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CLEARING THE FINAL HURDLES TO MITOCHONDRIAL APOPTOSIS:
REGULATION POST CYTOCHROME C RELEASE
P. Monian, X. Jiang*
Cell Biology Program, Memorial Sloan Kettering Cancer Center, New York, NY 10065, USA
In mammalian cells, the mitochondrial pathway of apoptosis plays a key role in various biological processes and has been extensively studied. One of the signature features of this pathway is permeabilization of the outer mitochondrial membrane (MOMP)
and thus release of cytochrome c into the cytoplasm to trigger subsequent activation of executioner caspases. Because MOMP
is associated with loss of mitochondrial function, it has long been believed to represent an irreversible commitment to cell death.
However, emerging data over the last decade has indicated that induction of MOMP alone is not always sufficient to fully commit
cells to death. As such, it becomes important to understand how apoptosis is regulated post-MOMP. Here we recount evidence
investigating if and how cells can survive MOMP, and why this might have important physiological consequences. Furthermore,
we review recent progress made in understanding how the pathway is regulated beyond MOMP and cytochrome c release. This
article is part of a Special Issue entitled “Apoptosis: Four Decades Later”.
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Apoptosis is one of the most fundamental processes to life. Essential to several processes ranging from normal development to regulation of the
immune system and tissue homeostasis, apoptosis
is conserved across all metazoans [1–3]. Deregulated
apoptosis has been implicated in a variety of pathological conditions including cancer, neurodegenerative
disorders and autoimmune diseases [4]. In mammalian
cells, there are two major apoptotic pathways. The cell
intrinsic pathway is characterized by mitochondrial
outer membrane permeabilization (MOMP), a process
regulated by the Bcl-2 family of proteins [5]. Following MOMP, several proteins in the intermitochondrial
membrane space diffuse out into the cytosol. One such
crucial factor, cytochrome c, binds to the cytosolic
protein Apaf-1, triggering the formation of a heptameric caspase-9 activation complex, the apoptosome. Active caspase-9 then directly cleaves and
activates the executioner caspases-3 and -7, leading
to a series of morphological changes and ultimate
apoptotic cell death [6, 7]. In the cell extrinsic pathway,
binding of so-called “death-ligands” to their cognate
receptors, triggers the recruitment of specific adaptor molecules such as FADD or TRADD which in turn
induce dimerization of initiator caspases-8/10 [8].
The induced proximity activates caspase-8, which
directly cleaves and activates downstream executioner
caspases-3/7. Importantly, caspase-8 is also capable
of activating the mitochondrial pathway of apoptosis
by directly cleaving the BH3-only protein Bid. TrunReceived: June 25, 2012.
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cated Bid localizes to the mitochondrial membrane
and activates Bax, ultimately leading to MOMP [9–11].
Intriguingly, there exists a unique dichotomy relating
to the functional significance of the crosstalk between
the two pathways. In type I cells, direct processing
of executioner caspases by caspase-8 is sufficient
for robust death-receptor induced apoptosis. In type
II cells however, amplification of the apoptotic pathway
by caspase-8 mediated activation of Bid, and subsequent MOMP is essential for apoptosis.

IS MOMP TRULY THE “POINT
OF NO-RETURN” FOR CELL DEATH?
It has long been held that MOMP is a “point of noreturn” for cell death, i.e., cells die following MOMP,
irrespective of caspase activation [12–14]. However,
given our ever-expanding understanding of the mitochondrial apoptotic pathway, this prevailing school
of thought has increasingly been called into question.
For instance, a deficiency in integral components
of the pathway, like Apaf-1 or caspase-9, does not
just delay, but completely inhibits developmental
cell death in several cases [15–19]. In fact, deletion
of Apaf-1 or caspase-9 can substitute for inactivation
of p53 in myc-driven transformation of cells [20]. These
observations strongly suggest that loss of mitochondrial
membrane integrity without downstream caspase activation might not be sufficient to commit cells to death.
Furthermore, it is now known that cytochrome c release
is accompanied by release of additional factors like
Smac/Diablo and Omi/HtrA2 which relieve caspase inhibition by members of the IAP family of proteins [21–24].
If MOMP were indeed the universal “point of no-return”
for cell death, it would imply that such regulation
of caspase activity beyond MOMP is unessential for
cell death. However, differences in levels of the endogenous caspase-3 inhibitor XIAP not only modulate
the cell intrinsic pathway, but can also have a profound
effect on apoptosis induced by death ligands, i.e., the
type I versus type II cells phenotype. Specifically, owing
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to enhanced expression of XIAP in type II cells, MOMPaccompanied release of XIAP inhibitors Smac and Omi
is essential for apoptosis induced by death ligands
[25]. Thus, the regulation of proteins beyond MOMP
has a significant effect on the cell extrinsic pathway
of apoptosis as well. In this regard, it is worth noting
that small molecules targeting anti-apoptotic Bcl-2 family proteins as well as IAPs are emerging as attractive
agents for cancer therapy (see reviews by Almagro &
Vucic [26], and Weyhenmeyer et al. [27] in this issue).
Coupling such agents to traditional genotoxic regiments
that induce caspase activation will likely maximize their
therapeutic potential.
How might cells survive an insult to the mitochondrial membrane? It has been suggested that enhanced
expression of GAPDH could mediate clonogenic survival following MOMP, provided caspase activation
was inhibited [28]. Although the mechanism for this
remains unclear, the data suggest GAPDH could mediate its effects by enhancing glycolysis and autophagy.
Additionally, recent work has shown that such a cellular
recovery following MOMP is dependent on the ability
of the cell to repopulate its mitochondrial network
through division of the few intact mitochondria that
are able to maintain membrane integrity [29]. What
intrinsic properties of individual mitochondria within
the same cell cause them to be differentially affected
by the same apoptotic stimulus remains an unanswered question. It is tempting to speculate that conditions such as individual mitochondrial localization
relative to other cellular organelles, expression of antiapoptotic Bcl-2 family members, and lipid composition
of the membrane could be responsible for this effect.

WHY IS POST-MOMP REGULATION
OF APOPTOSIS IMPORTANT?
Upon first glance, it seems counter-intuitive that
a cell would commit precious resources to regulating
apoptosis after the integrity of the mitochondrial membrane has been compromised. However, the additional
nodes of regulation indeed have important physiological consequences. One obvious benefit to having
additional regulation of apoptosis beyond MOMP
is to ensure that a certain threshold of cytochrome
c-mediated caspase activation needs to be achieved
prior to a complete commitment to cell death. Such
a safeguard against “accidental MOMP” is particularly
relevant in the instance of post-mitotic cells, especially
ones with poor regenerative potential. Indeed, longlived cells such as cardiomyocytes and sympathetic
neurons are particularly resistant to apoptosis induced
by cytochrome c microinjection, likely due to markedly
low Apaf-1 levels [30–32]. In both cell types, XIAP
plays an important role in maintaining a high threshold
of cytochrome c release needed to activate apoptosis. Such an intricate regulation of apoptosis beyond
MOMP protects the longevity of these cells.
Caspases have been reported to have non-apoptotic functions as well. For instance, caspase-3 plays
an essential role in the terminal differentiation of vari-
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ous cell types including myoblasts, lens cells, epidermal keratinocytes, and neural stem cells [33–37]. Cytochrome c-mediated caspase-3 activation also plays
a significant role in long-term depression (LTD) in hippocampal neurons, a process essential for normal
brain development and function [38]. Consequently,
this process can be blocked by over-expression
of Bcl-xL or XIAP, and caspase-3 knockout mice are
deficient in their ability to undergo receptor-dependent
LTD. Interestingly, both lens cell development and
NMDA receptor-stimulated LTD are accompanied
by detectable levels of cytochrome c release and
caspase-3 activity which is significantly lower than that
associated with apoptosis [39]. Rather than inducing
cell death, the primary function of the mitochondrial
pathway in these scenarios is to mediate such essential
processes, through caspase-3 dependent cleavage
of specific substrates. It is likely that concomitant regulation of caspase activity by pro-survival molecules
like IAPs, survivin, Bcl-2, etc is required for these and
other non-apoptotic functions of caspase-3 including
regulation of B cell proliferation, dendritic cell maturation, forebrain development, etc. [40–42]. Thus,
the ability to survive MOMP has functional relevance
in proliferating cells as well.
Finally, post-MOMP regulation of apoptosis may
have important implications in oncogenesis. Presumably, inhibiting caspase activity downstream of MOMP
would confer upon cells the ability to survive apoptosis
induced by various forms of chemotherapy, and thus
impart significant oncogenic potential. Indeed, tumors
often evolve mechanisms to inhibit caspase activity,
most notably through upregulation of XIAP and survivin, or repression of Apaf-1 [43–45]. It is likely that
many of the other proteins involved in post-MOMP
regulation of apoptosis could also impact tumorigenesis in a similar manner. Thus, understanding how
apoptosis is regulated beyond MOMP is important and
will be discussed here.

REGULATION OF APOPTOSOME
FORMATION
Under normal conditions, Apaf-1 is present in the
cytosol in a monomeric, auto-inhibitory state. Binding of cytochrome c to Apaf-1 is the first step towards
relieving this repression and triggering the formation
of the apoptosome [46, 47]. Transfer RNA (tRNA)
and intracellular K+ are thought to inhibit this interaction by directly binding cytochrome c at physiological
concentrations [48–50]. Additionally, independent
studies have identified several proteins that regulate
apoptosome formation through diverse mechanisms.
For instance, Aven directly binds Apaf-1 and inhibits
its oligomerization [51]. APIP (Apaf-1 interacting
protein) competes with caspase-9 for Apaf-1 binding
[52]. Although the exact mechanism remains unclear,
the oncoprotein prothymosin alpha (ProT) potently
inhibits Apaf-1 oligomerization [53]. The redox state
of cytochrome c also influences caspase activation
in vitro; oxidized cytochrome c stimulates, while re-
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duced cytochrome c inhibits caspase activation [54,
55]. However, the exact mechanism underlying the
modulation of the pro-apoptotic potential of cytochrome c in this manner remains unclear, and it should
be noted that independent experiments have found
reduced cytochrome c to be proficient at caspase
activation as well [56].
Following cytochrome c binding, Apaf-1 undergoes
a conformational change accompanied by nucleotide
exchange, driving formation of the apoptosome [57].
Although Apaf-1 contains a bound nucleotide in its
monomeric state, following cytochrome c binding,
exchange of the bound nucleotide is a required step
in the path to apoptosome formation. Based on in vitro
studies, the absence of nucleotide exchange results
in the formation of irreversible Apaf-1 aggregates,
thus blocking downstream caspase activation [58].
This process of nucleotide exchange can be enhanced by a combination of three proteins: putative
HLADR-associated protein 1 (PHAP1), Hsp70 and
the cellular apoptosis susceptibility protein (CAS/
CSE1L), thus driving apoptosome formation and
subsequent cell death [59]. Consistently, PHAP1 has
previously been characterized as a tumor suppressor
in several different tumorigenesis models [60–63].
Furthermore, mutational analysis has demonstrated
that the apoptotic activity of PHAP1 is required for its
tumor-suppressive function [64]. Similarly, knockdown
of CAS has been shown to inhibit cell death induced
by a variety of apoptotic stimuli [59, 65–68]. Intriguingly, CAS has also been reported to have an essential
function in mitosis and deletion of CAS in mice leads
to embryonic lethality [69, 70]. Consistently, CAS
expression is upregulated in highly proliferating tissue as well as several cancer cell lines. Furthermore,
amplification and/or overexpression of CAS have
been observed in several human tumors including
melanoma, glioblastoma, ovarian, endometrial, liver,
breast, prostate, and colon cancers among others
[71–77]. These observations imply both putative
tumor-suppressive and oncogenic roles for CAS,
suggesting that perhaps CAS could have a janus-like
function: playing an essential role in cell proliferation
on one hand, and promoting apoptosis on the other.
Counteracting the effect of PHAP1, Hsp70 and
CAS, intracellular levels of calcium inhibit apoptosome formation by binding and locking Apaf-1 in a
“closed” conformation that is resistant to nucleotide
exchange [78]. Nitric oxide is also thought to hinder
Apaf-1 oligomerization, although the exact mechanism
of inhibition remains unclear [79].

REGULATION OF CASPASE-9 ACTIVATION
Following nucleotide exchange and the accompanying conformational changes, the N-terminal
caspase recruitment domain (CARD) on Apaf-1 is exposed allowing for a homotypic interaction with procaspase-9, which also contains a CARD domain.
This induced proximity triggers dimerization and
subsequent activation of caspase-9, which then
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directly activates caspase-3 [80–82]. Interestingly,
apoptosome mediated activation of caspase-9 leads
to robust auto-processing, which serves to decrease
caspase-9 affinity for the apoptosome as well as its
catalytic activity [83]. It can be argued that this “molecular timer” model of caspase-9 activation serves
as another node of apoptotoic regulation following
MOMP: intracellular concentrations of caspase-9, rate
of procaspase-9 auto-processing, and rate of cleaved
caspase-9 dissociation from the apoptosome together help set the pace of caspase-3 activation,
and subsequent cell death. Genome-wide analysis
in D. melanogaster revealed that procaspase 9 levels
are subject to regulation by Tango 7 (human orthologue PCID1). Consistently, knockdown of PCID1 leads
to decreased expression of procaspase-9, and is sufficient to inhibit cell death [84]. It is also worth noting
that PCID1 is commonly repressed in pancreatic cancer [85]. Several CARD domain-containing proteins
also impact the apoptosome-caspase 9: TUNCAN
binds caspase-9 and inhibits its recruitment to apoptosome, while HCA66 and NAC/DEFCAP counteract
this effect by binding Apaf-1 and enhance the amount
of caspase-9 recruited or retained in the apoptosome
[86–89]. It is likely that the cumulative effects of such
protein-protein interactions determine the potency
of caspase-9 activation.
The master suppressor of apoptosis, X-linked
inhibitor of apoptosis (XIAP) also potently regulates
caspase-9 activation. Following recruitment to the
apoptosome and auto-processing, a N-terminal four
amino acid neo-epitope becomes exposed on the
small subunit of caspase-9. Structural and biochemical analysis have revealed that the baculovirus IAP
repeat 3 (BIR3) domain of XIAP binds to this tetrapeptide sequence and prevents caspase-9 dimerization [90, 91]. Thus, XIAP sequesters processed
caspase-9 in an inactive monomeric state, putting
the breaks on cell death. Following apoptotic insult,
the mitochondrial protein Smac is released into the
cytosol where it relieves this impediment by competing
for binding the BIR3 domain of XIAP, thus permitting
caspase-9 dimerization [90, 92]. Omi/HtrA2 is another
protein released from the mitochondria of apoptotic
cells and following processing, binds and inhibits the
XIAP-caspase interaction through a similar mechanism
[23, 24, 93–95]. It should be noted that Omi additionally possesses a serine-protease activity that also
contributes to its pro-apoptotic function.
Finally, caspase-9 activation is subject to regulation by multitude of protein kinases. Phosphorylation at Thr125 by Akt, CDK1-cyclin B1, ERK1/2, and
DYRK1A inhibits the cleavage, and subsequent activation of procaspase 9 [96–100]. Although the exact
mechanism underlying this inhibitory phosphorylation
remains unresolved, it is clear that it has important
physiological implications. For instance, mitotic arrest
caused by chemotherapeutic agents like taxol, induces
apoptosis in a caspase-9 dependent manner, which
can be accelerated by a phospho-deficient mutation
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at Thr125 [97]. Phosphorylation at the same residue
by DYRK1A has been shown to play an important role
in development of retinal cells in mice [101]. Given
the importance of these kinases in other signaling
pathways such as response to growth factors, cellular
stresses, development, and cell cycle progression,
such a node of regulation serves to intimately couple
apoptosis to these diverse cellular processes. Other
documented inhibitory kinases for caspase 9 include
PKCz (Ser144), PKA (Ser99, Ser183, and Ser195)
and CK2 (Ser348) [102–104]. Although some of these
phosphorylation sites are dispensable, it is likely that
they play significant regulatory roles in response
to specific apoptotic stimuli. Caspase-9 processing can also be stimulated by phoshphorylation
at Tyr153 by c-Abl, especially in response to genotoxic
stress [105].

REGULATION OF CASPASE-3/7 ACTIVITY
The final cog in the wheel of mitochondriamediated apoptosis is activation of the executioner
caspase-3/7. In contrast to apical caspases, executioner caspases are present as inactive dimers under
basal conditions, and require cleavage of the catalytic
domain for activation [106, 107]. In the case of the
intrinsic pathway, this need for cleavage is satisfied
by activated caspase-9.
XIAP exerts its anti-apoptotic effect on executioner
caspases as well, albeit through mechanisms different
from its inhibition of caspase-9. Crystal structures
have revealed that a “linker” region immediately Nterminal to the BIR2 domain of XIAP interacts with the
substrate-binding grove of caspase-3/7, occluding
binding of substrates [108–111]. The BIR2 domain
itself is thought to play an auxiliary role in caspase
inhibition, through contact with the small subunit
of the activated caspase, which stabilizes interaction
of the “linker” region with the catalytic site [111, 112].
As with caspase-9, Smac can relieve XIAP-inhibition
of caspase-3, but through a different mechanism.
While Smac competes with caspase-9 for the same
binding site on XIAP, i.e. the BIR3 domain, the SmacBIR3 interaction alone is insufficient to relieve inhibition
of caspase-3 by XIAP. Rather, one of the N-termini
of Smac protein (which is a homodimer) first binds
to the BIR3 domain of XIAP (sufficient to relief inhibition of caspase-9); this interaction then anchors
a subsequent interaction of the second N-terminus
of Smac with the BIR2 domain of XIAP. This latter
interaction is responsible for disrupting inhibition
of caspase-3 by the “linker” region of XIAP [113]. XIAP
also possess a RING finger domain though which it can
ubiquitinate and target caspase-3/7 for proteasomal
degradation [114]. However, the contribution of this
E3 ligase activity of XIAP to its pro-apoptotic function
remains unclear. Another member of the IAP family,
neuronal apoptosis inhibitory protein (NAIP) plays
an important regulatory role in neuronal apoptosis
by directly inhibiting caspase-3/7 activation through
its BIR2 and BIR3 domains [115–117].

Experimental Oncology 34, 185–191, 2012 (September)

CONCLUDING REMARKS
The long held view that MOMP is the final barrier
to cell death has evolved quickly over the last decade.
While, MOMP is still likely to be the point of no-return
in the majority of scenarios, it is important to realize
that this is not universally true and the exceptional
cases have significant physiological consequences.
We have discussed known details of how the mitochondrial pathway of apoptosis is regulated beyond
cytochrome c release (summarized in the Figure),
and despite the vast increase in our knowledge on this
subject, several unanswered questions remain. For
instance, experiments suggest that different nodes
of regulation are largely cell-type and stimuli specific.
How does the nature of the apoptotic insult determine
which nodes of regulation play critical roles in determining cell fate? Furthermore, how do factors like
GAPDH and possibly others stimulate recovery of mitochondrial integrity following MOMP and inhibition
of caspase activation? Can the ability to survive MOMP
be sufficient to impart oncogenic potential to a single
cell? Answering these questions and others will help
further our understanding of this critical pathway.
Furthermore, this knowledge will serve to improve
the design of small-molecule compounds that inhibit
and/or accelerate apoptosis, and such drugs could
ultimately have broad impacts across the treatment
of various pathological conditions including cancer,
infectious diseases, and autoimmune disorders.

Figure. Post-MOMP regulation of apoptosis. Following release
from the mitochondria, cytochrome c binds Apaf-1 and triggers
the formation of a heptameric wheel-like complex, the apoptosome, which recruits and activates caspase-9. Proteins like Aven,
physiological levels of nucleotides like tRNA and ATP, as well
as intracellular K+ can all inhibit this process by directly inhibiting
the interaction between Apaf-1 and cytochrome c. Formation
of the apoptosome also requires nucleotide exchange on Apaf-1,
a process stimulated by a combination of three proteins: PHAP1,
Hsp70, and CAS, and inhibited by intracellular Ca2+. Recruitment
of procaspase-9 to the apoptosome is antagonized by APIP and
TUNCAN, and stimulated by HCA66 and NAC/DEFCAP. Furthermore, downregulation of PCID1 causes concomitant decrease
in procaspase-9 levels. Direct phosphorylation at Thr125 by Akt,
CDK-cyclin B1, ERK1/2, and DYRK1A inhibits caspase-9 activity through unclear mechanisms. Conversely, phosphorylation at Tyr153 stimulates activiation. XIAP mediated inhibition
of caspase-9 and caspase-3 activity occurs through distinct
mechanisms, and in both cases, this repression is relieved
by SMAC/DIABLO and Omi/HtrA2, which are also released from
the mitochondria following MOMP. See text for more details

Experimental Oncology 34, 185–191, 2012 (September)

REFERENCES
1. Vaux DL, Korsmeyer SJ. Cell death in development.
Cell 1999; 96: 245–54.
2. Rathmell J, Thompson C. Pathways of apoptosis in lymphocyte development, homeostasis, and disease. Cell 2002;
109 (Suppl): S97–107.
3. Danial NN, Korsmeyer SJ. Cell death: critical control
points. Cell 2004; 116: 205–19.
4. Thompson C. Apoptosis in the pathogenesis and treatment of disease. Science 1995; 267: 1456–62.
5. Youle RJ, Strasser A. The BCL-2 protein family: opposing activities that mediate cell death. Nat Rev Mol Cell
Biol 2008; 9: 47–59.
6. Srinivasula SM, Ahmad M, Fernandes-Alnemri T, et al.
Autoactivation of procaspase-9 by Apaf-1-mediated oligomerization. Mol Cell 1998; 1: 949–57.
7. Li P, Nijhawan D, Budihardjo I, et al. Cytochrome c and
dATP-dependent formation of Apaf-1/caspase-9 complex
initiates an apoptotic protease cascade. Cell 1997; 91: 479–89.
8. Ashkenazi A, Dixit VM. Death receptors: signaling and
modulation. Science 1998; 281: 1305–8.
9. Li H, Zhu H, Xu CJ, et al. Cleavage of BID by caspase
8 mediates the mitochondrial damage in the Fas pathway
of apoptosis. Cell 1998; 94: 491–501.
10. Luo X, Budihardjo I, Zou H, et al. Bid, a Bcl2 interacting protein, mediates cytochrome c release from mitochondria
in response to activation of cell surface death receptors. Cell
1998; 94: 481–90.
11. Lovell JF, Billen LP, Bindner S, et al. Membrane
binding by tBid initiates an ordered series of events culminating in membrane permeabilization by Bax. Cell 2008;
135: 1074–84.
12. McCarthy N, Whyte M, Gilbert C, et al. Inhibition
of Ced-3/ICE-related proteases does not prevent cell death
induced by oncogenes, DNA damage, or the Bcl-2 homologue
Bak. J Cell Biol 1997; 136: 215–27.
13. Haraguchi M, Torii S, Matsuzawa S, et al. Apoptotic
protease activating factor 1 (Apaf-1)-independent cell death
suppression by Bcl-2. J Exp Med 2000; 191: 1709–20.
14. Ekert PG, Read SH, Silke J, et al. Apaf-1 and caspase-9 accelerate apoptosis, but do not determine whether
factor-deprived or drug-treated cells die. J Cell Biol 2004;
165: 835–42.
15. Hakem R, Hakem A, Duncan GS, et al. Differential
requirement for caspase 9 in apoptotic pathways in vivo. Cell
1998; 94: 339–52.
16. Kuida K, Haydar TF, Kuan CY, et al. Reduced apoptosis and cytochrome c-mediated caspase activation in mice
lacking caspase 9. Cell 1998; 94: 325–37.
17. Yoshida H, Kong YY, Yoshida R, et al. Apaf1 is required
for mitochondrial pathways of apoptosis and brain development. Cell 1998; 94: 739–50.
18. Cecconi F, Alvarez-Bolado G, Meyer BI, et al.
Apaf1 (CED-4 homolog) regulates programmed cell death
in mammalian development. Cell 1998; 94: 727–37.
19. Jia L, Srinivasula SM, Liu FT, et al. Apaf-1 protein
deficiency confers resistance to cytochrome c-dependent
apoptosis in human leukemic cells. Blood 2001; 98: 414–21.
20. Soengas MS, Alarcуn RM, Yoshida H, et al. Apaf-1 and
caspase-9 in p53-dependent apoptosis and tumor inhibition.
Science 1999; 284: 156–9.
21. Du C, Fang M, Li Y, et al. Smac, a mitochondrial
protein that promotes cytochrome c-dependent caspase activation by eliminating IAP inhibition. Cell 2000; 102: 33–42.
22. Verhagen AM, Ekert PG, Pakusch M, et al. Identification of DIABLO, a mammalian protein that promotes

189

apoptosis by binding to and antagonizing IAP proteins. Cell
2000; 102: 43–53.
23. Suzuki Y, Imai Y, Nakayama H, et al. A serine protease,
HtrA2, is released from the mitochondria and interacts with
XIAP, inducing cell death. Mol Cell 2001; 8: 613–21.
24. Martins LM, Iaccarino I, Tenev T, et al. The serine
protease Omi/HtrA2 regulates apoptosis by binding XIAP
through a reaper-like motif. J Biol Chem 2002; 277: 439–44.
25. Jost PJ, Grabow S, Gray D, et al. XIAP discriminates
between type I and type II FAS-induced apoptosis. Nature
2009; 460: 1035–9.
26. de Almagro MC, Vucic D. The inhibitor of apoptosis
(IAP) proteins are critical regulators of signaling pathways and
targets for anti-cancer therapy. Exp Oncol 2012; 34: 200–11.
27. Weyhenmeyer B, Murphy BC, Prehn JHM, Murphy BM. Targeting the anti-apoptotic Bcl-2 family members
for the treatment of cancer. Exp Oncol 2012; 34: 192–9.
28. Colell A, Ricci J-E, Tait S, et al. GAPDH and autophagy preserve survival after apoptotic cytochrome c release
in the absence of caspase activation. Cell 2007; 129: 983–97.
29. Tait SWG, Parsons MJ, Llambi F, et al. Resistance
to caspase-independent cell death requires persistence of intact
mitochondria. Dev Cell 2010; 18: 802–13.
30. Deshmukh M, Johnson EM. Evidence of a novel
event during neuronal death: development of competence-todie in response to cytoplasmic cytochrome c. Neuron 1998;
21: 695–705.
31. Neame SJ, Rubin LL, Philpott KL. Blocking cytochrome c activity within intact neurons inhibits apoptosis.
J Cell Biol 1998; 142: 1583–93.
32. Potts MB, Vaughn AE, McDonough H, et al. Reduced Apaf-1 levels in cardiomyocytes engage strict regulation of apoptosis by endogenous XIAP. J Cell Biol 2005;
171: 925–30.
33. Fernando P, Kelly JF, Balazsi K, et al. Caspase 3 activity is required for skeletal muscle differentiation. Proc Natl
Acad Sci USA 2002; 99: 11025–30.
34. Murray TVA, McMahon JM, Howley BA, et al. A nonapoptotic role for caspase-9 in muscle differentiation. J Cell
Sci 2008; 121: 3786–93.
35. Wride MA, Parker E, Sanders EJ. Members of the
bcl-2 and caspase families regulate nuclear degeneration during
chick lens fibre differentiation. Dev Biol 1999; 213: 142–56.
36. Weil M, Raff MC, Braga VM. Caspase activation in the
terminal differentiation of human epidermal keratinocytes.
Curr Biol 1999; 9: 361–4.
37. Fernando P, Brunette S, Megeney LA. Neural stem
cell differentiation is dependent upon endogenous caspase
3 activity. FASEB J 2005; 19: 1671–3.
38. Li Z, Jo J, Jia JM, et al. Caspase-3 activation via mitochondria is required for long-term depression and AMPA
receptor internalization. Cell 2010; 141: 859–71.
39. Weber GF, Menko AS. The canonical intrinsic mitochondrial death pathway has a non-apoptotic role in signaling
lens cell differentiation. J Biol Chem 2005; 280: 22135–45.
40. Woo M, Hakem R, Furlonger C, et al. Caspase-3 regulates cell cycle in B cells: a consequence of substrate specificity.
Nat Immunol 2003; 4: 1016–22.
41. Santambrogio L, Potolicchio I, Fessler SP, et al.
Involvement of caspase-cleaved and intact adaptor protein
1 complex in endosomal remodeling in maturing dendritic
cells. Nat Immunol 2005; 6: 1020–8.
42. Yan XX, Najbauer J, Woo CC, et al. Expression
of active caspase-3 in mitotic and postmitotic cells of the rat
forebrain. J Comp Neurol 2001; 433: 4–22.

190
43. Fong WG, Liston P, Rajcan-Separovic E, et al. Expression and genetic analysis of XIAP-associated factor 1 (XAF1)
in cancer cell lines. Genomics 2000; 70: 113–22.
44. Ambrosini G, Adida C, Altieri DC. A novel antiapoptosis gene, survivin, expressed in cancer and lymphoma.
Nat Medicine 1997; 3: 917–21.
45. Soengas MS, Capodieci P, Polsky D, et al. Inactivation of the apoptosis effector Apaf-1 in malignant melanoma.
Nature 2001; 409: 207–11.
46. Adrain C, Slee EA, Harte MT, et al. Regulation
of apoptotic protease activating factor-1 oligomerization and
apoptosis by the WD-40 repeat region. J Biol Chem 1999;
274: 20855–60.
47. Hu Y, Benedict MA, Ding L, et al. Role of cytochrome
c and dATP/ATP hydrolysis in Apaf-1-mediated caspase-9 activation and apoptosis. EMBO J 1999; 18: 3586–95.
48. Mei Y, Yong J, Liu H, et al. tRNA binds to cytochrome
c and inhibits caspase activation. Mol Cell 2010; 37: 668–78.
49. Purring-Koch C, McLendon G. Cytochrome c binding
to Apaf-1: the effects of dATP and ionic strength. Proc Natl
Acad Sci USA 2000; 97: 11928–31.
50. Cain K, Langlais C, Sun XM, et al. Physiological
concentrations of K+ inhibit cytochrome c-dependent formation of the apoptosome. J Biol Chem 2001; 276: 41985–90.
51. Chau BN, Cheng EHY, Kerr DA, et al. Aven, a novel
inhibitor of caspase activation, binds bcl-xL and apaf-1. Mol
Cell 2000; 6: 31–40.
52. Cho D-H, Hong Y-M, Lee H-J, et al. Induced inhibition of ischemic/hypoxic injury by APIP, a novel Apaf1-interacting protein. J Biol Chem 2004; 279: 39942–50.
53. Jiang X, Kim HE, Shu H, et al. Distinctive roles
of PHAP proteins and prothymosin-α in a death regulatory
pathway. Science 2003; 299: 223–6.
54. Pan Z, Voehringer DW, Meyn RE. Analysis of redox
regulation of cytochrome c-induced apoptosis in a cell-free
system. Cell Death Differ 1999; 6: 683–8.
55. Borutaite V, Brown GC. Mitochondrial regulation
of caspase activation by cytochrome oxidase and tetramethylphenylenediamine via cytosolic cytochrome c redox state.
J Biol Chem 2007; 282: 31124–30.
56. Hampton MB, Zhivotovsky B, Slater AF, et al. Importance of the redox state of cytochrome c during caspase
activation in cytosolic extracts. Biochem J 1998; 329: 95–9.
57. Acehan D, Jiang X, Morgan DG, et al. Threedimensional structure of the apoptosome: implications for
assembly, procaspase-9 binding, and activation. Mol Cell
2002; 9: 423–32.
58. Kim H-E, Du F, Fang M, et al. Formation of apoptosome is initiated by cytochrome c-induced dATP hydrolysis
and subsequent nucleotide exchange on Apaf-1. Proc Natl
Acad Sci USA 2005; 102: 17545–50.
59. Kim H-E, Jiang X, Du F, et al. PHAPI, CAS,
and Hsp70 promote apoptosome formation by preventing
Apaf-1 aggregation and enhancing nucleotide exchange
on Apaf-1. Mol Cell 2008; 30: 239–47.
60. Chen TH, Brody JR, Romantsev FE, et al. Structure
of pp32, an acidic nuclear protein which inhibits oncogeneinduced formation of transformed foci. Mol Biol Cell 1996;
7: 2045–56.
61. Bai J, Brody JR, Kadkol SS, et al. Tumor suppression
and potentiation by manipulation of pp32 expression. Oncogene 2001; 20: 2153–60.
62. Schafer ZT, Parrish AB, Wright KM, et al. Enhanced
sensitivity to cytochrome c-induced apoptosis mediated
by PHAPI in breast cancer cells. Cancer Res 2006; 66: 2210–8.

Experimental Oncology 34, 185–191, 2012 (September)
63. Hoffarth S, Zitzer A, Wiewrodt R, et al. pp32/PHAPI
determines the apoptosis response of non-small-cell lung
cancer. Cell Death Differ 2008; 15: 161–70.
64. Pan W, da Graca LS, Shao Y, et al. PHAPI/pp32 suppresses tumorigenesis by stimulating apoptosis. J Biol Chem
2009; 284: 6946–54.
65. Brinkmann U, Brinkmann E, Pastan I. Expression
cloning of cDNAs that render cancer cells resistant to Pseudomonas and diphtheria toxin and immunotoxins. Mol Med
1995; 1: 206–16.
66. Brinkmann U, Brinkmann E, Gallo M, et al. Cloning
and characterization of a cellular apoptosis susceptibility gene,
the human homologue to the yeast chromosome segregation
gene CSE1. Proc Natl Acad Sci USA 1995; 92: 10427–31.
67. Brinkmann U, Brinkmann E, Gallo M, et al. Role
of CAS, a human homologue to the yeast chromosome segregation gene CSE1, in toxin and tumor necrosis factor mediated
apoptosis. Biochemistry 1996; 35: 6891–9.
68. Tanaka T, Ohkubo S, Tatsuno I, et al. hCAS/CSE1L
associates with chromatin and regulates expression of select
p53 target genes. Cell 2007; 130: 638–50.
69. Ogryzko V, Brinkmann E, Howard B, et al. Antisense
inhibition of CAS, the human homologue of the yeast chromosome segregation gene CSE1, interferes with mitosis in HeLa
cells. Biochemistry 1997; 36: 9493–500.
70. Bera T, Bera J, Brinkmann U, et al. Cse1l is essential
for early embryonic growth and development. Mol Cell Biol
2001; 21: 7020–4.
71. Böni R, Wellmann A, Man YG, et al. Expression of the
proliferation and apoptosis-associated CAS protein in benign
and malignant cutaneous melanocytic lesions. Am J Dermatopathol 1999; 21: 125–8.
72. Tanner MM, Grenman S, Koul A, et al. Frequent
amplification of chromosomal region 20q12-q13 in ovarian
cancer. Clin Cancer Res 2000; 6: 1833–9.
73. Wellmann A, Flemming P, Behrens P, et al. High expression of the proliferation and apoptosis associated CSE1L/
CAS gene in hepatitis and liver neoplasms: correlation with
tumor progression. Int J Mol Med 2001; 7: 489–94.
74. Peirу G, Diebold J, Baretton GB, et al. Cellular
apoptosis susceptibility gene expression in endometrial carcinoma: correlation with Bcl-2, Bax, and caspase-3 expression
and outcome. Int J Gynecol Pathol 2001; 20: 359–67.
75. Hui ABY, Lo KW, Yin XL, et al. Detection of multiple
gene amplifications in glioblastoma multiforme using arraybased comparative genomic hybridization. Lab Invest 2001;
81: 717–23.
76. Bertucci F, Salas S, Eysteries S, et al. Gene expression
profiling of colon cancer by DNA microarrays and correlation
with histoclinical parameters. Oncogene 2004; 23: 1377–91.
77. Tabach Y, Kogan-Sakin I, Buganim Y, et al. Amplification of the 20q chromosomal arm occurs early in tumorigenic transformation and may initiate cancer. PloS One 2011;
6: e14632.
78. Bao Q, Lu W, Rabinowitz JD, et al. Calcium blocks
formation of apoptosome by preventing nucleotide exchange
in Apaf-1. Mol Cell 2007; 25: 181–92.
79. Zech B, Köhl R, von Knethen A, et al. Nitric oxide
donors inhibit formation of the Apaf-1/caspase-9 apoptosome
and activation of caspases. Biochem J 2003; 371: 1055–64.
80. Renatus M, Stennicke HR, Scott FL, et al. Dimer formation drives the activation of the cell death protease caspase
9. Proc Natl Acad Sci USA 2001; 98: 14250–5.
81. Boatright KM, Renatus M, Scott FL, et al. A unified
model for apical caspase activation. Mol Cell 2003; 11: 529–41.

Experimental Oncology 34, 185–191, 2012 (September)
82. Pop C, Timmer J, Sperandio S, et al. The apoptosome activates caspase-9 by dimerization. Mol Cell 2006;
22: 269–75.
83. Malladi S, Challa-Malladi M, Fearnhead HO, et al.
The Apaf-1*procaspase-9 apoptosome complex functions
as a proteolytic-based molecular timer. EMBO J 2009;
28: 1916–25.
84. Chew SK, Chen P, Link N, et al. Genome-wide silencing in Drosophila captures conserved apoptotic effectors.
Nature 2009; 460: 123–7.
85. Jones S, Zhang X, Parsons DW, et al. Core signaling
pathways in human pancreatic cancers revealed by global
genomic analyses. Science 2008; 321: 1801–6.
86. Pathan N, Marusawa H, Krajewska M, et al. TUCAN,
an antiapoptotic caspase-associated recruitment domain
family protein overexpressed in cancer. J Biol Chem 2001;
276: 32220–9.
87. Piddubnyak V, Rigou P, Michel L, et al. Positive regulation of apoptosis by HCA66, a new Apaf-1 interacting protein,
and its putative role in the physiopathology of NF1 microdeletion syndrome patients. Cell Death Differ 2007; 14: 1222–33.
88. Chu ZL, Pio F, Xie Z, et al. A novel enhancer of the
Apaf1 apoptosome involved in cytochrome c-dependent caspase activation and apoptosis. J Biol Chem 2001; 276: 9239–45.
89. Hlaing T, Guo RF, Dilley KA, et al. Molecular cloning and characterization of DEFCAP-L and -S, two isoforms
of a novel member of the mammalian Ced-4 family of apoptosis proteins. J Biol Chem 2001; 276: 9230–8.
90. Srinivasula SM, Hegde R, Saleh A, et al. A conserved
XIAP-interaction motif in caspase-9 and Smac/DIABLO regulates caspase activity and apoptosis. Nature 2001; 410: 112–6.
91. Shiozaki EN, Chai J, Rigotti DJ, et al. Mechanism
of XIAP-mediated inhibition of caspase-9. Mol Cell 2003;
11: 519–27.
92. Chai J, Du C, Wu JW, et al. Structural and biochemical basis of apoptotic activation by Smac/DIABLO. Nature
2000; 406: 855–62.
93. Hegde R, Srinivasula SM, Zhang ZJ, et al. Identification of Omi/HtrA2 as a mitochondrial apoptotic serine
protease that disrupts inhibitor of apoptosis protein-caspase
interaction. J Biol Chem 2002; 277: 432–8.
94. van Loo G, van Gurp M, Depuydt B, et al. The serine
protease Omi/HtrA2 is released from mitochondria during
apoptosis. Omi interacts with caspase-inhibitor XIAP and
induces enhanced caspase activity. Cell Death Differ 2002;
9: 20–6.
95. Verhagen AM, Silke J, Ekert PG, et al. HtrA2 promotes
cell death through its serine protease activity and its ability
to antagonize inhibitor of apoptosis proteins. J Biol Chem
2002; 277: 445–54.
96. Cardone MH, Roy N, Stennicke HR, et al. Regulation
of cell death protease caspase-9 by phosphorylation. Science
1998; 282: 1318–21.
97. Allan LA, Clarke PR. Phosphorylation of caspase-9 by CDK1/cyclin B1 protects mitotic cells against apoptosis. Mol Cell 2007; 26: 301–10.
98. Allan LA, Morrice N, Brady S, et al. Inhibition
of caspase-9 through phosphorylation at Thr 125 by ERK
MAPK. Nat Cell Biol 2003; 5: 647–54.
99. Martin MC, Allan LA, Mancini EJ, et al. The docking
interaction of caspase-9 with ERK2 provides a mechanism for

Copyright © Experimental Oncology, 2012

191

the selective inhibitory phosphorylation of caspase-9 at threonine 125. J Biol Chem 2008; 283: 3854–65.
100. Seifert A, Allan LA, Clarke PR. DYRK1A phosphorylates caspase 9 at an inhibitory site and is potently inhibited
in human cells by harmine. FEBS J 2008; 275: 6268–80.
101. Laguna A, Aranda S, Barallobre MJ, et al. The protein
kinase DYRK1A regulates caspase-9-mediated apoptosis during retina development. Dev Cell 2008; 15: 841–53.
102. Brady SC, Allan LA, Clarke PR. Regulation of caspase
9 through phosphorylation by protein kinase C zeta in response
to hyperosmotic stress. Mol Cell Biol 2005; 25: 10543–55.
103. Martin MC, Allan LA, Lickrish M, et al. Protein
kinase A regulates caspase-9 activation by Apaf-1 downstream
of cytochrome c. J Biol Chem 2005; 280: 15449–55.
104. McDonnell MA, Abedin MJ, Melendez M, et al.
Phosphorylation of murine caspase-9 by the protein kinase
casein kinase 2 regulates its cleavage by caspase-8. J Biol Chem
2008; 283: 20149–58.
105. Raina D, Pandey P, Ahmad R, et al. c-Abl tyrosine
kinase regulates caspase-9 autocleavage in the apoptotic response to DNA damage. J Biol Chem 2005; 280: 11147–51.
106. Budihardjo I, Oliver H, Lutter M, et al. Biochemical
pathways of caspase activation during apoptosis. Annu Rev
Cell Develop Biol 1999; 15: 269–90.
107. Pop C, Salvesen G. Human caspases: activation,
specificity, and regulation. J Biol Chem 2009; 284: 21777–81.
108. Huang Y, Park YC, Rich RL, et al. Structural basis
of caspase inhibition by XIAP: differential roles of the linker
versus the BIR domain. Cell 2001; 104: 781–90.
109. Chai J, Shiozaki E, Srinivasula SM, et al. Structural
basis of caspase-7 inhibition by XIAP. Cell 2001; 104: 769–80.
110. Riedl SJ, Renatus M, Schwarzenbacher R, et al.
Structural basis for the inhibition of caspase-3 by XIAP. Cell
2001; 104: 791–800.
111. Scott FL, Denault JB, Riedl SJ, et al. XIAP inhibits
caspase-3 and -7 using two binding sites: evolutionarily conserved mechanism of IAPs. EMBO J 2005; 24: 645–55.
112. Suzuki Y, Nakabayashi Y, Nakata K, et al. X-linked
inhibitor of apoptosis protein (XIAP) inhibits caspase-3 and
-7 in distinct modes. J Biol Chem 2001; 276: 27058–63.
113. Gao Z, Tian Y, Wang J, et al. A dimeric Smac/
DIABLO peptide directly relieves caspase-3 inhibition
by xIAP. J Biol Chem 2007; 282: 30718–27.
114. Suzuki Y, Nakabayashi Y, Takahashi R. Ubiquitinprotein ligase activity of X-linked inhibitor of apoptosis protein
promotes proteasomal degradation of caspase-3 and enhances
its anti-apoptotic effect in Fas-induced cell death. Proc Natl
Acad Sci USA 2001; 98: 8662–7.
115. Liston P, Roy N, Tamai K, et al. Suppression of apoptosis in mammalian cells by NAIP and a related family of IAP
genes. Nature 1996; 379: 349–53.
116. Xu DG, Crocker SJ, Doucet JP, et al. Elevation
of neuronal expression of NAIP reduces ischemic damage
in the rat hippocampus. Nat Med 1997; 3: 997–1004.
117. Maier JKX, Lahoua Z, Gendron NH, et al. The
neuronal apoptosis inhibitory protein is a direct inhibitor
of caspases 3 and 7. J Neurosci 2002; 22: 2035–43.

