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Abstract

Mitochondria play an important role in the progression of apoptosis through the
release of pro-apoptotic factors, such as cytochrome c, from the mitochondrial
intermembrane space. During this process, mitochondrial networks are
dramatically reorganised from long filamentous interconnected tubules into small
punctate spheres. Whether remodelling of mitochondrial networks is necessary
for apoptosis-associated cytochrome c release, or merely an accompanying
process, has been a subject of debate. Here we discuss evidence for and
against the role of mitochondrial fragmentation in the progression of apoptosis
and highlight recent advances which indicate that mitochondrial fission is not a
critical requirement for apoptosis-associated cytochrome c release. We also
discuss an emerging role for Bcl-2 family members as regulators of mitochondrial
fission and fusion dynamics, independent of the role of this family in the

regulation of apoptosis.
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1. Introduction
Apoptosis is a mode of programmed cell death that is crucial for mammalian
development and also plays an essential role in cellular homeostasis and
defence against infection. Programmed cell death facilitates the removal of
damaged, infected or superfluous cells in a controlled manner that causes
minimum disruption to neighbouring cells and minimizes inflammation. Because
apoptosis is important for maintaining cell numbers at equilibrium in the adult,
deregulation of this process may contribute to the development of
neurodegenerative disorders and cancer (Fadeel and Orrenius, 2005).

At a molecular level, apoptosis is regulated by two protein families: the
Bcl-2 family which is involved in the initiation phase of apoptosis, and the
caspase family of proteases that are responsible for the execution phase (Adams
and Cory, 2007; Taylor et al., 2008). As we shall discuss below, mitochondrial
cytochrome ¢ plays an important role in the propagation of many pro-apoptotic
signals through acting as a co-factor for a caspase-activating complex in the
cytoplasm, called the apoptosome. As a result, release of cytochrome ¢ from the
mitochondrial intermembrane space (IMS) represents an important checkpoint in
apoptosis. It is at this checkpoint that the Bcl-2 family exert their regulatory

influence on this process.

2. Routes to apoptosis-associated caspase activation
Three main pathways to caspase activation during apoptosis have been well

characterized. These are: the extrinsic, intrinsic, and the granzyme B pathways,



but all pathways ultimately result in the activation of executioner caspases -3 and
-7, which promote rapid cell death through proteolysis of key substrates.

The extrinsic pathway is activated most commonly within the immune
system and involves binding of TNF family ligands (such as TNF, TRAIL and
Fas) to their respective cell surface death receptors, which promotes activation of
initiator caspase-8, and subsequent activation of the executioner caspases
downstream (Creagh et al., 2003; Taylor et al., 2008). The intrinsic pathway,
which is often activated in response to cell stress or damage (such as exposure
to cytotoxic drugs, radiation, or elevated temperature), is regulated by the
interaction of Bcl-2 family members at mitochondria. Activation of pro-apoptotic
Bcl-2 family members during intrinsic cell death leads to the formation of pores in
mitochondrial outer membranes, followed by release of cytochrome ¢ and other
pro-apoptotic factors from the mitochondrial intermembrane space into the
cytosol (Youle and Strasser, 2008). Following release, cytochrome c binds
APAF-1 triggering a conformational change that permits recruitment of caspase-9
into a complex termed the apoptosome (Hill et al., 2004; Li et al., 1997; Logue
and Martin, 2008). Allosteric activation of caspase-9 within the apoptosome then
leads to proteolysis and activation of the executioner caspases-3 and —7
downstream (Slee et al., 1999). These, in turn, cleave hundreds of substrates, a
small subset of which is responsible for the morphological alterations to the cell
architecture that is characteristic of apoptosis (Fischer et al., 2003; Luthi and
Martin, 2007). The granzyme B pathway to caspase activation is initiated by

cytotoxic T lymphocytes (CTLs) or natural killer (NK) cells to eliminate virally



infected or cancerous target cells. CTLs and NK cells deliver granzyme B into
target cells via a perforin-mediated mechanism and cleavage of caspase-3 by
granzyme B within the target cell promotes apoptosis (Cullen and Martin, 2008).
In addition, both caspase-8 and granzyme B also cleave the Bcl-2 family member
Bid resulting in activation of the intrinsic pathway to apoptosis (Li et al., 1998;

Sutton et al., 2000).

3. The Bcl-2 family regulate mitochondrial permeabilization

The Bcl-2 family is comprised of three subgroups; the anti-apoptotic Bcl-2 family
members (Bcl-2, Bcl-xL, Mcl-1, A1, Bcl-b, Bcl-w), the pro-apoptotic BH3-only
proteins (Bid, Bad, Bim, Bmf, Bik, Noxa, Puma, Hrk), and the pro-apoptotic
Bax/Bak sub-family (Figure 1). BH3-only proteins couple cell death signals to
mitochondria where the interplay of various members of the Bcl-2 family
determines the fate of the cell (Labi et al., 2006). Healthy cells contain high
relative amounts of free anti-apoptotic Bcl-2 family members that bind and
sequester pro-apoptotic Bax and Bak. In response to cellular stress, BH3-only
proteins are activated, either through transcriptional upregulation or post-
translational modification, and bind to anti-apoptotic family members, thereby
freeing Bax and Bak to promote cytochrome c release (Kuwana et al., 2003).
Certain BH3-only proteins, namely Bid and Bim, can also interact directly with
Bax and Bak, triggering transformation from an inactive to an active conformer
(Kim et al., 2009; Kuwana et al., 2005; Merino et al., 2009). Once activated, Bax

and Bak then oligomerise into homo- or hetero-oligomers and form pores in the



mitochondrial outer membrane, which facilitates the release of cytochrome ¢ and
downstream caspase activation (Chipuk and Green, 2008; Leber and Andrews,

2007; Figure 1).

4. Mitochondrial cytochrome c release during apoptosis

Release of cytochrome ¢ from mitochondria is a defining event during apoptosis,
as cells will die due to mitochondrial dysfunction even if downstream caspases
are inhibited (Colell et al., 2007; Ekert et al., 2004). Cytochrome c is confined to
the mitochondrial intermembrane space in healthy cells where a large
percentage is sequestered into pockets formed by folds in the inner mitochondrial
membrane, called cristae (Ow et al., 2008). During apoptosis, cytochrome c is
released from mitochondria in a rapid, coordinated manner with complete release
from all mitochondria occurring within minutes (Goldstein et al., 2000). Pro-
apoptotic Bax and/or Bak are both sufficient and essential for this crucial step in
the apoptotic process as incubation of Bax and Bak with isolated mitochondria
triggers cytochrome c release, while simultaneous knockout of both these
proteins renders cells resistant to a wide range of pro-apoptotic stimuli (Eskes et
al., 1998; Wei et al., 2001). Exactly how these proteins orchestrate mitochondrial
outer membrane permeabilisation (MOMP) is still unclear. Current evidence
suggests that exposure of the BH3 domain of Bax and Bak during activation
presents it for interaction with the hydrophobic groove formed by the BH1 domain
in an adjoining molecule, which promotes dimerisation (Dewson et al., 2008;

George et al., 2007). Dimers further oligomerise facilitating the formation of a



pore within mitochondrial outer membranes by a mechanism that is still
undefined but may depend on the central region of the protein (a-helices 5 and 6)
that resembles bacterial pore-forming proteins (Dewson et al., 2009; Korsmeyer
et al., 2000). In addition, Bax and Bak activation by Bid may also trigger changes
in mitochondrial cristae structure facilitating the release of cytochrome c¢ from
inner membrane cristae into the IMS (Yamaguchi et al., 2008).

Concurrent with cytochrome c¢ release, the mitochondrial network
undergoes dramatic fragmentation from an extended filamentous network into
small punctate organelles. This has led to the suggestion that mitochondrial
fragmentation promotes Bax/Bak-dependent cytochrome c release. Here we will
discuss how mitochondria are remodelled during apoptosis and what role this

may have on Bax/Bak dependent MOMP.

5. Mitochondrial dynamics

Mitochondria are highly dynamic organelles that are constantly elongating and
dividing to form a network that spans the entire area of the cell (Detmer and
Chan, 2007). The dynamic nature of mitochondrial networks is due to two
opposing processes, mitochondrial fission and fusion, that operate concurrently
(Cerveny et al., 2007; Chan, 2006). Mitochondrial fission and fusion are crucial
for maintaining mitochondrial function and are thought to be important for rapid
repair of damaged mitochondria and for intermixing of DNA and proteins between
mitochondria (Chan, 2006). Thus, proteins that play an important role in these

processes are important for the maintenance of healthy mitochondria. In addition



to mitochondrial remodelling via fission and fusion, mitochondria are also
transported within the cell along cytoskeletal tracks (Frederick and Shaw, 2007).
Studies using neuronal cells have demonstrated that mitochondria translocate
towards axonal areas with high metabolic demands, such as synaptic sites.
Here, movement of mitochondria in the anterograde direction (towards the axon
terminals) occurs along microtubule tracks and depends on kinesin motors, while
movement in the retrograde direction (towards the cell body) occurs along actin
tracks and utilises dynein motors (Hollenbeck and Saxon, 2005). These
movements are aided by a number of signalling and adaptor molecules such as

Miro and Milton.

5.1 Mitochondrial fusion

Mitochondrial fusion involves the tethering of two adjacent mitochondria followed
by merging, or fusion, of the inner and outer mitochondrial membranes (Figure
2). This facilitates the exchange of materials between these organelles and aids
repair of defective mitochondria. Efficient mitochondrial fusion is important as
cells defective for fusion display reduced cell growth, decreased mitochondrial
membrane potential and defective respiration (Chen et al., 2005). Studies in D.
melanogaster and yeast have identified Fzo1 and Mgm1 as the major players in
mitochondrial fusion (Griffin et al., 2006; Okamoto and Shaw, 2005). The
mammalian homologues of Fzo1 are Mfn1 and Mfn2, two large GTPases that are
localised on the mitochondrial outer membrane (Eura et al., 2003; Santel et al.,

2003). C-terminal coiled-coil domains facilitate homo- or heterodimeric



interactions between these two proteins on adjacent mitochondria, which
promotes tethering and GTPase-dependent fusion of mitochondrial outer
membranes (Koshiba et al., 2004; Santel et al., 2001; Santel et al., 2003).
Studies utilising knockout mice have demonstrated the importance of Mfn1 and
Mfn2 for mitochondrial fusion as loss of both proteins leads to gross
mitochondrial fragmentation due to impaired fusion (Chen et al., 2003).
However, Mfn1 and Mfn2 are partially redundant as reconstitution of either
protein reversed the fragmented phenotype to some extent. While mitofusins are
important for fusion of the outer mitochondrial membrane, Opa1, the mammalian
homologue of Mgm1, is crucial for the fusion of inner mitochondrial membranes.
Opa1l is a dynamin-related protein that is situated on the mitochondrial inner
membrane and ablation of this protein also inhibits mitochondrial fusion (Olichon
et al., 2002). Evidence also suggests that Opa1 has an important role to play in
maintaining mitochondrial cristae structure as loss of this protein results in
disorganisation of cristae and widening of cristae junctions (Arnoult et al., 2005a;

Frezza et al., 2006; Olichon et al., 2003; Yamaguchi et al., 2008).

5.2 Mitochondrial fission

Mitochondrial fission depends largely on the dynamin related protein Drp1, which
is localised predominantly in the cytosol and must be recruited to mitochondria
for fission to occur (Smirnova et al., 1998; Smirnova et al., 2001; Figure 2).
Translocation of Drp1 in yeast is facilitated by it's receptor, Fis1, which is

tethered to the mitochondrial outer membrane. Human Fis1 may also be



responsible for recruiting Drp1 to mitochondria in mammals (James et al., 2003).
However, translocation of Drp1 still occurs in Fis1 ablated cells and direct
interaction between endogenous human Drp1 and Fis1 has yet to be shown
indicating that other receptors may also exist (Lee et al., 2004). Current
evidence suggests that Drp1 promotes fission by tethering to mitochondria at
specific positions known as constriction sites. Drp1 then forms multimeric spirals
around mitochondria further constricting mitochondrial tubules leading to
mitochondrial fission (Smirnova et al., 2001). Ablation of Drp1 with siRNA, or
overexpression of a dominant negative form of Drp1, Drp1 K38A, have
demonstrated the crucial role of this protein in mediating mitochondrial fission as
these cells contain highly elongated, fused mitochondria (Lee et al., 2004;
Smirnova et al., 2001). Two additional fission proteins, Mdv1 and Caf4, which
are involved in the recruitment of Drp1 from the cytosol to mitochondria were
identified in yeast, although mammalian homologues of these proteins have not
been identified thus far. However, other proteins have been implicated in
mitochondrial fission in humans such as MPT18, Endophilin B1 and GDAP1 and
these may functionally replace yeast Mdv1 and Caf4 (Karbowski et al., 2004;

Niemann et al., 2005; Tondera et al., 2004).

5.3 Mitochondrial fission/fusion dynamics and disease
Efficient mitochondrial function is crucial for the maintenance of healthy cells and
thus, disruption of mitochondrial fission and fusion has been linked to the

development and progression of some diseases. Neurons appear to be
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particularly dependent on mitochondria for ATP production and calcium signalling
and these cells are more sensitive to perturbations of mitochondrial function.
Mutation of Opal has been identified as a major cause of Dominant Optic
Atrophy which affects the optic nerves (Delettre et al., 2000), while mutation of
Mfn2 leads to Charcot-Marie-Tooth neuropathy type 2A, a peripheral neuropathy
that affects motor and sensory neurons (Verhoeven et al., 2006; Zuchner et al.,
2004). In addition, increased mitochondrial fission and decreased fusion has
been implicated in the progression of Huntington's disease and Alzheimer's
disease (Chen and Chan, 2009; Su et al., 2010). Furthermore, recent studies
have revealed that Parkin and Pink1, proteins involved in the development of
Parkinson's disease, play a crucial role in the removal of defective mitochondria
through mitophagy (Narendra et al., 2009; Geisler et al., 2010). Thus, because
defects in mitochondrial dynamics are known to promote neurodegenerative
diseases, understanding the function of mitochondrial fission and fusion

regulators will aid elucidation of their role in these diseases.

6. Mitochondrial fission during apoptosis

As described previously, the release of cytochrome ¢ from mitochondria is a
crucial step in apoptosis. Within a similar time frame, mitochondria fragment
from filamentous tubules into numerous small punctate particles (Frank et al.,
2001; Gao et al., 2001; Jahani-Asl et al., 2007; Lee et al., 2004; Sheridan et al.,
2008; Figure 2). These fragmented mitochondria often collapse from an

extended network covering the majority of the cell, into a clustered perinuclear
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pattern (De Vos et al., 1998; Sheridan et al., 2008; Figure 3). Fragmented
mitochondria also display decreased and non-directed motility when compared to
the behaviour of mitochondria within healthy cells (Sheridan et al., 2008). Drp1
appears to be responsible for this fragmented phenotype as studies have
demonstrated that ablation of Drp1 reduces mitochondrial fragmentation during
apoptosis (Estaquier et al., 2007; Frank et al., 2001; Karbowski et al., 2002;
Sugioka et al., 2004), while overexpression of dominant negative Drp1 also
prevents apoptosis-induced mitochondrial fragmentation (Arnoult et al., 2005b;
Frank et al., 2001). In addition, increased recruitment of Drp1 to mitochondrial
sission sites during apoptosis has been demonstrated (Cassidy-Stone et al.,
2008; Frank et al., 2001).

So what triggers Drp1 translocation to mitochondria and mitochondrial
fission during death? = An interesting study by Strack and colleagues
demonstrated that Drp1 is constitutively phosphorylated by cyclic AMP-
dependent protein kinase and that this modification restricts the activity of Drp-1
(Cribbs et al., 2007). However, following a death stimulus such as staurosporine,
the phosphatase calcineurin dephosphorylates Drp-1, triggering its translocation
from the cytosol to mitochondria, thus increasing fission (Cereghetti et al., 2008;
Cribbs et al., 2007). In addition, overexpression of the BH3-only protein Bik
induces Drp1-dependent mitochondrial fission by a pathway dependent on
calcium signalling (Germain et al., 2005). Thus in response to some apoptotic
stimuli, increased intracellular Ca?* levels during the early stages of apoptosis

may encourage calcineurin-dependent Drp1 translocation. Furthermore,
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intracellular Ca*" increases have also been linked to reduced mitochondrial
movement along cytoskeletal tracks and may contribute to the impaired motility
of fragmented mitochondria during cell death (Sheridan et al., 2008; Wang et al.,
2009). Increased fission by Drp1 has also been linked to the release of DDP
from mitochondria during MOMP (Arnoult et al., 2005b). This facilitates binding of
DDP to Drp1 and augmented recruitment of Drp1 to mitochondrial sission sites
(Arnoult et al., 2005b). Other reports have indicated that Bax and Bak may be
involved in Drp1 dependent mitochondrial fission. Co-localisation of Bax with
Drp1 and Mfn2 at mitochondrial fission sites has been demonstrated, however it
is unclear whether this promotes Drp1-mediated fission (Karbowski et al., 2002).
Another study has indicated that Drp1 accumulates on mitochondria during
apoptosis due to Bax/Bak-dependent sumolylation of Drp1, which results in
stable membrane association of Drp1 with mitochondria and thus increased
fission (Wasiak et al., 2007; Zunino et al.,, 2007). There is also evidence to
suggest that mitochondrial fusion is blocked upon activation of apoptosis
indicating that the fragmented phenotype may occur due to a combination of

increased fission and decreased fusion (Karbowski et al., 2004).

7. The role of mitochondrial fission in apoptosis

While fragmentation of mitochondria during apoptosis is widely agreed upon,
whether this event drives mitochondrial outer membrane permeabilisation has
been disputed (Table 1). Initial observations by Youle and colleagues indicated

that overexpression of a dominant negative form of Drp1 had a protective effect
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against cytochrome c release and apoptosis in some contexts (Frank et al.,
2001). Other groups reported similar findings, while ablation of Drp1 was also
shown to reduce cytochrome c release (Breckenridge et al., 2003; Brooks et al.,
2007; Germain et al., 2005; Lee et al., 2004; Neuspiel et al., 2005). These
results suggested that inhibition of Drp1-mediated fission prevents progression of
apoptosis. Conversely, two additional studies demonstrated that while ablation
of Drp1 partially prevented cytochrome c¢ release, death was unaffected
(Estaquier et al., 2007; Parone et al., 2006). Moreover, although cytochrome ¢
release was delayed under these conditions, the release of other mitochondrial
intermembrane space proteins, such as Smac/Diablo, was unaffected
demonstrating that MOMP proceeded without hindrance.

More recently, examination of the ability of Drp1 K38A to inhibit apoptosis
in response to a wide range of apoptotic stimuli, at various timepoints, saw little
effect on cytochrome c release and no decrease in apoptosis (Sheridan et al.,
2008). Finally, a chemical inhibitor of Drp1 which reduced staurosporin-mediated
apoptosis, also prevented tBid-induced cytochrome c release from isolated
mitochondria that do not undergo fragmention (Cassidy-Stone et al., 2008). This
suggests that the possible pro-apoptotic role of Drp1 may not be related to
modulation of mitochondrial fission. Meanwhile, ablation of the fission mediator
Fis1 has been shown to reduce apoptosis-mediated cytochrome c release, but
surprisingly, Bax activation and translocation from the cytosol to mitochondria did
not occur under these conditions. This suggests a role for Fis1 in promoting

apoptosis upstream of mitochondrial fission, indicating that Fis1 may somehow
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be involved in Bax recruitment to mitochondria (Lee et al., 2001).

The role of mitochondrial fragmentation in the progression of apoptosis
has also been investigated by inhibiting fission through enforced fusion.
Overexpression of Mfn2 has been reported to inhibit cytochrome c release but
the effect on apoptosis was not addressed (Neuspiel et al., 2005). In other
studies overexpression of Mfn2 and the rat homologue Fzo1 reduced cytochrome
c release and apoptosis (Jahani-Asl et al., 2007; Sugioka et al., 2004) while in a
fourth study, overexpression of Mfn1, Mfn2 or Opa1 had no effect on cytochrome
c release or apoptosis (Sheridan et al., 2008). Importantly, the authors of the
latter study demonstrated that cells displaying fused phenotypes still lost
cytochrome c¢ in response to pro-apoptotic stimuli, indicating that Bax/Bak-
dependent pore formation can still occur in fused mitochondria. Similarly,
overexpression of C. elegans CED-9 (a Bcl-2 homologue) in mammalian cells
caused mitochondrial fusion but provided no protection against Bax-induced
cytochrome c release and apoptosis (Delivani et al., 2006). Additionally, cells
with reduced levels of Mfn2 showed no augmentation in cytochrome c release,
indicating that inhibition of mitochondrial fusion is not a pre-requisite to MOMP
(Arnoult et al., 2005a).

Overexpression of the mitochondrial fission protein Fis-1 induces
apoptosis in some cell types, which suggests that mitochondrial fission may be a
driver of apoptosis (Alirol et al., 2006; James et al., 2003; Yu et al., 2005).
However, Fis-1-mediated cell death is inhibited by Bcl-xL overexpression and is

Bax/Bak-dependent, demonstrating that the cells die due to extensive
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mitochondrial ~ dysfunction rather than fission-induced = mitochondrial
permeabilisation (Alirol et al., 2006; Yu et al., 2005). Similar results have been
demonstrated with Opa1 ablation, which results in mitochondrial fragmentation
and apoptosis that is inhibited by Bcl-2, again indicating that death is triggered by
stress due to Opa1 loss rather than fragmentation-induced cytochrome c release
(Lee et al., 2004; Olichon et al., 2003). Furthermore, many groups have
observed dramatically fragmented mitochondria in healthy cells, indicating that
mitochondrial fission alone does not necessarily result in cell death (Chen et al.,
2004; Delivani et al., 2006; De Vos et al., 2005; Karbowski et al., 2006; Norris et

al., 2008; Sheridan et al., 2008; Szabadkai et al., 2004; Taguchi et al., 2007).

8. Bax/Bak-dependent mitochondrial fission can be uncoupled from
apoptosis

More recently, the ability of Bax and Bak to promote mitochondrial fragmentation
has been separated from their role in MOMP by co-expression with anti-apoptotic
Bcl-2 family members (Sheridan et al., 2008). Overexpression of Bax and Bak
leads to mitochondrial fission, cytochrome c release and apoptosis. However
when Bax or Bak were co-expressed with anti-apoptotic Bcl-2 family members
such as Bcl-xL and Mcl-1, mitochondrial fragmentation still occurred but
cytochrome c release and apoptosis were prevented (Sheridan et al., 2008;
Figure 2). This indicates that while Bax and Bak promote apoptosis through
MOMP they may also disrupt the balance of mitochondrial fission and fusion,

thus resulting in mitochondrial fragmentation. These observations argue that
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mitochondrial fission merely accompanies cytochrome c release, rather than
orchestrating events that lead to release of pro-apoptotic molecules from the
mitochondrial inner membrane space.

Emerging evidence indicates that in addition to promoting mitochondrial
inner membrane fusion, Opa1 also regulates mitochondrial cristae structure. As
cytochrome c is found pre-dominantly within cristae, this places Opa1 in a prime
position to regulate its release. Ablation of Opa1 in a number of studies has
resulted in dramatic disorganisation of mitochondrial cristae, accompanied by
accelerated cytochrome c release in response to tBid, indicating that there may
be an increased availability of cytochrome c in the intermembrane space in these
cells (Arnoult et al., 2005a; Olichon et al., 2003). This observation has been
further validated by the identification of an Opa1 mutant that blocks cytochrome ¢
release following an apoptotic stimulus by preventing cristae junction opening
(Yamaguchi et al., 2008). Opa1 is thought to form oligomers in the inner
mitochondrial membrane consisting of full length membrane bound Opa1 and
short soluble forms that have been cleaved in a Parl-dependent manner (Cipolat
et al., 2006; Frezza et al., 2006). During apoptosis, activation of Bax and Bak is
accompanied by disruption of Opa1l oligomers and release of Opa1l from
mitochondria (Arnoult et al., 2005a; Yamaguchi et al., 2008). This loss of Opa1
may play a role in cristae junction opening, thus releasing sequestered
cytochrome ¢ and may also cause mitochondrial fission due to impairment of
fusion. However, although Opa1 loss may enhance or strengthen an apoptotic

signal by providing additional cytochrome c, it is likely that the small percentage
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of cytochrome c that is available in the intermembrane space is sufficient for
apoptosome assembly and cell death. Thus Opal may affect the kinetics of

apoptosis but is unlikely to prevent death itself.

9. Mitochondrial fission during apoptosis in lower organisms

A number of studies have addressed the issue of whether mitochondrial fission is
important for programmed cell death in lower organisms such as S. cerevisae, C.
elegans and D. melanogaster (Breckenridge et al., 2008; Fannjiang et al., 2004;
Goyal et al., 2007; Jagasia et al., 2005). While ablation of Dnm1 in yeast and
Drp1 in flies increased survival following death stimuli, overexpression of
dominant negative Drp1 reduced developmental cell death in nematodes.
However it is hard to reconcile these data with the lack of evidence for a
requirement for cytochrome c¢ or other mitochondrial factors for cell death in
these organisms (Dorstyn et al., 2004). Indeed a more recent study by Xue and
colleagues comprehensively showed that loss of function mutations in fission and
fusion genes in C. elegans had no effect on apoptotic cell death (Breckenridge et
al., 2008). Instead they found that Drp1 and Fis1 promote the elimination of
mitochondria in apoptotic cells indicating that these proteins play a role in the
execution phase of apoptosis rather than the initiating phase. So why is
mitochondrial fission detected in C. elegans upstream of CED-3 activation? The
answer may lie with the Bcl-2 family of proteins. Fragmentation of mitochondria
in nematodes is induced by the BH3-only protein EGL-1 and inhibited by CED-9

gain of function mutants. It is possible that binding of EGL-1 to CED-9 disrupts
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an alternative function of CED-9 in promoting mitochondrial fusion, as discussed

in greater detail below.

10. Mitochondrial fission as a consequence rather than a cause of MOMP

Although mitochondrial fragmentation accompanies cytochrome c release, the
separation of these two events during Bax-induced apoptosis demonstrates that
they are not inter-dependent steps. Because cytochrome c release can occur in
cells displaying fused or elongated mitochondria, fission does not appear to be
required for Bax/Bak pore formation. Moreover, timelapse microscopy in cells
treated with pro-apoptotic drugs demonstrated that cytochrome c¢ release
precedes mitochondrial fragmentation by at least ten minutes suggesting that
fission might occur as a consequence of MOMP (Arnoult et al., 2005a; Gao et al.,
2001). Thus, apoptosis-associated mitochondrial fission may passively promote
mitochondrial network disassembly, rather than playing an important regulatory
role in apoptosis. There is also evidence that caspases target mitochondria
during apoptosis, resulting in loss of mitochondrial inner membrane potential as a
result of proteolysis of proteins important for mitochondrial respiratory function
(Dinsdale et al., 1999; Loucks et al., 2009; Ricci et al., 2004; Sun et al., 2007).
Therefore, mitochondrial fragmentation may be an early event in the demolition

of mitochondria that is concluded by caspases in the later stages of apoptosis.

11. Modulation of mitochondrial dynamics by Bcl-2 family members

While the function of Bcl-2 family members in cell death regulation is well
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understood, a new housekeeping role for Bcl-2-related proteins in modulating
mitochondrial dynamics is emerging. One of the the first indications of this
secondary role for Bcl-2 proteins came from a study expressing the C. elegans
anti-apoptotic Bcl-2 family member, CED-9, in mammalian cells. Strikingly, while
overexpression of CED-9 was unable to prevent Bax-induced cytochrome c
release and apoptosis, it did cause dramatic remodelling of the mitochondrial
network from long filamentous tubules distributed throughout the cell to fused
mitochondria, clustered around the nucleus (Delivani et al., 2006). One of the
mammalian homologues of CED-9, Bcl-xL, similarly induced mitochondrial fusion
and both of these proteins were shown to interact with Mfn2, suggesting that they
may enhance Mfn2-mediated fusion. Interestingly, co-expression of EGL-1 with
CED-9 reversed the fused phenotype, giving rise to fragmented mitochondria
(but not cell death or cytochrome c release), suggesting that pro-apoptotic
members of the Bcl-2 family may cause mitochondrial fission during apoptosis
via inhibiting anti-apoptotic Bcl-2 protein-mediated fusion.

Additional studies in neurons have since described a role for Bcl-2 family
members in regulation of mitochondrial dynamics. While Bcl-w deficiency in the
brain produces no cell death defects, mitochondria in purkinje cells are elongated
and these cells have abnormal synapses and dendrites, possibly due to impaired
mitochondrial fission (Liu et al., 2008). Bcl-xL has also been implicated in
regulating mitochondrial morphology in neurons. Expression of Bcl-xL in neurons
results in increased mitochondrial fission and fusion and also increased

mitochondrial biomass, while conditional knockout of Bcl-xL in cortical neurons
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resulted in a fragmented phenotype (Berman et al., 2008). Expression of Bcl-xL
has also been linked with elevated numbers of neuronal synapses due to
enhanced mitochondrial localisation at synaptic sites (Li et al., 2008). These
effects are thought to be mediated by mitochondrial fission in a Drp1-dependent
manner. In addition to the anti-apoptotic members of the Bcl-2 family, pro-
apoptotic Bax and Bak have also been linked to regulation of mitochondrial
morphology. Double knockout of Bax and Bak in mouse embryonic fibroblasts
gives rise to fragmented mitochondria, indicating that these proteins have a role
in mitochondrial fusion (Karbowski et al., 2006). However, overexpression of Bax
and Bak similarly induces mitochondrial fission (Sheridan et al., 2008). Thus,
changes in the ratios of Bax and Bak versus anti-apoptotic Bcl-2 family members
or other fission and fusion mediators may influence mitochondrial morphology.
So how do Bcl-2 family members regulate mitochondrial morphology?
Because none of the Bcl-2 family proteins contain a GTPase domain, utilised by
the well-defined fission and fusion regulators to modulate mitochondrial
fission/fusion, it is unlikely that Bcl-2 family members directly affect mitochondrial
morphology. Instead these proteins may act more distally as adaptors or
facilitators of mitochondrial fission and fusion. The localisation of many Bcl-2
family members such as Bcl-2, Bcl-xL and Bak on mitochondrial outer
membranes places them in an ideal location to modulate the activity and
interactions of other fusion and fission mediators. In line with this theory, a
number of interactions between Bcl-2-related proteins and fission and fusion

proteins have been documented. Bcl-xL binds to both Mfn2 and Drp1 in different
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cell types, which may explain the fission and fusion phenotypes seen with
overexpression of Bcl-xL (Berman et al., 2008; Delivani et al., 2006; Li et al.,
2008; Sheridan et al., 2008). Bak has been shown to interact with Mfn1 and
Mfn2, while Bax promotes the activity of Mfn2 (Brooks et al., 2007, Karbowski et
al., 2006). In addition, Bcl-2 family members may interact with other cellular
proteins that modulate mitochondrial morphology and distribution within the cell.
Unfortunately, examination of the role of these proteins, particularly Bax and Bak,
in modulating mitochondrial morphology is hampered by their apoptosis-inducing
properties. Hence, separating the apoptotic functions of the pro- and anti-
apoptotic Bcl-2 family members from their ability to modulate mitochondrial
morphology will be the key to dissecting this secondary role.

While the mechanism employed by Bcl-2 family members to regulate
mitochondrial fission and fusion dynamics is still ambiguous, this may be an
important, conserved function of these proteins. C. elegans CED-9 also
modulates mitochondrial dynamics indicating that this may be an ancient function
of the Bcl-2 family (Delivani et al., 2006; Rolland et al., 2009; Tan et al., 2008).
Although loss-of-function mutants in CED-9 revealed no dramatic alterations in
mitochondrial morphology, overexpression of CED-9 in C. elegans muscle cells
resulted in highly interconnected mitochondria, while loss-of-function mutants
enhanced Drp-1 mediated fragmentation (Breckenridge et al., 2009; Tan et al.,
2008). This argues that while CED-9 does not directly mediate mitochondrial
fission or fusion, it probably promotes or inhibits the activity of other fission and

fusion regulators. A role for CED-9 in regulating mitochondrial dynamics
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provides a possible explanation for the localisation of CED-9 on mitochondrial
outer membranes in C. elegans, where no role for cytochrome ¢ or mitochondria
in apoptotic cell death is known. This may also be an important function for
Drosophila Bcl-2 family members that play a limited role in apoptosis in the fly

(Galindo et al., 2009; Sevrioukov et al., 2007).

12. Conclusions

In conclusion, although it is clear that mitochondrial fragmentation is a
widespread phenomenon during apoptosis, it is unlikely that this event is crucial
to the progression of programmed cell death. In contrast to anti-apoptotic Bcl-2
family members, modulation of fission and fusion proteins cannot provide cells
with robust protection against a death stimulus. The defining event resulting in
cytochrome c release from mitochondria is the formation of Bax/Bak pores and,
to date, there is no evidence to suggest that fission or fusion of mitochondria
impacts on pore formation. Therefore, apoptosis is likely to proceed regardless
of the mitochondrial phenotype. However, as mitochondrial fragmentation is a
conserved event seen during death in many different organisms, it may be
important for the dismantling and removal of these organelles in dying cells.
Anti-apoptotic Bcl-2 family members have been shown to perturb mitochondria in
the absence of any cell death phenotype hinting that these proteins may have a
role in mitochondrial remodelling within healthy cells that is separate to their role
in protecting against apoptosis (Autret and Martin, 2009; Berman et al., 2008;

Delivani et al., 2006; Liu et al., 2008; Sheridan et al., 2008). Thus, increased
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interactions with BH3-only proteins during apoptosis may disrupt their ability to
regulate mitochondrial fusion culminating in the fragmented phenotype so often
seen in death. In the future, examination of the interplay between Bcl-2-related
proteins and members of the fission and fusion machinery may enhance our
understanding of the role of the Bcl-2 family in mitochondrial fission and fusion.
Thus, dissecting the part played by Bcl-2 family members in the regulation of
mitochondrial morphology in healthy cells may be the key to understanding what

triggers mitochondrial fission during apoptosis.
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Figure Legends

Fig 1. Bcl-2 family members regulate mitochondrial outer membrane
permeabilization during apoptosis. There are three routes to caspase activation
during apoptosis: the intrinsic, extrinsic and granzyme B pathways. The intrinsic
pathway to apoptosis is initiated following extensive cellular stress or damage,
which leads to the upregulation or activation of pro-apoptotic BH3-only proteins.
BH3-only proteins then promote Bax/Bak-mediated pore formation in
mitochondrial outer membranes, which facilitates the release of pro-apoptotic
factors such as cytochrome c¢ from mitochondria and downstream caspase
activation.  In healthy cells, anti-apoptotic Bcl-2 family members prevent
mitochondrial outer membrane permeabilisation through inhibitory interactions
with both BH3-only proteins and Bax/Bak. Granzyme B and death receptor-
activated caspase-8 promote apoptosis through direct cleavage of caspase-3
and also through cleavage of the BH3-only protein Bid. This enhances Bid-
mediated activation of Bax and Bak and promotes the mitochondrial pathway to

apoptosis.

Fig 2. Mitochondrial fission and fusion. Mitochondrial fission is driven by Drp1
which resides primarily in the cytoplasm. Drp1 is recruited to mitochondria by a
mechanism which is not fully understood but may involve Fis1 in some species.
Drp1 then forms spirals around mitochondria at fission sites which promotes the
constriction of mitochondria followed by fission. Fusion is driven by Mfn1 and
Mfn2 localised on mitochondrial outer membranes. Interactions between these
proteins tethers two adjacent mitochondria together and mitofusins then mediate
mitochondrial outer membrane fusion while Opa1 mediates mitochondrial inner
membrane fusion. During apoptosis, activation of Bax and Bak leads to the
formation of pores in mitochondrial outer membranes resulting in the release of
inner mitochondrial proteins such as cytochrome c¢. Activation of Bax and Bak

also leads to mitochondrial fission. However, while anti-apoptotic Bcl-2 family
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members inhibit MOMP, they are unable to prevent mitochondrial fission

indicating that these are distinct and separable events.

Fig 3. Mitochondrial fission is associated with apoptosis. Mitochondrial networks
in HelLa cells transfected with a mitochondrially targeted green fluorescent
protein (mito-GFP) plasmid (to visualise mitochondrial networks). Cells were left

untreated (A) or were treated with the pro-apoptotic drug Actinomycin D (B).
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Table 1.

release and apoptosis

Summary of the effects of the fission and fusion machinery on cytochrome c

Method used to
manipulate
fission and fusion

Effect on cytochrome c release and apoptosis

Reference

Overexpression of

Reduced cytochrome c release and protected against

Frank et al., 2001

Drp1 K38A apoptosis

(dominant Inhibited cytochrome c release and caspase activation | Breckenridge et al.,

negative) triggered by truncated BAP31 overexpression 2003
Inhibited apoptosis triggered by azide treatment Brooks et al., 2007
Reduced cytochrome c release triggered by BH3-only | Germain et al., 2005
protein overexpression
No effect on apoptosis Parone et al., 2006
No effect on cytochrome c release or apoptosis in Sheridan et al., 2008
response to a number of apoptotic drugs and Bim
overexpression

Drp1 siRNA Delays apoptosis Lee et al., 2004
Reduced cytochrome c release but did not affect smac | Parone et al., 2006
release or apoptosis
Partially prevented release of cytochrome c, but not Estaquier et al.,
other proteins, from mitochondria during apoptosis 2007

Fis1 No sensitisation to apoptosis using a number of Sheridan et al., 2008

overexpression apoptotic drugs

Fis1 siRNA Reduces Bax translocation to mitochondria and Lee et al., 2001
apoptosis
Partially reduced cytochrome c release from Parone et al., 2006
mitochondria but did not affect smac release or
apoptosis

Mfn2 Reduced cytochrome c release in response to Neuspiel et al., 2005

overexpression
Mfn1 or Mfn2
overexpression

staurosorine treatment

No effect on cytochrome c release or apoptosis in
response to a number of apoptotic drugs and Bim
overexpression

Sheridan et al., 2008

Mfn1 siRNA No effect on cytochrome c release from isolated Arnoult et al., 2005a
mitochondria when treated with tBid

Opa1 Did not reduce cytochrome c release or apoptosis in Sheridan et al., 2008

overexpression response to a number of apoptotic drugs

Opa1l siRNA Sensitises cells to apoptosis Lee et al., 2001

Cytochrome c is more rapidly released from isolated
mitochondria when treated with tBid

Knockdown of Opa1 induces apoptosis that can be
inhibited by Bcl-2

Arnoult et al., 2005a

Olichon et al., 2003

39




Figure 1

Granzyme B

Extrinsic
Fas _» Pathway

Pathway

aajalars

e X X

falal

-,
Talal
|aisie

/,lntrinsic

-
ale

)
[aalla]al

Ja]

-,
(]

[

.G ranzyme B

Le
3

fala

RAEE

ﬂt-l la)

Y
4

1.[.1-:.1:--”-:

alalalal

s o A A A

By *."‘:"I"I':"__T'

St A4

¥
L3

afalaln

FADD

Caspase 8

Pathway

Anti-apoptotic

Cytochrome c

Caspase activation

Apoptosis

40



Figure 2
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