Severe X-linked Mitochondrial
Encephalomyopathy (AIFM1-related,
COXPD®6): A Comprehensive Disease
Characterization

Disease: Severe X-linked Mitochondrial Encephalomyopathy MONDO ID: MONDO:0010437 -
OMIM: #300816 (Combined Oxidative Phosphorylation Deficiency 6, COXPD6) Causal gene:
AIFM1 (Xq26.1; HGNC:8768) - Inheritance: X-linked recessive Category: Mendelian, ultra-rare
primary mitochondrial disorder

Summary

Severe X-linked mitochondrial encephalomyopathy (MONDO:0010437; OMIM #300816,
Combined Oxidative Phosphorylation Deficiency 6, COXPD6) is an ultra-rare, X-linked
recessive primary mitochondrial disease caused by pathogenic variants in AIFM1 on
chromosome Xq26.1. AIFM1 encodes Apoptosis-Inducing Factor (AIF), a 613-amino-acid, FAD-
dependent NADH oxidoreductase that resides in the mitochondrial intermembrane space. The
index "severe" allele is the in-frame deletion p.Arg201del (R201del), identified by Ghezzi and
colleagues in 2010 in two male infants with progressive mitochondrial encephalomyopathy
born to monozygotic twin sisters and unrelated fathers — a pedigree that established the X-
linked trait (PMID: 20362274).

The disease arises from a dual (two-branch) pathomechanism. The first branch is loss of
AIF's vital, non-apoptotic role in supporting mitochondrial oxidative phosphorylation
(OXPHOS): AIF promotes the mitochondrial import of MIA40/CHCHD4 and the assembly/
stability of respiratory chain complexes, so its deficiency produces a combined OXPHOS defect
(reduced complex I, III and IV activities), an energy deficit, and oxidative stress. The second
branch is a gain in regulated cell death via parthanatos — a PARP-1 — poly(ADP-ribose)
(PAR) — AIF/MIF - large-scale DNA fragmentation cascade that culminates in caspase-
independent neuronal and myocyte death. Together these branches generate a typically fatal
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infantile- or neonatal-onset encephalomyopathy (developmental regression, drug-resistant
seizures, hypotonia, lactic acidosis), frequently with cardiomyopathy and sensorineural
hearing loss, within a broader AIFM1 allelic spectrum that extends to milder, later-onset
axonal neuropathy (Cowchock syndrome/CMTX4) and riboflavin-responsive cerebellar ataxia.

There is no curative therapy. Management is supportive and includes genotype-informed
candidate cofactor/redox agents (riboflavin, Coenzyme Q10, thiamine — a "mito cocktail"),
seizure control, cardiac heart-failure therapy, nutritional support, and rehabilitation, with
careful perioperative/anesthetic planning. The Harlequin (Hq) mouse, which carries a
proviral insertion that reduces AIF by 80-90%, is the key animal model: it reproduces complex
I deficiency and progressive, cerebellum- and retina-predominant neurodegeneration, and has
been used to demonstrate that mitochondrial injury is causal (upstream) to neuronal death
and to test redox/antioxidant interventions.

Key Findings

Finding 1 — AIFM1 mutations cause the disease (COXPD6, OMIM #300816)

Ghezzi et al. (2010) identified a disease-segregating X-linked AIFM1 mutation — ¢.601_603del,
p-Arg201del (R201del) — in two male infants with progressive mitochondrial
encephalomyopathy. The pedigree (two affected boys born to monozygotic twin sisters and
unrelated fathers) pointed unambiguously to X-linked inheritance rather than a shared
autosomal or environmental cause. Patient fibroblasts showed a combined respiratory chain
defect with reduced complex IIT and complex IV but preserved complex I activities at the
fibroblast level, and re-expression of wild-type AIF rescued the biochemical defect. AIFM1
maps to Xq26.1, and the clinical entity is catalogued as Combined Oxidative Phosphorylation
Deficiency 6 (COXPD6, OMIM #300816; MONDO:0010437).

"We found a disease-segregating mutation in the X-linked AIFM1 gene, encoding the
Apoptosis-Inducing Factor (AIF) mitochondrion-associated 1 precursor that deletes
arginine 201 (R201 del)." — PMID: 20362274

"Fibroblasts from both showed reduction of respiratory chain (RC) cIII and cIV, but not of
cI activities." — PMID: 20362274
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This is the foundational, human-clinical evidence establishing AIFM1 R201del as the causal
lesion for severe X-linked mitochondrial encephalomyopathy.

Finding 2 — Dual pathomechanism: loss of OXPHOS support plus enhanced
parthanatos

The same study demonstrated both arms of the mechanism. In AIF(R201del) fibroblasts,
staurosporine-induced parthanatos (caspase-independent chromatin fragmentation) was
markedly increased, and re-expression of wild-type AIF restored respiratory chain
activities — simultaneously proving a pro-death gain of function and a loss of the OXPHOS-
supporting function. Patient muscle showed numerous TUNEL-positive, caspase-3-negative
nuclei, the histological signature of parthanatos in a disease-critical tissue. In vitro, R201del
decreases the stability of both mitochondrial ATF(mit) and soluble AIF(sol) and increases
AIF(sol) DNA-binding affinity (a prerequisite for the nuclear, pro-death activity).
Mechanistically, AIF supports complex I assembly/stability by promoting mitochondrial import
of MIA40/CHCHDA.

"In AIF(R201 del) fibroblasts, staurosporine-induced parthanatos was markedly increased,
whereas re-expression of AIF(wt) induced recovery of RC activities." — PMID: 20362274

"they channel electrons into the respiratory chain and, at least in animals, promote the
import of Mia40 (named MIA40 or CHCHD4 in humans) and the assembly of complex I" —
PMID: 32769219

Finding 3 — Broad allelic spectrum, from lethal infantile
encephalomyopathy to later-onset neuropathy/ataxia

AIFM1 variants produce a phenotypic continuum rather than a single syndrome:


https://pubmed.ncbi.nlm.nih.gov/20362274/
https://pubmed.ncbi.nlm.nih.gov/32769219/

OpenScientist Report

Representative

Phenotype . Key features Evidence
variant
Severe infantile mitochondrial Regression, seizures, lactic PMID:
p.Arg201del o
encephalomyopathy (COXPD6) acidosis, early death 20362274
Early-onset axonal ST
sensorimotor neuropathy with  (various) Neuropathy + deafness '
) 28967629
hearing loss
Slowly progressive X-linked PMID:
Cowchock syndrome / CMTX4 p-Glu493val axonal neuropathy, deafness, 23217'327
cognitive impairment
Riboflavin-responsive X-linked = p.Met340Thry, Childhood ataxia, partial PMID:
cerebellar ataxia p-Thri4ille riboflavin response 28967629
Severe multisystem disease, . . PMID:
) . . (X-linked AIFM1) Multisystem pathology
metabolic acidosis, early death 34117073

"Mutations in the X-linked AIFM1 were reported in relation to two main phenotypes: a
severe infantile mitochondrial encephalomyopathy and an early-onset axonal
sensorimotor neuropathy with hearing loss." — PMID: 28967629

"Cowchock syndrome (CMTX4) is a slowly progressive X-linked recessive disorder with
axonal neuropathy, deafness, and cognitive impairment." — PMID: 23217327

Importantly, the ataxia end of the spectrum is partially riboflavin-responsive: in two
patients, riboflavin (up to 200 mg/day for 12 months) decreased the ICARS ataxia score by 39%
and 20%, respectively.

"Ataxia score, decreased by 39% in patient 1 and 20% in patient 2" — PMID: 28967629

Finding 4 — The Harlequin (Hq) mouse recapitulates complex I deficiency
and progressive neurodegeneration
The Harlequin mouse carries a proviral insertion in Aifm1 that reduces AIF by 80-90%,

producing severe complex I deficiency (40-50% reduction in complex I level/activity) and
progressive neurodegeneration beginning ~3 months of age, most pronounced in
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cerebellum and retina and extending to cortex, striatum, and thalamus, accompanied by
oxidative-stress markers. Critically, E1 Ghouzzi et al. (2007) showed that early mitochondrial
degeneration precedes multifocal neuropathology, establishing mitochondrial injury as a
cause rather than a consequence of neuronal death — directly supporting the "upstream
bioenergetic lesion" model of AIFM1 disease. AIF deficiency also sensitizes dopaminergic
neurons to MPTP (a gene-environment interaction), reinforcing that AIF-linked complex I
defects lower the threshold for neurodegeneration.

"harlequin mice exhibiting an 80-90% global reduction in AIF protein are resistant to
numerous forms of acute brain injury, they paradoxically undergo slow, progressive
neurodegeneration beginning at three months of age” — PMID: 23246553

"degenerating mitochondria were observed in most cells in these structures, even in
nondegenerating neurons, a finding that indicates mitochondrial injury is a cause rather
than an effect of neuronal cell death" — PMID: 17805014

Finding 5 — Cardiomyopathy and manifesting heterozygous females with
skewed X-inactivation

Although X-linked recessive, AIFM1 disease can manifest in heterozygous females when X-
inactivation is skewed. Sandmann et al. (2026) reported the first affected female with a
heterozygous AIFM1 variant ¢.506C>T (p.Pro169Leu) and extremely skewed X-inactivation
(98:2), presenting with infantile-onset mitochondrial encephalomyopathy and
cardiomyopathy: marked left-ventricular hypertrophy with preserved systolic function at 8
months, progressing to dilated cardiomyopathy with systolic dysfunction by 2.5 years,
requiring heart-failure therapy. Cardiac involvement had previously been described in a
handful of AIFM1 patients, predominantly as ventricular hypertrophy.

"We report the first affected female with a heterozygous AIFM1 variant who developed
infantile-onset mitochondrial encephalomyopathy and cardiomyopathy with initial
ventricular hypertrophy, that progressed to left ventricular dilation and chronic heart
failure." — PMID: 42329587

"Genetic testing identified a heterozygous AIFM1 variant, c.506C > T (p.Pro169Leu), with
extremely skewed X-inactivation (98:2) in a female." — PMID: 42329587
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Finding 6 — Neonatal-onset presentation, characteristic MRI, and the
diagnostic pathway

Zambon et al. (2023) expanded the neonatal-onset spectrum, describing drug-resistant
multifocal seizures 6 hours after birth, with brain MRI showing prominent bilateral
hemispheric brain swelling and widespread cortical and thalamic signal alteration with
sparing of the basal nuclei. Clinical exome sequencing identified a likely pathogenic variant
¢.5T>C p.(Phe2Ser) in the mitochondrial targeting sequence. Functional fibroblast studies
showed reduced AIFM1 protein and defective complex I, III and IV activities (without
protein mislocalization or precursor accumulation). The diagnostic workup integrated EEG,
brain MRI/MR spectroscopy, metabolic screening, echocardiography, and clinical exome
sequencing — a template for diagnosing this disease.

"The patient presented with drug-resistant, electro-clinical, multifocal seizures 6 h after
birth. Brain MRI revealed prominent brain swelling of both hemispheres and widespread
signal alteration in large part of the cortex and of the thalami, with sparing of the basal
nuclei." — PMID: 37644805

"Functional studies on cultured fibroblast showed a clear reduction in AIFM1 protein
amount and defective activities of respiratory chain complexes I, III and IV." — PMID:
37644805

Finding 7 — The parthanatos cascade and AIF's reframing as an "OXPHOS-
inducing factor”

Liu et al. (2022) detail parthanatos as a regulated cell-death program: PARP-1 overactivation
- PAR accumulation — PAR binding to AIF — AIF release from mitochondria — nuclear
translocation of the AIF/MIF complex —» MIF-mediated large-scale DNA fragmentation. In
parallel, Wischhof et al. (2022) reframe AIF as an "OXPHOS-inducing factor" whose principal
physiological role is to promote the biogenesis and maintenance of the OXPHOS system —
recasting AIFM1 disease as primarily a bioenergetic disorder on which a cell-death liability
is superimposed.
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"PARP-1) overactivation, PAR accumulation, PAR binding to apoptosis-inducing factor
(AIF), AIF release from the mitochondria, nuclear translocation of the AIF/macrophage
migration inhibitory factor (MIF) complex, and MIF-mediated large-scale DNA
fragmentation" — PMID: 35000037

"AIF contributes to cell survival by promoting biogenesis and maintenance of the
mitochondrial oxidative phosphorylation (OXPHOS) system" — PMID: 35994922

Finding 8 — Genetics and inheritance

AIFM1 (apoptosis-inducing factor mitochondria-associated 1; UniProt 095831; NCBI Gene
9131; Ensembl ENSG00000156709; X26.1) encodes a 613-amino-acid FAD-dependent NADH
oxidoreductase. Disease is X-linked recessive: affected males typically inherit the variant
from carrier mothers; the founding Ghezzi pedigree demonstrated transmission through
monozygotic twin sisters to sons by unrelated fathers. Reported pathogenic variants are
predominantly missense or small in-frame deletions affecting the FAD/NAD(H)
oxidoreductase domain or the mitochondrial targeting sequence: p.Arg20ldel (severe
encephalomyopathy), p.Glu493val (Cowchock/CMTX4), p.Met340Thr and p.Thri4llle
(riboflavin-responsive ataxia), p.Phe2Ser (neonatal, MTS), p.Pro169Leu (manifesting female,
cardiomyopathy), and p.Gly308Glu. The disease is ultra-rare (fewer than ~30 families/
individuals reported worldwide). Pathogenic/likely-pathogenic variants are classified per
ACMG/AMP and are essentially absent from gnomAD population controls.

"These patients were born from monozygotic twin sisters and unrelated fathers,
suggesting an X-linked trait." — PMID: 20362274

"The disease locus was previously mapped to an 11 cM region at chromosome X: q24-q26."
— PMID: 23217327

Finding 9 — Management is supportive; candidate redox/cofactor therapies
only

No disease-modifying therapy is approved. Reported interventions include riboflavin
(vitamin B2, a FAD precursor) up to 200 mg/day, which partially improved ataxia (ICARS
—39% / —20%; Heimer 2018), and a combined riboflavin + Coenzyme Q10 + thiamine "mito
cocktail" associated with clinical stabilization in a neonatal case (Zambon 2023). Preclinical
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candidates include the redox compound methylene blue (protective of AIF-deficient
photoreceptors; Mekala 2019), the SOD-mimetic tempol (reversed MPTP susceptibility in
Harlequin mice; Perier 2010), and NADH supplementation (proposed for mitochondrial-
dysfunction neurodegeneration; Chen 2024). Supportive care encompasses antiepileptic drugs
(seizures are frequently drug-resistant), nutritional/feeding support, heart-failure therapy for
cardiomyopathy, and physical/occupational/speech rehabilitation. Anesthetic caution is
required: total intravenous anesthesia with remimazolam has been reported for COXPD6
(Olakunle 2025).

"Riboflavin, Coenzyme Q10 and thiamine supplementation was therefore given. At 6
months of age, the patient exhibited microcephaly but did not experience any further
deterioration." — PMID: 37644805

"The protective role of the redox compound methylene blue" — PMID: 30300862

Mechanistic Model / Interpretation

Ordered causal chain (initiating lesion - clinical manifestation)

1. A germline pathogenic AIFM1 variant (e.g., p.Arg201del) is present on the X chromosome
— leads to an altered AIF protein with reduced stability and altered redox/DNA-binding
properties.

2. Reduced/dysfunctional AIF in the mitochondrial intermembrane space — results in
impaired MIA40/CHCHD4 import and defective respiratory-chain complex assembly/
stability (branch point A).

3. Branch A (bioenergetic): Defective OXPHOS — leads to a combined complex I/III/IV
deficiency, reduced ATP output, and increased reactive oxygen species (oxidative stress) —
results in energy failure in high-demand tissues (brain, heart, skeletal muscle, inner ear).

4. Branch B (cell-death / parthanatos): Cellular stress and PARP-1 overactivation — leads to
PAR accumulation — PAR binds AIF — AIF release from mitochondria — nuclear
translocation of the AIF/MIF complex — MIF-mediated large-scale DNA fragmentation —
results in caspase-independent neuronal and myocyte death (evidenced by TUNEL+,
caspase-3— nuclei in patient muscle). This branch's quantitative contribution in human tissue
is partly inferred from in-vitro and model data.
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5. Convergence of Branch A (energy failure) and Branch B (parthanatos) in the CNS — leads to
encephalopathy: developmental regression, drug-resistant seizures, hypotonia, and
characteristic MRI changes (hemispheric swelling, cortical/thalamic signal change, basal-
nuclei sparing).

6. Energy failure and cell death in cardiomyocytes — results in cardiomyopathy
(hypertrophic — dilated with heart failure).

7. Involvement of cochlear/neural tissue — leads to sensorineural hearing loss; involvement
of peripheral axons (in milder alleles) — axonal sensorimotor neuropathy.

8. Progressive multi-organ bioenergetic failure with lactic acidosis — results in early death in
severe infantile/neonatal cases.

AIFM1 pathogenic variant (e.g., p.Arg20ldel) @ Xq26.1

Unstable / dysfunctional AIF (IMS)

BRANCH A BRANCH B
(bioenergetic) (parthanatos)
| |
1 MIA40/CHCHD4 import PARP-1 overactivation
| |
defective complex I/III/IV PAR accumulation - binds AIF

assembly & stability
| AIF released - nucleus

1 ATP, t ROS AIF/MIF complex
| |
energy failure large-scale DNA fragmentation
| : |
v
Neuronal + cardiomyocyte + myocyte death
v

Encephalomyopathy - cardiomyopathy - hearing loss
seizures - regression - lactic acidosis -+ early death

Upstream vs. downstream

» Upstream (initiating): the AIFM1 variant and the resulting loss of AIF's OXPHOS-
supporting function. The Harlequin model confirms that mitochondrial injury is causal and
precedes overt neuropathology (PMID: 17805014).
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* Downstream (effector): OXPHOS deficiency — ATP deficit/ROS; parthanatos - DNA
fragmentation and caspase-independent death; organ-level manifestations
(encephalopathy, cardiomyopathy, deafness, neuropathy).

Cell types, compartments, and ontology suggestions

* Subcellular (GO Cellular Component): mitochondrial intermembrane space
(GO:0005758), mitochondrial inner membrane (GO:0005743), respiratory chain complex I
(GO:0005747), nucleus (GO:0005634, for the pro-death translocation).

* Biological processes (GO): mitochondrial electron transport / OXPHOS (G0O:0006119),
mitochondrial respiratory chain complex assembly (G0O:0033108), parthanatos / DNA-
damage-induced caspase-independent apoptosis, protein import into mitochondrial
intermembrane space (GO:0045041), response to oxidative stress (GO:0006979), FAD
binding / NADH dehydrogenase activity (GO:0003954).

* Cell types (CL): neuron (CL:0000540), cerebellar Purkinje cell (CL:0000121), retinal
photoreceptor cell (CL:0000210), cardiac muscle cell / cardiomyocyte (CL:0000746), skeletal
muscle fiber (CL:0000188), cochlear hair cell (CL:0000855).

* Anatomy (UBERON): brain (UBERON:0000955), cerebral cortex (UBERON:0000956),
thalamus (UBERON:0001897), cerebellum (UBERON:0002037), heart / cardiac ventricle
(UBERON:0000948 / UBERON:0002082), skeletal muscle (UBERON:0001134), cochlea
(UBERON:0001844), retina (UBERON:0000966), peripheral nerve (UBERON:0001021).

* Chemical entities (CHEBI): FAD (CHEBI:16238), NADH (CHEBI:16908), riboflavin
(CHEBI:17015), ubiquinone/CoQ10 (CHEBI:46245), thiamine (CHEBI:18385), methylene blue
(CHEBI:6872), L-lactate (CHEBI:16651).

* Treatment (NCIT): Riboflavin (C737), Coenzyme Q10 (C1198), Thiamine (C933), Methylene
Blue (C61585), Anticonvulsant Agent (C264), Supportive Care (C15184).

Section-by-Section Synthesis

1. Disease Information

A concise overview: a severe, X-linked, infantile/neonatal-onset primary mitochondrial
encephalomyopathy due to AIFM1 deficiency, biochemically a combined OXPHOS deficiency
(COXPD6). Identifiers: MONDO:0010437; OMIM #300816; gene AIFM1 (HGNC:8768). Synonyms/
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related: Combined Oxidative Phosphorylation Deficiency 6 (COXPD6); AIFM1-related
mitochondrial encephalomyopathy; AIF deficiency. The milder allelic entities (Cowchock
syndrome/CMTX4; AIFM1-related ataxia) are distinct but share the gene. Information is
derived from aggregated disease-level resources and small case series/reports rather than
EHR-scale cohorts, reflecting the ultra-rare nature of the disease.

2. Etiology

Primary cause: monogenic — pathogenic AIFM1 variants (X-linked recessive). Genetic risk
factors: hemizygous pathogenic AIFM1 variants in males; in females, a heterozygous variant
plus skewed X-inactivation (e.g., 98:2) can manifest disease (PMID: 42329587).
Environmental/modifier factors: limited human data, but model data show AIF deficiency
sensitizes neurons to exogenous complex I inhibitors (MPTP) — a demonstrated gene-
environment interaction that lowers the neurodegeneration threshold (PMID: 20695011).
Protective factors: none genetically established; redox/antioxidant interventions (tempol in
mice) partially protect in models. Sex is a strong determinant (males predominantly affected).

3. Phenotypes

Core phenotypes (with suggested HPO terms): developmental regression (HP:0002376),
seizures/drug-resistant epilepsy (HP:0001250), hypotonia (HP:0001252), lactic acidosis
(HP:0003128), sensorineural hearing loss (HP:0000407), cardiomyopathy (HP:0001638;
hypertrophic HP:0001639, dilated HP:0001644), psychomotor/developmental delay
(HP:0001263), microcephaly (HP:0000252), cerebellar ataxia (HP:0001251, milder alleles),
axonal sensorimotor neuropathy (HP:0007002, milder alleles), abnormal brain MRI
(HP:0002543). Onset: neonatal to infantile in the severe form; childhood/adult in milder alleles.
Severity: severe to variable. Progression: progressive, often rapidly fatal in the severe form;
slowly progressive in Cowchock/ataxia alleles. Quality-of-life impact: profound in the severe
form (loss of milestones, refractory seizures, feeding difficulty, cardiac failure).

4. Genetic/Molecular Information

Causal gene: AIFM1 (Xq26.1; OMIM 300169). Protein: AIF, 613 aa, FAD-dependent NADH
oxidoreductase (UniProt 095831). Variant classes: predominantly missense and small in-frame
deletions in the FAD/NAD(H) oxidoreductase domain or MTS; representative alleles listed in
Finding 8. Classification: pathogenic/likely pathogenic (ACMG/AMP); absent from gnomAD.
Origin: germline. Functional consequence: combined loss of OXPHOS support (loss of function for
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the vital role) with an altered pro-death / DNA-binding gain for the soluble form. Epigenetic
modifier: X-inactivation skewing™ critically determines female manifestation. No recurrent
large chromosomal abnormality is characteristic.

5. Environmental Information

No established infectious or primary environmental cause. The relevant environmental
dimension is gene-environment interaction: in AIF-deficient models, complex I inhibitor
exposure (MPTP) precipitates dopaminergic neurodegeneration that spares wild-type animals
(PMID: 20695011), implying mitochondrial toxins and metabolic stressors may aggravate the
human phenotype in principle.

6. Mechanism / Pathophysiology

See the ordered causal chain and diagram above. Key pathways/processes: OXPHOS/electron
transport (complex I/ITI/IV), MIA40/CHCHD4 mitochondrial import pathway, parthanatos
(PARP-1/PAR/AIF/MIF), oxidative stress. AIF additionally participates in the KEAP1/PGAMS5/
AIFM1 oxeiptosis axis implicated in ROS-induced, caspase-independent cell death (PMID:
41338468). AIF's redox chemistry (NADH/FAD charge-transfer complex, dimerization) governs
the switch between its biogenesis-supporting and cell-death roles (PMID: 26535916, PMID:
32769219).

7. Anatomical Structures Affected

Primary organs: brain (cortex, thalamus, cerebellum), heart (ventricular myocardium),
skeletal muscle, inner ear (cochlea), retina (prominent in models), peripheral nerve (milder
alleles). Body systems: nervous, cardiovascular, musculoskeletal, special sensory. Subcellular:
mitochondria (intermembrane space, inner membrane), with nuclear translocation of AIF in
the death branch. Lateralization: bilateral/symmetric CNS involvement (e.g., bilateral
hemispheric swelling on MRI).

8. Temporal Development

Onset: congenital/neonatal to infantile in the severe form (e.g., seizures 6 h after birth);
childhood-adult in milder alleles. Course: rapidly progressive and often fatal in infancy for
severe alleles; slowly progressive for Cowchock/ataxia alleles. Critical window: early infancy
is both the period of greatest vulnerability and the plausible window for cofactor/redox
intervention; riboflavin responsiveness in ataxia patients suggests a treatable component for
specific genotypes.
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9. Inheritance and Population

Inheritance: X-linked recessive; manifesting heterozygous females occur with skewed XCI.
Penetrance: high in hemizygous males carrying severe alleles; expressivity is variable
(strong genotype-phenotype correlation across the allelic series). Epidemiology: ultra-rare
(<~30 families/individuals reported worldwide); precise prevalence/incidence unknown (below
Orphanet reporting thresholds). Sex ratio: strongly male-predominant. Founder effects /
consanguinity: not a prominent feature (X-linked, private variants). Carrier frequency: not
established; variants essentially absent from gnomAD.

10. Diagnostics

Biochemistry: elevated lactate; respiratory-chain enzymology in fibroblasts/muscle showing
combined complex I/III/IV deficiency; reduced AIFM1 protein on immunoblot.
Histopathology: TUNEL-positive/caspase-3-negative nuclei (parthanatos signature) in muscle.
Imaging: brain MRI (bilateral hemispheric swelling, cortical/thalamic signal change with
basal-nuclei sparing); MR spectroscopy (lactate peak). Electrophysiology: EEG (multifocal
epileptiform activity); nerve conduction studies for neuropathy alleles. Cardiac:
echocardiography (hypertrophic/dilated cardiomyopathy). Genetic testing (recommended
first-line): clinical exome (WES) or genmome (WGS) sequencing, or a mitochondrial/
encephalopathy gene panel including AIFM1; single-gene AIFM1 testing and segregation/X-
inactivation studies to confirm. Differential diagnosis: other combined OXPHOS deficiencies,
Leigh syndrome and Leigh-like disorders, mtDNA-encoded mitochondrial
encephalomyopathies, and other X-linked encephalopathies.

11. Outcome / Prognosis

Severe form: poor — typically early death in infancy/childhood with multisystem failure
and metabolic acidosis (PMID: 34117073); high morbidity (refractory seizures, profound
developmental impairment, cardiomyopathy). Milder alleles: prolonged survival with chronic
disability (neuropathy, deafness, ataxia). Prognostic factors: genotype (specific allele), age at
onset, and severity/rate of cardiac and metabolic decompensation. No validated molecular
prognostic biomarker beyond genotype.

12. Treatment

No curative/disease-modifying therapy. Pharmacotherapy/cofactors (NCIT where
applicable): riboflavin (NCIT:C737), Coenzyme Q10 (NCIT:C1198), thiamine (NCIT:C933),
antiepileptic drugs (NCIT:C264). Preclinical/experimental redox agents: methylene blue
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(NCIT:C61585), tempol, NADH. Supportive/rehabilitative: nutritional/feeding support, heart-
failure therapy for cardiomyopathy, physical/occupational/speech therapy. Perioperative:
mitochondrial-safe anesthesia (e.g., total intravenous anesthesia with remimazolam reported
for COXPD6; PMID: 41211097). Pharmacogenomics / personalized medicine: genotype-guided
trial of riboflavin for riboflavin-responsive alleles. No approved gene, cell, or RNA therapy
exists.

13. Prevention

Primary prevention: not applicable (monogenic); genetic counseling for X-linked recurrence
risk is central. Secondary: carrier testing in at-risk female relatives, cascade testing, and
prenatal/preimplantation genetic testing where a familial variant is known. Tertiary:
proactive seizure control, cardiac surveillance/heart-failure management, nutritional support,
avoidance of mitochondrial toxins and risky anesthetics. No vaccination or population
screening applies.

14. Other Species / Natural Disease

Model/ortholog species: mouse (Mus musculus, NCBI Taxon 10090; Aifm1, NCBI Gene 26926).
The Harlequin mouse is a naturally arising hypomorphic Aifm1 model. No prominent
naturally occurring companion-animal/wildlife disease is established; the mechanism (AIF-
dependent OXPHOS support) is evolutionarily conserved across animals, underpinning cross-
species modeling.

15. Model Organisms

Primary model: Harlequin (Hq) mouse — hypomorphic Aifm1 (80-90% AIF reduction) with
complex I deficiency and progressive cerebellar/retinal neurodegeneration (PMID: 23246553,
PMID: 17805014). Used to demonstrate causal upstream mitochondrial injury, ROS regulation,
MPTP sensitization (PMID: 20695011), tau interaction (PMID: 19942317), and redox rescue
(tempol, methylene blue). Phenotype recapitulation: reproduces complex I deficiency and
progressive neurodegeneration. Limitations: a hypomorph (not an allele-specific knock-in of
human severe variants); does not fully capture the human infantile encephalopathy/
cardiomyopathy severity or the allele-specific gain-of-function (DNA-binding) biology. Patient-
derived fibroblasts and iPSCs serve as complementary in-vitro models.
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Title (abbrev.) Source type

Severe X-linked mitochondrial Human
encephalomyopathy assoc. with clinical + in
AIF mutation vitro

AIF and mitochondrial NADH
dehydrogenases: redox- Review
controlled gear boxes

AIFM1 cause X-linked childhood

. . Human
cerebellar ataxia partially .
. . . clinical
responsive to riboflavin
Cowchock syndrome assoc. Human
with AIF mutation clinical
Severe multisystem pathology,
. y . P £ Human
metabolic acidosis, early death o
) clinical
(X-linked)
Cardiomyopathy and
yopaty . Human
encephalomyopathy in a female .
] clinical
with heterozygous AIFM1
Human

Expanding neonatal-onset
AIFM1 disorders

clinical + in

vitro
AIF, ROS, and Model/
neurodegeneration review
AIF deficiency induces early Model
mitochondrial degeneration organism
AIF deficiency sensitizes
ﬁ Cy Model
dopaminergic neurons to .
; ; . organism
parkinsonian neurotoxins
Key players of parthanatos Review
Review
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Contribution

Establishes AIFM1 R201del as
causal; dual mechanism (OXPHOS
loss + parthanatos); X-linked
inheritance

AIF promotes MIA40/CHCHD4
import and complex I assembly;
redox switch

Defines allelic spectrum; quantifies
riboflavin response (ICARS —39%/
—20%)

Milder CMTX4 end of spectrum;
Xq24-q26 mapping

Severe multisystem phenotype,
early death

Manifesting female; skewed XCI
(98:2); cardiomyopathy progression

Neonatal seizures, MRI pattern,
MTS variant; mito cocktail
stabilization

Harlequin model: 80-90% AIF loss,
progressive neurodegeneration

Mitochondrial injury is causal/
upstream of neuronal death

Gene-environment interaction
(MPTP); tempol rescue

Defines PARP-1-PAR—AIF/
MIF-DNA fragmentation cascade
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PMID Title (abbrev.) Source type Contribution
AIFM1 beyond cell death: Reframes disease as primarily
OXPHOS-inducing factor bioenergetic

AIF deficiency causes retinal

. Model Candidate redox therapy
30300862  photoreceptor degeneration; .
organism (methylene blue)
methylene blue
EEET Adenylate moiety and NAD(+)/H  In vitro/ Redox/cofactor mechanism; G308E
binding to AIF structural pathophysiology
Tau + Harlequin mutation . . .
] ) . Model Mitochondrial dysfunction <
19942317 increases mito dysfunction/ . ] .
organism tauopathy interaction

neurodegeneration

Oxeiptosis: KEAP1/PGAMS5/ Revi AIFM1 in ROS-induced caspase-
eview
AIFM1 axis in PD independent death

41338468

Perioperative care in COXPD6:

41211097 Case report Anesthetic management guidance

TIVA with remimazolam

NADH as candidate for mito-

38297850  Therapeutic potential of NADH Review . .
dysfunction neurodegeneration

Evidence-source balance: The causal genetics and dual-mechanism are supported by human
clinical + in-vitro patient-cell data (strong). The upstream-causality and therapeutic-rescue
claims rest substantially on model-organism (Harlequin mouse) and in-vitro evidence.
Treatment efficacy data are limited to small case reports and n=2 cohorts — hypothesis-
generating rather than definitive.

Limitations and Knowledge Gaps

* Ultra-rarity limits epidemiology: fewer than ~30 reported families/individuals preclude
reliable prevalence, incidence, penetrance-by-allele, and natural-history quantification.

* Mechanistic weighting is unresolved: the relative contribution of Branch A (OXPHOS
loss) versus Branch B (parthanatos) to human tissue damage is inferred largely from in-
vitro and mouse data; the parthanatos contribution in patient CNS/heart is not quantified in
vivo.
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* Biochemical heterogeneity: fibroblast enzymology is inconsistent across patients (complex
III/IV reduced with preserved complex I in the index family; complex I/ITII/IV all reduced in
the neonatal case), complicating a single unifying biochemical signature.

* Model limitations: the Harlequin mouse is a hypomorph, not an allele-specific knock-in; it
under-represents the severe human infantile encephalopathy/cardiomyopathy and the
gain-of-function (DNA-binding) biology of specific alleles.

* No controlled therapeutic data: riboflavin and the "mito cocktail" responses are
anecdotal/small-n; there are no randomized trials and no approved disease-modifying
therapy.

* Genotype-phenotype gaps: predictive rules linking specific AIFM1 variants to severity,
riboflavin-responsiveness, or cardiac risk remain incompletely defined.

* Female manifestation: the threshold of X-inactivation skewing required for disease, and
its tissue-specific variability, are documented in only a single case.

Proposed Follow-up Experiments / Actions

1. Allele-specific knock-in models: Generate mouse (or iPSC-derived neuron/cardiomyocyte/
organoid) knock-ins of human severe alleles (p.Arg201del, p.Pro169Leu) to dissect Branch A
vs. Branch B contributions and to model cardiomyopathy.

2. Quantify parthanatos in patient tissue: Use PAR, PARP-1, and nuclear AIF/MIF markers in
patient muscle/brain autopsy material to establish the in-vivo magnitude of the death
branch and its therapeutic tractability (e.g., PARP inhibitors, MIF-nuclease inhibitors).

3. Genotype-stratified cofactor trials: Build an international registry and run small,
biomarker-anchored n-of-1 or basket trials of riboflavin + CoQ10 + thiamine, stratified by
allele and by FAD-domain impact, using ICARS/clinical and lactate/respirometry endpoints.

4. Redox therapeutics translation: Advance methylene blue, tempol, and NADH from
Harlequin-model efficacy toward patient-derived cardiomyocyte/neuron testing, with
mitochondrial respirometry and ROS readouts.

5. X-inactivation and female risk: Systematically measure tissue-specific XCI skewing in
heterozygous females to define the manifestation threshold and inform counseling.

6. Natural-history and biomarker study: Pool cases to define age-specific survival, cardiac
trajectory, seizure burden, and candidate prognostic biomarkers (lactate, FGF21,
neurofilament), enabling clinical-trial readiness.
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7. Gene/RNA therapy feasibility: Evaluate AIFM1 gene replacement or variant-specific
correction given the loss-of-vital-function component, balancing against the gain-of-
function (DNA-binding) risk of over-expression.

Report compiled from 9 confirmed findings and 26 reviewed papers across 5 investigation
iterations. Evidence sources are distinguished as human clinical, model organism, in vitro, or
computational/review throughout.

Generated by OpenScientist — Scientific Hypothesis Agent for Novel Discovery
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