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Apoptosis might proceed through the activation of both caspase-dependent and -independent pathways.
Apoptosis-inducing factor (AIF) was discovered as the first protein that mediated caspase-independent

cell death. Initially, it was regarded as a soluble protein residing in the intermembrane space of mito-
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chondria, from where it could be exported to the nucleus to participate in large-scale DNA fragmentation
and chromatin condensation. However, later it was demonstrated that AIF is N-terminally anchored to
the inner mitochondrial membrane. Hence, AIF must be liberated from its membrane anchor prior to
being released into the cytosol. The current knowledge about the molecular mechanisms regulating
the processing and release of AIF from the mitochondria will be summarized and discussed in this review.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Since more than 25 years our research has focused on the reg-
ulation and mechanisms of apoptotic cell death and its possible
implications for human disease. Much of our recent work has been
concerned with mitochondrial regulation of cell death by the
release of cytochrome c¢ and other pro-apoptotic proteins, which
was early found to represent an important pathway of apoptosis
regulation [1,2]. We first studied Ca®* signaling as a component
of the apoptotic program and demonstrated that release of pro-
apoptotic proteins from mitochondria can occur via both Ca?*-
dependent and Ca®*-independent mechanisms [3]. We also found
that the export of cytochrome c¢ from mitochondria during apopto-
sis proceeds by a two-step process, involving the detachment of
the hemoprotein from its binding to cardiolipin in the inner mito-
chondrial membrane (IMM) followed by its translocation into the
cytosol [4]. We observed that microinjection of cytochrome c
results in the induction of apoptosis in a number of different cell
types [5], and found that aberrant mitochondrial iron distribution
is responsible for spontaneous cytochrome c release from mito-
chondria in early erythroid precursor cells in myelodysplastic syn-
drome [6]. Detailed analysis of the mechanisms of resistance of
lung cancer cells to radio- and chemotherapy revealed a deficiency
in caspase-8 expression in a majority of small cell lung cancer cells
and clinical samples, and suggested that mitochondrial dysfunc-
tion is an essential step for killing non-small cell lung carcinoma
(NSCLC) cells resistant to conventional treatment [7].
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Hence, investigations of the role of mitochondria in cell death
have long been in the focus of our research. This intracellular
organelle is functioning as a switchboard in cell death signaling.
In particular, the permeabilization of the outer mitochondrial
membrane (OMM) and the subsequent release of pro-apoptotic
proteins from the intermembrane space (IMS) of mitochondria
are key events in both caspase-dependent and caspase-indepen-
dent pathways [8]. Apoptosis-inducing factor (AIF) is one of the
mitochondrial proteins to be released into the cytosol during
apoptosis, and it was discovered as the first protein that regu-
lates caspase-independent apoptosis [9].

2. Apoptosis-inducing factor (AIF)

AIF is encoded as a 67 kDa protein that contains a mitochon-
drial localization signal (MLS) in the N-terminus. Upon import
into the mitochondria, the MLS is removed by a mitochondrial
peptidase generating the mature 62 kDa protein [10]. Initially,
AIF was regarded as a soluble protein localized in the IMS [9].
However, later it became clear that AIF is N-terminally anchored
to the IMM [10], where it exerts NADH oxidase activity [11]. The
crystal structure of mouse and human AIF (which share 92%
identity) does indeed reveal an oxidoreductase-like folding of
the protein [12,13].

Based on findings with different knockout/knockdown models
it was proposed that AIF might play a role in oxidative phosphor-
ylation, mainly by modulating the structure and function of
complex | of the respiratory chain [14,15]. Muscle- and liver-spe-
cific AIF ablation in mice resulted in deficient oxidative phosphor-
ylation [16]. Genetic inactivation of AIF abolished cavitation, an
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apoptosis-regulated process essential for the early embryonic mor-
phogenesis, prior to gastrulation [17]. Therefore, complete
deficiency of AIF is embryonically lethal.

In a Harlequin (Hq) mouse model the AIF expression is sup-
pressed to 10-20% of normal level due to a retroviral insertion into
the AIF gene. In contrast to AlF-deficient embryos, these mice are
viable but develop blindness, ataxia and progressive loss of retinal
and cerebellar neurons. Based on the observation that Hq mice are
sensitive to oxidative stress, it was hypothesized that AIF functions
as a free radical scavenger [15,18]. This idea was challenged by
findings in different cancer cell lines that a reduction (by knockout
or knockdown) of the AIF expression level could lead to either an
elevation or a suppression of the production of reactive oxygen
species (ROS) [19,20]. More recently, using Hq mouse brain mito-
chondria it was shown that AIF does not directly regulate ROS pro-
duction in the mitochondria [21]. Thus, the potential connection
between AIF function and ROS generation/elimination remains
elusive.

Upon treatment with certain apoptotic stimuli, AIF can be
cleaved from its membrane anchor by proteases, generating a sol-
uble 57 kDa AIF fragment. This fragment can be released from the
IMS into the cytosol upon permeabilization of the OMM. AIF har-
bors two nuclear localization signals (NLS) and, once released into
the cytosol, it translocates into the nucleus (Fig. 1). Here, it contrib-
utes to large-scale DNA fragmentation and chromatin condensa-
tion, although the precise mechanism(s) of the nuclear function
of AIF are unknown [10]. Since nuclear translocation of AIF was
not observed in cyclophilin A-depleted (CypA)~/~ neurons exposed
to hypoxia-ischemia, it was suggested that the translocation and
DNA binding activities of AIF require CypA [22]. If AIF cannot enter
the nucleus, it does not induce cell death. Hence, the loss of AIF
from mitochondria per se is not sufficient to explain its function
in the cell death process [23]. Finally, it is also clear that the AIF-
mediated pathway is not necessarily involved in all forms of apop-
tosis, but appears to be an important cell death mechanism only in
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certain cell types. The significance of AIF in cell death signaling will
be discussed in detail later in this review.

The AIF protein consists of two distinct domains, a redox active
domain and another domain of importance for its DNA binding and
apoptotic activities [18]. Recently, it was reported that a small frac-
tion of full-length AIF is also localized on the cytosolic side of the
OMM of brain mitochondria [24]. This fraction of AIF does not
seem to require processing prior to its dissociation from the mito-
chondria. However, the vast majority of publications report that
mitochondrial AIF has to be cleaved prior to being released into
the cytosol. In this review, we will summarize current knowledge
about the mechanisms of AIF processing required for its release
from the mitochondria.

3. Enzymes involved in AIF processing

Several years ago it was shown that AIF and Endonuclease G are
not released from permeabilized mitochondria simultaneously
with cytochrome ¢ and Smac/DIABLO, suggesting that, apart from
OMM permeabilization, some additional signals are required for
their appearance in the cytosol [25]. It was also reported that re-
combinant calpain-I could cleave and release AIF from Bid-perme-
abilized mitochondria [26]. In another study, detailed biochemical
analysis revealed the presence of three forms of AIF (67, 62 and
57 kDa) in the mitochondria of apoptotic cells [10]. Thus, it ap-
peared that AIF must be liberated from its membrane anchor in or-
der to be released from the mitochondria. Subsequently, several
studies were performed aiming to identify the enzyme(s) responsi-
ble for the release of AIF in cultured cells and in vivo, and it was
shown that cysteine proteases, namely calpains and cathepsins,
play a prominent role in AIF proteolysis. Importantly, these prote-
ases were found to be able to truncate AIF in the same position,
Gly102/Leu103 [27].

Calpains are a family of calcium-dependent, non-lysosomal cys-
teine proteases expressed ubiquitously in mammals and many other
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Fig. 1. Hypothetical model of the mechanisms involved in AIF processing and release. Exposure of NSCLC cells to the protein kinase C inhibitors, staurosporine or PKC412,
results in a hyperpolarization of the plasma membrane. As a consequence, the hyperpolarization-activated HCN2 channel opens and permits Ca®* to enter the cell. Both
plasma membrane hyperpolarization and the activation of HCN2 channel are inhibited by Cs*. The resulting Ca?* elevation in the cytosol also translocates to the
intermembrane space of the mitochondria and results in the activation of calpain as well as enhanced ROS formation. The calcium chelator, BAPTA is able to inhibit both
calpain activation and ROS accumulation, whereas only the latter is inhibited by NAC and Trolox. AIF is cleaved by mitochondrial calpain-I. This cleavage is prevented by
PD1506086, a selective calpain inhibitor. Cleaved AIF is released into the cytosol and translocates to the nucleus, where it contributes to chromatin condensation and high-
molecular weight DNA fragmentation. Nuclear translocation of AIF can be inhibited by binding to Hsp70 in the cytosol.
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organisms. There are two main isoforms, calpain-I (p-calpain) and
calpain-II (m-calpain), which co-exist with the endogenous cal-
pain-specific inhibitor, calpastatin. The interaction with calpastatin
prevents both the activation and catalytic activity of calpains. Cal-
pain I and I differ in the amount of Ca®* (uM and mM, respectively),
that they require to become activated. Upon activation, calpains can
cleave and destroy their endogenous inhibitor, calpastatin [8]. Cal-
pains are generally considered to be cytosolic enzymes, although
calpain-I has been shown to be enriched in the mitochondrial frac-
tion. More recently, calpain-I was found to contain a MLS and thus
was suggested to be present also in the mitochondrial IMS [28].
Accordingly, we were able to detect calpain-I in a highly purified
mitochondrial fraction and could further show that Ca®* addition
to the mitochondria was sufficient to stimulate AIF cleavage [29].
In fact, the majority of studies investigating the possible role of cal-
pain in the AIF-mediated pathway have concluded that calpain-I is
the most important enzyme involved in the processing of AIF
[26,30-32]. In addition, siRNA downregulation of either one of the
two calpains revealed that only deletion of calpain-I affected AIF
truncation [32]. Moreover, calpain-I was shown to be critical for
the release of AIF from mitochondria in neuronal cells exposed to
oxygen-glucose deprivation in vivo [31]. Ca®" is probably the most
versatile cellular messenger that controls physiological processes,
such as the release of neurotransmitters and muscle contraction.
Physiological responses are normally governed by intracellular
Ca?* transients. In contrast, toxic perturbation of the intracellular
Ca®* homeostasis is often mediated either via an influx of extracellu-
lar Ca?* into the cell, or by a redistribution of Ca* between different
intracellular compartments, e.g. between the ER and the mitochon-
dria. Toxic Ca®" elevation is also more pronounced and sustained
when compared to physiological Ca®* signaling and lacks the oscilla-
tory pattern typical of the latter. For example, activation of calpain-
mediated AlF release from the mitochondria during retinal degener-
ation was reported to require a sustained elevation of the intracellu-
lar Ca?* level [33]. Similarly, staurosporine or PKC412 treatment of
NSCLC cell lines led to an early import of extracellular Ca%* through
the hyperpolarization-activated cyclic nucleotide-gated channel 2
(HCN2) (Fig. 1) (Norberg et al. unpublished observations). This re-
sulted in a sustained (>10 min) elevation of the cytosolic Ca%* level
sufficient to cause calpain activation and subsequent release of AIF
from mitochondria [29]. In addition to activating calpain, the im-
ported Ca?* was found to stimulate mitochondrial ROS production,
which, in turn, led to oxidative modification of AIF. Importantly, cal-
pain-I was observed to cleave oxidatively modified AIF more effi-
ciently than non-modified AIF (Fig. 2) [34].

Cathepsins are lysosomal peptidases belonging to three classes
of enzymes, namely, serine, aspartic acid and cysteine proteases.
They are synthesized as inactive pro-enzymes, but are subse-
quently activated within the acidic environment of the lysosome
and are finally released from the lysosomes as active enzymes.
However, it is unclear how much of the enzymatic activity of the
cathepsins is retained at physiological pH in the cytosol, since they
are known to be stable only at pH-values below 6.0. Like for the
calpains, there are endogenous cathepsin inhibitors, including
cystatins and certain serpins. However, in contrast to the calpains,
cathepsins are Ca?*-independent enzymes [35].

Lysosomes are critically involved in autophagy but their role in
apoptosis is still a matter of debate. Hence, it is unclear whether
lysosomal permeabilization is an early step in the apoptotic pro-
cess, or if it occurs as a consequence of caspase activation and con-
tributes mainly to the amplification and acceleration of apoptotic
cell demise [35]. Lysosomal permeabilization has been detected
during both apoptosis and necrosis using fluorescence-based
methods. Nevertheless, during the early apoptotic process the lyso-
somal structure seems to be kept intact when analyzed by trans-
mission electron microscopy. Despite this, examples exist where

cathepsins seem to be involved in the initiation of the apoptotic
process. In particular, this appears to be the case with cells exposed
to lysosomotropic agents, such as O-methylserine dodecylamide
hydrochloride, detergent-like sphingosine, or Leu-Leu-Ome and
the antibiotic ciprofloxacin [36]. Hence, current evidence for an
involvement of lysosomes in the initiation of apoptosis originates
from studies using compounds that directly disrupt the lysosomal
integrity. Further, it appears that cathepsin-mediated AIF release
would require an early lysosomal permeabilization to allow
cathepsins to enter the mitochondria and cleave AIF. Only the cys-
teine cathepsins (cathepsin B, L and S) have been reported to be
able to cleave AIF in vitro [27]. However, knockout of cathepsins
B or L does not correlate with impaired cell death, as seen after
deletion of caspases. Instead, cathepsins B and L deficiency leads
to neurodegeneration within certain areas of the brain.

Thus, there is little evidence for the involvement of cathepsins
in the cleavage and release of AIF in vivo. In contrast, most obser-
vations suggest that calpain-I is the critical enzyme regulating
AIF processing in experimental systems in which the AIF-mediated
pathway is important for cell death.

4. Other factors modulating the cleavage of AIF

Determination of the crystal structure of both the murine and
the human AIF protein has revealed that the calpain/cathepsin
cleavage site in AIF is not exposed on the surface of the protein,
but rather embedded in its structure. Therefore, one possible lim-
iting step in AIF processing might be the accessibility of the cleav-
age site to the protease. Indeed, it was proposed that redox-
regulated conformational changes of the AIF structure, affecting
its binding to pyridine nucleotides, might influence the ability of
calpain to cleave AIF in isolated mitochondria [37]. However, using
a similar approach we could not detect any protective effect of pyr-
idine nucleotides on AIF processing in isolated mitochondria [34].
Hence, binding of pyridine nucleotides to AIF does not protect
AIF from calpain-mediated cleavage in all experimental systems
and therefore does not seem to be a general phenomenon.

Another possibility that might involve changes in the tertiary/
quaternary conformation of AIF of importance for its processing
and release from the mitochondria is oxidative modification(s)
triggered by ROS (Fig. 2). Indeed, there are several observations
linking ROS and AIF, although the precise mechanism(s) of such
interaction are still unclear [15,18-20]. For instance, deletion of
AIF can result in either an increase or a decrease in mitochondrial
ROS production. It was proposed that AIF can function as a free rad-
ical scavenger and thereby prevent apoptosis [15]. This was based
on the observation that Hq mice were more susceptible to hydro-
gen peroxide treatment than the wild-type mice. In contrast, it was
reported that mitochondria from both wild-type and Hq mice have
the same capability to scavenge ROS [21]. Another study demon-
strated that glutathione peroxidase-4 can sense and translate oxi-
dative stress into AlF-mediated cell death [38]. Manganese
superoxide dismutase (MnSOD) was observed to protect from cell
death in a mouse model of permanent focal cerebral ischemia. In
this case, antioxidant-treated mice exhibited significantly less
mitochondria/nuclear AIF translocation and large-scale DNA frag-
mentation [39]. Further, an AIF-mediated mechanism was shown
to be critical for myocardial cell death upon ischemia-reperfusion.
In this experimental model, Ca?* and ROS signals were assigned a
role as key mediators in regulating the release of AIF from mito-
chondria [40]. More recently, several studies have demonstrated
that antioxidants can suppress AlF-mediated cell death in neurons
as well as in NSCLC and other cancer cell lines [41-43]. In this sce-
nario, ROS were able to positively regulate AIF cleavage and re-
lease. In line with these observations, we found that oxidative
modification of AIF markedly (5-fold) increased its susceptibility
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Fig. 2. AIF processing is sequentially regulated by Ca®* and ROS. The import of Ca?* from the extracellular milieu in staurosporine-treated cells leads to an elevation of the
intracellular Ca®* level for several minutes (>10 min). Subsequently, the mitochondria sequester part of the Ca?* increase during the normalization phase. The Ca?* elevation
has at least two effects, first, a mitochondrial calpain located in the intermembrane space is activated by Ca?* and second, Ca?* uptake into mitochondria stimulates ROS
production. This leads to oxidative modification (carbonylation) of AIF, which presumably is associated with increased accessibility of the calpain cleavage site to proteolytic
activity. Hence, this conformational change makes AIF more susceptible to calpain-mediated processing. The soluble 57 kDa AIF is then released through Bax/Bak pores in the

OMM.

to calpain-I-mediated processing (Fig. 2) [34]. Furthermore, time-
lapse analysis revealed that in cells exposed to antimycin A prior
to STS treatment, the release and nuclear translocation of AIF-
GFP occurred more rapidly as compared to cells treated with STS
alone. Accordingly, pretreatment of the cells with antioxidants pre-
vented the STS-induced oxidative modification of AIF as well as its
subsequent cleavage and release from the mitochondria into the
cytosol. This led us to propose that oxidative modification might
expose a normally hidden calpain cleavage site in AIF [34], in
accordance with what has been reported for other calpain sub-
strates (Fig. 2) [44-50].

5. Involvement of AIF in apoptosis execution

It is currently known that the AlIF-mediated pathway is not
important for all cell death mechanisms. Hence, the elimination
of AIF does not protect from apoptosis induced by most drugs. Sim-
ilarly, not all caspases are involved in the regulation of apoptosis,
although overexpression of any one of the caspases culminates in
cell death. However, this does not occur upon AIF overexpression.
Further, knockout of any of the caspases results in an increase in
cell number. In contrast, genetic inactivation of AIF in mice was
embryonically lethal but, surprisingly, no excess in cell number
was observed [17]. Therefore, in this respect AIF differs from other
mediators of apoptosis. Instead, available evidence strongly sug-
gests that AIF plays a critical role in cell death only in certain cell
types, such as neurons and some tumor cells [22,29-31,51-53].
Furthermore, the type of apoptotic trigger also determines whether
AIF will be important in the cell death process. Preferential AIF trig-
gers should either directly perturb intracellular Ca?* homeostasis,
or lead to early lysosomal permeabilization, in order to make the
AlF-mediated pathway an essential mechanism of subsequent
apoptosis. However, both these events are frequent components
of cell death signaling, particularly in ischemia-reperfusion injury
or after treatment with cytotoxic drugs.

Another feature of significance for the role of AIF in cell death is
the timing of its processing and release in relation to other pro-
apoptotic events. Indeed, mitochondria contain several pro-apop-
totic proteins that are being released from their intermembrane
space during apoptotic signaling, including Smac/DIABLO, cyto-
chrome c and AIF. These three proteins are of different size and
are also located differently within the IMS. Smac/DIABLO is a solu-

ble (25 kDa) protein, the bulk of cytochrome c (14 kDa) is bound to
cardiolipin in the IMM by both electrostatic and hydrophobic inter-
actions [4], whereas AIF (62 kDa) is anchored to the IMM with its
transmembrane region. Thus, it is reasonable to assume that the
small molecular-weight and soluble proteins are released prior to
AIF upon OMM permeabilization, since AIF requires an additional
cleavage step before its liberation. However, if AIF cleavage would
precede OMM permeabilization, solubilized AIF could well be re-
leased early upon the loss of mitochondrial integrity. One example
of this is seen in STS-treated lung carcinoma cells. In this model,
Ca%* is imported from the extracellular milieu and further translo-
cates into the mitochondria, where it activates calpain-I to cleave
AIF prior to its liberation from the IMM and release into the cytosol
[29]. Importantly, all these events occurred before any caspase
activation was detected. Similar observations were made in several
other studies using NSCLC cells treated with STS, or with a specific
protein kinase C inhibitor, PKC412 (Fig. 1) [29,51,54].

As mentioned above, there are also many studies indicating the
importance of AIF in mediating neuronal cell death. Hence, micro-
injection of antibodies neutralizing AIF, or siRNA downregulation
of AIF, have been found to suppress glutamate-, hypoxia- and
NMDA-induced cell death in primary neurons [31,52]. Further,
AIF knockdown in PC12 cells reduced the neurotoxic effects evoked
by MPP+(1-methyl-4-phenylpyridinium) [55]. Moreover, DNA
fragmentation caused by AIF was also seen in myocardial cell death
in ischemia-reperfusion injury [40].

There are also several in vivo observations demonstrating the
importance of the AlIF-mediated pathway in neuronal cell death.
For instance, as compared to wild-type mice, Hq mice were pro-
tected against NMDA- and kainic acid-induced neuronal damage
in the hippocampus [53]. Cell death was also found to be sup-
pressed in Hq mice subjected to hypoxia-ischemia [56]. Embryonic
stem cells lacking AIF were less susceptible to serum withdrawal-
induced apoptosis, as compared to wild-type ES cells [17]. Treat-
ment of mice with a MnSOD mimetic (MnTBAP) prevented AIF
translocation and DNA fragmentation upon ischemia and resulted
in neuroprotective effects [39]. Neuroprotection was also observed
in different mouse models, when AIF translocation was prevented
by oral administration of HIV protease inhibitors [57]. Finally, it
was shown that inhibition of the nuclear translocation of AIF was
required to achieve neuroprotection in a rat model of retinal
degeneration [58].
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6. Conclusions

Like many other pro-apoptotic proteins, AIF was initially con-
sidered to be involved only in cell death signaling. However, grad-
ually there has been accumulating evidence that AIF fulfills several
other important physiological functions, both as a redox-active
protein and in mitochondrial bioenergetics. The AIF-mediated
death pathway is activated in a trigger-specific manner and seems
to play a more prominent role in certain cell types. As also sup-
ported by current in vivo data, calpain-I appears to be the most
important protease involved in the cleavage and subsequent
release of AIF from its membrane anchor in the IMM. Thus, dysreg-
ulation of Ca?* homeostasis might be an important prerequisite
step for the activation of mitochondrial calpain and of the AIF-
mediated pathway. The fact that numerous in vitro and in vivo
studies have documented antioxidant inhibition of AlF-mediated
cell death supports the notion that the intracellular ROS level pos-
itively regulates AIF cleavage and release. However, additional
studies are needed to clarify the precise interaction between ROS
and AlF-mediated cell death mechanisms. AIF plays a key role also
in mediating cell death in several pathological conditions, such as
ischemic injury, neurodegenerative disorders and certain types of
cancers. Therefore, improved knowledge about the molecular
mechanisms regulating the release of AIF from mitochondria
should be beneficial for designing more specific drugs for future
treatment of these diseases.
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