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Abstract
Apoptosis, or programmed cell death, maintains tissue homeostasis by eliminating damaged or unnecessary cells. However, 
cells can evade this process, contributing to conditions such as cancer. Escape mechanisms include anoikis, mitochondrial 
DNA depletion, cellular FLICE inhibitory protein (c-FLIP), endosomal sorting complexes required for transport (ESCRT), 
mitotic slippage, anastasis, and blebbishield formation. Anoikis, triggered by cell detachment from the extracellular matrix, 
is pivotal in cancer research due to its role in cellular survival and metastasis. Mitochondrial DNA depletion, associated 
with cellular dysfunction and diseases such as breast and prostate cancer, links to apoptosis resistance. The c-FLIP protein 
family, notably CFLAR, regulates cell death processes as a truncated caspase-8 form. The ESCRT complex aids apoptosis 
evasion by repairing intracellular damage through increased Ca2+ levels. Antimitotic agents induce mitotic arrest in cancer 
treatment but can lead to mitotic slippage and tetraploid cell formation. Anastasis allows cells to resist apoptosis induced 
by various triggers. Blebbishield formation suppresses apoptosis indirectly in cancer stem cells by transforming apoptotic 
cells into blebbishields. In conclusion, the future of apoptosis research offers exciting possibilities for innovative therapeutic 
approaches, enhanced diagnostic tools, and a deeper understanding of the complex biological processes that govern cell 
fate. Collaborative efforts across disciplines, including molecular biology, genetics, immunology, and bioinformatics, will 
be essential to realize these prospects and improve patient outcomes in diverse disease contexts.

1  Introduction

Cellular homeostasis, the delicate balance of cell prolifera-
tion and death, is a cornerstone of multicellular organism 
survival. Among the intricate processes contributing to this 
equilibrium, apoptosis, or programmed cell death, plays a 
pivotal role in eliminating damaged or surplus cells. The 
precise orchestration of apoptosis is essential for maintain-
ing tissue integrity and preventing the development of vari-
ous pathological conditions. However, the escape of cells 
from apoptosis has emerged as a significant challenge, par-
ticularly in the context of diseases such as cancer.

This review delves into the intricate landscape of cellu-
lar homeostasis, exploring the mechanisms through which 
cells can elude apoptosis. Beyond its role as a safeguard 

mechanism, apoptosis evasion has been implicated in the 
progression and persistence of various diseases, posing a 
formidable obstacle to therapeutic interventions. The eluci-
dation of these escape mechanisms is fundamental for the 
development of targeted therapies aimed at reinstating apop-
tosis in cells where its regulation has faltered.

The mechanisms identified include anoikis, a form of 
apoptosis triggered by cell detachment; mitochondrial 
DNA (mtDNA) depletion, associated with disruptions in 
mitochondrial function; cellular FLICE inhibitory protein 
(c-FLIP), an apoptosis-inhibiting protein; the endosomal 
sorting complexes required for transport (ESCRT) machin-
ery; mitotic slippage, allowing cells to bypass the mitotic 
phase; anastasis, the process of cell recovery following 
initiation of apoptosis; and the formation of blebbishields, 
protective structures shielding cells from apoptotic signals.

Intriguingly, these mechanisms exhibit a dynamic inter-
play across various cellular contexts, and their prominence 
can vary among different types of cancer and disease sce-
narios. By unravelling the intricacies of apoptosis escape 
routes, this review aims to contribute to the comprehensive 
understanding of cellular dynamics and provide a founda-
tion for the development of targeted therapeutic strategies. 
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Key Points 

Apoptosis, or programmed cell death, is essential for 
maintaining tissue homeostasis by eliminating dam-
aged or unnecessary cells. The ability of cells to evade 
apoptosis can contribute to conditions such as cancer. 
Mechanisms of evasion include anoikis, mitochondrial 
DNA depletion, c-FLIP, ESCRT, mitotic slippage, ana-
stasis, and blebbishield formation.

Anoikis is crucial in cellular survival and metastasis, 
triggered by cell detachment or aberrant adhesion.

Mitochondrial DNA depletion is linked to cellular dys-
function and various diseases, including cancer.

The c-FLIP protein family, particularly CFLAR, regu-
lates apoptosis and cellular death processes.

The ESCRT complex helps cells escape apoptosis by 
repairing damages through exocytosis, particularly by 
increasing intracellular Ca2+.

Antimitotic agents induce mitotic arrest but can lead to 
mitotic slippage, creating tetraploid cells.

Anastasis allows cells to escape apoptosis by resurrect-
ing after various triggers.

Blebbishield formation aids in apoptosis suppression 
indirectly in cancer stem cells.

Understanding these mechanisms is crucial for develop-
ing targeted therapies for diseases where apoptosis regu-
lation is compromised, considering variations among 
cancer types and disease contexts.

The exploration of these mechanisms not only sheds light on 
the complexity of cellular decision-making, but also opens 
avenues for innovative approaches to reinstate cellular home-
ostasis and counteract the escape from apoptosis in diverse 
pathological conditions.

2 � Methodology

The search methodology for the review article on apoptosis 
escape mechanisms was systematically designed to identify 
relevant studies elucidating the intricate pathways, regu-
latory factors, and clinical implications associated with 
cell survival and resistance to apoptosis. Searches were 
conducted in key databases, including PubMed, Scopus, 

Web of Science, and Embase, using predefined search 
strings and keywords related to each identified apoptosis 
escape mechanism and associated cellular processes. We 
have compiled the data about the mechanisms of evasion 
(anoikis, mitochondrial DNA depletion, c-FLIP, ESCRT, 
mitotic slippage, anastasis, and blebbishield formation) in 
order from the most researched to the least in these data-
bases in this review. The search was mostly limited to stud-
ies published between 2010 and 2023 to ensure the inclu-
sion of the most recent and relevant literature on the topic. 
However, this time interval was sometimes exceeded when 
especially critical informatory data was needed. Titles and 
abstracts were initially screened to identify potentially rel-
evant studies, followed by a full-text screening of selected 
articles against inclusion and exclusion criteria. Data 
extraction aimed to capture detailed information on the 
molecular and cellular mechanisms, signaling pathways, 
and regulatory factors involved in apoptosis escape, as well 
as the clinical implications and therapeutic strategies tar-
geting these mechanisms. The review employed a narrative 
synthesis approach to integrate and interpret the complex 
interactions between apoptosis escape mechanisms, provid-
ing insights into the pathological and physiological pro-
cesses underlying cell survival, disease progression, and 
potential therapeutic interventions. The review also high-
lighted the variability in apoptosis escape strategies among 
different types of cancer and disease contexts, emphasiz-
ing the importance of understanding these mechanisms 
for developing targeted therapies to induce apoptosis in 
cancer cells and other diseases where apoptosis regulation 
is compromised.

3 � Anoikis

3.1 � Mechanism

Anoikis (“homelessness” in Greek) is a form of apoptosis 
that is activated to eliminate cells that have detached from 
the extracellular matrix (ECM) or exhibited inappropriate 
cell adhesion [1]. Anoikis is a regulated cell death mech-
anism that uses both intrinsic and extrinsic pathways [2]. 
BCL-2 family proteins play key roles in both of these pro-
cesses. In cells detached from ECM, integrins form com-
plexes with growth factor receptors and cytoskeletal systems 
are linked through plectin. Instability of cytoskeletal ele-
ments can neutralize BCL-2 by causing the release of BMF 
from the actin and inducing the release of cytochrome c 
from mitochondria. At this point, plectin cleavage contrib-
utes to effector caspase activation and additional cytochrome 
c release. This is because caspase-8 is activated [3]. Activa-
tion of caspase-8 at this point facilitates further cytochrome 
c release through BID, plectin cleavage, and effector caspase 
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activation. Consequently, flamin and cytokeratin interme-
diate filaments become separated. The process that actin 
polymers undergo after separation is not clear. However, the 
breakdown of anoikis contributes to neoplasia [3].

3.2 � Implications on cancer

Recent studies have associated anoikis with different types 
of cancer, such as lung [4], stomach [5], colorectal [6], 
breast [7], prostate [8], epithelial ovarian [7, 8] and oral 
squamous cell carcinoma [9]. Determining the interactions 
between cells, the tumor microenvironment (TME), and 
extrinsic factors is essential to understanding the role of 
anoikis in cancer cells [10]. ECM remodeling results in an 
important change that produces the anoikis-resistant state, 
such as decreased expression of fibronectin, collagen IV, 
and hyaluronic acid and increased expression of laminin; 
perlecan; integrin subunits (av, β3, α5, and β1); hyaluroni-
dase 1, 2, and 3; and metalloproteinases 2 and 9 [11]. This 
leads to generation of anoikis-resistant cells. The critical 
role of extrinsic factors in cells acquiring anoikis proper-
ties is explained by the effect of fibronectin on oncogene 
expression in the ECM. Increased fibronectin in the ECM 
can direct cells to anoikis by modulating the expression 
of p53 [12]. According to the study of Sanchez-Ruderisch 
et al., integrins initiate the anoikis cascade by activating 
caspase-8, which induces TME leading to anoikis. In their 
study, the administration of Gal-1 led to swift and steady 
activation of caspase-8 in HepG2 suspension cultures, as 
compared with untreated samples. To ascertain the impor-
tance of this caspase-8 activation in Gal-1-induced anoikis, 
a specific inhibitor of caspase-8 (Z-IETD-FMK) was intro-
duced at various intervals subsequent to Gal-1 stimulation. 
The inhibitor effectively thwarted Gal-1-triggered anoikis 
when applied within 5 min of commencing Gal-1 treatment. 
Consequently, they concluded that caspase-8 activation was 
essential for Gal-1-induced anoikis [13]. Negative TME and 
cellular stress can promote autophagy, providing the cell 
with the opportunity to survive [14]. Although autophagy 
and anoikis resistance collaborate in the metastatic TME, it 
is unclear which process precedes the other [10].

The resistance to anoikis has been determined to be 
modulated by various factors including pH, signaling path-
ways, cell adhesion, growth, and apoptotic proteins [15]. 
The pathways activated by anoikis resistance can be divided 
into two categories; the first is activation of survival path-
ways, and the second is suppression of apoptotic pathways 
in detached cells [10]. Metabolic intermediates produce the 
energy required for cellular growth and survival. Oncogenic 
activation of signaling pathways also reprograms cellular 
metabolism to increase anoikis resistance. Dysregulation of 
genes encoding rate-limiting enzymes that maintain cellu-
lar homeostasis leads to metabolic perturbation that triggers 

anoikis resistance before tumor metastasis [15]. High metab-
olite levels are a common feature in both autophagy and 
anoikis resistance phenomena. In anoikis-resistant cells, 
high activity of the SRC/AKT/ERK signaling pathway, 
which is a necessary and sufficient marker, is associated 
with high aggressiveness of cancer cells [16]. The activa-
tion of Src and the upregulation of various autophagy factors 
increase glucose metabolism and ATP production, enhanc-
ing the survival of cancer cells under conditions where they 
are detached from the ECM [16].

The main question related to anoikis is how the caspase 
cascade is activated by the simple detachment of cells from 
the ECM. The prevalent hypothesis is that death receptors 
are activated, either through their inherent tendency to self-
associate, which might be adequate for signaling, or through 
interaction with internal death ligands [3]. Pro-apoptotic sig-
nals such as caspase-8 in cells detached from the ECM will 
induce death receptor activation [17]. The second question is 
how detached cells can escape from death receptors and pro-
apoptotic signals while resisting anoikis. A possible mecha-
nism is that in detached cells undergoing apoptosis, anoikis 
blockade could be associated with cell survival pathways. 
The cleavage of AKT/protein kinase B (PKB) by caspase-3 
under the control of TNF death receptors demonstrates the 
anoikis-resistant death receptor/caspase/survival cascade. 
To put it more clearly, a critical level of Akt/PKB activity 
must be maintained for cell survival and caspases induce 
anoikis by reducing Akt/PKB activity below this threshold. 
Moreover, the caspase-mediated proteolysis of Akt/PKB 
may make cells resistant to secondary survival signals [18]. 
Dynamic interactions between death receptors that mediate 
cell contact with the ECM are also important for anoikis 
resistance. The TRAF2 and FAK collaboration determines 
to what extent a cell can overcome anoikis [10].

Anchorage-dependent growth and epithelial-mesenchy-
mal transition (EMT), two critical features during cancer 
progression and metastatic colonization, have been asso-
ciated with anoikis [5, 8, 19]. Some possible epigenetic 
changes enable cells to have phenotypic features, contribut-
ing to anchorage-independent cell growth. This hypothesis 
is supported by the data on c-Myc, Akt, β-catenin, and class 
I histone deacetylases [10]. Anoikis resistance under loss of 
ECM contact allows cancer cells to leave the primary tumor 
site, migrate to a distant site, and form a metastatic lesion. 
While down-regulation of cell adhesion proteins such as 
protein tyrosine phosphatase 1B can promote anoikis [20], 
aggregation in circulating cancer cell clusters promotes 
anoikis resistance. Many of the signaling pathways asso-
ciated with anoikis resistance, such as MAPK and AKT, 
are regulated by cell–cell and cell–ECM interactions of 
detached and aggregated cells. Consequently, cancer cells 
resistant to anoikis ensure their survival throughout the cir-
culation [21]. Bone morphogenetic protein 9 (BMP9), or 
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growth and differentiation factor 2 (GDF2), are two of the 
epigenetic regulators of the anoikis process [22]. One of the 
most efficient molecules for inducing anoikis resistance is 
neurotrophic tyrosine kinase receptor B (TRKB), which is 
frequently overexpressed in tumors [23].

3.3 � Treatment Strategies

Overcoming anoikis resistance is thought to have impor-
tant therapeutic benefits for cancers. Metastatic cancer 
cells exhibit anoikis resistance, indicating a potential target 
for treatment. To halt metastasis, further research should 
be conducted to enhance anoikis sensitivity through death 
receptors, determining whether they can act as an activa-
tor or inhibitor of death receptor-mediated apoptosis [15]. 
However, targeting death receptors could help effectively 
treat cancer because they play an important role in escap-
ing anoikis, one of the main causes of their poor prognosis. 
Several studies have shown that small molecules (such as 
salinomycin, brevilin A, and synthesized flavonoid deriva-
tive GL-V9) inhibit anoikis resistance, invasion, migration, 
and metastasis by inducing reactive oxygen species (ROS) 
production in cancer cells [24–27]. Drugs that can induce 
oxidative stress may be considered for new therapeutic 
approaches because they can limit anchorage-independent 
growth (AIG) in cancer cells while protecting healthy cells 
[15]. In fact, the shift of the metabolic pathway to glyco-
lysis provides an alternative source of energy production 
under AIG conditions for cancer cell survival. Blocking or 
targeting the main pathway of ATP acquisition in anoikis-
resistant cells may be a powerful approach. Hypoxia and 
low pH, the main characteristics of the tumor environment, 
also enhance the capacity to avoid anoikis and treatment 
resistance. Reprogramming the metabolic structure of the 
TME has been observed to increase resistance to anoikis 
and metastasis, as an acidic environment is essential for the 
growth of solid tumors [28]. Recent research has shown 
that some pharmaceuticals (for example, metformin and 
piplartine) can induce anoikis by regulating oncogenic or 
metabolic signaling pathways. However, these drugs are 
not specific for targeting anoikis-resistant cells [15]. There 
are two possible treatment strategies that have been asso-
ciated with anoikis in metastasis: (i) inducing anoikis and 
(ii) preventing phenotypes that are resistant to anoikis [10]. 
Powerful therapeutic targets to induce anoikis include tar-
geting inhibition of fatty acid β-oxidation (FAO) in specific 
cancer types, such as high-grade serous ovarian cancer [29], 
focusing on the FAO pathway in metastasis of colorectal 
cancer cells [30], disruption of integrin signaling pathways 
in a mouse model of colorectal cancer [30]. In breast can-
cer, suppression of thromboxane A2 synthase 1 (TBXAS1) 
and unregulated thromboxane A2 receptor (TP) prevents 
metastasis by making cells more sensitive to anoikis [31]. 

Targeting anoikis resistance may improve the efficacy of 
anticancer drugs or reduce tumor metastasis after surgery, 
as suggested by the overexpression of MUC1 and the reduc-
tion in oncogene signaling pathways in pancreatic cancer 
[32]. Targeting the Circ-0004585/miR-1248/transmembrane 
9 superfamily member 4 axis, which activates autophagy 
in patient tissue samples and pancreatic cancer cell lines, 
may reduce anoikis resistance and metastasis [8]. The use of 
immunotherapy to induce antibody-dependent cellular cyto-
toxicity is a new treatment plan to inhibit the main drivers 
of metastasis-like suppressed anoikis in highly metastatic 
cancer types [33].

In conclusion, although anoikis has only been reported 
relatively recently in the literature, it is being extensively 
studied with findings increasing each day. The determination 
of the function of anoikis in the processes of survival signal 
activation and suppression of the apoptotic death pathway 
in cells detached from the extracellular matrix (ECM) is 
critically important for understanding cancer cells. A better 
understanding of the metabolic changes leading to anoikis 
resistance could open the door to new approaches in address-
ing metastasis, the primary cause of cancer-related deaths.

4 � Mitochondrial DNA Depletion

4.1 � Mechanism

A decrease in the copy number of mtDNA [34] content by 
up to 30% is referred to mtDNA depletion, which causes 
mitochondrial dysfunction. It has been associated with vari-
ous diseases, including breast [35], prostate [36], and many 
other cancer types [37]. Several studies have shown that 
reduction in mtDNA content in breast and prostate cancer 
cells promotes disease progression and plays a crucial role 
in tumor development [38, 39]. Therefore, mtDNA deple-
tion has been a subject of research for many years, and its 
relationship with diseases has been investigated. MtDNA 
depletion and resistance to apoptosis are two interconnected 
concepts that play roles in pathological and physiological 
processes. It has been shown that metastasis and invasion are 
induced in cancer cells carrying mtDNA depletion [40]. The 
difference here could be that cells exhibit different sensitivi-
ties to apoptosis-inducing agents [41].

The mitochondrion, with its 16.6 kb DNA, is an autono-
mous organelle that plays a crucial role in cellular metabo-
lism. MtDNA encodes 13 polypeptides that are essential 
for oxidative phosphorylation and ATP production, mak-
ing it the central hub for oxidative phosphorylation [42]. 
MtDNA is sensitive to mutations due to its proximity to 
toxic metabolites and inefficient repair mechanisms [43]. 
Mutations in mtDNA, therefore, are crucial, particularly in 
terms of the enzymes and proteins required for oxidative 
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phosphorylation, as they can lead to mitochondrial dysfunc-
tion and inefficient ATP production [44]. Mitochondrial dys-
function has been associated with various diseases, includ-
ing cancer, diabetes, and neurodegenerative diseases [45], 
and dysfunctional or loss of mitochondria can affect gene 
expression, cell morphology, and function. Dysfunction or 
loss of function of mitochondria can disrupt calcium homeo-
stasis, apoptosis, and many other pathways (Fig. 1).

4.2 � Implications on Different Cellular Conditions

It is quite intriguing that cells with mtDNA depletion 
exhibit resistance to apoptosis and invasive behavior, it 
appears that these cells inhibit apoptosis by promoting 
survival signaling pathways [46]. To investigate the rela-
tionship between mtDNA depletion and apoptosis, cells 
lacking mtDNA were created by exposing them to eth-
idium bromide, which damages mtDNA. In one study, it 
was shown that cells with no mtDNA had lower levels of 
reactive oxygen species (ROS) compared with the control 
cells. It was also observed that UV-induced cytochrome 
c release was lower in cells lacking mtDNA compared 
with controls [47]. Apoptosis is induced by increased 
ROS levels. Mitochondrial dysfunction leads to ineffi-
cient ROS production, making it difficult for the cell to 
enter the apoptosis process. This can affect cell prolif-
eration and survival in variable ways depending on the 
cell type. Additionally, the disruption of mitochondrial 
membrane potential has also been mentioned as a reason 

for cells showing resistance to apoptosis with mtDNA 
depletion [41]

Furthermore, a study showed that cells with mtDNA 
depletion could contain more reduced glutathione (GSH) 
[48]. Similarly, an increase in the amount of antioxidants 
such as GPx and MnSOD has been noted in cells show-
ing mtDNA depletion. This increase in antioxidants has 
been indicated to play a role in reducing cellular oxidative 
stress, leading to a decrease in ROS levels and inducing 
the suppression of p53 [49]. In another study, an important 
point in the resistance mechanisms to apoptosis was identi-
fied in cells showing mtDNA depletion. It was shown that 
cytochrome c release was lower in cells with mtDNA deple-
tion compared with controls, and morphological changes did 
not correspond to cytochrome c release patterns [47]. It is 
known that cells with depleted mtDNA exhibit problems in 
the release of pro-apoptotic proteins such as BAD, BAX, and 
BID [50]. However, studies have shown that mtDNA deple-
tion, cytochrome c release, and disruption of mitochondrial 
membrane potential are not sufficient steps for the initia-
tion and execution of apoptosis. In a study by Biswas et al., 
mtDNA depletion induced mitochondrial stress in C2C12 
rhabdomyoblasts and A549 human lung carcinoma cells, 
activating the mitochondrial stress signaling cascade from 
mitochondria to the nucleus, which resulted in a cascade 
of gene expression changes, morphological changes, and 
invasiveness of these cells. It was also noted that etoposide-
induced apoptosis was inhibited in cells with mtDNA deple-
tion due to a lack of active caspase-8 and pro-caspase-3, con-
tributing to resistance to apoptosis [51]. In another study, it 

Fig. 1   Relationship between mtDNA depletion and resistance to 
apoptosis. This schematic illustrates potential mechanisms underly-
ing the relationship between mitochondrial DNA (mtDNA) depletion 
and resistance to apoptosis. As depicted, mtDNA depletion may trig-
ger survival error signaling activation, resulting in decreased levels of 

reactive oxygen species (ROS), retention of pro-apoptotic factors on 
the membrane, disruption of mitochondrial membrane potential, and 
an increase in antioxidant regulation. These events collectively pro-
mote antiapoptotic pathways, thereby conferring resistance to apopto-
sis in affected cells
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was suggested that the increased expression of antiapoptotic 
genes such as BCL-2 could be responsible for resistance to 
apoptosis in cells with reduced mtDNA content [45]. It was 
shown that cells carrying mtDNA depletion promoted the 
activation of survival enzymes such as AKT and inhibited 
TNF-mediated apoptosis [46]. On the basis of all these find-
ings, the decreased ROS production in cells with mtDNA 
depletion, activation of antiapoptotic gene expression, and 
inhibition of apoptotic signaling explain why these cells can-
not undergo apoptosis.

Cells with mtDNA depletion have been shown to be more 
resistant to apoptosis, induced by certain agents compared 
with parental cells. Biswas et al. reported that C2C12 myo-
blasts with partially depleted mtDNA were less sensitive 
to staurosporine (STS)-induced apoptosis. It was suggested 
that the inhibition of apoptosis was due to the retention of 
BAX, BID, and BAD in the mitochondrial inner membrane; 
increased expression of Bcl-2 and Bcl-X(L); and the inabil-
ity to process active Bid, despite the induction of Bax and 
Bad [50]. Jacques et al. found that cells with mtDNA deple-
tion preserved their apoptosis capacity but exhibited higher 
resistance to STS-induced apoptosis compared to parental 
cells [52]. In another study, Dey and Moraes showed that 
cells with mtDNA depletion were less sensitive to STS-
induced apoptosis. Normally, caspases 2, caspase 9, and 
later executioner caspase 3 are released upon an apoptotic 
stimulus. In this study, the release of these factors from 
the mitochondria is blocked by cyclosporin A, an inhibi-
tor of mitochondrial permeability transition pore (MPTP). 
Therefore, the study indicated that the reason for resistance 
to apoptosis in osteosarcoma cells with mtDNA depletion 
was a decrease in caspase 3 activation, without changes in 
mitochondrial permeability and cytochrome c release [53]. 
Therefore, it appears there are different mechanisms at play.

Another perspective concerning mtDNA depletion and 
resistance to apoptosis is related to epigenetics. The copy 
number of mtDNA affects CpG methylation in the nuclear 
genome and alters the epigenetic profile. Studies suggest 
that mtDNA depletion can lead to epigenetic changes in 
the nuclear DNA, which, in turn, modify gene expression 
with the aim of conserving energy due to mitochondrial 
dysfunction [54]. Considering the significant role of epi-
genetics in many pathways, its involvement in this process 
is possible.

4.3 � Treatment Perspectives

The elucidation of the mechanisms of mtDNA depletion 
and resistance to apoptosis can be considered significant in 
regard to new treatment approaches. Therapeutic strategies 
aimed at correcting mitochondrial function and enabling the 
regulation of apoptosis by cells hold great promise. Gene 

therapy holds promise by introducing functional copies of 
mitochondrial genes to address depleted mtDNA levels. 
Mitochondrial replacement therapy (MRT) offers another 
avenue by replacing defective mitochondria with healthy 
ones from donors, potentially preventing the transmission of 
mitochondrial diseases [55]. Pharmacological interventions 
targeting mitochondrial dysfunction and apoptosis resist-
ance include mitochondrial-targeted antioxidants, biogen-
esis inducers, apoptosis inducers, and metabolic modulators 
[56, 57]. Stem cell therapy offers the potential to replenish 
tissues affected by mitochondrial dysfunction, while nutri-
tional interventions and lifestyle modifications support mito-
chondrial health through dietary components, exercise, and 
stress reduction [58, 59]. Additionally, targeted molecular 
therapies tailored to specific molecular targets implicated in 
mitochondrial dysfunction are under investigation for more 
precise treatment options [60]. These diverse approaches 
highlight the complexity of addressing mitochondrial dis-
orders and the need for personalized strategies to optimize 
therapeutic outcomes.

5 � c‑FLIP

5.1 � Mechanism

c-FLIP is a family of proteins that play a critical role in 
the regulation of cellular death processes, and is referred 
to as Casper, iFLICE, FLAME-1, CASH, CLARP, MRIT, 
usurpin, or CFLAR truncated form of caspase-8 lacking 
enzymatic activity. It shows general homology with trun-
cated pro-caspase-8 and pro-caspase-10. It suppresses 
extrinsic apoptosis by blocking caspase-8 activation by com-
peting with caspase-8 for binding to Fas-associating protein 
with death domain (FADD) in the death-inducing signaling 
complex (DISC) [61]. Thus, c-FLIP functions as an impor-
tant inhibitor of the extrinsic apoptotic pathway induced 
by death receptor activation such as tumor necrosis factor-
related apoptosis-inducing ligand (TRAIL)/death receptor 
ligation. Moreover, among the 13 different alternative splic-
ing variants, three are expressed as proteins. c-FLIP has mul-
tiple isoforms, among which only two forms, the short form 
(FLIPS) and the long form (FLIPL), are well characterized 
at the protein level in human cells [62]. There is also the 
c-FLIP-R isoform produced by alternative splicing. By com-
parison, c-FLIPS lacks the caspase-like domain and contains 
two DEDs with similarity to procaspase-8 followed by a 
short C-terminal extension containing ∼ 20 amino acids.

Thome et al. identified viral FLICE-inhibitory proteins 
(v-FLIPs) as virus-induced apoptotic regulatory proteins 
containing DED (death domain) [63]. They identified six 
different v-FLIPs and showed that cells expressing them 
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are resistant to apoptosis initiated by FAS (CD95/APO-1), 
TRAILR1, and TNFR1.

C-FLIPS inhibits apoptosis by preventing the recruitment 
of caspase-8 to DISC, whereas the role of c-FLIPL is contro-
versial. Indeed, c-FLIPL has been reported as both an inhibi-
tor and inducer of apoptosis signaling, possibly depending 
on its expression levels [64, 65]. c-FLIPL is homologous 
to full-length procaspase-8 and the effects of heterodimeri-
zation between procaspase-8 on caspase-8 activity vary 
depending on c-FLIPL concentration [66]. High levels of 
c-FLIPL inhibit the release of caspase-8 from DISC, while 
low levels can lead to partial activation [64, 65]. Both FLIPL 
and FLIPS are unstable proteins regulated by ubiquitination/
proteasome-mediated degradation [67]. All three c-FLIP 
isoforms can interact with the adaptor protein FADD and 
procaspase-8 through their DEDs in DISC. When caspase-8 
is inhibited by c-FLIPS or c-FLIPL, apoptosis is prevented 
but necroptosis may occur.

5.2 � Implications on Different Cell Death 
Mechanisms

Studies show that c-FLIP can regulate necroptosis in several 
ways. More specifically, c-FLIP can control necroptosis by 
influencing the formation of an intracellular protein complex 
called ripoptosome. c-FLIPL protects the cell from necrop-
tosis by inhibiting the formation of ripoptosomes contain-
ing RIP1 and caspase-8, while c-FLIPS can promote ripop-
tosome formation [68]. The limited caspase-8 activity of 
procaspase-8-c-FLIP heterodimers prevents necroptosis, but 
it is still unclear exactly how this mechanism works [66]. 
Previous studies have shown that cellular inhibitory pro-
teins (cIAPs) prevent ripoptosome formation. Furthermore, 
c-FLIPL may protect cIAP antagonist-treated cells from 
necroptosis in addition to Fas-induced cell death (apoptosis) 
[69]. Furthermore, c-FLIPL can inhibit ripoptosome forma-
tion upon stimulation with TLR3 [68]. Therefore, c-FLIP 
isoforms in the ripoptosome may determine whether cell 
death occurs via RIP3-dependent necroptosis or caspase-
dependent apoptosis [65]. c-FLIPL suppression may further 
sensitize cells to RIP1/RIP3-dependent necroptosis when 
stimulated with TNF [70].

c-FLIP has also been associated with ferroptosis. TRAIL-
R2, also referred to as death receptor 5 (DR5), is a receptor 
found on the surface of cells. It binds to TRAIL and forms a 
trimer structure. This trimerization process triggers the acti-
vation of pro-caspase-8 by bringing together Fas-associating 
protein with death domain (FADD) and procaspase-8, lead-
ing to the formation of the death-inducing signaling complex 
(DISC). This activated caspase-8 then initiates the activa-
tion of downstream executioner caspase-3, caspase-6, and 
caspase-7, which occurs via mitochondria-dependent and 
mitochondria-independent apoptotic pathways. However, the 

activation of DR5 triggered by ferroptotic agents is hindered, 
as it remains inactive due to its interaction with the antia-
poptotic regulator, c-FLIP. c-FLIP can bind to FADD and/
or procaspase-8 both in a TRAIL-dependent and TRAIL-
independent manner, thereby obstructing the formation of 
the death-inducing signaling complex (DISC) and subse-
quent initiation of the caspase cascade. In this case, it is 
thought that c-FLIP may provide this antagonistic effect by 
inhibiting apoptosis [71].

C-FLIP also plays an inhibitory role against autophagy 
by preventing the interaction of autophagy-related gene 3 
(ATG3) and light chain 3 (LC3) required for the forma-
tion of autophagosomes [72]. It is also known that caspase 
8, a c-FLIP antagonist, may play a role in the process of 
autophagy suppression in T cells. Namely, the Fas-asso-
ciated protein with death domain (FADD) and caspase 8 
complex is localized on the autophagosome and this triggers 
caspase 8 activation, resulting in inhibition of autophagic 
cell death [73]. c-FLIP has been shown to interact with Bec-
lin-1 protein in autophagy regulation. Beclin-1 is part of a 
complex required for autophagosome formation, and one 
study reveals that c-FLIP positively regulates autophagy flux 
by inhibiting proteasome-mediated degradation of Beclin-1 
[74]. These findings provide an important step in elucidating 
the complex relationship between autophagy and c-FLIP at 
the cellular level.

5.3 � Treatment Strategies

Controlling the regulation of apoptosis through c-FLIP could 
present a complex target for drug development targeting this 
pathway. It has been observed that high levels of c-FLIP 
are associated with cancer and are often linked to a poor 
prognosis [62, 75]. These high levels suggest that cancer 
cells have problems in apoptosis regulation and that these 
cells lose their ability to respond specifically to death recep-
tors. Thus, it is an important resistance factor and a critical 
antiapoptotic regulator that inhibits chemotherapy-induced 
apoptosis in malignant cells [76]. Development of drugs that 
inhibit the function of c-FLIP protein is difficult due to its 
homology to caspase-8 since these drugs can unintention-
ally inhibit apoptosis if they target caspase-8 in addition to 
c-FLIP. In this regard, the role of c-FLIP isoforms in cancer 
therapy requires further research. However, many agents 
that reduce c-FLIP expression and make cancer cells more 
sensitive to death receptors and anticancer drugs have been 
studied [77]. Several agents that reduce c-FLIP expression 
and sensitize cancer cells to TRAIL or anticancer drugs have 
been studied [78]. These include some traditional antican-
cer drugs such as cisplatin, doxorubicin, actinomycin D, 
cycloheximide, camptothecin, 9-NC, and topotecan; histone 
deacetylase (HDAC) inhibitors; MEK1/2, PKC, and PI3K 
inhibitors; and numerous other compounds [78].
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The presence of c-FLIP in EGFR-mutated lung cancer 
cells can promote resistance to erlotinib treatment, whereas 
c-FLIP overexpression can rescue these cells from treat-
ment, possibly by altering NF-κB activity. These stud-
ies suggest that c-FLIP has the potential to regulate the 
response of EGFR-mutated cells to erlotinib [61]. In addi-
tion, thioridazine combined with curcumin promoted apop-
tosis in HNSCC cells by down-regulating c-FLIP and Mcl-1 
expression through NOX4-mediated ROS production [79]. 
By inhibiting the degradation of FoxM1, which is asso-
ciated with cancer initiation progression and drug resist-
ance, c-FLIP induced its expression, thereby leading to the 
development of cellular resistance to TST (thiostrepton) and 
osimertinib [80]. In previous studies, it was observed that 
c-FLIP was regulated by p53, and c-FLIP (S/L) isoforms 
were down-regulated in HCT116 p53+/+ colon cancer cell 
line upon oxaliplatin and CPT11 treatments, while c-FLIP 
was not affected in p53 mutant cells [75]. In a recent study, 
p53 was up-regulated while c-FLIP(L) was down-regulated 
in KMU-191-induced apoptosis [81]. These results suggest 
that DNA damage agents affect c-FLIP expression via p53 
in various cancer cell lines. Furthermore, some cancer thera-
pies such as histone deacetylase inhibitors and topoisomer-
ase I inhibitors have been shown to regulate c-FLIP levels 
[82, 83]. However, it should be remembered that the effects 
of these DNA-damaging or modifying therapies on c-FLIP 
may vary depending on the cell type, and these effects may 
sometimes affect both c-FLIP isoforms.

In conclusion, the roles of c-FLIP protein in apoptosis, 
survival signaling, and cellular death pathways are highly 
complex. This protein plays a critical role in the regulation 
of the apoptosis signaling pathway and the resistance of can-
cer cells. However, the full functionality and regulation of 
c-FLIP requires further investigation beyond cell culture in 
complex organisms.

6 � ESCRT​

6.1 � Mechanism

The endosomal sorting complexes required for transport 
(ESCRT) machineries, expressed as the endosomal sorting 
complexes required for transport, are associated with most 
cellular functions, and their importance in cell signaling is 
increasing. ESCRT machineries are located in the cell cyto-
plasm as a complex. Inside the cell, they are associated with 
many cellular pathways such as plasma membrane repair 
[84], cytokinetic abscission [85], nuclear envelope main-
tenance [86], viral replication [87], programmed or unpro-
grammed cell death, and immune response [84, 88]. The 
ESCRT machinery prevents cells from undergoing apoptosis 
by repairing small membrane wounds or ensuring membrane 

impermeability in various physiological and pathological 
processes such as microvesicle formation, autophagosome 
formation, plasma membrane repair, cytokinetic abscission, 
viral replication compartment formation, lysosome repair, 
nuclear pore quality control, and nuclear envelope repair 
[89].

It is a mechanism preserved throughout evolution and 
initially identified as a component of the vacuolar protein 
sorting mutant in yeast [90]. The ESCRT complex consists 
of multimeric components with different functions catego-
rized as ESCRT 0, I, II, III, and VPS4 [91–94]. In particu-
lar, ESCRT- III uniquely plays a role in suppressing various 
types of regulated cell death, including necroptosis [88], 
pyroptosis [95], and ferroptosis [96], by repairing damaged 
plasma membranes.

The intracellular space is composed of a continuous 
flow of signaling. Therefore, the plasma membrane, which 
forms the connection of the cell with the surrounding cells, 
is important for the continuity of cell signaling. For this 
reason, the plasma membrane has a structure that can form 
reconstructions in connection with dynamic processes that 
may occur inside the cell. Any damage to the plasma mem-
brane is a warning for the cell. Therefore, cells have various 
developed functions that can repair membrane damage [97]. 
The ESCRT-III complex fulfils this expressed function.

6.2 � Implications on Cancer

The perforin-granzyme pathway developed to eliminate 
tumor cells in the apoptosis mechanism involves perforins 
released from cytotoxic T lymphocytes or natural killer cells, 
which create pores in the target cell [98]. Ca2+ and granzyme 
B release into the cell through these pores’ triggers caspase 
activation and initiates apoptosis signaling. Loss of plasma 
membrane integrity activates membrane repair proteins in 
the cell. In this way, ESCRT machinery delays apoptosis by 
repairing these pores in the membrane, creating resistance 
against immunotherapy, and limiting T-cell-based treatments 
[89].

In particular, the increase in intracellular Ca2+, which is 
considered to be the initiator of the apoptosis mechanism, 
forms a bridge between apoptosis and ESCRT. Therefore, 
ESCRT complex is expressed as one of the escape mecha-
nisms from apoptosis. Intracellular Ca2+ concentration 
increases as a result of membrane damage, triggering the 
apoptotic mechanism. Increased intracellular Ca2+ concen-
tration stimulates the accumulation of ESCRT-III compo-
nents in the plasma membrane. Both macro- and micro-level 
damages are repaired by the ESCRT-III complex by exocy-
tosis of the damaged membrane section. In addition to the 
ESCRT-III complex, Ca2+-sensitive annexin proteins are 
also involved in the membrane repair process [99]. Thus, 
ESCRT complex components are a protective mechanism 
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that allows for escape from cell death. Studies have shown 
that programmed cell death occurs in cells lacking ESCRT 
complex proteins [89]. In particular, the ESCRT-III compo-
nent is thought to be a new target to increase the sensitivity 
of the chemotherapeutic agent applied in cancer treatment 
because in cells with genetic depletion of the ESCRT-III 
core component, the anticancer agent applied is more effec-
tive and promotes cell death compared with cells in which 
the ESCRT-III component is active.

ESCRT-III consists of more than ten subcomponents. 
Studies have reported the role of genetic polymorphisms 
in ESCRT-III components in promoting cancer cells. This 
shows the determinant role of ESCRT-III components in 
terms of cell death and survival [100]. The ESCRT-III subu-
nit CHMP-4C plays a decisive role in the last critical phase 
of cell division, cytokinetic abscission. In the aforemen-
tioned study, it was reported that stopping the cytokinetic 
abscission of the mutant CMHP-4C subunit may cause ane-
uploidy as a result of improper segregation of chromosomes. 
In the same study, it has been proven that it has a synergis-
tic effect, especially with the loss of p53, and increases the 
sensitivity to form tumor cells [100]. A study conducted 
on endometrial carcinoma, evaluating ESCRT-III subu-
nits in terms of tumor parameters and prognosis, suggests 
that ESCRT-III subunits could serve as biomarkers associ-
ated with the cancer direction [101]. The pores formed by 
cytotoxic T lymphocytes were repaired by ESCRT compo-
nents and delayed T-cell-induced cell death. Therefore, it is 
reported that ESCRT components create resistance against 
the immune response [89].

6.3 � Treatment Perspectives

ESCRT complex components have recently gained increas-
ing importance in terms of cancer and cell death mecha-
nisms. While the role of ESCRT components in intracel-
lular signaling has been demonstrated in many studies, it is 
worthy of further investigation for therapeutic purposes. In 
conclusion, ESCRT machineries seem to be candidates to 
become new generation treatment targets thanks to further 
research, developing technology, and new approaches.

7 � Mitotic slippage

7.1 � Mechanism

Antimitotic agents are used in cancer treatment by inducing 
cells to arrest mitosis [102]. This treatment works by target-
ing microtubules and prolonged activation of the spindle 
assembly checkpoint (SAC) [103], which controls correct 
and complete chromosome segregation [104]. SAC oper-
ates through the mitotic checkpoint complex (MCC) [70], 

which is composed of MAD2, BUB3, BUBR1 (BUB1B or 
MAD3), and CDC20. The MCC provides mitotic control by 
inhibiting the ubiquitin-mediated proteolysis activity of the 
anaphase-promoting complex/cyclosome (APC/C), which 
targets substrates such as cyclin b and securin. The activity 
of antimitotic agents not only causes cells to arrest in mitosis 
through prolonged activation of SAC, but also causes cells to 
escape apoptosis by resisting mitotic arrest [105]. This pro-
cess of apoptotic escape is called mitotic slippage, in which 
cells pass through cytokinesis, leading to the emergence of 
tetraploid cells [106].

There is no specific mechanism representing mitotic slip-
page, but in general cyclin B1 degradation is prominent in 
this regard, even during prolonged mitotic arrest [105]. In 
the presence of any non-spindle-bound chromosome, MAD2 
binds to CDC20, enabling MCC formation and subsequently 
inhibiting APC/C [107]. Conversely, when cells are arrested 
in mitosis for prolonged periods of time, MAD2 activity is 
reduced, resulting in attenuation of MCC, and consequently, 
mitotic shift occurs with gradual degradation of cyclin B1 
[105].

CDC20 and CDH1 proteins act as a adaptor for the acti-
vation of APC/C [108]. Knockdown of CDH1 and CDC20 
inhibit APC/C activity and the proteolysis of APC/C sub-
strates cannot occur. This finding underlines that the acti-
vation of APC/C is an important mechanism for mitotic 
slippage [102]. While CDC20 is an activator of APC/C in 
anaphase transition, the role of CDH1 as an APC/C activator 
has a broad spectrum from late mitosis to the G1/S transi-
tion [108]. In a study, it was reported that ATP loss causes 
mitotic slippage during mitotic arrest and in this mechanism 
CDH1 is involved in cyclin B1 degradation as an APC/C 
activator instead of CDC20 [109].

7.2 � Implications on Cancer

Besides cyclin B1 degradation, different possible processes 
for mitotic slippage have also been investigated. One study 
involves histone deacetylase inhibitors (HDACi), a class of 
anticancer drugs. HDACi induce mitotic slippage by trig-
gering cells for mitotic exit, even in the case of abnormal 
segregation of chromosomes. In this mechanism, HDACi 
treatment prevents the accumulation of chromosomal pas-
senger complex components critical for the regulation of 
mitosis (protein kinase Aurora B, INCENP, Survivin, and 
Borealin) at the centromere. This event is the main cause 
of HDCAi-induced mitotic slippage, as it leads to insuffi-
cient BubR1 phosphorylation and fails to maintain mitotic 
arrest resulting in mitotic exit [110]. Another study indicates 
that SWR1-chromatin remodeling complex is an important 
structure for SAC integrity in Saccharomyces cerevisiae. 
Presumably, SWR1 complex prevents mitotic slippage by 
inhibiting the expression of some genes that have not been 
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fully determined. Nevertheless, mitotic slippage occurs at 
the end of the process following SAC activation in cells lack-
ing SWR1-C where the SAGA (SPT-ADA-GCN5 acetyl-
transferase) complex is essential for mitotic slippage [111]. 
In different research, PP1 phosphatase was shown to be 
involved in mitotic slippage process in budding yeast. In this 
process, PP1 phosphatase accelerates mitotic slippage by 
making unstable MCC through dephosphorylation of MAD3 
(BUBR1) Ser 268 [112].

In nocodazole-treated cells, DNA damage and P21 
expression are increased, and cells are arrested in mito-
sis, i.e., prolonged mitotic arrest leads to DNA damage 
and ultimately apoptosis. On the contrary, upregulation 
of the apoptosis inhibitor Triap1, which is regulated by 
P53, reduces DNA damage and P21 expression and pre-
vents apoptosis by inhibiting cytochrome C release from 
mitochondria. Here, we suggest that there may be some 
epigenetic mechanisms underlying the upregulation of 
Triap1 that promotes mitotic slippage. Accordingly, it has 
been put forward that Triap1 mRNA is targeted by some 
miRNAs and Triap expression can be increased by down-
regulation of these miRNAs [113].

The fate of cells after mitotic slippage continues in dif-
ferent processes, and accordingly, mitotic slippage can be 
overcome by different methods [114]. Cells undergoing 
mitotic slippage can continue as polyploid cells and enter 
the cell cycle, which can cause genomic instability. Cells 
undergoing mitotic slippage can enter the process of cel-
lular aging by stalling at the G1 checkpoint, and finally, 
cells can undergo apoptosis [114].

7.3 � Treatment Strategies

DNA damage and p53 induction are increased in cells 
undergoing mitotic slippage [115]. This is the most impor-
tant reason why cells go into apoptosis after mitotic slip-
page [114]. The emergence of cellular senescence and 
senescence-associated secretory phenotype (SASP) after 
mitotic slippage is a process linked to autophagy. Inhibi-
tion of autophagy during mitotic slippage leads to accel-
erated cell death bypassing the cellular aging process. 
These findings suggest strategies involving inhibition of 
autophagy in combination with antimitotic agent treatment 
to eliminate the undesirable consequences of cells involved 
in the senescence process by resisting antimitotic drug 
treatment with mitotic slippage [116]. One way to over-
come cells undergoing mitotic slippage by resisting mitotic 
arrest is the inhibition of Bcl-xL antiapoptotic proteins. 
By inhibiting these proteins, mitotic arrest-resistant cells 
become susceptible to death in mitosis. In this treatment 
method, which is considered as an anticancer treatment 
approach created by the combination of antimitotic agents 

and Bcl-xl inhibitors, it is underlined that the use of Bcl-
xL inhibitor will only give results before or immediately 
after mitotic slippage occurs [117]. One study indicates 
that following paclitaxel treatment in breast cancer, the 
activation of apoptosis is suppressed after increased DNA 
damage caused by mitotic slippage. Herein, miR-125b acts 
in the suppression of apoptosis after mitotic slippage by 
repressing the expression of genes encoding pro-apoptotic 
proteins. In this regard, treatment methods targeting miR-
125b can be considered as a therapeutic approach [118].

Mitotic slippage, to be evaluated as a mechanism of 
escape from apoptosis, leads to emergence of proliferative 
cells that escape from therapeutic applications. Defining 
the mitotic slippage mechanism and targeting cells that 
escape apoptosis with various strategies similar to the 
approaches mentioned above is an important research topic 
for the prevention of cancer proliferation and more com-
prehensive studies are needed for this purpose.

8 � Anastasis

8.1 � Mechanism

Anastasis is a process in which cells become active and 
functioning by stopping or reversing cell death by remov-
ing the agent that stimulates apoptosis, which means “res-
urrection, to revive” in Greek [119, 120]. Tang et al. [97] 
first observed that human cervical cancer HeLa cells could 
survive after the induction of apoptosis by an apoptotic 
agent, ethanol. The most important criterion for induc-
tion of anastasis is the removal of apoptotic stimuli, which 
can be both chemical (e.g., ethanol, staurosporine, chem-
otherapeutic drugs) and physical (e.g., protein depriva-
tion, cold shock) triggers. Anastasis has been detected in 
both in vitro cell models, such as human cervical cancer 
HeLa cells, glioma H4 cells, mouse primary liver cells, 
NIHT3T3 cells, and in vivo in Drosophila melanogaster 
[121, 122].

There is limited knowledge about the functional mecha-
nisms of cell viability and recovery in anastasis. Although 
the exact mechanisms remain unclear, live cell imaging 
systems and gene expression profiling studies have pro-
vided insights into some potential strategies for anastasis 
mechanisms [123, 124]. On the basis of this information, 
it has been reported that anastasis can occur at different 
stages of apoptosis, such as mitochondrial membrane 
potential disruption (MOMP), cytochrome c release, 
caspase activation, DNA damage, nuclear condensation, 
formation of apoptotic bodies, and translocation of phos-
phatidylserine (PS) to the cell surface [123]. Recent gene 
expression profiling studies have shown that autophagy 
proteins (ATG12, SQSTM1), heat shock proteins (HSP27, 
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HSP40, and HSP90), p53 inhibitor MDM2 and anti-prolif-
erative (BTG1, CDKN1A, TRP53INP1, GADD45G) genes 
are up-regulated during anastasis. It was also observed 
that there was a change in the expression levels of genes 
encoding histone proteins [124]. In addition, following 
the formation of apoptotic bodies and removal of the 
apoptosis-inducing staurosporine, human cervical can-
cer HeLa cells were able to establish apparently normal 
morphology [120, 122]. How apoptotic bodies can restore 
normal cell function and morphology remains a question 
mark. Anastase studies have suggested improvement in B 
lymphoma cells and mouse breast cancer cells after PS 
exposure [120].

Anastasis may act as an unexpected physiological 
mechanism involved in embryonic development and home-
ostasis in multicellular organisms [125]. Furthermore, it 
may also function as a survival mechanism to protect cells 
that are challenging to differentiate and proliferate, such 
as mature neurons and cardiomyocytes. In this context, 
promoting anastasis could be a therapeutic strategy for 
the treatment of heart cell injures and brain damage, aim-
ing to preserve and heal damaged heart cells and neurons 
[121, 124].

8.2 � Implications on Cancer Treatment

Anastasis may be a mechanism that cancer cells can use as 
an escape strategy from anticancer treatment such as chemo-
therapy and radiation, leading to cancer recurrence [125]. 
In this way, cancer cells that escape therapies may develop 
new mutations and acquire more drug resistance. In studies, 
it has been observed that anastatic breast cells and human 
cervical cells have increased drug resistance and become 
more migratory. Furthermore, up-regulation of genes related 
to cell migration (MMP9, MMP10, MMP13) and strong 
angiogenic factors such as ANGPTL4 and VEGFA in ana-
static cells, suggests that anastasis and cancer metastasis 
are associated during a relapse. Accordingly, anastasis may 
contribute to metastasis by promoting tumor cell survival 
and migration. Therefore, targeting anastasis may be a novel 
therapeutic strategy to prevent or halt cancer development 
and progression [97, 120].

During anastasis, different DNA repair systems are acti-
vated, but the cell cannot repair all DNA damage. There-
fore, micronucleus formation, DNA breaks, chromosomal 
abnormalities, and genome instability are observed in most 
anastatic cells. These cells then undergo oncogenic transfor-
mation, acquiring permanent genetic changes. This supports 
the observation that anastasis contributes to tumor formation 
by allowing the recovery of genetically damaged cells, and 
that repeated tissue damage increases the risk of cancer [120, 
122]. Tang et al. observed that germ cells with DNA damage 
undergo anastasis in Drosophila under environmental stress 

conditions such as starvation. Therefore, since anastasis may 
contribute to the transmission of mutations between genera-
tions, understanding its mechanisms is important in prevent-
ing the transmission of mutations [126]. Identifying cells 
that survive apoptosis and monitoring their fate in animals 
is important for developing new therapies [97, 121]. The 
development of the in vivo “Caspase Tracker Biosensor” has 
facilitated the long-term monitoring of anastasis, allowing 
for the investigation of its undefined functions, mechanisms, 
and therapeutic effects [121, 126].

EMT plays a critical role in wound healing, embryonic 
development, tumor progression, and metastasis. This fun-
damental feature of anastasis is stimulated by antiapoptotic 
factors. During anastasis, the up-regulated TGFβ signaling 
and SNAI1 expression are thought to enhance EMT and 
chemotherapy resistance during tumor progression. Ana-
stasis facilitates the transformation of tumor cells into can-
cer stem cells, potentially leading to increased resistance to 
drugs and tumor recurrence [120, 127]. Xu et al. observed 
that CD44, a stem cell marker, was highly expressed in 
anastatic breast cancer cells after induction of apoptosis by 
STS and paclitaxel. There are some indications in the study 
that epigenetic regulation participates in this process. First, 
while CD44 was hypermethylated and CD24 was hypometh-
ylated in control cells, CD44 was hypomethylated and CD24 
was hypermethylated in anastatic cells. These data suggest 
that the methylation status of CD44 and CD24 is associ-
ated with the expression levels of the genes and induces the 
emergence of cells with cancer stem cell characteristics by 
causing epigenetic modifications in CD44/CD24 promoter 
regions [128].

In conclusion, as mentioned above, it has been proven in 
studies that the anastasis mechanism has both advantages 
and disadvantages (Table 1). There are still many issues that 
need to be investigated about anastasis and studies to under-
stand its mechanism are ongoing. The development of new 
therapeutic strategies to understand the anastasis mechanism 
will offer exciting opportunities to prevent the development 
of diseases.

9 � Blebbishield formation

9.1 � Mechanism

Cancer stem cells are characterized by different markers in 
different cancer types. They differ in genetic heterogeneity, 
sphere formation, immune escape, metastasis, reactive oxy-
gen species production, drug resistance, and tumorigenicity 
[103, 129–132]. Tumorigenicity is noteworthy, even if not 
all of these features are present in every cancer stem cell 
[133].
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In terms of these features, apoptosis is directly suppressed 
in many cancer cells, whereas in cancer stem cells, this 
occurs through an indirect mechanism. Cancer stem cells 
survive through an intrinsic pathway and develop a strategy 
that forms the last line of defense after apoptosis [134]. This 
strategy is termed blebbishield formation and is described 
as a mechanism of escape from apoptosis in cancer stem 
cells. Critical for cancer stem cells, blebbishield formation 
is described as a fallback mechanism that occurs following 
the onset of apoptosis and is a mechanism by which cancer 
stem cells evolve to resurrect. Blebbishield formations are 
known as structures formed from apoptotic bodies by initiat-
ing cellular transformation of apoptotic cancer cells [135].

9.2 � Implications on Cancer

In blebbishield formation, the transformation of apoptotic 
cancer cells occurs in two separate phases as membrane 
fusion and the formation of sphere-forming blebbishields. 
This formation occurs after the formation of apoptotic bod-
ies in cancer stem cells, which morphologically and bio-
chemically initiate apoptosis signaling. These bodies assem-
ble with the nucleus-containing part of the cancer stem cells 
that will undergo apoptosis, forming a blebbishield structure 
with a spherical and elongated morphology. Blebbishield 
structures form stem cell spheres that are transformed by 
fusion and regenerate cancer stem cells from these spheres. 
Fusion between blebbishield spheres is also characterized 
by mitotic cells or immunological cells. In particular, fusion 
between blebbishield spheres and immunologic cells is 
advantageous for cancer stem cells to evade immunosup-
pressors [136]. In this mechanism, formation of serpentine 
filopodia based on endocytosis and exocytosis is required 
for the attachment of apoptotic bodies and fusion to occur 
(Fig. 2). Filopodia are structures that form actin-rich cell 
membrane protrusions and are associated with many cellular 
functions such as cell migration, wound healing, growth, and 
cancer [137]. Thus, each form of blebbishield can combine 
and transform into cancer cells [134].

Blebbishield formation alone is not enough to escape 
from apoptosis. Secondary necrosis is observed in most 
cells due to ATP deficiency after blebbishield formation. 
Blebbishield formation and escape from secondary necro-
sis that are specific to cancer stem cells have not been fully 
elucidated in cancer stem cells [138]. Therefore, the trans-
formation phase is thought to play a critical role in cancer 
recurrence.

Cells derived from blebbishield-derived spheres show 
tumorigenic properties. They are also associated with 
drug resistance and serve as markers for cancer cells. RT4, 
a human bladder cancer cell line, is one of the first cells 
in which blebbishield spheres were detected. When bleb-
bishield formation and tumorigenicity in bladder cancer cells 

are evaluated, active nuclei, intact mitochondria, granular 
ER, and clusters of apoptotic Golgi bodies are observed 
under transmission electron microscopy [135]. Therefore, 
the blebbishield serves as an emergency escape program, 
particularly in the recurrence of bladder cancer, despite the 
apoptosis induced by chemotherapeutics during the treat-
ment. Blebbishield structures in bladder cancer cells result 
in an increase in tumor size and have implications for metas-
tasis and prognosis [139].

K-RAS, along with functional survival genes such as 
VEGF, p19-VHL, and also expressed VEGFR2, which is 
the receptor associated with VEGF, as well as downstream 
signaling components such as N-MYC, p70S6K, and SP1, 
are responsible for the regulation of cellular transformation 
in the blebbishield mechanism [140, 141]. Glycolysis is pro-
moted especially through the inhibition of apoptosis via IAP 
proteins and ROS detoxification.

Effectively, K-RAS leads to cellular transformation [134, 
140, 141]. The formation of spheres, i.e., transformation, is 
observed in both low and high tumorigenic cells of bladder 
cancer through K-RAS [140]. During the blebbishield pro-
gram, to prevent apoptotic cells from undergoing secondary 
necrosis, K-RAS oligomerizes with BAD, BAK, BAX, and 
p27 to increase glycolysis. The aim here is to promote the 
preference of the glycolytic pathway in cancer cells [140]. 
K-RAS and BAD are important for cellular transformation 
due to their roles in both apoptosis and cellular survival 
[142, 143].

K-RAS plays an active role in blebbishield formation and 
subsequent cancer recurrence. However, K-RAS alone is not 
sufficient for tumorigenicity. Therefore, chromosomal insta-
bility is also associated with cellular transformation [144]. 
Studies have reported that during the transformation phase 
of blebbishield formation, p53 expression is suppressed and 
severe chromosomal instability is also observed [136]. How-
ever, in a different study, mutant p53 expression was shown 
to induce mitochondrial depolarization, inhibiting transfor-
mation and leading the cell to apoptosis [145].

As mentioned, blebbishield-mediated transformation pre-
vents secondary necrosis and regulates glycolysis through 
K-RAS and related genes [141], and glycolysis metabolite 
lactate offers a strong survival advantage to transformed can-
cer stem cells using the blebbishield emergency program. At 
this stage, pH decreases in the cells, thereby enhancing the 
bioavailability of VEGF in the microenvironment. In this 
context, the blebbishield emergency program selects poten-
tial cells on the basis of post-apoptotic survival, increased 
glycolysis, and lactate production [135].

9.3 � Treatment Strategies

Detection of blebbishield formation in cancer cells is of 
therapeutic importance. Targeting the two distinct phases 
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Table 1   Key issues highlighted in anoikis, mitochondrial DNA depletion, c-FLIP, ESCRT, mitotic slippage, anastasis, and blebbishield forma-
tion processes

Related 
mechanism

Gene/protein/
factor

Change Material Effects Ref.

Anoikis ERBB2 Up regulated MCF-7 cell line It can inhibit the anoikis process by regulating 
pro-apoptotic proteins such as Perp and Bim in a 
Mek-dependent manner, and may also contribute 
to the ability of cells to withstand disconnection 
during cancer metastasis

[150]

Anoikis CXCR4 Up regulated MDA-231 and MDA-
361 cell lines

It can help cancer cells cross the ECM and spread to 
different organs. This may make it easier for cells 
to enter the circulatory system and metastasize. 
CXCR4 can also influence anoikis resistance by 
regulating the interaction of cells with the ECM

[151, 152]

Anoikis CCR7 Up regulated MDA-231 and MDA-
361 cell lines

It can influence anoikis resistance by regulating 
the interaction of cells with the ECM. This can 
increase the adherence of cancer cells to the ECM

[152]

Anoikis VSTM2L Up regulated SK-OV-3 cell line It can increase the anoikis resistance. This promotes 
the spread of cells to unsuitable areas. The expres-
sion of VSTM2L may increase the cells’ ability 
to survive when separated from the outer surface 
matrix and may affect their ability to metastasize

[153]

Mitochon-
drial DNA 
depletion

ROS Down regulated 143B and SK-Hep1 
cell lines

It provides resistance to solar-simulated UV 
radiation-induced apoptosis and makes it difficult 
for the cell to enter the apoptosis process

[154]

Mitochon-
drial DNA 
depletion

Bcl-2 Up regulated 143B and ρ0143B 
cell lines

It inhibits apoptosis [155]

Mitochon-
drial DNA 
depletion

Cytochrome-c Down regulated 143B cell line It causes inability to initiate apoptosis [156]

Mitochon-
drial DNA 
depletion

Mitochondrial 
stress

Induced C2C12 and A549 cell 
lines

It activates the mitochondrial stress signalling 
cascade from mitochondria to the nucleus, which 
resulted in a cascade of gene expression changes, 
morphological changes and invasiveness of these 
cells

[157]

Mitochon-
drial DNA 
depletion

Active caspase-8 
and pro-cas-
pase-3

Down regulated C2C12 and A549 cell 
lines

Etoposide-induced apoptosis was inhibited [157]

Mitochon-
drial DNA 
depletion

AKT Activated Myelogenous leuke-
mia ML-1a cells

It inhibits TNF-mediated apoptosis [158]

Mitochon-
drial DNA 
depletion

Caspase-3 Down regulated 143B osteosarcoma 
cells

It provides resistance to apoptosis [159]

Mitochon-
drial DNA 
depletion

GPx and MnSOD Up regulated SK-Hep1 and 
MIN6N8 ρ0 cell 
lines

They play a role in reducing cellular oxidative stress 
and inducing the suppression of p53

[160]

Mitochon-
drial DNA 
depletion

BAD, Bax, and 
Bid

Up regulated 
and mislocali-
zation of mito-
chondrial inner 
membrane

C2C12 cell line It provides resistance to STS-induced apoptosis [160]

c-FLIP p53 Promoted DLD1 and LoVo cell 
lines

It is a tumor suppressor and pro-apoptotic gene 
involved in cell cycle regulation and cellular stress 
responses

[161]

c-FLIP P63 Promoted NHEK and HaCat 
cell lines

It is a transcription factor that is homologous to P53 
and p73, and plays a role in epithelial development

[162]
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Table 1   (continued)

Related 
mechanism

Gene/protein/
factor

Change Material Effects Ref.

c-FLIP NF-kB Promoted MCF7 A/Z; HeLa, 
HEK293, Daudi, 
Jurkat, SV80, 
CD40, MCF7, KB, 
Kym-1; HeLa, 
HT1080 cell lines

It is a transcription factor that regulates the gene 
expression of cytokine receptors and adhesion 
molecules, while also controlling cell apoptosis, 
adaptive immunity, cell proliferation, and aging

[163–165]

c-FLIP Bcl-2 Promoted A549 and H460 cell 
lines

It regulates permeability in the mitochondrial 
membrane, inhibits the activation of pro-apoptotic 
proteins, and enhances anti-apoptotic signaling 
pathways

[166]

c-FLIP c-myc Promoted WI38, SkBr3, 
MCF-7, HCC1937, 
BT549, HCT116, 
SW480 cell lines

It is a transcription factor that, depending on the cel-
lular condition, can either promote cell prolifera-
tion or induce apoptosis

[167]

c-FLIP c-Fos Down regulated PC3, LNCaP, A-498, 
786-O, 769-P, 
MDA-MB231, 
MDAMB453 cell 
lines

It is a proto-oncogene and transcription factor that 
plays a role in biological processes such as cellular 
growth, differentiation, and apoptosis

[168, 169]

c-FLIP Akt Promoted SNU-1, SNU-5, 
SNU-216, SNU-
601, SNU668, 
SNU-719; HUVEC 
cell lines

It is a protein kinase that plays a crucial role in 
cellular signaling and involved in various func-
tions such as cell growth, proliferation, survival, 
metabolism, and cellular differentiation

[170, 171]

c-FLIP FOXO3a Down regulated HUVEC cell line It plays a significant role in cell cycle, apoptosis, 
oxidative stress response, DNA repair, cellular 
stress response, and aging

[171]

c-FLIP ERK Promoted HeLa, HEK293, 
Daudi, Jurkat, 
SV80, CD40, 
MCF7, KB, Kym-1; 
HeLa, HT1080 cell 
lines

It plays a crucial role in cellular signal transduc-
tion and inhibits apoptotic signaling pathways and 
promotes cell survival

[164, 165]

c-FLIP DTX1 Down regulated AGS and SNU-16 cell 
lines

It is negatively regulates Notch signaling pathway [172]

ESCRT​ Nem1-Spo7 
phosphatase 
complex

Promotes Yeast cells It regulates microautophagy signaling [173]

ESCRT​ AIP1 Promotes Yeast cells AIP1 couples HIV-1 p6 and EIAV p9 to the late-
acting endosomal sorting complex ESCRT-III

[174]

ESCRT​ Annexin A7 Promotes MCF7 cell line It enables plasma membrane repair by regulating 
ESCRT III-mediated shedding of injured plasma 
membrane

[99]

Mitotic slip-
page

CDC20 Up regulated HeLa cell line CDC20 accelerates mitotic slippage. Mitotic slip-
page timing is controlled by APC/C CDC20

[175]

Mitotic slip-
page

CDH1 Up regulated HeLa cell line Cdh1 acts as an APC/C activator after ATP deple-
tion and causes cyclin B degradation, leading to 
mitotic slippage

[176]

Mitotic slip-
page

Histone deacety-
lase (HDAC)

Down regulated HeLa cell line Inhibition of histone deacetylases by Histone deacet-
ylase inhibitors (HDACi) induces mitotic slippage 
by triggering cells for mitotic exit even in the event 
of abnormal chromosome segregation

[110]

Mitotic slip-
page

BcL-XL Down regulated HeLa, U-118, 
A549,PC-3, HaCaT, 
NIH-3T3 cell lines 
and primary human 
fibroblasts

BcL-Xl promotes the survival of cells during mitotic 
arrest. BcL-Xl inhibition induces cell death after 
mitotic slippage

[177]
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Table 1   (continued)

Related 
mechanism

Gene/protein/
factor

Change Material Effects Ref.

Anastasis ATG12 Up regulated Mouse primary liver 
cells

It plays a role in regulating mitochondrial homeo-
stasis and mitophagy intensity. The absence of 
caspase activation is influential in rapid acquisition 
of cytochrome c

[122, 178]

Anastasis SQSTM1 Up regulated Mouse primary liver 
cells

It plays a role in regulating mitochondrial homeosta-
sis and mitophagy intensity

[120, 178]

Anastasis HSP27, HSP40, 
HSP90

Up regulated Mouse primary liver 
cells

It plays a role in suppressing the release of mito-
chondrial cytochrome c and inhibiting cytochrome 
c mediated caspase activation

[120, 122, 
178]

Anastasis BAG3, BCL2, 
MCL1

Up regulated Mouse primary liver 
cells

They are genes that confer resistance to cell death 
and play a role in maintaining mitochondrial 
integrity

[120, 178]

Anastasis HMOX1 Up regulated Mouse primary liver 
cells

Its plays a role in the elimination of free radicals 
generated during apoptosis, thereby contributing to 
the survival of cells

[122, 178]

Anastasis MDM2 Up regulated Mouse primary liver 
cells

It leads to the degradation of the tumor-suppressing 
mitochondrial apoptosis and the DNA damage 
response. It also induces the up-regulation of 
XIAP

[120, 122, 
178]

Anastasis BTG1, CDKN1A, 
TRP53INP1, 
GADD45G

Up regulated Mouse primary liver 
cells

It plays a role in stopping the cell for DNA repair [178]

Anastasis ANGPTL4, 
VEGFA9

Up regulated Mouse primary liver 
cells

Up-regulated angiogenic factors such as ANGPTL4 
and VEGFA, which support angiogenesis and vas-
cular permeability promote anastasis by enhancing 
nutrient uptake and the removal of cellular waste

[178]

Anastasis XPO1 Up regulated MDA-MB-231 and 
HeLa cell lines

Down-regulated of XPO1 may suppress anastasis 
and potentially reverse oncogenic transformation 
in anastatic cells

[120, 179]

Anastasis ATF3, ATF4, 
FOS, FOSB, 
JUN, JUNB

Up regulated Mouse primary liver 
cells

Its plays a role in the activation of transcriptional 
regulation

[178]

Anastasis MMP9, MMP10, 
MMP13

Up regulated Mouse primary liver 
cells

Its plays a role in inducing angiogenesis and migra-
tion

[124]

Anastasis INHBA, SOX4, 
SOX9, SNAI1, 
TGIF1

Up regulated Mouse primary liver 
cells

Its plays a role in modulating TGFβ signaling [124]

Blebbishield 
formation

K-Ras Up regulated RT4P cell line It is major driver of K-Ras-mediated transformation
Regulates the p27-, Pim-1-, N-Myc-, and BAD-

mediated glycolytic pathway

[140, 141]

Blebbishield 
formation

VEGF
VEGFR2

Up regulated Nude mice (bearing 
RT4v6 bladder 
cancer cells)

It mediates the transformation required for sphere 
formation from blebbishield structures

[141, 146]

Blebbishield 
formation

TNF-α
TRAIL

Up regulated RT4P and RT4v6 cell 
lines

It directs the cell to secondary necrosis with the 
combination of target receptor and smac mimetic

[134]

It plays an active role in cancer recurrence [135]
Blebbishield 

formation
Fas-L Up regulated 

(with target 
receptor)

RT4P and It leads to N-Myc-mediated transformation as a 
result of the combination of its target receptor Fas/
CD95 and smac mimetic

[134, 135]

Blebbishield 
formation

Caspase-3 Up regulated RT4v6 cell lines It mediates the transformation required for sphere 
formation from blebbishield structures

[141]

Regulates K-Ras-mediated transformation by block-
ing P70S6K and Pim1

[134]
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of cellular transformation is reported to be more effective 
[146]. Recently developed SMAC mimetics at the molecular 
level target apoptosis resistance in cancer cells. In studies 
conducted in this respect, it is observed that SMAC mimet-
ics effectively induce cell death, especially in combination 
with the death receptor TNF-α or other related ligands. 
However, despite the induction of apoptosis in cancer cells 
in combination with FAS-L, a subset of apoptotic cells sur-
vives apoptosis and undergoes cellular transformation. This 
is associated with cancer recurrence [134, 135, 141, 147, 
148]. When evaluated as a chemotherapeutic, studies sup-
port the effectiveness of caspase-3 inhibitor z-DEVD-fmk 
and PARP inhibitors in preventing blebbishield transforma-
tion [140, 149].

Particularly, CF3DODA-Me (a synthetic derivative of 
triterpenoid glycyrrhetinic acid from liquorice) inhibits 
K-RAS, thereby preventing transformation. Additionally, 
in experiments conducted in soft agar, it is observed that 
Sp1, which leads the blebbishield program, directs the cell 
toward apoptosis by suppressing VEGF-mediated signaling 
and activating caspase-3. Sp1, as a transcription factor, regu-
lates the expression of VEGF. In addition, caspase-3 acts as 
a central link to destroy multiple drivers of the blebbishield 
emergency program because Sp1 is known as a direct or 
indirect target of caspase-3 [146].

In conclusion, when evaluating blebbishield formation, 
it is evident that cell death is not a terminal process in can-
cer stem cells. Studies suggest that a mechanism unique to 
cancer stem cells enables the resurrection of cancer cells 
through transformation. Therefore, it is clear that this issue is 
critical and still not fully elucidated. In addition, since many 
genes are involved in this process, blebbishield formation 
is associated not only with cancer but also with many cel-
lular functions [134, 135]. Since epigenetic mechanisms are 
associated with many cellular functions, including cancer, it 
is inevitable that blebbishield formation is also linked to epi-
genetic mechanisms. Changes in the balance of epigenetic 

regulation are known to occur in cancer cells. The dual 
nature of DNA-level alterations, both stimulating apoptosis 
and exerting epigenetic effects, is noteworthy. Therefore, 
exploring the common ground between epigenetic mecha-
nisms and blebbishield formation will contribute to the 
development of targeted therapeutic approaches for cancer.

10 � Future Perspective

The investigation into apoptosis rescue mechanisms and 
their role in cellular homeostasis holds significant promise 
for shaping the future landscape of cancer therapeutics and 
disease management. As our understanding of these intri-
cate processes deepens, several future perspectives emerge, 
offering avenues for research, innovation, and therapeutic 
development in the context of precision targeting of apop-
tosis pathways, personalized medicine strategies, combina-
tion therapies, exploration of novel biomarkers, unraveling 
crosstalk between escape mechanisms, integration of sys-
tems biology approaches, and clinical translation of find-
ings. In conclusion, the investigation into apoptosis rescue 
mechanisms represents a dynamic and evolving field with 
far-reaching implications for cancer treatment and beyond. 
The future holds exciting opportunities for researchers, clini-
cians, and pharmaceutical developers to harness this knowl-
edge and revolutionize our approach to inducing apoptosis 
in pathological conditions.

11 � Tweetable Abstract

Unraveling the Escape: Explore how cells defy programmed 
cell death (apoptosis) through mechanisms such as anoikis, 
mitochondrial DNA depletion, c-FLIP, ESCRT, mitotic slip-
page, anastasis, and blebbishield formation.

Fig. 2   Blebbishield formation process.
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