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Simple Summary: Despite the development of new anticancer therapies, resistance and recurrence
after treatment remain one of the greatest challenges in modern oncology. Anastasis—a recently
described phenomenon—could be one explanation for why cytotoxic drugs fail to kill cancer cells. We
aim to review current experimental data on cell death reversal and to discuss the possible mechanisms
behind anastasis.

Abstract: For over 20 years, it has been a dogma that once the integrity of mitochondria is disrupted
and proapoptotic proteins that are normally located in the intermembrane space of mitochondria
appeared in the cytoplasm, the process of cell death becomes inevitable. However, it has been
recently shown that upon removal of the death signal, even at the stage of disturbance in the
mitochondria, cells can recover and continue to grow. This phenomenon was named anastasis. Here,
we will critically discuss the present knowledge concerning the mechanisms of cell death reversal,
or development of anastasis, methods for its detection, and what role signaling from different

intracellular compartments plays in anastasis stimulation.
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1. Introduction

Cells constantly fight with external stress and can eliminate any subsequent damage.
As a result of successful repair, the cell life cycle continues. In the case of damage that is
too severe, the cell commits suicide to avoid further tissue and organ destruction, and to
eradicate genetically unstable and dangerous cells. However, if the cell death mechanism
does not operate properly, «unwanted» cells can go down the road of malignancy. The
main goal of anti-cancer treatment is the elimination of malignant cells via the induction of
cell death [1]. Importantly, resistance to cell death is one of the essential hallmarks of cancer,
which permits cells to multiply in an uncontrolled manner and continue the life cycle
with accumulated damage and genetic instability [2]. During the past decades, several
mechanisms by which cancer cells can avoid cell death were described. Among them are the
overexpression of antiapoptotic Bcl-2 family proteins and the inactivation of p53 [3]. Based
on this, a number of successful treatment approaches have been developed; unfortunately,
almost all have faced the same shortcomings—the creation of acquired drug resistance.
The efficacy of anticancer therapy varies depending on the type and stage of the tumor,
drug combination and dosage, and many other factors, but the therapy rarely kills all the
cancer cells. There are examples of positive selection in cancer cells that acquire mutations
that allow them to resist therapy. The riddle is why some cells in a clonal population
survive when facing a death-inducing stimulus while their clonemates die [4]. Another
angle to investigate is whether these surviving cells are truly alive, or whether they have
returned from the «dead population». In that light, the recently described phenomenon
named anastasis is interesting to discuss. Anastasis implies that cells in the process of
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committing death in certain cases, after the stimulus is gone, stop the cell suicide process
and return to life [5]. Anastasis is different from the other two ‘if not death’ cell fates after
treatment—senescence and mitotic catastrophe—as cells retain their proliferative capacity
and even enhance it, which make anastasis an undesirable event during anti-cancer therapy.
Below, we aim to expand limited knowledge about anastasis by discussing the possible
mechanisms by which cells can reverse death, which was thought to be an irreversible
process once it had reached a late stage.

2. A Few Historical Remarks

The first indications that apoptosis, the best-studied form of programmed cell death,
can be reversible date back to the end of the 20th century. It was shown that apoptosis
might not represent death in heart failure, but rather the programmed cell survival of
cardiomyocytes and the likelihood of reverse remodeling. In this case, although many
cardiomyocytes display such hallmarks of apoptosis as cytochrome c release and caspase-3
activation, they surprisingly demonstrate normal nuclei morphology and remain unaffected
by the apoptotic process [6]. These findings for the first time point to a possible cessation of
the apoptotic process before it is completed. Importantly, several groups used histochemical
and ultrastructural approaches to support these biochemical data [7]. This phenomenon
of a lack of terminal morphological features of apoptosis despite the activation of the
apoptotic pathway was named by the authors as «apoptosis interruptus» [8] and suggested
to have important pathogenetic and therapeutic implications for heart failure.

Using a single-cell analysis of TRAIL (TNF-related apoptosis-inducing ligand)-treated
cells, it was found that a regulatory link between initiator and executor caspases can be
impaired, creating a physiologically unknown state of partial cell death with the potential
to generate genomic instability [9]. Moreover, it has been shown that TRAIL, in addition
to activating receptor-mediated cell death, can induce DNA damage in surviving cells,
an effect that is also dependent on caspase-8-mediated activation of caspase-activated
endonuclease (CAD). After exposure to sub-lethal concentrations of TRAIL, surviving
cells showed high mutation rates [10]. Importantly, not only treatment with TRAIL, but
also treatment with sublethal doses of various chemical agents led to cell survival after
caspase activation [11]. Ionizing radiation of breast cancer cells revealed their survival,
even in the presence of activation of the main executor caspase-3. All of these observations
were called «failed apoptosis» [12]. Finally, in 2012, Tang and colleagues introduced the
term anastasis, describing the survival of HeLa cells upon the washing out of ethanol after
treatment [5]. Notably, the general biological significance of anastasis has been detected not
only in various in vitro cell models but also in an in vivo model of Drosophila melanogaster
development [13].

3. A Mitochondria-Anastasis Link

Apoptosis is triggered by a wide spectrum of stimuli, which all might activate
two main pathways: the extrinsic (the death receptor-mediated) and the intrinsic (the
mitochondria-mediated) pathways. The death receptor pathway is initiated by the binding
of the death-inducing ligand with a death receptor on the cell surface. The mitochondrial
pathway is initiated by diverse intrinsic signals such as DNA damage, oxidative stress,
and growth factor deprivation, which eventually converge at the level of the mitochondria.
This intracellular compartment fulfills an important function in apoptosis regulation, both
in signaling and execution, and might act as a switchboard between various cell death
modalities. Thus, mitochondria outer membrane permeabilization (MOMP) plays a pivotal
role in the regulation of the mitochondria-mediated apoptotic pathway, leading to the
release of several pro-apoptotic proteins from the intermembrane space of mitochondria.
Among them is cytochrome c, which being in cytosol binds to APAF-1 (apoptotic protease
activating factor 1), and in the presence of dATP recruits procaspase-9, leading to the forma-
tion and activation of the apoptosome complex. Active within the apoptosome, caspase-9
cleaves and activates the executioner caspases-3, -6, and -7, which mediate downstream
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events such as cell shrinkage, chromatin condensation, nuclear fragmentation, and the
formation of apoptotic bodies [14,15]. As a key step, mitochondrial permeabilization is
strictly regulated by interactions between Bcl-2 family proteins. This family consists of
three groups of structurally related proteins: pro-survival Bcl-2 proteins (Bcl-2, Bcl-XL,
Mcl-1, etc.), pro-apoptotic pore formers (Bax, Bak), and pro-apoptotic BH3-only proteins
(Bim, Puma, Bid, Noxa, etc.) [16]. The ratio of cell survival and cell loss is determined by the
balance between these pro-survival and pro-death proteins. Apoptosis is triggered when
this balance is shifted towards the latter and, thereby, controls cell number homeostasis.

As mentioned above, for a long time it was a dogma that once the mitochondrial
integrity is disrupted, cell death becomes inevitable. However, some types of cells can
survive and recover after the removal of MOMP-inducing stimuli [11]. The ethanol-treated
HeLa cells exhibited the hallmarks of apoptosis (including cytochrome c release, caspase-3
activation, and DNA fragmentation) [5]. Ethanol is thought to activate the intrinsic apopto-
sis pathway which most likely occurs with the formation of MOMP [17]. After washing
out the ethanol, the vast majority of cells surprisingly displayed a return to a pre-apoptosis
state and the disappearance of all apoptotic signs. This phenomenon, called anastasis,
refutes the idea that the release of apoptotic executioners from permeabilized mitochondria
and following caspase activation are the «death sentence» for the cell [5,17]. Indeed, the
same cells treated with sub-lethal doses of BH3-mimetic ABT-737 did not die, although
such treatment led to low but detectable levels of MOMP [18]. This became possible since
a number of mitochondria in apoptotic cancer cells could remain intact for several reasons.
Firstly, upon caspase-mediated cleavage of Bid in cytosol and movement of tBid towards
mitochondria, Bax failed to insert and activate in a part of mitochondria and Bak did
not oligomerize in the outer membrane of mitochondria that have not undergone MOMP.
Secondly, increased levels of Bcl-2/Bcl-XL can protect specific mitochondria from MOMP.
Thirdly, the Bcl-2 antagonist ABT-737 induces the permeabilization of intact mitochondria
in cells displaying incomplete MOMP (iMOMP) [19]. In fact, in several experimental sys-
tems, iIMOMP was detected when few mitochondria evade MOMP and then re-populate
in the cell [20]. As only a limited number of mitochondria undergo MOMP, the amount
of released cytochrome c is insufficient to trigger apoptosis, but adequate for sub-lethal
caspase activation and the consequent activation of endonuclease, leading to genome
instability [18].

Why do some mitochondria resist MOMP, while the others do not? To answer this
question, it might be helpful to pay attention to the fact that there is diversity in the mito-
chondria population within a cell. Mitochondria are the powerhouse of a cell but have a
plethora of other vital functions as well, including the regulation of cell death. The number
of mitochondria per cell ranges from a few to thousands depending on the type of cells
and their energy demands. In some cells, mitochondria exist as single, randomly dispersed
organelles, while mitochondria form a dynamic network in other cells that can change the
shape and subcellular distribution [21]. For example, in cardiomyocytes mitochondria form
clusters and surround the nuclei, thus generating ATP to maintain efficient nucleocytoplas-
mic communication [22]. In melanocytes, a fraction of mitochondria is in direct contact
with melanosomes and these mitochondria-melanosome connections are thought to be
relevant for melanocyte biogenesis [21]. However, the heterogeneity of mitochondria is not
only found in different types of cells, but also within a single cell. Mitochondria localize in
different regions of the cytoplasm within a cell, which could imply dissimilar morphology
and functional properties of this organelle. Using image techniques, the heterogeneity of
mitochondrial redox potentials, CaZ* levels, statics, and dynamics has been reported for
various types of cells [23]. Structural organization of the cell, local demands for ATP, and
other cellular needs (e.g., Ca®*-buffering capacities) may determine region-specific func-
tional behaviors [24]. Theoretically, it could mean that different intracellular mitochondrial
subpopulations have different capacities to undergo MOMP and are thus characterized by
the heterogeneity of the survival ability of this organelle.
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The possible reasons for mitochondrial heterogeneity include the local environment
of mitochondria, different quantities of mitochondrial DNA, epigenetic regulation, and
post-translational modifications of mitochondrial gene-encoded proteins [25]. The cristae
organization is individual for each mitochondrion and can be modulated in response to
altered metabolic demands such as starvation, causing cristae to become narrow, or death
signaling, leading to the disorganization of cristae structures. Cardiolipin is an important
phospholipid that orchestrates apoptosis by integrating signals from a variety of death-
inducing proteins (e.g., tBid and caspase-8) [26-28], and also seems to play a crucial role
in the maintenance of cristae morphology [29,30]. Cardiolipin comprises approximately
20% of the mitochondrial inner membrane, but there could be fluctuations in the amount
of cardiolipin within the cell mitochondria population, which could affect the number of
cristae along with other membrane components.

Cardiolipin deficiency results in an increase in mitochondrial size and the absence
or disorganization of cristae structures, which are important for apoptosis to proceed.
Mitochondria with a low cardiolipin content have low membrane potential, while mito-
chondria with a high cardiolipin content exhibit higher membrane potential [31]. It was
hypothesized that high cardiolipin-containing mitochondria had a large negative charge
inside, which would theoretically more attract Ca?* than the less polarized mitochondria,
therefore, making them more sensitive to apoptotic stimulus [31]. Thus, low cardiolipin-
containing mitochondria can resist death signals and be a source of energy for anastasis
afterward (Figure 1).

high-cardiolipin mitochondria - low-cardiolipin mitochondria -
more sensitive to death stimulus energy resourse for anastasis
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Figure 1. The possible role of mitochondrial heterogeneity in anastasis. The low cardiolipin-contained mitochondria are

more resistant to death signals rather than high cardiolipin-contained mitochondria and can therefore be a source of energy

for anastasis.

Another factor regulating a mitochondrial response to apoptotic stimuli could be the
mitochondria and endoplasmic reticulum (ER) contacts, which are thought to be a way
to transfer Ca%* between these two organelles [32-34]. It allows high local concentrations
of Ca®* to be created at sites of the ER-mitochondria contacts and the function of Ca*-
dependent proteins to be activated. High concentrations of Ca?* in mitochondria can open
the mitochondrial permeability transition pore (MPTP), leading to cytochrome c release and
the consequent activation of caspase cascade [35]. Mitochondria in different cell regions
probably have different numbers of contact sites with the ER, which could be another
reason why some mitochondria show persistent MOMP and serve as a source of energy
during anastasis.

Furthermore, the involvement of ER in anastasis could be not limited by the ER-
mitochondria contacts. as ER stress plays a huge role in cell death regulation. At the
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very early stages of ER stress, the physical coupling between ER and mitochondria is
increased, facilitating Ca?* transfer from ER to mitochondria [36]. On the one hand, the
increased Ca?* uptake by mitochondria enhances energy substrates production for the
cellular adaptive response [37]. On the other hand, if ER-stress persists, Ca?* can activate
apoptosis. In addition to Ca?* regulation, chronic or overwhelming ER stress promotes
CHOP (DNA damage-inducible transcript 3, also known as C/EBP homologous protein)
transcription which subsequently can induce apoptosis [38]. It was hypothesized that
under persistent stress, cancer cells undergo CHOP-induced apoptosis, which allows them
to gain genetic alterations, but once the apoptotic stimulus is removed, cells inhibit the
CHOP-pathway (probably via miRNA-211) and survive, becoming even more carcinogenic
and metastatic due to an increased mutation number [39]. This hypothesis, based on the
ER stress response, could be one of the possible explanations of switching a cell decision
from dying to survival path.

Taken together, the diversity of mitochondrial lipid compositions (especially, cardi-
olipin contents), mitochondrial morphology (e.g., cristae number), and the ER-mitochondria
interactions could determine the differences in the responses of mitochondria to stressors
within a cell. Intact mitochondria seem to be a key factor determining the ability of cells to
undergo anastasis since recovery from death should be a highly energy-consuming process.
It could be that the more mitochondrial diversity a cell has, the higher the possibility that
some of the mitochondria would provide a way for anastasis.

4. Role of Transcription and Post-Transcriptional Modifications in Anastasis

Anastasis is basically the successful overcoming of injury after apoptotic stimulus.
However, the idea of limiting the permanent damage in response to temporary stress is
not unique for anastasis alone. To a certain extent, the wound healing process aims the
same. In both cases, the activation of gene transcription plays a pivotal role. Once stress is
eliminated, the cell obtains a possibility to counteract apoptotic processes. It was demon-
strated that after washing out ethanol, new RNA synthesis is immediately initiated and the
recovery process can be effectively prevented by the transcription inhibitor actinomycin D,
indicating that transcription is essential for anastasis [40]. The gene expression changes
caused by ethanol treatment were estimated by whole RNA sequencing in mouse primary
liver and human liver cancer HepG2 cells. Whole RNA sequencing allowed the time-course
of anastasis to be divided into early and late stages. The early stage is characterized by the
up-regulated expression of genes involved in the regulation of transcription, proliferation,
migration, cell death, and cell survival. During the first 4 h of recovery, genes regulating the
TGEFf3 pathway were particularly up-regulated [40]. It is known that TGFf acts as a tumor
promoter and induces tumor cell migration and epithelial-mesenchymal transition (EMT).
Moreover, TGFf-regulated EMT requires the expression of EMT transcription factors (TFs)
such as Snail, Slug, and Twist, which is mediated by phosphorylation and activation of
the downstream-located transcription factors Smad2 and Smad3 [41,42]. Indeed, phos-
phorylated levels of Smad2 and Smad3 were increased within the first 4 h of recovery
from apoptosis and then diminished [17]. The Smad3/Smad4 complex binds directly to
regulatory promoter sequences of Snail, inducing its transcription, and then Smad3/Smad4
and Snail protein form a transcriptional repressor complex, which can bind to regulatory
promoter sequences of E-cadherin and occludin, thus repressing their transcription [43,44].
Snail acts as an inductor of EMT, for the acquisition of cancer stem cells (CSC)-like traits
and chemoresistance [44—46]. The knock-down of Snail significantly suppresses recovery
after ethanol and staurosporine treatment. It is associated with enhanced caspase activity
and Poly(ADP-ribose)polymerase (PARP) cleavage, thus preventing anastasis [17].

The activity of transcription factors, including Snail, can be controlled not only by
changing their transcriptional level but also by changing their intracellular localization [47].
To regulate gene expression, Snail must translocate to the nucleus. The import of Snail
is mediated by importin 3 through nuclear localization sequence recognition, and the
export is exclusively occurring by Exportin 1 (XPO1/CRM1) through nuclear exclusion
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sequence recognition. It is well known that nuclear exporters, especially XPO1, are often
aberrantly overexpressed in many cancers [48]. Specifically, in anastatic cells, the expression
of key molecules in nuclear-cytoplasmic transport (such as XPO1 and importin NUTF2)
was highly induced [49]. The inhibition of XPO1 by Selinexor, an exportin inhibitor,
leads to Snail nuclear degradation mediated by the nuclear retention of X-box protein
FBXL5, which results in reversing the mesenchymal phenotype, growth inhibition, and
apoptosis induction [50]. Moreover, the inhibition of XPO1 by Leptomycin B, as well
as by shRNA, causes a reduction in the survival of HeLa and MDA-MB-231 cells after
paclitaxel and etoposide treatments. Leptomycin B is also significantly reduced acquired
chemo-resistance and the invasive capacity of anastatic cells [49]. Whether or not it is
linked to Snail degradation is still unclear.

In contrast to TGF(3 and Snail pathways, which activated transiently, some angiogenesis-
related genes are up-regulated permanently during both early and late stages of anasta-
sis [17]. Among them are two top up-regulated genes throughout recovery, namely, placenta
growth factor (PGF), which binds the VEGF receptor, stimulates endothelial cell proliferation
and migration [51], and Ephrin/Ephrin receptor, which is also important for blood vessel
development and angiogenesis [52]. As mentioned above, recovery from cell death requires
an increased level of energy supply, and the up-regulation of angiogenesis-related factors
aims to provide the nutrition needs and removal of metabolic waste products. At the
same time, intense angiogenesis, being a hallmark of cancer, would contribute to cancer
cell recovery and is possibly important for tumor recurrence during an interval between
anti-cancer treatments.

At the late stage (6 h of recovery), cells tend to switch from proliferation to migra-
tion [17]. During this stage, the transcriptional enrichment of a group of genes involved
in focal adhesion and cytoskeleton reorganization has been determined [17]. The up-
regulation of the Mmp9, 10, and 13 genes [40], which encode metalloproteases, also in-
dicates the intention of anastatic cells to separate from the extracellular matrix, directly
contributing to increased cell mobility and migration [53]. By using scratch assay, Sun
et al. showed that anastatic cells close the wound faster than untreated cells and a higher
number of anastatic cells is characterized by elongated shape at the migration destination
compared to mock-treated cells [17]. As the migratory capacity is an essential trait for cells
to become invasive [54], the anastatic cells can be more prone to metastasis.

The list of top down-regulated genes during the late stage of anastasis, surprisingly,
includes a significant number of genes encoding various histones [40]. It was demonstrated
that the degradation of histones in response to DNA damage and consequent chromatin
decompaction facilitate the search for homologous sequences and enhance the access of
damaged and template DNA, thus contributing to DNA repair. The artificial shutdown of
H3 and H4 histones in yeast via controlling transcription of these genes by GAL1-10 pro-
moter also significantly increased chromatin mobility [55]. It is possible that after removing
the apoptotic stimulus, histone down-regulation leads to chromatin de-condensation and
an attempt to repair damaged DNA. However, chromatin mobility could be a double-edged
sword as its misregulation could promote unwanted DNA changes, such as mutations,
chromosomal rearrangements and translocations, and chromatin reorganization, which
might drive tumorigenesis [55,56]. This chromatin mobility dualism fits the observation
that cells acquire numerous DNA alterations after recovery.

The transcriptional profile of apoptotic cells showed similarity with early response
during anastasis. These up-regulated genes during both apoptosis and anastasis might be
a driving force of apoptosis and the intention to complete it. Alternatively, the products
of these genes might counteract apoptosis and try to rescue the cell until their «last sigh».
In contrast, cells embarked on the apoptosis pathway accumulate RNAs that encode
survival proteins and start translating them only after apoptotic stress is eliminated. If
the stress is too strong, mRNAs might degrade and anastasis cannot be initiated. It
seems that cells are always poised for the immediate start of recovery by synthesizing
survival proteins; however, they just «wait» for the moment the stress is gone [17]. Some of
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the early anastatic genes are transcribed during apoptosis; for example, Gadd45g, which
is involved in DNA repair and the cell cycle control. Under apoptotic stress, Gadd45g
preserves the DNA of dying cells and promotes the repair of damaged cells after stress
elimination [40]. Another example is Rnu6 which encodes U6 small nuclear RNA and
plays an important role in the splicing of a mammalian pre-mRNA. The up-regulation
of Rnu6 might be a sign that post-transcriptional regulation is activated in anastasis.
Moreover, a switch in post-transcriptional regulation toward allowing translation could
be the heart of the matter of anastasis. Besides the accumulation of mRNAs coding for
anti-apoptotic and survival factors, which are not translated until the apoptotic stimulus is
gone, the possible involvement of post-transcriptional regulation is illustrated by returning
some key apoptosis proteins to the pre-treatment level. After apoptosis induction, cells
appropriately demonstrated processing of caspase-3 and cleavage of its substrate, PARP;
however, after eliminating the death stimulus, cells showed restored levels of full forms of
these proteins [17,57]. The interesting fact is that mRNA levels of these proteins are not
significantly increased during and after anastasis, allowing us to suggest that not only is
the activation of transcription happening during anastasis, but some post-transcriptional
changes are crucial for recovery as well.

On top of that, there are some indications concerning the role of epigenetic regulation
in this process. It was shown that cancer cells recovering from apoptosis acquire higher
tumorigenicity and metastatic potential in vivo and that anastasis induced the formation
of new cancer stem cells (CSCs), which originate from the non-CSCs (NCSCs) in breast
cancer cells after staurosporine and paclitaxel treatments [58]. The percentage of CSCs
(CD44+/CD24—) in the growing anastatic cell population is significantly higher than in the
non-treated population; also, recovered cells display an elevated level of CD44, a prominent
stemness marker. Importantly, the methylation status of CD44 and CD24 determined the
expression levels of these genes. In non-treated cells, CD44 was hypermethylated and
CD24 was hypomethylated, while the hypomethylation of CD44 and hypermethylation
of CD24 were observed in cells having undergone apoptosis reversal. The inhibition of
DNA methylation or demethylation before apoptosis induction results in the reduction of
the CSC formation rate after apoptosis reversal. It indicates that epigenetic modifications
of CSC marker genes are at least partially responsible for anastasis. It also showed that
cells recovering from apoptosis become more prone to CSC-like traits, EMT, and possess
enhanced tumorigenicity and metastatic properties in vivo [58] (Figure 2).

dead cells

early anastasis (first ~4 hours)

I

‘_NaShlng @ *stress response,
stimulus off e 5
, “transcriptional actiivation,
X 4 ) «proliferation surviving cells
- < with new acquired
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*protein processing,
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surviving cancer
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Figure 2. Summary of key events in cells during anastasis. Anastasis can be divided into early and late stages at which

different molecular processes dominate. Eventually, cells after anastasis acquire new mutations which make them more

prone to recurrence and metastasis after chemotherapy.

Thus, anastasis involves the expression of genes that promote proliferation, sur-
vival, migration, and angiogenesis. Activation of transcription is a central process during
anastasis; however, post-transcriptional, post-translational (will be discussed below) and
epigenetic regulations seem to be important as well. mRNAs of many pro-survival factors
are accumulated during apoptosis. Cells have a way back until the very end, but they
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need a death stimulus to be gone (Figure 2). Therefore, it is intriguing to investigate and
understand which mechanisms allow mRNA of survival proteins to be translated.

5. Double Role of Caspases

Caspase activation following MOMP is a known hallmark of mitochondria-mediated
apoptosis. Accumulated evidence also suggests that caspase activation does not always
lead to apoptosis. The same caspases which orchestrate apoptosis are involved in various
normal cellular processes such as cell proliferation and the cell cycle [59], regulation of the
immune response [60] and neuronal activity [61], learning and memory [62], suppression
of necroptotic cell death [63] and others. Some cells, like neurons, can tolerate sublethal
caspase activation without triggering apoptosis for days [64], indicating that activated
caspase cascade alone is not the «point-of-no-return» [65].

Caspase-3 is a major player in the execution phase of both extrinsic and intrinsic
apoptosis pathways mediating downstream terminal effects of cell demolition. Caspase-
3 involvement in tumor repopulation after cancer therapy and in promoting genome
instability and tumorigenesis has been demonstrated [66]. Heavily irradiated mouse breast
cancer cells stimulated the growth of non-irradiated cancer cells when seeded together [66].
To determine whether caspase-3 is responsible for this effect, the comparison of caspase-3-
deficient and -proficient cells was performed and found that the latter were significantly
more effective in promoting the growth of cancer cells in vitro and the growth of tumors
in vivo. Based on this observation, a model where a key role of prostaglandin E2 (PgE2),
which is known to promote tumor growth and stem cell proliferation, in tumor repopulation
was suggested [67,68]. According to this model, the caspase-3 downstream signaling
pathway involves phospholipase A2 (PLA2) activation leading to the production of PgE2.
Indeed, the production of PgE2 in casp3—/— MEEF cells and 4T1shcasp3 cells after irradiation
was considerably reduced compared to wild-type, whereas transduction of a constitutively
active Pla2g6 (a gene which encodes a function equivalent protein to the caspase-cleaved
version of iPLA2) substantially restored PgE2 production in casp3—/— MEFs [66]. It has also
been shown that sub-lethal doses of radiation increase the ability of caspase-3 to facilitate
carcinogenesis [12]. In fact, such «sub-lethal caspase-3 activation» promotes permanent
double-strand DNA breaks, the frequent emergence of chromosomal abnormalities, and
acquire the capacity of anchorage-independent growth, which is a hallmark of malignant
transformation [69]. This also indicates the role of caspase-3 in causing and sustaining
genomic instability in response to DNA damage. The moderate doses of radiation of
MCF10A human mammary cells cause cytochrome c release and persistent caspase-3
activation while having normal morphology with no signs of apoptosis [12]. Although, as
mentioned above, caspase-3 is considered as the main executor in apoptosis, its activity
does not lead to cell death necessarily and depends on the amount of its active form. It is
possible that a sub-lethal amount of active caspase-3, which might appear under iMOMP
in anastatic cells, also contributes to malignancy. Interestingly, melanoma cells in presence
of sub-lethal caspase activation gained increased migration and invasion rates in vitro
and in vivo [70]. However, the pan-caspase inhibitor Q-VD-OPh prevented neither the
migration nor invasion of survived cells, indicating that active caspases do not play an
essential role in acquiring these properties or that caspases might provoke the migration
program and then become dispensable.

At the late stage (6 h) of anastasis, several of the cell cycle arrest genes display the peak
of transcription [40]. One of them is Cdknla that encodes p21, the cyclin-dependent kinase
inhibitor [71]. Upon genotoxic stress p53 transcriptionally up-regulates p21, which acts as a
promoter of DNA repair and growth arrest. However, depending on cellular localization,
nuclear or cytoplasmic, p21 could act as either a tumor suppressor or a tumor promoter,
respectively [72]. Cytoplasmic p21 could lead to mitotic slippage after p21-induced growth
arrest in tumor cells, stimulate transcription of secreted factors with mitogenic and anti-
apoptotic activities and abrogate apoptosis [73]. Cytoplasmic p21 directly interacts with
procaspase-3 upon DNA damage and prevents procaspase-3 processing via the formation
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of the procaspase 3-p21 complex [74]. In addition, p21 was shown to form a complex
p21/Cdk4/PCNA that induces the cell cycle entry leading to cell survival [75]. Human
hepatoma HepG2 cells were resistant to Fas-mediated apoptosis because of procaspase-
3/p21 complex formation and the direct inhibition of activated caspase-3 by XIAP [75].
Furthermore, the induction of p21 is correlated with resistance to TGF-mediated apopto-
sis [76]. At the same time, p21 was suggested to function as an inhibitor of various DNA
repair pathways (nucleotide excision repair, base excision repair, mismatch repair), which
require PCNA (proliferating cell nuclear antigen) by disrupting PCNA interaction with
DNA repair molecules as well as promoting PCNA degradation [76]. Paradoxically, p21
itself could be cleaved by caspase-3 and the 15 kDa cleavage product of p21 could facilitate
caspase-3-directed apoptosis [77]. Apparently, the localization of p21 and the balance
between its full and cleaved forms are involved in the cell fate decision. The up-regulation
of Cdknla during anastasis could contribute to recovery by preventing caspase-3 activa-
tion and inducing the cell cycle entry with DNA damage. In addition, during anastasis
the induction of nuclear export, as discussed above, could lead to the accumulation of
p21 in the cytoplasm, thus making it act as a tumor promoter. Recovered cells exhibit a
high number of DNA alterations and at this point, an increased level of p21 could favor
malignancy by inhibiting some of DNA repair mechanisms.

Caspase activity is regulated at the transcriptional and post-translational levels. Two
forms of caspase-3 can be generated by alternative splicing: a full-length caspase and
a short form missing exon six, which results in its opposite effects. Thus, a full-length
form drives cells to apoptosis while a truncated one antagonizes it. An increase in the
expression ratio of caspase-3s/caspase-3 was shown to associate with chemoresistance of
breast carcinoma [78]. While the overexpression of procaspase-3 strongly increased the
ability of MCEF-7 cells, normally deficient in caspase-3, to undergo apoptosis in response to
etoposide and methotrexate, expression of caspase-3s did not sensitize the cells to drug-
induced apoptosis. Moreover, the co-expression of both procaspase-3 and caspase-3s totally
suppressed the ability of procaspase-3 to sensitize cells to etoposide and methotrexate-
induced death. The structure of caspase-3s predicts no catalytic activity due to an absence
of the cleavage site between the small and large subunits, the cysteine residue, and sites for
binding caspase inhibitors such as XIAP [79]. Caspase-3s failed to bind the apoptosome,
therefore, it might be considered an antagonist of apoptosis [79]. It is known that some
tumors are associated with the prevalence of one protein isoform over the others due to a
defective splicing system [80,81]. There are two possible explanations of how caspase-3s
and anastasis could be connected. Firstly, the presence of caspase-3s could determine the
ability of cells to undergo anastasis and, thus, expression of caspase-3s could be a predictive
marker for malignancy. Secondly, after apoptotic stress elimination, a switch from the long
caspase isoform to a short one might take place. If so, it would be interesting to know the
mechanisms of this splicing shift and its potential targets during cancer therapy. Thus,
caspase-3 might play not only a key role in apoptosis but also in anastasis. The possibility of
the cell to choose the recovery pathway could depend on the amount of cleaved caspase-3,
the interaction of procaspase-3 with p21, and the splicing shift toward the short caspase-3
isoform. It is important to note that not only human and mouse cells can survive in presence
of active caspase-3. Many years ago, it was found that an evolutionarily conserved homolog
of caspase-3, the core programmed cell death executioner protein CED-3, promotes the
initiation of neuronal regeneration in Caenorhabditis elegans [82]. Moreover, active CED-3 is
present in the embryonic neurosecretory motor neuron (NSM) in neuroblasts, which divide
to give rise to the larger NSM. As a consequence, these NSMs survive and differentiate
into serotonergic motor neurons [83]. Finally, CED-3 might function in asymmetric cell
division and cellular polarization in lineages other than cell death lineages, which might
be a crucial event for normal animal development [84].
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6. A Role of Nuclear Changes in Anastasis

Regardless of the pathway triggering apoptosis, the culmination of apoptosis is DNA
fragmentation, which is also a hallmark and a critical step of this type of cell death [85].
However, in certain situations, it seems to not be the point-of-no-return. The release of
EndoG and apoptosis-inducing factor (AIF) from the mitochondria during MOMP causes
chromatin condensation and lesions in DNA structure [86]. The cells acquire numerous
mutations, which they are not able to repair immediately and completely because the repair
enzymes, including PARP, are already cleaved by caspases or inhibited. This is one of
the main reasons why MOMP is thought to uncompromisingly lead to cell death, and as
already discussed, if the stress stimulus is removed, apoptosis is interrupted.

During anastasis, it takes some time before a new portion of pro-surviving proteins is
synthesized and initiates the restoration of DNA alterations. RNA sequencing of HeLa cells
treated with ethanol demonstrated the up-regulation of genes that counteract pro-apoptotic
factors [17]. For example, the chaperone HSP70 could retain AIF in the cytoplasm and
suppress AIF activity, thus preventing further DNA damage [40]. The cell cycle arrest
genes, such as btgl, cdknla, and trp53inp1, were also activated indicating possible DNA
repair. The expression of PARP and ICAD returned to the pre-apoptosis level, disabling
the inhibition of DNA repair and caspase-activated DNase (CAD) activation, respectively.
Restored DNA repair in anastatic cells was demonstrated using the comet assay for single-
and double-strand DNA breaks [5]. It showed prominent comet tails from cells before
washing ethanol off, and the comet tails disappeared from most liver and NIH 3T3 cells
after its removal [5], indicating that the broken DNA was repaired, although the quality of
repair is questionable.

After washing off the apoptotic stimulus, most of the cells exhibited normal nuclei but
at the same time, there was an increase in the number of cells with micronuclei compared to
untreated cells [5,40]. The emergence of micronuclei is well-known evidence of acquiring
chromosomal abnormalities and mitotic catastrophe. Micronuclei formation occurs during
the first cell division after the reversal of apoptosis and even during the division of the
daughter cells. The karyotyping of metaphase-arrested cells 3 days after the induction and
removal of apoptotic signals showed a significant increase in chromosomal aberrations
such as variations in chromosome number and mis-joining of broken chromatids. A
possible result of genetic alterations is the promotion of the phenotypic diversity of cancer
cells [87]. Indeed, a fraction of anastatic cells exhibited loss of contact growth inhibition
and anchorage-independent growth [5], which are the signs of transformed and malignant
phenotypes [88]. Thus, it also supports the notion that anastasis might be carcinogenic.

However, besides being a marker of chromosomal abnormalities, micronuclei seem to
have another function—they could contribute to DNA repair in the nucleus. Consequently,
it can be involved in DNA repair after apoptotic damage thus allowing cells to survive.
Homologous recombination (HR) is considered to be a key pathway of DNA repair in
somatic mammalian cells, where the central role belongs to the Rad51 protein [89]. It
was shown that after radiation-induced DNA damage the number of cells with focally
concentrated protein Rad51 was significantly increased among TGR-1 fibroblasts compared
with non-treated cells [90]. Although the amount of protein Rad51 was not changed, its
distribution within the cell altered significantly. Shortly after irradiation, Rad51 foci were
distributed evenly throughout the nuclei. At 16 h after treatment, they formed clusters and
linear strings and Rad51 foci were extruded from the main nuclei into micronuclei after 2
days. The formation of the single strand (ss) DNA-Rad51 filaments are thought to mediate
homologous DNA recognition and initiate an exchange between ssDNA and homologous
double-strand DNA [91]. DNA repair by HR is typically enhanced in TP53-deficient
polyploid tumor cells and is considered an antagonistic force to apoptosis [92], but it can
still be compatible with simultaneous chromatin sorting by autophagy in the same cells [93].
Autophagy of micronuclei was demonstrated in the human osteosarcoma U203 cell line,
where autophagic micronuclei exhibited a reduced chromatin content as compared to non-
autophagic micronuclei. The former contained damaged DNA and were surrounded by
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damaged envelopes, suggesting chromatin degradation by lysosomal enzymes. In this case,
autophagy via the elimination of micronuclei contributes to surviving and maintaining
genome stability [94].

After genotoxic treatment, several cell lines were characterized by endopolyploidiza-
tion and exhibited autolysosomes at the nucleo-cytoplasmic border, which were positive
for the markers of autophagic vacuoles and the lysosomal activation (cathepsin B) [93]. The
chromatin inside the autolysosomes was selectively degraded, suggesting that chromatin
is sorted into two categories, namely, preservation and autodigestion. If chromatin is
too damaged to be repaired by HR, Rad51 loses its proper association with Rad52 and
appears in autolysosomal vacuoles as clusters of linearly arranged polymeric fibers. The
chromatin in these vacuoles is destined to be degraded via selective autophagy [93]. Thus,
genomically unstable endopolyploid tumor cells (ETCs) could use chromatin autophagy to
get rid of excessive and/or irreparable genetic material that may favor its survival after
genotoxic treatment (Figure 3). Similarly, since micronuclei can represent a post-effect of
anastasis, surviving cells could induce chromatin sorting as well to eliminate defective
chromatin and increase genome stability after recovery (Figure 3).
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Figure 3. Micronucleus fate in surviving cells. Post-anastasis cells show the increased formation
of micronuclei, which is a marker of DNA damage. However, micronuclei could contribute to
maintaining genomic integrity by providing DNA material for homologous recombination or be
used as a resource of energy in case of a failure to find sequence homology in micronuclei.

Both autophagic and non-autophagic micronuclei were in close vicinity to the main
nuclei of polyploid cells or formed chromatin buds, allowing us to suggest that they could
be connected with the nuclei through the nuclear envelope [95]. There are particularly no-
table structures called envelope limited chromatin sheets (ELCS), which are characterized
by extensions of the nuclear envelope that surrounds one or more ~30-nm-thick chromatin
sheets [96]. ELCS is thought to be a result of aberrant mitosis or mitotic slippage after
genotoxic treatment or spindle perturbation and is used as a marker of poor prognosis
in leukemia [97]. The cells where ELCS appeared after failed mitosis did not undergo
immediate cell death. They eventually died, but via extremely protracted and delayed
apoptosis. These observations might suggest that the appearance of ELCS precedes the
point-of-no-return of cell death; however, mitotic catastrophe cannot be excluded [97]. As
a possible mechanism of delaying apoptosis via ELCS, it was suggested that micronuclei
could provide DNA material for HR and deliver it to the main nucleus by ELCS through
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nuclear rotation [94]. If the repair system fails to find a homologous site, the micronuclei
are fated for selective autophagy [95]. Therefore, both non-autophagic and autophagic mi-
cronuclei may contribute to facilitating genome stability in ETCs. This model could explain
why the majority of micronuclei are not observed in the process of autophagic degrada-
tion. They can be instead engaged in DNA repair and chromatin resorting [95]. Besides
micronuclei, in cytoplasmic pockets of ELCS mitochondria and multiple autophagic vesi-
cles are often observed in genotoxic-treated endopolyploid lymphoma cells [97]. It could
mean that the autophagy of cytoplasmic contents cooperates with autophagic removal of
chromatin in micronuclei for maintaining genome stability by at least two mechanisms:
(1) by constructing DNA material for cells undergoing protracted DNA repair, and (2) more
directly, by providing nutrients and consequently the energy needed for nuclear rotation
by microtubules at the site of the ELCS pockets [95]. Taken together, it became clear that
micronuclei could provide an effective road to anastasis.

7. Anastasis and Other Forms of Cell Death

As pointed out above, anastasis was described as a mechanism of survival, which
is opposed to apoptosis. At present, the Nomenclature Committee on Cell Death has
recognized more than ten different forms of cell suicides, among which in addition to
apoptosis are autophagy, necroptosis, ferroptosis, pyroptosis, and others [98]. A link
between apoptosis and anastasis was discussed extensively; however, a possible crosstalk
between anastasis and other cell death forms is less established. We have mentioned the role
of autophagy in nuclear changes essential for anastasis. Energy supply in the form of amino
acids and fatty acids should be especially important for anastatic cells to keep recovering
since their mitochondria are damaged after failed apoptosis and unable to support cells
with energy properly. It was shown that after 6 h of recovery from apoptotic stimuli,
some autophagy-related genes (Atg12, Sqstm1) were up-regulated [40]. It is reasonable
to suggest that after severe stress, recovery would require the removal of damaged DNA
and organelles, especially permeabilized mitochondria, which are not compatible with
normal metabolism. However, recovery from apoptosis and recovery from starvation
via autophagy seems to be two different processes based on differences in the activity of
the up-regulated genes [17]. Moreover, anastatic cells display elongated morphology, an
increased level of migration and wound healing, while cells recovered from autophagy had
the same rate of wound closure as mock-treated cells [17]. These differences once again
indicate that anastasis and recovery via autophagy after starvation are distinct processes.

Nevertheless, there are few reasons to consider autophagy being actively involved
in anastasis. Cell recovery and return to life imply the elimination of all damaged cel-
lular components and waste products. The canonical autophagy pathway also referred
to as macroautophagy, is terminated in lysosomes, leading to degradation of the cargo.
Autophagy is also implicated in the unconventional secretory pathway, where autophago-
somes do not maturate and instead are secreted from cells [99,100]. It could be an alternative
way for the clearance of damaged or toxic materials during anastasis. The autophagy-
mediated secreted factors may stimulate cellular proliferation via auto- and paracrine
signaling and promote an invasive phenotype [101]. EMT is associated with autophagy,
which helps cells to come through stressful environmental and intrinsic conditions [102].
As anastatic cells are also prone to EMT, it creates a possible link between autophagy and
anastasis. In fact, this link is an interesting perspective to study a connection between
autophagy with micronuclei and ELCS as well.

It was recently shown that several types of cells can reverse and survive after necrop-
tosis in a process termed resuscitation [103]. Survival following necroptosis has been
observed upon chemical inactivation of two main necroptotic proteins, RIPK3 and MLKL.
This process is regulated by the endosomal sorting complexes required for transport-II1
(ESCRT-III)-mediated membrane repair, which prevents plasma membrane disruption
during necroptosis [103]. As mentioned above, during the crosstalk between apoptosis and
anastasis several growth-regulated genes are activated. Similarly, the survival of necrop-
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totic cells was associated with an up-regulation of growth factors, highlighting mitogenic
signaling during this type of cell recovery [104].

Various microbial infections, as well as several endogenous damage-associated molecules,
can activate pyroptosis. The cleavage of gasdermin results in the formation of specific
pores in the plasma membrane, which is essential for pyroptosis execution [105]. It was
suggested that ESCRT can function to repair gasdermin pores, leading to the reversal of
pyroptosis. As pyroptosis is associated with the production of cytokines such as IL-1f3
and IL-18 [106], the ESCRT repair pathways may help cells to prolong their inflammatory
function by delaying death.

Resistance to anoikis, another form of cell death, is a critical step for tumor cell
invasion [2]. Whether this resistance is associated with anastasis is still not clear; however,
the up-regulation of the epidermal growth factor receptor (EGFR) family plays an important
role in overriding anoikis. Moreover, as stated above, during EMT, the loss of E-cadherin,
activation of TGF-f signaling via the transcription factors Twist and Snail, and N-cadherin
expression are associated with anastasis and can lead to anoikis resistance followed by
increased tumor invasiveness.

Ferroptosis is a non-apoptotic iron-dependent form of programmed cell death de-
fined by the requirement for iron and an accumulation of cellular ROS for this cell death
execution [98]. As compared with apoptosis reversal, the removal of ferroptosis inducers,
such as erastin and glutamate, does not help ferroptotic cells to survive [107]. However,
with the removal of cell death inducers simultaneously with the addition of the reduced
form of glutathione or the radical-trapping antioxidant ferrostatin-1, ferroptotic cells can be
rescued and recovered [107]. It is important to note that, although various inhibitors of fer-
roptosis can prevent this form of cell death, none of them can reverse the initiated process,
suggesting regulatory distinctions between preventing and reversing ferroptosis [108].

Thus, altogether, these results reveal evidence that other types of cell death might also
be reversible and can lead to the discovery of new strategies to diminish their reversibil-
ity, as well as developing new models for studying the physiological, pathological, and
therapeutic potential of cell recovery processes.

8. Detection of Anastasis

Apoptosis reversal was reported as morphological features before and after the treat-
ment of growing cells with various apoptotic stimuli; however, it could not provide strong
evidence of back from the brink [5]. Therefore, the real-time monitoring of caspase activity
would be more demonstrative. The detection of activated caspases as a sign of apoptosis or
for its own sake is a routine procedure, while the detection of anastasis faces some technical
challenges [109,110]. The cells recovered from apoptosis appear morphologically almost
indistinguishable from surrounding healthy cells and a biomarker of anastasis has not been
identified yet [111]. There are several developed biosensors, which allow survival after
caspase activation and anastasis to be confirmed not only in cultured cells but in vivo as
well [111]. For instance, the dual-color CaspaseTracker bio-sensor system allowed anastasis
to be detected during Drosophila melanogaster development [110]. It fluoresces red in cells
with current or recent caspase activity and constantly fluoresces green in cells that have
experienced caspase activity in the past, with or without ongoing caspase activity.

Apart from cell visualization, the most widely used methods for the detection of cell
death are western blotting, flow cytometry, and the viability assay (methods based on
as-saying of ongoing cellular metabolism and enzyme activity, such as MTT) which reflects
summarized and averaged response of a large number of cells. A significant disadvantage
of the cell population-based analysis is obscuring the presence of functionally important
subpopulations in tumors. While a high percentage of cancer cells die after cytotoxic
treatment, cells undergoing polyploidization, senescence, fusion, and anastasis could be
neglected in most preclinical assays [112,113]. For example, endopolyploid tumor cells can
be mistakenly scored as dead and also do not form macroscopic colonies during the time
period (approx. 10 days) of the standard clonogenic assay. However, their presence should
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be taken into consideration since these giant cells are generated by clinically relevant
doses of chemotherapy and could be a result of mitotic catastrophe. Moreover, these giant
cells are fairly viable, can produce tumor-promoting factors, and have the potential to
give rise to heavily malignant progeny [112]. Another example is that detecting cleaved
caspase-3, cleaved PARP or other pro-apoptotic factors (release of cytochrome c, Bax, and
Bak oligomerization) is usually sufficient to confirm apoptosis, but these factors can all be
detected during anastasis as well [5,17,40]. This consideration makes the recognition of
standard apoptotic signs in cell population-based assays not reliable enough to answer the
question of whether a specific treatment was truly successful. At this point, the live single-
cell analysis is the most precise way to determine the real efficacy of anti-cancer treatment
and allow the prediction of relapse because of surviving subpopulations. Unfortunately,
single-cell assays are more complicated methods compared to cell-based population assays
and not very affordable, which discourages their widespread use as preclinical tests for
the evaluation of treatment cytotoxicity. Therefore, as cells recovered from death are more
aggressive and genomically unstable, it is extremely important to distinguish dead from
dying cells.

9. Conclusions

The identification of the anastasis phenomenon and the accumulated data on it indicate
the importance of developing a new direction in the study of tumor resistance. Although
the phenotype of anastatic cells is characterized in detail, there is a lack of new experimental
data to shed light on the mechanisms behind recovery from apoptotic stimulus. Recovery
from the other forms of cell death (necroptosis, pyroptosis, ferroptosis, autophagy) has
been studied even less. The most comprehensively described component of anastasis is
changed in gene transcription; however, it seems to be a consequence and not a cause.
Anastasis challenges cancer treatment as it not only allows cells to survive, but also favors
their further malignancy. On the contrary, anastasis could be beneficial for the treatment
of neurodegenerative and cardiological disorders as it prevents the undesirable death of
non-dividing cells.

Unfortunately, we have still not come close to the underlying root of why cells can
reverse death. Is it a common ability for all types of cells or do only some of them tend
to anastasis? Does it arise from genetic heterogeneity or the differences in the microenvi-
ronment? Is there a marker to predict propensity for anastasis? What determines which
‘not-apoptosis’ route the cells should go: anastasis, senescence, or mitotic catastrophe?
In addition, it is most important to know how anastasis can be prevented in vivo. Once
we can shed light on these questions, it will bring us one great step closer to successful
cancer treatment. Thus, further research into unique data sets will undoubtedly reveal
new information about the mechanisms that control each of these processes and how they
might be exploited therapeutically.

Author Contributions: Conceptualization, V.Z., G.S.K. and B.Z.; writing—original draft preparation,
V.Z.; writing—review and editing, G.S.K. and B.Z,; visualization, V.Z.; supervision, B.Z.; funding
acquisition, B.Z. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Russian Ministry of Science and Education (grant number
075-15-2020-789). All illustrations were designed using BioRender.

Conflicts of Interest: The authors declare no conflict of interest.

Reed, J.C. Apoptosis-targeted therapies for cancer. Cancer Cell 2003, 3, 17-22. [CrossRef]

Hanahan, D.; Weinberg, R.A. Hallmarks of cancer: The next generation. Cell 2011, 144, 646-674. [CrossRef]

Igney, FH.; Krammer, PH. Death and anti-death: Tumour resistance to apoptosis. Nat. Rev. Cancer 2002, 2, 277-288. [CrossRef]
Green, D.R. The Coming Decade of Cell Death Research: Five Riddles. Cell 2019, 177, 1094-1107. [CrossRef] [PubMed]


http://doi.org/10.1016/S1535-6108(02)00241-6
http://doi.org/10.1016/j.cell.2011.02.013
http://doi.org/10.1038/nrc776
http://doi.org/10.1016/j.cell.2019.04.024
http://www.ncbi.nlm.nih.gov/pubmed/31100266

Cancers 2021, 13, 3671 15 of 18

10.
11.
12.
13.
14.
15.
16.
17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Tang, H.L.; Tang, HM.; Mak, K.H.; Hu, S.; Wang, S.S.; Wong, KM.; Wong, C.S.T.; Wu, H.Y,; Law, H.T; Liu, K.; et al. Cell
survival, DNA damage, and oncogenic transformation after a transient and reversible apoptotic response. Mol. Biol. Cell 2012, 23,
2240-2252. [CrossRef] [PubMed]

Haider, N.; Narula, N.; Narula, J. Apoptosis in heart failure represents programmed cell survival, not death, of cardiomyocytes
and likelihood of reverse remodeling. J. Card. Fail. 2002, 8, S512-S517. [CrossRef] [PubMed]

Pulkki, A.S.; Voipio-Pulkki, L.M. Significance of myocytes with positive DNA in situ nick end-labeling (TUNEL) in hearts with
dilated cardiomyopathy. Circulation 2000, 101, €239. [CrossRef] [PubMed]

Narula, J.; Haider, N.; Arbustini, E.; Chandrashekhar, Y. Mechanisms of Disease: Apoptosis in heart failure—seeing hope in death.
Nat. Clin. Pract. Cardiovasc. Med. 2006, 3, 681-688. [CrossRef]

Albeck, ].G.; Burke, ].M.; Aldridge, B.B.; Zhang, M.; Lauffenburger, D.A.; Sorger, PK. Quantitative Analysis of Pathways
Controlling Extrinsic Apoptosis in Single Cells. Mol. Cell 2008, 30, 11-25. [CrossRef]

Lovric, M.M.; Hawkins, C.J. TRAIL treatment provokes mutations in surviving cells. Oncogene 2010, 29, 5048-5060. [CrossRef]
Gama, V.; Deshmukh, M. Life after MOMP. Mol. Cell 2015, 58, 199-201. [CrossRef] [PubMed]

Liu, X;; He, Y;; Li, E; Huang, Q.; Kato, T.A.; Hall, R.P; Li, C.Y. Caspase-3 Promotes Genetic Instability and Carcinogenesis. Mol.
Cell 2015, 58, 284-296. [CrossRef]

Ding, A.X,; Sun, G.; Argaw, Y.G.; Wong, ].O.; Easwaran, S.; Montell, D.J. CasExpress reveals widespread and diverse patterns of
cell survival of caspase-3 activation during development in vivo. eLife 2016, 5, e10936. [CrossRef] [PubMed]

Ziegler, U.; Groscurth, P. Morphological features of cell death. News Physiol. Sci. 2004, 19, 124-128. [CrossRef] [PubMed]

Jin, Z.; El-Deiry, W.S. Overview of cell death signaling pathways. Cancer Biol. Ther. 2005, 4, 147-171. [CrossRef]

Kalkavan, H.; Green, D.R. MOMP, cell suicide as a BCL-2 family business. Cell Death Differ. 2018, 25, 46-55. [CrossRef] [PubMed]
Sun, G.; Guzman, E.; Balasanyan, V.; Conner, C.M.; Wong, K.; Zhou, H.R.; Kosik, K.S.; Montell, D.J. A molecular signature for
anastasis, recovery from the brink of apoptotic cell death. J. Cell Biol. 2017, 216, 3355-3368. [CrossRef]

Ichim, G.; Lopez, J.; Ahmed, S.U.; Muthalagu, N.; Giampazolias, E.; Delgado, M.E.; Haller, M.; Riley, ].S.; Mason, S.M.; Athineos,
D.; et al. Limited Mitochondrial Permeabilization Causes DNA Damage and Genomic Instability in the Absence of Cell Death.
Mol. Cell 2015, 57, 860-872. [CrossRef]

Tait, S.W.G.; Parsons, M.].; Llambi, F.; Bouchier-Hayes, L.; Connell, S.; Muiioz-Pinedo, C.; Green, D.R. Resistance to caspase-
independent cell death requires persistence of intact mitochondria. Dev. Cell 2010, 18, 802-813. [CrossRef]

Tait, S.W.G.; Green, D.R. Mitochondria and cell death: Outer membrane permeabilization and beyond. Nat. Rev. Mol. Cell Biol.
2010, 11, 621-632. [CrossRef]

Daniele, T.; Hurbain, I.; Vago, R.; Casari, G.; Raposo, G.; Tacchetti, C.; Schiaffino, M.V. Mitochondria and melanosomes establish
physical contacts modulated by Mfn2 and involved in organelle biogenesis. Curr. Biol. 2014, 24, 393—-403. [CrossRef]

Dzeja, P.P,; Bortolon, R.; Perez-Terzic, C.; Holmuhamedov, E.L.; Terzic, A. Energetic communication between mitochondria and
nucleus directed by catalyzed phosphotransfer. Proc. Natl. Acad. Sci. USA 2002, 99, 10156-10161. [CrossRef] [PubMed]

Collins, T.J.; Berridge, M.].; Lipp, P.; Bootman, M.D. Mitochondria are morphologically and functionally heterogeneous within
cells. EMBO J. 2002, 21, 1616-1627. [CrossRef]

Kuznetsov, A.V.; Margreiter, R. Heterogeneity of mitochondria and mitochondrial function within cells as another level of
mitochondrial complexity. Int. . Mol. Sci. 2009, 10, 1911-1929. [CrossRef] [PubMed]

Aryaman, J.; Johnston, I.G.; Jones, N.S. Mitochondrial heterogeneity. Front. Genet. 2019, 9, 718. [CrossRef] [PubMed]

Schug, Z.T.; Gottlieb, E. Cardiolipin acts as a mitochondrial signalling platform to launch apoptosis. Biochim. Biophys. Acta
Biomembr. 2009, 1788, 2022-2031. [CrossRef]

Sorice, M.; Manganelli, V.; Matarrese, P.; Tinari, A.; Misasi, R.; Malorni, W.; Garofalo, T. Cardiolipin-enriched raft-like mi-
crodomains are essential activating platforms for apoptotic signals on mitochondria. FEBS Lett. 2009, 583, 2447-2450. [CrossRef]
Kim, T.H.; Zhao, Y.; Ding, W.X,; Shin, ].N.; He, X.; Seo, Y.W.; Chen, J.; Rabinowich, H.; Amoscato, A.A.; Yin, X.M. Bid-cardiolipin
interaction at mitochondrial contact site contributes to mitochondrial cristae reorganization and cytochrome c release. Mol. Biol.
Cell 2004, 15, 3061-3072. [CrossRef]

Khalifat, N.; Fournier, J.B.; Angelova, M.IL; Puff, N. Lipid packing variations induced by pH in cardiolipin-containing bilayers:
The driving force for the cristae-like shape instability. Biochim. Biophys. Acta Biomembr. 2011, 1808, 2724-2733. [CrossRef]
Tadato, B.; Heymann, ].A.W.; Song, Z.; Hinshaw, J.E.; Chan, D.C. OPA1 disease alleles causing dominant optic atrophy have
defects in cardiolipin-stimulated GTP hydrolysis and membrane tubulation. Hum. Mol. Genet. 2010, 19, 2113-2122. [CrossRef]
Saunders, J.E.; Beeson, C.C.; Schnellmann, R.G. Characterization of functionally distinct mitochondrial subpopulations. J. Bioenerg.
Biomembr. 2013, 45, 87-99. [CrossRef]

Rowland, A.A.; Voeltz, G.K. Endoplasmic reticulum-mitochondria contacts: Function of the junction. Nat. Rev. Mol. Cell Biol.
2012, 13, 607-615. [CrossRef] [PubMed]

Prudent, J.; McBride, H.M. The mitochondria—endoplasmic reticulum contact sites: A signalling platform for cell death. Curr.
Opin. Cell Biol. 2017, 47, 52-63. [CrossRef]

Doghman-Bouguerra, M.; Lalli, E. ER-mitochondria interactions: Both strength and weakness within cancer cells. Biochim.
Biophys. Acta Mol. Cell Res. 2019, 1866, 650-662. [CrossRef] [PubMed]

Hajnéczky, G.; Csordas, G.; Das, S.; Garcia-Perez, C.; Saotome, M.; Sinha Roy, S.; Yi, M. Mitochondrial calcium signalling and cell
death: Approaches for assessing the role of mitochondrial Ca?* uptake in apoptosis. Cell Calcium 2006, 40, 553-560. [CrossRef]


http://doi.org/10.1091/mbc.e11-11-0926
http://www.ncbi.nlm.nih.gov/pubmed/22535522
http://doi.org/10.1054/jcaf.2002.130034
http://www.ncbi.nlm.nih.gov/pubmed/12555167
http://doi.org/10.1161/01.CIR.101.25.e239
http://www.ncbi.nlm.nih.gov/pubmed/10869279
http://doi.org/10.1038/ncpcardio0710
http://doi.org/10.1016/j.molcel.2008.02.012
http://doi.org/10.1038/onc.2010.242
http://doi.org/10.1016/j.molcel.2015.03.035
http://www.ncbi.nlm.nih.gov/pubmed/25884366
http://doi.org/10.1016/j.molcel.2015.03.003
http://doi.org/10.7554/eLife.10936
http://www.ncbi.nlm.nih.gov/pubmed/27058168
http://doi.org/10.1152/nips.01519.2004
http://www.ncbi.nlm.nih.gov/pubmed/15143207
http://doi.org/10.4161/cbt.4.2.1508
http://doi.org/10.1038/cdd.2017.179
http://www.ncbi.nlm.nih.gov/pubmed/29053143
http://doi.org/10.1083/jcb.201706134
http://doi.org/10.1016/j.molcel.2015.01.018
http://doi.org/10.1016/j.devcel.2010.03.014
http://doi.org/10.1038/nrm2952
http://doi.org/10.1016/j.cub.2014.01.007
http://doi.org/10.1073/pnas.152259999
http://www.ncbi.nlm.nih.gov/pubmed/12119406
http://doi.org/10.1093/emboj/21.7.1616
http://doi.org/10.3390/ijms10041911
http://www.ncbi.nlm.nih.gov/pubmed/19468346
http://doi.org/10.3389/fgene.2018.00718
http://www.ncbi.nlm.nih.gov/pubmed/30740126
http://doi.org/10.1016/j.bbamem.2009.05.004
http://doi.org/10.1016/j.febslet.2009.07.018
http://doi.org/10.1091/mbc.e03-12-0864
http://doi.org/10.1016/j.bbamem.2011.07.013
http://doi.org/10.1093/hmg/ddq088
http://doi.org/10.1007/s10863-012-9478-4
http://doi.org/10.1038/nrm3440
http://www.ncbi.nlm.nih.gov/pubmed/22992592
http://doi.org/10.1016/j.ceb.2017.03.007
http://doi.org/10.1016/j.bbamcr.2019.01.009
http://www.ncbi.nlm.nih.gov/pubmed/30668969
http://doi.org/10.1016/j.ceca.2006.08.016

Cancers 2021, 13, 3671 16 of 18

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.
52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Bravo, R.; Vicencio, ].M.; Parra, V.; Troncoso, R.; Munoz, J.P.; Bui, M.; Quiroga, C.; Rodriguez, A.E.; Verdejo, H.E.; Ferreira, J.; et al.
Increased ER-mitochondrial coupling promotes mitochondrial respiration and bioenergetics during early phases of ER stress.
J. Cell Sci. 2011, 124, 2143-2152. [CrossRef] [PubMed]

Vannuvel, K.; Renard, P; Raes, M.; Arnould, T. Functional and morphological impact of ER stress on mitochondria. J. Cell. Physiol.
2013, 228, 1802-1818. [CrossRef] [PubMed]

Li, Y;; Guo, Y,; Tang, |J.; Jiang, J.; Chen, Z. New insights into the roles of CHOP-induced apoptosis in ER stress. Acta Biochim.
Biophys. Sin. 2014, 46, 629-640. [CrossRef] [PubMed]

Manalo, R.V.M. Anastasis and the ER stress response: Solving the paradox of the unfolded protein response in cancer. Med.
Hypotheses 2017, 109, 25-27. [CrossRef]

Tang, H.M.; Talbot, C.C., Jr.; Fung, M.C.; Tang, H.L. Molecular signature of anastasis for reversal of apoptosis. F1000Research 2017,
6, 43. [CrossRef] [PubMed]

Katsuno, Y.; Lamouille, S.; Derynck, R. TGF-f signaling and epithelial-mesenchymal transition in cancer progression. Curr. Opin.
Oncol. 2013, 25, 76-84. [CrossRef] [PubMed]

Liu, S.; Chen, S.; Zeng, J. TGF-f signaling: A complex role in tumorigenesis (Review). Mol. Med. Rep. 2018, 17, 699-704. [CrossRef]
[PubMed]

Vincent, T.; Neve, E.P.A.; Johnson, ].R.; Kukalev, A.; Rojo, F; Albanell, |J.; Pietras, K.; Virtanen, I; Philipson, L.; Leopold, P.L.; et al.
A SNAIL1-SMAD3/4 transcriptional repressor complex promotes TGF- mediated epithelial-mesenchymal transition. Nat. Cell
Biol. 2009, 11, 943-950. [CrossRef] [PubMed]

Fan, F,; Samuel, S.; Evans, KW.,; Lu, J.; Xia, L.; Zhou, Y.; Sceusi, E.; Tozzi, F,; Ye, X.C.; Mani, S.A; et al. Overexpression of Snail
induces epithelial-mesenchymal transition and a cancer stem cell-like phenotype in human colorectal cancer cells. Cancer Med.
2012, 1, 5-16. [CrossRef]

Wang, Y.; Shi, J.; Chai, K.; Ying, X.; Zhou, B. The Role of Snail in EMT and Tumorigenesis. Curr. Cancer Drug Targets 2014, 13,
963-972. [CrossRef]

Nawneet, K.K.; Swati, PJ.; Alok, VJ.; Avinash, D.G.; Prasad, D.C.; Rahul, Y.D.; Sharmila, A.B. Snail and Slug Mediate Radioresis-
tance and Chemoresistance by Antagonizing p53-Mediated Apoptosis and Acquiring a Stem-Like Phenotype in Ovarian Cancer
Cells. Stem Cells 2009, 27, 2059-2068.

Vandromme, M. Regulation of transcription factor localization: Fine-tuning of gene expression. Trends Biochem. Sci. 1996, 21,
59-64. [CrossRef]

Turner, ].G.; Dawson, J.; Sullivan, D.M. Nuclear export of proteins and drug resistance in cancer. Biochem. Pharmacol. 2012, 83,
1021-1032. [CrossRef]

Seervi, M.; Sumi, S.; Chandrasekharan, A.; Sharma, A K.; SanthoshKumar, T.R. Molecular profiling of anastatic cancer cells:
Potential role of the nuclear export pathway. Cell. Oncol. 2019, 42, 645-661. [CrossRef]

Mugbil, I; Wu, J.; Aboukameel, A.; Mohammad, R M.; Azmi, A.S. Snail nuclear transport: The gateways regulating epithelial-to-
mesenchymal transition? Semin. Cancer Biol. 2014, 27, 39-45. [CrossRef] [PubMed]

De Falco, S. The discovery of placenta growth factor and its biological activity. Exp. Mol. Med. 2012, 44, 1-9. [CrossRef] [PubMed]
Barquilla, A.; Pasquale, E.B. Eph receptors and ephrins: Therapeutic opportunities. Annu. Rev. Pharmacol. Toxicol. 2015, 55,
467-487. [CrossRef]

Deryugina, E.I.; Quigley, J.P. Matrix metalloproteinases and tumor metastasis. Cancer Metastasis Rev. 2006, 25, 9-34. [CrossRef]
[PubMed]

Kalluri, R.; Weinberg, R.A. The basics of epithelial-mesenchymal transition. J. Clin. Investig. 2010, 120, 1786. [CrossRef]

Hauer, M.H,; Seeber, A.; Singh, V,; Thierry, R.; Sack, R.; Amitai, A.; Kryzhanovska, M.; Eglinger, ].; Holcman, D.; Owen-Hughes,
T.; et al. Histone degradation in response to DNA damage enhances chromatin dynamics and recombination rates. Nat. Struct.
Mol. Biol. 2017, 24, 99-107. [CrossRef] [PubMed]

Zimmer, C.; Fabre, E. Chromatin mobility upon DNA damage: State of the art and remaining questions. Curr. Genet. 2019, 65, 1-9.
[CrossRef]

Raj, A.T.; Kheur, S.; Bhonde, R.; Gupta, A.A ; Patil, V.R,; Kharat, A. Potential role of anastasis in cancer initiation and progression.
Apoptosis 2019, 24, 383-384. [CrossRef] [PubMed]

Xu, Y; So, C.; Lam, HM.; Fung, M.C.; Tsang, S.Y. Apoptosis Reversal Promotes Cancer Stem Cell-Like Cell Formation. Neoplasia
2018, 20, 295-303. [CrossRef] [PubMed]

Algeciras-Schimnich, A.; Barnhart, B.C.; Peter, M.E. Apoptosis-independent functions of killer caspases. Curr. Opin. Cell Biol.
2002, 14, 721-726. [CrossRef]

Shi, J.; Zhao, Y.; Wang, Y.; Gao, W.; Ding, J.; Li, P; Hu, L.; Shao, F. Inflammatory caspases are innate immune receptors for
intracellular LPS. Nature 2014, 514, 187-192. [CrossRef]

Li, Z.;Jo,].; Jia, JM.; Lo, S.C.; Whitcomb, D.].; Jiao, S.; Cho, K.; Sheng, M. Caspase-3 activation via mitochonderia is required for
long-term depression and AMPA receptor internalization. Cell 2010, 141, 859-871. [CrossRef]

Hyman, B.T.; Yuan, J. Apoptotic and non-apoptotic roles of caspases in neuronal physiology and pathophysiology. Nat. Rev.
Neurosci. 2012, 13, 395-406. [CrossRef]

Kaiser, W.J.; Upton, J.W,; Long, A.B.; Livingston-Rosanoff, D.; Daley-Bauer, L.P.; Hakem, R.; Caspary, T.; Mocarski, E.S. RIP3
mediates the embryonic lethality of caspase-8-deficient mice. Nature 2011, 471, 368-373. [CrossRef]


http://doi.org/10.1242/jcs.080762
http://www.ncbi.nlm.nih.gov/pubmed/21628424
http://doi.org/10.1002/jcp.24360
http://www.ncbi.nlm.nih.gov/pubmed/23629871
http://doi.org/10.1093/abbs/gmu048
http://www.ncbi.nlm.nih.gov/pubmed/25016584
http://doi.org/10.1016/j.mehy.2017.09.013
http://doi.org/10.12688/f1000research.10568.1
http://www.ncbi.nlm.nih.gov/pubmed/28299189
http://doi.org/10.1097/CCO.0b013e32835b6371
http://www.ncbi.nlm.nih.gov/pubmed/23197193
http://doi.org/10.3892/mmr.2017.7970
http://www.ncbi.nlm.nih.gov/pubmed/29115550
http://doi.org/10.1038/ncb1905
http://www.ncbi.nlm.nih.gov/pubmed/19597490
http://doi.org/10.1002/cam4.4
http://doi.org/10.2174/15680096113136660102
http://doi.org/10.1016/S0968-0004(96)80182-4
http://doi.org/10.1016/j.bcp.2011.12.016
http://doi.org/10.1007/s13402-019-00451-1
http://doi.org/10.1016/j.semcancer.2014.06.003
http://www.ncbi.nlm.nih.gov/pubmed/24954011
http://doi.org/10.3858/emm.2012.44.1.025
http://www.ncbi.nlm.nih.gov/pubmed/22228176
http://doi.org/10.1146/annurev-pharmtox-011112-140226
http://doi.org/10.1007/s10555-006-7886-9
http://www.ncbi.nlm.nih.gov/pubmed/16680569
http://doi.org/10.1172/JCI39104C1
http://doi.org/10.1038/nsmb.3347
http://www.ncbi.nlm.nih.gov/pubmed/28067915
http://doi.org/10.1007/s00294-018-0852-6
http://doi.org/10.1007/s10495-019-01538-8
http://www.ncbi.nlm.nih.gov/pubmed/30937671
http://doi.org/10.1016/j.neo.2018.01.005
http://www.ncbi.nlm.nih.gov/pubmed/29476980
http://doi.org/10.1016/S0955-0674(02)00384-8
http://doi.org/10.1038/nature13683
http://doi.org/10.1016/j.cell.2010.03.053
http://doi.org/10.1038/nrn3228
http://doi.org/10.1038/nature09857

Cancers 2021, 13, 3671 17 of 18

64.

65.
66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.
81.

82.

83.

84.

85.
86.

87.

88.

89.
90.

91.

92.

93.

De Calignon, A.; Fox, L.M,; Pitstick, R.; Carlson, G.A.; Bacskai, B.]J.; Spires-Jones, T.L.; Hyman, B.T. Caspase activation precedes
and leads to tangles. Nature 2010, 464, 1201-1204. [CrossRef]

Tang, H.M.; Tang, H.L. Anastasis: Recovery from the brink of cell death. R. Soc. Open Sci. 2018, 5, 180442. [CrossRef] [PubMed]
Huang, Q.; Li, F; Liu, X,; Li, W,; Shi, W,; Liu, EE; O’Sullivan, B.; He, Z.; Peng, Y.; Tan, A.C,; et al. Caspase 3-mediated stimulation
of tumor cell repopulation during cancer radiotherapy. Nat. Med. 2011, 17, 860-866. [CrossRef]

Greenhough, A.; Smartt, H.].M.; Moore, A.E.; Roberts, H.R.; Williams, A.C.; Paraskeva, C.; Kaidi, A. The COX-2/PGE2 pathway:
Key roles in the hallmarks of cancer and adaptation to the tumour microenvironment. Carcinogenesis 2009, 30, 377-386. [CrossRef]
Liu, B.; Qu, L.; Yan, S. Cyclooxygenase-2 promotes tumor growth and suppresses tumor immunity. Cancer Cell Int. 2015, 15, 106.
[CrossRef]

Borowicz, S.; Van Scoyk, M.; Avasarala, S.; Karuppusamy Rathinam, M.K,; Tauler, ].; Bikkavilli, R.K.; Winn, R.A. The soft agar
colony formation assay. J. Vis. Exp. 2014, 92, 51998. [CrossRef] [PubMed]

Berthenet, K.; Castillo Ferrer, C.; Fanfone, D.; Popgeorgiev, N.; Neves, D.; Bertolino, P.; Gibert, B.; Hernandez-Vargas, H.; Ichim, G.
Failed Apoptosis Enhances Melanoma Cancer Cell Aggressiveness. Cell Rep. 2020, 31, 107731. [CrossRef] [PubMed]

Yue, X.; Hannon, G.J.; Hannon, Z.; Zhang, H.; David, C.; Ryuji, K.; David, B. P21 Is a Universal Inhibitor of Cyclin Kinases. Nature
1993, 363, 701-704.

Georgakilas, A.G.; Martin, O.A.; Bonner, WM. p21: A Two-Faced Genome Guardian. Trends Mol. Med. 2017, 23, 310-319.
[CrossRef] [PubMed]

Abbas, T.; Dutta, A. P21 in cancer: Intricate networks and multiple activities. Nat. Rev. Cancer 2009, 9, 400-414. [CrossRef]
Suzuki, A.; Tsutomi, Y.; Yamamoto, N.; Shibutani, T.; Akahane, K. Mitochondrial Regulation of Cell Death: Mitochondria Are
Essential for Procaspase 3-p21 Complex Formation to Resist Fas-Mediated Cell Death. Mol. Cell. Biol. 1999, 19, 3842-3847.
[CrossRef] [PubMed]

Suzuki, A.; Tsutomi, Y.; Akahane, K.; Araki, T.; Miura, M. Resistance to Fas-mediated apoptosis: Activation of caspase 3 is
regulated by cell cycle regulator p21(WAF1) and IAP gene family ILP. Oncogene 1998, 17, 931-939. [CrossRef] [PubMed]

Jung, Y.S.; Qian, Y.; Chen, X. Examination of the expanding pathways for the regulation of p21 expression and activity. Cell.
Signal. 2010, 22, 1003-1012. [CrossRef]

Zhang, T.; Jiang, T.; Zhang, F; Li, C.; Zhou, Y.A.; Zhu, Y.F; Li, X.F. Involvement of p21Waf1/Cip1 cleavage during roscovitine-
induced apoptosis in non-small cell lung cancer cells. Oncol. Rep. 2010, 23, 239-245. [CrossRef] [PubMed]

Végran, F; Boidot, R.; Oudin, C.; Riedinger, ].M.; Bonnetain, F.; Lizard-Nacol, S. Overexpression of caspase-3s splice variant in
locally advanced breast carcinoma is associated with poor response to neoadjuvant chemotherapy. Clin. Cancer Res. 2006, 12,
5794-5800. [CrossRef]

Végran, E; Boidot, R; Solary, E.; Lizard-Nacol, S. A short caspase-3 isoform inhibits chemotherapy-induced apoptosis by blocking
apoptosome assembly. PLoS ONE 2011, 6, €29058. [CrossRef]

Venables, ].P. Aberrant and alternative splicing in cancer. Cancer Res. 2004, 64, 7647-7654. [CrossRef]

Venables, ].P.; Klinck, R.; Koh, C.; Gervais-Bird, ].; Bramard, A.; Inkel, L.; Durand, M.; Couture, S.; Froehlich, U.; Lapointe, E.; et al.
Cancer-associated regulation of alternative splicing. Nat. Struct. Mol. Biol. 2009, 16, 670-676. [CrossRef]

Pinan-Lucarre, B.; Gabel, C.V.; Reina, C.P; Hulme, S.E.; Shevkoplyas, S.S.; Slone, R.D.; Xue, ].; Qiao, Y.; Weisberg, S.; Roodhouse,
K.; et al. The core apoptotic executioner proteins CED-3 and CED-4 promote initiation of neuronal regeneration in caenorhabditis
elegans. PLoS Biol. 2012, 10, e1001331. [CrossRef]

Lambie, E.J.; Conradt, B. Deadly dowry: How engulfment pathways promote cell killing. Cell Death Differ. 2016, 23, 553-554.
[CrossRef] [PubMed]

Mishra, N.; Wei, H.; Conradt, B. Caenorhabditis elegans ced-3 caspase is required for asymmetric divisions that generate cells
programmed to die. Genetics 2018, 210, 983-998. [CrossRef] [PubMed]

Nagata, S. Apoptotic DNA fragmentation. Exp. Cell Res. 2000, 256, 12-18. [CrossRef] [PubMed]

Arnoult, D.; Gaume, B.; Karbowski, M.; Sharpe, J.C.; Cecconi, F,; Youle, R.J]. Mitochondrial release of AIF and EndoG requires
caspase activation downstream of Bax/Bak-mediated permeabilization. EMBO ]. 2003, 22, 4385-4399. [CrossRef]

D’Amelio, M.; Cavallucci, V.; Cecconi, F. Neuronal caspase-3 signaling: Not only cell death. Cell Death Differ. 2010, 17, 1104-1114.
[CrossRef]

Cifone, M. A ; Fidler, 1.]. Correlation of patterns of anchorage-independent growth with in vivo behavior of cells from a murine
fibrosarcoma. Proc. Natl. Acad. Sci. USA 1980, 77, 1039-1043. [CrossRef]

Thacker, J. The RAD51 gene family, genetic instability and cancer. Cancer Lett. 2005, 219, 125-135. [CrossRef]

Haaf, T.; Raderschall, E.; Reddy, G.; Ward, D.C.; Radding, C.M.; Golub, E.I. Sequestration of mammalian Rad51-recombination
protein into micronuclei. J. Cell Biol. 1999, 144, 11-20. [CrossRef]

Baumann, P; Benson, EE.; West, S.C. Human Rad51 protein promotes ATP-dependent homologous pairing and strand transfer
reactions in vitro. Cell 1996, 87, 757-766. [CrossRef]

Mekeel, K.L.; Tang, W.; Kachnic, L.A.; Luo, C.M.; DeFrank, ].S.; Powell, S.N. Inactivation of p53 results in high rates of homologous
recombination. Oncogene 1997, 14, 1847-1857. [CrossRef]

Erenpreisa, J.; Salmina, K.; Huna, A.; Kosmacek, E.A.; Cragg, M.S.; lanzini, F.; Anisimov, A.P. Polyploid tumour cells elicit
paradiploid progeny through depolyploidizing divisions and regulated autophagic degradation. Cell Biol. Int. 2011, 35, 687—695.
[CrossRef]


http://doi.org/10.1038/nature08890
http://doi.org/10.1098/rsos.180442
http://www.ncbi.nlm.nih.gov/pubmed/30839720
http://doi.org/10.1038/nm.2385
http://doi.org/10.1093/carcin/bgp014
http://doi.org/10.1186/s12935-015-0260-7
http://doi.org/10.3791/51998
http://www.ncbi.nlm.nih.gov/pubmed/25408172
http://doi.org/10.1016/j.celrep.2020.107731
http://www.ncbi.nlm.nih.gov/pubmed/32521256
http://doi.org/10.1016/j.molmed.2017.02.001
http://www.ncbi.nlm.nih.gov/pubmed/28279624
http://doi.org/10.1038/nrc2657
http://doi.org/10.1128/MCB.19.5.3842
http://www.ncbi.nlm.nih.gov/pubmed/10207107
http://doi.org/10.1038/sj.onc.1202021
http://www.ncbi.nlm.nih.gov/pubmed/9747872
http://doi.org/10.1016/j.cellsig.2010.01.013
http://doi.org/10.3892/or-00000629
http://www.ncbi.nlm.nih.gov/pubmed/19956888
http://doi.org/10.1158/1078-0432.CCR-06-0725
http://doi.org/10.1371/journal.pone.0029058
http://doi.org/10.1158/0008-5472.CAN-04-1910
http://doi.org/10.1038/nsmb.1608
http://doi.org/10.1371/journal.pbio.1001331
http://doi.org/10.1038/cdd.2015.170
http://www.ncbi.nlm.nih.gov/pubmed/26868911
http://doi.org/10.1534/genetics.118.301500
http://www.ncbi.nlm.nih.gov/pubmed/30194072
http://doi.org/10.1006/excr.2000.4834
http://www.ncbi.nlm.nih.gov/pubmed/10739646
http://doi.org/10.1093/emboj/cdg423
http://doi.org/10.1038/cdd.2009.180
http://doi.org/10.1073/pnas.77.2.1039
http://doi.org/10.1016/j.canlet.2004.08.018
http://doi.org/10.1083/jcb.144.1.11
http://doi.org/10.1016/S0092-8674(00)81394-X
http://doi.org/10.1038/sj.onc.1201143
http://doi.org/10.1042/CBI20100762

Cancers 2021, 13, 3671 18 of 18

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.
108.

109.

110.

111.

112.

113.

Rello-Varona, S.; Lissa, D.; Shen, S.; Niso-Santano, M.; Senovilla, L.; Marifio, G.; Vitale, I.; Jemaa, M.; Harper, E; Pierron, G.; et al.
Autophagic removal of micronuclei. Cell Cycle 2012, 11, 170-176. [CrossRef] [PubMed]

Erenpreisa, J.; Huna, A.; Salmina, K.; Jackson, T.R.; Cragg, M.S. Macroautophagy-aided elimination of chromatin: Sorting of
waste, sorting of fate? Autophagy 2012, 8, 1877-1881. [CrossRef]

Olins, D.E,; Olins, A.L. Nuclear envelope-limited chromatin sheets (ELCS) and heterochromatin higher order structure. Chromo-
soma 2009, 118, 537-548. [CrossRef] [PubMed]

Erenpreisa, J.; Ivanov, A.; Cragg, M.; Selivanova, G.; Illidge, T. Nuclear envelope-limited chromatin sheets are part of mitotic
death. Histochem. Cell Biol. 2002, 117, 243-255. [CrossRef]

Galluzzi, L.; Vitale, I.; Aaronson, S.A.; Abrams, ].M.; Adam, D.; Agostinis, P; Alnemri, E.S.; Altucci, L.; Amelio, I.; Andrews, D.W,;
et al. Molecular mechanisms of cell death: Recommendations of the Nomenclature Committee on Cell Death 2018. Cell Death
Differ. 2018, 25, 486-541. [CrossRef] [PubMed]

Ponpuak, M.; Mandell, M.A ; Kimura, T.; Chauhan, S.; Cleyrat, C.; Deretic, V. Secretory autophagy. Curr. Opin. Cell Biol. 2015, 35,
106-116. [CrossRef]

Kimura, T;; Jia, J.; Claude-Taupin, A.; Kumar, S.; Choi, S.W.; Gu, Y,; Mudd, M.; Dupont, N.; Jiang, S.; Peters, R.; et al. Cellular and
molecular mechanism for secretory autophagy. Autophagy 2017, 13, 1084-1085. [CrossRef]

Keulers, T.G.; Schaaf, M.B.E.; Rouschop, K.M.A. Autophagy-dependent secretion: Contribution to tumor progression. Front.
Oncol. 2016, 6, 251. [CrossRef]

Gugnoni, M.; Sancisi, V.; Manzotti, G.; Gandolfi, G.; Ciarrocchi, A. Autophagy and epithelial-mesenchymal transition: An
intricate interplay in cancer. Cell Death Dis. 2016, 7, €2520. [CrossRef]

Gong, Y.N.; Guy, C.; Olauson, H.; Becker, ].U.; Yang, M.; Fitzgerald, P.; Linkermann, A.; Green, D.R. ESCRT-III Acts Downstream
of MLKL to Regulate Necroptotic Cell Death and Its Consequences. Cell 2017, 169, 286-300.e16. [CrossRef] [PubMed]

Gong, Y.N.; Guy, C.; Crawford, ].C.; Green, D.R. Biological events and molecular signaling following MLKL activation during
necroptosis. Cell Cycle 2017, 16, 1748-1760. [CrossRef] [PubMed]

He, W.T,; Wan, H.; Hu, L.; Chen, P; Wang, X.; Huang, Z.; Yang, Z.H.; Zhong, C.Q.; Han, J. Gasdermin D is an executor of
pyroptosis and required for interleukin-1 secretion. Cell Res. 2015, 25, 1285-1298. [CrossRef] [PubMed]

Sahoo, M.; Ceballos-Olvera, 1.; Del Barrio, L.; Re, F. Role of the inflammasome, IL-13, and IL-18 in bacterial infections. Sci. World
J. 2011, 11, 2037-2050. [CrossRef] [PubMed]

Tang, H.M.; Tang, H.L. Cell recovery by reversal of ferroptosis. Biol. Open 2019, 8, bio043182. [CrossRef]

Gudipaty, S.A.; Conner, C.M.; Rosenblatt, J.; Montell, D.J. Unconventional Ways to Live and Die: Cell Death and Survival in
Development, Homeostasis, and Disease. Annu. Rev. Cell Dev. Biol. 2018, 34, 311-332. [CrossRef] [PubMed]

Tang, H.L.; Yuen, K.L.; Tang, HM.; Fung, M.C. Reversibility of apoptosis in cancer cells. Br. J. Cancer 2009, 100, 118-122.
[CrossRef]

Tang, H.L.; Tang, HM.; Fung, M.C.; Hardwick, J.M. In vivo Caspase tracker biosensor system for detecting anastasis and
non-apoptotic caspase activity. Sci. Rep. 2015, 5, 9015. [CrossRef]

Tang, HM.; Fung, M.C.; Tang, H.L. Detecting anastasis in vivo by caspasetracker biosensor. . Vis. Exp. 2018, 2018. [CrossRef]
[PubMed]

Mirzayans, R.; Andrais, B.; Murray, D. Viability assessment following anticancer treatment requires single-cell visualization.
Cancers 2018, 10, 255. [CrossRef] [PubMed]

Mirzayans, R.; Murray, D. Intratumor heterogeneity and therapy resistance: Contributions of dormancy, apoptosis reversal
(Anastasis) and cell fusion to disease recurrence. Int. J. Mol. Sci. 2020, 21, 1308. [CrossRef] [PubMed]


http://doi.org/10.4161/cc.11.1.18564
http://www.ncbi.nlm.nih.gov/pubmed/22185757
http://doi.org/10.4161/auto.21610
http://doi.org/10.1007/s00412-009-0219-3
http://www.ncbi.nlm.nih.gov/pubmed/19521714
http://doi.org/10.1007/s00418-002-0382-6
http://doi.org/10.1038/s41418-017-0012-4
http://www.ncbi.nlm.nih.gov/pubmed/29362479
http://doi.org/10.1016/j.ceb.2015.04.016
http://doi.org/10.1080/15548627.2017.1307486
http://doi.org/10.3389/fonc.2016.00251
http://doi.org/10.1038/cddis.2016.415
http://doi.org/10.1016/j.cell.2017.03.020
http://www.ncbi.nlm.nih.gov/pubmed/28388412
http://doi.org/10.1080/15384101.2017.1371889
http://www.ncbi.nlm.nih.gov/pubmed/28854080
http://doi.org/10.1038/cr.2015.139
http://www.ncbi.nlm.nih.gov/pubmed/26611636
http://doi.org/10.1100/2011/212680
http://www.ncbi.nlm.nih.gov/pubmed/22125454
http://doi.org/10.1242/bio.043182
http://doi.org/10.1146/annurev-cellbio-100616-060748
http://www.ncbi.nlm.nih.gov/pubmed/30089222
http://doi.org/10.1038/sj.bjc.6604802
http://doi.org/10.1038/srep09015
http://doi.org/10.3791/54107
http://www.ncbi.nlm.nih.gov/pubmed/29443051
http://doi.org/10.3390/cancers10080255
http://www.ncbi.nlm.nih.gov/pubmed/30071623
http://doi.org/10.3390/ijms21041308
http://www.ncbi.nlm.nih.gov/pubmed/32075223

	Introduction 
	A Few Historical Remarks 
	A Mitochondria-Anastasis Link 
	Role of Transcription and Post-Transcriptional Modifications in Anastasis 
	Double Role of Caspases 
	A Role of Nuclear Changes in Anastasis 
	Anastasis and Other Forms of Cell Death 
	Detection of Anastasis 
	Conclusions 
	References

