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ABSTRACT

Friedreich ataxia (FRDA) is an autosomal recessive neurodegenerative disorder, caused
by a GAA repeat expansion mutation within intron 1 of the FXN gene, resulting in
reduced level of frataxin protein. Normal individuals have 5 to 40 GAA repeat
sequences, whereas affected individuals have approximately 70 to more than 1000 GAA
triplets. Frataxin is a mitochondrial protein involved in iron-sulphur cluster and heme
biosynthesis. The reduction in frataxin expression leads to oxidative stress,
mitochondrial iron accumulation and consequential cell death with the primary sites of
neurons of the dorsal root ganglia and the dentate nucleus of the cerebellum. FRDA,
which is the most common inherited ataxia, affecting 1:50,000 Caucasians, is
characterised by neurodegeneration, cardiomyopathy, diabetes mellitus and skeletal

deformities.

To investigate FRDA molecular disease mechanisms and therapy, several human FXN
YAC transgenic mouse models have been established: Y47R, containing normal-sized
(GAA), repeats; YG8R and YG22R, which initially contained expanded GAA repeats
of 90-190 units and 190 units, respectively, but which have subsequently been bred to
now contain expanded GAA repeats of 120-220 units and 170-260 units, respectively,
and YG8sR (YG8R with a small GAA band) that was recently generated from YG8R
breeding. To determine the FXN transgene copy number in the enhanced GAA repeat
expansion-based FRDA mouse lines, a TagMan gPCR assay was developed. The results
demonstrated that the YG22R and Y47R lines had a single copy of the FXN transgene
while the YGB8R line had two copies. The YG8s lines showed less than one copy of the
target gene, suggesting potential deletion of the FXN gene. Single integration sites of all
transgenes were confirmed by fluorescence in situ hybridisation (FISH) analysis of
metaphase and interphase chromosomes. However, in the YG8s line, at least 25% of the
YG8s cells had no signals, while the remaining cells showed one signal corresponding
to the transgenic FXN gene. In addition, the analysis of FXN exons in YG8s rescue mice
by PCR confirmed the presence of all FXN exons in these lines, suggesting the

incidence of somatic mosaicism in these lines.

Extended functional analysis was carried out on these mice from 4 to 12 months of age.
Coordination ability of YG8R, YG8sR and YG22R ‘FRDA-like’ mice, together with

Y47R and C57BL6/J wild-type control mice, was assessed using accelerating rotarod



analysis. The results indicated a progressive decrease in the motor coordination of
YG8R, YG22R and YG8sR mice compared to Y47R or C57BL6/J controls. Locomotor
activity was also assessed using an open field beam-breaker apparatus followed by four
additional functional analyses including beam-walk, hang wire, grip strength and foot
print tests. The results indicated significant functional deficits in the FRDA mouse
models. Glucose and insulin tolerance tests were also conducted in the FRDA mouse
models, indicating glucose intolerance and insulin hypersensitivity in the

aforementioned lines.

To investigate the correlation between the FRDA-like pathological phenotype and
frataxin deficiency in the FRDA mouse models, frataxin mRNA and protein levels as
well as somatic GAA repeat instability were examined. The results indicated that
somatic GAA repeats increased in the cerebellum and brain of YG22R, YG8R and
YG8sR mice, together with significantly reduced levels of FXN mRNA and protein in
the liver of YG8R and YG22R compared to Y47R. However, YG8sR lines showed a
significant decrease in FXN mRNA in all of the examined tissues compared to Y47R
human FXN and C57BL6/J mouse Fxn mRNA. Protein expression levels were also
considerably reduced in all the tissues of YG8sR mice compared to Y47R.

Subsequently, the telomere length of human and mouse FRDA and control fibroblasts
was assessed using gPCR and Q-FISH. The results indicated that the FRDA cells had
chromosomes with relatively longer telomeric repeats in comparison to the controls.
FRDA cells were screened for expression of telomerase activity using the TRAP assay
and a quantitative assay for hnTERT mRNA expression using TagMan gRT-PCR. The
results indicated that telomerase activity was not present in the FRDA cells. To
investigate whether FRDA cells maintained their telomeres by ALT associated PML
bodies (APBs), co-localisation of PML bodies with telomeres was assessed in these
cells using combined immunofluorescence to PML and Q-FISH for telomere detection.
The results demonstrated that the FRDA cells had significantly higher co-localised PML
foci with telomeric DNA compared to the normal cells. Moreover, telomere sister
chromatid exchange (T-SCE) frequencies were analysed in the human FRDA cell lines
using chromosome orientation FISH (CO-FISH). The results indicated a significant
increase in T-SCE levels of the FRDA cell lines relative to the controls. Furthermore,
growth curve and population doubling analysis of the human FRDA and control

fibroblasts was carried out. The results showed that the FRDA fibroblast cell cultures
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underwent growth arrest with higher cumulative population doubling compared to the
controls. Though, further analysis of telomere length at different passage numbers
revealed that the FRDA cells lost telomeres faster than the controls. Finally, the
telomere dysfunction-induced foci (TIF) assay was performed to detect DNA damage in
the human FRDA fibroblast cells using an antibody against DNA damage marker y-
H2AX and a synthetic PNA probe for telomeres. The frequency of y-H2AX foci was
significantly higher in the FRDA cells compared to the controls. Similarly, the FRDA
cells had greater frequencies of TIFs in comparison to the controls, suggesting induced

telomere dysfunction in the FRDA cells.
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1.1 History

In 1853, Nicholaus Friedreich, a German physician, described a degenerative atrophy of
the posterior columns of the spinal cord leading to progressive ataxia, sensory loss,
muscle weakness, often associated with scoliosis, foot deformity and cardiomyopathy.
His publications in 1866 and 1867 further confirmed his previous work on the discovery
of a new disease entity while some critics, particularly Charcot, had assumed that
Friedreich’s patients had tabes, associated with neurosyphilis [1-3]. Friedreich identified
all the essential clinical and pathological features of the disease except the loss of deep
tendon reflexes, which was later described by Erb in 1885. Brousse termed the new
disease Friedreich’s ataxia (currently abbreviated FRDA) in 1882 [2, 3]. In the late
1970s, Quebec Collaborative Group and Harding established the clinical features of the

typical FRDA specifically recessive inheritance as an essential feature of FRDA [4, 5].

1.2 Clinical and Pathological Features
1.2.1. Epidemiology

FRDA is a progressive neurodegenerative disease inherited as an autosomal recessive
trait with an estimated prevalence of 1 in 50,000 Caucasians [6]. It is the most common
form of the hereditary ataxias accounted for half of the whole heredodegenerative ataxia
cases and three-quarters of those with onset before age 25 [7]. The carrier rate has been
approximated at 1:120-1:60 [6, 8, 9].

1.2.2. Pathology

FRDA is a progressive disease that initiates with gait abnormality within patients
ranging from 2-3 years of age to later than 25 years of age. The essential clinical
features of FRDA are autosomal recessive inheritance, onset before 25 years of age,
progressive ataxia of gait and limbs, loss of tendon reflexes in the lower extremities,
electrophysiologic evidence of axonal sensory neuropathy (within 5 years of onset),
dysarthria, extensor plantar responses, areflexia at all four limbs, muscle wasting and
loss of sensation, especially of vibration and joint position sense. Patients lose their
ability to walk on average 15 years after onset and may be confined to a wheelchair in
their early teens [3, 10].

There may be other clinical features, as the disease progresses, including nystagmus
(involuntary rhythmic oscillations of the eyeballs, characterised by a smooth pursuit in
2



one direction and a fast movement in the opposite direction), saccadic-pursuit eye
movements (rapid correction eye movements to redirect the line of site during smooth
pursuit of an object), difficulty with swallowing and breathing as well as
cardiomyopathy, diabetes mellitus and skeletal deformities [1, 3, 11, 12]. Some patients
can develop optic atrophy (25%) and sensorineural hearing loss (20%) [13]. Slower
disease progression is often observed in patients with late onset FRDA whereby tendon
reflexes are often retained [11, 14-16]. Spinal cord atrophy associated with atrophy of
the brainstem and cerebellum was detected in patients with typical and late onset FRDA

using magnetic resonance imaging [17-20].

The neuropathologic discoveries differentiate FRDA from other hereditary ataxias.
Degeneration of the posterior columns of the spinal cord is considered an early finding
[13]. The posterior columns consist of the central branches of the axons of large dorsal
root ganglia (DRG) sensory neurons. These axons extend and form the gracile (Goll)
and Cuneate (Burdach) tracts which originate at the lumbosacral level and from
cervicothoracic segments respectively. Demyelination, loss of fibers and fibrillary
gliosis are more severe in the Goll than in the Burdach tract, indicating that the fibers
originating from neurons located caudally are more severely affected. Atrophy in the
spinocerebellar tracts is also observed, resulting in the dorsal being more affected than
the ventral [6, 13, 20, 21]. Clarke’s column, where the spinocerebellar tracts originate,
is atrophied; whereas motor neurons in the ventral horns are unaffected. On the other
hand, the long crossed and uncrossed corticospinal motor tracts are atrophied. In the
brainstem, where the dorsal column tracts terminate, the gracile and cuneate nuclei,
indicating transsynaptic degeneration with intense gliosis. The long tracts of fibers,
particularly the corticospinal fibers, are severely atrophic in distal portions, suggesting a
dying-back process. The entering roots of cranial sensory nerves are affected while
cranial nerve nuclei remain normal. Cerebellar atrophy is not a major characteristic of
FRDA. The cerebellum cortex shows Purkinje cell loss, typically late in the course of
the disease. Conversely, the dentate nuclei are severely affected. Loss of pyramidal
(Betz) cells in the primary motor areas of the cerebral cortex is observed provided that
the pyramidal tract atrophy is advanced. In the peripheral nervous system, sensory
axonal polyneuropathy is a characteristic of FRDA. The marked loss of large
myelinated fibers has been observed in the peripheral nerves and also in the DRG cells.

The features of the changes in the peripheral nerve system are not well understood.



Previous studies have indicated that there is a maturational defect in specific neurons
that remain hypotrophic and subsequently die back gradually [22].

Enlargement of the heart accompanied by the thickening of the ventricular walls and
interventricular septum leads to arrhythmias and heart failure, the most common causes
of death in the majority of FRDA patients. The pathology of the cardiac degeneration
consists of interstitial fibrosis, hypertrophy and degeneration of cardiac cells, muscle
necrosis and intracellular accumulation of lipofuscin, iron and calcium deposits. In
addition, diabetes mellitus associated with a decrease in the number of pancreatic 3
cells, is also observed in 10% of the patients [1, 4, 11, 23-25]. Furthermore, skeletal
deformities are very common in FRDA patients including pes cavus (hammer toes) and
kyphoscoliosis (abnormal lateral and posterior curvature of the vertebral column) [4,
11].

1.3 Identification of the FRDA Gene

The primary mapping of the FRDA gene was accomplished in 1988 by Chamberlain et
al. [26]. The FRDA gene was mapped to chromosome 9 by linkage analysis in 20
families with at least three affected sibs. The locus was mapped with a closely linked
marker at 9913-g21.1, providing a region small enough for identification of candidate
gene [27, 28]. The FRDA gene, initially referred to as X25, was one of the expressed
genes in this region, identified by complementary DNA selection and sequence analysis.
A mutation in X25 was screened in a number of patients which resulted in the
identification of an expanded trinucleotide repeat (GAA) within the first intron of the
FRDA gene [6]. This gene encodes the protein called Frataxin which plays a crucial

role in the development of FRDA.

1.4 Location and Structure of FRDA Gene

The Frataxin gene is located on the long arm (q) of chromosome 9 between the Giemsa
bands 13 and 21.1 precisely from base pair 71,650,478 to base pair 71,715,093, Fig. 1.1
[6, 27, 29].

The FRDA gene is composed of seven exons, numbered 1 to 5a, 5b and 6, spread over
95kb of genomic DNA. Transcription goes in the centromere to telomere direction, Fig.
1.2. The major transcript, exons 1 to 5a, is a 1.3kb mMRNA that encodes a 210 amino

acid protein called frataxin. Exon 5b as a result of alternative splicing can be

4



9p23
9p21.3
9p13.2
9g12
9q21.13
9021.33
9022.32
9g31.3
9g33.3
9g34.2

9q34.12

Fig. 1.1 Schematic representation of human chromosome 9. The blue arrow indicates
the location of frataxin gene.

transcribed, leading to the synthesis of different protein isoforms. Exon 6 is entirely
noncoding [6, 30].

ogterminal

<l TEEE——

Fig. 1.2 Schematic representation of exons and splicing pattern of the FXN gene. The
gene extends from centromere to telomere of the 9g chromosome. The GAA repeats are
located in intronl, represented by the red triangle.

The FRDA gene demonstrates tissue-specific levels of expression. Among adult human,
frataxin mRNA is considerably expressed in heart and central nervous system;
intermediate levels in liver, skeletal muscle and pancreas; and minimal levels in other
tissues. In the central nervous system (CNS), expression of frataxin appears to be the
highest in the spinal cord, with less expression in the cerebellum and very little in the

cerebral cortex [6, 31].



1.5 Gene Mutations in FRDA
1.5.1 Trinucleotide Repeat Expansion

In 98% of FRDA chromosomes, an abnormal trinucleotide repeat expansion (GAA)
occurs within the first intron of the frataxin gene [6]. This intron is 12kb in size and the
triplet repeat is localised within an Alu sequence, 1.4kb after exon 1. Normal
chromosomes contain between 5 and 40 triplets [32], whereas FRDA chromosomes
contain 70 to 1700 repeats [11]. The GAA expansion forms a triple helical DNA or R-
loop structures which inhibits transcription of the FRDA gene by inducing

heterochromatin formation, resulting in reduced frataxin levels [33, 34].

1.5.2 Point Mutations

Point mutations in the frataxin gene are a rare cause of FRDA. In all cases characterised
so far, only 4% of affected individuals were heterozygous for their point mutation, with
an expanded GAA repeat on the other homologue of chromosome 9. None of these

patients harboured point mutations on both alleles [35-37].

The most common point mutations are 1154F, M1l and G130V. Patients with the 1154F
mutation have a typical FRDA phenotype, whereas the other cases give rise to atypical
phenotypes. Therefore, it can be concluded that point mutations associated with loss of
functional frataxin protein result in a severe phenotype, whereas for other missense

mutations, the severity of the disease course cannot be predicted [8, 29].

1.6 Origin of the Expanded GAA Repeat

Although, the origins of the GAA repeat expansion and its effects on frataxin
expression are not fully understood, it has been manifested that alleles at the GAA
repeat site depending on their length can be subdivided into three classes: short normal
alleles (82%, containing 5-9 triplets), long normal (17%, containing 10-40 triplets) and
pathological expanded alleles (1%, > 70 triplets). The length polymorphism of normal
GAA alleles may be generated by small changes most likely due to occasional events of
polymerase “stuttering” during DNA replication. Such small changes may cause limited
size heterogeneity within the short normal and the large normal alleles. The jump from
the short normal to the long normal group can be considered as a singular event with a
rare recurrence. The linkage disequilibrium studies of the GAA repeat with different
haplotype markers indicated that pathological expanded and long normal alleles are
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genetically homogenous and related, whereas short normal alleles appear heterogeneous
[30, 38, 39].

1.7 Effect of the GAA Repeat Expansion on Frataxin Gene Expression

FRDA can be defined as a deficiency of frataxin. The expanded GAA repeat has been
shown to cause this deficiency by suppressing FRDA gene expression, Fig. 1.3. The
data obtained from ribonuclease (RNase) protection assays in individuals with FRDA
revealed a severe reduction in the level of mature frataxin mMRNA proportional to the
size of GAA repeats [30]. Western blot analysis of frataxin in FRDA patients also
confirmed a severe frataxin deficiency inversely proportional to the expansion sizes,
providing a biological basis for the correlation between expansion sizes and phenotypic
features [40, 41].

Normal State ERATRSIN
(GAA), O O
T A  poo
FRDA Intron1 O
Exon 1 Exon 2

Friedreich Ataxia

(GAA)500
FRATAXIN

> ! ......................... > O

FRDA Intron 1
Exon 1 Exon 2

Fig. 1.3 Schematic presentation of the frataxin expression. Normal state indicates more
frataxin protein, whereas affected state (FRDA) shows less frataxin.

1.8 Genotype-Phenotype Correlation

In the same manner as in the other repeat disorders, the size of the expanded repeat in
FRDA is inversely related to age of onset and disease severity. However this correlation
is more complex in FRDA than that in dominant or X-linked triplet-repeat diseases,
since FRDA patients have two expanded alleles, whereas those suffering from dominant
diseases only have one expanded allele. The size of the smaller FRDA allele is strongly
correlated with age at onset and with the rate of disease progression. Montermini et al.
reported a negative correlation between age at onset and the number of the repeats in
both small and large alleles. Their results indicated that FRDA patients with larger
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expansions tended to exhibit earlier onset whereas late-onset FRDA patients exhibited
smaller alleles [32]. The relatively low correlation coefficients between disease severity
and the GAA repeat expansion size indicate that other factors including somatic
mosaicism, genetic and environmental modifiers may influence the phenotypic
heterogeneity [8, 11, 32].

1.9 Role of Frataxin in Mitochondria

The mitochondrion is an essential organelle for cellular biochemistry and ATP
generation as well as being a well-known location for dynamic electron transport and
redox chemistry. Heme and iron-sulphur (Fe-S) cluster biosynthesis are the two major
iron-related metabolic processes in the mitochondrion for the safe delivery, storage and
usage of iron. Frataxin is a mitochondrial protein that is perceived as an important factor

in either mitochondrial iron transport or iron-sulphur assembly and transport [42].

Homologous proteins of human frataxin have been identified in mouse and yeast with
73% and 31% amino acid sequence identity respectively, providing further insight into
FRDA pathogenesis [43]. YFH1 is a yeast frataxin homologue that encodes a 174
amino acid protein with homology to frataxin, especially at the C-terminus, localised to
the mitochondria. Studies of yeast strains deficient in YFH1 demonstrated that the
frataxin is involved in mitochondria iron homeostasis [44]. In yeast, the AFT1
transcription factor regulates iron utilisation and homeostasis at the transcriptional level.
This is mainly attributed to the activation of AFT1 in iron-poor media, resulting in an
increased cytosolic iron level or inactivation in high cytosolic iron level in iron-rich
media [45]. In yeast strains deficient cells, AFT1 is activated in both iron-poor and iron-
rich medium, indicating low levels of cytosolic iron in these cells compared to wild-
type cells. Hence, iron passes the plasma membrane into the cytosol through an
activated high affinity transporter which ultimately leads to the mitochondrial iron
accumulation. Such mechanism suggests that frataxin may be involved in iron transport
either by regulating release of mitochondrial iron to the cytoplasm or by inhibiting iron
transport into the mitochondria [45].

Molecular and biochemical analysis of fibroblasts from FRDA patients manifested
mitochondrial iron overload in contrast to control cells [46]. Endomyocardial biopsies
from these patients have shown a generalised deficiency of Fe-S cluster-containing

proteins (ISPs) (i.e. respiratory chain complexes I, Il and IlI; and mitochondrial and
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cytosolic aconitase), reduced level of mitochondrial DNA and increased activity of iron
regulatory protein 1 (IRP1) [47-49, 50, 51]. A similar deficiency in the activity of ISPs
has been observed in heart muscle of conditional frataxin knockout mice. Since ISPs are
very sensitive to reactive oxygen species (ROS), deficiency in the activity of ISPs
suggests oxidative damage in frataxin deficient tissues [42, 52, 53]. Mitochondrial iron
can react with ROS and generate more toxic ROS such as hydroxyl radical (OH¢) via
the Fenton reaction leading to the oxidation of cellular compounds, Fig. 1.4. Increased
iron levels in conjunction with defects in respiratory chain complexes result in free-
radical accumulation, ultimately leading to cellular injury and death [47]. According to
results from mouse models, deficiencies in ISPs occur in the initial phase of the
pathology, whereas mitochondrial iron accumulation occurs later, indicating that
mitochondrial iron accumulation cannot be the causative pathological mechanism.
Moreover, low superoxide dismutase (SOD) induction observed in the diseased mouse
confirms that either decreased or absent frataxin impairs early antioxidant defences with

no SOD induction resulting in higher cell lethality in response to oxidative stress [54].

A. Normal MIP FRATAXIN

Fig. 1.4 Schematic representation of the likely pathogenesis of FRDA. A) The normal
situation in the mitochondrion is shown with iron influx and efflux maintaining low
mitochondrial iron (Fe) and free radical (OH") levels. Frataxin is likely to be acting
directly at the level of iron efflux. Yeast data suggest that frataxin may also be indirectly
limiting the influx of iron into mitochondria by reducing mitochondrial intermediate
peptidase (MIP) activity. B) In FRDA reduced frataxin results in inhibition of the efflux
of mitochondrial iron. This leads to reduced cytosolic iron, which results in induction of
iron uptake systems and this in turn results in further iron uptake into mitochondria. The
increased iron uptake may be in part the result of over activity of MIP owing to the
absence of frataxin. The excess mitochondrial iron leads to excess production of toxic
free radicals by Fenton reaction (Fe?* + H,0,_, Fe**+ OH + OH’) leading to cell damage
and death [29].



The expression of frataxin is dependent on the type of tissue, indicating tissue-specific
pathology in FRDA. Tissues such as liver, skeletal muscle and thymus are not affected
by the disease yet they contain high levels of mitochondria and frataxin is significantly
expressed in such tissues. While the aforementioned tissues can be replaced due to their
inherent dividing nature, the affected tissues such as those in the central nervous system,
heart and pancreas are typically nondividing [29, 42, 43]. Moreover, neurons and
cardiac myocytes are more susceptible to mitochondrial defects and toxic effects of
mitochondrial free-radical accumulation due to their high aerobic metabolism

dependence [55].

1.10 Structure of Human Frataxin

Human frataxin, a 210 amino acid protein, contains a N-terminal mitochondrial
targeting sequence that is proteolytically processed after frataxin is imported into the
matrix. The mitochondrial processing peptidase, MPP-p, is responsible for cleavage of
the frataxin mitochondrial targeting sequence, generating the human frataxin with 155
amino acids (residues 56-210) [56-58, 59]. Crystal and solution nuclear magnetic
resonance (NMR) structures of frataxin show significant sequence similarity between
the C-terminal domain of frataxin (residues 90-210) and the CyaY proteins of y-purple
bacteria [59-62], providing a common structural features to study possible structure and
function of frataxin family. Frataxin has a unique fold that combines two terminal
helices (o1 and o) which are nearly parallel to each other and to the plane of the large
sheet, five antiparallel p-strands that interact with the two helices, and a sixth (and, in

human frataxin, a seventh) -strand that intersects the planes to give an overall compact

':JEE101 E108
g D

Fig. 1.5 Structure of frataxin. A) Crystal structure of human frataxin shows the fold of
human frataxin, a compact aff sandwich, with a helices and P sheets. Strands B1 — B5
formed a flat antiparallel construct that interact with the two helices, al and o2. B)
Molecular surface representation of frataxin. Several anionic residues in al and B1 are
shown in red. The anionic surface might be critical for the function of frataxin [60].
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af sandwich structure, Fig. 1.5A [60]. However strand seven is only detected in human
frataxin with structures extremely similar to those of frataxin orthologs due to high

degree of amino acid sequence similarity [60].

A clustering of negatively charged side chains of 12 acidic residues projected from helix
al and strand B1 creates an acidic patch of the surface of the protein, Fig. 1.5B. The
general structure, including the anionic surface, is conserved in both eukaryotes and
prokaryotes; however, the architecture of frataxin represents a new protein fold. The
conserved outer surface of the P sheet might mediate a specific protein-protein
interaction with partners that may be crucial for its biological functions. Different
approaches such as NMR experiments and crystallographic experiments were used to
study the potential binding properties of frataxin to iron, but no chemical changes were
observed. These results indicate that frataxin does not have any feature resembling
known iron-binding sites; however, the anionic surface of frataxin is considered to
contain the putative iron-binding sites based on the resemblance to bacterial ferritin [60,
61].

Mapping the pathological mutations onto the structure provides an insight into possible
function of frataxin. However, a small percentage (= 2%) of FRDA patients are
compound heterozygotes, having a combination of increased GAA repeats in one allele
and a point mutation in the other allele [37, 63-65]. Several mutations are in the protein
core including L106S, 1154F, L156P, W173G, L182H/L182F and H183R leading to
interruption of the stable and compact structure [55]. Another mutation, D122Y, within
the anionic patch alters charge within this surface and overall protein polarity. Mutants
G130V, W155R and R165C are located within the flat, conserved external surface of
the large B sheet. Therefore, the mutations associated with disease are not only located
in the compact core structure, but are also located within two conserved surfaces
including the anionic surface and the conserved outer f sheet surface. Thus, these
surfaces are critical for frataxin function as the mutations within these surfaces showed
several effects, including steric strain and electrostatic strain [60]. The mutations in
FRDA patients have been summarised in Table 1.1 [61].
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Table 1.1 Summary of the mutations described in FRDA patients

Mutation Effect References
L106S, Internal cavities with loss of packing energy 64 36
W173G '

Steric strain by replacing a buried hydrophobic residue by a
1154F, L182F larger one 6,8

Disruption in the B-sheet hydrogen bonds by introducing a
L156P proline 36

Electrostatic strain by replacing a buried residue with a
L182H hydrophilic one 36

Electrostatic stain by replacing a partially uncharged buried
H183R residue with a bulky charged one 36

Change of identity of a conserved negatively charged group
D122y on the surface 36

Steric stain by replacing a glycine which is in a conformation
G130V that is not allowed for other residues 63

Replacement of a bulky highly conserved aromatic side
W155R chain with a positively charged residue 66

Replacement of a conserved positively charged group with
R165C as exposed cysteine that might form intermolecular 37
disulphide bound

1.11 Molecular Mechanisms of GAA Repeat Expansions

The exact mechanism through which the GAA repeat mutation inhibits frataxin
expression is still unknown. However, several combined mechanisms have been
identified to be involved in the establishment of epigenetic changes in FRDA. GAA
repeats have been shown to form hairpins; these non-B DNA structures may induce
DNA methylation. On the other hand, small double-stranded RNA (dsRNA) has also
been reported to induce transcriptional gene silencing through DNA methylation.
Therefore, better understanding of the mechanisms involved in GAA-induced inhibition
of FXN gene transcription associated with FRDA can lead to the development of several

novel for therapeutic approaches [67].
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1.11.1 Hairpin Formation in FRDA Triplet Repeat Expansion

Triplet repeat (TR) tracts occur throughout the human genome [68]. Expansions of these
tracts during their transmission from parent to child are closely associated with more
than 14 hereditary neuromuscular diseases [69, 70]. TRs associated with FRDA include
GAA/TTC repeats. The expansions produce an identical sequence to that of the repeat
tract, varying from a few triplets in a coding region of the gene (type 1) to hundreds of
triplets in a noncoding region of the gene (type Il). Repeat instability is dependent on
the length of the repeat tract and its orientation in the genome. Consequently, long tracts
of TRs are highly unstable, making them more susceptible to changes in the repeat size
either through expansion or deletion. These instabilities are presumed to be due to the
formation of unusual secondary structures such as hairpins, Fig. 1.6. TR expansion is
predicted to occur as a result of DNA slippage of the Okazaki fragment and TR
contraction by replication across hairpins formed in the template strand, occurring
during DNA lagging strand replication of the TR tract [71-73]. The discontinuous
nature of lagging strand replication, the presence of single-stranded regions (ssDNA) in
the template and free 5-ends in the growing strand (Okazaki fragment), presents the

opportunity for the formation of hairpins [74-76].
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Fig. 1.6 Schematic representation of hairpin formation in FRDA patient DNA. After
two rounds of replication, formation of a repetitive hairpin on the nascent strand results
in repeat expansions (left panel), whereas the presence of the same structure on the
template strand results in repeat contractions (right panel) [77].

CAG, CTG, GCC and GGC TR tracts synthesised in vitro were shown to form hairpin
and hairpin-related tetraplex secondary structures through self-annealing [78-81].
Lagging strand replication model in bacteria and yeast demonstrated both contractions
and expansions produced by hairpins during lagging strand replication of TR tracts [72,
73, 76, 82]. Although the single-stranded expansion products are a great potential target

for DNA repair, secondary structure formation is believed to protect the expansion from
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DNA repair activities of the cell, including mismatch repair and flap endonuclease [83-
89]. Synthetic GAA and TTC single-stranded DNAs do not easily self-anneal and
secondary structures adopted by these oligonucleotides are much less stable than the
structures formed by single-stranded CAG, CTG, GCC and GGC TRs [78-81, 90-92].
The differences in repair presumably are caused by the different abilities of the repeat
tracts to self-anneal to form hairpins [88].

Intermediate structures are perceived to be involved in FRDA TR expansions through
pausing DNA replication and inducing DNA slippage within the repeat tracts. Such
structures are commonly referred to as sticky DNAs, formed by triplex (purine-purine-
pyrimidine and pyrimidine-purine-pyrimidine) and duplex structures of GAA and TTC
TR tracts combination [91, 93-96].

1.11.2 Gene Silencing

The second characteristic of expanded GAA repeats is heterochromatin formation and
subsequent gene silencing. Festenstein et al. generated artificial transgenes with a
heterochromatin-sensitive lymphoid cell-surface marker protein (CD2) in order to
investigate whether CTG repeats found in myotonic dystrophy or GAA repeats in
FRDA could silence genes by inducing heterochromatin [97]. This study observed that
both expanded GAA and CTG repeats could exert position effect variegation (PEV) on
the CD2 reporter gene expression. PEV occurs when a gene is located within or near
regions of heterochromatin and results in silencing of the affected gene in a subset of
cells. Heterochromatin is controlled by the presence of particular types of histone
modifications (for example, H3K9 methylation), the absence of acetylated histones, and
the presence of HDACs, DNA methyltransferases, chromodomain proteins (such as
members of the HP-1 family of repressors) and polycomb group proteins. It has been
suggested that molecules that reverse FXN gene silencing could relieve the deficiency in
FXN mRNA and protein in affected individuals [98].

Production of heterochromatin through triplet repeat expansions can be described by
different models, Fig. 1.7. Triplet repeats form non-B DNA structures and sticky DNA
at the FXN locus that may result in stalling of the RNA polymerase (RNAPol). In this
case cellular checkpoint mechanisms could trigger heterochromatin formation, leading

to inactivation of the locus. In addition to triplexes, there is also evidence to suggest that

14



R-loop (RNA*DNA hybrid) formation during transcription is intrinsic to long GAA-
TTC repeats [99] in which the nascent transcript forms a duplex with the transcriptional
template strand. R-loops can result in double-strand breaks (DSBs) and recombination
via transcription associated recombination. Several factors may contribute to R-loop
formation, such as defective biogenesis of messenger ribonucleoprotein (mMRNP)
particles, deficiency of proteins responsible for splicing and/or nuclear export of
transcripts, and sequence composition of the non-template strand [99]. In addition,
bidirectional transcription has also been shown to contribute to the formation of R-

loops, Fig. 1.7. The newly formed R-loops are presumed to contribute to trinucleotide
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Fig. 1.7 Triplet repeat induced heterochromatin formation in FRDA. A) In healthy
individuals, intron 1 of the frataxin gene contains only a small number of GAA repeats.
The frataxin gene is transcribed and CTCF binding in exon 1 may be an important
regulatory element for this locus. In FRDA patient cells, expanded GAA repeats lead to
formation of a heterochromatic domain, coinciding with loss of CTCF binding and
silencing of frataxin expression. Interestingly, repression of frataxin correlates with
upregulation of the FAST-1 antisense transcript, which may originate from the AluSP
sequence in intron 1. B) Models for initiation of heterochromatin through triplet repeat
expansions. 1) Triplet repeats form unusual DNA structures that may result in stalling
of the RNA polymerase (RNAPol). This could trigger a damage signal leading to
inactivation of the locus. 2) Bidirectional transcription across the frataxin locus may
produce double stranded RNA, triggering siRNA-mediated heterochromatin formation.
In addition, R-loops, RNA*DNA hybrids, can arise from bidirectional transcription
through the trinucleotide repeat. 3) Transcripts containing large GAA triplet repeats
form hairpin structures that can be cleaved by dicer. It is currently unclear if the
cleavage products function as siRNAs [100].
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repeat instability by aberrant processing via transcription-coupled nucleotide excision
repair factors [101, 10