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ABSTRACT

Virtually every cell, if not all, are ready to die under stressful conditions or by
necessity during animal development. In Drosophila, three pro-apoptotic proteins,
Rpr/Hid/Grim, had been found to induce cell death by preventing the function of the cell
death inhibitor, DIAP1. However, the mechanistic details of this process were largely
unknown. We have found that Rpr/Hid/Grim induce DIAP1 destabilization through
ubiquitination and general translational inhibition. Moreover, from the in-vitro and in-
vivo studies, we also found that ubiquitination of DIAP1 by Hid is dependant on DIAP1’s
own ability to ubiquitinate itself. Once the life-or-death decision is made, cells can
efficiently start apoptosis by quickly removing pre-existing death inhibitors using these
mechanisms.

In addition to the canonical roles of death machinery, we have also studied their
roles in non-apoptotic developmental processes. In the testis, germline stem cells
ultimately give rise to 64 individual sperms. Spermatocytes, and later, spermatids,
develop within a single membranous structure, or syncytium. Formation of free-
swimming sperms requires the encapsulation of each spermatid by an independent
plasma membrane and the elimination of most of the sperm cytoplasm. We demonstrated
that at least three independent caspase activation pathways are likely to be involved in
these processes with different spatial and temporal activation patterns, and that a global
inhibition of caspase activity results in male sterility.

External stresses such as radiation and heat shock were known to induce large
amounts of cell death (up to 60% of the total cell population) in proliferative tissues like

Drosophila larval imaginal discs. Interestingly, larvae exposed to such stress ultimately



develop into normal adult flies. This is facilitated by the compensatory proliferation of
cells that neighbor the dying cells. In order to study the mechanistic basis for this process,
we uncoupled cell death from death activation by expressing Hid in the presence of P35,

a viral inhibitor of effecter caspases. Interestingly, neighboring cells of clones expressing
Hid underwent compensatory proliferation, which was no longer observed when we
blocked the activation of initiator caspase, Dronc. Our observations indicate that non-
apoptotic Dronc activity is required for the generation of a non-autonomous proliferation

signal.
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CHAPTER 1

Introduction: A fly’s-eye view of death; an insight from Drosophila apoptosis

Jun R. Huh and Bruce A. Hay

(In preparation)



Programmed cell death is essential during animal development. It regulates tissue
homeostasis by removing superfluous or damaged cells. For past 15 years, studies from
worms, fruit flies, and mice have provided us with lots of information about how a
myriad of cell death players are regulated, interact with each other, and respond to
external stimuli in order to achieve "death" in controlled a way. The importance of this
mechanism can be inferred from the fact that many pathological conditions, including
cancers, are usually found to have uncontrolled components in the apoptotic pathway.
Many apoptotic players have non-apoptotic roles during animal development making the

apoptosis world much more complicated than previously envisioned.

Introduction

Programmed cell death (PCD) or apoptosis is required for sculpting structures, deleting
unneeded structures, controlling cell numbers by eliminating superfluous or harmful cells,
and producing differentiated cells during animal development [1]. Many external and
internal stimuli can lead to PCD including DNA damage, binding of death ligands to
death receptors, withdrawal of growth factors, and transcriptional up-regulation of death
activators. Caspases, a family of cysteine proteases, become a converging point for the
various upstream events of PCD. If a cell decides to kill itself either by triggering the
internal death program or by responding to external stimuli, a set of proteases called
upstream caspases are activated. These caspases have a long polypeptide stretch in the N
terminus that the other caspases lack. Upstream caspases can be activated as long as they

are brought into close proximity to each other via adaptor molecules. The proximity



sometimes leads to their cross-cleavages [2, 3]. The active versions of upstream caspases,
which usually exist as dimmers, cause cleavage of downstream caspases with shorter or
no N terminal polypeptide stretch. Since the activity of downstream caspases is believed
to be responsible for most morphological features of PCD, these caspases are thought to
be as executioner caspases. In accordance with this idea, downstream caspases are able

to cleave many substrates including nuclear lamins and inhibitors of DNA nucleases,

which leads to DNA laddering [4], one of the well-known apoptotic hallmarks.

Because PCD results in devastating effects on cells and it cannot be easily undone, a fine
orchestration of various players, both positive and negative regulators of apoptosis, is
absolutely essential. If some part of this regulation becomes out of control, too much or
too little cell death tends to occur, most of which ultimately lead to detrimental outcomes
like neurodegenerative diseases or cancer in animals. Understanding how PCD occurs
and is regulated, therefore, is of utmost importance not only to the basic scientists
studying animal development, but also to the medical personnel fighting against such
diseases. Most information about PCD, if not all, has been acquired by studying animal
model organisms such as worms, fruit flies, and mice (Figure 1). In this review, we first
start by explaining the similarities and the differences of PCD among these three different
model organisms. We then turn to Drosophila melanogaster, the fruit fly system, to
highlight dynamic interactions among a myriad of cell death regulators and explain how

they fit into the complicated, but elaborate, regulatory network of PCD.
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Figure 1. The core apoptosis machine compared in Caenorhabditis elegans,

Drosophila melanogaster, and mammals.

(a) In C. elegans the adaptor protein CED-4 promotes the activation of the caspase CED-3. CED-4 activity
is inhibited by the Bcl-2 family member, CED-9. Various stimuli promote death by inducing tissue-specific
expression of EGL-1, which disrupts CED-9 function. (b) In D. melanogaster the adaptor protein Ark
(homologous to CED-4 in worms and Apaf-1 in mammals) promotes activation of the apical caspase Dronc
in many cells that should normally live. This activation might be regulated by the pro-and anti-apoptotic
multidomain Bcl-2 family members Debcl and Buffy, but this is largely speculative (indicated by the

question mark associated with the arrow). DIAP1, an inhibitor of apoptosis protein (IAP), inhibits Dronc



and the effector caspases activated by Dronc, such as Drice. DIAP1-binding proteins such as Rpr, Hid,
Grim, Sickle, and Jafrac-2 (indicated by ‘RHG’) promote death in part by disrupting the anti-caspase
function of DIAPL. (C) In mammals, Apaf-1-dependent activation of caspase-9 (functionally homologous
to Dronc in flies), is highly regulated by Bcl-2 family proteins. Anti-apoptotic multidomain proteins are
represented by Bcl-2, and pro-apoptotic multidomain proteins by Bax and Bak. Many different death
stimuli promote the expression or activation of BH3-only family members, which facilitates Bax- and Bak-
dependent release of pro-apoptotic, mitochondrially localized proteins; among these proteins are
cytochrome c, which promotes Apaf-1 activity, and the IAP-binding protein Smac/Diablo, which disrupts
the anti-caspase activity of IAPs. In a separate pathway, ligand-bound death receptors recruit adaptors such
as Fadd, which then recruits and activates apical caspases such as Caspase-8. In both pathways, apical
caspase activation leads to cleavage and activation of downstream caspases such as Caspase-3 and

Caspase-7. In both pathways IAPs inhibit active caspases.

Comparison of PCD among worm, fly, and mouse; their similarities and differences

It was the tiny little worm, Caenorhabditis elegans, which first shed light on how PCD
occurs at the molecular level. During the nematode's development 131 cells out of 1090
total cells undergo PCD. The Laboratory of H. Robert Horvitz, one of the three 2002
Nobel laureates in physiology or medicine, performed a series of elegant genetic screens
in order to identify genes responsible for this process. He found that mutations in ced-3
and ced-4 abolish the majority of PCD in those 131 cells, whereas mutations in ced-9
provoke excessive cell death. Ced-3 was later shown to encode a functional homologue

of mammalian caspase-3, one of major downstream caspases involved in apoptosis. Ced-



4 was found to be an adaptor molecule whose function is required for Ced-3 activation
[5]. Likewise, Apaf-1, the mammalian homologue of ced-4, activates caspase-9, which
ultimately activates caspase-3. In summary, ced-3 and ced-4 work as positive regulators
for PCD. However, cell death cannot be regulated if the animal only possesses an
activation mechanism. Thus, negative regulators of PCD are also needed for controlling
cell death. Ced-9, a mammalian anti-apoptotic bcl-2 protein homologue, inhibits the
function of Ced-4 by directly binding to it [6]. When cells decide to die the upstream
regulator Egl-1 becomes transcriptionally up-regulated and negatively regulates Ced-9,
ultimately leading to the activation of ced-3 with the help of ced-4 [5]. In worms,
however, endogenous caspase inhibitors, which are able to directly block the function of
ced-3, have not been identified. This observation suggests that most important decision
for PCD in C. Elegans seems to be made at the upstream level by regulating induction of

the pro-apoptotic gene egl-1.

In contrast to the strategy utilized in worms, “to die or not to die” decisions in flies are
made at the level of downstream players, caspases. Several studies from fruit fly cell
lines clearly show that the caspase Dronc is in a continuously activated mode even
without any upstream input. In other words, unlike the worm's ced-4, where it is under a
continuous inhibition by Ced-9, the function of the fly Apaf-1 homologue, dArk does not
seem to be inhibited in a normal situation. Instead, inhibition of caspase activity in non-
dying cells is achieved through the function of DIAP1, a Drosophila inhibitor of
apoptosis (IAP) protein. 1APs were originally identified as cell death inhibitors from

several insect viruses [7]. The importance of the physiological role of DIAP1 is most well



exemplified by the observation that virtually every single cell in homozygous DIAP1
mutant embryos or larval tissues lacking DIAP1 undergoes PCD due to the excessive
caspase activation [8, 9]. Obviously it seems like there is continuous caspase activation
and concomitant inhibition by DIAP1 in Drosophila. When this delicate balance is
disrupted, likely due to the increased activation of caspases or less inhibition by DIAP1,
the daunting outcome of PCD can be easily envisioned. For the fruit fly system, the latter
seems to be a major trigger for PCD. When cells are destined to die, transcriptional or
post-transcriptional up-regulation of cell death activators like Rpr/Hid/Grim, and possibly
Sickle and Jafrac-2, easily tip the balance toward less caspase inhibition by preventing
DIAP1’s ability as a caspase inhibitor. Thus cells in a sense, at least for Drosophila, are
likely to die not because they choose to die, but because they choose not to live. In other
words, the default pathway for the fruit fly cells is to kill themselves, but they simply
survive as long as DIAP1-mediated inhibition prevails.

Like many other biological pathways, the mammalian pathway for PCD is more complex
and can regulate and execute PCD in a multitude of different ways. However, the core
features of PCD are well preserved. Mammalian cells harbor upstream cell death
activators such as BH3-only or bcl2 proteins, adaptor molecules like Apaf-1 or FADD,
and upstream and downstream caspases. They appear to use variants of both strategies
found in worms and fruit fly PCD. Firstly, like in worms, BH3-only molecules,
mammalian counterparts of Egl-1, can induce cell death by disrupting the function of
anti-apoptotic Bcl-2 family proteins, which prevent the activity of pro-apoptotic Bcl-2
family proteins. Once activated, pro-apoptotic Bcl-2 proteins result in the release of

Cytochrome-c from the mitochondria, which binds to Apaf-1 and ultimately leads to the



activation of caspase-9. Secondly, like in flies, caspase inhibition by the mammalian 1AP
family can be relieved by cytoplasmic Smac/Diablo, a mammalian counterpart of fly
Rpr/Hid/Grim, which is localized in the mitochondria of non-dying cells. Thus, it
appears that both the activation by pro-apoptotic players through mitochondria and the
inhibition of an 1AP-dependent-caspase-inhibition are utilized in mammalian PCD.
Contrary to this approach, worms and flies seem to mainly utilize only one of these
mechanisms. Besides these two strategies mammals are also equipped with a third
method to cause PCD, the receptor mediated death pathway that allows the animal to
quickly respond to rapid environmental changes more efficiently. The best example of
this can be taken from the mammalian immune system. When Fas ligands in immune
cells impinge onto the infected cells by interacting with Fas receptors on their membranes,
Caspase-8 is recruited and activated via the adaptor molecule Fadd, resulting in PCD.
Curiously, in a fruit fly system, structural homologues of these players seem to be used in
a functionally distinct pathway, i.e., innate immune response pathway, which will be

described in the later part of this review.

Now we will change gears and turn to Drosophila system in order to outline various
players in PCD, summarize what we know and what we don’t know at this point, and
provide some insights on how we can tackle some of the unanswered, but fundamental,

questions.

Various players in Drosophila PCD



Diapl as a peace keeper

The most eminent player in a world of Drosophila PCD is DIAP1 (Figure 2). DIAPL is
responsible for the survival of most, if not all, fly cells. DIAP1 was firstly isolated
among the cellular 1APs by a genetic screen for cell death suppressors [10]. When over-
expressed, DIAP1 is sufficient to inhibit Rpr/Hid/Grim/Caspase mediated cell death.
DIAP1’s physiological significance can be validated from several lines of evidence,
mainly performed by us and several other groups [8, 11, 12]. The first line of evidence is
that mutant DIAP1 cells undergo apoptosis. Secondly, major cell death activators like
Rpr/Hid/Grim in Drosophila seem to exercise their function specifically by blocking
DIAPL’s role as a cell death inhibitor. Lastly DIAP1 can directly bind and inhibit
caspases. In the absence of DIAPL, cells die due to the excessive activation of
downstream caspase Drice [13]. In accordance with this, over-expression of P35 (a
suicide inhibitor for caspases derived from the Autographa californica

nucleopolyhedrovirus [14]) can rescue cell death caused by loss of DIAP1 in fly eyes.

The role of another 1AP protein, DIAP2, is less clear. Ectopic expression of DIAP2 in fly
eyes block Rpr and Grim induced cell death [10], and inhibition of its expression in the
S2 cell manifests increased sensitivity to certain types of apoptosis [15]. The insect
hormone Ecdysone was reported to induce transcriptional up-regulation of DIAP2,
suggesting its role during salivary glands apoptosis [16]. However, as the DIAP2 mutant

is not available its physiological function remains a mystery.
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Figure 2. Regulation of cell death in Drosophila melanogaster.

A more detailed illustration of several cell death pathways. The TNF-family ligand Eiger binds the
receptor Wengen in physiological contexts that remain to be identified. This leads through ill-defined
steps (the two arrows) to activation of Misshapen (Msn), the c-Jun N-terminal kinase (JNK) kinase
kinase kinase (JNKKKK). Msn phosphorylates and activates dTAK1 (the INKKK), which promotes
activation of Hemipterous (Hep; the INKK). Hep phosphorylates and activates JNK. In a second
pathway leading to JNK activation, binding of Reaper (Rpr) to DIAP1 results in stabilization of the
tumor-necrosis factor-associated factor 1 (Trafl); this leads to the activation of the apoptosis signal-
regulating kinase 1 (Askl) and to JNK activation. JNK activation promotes cell death in some, but by
no means all, contexts. Members of the RHG family of DIAP1-binding proteins (pink cloud) are

regulated through multiple pathways. Rpr expression is activated in most, if not all, dying cells in the
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embryo and is also induced by various stimuli. Jafrac2 is released from the endoplasmic reticulum in
response to UV irradiation (ER stress). Hid is negatively regulated by the EGF
receptor/Ras/MAPKinase pathway through phosphorylation (EGF signaling). The bantam miRNA
negatively regulates Hid translation, whereas Hippo/Salvador/Warts stimulate Hid expression. All
RHG family members bind to DIAP1 and inhibit its anti-apoptotic activities. In addition, at least Rpr
and Grim also have DIAP1-independent pro-apoptotic activities, one of which is the general inhibition

of translation. The mir-14 micro RNA inhibits cell death and fat storage through unknown mechanisms.

There is one major question that still need to be answered; what makes Dronc, an
upstream caspase, continuously processed (or activated) in S2 cells, and why is the
removal of DIAP1 sufficient to cause PCD in flies? Unlike mammalian Apaf-1, dArk
does not require Cyt-c to induce caspase activation [15, 17]. It has been suggested that
either the dArk-Dronc complex is self-sufficient for its activation or some other unknown
activation mechanism exists. In any rate, a genetic screen to find potential suppressors of
small eye phenotype, caused by expression of Diapl double strand RNA (dsRNA), would
provide some clue for this question. Alternatively, performing mass spectrometry
analysis using dArk as tagged baits would be useful to identify dArk interacting proteins,

some of which might lead us to better understanding about how dArk-Dronc is activated.

Rpr/Hid/Grim as an axis of evil

A glimpse of molecular mechanism of PCD in Drosophila came from the discovery that a

small genomic deletion region (H99) covering the Rpr/Hid/Grim genes removes the



12

majority of cell death during embryogenesis [18]. This was striking, as it clearly
suggested that cell death itself is regulated by genes. Over-expression of any of these
genes also caused PCD in many tissues, including fly eyes. In dying cells Rpr and Grim
are up-regulated, whereas Hid was shown to exist in both dying and non-dying cells. Rpr
is induced by hormone Ecdysone, P53/DNA damage, or Hox proteins following cell
death signals [19]. The Rpr mutant has an enlarged central nerve system without affecting
most developmental cell death [20]. Unfortunately little is known about Grim. Hid,
however, is negatively regulated at the transcriptional or the post-transcriptional level by
the Erk pathway, which functions not only for cell death, but for cell survival pathway
[21, 22]. The Hid mutant has defects in normally occurring cell death during pupal eye
development [23] and manifests a semi-lethal phenotype. Even though H99 abrogates
most PCD and makes the embryo lethal, no single gene seems to be absolutely essential
for normally occurring PCD. Thus, Rpr/Hid/Grim might either work together to mediate
cell death or have some redundant function. Curiously Rpr/Hid/Grim do not have high
structural homology with each other. They do however have limited homology at the
short N-terminal region. It was this region that was shown to bind and inhibit Diap1 (but
other regions also have a binding capability). Interestingly, a mammalian counterpart of
Rpr/Hid/Grim, named Smac/Diablo, also has limited homology in this N-terminal region.
Based on this structural information, two more death players, Sickle and Jafrac2, have
been found [24-27]. Sickle shows a very similar transcription pattern to that of Rpr.
Jafrac2 is released into cytosol from the endoplsmic reticulum following an induction of
apoptosis. Both genes can induce PCD in over-expression contexts, but verifying their

physiological roles has yet to be accomplished because of the lack of mutants.
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Drosophila also seems to have an extrinsic cell death pathway involving the tumor
necrosis factor (TNF) ligands, Eiger [28, 29], and its receptor Wengen [30]. Eiger is able
to induce PCD in a JNK (Jun amino terminal kinase) pathway dependent manner. Since
Eiger mutants, however, have no obvious defects either for PCD or for immune response,
its physiological role is still a mystery. One hypothesis to explain this is that Eiger might
be required only for cell death under certain stressful conditions. A recent observation
lends credence to this idea since eiger mutants live longer after bacterial infections
without affecting bacterial proliferation, suggesting its role in pathogen induced animal

death [31].

Caspases as rogue executioners

In Drosophila, seven caspases exist [3]. Dredd, Dronc, and Dream/Strica are thought to
act as upstream caspases because they have long pro-domains, whereas Drice, Dcp-1,
Decay, and Daydream/Damm, which lack a pro domain or have a relatively short one, act
as downstream caspases. Regardless of the size of the pro-domain the majority of them
can Kill cells when they are over-expressed in fly tissues or cell lines. Their endogenous
roles, however, are mostly unknown due mainly to the lack of corresponding mutants.
Dredd originally was assumed to play a role in PCD [32], but identification of dredd
mutant assigned its role as a signal transducer in an innate immune pathway [33], which
will be discussed more in the later part of this review. Studies from a Dcp-1 mutant by

Herman Stellar lab, initially suggested its role in tracheal development and in
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developmental PCD because the mutants had larval lethality and melanoma formation
due to the lack of PCD [34]. Another suggested function was the dumping of nurse cell
contents into maturing oocytes during oogenesis [35]. These phenotypes, however, were
found to be caused by the additional loss of the neighboring gene, pita. Mutants that are
only lacking dcp-1 are viable and manifest normal nurse cell death [36]. These mutants
do however appear to affect starvation-induced germline cell death, suggesting Dcp-1’s

role in a stress response PCD pathway.

For Dream/Strica [37], Drice [38], Decay [39], and Daydream/Damm [40], loss-of-
function mutants are not available so their definitive roles in PCD and development are
still unclear. Are they absolutely required for certain types of cell death? Or do they
have somewhat overlapping functions? Without mutants, we cannot answer either of
these questions for sure. But in terms of what they can do, the function of Dronc and
Drice, although mostly well studied, are shedding light on the other genes functions.
Dronc is a counterpart of mammalian caspase-9, and over-expression of its inactive form
works as a dominant-negative because it blocks Rpr/Hid/Grim induced cell death in fly
eyes [41, 42]. Using this Dronc dominant negative form, Dronc's physiological role has
been indirectly pursued. Dronc also cleaves and leads to the activation of downstream
caspases, Dcp-1 and Drice [42]. Ecdysone and its receptor complex were shown to
directly bind to the dronc promoter and induce its transcriptional up-regulation [43, 44],
which implies that the pro-apoptotic role of Dronc is in hormone dependent death.
Recently, three groups have independently reported Dronc mutant phenotypes [45-47].

In accordance with previous data, Dronc is responsible for the majority of the occurring
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PCD during animal development or by external stress. Specifically Dronc mutants lack
cell death induced by Hid over-expression in fly eyes and by irradiation of wing discs.
Dronc is also required for salivary gland histolysis [46]. Hemocyte cell culture from
Dronc mutants showed resistance against several different death stimulating reagents [45].
However, a couple of things are worthy of note. Dronc mutants still have a few cells
undergoing PCD during embryogenesis, and small portions of Dronc mutants (<10%)
survived up to adulthood [47], both of which are different from those in H99 deletion
mutants. These observations clearly support an idea that either Dronc independent
caspase activation mechanisms exist or Rpr/Hid/Grim can achieve cell death through a
non-caspase activation cascade. Generation of the Dream/Strica mutants, the last
upstream caspase whose function remains at large, will probably clarify if either of these

is correct.

Based on the structural homology to the mammalian caspase-3 and its temporal and
spatial activation pattern in cells undergoing PCD [13], Drice is regarded as one of the
major downstream caspases for PCD. Removal of Drice (and Dronc) by RNA.
completely blocks stress-induced cell death in S2 cells, suggesting their essential roles in
PCD [15, 48]. Once activated by Dronc, Drice can also cleave the boundary between the
pro-domain and large subunit of Dronc, which could potentially makes it less sensitive to
the DIAP1 mediated inhibition [49] comprising a positive feedback loop [50]. A recent
study also suggested that cleavage of the Drice pro-domain, and thereby an exposure of
an IAP binding motif in the large subunit, is essential for Drice’s binding ability to

DIAP1 [51]. Drice is also transcriptionally activated by ecdysone [52], which presages
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its role in hormone-dependent cell death. Again the definite role of Drice will be
elucidated once Drice mutant becomes available. One interesting question to ask is if the
Drice mutant is embryonic lethal like H99. We don’t know the answer yet, but Drice
might not be absolutely required for PCD like Dronc. The fly has three more
downstream caspases including Dcp-1, which has the highest structural homology to
Drice. Even though Dcp-1 mutants develop quite normally other than having some minor
defects in stress induced cell death, it could still well be that Dcp-1 and Drice have
redundant roles. Specifically the level of Dcp-1 protein or its activity might be increased
when Drice function is inhibited. Answers to all of these questions will be available once

the Drice and Dcp-1 double mutant is generated.

A battle between DIAP1 versus Rpr/Hid/Grim and caspases.

As mentioned earlier, the endogenous role of DIAP1 keeps caspases from being activated,
either by direct inhibition or post-translational modification. Once pro-apoptotic players
such as Rpr/Hid/Grim bind to DIAP1, however, it is no longer able to inhibit caspase
activity (Figure 3). For the past several years, many groups including ours have studied
dynamic interactions among these molecules in order to address how DIAP1 is regulated
by Rpr/Hid/Grim and caspases. It would not be unreasonable to postulate that DIAP1 is
actively regulated through multiple mechanisms since it plays a key role for regulating
PCD during animal development. Indeed, several transcriptional and post-transcriptional

regulation mechanisms have been unveiled.
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Because different regions of DIAP1 are involved in these regulations, it is helpful to
explain its structure before delving into more details. DIAP1 consists of two N-terminal
BIR (Baculovirus IAP repeat) domains and one C-terminal Ring finger domain. The BIR
is a functional domain that interacts with other proteins and has been found in many other
IAP family proteins including metazoan cell death inhibitors and yeast cell cycle
regulators [7]. Ring fingers have been found in many diverse proteins with many
different functions, some of which confer ubiquitin E3 ligase activity. Genetic,
biochemical, and structural studies have shown that Rpr/Hid/Grim, Dronc, and Drice can
bind to one or both BIR domains [53]. Specifically, Dronc and the N-terminal peptides
of Rpr/Hid/Grim bind to the same conserved groove of DIAP1’s BIR2 domain [49]. Ina
normal situation, this region is occupied by Dronc (and possibly this binding induces
Dronc ubiquitination [54]) so that no Dronc activation occurs. Upon the induction of
PCD, Rpr/Hid/Grim can invade the interface of the Diapl-Dronc complex and liberate
Dronc by sequestering DIAP1. Now Dronc undergoes its activation with the help of
dArk, which ultimately cleaves Drice and Dcp-1 [42], leading to their subsequent
activation. Rpr/Hid/Grim, then, decrease DIAP1's half life by tagging it with ubiquitins
for protein degradation. DIAP1’s ring finger activity is required for Hid mediated DIAP1
ubiquitination. We know this because Hid is no longer able to decrease the stability of
th6 allele, a Diapl ring finger mutant with a C412Y mutation [13, 55]. Rpr and Grim,
however, are still able to decrease Thé protein level, which suggests that they don’t need
DIAP1’s ring finger activity [[13, 55] and unpublished data]. Additionally the DIAP1
ring mutants that work as suppressors for Hid are mild enhancers for Rpr and Grim

induced death [12]. Intriguingly several groups have reported that Rpr and Grim are
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capable of reducing the general level of protein translation [13, 56, 57], and Rpr itself is
translated in a cap-independent manner [58]. Thus, this feature might partly contribute to
the destabilization of DIAP1 by Rpr and Grim. Alternatively, Rpr and Grim might use
some other unknown E3 ligases for the ubiquitination of DIAP1. A contradictory
observation was made by Ryoo and colleagues that Rpr is not able to remove the DIAP1
ring finger mutant [59]. Since Rpr over-expression induces caspase activation and cell
death, the absence of caspase inhibitor P35 in their experiment complicates the

interpretation.

Once activated, Drice is also able to reduce DIAP1’s stability by cleaving the 20™ amino
acid from the N-terminus. Pascal Meier’s lab showed that this cleaved DIAP1 exposes a
destabilizing Degron sequence and consequently undergoes protein degradation through
the N-end rule pathway [60]. In summary, in dying cells, Rpr/Hid/Grim not only binds to
DIAPL, but also reduces its stability, which ultimately leads to the Drice activation.
Active Drice then further destabilizes DIAP1 by N-end rule pathway and releases more
Drice as a positive feedback mechanism (Figure 3). Recently, Yigong Shi’s and Rollie
Clem’s labs reported that active Dronc can also cleave DIAPL in the middle, the

physiological relevance of which remains to be addressed [61, 62].

Then what happens in non-dying cells? DIAP1’s ring finger activity makes it possible
for regulating the stability of other cell death activators as well as its own. In non-dying
cells where DIAP1’s activity is still dominating, DIAP1 can remove Rpr/Hid/Grim, if

somehow fortuitously activated or induced, by tagging them with ubiquitins and sending
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them to the proteasome for proteasome mediated degradation [63] (Figure 3). Dronc is
also negatively regulated by DIAP1, but whether or not ubiquitinated Dronc also
undergoes degradation is not clear [49, 54]. Another example can be taken from the JINK
pathway. DIAP1 over-expression has been shown to down-regulate dTrafl, an upstream
JNK activator, by ubiquitination dependent proteasome degradation pathway [64]. At
any rate, the data suggests the role of DIAP1 as a double-edged sword. In non-dying
cells, ring finger activity of DIAP1 prevents unwanted death by active inhibition or
degradation of cell death activators. In dying cells, however, the same activity ensures

accelerated PCD by actively degrading DIAPL1 itself with the help of cell death activators.

Then how does DIAP1’s ubiquitination occur? Genetic studies from several different
labs led to the identification of various players in this pathway such as Uba-1 (E1
activation enzyme), UbcD1 (E2 ubiquitin conjugation enzyme), SkpA (a component of
SCF-type E3 ligase), Fat facet (de-ubiquitination enzyme), and Morgue (a novel F box
gene) [59, 65, 66]. Morgue encodes a unique protein that contains both a F box and an
inactive E2 conjugation domain, suggesting its role as an adaptor molecule. Morgue loss
of function partially suppresses Rpr/Hid/Grim induced cell death by possibly stabilizing
DIAP1. However, it is still largely unknown which components, among these, form a
complex with DIAP1 under physiological condition. Are these molecules always in the
same complex with DIAP1 or could some of them be only mustered to this complex
when cells are undergoing apoptosis? These questions could be easily solved through
biochemical and proteomics approaches. One can pull down DIAP1 associating

complexes from S2 cell, either in the presence or absence of cell death stimuli and
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perform the mass-spectrophotometric analysis. It would be interesting to know which
components are involved in maintaining DIAP1’s own stability and which are involved in
degrading cell death molecules. The other questions are: what is the role of de-
u