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Abstract
Apoptosis has long been regarded as a tumor 
suppressor mechanism and evasion from 
apoptosis is considered to be one hallmark of 
cancer. However, this principle is not always 
consistent with clinical data which often illus-
trate a correlation between apoptosis and poor 
prognosis. Work in the last 15 years has pro-
vided an explanation for this apparent para-
dox. Apoptotic cells communicate with their 
environment and can produce signals which 
promote compensatory proliferation of sur-
viving cells. This behavior of apoptotic cells is 
important for tissue regeneration in several 
model organisms, ranging from hydra to mam-
mals. However, it may also play an important 
feature for tumorigenesis and tumor relapse. 
Several distinct forms of apoptosis-induced 
compensatory proliferation (AiP) have been 
identified, many of which involve reactive 
oxygen species (ROS) and immune cells. One 
type of AiP, “undead” AiP, in which apoptotic 
cells are kept in an immortalized state and 
continuously divide, may have particular rele-
vance for tumorigenesis. Furthermore, given 
that chemo- and radiotherapy often aim to kill 

tumor cells, an improved understanding of the 
effects of apoptotic cells on the tumor and the 
tumor environment is of critical importance 
for the well-being of the patient. In this review, 
we summarize the current knowledge of AiP 
and focus our attention on recent findings 
obtained in Drosophila and other model 
organisms, and relate them to tumorigenesis.
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4.1  Introduction – Caspase- 
Driven Compensatory 
Proliferation: Coupling 
Apoptosis, Regeneration 
and Cancer

Cancer is a multifactorial disease with an esti-
mated 9.6  million deaths in 2018, the second 
leading cause of mortality in the world (WHO 
https://www.who.int). Consequently, it is impor-
tant to understand the different aspects of 
tumorigenesis for developing potential thera-
peutic strategies. Multiple efforts have been 
made to define the key traits of carcinogenesis, 
summarized as the “hallmarks of cancer” by 
Hanahan and Weinberg [1]. Among these, 
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increased cell proliferation and resistance to cell 
death are regarded as major characteristics of 
transformed cells [1, 2]. Indeed, the common 
mode of action for most chemotherapy and 
radiotherapy strategies is to induce cell death in 
the tumor cells [3–5].

Over the past decades, it has become evident 
that cell death, in normal as well as malignant 
cells, is a tightly regulated and programmed pro-
cess. Many different mechanisms of programmed 
cell death (PCD) have been reported [6–8]. 
Among these, apoptosis is the best studied and 
evolutionarily most conserved form of PCD, 
important during development and for maintain-
ing homeostasis [9, 10]. Ultrastructural studies 
helped define the characteristic features of apop-
totic cell death under physiological conditions 
[11]. Morphological hallmarks of apoptosis 
include cytoplasmic shrinkage, DNA condensa-
tion and nuclear fragmentation, retention of 
membrane integrity, and membrane blebbing to 
form apoptotic bodies that are rapidly engulfed 
and eliminated by phagocytosis without an 
inflammatory response [9, 11]. Thus, apoptosis is 
considered a “silent” form of cell death, in con-
trast to necrosis during which cells swell and rup-
ture in response to overwhelming damage, 
causing an acute inflammatory response.

Mechanistically, apoptosis requires the activa-
tion of caspases, a class of cysteine proteases that 
are present in the cells as inactive zymogens [12, 
13]. The role of caspases in apoptosis was first 
discovered in Caenorhabditis elegans by the pio-
neering work of Horvitz and colleagues [14, 15]. 
Since then, many caspases in different model 
organisms have been discovered – Caenorhabditis 
elegans has 4 caspases, Drosophila melanogaster 
has 7 caspases, mice and humans contain 11 and 
13 caspases, respectively [16, 17]. Apoptotic cas-
pases are subdivided into two categories based on 
their location in the signaling pathways: upstream 
initiator or apical caspases, which include cas-
pase−2, −8, −9, −10 in mammals and Dronc in 
Drosophila, and downstream effector or 
 executioner caspases including caspase-3, −6, 
−7 in mammals as well as DrICE and Dcp-1 in 
Drosophila (Fig. 4.1) [13, 18]. Initiator caspases 
are defined by their long N-terminal prodomains 

containing motifs such as the caspase recruitment 
domain (CARD) or the death effector domain 
(DED), which mediate dimerization and activa-
tion of these enzymes by enabling their recruit-
ment into large protein complexes, like the 
apoptosome or the DISC (death-inducing signal-
ing complex). In contrast, effector caspases have 
short prodomains without known protein/protein 
interaction motifs and are activated through 
cleavage by initiator caspases generating large 
and small subunits, two of each forming the 
active caspase tetramer [17, 19, 20].

Activation of caspases is the result of a signal-
ing cascade that is triggered upon an apoptotic 
stimulus, either in the form of developmental, 
homeostatic or stress cues. Initiation of the apop-
totic signaling cascade occurs through either the 
intrinsic pathway or the extrinsic pathway. In 
mammals, the intrinsic pathway is regulated by the 
Bcl-2 family of proteins and involves mitochon-
drial outer membrane permeabilization (MOMP) 
followed by release of cytochrome c from the 
mitochondria (Fig.  4.1A). The released cyto-
chrome c associates with the scaffolding protein 
Apaf-1 (apoptotic protease-activating factor 1) to 
form the apoptosome, and thus activates caspase-9 
(Fig. 4.1A) [17]. In Drosophila, the pro-apoptotic 
factors Reaper, Hid and Grim initiate the intrinsic 
apoptotic signaling cascade by binding to the 
E3-ligase Drosophila Inhibitor of Apoptosis 
Protein1 (D-IAP1), thereby promoting auto-ubiq-
uitination and proteasomal degradation of D-IAP1 
(Fig.  4.1B) [21–27]. This releases the D-IAP1 
inhibition of the initiator caspase Dronc, and free 
Dronc can now be recruited by the Apaf- 1- related 
Dark into the apoptosome for activation [19, 27].

In contrast to the intrinsic apoptotic pathway, 
the extrinsic pathway is initiated at the plasma 
membrane upon binding of extracellular ligands 
(e.g. FasL and TNF) to their respective trans-
membrane “death” receptors (Fas for FasL, 
TNFR for TNF) (Fig. 4.1A). This leads to trimer-
ization of the receptors promoting clustering of 
intracellular adaptor proteins (e.g., FADD, or 
Fas-associated death domain-containing pro-
tein), which bind the DED motifs in the prodo-
mains of the initiator caspases-8 or −10, forming 
the DISC which ultimately activates caspase-8 
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or  −10 [13, 28]. In Drosophila, the extrinsic 
pathway is thought to be initiated by binding of 
the TNF homolog, termed Eiger, to its receptors 
Wengen or Grindelwald. However, in contrast to 
the extrinsic pathway in mammals, the Eiger/
Wengen or Eiger/Grindelwald complex does not 
activate the caspase-8 ortholog Dredd in 
Drosophila, but rather results in activation of the 
stress kinase JNK (c-Jun N-terminal kinase) 
(Fig. 4.1B) [29–33]. Eiger-induced cell death is 
in part dependent on the intrinsic pathway as 
JNK transcriptionally induces expression of the 
intrinsic factors Hid and Reaper [31, 34], thereby 
activating Dronc (Fig. 4.1B). Once initiator cas-
pases are active via the intrinsic or extrinsic 
pathways, they cleave and activate effector cas-

pases. Finally, active effector caspases cleave a 
broad range of regulatory and structural proteins 
and important enzymes leading to the execution 
of the cell. Given the important role that cas-
pases play in the death of cells, their activation 
as well as activity are tightly regulated. Several 
post-translational modifications, such as ubiqui-
tylation and phosphorylation, and interactions 
with regulatory proteins, such as IAPs or FLIP 
family of proteins, regulate caspase activation 
and activity [13, 35, 36].

In recent years, accumulating evidence sug-
gests that in addition to apoptosis, caspases func-
tion in a broad range of non-apoptotic processes 
including immune regulation, cell differentiation, 
cell migration and invasion, maintenance of tis-

Fig. 4.1 The apoptotic pathways in mammals and 
Drosophila. (A) The intrinsic and extrinsic pathways in 
mammals. Due to the involvement of mitochondria, the 
intrinsic pathway is also referred to as mitochondrial path-
way. Crosstalk between the intrinsic and extrinsic path-
ways is mediated via cleavage and activation of the 
pro-apoptotic Bcl-2 family member Bid by Caspase-8. 

MOMP Mitochondrial outer membrane permeabilization. 
(B) The intrinsic and extrinsic pathways in Drosophila. In 
the intrinsic pathway, mitochondria serve as a platform for 
insertion of the IAP antagonists Reaper (Rpr), Hid and 
Grim. Crosstalk between the intrinsic and extrinsic path-
way is mediated through JNK-induced expression of hid 
and reaper
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sue integrity, regulation of stem cell properties, 
neurite pruning, non-apoptotic forms of cell 
death, and intercellular signaling processes [6, 
37–43]. Apoptotic cells are known to secrete 
“find-me” and “eat-me” signals which direct 
their recognition and clearance by phagocytes 
[44, 45]. However depending on the cellular con-
text, apoptotic cells also secrete signals that affect 
their environment, including pro-apoptotic sig-
nals that promote additional cell death, or mito-
genic signals that induce proliferation to 
compensate for the cell loss [46–48] [49]. 
Observations that active caspases promote com-
pensatory proliferation originally came from 
studies in Drosophila, followed by similar obser-
vations in many different model organisms 
(reviewed in [50]).

Compensatory proliferation is critical for tis-
sue repair, wound healing and regeneration, and 
as such is important for maintaining tissue 
homeostasis post massive cell loss due to stress 
or injury. Given the strong connection between 
wound repair and cancer, with cancers being 
compared to “wounds that do not heal” [51], 
compensatory proliferation seems to play a role 
in tumor initiation and persistence as well 
(Fig. 4.2). In addition, the signaling pathways uti-
lized by apoptotic cells during compensatory 
proliferation can be hijacked by tumorigenic 
cells to promote their growth and for metastasis. 
Studies in Drosophila, in conjunction with other 
model organisms, have contributed greatly to our 

understanding of the mechanisms involved in 
compensatory proliferation and its role in cancer. 
In this review, we highlight recent studies focus-
ing primarily on Drosophila models of compen-
satory proliferation, as a means to explore the 
interplay between regenerative and tumorigenic 
contributions of compensatory proliferation.

4.2  Compensatory Proliferation: 
Studies in Drosophila 
melanogaster

Regeneration is a process that helps restore tissue 
integrity following intense trauma. This ability to 
repair tissue damage and maintain homeostasis is 
a fundamental property of various multicellular 
organisms [52, 53]. Cellular proliferation and tis-
sue growth is the primary focus in the field of 
tissue regeneration, and one of the mechanisms 
by which a regenerative response is initiated is by 
compensatory proliferation, a process by which 
lost tissue is replaced via increased proliferation 
of uninjured neighboring cells. The earliest 
observation of compensatory proliferation came 
from studies in Drosophila. Haynie and Bryant 
demonstrated that killing 40%–60% of cells from 
Drosophila larval imaginal discs (the precursor 
epithelial tissue which gives rise to the adult 
structures) by lethal X-ray irradiation still yielded 
normal adult organs due to subsequent increase 
in proliferation among the surviving cells [54]. 

Fig. 4.2 Compensatory 
proliferation in 
regeneration and cancer
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Similar observations of compensatory prolifera-
tion were made in mammalian systems, where 
the liver can fully regenerate in response to injury 
or partial hepatectomy by increased proliferation 
of healthy hepatocytes [55]. Studies in several 
model systems have now shown that apoptotic 
cells can secrete mitogens, thereby promoting 
compensatory proliferation, a phenomenon 
termed as “apoptosis-induced proliferation” 
(AiP) [49, 56].

In Drosophila, there are at least three distinct 
models of AiP: “undead”, “genuine” and “post- 
mitotic” AiP (Fig.  4.3). In these AiP models, 
apoptosis is usually induced in larval eye or wing 
imaginal discs, either by irradiation or by expres-
sion of pro-apoptotic factors (hid, reaper or 
eiger), and the signaling events in apoptotic cells 
are studied. These studies in Drosophila provided 
mechanistic insights into the process and demon-
strated that active caspases are important for pro-
moting AiP (reviewed by [50, 57]). They 
established the role of the initiator caspase Dronc 
for inducing mitogenic signaling independently 
of its role in apoptosis, at least for “undead” AiP 
and possibly also “genuine” AiP [58–61].

A technical challenge in these studies was the 
transient nature of apoptotic processes and the 
rapid clearance of dead cells, making it difficult 
to capture the non-apoptotic signaling events. 
The key to circumvent this limitation was to 
block effector caspases by expression of the spe-
cific inhibitor protein P35 [62, 63], thus prevent-
ing execution of apoptosis. Under these 
circumstances, apoptotic signaling induced by 
hid or reaper expression, activates Dronc (which 
is not inhibited by P35), while cell death is 
blocked, thus allowing to uncouple the apoptotic 
and non-apoptotic functions of Dronc. Due to 
P35 expression, the affected cells are in an 
immortalized state referred to as “undead” 
(Fig.  4.3A), in which active Dronc persistently 
signals for AiP, which ultimately causes over-
growth of the tissue [64, 65]. The requirement of 
Dronc for AiP was confirmed by loss-of-function 
analysis which suppressed the overgrowth of 
“undead” tissue [58, 60, 61, 65].

“Genuine” (also referred to as regenerative) 
and “post-mitotic” AiP are P35-independent 

models during which apoptotic cells are allowed 
to complete the apoptotic process (Fig. 4.3B, C). 
To avoid organismal lethality due to excessive 
apoptosis, apoptosis is either induced for a brief 
period of time in a spatially-restricted manner 
(“genuine”) or in a non-essential tissue such as 
the developing retina of the fly eye which is also 
post-mitotic at this stage [65–70]. After this 
apoptotic treatment, the regenerative response of 
the affected tissue is examined. In the following, 
we will summarize and compare the findings of 
these different models of AiP.

The “undead” model has been employed in 
several genetic screens for identification of genes 
important for AiP in Drosophila [65, 66, 71, 72]. 
Mechanistically, Dronc promotes the activation 
of JNK, and secretion of mitogens such as 
Wingless (Wg; a WNT-homolog), 
Decapentaplegic (Dpp; a BMP/TGFβ homolog) 
and Spitz (Spi; a EGF homolog) to stimulate 
overgrowth [59, 65, 72, 73] (Fig.  4.3A). Along 
with JNK, p53 was also shown to be important 
for AiP [61, 74]. Both JNK and p53 are known to 
control the expression of the pro-apoptotic genes 
hid and reaper. This triggers a feedback loop in 
“undead” cells amplifying the mitogenic signals 
(Fig. 4.3A) [66, 75].

An important question in the field of AiP was 
how an initiator caspase like Dronc can activate 
the stress kinase JNK.  Initially, it was debated 
whether involvement of JNK in AiP was because 
of its apoptotic role as an inducer of the apoptotic 
process, or whether it was a downstream target of 
Dronc. Nevertheless, identification of the feed-
back amplification loop reconciled both these 
models [66, 75]. It was then speculated that a 
novel cleavage target of Dronc exists that may 
eventually activate JNK. It remains to be seen if 
this is true. However, a recent study showed that 
the linear pathway assumed for activation of JNK 
during AiP might be more complicated than it 
was previously thought. This study demonstrated 
that reactive oxygen species (ROS) act as an 
intermediate step between Dronc and activation 
of JNK. Active Dronc triggers the generation of 
extracellular ROS (eROS) in “undead” cells via 
the NADPH oxidase dDuox at the plasma mem-
brane [66] (Fig. 4.3A). These eROS are required 
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Fig. 4.3 Models of apoptosis-induced proliferation (AiP) 
in Drosophila. (A) The “undead” AiP model. Apoptotic 
cells are maintained in an immortalized state, referred to 

as “undead” due to expression of the effector caspase 
inhibitor P35. Under these conditions, the unconventional 
myosin Myo1D transports Dronc to the basal side of the 
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for AiP, as their loss impaired JNK activation and 
production of mitogens. One of the mechanisms 
by which eROS activate JNK is by recruitment of 
Drosophila macrophage-like cells, called hemo-
cytes, to the “undead” tissue (Fig.  4.3A). 
Hemocytes in turn secrete Eiger which signals 
via its receptor Grindelwald to activate JNK back 
in “undead” cells [66, 76, 77]. If this is the only 
mechanism by which activation of JNK occurs in 
“undead” cells, or if any other mechanisms exist, 
is an area for future investigation.

A follow-up question to this work is how 
Dronc activates the NADPH oxidase Duox at the 
plasma membrane. While the final mechanistic 
details to answer this question are not available 
yet, recent work has provided more insight into 
this question. Dronc is usually a cytosolic pro-
tein. However, in “undead” cells, Dronc showed 
a prominent localization at the plasma mem-
brane, specifically at the basal side of the plasma 
membrane of the disc proper of imaginal discs 
(Fig.  4.3A) [71]. Translocation of Dronc to the 
plasma membrane was mediated by Myo1D, a 
class I unconventional myosin. Loss of Myo1D 
resulted in loss of the membrane localization of 
Dronc and suppressed the overgrowth of 
“undead” tissue [71], suggesting that the mem-
brane localization of Dronc is an integral part of 
the “undead” AiP pathway. The specific basal 
localization of Dronc is of particular interest 
because Duox is also enriched at the basal side, 
and hemocytes are recruited to the basal side of 
the disc proper (Fig.  4.3A) [71]. The model 
emerges that Dronc – directly or indirectly – acti-
vates Duox at the plasma membrane for ROS 

generation. It should be noted that Dronc has 
enzymatic activity at the plasma membrane [71], 
but whether it directly cleaves Duox awaits fur-
ther investigation.

There is precedence for membrane localiza-
tion of Dronc. Another study looked at the 
dynamics of Dronc localization in the Drosophila 
salivary gland during development. In late larval 
stage, Dronc is localized to the cortex of salivary 
gland cells [78]. Here, membrane localization of 
Dronc is not required for apoptosis or AiP, but for 
dismantling of the cortical F-actin cytoskeleton 
in a non-apoptotic role. In contrast, during early 
pupal stages, Dronc loses its membrane localiza-
tion and becomes cytosolic where it mediates 
apoptosis and salivary gland cell death [78].

A common theme of these two studies is that 
the plasma membrane serves as a platform for 
non-apoptotic activities of caspases, at least of the 
initiator caspase Dronc. The sequestration of 
active caspases to specific sub-cellular locations 
where they can interact with targets involved in 
proliferation and other non-apoptotic processes, 
offers an answer to another critical question in 
caspase research – how cells escape the potential 
lethal activity of active caspases when they fulfil 
non-apoptotic functions. The aforementioned 
studies suggest that the basal side of the plasma 
membrane may provide a non-apoptotic compart-
ment that permits Dronc to mediate non- apoptotic 
processes such as compensatory proliferation or 
cytoskeleton remodeling [71, 78, 79].

The findings obtained in the “undead” AiP 
model were further extended with the P35- 
independent “genuine” model which also showed 

Fig. 4.3 (continued) plasma membrane where it directly 
or indirectly activates the NADPH oxidase Duox for ROS 
generation. Drosophila macrophages are attracted to 
“undead” cells and release the TNF ligand Eiger which 
activates the JNK pathway in “undead” cells. JNK activity 
induces expression of hid and reaper, setting up a feed-
back amplification loop, and of the mitogens wg, dpp and 
spi which promote proliferation. The amplification loop 
signals continuously, promoting tissue overgrowth. 
Question marks denote uncertainty. For more details, see 
text. (B) The “genuine” (or regenerative) AiP model. 
Temporally and spatially restricted apoptosis promotes 

generation of intracellular ROS, some of which propa-
gates to neighboring surviving cells to activate JNK and 
p38 signaling. The role and origin of Wg, Upd and Spi is 
uncertain in this model. For more details, see text. (C) The 
“post-mitotic” AiP model. Induction of apoptosis in the 
developing retina (a largely post-mitotic tissue) triggers 
AiP. In this case, dying photoreceptor neurons release the 
mitogen Hedgehog (Hh) which promotes proliferation of 
surviving, undifferentiated, yet post-mitotic cells. JNK 
signaling is not involved, however, Hippo signaling has 
been implicated in this model
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the requirement of JNK for proper regeneration 
[65–69]. Along with JNK signaling, p38 and 
JAK/STAT signaling pathways are also required 
for “genuine” AiP [80] (Fig. 4.3B). Production of 
ROS in response to transient pro-apoptotic sig-
nals was also observed in “genuine” models [66, 
80], although in this context, these ROS appear to 
be intracellular, and are most likely  mitochondrial 
in origin. Nevertheless, despite this intracellular 
origin, some ROS appear to propagate into neigh-
boring surviving cells where they induce activa-
tion of JNK and p38 signaling through Akt and 
the redox-sensitive Ask1 factor which altogether 
results in expression of Unpaired (Upd), an 
Interleukin-6 paralog [80, 81].

However, some discrepancies do exist between 
the “undead” and “genuine” models, especially 
regarding the source and requirement of Wg sig-
naling [67, 69, 73, 82]. These discrepancies can 
be explained by functional redundancy between 
Wg and Wnt6 which are under control of the 
same damage-response element [83]. However, 
hemocytes are not recruited to imaginal discs in 
“genuine” models, and neither is there a require-
ment for Eiger signaling nor Myo1D. These dif-
ferences illustrate the context-dependent nature 
of AiP signals with very different consequences: 
overgrowth in “undead” AiP versus regeneration 
in “genuine” AiP.

In post-mitotic tissue, a completely different 
mechanism of AiP exists. Here, the non-apoptotic 
activity of effector caspases is important for 
inducing compensatory proliferation. Upon 
apoptosis induction in the differentiating 
Drosophila retina (which is largely a post-mitotic 
tissue), the dying photoreceptor neurons produce 
and secrete the mitogen Hedgehog (Hh) in a 
DrICE- and Dcp1-dependent manner, promoting 
proliferation of surrounding cells that have not 
yet initiated differentiation (Fig. 4.3C) [70]. JNK 
signaling is not involved in “post-mitotic” AiP. 
Hippo signaling has been implicated in this type 
of AiP [84]. The cells that undergo AiP in this 
context are usually post-mitotic; however, they 
are still competent to re-enter the cell cycle and 
divide. Interestingly, while dying photoreceptor 
neurons produce the Hh signal for AiP, the newly 
formed cells can differentiate in all accessory cell 

types, but not photoreceptor neurons [85]. 
Expression of P35  in this context blocks secre-
tion of Hh, and thereby AiP [70], indicating that 
effector caspases are required for this type of 
AiP.  Therefore, there are notable differences in 
the mechanisms of AiP depending on distinct cell 
types and developmental stages.

4.3  Compensatory Proliferation 
in Regeneration of Different 
Model Organisms

Compensatory proliferation for regeneration also 
occurs in a variety of different organisms, includ-
ing Hydra, planaria, newt, Xenopus, zebrafish 
and mice. In the fresh water polyp Hydra, mid- 
gastric transverse bisection results in both head 
and tail regeneration [86]. Interestingly, only 
head, but not tail, regeneration requires prolifera-
tion. Correspondingly, apoptosis is only triggered 
at the head-regenerating tip via the MAPK/CREB 
pathway [87], which is not observed for tail 
regeneration. Activation of effector caspases 
induces secretion of the mitogen Wnt3 from 
dying cells, thus initiating β-catenin-driven pro-
liferation of surrounding cells followed by regen-
eration of the head (Fig.  4.4A). Excitingly, 
ectopic activation of apoptosis at the tail- 
regenerating tip regenerated a head, producing a 
bi-headed hydra, illustrating that activation of 
caspases can change the regeneration program in 
this organism [88]. ROS are also produced imme-
diately at the wound site, and are required for the 
injury-induced MAPK activation and apoptosis 
[89].

Fresh water planarian Schmidtea mediterra-
nea also demonstrates a remarkable regenerative 
potential [90]. Apoptosis mediated by caspase- 
like effectors, DjCLg3, occurs after amputation 
and is required for regeneration, but whether the 
apoptotic cells drive AiP is currently unknown 
[91]. A recent study demonstrated that ROS are 
produced at the wound site following amputation 
of the head and tail compartments of planaria, 
and inhibition of the ROS burst impaired the 
regeneration capacity (Fig.  4.4B) [92]. This is 
reminiscent of the requirement of ROS for AiP in 
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the “genuine” model in Drosophila [66, 80]. It 
will be interesting to examine if caspases pro-
mote production of ROS in this regenerative con-
text as well.

In the vertebrate Xenopus laevis, tadpole tail 
amputation induces cell death, and apoptotic 
cells can be detected 12  h post amputation. 
Caspase activity at the site of injury is essential 

Fig. 4.4 The role of apoptosis-induced proliferation (AiP) for regeneration in different animal models. (See text for 
details)
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for regeneration of the lost tail, as effector  caspase 
inhibitors prevent cell proliferation and regenera-
tion [93]. Tail amputation also induces ROS pro-
duction and causes an elevated oxygen (O2) 
influx immediately after the injury, which is 
thought to sustain ROS levels over the span of 
regeneration (Fig. 4.4C). O2 influx together with 
ROS stabilize HIF-1α levels to induce regenera-
tion [94, 95]. Decreasing ROS levels by blocking 
NADPH oxidases also results in impaired regen-
eration, possibly due to the requirement of ROS 
to activate Wnt/β-catenin, FGF and BMP signal-
ing pathways [96, 97]. It is not yet known if there 
is any crosstalk between the HIF-1α pathway and 
other signaling pathways for regeneration. It will 
also be interesting to understand if apoptotic cas-
pases have any role in the signaling events fol-
lowing tail amputation.

Similar observations are made during fin 
regeneration in zebrafish, Danio rerio. Tail fin 
wounding of zebrafish larvae results in genera-
tion of a tissue-scale gradient of ROS due to 
activity of Duox at the site of injury. ROS, in par-
ticular H2O2, is important for the recruitment of 
blood cells to the wounds for the purpose of heal-
ing (Fig. 4.4D) [98]. This observation is similar 
to the “undead” fly model, where ROS attracts 
blood cells for the purpose of inducing over-
growth [66]. In both these contexts, it will be 
intriguing to identify whether the blood cells 
sense H2O2 as a chemotactic factor, or if H2O2 
enters the cytoplasm and induces redox signaling 
events in these cells to direct migration. A recent 
study further explored the requirement of ROS 
for larval tail regeneration. Wounding-induced 
ROS rapidly repositioned notochord cells to the 
site of damage. These cells secreted the mitogen 
Hh and activated Hh signaling which is a key 
regulator of tail regeneration, acting upstream of 
the Wnt/β-catenin, FGF and Retinoic Acid sig-
naling pathways [99]. In adult zebrafish, caudal 
fin amputation also causes sustained ROS pro-
duction via enzymatic activity of Nox, another 
member of the NADPH oxidase family 
(Fig. 4.4E). ROS stimulated apoptosis and JNK 
activation in parallel, and both of these processes 
were required for AiP and regeneration of the fin. 
Expression of signaling factors involved in regen-

erative growth, like FGF20, SDF1, and Wnt pro-
teins, were differentially regulated by the 
apoptotic pathway and JNK, suggesting these 
signals might be secreted from dying cells [100].

Mammals have greatly reduced regenerative 
potential, but do maintain the ability to regener-
ate a few select tissues, such as the liver and skin. 
In mice, liver regeneration following partial hep-
atectomy, along with skin wound healing, 
depends on the activity of effector caspases, cas-
pase- 3 and -7. Mechanistically, effector caspases 
cleave and activate calcium-independent phos-
pholipase A2 (iPLA2), which leads to increased 
secretion of arachidonic acid and lysophospho-
choline. These in turn induce the secretion of 
prostaglandin E2 (PGE2), which, in addition to its 
function in inflammation, promotes stem and 
progenitor cell proliferation, and tissue repair 
(Fig. 4.4F) [101]. PGE2 has also been shown to 
activate Wnt signaling [102, 103]. In addition, 
other signaling pathways also play a role in liver 
regeneration, for example, dying hepatocytes 
secrete Hh, which induces proliferation of pro-
genitor cells and myofibroblasts [104]. These 
studies highlight the role of caspases in inducing 
proliferation and repair. Regeneration of liver 
also depends on ROS (Fig.  4.4F). Following 
acute liver injury in mice, dying hepatocytes pro-
duced IL-11, a pro-inflammatory cytokine, in a 
ROS-dependent manner. IL-11 activated the 
JAK/STAT signaling pathway in healthy hepato-
cytes, thus inducing compensatory proliferation 
[105]. Interestingly, ROS also induces hepatocyte 
necrosis, which leads to release of IL-1α, and in 
turn induction of compensatory proliferation 
[106].

Taken together, the regenerative processes in 
the different organisms have a common theme – 
induction of apoptosis following amputation or 
wounding, a damage response such as production 
of ROS, and finally secretion of different mito-
gens to induce proliferation. In most cases, active 
caspases are involved in all or some of these pro-
cesses. Interestingly, while many examples of 
effector caspase-driven proliferation exist, the 
only initiator caspase-dependent regenerative 
response so far has been described in Drosophila, 
where Dronc mediates AiP independently of its 
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activation of effector caspases. Given the 
 similarities in the compensatory proliferation 
observed in all the different systems described 
above, it would be remiss not to consider the con-
tributions of initiator caspases going forward.

4.4  The “Dark Side” 
of Compensatory 
Proliferation: Role 
in Promoting Cancer

Apoptosis has long been considered a process 
that prevents cancer. Historically, this view has 
been supported by the discovery of tumor sup-
pressive roles of p53, where loss-of-function 
mutations in p53 inhibit apoptosis and are associ-
ated with poor cancer prognosis [107–109]. 
Although resistance to apoptosis is an important 
feature of cancers, cancer cells are not fully 
apoptosis-resistant [110]. Indeed, most of the 
therapy regimens are aimed at killing cancer cells 
by inducing apoptosis. Counter-intuitively, how-
ever, in some cancer types, high levels of apopto-
sis in tumors also correlate with poor prognosis 
[111–117]. This paradox can be explained by the 
now emerging idea that dying cells have a pro-
found effect on their surrounding environment, 
which includes paracrine signaling from dying 
cells to stimulate proliferation, invasion and 
metastasis, thereby promoting cancer 
progression.

As outlined above, the association of apopto-
sis and apoptotic signaling with wound-healing 
and regeneration has been well established. 
Given the striking similarities between tissue 
regeneration and cancer, the involvement of AiP 
for tumorigenesis is of direct relevance (Fig. 4.2). 
Additional support for this idea comes from the 
finding that caspase-driven production of PGE2, 
important for promoting liver regeneration, can 
stimulate tumor growth and repopulation follow-
ing radiation therapy in mice and human cancer 
cells [118]. Similar observations were made in 
bladder cancer, where PGE2 derived from apop-
totic cells stimulated proliferation of cancer stem 
cells to promote resistance to chemotherapy. 
Importantly, in this context, inhibiting PGE2 

abrogated the AiP responses and sensitized the 
tumor to therapy, highlighting the contributions 
of AiP for tumor resistance [119]. In addition, the 
physiological pathways involved in regeneration 
may be deregulated in tumors or hijacked by can-
cer cells for their growth and metastasis. The 
Drosophila “undead” AiP model is an excellent 
example where the “undead” cells exploit the 
compensatory proliferation mechanism such that 
persistent caspase-derived mitogenic signals 
stimulate overgrowth of the tissue, reminiscent of 
how tumor cells may hijack the regenerative 
pathways. Moreover, the apoptosis resistance 
that many tumor cells have acquired make them 
resemble “undead” cells. Thus, “undead” cells 
serve as a great model to understand the multiple 
contributions of AiP for tumor growth and persis-
tence. In addition to the ability to rapidly prolif-
erate and overgrow, the “undead” model shares 
many similarities with tumors that extend to the 
signaling pathways important for promoting 
overgrowth, and its interaction with the 
microenvironment.

One key signaling event in AiP is the activa-
tion of JNK (Fig. 4.3A, B). Blocking the activity 
of JNK in “undead” cells suppresses the secre-
tion of mitogens, thereby suppressing the over-
growth [65, 72]. Also, as JNK functions in the 
feedback amplification loop (Fig.  4.3A), block-
ing JNK activity also abrogates ROS production 
and recruitment of macrophages [66]. This makes 
JNK the “master-regulator” of signaling in 
AiP. JNK is also well studied for its tumor pro-
moting roles in a variety of different cancer mod-
els [120–122]. The association between JNK, 
AiP and cancer is best established in mouse mod-
els of hepatocellular carcinoma (HCC). In 
humans, HCC is usually associated with chronic 
liver inflammation caused due to injury and cell 
death. Using a mouse model of carcinogen dieth-
ylnitrosamine (DEN)-induced HCC, the impact 
of apoptosis on HCC development was investi-
gated [123]. They found that JNK1 activated 
PUMA (p53 upregulated mediator of apoptosis) 
to mediate apoptosis and subsequently prolifera-
tion. In mice deficient in PUMA, or treated with 
a JNK inhibitor, the HCC tumor burden was 
reduced, indicating the importance of the JNK1- 
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PUMA signaling axis in DEN-induced HCC 
[123]. Using the same HCC model, studies show 
that IκB kinase β (IKKβ) deficiency in hepato-
cytes resulted in an increase in the development 
of HCC caused by DEN-treatment [124]. This 
was due to enhanced accumulation of ROS, 
which are responsible for increased JNK1 activa-
tion leading to hepatocyte cell death [125]. This 
cell death triggered compensatory proliferation 
of surviving hepatocytes, and ultimately 
HCC. Increased JNK1 activity in the dying hepa-
tocytes was responsible for releasing IL-1α, 
which stimulates surrounding Kupffer cells to 
secrete IL-6 for compensatory proliferation 
[106]. Similar observations of ROS accumula-
tion, JNK1 activation and compensatory prolif-
eration were observed upon hepatocyte-loss of 
another IκB kinase (IKKγ/NEMO) [126]. 
Interestingly, administration of antioxidants pre-
vented increase of JNK activation and compensa-
tory proliferation, thereby preventing HCC in 
these models [124, 126]. These examples illus-
trate the same principle as observed for AiP in 
Drosophila, and even though apoptotic cell death 
is important for compensatory proliferation here, 
the explicit role of caspases in this process is 
unknown, and an area for future research.

Analogous to the HCC mice models, 
Drosophila tumor models also show involvement 
of similar signaling pathways for their growth 
and invasion. In the scrib−/− RasV12 tumor model, 
clonal mosaics with the oncogenic mutations are 
generated that display all the neoplastic features 
observed in human tumors, including over-
growth, failure to differentiate, invasion of tis-
sues and finally death [127, 128]. A recent study 
demonstrated that in this tumor context, both ini-
tiator (Dronc) and effector caspases (DrICE and 
Dcp1) are necessary for promoting tumor growth 
(Fig.  4.5) [129]. This pro-tumorigenic property 
of caspases is dependent on generation of ROS 
and activation of JNK (Fig.  4.5). Akin to the 
“undead” model, caspase-induced ROS are nec-
essary to recruit macrophages to the scrib−/− 
RasV12 tumor tissue, which in turn signal back to 
the tumor to activate JNK, thus setting up an 
amplification loop that promotes neoplastic 
growth (Fig. 4.5B) [129]. This study exemplifies 

the similarities between tumor models and the 
“undead” model in Drosophila and highlights the 
importance of the caspase-ROS-JNK signaling 
axis for AiP and tumor growth. Why caspases do 
not induce apoptosis in this tumor context will be 
subject of future investigation.

ROS, particularly H2O2, act as early damage 
signals to initiate regenerative responses, impor-
tant for compensatory proliferation as described 
above (reviewed in [77]). In addition to this, 
increased ROS production has been implicated in 
various cancers and is thought to be involved in 
the development and progression of cancer by 
activating pro-tumorigenic redox signaling, 
enhancing cell proliferation, and inducing DNA 
damage and genomic instability. The requirement 
of ROS in the Drosophila “undead” AiP and 
tumor models for mediating overgrowth empha-
sizes its importance [66, 129]. Extrapolating to 
mammalian systems, a study reported that onco-
genes like activated Ras promote ROS produc-
tion in a Rac1- and Nox4-dependent manner to 
drive the initial hyperproliferative response in 
human cells as well as in zebrafish [130]. Another 
study explored the role of Rac1-mediated ROS 
production and NF-κB activation in colorectal 
cancer to facilitate WNT-driven intestinal stem 
cell proliferation [131]. ROS can promote prolif-
erative responses by regulating the mitogen 
activated- protein kinase (MAPK)/extracellular- 
regulated kinase 1/2 (ERK1/2), phosphoinositide- 
3- kinase (PI3K)/Akt and protein kinase D (PKD) 
signaling pathways [132]. Additionally, the 
involvement of AiP in the etiology of human can-
cers has been reported in multiple different stud-
ies [133–140]. Taken together, all these examples 
underline the importance of AiP in inducing pro-
liferation and cancer initiation, and even though 
the signaling pathways may be different for each 
context, the conservation of key factors is 
remarkable.

Another key feature of cancers is the ability to 
invade other tissues and metastasize [2]. The 
metastatic process initiates after cells in a tissue 
migrate out of their environment, a process that 
mainly requires damage to the basement mem-
brane (BM). Multiple Drosophila tumor models 
have been described, including the scrib-/- RasV12 
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model, which have helped to identify the mecha-
nisms involved during cell invasion and metasta-
sis [141]. “Undead” cells do not show the ability 
to invade distant tissues like other neoplastic 
cells; however, they do share the ability to 
migrate, a prerequisite for invasion. A study 
reported that in “undead” cells, residual effector 
caspase activity drives migration of cells by acti-
vating JNK [142]. The migrating cells also 
express the matrix metalloproteinase MMP1 
[142], known for its function to degrade the BM 
during cell invasion [143]. The ability of 
“undead” cells to migrate, but not invade distal 
tissues is puzzling, and may indicate some inhibi-
tory factors in play that block invasion, or the 
need for activation of other pathways that would 
promote invasion. Future work could help 
uncover the events that would make “undead” 
cells amenable for tissue invasion. However, the 

pro-migratory activity of caspases is conserved in 
many cancers. Similar to the Drosophila scrib-/- 
RasV12 tumor model where activity of caspases is 
required for invasion and metastasis, in human 
cancers, caspase 3 activation promotes cell 
migration and invasion in glioblastoma, mela-
noma, and ovarian cancer [144–147].

The idea that tumors consist of a homogenous 
population of cancerous cells is quite restrictive, 
and in the past few years, the concept of “tumor 
microenvironment (TME)” has gained popular-
ity. The TME is comprised of proliferating can-
cerous cells as well as cancer-associated 
fibroblasts, tumor stroma, extracellular matrix, 
adipose tissue, endocrine cells and blood vascu-
lar network, and infiltrating immune cells [2, 
148, 149]. The infiltrating immune cells were ini-
tially thought to have anti-tumorigenic properties 
and function to antagonize tumor growth; how-

Fig. 4.5 The role of caspases for scrib-/- RasV12 tumor 
growth in Drosophila. Shown are mosaic eye-antennal 
imaginal discs from late Drosophila larvae. Control (A), 
scrib-/- RasV12 (B) and scrib-/- RasV12 clones deficient for 
caspases (C) are indicated in green. Note the strong over-
growth of both scrib-/- RasV12 clones and the entire scrib-/- 
RasV12 mosaic disc in (B). Although caspases are activated 

in scrib-/- RasV12 tumor tissue, they do not induce a signifi-
cant amount of apoptosis. Instead, they mediate the gen-
eration of intra- and extracellular ROS which setup an 
amplification loop involving Drosophila macrophages 
(hemocytes), JNK activation and sustained caspase activ-
ity (B, bottom). Genetic loss or inhibition of caspases sup-
presses scrib-/- RasV12 tumor growth (C)
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ever, recent evidence points towards a more 
tumor-promoting role for these cells in the 
TME.  The immune cells establish a chronic 
inflammatory environment in the tumors, thus 
helping portray tumors as wounds that never heal 
[51, 150]. These immune cells secrete a variety of 
signaling molecules, which include inflammatory 
cytokines, growth factors, angiogenic factors and 
BM degrading factors that aid in tumor prolifera-
tion, progression and metastasis [151, 152]. 
Among the inflammatory cells present in the 
TME, tumor-associated macrophages (TAM) are 
of particular importance. Tumor-derived factors 
reprogram the polarization of TAMs towards the 
“alternatively-activated” M2 phenotype. TAMs 
promote cell growth, angiogenesis and matrix 
remodeling while inhibiting anti-tumor immune 
responses, thus supporting tumorigenesis [153]. 
Like the mammalian macrophages, Drosophila 
macrophages also have tumor-promoting func-
tions. Drosophila tumor models and the “undead” 
model are characterized by the presence of TAMs 
that secrete cytokines, like Eiger [66, 129, 154]. 
Whether these TAMs also undergo “alternate 
activation” to promote tumorigenesis is an area 
of active interest. Intriguingly, in response to 
ROS, the macrophages on the “undead” cells and 
tumors show changes in morphology and spread 
[66, 129], making it quite tempting to assume 
ROS or some other tumor-derived factors change 
macrophage properties, probably making them 
“alternatively activated”.

The “undead” cell model in Drosophila has 
been instrumental in advancing the field of com-
pensatory proliferation, and as more evidence 
comes into the forefront, the contributions of the 
“undead” model for understanding tumorigenesis 
become more apparent. The “undead” model 
shares many of the hallmarks of cancer, namely 
the increased proliferation, evasion of cell death, 
cell migration, and tumor-promoting inflamma-
tion by TAMs. These parallels emphasize the 
importance of caspase-driven AiP in cancer, at 
the same time corroborating the efficacy of 
Drosophila as a model system to study cancer 
initiation and growth. It would be interesting to 
determine if the “undead” model shares more of 
the hallmark properties of tumors. Based on all 

these observations, the view that  the “undead” 
model is just a hyperplastic overgrowth model 
needs to be revised.

4.5  Conclusions

The tumor-suppressing function of apoptosis 
makes a lot of sense from a logical point of view. 
While apoptosis certainly has this activity for 
some types of cancer, one would expect that 
tumor cells would more often inactivate the apop-
totic machinery by genetic inactivation. However, 
this is not observed and clinical data suggest that 
often apoptosis correlates with poor prognosis 
for the patient. Although the molecular mecha-
nisms of apoptosis are very well understood, its 
influence on the cellular environment is not. 
Apoptotic cells – before they die – communicate 
with and influence their environment which may 
be beneficial for the organism during wound 
healing and regeneration. In case of cancer, how-
ever, AiP may trigger tumorigenesis or relapse 
after therapy. Continued work probing AiP in 
genetically tractable model organisms will pro-
vide clues for which players and pathways may 
be at work in human diseases, while clinical 
investigations will guide the search for non- 
apoptotic caspase involvement in new contexts, 
potentially informing novel therapies and 
improving patient outcomes.
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