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The passive voice and the active voice: for example, is it a mat-
ter of  “at” or “to?” The NF1 gene product, neurofibromin 

(Nfn), in its interaction with the oncoprotein, Ras, does something 
to the cell’s plasma membrane (PM); the reactions in question do 
not merely happen at the cell’s PM. Moreover, what the Nfn does 
to the PM in NF1 cells has been seriously underestimated because 
of  yet another perspective issue. The vast majority of  publications 
on the membrane-bound interaction of  Nfn and Ras have been 
from the perspective that, first and foremost – if  not exclusively 
– the NF1 gene is considered a “tumor suppressor gene.” This is 
rather narrow, respecting the ancient origin and very highly con-
served nature of  the NF1 alphabetical code, and the intuitive un-
derstanding that the vast majority of  eukaryotic species are not at 
risk for tumors or cancer.

 However, with the advent and ready availability of  ge-
nomic analyses now being exploited to understand the nature of  
normal and abnormal primitive organisms, such as amoebae, Nfn 
has been identified as a very important contributor to ordinary 
cell biology, particularly as relates to nutrition and feeding. For-
tunately, with the basic science work from the United Kingdom1 
and Southern California2 and elsewhere, a more realistic picture 
of  the NF1 supergene3 is coming to light. Bloomfield et al1 and 
Zhang et al2 have made it unequivocally clear that both the wild-
type and mutant alleles at the NF1 locus in amoeba – Dictyostelium 
specifically – do something to the organism’s anatomic engage-
ment with the rest of  the world, that is, it’s PM. Whether and how 
the organism lives depends on what its NF1 gene does to its PM. 
This is a far cry from the NF1 gene being exclusively a safeguard 
against cancer. The activity of  Nfn is not merely apparent at the 
PM. The activity of  Nfn is a key determinant of  the nature and 
function of  the PM. This fact is likely to be relevant to therapeu-
tic strategies for NF1: attention to the gene’s raison d’être would 
seem to be important. 

 According to some authors, the only purpose of  the 
Ras “oncoprotein” is to be a – if  not the – critical determinant 
of  rapidly accelerated fibrosarcoma (Raf) activation and thereby 
the key regulator of  the MEK, mitogen-activated protein kinase 
(MAPK), extracellular signal-regulated kinase (ERK) cascade and 
their consequent regulatory networks.4-9 And almost all of  the rel-
evant literature regarding the physiological role and importance 
of  Ras respects and amplifies this prejudice. Respecting that the 
over-riding concern of  some researchers is the development of  
legitimate cancer treatments, we do, indeed, need to consider 
these details. One potential over-simplification: I’m using the 
word, “Ras,” generically, essentially ignoring ultimately relevant 
differences between the several types of  Ras, including those 
well-known – H-Ras, K-Ras, N-Ras – and the more esoteric ones 
– M-Ras, S-Ras, S2-Ras. 

 Ras is docked at the PM, anticipating the extracellular 
triggers that impinge on the PM, ordinarily at specific effector 
receptors (e.g., the epidermal growth factor receptor, (EGFR)). 
As a naked, unadorned protein, Ras has no biological impact. In 
its active state, Ras is coupled to guanine triphosphate (GTP). 
When the GTP γ-phosphate has been removed/transferred, 
Ras is thereby coupled with guanine diphosphate (GDP). The 
dephosphorylation can be accounted for by Ras’ weak intrinsic 
phosphatase (GTPase) catalysis, or by an extrinsic GTPase acti-
vating protein (GAP), ordinarily either the p120GAP or Nfn. Ras 
can then be reactivated by replacing the GDP with GTP via the 
guanine exchange factor (GEF). Attached to the PM, Ras, wheth-
er as the tri- or di-nucleotide is consistently attached to GEF and 
occasionally attached to Nfn. I will refer to the triplet agglomera-
tions as GRTN (GEF-RasGTP-Nfn) or GRDN (GEF-RasGDP-
Nfn). 

 How the PM-bound GEF-RasGTP pair is joined with 
Nfn to create the GRTN triplet involves yet another substance, 
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SPRED. (There are actually four SPRED moieties, numbered 1, 
2, 3 or 4. For simplicity, I will use SPRED1, coded for by the 
SPRED1 gene, which, when mutated, gives rise to the Legius 
syndrome.) Wildtype SPRED1 is responsible for transporting cy-
tosolic Nfn (NfnC) to the PM, and affording its attachment to 
RasGTP, completing the triplet GRTN, that is, GRTNPM. Once 
this triplet is formed, SPRED molecules do not ordinarily con-
tribute to GRTNPM dynamics, at least in terms of  Raf  activation, 
although we still have a lot to learn about GRTNPM control of  PM 
dynamics themselves. 

 Inactive cytosolic Raf  (RafCi) occupies the vicinity near 
PM-attached GRTN: GRTNPM+RafCi. The two moieties become 
biochemically associated, and inactive Raf  (RafCi) is thereby af-
fixed to the PM (RafPMi): GRTNPM+RafPMi. This PM fixation pro-
cess does not activate Raf. Next, the GRTNPM and RafPMi dis-
sociate, either because RasGTP has been dephosphorylated or 
for other unspecified reasons, leaving us with GRDNPM+RafPMi 
or GRTNPM+RafPMi. The dissociated RafPMi is then activated, by 
means not yet elucidated: RafPMa. The latter has at least two fates. 
1) RafPMa is simply deactivated and returns to the cytoplasm as 
RafCi. 2) RafPMa phosphorylates MEK to initiate the MAPK cas-
cade, and the inactive Raf  returns to the cytoplasm as RafCi. 

 While RafPMi is dissociated from GRTNPM, the latter is 
still available for additional interactions with RafCi or for other 
regulatory activities, including possible PM regulatory functions, 
as has been deduced from studies of  Nfn functions in Dictyoste-
lium.1,2 Alternatively, when RafPMi dissociates from GRDNPM, the 
latter is amenable to GEF conversion to GRTNPM. Respecting 
the sequences considered here, it should be noted that interfer-
ence with RafPMa production can derive from either deficient GAP 
function (e.g., mutant Nfn4,5,8) or deficient GEF function.10 Defi-
cient Nfn activity leads to excessively available GRTN and exces-
sive RafPMa. Deficient GEF activity leads to inadequate generation 
of  GRTN and insufficient amounts of  RafPMa. 

 Ultimately, however, either of  these two types of  dys-
function leads to problems away from the PM: that is, RafPMa be-
comes RafCa, and its interaction with MEK thus takes place in the 
cytosol. Under those circumstances, treating the over-production 
of  RafCa away from the PM has some logical validity. On the oth-
er hand, if  the aberrant function of  GRTNPM adversely affects 
the performance of  the PM itself, treatment of  cytosolic down-
stream elements ignores the PM disruptions and the functional 
PM problems that are likely to recur (or simply continue) when 
the cytosolic-focused treatment stops. This has been the experi-
ence to date: slowing or reversing neurofibroma growth during 
the treatment period, but recurrence of  progression when the 
medication is stopped. 

 The key here is that production of  RafPMa is NOT the 
sole function of  the GRTNPM complex. In turn, treating (abro-
gating or compromising) the downstream consequences of  Raf-
based MEK activation still leaves a mutation-aberrant GRTNPM 
available to continue causing problems at the PM. 

 Thus, the primary concern is not on the indirect down-
stream adverse effects on the PM, but the direct and immediate 
influences of  mutant Nfn on the definitive elements of  the func-
tioning PM, much as is seen in Dictyostelium.1 Such immediate and 
direct adverse effects as an element of  the PM might be manifest 
in aberrant chemotaxis, cell migration and phagocytosis. In addi-
tion, other membrane systems might be involved, including, for 
example, those involved in melanosome formation and placement. 
The intracellular and extracellular macromelanosomes that are part 
of  NF1 café-au-lait spots (CLS)11-13 may be a useful in vitro model for 
pursuing this line of  reasoning. Moreover, it is tempting to con-
sider that abnormal NF1 SC PM functioning might account for 
the initial abnormal SC behaviors after disruption of  the axon/
SC relationship.
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Even though cancer researchers nowadays are trying to develop 
many key cellular pathways susceptible to be tackled by thera-

peutic approaches, we are far from being able to consider some 
cancers as curable diseases in general terms. From a pharmaco-
dynamic point of  view, the main potential molecular targets in-
volved are driver oncogenes, tumor suppressor genes, growth fac-
tors and their receptors, transcription factors, tyrosine kinases, and 
cell adhesion molecules. If  we consider possible targets at higher 
organization levels, we can intervene in aspects such as chromatin 
organization, tumor microenvironment, angiogenesis, apoptosis, 
senescence, mitochondria metabolism, and immune pathways.

 On the other hand, the Pan-cancer genome and tran-
scriptome have been analyzed in more than 1500 pediatric leuke-
mias and solid tumors. This analysis evidenced, for example, that 
pediatric central nervous system tumors are genetically different 
from their adult counterparts. In the meantime, whole-genome 
sequencing analysis of  more than 2,500 tumors has already been 
done which is a continuing evolving genomic effort. A recon-
struction of  the life history and evolution of  mutational process-
es and driver mutation sequences of  38 types of  tumors have 
been throughout analyzed in detail. This unveiled different chro-
mosomal and gene abnormalities are present at different stages 
of  the tumorigenesis process.1 

 All the aforementioned means an essential part of  the 
fascinating cancer machinery and the new therapeutics that have 
been designed for many of  the cellular targets are described with 
different levels of  success. Regarding oncogenes, it´s noteworthy 
that the RAS family, one of  the most important and frequently 
mutated in many tumors, has not received a “knock-out” yet, 
turning this family as the “Muhammad Ali” of  this cancer story.2

 Some recently developed novel drugs such as AMG 510, 

that is directed to the G12C niche within K-Ras, are being tested 
nowadays in the clinics with promising results in some tumors 
such as advanced non-small-cell lung cancers.3 Other cellular-re-
lated Ras pathways such as phosphatidylinositol-3-kinase (PI3K/ 
AKT) and mammalian target of  rapamycin (mTOR) have their 
own designed drugs that proved their worth, though to a lesser 
extent, in some tumor clinical settings.4

 Regarding tumor suppressor genes, things tend to be-
come more difficult and challenging for the moment, as a puta-
tive therapeutic agent must restore something that is missing or 
grossly inefficient. P53, one of  the deoxyribonucleic acid (DNA) 
guardians and most well-known tumor suppressor genes, is be-
ing part of  intensive research in relation to drugs that can “do 
something” at this level.5 Nevertheless, more than one hundred 
different P53 mutations yet described tell us about its complexity.

 Growth factor family and their related receptor path-
ways are other branches of  intensive research with clinical suc-
cess. The discovery of  the human epidermal growth factor re-
ceptor (HER) family, a transmembrane epidermal-growth-factor 
(EGF) family of  receptors, has been one of  the outstanding basic 
cancer research achievements of  the past three decades with im-
mediate clinical translation impact: HER-2 has been found to be 
completely blocked by Herceptin (Trastuzumab), a monoclonal 
antibody, combined with chemotherapy, has saved many lives in 
HER-2 positive early and advanced breast cancer.6

 Other “cousins” of  Herceptin are also already in the 
clinical setting, proving their efficacy and medical benefits: Per-
tuzumab, Trastuzumab emtansine, Lapatinib, etc. Another clas-
sic EGF receptor family blocker, Cetuximab, has rendered good 
clinical results when combined with chemotherapy in wild-type 
Kirsten rat sarcoma viral oncogene homolog (K-RAS) advanced 
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and recurrent colorectal and squamous head and neck cancers.7,8

 Tyrosine kinases (TKS) are other neuralgic druggable 
targets. Anticancer agents of  novel molecular design types, the 
so-called “small molecules”, can act as inhibitors of  the uni-ki-
nase or multi-kinase TKS points and their downstream pathways 
(mTOR, AKT). The “first in class” of  this kind of  inhibitors was 
Imatinib, “the drug of  the new millennium” (launched in 2001), 
specifically designed to target the TK domain within the Phila-
delphia chromosome BCR-ABL region in chronic myeloid leuke-
mias. This drug is used to treat, with outstanding results (overall 
survival of  more than 15-years), refractory patients previously 
considered as chemo-reluctant.9

 A very recent review10 emphasizes that there are current-
ly more than fifty small molecules that function as TKS inhibi-
tors used to treat a broad spectrum of  malignancies. Renal clear 
cell carcinoma is a type of  tumor that has obtained an important 
clinical benefit from these kinds of  compounds (Sunitinib, Pazo-
panib, Sorafenib). Considering other druggable targets, transcrip-
tion factors are at present a current area of  new and intensive 
research, with many transcription factor inhibitors in early clinical 
phases of  development.11

 Chromatin organization/reorganization in cancer is 
complex, and its implications in euchromatin/heterochroma-
tin rate, “readable” genes, nucleosome composition and cell epi-
genetics, are other future challenging roads to go through. This 
led to the appearance of  epigenetic therapy. Hypomethylating 
agents are chromatin-targeted drugs with known beneficial ef-
fects in hematologic premalignancy as myelodysplastic syndromes 
and some blood cancers such as acute myeloid leukemia (AML).12

 But cancer also develops many more alterations at 
higher organization levels than the molecular one. At the cellular 
level, this means self-suffiency to growth signals, evasion from 
growth-inhibitory ones, evasion from apoptosis, limitless replica-
tive potential, survival after cell-cell detachment, altered energy 
metabolism, and acquisition of  other special capabilities. Among 
these last ones, cell motility, invasiveness, and survival during the 
travel and settlement in new and not-friendly metastatic niches.13 
Tumor cells may also acquire not only immunologic escape abili-
ties but also the power of  inducing T-cell death. At the tissue 
level, there are marked alterations in fluid dynamics, as normal 
plasma passage to tissues is subjected to more interstitial pressure 
constraints and a new set of  capillaries developed through neo-
angiogenesis.

 For all these pharmacodynamic roads to target, only 
the angiogenesis inhibition and immune-directed therapies have 
proved to be important therapeutic tools today in the clinical are-
na. Angiogenesis is key in tumor feeding and an inflection point 
to tumor malignization. Nutrients and oxygen are delivered to the 
cancer cells from new modified “tube formation”: an abnormal 
and fenestrated capillary network that results in heterogeneous 
and rather chaotic tumor irrigation that difficult the administra-
tion of  therapeutic agents.

 One of  the first “mammoths”, able to disrupt the devel-
opment of  these new capillaries by targeting the vascular endo-
thelial growth factor receptor (VEGFR), was the monoclonal an-
tibody Bevacizumab. With this drug, the treatment of  advanced 
and non-advanced colorectal, cervical and ovarian cancers be-
came a reality. At present, continuous research in this area has de-
veloped fewer toxic antiangiogenics (“less bleeding ones”, mainly 
of  the small-molecules type) that are already in the clinical arena 
(already mentioned “renal cancer drugs” are some examples).10,14

 Cancer immunology today highlights its relevance as a 
“new cancer science”. George Bernard Shaw was right, in “The 
doctor´s dilemma” play from 1906, when one of  the actors states: 
“there is at bottom only one genuine scientific treatment for all diseases and 
that is to stimulate phagocytes”. This was unconsciously referring to 
the innate immunology. The same type of  discovery was made 
by Metchnikoff, “the father of  phagocytosis”, nearly at the same 
time.15

 There are different types of  these kinds of  immune 
therapies, but at present, the most explored and promising ones 
are the checkpoint inhibitors (CPIs).16 Monoclonal antibodies 
such as Ipilimumab, Nivolumab, and Pembrolizumab are com-
pounds of  this class, leading to a new therapeutic concept in can-
cer immunology. These compounds allow natural killer cells “to 
eat tumors”, strictly speaking, inhibiting or eliminating the nega-
tive immune regulation induced by the tumor.17

 CPIs demonstrated a significant increment in advanced 
melanoma survival, with important visceral responses and achiev-
ing, in some cases, complete responses, “the cure”. This made to 
recall the prior days as a Resident in Oncology. At that time, in 
1987, Dr. Steven Rosenberg’s discovery was fascinating such as 
high-dose interleukin-2 treatment delivered in the Intensive Care 
Unit that rendered some patients with peculiar tumor responses, 
mainly in renal cancers and melanoma.18 And when complete, 
they were long-lasting! This was, by that time, the best immuno-
therapy ever known. Unfortunately, it was toxic. The cytokine and 
white blood cell storm induced by these high doses of  interleu-
kin-2 was in some cases the cause of  the patient’s death. Hence, 
this treatment was avoided.

 Nowadays, CPIs such as Pembrolizumab are standard 
of  care in different tumor settings as head and neck cancer, re-
nal cell carcinoma, non-small cell lung cancer, liver cancer, and 
microsatellite instability- (MSI) agnostic tumors. More “complex-
designed” immunotherapies are both in early and advanced devel-
opmental phases, such as novel vaccines and oncolytic therapies 
with adenoviruses. Finally, chimeric antigen receptor (CAR) T-cell 
therapy is a newly designed concept that has changed the natural 
history of  some advanced refractory blood cancers, yet to prove 
its worth with solid tumors.19

 Regarding higher organization levels like tumor tis-
sue structure and pathophysiology, other complex factors of  
tumorigenesis came up to focus, such as cell de-differentiation, 
epithelial-mesenchymal transitions, tumor mutation rate, clonal 
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expansion rates, and complex and dynamic cellular interactions. 
Among these, different competitions and cooperations take place 
between tumor clones, tumor cells from different differentiation 
stages (for example, proliferating tumor cell/tumor stem cell rate) 
and between tumor cells and other cells from the microenviron-
ment.20,21

 Indeed, the whole tumor microenvironment may be 
completely altered, as previously normal cells from the stroma 
(fibroblasts, adipocytes) may have been converted by the tumor 
in tumor-associated cells that begin to work for its maintenance.22 

All these mentioned cellular processes lead to a different level of  
tumor complexity and heterogeneity, becoming this last one, the 
main cause of  treatment resistance, and tumor recurrence. This 
converts all these phenomena into a fascinating and challenging 
druggable target.

 From an integrative point of  view, cancer involves dy-
namic genetic alterations as well as tumor-host interactions that 
determine the destiny of  the tumor and the host.23 Among the 
last ones, and settled at the whole-organism organization level, 
tumorigenesis begins with a great demand for nutrients from the 
tumor that cannot be satisfied by the host. This causes tumor cells 
to reside in a dismal environment that induces glycolytic meta-
bolic shifts; angiogenesis; and force cells to invade, metastasize, 
and undergo necrosis. Tumor necrosis, particularly in metastases, 
leads to non-specific systemic inflammation, which is the major 
cause of  cancer-related mortality.

 In the end, in front of  a cancer patient and considering 
all the aforementioned scenarios with a critical eye, we can sum-
marize them in four ones. First, which are the tumor oncogenic 
drivers and which the more irrelevant mutations. Second, which 
are the main underlying mechanism/s of  tumor progression. 
Third, how is the inner cell dynamics of  the tumor? And fourth, 
how is the tumor-host interaction. All these four scenarios can 
help us, not only for making better use of  old and novel thera-
peutic agents in use but also with the more complex coming ones 
that will specifically target cellular dynamics.
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INTRODUCTION

Cancers result as the disruption and/or the abnormal regulation 
of  the pathways that coordinate cell growth and cell death. 

An increasing understanding of  these pathways shows numerous 
ways that cancer cells might be susceptible to therapy. Therapeutic 
agents, mainly radiation and drugs, are usually potent promoters of  
cell cycle arrest and programmed cell death (apoptosis). Genetic 
and epigenetic modifications that are important in tumorigenesis 
often hinder these pathways and thus alter cancer cells response 
to therapeutic actions. These modifications usually differ among 
cancers and occasionally among tumours of  the same tissue type.

 The outgrowth of  a clonal population of  cells that fol-
lows a loss of  tissue homeostasis is one of  the hallmarks of  can-
cer development (Figure 1). Tissue homeostasis/balance between 
cell birth and death is regulated by a several processes such as cell 
cycle arrest and apoptosis. Defects in these pathways clearly cause 
a selective growth advantage. Several cancers possess inactivating 
mutations in the genes that involve the checkpoints that keep the 
cell cycle events in their appropriate order1 and influence apop-
totic pathways,2 meanwhile some cancer-derived cell lines show a 
resistance to apoptotic stimuli. Recently, experimental evidence 
supports the suggestion that genetic modifications that inactivate 

apoptotic pathways are actively selected during tumour growth.3  

ABSTRACT
Equilibrium between cell survival and death is important for normal cell homeostasis and development and also for inhibiting 
pathologies particularly cancer. Anastasis is a natural cell recovery phenomenon that rescues cells from the brink of  death or a 
mechanism by which cells recuperate from apoptotic lesions and return to its normal active and functioning state. Programmed 
cell death (apoptosis) was known to be an intrinsically irreversible cascade that commits cells to a rapid destruction. However, 
recent studies have demonstrated the possibility of  recovering dying cells even at the late stages. Anastasis uses the usual pro-meta-
static and pro-survival factors to inhibit apoptotic progression. Epithelial mesenchymal transition (EMT) activation and its related 
modulators is not only linked with cellular metastasis and survivability but also widely associated with the stemness of  cancer cells.
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Figure 1. Hallmarks of Anastasis

Adapted from Bell  et al6
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Cell death activated by anticancer therapeutic agents might be due 
to delayed events which are genetically determined and still dif-
ferent from the more direct apoptotic program. A considerable 
number of  indirect proofs support the hypothesis that the initia-
tion of  the process of  apoptosis in cancerous cells is significant 
to their successful removal by therapeutic agents.2 Increasing un-
derstanding of  the whole process of  apoptosis has been due to 
the advancement in the discovery of  vital molecules involved in 
the death pathway. Intense research has showed the occurrence 
of  many interrelated but different pathways that lead to apoptosis 
(programmed cell death). Notably, a cell type defective in all of  
these pathways has not been identified. 

 Apoptosis is an established form of  regulated/pro-
grammed cell death, with different signalling pathway; however, 
the effect or molecules or the eventual executors of  apoptosis are 
the caspases. The caspases cleave the structural proteins eventu-
ally leading to cell death after the caspases has been activated. 
During apoptosis, gross segmentation of  essential cellular organ-
elles was noted, this gives the general insight that the apoptotic 
pathways are irreversible.4 Contrary to this, recent studies show 
that cells committed to apoptosis can be stabilized and can be 
reverted (anastasis).4,5

 In this review, we collate and summarize evidences sup-
porting anastasis, with probable mechanisms of  action. Given the 
newness of  this focus, we look forward to possible physiological, 
pathological and therapeutic implications of  anastasis, and sug-
gest future directions for the study of  anastasis.

Apoptosis: Programmes Cell Death

The term programmed cell death (PCD) was introduced in 1964, 
and can be referred to as cell death during development; it is not 
an accidental process, but rather follows numerous controlled 
steps resulting to a defined self-destruction (Figure 2).

 Cancer known as a complex genetic disorder resulting 
from mutations of  oncogenes or tumour suppressor genes, lead-
ing to the alteration of  vital signalling pathways, has been con-
nected to PCD. Interpreting programmed cell death in disease 
conditions is necessary because it does not only show novel in-
sights into the pathogenesis of  such conditions, but also help in 
developing new targeted anticancer therapeutic approaches. 

 Inequity among cell division and cell death is one of  
the major deregulated landmarks in cancer. Also, other factors 
that affect cell survival, proliferation and differentiation are es-
sential in cancer. From this point of  view, any modifications in 
cell homeostasis or development may lead to dysregulation, with 
PCD to decide its fate, since it can hold the equilibrium between 
cell death and survival, based on the trophic conditions of  the 
cell.7 Though, this is a double-edged sword as PCD can be the 
cause of  and the solution to the problem.8 Thus, programmed 
cell death plays a vital role in both the development and treatment 
of  cancer. The three major forms of  programmed cell death that 
can be differentiated by their morphological and physiological 
differences are apoptosis, autophagy, and programmed necrosis/
necroptosis9 and they may together decide the fate of  the cancer 
cell. Although, another types of  cell death might be exploited in 
future to control and eliminate cancer cells, therefore showing 
clue towards a new therapeutic strategy. 

 Programmed cell death is an indispensable component 
of  life. With over 20 forms of  programmed cell death that have 
been suggested,10-12 apoptosis is the most well-known and studied 
for its regulatory mechanisms in cell suicide, and important roles 
in embryogenesis and normal homeostasis by removing the use-
less, injured or dangerous cells in the body.13 Meanwhile genetic 
or pharmaceutical strategy allow dying cells to survive that oth-
erwise would normally die14,15 induction of  apoptosis is gener-
ally characterized by an irreversible commitment to cell death.16 

Events canonically marking this irreversible or point of  no return 
in apoptosis include mitochondrial cytochrome c release into the 
cytosol (Figure 2),17 activation of  execution caspases,18,19 and their 
related or downstream events, like cell shrinkage, deoxyribonu-
cleic acid (DNA) damage, cell body fragmentation, cell surface 
exposure of  ‘eat me’ signal. Meanwhile, an increasing number of  
evidences confirmed that dying cells can exit the initiated death 
process and recover, even at late stages known as beyond the 
‘point of  no return’.

THERAPEUTIC POTENTIAL ANASTASIS

The word anastasis, which means ‘rising to life’ in Greek,19 to de-
pict the recovery of  dying cells after verge of  death, using reversal 
of  apoptosis as the first example. Recently, studies showed that 
dying cells can recuperate after important cell death hallmarks of  
apoptosis and possibly other mode of  cell death process. Elimi-
nation of  the death stimulus is adequate to allow anastasis to take 
place both in vivo and in vitro, demonstrating that anastasis is an 
intrinsic recovery event (Figure 3). 

Figure 2. Overview of Extrinsic and Intrinsic Pathways of Apoptosis

Adapted from Marin et al20
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 Anastasis pathway involves the removal of  the apopto-
sis inducing agent, the cells recover to a stable state.19 Molecu-
lar analysis of  anastasis illustrated comparison to wound healing 
in the form of  upregulated receptor tyrosine kinase, converting 
growth factor-beta, mitogen-activated protein kinase (MAPK) 
signalling and angiogenesis-promoting pathways. Similar to any 
repair mechanism, a minor population of  the recovering cells 
from apoptosis frequently hold some form of  sub-cellular dam-
age which could reduce the functionality of  the cell and impart 
a genetic instability resulting to oncogenic transformation.21 To 
validate the possible effects of  anastasis, researchers must deci-
pher the genomic profile of  normal cells recovering from apopto-
sis. In these cells, it is imperative to examine if  the apoptosis has 
induced genetic abnormalities influencing carcinomatous conver-
sion resulting to carcinogenesis.

 During apoptosis, changes such as induction of  cell 
shrinkage, membrane blebbing and formation of  apoptotic bod-
ies initiate concurrent accumulation of  messenger ribonucleic 
acids (mRNAs) coding for anti-apoptotic and survival factors 
including the zinc-finger transcription factor Snail4; this survival 
coded mRNAs are being accumulated and are not translated on 
to the cells until the apoptotic inducing factors subside. These 
results present a clear suggestion that apoptosis is potentially re-
versible, even though at present it is impossible to envisage if  the 
recovering cells would be stable or suffer genetic instability and 
undergo an oncogenic transformation. Also, the regular assump-
tion was that these stored mRNAs will be released after apoptosis 
and will be used by the surrounding cells for their survival and 
growth. With respect to cancer, it was known that the surround-
ing cancer cells could use the released mRNA of  the apoptosed 
cancer cells to promote their metabolic activity resulting to cancer 
progression. Contrarily, anastasis inhibits cell death, the recover-
ing cells may utilize its own stored mRNA for recovery and in 
case of  recovering cancer cells, it would serve as an extra energy 
source for increasing its proliferative, metabolic and invasive po-
tential.

 Anastasis-based recovery of  apoptotic cells has been 
indicated to take place in two phases. First, the initial phase, the 
apoptotic cells which are growth arrested was reverted to a steady 
state with growth possibility. Second, the later stage, anastasis en-
hanced numerous tumorigenic properties of  the recovered cells 
including epithelial mesenchymal transition (EMT), proliferation, 
angiogenesis, and migration.

 Similar to Sun et al4 investigation on cancer cells, the mo-
lecular biology of  anastasis in a normal cell should be observed 
to detect possible molecular aberrations that might prompt the 
cells to go through a carcinomatous transformation. With genetic 
aberrations, enhancing the apoptotic signals in target cells could 
overcome the cell’s anastasis potential.

 With respect to cancer cells, the anastasis might be a 
survival method against apoptosis induced by therapeutic agents. 
Furthermore, during anastasis additional genetic aberration could 
induce more resistance to therapy in recovering cells. Therefore, 
recovering cells through the anastatic mechanism are at the risk 
of  being more aggressive and resistant to therapeutic modalities.

 Stem cells have a longer life span and innate capability 
to resist apoptosis, making them to have a larger potential for an-
astasis than other cells. Hence, in cancer, targeting the anastasis in 
cancer stem cells (CSCs) might increase its sensitivity to therapeu-
tic modalities. Adequate evidence proving anastasis as a mecha-
nism of  cancer progression or initiation, then inhibiting anastasis 
directly or indirectly by upregulating the apoptotic signals could 
serve an efficient therapeutic scheme.

Effect of Activated Caspase-3
 
Activation of  caspase-3 has been attributed to a point of  no re-
turn in terms of  activation of  apoptosis, however, recent studies 
contradict it. A range of  cultured mammalian cells, such as cell 
lines, primary cells and cancer cell may survive caspase-3 acti-
vation via anastasis.19,22 Chemically induced apoptotic cells show 
typical morphological signs for example blebbing and shrinkage, 
and also biochemical hallmarks including exposure to phosphati-
dylserine and caspase-3 activation. If  the cells are left in the tox-
ins/chemicals, the treated cells die. But, if  the cell death inducer 
is removed, most of  the cells treated recover normal morphology, 
survive, and divide.4 

 Identification of  factors essential in anastasis could have 
important implications in disease. Chemotherapy and radiation as 
cancer therapy induce apoptosis but are delivered rapidly, due to 
their toxicity. Thus, if  even a portion of  tumour cells undergo an-
astasis in vivo during or after treatment, they could sow the seeds 
for degeneration. Survival from caspase activation can also result 
in oncogenic transformation and genetic instability, signifying 
that anastasis may contribute to the initiation of  tumour.19,21,23,24

 In contrast to the possible detrimental consequences of  
anastasis mechanism in cancer, in normal cells, particularly those 
that are difficult to replace for example cardiomyocytes or neu-
rons, anastasis may help preserve cells after transient injury. In 
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Figure 3. Recovery from the Brink of Death

Adapted from Sun et al4
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support of  this suggestion, cardiomyocytes appear to undergo 
anastasis in vivo following transient ischemia.25 In addition, a 
mouse model of τ-mediated neurodegeneration, over-expression 
of  a mutant form of  human tau protein triggers caspase-3 activa-
tion in neurons. Concurrently live imaging of  caspase-3 activity 
and tau tangles in the brains of  mice reveals that cells with tran-
sient activity of  caspase can survive long-term.26 

 In a probably related course, a limited population of  mi-
tochondria permeabilize in a process called minority mitochon-
drial outer membrane permeability (MOMP), sub-lethal caspase 
activation, promoting tumorigenesis and transformation.27 Al-
though, minority MOMP will not results in adequate activation 
of  caspase resulting in the morphological hallmarks of  apoptosis. 
Hence, both anastasis and minority MOMP can result to survival 
of  cells with DNA damage and oncogenic transformation (Figure 
4).

 Activated caspases bring out the proteolytic damage of  
main functional and structural components of  the cell during 
apoptosis execution phase. This massive and rapid cellular de-
struction is initiated and enlarged via several apoptotic pathways 
mediated by caspases. Activation of  caspase proteases eventually 
results to organelles fragmentation, exposure of  phagocytic sig-
nals on the cell surface, destruction of  the genome by activating 
apoptotic DNases27 and also formation of  apoptotic bodies for 
phagocytosis of  dead cells.29,30

 Cleavage of  BID by activated caspase proteases subse-
quently results in the translocation to mitochondria promoting 
MOMP in order to enhance the apoptotic cascade.

 With the significant effect of  caspases in initiating and 
enlarging death signals that destroy or cripple numerous cellular 
processes, apoptosis is known to be unavoidable after caspase ac-
tivation.18 Fascinatingly, recent findings reveal that apoptosis re-
versal can actually take place after caspase activation in cultured 
cells and in live animals. Caspase activated cells can also recuper-

ate after cytosolic and nuclear condensation, plasma membrane 
blebbing and cell shrinkage, fragmentation of  the mitochondria,31 
thus demonstrating that apoptosis can be reversible at the cell 
execution stage (Figure 4).

 Technically, it is difficult to express anastasis in ani-
mals, because cells can be morphologically identical from near-
by healthy cells following anastasis. An in-vivo Caspase Tracker 
biosensor which is activated by effector caspase to activate per-
manent fluorescent protein expression within anastatic cells and 
their progeny, allowing the tracking of  cell fate was developed to 
overcome this challenge (Figure 5).3

 Mouse double minute 2 (MDM2) of  expression also ac-
tivates the X-linked inhibitor of  apoptosis protein (XIAP),33 ar-
resting the death cascade by inhibiting the activated initiator and 
executioner caspases and enhancing the degradation of  second 
mitochondria-derived activator of  caspase/direct inhibitor of  
apoptosis-binding protein with low pI (Smac/DIABLO).34 Tran-
scription is also very active during anastasis, generating building 
blocks for the recovering cells to repair damage and regain nor-
mal morphology. Upregulation of  potent angiogenic factors, such 
as vascular endothelial growth factor A (VEGFA) and angiopoi-
etin-like 4 (ANGPTL4), which promote angiogenesis and vascu-
lar permeability were also displayed by anastatic cells.35 This can 
promote anastasis by facilitating the nutrient supply and elimina-
tion of  cellular wastes including those produced by degradation 
of  the caspase-cleaved products. 

 During anastasis, up-regulation of  the ubiquitin ligase 
MDM-2 takes place, resulting to degradation of  the tumour 
suppressor gene p53, hence suppressing the pro-apoptotic p53-
mediated DNA damage response. Heat shock protein (HSP)-70 
upregulated during anastasis may also interact with and suppress 
apoptotic inducing factor (AIF) and Endonuclease (Endo)-G to 
stop DNA destruction initiated after MOMP. While being cleaved 
by caspases during apoptosis, the expression of  inhibitor of  cas-
paseactivated DNase (ICAD) and poly (ADP-ribose) polymerase 
(PARP) has been observed to reverse to pre-apoptosis stage dur-
ing anastasis, allowing ICAD to hinder the DNase effect of  CAD, 
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Figure 4. Schematic Representation of the Structural and Molecular Changes during 
Anastasis

Figure 5. Genes Up-regulation and Possible Related Pathways during Anastasis

Adapted from Iwakuma et al28

Adapted from Salameh et al32
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and PARP to repair DNA damage in anastatic cells. Besides, cell 
cycle arrest is vital for DNA repair,36 and up-regulation of  the 
cell cycle arrest genes including Cdkn1a, Trp53inp1 and Btg1 takes 
place during anastasis (Figure 6).

Reunion after Formation of Apoptotic Bodies

Interestingly, anastasis do occur even after the fragmentation of  
the dying cells.31 Recovered cells also reveal an increased number 
of  micronuclei and chromosomal abnormalities, indicating unre-
paired DNA damage after anastasis.36 

 Increased aneuploidy occurs when apoptotic bodies 
failed to truly reassociate with broken chromosomes during anas-
tasis. It is uncertain how fragmented apoptotic cells can unite to 
an apparently normal structure. Recent findings have shown that 
surface exposure of  phosphatidylserine may be the main factor 
for different types of  cell fusion, such as formation of  myotube 
and macrophage polykaryon, viral infection and fusion of  severed 
axons.38 This results to assumption that the fragmented cells with 
externalization of  phosphatidylserine could utilize this approach 
for repair and fusion during anastasis.

 Under normal physiological conditions, apoptotic body 
is formed after phagocytosis. Internalized living cells undergoing 
entosis have been noted to escape their cannibalized state, even-
tually surviving and proliferating (Figure 3).39 Though entosis is 
not usual phagocytosis and is characterized by an invasion of  a 
living cell into the cytoplasm of  another cell, and so it may not 
represent how macrophages engulf  apoptotic cell fragments.40,41

Effect of Pro-Survival and Pro-Metastatic Genes in Anastasis

Chemotherapeutic agents induce cellular stress leading to activa-
tion of  pro-survival genes which eventually oppose entry into 
apoptosis. This intensive effort to bar apoptotic signalling has 
usually been thought to only be efficient before the apoptotic 
process is fully initiated.41 Recently, reports suggested that the 
mediators of  cellular survival can revive cells from late stages of  
apoptosis, hence disregarding the notion of  a “point of  no re-

turn” from apoptosis, giving a chance to study the complexities 
of  anastasis.42

 Cancer cells survival does not only rely on the expres-
sion of  anti-apoptotic genes, though they play a significant role, 
and also on genes responsible for DNA repair, cell cycle regu-
lation, transforming growth factor beta (TGF-β) modulation, 
angiogenesis and migration. These factors are hyper-activated 
during early anastatic responses. The increase of  survival factors, 
such as MDM-2 (Figure 5), during anastasis shows the likely in-
volvement of  p53 and its related signalling opponents including 
E2F transcription factor, cyclin-dependent kinases and cell cycle 
regulatory elements during the initial recovery period.43

 Additional studies associated to activation of  activator 
protein 1 (AP-1) transcription factors such as c-Fos and c-Jun are 
crucial, because these genes can either be pro-survival or pro-
apoptotic based on the cellular context; thus, anastatic activation 
of  these transcriptional factors give indications for the balance 
between pro-apoptotic and pro-survival mechanisms.44 Most of  
the survival proteins involved in anti-apoptosis and pro-prolif-
eration also partake in the recovery from the verge of  cell death. 
This implies that the capability of  cancer cells to activate survival 
mechanisms, even in severe stress situations, leading to major mo-
lecular and structural changes to revert to its normal physiological 
state.

 Structural adjustments during anastatic process include 
activation of  focal adhesion kinases and rearrangement in the 
actin cytoskeleton.44 These structural changes are highly related 
to cellular migration; therefore, the cytoskeletal alterations in the 
late phases of  anastasis aid cellular migration in recovered cancer 
cells. Cancer stem cells (CSC) are a matter of  concern for the de-
velopment of  emerging therapies as they are highly related with 
tumour relapse and drug resistance. Likewise, anastatic cells rep-
resent a population of  resilient cells defying different phases of  
apoptosis (Figure 6). More studies to evaluate the implication of  
anastatic mechanisms in genesis of  cancer stem cells are required.

CONCLUSION

The relationship between anastasis and tissue recovery, progres-
sion of  diseases and cell death decision remain to be elucidated. 
Additional work is required to establish whether anastasis is in-
volved in these processes. If  this is true, studies on the physi-
ological and pathological roles of  anastasis could give novel per-
ception into multidisciplinary fields of  research that helps our 
understanding in the control of  cell death and survival, and also 
provide ability to recognize new therapeutic strategies for cancers, 
cardiopathies, degeneration, tissue injury and regeneration medi-
cine by mediating reversibility of  cell death processes.
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