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This Open Question article highlights current advances in the study of non-
apoptotic roles of apoptotic proteins. Apoptosis is a highly regulated and
energy-requiring process in which cells actively kill themselves. Apoptosis
helps remove extra cells to sculpt organs during embryo development and
culls damaged cells throughout the body. Apoptosis relies on evolutionarily
conserved proteins that include a family of proteases called caspases.
Caspases activity has long been considered a hallmark of apoptosis. Yet an
emerging body of literature indicates that caspase activity is required for a
number of non-lethal processes that range from sculpting cells, removing
protein aggregates, changing cell identity during differentiation or de-differen-
tiation, and rebuilding tissues. Failure in each of these processes is associated
with humandisease. This article is notmeant to be an exhaustive review but an
introduction to the subject for an educated public, with caspases as a gateway
example. I propose that it is time to explore non-apoptotic roles of caspases and
other apoptotic proteins, in order to better understand their non-apoptosis
function and to leverage new knowledge into new therapies.
1. Introduction: demolish or remodel?
Apoptosis is a process in which a cell commits suicide. It can last as long as a day
andproceeds through recognizable steps. Apoptosis requires caspases, a family of
aspartate-directed proteases, that are made as inactive proenzymes (figure 1, for
review, [1]). Internal damage or external death-inducing stimuli such as Fas
and TNF ligands result in mitochondrial outer membrane permeabilization
(MOMP). In most organisms, the release of cytochrome C from porous mito-
chondria into the cytoplasm results in cleavage and activation of apical
caspases (reviewed in [2]). Apical caspases are also activated in response to
death stimuli in Drosophila but the requirement for MOMP remains controversial
in this organism.

Active apical caspases cleave to activate effector caspases, which then destroy
non-caspase proteins to bring about apoptosis. Activation of caspases was long
thought to be a point-of-no-return; in fact, cleaved caspases are used widely as
surrogate markers for apoptosis. But hints of a more complicated picture existed
as far back as three decades ago when characteristic features of apoptosis were
recognized in terminally differentiating cells that were very much alive [3].
Many studies since have documented that cells in diverse organisms can survive
non-lethal caspase activation that, instead of killing a cell, helps change its interior
[4–8]. If we think of a cell as a house, apoptosis is to demolish it completely.
One could instead remodel, with results ranging from the removal of parts of a
cell to completely altering its identity, much like turning a Victorian into a
Tudor.And it is the remodelling of the cells using caspase activity that is attracting
attention. We see evidence of it in cells of central and peripheral nervous systems,
blood and muscle, and in sperm and stem cells. We see evidence of it in a variety
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Figure 1. Induction of apoptosis by caspases. Internal or external stimuli
result in mitochondrial outer membrane permeabilization (MOMP) and acti-
vation of apical caspases 8 or 9. These in turn activate effector caspases 3 and
7 to induce apoptosis. Inhibitor of apoptosis proteins (IAPs) temper caspase
activity. A different subset of caspases plays a role in inflammation and are
not discussed here.
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Figure 2. Three ways to remodel a cell: removal of the nucleus (top),
reduction of the cytoplasm (middle), or migration (bottom).
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of organisms that include nematode, fruit fly, chick and mice.
Caspase-dependent non-apoptotic processes have implications
in cancer, neurodegeneration, wound repair and regeneration.
Yetmany questions remain such as how caspase activity is con-
trolled to result in cellular remodelling instead of death and
what the relevant substrates for the non-lethal roles of caspases
are. It is by studying non-apoptotic roles of these conserved
enzymes that we will reach a more complete understanding
of the natural world and also hope to identify new drug targets
for a variety of human diseases. The following paragraphs use
select examples to illustrate the diversity of functions provided
by non-lethal caspase activity and propound the potential
benefits of their further study.

I wish to distinguish examples discussed here from a
process called anastasis (reviewed in [6,9–12]). Anastasis
describes a cell that returns to life from the brink of apoptotic
death. Anastasis has been observed in cells exposed to a sub-
lethal dose of apoptotic stimuli (for example, [13]) or if the
apoptotic stimulus was withdrawn before apoptosis could be
completed (for example, [14–16]). A cell that went through ana-
stasis suffers abnormalities such as chromosomal translocations
and an increased propensity for oncogenic transformation,
which occur in a caspase-dependent manner [13,15]. The role
of caspases in anastasis, however, is in line with their role in
apoptosis. The examples discussed here focus instead on non-
apoptotic roles of caspases, often with little information on
how close cells came to apoptosis in each case.
2. When apoptotic caspases sculpt
individual cells

All cells of our body descend from pluripotent cells that
specialized to become different cell types. Specialization of
cells accompanies the remodelling of cellular contents, and
caspase activity is required in several such instances (figure 2).
2.1. Removal of the nucleus
An extreme formof cellular remodelling occurswhen organelles
inside a cell, including the entire nucleus, are removed. This
helps to clarify lens cells for light transmission and make red
blood cells (RBCs) more efficient oxygen carriers [17,18].
Differentiating lens fibres of chick embryos express caspases
1–4 (all that were examined). Inhibition of caspase activity with
peptide inhibitors prevented nuclear degeneration in cultured
lens fibres, suggesting that this process is caspase dependent
[17]. Likewise, RBCprecursors shownuclearand chromatin con-
densation, the loss of organelles and ultimately the loss of the
nucleus. These changes were accompanied by the activation of
effector caspases and were blocked by the addition of a caspase
inhibitor to culture [18]. Caspase substrates in RBC differen-
tiation include nuclear proteins lamin B and acinus. Caspase 3
activation was lower during RBC differentiation than if the
same cells are exposed to an apoptotic stimulus, suggesting
that quantitative differences in caspase activity may explain
why RBC precursors survive and differentiate instead of die.

2.2. Downsizing the cytoplasm
An alternate form of extreme remodelling happens when cells
keep the nucleus but reduce the cytoplasm. Drice (Drosophila
caspase 3) facilitates this change during the final step of
sperm differentiation [19]. Inhibiting caspase activity with
ectopic expression of viral caspase inhibitor p35 prevented
cytoplasmic elimination and produced sterile males, illustrat-
ing the importance of caspase activity in sperm development.
Caspase 3 activity appears to be tempered by an IAP-like
protein dBRUCE (figure 1 for where IAPs function) because,
without it, sperm nuclei degenerated much like in apoptosis.

In some cases of remodelling, the cytoplasmic loss is partial
and occurs through spatially restricted caspase activity. One
such example is neuronal pruning, the process in which
axons or dendrites are selectively removed in order to establish
the correct circuitry. Neuronal pruning in mice requires cas-
pases 3 and 9 whose activity is kept away from the cell body
and restricted to axons to be pruned, by proteasome activity
and localized expression of an IAP protein [20]. Spatially
restricted caspase activation is responsible also for the pruning
of sensory neuron dendrites inDrosophilawhere global caspase
activation resulted in cell death [21]. Pruning allows for neur-
onal plasticity, which is important for learning and memory.
This can explain the importance of caspases to songbirds
[22]. In Zebra finch auditory forebrain, the expression of tran-
scription factor zenk increases after hearing a new song but
the increase is dampened once the song has been learned in a
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Figure 3. A pluripotent cell is capable of differentiation into different fates.
Apoptotic caspases are needed for differentiation (1), de-differentiation (2)
and switching between different fates by differentiated cells (3).
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phenomenon called ‘habituation’. Caspase 3 is active in the
same brain region after hearing a song, and infusion of a
caspase 3 inhibitor decreased habituation as if the birds had
not heard the song before.

2.3. Cell migration
Dynamic remodelling of the cell without the loss of cellular
contents occurs during cell migration. Both apical and effector
caspases have a role in this process. Knocking out effector
caspase 3 from colorectal cancer cells reduced their motility
in in vitro culture and reduced their metastatic capability in
mouse xenografts [23]. Relevant substrates remain to be ident-
ified. Apical caspase 8 is also required for motility in mouse
embryonic fibroblasts and human cancer cells but, surprisingly,
its catalytic activity is not necessary [24,25]. Instead, caspase 8
localizes to the lamella (the leading part) of migrating cancer
cells where it is proposed to help organize protein complexes
needed formigration [26]. In counter examples, caspases INHI-
BIT cell migration in Drosophila. During dorsal closure in the
pupa, a process inwhich two single-cell layersmigrate towards
each other, caspase activity but not apoptosis was detected in
migrating cells. Inhibiting apical or effector caspase activity
accelerated migration, suggesting that caspase activity nor-
mally plays an inhibitory role to modulate the speed of
migrating cells [27]. Likewise, mutations in effector caspases
increased the migratory behaviour of irradiated larval cells,
suggesting an inhibitory role [28]. Relevant substrates remain
to be identified in these cases.
3. When caspases change cellular identity
Cell remodelling is profound when a cell with a new identity
and function emerges from a stem cell (figure 3, ‘1’), when a dif-
ferentiated cell returns into a pluripotent state (figure 3, ‘2’), or
when one differentiated cell turns into another (figure 3, ‘3’).
The following examples illustrate how caspases promote
these changes. The emerging view is that caspases degrade pro-
teins associate with the original identify, allowing the new
identity to take hold.

3.1. Differentiation into a specialized cell fate
Caspase 3−/− mice exhibits an unexpected phenotype, namely
reduced skeletal muscle mass. Isolated myoblasts from such
mice failed to differentiate into myotubes in culture, indicat-
ing a requirement for caspase activity in a late step in muscle
differentiation [29]. Since then, many instances of cellular differ-
entiation, in either normal development or regeneration, show
accompanying caspase activity without concomitant apoptosis
(for example, see [29–31]; reviewed in [32]). In some such
cases, functionally relevant caspase substrates, typically pluripo-
tent factors, have been identified. These include NANOG in
mouse embryonic stem cells where a caspase-resistant version
of NANOG prevented differentiation [33]; PAX7 in muscle
stem cells [34]; C. elegans LIN-28 whose cleavage is required
for the completion of the L1/L2 larval state [35,36]; MST1
kinase in muscle terminal differentiation where a shortened
MST1 that mimics the cleaved product rescued differentiation
in caspase 3−/− cells [29,37] and Sgg (Drosophila GSK3 kinase)
whose cleavage and activation control Wingless (Drosophila
Wnt) signalling to limit the number of larval sensory organ pre-
cursors [38]. In the case of Sgg, the regulation of IAP turnover
through a Drosophila IKK-like kinase tempers caspase activity
to provide a developmental role [31,39]. But in most of these
cases, how caspase activity is controlled to inhibit apoptosis
yet meet the need for differentiation remains to be understood.

3.2. The reverse: promoting stem-ness
Our ability to use a handful of transcription factors to turn dif-
ferentiated cells into pluripotent cells has revolutionized the
field of stem cell biology. One of these, Oct-4, activates caspase
3 in the generation of iPSC from human fibroblasts. More
important, inhibition of caspase 3 or its activator caspase 8
blocked iPSC induction partially (caspase 3) or completely (cas-
pase 8) [40]. Tumour suppressor and cell cycle inhibitor Rbwas
identified as a relevant substrate in this case but others are likely
involved. In a variation of this phenomenon, effector caspases
are found to sustain the stem-ness of human cancer cells [41].
Knockdown of caspase 3 in patient-derived glioma cells, for
example, reduced their ability to form tumour spheres
in vitro, a measure of stem-ness, and reduced new tumour
formation in xenografts. The link between caspases and tumor-
igenicity is proposed to be through induction of a low level of
DNA breaks that result in the opening of chromatin to provide
access to transformation factors.

3.3. Going sideways: switching cell types
Imaginal discs of Drosophila larvae are precursors of adult
structures that display an incredible ability to regenerate with-
out dedicated stem cells. Recent studies using lineage tracing
document a switch of one cell type to another during regener-
ation [42–44]. Specifically, when the pouch region of the wing
imaginal disc was ablated by the tissue-specific expression of
a pro-apoptotic gene, nearby hinge cells lose hinge-specific
gene expression, translocate into the pouch, express pouch
markers and help regenerate the pouch [42]. In our studies
using X-ray doses that kill about half of the cells in the wing
disc, the hinge was found to be protected from X-ray-induced
apoptosis [43]. During regeneration, X-ray-resistant hinge cells
lose hinge-specific gene expression, translocate into the pouch
that suffers more X-ray-induced apoptosis, express pouchmar-
kers and participate in regeneration of the latter, much like in
the genetic-ablation model [43]. Inhibition of apical or effector
caspases within the hinge during X-ray-induced regeneration
blocked both fate change and translocation, demonstrating a
cell autonomous requirement for caspase activity [44]. Because
irradiated hinge cells do not die, the requirement for caspases
may reflect a non-apoptotic role in cell fate plasticity. Relevant
substrates remain to be identified.
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4. When caspases clean up the cell instead
of killing it

The genome of budding yeast Saccharomyces cerevisiae encodes a
metacaspase Yca1. Metacaspases are caspase-like proteases
from plants, fungi and protozoa that show structural resem-
blance to caspases. Metacaspases have a cystine in the active
site like caspases but show different substrate specificity, cleav-
ing afterArgorLys insteadof anAsp.S. cerevisiaeundergoes cell
death with features similar to those in animal apoptosis such as
DNA fragmentation and externalization of membrane lipid
phosphatidylserine, but can do sowithout Yca1 [45–47]. Proteo-
mic analysis of yeast cells lacking Yca1 showed unexpected
effects: an increase in stress-response proteins and the presence
of insoluble protein aggregates in the cytoplasm [48,49]. Yeast
cells lacking Yca1 have a reduced replicative life span [50],
suggesting a role for yeast caspase-like proteins in clearing
harmful protein aggregates and preventing cellular ageing.

5. When apoptotic proteins help rebuild
tissues

Tissue homeostasis requires that dead cells are replaced by new
cells. In organisms ranging from Hydra to mice, apoptotic cas-
pase activity unleashes mitogenic signalling cascades, the
exact components of which differ between organisms or
among different cells of the same organism. Despite these
differences, a common outcome is non-cell autonomous pro-
motion of cell proliferation, which helps rebuild tissues and
heal wounds. In Drosophila larvae, this response is known as
apoptosis-induced proliferation (AiP) ([51–54]; reviewed in
[55,56]). Apical caspase Dronc acts togetherwith JNK signalling
to produce secreted mitogenic signal Wg (Drosophila Wnt1).
Localized activation of Dronc increases extracellular reactive
oxygen species (ROS) that provides at least two functions: to
recruit macrophages that secrete JNK ligand Eiger to sustain
mitogen production [57,58] and to activate regenerative JAK/
STAT signalling through p38 [59]. The role of Dronc in AiP is
distinct from its role in activating effector caspases for apoptosis
because AiP still occurs when the latter was inhibited.

A similar response in mice is known as ‘phoenix rising’
where effector caspases 3 and 7 in mice cleave and activate
calcium-independent phospholipase A2 to result in the gener-
ation and release of prostaglandin E, a known promoter of cell
proliferation [60,61]. Caspase 3 in irradiated dying tumour
cells promotes angiogenesis through the production of growth
factor VEGF [62,63]. The role of effector caspases in promoting
non-autonomous proliferation is relevant to tumour biology
such that mouse mutants lacking caspase 3 show poor tumour
re-growth after irradiation [60]. An AiP like process operates
in plants where a metacaspase cleaves a peptide signalling
molecule to elicit a wound healing response [64].

6. Why study non-apoptosis roles of
apoptosis proteins?

Sections 2 to 5 illustrate how non-apoptotic functions of caspases
affect four biological phenomena: sculpting of individual cells,
changing cell identity, cleansing the cells of unwanted proteins
andrebuilding tissues.Understanding thesephenomena is funda-
mental to understanding not only the natural world but also to
understanding and ultimately treating diseases. A clear illus-
tration of the need to understand both apoptotic and
non-apoptotic roles of caspase is the finding that in mouse
embryonic fibroblasts, low caspase 3 activity, for example, from
exposure to lowlevelsof chemotherapeuticdrugcisplatin, cleaved
p120 RasGAP to release a fragment capable of survival signalling
[65,66]. At higher caspase 3 activity, this fragment was cleaved
further and apoptosis ensued. Thus, low caspase 3 activity was
pro-survivalwhile high caspase 3 activitywaspro-death. Success-
ful therapy of cancer often relies on the eradication of cancer cells
by the induction of apoptosis. But the failure to induce sufficient
caspase activity could produce cells with low caspase activity
that not only survived but, as discussed in previous sections,
were more migratory or stem cell-like. The result could be meta-
static cells that could seed new tumour growth at distant sites,
exactly the opposite of the desired outcome.

We are appreciating more and more how non-apoptotic
caspase activity underlies biological phenomena in many
organisms and cell types. In fact, the removal of certain pro-
teins by non-apoptotic caspase activity should be viewed as
an additional layer of post-translational modification that is
imposed on the transcriptome and the proteome. With this
understanding comes the potential to manipulate caspase
activity towards a desired outcome. For example, RBC counts
can be boosted with Epo but the increase in erythrocyte differ-
entiation with the drug is only about 25%. The success rate of
inducing iPSCs is in single digits at present. Could these effi-
ciencies be increased with a non-lethal dose of caspase
activity? Could we likewise exploit the role of metacaspases
and possibly caspases in protein homeostasis to remove patho-
genic protein aggregates in neuro- andmuscular degeneration?
Could we use non-lethal doses of caspase activity to boost
learning and memory as in the case of songbirds?
7. Conclusion
Many other proteins besides caspases function in apoptosis
and several are now known to have non-apoptotic roles. Bcl-
2 family of proteins reside on the mitochondria outer mem-
brane and regulate MOMP (figure 1), but are now known to
regulate other mitochondrial functions as well as processes in
the endoplasmic reticulum and other organelles [67–70]. The
recognition that Bcl-2 promotes mitochondrial glycolysis to
increase the survival of leukaemia stem cells led to the addition
of a Bcl-2 inhibitor in the treatment regime for acute myeloid
leukaemia [71]. Extremely positive results in patient survival
led to accelerated FDA approval in 2018, illustrating how a
better understanding of non-apoptotic roles of apoptotic pro-
teins could lead to improved treatments. Therapeutic uses of
caspase inhibitors have been explored in preclinical and clinical
trials, but these either target caspases involved in inflammation
and not apoptosis such as caspase 1, or aim to curb apoptotic
induction by apoptotic caspases [72]. None to my knowledge
exploits the non-apoptotic role of apoptotic caspases towards
a therapeutic goal, yet many opportunities to do so exist in
oncology, stem cell biology, regeneration and neurobiology as
illustrated by examples herein. It is my hope that more of
such opportunities become imminent as we study non-apopto-
tic roles of caspases and other apoptotic proteins.

Data accessibility. This article has no additional data.
Competing interests. I declare I have no competing interests.

Funding. T.T.S. is supported by a grant from the NIH (R35 GM130374).



5
Acknowledgements. The author thanks the organizers of the Batsheva de
Rothschild Seminar on NON-APOPTOTIC ROLES OF APOPTOTIC
PROTEINS, the first international conference to bring together
researchers on this subject.
royalsocietypu
References
blishing.org/journal/rsob
Open

Biol.10:200130
1. Parrish AB, Freel CD, Kornbluth S. 2013 Cellular
mechanisms controlling caspase activation and
function. Cold Spring Harb. Perspect. Biol. 5,
a008706. (doi:10.1101/cshperspect.a008672)

2. Bender CE et al. 2012 Mitochondrial pathway of
apoptosis is ancestral in metazoans. Proc. Natl Acad.
Sci. USA 109, 4904–4909. (doi:10.1073/pnas.
1120680109)

3. Jacobson MD, Weil M, Raff MC. 1997 Programmed
cell death in animal development. Cell 88,
347–354. (doi:10.1016/s0092-8674(00)81873-5)

4. Aram L, Yacobi-Sharon K, Arama E. 2017 CDPs:
caspase-dependent non-lethal cellular processes.
Cell Death Differ. 24, 1307–1310. (doi:10.1038/cdd.
2017.111)

5. Baena-Lopez LA. 2018 All about the caspase-dependent
functions without cell death. Semin Cell Dev. Biol. 82,
77–78. (doi:10.1016/j.semcdb.2018.01.005)

6. Gudipaty SA, Conner CM, Rosenblatt J, Montell DJ.
2018 Unconventional ways to live and die: cell
death and survival in development, homeostasis,
and disease. Annu. Rev. Cell Dev. Biol. 34, 311–332.
(doi:10.1146/annurev-cellbio-100616-060748)

7. McArthur K, Kile BT. 2018 Apoptotic caspases:
multiple or mistaken identities? Trends Cell Biol. 28,
475–493. (doi:10.1016/j.tcb.2018.02.003)

8. Nakajima YI, Kuranaga E. 2017 Caspase-dependent
non-apoptotic processes in development. Cell Death
Differ. 24, 1422–1430. (doi:10.1038/cdd.2017.36)

9. Chakraborty S, Mir KB, Seligson ND, Nayak D, Kumar
R, Goswami A. 2020 Integration of EMT and cellular
survival instincts in reprogramming of programmed
cell death to anastasis. Cancer Metastasis Rev. 39,
553–566. (doi:10.1007/s10555-020-09866-x)

10. Gong YN, Crawford JC, Heckmann BL, Green DR.
2019 To the edge of cell death and back. FEBS J.
286, 430–440. (doi:10.1111/febs.14714)

11. Tang HM, Tang HL. 2018 Anastasis: recovery from
the brink of cell death. R. Soc. Open Sci. 5, 180442.
(doi:10.1098/rsos.180442)

12. Tang HM, Tang HL. 2018 Correction to: ‘Anastasis:
recovery from the brink of cell death’. R. Soc. Open
Sci. 5, 181629. (doi:10.1098/rsos.181629)

13. Ichim G et al. 2015 Limited mitochondrial
permeabilization causes DNA damage and genomic
instability in the absence of cell death. Mol. Cell.
57, 860–872. (doi:10.1016/j.molcel.2015.01.018)

14. Sun G, Guzman E, Balasanyan V, Conner CM, Wong
K, Zhou HR, Kosik KS, Montell DJ. 2017 A molecular
signature for anastasis, recovery from the brink of
apoptotic cell death. J. Cell Biol. 216, 3355–3368.
(doi:10.1083/jcb.201706134)

15. Tang HL et al. 2012 Cell survival, DNA damage, and
oncogenic transformation after a transient and
reversible apoptotic response. Mol. Biol. Cell 23,
2240–2252. (doi:10.1091/mbc.E11-11-0926)
16. Tang HM, Talbot Jr CC, Fung MC, Tang HL. 2017
Molecular signature of anastasis for reversal of
apoptosis. F1000Res 6, 43. (doi:10.12688/
f1000research.10568.2)

17. Wride MA, Parker E, Sanders EJ. 1999 Members of
the bcl-2 and caspase families regulate nuclear
degeneration during chick lens fibre
differentiation. Dev. Biol. 213, 142–156. (doi:10.
1006/dbio.1999.9375)

18. Zermati Y, Garrido C, Amsellem S, Fishelson S,
Bouscary D, Valensi F, Varet B, Solary E, Hermine O.
2001 Caspase activation is required for terminal
erythroid differentiation. J. Exp. Med. 193,
247–254. (doi:10.1084/jem.193.2.247)

19. Arama E, Agapite J, Steller H. 2003 Caspase activity
and a specific cytochrome C are required for sperm
differentiation in Drosophila. Dev. Cell 4, 687–697.
(doi:10.1016/s1534-5807(03)00120-5)

20. Cusack CL, Swahari V, Hampton Henley W, Michael
Ramsey J, Deshmukh M. 2013 Distinct pathways
mediate axon degeneration during apoptosis and
axon-specific pruning. Nat. Commun. 4, 1876.
(doi:10.1038/ncomms2910)

21. Williams DW, Kondo S, Krzyzanowska A, Hiromi Y,
Truman JW. 2006 Local caspase activity directs
engulfment of dendrites during pruning. Nat.
Neurosci. 9, 1234–1236. (doi:10.1038/nn1774)

22. Huesmann GR, Clayton DF. 2006 Dynamic role of
postsynaptic caspase-3 and BIRC4 in zebra finch
song-response habituation. Neuron. 52, 1061–1072.
(doi:10.1016/j.neuron.2006.10.033)

23. Zhou M, Liu X, Li Z, Huang Q, Li F, Li CY. 2018
Caspase-3 regulates the migration, invasion and
metastasis of colon cancer cells. Int. J. Cancer. 143,
921–930. (doi:10.1002/ijc.31374)

24. Barbero S et al. 2009 Caspase-8 association with the
focal adhesion complex promotes tumor cell
migration and metastasis. Cancer Res. 69,
3755–3763. (doi:10.1158/0008-5472.CAN-08-3937)

25. Helfer B et al. 2006 Caspase-8 promotes cell
motility and calpain activity under nonapoptotic
conditions. Cancer Res. 66, 4273–4278. (doi:10.
1158/0008-5472.CAN-05-4183)

26. Barbero S, Barila D, Mielgo A, Stagni V, Clair K,
Stupack D. 2008 Identification of a critical tyrosine
residue in caspase 8 that promotes cell migration.
J. Biol. Chem. 283, 13 031–13 034. (doi:10.1074/
jbc.M800549200)

27. Fujisawa Y, Kosakamoto H, Chihara T, Miura M. 2019
Non-apoptotic function of Drosophila caspase
activation in epithelial thorax closure and wound
healing. Development 146, dev169037. (doi:10.
1242/dev.169037)

28. Gorelick-Ashkenazi A, Weiss R, Sapozhnikov L,
Florentin A, Tarayrah-Ibraheim L, Dweik D, Yacobi-
Sharon K, Arama E. 2018 Caspases maintain tissue
integrity by an apoptosis-independent inhibition of
cell migration and invasion. Nat. Commun. 9, 2806.
(doi:10.1038/s41467-018-05204-6)

29. Fernando P, Kelly JF, Balazsi K, Slack RS, Megeney
LA. 2002 Caspase 3 activity is required for skeletal
muscle differentiation. Proc Natl Acad Sci USA 99,
11 025–11 030. (doi:10.1073/pnas.162172899)

30. Fernando P, Brunette S, Megeney LA. 2005 Neural
stem cell differentiation is dependent upon
endogenous caspase 3 activity. FASEB J. 19,
1671–1673. (doi:10.1096/fj.04-2981fje)

31. Koto A, Kuranaga E, Miura M. 2009 Temporal
regulation of Drosophila IAP1 determines caspase
functions in sensory organ development. J. Cell Biol.
187, 219–231. (doi:10.1083/jcb.200905110)

32. Su TT. 2018 Cellular plasticity, caspases and
autophagy; that which does not kill us, well, makes
us different. Open Biol. 8, 180157. (doi:10.1098/
rsob.180157)

33. Fujita J, Crane AM, Souza MK, Dejosez M, Kyba M,
Flavell RA, Thomson JA, Zwaka TP. 2008 Caspase
activity mediates the differentiation of embryonic
stem cells. Cell Stem Cell 2, 595–601. (doi:10.1016/
j.stem.2008.04.001)

34. Dick SA, Chang NC, Dumont NA, Bell RA, Putinski C,
Kawabe Y, Litchfield DW, Rudnicki MA, Megeney LA.
2015 Caspase 3 cleavage of Pax7 inhibits self-
renewal of satellite cells. Proc. Natl Acad. Sci. USA
112, E5246–E5252. (doi:10.1073/pnas.1512869112)

35. Rougvie AE, Moss EG. 2013 Developmental
transitions in C. elegans larval stages. Curr. Top Dev.
Biol. 105, 153–180. (doi:10.1016/B978-0-12-
396968-2.00006-3)

36. Weaver BP, Zabinsky R, Weaver YM, Lee ES, Xue D,
Han M. 2014 CED-3 caspase acts with miRNAs to
regulate non-apoptotic gene expression dynamics
for robust development in C. elegans. Elife 3,
e04265. (doi:10.7554/eLife.04265)

37. Murray TV, McMahon JM, Howley BA, Stanley A,
Ritter T, Mohr A, Zwacka R, Fearnhead HO. 2008
A non-apoptotic role for caspase-9 in muscle
differentiation. J. Cell Sci. 121, 3786–3793. (doi:10.
1242/jcs.024547)

38. Kanuka H, Kuranaga E, Takemoto K, Hiratou T,
Okano H, Miura M. 2005 Drosophila caspase
transduces Shaggy/GSK-3beta kinase activity in
neural precursor development. EMBO J. 24,
3793–3806. (doi:10.1038/sj.emboj.7600822)

39. Kuranaga E, Kanuka H, Tonoki A, Takemoto K,
Tomioka T, Kobayashi M, Hayashi S, Miura M. 2006
Drosophila IKK-related kinase regulates
nonapoptotic function of caspases via degradation
of IAPs. Cell. 126, 583–596. (doi:10.1016/j.cell.
2006.05.048)

40. Li F, He Z, Shen J, Huang Q, Li W, Liu X, He Y, Wolf
F, Li C-Y. 2010 Apoptotic caspases regulate

http://dx.doi.org/10.1101/cshperspect.a008672
http://dx.doi.org/10.1073/pnas.1120680109
http://dx.doi.org/10.1073/pnas.1120680109
http://dx.doi.org/10.1016/s0092-8674(00)81873-5
http://dx.doi.org/10.1038/cdd.2017.111
http://dx.doi.org/10.1038/cdd.2017.111
http://dx.doi.org/10.1016/j.semcdb.2018.01.005
http://dx.doi.org/10.1146/annurev-cellbio-100616-060748
http://dx.doi.org/10.1016/j.tcb.2018.02.003
http://dx.doi.org/10.1038/cdd.2017.36
http://dx.doi.org/10.1007/s10555-020-09866-x
http://dx.doi.org/10.1111/febs.14714
http://dx.doi.org/10.1098/rsos.180442
http://dx.doi.org/10.1098/rsos.181629
http://dx.doi.org/10.1016/j.molcel.2015.01.018
http://dx.doi.org/10.1083/jcb.201706134
http://dx.doi.org/10.1091/mbc.E11-11-0926
http://dx.doi.org/10.12688/f1000research.10568.2
http://dx.doi.org/10.12688/f1000research.10568.2
http://dx.doi.org/10.1006/dbio.1999.9375
http://dx.doi.org/10.1006/dbio.1999.9375
http://dx.doi.org/10.1084/jem.193.2.247
http://dx.doi.org/10.1016/s1534-5807(03)00120-5
http://dx.doi.org/10.1038/ncomms2910
http://dx.doi.org/10.1038/nn1774
http://dx.doi.org/10.1016/j.neuron.2006.10.033
http://dx.doi.org/10.1002/ijc.31374
http://dx.doi.org/10.1158/0008-5472.CAN-08-3937
http://dx.doi.org/10.1158/0008-5472.CAN-05-4183
http://dx.doi.org/10.1158/0008-5472.CAN-05-4183
http://dx.doi.org/10.1074/jbc.M800549200
http://dx.doi.org/10.1074/jbc.M800549200
http://dx.doi.org/10.1242/dev.169037
http://dx.doi.org/10.1242/dev.169037
http://dx.doi.org/10.1038/s41467-018-05204-6
http://dx.doi.org/10.1073/pnas.162172899
http://dx.doi.org/10.1096/fj.04-2981fje
http://dx.doi.org/10.1083/jcb.200905110
http://dx.doi.org/10.1098/rsob.180157
http://dx.doi.org/10.1098/rsob.180157
http://dx.doi.org/10.1016/j.stem.2008.04.001
http://dx.doi.org/10.1016/j.stem.2008.04.001
http://dx.doi.org/10.1073/pnas.1512869112
http://dx.doi.org/10.1016/B978-0-12-396968-2.00006-3
http://dx.doi.org/10.1016/B978-0-12-396968-2.00006-3
http://dx.doi.org/10.7554/eLife.04265
http://dx.doi.org/10.1242/jcs.024547
http://dx.doi.org/10.1242/jcs.024547
http://dx.doi.org/10.1038/sj.emboj.7600822
http://dx.doi.org/10.1016/j.cell.2006.05.048
http://dx.doi.org/10.1016/j.cell.2006.05.048


royalsocietypublishing.org/journal/rsob
Open

Biol.10:200130

6
induction of iPSCs from human fibroblasts. Cell Stem
Cell 7, 508–520. (doi:10.1016/j.stem.2010.09.003)

41. Liu X et al. 2017 Self-inflicted DNA double-strand
breaks sustain tumorigenicity and stemness of
cancer cells. Cell Res. 27, 764–783. (doi:10.1038/cr.
2017.41)

42. Herrera SC, Martin R, Morata G. 2013 Tissue
homeostasis in the wing disc of Drosophila
melanogaster: immediate response to massive
damage during development. PLoS Genet. 9,
e1003446. (doi:10.1371/journal.pgen.1003446)

43. Verghese S, Su TT. 2016 Drosophila Wnt and STAT
define apoptosis-resistant epithelial cells for tissue
regeneration after irradiation. PLoS Biol. 14,
e1002536. (doi:10.1371/journal.pbio.1002536)

44. Verghese S, Su TT. 2018 Ionizing radiation induces
stem cell-like properties in a caspase-dependent
manner in Drosophila. PLoS Genet. 14, e1007659.
(doi:10.1371/journal.pgen.1007659)

45. Hauptmann P, Riel C, Kunz-Schughart LA, Frohlich
KU, Madeo F, Lehle L. 2006 Defects in N-
glycosylation induce apoptosis in yeast. Mol
Microbiol. 59, 765–778. (doi:10.1111/j.1365-2958.
2005.04981.x)

46. Kang MS, Lee SK, Park CS, Kang JH, Bae SH, Yu SL.
2008 Expression of death receptor 4 induces
caspase-independent cell death in MMS-treated
yeast. Biochem. Biophys. Res. Commun. 376,
305–309. (doi:10.1016/j.bbrc.2008.08.159)

47. Palermo V, Mangiapelo E, Piloto C, Pieri L, Muscolini
M, Tuosto L, Mazzoni C. 2013 p53 death signal is
mainly mediated by Nuc1(EndoG) in the yeast
Saccharomyces cerevisiae. FEMS Yeast Res. 13,
682–688. (doi:10.1111/1567-1364.12067)

48. Shrestha A, Brunette S, Stanford WL, Megeney LA.
2019 The metacaspase Yca1 maintains proteostasis
through multiple interactions with the ubiquitin
system. Cell Discov. 5, 1–3. (doi:10.1038/s41421-
018-0071-9)

49. Lee RE, Brunette S, Puente LG, Megeney LA. 2010
Metacaspase Yca1 is required for clearance of
insoluble protein aggregates. Proc. Natl Acad. Sci.
USA 107, 13 348–13 353. (doi:10.1073/pnas.
1006610107)

50. Hill SM, Hao X, Liu B, Nystrom T. 2014 Life-span
extension by a metacaspase in the yeast
Saccharomyces cerevisiae. Science. 344, 1389–1392.
(doi:10.1126/science.1252634)
51. Fan Y, Bergmann A. 2008 Distinct mechanisms of
apoptosis-induced compensatory proliferation in
proliferating and differentiating tissues in the
Drosophila eye. Dev Cell 14, 399–410. (doi:10.1016/
j.devcel.2008.01.003)

52. Kondo S, Senoo-Matsuda N, Hiromi Y, Miura M.
2006 DRONC coordinates cell death and
compensatory proliferation. Mol. Cell Biol. 26,
7258–7268. (doi:10.1128/MCB.00183-06)

53. Perez-Garijo A, Martin FA, Morata G. 2004 Caspase
inhibition during apoptosis causes abnormal
signalling and developmental aberrations in
Drosophila. Development 131, 5591–5598. (doi:10.
1242/dev.01432)

54. Ryoo HD, Gorenc T, Steller H. 2004 Apoptotic cells
can induce compensatory cell proliferation through
the JNK and the Wingless signaling pathways. Dev.
Cell 7, 491–501. (doi:10.1016/j.devcel.2004.08.019)

55. Fan Y, Bergmann A. 2008 Apoptosis-induced
compensatory proliferation. The cell is dead. Long
live the cell. Trends Cell Biol. 18, 467–473. (doi:10.
1016/j.tcb.2008.08.001)

56. Fogarty CE, Bergmann A. 2015 The sound of silence:
signaling by apoptotic cells. Curr. Top Dev. Biol.
114, 241–265. (doi:10.1016/bs.ctdb.2015.07.013)

57. Fogarty CE, Diwanji N, Lindblad JL, Tare M,
Amcheslavsky A, Makhijani K, Brückner K, Fan Y,
Bergmann A. 2016 Extracellular reactive oxygen
species drive apoptosis-induced proliferation via
Drosophila macrophages. Curr Biol. 26, 575–584.
(doi:10.1016/j.cub.2015.12.064)

58. Khan SJ, Abidi SNF, Skinner A, Tian Y, Smith-Bolton
RK. 2017 The Drosophila Duox maturation factor is a
key component of a positive feedback loop that
sustains regeneration signaling. PLoS Genet. 13,
e1006937. (doi:10.1371/journal.pgen.1006937)

59. Santabarbara-Ruiz P et al. 2015 ROS-induced JNK
and p38 signaling is required for unpaired cytokine
activation during Drosophila regeneration. PLoS
Genet. 11, e1005595. (doi:10.1371/journal.pgen.
1005595)

60. Huang Q et al. 2011 Caspase 3-mediated
stimulation of tumor cell repopulation during cancer
radiotherapy. Nat. Med. 17, 860–866. (doi:10.1038/
nm.2385)

61. Li F, Huang Q, Chen J, Peng Y, Roop DR, Bedford JS,
Li C-Y. 2010 Apoptotic cells activate the ‘phoenix
rising’ pathway to promote wound healing and
tissue regeneration. Sci. Signal. 3, ra13. (doi:10.
1126/scisignal.2000634)

62. Feng X et al. 2017 Dying glioma cells establish a
proangiogenic microenvironment through a caspase
3 dependent mechanism. Cancer Lett. 385, 12–20.
(doi:10.1016/j.canlet.2016.10.042)

63. Feng X, Tian L, Zhang Z, Yu Y, Cheng J, Gong Y, Li
C-Y, Huang Q. 2015 Caspase 3 in dying tumor
cells mediates post-irradiation angiogenesis.
Oncotarget. 6, 32 353–32 367. (doi:10.18632/
oncotarget.5898)

64. Hander T et al. 2019 Damage on plants activates
Ca2+-dependent metacaspases for release of
immunomodulatory peptides. Science 363,
eaar7486. (doi:10.1126/science.aar7486)

65. Khalil H et al. 2012 Caspase-3 protects stressed
organs against cell death. Mol. Cell Biol. 32,
4523–4533. (doi:10.1128/MCB.00774-12)

66. Vanli G, Sempoux C, Widmann C. 2017 The caspase-
3/p120 RasGAP stress-sensing module reduces liver
cancer incidence but does not affect overall survival
in gamma-irradiated and carcinogen-treated mice.
Mol. Carcinog. 56, 1680–1684. (doi:10.1002/mc.
22624)

67. Gross A, Katz SG. 2017 Non-apoptotic functions of
BCL-2 family proteins. Cell Death Differ. 24,
1348–1358. (doi:10.1038/cdd.2017.22)

68. Ivanova H et al. 2020 Bcl-2-protein family as
modulators of IP3 receptors and other organellar
Ca2+ channels. Cold Spring Harb. Perspect. Biol. 12,
a035089. (doi:10.1101/cshperspect.a035089)

69. Popgeorgiev N, Jabbour L, Gillet G. 2018 Subcellular
localization and dynamics of the Bcl-2 family of
proteins. Front. Cell Dev. Biol. 6, 13. (doi:10.3389/
fcell.2018.00013)

70. Vervliet T, Parys JB, Bultynck G. 2016 Bcl-2 proteins
and calcium signaling: complexity beneath the
surface. Oncogene 35, 5079–5092. (doi:10.1038/
onc.2016.31)

71. Pollyea DA et al. 2018 Venetoclax with azacitidine
disrupts energy metabolism and targets leukemia
stem cells in patients with acute myeloid leukemia.
Nat. Med. 24, 1859–1866. (doi:10.1038/s41591-
018-0233-1)

72. Kudelova J, Fleischmannova J, Adamova E, Matalova
E. 2015 Pharmacological caspase inhibitors: research
towards therapeutic perspectives. J. Physiol.
Pharmacol. 66, 473–482.

http://dx.doi.org/10.1016/j.stem.2010.09.003
http://dx.doi.org/10.1038/cr.2017.41
http://dx.doi.org/10.1038/cr.2017.41
http://dx.doi.org/10.1371/journal.pgen.1003446
http://dx.doi.org/10.1371/journal.pbio.1002536
http://dx.doi.org/10.1371/journal.pgen.1007659
http://dx.doi.org/10.1111/j.1365-2958.2005.04981.x
http://dx.doi.org/10.1111/j.1365-2958.2005.04981.x
http://dx.doi.org/10.1016/j.bbrc.2008.08.159
http://dx.doi.org/10.1111/1567-1364.12067
http://dx.doi.org/10.1038/s41421-018-0071-9
http://dx.doi.org/10.1038/s41421-018-0071-9
http://dx.doi.org/10.1073/pnas.1006610107
http://dx.doi.org/10.1073/pnas.1006610107
http://dx.doi.org/10.1126/science.1252634
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/10.1128/MCB.00183-06
http://dx.doi.org/10.1242/dev.01432
http://dx.doi.org/10.1242/dev.01432
http://dx.doi.org/10.1016/j.devcel.2004.08.019
http://dx.doi.org/10.1016/j.tcb.2008.08.001
http://dx.doi.org/10.1016/j.tcb.2008.08.001
http://dx.doi.org/10.1016/bs.ctdb.2015.07.013
http://dx.doi.org/10.1016/j.cub.2015.12.064
http://dx.doi.org/10.1371/journal.pgen.1006937
http://dx.doi.org/10.1371/journal.pgen.1005595
http://dx.doi.org/10.1371/journal.pgen.1005595
http://dx.doi.org/10.1038/nm.2385
http://dx.doi.org/10.1038/nm.2385
http://dx.doi.org/10.1126/scisignal.2000634
http://dx.doi.org/10.1126/scisignal.2000634
http://dx.doi.org/10.1016/j.canlet.2016.10.042
http://dx.doi.org/10.18632/oncotarget.5898
http://dx.doi.org/10.18632/oncotarget.5898
http://dx.doi.org/10.1126/science.aar7486
http://dx.doi.org/10.1128/MCB.00774-12
http://dx.doi.org/10.1002/mc.22624
http://dx.doi.org/10.1002/mc.22624
http://dx.doi.org/10.1038/cdd.2017.22
http://dx.doi.org/10.1101/cshperspect.a035089
http://dx.doi.org/10.3389/fcell.2018.00013
http://dx.doi.org/10.3389/fcell.2018.00013
http://dx.doi.org/10.1038/onc.2016.31
http://dx.doi.org/10.1038/onc.2016.31
http://dx.doi.org/10.1038/s41591-018-0233-1
http://dx.doi.org/10.1038/s41591-018-0233-1

	Non-apoptotic roles of apoptotic proteases: new tricks for an old dog
	Introduction: demolish or remodel?
	When apoptotic caspases sculpt individual cells
	Removal of the nucleus
	Downsizing the cytoplasm
	Cell migration

	When caspases change cellular identity
	Differentiation into a specialized cell fate
	The reverse: promoting stem-ness
	Going sideways: switching cell types

	When caspases clean up the cell instead of killing it
	When apoptotic proteins help rebuild tissues
	Why study non-apoptosis roles of apoptosis proteins?
	Conclusion
	Data accessibility
	Competing interests
	Funding
	Acknowledgements
	References


