Chapter 17
Friedreich Ataxia: An Update on Animal
Models, Frataxin Function and Therapies
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Abstract Friedreich ataxia (FRDA) is an autosomal recessive progressively debili-
tating degenerative disease that principally affects the nervous system and the heart.
Although FRDA is considered a rare disease, is the most common inherited ataxia.
It is caused by loss-of-function mutations in the FXN gene, mainly an expanded
GAA triplet repeat in the intron 1. The genetic defect results in the reduction of
frataxin levels, a protein targeted to the mitochondria. Frataxin deficiency leads to
mitochondrial dysfunction, oxidative damage and iron accumulation. Studies of the
yeast and animal models of the disease have led to propose several different roles for
frataxin. Animal models have also been important for dissecting the steps of patho-
genesis in FRDA and they are essential for the development of effective therapies.
Currently, antioxidant and iron chelation therapies are under evaluation in clinical
trials. Gene reactivation, gene therapy and protein replacement strategies for FRDA
are promising approaches.

This review focuses on the current models developed for FRDA, the different
roles proposed for frataxin and the progress of potential treatment strategies for the
disease.
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17.1 Introduction

In 1863, Nicholaus Friedreich described a new disease that was given the name of
Friedreich Ataxia (FRDA, MIM 229300) [1, 2]. FRDA is the most common hered-
itary ataxia in the Caucasian population. Specifically, in Spain the prevalence is
about 4.7 cases per 100,000 habitants [3, 4]. FRDA is characterized by progressive
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sensory ataxia with onset typically before 25 years of age (cases with later onset
are not uncommon), areflexia, dysarthria, extensor plantar responses and loss of
position and vibration sense [5]. Patients have primary degeneration of dorsal root
ganglia associated with axonal degeneration of the posterior columns, spinocerebel-
lar tracts, and corticospinal tracts, and large myelinated fibers in peripheral nerves.
Most individuals with FRDA develop a cardiomyopathy and diabetes mellitus.

17.2 Friedreich Ataxia Gene and Molecular Pathology

Friedreich ataxia is an autosomal recessive degenerative disorder caused by a GAA
triplet repeat expansion or point mutations in the FXN gene on chromosome 9q13
[6, 7]. The FXN gene product, frataxin, is a widely expressed mitocondrial protein
that is severely reduced in FRDA patients [6].

Most patients with FRDA (approximately 97%) have expansions of a GAA
repeat in the first intron of both FXN alleles [6, 8, 9]. The GAA repeat expansions
reduce the levels of messenger RNA by the formation of non-B DNA structures
(triplexes or sticky DNA), the formation of a persistent DNA x RNA hybrid, or het-
erochromatin formation [10-14]. Individuals with FRDA have also been identified
(aprox. 3%) who carry one allele with a trinucleotide repeat expansion and the other
allele with a point mutation [8, 10, 11, 15-26].

The nuclear encoded human frataxin protein is synthesized as a 210 amino acid
precursor with a N-terminal mitochondrial targeting sequence where it is proteolyt-
ically cleaved by the mitochondrial processing peptidase (MPP) to the mature form
via a processing intermediate [27, 28]. The initial characterization demonstrated
that the endogenous mature form (m-FXN) was encoded by amino acids 56-210.
However, there are evidences that endogenous mature frataxin corresponds to amino
acids 81-210 [29].

The structure of human frataxin reveals a novel protein fold. A five-stranded,
antiparallel p sheets provides a flat platform, which supports a pair of parallel a-
helix, to form a compact af sandwich [30]. A cluster of 12 acidic residues from the
first helix and the first strand of the large sheet form a contiguous anionic surface on
the protein. Many of these amino acids are necessary for stabilizing the structure and
can not be replaced, being conserved in the different species and appear mutated in
several patients. These structural findings predict potential modes of protein-protein
and protein iron binding.

17.3 Animal Models in Friedreich Ataxia

Frataxin is a mitochondrial protein which shows high conservation throughout evo-
lution, with orthologs in essentially all eukaryotes and some prokaryotes [31]. Many
studies in model organisms as yeast, mice, Drosophila and C. elegans contribute
extensively to our current understanding.
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In yeast, the deletion of the YFHI gene, showed a strain unable to grow on a
non-fermentable source of carbon suggesting that it could not carry out oxidative
phosphorylation. The strain yfhl A, showed mitochondrial iron accumulation (up to
10 times more than the wild strain) and exhibited sensitivity to oxidative stress [32—
36]. Frataxin can substitute for Yfhlp in yeast, indicating that the two proteins are
functional as well as structural homologs [36, 37].

Generation of fly models of FRDA has been possible after the identification of the
Drosophila frataxin homolog, fh, [38]. Systemic and tissue-specific down-regulation
of fh has been carried out combining the UAS-GAL4 system and RNA interference
(RNA1). Moderate systemic reduction of fh expression to levels of 30% of normal
fh-mRNA, a situation which strikingly parallel with Friedreich ataxia, is compati-
ble with normal embryonic development in fly [39]. However in such conditions,
adults show a decrease of mean and maximum life span of 60 and 32% respectively,
and a reduction in climbing abilities. Meanwhile, widespread fh silencing to unde-
tectable levels results in lethality during development and larvae are incapable of
reaching the adult phase [39, 40]. Silencing of f# in early mesoderm also provokes
lethality in agreement with the essential role for frataxin during development, previ-
ously proposed in a mouse model [41]. At the biochemical level, almost completely
depletion of Drosophila frataxin reduces activities of mitochondrial Fe-S containing
enzymes, and confers hypersensitivity to iron and to hyperoxia [39, 40]. However
aconitase is the only Fe-S enzyme which shows a dramatic reduction in its activity
under hyperoxia in flies with moderate reduction of frataxin. Meanwhile the res-
piratory chain complexes operate normally in this condition. Therefore the decay
in aconitase activity by reactive oxygen species (ROS) inactivation would be one
of the primary events in frataxin deficient condition. In turn, aconitase inactivation
would induce further oxidative stress by different mechanisms [42, 43] that might
affect other macromolecules, such as the Fe-S enzymes of the respiratory chain.
Frataxin would act as an aconitase chaperone protecting this enzyme against ROS-
mediated inactivation supporting a causative role of oxidative stress in Friedreich
ataxia. In addition, overexpression of the H,O,-scavenging enzymes (peroxisomal
and mitochondrial catalases and a mitochondrial peroxiredoxin) rescues the short-
ened life span in frataxin deficient flies [44]. Expressions of these enzymes also
alleviate the hypersensibility to HyO» shown by flies showing deficiency of frataxin
in the peripheral nervous system. These data suggest that HyO, is an important
pathogenic substrate in FRDA with promising therapeutic implications.

As expected overexpression of Drosophila frataxin improve antioxidant capa-
bility, resistance to oxidative stress insults, and longevity in flies [45]. However a
9-fold of normal level of Drosophila frataxin is lethal in flies [39]. Moreover, the
excess of frataxin induces defects in Drosophila by oxidative-mediated inactivation
of mitochondrial aconitase. Frataxin overload might induce new in vivo function
for this protein, by limiting iron availability conducting to aconitase dysfunction.
Frataxin has been shown to form in vitro iron-binding multimers as ferritin [46].
Alternatively, an excess of frataxin might saturate interactions with its partners
leading to mitochondrial dysfunction. The pathogenic effect of frataxin excess in
Drosophila has essential repercussion in gene therapy.
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Several transient knock-down models of C. elegans frataxin homologue gene,
frh-1, by RNAI have been reported. Some authors have observed increase in lifes-
pan when frataxin was knocking-down by RNAi [47]. However, microinjection in
L4 larvae showed lifespan significantly reduced and worms have increased sensitiv-
ity to oxidative stress that, in turn, might explain the reduction of worms’ longevity
[48]. These worms showed a consistent pleiotropic phenotype that includes lethargic
behaviour, reduced broodsize, egg laying defects, slow growth, abnormal pharyn-
geal pumping and altered defecation. In a third study, reduction of life expectancy
in knock-down worms was confirmed and lifespan was positively correlated with
impaired respiration [49]. This frataxin deficient model in C. elegans may be a use-
ful biological tool for drug screening in FRDA and to investigate the role of frataxin
in biochemical pathways.

Generation of a representative mouse model of FRDA is considered important for
the further understanding of disease pathology and the testing of potential therapeu-
tic strategies. Initially, a homozygous knockout of the murine FRDA gene leads to
early embryonic lethality without evidence of iron accumulation [41]. This mouse
has shown that frataxin plays an important role during early embryonic develop-
ment. As an attempt to generate a mouse model of the disease, it was generated
a striated muscle frataxin deficient line and a neuron/cardiac muscle frataxin defi-
cient line through a conditional gene targeting approach [50]. These mice reproduce
the most important pathophysiological and biochemical features of the human dis-
ease. To obtain specific and progressive neurological models for FRDA, Puccio
and collegues generated inducible knock-out mouse models [51]. They showed
that ablation of frataxin in adult mice led to progressive neurological symptoms
resembling FRDA. These mutants have specific damage to the large sensory neuron
cell bodies in the dorsal root ganglia, and they have degeneration of the posterior
columns of spinal cord that appear translucent, because of demyelination and loss
of fibers, and severe lesions of neurons in Clarke’s columns. Because FRDA is typ-
ically caused by a large GAA repeat expansion within the first intron of the FXN
gene, several mouse models harbouring this mutation have been created. One of
them is a knockin mouse that carries a (GAA)230 repeat expansion in the first intron
of the mouse frataxin homolog gene (Frda) [52]. GAA repeat knockin mice were
crossed with frataxin knockout mice to obtain double heterozygous mice expressing
25-36% of wild-type frataxin levels. These mice were viable and did not develop
anomalies of motor coordination, iron metabolism or response to iron loading. In
addition, repeats were meiotically and mitotically stable. As well, it was generated
two lines of human FXN YAC transgenic mice containing GAA repeat expan-
sions derived from FRDA patient DNA [53]. Offspring from crosses between these
transgenic mice and heterozygous Fxn-knockout mice [54] express comparatively
reduced levels of human frataxin and rescue the homozygous Fxn-knockout embry-
onic lethality. These mice represent the first GAA repeat expansion-based FRDA
mouse models that exhibit progressive FRDA-like pathology. Moreover, transgenic
mice carrying expanded human FXN GAA repeats (190 or 82 triplets) showed
tissue-specific and age-dependent somatic instability specifically in the cerebellum
and dorsal root ganglia [55].
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17.4 The Function of Frataxin

Frataxin is a soluble protein with no previously known function. No specific
domains related to protein families are represented in its polypeptide sequences.
Experiments in cell systems, specially in yeast Saccharomyces cerevisiae, have pro-
vided relevant information about the possible function of frataxin in mitochondria
and its role in the pathogenesis of the disease. At least four hypotheses for the
primary mitochondrial function of frataxin have been proposed.

17.4.1 Frataxin and the Homeostasis of Mitochondrial Iron

The first biochemical data came from the experiments in yeast and from clinical
observations in FRDA patients. They shown a dysregulation of the iron metabolism,
had an injury caused by free radicals and mitochondrial dysfunction [56, 57].
Therefore, frataxin was related with mitochondrial iron homeostasis. Yeast lacking
Ythlp accumulates mitochondrial iron at the expense of cytosolic iron. Excess iron
in mitochondria when reacting with oxygen generates toxic reactive oxygen species
(ROS) by the Fenton reaction. These ROS causes the oxidation of cellular compo-
nents: damage to proteins and nucleic acids, and lipid peroxidation [32]. Some of
the proteins that are more easily affected by free radicals are those containing Fe-
S clusters, such as complex I, II and III of the mitochondrial transport chain and
aconitase, showing a decrease of activity in human fibroblasts and yeast [58, 59].
In contrast, data from frataxin Knock-out mouse model has raised some questions
about the role of iron in the disease pathogenesis. Iron deposits were not detected
suggesting that iron accumulation might not be the primary consequence of frataxin
deficiency, but a secondary effect [41].

17.4.2 Frataxin as an Iron-Storage Protein

A second hypothesis suggests that the function of frataxin is to bind iron and keep
it in soluble and bioavailable form [46]. Yeast frataxin is a soluble monomer that
contains no iron. But, when ferrous iron was added in presence of oxygen, it was
induced the formation of frataxin trimers that catalyzed iron oxidation [60, 61].
New results confirm that yeast frataxin is stable as an iron-loaded monomer, and
the protein can bind two ferrous iron atoms with micromolar binding affinity [62].
On the other hand, high iron concentration led to the protein assembly reaching to
sequestrate more than 2000 iron atoms [63]. The higher molecular weight of this
complex reminded us the ferritin structure, which contains a large number of ferric
iron atoms. Although human frataxin is not able to form those complexes in vitro, at
physiologic iron concentrations in the mitochondria, close to 10% of human frataxin
are able to form a spherical complex which contained this metal [64]. Differences
founded between ythl and mammalian frataxin could be due to the existence of a
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mitochondrial ferritin of higher eukaryotes (MtF) [65]. MtF expression in frataxin
deficient yeast could rescue the respiratory deficiency, thus allowing cell growth in a
non-fermentable carbon source and preventing mitochondrial iron accumulation, so
protecting the activity of the iron-sulphur enzymes as well [66]. These data support
the idea that MtF could replace frataxin functions in yeast, suggesting that frataxin
would be directly involved in mitochondrial iron-storage and detoxification.

A common characteristic of ythl and mammalian frataxin is that iron storage is
easily reversible by the addition of chelating agents, indicating that iron could be
biologically available. Interpreting all these data, we would say that frataxin could
be a mitochondrial iron chaperone that prevents Fenton reaction by hiding iron to
reactive oxygen species and keeping it for other biosynthetic pathways. The problem
to accept this hypothesis is that changes in intracellular iron levels do not have an
effect on frataxin expression, so this is not consistent with the protein role on iron
storage [67].

17.4.3 Frataxin as a Chaperone for Iron

Ferrochelatase, the final enzyme in the heme biosynthetic pathway that incorpo-
rate iron into protoporphyrin IX molecule, is one of the protein that frataxin could
acts as a Fe(II) chaperone . Multiple studies have demonstrated a physical inter-
action between frataxin and ferrochelatase [61, 68, 69]. However, decreases in
ferrochelatase activity have not been observed in frataxin deficient HeLa cells or
patient lymphoblasts [70, 71]. The only other Fe-S enzyme besides ferrochelatase
known to participate in the heme biosynthetic pathway is adrenodoxin which car-
ries out the first step of the conversion of heme O to heme a, that is required for
cytochrome oxidase activity. Frataxin deficient human oligodendroglial cell line has
decreased adrenodoxin activity, decreased heme a and heme c levels and decreased
cytochrome oxidase activity [72].

There is evidence in yeast and in mammals that frataxin deletion leads to severe
alteration of Fe-S enzymes activities [50, 58, 73]. Fe-S clusters are essential com-
ponents of respiratory electron transfer complexes as well as the tricarboxylic acid
cycle enzymes, aconitase and succinate dehydrogenase. Frataxin is required, but
not essential, for Fe-S cluster (ISC) biosynthesis [73, 74]. In eukaryotes, initial ISC
biogenesis is mitochondrial [75]. In yeast, [2Fe-2S] cluster assembly is catalyzed
by the redundant scaffold proteins Isul and Isu2 [76]. Yfhlp has been suggested
to be the iron donor in this process [77]. In addition, frataxin interacts with Isulp
in yeast [78, 79]. Sulfur from cysteine is supplied by the cysteine desulfurase
Nfslp in association with essential protein partner Isd11 [76]. New data have shown
that human frataxin binds the iron-sulfur biogenesis NFS1/ISCU complex through
ISD11 and this interaction is nickel dependent [80]. Recently, studies characterising
biophysical and metal binding properties and the abilities to transfer Fe(II) of the
fly frataxin, support a frataxin’s role as an iron binding protein that delivers Fe(II)
to the Fe-S cluster biosynthesis machinery via Isu in an iron dependent manner
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[81]. Moreover, Drosophila frataxin enhances the stability of DNA and protect it
from oxidative stress because frataxin has the ability to regulate Fenton chemistry,
function correlated directly or indirectly to Fe-S cluster formation [81].

Frataxin interacts with aconitase in presence of citrate. Citrate prevents aconi-
tase cluster disassembly and is required for enzyme reactivation. Thus, the
citrate requirement for interaction of frataxin and aconitase supports the con-
tention that frataxin can stabilize the [4Fe-4S]?* cluster and facilitate enzyme
reactivation [82].

17.4.4 Frataxin as a Regulatory of Oxidative Phosphorylation

Deletion of the frataxin yeast homologue, YFH 1, results in mutant strains that show
a growth defect on fermentable carbon sources and a reduction in mitochondrial
respiration [32, 34], because this mutant has affected the oxidative phosphorylation
[58]. In skeletal muscle of FRDA patients, using phosphorus magnetic resonance
spectroscopy, it has been demonstrated a deficit in a mitochondrial ATP production
[83]. Ristow et al. hypothesized that frataxin might primarily affect oxidative phos-
phorylation acting as an activator [84]. They demonstrated that overexpression of
frataxin in mammalian cells causes an increased mitochondrial membrane poten-
tial and results in an elevated cellular ATP content. In Arabidopsis thaliana it was
observed a higher transcript level of the gene AtF'H (homologue of frataxin) in flow-
ers, a high energy demanding tissues in plants [85]. Moreover, AtFH expression
was further increased in flowers from A. thaliana lines showing a mitochondrial
dysfunction induced by the expression of the unedited version of ATP synthase
subunit 9. Thus, the induction of AtFH expression in these lines could also be
interpreted as a nuclear compensation in response to a decrease in mitochondrial
respiration.

Physical interactions between the yeast frataxin Yfhlp and succinate dehy-
drogenase complex subunits Sdhlp and Sdh2p, which are components of the
mitochondrial complex II, have been observed [86]. This result has been also
confirmed by functional relationships between Ythlp and Sdhlp and Sdh2p car-
rying out synthetic genetic interaction studies of mutated genes. Interaction among
human frataxin and the human succinate dehydrogenase subunits SDHA and SDHB
have been confirmed [86]. These findings suggest that frataxin is working in the
mitochondrial electron transfer chain, perhaps by regulating the delivery of elec-
trons via complex II towards the ubiquinone and also suggest that respiratory
chain may have a primary role in the pathogenesis of FRDA. Genetic interaction
with a complex II subunit of the respiratory chain, has been observed by syn-
thetic genetic analysis in C. elegans [48], confirming similar findings previously
observed in S. cerevisiae [86]. Finally, co-immunoprecipitation results from mito-
chondria of lymphoblast and COS-cells confirm the study of frataxin’s partners in
yeast and C. elegans, in which frataxin was observed to interact with succinate
dehydrogenase [80].
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17.5 Therapies for Friedreich Ataxia

Pathophysiology of Friedreich ataxia based on cell and animal models and human
studies indicates several possible therapeutic approaches: iron-chelation, antioxi-
dant therapy, therapy with metalloporphyrins and molecules to increases frataxin
expression.

17.5.1 Antioxidant Therapy

Coenzyme Qjo (CoQ) and vitamin E are important mitochondrial antioxidants.
Whereas vitamin E is obtained solely from diet, CoQ is obtained in the diet and also
synthesised in every cell via a pathway that shares some of the steps with choles-
terol biosynthesis. It is a component of the electron transport chain. Lodi et al. have
shown that combined CoQ (400 mg/d) and vitamin E (2100 [U/d) therapy resulted
in a significant improvement in cardiac and skeletal muscle energy metabolism in
10 patients with FRDA after 3 months of treatment [87]. A long-term longitudi-
nal follow-up study of these patients with FRDA caused a prolonged improvement
in cardiac and skeletal muscle bioenergetics clearly demonstrating its biochemical
efficacy [88].

Idebenone is a short-chain analogue of CoQ. It has been demonstrated that
idebenone treatment inhibits lipid peroxidation, stimulates mitochondrial functions,
and improves the myocardial energy state in cardiac hypertrophy [89]. Most trials
demonstrated a positive effect on cardiac hypertrophy [90-92]. The neurological
function is in general not modified in adult patients, but a dose-dependent effect
was demonstrated in young Friedreich ataxia patients [93]. The treatment with
idebenone (5-20 mg/kg/day) for 3-5 years in paediatric and adults patients, pre-
vented progression of cardiomyopathy in both patients, whereas its stabilizing effect
on neurological dysfunction was present only in the paediatric population. This sug-
gests that the age at which idebenone treatment is initiated may be an important
factor in the effectiveness of the therapy [94].

Mitoquinone (MitoQ) is an antioxidant selectively targeted to mitochondria. This
mitochondrially localized antioxidant protects against H202-induced apoptosis in
cell culture studies, in contrast to untargeted ubiquinone analogues [95]. MitoQ was
shown to be 800-fold more potent than idebenone in protecting FRDA fibroblasts
from death due to endogenous oxidative stress generated by inhibition of glutathione
synthesis [96]. Until now no clinical trials have been reported.

17.5.2 Iron Chelators Therapy

Since excess of mitochondrial iron is likely to play a role in the pathology of FRDA,
iron chelators have considered in the treatment of FRDA.

Deferiprone is a chelator specifically targeting mitochondrial iron. This chela-
tor is orally active, membrane permeant, and capable of scavenging iron from
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mitochondria of specific areas of the brain. Treatment to FRDA patients with
deferiprone caused no apparent hematologic or neurologic side effects while reduc-
ing neuropathy and ataxic gait in the youngest patients [97]. This was the first
clinical demonstration of chelation removing labile iron accumulated in a specific
brain area implicated in a neurodegenerative disease. In cell HEK-293 deficient in
frataxin, deferiprone restored of impaired mitochondrial membrane, increased ATP
production and oxygen consumption and attenuation of mitochondrial DNA dam-
age [98]. However, in skin fibroblasts of FRDA patients and in frataxin depleted
neuroblastoma derived cells, a direct consequence of chelation mitochondrial free
iron is a concentration and time dependent loss of aconitase activity [99].

A group of iron chelator, 2-pyridylcarboxaldehyde isonicotinoyl hydrazone
(PCIH) ligands, has been designed to specifically target mitochondrial iron pools,
being the 2-pyridylcarboxaldehyde 2-thiophenecarboxyl hydrazone (PCTH) as the
most promising compound. PCTH is highly effective at preventing H,O»-induced
cytotoxicity and at preventing oxidative stress. It also increased FRDA fibroblast
cell viability by up to 70% [100].

17.5.3 Therapy with Metalloporphyrins

Hemin is an enzyme inhibitor derived from processed red blood cells. It is an iron
containing metalloporphyrin. Exogenous heme administration with hemin increases
activity of the iron-sulfur cluster enzymes adrenoxin and aconitase in frataxin
deficient human oligodendroglial cell line [72].

17.5.4 Therapy to Increase Frataxin Expression

Recombinant human erythropoietin (thoEPO) is a glycoprotein hormone that con-
trols erythropoiesis, or red blood cell production. rhoEPO has broad neuroprotective
and cardioprotective capabilities [101, 102]. In various cell types: lymphocytes from
FRDA patients, primary human cardiac cells and in a neuronal cell line, rhoEPO
increases frataxin expression significantly [103].

Heber and colleagues described a screening of small molecule DNA ligands for
their effects on EGFP expression in the reporter cell lines [104]. While some of
the tested compounds were cytotoxic, some compounds such as Hoeschst 33258,
pentamidine, DAPI, distamycin and diminazene, were found to increase GFP
expression. Pentamidine was also shown to increase frataxin expression in primary
FRDA lymphocytes.

Polyamides possess the ability to bind duplex DNA. These molecules are unique
in that they can be programmed to bind predetermined DNA sequences [105].
Polyamide FA1 increased FXN transcription approximately 2—3 fold [106].

Butyric acid has been identified to possess the ability to increase frataxin
expression or transcription through GAA repeats [107].
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Molecules that alter chromatin structure by changing the postsynthetic modifica-
tion states of the histone proteins, namely histone deacetylase inhibitors, have been
screened for their effects on FXN gene expression. HDAC inchibitors have been
tested in FRDA patient lymphocytes and lymphoblasts. One compound, BML-210
and related analogues (in particular component 4b), showed a significant increase in
frataxin message levels by approximately two-fold [108]. Compound 106, a deriva-
tive of 4b, increases histone acetylation in the brain at a dose that causes no apparent
toxicity in wild type C57B1/6 mouse or in KIKI mice (a knock-in mouse carrying a
(GAA)»30 repeat in the first intron of the endogenous frataxin gene [52]). This com-
pound was able to restore normal frataxin levels in the central nervous system and
heart of KIKI mice, tissues that are relevant targets as they are involved in FRDA
pathology [109].
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