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Abstract Mitochondria control whether a cell lives or
dies. The role mitochondria play in deciding the fate of a
cell was first identified in the mid-1990s, because mito-
chondria-enriched fractions were found to be necessary for
activation of death proteases, the caspases, in a cell-free
model of apoptotic cell death. Mitochondrial involvement
in apoptosis was subsequently shown to be regulated by
Bcl-2, a protein that was known to contribute to cancer in
specific circumstances. The important role of mitochondria
in promoting caspase activation has therefore been a major
focus of apoptosis research; however, it is also clear that
mitochondria contribute to cell death by caspase-indepen-
dent mechanisms. In this review, we will highlight recent
findings and discuss the mechanism underlying the mito-
chondrial control of apoptosis and caspase-independent
cell death.
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Introduction

Cell death is a physiological process needed to remove
unwanted or damaged cells. A considerable body of evi-
dence demonstrates that mitochondria are the major
organelles involved in signal transduction and execution of
cell death. The mitochondria-dependent (or intrinsic)
pathway to death is activated by diverse stimuli including
growth factor withdrawal, DNA damage, heat shock, UV,
gamma radiation, and chemotherapeutic drugs. The sig-
naling pathways activated by these stressors culminate in
permeabilization of the mitochondrial outer membrane and
release of soluble proteins from the mitochondrial inter-
membrane space (IMS).

Some proteins released from the IMS have been shown
to trigger death by apoptosis, including cytochrome c,
which complexes with Apaf-1 and caspase-9 to form the
apoptosome. This results in activation of caspase-9, which
activates downstream or executioner caspases, which
orchestrate apoptotic cell death by cleaving a subset of
cellular proteins. Other IMS proteins have also been
suggested to play a role in caspase activation and in
promoting other forms of cell death. To delineate these
processes, we refer to caspase-dependent death as apop-
tosis and to caspase-independent cell death (CICD) as any
other type of death, excluding necrosis, that may occur as
a consequence of failed apoptosis. We review recent
evidence that implicate mitochondria and mitochondrial
proteins as key players in both of these processes.
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Interestingly enough, in a separate review in this issue,
Autret and Martin extensively discuss the mechanisms
regulating mitochondrial fusion/fission and possible roles
in apoptosis.

How is mitochondrial outer membrane
permeabilization controlled upon cell death induction?

Mitochondrial outer membrane permeabilization (MOMP)
is regulated by Bcl-2 family members. Anti-apoptotic (or
pro-survival) members preserve the integrity of the outer
mitochondrial membrane (OMM) whereas pro-apoptotic
members promote permeabilization, allowing efflux of
cytochrome c. The Bcl-2 family members have generally
been grouped into three classes depending on their activi-
ties and the particular Bcl-2 Homology (BH) domains
conserved within the protein. The first class is anti-apop-
totic, and includes molecules that contain BH domains 1, 2,
3, and 4, such as Bcl-2, Bcl-X;, and Mcl-1. The second
class promotes apoptosis, and only contains BH domains 1,
2, and 3; these include Bax and Bak. The last class also
displays a pro-apoptotic activity, but they only contain the
third BH domain, and are often referred to as BH3-only
proteins. These include Bad, Bik, Bid, Bim, Noxa, and
Puma (for review, see [1]).

The importance of Bcl-2 in regulating cell death became
evident from studies which showed that overexpression of
Bcl-2 contributed to myc-induced lymphoma by promoting
the survival of B cell precursors [2]. Bcl-2 was then shown
to be homologous to Ced-9, one of only three genes shown
to regulate the execution phase of apoptosis in C. elegans
[3]. The importance of Bax and Bak in regulating cell death
was less evident at first, because knocking out either pro-
tein did not affect viability of the mice or protect cells from
various pro-apoptotic stimuli. However, intercrossing these
mice did result in embryonic lethality, and embryonic
fibroblasts from these animals were resistant to diverse
death stimuli because cytochrome ¢ was not released from
the mitochondria [4]. The exact mechanism by which Bax
and Bak permeabilize the mitochondrial outer membrane is
still the topic of much debate, and various models have
been proposed. Some models predict that MOMP is the
result of pores or tears in the outer membrane, or because
of matrix swelling which forces the larger inner membrane
to burst through the outer membrane. (reviewed in [5])

Regulation of Bax/Bak mediated activation
Although there appears to be redundancy between Bax and

Bak, this is not simply due to their similarity, because they
require different steps for activation. Bax exists as an

inactive monomer in the cytosol, and its activation requires
several steps including conformational change, mitochon-
drial translocation, and oligomerization. So far, most of the
studies on Bax have investigated the « isoform; however, a
new f; isoform of Bax, resulting from the unspliced mRNA
of intron 5 of bax, has been found to be exclusively
expressed in human cells. Baxf is constitutively active
because it lacks the crucial domain that maintains Baxo in
an inactive conformation [6]; however, it acquires a unique
C-terminus domain that targets it for proteasome-mediated
degradation. Baxf} is therefore highly unstable, but may
accumulate in a cell, either if the proteasome is blocked or
if it is stabilized by a binding partner.

In contrast, Bak is normally located in the OMM and,
recently, the group of Dr. Kluck described a novel
mechanism for its activation and oligomerization [7]. Bak
oligomerization is mediated by the exposure of the BH3
domain in an early step of its activation leading to the
insertion of the BH3 of one molecule of Bak into the
groove of another Bak molecule. This interaction results
in an unexpected symmetric dimer that is essential for
oligomerization and its pro-apoptotic function. These
scientists therefore proposed a new model for Bak homo-
oligomerization in the OMM, in which multiple sym-
metric dimers produce the higher Bak multimer required
for MOMP.

Anti-apoptotic members (Bcl-2, Bcl-X;, and Mcl-1)
regulate MOMP by inhibiting Bax and Bak activities;
however, both appear to be present in cells in an inactive
state. It has therefore been puzzling how Bax and Bak are
activated. The interaction model between individual
members of the anti-apoptotic class of Bcl-2 family has
been well documented and occurs in the hydrophobic BH3
binding pocket formed by BH-1 and -3 domains. These
studies highlighted the importance of these domains in
regulating protein—protein interactions. It is now generally
accepted that the BH3-only members of the Bcl-2 family
play an important role in Bax and Bak activation. How this
occurs is still controversial [8], but two conflicting models
have been presented (Fig. 1). The indirect or de-repressor
model predicts that BH3 family members simply
de-repress the intrinsic activities of Bax and Bak. The gen-
eration of Bim-Bid double-deficient animals supported this
model, which indicates that BH3-only proteins de-repress
Bax and Bak by binding and inhibiting anti-apoptotic Bcl-2
family members [9]. In this model, all classes of pro-sur-
vival proteins must be inhibited to induce apoptosis. Some
“promiscuous” BH3-only proteins are able to induce
apoptosis by themselves, because they inhibite the entire
anti-apoptotic repertoire. By contrast, BH3-only proteins,
which have more restricted inhibition profile, named
“selective” group, are less potent activators. Indeed,
a combination of “selective” BH3-only proteins with
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(b) model of Bax/Bak activation . .
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complementary binding profile induces apoptosis as well as
a single “promiscuous” member (Fig. 1).

The direct or activator model predicts that most of the
BH3 family members act as de-repressors, but some can
bind and activate Bax and Bax directly. In support of this,
Lovell et al. [10] used liposome reconstitution to show that
tBid insertion in the membrane is an active step that ini-
tiates recruitment and activation of Bax in the bilayer. They
also show that Bcl-X; can sequester tBid at the membrane,
and that Bad, a “sensitizing” BH3-only protein, is able to
displace tBid, which becomes free to activate Bax. It has
also been shown previously that non Bcl-2 related proteins
could also directly activate Bax and Bak. For instance, the
tumor suppressor pS3 has a transcription-independent pro-
apoptotic function, and it can bind and activate both Bax
[11] and Bak [12].

In addition to these dogmatic models, the group of Dr.
Walensky investigated the model of Bax direct activation
by an amphiphilic BH3 peptide derived from Bim [13].
They show the first structural evidence of a new site for
protein interaction located near Bax N-terminus, distinct
from the canonical hydrophobic groove on the opposite
face. This new BH3 binding site appears to be crucial for
apoptotic functions of Bax and will have a particular
interest as a pharmacological target and for therapeutic
modulation of apoptosis.

Regulation of Bcl-2 family members

The BH3-only proteins relay or integrate upstream death
signal with mitochondria, but these family members are

present in the cell in an inactive form, or are not
expressed at a concentration that is sufficient to cause
MOMP. Activation of these family members appears to
be diverse. For example, activation of Bid requires
cleavage by specific proteases to generate the active or
the truncated form (tBid). Other BH3 family members
are under transcriptional regulation, and are only made
when signaling pathways are activated. These include
Puma and Noxa, production of which are under the
control of p53 [14, 15] and Bim which is controlled by
FOXO3A [16]. Bim is also upregulated upon activation
of ER stress pathways and activation of Bim in this
model requires (1) a dephosphorylation by phospha-
tase 2A preventing its ubiquitination and degradation,
and (2) an induction of transcription by CHOP-C/EBPa
[17].

Anti-apoptotic proteins are also tightly regulated.
Among these, Mcl-1 is of particular interest. Several sig-
naling pathways can modulate its transcription, including
MAPK, JAK, PI3 K, or microRNAs [18]. Mcl-1 is also
regulated at translational level by the initiation factor
elFAE [19] and at post-translational level by GSK-3
phosphorylation [20]. Recently, regulation of Bcl-2 at the
translational level was described: Bcl-2 mRNA contains an
internal ribosome entry site (IRES) [21] allowing a selec-
tive increase of the mRNA through overexpression of
translational regulatory protein 4E-BP1 and initiation
factor elF4G [22]. In this line, it was established that
inhibition of glucose metabolism (by glucose removal or
by using the glucose analog 2-deoxyglucose, 2DG) leads to
a decrease in Mcl-1 protein levels through an inhibition of
its translation via AMP-activated protein kinase (AMPK)
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activation and mammalian target of rapamycin (mTOR)
inhibition [23].

Bcl-2 family Inhibitors

Inhibition of cell death is a key event allowing survival of
cancer cells [24], therefore application of the knowledge
of Bcl-2 family members has resulted in the generation of
potential anti-cancer therapies based on neutralizing Bcl-2.
These include ABT-737, Gossypol, and derivates, Chel-
erythrine and BH3 1-1, which are mimetics of the BH3
domains of pro-apoptotic Bcl-2 family members. The
major difference between the various inhibitors is their
selectivity and affinity for different Bcl-2 members, and the
most potent and specific of these inhibitors appears to be
aminobenzotriazole (ABT)-737.

ABT-737 acts similarly to peptides of the BH3 domain
of Bad and inhibits Bcl-2, Bcl-X;, and Bcl-w, but not
Mcl-1 or Bcel-2-Al, and it inhibits those Bcl-2 members by
binding to the hydrophobic groove. It is effective at sub-
nanomolar concentrations, with a dissociation constant
below 1 nM. This compound is widely used for research
purposes to uncover mechanisms of Bcl-2-mediated control
of apoptosis, but has also shown some promise as a single
agent therapy for various cancers [25]. Other cancers are
resistant to ABT-737 as a single agent, and it has been
proposed that sensitivity/resistance of cancer cells may
depend on the amount of Mcl-1 present in those tumors
[26]. Other studies have suggested that Mcl-1 levels alone
are not sufficient to confer the sensitivity to ABT-737, and
it may depend on the kind of defect in apoptosis signaling
that has contributed to that cell becoming cancerous. These
defects may include BH3-only deletion, Bax/Bak down-
regulation, or overexpression of anti-apoptotic proteins
other than Bcl-2 [27]. Interestingly, ABT-737 does not
produce major toxicity in normal cells except for a
reversible platelet-depletion in which survival depends on
Bcl-X/Bak interaction. This suggests that normal cells do
not depend on Bcl-2 for survival, and that ABT-737 will
only be successful if overexpression of Bcl-2 was required
for the cell to become cancerous, and is still required to
maintain survival of these cancer cells.

Other mechanisms of MOMP induction

It has been reported that mitochondria can be permeabili-
zed by other mechanisms, such as opening of the voltage-
dependent anion channel (VDAC), opening of the mito-
chondrial permeability transition pore (PTP), or opening of
ceramide channels. VDAC is the most abundant protein
located in the OMM, and is responsible for transporting

ATP and ADP in and out of the mitochondria (in con-
junction with the adenine nucleotide transporter on the
inner membrane). Its implication in cytochrome c release
was suggested because it can interact with Bax, Bcl-2, and
Bcel-Xp [5]. VDAC has also been proposed to promote
MOMP as part of a supramolecular pore known as the
permeability transition pore (PTP), which engages proteins
located both in the outer membrane, the inner membrane
(IMM), and the matrix including VDAC, ANT, and
cyclophilin D. In support of this model, a recent study
shows the role of Bad on the sensitization of PTP openings
[28]. Under ceramide or staurosporine stimulation, protein
phosphatase 2A inhibition and/or protein kinase A/C acti-
vation leads to Bad dephosphorylation, therefore displacing
the interaction between Bcl-X; and VDAC, leading to PTP
sensitization to Ca®*. This mechanism of MOMP seems to
be independent of Bax/Bak activation but mediated by
VDAC [28]. The implication of VDAC in MOMP remains
controversial because Baines et al. [29] established in 2007
that cytochrome c release was unaffected in MEFs lacking
all isoforms of VDAC, thus indicating that VDAC is dis-
pensable for MOMP.

Consequences of MOMP for cell viability?

Apoptosis is the primary form of cell death that occurs
following MOMP, and is coordinated by caspases. As
discussed previously, cytochrome ¢ can promote caspase
activation when it is released from mitochondria; however,
another protein, second mitochondria-derived activator of
caspase/direct IAP-binding protein with low pl (Smac/
DIABLO) also contributes to caspase activation by neu-
tralizing inhibitor of apoptosis proteins (IAPs); endogenous
proteins that impair apoptosome-mediated activation of
caspases [30, 31]. This particular function led to the will to
create some Smac-mimetic in order to induce cancer cell
death. These mimetics were engineered based on the AVPI
binding motif, the four amino acid residues known to
constitute the IAP interacting domain of Smac/DIABLO.
These compounds have been shown to sensitize cells to
death receptors or chemotherapeutic agents-induced death
[32] and to be efficient in combination therapy on pre-
clinical cancer mouse model [33]. Surprisingly, as recently
reviewed by Wu et al. [34], it appears that Smac mimetics,
in addition to targeting XIAP to relieve caspase-9 inhibi-
tion, can bind cIAPs to stimulate their degradation, leading
to NF-xB activation and TNF« secretion, inducing thereby
a caspase-8-dependent cell death.

Verhagen et al., who identified DIABLO, recently found
some new potential IAP antagonists released from the
mitochondria. Glutamate dehydrogenase, Nipsnap 3 and 4,
CLPX, leucine-rich pentatricopeptide repeat motif-
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containing protein, and 3-hydroxyisobutyrate dehydroge-
nase are able to interact with the BIR2 domain of XIAP,
cIAP1, and cIAP2, and to antagonize XIAP inhibition of
caspase-3 in an in vitro essay [35]. They seemed to have a
different specificity than Smac/DIABLO or Omi, which are
able to interact with the BIR3 domain and therefore effi-
ciently inhibit the caspase-9-XIAP binding.

Caspase activation is not the only consequence of
MOMP. Firstly, cytochrome c¢ transports electrons from
complex III to complex IV of the electron transport chain
to help generate an electrical potential across the mito-
chondrial inner membrane (AWm). This potential is used
by complex V to generate ATP from ADP and free phos-
phate by aerobic respiration, and is also required for
protein import and mitochondrial biogenesis. Loss of
cytochrome ¢ from the IMS causes a transient loss of this
potential; however, this event alone is not sufficient to
result in complete impairment of oxidative phosphorylation
or ATP production [36]. When caspases are activated fol-
lowing MOMP, they cleave the p75 subunit of complex I
[37]. This event results in sustained loss of AWYm and
impaired production ATP. Because ATP is the primary
form of cellular energy and is essential for living cells,
disruption of ATP production is likely to prevent long-term
survival. Further, MOMP causes increased ROS production
and loss of mitochondrial structural integrity. One conse-
quence of MOMP may therefore be to prevent cell survival
by blocking mitochondrial repair and to prevent several
mitochondrial functions that are essential for cell viability.
Because complex I is located on the mitochondrial inner
membrane, caspase cleavage of p75 cannot occur in the
absence of MOMP.

Contribution of MOMP to caspase-independent cell
death

Consistent with the essential contribution of mitochondrial
function to cell survival, it became apparent early that,
although inhibition of caspase activity blocked the pheno-
typic appearance of apoptosis, it did not preserve cell
survival. This was first observed in culture models which
showed that the pan caspase inhibitor was not able to
prevent cell death induced by a wide variety of pro-apop-
totic stimuli. Similarly, other studies showed that genetic
modification of cells to overexpress the caspase inhibitors,
XIAP, Crm-A, or p35, did not permit long-term survival of
cells treated with pro-apoptotic stimuli [38—40]. Some
argued that caspase inhibition was not total in those set-
tings, and that the death was in fact orchestrated by residual
caspase activity. A more final approach investigated the
impact of genetic invalidation of key components of the
intrinsic apoptotic pathway such as Apaf-1, cytochrome c,

or caspase-9 [41-43]. In these knockout models, the
authors investigated loss of the interdigital web, a paradigm
of cell death during development. Removal of these webs
is a well-defined and characteristic apoptosis-dependent
process, which occurs during development upon engage-
ment of the intrinsic apoptosis pathway. The authors found
that depletion of Apaf-1 delayed, but did not prevent loss of
interdigital web [44]. Similarly, another study established
that an in vivo caspase inhibition (using a pan caspase-
inhibitor) was not able to prevent the loss of this web [45].
These studies also demonstrated that CICD can be found in
vivo and therefore does not only represent a cell culture
artifact. We will therefore refer to it as caspase-indepen-
dent cell death (CICD). This generic name is far from
being satisfying, but until someone comes up with a
molecular definition of it, we can only define it in a default
manner. We know what it is not, but we do not know what
it is. Finally, it is very likely that this CICD regroups dif-
ferent types of cell death (see [46]).

As described earlier, cells from mice deficient in Bax
and Bak were resistant to death and did not undergo
MOMP following treatment with diverse pro-apoptotic
stimuli. Importantly, the interdigital web was maintained
during development in these mice highlighting the essential
contribution of MOMP to CICD. Altogether, these studies
have led to the idea that many cells can become committed
to die prior to the point of caspase activation but following
MOMP (see Fig. 2).

Cytochrome c¢ is not the only protein that is released
from mitochondria following MOMP (Fig. 2). Among the
other proteins released, EndoG was identified as a mito-
chondrial endonuclease that could relocate to the nucleus
and induce caspase-independent nucleosomal DNA frag-
mentation [47]. Although one group reported that mice

XIAP, hsp
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\ ? ":g; caspase-independent/

cell death
. cell death
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Fig. 2 Summary of mitochondrial control of apoptosis and CICD.
Upon stress, pro-apoptotic members of the Bcl-2 family will lead to
the mitochondrial outer membrane permeabilization and subsequent
release of inter membrane space proteins. Once free in the cytosol,
those proteins will induce several death pathways including apoptosis
and caspase-independent cell death. Specific inhibitors are indicated
in red
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deficient in EndoG were embryonic lethal [48], two others
found no specific phenotype, no mitochondrial defects, nor
any difference in cell death susceptibility [49, 50]. The
importance of EndoG in caspase-independent cell death is
therefore unclear, and elucidation of this process may only
become clear when EndoG—/— mice are crossed with mice
that contain defects in caspase-dependent apoptosis path-
ways. These may include crosses between EndoG and Apaf
null mice.

Apoptosis-inducing factor (AIF) was one of the first
proteins shown to be released from mitochondria during
apoptosis. AIF was first identified as a factor that caused
DNA fragmentation when added to isolated nuclei. It is
now known to be a flavoprotein that is anchored to the
mitochondrial inner-membrane [51]. How AIF is released
is still controversial; however, it has been proposed that,
once it is released, it translocates to the nucleus where it
cooperates with EndoG and/or cyclophilin A in a DNA
degradation complex [52, 53]. The role of AIF in cell death
was supported by data from knockout animals which died
at the embryo stage, and exhibited an associated increase in
cell death. However, this particular phenotype may reflect a
major role of AIF in essential mitochondrial function.
Consistent with this, AIF is required for maintenance of the
mitochondrial respiratory chain [54]. In order to dissociate
the two potential functions of AIF, Cheung et al. [55] used
a membrane-anchored AIF that cannot be released from the
mitochondria during apoptosis. They established that AIF
is required to maintain the mitochondria structure and that
it plays an important role in the death process, once relo-
cated in the nucleus. After some controversies, it appears
that AIF, as most mitochondrial proteins, displays a dual
role, one in aerobic respiration and the other in promoting
cell death, depending on its localization.

Omi/HtrA2 is a mitochondrial serine protease with an
IAP-binding motif which is able, like Smac, to target IAP
members. Antisense and RNAi-mediated knockdown of
Omi increases the resistance of multiple cell lines against
death stimuli (for review, see [56]). However, Omi-defi-
cient mice, or cells derived from them, show no evidence
of reduced rates of cell death. Their development was not
obviously perturbed but they present an early neurode-
generative disorder with a parkinsonian phenotype [57]. As
for some other IMS proteins, Omi seems to have at least
two distinct roles, a physiological anti-apoptotic role via
mitochondria protection under some stresses, [58, 59] and a
death effector role, via the inhibition of IAPs, and also,
maybe, via the cleavage of other substrates [56].

The contribution of IMS proteins to CICD remains
controversial, because recent studies have shown that
CICD can be prevented even when these IMS proteins and
nucleases were released from the mitochondria. Using a
retroviral screen, we established that overexpression of

the glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
could effectively protect cells from CICD downstream of
MOMP [60]. This GAPDH protection was generated in
part by the glycolytic function of the enzyme but also
through its nuclear function, which promoted induction
autophagy. As it was not tested in this study, it still remains
possible that GAPDH-mediated protection occurs via
interaction with some IMS proteins [61].

Caspase-independent cell death and cancer

The role of caspases in apoptosis, and the contribution of
defects in caspase activation to cancer progression, have
been largely described. Indeed, reduced expression of
Apaf-1 was first described in metastatic melanomas and
correlated with poor prognosis [62]. Apaf-1 reduction has
also described in acute myeloid leukemia, colorectal can-
cers, and cervical carcinomas [63—-65]. Altered expression
of XIAP, which blocks caspase activity, has been found in
various tumors [66-68], and overexpression of Bcr-Abl,
which is characteristic of chronic myeloid leukemia
(CML), can prevent apoptosis downstream of mitochon-
drial cytochrome c¢ release by perturbing caspase-9
recruitment to Apaf-1 [69, 70]. Also, apoptosome-induced
caspase-3 activation was found to be deficient in several
CML patients presenting a resistance to imatinib treatment
[71].

The contribution of defects in caspase activation to
cancer progression has been controversial, because most
apoptotic stimuli and chemotherapeutic drugs trigger
MOMP by a process that is independent of caspase activity.
MOMP promotes apoptosis and CICD at the same time
albeit with different kinetics (Fig. 2), and blocking caspase
activity does not permit long-term survival of cells, sug-
gesting that CICD ensures death of a tumor when caspase
activation is defective. This also suggests that tumors that
are resistant to chemotherapeutic agents must be protected
from both apoptosis and CICD. A role for CICD in cancer
was recently described in CML models. Imatinib mesylate
is widely used for the treatment of patients with CML
acting to induce apoptosis by counteracting Bcr-Abl
activity. It was shown to induce apoptosis and CICD at the
same time [71, 72]. However, 20-25% of patients will
develop some resistance to imatinib. This indicates that an
imatinib-resistant CML patient has either lost the ability to
respond to imatinib (due to Ber-Abl mutations or over-
expression [73]) or the tumors have developed resistance to
apoptosis and CICD at the same time. Recently, it was
shown that some imatinib-resistant cells present a sponta-
neous GAPDH overexpression leading to CICD inhibition.
Moderate GAPDH knockdown did not affect cellular
metabolism but sensitized resistant cells to imatinib [74].
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Altogether, this suggested that targeting CICD could be an
innovative way to sensitize imatinib-resistant CML
patients. In this regard, a recent study suggested that a
modulation of GAPDH levels could be a way to modulate
prednisolone resistance in acute lymphoblastic leukemia
cells [75].

Much has been done to uncover the role of mitochondria
in the control of cell death. As underlined in this review,
this is still a very hot and controversial area of research.
Several aspects will need further clarification and, by doing
so, will probably lead to significant improvement of current
cancer therapies.
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