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Abstract
The regulation of apoptosis (programmed cell death) has been the subject of a vast body of research
because of its implication in normal development, tissue homeostasis and a wide range of diseases.
The ubiquitin-proteasome system (UPS) plays a prominent role in the control of apoptosis by
targeting key cell death proteins, including caspases, the central executioners of apoptosis. Here we
summarize the major findings on the function of the UPS in both pro- and anti- apoptotic regulation.

Introduction
Ubiquitination, the conjugation of the protein ubiquitin to target proteins, has emerged as a
prominent means of regulating cellular processes. Discovered more than three decades ago for
its role in the degradation of unwanted proteins by the proteasome [1,2], it is now known to
have additional roles in signaling, transcription, DNA repair, endosomal trafficking and cell
viability. [3] [4] Over the past few years it has become increasingly clear that the ubiquitin-
proteasome system (UPS) plays a central and complex role in regulating apoptosis by directly
targeting key cell death proteins, including caspases, the key executioners of apoptosis.

Apoptosis is a tightly controlled form of active cell death that is necessary for development
and organismal homeostasis [5] [6]. Death is achieved by the activation of a family of highly
potent and specific proteases, termed caspases (for cysteine-aspartate protease) [7] [8] [9].
Given the potentially fatal consequence of their activity, these enzymes are tightly regulated;
the cell maintains several “checkpoints” before it enables them to act. The first level of
regulation is intrinsic to caspases themselves. Caspases are initially transcribed as weakly
active zymogens, which upon proper stimulation are cleaved to form the active enzyme. This
step is brought forth by either internal signals that initiate the formation of the apoptosome
[10], or by external cues through receptors that make up the Death Inducing Signaling Complex
(DISC) [11]. The second level of caspase regulation is achieved by inhibitors, namely by a
family of proteins called IAPs (Inhibitor of Apoptosis Protein) [12] [13].[14] [3] IAPs harbor
between one to three copies of a baculovirus IAP repeat (BIR) domain that enable interaction
with activated caspases. The BIR domains of certain IAPs, in particular XIAP, have the ability
to directly inhibit caspase activity in vitro [15] [16]. Some IAPs also contain a Really
Interesting New Gene (RING) domain, which mediates binding to E2 ubiquitin-conjugating
enzymes and enables these IAPs to act an E3 ubiquitin ligases [17]. E3 ligases serve as the
substrate-binding module and thus convey substrate specificity. Studies in both mammalian
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systems and Drosophila revealed that the RING domain catalyzes many of the ubiquitination
events associated with regulating apoptosis.

Role and Regulation of IAPs in apoptosis
In cells that are destined to die, IAPs are inactivated by pro-apoptotic IAP-antagonists which
bind to BIR-domains with higher affinity than caspases [18] [14]. IAP-antagonists, such as
Reaper, Hid and Grim, were initially identified in Drosophila based on their essential role for
the initiation of apoptosis ([19] and reviewed in [14]). Reaper-family proteins contain a short
N-terminal motif, termed IBM (IAP-Binding-Motif), which is required for IAP-binding and
cell killing [14]. In mammals, IBM-domain proteins like Smac/DIABLO and Omi/HtrA2 have
been identified as well (reviewed in [20]; [21]). Like in Drosophila, these proteins use their
N-terminal IBM for IAP-binding and inhibition. However, targeted gene disruption of either
Smac/DIABLO, Omi/HtrA2, or both together in double-mutant mice did not cause increased
resistance towards apoptosis [22–24]. Therefore, a physiological role of these proteins for
regulating IAPs remains to be established, and it is likely that additional IAP-regulators remain
to be discovered in mammals. One example is ARTS, which binds to mammalian IAPs, such
as XIAP, and inhibits their anti-apoptotic activity [25]. However, ARTS contains no detectable
IBM motif and appears to use a distinct mechanism for IAP-binding and inhibition. Finally,
cleaved caspases also contain an IBM, although it has been shown that the monomeric
caspase-9 and its Drosophila homologue Dronc are also able to bind IAPs [26] [27,28] [3].

The E3 ubiquitin ligase activity of IAPs has been implicated in both promoting and inhibiting
apoptosis. Reaper, Hid and Grim (RHG) can induce IAP auto-ubiquitination and degradation,
thus removing caspase inhibition [29] [30]. Furthermore, this degradation is mediated by other
ubiquitination machinery proteins, such as the E1 UB-activating enzyme UBA1, [31] and the
E2 UB-conjugase Effete (UBCD1) [29], which are needed for the efficient removal of DIAP1.
Apoptosis has also been shown to be stimulated by the de-ubiquitinases (DUBs) fat-facet,
which enhances RHG-induced cell death phenotypes [29] [32], and emperor’s thumb [33],
which causes cell-death when over-expressed. In mammals, the IAP antagonist ARTS has also
been shown to bind and stimulate XIAP ubiquitination [25], and the SMAC/DIABLO peptide
can induce cIAP1/2 ubiquitination and degradation [34] [35]. Furthermore, caspase-8 can be
directly activated by cullin3-mediated ubiquitination, which enables the binding of proteins
that facilitate caspase oligomerization and auto-activation [36]. In all these contexts,
ubiquitination promotes caspase activation and apoptosis. However, ubiquitination can also
play an anti-apoptotic role, and this appears to be the dominant function in most cases studied.
The physical interaction between IAPs and caspases is insufficient to block apoptosis, and
mutations in DIAP1 that eliminate or disrupt the RING motif behave as loss-of-function alleles
and die as embryos due to massive cell death [37], [30]. Furthermore, loss of DIAP1 RING
function in mutant clones leads to rapid caspase activation and apoptosis, but mutant cells can
be permanently rescued by expressing the caspase inhibitor protein p35 [38]. Significantly,
these “undead cells” survive for extended periods of time and differentiate into adult structures.
This indicates that the primary function of the DIAP1 RING is to inhibit caspases, and that
DIAP1 RING function is not essential for many basic cellular functions as long as caspases
are kept inactive. Furthermore, it was shown that IAPs can directly ubiquitinate and inactivate
caspases. For instance, the Drosophila caspase-9 homologue DRONC is inactivated by DIAP1
ubiquitination, and caspase-3 has been reported to be both poly- and mono-ubiquitinated by
both XIAP1 and cIAP1 respectively [3]. However, much remains to be learned about the precise
mechanism by which caspase inactivation occurs. In particular, in many cases it is not clear to
what extent the ubiquitination of caspases leads to their degradation, or their inhibition by other
mechanisms.
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A recent study aimed at elucidating the effect of caspase ubiquitination showed that the
Drosophila caspase DRICE is ubiquitinated, and that this event is important for its inhibition
by DIAP1 [39]. In this case ubiquitination does not target DRICE for degradation, because the
addition of a proteasome inhibitor did not change its steady-state levels. In addition, over-
expressing DIAP1 in tissue clones did not alter DRICE stability.

Another indicator that caspases are controlled by IAP-mediated ubiquitination came from
targeted disruption of the XIAP gene in the mouse [40]. Targeted deletion of the XIAP RING
(“ΔRING”) mutant mice led, as expected, to increases stability of the truncated XIAP protein.
However, contrary to expectations based on biochemical studies suggesting that caspase
inhibition is only mediated by the BIR domains, RING MEFs display elevated caspase-3
activity in response to different apoptotic stimuli. This elevated activity was associated with
less caspase-3 ubiquitination, but like in the case of DRICE, this ubiquitination did not
influence steady-state protein levels. ΔRING mice also displayed more apoptosis and
suppressed E -myc-induced lymphomas. Taken together, these results reveal a physiological
requirement of XIAP ubiquitin-ligase activity for the inhibition of mammalian caspases and
for tumor suppression in vivo. The general picture that emerges is that while IAP-RING
function serves to opposing roles in cell death, the net effect of eliminating RING function for
most cases studied so far appears to favor caspase activation and apoptosis. Based on
biochemical and structural studies it was suggested that XIAP is the only bona fide mammalian
caspase inhibitor [41]. However, these conclusions were based on based on simplified in
vitro assays with individual domains of IAPs that ignore their E3-ligase activity. Furthermore,
because different IAPs can form heteromeric complexes, it is possible that IAPs that do not
have the ability to inhibit caspases in vitro may regulate caspases in vivo.

Protein stability controlled by ubiquitination can also be used to regulate pre-activated
caspases, as a way of maintaining continuous low levels of the apoptotic machinery and
creating a negative feedback loop for preventing unwanted death. A study by Shapiro et. al
[42] showed that Drosophila apoptosome components Apaf-1 and DRONC reciprocally
control each other’s protein level. Inactive full-length DRONC levels are reduced by over-
expressing Apaf-1, and are elevated in mutant Apaf-1 tissue-clones. Similarly, Apaf-1 levels
were increased in DRONC mutant clones. This interaction is mediated by active DRONC,
since Apaf-1 cleavage-resistant constructs were no longer able to change full-length DRONC
levels. The DIAP1 RING domain also plays a role in this system, by possibly mediating the
ubiquitin-dependant degradation of both DRONC and Apaf-1. These findings support the idea
that low levels of caspase activation can induce the ubiquitination and degradation of pro-
apoptotic factors, so as to create a barrier against a “run-away” proteolytic cascade.

IAP antagonists are also subject to ubiquitination, presumably as another means of preventing
unwanted death. Drosophila reaper is ubiquitinated by DIAP1, which promotes its degradation,
while constructs of reaper that cannot be ubiquitinated are more potent killers [43]. Likewise,
the mammalian IAP-antagonist ARTS is kept in check by ubiquitin-dependent degradation,
which is overcome when apoptosis is induced [44]. Taken together, these examples of the anti-
apoptotic role of IAP-induced ubiquitination demonstrate ways for a cell to maintain viability
while keeping a “finger on the trigger” to enable apoptosis when appropriate. Further work in
this area is likely to advance our understanding of both the regulation of normal cell death, and
also provide insight into the mechanisms of de-regulated cell death in human diseases. In
particular, IAPs are commonly over-expressed in human tumors and have become prominent
targets for the development of novel anti-cancer drugs [13]. Initially, small IBM-motif peptides
and small molecule derivatives that mimic the physical interaction between IAPs and their
antagonist were designed to compete with IAP-caspase binding, thus removing their inhibition
and allowing death to occur. However, it turns out that these molecules can also target certain
IAPs for ubiquitination and degradation [35] [34]. Therefore, the ability to modulate IAP-
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mediated ubiqutination is expected to have profound implications for the development of novel
anti-cancer therapies.

A large body of work in the last several years has focused on the role of IAPs in signaling,
most prominently the Nf-kappa-B pathway, as is discussed in recent reviews [13] [3]. It is
worth noting that this regulation affects apoptosis somewhat indirectly, and usually involves
non-degradative ubiquitination. Nonetheless, the discoveries that the RING domain of several
IAPs can mediate K-63 linked ubiquitination [45] [46] [47], which promotes protein-protein
interactions, and contain ubiquitin-binding domains [48], are another indicator that IAPs
control cell viability in many ways through complex interactions.

Ubiquitination in non-apoptotic caspase activation
An added level of complexity to caspase regulation is their non-apoptotic role in certain
contexts. Caspases are involved in diverse pathways, including processing of pro-inflammatory
cytokines, cellular signaling, differentiation and remodeling [49] [50]. At this point, very little
is known about how the potentially lethal activity of caspases is restricted in time and space to
specific cellular compartments. However, several studies indicate that the ubiquitination
machinery is used also in these cases to permit spatially limited proteolysis.

During differentiation and development, certain cells undergo major re-structuring and
remodeling. This often involves compartmentalized degradation of portions of a cell, such as
branched regions and/or elimination organelles. In some cases, this degradation event involves
both non-apoptotic local caspase activation and the Ubiquitin-Proteasome system (UPS), as is
in the most recently explored Drosophila sperm differentiation and neuronal pruning during
metamorphosis. In the former case, almost all the cytoplasm and excess organelles are removed
from the elongated spermatids to create highly motile sperm [51,52]. This process was shown
to require caspase activation and known apoptosis regulators, including cytochrome- c, Apaf-1,
DRONC, DRICE [53] [54] [55] [56]. Interestingly, DIAP1, which is required to prevent
unwanted caspase activation and death in most somatic cells, does not appear to play a dominant
role for caspase regulation in this system. From a genetic screen, Arama and colleagues
discovered that components of a cullin-3 based E3 ubiquitin-ligase are required for caspase
activation and sperm differentiation [57]. Mutations in all three components of the complex,
a testis specific cullin-3 isoform, the RING protein Roc1B and the substrate binding BTB
protein KLHL10 cause male sterility and abolish active-caspase-3 staining from differentiating
spermatids. Furthermore, these proteins affect global ubiquitination, as conjugated poly-
ubiquitin staining is greatly reduced in these mutants. In this regard, mammalian
spermatogenesis displays similarities to Drosophila spermatogenesis, in that the removal of
organelles and cytoplasm involves apoptotic proteins and the cells display caspase-3 staining
[50] [58]. Interestingly, it was recently reported that mutations in the human form of KLHL10
are associated with male infertility and low sperm count [59], indicating that ubiquitination
may be used in a similar fashion for cell sculpting in mammals.

Neuronal pruning is the process by which excess or inaccurate projections are eliminated
[60]. It is believed that this is achieved by local degeneration, characterized by cytoskeleton
destabilization, fragmentation and clearance. Although an array of proteases have been
implicated in different pruning systems, pruning of class IV dendritic arborization sensory
neurons (C4da) in Drosophila requires local caspase activity [61]. This activity can be detected
by restricted caspase-3-like staining in degenerating dendrites, and verified by the fact that
mutations in DRONC and APAF-1 or DIAP1 over-expression all suppress branch removal.
As in sperm maturation, the UPS is also involved in this process. Proteasome subunits, Uba1
and UBCD1 are necessary for proper dendrite severing, as well as DIAP1 ubiquitination. Since
caspase-6 activity has been recently implicated in mammalian axonal-pruning [62], it will be
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interesting to see whether the UPS also plays a part in regulating localized degeneration in
mammals as well, especially as there has been evidence of proteasome sequestration and
movement along dendritic spines during excitation [63].

Localized degeneration in these systems can be viewed as “controlled atrophy”, which requires
coupling of both caspases and the proteasome protease activity. The emerging duel role of
these regulation pathways could represent a way of controlling “macro-proteolysis” of
organelles and massive protein turnover and destruction. Caspase activation in the testis, for
instance, occurs in parallel to the re-organization of the proteasome with specialized catalytic
subunits, which, when mutated, affect caspase activity [64]. Changing the proteolytic profile
of the cell (or sub-compartment) may be a way of controlling large-scale morphological
changes. Therefore, it would be interesting to investigate whether the activity of proteasomes
themselves can be regulated at the sub-cellular level to control these changes.

Conclusion
Virtually all our cells constitutively express all the components necessary to carry out apoptosis
and can rapidly self-destruct in response to a wide range of cell death stimuli. At the same time,
healthy cells can avoid the activation of a caspase cascade and live for many years, or even the
lifetime of an organism. Therefore, very stringent yet responsive mechanisms must govern
caspase activation and cell death. The UPS, with its ability to rapidly eliminate and modify
regulatory proteins in a very precise manner well-suited for this purpose. A growing number
of observations support a major role of ubiquitnation in the regulation of key cell death proteins,
including caspases. At this point, the major family of relevant E3-ligases are members of the
IAP family, which can inhibit caspases by direct binding and ubiquitination. In cells that are
doomed to die, IAP-antagonists, such as Reaper, are activated and promote the self-conjugation
and degradation of IAPs. In this way, the E3-ligase activity of IAPs is switched from an anti-
apoptotic to a pro-apototic function upon the induction of apoptosis. These activities can be,
at least partially, mimicked by small molecules that provide leads for the development of novel
anti-cancer drugs that target elevated levels of IAPs that found in many human tumors. On the
other hand, IAP-mediated ubiquitination does not always lead to protein degradation, but can
also alter enzymatic activity, protein-protein interaction and sub-cellular targeting. Besides
IAPs, other E3-ligases have also been implicated in the regulation of caspases, including cullin-
based multi-subunit proteins, and it is likely that additional players will emerge. Another open
question is whether proteasomes are also directly regulated during apoptosis, and how the UPS
is used in coordination with non-lethal caspase activity for the targeted degradation of specific
cellular structures during cellular remodeling. Further advances in this area are likely to not
only provide major new insights into basic biological mechanisms, but also drive the
development of novel therapeutics to treat a range of human diseases.
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Fig. 1. Role of Ubiquitin in the regulation of apoptosis
Ubiquitination plays opposing roles at different stages during the life-death decision in a cell.
In cells that live, IAP-mediarted ubiquitination serves to inhibit unwanted caspase activity.
IAP-dependant ubiquitination of caspases leads to inhibition of apoptosis through both
proteasomal degradation and a non-degradative pathway. In addition, it can also be used to
eliminate caspase activators, like apoptosome subunits [42]. Upon induction of apoptosis, IAP-
RING function promotes self-conjugation and UPS-mediated degradation of IAP-proteins,
thereby removing the “brakes on death” and facilitating the execution of apoptosis [29] [17]
[25] [30]. Additionally, non-degradative ubiquitination can also directly activate caspases, by
mediating self-cleavage through the induction of specific protein-protein interactions [36].
Besides IAPS, other E3’s, such as cullin-based E3 ligases, have also been shown to regulate
caspase activation, as in sperm differentiation [57].
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Fig. 2.
(A)Domain structure of RING-containing IAPs
IAP family members are defined by containing at least one BIR domain, which mediates their
interaction with caspases. In addition, the IAPs listed here also harbor a RING domain, enabling
them to direct ubiquitination of substrate proteins. The three best studied mammalian IAPs
(cIAP1, cIAP2, and XIAP) are shown here. cIAP1 and cIAP2 contain a Casapse Recruitment
Domain (CARD). In Drosophila, DIAP1 is strictly required to prevent unwanted caspase
activation and apoptosis in somatic cells. DIAP2 has a domain arrangement very similar to
mammalian IAPs; it is important for regulating the innate immune response [65,66] and also
inhibits the effector caspase Drice [67]. Bruce/Apollon is a giant BIR protein that also contains
a Ubiquitin Conjugating (UBC) domain [68]. In mammals, Bruce was shown to inhibit
apoptosis by binding and mediating the ubiquitination of Smac and caspase-9 [69,70], while
in Drosophila it suppress death induced by RHG proteins [71], and might have a role in caspase
activation during sperm differentiation [57].
(B) Cullin-based E3 ligases
Cullins are scaffolding proteins that mediate the physical interaction between different
subunits, like BTB and Fbox proteins, which are responsible for substrate recognition and
RING domain containing proteins, necessary for E2 ligase recruitment. Cullins are known to
interact with several distinct E2 ligase and numerous substrate recognition proteins, and this
combinatorial arragement of proteins allows cullins to mediate both general and specific
biological events (reviewed in [72]).
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