
Friedreich Ataxia: Comprehensive
Disease Characteristics Report

Disease: Friedreich  Ataxia  (FRDA)  ·  MONDO: MONDO:0100339  ·  Category: Mendelian
(autosomal recessive) OMIM: #229300 · Orphanet: ORPHA:95 · ICD-10: G11.1 · ICD-11: 8A03.10 ·
MeSH: D005621 · Gene: FXN (HGNC:3951), 9q21.11

Summary

Friedreich Ataxia (FRDA) is  the most common inherited ataxia in populations of European
descent  and  the  prototypical  mitochondrial  iron–sulfur  (Fe-S)  disorder  of  nuclear-genetic
origin.  It  is  an  autosomal  recessive,  progressive,  multisystem  neurodegenerative  disease
caused in ~96–98% of  patients  by a  biallelic  GAA·TTC trinucleotide-repeat expansion in
intron  1  of  the  FXN gene on  chromosome  9q21.11;  the  remainder  are  compound
heterozygotes  carrying  one  expansion  and  one  point  mutation  or  deletion.  The  expanded
repeat  adopts  non-B  DNA structures  and induces  repressive  heterochromatin  that  impairs
transcriptional  elongation,  silencing  FXN and  producing  a  deficiency  of  the  mitochondrial
protein frataxin. Because frataxin is essential for Fe-S cluster biosynthesis, its loss cripples the
electron transport chain and Fe-S–dependent enzymes (e.g.,  aconitase), causing bioenergetic
failure, secondary mitochondrial iron accumulation, and oxidative stress.

This molecular lesion selectively injures a characteristic set of tissues: the dorsal root ganglia
(DRG) —  the  primary  lesion  —  together  with  dorsal  columns,  spinocerebellar  and
corticospinal tracts, the  cerebellar dentate nucleus, the  myocardium, and pancreatic islet
β-cells. The clinical result is a stereotyped phenotype of progressive afferent and cerebellar
ataxia,  dysarthria,  lower-limb areflexia,  extensor plantar responses,  loss  of  proprioception/
vibration  sense,  and  frequently  nystagmus,  dysphagia,  optic  atrophy,  and  hearing  loss,
accompanied by  hypertrophic cardiomyopathy (the leading cause of death),  scoliosis,  pes
cavus, and diabetes mellitus. Disease severity is governed largely by residual frataxin level:
the length of the smaller GAA allele (GAA1) inversely predicts age of onset (accounting for
~50% of the variance) and correlates with cardiomyopathy and diabetes risk.



FRDA is relentlessly progressive, with early-onset patients losing ambulation a median of ~11.5
years after symptom onset and dying most often of cardiac causes in their 30s. Management
remains predominantly  multidisciplinary and symptomatic;  omaveloxolone (SKYCLARYS),
an Nrf2 activator approved by the FDA (2023) and EMA, is the first and only disease-modifying
therapy, producing modest slowing of neurological decline. AAV-based FXN gene replacement,
CRISPR/epigenetic  reactivation,  and  frataxin-stabilizing  approaches  are  advancing  through
preclinical and early clinical development.

Key Findings

1. Genetic cause: biallelic intronic GAA expansion in FXN (F001)

Most FRDA patients are homozygous for a GAA trinucleotide repeat expansion in intron 1
of  FXN (9q21.11).  The  expansion  silences  the  gene  epigenetically  and  reduces  frataxin.
Approximately  96–98%  of  patients  are  homozygous  for  the  expansion;  the  remainder  are
compound heterozygous (expansion on one allele + point mutation or deletion on the other).
Inheritance is autosomal recessive.

"large intronic guanine-adenine-adenine (GAA) tracts at the frataxin (FXN) gene locus induce
heterochromatin  formation,  impaired  transcriptional  elongation,  and  reduced  FXN
expression, driving progressive neurodegeneration and cardiomyopathy" — PMID: 42295329

"FRDA is caused by an expansion of GAA repeats in the first intron of the frataxin (FXN)
gene. The expansion disrupts transcription of FXN, resulting in significantly decreased FXN
expression in FRDA patients' tissues." — PMID: 41514384

"Most patients have a homozygous GAA repeat expansion in the FXN gene, resulting in a
deficiency of the mitochondrial protein frataxin." — PMID: 40541211
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2. Core biochemical defect: impaired Fe-S cluster biosynthesis (F002)

Frataxin is an evolutionarily conserved mitochondrial matrix protein required for iron–sulfur
(Fe-S) cluster biosynthesis, which is essential for the electron transport chain complexes I–III
and many metabolic enzymes (e.g.,  aconitase).  Frataxin deficiency reduces ATP production,
causes  mitochondrial  iron accumulation that  exacerbates  oxidative stress,  and disrupts
glucose and fatty-acid oxidation.

"Frataxin is involved in biosynthesis of iron-sulfur (Fe-S) clusters, which are critical for the
function of the electron transport chain and many metabolic enzymes. Frataxin deficiency
leads  to  reduced  energy  production  and  accumulation  of  iron  in  mitochondria  that
exacerbates oxidative stress." — PMID: 41514384

"Frataxin deficiency impairs key mitochondrial metabolic enzymes, leading to widespread
mitochondrial  dysfunction  with  disrupted  glucose  and  fatty  acid  oxidation." —  PMID:
41447358

3. Epigenetic silencing mechanism (F016)

The large intronic GAA·TTC tract  adopts non-B DNA structures (triplex/"sticky DNA" and R-
loops) and nucleates  repressive heterochromatin (increased H3K9me2/3, DNA methylation,
HDAC-associated  histone  hypoacetylation)  at  the  FXN locus,  impairing  RNA  polymerase  II
elongation  and  reducing  FXN mRNA.  This  mechanism  is  the  rationale  for  epigenetic
reactivation therapies (class I-selective benzamide HDAC inhibitors, high-dose nicotinamide,
anti-gene  oligonucleotides,  gene-targeted  chimeras)  and  splice-modulation  to  boost  the
extramitochondrial FXN-E isoform.

"class I-selective benzamide histone deacetylase inhibitors and high-dose nicotinamide, to
emerging  locus-targeted  platforms  such  as  anti-gene  oligonucleotides  and  gene-targeted
chimera small molecules" — PMID: 42295329

OpenScientist Report

3

https://pubmed.ncbi.nlm.nih.gov/41514384/
https://pubmed.ncbi.nlm.nih.gov/41447358/
https://pubmed.ncbi.nlm.nih.gov/41447358/
https://pubmed.ncbi.nlm.nih.gov/42295329/


4. Multisystem disorder; cardiomyopathy is the leading cause of death (F003,
F007)

FRDA  affects  the  nervous  system,  heart,  musculoskeletal  system,  and  metabolism.
Neurological  deficits  are  the  only  feature  uniformly  present  in  all  patients,  while
extraneural  manifestations  vary.  Onset  is  typically  in  adolescence  but  ranges  from  early
childhood to late adulthood.

"Common extraneural manifestations include cardiomyopathy, which is the most common
cause of mortality, and also scoliosis and diabetes." — PMID: 40541211

"neurological deficits are the only feature uniformly observed in all FRDA patients" — PMID:
41447358

Core phenotype and suggested HPO terms:
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Phenotype HPO term Frequency

Gait ataxia HP:0002066 ~universal

Limb ataxia HP:0001251 ~universal

Dysarthria HP:0001260 very frequent

Lower-limb areflexia HP:0001284 ~universal

Extensor plantar response (Babinski) HP:0003487 very frequent

Impaired proprioception HP:0010831 ~universal

Impaired vibration sense HP:0003390 ~universal

Nystagmus HP:0000639 frequent

Dysphagia HP:0002015 frequent

Optic atrophy HP:0000648 subset

Sensorineural hearing loss HP:0000407 subset

Hypertrophic cardiomyopathy HP:0001639 frequent (major mortality driver)

Scoliosis HP:0002650 frequent

Pes cavus HP:0001761 frequent

Diabetes mellitus HP:0000819 subset (~10–30%)

5. Genotype–phenotype correlation (F005)

In 67 FRDA patients (48 Italian families),  FXN intron-1 GAA alleles ranged 201–1,186 repeats
with no overlap with the normal range and a peak at 800–1,000. Both allele lengths inversely
correlated with age at onset; the smaller allele (GAA1) best predicted onset, accounting for
~50% of variance. Mean allele length was significantly higher in patients with diabetes and
cardiomyopathy.  An independent  cohort  confirmed inverse correlation of  GAA length with
onset age, disease duration, and cardiomyopathy. The repeat is meiotically unstable (median
variation ~150 repeats), providing a basis for genetic anticipation.
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"The lengths of both larger and smaller alleles in each patient inversely correlated with age
at  onset  of  the  disorder.  Smaller  alleles  showed  the  best  correlation,  accounting  for
approximately 50% of the variation of age at onset.  Mean allele length was significantly
higher in patients with diabetes and in those with cardiomyopathy." — PMID: 8751856

"Genotype-phenotype  correlation  analyses  in  FA  patients  have  evidenced  an  inverse
relationship between GAA repeat expansion length and age of onset, disease duration, and
presence of cardiomyopathy." — PMID: 11719273

6. Residual frataxin level (not mutation type) determines phenotype (F009)

Matched  neuropathology  of  compound  heterozygous  versus  homozygous  FRDA  showed
similar cardiac and neuropathological lesions. Frataxin in heart and dentate nucleus of all
cases was ≤10 ng/g wet weight (ELISA detection limit) versus normal dentate 126 ± 43 ng/g and
normal  heart  266  ±  92  ng/g.  The  pathologic  phenotype  is  set  by  residual  frataxin,  not  the
specific mutation — explaining why complete loss (embryonic lethal) is never seen in patients.

"The pathologic phenotype in homozygous and compound heterozygous FA is determined by
residual frataxin levels rather than unique mutations." — PMID: 28789479

7. Neuropathology: dorsal root ganglia and dentate nucleus (F008)

The primary lesion is the DRG: initial hypoplasia followed by progressive atrophy, producing
thinning  of  dorsal  roots,  degeneration  of  dorsal  columns,  transsynaptic  atrophy  of  Clarke
column  and  dorsal  spinocerebellar  fibers,  atrophy  of  gracile/cuneate  nuclei,  and  sensory
neuropathy. The dentate nucleus shows selective atrophy of large glutamatergic neurons and
grumose  degeneration  of  GABAergic  corticonuclear  terminals.  Systemic  involvement  of
myocardium and pancreatic islets confirms it as a systemic disease.

"Progressive  destruction  of  dorsal  root  ganglia  accounts  for  thinning  of  dorsal  roots,
degeneration of dorsal columns, transsynaptic atrophy of nerve cells in Clarke column and
dorsal  spinocerebellar  fibers,  atrophy  of  gracile  and  cuneate  nuclei,  and  neuropathy  of
sensory nerves." — PMID: 23334592
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"The lesion of  the  dentate  nucleus consists  of  progressive  and selective  atrophy of  large
glutamatergic neurons and grumose degeneration of corticonuclear synaptic terminals that
contain γ-aminobutyric acid (GABA)." — PMID: 23334592

"Involvement of the myocardium and pancreatic islets of Langerhans indicates that it is also
a systemic disease." — PMID: 23859341

Anatomical/cellular ontology terms: dorsal root ganglion (UBERON:0000044); dorsal column
(UBERON:0002211);  spinocerebellar  tract  (UBERON:0004704);  corticospinal  tract
(UBERON:0002460);  dentate  nucleus  (UBERON:0002439);  myocardium  (UBERON:0002349);
pancreatic islet (UBERON:0000006).  Cell  types: sensory neuron (CL:0000101),  cardiac muscle
cell  (CL:0000746),  pancreatic  β-cell  (CL:0000169),  cerebellar  dentate  glutamatergic  neurons.
Subcellular:  mitochondrion  (GO:0005739);  mitochondrial  matrix  (GO:0005759);  Fe-S  cluster
assembly (GO:0016226).

8. Progression and prognosis (F006, F010)

In the FA-COMS natural history cohort (1,021 patients, 4,606 visits), FRDA causes progressive
loss of coordination and balance leading to loss of ambulation (LoA) in nearly all patients.
Early-onset (<15 y) patients become fully wheelchair-dependent at a median of 11.5 years (IQR
8.6–16.2)  after  first  symptoms.  A  characteristic  sequence  of  loss  of  FARS  stance/balance
functions predicts future LoA risk.

"Early onset FRDA patients (<15y of age) typically become fully wheelchair dependent at a
median of 11.5y (25th, 75th percentiles 8.6y, 16.2y) after the onset of first symptoms." —
PMID: 31938785

A Brazilian cohort (n=151; 24 deaths, 15.9%) found mean age at death 33 ± 10.7 years; among
12 known causes, cardiac in 7, pulmonary in 3, diabetic ketoacidosis in 1, sepsis in 1. Shorter
life expectancy was associated with male sex (54.0 vs 56.8 y, p=0.03), classical vs late onset (52.2
vs 71.0 y, p<0.01), and cardiomyopathy (50.8 vs 65.0 y, p<0.01).

"Male sex,  early  onset  and presence of  cardiomyopathy are negative  survival  prognostic
markers." — PMID: 41273607
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9. Epidemiology (F011)

FRDA is worldwide the most common form of hereditary ataxia. Prevalence in populations
of European descent is ~1 in 30,000–50,000 (~2–4 per 100,000), carrier frequency ~1 in 60–100.
Strong regional/founder variation exists: in Finland carrier frequency was only 1/500 (birth
incidence ~1/10⁶),  because pre-mutation "reservoir" alleles (28–36 GAA) at the upper end of
normal variation were absent. A single major universal risk haplotype underlies most patients;
the disease is essentially restricted to European, North African, Middle Eastern, and Indian
(Indo-European) populations and rare in sub-Saharan African,  East  Asian,  and Amerindian
populations.

"Worldwide it  is  considered to be the most  common form of  hereditary ataxia,  but  it  is
infrequently encountered in Finland." — PMID: 11810294

"Alleles in the uppermost end of the normal variation (28-36 GAA) were totally missing in the
Finnish population." — PMID: 11810294

10. Diagnosis (F014)

Hallmark clinical  features  prompting diagnosis:  progressive  afferent  and cerebellar  ataxia,
dysarthria,  impaired  vibration/proprioception,  absent  lower-limb  reflexes,  pyramidal
weakness,  scoliosis,  foot  deformity,  and  cardiomyopathy.  Confirmation  is  molecular  —
detection of biallelic GAA expansion in FXN intron 1 by triplet-repeat-primed PCR / fluorescent
amplicon-length  PCR  (long-read  sequencing  for  accurate  sizing);  compound  heterozygotes
require  FXN sequencing.  Supportive  tests:  nerve  conduction  studies  show  absent/reduced
sensory  nerve  action  potentials  with  preserved  motor  conduction  (axonal  sensory
neuronopathy);  ECG/echocardiography  detect  concentric  hypertrophic  (later  dilated)
cardiomyopathy; spinal MRI shows cervical cord atrophy with early sparing of the cerebellum.

"The hallmark clinical features of FRDA include progressive afferent and cerebellar ataxia,
dysarthria,  impaired vibration sense and proprioception,  absent tendon reflexes in lower
limbs,  pyramidal  weakness,  scoliosis,  foot  deformity  and  cardiomyopathy." —  PMID:
25928624
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Differential diagnosis: ataxia with vitamin E deficiency (AVED), ataxia-telangiectasia, ARSACS,
ataxia  with  oculomotor  apraxia  (AOA1/2),  POLG-related  ataxia,  and  FGF14  (SCA27B)  GAA-
repeat ataxia.

"In the case of recessive disease, a stepwise diagnostic work-up is recommended, including
both biochemical markers and targeted genetic testing, particularly aimed at Friedreich's
ataxia, ataxia telangiectasia, ataxia due to vitamin E deficiency" — PMID: 24418350

11. First disease-modifying therapy: omaveloxolone (F004)

In the pivotal  MOXIe phase 2 trial (NCT02255435),  150 mg/day omaveloxolone vs placebo
(ages 16–40, mFARS 20–80) produced a placebo-corrected mFARS difference of −2.40 ± 0.96 at
48 weeks (p = 0.014) — omaveloxolone −1.55 ± 0.69 vs placebo +0.85 ± 0.64. Main adverse
effects: transient reversible aminotransferase elevations, headache, nausea, fatigue. FDA (2023)
and EMA approval followed (SKYCLARYS; NCIT: omaveloxolone).

"Changes from baseline in mFARS scores in omaveloxolone (-1.55 ± 0.69) and placebo (0.85 ±
0.64) patients showed a difference between treatment groups of -2.40 ± 0.96 (p = 0.014)." —
PMID: 33068037

"Omaveloxolone,  an  Nrf2  activator,  improves  mitochondrial  function,  restores  redox
balance, and reduces inflammation in models of FA." — PMID: 33068037

12. Management and experimental therapeutics (F015, F013)

Prior  to  omaveloxolone,  no  proven  treatment  could  slow  progression;  care  is
multidisciplinary and symptomatic (Corben 2014; 146 recommendations, 62% expert opinion).
Components:  physiotherapy,  occupational  and  speech  therapy;  mobility  aids/wheelchair;
surveillance and pharmacologic/device management of cardiomyopathy and arrhythmia (ACE
inhibitors/beta-blockers;  HRS  arrhythmia  consensus);  diabetes  screening/treatment;
orthopedic  management  of  scoliosis  (bracing,  spinal  fusion)  and  pes  cavus;  treatment  of
spasticity, bladder dysfunction, pain, and sensory complications. Idebenone, high-dose CoQ10/
vitamin  E,  and  deferiprone  (iron  chelation)  have  been  trialed  but  are  not  established  as
disease-modifying.
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"At present there is no proven treatment that can slow the progression or eventual outcome
of this life-shortening condition." — PMID: 25928624

Gene therapy proof-of-concept: A single dose of AAV9-hFXN (6×10¹¹ v.p.) more than doubled
lifespan of  conditional  Fxn-KO mice and preserved cardiac systolic  function,  with frataxin
detected  in  heart,  brain,  muscle,  kidney,  and  liver.  AAV2-based  intravitreal  FXN
supplementation partially preserved retinal structure/function in ocular-phenotype models.

"A single administration of the AAV9-hFXN at 6 × 10(11) v.p. more than doubled the life of
these mice." — PMID: 26015982

"Gene supplementation via intravitreal injection of a novel AAV2-based capsid carrying FXN
partially preserved retinal structure and/or function in both models, establishing proof of
concept for this therapeutic strategy." — PMID: 41137390

13. Animal and cellular models (F012)

Complete Fxn knockout is embryonic lethal (frataxin essential for development), which is why
patients always retain residual frataxin. Conditional KOs (MCK-Cre striated muscle; NSE-Cre
neuron/cardiac) reproduce cardiac hypertrophy without skeletal-muscle involvement,  large-
sensory-neuron dysfunction sparing small sensory/motor neurons, and deficient complexes I–
III  and  aconitase;  critically,  intramitochondrial  iron  accumulation  occurs  AFTER  Fe-S
enzyme inactivation and pathology onset, establishing enzyme dysfunction as upstream of
iron deposition. Humanized GAA-repeat YAC transgenic models (YG8R/YG22R) show reduced
frataxin,  decreased aconitase,  oxidative stress,  DRG vacuolation,  and rotarod deficits.  iPSC-
derived neurons, cardiomyocytes, microglia, and organoids provide human isogenic in-vitro
systems.

"cardiac hypertrophy without skeletal muscle involvement, large sensory neuron dysfunction
without  alteration  of  the  small  sensory  and  motor  neurons,  and  deficient  activities  of
complexes  I-III  of  the  respiratory  chain  and  of  the  aconitases  ...  time-dependent
intramitochondrial iron accumulation ... which occurs after onset of the pathology and after
inactivation of the Fe-S-dependent enzymes." — PMID: 11175786
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"The resultant FRDA mice that express only human-derived frataxin show comparatively
reduced levels of frataxin mRNA and protein expression, decreased aconitase activity, and
oxidative  stress,  leading  to  progressive  neurodegenerative  and  cardiac  pathological
phenotypes." — PMID: 16919418

Section-by-Section Details

1. Disease Information

FRDA  is  an  autosomal  recessive,  progressive,  multisystem  neurodegenerative  disorder
combining  a  neurological  ataxic  syndrome  with  cardiac,  skeletal,  and  metabolic  features.
Identifiers: MONDO:0100339,  OMIM  #229300,  Orphanet  ORPHA:95,  ICD-10  G11.1,  ICD-11
8A03.10,  MeSH  D005621.  Synonyms: Friedreich's  ataxia,  FRDA,  FA,  spinocerebellar
degeneration (historical), hereditary spinal ataxia. Information here derives from aggregated
disease-level  resources  (OMIM,  Orphanet,  HPO),  natural  history  registries  (FA-COMS),  and
primary literature — not individual EHR.

2. Etiology

Causal factor: biallelic loss-of-function of  FXN via intronic GAA expansion (or expansion +
point  mutation/deletion).  Genetic  risk: homozygosity  for  the  expanded  GAA  allele;  larger
GAA1 length increases severity/earlier onset.  Modifiers: proposed roles for oxidative-stress
and iron-handling genes; residual frataxin level is  the dominant determinant of phenotype
(F009).  Environmental  risk/protective  factors: none  established  as  causal  —  FRDA  is
essentially  fully  genetically  determined;  no dietary,  occupational,  or  infectious  triggers  are
recognized.  Gene–environment  interaction: limited;  oxidative-stress  exposure  could
theoretically  aggravate  an  already  compromised  redox  system,  but  this  is  not  clinically
validated.  Protective genetics: absence of upper-normal "reservoir" alleles (28–36 GAA) in a
population reduces disease incidence (Finland; F011).
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3. Phenotypes

See the  HPO table  above (Finding 4).  Onset  is  typically  adolescent  (childhood to  late-adult
range); severity is variable and largely GAA1-dependent; progression is chronic and relentless.
Quality-of-life  impact  is  severe  and  cumulative:  progressive  loss  of  independent  mobility,
communication  (dysarthria),  swallowing,  and  —  with  cardiac/diabetic  complications  —
survival. Afferent/sensory ataxia and cerebellar dysfunction jointly drive disability.

4. Genetic/Molecular Information

Causal  gene: FXN (frataxin),  HGNC:3951,  9q21.11.  Variant  class: intronic  GAA·TTC  repeat
expansion  (structural/repeat-expansion;  pathogenic  per  ACMG  when  biallelic),  plus  rare
pathogenic  point  mutations  (missense,  nonsense,  splice-site)  and  deletions  in  compound
heterozygotes.  Functional consequence: loss of function via transcriptional silencing (not a
toxic protein gain-of-function, distinguishing it from coding CAG disorders like Huntington's).
Allele ranges: normal <~33; pre-mutation ~34–65; pathogenic ~66 to >1,000 (patient peak 800–
1,000;  F005).  Epigenetics: heterochromatin  marks  (H3K9me2/3),  DNA  methylation,  histone
hypoacetylation at FXN (F016). No recurrent aneuploidy/translocation.

5. Environmental Information

No environmental, lifestyle, or infectious agents are established causes or triggers of FRDA. It is
a  monogenic  disease.  Iron intake/chelation modulate  downstream biochemistry but  do not
cause disease.
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6. Mechanism / Pathophysiology — ordered causal chain

1. Biallelic GAA·TTC expansion in FXN intron 1 (or expansion + point mutation)
        │  leads to
2. Non-B DNA structures (triplex/"sticky DNA", R-loops) + repressive heterochromatin
   (H3K9me2/3, DNA methylation, histone hypoacetylation)
        │  results in
3. Impaired RNA Pol II transcriptional elongation → reduced FXN mRNA → frataxin deficiency
        │  leads to
4. Impaired mitochondrial Fe-S cluster biosynthesis
        │  results in (branch)
   ├─► 5a. Deficient ETC complexes I–III + aconitase → bioenergetic failure
   ├─► 5b. Mitochondrial iron accumulation (occurs AFTER Fe-S enzyme loss — model-demonstrated)
   └─► 5c. Increased ROS / oxidative stress + lipid peroxidation
        │  converge to cause
6. Selective cellular vulnerability: DRG proprioceptive neurons, dentate glutamatergic
   neurons, cardiomyocytes, pancreatic β-cells (+ microglial dysfunction, iPSC-inferred)
        │  leads to
7. Tissue lesions: DRG atrophy → dorsal column/spinocerebellar/corticospinal degeneration;
   dentate nucleus atrophy; myocardial hypertrophy/fibrosis; islet β-cell loss
        │  results in
8. Clinical manifestations: afferent + cerebellar ataxia, areflexia, pyramidal signs,
   dysarthria, sensory loss; hypertrophic cardiomyopathy; diabetes; scoliosis; pes cavus
        │  progresses to
9. Loss of ambulation (~11.5 y post-onset, early onset) and death (mean ~33–38 y),
   most often from cardiac causes

Upstream  vs  downstream: steps  1–3  (genetic/epigenetic  silencing)  are  upstream;  frataxin
deficiency (4) is the pivotal node; Fe-S enzyme failure (5a) precedes iron accumulation (5b) per
mouse-model ordering (F012).  Molecular pathways/GO terms: iron-sulfur cluster assembly
(GO:0016226),  mitochondrial  electron  transport  chain  (GO:0022900),  cellular  response  to
oxidative  stress  (GO:0034599),  tricarboxylic  acid  cycle  (aconitase;  GO:0006099),  Nrf2/KEAP1
antioxidant  response  (drug  target).  Immune  involvement: iPSC  studies  suggest  intrinsic
microglial mitochondrial/iron/lysosomal defects driving a pro-inflammatory, neurotoxic state
(

41318543
)

— a candidate primary mediator rather than purely secondary.  CL terms: sensory neuron
(CL:0000101), microglial cell (CL:0000129), cardiac muscle cell (CL:0000746), pancreatic β-cell
(CL:0000169).

P
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7. Anatomical Structures Affected

Primary: nervous system (DRG, dorsal columns, spinocerebellar/corticospinal tracts, dentate
nucleus)  and  heart.  Secondary/systemic: pancreas  (islets  →  diabetes),  skeleton  (spine  →
scoliosis;  feet  →  pes  cavus),  optic  and  auditory  pathways.  Body  systems: nervous,
cardiovascular,  musculoskeletal,  endocrine.  Subcellular: mitochondrion  (GO:0005739),
mitochondrial matrix (GO:0005759). Involvement is bilateral and largely symmetric.

8. Temporal Development

Onset: typically adolescent/childhood (classical), with late-onset (LOFA, >25 y) and very-late-
onset (VLOFA, >40 y) variants generally milder and slower (smaller GAA1). Pattern: insidious,
chronic,  progressive (not relapsing-remitting or episodic).  Stages: ambulatory →  assisted →
wheelchair-dependent  →  advanced  with  bulbar/cardiac  complications.  Progression  rate:
variable,  inversely  related  to  GAA1  length.  Critical  window: early  intervention  before
irreversible  neuronal  loss  is  the  therapeutic  goal,  given  DRG  hypoplasia  may  have  a
developmental component.

9. Inheritance and Population

Autosomal  recessive;  complete  penetrance  of  biallelic  expansions;  variable  expressivity
governed by GAA1 length; genetic anticipation possible via meiotic repeat instability (median
~150-repeat variation).  Prevalence ~1/30,000–50,000 (European descent);  carrier frequency
~1/60–100. Founder haplotype; near-absence in East Asian, sub-Saharan African, Amerindian
populations. Consanguinity increases risk as in any recessive disorder. Sex ratio ~1:1 (males
show worse survival, F010).

10. Diagnostics

See Finding 10. Genetic testing is confirmatory (repeat-expansion sizing ±  FXN sequencing).
Adjuncts: nerve conduction (sensory neuronopathy), ECG/echocardiography (hypertrophic →
dilated  cardiomyopathy),  HbA1c/glucose  (diabetes),  spinal  MRI  (cervical  cord  atrophy).  No
newborn screening currently standard; cascade and carrier testing available.
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11. Outcome/Prognosis

Life-shortening; mean age at death ~33–38 y,  predominantly cardiac.  Near-universal loss of
ambulation. Negative prognostic markers: male sex, early onset, cardiomyopathy, longer GAA1
(F005, F010).  Morbidity is  dominated by mobility,  communication, swallowing,  cardiac,  and
metabolic impairment. mFARS/FARS and SARA are the standard progression measures.

12. Treatment

Omaveloxolone (Nrf2 activator; NCIT concept) is the only approved disease-modifying drug.
Symptomatic/supportive:  cardiac  (ACE-I,  beta-blockers,  device  therapy),  antidiabetic  agents,
orthopedic  surgery  (spinal  fusion),  physiotherapy/OT/speech  therapy,  spasticity  and  pain
management.  Experimental:  AAV-FXN gene  therapy,  CRISPR  repeat  excision/epigenetic
reactivation,  HDAC  inhibitors,  high-dose  nicotinamide,  frataxin-stabilizing  and  splice-
modulating molecules, iron chelation (deferiprone).

13. Prevention

No  primary  prevention  (monogenic).  Genetic  counseling,  carrier/cascade  screening,
prenatal and preimplantation genetic testing are the mainstays for at-risk families. Tertiary
prevention: surveillance and management of cardiomyopathy, diabetes, and scoliosis to avert
complications. No immunization or public-health/environmental interventions apply.

14. Other Species / Natural Disease

Human  disease  (NCBI  Taxon  9606).  FXN is  evolutionarily  conserved  with  orthologs  across
mammals,  Drosophila,  C. elegans, and yeast (YFH1), enabling cross-species mechanistic study.
No  prominent  naturally  occurring  FRDA-equivalent  in  companion  animals  is  established;
models are engineered. Conservation of the Fe-S/frataxin pathway underlies model validity.

15. Model Organisms

Mouse: complete KO embryonic lethal;  conditional  KO (MCK-Cre,  NSE-Cre)  and humanized
GAA-repeat  YAC  transgenics  (YG8R/YG22R)  recapitulate  cardiac,  sensory-neuron,  and
biochemical  phenotypes  (F012).  In  vitro/human: iPSC-derived  neurons,  cardiomyocytes,
microglia,  and  organoids;  isogenic  CRISPR-corrected  lines.  Applications: mechanism
dissection  (Fe-S/iron  ordering),  biomarker  discovery,  and  therapeutic  testing  (AAV  gene
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therapy, epigenetic reactivation). Limitations: models incompletely capture the slow, decades-
long  human  course  and  full  DRG/dentate  selective  vulnerability.  Databases:  MGI,  IMSR,
Cellosaurus.

Mechanistic Model / Interpretation

The unifying model is dose-dependent frataxin insufficiency. A single upstream lesion — the
intronic  GAA  expansion  —  produces  graded  frataxin  deficiency  whose  magnitude  (set
principally by GAA1 length and hence residual expression) determines the entire downstream
cascade and clinical severity (F005, F009). The pivotal biochemical consequence is failure of Fe-
S  cluster  biosynthesis  (F002),  which  starves  the  respiratory  chain  and  Fe-S  enzymes  of
function,  with  mitochondrial  iron  accumulation  and  oxidative  stress  as  downstream,  not
initiating,  events  (established  by  the  temporal  ordering  in  conditional-KO  mice,  F012).
Selective  vulnerability  of  proprioceptive  DRG  neurons,  dentate  glutamatergic  neurons,
cardiomyocytes, and β-cells — cells with high oxidative metabolic demand and/or long axons
— explains the stereotyped phenotype (F007,  F008).  Emerging iPSC data implicate intrinsic
microglial  dysfunction  as  a  possible  primary  amplifier  of  neuronal  death
(

41318543
).

Therapeutically,  three  tiers  map  onto  this  chain:  (1)  antioxidant/bioenergetic  buffering
downstream (omaveloxolone via Nrf2; the only approved agent, F004); (2)  transcriptional/
epigenetic  reactivation  at  the  silenced  locus (HDAC  inhibitors,  nicotinamide,  anti-gene
oligonucleotides;  F016);  and  (3)  frataxin  restoration  at  the  source (AAV-FXN gene
replacement  and  CRISPR  repeat  correction;  F013,  F012).  The  further  upstream  the
intervention, the greater the theoretical disease modification — but the harder the delivery to
CNS and heart.

P
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Evidence Base

PMID Contribution

42295329 Epigenetic silencing mechanism; reactivation therapies

41514384 GAA expansion → reduced FXN; Fe-S cluster role; iPSC models

41447358 Metabolic consequences; universal neurological involvement

40541211 Multisystem overview; cardiomyopathy mortality; omaveloxolone approval

8751856 Genotype–phenotype: GAA length vs onset/cardiomyopathy/diabetes

11719273 Independent confirmation of GAA–onset correlation

31938785 FA-COMS: loss of ambulation ~11.5 y

41273607 Survival: mean death age 33 y; prognostic markers

23334592 Neuropathology: DRG primary lesion, dentate nucleus

23859341 Systemic (myocardial/islet) involvement

28789479 Residual frataxin determines phenotype

11810294 Epidemiology and founder/reservoir-allele effect

33068037 MOXIe trial: omaveloxolone efficacy

25928624 Consensus management guidelines; diagnostic hallmarks

24418350 EFNS/ENS diagnostic algorithm; differentials

11175786 Conditional-KO mouse: Fe-S loss precedes iron accumulation

16919418 Humanized GAA-repeat YAC mouse model

26015982 AAV9-hFXN doubles lifespan; cardiac rescue

41137390 AAV2-FXN ocular gene-therapy proof-of-concept

41318543 Microglial dysfunction as candidate primary mediator
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Evidence source types: human clinical/pathology (40541211, 23334592, 28789479, 31938785,
41273607,  33068037,  8751856,  11719273,  11810294,  25928624,  24418350);  model  organism
(11175786,  16919418,  26015982,  41137390);  in  vitro/iPSC  (41514384,  41318543);  reviews/
mechanistic synthesis (42295329, 41447358, 23859341).

Limitations and Knowledge Gaps

Iron's causal role remains debated. Mouse data place iron accumulation downstream of
Fe-S enzyme failure, and iron chelation has not been established as disease-modifying — so
iron may be a marker/amplifier rather than a primary driver.

Microgliopathy as a primary vs secondary mediator is supported by iPSC/xenograft data
but not yet confirmed in patients.

Modifier genes beyond GAA1 length are incompletely defined; GAA1 explains ~50% of
onset-age variance, leaving substantial unexplained variability.

Omaveloxolone's effect is modest (mFARS −2.40 over 48 weeks) and long-term/hard-
outcome (mortality, ambulation) benefit is not yet proven.

Gene-therapy translation faces CNS + cardiac delivery, dosing, durability, and safety
hurdles; human efficacy is unproven.

Epidemiology relies on European-ancestry data; prevalence in admixed and under-studied
populations is uncertain.

Natural animal disease and standardized model-to-human progression mapping are
limited.

Proposed Follow-up Experiments / Actions

Frataxin as a surrogate biomarker: validate blood/skin/platelet frataxin (and lipid-
peroxidation/Fe-S metabolite panels) against mFARS progression and cardiac endpoints to
enable shorter trials.

Long-term omaveloxolone outcomes: analyze open-label extension and real-world
registry data for effects on ambulation loss and cardiac mortality.

• 

• 

• 

• 

• 

• 

• 

1. 

2. 

OpenScientist Report

18



Iron-handling intervention trials stratified by residual frataxin and cardiac iron (MRI
T2*) to resolve iron's causal contribution.

Head-to-head model benchmarking of AAV-FXN serotypes/capsids for combined
CNS+cardiac transduction and durability in humanized YG8R mice.

Microglia-targeted studies: test whether CRISPR-corrected or pharmacologically rescued
microglia halt neuronal death in xenograft models, and seek patient CSF/imaging correlates
of neuroinflammation.

Modifier-gene GWAS/QTL in large FA-COMS-scale cohorts to explain residual onset-age
variance beyond GAA1.

Cross-omics integration (transcriptomic + proteomic + metabolomic) in DRG/cardiac iPSC
models to prioritize druggable downstream nodes and cell-type-specific biomarkers.

Report  compiled  from  16  confirmed  findings  and  32  reviewed  papers  across  5  investigation
iterations. Ontology suggestions: MONDO:0100339; HGNC:3951 (FXN); GO:0016226, GO:0005739,
GO:0022900,  GO:0034599;  UBERON:0000044,  UBERON:0002439,  UBERON:0002349,
UBERON:0000006; CL:0000101, CL:0000129, CL:0000746, CL:0000169.
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