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Abstract

Apoptosis has attracted great attention in the last two decades and the number of publications related to apoptosis has
been growing exponentially. The revolution that has occurred in apoptosis research is a direct result of a better
understanding of the genetic program and biochemical mechanisms of apoptosis. Apoptosis is not only a common
normal event but also essential for the growth and development of organisms. In the adult, apoptosis is mostly
abnormal, but in its absence or failure cancer cells obtain immortality by escaping this type of cell death. Apoptosis
works synergistically in intrinsic and extrinsic pathways. The first pathway is initiated by the cell itself in response to
stress. The second is initiated via death receptors stimulated by cells of the immune system. This review is an attempt
to answer questions like: Why is cell death important to study? How cells undergo apoptosis? What controls the decision
between life and death? Which cellular events could cause the control of apoptosis to be impaired? The literature cited
below shows some sort of unity in the scientific community on the necessity of a sophisticated balance between “pro-
survival” and “pro-death” forces to ensure the happiness of cells in multicellular organisms

Keywords: Apoptosis; Anti-cancer drugs; Caspases; Cell death; Intrinsic/extrinsic pathway; Embryo development;
Cancer development.

1. Introduction

Cell death has been classified into three types; apoptosis, autophagy, and necrosis [1]. It has been suggested that the
three types of cell death; should not be studied separately as independent processes, since they are interconnected with
overlapping signaling pathways and cross-talk in response to different stresses [2-3]. Scientists believe that necrosis is
an inappropriate term to describe a mechanism of cell death because necrosis refers to the degradative processes that
occur after cell death. Instead, they suggest to use “oncosis”, which means swelling, to describe a process that leads to
necrosis. Another point worth mentioning is that the term “autophagy” represents another mechanism for programmed
cell death and, similar to apoptosis [4]. Autophagy is the process of self-digestion and degradation of proteins,
organelles, and cell to obtain essential elements and energy for cell survival. However, the concept of autophagic cell
death has been a matter of debate within the scientific community [5]. While writing this review a newly identified form
of cell death (Ferroptosis) was encountered [6]. Ferroptosis is a regulated necrosis process and driven by iron-
dependent lipid peroxidation and could be mediated by energy stress [7-8]. The present review will focus on the general
overview of apoptosis. Most of the reviews focused on a specific arm of the field. The volume of the accumulated
information on the subject in the literature is very huge [5, 7-17]. With an eye towards broader coverage of the subject,
this review briefly discusses selected aspects of apoptosis: techniques commonly used to detect and count apoptotic
cells, the phases and mechanisms of apoptotic death as well as the delicate balance between the pro- and anti-apoptotic
wings of the process during development. The discussion will be extended to cover the health consequences of the
disruption of this balance in relation to drug development and discovery.

* Corresponding author: Ahmad Mohammad Khalil
Department of Biological Sciences, Yarmouk University, Irbid. Jordan.

Copyright © 2021 Author(s) retain the copyright of this article. This article is published under the terms of the Creative Commons Attribution Liscense 4.0.


http://creativecommons.org/licenses/by/4.0/deed.en_US
https://wjbphs.com/
https://doi.org/10.30574/wjbphs.2021.5.1.0003
https://crossmark.crossref.org/dialog/?doi=10.30574/wjbphs.2021.5.1.0003&domain=pdf

World Journal of Biology Pharmacy and Health Sciences, 2021, 05(01), 037-054

2. Apoptosis versus necrosis

The term apoptosis, In Greek “leaves falling”, was coined in 1971 [18]. The biological meaning of apoptosis is the
elimination of damaged cells. The major molecular players in apoptosis have been identified and the biochemical
pathway that regulates this form of death has been dissected. The cellular morphology that distinguishes apoptosis from
necrosis (Greek. Nekros - dead) is a vital incidence for the advancement of the field of cell death. Table (1) and Figure
(1) summarize the basic morphological and biochemical differences between apoptosis and necrosis. Usually several
hours are needed from the initiation of cell death to the final cellular fragmentation. However, the time taken varies
depending on the cell type, the stimulus and the apoptotic pathway [5, 10, 15, 21-22].

3. Methods for detecting apoptosis

Techniques for detecting apoptotic cells allow the development of more effective, and therefore better-tolerable
therapeutic approaches. Various means of detecting apoptotic cells have been explored and made available over the
time for demonstrating and counting apoptotic cells [5, 22-23]. All these strategies have contributed, from different
perspectives, to the identification of apoptosis and to its distinction from necrosis. These most commonly used methods
include viability analysis, luminescent assays for measuring caspase activity, mitochondrial assays,
immunohistochemistry, and flow cytometry. Detailed protocols and background information about these methods are
out of the scope of this review, but can be reached elsewhere [9, 22, 24-25].

3.1. Microscopy

Determination of the morphological features of cell death by microscopy is an important to discriminate apoptotic and
necrotic cells, but it is very subjective and time-consuming [26]. In contrast, other methods analyze biochemical and
morphological features of dying cells directly in one measurement by combining classical flow cytometry and
microscopy. This allows for the quantification of several thousand cells in a short time, together with an objective
analysis of pictures by image-based features [27]. In general, the light microscopy approach can provide both qualitative
and quantitative data. Morphological changes both of the nucleus and the cytoplasm of cells undergoing apoptosis are
remarkably similar across cell types and species. Methods to detect chromatin condensation for whole cells include
Hematoxylin and eosin stain (Figure 2a) and deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL)
staining (Figure 2b and 2c). More detailed changes in apoptotic cells can be observed with electron microscopy (Figure
3).
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Figure 1 Diagrammatic illustration apoptosis versus necrosis. Apoptosis above: Chromatin condensation, nuclear
fragmentation, bleb off in plasma membrane, apoptotic body formation and final phagocytosis. Necrosis below: Swelling
of organelles and leakage of cellular components and final cell lysis [9].
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Table 1 The main morphological biochemical differences between apoptosis and necrosis [5, 15, 19-21].

Aspect of comparison

Apoptosis

Necrosis

Nature of the process

A genetically programmed cell death
occurring due to cellular signals

= normal, appropriate, natural or
controlled physiological process

A non-programmed premature cell
death occurring due to injury or
disease

= abnormal, inappropriate or
uncontrolled pathological process.

Triggered by

Activation of  cell-suicide
proteases called caspases.

cysteine

In part by endogenous release of
intracellular

Ca++ produced by ion failure

Membrane potential

No sodium influx; no change in potassium
concentration in cell

Potassium loss; sodium entry; fall in
membrane potential

Integrity of cell

membrane

Remains intact

Swells up leading to rupture of the
cell.

Leakage of cell contents

Cytoplasmic components are kept inside
the cell.

Contents of the cytoplasm released
out of the cell

Cell size Cells shrink and decrease in size Cells swell and increase in size
cytoplasmic Cytoplasm and nucleus Cytoplasmic vacuolization occurs
vacuolization break up, blebs form on membrane and with breakdown of organelles.

bud off to form apoptotic bodies
Nuclear and DNA | Nucleus condenses and becomes pyknotic | Nucleus breaks up and becomes
fragmentation (shrink). Nuclear envelop breaks down. multi-nucleated’. Nuclear envelop

does remains intact.

Appearance of DNA in
agarose gel

Ladder-like DNA bands due to DNA pre-
lytic fragmentation

No bands DNA smashed/smeared due
to post-lytic DNA digestion

Fate of cellular residues

Dying cells secrete factors the recruit
phagocytes. Cells are phagocytosed or

digested by neighbouring cells or
phagocytes, such as glial cells and
macrophages.

Cell lyses (Ingested by phagocytes),
eliciting

an inflammatory

auto-immune response

Number of cells

affected

Individual cells appear affected

Whole areas of the tissue are affected
(Loss of functional tissue.

Impaired organ function, transient or
permanent).

Energy requirement

ATP dependent (active process)

Energy input not required (passive
process)

Caspases# requirement

Caspases-dependent pathways

Caspases-independent pathways
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Figure 2 Light microscope photographs of (a) H and E stained liver specimen showing an apoptotic hepatocyte (Grey
arrow). The cell appears as a round or oval mass with dark eosinophilic cytoplasm and dense purple nuclear chromatin
fragments [22]. Exfoliated buccal mucosal cells stained according to TUNEL assay. (b) Arrow heads indicate negative

(normal healthy cells). (c) Arrows indicate condensed strong positive TUNEL test (apoptotic cells). (The b and c
Magnification 400 X) [28].

Figure 3 Transmission electron micrographs of an apoptotic cell showing marked chromatin condensation at the
nuclear periphery (Left) and a fragmented nucleolus. (Middle). Separate aggregates of chromatin (a) free within the
cytoplasm. (b) Ribosomes are also present, and all elements are packaged as membrane-bound apoptotic bodies. Right:
Scanning electron micrograph showing smoothening and loss of microvilli on the cell surface puckering [23].

3.2. Agarose gel electrophoresis

Characteristic DNA feature of apoptotic DNA fragmentation can be regarded as a biochemical definition of death [22].
When the DNA of apoptotic cells is run on agarose gel to separate DNA fragments based on size, a unique nuclear ladder
of bands is obtained (Figure 4). In contrast, the DNA from necrotic cells is degraded haphazardly and appears as a smear
[23].
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4. Cell biology and biochemistry of apoptosis

4.1. Cysteine-aspartic-acid-proteases (caspases)

Caspases are central to the mechanism of apoptosis. Human caspases are a family of 12 fate-enzymes which are
generally divided into two classes: those related to caspase 1 (e.g. caspase-1, -4, -5, -13, and -14) [5]. This class is mainly
responsible for cytokine processing during inflammatory activities. The second includes caspase-2, -3. -6, -7,-8, -9 and -
10 which are involved in apoptosis. The second group is further subdivided into initiator caspases (e.g. caspase-2, -8, -
9 and -10) and execution (effector) caspases (caspase-3, -6 and -7). Caspase-3 and -7 have been placed at the center of
a fundamentally recursive apoptotic program, where they function as redundant signal amplifiers, essential for
activation of both upstream and downstream apoptotic processes and efficient cell death [29-31].

Apoptotic cell

Normal cell

Necrotic cell

N\ D») ) )

Nucleosome
DNA fragment

Figure 4 Agarose gel showing the appearance of DNA extracted from a) Normal cells; b) Apoptotic cells with
characteristic “DNA ladder” banding pattern and c) Necrotic Cells [22]. Below panel: DNA cleaves into oligonucleosomes
in multiples of 180 to 200 base pairs (oligonucleosomal ladders) by endonucleases in apoptotic cells.

Protease activation have been described in detail mainly for nematode. Knowledge of protease involvement in apoptosis
in human, and mice models of apoptosis, is fragmentary [32]. However, recent studies have revealed that caspases are
conserved across species and the mechanism of caspase activation and inhibition is also conserved. Caspases have to
be tightly regulated since their inappropriate activation can lead to severe consequences. The first level of caspase
control is observed in their structure and activation. Caspases are synthesized as inactive precursors; activated by
proteolytic cleavage [31-32]. There a minimal two-signaling carefully monitored mechanism of caspase activation
(Figure 5). The initiator caspases are activated within oligomeric signaling complexes in response to apoptotic stimuli.
Once activated, the initiator caspases directly activate the executioner (caspases by limited proteolytic cleavage. A
second level of regulation involves the specific inhibition of active caspases by naturally occurring cellular inhibitors
(Inhibitor of apoptosis proteins; IAPs)). The distinct activation machineries explain how an apoptotic stimulus is
converted to proteolytic activity, and how this activity is amplified to permit limited proteolysis of tenths of protein
substrates whose cleavage is needed for effective apoptosis [10, 32].
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Figure 5 Apoptosis can be triggered by either extrinsic (extracellular) or intrinsic (intracellular or mitochondria-
dependent) stimuli. Extrinsic death receptor-mediated pathway is stimulated by external cytokines and is
mitochondria-independent. Death receptor signaling may involve direct caspase-8-mediated caspase-3 activation or a
Bid-cleavage-dependent mitochondrial amplification step. Each pathway activates its own initiator caspases which in
turn will activate the executioner caspase-3. The execution pathway results in characteristic cytomorphological features
(Figure 6) [10].

5. Stages of the apoptotic death

Apoptosis controls a dynamic interplay between pro-death and pro-survival mechanisms. Depending on the origin of
the apoptotic signal, there are three pathways by which caspases can be activated. The two commonly described
apoptotic pathways [32-33] are the intrinsic and extrinsic (death receptor-mediated) pathways (Figure 5). The two
eventually converge to a common pathway of a caspase activation cascade or the execution phase of apoptosis. A third
less well-known initiation pathway is the intrinsic endoplasmic reticulum (ER) pathway and is related to unfolding of
proteins and reduced protein synthesis in the cell [34-36].

5.1. Initiation of apoptosis

In this phase cells are committed to die due to withdrawal of positive signals such as growth factors (GFs) for neurons
and Interleukin-2 (IL-2) for T cells [32]. Commitment to death may be a consequence of reception of negative signals
such as increased levels of oxidants within the cell, damage to DNA by oxidants or death activators. The process can be
reversed under certain cellular conditions.

5.1.1. Extrinsic phase

This phase (recognition of cells to be killed) is stimulated when natural killer T lymphocytes and macrophages. These
cells normally express molecules called death ligands (DL) on their surfaces, which recognize target cells, either by
ligation of the DLs to the death receptors (DRs) on the surface of these cells, or by secretion of cytolytic molecules (i.e.
perforin and granzyme) [37]. Adaptor proteins cause initiator procaspases to cluster together leading to a
conformational change that activates the procaspases. A family of DRs has been described, e.g. Fas (also known as DR2,
CD95 or APO-1) and TNF-R, as well as ectodysplasin A receptor (EDAR) and nerve growth factor receptor (NGFR). These
genuine DRs are clustered on the cell surface of the target cells. Intracellularly, these receptors possess a death domain
(DD) and when triggered by a cell death signal, a number of molecules are linked to the DD, resulting in the activation
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of a signaling cascade; apoptosis-inducing machinery. The cytosolic adaptor Fas-associated protein with DD (FADD),
also called mediator of receptor-induced toxicity 1(MORT1) that is induced by DRs, such as Fas is essential for Fas-
induced apoptosis. The Tumor Necrosis Factor Receptor (TNFR) -associated death domain (TRADD) was found
associated with TNF-R1 upon binding of TNFa. The DD-containing molecules are specialized adapter molecules coupling
to the apoptosis executioners, which are in many instances members of the caspase family of proteases [37-38]. The
best characterized member of these receptor-binding caspases is caspase-8. It is recruited to the CD95 DISC by the
adaptor FADD [37-38].

5.1.2. Intrinsic phase

Cell viability is maintained by the GFs promoted synthesis of anti-apoptotic molecules such as B-cell lymphoma-2 (Bcl-
2) [10-11, 39]. Bcl-2 proteins play an essential role in the regulation of the intrinsic pathway as they reside upstream of
irreversible cellular damage and act mainly at the mitochondria level (Figure 5). Intrinsic apoptosis is activated by DNA
damage, binding of nuclear receptors by glucocorticoids, heat, radiation, GFs or hormones deprivation, viral infection,
hypoxia, and increased intracellular calcium concentration (Figure 5). When cells are subjected to stress Bcl-2 are lost.
These stimuli activate BH3-only proteins, which promote the assembly of Bcl2-antagonist/killer-Bcl2 associated X (Bak-
Bax) oligomers. Bax and Bak are directly responsible for the loss of mitochondrial outer membrane (MOM) integrity.
The MOM permeability increases resulting in release of pro-apoptotic molecules into the cytoplasm (cytochrome C) and
leads to caspase activation and apoptosis. In the cytosol, cytochrome c binds to Apaf-1 to form a structure known as the
apoptosome, which recruits procaspase 9 and activates it to caspase 9. Active caspase-9 then directly cleaves and
activates effector caspases, such as caspase-3 (Figure 5).

5.1.3. Execution phase

5.1.4. Apoptosis results in dramatic morphological and biochemical changes in the dying cell (degradation of dead cells)
due to systematic disassembly of cellular architecture and functional pathways (Figure 6). The dismantling of an
apoptotic cell into subcellular fragments and the clearance of the apoptotic bodies is a hallmark of apoptosis [13, 39-
42]. In contrast to the initiation phase, the execution phase is irreversible. Mitochondrial pro-apoptotic factors such as
Apoptotic-inducing factor (AIF), Oxidorductase (WOX1) and Endonuclease G (Endo G) [11] traverse the NE during
apoptosis and exert their effects on the nucleus leading to fragmentation of the nuclear lamins and nuclear breakdown.
Examples of other proteins thatare cleaved by caspases during apoptosis are emerin, spectrin, fodrin, 3-catenin, gelsolin
... etc. These proteins are engaged in the maintenance, organization, and attachment of the cytoskeleton (e.g., an actin
digesting protein; gelsolin). Cytoplasmic DNase is converted to an active form and the DNase causes characteristic
internucleosomal cleavage of DNA (Figure 4).

Figure 6 Nuclear envelope organization showing selected inner nuclear membrane (INM) lining proteins, including
lamina-associated polypeptides 1 and 2 (LAP1 and LAP2) and LBR, these proteins interact with HP1 and BAF and give
links to chromatin. The nuclear outer membrane (NOM), which is continuous with the ER, is characterized by
cytoskeleton-associated nesprin proteins that are tethered by Sunl and Sun2 in the INM. The activity executioner
caspases 3, 6, and 7 results in the controlled destruction of the actual targets in the cell to execute apoptosis. Caspases
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target: FAK (focal adhesion kinase): inactivation of FAK disrupt cell adhesion, leading to detachment of the apoptotic
cell from its neighbours [41].

5.1.5. Phagocytosis phase

The final stage of apoptosis involves phagocytosis and degradation of the apoptotic bodies by macrophages followed by
digestion within phagolysosomes [5, 43-44]. Destruction of apoptotic cells very rapidly, within minutes or a few hours,
triggers neighboring cells like CD14 cells to recognize cells “corpses” followed by the rapid clearance of the apoptotic
bodies by phagocytic cells. That is why apoptosis is rarely seen in situ without being observed both at the macro- and
microscopic levels. This important swift elimination somehow prevents the occurrence of an inflammatory process
which characterizes necrotic death.

5.2. Genetic control of apoptosis

Apoptosis involves highly complicated, genetically coded mechanisms. The first breakthroughs in apoptosis research
came from the apoptotic genes in the nematode Caenorhabditis elegans [45]. In this worm 1090 somatic cells are
involved in the formation of the adult, of which 131 cells undergo apoptosis. It has been indicated that mutations that
block or partially cause loss of function of apoptotic genes in C. elegans embryos enhance cell survival of some cells that
are originally programmed to die [45]. Interestingly, homologs of these apoptotic genes also function to control
apoptosis in other multi-cellular organisms indicating that apoptosis is a “built-in ability” process of highly conserved
evolutionary origin [4, 46].

5.2.1. Embryo development

Apoptosis is involved in fundamental biological such as development, differentiation, proliferation/homoeostasis,
regulation and function of the immune system [47]. Inactivation of the death pathway is almost lethal in animals with
indeterminate cell number (in these animals the cell number is not regulated so exactly). Normal development involves
a dynamic interplay between pro-death and pro-survival signaling mechanisms that make decision regarding a cell’s
fate [48]. This allows body structures to grow and develop correctly maintaining a constant number of cells [46]. It
appears that during development of most organs and tissues more cells are produced than those that contribute to the
final organism [49]. It is better to have a mechanism that produces more cells than necessary and then eliminate the
excess than to produce too few cells and thus run the risk of making an incomplete organism. Once the organ reaches a
size where survival factors become limiting, cell death starts to play, so that it is ensured that the organ does not grow
out of control. Thus, the cell intrinsic mechanisms of apoptosis is needed to regulate the death of their cells to (1) limit
the sizes of cell populations in adult bodies and the number of times it can divide (both timing and number of cell
divisions are modulated through cell cycle); cell proliferation must be balanced with cell death (Homeostasis). (2) Allow
organisms to precisely control mechanisms that depend on signaling and cell interaction to coordinate the survival,
growth and division of cells (most cells die if they fail to receive survival signals from other cells).

During neurogenesis, neuronal cell division is primarily restricted to embryonic development. In utero, vertebrate
embryos produce vastly more numbers of neural precursor cells than are needed [48-49]. These cells differentiate into
post-mitotic neurons, which then grow and extend their axons to innervate target regions. Neurogenesis involves mass
suicide of all the extra neurons those that have not developed the necessary connections with target cells producing
limited amounts of survival-mediating GFs (Figure 7a and 7b). Competition among innervating young neurons for
neurotrophic factors is crucial in the selection of surviving vs. dying neurons, and the limited amount of these factors
appears to determine the extent of cell death [50].

Basically, cell death is a general and convenient way to delete cells that should no longer be part of the organism [51].
Metamorphosis of the tadpole into adult toad (Figure 7c) is accomplished by resorption of the tadpole tail as well as
removal of gills and even fins from the body during its transformation into an adult. Failure of this process will produce
a clumsy organism unable of adapting to the environment. It has been shown that inhibition of macrophages can disrupt
the remodeling of tissues in the tadpole tail during regression [50-51]. It appears that the engulfing cells may act to
make sure that cells triggered to undergo apoptosis will die rather than recover after the initial stages of death [52].
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Figure 7 (a) Controlling cell numbers during neurogenesis; up to 80% of neurons die in some ganglia. (b) Matching
number of cells; both neurons and oligodendrocytes are produced in excess, and up to 50% or more die apparently to
adjust their numbers to the number of target cells they innervate. (c¢) Tadpole metamorphosis; tadpole — tadpole with
hind limbs — tadpole with four limbs — froglet with tail reabsorbed into body — adult frog [
http://www.timhuntphotography.co.uk/]. (d) Deleting unwanted structures that are in one sex but needed in the other
sex e.g. Mullerian duct important for female is eliminated in males by apoptosis [46, 52].

In contrast, the Wolffian duct develops into the vas deferens, epididymis, and seminal vesicle in males, but it is not
required in females and therefore removed by apoptosis (Figure 7d). Additionally, developmentally-regulated apoptosis
occurs in the bud during digits (fingers and toes) formation in the vertebrate fetus (Figure 8a and 8b) [23, 53-54].
Failure of proper apoptosis results in malfunctions such as syndactyly and polydactyly (Figure 8c and 8d).

Developing mouse paw,
a. Embryonic day12.5 b. Embryonic day13.5
4

!l rll‘(([[u NSRS

Figure 8 (a) and (b) Development of mouse limbs and sequential passage of time of digits. Red dots show cells
undergoing apoptosis [59]. Consequences of inappropriate apoptosis in developing human embryo. (c) Deficient
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apoptosis causes fusion of digits (syndactyly) leading to less digits (oligodactyly). (d) Excessive apoptosis results in
extra digits (Polydactyly) [23].

Another striking example for the function of apoptosis in preserving cell quality control in the body is found in the
development of the vertebrate immune system (Figure 9). Apoptosis primarily evolved as host defence mechanism, in
response to pathogens, eliciting inflammation with certain molecular, cellular, biochemical, morphological and
physiological changes [15, 55]. The proper functioning of mature mammalian immune system depends on the controlled
destruction of many immune cell-types. Autoreactive T and B cells are first produced in millions every day. They are
tested to see if they develop self-reactive receptors and react against any of the body’s own “self” components. If the
process of elimination of white blood cells that would produce an immune response to the body’s own cells fails (Figure
9a and 9b), self-reactive cells may be released into the body. In this situation, the cells can attack tissues and cause
autoimmune conditions.

When a pathogen is detected, the immune system turns off its response to recognize the pathogen [52, 55-56]. The
immune cells proliferate extensively, producing a huge increase in numbers with the purpose of destroying the
pathogen (Figure 9c, Right). The immune cells possess intrinsic surveillance mechanisms to detect and get rid of harmful
or damaged cells. Body cells infected with certain pathogens, e. g some viruses, present fragments of antigenic proteins
on surface receptor proteins on their cell membranes. Once the pathogen is cleared from the body, the large numbers
of pathogen-specific immune cells are no longer needed and must be removed by apoptosis to maintain homeostasis in
the immune system.
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Figure 9 (a) Apoptosis serves quality-control function in immune system as a defense mechanism to get rid of
nonfunctional, harmful, abnormal, or misplaced cells [46]. (b) Apoptosis of surplus neutrophils. Right: (c) In the absence
of inhibitory signals, activating cytotoxic killer cells receptor ligate with molecules on the target cell infected with virus
on right. This results in target cell lysis. Source: britannica.com.

5.3. Development of cancer

Cell death is necessary to prevent cells from surviving in environments where they should not be present. Abnormality
in the apoptotic process may result in immoral cells, which is one of the main features of malignant cells [57]. Thus,
cancer cells escape apoptosis via initiating and implicating faulty apoptosis, etc. Dysregulation of apoptosis has emerged
as a new concept to explain important features in the development of several diseases that are that are characterized
by unbalance between cell proliferation and cell death [50]. Cancer results from hyperplasia due to deficient apoptosis.
Conversely, degenerative diseases may be caused by excessive apoptosis leading to tissue atrophy [5, 57]. In cancer, the
apoptotic pathway is typically inhibited through different means including overexpression of anti-apoptotic proteins
and low-expression of pro-apoptotic proteins [33]. Understanding of malfunctions in apoptosis may help in finding
explanation of the pathogenic conditions. This will contribute to overcoming resistance to anti-cancer drugs by
designing molecules which can target specific apoptotic genes or pathways and ultimately reverting apoptotic
abnormalities or inducing apoptosis in malignant cells [32]. In general, the mechanisms by which errors may occur at
any point along apoptotic pathways can be broadly dividend into: 1) disrupted balance of pro-apoptotic and anti-
apoptotic proteins, 2) reduced caspase function and 3) impaired death receptor signaling.

5.4. Disrupted balance of pro-apoptotic and anti-apoptotic proteins

Pro-and anti-apoptotic proteins play an important role in regulating an exquisite balance not only between health and
disease but also between life and death.
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5.5. The Bcl-2 family of proteins

A large number of Bcl-2 proteins have been identified [11, 58-59]. Based upon their sequence, the Bcl-2 family (Table
2) is classified into: a) anti-apoptotic proteins, Bcl-2, Bcl-xL, Mcl-1, Bcl-w, A1/Bfl-1, and Bcl-B/Bcl2L10 possess all the
four domains (BH1-4). b) pro-apoptotic proteins with the BH domains 1, 2 and 3. Some examples of this group include
Bax, Bak, and Bok/Mtd. The third group (c) is the BH3-only proteins which include Bid, Bim, Puma, Noxa, Bad, Bmf, Hrk,
and Bik. The Bcl-2 members can be translocated to other locations including ER, Golgi apparatus (GA), Nucleus, OMM
or NOM. Other Bcl-2 related proteins are also found in peroxisomes [58, 60]. Bcl-2 proteins; particularly Bax and Bak
are directly responsible for the loss of MOM integrity and regulate MOM permeabilization (MOMP) indirectly (Figure
10) leading to irreversible release of intermembrane space enzyme cytochrome C [11, 14, 58-59]. They also participate
in major cellular processes including calcium homeostasis, cell cycle control and cell migration. Under stress conditions
such as DNA damage, deprivation of GFs, the BH3-only proteins are activated act as pro-apoptotic by initiating of
apoptosis [39]. In the nucleus, it was found that a fraction of the BH3-only protein plays a role in the DNA damage
response [61]. Because of its potent anti-tumorigenic activity many BH3 mimetics e.g. ABT-737, ABT-263, and obatoclax
have been developed and tested clinically [62]. However, the possible localization at the level of these diverse internal
membranes is an emerging concept and the mechanisms governing Bcl-2 translocation as well as their actual biological
function remain poorly understood [59].

Table 2 Representatives of the Bcl-2 family proteins and their subcellular locations. Adapted from [58].

Protein Location

-

MM MIM CS PM N

Bcl-2
Bcl-xL

Mcl-1

Bax

Bak
Bok
Bid

Puma

Noxa

Bad

Bik XX
Beclin-1 XX
Spike

Bap31 XX
Bfk

Bcl-Rambo
C: Cytosol; CS: Cytoskeleton; ER: Endoplasmic Reticulum; NE: Nuclear Envelope; MOM: Mitochondrial Outer Membrane; MIM: Mitochondrial Inner
Membrane; MM: Mitochondrial Matrix; PM: Plasma Membrane; TGN: trans Golgi network. Black: normal conditions; Grey: apoptotic conditions. XX:
Predominant location.

Disturbance of the balance of anti-apoptotic and pro-apoptotic members of the Bcl-2 family results in dysregulated
apoptosis in the affected cells. This can be due to an overexpression of one or more anti-apoptotic proteins or low
expression of one or more pro-apoptotic proteins or a combination of both. For example, the overexpression of Bcl-2
protected cancerous cells of different origin, while overexpression of Bcl-xL confers a multi-drug resistance phenotype
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in tumor cells and prevent them from undergoing apoptosis [14, 17, 39, 58, 63-64]. The advent of BH3 mimetic drugs
represents a notable advance in cancer treatment (Figure 10).
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Figure 10 Role of Bcl-2 family proteins in the life-death decision point within the common pathway of apoptosis. The
interaction between pro-survival and pro-apoptotic BCL-2 proteins sets a threshold for activation of apoptosis. The
BH3-only proteins control this process by direct BAX/BAK activation or by repressing the anti-apoptotic Bcl-2 family
members. Drugs mimicking the action of BH3-only proteins indirectly lead to BAX/BAK activation [14, 39].

5.6.p53

The p53 is an oncosuppressor protein, which transcriptionally control the expression of a number of genes that in turn
regulate many functions. It responds to DNA damage, oncogene triggering, oxidative, and other cell stresses. Arrests of
cell growth between G1 — S (the G1 checkpoint) is mediated by p53 activation (Figure 11) [65-67]. This delay allows
for DNA repair machineries to restore genome stability. Alteration of the p53 pathway also contributes to apoptosis
evasion. If the damage is too extensive then p53 induces gene activation leading to apoptosis, thus preventing
proliferation of cell with defective genomes [65]. Inactivation, elimination, and abnormal expression of the p53 gene
play importantroles in carcinogenesis. About 80% of human tumors are caused by dysfunctional p53 signaling and 50%
by p53 gene mutation [66-68].

It was proved that early p53-induced apoptotic cells can be rescued from the apoptotic program if the apoptotic stimulus
is removed [69]. This suggested that DNA repair is initiated early in the p53-induced apoptotic process and that this
DNA repair may be involved in reversing the cell death pathway under certain circumstances. An interesting developing
field in p53 biology is the studies related to its cytoplasmic function(s) [70]. The cytoplasmic p53 acts in a
transcriptional-independent manner controlling important cell homeostasis processes. In cancer research, the p53
modifiers could be promising candidates to elucidate apoptosis or other important transcriptional-independent
activities needed to develop new therapeutic approaches. Bcl-2 has been demonstrated to inhibit p53-mediated
apoptosis but cannot inhibit p53 translocation toward nucleolus or p53-mediated growth arrest. The ability of p53 to
control many transcriptional programs and cellular functions possibly explains its potent tumor suppressor activity
[71-72]. Abnormal expression of p53 downregulates Bax/Noxa/Puma expression and upregulates Bcl-2. The possible
role of Bcl-2 is to block the activation of the apoptotic signals to their target molecules [73]. The upregulation of Bcl-2
prevents cytochrome C release from the mitochondria, inhibiting p53-mediated apoptosis. The downregulation of Bax
prevents the formation of mitochondrial apoptosis-induced channel on the OMM, reducing the pro-apoptotic effect [74].
Cytological and biochemical studies in the context of living organisms are likely to reveal yet additional functions of p53
in responding to genome instability. The future success of p53-targeted therapies needs deep understanding of the
detailed mechanisms of regulation of p53 apoptosis and cell-cycle functions. This will enable development of highly
effective and specific strategies for cancer prevention including CRISPR/Cas9 based genome editing [75].
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Figure 11 Interaction between extrinsic stressors and p53- dependent signalling dictates cell fate. In general, these
signals stabilize p53 leading to an increased in cellular levels of p53. The role by, which include DNA repair, apoptosis,
and senescence. The functional p53 exerts its protective effect by promoting different mechanisms, which include cell
cycle arrest (senescence) or induction of apoptosis, thereby suppressing tumour formation [65].

Inhibitor of apoptosis proteins (IAPs)

The inhibitors of apoptosis (IAPs) represents an important group of structurally and functionally related anti-apoptotic
proteins. Several IAPs have been identified [12], such as neuronal apoptosis inhibitory protein (NAIP) or (baculovirus
inhibitor of apoptosis repeat-containing protein 1; BIRC1), cellular IAP1 and IAP2 (cIAP1 and cIAP2 c-IAP1 or BIRC2 or
BIRC3, respectively), X-linked IAP (XIAP, BIRC4), Survivin (BIRC5), baculoviral IAP repeat (BIR)-containing ubiquitin
conjugating enzyme (BRUCE; Apollon), Livin/ML-IAP (BIRC7) and [AP-like protein 2 (BIRC8) [12, 37]. The defining
characteristic of IAPs is the existence of the BIR domain. IAPs are endogenous inhibitors of caspases (Figure 12) and
they can inhibit caspase activity by binding their conserved BIR domains to the active sites of caspases, by promoting
destruction of active caspases or by keeping them away from their substrates [11].
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Figure 12 Inhibitor of apoptosis proteins (IAPs)
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Figure 12 Inhibitor of apoptosis proteins (IAPs), such second mitochondrial activator of caspases (Smac) bind to XIAP,
cIAP1, and cIAP2 and antagonize the caspase binding function of XIAP. The ripoptosome contains receptor-interacting
protein-1/Receptor-Interacting Protein-3 (RIP1). Cellular FLICE-like inhibitory protein (cFLIP) inhibits FADD-induced
caspase-8 homodimerization in complex II, blocking apoptosis. ROS can mediate apoptosis by changing the expression
of different pro-apoptotic proteins such as caspases or anti-apoptotic proteins such as B cell lymphoma-2 (Bcl-2) and c-
FLIP. Toll-like receptor (TLR) priming potentiate IL-1 mRNA induction. The cascade reactions end with activation of
caspases and IL-1f. c-IAP: Cellular inhibitor of apoptosis; FADD: FAS-associated death domain; IL-1f3: Interleukin-1;
Nuclear factor-kappaB (NF- kB), NLR: Nod-like receptor; NLRP3: NOD-like receptor protein 3; ROS: Reactive oxygen
species [76].

The IAPs have an important role in modulation of various cellular activities, including cell death, cell cycle, and cell
differentiation as well as immune responses [77-78]. The list of IAPs cellular roles continues to expand as studies
implicate them in a growing number of signaling cascades [12]. The anti-apoptotic effect of IAPs promotes uncontrolled
cell division, and for this reason upregulation of IAPs is associated with numerous types of cancer as a mechanism of
resistance to cell death and chemotherapy [76-79]. During apoptosis, the IAP-mediated caspase inhibition is eliminated
by a mitochondrial protein named Smac (second mitochondria-derived activator of caspases) or DIABLO (direct IAP-
binding protein with low pI) [80]. Smac is an endogenous inhibitor of IAPs, and several small molecule mimetics of smac
have been developed to bind and antagonize IAPs (Smac /DIABLO) (Figure 12) in cancer cells and restore sensitivity to
apoptotic stimuli [78, 81]. The abnormal expression of the IAPs was responsible for resistance to chemotherapy [73,
82-84]. Thus, targeting IAPs seems to be a promising approach for improved cancer therapy. Compared to cytotoxic
cancer preventive molecules, IAPs inhibitors are less toxic to normal cells, and preserve favorable safety profiles
through clinical studies [82].

5.7. Reduced caspase activity

Since caspases are key players in apoptosis, it is reasonable to think that low levels of caspases or impairment in their
function may result in decreased rate in apoptosis and consequently incidence of carcinogenesis [85]. Inappropriate
activation of caspases and dysregulation of the cell death and inflammatory pathways they control has profound
consequences for human health [86]. Decreased caspase-2 expression or activity was shown to affect both p53
stabilization and the expression of p53-inducible genes in response to DNA damage [85]. Downregulation of caspase-9
was in stage I colorectal cancer patients and correlates with poor clinical outcome [87]. About 75% of the breast cancer
samples lacked caspase-3 transcripts and caspase-3 protein expression [88]. In the latter study, the levels of expression
of caspases-3 mRNA were either undetectable (breast and cervical) or substantially low (ovarian). Another study [89]
suggested that pancreatic cancer may attributed to disturbances in the initiation of cancer cell apoptosis through a
decrease in the expression of caspase-8, which may cause abnormal regulation in the activation of effector caspase-3.
This study [89] also suggested that the loss of caspases-3 expression and function could contribute to breast cancer cell
survival. In some cases, more than one caspase (capase-8 and -10, for example) can be downregulated, participating in
tumor development.

5.8. Impaired death receptor signaling

It is well documented that DRs and ligands are crucial mediator of cell fate. CD95 (Fas/APO-1), one of the most widely
studied death receptor signaling, has long been viewed as trigger which activates a signaling cascade, mediates
apoptosis and maintains immune homeostasis [90]. However, it was demonstrated that DLs can also bind to decoy DRs
that do not have a DD and the latter fail to form signaling complexes and initiate the signaling cascade [38].

Different aberrations in the death signaling pathways; decreased expressions of both DR and DL genes, or dysfunction
of the function of these receptor, have been reported to allow the evasion of the extrinsic apoptotic pathway. [37, 91]
All mentioned mechanisms perturb the transmission of death signaling downstream and hence resulting in impaired
signaling and consequently reducing apoptotic rate [92]. Impairments in leukemia and T lymphoma DR signaling lead
to what is known as primary Chimeric antigen receptor (CAR) CAR T19 resistance [91, 93]. These major side effects
have precluded the systemic use of CD95L cancer therapy, revealing a novel mechanism for acquired drug resistance.
Therefore, it becomes evident that understanding of cell death signaling pathways is relevant to developing more
effective cancer therapeutics.

6. Conclusion

Cell death in living systems occurs either by apoptosis or by non-apoptotic mechanisms. Apoptosis is an essential
process for the growth, development and maintenance of healthy tissues. A lack of apoptotic cell death is thought to be
a key driver of oncogenesis. If damage is too extensive (pathologic), cells have no choice but to undergo the genetically
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uncontrolled necrotic form of death. If on the other hand cellular damage is more subtle (physiologic), death occurs
through the genetically controlled apoptosis. Apoptosis a double-edged sword, can be the cause of the problem and the
solution of it. The precise mechanisms of ER signaling pathways in cell death have not been entirely clarified. The
involvement of micro RNAs in cell survival and death signaling is likely to open up new avenues of research in this field.
Unravelling of how different stress sensors such as ROS contribute to switching from survival to death may help in
clarifying these unresolved issues and provide fundamental information, guidance and new strategies for the
development of better therapeutics to treat some human diseases. All studies reported in this review dealt with research
conducted on animal cells. It is clear that research of plant cell death is relatively unexplored and requires further

investigations.
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