroviral 

vectors, lentiviral vectors are: 1) able to infect both proliferating and non-

proliferating cells, 2) can accommodate a larger therapeutic transgene (up to 9.7Kb), 

3) have a reduced LTR-driven oncogene expression due to the partial deletion of the 

U3 region of the 3’LTR which is transferred upon reverse transcription and proviral 

integration to the 5’LTR (Sakuma et al., 2012). First example of full-length COL7A1 

cDNA encoded in a lentiviral-vector was demonstrated by Chen et al.(Chen et al., 
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2002). Aiming to improve vector’s biosafety, a modified murine leukaemia MND 

promoter driving the transgene was designed to reduce potential promoter 

inactivation by cellular methylations. RDEB patient keratinocytes and fibroblast 

showed long-term expression in vitro (5 months). Skin equivalents using either both 

gene-corrected RDEB keratinocytes and fibroblasts or gene-corrected keratinocytes 

and RDEB fibroblasts grafted onto immunodeficient mice showed deposition of C7 at 

dermal-epidermal junction identical to normal control cells (Chen et al., 2002). Nearly 

all the new deposited C7 was derived from keratinocytes (90-97%) and only 3-10% 

from fibroblasts. Another means of delivery was shown by Woodley and co-workers 

where a single intradermal injection of SIN-lentiviral vector into immunodeficient 

mice provided stable C7 expression at the BMZ for 3 months (Woodley et al., 2004). 

In contrast to the study by Chen et al., (Chen et al., 2002) investigation whether 

fibroblasts could solely secrete C7 showed that human skin equivalent made by gene-

corrected RDEB fibroblasts and parental RDEB keratinocytes or intradermal injection 

of gene-corrected fibroblasts in nude mice resulted in linear C7 deposition at the 

dermal-epidermal junction with a pattern identical to the wild type controls 

(Woodley et al., 2003). However, the small diffusion radius of intradermally injected 

cells and the generalized presence of blisters all over the body of the patients hamper 

the use of such route of administration for clinical therapies. Alternative delivery of 

lentivirally-corrected fibroblasts through intravenous injection was investigated by 

Woodley et al. (Woodley et al., 2007) Injected fibroblasts appeared to promote 

wound healing after homing to the wounded skin and secretion of human C7 at the 

BMZ. Recruitment of the fibroblasts from the circulation was shown to be specific to 

skin wounds since the cells were not detected in other organs. As with bone marrow 

cell therapy, molecular mechanisms underlying homing of fibroblasts to the wounded 

skin is still unknown. Recently, Georgiadis et al. developed a therapeutic grade SIN-

lentiviral vector encoding codon optimized COL7A1 transgene driven by 

phosphoglycerate kinase promoter (PGK) to transduce autologous RDEB fibroblasts 

(Georgiadis et al., 2016). Despite low transduction efficiency, expression of 

recombinant full-length C7 was confirmed in vitro and in human:murine xenograft in 

vivo showing the presence of anchoring fibrils at the dermal-epidermal junction. 

Notably, single cell clonal analysis of codon optimized-transduced fibroblast showed 
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low-level recombination events during reverse transcription linked to truncated sized 

protein previously observed by Titeux et al. (Titeux et al., 2010). GMP production of 

engineered fibroblasts enabled their use in phase-I clinical trial with the enrolment 

of 4 RDEB patients followed 3 intradermal injection of COL7A1-modified autologous 

fibroblasts in non-blistered skin (NCT02493816) (Lwin et al., 2019). All the 4 patients 

tolerated the intradermal injections without the presence of adverse events and no 

immune response to the newly synthetized full-length C7. Overall variable increase 

of C7 expression was observed at different time points (2 weeks, 3 months 12 

months) in the injected areas however, in 2 subjects, no mature anchoring fibrils 

were detected in the injected skin areas nor proviral coCOL7A1 detected. Despite the 

limitation of the study due to the small number of patient enrolled, explanations of 

the lack of AF and no detection of the therapeutic COL7A1 cDNA in skin biopsies are 

still not clear. 

1.6.3 Alternatives to lentiviral/retroviral gene delivery  

Finally, alternative full-length COL7A1 cDNA delivery approach by sleeping beauty T2 

(SB) transposon system was developed in RDEB patient keratinocytes ex vivo (Latella 

et al., 2017). To transpose the cassette in primary clonogenic RDEB cells combination 

of three adenoviral (AdV) vectors has been used. Delivery platform consisted in a 

helper dependent AdV carrying the transposon cassette flanked by flippase 

recognition target, a second generation AdV encoding for flippase to mediate 

linearization of the FRT-flanked transposon and a first-generation vector encoding for 

the SB100X transposase. Despite multiple infections, the cell population retained 

clonogenic hallmarks exhibiting similar population doublings as normal 

keratinocytes. Notably, single cell clonal analysis in engineered keratinocytes showed 

that 85% of clones were positive for p63 and C7. The ability of engineered 

keratinocytes to sustain fully corrected C7 was verified in vivo based on 

xenotransplantation of skin equivalents onto immunodeficient mice. Another 

example of classic gene therapy application was demonstrated by Sebastiano et al. 

in 2014 showing that gene corrected iPSCs from patients with RDEB can differentiate 

into keratinocytes and generate skin sheets repairing the affected skin areas 

(Sebastiano et al., 2014). In this study, patient fibroblasts and keratinocytes were 
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used to generate different patient-specific iPSCs using lentiviral reprogramming 

vectors under GMP conditions. An adeno associated vector (AAV) carrying a donor 

template with asymmetric homology arms (8.8kb and 4.4kb) covering 31 exons and 

a central neomycin and thymidine kinase cassette for gene-correct cell selection. 

Gene correction by HDR, showed a target efficiency of 11% and 3% in the bulk 

population and 26% and 75% upon clonal selection in vitro. To address limitations 

related to safety of viral vectors and challenges to accommodate the entire size of 

COL7A1 gene, alternative non-viral based gene therapy approaches have been 

developed over the years. Ortiz-Urda et al. developed a φC31 Phage-mediated 

platform to deliver a full-length COL7A1 cDNA driven by CMV promoter and 

blasticidin gene selection into primary keratinocytes from RDEB patients (Ortiz-Urda 

et al., 2002). Advantages of using φC31 bacteriophage integrase include its ability to 

accommodate large insert of DNA (more than 10Kb) and to integrate without 

additional co-factors into targeted chromosomes due to the recognition of speudo-

attP sequences within genomes by attB sequences flanking the therapeutic donor. 

Despite the lower transfection efficiency (45.6%) compared to the viral-deliveries, 

99% of cells expressed normal levels of C7 after short-term drug selection. In vivo 

analysis of human RDEB skin equivalent grafted onto immunodeficient mice showed 

short-term expression of progenitors bearing the plasmid and the absence of 

epidermal-dermal separation. The same platform was used in parallel to correct 

patient-derived RDEB fibroblasts which were subsequently injected intradermally 

into human RDEB skin xenografted mice (Ortiz-Urda et al., 2003). Along with gene 

addition, gene silencing strategies by RNA interference were used to silence mutant 

alleles (Pendaries et al., 2012a; Goto et al., 2006; Turczynski et al., 2016). In an in vitro 

study carried by Pendaries et al., a targeted allele-specific RNA interference for a 

dominant in-frame skipping of exon 87 was employed (Pendaries et al., 2012b). 

Modest knockout of 65% and 52% was observed in DDEB patient-derived fibroblasts 

and keratinocytes, respectively. Another RNA-based methodology designed to 

induce skipping of the mutant exons by modulating the splicing of the pre-messenger 

RNA was developed using 2’-O-methyl antisense oligoribonucleotide (AONs) (Goto et 

al., 2006). Specifically, an AON targeting a PTC point mutation in exon 70 showed the 

ability to induce exon skipping in 6.2% of DEB keratinocytes. Turczynski et al. 
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designed two AONs targeting exonic splicing enhancer located at the 5’ end of exon 

73 and 80 of COL7A1 leading up to 50%-95% of exon skipping in RDEB keratinocytes 

ex vivo and resulting in 36% of C7 re-expression (Turczynski et al., 2016). Proof of 

principle of such technology in vivo led to restoration of anchoring fibrils in 

xenografted mice following subcutaneous injections of antisense ribonucleotide at 

different doses (400ug to 1mg). A phase I/II clinical trial is currently testing AON 

targeting mutations in exon 73 of COL7A1 (QR-313, Wings Therapeutics Inc.) through 

topical gel application onto patients wounds (NCT03605069). Another method relied 

on applying spliceosome-mediated RNA trans-splicing strategies (SMaRT) to address 

target mutations at a post transcriptional level (Gruber et al., 2013; Hainzl et al., 2017; 

Tockner et al., 2016). Although RNA-based therapies for DEB showed to overcome 

safety concerns associated with viral gene addition, their low efficiency limit 

immediate clinical translation. More recently, proof of concept of DNA-based therapy 

approaches designed to deliver a copy of the COL7A1 gene into skin cells using 

multifunctional poly(β-amino ester) polymers (LPAEs) for RDEB has also shown 

promising results ex vivo (Zeng et al., 2019). Rational design of a 12 kb-length 

minicircle DNA encoding ∼9kb full-length COL7A1 (MCC7) complexed to optimized 

high branched poly(β-amino ester) polymers (HC32−122), exhibited higher cell 

uptake efficiency (96.4%) and excellent physiochemical properties to facilitate the 

navigation of multiple extra- and intracellular barriers associated with keratinocyte 

gene transfections (Zeng et al., 2019). HC32−122/MCC7-transfected RDEB 

keratinocytes showed significant transcriptional COL7A1 mRNA and robust 

recombinant C7 expression on protein level. Of note, in contrast with the current 

manufacturing and safety requirements for viral development for gene cand cell 

therapy, the manipulation, process, and storage stability of polymeric nanoparticles 

could have a practical advanatge for bench-to-bedside translations. The formulation 

of the HC32−122/MCC7 complex, has demonstrated to be facilely manipulated, 

lyophilized and stored for RDEB gene delivery (Zeng et al., 2019). Therefore this 

nanoparticle-based delivery has potential to be administered in combination with 

unguents to patients skin by topical aplication. Of note, an example of polymer-based 

topical gene therapy delivery platform for RDEB is currently in phase-I clinical trial 

(AP103, Amryt Pharma, PLC). 
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Figure 1.7 Illustration of combinatorial gene, cell therapies for RDEB treatment 

Summary of current and potential gene and cell therapies for localized and systemic 

treatment of RDEB (Picture taken from Naso and Petrova, 2020). 
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1.7 Genome editing  

The development of engineered endonucleases programmed to make highly precise 

changes within the genomic DNA at a nucleotide resolution has been driving an 

incredible revolution in gene therapy approaches. Despite the broad use of viral 

vectors for gene therapy applications, the ability to induce site-directed modification 

without perturbing the surrounding cellular environment is a critical concept for 

clinical applications. The discovery that naturally occurring DNA double-strand breaks 

(DSBs) can contribute to genome modifications and the subsequent development of 

engineered endonucleases, paved the way for the use of genome editing strategies 

in gene therapy. In the last decades, investigation of engineered platforms aimed 

to induce targeted DSBs in the region of interest have been developed. Two main 

DNA repair pathways are involved in gene-editing strategies. The fast but error-prone 

DNA repair process called non-homologous end joining (NHEJ) is frequently used to 

introduce insertions or deletions (InDels) or frameshift mutations resulting in the 

knockout of the gene (Lieber, 2010). On the other hand, in the presence of a 

therapeutic donor template flanked by homology arms homologous to the cleaved 

DNA ends triggers a slow but precise homology-directed repair (HDR) process 

resulting in gene correction or gene knockout depending on the strategy adopted 

(San Filippo et al.,  2008). The main core technology of gene-editing tools is based on 

the use of engineered chimeric nucleases made by sequence-specific RNA or DNA-

binding domains able to guide nonspecific DNA endonucleases to cut at a precise site 

within the genome. Four standard endonuclease platforms such as meganucleases 

(MN), Zinc Finger nuclease (ZFNs), transcription activator-like effector nuclease 

(TALENs) and clustered regularly interspaced short palindromic repeats/CRISPR-

associated (CRISPR/Cas9) have been used in gene-editing so far. Although pioneering 

works on MNs showed promising results (Silva et al., 2011; Rouet et al.,1994), their 

translation into clinic is yet to be achieved. Engineering MNs to specificity target a 

chosen sequence has proven quite problematic and labour intensive due to their long 

DNA binding sites, thus reducing the number of genes that could be targeted by this 

tool (Grizot et al., 2010; Porteus et al., 2016). Unlike MNs, ZFN and TALENs are widely 

used in genome editing applications. The establishment of currently used zinc-fingers 
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nucleases platform was achieved by fusion of the non-specific cleavage domain of 

type II restriction enzyme FoKI to the C-terminus of a zinc finger array responsible for 

site-specific nuclease activity (Kim et al., 1996; Urnov et al., 2010). Conjecture behind 

the use of Zinc finger proteins (ZFP) as DNA-binding domains for ZFNs relies on their 

broad nature in mammalian transcription factors and their capability of binding three 

nucleotides per ZFP, thus making them a good tool  for site-specific genome editing 

(Kim et al., 1996). However, arrays of ZFN motifs have to be assembled for targeting 

novel sequences. This approach, known as “modular assembly”, generates candidate 

zinc-fingers for a given target sequence by identifying fingers for each component 

triplet and linking them into multi-finger peptide (Urnov et al., 2010; Carroll, 2011). 

While ZFNs are limited in the choice of the target sequence due to their modular 

assembly requirement, the modular assembly of “1 repeat to 1 base”  of TALEN 

DNA binding domains makes TALEN a more accessible and more customizable tool 

for gene-editing strategies (Boch et al., 2009; Mussolino et al., 2012). However, the 

highly repetitive sequences of each TALE DNA-binding domain hinders generation 

of novel TALEN arrays as well as their delivery in viral vectors (Doudna and 

Charpentier 2014). Although ZFN and TALENs have been reported safe and efficient 

in different clinical trials, limitations in their design for a given DNA sequence and the 

hurdles associate with their production or delivery hamper their broad application in 

gene-editing settings. By contrast, the easy adaptability of CRISPR/Cas9 tools to “edit 

and correct” or to change a single DNA base in a targeted way can be employed to 

target various pathogenic mutations with unmet clinical need.  

1.7.1 CRISPR/Cas9:  a novel tool for genome-editing  

The development of the CRISPR/Cas system (Clustered Regularly Interspaced Short 

Palindromic Repeats along with CRISPR associated protein) as a tool for 

therapeutic genome editing evolved after the first identification in Escherichia coli 

in 1987 described as series of short constant repeated elements interspaced by 

spacers of 32 nucleotides able to accommodate different sequences of exogenous 

DNA (Ishino et al., 1987). Although comparative studies based on genomic 

sequencing of CRISPR arrays showed the presence of short regularly spaced 

repeats in different species of bacteria and archaea (Mojica et al., 2000), its 
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biological relevance in adaptive immunity against the invasion of foreign nucleic 

acids, such as bacteriophages and plasmids, was discovered only in 2005 (Bolotin 

et al., 2005; Mojica et al., 2005). The CRISPR system adaptive immunity strategy 

can be divided into three stages: adaptation, expression, and interference 

(Barrangou and Marraffini 2014; Van der Oost et al., 2014) (Figure 1.8A). In the 

adaptation stage, foreign DNA fragments (also known as protospacers) are 

integrated into the “spacer” region within the CRISPR arrays. CRISPR arrays consist 

of repeated sequences interspersed with variable protospacer sequences that 

encode and are found with Cas genes within CRISPR loci. CRISPR arrays are 

transcribed during the expression stage into a long precursor CRISPR RNA (pre-

crRNA) and loaded onto a Cas protein expressed by the Cas gene. The pre-crRNA is 

subsequently processed into mature crRNA by Cas proteins and host factors. 

Mature crRNA can direct the Cas protein to recognize invading sequences by 

Watson and Crick base pairing with the sequence previously integrated within the 

spacer region. Current data obtained by bioinformatics studies suggests that 

invading DNA fragments incorporated into the CRISPR loci are not randomly 

chosen (Ishino et al., 1987; Sander and Joung, 2014). In fact during the interference 

stage, the Cas protein directs the silencing by degradation of the foreign sequence 

only when the invading DNA, recognized by the protospacer sequence, is flanked 

on its 5’ or 3’ end by short sequences known as “protospacer adjacent motif“ 

(PAM) (Sander and Joung, 2014; Ishino et al., 1987). Although similar mechanisms 

of action were reported in all organisms, three different classes of CRISPR/Cas 

systems have been identified according to CRISPR locus organization and 

molecular mechanisms involved in generating crRNA and Cas proteins, maturation 

of the crRNA and cleavage (Jinek et al., 2012; Chylinski et al., 2013). 

1.7.2 Type II CRISPR/Cas9 for gene-editing   

Among all different classes, class II type 2 CRISPR system is by far the most 

molecularly characterized and used for gene-editing strategies due to the 

simplicity of the system (Cho et al., 2013; Cong et al., 2013). To date, the commonly 

used CRISPR/Cas9 gene-editing tool is based on the type II CRISPR locus from 

Streptococcus pyogenes. In nature, only four elements are required to achieve 
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targeted sequence cleavage (Cho et al., 2013; Cong et al., 2013). Once class II 

CRISPR loci are transcribed in pre-crRNA, a second RNA structure from a genomic 

locus upstream the CRISPR locus known as trans-activating CRISPR RNA (tracrRNA) 

hybridizes with the repeated sequences in the pre-crRNA making a tracrRNA:pre-

crRNA duplex. The RNA duplex triggers double-stranded RNA-specific 

endoribonuclease RNase III to proceed with the maturation of the double-stranded 

RNA filament. The fully mature RNA duplex is able to associate with the Cas9 

protein, creating an active ribonucleoprotein complex (RNP) able to recognize the 

invading DNA flanked by a short 5’-NGG-3’ PAM motif. Mechanistic studies showed 

that the PAM sequence is critical for initial DNA binding (Chen and Doudna 2017). 

Upon recognition of the PAM by the Cas9:cRNA:tracRNA complex, two critical 

residues of arginine (Arg1333 and Arg1335) interact with the PAM GG dinucleotide 

determining a conformational change in the Cas9-phosphate lock loop which is 

able to interact with the phosphate group of the DNA backbone immediately 

upstream the PAM sequence. The interaction of the DNA backbone phosphate with 

the Cas9 results in a local  strand separation of the two DNA strands and 

consequential base pairing between the displaced DNA strand with the first 10 to 

12 nucleotides of the crRNA (also known as seed sequence). After interrogation of 

the unwrapped DNA region by the crRNA, further unwinding of the DNA leads to 

full accommodation of the Cas9 protein based on the annealing of the 20bp 

nucleotide spacer sequence with the target DNA. The DNA cleavage results from 

the action of two different catalytic domains. The HNH catalytic domain cleaves 

the target strand which is complementary to the 20-nucleotide sequence of the 

crRNA, whereas the non-target strand is cleaved by the RUV-C like domain. The 

two catalytic domains create a double strand break at 3bp upstream the 5’ of the 

PAM resulting in a blunt-end cleavage of the DNA. After initial characterization of 

molecular basis of type II CRISPR/Cas9, different research groups tried to exploit 

this system for genome editing in human cells (Cho et al., 2013; Cong et al., 2013) 

. Further simplification of the type II CRISPR/Cas9 system was obtained by Jinek 

and colleagues by fusing the dual crRNA:tracrRNA into a single chimeric guide 

(sgRNA) of 100nt long avoiding the need of RNAse III for guide RNA maturation 

(Figure 1.8B). The new sgRNA retains two critical features: 1) the first 20bp at the 
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5’end of the sgRNA that determines the binding to the target site and 2) the double 

RNA:RNA structure at the 3’ end which is critical for Cas9 cleavage (Cong et al., 

2013). This further simplification led to the creation of a two-component system: 

a Cas9 protein and a single guide RNA where the first 20bp at the 5’end of the 

sgRNA can be designed to program the CRISPR/Cas9 system to cut at the desired 

locus. In contrast to other engineered endonucleases, such as MNs, ZFNs and 

TALENs, where the nature of the DNA binding domains needs to be modified on 

protein level, the CRISPR/Cas9 system is easier to manipulate and requires only a 

change in the RNA sequence. 
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 Figure 1.8 Overview of the CRISPR/Cas system.  

General mechanism of CRISPR/Cas9 adaptive immunity (A). In stage 1 (adaptation), 

acquisition of the endogenous DNA intro the CRISPR locus. From left to right: tracrRNA 

cassette, Cas nuclease genes and CRISPR array made of short repeats (black) flanked by 

different protospacers (red, blue, green and purple). In stage 2 (expression) transcription of 

the CRISPR array in pre-crRNA and further maturation in single crRNA each bearing one 

protospacer sequence. In stage 3 (interference) silencing/degradation of foreign DNA by 

CRISPR/Cas element. Black line: protospacer adjacent motif (PAM) recognized by Cas 

nuclease. Type II CRISPR/Cas9 system (B). Left: Cas9 is guided by a dual guide RNA made by 

tracrRNA (blue) and mature crRNA (red) to cleave site-specific target DNA (protospacer). Red 

triangles represent Cas9 cutting sites. Right: chimeric single guide RNA (sgRNA) generated by 

fusing the 3’end of crRNA with the 5’ of tracrRNA with a linker loop (yellow). Figure adapted 

from Jinek et al. (Jinek et al., 2012). 
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1.7.3 Strategies to increase CRISPR/Cas9 specificity  

Despite the potential of broad application of the CRISPR/Cas9 system and its 

precise site-specific gene-editing activity, several factors could interfere with its 

efficacy and specificity. The specificity of the CRISPR/Cas9 system is determined by 

the uniqueness of the genomic target and the rational design of the sgRNA. To 

assess sgRNA-DNA specificity several groups created sgRNA variants containing 1 

to 4 nucleotide mismatches within the protospacer and examined the ability of 

mismatched sgRNAs to direct on-target Cas9 activity in human cells (Sander and 

Joung, 2014). These studies showed that mismatches in the Watson and Crick base 

pairing within sgRNA and target DNA are generally tolerated at the 5′ end (proximal 

end) of the protospacer over the 3′ end (distal end) suggesting that the 8–12bp 

immediately upstream the PAM sequence (also known as the ‘seed’ sequence) are 

crucial for target recognition (Sander and Joung 2014; Ran et al., 2013). On the 

other hand, unwanted mutations within the sgRNA can potentially increase off -

target Cas9 cleavage throughout the genome (Ran et al., 2013). Although sgRNA 

sequences are designed to have a perfect homology to the target DNA, the short 

20bp protospacer sequence can potentially have additional sites throughout the 

genome with partial homology. Ran et al. showed that extension of the length of the 

5’ end of the sgRNA from 20 to 30bp had no impact on Cas9 target specificity (Ran et 

al. 2013). Northern blots, however, showed that the extended 5’ sgRNAs were 

cleaved in cells from host RNAses suggesting that Cas9 protein can protect only the 

first 20bp of the sgRNA sequence (Ran et al., 2013). On the other hand,  Fu Y et al. 

showed that truncation of the 20bp target sequence to 19bp, 18bp or 17bp can 

decrease undesired off-targeting events up to 5000-fold while retaining a cutting 

sensitivity similar to the untrimmed guide RNAs (Fu et al., 2014). By contrast, Zhang 

et al. showed that on-target Cas9 events using a 17bp truncated sgRNA decreased by 

10%-20% compared to non-trimmed sgRNA in iPSCs (Zhang et al., 2016).  

In addition to modifications of the protospacer, structural optimizations of the 

sgRNA scaffold region have also been studied. Truncation at the 3’ end of the 

tracrRNA from 85bp to 67bp, 54bp or 48bp showed a drastic drop in target 

specificity levels due to impairments in sgRNA transcription and stability once 
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expressed inside cells (Hsu et al., 2013). By contrast, extension of the sgRNA hairpin 

by 5bp resulted in enhanced stability of the sgRNA-Cas9-DNA complex (Dang et al., 

2015; Chen et al., 2013). Interestingly, replacing the fourth consecutive thymine 

with cytosine/guanine immediately downstream of the protospacer, showed 

increased sgRNA transcription in cells due to the disruption of the pause signal 

recognized by the RNA polymerase III (Dang et al., 2015; Chen et al., 2013). Based 

on these results combination of the two modification of the sgRNA backbone resulted 

in improved guide RNA production and stability in cells, therefore showing increased 

knockout over the unmodified guide RNA scaffold (Dang et al., 2015; Chen et al., 

2013). Although these two structural adaptations of sgRNA showed to be efficient 

when the guide RNA is delivered by lentiviral vector, different modifications have 

been studied when sgRNAs are delivered as RNA instead. The studies showed that 

2′-O-methyl 3′phosphorothioate (MS) chemical modifications at both 5’ and 3’ 

termini in the ribose-phosphate backbone of the sgRNA scaffold can induce high 

levels of genome editing while maintaining high on-target activity (Hendel et al., 

2015; Osborn et al., 2016). Interestingly, Hendel et al. studies showed up to 50-

fold increase of indel and HDR frequencies using different chemically modified 

sgRNAs designed for different endogenous targets (Hendel et al., 2015).  

Strategies for reducing genome-wide off-targets have been directed towards 

improved engineering of Cas9 protein. Wild type SpCas9 contains two nuclease 

domains referred to as RuvC and HNH. The RuvC domain cleaves the single stranded 

DNA that is non-complementary to the sgRNA, while the HNH domain cleaves the 

complementary DNA strand. A different variant of Cas9 has been generated through 

rational mutagenesis of the RuvC catalytic domain (D10A) thus creating a new version 

of Cas9 protein (Cas9 nickase or nCas9) which creates a single nick at 3-4 nucleotides 

proximal to the PAM in the complementary strand (Nishimasu et al., 2014; Jinek et 

al., 2012). Although nicking of a single DNA strand is generally repaired by the non-

mutagenic base-excision repair (BER) pathway, Cas9 nickases can be employed for 

precise genome editing. Co-delivery of two nCas9 with sgRNA appropriately oriented 

to target opposite strands can effectively generate overhanding DSBs within the 

target DNA increasing the target specificity (Jinek et al., 2012). Kinetics and 
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interactions during the formation of the Cas9-sgRNA-DNA complex have also been 

studied (Anders et al., 2014; Nishimasu et al., 2014). Kleinstiver et al. observed that 

the energy barrier used to complex the wild type SpCas9 with the sgRNA is higher 

than the amount required to make on-target DNA cleavage. This difference in terms 

of energy is enough to allow off-target cleavages in DNA templates with mismatches 

(Kleinstiver et al., 2016). To reduce off-targets, rational engineering based on the 

disruption of the Cas9 residues which interact with the phosphate backbone of the 

target DNA strand was developed (Kleinstiver et al., 2016). The so called high fidelity 

SpCas9 (SpCas9-HiFi-1) showed to have frequencies of InDels comparable with the 

wild type SpCas9 in more than 85% of target sites with decreased or absent off-target 

events (Kleinstiver et al.,  2016). 

1.7.4 Delivery of CRISPR/Cas9 Reagents  

There is a variety of methods used to deliver the CRISPR/Cas9 components into target 

cells. Most widely used viral and non-viral systems to deliver CRISPR/Cas9 reagents 

are: messenger RNA (mRNA) Cas9/sgRNA, Cas9 protein complexed with sgRNA 

(ribonucleoprotein or RNP), or DNA plasmids/viral vectors expressing both Cas9 and 

sgRNA (Figure 1.9). Despite the simplicity of the type II CRISPR/Cas9 system, requiring 

only two components to make an amenable tool for genome editing, factors such as 

the large size of the Cas9 cassette, temporal expression of Cas9-sgRNA components, 

cell type and experimental design may affect gene-editing efficiencies. Most common 

and inexpensive non-viral delivery reported in literature involves transfection of DNA 

expression plasmid encoding for both sgRNA and Cas9 components. However, the 

main limitation of this approach is its unsuitability for hard-to-transfect primary cells. 

Moreover, long-lasting expression of Cas9 nuclease through plasmid DNA increases 

the amount of possible off-target effects that could be detrimental for clinical 

translations (Kim et al., 2014). Alternative delivery methods have been developed. 

Delivery of in vitro transcribed (IVT) or synthetic guide RNAs along with Cas9 mRNA 

or Cas9 protein (RNP) showed increased on-target fidelity over plasmid DNA delivery 

due to the rapid degradation of the nuclease (Hendel et al., 2015; Kim et al., 2014).  

Moreover, differences in nuclease persistence lead to different timings in Cas9-

mediated DNA cleavage activity which is crucial when gene correction by donor 
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template is required. Frequency of RNP-mediated InDels was shown to reach a 

plateau within 24 hours post Cas9-sgRNA administration, whereas it took 72 hours to 

reach the equivalent amount of DNA cutting by plasmid transfection(Kim et al., 2014). 

Viral delivery of CRISPR/Cas9 reagents is more challenging as it raises more safety 

and technical issues. Although AAV-based vectors are ideal for somatic gene therapy 

due to their mild immune or adaptive response, broad tropism and ability to target 

both dividing or non-dividing cells, their application in gene-editing is limited due to 

the large size (~4.2Kb) of SpCas9 and sgRNA expression cassette. However, AAV-

based CRISPR/Cas9 delivery can be accomplished by cloning Cas9 from different 

bacterial species. SaCas9 from Staphylococcus aureus which has a coding sequence 

roughly 1kb shorter than the common SpCas9 can be easily packaged into AAV-

vectors retaining similar gene-editing efficiency (Friedland et al., 2011; Ran et al., 

2015). Adenoviruses as well as lentiviruses have been reported for CRISPR/Cas9 

application due to their ability to infect both dividing and non-dividing cells. Unlike 

adenoviruses, long-term expression of Cas9 nuclease due to proviral integration of 

lentiviral vectors increases cellular toxicity and off-target effects. In order to 

overcome these limitations, strategies such as non-integrating lentiviral vectors 

(NILV) expressing Cas9-sgRNA components (Izmiryan et al., 2018) or pre-packing Cas9 

protein within lentiviral particles in their capsid (Cai et al., 2016) have been 

developed. An alternative strategy of lentiviral CRISPR/Cas9 delivery was shown by 

Marienne et al., who developed an inducible self-inactivating system for transient 

nuclease expression after lentiviral integration (Merienne et al., 2017). The so called 

KamiCas9 vector encodes an additional sgRNA (called sgCas9) expressed under the 

control of a weak promoter (7SK) able to target the Cas9 start codon in order to block 

its translation. Stable expression of sgCas9 showed a steep and long-term drop in 

Cas9 expression within 2 weeks post infection, thus preventing off-target activities. 

A combination of hybrid viral and non-viral CRISPR/Cas9 system delivery was 

designed by Georgiadis et al., where the nuclease was delivered separately as mRNA 

after lentiviral transduction with the vector encoding for guide RNA (Georgiadis et al., 

2018). The particular design of the third-generation lentiviral vector used (called 

“Terminal CRISPR”) guaranteed a double expression of the U6-sgRNA expression 

cassette due to its integration within the U3-deleted region of the 3’LTR. Upon retro-
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transcription of the viral backbone guide duplication and incorporation within the 

5’LTR led to an increased gRNA expression. 

 

Figure 1.9 Delivery strategies and formats of CRISPR/Cas9 reagents 

A. Viral vectors encoding sgRNA and SpCas9 or  combination of guide RNA expressing vectors 

in combination with SpCas9 mRNA can be delivered to a variety of cell types by viral 

transduction of the former and by electroporation of the nuclease. In case of integrating 

vectors, stable integration into the target cell genome permits long term constitutive 

expression of CRISPR/Cas9 components. By contrast, prologued expression can be achieved 

with non-integrating vectors. sgRNA is transcribed by RNA polymerase III promoters, and 

mRNA SpCas9 transcribed by an RNA Pol II promoter before undergoing translation. 

Assembly of sgRNA and Cas9 determine the formation of Ribonucleoprotein (RNP) complexes 

that can be trafficked into the nucleus for targeted genomic cleavage. B. Plasmid DNA 

expressing either sgRNA, SpCas9 or both can be delivered by transfection or electroporation 

protocols. Plasmid DNA remains episomal, and it tends to diluted out over the course of cell 

divisions providing a route for transient delivery. C. For shorter expression, in vitro 

transcribed or in silico synthesised sgRNA and SpCas9 mRNA can be by transfection or 

electroporation. SpCas9 mRNA is translated into protein, which forms RNP complexes that 

are able to enter the nucleus and edit the target sequence. D. Pre-complexing of SpCas9 

protein and synthesized sgRNA forms RNPs that can be delivered by transfection or 

electroporation. RNPs will traffic to the nucleus where they cleave target sequence. (Figure 

adapted from Dr. Roland Preece’s PhD thesis, 2020). 
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1.7.5 Detection of off-target CRISPR/Cas9-mediated genome editing 

Precise genome editing using CRISPR-Cas9 has shown promising therapeutic avenue 

for genetic diseases, although the risk of genotoxicity caused by off-target editing 

remains a significant safety concern. Different studies have reported the detection of 

small insertion or deletions (InDels) or large Cas9-depenedent chromosomal 

aberration such as translocations or inversions in the off-target loci. As detailed in 

section 1.7.3 and 1.7.4, much efforts have been invested in the past years in 

increasing the safety profile of genome editing tools: from the optimization of the 

guide RNA structure (e.g truncated protospacer (Fu et al., 2014; Zhang et al. 2016), 

alternative  crRNA scaffold structure (Y. Dang et al. 2015)), to the rational engineering 

of high-fidelity Cas variants (Kleinstiver et al. 2016; Nishimasu et al. 2014; M. Jinek et 

al. 2012) or the use of novel of base editors for seamless corrections (Komor et al., 

2017a; Gaudelli et al., 2017).  

Alongside the previously described structural improvements of the CRISPR/Cas9 

safety profile, in silico computational algorithms have recently emerged for selecting 

and validating sgRNA design (high sensitivity) and predicting potential DSBs in off-

target loci (high specificity). These tools are generally based on sequence alignment 

methodologies and more complex physical/chemical parameters including RNA 

thermodynamics, sequence similarity and DNA or RNA bulges that would have a 

pivotal role on CRISPR–Cas9 efficiency and selectivity. More recently, development 

of predictive tools using machine-learning models or deep-learning techniques, such 

as CRISTA (CRISPR Target Assessment) (Abadi et al., 2017) and DeepCRISPR (Chuai et 

al., 2018), aim to increase their prediction accuracy.  

To investigate the computationally predicted off-target sites, deep sequencing 

methods such as next-generation sequencing (NGS) are commonly employed for the 

detection of Cas9-induced double strand breaks. However, in silico off-target 

detection tools have shown predictive limitations such as differences in algorithms 

and can be associated with high false-positive rates (Wilson eta., 2018; Chuai et al., 

2018).  
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To overcome the current limitations of in silico predictions, combinatorial approaches 

using in vitro cell-based methods that rely on high throughput sequencing of genomic 

DNA have also been developed allowing to detect CRISPR off-target effects in an 

unbiased, genome-wide fashion. These include Digenome-seq (digested genome 

sequencing)(Kim et al., 2015), CIRCLE-seq (circularization for in vitro reporting of 

cleavage effects by sequencing) (Tsai et al., 2017), SITE-seq (selective enrichment and 

identification of tagged genomic DNAends by sequencing) (Cameron et al., 2017), 

BLESS (Breaks  Labeling In Situ and Sequencing) (Crosetto et al., 2013) or Guide-seq 

(genome-wide, unbiased identification of double strand breaks enabled by 

sequencing) (Tsai et al., 2015). 

Nevertheless, studies suggest that in vitro genome wide methods tend to 

overestimate the number of relevant off-target sites or do not meet all the criteria 

for clinical assessment because of their low or unknown sensitivity, semiquantitative 

nature, and a partially biased analysis that identifies only particular types of genomic 

aberrations (Turchiano et al., 2021). Although there is no gold standard method for 

prediction and detection of off-target events so far, studies in clinically relevant cell 

products have opted to combine different assays based on different modalities of off-

target detection in order to increase the detection of possible adverse effects 

(Georgiadis et al., 2018). Further efforts to develop standardized methods to carefully 

monitor and screen for the potential genetic changes are essential for safe clinical 

application of genome editing tools. 
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1.8 Mechanisms of double-stranded break (DSB) repair  

Since its discovery, CRISPR/Cas9 gene-editing tool has been used for different 

targeted genome editing strategies in human cell types. One of the primary 

approaches developed in genome editing with engineered nucleases is the 

knockout of a mutated gene as a consequence of unrepaired or incorrectly repaired 

DSBs by NHEJ DNA repair pathway. Insertions and deletions (InDels) introduced by 

NHEJ-mediated gene repair result in a permanent gene knockout or in the 

restoration of a disrupted open reading frame by frameshift mutations. On the 

other hand, to repair or substitute a mutated gene, the homologous directed 

recombination (HDR) is the desired DNA repair mechanism that could be triggered by 

engineered nucleases along with the presence of a template DNA with homology 

arms complementary to the flanked DSB. Although the development of gene 

targeting by HDR was extensively reported, its application is limited by low efficiency 

in mammalian cells (Liang et al., 1998). 

1.8.1 Non Homologous End Joining (NHEJ) 

NHEJ occurs outside the S phase, when no nearby homology donor sequences are 

available and three different steps have been identified (Lieber et al., 2010). The first 

protein involved in the NHEJ process is Ku80 (Figure 1.10A). This heterodimer 

protein, formed by Ku70 and Ku86, recognizes DNA ends at the breakpoint sites and 

aligns the DNA ends protecting them from further degradations. Once loaded, the Ku 

complex undergoes conformational changes in its structure allowing the recruitment 

of the DNA-dependent protein kinase (DNA-PKcs) around the damaged sites. DNA-

PKcs is a serine/threonine kinase required for the activation by phosphorylation of 

nuclear proteins such as Artemis, DNA ligases IV and XRCC4 involved in the NHEJ 

repair (Lieber et al., 2003). Terminal processing of the DNA ends is required before 

ligation of the two strands can occur. Blunt ending involves a metallo-beta-lactamase 

protein called Artemis which, upon previous phosphorylation and binding by DNA-

PKcs, dictates trimming of single-stranded 5` and 3` overhangs (Lieber et al., 2010; 

Lieber et al., 2003). After the remodeling of the DSB ends, the XLF:XRCC4-DNA 

ligation IV complex is recruited to restore DNA integrity. The XLF:XRCC4-DNA ligase 
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IV complex permits ligation of the juxtaposed DNA ends. Once the DSB is repaired, all 

the components in the NHEJ complex are released from the DNA. 

1.8.2 Homologous Directed Recombination (HDR) 

Homologous directed recombination is a highly accurate DNA repair process which 

provides high-fidelity template-dependent DNA repair using homologous sequences 

in the genome such as sister chromatid or exogenous homologous sequences when 

provided. The canonical HDR mechanisms can be conceptually divided into three 

stages: pre-synapsis, synapsis and post-synapsis. While pre-synapsis and synapsis are 

initial common phases, the post-synapsis stage leads the repair of the damaged DNA 

by two different pathways: the double-strand break repair (DSBR) and synthesis-

dependent strand annealing (SDSA). After DNA damage, DSB ends are protected by 

the MRE11/RAD50/NBS1 (MRN) complex (Figure 1.10B). Once bound, CtIP 

endonuclease generates long 3’-OH single-stranded protruding ends (ssDNA) which 

are covered by single-strands DNA binding proteins like replication protein A (RPA), 

essential for eliminating secondary structures and protection of single-strand 

overhang from enzymatic degradation. During the pre-synapsis phase, RAD51 and 

RAD52 are loaded on the ssDNA 3’ overhangs forming a pre-synaptic filament which, 

with the aid of several accessory factors including RAD54/RAD54B/RDH54, promotes 

the DNA-invasion step allowing the search for donor template sequences with 

appropriate homology to the DNA break site. After a successful homology search, 

strand invasion occurs forming a synaptic complex with the homologous DNA joint 

also known as the displacement (D)-loop structure. Strand invasion is ensued by DNA 

synthesis from the invading 3’ ssDNA overhang using the original homologous 

sequence as template, thus obtaining the so-called Holliday Junction (HJ). After DNA 

elongation, two main post-synaptic pathways have been described. 1) In Double-

strand break repair (DSBR) model, the second DSB 3` end can be involved to form a 

second Holliday Junction intermediate structure. After gap-repair DNA synthesis and 

ligation, the intermediate HJ complexes can be resolved by specialized resolvases into 

non-crossover or crossover product according to the axis of cleavage. Thus, 

regardless of the mechanism by which the HJs are resolved, this process results in a 

mutual exchange of genetic information by sister chromatids of homologous 
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chromosomes. Alternatively, in synthesis-dependent strand annealing (SDSA) model, 

the first HJ obtained during the synapsis phase does not lead to the second end 

capture by the second ssDNA 3’ overhang. DNA synthesis of the invading 3’ overhang 

is ensued by DNA polymerase extension until a strand displacement event 

corresponding to the unwrapping of the HJ and annealing with the second ssDNA-

DSB end before gap-filling DNA synthesis and ligation. The repair product from SDSA 

is a non-crossover product. The described process could be exploited for gene 

correction or addition of a desired exogenous DNA molecule after DSB induction by 

several engineered endonucleases (Capecchi 1989; Gaj et al., 2014; Liang et al., 

1998). 
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Figure 1.10 Repair of DSBs by NHEJ and HDR.  

(A) Each DNA end at the extremity of the break is loaded with Ku70/80 heterodimer which 

subsequently recruits the DNA-dependent protein kinase catalytic subunit (DNA-PKcs). End 

processing activity of the break extremities is recruited by PKcs. DNA integrity restoration 

occurs by the Ligase IV enzyme with XRCC4 and XLF cofactors. (B) Pathways of DNA double-

strand break repair by homologous recombination. First, the break extremities are 

reprocessed, forming 3’ single-strand DNA overhangs. After DSB formation, the DNA ends 

are resected to yield 3’ single-strand DNA (ssDNA) overhangs, which become the substrate 

for the HR protein machinery to execute strand invasion of a partner chromosome that forms 

a nascent D-loop structure. In the DSBR pathway the second 3’ overhang invades the 

homologous sequence and an intermediate structure bearing two Holliday Junctions is 

formed. Resolution of the intermediate is through either a crossover or non-crossover 

events. In the SDSA pathway, the D loop is unwound and the freed ssDNA strand anneals 
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with the complementary ssDNA strand that is associated with the other DSB end. The 

reaction is completed by gap-filling DNA synthesis and ligation. Only non-crossover products 

are formed. Picture modified from Davis et al. (Davis and Maizels 2014)). 

 

1.9 Gene-editing for dystrophic epidermolysis bullosa  

Although stem cell and ex vivo gene therapy approaches for DEB have shown some 

improvements of DEB symptoms, there is currently no definitive cure for patients.  

Graft versus host complications due transfusion of allogenic cells and aggressive 

conditioning regimen are the main hurdles associated with cell therapy approaches. 

Gene therapy, on the other hand, still retains concerning risks due to random 

integration profile of viral vectors. Furthermore, conventional therapy through gene 

addition is not feasible for treatment of dominant forms of DEB where dominant 

negative mutations result in an abnormal gene product which affects the wild type 

allele. In such a scenario, application of precise gene-editing tools have a potential to 

overcome these hurdles. Gene-editing tools can be designed and engineered to 

target and repair a specific defined region of the DNA, thereby alleviating genomic 

toxicity and maintaining endogenous gene expression control. 

1.9.1 Previous generation of gene-editing tools for DEB 

Despite their limitations for clinical applications, proof-of–concept of feasible gene-

correction using meganucleases (MN) was firstly described by Izmiryan et al. for two 

COL7A1 mutation hotspots in exon 2 (c.189delG; p.Lys6Trp*40) and 3 (c.425A > G; 

p.Lys142Arg) (Izmiryan et al., 2016). Despite COL7A1 correction by non-integrating 

lentiviral vector (NILV) delivery of donor template, the low frequency of MN-

mediated HDR (3%-7%) hampers their potential ex vivo applications. Proof-of-

concept of TALEN-mediated gene correction was achieved by Osborn et al., 

addressing gene-editing-mediated in situ correction of a PTC mutation (1837 C>T) in 

RDEB patient fibroblasts (Osborn et al., 2013). To restore the expression of wild type 

COL7A1, a couple of TALENs were delivered as mRNA or plasmid DNA along with a 

plasmid donor template flanking exon 12 to 15 expressing a puromycin cassette 

(Osborn et al., 2013). To facilitate clonal selection of gene-corrected cells, fibroblasts 
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were sorted by puromycin selection. Gene-corrected fibroblasts were then 

reprogrammed into iPSCs and tested in an in vivo model for their capacity to deposit 

C7 at the dermal-epidermal junction (Osborn et al., 2013). By the use of TALENs 

delivered by adenoviral vector, Chamorro et al. demonstrated the feasibility of 

possible ex vivo gene correction of patient immortalized RDEB keratinocytes 

harbouring a highly recurrent c.6527InsC mutation in exon 80 by NHEJ-mediated 

exon skipping or by HDR when an AAV-DNA donor template was provided (Chamorro 

et al., 2016). Protein restoration in gene-corrected clones by HDR or NHEJ-restored 

reading frame was verified in vitro by immunofluorescence and western blot. 

Interestingly, in vivo assessment in immunodeficient mice of NHEJ-corrected cell 

clones showed restoration of C7 expression and correct deposition within the DEJ 

suggesting that long-term regeneration from reframed single gene edited epidermal 

stem cells clones is achievable (Chamorro et al., 2016). Two years later, translation of 

such donor-free genome editing strategy from immortalized RDEB cell line to primary 

keratinocytes showed efficient long-term skin regeneration from gene-edited stem 

cell clones in skin equivalents grafted onto immunodeficient mice (Mencía et al. 

2018). NHEJ-edited COL7A1 cell clones showed expression of edited forms of C7 with 

variable mechanical resistance to minor trauma, and correct deposition of C7 at the 

BMZ (Izmiryan et al., 2018). 

1.9.2 Current status of CRISPR/Cas9 gene-editing for EB: Knockout gene 

strategies 

As previously demonstrated by RNA-based gene therapies for RDEB or by TALEN-

gene-editing  settings, exon skipping or “reframing” strategies for COL7A1 are 

possible for exons encoding Gly-X-Y repeats within the collagenous domain 

responsible for the structural triple helix C7 region (Bremer et al., 2016; Turczynski et 

al., 2016; Goto et al., 2006). Recently, different examples of exon skipping or 

reframing using the CRISPR/Cas9 system for in vitro or in vivo application have been 

reported. Moreover, novel bioinformatics tools able to predict in silico distribution of 

NHEJ-CRISPR/Cas9-mediated InDels can be used to design corrective strategies of 

disease-associated mutations by frame shifting or exon skipping (Allen et al., 2018; 

Shen et al., 2018). Similarly to Chamorro and Izmiryan works, Bonafont and co-
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workers showed a highly efficient non-viral exon skipping approach using a dual-

guide RNA Cas9 strategy for deletion of COL7A1 exon 80 in RDEB patient 

keratinocytes (Bonafont et al., 2018). Despite the lack of specificity in NHEJ repair, a 

broad variety of re-joining events between intron 79 and 80 resulted in the 

expression of functional collagen VII variants. Unlike only 1% of epidermal stem cell 

clones with frame-restoration by NHEJ was observed with TALENs, the described 

CRISPR/Cas9 strategy resulted in up to 85% of reframed polyclonal primary 

keratinocytes. Using the same exon skipping strategy designed by Bonafont et al., an 

alternative non-viral delivery of RNP complexes using highly branched poly(beta-

amino ester), HPAE-EB, demonstrated to achieve targeted genomic deletion of exon 

80 in up to 40% of the treated RDEB keratinocytes with preserved cell viability above 

85% upon Cas9 delivery (O'Keeffe Ahern et al., 2021). Feasibility of targeted skipping 

approach in vivo was demonstrated by Chen et al., where RNPs were delivered 

through electroporation into postnatal mut/mut RDEB mice (Wu et al., 2017). Two 

guide RNAs in antisense orientation were designed within intron 79-80 resulting in 

the deletion of the entire exon 80. Upon demonstration of successful deletion at 

genomic and mRNA level in vitro, in vivo delivery of CRISPR/Cas9 reagents in mice 

resulted in intact epidermis and dermis with correct deposition of C7 at the BMZ (Wu 

et al., 2017). Exploiting the NHEJ pathway in its activity to repair DSBs by introducing 

random changes in the reading frame, Takashima et al. developed a CRISPR/Cas9-

based reframing strategy to restore COL7A1 reading frame from a recurrent 

heterozygous frameshift mutation in exon 70 (c.5819delC) (Takashima et al., 2019). 

For this purpose, co-transfection of plasmids carrying Cas9 and an allele-specific 

guide RNA targeting the mutant COL7A1 allele was evaluated in RDEB primary 

fibroblasts. After monoclonal expansion, 34% of COL7A1-reframed cells showed 

partial restoration of COL7A1 mRNA, protein expression in vitro and functional 

anchoring fibrils in vivo (Takashima et al., 2019). In contrast to exon skipping or 

reframing to rescue C7 expression, Shinkuma et al. showed the feasibility of 

CRISPR/Cas9 NHEJ-mediated genome editing to treat a dominant-negative mutation 

(c.8068_8084delinsGA-exon 109) in DDEB patient-derived iPSCs (Shinkuma et al., 

2016). In order to leave the wild type COL7A1 allele intact, an allele-specific sgRNA 

exclusively targeting the mutation site was designed (Shinkuma et al., 2016). Clonal 
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analysis of 4 different gene-edited COL7A1 clones after keratinocyte and fibroblast 

differentiation showed frameshift or in-frame mutations in mRNA transcripts leading 

to premature termination codon (PTC) which did not interfere with the wild type 

COL7A1 gene expression  

Another important application of CRISPR/Cas9 knockout strategies for DEB is the 

development of in vivo mouse models. Although immunodeficient mice models are 

commonly used for gene-corrected xenograft (Chamorro et al., 2016; Shinkuma et 

al., 2016; Izmiryan et al., 2018),  transgenic mice models for DEB are lacking. Recently, 

Tolar’s group developed a COL7A1-/- NOD/SCID IL2rγcnull immunodeficient mouse 

embryos (NSG) by CRISPR/Cas9 reagents microinjections (Webber et al., 2017). It was 

shown that bi-allelic knockout of exon 1 of COL7A1, resulted in marked loss of C7 

protein at the dermal-epidermal junction. However, complete C7 knockout hinders 

the evaluation of long term gene-correction therapies due to severe skin conditions 

of NSG mice and their premature death after birth. Mono-allelic knockout, which was 

achieved by lowering the dose of CRISPR/Cas9 reagents in mice embryos, increased 

the survival rate of RDEB animals suggesting that knockout targeting frequency was 

dose-dependent (Webber et al., 2017).  

1.9.3 Current status of CRISPR/Cas9 gene-editing for EB: Knock-in gene 

strategies 

Feasibility of functional ex vivo HDR-mediated CRISPR/Cas9 application was 

demonstrated by Izmiryan et al., where a donor template to correct a causative null 

mutation within exon 2 (c.189delG; p.Leu64Trpfs*40)  was designed (Izmiryan et al., 

2018). Both CRISPR/Cas9 reagents and donor template, were co-delivered by NILV 

vectors. Gene correction was evaluated in primary keratinocytes and fibroblasts 

resulting in 11% and 15.7% of corrected COL7A1 mRNA expression by droplet PCR, 

respectively. Skin equivalents from human:murine xenograft mice model were 

analysed at 4 and 10 weeks post-grafting and showed up to 26% of COL7A1 

restoration following deposition of C7 and anchoring fibrils within the dermal-

epidermal junction. Notwithstanding the challenge of developing an efficient non-

viral delivery strategy for keratinocytes, the use of non-viral plasmid offers an 
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increased safety profile which would be crucial for clinical application of genome 

editing. In this direction, Koller et al. designed a completely non-viral based ex vivo 

homology-directed gene repair in RDEB primary cells (Hainzl et al., 2017). Here 

primary keratinocyte bearing c.6527insC mutation within exon 80 were co-

transfected with one plasmid expressing both sgRNA-Cas9 elements and a donor 

template with an inserted mRuby/puromycin to facilitate clonal selection (Hainzl et 

al., 2017). Despite the advantage of clonal selection of gene-corrected cells in vitro, 

the inclusion of the selection cassette required subsequent Cre-recombinase 

treatment to remove the selection cassette which could influence the cis-splicing 

pattern at the target region. Up to 17% and 24% of gene correction was reported with 

wild type Cas9 and Cas9 nickase, respectively. Skin grafts from COL7A1-corrected 

cells showed correct deposition of C7 within the dermal-epidermal junction along 

with epidermal differentiation and stratification comparable with normal 

keratinocyte 8 weeks post transplantation onto immunodeficient mice. Although the 

isolation of gene-corrected cells might be plausible in vitro, plasmid DNA 

transfections in primary cells are too inefficient for any clinical setting. Similar 

strategy was developed by Tolar et al., designing a non-viral gene-correction platform 

for primary RDEB fibroblasts carrying c.4317delC mutation  (Webber et al., 2016). 

Fibroblasts were gene-corrected using Cas9 nickase along with double-stranded DNA 

donor template carrying a floxed puromycin resistance cassette for subsequent Cre-

recombinase-mediated removal. After puromycin selection, gene-corrected cell 

clones were reprogrammed into iPSCs and subsequently differentiated into 

keratinocytes in vitro. Importantly, gene-corrected iPSC-derived keratinocytes 

expressed epidermal stem cell markers (K5, K14 and p63), thus confirming that gene-

editing by Cas9 nuclease did not interfere with the differentiation. Gene-corrected 

iPSCs were also differentiated into MSCs and CD34+ HSPCs (Webber et al., 2016). 

Gene correction in RDEB-iPSCs using CRISPR/Cas9-mediated HDR to repair 2 point 

mutations in exon 19 (c.2470inG) and exon32  (c.2470insG/c.3948insT ) without drug 

selection was shown to be feasible with the use of single stranded oligos (ssODNs) 

(Jacków et al. 2019). More recently, a similar non-viral gene correction approach 

using single stranded donor template in patient-derived immortalized keratinocytes  
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and primay keratinocytes (c.425A>G) demonstrated up to 14% and 37% of C7 

restoration, respectively (Kocher et al., 2021).  

Osborn et al. investigated the potential of gene-editing  strategies of systemic BMT 

cell-therapy for RDEB (Osborn et al., 2018). In particular, a transcriptional element 

upstream of the start codon site of the COL7A1 gene was inserted by gene-editing in 

order to upregulate endogenous production of collagen VII in umbilical cord HSCs and 

peripheral blood T-cells (Osborn et al., 2018).  A guide RNA targeting in proximity of 

the COL7A1 start codon and a donor template carrying a UMET transcriptional 

element were designed. The UMET element consisted of a ubiquitous chromatin 

opening element (UCOE) with a hybrid MND promoter and a downstream truncated 

non-signalling epidermal growth factor receptor (tEGFR) in frame with the 

endogenous COL7A1 exon 1, allowing for subsequent screening. Donor template was 

delivered by AAV-6 serotype in CD34+CD133+ HSC after electroporation of the Cas9 

RNP complex. Expression of the tEGFR was found in 10% and 60% of the treated HSCs 

and T cells, respectively. Importantly, cells expressing the tEGFR marker for correct 

in situ integration of donor template, resulted in 15-fold and 3.5-fold increase in 

COL7A1 mRNA by qRT-PCR in HSCs and human T cells, respectively, compared to 

normal keratinocytes.  

1.10 New emerging promising applications in DEB therapies: base editors  

Current CRISPR/Cas9 genome editing for the generation of knockout or integration 

of donor templates is only possible due to the exploitation of either NEHJ or HDR 

pathways upon DSBs. Despite significant breakthrough of the technology, these 

genome editing strategies still suffer from two major safety drawbacks making the 

use of Cas9 nuclease for clinical applications challenging. DNA repair processes like 

NHEJ result in an uncontrolled random introduction of InDels or unwanted 

chromosomal DNA rearrangements at the sites of the DSB that might be detrimental 

for cellular viability and molecular functions. On the other hand, HDR is relatively low 

in primary cells for therapeutic purposes, thus clonal isolation of gene-corrected cells 

is the only way to use patients ‘cells for autologous/allogenic therapies. In contrast, 

base editing tools involve DSB-free site-specific modifications mediating either C to T 



106 
 

or A to G conversions without double stranded DNA cleavage (Gaudelli et al., 2017a; 

Komor et al., 2016). Currently at their 4th generation, base editor BE4 combines a 

D10A Cas9 nickase linked with the rat APOBEC1 (rAPOBEC1) cytidine deaminase 

which converts cytidine into thymidine on the sgRNA target site with a catalytic 5bp-

window activity between the 4th and the 8th base of the non-target strand of the 

sgRNA (Figure 1.11). In order to overcome the limitation in base editing conversion 

in mammalian cells due to repair of the intermediate mismatched U:G-BE mediated 

pairing, an uracil DNA glycosylase inhibitor (UGI), which prevents Uracil-N-

Glycosylase (UNG) from altering DNA inadvertently, was introduced. Based on BE 

structure and mechanisms of action many different base-editing systems have been 

developed with different deaminases (targetAID) (Nishida et al., 2016) and 

Streptococcus Aureus (Sa) Cas9 BE3 and BE4 (Kim et al., 2017; Komor et al., 2017).  

Additionally, chimeric adenine base editors (ABE) have been developed by Gaudelli 

and co-workers to convert adenosines to guanosines (Gaudelli et al., 2017a) (Figure 

1.11). Protein engineering resulted in the seventh-generation ABEs (last one ABE7.10) 

which combines a D10A Cas9 nickase with a tRNA adenosine deaminase (TadA) from 

E. coli. This deoxyadenosine deaminase is able to convert adenosine to inosine on 

single-stranded DNA thus converting A-T base pairs to G-C (Gaudelli et al., 2017a). 

Since the majority of single base genetic variants are associated with disease, base 

editors can be clinically relevant to introduce disease-suppressing mutations and to 

correct pathogenic mutations in human cells. According to ClinVar database for Base 

editor applications, 47% and 14% of all known pathogenic single nucleotide 

polymorphisms (SNPs) can be corrected with ABE and BE, respectively. In fact many 

clinically relevant EB pathogenic gene variants could in principle be corrected by base 

editors. In DEB, approximately 76.3% of registered mutations are SNPs. Out of those 

COL7A1 pathogenic variants approximately 9% are A>G (5%) or T>C (4%) SNPs and 

52% are G>A (32%) or C>T (20%) SNPs which can potentially be corrected with BEs or 

ABEs, respectively. For dominant forms of DEB, base editors can be used to selectively 

inactivate the mutant allele by precisely converting one of the four triplets (CAA, CAG, 

CGA, and TGG) into STOP codons (TAG, TAA, or TGA) without DSB (Billon et al., 2017; 

Kuscu et al., 2017). Genome-wide potential of BE3 mediated-gene silencing was 
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demonstrated by Ciccia et al., who showed that up to 3.4 million of single guide RNA 

can be designed to make STOP codons covering 97%–99.7% of open reading frames 

in the human genes (Billon et al., 2017). Notably, gene silencing by BE-Cas9 resulted 

in a reduced activation of apoptosis pathways compared to NHEJ-mediated knockout 

(Kuscu et al., 2017). Moreover, in the absence of NHEJ-mediated indel mutations 

which can create a mosaic population of distinct Knockout alleles in germ lines, base 

editing tools resulted in efficient generation of precise base edited animal embryo 

models (Kyoungmi Kim et al., 2017; Lee et al., 2018; P. Liang et al., 2017; Zhen Liu et 

al., 2018; Zhiquan Liu et al. 2018; Yang et al., 2018)  Only recently, demonstration of 

the potential of base editing for RDEB was reported by the use of ABE in primary RDEB 

fibroblasts and iPSCs for two different COL7A1 nonsense mutations 

(c.2005C>T/c.1573 C>T and c.553C>T+/+). Overall, direct gene-editing by 

CRISPR/Cas9 system holds great promise for EB. In particularly, the ability to exploit 

NHEJ or more accurate gene repair process such as HDR expanded the way how 

CRISPR/Cas9 technologies be employed for sequence-specific and patient-specific 

mutations within COL7A1. However, concerns with regards to unwanted off-target 

modifications should be considered in clinical applications. 
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Figure 1.11 Application of CRISPR/Cas9 based technologies in dystrophic 
epidermolysis bullosa 

Cas9 enables genome editing through NHEJ or HDR leading to either gene knock-out/exon 

skipping or precise gene repair. Cytidine and adenine deaminase base editors, on the other 

hand, can make precise base correction reverting the mutation. Cytidine deaminase base 

editors can also be employed for gene knockout or exon skipping without DSB.  

Abbreviations: DSB, double stand breaks; NHEJ, non-homologous end joining; HDR, 

homologous directed recombination; sgRNA, synthetic guide RNA; nCas9, nickase Cas9; UGI, 

Uracil glycosylase inhibitor; TadA, tRNA adenine deaminase. Picture taken from Naso and 

Petrova (Naso and Petrova 2019). 
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1.11 Project aims and objectives  

Over 850 mutations including nonsense, missense, splicing or complex InDels in 

COL7A1 have been reported to cause DEB (Wertheim-Tysarowska, et al., 2012). 

Currently, several preclinical studies and clinical trials of conventional gene therapy 

strategies based on the addition of a full-length copy of COL7A1 cDNA are ongoing in 

RDEB keratinocytes or fibroblasts (comprehensively discussed in section 1.6) but 

their progress is hurdled by technical and biological limitations. Although novel 

retroviral and SIN-lentiviral vectors offer an increased safety profile, random viral 

integration profile of the viral backbone, epigenetic silencing, sustained transgene 

expression and constraints related to the effective packaging capacity of viral vectors 

for COL7A1 are still an issue. Additionally, access to RDEB patient’s keratinocytes is 

not always possible. In severe forms of RDEB, where patient’s skin is under chronic 

inflammation as a result of persistent blistering, keratinocyte stem cells might 

become depleted and cannot be cultivated or expanded in vitro (De Rosa et al., 2019; 

Siprashvili et al., 2010). Furthermore, extensive manipulations of primary 

keratinocytes and fibroblasts and clonal selection of gene-corrected cells might also 

lead to their exhaustion and senescence. In situ gene/base editing and derivation of 

induced pluripotent stem cells (iPSCs) from EB patients, on the other hand, have 

paved the way for future cell and gene therapy approaches (Itoh et al., 2011; Tolar et 

al., 2011). Targeted gene editing allows for precise correction of pathogenic 

mutations, thus restoring the expression of the functional gene under its endogenous 

promoter, whereas use of iPSCs allows for indefinite self-renewal, potential for single 

cell expansion and in vitro differentiation into relevant cell types in principle 

providing unlimited patient cell material for subsequent personalized treatments. 

Therefore, application of CRISPR/Cas9 or new generation base editors in iPSCs has 

the potential to overcome the hurdles associated with both conventional gene 

therapy approaches and the use of primary skin cells. 

The current project aims to establish the feasibility of state-of-the-art HDR-based 

gene-editing and base-editing approaches using the CRISPR/Cas9 or BE systems to 

correct a missense mutation hotspot (c.425A>G) within exon 3 of COL7A1 gene.  
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To this end, I aimed to: 

1) Develop a robust and reproducible CRISPR-Cas9-mediated HDR gene editing 

platform that can be applied for different cell lines with future therapeutic 

applications for RDEB. This was achieved by designing highly specific gene 

editing strategy against a distinct region of the COL7A1 gene that permitted 

to achieve high frequency of Cas9-induced DSBs (NEHJ) and increase the 

likelihood of gene repair by HDR once the donor template is delivered (Remy 

et al., 2014; Duda et al., 2014; Hendel et al., 2014). By virtue of the different 

methods of CRISPR/Cas9 formats (DNA, mRNA, protein) and deliveries (viral 

and non-viral), alternative strategies were compared for guide delivery, 

including in combination with Cas9 protein as a ribonucleoprotein complex 

(RNP), or Lentiviral vector (LV) in combination with Cas9 mRNA by 

electroporation. Optimization of repair template designs and delivery was 

carried out alongside to increase levels of donor integration by HDR. The 

following optimizations aimed to obtain high levels of gene correction in the 

cell treated pool hence minimizing the need of extensive clonal analysis that 

could be detrimental for cell viability and expansion.  

 

2) Validate the effiency of CRISPR/Cas9 mediated HDR in patient RDEB iPSCs 

harbouring a homozygous c.425A>G splice site mutation within COL7A1. 

Optimization of CRISPR/Cas9 and donor delivery in iPSCs allowed high rates 

of COL7A1 correction while minimising Cas9-induced toxicity (Ihry et al. 2018). 

Furthermore, characterisation of potential off-target activities was analysed 

by next generation sequencing. 

 

3) An alternative approach alongside HDR was the use of a cytosine base editor 

technology to overcome limitations associated with the random creation of 

InDels upon Cas9-induced DSBs. Refine of the sgRNA design helped to narrow 

C>T changes in the pathogenic SNP reducing the level of unwanted 

conversions of further cytosines within or next the base editing window. 

Moreover, next generation sequencing was used to characterize base editing 
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specificity and possible guide-RNA dependent C>T conversion in off-target 

loci. The same strategy will be also tested in primary fibroblasts. 

 

4) Finally, efforts were made to differentiate gene and base-edited patient iPSCs 

into keratinocyte-like cells in order to assess recovery of de novo C7 on 

protein level upon gene and base editing. In parallel, expression markers of 

epidermal differentiation were evaluated in gene corrected iPSC-derived 

keratinocyte-like cells.   
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Figure 1.12 Gene modification strategy for the correction of autologous iPS cells. 

Autologous RDEB patient fibroblasts were initially isolated from a punch biopsy and 

expanded prior to 1) reprograming into induced pluripotent stem cells (iPSCs) using Sendai 

vectors encoding for the Yamanaka’s OKSFM factors. 2) RDEB iPSCs were then gene corrected 

at the COL7A1 mutation site using site-specific CRISPR/Cas9 nuclease co-delivered with 

homologous donor repair templates by viral and non-viral delivery methods. 3) Corrected 

RDEB iPSCs were differentiated towards keratinocyte stem cells. 

 

 

 



113 
 

Chapter 2 Material and methods  

2.1 Materials 

2.1.1 Reagent used for DNA 

Table 2.1  List of the reagents used for DNA and RNA 

Reagent: Manufacturer: Catalogue number: 

50X Tris-acetate-EDTA 
(TAE) buffer 

ThermoFisher Scientific, 
Massachusetts, USA 

B49 

Nuclease-Free Water (not 
DEPC-Treated) 

ThermoFisher Scientific, 
Massachusetts, USA 

AM9939 

1Kb plus DNA ladder ThermoFisher Scientific, 
Massachusetts, USA 

10787018 

Q5® high-fidelity DNA 
polymerase 

New England Biolabs, 
England 

M0491S 

Gel loading dye: Orange 
G 6X 

ThermoFisher Scientific, 
Massachusetts, USA 

R0631 

UltraPure™ Agarose ThermoFisher Scientific, 
Massachusetts, USA 

16500500 

SYBR™ Safe DNA Gel 
Stain 

ThermoFisher Scientific, 
Massachusetts, USA 

S33102 

Branched 
Polyethylenimine (PEI) 

Sigma-Aldrich, Dorset, UK 408727 

T4 DNA ligase (5U/µl) ThermoFisher Scientific, 
Massachusetts, USA 

EL0014 

T4 Polynucleotide Kinase NEW ENGLAND BioLabs, 
Massachusetts, USA 

M0201S 

FastAP Thermosensitive 
Alkaline Phosphatase 
(1U/µl) 

ThermoFisher Scientific, 
Massachusetts, USA 

EF0651 

FastDigest XhoI  ThermoFisher Scientific, 
Massachusetts, USA 

FD0694 

FastDigest EcoRI  ThermoFisher Scientific, 
Massachusetts, USA 

FD0274 

FastDigest DpnI  ThermoFisher Scientific, 
Massachusetts, USA 

FD1704 

FastDigest StyI (Eco130I)  ThermoFisher Scientific, 
Massachusetts, USA 

FD0414 

High-Capacity cDNA 
Reverse Transcription Kit 

ThermoFisher Scientific, 
Massachusetts, USA 

4368814 
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2.1.2 List of the reagents used for protein 

Table 2.2 List of the reagents used for protein 

Reagent: Manufacturer: Catalogue number: 

Amersham™ ECL™ 
Rainbow™ Markers- Full 
Range 

GE LifeSciences, 
Buckinghamshire, UK 

GERPN800N 

Amersham Hybond P 
0.22µm PVDF blotting 
membrane 

GE LifeSciences, 
Buckinghamshire, UK 

10600021 

Tran-Blot® Turbo™ Mini 
PVDF Transfer Packs 
(0.22µm) 

Bio-Rad, California, USA 1704156 

NuPAGE™ 4-12% Bis-Tris 
Protein Gels, 1.0 mm, 10-
well 

ThermoFisher Scientific, 
Massachusetts, USA 

NP0321BOX 

4-15% Mini-PROTEAN® 
TGX™ Precast Protein 
Gels, 10-well, 30µl 

Bio-Rad, California, USA 456-1083 

cOmplete protease 
Inhibitor cocktail tables 

Roche, Basel, Switzerland 11697498001 

Dithiothreitol (DTT) ThermoFisher Scientific, 
Massachusetts, USA 

R0861 

Phenylmethylsulfonyl 
fluoride (PMSF) 

Sigma-Aldrich, Dorset, UK 10837091001 

Triton™ X-100 Sigma-Aldrich, Dorset, UK X100-5ML 

Sodium Dodecyl Sulphate 
(SDS) 

Sigma-Aldrich, Dorset, UK 71725-50G 

TrueCut™ Cas9 Protein v2 ThermoFisher Scientific, 
Massachusetts, USA 

A36496 

10x Tris/Tricine/SDS 
Running Buffer, 1L 

Bio-Rad, California, USA 1610744 

Glycerol Sigma-Aldrich, Dorset, UK G5516-100ML 

β - mercaptoethanol Sigma-Aldrich, Dorset, UK M6250 

Dried skimmed milk 
power 

Marvel n/a 

Trizma® base Sigma-Aldrich, Dorset, UK T1503-25G 

Bromophenol blue Sigma-Aldrich, Dorset, UK 114391-5G 

TWEEN® 20 Sigma-Aldrich, Dorset, UK P9416-50ML 

UltraPure™ 0.5M EDTA 
pH 8.0 

ThermoFisher Scientific, 
Massachusetts, USA 

15575-038 

NaCL Sigma-Aldrich, Dorset, UK S9888 
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2.1.3 Reagents used for bacterial culture   

Table 2.3 List of the reagents used for bacterial culture  

Reagent: Manufacturer: Catalogue number: 

Ampicillin Sodium salt Sigma-Aldrich, Dorset, UK A0166-25G 

Kanamycin sulphate from 
Streptomyces 
kanamyceticus 

Sigma-Aldrich, Dorset, UK K1377-25G 

LB broth Sigma-Aldrich, Dorset, UK L3022-250G 

LB agar Sigma-Aldrich, Dorset, UK L3147-1KG 

S.O.C. Medium ThermoFisher Scientific, 
Massachusetts, USA 

15544034 

One Shot™ Stbl3™ 
Chemically Competent E. 
coli 

ThermoFisher Scientific, 
Massachusetts, USA 

C737303 

Stellar™ Competent Cells  Takara Bio Europe, Saint-
Germain-en-Laye, France 

636766 

 

2.1.4 Reagents used for cell culture   

Table 2.4 List of the reagents used for cell culture   

Cell type:  HaCaT and primary fibroblasts  

Reagent: Manufacturer: Catalogue number: 

Dimethyl sulfoxide 
(DMSO) 

Sigma-Aldrich, Dorset, UK 276855-100ML 

Dulbeco’s Modified 
Eagle Medium (DMEM), 
500ml 

ThermoFisher Scientific, 
Massachusetts, USA 

11960044 

Opti-MEM™ I Reduced 
Serum Medium 

ThermoFisher Scientific, 
Massachusetts, USA 

31985062 

Foetal Calf Serum (FCS) ThermoFisher Scientific, 
Massachusetts, USA 

10-082-147 

Trypsin-EDTA (0.25%) ThermoFisher Scientific, 
Massachusetts, USA 

25200056 

Penicillin-Streptomycin 
(Pen Strep), 10,000 
U/ml, 100ml 

ThermoFisher Scientific, 
Massachusetts, USA 

15140122 

Dulbecco’s Phosphate-
Buffered Saline (DPBS), 

ThermoFisher Scientific, 
Massachusetts, USA 

14040117 

Cell type: iPSCs 

Reagent: Manufacturer: Catalogue number: 

Essential 8 ThermoFisher Scientific, 
Massachusetts, USA 

A1517001 
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mTeSR™1 STEMCELL Technologies,  
Vancouver, Canada 

85850 

TeSR™2 STEMCELL Technologies,  
Vancouver, Canada 

05860 

TeSR™E8 STEMCELL Technologies,  
Vancouver, Canada 

05990 

Y-27632 dihydrochloride TOCRIS, Bristol, England  1254/10 

Matrigel® Corning, New York, USA 356230 

Vitronectin XF™ STEMCELL Technologies,  
Vancouver, Canada 

07180 

CellAdhere™ Dilution 
Buffer 

STEMCELL Technologies,  
Vancouver, Canada 

07183 

Vitronectin (VTN-N) 
Recombinant Human 
Protein, Truncated 

ThermoFisher Scientific, 
Massachusetts, USA 

A14700 

Biolaminin™ 521 (LN 521) BioLamina AB, 
Sundbyberg, Sweden 

LN521-05 

mFreSR™ STEMCELL Technologies,  
Vancouver, Canada 

05855 

Cell type: primary keratinocyte  

Reagent: Manufacturer: Catalogue number: 

Keratinocyte serum –free 
medium (DKSFM) 

ThermoFisher Scientific, 
Massachusetts, USA 

17005042 

PureCol® Advanced BioMatrix, Inc 
Carlsbad, CA, USA 

5006 

 

2.1.5 Reagents used for generation of iPSCs into keratinocyte (iKer) 

Table 2.5 List of the reagents used for iKer   

Basal Medium 

Reagent: Manufacturer: Catalogue number: 

MCDB 153 Sigma-Aldrich, Dorset, UK M7403-10X1L 

Water Sigma-Aldrich, Dorset, UK W3500-6X1L 

Sodium bicarbonate Sigma-Aldrich, Dorset, UK S8761-500ML 

Sodium hydroxide Sigma-Aldrich, Dorset, UK S2270-100 ML 

Hydrochloric acid Sigma-Aldrich, Dorset, UK H9892-100ML 

L-Carnitine Sigma-Aldrich, Dorset, UK C0283-100G 

L-Histidine Sigma-Aldrich, Dorset, UK H8125-25G 

L-Isoleucine Sigma-Aldrich, Dorset, UK I2752-10G 

L- Methionine Sigma-Aldrich, Dorset, UK M9625-5G 

L-Phenylalanine Sigma-Aldrich, Dorset, UK P2126-100G 

L- Threonine Sigma-Aldrich, Dorset, UK T8625-10G 

L-Tryptophan Sigma-Aldrich, Dorset, UK T0254-1G 

L-Tyrosine Sigma-Aldrich, Dorset, UK 1024130100 



117 
 

Calcium Chloride Sigma-Aldrich, Dorset, UK C1016-100G 

8-Bromo-cAMP Sigma-Aldrich, Dorset, UK B5386-100MG 

Ethanolamine Sigma-Aldrich, Dorset, UK 411000 

Phosphorylethanolamine Sigma-Aldrich, Dorset, UK P0503-1G 

Hydrocortisone Sigma-Aldrich, Dorset, UK H4001-1G 

Insulin Sigma-Aldrich, Dorset, UK I2643 

Apo-Transferrin Sigma-Aldrich, Dorset, UK T1147-100MG 

Triiodothyronine Santa Cruz Biotechnology 
Dallas, USA 

SC-204035 

Unstable active differentiation factors for different KD media  

Reagent: Manufacturer: Catalogue number: 

AA2P (P-Vitamin C) Sigma-Aldrich, Dorset, UK 49752-10G 

All-trans retinoic acid Sigma-Aldrich, Dorset, UK R2625-50MG 

BMP4 R&D Systems, Minnesota, 
USA 

314-BP-010 

Cholera Toxin Sigma-Aldrich, Dorset, UK C8052-5MG 

EGF Sigma-Aldrich, Dorset, UK E9644-.2MG 

FGF1 Sigma-Aldrich, Dorset, UK F5542-25UG 

Niacinamide Sigma-Aldrich, Dorset, UK N5535-100G 

SB431542 R&D Systems, Minnesota, 
USA 

S1067 

 

2.1.6 Flow cytometry, western blot and immunofluorescence antibodies    

Table 2.6 List of primary antibodies  

Pluripotency Markers  

Class: Target: Manufacturer:  Cat number: Dilution 

Conjugated  
Antibody  

Anti SOX2-
human-FITC 

Miltenyi Biotech, 
Surrey, UK 

130-120-790 1:50 

 Anti 
NANOG-
human APC 

Miltenyi Biotech, 
Surrey, UK 

130-120-774 1:50 

 Anti TRA 1-
60-human 
PE 

Miltenyi Biotech, 
Surrey, UK 

130-122-965 1:50 

 Anti TRA 1-
81-human 
PE 

Miltenyi Biotech, 
Surrey, UK 

130-101-427 1:11 

 Anti SSEA-4-
human PE 

Miltenyi Biotech, 
Surrey, UK 

130-122-958 1:50 

Primary 
antibody 

Rabbit anti 
SOX2 

Sigma-Aldrich, 
Dorset, UK 

48-1400 1:100 
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 Mouse anti 
OCT-3/4
  

Santa Cruz 
Biotechnology 
Dallas, USA 

sc-5279 1:100 

Germ-line differentiation markers  

Class: Target: Manufacturer:  Cat number: Dilution 

Endoderm Mouse anti-
AFP 

Sigma-Aldrich, 
Dorset, UK 

130-101-463 1:100 

Mesoderm Mouse anti-
ACTA2 

Sigma-Aldrich, 
Dorset, UK 

A5228  1:100 

Ectoderm Mouse anti-
TUBB3 

Sigma-Aldrich, 
Dorset, UK 

T5076 1:100 

iPSCs-derived keratinocytes, primary and immortalized keratinocytes  

Class: Target: Manufacturer:  Catalogue 
number: 

Dilution 

Conjugated  
Antibody  

CD49F-APC Miltenyi Biotech, 
Surrey, UK 

130-100-147 1:11 

 CD104-PE Miltenyi Biotech, 
Surrey, UK 

130-101-440 1:11 

Primary  
Antibody  

Mouse anti-
ΔNp63 

Abcam, 
Cambridge, UK 

ab172731 1:100 
 

 Mouse anti-
KRT 18 

Sigma-Aldrich, 
Dorset, UK 

C8541 1:1000 

 Rabbit anti 
KRT14 

Santa Cruz 
Biotechnology 
Dallas, USA 

sc-53253 1:1000 

 Mouse anti-
C7 (LH7.2) 

Sigma-Aldrich, 
Dorset, UK 

C6805 1:500 (IF) 

 Mouse anti-
C7 (LH7.2) 

Santa Cruz 
Biotechnology 
Dallas, USA 

sc-53226 
 

1:25 (Flow) 

iPSCs-derived fibroblasts and primary fibroblasts   

Class: Target: Manufacturer:  Cat number: Dilution 

Conjugated  
Antibody  

Anti-
Vimentin- 
human-FITC 

Miltenyi Biotech, 
Surrey, UK 

130-116-663 1:50 

 Anti-CD73-
APC 

Miltenyi Biotech, 
Surrey, UK 

130-097-945 1:11 

 Anti-CD90 
human-FITC 

Miltenyi Biotech, 
Surrey, UK 

130-097-930 1:11 

 Anti- 
fibroblasts-
APCVio770 

Miltenyi Biotech, 
Surrey, UK 

130-100-042 1:11 
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 Anti-105-
human-APC 

Miltenyi Biotech, 
Surrey, UK 

130-112-324 1:11 

Primary  
Antibody 

Vimentin  
5G3F10 

Cell signalling 
technology, 
Massachusetts, 
USA 

3390 1:1000 

 

Table 2.7 Secondary antibodies  

Target: Manufacturer:  Cat number: Dilution 

Goat anti-mouse Alexa 
Fluor 488-conjugated IgG 

Sigma-Aldrich, 
Dorset, UK 

A-11001 1:500 

Goat anti-mouse Alexa 
Fluor 647-conjugated IgG 

Sigma-Aldrich, 
Dorset, UK 

A-21235 1:500 

Rabbit anti-mouse Alexa 
Fluor 488-conjugated IgG 

Sigma-Aldrich, 
Dorset, UK 

A-27023 1:500 

Donkey anti-mouse 
Rhodamine-X-conjugated 
IgG 

Jackson 
Immuno-
Research 

715–295-150 1:100 

 

2.1.7 Commercial kits used  

Table 2.8 List of kits  

Reagent: Manufacturer: Catalogue number: 

Bio-Rad Protein assay kit 
II 

Bio-Rad, California, USA 5000002 

Clarity™ Western ECL 
Substrates, 200ml 

Bio-Rad, California, USA 1705060 

Q5® High-Fidelity DNA 
Polymerase  

NEW ENGLAND BioLabs, 
Massachusetts, USA 

M0491L 

Monarch® Plasmid 
Miniprep Kit 

NEW ENGLAND BioLabs, 
Massachusetts, USA 

T1010L 

Plasmid Maxi Kit QIAGEN, Hilden, Germany 12165 

Monarch® PCR & DNA 
Cleanup Kit (5µg) 

NEW ENGLAND BioLabs, 
Massachusetts, USA 

T1030L 

Monarch® DNA Gel 
extraction Kit  

NEW ENGLAND BioLabs, 
Massachusetts, USA 

T1020L 

DNeasy Blood & Tissue 
Kit (250) 

QIAGEN, Hilden, Germany 69506 

RNeasy Plus Mini Kit (50) QIAGEN, Hilden, Germany 74134 
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In-Fusion® HD Cloning 
Plus  

Takara Bio Europe, Saint-
Germain-en-Laye, France 

638910 

QuikChange Lighting 
Multi Site-Directed 
Mutagenesis Kit 

Agilent, California, USA  210513 

Neon™ Transfection 
System 100 µl Kit 

ThermoFisher Scientific, 
Massachusetts, USA 

MPK10096 

P3 Primary Cell 4D-
Nucleofector™ X Kit L 

Lonza, Basel, Switzerland V4XP-3024 

P24 ZeptoMetrix, New York, 
USA 

0801111 

 

2.1.8 Buffer 

Lysis buffer base: 50mM Tris/HCL pH8.0, 150mM NaCL, and 5mM EDTA. 

Lysis buffer: 84.5% lysis buffer base, 10% Triton-X (10 fold diluted in PBS), 5% 

protease inhibitor cocktail (complete), 0.5% PMSF.   

Assay buffer: 98% lysis buffer base, and 2% lysis buffer.  

10X Wash buffer: 0.5% Tween-20 in PBS. Stored at RT. 

5X sample buffer: 10% SDS, 30% Glycerol, 10% β – mercaptoethanol, 0.001% 

bromophenol blue, and  ~60% 0.5M Tris/HLC, pH6.8. Stored at -20tored at -20oC. 

Blocking solution: 5% dried skimmed milk powder in 1X Wash buffer.  

Western blot primary antibody: 3% BSA in 1X wash buffer.  

Western blot secondary antibody: 3% dried skimmed milk powder in 1X Wash buffer. 

Stored at 4oC. 

Flow cytometry wash and staining buffer: 2% FCS in PBS. Stored at 4oC.   

LB broth: 20g/L of LB broth powder in MilliQ water. Solution is autoclaved at 121oC 

for 15min. Once at RT, kanamycin (50µg/ml) or ampicillin (100µg/ml) was added 

according to the bacteria antibiotic resistance. Stored RT till antibiotic was added and 

then moved to 4oC.     
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LB agar: 36g LB agar powder per L of MilliQ water. Autoclaved at 121oC for 15min. 

Allow LB agar to cool to ~60oC before adding either kanamycin (50µg/ml) or ampicillin 

(100µg/ml). Once selective antibiotic was added, 18-20ml LB was added per plate. 

Stored at 4oC.    

Bacterial glycerol stock: 100% glycerol was mixed in a 1:1 ratio with H2O to make a 

50% glycerol solution. This 50% glycerol solution was then mixed in a 1:1 ratio with 

overnight bacterial culture (500µl: 500µl) in a screw cap cryopreservation tube, and 

stored at -80oC.   

Cell line freezing mix: 10% DMSO, and 90% FCS. Stored at 4oC. 

2.1.9 Cell types 

Table 2.9 List of Cell types 

Cell ID Tissue type Immortalisation Medium 

HEK-293T 
(293T) 

Human 
Embryonic 
Kidney Cell Line 
(Adherent) 

SV40 large T 
antigen 

Complete DMEM 

HaCaTs Human 
Keratinocyte 
(Line) 

Spontaneously 
transformed 

Complete DMEM 

WT 
Keratinocyte 

Human 
Keratinocyte 
(primary) 

n/a DKSFM 

RDEB 
fibroblasts 
(Patient CK) 

Human 
Fibroblasts  
(primary) 

n/a Complete DMEM 

WT fibroblasts Human 
Fibroblasts  
(primary) 

n/a Complete DMEM 

WT iPSCs Human induced 
pluripotent 
stem cells 

n/a TesR™2/mTeSR1/TesR-
E8 
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Table 2.10 List of RDEB human patient cells 

Cell ID Mutation 
c.DNA 
level 

Mutation 
protein 

level 

Exon/ 
intron  

Type of 
variant  

Variant 
effect 

EB type 

RDEB  
Patient 

(CK) 

(+/+) 
c.425A>G 

p.K142R Exon 
3 

Base 
substitution 

missense, 
splicing 

RDEB 

 

2.1.10 Primers 

Table 2.11 List of PCR, qPCR and SDM primers used   

Primer name Sequence 5’→ 3’ Aim 

SDM-Ex3D-FWD CACATGGAGAATTGCAGCGCCGGTT 
CGCGTATTGGCCCCCCTTGTAGCTAAG 

Silent Directed 
Mutagenesis 

(SDM) 
 

SDM-Ex3D-REV CTTAGCTACAAGGGGGGCAATACGC 
GAACCGGCGCTGCATTCTCCATGTG 

Ex3P-PAM-Removal-
FWD 

GGGTAGGGATTGGGGTCC 

Ex3P-PAM-Removal-
REV 

CCTGGTGTCCCCAAAGTGATCCCTACCC 

Cas9-P2A removal-
FWD 

ATGGTGTCTAAGGGCGAAG 

Cas9-P2A removal-
REV 

GGTGGCAGCGCTCTAGAA 

XhoI-I2I7C7-FWD ATTACTCGAGACTCCTTCCCCAG 

EcoRI-I2I7C7-REV ACGGAATTCGAGATGGGGTCAG 

WPRE-REV GGCATTAAAGCAGCGTATCC 

PCR 

Ex2-COL7A1-
FWD(TI-5’) 

CAGTGCAGTACAGCGATGACC 

Ex4-SDM-ZFN-REV CGATTTGCCATCTGTGATCAGAATACAC 

Ex4-SDM-ZFN-FWD GTGTATTCTGATCACAGATGGCAAATCG 

Ex8-COL7A1-REV (TI-
3’) 

GTCAGTTCCGGCCCTTCTAG 

EX5-COL7A1-REV GGAACTCACGAGGTCGGGTC 

Intron 2 COL7A1-
FWD 

CAGTGCAGTACAGCGATGACC 

Intron2C7-StyI-FWD GACCCCTCAAGAGAGCCTGATACC StyI assay 

Exon4C7-StyI-REV CCCGTCTGTGATCAGGATGCAG 

cMYC-FWD TTCGGGTAGTGGAAAACCAG 

RT-PCR 
 

cMYC-REV CAGCAGCTCGAATTTCTTCC 

SOX2-FWD ACACCAATCCCATCCACACT 

SOX2-REV GCAAACTTCCTGCAAAGCTC 

OCT4-FWD GTACTCCTCGGTCCCTTTCC 
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OCT4-REV CAAAAACCCTGGCACAAACT 

KLF4-FWD CCCACACAGGTGAGAAACCT 

KLF4-REV TTCTGGCAGTGTGGGTCATA 

NANOG-FWD GATTTGTGGGCCTGAAGAAA 

NANOG-REV AAGTGGGTTGTTTGCCTTTG 

GAPDH-FWD TCATCTCTGCCCCCTCTGCT 

GAPDH-REV CGACGCCTGCTTCACCACCT 

Exon2C7-REV TGACCTGCACGCGCCTTTACGC 

Exon4C7-REV CCACAGCAAATAGCTTGACCCC 

HIV packaging signal 
Psi reverse 

TCCCCCGCTTAATACTGACG 

qPCR 
 

HIV packaging signal 
Psi probe 

FAM-CGCACGGCAAGAGGCGAGG-
TAMRA 

Human albumin 
forward 

GCTGCTATCTCTTGTGGGCTGT 

Human albumin 
reverse 

ACTCATGGGAGCTGCTGGTTC 

Human albumin 
probe 

VIC-
CCTGTCATGCCCACACAAATCTCTCC-
TAMRA 

HIV packaging signal 
Psi reverse 

TCCCCCGCTTAATACTGACG 

HIV packaging signal 
Psi probe 

FAM-CGCACGGCAAGAGGCGAGG-
TAMRA 

Human albumin 
forward 

GCTGCTATCTCTTGTGGGCTGT 

 

Table 2.12 List of primers used for NGS 

Primer name Sequence 5’→ 3’ Aim 

NGS-C7_EX3_FWD ACACTCTTTCCCTACACGACGC 
TCTTCCGATCT* 
GTTCGGCCTGGATGCACTTG On-target 

Exon 3 COL7A1 NGS-C7_EX3_REV GTGACTGGAGTTCAGACGTGT 
GCTCTTCCGATCT* 
TGATCCCTGAAGTGACGACC 

Cas9 OT1 FWD TGGACACCAAACCCACCC  

 

Off-target for 

Ex3P-sgRNA 

Cas9 OT1 REV GCCCACGACCAAGACAGA 

Cas9 OT2 FWD ATCTCTAGCCCAGCCCCT 

Cas9 OT2 REV GCACAGAGGCCAGAGGAT 

Cas9 OT3 FWD ACAGAGAGAGAGGCCCCA 

Cas9 OT3 REV GAAAGGGGCTGGGATGGT 

Cas9 OT4 FWD TGTGCCTGGTCAGAGTGG 

Cas9 OT4 REV TGCAGACCAGGCCAAAGT 

Cas9 OT5 FWD TTGAGCAGCTGGGGAACA 
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Cas9 OT5 REV GGCAGCAGGAAGAGCACT 

Cas9 OT6 FWD ACTTCTCCTGGAGCTCGC 

Cas9 OT6 REV CAAACAGCGGCCGAGAAG 

Cas9 OT7 FWD TGCCTGTGAAGTGCCTTG 

Cas9 OT7 REV CCCATCGTGATTGTACCAACA 

Cas9 OT8 FWD ACCTGCCACAAGATTCCCT 

Cas9 OT8 REV ACACAGAGACAGGCCAGC 

Cas9 OT9 FWD AAATGGAGGCCGGAGACA 

Cas9 OT9 REV CCCTGTCTTTCTCTGGCCA 

Cas9 OT10 FWD GCCAAGCTCAAGAAGACAGC 

Cas9 OT10 REV TGGTCCCTCACTCACCCT 

BE OT1 FWD TACGCCCCAGTTCAAGCC  
 

 

Off-target for 

x3C7-CyD-1 

sgRNA 

BE OT1 REV AGGGGCTGTGGTCTCTCT 

BE OT2 FWD AGGCATGGTCAGAGCAGG 

BE OT2 REV CCAAGCAGCGAATCGTGT 

BE OT3 FWD AAAGGTCTGGGCTGAGGG 

BE OT3 REV TGGTCAGTTCTCAGCTTTCAT 

BE OT4 FWD AATGCCCAGACCATGCCT 

BE OT4 REV AGCCCAAGTGTGTGAGGA 

BE OT5 FWD CCCCATGACAGCCCATCA 

BE OT5 REV TCAGCAGCAAACCCGATG 

BE OT6 FWD GAGTGAGGGCTGAGCAGT 

BE OT6 REV TTGCCCACAGAGTCCCAG 

BE OT7 FWD CAGGACTGAGGGCTGAGG 

BE OT7 REV GTCAGTACCGAGGGCAGG 

BE OT8 FWD GGCTCTGGGTCTTGAGGG 

BE OT8 REV CCAGGGCAGCTTCCAAGA 

BE OT9 FWD ACAGAGAGGCAGCCGAAG 

BE OT9 REV CTGCTTCCCCTGCCAGAA 

BE OT10 FWD TCCTGCCTTCTCCAAGCC 

BE OT10 REV AGCATGAGAGAGCAGCCC 

* Blue and red bases represent overhangs on the forward and reverse NGS primers 

respectively 
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2.1.11 Parental plasmids  

Table 2.13 List of parental plasmids used    

Plasmid: Description: Source: 

pMD2.G CMV driven Vesicular Stomatitis Virus 
envelope glycoprotein (VSV-G) expressing 
plasmid 

Addgene #12259 

pCMV-dR8.74 

D64V 

2nd generation integrase mutant gag-pol-
tat-rev expressing lentiviral packaging 
plasmid driven by CMV promoter for 
generation of non-integrating lentiviral 
vectors (NILV) 

Addgene #22036 

pRSV-Rev 3rd generation REV expressing lentiviral 
plasmid driven by RSV promoter 

Addgene #12253. 

pMDLg/pRRE 3rd generation gag-pol expressing 
lentiviral packaging plasmid driven by 
CMV promoter.  

Addgene #12251 

pHR’SIN.cPPT-SW SIN 2nd generation lentiviral backbone 
including a MCS flanked by a SFFV 
promoter upstream and Woodchuck 
hepatitis virus post-transcriptional 
regulatory element (WPRE) downstream 

(Georgiadis 2016) 

COL7A1 in2-ex7 

donor template 

A portion of the COL7A1 cDNA sequence 
spanning intron 2 – exon 7 including a 5’ 
EcoRI and 3’ XhoI restriction site.  

(Georgiadis 2016) 

pSpCas9(BB)-2A-

GFP (PX458) 

CMV-driven plasmid expressing Cas9 
from S pyogenes with 2A-EGFP tag and a 
U6 promoter guide RNA expression 
cassette. 

Addgene #48138 

NILV-

OriginalTemp 

pHR’SIN.cPPT-SW-based transfer vector 
designed to carry the COL7A1 in2-ex7 
donor template. 

(Georgiadis 2016) 

NILV-SDMTemp The NILV-OriginalTemp was modified by 
site directed mutagenesis (SDM) for the 
introduction of 7 silent mutations in ex4 
COL7A1 template  

(Georgiadis 2016) 

LentiCRISPRV2 3rd generation transfer vector plasmid 
contains two expression cassettes 
encoding for hSpCas9-P2A-EGFP and the 
chimeric guide RNA under EF-1α and U6 
promoters, respectively. 

Addgene #52961 
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2.1.12 Generated plasmids  

Table 2.14 List of generated plasmids    

Plasmid: Description: 

NILV-

LentiV2CRISPR-Ex3D 

LentiV2CRISPR-derived plasmid encoding for the Ex3D 
sgRNA and the hSpCas9-P2A-EGFP cassette under the EF-
1α promoter. 

LentiV2 noCas9 LentiV2CRISPR-derived plasmid with in frame PCR-based 
excision of the SpCas9-P2A cassette, leaving the expression 
of the EGFP cassette under the EF-1α promoter.  

LentiV2-Ex3D LentiV2 noCas9 parental plasmid encoding for the Ex3D 
sgRNA expressed by the U6 promoter. 

LentiV2-B2M LentiV2 noCas9 parental plasmid encoding for the B2M 
sgRNA expressed by the U6 promoter. 

 

2.1.13 CRISPR/Cas9 reagents  

 Cas9 

CleanCap® Cas9 mRNA  
 
This off-the-shelf mRNA (Cat. No. L-7606) is manufactured from Trilink 

biotechnologies (San Diego, USA) and encodes for the SpCas9 endonuclease 

(transcript length: 4521bp). It incorporates two nuclear localisation signals, one at 

either terminus of the protein to increase trafficking to the nucleus. Additionally, co-

transcriptional capping supported a naturally occurring Cap 1 structure which in 

conjunction with polyadenylation optimises mRNA expression and stability. 

Custom made CleanCap® coBE3 mRNA  
 
This mRNA (Cat. No. L-7007) is a custom-made product from TriLink, encoding a 

human codon optimised, third generation BE (coBE3) (transcript length: 5664bp). The 

plasmid DNA used for mRNA synthesis containing the coBE3 sequence was sent to 

TriLink for mRNA production (180µg). This involved template linearization by BtgZI 

restriction digest, and mRNA purification by high performance liquid chromatography 

(HPLC) to help remove truncated mRNA by-products, increasing product purity. 

Unlike the SpCas9 mRNA, the coBE3 only contains a single NLS at the C terminus. 
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TriLink’s CleanCap technology was used to add a co-transcriptional Cap 1 structure, 

and this mRNA was further polyadenylated to increase expression and stability.      

 Single guide RNA (sgRNA) 

Synthetic sgRNAs were manufactured by Synthego (California, USA) using automated 

solid-phase synthesis with 2’-O-methyl 3’ phosphorothioate modifications in the first 

and last 3 nucleotides. Single guide RNA containing a 20 nucleotide protospacer with 

an 80 nucleotide CRISPR scaffold were produced at either a 1.5 nmol (~50µg), or 3 

nmol (~100µg) production scale. These were eluted in nuclease-free Tris-EDTA buffer 

provide by Synthego at 2µg/µl.    

Table 2.15 List of protospacer sequences designed  

sgRNA  
Gene 

Target 
Sequence 5’ – 3’ Nuclease 

Benchling 
on-target 
(off-target) 
score  

TAP1-PC TAP1 Ex1 ACTGCTACTTCTCGCCGACT SpCas9 59.3 (48.7) 

Ex3C7-1 COL7A1 
Ex3 

AAGGGGGGCAACACTCGCAC SpCas9 49.0 (47.4) 

Ex3C7-2 COL7A1 
Ex3 

AGGGGGGCAACACTCGCACA SpCas9 63.1 (46.4) 

Ex3C7-3 COL7A1 
Ex3 

TCCGTGAGCTTAGCTACAAG SpCas9 65.8 (46.0) 

Ex3C7-4 COL7A1 
Ex3 

CATCCGTGAGCTTAGCTACA SpCas9 51.8 (45.6) 

x3C7-CyD-1 COL7A1 
Ex3 

CACCCTGGGGACACCAGGTC BE3 C1 4.1, C3 
5.6, C4 9.3, 

C5 20.3, 
(36.2) 

x3C7-CyD-2 COL7A1 
Ex3 

TCACCCTGGGGACACCAGGT BE3 C2 6.4, C4 
11.6, C5 20.3, 

C6 21.4, 
(39.9) 

B2M Ex1 B2M Ex1 GAGTAGCGCGAGCACAGCTA SpCas9 56.3, (88.6) 

B2M-CyD B2M Ex1 ACTCACGCTGGATAGCCTCC BE3 C2 2.5, C4 
21.7, C6 13.5, 
C8 2.8, (85.0)  

Protospacer sequences used throughout this project with either SpCas9 or BE3. All 

protospacer sequences are presented in the 5’-3’ orientation, with cytidines within the BE3 

editing window (positions 4-8 distil to the PAM) shown in Red. Benchling online tool 

(https://benchling.com) was used to score both on-target and off-target potential.   

https://benchling.com/
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2.1.14 Single stranded oligonucleotide (ssODN):  

The 127bp-ssODNs (Ultramer® DNA Oligo), were manufactured by Integrated DNA 

Technologies Inc. (Coralville, USA) by standard desalting purification with two 

phosphorothioate chemical modifications (2PS) at both the 5′ and 3′ ends (De Ravin 

et al. 2017). ssODNs were produced at 4nmol (~157µg) production scale. These were 

eluted in nuclease-free Tris-EDTA buffer provide by Synthego at 5µg/µl. 

 

Table 2.15 List of ssODN-donor templates 

ssODN name: NT-2PS-ssODN-AAA  

Target exon: COL7A1 Exon 3 

Sequence: 

A*T*GTCTTCCTGCCCCAGCTGGCCCGACCTGGTGTCCCCAAAGTGATCCCTACCCCTAC
CATGCCTCCCAAGATGACCCCAAATGAAGTGTCCAGGGGAACCGTGATTTGACCCCTGC
ACCTGTCC*C*A 

ssODN name: T-2PS-ssODN-AAA  

Target exon: COL7A1 Exon 3 

Sequence: 

T*G*GGACAGGTGCAGGGGTCAAATCACGGTTCCCCTGGACACTTCATTTGGGGTCATC
TTGGGAGGCATGGTAGGGGTAGGGATCACTTTGGGGACACCAGGTCGGGCCAGCTGG
GGCAGGAAGAC*A*T 

ssODN name: NT-2PS-ssODN-AAA  

Target exon: COL7A1 Exon 3 

Sequence: 

A*T*GTCTTCCTGCCCCAGCTGGCCCGACCTGGTGTGCCGAAGGTGATCCCTACCCCTAC
CATGCCTCCCAAGATGACCCCAAATGAAGTGTCCAGGGGAACCGTGATTTGACCCCTGC
ACCTGTCC*C*A 

* Red bases represent silent point mutations introduced within the donor templates. 
Asterisks correspond to the phosphorothioate chemical modifications inserted in the ssODN 
templates 

 

 

 

 



129 
 

2.1.15 Software 

FlowJo v10: Allowed import of FCS files used for all flow cytometry analysis shown in 

this report.  

Graphpad Prism v8.0.0: Arrangement of data into appropriately formatted graphs, 

with subsequent statistical analysis.   

SnapGene® v3.1.4: Instrumental in plasmid and gene map production, as well as 

restriction digest design. Additionally, this software was used to design sequencing 

primers for plasmid DNA and In-fusion cloning primers. Furthermore, this software 

was used to align Sanger sequencing to a reference sequence. 

ImageJ/FIJI (plugin): Java-based image processing program used for gel and 

immunofluorescence analysis. 

2.2 Methods  

2.2.1 Bacterial transformation 

All transformations were performed with 50µl of One Shot™ Stbl3™ Chemically 

Competent E. coli (ThermoFisher). Competent cells were mixed with 3µl of ligation 

reaction and left on ice for 30 minutes, before heat shock at 42oC for 45 seconds. 

Transformations were then put on ice for 2 minutes, before 450µl of S.O.C. 

(Invitrogen, California, USA) medium was added. Transformed cells were then 

recovered at 37oC for 1 hour, shaking at 250g. Once completed, 200μl of the bacterial 

transformation was plated on a pre-warmed LB agar plate containing an appropriate 

antibiotic and incubated at 37oC overnight. Individual colonies were picked and 

grown in 5ml of LB broth with antibiotic at 37oC, shaking at 250g. Minipreps and 

Maxipreps were prepared using the QIAprep spin Mini kit (QIAGEN, Hilden, Germany) 

and QIAGEN Plasmid Maxi Kit (QIAGEN, Hilden, Germany) according to 

manufacturer’s instructions with the appropriate antibiotic. 
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2.2.2 Restriction digestion 

All Restriction enzymes used in this project are sourced from ThermoFisher Scientific 

in their FastDigest format and used according to manufacturer’s protocol. Plasmids 

and PCR products from genomic DNA were digested to a final volume of 20µL 

containing 2µL of 1X fast digest buffer, up to 2µL of restriction enzyme (<10% of the 

final volume) and DNA (0.5-1µg). The reactions were incubated at 37°C for 1 hour 

followed by heat inactivation at 65°C for 10 minutes.  

Digestions with BsmBI (Esl3I), required the addition of 1.25µl DTT (20mM).  

 

2.2.3 Dephosphorylation of DNA ends 

DNA plasmids were incubated with 1U of FastAP Thermosensitive Alkaline 

Phosphatase within the restriction enzyme digestion mix in order to release 5’ and 3’ 

phosphate groups from the cleaved DNA ends, thereby preventing re-annealing of 

the plasmid backbone during ligation reactions. The reaction was incubated for 30 

minutes at 37°C. 

2.2.4 DNA ligation reaction 

Digested plasmids (50ng) or phosphorylated sgRNA oligos (100µM) were ligated to 

insert DNA at 1:1 molar ratio using 1µL of T4 DNA ligase and 2µL of T4 DNA Ligase 

Buffer (10X) to a final volume of 20µL. Where both the plasmid backbone and insert 

have complimentary overhangs, reactions were incubated at room temperature (RT) 

for 15 minutes.  Blunt end ligations were allowed to incubate for 1 hour at RT or 16oC 

overnight. The ligated product was transformed into competent cells.  

2.2.5 Polymerase chain reaction  

To amplify specific sequences of DNA upon cloning of plasmids and/or to assess 

CRISPR/Cas9/Cytidine base editing correction in cells of my study, PCR technique was 

used. Q5® High-Fidelity DNA Polymerase master mix (New England, BioLabs) was 

used for all reactions, and PCRs were setup in accordance with manufactures 
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instructions. A Mastercycler® nexus X2 (Eppendorf, Hamburg, Germany) 

thermocycler was used for these reactions.  The annealing temperature of every 

primer was optimised by setting gradient PCRs ranging between 58-68oC. Extension 

time was set at 30 seconds/kilobase (kb) for the first 5kb, and 1 minute for every 

additional kb.  

2.2.6 Primer design 

For all the primers used in this thesis, the following tools have been used:  

SnapGene® v3.1.4 and Benchling were used for primer design. 

NCBI Primer-Blast: was used to assess specificity of primer pairs and to avoid 

background amplifications when using genomic DNA as PCR template 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/). 

2.2.7 Site-Directed Mutagenesis 

QuikChange Lightning Multi Site-Directed Mutagenesis kit (Agilent):   

Commercial kit designed to make up to five different nucleotide changes at multiple 

sites simultaneously. Mutagenic primers were designed using the QuikChange primer 

design online tool (https://www.agilent.com/store/primerDesignProgram.jsp).  

A PCR reaction was set up according the user manual using 100ng of template DNA 

and a set of complementary primers in forward and reverse orientation (primers 

detailed in Table 2.11). Reactions were carried out in the Mastercycler® nexus X2 PCR 

machine, using the appropriate cycling parameters. 1µl of DpnI was added to digest 

the parental circular DNA plasmid by incubation 1 hour at 37°C prior to bacterial 

transformation with 50µl of chemically competent cells and 2µl of the mutant strand 

synthesis reaction. 

Large insertion/ deletion:  

In order to remove large sections of DNA, a set of primers oriented in the opposite 

directions were designed according to the NEB base changer online tool 

https://www.ncbi.nlm.nih.gov/tools/primer-blast/
https://www.agilent.com/store/primerDesignProgram.jsp
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(http://nebasechanger.neb.com/). Amplification of blunt ended linearized plasmid 

sequence was performed using Q5® high-fidelity DNA polymerase (New England 

Biolabs) starting with 1ng of template plasmid DNA.  The linearized PCR product was 

run on an agarose gel with SYBR™ safe DNA stain (ThermoFisher Scientific) to confirm 

the size and the lack of non-specific PCR amplified products. Gel extraction of the PCR 

product was performed using QIAquick gel extraction kit (QIAGEN, Hilden, Germany) 

and further PCR purified by QIAquick PCR purification kit (QIAGEN, Hilden, Germany).  

50ng of the Purified DNA was phosphorylated by T4 Polynucleotide Kinase (NEB, 

Massachusetts, USA)  

T4 Polynucleotide Kinase reaction: 

- 50ng Purified DNA 

- 0.5µl T4 Polynucleotide kinase enzyme (NEW ENGLAND Biolabs) 

- 1µl T4 DNA Ligase Buffer (10X, ThermoFisher Scientific)  

- Up to 10µl with dH2O  

Reactions were carried out in the Mastercycler® nexus X2, at 37oC for 30 minutes, 

before inactivation of the enzyme at 65oC for 20 minutes. Subsequently, T4 

Polynucleotide Kinase reaction was allowed to reach RT before setting up a T4 DNA 

Ligation reaction: 

- 10µl T4 Polynucleotide Kinase reaction 

- 2µl T4 DNA Ligase Buffer (10X, ThermoFisher Scientific) 

- 2µl T4 DNA Ligase enzyme (ThermoFisher Scientific) 

- Up to 20µl with dH2O 

These reactions were incubated for 20 minutes at RT, before transformation in 

chemically competent cells. 

2.2.8 Genomic DNA Extraction 

Individual cell pellets from 1x105 -1x106 were processed using the QIAGEN DNA kit 

according to manufacturer’s instruction. Cells were suspended in Phosphate-

buffered saline (PBS) and lysed with the addition of proteinase K and buffer AL at 

http://nebasechanger.neb.com/
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56°C for 10 minutes. Extracted DNA was precipitated with 100% ethanol and 

collected using silica resin columns according to the manufacturer’s instructions and 

eluted in a final volume of 30μl to 60μl with DNAse-free H2O. 

2.2.9 Total RNA extraction  

Total RNA extraction was performed using the RNeasy min kit (QIAGEN) according to 

manufacturer’s protocols. Around 5x105 cells per sample were lysed with 350µL 

activated Buffer RLT and cellular RNAses were irreversibly denatured by adding β-

mercaptoethanol in the cell lysis. The homogenized cell lysate was collected pipetted 

into a QIAshredder spin column at ≥8000g for 2 minutes.  An equal volumes of 70% 

ethanol were added to the homogenized lysates and samples were processed using 

RNeasy spin column and spin at ≥8000g for 2 minutes. Removal of any contaminating 

genomic DNA was performed by a 700µl wash of buffer RW1. Two additional wash 

steps were then performed with 500µl of RPE buffer for 30 seconds and 2 minutes, 

respectively at ≥8000g. Total RNA was eluted in 20µl of RNase-free water. If not used, 

total RNA was stored at -80°C. 

2.2.10 First-strand cDNA synthesis  

1µL of total RNA was used for retro-transcription of the first cDNA using High-

Capacity cDNA Reverse Transcription Kit (Thermofisher) according to manufacturer’s 

instructions: 

• 10X RT Buffer: 2.0µL  

• 25X dNTP Mix (100 mM) 0.8µL  

• 10X RT Random Primers: 2.0µL  

• MultiScribe™ Reverse Transcriptase: 1.0µL  

• RNase Inhibitor: 1.0µL  

• Nuclease-free H2O: up to 20µL 

Reactions were carried out in the Mastercycler® nexus X2, at 25oC for 10 minutes and 

37oC for 120 minutes before inactivation of the enzyme at 85oC for 5 minutes. 
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2.2.11 Agarose gel electrophoresis  

UltraPure agarose was dissolved at concentration of 1% - 2% with 1X TAE and allowed 

to cool before adding 1% SyBR safe (Thermofisher). The agarose was cast in gel trays 

and allowed to set. DNA/cDNA samples were loaded with the addition of a 10X 

loading dye and a 1kb Plus DNA ladder was run alongside as a size reference. 

Electrophoresis was carried out at 80–110 V and gels were visualised under 

ultraviolet light using a NuGenius (Syngene, Cambridge, England) gel documentation 

system. 

2.2.12 Agarose gel purification of digested DNA fragments 

PCR bands or digested DNA fragments were separated by gel electrophoresis on a 

0.8-1% 1X TAE agarose gel and exposed to UV light. The desired DNA fragments were 

excised using a sterile scalpel and gel slices of up to 400mg and purified using the 

QIAquick Gel Extraction Kit according to the manufacturer’s instructions and eluted 

in 20μl of dH2O. 

 

2.2.13 Lentiviral vector 

 Vector Production 

Lentiviral vectors were produced by transient transfection of 22–30x106 HEK-293T 

cells seeded in T175 cm2 flasks with third generation transfer plasmids and 

packaging/accessory plasmids developed by Dr. Trono`s lab and manufactured from 

PlasmidFactory (Bielefeld, Germany) at 1µg/µl, in 0.1 x TE buffer (Dull et al. 1998) (see 

table 2.11). Second generation lentiviral vector production relied on two packaging 

plasmids, pCMVR8.74 (Addgene #22036) comprising the viral gag-pol, tat, and rev, as 

well as pMDG2 (Addgene #12259) expressing the vesicular stomatitis virus-G (VSV-G) 

envelope. In a third generation packing system, the nuclear exporter rev signal is 

expressed from a separate plasmid (pRSV-Rev, Addgene #12253). Additionally, tat 

expression has been removed entirely from the gag-pol expressing plasmid 

(pMDLg/pRRE, Addgene #12251). The same VSV-G envelope was used for both 

second and third generation vectors (pMDG2, Addgene #12259). Transfection of 

these plasmids was done using 1x107 mol/L of polyethylenimine (PEI) in reduced 
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serum Opti-MEM. DNA-PEI mix was incubated for 20 minutes at room temperature 

and added to the cells. Flasks were washed with Opti-MEM to remove residual serum 

and then incubated with the transfection mix for 6 hours at 37°C, after which the 

transfection mix was replaced with fresh DMEM supplemented with 10% Foetal 

Bovine Serum (FBS). Media containing lentiviral particles was harvested at 48 hours 

post transfection and passed through a 0.45μm pore sterile filter. The viral 

supernatant was then concentrated by ultracentrifugation in a Sorvall Discovery SE 

or a Beckman Coulter LE-80 for 2 hours at 100,000g. Virus was resuspended in 

reduced serum Opti-MEM and incubated on ice for 1 hour. Virus was aliquoted and 

stored at -80°C for further use. 

 

 Vector titration  

HEK-293Ts were seed at 1x105 in a 24-well plate in DMEM/10%FBS and allowed to 

attach overnight. The following day, concentrated viral stocks were serially diluted 5-

fold for 5 times (10, 2, 0.4, 0.08, 0.016, and 0.0032) and used to transduce cells in a 

minimal culture volume of 1ml DMEM/10% FCS and incubated for 72 hours. Cells 

were then harvested for quantification of the viral titre by qPCR, flow cytometry or 

by detection of the viral p24 particle by ELISA. 

 Lentiviral vector titration by flow cytometry – Detection of GFP 

Transduced cells were harvested 3 days post-transduction, collected in FACS tubes 

and washed once in PBS buffer supplemented with 2% FBS. The percentage of GFP+ 

cells and their relative expression were detected by flow cytometry using the CyAn™ 

ADP Analyzer (Beckman Coulter, High Wycombe, UK). Forward and side scatter were 

used to exclude debris and aggregates whereas combination of side scatter and pulse 

with was used to include only single cells. Once eGFP fluorescence was measured, 

viral titre was calculated off dilutions resulting in 1-10% of transgene expression to 

ensure 1 viral copy per cell. The titre was calculated using the formula: 

 

𝑇𝑈𝑠/ 𝑝𝑒𝑟 𝑚𝑙 =  [(% 𝑡𝑟𝑎𝑛𝑠𝑔𝑒𝑛𝑒 𝑝𝑜𝑠𝑖𝑡𝑖𝑣𝑒 –  𝑏𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑) 𝑥 1000)] 𝑥 (1000

/ 𝑙𝑒𝑛𝑡𝑖𝑣𝑖𝑟𝑎𝑙 𝑣𝑒𝑐𝑡𝑜𝑟 𝑣𝑜𝑙𝑢𝑚𝑒).  
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 Titration of non-integrating lentiviral vector by p24 - ELISA 

The HIV-1 p24 antigen was analysed by ELISA to assess the physical HIV-1 titre of the 

NILVs. Viruses were diluted 1:1x105 and 1:1x106 fold in Opti-MEM and the ELISA was 

performed according to manufacturer’s instructions (ZeptoMetrix, New York, USA). 

Analysis for each dilution was made in duplicate. A standard curve with serial 

dilutions of p24 antigen was made for quantification. The plate was read at 450 nm 

using a FLUOstar OPTIMA (BMGLabtech, Offenburg, Germany). A physical titre was 

derived using the following conversion factor: 1): (2x103molecules) x (24x103 Da of 

p24 per Physical Particle (PP)) = 48x106 2): 48x106 /Avogadro’s constant = (48x106) 

/ (6x1023) = 8x10-17 g of p24 per PP 3): There is approximately 1 PP per1x10-16 g of 

p24 4):1x104 PP per pg of p24 v. 100 Transducing Units (TU) per 1000 PP. 

 

 Titration of integrating lentiviral vector by quantitative PCR (qPCR) 

Genomic DNA of lentivirally transduced cells was extracted with DNeasy Blood and 

Tissue Kit (QIAGEN). For each sample, 250ng of DNA, 0.1mM (0,25µl) of each Psi and 

Albumin forward and reverse primers (Eurofins), 0.1mM (0.25µl) fluorescently 

labelled probes (Applied Biosystems) and 1X of qPCR mastermix (12,5µl) in a 25μl 

reaction volume. The reaction was run for 1 cycle at 50°C for 2 minutes, 1 cycle at 

95°C for 10 minutes, 40 cycles at 95°C for 15 seconds and 60°C for 1 minutes on CFX96 

TouchTM Real Time PCR Detection system (BioRad). Integrated copy number was 

calculated with the aid of standard curves generated using serially diluted plasmid 

encoding both viral packaging Psi and endogenous housekeeping Albumin sequences 

by dividing the mean quantity value of the psi by the mean value of the housekeeping 

gene. 

 

2.2.14 Cell culture  

 Isolation and culture of primary fibroblasts and keratinocytes  

Primary human fibroblasts and keratinocytes were obtained from skin biopsies of the 

RDEB patient and healthy control subjects with authorisation from the National 

Research Ethics Services, Westminster (07/H0802/104) and with written informed 

consent from patients. The RDEB patient bears a homozygous splice-site c.425A>G 
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mutation in exon 3 of COL7A1. Fibroblasts and keratinocytes were isolated by Dr 

Anastasia Petrova. Fibroblasts were grown in DMEM supplemented with 10% FBS and 

1% penicillin-streptomycin. Primary keratinocytes were plated on lethally irradiated 

3T3 cells and cultured in DMEM and Ham’s F12 medium (2:1 mixture) supplemented 

with irradiated fetal bovine serum (10%), insulin (5 μg/mL), adenine (0.18 mM), 

hydrocortisone (0.4μg/mL), cholera toxin (0.1 nM), triiodothyronine (2 nM), 

glutamine (4 mM), epidermal growth factor (10 ng/mL), and penicillin–streptomycin 

(50 IU/mL). Subculture of primary fibroblasts and keratinocytes were performed 

using 0.05 % and 0.25%, respectively, at 37°C, 5% CO2. Identification of the c.425A>G 

point mutation was performed by PCR using primers COL7A1-FWD/Ex5-COL7A1-REV 

described in Table 2.12. 

 Reprograming of primary fibroblasts to iPSCs 

Patient and wild-type iPSC lines were generated using the CytoTune™-iPS 2.0 Sendai 

Reprogramming Kit (ThermoFisher Scientific, Massachusetts, USA) under feeder free 

conditions. To generate iPSCs from fibroblasts, cells were seeded at concentration of 

3×105 into 2x6-well plates until 60% confluence prior to transduction, and grown in 

DMEM (Gibco) supplemented with 10% FBS and 1% penicillin-streptomycin 

(fibroblasts medium). On day 0, fibroblast cells were transduced with three 

reprogramming Sendai vectors carrying the four Yamanaka factors, Oct, Sox2, Klf4, 

and c-Myc, provided within the kit at the requested multiplicity of infection (MOI) 

(vectors composition and MOI described in Table 2.17). Fresh media was replaced 

the following day (day 1) and cells were kept in culture until day 7. On day 7, 

transduced cells were trypsinized with 0.05% Trypsin-EDTA, washed once with PBS, 

and seeded on human recombinant truncated vitronectin (VTN-N) coating dishes 

(5µg) and cultured in fibroblasts medium for 24 hours. The following day (day 8), 

media was replaced with iPSCs medium mTeSR™1 (STEMCELL Technologies, 

Vancouver, Canada) and refreshed every 2 days. Around day 12, small colonies were 

observed and cultured until maturation (3 weeks). 4 weeks post transduction, colony 

picking of mature iPSCs colonies was performed and cells were further cultured on 

vitronectin-coated plates with mTeSR™1.  
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Table 2.16 List of Sendai-vectors for iPSCs reprogramming  

CytoTune™ Sendai vector Factors MOI 

CytoTune™ 2.0 KOS 
Human KLF4 (K) 
Human Oct3/4 (O) 
Human SOX2 (S) 

5 

CytoTune™ 2.0 hC-MYC Human c-MYC 5 

CytoTune™ 2.0 hKLF4 Human KLF4 3 

 

 Culture and maintenance of iPSCs 

iPSCs culture was performed using either TeSR-E8 8 or TesR™2 (STEMCELL 

Technologies). For passaging, a split ratio 1:6 was routinely used using Gentle Cell 

Dissociation Buffer (GCDR). Before passaging, cells were washed once with PBS and 

then incubated with 1mL of GCDR for 7 minutes at room temperature followed by 

aspiration and addition of fresh medium. Cell scraping was done manually using a 

1.9cm wide cell-lifter in 1mL of iPSCs medium and clumps were immediately seeded 

without the need of further pipetting. Disaggregated colonies were transferred 

immediately to coated plates. Two different protein matrices, laminin-511 E8 

fragments (iMatrix-511) (2.4µg/mL) and human recombinant truncated vitronectin 

(10µg/mL) were used to seed cells. Plates coated with vitronectin were kept at RT for 

at least 1 hour before use. For iMatrix, laminin-511 was added directly to harvested 

iPSCs clumps before plating.  

 HaCaT cell line 

HaCaT cells (ATCC® PCS-200-011™) were cultured in DMEM containing 10% FBS and 

1% penicillin–streptomycin. Subculture was performed using 0.25% Trypsin-EDTA 

 Freezing and recovery of cells 

Cell were cryopreserved in 800µL aliquots (cell lines: 2 x106, primary cells: 1-2x106) in 

either cell line or primary cell freezing mix.  

For iPSCs, cells were resuspended upon dissociation in either TeSR-E8 medium and 

collected by centrifugation for 3 minutes at 130g. The cell pellets of approximately 2 

x106 cells were resuspended in 800µL of cold freezing serum-free cryopreservation 

medium designed for the cryopreservation of pluripotent stem cells, mFreSR™ 

(STEMCELL Technologies) to individual cryovials.  
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For HaCaT cell line and primary keratinocytes and fibroblasts, the pellet was obtained 

by centrifugation at 350g for 5 minutes and resuspended in the appropriate volume 

of cold freezing media containing 90% FBS + 10% Dimethyl Sulfoxide (DMSO4) to 

obtain a final concentration of 1x106 cells/mL and 1 mL volumes were transferred to 

individual cryovials.  

Cryovials were wrapped in 3 layers of paper tissue and stored for 24 hours at -80°C 

and then transferred to a liquid nitrogen tank for long-term storage. Cells were 

recovered from liquid nitrogen by thawing the cryovials in a 37°C water bath before 

transferring them to a 15mL falcon tube containing pre-warmed TesR™2 with 10µM 

of Y-27632 dihydrochloride or DMEM 10%/FBS for iPSCs and HaCaTs, respectively. 

The suspension was centrifuged at 130g (iPSCs) or 350g (HaCaTs) for 3 minutes and 

the pellet was resuspended in appropriate media. For iPSCs, 10µM of Y-27632 was 

added to the medium to improve cell viability upon thawing and culture dishes were 

pre-coated as described in section 2.2.14.3. 

 Single cell isolation by limiting dilution  

To obtain single cell clones, bulk iPSCs were serially diluted to a concentration of 0.3-

0.5 cells/100μl in medium containing 1:1 fresh and conditioned TesR™2 media 

supplemented with 10µM of Y-27632 and seeded in multiple 96-well plates coated 

with iMatrix-511 at a concentration of 2.4µg/mL. 

2.2.15 In vitro trilineage differentiation of iPSCs 

iPSCs were cultivated and expanded in TesR™2 and laminin-511-coated plates at a 

concentration of 2.4µg/mL until reaching 80% confluence. To make embryoid bodies, 

undifferentiated cells were dissociated as single cell (day 0) with Accutase for 8 

minutes at 37°C and seeded at high density in AggreWell™800. Cells were 

resuspended in EB formation medium (STEMCELLS technologies) supplemented with 

10µM of HA-100 (STEMCELLS technologies) for 1 week (Day 7). iPSC aggregates were 

then transferred on Matrigel®-coated plates with coverslips and cultured in DMEM 

10% FBS for 3 weeks. After differentiation, cells were fixed in PFA 4% and analyzed 

by immunofluorescence for the expression of mesoderm, endoderm and ectoderm 

markers.   
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2.2.16 CRISPR single guide RNA design 

All guide RNAs (sgRNAs) compatible with either SpCas9 or BE3 reported in table 2.15 

were designed using the online Benchling CRISPR design tool 

(https://benchling.com/crispr). For each potential sgRNA designed, Benchling assigns 

an in silico on- and off-target CRISPR cutting score. The on-target evaluation is scored 

based on the algorithm developed by Doench, Fusi et al. (Doench et al., 2016) which 

takes into account the position of the predicted cut site within the translated gene 

sequence and provides a score from 0–100 (higher scores indicate better predicted 

on-target activity). The off-target score is evaluated according to the number of 

mismatches between the selected sgRNA and similar exonic off-target site (Hsu et al. 

2013). The score for in silico off-targets is deducted from an initial score of 100 and 

higher scores mean lower off-target activity.  

For cytidine base editing C>T predictions, the Benchling scores in silico on-targets 

base editing using a first generation base editor (Komor et al., 2016), while off-target 

score is based  on work by Hsu and colleagues (Hsu et al., 2013). 

2.2.17 Electroporation 

Neon transfection system (ThermoFisher Scientific): For all electroporation in 

keratinocyte cell line, the Neon™ Transfection System, with the 100µl tip kit 

(ThermoFisher) was used. Cells were electroporated at concentration of 1x106 cells/ 

mL in buffer R, with the following electroporation parameters: 1600v/20ms/1 pulse. 

The application of this device has been indicated in the results section.  

4D-Nucleofector™ X Unit (Lonza): This device was primarily used for iPSCs using the 

100µl cuvettes. Cells were electroporated at concentrations of 1x106 cells/mL in 

buffer P3, using the program CA137. The applications of this device have been 

indicated in the results section.  

After electroporation cells were placed in pre-warmed plate and incubated at 30°C, 

5% CO2 overnight. Cells were then restored to normal culture conditions (37°C, 5% 

CO2), the next day.  

https://benchling.com/crispr
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2.2.18 Sanger sequencing detection of in situ CRISPR/Cas9-mediated HDR, and 

targeted Cytidine deamination events  

Genomic DNA extraction was performed using DNeasy Blood and Tissue Kit (QIAGEN) 

and ~100ng of genomic DNA was used as template for PCR with Q5® high-fidelity DNA 

polymerase to amplify 400-800bp over the protospacer binding site or SpCas9 cutting 

site. Around 5µL of PCR amplicons were visualized by gel electrophoresis on 1% 

agarose prior PCR purification by QIAGEN PCR purification kit. To determine the DNA 

sequence, PCR amplicons were sent to Eurofins Genomics for Sanger sequencing. 

Resulting Sanger sequencing data was analysed using either Tide (https://tide.nki.nl/) 

or Synthego ICE (https://ice.synthego.com/#/) online tools, to measure the 

frequency of InDels, at the predicted SpCas9 scission site or donor template 

integration. When analysing C>T conversion rates produced by cytidine deaminase 

base editing technologies, EDITR software was used 

(https://moriaritylab.shinyapps.io/editr_v10/).     

2.2.19 Next generation sequencing (NGS) of HDR and C>T events  

Genomic DNA extraction was performed using DNeasy Blood and Tissue Kit and a PCR 

was designed to amplify the edit loci over the protospacer binding site or Cas9 cutting 

site the predicted donor template. Reactions used Q5® High-Fidelity DNA 

Polymerase. PCR products were confirmed by 1% agarose gel electrophoresis, 

sequenced and analysed using ICE protocols. Next generation sequencing was 

performed by Dr. Athina Gkazi using primers detailed in Table 2.13.  

Sequencing libraries were generated according to the Nextera XT DNA Library Prep 

Kit Reference Guide (https://emea.support.illumina.com/content/dam/illumina-

support/documents/documentation/chemistry_documentation/samplepreps_next

era/nextera-xt/nextera-xt-library-prep-reference-guide-15031942-05.pdf). Libraries 

were then pooled and 12pM of each pooled sample was loaded on MiSeq (Illumina). 

A bioinformatics workflow using UseGalxy tools (https://usegalaxy.org/) was 

developed in house to analyse the NGS data to determine HDR and base editing 

frequencies. Quality reads check was assessed by FastQC. Reads were then trimmed 

by Trim Galore to remove Nextera/NGS adapters. The remaining reads were then 

https://tide.nki.nl/
https://ice.synthego.com/#/
https://moriaritylab.shinyapps.io/editr_v10/
https://emea.support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/samplepreps_nextera/nextera-xt/nextera-xt-library-prep-reference-guide-15031942-05.pdf).
https://emea.support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/samplepreps_nextera/nextera-xt/nextera-xt-library-prep-reference-guide-15031942-05.pdf).
https://emea.support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/samplepreps_nextera/nextera-xt/nextera-xt-library-prep-reference-guide-15031942-05.pdf).
https://usegalaxy.org/
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aligned to a reference genome with BWA-MEM. Quality control of reads paired with 

the reference genome was assessed by Flagstat. For the detection of gene and base 

editing, the following programs were employed: 

1) Pindel was used to evaluate homology-directed repair (HDR) efficiency and to 

quantify percentages of InDels within the same read. The obtained files from 

the alignment were visualised on IGV genome browser and any further 

investigation was done in Microsoft Excel (initial analysis) and R (plots) using 

the csv files from Pindel.  

 

2) Naïve variant caller (NVC) was used to quantify the percentage of nucleotide 

variation at each nucleotide position within the same read upon base editing. 

The obtained files from the alignment were visualised on IGV genome 

browser and any further analysis was done in Microsoft Excel.  

 

For haplotype-based variant detection, raw MiSeq data were analysed by a 

javaScript-based instant assessment tool for high-throughput sequencing data for 

genome edited cells CRISPResso2 

(https://crispresso.pinellolab.partners.org/submission)  (Clement et al., 2019). 

  

2.2.20 Direct differentiation of iPSCs into keratinocytes (iKer) 

 Protocol 1 

The first protocol used for generation of iPSC-derived keratinocytes (iKer) was 

developed by Prof. Angela M. Christiano’s group (Umegaki-arao et al., 2014; 

Shinkuma et al.,2016; Jacków et al., 2019). The outline of the differentiation protocol 

is schematically represented in Figure 4.12. iPSCs were subcultured as clumps of ~10-

20 cells onto vitronectin-coated plates with daily media change with TesR-E8. Upon 

reaching 40% confluence, iPSCs colonies were incubated in TeSR-E8 medium 

supplemented with 1µM of retinoic acid (RA) and 10ng/mL of BMP-4, for 7 days with 

daily media change. At day 7, the medium was switched to Defined Keratinocyte 

https://crispresso.pinellolab.partners.org/submission
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Serum-Free Medium (DKSFM, Thermofisher) without RA and BMP-4 supplements for 

about 60 days without cell passaging and with media change every 2 days. 

 Protocol 2 

A second protocol for keratinocyte differentiation used in this study was developed 

in collaboration with Prof. Dusko Ilic. Schematic of the protocol is represented in 

Figure 4.14. Prior to differentiation, iPSCs were cultivated and expanded in TesR™2 

and laminin-511-coated plates at a concentration of 2.4µg/mL. Cells were cultivated 

in TesR™2 until reaching 80% confluence. On day 0, undifferentiated cells were 

dissociated as single cell with accutase for 8 minutes at 37°C in order to obtain 28-33 

x106 cells. To make embryoid bodies of ~3000 cells size, cells were resuspended in EB 

formation medium (STEMCELLS technologies) supplemented with 10µM of HA-100 

(STEMCELLS technologies) and plated at a concentration of ~5.6 x106 cells/well in a 6 

well plate of AggreWell™800 according to manufacturer’s instructions. Plates were 

incubated at 37 °C, 5%CO2 and 5%O2 for 24 hours. After 24 hours in suspension 

culture (Day 1), uniform iPSC aggregates were visible under inverted phase-contrast 

microscope and cells were supplemented with fresh initiation medium (KDM1) with 

daily media change up to day 3 and incubated at 37 °C, 5%CO2 and 5%O2. Composition 

of every media used in this protocol is showed in table 2.18. On day 4, EBs were 

collected, dissociated as single cells with Accutase for 10 minutes at 37 °C, plated 

onto vitronectin-coated flasks (10µg/mL) at a concentration of 10,000 cells per cm2 

in KDM2 medium for 3 further days. On day 7, niacinamide at final concentration of 

3000µM was added to the KDM2 medium (KDM3) and cells were left in culture for 3 

days without additional media change. From day 10 of differentiation, SB431542 

inhibitor (10µM) was added to the KDM3 medium to form KDM4. Epithelial-like 

progenitors were cultivated for 4 days in KDM4 with media change every 48 hours. 

Fist passage of iPSCs-derived keratinocytes on day 15 was done by incubating cells in 

0.1% Trypsin for 6-10 minutes at 37 °C. Trypsinization was blocked with equal volume 

of defined trypsin inhibitor (DTI) and cells were spun down for 5 minutes at 400g. The 

cell pellets were resuspended in KDM5 medium (Table 2.18) and seeded onto 

laminin-511-coated flasks (1µl/mL) with media change every 3 days. From day 15 

onwards, iPSCs-derived keratinocytes were passaged at concentration of 20,000 
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cells/cm2 in KDM5 medium onto laminin-511-coated flasks (1µl/mL) with media 

change every 3 days until reaching 80% confluence. 

Table 2.17 Keratinocyte defined media composition   

Keratinocyte defined media 1 KDM1 

Reagents 
Stock Solutions 

(mg/mL) 
Stock Molarity 

(μM) 
Final Molarity (μM) 

Cholera Toxin (1/10 
dilution) 

0.5 mg in 0.5 mL 
of H20 

11.905 μM 0.0001 μM 

AA2P (P-Vitamin C) 
300 mg in 10 mL 

of H2O 
93168 μM 174 μM 

EGF 
0.2 mg in 2 mL 

of 0.001M 
CH3COOH 

15.6 μM 0.0156 μM 

FGF1 
0.025 mg in 250 μL 

of 0.1% BSA  
6.33 μM 0.000316 μM 

IGF1 
0.2 mg in 1 mL 

of 0.1% BSA 
26.13 μM 0.00131 μM 

Niacinamide 
1 g in 10 mL 

of H2O 
819672 μM 3000 μM 

Keratinocyte defined media 2 KDM2 

Reagents Stock Solutions 
(mg/mL) 

Stock Molarity 
(μM) 

Final Molarity (μM) 

Cholera Toxin (1/10 
dilution) 

0.5 mg in 0.5 mL 
of H20 

11.905 μM 0.0001 μM 

AA2P (P-Vitamin C) 300 mg in 10 mL 
of H2O 

93168 μM 174 μM 

EGF 0.2 mg in 2 mL 
of 0.001M 
CH3COOH 

15.6 μM 0.0156 μM 

FGF1 0.025 mg in 250 μL 
of 0.1% BSA  

6.33 μM 0.000316 μM 

IGF1 0.2 mg in 1 mL 
of 0.1% BSA 

26.13 μM 0.00131 μM 

Keratinocyte defined media 3 KDM3 

Reagents Stock Solutions 
(mg/mL) 

Stock Molarity 
(μM) 

Final Molarity (μM) 

Cholera Toxin (1/10 
dilution) 

0.5 mg in 0.5 mL 
of H20 

11.905 μM 0.0001 μM 

AA2P (P-Vitamin C) 300 mg in 10 mL 
of H2O 

93168 μM 174 μM 

EGF 0.2 mg in 2 mL 
of 0.001M 
CH3COOH 

15.6 μM 0.0156 μM 

FGF1 0.025 mg in 250 μL 
of 0.1% BSA  

6.33 μM 0.000316 μM 

IGF1 0.2 mg in 1 mL 
of 0.1% BSA 

26.13 μM 0.00131 μM 
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Niacinamide 1 g in 10 mL 
of H2O 

819672 μM 3000 μM 

Keratinocyte defined media 4 KDM4 

Reagents Stock Solutions 
(mg/mL) 

Stock Molarity 
(μM) 

Final Molarity (μM) 

Cholera Toxin (1/10 
dilution) 

0.5 mg in 0.5 mL 
of H20 

11.905 μM 0.0001 μM 

AA2P (P-Vitamin C) 300 mg in 10 mL 
of H2O 

93168 μM 174 μM 

EGF 0.2 mg in 2 mL 
of 0.001M 
CH3COOH 

15.6 μM 0.0156 μM 

FGF1 0.025 mg in 250 μL 
of 0.1% BSA  

6.33 μM 0.000316 μM 

IGF1 0.2 mg in 1 mL 
of 0.1% BSA 

26.13 μM 0.00131 μM 

Niacinamide 1 g in 10 mL 
of H2O 

819672 μM 3000 μM 

SB431542 
3.84 mg in 1 mLof 

DMSO 
10000 μM 10 μM 

Keratinocyte defined media 5 KDM5 

Reagents Stock Solutions 
(mg/mL) 

Stock Molarity 
(μM) 

Final Molarity (μM) 

AA2P (P-Vitamin C) 300 mg in 10 mL 
of H2O 

93168 μM 5.8333 μM 

Cholera Toxin (1/10 
dilution) 

0.5 mg in 0.5 mL 
of H20 

11.905 μM 0.0001 μM 

BMP4 (1/10 dilution) 0.01 mg in 0.4 mL  
of 0.004 M HCl 

0.735 μM 0.000015 μM 

EGF 0.2 mg in 2 mL 
of 0.001M 
CH3COOH 

15.6 μM 0.00156 μM 

FGF1 0.025 mg in 250 μL 
of 0.1% BSA  

6.33 μM 0.000316 μM 

IGF1 0.2 mg in 1 mL 
of 0.1% BSA 

26.13 μM 0.00131 μM 

Niacinamide 1 g in 10 mL 
of H2O 

819672 μM 3000 μM 

SB431542 3.84 mg in 1 mL 
of DMSO 

10000 μM 10 μM 

 

2.2.21 Protein detection  

  Flow cytometry  

Generally between 0.1 - 1x106 cells were used for flow based phenotyping. All wash 

and staining steps occurred in FACS buffer (PBS with 2% FCS). Cell acquisition was 

carried out on a 2-laser CyAn™ ADP Analyzer.  Conjugated antibodies listed in Table 
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2.1.7 were used for extracellular staining following incubation at 4°C form 20 

minutes. For intracellular staining, cells were fixed in Fix & Perm® Medium A 

(ThermoFisher) for 20 minutes at room temperature in the dark. The cells were then 

washed with 2% FBS/PBS, spun down at 400g for 5 minutes at RT. The cell pellets 

were resuspended in Fix & Perm® Medium B with the antibody of interest at 4°C for 

1 hour in the dark. The cells were them washed with 2% FBS/PBS and pelleted at 400g 

for 5 minutes. In case of non-conjugated antibody, cell pellets were resuspended in 

Fix & Perm® Medium B with secondary antibody and incubated at 4°C for 30 minutes 

in the dark. The cells were washed with 2% FBS/PBS, resuspended in 0.5ml 2% 

FBS/PBS for the analysis. 

 

 In situ immunostaining 

Generally between 0.2-0.5- 1x106 cells were seeded onto sterile 13mm coverslips in 

a 24 well plate, cultured for 48 hours then fixed in 4% paraformaldehyde for 15 

minutes at RT and washed three times with 1x PBS. Cells were simultaneously 

blocked and permeabilized with 0.1% Triton X-100 3% BSA in PBS for 30 minutes at 

RT, and then incubated overnight at 4°C with the primary antibody ( see table 2.2.7). 

After three washes with PBS, cells were incubated with secondary antibody at the 

concentration listed in table 2.2.7 in PBS for 1 hour at RT in the dark, washed with 

PBS and counterstained with DAPI (4',6-Diamidino-2-Phenylindole) for 5 minutes at 

RT in the dark. The coverslips were mounted on glass microscope glass with Prolong 

gold. Micrographs were imaged using a Zeiss observer 7 (Zeiss, Oberkochen, 

Germany) and processed using Image J (Wayne Rasband (NIH)). 

 SDS-PAGE immunoblotting 

1x106 cells were harvested and cell pellets were resuspended in cell lysis buffer for 

total protein isolation. The lysis buffer was prepared as follows: 50mM Tris/HCL, pH 

8.0, 150mM NaCl, 5mM EDTA, 1:25 dilution of stock cocktail protease inhibitor 

(complete cocktail tablets) and 1mM PMSF. As C7 is a secreted protein, culture media 

was also harvested prior 48 hours cultivation in serum-free medium with the 

supplementation of 50µg/mL of ascorbic acid for to promote C7 secretion (Titeux et 

al. 2010). The total protein concentration was determined using a Bio-Rad protein 
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assay kit (BIO-RAD, Hertfordshire, UK). A standard curve was formulated using 

40µg/ml of BSA serially diluted 2-fold to 2.5 µg/ml. BCA reagent was added at a 1:5 

concentration to all samples and 96 absorbance was at an OD 595 nm. Equal 

quantities (30µg) of total protein were resuspended in 5X sample buffer (10% SDS, 

30% Glycerol, 10% β-mercaptoethanol, 0.001% bromophenol blue, 1M DTT) and 

loaded on a 6% sodium dodecyl sulphate polyacrylamide separating SDS-PAGE gel. 

After electrophoresis, proteins were transferred to polyvinylidene fluoride 

membranes (PVDF), blocked with 5% milk in 0.05% Tween-20 in 1X PBS and incubated 

with anti-C7 antibody (gift from Prof. M. Chen) at a 1:2500 dilution overnight at 4°C 

or anti-vinculin mAb (cl.V284, Sigma-Aldrich, Dorset, UK) at a 1:250,000 for 1 hour at 

RT with shaking, followed by incubation with secondary antibodies (anti-Rabbit RG-

96 IgG, and anti-Mouse IgG, respectively) conjugated with HRP (both at 1:4000 

dilution, from Sigma-Aldrich). Signal detection was performed using the ECLplus 

system (GE Healthcare, Hatfield, UK). 

2.2.22 Statistics 

All statistical analysis was performed using GraphPad Prism software version 8.0.0. 

Details of analysis preformed can be found in the relevant figure legends. 
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Chapter 3 Investigation of genome editing tools for efficient 

targeting of COL7A1 mutation hotspot  

3.1 Background  

Application of CRISPR/Cas9 technology for ex vivo skin gene-editing approaches 

opens the possibility of site-specific correction of the mutant COL7A1 alleles under 

endogenous promoter (Section 1.9). In situ integration of donor template by HDR 

following CRISPR/Cas9-induced DSBs can overcome various limitations associated 

with retroviral and lentiviral vectors used in conventional gene therapy (Naso and 

Petrova, 2019). To date, the majority of Cas9-mediated correction by donor template 

delivered via viral vectors (such as NILV and AAV) or plasmid DNA relied on an 

extensive clonal isolation of COL7A1-corrected cells due to limited HDR efficiency in 

primary RDEB cells (Chamorro et al., 2016; Kocher et al., 2019). Such selection 

increases the risk of cellular senescence and can lead to the loss of keratinocyte stem 

cells, which are crucial for successful long-term skin regeneration.  

On the other hand, high levels of donor integration could guarantee modest recovery 

of C7 in the gene edited cell pool, hence avoiding the need for single clonal selection 

upon HDR (Bonafont et al., 2021; Izmiryan et al., 2018). To achieve this, optimizations 

of all the components of CRISPR/Cas9 system, including delivery (viral and non-viral) 

and format (DNA-encoded, mRNA or protein) are required. The choice of delivery 

strategy and format of the reagents often has to be tailored to cell type and 

experimental design.  

For skin disorders, such as RDEB, non-integrating lentiviral vectors (NILV) and  adeno-

associated virus have previously been used to deliver gene editing tools 

(Meganucleases, TALENs and CRISPR/Cas9) or donor templates for HDR strategies 

due to their high infection efficiency, tropisms, mild immunogenicity, large packaging 

capacity and stable expression following integration of viral DNA into the host 

genome (Chamorro et al., 2016; Izmiryan et al., 2018; Izmiryan et al., 2016; Georgiadis 

2016; Benati et al., 2018). Prolonged expression of the endonuclease, however, raises 
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concerns surrounding off-target cleavage and activation of host immunity, thereby 

hampering clinical translation of NILV-based strategies (Kim et al., 2014; Crudele and 

Chamberlain 2018; Charlesworth et al., 2019). More recently, viral-free, transient 

delivery of CRISPR/Cas9 components by co-electroporation of a sgRNA coupled with 

SpCas9 as either mRNA or RNP, has been investigated and can circumvent concerns 

related to viral-based delivery, offering a more clinically relevant strategy (Liu et al., 

2015; Kim et al., 2014; Hendel et al., 2015). 

It is also important to note that the mode of donor template delivery and design have 

rapidly evolved in the last few years. For example, donor template delivery via single-

stranded oligo DNA was very recently shown to mediate efficient HDR repair, while 

also allowing for the increased precision, lower toxicity and avoidance of viral vectors 

requirement (Guo et al., 2018; Kwart et al., 2017; Paquet et al., 2016; Martin et al., 

2019; Yang et al., 2013; Roth et al., 2018).  

3.2 Hypothesis  

The development for a robust and selection-free CRISPR/Cas9 mediated gene-editing 

approach to correct a recessive splice site mutation hotspot (c.425A>G, p.K142R) 

within exon 3 of COL7A1 could be achieved towards the investigation and 

optimization of CRISPR/Cas9 reagents delivery and rational design of donor 

templates for HDR-mediated correction.  

3.3 Aims  

1) To investigate targeting efficiency of the COL7A1 locus by testing CRISPR/Cas9 

delivery via either ribonucleoprotein complex (RNP) or chemically modified guide 

RNAs (sgRNA) with SpCas9 mRNA.  This will be achieved by: 

 

a) Design sgRNAs targeting c.425A>G mutation within COL7A1. Evaluate the 

efficiency of the designed sgRNA by comparing COL7A1 knockout in a 

permissive HEK-293T cells line. Assess knockout efficiency on genomic level 
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by Sanger sequencing followed by computational decomposition of sequence 

traces using bioinformatics tools such TIDE, ICE and EDIT-R. 

 

b) Evaluate the chosen sgRNA in HaCaT keratinocyte cell line by comparing 

different CRISPR/Cas9 delivery methods, such as RNP-mediated delivery and 

lentiviral vector transduction of the guide alongside SpCas9 mRNA 

electroporation.  

 

2) To design, validate and optimize gene repair strategies by HDR testing DNA-

stranded or single-stranded oligonucleotides (ssODN) repair template delivered 

via either viral- (NILV) or non-viral-based (electroporation) methods. This will be 

achieved by: 

 

a) Design and test donor repair template sequences for delivery via NILV by 

transducing HaCaT cells and quantifying the intended nucleotide changes by 

computational decomposition of the Sanger trace data and next generation 

sequencing (NGS).  

 

b) Design and evaluate ssODN donor template for a viral-free correction strategy 

by co-delivering Cas9 mRNA by electroporation into HaCaT cells and assessing 

knock-in frequency on genomic level by computational decomposition of the 

Sanger trace data. 
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3.4 Characterization and description of the c.425A>G mutation in RDEB 

The COL7A1 gene is characterized by the presence of more than 800 variants either 

single base insertion/deletions and complex ones spanning over its 118 exons 

(Kowalewski et al., 2011). Around 15% of all DEB variant mutations were described 

to fall within intron–exon junctions resulting in splicing defects. This class of 

mutations, has a double impact on mRNA and protein level and are responsible of 

aberrant or absent expression of type VII collagen in DEB patients. One of the most 

described splicing mutation for DEB is the mutation c.425A>G (p.K142R). This single 

A>G transition was firstly described by Christiano et al., as a neutral intragenic Lysin 

(K) to Arginine (R) polymorphism which abolishes a Styl restriction enzyme site 

mapped by direct nucleotide sequencing of the type VII collagen cDNA at the end of 

exon 3 (Christiano et al., 1994). Correlation of the c.425A>G genotype with the clinical 

manifestation of EB blistering phenotype was furtherly discovered in DEB patients 

(Gardella et al., 1996; Hammami-Hauasli et al., 1997). The inheritance pattern of the 

c.425A>G variant has been reported either autosomal dominant (less common) and 

autosomal recessive (more common) with an allelic frequency of 3.9% in the central 

European population (Csikós et al., 2005; Gardella et al., 1996; Wertheim-Tysarowska 

et al., 2012; Jeřábková et al., 2010). In the latter, patients were found compound 

heterozygous, commonly presenting a second mutation described in different sites 

of the COL7A1 gene (Csikós et al., 2005). The genetic cause of the pathogenesis is 

related with the positon of this variant sequence. The pathogenic A>G substitution 

falls in position -2 of the consensus sequence of the donor splice (SD) site at the end 

of exon 3 albeit resulting in an impaired splicing between exons 3 and 4 (Gardella et 

al., 1996). On molecular level, three different aberrant transcripts leading to 

premature termination codons (PTCs) have been observed (Figure 3.1): 1) retention 

of intron 3 due to a PTC at its 66th nucleotide, 2) activation of a secondary cryptic GT 

splice site localized in within exon 3 containing a PTC around 61bp downstream the 

cryptic splicing donor and 3) complete skipping  of the exon 3 with PTC after the 10th 

base of exon 4 (Gardella et al., 1996; Hammami-Hauasli et al., 1997). Overall, the 

presence of a PTC on transcriptional levels determines the complete absence of C7 in 

c.425A>G+/+ patients whereas variable C7 protein expression have been detected in 
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patients’ skin biopsies when compound heterozygous (Hammami-Hauasli et al., 

1997).  

 

Figure 3.1 Generation of aberrant transcripts described in c.425A>G RDEB patients 

Generation of the anomalous transcripts observed in the RDEB patients from different 

cohorts (Gardella et al., 1996; Hammami-Hauasli et al., 1997). In sequence: 1) Retention of 

intron 3 and creation of a premature termination codons PTC in its sequence. 2) Activation 

of a secondary cryptic GT splice site localized in within exon 3. 3) Complete skipping of the 

exon 3 with PTC on exon 4. Figure adapted from (Gardella et al., 1996) 

 

3.5 Design concept of CRISPR/Cas9 strategy of the COL7A1 locus  

Genome editing using CRISPR/Cas9 provides an attractive opportunity for ex vivo cell 

modifications and could be used to tackle specific mutation hotspots within the 

COL7A1 gene as described in section 1.9. The success of homologous recombination 

(HDR) relies on the efficiency of DNA scission through non-homologous end joining 

(NHEJ) and optimal reagents delivery in the first instance (Hendel et al., 2014). This 

section describes optimizations of CRISPR/Cas9 reagents delivery to target a hotspot 

mutation within exon 3 of COL7A1 (425A>G, p.K142R). In the first instance, design of 

COL7A1 specific sgRNAs was performed using the Benchling design tool 

(https://benchling.com/crispr). Four different sgRNA guides targeting within exon 3 

of the COL7A1 gene (Figure 3.2A) were selected based on their on- and off-target 

https://benchling.com/crispr
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scores (Table 3.1). A guide RNA targeting exon 1 of the TAP1 gene was used as 

positive control.  

Table 3.1 Guide sequences tested for COL7A1 CRISPR/Cas9 knockout 

Guide Sequence PAM Strand 
On-Target 

Score 
Off-target 

Score 

Ex3C7-1 AAGGGGGGCAACACTCGCAC AGG sense 49.0 47.4 

Ex3C7-2 AGGGGGGCAACACTCGCACA GGG sense 63.1 46.4 

Ex3C7-3 TCCGTGAGCTTAGCTACAAG GGG sense 65.8 46.0 

Ex3C7-4 CATCCGTGAGCTTAGCTACA AGG sense 51.8 45.6 

TAP1-PC ACTGCTACTTCTCGCCGACT GGG sense 59.3 48.7 

Guides Ex3C7-1 to Ex3C7-4 were selected to assess the NHEJ efficiency for exon 3 of COL7A1. 

TAP1-PC guide was used as positive control. Guide orientation is shown as sense or anti-sense 

and binds complementary DNA strand by Watson and Crick base pair. On-target score is the 

target activity evaluated by the algorithm developed by Doench, Fusi et al. (Doench et al., 

2016) The score is from 0-100 and higher scores mean higher on-target activity. Off-target 

score is evaluated according to the number of mismatches between the selected guide RNA 

and similar exonic off-target site (Hsu et al., 2013). The score is from 0-100 and higher scores 

mean lower off-target activity. 

 

Designed sgRNA were separately cloned into the PX458 parental plasmid (Table 2.14) 

encoding for a sgRNA cassette containing the RNA Pol III U6 promoter, a mini-stuffer 

sequence containing 2 BbsI restriction enzyme sites to accommodate the designed 

sgRNA protospacer, a guide scaffold and a chicken β-actin promoter-driven 

SpCas9:T2A:eGFP expression cassette. To increase the expression of the cloned 

sgRNAs from the human U6 promoter, a single guanine G at potion +1 of the sgRNA 

transcription start site (TSS) was added (Ranganathan et al., 2014). An oligo annealing 

protocol was then used to clone protospacer sequences within the PX548 plasmid. 

Initial validation of these guide was performed in HEK-293T cell line by DNA plasmid 

transfection. Five days post transfection, knockout efficiency was analysed on 

genomic level by PCR by designing primers flanking the predicted SpCas9 cut sites 

within exon 3 of COL7A1 (Figure 3.2B). PCR products were Sanger sequenced and 

knockout was quantified using TIDE (https://tide.deskgen.com/). TIDE is a 

bioinformatics assay which allows to precisely determine the spectrum and 

frequency of targeted InDels generated by genome editing tools such as CRISPR/Cas9 

https://tide.deskgen.com/
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by the comparing Sanger sequences from edited and unedited cells (Brinkman et al., 

2018).  

TIDE analysis revealed a low NHEJ-mediated SpCas9 effect for guides Ex3C7-1 and 

Ex3C7-3 (5% and 7.4% respectively), while Ex3C7-2 and Ex3C7-4 showed higher 

targeted disruption at 57.5% and 30%, respectively (Figure 3.2C). Additionally, 

genomic disruption by EX3C2-2 guide was similar to that of the positive control TAP1-

PC guide (~53%). Therefore, guide Ex3C7-2 (from now called “Ex3-distal”-Ex3D-

sgRNA) was used for further NHEJ and HDR-strategies and the distance from the 

predicted Cas9-sgRNA-induced DSBs to the c.425A>G COL7A1 mutation of this study 

is 71bp.   

 

Figure 3.2  Validation of COL7A1 knockout in HEK-293T cells  

A. Schematic representation of human chromosome 3 and COL7A1 gene. The magnified view 

illustrates chromosome 3 where COL7A1 gene is mapped. The red box in the COL7A1 RefSeq 

represents the position of the point mutation within exon 3. Magnified, the sequence of exon 



155 
 

3. The red asterisk shows the c.425A>G mutation. Arrows indicate different sgRNAs tested 

for COL7A1 knockout. B. Schema of the PCR strategy used to quantify the percentage of NHEJ 

events by Sanger sequencing-based TIDE of the targeted area. Black arrows illustrate the 

primers used for sequencing. C. Evaluation of the cleavage activity of the designed sgRNAs 

by TIDE analysis for the detection of NHEJ events. Cell edited with Ex3C7-2 guide RNA showed 

the highest COL7A1 disruption (57.5%). Lower percentages of NHEJ were observed with the 

other sgRNAs tested (30% for Ex3C7-4, 7.4% for Ex3C7-3, 5% for Ex3C7-1). X axis: size of 

deletion (left) or insertion (right): Y axis: percentage of alleles with insertion or deletions: 

pink bar: unedited alleles; red bar: edited alleles (p-value <0.001); black bar: edited alleles 

(p-value ≥0.001). The P-value associated with the estimated abundance of each indel is 

calculated by a two-tailed t-test of the variance–covariance matrix of the standard errors 

determined by default by TIDE (https://tide.deskgen.com/). 

 

3.6 Viral delivery of Ex3D-guide RNA 

As detailed above in section 1.9, there are a number of delivery strategies that have 

been applied to the SpCas9 endonuclease for epidermolysis bullosa in the last few 

years. At the time of this project, use of non-integrating viral platforms for 

CRISPR/Cas9 delivery have shown to achieve up to 19% editing in the COL7A1 locus 

in primary RDEB keratinocyte stem cells (Izmiryan et al., 2018). For the initial testing 

of the chosen guide RNA, the Ex3D-sgRNA was cloned into a conventional LV 

(LentiCRISPRV2) backbone (Table 2.14) expressing a single guide RNA scaffold and a 

SpCas9 cassette under the hU6 and EF1-α promoter, respectively. As previously 

described in section 3.5, to increase the expression of the guide RNA under the hU6 

promoter, an initial guanine was placed in position +1 from the sgRNA TSS. On-target 

COL7A1 disruption was then evaluated in wild type HaCaT keratinocyte cell line. To 

do so, two different viral configurations have been tested.  

The first configuration, similar to that used by Izmiryan et al. (Izmiryan et al., 2018), 

comprised a non-integrating lentiviral vector stock (NILV-LentiV2CRISPR-Ex3D) 

encoding for both SpCas9 and Ex3D-sgRNA. Delivery of non-integrating viral vectors 

expressing SpCas9 was shown to be effective in preclinical applications, as they 

promote a temporal expression of the endonuclease (Izmiryan et al., 2018).  Although 

suitable for proof-of-concept studies, the use of NILV expressing SpCas9, would pose 

a problematic risk in clinical applications firstly as extended exposure to SpCas9 has 

https://tide.deskgen.com/
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proven immunogenic (Mehta and Merkel 2020) and furthermore as this would 

increase the likelihood of off-target cleavage. To help mitigate these issues, delivery 

of stabilised SpCas9 mRNA (capped, and polyadenylated) in combination with 

lentiviral delivery of sgRNA was also tested. This approach has been shown to 

produce effective targeted knockout of the TRAC gene for  CAR cell therapies and is 

in clinical trials (Georgiadis et al., 2018).  

Therefore, for the second configuration, a hybrid viral and non-viral CRISPR/Cas9 

delivery was tested. To do this, the SpCas9-P2A expressing cassette was removed 

through site-directed mutagenesis from the original LentiCRISPRV2 plasmid 

backbone (13,136bp) leaving the eGFP cassette directly under the EF1-α promoter 

(Figure 3.3A). In detail, the SpCas9-P2A cassette was removed by PCR amplification 

of the viral backbone designing a couple of primers in opposite direction from the 

desired site of deletion. Molecular weight of the resulting vector (LentiV2-Ex3D, 

8884bp) was confirmed by restriction digestion with KpnI (Figure 3.3B) followed by 

Sanger sequencing to verify the correct in frame orientation of the eGFP cassette 

under the EF1-α promoter (Figure 3.3B). The resulting 3rd generation integrating self-

inactivating (SIN) lentiviral vector expressing only the Ex3D-sgRNA (LentiV2-Ex3D) 

was used alongside a capped, polyadenylated SpCas9 mRNA delivered by 

electroporation. Transient expression of the nuclease delivered as mRNA was 

previously confirmed by western blot by measuring the expression of the SpCas9 

protein at different time points (Georgiadis et al., 2018). SpCas9 protein appeared to 

peak at 0.5 days and had mostly dissipated by day 3 post electroporation. A similar 

lentiviral vector expressing a sgRNA targeting exon 1 of the Beta-2-Microglobulin 

(B2M) gene designed by Dr. Roland Preece, was used as a positive control for CRISPR 

editing (LentiV2-B2M).  

Both NILV-LentiV2CRISPR-Ex3D and LentiV2-Ex3D/B2M vector stocks were made by 

co-transfection in HEK-293T cells with VSV-G envelop encoding plasmid (pMDG) and 

2nd generation Δ64 integration defective packaging plasmids (pMCV-dR8.74-D64V 

gag/pol) for NILV or 3rd generation (pMDLg/pRRE – gag/pol) and pRSV-REV plasmids 

for integrating lentiviruses. HIV-1 p24 levels by ELISA of the NILV-LentiV2CRISPR-Ex3D 

showed a range of 8.5x108 TU/100-8.5x109 TU/1000 p24 Physical Particle (PP) with 
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an average titer of 4.6x109 TU/mL (Figure 3.3C). Titration by flow cytometry analysis 

of eGFP expression for LentiV2-Ex3D indicated the viral titre of 8.5x108 TU/mL (Figure 

3.3C). Both viral configurations were tested in HaCaT keratinocyte cell line. HaCaT 

cells were transduced with either NILV-LentiV2-Ex3D at multiplicity of infection 20 

(MOI 20) or with LentiV2-Ex3D at MOI 20. LentiV2-Ex3D transduced cells were 

subsequently electroporated with SpCas9 mRNA (10µg) 4 days post transduction 

(Georgiadis et al., 2018). qPCR for the corresponding number of proviral LentiV2-

Ex3D copies within the endogenous DNA (VCN) was performed using a probe 

complementary to the viral packaging signal sequence, Psi (Ψ), and normalized to the 

level of albumin in the same cells. VCN was quantified 5- and 14-days post-

transduction and equated 4.8 (n=2 ±0.5) and 1.2 (n=2 ±0.5) copies/cells, respectively 

(Figure 3.3C).  



158 
 

 

Figure 3.3 Vector Design and titration of LentiV2-based vectors  

A. Plasmid map of LentiV2-CRISPR-Ex3D (I.) and LentiV2-Ex3D after SpCas9-P2A cassette 

removal (II.). B. Confirmation of the correct vector molecular size upon cloning of the Ex3D 

guide RNA by KpnI digestion. Alignment of Sanger sequenced linearized LentiV2-Ex3D 

(sequence in red) with the RefSeq LentiV2-CRISPR-Ex3D confirmed the SpCas9-P2A cassette 

removal (top) and the in-frame eGFP cassette orientation (sequence in blue) under the EF1α-
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promoter (bottom). C. Viral titration of NILV-LentiV2-CRISPR-Ex3D and LentiV2-Ex3D. (i.) 

Physical titre of NILV-LentiV2CRISPR-Ex3D evaluated by quantitative measurement of HIV-

p24 protein by ELISA in cell culture supernatant. The standard line was obtained using known 

concentrations of HIV-p24 protein (black dots, R2=0.9887). From this, the concentration of 

NILV-LentiV2CRISPR-Ex3D (red square) was determined (table below). Abbreviations: OD, 

optical density; TU, transducing unit; PP, physical particle. (ii.) LentiV2-Ex3D titre was 

determined by the percentage of GFP positive cells using flow cytometry. For accurate titre 

calculation, the mean fluorescent intensity (MFI) of the GFP within 2%-10% were used (2.73% 

of eGFP+ cells for 0.0032µL of virus). Below, vector copy number (VCN) of keratinocytes 

transduced with LentiV2-Ex3D (MOI 20) (n=2, error bars ±0.5). The plot shows the VCN in 

untransduced (UT) cells and transduced cells 5 days and 14 days post viral transduction. 

 

Five days post electroporation, cells were harvested and a PCR with primers flanking 

the predicted cutting site was performed. The PCR product obtained was 

subsequently Sanger sequenced and analysed by TIDE. Genomic disruption of 

COL7A1 was 90% and 36% for NILV-LentiV2-CRISPR-Ex3D and LentiV2-Ex3D + SpCas9 

mRNA, respectively (Figure 3.4A). Knockout of B2M was evaluated 5 days post 

SpCas9 mRNA electroporation by TIDE showing 49% allelic disruption. To optimize 

the hybrid strategy of LentiV2-Ex3D transduction coupled with SpCas9 mRNA 

electroporation, a time course experiment of SpCas9 mRNA delivery post sgRNA 

transduction was carried out. To do so, HaCaT cells were transduced with LentiV2-

Ex3D (MOI 20) on day 0 and 10µg of SpCas9 mRNA was delivered by electroporation 

at days 1, 2, 3 and 4 post sgRNA transduction. Knockout of COL7A1 was evaluated for 

each sample 5 days post electroporation. No significant differences in COL7A1 

disruption were observed among all samples, showing around 50% of NHEJ (n=2) 

(Figure 3.4B). Therefore, for all downstream experiments, electroporation with 

SpCas9 mRNA was performed 3 days post transduction. In line with the gene 

knockouts observed on the genomic level, flow cytometry analysis at 15 days post 

electroporation showed 30.1% and 46% of Beta-2-Microglobulin and C7 

downregulation, respectively, using an anti-human monoclonal antibody which 

recognizes the N-terminal non-collagenous domain of type VII collage (mAb-C7-

LH7.2) (Figure 3.4C). 
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Figure 3.4 Viral delivery of guide RNA and optimization of LentiV2-Ex3D+ SpCas9 

mRNA strategy  

A. Evaluation of the cleavage activity of the designed Ex3D-sgRNA by TIDE analysis for the 

detection of NHEJ events in cells transduced with NILV-LentiV2-CRISPR-Ex3D (91%), LentiV2-

Ex3D + SpCas9 mRNA (36%) and positive control LentiV2-B2M + SpCas9 mRNA (49.6%). X axis: 

size of deletion (left) or insertion (right): Y axis: percentage of alleles with insertion or 

deletions: pink bar: unedited alleles; red bar: edited alleles (p-value <0.001); black bar: edited 

alleles (p-value ≥0.001). B. Time course of SpCas9 mRNA delivery from day 1 to 4 post 

LentiV2-Ex3D transduction of keratinocyte cells (n=2, error bars ±1). Quantification of 

COL7A1 knockout by Sanger sequencing-based TIDE displays comparable NHEJ rates even 

after electroporation of SpCas9 mRNA at different time points. The frequency of NHEJ was 

around 50% for each time point. C. Quantification of protein knockout by flow cytometry in 

keratinocytes transduced with LentiV2-Ex3D and LentiV2-B2M + SpCas9 mRNA at MOI 20. 

Top panel shows staining for C7: untransduced cells, cells stained with isotope control and 

cells electroporated only, were used as control. Approximately 46% of the total population 

treated with LentiV2-Ex3D + SpCas9 mRNA were negative for C7 after CRISPR/Cas9-induced 

knockout. Bottom panel: eGFP+ LentiV2-B2M + SpCas9 mRNA treated keratinocytes show a 

knockout of 30.1% in Beta-2-Microglobulin expression (red square). 
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3.7 Non-viral delivery of the guide RNA 

At the time of the development of the strategy described in section 3.2, physical non-

viral method, such as electroporation delivery of individual in-vitro transcribed or 

synthetic sgRNA coupled with SpCas9  as mRNA or protein (as ribonucleoprotein 

complex or RNP) have shown to enable transient expression of the CRISPR/Cas9 

system therefore minimizing potential off-target events or unwanted random 

integration of plasmid DNA or viral vectors (Hendel et al., 2015; Kim et al., 2014). Of 

these methods, electroporation is compatible with all CRISPR/Cas systems and is 

widely used in mammalian cells. Upon electroporation the cell membrane is 

temporarily made more permeable, allowing proteins or nucleic acids to enter the 

cytoplasm. However, electroporation protocols have to be carefully optimised for 

each target cell type, as this process can result in high levels of cell death.  

CRISPR/Cas9 genome editing also relies on the appropriate delivery of sgRNA. Initial 

reports using a 2-part synthetic gRNA (tracRNA:crRNA) or synthetic sgRNA  have been 

shown increased levels of editing over virally-expressed sgRNA. Moreover, the 

addition of 2'-O-methyl 3'phosphorothioate modifications to the first and last three 

nucleotides in the sgRNA, has significantly improved stability and editing efficiencies 

over non-modified sgRNAs when transiently co-delivered with Cas9 mRNA or as 

ribonucleoprotein (RNP) and are now being implemented in the vast majority of 

studies (Hendel et al., 2015; Seki et al., 2018 Schumann et al., 2015). 

Initially, a 2-part synthetic sgRNA was obtained by hybridizing the customized crRNA 

encoding for the Ex3D protospacer sequence designed and validated in section 3.4 

with a universal tracrRNA synthesized by IDT (Integrated DNA Technologies Inc. 

Coralville, USA). To investigate the efficiency of the RNP complex delivery, a dye-

labelled synthetic tracrRNA (transcrRNA-ATTO™ 5500, IDT) was hybridized with B2M 

and Ex3D crRNA and Cas9 protein. Flow cytometry analysis 48 hours post 

electroporation showed that nearly 100% of the electroporated cells successfully 

received the RNP complex (Figure 3.5A). 

To evaluate the on-target knockout activity of the RNP complex, a 1.2:1 sgRNA/Cas9 

molar ratio (corresponding to 220pmol (7µg) and 180pmol (29.4µg), respectively) 



162 
 

was used (for all conversions, see Table 3.2). The B2M-RNP complex was used as 

positive control of correct hybrization of the 2-part sgRNA and subsequent functional 

complexing with the Cas9 protein in vitro. Efficiency of the hybridized dual guide 

RNAs were evaluated by their ability to create targeted DNA DSBs followed by 

functional knockout of C7 and the Beta-2-Microglobulin by flow cytometry. Five days 

post electroporation, an average knockout of 5.1% (n=3) and 63.8% (n=3) for COL7A1 

and B2M, respectively, was observed (Figure 3.5B). Despite the low indel frequency 

in the target COL7A1 sequence, the considerable knockout of B2M indicates that no 

biases in either crRNA:tracrRNA hybridization or in RNP complexing occurred.  

In order to increase knockout efficiency, a synthetic single chemically modified sgRNA 

from Synthego (Synthego corporation, Menlo Park, California, USA) as reported by 

Hendel et al. (Hendel et al., 2015) was tested in my gene editing settings.  

Table 3.2 Conversion from µg to pmol of sgRNA-Cas9 components for RNP 
assembly 

µg sgRNA pmol sgRNA µg SpCas9 pmol SpCas9 

1 31 4.2 25.6 

2 62 8.4 51.2 

3 93 12.6 76.8 

4 124 16.8 102.5 

5 155 21 128 

6 186 25.2 153.7 

7 220 29.4 180 

Table conversion from µg to pmol of sgRNA and SpCas9 protein used to generate 

ribonucleoprotein (RNP) complex in vitro. Optimization of RNP concentrations is performed 

on molar concentrations of the CRISPR/Cas9 components which vary according to 

manufacturer instructions or experiment settings. The concentrations reported here are 

based on a 1:1.2 molar ratio between sgRNA and SpCas9 protein, respectively.  

 

Maintaining the same molar ratio of 1.2:1 sgRNA/Cas9, comparison of COL7A1 gene 

knockout between 2-part sgRNA and chemically modified sgRNA was firstly evaluated 

by Sanger sequencing on genomic level. Editing for Ex3D showed a significant 17-fold 

increase (p<0.0001) in knockout efficiency with up to 88.3% (n=3) of allelic disruption 

compared to the 2-part guide RNA (Figure 3.5B). For B2M control, only 1.3-fold 
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increase (p=0.0621) of NHEJ was observed with chemically modified sgRNA (81.6%, 

n=3) compared to hybridized crRNA:tracrRNA (Figure 3.5B). In line with the gene 

editing rates observed by Sanger sequencing, flow cytometry at 15 days post 

electroporation showed 4% and 78% C7 knockout when using a 2-part-Ex3D sgRNA 

and chemically modified Ex3D-sgRNA, respectively (Figure 3.5C). No difference in 

Beta-2-Microglobulin downregulation was observed between the two guide RNA 

configurations (Figure 3.5C).  

In order to attempt to increase the percentage of COL7A1 allelic disruption, 

evaluation of different sgRNA:Cas9 molar ratios was performed. Molar ratios of 1.2:1 

and 3:1 for sgRNA:Cas9 were tested and delivered as RNP complexes by 

electroporation in HaCaT keratinocyte cell line.  Knockout efficiency was evaluated 5 

days post electroporation by Sanger sequencing followed by ICE analysis. Similarly to 

TIDE, ICE (Inference of CRISPR Edits) is a software developed by Synthego which 

enables analysis of CRISPR edits using Sanger data (Hsiau et al., 2018).No difference 

in COL7A1 knockout was observed between the two molar ratio tested (75% and 85%, 

respectively), therefore a 1.2:1 sgRNA:Cas9 setting was used in the next gene editing 

applications  (Figure 3.5D). 
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Figure 3.5 Evaluation and optimization of CRISPR/Cas9 non-viral delivery 

A. Flow cytometry analysis of the intracellular incorporation of RNP complex post 

electroporation. From left to right: cells electroporated only, cells electroporated with B2M-

RNP or Ex3D-RNP, respectively. Both B2M-RNP and Ex3D-RNP resulted in nearly 100% of 

sgRNA-Cas9 incorporation. B. Sanger sequencing based Knockout efficiency of synthetic 

chemically modified sgRNA (MS-sgRNA) and crRNA:tracrRNA guide RNA for Ex3D and B2M in 

HaCaTs. COL7A1 knockout by crRNA:tracrRNA guide RNA is approximately 17-fold lower than 

with the synthetic chemically modified sgRNA (88.3% and 5.1% n=3, respectively). Data 

analysed by non-parametric Student t-test (****p = 0.0001). The error bars represent 
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standard error of n=3 biological repeats. For B2M, 81.6% and 63.8% of knockout (n=3, 

p=0.0621) was observed using synthetic and dual guide RNA, respectively. C. Quantification 

of C7 protein knockout by flow cytometry using synthetic chemically modified sgRNA and 

dual guide RNA. C7 downregulation was around 4% and 78% with 2part-sgRNA and MS-

sgRNA, respectively. Comparable Beta-2-Microglobulin downregulation was observed 

between 2part-B2M-sgRNA (52%) and chemically modified MS-B2M-sgRNA (53%). D. 

Quantification of COL7A1 gene disruption by Sanger sequencing based ICE analysis in cells 

receiving different sgRNA:Cas9 molar ratios. Allelic disruption was around 85% and 75% with 

1.2:1 and 3:1 molar ratio, respectively. 

 

 

3.8 Comparison between viral and non-viral delivery of the guide RNA 

After optimization of both viral and non-viral based sgRNA and Cas9 deliveries 

separately, the two methods, namely LentiV2-Ex3D + SpCas9 mRNA and Ex3D-RNP, 

were compared in parallel in HaCaT keratinocyte cell line. The NHEJ InDels frequency 

of both delivery methods was evaluated by Sanger sequencing-based ICE analysis 

with either SpCas9 mRNA or RNP complex. Significant difference in NHEJ frequencies 

was observed. Up to 50% (n=3) of allelic disruption with LentiV2-Ex3D + SpCas9 mRNA 

was detected versus 86% (n=3) obtained with the RNP counterpart (p=0.0009) (Figure 

3.6A). In line with the different percentages of knockout observed on genomic level, 

western blot (Figure3.6B) and immunofluorescent staining for C7 (Figure3.6C) on 

treated bulk populations confirmed 75% and 43% reduction in C7 expression in cells 

treated with the Ex3D-RNP complex and LentiV2-Ex3D + Cas9 mRNA, respectively. 
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Figure 3.6: Comparison between viral and non-viral CRISPR/Cas9 deliveries  

A. Comparison of allelic disruption between LentiV2-Ex3D + SpCas9 mRNA and Ex3D-RNP 

complex by TIDE analysis for the detection of NHEJ events (n=3). COL7A1 knockout was 50% 

for LentiV2-Ex3D and up to 86% when using the Ex3D-RNP complex. Similar trend in terms of 

NHEJ efficiency was observed for B2M knockout strategies, 49.6% with LentiV2-B2M and 

83.3% with RNP-B2M. All data sets were analyzed using a non-parametric Student t-test 

(***p = 0.0009, n=3). The error bars represent standard error of n=3 biological repeats. B. In 

line with the percentages of COL7A1 knockout observed on genomic level, comparable C7 

downregulation on protein level was confirmed by western blot. Vinculin was used as a 

loading control. C. Immunofluorescent quantification of protein downregulation in 

keratinocytes populations edited with LentiV2-Ex3D + Cas9 mRNA and Ex3D-RNP showed 

42% and 75% of C7 knockout, respectively. Untreated keratinocytes (UT) were used as 

control (top right). Scale bar = 50μm.  
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3.9 Donor template design for genetic correction of COL7A1 c.425A>G 

mutation 

To test HDR-mediated correction, a therapeutic donor template, previously designed 

by Dr David Almarza, bearing a portion of the wild type COL7A1 (~1.8kb) sequence 

spanning from intron 2 to 7 was used (I2I7-OriginalTemplate) (Figure 3.7A). The 

designed template was subsequently modified by Dr. Christos Georgiadis for the 

investigation of  HDR-based  COL7A1 correction by co-delivery of NILV-ZFNs and 

donor template (Table 2.14) (Georgiadis 2016). To avoid ZFN re-cutting upon donor 

integration, a total of 7 silent mutations within exon 4 of the donor template were 

introduced (NILV-SDMTemplate) (Figure 3.7B). Moreover, EcoRI and XhoI restriction 

enzyme sites were added at the 5’ and 3’ ends of the donor template, respectively, 

in order to subclone it into the pHR’SIN.cPPT-SW lentiviral transfer plasmid for NILV 

production (Table 2.14) (Georgiadis 2016). The modified donor template was 

synthesised by GeneArt and subsequently cloned into the pHR’SIN.cPPT-W lentiviral 

transfer plasmid lacking an SFFV promoter (Georgiadis 2016). For the purpose of the 

correction of the c.425A>G mutation, this donor template bears asymmetric 

homology arms with a span of 720bp and 1070bp on the left and the right, 

respectively.  

Furthermore, the NILV-SDMTemplate was further optimized to allow it to be used for 

CRISPR/Cas9-based gene editing. In order to avoid Cas9-mediated cleavage of the 

donor template containing the Ex3D-sgRNA site, 5 missense mutations were 

introduced in the sgRNA recognition sequence of the template by site directed 

mutagenesis (SDM) through designing overlapping primers encoding for the intended 

mutations (Figure 3.7B). Specifically, 4 silent sgRNA-blocking mutations in position +1 

(A>C), +4 (C>A), +7 (T>G) and +10 (C>T) and 1 additional missense PAM-blocking 

mutation (G>C) were introduced within the donor vector (from now called I2I7C7-

SDMTemplate) (Table 2.15) (Figure 3.7C). The number, position and nucleotide 

change introduced within the I2I7C7SDMTemplate, was based on the likelihood of 

disruption to SpCas9 cleavage activity as described previously in Hsu et al. (Hsu et al. 

2013). 
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Figure 3.7  Design of COL7A1 donor template strategy  

A. (I.) Schematic representation of the 2nd generation pHR’SIN.cPPT transfer vector encoding 

for wild type COL7A1 sequence from intron 2 to intron 7 (I2I7-original-donor template). (II.) 

The previous version of the donor template contained 7 SDMs within exon 4 (NILV-

SDMTemplate). Arrows in red represent the primers used to introduce additional silent point 

mutations within the Ex3D-sgRNA DNA binding site to block any further Cas9-mediated 

cutting upon integration of the donor template. (III.) The final I2I7C7-SDMTemplate shows 
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to retain SDMs in both exon 3 and exon 4. B. Summary of the silent mutations introduced 

within I2I7C7-SDMTemplate. Magnified representation of exon 3-4 of recombinant donor 

template sequence indicating Cas9-blocking mutation (in red) in exon3 and previous SDMs in 

exon 4. Highlighted in grey, exons 3 and 4. C. SDMs within exon 3 were confirmed by Sanger 

sequencing. Alignment of I2I7-SDMTemplate with I2I7-OriginalTemplate (used as RefSeq) 

showed the presence of total 5 mismatches with the wild type COL7A1 sequences. In details, 

4 mismatches were introduced within the sequence recognized by the Ex3D-sgRNA and 1 

within its PAM sequence.   

 

To avoid creating cryptic splicing site in 5’ long terminal repeat (LTR) which can cause 

expression of truncated proteins (Paleari et al., 2012; Benati et al., 2018), the I2I7C7-

SDMTemplate cassette was cloned in reverse orientation into the pHR SIN.cPPT-W 

transfer vector (I2I7C7-SDMTemplate-F). To do so, a PCR based plasmid cloning was 

designed using primers complementary to the 5’ and 3’ ends of the I2I7C7-

SDMTemplate within the XhoI and EcoRI restriction sites, respectively (Figure 3.8A). 

Confirmation of the flipped orientation of the donor template was evaluated by 

Sanger sequencing using a primer designed to bind the WPRE cassette in reverse 

orientation (Figure 3.8B). The resultant plasmid was packaged for the production of 

a non-integrating lentiviral vector (NILV-I2I7C7-SDMTemplate-F). The NILV-I2I7C7-

SDMTemplate-F was made by co-transfection in HEK-293T cells with the I2I7C7-

SDMTemplate-F transfer vector, VSV-G envelop encoding plasmid (pMDG) and a 2nd 

generation Δ64 integration defective packaging plasmids (pMCV-dR8.74-D64V 

gag/pol) (Figure 3.8C). HIV-1 p24 levels by ELISA of the NILV-LentiV2CRISPR-Ex3D 

showed a range 2.5x108 TU/100 PP to 2.5x109 TU/1000 PP with an average of 

1.25x109 TU/mL (Figure 3.8C).  
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Figure 3.8 Development of COL7A1 donor template and vector titration 

A. The NILV-I2I7C7SDMTemplate was used to excise the 1.8Kb I2I7C7-SDMTemplate donor 

from the pHR’SIN.cPPT vector backbone with a couple of primers (red arrows) containing 

XhoI and EcoRI restriction enzyme sites at their 5’ ends. The excised COL7A1 fragment 

(I2I7C7-SDMTemplate-F) was cloned in reverse orientation within the viral backbone (NILV- 

I2I7C7-SDMTemplate-F). B. Confirmation of the correct molecular size of the 

I2I7C7SDMTemplate-F with inverted EcoRI and XhoI enzymes restriction sites (lane 3). The 
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size of the new donor were compared to the linearized version of I2I7C7SDMTemplate-F 

following EcoRI and XhoI digestion by gel electrophoresis. Alignment of the Sanger sequenced 

NILV-I2I7C7-SDMTemplate-F (sequence in red) with NILV-I2I7C7-SDMTemplate. Blue arrow 

on the NILV-I2I7C7-SDMTemplate-F represents the primer used to confirm the flipped 

orientation of the donor template by Sanger sequencing. C. I2I7C7SDMTemplate-F transfer 

vector, 2nd generation packaging system and envelope plasmids were transfected into HEK-

293T to make the NILV-I2I7C7SDMTemplate-F. Physical titre was evaluated by quantitative 

measurement of HIV-p24 protein by ELISA in cell culture supernatant. The standard line was 

obtained using known concentrations of HIV-p24 protein (black dots). From this, the 

concentration of NILV-I2I7C7SDMTemplate-F (red dot) was determined and equated to 

1.25x109 TU/mL. Abbreviations: OD, optical density; TU, transducing unit; PP, Physical 

particle; LTR: Long terminal repeats; ψ: psi packaging signal; RRE: rev response element; 

cPPT: central polypurine tract; WPRE: woodchuck hepatitis posttranscriptional regulatory 

element; CMV: cytomegalovirus promoter; gag/pro-pol: HIV-1 structural and accessory 

polyproteins; Δ64: substitution of aspartic acid to valine in HIV-1 integrase; tat: HIV-1 trans-

activating regulatory protein; rev: HIV-1 accessory protein; polyA: polyadenylation tail; VSV-

G: vesicular stomatitis virus glycoprotein.  

 

3.10 In situ integration of NILV-donor template by HDR mediated by Lentiviral 

delivery of guide RNA  

In order to achieve the highest levels of donor template integration, an optimal time 

point delivery for the NILV-I2I7C7-SDMTemplate-F was conducted. As described 

previously, HaCaT cells were transduced with LentiV2-Ex3D (MOI 20) followed by 

electroporation of 10µg of SpCas9 mRNA at day 3 post transduction. In order to 

synchronize Cas9-mediated DNA cleavage with reverse transcription of the donor 

template upon infection, LentiV2-Ex3D-transduced HaCaT cells were infected with 

NILV-I2I7C7-SDMTemplate-F at MOI 20, either 30 minutes or 24 hours post 

electroporation. In parallel, co-infection of HaCaT cells with LentiV2-Ex3D and NILV-

I2I7C7-SDMTemplate-F on day 0 followed by SpCas9 mRNA electroporation on day 3, 

was evaluated (Figure 3.9A). HaCaT cells transduced with LentiV2-Ex3D alone or 

infected with only the donor template were used as negative controls. Targeted 

integration was evaluated 15 days post NILV-I2I7C7-SDMTemplate-F infection to 

ensure complete absence of the episomal donor within the cells. To do so, a 5’ (TI-5’) 

and 3’ (TI-3’) donor-genome junction PCRs were established. Two sets of primers 

were designed to amplify from exon 2 (TI-5’) and 8 (TI-3’) of the endogenous COL7A1 
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to the SDMs previously introduced by Dr. Christos Georgiadis in exon 4 for TI-5’ and 

TI-3’, respectively. Keratinocyte treated with NILV donor showed positive amplicons 

for the 5’ and 3’ junctions consistent with the expected homologous recombination 

(973bp and 1007bp respectively) (Figure 3.9B). Sequence specificity of TI5’/TI3’ PCRs 

was assayed by Sanger sequencing.  

To precisely quantify the percentage of the integrated template, a second 5’ donor-

genome junction PCR was developed. Primers were designed to amplify from exon 2 

(region outside the donor template) COL7A1 to exon 4. The latter primer was 

designed to recognize both endogenous and donor template sequences in order to 

quantify targeted integration. HDR rates analysed by Sanger sequencing-based ICE 

analysis showed 9% and 11% of donor integration when NILV template was 

administered 30 minutes and 24 hours post SpCas9 mRNA electroporation, 

respectively, and 5% when keratinocyte cells were co-infected with both LentiV2-

Ex3D and NILV-I2I7C7-SDMTemplate-F on day 0 (n=3) (Figure 3.9C).  

Cells treated with NILV-I2I7C7-SDMTemplate-F 24 hours post SpCas9 mRNA 

electroporation were further analysed by Next Generation Sequencing (NGS) under 

supervision of Dr. Athina Soragia Gkazi. Quantification of the overall HDR events 

showed an average of 15.8% of perfect target integration and only 0.32% of imperfect 

HDR due to co-presence of InDels or mutations alongside the intended SDMs (Figure 

3.9D). 
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Figure 3.9 Targeted donor template integration using LentiV2-EX3D+ SpCas9 mRNA 

and NILV-I2I7C7-SDMTemplate-F 

A. Schematic illustration of donor-CRISPR/Cas9 delivery strategy. Red boxes represent cells 

co-infected with NILV-donor and LentiV2-Ex3D on day 0 followed by SpCas9 mRNA 

electroporation 3 days post infection. Blue boxes represent cells treated on day 0 with 

LentiV2-Ex3D and electroporated with SpCas9 mRNA on day 3 followed by NILV-donor 

infection 30 minutes or 24 hours post electroporation. Cell were then harvested and analysed 

for donor template integration 15 days post NILV-donor infection. B. Targeted-PCR analysis 

of keratinocytes transduced with NILV-I2I7C7SDMTemplate-F donor with LentiV2-Ex3D+ 

SpCas9 mRNA on day 0, 30 minutes and 24 hours post SpCas9 mRNA electroporation, 

respectively. The 5’ and 3’ junctions (TI-5` and TI-3`) between the donor cassette and the 

COL7A1 genomic locus were amplified by specific primers designed across the SDMs 

introduced within exon 4 of I2I7C7SDMTemplate-F (indicated by red and black arrows). The 

5’ and 3’ junctions (TI-5` and TI-3`) amplicons showed 973bp and 1007bp bands, respectively. 

C. Quantitative evaluation of HDR-mediated donor integration delivered on day 0, 30 minutes 

and 24 hours post SpCas9 mRNA electroporation. Sanger sequencing-based ICE showed up 

to 9% and 11% of HDR when the NILV donor was administered 30 minutes and 24 hours post 

SpCas9 mRNA electroporation, respectively (n=3, p=0.1963)). Appreciable 5% of HDR was 

also detected when keratinocyte cells were co-infected with both LentiV2-Ex3D and NILV-

I2I7C7SDMTemplate-F on day 0.  
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Comparison between groups was carried out using a one-way ANOVA test (* p <0.0143). Line 

represents mean of the group, with errors representing SEM. D. NGS analysis quantifying 

COL7A1 donor integration in cells treated with LentiV2-Ex3D + NILV-donor delivered 24 hours 

post SpCas9 mRNA electroporation. The sample showed a total of 3687 reads aligned with 

the wild type COL7A1 reference. 15.8% of perfect HDR (584 reads), 0.32% imperfect HDR (12 

reads), 31% of NHEJ events (1155 reads) and 52.88% of unmodified reads (1940 reads). 

 

 

3.11 Gene correction mediated by Cas9 RNP and NILV-donor 

As previously described in section 3.7, CRISPR/Cas9 reagents delivery through Ex3D-

RNP complex resulted in a significantly higher amount of InDels compared to LentiV2-

Ex3D + SpCas9 mRNA delivery. Therefore, HDR correction using the Ex3D-RNP along 

with NILV-I2I7C7-SDMTemplate-F was evaluated. Similarly to what previously 

observed for coupled viral guide RNA delivery and donor template, a time point 

experiment for NILV-template infection was carried out. Keratinocytes were infected 

with NILV-I2I7C7-SDMTemplate-F (MOI 20) on day 0 followed by electroporation with 

Ex3D-RNP complex 1, 2 or 3 days post-infection. In parallel, HaCaT cells were 

electroporated with the RNP complex followed by NILV donor template infection 30 

minutes post sgRNA-Cas9 delivery (Figure 3.10A). 21 days post infection, PCR of the 

TI-5’ donor-genome junction for the detection of the donor was performed followed 

by gel electrophoresis (Figure 3.10B). Cells treated with the strategy described in 

section 3.9 were used as a positive control. Gel bands for TI-5’ showed the expected 

integration of the donor template for each condition tested (973bp). No bands were 

observed in cells treated with the donor template only. Quantification of the total 

editing (NHEJ+HDR) and the targeted donor template integration events were 

evaluated by Sanger sequencing followed by ICE analysis (Figure 3.10C). Up to 40% 

of donor template integration was detected when NILV template was delivered into 

the cells 30 minutes post RNP electroporation. By contrast, an average of 30%, 16% 

and 2% of HDR events were detected when cells were electroporated with the RNP 

on days 1, 2, 3 days post NILV infection, respectively. No differences in total editing 

amount (HDR and NHEJ events) were observed in all samples.  

Quantification of the intended nucleotide changes by NGS of the bulk population 

showed up to 41% of perfect HDR when cells were infected with the NILV donor 
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template 30 minutes post RNP electroporation (Figure 3.10D). Only 0.52% of 

imperfect HDR due to co-presence of InDels or mutations was observed. However, 

cells receiving the RNP complex 1, 2 or 3 days post NILV infection showed a 

decreasing HDR efficiency of 32%, 8% and 1.6%, respectively. The gene-corrected 

bulk population showing the highest HDR efficiency was further cultured as single cell 

clones by limiting dilution.  
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Figure 3.10 Targeted donor template integration using NILV-I2I7C7SDMTemplate-F 

and Ex3D-RNP 

A. Schematic illustration of NILV-donor template and RNP-Cas9 delivery strategy. Red boxes 

represent the timeline of the first strategy of the study with cells receiving the Ex3D-RNP on 

day 0 followed by infection with NILV-donor 30 minutes post electroporation. The blue boxes 

represent cells treated on day 0 with NILV-donor and electroporated with Cas9 RNP 1, 2 and 

3 days post infection.  Cell were then harvested and analysed for donor template integration 

15 days post NILV-donor infection (day 21). B. Targeted-PCR analysis of bulk populations 

transduced with NILV-I2I7C7SDMTemplate-F donor at 0, 1, 2 and 3 days post Ex3D-RNP 

electroporation. The 5’ COL7A1–donor junction (TI-5` and TI-3`) was amplified by specific 
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primers designed across the SDMs introduced within exon 4 of I2I7C7SDMTemplate as 

previously shown in Figure 3.8. The 5’ junction (TI-5`) amplicons showed 973bp band for each 

condition tested. C. For quantitative evaluation of donor integration, comparison of HDR 

rates in the gene edited populations (HDR+NHEJ) was performed on genomic level by Sanger 

sequencing-based ICE across the TI-5’ junction. The highest HDR rate (44%) was observed in 

cells receiving both Ex3D RNP and NILV-donor on day 0. Lower integration frequencies were 

measured upon delivery of SpCas9 RNP at 1 (40%), 2 (10%) and 3 (2%) days post NILV donor 

infection (n=1) D. NGS analysis quantifying COL7A1 donor template integration in cells 

treated with NILV-donor delivered on day 0 and electroporated with Ex3D-RNP on day 0 or 

on day 1, 2, 3 post donor delivery. NGS in cells receiving NILV-donor only was used as negative 

control. Each NGS sample shows percentages of perfect HDR, imperfect HDR, NHEJ events 

and unmodified reads. Up to 41% HDR was detected in cells receiving donor template 30 

minutes after Ex3D RNP electroporation (n=1).  

 

 

A total of 23 clones were expanded and sequenced for the detection of SDMs by PCR 

of the TI-5’ donor-genome junction (Figure 3.11A). 15 out of 23 clones analysed by 

TI-5’ PCR were positive for the presence of the donor template. Three different 

clones, clone 1 (bi-allelic for COL7A1 knockout), clone 5 (bi-allelic HDR) and clone 14 

(mono-allelic HDR) were further analysed by Sanger sequencing and NGS (Figure 

3.11B). NGS for the quantification of the intended nucleotide changes within the 

exon 3 confirmed the COL7A1 genotype observed by Sanger sequencing. Clones 1, 5 

and 14 were further analysed for C7 expression in vitro (Figure 3.11C). 

Immunofluorescence staining for C7 showed a complete protein rescue in both bi- 

and mono-allelic HDR clones, whereas complete absence of C7 in clone 1 confirmed 

the bi-allelic knockout observed on DNA level. 
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Figure 3.11 Clonal analysis of NILV-I2I7c7SDMTemplate-F corrected keratinocytes  

A. From the cell population treated with EX3D-RNP and NILV-donor at day 0, 23 clones were 

isolated and screened for the incorporation of the donor template by TI-5’ donor-junction 

PCR. NILV-donor only and LentiV2-Ex3D+ Cas9 mRNA + NILV (section 3.3.7) cells were used 

as negative and positive control, respectively. 65% of the clones screened (15 out of 23) 

showed the 973bp band indicating the integration of the donor template. B. NGS analysis of 

three representative clones: bi-allelic knockout (clone 1), mono-allelic (clone 14) and bi-allelic 
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(clone 5) for donor template integration. C. In situ Immunofluorescence staining for C7 

protein expression in HaCaT clones. Top left panel indicates wild type (WT) cells expressing 

C7 (green). Top right panel shows absence of C7 expression representing the bi-allelic 

knockout. Bottom left panel shows bi-allelic corrected clone (clone 5). Bottom right panel 

shows mono-allelic donor template integration (clone 14). Nuclei were stained with DAPI 

(blue). Scale bar = 50μm.  

 

3.12 Modelling a ssODN-based gene correction strategy to correct the COL7A1 

locus 

CRISPR/Cas9-mediated HDR using double stranded DNA (dsDNA) donor templates 

offers the ability to generate large gene knock-ins, thereby providing an in situ 

correction of the targeted gene under its endogenous promoter. However, dsDNA 

donor templates are more readily incorporated by the dominant NHEJ process, 

resulting in duplication of homology arms or partial incorporation of the dsDNA 

template. Homology-independent insertion events by NHEJ can also occur at off-

target DSBs or naturally occurring endogenous DSBs. To avoid these undesired 

consequences, single-stranded oligodeoxynucleotides (ssODNs) have been recently 

shown to correct a single mutation with high efficiency of small edits in primary cells 

and cell lines (Richardson et al., 2016; Paquet et al., 2016; Kwart et al., 2017; Martin 

et al., 2019). As previously described for SpCas9 mRNA and RNP, single-stranded oligo 

DNA became available during the project therefore development and evaluation of 

this approach was tested in real-time. In this second section, I describe proof-of-

concept of targeted base correction of the c425A>G COL7A1 mutation via HDR using 

an ssODN as donor template.  

 

For significant levels of HDR to occur using ssODN as a donor template, it was shown 

that the sgRNA has to be designed in proximity of the target Cas9-mediated DSBs due 

to inverse correlation between ssODN size and editing efficiency (Paquet et al., 2016; 

Kwart et al., 2017; Yang et al., 2013b). Therefore, a new guide (Ex3-“proximal” or 

Ex3P) was designed to target in close proximity to c.425A>G point mutation. In detail, 

the A>G splice site transition falls in the “N” position of the PAM sequence (Figure 

3.12A) with a predicted cutting site at 3bp away from the target mutation. This 
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particular design guarantees its use of in both wild type and RDEB cells. The designed 

Ex3P-sgRNA was synthesized in silico by Synthego (Synthego Corporation, California, 

USA) ensuring its high stability. The new guide design was evaluated in silico using 

the Benchling design tool (https://benchling.com/crispr) (Table 3.3).   

 

Table 3.3 Guide sequence tested for ssODN-mediated c.425G>A correction 

Guide Sequence PAM Strand 
On-

Target 
Score 

Off-
target 
Score 

Ex3P GGCCCGACCTGGTGTCCCCA AGG/GGG 
(c.425A>G) 

sense 56.1 37.5 

 
Guide Ex3P was used to assess the NHEJ efficiency for exon 3 of COL7A1. Guide orientation 
is shown as sense or anti-sense and binds complementary DNA strand by Watson and Crick 
base pair. In red, the PAM in wild type cells (left), in green the PAM in c.425A>G RDEB iPSCs. 
On-target score is the target activity evaluated by the algorithm developed by Doench, Fusi 
et al. (Doench et al., 2016) The score is from 0-100 and higher scores mean higher on-target 
activity. Off-target score is evaluated according to the number of mismatches between the 
selected guide RNA and similar exonic off-target site (Hsu et al., 2013). The score is from 0-
100 and higher scores mean lower off-target activity. 

 

Comparison of targeted NHEJ using SpCas9 protein complexed with either chemically 

modified Ex3D-sgRNA or Ex3P-sgRNA, at molar concentrations described in section 

3.6, was carried out in HaCaT cells. Similar percentages of occurring InDels were 

observed on genomic level (91% and 92% NHEJ for Ex3D-sgRNA and Ex3P-sgRNAs, 

respectively n=1) (Figure 3.12B). In order to overcome technical volume limitations 

associated with co-delivery of non-viral donor templates and CRISPR/Cas9 reagents 

by electroporation, SpCas9 was delivered as mRNA rather than RNP complex. No 

impact on NHEJ efficiency was observed between the two SpCas9 delivery methods 

(data not shown).  

Furthermore, to prevent cellular toxicity following electroporation, the volume of 

CRIPSR/Cas9 reagents delivered was limited to ≤10% of the total electroporation 

volume as suggested by the manufacturer instruction. To do so, decreasing 

concentrations of Ex3P-sgRNA (from 1 µg to7µg) and SpCas9 mRNA (1.25, 2.5, 5, 7.5, 

10µg) were investigated in order to minimize the volume of CRISPR/Cas9 reagents 

delivered while achieving high levels of knockout efficiency (Figure 3.12C). The 

https://benchling.com/crispr
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reason of this volume reduction is also essential to accommodate in the same 

reaction mix the amount of donor template needed for HDR-based corrections. With 

regards to Ex3P-sgRNA titration, Sanger traces of the amplified gene edited locus 

subjected to ICE analysis revealed a similar trend in genomic disruption among 

different concentrations reaching a plateau of InDels of approximately 86% after 

delivering 4µg of sgRNA (Figure 3.12C).  

Similar titration repeated on SpCas9 mRNA showed Cas9-induced COL7A1 knockout 

plateauing when 5µg of the nuclease was used, with approximately 85% of NHEJ 

efficiency (n=1).  

 

 

Figure 3.12 Design of a new sgRNA guide for complete non-viral COL7A1 correction  

A. The magnified view illustrates the end of exon 3 of COL7A1. Purple arrow represents the 

Ex3D-sgRNA, red arrow shows the new designed sgRNA (Ex3P-sgRNA) close to the c.425A>G 

point mutation (red asterisks). In italics, the splicing donor sequence of exon 3. B. 

Keratinocyte cells were electroporated with 10 µg of SpCas9 mRNA in combination with 

Ex3D-sgRNA or Ex3P-sgRNA. Comparative analysis of NHEJ mediated by both sgRNAs showed 

similar editing percentages (91.2% and 87.6% respectively). C. Titration of Ex3P-sgRNA and 

SpCas9 mRNA amounts were performed in keratinocyte cells and quantification of InDels 

revealed stable knockout of around 86% from 4µg of Ex3P-sgRNA. Similar percentages of 
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NHEJ were observed in SpCas9 mRNA titration experiment reaching a plateau at 5µg of Cas9 

with up 80% of InDels. 

 

 

3.13 ssODN donor template design to correct the mutation hotspot c.425A>G 

COL7A1 

Combinations of biophysical parameters that can influence integration of ssODN 

upon DNA cleavage (Richardson et al., 2016) and phosphorothioate-modifications 

(PS) (De Ravin et al., 2017) were taken into consideration for ssODN donor template 

design. In detail, a 127bp synthetic ssODN either homologous to the non-target 

strand (NT-2P-ssODN-AAA) or to the target strand (T-2P-ssODN-AAA) with 36bp and 

91bp homology arms to the PAM-distal and PAM-proximal side from the cutting site, 

respectively, were designed and synthesized bearing two phosphorothioate bonds 

(PS bonds) flanking the last 5` and 3` ends (Figure 3.13A). Phosphorothioate 

modifications within the donor template were previously shown to protect against 

nuclease degradation resulting in higher level of gene correction (De Ravin et al., 

2017; Renaud et al., 2016). To prevent unwanted Cas9 re-cutting upon donor 

template integration, G>A transition has been introduced within the NGG PAM 

sequence (AGG>AAA) recognized by the Ex3P-sgRNA (Paquet et al., 2016). This PAM-

blocking mutations within the donor template results in a single and double 

mismatch/es when aligned with the wild type COL7A1 sequence (AGG>AAG) and the 

c.425A>G mutated allele (GGG>AAG) in patient cells, respectively. This particular 

donor configuration prevents further Cas9 editing after ssODN integration in both 

wild type and RDEB cells. In addition, the presence of the mismatch in the donor 

template did not interfere with the wild type amino acid sequence of exon 3 COL7A1 

(AAG>AAA>Lys) (Figure3.13A).  

Initial comparison between the two designed ssODNs, was performed in HaCaT cell 

line electroporating 10µg of NT-2P-ssODN-AAA and T-2P-ssODN-AAA alongside 

optimized concentrations of Ex3P-sgRNA and SpCas9 described in section 3.11. 

Sanger-based quantification of the intended nucleotides changes upon donor 

integrations was used to assess the percentage of homologous recombination. 
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Insertion of donor mismatches using the donor NT-2PS-ssODN-AAA showed high 

percentage of integration events (93%) whereas lower HDR rate (76%) was observed 

using the complementary T-2PS-ssODN-AAA donor (n=1) (Figure 3.13B). 

Furthermore, titration of NT-2P-ssODN-AAA at concentrations of 1.25µg, 2.5µg, 5µg 

and 10µg, resulted in significant levels of HDR reaching the plateau at concentrations 

of 2.5µg (90% HDR, Figure 3.13C). In line with the amount of ssODN used in 

Richardson study, 5µg of the NT-2PS-ssODN-AAA donor configuration was chosen for 

downstream applications. Quantification of the intended nucleotide changes by NGS 

of the bulk population treated with 5µg of NT-2PS-ssODN-AAA showed up to 87% of 

perfect HDR events and 5% of imperfect HDR integration due the co-presence of 

unwanted point mutations alongside the intended modification. Undesired on-target 

repair by NHEJ was detected in around 8% of the cells (Figure 3.13D). 
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Figure 3.13 Design and gene correction using non-viral ssODN donor template  

A. The magnified view illustrates the end of exon 3 of COL7A1 in wild type cells (AAG). 

Underlined, the AGG PAM sequence recognized by the Ex3P-sgRNA (protospacer shown in 

blue). Black dot lines show the last exon 3 triplet encoding for a lysine (Lys>AAG). Below, 

nucleotide sequence of ssODNs complementary to target (NT-2PS-ssODN-AAA) and non-

target (T-2PS-ssODN-AAA) COL7A1 strands. Black asterisks indicate the phosphorothioate 

bonds (2PS) flanking the last 5` and 3` ends of each ssODN. The asymmetric homology arm 

left (HAL) and right (HAR) are showed by blue arrows. B. Evaluation of ssODN-mediated HDR 

by ICE analysis of cells electroporated with 10µg T-2PS-ssODN-AAA (black bar) and NT-2PS-

ssODN-AAA (grey bar). Cells receiving the NT-2PS-ssODN-AAA template showed up to 93% of 

knock-in rate whereas 76% HDR with the complementary donor. C. Titration of NT-2PS-

ssODN-AAA amount in HaCaT cells. Quantification of donor integration by Sanger sequencing 

revealed high knock-in starting at 2.5µg (90%) and plateauing thereafter. D. NGS analysis 

quantifying COL7A1 donor integration in cells treated with 5 µg of NT-2PS-ssODN-AAA donor 

template. The NGS sample shows percentages of perfect HDR (87%), imperfect HDR (5%), 

and NHEJ events (8%). 
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3.14 Efficiency of HDR-mediated correction in keratinocytes treated with 

SpCas9 mRNA and ssODN  

To confirm the expression of the gene-edited Col7 transcripts upon integration of the 

NT-2PS-ssODN-AAA-donor template, cells were harvested and the total RNA 

extracted. Isolation of COL7A1 edited clones was not performed due to the high 

percentage of donor integration confirmed by NGS in the initial electroporated 

population. Total cDNA was obtained by RT-PCR and a PCR across exon 2 to exon 4 of 

COL7A1 was performed to allow for the detection of correct exon 3 splicing in the 

gene edited cells. Untreated HaCaT cells were used as a positive control. Gel 

electrophoresis of the PCR product from gene-edited cells showed unexpected 4 

different bands at 366bp, 279bp, 175bp and 119bp suggesting that splicing 

aberrations have occurred upon insertion of NT-2PS-ssODN-AAA (Figure 3.14A). All 

the observed amplicons were gel extracted and PCR purified and sent for Sanger 

sequencing. Alignment of Sanger traces from the cDNA amplicons with the wild type 

COL7A1 RefSeq confirmed that the silent mutation inserted within the donor 

template interfered with the correct COL7A1 splicing between exon 3 and exon 4. 

The impaired splicing pattern observed was similar to that reported in the amplified 

splice site region of c.425A>G alleles in RDEB patients using similar primers for the 

detection (Gardella et al., 1996). As previously observed from Gardella et al., analysis 

of the 366bp band confirmed the (89bp) retain of intron 3 within the Col7 transcript 

whereas partial or complete exon skipping of exon 3 was observed in band 170bp 

and 130bp, respectively (Figure 3.14B). Based on the intensity of the PCR bands, the 

majority of the cells within the bulk population harboured a 279bp amplicon with 

similar molecular weight of the amplicon in the positive untreated control (280bp). 

Sanger sequencing analysis of the 280bp band confirmed the presence of a 1bp Cas9-

induced indel at the level of the second-last triplet of exon 3. The depleted C falls 

within the predicted Cas9-induced DSB site when using the Ex3P-sgRNA. The relative 

frequency of 1bp deletion upon Ca9-induced knockout comprise around 70% of 

editing outcomes observed in my data (representative InDels distribution in (Figure 

3.12B)). In silico analysis of the 1bp edited sequence using the Benchling tool revealed 

that this recurrent deletion creates a frameshift of the COL7A1 reading frame leading 
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to a stop codon within exon 4 at the amino acid 146 (p.Leu146X) (Figure 3.14B). Flow 

cytometry analysis showed marked decrease of C7 expression in the gene-edited 

population compared to wild-type HaCaTs. Only up to 10% of C7 protein expression 

was detected suggesting that only cells that did not integrate CRISPR/Cas9 in their 

nucleus were able to express full-length C7 (Figure 3.14C). The observed splicing 

aberration was also confirmed in silico using a bioinformatics tool for prediction of 

effects of mutations on splicing signals in human sequences (Human Splicing Finder 

v3.1) (http://www.umd.be/HSF/). The analysis revealed that one of the ‘Cas9-

blocking’ G>A transitions introduced in the NT-2PS-ssODN-AAA fell in position -2 of 

the consensus sequence of the exon 3 splice donor site, thereby accidently 

recapitulating the molecular splicing impairment observed in RDEB patients bearing 

c.425A>G point mutations (Gardella et al., 1996).   

 

 

 

http://www.umd.be/HSF/
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Figure 3.14 Splicing impairments after integration of NT-2PS-ssODNAAA donor 

template  

A. PCR amplification of COL7A1 cDNA across the NT-2PS-ssODN-AAA integration site. Cells 

treated with NT-2PS-ssODN-AAA and harvested on days 5 and 14 post electroporation 

displayed spicing aberration events across exons 3 intron-junction. Gel electrophoresis of the 

PCR amplicons showed 4 bands of different molecular sizes replicating the pattern observed 

in RDEB patients with c.425A>G mutation (Gardella et al., 1996). B. Alignment of Sanger 

sequenced gel extracted bands with wild type exons 3 and 4 of COL7A1 cDNA showed the 

following splicing and transcription impairments 1) partial retention of intron 3 (366bp), 2) 

1bp deletion (279bp) leading to a frameshift in COL7A1 coding region creating a stop codon 

within exon 4, 3) partial (104bp Del) (175bp) and 4) complete (160bp Del) (119bp) exon 3 

skipping. D. Flow cytometry analysis of cells edited with NT-2PS-ssODN-AAA showed that 

only unedited cells were able to express C7 (10.8%). 
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To overcome these unexpected problems associated with the use of NT-2PS-ssODN-

AAA donor template, a revised ssODN (NT-2PS-ssODN-AAG) was designed (Figure 

3.15A). In this new configuration, mismatches designed across the Ex3P-sgRNA 

protospacer sequence were introduced instead of PAM-blocking mutation. It has 

been reported that two mismatches within a window of 10bp from the predicted 

DSBs are enough to impede Cas9-re-cutting upon donor integration (Paquet et al., 

2016). Therefore, two single C>G silent mutations were introduced in position +2 and 

+5 from the PAM sequence (Figure 3.15B). The newly introduced mismatches did not 

fall within the splicing donor consensus sequence, thereby preserving the PAM 

sequence (AGG) and the final codon of exon 3 (AAG).  

Similar to what was shown with the previous ssODN donor design, delivery of NT-

2PS-ssODN-AAG in HaCaTs resulted in up to 92% of total editing of which 79% of NHEJ 

and a 13% of the intended C>G integration by HDR. Only 5% of the electroporated 

cell bulk was unedited for COL7A1. Despite the lower knock-in rate obtained at this 

round of electroporation, gene edited cells analysed by flow cytometry showed 

19.5% of residual C7 expression (Figure 3.15C). These results are in line with what 

was observed on genomic level, where a total of 18% (5% unedited and 13% HDR) of 

cells could potentially express C7. Importantly, these results confirm that the NT-2PS-

ssODN-AAG donor does not interfere with the correct expression of C7 upon HDR-

mediated integration. 



189 
 

 

Figure 3.15 Comparative design of NT-2PS-ssODN-AAA and NT-2PS-ssODN-AAG 

A. The magnified view illustrates the end of exon 3 of COL7A1 wild type sequence (AAG). 

Underlined, the AGG PAM sequence recognized by the Ex3P-sgRNA (protospacer shown in 

blue). Black dot lines show the last exon 3 triplet encoding for a lysine (AAG). Below, 

comparison of donor design between NT-2PS-ssODN-AAA and NT-2PS-ssODN-AAG. The new 

donor was designed with the same orientation (non-target, NT) and with asymmetric 

homology arm left (HAL) and right (HAR). Black asterisks indicate the phosphorothioate (2PS) 

bonds flanking the last 5` and 3` ends of the ssODN. In contrast to the previous design, the 

last triplet sequence of exon 3 (AAG) remained unaltered. Instead, two C>G sgRNA blocking 

mutations were introduced (shown in red). B. Prediction of the mismatches introduced 

within NT-2PS-ssODN-AAA and NT-2PS-ssODN-AAG donors upon HDR and their potential 

effects on C7 transcription. Wild type (WT) and c.425A>G RDEB genomic and amino acid 

sequences are also shown. Upon integration of NT-2PS-ssODN-AAG, no perturbations in C7 

transcription and translation (WT C7) are expected. Whereas similar splicing aberration (SA) 

are predicted in RDEB c.425A>G COL7A1 and NT-2PS-ssODN-AAA donor sequences. C. Sanger 

based-ICE analysis and flow cytometry confirmed that cells integrating the NT-2PS-ssODN-

AAG donor template are able to express C7. All values presented here in this figure are gated 

on the C7- (80.5%) and C7+ (19.5%) cells. 
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3.15 Chapter Discussion 

This chapter of work describes the development of novel CRISPR/Cas9 platforms for 

the correction of a RDEB mutation hotspot via in situ Homology Directed Repair 

(HDR)-mediated donor integration upon Cas9-induced DSBs.  For significant levels of 

donor integration to occur, it has been demonstrated that higher frequency of Cas9-

induced DSBs (NEHJ) increase the likelihood of the target site to be repaired by HDR 

(Remy et al., 2014; Duda et al., 2014; Hendel et al., 2014). In this direction, 

preliminary guide RNA screening was performed to allow for the highest levels of 

DSBs in exon 3 of COL7A1. Using a similar strategy reported for RDEB by Izmiryan et 

al. (Izmiryan et al., 2018), high levels of editing efficiency were achieved in a 

keratinocyte cell line using NILV-based delivery of the SpCas9 cassette and sgRNA.  

However, utility of this platform is limited due to potential proviral DNA integration 

and long-term expression from episomal cassette, which could be detrimental for cell 

viability and increase the possibility of off-target events (Izmiryan et al., 2018; Kim et 

al., 2014; Nightingale et al., 2006).  

The study by Georgiadis et al. demonstrated that high levels of on-target TCR 

disruption, with undetectable levels of off-target SpCas9 scission effects, can be 

achieved by co-delivery of a lentiviral vector expressing sgRNA and SpCas9 mRNA by 

electroporation (Georgiadis et al., 2018). Therefore, at the beginning of this project, 

the LentiV2-Ex3D + SpCas9 mRNA delivery strategy was tested and optimised to 

increase gene editing efficiency for COL7A1, while exploiting the advantage of 

transient Cas9 expression. qPCR of the proviral LentiV2-Ex3D cassette confirmed 

stable integration of 1.2 copy/cell of the guide RNA cassette, thereby mimicking the 

natural number of gene copies per cell. Furthermore, the timing and amount of 

SpCas9 mRNA delivery was optimised with the most effective condition being 10µg 

delivered at day 3 post transduction. Additionally, C7 knockout by western blot and 

flow cytometry confirmed similar levels of protein knockout (~50%) as the 

percentage of knockout observed on genomic level.  

During the course of my project, the CRISPR/Cas9 technology has seen significant 

advancements with the development of commercial viral-free formats by which the 
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Cas9 (mRNA or protein) and sgRNA (2-part sgRNA, single guide RNA or chemically 

modified sgRNA) can be delivered, thereby augmenting targeting capabilities and 

avoiding toxicity associated with plasmid or viral delivery (Preece and Georgiadis 

2019). The rapid development of the field has also seen the application of viral-free 

deliveries for RDEB where ribonucleoprotein complex was shown to achieve more 

efficient gene-editing compared to viral or plasmid delivery of the nuclease (Bonafont 

et al., 2018).  With the idea of developing novel strategies, several of the reported 

sgRNA and Cas9 formats were tested in my project. This was initially done by 

comparing editing efficiencies between single chemically sgRNA vs. 2-part guide RNA 

in combination with SpCas9 protein (RNP). The initial comparison between 2-part 

sgRNA and single guide RNA for the COL7A1 locus resulted in greater percentages of 

COL7A1 disruption from the latter (88%) over the former (5.1%). It is believed that 

the significant difference in the editing performance is likely to be due the presence 

of  2′-O-methyl 3′phosphorothioate (MS) chemical modifications at both 5’ and 3’ 

termini in the ribose-phosphate backbone of the sgRNA scaffold. These 

modifications significantly enhance resistance to intracellular RNAses, thus 

increasing the sgRNA persistence and on-target editing efficiency compared to the 

less stable crRNA:tracrRNA guides (Hendel et al., 2015). Finally, parallel comparison 

of the two CRISPR/Cas9 optimized strategies showed targeted COL7A1 knockout at 

frequencies of up to 50% and 86% for the hybrid LentiV2-Ex3D + SpCas9 mRNA 

delivery and RNP, respectively.  

Next, the second part of this chapter aimed to investigate gene repair by HDR using 

either non-integrating lentiviral vector (NILV) or viral-free ssODNs donor templates. 

For both donor templates, similar modifications were introduced, such as silent point 

mutations to reduce the likelihood of SpCas9 re-cutting upon template integration 

and to assist with the evaluation of the frequency of in situ HDR by quantification of 

the nucleotide changes.  Use of a NILV cargo for donor template delivery was initially 

chosen due to their reported  ability to infect hard-to-transfect keratinocytes  (Benati 

et al., 2018; Izmiryan et al., 2018; Izmiryan et al., 2016; Georgiadis 2016). This donor 

configuration was designed to span 6 exons of endogenous COL7A1 in order to cover 

a wider range of mutations clustered around this portion of the gene and, therefore, 
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in theory could be used for site-specific correction of multiple mutation hotspots. In 

an effort to further improve targeting rates, time course optimization between 

CRISPR/Cas9 deliveries (LentiV2-Ex3D + mRNA SpCas9 and Cas9-RNP) and the NILV-

donor template infection was performed. HDR efficiency by NILV-I2I7C7-

SDMTemplate-F was the highest when the template was delivered 24 hours post 

SpCas9 mRNA electroporation in LentiV2-Ex3D transduced keratinocyte cells. By 

contrast, cells receiving NILV-donor 30 minutes after Cas9-RNP electroporation 

showed increased HDR rates of up to 41% as confirmed by NGS. In both settings, PCR 

amplification of the genome-donor junction demonstrated the correct integration of 

the NILV-donor upon Cas9-mediated DSBs. 

As with CRISPR/Cas9 components, development of viral-free methods of donor 

template delivery, such as ssODN or linearized double stranded DNA (ldsDNA), offers 

an alternative HDR strategy for correction of small pathogenic variants (Guo et al., 

2018; Kwart et al., 2017; Paquet et al., 2016; Martin et al., 2019; Yang et al., 2013; 

Roth et al., 2018; Ott et al., 2006). Therefore, a complete viral-free HDR-based gene 

editing strategy was developed by designing a short donor template in the form of 

single-stranded DNA (ssODN), able to make small edits within the range of a few 

nucleotides from the c.425A>G mutation. Due to the novelty of ssODN for gene 

correction applications, a standard donor design architecture (symmetric vs 

asymmetric, length of the homology arms, presence of chemical modifications) to 

promote higher HDR is not by far available. Therefore, the ssODN was designed 

according to Richardson’ et al. studies (Richardson et al., 2016). Initial comparison of 

donor template complementary to the non-target and target strands (T-2P-ssODN-

AAA and NT-2P-ssODN-AAA, respectively) were then carried out in a keratinocyte cell 

line alongside Cas9 mRNA. In this setting, higher HDR (96%) was observed when NT-

2P-ssODN-AAA was used. Despite the encouraging results, several hurdles were 

encountered when attempting to quantify the percentage of collagen VII restoration 

on protein and mRNA levels in gene edited cells. The designed PAM-blocking 

mutation which falls within the splicing donor consensus sequence of exon 3 of 

COL7A1 resulted in aberrant splicing upon integration of the donor template and 

hence, absence of protein expression. Therefore, a new template was designed (NT-
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2PS-ssODN-AAG) by introducing two sgRNA-blocking mutations upstream the splicing 

donor consensus sequence, while keeping the former intact. Flow cytometry analysis 

confirmed the ability of cells integrating the NT-2PS-ssODN-AAG donor to express C7.  

In conclusion, the first part of this study demonstrated that the COL7A1 locus can be 

successfully edited using different CRISPR/Cas9 formats by viral or non-viral modes 

of delivery. The high rate of nuclease-induced DSBs resulted in a significant frequency 

of donor integration by HDR, thereby eliminating the need of clonal selection. Finally, 

rational engineering of NILV donor template and ssODN allowed me to assess their 

applicability for HDR-based gene correction strategies even in wild type keratinocytes 

without the requirement for patient cells at this stage. The designed gene editing 

platforms can be further translated for downstream applications in primary cells or 

patient-derived iPSCs. 
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Chapter 4 Generation and CRISPR/Cas9 genome correction of 

c.425A>G RDEB patient induced pluripotent stem cells (iPSCs) 

4.1 Background 

Derivation of iPSCs from somatic cells has paved the way for modelling disease and 

may eventually help the development of new gene and cell therapy strategies in 

regenerative medicine. In dermatology, iPSCs have already been investigated for in 

vitro disease modelling and for the generation of de novo keratinocytes when 

patient’s cell material is limited. For RDEB, reprogramming of spontaneously-

revertant keratinocytes into iPSCs has demonstrated the potential of pluripotent 

stem cells to create stable cell models of the disease (Umegaki-arao et al., 2014; Tolar 

et al., 2011). Moreover, the power of this strategy lies in the importance to derive 

autologous iPSCs thereby offering an inexhaustible supply of patient-derived cells for 

the development of targeted gene and cell therapies alongside their ability to be 

differentiated into keratinocytes and fibroblasts (Shinkuma et al., 2016; Umegaki-

Arao et al., 2014; Jacków et al., 2019; Webber et al., 2016). Recently, combinatorial 

approaches using iPSCs and CRISPR/Cas9-editing strategies have opened new 

horizons for studying inherited skin diseases.  

4.2 Hypothesis 

Patient primary fibroblasts harbouring a homozygous splice site mutation hotspot 

(c.425A>G, p.K142R) could be successfully derived into iPSCs and adpted to grow in 

xeno-free conditions while still maintaining all the properties of pluripotent stem 

cells, such as expression of marker genes and proteins associated with iPSCs/hESCs 

and spontaneous differentiation through embryoid body formation. This could allow 

the creation of a stable cell line that can be used for HDR-based strategies, previously 

described in Chapter 3, with a therapeutic potential for the c.425A>G COL7A1 

mutation. The obtained COL7A1-corrected iPSCs could provide a valuable source for 

the generation of iPSC-derived keratinocytes in order to evaluate their ability to 

secrete collagen VII in vitro. 



195 
 

4.3 Aims 

1.  Demonstrate reprogramming patient’s fibroblasts into iPSCs (RDEB-iPSCs) in 

order to create a stable cell model homozygous for the c.425A>G splice site 

mutation in COL7A1. 

2. Confirm the expression of pluripotency-associated markers in the generated 

RDEB-iPSC line and its multilineage differentiation potential. 

3. Optimize gene editing described in chapter 3 in RDEB iPSCs and assess the 

percentage of COL7A1 correction on genomic level. 

4. To evaluate the ability of gene corrected iPSCs to express de novo C7 by direct 

keratinocyte differentiation from pluripotent stem cells 

5. Evaluate in silico predicted off-targets for gene and base editing correction 

strategies by NGS.    
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4.4 Characterization of c.425A>G patient-derived fibroblasts and 

reprogramming into iPSCs 

Primary keratinocytes and fibroblasts from RDEB patient (c.425A>G+/+, p.K142R) 

involved in this study were previously isolated from a 6-mm skin biopsy and expanded 

in vitro by Dr. Anastasia Petrova with authorisation from the National Research Ethics 

Services, Westminster (07/H0802/104) and with written informed consent from the 

patient. These cells are characterized by a homozygous COL7A1 mutation hotspot 

(c.425A>G), 2bp upstream of the distal junction of exon 3. As initially discovered by 

Gardella et al, the pathogenic A>G substitution in c.425 COL7A1 results in p.K142R 

substitution and impaired splicing at the exon 3 and 4 junction, leading to absent 

collagen protein. Lack of C7 expression in the isolated RDEB fibroblasts was previously 

confirmed in our group at the protein level by western blot and immunofluorescence 

using a mouse mAb-C7-LH7.2 antibody. Noteworthy, the RDEB keratinocytes isolated 

from this subject were found to express C7 by western blot and immunofluorescence 

and showed a bi-allelic G>A reversion in position c.425, possibly due to spontaneous 

revertant mosaicism, commonly observed in RDEB keratinocytes (Twaroski et al., 

2019). Due to the recent descriptions of mosaicism in RDEB fibroblasts (Twaroski et 

al., 2019), the presence of the splice-site mutation was re-confirmed in primary 

fibroblasts by Sanger sequencing before their reprogramming into iPSCs and their 

further use for gene editing applications (Figure 4.1).  
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Figure 4.1 Analysis of the c.425A>G splice site mutation in RDEB keratinocytes and 
fibroblasts 

Representative chromatogram of Sanger sequencing of COL7A1 exon 3/intron 3 junction in 

wild type (WT) fibroblasts, RDEB keratinocytes and RDEB fibroblasts. Red square indicates 

the position of the c.425A>G mutation. Horizontal grey boxes indicate the splicing donor 

sequence (SD) between exon 3 (capital letters) and intron 3 (lowercase letters) in wild type 

(top) and RDEB cells (bottom).  
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In this direction, c.425A>G RDEB fibroblasts were reprogrammed into iPSCs in order 

to make a stable long-lasting cellular model that can be used to assess the efficiency 

of HDR-based gene and cytidine deaminase base corrections described in Chapter 3 

and Chapter 5, respectively. RDEB fibroblasts were initially expanded and transduced 

with integration-free Sendai (SeV) based reprogramming vectors (Fusaki et al., 2009), 

encoding for the four Yamanaka factors (hOCT4, hSOX2, hC-MYC, hKLF4) under 

feeder-free conditions (Figure 4.2A). Upon infection, fibroblasts were cultured in 

fibroblast medium until day 8 when the cells were transferred to vitronectin-coated 

plates and cultured in iPSCs medium. Two weeks post transduction, a significant 

change in cell morphology was observed in culture followed by the emergence of 

defined colonies indicative of the reprogramming process. Around 3 weeks post 

infection, the colonies with a characteristic iPSC-like morphology were large enough 

to be mechanically picked and sub-cloned for their characterization and gene editing 

purposes.  
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Figure 4.2 Derivation of RDEB iPSC colonies under feeder-free conditions 

A. Schematic of the Sendai-based reprogramming protocol into iPSCs. The main time points, 
media and extracellular matrix (ECM) are shown. B. Morphological changes of RDEB 
fibroblasts into mature iPSCs. RDEB fibroblasts were transduced at day 0 with the 
CytoTune™-iPS 2.0 Sendai (SeV) Reprogramming Kit encoding for OKSM reprogramming 
factors: “O”, OCT4; “K”, KLF4; “S”, SOX2; “M”, C-MYC. Cell were allowed to proliferate in 
Dulbecco’s medium (DMEM) containing 10% fetal bovine serum (FBS) for 8 days. On day 8, 
change in cellular morphology due to the reprogramming process is observable. On day 14, 
small cell clumps are emerging (red arrow) followed by colony formation and iPSCs 
maturation (day 18). After 5 weeks post reprogramming cells are tightly packed with distinct 
colony borders. Scale bar=100µm. The images were obtained using a 4X objective. 
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4.5 Morphology of the RDEB-iPSC line adapted to growth in different feeder-

free conditions 

Undifferentiated iPSCs display characteristic hESC-like morphology that can be 

evaluated under phase-contrast microscope: cells show a high nuclear/cytoplasmic 

ratio, prominent nucleoli and formed tight colonies with clear borders. Optimization 

of cell culture methods were tailored in RDEB iPSCs to prevent spontaneous 

differentiation. In this direction, three different conventional cell culture protocols 

were tested (Figure 4.3): (1) iPSCs were passaged onto Matrigel® substrate and 

cultured with mTeSR™1 (Matrigel®/mTeSR™1). (2) Cells cultured onto human 

recombinant vitronectin (N-VTN) in the presence of serum-free defined medium for 

pluripotent stem cells such as Essential 8 medium (Vitronectin/E8). (3) Cells 

maintained in xeno-free GMP-compatible culture conditions (TeSR™2) and laminin 

511 as feeder-free matrix (laminin511/ TeSR™2) (Jeriha et al., 2020). Of note, the 

switch from each condition tested took required at least 2 passages for cellular 

adaptation to the new substrate/media combination. In order to limit spontaneous 

differentiation during the adaptation process, cells were passaged into small cell 

clumps of ~20cells with addition of rho-kinase inhibitor (Y-27632) to the growth 

medium prior to passaging.  

For each culture condition, evaluation of iPSC colony morphology, presence of 

differentiated cells and adherence to the substrate were determined under phase 

contrast microscope. In presence of Matrigel®/mTeSR™1, RDEB iPSCs appeared 

flattened and colony poorly packed with indented and irregular borders indicating 

spontaneous differentiation. By contrast, Vitronectin/E8 or laminin511/TeSR™2 

showed to support a more robust cell growth and uniformity compared to Matrigel® 

/mTeSR™1. For long-term maintenance and expansion, however, a more 

reproducible and stable culture was achieved with laminin511/TeSR™2 with no 

spontaneous differentiation observed after single-cell passaging required for gene 

editing. A healthy donor (wild type, WT) iPSC line obtained from the United Kingdom 

Regenerative Medicine Platform (UKRMP) was used as a positive control for culture 
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condition optimization experiments (data not shown). Therefore, RDEB iPSCs were 

cultivated in laminin511/TeSR™2 for downstream experiments. 

  

Figure 4.3 Characterization of RDEB iPSCs culture conditions 

Morphology of RDEB iPSCs colonies with different substrate (ECM) and media combinations. 

Red arrows indicate spontaneous differentiation. Red arrows show irregular and flattened 

group of cells indicating spontaneous differentiation. The images were obtained using a 4X 

objective. Scale bar =50mm and 100 mm. 
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4.6 RDEB iPSCs retain the parent c.425A>G COL7A1 mutation 

Upon reprogramming, Sanger sequencing of exon 3 COL7A1 was performed to 

confirm the presence of the c.425A>G mutation in RDEB iPSCs. Persistence of the 

single base variant was evaluated at every 10 cell passages by Sanger sequencing 

(Figure 4.4A). Restriction Fragment Length Polymorphism (RFLP) to confirm the 

presence of the single nucleotide substitution in RDEB iPSCs was performed by 

enzymatic digestion of the PCR amplified exon 3 COL7A1 using the StyI enzyme. RFLP 

exploits variations in homologous DNA sequences that can be detected by the 

presence of fragments of different lengths after digestion of the DNA samples in 

question with specific restriction endonucleases. As demonstrated by Christiano et 

al., the c.425A>G polymorphism abolishes a Styl restriction enzyme site mapped at 

the end of exon 3 of COL7A1 cDNA  by direct nucleotide sequencing (Christiano et al., 

1994). Enzymatic digestion of PCR amplicons from samples treated with the StyI 

enzyme revealed the presence of two bands of 268bp and 115bp in wild type 

fibroblasts and WT iPSC used as control. No evidence of enzymatic digestion was 

detected in RDEB fibroblasts and RDEB-iPSCs (Figure 4.4B).  
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Figure 4.4 Evaluation of RDEB iPSCs genomic c.425A>G at early and late passage  

A. Representative chromatogram of Sanger sequencing of exon 3 and intron 3 junction of 

COL7A1 in RDEB iPSCs (bottom) at passage 6 and passage 16 confirms the presence of the 

A>G splice site mutation upon reprograming from RDEB fibroblasts (second chromatogram 

from the top). Wild type (WT) fibroblasts (top) were used as a control. The Red square 

indicates the position of the c.425A>G mutation in all samples. B. StyI-based enzymatic 

digestion of the PCR amplified exon 3 COL7A1 in wild type and RDEB cells. On the top, the 

restriction digestion site sequence recognized by the StyI enzyme and its cutting site positions 

(red triangles). In red, the A>G base substitution in RDEB patients which abolishes the StyI 

endonuclease cut. Electrophoresis gel showed 2 bands of 268bp and 115bp due to the 

presence of the StyI digestion enzyme site at the end of exon 3 in WT fibroblasts and WT 

iPSCs. The presence of the undigested 383bp band in RDEB fibroblasts and iPSCs confirmed 

the presence of the c.425A>G point mutation.   
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4.7 Expression of pluripotency associated markers in RDEB iPSCs  

To confirm the pluripotency-like state of RDEB-iPSCs upon reprograming, in situ 

immunofluorescence staining for nuclear transcription factors SOX2 and OCT3/4 and 

a glycosphingolipid SSEA-4 was performed. Evaluation of the cellular ground state 

was also evaluated in wild type WT iPSCs. Colonies of RDEB- and WT-iPSCs showed 

bright protein expression and correct localization of all the three markers (Figure 

4.5A). Qualitative analysis of pluripotency marker expression was performed in three 

independent fields (n=3) selected at random. Further quantification was carried out 

by flow cytometry for nuclear (NANOG, SOX2, OCT3/4) and extracellular (SSEA4, TRA-

1-81, TRA-1-60) pluripotency-associated markers expression in both cell lines (Figure 

4.5B). Data confirmed high levels of expression of all pluripotency markers in both 

RDEB and WT- iPSCs with no MFI differences observed between the 2 cell lines. To 

confirm the maintenance of the pluripotency state, the flow analysis was 

consequently repeated in RDEB-iPSCs at late passage 16 for quality control (data not 

shown). Cellular pluripotency state was also assessed in both cell lines on cDNA level 

by PCR amplification of the RT-PCR products for SOX2, OCT3/4, NANOG, KLF4 and 

cMYC (Figure 4.5C). No expression of iPSCs-associated genes was seen in parental 

RDEB fibroblasts.  
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Figure 4.5  Expression of pluripotency-associated markers in RDEB- and WT iPSCs 

A. In situ immunofluorescence staining for different pluripotency markers. From left to right: 

Sox2, SSEA-4 and Oct3/4. Nuclei were counterstained with DAPI (blue). All images were taken 

with 20x objectives. Scale bar = 50μm. B. Representative quantification of pluripotency-

associated markers by flow cytometry for RDEB (top) and WT (bottom) iPSCs. C. Confirmation 

of expression of NANOG, Sox2, Oct4, KFL4, cMYC pluripotency markers in RDEB (top) and 

wild-type (WT) WTWT (middle) iPSCs by RT-PCR. RDEB fibroblasts were used as a negative 

control (bottom).  
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4.8 In vitro Trilineage differentiation assay 

The capacity of RDEB iPSCs to differentiate into all three germ layers, namely 

ectoderm, endoderm, and mesoderm, was confirmed in vitro by spontaneous 

differentiation of RDEB iPSCs as embryoid body (EBs) as described in section 2.2.15. 

Upon differentiation cells were analysed by immunofluorescence for appropriate 

germ-layer markers such as alpha-fetoprotein (AFP) for endoderm, anti-α-smooth 

muscle actin (α-SMA) for mesoderm and tubulin-beta-3 (TUBB3) for ectoderm. In situ 

immunofluorescence staining of the EBs demonstrated that patient-derived iPSC line 

was capable of differentiating into all 3 germs layers in vitro, thereby confirming their 

pluripotency upon reprograming.  

 

Figure 4.6 In vitro differentiation of RDEB iPSCs into three germ layers 

The potential for trilineage differentiation of RDEB iPSC evaluated by embryoid body 

formation in vitro. TUBB3, αSMA, and AFP indicate ectodermal, mesodermal and ectodermal 

differentiation, respectively. All images were taken with 20x objectives. 
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4.9 Optimization of HDR-based COL7A1 correction in RDEB iPSCs using NILV 

donor template delivery 

COL7A1 correction using the Ex3D-RNP CRISPR/Cas9 delivery coupled with NILV-

I2I7C7-SDMTemplate-F donor template described in section 3.10 was successfully 

tested in RDEB and wild type iPSCs. In order to achieve modest gene correction 

efficiency in iPSCs, optimizations of different parameters within the gene-editing 

strategy were carried out. To improve cellular viability upon electroporation, 

different parameters, including voltage, pulse with and duration of the pulse, were 

tested in RDEB iPSCs using the Neon electroporation system (ThermoFisher, USA). Six 

different electroporation programs described in literature as suitable for iPSCs were 

tested (Figure 4.7A). Cellular viability and electroporation efficiency upon 

transfection of 2µg of GFP mRNA in RDEB iPSCs were evaluated 5 days post 

electroporation (Table 4.1 and Figure 4.7A). Cell viability was assessed by cell count 

of viable cells upon Trypan Blue staining and the obtained cell number was 

normalized by the initial amount of cells used for electroporation (1x106 cells). Similar 

cell viability, 5 days post electroporation, was obtained for every electroporation 

protocol tested. 

 

Table 4.1 Cell viability of RDEB iPSCs post electroporation  

Electroporation program  

(Neon electroporation system) 
Cell viability after 5 days post electroporation  

P-13 8.3 x 105 

P-14 8.0 x 105 

P-21 7.21 x 105 

P-16 6.0 x 105 

P-3 7.6 x 105 

P-4 7.8 x 105 

Cell viability of RDEB iPSCs upon transfection with 6 different electroporation protocols.  
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GFP expression measured by flow cytometry showed high MFI in RDEB iPSCs 

electroporated with programs P-14, P-21 and P-3 (3.95x102, 3.18 x102, 3.41x102, 

respectively), whereas lower reporter expression was obtained with programs P-13, 

P-21 and P-4 (2.29 x 102, 2.14 x 102, 2.56 x 102, respectively) (Figure 4.7A). 

Consequently, the program P-14 was used for downstream gene correction 

applications due to the low cellular toxicity and the higher MFI observed by flow.  

To prevent Cas9-induced cell toxicity (Ihry et al., 2018; Schiroli et al., 2019) while 

obtaining high-frequency editing in iPSCs, several concentrations of Ex3D-RNP 

complex ( 1:1.2 of Cas9 to sgRNA) were tested in parallel (Figure 4.7B). Upon cell 

recovery, at seven days post electroporation, COL7A1 knockout was evaluated on 

genomic level and cellular recovery was measured by cell count. Sequencing data 

upon PCR amplification of the targeted COL7A1 region showed high percentages of 

NHEJ (82%) from 2µg of sgRNA. Similar knockout frequencies were observed with 

higher concentrations of Ex3D-RNP complex (82% 3µg sgRNA, 88% 4µg sgRNA, 88% 

5µg sgRNA, 93% 6µg sgRNA, 91% 7µg sgRNA) whereas lower NEHJ rate (30%) was 

obtained with 1µg of guide RNA. The titration curve obtained showed that NHEJ 

events reached plateau at 2µg of sgRNA, therefore 2µg of EX3D guide RNA hybridized 

with 8.4µg of SpCas9 RNP (1:1.2 of Cas9 to sgRNA) were further used to evaluate the 

percentages of gene correction using the NILV-donor template. 
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Figure 4.7 Optimization of electroporation conditions in RDEB iPSCs 

A. Table reporting different electroporation programs for iPSCs transfection using the Neon 

device. For each program, voltage (V), width (ms) and number of pluses (p) are shown. (I.) 

Cell count of RDEB iPSCs after electroporation of GFP mRNA using different electroporation 

protocols. Each bar shows the percentage of cellular viability obtained for each 

electroporation condition. (II.) Flow cytometry for the quantification of GFP expression in 

RDEB iPSCs transfected with different electroporation protocols showed different MFI. The 

highest MFI was observed with program P-14 (3.95x102). B. Titration of guide Ex3P and 

SpCas9 protein at 1:1.2 Cas9:sgRNA molar ratio was performed in RDEB iPSCs and 

quantification of InDels showed that significant knockout (82%) was achieved with 2µg of 

Ex3P-sgRNA and 8.4 µg SpCas9 protein, reaching a plateau thereafter. The table below, 

shows µg>pmol conversions of different concentrations of sgRNA and spCas9 protein used 

to make RNP complex in vitro before electroporation.  
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In order to achieve the highest rate of HDR upon delivery of NILV-donor, a similar 

strategy for RNP and donor template delivery used for keratinocyte cell line described 

in section 3.10 was employed. Around 1x106 RDEB iPSCs and WT iPSCs, used as 

control, were electroporated with 2µg of Ex3D-sgRNA complexed with 8.4µg of Cas9 

RNP followed by NILV-donor template infection (MOI 20) 30 minutes post 

electroporation. To exclude the presence of episomal state of the donor template, 

integration of I2I7C7-SDMTemplate-F was evaluated 15 days post infection by PCR of 

the TI-5’ donor-genome junction in treated cell bulk population and cells infected 

with NILV donor only. Quantification of on-target donor integration events was 

performed by Sanger sequencing (Figure 4.8A). Percentage of total gene editing 

(NHEJ+HDR) in RDEB iPSCs was lower 36% (n=2) than the rate observed in WT cells 

63% (n=2). Noteworthy, an average of 75% (RDEB-iPSCs) and 82% (WT) of the edited 

cell population showed integration of the donor template by HDR. Furthermore, 

EDIT-R analysis for the quantification of the corrected nucleotide in position c.425 

COL7A1 showed an average of 41% (n=2) upon donor integration in RDEB iPSCs 

whereas no detectable donor integration was observed in cells receiving the donor 

template only.  

Furthermore, NGS analysis was carried out for the detection of the SDM 

modifications within the donor template. Quantification of the intended nucleotide 

changes in the bulk populations equated to 70% in wild type iPSCs and ~32% in RDEB-

iPSCs for all the 5 Cas9-blocking mutations (Figure 4.8B). Single base correction at 

position c.425 was detected in around 28% of RDEB-iPSCs.  
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Figure 4.8 Evaluation of COL7A1 correction by HDR using NILV-donor template in 
WT IPSCs 

A. Sanger sequencing-based EDIT-R analysis of the COL7A1 locus. NILV-donor integration was 

assessed by the presence of sgRNA and PAM-blocking mutations designed across the DNA 

sequence recognized by the Ex3D-sgRNA and G>A single base correction at position c.425 of 

COL7A1 in RDEB-iPSCs (black square). Correction at c.425 is shown in a red box (G>A 41%). 

Below, representative EDIT-R output in WT iPSCs treated with RNP + NILV-donor template 

(MOI 20) and RDEB cells receiving NILV-donor template only. B. NGS analysis quantifying 

COL7A1 donor integration as percentage of nucleotide changes in cells treated with NILV-

donor in RDEB iPSCs and WT cells. Grey bars show the percentage of uncorrected alleles, red 

bars represent the percentages of nucleotide changes upon HDR. Overall integration was 

32% and 70% for each mismatch designed within the donor. The error bars are representative 

of 2 biological repeats (n=2). For RDEB iPSCs, COL7A1 correction at position c.425 (indicated 

by the asterisk) was 28% (n=2).  
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4.10 Evaluation of electroporation conditions for RDEB iPSCs using the Lonza 4-

D system 

As previously reported in section 3.11, a virus-free HDR-based gene editing approach 

using ssODN offers the ability to generate precise gene correction of a few 

nucleotides avoiding the introduction of large (>1kb) donor templates for 

homologous recombination strategies (Martin et al., 2019). In this study, the 

designed NT-2PS-ssODN-AAG described in Chapter 3, was subsequently tested in 

conjunction with Ex3P-sgRNA and SpCas9 mRNA in RDEB and WT iPSCs. For the 

delivery of these tools, the Amaxa 4D-Nucleofector X Unit (Lonza), was employed to 

improve transfection reproducibility and due its translational use in preclinical and 

GMP-grade applications for iPSCs. 

Three different electroporation protocols (CA-137, CA-167 and CB-150) reported in 

literature for gene editing of iPSCs were investigated. Similarly to what was shown in 

section 4.9, for each program tested, 1x106 cells were electroporated with 2µg of GFP 

mRNA and fluorescence expression was analysed by flow cytometry 48 hours post 

transfection (Figure 4.9A). Results showed that up to 90% of the electroporated cells 

were GFP+ (90.3% CA-137, 86.8% CB-150, 90.4% CA-167) (Figure 4.9B) and no 

observable differences in MFI were observed (~ 4x102) (Figure 4.9C). Furthermore, 

appreciable cellular viability (76% CA-137, 86% CB-150, 80% CA-167) was observed 

upon electroporation with all the three programs tested with no significant toxicity 

compared to non-electroporated cells (87%) (Figure 4.9D). To determine whether 

RDEB iPSCs continued to express pluripotent markers after electroporation, the 

expression of Oct3/4 and NANOG, was quantified by flow cytometry. 48 hours post 

electroporation, up to 99% of the electroporated cells were positive for both markers 

thus demonstrating that the electroporation programs did not interfere with 

pluripotency (Figure 4.9E).  

Furthermore, to verify whether different electroporation programs can affect gene 

editing frequency (Martin et al., 2019), 2µg of B2M-sgRNA combined with 5µg of 

SpCas9 mRNA were co-electroporated using different electroporation programs in 

RDEB iPSCs. Evaluation of the efficiency of B2M knockout for the purpose of 
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determining the best electroporation program was chosen as it offered a faster 

readout by flow cytometry. No observable differences in knockout efficiencies of 

beta-2-Microglobulin were observed (67.9% for CA-137 and CA-167, 71% with the CB-

150 program) (Figure 4.9F). Although, all the conditions tested have shown to achieve 

similar editing results, the CA-137 protocol was chosen as the most widely used 

electroporation condition for pluripotent stem cells reported in numerous the 

literature (Kondrashov et al., 2018; Ishida et al., 2018; Dastidar et al., 2018; Yang et 

al., 2013). 
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Figure 4.9 Optimization of the Lonza-4D electroporation system in RDEB iPSCs 

A. Representative images of RDEB iPSCs expressing GFP mRNA 2 days post electroporation 

using three different electroporation programs: CA-137, CB-150 and CA-167. B. Relative 

quantification of GFP expression by flow-cytometry from RDEB iPSCs electroporated with 

different electroporation programs show similar percentages of GFP+ cells (90.3% CA-137, 

86.8% CB-150, 90.4% CA-167) C. Comparison of the GFP expression intensity (MFI) showed 

no significant differences with all three programs tested. D. Cell count of RDEB iPSCs after 

electroporation. Cell viability percentages calculated 48 hours post electroporation:76% CA-

137, 86% CB-150, 80% CA-167 and 87% non-electroporated cells (No EP). E. Pluripotency 

associated markers NANOG and Oct3/4 remained unaffected in electroporated RDEB iPSCs 

indicating that none of the electroporation conditions interferes with iPSCs ground state F. 

Quantification of Beta-2-Microglobulin knockout by flow cytometry upon electroporation. 

B2M downregulation was 69.7% (using the CA-137 and CB-150 program) and 70.3% with CA-

167.  
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4.11 Gene correction of RDEB iPSCs using ssODN as a donor template 

To reduce cell toxicity upon gene editing at the COL7A1 locus, titration of SpCas9 

mRNA using 1.25, 2.5, 5, 7.5 and 10µg was performed using 2µg of Ex3P-sgRNA (n=1) 

(Figure 4.10A). Sanger sequencing of the COL7A1 locus showed that higher amounts 

of SpCas9 mRNA resulted in increased knockout frequencies in a dose-dependent 

manner (75% for 2.5µg, 79% for 5µg, 87% for 7.5µg and 94% for 10µg). Noteworthy, 

increasing amounts of Cas9 also led to higher cell toxicity (data not shown). Low 

viability and slow cell recovery was observed with 10µg of Cas9 whereas lower 

amounts of SpCas9 mRNA, showed faster cell recovery. Taken this data into account, 

5µg of SpCas9 mRNA was used for gene correction via HDR. The optimized conditions 

were verified to not affect the expression of pluripotency markers such as Oct3/4 and 

NANOG (Figure 4.10B).  

 

Figure 4.10 Titration of SpCas9 mRNA in RDEB iPSCs and evaluation of gene edited 
pluripotency post electroporation 

A. Percentage of COL7A1 knockout in RDEB iPSCs using different amounts of SpCas9 mRNA. 

Knockout of the COL7A1 locus was determined by sequencing-based quantification of InDels: 

94% at 10µg, 87% at 7.5, 79% at 5µg, 72% at 2.5µg and 38% at 1.25µg. The grey rectangle 

represents the amount of SpCas9 mRNA subsequently used for gene editing in RDEB iPSCs. 

B. Pluripotency associated markers NANOG and Oct3/4 remained unaffected in 

electroporated RDEB iPSCs indicating that electroporation did not interfere with iPSCs 

ground state.  
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Alongside SpCas9 mRNA titration, targeted integration frequencies with increasing 

amounts of NT-2PS-ssODN-AAG (1.25µg, 2.5µg, 5µg and 10µg) were analysed in RDEB 

iPSCs (Figure 4.11A). In accordance with previous results shown in section 3.13, 

Sanger sequencing-based ICE analysis for the quantification of the HDR events in the 

gene edited populations showed 90% of HDR when 10µg of NT-2PS-ssODN-AAG was 

used. Additionally, lower amounts of donor template were able to support high levels 

of gene correction reaching 81%, 72% and 60%, at 5µg, 2.5µg and 1.25µg of ssODN, 

respectively. Despite high levels of HDR rates, noticeable toxicity was observed in all 

conditions tested (Figure 4.11A). Only 1.1x105 viable cells were counted when 

treated with 10µg of donor template whereas higher cell viability (3.3x105, 4.5x105, 

and 5.9x105) was observed when lower amounts of NT-2PS-ssODN-AGG were used 

(5µg, 2.5µg and 1.25µg, respectively). Therefore, 5µg of NT-2PS-ssODN-AAG was 

used for downstream experiments. Quantification of the donor template integration 

and A>G correction at c.425 position of COL7A1 was analysed by Sanger sequencing 

followed by EDIT-R analysis (Figure 4.11B). Up to 68% of single A>G base correction 

was observed in RDEB iPSCs 7 days post electroporation. Furthermore, C>G silent 

point mutations ranged from 71% and 59% at positions 2 and 5 of the Ex3P-sgRNA 

binding site. RDEB and WT iPSCs electroporated with NT-2PS-ssODN-AAA and NT-

2PS-ssODN-AAG, respectively, were used as positive control for gene correction.  The 

rationale of using patient cells treated with the previous ssODN design (NT-2PS-

ssODN-AAA, section 3.11) was due its high HDR efficiency observed post 

electroporation. Moreover, to assess whether the new ssODN design is able to 

achieve high correction rates independently from the cell type used, NT-2PS-ssODN-

AAG was tested in WT iPSCs. Both controls showed similar percentages of donor 

template integration by EDIT-R single-base quantification analysis. Additionally, 

presence of both silent and corrective point mutations in WT iPSCs treated with NT-

2PS-ssODN-AAG was verified at 15 and 30 days post electroporation confirming 

similar percentages of the gene-corrected cells in the treated population (data not 

shown), suggesting the stability of HDR-mediated gene correction.   

The percentage of HDR upon donor integration was further corroborated by NGS 

analysis across the predicted editing site (Figure 4.11C). Donor integration was shown 
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by the presence of both C>G ‘Cas9-blocking’ mutations (75% and 61% at position +2 

and -2 from the targeted Ex3P-induced DSBs) and up to 60% of G>A c.425 COL7A1 

correction, confirming the results obtained by Sanger sequencing. No integration was 

detected when RDEB iPSCs were treated with NT-2PS-ssODN-AAG donor template 

only.  
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Figure 4.11 Optimization of targeted COL7A1 correction by ssODN 

A. RDEB iPSCs electroporated with Ex3P-sgRNA and spCas9 mRNA alongside different 

amounts (1.25µg, 2.5µg, 5µg, 10µg) of ssODN donor template (NT-2PS-ssODN-AAG). 

Numbers shown here corresponds to the percentages of G>A correction at position c.425 of 

COL7A1 as detected by EDIT-R analysis following Sanger sequencing. For each sample, cell 

viability was measured 5 days post electroporation (table below) B. Representative EDIT-R 

output for RDEB iPSCS with 5µg of NT-2PS-ssODN-AGG, RDEB iPSCs with 5µg of NT-2PS-

ssODN-AAA and WT iPSCs treated with NT-2PS-ssODN-AGG. Red boxes indicate the 

percentage of donor integration by insertion of Cas9-missense blocking mutations and 

COL7A1 correction in treated cells. C. Confirmation of HDR frequencies by NGS in RDEB iPSCs 

treated with NT-2PS-ssODN-AAG and NT-2PS-ssODN-AAA donor templates. From left to 

right: RDEB iPSCs treated with NT-2PS-ssODN-AGG, RDEB iPSCs treated with NT-2PS-ssODN-

AAA and cells electroporated with NT-2PS-ssODN-AAG only. Each bar shows the percentage 

of nucleotide changes due to integration of the donor template in exon 3 of COL7A1 (green 
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bar) and the percentage of uncorrected alleles (black bar). Percentages of Cas9 blocking 

mutations and c.425 G>A gene correction in RDEB iPSCs are shown in black.      

 

 

4.12 Directed Differentiation of iPSCs to induced keratinocytes (iKer) under 

Feeder-Free Conditions 

For functional evaluation of restored C7 correction in RDEB iPSCs, initial studies have 

explored the potential of generating keratinocytes from iPSCs by mimicking the 

process of epidermogenesis in a 2D culture system in vitro (section 1.5.5.2) as 

pluripotent stem cells do not express collagen VII (Sebastiano et al., 2014). Although 

several research groups have reported generating keratinocytes from iPSCs (iKer) 

during the past several years, the approach chosen for my work is based on xeno-free 

and feeder-free keratinocyte differentiation studies using RDEB patient iPSCs 

described previously by Professor Angela Christiano and co-workers (Figure 4.12A) 

(Shinkuma et al.,2016; Jacków et al., 2019; Itoh et al., 2013). The following protocol 

was initially tested using untreated RDEB iPSCs with WT iPSCs used as a positive 

control during the differentiation. Prior to differentiation, iPSC lines were further 

tested for NANOG and OCT4 expression to confirm complete cell pluripotency before 

the initiation stage (Figure 4.12B). A homogenous NANOG+/OCT4+ population was 

required to avoid non-specific differentiation during keratinocytes differentiation. 

Flow cytometric analysis confirmed high percentage of NANOG+ (RDEB iPSCs: 83.5%; 

WT iPSCs: 82.9%) and OCT4+ (RDEB iPSCs: 91.5%; WT iPSCs: 89.5%) RDEB and WT 

iPSCs.   

In the initiation stage (Days 0-7), cells (from now referred as RDEB iKer and WT iker) 

were stimulated with 1μM retinoic acid (RA) to promote commitment towards 

ectodermal lineage and 25ng/μL of bone morphogenetic protein 4 (BMP-4) to block 

neural progression over epidermal commitment (Shinkuma et al.,2016; Jacków et al., 

2019; Itoh et al., 2013). On day 8 of differentiation, many cells that migrated away 

from the outgrown iPSC colonies exhibited a keratinocyte-like phenotype (Figure 

4.12C). Next, marker progression towards the keratinocyte lineage was investigated 

to determine the identity of the differentiating cells. First confirmation of the correct 

ectodermal commitment was assessed at day 8 by immunofluorescence for the 
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expression of cytokeratin 18 (K18), an early-stage marker of simple epithelial cells 

(Lingyu Li et al., 2013; Metallo et al., 2008; Aberdam et al., 2008; Selekman et al., 

2013). Immunostaining on differentiating cells showed correct cytoplasmatic fibrillar 

K18 expression therefore suggesting that the ectodermal progenitors obtained at this 

stage have started to acquire a more defined epidermal fate (Figure 4.12C). 

 

Figure 4.12 Directed differentiation of iPSCs into keratinocytes under feeder-free 

conditions. 

A. Schematic representation of the differentiation strategy for generating keratinocytes from 

iPSCs described in Christiano et al. (Shinkuma et al.,2016; Jacków et al., 2019; Itoh et al., 

2013). Different media, extracellular matrix (ECM) and supplements are indicated under each 

time point. At each stage of differentiation, different markers specific for pluripotent stem 

cells (OCT4, NANOG), epithelial commitment (K18) and keratinocyte maturation (K14 and 

ΔNp63) were used to verify the correct development of iPSCs towards epidermogenesis. 

Abbreviations: BMP-4: bone morphogenic protein; ATRA: all-trans retinoic acid; D-KSFM: 
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Serum-free defined keratinocyte medium; ColI: collagen type I; ColIV: collagen type IV; 

Cytokeratin 18: K18; Cytokeratin 14: K14. B. Flow cytometry analysis for pluripotent stem cell 

markers, NANOG and OCT4, was performed to confirm cellular pluripotency prior to initiation 

stage (Day 0). NANOG+ cells: RDEB iPSCs: 83.5%; WT iPSCs: 82.9%. OCT4+ cells: RDEB 

iPSCs: 91.5%; WT iPSCs: 89.5%. C.  Phase-contrast images of RDEB and WT iPSCs taken at 

day 8. At the same day, expression of keratin 18 was assessed by immunofluorescence. 

Immunofluorescence confirmed the commitment of the differentiating iPSCs to epithelial 

progenitors.  

After day 8, the cell culture was switched to Defined Keratinocyte Serum-Free 

Medium (D-KSFM) to promote efficient differentiation towards K14+ keratinocyte 

progenitors (Shinkuma et al.,2016; Jacków et al., 2019; Itoh et al., 2013). In line with 

the original protocol, cells were maintained in culture without passaging for 60 days 

to allow for complete maturation of keratinocyte progenitors. Lack of cell passage, 

however, resulted in a significant multi-layered cell outgrowth followed by cell death 

and senescence (data not shown). In contrast to the original protocol, cells were 

passaged at the end of the initiation stage and once confluent. Therefore, to promote 

keratinocyte differentiation upon passaging, cells were seeded onto collagen type IV 

(ColIV) and type I (ColI) coated dishes to mimic the environment of the basal 

epidermal layer and improve the efficiency of differentiation and maturation into 

K14+ keratinocyte progenitors (Itoh et al., 2011; Bilousova et al., 2011; Kogut et al., 

2013). To explore the ability of K14 positive cells to rapidly adhere to collagen-coated 

surfaces, rapid attachment onto ColI/ColIV-coated plates was applied at every cell 

passaging during maturation to enrich for K14 positive keratinocytes (Itoh et al., 

2013; Bilousova et al., 2011; Kogut et al., 2013). In addition to K14, △Np63-expressing 

pluripotent stem cells derived-epidermal progenitors have shown to regulate the 

commitment of ectodermal cells to keratinocyte fate and mediate K14 expression in 

keratinocyte-specific manner (Li et al., 2019; Pattison et al., 2018). Before the second 

rapid attachment (Day 14), keratinocyte-like cells were analysed by 

immunofluorescence for co-expression of △Np63 and K14 (Figure 4.13A). Primary 

keratinocytes from healthy donor were used as a positive control of protein 

expression. Qualitative analysis in two independent fields (n=2) showed that >80% of 

the differentiated cells expressed △Np63, although the intensity of expression was 

lower compared to primary cells. Immunofluorescence analysis confirmed that the 
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majority of △Np63+ cells also expressed K14 although in an immature (granular) 

form. By contrast, mature cytoplasmic K14 filaments were observed in the positive 

control (Figure 4.13A).  

Despite encouraging preliminary results, only a small number of keratinocyte-like 

cells was observed in culture after >2 cycles of rapid attachment (Figure 4.13B). 

Significant reduction in cell proliferation was noticed followed by a high number of 

cells with altered structures and accumulation of autophagic vacuoles within 

cytoplasm indicating early cellular senescence. Therefore, cells could not be further 

expanded and characterized. Similar cell loss upon cell passage, limited proliferative 

growth and spontaneous senescence was also observed on multiple repeats of the 

protocol (n=3).  
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Figure 4.13 Morphology and expression of epidermal differentiation markers in 
iPSC-derived keratinocytes  

A. (I) Phase-contrast images of iPSC-derived keratinocytes showed cells of similar size and 

shape. (II) Immunofluorescence of RDEB and WT iKer shows that most cells stain positive for 

△Np63 (red) at day 14 of differentiation. Initial expression of K14 (green) can be detected in 

>99% of cells although the nuclear expression pattern suggests non-mature cytokeratin 

formation. Primary human keratinocytes (PKCs) used as a positive control, showed correct 

cytoplasmatic K14 expression. All images were taken with 20x objectives. Scale bar = 50μm. 

B. Phase-contrast images of RDEB and WT iKer following the rapid attachment enrichment 

procedure. Only rapidly adhering cells remain attached. Lower number of cells was obtained 

after the second rapid attachment with reduced cell growth and appearance of cells with 

severely altered morphology, indicative of cellular senescence (black arrows). 
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Therefore, a different differentiation protocol was developed and optimized in 

collaboration with Professor Dusko Ilic (King’s college, London) (Figure 4.14). All 

media used were made in-house and composition is detailed in material and methods 

(section 2.2.20.2). In the first step of keratinocyte differentiation, termed “initiation 

phase (Day 0-4)”, untreated RDEB iPSCs (RDEB iKer) and RDEB iPSCs treated with NT-

2PS-ssODN-AAG (NT-2PS-ssODN-AAG iKer) described in section 4.11, were cultured 

in suspension as embryoid bodies (EBs) in hypoxic atmosphere (5% O2) and treated 

with 25ng/ml BMP-4 and 1μM of ATRA (Figure 4.14). The choice of embryoid bodies 

over cell clumps relies on technical and biological reasons. EBs harbour many of the 

hallmarks of early embryonic development and they are commonly used to initiate 

spontaneous differentiation which can then be manipulated and directed towards a 

specific cell lineage. For keratinocyte commitment, authors have shown that 

significant increase in K18+ and ΔNp63+ keratinocyte differentiation occurred only 

upon induction of pluripotent cells in form of as EBs with ATRA and BMP-4 at the 

early stages of differentiation (Metallo et al., 2008; Bilousova et al., 2011). Moreover, 

use of EBs avoids the rapid overgrowing of the committed cells in the early stages of 

the differentiation. Cell passaging during the initiation step is detrimental for the 

correct progress towards epithelial commitment.  

As a positive control of differentiation, the RDEB parental cell line (heterozygous for 

the c.425A>G mutation (RDEB iPSCs c.425-/+/ c.425-/+ iKer) was used. This line was 

chosen due to a well-known fact that different iPSC lines have different propensity to 

differentiate towards a certain lineage (Rheinwald 2013; Allegrucci and Young 2007; 

Skottman et al., 2005). Therefore, it was hypothesised that a parental cell line with 

the genotype closest to the line of interest can potentially reduce this variability.  
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Figure 4.14 Schematic of differentiation protocol and changes in cellular 
morphology of iKer.  

Schematic of the differentiation protocol. The differentiation of iPSC-derived keratinocytes 

using different in-house made keratinocyte defined media (KDM) and extracellular matrices 

(ECM) at the indicated time points. Concentrations of growth factors at each critical step of 

differentiation are listed; Abbreviations: ATRA, All-trans retinoic acid; BMP-4, Bone 

morphogenetic protein 4; EGF, Epidermal growth factor; TGFβR1Ki, Transforming growth 

factor beta receptor type I kinase inhibitor. The cells were passaged at Days 0, 14 and 21 time 

points. At every stage of differentiation, different markers specific for pluripotent stem cells 

(OCT4, NANOG), epithelial commitment (K18) and keratinocyte maturation (KRT14, ΔNp63) 

were used to verify the correct development of iPSCs towards epidermogenesis.  

 

Progression towards the keratinocyte lineage was evident by phase contrast of 

cellular morphology throughout the different stages of the protocol (Figure 4.15). 

During the initiation stage, all the cell lines readily formed embryoid bodies which 

continued to grow under basal keratinocyte defined medium (KDM1) upon single cell 

dissociation (initial passage) at day 4. From day 4 to 14 (commitment phase), initiated 

iPSC lines cultured in KDM2 (day 4-6), KDM3 (day 7-9) and KDM4 (day 10-14) and 

plated onto vitronectin-coated plates, started to express keratin 18 indicating 
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commitment to simple epithelial cell lineage (data not showed). The addition of 

niacinamide (3mM) in KDM3 and KDM4 was found to be a key component to direct 

the morphology of the initiated cells towards keratinocyte-like stem cells. In 

additions, niacinamide provided a further boost in proliferative potential and 

increased life span and colony formation when co-supplemented with transforming 

growth factor beta receptor type I kinase inhibitor (TGFβR1Ki, SB431542) in KDM4 

medium. Activation of keratinocyte markers such as ΔNp63 was assessed at the end 

of the “maturation stage” (Day 14-21) and “propagation stage” (from day 21 

onwards). To guarantee the lifespan and stemness of iPSC-derived keratinocytes in 

culture, cells were passaged onto laminin-511 E8-fragments coated plates and 

supplemented with BMP-4 (KDM5) during the maturation and propagation stage. 
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Figure 4.15 Morphology of iPSC-derived keratinocytes at different time point of 
differentiation 

RDEB cells were taken as a representative cell line of keratinocyte differentiation. 

Maintenance of iPSC phase: iPSCs were cultivated in TeSR™2 until 70% confluent prior to 

embryoid body formation. Initiation phase: Day 4: iPSCs as embryoid bodies in keratinocyte 

defined media 1 (KDM1); Commitment phase: Day 6: small cell colonies, upon single cell 

dissociation of embryoid bodies at day 4, can be observed in culture in KDM2 medium on 

vitronectin; Day 9: rapidly-dividing cells with morphology resembling committed simple 

epithelial precursor following niacinamide supplementation (KDM3); Day 14: visible 

increased cell proliferation given by the synergic effect of niacinamide and transforming 

growth factor beta receptor type I kinase inhibitor in KDM4. Maturation phase:  Day 18: 

Morphology of the keratinocyte progenitors and emergence of epithelial like island indicated 

by black arrows. All images were taken from RDEB iPSC line. Propagation phase: Day 49: 

formation of epithelial-like island in culture and maintenance of keratinocyte-like 

morphology after several cycles of cell passaging.  
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Immunofluorescence analysis performed at day 36 in RDEB iKer revealed that >99% 

of cells were co-expressing ΔNP63+ and K14+, although the latter was expressed in 

its immature granular form inside the nuclei (Figure 4.16). After a subsequent cell 

passage at days 45, all the cell lines started to express a mature fibrillar form of K14 

with cytoplasmatic localization, indicating successful progression towards 

keratinocyte maturation (Figure 4.16). Although consistent expression of ΔNp63 was 

observed in the majority of the differentiated cells in culture, only approximately a 

fourth of the cells co-expressed both ΔNp63 and K14 (RDEB c.425-/-: 28.3%, RDEB 

c.425-/+: 27%, NT-2PS-ssODN-AAG: 23%). The main reason of a modest fraction of 

mature K14-expressing cells was hypothesized to be related to the different response 

of different cell lines to media, supplements and extracellular-matrix during the 

differentiation process (Rheinwald 2013). This hypothesis is supported by the 

empirical observation that a similar amount of K14+ cells was overserved in cell line 

that share the same genotype (untreated RDEB iKer and treated with NT-2P-ssODN-

AAG) or a similar one (c.425-/+ iKer). 
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Figure 4.16 Expression of epidermal markers keratins 14 and ΔNp63 at day 45 of 
Differentiation. 

Left column: Phase contrast images of iPSC-derived keratinocytes at day 45 resemble a 

keratinocyte-like morphology. Right column: Immunofluorescence analysis of co-expression 

of △Np63 (red) and K14 (green) markers at different time points of differentiation. Hoechst 

(blue) was used for nuclear staining. From the top to the bottom: RDEB iPSCs at day 36 

(immature K14 indicated in the picture magnification) and day 42 (with mature K14); c.425-

/+ iKer and NT-2PS-ssODN-AAG iKer. The majority of cells were positive for △Np63, whereas 

approximately 25% of cells were K14+ (28.3%, 27% and 23% in RDEB iKer, c.425-/+ iKer and 

NT-2PS-ssODN-AAG iKer, respectively). 



230 
 

iPSCs-derived keratinocytes were next characterized for C7 expression by 

immunofluorescent analysis. No residual C7 was observed in untreated RDEB iKer, 

whereas C7+ cells were detected in the parental cell line (Figure 4.17A). Importantly, 

expression of de novo C7 was detected in gene corrected NT-2PS-ssODN-AAG iKer at 

day at day 45 of differentiation. Quantitative analysis of C7 expression in four 

independent fields (n=4), revealed 40% of the cells were positive for C7, of which 

100% co-expressed ΔNp63.  

In accordance with the flow cytometry data previously described in section 3.13, 

these initial results confirmed the capability of the designed NT-2PS-ssODN-AAG 

template to rescue collagen VII in iPSCs-derived RDEB keratinocyte-like cells. 

Therefore, to assess the quality and composition of collagen type VII in the treated 

RDEB iKer population, a WT iPSCs-derived keratinocyte line (WT iKer) at day 52 of 

maturation at a separate round of differentiation was used as a second positive 

control (Figure 4.17B). Immunofluorescence staining confirmed no difference in C7 

expression pattern between WT and patients cell lines. 
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Figure 4.17 keratinocyte-derived cells and gene corrected iKer restore de novo C7 
expression and express keratinocyte stem cell-like markers 

A. Immunofluorescence analysis of co-expression of △Np63 (red) and C7 (green) in iKer. 

Hoechst (blue) was used for nuclear staining. Top lane: RDEB iKer confirmed to express 

△Np63 only while C7 is expressed in the parental c.425-/+ line. Bottom lane: RDEB iKer treated 

with NT-2PS-ssODN-AAG stained at day 45 express de novo C7 and co-express △Np63. Higher 

resolution (100x) of treated cells at day 60 showed correct expression and localization of de 

novo C7. B. Staining for collagen type VII in a WT iPSC-derived keratinocyte line confirmed 

correct protein expression when compared to NT-2PS-ssODN-AAG. All images were taken 

with the magnification as indicated in the pictures.  
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4.13 Analysis of Ex3P-sgRNA potential Off-targets in RDEB IPSCs 

One of the major challenges for safe application of CRISPR/Cas9 system is the ability 

to achieve efficient on-target activity (high sensitivity) and minimize the off-targets 

effects (high specificity) (Doenchet al., 2016; Nelson and Guyer, 2012; Xu et al., 2015). 

The distribution of such off-target cleavage effects is genome-wide and could be 

detrimental to cell survival or could potentially be oncogenic. Initial evaluation of 

Ex3P-sgRNA off-targets was investigated in silico using the Benchling tool followed by 

NGS of the PCR amplified predicted off-target loci from gene edited RDEB iPSCs. NGS 

analysis using Pindel for the detection of DNA breakpoints revealed that 9 out of 10 

off-target sites harboured InDels frequencies between 0.12% and 0.66% (Figure 

4.12). Only one off-target site, OT8, showed up to 1% DNA cleavage. Importantly, 

mapping of the predicted off-target site by the human genome browser 

(https://genome-euro.ucsc.edu/index.html) confirmed that the predicted OT8 

sequence falls within an intergenic region of chromosome 16. 
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Figure 4.18 Off-target analysis for Ex3P-sgRNA in RDEB iPSCs 

Off-target sites for COL7A1 editing in RDEB iPSCs with Ex3P-sgRNA were predicted with the 

Benchling tool and relative mismatches are showed in red (column 2). For each predicted off-

target, gene name and relative location within coding or noncoding sites is indicated in 

column 3. NGS data from Illumina MiSeq sequencing plotted to quantify off-target Cas9-

mediated InDels are showed in column 4. The percentage of reads reported are 

representative of 1 experiment.  

 

 

 

 

 

 



234 
 

4.14 Chapter discussion 

As detailed in section 1.5.5, iPSCs have a potential to provide an alternative cell type 

for future gene and cell therapy applications for RDEB. In this direction, this chapter 

describes the derivation of iPSCs from RDEB fibroblasts bearing a homozygous 

c.425A>G mutation hotspot in exon 3 of the COL7A1 gene. In accordance with 

previous works (Itoh et al., 2013; Shinkuma et al., 2016; Jacków et al., 2019; Webber 

et al., 2016; Tolar et al., 2013), the results of this chapter confirmed that derivation 

of a pluripotent cell line from RDEB patient material is feasible and successful 

acquisition of pluripotency-associated markers could be achieved as demonstrated 

on mRNA and protein levels. RDEB iPSCs were also capable of trilineage 

differentiation in vitro through embryoid bodies formation and outgrowth of 

primitive germ layers, further confirming their pluripotency. Notably, patient-derived 

RDEB iPSCs were shown to retain the c.425A>G mutation on genomic level, thereby 

creating a stable cell line that could be employed to assess efficiency of HDR-based 

COL7A1 correction strategies previously described in Chapter 3.  

Optimizing delivery and efficiency of the CRISPR/Cas9 complex for genome editing of 

iPSCs is still subject of intense investigation due to the well-known propensity of iPSCs 

to undergo apoptosis or spontaneous differentiation upon gene editing. Work 

performed by other researchers indicate that Cas9-mediated toxicity creates an 

obstacle to the high-throughput use of CRISPR/Cas9 for genome engineering in iPSCs 

due to the significant cell death upon editing (Xu et al., 2018; Li et al., 2014; Ihry et 

al., 2019). Therefore, development of minimally toxic and efficient delivery methods 

of the CRISPR/Cas9 machinery and donor template and optimization of iPSCs 

manipulation protocols were required to achieve significant frequencies of HDR, 

whilst mitigating cell toxicity upon gene editing.   

I have shown that co-delivery of SpCas9 RNP and NILV-donor described in Chapter 3 

for human keratinocyte cell line can be replicated in iPSCs. The reason for the 

different percentage of donor integration between the two cell lines has been 

hypothesized to be due to the different cellular response to genetic manipulation, 

the speed of cell recovery and spontaneous differentiation rate post electroporation.  
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Additionally, this chapter presents compelling evidence that gene correction by 

ssODN donor template is able to generate high rates of HDR in the gene edited 

population, thereby avoiding extended manipulation, such as clonal selection, of 

gene edited cells. This further suggested that the bulk population of gene-corrected 

RDEB iPSCs could be used for directed differentiation into keratinocyte-like cells to 

evaluate the synthesis of de novo C7 in vitro. 

Therefore, the first goal of my differentiation experiments focused on adapting and 

replicating previously published protocols in RDEB and WT iPSC lines (Itoh et al., 2013; 

Shinkuma et al., 2016; Jacków et al., 2019). To do so, I evaluated the efficiency of 

epidermal commitment by analysing cell morphology and expression of K18, as well 

as co-expression of K14 and ΔNp63 as markers of keratinocyte maturation. Co-

stimulation by ATRA and BMP-4 confirmed the ability of iPSCs to change morphology 

towards keratinocyte-like cells. In support of the observed changes in cell 

morphology, expression of keratinocyte stem cell markers ΔNp63 and immature form 

of K14 were detected. In agreement with previous reports on the enrichment of K14+ 

cells during keratinocyte maturation, rapid-attachment on ColI/ColIV-coated plates 

resulted in a more homogenous population of keratinocyte-like cells. Despite the 

promising results, this protocol presented with critical drawbacks in my experimental 

settings. Keratinocyte-like cells could only be maintained for up to 2-3 rapid 

attachment passages, followed by growth arrest and early senescence. Therefore, 

assessment of C7 expression was not possible in these cells.  

Subsequent, a second differentiation protocol was developed and optimized, 

resulting in epidermal differentiation of untreated and gene corrected iPSCs with a 

longer proliferative capacity in vitro. Under these differentiation conditions, the 

majority of the cells expressed ΔNp63 with approximately 25% of K14+ cells at day 

45 of the protocol. This suggests that the longer cultivation or optimization of the 

protocol for this cell line might need to be carried out in the future in order to enrich 

for ΔNp63+/K14+ epidermal cells. Importantly though, immunocytochemistry for C7 

in iPSC-derived keratinocyte-like cells confirmed the restoration of protein expressing 

to the levels similar to though detected on molecular level, thereby verifying the 

efficiency of the gene addition strategy.  
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Finally, to initially validate the safety profile of this gene editing strategy, NGS analysis 

of the top 10 computationally predicted off-target for Ex3P-sgRNA showed no 

evidence of Cas9-induced InDels in the predicted loci. In conclusion, ssODN-mediated 

HDR permits to achieve significant levels of gene correction for a mutation hotspot 

(c.425A>G) in patient-derived iPSCs that can be consequently used to generate 

keratinocyte-like cells. The efficient gene editing strategy described in Chapter 4 

emphasises the importance of diligent and rational design of donor template 

sequence, optimization of electroporation protocols and choice of format and 

amount of SpCas9 and sgRNA components. Similar optimizations will be evaluated 

for targeted base editing discussed in the next chapter.  
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Chapter 5 Base editor correction of c.425A>G COL7A1 in patient-

derived fibroblasts and iPSCs 

5.1 Background 

Current CRISPR/Cas9 editing strategies for the generation of gene knockout, exon 

skipping or gene knock-in have contributed to the pursuit of precise and efficient 

editing of DNA by NHEJ and HDR upon double stranded breaks (DSB) in situ.  

However, DNA repair processes upon Cas9-induced DSBs may result in a random 

introduction of insertions/deletions or other unwanted and potential harmful DNA 

rearrangements at the site of the breaks. This has been particularly demonstrated in 

hESCs and iPSCs due to activation of p53-dependent DNA damage response and 

apoptosis upon Cas9-induced DSBs (Ihry et al., 2018; Haapaniemi et al., 2018). 

Different approaches involving temporal P53 inhibition by chemicals (Pifithrin-α) or 

delivery of a dominant negative P53DD transgene have so far shown controversial 

results in alleviating Cas9-related toxicity (Li et al., 2018). In contrast, CRISPR/Cas9-

derived base editors such as cytidine base editors (BE) and adenosine base editors 

(ABE) have recently offered the possibility for scarless C → T or A → G conversions 

without Cas9-induced double stranded DNA cleavage. These tools hold a significant 

potential for the correction of more than 60% of human pathogenic SNPs in the 

Clinvar database (Komor et al., 2016a; Rees and Liu 2018). Additionally, due to their 

mechanism of action (section 1.10), this technology presents a safer option for single 

or multiplexed genome editing reducing the risk of large chromosomal translocation 

events between the edited loci. 
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5.2 Hypothesis 

Primary RDEB fibrobalsts and iPSCs described in Chapter 4, could restore endogenous 

C7 expression upon seamless nucleotide-specific correction by cytosine base editor 

(CBE) technology. The use of BE3 obviates the need for a repair template and avoids 

the introduction of InDels or off-target SpCas9-induced DSBs.  

   

5.3 Aims 

1. Investigate base editing technology by designing guide RNAs targeting the 

c.425A>G mutation hotspot by modelling BE editing in RDEB iPSCs 

2. To evaluate the ability of base corrected iPSCs to recover C7 expression by 

direct keratinocyte differentiation from pluripotent stem cells 

3.  Investigate c.425A>G mutation correction in RDEB fibroblasts and assess C7 

production in vitro.  

4. Evaluate the ability of BE-corrected fibroblasts to restore functional C7.  

 

5.4 Modelling coBE3 editing in RDEB iPSCs  

Briefly the structure of the BE3 protein used in this study consisted of a cytidine 

deaminase (rAPOBEC1) joined via a 16AA linker to a D10A nCas9, fused to an uracil 

DNA glycosylase inhibitor (UGI) molecule via a 4AA linker, followed by an SV40 NLS 

separated via another 4AA linker (Figure 5.1A). All the components mentioned above 

play a key role in the function of this gene editing tool. Deactivated cas9 is directed 

by PAM dependent guide RNA to a specific gene locus, where rAPOBEC1 operates 

within a defined window to deaminate cytosine to uracil (C>U). D10A nCas9 

simultaneously nicks the unedited DNA strand promoting correction from the uncut 

edited strand. Upon base conversion, a third element, a UGI enzyme, prevents 

excision repair of U bases by endogenous Uracil-DNA glycosylase (UDG). Once 

situated at its target site, BE3 is able to perform these C>T changes most effectively 

within a 5bp editing window (4-8 nucleotides distal to the PAM). Prior to its use in my 
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experiments, the BE3 DNA sequence was codon optimised (coBE3) by Dr. Roland 

Preece (GeneArt, ThermoFisher Scientific) as this has been shown to increase mRNA 

stability and protein production within mammalian cells (Wu et al., 2019; Zafra et al., 

2018). The plasmid DNA was then used for mRNA synthesis (TriLink BioTechnologies, 

California, USA) for mRNA production. Moreover, a co-transcriptional 5’ capping 

structure and a further polyadenylated site were added to increase expression and 

stability.      

To test coBE3, 2 specific sgRNAs (named x3C7-CyD-1 and x3C7-CyD-2) were designed 

and verified by the Benchling tool (Table 5.1) to ensure that the c.425A>G mutation 

falls within the 5bp editing window from the 3’ end of the designed protospacers 

(Komor et al., 2017). In detail, the c.425A>G mutation sits in position C5 and C6 from 

the 3’ terminus of x3C7-CyD-1 and x3C7-CyD-2 sgRNAs, respectively (Figure 5.1B). 

Both guides were designed to be compatible with SpCas9 as well as BE3. Initial 

validation of guide RNA efficacy for x3C7-CyD-1 and x3C7-CyD-2 was therefore tested 

in combination with SpCas9 mRNA in RDEB iPSCs using the electroporation conditions 

described in section 4.10 for gene disruption by NHEJ. Cells electroporated with Ex3P-

sgRNA were used as positive control of gene disruption by NHEJ. Knockout frequency 

evaluated on genomic level equated to 77% and 64% for x3C7-CyD-1 and x3C7-CyD-

2, respectively (n=1). Comparable percentages of NHEJ were observed with Ex3P-

sgRNA (83%) (Figure 5.1C). 

Table 5.1 Guide sequences tested for COL7A1 Base editing  

Guides x3C7-CyD-1 and -2 were used to assess the G>A base conversion efficiency in exon 3 

of COL7A1. B2M-CyD guide was used as positive control. Guide orientation is shown as sense 

or anti-sense and binds complementary DNA strand by Watson and Crick base pair. On-target 

score is the target activity evaluated by the algorithm developed by Doench, Fusi et al. 

(Doenchet al., 2016). The score is from 0-100 and higher scores mean higher on-target 

activity. Off-target score is evaluated according to the number of mismatches between the 

Guide No Sequence PAM S 
On-

Target 
Score 

Off 
Target 
Score 

BE-score 

x3C7-
CyD-1 

CACCCCGGGGACACCAGGTC GGG - 45.9 66.4 21.4, 20.3, 9.3, 
5.6, 4.1 

x3C7-
CyD-2 

TCACCCCGGGGACACCAGGT CGG - 52.1 70.2 22.4, 21.4, 20.3, 
11.6, 6.4 

B2M-CyD ACTCACGCTGGATAGCCTCC AGG - 65.3 85.0 2.8, 13.5, 21.7, 
2.5 
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selected guide RNA and similar exonic off-target site. The score is from 0-100 and higher 

scores mean lower off-target activity. Base editing prediction score for all the bases in red 

was determined by the efficiency of BE1 activity in vitro using a NGG PAM site. 

 

 
Figure 5.1 Guide RNA design for BE in c.425A>G were initially tested using SpCas9 

A. (I.) Schematic of coBE3 protein layout and (II.) Mechanism of action. Abbreviations: 

rAPOBEC, rat APOBEC; nCa9, nickase Cas9, UGI, uracil DNA glycosylase; SV40 NLS, nuclear 

localization signal from SV40 T antigen; AA linker, amino acid linker. B. Schematic 

representation of x3C7-CyD-1 and x3C7-CyD-2 guide RNAs designed to target exon3/intron3 

junction of COL7A1 and their PAM sequences (underlined in red). The guanine G in red 

represents the c.425A>G RDEB point mutation. Grey boxes represent the base editing 

window of coBE3 which corresponds to the 4th and 8th nucleotides of each sgRNA counting 

from the 3’end of the protospacer sequence. Highlighted with vertical line the exon 3 splicing 

donor (SD) C. Validation of the designed x3C7-CyD-1 and x3C7-CyD-2 was performed by 
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electroporation of guide RNAs alongside spCas9 mRNA in RDEB iPSCs. Each bar represents 

the percentage of COL7A1 gene knockout for x3C7-CyD-1 (74%), x3C7-CyD-2 (63%) and Ex3P-

sgRNA (83%) used as positive control (n=1).  

In order to confirm coBE3 ability to generate on-target C>T changes, x3C7-CyD-1 and 

x3C7-CyD-2 guides were then delivered in RDEB iPSCs alongside 5µg of coBE3 mRNA. 

Guide RNA targeting exon 1 of B2M gene, B2M-CyD, was used as positive control. The 

B2M-CyD sgRNA, designed by Dr. Roland Preece, generates a pre-mature stop codon 

through C>T changes within the exon 1 splice donor site resulting in early termination 

of translation, thereby leading to a truncated non-functional Beta-2-microglobulin 

protein. coBE3 edited cells were harvested on day 7 post electroporation and C>T 

base changes were assessed on genomic DNA. Sanger sequencing-based EDIT-R 

showed targeted G>A conversion at position c.425 at 45% and 32% for x3C7-CyD-1 

and x3C7-CyD-2 sgRNAs, respectively (n=1) (Figure 5.2A). Successful base editing was 

also observed for B2M by Sanger sequencing reaching high levels of C>T conversion 

in both predicted position C4 (55%) and C6 (66%), whereas relatively low editing was 

observed at C8 (8%) (Figure 5.2B). In agreement with data obtained on genomic 

levels, flow cytometry confirmed B2M knockout of 78.8% in the control assessments 

(Figure 5.2B).  

Liu and co-workers demonstrated that for target sites with multiple editable Cs within 

or nearby the activity window, can also be subject to base conversion in addition to 

the target base. It is commonly used the term “bystander editing” to describe editing 

in the protospacer at a different nucleotide from the target one. Due to the 5bp-wide 

editing window recognized by coBE3, quantification of bystander C>T base 

conversion was analysed in cells treated with x3C7-CyD-1 and x3C7-CyD-2 sgRNAs. 

On-target, in-window, coBE3 bystander activity resulted in detectable C>T conversion 

at position c.426 with a frequency of 4% for x3C7-CyD-1 and 21% for x3C7-CyD-2 

guide RNA (n=1). As iPSCs do not express C7 (Sebastiano et al., 2014), the effects of 

these undesired C>T changes on mRNA and protein levels could not be verified in the 

first instance. However, predictive tools were used to assess coBE3-bystander effects 

on C7. Benchling predicted that C>T conversion at position c.426 alone resulted in a 

missense mutation falling on the 3rd base the last codon in exon 3 of COL7A1 (AGG-
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>AGA, Lys->Arg) in RDEB iPSCs (Figure 5.2A). The presence of this mutation should 

change in the conservative splicing donor site mimicking splicing impairments as 

described in RDEB patient cells (Gardella et al., 1996). Splice site disruption was also 

confirmed using the Human Splicing Finder v3.1 (http://www.umd.be/HSF/) online 

tool. On the other hand, C>T conversion at both positions c.425 and c.426 upon coBE3 

base editing creates a disruption of the splicing donor consensus sequence, as 

previously demonstrated in keratinocyte cell lines using the NT-2PS-ssODN-AAA in 

chapter 3, despite restoring the wild type amino acid sequence.  

To additionally confirm on target correction between x3C7-CyD-1 sgRNA and x3C7-

CyD-2 sgRNA, a StyI-RLFP assay, described in section 4.4, was performed in RDEB 

iPSCs treated with both guide RNAs (Figure 5.2A). Enzymatic digestion of PCR 

amplicons of exon3/intron3 junction from samples treated with the StyI enzyme is 

only observable when the C>T conversion is achieved at position c.425. In the 

presence of in-window bystander C>T editing, the StyI digestion cannot be observed 

due to the disruption of the enzymatic DNA site and consequently of the exon3 

splicing acceptor. Enzymatic digestion revealed that both cells edited with x3C7-CyD-

1 and x3C7-CyD-2 sgRNAs showed positive bands at 268bp and 115bp, similar to 

those observed in WT iPSCs. However, densitometric analysis of the StyI digested 

fragments quantified by the ImageJ software confirmed increased level of correction 

with x3C7-CyD-1 guide compared to the x3C7-CyD-2 sgRNAs (22.5% and 10.3%, 

respectively).  

http://www.umd.be/HSF/
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Figure 5.2 Testing of coBE3 strategy for c.425 A>G mutation hotspot in COL7A1 

A. (I.) Representative EDIT-R output for RDEB iPSCs treated with 5µg of coBE3 mRNA and 

either x3C7-CyD-1 or x3C7-CyD-2 guide RNAs. Green boxes indicate the on-target G>A 

correction (54% for x3C7-CyD-1, 32% for x3C7-CyD-2) at position c.425 of COL7A1. Red boxes 

indicate the occurrence of C>T bystander edits within coBE3 activity window (4% for x3C7-

CyD-1, 27% for x3C7-CyD-2). (II.) Prediction of the possible outcomes of on- and off-target 

C>T editing on COL7A1 translation using the Benchling tool. For each possible outcome, DNA 

sequence of exon 3 of COL7A1 and corresponding amino acid sequence are shown. From the 

top, the wild type (A) and RDEB (A>G) nucleotide sequences at position c.425 are boxed in 

green and red, respectively. Single nucleotide correction at position c.425 (c.425 G>A) in 

RDEB iPSCS corresponds to the restoration of the correct C7 amino acid sequence (R>K) and 

the splicing donor site. Single nucleotide correction at position c.426 (G>A c.426) corresponds 

to the introduction of a missense mutation (AGG>AGA) in the RDEB COL7A1 sequence where 

both the amino acid sequence and the splicing donor are altered. This editing leads to splicing 

aberration (SA) upon transcription of the base edited gene. Co-presence of C>T changes (G>A 
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at both the positions c.425 and c.426) leads to the restoration of the wild type C7 amino acid 

sequence but alters the consensus sequence of the exon 3 COL7A1 splicing donor site 

resulting in splicing aberration (SA). (III.) StyI-based enzymatic digestion of the PCR amplified 

exon 3 of COL7A1 in RDEB treated with coBE3 and either x3C7-CyD-1 or x3C7-CyD-2. 

Untreated WT and RDEB iPSCs were used as control. The restriction digestion site sequence 

recognized by the StyI enzyme is shown by the red triangles. The possible combinations of 

coBE3-mediated nucleotide changes are shown in red. Restoration of the StyI digestion site 

was detected by gel electrophoresis in cells treated with either x3C7-CyD-1 or x3C7-CyD-2. 

The percentages of corrective C>T base change numbers at the bottom of the gel (22.5% for 

x3C7-CyD-1, 10.3% for x3C7-CyD-2) were quantified by ImageJ`s gel analysis function. B. 

EDIT-R analysis of C>T conversion at Ex1 sgRNA protospacer positions C8 (8%), C6 (55%) and 

C4 (66%) within B2M locus targeted as a positive control.  C>T base editing in Ex1 splicing 

donor site resulted in 78% B2M knockout detected by flow cytometry in RDEB iPSCS. 

 

Authentication of the on-target coBE3 editing profile within the editing window of 

x3C7-CyD-1 protospacer was verified by Dr. Athina Gkazi using NGS data run on a 

MiSeq, followed by analysis using naïve calling variant (NVC) which counts the 

number of base variations at each nucleotide position within the protospacer (Figure 

5.3A). In accordance with Sanger sequence results, NGS confirmed up to 44% (59% 

of the total C>T changes) of on-target coBE3 editing activity at position c.425. In-

window and out-of-widow bystander C>T conversions were also observed at 

significant frequencies at different nucleotides within the x3C7-CyD-1 protospacer. 

For the former, 19.4% of C>T conversion was detected at position c.426.while 

significant percentages of C>T conversion were also found outside the predicted 

editing area at positions C3 (3.8%) and C1 (7.4%) of the x3C7-CyD-1 protospacer. 

Other out-of-window coBE3-dependent conversion was <1% above background 

across the sequencing window. Noteworthy, as described in Komor et al. studies 

(Komor et al. 2016), non C>T changes (C>A and C>G conversions) were also observed 

within and near the coBE3 editing window for the x3C7-CyD-1 guide, thereby 

disrupting the wild type C7 amino acid sequence (Figure 5.3A). 

Despite the confirmation of base editing efficacy in RDEB iPSCs by NGS, the main 

limitation of the analysis described above is the lack of a haplotype-based variant 

detection of the corrective coBE3 editing activity without the presence of bystander 

events within the same sequenced read. Raw NGS data was also analysed by 
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CRISPResso2 bioinformatical tool to quantify haplotype variants due to different C>T 

combinations inside and outside the coBE3 editing window and within the exon 3 

splicing donor. Of the 44% of C>T conversion at position c.425 detected by single 

nucleotide base calling, 23.5% of the NGS reads (1144 of 4444 total reads) were found 

to be able to restore the wild type COL7A1 sequence without the presence of 

unwanted C>T changes (Figure 5.3B). Importantly, the obtained percentage of 

corrective haplotype by deep sequencing confirms what previously observed by 

densitometric assay on DNA level. The analysis also showed the presence of different 

haplotype combinations harbouring undesired C>T coBE3-mediated substitutions 

and C>A or C>G changes within the exon 3 of COL7A1 splicing donor. Collectively, all 

the haplotypes bearing unwanted combinations in splicing donor would be expected 

to interfere with the generation of correct Col7 transcripts upon splicing as observed 

in section 3.13.  
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Figure 5.3 Characterization of coBE3 changes in RDEB iPSCs by NGS 

A. Base variant calling of C>T changes across the COL7A1 locus in RDEB iPSCs electroporated 

with coBE3 mRNA and x3C7-CyD-1 sgRNA by NGS. Substitution rate at each position of the 

x3C7-CyD-1 protospacer is displayed in the table. The c.425A>G target base is highlighted in 

red. The green blocks represent coBE3-mediated C>T conversion across the protospacer. The 

c.425A>G mutation is corrected by coBE3 in 44.7% of total reads. Percentages of bystander 

C>T conversions are reported in the table. Non-conventional C>T conversions were reported 

within and near the editing window and percentages are shown in the table with the 

following colors: Red: C>G and yellow: C>A. Blue box represent unedited nucleotides. B. 

CRISPResso2-based haplotype quantification of corrective C>T edits (green letters) in based 

edited cells. The percentage of reads with a single correction at position c.425 is represented 

by the green bar (23.55%). Bystander C>T edits and non C>T base changes in the 5bp coBE3 

deamination activity window (dotted box) and within the exon 3 COL7A1 splicing donor 

(highlighted in grey: uppercase, exon 3 DNA sequence, italics intron 3 sequence) are 

represented by red letters in different haplotype combinations. Percentage of each 

haplotype is reported in the graph. Boxed in red, the c.425A>G pathogenic hotspot mutation 

in unedited reads (37.5%). 
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5.5 Base edited RDEB iPSCs express C7 in vitro after direct differentiation into 

keratinocytes 

To confirm restoration of C7 in coBE3-edieted cells, x3C7-CyD-1 RDEB iPSCs were 

differentiated into keratinocyte-like cells using the previously described 

differentiation protocol (performed by Professor Dusko Ilic) shown in Figure 4.14. The 

differentiation of x3C7-CyD-1 RDEB iPSCs (from now called x3C7-CyD-1 iKer) was 

performed in parallel with all cell lines described in section 4.12. x3C7-CyD-1 iKer 

showed similar cellular morphology changes towards keratinocytes commitment at 

each stage of the differentiation. Correct localization of the ΔNP63+ and K14+ 

keratinocyte stem cell markers was assessed at day 45 of the differentiation by 

immunofluorescence (Figure 5.4). In line with the results observed in Figure 4.16 

quantification of the immunofluorescent data showed that the majority of x3C7-CyD-

1 iKer displayed bright ΔNp63 positivity with around 20% of K14+ co-expressing cells 

in a fibrillar fashion. Next, in accordance with the percentage of corrective C>T 

haplotype observed by NGS, immunofluorescence for C7 confirmed rescued protein 

expression at 29.4% in base-edited x3C7-CyD-1 iKer, of which 100% co-expressed 

ΔNp63 (Figure 5.4). The similar correction levels on genomic and protein levels 

suggest that only precise C>T correction in position c.425 is able to rescue patient’s 

collagen type VII. In window and out-of-window bystander effects, on the contrary, 

hinder the correct C7 synthesis due to splicing aberration.  
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Figure 5.4 Characterization of keratinocyte stem cell markers and rescue of C7 in 
base edited x3C7-CyD-1 iKer 

Top panel: phase contrast image of x3C7-CyD-1 iKer at day 45 of keratinocyte differentiation 

showed correct keratinocyte-like morphology in vitro. Bottom panel (left): 

Immunofluorescence analysis of x3C7-CyD-1 iKer co-expressing △Np63 (red) and K14 (green) 

at the same time point showed on the top panel. Hoechst (blue) was used for nuclear 

staining. The majority of cells were positive for △Np63, whereas approximately 20% of cells 

were K14+. Bottom panel (right): Immunofluorescence analysis confirmed de novo C7 and 

co-expression △Np63.  
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5.6 Base editing signatures at predicted off-target sites 

Although BE3 have proved robust on-target DNA base editing efficiency for a variety 

of different disorders in human cells, recent studies have demonstrated that base 

editors can lead to low, but detectable cytosine deamination on both DNA and 

cellular RNA levels in a guide-dependent and guide-dependent fashion (Yu et al. 2020; 

Jin et al., 2019; Grünewald et al., 2019; Doman et al., 2020; Zuo et al., 2019). To assess 

the likelihood of coBE3 to create off-target C>T editing, the Benchling in silico 

predictive algorithm was used to identify the off-target regions that can potentially 

be targeted by the x3C7-CyD-1 sgRNA protospacer (Figure 5.5). The top 10 identified 

off-target genomic loci were initially PCR amplified in base edited and untreated 

RDEB iPSCs and amplicons were run by illumina MiSeq sequencing to assess the 

frequency of C>T off-target editing. Collectively, guide-dependent off-target edits 

were detected at frequencies below the 0.1% in 9 out of 10 off-target sites. However, 

a 4% C>T coBE3-mediated conversion was detected at 1 out of 10 evaluated sites 

(OT3). Statistical comparison by two-tailed independent student t-test of the 

following off-target site with the untreated sample revelated no difference between 

the two samples (p=0.25). Mapping of the predicted off-target site by the human 

genome browser showed that the OT3 sequence falls within the intron 2 of the Small 

glutamine-rich tetratricopeptide repeat-containing protein beta (SGTB) gene highly 

expressed in brain and implicated in neuronal synaptic transmission (Vuong et al. 

2019). Despite the no significant reported C>T change observed by NGS, the following 

base correction does not seem to fall in splicing donor or splicing acceptor consensus 

sequences.  

 

Due to the reported nicking activity of coBE3 by the nCas9(D10A) at the non-edited 

stranded (Komor et al., 2016) other changes at positions of possible residual Cas9 

nuclease activity was evaluated. NGS data was then analysed to quantify the 

percentage of InDels in the on–target and the predicted off-target loci. Data showed 

a 5.64% of InDels (3.15% deletions + 2.5% insertion) within the COL7A1 sequence 

recognized by the x3C7-CyD-1 sgRNA. Importantly, as confirmation of non-significant 
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base editing in OT3, <0.5% of residual Cas9-mediated InDels were detected at the 

predicted off-target site.  

 

 

Figure 5.5 NGS for off- and on-target analysis of coBE3-edited iPSCs 

The top 10 off-target sites for x3C7-CyD-1 sgRNA were predicted by the Benchling tool and 

are shown in column 1. Highlighted in red, bases representing mismatches between the off-

target site and the COL7A1 x3C7-CyD-1 sgRNA target (column 2). For each predicted off-

target, gene name and relative location within coding or noncoding sites is indicated in 

column 3. NGS data from Illumina MiSeq sequencing plotted to quantify off-target C>T base 

editing is shown in column 4. Individual C>T percentages following base editing are shown in 

red. Percentage of insertions and deletions (InDels) for COL7A1 and off-target sites are shown 

in column 5. The percentage of reads from both off-target coBE editing and nCas9-induced 

DSBs are representative of 1 experiment.  

 

 

 

 



251 
 

5.7 Base editing-mediated COL7A1 restoration in RDEB fibroblasts  

The base editing strategy described in the previous section was also tested directly in 

primary RDEB fibroblasts. The choice of using base editors over an HDR-based 

strategy in primary RDEB fibroblast was given by the fact that base editing does not 

rely on cell division (Rees and Liu 2018; Yeh et al., 2018). Approximately 1x106 cells 

were electroporated with coBE3 using the same amounts of mRNA (5µg) and 

chemically modified x3C7-CyD-1 sgRNA (2µg) as described for iPSCs. Electroporation 

was performed with the Amaxa Lonza-4D using EN-150 program. B2M-CyD guide RNA 

was used as positive control. To verify the efficiency of the mRNA delivery with the 

electroporation program used, RDEB fibroblasts were also electroporated with 2µg 

of GFP mRNA and GFP expression evaluated 2 days post-delivery.  

Almost 100% of fibroblasts were positive for GFP with no observable cell toxicity in 

COL7A1 and B2M edited cells under phase contrast microscope at 48 hours and 4 

days post electroporation (Figure 5.6A). In line with what was observed in iPSCs, 

EDIT-R analysis of RDEB fibroblasts electroporated with x3C7-CyD-1 confirmed high 

C>T conversion (67%) at the desired c.425 position. Additionally, a similar pattern of 

bystander C>T conversion observed in RDEB iPSCs was also corroborated in base 

edited fibroblasts. Sanger sequencing revealed bystander C>T changes were within 

the editing window at position c.426 (20%) and outside the predicted editing area at 

positions C3 (2%) and C1 (17%) of the x3C7-CyD-1 protospacer. As confirmation of 

coBE3 activity, 99% and 100% of editing was detected at positions C6 and C4 of B2M 

locus, respectively (Figure 5.6B).  

StyI-RLFP assay was successfully performed in base edited RDEB fibroblasts to verify 

the presence of corrective on-target base editing (Figure 5.6C). Evidence of the 

correct C>T change was confirmed by gel electrophoresis with the presence of two 

digested bands at 268bp and 115bp, indicating the restoration of the wild type 

COL7A1 sequence. As in section 5.5, densiometric quantification of the StyI digested 

bands showed that of the 67% of C>T conversion at position c.425 detected by EDIT-

R, around 35% of base edited cells showed the on-target C>T conversion without the 

presence of bystander events.   
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Figure 5.6 COL7A1 base editing correction in primary RDEB fibroblasts 

A. Morphology and transfection efficiency in RDEB fibroblasts before (I.) and after (II.) 

electroporation with GFP mRNA. Almost all cells were GFP positive. Cell viability of base 

edited RDEB fibroblasts with x3C7-CyD-1 (III.) and B2M-CyD (IV.) at 2 and 4 days post 

electroporation (post-EP) (n=1) was evaluated under phase contrast microscope. B. EDIT-R 

output for RDEB fibroblasts treated with coBE3 mRNA and x3C7-CyD-1 and B2M-CyD guide 

RNAs. Green boxes indicate the desired on-target G>A correction (67%) and bystander base 

conversion at position c.426 (20%) in COLA71 locus. Untreated RDEB fibroblasts (below) were 

used as negative control. C>T base editing at positions C6 (99%) and C4 (100%) was detected 

in B2M locus. C. StyI-based enzymatic digestion of the PCR amplified exon 3 COL7A1 in RDEB 

fibroblasts treated with coBE3 and x3C7-CyD-1 and untreated patient and wild type cells used 

as negative and positive controls, respectively.  The percentage at the bottom of the gel 

indicates the frequency of corrective c.425G>A conversion in base edited fibroblasts (FB) 

calculated by ImageJ`s gel analysis function. 
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Characterisation of the coBE3 editing profile on the genomic level by NGS in base 

edited fibroblasts showed greater purity of C>T conversion (54% C>T, 89% of the total 

C>T changes) in the predicted c.425 position (Figure 5.7A). This data also confirmed 

the ability of coBE3 to execute the desired substitution and in turn generate high 

levels of COL7A1 correction. Noteworthily, lower bystander C>T changes (C4: 4.8%, 

C3: 1%) and non-canonical C>T conversions (c.425C>A: 2.2%, c.425C>G: 2.70%) were 

also observed by NGS compared to base edited iPSCs.  Subsequent haplotype-based 

analysis using raw NGS data by CRISPResso2 revealed up to 46% of corrective reads 

with C>T changes in position c.425 only (Figure 5.7B). This analysis further confirmed 

that base edited fibroblasts showed greater purity of C>T conversion at the target 

site than base edited RDEB iPSCs 

As previously shown for base edited iPSCs, quantification of the residual Cas9 activity 

using Pindel to detect NEHJ events revealed InDels in only a total of 3.62% reads 

(2.53% deletions + 1.09% insertion) within the amplified COL7A1 region (Data not 

shown).  
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Figure 5.7 Deep sequencing analysis confirmed high levels of the predicted C>T in 
base-edited primary fibroblasts 

A. Base variant calling of C>T changes across the COL7A1 locus in RDEB primary fibroblasts 

electroporated with coBE3 mRNA and x3C7-CyD-1 sgRNA by NGS. Substitution rate at each 

position of the x3C7-CyD-1 protospacer is displayed in the table. The c.425A>G target base is 

highlighted in red. The green blocks represent coBE3-mediated C>T conversion across the 

protospacer. The c.425A>G mutation is corrected by coBE3 in 54.71% of total reads. 

Percentages of bystander C>T conversions are reported in the table. Non-conventional C>T 

conversions were reported within and near the editing window and percentages are shown 

in the table with the following colors: Red: C>G and yellow: C>A. Blue box represent unedited 

nucleotides. B. CRISPResso2 haplotype-based quantification of corrective C>T edits (green 

letter) in based edited cells. The percentage of reads harbouring a single correction at 

position c.425 is represented by the green bar (46%). Bystander C>T edits and non C>T base 

changes in the 5bp coBE3 deamination activity window (dotted box) and within the exon 3 

COL7A1 splicing donor (highlighted in grey: uppercase, exon 3 DNA sequence, italics intron 3 

sequence) are represented by red letters in different haplotype combinations. Percentage of 

each haplotype is reported in the graph. Boxed in red, the c.425A>G pathogenic hotspot 

mutation in unedited reads (35.28%). 
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Immunofluorescence of base edited RDEB fibroblasts using a mouse mAb-C7-LH7.2 

antibody confirmed restoration of C7, whilst protein expression was absent in 

untreated patient cells (Figure 5.8A). Wild type fibroblasts were used as a positive 

control and the percentage of C7 obtained by staining was used to normalize the 

rescued collagen in base edited RDEB fibroblasts. In agreement with what observed 

on molecular data, an average of 29.8% C7 positive cells were detected by counting 

the fluorescent signal of 4 independent fields. For further confirmation of C7 

expression, western blot of total protein isolated from cell lysates was performed and 

revealed the presence of 290kDa band in base edited fibroblasts corresponding to 

full-length C7 protein (Figure 5.8B). Untreated patient cells and wild type fibroblasts 

were used as negative and positive controls of C7 expression, respectively. As 

additional control, RDEB fibroblasts previously engineered to express C7 by lentiviral 

transduction of the full-length codon optimized COL7A1 cDNA were used (Georgiadis 

et al., 2016).  After stripping the membrane, vinculin staining was performed to 

ensure equal total protein loading. As C7 is a secreted protein, culture media was also 

harvested from each condition tested, protein precipitated and used for western blot 

analysis (Figure 5.8C). Cell lysates from the base edited cell population showed a 

strong full-length C7 expression comparable to that in wild type fibroblasts. 
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Figure 5.8 Restoration of full-length C7 in coBE3-edited RDEB fibroblasts 

A. Immunofluorescence staining for C7 expression (green) and nuclear Hoechst (blue) of 
untreated RDEB fibroblasts and coBE3-edited RDEB fibroblasts, as well as wild type 
fibroblasts and keratinocytes used as positive controls. Restored C7 expression is observable 
in base edited cells. Scale bar = 50 μm. B. C7 western blotting from cell lysate and culture 
supernatant in untreated RDEB fibroblasts and coBE3-edited, as well as LV-C7 transduced 
fibroblasts and wild type fibroblasts used as positive controls. No C7 expression was observed 
in untransduced cells where as coBE3-edited RDEB fibroblasts showed restoration of full-

length C7 (~290kDa) in both cell lysate and supernatant. Vinculin and Ponceau S staining 
were used as a loading control for cell lysate and supernatant blotting, respectively.  
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5.8 Chapter discussion 

This chapter aimed to determine the potential of cytidine base editing technology for 

seamless correction of COL7A1 mutation hotspot (c.425A>G) in RDEB iPSCs and 

primary fibroblasts. The main advantages of base editors for gene correction over 

HDR are: 1) the ability of introducing nucleotide specific changes with minimal InDels 

(NHEJ) which are the main by-product of canonical SpCas9 editing, 2) the editing 

activity of base editors does not rely on cell division and thus 3) no delivery of 

exogenous donor templates is required for gene correction. For this purpose, a codon 

optimized version of cytidine base editor (coBE3) was delivered as mRNA in RDEB 

iPSCs alongside two different guide RNAs, x3C7-CyD-1 and x3C7-CyD-2, designed to 

accommodate the c.425A>G mutation within their base editing window. Appreciable 

coBE3-mediated on-target C>T correction at position c.425 was detected and 

equated to 45% and 32% with x3C7-CyD-1 and x3C7-CyD-2 sgRNA, respectively. In 

line with other research group studies (Yu et al., 2020; Jin et al., 2019; Grünewald et 

al., 2019; Doman et al., 2020; Zuo et al., 2019),  bystander on-target C>T changes 

were observed with both guide RNAs, thereby highlighting the main limitation of base 

editing when other potential cytosines sit within or near the coBE3 editing window. 

Computational prediction of unwanted C>T changes suggested that bystander edits 

alone or in combination with the corrective C>T change in c.425 alter the consensus 

splicing donor sequence in exon 3. This hypothesis was supported by splicing 

aberrations in the Col7 transcript reported in c.425A>G patients (Gardella et al., 

1996) and due to the absence of C7 in keratinocytes with a silent G>A conversion 

within the NT-2PS-ssODN-AAA- donor at position c.426 described in Chapter 3. 

Additionally, deep sequencing data confirmed the C>T distribution observed by 

Sanger sequencing with a preference for edits to fall at position 5 of the x3C7-CyD-1 

sgRNA. However, haplotype analysis and densitometric quantification of the 

amplified exon3/intron 3 junction by the StyI assay estimated that only half of the 

C>T edits in c.425 occurs without bystander effects, thereby restoring COL7A1 

sequence, while preserving the splicing donor site.  
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Differentiation of the base edited RDEB iPSCs into keratinocytes confirmed the ability 

of these cells to restore C7 expression. In line with the percentages of C>T changes 

by NGS, the amount of de novo synthetized C7 detected by immunofluorescence 

demonstrated that only cells with corrective C>T changes at position c.425 were able 

to express the protein.  

Evaluation of potential guide-dependent C>T changes in the top 10 in silico predicted 

off-target sites showed no significant rAPOBEC1-mediated deamination activity in 

these loci. Furthermore, detection of the residual Cas9 nickase activity of coBE3 

revealed only a minimal percentage of NHEJ events in the COL7A1 site, whereas 

percentages of InDels in the predicted off-target loci was <1% above background 

across the sequencing window. 

Next, coBE3 correction strategy was translated into RDEB fibroblasts and up to 67% 

of C>T correction at position c.425 was observed. Despite bystander on-target effects 

detected on genomic level by Sanger sequencing, restoration of C7 protein was 

confirmed in base edited RDEB fibroblasts by immunofluorescence. Importantly, full-

length C7 was detected by western blotting using protein extracted from both the 

cell lysate and culture media, the latter indicating effective secretion of the protein 

by base edited RDEB fibroblasts.  

Collectively, this chapter showed the feasibility of autologous base editing by cytidine 

base editor in RDEB iPSCs and primary fibroblasts. Base edited cells showed modest 

targeted C>T conversion and rescued C7 expression and function without the need 

for further clonal selection. These findings provide a proof-of-concept evidence that 

base editing can offer a promising seamless strategy for autologous gene and cell 

therapy for RDEB. 
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Chapter 6 Discussion  

The overall aim of this project was the design and optimization of CRISPR/Cas9 gene- 

and cytidine deaminase-base editing platforms for the efficient correction of a RDEB 

mutation hotspot (c.425A>G, p.K142R) in exon 3 of the COL7A1 gene. Particular focus 

has been given to the development of COL7A1 correction through CRISPR/Cas9-

associated homology-directed repair (HDR) using different donor templates such as 

double-stranded DNA via integrase defective lentiviral vector or single-stranded 

oligodeoxynucleotides (ssODNs). As first step of the project, validation of both HDR-

mediated platforms was performed in a wild type keratinocyte cell line (Chapter 3). 

Next, RDEB patient iPSCs bearing a homozygous c.425A>G mutation were generated 

to be used as a stable cellular model to validate COL7A1-correction efficiency. Data 

presented in Chapter 4 demonstrated that the CRISPR/Cas9-mediated HDR can 

introduce a corrected homologous sequence in the targeted locus and restore the 

normal gene sequence. In parallel, to obviate the creation of potentially deleterious 

DSBs and need of a repair template, seamless C>T cytidine deaminase base editor 

(coBE3) was validated in RDEB iPSCs and modest targeted correction at position c.425 

was achieved (Chapter 5). Finally, efficient coBE3-mediated COL7A1 correction was 

demonstrated in primary RDEB fibroblasts, leading to restoration of the endogenous 

full-length C7 expression in vitro.  
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6.1 NILV-based gene correction following CRISPR/Cas9-induced DSBs as proof-

of-concept for HDR-based strategies for RDEB.  

CRISPR/Cas9-based gene editing has provided a novel and customizable option for 

efficient manipulation of any genomic sequence of interest by site-specific double-

strand breaks (DSBs) followed by resolution of DNA integrity by nonhomologous end-

joining (NHEJ) and homology directed repair (HDR). The results presented in this 

report confirmed that CRISPR/Cas9-mediated correction of the c.425A>G mutation 

can be only achieved when a donor template is provided in patient cells (Izmiryan et 

al., 2016; Kocher et al., 2019). Only modest COL7A1 correction by HDR which relied 

on drug selection or clonal isolation of the gene corrected cells has been reported in 

the literature  (Osborn et al., 2013; Hainzl et al., 2017; Izmiryan et al., 2018; Izmiryan 

et al., 2016; Chamorro et al., 2016; Sebastiano et al., 2014; Bonafont et al., 2021). Up 

until now, viral platforms such as NILV and AAV (AAV6) have shown to mediate high 

HDR-mediated CRISPR/Cas9 correction in primary RDEB keratinocyte stem cells ( 

Izmiryan et al., 2018; Bonafont et al., 2021). In this body of work, proof-of-concept 

for feasible c.425A>G COL7A1 correction was demonstrated in wild type keratinocyte 

cell line and RDEB iPSCs using a therapeutic donor template bearing a portion of the 

wild type COL7A1 (~1.8kb) sequence spanning from intron 2 to intron 7 and delivered 

by NILV.  

For significant levels of donor integration to occur, higher frequency of Cas9-induced 

DSBs was shown to increase the likelihood of the target site to be repaired by HDR 

(Remy et al., 2014; Duda et al., 2014; Hendel et al., 2014). In this direction, 

optimization of CRISPR/Cas9 reagents transfection efficiency and guide RNA design 

were initially investigated and frequency of Cas9-induced DSBs by NHEJ in the 

COL7A1 locus was assessed. Identifying the guide RNA with the best targeting 

efficiency was crucial for subsequent evaluation of HDR-based strategies. In terms of 

overall transfection efficiency, several configurations for genome editing reagents 

delivery were investigated. In recent years, the CRISPR/Cas9 technology has seen 

significant advancements with the development of a number of new platforms and 

formats by which the Cas9 and sgRNA can be delivered augmenting targeting 
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capabilities and maximising accessibility (Preece and Georgiadis 2019). Use of 

transient or complete non-viral delivery of sgRNA and SpCas9 supplied as mRNA or 

protein (RNP) have shown increased targeting efficiency without the toxicity 

associated with plasmid or integrating virus delivery (kim et al., 2014). In this regards, 

Chapter 3 describes the comparison between different strategies for CRISPR/Cas9 

delivery, namely either as a ribonucleoprotein complex (RNP) containing both sgRNA 

and Cas9 protein or as sgRNA delivered via a Lentiviral vector in combination with 

Cas9 mRNA. Both methods ensured only transient expression of Cas9 nuclease, 

thereby safeguarding off-target activity and minimizing potential immunogenicity. 

The main rationale for testing a viral hybrid CRISPR/Cas9 delivery platform in the first 

instance was due to the previously reported preclinical application from my research 

group for the creation of universal CAR T cell therapies to mediate anti-leukemic 

effects in patients (Georgiadis et al., 2018). In this study, a lentiviral “terminal” vector 

platform was rationally engineered to incorporate of a sgRNA cassette into the ΔU3 

3′ long terminal repeat (LTR) coupled by delivery of Cas9 mRNA by electroporation 

resulting in around 50% knockout in T cells. The main limitation of this hybrid 

platform for COL7A1 editing was its significant lower capacity of generating DSBs 

suitable for HDR correction compared to Cas9 RNP delivery. Although the significant 

differences in editing efficiency between the 2 platforms were observed, it is worth 

noting that a direct comparison cannot be carried out. Due to the different formats 

of Cas9 and sgRNA used in these delivery systems, ensuring that equal amounts of 

these reagents are delivered into the cells is not technically possible. In addition, 

technical limitations prohibit from accurate evaluation of intracellular functional RNP 

complexes formation between the two delivery systems. It is important to note that 

we aimed to limit the expression of guide RNA from lentiviral vector by controlling 

the vector copy number per cell to meet the requirement for preclinical or clinical 

applications. Subsequently, the higher editing rate achieved by RNP delivery of the 

gene editing reagents, led me to investigate it further for gene correction in patient-

derived RDEB iPSCs. For proof-of-concept of HDR-mediated gene correction, a non-

integrating lentiviral (NILV) platform was initially chosen as it has previously been 

shown to mediate modest correction rates without perturbing the proliferative 

capacity of JEB and RDEB primary keratinocytes (Coluccio et al., 2013; Izmiryan et al., 
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2018; Benati et al., 2018; Izmiryan et al., 2016). As a rationale for using NILV-mediated 

HDR for RDEB, a study by Izmiryan et al. demonstrated that skin grafts made form 

primary fibroblasts and keratinocytes which were gene edited using NILV donor 

template for CRISPR/Cas9-mediated HDR presented with up to 26% of C7 rescue at 

the DEJ, which was sufficient for de novo AF formation with no dermal-epidermal 

separation.  

The NILV platform described in this thesis was initially developed in my research 

group for ZFN-mediated COL7A1 correction (Georgiadis 2016). The use of a 

promotorless donor template has an advantage of reducing the probability of 

activating neighbouring oncogenes upon integration. The NILV-I2I7C7-

SDMTemplate-F was rationally designed to span 6 exons of endogenous COL7A1 in 

order to cover a wide range of mutations clustered around this portion of the gene 

and, therefore, in theory could be used for site-specific correction of multiple 

mutation hotspots. 

In addition, the rational design of the corrective template included optimized lengths 

of the donor and its homology arms lengths, inclusion of both intronic and exonic 

sequences and introduction of silent mismatches, as previously described (Izmiryan 

et al., 2016; Izmiryan et al., 2018; Georgiadis 2016). Although it has been shown that 

the distance of the corrective mismatches from the cut site is directly correlated with 

the efficiency of HDR-mediated donor integration (Elliott et al., 1998; Chu et al., 

2015), NGS results from NILV-corrected RDEB iPSCs showed similar integration rates 

of silent Cas9 blocking mutations and the introduced corrective G>A mismatch at 

position c.425, despite the differences in the distance from the cut site (1-10bp and 

71bp, respectively). Moreover, PCR analysis for targeted integration of both 5’ and 3’ 

ends of the donor template confirmed that all integrations were HDR-dependent due 

to the presence of the predicted PCR band size with no evidence of HDR-independent 

integrations previously reported for NILV-based correction strategy in JEB 

keratinocytes (Benati et al., 2018). Upon clonal analysis, immunofluorescence 

analysis of HDR-edited keratinocytes confirmed that the co-presence of silent point 

mutations within the donor template did not interfere with C7 expression. 
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Several studies have shown that efficient reproducible HDR-mediated correction can 

be achieved by coordinated/sequential delivery of the genome editing tools and 

donor template depending on their format, delivery cargo and cell-cycle progression 

(Bak and Porteus 2017; Knipping et al., 2017; Genovese et al., 2014). In my study, 

simultaneous co-delivery of CRISPR/Cas9 RNP and NILV-donor resulted in higher 

levels of HDR compared to sequential delivery of the reagents, with the RNP complex 

being delivered post NILV infection. The high percentage of homologous 

recombination observed supports the hypothesis that a synchronous timing of Cas9-

RNP induced DSBs and template availability upon retrotranscription can promote 

efficient HDR. Importantly, this system was not only highly efficient in human 

keratinocyte cell lines, but modest HDR rates were also observed in wild type and 

RDEB iPSCs. The key aspect of the system is that delivery of gene-editing components 

can be performed in a single step. This is particularly important when working with 

stem cells like iPSCs that do not tolerate repeated genetic manipulations. A previous 

time course study by Genovese et al., demonstrated that modest gene correction of 

the IL2RG gene, responsible for SCID-X1, when the donor template was delivered by 

NILV one day prior to ZFNs mRNA (Genovese et al., 2014). In my studies, however, 

electroporation of the RNP complex 24 hours post NILV-donor infection resulted in 

slightly lower template integration. Kinetic studies of Cas9 half-life by western 

blotting has shown that on average the protein expression peaked between 12-24 

hours post electroporation of either Cas9 mRNA or RNP, resulting in the highest rate 

of DSBs within 24 hours post nuclease delivery (Kim et al. 2014., Georgiadis et al., 

2018). Similarly, a recent paper by Uchida et al. has demonstrated that a comparable 

peak time of retrotranscription of lentiviral donor template by reverse transcriptase, 

which is then followed by 10-fold decrease within 3 days post infection (Uchida et al., 

2016). Furthermore, evidence of high HDR events in the total gene edited  population 

(NHEJ+HDR) supports the hypothesis that nuclease-mediated HDR is more effective 

in iPSCs than in primary skin cells (Cherry and Daley 2013; Inoue et al., 2014; van Sluis 

and McStay 2015).   

Although, preliminary results are indicative of the feasibility of NILV-based template 

delivery in patient-derived iPSCs, several drawbacks may impede the use of this 



264 
 

vector format for HDR-based strategies for clinical translation. Large scale 

manufacturing of NILV is expensive and quantification of the HIV-p24 provides an 

inaccurate titre as levels of this antigen provide a measure of physical titre rather 

than functional. Use of different formats for donor delivery such as ssODNs for 

correction of small pathogenic variants, can overcome manufacturing and cost-

related issues and have shown to be highly efficient in mediating HDR in iPSCs (Guo 

et al., 2018; Kwart et al., 2017; Paquet et al. 2016; Martin et al., 2019; Yang et al., 

2013). 

6.2 Evaluation of complete viral free COL7A1 correction by HDR using ssODN 

donor templates  

In addition to allowing higher COL7A1 correction, single stranded oligo donor 

configuration can provide an ideal platform to explore the efficiency of a viral-free 

template delivery for HDR-based strategies.  Use of viral-free donor templates, such 

as plasmid DNA, for HDR-based gene correction in primary keratinocytes so far only 

resulted in low correction rates, hindering the application of this platform for 

preclinical and clinical settings. It is well established that primary keratinocytes are 

notoriously resistant to plasmid transfections, subsequently resulting in low HDR 

(Hainzl et al., 2017). To increase the rate of HDR, several strategies, including addition 

of antibiotic resistance cassette with or without a Cre/Lox excisionable system 

(Kocher et al., 2019), reporter genes for cell sorting, or clonal isolation of the gene-

edited cells (Chamorro et al., 2016; Benati et al., 2018; Jacków et al., 2019), are 

currently being investigated. A limiting factor to be considered is the short lifespan 

of primary fibroblasts and keratinocytes. Extended culture and manipulations, such 

as gene editing and clonal selection, can rapidly lead to growth arrest, terminal 

differentiation and senescence of both cell types in vitro. Although iPSCs have been 

shown to be more amenable to extensive manipulations, recent reports have also 

demonstrated significant low cell viability upon plasmid transfection (Jacków et al., 

2019; Shinkuma et al., 2016) or p53-depended cell death upon Cas9-induced DSBs 

(Ihry et al. 2018). In addition, clonal selection of Cas9 edited iPSCs might select for 



265 
 

cells more resistant to DNA damage with p53 dominant negative mutations making 

them unsuitable for any potential cell therapy approach (Merkle et al., 2017).  

More recently, alternative strategies using single stranded oligonucleotides (ssODN) 

or linearized-double stranded DNA (ldsDNA) were investigated to correct monogenic 

disorders in primary cells and iPSCs (Guo et al., 2018; Kwart et al., 2017; Paquet et 

al., 2016; Martin et al., 2019; Yang et al., 2013; Roth et al., 2018). Donor delivery via 

ldsDNA in combination with CRISPR/Cas9 reagents has been shown to be effective 

for correction of pathogenic mutations in cells from patients with monogenic 

autoimmune disorders and genetic reprograming of the endogenous T cell receptor 

(TCR) locus against cancer antigens (Roth et al., 2018). Co-electroporation of Cas9 

RNP and >1kb ldsDNA templates showed significantly high integration rates with only 

modest impact on T cells viability. In my work I investigated ldsDNA donor template 

designed for the correction of the c.425G>A mutation in wild type HaCaTs by testing 

varying concentrations of the donor template co-electroporated with the Ex3D RNP 

complex. However, overall low percentage of donor integration (approximately 6%) 

was detected by PCR based methods of the gene-edited population. In order to 

potentially improve the HDR rates, several improvements can be employed, such as 

optimizing homology arm lengths or use of electroporation protocols more 

permissive for the access of ldsDNA to the nucleus. However, the major barriers to 

effective ldsDNA-based genome targeting are significant cell toxicity in response to 

large naked DNA templates (Hornung and Latz 2010; Zhao et al.,2006) and unwanted 

‘footprints’ caused by random integration of ldsDNA at CRISPR/Cas9 induced and 

naturally occurring endogenous DSBs loci (Roth et al., 2018), which occurs in ~1% and 

~0.01% cases, respectively. 

By contrast, single-stranded oligo DNA nucleotide (ssODN) donor have advantages 

over double-stranded DNA molecules, such are lower cell toxicity, no random 

integration and easier delivery and access into cells. Single-stranded DNA does not 

require integration of large gene cassettes due its short length (~100bp), thus making 

it suitable for base-to-base gene correction and guarantees physiological expression 

of the corrected gene under its endogenous promoter (Martin et al., 2018; Paquet et 

al., 2016; Kwart et al., 2017; Yang et al., 2013). Moreover, HDR-based gene editing 
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approaches using ssODN templates have been widely used to make iPS cell disease 

models or for potential gene correction strategies in patient-derived iPSCs (Guo et 

al., 2018; Kwart et al., 2017; Paquet et al., 2016; Martin et al., 2019; Yang et al., 2013). 

Feasibility of ssODN-based gene correction for RDEB has recently been demonstrated 

for two different COL7A1 mutations (c.2470insG in exon 19 and c.3948insT in exon 

32), reporting high percentages of mono- and bi-allelic HDR events in iPSCs (Jacków 

et al., 2019).  

As discussed for NILV donor-mediated HDR, introduction of intended Cas9-blocking 

mutations within the template is crucial in order to prevent re-editing upon ssODN 

integration. Kwart et al. showed that most of the HDR events after incorporation of 

ssODN without Cas9-blocking mutations presented with unwanted 

InDels/recombinations due to concomitant NHEJ repair (Kwart et al., 2017). However, 

due to the small size of ssODNs, rational design of the intended mismatches has been 

demonstrated to affect HDR rates. It was shown in fact, a clear inverted correlation 

between the increasing distance of the intended single mismatches from the Cas9-

induced DSB and the  exponential decrease in ssODN integration by HDR ( Yang et al., 

2013; Paquet et al., 2016). Therefore, in order to increase the efficiency of ssODN-

based gene editing, a new guide RNA (Ex3P-sgRNA) binding immediately downstream 

from the c.425A>G site was designed. Furthermore, insertion of PAM-blocking 

mutations (NT-2PS-ssODN-AAA) or silent mutations across the sgRNA sequence (NT-

2PS-ssODN-AAG) led to high levels of HDR in keratinocyte cell line and in RDEB iPSCs. 

The significant levels of homologous recombination suggest that a substantial 

fraction of the gene corrected cells may be bi-allelic for donor template integration. 

This hypothesis is supported by the findings of Paquet et al., where cut-to-mutation 

distance can be optimized to introduce heterozygous or homozygous mutation 

incorporation in iPSCs (Paquet et al., 2016). Bi-allelic integration was shown to occur 

at high rates when the intended mutation sits within 5bp from the Cas9 cut and 

decrease exponentially thereafter. 

ssODN architecture and template complementarity have also shown to affect HDR 

rates, although there have been some discrepancies between the findings of different 

research groups. Lin et al. found that homology arms length play a more important 
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role in determining HDR rates compared to strand complementarity (Lin et al., 2014). 

By contrast, a more detailed investigation into how the structure of donor oligos 

affects HDR demonstrated that ssODNs complementary to the non-target strand 

were more effective in promoting HDR than donors complementary to the target 

strand recognized by the sgRNA (Richardson et al., 2016). However, I have not 

observed any significant HDR differences between ssODN complementary to non-

target or target DNA strands for NT-2PS-ssODN-AAA and T-2PS-ssODN-AAA.  Of note, 

Jackow et al., showed to efficiently achieve up to 50% of HDR in RDEB iPSCs by 

symmetric ssODN (Jacków et al., 2019). Although many potential designs have been 

envisioned by several research groups (homology arm lengths, donor strand 

complementarity and homology arm symmetry), it is important to highlight that by 

far, a standard donor design to promote higher HDR is not feasible. Nevertheless, the 

optimized ssODN described in this manuscript successfully introduced desired 

genetic correction at high efficiency, future studies should be directed towards a 

systematic evaluation (symmetric vs asymmetric) of ssODN design for gene 

correction applications.  

As part of donor template design, chemical modifications were introduced in both 5` 

and 3` of the ssODN termini to improve ssODN stability upon electroporation (De 

Ravin et al., 2017; Renaud et al., 2016). Integration of phosphorothioate bonds within 

ssODN backbone was shown to increase HDR in myeloid CD34+ cells for X-linked 

chronic granulomatous disease compared to the donor without chemical 

modifications. Additionally, exposure of iPSCs to a 24 and 48 hours “cold-shock” of 

32°C has been shown to increase the amount of HDR by two-to-ten-fold (Guo et al., 

2018). Although similar results were observed in HSPCs (Lattanzi et al. 2019), the 

biological mechanism by which hypothermia can increase HDR events is still under 

investigation. Current hypothesis suggests that transient exposure to “cold-shock” 

potentially decreases mRNA and protein turnover, thereby resulting in the increased 

activity of nucleases, including Cas9, delivered as mRNA (Doyon et al., 2010; DiGiusto 

et al., 2016). 

Although high HDR efficiency was observed in RDEB cells treated with ssODNs, 

assessment of protein restoration was not possible in these cells due to the inability 
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of these cells to produce C7 (Sebastiano et al., 2014). Therefore, the ability of the 

cells with HDR-mediated integration of ssODN templates to produce C7 was 

evaluated in HaCaTs in the first instance. Of particular relevance, C7 expression was 

absent in HaCaTs harbouring NT-2P-ssODN-AAA template. Molecular analysis of the 

amplified exon 3-4 Col7 cDNA junction confirmed similar splicing impairments as 

clinically observed in c.425A>G patient cells (Gardella et al., 1996; Hammami-Hauasli 

et al., 1997). Although the intended G>A PAM-blocking mutation introduced within 

NT-2P-ssODN-AAA restored the wild type C7 amino acid sequence, the mismatch fell 

at position -3 of the consensus sequence of the exon 3 donor splice site (SD), hence 

resulting in the an impaired splicing between exons 3 and 4 (Gardella et al., 1996). 

Sanger sequencing of incorrectly spliced COL7A1 transcripts confirmed the presence 

of different anomalous transcripts observed in RDEB patients in Gardella et al. study: 

1) retention of intron 3 due to a PTC at its 66th nucleotide, 2) activation of a secondary 

cryptic GT splice site within exon 3 and leading to a PTC 61bp downstream the cryptic 

splicing donor and 3) complete skipping  of exon 3 with a PTC after the 10th base of 

exon 4 (Gardella et al., 1996; Hammami-Hauasli et al., 1997). By contrast, the new 

donor configuration confirmed that the introduced silent mutations within the 

protospacer did not interfere with C7 expression. Comparable HDR rates were 

observed by NGS with both the two donors in RDEB iPSCs, hence confirming that the 

absence of a PAM blocking mutation did not lower the frequency of HDR events. 

Importantly, high levels of COL7A1 correction achieved in RDEB iPSCs suggest that 

this strategy can potentially provide a selection-free, one-step editing protocol able 

to generate gene corrected cells without clonal isolation. Importantly, optimization 

of Cas9/ssODN concentrations and electroporation conditions were also confirmed 

to be essential factors for high HDR rates, as it has been shown previously (Xu et al., 

2018; Li et al., 2014; Lattanzi et al., 2019). 

Despite the encouraging results achieved, several technical issues related to 

relatively low cellular viability and high cellular debris in gene edited cells culture. Of 

note, faster cellular recovery measured over time in iPSCs electroporated without 

CRISPR/Cas9 reagents confirmed that mechanisms of cell transfection did not impact 

on cellular viability. By contrast, gene edited cells showed slower recovery and high 
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toxicity, although it is worth noting that minimal amount of spontaneous 

differentiation was observed. High toxicity and colony detachment of RDEB iPSCs was 

frequently observed within 72 hours post electroporation or upon the first passage 

of gene edited iPSCs, despite optimized cell culture conditions. Importantly, similar 

toxicity and cellular behaviour was observed not only in RDEB iPSCs clone, but also in 

wild type iPSCs. Reduced cell viability upon CRISPR/Cas9 editing has previously been 

reported by several groups in different disorders, including EB (Shinkuma et al.,  2016; 

Jacków et al., 2019). Only a small number of gene edited iPSCs can survive upon 

editing, indicating that Cas9 toxicity could create an obstacle to the high-throughput 

use of this technology for genome engineering (Ihry et al., 2018). One reason for high 

cellular toxicity is related to the activation of p53-depended cell death upon Cas9-

induced DSBs in on-target sites (Ihry et al., 2018). In the context of PSCs, the extreme 

sensitivity of these cells to DNA DSBs was initially postulated to be a natural 

mechanisms that ESCs use to prevent the development of aberrant cells in the early 

embryo stages (Dumitru et al., 2012). In our lab, a semi-quantitative measurement of 

p53 phosphorylation at serine 15 (pS15-p53) confirmed an increase in the amount of 

pS15-p53 in response to Cas9-induced DSBs 24 to 48 hours post electroporation. 

These observations support the hypothesis that p53 can be activated immediately 

after SpCas9-induced DSBs. To avoid p53 activation, transient inhibition through 

dominant negative forms of p53 transgene was shown to be well tolerated in hPSCs, 

facilitating the generation of significant numbers of engineered hPSCs by increasing 

efficiency and reducing yields’ variability (Ihry et al., 2018; Geisinger and Stearns 

2020). In this regard, it would have been beneficial to fully evaluate the capacity of 

transient p53 inhibition in my work.   

As described in section 1.7.5, one of the major limitation of the CRISPR/Cas9 system 

is the creation of unpredicted InDels resulting in genetic damage, and also to off-

target DNA breaks. Due to the high reported toxicity of CRISPR/Cas9 in iPSCs or hESCs, 

it has been hypothesized that a second reason of low viability can be linked to the 

presence of chromosomal abnormalities in most of the edited cells in culture (Assou 

et al., 2018). By contrast, chromosomal or genomic aberrations can also positively 

favourite cell competition among the cell clones. To avoid possible selection of 
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chromosomally impaired cells, genomic integrity of  gene edited or gene corrected 

iPSCs must be verified (Jacków et al., 2019). Due to unprecedented circumstances 

happened during the course of my study, assessment of normal karyotype in the NT-

2PS-ssODN-AAG RDEB iPSCs pool and in-depth molecular studies of these cells on 

clonal level has not been possible.  

In conclusion, ssODN-mediated HDR permits to achieve significant levels of gene 

correction for a mutation hotspot (c.425A>G) in patient-derived iPSCs. The efficient 

gene editing strategy described in Chapter 4 emphasises the importance of diligent 

and rational design of donor template sequence, optimization of electroporation 

protocols and choice of format and amount of SpCas9 and sgRNA components.  

 

6.3 Base editor correction of c.425A>G COL7A1 in patient-derived fibroblasts 

and iPSCs 

Cytidine and adenine base editors present a novel and versatile technology to correct 

pathogenic SNPs without the need of Cas9-induced DSBs followed or exogenous 

donor DNA template (Gaudelli et al., 2017; Komor et al., 2016). In this report, a third-

generation codon optimized cytidine base editor was used to evaluate frequency of 

on-target C>T conversion in patient-derived iPSCs and RDEB fibroblasts for the 

correction of c.425A>G COL7A1 mutation. At the time of writing, to our knowledge, 

this study represents the first attempted approach of cytidine base editor for 

seamless DSBs-free C>T single nucleotide correction for RDEB. By far, only one 

example of base editing application in RDEB was reported by Osborn et al. using 

adenosine deaminase base editors to correct RDEB fibroblasts and iPSCs for two C>T 

point mutations in exons 5 (c.553C>T, R185X) and 12 (c.1573C>T, R525X) (Osborn et 

al., 2020). As described for HDR-based gene correction using ssODNs, a completely 

non-viral delivery of sgRNA and coBE3 mRNA was chosen using optimized 

electroporation conditions. Due to the restricted C>T deamination window activity of 

coBE3, optimization of guide RNA design was also taken into account to increase the 

efficiency of targeting the c.425A>G mutation and  decrease the likelihood of 
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converting other cytosine within the coBE3 activity window (Komor et al., 2017; 

Gaudelli et al., 2017). Data obtained from Sanger sequencing indicated that coBE3 

can produce appreciable levels of on-target C>T conversion (35% (n=3) in RDEB iPSCs 

and RDEB fibroblasts 67% (n=1)). In contrast with data obtained at genomic level, 

densitometric analysis of base edited iPSCs and fibroblasts, upon target-specific StyI 

digestion, highlighted that only half of the c.425C>T edited cells do not present any 

associated C>T edits. Characterization of the coBE3 editing profile by NGS 

demonstrated the ability of base editor to execute C>T and no C>T changes inside 

and outside the editing window of x3C7-CyD-1 sgRNA. Haplotype analysis confirmed 

percentages of gene correction observed by StyI assay but also showed that different 

unwanted C>T combinations can occur alongside the predicted site. Each of the 

bystander edits leads to changes in the splicing donor sequence which can have a 

negative impact in the C7 protein expression as observed in untreated c.425A>G 

keratinocytes. This is supported by the effects of splicing aberrations observed in 

RDEB patients and my experimental settings with the NT-2PS-ssODN-AAA donor. 

Frequency of coBE3 bystander edits and their impact on C7 splicing aberration needs 

to be corroborated by other additional NGS analyses.  Preference of coBE3 to mediate 

on-target c.425 C>T conversion was also confirmed in RDEB fibroblasts, although 

bystander edits within the editing window were detected at a higher frequency than 

RDEB iPSCs. Nevertheless, consistent with the StyI-RFLP assay, significant C7 

restoration (~30%) was confirmed by western blot and immunofluorescence for base 

edited RDEB fibroblasts. This percentage would be critical to evaluate the capacity of 

fibroblasts to sustain epidermal function in vivo without the need of clonal analysis. 

The ability of base edited C7 to create de novo AFs and functional restoration of skin 

integrity are currently underway in vivo. In hypomorphic RDEB mouse models it has 

been demonstrated that mouse keratinocytes expressing 10% of wild type C7 levels 

are able to incorporate the protein and generate AFs at the DEJ, significantly 

improving the RDEB phenotype (Nyström et al., 2013). However, this data is currently 

missing from human studies, although we would speculate that this number might 

be similar. For example, in a recent study by Izmiryan et al., grafting of skin 

equivalents composed of 11% and 15% CRISPR/Cas9-gene corrected keratinocytes 



272 
 

and fibroblasts, respectively, resulted in 26% C7 re-expression as well as AF formation 

at the DEJ.  

Although the development of base editors has broadened the range of pathogenic 

SNP that can be targeted for patient specific therapies, further characterisation of 

both desirable and unwanted effects is required. For example, initial studies on base 

editors employing rAPOBEC1 (including coBE3 of my studies) reported the presence 

of C-to-non-T edits which hinder base editing purity (Komor et al., 2016). This was 

also observed in my settings with equal rates of C>G and C>A conversion within the 

coBE3 editing window. While this targeted random mutagenesis could be 

problematic for precise base editing application, newer generation of rAPOBEC1-

based cytidine base editors (BE4, (Komor et al., 2017)) and new variants (targeted 

activation-induced deaminase (AID)-mediated mutagenesis (Ma et al., 2016), CRISPR-

X (Kim et al., 2017)) with higher base editing specificity have been developed. 

Importantly, DNA base editors demonstrated to produce a detectable level of InDels 

at the target site due to the constitutive activity of Cas9 nickase on the non-edited 

strand (Gaudelli et al., 2017; Komor et al., 2016). Nicking of the opposite strand was 

shown to result in DSBs which are likely to be resolved by indel-prone end joining 

processes. Although BE4 was shown to have a reduced number of the indel formation 

events, cytidine deaminases typically lead to higher indel frequencies than adenosine 

base editors (Komor et al., 2017). However, even with the improved adenine base 

editor, ABEmax, an average of 1.5% and 1.9% InDels were previously detected for 

RDEB c.553C>T and c.1573C>T RDEB mutations, respectively (Osborn et al., 2020). 

Consistent with previous reports, on-target indel activity (~2.5%) was detected by by 

NGS. Base editors were also shown to mediate transcriptome-wide off-target DNA 

and RNA edits due to their constitutive deamination activity which can be 

independent of Cas9 target DNA binding site (Grünewald et al., 2019; Zhou et al., 

2019; Xin et al., 2019; McGrath et al., 2019).  

Despite expansion of available tools widens the potential applications of base editing 

technology and increases their safety profile, the on- and off-target data from several 

studies highlight the benefits of choosing a base editor and protospacer combination 

with only a single editable nucleotide in the target window. This approach has the 
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advantage to lead to a more uniform mutation correction but also decreases the 

likelihood of introducing unwanted changes at off-target loci. 

Collectively, results of base editing in RDEB iPSCs and primary fibroblasts supports 

the ability of coBE3 to execute the desired substitution without clonal selection. 

Despite editing outside the predicted editing window and no C>T changes were 

observerd, base edited fibroblasts have shown significant protein restoration in vitro. 

In vivo results will be also of crucial importance to confirm the degree of correction 

and the ability of base edited cells to support epidermal grafts by generation of 

functional AFs (Izmiryan et al., 2018). 

 

6.4 The promise of autologous pluripotent stem cells therapy for RDEB 

The potential of iPSCs derivation from RDEB primary cells has given an opportunity 

for the development of unlimited patient-specific cell types for cell therapies and 

disease modelling. Ex vivo gene transfer in primary RDEB keratinocytes and 

fibroblasts has demonstrated modest outcomes in preclinical and clinical trials and 

highlighted the importance of targeting resident skin stem cells to achieve a 

meaningful long-term effect. The main prerequisite for cell therapy approaches for 

EB and other genodermatoses is sufficient amount of keratinocyte stem cells, known 

as holoclones, in order to attain therapeutic longevity of the transgenic cell product 

(Hirsch et al., 2017). In severe forms of RDEB, this may be challenging as multiple skin 

biopsies required are painful and invasive. In addition, extensive manipulation and 

clonal selection of RDEB keratinocytes can rapidly lead to growth arrest, terminal 

differentiation and senescence. Development of iPSC-based approaches for RDEB 

provided proof-of-principle evidence of their potential to bypass these limitations in 

future cell therapy applications. Due to their indefinite proliferating capacity, iPSCs 

can in theory provide an unlimited reservoir of autologous cells. Significant effort has 

been directed into the development and validation of differentiation protocols for 

obtaining keratinocytes and fibroblasts from iPSCs as a potential cell therapy for 
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RDEB (Itoh et al., 2011; Umegaki-arao et al., 2014; Bilousova et al., 2011; Jacków et 

al., 2019; Rami et al., 2021).  

For EB, initial studies have explored the use of iPSCs for large-scale generation of 

spontaneously corrected keratinocytes from the patients with revertant mosaicisms 

in order to obtain an unlimited source of cells for potential autologous cell therapy 

application (Umegaki-arao et al., 2014; Tolaret al., 2014). As described by Georgiadis 

et al., (Georgiadis et al., 2016), genetic instability of c.425A>G RDEB keratinocytes 

and their ability to naturally revert towards a wild type COL7A1 sequence in vitro 

hinders their ex vivo use as a reliable cellular model for gene editing applications. 

Nevertheless the possibility of making iPSCs from the revertant keratinocytes, the 

main purpose of this work was to establish novel gene editing strategies for the 

correction of the c.425A>G mutation. Therefore, c.425A>G fibroblasts were chosen 

for iPSCs generation due to their ability to retain the mutation of the study. The 

generated RDEB iPSCs described in Chapter 4 retained the c.425A>G mutation, hence 

providing a stable cellular platform that was used for the development of HDR-

mediated gene correction and base editing approaches. RDEB iPSCs derived for this 

study were shown to have the correct morphological characteristics of PSCs alongside 

their ability to express pluripotency associated markers and multipotential 

differentiation into the 3 germ layers. Moreover, data presented in Chapters 4 and 

Chapter 5 demonstrated that significant level of gene correction using gene or base 

editing strategies can be achieved without perturbing cellular pluripotency. In line 

with the observation from other studies, the feasibility of CRISPR-Cas9 genome 

editing of COL7A1 in RDEB iPSCs, can potentially open new horizons for future 

personalized tissue replacement therapies. In this context, several groups have been 

working on establishing protocols of iPSCs differentiation into epidermal and dermal 

skin cells. In this regard, differentiation of HDR- or base-edited patient-derived iPSCs 

generated in this study into keratinocytes is a critical step for evaluation of their 

capacity to express relevant keratinocyte stem cells markers, such as K14 and ΔNp63, 

and to reconstitute functional C7 in vitro and in vivo.  

Application of different differentiation protocols for COL7A1 corrected iPSCs into 

keratinocyte described in Chapter 4 confirmed the capacity of iPSCs to undergo 
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epidermal commitment during the early stages of differentiation. In both the 

approaches tested, a somatic ectodermal cell population positive for ΔNp63 was 

obtained. However, a homogenous expression of mature K14+ cells was not 

detected, limiting the potential application of these cells for further downstream 

experiments, such as generation of 3D human skin equivalent (HSE). It is also 

important to highlight that although several groups have reported different protocols 

for generating iPSCs-derived keratinocytes, none of the reported studies 

demonstrated the generation of a completely homogenous p63+/K14+ cell 

population (Rheinwald 2013). Generally, a cell culture with >80% ΔNp63 and K14 

positive keratinocytes can be used for HSE (Professor Dusko’s personal 

communication). Several studies have addressed the low percentage of p63+/K14+ 

cells by enriching for keratinocyte progenitors by rapid attachment method or cell 

sorting for integrin alpha 6 (ITGA6, CD49F), another marker highly expressed in basal 

keratinocyte stem cells (Torkelson et al., 2019; Petrova et al., 2014; Itoh et al., 2013). 

As hypothesized in section 4.12 a possible explanation of the incomplete maturation 

of iPSCs-derived keratinocyte can be related to the well-known variability between 

different iPSC lines, which suggests that differentiation protocols  might need to be 

optimized for every cell line in order to obtain a pure population of mature 

keratinocytes (Rheinwald 2013). In this regard, optimizations of the culture 

conditions are currently underway.,  

A second major problem encountered during the investigation of the first 

differentiation protocol (Figure 4.12) was the low expansion potential and early 

senescence of the cells. These observations are in line with several previous 

differentiation studies that reported limited proliferation potential of hESC and iPSCs-

derived keratinocytes with less than 10 population doublings (Aberdam et al., 2008; 

Green et., 2003; Metallo et al., 2008). This low proliferation capacity was suggested 

to be a consequence of early activation of  cell cycle inhibitor, such as p16INK4A, in 

PSC-derived keratinocytes (Dabelsteen et al., 2009).  

Despite advances in iPSCs generation and their subsequent differentiation into 

keratinocytes, both technologies have several limitations in terms of potential clinical 

translation. With regards to iPSCs derivation, one major roadblock is the risk of iPSCs-
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tumorigenicity related to the method of delivery of the reprogramming factors 

(Griscelli et al., 2019). Several studies have demonstrated that human iPSCs 

generated by “footprint-free” methods based on certain viral vectors, such as 

adenoviral and Sendai virus-based vectors, or non-viral vectors, such as piggyBac 

system, mRNA, minicircle and episomal vectors, are more suitable to circumvent the 

risk of tumorigenicity compared to lentiviral or retroviral based reprogramming 

(Griscelli et al., 2019). Furthermore, concerns about iPSC safety such as genomic 

instability, potential introduction of somatic mutations and retention of epigenetic 

memory pose challenges to the integrity of iPSCs derivates and their applications in 

disease modelling and regenerative medicine (Tapia and Schöler 2016; Wasik et al., 

2014; Nashun et al., 2015). In addition, stem cell culture and differentiation systems 

relying on animal-derived components make them unsuitable for therapeutic 

applications. In this regard, use of xeno-free culture systems described in Chapter 4 

can have a better potential for the development of GMP-compliant reagents and 

protocols for clinical translation, reduce risks of spontaneous differentiation during 

cell propagation and support undifferentiated growth upon gene correction.  

Furthermore, for ex vivo engineering, Cas9 toxicity combined with single cell clonal 

expansion of iPSCs can potentially select for p53 mutant cells, which are more 

tolerant of DNA damage (Merkle et al., 2017). Noteworthy, according to RNA-SEQ 

databases, basal rate of 4% and 29% of p53 mutations were found in commonly used 

iPSC and hESC lines (Merkle et al., 2017). Therefore, after iPSCs derivation and/or 

gene engineering of patient cells, ensuring the absence of aberrant p53 expression 

would be critical.   

In addition, further efforts should be directed toward establishing efficient and 

reproducible protocols for iPSCs differentiation into keratinocytes and fibroblasts. 

Although some progress has been made in identifying consistent methods for 

deriving and characterizing cells with skin cells properties, protocols reproducibility 

and proliferation potential of the differentiated progeny are still limited. Moreover, 

a more extensive characterization of molecular markers of keratinocytes and 

fibroblasts should be established since similar molecular signatures were shown to 

be shared with non-skin epithelial and mesenchymal cell types (Shamis et al., 2012; 
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Hewitt et al., 2011; Kim et al., 2018; Dabelsteen et al., 2009) Overall, although iPSC 

technology offers an enormous potential for the development of autologous cell-

based therapies for RDEB, it is not yet suitable for immediate therapeutic application. 

Manufacturing of a single iPSC-based cell therapy product would require a lengthy 

multistep process (reprogramming of patient cells towards iPSCs, gene targeting, 

derivation of gene edited iPSCs and keratinocyte differentiation), with potential 

inconsistencies at every step. To address the latter, several studies demonstrated the 

feasibility of a one-step reprogramming and gene correction manufacturing protocol 

for the generation of gene edited iPSCs (Torkelson et al., 2019; Howden et al.,2018; 

Howden et al., 2015). Specifically for RDEB, a recent study conducted by the EB iPS 

Cell Consortium (USA) described the development of a large scale and robust 

manufacturing protocol to produce CRISPR-corrected, CD49f-enriched autologous 

keratinocyte progenitors suitable for skin grafting (Torkelson et al. 2019).    

6.5 Future directions  

Despite the established importance of genome editing technologies for discovery 

research and clinical studies, significant advancements with the improvement of the 

existing Cas9-based platforms and the emergence of new targeting systems, 

including prime editors, are currently under evaluation (Anzalone et al., 2019). 

Currently in its 3rd generation, the prime editor complex (PE3) consist of a guide RNA, 

known as prime editing gRNA (pegRNA), and a Cas9 nickase (Cas9 H840A) fused to an 

engineered reverse transcriptase (RT). The peculiarity of the pegRNA is related to its 

longer-than-usual RNA sequence and its ability to interact with the reverse 

transcriptase using a primer binding site (PBS) on its 3’ end followed by a spacer 

sequence with the desired genetic sequence. Following recognition of the PAM 

sequence, the PE3-pegRNA complex is able to induce a nick to the PAM-containing 

strand followed by hybridization of the 3’ nicked end with the PBS within the pegRNA. 

The resulting guide RNA-DNA complex primes reverse transcription of the desired 

DNA edit using pegRNA as a template. The generated single-stranded cDNA flap with 

the intended edits is then resolved and incorporated by cellular DNA repair 

machineries. Prime editors, therefore, eliminate the need for co-delivery of a 
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corrective DNA template for HDR strategies for small pathogenic InDels and, similarly 

to base editors, can perform C>T and G>T substitutions without the requirement of 

base editing window. The potential of this technology has already been 

demonstrated in a number of proof-of-concept experiments in human cells (Anzalone 

et al., 2019). Due to its increased editing flexibility, prime editing might provide a 

suitable alternative for the correction of COL7A1 mutations. In the light of this, 

pegRNA targeting the c.425A>G point mutation has already been designed using the 

prime editing design tool (https://primeedit.nygenome.org/) (Morris et al., 2020). 

6.6 Implications of the present study and concluding remarks 

Progress in conventional gene therapy has paved the way for the development of ex 

vivo cellular therapy approaches for RDEB. Several trials using gene corrected 

keratinocyte grafts, fibroblasts or skin equivalents have shown some potential for the 

treatment of this devastating disorder. Although a cure for RDEB is yet to be found, 

the most important lesson learnt from preclinical and clinical trials completed so far 

is that enrichment in keratinocyte stem cells is crucial for longevity of transgenic 

grafts in patients. Unfortunately, enrichment may not always be possible for patients 

with RDEB, where extensive wounding makes the isolation of epidermal progenitors 

challenging.   

In addition, despite the recent improvements in knock-out and HDR efficiency in 

primary keratinocytes (Bonafont et al., 2021; Bonafont et al., 2018), limited lifespan 

of epithelial stem cells in vitro presents a further issue. Extended ex vivo 

manipulation, such as gene editing and clonal selection, of both RDEB keratinocytes 

and fibroblasts can rapidly lead to growth arrest, terminal differentiation and 

senescence. The use of iPSC technology for RDEB in the last 10 years has seen a 

significant leap in providing new patient-specific cellular platforms for targeted gene 

and cell therapy applications and disease modelling. Therefore, combinatorial 

approaches using iPSCs and gene editing tools provide a platform for the 

development of gene correction strategies for targeting recurrent mutations in 

specific patient cohorts. 

https://primeedit.nygenome.org/
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In this direction, the relevance of the study described here is its extensive focus on 

the development of an iPSC model for precise genetic correction of a recurrent splice-

site mutation (c.425A>G, p.K142R) in the exon 3 of the COL7A1 gene using state-of-

the art genome editing tools. To our knowledge, the optimized viral-free HDR-

mediated correction strategy described in this work is the first proof-of-concept study 

showing that high level correction of RDEB causative mutation can be achieved 

without the need of selection markers selection or extensive clonal screening. 

Additionally, at the time of writing, this study reports the first successful application 

of cytidine base editors in RDEB iPSCs and offers an important comparative study 

between novel seamless base correction and HDR-mediated gene correction by 

ssODN for COL7A1 

With regards to clinical applications of the following CRISPR/Cas9-based strategies 

gene editing for gene knockout approaches have already been tested in several phase 

I/II clinical trials (for a comprehensive review refer to Hirakawa et al., 2020). Recently 

CRISPR Therapeutics reported its first clinical trial (NCT04035434) evaluating 

universal CD19-directed CAR T cells developed through HDR-based strategies to 

insert CAR into the TRAC locus, resulting in endogenous TCR disruption for 

Refractory/Relapsed B cell malignancies.  

In particular for EB, proof-of concept for Cas9 mediated NHEJ gene editing has 

already showed promising results in preclinical studies in primary keratinocytes. 

Novel emerging base editor tools also hold promise to pinpoint base and gene 

correction without creating DSBs that could be detrimental for clinical applications. 

In this direction, the study presented here confirms that application of non-viral 

CRISPR/Cas9-based approaches are feasible for RDEB, both iPSC and gene editing 

technologies and provides foundations for further gene therapy research. 
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