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Abstract

Apoptosis-inducing factor (AlF), a mitochondrial NAD(P)H-dependent oxidoreductase, was initially studied as a
cell death inducer in a process later named parthanatos. However, it has been revealed that AIF also participates
in mitochondrial bioenergetics through interaction with its partner coiled-coil-helix-coiled-coil-helix domain

containing 4 (CHCHD4) and involvement in mitochondrial protein import. These dual roles place AIF between pro-
survival and pro-death cell fate decisions. In this review, we first describe the structure and the dual functions of
AlF, highlighting its structure-function relationships. We then report previously identified AIFM1 mutations and their
clinical phenotypes. Finally, we discuss the relevance of AIF in cancer and the potential of targeting this protein for
the treatment of cancer.
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Background

Mitochondria - the cellular powerhouse - have been
a focus of research for nearly two centuries, yet they
remain not fully understood. It has been widely accepted
that mitochondria serve as a platform for metabolism
and cell fate decisions. This essential organelle facilitates
energy production and cellular homeostasis while contin-
uously interacting with other compartments to orches-
trate inter-organelle communication [1]. In physiological
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condition, the mitochondria are responsible for produc-
ing the majority of ATP required for cellular metabolism
via oxidative phosphorylation (OXPHOS). In addition,
parts of lipid and pyrimidine metabolisms occur within
the mitochondria, and these organelles also regulate the
levels of amino acids [2]. In addition to their involvement
in metabolism, the mitochondria physically communicate
with other intracellular compartments through the outer
mitochondrial membrane (OMM), such as the nucleus,
endoplasmic reticulum (ER), peroxisomes and lysosomes,
thus contributing to numerous processes including signal
transduction, calcium homeostasis, vesicle transport,
and stress response [2]. This crosstalk with other organ-
elles further highlights the importance of mitochondria
in cellular homeostasis by ensuring optimal functions,
metabolism, growth and survival. Moreover, their roles
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also extend beyond the cellular level, impacting the
physiology of the entire organism by modulating inter-
actions between cells and tissues [2]. As the mitochon-
drial genome is a small circular genome that encodes
for only 13 proteins [3] to ensure the correct functions
of mitochondria, the majority of mitochondrial proteins
are encoded in nucleus and transported into mitochon-
dria. Of note, mitochondrial genetic defects can lead to
complex diseases and affect mostly neurological and
muscular functions. The biggest challenge in treating
mitochondria-related diseases is the extremely varied
genotype-phenotype relationship [4]. This highlights the
important role of mitochondria in maintaining the intri-
cate structure and function of the whole human body.

Beyond their widely recognized roles in energy metab-
olism, reactive oxygen species (ROS) regulation, calcium
signaling and cellular homeostasis, the mitochondria are
involved in different cell death pathways, notably apopto-
sis. Apoptosis is a form of regulated cell death that plays
a key role in maintaining life/death balance by eliminat-
ing damaged, infected and/or cancerous cells [5]. Many
apoptosis-targeting drugs have demonstrated remark-
able clinical efficacy and are being used to treat vari-
ous diseases. For example, the success of Venetoclax, an
anti-apoptotic Bcl-2 inhibitor, has been evident in the
treatment of chronic lymphocytic leukemia and acute
myeloid leukemia [6]. Historically, mitochondria-depen-
dent apoptosis was associated with mitochondrial outer
membrane permeabilization (MOMP) induced by pro-
apoptotic Bcl-2 family proteins, and consequently cyto-
chrome c (Cyt c) release and Apaf-1-mediated activation
of caspases [7]. In addition to Cyt ¢, other mitochondrial
proteins have been identified as cell death regulators,
including endonuclease G (EndoG), Smac/DIABLO,
Omi/HtrA2, and Apoptosis-Inducing Factor (AIF) [8].
Unlike Cyt ¢, AIF mediates caspase-independent cell
death, later designated as parthanatos [9, 10].

The AIFMI gene is located in X chromosome and
encodes for protein precursor that later undergoes pro-
teolytic cleavage to form AIF with pro-death activity [11].
Therefore, mitochondrial dysfunction in a wide range of
human pathologies, such as ischemia-reperfusion injury,
neurodegeneration, or cancer, could be attributed to this
property of the protein [12, 13]. However, interestingly,
more recent studies have discovered the pro-survival
endogenous properties of AIF, revealing the complex
nature of this protein. Thus, as an oxidoreductase, AIF
contributes indirectly to various mitochondrial activi-
ties, especially via the biogenesis of respiratory chain
complexes. These functions are linked to the binding of
AIF to its partner Coiled-Coil-Helix-Coiled-Coil-Helix
Domain Containing 4 (CHCHD4), thus modulating
the import of different mitochondrial protein subunits
[14]. This discovery places AIF at the crossroad between
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pro-survival and pro-death cell decisions, both in physi-
ological and pathological conditions.

Despite numerous reviews about the physiological roles
of AIF, its contradictory, yet fascinating position between
pro-death and pro-survival is a hot topic of interest in
a therapeutic perspective. Therefore, this review first
explores the structural organization of AIF, which dic-
tates its multiple subcellular localization and dual func-
tions. Then, we will also examine human pathologies
induced by mutations in AIFMI with different reported
clinical cases, thus demonstrating a link between geno-
type and phenotype. Finally, we will provide an overview
of AIF’s involvement in cancer, as well as the emerging
potential of AIF-targeting therapies for cancer treatment.

AIF: primary structure and versatile functions
The AIF precursor (67 kDa) is encoded in the nucleus
and consists of six regions: mitochondrial localization
sequence (MLS) (residues 1-53/54), intermembrane
sequence (residues 66/67-84/85), two FAD-binding
domains (residues 128-262 and 401-480) framing one
NAD(P)H-binding region (residues 263—400), and C-ter-
minal (residues 481-613) (Fig. 1) [11, 15]. Comparison of
the backbones of AIF, Pseudomonas sp. ferredoxin reduc-
tase component BphA4, and Escherichia coli glutathione
reductase revealed high structural similarity, except for
the C-terminal regulatory loop (residues 509-559) absent
in the other two proteins [15, 16]. This region contains
a Pro/Glu/Ser/Thr (PEST)-rich sequence and a Pro-rich
motif, both of which are involved in protein-protein
interactions. Alignment of human and mouse AIF amino
acid sequences demonstrated an identity of 92%, which
correlates with high structural similarity [10, 15, 16].
It has been reported that at least 40 first residues of the
N-terminal were required for mitochondrial localization
of AIF. Upon mitochondrial import, the AIF precursor is
then cleaved at position Met53/Ala54 by mitochondrial
processing peptidase (MPP), eliminating the MLS. The
adjacent intermembrane sequence contains hydrophobic
residues 66—84 and assists in the sorting and insertion of
mature AIF (62 kDa) into the inner mitochondrial mem-
brane (IMM), facing the intermembrane space (IMS)
[11].

After being inserted in the IMM, three modifications of
ATF allow for its functional maturation.

Flavin adenine dinucleotide (FAD) association

First, the incorporation of the cofactor FAD is required to
establish AIF oxidoreductase activity. Thus, the adenine
nucleoside and pyrophosphate group of FAD interacts
with the FAD-binding domain of AIF, while the isoalloxa-
zine ring is partially exposed as the redox center [15].
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Fig. 1 Schematic illustration of different structural domains in AIF precursor, mitochondrial mature AIF and cytosolic truncated AlF. Clinically relevant
AIF variants discussed in this review are highlighted in red. MLS, mitochondrial localization sequence; MPP, mitochondrial processing peptidase; PAR,
Poly(ADP-Ribose); Hsp70, Heat-shock protein 70; CypA, Cyclophilin A; NLS, nuclear localization sequence

Reduced nicotinamide adenine dinucleotide/reduced
nicotinamide adenine dinucleotide phosphate (NADH/
NADPH) binding

Homology has been found between AIF and NADH-
dependent ferredoxin reductase from bacteria and
archaebacteria, as well as yeast NADH-dependent ubi-
quinone oxidoreductase, which further suggests the
NAD(P)H-dependent enzymatic activity of the protein
[15, 16]. Reduction with NAD(P)H results in signifi-
cant reorganization of AIF, facilitating the formation of
dimeric, stable FADH,-NAD + charge-transfer-complex
(CTC). Therefore, the equilibrium of monomeric/dimeric
AIF likely depends on the incorporation of NAD(P)H. In
addition, kinetic measurements demonstrated that AIF
had a 100-higher fold preference for NADH compared
to NADPH, and reaction of the protein with NADPH
occurred at a slower rate [17]. Structural analysis of
reduced, NAD-bound A1-101 AIF purified from E. coli
showed FAD in the 2-electron reduced state, and the two
monomers positioned close together with a network of
both hydrophobic and polar bonds [18]. At the active site,
the nicotinamide ring of NAD(P) and the isoalloxazine

ring of the reduced flavin (FADH,) stack closely together,
which allows for electron transfer [17, 18]. Reduction
with NAD(P)H also induces movement of residue His453
at the second FAD-binding domain, which orients NAD
for charge transfer. The involvement of His453 has been
further confirmed by the inability of the His453Leu AIF
variant to form CTCs [17].

C-terminal conformation
Other significant conformational changes occur at the
C-terminal, including formation of an aromatic tunnel
connecting the active site to the surface of the protein
that assists in electron transfer, as well as dislocation of
the entire regulatory peptide (residues 509-559, C-termi-
nal). These changes further result in exposure of Thr195
of the B-hairpin (residues 190-202, first FAD-binding
domain) into the solvent, potentially regulating the rate
of electron and radical exchange with partners of AIF
[18].

During AIF-dependent cell death, IMM-bound AIF is
processed into a soluble form that can be released into
the cytoplasm. Study of different truncated AIF variants
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revealed that the N-terminal sequence between resi-
dues 96 and 110 was involved in this cell death-induced
release, and the protein was likely cleaved at position
101 (Fig. 1) [11]. Thus, following permeabilization of
the OMM, truncated AIF translocates to the cytoplasm,
where its fate depends on interactions with different part-
ners at specific binding regions. To execute its function in
cell death, AIF finally reaches the nucleus, binds directly
to DNA and triggers chromatin condensation [10, 16].

Interestingly, the incorporation of NAD(P)H has been
suggested to inhibit AIF/DNA interaction. To demon-
strate this phenomenon, Churbanova et al. performed
an electrophoretic migration assay, in which DNA was
pre-incubated with truncated A1-101AIF in the pres-
ence of NAD(P) or NAD(P)H. Unlike NAD(P), the addi-
tion of NAD(P)H did not reduce the motility of DNA in
the gel, indicating that there was no binding of AIF to
DNA [17]. One possible explanation as to why reduction
with NAD(P)H negatively affects AIF/DNA interaction
could lie in the redox-induced dramatic changes in the
regulatory peptide (residues 509-559, C-terminal), which
contains elements critical for DNA binding. In more
details, the affinity of AIF to DNA might be influenced
by positioning of residues Leu510 and Leu518, along
with folding of the 509-517 segment [16, 18]. Another
explanation would be the inaccessibility of nuclear lead-
ing sequence (NLS) positioned at residues 445-451 in
dimeric, reduced AIF, which lowers the ability of CTC to
translocate to the nucleus and induce cell death [18].

In addition to proteolytic cleavage during IMM inser-
tion and nuclear translocation, as well as redox changes,
AIF is also subjected to other post-translational modifi-
cations including ubiquitination, deubiquitination, and
phosphorylation. It has been shown that interaction with
X-linked inhibitor of apoptosis (XIAP) induces ubiquiti-
nation of AIF, more specifically under cell death condi-
tions. Moreover, plasmid co-expression of XIAP and
mature (62 kDa) or truncated (57 kDa) AIF resulted in
lower basal and antimycin A-induced ROS levels, com-
pared to control. Thus, the XIAP/AIF complex contrib-
uted to ROS regulation without inducing proteasomal
degradation of AIF or altering XIAP-mediated caspase
inhibition [19]. In agreement with this study, Lewis et
al. also demonstrated that AIF ubiquitination by XIAP
was nondegradative, and further experiments revealed
Lys255 as the site of ubiquitination. As mutation of this
residue diminished the DNA binding activity of AIF
and interfered with AIF-dependent chromatin deg-
radation, it was concluded that XIAP directly affects
AIF cell-death inducing capacity [20]. On the contrary,
deubiquitination at Lys255 by OTU deubiquitinase 1
(OTUD1) was shown to enhance binding of AIF to DNA
and AIF-dependent cell death. Interestingly, OTUDI1
also mediated AIF deubiquitination at Lys244, which
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led to abnormal mitochondrial ultrastructure (swol-
len mitochondria without intact cristae), compromised
OXPHOS and induced a glycolytic switch [21]. Besides
ubiquitination and deubiquitination, AIF also under-
goes phosphorylation. In a study by Xing et al., AIF was
demonstrated to interact with p21 activated kinase 5
(PAK5) at residues 263—480. Further analysis revealed
that the resulting phosphorylated AIF at Thr281 exhib-
ited decreased nuclear translocation due to diminished
binding with nuclear importin a3 [22]. It can be seen that
these changes in AIF influence its functions in the cell;
however, more study is needed to explore other post-
translational modifications. To sum up, the structure
and functions of AIF could vary depending on its sub-
cellular localization, binding of the cofactor FAD, redox
state, interactions with partners, and post-translational
modifications.

AIF as a cell death effector: nuclear translocation
and parthanatos

AIF nuclear translocation

As indicated by its name, human AIF was discovered by
Susin et al. for its implication in caspase-independent cell
death [10]. To fulfil this role, following MOMP, truncated
AIF (57 kDa) is released from the mitochondria, accu-
mulates in the cytosol and translocates to the nucleus
(Fig. 2A). Initially, molecular characterization of AIF
demonstrated that the protein was confined to the mito-
chondria in healthy cells and translocated to the cytosol
and nucleus after treatment of these cells with the apop-
tosis inducer staurosporine [10].

Release to the cytosol

The release of IMM-bound AIF requires its cleavage at
position 101 by cytosolic or mitochondrial proteases
[11]. Several studies have shown that calpains are respon-
sible for this cleavage. Calpains are calcium (Ca®")-acti-
vated cysteine proteases that also process members of
the Bcl-2 family of cell death regulators such as Bid. In
isolated mitochondria of mouse liver and brain, treat-
ment with calpain I and Bid strongly induced AIF release,
which was reversed after addition of a calpain inhibi-
tor. This release was reported as Ca?*-mediated, and
the enzyme could cleave recombinant AIF and poten-
tially liberates the protein from the IMM [23]. Another
study demonstrated similar enzymatic activity of calpain
on AIF in the context of ischemic neuronal injury. In a
cell-free assay in which mature AIF (62 kDa) was incu-
bated with different cysteine proteases including cal-
pains, caspases and lysosomal cathepsins, only calpain
I was recorded to produce a specific fragment of AIF at
57 kDa. In addition, site-directed mutagenesis at position
100-103 completely abolished calpain-dependent cleav-
age, confirming the residues involved. Further in vitro
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Fig. 2 The dual roles of AIF in cell death and in vital mitochondrial functions. (A) In AlF-dependent cell death, AIF is released from the mitochondria,
translocates to the cytosol (step 1) and binds to protein partners and parthanatos-associated PAR induced by PARP-1 overactivation (step 2), which fa-
cilitates its nuclear entry (step 3). Once inside the nucleus, AIF works with endonucleases and mediates DNA degradation (step 4). (B) On the contrary,
pro-survival roles of AIF rely on its interaction with CHCHD4 and involvement in the CHCHD4-dependent mitochondrial import pathway of nuclear-
encoded cysteine-rich substrates. Thus, AIF contributes to anterograde signaling pathway from the nucleus to mitochondria. Here, particularly illustrated
in the figure is the correct folding and retention of NDUFS5, a subunit of complex | in the mETC. Other mitochondrial activities relevant to AIF/CHCHD4
interaction are mentioned by text. mETC, mitochondrial electron transport chain; PAR, Poly(ADP-Ribose); Hsp70, Heat-shock protein 70; CypA, Cyclophilin
A; PARP-1, poly(ADP-ribose) polymerase-1; MIF, macrophage migration inhibitory factor; OMM, outer mitochondrial membrane; IMM, inner mitochondrial

membrane. The figure was adapted from Reinhardt et al. [48]

experiments concluded that calpain I activation was nec-
essary and sufficient to induce AIF truncation and release
in oxygen-glucose deprived neurons [24].

Interactions with cytosolic proteins and entry into the
nucleus

After its cleavage and release from the mitochondria,
cytosolic AIF interacts with other proteins including
heat shock protein 70 (Hsp70) and cyclophilin A (CypA),
which regulate its translocation to the nucleus. While
Hsp70 is antagonistic and prevents AIF from nuclear
entry, CypA promotes this process. Ravagnan and coll.
showed that Hsp70 exhibits direct binding to AIF, evi-
denced by ligand blotting and co-immunoprecipitation.
Moreover, stable overexpression of Hsp70 minimized cell
death, coincidental with increased Hsp70-AIF interac-
tion, while downregulation of Hsp70 showed the reverse

effects [25]. AIF was also reported to interact with CypA,
however at different residues from the Hsp70-binding
domain. The AIF-CypA complex exhibited greater capac-
ity to induce chromatin degradation compared to either
protein alone, seen in isolated nuclei, purified DNA and
intact cells [26]. In another study using cerebral hypoxia-
ischemia as a model, AIF was confirmed to bind directly
to CypA, and this interaction was found to be essen-
tial for nuclear translocation of AIF [27]. In addition to
interacting with its partners, it is possible that AIF also
relies on the NLS for nuclear entry, which is positioned in
the NADH-binding domain (residues 278-301) and the
second FAD-binding domain (residues 445-451). Fur-
ther study is required to conclude whether this process
is active and requires the use of ATP. Moreover, since
diminished ATP production is common during cell death
due to disrupted mitochondrial electron transport chain
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(ETC) [28] an increase in permeability of the nuclear
pore complex might be sufficient for translocation of
AIF. For example, in excitotoxic neuronal death, degrada-
tion of nuclear pore complex components was reported
to alter the permeability of the nuclear membrane, thus
mediating the redistribution of proteins such as AIF in
the nucleus [29].

Truncated AIF in the nucleus

Inside the nucleus, direct binding of AIF to DNA is
required for the cell death-inducing property of the pro-
tein, which is characterized by DNA fragmentation of
20 to 50-kb and subsequent chromatin condensation.
Moreover, AIF translocation was reported to coincide
with a reduction in mitochondrial membrane potential
and chromatin condensation in the nucleus using Mito-
Tracker Red and Hoechst fluorescent probes staining,
respectively. When added on nuclei of HeLa cells, recom-
binant AIF induced DNA loss and chromatin condensa-
tion, further confirming the apoptogenic activity of the
protein [10]. Another study reported similar observa-
tions, in which AIF entered the nucleus and partially
co-localized with condensed chromatin during stauro-
sporine-induced early apoptosis. However, in the next
stage of chromatinolysis and formation of apoptotic bod-
ies, this association was no longer recorded, indicating
the role of AIF as an early cell death effector. Mutations
at different positively charged positions of AIF reduced
its affinity to DNA, and mapping of these residues sug-
gested a possible DNA-interacting region. More notably,
the effects of these mutants on DNA binding capacity
correlated with their ability to induce cell death [16]. In
addition, as previously described, the apoptosis-inducing
effects of AIF do not require reduction with NAD(P)H,
which highlights the structure-function relationship of
the protein, and its distinct roles in redox activity and
induction of cell death [17]. As AIF does not possess
intrinsic nuclease property, it is likely that the protein
could recruit other endonucleases for DNA degradation.
In C. elegans, the orthologs of AIF (WAH-1) and endo-
nuclease G (CPS-6) were reported to interact and induce
chromatin fragmentation, defining a possibly conserved
mitochondria-originated DNA degradation machinery
[30]. However, there has been evidence suggesting that
EndoG is likely not involved in AIF-dependent DNA deg-
radation in mammalian cells, and the macrophage migra-
tion inhibitory factor (MIF) might be a direct nuclease
partner of AIF [13]. In this study, AIF was shown to inter-
act with MIF in pulldown analysis and MIF mediated
its translocation to the nucleus in cortical neurons and
HeLa cells treated with N-methyl-D-aspartate (NMDA)
and N-methyl-N'-nitro-N-nitrosoguanidine (MNNG).
Accordingly, MIF knockout cells transduced with AIF
binding-deficient MIF mutant demonstrated no obvious
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large DNA fragmentation and resistance to AIF-induced
cell death. Similar observations were reported in vivo,
confirming the essential role of AIF/MIF interaction in
the induction of DNA damage and cell death.

AIF in parthanatos
The cell death pathway involving AIF is later desig-
nated as parthanatos, showing characteristics different
from other forms such as apoptosis, necrosis or autoph-
agy [9]. Cellular consequences of parthanatos include
phosphatidylserine flipping on the plasma membrane,
mitochondrial membrane depolarization, large DNA
fragmentation, and chromatin condensation. In mouse
embryonic fibroblasts treated with MNNG, AIF trans-
location, nuclear condensation, and dissipation of the
mitochondrial membrane potential were reported within
15 min, followed by Cyt ¢ release after 1-2 h [31]. Molec-
ularly, parthanatos is distinguished by an overactivation
of poly(ADP-ribose) polymerase (PARP) [32]. PARPs
are nuclear enzymes that respond to DNA damage and
contribute to DNA repair. However, the overactivation
of PARPs induces poly(ADP-ribose) (PAR) synthesis and
accumulation, which is involved in cell death such as
seen in cerebral ischemia, neurodegenerative diseases,
and heart attack [12, 13]. Interestingly, knock-out (KO)
of PARP-1 in fibroblasts and cortical neurons diminished
AIF translocation to the nucleus, concomitant with loss
of PAR production and failure to elicit nuclear conden-
sation or cell death, compared with WT cells. Moreover,
these effects could not be alleviated by treatment with
caspase inhibitors, confirming that parthanatos is cas-
pase-independent [31]. The mechanism of which PARP-1
overactivation and PAR production eventually leads to
AIF release from the mitochondria has been extensively
explored. PAR was reported to physically bind to AIF in
both cell-free assay and intact cells, and their interaction
increased significantly after treatment with cell death
inducers. Moreover, the same study identified a PAR-
binding motif (PBM) on the sequence of AIF, with puta-
tive, evolutionarily conserved sites at 222-244, 441-463
and 567-592. Moreover, peptide binding and mutational
analysis confirmed residues 567-592 at the C-terminal of
AIF as the major PBM, without excluding other sites, sep-
arable from the DNA-binding domain of the protein. AIF
mutant in the PBM region-maintained PAR-independent
properties including NADH oxidase activity and FAD
binding in cell-free assays, as well as DNA binding and
induction of chromatin condensation and nuclear shrink-
age in isolated nuclei. However, this mutation diminished
AIF/PAR interaction, release of the protein from the
mitochondria, translocation to the nucleus, and ability to
induce parthanatos both in vitro and in vivo [33].
AIF-dependent induction of cell death involves intri-
cate processing of the protein, from correct cleavage and
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release from the mitochondria, interaction with PAR,
CypA and Hsp70, direct binding to DNA, to finally exe-
cution of DNA degradation with potential endonucleases.
Interestingly, AIF has been shown to be indispensable for
programmed cell death (PCD) during embryogenesis.
AlIF-ablated murine embryonic stem cells (ESCs) were
unable to generate chimaeric mice when injected into
blastocysts yet maintained the capacity to differentiate
into cells of all three germ layers. Further investigation
revealed that AIF"Y ESCs exhibited a block in cavitation,
as ectodermal cells in the inner core of embryoid bodies
failed to undergo PCD. Moreover, PCD of the inner cells
was independent of the Cyt ¢/ Apafl/ caspase 9 apopto-
some, and translocation of AIF from mitochondria to
the nucleus was observed [34]. Relevant to these find-
ings of AIF’s role in embryogenic development, there
have not been in vivo models of AIFM1 knockout, and
most studies of AIF deficiency have utilized the Harle-
quin (Hq) mouse. These mice carry a proviral insertion
in the AIFM1 locus and exhibit up to 80% loss of the pro-
tein [35]. Neuronal cultures from harlequin (Hq) mice
demonstrated a reduction in DNA fragmentation, loss
of mitochondrial polarization, and resistance to death
induced by the DNA damaging molecule camptothecin
when compared to WT cells [36]. In addition, the lethal
function of AIF has also been implied in many human
pathologies such as cerebral hypoxia-ischemia, myocar-
dial ischemia, and cancer [27, 37-39]. Further study is
required to define the whole dynamic AIF interactome
involved in cell death, and to elucidate the exact mecha-
nisms by which AIF contributes to the onset of different
pathological conditions.

Considering the roles of AIF in parthanatos, it is pos-
sible to speculate about compounds that exploit this pro-
cess for cancer treatment. Indeed, oxaliplatin, a platinum
chemotherapeutic agent, has been shown to trigger cell
death in oral squamous cell carcinoma (OSCC) through
an AIF-dependent mechanism [40]. In vitro, oxaliplatin
exhibited time- and dose-dependent induction of cell
death and suppression of OSCC clonogenic capacity and
migration, as well as depolarization of the mitochondrial
membrane. Protein expression levels of parthanatos cas-
cade members PARP-1, AIF and MIF were upregulated
in the nucleus of oxaliplatin-treated cells compared to
the control, concomitantly with increased transloca-
tion of AIF to the nucleus reported by immunofluores-
cence. Co-treatment of cells with a PARP-1 inhibitor
reversed all effects of oxaliplatin, confirming its ability
to mediate cell death, mainly via parthanatos. Moreover,
antioxidant-mediated mitigation of ROS production sig-
nificantly reduced parthanatos in oxaliplatin-treated
cells, which suggested a possible link between ROS and
parthanatos [40]. Similar observations were reported
after treatment of eosophageal cancer cell lines with the
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transcriptional repressor of survivin, YM155. YM155
triggered non-apoptotic, caspase-independent death in
these cells, together with PARP-1 and PAR accumula-
tion and AIF translocation to the nucleus. In addition,
microarray analysis revealed changes in the transcrip-
tion levels of active PARP-regulated, but not necrotic or
apoptotic genes, further highlighting the involvement of
parthanatos in YM155-induced cell death [41]. Mono-
and combination- treatments with various other drugs
have also been demonstrated to induce PARP-1 upregu-
lation, accumulation of PAR, and AIF translocation from
mitochondria to the nucleus, eventually leading to AIF-
dependent death in breast cancer, liver cancer, glioma,
mantle cell lymphoma and acute T-cell leukemia cell
lines [42—47]. While AIF-mediated parthanatos induced
by some of these compounds might be associated with
excessive ROS production, oxidative stress, and c-Jun
N-terminal protein kinases (JNK) activation [40, 44—46]
in-depth investigation is necessary to fully elucidate the
upstream and downstream processes modulating this cell
death pathway and to harness it for the development of
novel anticancer therapies.

More than cell death: aif’s role in anterograde
signaling pathway

Beyond parthanatos, speculation about the role of AIF
in mitochondrial bioenergetics was raised after analysis
of the characteristics of Hq mice and finally led to the
notion that AIF is involved in the so-called anterograde
signaling pathway that governs the flow of proteins and
information from the nucleus to mitochondria [49]. This
pathway functions through the activation of nuclear
transcription and cytoplasmic mRNA translation which
directly regulate mitochondrial biogenesis.

As previously reported by Klein et al., the Hq mice
exhibited progressive degeneration of differentiated cer-
ebellar and retinal neurons, accompanied by increased
oxidative stress and aberrant re-entry in the cell cycle
[35]. In addition to the brain and retina of Hq mice,
effects of AIF deficiency have been examined in skeletal
muscles. Hq mice demonstrated lower muscle mass and
atrophic myofibers without signs of apoptosis, necrosis
or autophagy. Further analysis detected delayed skeletal
regeneration, DNA damage, and oxidative stress in these
cells, which might expand the role of AIF to protection
against oxidative damage to DNA [50]. Involvement of
AIF in the modulation of ROS was also reported in thy-
mocyte maturation. More specifically, AIF deficiency
increased ROS production and oxidative stress-induced
apoptosis in thymocytes of Hq mice, which correlated
with the reduction in cell number as well as impaired
T lineage cell development [51]. However, despite the
effects of AIF downregulation on oxidative stress, there
has not been sufficient evidence suggesting that the
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protein directly modulates ROS or scavenges free radicals
so far.

Since neurodegeneration and retinal degeneration
are common symptoms of OXPHOS defects, an aber-
rant cell death mechanism or increased oxidative stress
could be insufficient or irrelevant to what was observed
in Hq mice. Therefore, to investigate the putative role of
AIF in mitochondrial bioenergetics, Vahsen et al. have
studied AIF-deficient (AIF-/y) ESCs in addition to Hq
mice [52]. In these cells, a significant decrease in com-
plex I-dependent substrate oxidation was reported, in
alignment with a defect in enzymatic activity, without
changes in other complexes of OXPHOS. In addition,
the cells showed decreases in the protein expression level
of subunits of complex I, and to a lesser extent complex
111, without evidence for mitochondrial DNA depletion
or gross mitochondrial biogenesis disruption. Metaboli-
cally, AIF deficiency switched the cells to a more glyco-
lytic phenotype compared to the control cells. Similar
findings on complex I were demonstrated in mitochon-
dria collected from the brain and retina, but not from the
heart or liver of Hq mice, indicating that AIF downregu-
lation-associated complex I deficiency was found only in
affected organs. Following this discovery of the involve-
ment of AIF in OXPHOS, more research has been con-
ducted on the whole brain of Hq mice, including different
cell populations and throughout disease progression,
as a validation of this in vivo model to study complex
I-deficient disorders [53]. On a larger scale, it has been
demonstrated that the activity of complex I varied among
different organs of Hq mice, with retina (75% loss) and
brain (40% loss) as the most affected. Slightly decreased
activity was seen in the spinal cord, kidney, and skel-
etal muscles, despite no changes reported for the heart,
liver, or testis. Interestingly, strong correlation was found
between complex I activity and the protein expression
level of its subunit NDUFB8 [54]. These findings empha-
size the cell-type specific vulnerability to AIF deficiency,
as well as the effects on complex I expression and activity.
However, more detailed studies are required to under-
stand the mechanisms behind these observations.

It has been demonstrated that lower protein expression
of complex I subunit in AIF-knocked-out ESCs is not
due to reduced mRNA levels, suggesting that AIF might
contribute to the post-transcriptional biogenesis of the
respiratory complex [52]. The protein was later identified
as a direct binding partner of CHCHD4, which provides
an insight into its participation in respiratory chain bio-
genesis through the CHCHD4-dependent mitochondrial
import pathway (Fig. 2B) [14]. In this study, AIF carry-
ing a clinically pathological mutation that results in
severe complex I and IV deficiency showed a reduction
in CHCHD4 binding, highlighting the potential relation-
ship between AIF/CHCHDA4 interaction and the activity
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of these complexes. To further explore the implication
of CHCHD4 in respiratory chain biogenesis, CHCHD4-
deficient embryos and cells were generated, both of
which exhibited reduced protein expression of subunits
in complex I and IV, corresponding to their defective
activities. Interestingly, AIF downregulation resulted in
similar findings, accompanied by a decrease in CHCHD4
protein expression without changes in its mRNA level.
By fusing CHCHD4 with the MLS of AIF, the authors
reversed the phenotypes previously recorded in AIF-defi-
cient cells. Thus, it was concluded that the involvement
of AIF in OXPHOS might be mediated through AIF-
dependent import of CHCHD4 and its direct interac-
tion with CHCHDA4. Interestingly, although Hangen et al.
demonstrated a decrease in CHCHD4 protein level after
AIF knock-down in U20S cell line [14] it was reported
that CHCHD4 protein expression in AIFMI knockout
HEK293 cells remained unchanged, and only shifted the
balance towards monomeric, soluble CHCHD4 that was
unbound with AIF [55]. This discrepancy might be due
to different cell models and methods of inducing AIF
deficiency (knockout vs. knockdown), as well as pos-
sible mechanisms to avoid proteasomal degradation of
cytosolic CHCHD4 precursor [56]. Nevertheless, these
observations have highlighted the relevance of AIF in
maintaining the expression and the structural state of
CHCHD4. Formation of long-lived AIF/CHCHD4 com-
plex was later confirmed and also revealed a stoichiom-
etry of two AIF molecules to one CHCHD4 molecule [55,
57]. In addition, the presence of NAD(P)H was shown to
enhance the binding between the two proteins, suggest-
ing the redox state-dependent nature of this interaction
[14, 55, 57]. In agreement with available experimental
data [14, 55] 3D modelling and coevolution analysis indi-
cated an interaction between 27 N-terminal residues of
CHCHD4 and the C-terminal of AIF, mainly at residues
504—508 [58]. Recently, reduction with NADH was dem-
onstrated to stimulate the formation of AIF/CHCHD4
complex, through release of AIF’s regulatory peptide
(also known as the C-loop, residues 509-559 of the
C-terminal). Further analysis on crystallized structures of
the AIF/CHCHD4 interaction in excess NADH showed
one or two CHCHD4 bound to a single AIF dimer, and
CHCHD4 to hydrophobically scaffold the exposed C-ter-
minal of AIF. NADH-activated, CHCHD4-bound AIF
then regulated the access to the active site of CHCHD4
and enhanced its function of substrate refolding and
disulfide formation [57].

In addition to subunits of OXPHOS complexes,
CHCHDV4 is essential for the import of other nuclear-
encoded cysteine motif-carrying proteins into the mito-
chondrial IMS. Understanding of human CHCHD4 has
come from extensive studies on its yeast ortholog Mia40,
with evolutionarily conserved structure and functions
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[48, 59]. CHCHD4 and Mia40 shared the same princi-
pal catalytic activity, which is recognition, binding, and
oxidative folding through formation of intramolecular
disulfide bonds of substrates containing two cysteine-
x3-cysteine (twin Cx3C) or two cysteine-x9-cysteine
(twin Cx9C) motifs [60]. Thus, the roles of AIF in mito-
chondrial bioenergetics are linked to the functions
of these sets of substrates, for example TIM proteins
involved in protein import, CHCHD proteins in cris-
tae integrity, respiratory chain function and regulation
of apoptosis, OXPHOS complex subunits in respiratory
chain biogenesis, and TRIAP1 in lipid homeostasis [14,
48, 55, 61, 62]. Complete knockout of AIF in HEK293
cells diminished the levels of three subunits of complex
I (NDUFAS8, NDUFB7, NDUFS5) which are dependent
on CHCHD4 for mitochondrial import, contributing
to the overall loss of complex I. Among these, NDUFS5
demonstrated a drastically rapid decay and severely
impaired interaction with CHCHD4, thus limiting com-
plex I assembly. Moreover, CHCHD4 substrates relevant
to complex III and IV also decreased, albeit to a lesser
extent and did not induce a delay in assembly or decrease
in the expression and activity of these complexes [55].
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CHCHD4 was reported to interact with CHCHD3 at
C193 and mediate its correct folding and retention in the
IMS, contributing to the maintenance of cristae integ-
rity, mitochondrial bioenergetics and cell proliferation
[61, 63]. In addition to its role in sustaining mitochon-
drial morphology, the CHCHD4 substrate TRIAPI1 is
crucial for intramitochondrial transfer of phospholipids,
thus suggesting the relevance of AIF to cristae integrity
and lipid homeostasis [62, 64]. Altogether, through medi-
ating the import of CHCHD4 itself and contributing to
the CHCHD4-dependent import pathway of nuclear-
encoded proteins, AIF is involved in the called antero-
grade signaling from the nucleus to mitochondria, and
thus, could influence different aspects of mitochondrial
structure and activities.

AIF mutations and mitochondrial diseases:
pathologies, classification, and clinical relevance
Considering the roles of AIF in cell death and mitochon-
drial metabolism, it is predictable that AIFM1 mutations
could result in human pathologies (Table 1). Indeed, the
first cases of early-onset, severe mitochondrial encepha-
lomyopathy induced by AIFM1 mutation were described

Table 1 List of examples AIFMT mutations classified by clinical outcome. COXPD6, combined oxidative phosphorylation deficiency

type 6; CMTX4, X-linked Charcot-Marie-Tooth disease type 4

Classification AIFM1 variants

AIF variants

Clinical phenotypes

COXPD6 506 C>T p.Pro169Leu (P169L)

c.del601-603 Arg201 deletion (R201
del)

c.923G>A p.Gly308Glu (G308E)
c.1013G>A p.Gly338Glu (G338E)
c.1436 A>G p.GIn479Arg (Q479R)

CMTX4 c422C>T p.Thr141lle (T1411)
c470C>T p.Ala157Val (A157V)
c.513G>A p.Met171lle (M1711)
€c.629T>C p.Phe210Ser (F210S)
c.630C>G p.Phe210Leu (F210L)
c.727G>T p.Val243Leu (V243L)
c.784G>A p.Gly262Ser (G2629S)
c.1019T>C p. Met340Thr (M340T)
c.1463C>T p.Pro488Leu (P488L)
c.1478 A>T p.Glu493Val (E493V)

unclassified ¢c.705G>C p.GIn235His (Q235H)
c.720C>T p.Asp240Asp (D240D)
c710A>T p.Asp237Val (D237V)
c¢710A>G p.Asp237Gly (D237G)
c.1195G>A p.Gly399Ser (G3995)
c.1357G>C p.Glu453GlIn (E4530Q)
c.1474T>C p.Tyr492His (Y492H)

Severe multisystem pathology, metabolic acidosis, mitochondrial dysfunction,
and early death [65]

Early-onset, severe mitochondrial encephalomyopathy

Prenatal ventriculomegaly [66,67]

Severe and early-onset encephalopathy, muscular atrophy and motor axonal
neuropathy [66,68]

Encephalopathy, mitochondrial disease, metabolic acidosis [69]
Cerebellar ataxia, hearing loss, neuropathy [70]

Severe cerebellar ataxia, neuropathy, atypical hemifacial spasm [71]
Isolated axonal motor and sensory neuropathy [72]

Motor neuropathy [73]

Isolated axonal polyneuropathy [74]

Progressive muscular atrophy, ataxia and hearing loss [66,75]
Axonal neuropathy, hearing loss, cognitive impairment [66,76]

Cerebellar ataxia, hearing loss, sensorimotor neuropathy, color blindness,
muscle weakness [70,77,78]

Postlingual progressive hearing loss, distal muscle wasting, unsteady ataxic
gait [79]

Slowly progressive axonal neuropathy, deafness, and cognitive impairment [80]

X-linked hypomyelinating leukodystrophy and spondylometaphyseal dyspla-
sia, mental retardation [81]

Childhood-onset nonprogressive cerebellar ataxia, hearing loss, intellectual
disability, peripheral neuropathy, mood and behavioral disorder [82]

Hearing impairment, ataxic sensory neuronopathy [83]
Mitochondrial disorder, combined OXPHOS defect [84]
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in 2010 [65]. The modification was reported as a dele-
tion of the arginine residue at position 201 (Arg201 del)
in the full-length AIF. In in silico analysis, this residue
participates in the B-hairpin (191-203) forming the FAD
binding pouch and induces the folding of the regula-
tory peptide (509-559) regulating the accessibility of
the FAD-containing active site. Further investigation
on patient samples revealed a reduction in the activ-
ity of complex III and complex IV, as well as decreased
stability of AIF in both mitochondrial, IMS-bound and
soluble forms. Unlike previous in vitro studies of AIF
deficiency, no effect on complex I was reported for this
AIFM1 mutation. In addition, soluble Arg201 del AIF
showed higher affinity to DNA, which was relevant to the
observed increase in parthanatos. It was concluded that
deletion of Arg201 mostly affected the functions of the
protein, and not its structure.

Since the aforementioned mutant AIF-induced patho-
logical condition, there have been more than 20 cases in
literature, with varying clinical manifestations, degrees
of severity, and sites of mutation, making their catego-
rization a challenge. One might hypothesize that simi-
lar mutational hotspots, such as in the FAD-binding
domain, could result in comparable structural and func-
tional perturbations in the protein, as well as clinical out-
come in patients. For example, both Met171 and Phe210
are positioned in the first FAD-binding domain of AIF,
and patients harboring mutations at these residues
(c.513G>A, p.Metl71lle and ¢.629T >C, p.Phe210Ser)
exhibited similar symptoms of motor and sensory neu-
ropathy associated with X-linked Charcot-Marie-Tooth
disease type 4 (CMTX4, also known as Cowchock syn-
drome [72, 73]. As Met171 is close to the regulatory pep-
tide (509-559), Metl171lle was predicted to disrupt the
activity of this domain, therefore affecting the suscep-
tibility of AIF to calpain and its interactions with DNA.
Phe210Ser was also modelled to disturb the regulatory
peptide (509-559), leading to changes in NAD binding
capacity. Only the mutation Phe210Ser was evaluated cel-
lularly, showing a decrease in the protein expression level
of AIF and fragmentation of the mitochondrial network.

However, the relationship between mutational sites in
AIF and structural, functional, as well as clinical conse-
quences is much more ambiguous, possibly due to the
complexity of the 3D conformation of the protein. One
example is the AIFM1 variant c.630 C>G, p.Phe210Leu
[74]. Even though patients having mutations at residue
210 exhibited the same symptoms of CMTX4, unlike
Phe210Ser, Phe210Leu did not affect AIF protein level.
More interestingly, western blot analysis of the patient’s
sample demonstrated lower expression of complex I and
III, without any evidence of decreased CHCHD4 pro-
tein level or disrupted AIF-CHCHD4 binding, which is
necessary for ETC biogenesis. Thus, the authors raised
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the question of whether the FAD-binding domain has
a role in the assembly of the OXPHOS complexes.
Another study by Moss et al. on the variant ¢.506 C>T,
p.Prol69Leu further emphasized the complexity of pre-
dicting phenotype based on mutational site in AIF [85].
Despite the close position to Met171, this mutation at
Pro169 resulted in much more severe clinical outcomes
including multisystem pathology, metabolic acidosis,
mitochondrial dysfunction, and early death. Functional
analysis revealed reduced protein expression levels of
AIF and complex I in fibroblasts, as well as complete
absence of complex IV in muscle. Therefore, it was sug-
gested that the common feature of the most severe cases
is deficiency in complex I and IV. Unfortunately, in silico
analysis of Pro169Leu mutant AIF or the consequences of
Met1711le on OXPHOS complexes have not been men-
tioned, leaving the comparison incomplete. In addition to
how mutations at the same site (Phe210Ser, Phe210Leu)
and at two close sites (Prol69Leu, Metl71Ile) could
exhibit different biological and clinical consequences,
studies on mutations in the same region of AIF also
highlight the puzzling relationship between site of muta-
tions, patient’s diagnosis, and protein properties. Similar
to residues 169, 171 and 210 discussed above, Val243 is
in the first FAD-binding domain of AIF. Despite exhibit-
ing no modifications in the folding, redox, or DNA bind-
ing properties, the Val243Leu mutant AIF (c.727G>T)
still results in clinical phenotype of progressive mus-
cular atrophy, ataxia, and hearing loss [66, 75]. As only
a decrease in the protein level of AIF was reported, and
computer modelling demonstrated unlikely interaction of
this residue to partners such as CHCHDA4, it was hypoth-
esized that the observed pathology resulted from reduced
ATF expression.

Similar to the FAD-binding domain, the NADH-bind-
ing domain is also a hotspot for AIF mutations. One of
the most characterized and clinically severe mutations
in this region is p.Gly308Glu (c.923G-NA), resulting in
prenatal ventriculomegaly [67]. Gly308 is involved in the
NADH-binding channel and also orientates Leu342 and
Gly336 for AIF-NAD +complex stability. Therefore, the
Gly308Glu AIF variant exhibited decreased affinity for
NADH, as well as insufficient formation of CTC [66].
In addition, inefficient electron transfer from NADH to
AIF was hypothesized to affect the binding of AIF to its
partner CHCHD4, which could explain the reduction in
muscle complex I activity and OXPHOS-related enceph-
alopathy and muscle atrophy in the patient. On the con-
trary, another mutation in the NADH-binding domain,
p-Gly338Glu (c.1013G>A), did not show a strong cor-
relation between genotype and phenotype. Patients har-
boring this mutation exhibited severe and early-onset
encephalopathy, muscular atrophy and motor axonal
neuropathy. Nonetheless, no significant change in the
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binding to NADH and only moderate effect on redox
properties were reported for this AIF variant. In addi-
tion, no serious defects in the OXPHOS system were
found, except for a decline in the activity of complex IV.
Similar to Val243Leu, it was suggested that the clinical
outcome of Gly338Glu might be triggered by decreased
AIF protein expression. In addition to mutations of resi-
dues positioned in the FAD- or NADH-binding domains,
AIF variants in other regions such as the C-terminal also
induce pathological conditions. One example would be
p.Glu493Val (c.1478 A>T), causing CMTX4 with slowly
progressive axonal neuropathy, deafness and cognitive
impairment [80]. This AIF variant exhibited unstable
conformation, lower binding affinity for NADH and
higher affinity for DNA. Further study revealed increases
in DNA fragmentation, parthanatos and nuclear translo-
cation of AIF, despite no impairment in the respiratory
chain complexes or fragmentation of the mitochondrial
network.

As evident by all variants described above, with the
inconsistent genotype-phenotype correlation, a precise
molecular or cellular classification of AIF mutations has
yet to be established. So far, a classification based on
clinical outcome of the patients, consisting of combined
oxidative phosphorylation deficiency type 6 (COXPD6),
CMTX4, and X-linked neuropathy-associated deaf-
ness has been established [86]. Accordingly, Arg201del,
Gly308Glu, Gly338Glu, and Prol69Leu can be grouped
together with the patients exhibiting severe, neonatal
encephalomyopathy. Other mutations previously men-
tioned (Metl71Ile, Phe210Ser, Phe210Leu, Val243Leu,
Glu493Val) would be examples of CMTX4, highlighted
by later-onset axonal neuropathy, hearing loss and cog-
nitive impairment. For the group of X-linked deafness
associated with neuropathy, the mutation p.Leu344Phe
(c.1030 C>T) has been reported to be the most com-
mon [87]. In addition, novel AIF variants were identified
in a group of 12 patients with X-linked progressive skel-
etal and neurologic disorders [81] which has expanded
the spectrum of clinical outcome. Several uncategorized
cases with varied phenotypes have also been reported,
emphasizing the heterogeneous nature of mutant AIF-
induced pathologies (table 1). Considering the grow-
ing number of clinically relevant AIF mutations, more
research is required to understand them in a systemic
way and to develop better classification. AIF variants
should be studied on biophysical, biochemical and cel-
lular levels, including all changes in protein structure,
folding, stability, binding to FAD, NADH and DNA,
interactions with partners such as CHCHD4, as well as
effects on OXPHOS complexes and cell death.
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Targeting AIF: a promising avenue for cancer
therapy

In addition to human pathologies related to the ner-
vous, muscular and auditory systems, there is emerging
evidence suggesting the potential involvement of AIF in
cancer. Mutational analysis using single-strand confor-
mation polymorphism (SSCP) of exons 10-15 encoding
the region involved in cell death function of AIF has been
done in samples of colorectal, gastric, breast and liver
cancers, as well as leukemias [88]. Only one two-base
deletion in intron 15 was found in colorectal carcino-
mas, suggesting that mutations in AIF are rare in com-
mon cancers. Due to limited literature on the subject and
considering that AIF also has a role in mitochondrial bio-
energetics, we could not exclude the possibility of muta-
tions in other regions of the protein. On the other hand,
most studies have focused on changes in the expression
levels of AIF in cancer, usually upregulation. Elevated
mRNA and/or protein expression levels of AIF have been
implied in studies on lung adenocarcinoma and different
lung cancer subtypes, pancreatic cancer, prostate cancer,
colorectal carcinomas, gastric carcinomas, esophageal
squamous cell carcinoma, and skin squamous cell carci-
noma [88-94]. For breast cancer, AIFM 1 was reported as
a high-risk prognostic marker and part of an apoptosis-
related gene signature [95].

The consequences of AIF deficiency have been
explored in different cancer types, both in vitro and in
vivo. For example, mouse models of AIFMI-knocked-
out Kras-mutated non-small-cell lung carcinomas
(NSCLCs) showed prolonged overall survival, decreased
tumor burden and reduced progression into adenocar-
cinomas compared to WT controls [92]. The collected
primary pneumocytes demonstrated impaired mitochon-
drial structure, lower expression levels for proteins of
OXPHOS complex I (NDUFB6, NDUFS3) and defective
mitochondrial respiration, evident by decreases in basal
oxygen consumption rate (OCR), ATP-linked respira-
tion and maximal respiratory capacity. Likely relevant
to the reported OXPHOS deficiency, AIF deletion also
induced a switch to glycolysis for energetic metabolism
in these primary pneumocytes. Kras-mutant human
NSCLC A549 cells with stable knockdown of AIF by
shRNA exhibited reduced expression levels of subunits
in OXPHOS complexes I (NDUFBS), III (UQCRC2) and
IV (COXII) as well as AIF’s partner CHCHD4, which
was relevant to impaired mitochondrial respiration.
Moreover, AIF depletion was found to negatively affect
the proliferation and clonogenic potential in a panel
of human lung cancer cell lines with either wildtype or
mutant Kras. In another study, analysis of five different
pancreatic cancer cell lines revealed a link between AIF
and metabolic plasticity [93]. These cells were evalu-
ated for basal metabolic phenotypes then subjected to
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AIF ablation by shRNA. Decreased proliferation and
migration were only reported in AIF-deficient cell lines
with moderate to high reliance on OXPHOS, correlat-
ing with decreased expression of complex I subunits.
AIF deficiency also increased glucose consumption and
resensitized two of these cell lines to the glycolysis inhibi-
tor 2-DG. These findings suggested that AIF could be
involved in metabolic plasticity through regulating the
balance between glycolysis and OXPHOS. In addition
to lung and pancreatic cancer, AIF was demonstrated to
support the survival and progression of advanced pros-
tate cancer [91]. AIF-deficient aggressive prostate cancer
cell lines showed significantly decreased proliferation and
signs of cell death in growth stress conditions, impaired
in vitro invasion capacity, as well as lower tumorigen-
esis after subcutaneous injection in athymic nude mice.
Reduction in the protein expression levels complex I
subunits was reported for both cell lines and xenografts.
Metabolically, AIFM1 ablation resulted in lower oxygen
consumption, higher glucose dependency and increased
lactate secretion, implicating a switch from OXPHOS
to glycolysis. Interestingly, introduction of AIF carrying
mutations at two residues involved in NADH-oxidase
activity (Thr263Ala/Val300Ala) in these cells restored
the expression of complex I subunits without reverting
the increased glucose consumption or impaired growth.
Therefore, the authors argued that the enzymatic activ-
ity of AIF was necessary for aggressiveness of prostate
cancer. To summarize, it could be noted that for can-
cer types with elevated AIF expression, induced defi-
ciency usually decreased the levels of complex I subunits,
impaired mitochondrial respiration, and switched the
cells to glycolysis for energetic needs. This highlights the
importance of AIF in sustaining functional respiratory
chain and OXPHOS, supporting proliferation, and pro-
moting progression in these cancers. As AIF has been
shown to interact with CHCHD4 and participate in the
AIF/CHCHD4 import machinery for several protein
substrates of the OXPHOS complexes, it is possible to
hypothesize about interruption of this binding as a treat-
ment approach.

Considering the dual functions of AIF, it is not sur-
prising to find the reverse scenario, where AIF protein
expression level decreases compared to healthy control,
such as reported in renal cell carcinoma (RCC) [38]. No
significant AIFMI mutations were found, and the down-
regulation likely resulted from aberrant methylation of
the AIFM1 promoter. RCC cell lines transiently overex-
pressing AIF showed increased apoptosis, AIF transloca-
tion into the nuclei and more activation of AIF’s partner
Serine/threonine-protein kinase 3 (STK3) involved in
apoptosis, without changes in caspase 3 activity. These
findings suggest that AIF overexpression in RCC cells
could induce AlIF-mediated caspase-independent
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apoptosis, and WT cells might have developed mecha-
nisms to lower AIF expression and avoid cell death. In
addition, as different organs showed varying AIF basal
expression levels [38] the activity of AIF is potentially
tissue specific. Thus, there is likely a maintenance of bal-
ance between the anti-apoptotic and pro-apoptotic roles
of AIF in cancers, and evaluation of AIF expression levels
in patient samples is crucial before considering treatment
targeting AIF.

To illustrate this argument and further investigate the
relevance of AIF in cancer, analysis of patient survival
by AIFM1 expression level in public databases was con-
ducted on the R2 Genomics Analysis and Visualization
Platform (https://hgserverl.amc.nl/cgi-bin/r2/main.c
gi). Cox regression analysis was used to evaluate the re
lationship between AIFMI expression and decreased or
increased survival, with the output as Cox proportional
hazard. Values greater than 1 indicate that higher expres-
sion level is associated with poor prognosis (Table 2), and
values smaller than 1 suggest the opposite (Table 3). High
AIFM1 levels generally correlate with decreased survival
in various cancer types such as neuroblastoma, pros-
tate adenocarcinoma, melanoma, lung adenocarcinoma,
breast cancer, chromophobe renal cell carcinoma, esoph-
ageal carcinoma, lymphoma and myeloma (p<0.05).
Therefore, it is reasonable to anticipate more studies on
the exact mechanisms of AIF in specific cancers, and the
exploitation of this highly potential, yet underappreciated
target for the development of novel anti-cancer drugs.
As previously mentioned, one such scenario would be to
inhibit AIF/CHCHD4 interaction and thus diminish the
pro-survival roles of AIF in mitochondrial bioenergetics.

Conclusion

Since its discovery over two decades ago, our under-
standing of AIF has expanded significantly. This review
provides general knowledge of AIF in terms of its struc-
ture, life and death functions, and implications in dis-
eases, particularly mutated AIFMI-induced pathologies
and the potential of targeting AIF in cancer. Structurally,
AIF possesses distinct domains that regulate its import,
processing, redox activity, as well as interactions with
partners. Thus, there exists a structure-function relation-
ship that determines the dual roles of AIF in cell death
and survival, in response to cellular physiological condi-
tions. Beyond its function in caspase-independent cell
death (parthanatos), AIF mediates different mitochon-
drial activities such as OXPHOS, lipid homeostasis and
maintenance of cristae integrity through contributing to
the CHCHD4 import pathway. Thus, dysregulation of the
protein has been implied in various pathological condi-
tions, from neuromuscular and metabolic disorders to
cancer.
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Table 2 Correlation between high AIFM1 expression and poorer survival. Analysis of patient survival by AIFM1 expression levels on
R2 Genomics Analysis and Visualization Platform using available public datasets. Overall survival and/or progression-free survival
were performed to estimate survival curves using Kaplan-Meier method. Survival cut-off was automatically determined in a scanning
approach, in which every increasing value was used to create two groups, p-value was tested using a log-rank test, and the most
significant expression cut-off was reported. p-value < 0.05 (5.0E-02) was considered statistically significant. Cox proportional hazard
above 1 associates high AIFM1 expression with decreased survival in patients

Cancer type Dataset Survival type p-value
Tumor neuroblastoma Cangelosi 786 - overall [96] overall 1.00E-24
Tumor neuroblastoma Cangelosi 786 - eventfree [96] event free 5.20E-21
Tumor neuroblastoma SEQC 498 - eventfree - GSE62564 [97] event free 1.10E-17
Tumor neuroblastoma SEQC 498 - overall - GSE62564 [97] overall 260E-17
Tumor neuroblastoma Kocak 649 - eventfree - GSE45547 [98] event free 140E-15
Tumor neuroblastoma Oberthuer 251 - eventfree - E-TABM-38 [99] event free 2.30E-11
Tumor neuroblastoma Oberthuer 251 - overall - E-TABM-38 [99] overall 1.70E-08
Tumor neuroblastoma SEQC 498 - eventfree - GSE49710 [97] event free 4.50E-07
Tumor neuroblastoma SEQC 498 - overall - GSE49710 [97] overall 4.7E-06
Tumor neuroblastoma NRC 283 - overall - GSE85047 [100] overall 1.7E-05
Tumor neuroblastoma NRC 283 - progressionfree - GSE85047 [100] progression free 7.8E-05
Tumor neuroblastoma Versteeg 122 - progrfree-1304 [101] progression free 1.2E-04
Tumor neuroblastoma Kocak 649 - overall - GSE45547 [98] overall 2.00E-04
Tumor neuroblastoma Maris 101 - progressionfree - GSE3960 [102] progression free 44E-04
Tumor neuroblastoma Maris 101 - overall - GSE3960 [102] overall 8.4E-04
Tumor neuroblastoma Versteeg 122 - overall-1304 [101] overall 1.4E-03
Tumor neuroblastoma Versteeg 88 - overall-c1103 - GSE16476 [101] overall 1.5E-03
Tumor neuroblastoma Versteeg 122 - overall-1302 [101] overall 2.1E-03
Tumor neuroblastoma Westermann 144 - overall [103] overall 2.2E-03
Mixed prostate adenocarcinoma tcga 553 - overall [104] overall 2.5E-03
Tumor melanoma metastatic Bhardwaj 44 - overall - GSE19234 [105] overall 2.9E-03
Tumor lung adenocarcinomas Kohno 246 - relapsefree - GSE31210 [106,107] relapse free 3.0E-03
Tumor breast Bergh 159 - overall - GSE1456 [108] overall 3.2E-03
Tumor skin cutaneous melanoma tcga 473 - overall [109] overall 3.5E-03
Tumor neuroblastoma Westermann 144 - eventfree [103] event free 4.2E-03
Mixed kidney chromophobe tcga 90 - overall [110] overall 44E-03
Tumor B-cell lymphoma Xiao 420 - overall - GSE10846 [111] overall 5.2E-03
Tumor neuroblastoma Versteeg 88 - relapsefree-c1103 - GSE16476 [101] relapse free 54E-03
Tumor esophageal carcinoma TCGA 184 - overall - ESCA [112] overall 6.8E-03
Tumor breast Bergh 159 - relapsefree - GSE1456 [108] relapse free 8.0E-03
Tumor mantle cell lymphoma Staudt 122 - overall - GSE93291__1[113] overall 1.5E-02
Tumor myeloma Hanamura 542 - overall - GSE2658 [114] overall 1.9E-02
Tumor skin cutaneous melanoma TCGA 375 - overall - SKCM [109] overall 3.0E-02
Tumor neuroblastoma non MYCN amplified Seeger 102 - relapsefree - GSE3446 [115] relapse free 3.6E-02
Tumor lung Bild 114 - overall - GSE3141 [116] overall 7.2E-02
Tumor Wilms OCG 125-overall [117] overall 7.7E-02
Tumor Ewing sarcoma Dirksen 85 - eventfree - GSE63157__1[118] event free 7.9E-02
Tumor lung adenocarcinomas Kohno 246 - overall - GSE31210 [106,107] overall 7.9E-02
Tumor Ewing sarcoma Dirksen 85 - overall - GSE63157__1[118] overall 1.2E-01
Tumor melanoma Jonsson 214 - distantmetastasis_free - GSE65904 [119]  distant metastasis free  1.2E-01
Tumor uveal melanoma tcga 80 - overall [120] overall 1.5E-01
Tumor medulloblastoma Williamson 331 - overall - emtab10767 [121] overall 1.7E-01
Tumor medulloblastoma Cavalli 763 - overall - GSE85217 [122] overall 1.8E-01
Tumor glioma pediatric Paugh 53 - overall - GSE19578 [123] overall 2.2E-01
Tumor T-cell lymphoma Wang 62 - progessionfree - GSE168508 [124-126] progression free 2.3E-01
Tumor neuroblastoma Asgharzadeh 249 - overall [127] overall 2.3E-01
Tumor uterine carcinoma tcga 57 - overall [128] overall 24E-01
Tumor T-cell lymphoma Wang 62 - overall - GSE168508 [124-126] overall 24E-01
Tumor hodgkin lymphoma Steidl 34 - overall - GSE39133 [129] overall 2.6E-01
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Cancer type Dataset Survival type p-value
Tumor lymphoma (T-cell peripheral) Rosenwald 193 - overall - GSE58445 [130] overall 3.0E-01
Tumor thymona TCGA 120 - overall -THYM [131] overall 34E-01
Tumor lymphoid neoplasm diffuse large B-cell lympho  tcga 48 - overall [132] overall 3.5E-01
Tumor oral Mao 86 - cancerfree - GSE26549 [133] cancer free 49E-01
Tumor neuroblastoma Asgharzadeh 249 - eventfree [127] event free 4.9E-01

Table 3 Correlation between high AIFM1 expression and better survival. Analysis of patient survival by AIFMT expression levels on
R2 Genomics Analysis and Visualization Platform using available public datasets. Overall survival and/or progression-free survival
were performed to estimate survival curves using Kaplan-Meier method. Survival cut-off was automatically determined in a scanning
approach, in which every increasing value was used to create two groups, p-value was tested using a log-rank test, and the most
significant expression cut-off was reported. p-value < 0.05 (5.0E-02) was considered statistically significant. Cox proportional hazard
below 1 suggests high AIFM1 expression as better prognosis

Cancer type Dataset Survival type p-value
Tumor adrenocortical carcinoma TCGA 79 - overall - ACC [134] overall 1.3E-06
Tumor colon Nunes 1063 - recurrencefree [135] recurrence free 2.7E-05
Mixed kidney renal clear cell carcinoma tcga 609 - overall [136] overall 1.5E-04
Tumor colon Nunes 1063 - overall [135] overall 3.3E-04
Tumor kidney renal papillary cell carcinoma TCGA 290 - overall - KIRP [137] overall 2.2E-03
Tumor glioblastoma TCGA 540 - progrfree [138] progression free 5.8E-03
Mixed gastric Nebozhyn 400 - recurrence - GSE66229 [139] recurrence 6.8E-03
Tumor colon Guinney 3232 - overall - syn2623706 [140] overall 7.9E-03
Tumor pancreatic ductal adenocarcinoma Yeh 132 - overall - GSE21501 [141] overall 9.5E-03
Tumor pancreatic Bailey 96 - overall [142] overall 2.8E-02
Mixed gastric Nebozhyn 400 - overall - GSE66229 [139] overall 3.8E-02
Tumor ovarian adenocarcinoma (oxidative stress) Mechta-Grigoriou 107 - overall - GSE26193 [143] overall 43E-02
Tumor ovarian adenocarcinoma (oxidative stress) Mechta-Grigoriou 107 - pfs - GSE26193 [143] progression free 9.3E-02
Tumor pancreatic adenocarcinoma TCGA 178 - overall - PAAD [144] overall 1.1E-01
Tumor mesothelioma tcga 87 - overall [145] overall 1.2E-01
Tumor ovarian Pamuta-Pitat 101 - evenfree - GSE63885 [146] event free 2.0E-01
Tumor ovarian Pamuta-Pitat 101 - overall - GSE63885 [146] overall 3.3E-01
Tumor neuroblastoma Bell 97 - overall - GSE181582 [147] overall 3.9E-01
Tumor ovarian serous cystadenocarcinoma tcga 381 - overall [148] overall 5.3E-01
Tumor neuroblastoma Bell 97 - progressionfree - GSE181582 [147] progression free 5.5E-01
Tumor rectal (multimodal therapy) Ghadimi 245 - overall - GSE40492 [149] overall 5.8E-01
Tumor pancreatic ductal adenocarcinoma linkedomics 140 - overall [150] overall 5.9E-01
Tumor hodgkin lymphoma Steidl 34 - progressionfree - GSE39133 [129] progression free 7.8E-01
Tumor Wilms OCG 148 -overall [117] overall 84E-01
Tumor rhabdomyosarcomas Tran 158 - overall - GSE167059 [151] overall 9.2E-01

Mutations in the AIFMI gene lead to a spectrum of
pathologies that have been mainly classified according to
clinical outcomes, including Combined OXPHOS Defi-
ciency Type 6 (COXPD6), Charcot-Marie-Tooth Dis-
ease Type 4 (CMTX4), and X-linked neuropathies with
hearing loss. Although certain mutations have shown
a strong correlation between genotype and phenotype,
there exist AIF variants which show less severe changes
than predicted from clinical symptoms. This emphasizes
the complex structure-function relationship of AIF in
the pathogenesis of these mitochondrial diseases. Mean-
while, in cancer, AIF exhibits both tumour-promoting
and tumour-suppressing characteristics. In cancer with
AIF upregulation, the protein supports proliferation and

disease progression through sustaining OXPHOS activ-
ity. On the contrary, decreased expression enables some
cancers to evade AIF-dependent cell death.

Several compounds that trigger parthanatos have
shown efficacy against different types of cancer, yet the
upstream and downstream consequences remain to be
further elucidated. Moreover, as described above, there is
likely a balance between the pro-death and pro-survival
roles of AIF in cancer. This highlights the need to exam-
ine the expression levels as well as functions of AIF spe-
cific to each cancer type before considering AIF-targeted
therapies. To abolish AIF’s pro-survival roles that benefit
cancer progression, it is possible to develop molecules
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that disrupt its interaction with CHCHDA4, potentially
providing a novel approach for anticancer therapy.

Finally, in a translational perspective, future research
should focus on the interactome of AIF in both cell death
and cell survival, AIF in disease initiation and progres-
sion, and therapeutic strategies exploiting its involve-
ment in mitochondrial disorders and in cancer.
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