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 ABSTRACT 
  

Friedreich ataxia (FRDA) is a progressive neurodegenerative disease with primary 

sites of pathology in the large sensory neurons of the dorsal root ganglia (DRG) and 

dentate nucleus of the cerebellum. FRDA is also often accompanied by severe 

cardiomyopathy and diabetes mellitus. FRDA is caused by loss of frataxin (FXN) 

expression, which is due to GAA repeat expansion in intron 1 of the FXN gene. 

Frataxin is a mitochondrial protein important in iron-sulphur cluster (ISC) biogenesis 

and in the electron transport chain (ETC). As a consequence of impaired mitochondrial 

energy metabolism, FRDA cells show increased levels of and sensitivity to oxidative 

stress, which is known to be associated with genome instability. In this study, we 

investigated DNA damage/repair in relation to FXN expression via immunostaining of 

γ-H2AX, a nuclear protein that is recruited to DNA double strand breaks (DSBs). We 

found FRDA patient and YG8sR FRDA mouse model fibroblasts to have inherently 

elevated DNA DSBs (1.8 and 0.9 foci/nucleus) compared to normal fibroblasts (0.6 

and 0.2 foci/nucleus, in each case P <0.001). By delivering the FXN gene to these 

cells with a lentivirus vector (LV) at a copy number of ~1/cell, FXN mRNA levels 

reached 48 fold (patient cells) and 42 fold (YG8sR cells) and protein levels reached 

20 fold (patient cells) and 3.5 fold (YG8sR cells) that of untreated fibroblasts, without 

observable cytotoxicity. This resulted in a reduction in DNA DSB foci to 0.7 and 0.43 

(in each case P <0.001) in human and YG8sR fibroblasts, respectively and an increase 

in cell survival to that found for normal fibroblasts. We next irradiated the FRDA 

fibroblasts (2Gy) and measured their DSB repair profiles. Both human and mouse 

FRDA fibroblasts were unable to repair damaged DNA. However, repair returned to 

near normal levels following LV FXN gene transfer. Our data suggest frataxin may be 

important for genome stability and cell survival by ensuring ISC for DNA damage repair 

enzymes or may be required directly for DNA DSB repair. 
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1.1 Ataxia 
  

The ataxias are a group of progressive neurodegenerative disorders with ataxia as the 

leading symptom (Klockgether, 2007, Harding, 1984). Ataxia comes from a Greek 

word α- taxia, meaning lack of order. Ataxia involves dysfunction of the parts of the 

nervous system that coordinate movement, such as the cerebellum (Nardin and 

Johns, 2001). Ataxias are classified into two groups of hereditary and non-hereditary 

(sporadic). The hereditary ataxias are further divided into two subgroups of autosomal 

recessive ataxias that include Friedreich ataxia and autosomal dominant 

spinocerebellar ataxias. In addition, the non-hereditary ataxias are categorized into 

acquired ataxias and sporadic degenerative ataxias (Table 1.1) (Klockgether, 2007).  
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1. Hereditary ataxias 
 

 Autosomal recessive ataxias 
 
                      Friedreich ataxia (FRDA) [Most common type of this group] 

                      Ataxia telangiectasia (AT) 

                      Autosomal recessive ataxia with oculomotor apraxia type 1 (AOA1) 

                      Autosomal recessive ataxia with oculomotor apraxia type 2 (AOA2) 

                      Spinocerebellar ataxia with axonal neuropathy (SCAN1) 

                      Abetalipoproteinemia 

                      Ataxia with isolated vitamin E deficiency (AVED) 

                      Refsum’s disease 

                      Cerebrotendinous xanthomatosis 

                      Other autosomal recessive ataxias 

 

 Autosomal dominant ataxias 
 
                      Spinocerebellar ataxias (SCA) 
 
 

2. Non-hereditary degenerative ataxias 
 

 Sporadic degenerative ataxias 
 

                        Multiple system atrophy, cerebellar type (MSA-C) 

                        Sporadic adult-onset ataxia of unknown origin (SAOA) 

 

 Acquired ataxias 
 

                       Alcoholic cerebellar degeneration 

                       Ataxia due to other toxins 

                       Ataxia caused by acquired vitamin deficiency or metabolic disorders 

                       Paraneoplastic cerebellar degeneration 

                       Immune-mediated ataxias 

 

Table 1.1: Classification of progressive ataxias. 
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1.2 Friedreich ataxia  
 
Friedreich ataxia (FRDA) (OMIM 2290300), was first reported in 1863 by Nikolaus 

Friedreich (1825-1882) in Heidelberg Germany (Alper and Narayanan, 2003). This 

German pathologist wrote five long articles on a seemingly new spinal disease 

(Friedreich, 1863, Friedreich, 1876), but the relatively short postscript on the fourth 

paper (Friedreich, 1877) pointed out his first insights into what is now known as 

‘Friedreich's ataxia’ and articulated the hereditary nature of the disorder (Koeppen, 

2013). 120 years after these reports Campuzano et al. in 1996 discovered the genetic 

defect underlying FRDA (Campuzano et al., 1996). Identification of this mutation within 

the gene encoding frataxin (FXN) led to considerable interest in FRDA as a model 

disorder. Being the most common autosomally recessive neurodegenerative disorder, 

FRDA represents a fascinating example of so-called ‘triplet-repeat’ diseases. The vast 

majority of FRDA cases are linked to an expansion mutation of (GAA)n repeats within 

the intron 1 of FXN gene, leading to a largely reduced expression of the mitochondrial 

protein frataxin.  

1.2.1 Clinical Features 
  

Symptoms of FRDA normally becomes an evident feature around puberty (Harding, 

1981), but age at onset may vary significantly. The earliest onset may be around the 

age of 2 years, while late-onset FRDA is defined as having onset after the age of 25 

years. (De Michele et al., 1994, Moschner et al., 1994). The first symptom is usually 

gait instability and in rare cases, hypertrophic cardiomyopathy is diagnosed before the 

onset of ataxia. Ataxia of mixed cerebellar and sensory type is the cardinal symptom. 

Other clinical features include degenerative atrophy of the posterior columns of the 
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spinal cord contributing to progressive ataxia, sensory loss and muscle weakness, 

scoliosis, foot deformity and cardiac symptoms. (Table 1.2) 

 

 

 Progressive ataxia (legs, arms, and speech) 

 Dysarthria 

 Atrophy of the spinal cord (MRI) 

 Heart disease (abnormalities on ECG) 

 Eye movements  

 Areflexia (fixation instability) 

 Extensor plantar responses 

 Foot deformity 

 Diabetes 

 Vision loss 

 

Table 1.2: Clinical features of Friedreich ataxia. 

 

With progression, gait becomes broad-based, with frequent losses of balance, fine 

motor skills deteriorate and evident feature of advanced FRDA is limb weakness. On 

average, 10 to 15 years after onset, patients lose the ability to walk, stand, and sit 

without support (Harding, 1981)  In any case, because of substantial physical 

disability, FRDA often has a substantial effect on academic, professional, and personal 

development  (Pandolfo, 2008).  
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1.2.2 Pathophysiology 
 

FRDA neuropathology involves peripheral nerves, the spinal cord and the cerebellum 

(Pandolfo, 2009). The first site of neurodegeneration is at the dorsal root ganglia 

(DRG) (Figure 1.1), with loss of large sensory neurons and  cells in the posterior 

columns, followed by degeneration of the corticospinal and spinocerebellar tracts of 

the spinal cord. Frataxin deficiency also leads to axonal neuropathy with a progressive 

reduction of large myelinated fibers (Morral et al., 2010).  

 

 
Figure 1.1: Thoracic spinal cord size comparison in a normal control and FRDA 
patients. (A) Normal control. (B&C) FRDA. Great reduction of the spinal cord areas in 
FRDA, irrespective of age of FRDA onset. Bars, 1mm picture modified from (Koeppen 
et al., 2011).  
 

Hypertrophic cardiomyopathy with thickening of the left ventricular wall and the septum 

can be detected by heart ultrasonography in most patients, and the electrocardiogram 

is almost always abnormal in the repolarization phase, indicating that subclinical heart 

disease is almost universal in FRDA. Iron deposits in the myocardium have also been 

reported (Figure 1.2).  
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Figure 1.2: Gross pathology of an FRDA heart and light microscopy of iron-reactive 
granules in sarcoplasm and endomysium. (A) Gross specimen. Left and right 
ventricular walls are greatly thickened. (B–E) Iron histochemistry. The stain shows 
finely granular reaction product that lie parallel to the long axis of cardiomyocytes 
(arrow in B). A cluster of much larger iron-positive granules lies adjacent to or within a 
necrotic muscle fibre (arrow in C). (D–E) Iron histochemistry of an endocardial biopsy 
of an FRDA patient at the age of 9 years (D) and a section of the autopsy specimens 
at the age of 26 years (E). Both sections display iron-positive granules in cardiac 
muscle fibers, and the frequency of iron-reactive fibers among all cardiomyocytes is 
similar. Markers: A, 1 cm; B–C, 100 μm; D–E, 50 μm. Picture modified from (Michael 
et al., 2006).  
 
 



Chapter1- Literature Review  

8 
  

Diabetes mellitus is much more frequent in patients with FRDA than in the general 

population. A combination of insulin resistance and inadequate insulin response 

contributes to diabetes in FRDA; both forms are likely to be a direct consequence of 

the mitochondrial dysfunction that occurs in this disease (Schoenle et al., 1989).  

1.2.3 Prevalence 
 

This disease is rare in sub-Saharan African and Far East populations (Hirayama et al., 

1994) and mainly occurs in Caucasians (Labuda et al., 2000, Vankan, 2013) The age 

of the FRDA founding mutation in Western Europe was estimated at least 682 ± 203 

generations ago, suggesting a Palaeolithic origin. The prevalence of FRDA in 

Caucasians is usually quoted as being 1 in 20 000 to 1 in 50 000 (Vankan, 2013). One 

study assessing the prevalence of FRDA in the United Kingdom proposed a 

prevalence 1 in 54 000 with approximately 1100 patients in the UK today (Figure 1.3) 

(Winter et al., 1981, Vankan, 2013).  
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Figure 1.3: Prevalence of FRDA in the UK and Ireland. Numbers of FRDA patients 
per region of the UK were provided by Ataxia UK. Prevalence ranges from low levels 
along the North Sea coast to higher prevalence in the remaining regions. Picture 
modified from (Vankan, 2013).  
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Figure 1.4: A) Schematic representation of human chromosome 
9. The FXN gene is located in the long arm of chromosome 9, at 
position 9q13-21. B) Schematic representation of exons of the 
FXN gene. The gene extends from centromere to telomere and 
spans 95 kb.  
 

1.2.4 Friedreich ataxia gene structure  
 

 The FRDA gene (FXN) was mapped to the long arm of chromosome 9 in 1988 by 

linkage analysis in families suffering from FRDA (Chamberlain et al., 1988), and later 

it was localized at position 9q13-21.1(Ensembl 2010) (Figure 1.4A). Initially, the 

expressed region of FXN gene was identified as X25 using complementary DNA 

(cDNA) selection and sequence analysis, and intensive studies for a mutation in X25 

led to detection of an expanded trinucleotide repeat GAA within the first intron 

(Campuzano et al., 1996). The FXN gene is composed of seven exons (1-5a, 5b, 6) 

(Figure 1.4B), in which the 6th exon is non-coding and spans 95 kb of genomic DNA. 

The main functional messenger RNA has the size of 1.3 kb, arising from the first five 

exons (1-5a), which encodes a 210 amino acid protein named frataxin. In addition by 

alternative splicing a 171 amino acid protein can be transcribed from exon 5b  The 

FXN gene is transcribed in the centromere to telomere direction; (Campuzano et al., 

1996, Hanauer et al., 1990) (Figure 1.4B).   

 

 

 

 

 

 

 

 

 

 

 

[B] 
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Two major transcription start sites (TSS) were identified in the frataxin gene. Using 5′ 

rapid amplification of cDNA ends experiments Campuzano et al., located a TSS 

(TSS1) 221bp upstream of the ATG translation start site (Campuzano et al., 1996) and    

Kumari et. al., located another TSS (TSS2) 62bp upstream of the ATG by primer 

extension (Kumari et al., 2011).  It is not clear which TSS is more dominant, however, 

Kumari et al. suggested that TSS2 could be the primary transcription start site in 

Epstein-Barr virus-transformed lymphoblastoid cell lines (Kumari et al., 2011). The 

region between TSS1 and the first exon is thought to be a TATA-less downstream 

promoter, which contains Inr/downstream promoter element-like elements.  

 
Moreover, binding sequences were identified for transcription factors serum response 

factor, TFAP2 and EGR3 (Tourtellotte and Milbrandt, 1998) as well as for the insulator 

protein CCCTC-binding factor (CTCF) (De Biase et al., 2009). An E-box is present in 

the vicinity of (GAA)n repeats and this element was shown to be crucial 

for FXN expression via reporter assays (Greene et al., 2007). Interestingly, apart from 

(GAA)n repeats, a number of repetitive DNA elements have been identified at the FXN 

locus. These include L2 (LINE) (Greene et al., 2005) and Alu (SINE) elements as well 

Figure 1.5: Regulatory elements at the 5′ end of FXN.   
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as MIRb and mariner DNA transposon (Campuzano et al., 1996, Cossée et al., 1997). 

Although the deletion of these elements significantly impaired a reporter FXN 

construct, their exact function on FXN regulation is not known (Greene et al., 2005) 

(Figure 1.5). 

1.2.5 Friedreich ataxia gene expression 
 

The FXN gene is expressed in all cells but at variable levels in different tissues and 

during development (Koutnikova et al., 1997). In adult human, FXN gene expression 

is slightly higher in dorsal root ganglia and the granular layer of the cerebellum as well 

as in tissues with high metabolic rate such as heart, and relatively lower levels in liver, 

skeletal muscle and pancreas (Rotig et al., 1997, Koutnikova et al., 1997, Al-Mahdawi 

et al., 2006). In mouse embryos the developing brain is rich in frataxin mRNA, and the 

highest levels are found in spinal cord and in the dorsal root ganglia (DRG). The level 

of frataxin mRNA is reduced in the adult mouse brain, but remains high in spinal cord 

and DRG (Jiralerspong et al., 1997, Koutnikova et al., 1997). Cells such as neurons 

and cardiac muscle that are heavily dependent on oxidative respiration contain high 

numbers of mitochondria and generally have higher frataxin expression. Protein levels 

remain high in the adult human, and mouse brain and cerebellum (Koutnikova et al., 

1997). It is reported that over-expression of frataxin was shown to be toxic for cells, 

perhaps implying that a fine balance is needed for the regulation of its expression 

(Fleming et al., 2005, Navarro et al., 2011).  
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1.2.6 Frataxin protein structure  
 

Frataxin is a mitochondrial protein and highly conserved in most organisms from 

bacteria to mammals (Gibson et al., 1996, Adinolfi et al., 2002). The precursor form of 

frataxin is a 210 amino acid protein containing an N-terminal mitochondrial import 

sequence that conducts its transport into the mitochondria, where two cleavages 

occur. These two proteolytic steps convert the precursor protein to a 19 kDa 

intermediate and a 17 kDa mature form of frataxin, respectively. The final protein in 

mitochondria is recognised as the mature form of frataxin  which  is a compact, globular 

protein containing an N-terminal α helix, a middle β sheet region composed of seven 

β strands, a second α helix, and a C-terminal coil (Figure 1.6). The α helices are folded 

upon the β sheet, with the C-terminal coil filling a groove between the two α helices. 

The size and nature of the conserved surface regions suggest that they interact with 

a large ligand, probably a protein (Condò et al., 2007). 

 

Figure 1.6: Structure of frataxin. Crystal structure of human frataxin shows the fold 
of human frataxin, a compact αβ sandwich, with α helices and β sheets. Strands 
β1 – β5 formed a flat antiparallel construct that interact with the two helices, α1 
and α2.  
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1.2.7 Cellular function of frataxin 
 

The function of frataxin is not completely understood and clues to the function of 

frataxin protein comes from identification of its interacting partners. A bioinformatics 

study have demonstrated a link between frataxin and the proteins from the iron sulphur 

cluster machinery. (Huynen et al., 2001) In S. cerevisiae (Δyfh1) cells, yeast frataxin 

(Yfh1) deficiency will lead to reduction of the activity of Fe-S-containing enzymes such 

as aconitase, succinate dehydrogenase and cluster incorporation into apo-ferredoxin 

(Duby et al., 2002, Mühlenhoff et al., 2002). In addition it was found that yeast and 

human frataxin bind to the central Fe-S cluster assembly complex, which is composed 

of the Nfs1 enzyme and the scaffold protein Isu, (Gerber et al., 2003, Ramazzotti et 

al., 2004).  

Studies involving FRDA patients, conditional knockout mouse models, and yeast 

mutants containing a disruption of the frataxin gene have shown intramitochondrial 

iron accumulation, oxidative stress, and reduced activity of iron-sulphur (FeS) cluster-

containing subunits of the mitochondrial ETC (complexes I–III) and of aconitase 

(Koutnikova et al., 1997, Cavadini et al., 2000, Puccio et al., 2001). Although the 

physiological function of frataxin is still unknown but it may be involved in mitochondrial 

iron homeostasis and/or the assembly of FeS proteins (Bradley et al. 2000) (Figure 

1.7). 
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↓ ACONITASE  

↓ FRATAXIN 

 ↓ ATP 

↓ ATP 
↓ ACTIVITIES OF 

COMPLEXWS I-III 

IMPAIRED FeS 

FORMATION 

↓ mtDNA 

CELL DEATH BY 

APOPTOSIS/NECROSIS 

↑ FREE RADICAL 

FORMATION 

↑ FREE RADICAL 

FORMATION 

Figure 1.7: Schematic representation of events leading to cell death in FRDA. 
Although the exact sequence of events in FRDA pathogenesis is uncertain. It is 
proposed that impaired intramitochondrial iron metabolism results in defective Fe-S 
formation resulting in decreased complex I–III and mitochondrial aconitase activities 
and iron overload. Increased free iron levels and a defective mitochondrial respiratory 
chain will result in increased free radical generation, which will cause oxidative 
damage including further inhibition of aconitase activity. Impaired respiratory chain 
activity and decreased aconitase activity will impair ATP synthesis, which, together 

with oxidative damage to cellular components, will compromise cell viability. Figure 

modified from (Bradley et al. 2000).  
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1.3 GAA repeat mutation 
 

Molecular studies of FRDA have led to identification of several mutations in the FXN 

gene. Almost 95% of FRDA cases are caused by hyperexpansion of the GAA triplet 

repeat sequence, in the first intron of the FXN gene. This mutation is known to reduce 

the frataxin expression (Campuzano et al., 1996) (Figure 1.8). Affected individuals 

generally have GAA expansion on both alleles of FXN gene due to the recessive 

nature of this disease; whereas heterozygous carriers show no sign of disease and 

are clinically normal.  Normally alleles contain less than 30 triplets, whereas in FRDA 

patients alleles contain more than 60 triplets and in some cases up to 1700 triplets 

(Cossée et al., 1997). There is a direct correlation between the size of the GAA 

expansion and the severity of the disease (Filla et al., 1996). Evidence shows that 

about 5% of FRDA individuals are heterozygous for the GAA expansion and in some 

cases a missense or a nonsense point mutation may lead to disrupting the frataxin 

coding sequence. In addition, there has been no report of FRDA patients carrying a 

point mutation in both copies of FXN gene so far. FRDA is the only known disease to 

be result of an expansion of GAA triplets (Cossée et al., 1997) (Grabczyk and Usdin, 

2000b) (Montermini et al., 1997a). The most common point mutations known to date 

include I154F, M1I and G130V. The I154F mutation exhibits a typical FRDA 

Figure 1.8: GAA repeat mutation results in decrease frataxin production.  
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phenotype, whereas the other mutations demonstrate early-onset FRDA features 

(Alper and Narayanan, 2003).  

1.3.1 Instability of the GAA repeat:  
 

Trinucleotide repeat expansion is one of the mutational mechanisms that contributes 

to several inherited disorders, including myotonic dystrophy, Huntington disease and 

Friedreich ataxia (Cossée et al., 1997). Trinucleotide repeat instability contributes to 

more than 40 neurodegenerative disorders, and repeat mutation is a process that may 

increase within tissues and across generations (Kovtun and McMurray, 2008). 

Normally positions of trinucleotide repeats are divided into coding and non-coding 

regions. Non-coding trinucleotide repeat expansion disorders typically result in loss of 

gene function or toxic effects at the mRNA level; while coding trinucleotide repeat 

expansions usually cause either a polyglutamine or polyalanine tract in the protein 

products resulting in protein malfunction (Pizzi et al., 2007). Approximately 30% of the 

human genome consists of repetitive nucleotide sequences which may undergo 

insertion, deletion, contraction and expansion (Potaman et al., 2004). The FRDA GAA 

expansion instability can be categorised into two main groups: somatic and meiotic 

instability.   
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1.3.2 Somatic instability is tissue and age dependent  
 

Somatic instability, identified in many repeat disorders carries variable lengths of 

trinucleotide repeats in different tissues from the same patient (Pearson et al., 2005). 

Heterogeneity occurs at a variable degree among cells in different tissues, for example 

cultured fibroblasts show very little heterogeneity in expansion sizes among cells, 

whereas lymphocytes are more heterogeneous, and the majority of brain regions show 

a complex pattern of allele sizes, indicating extensive cellular heterogeneity 

(Montermini et al., 1997b).  Recent investigation of six autopsies of FRDA patients 

showed that DRGs had a significantly greater frequency of large expansions and 

relative paucity of large contractions compared with other tissues (De Biase et al., 

2007a) (Figure 1.9).  

 

 

 
 
Figure 1.9: Small pool–PCR analysis demonstrating greater occurrence of large 
expansions in DRG. Frequency distribution (plotted on the Y-axis) of expansions (magnitude 
plotted on the X-axis as increase in size (%) over the constitutional allele) seen in various 
tissues derived from the patient. All data points to the right of the bold line, plotted at 20%, 
represent large expansions (De Biase et al., 2007a). 
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Using small-pool PCR analysis from tissue of an 18 week fetus homozygous for 

expanded GAA alleles revealed very low levels of instability compared with adult 

derived tissues (De Biase et al., 2007b). Furthermore, mutation load in blood samples 

from FRDA patients increased significantly with age ranging from 7.5% at 18 weeks 

gestation to 78.7% at 49 years of age (R=0.91; P <0.0001). Hence somatic instability 

in FRDA occurs mainly after early embryonic development and progresses throughout 

life supporting the role of postnatal somatic instability in disease pathogenesis (De 

Biase et al., 2007b) (Figure 1.10). Studies of transgenic mouse models shows the 

GAA triplet repeat is unstable in the context of the human FXN locus and displays age-

dependent expansions in the cerebellum and the DRG (Clark et al., 2007).  

 

 

 

 

Figure 1.10: Small-pool PCR analysis showing different GAA mutation load in fetus 
versus adults. A) Mutation load of fetal versus adult tissues analyzed by SP-PCR 
showing highly significant, 7.3 fold lower level of somatic instability in fetal tissues 
compared with adult tissues. Error bars -/+ 2 SEM. B) Bar graph of mutation load in the 
blood of fetus versus both parents combined showing a highly significant, seven fold 
lower levels of somatic instability in fetal tissues compared with adult tissue. Error bar -
/+ 2 SEM (De Biase et al., 2007a). 
 

A B 
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1.3.3 Meiotic (intergenerational) instability of GAA repeats 
  

Both contraction and expansion could be observed when transmitted from parent to 

child (Campuzano et al., 1996). It is suggested that expanded alleles are likely to 

further expand or contract during maternal transmission, but in most cases contract 

during paternal transmission. Parental age and the intergenerational change in 

expansion are directly correlated in maternal transmission and inversely correlated in 

paternal transmission (Kaytor et al., 1997). 

1.4 Mechanisms reducing FXN transcription 
 

Frataxin deficiency is the main cause of FRDA. Reduction in FXN mRNA is caused at 

the transcriptional level, and not at post-transcriptional RNA processing (Delatycki et 

al., 2000). It is suggested that expansion of long GAA repeats in intron 1 results in 

transcriptional silencing by the formation of non-B DNA structures  such as triplexes 

or sticky DNA (Wells, 2008). In addition, other studies have linked silencing 

mechanisms with FRDA including histone modification and DNA methylation (Herman 

et al., 2006, Al-Mahdawi et al., 2008). 
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1.4.1 Triplex formation  
 

The GAA expansion in the FXN primary transcript is not part of the spliced message, 

so reduction in frataxin expression must result from an effect on transcription initiation. 

This deficiency may be induced by a block to transcription elongation or/and 

interference with proper splicing (Grabczyk and Usdin, 2000b) (Figure 1.11). 

 

Figure 1.11: Schematic representation of intramolecular R.R.Y and Y.R.Y triplexes. 
The purine (R) strand is black, the pyrimidine (Y) strand is grey. The single black dots 
indicate normal Watson-Crick base pairs and the smaller double dots indicate 
alternative hydrogen bonding interactions that are pH independent (Grabczyk and 
Usdin, 2000b). 
 
 

The GAA.TTC tract is a purine.pyrimidine (or R.Y) polymer and may adopt a number 

of unusual nucleic acid structures including triple helices (Wells et al., 1988). 

Generally, the triplex formation is seen in two forms R.R.Y or Y.R.Y, and depending 

on whether the third strand is purine rich or pyrimidine rich it can be formed as either 

intermolecular structures or as folded intramolecular structures (Wells et al., 1988). 

Some models have previously been proposed for triplex formation (Grabczyk and 

Fishman, 1995, Reaban and Griffin, 1990), but recent investigations led to the 

construction of a new model, which proposes that a transient intramolecular R.R.Y 

triple helix is formed behind the RNA polymerase during transcription pausing the 

polymerase within the GAA.TTC tract (Grabczyk and Usdin, 2000b). The conditions 

favouring the triplex formation comes from the movement of RNA polymerase along 
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the template, locally unpairing the DNA duplex and generating a wave of negative 

supercoil in its wake (Figure 1.12A).  

 At the transcription bubble the polymerase covers the Y (TTC) template strand but 

the single-stranded portion of the GAA non-template strand is available to initiate 

triplex formation promoting the formation of the R.R.Y structure (Figure 1.12B). The 

initial folding may be analogous to the formation of the folded R.R.Y structure by an 

oligodeoxyribonucleotide (Figure 1.12) The spread of triplex formation (Figure 1.12C) 

is driven by the release of the standing wave of negative super helical energy that had 

formed behind the polymerase. This model illustrates that the polymerase has trouble 

negotiating the junction between the triplex and the duplex in the distal end of the 

repeat tract (indicated by the black arrow in Figure 1.12C). This can result in truncation 

of a transcript at the 3′ end of the structure; an outcome not predicted by previously 

proposed models for GAA.TTC mediated transcription inhibition (Grabczyk and Usdin, 

2000b). Further investigations by Grabczyk et al., demonstrated the formation of a 

persistent RNA-DNA hybrid by transcription of the FXN GAA_TTC repeat sequence in 

E. coli and by T7 RNA polymerase in vitro. During transcription of the longer repeats, 

T7 RNA polymerase arrested at the promoter distal end of the GAA_TTC tracts and 

an extensive RNA_DNA hybrid was tightly linked to this arrest (Figure 1.12D). This 

indicates that the RNA_DNA hybrid formation appears to be an intrinsic property of 

transcription through long GAA_TTC repeats. Initially, the repeating DNA d(TTC)n 

strand serves as the template for synthesis of r(GAA)n to form a moderate length of 

DNA_RNA hybrid. Due to the stability of this hybrid, the DNA triplex is dislodged 

behind the growing transcription complex to give an even longer RNA-DNA hybrid. 

The waves of negative supercoiling behind the translocating RNA polymerase 

facilitates these processes from a topological standpoint (Grabczyk et al., 2007).  
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1.4.2 Sticky DNA 
 

Recent investigations have focused on the types of triplexes that are adopted by the 

long GAA_TTC repeats, both in vitro and in vivo, to determine the effects of triplexes 

on other DNA metabolic events, and their involvement in replication, repair, and 

recombination-mediated genetic instabilities. A new type of DNA structure, is 

described for lengths of (GAA.TTC)n found in intron 1 of the FXN gene of FRDA 

patients called sticky DNA (Sakamoto et al., 1999). Sticky DNA is a long 

GAA_GAA_TTC triplex that is formed intramolecularly in vivo and in vitro (Son et al., 

2006). Sticky DNA is formed by the association of two long GAA•TTC repeat 

Figure 1.12: Transcription-coupled 
RNA·DNA hybrid formation in a GAA·TTC 
repeat. A model for transient transcription-
dependent triplex formation leading to an 
RNA polymerase pause and RNA·DNA 
hybrid formation. The purine (GAA or R) 
strand of the repeat is red, the pyrimidine 
(TTC or Y) strand is yellow and the flanking 
DNA is grey. 
  
(A) A standing wave of negative 
supercoiling follows RNA polymerase. At 
the transcription bubble, the non-template 
(GAA) strand is available to fold back in an 
R·R·Y interaction; the template strand is 
covered by RNA polymerase.  
 

(B) Rotation of the helix (curved arrow) as 
it winds in the third strand relaxes the 
negative supercoils caused by 
transcription and leaves a length of the 
template single-stranded.  
 
(C) RNAP is impeded at the distal 
template–triplex junction and the nascent 
transcript can anneal to the single-
stranded stretch of template.  
 
(D) The RNA·DNA hybrid displaces the 
much less stable triplex structure 
(Grabczyk et al., 2007). 
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sequences that are distal to each other (two R.R.Y triplexes). Studies demonstrated 

that the two long repeat sequences must be within the same topologically closed 

plasmid and in a direct repeat orientation with each other in order for the two tracts to 

associate (Vetcher et al., 2002). A correlation was also established between the length 

of repeat and sticky DNA formation. Repeat lengths of greater than 60 are required for 

sticky DNA formation and repeat lengths shorter than 60 repeats failed to demonstrate 

the formation of this non- B structure (Figure 1.13) (Sakamoto et al., 1999).  

It has been suggested that the disruption of GAA.TTC sequence may destabilize sticky 

DNA structure and promote transcription. Analysis of the effects of introducing 

interruptions into a (GAA.TTC)150 repeat by substituting an increased number of As 

with Gs has confirmed that sticky DNA structure is progressively destabilized and is 

unable to form when the sequence becomes (GAAGAA.TCCTTC)75 (Ohshima et al., 

1999). Furthermore, inhibition of transcription is reduced as the tendency to form a 

sticky DNA structure is decreased in vivo and in vitro (Ohshima et al., 1999).   
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Figure 1.13: A model of the association of two triplexes formed by long GAA.TTC 
tracts. A) Schematic representation of the strand exchange model. The two triplexes 
are represented as thin and thick lines. The short vertical lines between the bases 
represent Watson-Crick pairs, and the stars represent the reversed Hoogsteen base 
pairs. B) Two dimensional picture of the strand exchange model. Different colours 
represent different strands. In the left molecule, blue shows the purine strand, while 
yellow shows the pyrimidine strand. In the right molecule, green shows the purine 
strand and red shows the pyrimidine strand (Sakamoto et al., 1999). 
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1.4.3 Histone modifications 
 

Recent findings have recognized a link between chromatin modifications and FRDA. 

Initial investigation of the acetylation state of the FXN gene in a FRDA lymphoblastoid 

cell line demonstrated significantly low levels of histone acetylation in H3K9, H3K14, 

H4K5, H4K8, H4K12 and H4K16 surrounding the GAA repeat compared to a normal 

cell line (Herman et al., 2006) (Figure 1.14a). Moreover, the levels of H3K9 mono-, di- 

and trimethylation, upstream of the GAA repeat was shown to be higher in the FRDA 

cell line in particular those of H3K9 trimethylation (Herman et al., 2006) (Figure 1.14b).  

 

 

 

Figure 1.14: Investigation of histone modification in the FXN gene by ChIP analysis on 
a FRDA (GM15850) versus a normal lympholastoid cell line (GM15851). In FRDA, a) 
histone acetylation levels at specified lysine residues are generally lower immediately 
upstream and downstream of the GAA repeat. b) while levels of H3K9 methylation are 
significantly higher upstream of the GAA, when compared to the normal cell line (Herman 
et al., 2006).   
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Using ChIP analysis Al-Mahdawi et al., further investigated the H3 an H4 acetylation 

and H3K9 methylation in autopsy brain tissues from two FRDA patients and two 

normal individuals (Figure 1.15). All acetylated histone residues studied showed a 

GAA-induced gradient of comparative acetylation that is highest in the FXN 5’UTR and 

lowest in the downstream GAA region, with a single most altered residue being H3K9. 

Additionally H3K9 showed increased levels of di- and trimethylation in all three of the 

FXN regions (Al-Mahdawi et al., 2008).  

 

 

 

 

Figure 1.15: Analysis of histone modifications in human brain tissue. ChIP 
quantitative PCR results for the FXN promoter/exon1 (Pro), upstream GAA (Up) and 
downstream GAA (Down) amplified regions are represented as the relative amount 
of immunoprecipitated DNA compared with input DNA, having taken negligible 2Ab 
control values into account. FXN values were normalized with human GAPDH and 
all values have been adjusted so that all of the upstream GAA mean values from the 
unaffected individuals are 100%. In each case, two individual ChIP samples from two 
FRDA patients and two unaffected controls were analysed in triplicate (Al-Mahdawi 
et al., 2008). 
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1.4.4 DNA methylation changes  
 

Bisulfate sequence analysis of the FXN flanking GAA regions in FRDA patient brain, 

heart and cerebellum tissues, revealed a shift in the FRDA DNA methylation profile, 

with upstream CpG sites becoming consistently hypermethylated and downstream 

CpG sites becoming hypomethylated. Variable levels of DNA methylation at three 

specific CpG sites within the FXN promoter and one CpG site within exon 1 was 

identified (Al-Mahdawi et al., 2008) (Figure1.16). 

 

  

Figure 1.16: DNA methylation analysis of the FXN promoter (A and B), upstream GAA 
(C and D) and downstream GAA (E and F) regions of human brain and heart tissue. In 
each case the mean percentage of methylated CpG sites is shown, as determined by 
bisulfate sequencing (Al-Mahdawi et al., 2008). 
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1.5 Friedreich ataxia mouse models  
 

In order to broaden the understanding of FRDA pathogenesis, the physiological 

function of frataxin and developing an effective system for testing potential therapies, 

mouse models of FRDA have been developed and considered essential.  

1.5.1 Knockout mouse models 
 

Knockout mouse models are ideal to replicate most features of FRDA, since in most 

recessive diseases a reduced or destroyed biological function of proteins is observed 

(Watase and Zoghbi, 2003). To study the mechanism of the FRDA, Cossée and 

colleagues carried out an attempt using targeted deletion of FXN exon 4, to generate 

a mouse model. However, their effort was unsuccessful as mice that are homozygous 

die as result of embryonic lethality a few days after implantation. Although a mouse 

model was not accomplished, this result indicated that frataxin has a vital role during 

early development (Cossée et al., 2000). Through a conditional gene-targeting 

approach, conditional knockout mice were generated using a loxP-flanked allele and 

Cre-lines that are driven by the neuron-specific enolase (NSE) and muscle creatine-

kinase promoters (Puccio et al., 2001). This mouse model showed that reduction in 

frataxin causes sensory-neuron dysfunction, cardiomyopathy, iron-sulphur enzyme 

deficiencies and finally premature death. However, the most important sites of FRDA 

pathology such as the dorsal column of the spinal cord remained unaffected in these 

mice (Puccio et al., 2001).   

1.5.2 Knockin mouse models  
 

Since GAA expansion is the main cause of FRDA, insertion of GAA repeats into FXN 

intron 1 of mice was investigated and 230-repeat GAA tract was introduced into the 

mouse frataxin gene by homologous recombination (Miranda et al., 2002). GAA repeat 
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knockin mice were crossed with the frataxin knockout mice. The heterozygous mice 

expressed a 25% reduction in the frataxin level in all tissues compared to wild type. 

However, these mice did not develop anomalies of motor coordination, iron 

metabolism or response to iron loading (Miranda et al., 2002). These levels of frataxin 

expression are associated with mild FRDA in humans, and these mutants are viable 

and do not show apparent phenotype (Miranda et al., 2002). This result indicated that 

longer repeats are necessary in order to generate an accurate FRDA mouse model.  

1.5.3 FXN YAC transgenic mouse model  
 

In an effort to overcome the issues in knockout mice such as embryonic lethality, and 

to study human frataxin in a mouse cellular environment, Pook et al., suggested that 

the human FXN transgene that contained a large GAA repeat expansion at the correct 

intronic position, would enable the study of both GAA repeat instability and reduced 

frataxin expression in FRDA within the single model (Pook et al., 2001).  

1.5.4 Human frataxin is functional and rescues FXN knockout 

mouse  
 

In order to investigate whether human frataxin is functional in a mouse background 

and whether it can substitute for a loss of endogenous murine frataxin, a human wild 

type FXN yeast artificial chromosome (YAC) transgenic mouse line was established 

and crossbred twice with heterozygous FXN exon 4 deletion knockout mouse (Cossée 

et al., 2000, Pook et al., 2001) (Figure. 1.17). The outcome was a phenotypically 

normal homozygous Fxn knockout offspring that had no endogenous murine frataxin, 

rescued by expression of YAC-derived human frataxin (Pook et al., 2001). These 

findings have established that the 370kb human FXN YAC transgenic construct is fully 

functional, can express frataxin and can overcome the embryonic lethality. Transgenic 
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human frataxin was able to interact with other proteins and achieve its normal function 

(Pook et al., 2001).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.17: The position of YAC 37FA12 with respect to the FXN locus at 9q13. 
Genes are represented as solid arrows, which indicate the direction of transcription, 
and the broken lines represent incomplete gene sequence. Individual exons are 
numbered and are shown below the relevant gene (Pook et al., 2001). 



Chapter1- Literature Review  

32 
  

1.5.5 Human FXN YAC transgenic mouse containing a GAA 

repeat  
 

Once the generation of a 370kb human FXN YAC transgenic mouse model was 

created, Al-Mahdawi et al., made further advances by the addition of a GAA expansion 

mutation into this transgenic model (Al-Mahdawi et al., 2004). 

A PCR product containing 700 GAA repeats and 1.8kb of flanking intron 1 sequence 

was amplified from FRDA patient genomic DNA followed by cloning into pCR2.1 and 

then Yep24 vectors, where GAA repeat contraction to a maximum size of 230 repeats 

was observed (Al-Mahdawi et al., 2004). This contraction has previously been 

observed by cloning of GAA repeats expansion sequence into plasmid (Ohshima et 

al., 1999). Yeast pop in/pop out homologous recombination between the 230 GAA 

plasmid sequence and retrofitted YAC 37FA12 resulted in a final modified YAC 

designated 1(38), which contained 190 GAA repeats, and was used to generate 

transgenic mice (Al-Mahdawi et al., 2004) (Figure 1.18).  
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Two lines of transgenic mouse models have been generated: YG8 and YG22. (Table 

1.3) Both YG8 and YG22 contain transgene sequence spanning the whole 370 kb 

human YAC clone, including the left and right arms of the YAC and the entire FRDA 

gene together with GAA expansion. The main distinction between these two lines is 

that YG8 contained two GAA sequences of 90 and 190 repeats, while YG22 contained 

a single 190 GAA repeat sequence (Al-Mahdawi et al., 2004). 

 

 

 

Figure 1.18: GAA repeat modification of YAC 37FA12. The position and orientation 
of the normal FRDA gene (9 GAA repeats) within the human YAC clone 37FA12 are 
indicated by the arrow. L and R indicate left and right arms of the YAC. A 700-GAA 
PCR product was amplified from FRDA patient DNA using primers S2F and S3R. The 
PCR product was first cloned into pCR2.1 and then into YEp24, with resultant 
contraction to 230 GAA repeats. Pop-in/pop-out homologous recombination between 
Yep24 and YAC 37FA12 FRDA sequences produced the 190-GAArepeat YAC clone 
1(38), which was subsequently used to generate transgenic mice (Al-Mahdawi et al., 
2004). 
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Table 1.3: Overall characterization of FXN YAC transgenic mouse line (Anjomani 
Virmouni et al., 2015).  
 
 
Recently due to intergenerational expansion, a colony of YG8sR mice that contain 

~200 GAA repeats is established. Insertion of a single copy of FXN transgene at a 

single site was confirmed by fluorescence in situ hybridisation (FISH) analysis of 

metaphase and interphase chromosomes. Behavioural deficits, together with a degree 

of glucose intolerance and insulin hypersensitivity was observed in YG8sR FRDA mice 

compared with control Y47R and wild-type (WT) mice. Also increased somatic GAA 

repeat instability in the brain and cerebellum of YG8sR mice, together with significantly 

reduced expression of FXN and reduced aconitase activity was detected compared 

with Y47R mice. Furthermore, the presence of pathological vacuoles within neurons 

of the dorsal root ganglia (DRG) of YG8sR mice was confirmed (Anjomani Virmouni 

et al., 2015).  

 

 

 

 

Transgenic 
line 

YAC 
transgene 
integrity 

FXN copy 
number 

Founder GAA 
repeat length 

Range of 
GAA repeats 

YG8 Complete 2 190+90 <9 to 223 

YG22 Complete 1 190 <9 to 235 
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1.6 Therapeutics  
 

So far there is no efficient treatment for FRDA. However, based on new 

understandings of the role of frataxin and disease pathogenesis, many new 

therapeutic strategies have been approached. 

 

1.6.1 Antioxidants and oxidative stress  
 

Recent studies have suggested that low levels of frataxin may cause a delay in 

antioxidant defences response (Cooper and Schapira, 2007). Therefore, the use of an 

antioxidant agent to protect from increased oxidative stress has been suggested as a 

therapy. Coenzyme Q10 (CoQ10) a CoQ10 analogue, idebenone, are potent free 

radical scavengers that have shown some signs of promise (Lodi et al., 2001, Rustin 

et al., 1999). In addition, a combined therapy of CoQ10 and vitamin E resulted in 

improvement in cardiac and skeletal muscle bioenergetics (Cooper and Schapira, 

2007, Hart et al., 2005). Overall, therapeutic studies with antioxidants did not produce 

very promising effects on disease progression and the pathology of FRDA, due to the 

fact that these agents are probably unable to reach the primary sites of FRDA or 

because of the lack of ability to remove the iron accumulation.  

1.6.2 Removal of mitochondrial iron 
 

Frataxin promotes the mitochondrial synthesis of iron-sulfur cluster (ISC)-containing 

proteins and heme, hence disruption of frataxin levels may cause dysfunction of ISC 

metabolism and consequently will result in mitochondrial iron accumulation(Yoon and 

Cowan, 2003). As a therapeutic approach the removal of excess iron accumulation in 

the mitochondria should resolve this concern. However, the use of desferrioxamine 

(DFO), the most commonly used iron chelator in the clinic, proved to be challenging 
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as it lacks the ability to target mitochondrial iron pools, indicating that DFO may cause 

general iron deficiency rather than specifically removing mitochondrial iron 

(Richardson, 2003). Furthermore, an investigation has reported that when cytosolic 

iron is chelated by DFO, the frataxin mRNA and protein expression decrease further. 

(Li et al., 2008). Interestingly, a recent study proposes that in FRDA patients 

lymphoblasts and fibroblasts the concentration of chelatable iron in the mitochondria 

is not increased, hence frataxin deficiency does not affect the labile mitochondrial iron 

pool and challenges the current treatment using mitochondrion-specific iron chelators 

(Sturm et al., 2005).  

1.6.3 Increasing frataxin levels  
 

Since the main cause of FRDA is frataxin deficiency, the obvious solution would be to 

increase frataxin expression. This can be done using different strategies such as 

inhibition of triplex formation, inhibition of heterochromatin-mediated silencing and 

gene therapy.  

1.6.3.1 Inhibition of triplex formation 
  

The length of GAA repeats may play a role in the levels of frataxin gene transcription. 

Consequently, inhibition of triplex formation during transcription can be considered as 

a potential therapy (Grabczyk and Usdin, 2000a). Oligodeoxyribonucleotides are able 

to block particular types of triplex formation in vitro to provide specific increase in the  

complete transcript (Grabczyk and Usdin, 2000a). Other molecules such as 

polyamides have been shown to bind to GAA.TTC tracts with high affinity and disrupt 

the intramolecular DNA. DNA associated region of the sticky DNA conformation 

(Burnett et al., 2006). Frataxin expression has been increased by these synthetic 
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ligands in cell culture, but DNA microarray analysis revealed a limited number of genes 

that are significantly affected in FRDA cells (Burnett et al., 2006). 

1.6.3.2 Inhibition of heterochromatin mediated silencing 
 

Acetylation and deacetylation of histone proteins have critical roles in regulating gene 

expression (Herman et al., 2006), and these processes are regulated by two main 

enzymes called histone acetyltransferases (HATs) and histone deacetylase (HDACs), 

respectively (Kondo et al., 2003). Histone acetylation is catalysed by transcriptional 

coactivators such as CREB-binding protein, which possess HAT activity (Lee and 

Workman, 2007). HATs interact with a large number of transcription factors and serve 

as crucial hubs, integrating the activity of multiple signalling cascades (Abel and Zukin, 

2008). The effect of HATs can be reversed by HDACs, which remove the acetyl groups 

from lysine/arginine residues in the amino-terminal tails of core histones and other 

proteins (Lee and Workman, 2007). Deacetylation of histone proteins will result in 

chromatin condensation and subsequent silencing of gene expression. HDAC 

enzymes are known to reduce transcription activity and thereby play an important role 

in cell growth, differentiation, and apoptosis progressions (Abel and Zukin, 2008, 

Wilson et al., 2006) HDACs are divided into four main classes: I-IV. Class I and class 

II HDACs are more predominant in nervous system (Carey and La Thangue, 2006). 

Class I HDACs (1, 2, 3 and 8) are nuclear proteins that are widely expressed. 

Moreover they are homologs of HDAC RPD3, in yeast. Class II HDACs (4, 5, 6, 7, 9 

and 10) are partly regulated by shuttling between the nucleus and cytoplasm and are 

expressed in a tissue and cell-specific manner (Abel and Zukin, 2008). Class III 

HDACs, otherwise known as sirtuins, in mammals comprise 7 enzymes (SIRT1-7) that 

have been implicated in control of cell proliferation (Carey and La Thangue, 2006). 
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Finally, Class IV HDACs consist of one member, HDAC 11 that contains conserved 

residues in the catalytic core regions shared by both class I and II mammalian HDAC 

enzymes (Gao et al., 2002). HDACs can be further classified into Zn dependent (Class 

I, II and IV)) and Zn independent, NAD-dependent (Class III) (Carey and La Thangue, 

2006). Sequence specificity of HDAC action is acquired by recruitment of HDACs to 

specific genetic loci by repressor, corepressors and methyl-DNA binding proteins 

(Abel and Zukin, 2008). 

1.6.3.3 HDAC inhibitors as a therapy for FRDA 
 

Indeed, a modest increase in FXN expression after treatment with benzamide histone 

deacetylase (HDAC) inhibitors, which inhibit class 1 HDACs, resulted in improved 

locomotor activity and coordination in an FRDA mouse model (Sandi et al., 2011). 

Evidence in humans also supporting this was shown in two recent studies where 

disease severity, as measured by the Friedreich Ataxia Rating Scale, inversely 

correlated with FXN transcript and frataxin protein levels (Evans‐Galea et al., 2012, 

Plasterer et al., 2013). Several pharmacological compounds have been trialed and 

others are in development to treat FRDA (Perlman, 2012). These include the 

antioxidant coenzyme Q and its synthetic analog idebenone (Parkinson et al., 2013), 

the iron chelator deferiprone (Goncalves et al., 2008), the drug pioglitazone that can 

stimulate mitochondria by activating PGC-1a (Marmolino et al., 2010) and agents 

aimed at increasing frataxin like the antioxidant resveratrol (Li et al., 2013) and 

benzamide HDAC inhibitors. Success has varied to date with several agents showing 

promise in animal and cellular models not always effective in clinical trial. There are 

new data, however, that the ‘‘drug pipeline’’ is starting to yield potential treatment 

options for FRDA. HDAC inhibitors like RG2833 (Repligen Corporation) increase 
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frataxin levels (Herman et al., 2006, Rai et al., 2010), and it has recently completed 

early-phase clinical trials. New derivatives to increase safety and efficacy are currently 

in development (BioMarin Pharmaceuticals).  

1.7 Developing gene therapies for FRDA 
 

Gene and cell therapies are being developed as promising treatments for several 

genetic diseases. Pioneering proof of-principle clinical trials for cell and gene therapy 

have successfully treated patients with the demyelinating disease X-linked 

adrenoleukodystrophy (Cartier et al., 2009), adenosine-deaminase-deficient severe 

combined immunodeficiency (SCID) (Aiuti et al., 2002, Aiuti et al., 2009), chronic 

granulomatous disease (CGD) (Ott et al., 2006), X-linked SCID (Cavazzana-Calvo et 

al., 2010), Leber congenital amaurosis (Cideciyan et al., 2009), haemophilia (Nathwani 

et al., 2011), and, more recently, Wiskott–Aldrich syndrome  (Aiuti et al., 2013) and 

metachromatic leukodystrophy (Biffi et al., 2013). 

Following these successes, cell and gene therapy for FRDA is being pursued with 

many approaches currently being tested for potential efficacy (Table 1.4). A significant 

advantage in developing cell and gene therapy for FRDA is that affected individuals 

already produce frataxin, although at very low levels, so therapeutic introduction of 

frataxin will not illicit an immune response. Restoring function to even a small 

percentage of cells could have a positive effect on the surrounding microenvironment 

and improve overall clinical outcome.  
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Increasing FXN Reported outcomes References 

Yeast artificial 
chromosome expressing 

human FXN 

Rescues embryonic lethality of  
FXN-deficient mice  

(Pook et al., 2001) 

Bacterial artificial 
chromosome 

expressing human FXN 

Human BAC-mediated rescue 
of the Friedreich ataxia 
knockout mutation in 

transgenic mice 

(Sarsero et al., 
2004) 

Lentiviral or adeno-
associated vector 

expression of human FXN 

Reduced sensitivity to oxidative 
stress in fibroblasts from 
individuals with FRDA 

(Fleming et al., 
2005) 

HSV-1 amplicon vectors 
with 135 kb genomic FXN 

locus 

Reduced sensitivity to oxidative 
stress in fibroblasts from 
individuals with FRDA 

(Gomez-Sebastian 
et al., 2007) 

Prolonged FXN expression in 
the brain of wild-type mice 

(Gimenez-Cassina 
et al., 2011) 

HSV-1 amplicon vectors 
expressing human FXN 

cDNA 

Improved motor coordination in 
a conditional FXN knock-out 

mouse 
(Lim et al., 2007) 

induced pluripotent stem 
cells derived from 

fibroblasts of individuals 
with FRDA 

Successful development of 
iPSCs and differentiation to 

neural and cardiac cells 

(Ku et al., 2010) 
(Liu et al., 2011) 

(Hick et al., 2013) 
(Lim et al., 2013) 

Bone marrow-derived 
mesenchymal stem cells 

Increased frataxin expression 
and resistance to oxidative 

stress; neuroprotection 

(Kemp et al., 2011) 
(Jones et al., 2013) 

TAT-frataxin fusion protein 
Increased lifespan and cardiac 
function in a conditional FXN 

knock-out mouse 
(Vyas et al., 2012) 

TALE proteins fused to an 
activation domain 
targeting the FXN 

promoter 

Increased FXN transcript and 
frataxin protein in human FRDA 

fibroblasts 

(Chapdelaine et al., 
2013) 

Adeno-assocciated virus 
expressing human FXN 

Increased lifespan and cardiac 
function in a conditional FXN 

knock-out mouse 

(Perdomini et al., 
2014) 

Table 1.4: Studies that have contributed to the development of gene and cell therapies 
for FRDA.  
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1.7.1 Retroviral and lentiviral vectors. 
 

Oncoretroviral vectors and lentiviral vectors integrate into the host genome. For 

retroviral vectors, particularly those derived from the murine leukaemia virus (MLV), 

one of the greatest challenges is the risk of insertional mutagenesis upon integration 

near oncogenes and growth control genes (Baum et al., 2006a) (Nienhuis et al., 2006). 

This can lead to vector dependent side effects, such as clonal dominance, as seen 

during clinical trials for CGD (Ott et al., 2006)  and X-SCID (Hacein-Bey-Abina et al., 

2003, Howe et al., 2008). Derived from the human immunodeficiency virus (HIV), 

lentiviral vectors are 80–120 nm replication-defective particles that can spread a 

relatively short distance in dense tissue (Segura et al., 2013). They are an appealing 

vector for gene therapy given their flexible packaging capacity (12 kb) and ease of 

use. The vesicular stomatitis virus glycoprotein (VSV-G) pseudotype is the most 

commonly used envelope protein since it facilitates efficient transduction of multiple 

cell types and allows concentration of particles if required (Segura et al., 2013). Use 

of multiple packaging helper vectors, characterizing the integration pattern, and 

introducing novel regulatory elements have significantly increased the safety profile of 

lentiviral vectors (Schambach et al., 2013). Different pseudotypes have also increased 

cell targeting specificity. 

Injection of lentiviral particles into the substantia nigra of rats showed that particles 

with Mokola virus pseudotypes transduced neurons, while those with lymphocytic 

choriomeningitis or the Moloney MLV pseudotypes transduced astrocytes (Cannon et 

al., 2011). Fusion envelopes of VSV-G and other virus glycoproteins, such as the 

rabies virus, are also proving effective in transducing neuronal cells (Hirano et al., 

2013, Kato et al., 2014). A key safety feature of lentiviral vectors is their selfinactivating 
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(SIN) design (Zufferey et al., 1998). SIN vectors lack nonessential enhancer and 

transcriptional control sequences in the long terminal repeats of conventional retroviral 

vectors (Yu et al., 1986). An encouraging trial demonstrated that symptoms in two 

boys with neurodegenerative X-linked adrenoleukodystrophy were reduced after 

autologous transplant of lentiviral-corrected BM (Cartier et al., 2009). Common 

integration sites identified postcorrection were because of a benign integration bias 

and not oncogenic selection (Cartier et al., 2009, Biffi et al., 2011), indicating SIN 

lentiviral vectors have a superior safety profile over conventional oncoretroviral vectors 

(such as those used in the X-SCID trials). Latest-generation lentiviral vectors represent 

an appropriate system to potentially treat FRDA, and one study demonstrated that 

lentiviral vector-dependent expression of human FXN in fibroblasts isolated from 

FRDA patients increases their resistance to oxidative stress (Fleming et al., 2005). 

Several groups are currently developing lentiviral vectors for gene therapy of FRDA. 

1.7.2 Adeno-associated virus  
 

Adeno-associated virus (AAV) is a small, nonenveloped single-strand DNA parvovirus 

its small size (approximately 26nm in diameter) allows AAV-derived gene therapy 

vectors to spread further in some tissues compared with other viral vectors. With 11 

naturally occurring serotypes (AAV1-11), a variety of hybrid serotypes (including mixed 

and/or modified capsids) have also been developed in the last decade (Choi et al., 

2005). This has broadened tropism and increased cell targeting specificity; however, 

serotypes 2 and 5 remain the most commonly used (Choi et al., 2005, Wang et al., 

2011). The primary limitation of AAV vectors is their small packaging capacity within 

the vector genome (4.8 kb). AAV can also integrate at chromosome breakage sites 

(Miller et al., 2004) and a specific site in chromosome 19 (Kotin et al., 1990). AAV 
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(serotype 2) has also been demonstrated to preferentially integrate with low efficiency 

in active genes in mice (Nakai et al., 2003). An important advance has been the 

development of selfcomplementary AAV (scAAV) vectors that generate a single 

stranded genome with both the coding and complementary sequences packaged 

(McCarty, 2008). The scAAV vector removes the lag time for second-strand synthesis 

(a required step with AAV), facilitates more rapid expression once in the nucleus, and 

increases transduction efficiency. A major disadvantage, however, is that scAAV 

vectors have only half (2.3 kb) of the already small packaging capacity of AAV 

(McCarty, 2008). An early study evaluated AAV correction in human FRDA fibroblasts 

and demonstrated that cells experienced reduced sensitivity to oxidative stress upon 

AAV-dependent expression of human FXN (Fleming et al., 2005). A very recent study 

demonstrated not only correction, but also reversal, of a severe cardiomyopathy 

phenotype in a conditional FRDA mouse model [where frataxin is deleted in cardiac 

and skeletal muscle; the muscle creatine kinase-Cre or MCK mouse (Puccio et al., 

2001), following a single intravenous injection of AAV constitutively expressing human 

FXN (Perdomini et al., 2014). This study reports for the first time that MCK mouse 

cardiomyocytes that have already undergone severe energy failure, iron–sulfur cluster 

deficiency, and mitochondria and sarcomere ultrastructural changes can be fully 

rescued with vector-dependent FXN expression. Importantly, FXN expression also 

restored compromised ventricular function to wild-type levels (Perdomini et al., 2014). 
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1.7.3 Herpes simplex virus type 1  
 

Herpes simplex virus type 1 (HSV-1) is a well-characterized human DNA virus with a 

large packaging capacity in comparison to other viral vectors: 160 kb (Lim et al., 2013). 

This means that HSV-1 has superior versatility with respect to the size and number of 

transgenes/regulatory regions that can be introduced, which is a distinct advantage 

when aiming to recapitulate endogenous expression in the therapeutic context. While 

HSV-1 is not as user friendly as retro/lentiviral vectors or AAV, bacterial artificial 

chromosome ‘‘recombineering’’ has overcome some of the technical issues, and 

packaging helper plasmids have increased its safety (Lim et al., 2013, Laimbacher 

and Fraefel, 2014).  

As a neurotropic virus, HSV-1 gene therapy vectors are primarily developed for 

neurological diseases such as FRDA. Introduction of the FXN genomic locus to FRDA 

fibroblasts via HSV1-based amplicon vectors also reduced sensitivity to oxidative 

stress (Gomez-Sebastian et al., 2007), and this construct resulted in long-term 

persistent FXN expression in the brain of wild-type mice after injection into the adult 

mouse cerebellum (Gimenez-Cassina et al., 2011). In 2007, Lim and colleagues 

developed a localized Fxn knock-out mouse lacking Fxn in the olivary neurons of the 

brain stem (Lim et al., 2007). Using a rota rod assay, the authors demonstrated this 

FRDA model developed motor incoordination, a hallmark feature of disease, within 4 

weeks of Fxn deletion. Importantly, this neurological phenotype was reversed upon 

stereotaxic injection of an HSV1 amplicon expressing human FXN into the brain stem 

(Lim et al., 2007). This proof-of-principle study demonstrates that vector-dependent 

FXN expression can rescue neurological deficits to restore motor coordination in 

FRDA mice. 
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1.7.4 Nonviral-based delivery 
 

Introduction of frataxin to cells does not need to be via viral-based vector delivery. 

Bacterial and yeast artificial chromosomes expressing human FXN can rescue the 

embryonic lethality of Fxn-deficient mice (Pook et al., 2001, Sarsero et al., 2004). In a 

recent study, human frataxin was directed to the mitochondria via an N-terminal fusion 

of the transduction domain of the cationic peptide transactivator of the HIV 

transcription protein TAT (Vyas et al., 2012). TAT frataxin was introduced to fibroblasts 

isolated from individuals with FRDA and also the severe conditional frataxin knock-out 

mouse (neuron-specific enolase-Cre; NSE) with deletion of Fxn in cardiac and neural 

crest-derived tissues (Puccio et al., 2001). This exogenous replacement of frataxin to 

mitochondria improved cardiac function and increased lifespan in the NSE mouse 

model (Vyas et al., 2012). A very recent study demonstrated increased FXN 

expression after nucleoinfection of human FRDA fibroblasts with a transcription 

activator-like effector protein (TALE), engineered to bind to the FXN promoter, fused 

to a transcription activation domain (VP64). A 1.6-fold increase in mature FXN 

transcript and a 1.6–1.8-fold increase in frataxin protein were observed (Chapdelaine 

et al., 2013). 

In combination, these studies indicate that increasing frataxin levels can improve 

phenotype and ultimately clinical outcome, validating further studies testing the 

corrective potential of gene therapy for FRDA. Several international collaborations that 

focus on developing gene therapy for FRDA have recently formed—including 

GENEFA, AAV Life, and Voyager Therapeutics. 
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1.7.4 The challenges faced in gene therapies for FRDA 
 

FRDA is a multifaceted disease that can vary in its age of onset, severity, and 

progression. FRDA also affects multiple organs and this presents several challenges 

for the development of effective cell and gene therapies. For gene therapy to be of 

lifelong clinical benefit, it requires long-term, stable, and effective expression of the 

therapeutic transgene. Gene therapy vectors ideally need to transduce long-term 

repopulating cells for stable correction. Progenitor and/or terminally differentiated cells 

have limited survival requiring multiple sources and treatments. Effective targeting of 

therapies Localized delivery of cells and/or gene therapy vectors by direct injection 

into specific sites could effectively correct enough cells to improve function of the 

targeted organ and ameliorate phenotype. However, targeting each tissue with 

significant pathology presents logistical and financial challenges and is especially 

difficult in a single individual. 

While systemic delivery of viral vectors can result in high transduction rates, there is 

limited control of vector copy number and the specific cell types targeted, which can 

raise additional safety concerns. The delivery of vectors and/or corrected cells 

presents significant challenges in clinical translation. Specific targeting and distribution 

of vectors and/or sufficient engraftment of corrected cells in the main sites of pathology 

(the heart, DRG, and cerebellum) will be essential for therapeutic benefit. While 

increased tropism of gene therapy vectors will improve overall targeting capacity, 

correct homing and engraftment of corrected cells could pose the greater challenge. 

This is especially difficult if there is no inherent selective advantage for frataxin-

expressing cells. 
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1.8 Gene therapy strategies for monogenic diseases 
 

Research for treatment of monogenic disease remains foremost. When considering 

gene therapy for monogenic disorders, parameters for treatment include whether the 

gene mutation leads to a loss or gain of function, whether the gene product’s function 

affects survival of the cell or development, and if the disease gene has cellular 

specificity (Fischer and Cavazzana-Calvo, 2008). There are four different gene 

therapy strategies for monogenic diseases:   

 

(1) Addition of a normal copy of the mutated gene; best suited to loss‐of function 

mutations and the focus of most gene therapy strategies so far (O'Connor and 

Crystal, 2006). 

 

(2) Modification of messenger RNA to avoid the consequences of mutation; a 

possible option when the mutated exon is not indispensable. mRNA 

modifications can be brought about by small nuclear RNAs (snRNAs) (Gorman 

et al., 1998). 

 

(3) Inhibition of expression of the mutated gene; used to prevent the expression of 

a protein in a gain‐of‐function mutation or to inhibit cryptic splice sites which 

lead to expression of an abnormally spliced protein. Small interfering RNAs 

(siRNAs) have been used in this approach (Thompson and Patel, 2009). 

 

(4) Repair of the mutated gene in the host DNA sequence and reversal of the 

disease. This strategy utilises a DNA‐sequence‐specific binding domain and an 
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endonuclease capable of inducing site‐specific double‐strand breaks in DNA. 

Simultaneously, a template encompassing the wild‐type sequence that 

corresponds to the mutated stretch of DNA is introduced into the cell and acts 

as a substrate for repair. Zinc finger nucleases are a promising tool for this 

strategy. However, many technical concerns and low efficiency keep them far 

from clinical application at present (Rémy et al., 2010). 

In order to achieve clinical benefit two approaches for delivering genetic material exist; 

in vivo and ex vivo.  

The in vivo strategy involves the direct delivery of DNA (usually via a viral vector) to 

resident cells of the target tissue (Figure 1.19A). There are two requirements for such 

a strategy: firstly, that target cells be easily accessible for infusion or injection of virus, 

and secondly, that the transfer vector readily and specifically infects, integrates, and 

then expresses the therapeutic gene in target cells and not surrounding cells at 

effective levels for extended time periods. Adenoviral vectors are the mainstay of in 

vivo strategies owing to their high transfection efficiency. However, the virus is plagued 

by antigenicity (Byrnes et al., 1995) and is limited to short term expression of 

transgenes because it does not permanently integrate into the host genome (Mitani 

and Kubo, 2002). Currently, the lentivirus-derived vectors appear to be the most 

promising for future in vivo clinical applications (Selkirk, 2004). 

The ex vivo approach involves the transfer of a therapeutic gene to cells in vitro (in 

culture) followed by transplantation of these modified cells to the target tissue (Figure 

1.19B). The modified, transplanted cells act as an engineered secretory tissue, 

synthesising and releasing desired proteins to the local environment (Selkirk, 2004). 
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Figure 1.19: Schematic of in vivo and ex vivo gene therapy strategies. A) In vivo gene 
transfer. The in vivo strategy is based on directly injecting or infusing a gene transfer vector 
to cells of the target tissue. The therapeutic gene will then be expressed in target cells. B) 
Ex vivo gene transfer. The ex vivo strategy is based on transfer of the therapeutic gene to 
selected surrogate cells in vitro and subsequent transfer of the cells into the target tissue to 
express the gene (Selkirk 2004). 
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1.9 Viral vectors for gene therapy 
 

Many different types of vector, both viral and non‐ viral, have been explored as a 

means of transporting corrective DNA into target cells (Kay et al., 2001, Glover et al., 

2005). However, it is viral vectors which currently represent the most effective means 

of gene delivery and have been used in the majority of gene therapy clinical trials (over 

70%), with adenoviral and retroviral vectors used in 22% and 18.8% of all clinical trials 

to date, respectively. The choice of which viral vector to use for a particular application 

depends mainly on the cell type to be targeted and duration of expression required 

(Gillet et al., 2009). However, desirable properties of all viral vectors are the ability to 

be reproducibly propagated, to be purified to high titres, and to mediate transgene 

delivery and expression to the target cell without substantial toxicity (Wanisch and 

Yanez-Munoz, 2009). Many viruses with different properties have been exploited to 

produce gene therapy vectors; some of the most commonly used are derived from 

gamma retroviruses, lentiviruses, adenoviruses, adeno‐ associated viruses (AAVs) 

and herpes simplex viruses (HSVs) (Table 1.5). 
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1.10 Retroviruses 
 

Retroviruses are a large group of enveloped RNA viruses belonging to the Retroviridae 

family which are characterised by their diploid, single stranded RNA genomes, reverse 

transcription of the RNA genome into a double stranded DNA intermediate (the 

provirus), and integration of the provirus into the host cell chromatin. Virions are on 

average approximately 100nm in size and contain an RNA genome of 7-12 kb in size. 

The hallmark of retroviruses is their replicative strategy which involves reverse 

transcription of the viral RNA into linear DNA and the subsequent integration of this 

DNA into the host cell genome. Within the family Retroviridae there are seven genera; 

Alpharetrovirus, Betaretrovirus, Gammaretrovirus, Deltaretrovirus, and 

Epsilonretrovirus (containing simple retroviruses with oncogenic potential), and 

Lentivirus and Spumavirus (containing complex retroviruses). Each genus is 

characterised by differences in genetic structure, genome complexity, site of particle 

assembly, and virion morphology. For the development of vectors for gene therapy the 

focus has mainly been on utilising Gammaretroviruses, Lentiviruses, and 

Spumaviruses (Baum et al., 2006b). The retroviral vector used in this study was a 

HIV‐ 1‐ based lentiviral vector, so the following summary is focused principally on this 

virus. However, where important differences exist between lentiviruses and other 

retroviruses are described. 

The family Retroviridae shares three common features that are of major interest for 

gene delivery:  

(1) receptor-mediated uptake of a membrane-coated viral particle into target cells, 
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Figure 1.20: Phylogeny of Retroviruses. Alpharetrovirus; Avian leukosis virus (ALV); 
Rous sarcoma virus (RSV). Genus Betaretrovirus; Mouse mammary tumour virus 
(MMTV).  Genus Gammaretrovirus Murine leukemia virus (MLV); Feline leukemia virus 
(FeLV). Genus Deltaretrovirus; Bovine leukemia virus (BLV); cancer-causing Human T-
lymphotropic virus (HTLV-I-II). Genus Epsilonretrovirus; Walleye dermal sarcoma virus 
(WDSV). Genus Lentivirus; Human immunodeficiency virus 1(HIV-1) Simian, Feline 
immunodeficiency viruses (SIV mac, FIV) Genus Spumavirus; Simian foamy virus SFV 
cpz (Weiss, 2006). 

(2) reverse transcription of a plus-stranded RNA genome into a double-stranded 

DNA that is integrated into cellular chromosomes to establish active or latent 

infection. 

(3) cytoplasmic assembly of particles with incorporation of the full-length retroviral 

mRNA as the mobile form of genetic information. 
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1.10.1 Retrovirus biology 

In most viruses, DNA is transcribed into RNA, and then RNA is translated into protein. 

However, retroviruses function differently, their RNA is reverse-transcribed into DNA, 

which is integrated into the host cell's genome (provirus), and then undergoes the 

usual transcription and translational processes to express the genes carried by the 

virus. During the course of their life cycle, retroviruses alternate between two principal 

forms: the provirus and the virion. Virions consist of enveloped particles about 100 nm 

in diameter. The virions also contain two identical single-stranded RNA molecules 7-

10 kilobases (kb) in length. Although virions of different retroviruses do not have the 

same morphology or biology, all the virion components are very similar (Weiss, 2006). 

The provirus consists of double‐stranded DNA integrated into a host cell chromosome. 

Viral RNA and proteins are then expressed from the provirus using the host 

transcription and translation apparatus, and are subsequently packaged at the host 

plasma membrane into a virion. After reverse transcription the integrated proviral 

genome comprises both coding genes and non-coding cis-acting gene regulatory 

sequences (Weiss, 2006). 
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1.10.1.1 Coding sequences 
 

Retroviruses are broadly divided into two categories; simple and complex. The basic 

retroviral genome contains four genes: gag, pro, pol, and env which encode proteins 

found in all retroviruses (Eisenman and Vogt, 1978). Simple retroviruses contain only 

these four basic genes, while complex retroviruses possess additional regulatory and 

accessory genes (Figure 1.21). The gag, pro, pol and env genes are expressed as 

polyproteins which are processed into mature forms during assembly of the virion and 

maturation. The major structural protein of the virion is encoded by gag and is cleaved 

during maturation to form the matrix (MA), capsid (CA), and nucleocapsid (NC) 

proteins. The pol gene codes for the viral enzymes reverse transcriptase (RT) and 

integrase (IN), essential for reverse transcription of the viral RNA genome to double 

stranded DNA and integration of the DNA genome into a host cell chromosome, 

respectively. Env codes for the surface (SU) and transmembrane (TM) components of 

the viral envelope protein which are targeted to the virion lipid bilayer. Finally, pro 

encodes the viral protease (PR) which acts to process the viral polypeptides formed 

by gag, pro, pol, and in some strains env (Kay et al., 2001). HIV‐ 1 also contains genes 

coding for the regulatory proteins Tat (trans‐ activator of transcription) and Rev 

(regulator of virion) and the accessory proteins Vif, Vpr, Vpu, and Nef which can act 

to protect the virus from host restriction factors (Malim and Emerman, 2008).  
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1.10.1.2 Non‐coding sequences 
 

The provirus is flanked by long terminal repeats (LTRs), subdivided into U3, R, and 

U5 regions (Tipper et al., 2012). U3 (unique in 3’) is approximately 450 nucleotides 

long in both murine leukaemia virus (MLV) and HIV‐ 1 and acts as a promoter of viral 

transcripts. The R (repeat) region is approximately 100 nucleotides long in HIV‐ 1 and 

contains a polyadenylation signal, typically AAUAAA, which allows efficient processing 

of viral RNA. Homology between the two R regions is also essential for reverse 

transcription of the genome. U5 (unique in 5’) consists of a GU‐ rich stretch of roughly 

80 nucleotides which enhances the recognition and processing of the polyadenylation 

signal contained within R (Huthoff et al., 2003). Other cis acting regulatory sequences 

sites include the primer binding site (PBS). This site is complementary to an 18bp 

region of a host‐ derived tRNA which unwinds and binds to this region to act as a 

primer for minus strand DNA synthesis during reverse transcription (Verma et al., 

1971, Dahlberg et al., 1974). The region downstream of the primer binding site forms 

the encapsidation signal (Ψ) which allows efficient, preferential encapsidation of viral 

genomic RNA into virions. It is removed during splicing, so only full length (unspliced) 

transcripts can be packaged into virions (Mann and Baltimore, 1985). The polypurine 

tract (PPT), just 16 nucleotides long in HIV‐ 1, is located immediately upstream of the 

3’ U3 and acts as a primer for plus strand DNA synthesis during reverse transcription 

(Smith et al., 1984, Finston and Champoux, 1984). Lentiviruses such as HIV‐ 1 also 

possess a second origin for plus strand DNA synthesis called the central polypurine 

tract (cPPT) located within the integrase component of the pol (Charneau et al., 1994).  
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Figure 1.21:  Proviral genome organisation of a complex wildtype human immunodeficiency 
virus type I genome. This genome contain the basic structural genes: gag which encodes 
matrix (MA), capsid (CA) and nucleocapsid (NC) proteins, env which encodes surface (SU) 
and transmembrane (TM) glycoproteins, pol and pro which encode the enzymes protease 

(PR), reverse transcriptase (RT), integrase (IN) and RNase. HIV‐1 also contains the 
regulatory genes tat and rev, and the accessory genes vif, vpr, vpu and nef; Primer binding 
site (PBS); encapsidation signal (Ψ); Polypurine tract (PPT); Central Polypurine tract 
(cPPT); Rev response element (RRE), spacer peptide (p6). Figure modified from (Coffin et 
al., 2007), (Watts et al., 2009) and (Sinn et al.,2005). 
 

 

 

 

 

 

 

 

 
 
 
 
 

 

 

 

1.10.2 Retrovirus Structure 
 

In mature virions of retroviruses the matrix (MA) protein is bound to the envelope 

obtained from the host plasma membrane during the budding process. The envelope 

contains the viral glycoprotein where the surface (SU) receptor protrudes from the 

virion and is anchored by the transmembrane (TM) region which spans the lipid bilayer 

(Perez et al., 1987). A dense virion core is contained inside the matrix and can be 

cone shaped (as for HIV‐ 1) or round (as for MLV). Around 2000‐ 4000 copies of 

capsid (CA) protein form the outer shell of the core inside which is a nucleocapsid 

(NC)‐ RNA complex. Viral proteins including reverse transcriptase (RT) and integrase 

(IN), and some host‐ derived proteins including the host tRNA used during minus 

strand DNA synthesis are packaged inside the virion (Halwani et al., 2004) (Figure 

1.22). 
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Figure 1.22: A schematic representation of a mature HIV‐1 virion. Viral proteins depicted 
in this picture: transmembrane glycoprotein (TM); surface glycoprotein (SU); matrix (MA); 
protease (PR); capsid (CA); nucleocapsid (NC); single stranded RNA genome (RNA); 
integrase (IN); reverse transcriptase (RT) (Baum et al., 2006b, Watts et al., 2009).  
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1.11 Lentiviral life cycle 
 

 Unlike retroviruses, they rely on active transport of the preintegration complex through 

the nucleopore by the nuclear import machinery of the target cell. The lentiviral 

strategy for nuclear targeting enables infection of non-dividing cells, an attractive 

attribute for a gene therapy vector (Vigna and Naldini, 2000). The HIV‐ 1 viral life cycle 

can be divided into two temporarily distinct phases: infection and replication. Infection 

results in the introduction of the viral genome into the cell. Lentiviruses differ from other 

retroviruses due to their long latent period during infection. This leads to an early phase 

of gene expression characterised by the appearance of viral regulatory products 

involved in replication, followed by a late phase when structural genes are expressed 

and assembly of new viral particles occurs (Kay et al., 2001). A schematic view of the 

lentiviral life cycle is shown in Figure 1.23.  
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1.11.1 Entry and uncoating 
 

The first stage of the viral life cycle is entry of the virion into a target cell. This is 

mediated by recognition of a host cell surface receptor by Env; the major determinant 

of viral tropism. The primary receptor for HIV‐ 1 is CD4 51, along with coreceptors 

CCR5 (Dragic et al., 1996, Choe et al., 1996), and CXCR4 57. SU and CD4 binding 

induces a conformational change in surface glycoprotein (SU) revealing a conserved, 

high affinity, coreceptor binding domain. Coreceptor binding leads to exposure of the 

transmembrane glycoprotein (TM) fusion peptide, a hydrophobic region which 

interacts with the cell membrane, allowing fusion of the cell and viral membranes and 

internalization of capsid (Bosch et al., 1989). Once inside the cell, the protein 

composition of the HIV‐ 1 core changes in a process known as uncoating.  Firstly, a 

complex called the reverse transcription complex (RTC) in which DNA synthesis 

occurs is produced, and then a pre-integration complex (PIC) which is transported to 

the nucleus for integration into the host genome. 

1.11.2 Reverse transcription 
 

During uncoating, the capsid protein dissociates and the core forms the RTC which 

contain the proteins RT, IN, NC, phosphorylated MA, and Vpr (Bukrinsky et al., 1993, 

Miller et al., 1997). Reverse transcription of the viral RNA takes place prior to nuclear 

entry mediated by RT and is one of the defining features of retroviruses. It occurs in a 

series of steps: 

 

1. A specific cellular tRNA (tRNAlys3) acts as a primer and hybridizes to the 

complementary primer binding site (PBS) on the viral RNA initiating DNA 

synthesis. 
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2. Synthesis proceeds to the 5’ end of the genome so the U5 and R regions are 

encoded on this short (‐ )ssDNA. 

 

3. The synthesis results in a RNA:DNA duplex and the RNA template strand is 

degraded by the RNase H activity of RT. The ( ‐ )ssDNA is then transferred to 

the RNA 3’ end, a process made possible by the homology between the 5’ and 

3’ R elements, this is known as minus strand transfer. 

 

4. The first strand of complementary DNA is extended and the majority of viral 

RNA is degraded by RNase H. Once the strand is completed, second strand 

synthesis is initiated at the PPT. 

 

5. Additionally, other RNA sequences such as the central polypurine tract (cPPT) 

are not degraded and act as primers for positive strand synthesis. This 

proceeds from the PPT to the end of the tRNA primer. 

 

6. This creates an area of homology at the PBS (18 nucleotides) between the plus 

and minus DNA strands which enables plus strand transfer. 

 
7. Synthesis continues from the transferred section of the plus strand but stops at 

the cPPT, where plus strand DNA initiated at the PPT displaces plus strand 

DNA initiated at the cPPT. This creates a discontinuous ‘DNA flap’ of 99 

nucleotides between the cPPT and a central termination sequence (CTS) 

thought to aid nuclear entry (Charneau et al., 1994). 

 

8. Following plus strand transfer, DNA synthesis continues in both directions to 

the ends of the LTRs and can be incorporated into the host genome. While 
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reverse transcription takes place, the complex migrates to the nucleus. RT then 

dissociates forming the PIC and translocation occurs through the nuclear pore. 

Gammaretroviruses are unable to cross the nuclear envelope, therefore they 

are only able to integrate their genetic material when the envelope breaks down 

during mitosis. As lentiviruses, and the vectors based upon them, can cross the 

nuclear envelope they have the ability to integrate into non‐ dividing cells this 

makes them very useful tools in gene therapy. 

1.11.3 Integration 
 

The second defining feature of retroviruses is integration of proviral DNA into the host 

chromosome. This is mediated by the integrase (IN) encoded by pol. IN binds to 

attachment (att) sites in the U3 and U5 LTRs and integration occurs in two catalytic 

steps. The first step, known as 3'‐ processing, occurs in the cytoplasm within the PIC 

and involves cleavage of the 3' terminal dinucleotide (pGpT) at both ends of the viral 

DNA. The resulting recessed 3'‐ OH groups provide the sites of viral genome 

attachment to the host DNA (Miller et al., 1997). The second step, strand transfer, 

occurs in the nucleus. Here, IN mediates a nucleophilic attack via the viral 3'‐ OH 

groups against phosphodiester bonds on opposite strands of the host target DNA. 

During this step, the energy of the broken phosphodiester bonds in the chromosome 

is used for the formation of new bonds joining the viral 3' ends to the target DNA 

(Engelman et al., 1991). In the final step of integration, the unpaired dinucleotides from 

the 5’ ends of the viral DNA are removed and the single‐ stranded gaps created 

between the 5’ end and the target DNA are filled causing the integrated DNA to be 

flanked by the same five base pairs (Craigie, 2001). DNA episomes are also generated 

as by‐ products of integration. Aside from the linear DNA precursor, two types of 
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circular episome with intact viral coding regions are produced. These molecules can 

have one LTR ‐  formed by homologous recombination between the two LTRs, or two 

LTRs – formed by non‐ homologous end‐ joining of the double stranded blunt viral 

DNA (Cara and Reitz, 1997). Non‐ integrated viral DNA can support transcription (Wu 

and Marsh, 2003), and it is on this basis that integration defective lentiviral vectors 

mediate expression (Philippe et al., 2006, Yanez-Munoz et al., 2006). 

1.11.4 Transcription 
 

Once integrated into the host genome, the provirus relies on cellular machinery for 

transcription and translation. Transcription of the integrated proviral DNA involves the 

interaction of both cis‐ acting regulatory sequences in the LTR and trans‐ acting 

proteins made by the cell and the virus. The HIV-1 promoter does not assemble a 

particularly efficient RNA polymerase complex; the initiation rate is slow and the 

elongation rate is poor. The transcriptional activator protein, Tat, binds a stem loop 

structure (TAR) present at the immediate 5’ end of all mRNA transcripts recruiting host 

cellular elements, such as cyclin T and Cdk9 to the transcriptional complex increasing 

transcription 100‐ fold (Romano et al., 1999). Rev then binds to unspliced mRNA at a 

Rev responsive element (RRE) site and this complex is then exported from the nucleus 

into the cytoplasm, where Rev stabilizes viral transcripts (Pollard and Malim, 1998, 

Schneider et al., 1997). 

 1.11.5 Translation 
 

The Gag and Gag‐ Pro‐ Pol polyproteins are translated from unspliced mRNA in a 

ratio of 20:1. The reading frame of Pol is ‐ 1 with respect to Gag therefore translation 

of Gag‐  Pol‐ Pro requires a translational frameshift by the ribosome. After translation 

the Gag and Gag‐ Pol‐ Pro polyproteins associate to the cellular membrane where 
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Gag multimerisation occurs and the viral genome is bound by NC through an 

encapsidation signal (Ψ) which is present only on unspliced mRNA, allowing it to be 

packaged. The env gene is transcribed as one full mRNA product and is then 

translated to produce a precursor protein to the viral glycoproteins gp120 and gp41. 

During translation Env is inserted into the rough endoplasmic reticulum membrane 

through the signal recognition particle (SRP) and subsequently recruited to the virion 

(Perez et al., 1987). 

1.11.6 Virion assembly and budding 
 

Virions are packaged with a number of host proteins and are then released from the 

cell surface as immature, non‐ infectious particles. The Gag and Gag‐ Pol‐ Pro 

polyproteins are then cleaved by protease (PR) to produce the IN and RT as well as 

the structural proteins MA, CA, and NC. This proteolytic processing is required for 

condensation of immature spherical Gag to the mature cone‐ shaped core for the 

development of HIV‐ 1 infectivity and gives rise to a mature HIV‐ 1 virion (Briggs et 

al., 2003). 
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1.12 Lentiviral vectors 
 

The concept of viral-based tools for gene delivery emerged for the first time in the early 

1980s with vectors based on the Moloney Murine Leukaemia Virus (Mo-MLV) (Mann 

et al., 1983). Vectors rely on the physical separation into different plasmids of proteins 

required for viral particle formation and infectivity (the packaging and the envelope 

constructs) and of cis-acting sequences sufficient to mobilize the viral genome (the 

transfer vector).  

Lentiviruses owe their lenti appellative (slow in latin) to the long period of time elapsing 

between the initial infection and the onset of the disease, that can protract over a 

period of months or even years. The ability to transduce non-dividing cells is a unique 

feature of lentiviruses which distinguishes them from simple retroviruses (Buchholz et 

al., 2009). The viral life cycle can be divided into two main phases: firstly, in which the 

viral genome is transferred into the host cell and secondly, in which this genome is 

expressed and viral propagation is assured. The main interest of viral vectors for gene 

therapy purposes lies in the first phase, collectively referred to as the early steps of 

the viral life cycle. This process can be defined as gene transduction or single cycle 

infection (Durand and Cimarelli, 2011).  

Lentiviral vectors have many other advantageous features making them an extremely 

attractive asset in gene therapy: 

 

I. The proteins for reverse transcription and integration are carried within the 

virion allowing the viral genes that code for them to be deleted from vector 

constructs. 

 
II. Large coding capacity of 8-10 kb of transgene cassette, in addition to all the 

required cis‐acting sequences (Zufferey et al., 1998).  
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III. Reduced in vivo immunogenicity in comparison to other gene therapy vectors 

(Chirmule et al., 1999).   

 
IV. Stable transmission of the transgene to the target cell and subsequent 

generations through integration of the provirus into the host cell genome. 

 

1.12.1 Early HIV-1 vectors 
 

Early lentiviral vectors comprised of viruses carrying transgenes that were capable of 

replication. These were used as a tool to track viral replication in vitro and in vivo and 

as platforms to screen for anti-HIV-1 drugs. In order to increase the safety of HIV 

vectors a series of modifications was introduced to separate viral sequences needed 

for packaging and production from those encoding viral proteins. The first prototypes 

separated virus elements into two plasmid (Helseth et al., 1990, Page et al., 1990):  

 Plasmid encoding HIV-1 proviral DNA with a deletion in the env gene.  

 Plasmid expressing Env.  

Viruses undergo only a single round of infection since they did not carry the env gene, 

this was accomplished by Trans-complementation of Env protein from the separate 

plasmid. These early HIV vectors had transgenes inserted in nef or env with their 

expression driven by the 5’-LTR (Page et al., 1990, Landau et al., 1991, Helseth et al., 

1990).  

Further enhanced HIV-1-based vectors were generated carrying essential cis-acting 

elements for genome packaging, reverse transcription, and integration (LTRs, Ψ and 

RRE), but no viral proteins (Richardson et al., 1993). Mainly a heterologous internal 

promoter such as CMV (cytomegalovirus) drives the expression of the foreign genes 

in these vectors.  
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1.12.2 Expanded tropism through pseudotyping with vesicular 

stomatitis virus envelope-glycoprotein G (VSV-G).  
 

Early HIV vectors could only infect human cells expressing CD4, since HIV-1 Env 

recognizes human CD4 as a primary receptor.  

Burns et al. produced pseudotyped murine leukaemia virus based retroviral vectors 

(MLV) by replacing the retroviral Env glycoprotein with the viral attachment protein of 

VSV-G. These pseudotyped particles had two major advantage over unmodified 

vectors. First, VSV-G is substantially more stable than retroviral or lentiviral 

envelopes, allowing pseudotyped viruses to be concentrated by ultracentrifugation to 

higher titres than ever before (Burns et al., 1993). Secondly, despite the controversy 

of the receptor for VSV-G (Coil and Miller, 2004), it was known that VSV-G binds to a 

ubiquitous membrane component, allowing this envelop to transduce a markedly 

wider set of cells, even including non-mammalian cells. In light of these developments 

Akkina et al., used VSV-G to pseudotype HIV-1 vectors and demonstrated production 

of highly concentrated vectors that mediated high efficiency gene transfer into CD34+ 

haematopoietic stem cells (Akkina et al., 1996). The majority of lentiviral vectors are 

now pseudotyped with VSV-G giving them robust transduction into many cell types. 

1.12.3 First-generation HIV-1-based lentiviral vectors 
 

By splitting the viral components into three separate plasmids first generation HIV-1 

based lentiviral vectors with increased safety was accomplished. Since lentiviral 

vectors are derived from the pathogen HIV-1 virus there are bio-safety considerations 

in developing and using these as gene delivery vectors, mainly because of the 

possibility of generating replication competent lentiviruses (RCLs) with pathogenic 

potential.  
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 Despite safety concerns the ability of the lentiviral vectors to mediate stable gene 

transfer into both dividing and non-dividing cells makes them potent vectors for basic 

and translational research (Naldini et al., 1996b).  

Many laboratories have developed a number of ‘generations’ of lentiviral vector to 

reduce the likelihood of the production of RCLs in vector preparations. However, the 

first generation vectors are referred to as those vectors that first split the system into 

three separate plasmids to increase safety. These three separate elements include:  

 Packaging construct.   

 Env plasmid encoding a viral glycoprotein;  

 Transfer vector genome construct (Figure 42.1 A).  

The packaging construct expresses HIV Gag, Pol and regulatory/accessory proteins 

from a strong mammalian promoter (CMV) to generate viral particles. The Env 

plasmid expresses a viral glycoprotein, such as VSV-G, to provide the vector particles 

with a receptor-binding protein. To prevent their transmission into vector particles and 

to reduce the production of RCL in vector preparations these two plasmids have been 

specifically engineered without either a packaging signal or LTRs. The transfer vector 

plasmid contains all of the essential cis-acting elements (LTRs, Ψ and RRE) for 

packaging/reverse transcription/integration and the transgene(s), but expresses no 

HIV proteins. Since the transactivator Tat is not encoded by the transfer genome, the 

promoter activity by the 5’-LTR is minimal. Instead, transfer genomes use an internal 

promoter to express transgenes in transduced cells. This three-plasmid system allows 

the delivery of a gene of interest without expressing viral proteins in target cells. 

Splitting the vector components into three plasmids means at least two recombination 

events are required to yield a replication-competent HIV-1-like virus during vector 

production (Durand and Cimarelli, 2011).  
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1.12.4 Second generation lentiviral vectors 
 

Second generation vectors have been developed by modifying accessory genes in 

the system, to increase the safety of gene delivery (Figure 42.1B).  

The accessory HIV-1 Vif, Vpu, Vpr and Nef proteins were removed, as they can be 

deleted without affecting viral replication in certain human lymphoid cell lines 

However, these proteins are actually essential for efficient HIV-1 

propagation/virulence in primary cells or in vivo (Fouchier et al., 1996). 

Nef promotes the degradation of host proteins, such as MHC class I and CD4, to 

augment virus production and facilitate immune evasion (Collins et al., 1998) and Vif 

is necessary to inactivate a host antiviral factor, apolipoprotein B mRNA editing 

enzyme-catalytic polypeptide-like 3G (APOBEC3G), to ensure efficient virus 

production  (Harris et al., 2003). Similarly, Vpu neutralizes another cellular antiviral 

factor called Tetherin (Neil et al., 2008, Sakuma et al., 2009).  Although these 

accessory genes are important for HIV pathogenicity, they can be deleted in second-

generation lentivectors (Zufferey et al., 1997)  (Figure 42.1B). By replacing HIV-1 Env 

with VSV-G, these second-generation vectors include only four of the nine HIV genes: 

gag, pol, tat and rev (Zufferey et al., 1997).  

1.12.5 Self-inactivating (SIN) vectors with a deletion in the U3 

region of the 3’-LTR 
 

Conventional lentiviral vectors integrate transgene cassettes flanked by two LTRs into 

the host genome (Figure 42.1). However, if replication-competent recombinant 

lentiviruses are produced or if vector-transduced cells are subsequently infected by a 

wild-type lentivirus they may be able to replicate in a similar manner to that of wild-

type viruses and spread transduction beyond the original target cell. Since LTRs have 
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an enhancer [binding sites for host transcription factors, including specificity protein 1 

(Sp1) or nuclear factor κB (NF-κB)] and promoter regions this will raise another 

serious issue which is undesired activation of adjacent cellular genes by integrated 

vectors.  If semi-random integration of the transgene occurs near a proto-oncogene, 

these enhancers/promoters can activate transcription of these genes, resulting in 

oncogenesis. This has led to development of SIN lentivectors. A standard vector 

genome is flanked by two LTRs that each contain three regions: U3, R and U5 (Figure 

42.1). U3 acts as a viral enhancer/promoter and R in the 3’-LTR acts as the 

polyadenylation signal. The 5’ U3 and the 3’ U5 element are therefore not present in 

mRNA from the provirus and instead, the R region caps both ends (Figure 42.1). 

During reverse transcription prior to integration when U3 in the 3’-LTR is copied and 

transferred to the 5’-LTR, duplication of LTR elements occurs. In MLV vectors It was 

demonstrated that if part of U3 in the 3’-LTR is deleted, its duplication will transfer the 

same deletion into the 5’-LTR’s promoter/enhancer region and therefore results in 

transcriptional inactivation of potentially packageable viral genomes in the transduced 

cell (Yu et al., 1986). Subsequently this SIN approach was applied to HIV vectors by 

deletion of 3’-LTR elements, including its TATA-box-, Sp1-, NF-κB- and NFAT 

(nuclear factor of activated T-cells)-binding sites (Miyoshi et al., 1998, Zufferey et al., 

1998, Iwakuma et al., 1999). This SIN modification reduces the likelihood of:  

 Propagation of spontaneously produced replication-competent recombinant 

HIV-like viruses.  

 Insertional activation of cellular oncogenes by residual promoter activities of 

integrated LTRs.  

 Mobilization of integrated vectors by a wild-type virus.  

 Transcriptional interference and suppression by LTRs. 
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Figure 1.24: Schematic representation of HIV vectors. A) The first generation of HIV 
vectors includes all of the viral proteins, except Env protein, in a packaging plasmid. 
VSV-G is provided by a different plasmid. The HIV vector plasmid contains LTRs and 
the transgene is expressed under a strong viral promoter such as the CMV promoter. 
B) For the second generation of HIV vectors, all of the accessory proteins are excluded 
from the packaging plasmid. Similar to the first generation of HIV vectors, expression of 
glycoprotein and transgene are provided by different plasmids. C) The third generation 
of HIV vectors requires four different plasmids. In addition to the three plasmids (i.e. a 
packaging plasmid, an Env-encoding plasmid and a vector plasmid), Rev protein is 
provided by a different plasmid. The vector plasmid is also modified by deleting the U3 
region from 5’-LTR and partially deleting 3’-LTR to reduce the possible production of 
replication-competent viruses, and a strong viral promoter such as RSV or CMV is 
inserted for expression of the vector (Sakuma et al., 2012).  
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Figure 1.25: Schematic representation of HIV vector constructs and integrated 
proviruses. A) Non-SIN vectors or wild-type HIV contains LTRs at both the 3’ and 5’-
ends.Viral transcription starts at the U3/R region in the 5’ LTR and terminates at the 
R/U5 region in the 3’ LTR. Integrated viral DNA contains a cis-element (such as the 
TATA box and binding site for transcriptional factors Sp1 and NF-κB) of the LTR, thus 
leading to the potential activation of proto-oncogenes by random integration of the 
vector/virus. B) With the SIN vector, the 5’ LTR U3 region has been replaced with a 
CMV promoter, and the 3’ LTR U3 region, which contains the cis-element, has also 
been partially deleted. As a result, the viral transcript contains no complete U3 
sequence, and reduces the possible generation of replication-competent virus or 
activation of proto-oncogenes after the vector integration. C) The cis-acting elements 
of advanced lentivectors. The location and role of each cis-element are displayed. 
DIS, dimerization-initiation site. PBS, primer-binding site. Psi (packaging signal) 
(Sakuma et al., 2012).  
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.1.1.6 Third generation Tat-independent vectors from four 

plasmids 
 

Unlike HIV-1 accessory proteins, Tat and Rev are essential for HIV-1 replication. 

These regulatory proteins are used for viral transcription and nuclear export of intron-

containing transcripts (Laspia et al., 1989, Terwilliger et al., 1988).  

To further increase the safety the new system has been designed to be Tat-

independent with Rev provided from a separate plasmid (Figure 42.1C). Tat-

independence is achieved by replacing the U3 promoter region of the 5’-LTR in the 

transfer vector with strong viral promoters from CMV or Rous Sarcoma Virus (RSV) 

(Dull et al., 1998, Kim et al., 1998). Therefore four plasmids were used to generate 

third-generation vectors which include:  

 Packaging construct containing only gag and pol genes.  

 Plasmid expressing Rev.  

 Env (VSV-G) plasmid. 

 Transgene plasmid driven by a heterologous strong promoter.  

 

In addition the SIN property was added and this system consisted of only three of the 

nine genes of HIV thus increasing its predicted biosafety. At least three recombination 

events are required to generate a replication-competent HIV-1-like virus because the 

vector elements are split into four plasmids. Even if these occurred, the resulting 

viruses would have only HIV-1 Gag, Pol, Rev and VSV-G proteins, with no active 

LTRs, Tat or accessory proteins (Escarpe et al., 2003). 
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.1.111 Introduction of a cis-acting central polypurine tract 

(cPPT) for increased vector transduction efficiency  
 

Plus strand DNA synthesis starts from the PPT and the cPPT during reverse 

transcription of HIV-1 which leads  to a plus strand overlap called the central DNA flap 

(Charneau et al., 1992). Although this is a subject of debate (Dvorin et al., 2002), it 

has been suggested that the central DNA flap enhances nuclear import of HIV-1 

proviral DNA (Zennou et al., 2000).  Nonetheless in practice, introduction of cPPT into 

HIV-based vectors significantly increases vector transduction efficiency in vitro and in 

vivo (Zennou et al., 2001, Van Maele et al., 2003, Demaison et al., 2002). 

1.1.1 8 Using WPRE [WHV (woodchuck hepatitis virus) post-

transcriptional regulatory element] for increased transgene 

expression  
 

WPRE is another cis-acting element that has been used to improve lentiviral vector 

expression. This sequence increases the amount of unspliced RNA in both nuclear 

and cytoplasmic compartments (Donello et al., 1998, Zufferey et al., 1999). Addition 

of WPRE into lentiviral vectors significantly increases transgene expression in target 

cells (Zufferey et al., 1999, Brun et al., 2003). Although increased expression is useful, 

the use of WPRE may raise safety concerns since it contains a truncated form of the 

WHV X gene, which has been implicated in animal liver cancer (Kingsman et al., 

2005). WPRE safety has subsequently been improved by a mutation of the open 

reading frame of the X gene (Zanta-Boussif et al., 2009).  

  

 

.  
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1.13 Promoters  
 

Gene promoter regions are DNA sequences typically located upstream of genes and 

are the key cis-acting regulatory regions that control transcription. Promoters contain 

specific sequences which act as binding sites for RNA polymerase II, which 

transcribes DNA to mRNA, and trans‐ acting factors (transcription factors) which can 

help activate or suppress transcription by binding the DNA and help recruit or block 

binding of the polymerase enzyme. Promoters also work in conjunction with other 

regulatory elements, such as enhancers, silencers, and insulators, to direct the level 

and cell specificity of transcription of a given gene (Frecha et al., 2008).  

In vivo gene therapy strategies are largely dependent upon the therapeutic gene being 

expressed at an appropriate amount in the target cells, during the correct 

developmental stage, without developing toxicity, and without being eliminated by the 

immune system. Depending upon the disease, different profiles of expression are also 

required, for example, constant or regulated. Without this control, off target, over‐  and 

under‐ expression can cause unwanted effects (Frecha et al., 2008).  

Several strong, ubiquitous viral promoter elements, such as the immediate/early 

promoter/enhancer from Cytomegalovirus (CMV) and the 3’ LTR from Spleen Focus 

Forming Virus (SFFV) and Murine Stem Cell Virus (MSCV) promoter have also been 

extensively studied. The aim with these constructs is to achieve high transgene 

expression in all cells transduced in order to produce therapeutic levels of transgene 

expression.  SFFV elements have been explored during this project in the context of 

a SIN lentiviral vector.  
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1.13.1 Spleen focus forming virus LTR (SFFV) promoter 
 
The polycythemic strain of spleen focus‐ forming virus is a replication‐ incompetent 

virus related to Friend mink cell focus‐ forming viruses (Ruscetti, 1995). The retroviral 

enhancer/promoter is contained in the U3 region of the long terminal repeat (LTR) and 

consists of an array of cis-acting elements condensed into two direct repeats. Flanking 

this region, at the 5’ end is a high affinity binding site for the ubiquitous transcription 

factor Sp1, and at the 3’ end, a binding site for Friend Virus factor c (FVc) (Baum et 

al., 1997). The core motif in the direct repeat contains targets for transcription factors 

including: 

1. CAAT/enhancer binding protein (C/EBP): This family of proteins contribute to 

tissue‐ specific gene expression in the liver, adipocytes, and myeloid cell.  

2. Core binding factor (CBF) also known as polyomavirus enhancer binding 

protein (PEBP) involved in the regulation of both retroviral and endogenous 

genes in lymphoid and myeloid precursor cells (Baum et al., 1998).  

Within a retroviral vector, the SFFV LTR was shown to provide extremely high 

transgene expression in haematopoietic cells (TSUJI et al., 2000), spermatogenic 

cells (Danno et al., 1999), and hepatocytes in vivo (Yamaguchi et al., 2003), and has 

been used a number of times within the context of SIN lentiviral vectors to confer high 

transgene expression in a number of cell types . 
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2.1 Materials 
 

2.1.1 Equipment and instruments 

7900HT Fast Real-Time PCR System   Applied Biosystems  

Centrifuges: Heraeus Multifuge 1       Kendro Laboratory Products  

                    Heraeus Megafuge 1.0   Kendro Laboratory Products 

Cobalt radiation source      Puridec Technologies 

Gel Doc™ XR+ Gel and blot imaging System  Bio-Rad 

Heating block        Dri-block DB2A Techne  

Image StreamX           Amnis Corporation  

Immunochromato Reader MS1000   MitoSciences, Abcam  

Incubator Hera Cell 240 Kendro     Laboratory Products  

JuLi smart fluorescent cell analyser    Digital Bio Tech  

Axioscope 2 microscope     Zeiss 

Microscope CK2       Olympus 

Pipette gun, Accurpette      VWR  

Pipettes, P10, P20, P200, P1000    Gilson  

Rotator        Stuart  

Spectrophotometer nanodrop 2000c    Thermo ScientificTM  

Sterile bench: Laminar Flow,     Hera safe Thermo Electron  

Tabletop centrifuge (1-14)      Sigma  

Tabletop centrifuge (5415R)     Eppendorf  

Thermo cycler DNA engineTetrad 2    Bio-Rad Laboratories, Inc 

Vortexer        Fisher Scientific  

Water bath GD 100       Grant Instruments 

 

2.1.2 Software 

Dipstick Reader Software     MitoSciences, Abcam  

IDEAS®        Amnis Corporation  

Image J    NIH (USA) 
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ImageLabTM       Bio-Rad Laboratories, Inc 

Isis Fluorescence Imaging Software    MetaSystems 

LaserGene        DNASTAR, Inc.  

Microsoft Office 2010      Microsoft Corporation  

Primer BLAST                                                                National Center for  

Biotechnology 

RQ Manager       Applied Biosystems 

SDS 2.1 software       Applied Biosystems 

Sequence Detection Systems Version 2.4   Applied Biosystems  

 

2.1.3 Consumables 
 

1.5 ml reaction tube       Fisher Scientific  

10 cm dish         Fisher Scientific  

10 ml pipette, sterile       Fisher Scientific  

15 ml centrifugation tube       Fisher Scientific  

25 ml pipette, sterile       Fisher Scientific  

45 µm syringe Filter       Fisher Scientific  

500 ml glass bottles       Fisher Scientific  

50 ml centrifugation tube       Fisher Scientific  

6 well plate         Fisher Scientific  

96 well plate         Fisher Scientific  

Cryo tubes         Fisher Scientific  

Eppendorf tube        Fisher Scientific  

Pasteur pipettes        Fisher Scientific  

Pipette tip with filter, 1000 μl, sterile     Fisher Scientific  

Pipette tip with filter, 10 μl, sterile      Fisher Scientific  

Pipette tip with filter, 200 μl, sterile     Fisher Scientific  
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2.1.4 Antibodies and dyes 
 
Alexa Fluor 488 rabbit anti-mouse secondary antibody  Invitrogen 

Anti-phospho-Histone H2A.X (Ser139), clone JBW301  Millipore  

DAPI (4′, 6-diamidino-2-phenylindole)    Fisher Scientific 

DRAQ5™ Fluorescent Probe Solution    Biostatus  

2.1.5 Table of primers 
 

Primer Name Sequence (5’-3’) 
Product 
length 

 GAA PCR 
457bp + 
3xGAAn 

GAA Forward GGGATTGGTTGCCAGTGCTTAAAAGTTAG 

GAA Reverse GATCTAAGGACCATCATGGCCACACTTGCC 

 FXN expression (Human Specific)  

FXNRT-F CAGAGGAAACGCTGGACTCT 172bp 

FXNRT-R AGCCAGATTTGCTTGTTTGGC  

 FXN expression (Human and Mouse)  

FRT I-F TTGAAGACCTTGCAGACAAG 121bp 

RRT II-R AGCCAGATTTGCTTGTTTGG  

 Gapdh expression (Mouse Specific)  

Gapdh-m-F ACCCAGAAGACTGTGGATGG 81bp 

Gapdh-m-R GGATGCAGGGATGATGTTCT  

 Gapdh (Human Specific)  

Gapdh-h-F GAAGGTGAAGGTCGGAGT 226bp 

Gapdh-h-R GAAGATGGTGATGGGATTTC  

 FXN cloning primers  

HKH FXN F CTAGGGATCCCCGGAGCAGCATGTGGACTC 626bp 

HKH FXN R AGTTCTCGAGGCATCAAGCATCTTTTCCGG  

 WPRE Copy number primer and probe set  

(WPRE) Forward TGGATTCTGCGCGGGA 138bp 

(WPRE) Reverse GAAGGAAGGTCCGCTGGATT  

(WPRE) Probe 
(FAM) CTTCTGCTACGTCCCTTCGGCCCT 

(TAMRA) 
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Lenti construct vector sequencing primers 

LNT FXN SEQ 1 CTCTAAACCTGTGATTCCTCTG  

LNT FXN SEQ 2 GGGTGCGAGAGCGTCAGTAT  

LNT FXN SEQ 3 CTGGCTGTGGAAAGATACCTAAAG  

LNT FXN SEQ 4 GGAATGAAAGACCCCACCTGTAG  

LNT FXN SEQ 5 TATCAAGCTTATCGATGAATGTC  

LNT FXN SEQ 6 AGACCAATGACTTACAAGGCAGC  

LNT FXN SEQ 7 CTAGGGATCCCCGGAGCAGCATGTGGACTC  

LNT FXN SEQ 8 TGGATTCTGCGCGGGA  

 

2.1.6 Assay standards and kits 
 

2x KAPA Taq Ready Mix Conventional PCR kit + dye  KAPA Biosystems 

Cloned AMV First-Strand cDNA Synthesis Kit    Invitrogen  

DNaseI treatment RNase free kit     Thermo ScientificTM  

Frataxin Protein Quantity Dipstick Assay Kit    Abcam plc.  

Lenti-X qRT-PCR Titration Kit     Clontech 

NucleoSpin® RNA Virus kit      Clontech   

OxyBlot Protein Oxidation Detection Kit    Millipore 

Pierce™ BCA Protein Assay Kit      Thermo Scientific™ 

Plasmid miniprep/ maxiprep/ megaprep kit    Qiagen 

QIAquick gel extraction kit      Qiagen 

QIAquick PCR purification kit      Qiagen 

Quant-X™ One-Step qRT-PCR SYBR® kit    Clontech 

SYBR Green PCR Master Mix qPCR kit     Applied Biosystems 

TaqMan® Universal Master kit     Applied Biosystems 

TOPO‐TA® cloning vector pCR4® cloning kit   Invitrogen 

2.1.7 Chemicals 

1kb Plus DNA Ladder       Invitrogen 

50 KDa Polyethyleneimine (PEI)      Sigma Aldrich 

Acetone         Fisher Scientific  

Acumax         Millipore 

Agar          MERCK 
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Agarose         Fisher Scientific  

Ampicillin        Stratagene 

Boric acid         Fisher Scientific  

Bovine Serum Albumin (BSA)      Invitrogen  

Chemiluminescent        Bio-Rad 

Chloroform         Sigma-Aldrich  

Dimethyl sulfoxide (DMSO)      Sigma-Aldrich 

Ethylenediaminetetraacetic acid (EDTA)     Fisher Scientific  

dNTPs         Qiagen 

Dulbecco's Modified Eagle Medium (DMEM)   Life Technologies 

Ethanol         Hayman limited  

Foetal bovine serum (FBS)      Life Technologies  

Gel loading dye, orange       New England Biolabs  

GlutaMAX         Life Technologies  

Methanol         Fisher Scientific  

Natrium Chloride (NaCl)       Fisher Scientific  

One Shot® Stbl3TM chemically competent E. coli            Invitrogen 

Paraformaldehyde        Sigma Aldrich 

PenStrep        Life Technologies  

Pfu DNA polymerase       Promega 

Phosphate buffered saline (PBS) tablets    Fisher Scientific  

Polyethyleneimine (PEI)       Sigma-Aldrich  

Primers         Invitrogen 

Propan-2-ol         Fisher Scientific  

Proteinase K, PCR grade       Roche 

Quick load 100bp DNA ladder      New England Biolabs  

Rabbit Serum        Millipore  

Restriction Enzymes      New England Biolabs 

Sodium Dodecyl Sulfate(SDS)      Sigma Aldrich 

T4 DNA Ligase        Invitrogen 

Taq DNA polymerase       Qiagen 
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Tryptone         Fisher Scientific  

Tris base         Fisher Scientific  

Triton X-100         Fisher Scientific  

TRIzol         Invitrogen  

Trypan-Blue         Fisher Scientific  

Trypsin         Life Technologies  

Yeast Extract        Fisher Scientific  

 

2.1.8 Buffers and Solutions 
 

Multispectral imaging flow cytometry 

Block buffer:      

PBS 0.1% Triton-X 100 10% Rabbit serum. 

 

Permeabilisation buffer (PB):   

PBS, 0.5% Triton-X 100. 

 

Wash buffer:      

PBS, 0.1% Triton-X 100.  

 

Fixing solution:     

50% Acetone, 50% Methanol.  

 

Western blot analysis 

Running buffer:     

25 mM Tris, 190mM glycine, 3.5mM SDS.  

Sample buffer:   

80 mM Tris-HCl (pH 6.8), 12.5% glycerol, 10% SDS, 0.5% BPB, 1% 

BME. 

Transfer buffer:     

25 mM Tris, 190 mM glycine, 10% methanol. 
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PBS/T:      

0.2% Tween-20 in PBS. 

 

5% milk PBS/T:     

5% w/v milk, 0.2% Tween-20 in PBS. 

 

OxyBlot analysis 

Dilution buffer:  

60 mM Tris-HCl (pH 6.8), 2% SDS, 10% glycerol. 

 

Loading buffer:  

62.5 mM Tris-HCl (pH 6.8), 180 mM BME, 0.002% BPB. 

 

Transfer buffer:  

12 mM Tris-HCl (pH 8.3), 96 mM glycine, 20% methanol. 

 

General buffers and solutions 

1x TBE:      

90 mM Tris, 90 mM Boric acid, 2 mM EDTA. 

 

DMEM-Complete medium:    

DMEM + 2 mM L-Glutamine, 10% FBS, 1% PenStrep. 

 

Luria-Bertani (LB) medium   

For 1 L: 10 g NaCl, 5 g Yeast extract, 10 g tryptone peptone. Autoclave. 

  

LB (Luria‐Bertani) Agar  

For 1 L: 10 g NaCl, 5 g Yeast extract, 10 g tryptone peptone,15 g bacto 

agar. Autoclave. 

 

Orange G loading dye (6x):   

0.35% Orange G dye, 30% sucrose 



                                                                                Chapter 2 – General Materials and Methods 

 

86 
  

1x Phosphate buffer saline PBS:       

For 1L: 8.0 g NaCl, 1.15 g Na2HPO4, 0.2 g KH2PO4, 0.2 g KCl.   

TBE buffer:       

(5x concentrated, 1L dH2O), 54 g Tris base, 27.5 g Boric acid, 20 ml of 

0.5 M EDTA. 

  

Digestion buffer:    

100 mM Tris-HCl (pH 8), 5 mM EDTA, 200 mM NaCl, 0.2% SDS. 

 

RIPA buffer:   

10 mM Tris-Cl (pH 8.0), 1 mM EDTA, 0.5 mM EGTA, 1% Triton X-100, 

0.1% SDS, 140 mM NaCl.  

 

TE buffer:      

10 mM Tris-HCl (pH 7.5), 1mM EDTA. 

 

2.1.9 Cell lines 

 
Table 2.1: Details of the human primary fibroblasts. 
 

 

 
Table 2.2: Details of the mouse primary fibroblasts.  
 

ID Gender Age (Yrs) Ethnicity Number of GAA repeats 

GM04503 Female 31 Caucasian Normal 
GM07492 Male 17 Caucasian Normal 
GM03665 Female 13 Caucasian 445/740 

ID Gender 
Average Age 

(month) 
Genotype 

Number of GAA 

repeats 

Y47 Male 4.5 
Transgenic 

Control 
9 

YG8sR Male 13.5 
FRDA YG8 Small 

Rescue 
120 
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Table 2.3: Details of general cell lines.  
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ID Gender Age Ethnicity Organism Tissue Cell Type 

HEK 293T ---------- Fetus ------------ 
Homo 

sapiens 
embryonic 

kidney 
----------- 
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2.2 Methods  
 

2.2.1 General cell culture maintenance 
 

Cells were routinely cultured in Dulbecco’s Modified Eagle Medium (DMEM) 

(Invitrogen) which was supplemented with 10% FBS, 2 mM L-glutamine and 100 

units/ml penicillin and streptomycin (Invitrogen). Cells were grown in 100 mm Petri 

dishes (Fisher Scientific) as monolayers at 37oC in a humidified atmosphere of 5% 

CO2 in air. All cell culture was carried out in a temperature-controlled laboratory.  

2.2.2 Trypsinisation of cells 
 

Cells were left to reach about 95% confluency before sub-culturing them. When sub- 

culturing cells, medium was first aspirated off using a glass Pasteur pipette and cells 

were rinsed with 10 ml of versene (Phosphate Buffered Saline (PBS) + 0.2% EDTA) 

to remove any traces of medium. Approximately 1 ml of 0.25% trypsin-EDTA (Fisher 

Scientific) was added to the plate and the cells were kept at 37oC for 10 minutes to 

allow cells to detach from the dish. Cells were then recovered from the plate in 10 ml 

of medium and seeded into plates at an approximate density of 1x105 cells per plate. 

2.2.3 Cell counting 
 

Cell counting was performed using either a glass haemocytometer or the Countess 

(Invitrogen). Cell counts were primarily performed using the Countess. However the 

Countess is limited by its measurement range (1x104 - 1x107 cells/ml). Therefore if cell 

concentrations were below this, then accurate cell counts could not be obtained. In 

these circumstances, a traditional Neubauer glass haemocytometer was used instead. 
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When counting cells using the haemocytometer, cells were detached from petri dishes 

using 1 ml of Trypsin (Fischer Scientific). Once cells had detached, they were 

recovered in 10 ml of complete medium. 10 μl of the cell suspension was added to 10 

μl of Trypan blue to allow for exclusion of dead cells from the cell count. 10 μl of the 

cell suspension mixed with the Trypan blue was loaded onto a glass haemocytometer 

and cell counts were performed at 20x magnification using an Olympus CK2 

microscope. 

2.2.4 Cell freezing 
 

Cell freezing was deemed necessary to conserve stocks of the cell lines being used. 

They were frozen in freezing medium which was comprised of 20% FCS, 10% dimethyl 

sulfoxide (Sigma-Aldrich) and 80% DMEM medium containing penicillin/streptomycin 

and L-glutamine. 

Cells were grown in 10 cm2 Petri dishes until they were 95% confluent. The medium 

was aspirated off the cells and the cells were then rinsed with 10 ml of PBS. Cells 

were then detached from the dish using 1 ml of 0.25% trypsin-EDTA. After recovering 

the cells in 10 ml of medium, they were transferred into a 15 ml tube (Sarstedt) and 

centrifuged for 5 minutes at 1500 rpm. The supernatant was then discarded and the 

cell pellet was resuspended in 1 ml of freezing medium. 

The cell suspension was transferred to cryo-vials (Sarstedt) and placed in cell freezing 

containers (Sigma-Aldrich). These containers have a foam insert soaked in 

isopropanol which allows for a gradual freezing rate of 1oC/minute. Cells were kept in 

these containers at -80oC for twenty-four hrs to ensure they had reached the correct 

temperatures before being transferred to liquid nitrogen dewars for long term storage. 
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2.2.5 Cell viability   
 

It is important to know the number of cells in the culture at given stages and whether 

these cells are viable. The use of haemocytometer and a dye, such as trypan blue, 

gives a quantitative standard for the viability of the cells. Cells that exclude trypan blue 

are considered viable, whereas cells that take up the dye are dead. To perform this, 

cells were first detached with 1 ml of 1X trypsin-EDTA and a cell suspension was made 

with 1 ml of DMEM medium. 100-200 μl of cell suspension was taken into a fresh 

Eppendorf and an equal volume of 0.4% (w/v) trypan blue (Sigma) was added, mixed 

well by pipetting up and down. Cells were counted by using a haemocytometer and 

their viability was determined by the following formula: 

 

2.2.6 Clonogenic assay 
 

Cell count and seeding  

Following treatment of the cells with lentivirus and a specific substance (i.e. H2O2), 

single cell suspensions are obtained by trypsinisation, then the number of cells in each 

sample were counted carefully using a hemocytometer and diluted so that appropriate 

cell numbers are seeded into petri dishes (5 to 10 replicates of each in 15 mm dishes). 

A range of between 20-150 colonies was achieved for each sample and were 

incubated in a 5% CO2 environment at 37°C for colony formation. The incubation time 
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for colony formation varies from 2-4 weeks for different cell lines; it is accepted that 

the time must be equivalent to at least six cell divisions.  

Fixing and Staining Colonies 

Media was gently removed from each plate by aspiration and washed with 5 ml of 

PBS. Colonies were fixed with 5 ml of 10% neutral buffered formalin solution for 15-

30 minutes and stained with 5 ml of 0.01% (w/v) crystal violet in dH2O for 30-60 

minutes. Excess crystal violet was washed with dH2O and dishes were air dried.  

Colony Counting 
 
Colonies containing more than 50 individual cells are counted using a 

stereomicroscope. Digital images of the colonies are obtained using a camera or 

scanning device and colonies are counted using imaging analysis software ImageJ.   

2.2.7 Growth and maintenance of E. coli 
 

Escherichia coli (E. coli) were grown in liquid LB media at 37°C with agitation at 250 

rpm or streaked out on solid LB plates containing 1.5% bacto agar. E.coli transformed 

with plasmid was grown on the same media supplemented with ampicillin (50 μg/ml). 

For long‐ term storage, bacterial cultures were stored in 15% volume for volume (v/v) 

glycerol at -80°C. 

2.2.8 Transformation of One Shot® TOP10 competent E. coli 

One Shot® TOP10 chemically competent E. coli cells are transformed by heat shock; 

one 50 μl vial of cells is thawed on ice for each transformation. 10 pg to 100 ng of DNA 

is added to the vial, gently mixed and incubated on ice for 30 minutes. Cells are then 

heat‐ shocked for 45 seconds at 42°C without shaking. The vial is then placed on ice 
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for 2 minutes without shaking. 250 μl of pre-warmed S.O.C. media is added and cells 

shaken at 250 rpm at 37°C for 1 hour, after which they were diluted in LB media and 

spread on LB agar plates containing ampicillin (50 μg/ml). The plates were incubated 

overnight at 37°C, after which colonies were picked using sterile 20 μl pipette tips and 

grown overnight in 5 ml liquid LB cultures. 

2.2.9 Plasmid DNA preparation 
 
Plasmid DNA was prepared using Qiagen Mini-Prep kits (Qiagen) as per the 

manufacturer’s instructions from 5 ml overnight cultures. For large-scale plasmid DNA 

preparation 250 ml LB media containing ampicillin (50 μg/ml) was inoculated with 500 

μl of a fresh 5 ml culture and incubated over night at 37°C with agitation (250 rpm). 

Plasmid DNA was subsequently prepared using Qiagen Maxi-Prep endo-free plasmid 

kits (Qiagen) as per the manufacturer’s instructions. 

2.2.10 Restriction enzyme digest 
 
1 μg of plasmid DNA was routinely digested in a final volume of 20μl containing 1x 

buffer (supplied by the manufacturer), and the restriction enzyme. The volume of 

enzyme used varied depending of the concentration of the enzyme stock but did not 

exceed 10% (v/v) of the total reaction volume. Reactions were carried out as per the 

manufacturer’s instructions at the recommended temperature for 1 hour and DNA 

digestion was verified by agarose gel electrophoresis. Double or triple digestions were 

performed either in compatible buffers or sequentially, after clean-up of DNA by 

ethanol precipitation using the QiaQuick PCR purification kit as per the manufacturer’s 

instructions (Qiagen). 
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2.2.11 DNA ligation 
 
Ligation of DNA fragments were performed using a vector to insert ratio of 1:2, 1:3 and 

1:5 (molar) depending on the vector, and carried out in a final volume of 20 μl 

containing: 1x T4 DNA Ligase buffer and 1 µl of T4 DNA Ligase. The vector DNA 

concentration used was always 100 ng of DNA. Ligation reactions were incubated for 

3 hours at room temperature or overnight at 16°C, after which they were immediately 

transformed into One Shot® TOP10 E.coli cells. 

2.2.12 Construction of frataxin encoding lentiviral vectors 

Human frataxin cDNA containing specific restriction digest sites at the 5′-end and 3′-

end was obtained by PCR from the plasmid pTLX1 (ATCC No: 99619). PCR products 

were extracted from the agarose gel using a QIAquick gel extraction kit (Qiagen) and 

then ligated into the TOPO TA cloning vectors pCR4-TOPO (Invitrogen). The correct 

orientation and integrity of the frataxin open reading frame in each construct were 

confirmed by restriction fragment analysis and sequencing. The frataxin cDNA was 

then excised (by restriction digestion) from TOPO TA cloning vectors pCR4-TOPO 

(Invitrogen) and then subcloned into the multiple cloning site of the lentivirus backbone 

vector. 

2.2.13 Isolation of DNA fragments by gel electrophoresis 
 
DNA fragments were resolved by electrophoresis through 1% agarose gels in 1X TBE 

buffer. To prepare the gels, agarose was dissolved in 1X TBE buffer by boiling in a 

microwave oven. After cooling, ethidium bromide was added to obtain a final 

concentration of 0.5g/ml for visualisation of DNA. DNA samples were mixed with DNA 
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loading buffer before loading onto agarose gels. A 1 kb plus DNA ladder was included 

in each gel to enable size determination of DNA fragments. Gels were electrophoresed 

using a voltage of 50-70 V (up to 150 mA) and the separated DNA fragments were 

subsequently visualised by exposure to ultra‐ violet light using a Gel Doc™ XR 

system. Following electrophoresis, DNA fragments were excised from agarose gels 

using a clean scalpel blade under ultra‐ violet light. The DNA was then extracted from 

the agarose using a QIAquick gel extraction kit as per the manufacturer’s instructions. 

 

2.2.14 Polyethylenimine (PEI) transfection of HEK 293T cells 

with a GFP-expressing plasmid  
 

HEK 293T cells were split one day before transfection in 6-well plate in DMEM/10% 

FBS medium and incubated at 37°C, 5% CO2  to become 60%-70% confluent. A DNA 

solution was made containing 5 μg vector backbone construct in 100 μl OptiMEM and 

sterilised by filtration (0.22 μm). This was then added to 100 μl of OptiMEM containing 

10 μg of Polyethylenimine (PEI) which had been sterilised by filtration (0.22 μm), gently 

mixed, and incubated for twenty minutes at room temperature prior to addition onto 

the cells. Cells were washed with PBS and 3 ml of OptiMEM was added to the cells, 

then 200 μl of transfection solution was added to the cells for 3-4 hours at 37°C and 

5% CO2. The transfection media was then removed and 3 ml of fresh complete DMEM 

was added to the cells and incubated at 37°C, 5% CO2 overnight. On the following day 

the cells were visualised under UV light microscope and transfection efficiency was 

measured using Image stream. 

 

   



                                                                                Chapter 2 – General Materials and Methods 

 

95 
  

2.2.15 PEI toxicity test 
 

PEI is a cationic polymer that encloses anionic DNA-molecules and binds it to anionic 

residues in the plasma membrane. Endocytosis of these complexes results in the 

delivery of DNA into the cell (Boussif et al., 1995).  

PEI is toxic to cells. Thus, its toxicity level to HEK 293T cells was determined by 

performing a titration experiment. In a 6-well plate 2x105 cells were seeded 24 hours 

before conducting the experiment to allow attachment of the cells to the plate. Five 

different concentrations of PEI were used ranging between 5μg to 25μg of PEI. The 

appropriate amount of PEI was added in 1 ml of DMEM to the corresponding well after 

the old medium was aspirated. One well served as a control, where no PEI was added. 

After 24 and 48 hours of incubation at 37°C and 5% CO2 the cells were examined 

under a microscope and pictures were taken. 

2.2.16 Determination of the optimal plasmid DNA amount for 

transfection  
 

In a 6-well plate 2x105 cells were seeded 24 hours prior to performing the experiment 

and the LV GFP vector was used to carry out this experiment. Five different 

concentrations of DNA were used ranging between 2 μg to 6 μg of DNA and twice the 

amount of PEI ranging between 4 μg to 12 μg of PEI per well. This is equivalent with 

a ratio of DNA to PEI of 1 to 2. The respective amounts of DNA and PEI were pre-

diluted in 500μl of OptiMEM each. The DNA mix was added into the PEI mix by mixing 

it thoroughly, vortexing it and spinning it down briefly. After incubation at room 

temperature for 30 minutes the medium on the cells was removed and the DNA/PEI 

mix was added to the cells. One well was kept as a control. After 4 hours incubation 
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at 37°C at 5% CO2 the medium was replaced by 1 ml of fresh DMEM. The expression 

of GFP expressing cells was counted 24 hours after transfection by taking images 

using the JuLI™ Smart Fluorescent Cell Analyser microscope (Ruskinn Technology). 

Using image processing software, Image J (U. S. National Institutes of Health), the 

acquired images were merged and the number of GFP-positive cells were analysed. 

2.2.17 Polymerase Chain Reaction (PCR) 
 
PCR reactions were performed in a total volume of 50 μl containing 100 ng plasmid 

template DNA, 5 μM of both forward and reverse primers, 200 μM of each dNTP, 1x 

PCR buffer and 1U of Taq DNA polymerase. Cycling conditions depended upon the 

annealing temperatures of the primers used and whether a restriction enzyme 

recognition site was added into a primer. However, typical cycling conditions included: 

30 cycles of 94°C for 1min, 60°C for 1min, 72°C for 1 min. 

2.2.18 Production of VSV-G Pseudotyped Lentivectors 
 
15 x 106 HEK 293T cells were seeded in complete DMEM medium in a T175 cm2 flask 

and incubated at 37°C, 5% CO2 overnight. A DNA solution was made containing 50 

μg vector backbone construct, 32.5 μg gag‐pol packaging plasmid, and 17.5 μg 

envelope plasmid for VSV-G pseudotypes in 6 ml of OptiMEM and sterilised by 

filtration (0.22 μm). This was then added to 6 ml of OptiMEM containing 2 nM of 

Polyethylenimine (PEI) which had been sterilised by filtration (0.22 μm), gently mixed, 

and incubated for 20 minutes at room temperature prior to addition onto cells. Cells 

were washed with PBS, the transfection media was added to the cells for 4-6 hours at 

37°C and 5% CO2. The transfection media was removed and 15 ml of fresh complete 
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DMEM was added to the cells. On the following day, the media was removed and 15ml 

of fresh complete DMEM was added to each flask. 48 and 72 hours after transfection, 

the media was collected and cell debris were removed by filtration through a 0.22 μm 

filter. For VSV-G pseudotypes media was then centrifuged at 100,000x g in a Beckman 

coulter ultracentrifuge (Optima™ XPN) for 2 hours at 4°C or media was centrifuged at 

10,000 rpm in a Sigma 4K15 centrifuge overnight at 4°C. Supernatant was removed 

and 100 μl of cold OptiMEM was added to each tube on ice. The pellet was 

resuspended and aliquots were prepared and rapidly frozen at –80°C. 

2.2.19 Viral titration using Image streamX 
 

This method can only be used to titer stocks of vectors that carry a transgene which 

is easily monitored by imaging flow cytometry. (such as GFP, or other living colours).  

About 1 to 5x105 HEK 293T cells/well were seeded in a 12-well plate with 1 ml of 

complete DMEM and incubated at 37oC and 5% CO2.  It is important that the cells are 

well separated and uniformly distributed in the well. 24 hours after incubation 1 well 

was used to count the cells. For non-concentrated vector the cells were transduced 

with: 500 μl, 100 μl, 50 μl, 20 μl and 10 μl of crude supernatant and the volume was 

mad up to 500 μl with complete DMEM. One well was kept as a non-transduced control 

(NI). For concentrated vector the cells were transduced with: 1μl, 10-1, 10-2, 10-3 and 

10-4 μl of vector in 500 μl of fresh complete DMEM (Figure 2.1). 48 hours post viral 

infection the cells were washed with 1 ml PBS and were detached by adding 200 μl of 

trypsin-EDTA per well and incubated for 5 minutes at 37°C, 5% CO2. Then 800 μl of 

complete DMEM was added and mixed well to resuspend the cells. Cells were 
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transferred into a 1.5 ml tube and centrifuged for 5 minutes at 500x g at 4°C. The 

supernatant was removed and the pellet was resuspended in 500 μl of 1% 

formaldehyde in PBS and incubated for 5 minutes at room temperature. Cells were 

washed with 1X PBS, centrifuged for 5 minutes at 500x g at 4°C and the pellet was 

resuspended in 1ml of 1X PBS. Cells were analysed for GFP expression using 

ImagestreamX, as previously described. Only dilutions yielding 1% to 20% of GFP-

positive cells were considered for titer calculations. Viral titer was calculated using the 

following equation: 

Figure 2.1:  Schematic diagram of serial dilution of concentrated viral particles and 
the layout of the plate.  
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2.2.20 Viral titration using qRT-PCR 
 

Batches of LV FXN and LV GFP lentiviruses were prepared in parallel and virus titers 

of both was calculated by quantifying the number of lentiviral genome copies using a 

commercial titration kit, Lenti-X qRT-PCR (Clontech, USA). The viral RNA was isolated 

using NucleoSpin® RNA Virus kit (Clontech, USA) and was treated with DNaseI 

(Thermo scientific) to remove any residual plasmid DNA prior to qRT-PCR. Serial 

dilutions of the stock of viral RNA and a control RNA of known copy number, provided 

in the kit, was subjected to Quant-X™ One-Step qRT-PCR SYBR® kit (Clontech, 

USA). The lentiviral copy number contained from the viral stock LV FXN and LV GFP 

lentivurses was determined by comparing its Ct value to the standard curve (Figure 

2.2). The following program was used for qRT-PCR reaction cycles.  

    

RT Reaction 

42°C 5 min 
95°C 10 sec 

qPCR x 40 Cycles 

95°C 5 sec 
60°C 30 sec 

Dissociation Curve 

95°C 15 sec 
60°C 30 sec 

All (60°C–95°C) 



                                                                                Chapter 2 – General Materials and Methods 

 

100 
  

 
Data Analysis 

To generate a standard curve average Ct values from the control dilution duplicates 

was determined and was plotted against copy number (log scale) (Figure 2.2). 

Average Ct values for each duplicate sample dilution was calculated and the 

corresponding copy number value from the standard curve was established.  

A starting copy number value for the original sample for each dilution was then back-

calculated using the formula below:  

 

 
Note: 150 μl of a sample was purified and eluted in 50 μl. The undiluted sample 
corresponded to a raw copy number of 1x107 copies on the qRT-PCR Standard Curve. 
 

 

Figure 2.2: Using the Lenti-X RNA Control Template to generate a standard curve. A) 
Amplification plots of a qRT-PCR reactions using serial dilutions of the Lenti-X RNA 
Control Template (109–102 copies) and the Lenti-X qRT-PCR Titration Kit. B) A 
standard curve created from the plots shown in Panel A demonstrates a strong linear 
correlation between the Ct values and the RNA copy numbers (log scale).  
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Calculating viral RNA copy numbers and infectivity coefficients:  

The first time the qRT-PCR titration to determine RNA copy number was performed, 

IFU value was also determined by independent means (e.g. via ImagestreamX) in 

order to establish a relationship between the two values. Subsequently, for similarly 

prepared virus supernatants, the qRT-PCR titration value may be used as a reference 

to determine a relative IFU value for the supernatant and then, the MOI for the infection 

experiment (Carmo et al., 2004). Viral infectivity was determined via ImagestreamX as 

previously described and RT:Imagestream ratio (copies/IFU) or infectivity coefficient 

was calculated by dividing the qRT-PCR copies/ml by the IFU/ml value from the FACS 

titration. This coefficient was then be used to calculate the IFU/ml for subsequent qRT-

PCR titration results. 

2.2.21 Determination of MOI for the transduction of the FRDA 

fibroblasts 
 

5X104 human and mouse FRDA fibroblasts that were growing exponentially were 

seeded into 6-well plates and incubated for 18-20 hours at 37°C and 5% CO2. Three 

6-well plates were prepared to have triplicate wells for each range of MOI and a 

control. The medium was removed and 500 µl of fresh medium was added to each 

well, then an appropriate volume of the LV GFP (0.5 µl-10 µl) was added to each well 

to achieve a MOI of 1, 5, 10, 15 and 20 (Table 2.4). Cells were incubated at 37 °C and 

5% CO2 with viral supernatant for 6 hours and then the supernatant was replaced with 

1 ml fresh medium and incubated at 37 °C and 5% CO2 for 72 hours to allow cells to 

recover and to allow time for the expression of the reporter gene. Following 

transduction of human and mouse FRDA fibroblasts live cells were counted using 
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trypan blue (Fisher Scientific) and analysed using Imaging flow cytometry 

ImagestreamX was used to measure the number of the GFP-positive cells. In this 

method live cells were trypsinized, washed with ice-cold PBS and fixed with 4% 

paraformaldehyde. Fixed cells were put through Imaging flow cytometry using the 

ImagestreamX system (Amnis Inc.). This permits image capture of each cell in flow 

using a maximum of six optical channels. Using the Inspire™ data acquisition software 

(Amnis Inc.), images of approximately 10,000 cells were captured on channel 1 for 

brightfield (BF); on channel 2 for GFP representing the green GFP expression; and on 

channel 5 for the blue DRAQ5™ staining of the nuclear region of each cell. Following 

excitation with a 488 nm laser at a power setting of 70 mW, all images were captured 

using a 40× objective.     

 
Table 2.4: Volume of the LV GFP with the titer of 1X108 added to each to achieve a 
range of MOI. The volumes calculated are based on seeding 5x104 cells per well.  
 

2.2.22 DNA extraction: ethanol method (Wang and Storm 2006) 
 

This method was used to quickly extract genomic DNA from cell culture. Samples were 

collected in Eppendorf tubes and 400 μl of digestion buffer and 10 μl of 50 mg/ml 

Proteinase K was added, followed by brief vortexing and overnight incubation at 55°C 

in a water bath. After digestion, samples were vortexed and centrifuged at 14000 rpm 

for 5 minutes. Avoiding transferring any of the cell debris, the supernatant was 

 
MOI 

 
1 5 10 15 20 

 
Volume used  from 

lentivirus  titer of 1x108 

 

0.5µl 2.5µl 5µl 7.5µl 10µl 
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collected into a new Eppendorf tube. 1ml of absolute ethanol was added, immediately 

followed by brisk inversion several times. Samples were incubated for 10 minutes at -

80°C followed by centrifugation at 14000 rpm for 30 minutes at 4°C. The ethanol was 

drained off and the pellet was washed with 1 ml of 70% ethanol. Samples were 

recentrifuged at 14000 rpm for an extra 20 minutes at 4°C and the ethanol carefully 

drained off. The tubes were left to dry inverted on paper towels for ~10 minutes. The 

DNA pellet was resuspended in 50-100 μl of TE buffer and stored at 4°C. 

2.2.23 DNA extraction: phenol/chloroform method (Sambrook et 

al. 1989) 
 

This method was used to extract genomic DNA from samples where greater DNA 

quality was necessary. Proteinase K digestion was performed as previously described. 

After digestion, samples were vortexed and 400 μl of phenol (equilibrated with Tris-

HCl pH 8.0) was added. Samples were mixed by vortexing (2x 15s) and centrifuged 

at 14000 rpm for 5 minutes at 4°C. 380 μl of the upper aqueous phase was removed 

and replaced into a fresh Eppendorf tube and 380 μl of chloroform/isoamyl alcohol 

(24:1) was added, followed by a brief vortex and the centrifugation at 14000 rpm for 5 

minutes at 4°C. 350 μl of the resulting upper aqueous phase was transferred to a fresh 

Eppendorf tube and 35 μl of 3 M Na-acetate (pH 5.2) was added. 700 μl of absolute 

ethanol was then added and ethanol precipitation performed, as previously described. 

2.2.24 Determination of proviral copy number 
 
48 to 72 hours post-infection with LV FXN and LV GFP, the genomic DNA was 

extracted from human and mouse fibroblasts using the phenol/chloroform method, as 

described previously (Section 2.2.23). Quantitative PCR was performed by an ABI 
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7700 Sequence Detection System (ABI, Applied Biosystems) using the following 

oligonucleotide primers and TaqMan probes: Total viral DNA was quantified using 

primers specific for the viral woodchuck hepatitis regulatory element (WPRE) 

sequence contained in the vector 5’- TGTGTGCCCGTCTGTTGTGT -3’ and 5’-GAG 

TCCTGCGTCGAGAGAGC -3’ and TaqMan probe (FAM) 5-CGCCCGAACAGGGA 

CTTGAA -3’ (TAMRA) 109. The plasmid pHR’SIN-cPPT-SFFV-FXN-WPRE served as 

an external homologous DNA standard of known copy number to produce standard 

curves. To generate standard curves, the plasmids were serially (1:10) diluted in 

siliconized tubes over the appropriate concentration range. To achieve a reliable 

standard curve for each measured parameter, the plasmids were PCR-amplified in 

five replicates for each standard dilution point over the complete standard-curve range. 

A genomic DNA sample with a known copy number of 4 was also used to confirm the 

reliability of the standard curve. 

2.2.25 Extraction of total RNA 
 

About 1x106 cells were used to extract the RNA. The cell pellet was first washed once 

with PBS and collected by centrifugation at 1500 rpm for 5 minutes. The cell pellet was 

loosened by flicking the tube gently and resuspended in 1 ml of Trizol®. Mouse tissues 

were similarly homogenized in 1 ml of Trizol® using an Eppendorf and a homogenizing 

rod. Samples were then incubated for 10 minutes at room temperature. 0.2 ml of 

chloroform per 1 ml of Trizol® was added followed by vigorous shaking of samples for 

15 seconds and incubated for further 15 minutes at room temperature. Samples were 

phase separated by centrifugation at 14000 rpm for 15 minutes at 4°C. The upper 

aqueous phase (~0.5 ml) was then transferred to a fresh labelled Eppendorf tube and 
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RNA was precipitated by adding 0.5 ml of isopropyl alcohol. Samples were incubated 

for 10 minutes at room temperature and centrifuged at 14000rpm for 15 minutes at 

4°C. The supernatant was carefully removed and the RNA pellet was washed once 

with 1 ml of 75% ethanol (made with DEPC-water) and centrifuged again at 7500 rpm 

for 5 minutes at 4°C. The supernatant was removed carefully and the RNA pellet was 

briefly dried for a period of 5-10 minutes and resuspended in 10-20 μl of DEPC-water. 

RNA samples were stored at -80°C.  

2.2.26 DNase I treatment of RNA 
 

Deoxyribonuclease I, Amplification Grade (DNase I, Amp Grade, ThermoScientific) 

digests single and double stranded DNA to oligodeoxy-ribonucleotides containing 5´-

phosphate. It is suitable for eliminating DNA during critical RNA purification procedures 

such as those prior to RNA-PCR amplification. DNase I, Amp Grade is purified from 

bovine pancreas and has a specific activity of ≥10,000U/mg. 

To remove any genomic DNA and inhibit RNase enzymes, following reagents were 

added to 1 μg of total RNA: 

 1μl 10× DNase I reaction buffer 

 1μl DNase I, Amp Grade, (1U/μl) 

 Nuclease free water to 10μl 

The samples were left for 15 minutes at room temperature. DNaseI reaction was 

inactivated by adding 1 μl of 25 mM EDTA solution to the reaction mixture and heating 

it for 10 minutes at 65˚C. The RNA samples were subsequently used for reverse 

transcription. 
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2.2.27 Complementary DNA (cDNA) synthesis 
 

Complementary DNA (cDNA) was synthesized by using cloned AMV first-strand cDNA 

synthesis kit (Invitrogen). On ice, 2 μl of RNA was added to 10 μl of primer component 

mastermix (7 μl of DEPC-water, 2 μl of 10 mM dNTP mix and 1 μl of Oligo (dT)20 

primer). The RNA and primer were denatured by keeping the samples at 65°C for 5 

minutes and placing the samples on ice immediately after. The following reagents 

were then added in order: 4 μl of 5X cDNA synthesis buffer, 1 μl of DEPC-water, 1 μl 

of 0.1M DTT, 1 μl of RNase OUT™ (40 U/μl) and 1 μl of cloned AMV RT (15 units/μl). 

The 20 μl reaction mixture was gently mixed by flicking the tube and briefly centrifuged 

to bring all the contents to the bottom. The reaction mixture was incubated at 55°C for 

60 minutes. The reverse transcriptase reaction was terminated by keeping the 

samples at 85°C for 5 minutes. The cDNA samples were used immediately or stored 

at -20°C. 

2.2.28 Plasmid DNA preparation 
 

Plasmid DNA was prepared using Qiagen Mini‐Prep kits as per the manufacturer’s 

instructions from 5 ml overnight cultures. For large‐scale plasmid DNA preparation 1L 

LB media containing ampicillin (50 μg/ml) was inoculated with 500 μl of a fresh 5 ml 

culture and incubated over night at 37°C with agitation (250 rpm). Plasmid DNA was 

subsequently prepared using Qiagen Mega‐Prep kits (Qiagen) as per the 

manufacturer’s instructions. 
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2.2.29 Measurement of DNA and RNA concentration 
 

DNA concentration was calculated by measuring the absorbance of light with a 

wavelength of 260 nm (A260) using a NanoDrop™ 2000c spectrophotometer with a 

0.2 mm pathlength; at this wavelength 50 μg/ml of double‐stranded DNA has an 

absorbance of 1. The absorption (A) of ultra violet light (UV-light) was measured at 

260 nm and the quality was determined by using A260/280 ratio. 

2.2.30 Real-time PCR/RT-PCR 
 

The expression of genes of interest was quantitated on an ABI Prism 7900HT 

Sequence Detection System (Applied Biosystems) using 2x SYBR® Green PCR 

Master Mix (Applied Biosystems). SYBR® Green dye is attached to the cDNA and 

produces a fluorescent signal. The signal intensity is proportional to the quantity of the 

cDNA present in the reaction. Consequently, in each step of the PCR reaction, the 

intensity of the signal increases while the amount of product increases. Each PCR-

reaction was performed in triplicate on a MicroAmp optical 96-well PCR plate (Applied 

Biosystems), and each reaction well contained 5 μl of 5× diluted cDNA products, 0.5 

μl of each 50 μM optimised respective forward and reverse primers, 4.8 μl of nuclease 

free water and 10 μl of SYBR® Green Master Mix (2x concentration). Target and 

endogenous master mixes were prepared separately and added to the plate. 

Subsequently, the plate was sealed with a real time plate sealer (MicroAmp, Applied 

Biosystems) and then centrifuged for 1 minute at 100 rpm to bring all the contents to 

the bottom of the well. The real time PCR reactions were run using the following 

programs: (Figure 2.3) 
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Product specificity and efficiency was determined by SDS 2.1 software (Applied 

Biosystems) using dissociation curve analysis after each PCR run. The dissociation 

curve allows the check for primer dimer and non-specific amplification that may affect 

the quality of the data. Nonspecific PCR products are characterised by curves with 

several peaks. The best set of primers would only amplify the product of interest with 

no or a minimal quantity of primer dimer formation and decrease the distortion of the 

final fluorescence reading. Figure 2.4 represents the dissociation curve from real time 

PCR without primer dimer formation. 

 

 

 

Figure 2.3: Schematic diagram of the real-time PCR program. 
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2.2.31 Preparation of protein lysates 
 

Following the method of Campuzano et al. 1997, 1x 107 cells were collected in a 1.5 

ml Eppendorf tube and homogenised on ice in 312 μl of Tris/glycerol homogenisation 

buffer, in the presence of protease inhibitors, using an Eppendorf homogenising plastic 

rod. This was followed by the addition of 60 μl of 10% SDS. The homogenates were 

subsequently incubated at 100°C for 10 minutes and then put on ice. The samples 

were centrifuged at 14000 rpm for 10 minutes at 4°C and the clear supernatant was 

collected in a fresh Eppendorf tube. DTT was added at a final concentration of 1mM 

and the final protein lysates were stored at -80°C. Protein concentrations were 

determined by the BCA protein assay method, on samples without DTT. 

Figure 2.4: Dissociation curve for Gapdh and FXN primers showing a clean PCR 
product amplified under real time conditions without any signs of primer dimmer 
formation or secondary products.  
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2.2.32 Determination of protein concentration using the BCA 

protein assay 
 

The protein concentration was estimated using the BCA Protein Assay Reagent Kit. 

This is a detergent-compatible formulation based on bicinchoninic acid (BCA) for the 

colorimetric detection and quantification of total protein. A set of protein standards 

(samples with known protein concentration) was produced by diluting the contents of 

one bovine serum albumin (BSA) ampoule [2 mg/ml] with Tris/glycerol homogenisation 

buffer into several Eppendorf tubes as shown on Table 2.5. 

 
Table 2.5: Preparation of diluted BSA standards for BCA analysis.  
 

 

200 μl of working buffer (WR) was prepared for each sample/standard and added to 

individual wells of a 96-well microplate. 25 μl of protein lysate, diluted 1:20 with 

homogenisation buffer, was added to the respective wells, followed by a gentle mix. 

25 μl of the BSA standards was also added. The plate was incubated at 37°C for 30 

minutes in an incubator and then allowed to cool at room temperature. The A562 of 

the standards and protein lysates was then measured using a microplate readers 

(Biohit HealthCare), a standard curve was prepared by plotting the blank-corrected 

Tube 
Volume of 

homogenisation buffer 
Volume and source of BSA 

 
Final BSA 

concentration 
 

A --- 300 μl of stock 2,000 μg/ml 
B 125 μl 375 μl of stock 1,500 μg/ml 
C 325 μl 325 μl of stock 1,000 μg/ml 
D 175 μl 175 μl of tube B dilution 750 μg/ml 
E 325 μl 325 μl of tube C dilution 500 μg/ml 
F 325 μl 325 μl of tube E dilution 250 μg/ml 
G 325 μl 325 μl of tube F dilution 125 μg/ml 
H 400 μl 100 μl of tube G dilution 25 μg/ml 
I 400 μl ---- 0 μg/ml 
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measurement for each BSA standard against its concentration. The standard curve 

was then used to determine the protein concentration of each study sample. 

2.2.33 Dipstick assay 
 

The level of frataxin protein was measured by lateral flow immunoassay with the 

Frataxin Protein Quantity Dipstick Assay Kit (MitoSciences) according to the 

manufacturer’s instructions. 2 μg of protein in 25 μl of extraction buffer (buffer A) was 

mixed with 25 μl of 2x blocking buffer (buffer B) and was added to individual wells on 

a 96-well plate with gold-conjugated monoclonal antibody at the bottom of each well. 

The samples were incubated for 5 minutes, allowing the gold-conjugate to hydrate. 

The mixture was then resuspended gently using a pipette and dipsticks were inserted 

into the wells. Subsequently, frataxin within each sample was immunocaptured onto 

designated capture zones on the dipstick and the signal appeared 5-7 mm from the 

bottom of the dipstick in approximately 20 minutes. When the signal was developed, 

the dipsticks were washed for 20 minutes with 30 μl of washing buffer (buffer C) in an 

empty well of the microplate. The dipstick was air-dried for approximately 20 minutes 

and the signal intensity was measured with a MS-1000 Immunochromatographic 

Reader (MitoSciences). 

2.2.34 Measurement of population doubling 
 

The population doubling (PD) of the human and mouse fibroblast cell lines was 

measured to determine their growth rates. In this setup 5x105
 cells were seeded per 

10 cm2 dish. Cells were trypsinised with 0.05% Trypsin-EDTA when 80% confluence, 

pelleted and resuspended in 1 ml PBS. 10 μl of the cell suspension was stained by 10 

μl of trypan blue (Sigma). Subsequently, 10 μl of the mixture was added to a cell 
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counting chamber slide (Invitrogen) and was counted by a CountessTM automated 

cell counter (Invitrogen). Live and dead cells were counted for a period of time and the 

PD was calculated using the following equation. 

 
PD= log(final cell number) - log(initial cell number) 

Log2   Log2 
 

2.2.35 Aconitase assay 
 

Aconitase is a Fe-S cluster protein that catalyzes the conversion of citrate to isocitrate. 

The assay used for this study was based on a combined protocol provided by Cayman 

Chemical Company (USA, Cat. No. 705502) and Dr. Mark Cooper (Royal Free 

Hospital). It involves coupled enzymatic reactions that convert citrate to isocitrate, 

which is then converted to α-ketoglutarate in a reaction catalysed by isocitric 

dehydrogenase (IDH). An increase in the absorbance at 340 nm is measured, which 

monitors the formation of NADPH. The production of NADPH is proportional to the 

aconitase activity. 

To perform the assay, whole-cell extracts of human and mouse fibroblast cell lines 

were obtained by lysis in 50 mM Tris-HCl, pH 8.0, 10% (v/v) glycerol, 5 mM EDTA, 

150 mM KCl, 1 mM phenylmethylsulphonyl. Lysates were centrifuged at 800x g for 10 

minutes at 4oC and used immediately. 
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A substrate reaction premix was made up as follows: 

 

 
 

 

 

 

Table 2.6: Aconitase assay substrate reaction premix.  

200 μl of substrate premix was added to each well of a preheated 96-well plate, and 

reactions were initiated by adding 50 μl of a 1 in 10 dilution of homogenised tissue 

sample. Reactions were incubated at 37oC for 15 minutes in the dark and then the 

absorbance was measured once every minute at 340 nm for 15 minutes at 37oC using 

a spectrophotometer. The aconitase activity was determined from the slope of a graph 

by plotting the absorbance value over time. 

2.2.36 Western blot analysis 
 

Polyacrylamide gel electrophoresis (PAGE) 
 
The gel plates were sealed and assembled in an upright position and held in place 

with bulldog clips. An appropriate well forming comb was slotted in place and the 

bottom of the wells was marked on the glass plate. A 12% resolving polyacrylamide 

gel (37.5:1 acrylamide, 0.5 mM Tris (pH 8.8), 0.1% SDS) was prepared in a glass flask. 

Polymerisation was initiated by adding 0.05% TEMED. The resolving gel was gently 

poured between the gel plates up to ~1 cm below the comb marking. Water-saturated 

butanol was immediately added over the gel mix to prevent air contact and the gel was 

left to polymerise for 30-40 minutes. The butanol was drained and the gel rinsed with 

 
Component 

 

 
Final Concentration 

 

Tris/HCl (pH 7.4) 50 mM 
NADP 0.4 mM 

Na Citrate 5 mM 
MgCl2 0.6 mM 

Triton X-100 0.1% 
Isocitrate dehydrogenase 1 U 
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dH2O. A 4% stacking polyacrylamide gel (37.5:1 acrylamide, 0.125mM Tris (pH 6.8), 

0.1% SDS) was then prepared in a glass flask and polymerisation was started by 

adding 0.1% TEMED. The stacking gel was gently poured on top of the resolving gel 

and the well comb was then fitted. The gel was allowed to polymerise for 45-60 

minutes. The gel cast was then put inside the PAGE tank and approximately 1 L of 1x 

running buffer was poured into the two compartments of the tank in order to establish 

an electric current through the gel, from the upper to the lower end. The comb was 

then removed and the wells carefully flushed with running buffer, using a syringe and 

needle. The tank was connected to the power pack and the presence of current was 

checked. After loading of samples, gels were run at 120 V for 2-3 hours. 

Transfer to membrane – Western blotting 

Transfer of protein from gel to membrane was performed using a Hoefer TE22 

Transport tank transfer unit (Amersham Biosciences). The transfer tank was filled with 

approximately 1 L 1x transfer buffer, attached to a water cooling system and placed 

on a magnetic stirrer. The stacking gel was removed and the resolving gel was divided 

into upper and lower sections by cutting the gel at approximately 30 kDa, so that the 

protein of interest and the internal control were in separate gel sections. For each gel 

section one piece of PVDF membrane (Amersham Biosciences) and two pieces of 

3MM Whatman paper were cut to match the gels’ sizes. The PVDF membranes were 

appropriately labelled with a pencil to distinguish the top from the bottom section of 

the gel. The blotting sponges and filter paper pieces were soaked in 1x transfer buffer 

for 5 minutes. Separately, the gel sections were also equilibrated in 1x transfer buffer 

for 5 minutes. The blotting system was assembled in 1x transfer buffer as shown in 



                                                                                Chapter 2 – General Materials and Methods 

 

115 
  

Figure 2.5. At every step of layering a 10 ml pipette was used to smooth the surface 

and remove any air bubbles. The blotting cassette was placed in the transfer tank in a 

vertical position oriented so that negatively charged molecules would migrate towards 

the grey anode, transferring from the gel into the nitrocellulose membranes. Transfer 

was carried out at constant 400 mA and 60-80 V for 15 minutes. 

Hybridisation of membrane with antibodies 

Separately, each PVDF membrane was briefly washed in PBS/T, transferred to a small 

plastic box and blocked at room temperature in 10 ml 5% milk in PBS/T for 30 minutes 

with gentle shaking. Primary antibody was applied and incubated at 4°C overnight, 

with shaking. Each membrane was extensively washed in PBS/T buffer for 2 hours, at 

room temperature, with several changes of wash, with shaking. Blocking with 10 ml 

5% milk in PBS/T was carried out for 1 hour at room temperature, with shaking. 5 μl 

Figure 2.5: Schematic representation of Western blotting transfer cassette 
assembly. The cassette panels are colour coded: grey is the cathode side and 
white the anode side.  
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of secondary antibody was added to each membrane. The membrane was then 

incubated at room temperature for 2 hours, with shaking. Extensive washing in PBS/T 

buffer for 2 hours with several changes of wash was repeated. 

Chemiluminescent visualisation and densitometry 

Clarity™ Western ECL Blotting Chemiluminescent Substrate (Bio-Rad) was used to 

detect HRP on the immunoblots. The membranes were placed on Saran wrap with the 

protein side upwards. The chemiluminescent reagent mix (1:1 ratio of substrate 

components) was prepared and 2 ml were pipetted onto the membrane covering its 

entire surface. Incubation was carried out for 5 minutes. The excess reagent was 

discarded and the membrane was covered with Saran wrap and exposed to 

Amersham Hyperfilm ECL films (GE Healthcare) for various lengths of time up to 

1hour. 

Imaging and X-ray film processing 

Imaging was performed using Gel Doc XR+ System and ImagLab software that 

permits immediate analysis of data. Radiographic imaging was also performed in a 

dark room under red safety light. Amersham Hyperfilm ECL films (GE Healthcare) 

were exposed to radioactive gels/chemiluminescent blots in x-ray cassettes. The films 

were developed using an automatic film processing unit (Xograph).  

Densitometry analysis 

Densitometry was carried out using ImageLab software (Bio-Rad) initially the bands 

of interest were automatically selected then the area of interest was highlighted to 

measure the intensity of each band (Figure 2.6). 
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2.2.37 Oxyblot analysis: detection of protein oxidation 
 

Overall, this method is as previously described by Al-Mahdawi et al., (2006) and 

consists on the use of a protein oxidation detection kit (OxyBlot, Millipore). This kit 

detects protein oxidation by targeting the carbonyl groups introduced into protein side 

chains by oxygen free radicals and other reactive species. 

Derivatisation of protein samples 

Initially, protein lysates were prepared as previously described and the concentration 

was determined using BCA assay as previously described. Protein samples were 

diluted with dilution buffer so that 30 μg of protein was present in a final volume of 15 

μl. The protein sample was denatured by adding 15 μl of 12% SDS and then split into 

two 10 μl aliquots, each containing 10 μg of protein. One aliquot was derivatised with 

Figure 2.6: Screenshot capture of ImageLab software densitometry for Oxyblot analysis. 
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10 μl of DNPH while the other was used as a negative control sample and 10 μl of 

derivatisation-control solution was added instead. The derivatisation reaction was 

performed at room temperature for 15 minutes, and stopped by adding 7.5 μl of 

neutralization solution to both aliquots. 

Hybridisation, transfer and analysis   

Loading of the samples and hybridisation of membrane with antibodies was performed 

as previously described for the Western blot, using the primary (rabbit anti-DNP, 1:150 

dilution) and secondary (goat anti-rabbit IgG, 1:300 dilution) antibodies included in the 

OxyBlot kit. Finally, the bands were visualised using the Molecular Imager® Gel Doc 

XR+ system (Bio-Rad), and. densitometry was carried out using Image Lab™ 4.1 

analysis software (Bio-Rad).  

2.2.38 Treatment of the cells with increasing concentrations of 

H2O2 
 

1 × 105 cells were grown in DMEM supplemented with 10% FBS 24 h prior to use. 

Cells were given fresh media (MEM, 8 mM glutamine and 10% FBS) before the 

addition of H2O2 for 6 hours. Cells were trypsinized and the number of cells in each 

sample were counted carefully using a haemocytometer and diluted so that 

appropriate cell numbers are seeded into petri dishes. A range of between 20 - 150 

colonies was achieved for each sample and were incubated in a 5% CO2 environment 

at 37°C for colony formation. A clonogenic assay was then performed, as described 

previously (section 2.2.6) 
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2.2.39 Multispectral imaging flow cytometry for the γH2AX 

radiation assay 
 

Cell irradiation  

Cells were cultured and maintained as previously described in T75 flasks (Fisher 

Scientific) to reach 70% to 80% confluency. All cell lines were irradiated as proliferating 

monolayers with 2 Gy gamma irradiation from a Cobalt 60 source (Puridec Irradiation 

Technologies Ltd, Oxon, UK) at a distance of 25 cm from the gamma source. This 

provided a dose rate of 1.3 – 1.4 Gy/min. cells were fixed and total nuclear 

fluorescence was determined through immunoflurescent microscopy.    

Cell fixation  

Untreated control cells and cells subjected to Lentiviral treatment were fixed. Cells 

were detached using 1 ml of 0.25% trypsin-EDTA and washed twice in ice-cold PBS. 

They were then fixed in 50:50 (V:V) methanol:acetone at 4oC.  

Antibodies and immunocytochemistry  

Fixed cells were rehydrated by three washes in PBS and then permeabilised in PBS 

containing 0.25% Triton X-100 (Fisher Scientific) for 5 minutes at room temperature 

(RT). After blocking the cells in blocking buffer comprised of PBS containing 0.1% 

Triton X-100 and 0.5% non-fat milk protein (Premier International Food Ltd. UK, 

Spalding, Lincolnshire, UK), cells were incubated at 4oC overnight in mouse 

monoclonal anti-serine139 γ-H2AX antibody (Millipore) at 1:10000 dilution. 

Following three washes in wash buffer made up of PBS containing 0.1% Triton X-100, 

cells were incubated for 2 hours at room temperature in Alexa Fluor®488 rabbit anti-

mouse IgG antibody (Invitrogen) diluted in block buffer to 1:50. Cells were washed 

again in wash buffer three times and once in PBS. Samples were then resuspended 
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in 100 μl of Accumax flow cytometry buffer with 5 μM Draq5 (Biostatus Ltd.). Two 

samples for fluorescence compensation were prepared with either the secondary 

antibody (Alexa Fluor®488 conjugate) or Draq5 being omitted from the process.  

Imaging flow cytometry  

The ImagestreamX (Amnis Inc., Seattle, Washington) enables images of individual 

cells in flow to be captured using up to six different optical channels (Refer to Table 

2.7). Using the Inspire TM data acquisition software, 20000 images were captured using 

Channel (Ch) 01 for brightfield (BF), Ch02 for AF488 representing the γH2AX foci and 

Ch05 for Draq5 to represent the nuclear staining of each cell. The lasers used were 

 800 nm to capture BF images 

 488 nm to capture PE and Draq5 fluorescence 

 765 nm to capture side scatter images 

Cell classifiers were applied to BF in order to only capture objects between 50 and 

300 units on an arbitrary scale. This range of values was previously established 

empirically from preliminary experiments to primarily show single cell images. Using a 

488 nm laser set at 75 mW power, images were captured at 40X magnification at an 

approximate rate of 150 images per second, creating a raw image file (rif). 
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Image compensation  
 
 

Compensation was performed using the samples that had been stained with Draq5 

only. Images for these samples were captured without the BF illumination or scatter 

as it was important to detect intensity of fluorescence in these samples with only a 

single source of illumination. Here, the 488nm laser was set at 75mW. A compensation 

matrix was generated using the IdeasTM software using control files created for the 

Draq5 samples. This is a table of coefficients whereby detected light from each image 

is placed into the proper channel (Ch05 for Draq5) on a pixel by pixel basis. The 

coefficients are normalised to 1 and each coefficient represents the leakage of either 

fluorochrome into juxtaposed channels.  

 

 
Table 22.8: Table of a compensation matrix created in IdeasTM software. The values 
in this table represent coefficients of leakage into juxtaposing channels. It can be seen 
that as you move away from the principal channel (indicated as having a value of 1), 
the coefficient of leakage is decreasing. Values that have a margin of error that is less 
than 0.001 was used. 
 
 

The sample FRDA untreated samples were used to create a template file with which 

all other samples in the investigation would be analysed with. This file was chosen due 

to it being likely to be the highest induction of γH2AX foci and therefore the brightest 

intensity of AF488. Templates were created for each individual cell line. 

  Ch01 Ch02 Ch03 Ch04 Ch05 Ch06 

Ch01  1 0.061 0 0 0.036 0 

Ch02  0 1 0 0 0.125 0 

Ch03  0 0.277 1 0 0.100 0 

Ch04  0 0.518 0 1 0.143 0 

Ch05  0 0.208 0.01 0 1 0 

Ch06  0.02 0.087 0.03 0 0.352 1 
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The .rif file created by the InspireTM software was loaded into the IdeasTM software. 

Cell images were examined in BF, AF488 (γH2AX foci) and Draq5 (nuclear 

morphology) channels. The image gallery properties were adjusted to optimise the 

displayed fluorescent images. 

The analysis process comprises a multistep process and initially uses a series of 

predefined “building blocks” provided within the software. These tools generate a 

series of scatter and histogram plots which allow for the identification of single and 

focussed cells, stained for both Draq5 and AF488. Identification of single cells is 

determined by the creation of a scatter plot of the population defined by cell area and 

cell aspect ratio from the BF images whereby each dot within the scatter represents a 

single cell. The single cell region was defined by visually validating the BF images and 

gated using the polygon region tool (refer to Figure 2.7 below) 

 

Figure 2.7: Gating for single cells. Identification of single cells within the population 
based upon cell area and aspect ratio. Single cells are gated using the polygon tool. 
The area marked in blue indicates either debris or beads that have been collected 
during the run and the area indicated in yellow represents doublet cells. These are 
all excluded from the single cell population that has been gated. 
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Using the “In Focus” tool, a histogram of the single cell population gated above was 

produced. The cells were distributed into “bins” based on the calculated focus of the 

BF images. Clicking on individual bins enables visualisation of all images within that 

particular bin in the image gallery. Single cells in focus were defined using the line 

region tool as shown in Figure 2.8. 

 

 

 

 

 

 

 

 

 

 

 

Using the fluorescence positive two colour tool, a scatter plot was then generated of 

the single cells in focus that stained for both PE and Draq5. The polygon tool was 

utilised to gate the cells that satisfied these parameters.  

Masking and determination of the number of γH2AX foci in each nucleus 

To determine the number of γH2AX foci within the nucleus of each cell, a series of 

masks were created which identified the region of interest. To ensure that γH2AX foci 

within each cell were identified correctly, a “truth population” of cells with known 

numbers of γH2AX foci ranging from 0 - 30 or more was created. Using this population 

Figure 2.8: Gating for cells in focus. 
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of cells, a spot mask was created using the spot function of the Mask Manager. Using 

the spot to background ratio, foci were masked that were at least two-fold brighter than 

the background with a minimum diameter of 2 pixels. A nuclear morphology mask was 

then created using the Draq5 (Ch05, nuclear staining) image of each cell. To 

determine the number of γH2AX foci within the nuclear region of each cell, these two 

masks were combined using Boolean logic. Cells are first shown unmasked, then with 

the application of a morphology mask and a spot mask; finally showing localisation of 

γH2AX foci within the nuclear region of the cell.  

2.2.40 In situ detection of γH2AX foci  
 

Cell preparation and cell irradiation:  

Cells were cultured and maintained, as previously described in T75 flasks (Fisher 

Scientific), to reach 70% to 80% confluency. All cell lines were irradiated as 

proliferating monolayers with 2 Gy gamma irradiation from a 60Cobalt source (Puridec 

Irradiation Technologies Ltd, Oxon, UK) at a distance of 25 cm from the gamma 

source. This provided a dose rate of 1.3 – 1.4 Gy/min. Cells were fixed and the total 

nuclear fluorescence was determined through immunoflurescent microscopy.    

For the γH2AX assay adherent cells were grown on poly-prep slides (Sigma- Aldrich) 

24 hours before treatment with DNA-damaging agents (in our case ionizing radiation). 

After irradiation, cells were fixed using 4% formaldehyde in PBS for 15 minutes and 

permeabilised using 0.2% Triton-X100 solution in dH2O for 10 minutes at 4°C. 

Non-specific sites on the cell were then blocked using blocking buffer. A total of 100μl 

of blocking buffer was added to each slide, slides covered with parafilm and placed in 

a humidified dark box. After 1 hour incubation the primary anti-body mouse 
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monoclonal anti-serine139 γH2AX antibody (Millipore) was added to the slides at a 

concentration of 1:1000. The slides were covered with parafilm and were placed in a 

humidified dark box for 1 hour. 

The slides were then washed 3 times for 5 minutes with TBST solution (8.8 grams of 

NaCl + 0.2 grams of KCL + 3 grams of tris base + 500 μl tween 20 in 1 litre of dH2O. 

pH 7.4). The secondary antibody (Alexa Fluor®488 rabbit anti-mouse IgG antibody, 

(Invitrogen)) was added at a dilution rate of 1:1000. A total of 100μl of diluted antibody 

was added to the slides and were covered with parafilm and placed in a humidified 

chamber for 1 hour. The slides were then washed 3 times for 5 minutes in TBST and 

then 3 times for 5 minutes in PBS only. The slides were de-hydrated in an ethanol 

series (70%, 90% and 100%) for 5 minutes each time. Once the slides were air dried, 

a total of 15 μl of mounting medium containing DAPI (Vector Laboratories) was added 

to each slide and covered with a cover slip and sealed using clear nail varnish. γH2AX 

foci were counted in the nuclei of at least 100 cells for each cell line in untreated cells 

as well as treated cells fixed at 30 minutes, 5, 24, 48 and 72 hours post irradiation. 

Microscopy was carried out using an Axioscope 2 fluorescence microscope with a 100-

fold magnification objective (Zeiss, Goettingen, Germany). 

2.2.41 Localisation of intermediate and mature forms of 

frataxin to subcellular compartments 
 

Separation of cytosolic, mitochondrial and nuclear fractions was performed using a 

cell fractionation kit (Abcam) following the manufacturer's recommendations. Briefly, 

human and mouse fibroblast cells were grown in T75 tissue culture flasks to 

confluency. After cell trypsinisation and centrifugation, each subcellular fraction was 
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used for the identification of the intermediate and mature forms of frataxin by 

measuring these in the protein isolates. Buffer A was used to wash cells, followed by 

resuspension to a concentration of 6.6 × 106 cells per ml. Cellular extractions were 

obtained after two sequential detergent-extraction steps. The purity of each fraction 

was assessed by Western blotting against GAPDH (cytoplasmic), SOD2 

(mitochondrial) and Emerin (nuclear) proteins. The following antibodies were used for 

western blotting: an anti-frataxin monoclonal antibody (1:100, MAB1594, Millipore), 

mouse monoclonal anti-GAPDH antibody (1:2000, ab9484, Abcam), mouse 

monoclonal anti-SOD2 antibody (1:1000, ab16956 Abcam), mouse monoclonal anti-

Emerin antibody (1:1000, NCL-Emerin, Leica Biosystems) and a rabbit anti-mouse 

IgG HRP conjugated secondary antibody (1:2000, ab97046, Abcam). Detection was 

performed using the chemiluminescent reagent (Bio-Rad) and bands were visualized 

using the Molecular Imager® Gel Doc XR+ system (Bio-Rad), and densitometry was 

carried out using Image Lab™ 4.1 analysis software (Bio-Rad). 

2.2.42 Statistical analysis 
 

Statistical analyses such as descriptive measurements and graphical visualization 

were carried out using Microsoft Excel 2007 software. All other measurements 

comparing sample groups were analysed using student’s T-test or two-way analysis 

of variance (ANOVA) to assess the significance of the differences of the group data.. 

In all cases a statistical significance level of 5% was chosen. 



                                                                                                                               

 

128 
  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

3. CHAPTER 3 – FXN CLONING, VIRAL PRODUCTION AND 

TITRATION 

 

  

 

 

 

 

 

 

 

 

 

 

 



                                                          Chapter 3 – FXN Cloning, Viral Production and Titration                                                                     

 

129 
  

3.1 Aims 
  

 Cloning the FXN gene into a lentivirus (LV) delivery vector.  
 

 Mapping and characterisation of the backbone vector and vectors required for 
viral production. 
 

  Evaluation of the function of the gene delivery vector.  
 

 Lentivirus production and titration.  
 

3.2 Introduction 
 

Lentiviruses (LV) have been used to effectively transduce both stem cells (Follenzi et 

al., 2000, O'rourke et al., 2005) and terminally differentiated cells, especially neurons 

(Naldini et al., 1996a, Miyoshi et al., 1997) and have been shown to be effective in the 

treatment of animal models of genetic diseases by both in vivo and ex-vivo approaches 

(Waddington et al., 2004, Bigger et al., 2006). Hence, these vectors are currently being 

used in clinical trials (Escors and Breckpot, 2010).  

Dr. Themis and colleagues have previously demonstrated there is widespread reporter 

gene transfer and long-term gene expression in immunocompetent MF-1 outbred mice 

following delivery either before or after birth (Themis et al., 2005, Kang et al., 2005). 

From this work, it was found that LV delivery mainly reached the liver. However, gene 

expression was observed in virtually all other tissues of the mouse, including the 

kidney, heart, brain, spinal cord, skeletal muscle, lung, eye and pancreas. Furthermore, 

it was demonstrated that LV-mediated delivery of the human Factor IX (hFIX) gene 

could achieve permanent correction of haemophilia B in the mouse model of this 

disease (FIX-KO) (Bigger et al., 2006). In this study, the most current vector systems 

available were tested including LV-derived from non-primate equine infectious anaemia 
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(EIAV) SMART 2 and primate HIV-1 based HR’SIN-cPPT-SEW viruses. Interestingly the 

mice treated with EIAV vectors developed liver tumours at high frequency, whereas 

HIV-1 based LV produced life-long correction of genetic disease with no side effects 

(n>100), demonstrating the bio-safety of HIV-1 LV for gene therapy (Nowrouzi et al., 

2013).  

The potential to direct LV more efficiently to tissues other than the liver was explored 

by testing LV pseudotyped with alternative virus glycoprotein envelopes in the mouse. 

Although targeting was not tissue specific, each envelope offered effective gene 

transfer to tissues that were previously more difficult to reach. These tissues included 

cells in the brain, cerebellum, spinal cord, dorsal root ganglia, peripheral nerves, heart, 

liver and muscle (Figure 3.1).  

Figure 3.1: β-galactosidase expression after injection of pseudotyped LV in the mouse. 
A) intraspinal (i.s.) injection of rabies pseudotype reaches the dorsal root ganglia (DRG) 
x10; B) intravenous injection (i.v.) of VSV-G pseudotype also results in DRG expression 
x200 and C) DRG x40; D) i.v. with rabies pseudotype reaches the nerves of the heart 
and E) the diaphragm and F) outside the ribs and G) the spinal cord and inside the ribs; 
H) extensive muscle delivery to the gluteus medius, quadriceps and biceps femoris by 
intramuscular injection (i.m.) with VSV-G pseudotype and I) mokola envelope and J) 
ebola pseudotype; K) intraperitoneal injection using VSV-G pseudotype reaches the 
diaphragm and L) the abdominal muscles and M) the heart (Gregory et al., 2004).  
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Previously, research by Dr. Themis has shown that LV pseudotyped with the VSV-G 

envelop carrying GFP, injected via different routes in late gestation and neonatal 

outbred MF-1 mice, reached organs and provided long-term gene expression in 

tissues affected by FRDA. With this knowledge and experience, full-length human FXN 

cDNA and GFP will be cloned into the pHR’SIN-cPPT-MCS-WPRE (LV MCS), 

(Multiple cloning site (MCS)) vector using standard restriction digestion and ligation. 

Both vectors pHR’SIN-cPPT-GFP-WPRE (LV GFP) and pHR’SIN-cPPT-FXN-WPRE 

(LV FXN) will be used to generate high titre viruses pseudotyped with the VSV-G 

envelope. 

The aim of this chapter is to create lentiviral constructs with strong promoters that are 

already known to drive high level of gene expression both in vitro and in vivo. These 

vectors will be: (a) propagated in virus-producer cells and ultracentrifuged to reach 

high titres for the infection of HEK 293T cells to titrate the LV and (b) tested for the 

absence of replication-competent (RC) LV that would be deleterious to cells intended 

to be infected in vitro in the investigation. 
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3.3 Vector construction  
 

To construct the frataxin delivery vector and produce VSV-G pseudotyped particles, 

the frataxin gene was cloned into lentiviral multiple cloning site vector ((pHR’SIN-

cPPT-MCS-WPRE) (LV-MCS)). This vector was provided by Dr. Steve Howe from 

UCL, UK (Figure 3.2).  

 

Figure 3.2: Schematic map of the pHR’SIN-cPPT-MCS-WPRE vector displaying 
unique cloning sites. LTR: Log terminal repeats. RRE: rev response element. cPPT 
central polypurine tract. SFFV promoter: spleen focus forming virus promoter. 
WPRE:  Woodchuck hepatitis virus post-transcription regulatory element. Gpt ORF: 
Programmed Translational Frame shift.  
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3.3.1 LV-MCS vector mapping and characterisation 

   
Restriction enzyme digestion of the LV-MCS vector was performed to verify the 

integrity of the vector. Unique restriction sites were identified using sequence editing 

software, SeqBuilder (DNASTAR Inc.) and digestion was performed on the LV-MCS. 

The vector was linearized with EcoRI, SacII, PvuI, HpaI, BamHI and XhoI restriction 

enzymes to form a 9064 bp band. In addition a double digest was carried out at the 

site of the cloning using BamHI and XhoI restriction enzymes. This double digest cuts 

the plasmid into two, forming a 9054 bp and a 10 bp band (Figure 3.3). 

 

 

 

 

Figure 3.3: Characterization of LV-MCS with restriction enzyme digestion using 1% 
agarose gel. LV-MCS plasmid was linearized with EcoRI, SacII, PvuI, HpaI, BamHI 
and XhoI restriction enzymes to produce a 9064 bp band. BamHI and XhoI double 
digest formed a 9054 bp linearized band. A 1Kb+ DNA ladder (Invitrogen) was used 
for size evaluation. DNA was loaded on 1% agarose gel and run at 70 mV. 
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3.3.2 Amplification of the frataxin gene  
 

Initially, the full human frataxin sequence (Gene bank number: U43747) was 

purchased from ATCC Global Bioresource Centre in pTLX1 plasmid vector (ATCC 

number: 99619). By using primer designing software, Primer Select (DNASTAR Inc.), 

one set of primers (HKH-FXN-F and HKH-FXN-R) was designed to amplify the FXN 

gene. Since the chosen cloning sites into the LV-MCS were BamHI and XhoI, the 

sequence of these restriction sites was added to the 5’ end of the HKH-FXN-F and 

HKH-FXN-R primers with two random nucleotides in between the restriction sites 

sequence and the primer sequence (Chapter 2, section 2.1.5).  The frataxin sequence 

was then amplified to produce a 626 bp product by polymerase chain reaction (PCR) 

using Qiagen PCR Master Mix Kit which includes Taq DNA Polymerase in a premixed 

format (Qiagen). The conditions and the PCR master mix components are shown in 

Table 3.1 and Table 3.2. 

 

Component 50 µl Rxn Final conc. 

 
2X Taq PCR Master Mix (1.5 mM MgCl2 at 1X) 

 
25 µl 

 
1X 

10 µM Forward Primer 2.5 µl 0.5 µM 
10 µM Reverse Primer 2.5 µl 0.5 µM 
Template DNA 1 µl N/A 
PCR-grade water 
 

Up to 50 µl 
 

N/A 
 

 
Table 3.1: The PCR master mix containing the appropriate volume of all reaction 
components for amplification of the frataxin gene from pTLX1 plasmid.  
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Table 3.2: The PCR cycle conditions for amplification of the frataxin gene from pTLX1 
plasmid. 
 

3.3.3 TA cloning and sequencing  
 

Since the Taq DNA polymerase used in the PCR reaction had the ability to add extra 

adenine nucleotide (A overhangs) to both ends of the PCR product (Figure 3.4), the 

segments of DNA amplified was gel extracted and purified using QIAquick Gel 

Extraction Kit (Qiagen). The purified DNA was then TA cloned into pCR™4-TOPO®  

vector (Figure 3.5) using the TOPO® TA Cloning® Kit (Invitrogen) with One Shot® 

TOP10 Chemically Competent E. coli provided in the kit. Transformed cells were 

grown overnight at 37oC on agar plates containing 50 µg/ml of ampicillin (Figure 3.6), 

then the formed colonies were grown in LB broth and the plasmids were isolated using 

QIAprep Spin Miniprep Kit (Qiagen).  Plasmids were analysed for the inserts by 

performing PCR (Figure 3.7). Plasmids containing the insert were then sent to 

Beckman Coulter Genomics for sequencing before cloning into LV-MCS.  

 

 

 

Step Temperature Duration Cycles 

 
Initial denaturation 

 
95ºC 

 
3 min 

 
1 

Denaturation 95ºC 1 min 35 
Annealing 58°C 1 min 35 
Extension 72°C 1 min 35 
Final extension 72°C 5 min 1 
Hold 
 

4°C 
 

∞ 
 

1 
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Figure 3.4: Frataxin amplification from 
pTLX1 plasmid vector using PCR. Lane 
1) 1Kb+ DNA ladder, Lane 2) 626bp 
frataxin amplicon, Lane 3) PCR negative 
control, Lane 4) 1 Kb+ DNA ladder. DNA 
was loaded on 1% agarose gel and run 
at 70 mV. 

Figure 3.5: Map of pCR®4-TOPO® vector with shortened 
distance between sequencing primer sites and the insert 
site, allowing for less vector sequencing and more insert 
sequence. 
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Figure 3.6: Formed colonies up on transformation 
of competent cells. Colonies were picked and 
analysed for the integrity of the insert.   

Figure 3.7:  Agarose gel electrophoresis showing the PCR analysis of the transformed 
competent cells. Colonies with the correct insertion have produced a 626 bp fragment. 
Lane 1 & Lane 13: 1 Kb+ DNA ladder. Lane 2, Lane 7, Lane 10 and Lane 11: had no 
insertion and were discarded. Lane 3-6 and Lane 8-9: have produced the 626 bp 
fragment and these plasmids were sent for sequencing. Lane 12:  PCR negative 
control. DNA was loaded on 1% agarose gel and run at 70 mV. 
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3.3.4 Subcloning the FXN gene into LV-MCS 
 

Once the correct sequence and orientation of the FXN insert was confirmed, the insert 

was released from pCR®4-TOPO® vector by restriction digestion with BamHI and XhoI 

restriction enzymes (Figure 3.8). Subsequently, the released fragment was gel 

extracted using QIAquick Gel Extraction Kit (Qiagen) and ligated into LV-MCS using 

T4 DNA Ligase (New England Biolabs). The molar ratio of the Vector:Insert was 

calculated using  NEBioCalculator online software (New England Biolabs). The 

components and the volumes of the ligation reaction are shown in Table 3.3.  

 

  
Table 3.3: Ligation reaction components and volumes with T4 DNA Ligase. 

COMPONENT 20μl REACTION 

10X T4 DNA Ligase Buffer                              2 μl 
Vector DNA  50 ng (0.020 pmol) 

Insert DNA  37.5 ng (0.060 pmol) 

Nuclease-free water   20 μl 

T4 DNA Ligase 1 μl 

Figure 3.8: pCR®4-TOPO® vector restriction digestion with BamHI and XhoI released 
the 626 bp frataxin insert. This fragment was gel extracted and sub cloned into LV-MCS. 
DNA was loaded on 1% agarose gel and run at 70 mV. 
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Following the ligation of the FXN gene into LV-MCS, the integrity and correct 

orientation of the insert was further tested by enzyme restriction digestion with BamHI 

and XhoI restriction Enzymes, PCR amplification of the FXN gene (Figure 3.9) and 

sequencing. The result was a new lentiviral vector containing the human FXN gene 

(LV FXN) (Figure 3.10). 

   

 

  

Figure 3.9: Confirmation of insertion of the FXN gene into the LV MCS by PCR analysis 
(Lane 2 & Lane 3) and restriction digest (Lane 5 & Lane 6). Lane 1, Lane 4 & Lane 7: 1 
Kb+ DNA Ladder. Lane 2: 626 bp FXN insert amplified by PCR. Lane 3: PCR negative 
control.  Lane 5: Uncut LV FXN. Lane 6: restriction digest of LV FXN with BamHI and 
XhoI restriction enzymes producing a 9054 bp band and releasing the 626bp FXN insert. 
DNA was loaded on 1% agarose gel and run at 70 mV. 
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Figure 3.10:  
Figure 3.10: Schematic map of the pHR’SIN-cPPT-FXN-WPRE vector displaying 
unique cloning sites. LTR: Log terminal repeats. RRE: rev response element. cPPT 
central polypurine tract. SFFV promoter: spleen focus forming virus promoter. WPRE:  
Woodchuck hepatitis virus post-transcription regulatory element. Gpt ORF: 
Programmed Translational Frame shift. 
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3.3.5 Characterisation and mapping of the Env, Gag-pol and LV 

GFP vectors  
 

Following LV FXN construction, other plasmids required for viral production including 

Env plasmid coding for VSV-G envelop (pMD2.G), Gag-pol plasmid coding for the 

capsid of the virus (pCMV-dR8.74) and the reporter vector construct (pHR’SIN-cPPT-

SFFV-GFP-WPRE) LV GFP was characterized and mapped by restriction enzyme 

digest. The Env plasmid was linearized with HindIII and NotI restriction enzymes and 

a double digest of this plasmid with ClaI and ScaI restriction enzymes produced a 3953 

bp and 1871 bp bands which have matched the sequence provided for this vector 

(Figure 3.11 and Figure 3.12).  

 

Figure 3.11: Schematic map of the 5824 bp Env plasmid coding for the VSV-G envelope. 
Unique sites used for the characterisation of the plasmid are shown.      
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 The Gag-pol plasmid (pCMV-dR8.74) was mapped and characterised by restriction 

digestion. Digestion with EcoRI has linearized the vector, HindIII cuts the plasmid at 5 

sites producing 4141 bp, 3674 bp, 2823 bp, 656 bp and 627 bp bands. The restriction 

digest with HincII cuts the plasmid at 4 sites producing 7522 bp, 2626 bp, 1750 bp, 23 

bp bands. In addition PvuII restriction enzyme cuts the plasmid at 4 sites producing 

5498 bp, 3225bp, 2154 bp and 1044 bp bands. The integrity of the plasmid was verified 

by restriction digestion and was found to correlate with the sequence that was provided 

(Figure 3.13 and Figure 3.14).  

 

Figure 3.12: Characterisation of Env plasmid by restriction digest. Digestion with 
HindIII and NotI restriction enzymes has linearized the 5824 bp plasmid. A double 
digest with ClaI and ScaI produced 3953 bp and 1871 bp bands, which confirms the 
integrity of the plasmid. 1 Kb+ DNA ladder. DNA was loaded on 1% agarose gel and 
run at 70 mV. 
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Figure 3.13:  Figure 3.13: Schematic map of pCMV-dR8.74 plasmid. This 11.9 kb plasmid coding for the 
gag-pol gene was mapped and the restriction sites for characterization of the plasmid was 
identified.  EcoRI with 1 site, HindIII with 5 sites, PvuII with 4 sites and HincII with 4 sites 
were the restriction enzymes that were selected for the characterisation of the plasmid.   
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The 9662 bp LV GFP plasmid was also mapped and characterised with restriction 

digestion by digestion with BamHI, XhoI, BspMI. Furthermore the 770 bp eGFP gene 

was released by double restriction digest with BamHI and XhoI. The integrity of the 

plasmid was verified by restriction digestion and was found to correlate with the 

sequence that was provided (Figure 3.15 and Figure 3.16).  

 
 

 

 

 

 

Figure 3.14: pCMV-dR8.74 vector was digested with  EcoRI to give a linearized 11.9  kb 
band, HindIII with 5 sites produced 4141 bp, 3674 bp, 2823 bp, 656 bp and 627 bp bands, 
PvuII with 4 sites produced  5498bp, 3225bp, 2154bp, 1044bp bands. HincII with 4 sites 
produced 7522 bp, 2626 bp, 1750 bp, 23 bp bands. 1 Kb+ DNA ladder. DNA was loaded 
on 1% agarose gel and run at 70 mV. 
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Figure 3.15: Schematic map of the LV GFP plasmid.  The unique site on this 9662 bp 
plasmid was selected and was used to test the integrity and sequence of the plasmid. 
Restriction digest with BamHI, BspMI, XhoI and PvuI linearized the plasmid and 
produced a 9662 bp band. cPPT central polypurine tract. SFFV promoter: spleen focus 
forming virus promoter. WPRE: Woodchuck hepatitis virus post-transcription 
regulatory element. 
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Figure 3.16:. 
Figure 3.16: Restriction digest of the LV GFP vector. Restriction digest with BamHI, XhoI 
and BspMI have linearized the 9662 bp plasmid. Additionally, a double digest with BamHI 
and BspMI has released the 770 bp eGFP gene. This was matched with sequence of 
this plasmid. 1 Kb+ DNA ladder. DNA was loaded on 1% agarose gel and run at 70 mV. 
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3.4 Evaluation of the function of the gene delivery vector 
 

To begin this study, the functionality of the plasmid to be used to generate the lentivirus 

carrying FXN and GFP, required evaluation in a cell line that allows efficient 

transfection levels. Since HEK 293T cells allow highly efficient transfection and gene 

expression, these cells were transfected with the control LV GFP plasmid and the LV 

FXN plasmid. Once the protocol for the transfection was optimised, transfections using 

optimal conditions were performed to measure mRNA and protein levels of frataxin.  

For the optimisation of the PEI transfection protocol, the toxicity of the transfection 

agent PEI on HEK 293T cells was tested. In addition, the amount of DNA required to 

achieve the best level of transfection was determined. 

3.4.1 Measurement of the toxicity of PEI  
 

Firstly, the maximum amount of PEI that HEK 293T cells can tolerate was determined. 

Cells were exposed to between 5 μg to 25 μg of PEI for 4 hours and were examined 

24 hours after exposure. As shown in Figure 3.17 cells exposed to 15 μg did not 

survive the treatment (D-F), cells exposed to 10 μg survived but showed negative 

changes in their morphology (C), cells exposed to 5 μg tolerated the treatment well (B) 

and are comparable to untreated cells (A). Thus, HEK 293T cells can tolerate a 

maximum of 10μg of PEI. However lower level of PEI (5μg) is used for the transfection 

of HEK 293T cells.  
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3.4.2 Determination of transfection efficiency using different 

amounts of DNA 
 

HEK 293T cells were transfected using 5 μg PEI with different amounts of LV GFP 

vector ranging between 2 μg to 6 μg to determine the amount of DNA needed for an 

optimal transfection. Figure 3.18 shows pictures of untreated (A) and transfected cells 

(B-F).  

Figure 33.17:  
 

Figure 3.17: PEI toxicity test was performed on HEK 293T cells in a 6-well plate 
containing (A) 0 μg, (B) 5 μg, (C) 10 μg, (D) 15 μg, (E) 20 μg, (F) 25 μg. The PEI was 
removed after a 4 hour incubation and replaced by complete DMEM. Pictures were 
taken 24 hours after exposure under light microscopy with 10X magnification. 
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Figure 3.18: Determination of the optimal amount of DNA for PEI transfection 
transfected with 2 μg (B), 3 μg (C), 4 μg (D), 5 μg (E) or 6 μg (F) of LV GFP vector 
DNA. The transfection solution was replaced after 4 hours of incubation with complete 
DMEM and pictures were taken 24 hours after treatment using JuLI™ Smart 
Fluorescent Cell Analyser microscope with 10X magnification. Green cells represent 
GFP-expressing, and thus, transfected cells. 
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To determine the level of transfection, using image processing software, Image J (U. 

S. National Institutes of Health) acquired images were merged and the number of 

GFP-positive cells were analysed in a total of 100 cells. The mean of the three repeats 

was calculated, respectively, and is presented in Figure 3.19. A transfection rate of 

about 83% was reached using 3 μg of DNA, around 60% cells were transfected when 

4-6 μg of DNA were used, and only around 24% when 2 μg DNA were used. Thus, the 

highest level of transfection was achieved using 3 μg of DNA. Hence, the best ratio of 

PEI:DNA to carry out transfection was 2:1. This ratio was used for all further 

transfections carried out in this project.  
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Figure 3.19: Transfection rate of PEI transfection with LV GFP vector into HEK 293T 
cells. The percentage of GFP positive cells is presented in accordance to the DNA 
amount used. Each data set represents the mean of three counting repeats of 100 
cells. Error bars mean SEM. The highest percentage of GFP-positive cells was 
observed when 3 μg of DNA was used. This result established an optimum ratio of 
PEI: DNA (2:1) for all further transfection experiments.  
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3.4.3 Measurement of FXN mRNA expression following 

transfection of HEK 293T cells with LV FXN  
 

Using Real-time PCR (RT-PCR) (Chapter 2, section 2.2.30) the levels of FXN mRNA 

expression was measured following the transfection of HEK 293T cells by LV FXN and 

LV GFP plasmid. The RNA was isolated as described in Chapter 2, section 2.2.25 

(Figure 3.20A), then DNaseI treated (Chapter 2, section 2.2.26) to remove any residual 

plasmid DNA that may have been carried over from transient transfection (Thermo 

Scientific) (Figure 3.20B) and then converted to cDNA (Chapter 2, section 2.2.27). The 

data revealed that the levels of FXN mRNA expression slightly decreased to 95% 

compared to untreated HEK 293T cells (100%). However, the data showed no 

significant difference with P value of 0.3, when transfected with LV FXN, the levels of 

FXN mRNA expression increased by 24% compared to untreated cells, the statistical 

significance of the differences was evaluated by two-way ANOVA and all values were 

significant with P ≤0.05 (Figure 3.21).  
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Figure 3.20: Gel electrophoresis of the RNA samples using 1% agarose gel. A) 
RNA samples were extracted 24 hours after transfection with LV GFP and LV FXN. 
Lane 1: 1Kb+ DNA ladder, Lane 2: Untreated HEK 293T, Lane 3: HEK 293T 
transfected with LV GFP, Lane 4: HEK 293T transfected with LV FXN. B) RNA 
samples treated with DNaseI to remove any transit DNA. Lane 1: 1Kb+ DNA ladder, 
Lane 2: Untreated HEK 293T, Lane 3: HEK 293T transfected with LV GFP, Lane 4: 
HEK 293T transfected with LV FXN. Sharp, distinct bands corresponding to 28S 
(upper bands) and 18S (lower bands) ribosomal RNA indicate intact RNA. 
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Figure 3.21: FXN mRNA expression by qRT-PCR in HEK 293T cells after transfection with 
LV FXN and LV GFP vectors.  LV GFP transfected HEK 293T showed 95% expression 
compared to 100% in untreated cells. HEK 293T cells transfected with LV FXN showed a 24% 
increase compared to untreated cells. Statistical differences between the control and 
transfected cell lines are indicated by the top line drawn over the bars while the bottom line 
indicates the differences LV FXN transfection and LV GFP transfection. Error bars indicate 
SEM and values represent mean ± SEM. Asterisks indicate significant differences between 
the treated samples and control (ns= P >0.05 and ** P <0.01). 
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3.4.4 Measurement of FXN protein expression following 

transfection of HEK 293T cells with LV FXN  
 

Frataxin protein expression was measured after the transfection of HEK 293T cells 

with LV FXN and LV GFP backbone vectors. Total protein was extracted as described 

in Chapter 2, section 2.2.31 and the concentration was measured using a Pierce™ 

BCA Protein Assay Kit (Thermo Scientific) (Chapter 2, section 2.2.32). Subsequently 

the protein samples were subjected to frataxin protein quantity dipstick assay kit 

(MitoSciences) (Chapter 2, section 2.2.33) and the levels of FXN protein expression 

was determined. LV GFP transfection of HEK 293T cells showed insignificant (P value 

<0.3) decrease with 97% FXN protein expression compared to untreated HEK 293T 

100%. Interestingly, the levels of FXN expression had increased by 3.9 fold (392%) (P 

value <0.0001) when compared to untreated HEK 293T cells. HEK 293T cells 

transfected with LV GFP transfection did not show a significant difference compared 

to untreated HEK293T cells with a P value of 0.5. Statistical significance of the 

differences was evaluated by two-way ANOVA. (Figure 3.22 and Figure 3.23). This 

may suggest even with low levels of FXN mRNA expression, high levels of protein 

expression can be reached following overexpression of frataxin.   

 

 

 

 

 

 

 

Figure 3.22: Quantification of human 
FXN using dipstick immunoassay. 
Upper bands correspond to internal 
control (goat anti-mouse antibody 
(GAM)); lower bands correspond to 
human frataxin (FXN). 1) Untreated 
control. 2) LV GFP transfection. 3) LV 
FXN transfection. 
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Figure 3.23: HEK 293T FXN protein expression following the transfection with LV GFP and 
LV FXN backbone vectors. The levels of FXN protein slightly decreased to 97% when 
transfected with LV GFP but this result was not significant. The LV FXN transfection showed 
an increase in FXN protein expression to 392% compared to control HEK 293T cells 100%. 
Statistical differences between the control and transfected cell lines are indicated by the top 
line drawn over the bars while the bottom line indicates the differences LV GFP transfection 
and LV FXN transfection. Statistical differences between LV FXN treatment and normal 
control (HEK293T) are indicated by the top line drawn over the bars while the bottom line 
indicates the differences between LV FXN transfection and LV GFP transfection. Error bars 
indicate SEM and values represent mean ± SEM. Asterisks indicate significant differences 
between the treated cells and HEK 293T control (ns=P >0.05 and ****P <0.0001). 
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3.5 Lentiviral production and titration of VSV-G 

pseudotyped particles carrying the FXN and GFP gene.   
 

Once the plasmid expression as well as functionality and delivery of FXN sequence 

had been verified, the constructed vector  along with gag-pol plasmid  and VSV-G 

plasmid were transfected into the producer cell line HEK 293T, using PEI as a 

transfection reagent. The VSV-G pseudotyped particles were generated as described 

in Chapter 2, section 2.2.18. The lentivirus carrying reporter gene GFP (LV GFP) was 

produced in parallel to the lentivirus carrying FXN gene (LV FXN). This allowed to 

estimate the transfection efficiency by counting the green GFP-expressing cells and 

served as a control for infection of the FRDA cell lines. LV GFP was also used to 

measure the infectious unit (IFU) to estimate the viral titer. Viral particles harvested 48 

and 72 hours post transfection were collected and further concentrated using 

ultracentrifugation (Beckman Coulter). The titer of the concentrated virus was 

estimated using Lenti-X qRT-PCR Titration Kit (Clone tech) (Chapter 2, section 

2.2.20).  The kit employs a quick RNA purification step and determines viral RNA 

genome content using qRT-PCR using SYBR® technologies.  The RNA genome copy 

number in a sample dilution is determined by finding the copy number that 

corresponds to its Ct value on a standard curve generated from serial dilutions of the 

calibrated Lenti-X RNA Control Template provided in the kit. The viral copy number of 

the LV GFP and LV FXN was the average of three independent experiments 

performed in triplicate and estimated to be 7x109 copies/ml (Figure 3.24). Since the 

titre of both viral particles were the same it confirmed the fact that LV GFP will give an 

indication of the infectivity of the LV FXN, hence both viruses were used in parallel  in 

all experiments to confirm the delivery of FXN and the reliability of the method. In 
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addition, the use of the LV GFP helped to understand the toxicity of viral delivery 

without the presence of the frataxin. 

 

 

3.5.1 Correlating RNA titer with infectivity 
 

The first time the qRT-PCR titration was performed, the IFU value was also determined 

by an independent means (e.g. via imaging flow cytometry) in order to establish a 

relationship between the two values. A ratio between different titrations was 
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Figure 3.24: Viral RNA titration of LV GFP and LV FXN using the Lenti-X qRT-PCR 
titration Kit. A standard curve created from Ct values generated by Lenti-X RNA 
Control Template demonstrating a strong linear correlation between the Ct values and 
the RNA copy numbers (log scale). RNA copy number of LV GFP and LV FXN was 
established by using the Ct values against the standard curve (7X109). Each point on 
standard curve represents the average of three repeats in one experiment. Error bars 
indicate SEM.  
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established and used for subsequent, similarly prepared virus supernatants. To 

determine infectivity titer, HEK 293T cells were infected with same stock of LV GFP 

that was used for qRT-PCR titration. Cells were infected with serially diluted LV GFP, 

then harvested 48 hours post infection and analysed using ImagestreamX. The viral 

titre was then calculated as described in Chapter 2, section 2.2.19. Figure 3.25 shows 

the percentage of transduced HEK 293T by LV GFP. The number of GFP-positive 

cells decline as the virus dilution increases. The calculated titration for this batch of 

virus was 1X108 IFU/ml. RT:ImagestreamX ratio (copies/IFU), or infectivity coefficient 

was calculated by dividing the qRT-PCR copies/ml by the IFU/ml value from 
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Figure 33.25:  
 

 

Figure 3.25: Viral titration using ImagestreamX. The percentage of GFP-positive HEK 
293T cells was measured to estimate the IFU/ml. The number of the positive cells 
decreases as the virus gets diluted. Each column represents the average of five 

independent experiments where n≃20000. Error bars indicate SEM.  
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ImagestreamX titration. In this experiment the values were divided (7X109/1X108) and 

the ratio assessed to be 70. This coefficient was then used to calculate the IFU/ml for 

subsequent qRT-PCR titration results (Table 3.4).  

 

 
Table 3.4: Representative ratio between different titration values measured by qRT-
PCR and ImagestreamX to establish an infectivity coefficient (70). 
 

qRT-PCR 
(copies/ml) 

ImagestreamX 
(IFU/ml) 

Titration Ratio 
(copies/IFU) 

 
7.00E+09 

 

 
1.00E+08 

 

 
70 
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4.1 Aims    
 

 To deliver high titre virus carrying GFP and frataxin to FRDA fibroblasts.  

 To assess gene delivery and measure FXN gene expression pre-translationally 

and post-translationally. 

 To evaluate toxicity and safety of the gene therapy.  

 
 To investigate correction of disease-associated phenotype.  

4.2 Introduction  
 
Extensive studies on HIV based lentiviral vectors have evolved them into safer and 

more effective vectors. Lentiviral vectors offer several attractive properties as gene 

delivery tools including:  

(i) Permanent gene delivery through stable vector integration into host 

genome (Mitrophanous et al., 1999).  

(ii) Potentially safer integration site profile (Montini et al., 2009).  

(iii) Ability to infect both dividing and non-dividing cells (Banasik and 

McCray, 2010).  

(iv) Capability of self-inactivation and no expression of viral proteins after 

vector transduction.   

(v) Broad tissue tropisms, including important gene- and cell-therapy target 

cell types (Themis et al., 2005).  

Accordingly, lentivector technologies now have widespread use in basic biology and 

translational studies for stable transgene overexpression. With the availability of a 

safer and advanced vector in our laboratory, we intend to permanently deliver FXN 
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gene into human and mouse FRDA primary fibroblasts for the correction of Friedreich 

ataxia.  

4.2.1 Decreased aconitase activity and mitochondrial respiratory 

chain function in FRDA disease  
 

Aconitase is a Krebs-cycle enzyme that converts citrate to isocitrate, and belongs to 

the family of iron-sulfur containing dehydratases whose activities depend on an intact 

cubane [4Fe-4S]2+ cluster  (Gardner, 2002, Beinert et al., 1996). Loss of  mitochondrial  

aconitase  activity  is  an  intracellular  indicator  of superoxide generation and oxidative 

damage in FRDA and also of ageing (Schapira, 1999, Yan et al., 1997).  

In many degenerative disorders the link between elevated levels of pro-oxidants and 

declines in mitochondrial aconitase activity have been established. Deficiency in the 

frataxin protein results in diminished activity of various mitochondrial iron-sulfur 

proteins including aconitase. Previous studies of FRDA patient and mouse model 

tissues have demonstrated impaired activity of the aconitase enzyme and 

mitochondrial respiratory chain (MRC) complexes I, II, and III (Bradley et al., 2000). 

Aconitase activity is altered in patients’ heart biopsies (Rotig et al. 1997), in the mouse 

models YG8R (Al-Mahdawi et al. 2006) and in conditional knock-out mice (Puccio et 

al. 2001). This evidence suggest that recovery of the aconitase activity may indicate 

the correction of the FRDA phenotype following FXN delivery.   

In this chapter, each LV expressing the GFP reporter and the FXN genes will be used 

to infect human FRDA primary fibroblasts and mouse primary fibroblasts cells derived 

from our FRDA mouse model (YG8sR). We also assess how efficiently and safely 

these cells are transduced by LVs and measure the levels of FXN gene expression 
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reached following infection by each vector. In addition, we intend to examine these 

treated cell lines for any disease related phenotypes. 
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4.3 Determination of the MOI for the transduction of the 

FRDA fibroblasts 
 

When transducing a lentivirus into a cell line for the first time, a range of MOIs should 

be tested. To accomplish this, 5x104 human FRDA primary fibroblasts (GMO3665) 

and mouse FRDA primary fibroblasts (YG8sR) that were growing exponentially were 

seeded into a 6 well plate and transduced with LV GFP at MOIs of 1, 5, 10, 15 and 20. 

Transduced cells were counted for viability using trypan blue (Sigma) Chapter 2, 

section 2.2.5 and then number of the GFP-positive cells were measured using Imaging 

flow cytometry ImagestreamX as described in Chapter 2, section 2.2.21.  

When human FRDA fibroblast cells were transduced at MOIs of 1 and 5, only 4% and 

23% of the cells were expressing GFP, respectively, with no significant cell death (98% 

and 98%) compared to untreated control cells. Transduction at a MOI of 10 produced 

87% GFP-positive cells and no significant cell death was observed (98%) compared 

to the untreated control cells. 84% of the cells were expressing GFP when transduced 

with MOI of 15. However, only 51% of the cells survived compared to the untreated 

control. Transduction with a MOI of 20 was too toxic to the human primary fibroblasts 

and no cells survived to measure for the GFP expression (Figure 4.1). In mouse FRDA 

primary fibroblasts 5% of the cells were GFP-positive when transduced at a MOI of 1 

with a cell viability of 99% compared to untreated FRDA cells. In cells infected at a 

MOI of 5, 30% positive for the expression of GFP and at a MOI of 10, 90% were GFP-

positive cells and there was no cell death 99% and 99% respectively, compared to the 

untreated control cells. When using a MOI of 15 and 20, the number of GFP-positive 

cells were slightly reduced to 88% and 89% and with 64% and 45% cells surviving, 
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respectively, compared to the untreated cells (Figure 4.2). These data suggests that 

a MOI of 10 achieved the highest infection rate and the lowest cell toxicity in both 

human and mouse FRDA fibroblasts and this MOI was used throughout the 

experiments to infect the cells in this project.  
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Figure 4.1: A graph showing the transduction of human FRDA fibroblasts (GMO3665) 
with a range of MOI. 98% of the cells survived compared to untreated cells when using 
MOIs of 1 and 5 but only 5% and 25% of the cells were expressing GFP respectively. 
The highest percentage of infection with the least amount of cell death was observed 
at a MOI of 10 with 87% of the cells positive for GFP and 98% cell survival compared 
to untreated cells. At a MOI of 15, 84% of cells were GFP-positive but only 51% of the 
cells survived compared to untreated cells. An MOI of 20 was very toxic to the cells 
and no cells survived this level of infection. For each point of measurement on the 
graph the values represent an average of three independent experiments where 
n=12000. Error bars indicate SEM. All data shown are significant with P <0.05. 
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Figure 4.2: Transduction of mouse FRDA fibroblasts (YG8sR) with a range of MOI. 
99% of the cells survived compared to untreated cells when using MOI of 1 and 5 but 
only 5% and 30% of the cells were expressing GFP respectively. The highest 
percentage of infected cells with the least amount of cell death was observed at a MOI 
of 10 with 90% of the cells positive for GFP and 99% cell survival compared to 
untreated cells. At a MOI of 15, 88% of the cells were positive for GFP but only 64% 
of the cells had survived compared to untreated cells. A MOI of 20 showed higher 
toxicity to the cells with cell survival of 45% compared to untreated cells and 89% of 
cells infected with GFP. At each point on the graph an average of three independent 
experiments were carried out where n=13000. Error bars indicate SEM. All data shown 
are significant with P <0.05.  
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4.4 Delivering GFP and FXN into human and mouse FRDA 

fibroblasts 
 

To investigate the permanency and the safety of lentivirus mediated FXN gene 

delivery for the correction of Friedreich ataxia, LV GFP and LV FXN with titres of 1x108 

were used to infect human FRDA primary fibroblasts (GMO3665) and mouse FRDA 

primary fibroblasts (YG8sR). FRDA fibroblasts were seeded to reach a confluency of 

70% to 80% and were transduced at a MOI of 10. Cells were incubated with the viral 

supernatant for 6 hours and then the viral supernatant was removed and cells were 

allowed to recover for a period of 24-48 hours. To improve transduction efficiency 

further, double transduction was performed by adding new viral supernatant at a MOI 

of 10 and then incubated for 6 hours, resulting in a final transduction time of 12 hours 

and a total MOI of 20.  

To measure the stability and longevity of the viral expression the number of GFP-

positive cells were counted 48 hours and 8 weeks post-transduction of human and 

mouse FRDA fibroblasts. Live cells were analysed using JuLI™ Smart Fluorescent 

Cell Analyser microscope (Ruskinn Technology). 10× magnification was used for 

viewing GFP expression under an ultraviolet light source with 488 nm excitation and 

an emission at 520nm. Using image processing software, ImageJ (U. S. National 

Institutes of Health) acquired images were merged and the number of GFP-positive 

cells were analysed.  

Additionally, to further confirm the data obtained from live imaging microscopy, cells 

were fixed 48 hours and 8 weeks post-infection and the number of the GFP-positive 

cells were measured using ImagestreamX, as described in Chapter 2, section 2.2.21.  
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The data revealed that 48 hours after LV GFP infection 92% and after 8 weeks 88% 

of the cells were positive for GFP expression in human FRDA fibroblasts (GMO3665), 

which demonstrates that the expression is stable and permanent over a long period of 

time (Figure 4.3). Also in mouse FRDA fibroblasts (YG8sR), 48 hours after LV GFP 

infection 97% and after 8 weeks 93% of the cells were positive for GFP expression. 

The minor change in the number of GFP-positive cells over a period of time indicates 

long term and stable expression of the transgene (Figure 4.4). 

 

 

 

Figure 4.3: GFP gene expression in human primary FRDA fibroblasts (GMO3665) 
following transduction with LV GFP pseudotyped particles. The percentage of GFP-
expressing cells measured by light microscopy and imaging flow cytometry 48 hours 
and 8 weeks post-infection. A-C) Human primary fibroblasts 48 hours post infection. 
A) Bright field B) GFP-positive cells which are green under ultraviolet light C) Merging 
of the two images (A and B). E-G) Human primary fibroblasts 8 weeks post infection. 
E) Bright field. F) GFP-positive cells which are green under ultraviolet light. G) merging 
of two images (E and F). D and H) GFP expression in human primary fibroblast 
measured 48 hours and 8 weeks post infection by Imaging flow cytometry CH01) 
Bright field, CH02) Green GFP channel and CH05) DRAQ5 far-red DNA stain. 48 
hours after LV GFP infection 92% and after 8 weeks 88% of the cells were positive for 
GFP expression in human primary FRDA fibroblasts.  



           Chapter 4 – In Vitro Gene Delivery for Phenotype correction 

169 
  

 

  

 

 

 

 

 

 

 

 

Figure 4.4: GFP gene expression in mouse primary FRDA fibroblasts (YG8sR) 
following transduction with LV GFP pseudotyped particles. The percentage of GFP 
expressing cells measured by light microscopy and imaging flow cytometry 48 hours 
and 8 weeks post-infection. I-K) Mouse primary fibroblasts 48 hours post infection. I) 
Bright field J) GFP-positive cells which are green under ultraviolet light K) Merging of 
the two images (I and J). M-O) Mouse primary fibroblasts 8 weeks post infection. M) 
Bright field N) GFP-positive cells which are green under ultraviolet light O) merging of 
the two images (M and N). L and P) GFP expression in mouse primary FRDA 
fibroblasts measured 48 hours and 8 weeks post infection by Imaging flow cytometry 
CH01) Bright field, CH02) Green GFP channel and CH05) DRAQ5 far-red DNA stain. 
48 hours after LV GFP infection 97% and after 8 weeks 93% of the cells were positive 
for GFP expression in mouse primary FRDA fibroblasts. 
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4.5 Determination of viral copy number  
 

To ensure that the LV GFP and LV FXN have integrated the transgene into the host 

genome the viral copy number was determined using Q-PCR. The construct plasmid 

containing the cloned FXN sequence was used to generate a standard curve using Q-

PCR. A genomic DNA sample with a known copy number of 4 was also used to confirm 

the reliability of the standard curve as described in Chapter 2, section 2.2.24. The copy 

number of infected human and mouse FRDA fibroblasts was measured at early (48 

hours) and late (8 weeks) time points to confirm the stability of viral integration. The 

result showed the viral copy number 48 hours post infection in human FRDA 

fibroblasts infected with LV GFP and LV FXN were 0.96 and 0.97, respectively. After 

8 weeks, the viral copy number remained approximately the same at 0.92 and 0.97, 

respectively (Figure 4.5). In mouse FRDA fibroblasts 48 hours post infection a copy 

number of 1.86 when infected with LV GFP, and a copy number of 1.05 when infected 

with LV FXN was determined. The results after 8 weeks remained unchanged with a 

copy number of 1.79 when infected with LV GFP, and a copy number of 0.95 when 

infected with LV FXN (Figure 4.6). It was noticed that the copy number of mouse FRDA 

fibroblasts upon infection with LV GFP was higher compared with infection with LV 

FXN, this may indicate that these cells are better transduced with virus carrying the 

GFP compared to the virus carrying the FXN gene.    
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Figure 44.6:  

Figure 4.5: Viral genome copy number in human FRDA fibroblasts (GMO3665) infected 
with LV GFP and LV FXN measured by qRT-PCR. Human FRDA fibroblasts 48 hours post 
infection showed a copy number of 0.96 when infected with LV GFP and a copy number of 
0.97 when infected with LV FXN. 8 weeks post infection with LV GFP, the human FRDA 
fibroblasts showed a copy number of 0.92 and 0.91 when infected with LV FXN. The results 
for each time point are the average of three independent experiments performed in 
duplicate. Error bars indicate SEM and values represent mean ± SEM.   

Figure 4.6: Viral genome copy number in mouse FRDA fibroblasts (YG8sR) infected with LV 
GFP and LV FXN measured by qRT-PCR. Mouse FRDA fibroblast 48 hours post infection 
showed a copy number of 1.86 when infected with LV GFP and a copy number of 1.05 when 
infected with LV FXN. 8 weeks post infection with LV GFP, the mouse FRDA fibroblasts showed 
a copy number of 1.79 and 0.95 when infected with LV FXN. The results for each time point are 
the average of three independent experiments performed in duplicate. Error bars indicate SEM 
and values represent mean ± SEM.    
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4.6 FXN mRNA expression following gene delivery 
 

The FXN mRNA expression in human and mouse FRDA fibroblasts was measured 1- 

2 weeks post infection then at 6 – 8 weeks and at 12 weeks post infection to assess 

the levels of the FXN expression over a longer period of time. Total RNA was extracted 

from LV GFP and LV FXN infected human and mouse FRDA fibroblasts as described 

in Chapter 2, section  2.2.25, DNaseI treated (ThermoScientific) (Chapter 2, section 

2.2.26) and converted to cDNA using a cDNA synthesis kit (Invitrogen), as previously 

described in chapter 2, section 2.2.27. The synthesized cDNA was used as a template 

for qRT-PCR reactions. The normal human fibroblast GMO7492 was used as a control 

for this experiment and all data obtained was normalised to the endogenous control 

genes GAPDH and HPRT then calibrated to normal fibroblasts expression and the 

mean of normal control is set to 100%. 

The levels of FXN mRNA expression in untreated human FRDA fibroblasts were 0.5 

fold (P <0.001), 0.47 fold (P <0.01) and 0.33 fold (P <0.001) at 1 - 2 weeks, 6 - 8 weeks 

and at 12 weeks, respectively, when compared to normal human fibroblasts. Within 1 

to 2 weeks post infection of human FRDA fibroblasts with LV FXN, FXN mRNA 

expression had increased dramatically by 48 fold (P <0.001) compared to the normal 

human fibroblasts. The level of FXN mRNA expression then reduced at 6 – 8 weeks 

post infection but was still 28 fold (P <0.001) greater than normal fibroblasts. Further 

reduction in FXN mRNA expression was detected after 12 weeks with mRNA levels 

22 fold (P <0.001) higher than normal human fibroblasts. LV GFP transduced cells 

showed no significant increase in FXN mRNA expression when compared to untreated 

FRDA cells (P >0.05), as expected, at all-time points. Statistical significance of the 

differences for this experiment was evaluated by two-way ANOVA and all the LV FXN 



           Chapter 4 – In Vitro Gene Delivery for Phenotype correction 

173 
  

infected FRDA cells were significant compared to normal and untreated FRDA cell line 

(Figure 4.7A, B & C).   
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Figure 4.7: Quantification of FXN mRNA expression measured using qRT-PCR, in human 
primary fibroblast (Normal= GMO7492, FRDA & Treated =GMO3665) at A) 1-2, B) 6-8 and C)12 
weeks post LV FXN and LV GFP treatment. mRNA expression values were first normalized to 
GAPDH and HPRT then calibrated to normal fibroblasts expression and the mean of normal 
control is set to 100%. Each result is the mean of two independent experiments where n=3 in 
each experiment. Statistical differences between LV FXN treatment and normal control 
(GMO7492) are indicated by the top line drawn over the bars while the bottom line indicates the 
differences between LV FXN treatment and untreated FRDA (GMO3665).The error bars 
represent the SEM. Significance levels are represented by asterisks: **P <0.01 and ***P <0.001, 
**** P <0.0001 and ns= P >0.05.  
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Similarly, RNA was extracted and converted into cDNA, as previously described, from 

mouse primary fibroblasts. The normal mouse fibroblast Y47 was used as the control 

for this experiment and all data obtained was normalised to the endogenous control 

genes GAPDH and HPRT, calibrated to normal fibroblasts expression and the mean 

of normal control is set to 100%. 

FXN mRNA expression was measured in mouse FRDA fibroblasts treated with LV 

GFP and LV FXN, 1 - 2 weeks post infection and at a later time points at 6 - 8 weeks 

and at 12 weeks post infection. 1 - 2 weeks post infection the FXN mRNA expression 

in untreated mouse FRDA cells was 0.2 fold (P <0.001) and after treatment has 

increased by 42 fold (P <0.001) compared to the normal primary mouse fibroblasts. 6-

8 weeks after treatment the FXN mRNA was found to be higher than in normal 

fibroblasts by 29 fold (P <0.001) but had decreased compared to the earlier 

measurement. In untreated mouse FRDA fibroblasts the FXN mRNA levels remained 

low at 0.16 fold (P <0.001) compared normal mouse fibroblasts at this time point. 12 

weeks post infection, a further reduction was observed. However the FXN mRNA 

levels remained higher than in normal fibroblast by 24 fold (P <0.001), while untreated 

FRDA fibroblasts expressing 0.2 fold (P <0.001) compared to normal mouse 

fibroblasts. LV GFP transduced cells showed no significant increase in FXN mRNA 

levels when compared to untreated FRDA cells (P >0.05) as expected at all time points 

(Figure 4.8A, B & C). Statistical significance of the differences for this experiment was 

evaluated by two-way ANOVA and all the LV FXN infected FRDA cells were significant 

compared to normal and untreated FRDA cell line. Although the levels of expression 

continued to be higher than in normal mouse fibroblasts, these levels did decrease 

over time. It is likely that the decrease in FXN mRNA expression is due to shut down 
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and methylation of SFFV promoter as this has been reported in other studies using 

this promoter (Herbst et al., 2012).  
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Figure 4.8: A graph showing the relative levels of FXN mRNA levels in mouse primary fibroblasts 
which were measured using qRT-PCR. (Normal = Y47, FRDA & Treated=YG8sR). Expression 
was measured A) 1 - 2 weeks, B) 6 - 8 weeks and at C) 12 weeks post LV FXN and LV GFP 
treatment. mRNA expression values were first normalized to GAPDH and HPRT then calibrated 
to normal fibroblasts expression and the mean of normal control is set to 100%. Each result is the 
mean of two independent experiments where n=3 in each experiment. Statistical differences 
between LV FXN treatment and normal control (Y47) are indicated by the top line drawn over the 
bars while the bottom line indicates the differences between LV FXN treatment and untreated 
FRDA (YG8sR). The error bars represent the SEM. Significance levels are represented by 
asterisks *** P <0.001, **** P <0.0001 and ns= P >0.05. 
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4.7 FXN protein expression following gene delivery 
 

The frataxin protein expression was measured using lateral flow immunoassay with 

the Frataxin Protein Quantity Dipstick Assay Kit (MitoSciences), as described in 

Chapter 2, section 2.2.33.  The levels of protein was assessed immediately after each 

mRNA measurement to evaluate the pre- and post-translational activity of frataxin. 

Protein expression in both human and mouse fibroblasts was measured at 1 - 2 weeks, 

6 - 8 weeks and at 12 weeks after treatment with LV GFP and LV FXN.  

Normal human fibroblasts GMO7492 were used as the control for this experiment and 

all data obtained was calibrated to normal fibroblasts expression and the mean of 

normal control is set to 100%. Frataxin protein levels remained significantly low at 0.48 

fold (P <0.001), 0.42 fold (P <0.001) and 0.45 fold (P <0.01) at 1 - 2 weeks, at 6 - 8 

weeks and 12 weeks, respectively, compared to untreated normal human fibroblasts. 

1 - 2 weeks post infection the levels of protein expression in treated FRDA fibroblasts 

had increased to approximately 20 fold (P <0.001) compared to the normal human  

fibroblasts. 6 - 8 weeks after LV FXN infection the protein levels had decreased to 15 

fold (P <0.001) compared to normal fibroblasts and a further reduction was observed 

12 weeks after LV FXN transduction with 13 fold (P <0.001) higher than in normal 

fibroblasts. As expected, the levels of frataxin protein expression did not change 

significantly after LV GFP treatment at all time points compared to untreated FRDA 

fibroblasts (P >0.05). Statistical significance of the differences for this experiment was 

evaluated by two-way ANOVA and all the LV FXN infected cells were significant 

compared to normal and untreated FRDA cell line (Figure 4.9A, B & C).    
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Figure 4.9: A graph showing the relative levels of FXN protein expression in human primary 
fibroblasts (Normal= GMO7492, FRDA & Treated =GMO3665) at A) 1 – 2 weeks, B) 6 - 8 
weeks and at C) 12 weeks post LV FXN and LV GFP treatment.  The results are the mean of 
two independent experiments, where n=3 for all samples. The relative levels of frataxin 
expression is shown and the mean of the normal control is set to 100%. Statistical differences 
between LV FXN treatment and normal control (GMO7492) are indicated by the top line drawn 
over the bars while the bottom line indicates the differences between LV FXN treatment and 
untreated FRDA (GMO3665). The error bars represent the SEM. Significance levels are 
represented by asterisks: **P <0.01, *** P <0.001, **** P <0.0001 and ns= P >0.05. 
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Normal mouse fibroblasts Y47, were used as the control for measuring frataxin protein 

levels. All data obtained was calibrated to the frataxin levels in these normal mouse 

fibroblasts and the level of expression in the normal control is set at 100%. At 1 - 2 

weeks post treatment with LV FXN the levels of frataxin expression in treated mouse 

FRDA fibroblasts had increased to 3.5 fold (P <0.001) compared to the normal 

fibroblasts. Protein expression before treatment was measured to be 0.2 fold (P 

<0.001) in untreated FRDA fibroblasts compared to the normal Y47 fibroblasts. The 

levels of frataxin protein at 6 - 8 weeks post infection with LV FXN had decreased by 

0.5 folds when compared to the first measurement at 1 – 2 weeks. However, the levels 

still remained high at 3 fold (P <0.001) higher than in the normal Y47 fibroblasts, while 

the untreated FRDA fibroblasts expressed 0.19 fold (P <0.001) frataxin protein 

compared to normal Y47 fibroblasts. At 12 weeks after infection, the levels of frataxin 

protein had decreased further but were 2.3 folds (P <0.001) higher compared to normal 

Y47 fibroblasts. Frataxin protein expression was 0.19 fold (P <0.001) in untreated 

FRDA fibroblasts compared to normal Y47 cell lines. As expected, the levels of FXN 

protein expression did not change significantly after LV GFP treatment at all time 

points compare to the normal control and untreated FRDA cells. Statistical significance 

of the differences for this experiment was evaluated by two-way ANOVA and all the 

LV FXN infected cells were significant compared to normal and untreated FRDA cell 

line (Figure 4.10A, B & C).    

Overall, a similar pattern to the FXN mRNA expression was seen and the protein level 

also decreased over time like the mRNA expression, indicating that the protein and 

mRNA expression are proportional in FRDA fibroblasts. However, it is evident that 

very high levels of mRNA expression is required in order to have relatively high protein 
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expression. For example, at 1 - 2 weeks post infection the mRNA levels had increased 

by 48 fold in human FRDA fibroblasts whilst the protein levels only increased by 20 

fold compared with normal human fibroblasts. Similarly, in mouse FRDA fibroblast 1 - 

2 weeks post infection with LV FXN, the mRNA levels had increased by 42 fold whilst 

the protein levels have increased by 3.5 fold compared to normal Y47 fibroblasts.  
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Figure 4.10: A graph showing the relative levels of FXN protein expression in mouse primary 
fibroblasts (Normal = Y47, FRDA & Treated=YG8sR) at A) 1 – 2 weeks, B) 6 - 8 weeks and 
at C) 12 weeks post LV FXN and LV GFP treatment. The results are the mean of two 
independent experiments where n=3 for all samples. The relative levels of frataxin expression 
is shown where 100% is the normal level of frataxin in the control primary fibroblasts. Statistical 
differences between LV FXN treatment and normal control (Y47) are indicated by the top line 
drawn over the bars while the bottom line indicates the differences between LV FXN treatment 
and untreated FRDA (YG8sR). The error bars represent the SEM. Significance levels are 
represented by asterisks: *** P <0.001, **** P <0.0001 and ns= P >0.05. 
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4.8 Evaluation of lentiviral treatment for toxicity by 

determining population doubling 
 

To investigate the toxicity levels and cell viability after lentiviral treatment, the growth 

characteristics of the four cell lines were identified by measuring population doubling 

times of the treated and untreated human and mouse FRDA fibroblasts. These 

measurements were taken over a period of 45 days for the human cell lines and over 

60 days for the mouse cell lines, as described in Chapter 2, section 2.2.34. Growth 

curves and cumulative population doubling analysis were performed and any changes 

in population doubling rate will represent an indication of toxicity of this treatment to 

the cultured cells.  

LV FXN and LV GFP treated human FRDA cells (GMO3665) were seeded in parallel 

to untreated human FRDA cells (GMO3665) and control normal human fibroblasts 

(GMO7492). Their growth rate was measured and compared to detect any changes 

compare to untreated cells. Untreated FRDA fibroblasts (GMO3665) with the fastest 

growth rate had a cumulative population doubling of 24 over 45 days. After treatment 

with LV GFP no significant changes was observed with a cumulative population 

doubling of 25 over 45 days. Normal human primary fibroblasts (GMO7492) exhibited 

a slower growth rate compared to human FRDA fibroblasts with a cumulative 

population doubling of 17 over 45 days.  After LV FXN treatment of FRDA fibroblasts 

had a cumulative population doubling of 20 over a period of 40 days. This result, 

although not significant showed growth rate which decreased in doubling time towards 

the normal control cell line (GMO7492). Overall, this indicated that the lentiviral 

treatment did not affect the growth characteristics of FRDA cells and when treated with 
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LV FXN the growth rate seemed to have shifted slightly towards normal levels (Figure 

4.11) (Table 4.1).  

 
Table 4.1: Cumulative population doubling of the human fibroblasts at different days 
in culture. CPD: Cumulative population doubling. 

 

Cell line days in culture CPD at day 30 CPD at final day 

Normal GMO7492 43 13 17 

FRDA GMO3665) 43 17 24 

LV GFP treatment 45 20 25 

LV FXN treatment 38 18 20 
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Figure 4.11: A graph of the cumulative population doubling of the human primary 
fibroblast cell lines after treatment (Normal (GMO7492), FRDA (GMO3665), LV GFP 
treated FRDA fibroblast and LV FXN treated FRDA fibroblasts, from passage 10 over a 
time frame of 45 days. 
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 In mouse cell lines LV FXN and LV GFP treated FRDA fibroblasts (YG8sR) were 

grown in parallel to the normal mouse fibroblasts (Y47) and untreated FRDA 

fibroblasts (YG8sR). After treatment of FRDA fibroblast with LV GFP cells did not 

display any change of growth characteristics compared to the untreated FRDA 

fibroblasts indicating that the therapy did not have any adverse effects on their normal 

growth. Cumulative population doubling for both LV GFP treated fibroblasts and 

untreated fibroblasts was 33 over period of 50 days. FRDA fibroblasts treated with LV 

FXN did not show any change in their growth rate compared to FRDA fibroblast until 

day 30, where the growth started to shift to towards the normal control fibroblasts. 

After day 30 the change was significant and the growth appeared to be slower than 

untreated FRDA fibroblasts (Figure 4.12). The cumulative population doubling of LV 

FXN treated FRDA fibroblasts was 29 over period of 58 days and for normal Y47 

fibroblasts was 27 over period of 59 days. Table 4.2 shows the changes in cumulative 

population doubling over period of 30 and 59 days in culture.  

 
 
 

 
Table 4.2 Cumulative population doubling of the mouse fibroblasts at different days 
in culture. CPD: Cumulative population doubling. 
  
 

 

 

 

 

Cell line days in culture CPD at day 30 CPD at final day 

Normal Y47 59 18 27 

FRDA YG8sR 50 24 33 

LV GFP treatment 59 22 40 

LV FXN treatment 56 20 29 
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Figure 4.12: A graph showing the cumulative population doubling of the mouse 
primary fibroblast cell lines after treatment (Normal (Y47), FRDA (YG8sR), LV GFP 
treated FRDA fibroblasts and LV FXN treated FRDA fibroblasts, from passage 8 over 
a time frame of 60 days. 
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4.9 Clonogenic cell survival assay following lentiviral 

treatment 
 

The clonogenic cell survival assay determines the ability of a cell to proliferate 

indefinitely, thereby retaining its reproductive ability to form a large colony or a clone. 

This cell is then said to be clonogenic. A cell survival curve is therefore defined as a 

relationship between the dose of the agent or treatment used to produce an insult and 

the fraction of cells retaining their ability to reproduce. Therefore to assess the 

proliferation of LV GFP and LV FXN treated FRDA fibroblasts and to determine if FXN 

delivery will improve the clonogenic survival rate of FRDA cells this assay was carried 

out.  2 weeks after transduction of fibroblasts, single cell suspensions were obtained 

by trypsinisation, and appropriate cell numbers were seeded into petri dishes (ten 

replicates of each in 15 mm dishes). A range of between 50 - 150 colonies was 

achieved for each cell line. Colonies were fixed, stained and counted as described in 

Chapter 2, section 2.2.6. Normal fibroblasts (Human: GMO7492, Mouse: Y47) were 

used as the controls and all data obtained was calibrated to normal fibroblasts levels 

and the mean of normal control is set at 100%. Both human and mouse FRDA 

fibroblasts showed a significant increase in cell proliferation after treatment with LV 

FXN (Human: 99% (P >0.05) & Mouse 97% (P <0.05)) when compared to untreated 

FRDA fibroblasts (Human: 93% (P <0.0001) & Mouse: 88% (P <0.0001)) and cell 

survival had increased to the levels reached by normal control fibroblasts (100%) 

(Figure 4.13A & B). However, LV GFP treatment did not have any effect on the 

proliferation of FRDA fibroblasts and no significant changes was noticed compared to 

untreated FRDA cells (Human 92% (P <0.0001) & Mouse 88% (P <0.0001)). Statistical 

significance of the differences for this experiment was evaluated by two-way ANOVA 
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and all the LV FXN infected cells were compared to normal and untreated FRDA cell 

line.  
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Figure 4.13: Clonogenic cell survival assays performed on A) human and B) mouse FRDA 
fibroblasts after treatment with LV GFP and LV FXN 2 weeks post infection. Data shown are 
relative to the value of normal cell line which was set to be 100%. Both human and mouse FRDA 
cell lines showed improvement in cell survival after treatment with LV FXN. Statistical differences 
between LV FXN treatment and normal control are indicated by the top line drawn over the bars 
while the bottom line indicates the differences between LV FXN treatment and untreated FRDA. 
Each result is the average of ten independent experiments. Error bars indicate SEM and values 
represent mean ± SEM. Significance levels are represented by asterisks: **** P <0.0001, * P 
<0.05 and ns= P >0.05. 



           Chapter 4 – In Vitro Gene Delivery for Phenotype correction 

189 
  

4.10 Restoring aconitase activity following FXN gene 

delivery 
 

Aconitase is an iron-sulphur protein involved in iron homeostasis and found to be 

deficient in FRDA cells. Aconitase activity can undergo reversible citrate-dependent 

modulation in response to pro-oxidants. Frataxin interacts with aconitase and reduces 

the level of oxidant-induced inactivation, and converts inactive enzyme to its active 

form. Thus, frataxin is an iron chaperone protein that protects the aconitase iron 

sulphur cluster from disassembly and promotes enzyme reactivation. Loss of 

aconitase activity in cells or other biological samples treated with pro-oxidants has 

been interpreted as a measure of oxidative damage. Aconitase activity in human and 

mouse fibroblasts was measured 2 weeks after treatment with LV GFP and LV FXN 

using the Aconitase Assay Kit (Cayman Chemical). In the assay, citrate is converted 

by aconitase into isocitrate, which is further processed resulting in a product that 

converts a nearly colourless probe into an intensely coloured form with a λmax at 

450nm (Chapter 2, section 2.2.35). Normal fibroblast (Human: GMO7492, Mouse: 

Y47) were used as the controls and all data obtained was calibrated to normal 

fibroblasts levels and the mean of normal control is set to 100%. As previously 

expected, the aconitase activity was reduced in human and mouse FRDA fibroblasts 

to 66% (P <0.01) and 59% (P <0.01) compared to the normal fibroblasts (100%), 

respectively. After transduction of FRDA fibroblasts cells with LV FXN these levels 

were elevated to 90% (P <0.05) in human fibroblasts and almost to levels measured 

in normal mouse fibroblasts with 99% activity (P >0.05). Statistical significance of the 

differences for this experiment was evaluated by two-way ANOVA and all the LV FXN 



           Chapter 4 – In Vitro Gene Delivery for Phenotype correction 

190 
  

infected cells were significant compared to untreated FRDA cell line (Figure 4.14A & 

B).  
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Figure 4.14: Relative levels of aconitase activity following treatment with LV FXN in A) human 
primary fibroblasts (Normal= GMO7492, FRDA & Treated =GMO3665) and B) mouse primary 
fibroblasts (Normal = Y47, FRDA & Treated=YG8sR). Aconitase activity was first normalized to 
the activity of normal fibroblasts and the mean of normal control is set to 100%. Aconitase activity 
in mouse FRDA fibroblast has increased from 59% to 99% after LV FXN treatment and aconitase 
activity in human FRDA fibroblast has increased from 66% to 90% after FXN LV treatment.  (n=3, 
error bars represent SEM). Statistical differences between LV FXN treatment and normal control 
are indicated by the top line drawn over the bars while the bottom line indicates the differences 
between LV FXN treatment and untreated FRDA. Significance levels are represented by 
asterisks: *P <0.05, **P <0.01 and ns= P >0.05.  
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5.     CHAPTER 5 – REDUCED SENSITIVITY TO OXIDATIVE STRESS AND 

REPAIR OF DNA DAMAGE IN FRIEDREICH ATAXIA 
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5.1 Aims  
 

 Measure oxidative stress levels in FRDA cell lines following lentiviral delivery of 
FXN.  
 
 

 Examine the sensitivity of FRDA fibroblast cell lines by exposure to increasing 
concentrations H2O2. 
 

 Evaluate DNA damage profile in FRDA cells before and after lentiviral FXN 
delivery.  

 
  Investigate the role of FXN in response to DNA damage.  

5.2 Oxidative stress in Friedreich ataxia 
 

Oxidative stress describes the overload of cells with reactive oxygen species (ROS) 

either caused by increased production of ROS or decreased defence mechanisms 

against ROS. There is some evidence available showing that oxidative stress is 

increased in FRDA cells (Schulz et al., 2000). However, this evidence is still limited as 

will be discussed below.  

5.2.1 Generation of Reactive Oxygen Species 
 

In many compartments of the cell various enzymes are potential generators of reactive 

oxygen species (ROS) (Balaban et al., 2005). Within the plasma membrane NADPH 

oxidases (Lambeth, 2004, Suh et al., 1999) and many enzymes in the cytosol including 

cyclooxygenases are capable of producing ROS. Another source of ROS are in 

peroxisomes which are produced in these organelles during lipid metabolism. 

However, the majority (around 90%) of ROS is produced by the mitochondria where 

they arise as a consequence of oxidative phosphorylation. This process describes the 

controlled oxidation of NADH or FADH to produce a proton gradient and thereby 
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potential energy to drive synthesis of ATP by ATP synthetase. This reaction, shown 

schematically in Figure 5.1, is catalysed by a chain of four complexes (I to IV) called 

the electron transport chain (ETC), which transports electrons in a stepwise manner 

to the last complex (IV), where they are used to reduce oxygen to form water (Balaban 

et al., 2005, Lagouge and Larsson, 2013). At several sites of this chain, especially at 

complexes I and III (Chen et al., 2003, Kushnareva et al., 2002), electrons may directly 

react with oxygen or other electron acceptors to form ROS and other free radicals. 

These molecules have the potential to react with macromolecules within the cell 

including DNA, proteins and lipids leading to a change in their structure and function 

(Balaban et al., 2005, Lagouge and Larsson, 2013, Pandolfo, 2012).  

Figure 5.1: Schematic model of ROS generation in the mitochondria. The major 
production sites of ROS sites are complex I and III. Antioxidant enzymes include various 
isoforms of superoxide dismutase (SOD), peroxiredoxin (Prx) and glutathione 
peroxidase (GP). The scavenging reaction of the peroxiredoxin family requires other 
cellular dithiol proteins such as thioredoxin (TrxS2). The different complexes of oxidative 
phosphorylation are colour coded with regard to the magnitude for reducing oxygen, 
with red (dehydrogenases [DH] and site I) having the highest potential and pink (site IV) 
the lowest potential. The family of uncoupling protein (UCP), here denoted in green, 
reduces the overall mitochondrial membrane potential (Balaban et al., 2005).  
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5.2.2 Elimination of reactive oxygen species 
 

Cells have developed different mechanisms to eliminate ROS. This detoxification is 

performed first by superoxide dismutase (SOD) which converts superoxide (O2 -) into 

hydrogen peroxide (H2O2) (Balaban et al., 2005, McCord and Fridovich, 1969); this in 

turn can be scavenged by different enzymes. Catalase converts it to water and oxygen 

(Radi et al., 1991). Glutathione peroxidase (GP) or peroxiredoxin (Prx) are able to 

convert H2O2 to water and an oxidised form of an antioxidant normally cellular dithiol 

proteins, such as glutathione (GSH) and thioredoxin (TrxS2) (Figure 5.1) (Chang et 

al., 2004). Additionally, cells have non-enzymatic ROS scavengers including the 

vitamin C ascorbate, flavonoids and carotenoids, which contribute to the elimination 

of ROS (Balaban et al., 2005, Lagouge and Larsson, 2013). 

5.2.3 Oxidative stress in Friedreich ataxia 
 

The role of oxidative stress in the pathology of FRDA is a controversial subject. This 

is due to limited direct evidence of increased oxidative stress in patient cells. However, 

there is some evidence to justify the assumption that oxidative stress occurs in FRDA 

(Armstrong et al., 2010). Even under physiological conditions ROS are generated by 

the ETC, as described earlier. Due to defective Fe-S cluster biosynthesis ETC 

complexes I and III have decreased activity in FRDA. This dysfunction of the 

respiratory enzymes may lead to an increased production of ROS (Armstrong et al., 

2010). There is evidence available that the mitochondrial SOD enzyme normally 

induced by iron or oxidative stress is activated less in FRDA (Jiralerspong et al., 2001). 

This lack of induction of the superoxide scavenger may lead to higher levels of this 
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free radical. However, direct evidence of increased levels of superoxide is limited to a 

single report (Napoli et al., 2006). 

Increased levels of O2 ultimately lead to increased levels of H2O2. In FRDA only 

indirect evidence of increased levels of H2O2 supports this assumption (Armstrong et 

al., 2010) as low levels of GSH correlate with increased levels of H2O2. There is 

evidence showing decreased levels of GSH in a yeast model of FRDA (Auchère et al., 

2008). In a Drosophila model of FRDA, the disease phenotype could be rescued by 

H2O2 scavenging enzymes (Anderson et al., 2008), providing indirect evidence that 

increased H2O2 levels and thus oxidative stress play a role in the pathogenesis of 

FRDA. 

In FRDA, iron which is not used for Fe-S cluster synthesis accumulates in 

mitochondria. If it is not further processed immediately it can become oxidised and 

precipitates in the mitochondria. In the Fenton reaction Fe2+ is oxidised by H2O2 to 

form Fe3+ and the highly toxic hydroxyl radical which is generated causes oxidative 

damage; in particular lipid peroxidation. The increased levels of H2O2 present in FRDA 

feed this reaction (Armstrong et al., 2010, Pandolfo, 2012). Additionally there is 

evidence showing that frataxin is able to convert the reactive Fe2+ to a redox-inactive 

mineral (Nichol et al., 2003). A deficiency of frataxin thereby leads to increased levels 

of Fe2+ also feeding the Fenton reaction (Armstrong et al., 2010, Pandolfo, 2012). 

Although these results provide evidence for increased oxidative stress in FRDA more 

evidence is required to fully understand the role of oxidative stress in this disease. 

Frataxin deficient cells are highly sensitive to oxidative stress and have reduced 

capability to handle oxidative insults (Payne and Wagner, 2012). Although the exact 

function of frataxin is not fully understood, once transported to the mitochondrion it is 
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known to be essential for iron homeostasis; in particular for the de novo biosynthesis 

of iron sulphur cluster (ISC) proteins and heme biosynthesis (Schmucker et al., 2011). 

It is, thereby, involved in activation of the tricarboxylic cycle enzyme aconitase, which 

can be used as an indicator of low levels of frataxin protein and mitochondrial damage 

(Payne and Wagner, 2012). Deficiency in frataxin results in impaired biosynthesis and 

the function of ISC proteins of the ETC leading to reduced ATP and energy production 

(Lodi et al., 1999). Cells highly dependent on aerobic respiration and high ATP levels 

such as neurons in the brain and spinal cord, cardiomyocytes and pancreatic beta 

cells especially succumb to this imbalance in energy homeostasis and this is believed 

to cause the neurological and cardiac symptoms and the high prevalence of diabetes 

in FRDA patients. What causes the variable cell death within tissues, however, is still 

unclear (Richardson et al., 2013).  

5.3 DNA damage in Friedreich ataxia 
 

DNA is the most ‘looked after’ macromolecule in our cells. Histones are specialised 

proteins which bind as octamers to DNA molecules to form nucleosomes: the smallest 

packaging state of DNA. Nucleosomes are further packaged into different stages of 

chromatin fibres, which build up our chromosomes (Shi and Oberdoerffer, 2012, 

Talbert and Henikoff, 2010). Even though DNA is rather well protected by this 

packaging, different endogenous and exogenous insults can lead to DNA damage. 

Different repair mechanisms are available to reverse this damage. However not all 

damage can be repaired and this results in an accumulation of mutations in our DNA 

over time. 
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5.3.1 Different types and sources of DNA damage 
 

Two types of DNA alterations are apparent in cells. Spontaneous DNA damage is 

caused by endogenous damaging sources such as replication errors or ROS. 

Misincorporation of dNTPs during replication, interconversion between DNA bases by 

deamination, a loss of bases by depuration or modification of DNA bases by alkylation 

may lead to point mutations in DNA. ROS which are increased during oxidative stress 

may oxidise DNA bases and cause DNA breaks (Ciccia and Elledge, 2010).  

Environmental DNA damage is caused by exogenous genotoxic agents. Physical 

sources can be distinguished from chemical sources. The most toxic agent is ionizing 

radiation that is capable of oxidising bases and inducing single and double strand 

breaks (SSBs and DSBs respectively). Ultraviolet radiation is a source for pyrimidine 

dimers. Different chemical agents create various DNA lesions. Alkylating agents lead 

to adducts on DNA bases, crosslinking agents create inter- and intra-strand crosslinks 

and topoisomerase inhibitors induce SSBs and DSBs (Ciccia and Elledge, 2010). 

5.3.2 DNA damage response and repair pathways 
 

The DNA damage response (DDR) is a complex network of signalling pathways that 

senses DNA damage and transmits this signal to effectors which in turn repair the 

present damage. Different mechanisms are available in the cell that are specialised in 

handling different types of DNA lesions: The mismatch repair (MMR) deals with 

misincorporated dNTPs, base excision repair (BER) deals with modified DNA bases, 

nucleotide excision repair (NER) with adducts or pyrimidine dimers, and the interstrand 

crosslink (ICL) repair pathway deals with interstrand crosslinks and SSB repair (Ciccia 

and Elledge, 2010). 
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Figure 5.2: Schematic representation of the cellular response to DNA DSBs. Multiple 
sensor proteins detect the DSB and transmit the signal to transducers which amplify 
the signal and transfer it to effector proteins. A range of downstream effectors regulate 
various aspects of cellular function.  
 

Two different mechanisms repair DSBs which is the most lethal DNA lesion. 

Homologous recombination (HR) repairs DSBs during S and G2 phase using the sister 

chromatid as a template and thus repairing the lesion without causing mutations. Non-

homologous end-joining (NHEJ), the second and predominant mechanism to repair 

DSBs, re-joins the two strands by removing some of the terminal bases to create a 

template for the repair machinery. However, by doing so some of the information 

coded in the DNA sequence is lost and mutations may be generated (Bourton et al., 

2012, Ciccia and Elledge, 2010). In the DDR, DSBs are sensed by the specialised 

MRN-complex, which activates a PI-3-kinase called ataxia telangiectasia mutated 

(ATM), a main mediator of the DDR. ATM phosphorylates many mediators and 
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effectors of the DDR including H2AX, a histone variant. This signalling network finally 

recruits the repair machinery to the DNA lesion to repair it (Ciccia and Elledge, 2010). 

5.3.3 The histones 
 

DNA wraps around two molecules each of the histone proteins H2A, H2B, H3 and H4 

to build one nucleosome. These proteins can be modified by different post-

translational modifications, including methylation, acetylation or phosphorylation. 

These modifications are used to control the accessibility of the DNA and its packaging 

stage. Additionally, the incorporation of histone variants (including macro-H2A, H2AX 

and H2AZ) modulates the function of the nucleosomes. Overall these modifications of 

histones influence the transcription of DNA to RNA, DNA repair, chromosomes 

segregation and gene silencing (Shi and Oberdoerffer, 2012, Talbert and Henikoff, 

2010). 

Figure 5.3: A) A schematic representation 
of the histone octamer with DNA wrapped 
around it, which consists of an H32–H42 
tetramer and two H2A–H2B dimers. 
These histone tails can be epigenetically 
modified, and function as signal 
integration platforms. B) The first 30 
amino acids in the N terminus of the 
human histone H3 and possible 
posttranslational modifications (Levenson 
and Sweatt, 2005). 
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H2AX, the variant of histone H2A, accounts for 2-10% of the H2A complement in 

mammalian tissues. The C-terminal motif SQ(D/E)(I/L/Y)-(end) distinguishes H2AX 

from the other H2A variants. The serine residue in this motif, which is on position 139, 

becomes phosphorylated upon DNA damage induction; especially after DSBs 

(Rogakou et al., 1998). This phosphorylated form of H2AX is termed γH2AX.  

5.3.4 γH2AX - a marker for DNA damage 
 

Using fluorochrome-coupled antibodies the rapid accumulation of γH2AX foci can be 

observed at any nascent DNA DSB. The first foci become visible within three minutes 

after DSB induction (for example by γ-irradiation) increasing in size until thirty minutes 

after irradiation (Sedelnikova et al., 2003). Phosphorylated molecules of H2AX spread 

over tens of kilobases of DNA flanking the break site. Once DSB repair starts and the 

lesions are removed, the number of γH2AX foci decreases (Celeste et al., 2003, 

Valdiglesias et al., 2013). In untreated cells background levels of γH2AX foci formation 

can be measured. This constitutive H2AX phosphorylation differs between cell lines 

and between cell cycle phases (Albino et al., 2006, Tanaka et al., 2006).  Physiological 

recombination events, such as V (D)J-recombination, class-switch events, or 

recombination events, during meiosis are responsible for a part of these background 

levels. Additionally, as described earlier, DNA is continuously exposed to damage by 

endogenous sources, especially to oxidants. These increased levels of oxidants and 

oxidative stress may lead to an increased number of DSBs, more DNA that is damaged 

and ultimately genetic instability (Sedelnikova et al., 2003, Tanaka et al., 2006). Thus, 

oxidative stress in FRDA may also have the potential to lead to genome instability.  
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5.3.5 Techniques to measure γH2AX foci formation 
 

Two main techniques are established to measure γH2AX foci formation; both are 

based on the detection of γH2AX proteins by fluorochrome-linked antibodies. This 

fluorescent immunohistochemical visualisation of γH2AX foci is a versatile approach 

which allows both quantification and localisation of DSBs (Valdiglesias et al., 2013). 

Classical γH2AX immunostaining (which uses 100x magnification microscopes for 

analysis) allows the detection of individual nuclei and number of foci per nucleus and 

thus, the damage distribution within cells. However, this technique is laborious and 

subjected to human errors. Alternatively, analysis using flow cytometry allows the rapid 

measurement of thousands of cells thereby increasing the statistical significance of 

the data obtained. Moreover, a simultaneous assessment of other proteins is possible. 

Unfortunately, the number of foci per cell cannot be counted by conventional flow 

cytometry (Valdiglesias et al., 2013). Imaging flow cytometry presents a novel 

approach combining these two techniques with each other. By using this method, 

images of thousands of cells can be captured within minutes and computer based 

analysis allows the assessment of the number of foci for each cell. A study comparing 

imaging flow cytometry with classical microscope analysis provided evidence that both 

methods produce similar profiles for the γH2AX formation after DSB induction by γ-

irradiation (Bourton et al., 2012). On average, the in situ method counted higher 

numbers of foci probably due to a higher magnification used (imaging flow cytometry 

used only 40x magnification in contrast to the in situ approach with a 100x 

magnification). Overall, imaging flow cytometry provides a novel approach that 

produces results with higher statistical significance combining the advantages of both 

flow cytometry and microscopy (Bourton et al., 2012). New machines with higher 
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magnifications are becoming available, extinguishing the disadvantage of low 

magnification associated with imaging flow cytometry. 

5.3.6 DNA damage in Friedreich ataxia  
 

Evidence produced using a yeast model of FRDA suggests that increased levels of 

DNA damage occurs in FRDA. The absence of frataxin in this yeast model lead to 

nuclear damage, measured by the inducibility of a nuclear DNA damage reporter, 

increased recombination and mutation events counting for chromosomal instability 

and a greater sensitivity to DNA damaging agents (Karthikeyan et al., 2002). The same 

workgroup later showed that reduced levels of frataxin in a rad52 mutant yeast strain 

caused cells to arrest at the G2/M checkpoint of the cell cycle (Karthikeyan et al., 

2003). This evidence suggests that DNA damage, especially the number of DSBs, is 

possibly induced by increased levels of ROS. A different study produced evidence of 

increased mitochondrial and nuclear DNA damage in peripheral blood mononuclear 

cells (PBMCs). First, changes in gene expression measured by transcriptional profiling 

suggest that cells of FRDA patients show genotoxic stress. Second, increased levels 

of mitochondrial and nuclear DNA damage in PMBCs of FRDA patients was found 

compared to normal controls when directly measured by qPCR (Haugen et al., 2010).  

Oxidative stress (OS) is known to be associated with genome instability (Negrini et al., 

2010) and in FRDA cells that lack FXN expression, the reduced ability for DNA 

damage repair is evident (Schmucker et al., 2011, Schulz et al., 2006). It is unclear 

whether low FXN expression leads to high levels of ROS and whether DNA damage 

is the only cause of neuronal degeneration.  

In this chapter the effects of FXN gene delivery on oxidative stress will be studied and 

also the sensitivity of FRDA fibroblast cell lines to oxidative stress, by exposure to 
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increasing concentrations of H2O2 will be examined. Additionally genome instability 

profile will be investigated before and after FXN gene delivery using the histone variant 

marker γH2AX, and  then the FRDA fibroblasts will be challenged with γ-irradiation to 

induce DNA damage in order to investigate the DNA damage repair potential in LV 

FXN treated FRDA cells versus untreated FRDA cells. 
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5.4 Measurement of oxidative stress in FRDA and normal 

fibroblasts 
 

The levels of OS was examined in both human and mouse FRDA fibroblasts before 

and after treatment with LV FXN and LV GFP by measuring oxidized proteins, as 

described in Chapter 2 section 2.2.37 using OxyBlot™ Protein Oxidation Detection Kit 

(Millipore). This kit provides the chemical and immunological reagents necessary to 

perform the immunoblot detection of carbonyl groups introduced into proteins by 

oxidative reactions. To assess the reliability and accuracy of the kit, normal mouse 

fibroblasts (Y47) were subjected to H2O2-induced OS with a final concentration of 150 

µM for 30 minutes and 60 minutes.  Following treatment of protein samples bands 

were visualised using the Molecular Imager® Gel Doc XR+ system (Bio-Rad), and 

densitometry was carried out using Image Lab™ 4.1 analysis software (Bio-Rad). The 

levels of protein oxidation increased in correlation with increased exposure to H2O2 

treatment and it was evident that changes in oxidative stress can be detected using 

this kit. The levels of oxidative stress increased from 100% in normal Y47 mouse 

fibroblasts to 187% after 30 minutes and 271% after 60 minutes of exposure. (Figure 

5.4A & B).     
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Figure 5.4: A) H2O2-induced 
oxidative stress measurement with 
OxyBlot™ Protein Oxidation 
Detection Kit. The levels of protein 
oxidation had increased to 187% 
after 30 minutes and 271% after 60 
minutes following treatment 
compared to normal set as 100%. B) 
Protein oxidation visualised using 
ImageLab software.   Lane 1: 
Protein Ladder. Lane 2: Untreated 
normal mouse fibroblasts Y47. Lane 
3: 30 minutes exposure to H2O2. 
Lane4: 60 minutes exposure to 
H2O2.  
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Oxidative levels were measured two weeks post viral treatment and normal human 

fibroblasts GMO7492 along with normal mouse fibroblasts Y47, were used as controls 

for this experiment and all data obtained was calibrated to normal fibroblasts levels 

and the mean of normal control was set at 100%. Human FRDA fibroblasts and FRDA 

fibroblasts treated with LV GFP showed the highest levels of OS with 193% and 172% 

(P <0.001) compared with normal fibroblasts. Statistical significance of the differences 

for this experiment was evaluated by two-way ANOVA and the data showed was no 

significant difference between the untreated FRDA cells and FRDA cells treated with 

LV GFP. Interestingly the levels of OS decreased significantly to 26.6% (P <0.001) 

after treatment with LV FXN compared to normal fibroblasts (Figure 5.5A & B). 

Untreated mouse FRDA fibroblasts also showed high levels of OS with levels at 172% 

(P <0.001) and this level of OS remained unchanged at 172.4% when treated with LV 

GFP (P <0.001) compared to normal fibroblasts. There was no significant difference 

between the untreated FRDA cells and cells treated with LV GFP.  LV FXN treatment 

of mouse FRDA fibroblasts reduced the OS significantly to 28% (P <0.001) compared 

to normal fibroblasts (Figure 5.6A & B).  
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Figure 5.5 A & B:  Human oxidized proteins as 
a measure of oxidative stress (OS) were 
identified and quantified using the OxyblotTM kit. 
OS levels were compared between normal 
human fibroblasts, untreated FRDA fibroblasts 
and FRDA fibroblasts treated with either the LV 
GFP or LV FXN. In untreated human FRDA cells 
and LV GFP treated cells, oxidative stress  levels 
was 193% and 172%, respectively compared 
with the levels found in normal fibroblasts (set at 
100%). When the FRDA cells received LV FXN 
treatment OS levels was significantly reduced to 
26%. Results are taken from the average of 5 
independent experiments. Statistical differences 
between LV FXN treatment and normal control 
(GMO7492) are indicated by the top line drawn 
over the bars while the bottom line indicates the 
differences between LV FXN treatment and 
untreated FRDA (GMO3665). Error bars 
represent SEMs. Significance levels are 
represented by asterisks: ****P <0.0001, 

***P <0.001 and ns= P >0.05. 
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Figure 5.6 A & B: Mouse oxidized proteins as a 
measure of oxidative stress (OS) were identified 
and quantified using the OxyblotTM kit. OS levels 
were compared between normal mouse 
fibroblasts, untreated FRDA fibroblasts and 
FRDA fibroblasts treated with either the LV GFP 
or LV FXN. In untreated mouse FRDA cells and 
LV GFP treated cells, oxidative stress  levels was 
172% and 172.4%, respectively, compared with 
the levels found in normal fibroblasts (set at 
100%). When the FRDA cells received LV FXN 
treatment oxidative stress levels was significantly 
reduced to 28%. Results are taken from the 
average of 5 independent experiments. Statistical 
differences between LV FXN treatment and 
normal control (Y47) are indicated by the top line 
drawn over the bars while the bottom line 
indicates the differences between LV FXN 
treatment and untreated FRDA (YG8sR). Error 
bars represent SEMs. Significance levels are 
represented by asterisks: ****P <0.0001, 
***P <0.001 and ns= P >0.05.  
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5.5 Cell viability with increasing levels of H2O2 induced 

oxidative stress 
 

Normal and FRDA human and mouse fibroblasts were exposed to OS induced by 

increasing concentrations of H2O2 (50, 100, 150, 200 µM) for 6 hours after which time 

cell viability was determined by trypan blue exclusion (Chapter 2, section 2.2.5). 

Statistical significance of the differences for this experiment was evaluated by two-way 

ANOVA and both human and mouse FRDA cells exhibited significantly greater 

sensitivity compared to untreated controls at all doses (P <0.01) compared normal 

control cell line and when treated with LV GFP there was no significant change 

compared to the FRDA fibroblasts. Cell viability improved significantly in both human 

and mouse FRDA fibroblasts following FXN gene delivery (Figure 5.7 and Figure 5.8). 

This data suggests that FXN overexpression improved the sensitivity of FRDA cells to 

oxidizing reagent. Table 5.1 and Table 5.2 shows the percentage of viable cells with 

P values compared to untreated FRDA cells of human and mouse fibroblasts cells 

following treatment with increasing dose of H2O2.  
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Figure 5.7: A graph showing the viability of human with increasing oxidative stress. 

Sensitivity of human primary fibroblasts (Normal= GMO7492, FRDA & Treated 

=GMO3665) after treatment with LV FXN and LV GFP. Cells were exposed to 

increasing concentrations (50, 100, 150, 200 µM) of H2O2 for 6 hours, after which time 

viability was determined by the trypan blue exclusion assay. Means of 4 independent 

experiments are shown and error bars represent SEM. Significance levels were P < 

0.05 at all H2O2 concentrations compared to normal control and FRDA cells after LV 

FXN treatment.  

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Table 5.1: Percentage viability of human normal and FRDA fibroblasts after induction 
with increasing concentrations of H2O2.  
 

H2O2 µM 
FRDA 

(GMO3665) 
LV GFP Treated LV FXN Treated 

0 100 100 P value 100 P value 

50 89 88 P > 0.05 97 P <0.001 

100 68 66 P > 0.05 81 P <0.01 

150 48 45 P > 0.05 65 P <0.001 

200 12 10 P > 0.05 31 P <0.001 
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Table 5.2: Percentage viability of mouse normal and FRDA fibroblasts after induction 
with increasing concentrations of H2O2.  
 

 

 

 

H2O2 µM FRDA (YG8sR) LV GFP Treated LV FXN Treated 

0 100 100 P value 100 P value 

50 87 83 P >0.05 92 P <0.05 

100 72 61 P >0.05 78 P <0.05 

150 30 28 P >0.05 51 P <0.01 

200 19 12 P >0.05 37 P >0.01 

Figure 5.8: A graph showing the viability of mouse primary fibroblasts with increasing 

oxidative stress. Sensitivity of mouse primary fibroblasts (Normal= Y47, FRDA & Treated 

=YG8sR) after treatment with LV FXN and LV GFP. Cells were exposed to increasing 

concentrations (50, 100, 150, 200 µM) of H2O2 for 6 hours, after which time viability was 

determined by the trypan blue exclusion assay. Means of 4 independent experiments are 

shown and error bars represent SEM. Significance levels were P <0.05 at all H2O2 

concentrations Significance levels were P < 0.05 at all H2O2 concentrations compared to 

normal control and FRDA cells after LV FXN treatment.  
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5.6 Clonogenic cell survival following treatment with H2O2  
 

Once the cell viability was determined the ability of the cells to survive was examined 

using the clonogenic assay as described in Chapter 2, section 2.2.6. In this assay 

normal and FRDA human and mouse fibroblasts were treated with 150 µM of H2O2 for 

six hours and after two weeks the number of surviving colonies were counted. Normal 

human fibroblasts GMO7492 and normal mouse fibroblasts Y47, were used as 

controls for this experiment and all data obtained was calibrated to normal fibroblasts 

levels and the mean of normal control is set at 100%. Human FRDA fibroblasts 

exhibited 68% cell survival (P <0.0001) and after treatment with LV FXN cell survival 

of FRDA fibroblast has increased to 91% (P >0.05) compared to normal fibroblasts. 

FRDA cell treated with LV GFP did not show any significant difference compared to 

FRDA fibroblasts (P >0.05) and displayed 67% cell survival (P <0.0001) compared to 

normal cells. Mouse FRDA fibroblasts had decreased levels of cell survival at 60% (P 

<0.0001) and this levels increased to 91% (P >0.05) after treatment with LV FXN. 

Mouse FRDA cells treated with LV GFP did not show any significant changes 

compared to FRDA cells (P >0.05) and showed cell survival at 59% (P <0.0001) 

compared to normal fibroblasts. Statistical significance of the differences for this 

experiment was evaluated by two-way ANOVA. Overall, both human and mouse 

FRDA fibroblasts treated with FXN gene transfer showed significant increases in 

survival compared to untreated FRDA cells and similar to normal fibroblasts (Figure 

5.9A & B). 
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Figure 5.9: Graph showing cell survival in the presence of 150 µM H2O2. Clonogenic cell 
survival assays were performed on A) human and B) mouse FRDA fibroblast after treatment 
with 150 µM H2O2. Survival of cells treated with LV FXN and LV GFP was expressed as a 
percentage of survival of untreated control cells. The data are an average of ten independent 
experiments. Statistical differences between LV FXN treatment and normal control are 
indicated by the top line drawn over the bars while the bottom line indicates the differences 
between LV FXN treatment and untreated FRDA. Error bars represent SEM. Significance levels 
are represented by asterisks: ****P <0.0001, ***P <0.001 and ns= P >0.05. 
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5.7 Genome instability in FRDA cells is reversed following 

FXN gene delivery 
 

Since FRDA cells have been shown to be associated with genomic instability and have 

an impaired ability to repair damaged nuclear DNA, the levels of DSB was measured 

in human and mouse FRDA fibroblasts following FXN gene transfer using imaging flow 

cytometry ImagestreamX as described in Chapter 2, section 2.2.39 and 

immunocytochemical detection as described in Chapter 2, section 2.2.40. In these 

methods, γH2AX recruitment to DNA DSB is detected and the numbers of DSB 

positive nuclear foci is compared with the number found in normal fibroblasts. Using 

imaging ImagestreamX the levels of DSB in human FRDA fibroblasts was found to be 

elevated to 4 foci/cell (P <0.001) compared to 2.1 foci/cell in normal human fibroblasts 

and this level was reduced to 1.99 foci/cell after treatment with LV FXN compared to 

untreated FRDA fibroblasts (P <0.001) (Figure 5.10A). A similar pattern was observed 

in mouse fibroblasts where mouse FRDA fibroblasts had the highest DSB with 4.5 

foci/cell (P <0.001) compared with normal Y47 cells with 2.8 foci/cell. The levels of 

DSB breaks in FRDA cells decreased to 2.7 foci/cell (P <0.001) after treatment with 

LV FXN compared to untreated FRDA fibroblasts (Figure 5.10B). From these results, 

an improvement of DNA damage profile was evident following LV FXN treatment. 

Statistical significance of the differences for this experiment was evaluated by two-way 

ANOVA. 
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Figure 5.10: A graph showing the mean number of γH2AX foci per cell as measured by 
ImagestreamX. In both A) human and B) mouse primary fibroblasts, the mean was calculated 
over 3 experiments for normal fibroblasts and 5 experiments for FRDA fibroblasts and LV FXN 
treated fibroblasts. (n=28000 for human normal fibroblasts GMO7492:, n=40464 for human 
FRDA fibroblasts GMO3665, and n=39664 for LV FXN treated FRDA fibroblasts) (n=15000 for 
mouse normal fibroblasts Y47, n=19000 for mouse FRDA fibroblasts YG8sR, and n=23000 for 
LV FXN treated FRDA fibroblasts).In human cell lines, FRDA fibroblasts with the mean of 4 
showed higher numbers of γH2AX foci per cell compared to normal cells with 2.1 and LV FXN 
treated cells with 1.99 foci per cell. In mouse cell lines, FRDA fibroblasts with the mean of 4.5 
showed higher numbers of γH2AX foci per cell compared to normal cells with 2.8 and LV FXN 
treated cells with 2.7 foci per cell. The mean was calculated from two independent experiments 
performed in duplicate. Statistical differences between LV FXN treatment and normal control 
are indicated by the top line drawn over the bars while the bottom line indicates the differences 
between LV FXN treatment and untreated FRDA. Error bars show the SEM. Significance levels 
are represented by asterisks: ** P <0.01 and *** P <0.001.  
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Although the improvement of the LV FXN treatment was visible by this method and 

high numbers of cells were counted for each cell line (10,000 to 50,000), the numbers 

of foci/cell detected was found to be generally higher compared to the previously 

published data. This was due to the low magnification (X40) used in this system which 

led to imprecise/high number of foci/cells. Hence, this experiment was repeated using 

immunocytochemical detection of γH2AX foci which higher magnification (X100) to 

detect γH2AX foci. Using this technique human FRDA cells exhibited 0.9 foci/cell (P 

<0.001) compared to human normal fibroblast with 0.34 foci/cell. DSB level have 

reduced to 0.46 foci/cell after treatment with LV FXN compare to untreated FRDA 

fibroblasts (P <0.001). YG8sR mouse FRDA fibroblasts also showed a highest number 

of DSB with 1.9 foci/cell (P <0.001) compared to normal Y47 cells with 0.56 foci/cell. 

Also a reduction in DSB was observed in FRDA fibroblasts when treated with LV FXN 

with 0.8 foci/cell  compared to untreated FRDA fibroblasts  (P <0.001) (Figure 5.11). 

Statistical significance of the differences for this experiment was evaluated by two-way 

ANOVA. This data confirmed the previous finding that LV FXN treatment helps to 

improve genomic instability.    
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Figure 5.11: A graph showing the mean number of γH2AX foci per cell measured by 
immunocytochemistry. A) human primary fibroblasts, normal fibroblasts (GMO7492, n=400), 
FRDA fibroblasts (GMO3665, n=400) and LV FXN treated FRDA fibroblasts (GMO3665 n=400) 
and B) mouse primary fibroblasts, normal fibroblasts (Y47, n=400), FRDA fibroblasts (YG8sR, 
n=400) and LV FXN treated FRDA fibroblasts (YG8sR n=400). In human cell lines, FRDA 
fibroblasts with a mean of 0.9 showed higher numbers of γH2AX foci per cell compared to 
Normal cells with 0.3 and FXN-treated cells with 0.46 foci per cell. In mouse cells, FRDA 
fibroblasts with a mean of 1.9 showed higher numbers of γH2AX foci per cell compared to 
normal cells with 0.56 and LV FXN-treated cells with 0.8 foci per cell. The mean was calculated 
from two independent experiments performed in duplicate. Statistical differences between LV 
FXN treatment and normal control are indicated by the top line drawn over the bars while the 
bottom line indicates the differences between LV FXN treatment and untreated FRDA. Error 
bars show the SEM. Significance levels are represented by asterisks: ** P <0.01 and *** P 

<0.001.  
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5.8 FXN gene delivery restores DNA damage repair in 

FRDA fibroblasts 
 

Once the reduced levels of DSB following LV FXN gene delivery was established, the 

DNA damage repair profile of human and mouse FRDA fibroblasts subjected to low 

level (2 Gy) radiation was assessed by measuring the recruitment and clearance of 

the phosphorylated γH2AX histone marker over a 48 hour period initially and then over 

a 72 hour period.   

All samples as proliferating monolayers were subjected to 2 Gy gamma irradiation 

from a 60Cobalt source (Puridec Irradiation Technologies Ltd, Oxon, UK), as 

described in Chapter 2, section 2.2.39. Cells were then fixed at 0.5 hr, 24 hr, 48hr and 

72 hr and stained for γH2AX marker, as described previously (Chapter 2, section 

2.2.39). Initially, LV FXN treated human and mouse fibroblasts were analysed up to 

48 hours and the peak number of foci/cell was observed at 0.5 hr and 5 hr post 

irradiation and the DNA repair took place after a 24 hr period. At 48 hr although the 

levels of γH2AX foci had decreased in human and mouse FRDA fibroblasts to 0.68 

foci/cell (P <0.001) and 0.87 foci/cell (P <0.05), respectively, these levels were still 

higher compared to the normal cells with 0.3 foci/cell for normal human fibroblast 

(GMO7492) and 0.5 foci/cell for normal mouse fibroblasts (Y47). However, in both 

human and mouse fibroblasts the DSB levels were significantly lower when compared 

to FRDA fibroblasts (P <0.001) (Figure 5.12 and Figure 5.13). Statistical significance 

of the differences for this experiment was evaluated by two-way ANOVA. The number 

of γH2AX foci in human and mouse fibroblasts at each time point is summarised in 

Table 5.3 and Table 5.4.  
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Sample Untreated 0.5 hr 5 hr 24 hr 48 hr 

Normal GMO7492 0.35 19.4 15.5 0.3 0.32 

FRDA GMO3665 0.98 19.1 17.0 1.8 1.6 

LV FXN treated 0.43 19.8 16.9 0.7 0.68 

 
Table 5.2: Summary of the γH2AX foci per cell at  0.5 hr, 5 hr, 24 hr and 48 hr post 
radiation in human fibroblasts. 
 

Figure 5.12: A graph showing the mean number of γH2AX foci per cell measured by 
immunocytochemistry after 0.5, 5, 24 and 48 hours post irradiation at 2 Gy in human 
primary fibroblasts (Normal: GMO7492, n=400. FRDA: GMO3665, n=400. LV FXN treated 
FRDA: GMO3665 n=400) calculated from two independent experiments performed in 
duplicate. Statistical differences between LV FXN treatment and normal control 
(GMO7492) are indicated by the top line drawn over the bars while the bottom line indicates 
the differences between LV FXN treatment and untreated FRDA (GMO3665). Error bars 
represent SEM. Significance levels are represented by asterisks: ns= P >0.05, *P <0.05, 
**P <0.01 and ***P <0.001.  
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Table 5.3: Summary of the γH2AX foci per cell at 0.5 hr, 5 hr, 24 hr and 48 hr post 
radiation in mouse fibroblasts. 
 

Sample Untreated 0.5 hr 5 hr 24 hr 48 hr 

Normal Y47 0.52 18.1 14.5 0.6 0.57 

FRDA YG8sR 1.88 20.4 18.7 1.8 1.8 

LV FXN treated 0.77 17.9 14.7 0.78 0.87 

Figure 5.13: A graph showing the mean number of γH2AX foci per cell measured by 
immunocytochemistry after 0.5, 5, 24 and 48hours post irradiation at 2 Gy in mouse primary 
fibroblasts (Normal: Y47, n=400. FRDA: YG8sR, n=400. LV FXN treated FRDA: YG8sR 
n=400) calculated from two independent experiments performed in duplicate. Statistical 
differences between LV FXN treatment and normal control (Y47) are indicated by the top 
line drawn over the bars while the bottom line indicates the differences between LV FXN 
treatment and untreated FRDA (YG8sR). Error bars represent SEM. Significance levels are 
represented by asterisks: ns= P >0.05, *P <0.05, **P <0.01 and *** P <0.001. 
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To further investigate if the levels of DSB will reduce to the levels observed in normal 

cells, this experiment was repeated with the addition of a 72 hr time point post 

radiation. Similar to previous data γH2AX foci peaked at 0.5 hr and 5 hr post radiation 

and repair took place 24 hr post radiation in both human and mouse fibroblasts.  In 

human FRDA fibroblasts treated with LV FXN the repair appears to be slower and 

further reduction of γH2AX foci was observed with 0.49 foci/cell (P <0.001) compared 

to 0.67 foci/cell (P <0.001) at 48hr time point. The same pattern of DNA damage repair 

is observed in the LV FXN treated FRDA mouse however there was not a significant 

change in number of γH2AX foci between the 48 hr (0.83 foci/cell (P <0.05)) and the 

72 hr time points (0.82 foci/cell (P <0.05)). In both FRDA fibroblasts treated with FXN, 

however, DNA damage repair potential is restored albeit with levels of DSBs slightly 

higher than the numbers observed in normal fibroblasts (Figure 5.14 and 5.15). 

Statistical significance of the differences for this experiment was evaluated by two-way 

ANOVA. The number of γH2AX foci in human and mouse fibroblasts at each time point 

is summarised in Table 5.5 and Table 5.6.  
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Sample Untreated 0.5 hr 5 hr 24 hr 48 hr 72 hr 

Normal (GMO7492) 0.3 19.27 15.14 0.33 0.27 0.24 

FRDA (GMO3665) 0.9 18.67 16.94 1.82 1.61 0.97 

LV FXN Treated 0.46 19.39 16.69 0.83 0.68 0.49 

 

Table 5.4: Summary of the γH2AX foci per cell at 0.5 hr, 5 hr, 24 hr and 48 hr post 
radiation in human fibroblasts. 
 

 

Figure 5.14: A graph showing the mean number of γH2AX foci per cell measured by 
immunocytochemistry after 0.5, 5, 24, 48, 72 hours post irradiation at 2 Gy in human 
primary fibroblasts (Normal: GMO7492, n=400. FRDA: GMO3665, n=400. LV FXN treated 
FRDA: GMO3665 n=400) calculated from two independent experiments performed in 
duplicate. Statistical differences between LV FXN treatment and normal control 
(GMO7492) are indicated by the top line drawn over the bars while the bottom line 
indicates the differences between LV FXN treatment and untreated FRDA 
(GMO3665).Error bars represent SEM. Significance levels are represented by asterisks: 
* P <0.05, ** P <0.01 and *** P <0.001.  
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Table 5.5: Summary of the γH2AX foci per cell at 0.5 hr, 5 hr, 24 hr and 48 hr post 
radiation in mouse fibroblasts. 
 
 

Sample Control 0.5 hr 5 hr 24 hr 48 hr 72 hr 

Normal (Y47) 0.57 17.97 14.28 0.62 0.6 0.57 

FRDA (YG8sR) 1.92 20.05 18.52 1.75 1.79 1.76 

LV FXN Treated 0.8 17.26 14.58 0.85 0.84 0.82 

Figure 5.15: A graph showing the mean number of γH2AX foci per cell measured by 
immunocytochemistry after 0.5, 5, 24, 48, 72 hours post irradiation at 2 Gy in mouse 
primary fibroblasts (Normal: Y47, n=400. FRDA: YG8sR, n=400. LV FXN treated FRDA: 
YG8sR n=400) calculated from two independent experiments performed in duplicate. 
Statistical differences between LV FXN treatment and normal control (Y47) are indicated 
by the top line drawn over the bars while the bottom line indicates the differences between 
LV FXN treatment and untreated FRDA (YG8sR). Error bars represent SEM. Significance 
levels are represented by asterisks: * P <0.05, **P <0.01 and *** P <0.001. 
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5.9 Localisation of frataxin isoforms to subcellular 

compartments 
 

Frataxin protein processing involves the production of a transient intermediate form 

and the fully mature form, of which the latter is known to localise to mitochondria. 

Fibroblast cells treated with LV FXN and treated with LV GFP along with untreated 

YG8sR mouse model and human patients and control normal fibroblasts were 

fractionated to isolate mitochondria, nuclei and cytoplasmic fractions. Each fraction 

was subjected to Western analysis for the presence of these forms using a primary 

antibodies and secondary-HRP conjugated antibody to identify both intermediate and 

mature human and mouse forms of frataxin as described in Chapter 2 section 2.2.41. 

As expected, high frataxin protein levels were found in the mitochondria in the 14 kDa 

mature form. In the cytoplasm, the 19 kDa transient intermediate form was also 

identified. In addition, a weak band representing the mature form was identified in the 

normal control mouse fibroblast nuclei and a stronger band was found in the nuclei of 

the mouse FRDA fibroblasts treated with pHR’SIN-cPPT-SFFV-FXN-WPRE (Figure 

5.17A and B). Neither the intermediate or mature forms were observable in the nuclei 

of human patient and healthy fibroblasts.  
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Figure 5.17: Localisation of intermediate and mature forms of frataxin to subcellular 
compartments. Western analysis of intermediate and mature forms of the frataxin 
protein following cell fractionation was performed on normal, FRDA and LV GFP and 
LV FXN treated human (A) and mouse fibroblasts (B).  Frataxin isoforms were 
identified using antibodies that recognize the 19 kDa intermediate and 14 kDa mature 
forms of the protein (shown by arrows). Controls staining for the mitochondrial fraction 
used SOD2, for the cytoplasmic fraction used GAPDH and for the nuclear fraction 
used EMERIN. Only in the mouse could mature frataxin be identified in the nuclear 
fraction (shown by *). 
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6.1 Discussion 
 

FRDA pathology results from defective frataxin expression and in almost 95% of the 

patients the GAA repeat expansion within the first intron of the FXN gene results in 

epigenetic silencing and reduced expression of this encoded mitochondrial protein.   

Since FRDA is a monogenic disorder, permanent integration of a healthy FXN gene 

into the host genome to increase frataxin expression using a lentivirus is feasible.   

Lentivirus construct vector with a key safety feature of SIN design (pHR’SIN-cPPT-

SFFV-FXN/GFP-WPRE) derived the FXN and GFP expression by SFFV promoter. 

This promoter is proven to drive high expression of the transgene and reach primary 

sites of the FRDA disease such as dorsal root ganglia, cerebellum and cardiac tissues 

(Themis et al., 2005, Bigger et al., 2006). Reduced expression of frataxin leads to 

impaired electron transport chain (ETC) function, which is accompanied by oxidative 

stress. Frataxin deficient cells are highly sensitive to oxidative stress and have 

reduced capability to handle oxidative insults (Payne and Wagner, 2012). The exact 

function of frataxin is not fully understood. Frataxin processing involves a transient 

intermediate form (FXN 42-210) and a mature form (FXN 81-210) of the protein that 

have been both identified in the cytoplasm and mitochondria of cells. Only the mature 

form is understood to be transported to the mitochondrion (Gakh et al., 2010), which 

is known to be essential for iron homeostasis, in particular for the de novo biosynthesis 

of iron-sulphur cluster (ISC) proteins and heme biosynthesis (Schmucker et al., 2011). 

It is thereby involved in activation of the tricarboxylic cycle enzyme aconitase, which 

can be used as an indicator of low levels of frataxin protein and mitochondrial damage 

(Payne and Wagner, 2012) Deficiency in frataxin results in impaired biosynthesis and 
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the function of ISC proteins of the ETC, leading to reduced ATP and energy production 

(Lodi et al., 1999). Cells highly dependent on aerobic respiration and high ATP levels, 

such as neurons in the brain and spinal cord, cardiomyocytes and pancreatic beta 

cells, especially succumb to this imbalance in energy homeostasis and this is believed 

to cause the neurological and cardiac symptoms and the high prevalence of diabetes 

in patients. However, what causes the variable cell death within tissues is still unclear 

(Richardson et al., 2013).  Oxidative stress is known to be associated with genome 

instability (Negrini et al., 2010), and in FRDA cells that have decreased frataxin 

expression, reduced capacity for DNA damage repair is evident (Schulz et al., 2006, 

Schmucker et al., 2011). Differential expression of genes associated with genotoxicity 

stress, including oxidative phosphorylation, has also been found in peripheral blood 

mononuclear cells of FRDA patients, where mitochondrial and nuclear DNA damage 

is increased (Haugen et al., 2010). In the yeast model of FRDA, reduced levels of 

frataxin correlate with DNA damage and recombination, mutation events and genome 

instability. These cells are also highly sensitive to DNA-damaging agents (Karthikeyan 

et al., 2002). Low frataxin expression is associated with increased sensitivity to 

ionising radiation (Chamberlain and Lewis, 1982), whereas high frataxin expression 

correlates with reduced levels of mitochondrial ROS. It is unclear whether low frataxin 

expression leading to high levels of ROS and DNA damage is the only cause of 

neuronal degeneration. Recently, however, the role of frataxin in DNA repair has been 

suggested to involve MUTYH and PARP 1 gene expression with low FXN expression 

being associated with microglial DNA damage (Shen et al., 2016). Interestingly, 

overexpression of frataxin by nine fold has also been reported to be deleterious to life 
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span, impair locomotor ability and cause brain damage in a Drosophila model of FRDA 

(Llorens et al., 2007), which would suggest any gene therapy approach to correct 

FRDA would require strict control of frataxin gene expression (Navarro et al., 2011). 

Overexpression of human frataxin in transgenic mice by up to ten fold has been shown 

to have no deleterious effects (Miranda et al., 2004). Furthermore, in a recent gene 

therapy study, correction of the FRDA heart pathology of the Mck conditional knockout 

mouse model with complete frataxin deletion in cardiac and skeletal muscle was 

achieved where frataxin was overexpressed 10 fold over that of endogenous frataxin, 

without deleterious side effects in the corrected mice (Perdomini et al., 2014). 

As it is difficult to obtain patient’s neuronal cells, human FRDA primary fibroblasts 

(GMO3665) and mouse primary fibroblasts (YG8sR) from the FRDA mouse model in 

Dr. Pook’s laboratory, with the lowest frataxin expression and highest GAA repeat 

(445/740 and 120, respectively) were obtained. These FRDA fibroblasts have been 

shown to be useful to study FRDA and to test treatments that reduce oxidative stress, 

prevent or reverse FXN methylation and improve cell viability (Wong et al., 1999, 

Jauslin et al., 2002, Richardson et al., 2012).  

Using DH5α competent cells the FXN gene was cloned into the construct vector. This 

vector was challenging to clone due to its toxicity to the competent cells and low yield, 

in future it is best to use Stbl4™ Competent Cells as they stabilize direct repeat and 

retroviral sequences. Then the integrity of the vector was confirmed by sequencing 

LTR3’ to LTR5’ region. Also the functionality of the vector was confirmed my 

measuring the FXN mRNA and protein expression after transfection of HEK 293T 

cells. Subsequently, lentivirus particles pseudotyped with VSV-G envelope and 
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carrying either FXN gene (LV FXN) or the GFP reporter gene (LV GFP) were produced 

with a titre of 1x108 to infect the FRDA cell lines. An optimal MOI of 10 was established 

by infection of the fibroblasts with LV GFP and measuring the number GFP-positive 

cells. To achieve near 100% infection a double infection procedure was performed to 

reach final MOI of 20.    

Viral copy number (VCN) was determined by qRT-PCR, which the human FRDA cells 

showed a VCN of 0.97 at 48 hr and 0.91 at 8 weeks post infection, and mouse FRDA 

cells showed a VCN of 1.05 at 48 hr and 0.95 at 8 weeks post infection with LV FXN. 

Long-term lentivirus gene transfer was confirmed by the fact that VCNs of both 

lentiviruses carrying FXN and GFP transgene remained constant post infection up to 

the 8 week time point. This was further supported by demonstrating a positive GFP 

expression up to 8 weeks post infection with LV GFP, using live microscopy and 

ImagestreamX. FXN mRNA expression levels in human and mouse FRDA cells was 

measured by qRT-PCR after FXN gene delivery 1-2 weeks, 6-8 weeks and 12 weeks 

post infection. In human FRDA fibroblasts mRNA expression had increased 

dramatically by 48 fold at week 1 - 2 compared to the normal fibroblasts. This level of 

FXN mRNA expression then reduced to 28 fold compared to the normal human 

fibroblasts at week 6 - 8 post infection. Further reduction in expression was detected 

after 12 weeks with mRNA levels only 22 fold higher than normal fibroblasts. In mouse 

FRDA fibroblasts a similar pattern was observed with FXN mRNA expression 

increased by 42 fold at week 1 - 2 post infection, 29 fold week 6 - 8 post infection and 

24 fold at week 12 post infection. Generally mRNA levels were high in the first weeks 

following infection and then fell by approximately 50% by week 12 compared to 
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untreated FRDA fibroblasts. This was possibly due to shut-down of the SFFV promoter 

driving FXN expression, which has been described previously for this promoter (Herbst 

et al., 2012). None-the-less FXN gene expression still remained significantly higher 

than the levels found in both untreated FRDA and normal fibroblasts. Levels of frataxin 

protein also appeared to follow a similar pattern as mRNA levels. Importantly, with this 

high frataxin expression in the treated human and mouse FRDA cells, population 

doubling times and cell survival profiles were similar to those found in control 

fibroblasts, demonstrating that high frataxin expression can be achieved without 

adverse side effects and supporting the potential for FRDA gene therapy using 

lentivirus mediated FXN delivery. This is further supported by a recent study that 

showed correction of cardiac hypertrophy in the Mck conditional knockout mouse 

model by AAV mediated FXN gene therapy where frataxin was overexpressed 10 fold 

over the level of endogenous frataxin expression without deleterious side effects in the 

treated mice (Perdomini et al., 2014).  

Frataxin is important for mitochondrial iron homeostasis; in particular for the de novo 

biosynthesis of ISCs and its deficiency results in lack of function of ISC-dependent 

proteins, such as complexes I, II and III of the ETC and the tricarboxylic acid cycle 

enzyme aconitase (Payne and Wagner, 2012). By FXN gene delivery, the activity of 

this enzyme was returned to near normal levels in both human and mouse cells from 

65% and 60% in FRDA cells to 82% and 99% after treatment with LV FXN, 

respectively. Another important consequence of ETC impairment is increased levels 

of and sensitivity to oxidative stress (OS) in FRDA cells, which have been shown to 

be less capable of handling oxidative insults  (Wong et al., 1999, Payne and Wagner, 
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2012). Indeed, OS was evident in the FRDA fibroblasts by measurement of oxidised 

protein. The levels of OS in human FRDA cells were elevated to 193% and in mouse 

FRDA cells to 172% compared to 100% in the normal control. Interestingly, OS levels 

were significantly reduced to below normal levels to 26% in human and 28% in mouse 

FRDA fibroblasts after treatment with LV FXN.  

 Human and mouse FRDA cells were also able to tolerate OS induced by exogenous 

H2O2 with levels of survival matching that of controls. The hypothesis that OS as a 

result of low frataxin expression alone causes neuronal degeneration is still debatable. 

(Palomo et al., 2011) suggested neuronal degeneration to be linked to frataxin 

expression after induction of frataxin deficiency followed by cell death in neuron-like 

cells through apoptosis, which is accompanied by up-regulation of p53, PUMA and 

Bax and activation of caspase-3. They also showed cell death could be prevented by 

interference with p53, caspase inhibitors or FXN gene transfer (Palomo et al., 2011). 

Mitochondrial DNA damage is more prone to OS, which is thought to be due to the 

increased availability of iron in mitochondria and the generation of hydroxyl free 

radicals. Low levels of frataxin have also been shown in yeast to cause arrest in the 

cell cycle at G2/M that indicates nuclear DNA damage (Karthikeyan et al., 2002). This 

increased susceptibility to OS appears to be coupled with a reduced capacity for DNA 

damage repair (Lewis et al., 1979, Chamberlain and Lewis, 1982, Evans et al., 1983). 

However, only a few of the enzymes or their associated partners involved in DNA 

damage repair have been found to require ISCs. Evidence for impairment for DNA 

damage repair in FRDA fibroblasts after ionising irradiation has previously been shown 

by its effects on clonal cell growth (Chamberlain et al., 1981). Therefore, although 
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mitochondrial dysfunction and OS are central features of FRDA, impaired DNA 

damage repair may also play a role in cell death. 

Low levels of frataxin have also been suggested to be associated with malignancies 

in a number of FRDA patients and even the cause of liver tumorigenesis in mice with 

hepatocyte-specific disruption of FXN (Thierbach et al., 2010). This observation has, 

however, been refuted by the analysis of a large FRDA patient cohort data and by 

revisiting the liver tumour pathology in the conditional knock-out frataxin mouse model 

(Martelli et al., 2012). Frataxin has been proposed to be a tumour suppressor gene by 

Guccini and co-workers, who showed that frataxin modulates P53 expression in 

tumours in response to hypoxia (Guccini et al., 2011). Schulz and co-workers have 

shown that frataxin suppresses tumour formation in a mouse xenograft model (Schulz 

et al., 2006) and Chamberlain and co-workers have shown that frataxin deficiency in 

FRDA patients results in increased sensitivity to ionising radiation and also frataxin 

gene delivery can suppress the growth of several tumour cell lines (Chamberlain and 

Lewis, 1982). Further supporting evidence for the role of frataxin as a tumour 

suppressor is the fact that p53 has been shown to decrease the level of frataxin mRNA 

in human kidney HEK 293T cells and that the human frataxin gene proximal promoter 

contains a p53-responsive element (p53RE), which is involved in p53 mediated control 

of frataxin expression (Shimizu et al., 2014). Evidence provided by a yeast model of 

FRDA also suggests that increased levels of DNA damage occurs in FRDA and the 

absence of frataxin leads to nuclear damage, chromosomal instability and a greater 

sensitivity to DNA-damaging agents (Karthikeyan et al., 2002). In a study on FRDA 

peripheral blood mononuclear cells, increased mitochondrial and nuclear DNA 
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damage also results in changes in gene expression indicative of genotoxicity stress 

(Haugen et al., 2010). The accumulation of DNA lesions may ultimately lead to 

apoptosis and cell death via p53 mediated pathways.  

During DNA damage repair, DSBs are recognised by the non-homologous end-joining 

pathway (NHEJ) that activates the PI3-kinase, ataxia telangiectasia mutated (ATM), 

which in turn phosphorylates a H2AX histone variant to form γH2AX (Rogakou et al., 

1998). Upon DNA damage induction, especially after DSBs, γH2AX molecules spread 

over tens of kilobases of DNA flanking the break site and once DSB repair starts, the 

lesions are removed and the number of γH2AX foci decreases (Celeste et al., 2003, 

Valdiglesias et al., 2013). This signalling network, therefore, recruits the repair 

machinery to the DNA lesion to repair it (Ciccia and Elledge, 2010). Hence, γH2AX 

can be used to measure DNA damage and is useful as a marker of genome instability 

and DNA damage repair in cells proficient in NHEJ repair machinery. We used 

immunocytochemical detection of γH2AX proteins by fluorochrome-linked antibodies 

to quantify and localize DSBs as a measure of genome instability and DNA damage 

repair in human and mouse FRDA fibroblasts. Classical γH2AX immunostaining 

allowed the detection of individual nuclei and the number of foci per nucleus, and thus 

the damage distribution within cells, whereas imaging flow cytometry enabled rapid 

measurement of thousands of cells to provide statistical significance of DNA damage 

and repair after DSB induction by γ-irradiation. Both image flow cytometry and 

immunocytochemistry enabled the identification of higher numbers of DSB in FRDA 

fibroblasts compared to normal fibroblasts. Data gathered using ImagestreamX 

showed an increased DSBs in FRDA cells with 4 foci/cell in human and 4.5 foci/cell in 
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mouse compared normal controls with 2.1 foci/cell in human and 2.8 foci/cell in mouse 

cell line. After FXN gene delivery into FRDA cells number of DSBs was reduced to 

1.99 foci/cell in human and 2.7 foci/cell in mouse cell lines. A similar pattern was 

observed when measuring γH2AX foci using immunocytochemistry with the number 

of foci generally decreased due to higher magnification available using this technique. 

Once again FXN delivery reduced the number of γH2AX foci to the level found in 

control fibroblasts. Furthermore, after γ-irradiation, cells were able to repair DSBs 

more proficiently after FXN gene transfer, although not down to the low background 

levels of DSBs in normal fibroblasts. This is possibly due to the fact that not all the 

FRDA fibroblasts were expressing lentivirus mediated FXN, as suggested by the fact 

that, even though infected cells still contained a vector copy number of 1, FXN 

expression reduced by 50% over the 12 week period when DSB foci were measured.  

Interestingly, it was found that OS levels of FRDA cells were 2 fold less that of control 

fibroblasts after gene transfer, pointing to the possibility that frataxin may be important 

for DNA damage repair or as mentioned this may be due to an improvement of the 

antioxidative response provided by FXN delivery. To determine whether this is the 

case, clones of LV FXN infected cells would need to be isolated and further 

characterised for FXN expression and DSB repair simultaneously. Cells could also be 

grown in the presence of antioxidants followed by measurement of the DNA response 

to irradiation. It would also be interesting to measure changes in the expression of 

genes associated with antioxidants and especially Nrf2 as previously described in the 

YG8sR mouse model (Shan et al., 2013).  
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Because HIV-1-based lentiviruses are ideal for neuronal targeting (Blömer et al., 1997) 

and do not cause genotoxicity in mice (Nowrouzi et al., 2013), along with recent 

findings in Dr. Themis laboratory that lentiviruses can efficiently reach the mouse 

cerebellum and DRG using a reporter gene (unpublished data), the data presented in 

this study supports future efforts to use LV FXN (pHR’SIN-cPPT-SFFV-FXN-WPRE)  

to correct the FRDA-like phenotype in the YG8sR mouse model. 
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Abstract 

Friedreich ataxia (FRDA) is a progressive neurodegenerative disease caused by 

deficiency of frataxin protein, with the primary sites of pathology being the large 

sensory neurons of the dorsal root ganglia (DRG) and the cerebellum. FRDA is 

also often accompanied by severe cardiomyopathy and diabetes mellitus. 

Frataxin is important in mitochondrial iron-sulphur cluster (ISC) biogenesis and 

low frataxin expression is due to a GAA repeat expansion in intron 1 of the FXN 

gene. FRDA cells are genomically unstable, with increased levels of reactive 

oxygen species (ROS) and sensitivity to oxidative stress. Here we report the 

identification of elevated levels of DNA double strand breaks (DSBs) in FRDA 

patient and YG8sR FRDA mouse model fibroblasts compared to normal 

fibroblasts. Using lentivirus FXN gene delivery to FRDA patient and YG8sR cells, 

we obtained long-term overexpression of FXN mRNA and frataxin protein levels 

with reduced DSB levels towards normal. Furthermore, gamma irradiation of 

FRDA patient and YG8sR cells revealed impaired DSB repair, which recovered 

upon FXN gene transfer. This suggests that frataxin may be involved in DSB 

repair, either directly by an unknown mechanism, or indirectly via ISC 

biogenesis for DNA repair enzymes, which may essential for the prevention of 

neurodegeneration. 
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Introduction 

Friedreich ataxia (FRDA) is an autosomal recessive inherited neurodegenerative 

disorder for which there is no known effective treatment or cure. 

Neurodegeneration is accompanied by cardiac hypertrophy and heart failure, 

which is the main cause of mortality usually at around 40 years of age.1 It is the 

most common hereditary ataxia with a prevalence of 1 in 29,000 in the Caucasian 

population and a carrier frequency of 1 in 85.2  Neurological symptoms include 

gait ataxia, dysarthria, fixation instability, loss of joint and vibratory senses, loss 

of tendon reflexes, abnormal Babinski sign and muscle weakness. Patients lose 

the ability to stand and walk within 10 to 15 years of onset and soon become 

wheelchair bound.3 

Neurodegenerative pathology occurs primarily in the large sensory neurons of 

the dorsal root ganglia (DRG) and cerebellum.4 In 96% of patients with FRDA, a 

homozygous GAA triplet repeat expansion is found in the first intron of the 

frataxin (FXN) gene. The triplet repeat size correlates directly with the severity 

of the disease phenotype and inversely with the age of onset.2 The expansion 

leads to epigenetic changes and heterochromatic-silencing of the FXN gene.5 

Reduced expression of frataxin leads to impaired electron transport chain (ETC) 

function, which is accompanied by oxidative stress. Frataxin deficient cells are 

highly sensitive to oxidative stress and have reduced capability to handle 

oxidative insults.6 The exact function of frataxin is not fully understood. 

Frataxin processing involves a transient intermediate form (FXN 42-210) and a 

mature form (FXN 81-210) of the protein that have been both identified in the 

cytoplasm and mitochondria of cells. Only the mature form is understood to be 
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transported to the mitochondrion7, which is known to be essential for iron 

homeostasis, in particular for the de novo biosynthesis of iron sulphur cluster 

(ISC) proteins and heme biosynthesis.8 It is thereby involved in activation of the 

tricarboxylic cycle enzyme aconitase, which can be used as an indicator of low 

levels of frataxin protein and mitochondrial damage.6 Deficiency in frataxin 

results in impaired biosynthesis and the function of ISC proteins of the ETC, 

leading to reduced ATP and energy production.9 Cells highly dependent on 

aerobic respiration and high ATP levels, such as neurons in the brain and spinal 

cord, cardiomyocytes and pancreatic beta cells, especially succumb to this 

imbalance in energy homeostasis and this is believed to cause the neurological 

and cardiac symptoms and the high prevalence of diabetes in patients. 

However, what causes the variable cell death within tissues is still unclear.10 

Oxidative stress is known to be associated with genome instability11, and in 

FRDA cells that have decreased frataxin expression, reduced capacity for DNA 

damage repair is evident.8, 12 Differential expression of genes associated with 

genotoxicity stress, including oxidative phosphorylation, has also been found 

in peripheral blood mononuclear cells of FRDA patients, where mitochondrial 

and nuclear DNA damage is increased.13 In the yeast model of FRDA, reduced 

levels of frataxin correlate with DNA damage and recombination, mutation 

events and genome instability. These cells are also highly sensitive to DNA-

damaging agents.14 Low frataxin expression is associated with increased 

sensitivity to ionising radiation15, whereas high frataxin expression correlates 

with reduced levels of mitochondrial ROS. It is unclear whether low frataxin 

expression leading to high levels of ROS and DNA damage is the only cause of 
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neuronal degeneration. Recently, however, the role of frataxin in DNA repair has 

been suggested to involve MUTYH and PARP 1 gene expression with low FXN 

expression being associated with microglial DNA damage.16 Interestingly, 

overexpression of frataxin by nine fold has also been reported to be deleterious 

to life span, impair locomotor ability and cause brain damage in a Drosophila 

model of FRDA17, which would suggest any gene therapy approach to correct 

FRDA would require strict control of frataxin gene expression.18 

Overexpression of human frataxin in transgenic mice by up to ten fold has been 

shown to have no deleterious effects.19 Furthermore, in a recent gene therapy 

study, correction of the FRDA heart pathology of the Mck conditional knockout 

mouse model with complete frataxin deletion in cardiac and skeletal muscle was 

achieved where frataxin was overexpressed 10 fold over that of endogenous 

frataxin, without deleterious side effects in the corrected mice.20 

Because sensory neurones are difficult to obtain and may not survive long-term 

in culture, in this study, we have used FRDA patient fibroblasts (GM03665, 445 

and 740 GAA repeats) and fibroblasts of the YG8sR mouse model that carries 

120 GAA repeats in intron 1 of a human FXN transgene to investigate correction 

of FRDA by lentivirus vectors (LVs). FRDA fibroblasts have been shown useful 

to model this disease as they display FRDA characteristics and are readily 

available. They have increased mitochondrial sensitivity to oxidative stress and 

respond to treatments that reduce oxidative stress and improve cell viability.21-

23 They have also been shown amenable to partial correction using FXN 

carrying adeno-associated virus and LV gene therapy vectors.24 LVs were 

chosen because these vectors can transduce most cell types, especially 



Appendix    

 

265 
  

neuronal cells to provide permanent gene expression. To examine for the 

potential of deleterious effects on cells caused by high frataxin gene expression 

we used the strong spleen focus forming virus (SFFV) promoter internally to 

self-inactivating (SIN) long terminal repeats to drive frataxin expression. 

Following robust FXN gene transfer, we measured the effects of high FXN gene 

expression on oxidative stress and genome instability using the γ-H2AX histone 

variant marker, which is recruited to DNA DSBs. We next challenged FRDA 

fibroblasts with gamma radiation-induced DNA damage and profiled the DNA 

damage repair potential in lentivirus FXN-treated versus untreated cells. We 

found that high-level FXN gene expression restores cell viability, reduces 

genome instability and improves the DNA damage repair potential of these cells 

close to the levels found in normal fibroblasts. These data suggest that LV gene 

therapy may offer a permanent correction to FRDA. 

Results 

 LV infection of FRDA fibroblasts is efficient and permanent  

Human and YG8sR mouse model FRDA fibroblasts were exposed to two rounds 

of pHR’SIN-cPPT-SFFV-eGFP-WPRE LV infection each at an MOI of 10 to achieve 

92% and 97% positive eGFP expressing cells, respectively as determined by 

light microscopy and ImageStreamX flow cytometry (Supplementary figure 1). 

After 8 weeks, human (GMO3665) and mouse (YG8sR) fibroblasts were once 

again examined for positive eGFP expression that remained in 88% and 93% of 

cells, respectively, demonstrating stable LV integration. Next, pHR’SIN-cPPT-

SFFV-FXN-WPRE and pHR’SIN-cPPT-SFFV-eGFP-WPRE vector copy numbers 

were established at 48 hours and then again at 8 weeks after infection. pHR’SIN-
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cPPT-SFFV-eGFP-WPRE showed a higher copy number in the mouse fibroblasts 

at 2 copies/cell vs 1 copy/cell in the human fibroblasts, whereas the vector copy 

numbers of pHR’SIN-cPPT-SFFV-FXN-WPRE for both species appeared at 1 

copy/cell and remained so after 8 weeks in culture (Supplementary figure 2). 

FXN gene and frataxin protein expression persist over time  

We next measured FXN gene expression in pHR’SIN-cPPT-SFFV-FXN-WPRE 

infected cells using qRT-PCR at 2, 8 and 12 weeks post infection compared with 

uninfected cells and control normal human and mouse fibroblasts to determine 

levels and longevity of gene expression. After normalising to endogenous 

GAPDH gene expression, FXN expression in the human and mouse FRDA cells 

reached 96 and 210 fold, respectively, after infection, compared with uninfected 

FRDA cells 0.5 and 0.2 fold, respectively, compared to normal fibroblasts. Over 

time, this expression appeared to fall by approximately 50%, but FXN expression 

remained significantly greater than in untreated FRDA fibroblasts over the 12 

weeks period after gene delivery (Figure 2). We measured frataxin protein levels 

in the human and mouse fibroblasts using lateral flow immunoassay. Frataxin 

levels of pHR’SIN-cPPT-SFFV-FXN-WPRE infected cells increased to 42 and 17 

fold, respectively, compared to untreated FRDA cells and 0.48 and 0.2 fold, 

respectively, to that of normal fibroblasts. Frataxin protein levels also decreased 

in both the human and mouse fibroblasts over time. However, protein levels 

remained significantly higher than untreated FRDA fibroblasts (Figure 3). 

Localisation of frataxin isoforms to subcellular compartments 

Frataxin protein processing involves the production of a transient intermediate 

form and the fully mature form, of which the latter is known to localise to 
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mitochondria. Fibroblast cells treated with pHR’SIN-cPPT-SFFV-FXN-WPRE and 

treated with pHR’SIN-cPPT-SFFV-eGFP-WPRE along with untreated YG8sR 

mouse model and human patients and control normal fibroblasts were 

fractionated to isolate mitochondria, nuclei and cytoplasmic fractions. Each 

fraction was subjected to Western analysis for the presence of these forms 

using a primary antibody and secondary-HRP conjugated antibody to identify 

both intermediate and mature human and mouse forms of frataxin. As expected, 

high frataxin protein levels were found in the mitochondria in the 14 kDa mature 

form. In the cytoplasm, the 19 kDa transient intermediate form was also 

identified. In addition, a weak band representing the mature form was identified 

in the normal control mouse fibroblast nuclei and a stronger band was found in 

the nuclei of the mouse FRDA fibroblasts treated with pHR’SIN-cPPT-SFFV-FXN-

WPRE (Figure 4). Neither the intermediate or mature forms were observable in 

the nuclei of human patient and healthy fibroblasts. 

FXN gene transfer increases aconitase activity  

Because aconitase enzyme activity can be used as an indicator of low levels of 

frataxin protein, we examined the activity of this enzyme in both sets of treated 

fibroblasts (Figure 5). We found that the aconitase activity for the treated human 

and mouse fibroblasts reached 103% and 116% of the levels found in normal 

fibroblasts, respectively, compared with original levels of 68% and 49%, 

respectively, in untreated FRDA cells. This suggests that FXN gene transfer can 

restore normal activity of this vital tricarboxylic acid enzyme. 
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High FXN expression is not deleterious to FRDA fibroblast growth and cell 

survival 

A high level of FXN gene expression has been previously reported to be 

cytotoxic18 which would make gene therapy of FRDA problematic. As we 

achieved high level FXN expression in both human and mouse fibroblasts 

without observable adverse effects, we chose to evaluate cell survival and 

population doubling times of untreated versus pHR’SIN-cPPT-SFFV-eGFP-

WPRE vector-treated cells next to control fibroblasts. Following 45 days culture 

growth, population doublings for FXN-treated human and mouse FRDA cells 

appeared unaffected in both treated populations. Cell survival also improved, 

as identified by clonogenic cell survival assay (p<0.001) in contrast to pHR’SIN-

cPPT-SFFV-eGFP-WPRE-treated and untreated FRDA cells (Supplementary 

figure 3). This demonstrated that no adverse effects were caused by LV-

mediated high FXN gene expression. 

Oxidative stress is reduced by FXN gene delivery 

We next investigated levels of protein oxidation as a measure of oxidative stress 

in FRDA cells using the Oxyblot kit immuno-detection and quantification assay. 

We found levels of oxidative stress in human and mouse FRDA fibroblasts to be 

significantly greater than in normal fibroblasts (nearly 2 fold increased). 

Following pHR’SIN-cPPT-SFFV-FXN-WPRE gene transfer, the level of protein 

oxidation in both fibroblasts was substantially reduced to 5 fold below the level 

in normal cells (Figure 6), whereas treatment with the control pHR’SIN-cPPT-

SFFV-eGFP-WPRE vector was not able to achieve this. 
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FXN gene transfer improves fibroblast recovery after H2O2-induced oxidative 

stress  

Reduced frataxin expression is accompanied by oxidative stress and FRDA 

cells are also known to be highly sensitive to DNA-damaging agents such as 

H2O2.14 Therefore, we exposed FRDA and normal human and mouse 

fibroblasts, together with FRDA human and mouse cells treated with FXN and 

eGFP gene transfer, to increasing concentrations of H2O2 (50, 100, 150, 200 µM) 

for 6 hours then subjected the cells to clonogenic assays after 2 weeks of cell 

growth. Fibroblasts treated with FXN gene transfer showed a significant 

increase in survival similar to normal fibroblasts over their non-treated FRDA 

counterparts (p<0.05) (Supplementary figure 4). 

Genome instability in FRDA cells is reversed following FXN gene delivery 

FRDA cells have been shown to be associated with genome instability11 and 

have an impaired ability to repair damaged nuclear DNA.15 We sought to 

determine whether the human and mouse FRDA fibroblasts display genome 

instability by using imaging flow cytometry detection and immunocytochemical 

detection of γ-H2AX recruitment to DNA DSBs and comparing the numbers of 

DSB positive nuclear foci with the number found in non-FRDA control 

fibroblasts. Following staining for γ-H2AX foci and nuclear DRAQ5™ staining 

and plotting positive foci from images of 10,000 to 50,000 cells obtained by 

imaging flow cytometry, we found human and mouse FRDA fibroblasts to have 

approximately 2 fold more DSBs than normal control fibroblasts. Treatment of 

FRDA fibroblasts with FXN gene transfer reduced the levels of DSBs to that 

found in control cells (Figure 7A). These findings were also confirmed using 
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immunocytochemical detection of γ-H2AX recruitment to DNA DSBs (Figure 7B). 

Hence, inherent genome stability in FRDA could be reversed after FXN gene 

delivery. 

FXN gene delivery restores DNA damage repair in FRDA fibroblasts 

Reduced FXN expression is known to impair DNA damage repair.14 We profiled 

the DNA damage repair response to low level (2Gy) γ-irradiation of the human 

and mouse FRDA fibroblasts and controls by measuring the recruitment and 

clearance of the phosphorylated γ-H2AX histone marker of DSB repair over a 

72hr period when repair is believed to be complete in DNA repair proficient cells. 

The profile of DSB repair of control human and mouse fibroblasts showed an 

increased γ-H2AX signal to peak at 0.5 hours, which then reduced to 

background levels from 24 hours onwards. The same pattern of repair emerged 

in human FRDA cells, but repair was slower, taking up to 72 hours to return back 

to the original high number of DSB found in FRDA cells (4 times that of normal 

fibroblasts). A similar pattern of DNA damage repair was also observed in the 

FRDA mouse cells. However, in both FRDA fibroblasts treated with FXN gene 

transfer, DNA damage repair potential was restored, albeit with levels of DSBs 

slightly higher than the numbers observed in normal fibroblasts (Figure 8).  

Discussion 

FRDA pathology is thought to result from defective frataxin expression, which 

is primarily caused by GAA repeat expansion within the first intron of the FXN 

gene leading to its epigenetic silencing. Being a monogenic disorder, FRDA is 

amenable to LV gene therapy, a strategy that offers permanent FXN gene 

delivery and integration into the host genome. We used LVs containing the SFFV 
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promoter not only to determine whether LVs could correct FRDA at the 

molecular level, but to also investigate the effect of high level FXN expression 

on cells, which has been previously reported to be cytotoxic in a Drosophila 

model of FRDA.18 In this Drosophila model, high FXN expression was shown to 

reduce life span, impair locomotor ability, cause brain damage and even 

reduced aconitase activity.  

Because it is difficult to obtain patient neurons, FRDA fibroblasts have been 

shown to be useful to study FRDA and to test treatments that reduce oxidative 

stress, prevent or reverse FXN methylation and improve cell viability.21-23 In 

this study, we used FRDA patient and YG8sR mouse model fibroblasts for gene 

transfer of pHR’SIN-cPPT-SFFV-FXN-WPRE frataxin and the pHR’SIN-cPPT-

SFFV-eGFP-WPRE eGFP reporter carrying LVs, which achieved a virus copy 

number of around 1 and virtually 100% infection of human and mouse FRDA 

fibroblasts. Long-term LV FXN gene transfer was demonstrated by the fact that 

vector copy numbers of both LVs remained constant post infection up to the 8-

week time point investigated. FXN mRNA expression levels, measured by qRT-

PCR were high in the first week following infection and then fell by 

approximately 50% by week 12 compared to untreated cells. This was possibly 

due to shut-down of the SFFV promoter driving FXN expression, which has been 

described previously for this promoter.25 None-the-less FXN gene expression 

still remained significantly higher than the levels found in both untreated FRDA 

and normal fibroblasts. Levels of frataxin protein also appeared to follow a 

similar pattern. Importantly, with this high frataxin expression in the treated 

human and mouse FRDA cells, population doubling times and cell survival 
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profiles were similar to those found in control fibroblasts, demonstrating that 

high frataxin expression can be achieved without adverse side effects and 

supporting the potential for FRDA gene therapy using LV-mediated FXN 

delivery. This is further supported by a recent study that showed correction of 

cardiac hypertrophy in the Mck conditional knockout mouse model by AAV 

mediated FXN gene therapy where frataxin was overexpressed 10 fold over the 

level of endogenous frataxin expression without deleterious side effects in the 

treated mice.20  

Frataxin is important for mitochondrial iron homeostasis; in particular for the de 

novo biosynthesis of ISCs and its deficiency results in lack of function of ISC-

dependent proteins, such as complexes I, II and III of the ETC and the 

tricarboxylic acid cycle enzyme aconitase.6 By FXN gene delivery, the activity 

of this enzyme was returned to near normal levels in both human and mouse 

cells (from 68% and 49% to 103% and 116%, respectively). Another important 

consequence of ETC impairment is increased levels of and sensitivity to 

oxidative stress by FRDA cells, which have been shown to be less capable of 

handling oxidative insults.6, 21 Indeed, oxidative stress was evident in the FRDA 

fibroblasts by measurement of oxidised proteins, which was 2 fold higher, 

compared to control fibroblasts. LV-mediated FXN gene transfer also reduced 

the level of oxidized proteins down to around 2 fold below the oxidative stress 

levels in normal fibroblasts and these cells were also able to tolerate oxidative 

stress induced by exogenous H2O2 with levels of survival matching that of 

controls. This indicates that LV FXN gene transfer may improve the antioxidative 

response and may be the reason for improved genome stability. 
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The hypothesis that oxidative stress as a result of low frataxin expression alone 

causes neuronal degeneration is still in debate. Palomo et al (2011) suggested 

neuronal degeneration to be linked to frataxin expression after induction of 

frataxin deficiency followed by cell death in neuron-like cells through apoptosis, 

which is accompanied by up-regulation of p53, PUMA and Bax and activation of 

caspase-3. They also showed cell death could be prevented by interference with 

p53, caspase inhibitors or FXN gene transfer.26 Mitochondrial DNA damage is 

more prone to oxidative stress, thought to be due to increased available iron in 

mitochondria and the generation of hydroxyl free radicals. Low levels of frataxin 

have also been shown in yeast to cause arrest in cell cycle at G2/M that indicates 

nuclear DNA damage.14 This increased susceptibility to oxidative stress 

appears coupled with reduced capacity for DNA damage repair.15, 27, 28 

However, only a few of the enzymes or their associated partners involved in DNA 

damage repair have been found to require ISCs. Evidence for impairment for 

DNA damage repair in FRDA fibroblasts after ionising irradiation has previously 

been shown by its effects on clonal cell growth.29 Hence, although 

mitochondrial dysfunction and oxidative stress are central features of FRDA, 

impaired DNA damage repair may also play a role in cell death. 

Low levels of frataxin have also been suggested to be associated with 

malignancies in a number of FRDA patients and even the cause of liver 

tumorigenesis in mice with hepatocyte-specific disruption of FXN.30 This 

observation has, however, been refuted by the analysis of large FRDA patient 

cohort data and by revisiting the liver tumour pathology in the conditional 

knock-out frataxin mouse model.31 Frataxin has been proposed to be a tumour 
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suppressor gene by Guccini and co-workers, who showed that frataxin 

modulates P53 expression in tumours in response to hypoxia.32 Schulz and co-

workers have shown that frataxin suppresses tumour formation in a mouse 

xenograft model12 and Chamberlain and co-workers have shown that frataxin 

deficiency in FRDA patients results in increased sensitivity to ionising radiation 

and also frataxin gene delivery can suppress the growth of several tumour cell 

lines.15 Further supporting frataxin in the role of tumour suppressor is the fact 

that p53 has been shown to decrease the level of frataxin mRNA in human 

kidney HEK 293T cells and that the human frataxin gene proximal promoter 

contains a p53-responsive element (p53RE), which is involved in p53 mediated 

control of frataxin expression.33 Evidence provided by a yeast model of FRDA 

also suggests that increased levels of DNA damage occurs in FRDA and the 

absence of frataxin leads to nuclear damage, chromosomal instability and a 

greater sensitivity to DNA-damaging agents.34 In a study on FRDA peripheral 

blood mononuclear cells, increased mitochondrial and nuclear DNA damage 

also results in changes in gene expression indicative of genotoxicity stress.13 

The accumulation of DNA lesions may ultimately lead to apoptosis and cell 

death via p53 mediated pathways.  

During DNA damage repair, DSBs are recognised by the non-homologous end-

joining pathway (NHEJ) that activates the PI3 kinase ataxia telangiectasia 

mutated (ATM), which in turn phosphorylates an H2AX histone variant to form 

γ-H2AX.35 Upon DNA damage induction, especially after DSBs, γ-H2AX 

molecules spread over tens of kilobases of DNA flanking the break site and once 

DSB repair starts, the lesions are removed and the number of γ-H2AX foci 
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decreases.36,37 This signalling network, therefore recruits the repair machinery 

to the DNA lesion to repair it.38 Hence, γ-H2AX can be used to measure DNA 

damage and is useful as a marker of genome instability and DNA damage repair 

in cells proficient in NHEJ repair machinery. We used immunocytochemical 

detection of γ-H2AX proteins by fluorochrome-linked antibodies to quantify and 

localize DSBs as a measure of genome instability and DNA damage repair in the 

FRDA fibroblasts. Classical γ-H2AX immunostaining allowed the detection of 

individual nuclei and number of foci per nucleus and thus the damage 

distribution within cells, whereas imaging flow cytometry enabled rapid 

measurement of thousands of cells to provide statistical significance of DNA 

damage and repair after DSB induction by γ-irradiation. Both image flow 

cytometry and immunocytochemistry enabled the identification of higher 

numbers of DSB in FRDA fibroblasts compared to normal fibroblasts, albeit at 

different levels, possibly due to differences in the sensitivities of the two 

methods. Once again FXN delivery reduced the number of γ-H2AX foci to the 

level found in control fibroblasts. Furthermore, after γ irradiation, cells were able 

to repair DSBs more proficiently after FXN gene transfer, although not down to 

the low background levels of DSBs in normal fibroblasts. This is possibly due 

to the fact that not all the FRDA fibroblasts were expressing LV-mediated FXN, 

as suggested by the fact that, even though infected cells still contained a vector 

copy number of 1, FXN expression reduced by 50% over the 12 week period 

when DSB foci were measured.  

Interestingly, we found oxidative stress levels of FRDA cells were 2 fold less 

that of control fibroblasts after gene transfer, pointing to the possibility that 
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frataxin may be important for DNA damage repair or as mentioned this may be 

due to an improvement of the antioxidative response provided by FXN delivery. 

To determine whether this is the case, clones of LV infected cells would need to 

be isolated and further characterised for FXN expression and DSB repair 

simultaneously. Cells could also be grown in the presence of antioxidants 

followed by measurement of the DNA response to irradiation. It would also be 

interesting to measure changes in the expression of genes associated with 

antioxidants and especially Nrf2 as previously described in the YG8sR mouse 

model.39  

We conclude that because HIV-1-based LVs are ideal for neuronal targeting40 

and do not cause genotoxicity in mice41, along with our recent findings that LVs 

can efficiently reach the mouse cerebellum and DRG using a reporter gene 

(unpublished data), the data presented in this study supports future efforts to 

use pHR’SIN-cPPT-SFFV-FXN-WPRE LV to correct the FRDA-like phenotype in 

the YG8sR mouse model. It would also be useful to perform this work in a human 

sensory neuronal model reprogrammed from induced pluripotent stem cells that 

would enable further investigations of the role of oxidative stress and genome 

instability in neuronal degeneration. 

Materials and Methods 

Construction and propagation of a lentivirus vector carrying the frataxin gene 

The plasmid, pTLX1 containing the 1505bp frataxin open reading frame 

(GenBank: U43747.1)42 was subjected to PCR to amplify the FXN gene using the 

forward primer 5’ TCG GGATCC GCT CCGGAGCATGTGGACTC 3’ designed with 

a BamHI site 5’ to the start codon, and the reverse primer 5’ AGT CTC GAG GTA 
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GCA TCA AGC ATC TTT TCC GG 3’ that incorporated a XhoI site 3’ to the gene 

stop codon. The PCR amplicons were TA cloned into the pCR®2.1-TOPO® 

(K4500-02, Invitrogen life technologies) vector and sequenced (Beckman 

Coulter Genomics). The FXN gene was then excised as a BamHI–XhoI fragment 

and ligated into the pHR’SIN-cPPT-SFFV-MCS-WPRE lentivirus vector to 

generate pHR’SIN-cPPT-SFFV-FXN-WPRE, which was sequenced. The pHR’SIN-

cPPT-SFFV-FXN-WPRE LV drives FXN using a strong internal SFFV promoter. 

The vector has SIN LTR configuration to avoid upregulation of genes located 

near to the insertion site (Figure 1). To generate pHR’SIN-cPPT-SFFV-FXN-

WPRE particles, HEK293T cells were transfected with 3 plasmids: pHR’SIN-

cPPT-SFFV-FXN-WPRE, pMD.G2 carrying the coding sequence for the VSV-G 

envelope glycoprotein43  and the packaging plasmid pCMVΔR8.74 carrying the 

gag, pol and rev genes as previously described.44, 45 In parallel the vector 

pHR’SIN-cPPT-SFFV-eGFP-WPRE that expressed eGFP in infected cells was 

also produced in HEK292T cells. Both LV vectors are SIN configuration, and 

carry the woodchuck hepatitis virus posttranscriptional regulatory element 

(WPRE).46 Briefly, 1.5x107 HEK293T cells per T-150 flask were transfected with 

40 µg of the LV constructs, 17.5 µg of pMD.G2 and 32.5 µg of the pCMVΔR8.74 

packaging plasmid. Complexes were produced with 0.25 mM polyethyleneimine 

(Sigma-Aldrich) in Opti-MEM® (Invitrogen) and incubated at room temperature 

for 20-30 minutes before transfection for 6 hours at 37°C in a 5% CO2 incubator, 

followed by replacing the medium with DMEM supplemented with 10% FBS. LVs 

were collected 48 hours and 72 hours post transfection. Virus supernatants 

were initially cleared of cell debris by low-speed centrifugation (1500 rpm, 5 
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minutes), filtered through a 0.45-um filter (Millipore) and concentrated 100-fold 

by ultracentrifugation at 90,000g for 90 minutes at 4°C (Beckman Coulter). Virus 

pellets were re-suspended in serum-free medium, aliquoted and stored at -80°C.  

LV was titrated using Lenti-X qRT-PCR (Clontech) and Quant-X™ One-Step qRT-

PCR SYBR® (Clontech) kits against the internal serially diluted viral RNA stock 

supplied with the kit, as per manufacturer’s instructions. The titre of vector 

particles obtained was corrected after calculating LV infectivity coefficients 

using eGFP positive infection of HEK293T cells. Serially diluted pHR’SIN-cPPT-

SFFV-GFP-WPRE LV was used to infect HEK293T cells and infectious titre was 

determined using ImagestreamX flow cytometry for eGFP. LV RT 

titre:ImagestreamX titre ratios were calculated by dividing the qRT-PCR vector 

genome copies/ml by the infectious particles/ml values. This coefficient was 

used for pHR’SIN-cPPT-SFFV-FXN-WPRE titration which was generated in 

parallel to pHR’SIN-cPPT-SFFV-eGFP-WPRE. Virus titres of 1 X108 infectious 

particles/mL for both LV FXN and LV GFP were obtained in this way.  

Cell culture 

Human primary fibroblasts from FRDA patients and controls (GM03665 and 

GM07492, respectively) were obtained from Coriell Cell Repository, and primary 

fibroblasts from YG8sR FRDA mice and Y47R control mice and were isolated as 

previously described.5, 47 YG8sR cells carry a 120 GAA repeat in intron 1 of the 

human FXN transgene resulting in reduced FXN levels to 25% of normal. All 

experiments were performed on cells before passage 8. Cells were cultured with 

Dulbecco’s modified essential medium (DMEM) supplemented with GlutaMAX™ 

(Invitrogen life technologies, UK) plus 10% fetal bovine serum (FBS) (Invitrogen) 
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and penicillin (100U/ml-1) and Streptomycin (100U/ml-1) (Invitrogen) in a 

humidified chamber at 37°C and 5% CO2. 

LV infectivity and copy number analysis in FRDA human and mouse model 

fibroblasts 

Infectivity of FRDA human and YG8sR mouse fibroblasts was established 

following two rounds of infection by pHR’SIN-cPPT-SFFV-eGFP-WPRE LVs at 

an MOI of 10. Positive eGFP expressing cells were identified by light microscopy 

under UV light and by imaging flow cytometry (see below). Measurements of 

eGFP expression were taken at 48 hours and 8 weeks post infection. High level 

of eGFP positive cells was obtained from both human and YG8sR mouse FRDA 

fibroblasts reaching close to 100%. Cells were next exposed to pHR’SIN-cPPT-

SFFV-FXN-WPRE at the same MOI. Genomic DNA was extracted from cells 

infected with pHR’SIN-cPPT-SFFV-eGFP-WPRE and pHR’SIN-cPPT-SFFV-FXN-

WPRE and purified using the phenol chloroform method.48 Quantitative PCR 

was performed by an ABI 7700 Sequence Detection System (ABI, Applied 

Biosystems) using 5’- TGTGTGCCCGTCTGTTGTGT-3’ and 5’-

GAGTCCTGCGTCGAGAGAGC-3’ oligonucleotide primers and TaqMan probe 

(FAM) 5-CGCCCGAACAGGGACTTGAA-3’ (TAMRA) specific for the viral 

woodchuck hepatitis regulatory element (WPRE) sequence contained in each 

LV46. The pHR’SIN-cPPT-SFFV-FXN-WPRE plasmid was used to generate a 

standard curve of known copy number by serial (1:10) dilution in siliconised 

tubes over the appropriate concentration range to achieve a reliable standard 

curve for each measured copy number. Five replicates per spiked sample was 

PCR-amplified over the complete standard-curve range. In addition, LV copy 
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numbers in infected cells were also measured using q-PCR on genomic DNA 

from the sample and comparing Ct values of this sample against the known copy 

number sample of a clonal sample used to make a diluted standard curve.49  

Measurement of population doubling  

Cell population doubling (PD) calculations were performed to determine their 

growth rates as described previously.50 Briefly, 5x105 cells were seeded per 

10cm cell culture dish and counted at each passage. The following equation: 

 

PD= log(final cell number) - log(initial cell number)  was used to determine 

PD. 

                     Log2   Log2 

Clonogenic cell survival assay 

Cultured cells were split, counted by haemocytometer and 100-1000 cells were 

plated per 10cm dish and incubated for 2 weeks at 37°C 5% CO2. Cells were 

stained with 1% methylene blue and the number of colonies counted. This 

procedure also followed LV and H2O2 treatments. For oxidative stress assay, 

cells were treated with H2O2 (150 µM) for 6 hours after plating. Surviving cells 

are expressed as a percentage of the survival of untreated cells. 

Quantitative real-time PCR of frataxin expression  

Total RNA was extracted from homogenized cells in Trizol reagent (Invitrogen) 

and quantified using a NanoDrop 1000 spectrophotometerTM (Thermo Fisher 

Scientific) at 260nm and mRNA was reverse-transcribed to cDNA using 

SuperScript III (Invitrogen). Frataxin gene expression of LV-infected and 

uninfected control cells was quantified by SYBR® Green (Applied Biosystems) 
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qRT-PCR in an ABI7900 machine using FRT-I 5'-TTGAAGACCTTGCAGACAAG-

3' and RRT-II 5'-AGCCAGATTTGCTTGTTTGG-3' primers recognising both 

human and mouse FXN. The GAPDH or GAPDH housekeeping genes were used 

for normalization with human-specific primers GAPDH-hF: 5’- 

GAAGGTGAAGGTCGGAGT-3’ and GAPDH-hR: 5’- 

GAAGATGGTGATGGGATTTC-3’ or mouse-specific primers GAPDHmF: 5'-

ACCCAGAAGACTGTGGATGG-3' and GAPDHmR: 5'-

GGATGCAGGGATGATGTTCT-3'.  

 

Frataxin protein extraction and quantification 

Frataxin protein was extracted as previously described42 and the concentration 

was determined using the BCA Protein Assay Reagent Kit (Pierce). The lateral 

flow immunoassay (Abcam/MitoSciences) was performed as per manufacturer’s 

instructions.51 Briefly, 25 µg of extracted cell protein and buffers were added to 

wells of a 96-well plate pre-prepared with gold-conjugated anti-frataxin 

monoclonal antibody (mAB). After mixing samples, a ‘dipstick’ assay was used 

to immunocapture frataxin onto designated capture zones on the dipstick. 

Zones representing on frataxin levels were used to quantify protein with a 

Hamamatsu immunochromato reader (MS1000 Dipstick reader). Absorbance 

values were normalized with control goat α-mouse IgG band (internal positive 

control) to correct for protein concentration. Data is expressed as percentage 

averages of the controls run on the same assay.52 

Localisation of intermediate and mature forms of frataxin to subcellular 

compartments 
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Separation of cytosolic, mitochondrial and nuclear fractions was performed 

using a cell fractionation kit (Abcam) following the manufacturer's 

recommendations. Briefly, human and mouse fibroblast cells were grown in T75 

tissue culture flasks to confluency. After cell trypsinisation and centrifugation, 

each subcellular fraction was used for the identification of the intermediate and 

mature forms of frataxin by measuring these in the protein isolates. Buffer A 

was used to wash cells, followed by resuspension to a concentration of 6.6 × 

106 cells per ml. Cellular extractions were obtained after two sequential 

detergent-extraction steps. The purity of each fraction was assessed by Western 

blotting against GAPDH (cytoplasmic), SOD2 (mitochondrial) and Emerin 

(nuclear) proteins. The following antibodies were used for western blotting: an 

anti-frataxin monoclonal antibody (1:100, MAB1594, Millipore), mouse 

monoclonal anti-GAPDH antibody (1:2000, ab9484, Abcam), mouse monoclonal 

anti-SOD2 antibody (1:1000, ab16956 Abcam), mouse monoclonal anti-Emerin 

antibody (1:1000, NCL-Emerin, Leica Biosystems) and a rabbit anti-mouse IgG 

HRP conjugated secondary antibody (1:2000, ab97046, Abcam). Detection was 

performed using the chemiluminescent reagent (Bio-Rad) and bands were 

visualized using the Molecular Imager® Gel Doc XR+ system (Bio-Rad), and 

densitometry was carried out using Image Lab™ 4.1 analysis software (Bio-

Rad). 

Aconitase assay 

Whole-cell extracts were obtained by homogenization of cultured cells in 50 mM 

Tris-HCl, pH 8.0, 10% (v/v) glycerol, 5 mM EDTA, 150 mM KCl, 1 mM 

phenylmethylsulfonyl Fluoride. Insoluble material was removed by 
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centrifugation at 10 000 g at 4°C for 10 min.42 Aconitase activity was measured 

using an Aconitase Assay Kit (Cayman Chemical). 50 μl whole-cell lysates were 

added to 200 μl of substrate mix, (50 mM Tris/HCl pH 7.4, 0.4 mM NADP, 5 mM 

Na citrate, 0.6 mM MgCl2, 0.1% (v/v) Triton X-100 and 1U isocitrate 

dehydrogenase) then the reaction was initiated by adding 50 μl of diluted 

substrate solution followed by incubation at 37 °C for 15 min. Absorbance was 

monitored by spectrophotometry every minute for 15 min at 340 nm 37 °C to 

determine the reaction slope. Aconitase activities of cells were then normalized 

to citrate synthase activities, which were determined using a citrate synthase 

assay kit (SIGMA, CS0720), as previously described.53  

Measurement of oxidative stress in FRDA and control fibroblasts 

Protein lysates were prepared as previously described54 and concentration was 

determined using the BCA assay kit (Pierce). Proteins were then modified by the 

use of the OxyBlot Protein Oxidation Detection Kit (Chemicon International), 

which measures carbonyl groups introduced into proteins by oxygen-derived 

free radicals. Oxidation levels were measured according to the manufacturer’s 

protocol. Briefly, protein samples were diluted with lysate buffer so that 30μg of 

protein was present in a final 15μl volume. The protein sample was denatured 

by adding 15μl of 12% SDS and then split into two 10μl aliquots, each containing 

10μg of protein. One aliquot was derivatised with 10μl of DNPH while the other 

was used as a negative control sample and 10μl of derivatisation-control 

solution was added instead. The derivatisation reaction was performed at room 

temperature for 15min, and stopped by adding 7.5μl of neutralization solution to 

both aliquots. The derivatised proteins were separated using 12% SDS-PAGE 
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and transferred to nitrocellulose. The primary antibody against 2,4-

dinitrophenol (rabbit anti-DNP, 1:150 dilution) was added to the membrane and 

incubated for 1 hour at room temperature. The primary antibody was removed 

and the membrane was incubated in secondary antibody (goat anti-rabbit IgG, 

1:300 dilution) for 1 hour at room temperature. Detection was performed using 

the chemiluminescent reagent (Bio-Rad) and bands were visualised using the 

Molecular Imager® Gel Doc XR+ system (Bio-Rad), and densitometry was 

carried out on the entire column using Image Lab™ 4.1 analysis software (Bio-

Rad). 

Measurement of eGFP gene expression in FRDA fibroblasts  

To determine eGFP expression, live cells were analysed after pHR’SIN-cPPT-

SFFV-eGFP-WPRE LV gene transfer by microscopy using a JuLI™ Smart 

Fluorescent Cell Analyser microscope (Ruskinn Technology). Magnification 

(10x) was used for viewing eGFP expression under UV light (488nm excitation 

and an emission at 520nm). Using Image J software, acquired images were 

merged and the numbers of eGFP positive cells were analysed. Cells expressing 

eGFP were also analysed using imaging flow cytometry. Cells were trypsinised, 

washed with ice cold PBS and fixed with 4% paraformaldehyde. Fixed cells were 

then applied to imaging flow cytometry using the ImagestreamX system (Amnis 

Inc.). This permits image capture of each cell in flow using a maximum of six 

optical channels. Using the Inspire™ data acquisition software (Amnis Inc.), 

images of approximately 10,000 cells were captured on channel 1 for brightfield 

(BF) to observe cell morphology, on channel 2 for eGFP emission and on 

channel 5 for blue DRAQ5™ (D5) nuclear staining. Following excitation with a 
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488 nm laser at a power setting of 70 mW, all images were captured using a 40× 

objective.  

Analysis of cell images and DNA double strand break foci  

Nuclear foci positive for γ-H2AX staining were quantified using approximately 

10,000-50,000 images of cells captured in the Inspire™ imaging flow cytometry 

software. Foci were quantified as previously described.55 In brief, a series of 

simple building blocks were used to first identify and gate single cells, then a 

region was drawn to identify those single cells that are in the correct focal plane 

during imaging flow. Next, two ‘truth’ populations were identified containing 

images of cells that had either few foci (<5) or a large number of foci (>8-10). 

These populations were then used by the Ideas™ software to enumerate all of 

the foci in the 10,000-50,000 cells for each cell batch under analysis.56 

Immunocytochemical detection of DNA damage and repair 

a. Immunocytochemical detection of γ-H2AX: 1x103 cells were grown on glass 

slides then washed with ice-cold PBS, followed by fixation in 4% 

paraformaldehyde for 15 minutes. 0.2% Triton™ X-100 was used to permeabilise 

cells for 10 minutes at 4°C followed by the addition of blocking buffer (0.1g BSA 

in 50μl Triton™ X-100 and 50ml PBS) to block for 1 hour. After humidifying the 

parafilm covered slides in a dark box and removal of the blocking buffer, cells 

were incubated with primary antibody solution consisted of an anti-phospho-

histone H2AX (serine 139), mouse monoclonal IgG1 antibody (clone JBW301, 

Millipore) (1:1,000) in blocking buffer. Excess primary antibody was removed by 

washing 3 times for 5 minutes in TBST solution (8.8.grams of NaCl + 0.2 grams 

of KCL + 3 grams of tris base + 500μl tween 20 in 1 litre of dH2O. pH 7.4), followed 
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by incubation for 1hr at RT in a secondary antibody solution consisting of an 

Alexa Fluor®488 rabbit anti-mouse IgG antibody (Invitrogen) (1:1000) in 

blocking buffer. Slides were each washed 3 times for 5 minutes in TBST and 

then 3 times for 5 minutes in PBS before being de-hydrated in ethanol (70%, 90% 

and 100%) for 3 minutes each time. After air drying 15μl of mounting medium 

containing DAPI (Invitrogen) was added to each slide and covered with a cover 

slip (Fisher scientific) and sealed using clear nail varnish.57, 58 Images 

acquisition was performed at RT using a Zeiss Axioplan 2 microscope equipped 

with a ×100 ZEISS Plan-NEOFLUAR 1.3 Oil objective lens and a Zeiss Axiocam 

colour camera under the control of AXIOVISION 4.2 software. Images used for 

comparison between different treatments and/or cell lines were acquired with 

the same instrument settings and exposure times.59b. Multispectral imaging 

flow cytometry detection of γ-H2AX: Imaging flow cytometry was performed 

using the ImagestreamX system (Amnis Inc.). Using the Inspire™ data 

acquisition software, images of 10,000 to 50,000 cells were captured on channel 

1 for brightfield (BF), on channel 2 for Alexa Fluor®488 (AF), representing the 

green staining of γ-H2AX foci, and on channel 5 for DRAQ5™ nuclear staining. 

Following excitation with a 488 nm laser at a power setting of 75 mW, all images 

were captured using a 40x objective. Cell classifiers were applied to the BF 

channel to capture objects that ranged between 50 and 300 units on an arbitrary 

scale, which was established from previous studies.56 Image compensation 

was accomplished on untreated cells and those irradiated with 2 Gy γ-

irradiation. Cells that were stained with antibody only or DRAQ5™ only were 

used for producing the compensation matrix. Images were collected without BF 
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to capture fluorescence intensity with the 488 nm laser as the single source of 

illumination. The Ideas™ software compensation wizard generates a table of 

coefficients whereby detected light that is displayed by each image is placed 

into the proper channel (channel 2 for antibody staining and channel 5 for 

DRAQ5™) on a pixel-by-pixel basis. All coefficients were normalized to 1 and 

each coefficient represents the leakage of fluorescent signal into adjacent 

channels. Calculated compensation values were applied to all subsequent 

analyses as appropriate.56 

Irradiation of cells to generate double strand breaks 

To induce DNA double strand breaks (DSB) and subsequent γ-H2AX foci 

induction, cells were grown overnight as proliferating monolayers on poly-prep 

glass slides coated with poly-L-lysine (Sigma) in eight-well glass chamber slides 

(Labtek). Slides from each sample were created as un-irradiated controls and 

the remaining slides were irradiated with 2Gy γ-radiation from a Cobalt-60 

source (Puridec Technologies) sited at a distance of 25 cm with a dose rate of 

0.9 Gy per minute. The cells were returned to the incubator and incubated as 

detailed previously. γ-H2AX foci were counted in untreated cells and those 

irradiated with 2Gy gamma radiation at 30 minutes, 5, 24, 48 and 72 hours post-

irradiation.    

Statistical analysis 

All other data were analysed by the Student's t test, with a significance value set 

at p < 0.05. 
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