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Abstract

Purpose of Review To summarize recent findings on novel roles of caspases in stem cell biology, tumor repopulation, and tissue
regeneration. Contrary to the long-held notion that apoptotic caspases are exclusively executioners of programmed cell death, an
abundance of evidence is emerging that activation of caspases does not inevitably lead to cell death.

Recent Findings It is now known that sublethal activation of caspases occurs in development, stem cell differentiation, epigenetic
reprogramming, and a whole host of other key biological processes. Important for cancer biology, recent studies show that
activation of caspases in tumors facilitates carcinogenesis, metastasis, and tumor relapse after cancer treatment. We have found
that apoptotic cells secrete prostaglandins to stimulate proliferation of neighboring cells. This pathway functions to regenerate
tissues and stem cells in multiple organisms, but it also poses problems in emerging tumor resistance to chemotherapy and
radiotherapy.

Summary Novel findings on caspases are contrary to established paradigms and might explain why cancer therapies aimed at
activating apoptotic caspases have not been very successful in the clinic. In this brief review, we summarize some novel findings
regarding caspases with the hope of stimulating more interest in this nascent but increasingly important research area. Better
understanding of the diverse roles of caspases may one day help us establish novel approaches for treating cancer.
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Introduction

Apoptosis is a tightly regulated physiological process where-
by multicellular organisms get rid of unwanted or DNA dam-
aged cells. After apoptosis, no inflammation ensues and
neighboring cells are left undisturbed, distinguishing it from
necrosis. Caspases are a family of cysteine proteases that ex-
ecute mid to late stages of apoptosis and are composed of the
initiator caspases 2, 8, 9 and the executor caspases 3, 6, and 7

This article is part of the Topical Collection on Radiation Biology and
Stem Cells

< Chuan-Yuan Li
Chuan.li@duke.edu

' Duke University School of Medicine, Durham, NC, USA

Department of Dermatology, Duke University Medical Center, Box
3135, Durham, NC 27710, USA

Department of Pharmacology and Cancer Biology, Duke University
Medical Center, Durham, NC, USA

[1]. There are two pathways that mediate apoptosis—the in-
trinsic and extrinsic pathways. The intrinsic pathway is medi-
ated by the mitochondria as pro-apoptotic signals result in the
release of mitochondrial cytochrome ¢ which binds to APAF1,
that in turn causes APAF1 to bind ATP/dATP and form the
apoptosome. The apoptosome leads to activation of caspase 9,
which results in the downstream activation of caspase 3—the
primary executioner of apoptosis [2]. In contrast to the
intrinsic pathway, the extrinsic pathway is initiated by ex-
tracellular signals such as the well-studied Fas ligand that
binds to Fas receptor on cells. Upon activation of the re-
ceptor, caspase 8 and the Fas-associated death domain
(FADD) protein interact with the receptor to form the
death-inducing signaling complex (DISC). DISC subse-
quently cleaves caspase 8, which then activates caspase
3, thus resulting in initiation of apoptosis [3, 4].

In addition to eliminating unwanted or damaged cells, ap-
optosis is pivotal in morphogenesis during development and
in fine-tuning the properties of stem cells. During organogen-
esis, apoptosis is essential in arranging the formation of organs
[5], sex differentiation in humans [6], limb development [7],
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and immune system maturation [8]. Thus, with the many es-
sential roles of apoptosis, its disruption is typically detrimental
to an organism during development. However, the evasion of
apoptosis is also a hallmark of cancer [9], and caspases are
traditionally thought to be tumor-suppressive as cancer fre-
quently occurs when the 7p53 gene, which encodes a key
initiator of the intrinsic apoptosis pathway [10], is mutated.
In support of this view, the disruption of the apoptotic pathway
has been implicated in the formation of many types of cancers
[11, 12]. However, studies in the past decade have shown that
the roles apoptosis play during carcinogenesis as well as
during/following chemotherapy and radiotherapy treatments
are much more complicated, with caspase activation in many
scenarios acting to promote chemo- and/or ionizing radiation
(IR)-induced genetic instability and carcinogenesis. In this
review, we discuss this shifting paradigm of the roles of
caspases in DNA damaging agent-induced tumor relapse as
well as their roles in stem cell biology.

Caspase Involvement in Stem Cell
Differentiation, Epigenetic Reprogramming,
and De-differentiation

Stem cells are remarkable cells that have the potential to
develop into any cell type during time periods of early
embryogenesis, growth, or repair. Stem cells renew them-
selves through symmetric cell division and can be induced
to become tissue-specific cells under certain circumstances
through asymmetric cell divisions. There are three major
types of stem cells: embryonic stem cells (ESCs), adult/
somatic stem cells, and induced pluripotent stem cells
(iPSCs) [13, 14]. ESCs are present in early life and are
pluripotent, capable of differentiating into any cell type,
whereas adult stem cells are capable of self-renewal but
are usually restricted to differentiating into the cells of
the host tissue in which they are housed [15]. Thus, adult
stem cells are “unipotent” or “multipotent” rather than
“pluripotent” and are usually in a state of dormancy/
quiescence until they receive proliferative signals from
their resident “stem cell niche.” The niche is a microenvi-
ronment that usually consists of differentiated cells in the
tissue, other stem cells, extracellular matrix, cytokines, and
other factors that induce these adult stem cells to differen-
tiate and replenish the tissue when needed [16—18]. iPSCs
are artificially reprogrammed pluripotent stem cells that
are derived from differentiated cells by the use of multiple
exogenous transcription factors such as Oct4, Sox2, KIf4, c-
Myc, Nanog, and Lin28 [19, 20]. Interestingly, these factors
contain active caspase cleavage sites that modulate stem cell
properties [21, 22]. This begs the question, could caspases,
traditionally known as “the irreversible death initiators”, be
involved in the regulation of transcription factors related to
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stem cell proliferation and differentiation? To answer this
question, one must first compare the phenotypic similarities
between these seemingly opposing processes.

Apoptosis has multiple defining cytological features such
as the stereotypical characteristics of pyknosis, karyorrhexis,
and karyolysis followed by the eventual consumption of apo-
ptotic bodies by macrophages. Macrophages are designed to
recognize phosphatidylserines exposed on the outer cell mem-
brane that have translocated from the inner membrane during
apoptosis. Coincidently, many of the same processes also oc-
cur in stem cell differentiation [23]. Jeong et al. provides ev-
idence that phosphatidylserine translocation to the outer cell
membrane is important in myoblast fusion into myotubes, a
key step of muscle differentiation. They also show that
myotubes are formed when phosphatidylserine is supplied to
in vitro cultures, as well as increases in the number of
myonuclei and width of myotubes [24]. In parallel to the for-
mation of apoptotic bodies, Marzesco et al. report that during
the early stages of neurogenesis, neural stem cells can secrete
membrane vesicles similar to apoptotic bodies that contain the
stem cell marker prominin-1, which may play a role in tissue
development and maintenance [25]. Lastly, another character-
istic shared between apoptosis and differentiation is that both
involve the intrinsic induction of significant DNA double-
strand breaks (DSBs; which are also the critical genotoxic
lesions induced by IR and many chemotherapeutic agents,
either directly or during their subsequent repair). Multiple re-
searchers have independently demonstrated that several cellu-
lar differentiation pathways rely on enzymatically mediated
DNA DSB induction, including those for myoblasts [26],
lymphocytes [27], keratinocytes [28], granulocytes [29], and
monocytes [30].

In addition to these biochemical similarities, there are
other direct links between caspase pathway induction and
differentiation. In 1998, Raff et al. provided some of the
earliest evidence that caspase 3 activity is pivotal for stem
cell differentiation in lens epithelial cells [31]. Many stud-
ies followed soon after to support the notion that a tran-
sient increase in caspase 3 is necessary for stem cell dif-
ferentiation across multiple cell lines and species, includ-
ing skeletal muscle [32], osteoblasts [33], neurons [34],
astrocytes [35], hematopoietic stem cells [36], and cardio-
myocyte progenitors [37, 38]. Another direct demonstra-
tion of the importance of caspase 3 in cellular differentia-
tion was shown by the observation that caspase 3 activa-
tion and cleavage of the stem cell factor Nanog were crit-
ical for the differentiation of H9 embryonic stem cells
[39¢]. Fujita et al. further discovered that embryonic stem
cells that lacked functional caspases 3 and 9 were unable
to differentiate. They also found that mutations in Nanog that
prevented caspase 3 cleavage also attenuated embryonic stem
cell differentiation. These results also appeared to apply
in vivo, as it was found that during development in
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Drosophila, there was widespread activation of multiple
caspases in cells that nonetheless eventually survived [40¢].

Therefore, there is an abundance of evidence indicating
facilitative roles for caspases in cellular proliferation and dif-
ferentiation. What about the reverse process, de-differentia-
tion, that occurs e.g., during the induction of iPSCs? While
investigating molecular mechanisms of the induction of plu-
ripotent stem cells from human fibroblast cells in our lab, we
have shown that in cells transduced with stem cell
reprogramming factors, caspases 3 and 8 were significantly
activated, but these cells likewise survived. Interestingly, the
iPSCs had caspase 3 remaining active at persistently high
levels. Most importantly, caspase 3 and 8 activation appeared
to be required, as inhibition of either caspase 3 or 8 signifi-
cantly attenuated iPSC induction from the fibroblasts. It was
further discovered that caspases 3 and 8 play critical roles by
cleaving and deactivating Rb, the protein encoded by retino-
blastoma susceptibility gene RbI (itself also a very frequent
target of inactivation during carcinogenesis), which is an epi-
genetic barrier that must be overcome to allow epigenetic
reprogramming to occur [21].

Non-lethal Activation of Caspases and Its Role
in the Maintenance of Cancer Stem Cells

Cancer stem cells (CSCs) are tumor cells found within cancers
that possess stem cell-like characteristics and the potent ability
to form tumors, while at the same time preserving the ability to
differentiate into various cell types. They are known for being
chemo- and radio-resistant and critically involved in tumori-
genesis, metastasis, and recurrence [41, 42]. CSCs have been
shown to possess over-activated signaling pathways, includ-
ing JAK/STAT, Wnt/beta-catenin, Nanog, and Notch [43-45].
Despite their importance, the molecular mechanisms involved
in CSC maintenance are not well understood. Recently, our
lab demonstrated an important role of caspases in maintaining
the tumorigenicity and stemness of breast cancer and glioma
CSCs. Briefly, we found evidence for spontaneous leakage of
mitochondrial cytochrome c, leading to sublethal activation of
apoptotic caspases in cancer cells and the generation of DSBs.
It is very well established that DSBs play an essential role in
both tumorigenicity and stemness of cancer through their ac-
tivation of ATM and various downstream DNA damage re-
sponse (DDR) pathways [46°]. One study found that
radioresistant glioma stem cells had higher levels of DNA
repair proteins [47], and we propose that a reason for this
could be caspase-mediated DSB induction driving ATM acti-
vation, thereby upregulating DDR pathway activation in these
cells allowing them to be better equipped to deal with IR-
induced DNA damage. Similarly, the stemness of glioma
CSCs may be dependent on caspase-mediated DSB-induced
ATM activation. Using CRISPR-mediated knockouts of

caspase 3 and ATM, we also found that the expression of stem
cell markers was markedly reduced. We suggest that higher
levels of ATM activation may correlate with higher malignant
potential of CSCs, which could partially explain why human
breast and colon tumors with higher levels of ATM activation
have a poorer prognosis [48, 49]. To summarize, we propose
that increased ATM and subsequent activation of DNA dam-
age response pathways, instead of promoting apoptosis pro-
gression, act to maintain cancer cell stemness and promote
tumorigenicity. The identification of increased ATM activa-
tion and DSB levels is reminiscent of the pathway leading to
the senescence-associated secretory phenotype (SASP), in
which DNA damage activates p53, subsequently causing
permanent cell cycle arrest and increased production and
secretion of pro-inflammatory cytokines [50]. Our studies
show that sublethal activation of caspases leads to in-
creased levels of caspase-mediated DSBs that activate
ATM and downstream factors such as STAT-3 that can
result in pro-inflammatory SASP that promotes stemness
of host cancer cells.

A Counterintuitive Role of Caspases:
Promoting Cellular Proliferation and Tissue
Regeneration

With the gradual realization that apoptotic caspases can have
non-apoptotic roles, an increasing number of studies are
showing that caspases can actually promote cellular growth.
Our lab has previously proposed the “phoenix rising” path-
way, in which dying cells promote wound healing and tissue
regeneration in a paracrine-dependent manner in mice. The
activation of apoptotic caspases 3 and 7 results in the release
of prostaglandin E, (PGE,), which is a growth signal that
promotes stem cell proliferation and tissue regeneration. In
the absence of either of these caspases, mice become deficient
in wound healing and liver regeneration [S1]. In a follow-up
study, we also showed that phoenix rising pathway activation
occurs in IR-treated breast cancer cells [52¢¢]. Furthermore,
Feng et al. discovered that dying glioma cells promote post-
irradiation angiogenesis in a caspase 3—dependent manner.
Inhibition of caspase 3 in vitro and in vivo decreased the
pro-angiogenic effects of dying glioma cells. The authors
identified activation of the NFkB-COX2-PGE, signaling cas-
cade as the primary driver of caspase activation mediating this
post-irradiation response [53]. More recently, we utilized
B16F10 melanoma cells stably transduced with shRNA-
encoding minigenes targeting caspase 3 to examine the roles
of caspase 3 in melanoma radiation responses. Irradiation of
in vitro cultures induced a significant amount PGE, in control
cells (Fig. la), as expected. However, the induction was
abolished in B16F10 shCasp3 caspase 3-deficient cells.
Furthermore, when we injected B16F10 shCasp3 cells into
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Fig. 1 Effect of Casp3 downregulation on the in vitro and in vivo post-
radiation responses of B16F10 melanoma cells. a B16F10 and B16F10
shCaspase3 cells were either untreated or irradiated with 10 Gy X-ray
in vitro. Supernatant from the cells was collected 72 h after radiation.
PGE2 concentration in the supernatant was measured following the man-
ufacturer protocol from the ELISA kit from MyBioSource Inc. (San

syngeneic C57BL/6 mice and exposed the injected tumor vol-
ume with 8-Gy X-rays (225 KeV), a significantly longer tu-
mor growth delay was observed compared to the shCasp3
controls (Fig. 1b). These results confirm our earlier breast
cancer model results [52¢¢]. Similar findings have also been
reported using a bladder cancer model, where Kurtova et al.
found that bladder cancer stem cells mediate tumor resistance
to chemotherapy by proliferating in response to increased
PGE, production [54-].

Further support for the concept of caspase activation pro-
moting cell survival under stress comes from Khalil et al. who
demonstrated that in response to cellular stress and organ dam-
age, caspase 3 activates Akt kinase, an anti-apoptotic mole-
cule. The caspase 3—deficient mouse model showed an in-
creased level of cell death and severe colitis, where the pro-
tective mechanism was shown to be mediated through the
caspase-3 cleavage of p120 RasGAP protein [55]. In addition,
Oficjalska et al. independently provided evidence that mice
deficient in caspase 11, an inflammatory caspase, have an
increased susceptibility to dextran sodium sulfate treatment
with reduced rates of intestinal cell proliferation. The authors
attributed the pro-survival role of caspase 11 to its ability to
modify levels of cytokines IL-18 and IL-1b [56].

In an earlier study from our lab, we investigated the role of
angiogenesis in wild-type or caspase 3—knockout mouse em-
bryonic fibroblasts (MEFs) that were lethally irradiated. After
2 weeks, irradiated WT MEFs had induced significant vascu-
lar growth in the host, while caspase 3—knockout MEFs in-
duced minimal host vascular growth [51]. Moreover, Bonner
et al. found that paracrine signaling by effector caspases was
essential for regeneration of beta cells in the pancreas. They
provided evidence that beta cell apoptosis stimulated subse-
quent regeneration through caspase-dependent apoptosis via
the induction of regenerative genes [57]. Additionally, as
outlined by Zhao et al., many organisms use this counterintu-
itive function of caspases for tissue regeneration [58], for ex-
ample, Xenopus laevis required the activation of caspase 3 to
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regenerate its tail [59], and decapitated Hydra regenerated its
head from growth signals induced by apoptotic cells via
caspase-dependent activation of the Wnt3 pathway [60].
Thus, all these studies demonstrate how tissues can tolerate
cell death by compensating through proliferation and growth
[61], but it can come at the cost of cancer resistance to che-
motherapy and radiation therapy.

Caspases and Cancer Metastasis

Metastasis is a dreaded word in the oncology community as it
typically confers a dismal survival prognosis. Briefly, it is a
process where tumor cells derive the ability to leave their
tissue of origin to seed other tissues in the body, often relying
on neoangiogenesis to survive. Surprisingly, caspases have
been shown to aid in the development of metastasis by pro-
moting cell migration and angiogenesis. From a migratory
standpoint, Kang et al. demonstrated that mouse embryos de-
ficient in caspase 8 die from circulatory failure, as caspase 8 is
needed for the migration of endothelial cells as well as B
lymphocyte progenitors [62]. Caspase 9 can also help cell
migration. In a Drosophila model, Geisbrecht et al. demon-
strated that caspase 9 is crucial in oocyte development, where
it is needed for the movement of border cells in the ovaries
[63]. In terms of a cancer-promoting standpoint, a recent study
by Rudraptna et al. showed effector caspase activity drives
cell invasion without initiating apoptosis, linking caspases to
the matrix metalloproteinase 1 (MMP1) and Jnk pathways
[64]. Another study by Oh et al. provides evidence that inhi-
bition of death receptor 5 (DRS5), a key player in the apoptosis-
promoting DISC complex, prevented the formation of the me-
tastasis and invasion signaling complex (MISC). These au-
thors provided direct data that FADD and caspase 8 can recruit
TRAF2 and other proteins that eventually result in the activa-
tion of MMPs that enables tumor metastasis [65]. Caspase 8
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also promotes metastasis by regulating integrin internalization
and cell motility [66].

Caspase 3 also has been shown to play a pro-metastatic role
as well. Using A549 lung cancer cells, Cheng et al. showed
that knocking down caspase 3 decreased metastatic activity in
the mouse lung cancer model. The authors concluded that
high levels of caspase 3 were correlated with high activity of
the extracellular signal regulated kinases (ERK), which is
needed for lung cancer metastasis. The authors also showed
that overexpression of caspase 3 in MCF7 cells (low malig-
nancy breast cancer cells deficient in caspase 3) increased their
metastatic potential [67]. Zhou et al. further supported this
notion by showing that colon cancer caspase 3—knockout cells
were more sensitive to IR and less invasive. They also showed
that the caspase 3—knockouts were less likely to form pulmo-
nary metastases, with increased E-cadherin expression and
reduced N-cadherin, Snail, Slug, and ZEB1 expression, which
are known markers of metastasis [68]. Gydnia et al. reported
that glioblastomas had constant activation of caspases and that
caspase inhibition resulted in decreased migration and inva-
siveness of tumor cells. Their use of siRNA to knockdown
caspases 3 and 8 led to a decrease in migration of tumor cells.
Furthermore, they showed that the caspase-mediated migra-
tion was due to cleavage of the motility-associated gelsolin
protein [69]. Lastly, Chang et al. provide a cautionary tale
against IAP inhibitor drugs; IAPs are anti-apoptotic as they
inhibit caspases and upregulate pro-survival proteins; howev-
er, they provide evidence of serious, deadly side effects of
these drugs such as bone metastasis [70]. Thus, in light of
caspase promoting metastasis, it is possible that IAP inhibition
could lead to this side effect.

Targeting Caspases for Therapeutic Benefits

The conventional assumption that activating apoptosis is benefi-
cial in cancer treatment has resulted in a plethora of research
looking into drugs that can activate apoptotic caspases. One tar-
get is Tp53, as the gene encoding this protein is usually mutated
in cancers, without which the intrinsic apoptosis cannot be effec-
tively initiated. However, despite many drugs that have been
tested, no Tp53-targeting drug has yet been approved for use in
cancer treatment. Another potential target is the inhibitor of
IAP—the thought being that if the inhibitors of apoptosis is
blocked, more apoptosis will occur. But unfortunately, IAP in-
hibitors have not yet been able to find their way into the clinic—
as outlined above, as such an approach has the potential to in-
crease metastatic potential. Instead, perhaps we should be
looking at inhibition of caspases to block their proliferative roles
in tumor growth? Caspase inhibitors have been investigated to
treat diseases like Alzheimer’s, Huntington’s, and Parkinson’s
[71-73]. Using a lung cancer xenograft model, Kim et al. studied
the effects of caspase 3 inhibition in response to IR using the

inhibitor M867. They found that M867 in conjunction with IR
decreased the overall survival of lung cancer cells and sug-
gested that caspase inhibition could be used to enhance the
effects of IR during radiotherapy [74].

Caspase inhibitors have also been used to regulate the in-
flammatory response [58]. Flanagan et al. demonstrated that
inhibition of caspase 3 reduced the expression of proliferative
inflammatory markers in colorectal tumors. Additionally, met-
astatic CRC patients with a low level of active caspase 3 had
increased disease-free survival, especially in patients who re-
ceived 5-FU chemotherapy [75]. These studies provide the
rationale to use caspase inhibitors for the treatment of cancer
in the clinic. However, to date, caspase inhibitors have been
understudied clinically. Caspases play a diverse role in many
proliferation, differentiation and cell death, and pro-survival
pathways, where inhibition in one scenario (e.g., cell or tissue
type) can be beneficial but detrimental in another. Further
studies are needed to better identify cellular and molecular
pathways responsible for the regulation of stem cell
properties by caspases in order to identify promising
pharmacological candidates that target these pathways
specifically. We propose that the role of caspases in can-
cer treatment should be further studied in depth at both
preclinical and clinical level in the near future.

Conclusion

Recent studies have dramatically shifted the paradigm of
caspases being solely the “angels of cell death.” Many reports
demonstrate they also play important roles in promoting car-
cinogenesis, tumor growth, metastasis, and epigenetic
reprogramming. However, despite this evidence, the idea of
inhibiting caspases to enhance cancer therapy has yet to be
translated into the clinic. It is proposed that with more studies
demonstrating the additive or synergistic roles caspase activity
modulation may play in existing and emerging cancer treat-
ment modalities, caspase inhibitors may one day be evaluated
for clinical treatment of cancers. Such an idea was taboo not
too long ago but may eventually prove to be correct and a
promising way to treat cancers in the future.
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