
REVIEW

Spreading the word: non-autonomous effects of apoptosis during
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ABSTRACT
Apoptosis, in contrast to other forms of cell death such as necrosis,
was originally regarded as a ‘silent’ mechanism of cell elimination
designed to degrade the contents of doomed cells. However, during
the past decade it has become clear that apoptotic cells can produce
diverse signals that have a profound impact on neighboring cells and
tissues. For example, apoptotic cells can release factors that
influence the proliferation and survival of adjacent tissues.
Apoptosis can also affect tissue movement and morphogenesis by
modifying tissue tension in surrounding cells. As we review here,
these findings reveal unexpected roles for apoptosis in tissue
remodeling during development, as well as in regeneration and
cancer.
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Introduction
When confronted with death, cells have several different options to
choose from. These cell deathmechanisms were originally described
based on their morphological features (Fuchs and Steller, 2015) and
can be classified into three major forms. First, there is a form of cell
death, historically considered passive and deleterious, termed
necrosis, which involves cell swelling, membrane rupture and the
release of cellular contents into the extracellular space. It is thus not
surprising that, in this situation, the cells surrounding necrotic cells
are greatly impacted by their dying neighbors, and various responses
such as inflammation and additional cell death can result. Another
classical form is autophagic cell death, in which the cell digests its
own contents; this form of cell death is also called self-cannibalism.
However, in general, autophagy does not lead to cell elimination but
instead constitutes a survival mechanism after starvation or other
forms of cellular stress. The most prominent form of programmed
cell death during animal development and tissue homeostasis is
apoptosis. Apoptosis is characterized by progressive nuclear and
cytoplasmic shrinkage, chromatin condensation and the shedding of
apoptotic bodies,which are rapidly cleared by phagocytes or adjacent
cells.Molecularly, apoptosis is executed by specific types of cysteine
proteases called caspases that, once activated, can cleave cellular
substrates and lead to the demise of the cell (Fuchs and Steller, 2015).
Apoptosis has essential functions during animal development

and homeostasis, and its key role in driving morphogenesis and
tissue remodeling has long been recognized (Fuchs and Steller,
2011). However, its function has always been regarded as
autonomous: only the cells that die by apoptosis were thought to
be important for sculpting tissues and organs, or to control cell

number. Apoptosis is also associated with numerous pathologies.
For example, excessive apoptosis has been linked to
neurodegenerative diseases and organ failure after infarction or
toxic insult, while defective apoptosis has been involved in
proliferative diseases such as cancer (Favaloro et al., 2012).
However, again, research has focused mostly on the dying cells,
with efforts being made to induce apoptosis when there is a
disproportionate accumulation of cells and to suppress cell death in
situations in which there is excessive cell loss.

It is becoming increasingly clear, however, that apoptosis can
have profound non-cell-autonomous effects on surrounding tissues
by affecting the cell division, cell fate and remodeling of nearby
cells. In this Review, we provide an overview of these various
non-autonomous effects of apoptosis, which include effects on
proliferation, the movement and shape of neighboring cells and
non-autonomous cell death. We also discuss what is known about
the roles of apoptosis during normal development, and what we can
learn from studying the unexpected role of signaling by apoptotic
cells in regeneration and in pathological conditions such as cancer.

Apoptosis: a way of shaping tissues without affecting
neighboring cells
The significance of apoptosis in vertebrate development was
recognized very early (reviewed by Clarke and Clarke, 1996).
Long before the term ‘apoptosis’was coined or the genetic basis for
apoptosis was discovered, embryologists had noticed that extensive
cell death was a normal part of early development in many animals,
which meant that the death of cells had to be a programmed event in
the development of multicellular organisms (Glucksmann, 1951;
Saunders, 1966). The purpose of the observed loss of large
populations of cells was immediately apparent as a way of sculpting
tissues and deleting unwanted structures. Hence, apoptosis as a
‘clean and silent’ form of cell death appeared well-suited for tissue
morphogenesis because it allowed for the deletion of cells with little
tissue disruption. Indeed, it is now well accepted that apoptosis is
the usual method of eliminating organs and tissues that are useful
only during embryonic or larval stages or that are phylogenetic
vestiges (Fig. 1A). Examples include the degeneration of the
pronephros in amphibians and mammals, the regression of the
umbilical arteries after birth, and the elimination of the tadpole tail.

Likewise, apoptosis has been shown to play a major role in
sculpting tissues, since elimination of a substantial number of cells
can result in the appearance of new shapes. A classical example of
this is the individualization of digits that occurs in many animals
through the removal of the interdigital webs (Fig. 1B). Indeed, high
levels of apoptosis can be detected in the interdigital tissue of many
higher vertebrates, including mice and humans. Furthermore, failure
to activate cell death in these regions (as in the case of mice
mutant for genes involved in the apoptotic cascade) can lead to
digit fusion or syndactyly (Lindsten and Thompson, 2006; Zakeri
et al., 1994).
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In all of these situations it was assumed that themorphogenetic role
of apoptosis is simply cell elimination: if enough cells are killed by
apoptosis, this alone could lead to the deletion or shaping of structures.
However, recent studies indicate that apoptosis may have amore direct
role in shaping tissues. For example, in the case of interdigital web
apoptosis, mice that are mutant for different components of the
retinoic acid pathway exhibit not only reduced interdigital apoptosis,
but also reduced expression of tissue remodeling genes such as
stromelysin 3 [also known as matrix metallopeptidase 11 (Mmp11)],
high mobility group nucleosomal binding domain 1 (Hmgn1) and
fibroblast growth factor 18 (Fgf18) (Dupe et al., 1999; Zhao et al.,
2010). Therefore, it is possible that apoptosis controls the expression
of genes that help carve the contours of the digits.
Another aspect of ‘collective cell suicide’ that has not been

investigated is the mechanism by which the synchronicity of cell
death is achieved. Because apoptosis is initiated by some external
signal, it was originally thought that all cells respond to this signal
simultaneously in a coordinated manner. However, it is now clear
that, at least under some circumstances (as discussed in detail
below), apoptotic cells can release death signals to orchestrate
cohort cell death (Perez-Garijo et al., 2013).

Apoptosis in development and morphogenesis: promoting
tissue movement and reshaping
In early studies, embryologists noticed a close association between
cell death and tissue remodeling. However, only very recently are
we starting to gain mechanistic insight into how apoptosis can
influence surrounding cells to promote folding and movement.
Below, we review some of the main developmental contexts in
which a role for apoptosis has been identified and studied.

Dorsal closure in Drosophila embryos
Dorsal closure is a complex morphogenetic process that occurs
during Drosophila embryogenesis. During this process the lateral

epidermis of the embryo spreads dorsally until it covers the
embryonic dorsal surface. The amnioserosa, which is the extra-
embryonic tissue that was the original occupant of the most dorsal
position of the developing embryo, reduces its surface area during
closure and eventually disappears inside the embryo. Multiple
forces, both from the retracting amnioserosa and from the spreading
lateral epidermis, contribute to the movement of the epithelial sheets
during dorsal closure (Gorfinkiel et al., 2009; Kiehart et al., 2000).
However, apoptosis has also been identified as a major force driving
this event (Fig. 2A). In particular, a small subset of amnioserosa
cells exhibits the hallmarks of apoptosis (Toyama et al., 2008).
Interestingly, cells in the vicinity of these apoptotic cells present a
distorted morphology and are pulled towards the apoptotic cells. In
this way, a large portion of the amnioserosa cells are impacted by
the apoptosis process, and not only those that actively undergo cell
death. Importantly, apoptosis in the amnioserosa was shown to
influence the dynamics of dorsal closure, identifying this event as
one of the first examples in which apoptosis promotes movement by
affecting cellular forces. Accordingly, the inhibition of apoptosis
led to a delay in dorsal closure, whereas ectopic induction of
apoptosis speeded up the process (Toyama et al., 2008).

Some insight into the possible mechanism by which apoptosis
affects the progression of closure came from a later study that
investigated the spatial, temporal and molecular hierarchies in the
relationship between apoptosis and delamination (Muliyil et al.,
2011). In this study, it was shown that the apoptotic signal is
essential for driving cell delamination, both autonomously and
non-autonomously. Furthermore, it was also shown that apoptosis
influences the rates of apical constriction, suggesting that apoptosis
regulators might regulate cell mechanics by inducing reorganization
of the cytoskeleton (Muliyil et al., 2011).

Genital rotation in Drosophila
Another example inwhich apoptosis plays a role inmorphogenesis by
inducing tissue movement is during development of the Drosophila
male genitalia (Fig. 2B), which rotate clockwise during development
to complete a full 360° loop. A role for apoptosis in this movement
was suspected early on because several mutants for apoptosis genes
show defects in genital rotation (Abbott and Lengyel, 1991; Grether
et al., 1995; Macias et al., 2004). More recently, live imaging studies
and a thorough investigation of apoptosis activation led to an
important advance in our understanding of the process. First, Suzanne
et al. (2010) demonstrated that the full rotation of the genitaliawas the
sum of two independent 180° rotations, each affecting one distinct
ring-shaped domain of cells. Furthermore, they showed that apoptosis
was localized at the boundaries of these domains and that it was
essential for their movement. Thus, they proposed a model in which
apoptosis acts as a mechanism to separate the ring domains from
neighboring tissues and allow for their movement (Suzanne et al.,
2010). Following on from this, Kuranaga et al. (2011) investigated
caspase activation in vivo and induced ectopic activation of apoptosis.
Based on their findings, they suggested a model in which apoptosis
acts as a direct force driving the rotation, similar to its role during
dorsal closure (Kuranaga et al., 2011). The exact mechanism
underlying this phenomenon remains to be elucidated. Although
the directionality of rotation depends on Myosin ID (also known as
Myosin 31DF) (Suzanne et al., 2010), the local cellular andmolecular
changes triggered by apoptosis in adjacent cells remain elusive.

Shaping the vertebrate brain
The vertebrate neural tube is the embryonic precursor of the central
nervous system, giving rise to both the brain and the spinal cord. It

A  Removal of tissues

B  Organ sculpting

Apoptotic cellKey

Fig. 1. Roles for apoptosis in tissue and organ sculpting. (A) Apoptosis is
known to play a role in eliminating organs and tissues that are useful only
during the embryonic or larval stages of development. For example, the
tadpole tail is removed by apoptosis at the time of its metamorphosis into a frog.
(B) The coordinated elimination of large populations of cells can provide a
means to sculpt tissues without affecting neighboring cells, as shown here for
the vertebrate limb.
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develops from the neural plate, and its formation involves an
elaborate series of morphogenetic movements. During this period,
there is an elevation of both sides of the neural plate (the neural
folds), which then contact each other and fuse to form the roof of the
neural tube. Extensive apoptosis occurs during neural tube closure
(Fig. 2C), especially at the neural folds during bending and fusion,
and during the remodeling of the dorsal neural tube after fusion.
However, it remains controversial whether cell death is required for
these processes. An initial report using explanted chick embryos
treated with apoptosis inhibitors suggested that apoptosis plays
a functional role in neural tube closure (Weil et al., 1997). Further
analysis revealed that apoptosis-deficient mice (Casp3−/− and
Apaf1−/−) showed closure defects in the midbrain and hindbrain,
whereas closure occurred normally in the forebrain and spinal
regions (Massa et al., 2009). However, mouse embryos cultured in
the presence of chemical inhibitors of apoptosis displayed normal
closure of all regions, including the midbrain and hindbrain, even
though apoptosis was effectively blocked (Massa et al., 2009). A
possible explanation for this apparent discrepancy is that long-term
suppression of apoptosis, as occurs in the case of the mutant mice,
might lead to abnormalities that are unrelated to cell death inhibition
and that affect neural tube closure. However, another possibility
would be that chemical inhibitors fail to fully suppress the initiation
of apoptosis and that some of the effects on neighboring cells are

still maintained, therefore allowing normal closure in certain
regions.

More recent insights into the role of apoptosis in this system have
come from the use of live imaging to study caspase activation during
neural tube closure and by analyzing the progression of neural tube
closure in apoptosis-deficient embryos (Yamaguchi et al., 2011).
This study found that caspase-positive cells could be divided into
two classes depending on their morphology and behavior. Some
apoptotic cells exhibited the typical hallmarks of apoptosis
(shrinking morphology and fragmentation into apoptotic bodies)
and disappeared very quickly from the tissue. But there were also
cells showing caspase activation that maintained their round shape,
did not fragment, moved actively (they were named ‘dancing’
apoptotic cells) and persisted in the tissue for long periods of time.
Interestingly, these two types of apoptotic cells showed different
distributions and caspase expression patterns. Furthermore, live
imaging of apoptosis-impaired embryos (Apaf1−/− embryos, or
embryos treated with the pan-caspase inhibitor zVAD) revealed that
the speed of neural tube closurewas reduced, demonstrating a role of
apoptosis in the dynamics of this process (Yamaguchi et al., 2011).

Recently, another role for apoptosis during brain development
that has a major impact on neighboring tissues has been revealed
(Nonomura et al., 2013). In this case, the non-autonomous effects
do not result from the influence of dying cells on their neighbors,

A  Promotion of morphogenetic movement B  Organ rotation

Apoptotic cellKey
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Fig. 2. Apoptosis as amechanism to promotemovement and shape tissues. (A) DuringDrosophila dorsal closure, the apoptosis of amnioserosa cells works
as a pulling force to speed up the movement of the epithelial sheets and accelerate the process of closure. (B) During the development of Drosophila genitalia,
apoptosis within distinct ring-shaped domains of cells is thought to play a crucial role during the two independent 180° rotations that are observed. (C) During
the formation of the vertebrate neural tube, extensive apoptosis is observed in the neural folds during neural tube closure and during the remodeling of the
dorsal neural tube. (D) Apoptosis, and the subsequent formation of an acto-myosin cable, induces fold formation in the Drosophila leg by generating apicobasal
forces that propagate to the neighboring tissues. The cable is necessary for generating a pulling force that originates in the dying cell and extends to the neighbors.
(E) Apoptosis promotes myoblast fusion in mice. In this context, the apoptotic cells do not fuse with healthy myoblasts but remain in close proximity to them.
A, anterior; P, posterior.
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but from the nature of the cells destined to die. Soon after neural tube
closure, apoptosis is involved in the timely removal of a cluster of
Fgf8-expressing cells. The persistence of these cells in apoptosis-
deficient mice led to the accumulation of FGF and to brain
malformations (Nonomura et al., 2013). Interestingly, this
mechanism could explain some of the early phenotypes observed
in apoptosis-deficient mice, which were originally attributed to an
excessive number of neural cells that fail to die by apoptosis (Kuan
et al., 2000). Thus, an intriguing possibility would be that the main
function of apoptosis in the central nervous system is not to simply
control cell number, as has been generally thought, but to regulate
its morphogenesis by modulating morphogen signaling and
gradients (Yamaguchi and Miura, 2015).

Creating folds in the Drosophila leg
In all of the examples discussed above, the role of apoptosis in
morphogenesis is well established but the mechanisms behind this
apoptosis-induced remodeling remain unclear. However, a recent
study of the Drosophila leg has provided some mechanistic insight
into how apoptosis can drive tissue movement and reshaping by
affecting neighboring tissues (Monier et al., 2015).
The leg of Drosophila is divided into segments that are separated

by flexible joints. Previous studies had shown that local cell death is
required for the formation of the distal joints and for imaginal disc
folding in the regions of presumptive joint formation (Manjon et al.,
2007). Recently, the mechanism of this folding has been uncovered
(Monier et al., 2015), showing that apoptotic cells exert apicobasal
forces in the epithelium via the generation of myosin cables and the
regulation of tissue tension (Fig. 2D). Prior studies in monolayer cell
cultures had suggested that the extrusion of apoptotic cells depends
on the formation of acto-myosin rings that induced contraction, both
in apoptotic cells and in their neighbors (Kuipers et al., 2014;
Rosenblatt et al., 2001). Monier et al. (2015) built upon these
findings by revealing the formation of an acto-myosin cable in
apoptotic cells in vivo. This cable was necessary for the generation
of a pulling force that originates in the dying cell and extends to
the neighbors. The transmission of this force relies on apical
stabilization of actin/myosin and leads to an increase in tissue
tension and cell shape changes in adjacent cells. It was also
demonstrated, both in vivo and through an in silico biophysical
model, that both apoptosis and the transmission of apoptotic forces
to neighbors are necessary for efficient tissue folding. Furthermore,
it was shown that ectopic apoptosis is sufficient to induce folding in
a flat tissue as long as apoptosis is locally concentrated in a certain
region; dispersed apoptosis is unable to modify tissue shape
(Monier et al., 2015). Overall, this study constitutes an important
step forward in our understanding of the mechanism behind
apoptosis-induced remodeling and will, hopefully, guide future
work on the subject.

Inducing cell fusion
As well as influencing tissue remodeling and reshaping, apoptosis
has been shown to play a role in cell-cell fusion (Fig. 2E). For
instance, apoptotic cells can regulate the fusion of undifferentiated
muscle precursors, known asmyoblasts, into the longmultinucleated
myofibers that make up skeletal muscle (Hochreiter-Hufford et al.,
2013). In this context, apoptosis promotes myoblast fusion, acting
through the phosphatidylserine receptor BAI1 (also known as
Adgrb1) (Hochreiter-Hufford et al., 2013). Using an in vitro model
for myogenesis, it was shown that a significant amount of cell death,
presenting all the hallmarks of apoptosis, could be detected in
myoblasts. Blocking apoptosis with pan-caspase inhibitors led to

a dramatic suppression of myoblast fusion. Interestingly, adding
apoptotic cells back to these apoptosis-inhibited cultures rescued
myoblast fusion. The addition of dying cells could also stimulate the
fusion of human myoblasts in culture; the apoptotic myoblasts did
not fuse with the healthy ones but remained in close proximity to
the fusing myoblasts. In vivo, Bai1 mutant mice showed defects
both in normal myogenesis and in muscle regeneration after
injury, suggesting an important role for apoptosis during muscle
development and repair (Hochreiter-Hufford et al., 2013).
Interestingly, phosphatidylserine receptor 1 (PSR-1) has recently
been shown to play a crucial role in regenerative axonal fusion in
C. elegans, suggesting that this mechanism of apoptosis-induced
fusion is not restricted to muscle (Neumann et al., 2015).

Signaling from apoptotic cells: modulating the proliferation
and survival of surrounding cells
One of the most striking examples of how apoptotic cells can affect
neighboring tissues came from the discovery that apoptotic cells can
produce and secrete diffusible mitogenic signals (Morata et al.,
2011) (Fig. 3A). This phenomenon was first revealed in studies
of ‘undead’ cells (Box 1), but subsequent studies indicated that
the same signals can also be produced by normal apoptotic cells.
The nature of these signaling molecules varies depending on the
tissue and organism, although some of these signals appear to have
maintained their function throughout evolution. Likewise, the effect
of apoptotic signaling on neighboring cells can differ depending on
the context. Below, we discuss the two key ways in which signals
from apoptotic cells can affect neighboring cells.

Apoptosis-induced proliferation
The first evidence that apoptotic cells can release signals that affect
their neighboring cells came from studies of Drosophila wing
imaginal discs. The key to making this unexpected discovery was
the use of an approach that enabled apoptotic cells to stay alive and
harbor intact signaling capabilities for a long period of time (Box 1).
Under these conditions, apoptotic cells were shown to activate
ectopic expression of the mitogenic signals Wingless (Wg; the
ortholog of mammalian Wnt) and Decapentaplegic [Dpp; the
ortholog of mammalian bone morphogenetic protein (BMP)],
which in turn gave rise to overgrowths in neighboring tissues
(Huh et al., 2004; Perez-Garijo et al., 2004; Ryoo et al., 2004).
Mechanistically, the production of these signals depends on
activation of the JNK pathway, which is activated downstream of
the apical caspase Dronc (Kondo et al., 2006; Perez-Garijo et al.,
2009; Ryoo et al., 2004) (Fig. 3C). The activation of p53 has also
been shown to play a crucial role in apoptosis-induced proliferation
but, interestingly, only one of the two Drosophila p53 isoforms
seems to be responsible for this effect (Dichtel-Danjoy et al., 2013;
Wells and Johnston, 2012; Wells et al., 2006).

More recent studies have shown that other signaling pathways are
also implicated in apoptosis-induced proliferation (Fig. 3A). For
example, the Drosophila EGF ligand Spitz has been identified as a
key signal regulating the overgrowths produced by undead cells and
the tissue recovery after induction of cell death in the eye imaginal
disc (Fan et al., 2014). In addition, Simon et al. (2014) uncovered
a role for Notch as a target of p53 involved in apoptosis-induced
proliferation in Drosophila wing discs. Genes controlling
apicobasal polarity and the Hippo pathway have also been
implicated in the proliferative response triggered by dying cells
(Grusche et al., 2011; Sun and Irvine, 2011;Warner et al., 2010; Sun
and Irvine, 2013). In this regard, the upregulation of Yorkie activity
in cells that surround apoptotic cells was found to be important for
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regeneration after the genetic ablation of wing disc tissue (Fig. 3C).
Interestingly, a recent study has proposed that tissue tensions
generated by the extrusion of apoptotic cells may trigger the
activation of Ajuba, an inhibitor of the Hippo pathway, suggesting a

link between apoptotic forces and Yorkie activation (Meserve
and Duronio, 2015; Rauskolb et al., 2014). Furthermore, entirely
distinct pathways for the activation of apoptosis-induced
proliferation have been identified in some differentiating tissues,
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Fig. 3. Signaling by apoptotic cells. (A) Apoptosis-induced proliferation. Dying cells can release mitogenic signals (such as Wnt, Dpp, Shh, EGF, TNF)
and induce proliferation in neighboring cells. This mechanism can promote tissue homeostasis and regeneration. (B) Apoptosis-induced apoptosis. Apoptotic
cells can also produce pro-death signals (such as Eiger/TNF) as a mechanism to spread apoptosis throughout tissues and achieve collective cell death.
(C) Schematic representation of the molecular mechanisms underlying apoptosis-induced proliferation (AiP) and apoptosis-induced apoptosis (AiA).
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such as the region of the Drosophila eye posterior to the
morphogenetic furrow. In this tissue, the proliferative effect of
apoptosis relies on the activation of effector caspases (as opposed to
initiator caspases, which play a major role in proliferating tissues)
and Hedgehog signaling (Fan and Bergmann, 2008; Kondo et al.,
2006). Finally, a role for apoptosis-induced proliferation has been
described in the adult Drosophila brain. In this context, neuronal
cell death has been shown to trigger the division of neighboring glial
cells, both in physiological conditions and upon injury, and this
effect is mediated by the TNF homolog Eiger (Kato et al., 2009).
Despite intensive efforts, very little is known about the role of

apoptosis-induced proliferation under physiological conditions.
Likewise, its role as a compensatory mechanism is still unresolved.
It was first proposed that mitogenic signals emitted by apoptotic
cells could play a role in fueling the compensatory proliferation that
occurs after cell loss. This would explain, for example, the case of
imaginal discs that have been subjected to irradiation, where
damage results in the elimination of a large number of cells yet these
discs still develop into adult structures of normal size and shape,
implying that the remaining surviving cells must undergo additional
rounds of proliferation to compensate for cell loss (Haynie and
Bryant, 1977). The exact requirement for apoptotic signals is
still unclear; even though Wg and Dpp are required for the
overgrowths produced by undead cells, discs can recover from
irradiation when apoptotic cells are mutant for wg, dpp or both
(Perez-Garijo et al., 2009). Screens aimed to identify genes involved
in this process (e.g. by screening for impaired compensatory
proliferation) might provide better insights into this question
(Gerhold et al., 2011). Nevertheless, it is clear that the pioneering
work on apoptotic signaling in Drosophila discussed above has
greatly transformed our view of cellular suicide. Furthermore,
major roles for apoptosis-induced proliferation have since been
demonstrated in processes such as regeneration and cancer (as
discussed in more detail below).

Apoptosis-induced apoptosis
Recently, an unexpected mode of signaling from apoptotic cells
has been uncovered: it was shown that apoptotic cells can also
induce non-autonomous cell death in neighboring cells and tissues
(Perez-Garijo et al., 2013). This process, which has been termed
apoptosis-induced apoptosis (Fig. 3B), was observed by activating
apoptosis in one Drosophila imaginal disc compartment, which,
in turn, led to the induction of cell death in the neighboring
compartment. It was further shown that this process relies on the
production of the TNF ortholog Eiger by apoptotic cells, which in
turn activates the JNK pathway in neighboring cells, inducing them
to die (Fig. 3C). Accordingly, inhibition of Eiger in the initial dying
cells or of JNK in the secondary dying cells efficiently suppressed
apoptosis-induced apoptosis. This phenomenon of apoptosis-
induced apoptosis was also shown to function in coordinating
collective cell death in the mouse hair follicle during a phase of
degeneration known as catagen, in which a large portion of the hair
follicle cells are eliminated by apoptosis. In this physiological
context, TNFαwas produced by apoptotic cells and its inhibition led
to a loss of synchronicity in the cell death process (Perez-Garijo
et al., 2013). Overall, this study provides insights into a novel
mechanism by which cellular suicide can be used to achieve the
synchronized communal death that often occurs during normal
development or under pathological conditions.

It should be pointed out, however, that apoptotic cells have also
been shown to induce increased survival of adjacent cells (Bilak
et al., 2014). This process depends on activation of the anti-
apoptosis microRNA Bantam and the receptor tyrosine kinase Tie.
In addition, the Drosophila PDGF/VGF-like protein Pvf1 was
identified as a potential signal produced by apoptotic cells and is
involved in Tie activation (Bilak et al., 2014). The exact mechanism
by which apoptotic signaling modulates cell survival remains to be
elucidated. Interestingly, this mechanism could explain why the
apoptosis-induced apoptosis observed inDrosophila imaginal discs
was seen at a distance from the initial focus of apoptosis.

The role of apoptosis in regeneration
Regeneration is the fascinating process by which some organisms
are able to restore damaged or lost tissues and organs. It can involve
a variety of mechanisms, such as remodeling, dedifferentiation/
differentiation, migration and, very importantly, proliferation.
Since cell death often occurs at the site of injury, and given the
recently discovered mitogenic properties of apoptotic cells, it was
intriguing to consider whether signals produced by dying cells
could fuel regeneration. Indeed, apoptosis has recently been
identified as a key source of signals required for wound healing
and regeneration in multiple organisms (Bergmann and Steller,
2010; Vriz et al., 2014).

One of the model systems that has provided the most compelling
evidence for the role of apoptosis in regeneration is the freshwater
polyp Hydra (Fig. 4A). Hydra has a remarkable regenerative
capacity: when its body is cut transversally in half, the upper part is
able to grow a new foot and the lower part will produce a new
head. However, the mechanisms behind these two regenerative
programs seem to differ, and apoptosis is only detected in the lower
half that will regrow a head. Importantly, inhibition of apoptosis
significantly abrogated head, but not foot, regeneration (Chera et al.,
2009). Moreover, the ectopic induction of apoptosis in the foot-
regenerating half triggered ectopic head regeneration, giving rise
to a doubled-headed Hydra. Wnt3 was identified as a signal that
is produced by apoptotic cells and that is responsible for the
regeneration, acting via the activation of β-catenin signaling in

Box 1. Undead cells
The term ‘undead’ has been used in the literature to refer to cells that
were destined to die but have been rescued from death and, hence, can
still be found in tissues. However, this meaning is different to the
definition of undead cells that we use here: in the former case the cells
‘forgot’ they were once doomed, whereas in the definition that we use the
cells still ‘think’ that they have to die. Thus, they keep continuously
activating the apoptosis program and retain all the molecular features of
apoptotic cells, except they are unable to execute death. In this situation,
such cells produce high levels of signaling molecules that induce
overgrowths in neighboring tissues (Huh et al., 2004; Perez-Garijo et al.,
2004; Ryoo et al., 2004).

Undead cells can be generated in Drosophila imaginal discs by
expressing the baculoviral caspase inhibitor p35, which blocks effector
caspases without affecting initiator caspases (Hay et al., 1994). By
contrast, blocking apoptosis at an earlier step in the pathway leads to
survival of the cell but without maintaining its apoptotic nature (Martin
et al., 2009). It remains to be determined which types of apoptosis
inhibition would elicit an undead state in other contexts, but it is tempting
to speculate that this mechanism could be the underlying cause of
certain types of tumors. Actually, a recent study revealed that
certain metastatic tumors generated in insulin-resistant flies exhibit
features of undead cells: they show high levels of caspase activity and
Wg production. Given that Wnt inhibition, both genetically and
pharmacologically (in combination therapy), can efficiently suppress
tumor growth (Hirabayashi et al., 2013), this finding highlights the
importance of understanding ‘undead cell’ biology and how these cells
might affect tumor development.
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neighboring cells. Consistently, inhibition of apoptosis blocked
Wnt3 activation, whereasWnt3 treatment rescued head regeneration
in apoptosis-inhibited Hydra (Chera et al., 2009).
Apoptosis has also been shown to play a role in regeneration in

vertebrates; for example, in the case of Xenopus tadpoles, which are
able to regenerate their tails after amputation (Tseng et al., 2007).
However, in this model system, the mechanism underlying the role
of cell death, and whether apoptotic cells can produce signals that
trigger proliferation, remain to be determined. Apoptosis has also
been shown to play a role in wound healing and liver regeneration in
mice (Fig. 4B) (Jung et al., 2010; Li et al., 2010b); apoptosis-
deficient mice (Casp3 and Casp7 mutants) exhibited delayed
healing after excisional wounds in the skin and showed impaired
liver regeneration after partial hepatectomy. Based on their findings,
Li et al. (2010b) proposed a model in which caspase activation leads
to the production of prostaglandin E2 (PGE2), which in turn
promotes stem cell proliferation and tissue regeneration.
Interestingly, PGE2 has also been identified as a signal produced
by apoptotic tumor cells and is involved in the repopulation of
tumors following radiotherapy and chemotherapy (Huang et al.,
2011; Kurtova et al., 2014) (Box 2). Another signal that may be
involved in apoptosis-induced regeneration is Hedgehog, which
was identified as the signal produced by dying hepatocytes and is
responsible for liver compensatory growth, and which is also
involved in apoptosis-induced proliferation in Drosophila (Fan and
Bergmann, 2008; Jung et al., 2010).
Surprisingly, the regeneration of Drosophila imaginal discs, the

model system in which the signaling capabilities of apoptotic
cells was first discovered, does not seem to rely on apoptosis-

induced proliferation, although the different models used to study
regeneration (e.g. cutting versus genetic ablation) have led to
somewhat differing conclusions (Bergantinos et al., 2010; Bosch
et al., 2005; Herrera et al., 2013; Herrera and Morata, 2014; Smith-
Bolton et al., 2009). For example, whereas Herrera et al. (2013)
showed that Wg and Dpp are not required for imaginal disc
regeneration, Smith-Bolton et al. (2009) showed an involvement of
Wg in the regenerative process. However, even in this last scenario,
the source of Wg was not the dying cells but the non-apoptotic
surviving cells. Thus, it still remains to be determined whether
apoptosis functions as a driving force to effectively complete
regeneration in Drosophila imaginal discs. There are, nonetheless,
other settings in which apoptosis-induced proliferation does seem to
play a role in the renewal of Drosophila tissues. This is the case for
the adult midgut, where numerous studies have shown that the
signals produced by damaged enterocytes are able to drive the
intestinal stem cell proliferation needed for homeostasis and
regeneration (Jiang et al., 2011, 2009; Shaw et al., 2010; Staley
and Irvine, 2010). Recently, mitogenic signaling from dying
enterocytes has also been shown to promote growth of stem cell
tumors in the fly midgut (Patel et al., 2015).

Although it is apoptosis-induced proliferation that seems best-
suited to aid regeneration, apoptosis-induced apoptosis might also
play an important role. Recently, two waves of apoptosis have been
observed during planarian regeneration that are dependent on JNK
signaling and have possible roles in remodeling and rescaling
(Almuedo-Castillo et al., 2014; Pellettieri et al., 2010). In addition,
two rounds of apoptosis have been described during zebrafish
caudal fin regeneration and, importantly, the second wave of cell
death is essential for regeneration (Gauron et al., 2013). Since
regeneration involves extensive remodeling and morphogenesis, it
would be interesting to investigate the effects of apoptosis in the

WntWnt

A

B PGE2
Hh

PGE2
Hh

Apoptotic cellKey Dividing cell

Fig. 4. The role of apoptosis in regeneration. (A) Head regeneration in the
freshwater polyp Hydra. When the Hydra body is cut transversally in half, the
lower part is able to produce a new head. Apoptotic cells (purple) are found in
the lower part and are the source of Wnt ligands, which induce the proliferation
of neighboring tissues and are required for regeneration of the head to
proceed. (B) Apoptosis also plays a role in vertebrate liver regeneration; the
signals (e.g. PGE2, Hh) produced by dying hepatocytes help to fuel liver
regeneration.

Box 2. Apoptotic signaling in tumor development
One commonly accepted hallmark of cancer cells is resistance to cell
death (Hanahan andWeinberg, 2000). However, apoptosis is a common
feature of tumor development, although this is usually regarded as a
desirable outcome (Wyllie, 1985). Cell death is in fact induced during
tumor initiation in an attempt to eliminate tumor cells (Menendez et al.,
2010), and is the main goal of cancer therapy. Thus, it might be
counterintuitive that high levels of apoptosis are linked to poor prognosis
in cancer (Jalalinadoushan et al., 2004; Leoncini et al., 1993;
Nakopoulou et al., 2001; Naresh et al., 2001; Ohbu et al., 1995; Sun
et al., 2006). The mechanism behind this unexpected observation is only
now beginning to be understood: it has been shown that apoptotic
signaling can drive tumor proliferation and invasion in different tumor
models (Ballesteros-Arias et al., 2014; Gdynia et al., 2007; Liu et al.,
2013; Maeda et al., 2005; Rudrapatna et al., 2013). Likewise, the
treatment of tumors by chemotherapy or radiotherapy has recently been
shown to induce tumor repopulation by increasing the release of PGE2
by apoptotic cells, which stimulates the growth of surviving tumor cells
(Huang et al., 2011; Kurtova et al., 2014).
Such apoptosis-induced proliferation is probably not the only

non-autonomous effect of apoptosis on tumors. For example,
apoptosis-induced apoptosis might be involved in the phenomenon of
radiation-induced bystander effect, a process by which cell death
appears in non-irradiated regions after radiation therapy (Prise and
O’Sullivan, 2009). Interestingly, a recent study reported multiple
pro-oncogenic effects of apoptosis on lymphoma: the presence of
apoptotic tumor cells in this system stimulated tumor growth but also
macrophage accumulation, angiogenesis and remodeling (via the
upregulation of metalloproteinases) (Ford et al., 2015). Collectively,
these observations might profoundly affect our views of cancer
development and treatment.
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generation of tissue forces and their effects on the migration and
shaping of the newly generated tissues.

Conclusions
During the last decade it has become clear that apoptotic cells
can profoundly influence their environment. There are two key
mechanisms by which apoptosis can exert its effects on neighboring
cells: (1) by modifying the tension and remodeling of nearby
tissues; and (2) by the release of signals by dying cells. An
important question that has not been resolved is whether there is a
connection between these mechanical changes and signal secretion.
It is possible that one leads to the other, or that they are totally
independent processes. Interestingly, Wnt, one of the signals proven
to be consistently produced by apoptotic cells in different contexts
and organisms, can regulate cytoskeletal reorganization by inducing
the stabilization of microtubules (Ciani et al., 2004). Furthermore,
shear stress, which rapidly promotes actin cytoskeleton
reorganization, has recently been found to modify the Wnt
signaling pathway through different mechanisms (Kuo et al.,
2015). These studies suggest a possible connection between the two
major effects of apoptosis. Even if they turn out to be unrelated, the
two mechanisms can co-exist and cooperate. For instance, in
aggressive B cell lymphomas, apoptotic tumor cells can
simultaneously promote tumor growth, angiogenesis and
remodeling (Ford et al., 2015).
Another very interesting recent observation is the existence of

different types of apoptotic cells: the ‘conventional’ apoptotic cells,
which are fragmented into apoptotic bodies and are cleared very
quickly from the tissues, and the ‘dancing’ apoptotic cells, which
are not fragmented and remain in tissues for longer periods of time,
even though they contain active caspases (Yamaguchi et al., 2011).
It would be interesting to investigate whether these two types of
apoptotic cells are present in other contexts and whether they have
distinct signaling roles or produce different types of signaling
molecules.
Recent advances in the field of apoptotic signaling have given rise

to a very complex picture: the signals produced by apoptotic cells
can be of very different natures and sometimes their effects can be
contradictory. It would be expected that, depending on the context,
apoptotic cells would need to provide only certain instructions to
neighboring cells. For instance, it would seem desirable that when
apoptosis is used to trim cell numbers or eliminate whole structures,
apoptosis-induced proliferation is not triggered, as that could delay
or compromise the role that apoptosis has to play. This selectivity
could be achieved by generating different signals in different
circumstances, by neighboring cells being receptive to only certain
signals or by producing a signal that has different roles depending on
the context. This is seen, for example, in the case of Eiger/TNF,
which can promote proliferation and survival in the Drosophila
brain but works as a pro-death factor in the mouse hair follicle (Kato
et al., 2009; Perez-Garijo et al., 2013). The main challenge will be to
elucidate the relevant physiological settings in which these different
modes of signaling operate.
In this regard, it is interesting that most of the apoptotic signaling

properties that have been described so far depend on JNK signaling,
which triggers apoptosis under stress conditions but is often not
involved in developmentally programmed cell death. Thus, the
signaling pathways described so far will likely play an important
role in stress situations, as is the case in regeneration and cancer, but
might not function during normal development. It remains to be
determined whether signaling by apoptotic cells is completely
absent during development. Given the enormous potential of

apoptotic signaling, it is tempting to speculate that organisms might
use apoptotic events as signaling centers to induce a desirable
outcome at an appropriate time. On the other hand, it is possible that
different pathways, perhaps independent of JNK signaling, underlie
apoptotic signaling in developmental situations.

Studies of the non-autonomous effects of apoptosis have
tremendous potential to guide regenerative and cancer therapies
(Box 2). The phenomenon of apoptosis-induced proliferation,
which might have evolved as an advantageous tissue regeneration
mechanism, is exploited by tumor cells to avoid eradication
(Zimmerman et al., 2013). This suggests that strategies countering
apoptosis-induced proliferation might improve cancer treatment.
For example, caspase inhibition has been shown to increase
radiosensitivity in lung and breast cancer models (Kim et al.,
2008; Moretti et al., 2009). Additionally, approaches to study
global cellular responses and the secretomes of apoptotic tumor
cells might provide novel strategies for cancer treatment (Obenauf
et al., 2015; Wiita et al., 2013). Furthermore, given the importance
of apoptosis in multiple disease conditions, it would be interesting
to study the non-autonomous effects of cell death not only in
cancer, but also in other pathologies. For example, a role for
apoptosis has recently been described in cardiac hypertrophy
(Putinski et al., 2013). Moreover, caspases have been shown to
play a crucial role in the reprogramming of induced pluripotent
stem cells (iPSCs), which opens up exciting new opportunities for
exploring the relevance of apoptotic signaling in stem cell biology
(Li et al., 2010a).

Finally, it would be interesting to investigate the impact of other
forms of cell death in neighboring tissues. Even though apoptosis,
necrosis and autophagy were originally considered independent and
exclusive death routes, recent findings have revealed a connection
between these forms of cell death, with some of the main apoptosis
mediators being shared by the necrotic and autophagic pathways.
Interestingly, there is growing evidence to suggest secretion-
dependent roles for autophagy (Deretic et al., 2012). Indeed, the
production of secreted factors by autophagic cells has recently been
shown to modify the tumor microenvironment and tumor invasion
(Kraya et al., 2014; Lock et al., 2014). Effects of necrosis on
surrounding cells might be expected because necrosis involves cell
rupture and the release of cellular contents. It is surprising that,
under these circumstances, some of the same players have been
identified as relevant signals producing non-autonomous effects.
For example, neuronal necrosis can result in the spreading of cell
death through the JNK and TNF pathways, in striking similarity to
the phenomenon of apoptosis-induced apoptosis, suggesting a
mechanistic link between the two processes (Yang et al., 2013).

Since the initial description of apoptosis, we have gained
tremendous knowledge about the molecular and genetic bases of
this process, and numerous roles for apoptosis have been described
during normal ontogeny and in human pathologies. Recently,
we have learnt that apoptotic cells are definitely not silent – actually,
they are quite loquacious – and listening to them will provide
important insights for furthering our understanding of development,
regeneration and disease.
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Herrera, S. C., Martıń, R. and Morata, G. (2013). Tissue homeostasis in the wing
disc of Drosophila melanogaster: immediate response to massive damage during
development. PLoS Genet. 9, e1003446.

Hirabayashi, S., Baranski, T. J. and Cagan, R. L. (2013). Transformed Drosophila
cells evade diet-mediated insulin resistance through wingless signaling. Cell 154,
664-675.

Hochreiter-Hufford, A. E., Lee, C. S., Kinchen, J. M., Sokolowski, J. D.,
Arandjelovic, S., Call, J. A., Klibanov, A. L., Yan, Z., Mandell, J. W. and
Ravichandran, K. S. (2013). Phosphatidylserine receptor BAI1 and apoptotic
cells as new promoters of myoblast fusion. Nature 497, 263-267.

Huang, Q., Li, F., Liu, X., Li, W., Shi, W., Liu, F.-F., O’Sullivan, B., He, Z., Peng, Y.,
Tan, A.-C. et al. (2011). Caspase 3-mediated stimulation of tumor cell
repopulation during cancer radiotherapy. Nat. Med. 17, 860-866.

Huh, J. R., Guo, M. and Hay, B. A. (2004). Compensatory proliferation induced by
cell death in the Drosophila wing disc requires activity of the apical cell death
caspase Dronc in a nonapoptotic role. Curr. Biol. 14, 1262-1266.

Jalalinadoushan,M., Peivareh, H. andAzizzadehDelshad, A. (2004). Correlation
between apoptosis and histological grade of transitional cell carcinoma of urinary
bladder. Urol. J. 1, 177-179.

Jiang, H., Patel, P. H., Kohlmaier, A., Grenley, M. O., McEwen, D. G. and Edgar,
B. A. (2009). Cytokine/Jak/Stat signalingmediates regeneration and homeostasis
in the Drosophila midgut. Cell 137, 1343-1355.

Jiang, H., Grenley, M. O., Bravo, M.-J., Blumhagen, R. Z. and Edgar, B. A.
(2011). EGFR/Ras/MAPK signaling mediates adult midgut epithelial homeostasis
and regeneration in Drosophila. Cell Stem Cell 8, 84-95.

Jung, Y., Witek, R. P., Syn, W. K., Choi, S. S., Omenetti, A., Premont, R., Guy,
C. D. and Diehl, A. M. (2010). Signals from dying hepatocytes trigger growth of
liver progenitors. Gut 59, 655-665.

Kato, K., Awasaki, T. and Ito, K. (2009). Neuronal programmed cell death induces
glial cell division in the adult Drosophila brain. Development 136, 51-59.

Kiehart, D. P., Galbraith, C. G., Edwards, K. A., Rickoll, W. L. and Montague,
R. A. (2000). Multiple forces contribute to cell sheet morphogenesis for dorsal
closure in Drosophila. J. Cell Biol. 149, 471-490.

Kim, K. W., Hwang, M., Moretti, L., Jaboin, J. J., Cha, Y. I. and Lu, B. (2008).
Autophagy upregulation by inhibitors of caspase-3 and mTOR enhances
radiotherapy in a mouse model of lung cancer. Autophagy 4, 659-668.

Kondo, S., Senoo-Matsuda, N., Hiromi, Y. and Miura, M. (2006). DRONC
coordinates cell death and compensatory proliferation. Mol. Cell. Biol. 26,
7258-7268.

Kraya, A. A., Piao, S., Xu, X., Zhang, G., Herlyn, M., Gimotty, P., Levine, B.,
Amaravadi, R. K. and Speicher, D. W. (2014). Identification of secreted proteins
that reflect autophagy dynamics within tumor cells. Autophagy 11, 60-74.

Kuan, C.-Y., Roth, K. A., Flavell, R. A. and Rakic, P. (2000). Mechanisms of
programmed cell death in the developing brain. Trends Neurosci. 23, 291-297.

Kuipers, D., Mehonic, A., Kajita, M., Peter, L., Fujita, Y., Duke, T., Charras, G.
andGale, J. E. (2014). Epithelial repair is a two-stage process driven first by dying
cells and then by their neighbours. J. Cell Sci. 127, 1229-1241.

Kuo, Y.-C., Chang, T.-H., Hsu, W.-T., Zhou, J., Lee, H.-H., Hui-Chun Ho, J.,
Chien, S. and Kuang-Sheng, O. (2015). Oscillatory shear stress mediates
directional reorganization of actin cytoskeleton and alters differentiation
propensity of mesenchymal stem cells. Stem Cells 33, 429-442.

Kuranaga, E., Matsunuma, T., Kanuka, H., Takemoto, K., Koto, A., Kimura, K.-I.
and Miura, M. (2011). Apoptosis controls the speed of looping morphogenesis in
Drosophila male terminalia. Development 138, 1493-1499.

Kurtova, A. V., Xiao, J., Mo, Q., Pazhanisamy, S., Krasnow, R., Lerner, S. P.,
Chen, F., Roh, T. T., Lay, E., Ho, P. L. et al. (2014). Blocking PGE2-induced
tumour repopulation abrogates bladder cancer chemoresistance. Nature 517,
209-213.

Leoncini, L., Del Vecchio, M. T., Megha, T., Barbini, P., Galieni, P., Pileri, S.,
Sabattini, E., Gherlinzoni, F., Tosi, P., Kraft, R. et al. (1993). Correlations
between apoptotic and proliferative indices in malignant non-Hodgkin’s
lymphomas. Am. J. Pathol. 142, 755-763.

Li, F., He, Z., Shen, J., Huang, Q., Li, W., Liu, X., He, Y., Wolf, F. and Li, C.-Y.
(2010a). Apoptotic caspases regulate induction of iPSCs from human fibroblasts.
Cell Stem Cell 7, 508-520.

Li, F., Huang, Q., Chen, J., Peng, Y., Roop, D. R., Bedford, J. S. and Li, C. Y.
(2010b). Apoptotic cells activate the “phoenix rising” pathway to promote wound
healing and tissue regeneration. Sci. Signal. 3, ra13.

Lindsten, T. and Thompson, C. B. (2006). Cell death in the absence of Bax and
Bak. Cell Death Differ. 13, 1272-1276.

3261

REVIEW Development (2015) 142, 3253-3262 doi:10.1242/dev.127878

D
E
V
E
LO

P
M

E
N
T

http://dx.doi.org/10.1371/journal.pgen.1004400
http://dx.doi.org/10.1371/journal.pgen.1004400
http://dx.doi.org/10.1371/journal.pgen.1004400
http://dx.doi.org/10.1371/journal.pgen.1004400
http://dx.doi.org/10.1038/onc.2013.407
http://dx.doi.org/10.1038/onc.2013.407
http://dx.doi.org/10.1038/onc.2013.407
http://dx.doi.org/10.1242/dev.045559
http://dx.doi.org/10.1242/dev.045559
http://dx.doi.org/10.1242/dev.045559
http://dx.doi.org/10.1126/scisignal.3145re8
http://dx.doi.org/10.1126/scisignal.3145re8
http://dx.doi.org/10.1371/journal.pgen.1004220
http://dx.doi.org/10.1371/journal.pgen.1004220
http://dx.doi.org/10.1016/j.ydbio.2005.01.002
http://dx.doi.org/10.1016/j.ydbio.2005.01.002
http://dx.doi.org/10.1016/j.ydbio.2005.01.002
http://dx.doi.org/10.1016/j.devcel.2009.07.014
http://dx.doi.org/10.1016/j.devcel.2009.07.014
http://dx.doi.org/10.1016/j.devcel.2009.07.014
http://dx.doi.org/10.1083/jcb.200309096
http://dx.doi.org/10.1083/jcb.200309096
http://dx.doi.org/10.1083/jcb.200309096
http://dx.doi.org/10.1007/BF00214700
http://dx.doi.org/10.1007/BF00214700
http://dx.doi.org/10.1016/j.tcb.2012.04.008
http://dx.doi.org/10.1016/j.tcb.2012.04.008
http://dx.doi.org/10.1016/j.tcb.2012.04.008
http://dx.doi.org/10.1038/cdd.2012.100
http://dx.doi.org/10.1038/cdd.2012.100
http://dx.doi.org/10.1038/cdd.2012.100
http://dx.doi.org/10.1038/cdd.2012.100
http://dx.doi.org/10.1006/dbio.1998.9176
http://dx.doi.org/10.1006/dbio.1998.9176
http://dx.doi.org/10.1006/dbio.1998.9176
http://dx.doi.org/10.1006/dbio.1998.9176
http://dx.doi.org/10.1016/j.devcel.2008.01.003
http://dx.doi.org/10.1016/j.devcel.2008.01.003
http://dx.doi.org/10.1016/j.devcel.2008.01.003
http://dx.doi.org/10.1371/journal.pgen.1004131
http://dx.doi.org/10.1371/journal.pgen.1004131
http://dx.doi.org/10.1371/journal.pgen.1004131
http://dx.doi.org/10.1371/journal.pgen.1004131
http://dx.doi.org/10.1371/journal.pgen.1004131
http://dx.doi.org/10.1016/j.cub.2014.12.059
http://dx.doi.org/10.1016/j.cub.2014.12.059
http://dx.doi.org/10.1016/j.cub.2014.12.059
http://dx.doi.org/10.1016/j.cub.2014.12.059
http://dx.doi.org/10.1016/j.cell.2011.10.033
http://dx.doi.org/10.1016/j.cell.2011.10.033
http://dx.doi.org/10.1038/nrm3999
http://dx.doi.org/10.1038/nrm3999
http://dx.doi.org/10.1038/nrm3999
http://dx.doi.org/10.1038/srep02084
http://dx.doi.org/10.1038/srep02084
http://dx.doi.org/10.1038/srep02084
http://dx.doi.org/10.1158/1541-7786.MCR-07-0343
http://dx.doi.org/10.1158/1541-7786.MCR-07-0343
http://dx.doi.org/10.1158/1541-7786.MCR-07-0343
http://dx.doi.org/10.1158/1541-7786.MCR-07-0343
http://dx.doi.org/10.1534/genetics.111.132993
http://dx.doi.org/10.1534/genetics.111.132993
http://dx.doi.org/10.1534/genetics.111.132993
http://dx.doi.org/10.1111/j.1469-185X.1951.tb00774.x
http://dx.doi.org/10.1111/j.1469-185X.1951.tb00774.x
http://dx.doi.org/10.1242/dev.030866
http://dx.doi.org/10.1242/dev.030866
http://dx.doi.org/10.1242/dev.030866
http://dx.doi.org/10.1101/gad.9.14.1694
http://dx.doi.org/10.1101/gad.9.14.1694
http://dx.doi.org/10.1101/gad.9.14.1694
http://dx.doi.org/10.1016/j.ydbio.2010.11.020
http://dx.doi.org/10.1016/j.ydbio.2010.11.020
http://dx.doi.org/10.1016/j.ydbio.2010.11.020
http://dx.doi.org/10.1016/S0092-8674(00)81683-9
http://dx.doi.org/10.1007/BF00848779
http://dx.doi.org/10.1007/BF00848779
http://dx.doi.org/10.1007/BF00848779
http://dx.doi.org/10.7554/eLife.01831
http://dx.doi.org/10.7554/eLife.01831
http://dx.doi.org/10.1371/journal.pgen.1003446
http://dx.doi.org/10.1371/journal.pgen.1003446
http://dx.doi.org/10.1371/journal.pgen.1003446
http://dx.doi.org/10.1016/j.cell.2013.06.030
http://dx.doi.org/10.1016/j.cell.2013.06.030
http://dx.doi.org/10.1016/j.cell.2013.06.030
http://dx.doi.org/10.1038/nature12135
http://dx.doi.org/10.1038/nature12135
http://dx.doi.org/10.1038/nature12135
http://dx.doi.org/10.1038/nature12135
http://dx.doi.org/10.1038/nm.2385
http://dx.doi.org/10.1038/nm.2385
http://dx.doi.org/10.1038/nm.2385
http://dx.doi.org/10.1016/j.cub.2004.06.015
http://dx.doi.org/10.1016/j.cub.2004.06.015
http://dx.doi.org/10.1016/j.cub.2004.06.015
http://dx.doi.org/10.1016/j.cell.2009.05.014
http://dx.doi.org/10.1016/j.cell.2009.05.014
http://dx.doi.org/10.1016/j.cell.2009.05.014
http://dx.doi.org/10.1016/j.stem.2010.11.026
http://dx.doi.org/10.1016/j.stem.2010.11.026
http://dx.doi.org/10.1016/j.stem.2010.11.026
http://dx.doi.org/10.1136/gut.2009.204354
http://dx.doi.org/10.1136/gut.2009.204354
http://dx.doi.org/10.1136/gut.2009.204354
http://dx.doi.org/10.1242/dev.023366
http://dx.doi.org/10.1242/dev.023366
http://dx.doi.org/10.1083/jcb.149.2.471
http://dx.doi.org/10.1083/jcb.149.2.471
http://dx.doi.org/10.1083/jcb.149.2.471
http://dx.doi.org/10.4161/auto.6058
http://dx.doi.org/10.4161/auto.6058
http://dx.doi.org/10.4161/auto.6058
http://dx.doi.org/10.1128/MCB.00183-06
http://dx.doi.org/10.1128/MCB.00183-06
http://dx.doi.org/10.1128/MCB.00183-06
http://dx.doi.org/10.4161/15548627.2014.984273
http://dx.doi.org/10.4161/15548627.2014.984273
http://dx.doi.org/10.4161/15548627.2014.984273
http://dx.doi.org/10.1016/S0166-2236(00)01581-2
http://dx.doi.org/10.1016/S0166-2236(00)01581-2
http://dx.doi.org/10.1242/jcs.138289
http://dx.doi.org/10.1242/jcs.138289
http://dx.doi.org/10.1242/jcs.138289
http://dx.doi.org/10.1002/stem.1860
http://dx.doi.org/10.1002/stem.1860
http://dx.doi.org/10.1002/stem.1860
http://dx.doi.org/10.1002/stem.1860
http://dx.doi.org/10.1242/dev.058958
http://dx.doi.org/10.1242/dev.058958
http://dx.doi.org/10.1242/dev.058958
http://dx.doi.org/10.1038/nature14034
http://dx.doi.org/10.1038/nature14034
http://dx.doi.org/10.1038/nature14034
http://dx.doi.org/10.1038/nature14034
http://dx.doi.org/10.1016/j.stem.2010.09.003
http://dx.doi.org/10.1016/j.stem.2010.09.003
http://dx.doi.org/10.1016/j.stem.2010.09.003
http://dx.doi.org/10.1126/scisignal.2000634
http://dx.doi.org/10.1126/scisignal.2000634
http://dx.doi.org/10.1126/scisignal.2000634
http://dx.doi.org/10.1038/sj.cdd.4401953
http://dx.doi.org/10.1038/sj.cdd.4401953


Liu, Y. R., Sun, B., Zhao, X. L., Gu, Q., Liu, Z. Y., Dong, X. Y., Che, N. and Mo, J.
(2013). Basal caspase-3 activity promotes migration, invasion, and vasculogenic
mimicry formation of melanoma cells. Melanoma Res. 23, 243-253.

Lock, R., Kenific, C. M., Leidal, A. M., Salas, E. and Debnath, J. (2014).
Autophagy-dependent production of secreted factors facilitates oncogenic RAS-
driven invasion. Cancer Discov. 4, 466-479.

Macias, A., Romero, N. M., Martin, F., Suarez, L., Rosa, A. L. and Morata, G.
(2004). PVF1/PVR signaling and apoptosis promotes the rotation and dorsal
closure of the Drosophila male terminalia. Int. J. Dev. Biol. 48, 1087-1094.

Maeda, S., Kamata, H., Luo, J.-L., Leffert, H. and Karin, M. (2005). IKKbeta
couples hepatocyte death to cytokine-driven compensatory proliferation that
promotes chemical hepatocarcinogenesis. Cell 121, 977-990.

Manjon, C., Sanchez-Herrero, E. and Suzanne, M. (2007). Sharp boundaries of
Dpp signalling trigger local cell death required for Drosophila leg morphogenesis.
Nat. Cell Biol. 9, 57-63.

Martin, F. A., Perez-Garijo, A. and Morata, G. (2009). Apoptosis in Drosophila:
compensatory proliferation and undead cells. Int. J. Dev. Biol. 53, 1341-1347.

Massa, V., Savery, D., Ybot-Gonzalez, P., Ferraro, E., Rongvaux, A., Cecconi, F.,
Flavell, R., Greene, N. D. E. and Copp, A. J. (2009). Apoptosis is not required for
mammalian neural tube closure. Proc. Natl. Acad. Sci. USA 106, 8233-8238.

Menendez, J., Perez-Garijo, A., Calleja, M. and Morata, G. (2010). A tumor-
suppressing mechanism in Drosophila involving cell competition and the Hippo
pathway. Proc. Natl. Acad. Sci. USA 107, 14651-14656.

Meserve, J. H. and Duronio, R. J. (2015). Scalloped and Yorkie are required for cell
cycle re-entry of quiescent cells after tissue damage. Development 142,
2740-2751.

Monier, B., Gettings, M., Gay, G., Mangeat, T., Schott, S., Guarner, A. and
Suzanne, M. (2015). Apico-basal forces exerted by apoptotic cells drive
epithelium folding. Nature 518, 245-248.

Morata, G., Shlevkov, E. and Perez-Garijo, A. (2011). Mitogenic signaling from
apoptotic cells in Drosophila. Dev. Growth Differ. 53, 168-176.

Moretti, L., Kim, K. W., Jung, D. K., Willey, C. D. and Lu, B. (2009).
Radiosensitization of solid tumors by Z-VAD, a pan-caspase inhibitor. Mol.
Cancer Ther. 8, 1270-1279.

Muliyil, S., Krishnakumar, P. and Narasimha, M. (2011). Spatial, temporal and
molecular hierarchies in the link between death, delamination and dorsal closure.
Development 138, 3043-3054.

Nakopoulou, L., Alexandrou, P., Stefanaki, K., Panayotopoulou, E., Lazaris,
A. C. and Davaris, P. S. (2001). Immunohistochemical expression of caspase-3
as an adverse indicator of the clinical outcome in human breast cancer.
Pathobiology 69, 266-273.

Naresh, K. N., Lakshminarayanan, K., Pai, S. A. and Borges, A. M. (2001).
Apoptosis index is a predictor of metastatic phenotype in patients with early stage
squamous carcinoma of the tongue: a hypothesis to support this paradoxical
association. Cancer 91, 578-584.

Neumann, B., Coakley, S., Giordano-Santini, R., Linton, C., Lee, E. S.,
Nakagawa, A., Xue, D. and Hilliard, M. A. (2015). EFF-1-mediated
regenerative axonal fusion requires components of the apoptotic pathway.
Nature 517, 219-222.

Nonomura, K., Yamaguchi, Y., Hamachi, M., Koike, M., Uchiyama, Y., Nakazato,
K., Mochizuki, A., Sakaue-Sawano, A., Miyawaki, A., Yoshida, H. et al. (2013).
Local apoptosis modulates early mammalian brain development through the
elimination of morphogen-producing cells. Dev. Cell 27, 621-634.

Obenauf, A. C., Zou, Y., Ji, A. L., Vanharanta, S., Shu, W., Shi, H., Kong, X.,
Bosenberg, M. C.,Wiesner, T., Rosen, N. et al. (2015). Therapy-induced tumour
secretomes promote resistance and tumour progression. Nature 520, 368-372.

Ohbu, M., Saegusa, M. andOkayasu, I. (1995). Apoptosis and cellular proliferation
in oesophageal squamous cell carcinomas: differences between keratinizing and
nonkeratinizing types. Virchows Arch. 427, 271-276.

Patel, P. H., Dutta, D. and Edgar, B. A. (2015). Niche appropriation by Drosophila
intestinal stem cell tumours. Nat. Cell Biol. 17, 1182-1192.

Pellettieri, J., Fitzgerald, P., Watanabe, S., Mancuso, J., Green, D. R. and
Sanchez Alvarado, A. (2010). Cell death and tissue remodeling in planarian
regeneration. Dev. Biol. 338, 76-85.

Perez-Garijo, A., Martin, F. A. and Morata, G. (2004). Caspase inhibition during
apoptosis causes abnormal signalling and developmental aberrations in
Drosophila. Development 131, 5591-5598.

Perez-Garijo, A., Shlevkov, E. and Morata, G. (2009). The role of Dpp and Wg in
compensatory proliferation and in the formation of hyperplastic overgrowths
caused by apoptotic cells in the Drosophila wing disc. Development 136,
1169-1177.

Perez-Garijo, A., Fuchs, Y. and Steller, H. (2013). Apoptotic cells can induce non-
autonomous apoptosis through the TNF pathway. Elife 2, e01004.

Prise, K. M. andO’Sullivan, J. M. (2009). Radiation-induced bystander signalling in
cancer therapy. Nat. Rev. Cancer 9, 351-360.

Putinski, C., Abdul-Ghani, M., Stiles, R., Brunette, S., Dick, S. A., Fernando, P.
and Megeney, L. A. (2013). Intrinsic-mediated caspase activation is essential for
cardiomyocyte hypertrophy. Proc. Natl. Acad. Sci. USA 110, E4079-E4087.

Rauskolb, C., Sun, S., Sun, G., Pan, Y. and Irvine, K. D. (2014). Cytoskeletal
tension inhibits Hippo signaling through an Ajuba-Warts complex. Cell 158,
143-156.

Rosenblatt, J., Raff, M. C. and Cramer, L. P. (2001). An epithelial cell destined for
apoptosis signals its neighbors to extrude it by an actin- and myosin-dependent
mechanism. Curr. Biol. 11, 1847-1857.

Rudrapatna, V. A., Bangi, E. and Cagan, R. L. (2013). Caspase signalling in the
absence of apoptosis drives Jnk-dependent invasion. EMBO Rep. 14, 172-177.

Ryoo, H. D., Gorenc, T. and Steller, H. (2004). Apoptotic cells can induce
compensatory cell proliferation through the JNK and the Wingless signaling
pathways. Dev. Cell 7, 491-501.

Saunders, J. W.Jr. (1966). Death in embryonic systems. Science 154, 604-612.
Shaw, R. L., Kohlmaier, A., Polesello, C., Veelken, C., Edgar, B. A. and

Tapon, N. (2010). The Hippo pathway regulates intestinal stem cell proliferation
during Drosophila adult midgut regeneration. Development 137, 4147-4158.

Simon, R., Aparicio, R., Housden, B. E., Bray, S. and Busturia, A. (2014).
Drosophila p53 controls Notch expression and balances apoptosis and
proliferation. Apoptosis 19, 1430-1443.

Smith-Bolton, R. K., Worley, M. I., Kanda, H. and Hariharan, I. K. (2009).
Regenerative growth in Drosophila imaginal discs is regulated by Wingless and
Myc. Dev. Cell 16, 797-809.

Staley, B. K. and Irvine, K. D. (2010). Warts and Yorkie mediate intestinal
regeneration by influencing stem cell proliferation. Curr. Biol. 20, 1580-1587.

Sun, G. and Irvine, K. D. (2011). Regulation of Hippo signaling by Jun kinase
signaling during compensatory cell proliferation and regeneration, and in
neoplastic tumors. Dev. Biol. 350, 139-151.

Sun, G. and Irvine, K. D. (2013). Ajuba family proteins link JNK to Hippo signaling.
Sci. Signal. 6, ra81.

Sun, B., Sun, Y., Wang, J., Zhao, X., Wang, X. and Hao, X. (2006). Extent,
relationship and prognostic significance of apoptosis and cell proliferation in
synovial sarcoma. Eur. J. Cancer Prev. 15, 258-265.

Suzanne, M., Petzoldt, A. G., Speder, P., Coutelis, J.-B., Steller, H. and Noselli,
S. (2010). Coupling of apoptosis and L/R patterning controls stepwise organ
looping. Curr. Biol. 20, 1773-1778.

Toyama, Y., Peralta, X. G., Wells, A. R., Kiehart, D. P. and Edwards, G. S. (2008).
Apoptotic force and tissue dynamics during Drosophila embryogenesis. Science
321, 1683-1686.

Tseng, A.-S., Adams, D. S., Qiu, D., Koustubhan, P. and Levin, M. (2007).
Apoptosis is required during early stages of tail regeneration in Xenopus laevis.
Dev. Biol. 301, 62-69.

Vriz, S., Reiter, S. and Galliot, B. (2014). Cell death: a program to regenerate.Curr.
Top. Dev. Biol. 108, 121-151.

Warner, S. J., Yashiro, H. and Longmore, G. D. (2010). The Cdc42/Par6/aPKC
polarity complex regulates apoptosis-induced compensatory proliferation in
epithelia. Curr. Biol. 20, 677-686.

Weil, M., Jacobson, M. D. and Raff, M. C. (1997). Is programmed cell death
required for neural tube closure? Curr. Biol. 7, 281-284.

Wells, B. S. and Johnston, L. A. (2012). Maintenance of imaginal disc plasticity and
regenerative potential in Drosophila by p53. Dev. Biol. 361, 263-276.

Wells, B. S., Yoshida, E. and Johnston, L. A. (2006). Compensatory proliferation in
Drosophila imaginal discs requires Dronc-dependent p53 activity. Curr. Biol. 16,
1606-1615.

Wiita, A. P., Ziv, E., Wiita, P. J., Urisman, A., Julien, O., Burlingame, A. L.,
Weissman, J. S. and Wells, J. A. (2013). Global cellular response to
chemotherapy-induced apoptosis. Elife 2, e01236.

Wyllie, A. H. (1985). The biology of cell death in tumours. Anticancer Res. 5,
131-136.

Yamaguchi, Y. andMiura, M. (2015). Programmed cell death in neurodevelopment.
Dev. Cell 32, 478-490.

Yamaguchi, Y., Shinotsuka, N., Nonomura, K., Takemoto, K., Kuida, K.,
Yosida, H. and Miura, M. (2011). Live imaging of apoptosis in a novel transgenic
mouse highlights its role in neural tube closure. J. Cell Biol. 195, 1047-1060.

Yang, Y., Hou, L., Li, Y., Ni, J. and Liu, L. (2013). Neuronal necrosis and spreading
death in a Drosophila genetic model. Cell Death Dis. 4, e723.

Zakeri, Z., Quaglino, D. and Ahuja, H. S. (1994). Apoptotic cell death in the mouse
limb and its suppression in the hammertoe mutant. Dev. Biol. 165, 294-297.

Zhao, X., Brade, T., Cunningham, T. J. and Duester, G. (2010). Retinoic acid
controls expression of tissue remodeling genes Hmgn1 and Fgf18 at the digit-
interdigit junction. Dev. Dyn. 239, 665-671.

Zimmerman, M. A., Huang, Q., Li, F., Liu, X. and Li, C.-Y. (2013). Cell death-
stimulated cell proliferation: a tissue regeneration mechanism usurped by tumors
during radiotherapy. Semin. Radiat. Oncol. 23, 288-295.

3262

REVIEW Development (2015) 142, 3253-3262 doi:10.1242/dev.127878

D
E
V
E
LO

P
M

E
N
T

http://dx.doi.org/10.1097/cmr.0b013e3283625498
http://dx.doi.org/10.1097/cmr.0b013e3283625498
http://dx.doi.org/10.1097/cmr.0b013e3283625498
http://dx.doi.org/10.1158/2159-8290.CD-13-0841
http://dx.doi.org/10.1158/2159-8290.CD-13-0841
http://dx.doi.org/10.1158/2159-8290.CD-13-0841
http://dx.doi.org/10.1387/ijdb.041859am
http://dx.doi.org/10.1387/ijdb.041859am
http://dx.doi.org/10.1387/ijdb.041859am
http://dx.doi.org/10.1016/j.cell.2005.04.014
http://dx.doi.org/10.1016/j.cell.2005.04.014
http://dx.doi.org/10.1016/j.cell.2005.04.014
http://dx.doi.org/10.1038/ncb1518
http://dx.doi.org/10.1038/ncb1518
http://dx.doi.org/10.1038/ncb1518
http://dx.doi.org/10.1387/ijdb.072447fm
http://dx.doi.org/10.1387/ijdb.072447fm
http://dx.doi.org/10.1073/pnas.0900333106
http://dx.doi.org/10.1073/pnas.0900333106
http://dx.doi.org/10.1073/pnas.0900333106
http://dx.doi.org/10.1073/pnas.1009376107
http://dx.doi.org/10.1073/pnas.1009376107
http://dx.doi.org/10.1073/pnas.1009376107
http://dx.doi.org/10.1242/dev.119339
http://dx.doi.org/10.1242/dev.119339
http://dx.doi.org/10.1242/dev.119339
http://dx.doi.org/10.1038/nature14152
http://dx.doi.org/10.1038/nature14152
http://dx.doi.org/10.1038/nature14152
http://dx.doi.org/10.1111/j.1440-169X.2010.01225.x
http://dx.doi.org/10.1111/j.1440-169X.2010.01225.x
http://dx.doi.org/10.1158/1535-7163.MCT-08-0893
http://dx.doi.org/10.1158/1535-7163.MCT-08-0893
http://dx.doi.org/10.1158/1535-7163.MCT-08-0893
http://dx.doi.org/10.1242/dev.060731
http://dx.doi.org/10.1242/dev.060731
http://dx.doi.org/10.1242/dev.060731
http://dx.doi.org/10.1159/000064337
http://dx.doi.org/10.1159/000064337
http://dx.doi.org/10.1159/000064337
http://dx.doi.org/10.1159/000064337
http://dx.doi.org/10.1002/1097-0142(20010201)91:3<578::AID-CNCR1037>3.0.CO;2-W
http://dx.doi.org/10.1002/1097-0142(20010201)91:3<578::AID-CNCR1037>3.0.CO;2-W
http://dx.doi.org/10.1002/1097-0142(20010201)91:3<578::AID-CNCR1037>3.0.CO;2-W
http://dx.doi.org/10.1002/1097-0142(20010201)91:3<578::AID-CNCR1037>3.0.CO;2-W
http://dx.doi.org/10.1038/nature14102
http://dx.doi.org/10.1038/nature14102
http://dx.doi.org/10.1038/nature14102
http://dx.doi.org/10.1038/nature14102
http://dx.doi.org/10.1016/j.devcel.2013.11.015
http://dx.doi.org/10.1016/j.devcel.2013.11.015
http://dx.doi.org/10.1016/j.devcel.2013.11.015
http://dx.doi.org/10.1016/j.devcel.2013.11.015
http://dx.doi.org/10.1038/nature14336
http://dx.doi.org/10.1038/nature14336
http://dx.doi.org/10.1038/nature14336
http://dx.doi.org/10.1007/BF00203394
http://dx.doi.org/10.1007/BF00203394
http://dx.doi.org/10.1007/BF00203394
http://dx.doi.org/10.1038/ncb3214
http://dx.doi.org/10.1038/ncb3214
http://dx.doi.org/10.1016/j.ydbio.2009.09.015
http://dx.doi.org/10.1016/j.ydbio.2009.09.015
http://dx.doi.org/10.1016/j.ydbio.2009.09.015
http://dx.doi.org/10.1242/dev.01432
http://dx.doi.org/10.1242/dev.01432
http://dx.doi.org/10.1242/dev.01432
http://dx.doi.org/10.1242/dev.034017
http://dx.doi.org/10.1242/dev.034017
http://dx.doi.org/10.1242/dev.034017
http://dx.doi.org/10.1242/dev.034017
http://dx.doi.org/10.7554/eLife.01004
http://dx.doi.org/10.7554/eLife.01004
http://dx.doi.org/10.1038/nrc2603
http://dx.doi.org/10.1038/nrc2603
http://dx.doi.org/10.1073/pnas.1315587110
http://dx.doi.org/10.1073/pnas.1315587110
http://dx.doi.org/10.1073/pnas.1315587110
http://dx.doi.org/10.1016/j.cell.2014.05.035
http://dx.doi.org/10.1016/j.cell.2014.05.035
http://dx.doi.org/10.1016/j.cell.2014.05.035
http://dx.doi.org/10.1016/S0960-9822(01)00587-5
http://dx.doi.org/10.1016/S0960-9822(01)00587-5
http://dx.doi.org/10.1016/S0960-9822(01)00587-5
http://dx.doi.org/10.1038/embor.2012.217
http://dx.doi.org/10.1038/embor.2012.217
http://dx.doi.org/10.1016/j.devcel.2004.08.019
http://dx.doi.org/10.1016/j.devcel.2004.08.019
http://dx.doi.org/10.1016/j.devcel.2004.08.019
http://dx.doi.org/10.1126/science.154.3749.604
http://dx.doi.org/10.1242/dev.052506
http://dx.doi.org/10.1242/dev.052506
http://dx.doi.org/10.1242/dev.052506
http://dx.doi.org/10.1007/s10495-014-1000-5
http://dx.doi.org/10.1007/s10495-014-1000-5
http://dx.doi.org/10.1007/s10495-014-1000-5
http://dx.doi.org/10.1016/j.devcel.2009.04.015
http://dx.doi.org/10.1016/j.devcel.2009.04.015
http://dx.doi.org/10.1016/j.devcel.2009.04.015
http://dx.doi.org/10.1016/j.cub.2010.07.041
http://dx.doi.org/10.1016/j.cub.2010.07.041
http://dx.doi.org/10.1016/j.ydbio.2010.11.036
http://dx.doi.org/10.1016/j.ydbio.2010.11.036
http://dx.doi.org/10.1016/j.ydbio.2010.11.036
http://dx.doi.org/10.1126/scisignal.2004324
http://dx.doi.org/10.1126/scisignal.2004324
http://dx.doi.org/10.1097/01.cej.0000198896.02185.68
http://dx.doi.org/10.1097/01.cej.0000198896.02185.68
http://dx.doi.org/10.1097/01.cej.0000198896.02185.68
http://dx.doi.org/10.1016/j.cub.2010.08.056
http://dx.doi.org/10.1016/j.cub.2010.08.056
http://dx.doi.org/10.1016/j.cub.2010.08.056
http://dx.doi.org/10.1126/science.1157052
http://dx.doi.org/10.1126/science.1157052
http://dx.doi.org/10.1126/science.1157052
http://dx.doi.org/10.1016/j.ydbio.2006.10.048
http://dx.doi.org/10.1016/j.ydbio.2006.10.048
http://dx.doi.org/10.1016/j.ydbio.2006.10.048
http://dx.doi.org/10.1016/B978-0-12-391498-9.00002-4
http://dx.doi.org/10.1016/B978-0-12-391498-9.00002-4
http://dx.doi.org/10.1016/j.cub.2010.03.025
http://dx.doi.org/10.1016/j.cub.2010.03.025
http://dx.doi.org/10.1016/j.cub.2010.03.025
http://dx.doi.org/10.1016/S0960-9822(06)00125-4
http://dx.doi.org/10.1016/S0960-9822(06)00125-4
http://dx.doi.org/10.1016/j.ydbio.2011.10.012
http://dx.doi.org/10.1016/j.ydbio.2011.10.012
http://dx.doi.org/10.1016/j.cub.2006.07.046
http://dx.doi.org/10.1016/j.cub.2006.07.046
http://dx.doi.org/10.1016/j.cub.2006.07.046
http://dx.doi.org/10.1016/j.devcel.2015.01.019
http://dx.doi.org/10.1016/j.devcel.2015.01.019
http://dx.doi.org/10.1083/jcb.201104057
http://dx.doi.org/10.1083/jcb.201104057
http://dx.doi.org/10.1083/jcb.201104057
http://dx.doi.org/10.1038/cddis.2013.232
http://dx.doi.org/10.1038/cddis.2013.232
http://dx.doi.org/10.1006/dbio.1994.1255
http://dx.doi.org/10.1006/dbio.1994.1255
http://dx.doi.org/10.1002/dvdy.22188
http://dx.doi.org/10.1002/dvdy.22188
http://dx.doi.org/10.1002/dvdy.22188
http://dx.doi.org/10.1016/j.semradonc.2013.05.003
http://dx.doi.org/10.1016/j.semradonc.2013.05.003
http://dx.doi.org/10.1016/j.semradonc.2013.05.003


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.32000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.32000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    34.69606
    34.27087
    34.69606
    34.27087
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    8.50394
    8.50394
    8.50394
    8.50394
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


