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Abstract
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Most metazoans have at least some ability to regenerate damaged cells and tissues, although the
regenerative capacity varies depending on the species, organ, or developmental stage. Cell
replacement and regeneration occur in two contexts: renewal of spent cells during tissue
homeostasis (homeostatic growth), and in response to external injury, wounding, or amputation
(epimorphic regeneration). Model organisms that display remarkable regenerative capacity include
amphibians, planarians, Hydra, and the vertebrate liver. In addition, several mammalian organs—
including the skin, gut, kidney, muscle, and even the human nervous system—have some ability to
replace spent or damaged cells. Although the regenerative response is complex, it typically
involves the induction of new cell proliferation through formation of a blastema, followed by cell
specification, differentiation, and patterning. Stem cells and undifferentiated progenitor cells play
an important role in both tissue homeostasis and tissue regeneration. Stem cells are typically
quiescent or passing slowly through the cell cycle in adult tissues, but they can be activated in
response to cell loss and wounding. A series of studies, mostly performed in Drosophila as well as
in Hydra, Xenopus, and mouse, has revealed an unexpected role of apoptotic caspases in the
production of mitogenic signals that stimulate the proliferation of stem and progenitor cells to aid
in tissue regeneration. This Review summarizes some of the key findings and discusses links to
stem cell biology and cancer.

Regulation of Apoptosis
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Most animal cells have the ability to self-destruct by undergoing apoptosis, a
morphologically distinct form of programmed cell death (1). The proper regulation of
apoptosis is critical for both development and tissue homeostasis, and inhibition of apoptosis
contributes to the development and progression of cancer (2,3). A central step for the
execution of apoptosis is the activation of caspases, a family of cysteine proteases that are
present as weakly active zymogens in virtually all cells (4). Caspases are activated by
proteolytic cleavage of the zymogen in response to different stimuli, including
developmental signals, as well as various forms of persistent cellular stress or injury, such as
DNA damage, viral infection, hypoxia, increased presence of reactive oxygen species, loss
of cellular adhesion, accumulation of unfolded proteins, excitotoxicity, shear stress,
cytoskeletal damage, and other insults (1). Apoptosis can also be induced indirectly by cells
that undergo necrosis in response to overwhelming physical injury. In all these cases,
apoptosis appears to serve as an efficient cellular quality control mechanism that removes
dysfunctional, unwanted, and potentially dangerous cells from the organism.
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Caspases are classified according to the length of their prodomains. Initiator caspases have
long prodomains, whereas executioner caspases have short prodomains. The prodomain of
the initiator caspases contains protein-protein interaction motifs for binding to upstream
adaptor molecules. For example, mammalian caspase-9 is activated upon recruitment into
the apoptosome complex with the adaptor protein Apaf-1 and cytochrome c (Fig. 1A) (5,6).
An important event for apoptosome formation is the release of cytochrome c from
mitochondria, a step that is regulated by Bcl-2 family proteins (Fig. 1A) (7–9). Once
initiator caspases have been activated, they promote cleavage and activation of executioner
caspases, such as caspase-3 and caspase-7 (Fig. 1A), which then induce the demise of the
cell. Caspases are well conserved in the animal kingdom. In Drosophila, they are
represented by one caspase-9 ortholog, termed Dronc, and two caspase-3–like proteins,
Dcp-1 and DrICE (Fig. 1B) (10–12).

NIH-PA Author Manuscript

In addition to zymogen processing, an equally important layer of cell death control involves
the inhibition of caspases (13,14). One important family of caspase inhibitors are the IAP
(inhibitor of apoptosis proteins), which can bind to and inhibit caspases (Fig. 1) (15,16).
IAPs were originally discovered in insect viruses (17), but a family of related proteins was
subsequently described in both insect and mammalian genomes. IAPs are characterized by
the presence of at least one BIR (baculovirus inhibitory repeat) domain, which can directly
bind to and inhibit caspases (15,16). Several IAPs also carry a RING (really interesting new
gene) E3 ubiquitin ligase domain that promotes ubiquitination of key cell death regulators
(16,18,19). In cells that are committed to die, IAPs are inhibited by a family of IAP
antagonists, such as Reaper, Hid, and Grim, that were initially discovered in Drosophila
(Fig. 1B) (20,21). Reaper, Hid, and Grim must localize to mitochondria to inhibit the
apoptotic activity of IAPs (Fig. 1B) (22–27). IAP antagonists contain an N-terminal IAPbinding motif (IBM) that is necessary for binding to the BIR domains of and inhibiting
Drosophila IAP1 (Diap1), thus releasing the caspases Dronc and DrICE from Diap1
inhibition (Fig. 1B). A similar IBM motif has been identified in mammalian IAP
antagonists, including Smac (known as Diablo in mouse) and HtrA2 (also known as Omi)
(Fig. 1A) (28–30). In summary, caspase regulation is under dual control by both activating
factors (Apaf-1 and cytochrome c) and inhibitory factors (IAPs), whose activity is in turn
regulated by a complex network of upstream signaling pathways (Fig. 1).

Compensatory Proliferation Triggered by Cells That Have Initiated But Not
Executed Apoptosis
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Many tissues can tolerate a surprising extent of cell death and compensate for the loss of
cells through increased cell proliferation and regeneration (31). For example, a full-sized
mammalian liver can be regenerated after 75% of the organ has been removed, and
developing Drosophila imaginal discs—the larval precursor structures of adult legs, wings,
and eyes—can form a normal-sized and patterned organ even after more than 50% of their
cells have been killed (32–34). Depending on the type of tissue damage, these regeneration
processes involve several steps, including wound healing, the formation of proliferative
blastema cells, differentiation, and patterning (35). As proposed in 1988 (36), work in
several model organisms—including Drosophila, Hydra, planarians, Xenopus, newt, and
mouse—has revealed that, unexpectedly, apoptosis may be the driving force for cell
proliferation during tissue regeneration (37–46). Specifically, the proliferation component of
regeneration, including the formation of blastema cells, is under the control of apoptotic
cells. This phenomenon has been termed “apoptosis-induced compensatory proliferation”
(47).
Studies in Hydra have illustrated the link between apoptosis and cellular proliferation in
regeneration (39). There are three distinct types of regeneration after amputation in this
Sci Signal. Author manuscript; available in PMC 2011 October 26.
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organism: foot regeneration, apical head regeneration after decapitation, and basal head
regeneration after mid-gastric section. However, apoptosis and cellular proliferation were
observed only during basal head regeneration. When apoptosis was experimentally induced
in the foot-regenerating tip, cell proliferation was observed and the regeneration process was
transformed into a head-regenerating one (39). These observations demonstrate that cell
proliferation is triggered by apoptosis during regeneration. They also illustrate that although
apoptotic cells sooner or later are removed from the organism by phagocytosis (Fig. 2A),
they are to some extent still metabolically active and appear to be able to stimulate
proliferation and regeneration.
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The original demonstration that cells that undergo apoptosis in response to stress or injury
can stimulate cell proliferation and tissue regeneration came from a series of studies in
Drosophila (34,37,48). In these studies, massive apoptosis was induced by x-ray radiation,
overexpression of IAP antagonists, or loss of Diap1. The key to identifying the mechanisms
and signals involved in compensatory proliferation was to keep apoptotic cells alive by
expression of P35, a potent inhibitor of executioner caspases (Fig. 2B) (49). Under these
conditions, the apoptotic program is induced but cannot be executed because P35 inhibits
executioner caspases, thus producing what has been termed “undead” cells. However, P35
inhibits DrICE and Dcp-1, but not the initiator caspase Dronc (Fig. 1B); hence, Dronc is
active in these cells. Therefore, although Dronc cannot induce apoptosis, it does promote
nonapoptotic functions, such as the induction of compensatory proliferation, which can lead
to hyperplastic overgrowth (Fig. 2B) (34,37,38,48,50,51). Consistently, mutations in dronc
block compensatory proliferation in apoptotic larval wing discs (38,48,52). Nonapoptotic
substrates of Dronc have not been identified, but indirect evidence for their existence has
been provided (53).
The P35-dependent cell system made it possible to identify genes involved in compensatory
proliferation and to determine a mechanism. In cells that have initiated but not fully
executed apoptosis, Drosophila p53 is required for the induction of compensatory
proliferation and is transcriptionally activated by a mechanism that requires Dronc function
(Fig. 2B) (52). The function of p53 for compensatory proliferation is independent of the
DNA damage–sensing pathway because it does not require the genes atm and chk2, which
encode DNA damage checkpoint proteins (52). This study also showed that blastema
formation requires Dronc and p53 in Drosophila. Furthermore, because the IAP antagonists
Reaper and Hid are direct transcriptional targets of p53 (54,55), a positive feedback loop
involving Dronc, p53, Reaper, and Hid may operate in this system. Similarly, a planarian
p53 ortholog has been implicated in stem cell renewal and proliferation (56).
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Furthermore, Jun N-terminal kinase (JNK) signaling plays a critical role for compensatory
proliferation as well as wound healing in Drosophila (Fig. 2B) (37,57,58). Inhibition of JNK
activity impairs the ability of the tissue to proliferate and to heal wounds. However, the
exact function of JNK in compensatory proliferation is still a subject of debate. Initial work
suggested that JNK acts downstream of Dronc in P35-expressing apoptotic cells to promote
the expression of mitogens (Fig. 2B) (37). Another study found that JNK induces
compensatory proliferation in P35-expressing apoptotic cells independently of the apoptotic
program (50). In a different regeneration system that does not involve P35-mediated
apoptosis inhibition (see below), JNK activity was observed in the proliferating
(regenerating) tissue but not in the dying tissue (59). Finally, JNK signaling can drive
oncogenic cooperation through compensatory proliferation and Jak-STAT signaling (60). In
particular, Wu et al. (60) used a Drosophila tumor model to show that both wound-induced
and stress-induced JNK activity can be propagated to RasV12 cells and trigger the production
of Jak-STAT–activating cytokines, thereby promoting tumor development. Therefore,
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additional work is needed to clarify the multiple and complex roles of the JNK pathway for
compensatory proliferation in regeneration and tumor development.
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These studies also revealed several mitogens or morphogens that are secreted in a Droncdependent manner by P35-expressing cells that cannot execute apoptosis. These include
Wingless (Wg), a Wnt family member, and Dpp, a member of the bone morphogenetic
protein (BMP)/transforming growth factor–β (TGF-β) superfamily (Fig. 2B) (37). Of note is
the initial evidence that Wnt signaling from apoptotic cells is necessary and sufficient for
cell proliferation in Drosophila (37), because the Wnt pathway was later found to play an
important role in tissue regeneration in planarians, zebrafish, Xenopus, and Hydra (39,61–
70). Likewise, BMP signaling contributes to asymmetric tissue regeneration in planarians
(71). Other reports also have implicated Hedgehog, Notch, and Jak-STAT signaling from
apoptotic cells in compensatory proliferation (51,72–74). Thus, the pathways that regulate
cell proliferation during normal development are also used for compensatory proliferation in
response to injury and apoptosis, and are conserved in evolution.

P35-Independent Regeneration Systems
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The inability of P35-expressing apoptotic cells to complete apoptosis may change their
cellular behavior (75,76). Therefore, concern has been raised about the relevance of the
signaling mechanisms triggered by these cells for understanding of normal compensatory
proliferation and regeneration (50). Consequently, several labs have developed P35independent proliferation and regeneration systems (59,77). In these systems, apoptosis is
temporally induced in a spatially restricted manner, and the events leading to compensatory
proliferation are analyzed. Although only two reports have been published so far, the results
confirm the findings obtained in the so-called “undead” Drosophila cells. Compensatory
proliferation triggered by apoptotic cells under these conditions requires Wg as a mitogen
(77) and JNK signaling (59) (Fig. 2C). However, it is unclear whether JNK acts in apoptotic
cells, as indicated by studies using P35-expressing apoptotic cells (37), or in proliferating
cells, as suggested by a P35-independent system (59).
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Another concern with the use of P35-expressing apoptotic cells was that the experiments
were performed in proliferation-competent tissues, such as larval wing imaginal discs.
Imaginal disc growth is under the control of an unknown size-sensing mechanism that
instructs the cells to stop proliferating when the regular size of the disc has been reached. It
was therefore suggested that normal compensatory proliferation (which does not use P35) is
not triggered by apoptosis-induced Wg and Dpp expression, but instead is controlled by the
developmental size-sensing mechanism of the disc (50). In contrast, if cells are kept unable
to complete apoptosis by the presence of P35, Wg and Dpp are induced to stimulate
compensatory proliferation, which leads to hyperplastic overgrowth (Fig. 2B) (50). Despite
these reasonable concerns, the P35-independent models demonstrate that Wg signaling is
involved in regeneration (77).
It is important to identify the effectors of Wg signaling that mediate compensatory
proliferation and tissue regeneration. Genetic screens using Drosophila leg imaginal discs
have identif ied at least three conserved Wg target genes that function in P35-independent
tissue regeneration (78). Mammalian homologs of these genes—augmenter of liver
regeneration (alr), regeneration (rgn), and Matrix metalloproteinase-1 (Mmp1)—have
characterized functions in regeneration. However, their precise role was unknown. Genetic
analysis in Drosophila revealed that rgn controls the timing of blastema formation, whereas
alr regulates proliferation of blastema cells and the extent of regeneration. Mmp1 functions
to limit regenerative proliferation by controlling cell cycle arrest of non-blastema cells (78).
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Mmp1 is also a target gene of JNK signaling, which suggests a link between Wg and JNK in
tissue regeneration (79).
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JNK and cytokine signaling have also been implicated in increased stem cell activity in the
Drosophila midgut. Homeostatic turnover and replacement of cells of the entire midgut in
healthy flies takes about 3 weeks (80). However, upon epithelial cell loss induced by
bacterial infection, experimental injury, stress signaling, or expression of IAP antagonists,
compensatory proliferation by intestinal stem cells (ISCs) regenerates the entire midgut
within 2 to 3 days (80–83). This increased ISC activity can be at least partially blocked by
expression of P35, which inhibits caspase-3–like executioner caspases (Fig. 1B); this
suggests that increased ISC activity can be induced by the apoptotic caspases DrICE and
Dcp-1. The mechanisms leading to increased compensatory ISC activity are less clear. It has
been reported that dying enterocytes in the midgut produce interleukin 6 (IL-6)–like
cytokines [Unpaired (Upd), Upd2, Upd3] in a JNK-dependent manner, which stimulate JakSTAT signaling in ISCs for proliferation, thereby driving renewal of the gut epithelium
(80,82,83). In addition, insulin signaling has been implicated in promoting ISC proliferation
and intestinal tissue repair in response to detergent-induced damage of the gut (81).
Therefore, it is possible that different stresses induce different mechanisms for
compensatory ISC activity and gut regeneration. Despite these uncertainties, given that IL-6
has been linked to ISC-derived colorectal cancer in humans (84,85), studies on stressinduced compensatory ISC activity for gut regeneration in Drosophila may provide insights
into the mechanisms by which colon cancer arises in humans.
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As mentioned above, these studies were performed in proliferation-competent tissue, mostly
the proliferating wing and leg imaginal disc, as well as intestinal stem cells. Thus, these
models do not mimic the postmitotic state of most cells in an adult organism. In fact,
developing tissues in Drosophila (and likely also those in vertebrates) progressively lose the
ability to regenerate as development proceeds. For example, wing imaginal discs become
unable to induce regenerative growth between day 7 and day 10 after egg laying when kept
at 18°C (77). This corresponds to the third larval instar stage, when the disc reaches its final
size and cells in the disc cease mitosis. Nevertheless, at least one example has been reported
in which apoptotic cell death induces compensatory proliferation in predominantly
postmitotic tissue in a P35-independent manner (51). During eye development in the third
larval instar stage, a wave of differentiation initiated at the morphogenetic furrow sweeps
across the disc from posterior to anterior (86). As part of the differentiation process, all cells
exit the cell cycle and enter a quiescent state. They differentiate into photoreceptor neurons,
cone cells, and pigment cells in a defined sequence (86). However, hid-induced apoptosis
stimulates many cells to reenter the cell cycle in this otherwise postmitotic tissue (Fig. 2D)
(51). Given the postmitotic state of this tissue, it is not surprising that this form of apoptosisinduced compensatory proliferation uses a different mechanism relative to proliferationcompetent tissue. Signaling through Hedgehog (Hh), but not through Wg and Dpp, is
required for this form of compensatory proliferation (Fig. 2D). Furthermore, Hh secretion
requires not only the activity of the initiator caspase Dronc, but also that of the executioner
caspases DrICE and Dcp-1 (Fig. 2D) (51). Thus, P35 expression blocks compensatory
proliferation in this postmitotic model because of the requirement for executioner caspases,
but not in the proliferating wing (see above). The Hh signal that is produced by dying
photoreceptor neurons stimulates cell cycle reentry of non-neuronal postmitotic cells that
have not yet started to differentiate (51). Thus, although these cells have exited the cell
cycle, they have not completely lost mitotic potential. However, they do not reenter the cell
cycle immediately after hid-induced apoptosis. It takes them about 6 to 12 hours to become
cell cycle–competent again (51). This is similar to quiescent mammalian cells, which need
about 8 hours for reentry into the cell cycle (87). The reason for this delay is unknown, but
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understanding the mechanism of cell cycle reentry of quiescent cells may be critical for
understanding of cancer initiation.
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Apoptosis-Induced Proliferation in Other Regeneration Models
In addition to the studies in Drosophila, links among apoptosis, proliferation, and tissue
regeneration have been established in other models, including Hydra, Xenopus, planarians,
newts, and mouse (Fig. 3) (37–46). In the freshwater animal Hydra, apoptosis is both
necessary and sufficient for head regeneration after mid-gastric amputation (Fig. 3A) (39).
Caspases trigger release of Wnt3 from apoptotic cells, promoting proliferation and
regeneration (Fig. 3A). In contrast, foot regeneration in Hydra does not require proliferation.
Experimental induction of apoptosis at the foot-regenerating tip promotes proliferation and
results in head regeneration (39), suggesting a link between apoptosis and regenerative
proliferation.
Localized massive apoptosis has also been observed at the cut side after amputation in
planarians and newts (Fig. 3B) (43,44,46). However, it is currently unknown whether
apoptosis is required for proliferation and regeneration in these animals. It is also unknown
whether Wnt and Hh signals, which have been implicated in planarian and newt
regeneration (61–64,74,88), are released by apoptotic cells.
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In addition to model systems of invertebrate regeneration, similar apoptosis-dependent
mechanisms of compensatory proliferation have been observed in vertebrates, most notably
in Xenopus and in mouse. In the Xenopus tadpole, a large number of apoptotic cells were
detected in the nascent regeneration bud within 12 hours after tail amputation (42).
Inhibition of both initiator and executioner caspases completely abolished regeneration (42),
indicating a strict requirement of caspases for regeneration (Fig. 3C). Caspases are required
for the early phase of regeneration in which proliferation occurs, because caspase inhibition
after 24 hours has no effect on regeneration. Although Wnt signaling has been implicated in
regeneration in Xenopus, it has not been demonstrated that Wnt ligands are secreted by
dying cells in this organism.
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In a mouse model, dying mouse embryonic fibroblasts (MEFs) stimulate stem and
progenitor cells to proliferate in response to x-ray treatment both in vitro and in vivo (41).
Similar to the observations in Drosophila and Xenopus, this activity is directly dependent on
the executioner caspases caspase-3 and caspase-7 (41,42,51). Mice lacking caspase-3 or
caspase-7 have impaired wound healing and defects in liver regeneration after partial
hepatectomy, which suggests that these two caspases are required for these regenerative
processes in living animals (Fig. 3D) (41). Because prostaglandin E2 (PGE2) and Wnt
signaling have been implicated in fin regeneration in zebrafish (68), Li et al. also tested
PGE2 release in the mouse model and found that PGE2 concentrations increased in a
caspase-dependent manner (41). A known caspase substrate in the PGE2 biosynthetic
pathway is calcium-independent phospholipase A2 (iPLA2), which produces arachidonic
acid, a precursor of PGE2 (Fig. 3D). Indeed, iPLA2 activity is enhanced after proteolytic
cleavage by caspase-3 and is required for tissue regeneration (41).
In summary, there is now overwhelming evidence that both initiator and executioner
caspases are required for the release of several cytokines, the most critical being Wnt, Hh,
and PGE2 (in vertebrates). In this way, apoptotic cells can induce compensatory
proliferation and promote regeneration in invertebrates and vertebrates. It will be important
to further identify the mechanisms by which dying cells trigger the release of these factors.
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Compensatory Proliferation and Cancer
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Mitogenic signaling by apoptotic cells may contribute to the formation of neoplastic tumors.
The idea that tumors resemble wounds that do not heal is an old one (89,90), and many of
the pathways involved in tissue regeneration and stem cell self-renewal, including Wnt and
Hh, play prominent roles in human cancer (91–96). Therefore, even if wounding,
inflammation, tissue stress, or tissue damage promotes apoptosis of cancer cells, these dying
cells may release mitogens that promote malignant growth. Even if the release of mitogens
by apoptotic cells does not contribute to the overall growth of a tumor, it may stimulate
proliferation of cancer stem cells (97) or provide a supportive microenvironment for tumor
growth (98,99). If so, this could contribute to regrowth and relapse in response to cancer
therapy, and also to seeding metastases.
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This possibility warrants serious consideration for several reasons. First, virtually all cancer
cells have acquired at least some degree of resistance toward apoptosis and hence may have
features of so-called “undead” cells (3,37,100). Second, most existing cancer therapies,
including radiation and chemotherapy, kill cancer cells by apoptosis and hence are expected
to induce a “compensatory proliferation” response. Third, compensatory growth can explain
oncogenic cooperation between genetically distinct cells in a Drosophila tumor model (60).
Therefore, the combination of apoptosis resistance and strong, therapy-induced cellular
stress and damage may lead to the expansion of cancer stem cells and hence increase the
likelihood of tumor regeneration and the formation of secondary tumors.
Compensatory proliferation may play a role during different stages of carcinogenesis
(including initiation, tumor promotion, and formation of secondary tumors) as well as in the
response to cancer therapy, although the effects are likely to vary considerably in different
paradigms. Inflammation is commonly thought to promote tumorigenesis, and a complex
relationship exists between inflammation and apoptosis (101–103). For example,
hepatocellular carcinoma (HCC) frequently develops in response to chronic liver damage,
and agents that induce cell death can promote HCC (104). The chemical carcinogen DEN
(diethylnitrosamine) induces hepatocyte death by DNA damage. DEN-induced hepatocyte
death can activate the production of mitogens in adjacent myeloid cells, which in turn
promotes compensatory proliferation of surviving hepatocytes (105). Activation of both
JNK and Stat3 has been implicated in several types of human cancer (106,107), and Stat3
function is critically required for the development of HCC (108,109). Because these
pathways drive compensatory proliferation in Drosophila, and because caspase-3 and
caspase-7 are required for liver regeneration in mouse (41), it is likely that caspases may
regulate the production of some tumor-promoting cytokines.
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Conclusions
The original view that apoptotic cells only display “eat-me” signals for engulfment has been
superseded by the realization that they can release various factors to communicate with their
microenvironment. In addition to molecules that promote tissue regeneration, apoptotic cells
can also release paracrine “alarm signals,” including microRNAs, to modulate immune cell
responses, promote vascular repair, and exert atheroprotective effects (110). Therefore,
mutations that affect the kinetics by which apoptosis is executed, or that influence the
destruction or clearance of apoptotic corpses, are expected to alter the duration and strength
of these signals. This presents new challenges as well as opportunities. For example, much
remains to be learned about exactly how caspases control the production of signals, and how
cells that undergo developmental apoptosis avoid the induction of compensatory growth.
Fortunately, it appears that the underlying pathways have been conserved in evolution, and
therefore, it is likely that results obtained from invertebrate models can guide mammalian
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work. Also, advances in apoptosis research have provided a wealth of tools and targets to
further investigate basic mechanisms and to explore how compensatory proliferation may be
manipulated for therapeutic purposes. We expect that progress in this area will have many
important clinical implications, including the areas of regenerative medicine and cancer
treatment.
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Fig. 1.
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The apoptosis pathways in mammals and Drosophila. (A) In mammals, apoptotic signals
control the balance of pro- and antiapoptotic Bcl-2 family members and thereby the release
of cytochrome c and IAP antagonists from mitochondria. Binding of cytochrome c to Apaf-1
promotes apoptosome formation. The apoptosome recruits the initiator caspase-9, which
leads to apoptosome activation. At the same time, IAP antagonists release caspases from
inhibition by IAPs, most notably XIAP (X-linked inhibitor of apoptosis protein). Activated
caspase-9 cleaves and in turn activates executioner caspases such as caspase-3 and
caspase-7. (B) In Drosophila, apoptotic signals control the abundance and activity of the
IAP antagonists Reaper, Hid, and Grim and recruit them to mitochondria, where these
proteins promote ubiquitin-mediated degradation of Drosophila IAP1 (Diap1) (22–27).
Release of Dronc from inhibition by Diap1 enables it to associate with the scaffolding
protein Ark, which creates an apoptosome-like structure that activates the executioner
caspases DrICE and Dcp-1. The baculovirus protein P35 specifically inhibits the activity of
DrICE and Dcp-1 in Drosophila.
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Fig. 2.

Models of apoptosis-induced compensatory proliferation in Drosophila. (A) Normal
developmental apoptosis results in removal of dead cells by phagocytosis. An example of a
situation in which compensatory proliferation occurs after normal developmental apoptosis
is when dying enterocytes in the Drosophila midgut stimulate intestinal stem cell
proliferation. (B) P35 expression renders apoptotic cells unable to complete apoptosis.
Dronc-dependent p53 and JNK signaling triggers the release of signaling cytokines such as
Wg and Dpp, which promote hyperplastic overgrowth of the affected tissue. (C) Induction
of apoptosis in a temporally and spatially restricted manner without P35 expression results
in tissue regeneration through compensatory proliferation. The question marks indicate that
it is unclear whether JNK signaling operates either in dying cells or regenerating cells. (D)
Apoptosis induction in differentiating photoreceptor neurons in the Drosophila retina
engages a different pathway of compensatory proliferation. Dying photoreceptor neurons
release Hedgehog (Hh) in a manner that requires DrICE and Dcp-1. Hh stimulates cell cycle
reentry of postmitotic non-neuronal cells.
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Fig. 3.
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Apoptosis-induced compensatory proliferation in other model systems. In several model
organisms, apoptosis and caspase activity have been detected in regenerating tissue.
Identified intracellular factors are indicated in blue, secreted mitogens in red. Question
marks indicate uncertainties. (A) In Hydra, head regeneration after mid-gastric amputation
requires caspase activity. Apoptotic cells release Wnt3 to induce compensatory proliferation.
(B) In planarians and newts, amputation correlates with localized apoptosis and caspase
activity at the cut side. It is unknown whether this apoptotic response is required for the
release of Wnt and Hh signals to induce regeneration. (C) In Xenopus, caspase activity
during the first 24 hours after amputation is required for tail regeneration. Inhibition of
initiator (caspase-9) and executioner (caspase-3) caspases blocks proliferation and
regeneration. It has not been documented whether Wnt signals are released from dying cells.
(D) In mouse, wound healing and liver regeneration require executioner caspases. Animals
lacking caspase-3 and caspase-7 fail to induce these regenerative processes. The activity of
calcium-independent iPLA2 is enhanced after proteolytic cleavage by caspase-3. iPLA2
produces arachidonic acid, which is converted to PGE2, a stimulator of stem cell
proliferation and regeneration.
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