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dysfunction, causing muscle atrophy and neurodegeneration in model organisms as well as in humans. The pur-
pose of this review is to describe functions of AIF and AlF-interacting proteins as regulators of cell death and mi-

tochondrial bioenergetics. We describe how AIF deficiency induces pathogenic processes that alter metabolism
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and ultimately compromise cellular homeostasis. We report the currently known AIFM1 mutations identified
in humans and discuss the variability of AIFM1-related disorders in terms of onset, organ involvement and symp-
toms. Finally, we summarize how the study of AIFM1-linked pathologies may help to further expand our under-

standing of rare inherited forms of mitochondrial diseases.
© 2018 German Center for Neurodegenerative Diseases (DZNE). Published by Elsevier B.V. This is an open access
article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction comprises a NADH/NADPH-binding domain and two flanking flavin ad-

The X-linked AIFM1 gene encodes for a 67-kDa AIF polypeptide that
is imported into the mitochondria, where it is processed to an inner-
membrane-tethered protein. Proteolytic cleavage between Met53 and
Ala54 generates a 62-kDa mature form, which is mainly exposed to
the intermembrane space (IMS) (Otera et al., 2005), although a small
pool of AIF protein is also loosely associated with the cytosolic side of
the mitochondrial outer membrane (MOM) (Yu et al., 2009). AIF
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enine dinucleotide (FAD)-binding motifs. The NADH-binding region
possesses a sequence homology to bacterial NADH-dependent ferre-
doxin reductase and to the phylogenetically related yeast NADH:ubiqui-
none oxidoreductase Ndilp (Mate et al., 2002; Elguindy and Nakamaru-
Ogiso, 2015). The folded AIF polypeptide undergoes dimerization upon
NADH reduction, while the subsequent conformational change stabi-
lizes the reduced form of the molecule, increasing AIF resistance to ox-
idation (Sevrioukova, 2009; Churbanova and Sevrioukova, 2008;
Villanueva et al., 2015). The C-terminal region contributes to the di-
meric interface and determines the binding with other molecules, in-
cluding the DNA. The overall crystal structure indicates that AIF has a
glutathione reductase fold and shares a structural homology to the
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ferredoxin reductase BphA4 (Mate et al., 2002). AIF exhibits NADH-
dependent oxidoreductase activity in vitro, however the electron trans-
fer to oxidized substrates occurs with much less efficiency compared to
other flavoproteins (Sevrioukova, 2011; Churbanova and Sevrioukova,
2008). While AIF redox capacity determines its mitochondrial house-
keeping function, the oxidoreductase activity is instead dispensable
during cell demise. In the next sections, we will summarize the contri-
bution of AIF to cell death (Fig. 1A). We will outline a few distinct path-
ways with unique AIF-dependent biochemical signatures and discuss
AIF participation to detrimental cascades occurring in a few disease set-
tings. Then, we will describe the importance of AIF in the maintenance
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of the respiratory complexes and, therefore, mitochondrial activity
(Fig. 1A). Finally, we will provide an overview of the mutations in the
AIFM1 gene that have been causally linked to inherited pathological
conditions in humans.

2. AIF from Apoptosis to Unique Death Pathways, with an Overview
of its Lethal Contribution across Disorders

AIF was originally identified as a soluble 57-kDa fragment that, dur-
ing apoptosis and upon dissipation of the mitochondrial membrane po-
tential, is released from the mitochondria and translocates to the
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Fig. 1. Pathophysiological functions of AIF. (A) Under physiological settings, AIF has a vital role in mitochondrial bioenergetics, since it supports the normal oxidative phosphorylation of the
cell. Consequently, mitochondrial AIF has an impact on multiple catabolic and anabolic pathways, as well as on epigenetic processes that depend on mitochondrial metabolites. It remains
unclear whether soluble AIF molecules are present in other subcellular compartments under physiological conditions. Upon detrimental signals, mitochondrial AIF indirectly modulates
intracellular signaling pathways (e.g., PTEN/Akt), while cytosolic AIF binds molecular partners that determine its nuclear translocation. In the nucleus, AIF forms a degrading complex re-
sponsible for chromatinolysis and cell death. These molecular processes have been associated to an array of pathological conditions, including inherited diseases. (B) Schematic summaries
of AlF-interacting proteins. Mitochondrial intermembrane space: AIF binding to CHCHD4/Mia40 contributes to the oxidative folding of electron transport chain subunits. Moreover, AIF
physically interacts with mitochondria-localized PTEN, inhibits PTEN oxidation and indirectly influences Akt signaling pathway. Cytosol: upon release from the mitochondria, AIF interacts
with several cytosolic proteins. The binding kinetics between HSP70 and CypA determines AIF nuclear translocation rate. In the cytosol and in the nucleus, TRX1 interaction prevents AIF
oxidation in cells exposed to stress and undergoing apoptosis. Another recently identified AIF-binding partner is MIF. In a functional complex with AIF, the endonuclease MIF translocates
to the nucleus and mediates chromatinolysis. During apoptosis, AIF interacts with the eukaryotic translational initiation factor EIF3g and, consequently, inhibits protein synthesis. Nucleus:
along with CypA, AIF interacts with histone H2AX and forms a degrading complex that regulates DNA cleavage. At least in invertebrates, AIF regulates EndoG activity and promotes chro-

matin condensation.
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nucleus in a caspase-independent manner (Susin et al., 1999; Susin
et al., 1996). Subsequent studies have shown that, during cell death,
the accumulation of AIF in the cytosol requires both permeabilization
of the MOM and the concomitant cleavage of the membrane-bound
protein between Leu101 and Gly102 (Otera et al., 2005; Susin et al.,
1999; Susin et al., 1996). It is still under debate whether a cytosolic pro-
tease or a resident mitochondrial processing peptidase is responsible for
the release of truncated AIF from the IMS in response to death stimuli.
One line of evidence suggests that calcium-dependent cysteine prote-
ases, calpains, can induce AIF release from permeabilized mitochondria
(Polster et al., 2005; Cao et al., 2007), which along with other cysteine
proteases (i.e., lysosomal cathepsins) cleave AIF, at least in vitro
(Yuste et al., 2005). In the cytosol, truncated AIF physically interacts
with multiple proteins, including heat shock 70-kDa protein (HSP70)
and cyclophilin A (CypA) (Fig. 1B). In an antagonistic and redox-
controlled manner, these two proteins regulate the cellular localization
of truncated AIF protein. In this regard, HSP70 promotes AIF retention in
the cytoplasm (Ravagnan et al., 2001), whereas CypA facilitates the re-
distribution of AIF monomer to the nucleus (Zhu et al., 2007a; Cande
et al., 2004). Based on recent biochemical evidence, it seems that
thioredoxin TRX1 reduces AIF in the cytosol and eventually in the nu-
cleus, in part modulating AIF nuclear activity during cell death (Nakao
et al., 2015; Shelar et al., 2015). This interaction has several evolution-
arily conserved aspects, since knockdown of thioredoxin-2 (Dm Trx-2)
contributes to AlF-induced cell death in Drosophila melanogaster (Joza
et al., 2008). Although the picture is not complete, it is possible that
the thioredoxin-mediated regulation of AIF redox status determines
the binding to HSP70 or CypA, in line with previous data reporting
that CypA preferentially binds oxidized AIF (Cande et al., 2004). Simi-
larly, it remains unclear whether the two nuclear localization sequences
(NLS), within the FAD and C-terminal domains, actively mediate an
ATP-dependent nuclear import of AIF/CypA complex. During apoptosis,
AIF nuclear translocation occurs downstream of mitochondrial perme-
abilization and, therefore, in cells undergoing a possible energy crisis.
In this and other settings, it is reasonable to assume that AIF transloca-
tion does not require active transport, but may be facilitated by the in-
creased permeability of the nuclear pore complex during cell death
(Bano et al., 2010; Ferrando-May et al., 2001). In the nucleus, AIF pro-
motes DNA degradation into 20- to 50-kb fragments and, consequently,
induces chromatin condensation required for cell disassembly (Susin
et al,, 1999). Notably, the apoptogenic effect of AIF does not require
NADH and is not abrogated by inactivation of the FAD binding site
(Miramar et al., 2001). Since AIF does not possess any obvious nuclease
activity, it primarily functions to recruit and modulate the activity of a
non-specific endonuclease that directly cleaves DNA. In the nematode
Caenorhabditis elegans, the endonuclease G (EndoG) ortholog CPS-6 is
released from the mitochondria and binds to the mitochondrial worm
ortholog of AIF (WAH-1), mediating DNA degradation in the nucleus
during programmed cell death (Wang et al., 2002; Parrish et al.,
2001). This process has a few evolutionarily conserved aspects (Li
etal,, 2001), however both AIF and EndoG can stimulate chromatin frag-
mentation in mammalian cells independently of one another (Artus
et al.,, 2010; Wang et al., 2016b). Notably, downregulation of wah-1 is
epistatic to cps-6 loss-of-function, suggesting that CPS-6 and WAH-1
work in the same cell death pathway downstream of caspase CED-3.
Mechanistically, it seems that reduced WAH-1 protein enhances CPS-6
dimerization in response to oxidative stress and cell death stimuli,
hence controlling its nuclease activity and pro-apoptotic function (Lin
et al., 2016). It is worth noting that recent in vitro as well as in vivo stud-
ies have challenged the contribution of EndoG in AlF-dependent DNA
degradation. This is especially relevant in certain types of caspase-
independent cell death, where AIF nuclear translocation is the commit-
ment point in the cascade of events that lead to demise of injured cells.
This form of cell demise (and recently designated parthanatos;
reviewed in (Fatokun et al., 2014)) occurs as a consequence of the
poly(ADP-ribose) polymerase (PARP) overactivation. PARPs are mainly,

but not exclusively, in the nucleus and are multidomain enzymes with a
wide spectrum of regulatory functions (reviewed in (Bai, 2015)). In re-
sponse to DNA damage and formation of single-strand breaks, PARPs
cleave NAD™" and modified acceptor proteins or synthesized branched
poly(ADP-ribose) (PAR) polymers. These PAR polymers can work as sig-
naling species (Andrabi et al., 2006) as well as inhibitors of enzymes in-
volved in critical metabolic processes, such as glycolysis (Andrabi et al.,
2014; Alano et al., 2010). As a downstream effect, PAR polymers may in-
fluence AIF processing and release through their direct binding at the C-
terminal of the membrane-bound AIF (Wang et al., 2011). Alternatively,
PARP-1 activity may exhaust NAD™ pool, which would indirectly dissi-
pate the mitochondrial membrane potential and facilitate AIF release
(Alano et al., 2010; Andrabi et al., 2014). In cells treated with DNA-
alkylating agents or exposed to excitotoxic conditions, sustained
PARP-1 activity produces excessive PAR polymers that trigger AIF re-
lease from the mitochondria through a yet unidentified mechanism
(Yuetal, 2002). Recently, it was shown that the macrophage migration
inhibitory factor (MIF), a previously unrecognized nuclease, binds cyto-
solic AIF and translocates to the nucleus, where it cleaves genomic DNA
and causes cell death (Wang et al., 2016b). These intriguing findings
give a different perspective on the processes downstream mitochon-
drial AIF release, despite that many of the underlying mechanisms re-
main elusive. In this regard, it would be interesting to determine
whether cytosolic MIF contributes to DNA fragmentation in other
types of cell injuries and if it is mutually exclusive with EndoG in
these death paradigms. Moreover, it is tempting to speculate that,
apart from shuttling from the cytosol to the nucleus, AIF may regulate
MIF targeting and binding to distinct chromatin domains, for example
DNA double-strand break enriched in phosphorylated H2AX (Artus
et al., 2010). Thus, AIF contributes to cell demise in association with en-
donucleases that directly degrade chromosomal DNA.

Given its crucial role as a death effector in various cell demise para-
digms, it is not surprising that the pro-death function of AIF contributes
to a large spectrum of pathological conditions. In brain ischemia, neuro-
nal damage following haemorrhagic or ischemic stroke occurs as a re-
sult of hypoxia, glucose deprivation, formation of free radicals and
glutamate-mediated = N-methyl-p-aspartate (NMDA) receptor
overactivation, with the latter that ultimately causes massive intracellu-
lar Ca®>* overload and, as a consequence, triggers several neurotoxic
programs (Bano and Ankarcrona, 2018; Moskowitz et al., 2010; Curcio
etal,, 2016; Lai et al,, 2014; Berliocchi et al., 2005). It is likely that nuclear
translocation of AIF can occur through alternative routes, with a popula-
tion of injured neurons that initiate a classic apoptotic pathway culminat-
ing with caspase activation, while other cells die following DNA damage
and consequent PARP-dependent parthanatos cascade. Despite the com-
plexity of this scenario, ample evidence suggests that mitochondrial AIF
release represents the conclusive step toward neuronal loss. In this re-
gard, downregulation of AIF or its binding partners (i.e., CypA, MIF) in-
volved in chromatinolysis significantly reduces the brain damage
following ischemic insults (Zhu et al.,, 2007a; Zhu et al.,, 2007b; Culmsee
et al,, 2005; Wang et al., 2016b; Wang et al., 2011). Apart from this evi-
dent neuron-specific role, one emerging aspect is the contribution of AIF
to hematopoietic development and immune response, primarily through
its role in mitochondrial bioenergetics (Burguillos et al., 2011; Milasta
etal, 2016; Cabon et al,, 2018). In this context, it is tempting to speculate
that AIF dysfunction may influence neurodegenerative processes in a
non-cell-autonomous manner, by altering for example glia metabolism
and inflammation. Finally, a large body of data suggests that AIF is prog-
nostic of disease progression in certain tumors. Indeed, high AIF expres-
sion proved to be predictive of a longer overall survival in patients with
B-cell lymphoma (Troutaud et al., 2010), but was not found to be prog-
nostic in colorectal cancer (Perraud et al.,, 2011) or pediatric glioma
(Smith et al.,, 2011). Similarly, AIF overexpression was observed in pa-
tients with chronic myeloid leukemia and associated with worse progno-
sis and diminished responsiveness to tyrosine kinase inhibitors (Quintas-
Cardama et al., 2012). Certainly, more research efforts are warranted for a
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comprehensive understanding of the role of AIF in disease onset, progres-
sion and therapy response in humans.

3. AIF Contribution to Mitochondrial Respiration: Assembly Factor
or Import Regulator?

Over the last two decades, the biological implications of AIF in mod-
ulating chromatin condensation and cell death have attracted the inter-
est of many scientists in the field of apoptosis (Sevrioukova, 2011;
Hangen et al., 2010; Fatokun et al.,, 2014). However, AIF's role as an evo-
lutionarily conserved death executioner was not sufficient to explain
some of the phenotypes observed in Aifm1 deficient mice. While a
pioneering study in embryonic stem cells (ES) supported that genetic
inactivation of Aifm1 alters apoptosis during differentiation and tissue
morphogenesis (Joza et al., 2001), a different perspective on AIF func-
tion came from the characterization of the Harlequin mutant mouse
model and the fact that some of the phenotypes could not be simply rec-
onciled as a consequence of aberrant cell death programs. The Harle-
quin mutation derives from a proviral insertion in the X-linked Aifm1
locus, causing 80% reduction in Aifim1 mRNA expression (Klein et al.,
2002). As a consequence of AIF deficiency, Harlequin mutant neurons
display higher oxidative stress and increased accumulation of
bromodeoxyuridine (BrdU) associated with aberrant expression of cell
cycle regulators and progressive cerebellar degeneration. These break-
through observations raised the possibility that AIF has additional func-
tions beyond its established contribution to cell death processes. In
support of this hypothesis, a series of studies in cell culture models
pinpointed to a housekeeping role in mitochondrial respiration that is
of key importance for cell survival (Vahsen et al., 2004). The authors ob-
served that gene silencing of AIF by small interfering RNA (siRNA) in
Hela cells as well as genetic deletion of Aifm1 in mouse ES cells led to di-
minished oxygen consumption rate (OCR) and enhanced lactate pro-
duction. Further investigation in cells and tissues lacking AIF unveiled
that the primary mitochondrial defect is the loss of respiratory complex
subunits, with complex I carrying the most severe damage (Vahsen
et al., 2004). This line of evidence was subsequently confirmed in aif1
mutant (Aaif1) Saccharomyces cerevisiae, which displays altered growth
in nonfermentable carbon sources (i.e., glycerol, lactate) compared to
wild type strains. Equally important, Dm AIF knockout in Drosophila
melanogaster larvae show impaired oxidative phosphorylation
(OXPHOS) due to loss of complex I and complex IV activities, resulting
in larval growth arrest and lethality (Joza et al., 2008). Similarly, wah-
1 downregulation leads to decreased mitochondrial respiration, affects
development and significantly reduces survival and fitness of the nem-
atode C. elegans (Troulinaki et al., 2018). To understand these dual func-
tions of AlF, it is important to disentangle its pro-apoptotic function
from its homeostatic contribution in the mitochondria. This was
achieved in AIF deficient cortical neurons, where aberrant mitochon-
drial morphology and cristae organization was rescued by overexpres-
sion of mutated AIF proteins that are anchored to the IMS and cannot
translocate to the nucleus (Cheung et al., 2006). Together, these lines
of evidence suggest that AIF is an evolutionarily conserved regulator
of mitochondrial bioenergetics (Fig. 1A). As one possible explanation
for this archaic metabolic function, it has been proposed that AIF
might transfer equivalents to the electron transport chain and, as a con-
sequence, would maintain the NAD"/NADH pool and/or the NADH-
dependent proton pumping across the mitochondrial inner membrane
(MIM) (Elguindy and Nakamaru-Ogiso, 2015). This is supported by
the fact that AIF shares homology with the yeast Ndil, a NADH-
oxidoreductase that sustains mitochondrial membrane potential and
can bypass complex I lesions (De Corby et al., 2007; Jafari et al., 2016).
As an alternative mechanism, AIF may regulate mitochondrial function
by participating in the assembly and/or stabilization of the respiratory
complexes. Knowing that the absence of AIF causes only modest expres-
sion changes of nuclear-encoded mitochondrial OXPHOS genes (Vahsen
et al., 2004), the post-transcriptional regulation of OXPHOS subunits

seems a more likely scenario. Consistent with this view, AIF regulates
the biogenesis of the electron transport chain through its physical inter-
action with coiled-coil-helix-coiled-coil-helix domain containing 4
(CHCHD4) (Meyer et al., 2015; Hangen et al., 2015). The IMS oxidore-
ductase CHCHD4 is the mammalian homolog of yeast Mia40, a crucial
component of the mitochondrial import machinery that catalyzes the
oxidation of small precursor proteins through the transient formation
of disulphide bridges and the transfer of reducing equivalents to oxygen
as a final acceptor (Banci et al., 2009; Terziyska et al., 2005; Chacinska
et al,, 2004). In a functional complex with the sulfhydryl oxidase Erv1,
IMS soluble as well as membrane anchored Mia40 works as a docking
receptor for incoming reduced intermediates that are retained in the
IMS upon oxidation and proper conformational folding (Sideris and
Tokatlidis, 2010). The discovery that AIF binds CHCHD4 has shed new
light on an unrecognized function of AIF as a molecular partner of the
mitochondrial import machinery. The physical interaction between
the two proteins occurs at the N-terminal domain of CHCHD4 and is en-
hanced by the proper folding of AIF as well as the presence of NADH or
NADPH rather than oxidized cofactors (Hangen et al., 2015). While AIF
deficiency enhances the IMS degradation of CHCHD4, downregulation
of CHCHD4 does not affect AIF expression. Importantly, overexpression
of CHCHDA4 rescues the loss of OXPHOS subunits in various cultured cells
lacking AIF (Hangen et al., 2015; Meyer et al., 2015), hence linking AIF
deficiency with the loss of oxidative folding in the IMS. This new line
of evidence supports that AIF indirectly assists the assembly of the
OXPHOS system, since it contributes to the proper folding of OXPHOS
subunits and other factors in a CHCHD4-dependent fashion.

These studies provide a series of coherent answers to the role of AIF
in mitochondrial bioenergetics. However, it is reasonable to think that
loss of CHCHD4 impairs other mitochondrial processes, apart from
ATP synthesis. In this regard, it has been recently shown that CHCHD4
regulates the heterodimerization, but not the mitochondrial import, of
MICU1 and MICU2, two regulatory components of the mitochondrial
calcium uniporter complex (Petrungaro et al., 2015; Perocchi et al.,
2010). As a result, impaired association of MICU1/MICU2 heterodimers
to the mitochondrial calcium uniporter (MCU) enhances mitochondrial
Ca** uptake, with potential biological consequences indirectly linked to
CHCHD4 function. On the other hand, AIF may influence mitochondrial
function through the regulation of other cellular processes, given the
broad number of AIF binding partners. For example, AIF interacts with
the eukaryotic translation initiation factor 3 subunit g (elF3g) and, as a
result, inhibits protein synthesis during apoptosis (Kim et al., 2006)
(Fig. 1B). Assuming that a small pool of AIF protein is available in the cy-
tosol or bound to the OMM, it may be possible that AIF associates with
elF3g and finely tunes protein synthesis during normal cell growth. Sim-
ilarly, cellular metabolism may be dependent on the redox status of AIF
substrates, as in the case of phosphatase and tensin homolog (PTEN),
which is maintained in a reduced form by AIF in the mitochondria and
regulates Akt signaling pathway upon its redistribution to the cytosol
and nucleus (Shen et al.,, 2015) (Fig. 1B). Given the recent development
in the field, we may have merely scratched the surface of the many
pleiotropic roles of AIF in cellular homeostasis and survival. In fact, dis-
secting adaptive or “pre-conditioning” responses secondary to a defi-
ciency in mitochondrial respiration from “truly” anti-apoptotic effects
in AlF-deficient mice in vivo (Cheung et al., 2006) remains a challenge.
As an example, AIF release from mitochondria was observed in
cardiomyocytes after salt-induced heart failure and ischemia/reperfu-
sion injury (Siu et al., 2007; Kim et al., 2003), indicating a pro-death
role of AIF in myocytes. However, muscle-specific AIF knockout mice
develop skeletal muscle atrophy and cardiomyopathy secondary to
complex I deficiency (Joza et al.,, 2005). Moreover, AIF deficiency results
in higher sensitivity to oxidative stress and necrotic-like cell death in
cardiomyocytes, as observed in Harlequin mutant mice, which are also
more prone to heart damage following ischemia/reperfusion insults
(van Empel et al., 2005). In the context of brain ischemia, Harlequin mu-
tant mice show reduced infarct volumes after focal cerebral ischemia or
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hypoxia/ischemia-induced neuronal injury (Zhu et al., 2007b; Culmsee
et al., 2005) but display systemic metabolic alterations such as mild ac-
idosis, likely secondary to compensatory glycolysis activation.
Forebrain-specific AIF null mice have been shown to activate several
adaptive mechanisms in vivo, including increased glycolysis and mito-
chondrial biogenesis (Germain et al,, 2013). These compensatory mech-
anisms were associated with AMP-activated protein kinase (AMPK)
activation, and were abrogated by deletion of one allele of the upstream
kinase LKB1 (Germain et al., 2013). Taken as a whole, these studies sup-
port the widespread view of AIF as a death factor with a critical role in
cell metabolism and survival (Hangen et al., 2010).

4. AIF Mutations and their Link to Mitochondrial Diseases

Mitochondrial diseases are a heterogeneous group of clinically rele-
vant metabolic disorders that manifest with a wide range of symptoms
(Gorman et al., 2016; Koopman et al., 2016; Turnbull and Rustin, 2016).
Although dysfunction of one specific organ has been observed in a few
cases, mitochondrial diseases typically involve multiple tissues, with or-
gans that are highly dependent on ATP the most severely affected. These
syndromes have often childhood onset, although they can also occur
with certain prevalence in adolescents as well as in adults (Koopman
et al.,, 2016; Turnbull and Rustin, 2016; Gorman et al., 2016). The molec-
ular etiology of these pathologies is very complex, since both nuclear
and mitochondrial DNA genes contribute to the ~1500 proteins neces-
sary for proper mitochondrial function (Calvo et al,, 2016). As a conse-
quence, mitochondrial diseases may have autosomal, X-linked and
maternal inheritance, with rare sporadic cases that can occur especially
in adults. Impaired mitochondrial bioenergetics and aberrant metabolic
intermediates are the primary defects observed in patients and are gen-
erally considered useful biomarkers. Apart from these evident meta-
bolic signatures, diagnosis relies mostly on next-generation
sequencing, which has significantly contributed to the identification of
more than 300 mutations linked to mitochondrial diseases with a vari-
able spectrum of subtle and serious biological outcomes (Turnbull and
Rustin, 2016; Koopman et al., 2016; DiMauro et al., 2013). Even more
puzzling is the loose connection between disease expressions and ge-
netic defects. For example, different pathogenic mutations on a single
gene can cause a variety of conditions with a marked array of clinical
presentations. On the other hand, loss-of-function mutations in differ-
ent loci may be responsible for the same clinical manifestation, as in
the case of Leigh syndrome, one of the most common forms of mito-
chondrial disease in children (Lake et al., 2016). Given the current
gaps of knowledge, our understanding of the pathophysiology of these
diseases is as yet not sufficient to provide relevant therapeutic alterna-
tives (Koopman et al,, 2016; Wang et al,, 2016a; Viscomi et al., 2015).

In this challenging context, over the last years an increasing number
of clinical reports have described mutations in the AIFM1 gene that are
causally linked to mitochondrial diseases. The first pathogenic mutation
was identified in male infant patients born from monozygotic twin sis-
ters (Ghezzi et al., 2010). Both patients displayed involuntary move-
ments, abnormal MRI signal intensity in the subcortical basal ganglia,
motor peripheral neuropathy and muscular atrophy. Along with in-
creased lactate levels in the plasma, their muscle biopsies showed
ragged-red fibers and a loss of cytochrome c oxidase (COX) staining,
clearly indicating a substantial impairment of the OXPHOS system. In
exon 5 of the X-linked AIFM1 gene, sequence analyses identified a trinu-
cleotide deletion that causes the loss of the arginine 201 (R201 del)
within one the FAD-binding domains (Fig. 2A). Based on in vitro data,
it seems that the resulting AIF variant has a folding profile comparable
to the wild type AIF, however AIF mutant polypeptide shows weaker
FAD binding and, as a consequence, aberrant redox properties
(Sevrioukova, 2016; Ghezzi et al., 2010). From this breakthrough dis-
covery, later whole exome sequencing led to the identification of addi-
tional AIFM1 mutations responsible for pathological conditions (Fig. 2A-
2B). In two brothers from healthy parents, a maternally inherited

missense mutation in exon 9 of AIFM1 gene resulted in AIF variant
with a glutamate replacing a glycine at residue 308 (G308E) (Berger
et al., 2011). As the deletion of R201, G308E is a loss-of-function muta-
tion that profoundly perturbs AIF redox activity and affinity for NADH
(Sevrioukova, 2016). From the clinical standpoint, AIF (G308E) mutant
has detrimental effect in humans. The two brothers exhibited enlarged
brain lateral ventricles at prenatal stage and developed muscle weak-
ness and atrophy within the first two months after birth. At the cellular
level, immunohistochemistry of muscle biopsy confirmed cytochrome ¢
oxidase deficiency accompanied by reduced complex I activity (Berger
etal,,2011). Another missense mutation in the AIFM1 gene has been de-
scribed in an Italian-American family, where a glutamate-to-valine sub-
stitution at residue 493 (E493V) caused hereditary Cowchock syndrome
(Rinaldi et al., 2012), a form of Charcot-Marie-Tooth disease with
childhood-onset. In a consistent manner, males of the family displayed
recessive axonal motor and sensory neuropathy, progressive intellec-
tual decline and muscle wasting, although without ragged-red fibers
and substantial histochemical differences in cytochrome c oxidase as
well as succinate dehydrogenase activity (Rinaldi et al., 2012). Com-
pared to the other two mutations, AIF (E493V) variant induces only
modest structural changes and does not cause major OXPHOS defects.
Further studies in vitro and in vivo will help to define the molecular
mechanisms underlying the pathophysiology of this AIF mutant. Since
the original discovery of AIF (R201 del) variant, several additional re-
ports have described AIFM1 missense nucleotide substitutions associ-
ated with a spectrum of clinical presentations, including slowly
progressive mitochondrial encephalomyopathy, familial and sporadic
auditory neuropathy, early-onset severe infantile motor neuron dys-
function and hypomyelinating leukodystrophy associated with neuro-
degeneration (Morton et al., 2017; Miyake et al., 2017; Hu et al., 2017;
Diodato et al., 2016; Mierzewska et al., 2017; Ardissone et al., 2015;
Kettwig et al., 2015; Sancho et al., 2017). Of the currently described mu-
tations, twelve mutated residues (i.e., R201 del, F210 L and F210S,
D237G, V243 L, T260A, G262S, R422W and R422Q, R430C, R451Q,
A472V, P475L, Q479R) are in the two FAD-binding segments; four mu-
tations (i.e., G308E, G338E, L344F, G360R) are within the NADH-binding
domain and three mutations (i.e., E493V, V498 M, 1591M) are located in
the C-terminal region of the AIF protein (Fig. 2A-2B). While the increas-
ing number of pathogenic AIF variants highlights the importance of AIF
in human pathophysiology, it further indicates the high variability in
terms of clinical manifestations that mutations in a single gene can in-
duce. Definitely, this has important implications for the development
of therapeutic interventions for mitochondrial diseases, especially if
they have to cover such a heterogeneous group of pathologies. Of the re-
cently identified AIF variants in patients, only six (i.e., R201 del, V243 L,
G262S, G308E, G338E and E493V) have been studied in vitro for their
chemical and biophysical properties (Sevrioukova, 2016; Rinaldi et al.,
2012; Ghezzi et al.,, 2010). To date, little is known about the impact of
mutant AIF proteins on mitochondrial oxidative phosphorylation, func-
tion and cell death pathways. In the future, it will be important to use
novel experimental cellular and animal models that may help to unveil
important molecular components contributing to the pathogenesis of
AlF-related mitochondrial diseases.

5. Conclusion and Future Questions

It is now emerging that many of the genes and proteins participating
in mitochondrial apoptosis and cell death pathways may have acquired
cell death-inducing properties as secondary, not primary functions. Cy-
tochrome c is an essential component of the mitochondrial respiratory
chain, responsible for shuttling of electrons from complex III to IV. Cyto-
chrome c is also essential for apoptosome formation and caspase activa-
tion downstream of MOM permeabilization during apoptosis (Li et al.,
1997), a process that evolved later in evolution. Omi/Htra2, EndoG
and, as we discussed above, also AIF have key functions in maintaining
mitochondrial function as well as cell death execution (Kilbride and
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Fig. 2. Disease-causing mutations in the AIF protein. (A) Schematic drawing of human AIF protein and the annotated disease-causing mutations identified in patients. Mutated amino acids
are indicated with arrows and numbers. In the scheme, it is also indicated the mitochondrial localization sequence (MLS) and the calpain cleavage site (proteolytic cleavage) of the
membrane-bound protein. FAD and NADH represent the FAD-binding domains and NADH-binding motif, respectively. Numbers at the bottom correspond to the first and last amino
acid of each domain. (B) Table reports the identified disease-causing mutations and describes the clinical presentations in patients. Colour-code rectangles indicate AIF domains. The
table includes also a group of mutations (others) that have been identified in unrelated families of individuals with X-linked progressive auditory and peripheral sensory neuropathy.
References (Ref.) are the following: (a) (Ghezzi et al., 2010); (b) (Hu et al., 2017; Sancho et al., 2017); (c¢) (Mierzewska et al., 2017; Miyake et al., 2017); (d) (Kettwig et al., 2015);
(e) (Ardissone et al., 2015); (f) (Berger et al., 2011); (g) (Diodato et al.,, 2016); (h) (Morton et al., 2017); (i) (Rinaldi et al., 2012); (j) (Zong et al., 2015).

Prehn, 2013; Hogg and Prehn, 2013). In the mitochondria, the oxidation
of reduced substrates (i.e., NADH and FADH,) and the consequent trans-
fer of equivalents to the electron transport chain create a proton gradi-
ent across the MIM that drives ATP production. In addition to their role
in ATP production, mitochondria are multifunctional organelles that
shape intracellular signaling pathways and produce intermediate me-
tabolites (i.e., fatty acids, amino acids, nucleotides, hormones) relevant
for biosynthetic processes (Zong et al., 2016). Considering the impor-
tance of mitochondria in cellular metabolism, the clinical variability of
mitochondria-associated diseases, as exemplified by the spectrum of
AIFM1 mutations, remains a fascinating matter of discussion. Given
that these pathologies all exhibit altered OXPHOS as a unique common
denominator, one would expect more consistent and overlapping signs,
symptoms and age onset in patients. Surprisingly, that is not the case,
complicating considerably the management of these conditions. As a
possible explanation, cells may sustain diverse adaptations
(e.g., metabolic and transcriptional changes) that confer resistance de-
spite the high burden due to mitochondrial impairment. In some
cases, these adaptations may induce a long-lasting epigenetic response
that activates protective signaling pathways. Up to a certain threshold,
mild mitochondrial deficiency triggers a transcriptional stress pro-
gramme that induces beneficial metabolic changes and sustains lifespan
extension in invertebrates as well as in mammals (Lin and Haynes,
2016; Wang and Hekimi, 2015; Troulinaki and Bano, 2012). Differences
in the ability to activate protective and adaptive pathways may explain
some of the heterogeneity observed. Other important considerations
are the functional relationship between mitochondrial dysfunction,

environmental and nutritional risk factors and the genomic landscape
of each organism. In this regard, it may be that clinical manifestations
occur as a result of synthetic lethality, when for example a loss-of-
function mutation affecting mitochondria depends on the synergistic
epistasis with other deleterious alleles, environmental stress and age
to cause decreased fitness and, ultimately, pathology. In our opinion,
AIFM1-related diseases fit in this scenario, since AIFM1 mutations are
causally linked to a broad range of clinical conditions that cannot be ex-
plained simply because of decreased expression of AlF protein. In sup-
port of this hypothesis, aberrant biochemical properties of AlF variants
do not fully correlate with the corresponding associated clinical out-
comes (Sevrioukova, 2016). Harlequin mutant mice also display exper-
imental variability across individual animals in terms of disease
symptoms and course (Benit et al., 2008), which has been explained
in part by the mixed genetic background as for other AIF deficient
models (Pospisilik et al., 2007). We believe that the study of these
newly identified disease-causing AIFM1 mutations may help us to gain
insights into the physiological and pathological contribution of AIF.
Moreover, it may improve our understanding on molecular processes
that are common with other chronic and inherited mitochondria-
associated diseases.

6. Search Strategy and Selection Criteria
PubMed and Scopus were used as the main search engines. Refer-

ences were searched using the following terms: apoptosis,
Apoptosis-inducing factor (AIF), cell death, mitochondria,



D. Bano, . H.M. Prehn / EBioMedicine 30 (2018) 29-37 35

mitochondrial diseases. Only articles published in English were in-
cluded in this manuscript.
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