Review

AIFM1 beyond cell death: An overview of this OXPHOS-
inducing factor in mitochondrial diseases
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Summary

Apoptosis-inducing factor (AIF) is a mitochondrial intermembrane space flavoprotein with diverse functions in cel-
lular physiology. In this regard, a large number of studies have elucidated AIF’s participation to chromatin conden-
sation during cell death in development, cancer, cardiovascular and brain disorders. However, the discovery of rare
AIFM1 mutations in patients has shifted the interest of biomedical researchers towards AIF’s contribution to patho-
genic mechanisms underlying inherited AIFM1-linked metabolic diseases. The functional characterization of AIF
binding partners has rapidly advanced our understanding of AIF biology within the mitochondria and beyond its
widely reported role in cell death. At the present time, it is reasonable to assume that AIF contributes to cell survival
by promoting biogenesis and maintenance of the mitochondrial oxidative phosphorylation (OXPHOS) system. With
this review, we aim to outline the current knowledge around the vital role of AIF by primarily focusing on currently
reported human diseases that have been linked to AIFM1 deficiency.
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Introduction

Mitochondria are intracellular double-membrane organ-
elles hosting a large number of biochemical reactions
that critically influence cellular fate. The tightly regu-
lated oxidation of carbon substrates converts nutrients
into reduced cofactors (i.e., NADH and FADH,), which
subsequently transfer electrons to the electron transport
chain (ETC) to promote mitochondrial oxidative phos-
phorylation (OXPHOS) and ATP production. Equally
important, mitochondria support the biosynthesis of
molecules (e.g., nucleotides, lipids, amino acids and
their derivatives) that are essential for cell survival and
proliferation.” * Given the critical role of mitochondria
in both catabolic and anabolic processes, it should come
as no surprise that lesions of mitochondrial compo-
nents and/or proteins involved in mitochondrial bioen-
ergetics can lead to human diseases.”® The impact of
mitochondrial dysfunction is not restricted to inherited
metabolic syndromes,”® but rather extends to age-
related frailty, tumorigenesis, cardiovascular, metabolic
and neurodegenerative diseases.” ® For the large
majority of human illnesses with clear signatures of
mitochondrial dysfunction, patients may develop a vari-
ety of symptoms with variable age-onset, organ
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involvement and clinical outcomes that negatively
impact their life quality and may shorten their lifespan
expectancy. Despite the effort of the scientific commu-
nity, therapeutic options remain limited and are not effi-
cient disease modifiers."* 7 To complicate even
further the management and diagnosis of these hetero-
geneous pathologies, their molecular aetiology includes
disease-causing lesions affecting either nuclear or mito-
chondrial genes.” This loose genotype-phenotype rela-
tionship has important clinical implications, since
mutations in different genes can impair mitochondrial
function in a comparable manner, leading to apparently
similar clinical features, as in the case of Leigh syn-
drome.”® The opposite scenario can also arise when sev-
eral clinical manifestations are causally linked to one
gene, which may encode pathogenic variants that may
lead to early-onset multi-organ failure or to a tissue-spe-
cific degeneration eventually later in life."®"9 A good
example of the latter case is the nuclear AIFM1 gene
encoding the apoptosis-inducing factor (AIF), a mito-
chondrial oxidoreductase that has considerably attracted
the attention of the scientific community because of its
essential contribution to human pathophysiology.>®~ >
As originally described,”* upon cell injury AIF is
released from the mitochondria and translocates to the
nucleus, where it binds endonucleases that promote
chromatin condensation and DNA fragmentation.
From this initial seminal work, the pro-death contribu-
tion of AIF has been implicated in a range of biological
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Figure 1. Within the IMS, membrane-embedded AIF interacts with CHCHD4 and promotes oxidative folding of newly imported poly-
peptides, including subunits of the mitochondrial respiratory chain complexes. AIF and CHCHD4 protein structure predictions were

obtained using AlphaFold."*%"3’

processes associated with human disorders,*"** includ-
ing stroke,**® metabolic syndromes dysfunction®’ and
neurodegenerative diseases, such as Parkinson’s dis-
ease.”® However, over time it became evident that AIF
has also a critical homeostatic role in mitochondrial bio-
energetics, since it takes part in the ETC assembly,*® '
hence regulating OXPHOS and ATP production
(Figure 1). In the present review, we will discuss AIF’s
participation in mitochondrial OXPHOS biogenesis and
maintenance. We will not review the large literature
describing AIF’s contribution to cell death pathways,
since this biological aspect has been extensively discussed
elsewhere.”*?*734 To better understand the importance of
AIF in human pathophysiology, we will draw attention to
those inherited metabolic disorders that have been caus-
ally associated with AIF deficiency. We will outline the
additional research efforts required to fully elucidate the
mechanisms by which inherited AIFM1 mutations cause
functional and/or structural AIF defects that lead to bio-
energetically compromised mitochondria, which are
unsuitable to support cellular homeostasis and, as a con-
sequence, organismal health and survival.

From structural organization to functional insights

AIF (Gencode: ENST00000676229.1) is a nuclear-
encoded polypeptide that is imported into the mitochon-
dria, where it is proteolytically processed to an inter-
membrane space (IMS) protein tethered to the inner
mitochondrial membrane (IMM)*#% (Figure 1). AIF
consists of at least six functionally defined regions: an
N-terminal mitochondrial localization sequence (MLS)
that is cleaved at Met54/Alass by mitochondrial process-
ing peptidases; a hydrophobic transmembrane
sequence (AsnG6/Ser6y-Ala84/Tyr8s); three structural
domains that coordinate the binding of one FAD and
two NADH molecules; a C-terminal motif (Met481-
Asp613) containing a Pro/Glu/Ser/Thr (PEST)-rich
sequence and a proline-rich binding domain that may

contribute to the physical association with molecular
partners® %7 (Figures 1 and 2A). Phylogenetic analyses
indicate that AIF belongs to an evolutionarily conserved
sub-branch of oxidoreductases that includes also
AMID/AIFM2/FSP1, AIFL/AIFM3 and the distal yeast
homologues Nder and Nde2, with the latter two proba-
bly having evolved much before the divergence of eukar-
yotes.® As an oxidoreductase, tissue-purified FAD-
containing AIF exhibits NADH oxidase activities, which
can compensate growth defects of bacteria lacking Com-
plex I and NDH-2 by sustaining the electron flow of the
residual respiratory chain to promote ATP biosynthe-
sis.>® Soluble folded AIF molecules structurally resem-
ble glutathione reductase (GR)-like proteins,>*374°
although AIF possesses a p-hairpin (Thrigo-Ser202)
and a regulatory segment (or C-loop, Alaso9-Asps59)
that gives unique molecular properties. Upon mito-
chondrial import, the unfolded AIF precursor under-
goes conformational changes that, along with the
incorporation of one FAD molecule, establish its redox
potential as clearly defined by several in vitro
studies.*>*" The subsequent binding of one NADH
molecule to the NADH-binding domain (Thr263-
Gly3gg) stimulates rearrangement of several side
chains, causing conformational changes in the regula-
tory peptide that enables the formation of a dimeric air-
stable FADH,-NAD™ charge-transfer-complex relatively
inefficient in electron transfer.*° #* The displacement
of the regulatory segment exposes hydrophobic surfaces
at the interface of monomeric AIF molecules, facilitat-
ing the remodeling of salt bridges (including those
within the B-hairpin) and dimerization of reduced
NADH-containing AIF molecules.*>** %5 The physical
interaction with thioredoxins contributes to AIF’s redox
state *“#7 and may prevent oxidative modifications of
cysteine residues, which is assumed to be a rate-deter-
mining step in the proteolytic processing and subse-
quent nuclear translocation of AIF in cells undergoing
oxidative stress, apoptosis or calcium (Ca®*")
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overload.**#% Following the reorganization of the regu-
latory peptide and the B-hairpin, three amino acid side
chains (i.e., Trp196, Trp483 and Glug93) contribute to
the stabilization of a second NADH that acts as an allo-
steric cofactor, further contributing to the redox proper-
ties of dimeric AIF.#*% Thus, the incorporation of
NADH into FAD-containing AIF molecules determines
the ratio of monomeric and dimeric forms, rather than
NAD(P)H oxidase activity as initially proposed.’® Based
on this and other in vitro evidence, it seems that under
normal conditions NADH binding may positively facili-
tate long-lived charge-transfer-complex formation and
the subsequent enrichment of AIF dimers within the
intermembrane space. Conversely, a decline of NADH
availability may shift the monomer-dimer equilibrium
to a state in which monomeric AIF represents the pre-
dominant form, potentially affecting AIF affinity toward
the different substrates with which AIF physically inter-
acts according to its subcellular localization.

AIF and mitochondrial bioenergetics: functional
dependency on binding partners

The first evidence arguing that AIF may have a function
beyond cell death came from the characterization of the
Harlequin (Hq) mutant mice.’" As a spontaneous eco-
tropic proviral insertion within the intron 1 of the Aifimi
gene, the hypomorphic X-linked Hq mutation causes
the reduction of AIF expression to approximately 20%
of normal levels, leading to retinal and cerebellar degen-
eration associated with enhanced hydrogen peroxide
sensitivity.”’ While these initial observations could
imply a putative role of AIF as a free radical scavenger,
later seminal works demonstrated that AIF deficiency
compromises the maintenance of the OXPHOS
system.** In this regard, the Hq mutation as well as
Aifmi knockout and/or downregulation significantly
reduce the post-transcriptional expression of Complex [,
and to a lesser extent, Complex III and IV subunits of
the ETC, with a resulting impairment of the mitochon-
drial respiration in tumorigenic and ES cells.*" Consis-
tently, AIF instability due to an amino acid deletion (i.
e., Arg2o0: see below) leads to ETC defects, aberrant
formation of mitochondrial respiratory supercomplexes
and impaired mitochondrial bioenergetics in mice.’*>*
The contribution of AIF to the mitochondrial
OXPHOS system is evolutionarily conserved in
invertebrates,**5°° further indicating that AIF’s partic-
ipation in mitochondrial bioenergetics has been
acquired relatively early in the metazoan evolution. At
least in mammals, mitochondrial defects can be almost
completely rescued by the expression of a mitochondri-
ally anchored AIF that is not proteolytically cleaved dur-
ing cell death, suggesting that the proapoptotic role of
AIF is dispensable for mitochondrial homeostasis.”
Mechanistically, AIF physically interacts and stabilizes
the coiled-coil-helix-coiled-coil-helix domain containing

www.thelancet.com Vol 83 September, 2022

4 (CHCHDg4),>****3293° the mammalian homolog of
yeast MIA4o0 regulating the formation of intramolecular
disulfide bonds of newly imported polypeptides in the
IMS (Figure 1).7 °" In line with prior experimental
evidence,*>* coevolution analyses and structural
modelling indicate that the N-terminal region of
CHCHD4 may form a S-hairpin that binds the C-termi-
nal motif of AIF, with Tyr560 that is predicted to form
hydrophobic interactions with two residues (Ile12 and
Pher4) of CHCHD4.“> At the time of writing, it has
been reported that AIF expression determines the bal-
ance between monomeric soluble CHCHD4 and its sta-
ble functional form associated with membrane-tethered
AIF.%* Consequently, AIF knockout negatively influen-
ces CHCHDy4 interaction with its substrates, including
Complex I subunit NDUFSs. The subsequent cytosolic
accumulation and proteasomal degradation of NDUFSs
causes the stalling of Complex I and, therefore, alters
ETC biogenesis.®> Based on these compelling lines of
evidence,>©>*?30264:°¢ ATE may now be considered a
new component of the disulfide relay machinery that
catalyzes the oxidative folding of nuclear encoded, cyste-
ine-containing small precursor proteins imported in the
IMS (Figure 1). However, AIF can physically interact
also with subunits of the ETC, as shown for Complex IV
using cross-linking mass-spectrometry profiling.®”
Although it remains very unlikely that dimeric AIF can
directly shuttle electrons to Complex IV, this new set of
evidence may imply an additional stimulatory function
of AIF in the molecular biogenesis and/or maturation
of respiratory complexes. Apart from ETC subunits,
AIF/CHCHDg4 facilitates the IMS import of the
Coorfy2 protein, which enables Cgorfy2-dependent sta-
bilization of the translocase of IMM domain containing
1 (TIMMDCI), a crucial chaperone protein taking part
in Complex I biogenesis.®® In this regard, CQORF72
haploinsufficiency favors the m-AAA metalloprotease
AFG3L2-dependent degradation of TIMMDC1 in amyo-
trophic lateral sclerosis (ALS)/frontotemporal dementia
(FTD) patient-derived tissues and induced pluripotent
stem cells (iPSCs).°® These recent data suggest that
AIF/CHCHD4-dependent mitochondrial biogenesis
may contribute to sporadic ALS/FTD and possibly other
human neurodegenerative diseases.

The influence of AIF on mitochondrial bioenergetics
is however not limited to the IMS import and subse-
quent oxidative folding of ETC subunits that are
required for the OXPHOS system biogenesis. Through
the disulfide relay machinery, AIF may indirectly influ-
ence the import, folding and IMS localization of adeny-
late kinase 2 (AK2),°7° an enzyme catalysing the
reversible transfer of a terminal phosphate group
between ATP and AMP to generate ADP as a necessary
biochemical process to sustain Complex V/ATP syn-
thase activity. Moreover, AIF expression may affect Ca**
influx into the mitochondrial matrix because of an indi-
rect modulation of Ca** flow through the mitochondrial
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calcium uniporter (MCU). In this regard, it was shown
that CHCHD4 can bind the mitochondrial Ca** uptake
protein 1 (MICU1) and stimulate the formation of an
intermolecular disulfide bond between MICU1 and its
paralog MICU2, resulting in aberrant regulation of
mitochondrial Ca** uptake.°® In Drosophila and in
mammalian cells, AIF deficiency may compromise IMS
import and cristae junction localization of CHCHD3/
MI19,°®7" thus disrupting mitochondrial contact site
and crista organizing system (MICOS) complex to an
extent that phenotypically resembles CHCHD4/MIA40
loss in Hela cells and yeast.”” 74 The impact of AIF
deficiency on MICOS complex stability is not limited to
one single subunit, but extends to others, such as
coiled-coil-helix-coiled-coil-helix domain containing 10
(CHCHD10). In this regard, ALS-causing mutations
alter the import and stability of CHCHD1o as a result of
aberrant CHCHD4-dependent disulfide oxidation, ulti-
mately leading to mitochondrial dysfunction due to cris-
tae disruption.”” Although these are only a few
examples of novel processes directly or indirectly linked
to AIF, they provide a general snapshot of the down-
stream molecular consequences of AIF deficiency.

Like other mitochondrial proteins, AIF is a substrate
of mitochondrial proteases, including mitochondrial
ATP-dependent Lon protease 1 (LONP1) that binds and
modulates AIF protein levels in a direct manner.”®
Moreover, AIF may undergo posttranslational modifica-
tions with a modulatory effect on AIF stability and/or
activity. In this regard, while calpain cleavage of AIF
has been assumed to be a necessary step for AIF mito-
chondrial release and subsequent nuclear transloca-
tion,”” less is known about other posttranslational
processes and their impact on mitochondrial bioener-
getics. As an example of AIF posttranslational modifica-
tions, it was reported that the X-linked inhibitor of
apoptosis (XIAP) ubiquitinates AIF at K255 and conse-
quently regulates AIF pro-apoptotic features, rather
than its proteasomal degradation or NADH oxidoreduc-
tase properties.”®”9 On the other hand, OTU deubiquiti-
nase 1 (OTUDi) directly deubiquitinates AIF at K244 and
alters AIF binding to CHCHDg4, resulting in impaired
OXPHOS and swollen mitochondria lacking intact cris-
tae.’® The competition between enzymes goes beyond
AIF ubiquitination/deubiquitination rate, as exemplified
by the antagonistic biological competition of XIAP with
the mitochondrial phosphoglycerate mutase 5 (PGAMs),”
a Ser/Thr phosphatase that, through AIF interaction,%**
is normally localized to the IMM. Since PGAMj can con-
tribute to mitochondrial dynamics and Wnt-dependent
mitochondrial biogenesis,*>*# it is plausible to imagine a
scenario in which AIF posttranslational modifications
may alter the import and/or the release of AIF binding
partners (e.g., PGAMs), with indirect consequences for
mitochondrial bioenergetics. To date, this aspect remains
pootly explored and future studies are warranted to exper-
imentally address this hypothesis.

AIFM1 mutations and their impact on human
pathophysiology

The first disease-causing mutation in the AIFM1 gene
was reported in two male infants conceived by healthy
related mothers (Figure 2A and Table 1). The X-linked
genetic lesion was described as a trinucleotide deletion
(c.601_603delAGA) in exon 5 causing the ablation of an
Arg residue at position 201 (R201) of the full-length AIF
polypeptide.”> Within a few months after birth, one of
the patients developed involuntary and progressive neu-
rological symptomatology, including axonal sensory
and motor peripheral neuropathy that were confirmed
at 15 months of age. Later, the young boy developed seiz-
ures and respiratory problems. His cousin showed a
reduction of active movement before the first year of
age, with progressive muscle wasting and weakness
more evident in the following months.® Structural in
vitro analyses revealed that the soluble AIF (R2o1 del)
variant shows aberrant charge-transfer-complex forma-
tion, weakened FAD binding and altered NADH oxida-
tion compared to the wild type AIF protein.®*® These
changes in redox properties are linked to structural per-
turbations of the regulatory peptide folding, since
Arg2o1 confers conformational stability through a salt
bridge with Glus31, which influences the accessibility of
the FAD-containing catalytic domain®**® (Figure 2B).
Although the FAD- and NADH-domains contain most
of the mutational hotspots that lead to AIF dysfunction
(Figure 2A and Table 1), the correlation between clinical
outcomes and aberrant AIF structure is not as straight-
forward as expected. It is generally assumed that all the
so far described disease-causing AIF variants are func-
tionally unable to support OXPHOS biogenesis and/or
other processes. However, current evidence suggests
that some of the mutant AIF polypeptides are unstable
or partially unfolded, whereas other variants have less
obvious structural abnormalities. For example, the AIF
(G308E) variant was found in three brothers (two
infants and a fetus) who suffered from structural brain
anomalies (i.e., choroids plexus cysts, bilateral brain
ventriculomegaly and enlarged cisterna magna).”” After
birth, the two patients displayed evident hypotonia,
hypokinesia, seizures and neuromuscular symptoms,
ultimately leading to premature death.®” The substitu-
tion of a Gly with a Glu at residue 308 hinders the coor-
dination of the adenylate moiety within the NADH
binding site (Figure 2C), with consequent inhibition of
protein dimerization.***® Such a strong effect on AIF
folding has not been reported for other disease-causing
mutations that are predicted to be highly detrimental,
as in the case of AIF (G262S), (G338E) and (V243L),
which show only minor differences in terms of mRNA
expression, NADH binding and/or protein stability.*®
Despite these different profiles, all the three pathogenic
AIF variants cause mitochondrial diseases. Specifically,
the AIF (G262S) variant has been causally linked to
Cowchock syndrome/X-linked recessive Charcot-Marie-
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Figure 2. (A) Protein alignment of human and mouse AIF. The N-terminal MLS and the putative transmembrane sequence are
highlighted in blue and green, respectively. The yellow and magenta lines highlight amino acids that are part of the FAD and NADH
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Tooth disease-4 (CMTX4), with patients developing gait
and limb ataxia, cognitive dysfunction, muscle wasting
and weakness among other symptoms.*®*9 As a conse-
quence of impaired OXPHOS, it was reported that
patients expressing the AIF (G338E) variant exhibit early
onset mitochondrial encephalopathy,®® while children
carrying AIF (V243L) develop progressive myopathy,
ataxia and neuropathy within the first years of life.”" As
for the other AIFM1 alleles reported to date, little is
known about their in vitro biochemical properties, with
their biological impact primarily determined by evi-
dence obtained using patient-derived materials. Given
these obvious limitations, one valuable option is to clas-
sify disease-causing AIFM1 mutations according to their
clinical manifestations, with 6 AIF variants (P169L,
R2o1del, V243L, G308E, G338E, Q479R) resulting in
combined oxidative phosphorylation deficiency-6
(COXPDOG) that may lead to encephalomyopathic disor-
der with onset before or immediately after birth
(Table 1).%9%7:99793 Using the same criteria based on
reported clinical symptoms, it would be reasonable to
include 7 AIF variants (T141l, A157V, Fa10L/S, G262S,
M340T, E493V) in rare inherited X-linked Charcot-
Marie-Tooth disease type 4, with pathological patterns
that are highly variable in term of onset (childhood or
early adolescence) and symptoms, the latter including
slowly progressive axonal neuropathy associated with
deafness and cognitive impairment, walking difficulties
and gait ataxia (Table 1).°%94 9% As additional two
groups, we can mention 4 AIF variants (Q235H,
D237G/V, D240D synonymous substitution) that can
give rise to a X-linked developmental disorder consist-
ing of progressive skeletal and neurologic
abnormalities,”® " while the other 4 recently identi-
fied AIF mutants (G399S, E453Q, P488L, Y492H) have
been linked to mitochondrial diseases with a variable
spectrum of phenotypic outcomes (Table 1)."°4 "7 At
the time of writing, a new case of fatal encephalomyop-
athy has been reported in an infant from a mother carry-
ing a de novo AIFM1 intronic mutation that is supposed
to alter the correct splicing of the precursor mRNA."*®
Due to exon 11 skipping and the consequent amino acid
frameshift, the predicted AIF variant is a truncated poly-
peptide of 361 amino acids that, if translated, is unstable
and rapidly degraded.”®® Finally, a large number of AIF
variants has been associated with relatively mild syn-
dromes primarily characterized by progressive auditory
neuropathy and deafness'® """ (Table 1), which may
indicate that these mutations have a weaker effect on
the OXPHOS system compared to the first disease-

causing AIFM1 allele identified more than a decade
ago.®> Given the relevance of AIF in human pathophysi-
ology, we envision that a better characterization of these
clinically relevant AIF variants at biophysical, biochemi-
cal and cellular levels may help to further improve our
understanding of the complex biology of AIF and its
contribution to mitochondrial bioenergetics. Through
this effort, in the near future it may be possible to
develop novel concepts for urgently needed personal-
ized therapeutic approaches that may help to ameliorate
human illnesses associated with AIFM1 mutations.

AIF deficient transgenic mice: preclinical models and
their limitations

Based on the currently available clinical and biochemi-
cal evidence, it is reasonable to assume that disease-
causing AIFM1 mutations are loss-of-function. If this
scenario is accepted, transgenic AIF deficient mice
become relevant bona fide models for preclinical studies
of novel therapeutic interventions.

Since constitutive Aifimi1 knockout results in embry-
onic lethality,”*" the Hq mutant mouse model was ini-
tially a key tool to study AIF beyond its role in cell
death® (Table 2). With a reduction of Aifim1 expression
(up to ~80%) that may vary across different tissues, Hq
mutant mice have been proposed as a model of Com-
plex I deficiency.?""# Apart from their smaller size com-
pared to wild type littermates,”’ Hg mutant mice
develop skeletal muscle atrophy and signs of progres-
sive retinal and cerebellar degeneration, the latter
becoming phenotypically obvious between 3-4 months
of age>""™ Neuropathological changes include GFAP-
positive astrogliosis in some tissues (e.g., thalamus, cer-
ebellum), already at 2 months of age, while extensive
microglia activation occurs at 3-4 months of age and is
observed in the cerebellum concomitantly with the neu-
rodegeneration of Purkinje cells and other neurons of
the granular cell layer."” In their original mixed genetic
background, Hg mutant mice show variable phenotypic
traits, including weight loss over time, baldness and
locomotory defects linked to the severity of cerebellar
ataxia."™* Hair loss is seen in most of the adult animals,
while pelage abnormalities in the pups are associated
with fragility of the hair cortex, possibly because of kera-
tinization defects due to altered gene expression pat-
terns associated with expression of retroviral elements
from the Hg allele."® Although these inter-individual
phenotypic differences may not be suitable for conven-
tional pharmacokinetic and toxicology studies, Hgq

domains, respectively. In bold red, we report the evolutionarily conserved residues that are mutated in patients with mitochondrial
diseases. GIn235 and Asp240 (in brown) have been linked to mitochondrial diseases, although they are not evolutionarily conserved
across species. (B) Arg201 is predicted to form hydrogen bonds with Glu531 and its loss may compromise the folding of AIF regula-
tory peptide (Ala509-Asp559), with important consequence on AlF stability. (C) Gly308 is within the NADH-binding domain and is
predicted to coordinate Ser313, contributing to the proper organization of the catalytic site and NADH stabilization by Phe310. Pro-

tein structure prediction was obtained using AlphaFold.'*"*'
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AIF variants
p.Thri4illle
p.Ala157Val
p.Pro169Leu

p.Met171lle
p.Arg201del

p.Phe210Leu

p.Phe210Ser

p.GIn235His

p.Asp237Val

p.Asp237Gly

p-Asp240Asp

p.Val243Leu

p.Gly262Ser

p.Gly308Glu

p.Gly338Glu

p.Met340Thr
p.Gly399Ser

p.Glu453GIn

p.GIn479Arg

p.Tyr492His
p.Glu493Val

p.Thr260Ala

p.lle304Met
p.Leu333Phe
p.Leu344Phe
p.Ser349Gly
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Nucleotide changes
c422C>T
c470C>T
c.506C>T

c513G>A
c.del601-603
trinucleotide deletion

€.630C>G

€.629T>C

¢.705G>C

c.710A>T

c710A>G

c.720C>T

c727G>T

C.784G>A

Cc923G>A

c.1013G>A

c.1019T>C
c.1195G>A

c.1357G>C

c.1436A>G

c.1474T>C
c.1478A>T

C547A>T
c.778A>G
c.881G>A
C.890A>T
c912C>G
c997C>T
c.1030C>T
c.1045A>G

Table 1 (Continued)

Reported clinical features
Patients exhibited ataxia associated with variable degrees of hearing loss and neuropathy.”
Progressive severe ataxia, polyneuropathy, atypical hemifacial spam and myoclonus.”
Severe multisystem pathology and metabolic acidosis resulting in an early demise
(combined oxidative phosphorylation deficiency 6: COXPD6).°?
X-linked recessive Charcot-Marie-Tooth disease-4 (CMTX4).'”’
Severe mitochondrial encephalomyopathy; psychomotor regression; axonal
sensory and motor peripheral neuropathy; muscle wasting; weakness (COXPD6).%*
Patients were diagnosed with a possible X-linked Charcot-Marie-Tooth
disease-4 (CMTX4). Patients exhibited axonal polyneuropathy, muscle atrophy and weakness.””

Patients exhibited early-onset axonal polyneuropathy with progressive muscle weakness.'*®

X-linked spondylometaphyseal dysplasia with hypomyelinating leukodystrophy.

Patients exhibited gait abnormalities; progressive skeletal and neurologic abnormalities;
visual deficits; hypomyelination; skeletal dysplasia; mild cognitive dysfunction.”

X-linked hypomyelination with spondylometaphyseal dysplasia. Infants exhibited gait
abnormalities and gradual deterioration of motor functions. Diffused hypomyelination
included the cerebral white matter. Skeletal abnormalities were detected in all patients.”

X-linked spondylometaphyseal dysplasia with mental retardation. Patients exhibited
progressive skeletal deformities, widespread hypomyelination, cerebral and cerebellar atrophy .*>'%

X-linked hypomyelination with spondylometaphyseal dysplasia. Patients exhibited progressive
skeletal and neurologic abnormalities, optic nerve atrophy and moderate hearing loss.”

X-linked recessive severe encephalomyopathic disorder (COXPD®6). The patient exhibited
progressive myopathy, ataxia and neuropathy at childhood.”'

In an adult patient, Gly(262) to Ser substitution was associated with slowly
progressive mitochondrial disease. At childhood, the patient developed gait and limb ataxia,
hearing loss and cognitive impairment. At puberty, the patient exhibited visual deficits,
tremor, muscle wasting and weakness.””

Prenatal developmental brain abnormalities (ventriculomegaly: enlargement of lateral ventricles).
Patients exhibited hypotonia, aberrant psychomotor development, seizures, muscle weakness
and cardiac abnormalities.””

X-linked early-onset mitochondrial encephalopathy. Patients exhibited hypotonia, muscle
weakness, respiratory insufficiency, involuntary movements and motor axonal
neuropathy (COXPD6).”°

Patients exhibited ataxia associated with variable degrees of hearing loss and neuropathy .

94,96

Patients exhibited childhood-onset nonprogressive cerebellar ataxia, hearing loss, intellectual
disability, peripheral neuropathy, mood and behaviour disorder.'%*

Late-onset ataxic sensory neuropathy and hearing impairment in an adult male patient.
Histopathological examination revealed neurogenic muscle atrophy. No ragged red fibres
and cytochrome C oxidase-deficiency were detected in muscle biopsies.'*

In a male infant, GIn(479) to Arg substitution was associated with a severe, fatal, early-onset
mitochondrial encephalomyopathy characterized by intractable seizures, polyneuropathy
and myopathy (COXPD6).”*

Mitochondrial disorders with spinal muscular atrophy-like pattern .”*'”

Cowchock syndrome/X-linked recessive Charcot-Marie-Tooth disease-4 (CMTX4), with
or without cerebellar ataxia; early-onset axonal sensorimotor neuropathy
associated with hearing loss and cognitive impairment .%%%°

Mutations linked to auditory defects

X-linked deafness.'®""" Patients became symptomatic at different age. In a few
cases, auditory neuropathy could be associated with other manifestations.

Leu(344) to Phe substitution was the most common variant detected in patients.
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p.Gly360Arg c.1078G>C
p.Arg422Trp c.1264C>T
p.Arg422GIn c.1265G>A
p.Arg430Cys c.1288C>T
p.Arg451GIn c.1352G>A
p.Ala465Val c.1394C>T
p.Ala472Val c.1415C>T
p.Pro475Leu c.1424C>T
p.Pro488Leu c.1463C>T
p.Val498Met c.1492G>A
p.Tyr560His c.1678T>C
p.lle591Met c.1773C>G
- €.697-44T>G

An intronic variant
44 bp from the 3’

splice site of exon 7

- c.1164+5G>A
Avariant in intron
11 resulting in aberrant

splicing and frameshift

Additional mutations identified in patients
This mutation within intron 6 of the AIFM1 gene may alter mRNA splicing and
potentially affect AIF expression. Clinical symptoms were reported in members
of a family with diagnosed X-linked spondylometaphyseal dysplasia with
hypomyelinating leukodystrophy. Gradual motor dysfunction, spasticity, ataxia,
proximal weakness and join contractures were observed between 12 and
36 months of age .7
This mutation is located at 5 bp of intron 11 and may cause aberrant splicing
of AIFM1 precursor mRNA. Patient-derived cells express both wt mature mRNA and
a transcript lacking exon 11. The predicted AIF variant is a truncated protein of 361

amino acids. Patients develop fatal encephalomyopathy.

108

Table 1: List of AIFM1 mutations and associated clinical features of the reported cases.

mutant mice have been used in some settings to evalu-
ate the disease-modifying effects of dietary interventions
and FDA-approved drugs’*"7"'® Thus, Hq mutant
mice may still represent a useful in vivo model of dis-
eases linked to AIF deficiency, especially when the pri-
mary goal is to recapitulate the phenotypic
heterogeneity associated with inherited mutations
affecting mitochondrial function. However, while these
aspects may come with advantages in certain experi-
mental settings, they become limiting factors when con-
sistent and reproducible outcomes are pre-requisites for
molecular investigations in small-sized animal cohorts.
To overcome this bottleneck, transgenic mice carrying
floxed Aifini alleles have been generated and used to
manipulate AIF expression in a tissue specific manner.
Toward this end, Cre-mediated recombination of exon 77
was used to successfully disrupt AIF expression. Mus-
cle-specific AIF KO mice exhibited severe progressive
skeletal muscle atrophy, cardiomyopathy and body
weight loss that are evident already at 2 months of
age'” (Table 2). Similarly, Cre-mediated inactivation of
the floxed exon 11 results in a premature stop codon that
prevents the correct expression of a functional AIF pro-
tein.""? Consistent with a role in embryogenesis, loss of
a single Aifim1 allele causes perinatal hydrocephaly in
heterozygous AIF KO female mice™® (Table 2). More-
over, adult Aifin1*/ females exhibit an aberrant immune
profile,"? consistent with previous evidence showing
that cell-specific hematopoietic Aifin1 KO mice develop
progressive hematopoietic stem cell exhaustion and
consequently decreased number of all blood cell

types.”*° Thus, the use of mutant mice carrying a floxed
Aifma1 allele has further expanded the investigation of
AIF’s contribution to biological processes in a tissue-
specific manner and within certain experimental para-
digms. In this regard, Aifm1 knockout in the skeletal
muscle, liver or in hypothalamic proopiomelanocortin
(POMC)-expressing neurons improves glucose homeo-
stasis and prevents obesity of animals fed with high-fat
diet,*”"*" emphasizing how cell-specific mitochondrial
dysfunction due to AIF deficiency can influence the
global metabolism of a living multicellular organism.

In an effort to develop a reliable model that could
partially recapitulate the pathological profiles observed
in patients expressing an AIF variant across tissues, our
laboratory generated transgenic mice carrying the first
identified disease-causing AIFM1 mutation in humans
(i.e., human Arg 201 deletion®). This newly developed
knockin mouse line expresses an AIF variant lacking
R200 (R2o1 in human) and additional recognition ele-
ments that can enable tissue-specific Aifm1 knockout by
using the phiC31 recombination system’* (Table 2).
Aifmi(R200 del) KI mice are born at the expected
Mendelian frequency and display early sign of skeletal
muscle wasting associated with hind limb clasping
and kyphosis. Consistent with previous in vitro
evidence,®*° posttranslational loss of AIF (Rzoo del)
variant may lead to CHCHD4 deficiency in the skeletal
muscle and other tissues.>* The loss of cytochrome c
oxidase (COX)-positive muscle fibers correlates with
impaired expression of ETC subunits. Contrary to Hg
mutant mice, Aifimi(R200 del) KI mice do not exhibit
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Strains
(genotype)
Harlequin mutant mice

(Aifm1" in a mixed genetic background) *'

Reported phenotypes

-Ectopic proviral insertion within the intron 1 of the Aifm1/Pdcd8 gene.

-High variability of Aifm1 expression is observed in tissues across individual animals.

-Within a few weeks after birth, Hg mutant animals exhibit weight loss, first signs of muscle wasting and
a heterogeneous pelage paucity.

-Between 3 and 6 months of age, hemizygous males (Hg/Y) and homozygous females (Hg/Hq) develop
progressive cerebellar ataxia and blindness.

-Neurodegeneration is evident in the cerebellum, although cortical, thalamic and striatal regions may be

affected at a later time.

Aifm Iﬂox/ﬂox

flox-exon 7-flox (C57BL/6J)" "%

Aifm Iﬂox/ﬂox

flox-exon 11-flox (C57BL/6J)""°

Aifm1(R200 del) knockin
(C57BL/6J)™

Additional mouse models
Aifm 7ﬂox/ﬂox

flox-exon 3-flox (C57BL/6J)'*°

Reported phenotypes

before adulthood.

-Astrogliosis and microglial hyperactivity are additional traits observed in Hg mutant brains.

-Aifm1 null embryos die during gestation between E8.5 and E10.5.

-Muscle-specific Aifm1 KO leads to severe dilated cardiomyopathy and skeletal muscle atrophy.

-Skeletal muscle-specific and liver-specific Aifm1 KO are resistant to high fat diet-induced obesity and
display increased glucose tolerance.

-Loss of AIF in POMC-expressing neurons alters neuronal activity and fatty acid metabolism, improving
systemic glucose tolerance in obese mice.

-AlF ablation in hematopoietic stem cells alters the differentiation of blood cells, causing progressive
pancytopenia in very young transgenic mice.

-AlF deficiency impairs mitochondrial respiration and fatty acid metabolism, leading to aberrant thymo-
cyte differentiation and fate.

-Aifm1(R200 del) KI mice develop early-onset myopathy without evident sign of neurodegeneration.

-AIF (R200 del) variant is unstable and leads to OXPHOS defects associated with aberrant folate metabo-
lism and hyperactive Akt/mTOR signaling.

-Cre recombinase-mediated deletion of exon 3 induces the expression of an AIF variant (i.e., AIF3) lack-
ing 81 amino acids (Gly35 to Ser115 of mouse AIF) that are part of the mitochondrial targeting
sequences and downstream the hydrophobic transmembrane domain.

-This mouse model is a conditional KO of wt Aifm1 and a gain-of-function for AIF3. Aifm1™; CamKila'

males and Aifm1™7: CamKil™®"9 females exhibit progressive neurodegeneration and die prematurely

Cre/tg

Table 2: list of Aifm1 deficient mouse strains and summary of their features.

cerebellar degeneration or other obvious lesions in the
brain, despite comparable defects of the mitochondrial
OXPHOS system.”* As a side note, Aifmi(R200 del)
KI mice show metabolic signatures (e.g., aberrant folate
metabolism) and increased Akt/mTOR signaling that
are often observed in tissues from other mouse models
of mitochondrial diseases.”** "*> Thus, the use of Aifimi
(R200 del) KI mice may help the scientific community
in the investigation of molecular processes associated
with AIF deficiency, although additional in vitro and in
vivo models may be required to fully recapitulate the
pathological profiles observed in patients carrying AIF
variants. Indeed, the use of transgenic mice may not be
sufficient to explore how pathogenic AIF mutants can
induce metabolic syndromes in humans. In support of
this argument, AIF (Q235H) has been identified in
infants with X-linked spondylometaphyseal dysplasia
with hypomyelinating leukodystrophy.”® However, this
substitution is a natural variant that occurs in rodents
and does not cause obvious AIF instability (Figure 24),
further indicating possible limitations of eventual
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disease-causing Aifm1 mutant KI mice in fully recapitu-
lating pathogenic processes observed in patients.

We look forward to future studies that may help to
expand our understanding of disease-associated AIF
variants. We hope that the currently available AIF
mutant mice as well as future alternative in vitro and in
vivo models may contribute to the development of novel
therapeutic interventions that are urgently needed by
patients and their families.

Conclusions and outstanding questions

The name apoptosis-inducing factor was initially used
by Guido Kroemer and his team to describe a molecule
that is released from the mitochondria upon dissipation
of the mitochondrial membrane potential during cas-
pase-dependent apoptosis.**'>® The expanding case
reports on disease-causing AIFM1 mutations have fur-
ther emphasized the importance of AIF function in
human pathophysiology. On top of these important
clinical aspects, an emerging array of interactors have
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placed AIF in a complex biological network with clear
implications in mitochondrial bioenergetics, intracellu-
lar signaling and pathogenic processes. Despite three
decades of studies, there are still many open questions
that we consider relevant for both biology and medicine.
Since AIF is an oxidoreductase, is there any substrate
that undergoes AIF-dependent redox reactions? Alterna-
tively, does AIF simply act as a sensor within the mito-
chondria, adjusting mitochondrial activity according to
the needs of the cell? If so, which are the molecules that
modify AIF activity? Is there any factor that, indepen-
dently of CHCHDy4, binds AIF and modulates mito-
chondrial bioenergetics? In the context of the different
clinical settings, how can disease-causing AIF variants
lead to different metabolic syndromes? Is AIF a good
target for small bioactive molecules? Since the currently
available treatments (e.g., riboflavin supplementation) do
not lead to substantial improvements,*9>94'°5 a deeper
understanding of molecular and mechanistic aspects
associated with pathogenic AIF variants may help to dis-
sect the complexity of human diseases linked to AIFM1
mutations. We look forward to new exciting studies that
will add crucial pieces to the existing puzzle.

Search strategy and selection criteria

Original findings were searched in PubMed and Sco-
pus. References from relevant articles were obtained
using the following keywords, as single search term
or in combination: “AIF”, “AIFM1”, “mitochondrial
diseases”, “neurodegenerative diseases”, “metabolic dis-
eases”, “oxidoreductase”, “therapeutic strategies”. Addi-
tional keywords may have been used in a few additional
cases. Only articles published in English were consid-
ered. The final reference list was generated based on the

relevance to the scope of this review.
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