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Abstract

Apoptosis proceeds through a set of evolutionarily conserved processes that coordinate the
elimination of damaged or unneeded cells. This program of cell death is carried out by organelle-
directed regulators, including the Bcl-2 proteins, and ultimately executed by proteases of the
caspase family. While the biochemical mechanisms of apoptosis are increasingly understood, the
underlying cell biology orchestrating programmed cell death remains enigmatic. In this review we
summarize the current understanding of Bcl-2 protein regulation and caspase activation while
examining cell biological mechanisms and consequences of apoptotic induction. Organellar
contributions to apoptotic induction include death receptor endocytosis, mitochondrial and
lysosomal permeabilization, endoplasmic reticulum calcium release and fragmentation of the
Golgi apparatus. These early apoptotic events are accompanied by a stabilization of the
microtubule cytoskeleton and a translocation of organelles to the microtubule organizing center.
Together, these phenomena establish a model of apoptotic induction whereby a cytoskeletal-
dependent coalescence and “scrambling” of organelles in the paranuclear region coordinates
apoptotic communication, caspase activation and cell death.
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Apoptosis, the process whereby cells die through an orchestrated self-destruction, occurs in
response to environmental or developmental cues, cellular stresses, and specific cell death
signals. This self-inflicted death, named for a characteristic rounding and “falling off” of
cells, involves a number of evolutionarily conserved biochemical pathways that have been
intensively studied for over two decades (reviewed in (1)). Apoptotic cell death is generally
characterized by an inward collapse of organelles, a “blebbing” of the plasma membrane
into vesicular apoptotic bodies, and the destruction of genetic material. The molecular
events that drive such apoptotic processes were uncovered through genetic studies of the
nematode C. elegans, which demonstrated the central importance of the ced-3, ced-4 and
ced-9 genes in the control of an efficient cell death program. A search for the mammalian
counterparts of ced-3, -9 and -4 identified ced-9 as a homologue of the “B-cell Lymphoma”
Bcl-2 oncogene and the more than 20 related Bcl-2 family members. Investigations of ced-3
unveiled a family of 18 cysteinyl aspartate proteases, coined “caspases,” that regulate and
execute apoptosis through the cleavage of over 400 identified substrates with essential roles
in cellular, metabolic and developmental processes, as well as inflammation, degenerative
diseases and cancer (1-3).
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The molecular events regulating apoptosis are dependent on cell type as well as the context
of death induction. Nonetheless, key molecular milestones are common to many of modes of
cell death (Figure 1). “Executioner” caspases such as caspase-3 carry out the final,
committed steps of the apoptotic program after activation of upstream, apical “initiator”
caspases, such as caspase-8, which activate apoptosis through two generalized pathways. In
cells that employ a type | pathway, initiator caspases directly cleave and activate executioner
caspases independent of actions at the mitochondria (4). In type 11 cells, however, initiator
caspases trigger the activation of executioner caspases through Bcl-2 proteins such as Bid,
which promote the release of cytochrome ¢ from mitochondria into the cytosol via
mitochondria membrane permeabilization (MMP) (4). Upon release, cytosolic cytochrome ¢
binds to the apoptotic protease activating factor Apaf-1 to establish a multimeric
“apoptosome” complex that activates caspase-9 to amplify the activation of executioner
caspases.

The signaling cascades that ultimately activate cell death through caspases are initiated and
regulated by organelle-specific events (5). Death pathways, however, have only recently
begun to be integrated with basic cell biological paradigms of intracellular protein and
organellar trafficking. In this review, we describe the emerging links between the
intracellular signaling events of apoptosis and trafficking at the molecular and organellar
level. On the basis of classic as well as more recent data, we present a model of death
receptor- and stress-induced apoptosis in which apoptotic events promote a coalescence of
organelles and proteins en route to the paranuclear region to coordinate apoptotic
interorganellar communication among lysosomes, mitochondria, the endoplasmic reticulum
(ER), Golgi and nucleus.

Bcl-2 proteins regulate organellar “life or death” decisions

The Bcl-2 proteins regulate pro- and anti-apoptotic signaling processes at distinct organellar
centers to modulate apoptotic communication, caspase activation and the ultimate decision
to carry out cellular suicide (Figure 2). While the members of this diverse protein family are
primarily noted for roles in regulating the release of apoptogenic factors such as cytochrome
¢ from mitochondria (reviewed in (6)), they also perform a number of daily regulatory
functions in healthy cells. This includes roles at the endoplasmic reticulum where Bcl-2
proteins maintain ER homeostasis (7), in the nucleus to control genetic integrity (8), at
synapses to modulate neurotransmission (9) as well as at the mitochondria where they
regulate mitochondrial division and cellular metabolism (10,11).

Bcl-2 protein family members are categorized on the basis of containing up to four
functional Bcl-2 homology “BH domains” (reviewed in (12)). “Multi-BH domain” proteins
can participate in both pro- and anti- apoptotic functions while to date, single “BH3-domain
only” proteins are strictly pro-apoptotic. The multi-BH domain members Bax, Bak and Bok
localize in part to the mitochondrial outer membrane and are requisite for the formation of
pores in the mitochondria to permit the release of proapoptotic factors such as cytochrome c,
the second mitochondrial activator of caspases SMAC/DIABLO, the apoptosis initiating
factor AIF, which activates caspases in the nucleus and Endonuclease G, an apoptotic
DNase that degrades nuclear DNA (6) (Figure 2). Pro-apoptotic BH3-domain only proteins
such as Bid, Bim and PUMA, induce Bax and Bak activation upon apoptotic induction to
promote MMP. Such permeabilization is regulated by anti-apoptotic multi-BH domain
proteins such as the Bcl-2 protein itself, Bel-xI, Bel-w, Mcl-1 and Al that prevent Bax and
Bak activation by BH3-only pro-apoptotic relatives. While it is presumed that BH3-only
proteins such as Bid and Bim directly interact with Bax and Bak to promote their activation
and MMP, recent studies suggest that BH3-only proteins only act indirectly to activate
MMP by binding to and interfering with anti-apoptotic Bcl-2 family members (13).

Traffic. Author manuscript; available in PMC 2010 October 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Aslan and Thomas

Page 3

Activation and sequestration of Bax and Bad

Bax activation and translocation to mitochondria is regulated by Bax dimerization/
oligomerization and dephosphorylation (6) and amplified by a feed-forward wave of caspase
activation (14). Non-apoptotic Bax is sequestered in a monomeric state in the cytosol or
loosely attached to mitochondria or the ER (15) (Figure 2). Upon apoptotic activation, Bax
oligomerizes and exposes its C-terminal segment to form a hydrophobic protrusion that
inserts into the outer mitochondrial membrane in a requisite step to induce cytochrome ¢
release (6). Bax is phosphorylated at serine 184 by pro-survival kinases such as Akt/PKB
which block Bax activation and translocation to mitochondria (16). This phosphorylation of
Bax is influenced through sphingolipid signaling pathways that coordinate inter-organellar
communication amongst the Golgi, ER and mitochondria. A key sphingolipid in apoptotic
signaling is ceramide which is synthesized de novo at the ER as well as at apoptotic
mitochondria (17). Ceramide is also enzymatically formed through an apoptotic
upregulation of sphingomyelinase activity at lysosomes (18) (Figure 2). Ceramide directly
binds to and activates diverse apoptotic enzymes including protein phosphatase PP2A (17),
which dephosphorylates Bax at serine 184 to increase its association with mitochondria in
vitro and in vivo (19,20).

In healthy cells, Bax is held in a non-apoptotic, soluble, monomeric state by cytosolic
retention factors. This is in contrast to some Bcl-2 family members such as Bim and Bmf
which are sequestered to distinct compartments and cytoskeletal structures through
associations with motor protein subunits (21,22). Bax cytosolic retention factors include
humanin, a mammalian anti-apoptotic peptide (23); Ku70, a Bax deubiquitinylation protein
and subunit of the Ku DNA-repair complex (24); and the 14-3-3 proteins (25). The 14-3-3
proteins bind more than 200 “client” phosphoproteins in vivo to mediate cell survival as well
as cell cycle and cell division events (26). 14-3-3 proteins sequester Bax in an
unconventional Bax-phosphorylation independent manner (25). More typically, 14-3-3
proteins bind clients at specific phosphorylated sites to block client pro-apoptotic activities.
This includes Bad, which is phosphorylated by Akt/PKB at serine 136 to establish a 14-3-3
binding site (27). Upon loss of Akt survival signals or apoptotic activation of PP2A, Bad is
dephosphorylated and releases bound 14-3-3 proteins. Dephosphorylated Bad subsequently
translocates to mitochondria to interact with and inhibit the anti-apoptotic effect of Bcl-2,
thus activating Bax and MMP (27,28). In addition to dephosphorylation, clients such as Bax,
Bad and c-Abl are released from 14-3-3 proteins upon apoptotic Jnk phosphorylation of
14-3-3 itself which allows for client translocation to mitochondria or the nucleus upon
apoptotic induction (29,30).

Bid translocates to mitochondria to activate Bax and MMP

Unlike Bax and Bad, activation of the pro-apoptotic “BH3 interacting domain death agonist”
Bid occurs through its cleavage and myristoylation, which drive an association with
mitochondria where Bid is required for Bax activation and MMP (31,32). Upon death
receptor ligation, Bid is cleaved at aspartate 59 by both initiator and executioner caspases,
yielding a potently apoptotic truncated “tBid” (31-33). While both the full-length and
truncated forms of Bid localize to mitochondria, tBid displays higher affinity for
mitochondria and releases cytochrome ¢ from isolated mitochondria in vitro. These
observations of Bid regulation initially grounded a caspase cleavage-based model to explain
Bid mitochondrial translocation (33). In this classic model, cytosolic, full-length Bid is
cleaved by caspase-8, N-terminally myristoylated at the newly exposed amino terminus of
glycine 60 (34) and then inserted into mitochondrial membranes to activate Bax and drive
apoptosis. Recent studies describing a mitochondrial localization of active caspase 8,
however, suggest Bid cleavage and activation occur on mitochondrial lipid microdomains
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which compartmentalize tBid production in close proximity to the mitochondria (35,36).
Such a model of Bid trafficking in which Bid is cleaved after delivery to the mitochondria is
in accordance with reports describing an apoptotic translocation of full-length Bid to the
mitochondria (37-39) as well as FRET studies which demonstrate that tBid formation
occurs coincidentally with or following the translocation of Bid to mitochondria (40).

Bid cleavage follows lysosomal permeablization and cathepsin release

Proteases other than caspases also cleave and activate Bid, including granzyme B, a protease
released from cytotoxic lymphocytes which cleaves Bid at aspartate 75 (41). Lysosomal
cathepsins also promote Bid cleavage and apoptosis (42). Cathepsins cleave Bid within an
unstructured loop between two alpha helicies at tyrosine 47, glutamine 57, arginine 65 and
arginine 71, generating tBid species that induce apoptosis despite the lack of a
myristoylatable glycine (43). This suggests that myristoylation is not absolutely required to
target Bid to the mitochondria. The activation and release of lysosomal cathepsins has a
substantial role in MMP and cell death as cathepsin inhibitors and gene knock-outs prevent
apoptosis at the level of Bid cleavage (42,43). This is evident in cultured fibroblasts from
inclusion-cell disease (ICD) patients deficient in lysosomal hydrolase activity which are
unresponsive to TNFa death pathways, failing to cleave Bid and activate caspases (44).
Likewise, mannose-6-phosphate receptor null mice which fail to deliver cathepsins to
lysosomes have an ICD phenotype and do not respond to TNFa and CD95/FasL (44).
Interestingly, the requirement for cathepsins in death pathways may be specific to diseased
cells which become sensitive to type Il pathways involving both mitochondrial and
lysosomal permeabilization upon transformation (45-47). The mechanisms by which
apoptotic pathways target cathepsins and lysosomes are not well understood but involve
initiator caspase activation of lysosomal acidic sphingomyelinase (A-SMase) and its
production of ceramide, which directly activates lysosomal cathepsins (48) (Figure 2).
Active cathepsins are released to the cytosol upon an apoptotic Jnk-dependent translocation
of Bax and Bim to lysosomes, a step inhibited by the Bax sequestering protein Mcl-1 (49).
As death receptor-mediated apoptosis promotes a co-localization of cathepsins and Bid (42),
as well as an association of lysosomes with mitochondria (50), it has been suggested that
cathepsin release and Bid cleavage take place at an interface between mitochondria and
lysosomes (51).

PACS-2 mediates the translocation of full-length Bid to mitochondria

The hypothesis that cleavage of Bid occurs in proximity to the mitochondria or along a
lysosome-mitochondria axis suggests that Bid localizes to an interface between these
organelles prior to cleavage (52). Consistent with such a model, FRET-based assays
demonstrate that full-length Bid interacts with Bax upon treatment of HeLa cells with TNFa.
and that Bid is not cleaved until late into the apoptotic program after the activation of a
caspase feedback amplification loop (53). Bid is kept inactive through CK1 and CK2
phosphorylation of serine and threonine residues proximal to Bid’s caspase cleavage site
which block protease access and cleavage (54,55). Accordingly, CK1 phosphorylation of
Bid is upregulated in pre-cancerous models of liver disease that block hepatocyte apoptosis
(56). CK2 phosphorylation of Bid also regulates the binding of full-length Bid to the
multifunctional sorting protein PACS-2, an acidic-cluster binding protein that integrates
membrane traffic with ER-mitochondrial communication and apoptosis (57-60). Upon the
induction of apoptosis through death receptors or stress, PACS-2 associates with full-length
Bid and translocates from the cytosol to the mitochondria (59). In diseased or transformed
cells, loss of PACS-2 inhibits apoptotic Bid cleavage and executioner caspase activation but
does not inhibit caspase-8, suggesting that Bid cleavage occurs after a PACS-2 mediated
delivery of full-length Bid to the mitochondria (59,61). A functional switch in the
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homeostatic membrane trafficking and apoptotic activities of PACS-2 is regulated by Akt
phosphorylation at PACS-2 serine 437, which binds 14-3-3 proteins (61). Upon the
induction of apoptosis by death ligands such as TRAIL, PACS-2 is dephosphorylated at
serine 437 to release 14-3-3 proteins in a step prior to Bid translocation to mitochondria and
cell death (61). Notably, this TRAIL-induced dephosphorylation of PACS-2 at serine 437 or
the expression of a non-phosphorylatable Ser437Ala PACS-2 mutant block the PACS-2-
mediated retrieval of acidic cluster-containing cargo to the ER (61). Dephosphorylation of
PACS-2 serine 437 may therefore serve as a homeostatic switch that triggers PACS-2, a
mediator of membrane traffic, to become an effector of cell death which translocates full-
length Bid to mitochondria or to a lysosome/mitochondria interface where Bid is cleaved to
tBid to drive MMP, cytochrome c release and cell death.

Drpl-mediated mitochondrial fission recruits Bax and Bid to mitochondria

In respiring cells, mitochondria continuously fuse and divide to organize into reticular
networks, exchange metabolites and facilitate mtDNA mixing (62). These processes of
mitochondrial fusion and fission are also essential to the apoptotic program as apoptotic
changes in mitochondrial size and shape regulate MMP and cytochrome c release. Fission
and fusion events are regulated by GTPase proteins which alter the morphology of
mitochondrial membranes and cristae to fragment mitochondria and promote the release of
cytochrome c and other factors from internal mitochondrial stores (63). One key GTPase,
the dynamin related protein Drpl (64), accumulates at fission sites of the outer
mitochondrial membrane with a mitochondrial localized binding partner, hFis1, forming
chain-like spirals at membrane scission sites (65).

The apoptotic translocation of Drpl, Bax and Bid to mitochondria appears to be
interdependent, as Bax and Bid specifically concentrate at Drp1 generated mitochondrial
scission sites (64) (Figure 4). Likewise, mitochondrial fission and Drp1 recruitment require
a Bax/Bak dependent release of the Drpl binding protein DDP/TIMM8a from inner
mitochondrial stores which targets Drpl to the mitochondria (66). Modification of Drpl by
the small ubiquitin related modifier SUMO via the SUMO conjugating enzyme Ubc9 also
directs Drpl to the mitochondria (67) while desumoylation by SENPS5 limits Drpl
recruitment (68). Treatment of cells with Mdivi-1, a specific chemical inhibitor of Drpl
GTPase activity, demonstrates that Drp1 is required to drive both mitochondrial fission and
cytochrome c release (69). Interestingly, Mdivi-1 treatment of isolated mitochondria
prevents the release of cytochrome c following tBid treatment in vitro, implicating Drpl
GTPase activity as a requirement for MMP and cell death (69).

Drp1 recruitment and mitochondrial fission are additionally under the control of apoptotic
ER calcium release. Calcium activates PP2B/calcineurin to dephosphorylate Drpl at serine
656 which activates mitochondrial fission, cytochrome c release and apoptosis (70) (Figure
4). Apoptotic ER calcium release, mitochondrial fission and mitochondrial fragmentation
are controlled by caspases which cleave the integral resident ER 31 kD “B-cell Receptor
Associated Protein” BAP31 (71). In non-apoptotic cells, BAP31 associates with class |
MHC molecules at the ER to regulate their ultimate delivery to the plasma membrane (72).
Upon apoptotic induction however, caspase-8 cleaves BAP31 to a p20gap3; fragment that
promotes release of calcium from the ER (35,71).

Bcl-2 proteins regulate ER calcium release

The p20gap31-evoked release of calcium from the ER and subsequent fragmentation of
mitochondria are under the control of ER-localized Bcl-2 proteins (73). ER-based Bcl-2
proteins also modulate the unfolded protein response (UPR) through interactions with Irel
which control ER communication with the nucleus (74). The mechanisms by which Bcl-2
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proteins localize to the ER remain uncharacterized, though ER associated Bcl-2 proteins are
anchored through single transmembrane helical domains. ER calcium is released over the
course of apoptotic induction through IP3 receptors which are regulated by direct
interactions with Bcl-2 and Bcl-xI (75-77). Phosphorylation of Bcl-2 likely promotes an
interaction with the IP3 receptor that blocks receptor phosphorylation (78). Upon the
induction of apoptosis, Bcl-2 is dephosphorylated and loses interactions with IP3Rs in favor
of association with ER-localized Bax and Bak (78). Loss of the Bcl-2 — IP3R interaction
promotes IP3R phosphorylation, calcium release, mitochondrial fragmentation and
apoptosis. The mechanism by which p20gap31 communicates with Bcl-2 proteins and IP3Rs
is not yet understood; however, the ER-localized Bcl-2 family member Bik is required for
the process (73). Upon mitochondrial fragmentation, released cytochrome c translocates to
the ER to bind IP3Rs and increase calcium release through a feed-forward mechanism
requiring PACS-2 (58,59,79).

Communication between the ER and mitochondria has a role in metabolic and apoptotic
processes involving the exchange of ATP, lipids and calcium. Such communication is
facilitated not only by the proximity of these two organelles, but by direct membranous
contacts between the ER and mitochondria at mitochondria-associated membranes (MAMS)
(80-82). Such contacts facilitate the direct transfer of calcium from the ER through IP3Rs to
the mitochondria (82). Upon the induction of apoptosis, calcium signaling between the ER
and mitochondria via MAMs is further enhanced by an increased co-localization of
mitochondria and ER at the paranuclear region to facilitate calcium transfer between these
organelles (83). MAMs also serve as sites for the synthesis of sphingolipids and their
transfer between the ER and mitochondria (18,84). The apposition of the ER and
mitochondria through MAM s is maintained by PACS-2, which mediates ER homeostasis in
part by localizing the calcium-dependent chaperone Calnexin to the ER (58,59,80). PACS-2
may also modulate apoptotic ER calcium communication through the trafficking of TRPP2
(61,85), an anti-apoptotic ion-channel that limits the concentration of ER calcium available
for apoptotic signaling processes between the ER and mitochondria (86). The induction of
apoptosis by death ligands such as TRAIL dephosphorylates PACS-2 at serine 437 to not
only drive Bid translocation to mitochondria, but also block the PACS-2 mediated retrieval
of TRPP2 to the ER (61). Taken together, these studies suggest a model in which PACS-2
serine 437 dephosphorylation regulates a functional switch in PACS-2 from a membrane
traffic regulator to an inducer of cell death, coordinating a net increase in apoptotic ER
calcium signaling with the translocation Bid to the mitochondria.

Apoptotic communication between the mitochondria and the nucleus

An apoptotic apposition of the mitochondria to the nucleus facilitates the transfer of AlF,
Endonuclease G and reactive oxygen species (ROS) directly from the mitochondria to the
nucleus to promote genomic destruction (5,87). Mitochondria and nuclear communication
may also be mediated by the shuttling of Bcl-2 proteins to and from these organelles to
control cell cycle events (reviewed in (8)). These include Bcl-xI and Bcl-2 which promote
cell cycle arrest; Bax, which increases S-phase progression and Bad, which regulates cell
cycle transitions upon phosphorylation by Cdc2 (8). Bid also functions in the nucleus to
maintain genomic stability. Bid-null mice display chromosomal abnormalities and develop a
chronic myelomonocytic leukemia (CMML)-like phenotype (88). Phosphorylation of Bid at
serine 78 by the DNA-damage sensing kinase ATM regulates an S-phase checkpoint,
suggesting that Bid regulates genomic integrity following DNA damage (89,90), though
these results are controversial (91). Nonetheless, disruption of the MRE11 complex, a key
ATM activator, blocks phosphorylation of Bid at serine 78 in response to ionizing radiation
(92). Furthermore, there is growing precedence for cytosolic apoptotic regulators
participating in genomic maintenance regimens. A recently described example includes,
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Apaf-1, which translocates from the cytosol to the nucleus in response to DNA damage to
promote checkpoint kinase Chk1 activation and cell cycle arrest in response to genotoxic
stress (93).

Nucleus-to-mitochondria apoptotic communication is mediated by Histone H1.2 (94) and
p53 (95), the tumor suppressor that upregulates apoptotic genes in response to cell cycle
arrest and stress induced apoptosis. At the onset of apoptosis, p53 is trafficked to the
mitochondria where it binds Bcl-2 family members to activate Bax and release cytochrome c
(95). Monoubiquitinylation of p53 by cytosolic Mdm2, an E3 ligase typically considered
responsible for tagging p53 for degradation, directs p53 to the mitochondria, which is
subsequently deubiquitinylated by mitochondrial-localized HAUSP (96). The mechanism by
which Histone H1.2 travels from the nucleus to the mitochondria is not understood.
However, p53 is required to release Histone H1.2 from the nucleus upon damage induced by
ionizing radiation in a process requiring Chk2 phosphorylation and stabilization of p53 (97).

Paranuclear organellar clustering mediates apoptotic communication and

cell death

Molecular

Bcl-2 family members regulate caspase activation and apoptosis in an organelle-specific
manner (5). However, it remains unknown how the distribution of apoptotic organelles
modulates the cell death program. While the proximity and direct contacts of the
endoplasmic reticulum and mitochondria have an essential role in apoptotic communication
(81,98) it is enigmatic how other systems such as the nucleus, lysosomes, and Golgi
apparatus come together to communicate with one another during apoptosis. Interestingly, in
a process reminiscent of mitosis (99), fragmented apoptotic organelles collect near the Golgi
apparatus and microtubule organizing center (MTOC) through the action of mircrotubule-
associated motor proteins. This co-localization may represent a functional coalescence of
organelles at the paranuclear region to control a number of steps at the induction of
apoptosis (50). This may include the direct, vesicle-independent transfer of sphingolipids
such as ceramide amongst mitochondria, lysosomes and the Golgi (17,100) or perhaps the
shuttling of apoptogenic molecules between the mitochondria and nucleus (8,87). An early
apoptotic, microtubule-dependent redistribution of mitochondria to the Golgi-proximal
MTOC serves as the best characterized example of this apoptotic paranuclear relocalization,
and is observed upon exposure to TNFa (101), the TNFa Related Apotosis Inducing Ligand
TRAIL/Apo2L (102), FasL/CD95/ApolL (50), ceramide (83), oxidative stress (103) and
viral infection (104).

motors drive apoptotic paranuclear clustering

In non-apoptotic cells, microtubule associated (+)-end directed kinesin motors traffic
mitochondria away from the paranuclear region (105,106). Knock-out deletions of kinesin
genes such as KIF5B result in an abnormal paranuclear clustering of mitochondria in
embryonic knockout cells (106) similar to clustering observed in apoptotic cells (101). If
paranuclear trafficking of mitochondria were to serve a pro-apoptotic function, inhibition of
kinesin activity would likely enhance apoptosis. Indeed, immunoinhibition of (+)-end
directed kinesin motors blocks the basal dispersal of mitochondria in healthy cells, resulting
in a paranuclear clustering of mitochondria and a synergistic increase in the apoptotic effects
of TNFa (107). While kinesin knockout or siRNA knock-down cells have not yet been
explored in studies of mitochondrial clustering and apoptosis, conditional knock-out
deletions of KIF3A in photoreceptor cells and renal cells result in apoptotic cell death
(108,109). Apoptotic paranuclear clustering of mitochondria appears to be a mechanistic
consequence of apoptotic induction as stress activated MAP kinases p38 and Jnk
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phosphorylate and inactivate the kinesin light chain (107) and release KIF5B from
microtubules to halt mitochondrial dispersal (110) (Figure 3).

As the inactivation of kinesin promotes the trafficking of mitochondria to the paranuclear
region, retrograde clustering of organelles is likely driven by a net increase in (-)-end motor
activity of dynein and dynactin. Dynein and dynactin complexes associate with
mitochondria on microtubules, and disruption of dynein function disperses mitochondria
away from the MTOC (111). Mitochondrial paranuclear clustering is intimately coordinated
with mitochondrial fission, as inhibition of fission prevents mitochondrial clustering and
apoptosis (112). The Drpl GTPase, together with Bax and Bid, are recruited to dynein
complexes at mitochondrial fission sites as mitochondria travel in the (-)-end direction (111)
(Figure 4). Targeting of Drpl to sites of mitochondrial scission is in part mediated by
sumoylation of Drpl, as sumoylated proteins generally cluster at mitochondrial fission sites
(67). Sumoylation of Drpl may direct Drpl specifically to dynein motor complexes as
sumoylation promotes the interaction of cargo molecules with dynein to mediate their
retrograde transport (113). Like other apoptotic effectors, dynein and dynactin complex
proteins such as the cytoplasmic dynein intermediate chain CD-IC and p150glued are
regulated by caspase cleavage and myristoylation (114,115). While it remains to be
determined if cleavage and lipid modification anchors a functional, truncated CD-IC
fragment to mitochondria, GFP-tagged truncated CD-IC localizes in vesicular
mitochondrial-like structures to the paranuclear region (115).

Organelles cluster at the paranuclear region via stabilized microtubules

In proliferating cells, microtubules radiate from the MTOC as a web-like network that acts
as a scaffold for mitochondria and other organelles to disperse throughout the cell (105).
Cellular stress, as well as specific cell cycle events, stabilizes microtubules such that they
become more rigid and rod-like and collapse towards the MTOC, forming concentric rings
around the nucleus that may act as a net to bring mitochondria and other associated
organelles to the paranuclear region. Death-receptor induced apoptosis triggers microtubule
stabilization, mitochondrial clustering and apoptosis through p38 phosphorylation and
inactivation of the microtubule destabilizing oncoprotein family member Op18/Stathmin
(116,117) (Figure 3). This p38-mediated stabilization of microtubules phenocopies the
stabilization seen in cells treated with chemotherapeutic agents such as Taxol, which inhibit
tumor cell growth by stabilizing microtubules to disrupt mitosis (118). Interestingly, Taxol
treatment results in the co-localization of mitochondria with microtubule bundles at the
paranuclear region (119). This redistribution of mitochondria upon the addition of
microtubule stabilizing agents may explain how these drugs synergize the apoptotic effects
of death receptor ligands such as TNFa and TRAIL.

Microtubule stability is regulated by microtubule associated proteins such as MAP1S/
C190RF5, which bind to both mitochondria and stabilized microtubules in stressed or
Taxol-treated cells (120) (Figure 3). MAP1S associates with other microtubule binding
proteins such as the tumor suppressor RASSF1A (120,121), and UXT (Ubiquitously
Expressed Transcript), a y-tubulin/centrosome associated protein that induces paranuclear
clustering of mitochondria (122). UXT, RASSF1A and MAP1S all interact with the leucine-
rich protein LRPPRC in microtubule-associated complexes at an interface between
paranuclear mitochondria and the nucleus (123). As LRPPRC and UXT both interact with
several components of the RNA polymerase |1 complex and CBP/p300 (124), it has been
hypothesized that LRPPRC and UXT link microtubule stabilization and mitochondrial
apoptosis to transcriptional as well chromatin remodeling events in the nucleus (124).
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Microtubule-associated proteins with pathological functions such as tau, a prime suspect in
Alzheimer’s disease, also cause paranuclear mitochondrial clustering. This occurs in part
through an association of tau with motor proteins and microtubules (125) (Figure 3). The
mechanism by which tau contributes to clustering is not straightforward, however, as
apoptotic CDKS5 phosphorylation of tau conversely promotes paranuclear co-localization of
mitochondria and the ER through a tau microtubule dissociation (83). Other pathogenic
factors, such as the pro-apoptotic Tat protein encoded by HIV-1, bind to microtubules to
result in a Taxol-like stabilization and cell death (126). Microtubule proteins implicated in
tumorigenesis such as the adenomatous polyposis coli (APC) protein and the VVon Hippel-
Lindau VHL tumor suppressor also coordinate nuclear as well as apoptotic events (127—
129). As APC and VHL both localize in part to mitochondria (127,130), it is enticing to
speculate that these tumor suppressors will participate in the apoptotic paranuclear clustering
of microtubules and organelles; however, this has not yet been addressed.

Apoptotic signaling proteins cluster at the paranuclear region upon death

induction

A number of apoptotic signaling proteins collect in the paranuclear region during the course
of apoptosis. Such proteins include p53, which localizes predominantly to the cytosol in
non-apoptotic cells through an association with microtubules (131). Non-apoptotic p53 is
sequestered by a recently identified Parkin-like ubiquitin ligase, Parc, which binds to but
does not apparently ubiquitinylate cytosolic p53 (132). The mechanism by which p53 is
released from Parc and the physiological role of Parc as a ubiquitin ligase are, however, not
yet understood. Upon DNA damage, p53 is released from Parc and driven to the paranuclear
region by microtubule-associated dynein motors (131). p53 associates with microtubules and
the dynein motor complex through the dynein light chain LC8, which binds to the p53
binding protein 53BP1, a key cytosolic mediator of the DNA damage response (133). A p53
—53BP1 interaction is required for the paranuclear clustering of p53 upon DNA damage and
subsequently apoptosis (133). This LC8-driven relocalization of p53 to the paranuclear
region may be part of a mechanism to import p53 into the nucleus from the cytosol (134),
and may explain how p53 is recruited to mitochondria during apoptosis (95). LC8
additionally binds the Bcl-2 family member Bim and is also a target of the p21 activated
kinase PAK1 to promote cell survival and tumorigenesis (135). Whether LC8 or other
dynein regulatory factors have roles in bringing additional proteins or organelles to the
paranuclear region to coordinate apoptotic signaling events will be an important line of
investigation in uncovering the relation of cytoskeletal motor activity to apoptosis.

Apoptotic fragmentation and membrane scrambling of the Golgi apparatus

The Golgi apparatus neighbors the MTOC at the paranuclear region in an ideal locale to
influence microtubule-based apoptotic processes (136,137). The cisternal stacks of Golgi
membranes are maintained by microtubule and actin cytoskeletal structures (137), as well as
Golgi-specific structural proteins such as the Golgins and GRASPs (Golgi Reassembly
Stacking Proteins) (137). Like other membranous organellar systems, the Golgi apparatus
undergoes a characteristic fragmentation early in the induction of apoptosis that precedes or
coincides with mitochondrial cytochrome c release (138,139). Golgi fragmentation is
triggered by the Golgi-localized initiator caspase-2 cleavage of Golgin-160 followed by the
executioner caspase-3 cleavage of GRASP65 (138,140) and the Golgi vesicle tethering
protein p115 (141). The C-terminal cleavage product of p115 alone is capable of
fragmenting the Golgi and relocates to the nucleus to serve a pro-apoptotic role (141). In
contrast, cleaved Golgin-160 enters the nucleus to block apoptosis (136). It was originally
hypothesized that Golgi fragmentation was the result of an apoptotic breakdown of the
cytoskeleton. Golgi fragmentation, however, occurs early in apoptosis and precedes major
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apoptotic changes in cytoskeletal structures (139). This suggests that an intact cytoskeleton
and MTOC are required to traffic factors to the Golgi prior to fragmentation.

As mitochondria and other organelles cluster at the Golgi/MTOC in a microtubule-
dependent fashion at the induction of apoptosis (50,142,143), the Golgi may serve as a site
for organellar convergence at the induction of apoptosis. Such a stress-induced co-
localization of organelles may promote organellar cross-talk processes, including the
transfer of apoptogenic lipids such as ceramide between lysosomes, Golgi and mitochondria
to prime mitochondrial membranes for Bcl-2 protein-mediated permeabilization. Organellar
co-localization is an early consequence of FasL treatment of CEM cells which results in a
net redistribution of endosomes, lysosomes and mitochondria to overlapping sucrose density
fractions (143). This convergence may represent a physical coalescence and “scrambling” of
organelles as FasL treatment also increases the levels of Golgi, endosomal and lysosomal
membrane markers that co-purify with apoptotic paranuclear mitochondria in a step prior to
caspase activation, Golgi fragmentation and cytoskeleton breakdown (50). Interestingly, the
global caspase inhibitor zZVAD-fmk blocks this stress-induced mixing of Golgi and
mitochondrial markers but increases the presence of endo-lysosomal markers associated
with apoptotic mitochondria (50,143). Together, these experiments suggest a multi-step
model in which mitochondria and endo-lysosomes first physically associate to release
cathepsins and cleave Bid prior to Golgi-mitochondrial scrambling, Golgi fragmentation,
mitochondrial cytochrome c release and ultimately caspase activation (Figure 4).

GD3 lipid rafts link plasma membrane-to-nucleus signaling and paranuclear

trafficking

A mixing of the Golgi apparatus, endosomes, lysosomes, mitochondria and plasma
membrane is also evident in the interorganellar apoptotic trafficking of the
glycosphingolipid GD3 (144-146) (Figure 4). This ganglioside is produced in the Golgi
from ceramide by GD3-synthase and is capable of permeabilizing mitochondria to promote
cytochrome c release in vitro (147). In healthy hepatocytes and T-cells, GD3 localizes
predominantly to the plasma membrane in death receptor-rich lipid rafts. TNFo treatment of
hepatocytes, however, redistributes GD3 from the plasma membrane to mitochondria via
internalization through endosomal compartments in a process requiring an intact
cytoskeleton (148). Upon Fas and TNFR1 death-receptor engagement, cell-surface-localized
death induced signaling complexes (DISCs) internalize through receptor-mediated
endocytosis (149,150) to specific endosomal compartments such as “TNF Receptosomes,”
which subsequently associate with and activate caspase-8 (52,151). Receptosomes may
represent DISC-rich GD3 raft-containing endosomes that co-localize with mitochondria to
promote cell death (152). It has been hypothesized that this co-localization represents a
mixing of endosomes with mitochondria, as GD3-containing lipid rafts are found on
mitochondria after FasL treatment of CEM cells (144). These GD3 rafts contain
mitochondrial signaling complexes that include the voltage dependent anion channel
VDAC-1 and hFisl and act as recruitment sites for Bax, Bid and presumably Drpl (144).
The integrity of these rafts appears to have a role in MMP, as their chemical disruption
prevents mitochondrial permeablization in response to exogenous tBid treatment (144). Like
ceramide, GD3 has pleiotropic effects on apoptotic activation at the mitochondria, as well as
the Golgi, ER and nucleus (146). As GD3 raft-containing mitochondria and other vesicular
structures collect at the paranuclear region upon the induction of apoptosis, such fissured
mitochondria may act as “cargo boats” that carry DISC-containing GD3-rafts to multiple
organelles at the paranuclear region (145) (Figure 4). This hypothesis may explain how GD3
traffics to the nucleus upon apoptotic induction by CD95/FasL to modulate histone
structures and transcription (153).
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Perspectives and Conclusion

The past decade has brought immense progress in identifying key proteins and signaling
pathways that initiate and regulate cell death through organelle-specific processes. Although
many of these players first gained attention for their roles in cell death, it is now recognized
that several organelle-directed apoptotic decision-makers have “day jobs” that relate their
apoptotic functions to physiological roles. Future work will undoubtedly aim to describe
how the trafficking of such multi-functional players occurs in apoptotic and non-apoptotic
contexts. A recent and noteworthy example is provided by the Bcl-2 protein Bad. In addition
to promoting cell death, Bad also translocates to mitochondria in a non-apoptotic role to
shuttle glucokinase to respiring mitochondria during high-fat feeding to metabolize glucose
and stimulate the release of insulin (11). Physiological and apoptotic cross-functionality is,
of course, not limited to Bcl-2 family members. The Drpl GTPase functions in both
apoptosis and mitosis to divide mitochondria and also modulates neurotransmission at
synapses (9). Multi-functionality is also seen with the PACS-2 sorting protein which
regulates cellular homeostasis, ER-mitochondrial communication and apoptosis (57-61).
Likewise, overlapping functionality is also seen in signaling systems that regulate DNA
quality control such as ATM/ATR as well as those that signal cell cycle transitions and cell
division events such as Cdc2 and the checkpoint kinases. These and other genetic regulatory
kinases phosphorylate apoptotic proteins such as Bad and Bid to control cell cycle and cell
division events. Such examples of cross-functionality hint that mitotic cell birth and
apoptotic cell death may share fundamental machinery and regulatory mechanisms.

Individual organellar systems such as lysosomes and mitochondria initiate and regulate
apoptosis (5); however, the relation of organellar trafficking and apoptotic signaling
pathways is only now coming to light. An apoptosis-induced co-localization of organelles at
the MTOC / Golgi / paranuclear region potentially serves a number of functions in cell death
to help package and redistribute fragmented organelles, to facilitate nuclear destruction and
also to promote a general shrinkage of dying cells. Organellar coalescence also takes place
in autophagic organellar destruction as part of a mechanism to traffic degrading
mitochondria to lysosomes (51). Likewise, autophagosomes as well as misfolded protein
aggregates in “aggresomes” are targeted to paranuclear-localized lysosomes through dynein/
dynactin motor activity (154,155). If paranuclear clustering and organellar mixing is indeed
a bona fide component of the highly regulated apoptotic program, a number of questions
regarding the energetics and specificity of this process demand exploration. Interestingly, a
subset of Bcl-2 family members, the BNIPs, associate with components of the membrane
fusion machinery such as the SNARE protein syntaxin 18 to modulate apoptosis in an
aSNAP-dependent manner (156). Future studies relating microtubule structure and motor
activity to organellar clustering and the transfer of organellar markers (157) will prove
insightful and clarify the role of scrambling in the induction of cell death.
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Figure 1. Essential pathways to caspase activation and cell death
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Apoptosis is initiated by internal cellular stress or extracellularly through the binding of

ligands to cell surface death receptors. Type | pathways directly activate executioner

caspases through initiator caspases to result in death. In Type Il pathways, death signals are
routed through the Bcl-2 proteins such as Bid and the mitochondria to control the release of

cytochrome c. Cytosolic cytochrome c binds Apaf-1 to activate the apoptosome and

caspase-9 to result in executioner caspase-3 activation and cell death.
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Figure 2. Bcl-2 proteins modulate apoptosis at multiple organellar sites

Bcl-2 proteins converge on the mitochondria to control the release of apoptogenic factors
such as cytochrome ¢ and SMAC/DIABLO to enhance caspase activation (6). Factors such
as Endonuclease G, AIF and reactive oxygen species are also released from the
mitochondria to the nucleus to promote genome destruction (5,87). Mitochondrial Bax/Bak
release events are activated by Bid translocation to mitochondria and cleavage of Bid by
caspases or lysosomal cathepsins (33,43). Full-length Bid is trafficked to the mitochondria
though associations with PACS-2 (59). Active cathepsins are released from lysosomes upon
the translocation of Bax and Bim to lysosomes and a caspase activation o f A-SMase to
produce ceramide which activates cathepsins (42,48,49). Apoptotic proteins such as Bad,
Bax and PACS-2 are sequestered by 14-3-3 proteins and become active upon
dephosphorylation and 14-3-3 release (28). Factors such as p53 and Histone H1.2 also
apoptotically target the mitochondria to modulate Bax activation and apoptosis (94,95).
Bcl-2 proteins additionally regulate apoptosis via ER calcium release through IP3Rs to
modulate ER-mitochondria crosstalk (73,75,77) and influence the UPR through interactions
with Irel (74).
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Figure 3. Microtubule associated motors and stabilizing proteins regulate paranuclear
mitochondrial clustering and apoptosis

Apoptotic p38 phosphorylation of kinesin subunits halts anterograde traffic of mitochondria
to promote dynein driven (-)-end accumulation (107). p38 phosphorylation also releases
Op18 from microtubules to result in microtubule stabilization and mitochondrial clustering
(116,117). Mitochondrial aggregation and apoptosis are also influenced through
microtubules by tau (83,125) and HIV-1 Tat (126). MAP1S — LRPPRC — UXT complexes
also stabilize microtubules and localize to apoptotic paranuclear mitochondria as well as the
nucleus in complex with RNAPII and p300/CBP (109,121-124). It has been proposed that
these microtubule and nucleus associated proteins coordinate both apoptotic mitochondrial
clustering and chromatin remodeling events (123,124).
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Figure 4. Death receptor ligation promotes mitochondrial fragmentation, mitochondrial
clustering, and membrane “scrambling”

Cell surface death receptors concentrate in GD3-containing lipid rafts (in red) (146). Upon
death ligand engagement, receptors recruit death adaptors and are internalized with rafts to
specific endosomal compartments such as “TNF receptosomes” to promote caspase-8 (C8)
activation (150,151). Receptosomes fuse with precursor hydrolase-containing Golgi-derived
vesicles to form lysosomal multivesicular bodies that activate A-SMase and cathepsin D
(CTSD). Caspases and cathepsins cleave Bid to promote Bax/Bak activation, cytochrome ¢
release and caspase activation (33,42,43). Mitochondrial-localized caspase-8 cleaves ER
localized BAP31 to a p20 fragment which promotes ER calcium release (35,71), PP2B
activation and Drpl dephosphorylation (70) and mitochondrial fragmentation. Mitochondrial
DDP/TIMM8a release (66) and Drpl sumoylation (67,68) promote the translocation of Drpl
to mitochondrial scission sites as mitochondria travel in the (-)-end direction (111). Bax and
Bid are also recruited to these scission sites that are rich in GD3 (in red). The accumulation
of fragmented mitochondria at the MTOC in proximity to the Golgi results in a caspase
dependent fragmentation of the Golgi (139) and a “scrambling” of Golgi membranes (in
blue) with mitochondria (50). As GD3-contatining rafts (in red) internalize to endosomes
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and later localize to mitochondria, it is hypothesized that mitochondria act as “cargo boats”
to carry GD3 from the cell surface to the nucleus and adjacent organelles (145).
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