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Preface

The pathogenesis of many diseases is most closely related to inappropriate apop-
tosis. For example, cancer is one of the situations where too little apoptosis leads

to the development of malignant cells that highly proliferate. Defects at any points
along apoptotic pathways may lead to malignant transformation of the affected
cells, tumor metastasis, and resistance to anti-cancer drugs. Strategies targeting the
master regulators in carcinoma cells have been a major focus of interest in cancer
studies. Therefore, despite being the cause of the problem, apoptosis can be tar-
geted in cancer therapy.

This book begins with Chapter 1, “The Role of Apoptosis as a Double-Edge Sword
in Cancer,” which provides a comprehensive review of apoptotic cell death and
examines how deficiencies in apoptotic master regulators, caspases, and Bcl-2
family proteins influence carcinogenesis and can be targeted in cancer treatment.
Chapter 2, “The Program Cell Death (Apoptosis) and The Therapy of Cancer,”
deals with apoptosis's vital roles in maintaining organ homeostasis. Programmed
cell death occurs when the DNA damage is irremediable and has two important
pathways: the intrinsic death pathway, also known as the mitochondrial pathway,
and the extrinsic programmed cell death pathway. Any defects in the regulation of
these crucial pathways have been associated with many disorders, most importantly
cancer. Therefore, understanding the molecular basis of apoptosis is essential

for the treatment of incurable cancer. Hence, it is important to understand the
maintenance and counteraction of apoptosis and develop and improve successful
new pharmacological applications of cell death mechanisms for future therapies.
This chapter discusses the mechanism of apoptosis and emerging principles of
drug resistance in cancer. Chapter 3, “Recent Advancements in Apoptosis-Based
Therapeutic Approaches for Cancer Targeting,” discusses the development of

novel drug targets and drug delivery systems for inhibiting or inducing apoptosis.
Apoptosis plays a major role in cellular homeostasis, normal development, and
clearance of cells. Non-programmed cell death can take place by various external
factors, such as infection, toxins, and physical injury. The chapter provides recent
insights into therapeutic approaches to cancer. Chapter 4, “Insights into the Role of
Defective Apoptosis in Cancer Pathogenesis and Therapy,” discusses defective apop-
tosis as an indispensable causative factor in the development of cancer that allows
cancer cells to survive longer and favors the accumulation of oncogenic mutations.
Further, upregulation of anti-apoptotic proteins and loss of pro-apoptotic proteins
strongly favors apoptosis evasion. The ability of cancer cells to evade apoptosis is
critical for the progression and clonal expansion of malignantly transformed cells.
Defective apoptosis imparts proliferative advantage to cancer cells or cells with

the potential to become cancerous. The mechanisms employed by cancer cells to
evade apoptosis can be used in the strategic design of therapeutic regimens aimed
at exploiting apoptotic signaling networks to ensure tumor-specific cell death. This
chapter presents knowledge about the molecular mechanisms of defective apoptosis
that could be translated into the development of novel therapeutic agents and
therapeutic modalities for cancer treatment. Chapter 5, “Efferocytosis: An Interface
between Apoptosis and Pathophysiology,” deepens our understanding of cellular
death mechanism. Cell death occurring under physiological conditions is primarily



caused by apoptosis, which is a non-inflammatory or silent process, whereas
necroptosis or pyroptosis is triggered by pathogen invasion, which stimulates the
immune system and induces inflammation. In physiology, clearing dead cells and
associated cellular debris is necessary since billions of cells die during mammalian
embryogenesis and every day in adult organisms. For degradation, dead cells
produced by apoptosis are quickly engulfed by macrophages. This chapter presents
a description of the phagocytosis of dead and dying cells, as a process known as
efferocytosis. Chapter 6, “Programmed Cell Death (PCD) in Plant: Molecular
Mechanism, Regulation and Cellular Dysfunction in Response to Development

and Stress,” highlights the current understanding of plant programmed cell death
in terms of different pathways, cellular responses, regulation, and signaling
mechanisms. The study helps to understand the molecular and structural instincts
of programmed cell death in different stages of plant growth and development,
response to biotic/abiotic stimuli, and cellular dysfunction. Chapter 7, “Regulation
of Apoptosis during Environmental Skin Tumor Initiation,” discusses skin cancer.
Skin cancer has three distinct stages: initiation, promotion, and progression. During
the initiation, the fate of DNA-damaged skin cells is determined by the homeostatic
regulation of pro-apoptotic and anti-apoptotic signaling pathways. The imbalance
or disruption of either signaling will lead to the survival of initiated cells, resulting
in the development of skin cancer. This chapter elaborates on the signaling path-
ways that regulate apoptosis and the impact of their dysfunction during skin tumor
initiation. Finally, Chapter 8, “The Interplay of Key Phospholipid Biosynthetic
Enzymes and the Yeast V-ATPase Pump and Their Role in Programmed Cell Death,”
covers a model organism apoptotic mechanism. Exposure of the yeast Saccharomyces
cerevisiae to environmental stress can influence cell growth, physiology, and
differentiation, and thus result in cells’ adaptive response. During the course of
adaptive response, the yeast vacuoles play an important role in protecting cells from
stress. The vacuole is a dynamic organelle and is similar to lysosomes in mammalian
cells. The defect of the lysosome’s function may cause various genetic and neurode-
generative diseases. The multi-subunit V-ATPase is the main regulator for vacuolar
function and its activity plays a significant role in maintaining pH homeostasis.
V-ATPase is an ATP-driven proton pump required for vacuolar acidification. It

has also been demonstrated that phospholipid biosynthetic genes might influence
vacuolar morphology and function. However, the mechanistic link between phos-
pholipid biosynthetic genes and vacuolar function has not been established. Recent
studies have demonstrated the regulatory role of Pahlp, a phospholipid biosynthetic
gene, in V-ATPase disassembly and activity. Therefore, this chapter employs S.
cerevisiae as a model to show how Pahlp affects V-ATPase disassembly and activity
and how Pahlp negatively affects vacuolar function.

Dr. Yusuf Tutar

Professor,

Department of Basic Pharmaceutical Sciences,
Division of Biochemistry,

Hamidiye Faculty of Pharmacy,

University of Health Sciences-Turkey,
Istanbul, Turkey
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Chapter1

The Role of Apoptosisasa
Double-Edge Sword in Cancer

Reyhaneh Farghadani and Rakesh Naidu

Abstract

The pathogenesis of many diseases is most closely related to inappropriate
apoptosis (either too little or too much) and cancer is one of the situations where
too little apoptosis happens, leading to malignant cells that highly proliferate.
Defects at any points along apoptotic pathways may lead to malignant transforma-
tion of the affected cells, tumor metastasis, and resistance to anti-cancer drugs.
Several major molecular mechanisms are involved in the evasion of apoptosis in
cancer initiation and progression. Bcl-2 family of proteins and caspases are the
central players in the apoptotic mechanism and regulate cell death. Their imperfec-
tions cause to the deficient apoptotic signaling and thereby the inadequate apoptosis
in cancer cells and eventually carcinogenesis. Strategies targeting these master
regulators in carcinoma cells has been a major focus of interest in cancer studies.
Therefore, despite being the cause of problem, apoptosis can be targeted in cancer
therapy. This chapter provides a comprehensive review of apoptotic cell death and
how deficiencies in apoptotic master regulators, caspases and Bcl-2 family proteins,
influence carcinogenesis and can be targeted in cancer treatment.

Keywords: apoptosis, cancer, Bcl-2, caspase, regulation, dysfunction,
intrinsic pathway, extrinsic pathway, carcinogenesis

1. Introduction

Cancer as a complicated and heterogeneous disorder is the major threat to
human beings and is still the significant leading cause of mortality around the
world. According to the world health organization report, cancer is the second lead-
ing cause of death around the world with 9.6 million deaths in 2018. That is nearly
1in 6 of all global deaths [1, 2]. The incidence of cancer is expected to rise approxi-
mately 70% within the next two decades around the world, from 14 million new
cases in 2012 to 25 million new cases a year [3-5]. Cancer development comprises
of a multiple steps happening progressively and beginning with initial mutations
that promote tumorigenesis and, eventually, metastasis. The genetic alterations
ultimately cause to a disturbance in the balance between cell proliferation and
programmed cell death or apoptosis [6].

Apoptosis is a process of the cell’s natural mechanism for death which occurred
in multicellular organisms to maintain tissue homeostasis and act as a defensive
strategy to remove infected, damaged or mutated cells. Apoptosis can be triggered
through two major pathways, either mitochondrial- or death receptor-mediated
pathways resulting from the intracellular (e.g. stress, DNA damage) and extracel-
lular signals (death-inducing signals by other cells), respectively. This machinery
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mainly depends on caspases cascades for executing cell death that eventually
cause proteolytic cleavage of thousands of target proteins within the cells that are
essential for normal cellular function such as cytoskeletal and nuclear proteins.
Consequently, the apoptotic cells undergo a series of morphological and biochemi-
cal alterations leading to recognition by macrophages and cell phagocytosis.
Moreover, B-cell lymphoma-2 (Bcl-2) family of proteins has long been identified
for their significant involvement in regulating the cellular program of apoptosis
through mitochondrial outer membrane permeabilization, as the critical decision-
point at which cells commit to death, representing their vital role in protecting
against cancer [7-9].

Deficiencies at any point along apoptotic pathways and dysfunction of the con-
trolling mechanisms may result in impaired apoptosis that cause to carcinogenesis,
allowing cancer cells to survive over intended lifespans and eventually uncontrolled
cell proliferation, tumor development and progression. Tumor cells evade apoptosis
through a variety of mechanisms. Understanding these molecular mechanisms not
only provide insight into the cancer pathogenesis, but also provide clues on cancer
treatment [7, 10]. Besides, genomic instability, nutrient deficiency, cellular hypoxia
and oncogenic stress may cause to continuous stress within cancer cells which
make them more sensitive to apoptotic stimulation. Hence, the ability to target the
molecular components of this machinery and restore an apoptotic pathway has long
been considered as an intriguing approach in cancer drug discovery. Consequently,
being as a double-edged sword, apoptosis plays a critical role in both tumorigenesis
and cancer therapy [6, 11, 12]. Therefore, as evasion of apoptosis is well known as
the hallmark of all types of cancers, this chapter will be mainly emphasizing the
role of apoptosis in cancer, from pathogenesis and cancer development to cancer
therapy and treatment with primarily focus on two key mediators of apoptosis,
caspases and Bcl-2 family of proteins, which have been receiving great attention in
targeted cancer therapies.

2. The role of apoptosis in pathogenesis and treatment of cancer
2.1 Overview of apoptosis

The term “apoptosis” is derived from Greek, meaning “dropping off” or “falling
off” as leaves from a tree, was first used in 1972 to describe a morphologically dis-
tinct form of cell death. Apoptosis also known as programmed cell death is a highly
regulated energy-dependent process that occurs normally during development
and aging. It plays an important role as a homeostatic mechanism to maintain cell
populations in the tissue of multicellular organisms. In addition to its importance in
biological process, defects in apoptosis mechanism has been implicated in the patho-
physiology of diseases including cancer [13, 14]. There are many factors, mostly
proteins, involved in the activation and regulation of apoptotic mechanism. This
highly complicated and regulated process involves an energy-dependent cascade of
molecular events and includes the mitochondria-dependent (intrinsic) and death
receptor-dependent (extrinsic) pathway. Caspases play a vital role in initiation and
execution of both intrinsic and extrinsic pathways which is mediated through the
cleavage of hundreds of proteins essential for normal cellular function [15].

2.1.1 Caspases: key apoptotic proteins

Caspases are a family of cysteine protease enzymes that are able to selectively
cleave proteins at aspartic acid residues using the sulfur atom of cysteine in their
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catalytic site, hence, named as cysteine-aspartic proteases or caspases. They play
an essential role in maintaining homeostasis through regulating cell death and
inflammation. Caspases have been generally categorized by their known functions
in apoptosis (caspase-2, -3, -6, -7, - 8, -9 and -10) and in inflammation (caspase-1,
-4, -5and -12) in human. Caspases involved in apoptotic cell death have been then
subgrouped based on their position and mechanism of action in apoptotic signal-
ing cascades and are either initiator caspases (caspase-8, -9 and -10) or execu-
tioner caspases (caspase-3, -6, and -7) in apoptotic pathway. Therefore, caspases
as a conserved family of cysteine proteases, which are essential in initiation and
execution of intrinsic and extrinsic pathways, are the main emphasis of apoptosis
studies [16-18].

Caspases are initially synthesized as an inactive monomeric proenzyme,
named zymogens or procaspases, containing a large subunit, small subunit, and
prodomain that is only activated through proteolytic cleavage and dimerization
following an appropriate stimulus. Therefore, this post-translational level of
control provides rapid and tight regulation of the caspase enzyme activities [19,
20]. Initiator caspases have prodomains containing one of the two specific protein—
protein interaction domain including caspase recruitment domain (CARD) and
death effector domain (DED) that promote caspase dimerization through binding
to adapter proteins. Two examples of activating multiprotein complexes include
death-inducing signaling complex (DISC) and the apoptosome, which are formed
during extrinsic and intrinsic pathway of apoptosis, respectively [19].

Once properly assembled into dimers, pro-caspases undergo cleavage by autocatal-
ysis resulting in the removal of pro-domain and cleavage at the linker region between
the large and small subunit resulting in the heterotetramer formation and provides
the active-site loops to get a proper conformation for enzymatic activity [17, 19].

Although, initiator caspases are capable of autocatalytic cleavage and activa-
tion, effector caspases are cleaved by initiator caspases resulting in the formation
of active heterotetramer. Each active caspase is a tetramer consists of two identical
big subunits and two identical small subunits. Accordingly, activation of apoptotic
caspases leads to the inactivation or activation of substrates, and therefore initia-
tion of a protease cascade events in the apoptotic signaling pathway resulting in
rapid cell death. Activated caspases trigger cytoplasmic endonuclease, cleave many
vital cellular proteins and break up the nuclear scaffold and cytoskeleton as well
as activate DNase, which further degrade nuclear DNA into 180 to 200 base pair.
Collectively, caspase activity results in various morphological and biochemical
changes in apoptotic cells [19, 21, 22].

2.1.2 Morphological changes in apoptosis

Apoptotic cells are differentiated from healthy and necrotic cells based on
certain cellular morphological changes. Characteristic features of apoptosis in
the nucleus are chromatin condensation and nuclear fragmentation which are
accompanied by cell shrinkage, membrane blebbing and formation of apoptotic
bodies in the final stage of apoptosis which are rapidly engulfed by phagocytosis
that avoids an inflammatory response in surrounding tissues [23-25]. The shrink-
age of the cell is one of the most common morphological changes in apoptotic cell
death resulted from the extreme alteration in intracellular water. Intracellular water
plays a critical role in apoptotic and necrotic cell death. Although necrotic cells
absorb the water resulting in enlarging the size and finally burst, apoptotic cells lose
water leads to reduction in cellular volume. Therefore, the apoptotic cells become
smaller in size, the cytoplasm is dense and the organelles are more tightly packed.
Consequently, due to the occurrence of cell shrinkage, the cell will lose its contact
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with neighboring cells, or the extracellular matrix and acquire more rounded mor-
phology. Although the plasma membrane is intact during the entire process, at later
stage of apoptosis, loss of membrane integrity and formation of the blebs at the cell
surface due to the separation of the plasma membrane from cytoskeleton occur in
apoptotic cells [26-28].

2.1.3 Biochemical changes in apoptosis

Apart from structural alterations, several biochemical changes also play key
events in apoptosis. Apoptotic cells generally display major types of biochemical
modifications such as caspase activation, protein and DNA cleavage, and plasma
membrane alterations, which lead to phagocytic recognition [13]. Disruption of
plasma membrane asymmetry is a common feature of apoptotic cells, independent
of the form of apoptotic stimulus. The maintenance of lipid asymmetry of plasma
membrane is regulated through transporters named flippases and floppases. In
addition, the activated scramblase enzymes have an important role in the loss of
lipid asymmetry and enhanced phosphatidylserine (PS) exposure to the outer
leaflet of plasma membrane [13, 29].

Therefore, in a healthy cell, PS is limited to the inner layer of the plasma mem-
brane. However, during apoptosis, effector caspases cleave and activate scramblase,
as well as cleave and inactivate flippase, responsible for transmitting PS from the
outer to the inner leaflet that lead to externalization of PS. Therefore, phospha-
tidylserine, which is normally localized in the inner membrane layer of cells is
flipped out and externalized on the outer layer of the plasma membrane. This PS
externalization not only is the indicator of loss of membrane asymmetry during
apoptosis, but also allows early recognition by phagocytes and prevents the release
of proinflammatory cellular components [29-31].

2.1.4 Pathway of apoptosis

As mentioned earlier, the mechanism of apoptosis involves an energy-
dependent cascade of molecular events. Apoptotic cell death machinery includes
the mitochondria-dependent (intrinsic) pathway and death receptor-dependent
(extrinsic) pathway. The intrinsic pathway arises from intracellular signals like
cellular stress and DNA damage and relies on the release of proteins from the
intermembrane space of mitochondria. However, the extrinsic pathway is activated
through the binding of extracellular ligands to death receptors at the cell surface
that trigger the multiprotein complex formation known as death-inducing signal-
ing complex (DISC). These two mitochondria- and death receptor-mediated
pathways are interconnected and the molecules in one pathway can affect another

pathway [32, 33].
2.1.5 The intrinsic mitochondrial pathway

As its name implies, the intrinsic pathway is activated in response to internal
stimuli such as hypoxia, severe DNA damage and oxidative stress and mitochon-
dria play a critical role throughout this apoptosis signaling pathway [34, 35]. The
intrinsic pathway is mainly controlled by the members of Bcl-2 family proteins,
which regulate the permeabilization of mitochondrial outer membrane (MOM)
and are structurally and functionally classified into three groups. BH3-only
proteins, like Bim and Bik, that sense cellular stress and directly or indirectly
activate the executioner proteins, like Bax, Bak, Bid, that are able to oligomerize in
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and permeabilize the MOM. The oligomerization of these pro-apoptotic proteins
leads to component release form the intermembrane space to the cytoplasm and
activation of effector caspases of apoptosis. The first two groups are known as

the pro-apoptotic proteins of Bcl-2 family. The third group is the anti-apoptotic
proteins, like Bcl-2 and Bcl-xL that hinder the overall process by inhibiting pro-
apoptotic proteins. However, not the absolute quantity but rather the relative levels
and balance between the pro- and anti-apoptotic proteins regulates whether the
apoptosis event would be initiated. Although the excess of pro-apoptotic proteins
makes the cells sensitive to apoptosis, excess of anti-apoptotic proteins makes the
cells resistant and prevents the occurrence of apoptosis [36-38]. However, in the
presence of apoptotic stimuli, the death signal is sensed initially by the BH3-only
protein, which then interacts with the downstream mediators of apoptosis such as
Bax. As the intrinsic mitochondrial pathway is initiated, Bax is translocated from
cytosol to the outer mitochondrial membrane. The assembly of Bax proteins in
mitochondrial outer membrane results in protein-lined channels or pore forma-
tion and intensely increase its permeability that cause a dramatic loss of electrical
potential in mitochondria and cytochrome c release to cytoplasm. Subsequently,
released cytochrome c binds to APAF-1 to facilitate the formation of the apopto-
some, a wheel shaped heptametrical complex, which can then recruit and activate
pro-caspase-9. Consequently, caspase-9 activates effector caspases (caspase-3/-7)
that eventually lead to apoptosis (Figure 1) [39-41].

2.1.6 The extrinsic death receptor pathway

The extrinsic pathway is activated through the interactions between the trans-
membrane death receptors of the tumor necrosis factor (TNF) superfamily and
their related ligands. The TNF receptor family has common cysteine-rich extracel-
lular domains and cytoplasmic death domains that involve in transmitting the
death signal from the cell surface to the intracellular signaling pathways. Ligation
of death receptors with death ligands causes conformational change in death
domain and consequently recruits apoptosis-related adaptor proteins that associate
with procaspase-8/-10. At this point, a death-inducing signaling complex (DISC)
consisting of the death receptor, an adaptor molecule, and pro-caspase-8/—10 is
formed, resulting in the auto-catalytic activation of procaspases (Figure1). The
activated form of the caspase-8/-10 enzyme, as an initiator caspase, subsequently
cleaves and activates other downstream or executioner caspases [42, 43]. Finally,
both apoptotic pathways result in the activation of effector caspases (caspase-3/-7)
causing the cleavage of key cellular macromolecules which are required for nor-
mal cellular function. They cleave the structural proteins in the cytoskeleton and
nuclear proteins such as DNA repair enzymes and activate degradative enzymes
such as DNases, which together contribute to the typical morphological changes
and promote cell death [44, 45].

2.2 Dysregulation of apoptosis in carcinogenesis

The pathogenesis of many diseases is most closely related to inappropriate apop-
tosis (either too little or too much) and cancer is one of the situations where too
little apoptosis happens, leading to malignant cells that highly proliferate. Defects
at any points along apoptotic pathways may lead to malignant transformation of
the affected cells, tumor metastasis, and resistance to anti-cancer drugs [12, 46].
Defects in Bcl-2 family of proteins and caspases are well-known chief factors to be
involved in the evasion of apoptosis by tumor cells.
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Figure 1.

Apoptosis signaling pathways. Abbreviations: TRADD, TNF receptor-associated death domain protein; FADD,
Fas-associated death domain protein; Bid, BH3 interacting-domain death agonist; Bak, Bcl-2 homologous
antagonist/killer; tBid, truncated BID; Bax, Bcl-2 associated X protein; APAF-1, apoptotic protease activating
factor-1; Bcl-2, B-cell lymphoma 2, Bcl-xL; B-cell lymphoma-extra large.

2.2.1 Dysfunction of the Bcl-2 family of proteins in apoptosis

The Bcl-2 family of proteins consist of pro-apoptotic and anti-apoptotic proteins
that act as a master regulator of initiation of apoptosis through intrinsic pathway
and function chiefly at the mitochondrial level. The first protein of this family,
B-cell lymphoma 2 (Bcl-2), was recognized almost 30 years ago. Currently 25
members of the Bcl-2 family have been determined and based on the presence of
conserved Bcl-2 homology (BH) domains and their role in mitochondrial-mediated
apoptosis, they are categorized into the following three subfamilies [47, 48].
Anti-apoptotic subgroup consisting of Bcl-2, Bcl-w, Bcl-xL, A1/Bfl-1, Mcl-1and
Bcl-B/Bcl2L10 proteins contain four BH domains designated as 1-4 and inhibit the
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apoptosis occurrence so named pro-survival proteins. However, second group,
known as apoptosis effectors, belongs to pro-apoptotic members of this family
containing BH 1-3 and missing the BH4 domain. Some example of this group are
Bak, Bax, and Bok/Mtd. The last group that can be considered as subdivision of
pro-apoptotic proteins including Bik, Bid, Bim, Bmf, Puma, Bad, Hrk and Noxa are
named “BH3-only™ proteins as they contain only the BH3 domain. The members
of this group function as initiators of apoptosis and the major mediators of the
interaction with anti-apoptotic proteins [47, 49, 50]. Structural studies have deter-
mined that BH1, BH2 and BH3 areas together form a hydrophobic pocket that can
be filled by the amphipathic a-helical BH3 domain of pro-apoptotic Bcl-2 proteins.
Consequently, Bcl-2 family interactions regulate mitochondrial outer membrane
(MOM) integrity and function and eventually onset of mitochondrial-mediate
apoptosis [37, 51].

The balance disturbance of anti-apoptotic and pro-apoptotic proteins cause to
dysregulated apoptosis in the affected cells. Altered expression of these proteins
frequently occurs in cancers. Overexpression of anti-apoptotic proteins such as
Bcl-2 or Bel-xL occurs in a huge number of human cancers [52-55]. In one study,
targeted proteomic analysis have revealed the contribution of Bcl-2 overexpression
to cell survival of laryngeal carcinoma (LC) though its interaction with Hsp90f
and formation of Bcl-2 Hsp90p complex involving in the anti-apoptotic progres-
sion of LC [56]. In cervical cancer SiHa cells, overexpressing Bcl-2 gene, the sup-
pression of down-regulation of HPV16 E7 and c-myc gene expression may inhibit
the induction of apoptosis [57]. Besides, high levels of Bcl-2 have been reported
in hematological malignancies. Various mechanisms such as gene amplification,
chromosomal translocations and dysregulation of miRNAs involved in Bcl-2 RNA
degradation may cause to Bcl-2 upregulation [58-60]. Furthermore, there have been
a number of studies reporting the involvement of Bcl-xL anti-apoptotic protein in
tumorigenesis. The increased level of Bcl-xL gene expression determined in human
cancers such as colorectal cancer, breast cancer, gastric adenomas and carcinomas,
hepatocellular carcinoma and prostate cancer promotes cancer cell survival [61-65].
In addition, several attempts have revealed the association of enhanced levels of
Bcl-xL and MCL1 with the malfunction of miRNAs that usually diminish their
expression such as miR-29, miR-125b, miR-193 [66-68]. Furthermore, overexpres-
sion of anti-apoptotic Bcl-2 and its close relatives have been recognized as chief
components of chemoresistance [69-72].

Deficiency in pro-apoptotic members of the Bcl-2 family has also been exten-
sively studied in tumorigenesis and cancers. Pro-apoptotic gene Bim is frequently
silenced in human Burkitt’s lymphoma [73, 74]. Homozygous deletion and the
loss of mRNA and protein expression have also been determined in mantle cell
lymphoma and renal cell carcinoma. Hence, blocking Bim expression caused by
gene deletion or epigenetic silencing is mainly contributed to pathogenesis of
these tumors [75, 76]. Furthermore, a number of researchers have reported that
down-regulation and mutation of Bax plays a significant role in tumor resistance
to apoptosis. Reduced Bax expression was reported to be correlated with acquiring
resistance to 5-FU in colorectal cancer cell line and cisplatin in ovarian carcinoma
[77, 78]. Sensitivity of non-small cell lung cancer to Zoledronic was also found to be
Bax dependent [79]. Suppressed Bax activity is one of the major reasons of TRAIL
resistance in melanoma [80-82]. Besides, inactivated mutation in gene Bax such
as frameshift mutations, loss of function mutations and point mutations has been
reported in colon cancers, certain hematopoietic malignancies and acquired resis-
tance to antineoplastic drugs [83-85]. Additionally, cells lacking both Bax and Bak
have confirmed to be completely resistant to truncated Bid (t-Bid)-induced cyto-
chrome c release and apoptosis [86]. Therefore, all these abnormalities regarding
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Bcl-2 family protein members affect the ratio and equilibrium of pro-apoptotic

to anti-apoptotic proteins which result in apoptosis dysfunction and resistance to
cell death.

2.2.2 Dysfunction of caspases in apoptosis

Caspases are a family of cysteine proteases that play crucial role in initiation and
execution of apoptosis signaling pathway. During tumorigenesis, altered caspase
activity or deficiency in their functions may lead to impairing apoptosis induction
resulting in intense misbalance in the growth dynamics that eventually cause to
decreased apoptosis, irregular growth of cancer cells and carcinogenesis [17, 87].
Human cancer cells dysregulate caspase activity through a different mechanism
such as inactivated mutation, down-regulation and epigenetic alteration blocking
their apoptotic activity [88-90].

Caspase-3/-7 is a critical executioner molecule in apoptotic mechanism through
cleaving a variety of key cellular proteins. Many studies have demonstrated the
close association of altered caspase-3 expression and various cancers such as cervi-
cal adenocarcinoma, colon cancer, glioma and breast cancer [91-97]. However, the
role of caspase-3 in breast cancer patients has been an area of controversy. Meta-
analysis study of 3091 cases have revealed that enhanced expression of caspase 3 is
related to poor overall survival in patients [98].

As mentioned earlier, the activation of executioner caspases involves
their proteolytic cleavage through mature and functioning initiator caspases.
Therefore, deficiency in initiator caspases activity has been determined in cancer
development and progression [99, 100]. Caspase-9 plays a critical role in the
initiation phase of the intrinsic apoptosis pathway. Decreased levels of caspase-9
was reported in patients with stage II colorectal cancer associated with poor
clinical outcome [90, 101]. Inhibition of caspase 9 activity has been reported to be
involved in acquired cisplatin resistance in head and neck squamous cell carci-
noma cells [102]. Several functional polymorphism of caspase-9 has also been
determined which may influence its expression or activity and therefore alter
susceptibility to cancer [103-106].

Since extrinsic signaling of apoptosis mechanism after external stimulation of
the death receptors is mediated through initiators caspase-8 and caspase-10, their
deregulated expression or function can block death receptor signaling pathway
contributing to cancer development. Expression of caspase-10 was found to be
reduced in rectal cancer [107]. The cDNA array analysis has also detected the
reduced co-expression of initiator caspases of extrinsic pathway, caspase 8 and 10,
that might contribute to the pathogenesis of choriocarcinoma [108]. In previous
investigations, expression analysis of caspase-8 has shown its down regulation in
breast cancer cell lines and tumor tissues of breast cancer and revealed significant
association between altered caspase-8 expression and status of HR in breast cancer
patients [109]. Some studies also revealed that loss of caspase-8 expression not
only cause to reduced apoptosis, but also involved in enhanced cell migration,
tumor microenvironment and amplification of MYCN oncogene which highlight
its contribution in carcinogenesis. The lack of caspase-8 expression happens very
commonly in neuroendocrine cancers such as glioblastoma, medulloblastoma,
neuroblastoma [110-112]. Furthermore, the correlation between caspase-8 with
cancer prognosis, cancer stage and therapy resistance has been reported [109, 110].
Loss of initiator caspase-8 protein expression has been shown to be related with
undesirable survival outcome in medulloblastoma and gynecological tumors such
as ovarian and breast cancers and stage of head and neck squamous cell carcinoma
(HNSCC) [113, 114].
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2.3 Targeting cellular apoptosis machinery in cancer treatment

Since inhibition of apoptosis lies at the heart of all abnormal malignant growth,
metastasis and conferring therapeutic failure, targeting the apoptosis mechanism
players is of vital importance in cancer therapy. In this regard, Bcl-2 family of
proteins as gate-keepers of intrinsic apoptotic pathway mediating the pro- and
anti-apoptotic function at the mitochondrial level and caspases as the central player
in the initiation and execution of apoptotic cell death have been the center of attrac-
tion for drug discovery studies and development of anticancer agents [10, 115, 116].
Here, various therapeutic strategies designed to target them have been reviewed.

2.3.1 Therapeutic opportunities based on Bcl-2 family proteins modulation

In view of the critical role of Bcl-2 proteins in regulation of mitochondrial path-
way of apoptosis, targeting various members of this family have been considered
amongst the most promising therapeutic strategies in cancer, a well-known dysfunc-
tional apoptosis disorder [117]. Numerous attempts have been carried out to target
the modifications in Bim expression and therefore regulate tumor cell response to
apoptosis. Histone deacetylase inhibitors have been shown not only cause to up regu-
lation of Bim in transformed cells, but also they are able to reverse silencing of Bim in
cancer cells and consequently restored their sensitivity to various anticancer-agents
reported in leukemia and Burkitt’s lymphoma cells [118]. The proteasome inhibitors
are also recognized to promote accumulation of Bim and enhance the lethality of
cancer cells [119, 120]. Another approach is through diminishing its degradation by
blocking its phosphorylation. Ras/Raf/MEK/ERK pathway have a key role in regulat-
ing the expression and function of Bim through its phosphorylation and triggering
its proteasomal degradation. MEK1/2 Inhibitors has been applied to disrupt this pro-
cess leading to accumulation of Bim and consequently apoptosis. MEK1/2 Inhibitors
are also able to modify the interaction between BIM and other Bcl-2 family members
contributing to cell death [118, 121, 122].

Furthermore, structure-based drug design can be applied to discover anti-
cancer agents which are able to effectively activate a pro-apoptotic Bcl-2 protein
through changing its conformation promoting cell death. Bax as a unique entry
point for intrinsic apoptotic signaling is another major pro-apoptotic member of
the Bcl-2 family proteins which has been greatly getting attention to be targeted
in order to control apoptosis. Recent studies have revealed that direct binding and
activation of Bax can be a promising approach for cancer treatment. Discovery of
small-molecule functioning as a Bax activators may result in selective induction of
tumor cell apoptosis and overcome chemoresistance which has been proved through
invitro and invivo studies [117, 123]. Besides, some studies targeting a regulatory
site in Ser184 of Bax protein have determined that its agonists SMBA1-SMBA3
can effectively bind to and trigger its oligomerization through the suppression of
its phosphorylation that eventually lead to cyrochrome c release and induction of
apoptosis in mouse lung cancer xenografts [124]. Similar results were also reported
with other Bax agonists as promising Bax direct activators in breast cancer, glio-
blastoma and acute myeloid leukemia cells. These drug candidates demonstrated
noteworthy in vivo efficiency inhibiting xenograft tumor growth though induction
of apoptotic cell death [125-127].

The next emerging strategy in cancer drug discovery was the BH3 mimetics
which are able to antagonize the function of Bcl-2 and selectively kill cancer cells.

In this approach, BH3 mimetics are antagonists of the anti-apoptotic Bcl-2 proteins.
These small molecules acting as the competitive inhibitors induce apoptosis though
binding to their hydrophobic cleft and therefore affect the interactions between
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anti- and pro-apoptotic proteins [128]. Various BH3 mimetics with different level

of specificity and efficiency have been reported. For instance, TW-37 derived from
phenolic aldehyde gossypol has been showing high affinity to bind MCL-1, Bcl-2
and Bcl-xL anti-apoptotic proteins and induce apoptosis in B-cell lymphomas and
pancreatic cell lines along with decreasing tumor size in xenograft models [129-131].
As ABT-737 mimicked the BH3 domain of Bad protein, it was able to bind selectively
to Bcl-2, Bcl-xL and Bcl-W. It also demonstrated poor affinity to other member of
ani-apoptic proteins including MCL-1 and BFL-1. ABT-737 has shown efficacy in the
killing of several cancer cell lines including leukemia, lymphoma, multiple myeloma,
glioma and small cell lung cancer cell lines as well as primary samples. Also, these
two inhibitors of Bcl-2 families are currently in clinical trials [132-134].

Another approach to antagonize the function of Bcl-2 anti-apoptotic proteins is
focusing on the protein interaction among members of Bcl-2 family through their
essential death domain. In this regard, peptide-based inhibitors have been signifi-
cant achievements in targeting and regulating intracellular protein—protein interac-
tion. Stapled peptides are synthetic, bioactive a-helical peptides locked into their
bioactive structure that have brought new hope to target drug discovery [135, 136].
For instance, stabilized alpha-helix of Bcl-2 domains, SAHBs, is the peptide having
the ability to penetrate leukaemia cells and trigger induction of apoptosis through
its binding to the Bcl-xL which its function has been further confirmed though
invivo mouse xenograft models of leukaemia [137]. Another research study has
also revealed that exclusive MCL-1 stapled peptide inhibitor (MCL-1 SAHBD) can
effectively resensitize cancer cells to caspase-mediated apoptosis through directly
targeting of MCL-1 and suppress its inhibitory interaction with Bak protein [138].

2.3.2 Therapeutic opportunities based on caspase modulation

Given the vital role of caspases in the regulation of apoptosis, it is not surprising
that numerous therapeutic opportunities targeting caspase activity demonstrate
great promise for the cancer treatment. Different strategies have been investigated to
upregulate caspase-8 expression to restore its function in tumors. As hypermethyl-
ation of its promotor has been recognized as the main mechanism of silencing, one
approach for its reactivation is using demethylation agents. Azacytidine, decitabine
and nucleoside analogs promoting the demethylation of caspase-8 promotor have
been successfully applied in neuroblastoma, medulloblastoma, breast cancer and lung
carcinoma [139, 140]. Another interesting strategy is designing the small molecules
that selectively and directly target and trigger caspase-8 activation. These small mol-
ecules has been reported to potentiate TRAIL-induced cell death [141]. Proteosomal
inhibitors such as bortezomib has been also reported to increase total cellular cas-
pase-8 levels apparently by blocking its degradation [111, 142]. Some studies have
also reported that the use of interferons can elevate the caspase-8 expression through
modification at transcriptional level. This strategy targeting interferon-sensitive
response elements within the caspase-8 promoter leading to sensitize cancer cell to
apoptotic cell death in cancer chemotherapy or irradiation therapy [139, 143, 144].

Besides, developing molecules that are able to directly activates caspase 3 have
been of research interests as well. For this purpose, particular sequence of inactive
procaspase-3 consisting of the triplet of aspartic acid residues has been targeted. In
vitro studies have exhibited that PETCM, gambonic acid and its derivatives have the
potential to effectively activate caspase 3 leading to apoptotic cell death in cancer
cell lines [145-147]. Furthermore, procaspase-activating compoundl (PAC-1) has
been shown to induce anticancer activity through promoting the procaspase-3
activation. PAC-1 exerted its effect by chelation of inhibitory labile zinc ions and
currently is in phase I clinical trial for cancer treatment [148].

12



The Role of Apoptosis as a Double-Edge Sword in Cancer
DOI: http://dx.doi.org/10.5772/intechopen.g7844

In order to sensitize tumor cells to apoptotic stimuli, caspase —9 can be also
regarded as a potential target in cancer therapy. There are a wide range of molecules
such as protein kinase, microRNAs and heat shock protein that have been identified
to modulate caspase-9 expression and hence have been getting interest as candidates
for new drug development though regulating intrinsic apoptosis in cancer cells [149,
150]. Targeting caspase-9 have been also initiated in clinical trials (phase I) against
several cancer including Chronic Myeloid Leukemia, non-Hodgkin’s lymphoma,
Acute Lymphoblastic Leukemia, [151, 152].

In addition, several attempts have also been conducted on cancer gene therapy
focusing on apoptotic caspases. Gene transfer technologies may restore caspase gene
expression resulting in selectively induction of apoptosis in various tumor types
[153-155]. In this regard, caspase-9 and caspase-3 has been suggested for being used
in gene therapy strategies. A main benefit of involving these caspases is that they
start apoptosis at the downstream of the mitochondrial outer membrane potential
and they will not be affected with the enhanced expression of anti-apoptotic of
Bcl-2 proteins. The researchers conducted on inducible version of these caspases
have shown encouraging results related to remarkable reduction in size of lung and
gastric tumors, respectively [156-158].

Other than directly targeting of caspases, another area of research has focused
on discovery of anticancer agents that trigger the caspases activity indirectly. In
this approach, certain members of the inhibitors of apoptosis proteins (IAP) are
targeted. IAPs are functioning as the endogenous caspase inhibitors and prevent
apoptosis event by binding and inhibiting caspases through the degradation of
active caspases or keeping them away from their substrate. In this regard, numer-
ous researches have investigated various IAP inhibiting agents, accomplishing a
breakthrough in cancer treatment [159, 160]. Some of these agents are acting as the
IAP antagonist and exert their effect via suppression of their activity, while others
are analogs of the endogenous IAP inhibitor Smac. Several Smac mimetics such as
LCL161 and birinapant IAP inhibitors have currently being tested in phasel/Il in
clinical trials, with promising outcomes [161-164]. Besides, IAP inhibitors have
been reported to exert the synergistic effect in combination chemotherapy and
sensitize the cancer cells to radiotherapy which is of particular interest in malignant
gliomas [165-167].

3. Conclusion

It is well established that the apoptosis dysfunction promotes the malignant
transformation and renders the cancer cell resistant to treatment. Targeting
apoptotic pathways in tumor cells has been a main clinical interest as the evasion
of apoptosis is a hallmark of all cancers regardless of their causes or types. There
are numerous defects found in apoptotic mechanism contributing to inhibition of
cancer cell death. As demonstrated in this chapter, impaired activation of caspases
and disturbance in the balance between anti-apoptotic and pro-apoptotic members
of Bcl-2 family proteins are remarkably involved in tumorgenesis. The enhanced
knowledge about their critical roles in apoptosis and cell fate in recent years has
eventually made them promising therapeutic targets. This also has facilitated the
generation of more specific anticancer agents and led to shifting in anticancer
therapy form typical cytotoxic approaches to the designing and development of
apoptosis-inducing drugs that particularly target the cancer cells. An exciting
development in successful eradication of cancer cells involves structure-based
drug design of small molecules such as BH3 mimetics, specifically targeting Bcl-2
proteins, that is currently being tested in clinical trials with promising effects of
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selective induction of tumor cell apoptosis and overcoming chemoresistance as
well. These inhibitor molecules are in continuous development and a great deal of
effort is required to discover the most efficient ones having more specificity for
individual Bcl-2 proteins and offer maximal clinical efficacy. Besides, new thera-
peutic applications targeting apoptotic caspases including gene therapy approaches
and small molecules suppressing inhibitors of caspases are beginning to show
some promise through selectively and directly targeting of individual caspases

and eventually triggering their activity. Caspase-targeted approaches, epigenetic
modulators and their combinations with established therapies may have the poten-
tial to overcome the limitation of previous strategies through exerting synergistic
pro-apoptotic activity and may enhance the effectiveness of conventional cancer
therapy, worthy of further investigation in preclinical advanced models and clinical
trial. Apoptosis-targeted therapies are now remarkably advancing and remain a
promising approaches in future clinical practice of oncology.
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Chapter?2

The Program Cell Death
(Apoptosis) and the Therapy
of Cancer

Hilal Kalkan

Abstract

Apoptosis plays many vital roles in maintaining organ homeostasis and
represents type I programmed cell death. Programmed cell death happens when the
DNA damage is irremediable and has two important pathways, the intrinsic death
pathway also known as the mitochondrial pathway, and the extrinsic programmed
cell death pathway. Any defects in the regulation of these crucial pathways have
been associated with many disorders, most importantly cancer. Therefore, under-
standing the molecular basis of apoptosis is essential for the treatment of incur-
able cancer. To date, several anti-cancer drugs have been developed by targeting
anti-apoptotic proteins, which are upregulated in many cancers. Nonetheless, a
disease progression often time warranted due to the deregulation of several anti or
pro-apoptotic proteins which also contribute to drug resistance. Hence, it is impor-
tant to understand the maintenance and counteraction of apoptosis and improve
successful new pharmacological applications of cell death mechanisms for future
therapies. This chapter discusses the mechanism of apoptosis and emerging prin-
ciples of drug resistance in cancer.

Keywords: Apoptosis, Caspases, Cell death pathways, Drug resistance, Cancer

1. Introduction

Apoptosis is a type of programmed cell death that is a genetically controlled
process of self-destruction. Upon appropriate internal and external stimulus,
apoptosis is activated to eliminate the unwanted cells. Hence, damaged cells
undergo DNA condensation, membrane blebbing, and cell shrinkage which is the
result of activated caspases and proteases [1]. Programmed cell death (PCD) or
apoptosis plays an important role to maintain tissue homeostasis. The major aspect
of the PCD mechanism is the removal of infected, damaged, or mutation carrying
cells (that cause cell-cycle defects). Apoptosis or type I programmed cell death is
a well-defined regulated mechanism for the elimination of unwanted cells in the
later-period of life. Apoptosis happens in a silent-manner, without causing any
damaging effect on the neighboring cells, tissues, and so extinguish stimulation of
immunological response [2]. Although, unregulated or deficit form of apoptosis can
lead to disease conditions such as cancer and autoimmune diseases [3]. Therefore,
understanding the physiological control of apoptosis is crucial for the development
of novel approaches to target various diseases. In this chapter, we will provide
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a brief introduction of apoptosis, the program cell death pathways, the role of
caspases, the role of PCD in cancer, and anti-cancer therapy.

2. Apoptosis: type 1 program cell death

Apoptosis (will be referred to as PCD) as the name suggest is the targeted
killing of cells that occurs as a part of homeostasis, development, and pathogenic
processes throughout life. PCD is well-operated in the physiological processes in
an orchestrated manner to eliminate any defect in cells or tissues [2, 4]. The three
well-recognized apoptotic cell disassembly are (i) cell shrinkage, (ii) membrane
blebbing, and (iii) the formation of membrane protrusions and fragmentation [2].
Apoptosis can be triggered via two ways; i) the extrinsic pathway where the cell
death receptors such as Fas, TNFaR, and Death receptors (DR3, DR4, and DR5)
bind to their ligands ii) the intrinsic pathway when Bcl-2 family pro-apoptotic
proteins lead to permeabilization of the mitochondrial outer membrane. Both
extrinsic and intrinsic pathways are converged on the activation of the caspase fam-
ily, which is responsible for the removal of the damaged cell [5, 6]. The stimulation
of apoptosis via the extrinsic pathway requires classic ligand-cell-surface receptor
interaction. Death-receptors-induced extrinsic cell death is mainly critical for the
function of the immune system [7]. The intrinsic apoptotic cell death starts in a
cell-autonomous manner. Cellular defects and stresses, such as DNA damage (due
to toxic agents or defect s in the cell-cycle process) or endoplasmic reticulum (ER)
stress (caused by accumulated unfolded proteins), leads to apoptosis when the
damage is further than repair [8].

2.1 The activation of caspases, functions, and regulation

The initiation of apoptosis requires the activation of caspases, which then pro-
mote a cascade of events culminating in the death of a cell. Caspases are a family of
cysteine proteases, very well conserved proteins playing many vital roles. Caspases
can be divided into two categories (i) involved in immunity and (ii) the ones
facilitating apoptotic cell death. These enzymes are expressed inactively inside the
cell and activated to cleave for specific target substrates [9]. Pro-apoptotic caspases
cleave a much broader subset of intracellular proteins to intercede cell death via
apoptosis, on contrary, the caspases those involved in immunity can remove the
cells via other non-apoptotic mechanisms. Pro-apoptotic caspases are fundamen-
tal for the development, and maintenance of tissue homeostasis [10]. Although
many different caspases are found in mammals, here attention will be given to
those which are very well characterized. During program cell death, the activa-
tion of caspases leads to biochemical and structural changes such as condensation
of chromatin, mitochondria permeabilization, and membrane blebbing which
are characteristic of apoptotic cell bodies. These essential processes display two
important functions, firstly, the promotion of cell death and secondly, the elimina-
tion of damaged cells. Caspase-dependent program cell death generally ends with
cell death [11]. On the contrary, the failure of apoptosis or non-complete process
cause many disorders, most importantly, cancer. Nonetheless, cells have many other
regulators that positively or negatively maintaining the activation and/or function
of caspases [12]. The expression of caspases differs with stimuli type and expres-
sion level. While some caspases are expressed following a death trigger, the others
are expressed constantly but being in an inactive state [13, 14]. Once the cell senses
a death signal and/or being damaged the initiator caspases are being activated
and recruited to the plasma membrane or in the cytoplasm. Upon the cleavage of
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initiator caspases, they activate the destructor caspases. The activation of destructor
caspases in turn cleave important cellular substrates during program cell death. The
initiator caspases (caspase —8, —9, and — 10) and destructor caspases (caspase —3,
—6, and — 7) prefer different cleavage sites [15]. Many of the destructor caspases
include a cleavage site that is consistent with the peptide substrate specificity. Even
though, caspase —3 and — 7 contain identical peptide substrate preferences they
cleave different substrates. Such as Bid, Caspase —6 and — 9, Bid, XIAP, and gelsolin
are cleaved by caspase —3, while p23 is cleaved by caspase-7 [16]. The destructor
caspases can cleave more than thousands of substrates to enable program cell death.
Also, the initiator caspases have many additional important mediators for program
cell death. The activation of initiator caspase-8 is through the extrinsic program
cell death pathway which is mediated via death receptors [17]. The other initiator
caspase-9 is activated by the intrinsic program cell death pathway which is regu-
lated by the apoptosome complex. The active initiator caspases (both —8, and — 9)
can cleave downstream destructor caspases (caspase —3, —6, and — 7) [18]. The
activation of initiator caspases can be via several cell-death signaling complexes.
These different signaling complexes respond to many intra- and extracellular
events, which induce the recruitment of initiator caspases for the activation process
[19, 20]. It is important to mention that the interactions of caspase-activation plat-
forms and those caspases indicate a death-fold domain in the proteins. These sorts
of forms are existing in caspases and adaptor proteins: the caspase-recruitment
domain (CARD) and death effector domain (DED). There are also different other
death domains, such as the death domain (DD), and pyrin domain (PYR), which
are included in some of the activations of caspases but absent on caspases [21].
Indeed, death fold domains generally intervene in interactions between proteins via
homotypic interaction. For example, some extracellular ligands are tumor-necrosis
factor (TNF) family, TNF-related apoptosis-inducing ligand (TRAIL), and FasL.
These specific ligands bind to different TNF receptor (TNFR) family, so, upon their
binding stimulating conformational changes. The specific signaling complex that

is linked with Fas is DISC (death-inducing signaling complex) and contains FADD
(Fas-associated death domain), which is a small adaptor protein. TNFR induces

the activation of several cell-death signaling complexes [22]. Complex IIa involves
FADD and TRADD, and the other complex IIb involves FADD, and RIPK1, RIPK3
(receptor-interacting serine-threonine kinases). Both complexes can activate
caspase-8 and program cell death [23]. Once caspase-9 is activated, the cell death
stimuli induce Bcl-2 family proteins Bax or Bak and lead to mitochondrial outer
membrane permeabilization (MOMP) [24]. Later, MOMP is freeing cytochrome-c
(Cyt-c) and other pro-death factors from the mitochondrial membrane to the
cytosol [25]. The electrons are carried by Cyt-c in the respiratory chain of healthy
cells, which function as a co-factor of Apaf-1 in the apoptotic cell’s cytosol. The
Cyt-c and ATP bind to Apaf-1 to form the apoptosome complex, which results in
the recruitment and activation of caspase-9 [26]. The active caspase-9 cleaves, and
in turn, induces the activation of caspase-3. Importantly, this intrinsic program

cell death pathway is related to a death-receptor pathway through Bcl-2 family
member, Bid. The cleavage of Bid through death-receptor activated caspase-8 leads
to truncated Bid, which in turn causes the activation of Bax/Bak-induced MOMP
[27]. Hence, result in the activation of caspase-9. Caspase-2 activation induced by
the PIDDosome protein complex involves the Rip-associated protein with a death
domain (RAIDD) and p53-induced protein with a death domain (PIDD) [28].

The activation of caspase-1 in turn cleaves pro-IL-1b to cause inflammation [23].
Different inflammasomes form particular responses to different stimuli such as
Nod-like receptors (NLRs) including NLRP1, NLRP3, and NLRC4 [29-31]. The
NLR inflammasome protein contains an adapter binding domain and adaptor

27



Regulation and Dysfunction of Apoptosis

apoptosis-associated speck-like protein (adaptor ASC) containing CARD. Once
ASC oligomerizes, it, in turn, leads to the recruitment of caspase-1 and activates
caspase-1 [23]. The activation process of caspases has many violent consequences.
Thus, the regulation is tightly managed. The cFLIP (cellular FLICE inhibitory
protein), which is caspase-8’ inactive mimic, binds to signaling complexes that are
associated with death receptors to repress caspase-8 [32]. XIAP (X-linked inhibi-
tor of apoptosis) is the only active site inhibitor of caspases and contains three

BIR (baculovirus IAP repeat) motifs. The region BIR2 inhibits the activation of
destructor caspases, caspase-3 and -7 via two different mechanisms. The first one,
by binding the catalytic side of caspase-3 and -7, and the second one is by binding
the newly cleaved protein terminus [33]. Also, the BIR3 motif inhibits the caspase-9
and blocks the dimerization of caspase-9. Of note, the regulation of caspases can be
post-transcriptionally by phosphorylation. Several studies reported to inhibit the
activity of caspase-2, —8, and — 9 [34]. Besides, caspases can play roles in diverse
signaling pathways by their constant activation, for example, some of the specific
morphological features of apoptotic cells are due to caspase-intervened activation
of some actin cytoskeleton modulators such as p21-activated kinase 2 (PAK2), Rho-
associated kinase I (ROCKI) and gelsolin [35-37] (Figure1).

2.2 The mitochondrial pathway of apoptosis (the intrinsic pathway)

The intrinsic pathway contains the let off of cytochrome c from the mitochon-
dria to the cytoplasm in response to cellular stress [26]. The cellular stress by the
variety of factors such as DNA damage, deprivation of growth factors, defective
ER, and several developmental factors activate the intrinsic pathway. In the mito-
chondrial pathway, the cleavage and activation of caspases begin with caspase-9,
which leads to apoptosome machinery activation [19, 20]. The apoptosis protease-
activating factorl (APAF1) is a key molecule in the intrinsic pathway of apoptosis,
besides, an important target for its pro-survival member, and scaffolding the
assembled apoptosome [38]. In the Intrinsic apoptosis pathway, firstly, cytochrome
cis discharged from mitochondria and enters into the cytosol, by ending with its
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Figure 1.

The caspase family proteases and apoptosis. The initial signal on the cell membrane or from the mitochondria
activates the initiator caspases (caspase-2, caspase-8, and caspase-9), which act on execution caspases. The
initiator caspases ave produced inactively and composed of a pro-domain (containing a CARD or a death
effector domain [DED]) and, a large and small subunit. On contrary, executioner caspases (caspase-3,
caspase-6, and caspase-7) are activated by cleavage of the initiator caspases. Thus, dependent on initiator
signaling. The active caspases including two small and large subunits.
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interaction to APAF1 [39, 40]. The cytochrome c, together with APAF1 forms the
apoptosome, which leads to inactive caspase-9 monomers into active auto-process
[26]. The active caspase-9, in turn, leads to activation of downstream effector
caspases. Further, the mitochondria let off pro-apoptotic proteins includes apopto-
sis-inducing factor (AIF) and endonuclease-G [41]. Cytochrome c is only present
in the mitochondrial intermembrane in healthy cells, to interact with APAF1, the
apoptotic stimuli trigger the mitochondrial outer membrane (MOM) permeabiliza-
tion (MOMP) [27]. Hereby, the MOMP conduce to discharge of the entire soluble
proteins from mitochondrial intermembrane space to the cytosol. Additionally,
rather than cytochrome c, two important pro-apoptotic proteins which are Smac
and Omi, were also released meanwhile the above-mentioned procedure. These two
proteins are crucial for increasing the potential of apoptosome via antagonizing the
caspase inhibitor called X-linked inhibitor of apoptosis (XIAP) [26, 42]. In the lack
of Smac and/or Omi, XIAP binding to caspase-9, and inhibits its catalytic activity in
which also affects the caspase-3 and caspase-7 [42]. The intrinsic apoptotic path-
way is regulated by the Bcl-2 family of proteins [5, 43]. The regulation of MOMP

is tightly controlled by the Bcl-2 family proteins, they share BH region homology
with their sequence, function, and structure. The Bcl-2 family can be sub-grouped
into three categories: the pro-apoptotic proteins, Bax and Bak, play a key role for
MOMP regulation; the anti-apoptotic proteins, Bcl-2, Bcl-xL, and Mcl-1, these are
the blockers of MOMP; and the BH3-only proteins, Bid, Bim, Bad and Noxa, which
are activators of pro-apoptotic proteins and neutralizers for Bcl2 anti-apoptotic
proteins. Anti-apoptotic Bcl2 proteins control many other cellular processes such as
autophagy and mitochondrial fusion [24, 44]. Bax and Bak are in charge of the loss
of mitochondrial outer membrane integrity. Over their activation, they form broad
oligomers, and by disturbing MOM enduing their entry into MOM. The disturbing
process still unknown, but this lets off the release of entire intermembrane space
proteins [45, 46]. Bax and Bak are acting on MOMP involuntarily but importantly at
least one of them is needed for re-permeabilization of mitochondria. These proteins
are generally being at an inactive state, and gets activated upon upstream stimuli
[47-49]. The BH3-only proteins, at least two of them, Bim and active Bid activate
Bax and Bak via their transient interaction [25, 50-52]. The antagonization of
MOMP accrued by the Bcl2 anti-apoptotic proteins in which they bind and inhibit
both Bax and Bak, also BH3-only proteins via interacting with their BH3-only
domains [53]. The Bcl2 proteins are regulated both transcriptionally and post-
transcriptionally. Especially, via the ubiquitin-proteasome system, the degradation
of Mcl-1 involve in apoptosis due to many cellular stresses. Over DNA damage, Mcll
ubiquitin ligase E3 (MULE) binds to Mcl1 and initiates it catalyzes [54]. Mcll is
phosphorylated via mitogen-activated protein kinase (MAPK) upon cellular stress
conditions [55]. Also, Mcl1 is degraded with growth factors stimuli such as IL3 and
the deficiency of phosphoinositide 3-kinase (PI3K)-AKT signaling. This important
process eases glycogen synthase kinase 3 (GSK3) from AKT inhibition. Then, GSK3
leads to phosphorylation of Mcll and its subsequent degradation [55, 56]. Intrinsic
pathway signaling with pro-and anti-apoptotic proteins maintain many signaling
processes in the important point of life and death decision. BH3-only proteins are
essential upstream sensors of the mitochondrial apoptotic pathway. The regulation
of several signaling pathways converge on the BH3-only proteins, and therefore,
control and regulate their expression levels and activity [57, 58]. Such as the acti-
vation of Bid over cleavage by caspase-8 follow up DR ligation [59, 60]. Hereby,

the Bid mediates the cross-regulation of both extrinsic and intrinsic apoptotic
pathways. Also, the response to genotoxic stress can be given with Puma and Noxa,
which are the direct target of p53 [61-64]. Also, the primary apoptotic factor Bim
similarly can be up-regulated via forkhead transcription factor FOXO3A over
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cytokine deficiency or due to ER stress to unbind the accumulated proteins [65-67].
To this end, the activity of Bad regulated via several kinases’ phosphorylation
including AKT, which leads to its sequestration through 14-3-3- proteins [68, 69].
Also, when Bad is released, it acts against Bcl2 anti-apoptotic proteins over growth
factor deficiency and/or lacking the AKT signaling [68, 70]. It is noteworthy that
MOMP is obliged the cell to death even though the caspase activation is hindered
which might be the conclusion of the loss of mitochondrial function, which causes
the failure of energy [26, 71]. Some cells can survive under these conditions though
[26]. Nevertheless, the MOMP activation through its downstream is an important
point in the regulation of caspases and might be settled. Finally, mitochondrial
apoptosis can be harassed through the phosphorylation and inhibition of caspase-9
by acting downstream of MOMP [72].

2.3 The extrinsic pathway of apoptosis

The extrinsic pathway of apoptosis can be initiated through the binding of
ligands to the death receptors such as tumor necrosis factor receptors (TNFRs) and
Fas receptor (FasR) on the cell surface [7, 17, 73]. These receptors possess death
domains at the cytosolic side, which helps in recruiting adaptor proteins such as
FAS associated via death domain (FADD), and also, for some receptors, TNFRSF1A
is associated via death domain (TRADD) [74, 75]. The recruitment of these adaptor
proteins occurs through the interaction of death domains present in both receptors
and adaptors. The death effector domains of these adaptor proteins have different
upstream procaspases such as caspase-8 and caspase-10 to form a death-inducing
signaling complex (DISC), which then promote activation of these caspases
[17, 76]. The downstream executioner caspases such as caspase-3, caspase-6, and
caspase-7 activated through their upstream caspases to execute cell death [77]. The
main feature of apoptosis is the lack of systemic damage to neighboring cells during
its initiation and clearance of the dead cells. This feature of apoptosis is provided
by the attentive wrapping of the cell membrane around the fragmented cell by
forming apoptotic bodies. The release of ATP (adenosine 5'-triphosphate) and UTP
(uridine- 5'-triphosphate) from apoptotic bodies display a signal for macrophages,
leads to the migration of macrophages to the apoptotic site [78]. Besides, apoptotic
cells also expose the eat me signal most likely phosphatidylserine (PtdSer) on their
surface, which initiates phagocytes to engulf the must-remove cells [79].

3. Apoptosis and cancer

Cancer is a multi-complex disease arising from mutation of tumor suppressor
or oncogenes, which can be due to impairment of several signaling pathways and
associated with apoptosis [80]. The evasion of apoptosis is an important sign of
cancer, which mostly results in a very high level of resistance to many chemo-
therapeutic agents. Therefore, attention has been given to apoptotic proteins and
became the most attractive anti-cancer target for effective treatment. The resis-
tance against apoptosis is seen in many types of cancers, and required much higher
doses of drugs to overcome the resistance, which increases the risk of “off-target”
negative effects [81]. Apoptosis is also a very complex system with its regulation
and/or function via several proteins, kinases, and links with several pathways
might provide important therapeutic benefit for novel approaches to treat cancer.
A better understanding of apoptotic pathways and their alteration in cancer cells
had the attention of the development of pro-apoptotic agents. In cancer cells,
cell death has been reported for a long time and associated with cancer therapy
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due to the designation of killing malignant cells by chemo- and/or radiotherapy.
Unfortunately, this also leads to the death of normal cells along with cancer cells
[80]. Kerr et al. reported that radiation increases the rate of apoptosis in cancer
cells. Therefore, apoptosis-associated directly with the development of cancer cells
in humans. Most importantly, it can also promote resistance to the therapies which
aim to kill cancer cell by targeting apoptosis [2]. In healthy cells, the recognition of
damage leads to activation of program cell death, which ending up with their elim-
ination by killing themselves. Such as the activation of tumor suppressor p53 can
activate apoptosis inducers including Puma and Noxa, in normal cells [61, 62, 64].
Thus, the un-endowed cells which are not able to eliminate themselves may cause
an accumulation of genetic damage. The oncogenes (e.g. Myc) induced apoptosis
is a very crucial protective mechanism against cancer development, controlled by a
p53-dependent pathway, activated in response to abnormal mitogenic signals. Such
as the cells overexpressing the apoptosis inhibitor Bcl2 or have damage in the p53
gene are incapable of this removal process including cancer cells. The loss of func-
tion mutations in the p53 tumor suppressor gene causes defection in the apoptotic
mechanism and also impacts its tumor-suppressive functions, which involving
DNA repairment, cell-cycle arrest, and cell senescence [82, 83]. Also, the incapable
cells with an additional mutation can lead to atypical cell proliferation. Such as
chromosome translocation which ends up with over-expression of c-Myc, then
will lead to quick malignant cell growth. Of note, this explains that the defects

in apoptotic mechanism such as over-expression of apoptosis inhibitor Bcl-2 and
unregulated cell proliferation due to c-Myc overexpression in the development of
lymphoma [82, 84, 85].

Understanding of extrinsic apoptotic pathway on death receptors especially
on TRIAL signaling, including TRAIL-1 and -2, shown to lower toxicity com-
pared to TNF or FAS signaling were targeted. The lowering expression levels
of TRAIL receptors via recombinant human TRAIL-R1 and -R2 opened up
an important therapeutic window. The tumor cells pre-dominantly signal via
TRAIL-R1 and -R2, and the expression of these receptors displayed that they do
not behave as an indicator of favored receptor signaling [86]. The higher expres-
sion levels of these receptors have been found on brain tissue and hepatocytes
[87, 88]. However, these findings opened up several windows about the use of
TRIAL in the clinic which has been reported notable apoptotic cell death in
primary hepatocytes. These findings underlining the importance of selective
models to evaluate appropriate drug combinations and their potential on- and/or
off-target adverse effects. A study by Von Karstedt et al. in KRAS mutant cancers,
known to have an elevated level of TRAIL-R2 expression shown that triggering
TRAIL signaling is worsen the development of cancer, and metastasis [89, 90].
Several other studies in different cancers such as pancreatic cancer also shown
that TRIAL-R2 signaling interacts with the miRNA processing complex and leads
to the inhibition of the maturation of mRNA, called let-7. The result of TRAIL
R2-miRNA interaction displayed an up-regulated level of let-7 transcriptional
target genes which also prompt cancer development [91]. The sublethal concen-
trations of TRAIL were shown to induce the activation of caspase-8 dependent
apoptotic nucleases, which leads to increased mutations caused by DNA damage
in surviving cells [92].

The IAP proteins which are downstream of DRs and Bcl2 family proteins are
excessively expressed in cancer cells, therefore associated with cancer develop-
ment and as well as resistance to therapies. The involvement of cIAPs has also been
associated with the regulation of the NF-KB pathway. The lack of cIAPs leads to an
increase of inflammatory cytokines including TNF family and IL6, IL8, IL10, and
Mcll, which are effectively involved in systemic inflammation [93]. Nevertheless,
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these cytokines have also been reported to be increased in cancer progression due to
their link with inflammation which causes to include immune cells to the cancer site
and prompt the tumor development (Figure 2).

3.1 p53 phosphorylation: is it a driver to cell death?

DNA damage comprises different causes that involve cell stress, mutations, toxic
agents, or genomic lesions. Upon damage, the confrontation of cells to damage lead
to their potential responses to repair the damage or eliminate the harmed cells by
apoptosis. Usually, the response of the damaged cell fate differs from strength to the
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Figure 2.

Moglecular mechanisms of intrinsic and extrinsic apoptotic signaling pathways activation. a. the activation of
intrinsic apoptotic signaling pathway through cellular stress (ER), and deprivation of growth factor (DNA
damage). This alteration promoting the activation of pro-apoptotic members of the BCL-2 family, including
BIM, PUMA, BAD, or NOXA. The BH3-only proteins bind and therefore, neutralize BCL-2 pro-survival
proteins, involving BCL-2, BCL- XL, MCL-1, and BCL-2- related protein A1. Thus, releasing the important
effectors of apoptosis signaling, such as BAK and BAX, which then unite into big complexes and lead to
incompliance in the mitochondrial outer membrane. Afterward, this results in the free off cytochrome ¢

and SMAC, which are apoptogenic factors. Some of BH3- only proteins (BIM and PUMA) recently have
been reported to bind and promote the activation of MOMP. Also, cytochrome c binding to APAF1 leads

to the formation of the apoptosome complex. Caspase-9 is activated in this apoptosome complex, and later
proteolytically causes the activation of both caspase- 3 and caspase-7. The caspase inhibitor XIAP activity is
blocked by SMAC. b. Extrinsic apoptotic signaling is stimulated through the activation of DRs, for example,
the activation of FAS via FAS ligand (FASL). This cause the pro-caspase 8 vecruitment to the death receptor
by the adaptor protein FADD, and ending up with the formation of the DISC, which is an important
catalyzer for the caspase-8 activation. The activation of caspase 8 promotes cell killing, in two ways: i) via
direct activation of caspases 3 and 7, or ii) by indirect activation of the BH3 only protein BID into tBID, thus
linking with the intrinsic apoptotic signaling pathway. Effector caspases can be activated in two ways, either
by cleavage of hundreds of intracellular proteins to promote the conventional apoptotic morphology and to
avoid the efflux of intracellular DAMPs which can vesult in inflammatory vesponses. In addition, effector
caspases either divectly or indivectly can lead to activation of ROCK-1 kinase, which is important for plasma
membrane blebbing by actin contraction and caspase-activated DNAse (CAD), which cause inter-nucleosomal
DNA cleavage and thus chromatin condensation. These effector caspases also can proteolytically lead to the
inactivation of lipid flippases including ATP11, and also can activate the lipid scramblase such as XKR8.
Altogether, this vesults in the exposure of PtdSer on the cell membrane. Therefore, this is called an ‘eat me
signal’ for phagocytic cells and ending up with the engulfment of cells that are undergoing apoptosis [94].
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content of DNA damage, and different signaling pathways are activated. The dif-
ferent cellular decision-making process is guided with specific signaling molecules
at the molecular level [95]. The tumor suppressor p53 plays a key role in response

to DNA damage and involve in the cellular decision-making process, in turn, found
to prompt DNA repair by shutoff the cell cycle to allow time for the repairment and
restore genome stability [96]. However, it remains unknown still that how p53 does
different cell-fate decisions, activate different target genes, and at a non-transcrip-
tional level have an effect in the cytoplasm of MOMP [97]. The phosphorylation

of p53 at Ser15 and Ser20 occurs over immense DNA damage and these are critical
sites for stabilization of p53 [98]. Importantly, there is a specific phosphorylation
site which is Ser46 and selectively associated with the activity of cell killing caused
by genotoxic stress. These crucial different phosphor-sites of p53 might improve
the understanding of the function of specific phosphorylation sites. Many studies
focused on the phosphorylation of p53 at Ser46 which modulates the target gene
transactivation and it has been implicated to potentiate cell death transcriptionally
and also, non-transcriptionally [95]. The transactivation of significant pro-apop-
totic p53 target genes including BAX, NOXA, p53AIP1, PTEN, and AKT kinase,
which are all up-regulated over p53 Ser46 phosphorylation [63, 99-101]. How this
different transcriptional effect occurs and which mechanisms are evolved is an open
question? The specific role of the p53 Ser46 phosphorylation site in making a cell-
fate decision upon cell death leads to the thought of its disturbed regulation might
cause cancer cell resistance to therapy. The deregulation of p53 Ser46 kinases in
cancer cells could be caused by many factors involving mutations, mis-localization,
lower expression level, and disturbed kinase activity. The mutations of p53 at Ser46
have been reported with 1.4-1.6% rates in different human cancer types including
breast, colorectal, lung, and stomach. Besides, the down-regulation of several p53
Ser46 kinases are reported such as ATM, DYRK2, HIPK2, and p38« in different
tumor types [63, 102-104]. Although, since the regulation of the kinase relies on
P53 Ser46 activity, their specific potentials and activities is a challenging task.

3.2 The pro-oncogenic roles of apoptosis

The deregulation of apoptosis is a feature of cancer cells. Apoptosis is a
tumor suppressor mechanism in cancer cells. Hence, the dysregulation of
apoptosis causing uncontrollable cancer cell-survival [105]. Besides, the tumor-
suppressive effects of apoptosis, also, suggested having pro-oncogenic functions.
The maintenance of aggressive tumors by apoptosis has been described in the
literature. The term tumor aggressiveness defined with increased proliferation,
and metastatic features of cancer cells. Such as apoptotic stresses are maybe the
reason for aggressive tumor development. Therefore, have pro-oncogenic roles
in cancer development and aggressiveness [106, 107]. Importantly, this opens
several questions about the beneficial effects of apoptosis in cancer therapy,
since strategies aim to trigger apoptosis [108]. Apoptosis-induced prolifera-
tion (AIP) is an important compensatory proliferation form, which helps to
eliminate damaged cells and maintain tissue homeostasis. Caspase-dependent
inflammation and repressed AIP activity might lead to tumor development. One
important mediator of AIP is Prostaglandin-E2 (PGE-2), and functioning as a
trigger of tumor proliferation in apoptotic cells [109]. The regulation of tumor
cells by PGE-2 through caspase-3 dependent manner is an important strategy
to treat melanoma. Here, the dying cells trigger the growth of living-cells after
cytotoxic therapy [110, 111]. Therefore, targeting PGE-2 to enhance the response
to therapy might help to overcome the resistance in cancer cells, when designing
cancer therapies [112].
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3.3 The oncogenic roles of apoptosis

Apoptotic cells release the “eat-me” signal which is a signal for phagocytosis.
These dynamic signals are including fractalkine (FTK), phosphatidylserine (PS),
nucleotides ATP, and UTP [113, 114]. These signals are responsible for immune
cell activation. Such as the effects of FTK associated with cell migration, and
angiogenesis. Also, these signals by apoptotic cells are thought to induce inflam-
mation. Somehow, in the occurrence of normal apoptotic cell death, inflammation
is prevented by efferocytosis. The mechanism of efferocytosis is to eliminate the
apoptotic cells by immune cells, macrophages. Importantly, it also plays a key role in
cancer cells by creating an immunosuppressive effect to organize several signaliza-
tion events between tumor cells [115]. For example, a study by Ford and colloquies,
in 2015, showed that apoptotic cancer cells induce tumor growth and angiogenesis
in B-cell lymphoma and also, malignant melanoma [116]. In conclusion, the effects
of apoptotic cells in their microenvironment is changed upon their features. The
studies that suggest apoptotic cell involvement might play important role in signal-
ing events due to their environment and features. Of note, it remains unknown how
they do these roles, therefore, more studies are needed to clarify this point.

4. The therapeutic approaches to cancer

The question what happens when apoptotic machinery is impaired? The answer
is impairment of apoptosis results in uncontrolled cell proliferation, tumor devel-
opment and progression, and resistance to anticancer therapeutics [117, 118]. The
deregulation of apoptosis is not only causing the development and progression of
the tumor but also lead to resistance to therapeutic approaches [80]. Cancer cells
can promote drug resistance to several treatments, which target several different
molecular signaling. So many cancers present an internal resistance to chemo-
therapy, without previous exposure to anti-cancer agents. Therefore, the beginning
response to cancer treatment is weak. Furthermore, several tumors might also gain
drug resistance because of chemotherapy [119-122]. Among many intrinsic and
gained drug resistance are increased drug leakage, defective inflow transporters,
changes in the function of drugs and their targets, drug inactivation metabolically,
drug compartmentalization, increased activity of DNA repairment [120, 123-126].
To improve therapeutically new approaches, the understanding of these signaling
pathways is required to progress cancer therapy and more importantly get over the
resistance. Besides, targeting the apoptotic signaling events that are involved in
resistance may improve a valid strategy to increase the cell sensitivity of cancer cells
to apoptosis and overcome the failure of therapeutic difficulties.

4.1 The role of Bcl2 family proteins in cancer and drug resistance

The Bcl-2 family proteins contains at least one Bcl-2 homology (BH) domain
[127-129]. The different BH-domains exist, but especially BH-3 is crucial to form
several BCL-2 protein complexes that govern the result between survival and death
[130-133]. These interactions between BH3-BH3 are also important to antagonize
pro-survival complexes. The increased level of anti-apoptotic Bcl-2 family proteins
is associated with carcinogenesis. Such as the transgenic mice model that over-
express Bcl-2 shown to develop tumors spontaneously [134]. However, the high
expression of Bcl-2 was also reported to cause a shift in the balance of cancer cells
through survival and also lead to resistance to chemotherapy [135]. Overexpression
of Bcl-xL, another member of the Bcl2-family is also associated with colorectal
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cancer [136]. This unbalanced expression of Bcl-2 family proteins confers failure

of apoptosis and resistance to cancer therapies [137]. Especially, overexpression of
anti-apoptotic proteins such as Bcl-2 and Bcl-xL is correlated with several cancers
including ovarian and breast cancer [138, 139]. On the other side, an increased ratio
of Bcl-2/Bax is associated with chronic lymphocytic leukemia (CLL) [140].

4.2 The role of BH3-mimetics as a potential therapeutic option for cancer

Bcl-2 family proteins control the intrinsic apoptosis pathway toward protein—
protein interactions, which including all BH-3 domains [141, 142]. Currently, the
therapeutic approaches mostly focused on mimicking and target the BH-3 only
proteins. BH-3 mimetics are small molecule compounds and bind to anti-apoptotic
Bcl-2 proteins. Therefore, inhibit their activity and promotes apoptosis [133, 143].
Of note, BH-3 mimetics can start apoptosis by leading to activation of Bax/Bak or
by inhibiting anti-apoptotic Bcl-2 family proteins [142]. Between a variety of BH-3
mimetics that have been generated, ABT-737 and ABT-263 (Navitoclax) showed
the most promising antitumor efficacy by engaging anti-apoptotic Bcl-2 family
proteins. Both drugs are shown to engage to Bcl-2, Bcl-Xl, and Bcl-w. Somehow, the
use of Navitoclax showed to cause thrombocytopenia by inhibition of Bcl-xl, asa
major adverse effect [144, 145]. These side effects lead to exclusion of Navitoclax
as an effective chemotherapeutic drug and required new findings more selective
for Bcl-2 inhibitors, so can induce cell death without causing critical side effects.
Indeed, ABT-199 (Navitoclax) was subsequently developed to replace Navitoclax,
as a highly selective Bcl-2 inhibitor. Venetoclax binds with high affinity to Bcl-2
and a lesser extent to other Bcl-2 family proteins including Bcl-x1 and Bcl-w. Also,
Venetoclax lacks off-target effects on BCL-XL [146]. Altogether, the pre-clinical
experience with venetoclax and together with combining BCR signaling inhibitors
were shown to be very promising with significant efficacy in the patient popula-
tion Chronic Lymphocytic Leukemia (CLL) and Diffuse Large B-cell Lymphoma
(DLBCL). The study by Binu Sasi et al., in 2019, showed that fostamatinib and
ibrutinib can sensitize DLBCL cell lines to venetoclax, which marks the impor-
tance of combination approaches. In conclusion, the findings provided a rational
explanation for testing the use of combination therapy with venetoclax and selec-
tive BCR inhibitors in clinical use in DLBCL [147]. The progress of research is
underlying the continuous role of Bcl-2 family inhibitors as promising and effective
anticancer therapeutic agent. However, another small molecule BDA-366 (BH4
domain inhibitor) is also recently described as a promising approach in anticancer
treatment. The potent effects of BDA-366 have been experimentally validated in
both in vitro and in vivo, by showing significant anticancer activity [148]. Lastly, a
very innovative strategy again comes from Bcl-2, the Bcl-2 gene is known to be rich
with GC sequence which is placed in the promoter region, and has the potential to
form G-quadruplex structures. Thus, is playing a role as a transcriptional repressor
element and these G-quadruplex-specific ligands are capable of regulating Bcl-2
transcriptionally [149, 150].

4.3 Up-regulation of Bcl-2 (pro-apoptotic) family proteins to overcome
resistance in cancer cells

The up-regulated expression level of anti-apoptotic Bcl-2 proteins might be
possible be neutralized by increasing the expression of pro-apoptotic Bcl-2 proteins.
Puma is an important BH-3 protein, having a key role in mediating pro-apoptotic
p53 function and help to release p53 from inactive forms with Bcl-X1. Hereby, freed
cytosolic p53 can activate Bax and Bak, which results in stimulation of apoptotic
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signaling through MOMP [44, 151]. p53 increases the expression of pro-apoptotic
protein level, called ARTS, and counteracts Bcl-xl to induce apoptosis [152]. Hence,
the inhibition of p53 antagonists such as Mdm-2 can cause an increased level of p53,
induce pro-apoptotic protein expressions. Additionally, reduction of pro-apoptotic
BH-3 only protein levels can also lead to drug resistance. This effect might be due to
its interaction with BCL-2 anti-apoptotic proteins in cancer cells [153].

4.4 Therapeutic approach to target death receptor

There are different reasons and ways cause the failure of apoptosis or leading
to resistance. Including altered death receptor signaling, an unbalanced level of
pro-and anti-apoptotic proteins lowered caspase role and disrupted p53 function.
Impairment of the death receptor signaling pathway is associated with many sorts
of tumors, showing the importance of the Fas—FasL system and/or the abnormal
level of cytosolic components of this pathway such as FADD can improve the tumor
conversion [154, 155]. Transcriptionally silencing of Fas is familiar with oncogenic
events in the epithelial conversion, the mutation in this gene linked with B-cell
germinal center-derived lymphomas [156]. However, the lack of expression level of
FADD is a common sign in acute myelogenous leukemia (AML) which leads to che-
motherapy resistance [154, 155, 157]. Furthermore, the low and/or lack of caspase-8
expression have been reported in numerous other cancers including neuroblastoma
and small cell lung cancer [158-160]. However, the induction of apoptosis by trig-
gering the death receptor pathway might be an important promising approach to
overcome the resistance to therapeutic agents. An important therapeutic approach
that confers the TRAIL ligand which induces apoptosis in many different cancer
cell lines [161]. TRAIL-induced apoptosis, an important mechanistic strategy that
has a harmful effect against cancer cells and leads to several different approaches to
develop agonistic-featured antibodies against TRAIL death receptors and/or several
soluble recombinant derivatives of TRAIL [162, 163]. On the other side, increasing
the sensitivity of malignant tumors to TRAIL-induced apoptosis is crucial to design
new promising molecules to target and activate caspase-8 [164]. Importantly, the
validation of in silico screening some small molecules which promote caspase-8
activation have been reported. In many different cancer cell lines including leuke-
mic cells, the CaspPro molecule is shown to be very promising, and shown to induce
not only caspase-8 activation but also caspase 3 activation, and leading to apoptosis
in the presence of TRAIL [163-165].

Among other therapeutic approaches, another important strategy is targeting
IAPs. Through the use of antisense oligonucleotides and small-molecule inhibitors
very potential anticancer therapeutic approach has been developed. In ovarian
cancer, the supplementation of antisense agents targeting XIAP through an adeno-
viral vector was displayed to reduce the expression level of XIAP and underlined
its remarkable effect to induce apoptosis [166]. Besides, in lung cancers also its
effect has been proven by showing that it increases cell sensitivity to radiation
treatment [167]. In this regard, by inhibition of XIAP through the use of specifi-
cally designed oligomers also displayed to promote the activation of caspase-3,
increasing the apoptotic effect of TRIAL in different cancers such as prostate cancer
[168]. Furthermore, the SMAC mimetics are also shown to trigger apoptosis and/
or increase the sensitivity of cancer cells to different therapies. These molecules
induce caspase activation through the neutralization of XIAP-mediated caspase
inhibition [169]. The successful therapeutic approach relies on the capability of the
tool to trigger apoptosis mainly by two approaches, i) targeting overexpressed anti-
apoptotic Bcl-2 family proteins, or ii) triggering the activation of pro-apoptotic
molecules.
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5. Conclusion remark

In conclusion, the main hallmark of cancer is the intrinsic or requisite resis-
tance to apoptosis, and the evasion of apoptotic cell death can be part of cellular
response to stressful stimuli. Based on our understanding of how the dysregulation
of the apoptosis pathway leads to cancer, approaches to target anti-apoptosis Bcl-2
family proteins have proven to be effective in the treatment of cancers, especially
lymphatic cancers. However, cancer cells often outsmart these therapeutic interven-
tions by modulating the expression of other molecules of apoptosis. Novel combi-
nation approaches are warranted to overcome this drug-induced resistance. More
importantly, the new perspective and pieces of evidence are needed for powerful
approaches to overcome drug resistance in cancer cells in clinical use. Therefore,
the current knowledge needs a further understanding of how different cellular
stresses trigger anti-apoptotic mechanisms, and how these effects lead to apoptotic
resistance in cancer cells.
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Abstract

Apoptosis, known as programmed cell death, has been considered a potent target
for the pharmacy industry. The scientific community has actively participated to
research which evaluate active molecules for possible inhibition or induction of
apoptosis. Nanocarriers especially for cancer targeting are widely found through
literature; they mainly based on inorganic, lipid or polymer nanoparticles which
incorporate anticancer drugs. Another important and innovative category of antican-
cer agents is that of microRNAs. In this chapter, a discussion about the most recent
applications of apoptosis-based agents mainly focusing on cancer target is done.

Keywords: apoptotic agents, anticancer agents, microRNAs

1. Introduction

In the last decades, a huge advancement in the development of novel drug targets
and drug delivery systems for inhibiting or inducing apoptosis has been done.
Apoptosis, the programmed cell death plays a major role in cellular homeostasis,
normal development, and clearance of cells. Non-programmed cell death can take
place by various external factors, such as infection, toxins, and physical injury [1].
The dysregulation of apoptosis has been related with the pathogenesis of numerous
diseases such as degenerative, autoimmune, and cardiovascular as well as have been
associated with tumorigenesis. It has been reported that apoptosis is reduced on
pathological disorders such as malignant neoplasm and autoimmune diseases while
it is raised in inflammatory and neurodegenerative disorders as well as ischemic
diseases, i.e. myocardial infarction, liver ischemia, stroke [2]. Apoptosis can induce
cancer formation while cancer cells may elude apoptosis via the downregulation
or blockage of apoptosis signaling pathways [3]. Similarly, cell death modalities
(apoptosis, necrosis, and autophagy) have been linked with cardiovascular, autoim-
mune, and neurodegenerative diseases. In example, it has been reported that the
apoptosis is impaired by various factors (i.e. caspases, amyloid p, tumor necrosis
factor-a, amyloid precursor protein intracellular C-terminal domain, etc.) leading
to Alzheimer’ disease and other neurodegenerative diseases (such as Huntington’s
disease) [4-6]. Moreover, cardiovascular disorders such as myocardial infarction,
diabetic cardiomyopathy, ischemic cardiomyocyte, and congestive heart failure
have been associated with cell death modes in cardiac myocytes [7].
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Identification of key players in cellular apoptosis regulation as B-cell lymphoma
2 (BCL-2) proteins, caspases, etc. has proofed that targeting apoptosis can lead to
outstanding management of various diseases, especially cancer [8, 9].

2. Nanocarriers inducing apoptosis

In general, pharmacological approaches related to apoptosis can be categorized
as inhibiting and inducing apoptosis molecules. Inhibitors of apoptosis (IAPs)
are proteins important for maintaining apoptosis; IAPs have been identified in
tumors and thus therapies targeting them have raised the research interest. It is well
known that cancer cells are more resistant to apoptotic cell death, and high dosages
of drugs are needed to eliminate them [10]. Consequently, the usage of apoptotic
pathways via IAP antagonism can act as a promising alternative therapeutic choice
for cancer management, limiting the apoptotic effect on cancerous cells [11]. In case
of cardiovascular disorders, inhibiting myocardial apoptosis has been recognized
as a therapeutic target. In the past, caspase inhibitors [12] and control of apoptosis
of cardiovascular fibroblasts/vascular smooth muscle cells by p65 nuclear fac-
tors NF-kB and B-cell lymphoma-extra-large (Bcl-xL) antisense oligonucleotides
or p53 overexpression [13] have been reported as potent drug targets. A recent
study [14] revealed that the upregulation of miR-29b-3p (miRNAs), can protect
cardiomyocytes against hypoxia-induced injury through downregulation of TNF
receptor-associated factor 5 which can be an important therapeutic alternative for
acute myocardial infarction. BH3 interacting-domain death agonist [BID (belongs
to BCL-2 family)] inhibitors have been recognized as key factors in the apoptotic
pathway mediating cytochrome C and Smac/DIABLO from mitochondria, resulting
in caspase activation and cell apoptosis. The inhibition of BID by pharmacologi-
cal agents can offer a promising therapeutic choice for diseases implicated by
pathological cell death from BID involvement [2]. Becattini et al. developed various
4-phenylsulfanyl-phenylamine derivatives that are capable of binding on the sur-
face of BID resulting to inhibition of tBid-induced SMAC release, caspase-3 activa-
tion, and cell death [15]. Tumor necrosis factor-like weak inducer of apoptosis
(TWEAK) inhibitors have been also reported to induce apoptosis; tumor necrosis
factor (TNF) has been linked with cerebral ischemia, atherosclerosis, rheumatoid
arthritis, etc. The TWEAK-Fibroblast growth factor-inducible 14 (FN-14) has been
identified as potent drug target for the aforementioned diseases [16]. Cytochrome C
inhibitors, as Minocycline and methazolamide have shown inhibition of apoptosis.
Minocycline revealed inhibition of apoptosis via attenuation of TNF-alpha expres-
sion following iNOS/NO induction by lipopolysaccharide in neuron/glia co-cultures
[17]. Tian et al. showed that minocycline can inhibit sevoflurane-induced apoptosis
[18]. Methazolamide, a carbonic anhydrase has shown prevention of the amyloid
p-mediated onset of apoptosis in the mouse brain [19]. Therefore, various apoptotic
inhibitors have been developed; however, a great effort is much needed.

A special reference on the drug carriers involved as chemotherapeutic systems
inducing apoptosis of cancerous cells is followed due to its importance. Cancer is the
second leading cause of death globally [20] and despite the great effort being done
by researchers worldwide, its management remains inefficient. Chemotherapy, the
most conventional treatment option can lead to serious adverse effects since it can
induce the cell death of healthy tissues as well as the cancerous ones [21]. In most
cases, the current therapeutic systems involve the use of nanoparticles based on
polymeric and inorganic carriers and a combination of them. Nanotechnology-based
carriers are of great interest due to their limited size, improved penetration, and
functionalization potential resulting to targeting efficiency [22, 23]. The therapeutic
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outcome of cancer management strategies mainly depends to the ability of the
molecule to induce apoptosis via targeting the overexpressed anti-apoptotic proteins
or stimulation of the expression of pro-apoptotic molecules. Nonetheless, cancer
cells seem to resist the chemotherapy and apoptosis leading to increased survival rate
and the possibility of metastasis. Thus, the combination of drugs or novel strategies
involving innovative drug carriers can potentially overcome the chemoresistance
[24, 25]. Solid lipid nanoparticles belong to lipid-based carriers and have been
designed as potent drug delivery systems for various diseases. As an example, letro-
zole, a known cytotoxic agent for hormone-dependent breast cancer management
was impregnated to folic acid-modified solid lipid nanoparticles in order to induce
apoptotic cell death. The modification with folic acid can lead to enhanced target-
ing efficiency since breast cancer cells overexpressed folate receptors. Inducing of
apoptosis performed by employing caspase-3 activity and TUNEL assays. The incor-
poration of the drug into the folic acid decorated carriers led to in vitro cytotoxicity
against MCF-7 cancer cells but they were not cytotoxic to MCF-10A normal cells
revealing great biocompatibility. It was concluded that the mechanism of cell death
was apoptosis based [26]. Similarly, solid lipid nanoparticles were modified with
chitosan-coated-trans-resveratrol and ferulic acid and further decorated with folic
acid. The developed nano-formulations demonstrated great stability and improved
cytotoxicity in the colon cancer cells which led to apoptotic cell death. Thus, the
solid lipid nanoparticles can be used for anticancer therapy [27]. Folate modified
hydroxyapatite nanorods were used as a matrix for doxorubicin, an anticancer agent,
loading. The results showed cytotoxicity against MCF-7 cells while western blot
assays revealed that the developed nanocarriers can improve the expression of Bax
(a pro-apoptotic protein) and decrease the expression of Bcl-2. Finally, the nanorods
improved mitochondrial cytochrome C leakage and activate an apoptotic cell death
[28]. In similar skeptic, folic acid conjugated chitosan nanoparticles were able to
incorporate the cytotoxic agent, ursolic acid. The targeting affinity improved the
local concentration of the drug in cancerous cells MCF-7. According to the studies,
the nanoparticles enter the lysosome, released from it while it was localized into
mitochondria but not nuclei. Their prolonged retention in mitochondria led to the
irreversible apoptosis in cancer cells owing to the overproduction of ROS and the
destruction of the mitochondrial membrane. According to the mouse xenograft
model, the nanoparticles can hamper breast cancer revealing promising charac-
teristics and potent clinical efficacy [29]. Nano-formulations comprised of amine-
functionalized and conjugated with folic acid mesoporous silica nanoparticles were
loaded with curcumin, quercetin, and colchicines, known as anticancer prodrugs.
The folate decorated nanoparticles incorporating curcumin revealed greater cellular
uptake, prolonged intracellular release, and cytotoxicity. It was also reported that
the apoptotic cell death was induced through specific signaling molecular pathways
(caspase-3, H,0,, c-MET, and MCL-1), providing great [30]. In the last years the
combination of inorganic nanoparticles, such as mesoporous silica nanoparticles
and polymeric materials has been winning the race for effective cancer management.
In example, mesoporous silica nanoparticles loaded with topotecan and externally
modified with poly (acrylic acid) co-synthesized with chitosan, were investigated
for their efficacy against triple-negative breast cancer (MDA-MB-231) and multi-
drug resistant MCF-7 cells. The external layer is conjugated also with quercetinasa
second drug. Moreover, arginine-glycine-aspartic acid peptide was conjugated on
the nanoparticles inducing their uptake from the cancer cells via integrin receptor-
mediated endocytosis. It was concluded that the system promoted molecular activa-
tion and cell death [31]. Folate modified liposomes loaded with bleomycin were
prepared via film hydration and studied for their anticancer activity and apoptosis
induction. According to the MTT assay, the nano-liposomal formulations showed
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greater efficacy in human cervix carcinoma HeLa, and human breast carcinoma
MCF-7 cells. Due to the modification of formulations with folic acid, an improved
uptake by HeLa cells was confirmed. Additionally, the folate nano-liposomes with
bleomycin effectively promoted apoptotic cell death as well as a cell-cycle arrest in
HeLa cells especially at the G2/M phase [32]. Another system composed of modified
chitosan nanoparticles and methotrexate was investigated as a potent anticancer
system. Two molecules, L-cysteine and folic acid were conjugated to chitosan; the
decorated nanoparticles when studied in a reducing environment similar to tumor
cells, released the drug as desired. Moreover, the nanoparticles induced anticancer
activity on HeLa cells in a dose and time-dependent manner while they demon-
strated selective cellular uptake [33]. Another research involved the incorporation
of doxorubicin into folic acid-modified lactoglobulin nanoparticles and studied for
their anticancer potential against MCF-7 and MDA-MB-231, BC and triple-negative
BC cells. It was revealed an important inhibition of cell proliferation and promotion
of apoptosis [34].

DRS which belongs to the TNFR family has been proposed as a potential target
for cancer. An interesting study investigated the application of poly(ethylene
glycol) decorated poly(lactic-co-glycolic acid) nanoparticles as potent anticancer
carriers. The nanoparticles were further conjugated with DR5-specific antibody
conatumumab and impregnated with camptothecin. The stealth nanocarriers
promoted pro-apoptotic effects of the platform in vivo using HCT116 adenocarci-
noma xenografts [35]. Another research evaluated the development of nanoparticles
comprised from copolymers between poly(e-caprolactone)-PCL and poly(ethylene
glycol)-PEG as well as PEG, PCL, and poly(lactic acid)-PLA as potent carriers of
auraptene. The triblock PCL-PEG-PCL and pentablock PLA-PCL-PEG-PCL-PLA
copolymers were formulated on nanoparticles and examined for their characteris-
tics. According to the results, the PLA-PCL-PEG-PCL-PLA nanoparticles showed
enhanced cellular uptake as well as cytotoxicity. In further, the nano-formulations
incorporating auraptene promoted the apoptotic cell death on HT-29 colon cancer
cells. The real-time PCR revealed as apoptosis marker the Bax /Bcl2 expression ratio
which was increased in the case of pentablock nanoparticles [36]. Nanocarriers
based on mPEGylated Dendron conjugated with glycylphenylalanylleucylglycine
tetra-peptide spacer and doxorubicin were studied for their efficacy against mul-
tidrug resistance of cancer chemotherapy. The iz vitro studies revealed that the
nanoparticles can accumulate in the nuclei of MCF-7/ADR cells and they are poten-
tially cytotoxic leading to apoptosis. Moreover, the nanoparticles showed enhanced
therapeutic efficiency against multidrug resistance xenograft tumors and thus they
can be applied as potent anticancer carriers that can initiate the lysosomal apoptosis
pathway [37]. Nano-formulations based on triphenylphosphine, Pluronic F127, and
hyaluronic acid, formulated on nanomicelles able to incorporate paclitaxel, anti-
cancer drug. The nanosystem showed inhibition of A549/ADR cells. Moreover, the
nanomicelles entered acidic lysosomes through macropinocytosis, and accumulate
in the mitochondria over a day, in A549/ADR cells. The nanomicelles induced the
permeabilization of the mitochondrial outer membrane via hindering anti-apoptotic
Bcl-2, resulting in the release of cytochrome C as well as caspase-3 and caspase-9
activation. Accordingly, when the nanoformulations studied in A549/ADR xenograft
tumor model and a drug-resistant breast cancer mice model with lung metastasis,
demonstrated promising cancer targeting and desirable anticancer efficiency [38].
A promising way to initiate cancer cell apoptosis is to targeted deliver cytochrome
¢, which can mediate apoptotic cell death if released from the mitochondria to the
cytoplasm. Thus, an innovative nanosystem based on Cytochrome c was developed
in order to promote the apoptotic death of cancer cells when is delivered. The nano-
carriers of cytochrome c were modified with poly (lactic-co-glycolic) acid-SH via the
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linker succinimidyl 3-(2-pyridyldithio) propionate so as to prevent the degradation
possibility. The nanoformulations when incubated with HeLa cells exhibited cyto-
toxicity and the promotion of apoptosis in HeLa cells was also demonstrated [39].
Carbon dots have been widely studied as anticancer systems, i.e. carbon dots devel-
oped via ultrasonication of sucrose were modified with Gemcitabine and studied for
their activity on MCF-7 and HeLa cell lines. The cytocompatible nano-formulations
expressed desirable bioactivity and cytotoxicity against the cell lines. Moreover, the
nano-formulations did not affect the healthy cells in such extent as they acted against
cancerous cells. The most important outcome of the study is that the Gemcitabine
conjugated carbon dots promoted early and late apoptotic cell deaths in the MCF-7
and HeLa cancer cell lines [40]. Graphene oxide modified with GE11 peptide was
fabricated in order to efficiently targeted deliver oridonin on cancerous cells. The
modified graphene oxide showed improved cellular uptake in KYSE-30 and EC109
esophageal cells compared to healthy cells. The oridonin loaded carriers were able to
accumulate into lysosomes while they desirably hinder the viability of cancer cells. In
addition, the developed system promoted apoptosis of the aforementioned cancer-
ous cell lines [41]. Figure 1 summarizes the possible mechanisms involving when
nanocarriers are delivered to cells and induce apoptosis.

Several active compounds can be used for therapeutic purposes but miRNAs
may also be employed for this purpose. The second part focuses on miRNAs as
anticancer agents.

Figure 1.
A summary of multifunctional nanocarriers inducing apoptosis.

3. APOPTOTIC MicroRNAs (miRNA)
3.1 How miRNAs work to silence genes

To generate mature miRNAs, sequential steps are followed. First, RNA
Polymerase II transcribes primary miRNAs (abbreviated as pri-miRNA). These
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molecules can be translated from both intergenic and intragenic regions [42]. Then
in order to generate pre-miRNAs with hairpin precursors, pri-miRNAs are processed
by Drosha, an RNase III enzyme and by Pasha, a dsRNA-binding protein [43]. After
this step, pre-miRNAs get escorted out of the nucleus with the help of exportin 5
[44]. And the pre-miRNA gets further processed in cytoplasm by Dicer enzyme
which is an RNase III endonuclease, this enzyme works to remove the hairpin loop
and make a double stranded duplex miRNA [44]. Then this double stranded struc-
ture retains the active strand while passenger stand gets degraded. The active strand
interacts with RNA-induced silencing complex (abbreviated as RISC) in order to
function. RISC is a complex formed by multiple proteins with its key proteins being
argonaute 2 (abbreviated as Ago2) and transactivation-responsive RNA-binding
protein (abbreviated as TRBP), and it includes miRNA or siRNA in order to use
them as a template [45]. With these RNA templates the complex is able to recognize
their complementary mRNA. The characteristic features of the target gene for

an effective binding can be; seed region, a target sequence that is conserved, 3’
untranslated region of miRNA available for binding but recent studies show the
binding of a target may also happen in 5" untranslated region, promoter regions or
open reading frames [45]. The pairing of the miRNA template and its target mRNA
differs between plant cells and animal cells. In the plant cells, the pairing is fully
complementary between miRNA and mRNA. But in animal cells, this pairing is

not fully complementary there are base mismatches even though this base pairing
follows a pattern. But there is a small sequence with 2-8 nucleotides of length which
is a perfect base pairing that is called seed region [46]. This region is a conserved
heptametrical sequence that is always perfectly matched and it is mostly found
towards the 5" end of miRNA [47]. With the binding of mRNA and miRNA, down-
regulation is tried to be achieved and this can be achieved via enzymatic cleavage of
the mRNA leading to its further destruction by the cell or blocking the translation
by preventing ribosome subunit from binding to mRNA [48]. And the matching
degree of target and miRNA plays a role in the decision of which mechanism will
happen for downregulation to occur, if the target is fully complementary then cleav-
age of mRNA will happen but if it is not fully complementary stability alteration or
repression of translation may occur [43].

3.2 miRNAs in apoptosis

miRNAs are known to have a regulatory effect on apoptosis via their regula-
tion on both pro-apoptotic and anti-apoptotic genes. So, miRNAs can work to be
both inhibitory and stimulatory depending on the miRNA and the cell context.
Also, alteration of the expression of regulatory genes in the apoptotic process by
miRNAs is not limited to one of the extrinsic and intrinsic pathways. And the effect
of miRNAs can both be direct and indirect. For example, miR-21 is a miRNA that
directly affects its target, inhibiting FasL in order to increase apoptosis but miR-
130a is a miRNA that affects TRAIL resistance in order to effect other miRNAs that
will eventually cause a change in apoptotic process [49].

For their indirect effects, miRNAs can be seen to function in both feedback
and feedforward loops. Feedback loop effects can change depending on the cell
context, miRNA and transcription factors as the regulators may have the same or
opposite effects [50]. And, in feed-forward loops, transcription factors can be seen
to regulate both the target gene and miRNA, which also regulates the transcription
factor [50]. To regulate genes, miRNAs work together with transcription factors
in a highly coordinated manner. Since they can show their effects on mRNAs after
the transcription of said mRNA, they usually locate downstream to transcription
factors [51].

56



Recent Advancements in Apoptosis-Based Therapeutic Approaches for Cancer Targeting
DOI: http://dx.doi.org/10.5772/intechopen.99202

In the intrinsic pathway, p53 and BCL-2 families play an important role.
MiRNAs can alter their expression to regulate the intrinsic pathway. As miRNAs
regulate the levels of p53, this tumor suppressor actually has an effect on the
miRNAs as well by functioning to regulate miRNA expression and maturation
[52]. For an example of p53 regulating miRNAs and how its mutation can cause a
change, we can look at miR-16 and miR-143. Their processing is dependent on the
interaction between p53 and Drosha complex so if there is a mutation in the DNA
binding domain of p53, their processing cannot be achieved and cell proliferation
will be suppressed [45]. Activation of p53 is found to be increasing the expression
of 30 or more miRNAs including miRNAs like let7a, miR-34a and miR-15a/16
which are tumor suppressors [53]. BCL-2 is an anti-apoptotic protein that is
generally overexpressed in tumors. Three pro-apoptotic miRNAs, miR-24, miR-195
and miR-365, work to down-regulate BCL2 expression via their binding to BCL-2
gene’s 3’ untranslated region [53]. With this interaction, pro-apoptotic miRNAs
lead to apoptosis. Extrinsic pathway is also regulated by miRNAs. Some miRNAs
were found to regulate TRAIL-induced apoptosis directly and indirectly [43].
miR-221 and miR-222 can be an example of this regulation since they are found
to have altering expressions between TRAIL resistant and sensitive cells, resistant
cells being the ones with up-regulation of these miRNAs [43]. Another example
can be miR-200c since it directly targets FAP-1, a phosphatase that works to inhibit
apoptosis [43].

An example to miRNAs with effects not limited to one site is miR-21. We can
observe its effects on both non-small cell lung carcinoma (NSCLC) and dif-
fuse large B-cell lymphoma (DLBCL). In NSCL, miR-21 effects apoptosis via its
inhibition on PI3K/Akt/NF-kB pathway and also it is found that miR-21 targets
apoptosis-stimulating protein of p53 (ASPP2) which is a protein that functions in
tumorigenesis [54]. And it was found that in early-stage samples of NSCL cells,
miR-21 expression was increased when compared to the control [55]. The experi-
ments revealed that in NSCL cells, miR-21 down-regulation led to the repression of
EMT signaling pathway, cell migration and invasion, and miR-21 inhibition led to
triggering of apoptosis [54]. Both iz vitro and in vivo, miR-21 inhibited PI3K/Akt/
NF-kB signaling pathway and promoted caspase-dependent pathway of apoptosis.
MiR-21 also is known to have high expression levels in B-cell lymphoma. In DLBCL,
its effect on apoptosis can be seen via regulation of phosphatase and tensin homolog
(PTEN). The expression level of miR-21 in patient samples was found to be more
than the healthy samples, and these levels were also negatively correlated with
expression level of PTEN [14]. Other miRNAs that have an effect on PTEN are
miR-130 family. This family of miRNAs which corresponds to miR-130b, miR-301a
and miR-301b, are found to have high expression levels in bladder cancer samples
compared to normal ones. Via their regulation upon PTEN they also regulate focal
adhesion kinase (FAK) and Akt phosphorylation, and lead to cell migration and
invasion increase in bladder cancer. Experiments showed that the inhibition of this
family causes down-regulation of FAK and Akt phosphorylation and this effects cell
migration and invasion negatively, so it can be said that they have an important role
in the progression of bladder cancer [56].

As it can be seen from the examples, the effects of miRNAs are diversifiable
depending on the gene they are affecting or their expression level. The alteration
of their expression leads to interchangeable role of miRNAs as oncogenes or tumor
suppressors. Generally, the miRNAs that are down-regulated in the cancer tissues
are considered to be tumor suppressors, as pro-apoptotic miRNAs they work for
apoptosis to happen. miR-7, miR335 and miR-608 are examples of this type of
miRNAs since they target BCL-2 family, and miR-203 and miR-143 can be other
examples as they target PKC family [57]. On the other hand, other miRNA examples
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can be seen as upregulated in the cancer tissues, as antiapoptotic miRNAs they
induce apoptosis to allow uncontrollable proliferation. miR-197, miR-21 and miR-
212 can be the examples of these kind of miRNAs [57].

Our current research based on developing target specific drug candidates
over breast cancer cell lines. The array studies indicated that non-coding RNA
hsa-miR-215 greatly enhance the inhibitor compound efficiency on MCF-7 and
MDA-MB-231 breast cancer cell lines. The expression of hsa-miR-215 decreases in
breast cancer cell lines compared to non-cancerous breast MCF10-A cell line. Over
expressing this miRNA by transfecting into the cancerous cell lines drive the cells to
apoptosis. Therefore, synergetic effect of the inhibitor compound along with hsa-
miR-215 mimic augment anticancer treatment. A nanocarrier is being developed
with hsa-miR-215 and inhibitor compound (patent pending). This formulation is
designed for apoptosis-based therapeutic approach for breast cancer treatment.
The utilization of carrier system along with miRNAs and inhibitor compounds
introduced in this study for therapeutic purposes has the potential of clinical
applications.

4. Future perspectives

Regulated cell death can be employed in cancer treatment since the apoptotic
process can restrain survival of abnormal cells. miRNAs regulate distinct pathways
and target the pathway’s components. Cancer cells metabolic rate is higher and
block apoptosis for survival strategy. Factors driving cancer cells to apoptosis can
be used for treatment purposes. Recent advances in drug discovery and miRNA
handling help these designs. Inhibitor compounds and miRNA-based therapeutics
in oncology are promising and although face some challenges.
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Abstract

One form of programmed cell death (PCD) is apoptosis. Defective apoptosis is
an indispensable causative factor in the development of cancer that allows cancer
cells to survive longer and favors the accumulation of oncogenic mutations. Further,
upregulation of antiapoptotic proteins (e.g., Bcl-2, Mcl-1) and loss of pro-apoptotic
proteins (e.g., Bid, Bad, Bax, Bak) strongly favors apoptosis evasion. The ability of
cancer cells to evade apoptosis is critical for the progression and clonal expansion of
malignantly transformed cells. Defective apoptosis imparts proliferative advantage
to cancer cells or cells with the potential to become cancerous. The mechanisms
employed by cancer cells to evade apoptosis can be used in the strategic design of
therapeutic regimens aimed at exploiting apoptotic signaling networks to ensure
tumor-specific cell death. Therefore, to ensure tumor-specific cell death, we may
need to exploit the expression and/or function of different components of apoptotic
signaling that are critical for maintaining cell survival and are regulated differently
in tumor cells than normal cells. Both inhibitors of anti-apoptotic proteins and
activators of pro-apoptotic proteins can be used for cancer therapy. In this chapter,
we attempted to summarize the knowledge about the molecular mechanisms of
defective apoptosis that could be translated into the development of novel thera-
peutic agents and therapeutic modalities for cancer treatment.

Keywords: apoptosis, cancer, cell signaling, cancer therapeutics, drugs

1. Introduction

The term apoptosis was coined by Kerr, Wyllie and Currie in 1972 to describe
a form of programmed cell death. This type of cell death is mediated by intracel-
lular proteolytic enzyme cascades in a highly regulated fashion. The cells that die
as a result of apoptosis typically do not burst and do not release their intracellular
contents in the surroundings [1]. As a result apoptosis is typically not associ-
ated with inflammation. In multicellular organisms, this process participates in
development, tissue homeostasis, and acts as a defense mechanism against the
formation of genetically altered cells. Apoptosis is a pivotal for maintaining normal
cell turnover and offers defense strategy against tumorigenesis in multicellular
organisms. Consequently cells with unrepairable genetic damage or the cells with
potential to become cancerous are eliminated via apoptosis. Thus aberrant failure
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or deficiency of apoptotic signaling can lead to unregulated growth of geneti-

cally altered cells and subsequently the development of cancer [2]. Similarly, over
activation of apoptosis may result in excessive death of normal cells and may lead
to development of neurodegenerative disorders such as autoimmune disorders,
Parkinson’s disease, Huntington’s disease, and Alzheimer’s disease [3]. Both failure
of apoptosis and excess of apoptosis are detrimental for an organism. Apoptosis

is highly programmed biological process that occurs during both physiological

and pathological states. An in-depth knowledge of apoptosis is critical for under-
standing the pathogenesis of many diseases [4]. For example, cancer is a disease
condition where little or no apoptosis occurs resulting in unregulated growth of
genetically altered cells [5]. Therefore, there is need to identify new drugs and new
chemical entities that can potentially target various aspects of apoptosis in tumor
cells selectively and specifically. In this chapter, we made an attempt to summa-
rize the knowledge on apoptosis, its molecular mechanism and how defective or
unregulated apoptosis leads to cancer development and how apoptosis can be used
for therapeutic intervention of cancer. The process of apoptosis manifest multitude
of morphological and biochemical changes which can be detected by various cell
biological techniques.

1.1 Morphological characteristics of apoptosis

During apoptosis, a cell undergoes a series of morphological changes such as
condensation of cytoplasm, condensation of chromatin, nuclear fragmentation,
cell rounding, cell shrinkage and blebbing of nuclear and cytoplasmic membranes
to form membrane-bound fragments. The chromatin condensation typically begins
at the ends of nuclear envelop that forms a ring-like structure [6]. The chromatin
condensation continues until it disintegrates into small membrane-bound apoptotic
bodies. These small bodies are crowded with closely packed cellular organelles and
smaller fragments of nucleus [6, 7]. These apoptotic bodies are immediately taken
up by phagocytes such as macrophages, dendritic cells and Langerhans cells. The
engulfment of these apoptotic bodies by phagocytes occurs without any inflam-
mation and release of intracellular contents. As we know, apoptosis is usually
considered a non-inflammatory process while necrosis (another mode of cell death)
activates inflammation. This apoptotic process is typically mediated by the proteo-
lytic cleavage of cellular substrates by caspases, and signaling elements [7, 8]. The
morphological changes occur in parallel with the activation of a number of complex
biochemical effector pathways that cause solubilization of the apoptotic cells.

1.2 Biochemical characteristics of apoptosis

Besides morphological changes, an apoptotic cell progresses through a series of
biochemical changes such as endonucleolytic fragmentation of genomic DNA by
endogenous DNases which cleave intranucleosomal regions of genomic DNA into
double stranded DNA (dsDNA) fragments of sizes varying from 180 bp to 200 bp.
DNA fragmentation is the frequent end point and the widespread marker of apop-
tosis [9]. The DNA fragments that are formed during apoptosis contain single base
3’ overhangs as well as blunt ends. The DNA fragments formed during apoptosis
are noticeable as a ladder pattern in the ethidium based-electrophoresis of genomic
DNA [10]. The most important enzymes that catalyze the cleavage of genomic DNA
during apoptosis include DNA fragmentation factor (DFF40), caspase activated
DNase (CAD) and 70-kDa endonuclease (NUC70). In a normal healthy cell, DFF40
and CAD are retained as inactive heterodimers with inhibitor proteins DFF45 and
ICAD (inhibitor of CAD). During apoptosis, these DNase are selectively activated
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upon cleavage by caspase 3. Once activated, DFF40 and CAD are sufficient to
induce the nuclear morphological changes characteristic of apoptosis. Similarly,
when isolated HeLa nuclei are incubated with NUC70, the nuclei undergo inter-
nucleosomal DNA fragmentation. NUC70 is a cytoplasmic endonuclease that is
translocated to the nucleus after the initiation of apoptosis [7, 11].

2. Pathways of apoptosis

There are atleast two fundamental pathways of apoptosis: extrinsic, death
receptor-mediated pathway and intrinsic, mitochondria-mediated pathway.
Another important pathway of apoptosis is perforin/granzyme pathway. Apoptosis
can be initiated through any one of these pathways.

2.1 The extrinsic death receptor pathway

This pathway begins when ligand binds to the death receptor, for example,
with the attachment of extracellular ligands, like tumor necrosis factor (TNF), Fas
ligand (Fas-L), TNF-related apoptosis-inducing ligand (TRAIL) to the extracel-
lular domain of transmembrane receptors. There are six death receptors (TNFR1,
Fas, DR3, DR4 [TRAILR1], DR5 [TRAILR2], and DR6) that have been identi-
fied in mammalian cells (Table 1). While signaling through TNFR1 and DR3 is
proinflammatory in nature, signaling via other death receptors is predominantly
pro-apoptotic. The death receptors bind via their intracellular death domain with
adapter proteins such as Fas-associated death domain (FADD) and TNF receptor-
associated death domain (TRADD). These adaptor proteins, called the Death
effector Domain (DED) have another protein interaction domain [12]. These
sequential steps leads to the formation of a death inducing signaling complex
(DISC), that leads to auto-catalytic activation of procaspase-8 (Figure 1). Active
caspase-8 activates effector/executioner caspases (cysteine-dependent aspartyl-
specific proteases), which cause cell death by damaging the nucleus and other
intracellular structures. Once caspase-8 is activated, the execution phase of apop-
tosis is triggered and activated. This type of apoptosis, which is death receptor-
mediated apoptosis, can be inhibited by a protein called c-FLIP. c-FLIP bind to
FADD and caspase-8, and turns them ineffective. A protein called Toso, has been
shown to block Fas-induced apoptosis in T cells. This may be due to inhibition of
caspase-8. The death receptors belong to the tumor necrosis factor (TNF) receptor
gene superfamily. TNF family contains cysteine-rich extracellular domains and a
cytoplasmic domain of about 80 amino acids called the “death domain”. This death
domain plays a critical role in transmitting the death signal from the cell surface to
the intracellular signaling pathways [13-15].

Death receptor Activating ligand
TNFR1/DR1/CD120a/p55 TNF
Fas/CD95/Apol/DR2 Fas/CD95/Apol/DR2
DR3/Apo3/WSL-1/TRAMP/LARD Apo3L/TWEAK
TRAIL-R1/DR4 TRAIL/Apo2L
DR6 TRADD

Table 1.

Death receptors and their cognate ligands.
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Figure 1.
Key components of the intrinsic and extrinsic pathways of apoptosis.

2.2 The intrinsic mitochondrial apoptosis pathway

Intrinsic apoptosis is a form of regulated cell death that is activated in response
to a variety of stimulus such as dearth of growth factors, DNA damage, endoplasmic
reticulum (ER) stress, and overproduction of reactive oxygen species (ROS). The
intrinsic pathway is affected by members of the Bcl-2 family proteins such as Bcl-2 and
Bax. These proteins usually are bound to the outer mitochondrial membrane and act
as antiapoptotic and pro-apoptotic proteins respectively [6]. In the intrinsic pathway
the main consequence of proapoptotic signaling is mitochondrial membrane pertur-
bation and release of cytochrome ‘c’ in the cytoplasm. Once released in the cytosol,
cytochrome ‘¢’ forms a complex with apoptotic protease activating factor 1 (APAF1)
and inactive form of pro-caspase 9, commonly known as apoptosome (Figure1). This
complex hydrolyzes adenosine triphosphate (ATP) to cleave and activate caspase 9.
The initiator caspase 9 then cleaves and activates the executioner caspase 3, caspase 6,
and caspase 7, resulting in cell apoptosis. The antiapoptotic proteins Bcl-2 and Bel-Xj,
inhibit cytochrome ‘c’ release [8]. The Bcl-2 group of proteins share one to four Bcl2
homology (BH) domains (i.e., BH1, BH2, BH3, and BH4) [16]. Bax and Bak of the
Bcl-2 family form pores across the outer mitochondrial membrane. Besides this, Bax
also continuously cycles between the outer mitochondrial membrane (OMM) and the
cytosol, and exhibits a quiescent inactive dimeric conformation [17]. Bak constitu-
tively resides at the OMM, where it inserts within hydrophobic C-terminal of voltage
dependent anion channel 2 (VDAC2). Upon apoptosis induction, mitochondrial pools
of Bax and Bak undergo direct or indirect activation by pro-apoptotic proteins [16].

The BH3-only proteins are BCL2 binding component 3 or p53, Bcl-2-like 11
(BIM) [18]. Some internal stimuli cause an increase in mitochondrial membrane
permeability and these stimulus send the signal to the mitochondria, that form
mitochondrial outer membrane permeabilization (MOMP). MOMP is most com-
monly mediated via a variety of protein membrane and protein-protein interac-
tions of the B-cell lymphoma 2 protein (Bcl-2) family [19-21].

Both extrinsic and intrinsic pathways terminate at the execution phase in the
final stage of apoptosis. Activated execution caspases further activates cytoplasmic
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endonucleases, proteases that degrade nuclear and cytoplasmic proteins respec-
tively. The executioner caspases are caspase-3, caspase-6, and caspase-7 that cleave
substrates like cytokeratins, PARP, and others that results in morphological and bio-
chemical changes in apoptotic cells. The most important of the executioner caspases
is caspase-3 and is activated by any of the initiator caspases (caspase-8, caspase-9,
or caspase-10). Caspase-3 induces cytoskeleton reorganization and disintegration
of the cell into apoptotic bodies [22].

2.3 Perforin/granzyme pathway

The granzymes belong to a family of serine proteases contained in cytotoxic
granules of innate and adaptive immune killer cells. The key function of these
enzymes is eliminating viruses and tumor cells. They also regulate immune cells
and inflammation by controlling the survival of lymphocytes. Granzymes are
expressed by three gene clusters. Granzyme A and granzyme B are the most abun-
dant granzymes. Granzyme-mediated apoptosis is mainly used by lymphocytes to
destroy virus infected cells. It is a kind of type IV hypersensitivity where sensitized
CD8+ cells kill antigen-bearing cells. The FasL/FasR interaction is the predominant
method of CTL-induced apoptosis. They also involve pathways that include secre-
tion of the transmembrane pore-forming molecule perforin with a subsequent
release of cytoplasmic granules that have serine proteases as well as granzyme B,
through the pore and into the target cell [23]. Granzyme B cleaves proteins at aspar-
tate residues and can activate pro-caspase-10. It can also cleave factors like ICAD
(Inhibitor of Caspase Activated DNAse). Granzyme B can amplify the death signal
by inducing cytochrome c release. It can also activate caspase-3 directly [24].

Therefore, in these types of pathways, signaling pathways that are upstream are
bypassed and execution phase of apoptosis is directly influenced. It is suggested
that both the mitochondrial pathway and direct activation of caspase-3 are critical
for granzyme B induced killing activates both mitochondrial pathway and caspase-3
activation [24, 25]. The immune cells that express highly variable and regulated
patterns of granzymes include natural killer (NK) cells, cytotoxic CD4 and CD8 T
cells, and regulatory T cells (Tregs). The granules contain perforin, to deliver the
granzymes into the target cell. When cytotoxic T lymphocytes (CTLs) and NK cells
form an immune synapse with a target cell for its elimination, cytotoxic granules
join immune synapse where its membrane fuses with the killer cell membrane.
This action results in the release of the granule contents into the synaptic cleft. The
granzymes are then initiate distinct pathways of programmed cell death [8, 26, 27].

3. Bio markers of apoptosis

A biomarker is measured and evaluated to indicate normal or diseased biological
processes. It has the potential to enhance translational progress and accelerate drug
development. They allow monitoring of drug efficacy and also help in preclinical
drug evaluation. It also allows early detection of toxicity during drug evaluation.
The fragmentated DNA on agarose gel is a usual marker to detect apoptosis. The poly
(ADP- ribose) polymerase (PARP) cleaved form, observed in cells undergoing apop-
tosis. Other markers are cytokeratin-18 cleavage by caspase 3. It may be detected by
using the antibody M30. Cleavage of various caspases can be detected using flow
cytometry during apoptosis [28, 29]. The widely used biomarkers of apoptosis, their
methods of analysis and the specimen needed for analysis are discussed in Table 2.
However, the use of these biomarkers as a tool to predict the occurrence of apoptosis
in the pathogenesis of different diseases states warrants further investigation.
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Biomarkers Analysis method Specimen for biomarker analysis
Cytochrome ¢ ELISA Biomarker in blood samples
Activated caspases ELISA Detection by substrate active site activation
Caspase 2,3,7,8,9 Flow cytometry
Cytokeratins ELISA Biomarker in blood samples
Flow cytometry
Bcl-2, Bel-x;, ELISA Its over expression results in chemoresistance
Flow cytometry
Externalized ELISA Early apoptotic event. It measures annexin
Phosphatidylserine Flow cytometry that binds to the external ligand
Fas, Fas ligand ELISA Expression on B and T cells, also expressed on
Flow cytometry normal and tumor tissues.
Granzyme B PET imaging Response in immunotherapy
8-hydroxy-2-deoxyguanosine, ELISA Biomarker in tissue or urine

3-nitrotyrosine

Table 2.
Biomarkers of apoptosis.

4. Role of apoptosis in cancer

Cells can die in variety of ways which includes apoptosis, necrosis, mitotic catas-
trophe, senescence, and autophagy. Of these different modes of cell death, apoptosis
is active, programmed and genetically controlled. While physiological apoptosis helps
to eliminate genetically altered cells, defective apoptosis is intimately connected with
cancer pathogenesis [30]. Apoptotic signaling regulation is important to preserve a
proper balance between cell death and cell survival. It is also important in maintain-
ing genome integrity. The Apoptosis evasion is a prominent hallmark of cancer and
cancer cells can use a number of diverse strategies to evade apoptosis. The disruption
in the balance between pro- and anti-apoptotic proteins contributes to carcinogenesis
[31]. It may be due to the reducing apoptosis in malignant cells [30]. For example, the
imbalance between pro- and anti-apoptotic Bcl-2 proteins, its genetic and epigenetic
alterations, can promote cancer cell survival. The elevated levels of anti-apoptotic
family members is a distinct mechanism of apoptosis dysregulation in cancer. The
anti-apoptotic proteins are widely over-expressed in cancer cells to overcome stress
signals. Over-expression of anti-apoptotic Bcl-2 family proteins is often correlated
with recurrence, poor prognosis, and resistance to cancer therapeutics [11].

miRNAs are a class of non-coding RNAs that regulate post-transcriptional gene
expressions and silence target mRNAs. miRNAs dysregulation are associated with
different human cancers and microRNAs (miRNAs) can function as oncogenes as
well as tumor suppressors and their dysregulation are associated with many differ-
ent human cancers.. miRNAs target different mRNAs and act as anti-apoptotic or
pro-apoptotic regulatots that involved in the apoptotic pathways [32]. For example,
miR-15/16 targets the anti apoptotic factor (Bcl-2). In many cancers, the mostly up-
regulated miRNA is anti-apoptotic miRNA-21. It targets the programmed cell death
4 gene (PCD 4 gene or PDCD4), tropomyosin 1 (TPM1), and the phosphatase and
tensin homolog (PTEN), to modulate apoptosis. The application of anti-microRNAs
imitate may act as a potent therapeutic strategy to inhibit key molecular signaling
pathways that are present in cancer [32, 33].

Cancer cells often show dysregulated expression patterns of diverse long non-
coding RNAs (IncRNAs) in specific kinds of tumors. Therefore, their upexpression
or down-regulation in cancer cells often sensitizes cells to apoptotic treatments.
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They also induce and modulate apoptosis. Therefore, targeting IncRNAs in can-

cer cells can be utilized for cancer treatment. Cellular-FLICE inhibitory protein
(c-FLIP) is a critical negative regulator of the apoptotic pathway. The apoptosis
regulation due to c-FLIP, mediated by the death receptors Fas, TNF-R1, DR4 and
DRS. It exists in three isoforms that are derived from diverse mRNA splice variants.
These splice variants are transcribed under the same promoter, namely c-FLIPL,
c-FLIPS, and c-FLIPR. The three isoforms of c-FLIP acts at the DISC level and
inhibit the procaspase 8 and 10 activation. C-FLIP high expression is found in many
cancers and its downexpression can restore apoptosis mediated by TRAIL Aand
CD95L. Thus, c-FLIP can act as a promising target for cancer therapy [34]. c-FLIP
can also induce apoptosis at low and more physiologically relevant expression levels
by recruiting at the DISC to increase caspase-8 activation.

NF-kB activation by CD40 ligand or TNF-a results in overexpression of c-FLIP
and the prohibition of TNFR1, Fas- and TRAIL receptors induces apoptosis.
Activation of several pathways, such as mitogen-activated protein kinase (MAPK),
the phosphatidylinositol-3 kinase (PI3K)/Akt, can enhance the expression of c-FLIP
and can hamper apoptosis induced by death receptors [35].

IAPs increase cell survival during cellular stresses such as ER stress and prevent
both intrinsic and extrinsic apoptosis. Caspases dysregulation may inhibit apoptosis
and carcinogenesis. Down-regulation of different caspases has been observed in
many cancers. For example, caspase-9 and caspase-3 downregulation can leads
to formation of different forms of cancers such as colorectal, ovarian, breast, and
cervical cancers [36, 37].

5. Therapeutic targeting of defective apoptosis in cancer

Apoptosis plays a pivotal role in cancer pathogenesis. Therefore, understanding
the molecular basis of defective apoptosis has garnered tremendous attention from
medical researchers. Novel therapeutic agents and treatment modalities to modu-
late disease pathogenesis are under trials in both preclinical and clinical settings.
An important strategy to modulate cancer pathogenesis involves the use of small
molecule inhibitors (SMIs) that target specific components in apoptotic cascades.

5.1 Targeting anti-apoptotic Bcl-2 family members

Bcl-2 is over expressed in many types of tumors and imparts therapeutic
intractability to such tumors. A highly selective inhibitor of Bcl-2 is Venetoclax.
This drug has been approved for routine clinical practice and is currently in use for
the treatment of ALL (acute lymphocytic leukemia), CLL (chronic lymphocytic
leukemia), and multiple myeloma T-cell prolymphocytic leukemia. Venetoclax is
a Bcl2-selective BH3-mimetic. BH3-mimetics represents a class of anticancer drug
that mimic the functions of BH3-only proteins. These mimetics bind to prosurvival
proteins like Bcl-2 and inhibit their ability to bind Bax or Bak [38]. Thus, when
Bcl-2 overexpressing cancer cells are treated with venetoclax in vitro, the cancer
cells undergo apoptosis. Venetoclax is often used alone or in combination with
other drugs such as rituximab, ibrutinib, azacitidine/decitabine, and bortezomib/
dexamethasone against various hematological malignancies. Bcl-2 family members
over expression are affiliated with aggressive cancer and chemo resistive [39].
These credentials make these proteins as highly encouraging therapeutic targets
to develop pharmacological anticancer drugs. Bcl-2 family members inhibition by
small interfering RNAs (siRNAs) may also induce apoptosis and can reduce tumor
growth [40]. For example, Mcl-1 down regulation by siRNA induced significant
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apoptosis in leukemia cells. Many different microRNAs have been associated that
regulate Bcl-2 expression such as miR-195, miR-24-2, and miR-365-2 act as nega-
tive regulators of Bcl-2 family, which shows the therapeutic potential of these
miRNAs [16, 41].

5.2 Mcl-1 inhibitors

The anti-apoptotic protein myeloid cell leukemia-1 (Mcl-1) is an important
regulator of apoptosis and a central driver of drug resistance in multitude of human
malignancies. Overexpressed Mcl-1 imparts drug resistance of both solid tumors
and hematological malignancies against various therapeutic agents. Several inhibi-
tors have been developed that show promising anticancer activities in preclinical
and clinical settings. For example S63845 induces apoptosis in SCLC cell lines in
vitro at an IC50 of 23 to 78 nM, while in xenograft models this molecule causes
significant reduction in tumor volumes. S63845 can be used in combination with
navitoclax (a dual inhibitor of Bcl-x;, and Bcl-2) where S63845 reduced the cell
viability of SCLC cells and showed synergistic effects in S63845-resistant xenograft
models [42]. Furthermore, Mcl-1 is an attractive drug target in lung cancer due to
its non-apoptotic involvement in DNA repair. Thus targeting Mcl-1 with a small
molecule inhibitor (MI-233) blocks Mcl-1-mediated HR DNA repair and thereby
sensitizes cancer cells to treatment induced replication stress. MI-233 shows strong
synergism with hydroxyurea or olaparib in lung cancer models [43]. Similarly,
targeted Mcl-1 inhibition by RNAI also increases caspase-mediated cell death in cell
models such as ERa + breast cancer cells [44]. A specific Mcl-1 inhibitor VU661013
induce tumor cell death and a causes synergistic reduction when used in combina-
tion with ABT-263 in tumor volume [45]. During the last several years, many Mcl-1
inhibitors have been developed. However, due to large surface-exposed hydrophobic
BH3 binding groove, specific targeting of Mcl-1 poses a big challenge. Thus indirect
targeting of Mcl-1 is emerging as important mechanism of action of alternative
drug classes such as CDK9 inhibitors or deubiquitination inhibitors [46]. The phar-
macological characteristics of the major Mcl-1 inhibitors are tabulated in Table 3.

5.3 X-linked inhibitor of apoptosis protein (XIAP) inhibitors

Although IAPs control plethora of signaling pathways, they were initially
thought to be responsible for caspase inhibition by acting as negative regulators
of apoptosis [36, 37]. Many small molecules have been designed to target the IAP
proteins and one such category of an molecules is Smac mimetics (SMs). A recently
developed XIAP inhibitor BMT-062789 displays remarkable anticancer activity
against a panel of lymphoma cell lines. BMT-062789 is a heterodimeric mimetic of
the second mitochondrial activator of caspases (SMAC) [47]. This molecule inhibits
both the caspase 9 and caspase 3/7 binding domains of XIAP [48]. When used in
combination with etoposide, BMT-062789 induces apoptosis in rituximab resistant
cell line models Raji 4RH and RL 4RH. ASTX660 is another orally bioavailable,
non-peptidomimetic antagonist of both XIAP and cellular IAP1 (cIAP1), with
potential antineoplastic and pro-apoptotic activities. ASTX660 selectively binds to
and inhibits the activity of XIAP and cIAP1 [49].

5.4 Caspase activators in cancer therapy
Caspases constitutes a group of cytosolic aspartate-specific cysteine proteases

that participate in the initiation and execution of apoptosis Pharmacological
activation of caspases using small molecule activators is an effective therapeutic
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Drug Affinity (Ki) Activity in tumors

S63845 Ki<1.2nM non-small cell lung cancer, breast cancer,
melanoma

AMG 176 Ki=0.06 nM breast cancer

AZD5991 Ki=0.2nM multiple myeloma, acute myeloid leukemia

VU661013 Ki=97+30pM acute myeloid leukemia

Compound 42 Ki=0.03nM triple-negative breast cancer, hematological
malignancies

p-carboline copper(II) Ki = 1.2-96.4 nM non-small cell lung cancer

complexes

Table 3.

Pharmacological characteristics of some Mcl-1 inhibitors.

Caspase activator Mechanism of action

Cisplatin potent pro-apoptotic anticancer agent; activates
caspase-3

a-(Trichloromethyl)-4-pyridineethanol (PETCM) activator of caspase-3

Apoptosis activator 2 promotes apoptosome formation and activates

caspase-9/caspase-3 pathway; selectively induces
tumor cell apoptosis

4-(Phenylmethyl)-1-piperazineacetic acid pro-apoptotic; activator of procaspase-3
[[2-hydroxy-3-(2-propenyl) phenylJmethylene]

hydrazide (PAC 1)

Gambogic acid apoptosis inducer; activates caspases and inhibits

Bcl-2 family proteins

Table 4.
Caspase activators.

strategy to kill cancer cells and can potentially help to reverse drug resistance.

The most important cysteine protease in the caspase cascade is caspase 3 [50]. Ina
normal cell, capase-3 is typically in anactive form by an intramolecular electrostatic
interaction favored by triplet of aspartic acid residues (also known as safety-catch).
Although, there are indication that cell death can proceed in the absence of cas-
pases, activation caspase family members is critical for execution of cell death in
apoptotic cells. Several drugs for activating caspases exist (Table 4). An important
caspase-inducing agent is apoptin, which is a proline-rich protein capable of induc-
ing apoptosis in cancer cells in a selective manner. This protein is obtained from
chicken anemia virus that causes tumor-specific apoptosis without interfering with
normal cells. As such, apoptin is considered as a highly tumor-specific therapeutic
agent [51, 52]. This drug is still in preclinical testing.

6. Conclusion

Due to its role in tissue homeostasis and cancer pathogenesis, apoptosis has
received tremendous attention as a target for therapeutic intervention of cancer.
Thus targeting apoptotic signaling networks is an important therapeutic strategy
for cancer therapy. Many drugs have been developed that modulate different
components of apoptotic signaling. However, many tumors ultimately develop
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drug resistance against these drugs. Therefore there is a need to develop novel
therapeutic agents and new treatment strategies that can reverse the drug-resistant
phenotype of tumors and render these tumors sensitive towards therapeutic regi-
mens. A limited number of FDA-approved drugs exist that directly target apoptotic
pathways. Many of these drugs target the Bcl-2 family member such as Bcl-2 itself
and Mcl-1. Caspase 3 activators are also being tested in preclinical settings. Other
therapeutic strategies involve the use of drugs that activate the extrinsic pathway
of apoptosis or tumor suppressor pathways or modulate tumor microenvironment.
However, it is interesting to conclude that apoptosis can be induced in cancer cells
by activating both the intrinsic and extrinsic pathways of apoptosis. However there
is a need to identify therapeutic targets that are unique to cancer cells so that their
modulation may not affect the normal surrounding cells. Thus, while targeting
apoptotic signaling networks, there is a need to ensure tumor-specific apoptosis
without inducing apoptosis in normal cells. We are hopeful that, in future, a better
understanding of apoptotic signaling may lead to the development of novel antican-
cer drugs that could target different components of apoptotic signaling selectively
and specifically. However, the lack of precise relationship between level of proteins
involved in apoptosis and the clinical outcome poses a big challenge in the develop-
ment of novel therapeutic agents and as such warrants in-depth understanding of
apoptotic signaling networks.
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Chapter 5

Efferocytosis: An Interface
between Apoptosis and
Pathophysiology

Bichandarkoil Jayavam Pratima and Namasivayam Nalini

Abstract

Several cell death modes, each with a unique feature and mode of inducing cell
death have been established. Cell death occurring under physiological conditions
is primarily caused by apoptosis, which is a non-inflammatory or silent process,
whereas necroptosis or pyroptosis is triggered by pathogen invasion, which stimu-
lates the immune system and induces inflammation. In physiology, clearing dead
cells and associated cellular debris is necessary since billions of cells die during
mammalian embryogenesis and every day in adult organisms. For degradation,
dead cells produced by apoptosis are quickly engulfed by macrophages. This chapter
will present a description of the phagocytosis of dead and dying cells, by a process
known as efferocytosis. Macrophages and, to a lesser degree, other ‘professional’
phagocytes (such as monocytes and dendritic cells) and ‘non-professional’ phago-
cytes, such as epithelial cells, conduct efferocytosis. Recent discoveries have shed
light on this mechanism and how it works to preserve homeostasis of tissue, repair
of tissue and health of the organism. Caspases are a large family of proteases of
cysteine acting in cascades. A cascade leading to activation of caspase 3 mediates
apoptosis and is responsible for killing cells, hiring macrophages, and presenting
a “eat me” signal(s). If macrophages do not effectively engulf apoptotic cells, they
undergo secondary necrosis and release intracellular materials that reflect a molecu-
lar pattern associated with injury, which can lead to autoimmune diseases. Here,
the processes of efferocytosis are illustrated and the pathophysiological effects that
which occur when this phase is abrogated are highlighted.

Keywords: apoptosis, efferocytosis, macrophages, caspases, pyroptosis, necroptosis

1. Introduction

In multicellular species, cell death and the efficient clearance of dying cells are
fundamental processes that preserve homeostasis. Cells engage in their demise in
virtually all physiological and most pathological scenarios through a controlled
cascade of signaling events (‘regulated’ cell death) [1] Damaged or redundant cells
die in a regulated manner and are replaced by new cells derived from progenitors of
stem cells [2]. Cell death is essential for growth; during mammalian embryogenesis
and development, billions of cells are destroyed in order to form new structures
and sustain organ function [3, 4]. When addressing pathological events, including
tissue damage and infections, significant numbers of cells often die. Cell death must
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be carefully controlled; extensive damage caused by heat, mechanical compression
or osmotic pressure, for example, can cause necrosis of cells, release their intracel-
lular content to the surrounding environment, and contribute to the activation

of inflammatory immune pathways that can harm healthy cells and tissues sur-
rounding them. In both homeostasis and disease, removal of cellular corpses is
necessary. The phagocyte engulfment of dead cells, a multistep mechanism known
as efferocytosis, enables cellular components to be recycled by multicellular organ-
isms. Autoimmune diseases and other diseases may occur when the disposal of cell
corpses is faulty. While the degradation and recycling of the mass of a cell are typi-
cal features in the clearance of any dead cell, certain cell clearance characteristics
are specific to a particular mode of cell death. Depending on their mode of death,
dying cells can expose and secrete signals that attract phagocytes, favor their swal-
lowing, or encourage a return to tissue homeostasis. Via regulation of macrophage
function following efferocytosis, different forms of cell death may also confer pro-
inflammatory or anti-inflammatory signals. There are several cases in which uncou-
pled phenomena are cell death and corpse disposal, meaning cell death does not
follow disposal immediately. The shedding of dead intestinal epithelial cells from
the tip of the villus to the intestinal lumen 5 is one such example. Conversely, cells
engulf and destroy healthy neighbouring cells in the course of entosis. Although the
responsible mechanisms are usually different from those for the removal of dead
cells, [5-11] shared aspects have been identified. Nonetheless, dying cells are easily
cleared by efferocytosis in the vast majority of cases, and such uncoupled events are
not further considered herein. Here we summarise our current understanding of
the mechanisms of efferocytosis and how the physiology of the organism is affected
by efferocytosis, including inflammation and adaptive immune response results.
Every day, several hundred billion cells die and are replaced by newly formed cells.
Senescent neutrophils die and are then phagocytized in the bone marrow, liver,

and spleen by macrophages [7, 8], while senescent red blood cells are recognized
and phagocytized by spleen and liver macrophages [7, 8]. In the small intestine,
senescent enterocytes are shed into the intestinal lumen [11]. Cells infected with
bacteria or viruses undergo autonomous necrosis of the cells or are destroyed by the
immune system. Macrophages as a whole do not recognize these cells, and necrotic
cells release materials that may activate the immune system. Inflammation caused
by a bacterial or viral infection requires significant white blood cell development,
and these cells rapidly die when the infection ceases. Additionally, by inhibiting

the synthesis of purines, DNA, or RNA or by cross-linking or intercalating DNA,
various anticancer drugs destroy tumour cells.

2. Programmed cell death

Originally, programmed cell death in the sense of insect development was
described by Lockshin and Williams [2]. Subsequently, Kerr et al. [12] noted two
morphologically distinct forms of cell death in humans, apoptosis and necrosis,
through ultrastructural study. The cells swell in necrosis, with the rupture of plasma
membranes and release of cellular components; the cells shrink with integral yet
ruffling plasma membranes in apoptosis, and nuclei are condensed and fragmented.
To avoid the release of intracellular elements, apoptotic cells are rapidly phagocy-
tized by macrophages. This mechanism prevents inflammatory factors from being
released and is thus called the death of clean cells. “Programmed cell death” and
“apoptosis” are also used synonymously, because apoptosis occurs in developing
embryos or in cells that die under physiological conditions. The cell death occur-
ring during inflammation or infection with a necrotic morphology was also found
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to be programmed or regulated by gene products and was classified as necroptosis
and pyroptosis [13]. In addition, non-apoptotic cell death was observed during

the development of Caenorhabditis elegans [14] and Drosophila metamorphosis [15],
suggesting that cell death can occur through a non-apoptotic mechanism in animal
development. Programmed cell death should therefore not be used as a synonym for
apoptosis; it should, as originally described, be reserved for the cell death that takes
place in animal development [2].

2.1 Apoptosis

In animal growth, apoptosis plays a significant role. For instance, apoptosis
removes interdigital cells, non-functional nerve cells, and activated lymphocytes.
Apoptosis also mediates the involution of mammary glands. Apoptosis, does not
play a significant role in clearing senescent cells (red blood cells, and intestinal
enterocytes). Specific sets of caspases that function in cascades mediate apoptosis,
at the end of which caspase 3 or 7 is responsible for killing the cells. In a mechanism
called efferocytosis, apoptotic cells are engulfed by macrophages [16]. It is difficult
to find free apoptotic cells iz vivo, even in tissues where large numbers of cells
undergo apoptosis, because efferocytosis is effective and rapid [17]. Apoptosis
therefore requires pathways not just for destroying cells, but also for recruiting
Macrophages (“find me”) [18, 19] and providing the macrophages with a signal
(“eat me”) for cell engulfment [20, 21].

3. Recognition of dying cells

In early studies, cell shrinkage prior to cell death was associated with a process
of non-inflammatory cell clearance, while inflammatory response is associated with
cell swelling prior to death [12-14] (Figure 1). These morphologies were associated
with apoptosis and necrosis processes. In recent decades, more molecularly diverse
controlled cell death programs have been identified [2], with each type having a
major impact on the biological consequences of cell death. Both apoptotic and non-
apoptotic dying cells demonstrate and release molecular signals in order to signal
phagocytes and direct subsequent phagocytic and immune responses.

4. Efferocytosis

The term “efferocytosis” is derived from the Latin word “efferre” meaning “to
take to the grave,” which describes the process of programmed cell removal (PrCR).
In cell biology, efferocytosis is characterized as the swallowing and decomposition
of apoptotic cells by phagocytes. The noteworthy point of efferocytosis is that this
mechanism includes the production of anti-inflammatory cytokines and the inhibi-
tion of pro-inflammatory cytokines. This means that efferocytosis takes place in an
immunologically silent state that mechanistically differs from the phagocytosis of
pathogens and other opsonized particles [20] in which pro-inflammatory cytokines
are produced. Recent evidence has shown that many types of cells have the ability to
clear their neighboring dying cells, including both professional and non-professional
phagocytes, although it has long been believed that apoptotic cells can only be
cleared by efferocytosis by specialized cells. Professional phagocytes include macro-
phages and immature dendritic cells, while non-professional phagocytes are involved
in epithelial cells, endothelial cells, and fibroblasts. The stages in which apoptotic
particles are extracted by professional and non-professional phagocytes are the
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Figure 1.

Recognition of apoptotic cells by phagocytes (The Engulfment Synapse). altered carbohydrate (aCHO),
B2-glycoprotein I receptor (P2GPIR), brain-specific angiogenesis inhibitor (BAI-1), complement protein C1q
(C1q), calreticulin (CRT), growth arvest-specific 6 (Gas6), intercellular adhesion molecule 3 (ICAM-3), Mer
tyrosine kynase (MerTK), milk fat globule-EGF factor 8 protein (MFGES), oxidized low-density lipoprotein
(oxLDL), phosphatidyl serin (PtdSer), receptor for advanced glycation end products (RAGE), Src homology
2 domain-bearing protein tyrosine phosphatase substrate-1 (SHPS-1), T-cell immunoglobulin mucin receptor
(TIM), thrombospondin-1 (TSB-1).

same, although various kinetics have been recorded. In fact, the process of efferocy-
tosis is carried out at greater speed and capacity by trained phagocytes [22, 23].

4.1 Find-me signals

Signals produced by apoptotic cells usually involve two types: soluble molecules
and complicated extracellular vesicles. Nucleotides such as adenosine triphosphate
(ATP) and uridine triphosphate are among the most widely recognized find-me
signals (UTP). In the environment, such nucleotides are released by apoptotic cells
through the pannexin-1 channel. They bind purinoreceptor 2 (P2Y2) to the surface
of the phagocytes, thus serving as short-range chemo attractants [22-27]. Recent
studies have shown that certain mediators of oxidative stress can serve as find-me
signals by activating monocyte recruitment towards suffering cells at risk of death.
The release of oxidative stress mediators may be a physiological mechanism for the
precautionary use of phagocytes before the onset of cell death, but it may also pro-
mote the pathogenesis of some conditions [1, 9, 28-31]. Lysophosphatidylcholine
(LPC) is a lipid mediator formed and released from apoptotic cells by the calcium-
independent isoform of phospholipase A22 (iPLA2). LPC plays a part in the
recruitment of macrophages by reacting with the G2 accumulation (G2A) receptor.
G2A is a G-protein-coupled (GPCR) receptor that plays a role in the regulation
of cell cycles, oncogenesis, immunity, and proliferation. G2A is found in macro-
phages, dendritic cells, neutrophils, mast cells, T lymphocytes, and B lymphocytes.
Although awareness of this receptor has so far been restricted, its most important
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role as an LPC receptor is probably to enable the development of monocyte, neutro-
phil and lymphocyte recruitment chemo attractants.

Fractalkine (CX3CL1) is a find-me signal which is secreted from apoptotic human
B cells in extracellular vesicles. Fractalkine acts as a chemokine which facilitates its
recruitment into apoptotic cells by binding to its receptor (CX3CR1) on the surface
of the phagocyte 13. Fractalkine also increases the expression of MFGES8, which plays
arole as a bridging molecule, in phase 13 of efferocytosis. In addition, apoptotic cells
can cause the release of a number of cytokines and chemokines, including MCP-1
and IL-8, involved in the recruitment of monocytes and Tam-Horsfall protein 1
(THP-1) neutrophils, by binding to Fas/CD95 [32].

4.2 Eat-me signals

By binding to their receptors on the surface of phagocytes, eat-me molecules
produce intracellular signal cascades, rearranging the cytoskeleton and contribut-
ing to swelling. Eat-me signals are usually divided into two groups [33-35]. The first
group consists of new emerging molecules, such as phosphatidylserine (PtdSer) or
annexin I, on the surface of apoptotic cells. The second category consists of exist-
ing molecules changed on the surface of the apoptotic cells [e.g., conversion of the
intercellular adhesion molecule (ICAM)-3 to CD31] or various modifications in
the plasma membrane components (e.g., loss of plasma membrane asymmetry and
increased external negative charges) (Figure 2). Among the new evolving mol-
ecules on the surface of apoptotic cells, PtdSer is the most popular and well-known
eat-me signal. PtdSer is actually located naturally on the inner surface of the plasma

Find me signaling Eat me signaling

IL10, VEGF, EPO, TGF-B, IL10 TGF-B, IL10, MFGES,
Increase | MEGES, MerTK, NR4A1, Gas6, C1q, ABCA1
TSB-1, EREG, HO-1

Decrease | TGF-B, TNF, IL12, IL1 IFN-a/B, TNF , CCL5, IFN-a/B, TNF, IL6 IL1,
CXCL1,CXCL2, IL1, IL6, IL33 NOS2, CCR2

Figure 2.

Apoptotic cell cleavance-a multi-stage process. ATP-binding cassette transporter (ABCA1), complement
component 1q (Ciq), chemokine C-C motif ligand 5 (CCL5), C-C chemokine receptor type 2 (CCR2),
chemokine C-X-C motif ligand (CXCL), erythropoietin (EPO), epiregulin (EREG), growth arrest-specific 6
(Gas6), heme oxygenase-1 (HO-1), interferon (IFN), interleukin (IL), Mer tyrosine kinase (MerTK), milk fat
globule-EGF factor 8 protein (MFGES), nitric oxide synthase 2 (NOS2), nuclear veceptor subfamily 4 group

A (Nrga1), thrombospondin-1 (TSB-1), transforming growth factor p (TGF-p), tumor necrosis factor (TNF),
vascular endothelial growth factor (VEGF).
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membrane, but is transmitted to apoptotic cells on the outer surface of the plasma
membrane. Flippases are responsible for preserving an asymmetric distribution of
phospholipids within the cell membrane in non-apoptotic cells. However, when the
apoptosis message is given and caspases in apoptotic cells are activated, flippases
become cleaved and inactive. Caspases also simultaneously activate scramblases in
apoptotic cells and, as a result, PtdSer rapidly migrates to the outer surface of the
plasma membrane [36-40].

PtdSer can bind directly to various surface receptors of phagocytes, including
T-cell immunoglobulin mucin (TIM)-1, TIM-4, BAI-1, stabilin-2, and advanced
glycation end-product receptors (RAGE). Among them, by binding to PtdSer,
TIM-4 is crucial in the tethering of apoptotic cells. Of note, among all phagocytes,
some of these receptors do not have the Same distribution [41-46]. Therefore, in
the clearance of specific apoptotic cells, each phagocyte with a particular set of
these receptors plays a certain function [32, 37-40, 47].

4.3 Bridging molecules

Two domains of receptor-binding have bridging molecules. The prey-binding
domain of phagocytosis (PPBD) can, on the one hand, be connected to the surface
of apoptotic cells. On the other side, the receptor-binding domain binds to phago-
cytes. [43, 48-53] A bridge between apoptotic cells and phagocytic cells is thus
formed. PtdSer can be indirectly connected to phagocyte receptors by bridging
molecules, in addition to its ability to bind directly to receptors on the phagocyte
surface. MFGES is a bridging molecule which, on the one hand, binds to PtdSer
on the surface of apoptotic cells and, on the other, binds to alpha-3/alpha-5 integ-
rins, thus acting as a bridge between apoptotic cells and macrophages in order to
facilitate the tethering phase [44, 54-56]. After binding to membrane integrins, it
generates signals within macrophages, by recruiting the CRKII-DOCK180-ELMO
(Figure 3) complex and activating Racl. These signaling pathways eventually
result in a rearrangement of the cytoskeleton and thus, enabling macrophages
in the removal of apoptotic cells***. In addition, MFGES induces the release of
anti-inflammatory cytokines. The anti-inflammatory action of MFGES8 could take
place in two ways: directly, through phagocytic capacity development, and indi-
rectly, through the modulation of lipopolysaccharide-activated intracellular signals
(LPS) [57-61]. This subset of macrophages promotes tissue repair and angiogenesis
through the production of vascular endothelial growth factor (VEGF) or epidermal
growth factor (EGF), which is usually found at the stage of tumor promotion.
AnnexinI (AnxI) is a bridging molecule that is a normal intracellular protein but
is transferred to the outer surface of the PtdSer [62] plaque-containing cell mem-
brane during apoptosis.

4.4 Other eat-me signals

While phosphatidylserine is a powerful and well-characterized eat-me signal,
other signals may play a role in the identification and swallowing of dying cells
[63]. Exposed LPC can bind to IgM on the plasma membrane of dying cells, which
in turn binds to phagocyte Fc receptors, such as macrophages [15]. Therefore, LPC
continues to serve as a find-me signal as well as an eat-me signal. Proteins present
in the endoplasmic reticulum lumen, such as calreticulin, may be exposed to the
plasma membrane of dying cells and, in the absence of no-eat-me signals, may
serve as an intake-me signal (Figure 2). In coordination with complement C1q and
mannose-binding lectin (MBL) [16, 17] phagocyte calreticulin is recognized by LDL
receptor-related protein 1 (LRP1), also referred to as CD49 [64].
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Figure 3.

Activation of the CRKII-DOCK180-ELMO complex within phagocytes. MFGES-opsonised apoptotic cells

are captured by avp integrins in macrophages; then, the recruitment of the ELMO- DOCK180 complex is
induced and finally, by activation of Raci, cytoskeletal rearrangement occurs for phagocytosis. Brain-specific
angiogenesis inhibitor (BAI-1), cellular apoptosis susceptibility protein (Cas), guanosine diphosphate (GDP),
guanosine triphosphate (GTP).

4.5 Don’t-eat-me signals

Macrophages and other phagocytes are also able to detect live and viable cells
through don’t-eat-me signals, in addition to their ability to distinguish apoptotic
cells from pathogens through eat-me signals. The most important ligand that plays
this role is CD47 [65-68]. The signal regulatory protein alpha (SIRP alpha) is the
receptor on the surface of macrophages for this protein, the activation of which
prevents swallowing even when there is PtdSer [69, 70]. Instead, on the surface of
apoptotic cells, CD47 expression is suppressed so that their clearance can be cor-
rectly achieved. In transducing don’t-eat-me signals, CD31 is another important
ligand. Although this protein is not as well-known as CD47, its inhibitory effect on
phagocytes [69, 71-73] has been demonstrated by several studies. Another protein
that has a critical role in the transduction of a don’t-eat-me signal is CD300a. The
CD300a-mediated recognition of PtdSer and phosphatidylethanolamine inhibits
efferocytosis, preventing swallowing at stage 22.

5. Mechanisms of engulfment

Efferocytosis is a closely regulated process that involves the synchronized
swallowing of dead and dying cells, maturation of the phagosome, and then the
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breakdown of phagolysosomal material. Each stage is regulated by molecular
mechanisms that allow the engulfed cell to quickly break down and recover the
engulfing phagocyte.

5.1 Uptake of dying cells

If a dying cell is recognized by the phagocyte, swallowing of the cell corpse
requires rapid re-organization and synthesis of the plasma membrane to enable
the dead cell to be effectively phagocytic internalized. Phagocyte motility and
environmental sampling are allowed by a complex mesh of cortical actin fibres
lying under the plasma membrane. The phagocyte initiates actin remodeling upon
identification of a dying cell, which enables invagination and localised extravaga-
tion of the plasma membrane and, eventually, phagosome creation. Depending on
the receptor involved, the signaling mechanisms that bridge receptor ligation to
activation of actin remodeling and related pathways vary, but usually include coor-
dinated kinase activation (such as those from the SRK, SYK, and protein kinase C
families) and phosphatase inactivation, like SHP1, processes that have been well
reviewed [20]. Two primary pathways leading to the reorganization of actin occur
during efferocytosis and both converge on a central regulator, the small GTPase
RACI1 family of RHO. The activation of RAC1 is mediated by LRP1 and the adapter
protein GULP96 in the first method, but the exact mechanism of how LRP1 and
GULP activate RAC1 is not understood. The second RAC1 activation mechanism is
based on the DOCK180 guanine nucleotide exchange factor (GEF) and the phago-
cytic regulatory protein engulfment and protein motility of cells (ELMO). Another
GEF, called ‘TRIO), loads GTP onto the small GTPase RHOG following receptor
ligation by the dying cell, leading to ELMO [20, 74-76] recruitment. ELMO is then
able to interact with DOCK180’s SH3 domain [77]. The DOCK180-ELMO complex,
together, serves as a GEF for RAC1, leading to activation of RAC1. By activating
nucleation-promoting factors of the WASP family, SCAR and WAVE, which recruit
the ARP2/3 complex and work together to build an actin nucleation centre, RAC1
is subsequently able to guide localized actin polymerization required to coat or
grasp the cargo once triggered through either system [70, 78-80]. The ARP2/3
complex binds existing actin filaments in addition to forming a nucleation center
for de novo actin polymerization, enabling new actin synthesis while retaining
actin networking and branching, processes that are crucial for the formation
of phagosomes [81-86]. Although actin polymerization is a critical component
of the creation of phagosomes and the successful capture of the dead cell, actin
depolymerization is of equal importance for the plasma membrane splitting of the
phagosome. Phagosome sealing processes are highly dependent on different phos-
phoinositides, including phosphatidylinositol 3,4,5-trisphosphate, which activates
GTPase-activating proteins of the RHO family, resulting in the deactivation of
GTPases, including RAC1, resulting in depolymerization [87-89]. To facilitate the
phagosome separation, a concerted effort exists between actin depolymerization
and dynamin. Dynamin 2 also directs the trafficking of the full early phagosome
[23, 26] downstream.

5.2 Lysosomal degradation

The phagosome and cell corpse are on their way to a well-planned destructive
end after being detected and captured by the dying cell [90]. The phagosome is
linked to lysosomes, which include proteases, nucleases, and lipases that degrade
the phagosome’s cargo. Changes to the phagosome, as discussed below, either trig-
ger or inhibit this fusion. In a multi-stage maturation process, the serine/threonine
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kinase VPS15 increases the catalytic activity of the early phagosome membrane
and the targeting of VPS34 [27, 91]. VPS15 binds to the active RAB5 directly and
forms a complex with VPS34 [92]. The role of VPS34 in phagocytosis associ-

ated with microtubule-associated protein 1A/1B light chain 3 (LC3) is discussed
further (LAP). The transition from early to late phagosomes is characterized by
the acquisition of distinct biochemical markers, including small RAB7 GTPase
markers, as well as the loss of early RAB5 markers. Late phagosomes are more
acidic than early phagosomes due to increased proton pumping into the phago-
some lumen mediated by the multimeric protein complex vacuolar ATPase, which
translocates H+ across endosomal and phagosomal membranes [36, 47]. RAB7
and its effectors are needed for phagosome maturation, as RAB7 inhibition pre-
vents phagosome-lysosome fusion and results in phagosome acidification failure
[32, 91]. RAB7-interacting lysosomal protein (RILP) and oxysterol-binding pro-
tein-related protein 1 (ORP1; also known as ORPL1) are found in late endosomes,
phagosomes, and lysosomes [32]. By communicating directly with the molecular
motor dynein-dynactin, these proteins organize microtubule-dependent vesicular
trafficking of RAB7-positive compartments. RILP, dynein, intact microtubules,
lysosome-associated membrane protein 1 (LAMP1), and LAMP 2 are involved

in the fusion of late phagosomes with the lysosomal compartment [37]. LAMP1
and LAMP?2 are highly glycosylated membrane proteins that keep the lysosomal
membrane intact and are needed for phagosome-lysosome fusion through inter-
action with RAB77 [37].

The formation of a Ca2+—dependent SNARE complex, composed of VAMP7 and
syntax 7, aids the direct fusion of the mature phagosome with the lysosome [38, 39].
Syntaxine 7 and VAMP?7 are both recruited to phagosomes, and phagosome-lyso-
some fusion is prevented when syntaxine 7 is knocked out [74, 76, 93-98]. The
newly developed phagolysosome is distinguished by its high acidity (pH 4.5-5.0)
and the presence of active cathepsins after fusion. Acidification is needed for the
activation of lysosomal acid hydrolases, which promotes the degradation of the
internalized cell body. In conjunction with other effectors such as oxidants, cationic
peptides, and lipase, these hydrolytic enzymes mediate the lysosome’ potent
destructive potential [40, 33].

5.3 Phagosome maturation related modifications
5.3.1 LC3 assisted phagocytosis

The phagosome may be changed to either promote or hinder maturation,
affecting the degradation of phagosome material after fusion with lysosomes.
During the LAP, one such shift occurs. A subset of proteins necessary for canoni-
cal autophagy in LAP, in combination with LAP-specific regulators, allows the
LC3 family to be combined with the LAP family. LC3 family proteins facilitate
autophagosomes in autophagy, as LC33 depletion also inhibits lysosome fusion
[34]. FYCO1, a RABY effector protein, interacts with LC3 and PI3P to promote
autophagosome-lysosome fusion [35]. Similarly, phagosome LC3 promotes
phagosome-lysosome fusion to form a phagolysosome. The rubicon homologue
PLEKHM]1 interacts with both RAB7 and LC3 and can promote phagosome and
endosome trafficking [48, 99]. These processes are most likely shared by auto-
phagia and phagocytosis, both of which are involved in lysosomal targeting and
fusion. To date, it has not been thought that the ability to conjugate LC3 with the
phagosome directly affects the lysosome’s functional potential: impaired matura-
tion and degradation seen in LAP-deficient cells and animals has not been linked
to direct lysosomal defects [49, 50].
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5.4 Liver X receptors

Other pathways with roles in efferocytosis include the liver X receptors
(LXRs) and the PPARs, nuclear receptor families that control genes involved in
lipid metabolism and transport [100-103]. By engulfing a dying cell, a phagocyte
can effectively double its lipid content, requiring an appropriate transcriptional
response which is mediated by these nuclear receptors. LXR deficiency results in
their inability to clear the apoptotic thymocytes in macrophages, but does not alter
the swallowing of inert beads or other substrates [104]. Similarly, mice that are defi-
cient in LXRs in many tissues accumulate dead cells due to failure of in vivo effe-
rocytosis [104]. Pharmacologic LXR agonists increase efferocytosis and clearance
by increasing the expression of receptors, including MERTK, both in cell culture
and in vivol36. In addition, during efferocytosis, the existence of LXRs induces
the expression of ABCA1 cholesterol transporters, which emit excess cholesterol
[105], and genes involved in mitochondrial lipid oxidation, enabling excess lipids
to catabolize effectively [105, 106]. Efferocytosis is caused similarly to LXRs by the
PPAR family. In response to apoptotic cell engulfment, PPARy expression occurs
and remains elevated until efferocytosis [107] has been resolved. In combination
with activation of LXRs, PPARY activation has been demonstrated to enhance
efferocytosis by macrophages [104]. In fact, inhibition of PPARy by a pharmaceuti-
cal antagonist resulted in impaired efferocytosis [107].

5.5 Resolution of phagocytosis

After the phagosome has fused with lysosomes and its cargo has been degraded,
a resolution mechanism restores homeostasis within the phagocyte, allowing for
further phagocytosis. Since dying cells are not the only phagocytic cargo, the effect
of phagocytosis can differ depending on what cargo is internalised. After lysosomal
degradation in the form of efferocytosis, some of the components of the cell corpse
can be recaptured and recycled for use by the phagocytic cell. Carbohydrates,
amino acids, lipids and nucleotides are recycled to replenish cellular stores and can
potentially be used as building blocks and sources of energy by the phagocytic cell
[108]. The internalisation and degradation of cargo can also influence the activation
of signalling pathways; for example, DNA that escapes degradation can activate
the DNA sensing cGAS-STING pathway and contribute to the production of type
I interferons, as discussed earlier. These events may lead to the loss of the immune
tolerance of the apoptotic corpse and can potentially result in autoimmunity [109].
As described earlier, LAP facilitates rapid maturation and generation of phagoly-
sosomes and efficient degradation of cells and promotes the production of anti-
inflammatory cytokines, including IL-10, a method that promotes immune silence.
On the other hand, LAP disruption decreases phagosome maturation, contributing
to the activation of inflammatory signalling pathways and to the production of
proinflammatory mediators for IL-1f and [110-113]. The exact mechanism that
leads to this switch in cytokine production has not been well known in the absence
of LAP. Furthermore, failure in LAP-deficient phagocytes to effectively degrade
the cell corpse can result in the leakage of phagosome contents, such as DNA, into
the cytosol, which in turn induces the production of type I interferon via STING
[114] sensing. STING-dependent interferon expression by tumour-related macro-
phages in LAP-deficient mice in several cancer models promoted T-cell-mediated
anticancer immunity [114]. Following efferocytosis, the phagocyte must restore
the functions of cytoskeletal components such as actin and microtubules to ensure
that its phagocytic capacity is maximised for additional [115-118]. This restoration
of function has not been well studied in contrast with the upstream processes of
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phagocytosis. However, such details can be inferred from studies investigating the
effectors such as RAB27A in the events leading to phagocytosis. RAB27A negatively
affects phagocytosis by prolonging the actin coating of nascent phagosomes,
resulting in impaired transition to the stage of phagosome sealing [119]. Therefore,
RAB27A and related effectors may be essential for the restoration of actin and other
cytoskeletal networks following the completion of phagocytosis. It is evident, how-
ever, that cytoskeleton restoration after phagocytosis is an ATP-dependent process
and may involve multiple components [120]. An additional function of recovery is
the recycling or continued expression of membrane receptors to accept subsequent
cargo. Impaired recycling results in reduced membrane expression of receptors such
as TREM2 and TLR4, which recognize a variety of amyloids and pathogen products
[121, 122] respectively, and can also reduce the membrane expression of dying cell
recognizing receptors. This decrease in the available surface receptors can impair
the endocytic and phagocytic capacity of the phagocyte cell, which means that
these restorative events are necessary to ensure that the phagocyte will continue to
recognize and clear phagocyte cargo.

6. Disease and efferocytosis

The fact that efferocytosis has so much redundancy in the detection of dying
cells emphasizes its significance in pathophysiology. In reality, many autoimmune
and inflammatory disorders are associated with defects in this stage, with inflam-
mation, aggravated tissue damage, and organ dysfunction resulting in uncleared or
improperly cleared cell bodies. Defects in other aspects of the efferocytotic machin-
ery, on the other hand, could result in enhanced protection against certain diseases.

6.1 Systemic disease

The most common autoimmune disorder associated with compromised effe-
rocytosis is systemic lupus erythematosus (SLE), a chronic systemic autoimmune
disease that affects multiple organ systems such as the lungs, kidneys, skin and
central nervous system (CNS). Although uncleared dead cells are rarely detected
when healthy tissue is examined under the microscope, dead cells can often be
observed in the blood, skin, and lymph nodes of SLE patients, and the seriousness
of the disease is closely correlated with defective in vitro efferocytosis and dead
cell accumulation in vivo [123, 124]. Patients with SLE also exhibit high levels of
circulating autoantigens, such as extracellular DNA, that bind autoantibodies to
form immune complexes that accumulate or are deposited in the glomerular and
vessel walls of the kidneys [125, 126]. Defects at almost every level of the efferocy-
tosis pathway are involved in the pathogenesis of SLE. Mice with genetic deletion
that abrogates find-me signalling pathway components (e.g., development of S1P),
eat-me signalling pathway components (e.g. TIM4, MFGES, S protein, MERTK and
C1q) and dead cell treatment components (LXRs, PPARs, ABCA1 and rubicon) all
display progressive SLE-like disease.

6.2 Neurodegenerative diseases

Phagocytic cells called ‘microglia’ are present in the CNS. The phenotypically
close to these resident phagocytes are the macrophages and clear dead cells and cel-
lular debris in the CNS [127]. However, other CNS cells, such as oligodendrocytes,
astrocytes, and neuronal progenitors, can also act as mediators of efferocytosis.
Like all organ systems, the CNS needs effective efferocytosis for homeostasis, but
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efferocytosis is also essential for the reorganization of the neuronal circuits and
for the initiation of regenerative response after injury [128]. Consequently, there
are numerous neurodegenerative diseases associated with efferocytosis abnormali-
ties, including multiple sclerosis, Alzheimer’ disease, Parkinson’s disease and
Huntington’s disease [129, 130]. Multiple sclerosis may result from defects that are
involved in cell corpse processing at multiple stages of efferocytosis, including pan-
nexin 1find-me signalling defects, MERTK eat-me signalling, and LXR alpha and
LXRp signalling. Decreased expression of the bridging molecule MFGE8 was also
observed in a mouse model of Alzheimer’s disease and expression of the dominant
negative MFGE8 mutant in microglia cells decreased swallowing of apoptotic
neurons [131, 132].

6.3 Lung inflammation

In inflammatory diseases, the production of reactive oxygen species (ROS) by
neutrophils is increased. ROS can induce RhoA signalling in phagocytes, thereby
reducing the clearance of apoptotic cells through inhibition of efferocytosis. A
number of lung inflammatory disorders, including chronic obstructive pulmonary
disease (COPD), asthma, pulmonary fibrosis, and cystic fibrosis, may lead to
impairments or inefficiencies during inflammation in the effective clearance of
dying neutrophils [133].

On the other hand, antioxidants such as N-acetylcysteine (NAC) can increase
the clearance of apoptotic cells by inhibiting ROS growth, thereby suppressing
RhoA activity and increasing the output of TGF-p [134]. The swallowing and clear-
ance of apoptotic leukocytes can also be enhanced by Macrophages [77, 135-139]
by anti-inflammatory drugs such as corticosteroids. In particular, protein S binding
to apoptotic cells and MerTK (from the TAM family) upregulation on the surface
of macrophages can mediate increased clearance of apoptotic debris induced by
corticosteroids.

6.4 Atherosclerosis

Lipid oxidation and retention can cause local inflammation in the arterial wall
and encourage atherosclerosis progression. Circulating monocytes can aggregate
and differentiate into macrophages in atherosclerotic lesions, which can in turn
swallow large amounts of lipids and transform into foam cells filled with fat
droplets. Macrophage clearance of apoptotic cells occurs primarily in the intima
in the early phases of atherosclerosis, and apoptotic cells are cleared quickly and
effectively. The condition is different in the case of advanced atherosclerotic lesions
(called plaques), where a large number of monocytes/macrophages are recruited
into clear foam cell bodies and additional debris. In foam cell bodies, a large number
of oxidised lipids are identified which can inhibit the process of efferocytosis by
binding to CD14 and can increase the activity of Rho kinase in atherosclerotic [140,
141]. As a result, macrophages do not effectively complete the process of efferocyto-
sis; they thus transform themselves into foam cells and then promote inflammatory
responses by secreting pro-inflammatory cytokines, [109, 121, 142-144] and ROS.
The clearance of apoptotic cells also decreases and progression towards secondary
necrosis increases, thereby sustaining an unfavorable cycle that leads to atheroscle-
rosis progression and associated complications [145-147].

Therefore, macrophages and the efferocytosis system play a very important
role in the development of atherosclerosis [135-139]. The accumulation within the
plaques of apoptotic cells and the acceleration of atherosclerotic disease are the
result of a defect in the separate mediators of efferocytosis [148]. A study showed,
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for example, that Gas deficiency contributed to the development of atherosclerosis
by reducing the recruitment of lesion phagocytes, while the Mer function defect
prevented the clearance of apoptotic cells, which promoted the progression of
atherosclerosis. Therefore, a detailed knowledge of the efferocytosis pathways
regulated by this cell will open up promising windows for the treatment of ath-
erosclerotic disease because of the critical role of macrophages in atherosclerosis
pathogenesis [149].

6.5 Cancer

Although efferocytosis plays a vital role in tissue homeostasis, since clearance
of apoptotic cells is followed by immunosuppressive responses, its role in cancer
can be detrimental to the host. Indeed, tumour tissue is subject to high-speed cell
proliferation and apoptosis, and the process of apoptotic cell clearance, which is
associated with anti-inflammatory responses, can encourage tumour escape from
immune surveillance and encourage tumour progression. Therefore, some studies
have shown that different ligands and receptors involved in efferocytosis may be
over-expressed in certain tumour cells and may cause tumorigenesis [40]. Soki
et al. have shown that prostate cancer patients’ tissue and serum exosomes have a
higher degree of MFGES8 expression than controls and that efferocytosis caused by
MFGES leads to macrophage polarisation towards an M2 phenotype that promotes
tumour [33]. Furthermore, in human oral squamous cell carcinoma (SCC) surgical
specimens, the immunohistochemical expression of MFGES has been associated
with some clinical tumour characteristics, including size, stage and invasion
patterns [34]. Intensified Mer TK signalling in tumour tissues has been associated
with cancer development, metastasis, and resistance to care [35]. Some studies have
also been carried out showing that inhibiting the activation of efferocytosis against
cancer progression can be successful.

In the co-cultivation of prostatic cancer cells and macrophages, the use of anti-
bodies against MFGES8 substantially decreased the conversion of macrophages to
the tumor-promoting M2 phenotype [33]. Tumor production has been minimized
in mice by monoclonal antibodies to MFGES8. Consequently, inhibiting efferocytosis
and preventing the expression of anti-inflammatory interleukins will improve the
immune system’ efficacy and anti-tumor effects [99]. However, literature data on
the impact of efferocytosis on cancer is troublesome, as there is also evidence that
cancer progression may be promoted by a defective efferocytosis. For instance,
cancer cells have been shown to express high levels of CD47 on their surface in
order to escape from phagocytosis. Therefore, a new approach to cancer treatment,
based on inhibiting the expression of CD47 by siRNA or monoclonal antibodies in
tumour cells, has emerged to prevent the transduction of don’t-eat-me signals into
macrophages and increase the phagocytosis of cancer cells [48, 49]. A significant
point on this controversial topic is linked to anti-cancer medications. These drugs
cause the death of cancer cells by [150-152]. Anti-cancer drug-induced cancer cell
apoptosis, accompanied by increased expression of anti-inflammatory cytokines
(TGFp, PGE2, PAF and IL-10), is triggered by efferocytosis in the tumour setting.
As aresult, this process will lead to the silent anti-tumour response of the immune
system [50]. In addition, it has been shown that anthracyclines (e.g., doxorubicin)
promote the expression of eat-me signals on the surface of tumour cells, leading
to immunogenic cell death [5]. Additionally, as described, during the apoptotic
process, apoptotic cells begin to release ATP and UTP within 2 to 4 hours. These
nucleoside triphosphates have been demonstrated to act as chemo attractants and
to inhibit inflammatory responses in the recruitment of macrophages [11]. The
use of chemotherapy drugs to induce apoptosis in tumour cells can increase the
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release of nucleoside triphosphates up to 100 times higher, with a significant effect
on inflammatory inhibition and suppression of the immune system, although the
amounts of nucleotides released during apoptosis are low, so that their effects on
immune response suppression are limited. Therefore, a serious reconsideration of
anti-cancer drugs is anticipated in the coming years, by fully understanding the
function of these agents in apoptotic tumour cell efferocytosis [51, 52] and the
related therapeutic consequences.

7. Conclusion

From the point of view of molecular biology and its defects in the development
of different diseases, this chapter explores the mechanism of efferocytosis. Just a
few examples of the potential effect of disrupted efferocytosis on human diseases
are cancer, autoimmune diseases, lung inflammation and atherosclerosis. However,
impaired clearance of apoptotic cells, including neurodegeneration, skeletal altera-
tions, cardiac growth, electrical impulse propagation and post-injury recovery,
angiogenesis and wound healing, is believed to be involved in many other diseases
with unfavorable prognosis and processes. In general, in an inflammation-silenced
environment, efferocytosis involves many cells and molecular steps leading to the
removal of apoptotic cells. Find-me and eat-me signals are secreted by apoptotic
cells for this function, while phagocytic cells often work to clear apoptotic debris
with the aid of bridging molecules. Anti-inflammatory interleukins are secreted
after the engulfment of apoptotic cells. In fact, cancer progression can be increased
by both defective and enhanced efferocytosis. Overall, it is possible to inhibit or
activate the receptors associated with this process with accurate knowledge of the
molecular mechanisms involved in the efferocytosis process and to target strongly
for a new window in the treatment of many human diseases.

8. Future perspectives

Efferocytosis is regulated by a number of factors, including complex membrane
lipids and multiple effector proteins. These factors are responsible for functions
including dead cell recognition, phagocytosis activation, and, finally, cell corpse
degradation. The multi-step process from cell death to cell clearance, as previously
mentioned, is delicate, demonstrating the importance of efferocytosis in develop-
ment, homeostasis, and pathophysiology. The ability of phagocytes to clear cellular
debris is required for the homeostatic function of nearly every major physiological
system. Efferocytosis dysfunction induces serious disease, while activation of
efferocytosis encourages immune silence by processing anti-inflammatory signals,
clearing apoptotic cells, and involving the LAP machinery. Since current research
indicates that efferocytosis and LAP involvement are beneficial in many environ-
ments, inducing an inflammatory response in the treatment of various malignancies
by inducing LAP and efferocytosis may be beneficial. The production of therapeu-
tics targeting components of these pathways can increase the efficacy of current
cancer therapies such as checkpoint blockade by raising the immunogenicity of
apoptotic tumor cells. Since efferocytosis and associated molecular mechanisms
are still being studied, new insights into the activation and regulation of the dying
cell response are likely to lead to the discovery of new cancer, autoimmunity,
neurodegeneration, and beyond treatment paradigms. Efferocytosis is regulated
by a number of factors that mediate functions such as dead cell identification and
activation of the multi-step process from cell death to cell clearance, demonstrating
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the importance of efferocytosis in growth, homeostasis, and pathophysiology.

The ability of phagocytes to clear cellular debris is required, at least in part, for the
homeostatic function of almost every major physiological system. Efferocytosis
dysfunction causes severe disease, while activation of efferocytosis promotes
immune silence through anti-inflammatory signal processing in the context of
clearing apoptotic cells and the involvement of the LAP machinery. Since current
research suggests that efferocytosis and LAP involvement are beneficial in a variety
of settings, inducing an inflammatory response by inducing LAP and efferocytosis
can be beneficial in the treatment of various cancers. Established cancer therapies,
such as checkpoint blockade, may be improved by developing therapeutics that
target components of these pathways, such as enhancing the immunogenicity of
apoptotic tumor cells.
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Programmed Cell Death (PCD)
in Plant: Molecular Mechanism,
Regulation, and Cellular
Dysfunction in Response to
Development and Stress
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Abstract

Programmed cell death (PCD) or apoptosis is a genetically programmed cellular
process. Though in the plant, a true caspase system is lacking, still PCD can occur
throughout the life cycle at any cell type, tissue, and organ part in response to a
wide range of stimuli. Here we have discussed the current understanding of plant
PCD in terms of different pathways, cellular dysfunction, regulation, and signaling
mechanisms. Our present study discussed how and to what extent PCD is involved
in pre-zygotic and post-zygotic plant life cycle and emphasized to what extent PCD
modulated in response to abiotic and biotic stress. Additionally, the expression pro-
file of different PCD-associated genes that are modulated by developmental stage,
biotic-abiotic stress, cellular metabolites are also elucidated. Hence, this study will
be helpful for understanding the molecular and structural instincts of PCD in dif-
ferent stages of plant growth and development, response to biotic/abiotic stimuli,
and cellular dysfunction.

Keywords: Plant Development, PCD, Signaling, Stress, Caspase-like,
metacaspase-like proteases

1. Introduction

Plant cells can cope up with fluctuating environments by modulation of differ-
ent cellular processes [1]. Programmed cell death (PCD) is the process in which
the cell(s) voluntarily commit suicide on several occasions among which the
most prominent reasons are morphogenic or developmental changes and stress
responses. In plants and animals, PCD plays significant role during development,
structure formation, or removing unwanted tissues [2, 3]. It has been also reported
that PCD act as a defense mechanism of an organism to prevent the pathogen
spread from the infected cell [4].

In general, PCD is grouped into three broad categories; viz. apoptosis, autophagy
(vacuolar PCD), and necrosis [5]. The detailed cellular mechanism of apoptosis is
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well studied in the animal system but current knowledge of the execution processes
leading to PCD in plants is very scarce [6, 7]. In general, the fundamental mecha-
nism of apoptosis involves chromatin condensation followed by nuclear fragmenta-
tion and the formation of the apoptotic body [8]. Besides that, autophagy involves
the formation of vacuoles and rupture of vacuoles that results from the release of
hydrolyses enzyme and sudden disappearance of cytoplasm [9]. Such autophagic
vacuoles contain degenerating organelles and cytosolic content [10]. Lastly, the
process of necrosis is an energy-independent process that results in cytoplasmic
swelling and rupture of the plasma membrane [5].

Our present study emphasized on current understanding of plant PCD in dif-
ferent dimensions such as understanding the PCD response towards stress, types
of PCDs occurs, cellular-hormones signaling mechanism, and proteases involved
in different stress conditions and developmental processes. Additionally, our
comparative studies showed that the process of true apoptosis is absent in plants but
has several similarities, hence this process is termed apoptosis-like PCD (AL-PCD).
The cys-protease which is responsible for triggering animal PCD is absent in plants
but similar kinds of proteases particularly vacuolar processing enzymes (VPEs) and
papain-like cysteine proteases (PLCPs), known as metacaspase play the main roles
in PCD [6, 11, 12].

2. Central role of developmental PCD (dPCD) in plant

Inductions of morphogenetic changes are an integral part of the development
of an organism. PCD is one of the major fundamental cellular processes that plays
crucial role in morphogenetic changes in plant systems [13]. In plants, the occur-
rence of cell death during development is termed developmental PCD (dPCD).
PCD can occur throughout the life cycle at any cell type, tissue, and organ part of
the plant (Table1).

Plant Part Mechanism Reference
Pollen ROS mediate [14]
Osatg7-1 mediate [15]
ROS mediate [16]
PERSISTENT TAPETAL CELL2 mediate [17]
AtLSD1 deathosome mediate [18]
Female floral buds AMCY, MeGI, BAG5, AifA, and HSP70 mediate [19]
Female gametophyte Auxin efflux [20]
Fruit Caz‘—dependent nuclease [21]
Double Fertilization ROS mediate [22]
Vegetative cells PrpS-PrsS modulate PCD vegetative cells [23]
Zygotic Embryogenesis — [24]
Somatic Embryogenesis K* xrp channel activity [25]
Phenol-storing cells [26]
Embryonic Suspensor Cell — [27]
Table 1.

List of important plant parts/sites of PCD in a vascular plant suggested developmental PCD (dPCD) involved
cellular differentiation of specific cell types.
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Among the two other types of cell death, apoptosis is the most understood type
of PCD [5]. In plants, the process of true apoptosis is absent but has a similar kind
of programmed cell death termed apoptotic like programmed cell death (AL-PCD).
AL-PCD is morphologically and biochemically similar to apoptosis, but due to the
structural and functional differences of plant cells, there are some changes in the
execution process. The general similarities between apoptosis and AL-PCD include
(1) cell shrinkage (2) chromatin condensation, (3) mitochondrial permeabilization
and depolarization, (4) cytochrome c release, (5) vacuole leakage and fusion with
plasmalemma. In the case of mitochondrial permeabilization, the release of cyto-
chrome ¢ leads to the formation of a caspase-like protein termed metacaspase. This
in turn results in the release of nuclease and several protease enzymes which finally
leads to DNA fragmentation and protein degradation [28]. The fundamental phe-
nomenon of PCD in plants occurred across the whole life cycle depicted in Figure 1.

Developmental PCD (dPCD) is triggered by vascular cell death [30]. Vascular cell
death is mainly associated with developmental stages includes morphogenesis and
senescence. The existence of vascular system in the plant cell is the key difference
from an animal cell. Vacuolar cell death in plants resembles autophagy in animals. A
large portion of the plant cell is occupied by vacuoles and the presence of these lytic
vacuoles plays a major role in plant cell death. This type of cell death is known as
vacuolar cell death [30]. The mechanism involved in this vacuolar cell death involves
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Figure 1.

Ce%ztml role of PCD acvoss the plant life cycle. Pre-zygotic and post-zygotic developmental changes such as
tapetum layer degeneration, daughter cell degeneration, antipodal-synergids cell degeneration, pollen tube
degeneration, aleurone layey, central endosperm, suspensor cell death are controlled by PCD. The process of
xylogenesis is also influenced by PCD [29]. During the differentiation of tracheary elements, vacuole swelling
and rupture are coordinated with the thickening and restructuring of the cell wall. The final collapse of the
vacuole immediately precedes nuclear DNA fragmentation, which occurs at the late stages of the cell-death
process before the final autolysis of the cell. In mature sporophyte senescence, abscission and dehiscence are
regulated by PCD. PCD is also observed during in vitro somatic embryogenesis [25]. Symplastic cell-to-cell
trafficking connection between the somatic embryo and mother explant is broken due to PCD. Degeneration of
suspensor cell of somatic embryo mediated by PCD.
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the increase in the size of the vacuoles by fusing small vacuoles and results in the
formation of larger vacuoles. Autolytic PCD occurs due to tonoplast rupture and the
clearance of cytoplasm. It is not clear the exact reason for the rupture of tonoplast
but the clearance of cytoplasm is due to the flow of hydrolases enzyme that degrades
the cytoplasm [31, 32] which is released to aid differentiation of tracheary elements
[30, 33]. The dPCD involved to develop various organs like integuments [34],
megasoprogenesis [35], pollen tube development [36], leaf senescence [37].

Plant cells contain two types of vacuoles in different types of tissues, lytic
vacuole (LV) and protein storage vacuole (PSV) [38]. PSV may contain many kinds
of proteins especially defense and stress-related, and the pH value found close to
neutral [39-41]. Unlike the PSV, LV helps in ion and water homeostasis of the cell
[42]. Itis reported that PSV of cereal aleurone transformed from storage compart-
ments to lytic organelles and fusion of several PSV, acidification takes place in the
vacuolar lumen [43].

Studies also suggest that a particular cysteine protease called the ‘vacuolar pro-
cessing enzyme’ (VPE) functions as a key regulator or the executioner of plant vac-
uolar PCD during development and also during stress [44]. Located in the vacuole,
VPE ruptures the lytic vacuolar membrane. VPE is a cysteine protease and involved
in cleaves the peptide bond at the C-terminal side of asparagine and aspartic acid
[45]. The up-regulation of VPE genes was associated with various types of cell death
under stressed conditions. This is essential in processing seed storage proteins and
for mediating the susceptible response of toxin-induced cell death [46]. The col-
lapse of the vacuolar membrane allows the release of hydrolytic content and causes
the destruction of other organelles [47]. For example degradation of nuclear and
chloroplast DNA, without condensation of DNA, can be completed immediately
within 20 minutes of vacuole rupture, but chlorophyll degradation takes more time.
Even the plasma membrane can be completely degraded as observed in endosperm
tissue. However lignified tissues are exempted from this degradation. Furthermore,
PCD in tracheary cells and fiber cells is delayed so that more lignification can take
place to allow those cells to become more rigid for structural support [47].

Arabidopsis genome codes for at least 4 VPE homologous aVPE, BVPE, yVPE,
SVPE. All of which are located in the vacuole [48]. The last one (§VPE) is only
found in dicots [49]. Among these BVPE is specifically located to seeds, whereas
aVPE and yVPE are specific to vegetative organs [50] and the 8VPE is expressed in
seed coat development at the early stage of seed formation [51]. However, the num-
ber of VPE genes in various plant species differs, for example four genes have been
described in Arabidopsis [52], eight in the case of barley [53], 5 in rice [54], and
14 in tomato [55]. In the recent advancement of the genomic and transcriptomic
data, the activities of VPE genes along with their expression pattern will become
clearer. In an experiment, it has been proved that when all 4 VPE genes are mutated
in Arabidopsis (VPE null mutant) and detectable activities of caspase-1 or VPE in
the fungal toxin fumonisinB1 (FB1)-treated leaves whereas wild-type leaves had
the caspase-1 and VPE activities [46]. It demonstrated that in planta VPE is solely
responsible for caspase-1 activity [52].

3. Types of cellular dysfunction and molecular mechanism lead to PCD
in plant

In plants, there are mainly three types of PCD that have been reported viz.
(1) Apoptotic-like cell death (AL-PCD), (2) senescence-associated death, and
(3) vacuole-mediated cell death which resembles autophagy [56]. The cellular
dysfunction of above mentioned process has been illustrated in Figure 2.
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Although presence of rigid cell wall associated with cell membrane prevents to
form apoptotic body and lack of true caspase as well as phagocytic cells are main
reason for absence of true apoptosis in plants but plants exhibit another mecha-
nism that shows striking similarity to apoptosis which is known as apoptotic-like
cell death (AL-PCD) [57, 58]. Like animals, when a plant cell is subjected to PCD
several changes occur for example cell shrinkage, condensation of chromatin,
chromosome fragmentation, mitochondrial permeabilization, cytochrome C
release, etc. Figure 2A represents these events schematically [59, 60]. Chromatin
condensation and chromosome fragmentation are two characteristic features that
are also observed during necrotic and autophagic mode cell death.

Hypersensitive reaction (HR) also results of protoplast shrinkage, similar to
apoptotic cell shrinkage. But in the case of animal apoptosis, there is a distinct
morphology by which apoptosis can be recognized, the plasma membrane retains
its integrity, while the cell shrinks. Animal cells form apoptotic bodies -a vesicle
containing segments of a dying cell and apoptotic bodies are formed during the
execution phase of the apoptotic process, where the cell’s cytoskeleton collapse and
causes the membrane to bulge outward surrounding cells which might cause dam-
age (like an inflammatory response) to them. However, unlike animal cells, in plant

Live cell Cell-death process Cell death Hallmark fentures

Shrinkage of the plasma membrane and
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>
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Membrane leakage
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macromolecules
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Figure2.

Morphological comparison, the hallmark features of types of cellular dysfunction in response to PCD. (A) Apoptosis-
like PCD mediated by shrinkage of the plasma membrane move away from the cell wall, membrane blebbing,
condensation of the cytoskeleton into bundles, DNA laddering, PS externalization, cytochrome c velease, protease
activation, increase in ROS, decrease in ATR, the release of DAMPs. (B) Senescence-associated death initiated
through the decline in the vate of photosynthesis, stops in senescing cells, stops lipid metabolites, lipid-protein particles
accumulate between lipid bilayers, causing the membrane to become leaky. In the degenerative phase, autolysis

of cellular ovganelles and macromolecules takes place. And in the terminal phase cell separation takes place at

the abscission accumulation by massive reprogramming of gene expression. (C) Vacuole-mediated cell death or
autophagic PCD can be characterized by vacuolization of the cell on a large scale. The cytoskeleton thickens into
bundles, organelles aggregate, and lavger vesicles and vacuoles begin to form in the cytoplasm. Vesicles accumulate in
the vacuole containing cytoplasm and degraded ovganelles. The vacuole membvrane eventually ruptures, veleasing lytic
engymes into the cytoplasm and furthering cell death.
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cells, the content of dead cells remains in the cell itself and there is no membrane
blabbing and the process of phagocytosis is also absent [57, 61]. In comparison to
animal PCD the true detailed mechanism of AL-PCD is unclear [45]. Plant cells do
not undergo ‘classic’ form of apoptosis because of their rigid cell walls that rule out
the necessity or possibility of a breakdown of plant cells into apoptotic bodies and
also there are no phagocytic cells in plants [57].

Activation of PCD triggering proteases occurs may be due to a result of a certain
change in the cellular environment. It is reported that the activation and dimeriza-
tion of cysteine C13 protease legumain occur during the low pH. The evidence
supporting this includes wheat homolog triticain-a is activated in low pH [62]. In
N. tabacum reactive carbonyl species (RCS), a ROS product, increased the activity
of caspase-like proteases (C1LP and C3LP). This is similar to animal cell where ROS
trigger PCD by activating specific proteases [63].

In response to heat stress in cucumber cotyledons, releases of cytochrome c
from mitochondria indicate that cyt-c functions differently in plants to initiate
PCD in the absence of Bcl-2 proteins [64-66]. The presence of all the cyt-c is
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Figure 3.

Differential expression pattern of caspase genes in response to developmental stage, abiotic stress, and metabolic
stimuli like plant growth regulators.
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detected in the cytoplasm after 1 hour of heat stress although it is completely
absent in mitochondria after 3 hours of the heat stress. Self-incompatibility (SI)
induction in incompatible pollen tubes is also stimulated by the cytochrome

c relocation from mitochondria to cytosol [67]. Like animals, cytochrome c is
released in response to stress in plants, but studies suggest that it is functionally
different as in the case of apoptosis [60, 64]. Caspase-driven cell death is the
process that only present in animal kingdom, but the plant genome lacks core
apoptotic proteins like BCL-2 family and caspase [68]. Two caspase-like protein
families have been recognized, viz. (I) paracaspases, (II) metacaspases [69]. Some
metacaspase prodomain comprises a zinc finger motif that resembles the plant
hypersensitive response (HR) protein Isd-1 [69]. Metacaspases are members of
the C14 class of cysteine proteases and thus related to caspase, orthocaspase,

and paracaspase. The metacaspase is recognized as Type I and Type II, both are
arginine/lysine-specific, in contrast to caspase, which is aspartate-specific [70].
Differential expression patterns of caspase genes are observed in different devel-
opmental stages, abiotic stress, and metabolic stimuli like plant growth regulators
(Figure 3). Thus, we can assume that plant PCD is a most complex events with
coordinated regulation.

Unlike animal cells, the formation of the apoptotic body is absent in plant cells
but in response to the biotic and abiotic stress, the apoptotic body-like structures
are also observed in the plant cell [71]. According to the most recent proposed
model by Thanthrige et al. [72], plant PCD is controlled by conserved protein fam-
ily B cell lymphoma 2 (Bcl-2) associated athanogene (BAG). Subcellular localization
and probable function of different BAGs are presented in Figure 4.
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Figure 4.

Pictorial presentation of molecular signature of plant PCD. Seven Avabidopsis BAG members (BAG 1-7)
were localized throughout the cell in organelles. AtBAG1—4 (cytoplasm) AtBAG5 (mitochondrion), AtBAG6
(Vacuole, nucleus) and AtBAGy (ER, nucleus) mechaniged PCD in plant system.
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In A. thaliana there are seven BAG genes identified and they are localized in
the cytoplasm, vacuole, nucleus, endoplasmic reticulum (ER), mitochondria
[72]. Cytosolic protein AtBAG1, AtBAG2, and AtBAG3 interact at the C-terminus
of the HSC70-interacting protein (CHIP). AtBAG1 and AtBAG2 involved
proteasomal degradation and plant development process respectively. Though
the function of AtBAG3 remains unknown. Cytosolic AtBAG4 interacts with
heat-shock protein 70 (HSP70) to repress cell death in response to abiotic stress.
AtBAGS is mitochondrion-localized and interacts with HSP70 and calmodulin
(CAM). At a low concentration of cellular Ca%*, the AtBAG5-CAM-HSP70
complex produces reactive oxygen species (ROS) and fasten leaf senescence, but
in presence of high cellular Ca** concentration senescence is inhibited. Vacuole
and nucleus localized AtBAG6 play an important role in autophagy. AtBAG®6 is
bind with AG-associated GRAM protein 1 (BAGP1) and adenomatous polyposis
coli Bl (APCB1) are involved in basal defense mechanism against necrotrophic
fungi. ER and nucleus localized protein AtBAG7 accelerate heat and cold toler-
ance by interacting with small ubiquitin-like modifier (SUMO) and WRKY, a
DNA-binding protein/transcription factor 29 (WRKY29). Moreover, the BAG
co-chaperone family played a potential role in response to a wide range of stress
stimulation during plant PCD. Though the future systematic investigation is
required to enrich understanding of BAGs function that may help to develop
improved stress-tolerant crops.

4. Plant PCD in response to biotic and abiotic stress

Plant PCD occurs mainly during the time of plant-pathogen interaction as well
as in response to different abiotic stresses [73]. There are several indentified major
causal biotic and abiotic factors that induce plant PCD are presented in Figure 5.

Plant-pathogen interaction mediated hypersensitivity response (HR) is a mode
of broad-spectrum resistance in plants. Whether the pathogen is compatible or
incompatible is determined by the interaction between resistance genes in the
host and the avirulence gene in the pathogen as explained in Flor’s hypothesis
[74]. Hypersensitive cell death is the localized rapid death of cells at the point of
infection, and it serves not only to restrict the growth but also stop the invasion of
pathogens to other cells/tissue of the plant by undergoing suicide of the infected
cells. The complex signalling of this hypersensitive reactions involves cascade of
events such as protein phosphorylation, reactive oxygen species (ROS) production,
and modification of ion fluxes [75].

HR is known as a defense mechanism against biotrophic plant pathogens or
microbes, which depend on nutrients for survival on the host. However, it is
observed that HR might be beneficial in the early stages for local adaptation against
the infection but not in the later stages [76]. HR is observed in most plant species
and it can be influenced by a wide range of plant pathogens such as oomycetes,
viruses, fungi, and even insects [77]. All HR-induced PCD have one feature in
common which distinguishes it from vacuolar-type, that is, this type of PCD is not
initiated by vacuolar swelling and release of lytic enzymes inside plant cell (i.e.
non-destructive). However, this type of response may include the release of vacu-
olar content by fusion with the plasma membrane [78]. Even it has been proved
that VPE is essential for a virus-induced HR that involves PCD [11]. Thus it leaves
no doubt that vacuolar rupture might take place during HR. Besides that, necrotic
cell death is mainly triggered by abiotic stress in plants. The cell death via AL-PCD
or necrosis is dependent upon the severity of the stress that the higher heat stress
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Figures.
Diagrammatic presentation of various biotic and abiotic factor-induced PCD in the plant.

leads to necrosis, while moderate heat stress leads to AL-PCD [57]. Previous study
also suggests some difference between AL-PCD and necrosis. These include (1)
shrinking of protoplast is absent in necrosis while in AL-PCD protoplast shrinks
from the cell wall; (2) unlike apoptosis, necrosis is an energy-independent process
which proceeds through sudden permeabilization of the plasma membrane and
plasma membrane leakage. Additionally, a array of researcher revealed that PCD

can induced by a range of abiotic stress tolerance. For more details description see
Table 2.

5. Metabolic regulation of plant PCD

Hormones play an important role in plant PCD. Ethylene, methyl jasmonate,
and salicylate have been identified as key regulators which involved in the

113



Regulation and Dysfunction of Apoptosis

Stress Studied plants Cellular responses Reference
Heat shock Carrot Cytoplasmic condensation [79-83]
Arabidopsis
Tobacco
Soybean
H,0, Arabidopsis AL-PCD [79]
Toxin victorin Qats Cell shrinkage associated with death [84]
TMV Tobacco DNA Cleavage into 50-kb fragments [85]
Fungal infection Cowpea Internucleosomal cleavage [86]
D-mannose Arabidopsis root Oligonucleosomal fragmentation [87]
treatment Maize suspension culture of DNA
Ultraviolet light Metacaspase-8 knockout Reduced cell death [88]
or H,0, lines of Arabidopsis
Mycotoxin Arabidopsis Detected the presence of Vascular [52]

processing enzyme

Table 2.
List of studies depicted the environmental stress stimulate PCD in plants.

different developmental process like senescence [89]. The increased produc-
tion of ethylene and salicylic acid associated with ROS-dependent PCD has
been investigated [90]. In response to PCD, identified up-regulated genes and
associated metabolism processes are autophagy transport, response to ROS,
ABA signaling, metal-ion binding, DNA/Protein binding, carotene metabolism,
glutamine synthase 2, caspase activity, pectinesterase activity, ethylene signal-
ing, and lipid catabolism. Simultaneously down-regulated genes and associ-
ated metabolism processes amino acid metabolism, chlorophyll biosynthesis,
carotenoid biosynthesis cytokinin-mediated signaling, glycine metabolism,

PGRs/Metabolites Identified pathways/mechanism Plant species Reference

Auxin Auxin may restrict the cellulose Arabidopsis thaliana [93]
biosynthesis inhibitor such as Thaxtomin
A (TA) and protect PCD.

Modulate ROS accumulation, Aponogeton [94]
anthocyanin production, and the release madagascariensis

of mitochondrial cytochrome ¢

pathways by auxin antagonist auxinole,

auxin inhibitor NPA.

Nitric oxide Pathogenesis-related 1 (PR-1) and — [95]
phenylalanine ammonia-lyase genes and
cyclic GMP (cGMP) and cyclic ADP-
ribose (cADPR), found to be involved in
PCD signaling pathways in abiotic stress.

ROS LASTIDIAL NAD-DEPENDENT Avabidopsis thaliana [96]
MALATE DEHYDROGENASE (pINAD-
MDH), chloroplastic DICARBOXYLATE
TRANSPORTER 1 (DiT1) and
MITOCHONDRIAL MALATE
DEHYDROGENASE 1 (mMDH1)
involved in rescues ROS accumulation
and mutant of MOSAIC DEATH 1
(MOD1), leads to the accumulation of
ROS and PCD.
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PGRs/Metabolites Identified pathways/mechanism Plant species Reference

Salicylic acid (SA) SA-regulated alternative oxidase (AOX) — [971
plays a crucial role in the reduction
of mitochondrial ROS and cell death
mechanisms.

Ethylene Ethylene-responsive element binding Petunia sp. [98]
factors 2 (ERF2) in Petunia involved in
PCD

Ethylene-mediated ROS signaling plays a H. annuus [99]
role in aerenchyma formation.

Myo-inositol (MI) MI modulate ROS-induced PCD through Avabidopsis thaliana [100]
SA-dependent and ethylene-dependent
pathways.

Phenolic Pyrogallic acid induce PCD in Microcystis aeruginosa [101]
compound cyanobacteria (M. aeruginosa) in
caspase-3 (—like)-dependent manner.

Rosmarinic acid Rosmarinic acid modulates ROS and Avabidopsis thaliana [102]
mitochondrial dysfunction

Table 3.
List of plant growth regulators (PGRs), other metabolites, and their role in plant PCD.

photosynthesis, glutamine synthase 1 [91]. In response to PCD expression profile
of ROS-scavenging enzymes such as peroxidase, ascorbate peroxidase (APX),
superoxide dismutase (SOD), catalase (CAT), and glutathione peroxidase (GPX))
and non-enzymatic antioxidants ascorbic acid (AsA) and glutathione (GSH) also
be studied in Triticum aestivum [12]. Yang et al, [92] investigated that Acyl-CoA
Synthetase (ACOS) is one of the enzymes involved in fatty acids metabolic and
protect tapetum cells from PCD and maintain reproductive fitness in rice. Some
important findings refers that PGRs, different metabolites are played key role in
PCD in plant (Table 3). Thus the complex metabolic network is involved in PCD
in the plant system. The further systematic metabolic study will be required to
understand and enrich our current understanding.

6. Conclusion

In the present study, we have discussed the recent status of occurrence, cellular
dysfunction and molecular mechanism of the most complicated fundamental
processes of PCD in the plant. Due to the lack of sufficient study on PCD in plant
systems, we are unable to identify and describe the exact molecular mechanism.
The complex process of PCD is triggered in normal development as well as in
response to stress. To understand (1) how plant cell sense or become competent
towards PCD? (2) what are the specific signaling pathways correspond to differ-
ent types of plant PCD?, integrated omic study is helpful in the near future. In our
recent study, we have identified novel Cell division cycle and apoptosis regulator 1
(CCAR?1) protein in plant system and computationally characterized their function
in plant PCD [103]. Thus spectaculars study will be required for understanding the
PCD in plant system.
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Abstract

Skin cancer is more prevalent than any other cancer in the United States. Non-
melanoma skin cancers are the more common forms of skin cancer that affect indi-
viduals. The development of squamous cell carcinoma, the second most common
type of skin cancer, can be stimulated by exposure of environmental carcinogens,
such as chemical toxicants or UVB. It is developed by three distinct stages: initia-
tion, promotion, and progression. During the initiation, the fate of DNA-damaged
skin cells is determined by the homeostatic regulation of pro-apoptotic and anti-
apoptotic signaling pathways. The imbalance or disruption of either signaling will
lead to the survival of initiated cells, resulting in the development of skin cancer.
In this chapter, we will discuss signaling pathways that regulate apoptosis and the
impact of their dysfunction during skin tumor initiation.

Keywords: apoptosis, tumor initiation, skin, carcinogen, UVB, AKT, STAT3, MAPK,
TC-PTP

1. Introduction

Apoptosis, also called programmed cell death, is an essential cellular process that
is required to maintain tissue homeostasis by modulating various biological func-
tions including embryonic development, cellular growth, and immunity through
the elimination of unwanted cells. Apoptosis accompanies the distinct morphologi-
cal changes, such as membrane blebbing, cell shrinkage, chromatin condensation,
and DNA fragmentation. These morphological changes during apoptosis were first
observed by John Foxton R. Kerr, Andrew H. Wyllie, and Alastair Currie in 1972
with the first description of “apoptosis” [1]. Later, the critical role of programmed
cell death occurred during the development of the nematode Caenorhabditis elegans
was elucidated with the finding of death-related genes in 1999 [2]. Three scientists
— Sydney Brenner, H. Robert Horvitz, and John E. Sulston — were awarded the Nobel
Prize in Physiology or Medicine in 2002 for their discovery of genes that regulate
apoptosis. Since then, apoptosis has extensively been studied as a crucial biochemi-
cal mechanism for the maintenance of normal tissue function and homeostasis.
Dysregulation of apoptosis has been involved in various types of human diseases
including cancers and neurodegenerative diseases [3, 4].
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Cells can die prematurely by injury, infection, external assault such as chemi-
cals, or a lack of blood supply through energy-independent process of cell death,
which is called by necrosis. Necrosis is an unplanned cellular death by external
damage. It causes severe disorganization and rupture of subcellular structure and
eventually leads to disruption of the cell membrane. Then, the exposure of cel-
lular components of necrotic cells into the surrounding interstitial tissue results in
inflammation. In contrast to necrosis, apoptotic cell death is highly ordered and
energy-dependent molecular process that can eliminate unwanted and damaged
cells without causing inflammation [5, 6].

Apoptosis is initiated by two different pathways: the extrinsic and the intrinsic
pathways. The extrinsic pathway is mediated by the interaction of transmembrane
receptors known as death receptors with their ligands. Death receptors are members
of the tumor necrosis factor (TNF) gene family and share similar cysteine-rich
extracellular domains and homologous intracellular cytoplasmic sequence named as
the ‘death domain’ The death domain of receptors transmits the death signal from
the cell surface to the intracellular signaling pathways to induce apoptosis in a rapid
and efficient manner. For example, the binding of Fas ligand with Fas receptor,
TNFa with TNF receptor, and TNF-related apoptosis-inducing ligand (TRAIL)
with TRAIL receptor 1, 2 results in the interaction of the death domain of receptor
with the adaptor protein, such as Fas-associated death domain (FADD) or TNF
receptor-associated death domain (TRADD). The adaptor protein then associ-
ates with procaspase-8 and converts it into active caspase-8 [3, 7]. Likewise, the
intrinsic pathway, which is known as the mitochondrial pathway, is activated by a
broad range of exogenous and endogenous stimuli including radiation, toxins, viral
infections, and oxidative stress. It modulates mitochondrial membrane potential
through change of the ratio of pro-apoptotic and anti-apoptotic proteins located in
the mitochondria and releases cytochrome c from the intermembrane space into the
cytoplasm. Cytochrome c then forms a multi-protein complex called as the ‘apopto-
some’ with apoptotic protease activating factor 1 (APAF1) and recruits inactive
procaspase-9, which is followed by the dimerization and generation of catalytically
active caspase-9 in an ATP-dependent manner [8, 9]. Initiation of both the extrinsic
and intrinsic pathways can lead to the activation of executioner caspases, such as
caspase-3, 6, or 7, resulting in the morphological changes of apoptosis [10]. These
two apoptotic pathways are interconnected. The cleavage of pro-apoptotic protein
Bid by caspase-8 can lead to its translocation to the mitochondria and result in
the activation of the mitochondrial pathway [11]. Environment toxicants, such as
ultraviolet B (UVB) radiation and chemical carcinogens, can cause severe DNA
damage, which activates the intrinsic pathway in skin [12, 13]. UVB radiation can
also activate the extrinsic pathway by inducing Fas receptor by p53 activation,
promoting the association of TNF receptor 1 with TNF receptor-associated factor-2
(TRAF-2), or inhibiting the interaction of TRAIL receptors with decoy receptors
that serve as their negative binding partners for apoptosis (Figure 1) [14-17].

In intrinsic pathway, mitochondrial outer membrane permeability is regulated by
pro-apoptotic or anti-apoptotic proteins of B-cell lymphoma 2 (Bcl-2) family. A total
of 25 genes in the Bcl-2 family have been identified. The pro-apoptotic proteins of Bcl-2
family include Bax, Bak, Bid, Bim, Bad, Noxa, Bmf, and Puma. The anti-apoptotic pro-
teins of Bcl-2 family include Bcl-2, Bcl-X;, Bcl-w, Mcl-1, and BAG. Altered expression
of Bcl-2 family proteins has been involved in various diseases including cancer [18-21].

Skin, the largest organ of the human body, is continuously exposed to environ-
mental assaults. Exposure of skin to the chemical carcinogens or UVB radiation
induces a mutation in critical gene or genes and forms specific carcinogen-DNA
adducts. These adducts can be repaired by DNA repair mechanism. Otherwise, they
need to be removed by apoptosis. Defected apoptosis by genetic abnormalities and
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Figure 1.

Mgcham'sms of apoptosis induced by environmental carcinogens in skin. Apoptosis is initiated by two major
pathways: The extrinsic and the intrinsic pathways. The extrinsic pathway is mediated by death receptors,
such as Fas receptor. Upon binding to Fas ligand, Fas receptor intevacts with FADD and recruits procaspase-8,
which is followed by activation of caspase-8. The intrinsic pathway causes DNA damage and modulates
mitochondrial membrane potential. Then, cytochrome c is veleased from the mitochondria into the cytoplasm.
The formation of apoptosome with cytochrome c and APAF1 recruits and activates caspase-9. Activation of
either caspase-8 or caspase-9 leads to the activation of executioner caspases including caspase-3, resulting in
the morphological changes of apoptosis. These two pathways are also interconnected. The cleavage of bid by
caspase-8 leads to its translocation to the mitochondria and activates the mitochondrial pathway. Environment
toxicants, such as UVB radiation and chemical carcinogens, cause severe DNA damage and activate the
intrinsic pathway in skin. UVB radiation activates the extrinsic pathway by activating death veceptors and
enhancing the association of death veceptors with their ligands.

subsequent imbalanced signaling pathways can cause the survival of damaged cells
during the tumor initiation. These damaged cells can undergo clonal expansion dur-
ing the tumor promotion and eventually develop skin cancer [22-25]. In this chap-
ter, we will review anti-apoptotic signaling pathways — AKT, STAT3, and MAPK

- and pro-apoptotic signaling pathway - protein tyrosine phosphatases (PTPs) —
which are involved in the regulation of apoptosis during skin tumor initiation.

2. Anti-apoptotic signaling in skin tumor initiation
2.1 AKT signaling

AKT (protein kinase B) is the human homolog of the viral oncogene v-akt and is
associated with protein kinases A (PKA) and C (PKC) in humans [26, 27]. The three
known AKT isoforms are derived from distinct genes (AKT1/PKBa, AKT2/PKBf
and AKT3/PKBy). The N terminus of AKT contains a pleckstrin homology domain,
which can mediate lipid-protein and/or protein-protein interactions [28-30]. The C
terminus of AKT contains a hydrophobic and proline-rich domain [28, 29]. AKT is
activated by various growth factors such as platelet-derived and fibroblast growth
factors and is involved in the regulation of cell survival signaling [31, 32]. AKT
activation depends on its phosphorylation and four different phosphorylation sites
on AKT (Ser-124, Thr-308, Thr-450, and Ser-473) have been identified [33]. Studies
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showed that extracellular stimuli induce the phosphorylation of AKT at Thr-308 and
Ser-473 residues while the phosphorylation of AKT at Ser-124 and Thr-450 residues
appears to be basally maintained [33]. Mutagenesis studies have revealed that the
phosphorylation of AKT at Thr-308 and Ser-473 is required for its activation [34].

It has been shown that AKT signaling inactivates several pro-apoptotic fac-
tors including BAD, procaspase-9 and Forkhead transcription factors [35, 36].

In contrast, AKT activates various transcription factors that are involved in the
upregulation of anti-apoptotic genes, such as cyclic-AMP response element-binding
protein (CREB). It also activates IxB kinase (IKK) to phosphorylate IxB (inhibitor
of NF-«B), leading to its proteasomal degradation and NF-kB nuclear localization.
In addition, AKT reduces the protein levels of p53 by promoting its degradation
through MDM2 phosphorylation, which can contribute to centrosome hyper-
amplification and chromosome instability in cancer [37, 38]. Furthermore, AKT is
involved in the regulation of subcellular localization of proteins. AKT can regulate
the localization of various proteins and thereby their activity by phosphorylating
specific binding sites for 14-3-3 proteins, which play a crucial role in the modula-
tion of cellular location and degradation of proteins [39, 40].

Studies have shown that AKT is activated by environmental toxicants includ-
ing UVB irradiation which protects keratinocytes against environmental attacks,
implying its anti-apoptotic role in skin tumor initiation. It has been shown that
UV radiation induces phosphorylation of AKT at Ser-473 and Thr-308 residues
in mouse epidermal cell JB6 Cl41 in a time-dependent manner. These results were
further confirmed by the observation that overexpression of AKT mutant, AKT-
T308A/S473A, attenuated phosphorylation of AKT at Ser-473 and Thr-308 upon
UVB irradiation [41]. The reactive oxygen species (ROS) generated by UV radiation
acts as a mediator in UV-induced phosphorylation of AKT. It has been observed
that pre-treatment of cells with either an antioxidant, N-acetyl-L-cysteine (NAC)
or a specific antioxidant enzyme (catalase) inhibits phosphorylation of AKT in
these cells, suggesting the link of ROS in UV radiation-induced activation of AKT
[41]. Specific phosphorylation of Bad, a pro-apoptotic member of the Bcl-2 family,
by AKT delayed the early activated apoptotic pathways in UVB-exposed human
keratinocytes. AKT-mediated phosphorylation of Bad at serine 136 residue pro-
moted its translocation from the mitochondria to the cytoplasm and subsequent
cytoplasmic sequestration by 14-3-3(, resulting in the reduction of UVB-induced
apoptosis in keratinocytes [42]. In addition to its anti-apoptotic function, studies
using transgenic mice have shown that AKT can contribute to the development of
skin cancer formation induced by environmental exposure through the regulation
of epidermal Proliferation. It has been shown that mice lacking Akt1™';Akt2”"~ or
Akt1”;Akt3*'~ exhibit a hypoplastic epidermis due to decreased proliferation of
keratinocytes while overexpression of wild type AKT1 (wtAkt) or constitutively
active AKT (myrAkt) in the basal layer of mouse epidermis displays alterations
in epidermal proliferation and differentiation [43-45]. Overexpression of either
wtAKT or myrAKT in mouse epidermis displayed enhanced sensitivity to two stage
skin carcinogenesis by promoting cell proliferation [45]. These studies suggest that
AKT plays a critical role in the regulation of apoptosis and proliferation during skin
carcinogenesis. Further detailed studies using transgenic mouse models will be
helpful to elucidate the underlying molecular mechanisms and function of AKT in
the initiation of skin carcinogenesis.

2.2 STAT3 signaling

Signal transducer and activator of transcription 3 (STAT3) is one of the family
members of seven [STAT1 (« and p splice isoforms), STAT2 and STAT3 (a and
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isoforms), STAT4, STAT5a, STAT5b, and STAT6)] latent cytoplasmic transcription
factors which are encoded by seven individual genes [46]. STATSs are phosphory-
lated at their specific tyrosine residue and activated by a wide variety of stimuli
including growth factors and cytokines, which act through intrinsic receptor
tyrosine kinases [47]. Tyrosine phosphorylation of STAT induces its dimerization
via reciprocal interaction of phospho-tyrosine with Src homology domain 2 (SH2)
between two STAT molecules. The phosphorylated STATSs then translocate to the
nucleus and bind to the consensus promoter sequences of downstream target genes,
resulting in the activation of their transcription [48].

Different tyrosine kinases, such as RTKs (receptor tyrosine kinases) and
non-RTKs including JAKs (Janus kinases), can phosphorylate STAT proteins.
STAT tyrosine phosphorylation is transient, which lasts from 30 minutes to
several hours in normal cells. However, studies have shown that STATs (specifi-
cally STAT3) are persistently tyrosine phosphorylated either as a consequence of
deregulation of positive regulators of STAT activation such as tyrosine kinases or
deactivation of negative regulators of STAT phosphorylation, such as phospha-
tases, suppressor of cytokine signaling, or protein inhibitor of activated STATS, in
numerous cancer-derived cell lines or in primary tumors [49].

Studies have revealed that STAT3 is associated with cell survival and oncogenic
transformation among the seven members of STATSs. It has shown that targeted
inhibition of STAT3 activation by antisense, small interfering RNA, dominant-
negative STAT3 constructs, and/or blockade of tyrosine kinases has been associ-
ated with growth arrest and induction of apoptosis in cancer cell lines [49].
Furthermore, overexpression of constitutively activated STAT3 into immortalized
cell lines led to oncogenic transformation, indicating a potential role of STAT3 in
carcinogenesis [50, 51].

The generation of epidermal-specific STAT3-dificient and STAT3-overexpressing
transgenic mice led to the main discovery of functional role of STAT3 in the initia-
tion stage of skin carcinogenesis [52, 53]. Epidermal-specific deficiency of STAT3
in mouse (K5Cre.Stat3"") significantly increased the sensitivity to apoptosis after
7,12-dimethylbenz[a]anthracene (DMBA) treatment both iz vitro keratinocytes
and in vivo epidermis compared with non-transgenic controls, as determined by
increased caspase-3-positive cells. In particular, the significant increase in the num-
ber of keratinocyte stem cells (KSCs) undergoing apoptosis in the bulge region of
hair follicles was observed in STAT3-deficient mice compared with non-transgenic
littermates, indicating that STAT3 may be critical for maintaining the survival
of KSCs during skin tumor initiation mediated by DMBA [54]. Similar with this
observation, forced expression of a constitutively active form of STAT3 in mouse
epidermis (K5.5tat3C) showed increased cell survival following DMBA exposure
[55]. Further studies showed that STAT?3 plays a critical role in the protection of
damaged keratinocytes after UVB exposure. The epidermis of STAT3-deficient
mice was highly sensitive to UVB-induced apoptosis compared with the epidermis
of control mice, whereas the epidermis of K5.Stat3C mice was more resistant to
UVB-induced apoptosis compared with the epidermis of control mice. UVB induces
DNA damage and causes mutations in runs of tandemly located pyrimidine residues
of DNA, resulting in the generation of cyclobutane pyrimidine dimers (CPDs) and
pyrimidine (6-4) pyrimidone photoproducts (6-4 PPs). The number of either 6-4
PP- or CPD-positive cells was greater in epidermis of K5.Stat3C mice compared
with epidermis from STAT3-deficient mice after UVB exposure [56]. Additionally,
generation of inducible STAT3-deficient mice (K5.Cre-ER™ x Star3'™ clearly
demonstrated that STAT3 has a critical role in the protection of keratinocytes during
tumor initiation. Inducible deletion of STAT3 in mouse epidermis significantly
increased apoptosis after DMBA treatment. Inducible STAT3 deletion in epidermis
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before initiation with DMBA showed a significant delay in tumor development and a
significantly reduced number of tumors compared with control groups in two-stage
skin carcinogenesis [57].

Expression of Ha-ras homolog (v-Ha-ras) into cultured primary keratinocytes in
vitro has been utilized to generate initiated keratinocytes. Studies showed that the
introduction of a STAT3 decoy molecule into the v-Ha-ras-initiated keratinocytes
increases apoptosis with a concomitant decrease in Bcl-xL expression levels. In
general, inhibition of STAT3 activation can lead to increase apoptosis or growth
arrest in cancer-derived cell lines containing high levels of phosphorylated STAT3.
However, STAT3 inhibition was not relatively affected in cell lines containing low
or no levels of detectable tyrosine phosphorylated STAT3. Therefore, how STAT3
can protect keratinocytes against DMBA-induced apoptosis remains to be unclear,
because DMBA does not induce tyrosine phosphorylation of STAT3 in keratino-
cytes, nor is it likely that v-Ha-ras—containing keratinocytes contain abundant
levels of phosphorylated STAT3 [58]. One possible explanation is that the low levels
of phosphorylated STAT3 present in these keratinocytes are sufficient to drive tran-
scription of anti-apoptotic genes such as Bel-xL. Alternatively, it is also possible that
non-phosphorylated STAT3 may play a role as a transcription factor as previously
demonstrated for STAT1 [59]. There are a few notable examples where relatively low
levels of phosphorylated STAT3 are sufficient to mediate protection from growth
arrest or apoptosis [60, 61]. Therefore, determination of the relative levels of phos-
phorylated STAT3 required to impart a phenotype is likely to be cell-type specific
and remains an important objective.

It suggests that KSCs, which are located mostly within the bulge region of the
hair follicle, are the major target cells for two-stage carcinogenesis [62]. The label-
retaining cells (LRCs) retain the label for a sustained period of time following con-
tinuous administration of nucleotide analogs such as bromodeoxyuridine (BrdU)
or [’H] thymidine, indicating a very slow cycling frequency. Studies showed that
hair follicle KSCs are identified within the LRCs [63, 64]. It has been observed that
the STAT3-deficient keratinocytes undergoing apoptosis following DMBA exposure
were located primarily within the bulge region of the hair follicle in an area adjacent
to the LRC population. It indicates that the DMBA-sensitive cells may be KSCs,
given their proximity to the LRCs. However, given the lack of overlap between the
LRCs and the apoptotic cells, the cell type most sensitive to DMBA-induced apop-
tosis remains to be identified. Studies using inducible bulge-region KSC-specific
STAT3-deficient mice (K15.CrePR1 x Stat3""! mice) have provided further evidence
that STAT?3 is required for survival of bulge-region KSCs during the initiation
stage of skin carcinogenesis [65]. In these studies, the number of apoptotic KSCs
in the bulge-region was significantly increased in K15.CrePR1 x Stat3"'™ mice by
inducible deletion of STAT?3 prior to tumor initiation with DMBA compared with
control littermates. In addition, the frequency of Ha-ras codon 61 A182 — T muta-
tions was decreased in K15.CrePR1 x Star3"" mice compared to control mice [65].
Furthermore, the number of skin tumors that developed in a two-stage skin carci-
nogenesis protocol was dramatically reduced by targeted deletion of STAT3 in bulge
region KSCs at the time of initiation [65]. Overall, these studies provide molecular
basis of STAT3 involvement in the initiation of skin carcinogenesis.

2.3 MAPK signaling
Mitogen-activated protein kinases (MAPKs) are essential signaling components
that are vital in converting extracellular stimuli into intracellular responses through

transcriptional regulation of various regulatory genes. MAPK signaling is activated
by sequential protein kinase cascades including three enzymes: a MAPK kinase
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kinase (MAPKKK), a MAPK kinase (MAPKK) and a MAPK [66]. MAPK signal-
ing pathways are involved in the regulation of a wide variety of cellular processes
including cell proliferation, differentiation, development, stress responses and
apoptosis. Therefore, MAPK signaling is considered as one of potential therapeutic
targets for many signaling-related diseases including cancer and diabetes. Three
structurally related but biochemically and functionally distinct MAPKs are identi-
fied and named as extracellular signal-regulated kinases (ERKSs), c-Jun N terminal
kinases (JNKs) and p38 MAPKs [67-70].

ERK was the first MAPK identified and contains two isoforms: ERK1 and ERK2.
ERK plays a critical role in the signaling of a variety of extracellular stimuli, such
as growth factors and phorbol esters. ERK signaling is involved in the regulation
of cell cycle progression and cell proliferation as one of major checkpoint signal-
ing pathways for cellular mitogenesis [66, 71]. JNK was initially identified as a
regulator of transcription factor c-Jun and consisted of three isoforms: JNK1, JNK2,
and JNK3. JNK is also known as a stress-activated protein kinase (SAPK) as it is
stimulated by various intra- or extracellular stresses. JNK signaling is involved in
many cellular processes including immune response, neuronal activity, and insulin
signaling [70, 72]. Studies have also shown that JNK signaling is critical in the pro-
motion of apoptosis in response to a variety of harmful external stimuli through p53
activation [73, 74]. p38 MAPK contains four isoforms: p38a, p38p, p385, and p38y.
p38 MAPK is another SAPK and is activated by stress related stimuli. Similar with
JNK, p38 MAPK is also involved in many cellular processes including apoptosis,
inflammation, migration, differentiation, and cell cycle checkpoints [68, 75, 76].

In skin keratinocytes, both ERK and JNK are activated by UVB irradiation and
protect cells against UVB-induced apoptosis [77, 78]. JNK is significantly activated
by UVB exposure and pretreatment of antioxidant N-acetylcysteine reduced its
activation, implying UVB-induced oxidative stress plays an important role in the
activation of JNK [77]. Furthermore, UVB-mediated generation of reactive oxy-
gen species significantly increased the activation of both JNK and ERK in human
keratinocytes. Activated JNK and ERK then induced the upregulation of Bcl-2
and adenovirus E1B 19-kDa interacting protein 3 (BNIP3) expression, which is
known to protect keratinocytes from UVB-induced apoptosis through autophagy.
Pretreatment with the antioxidant N-acetylcysteine, the JNK inhibitor SP600125,
or the ERK inhibitor U0126 significantly reduced the expression of BNIP3 upon
UVB exposure and decreased cell survival by inducing apoptosis [78]. p38 MAPK
is also activated by UVB irradiation [79]. However, in contrast to JNK and ERK,
p38 MAPK promotes epidermal apoptosis following UVB exposure in mouse skin.
The epidermis of transgenic mice that express a dominant negative p38a MAPK
(p38DN) showed a significant reduction in UVB-induced apoptosis compared with
the epidermis of control mice. The p38DN mice also showed a significant reduction
of tumor number and growth compared to wild-type mice in UVB skin carcinogen-
esis assay [80]. Overall, it implies that JNK and ERK may protect damaged keratino-
cytes by reducing apoptosis during the initiation of skin carcinogenesis induced by
environmental carcinogens, while p38 MAPK may contribute to remove damaged
keratinocytes by promoting apoptosis in response to environmental exposure.

3. Pro-apoptotic signaling in skin tumor initiation
3.1PTPsin skin

PTPs negatively regulate the rate and duration of phosphotyrosine signaling as
an endogenous negative feedback mechanism of protein tyrosine kinases (PTKs)
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[81-84]. PTPs were first identified in the late 1980s by Nicholas Tonks and col-
leagues 10 years after the discovery of PTKs [85]. Since then, 107 PTPs have been
identified in the human genome by using the conserved catalytic domain of PTPs to
search the human genome database [86, 87].

It has been shown that PTP expression is induced during proliferation and matu-
ration of keratinocytes, however their expression levels remain unchanged within
skin epidermis [88]. In contrast, microarray analysis has shown that expression
of PTPs, such as PTPx and PTPA decreases in human melanoma tissue compared
with its normal counterpart [89, 90]. Studies showed that acute ultraviolet (UV)
exposure leads to the ligand-independent activation of PTKs [91, 92]. This result
indicates that UV radiation may reduce PTP activation. With this regard, biochemi-
cal analysis showed that reactive oxygen species (such as H,0,) produced by UV
irradiation caused the inactivation of PTPs through the oxidization of the cysteine
residue located within the conserved active-site of the PTP catalytic domain
[93-95]. Furthermore, studies performed by different groups have revealed that
acute UV exposure can trigger PTP inactivation in keratinocytes [96, 97].

In contrast to previous findings of PTP inactivation observed in skin, studies
revealed that three PTPs, T-cell protein tyrosine phosphatase (TC-PTP), Src homol-
ogy region 2 domain-containing phosphatase 1 (SHP1), and SHP2, can cooperate
in the dephosphorylation of STAT3 in response to UVB irradiation [98]. STAT3
was rapidly dephosphorylated in keratinocytes after UVB irradiation. Knockdown
of TC-PTP, SHP1, or SHP2 using RNAI in keratinocytes before UVB exposure
partially recovered the level of phosphorylated STAT3 at Tyr 705 (PY-STAT3)
compared to control keratinocytes, indicating that these PTPs are responsible for
the rapid STAT3 dephosphorylation observed following UVB exposure. Further
studies revealed that knockdown of all three phosphatases, using RNAi, prevented
the rapid dephosphorylation of STAT3 following UVB irradiation [98]. This result
suggests that exposure to UVB triggers PTP activation, which attenuates STAT3
signaling by dephosphorylating PY-STAT3. It implies that this activation of PTP can
contribute to increase UVB-induced apoptosis during tumor initiation by deactivat-
ing STAT3, one of major survival factors in skin.

3.2 TC-PTP/PTPN2 signaling

Among three PTPs involved in STAT3 dephosphorylation of keratinocytes
after UVB exposure, further investigation revealed that TC-PTP is the major PTP
involved in the regulation of STAT3 signaling in keratinocytes following UVB
exposure. TC-PTP activity was steadily increased after treatment of low-dose of
UVB (10 mJ/cm?), which can contribute to STAT3 dephosphorylation in mouse
keratinocytes. Knockdown of TC-PTP in mouse 3PC keratinocytes significantly
suppressed UVB-induced apoptosis with decreased caspase-3 activity compared to
control keratinocytes [99].

TC-PTP was one of the first members of the PTP gene family to be identified. It
is encoded by protein tyrosine phosphatase non-receptor type 2 (PTPN2). As one of
17 intracellular, non-receptor PTPs, TC-PTP is broadly expressed in most embryonic
and adult tissues, but it is highly expressed in hematopoietic tissues [100, 101]. Two
different forms of TC-PTP are generated by alternative splicing at the 3’ end of the
gene: TC45 (TC-PTPa) and TC48 (TC-PTPb). TC45 (45 kDa) is the major form of
TC-PTP in most species, including humans and mice. TC45 is mainly localized in the
nucleus with a bipartite nuclear localization signal (NLS) in its C-terminal domain,
while TC48 (48 kDa) is localized to the endoplasmic reticulum with its hydrophobic
C terminus. Studies have shown that almost all TC-PTP mRNA encodes TC45 in
mouse tissue and TC48 mRNA is not detectable by Northern blot analysis [102-104].
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Recent generation of epidermal-specific TC-PTP knockout (K14Cre. Ptpn2'™;
TC-PTP KO) transgenic mice as iz vivo models has provided an evidence that
TC-PTP plays a crucial role in the promotion of epidermal apoptosis induced
by environmental assaults [105, 106]. TC-PTP deficiency in mouse epidermis
led to a desensitization to tumor initiator DMBA-induced apoptosis both in vivo
epidermis and iz vitro keratinocytes. The number of apoptotic cells, detected by
active caspase-3 staining, within the epidermis of control (TC-PTP WT) mice
was significantly increased compared to TC-PTP KO mouse epidermis following
DMBA treatment. Profound morphological changes induced by apoptosis, such
as cell ballooning and bleb formation, were found in TC-PTP WT keratinocytes
compared to TC-PTP KO keratinocytes. Similarly, annexin V-positive cells and
caspase-3 activity were significantly increased in TC-PTP WT keratinocytes com-
pared to TC-PTP KO keratinocytes. Inhibition of STAT3 or AKT in TC-PTP KO
keratinocytes significantly reversed the effects of TC-PTP deficiency on apoptosis
by increasing cellular sensitivity and caspase-3 activity following DMBA treatment
compared to control keratinocytes [105]. Further studies also showed that TC-PTP
KO cells showed increased survival against UVB-induced apoptosis compared to
control, which was concomitant with a UVB-mediated increase in the level of Flk-1
(fetal liver kinase-1, known as VEGFR2) phosphorylation. Inmunoprecipitation
of the TC-PTP substrate-trapping mutant TCPTP-D182A showed that TC-PTP
directly interacts with Flk-1 to dephosphorylate it and their interaction was stimu-
lated by UVB irradiation. Following UVB-mediated Flk-1 phosphorylation in the
absence of TC-PTP, the level of phosphorylated JNK was significantly increased in
TC-PTP KO cells compared to TC-PTP WT cells after UVB irradiation. Inhibition
of Flk-1 or JNK by their specific inhibitors in TC-PTP KO cells reversed this
effect and significantly increased UVB-induced apoptosis compared to untreated
TC-PTP KO cells [106].

The nuclear form of TC-PTP (TC45) contains bipartite nuclear localization sig-
nals (NLSI and NLSII) in its C-terminus, and TC45 had been known to be primarily
localized in the cell nucleus due to its NLS [103]. However, recent studies have
showed that TC45 is mainly localized to the cytoplasm of keratinocytes. TC45 is
translocated to the nucleus following UVB irradiation [98]. TC45 nuclear transloca-
tion increased its activity in the nucleus and resulted in an increase of UVB-induced
apoptosis which corresponded to a decrease in nuclear phosphorylated STAT3. UVB
irradiation activated AKT to trigger nuclear translocation of TC45 and the adaptor
protein 14-3-3c. Furthermore, site-directed mutagenesis of putative 14-3-3c bind-
ing sites within TC45 revealed that a substitution at threonine 179 (TC45/T179A)
effectively blocked UVB-induced nuclear translocation of exogenous TC45 due to
the disruption of the direct binding between TC45 and 14-3-3c. Overexpression
of TC45/T179A in keratinocytes resulted in decreased UVB-induced apoptosis,
indicating that TC45 nuclear translocation is an important step to induce apoptosis
against UVB-mediated damage [107].

Recent generation of epidermal-specific TC-PTP-overexpressing (K5HA.Ptpn2)
mouse model further demonstrated that TC-PTP has a critical role for the induc-
tion of epidermal apoptosis against chemical carcinogen [108]. Overexpression of
TC-PTP increased epidermal sensitivity to DMBA-induced apoptosis through the
synergistic regulation of STAT1, STAT3, STATS5, and PI3K/AKT signaling. Inhibition
of STAT1, STAT3, STATS, or AKT reversed the effects of TC-PTP overexpression on
epidermal apoptosis after DMBA treatment [108].

Overall, these studies suggest that TC-PTP plays a protective role against
environmental carcinogens by increasing epidermal apoptosis through the
regulation of AKT, STAT including STAT3, and Flk-1/JNK signaling pathways
(Figure 2).
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Figure 2.

Anti-apoptotic and pro-apoptotic signaling pathways in the regulation of skin tumor initiation induced by
environmental carcinogens. AKT, STAT3, ERK, and JNK signaling pathways inhibit epidermal apoptosis
in response to environmental carcinogens, such as UVB and chemical carcinogens/toxins, which can lead
to survival of DNA damaged cells during tumor initiation. These initiated cells ave clonally expanded

by accelevated proliferation during tumor promotion and form benign skin tumor called by ‘papilloma’.
On the other hand, TC-PTP signaling pathway is initially activated against envivonmental exposure.
TC-PTP signaling attenuates AKT, STAT3, and JNK signaling pathway through either divect or indirect
dephosphorylation and increases epidermal apoptosis as one of initial protective mechanisms in skin. p38
MAPK signaling pathway is also activated and may contribute to increase epidermal apoptosis following
environmental exposure.
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4, Conclusion

Apoptosis is a critical cellular process to protect keratinocytes during skin
tumor initiation. Environmental assaults induce a mutation in a critical gene or
genes. Apoptosis can remove DNA-damaged keratinocytes that are not repaired
via DNA damage repair mechanism. Survival of damaged keratinocytes by
increased anti-apoptotic signaling pathways or decreased pro-apoptotic signaling
pathways will lead to clonal expansion of them during skin tumor promotion,
which is followed by the formation of papilloma and then squamous cell car-
cinoma. In this chapter, we outline the functional significance of three — AKT,
STAT3, and MAPK - anti-apoptotic signaling pathways and TC-PTP as a pro-
apoptotic signaling pathway in the regulation of apoptosis during skin tumor
initiation. Besides them, different signaling pathways are involved in modulating
apoptosis during skin tumor initiation depending on the types of environmental
assaults and interconnected with signaling pathways we mentioned in this chap-
ter. Further understanding of signaling mechanisms and their function in envi-
ronmentally induced epidermal apoptosis during tumor initiation will contribute
to develop novel therapeutic interventions for the prevention and treatment of
skin cancer.
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Appendices and nomenclature

6-4PP
AKT

APAF1
Bcl-2
BNIP3
Caspase

CREB
CPD
DMBA
ERK
FADD
Flk-1
JAK
JNK

K5

K14

KO

KSC
LRC
MAPK
NLS
p38DN
PTP
PTK
PTPN2
PY-STAT3
RNAi
RTK
SAPK
SHP-1
SHP-2
STAT3
TC-PTP
TRADD
TRAF-2
TRAIL
TNF
UVB
WT
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pyrimidine (6-4) pyrimidone photoproduct

a serine/threonine specific protein kinase, known as protein
kinase B (PKB)

apoptotic protease activating factor 1

B-cell lymphoma 2

Bcl-2 and adenovirus E1B 19-kDa interacting protein 3
cysteine-aspartic protease, cysteine aspartase or cysteine-depen-
dent aspartate-directed protease

cyclic-AMP response element-binding protein
cyclobutane pyrimidine dimer
7,12-dimethylbenz[a]anthracene

extracellular signal-regulated kinase

Fas-associated death domain

fetal liver kinase-1, known as VEGFR2

Janus kinase

c-Jun N-terminal kinase

keratin 5

keratin 14

knockout

keratinocyte stem cell

label-retaining cell

mitogen-activated protein kinase

nuclear localization signal

dominant negative p38a MAPK

protein tyrosine phosphatase

protein tyrosine kinase

protein tyrosine phosphatase non-receptor type 2
phosphorylated STAT3 on the tyrosine residue

RNA interference

receptor tyrosine kinase

stress-activated protein kinase

Src homology region 2 domain-containing phosphatase-1
Src homology region 2 domain-containing phosphatase-2
signal transducer and activator of transcription 3
T-cell protein tyrosine phosphatase

TNF receptor-associated death domain

TNF receptor-associated factor-2

TNF-related apoptosis-inducing ligand

tumor necrosis factor

ultraviolet B

wild type
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Chapter 8

The Interplay of Key Phospholipid
Biosynthetic Enzymes and the
Yeast V-ATPase Pump and their
Role in Programmed Cell Death

Goldie Libby Sherr and Chang-Hui Shen

Abstract

Exposure of the yeast Saccharomyces cerevisiae to environmental stress can
influence cell growth, physiology and differentiation, and thus result in a cell’s
adaptive response. During the course of an adaptive response, the yeast vacuoles
play an important role in protecting cells from stress. Vacuoles are dynamic organ-
elles that are similar to lysosomes in mammalian cells. The defect of a lysosome’s
function may cause various genetic and neurodegenerative diseases. The multi-
subunit V-ATPase is the main regulator for vacuolar function and its activity plays
a significant role in maintaining pH homeostasis. The V-ATPase is an ATP-driven
proton pump which is required for vacuolar acidification. It has also been demon-
strated that phospholipid biosynthetic genes might influence vacuolar morphology
and function. However, the mechanistic link between phospholipid biosynthetic
genes and vacuolar function has not been established. Recent studies have dem-
onstrated that there is a regulatory role of Pahlp, a phospholipid biosynthetic
gene, in V-ATPase disassembly and activity. Therefore, in this chapter we will use
Saccharomyces cevevisiae as a model to discuss how Pahlp affects V-ATPase disassem-
bly and activity and how Pahlp negatively affect vacuolar function. Furthermore,
we propose a hypothesis to describe how Pahlp influences vacuolar function and
programmed cell death through the regulation of V-ATPase.

Keywords: Phospholipid biosynthesis, Pahlp, programmed cell death,
vacuolar activity, V-ATPase, pH homeostasis, Hxk2p

1. Introduction

The yeast vacuole is a crucial and dynamic organelle necessary for the survival
of the cell. Adverse environmental factors, such as osmotic stress, toxic metal
exposure, and alkaline pH conditions can wreak havoc on normal cellular processes
and homeostasis. The vacuole helps play a critical role in protecting the cell via the
induction of adaptive stress responses that are upregulated to shield the cell against
many of these adverse environmental conditions. Of particular importance are the
vacuolar proton translocating ATPase (V-ATPase) pumps. These energy requiring
proton pumps are found in the membrane of the vacuole and can help defend the
cell against many damaging environmental elements. These multi-subunit ATPase
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complexes span the membrane and actively transport hydrogen ions into the lumen
of the organelle. While V-ATPases have been highly characterized in vacuoles they
are also present in a number of other organelles and cellular structures includ-

ing lysosomes, Golgi complexes and the endosomes of eukaryotic cells [1-3].
Furthermore, in mammalian cells, these V-ATPase pumps have been found to be
recruited to the cellular membranes of specialized cell types for the purpose of
transporting protons across the membrane [1, 2].

Much of the research regarding V-ATPases has been conducted in the model
system Saccharomyces cerevisiae. The main function of the V-ATPase pump is to
acidify the organelle and maintain the internal acidic pH which is required for nor-
mal vacuolar function. Thus, the pump hydrolyzes ATP and drives the transport of
protons across the membrane from the cytosol and into the lumen of the organelle
[4]. The yeast vacuole is, in fact, one of the most highly acidic organelles docu-
mented in a cell, along with lysosomes in mammalian cells [4]. Vacuolar pH ranges
in acidity from pH 5.0 to 6.5, depending on the specific environmental conditions
[4-6]. In lysosomes, the internal pH is even lower, ranging from pH 4.5-5.0 [7].
Given the widespread localization of these pumps in various organelle membranes,
V-ATPases are involved in a number of vital roles in cellular homeostasis including
protein sorting and secretion, vesicular trafficking and zymogen activation [8].
Additionally, they have also been shown to be involved in endocytic and autophagic
processes [1, 2, 9]. Since they play a vital position in maintaining cellular homeo-
stasis, much research has been conducted to better understand just how important
these pumps are. This review aims to specifically look at the significant role that
V-ATPases play in maintaining pH homeostasis in yeast cells and how they are
impacted by Pahlp, a key phosphatidate (PA) phosphatase in the lipid biosyn-
thetic pathway that has been linked to apoptotic mechanisms via the regulation of
this pump.

2. V-ATPase pump function

V-ATPase pumps have been shown to be crucial for proper cell function and
survival. In fact, research experiments involving the deletion of genes that cause the
ubiquitous loss of V-ATPase subunits show that it is lethal in almost all organisms,
including Drosophila fruit flies and mice [10, 11]. Unlike most organisms however,
yeast cells are still viable when V-ATPase subunit encoding genes are deleted. As
aresult, Saccharomyces cerevisiae has been an ideal model organism for studying
V-ATPase function [12].

Deletion mutation studies in S. cerevisiae have shown that the vacuolar acidifica-
tion process is impaired when genes that encode V-ATPase subunit are removed.
Furthermore, growth phenotypes have indicated that cells with V-ATPase subunit
deletions are sensitive to alkaline extracellular pH. While these mutants can grow
in an extracellular environment of pH 5, they are unable to grow at pH 7.5. They are
also sensitive to high levels of calcium in their growth medium, as well as when they
are in the presence of heavy metals and oxidants. They also cannot grow on nonfer-
mentable carbon sources [4, 12].

While V-ATPases are necessary for the vacuoles to maintain their internal acidic
pH, they actually play a much more widespread role in the homeostasis of the
cell by regulating cytoplasmic pH. Research has shown that cells with defective
V-ATPase pumps are not only unable to maintain the acidity in their vacuoles but
cannot uphold the necessary pH of the cell’s cytoplasm [5, 13]. This is due to the fact
that other pumps are dependent on V-ATPase activity which utilizes ATP to trans-
port hydrogen ions into the vacuole. For instance, the Ca*?/H" antiporter requires a
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functional V-ATPase to transport calcium into the vacuole. If the V-ATPase is defec-
tive, calcium will enter the vacuole at a much slower rate and thus these mutants
cannot grow well in presence of excess calcium as mentioned above [14-16].

Additionally, the vacuole plays a large role in detoxifying the cell of heavy metals
via antiporters in the vacuole membrane. These pumps are also dependent on
functional ATPases and rely on their activity to function properly. Cells with non-
functional V-ATPases are unable to thrive in the presence of heavy metals, such as
cadmium which causes oxidative stress in the cell [17, 18]. Furthermore, V-ATPases
play an important part in promoting hydrolytic enzymes that degrade and recycle
biomolecules [9, 19]. When a cell undergoes nitrogen starvation, nearly 4/5ths of
the cell’s protein degradation process takes place in the vacuole. Additionally, the
vacuoles recycle organelles as well, which also helps to supply the cells with an
abundance of amino acids and other biomolecule building blocks that can help the
cell survive during times of stress [20-22]. V-ATPases therefore play a critical role
in protecting the cell when exposed to various adverse environmental conditions
and stress.

3. Structural composition of the vacuolar V-ATPase pump

Given the importance of V-ATPase pumps in maintaining intravacuolar acid-
ity, the structural components of the pump have been well characterized in
Saccharomyces cevevisiae. V-ATPase pumps are comprised of two distinctive domains
that include the V1 domain and the VO domain. The V1 domain is the catalytic
component in the pump that is linked to the ATP binding sites and is located on
the cytosolic part of the membrane. The VO domain is the proton translocating
component and consists of integral membrane proteins as well as peripheral ones.
Both the V1 and VO domains are linked together by a stalk-like structure within
the V1 domain [13, 23]. These domains each consist of multiple subunits that come
together to form the overall pump. V1 contains eight subunits, labeled A through H
(A, B, C,D, E, F, G, and H) while the VO domain contains 6 subunits labeled a, c, c),
c”, d and e (Figure1).

The 14 subunits of the V-ATPase pump are each encoded by their own gene,
except for subunit a of the VO domain which has two isoforms. 13 of these subunits
are encoded by vacuolar membrane ATPase (VMA) genes [4]. These genes include
VMA1, VMA2, VMA3, VM A4, VMAS5, VM A6, VMA7, VM A8, VMA9, VMA10,
VMA11, VMA13, VMA16 (Table1). The final subunit in the vacuolar V-ATPase is
encoded by a gene named VPHI and encodes for the largest subunit in the pump,
subunit a [15]. However, this subunit has two isoforms, with the second isoform
being encoded by STV1. The Stvlp isoform is not located in the vacuolar membrane
but is instead found in the V-ATPases located in the Golgi complex and endosome
membranes. Research has shown that vacuolar V-ATPases that contain the Vphlp
subunit are better at coupling the hydrolysis of ATP to the transport of hydro-
gen ions across the membrane. They also have increased assembly levels of the
V-ATPase pump, and are more responsive to extracellular glucose levels compared
to V-ATPases that contain Stvlp [4, 24]. For the purposes of this review, we will be
focusing on vacuolar V-ATPases and will be looking at the Vphlp subunit.

Thus, eight of the V-ATPase subunits in the vacuole are found in the V1 domain
and are encoded by VMA1, VMA2, VMA4, VMA5, VMA7, VMA8, VMAI10,
VMA13. The remaining six subunits are encoded by VPH1, VMA3, VM A6, VMAJY,
VMA11, and VMA16 and are found in the VO domain. A table outlining the various
genes of the V-ATPase pump and the subunits encoded by them has been included
(Table1).
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Figure 1.

Model of the Saccharomyces cerevisiae vacuolar V-ATPase. The V1 domain contains subunits A, B, C, D,

E,

E G, and H. Subunits A and B each have three copies (not all depicted) and alternate in an A, B, A, B, A, B

fashion in the pump. The Vo domain consists of subunits a, c, ¢, ¢”, d, and e.

Domain Gene Subunit
Vi VMA, A
Vi VMA, B
Vi VMA, E
A VMAs C
\ VMA, F
Vi VMAg D
Vi VMA G
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Domain Gene Subunit
Vi VMA1; H

Vo VPH, a

Vo VMA; c

Vo VMAg d

Vo VMA, e

Vo VMA; c

Vo VMA ¢ ¢’

Table 1.

The genes of the Saccharomyces cerevisiae vacuolar V-ATPase and their corresponding subunits.

4, V-ATPase subunit functions

The overall molecular mechanism of V-ATPase pump activity involves the
hydrolysis of ATP by the V1 domain. This step provides the necessary energy
needed to pump protons across the membrane and create a pH gradient that is
needed for secondary transport systems [3, 25]. However, the specific functions of
each of the subunits of the V1 and VO domains are varied. The first two subunits of
the V1 domain, subunit A and subunit B, of which there are three copies of each,
are encoded by VM A1 and VMA?2 respectively. They are the ATP binding subunits
that hydrolyze ATP. Additionally, both aid in the regulation of proton transport and
in the disassembly of the V1 and VO domains [26, 27]. Subunit C, which is encoded
by the VMAS5 gene, is needed to help activate the pump by regulating the assembly
of the V1 domain to the VO domain. Furthermore, it plays a key role in the disas-
sembly of the pump since it dissociates from the enzyme during glucose starvation
and separates the two domains, rendering the pump inactive [28, 29]. Subunit D is
encoded by VMAS and is also crucial for the assembly of the two domains which
is needed for pump activity and proton transport [30]. Subunit E, encoded by the
VM A4 gene, helps to form the peripheral structural stalk of the pump which is
needed for proper assembly and function of the pump, while subunit F which is
encoded by VMA?7 is a rotor subunit and needed for proper pump assembly [31-34].
Subunit G is encoded by VMA10 and needed for proper stalk formation, while sub-
unit H, which is encoded by VMA13, is required to inhibit ATP hydrolysis when V1
and VO domains are dissociated and does so by interacting with subunit F [32, 35].

The subunits of the VO domain are the remaining components of the V-ATPase
pump that are primarily integral proteins, with the exception of subunit d which
is a peripheral protein. Subunit a is encoded by the VPHI gene which are specific
for V-ATPases localized in the vacuolar membrane. It is needed for the appropri-
ate assembly of the pump as well as for the transport of hydrogen ions [24, 36].
Subunits ¢, ¢’ and ¢”, which are encoded by VMA3, VMA11, and VMA13 respec-
tively, are suggested to be needed for proton translocation. All three subunits are
crucial for V-ATPase function since a mutation in any of them will impair pump
activity [37, 38]. Subunit d, which is encoded by VMAS, is the only peripheral VO
subunit and plays a key role in coupling ATP hydrolysis with proton transport [39].
Lastly, it is also important to note that the e subunit in the VO domain, which is
encoded by VMAY, was discovered much later than the rest of the subunits and
as such has not been as well characterized [12]. Furthermore, iz vitro studies have
suggested that Vma9p is not needed for V-ATPase proton pumping activity since
removal of Vma9p does not impact proton transport [40].
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Importantly, the deletion of any one specific subunit in the V1 domain does not
impact the stability of the remaining V1 subunits in the complex. However, it will
impair the association and assembly of the entire V1 domain with the VO domain,
thus rendering the pump nonfunctional. Additionally, the deletion of any specific
V1 subunit will not impact the stability of the VO domain [13, 41]. Likewise, the
loss of any one specific VO subunit will not impact the stability of the remaining
VO subunits nor will it impact the assembly of the independent V1 domain. It
will however impact the assembly of the VO domain which is unable to produce a
functional V-ATPase [13, 41]. It is important to note that if any of the thirteen genes
that encode the V-ATPase pump are implicated (not including VMA9), the pump
will not be able to work properly. Thus, if there is a mutation in any single subunit
from either domain, the cell will be unable to grow in media whose pH is neutral or
basic [42].

5. V-ATPase mechanism of disassembly and assembly

The disassembly of the V-ATPase is a crucial step required for regulating the
activity of the pump. This mechanism involves the separation of the V1 and VO
domains and will ultimately inhibit the V-ATPase pump’s function iz vivo. When
undergoing disassembly, the C subunit located in the V1 domain, which acts asa
bridge between the V1 and VO domains, will depart from the complex and cause
the separation of the two domains [43, 44]. Subsequently, a conformational change
in the H subunit inhibits ATP hydrolysis from occurring in the newly separated
V1 complex. This occurs so that energy will not be unnecessarily used without the
concurrent transportation of protons across the membrane [45-48]. Furthermore,
once the domains have disassembled, the passive transport of hydrogen ions across
the VO complex is also prevented [49].

This mechanism is completely reversible however once the C subunit is brought
back and re-bridges the V1 and VO domains [43]. In Saccharomyces cerevisiae,
re-assembling the V-ATPase pump utilizes a chaperone protein that is specific for
V-ATPase pumps [50]. Specifically, this process requires RAVE, or the regulator of
ATPases of Vacuoles and Endosome [3]. This is a chaperone complex that includes
an adaptor protein, Skplp and the functional subunits Ravlp and Rav2p [50, 51].
This RAVE chaperone complex helps to stabilize the V1 domain and facilitates in the
process of reintroducing the C subunit to bridge V1 to VO [52, 53]. Once completed,
the V-ATPase pump will be fully functional once again.

6. Importance of V-ATPase activity in mammalian cells

The study of vacuolar function in Saccharomyces cerevisiae, and particularly
the activity of the V-ATPase pump is important since yeast vacuoles are strikingly
similar to the lysosomes in mammalian cells [52. 53]. The mammalian lysosome
has an internal acidic pH that ranges from 4.2-5.3 and is primarily maintained by
V-ATPase pumps that actively transport ions across the membrane to acidify the
lysosome [54]. Similar to the acidic pH needed in the vacuole, the maintenance
of lysosomal pH is required for the important hydrolytic activities and signaling
roles of lysosomal homeostasis. Defects in V-ATPase machineries and functions
have been associated with a number of neurodegenerative diseases, especially
disorders associated with older age including some forms of Parkinson’s disease and
Alzheimer’s disease [55-57]. In fact, the brain is one of the main organs that is the
most significantly impacted by genetic diseases that interrupt normal lysosomal
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function in cells. This underlies the importance of normal lysosome function in the
central nervous system [54, 58]. Additionally, impairments to proper acidification
in lysosomes have been involved with cell aging and longevity. Studies conducted
in yeast models have shown that longer lifespans occurred when V-ATPase compo-
nents were overexpressed [59, 60]. Additionally, there have been over fifty genetic
disorders that have been linked to mutated genes that encode specific proteins of
the lysosome, many of which are related to the acidification function [61-63].
V-ATPases have been found in the cellular membranes of certain specialized cells
in mammals. Implications in these V-ATPases cause an array of genetic disorders.
For example, V-ATPases that are found in intercalated cells of the distal tubule
and the collecting ducts of the kidney play a crucial role in maintaining acid-base
homoeostasis. In humans, defects in the specific genes that encode V-ATPase
subunits, such as a mutation in the renal isoform of subunit B or in subunit a, leads
to the inherited disease of renal tubule acidosis [64, 65]. Furthermore, V-ATPase
pumps have also been found to be located in the cellular membrane of osteoclast
cells and are required for the process of bone resorption. As a result, genetic
mutations in V-ATPase encoding genes, such as in subunit a, has been associated
with osteopetrosis, which causes skeletal abnormalities caused by lack of bone
degradation [64, 65]. Furthermore, V-ATPase activity has been linked to nongenetic
diseases, such as cancer. The key role that these pumps play in tumor and cancer cell
lines will be discussed further in a later section. Given the importance of V-ATPases
with regard to diseases, research in yeast vacuoles has been crucial in helping better
understand the role that these pumps play in cellular homeostasis.

7. Regulation of the lipid biosynthetic pathway

The relationship between V-ATPases and the lipid biosynthetic pathway is only
recently becoming better understood. The lipid biosynthetic pathway is a highly
controlled pathway that synthesizes the crucial membrane phospholipids, in
addition to other various fats and lipids that are necessary for cell survival [66-68].
The transcription of genes in this pathway is tightly governed by a number of
key regulators. One of these primary regulators is inositol, a crucial phospholipid
precursor that plays a key role in regulating phospholipid metabolism based on its
availability [69-72]. When present in the growth medium, inositol is not required to
be synthesized by the cell and thus the genes involved in its production are turned
off. If inositol is absent in the growth medium, then the cell will need to produce
the crucial phospholipid precursor. Multiple genes in the phospholipid biosynthetic
pathway have a UASyo, or an inositol responsive cis-acting element, that is located
in their promoter regions [73, 74]. This region is the binding site for the Ino2p/Ino4p
activator which activates the transcription of genes needed to produce inositol.
Conversely, when inositol is richly present in the media, the Opilp repressor will
bind to the Ino2p/Ino4p activator and thus repress transcription from occurring
(74, 75].

Another crucial regulator of the lipid biosynthetic pathway is the phosphatidate
(PA) phosphatase enzyme, Pahlp. Pahlp, which is encoded by the PAHI gene, cata-
lyzes the crucial reaction that dephosphorylates PA and leads to the production of
diacylglycerol (DAG) and a phosphate group in the lipid biosynthetic pathway [76].
Both PA and DAG are two central players in this pathway and their levels are highly
regulated, which in turn regulates the synthesis of triacylglycerides and membrane
phospholipids [77]. Depending on the pathway taken, DAG can either be the pre-
cursor of the phospholipids phosphotidylcholine and phosphatidylethanolamine or
can be converted into triacylglycerol (TAG). PA on the other hand can generate all
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four major phospholipids that are found in the membrane of Saccharomyces cerevi-
siae. If it is not dephosphorylated and converted into DAG, then PA can be used to
manufacture phosphatidylinositol and phosphotidylserine and can also be used to
produce phosphotidylcholine and phosphatidylethanolamine [77].

Since PA and DAG play such critical roles in the lipid biosynthetic pathway,
they are both highly regulated by the key PA phosphatase enzyme, Pahlp. While
there are other PA phosphatase enzymes, Pahlp is considered to participate more
directly in the synthesis of phospholipids and plays a pivotal regulatory role in
the pathway [78, 79] and is essential for the de novo synthesis of membrane phos-
pholipids and TAG [80, 81]. Pahlp is mainly located in the cytosol where it can be
easily translocated onto the endoplasmic reticulum to catalyze the conversion of PA
into DAG [82]. However, Pahlp’s regulatory role in the lipid biosynthetic pathway
extends even further due to the fact that it exerts transcriptional regulation over
other genes involved in the manufacturing of phospholipids. As explained earlier,
numerous genes in the lipid biosynthetic pathway contain a UAS;yo element in
their promoter regions which acts as a binding site for the transcriptional activator,
Ino2p/Ino4p [83, 84]. The levels of PA actually help control the transcription of
UASno containing genes, since Opilp, which is a negative regulator of transcrip-
tion, is physically connected to PA on the endoplasmic reticulum and nuclear
membrane [85]. Thus, when there are greater levels of PA, the Opilp repressor will
continue to remain tethered to PA on the ER/nuclear membrane which will prevent
it from being able to cross into the nucleus and prevent the transcription of UASxo
containing genes [86]. Conversely, when PA levels are decreased, Opilp is free to
cross the nuclear membrane and bind to the Ino2p/Ino4p activator complex on the
UASino and block transcription. Since Pahlp regulates PA levels by catalyzing the
reaction to turn PA into DAG, it indirectly impacts the transcription of other lipid
biosynthetic genes. Therefore, higher concentrations of Pahlp will lead to less PA
which represses transcription of genes with a UASyo, while lower concentrations
of Pahlp leads to increased amounts of PA and activates transcription of genes with
a UAS|no [86]. However, additional research has uncovered that Pahlp actually
plays a more direct role in the regulation of lipid biosynthetic genes as well. Studies
have found that Pahlp is located in the nucleus as well so that it can directly act as
arepressor for UASyo genes in the pathway [83]. In fact, it can directly bind to the
promoter of UASyo containing genes and physically block gene expression. It is
therefore not surprising that studies looking into the impact of deleting the PAH1
gene show that there is an upregulation of gene expression of UASyo containing
genes [87].

In addition to its regulatory role, deletion experiments have shown just how
pivotal Pahlp is to overall cell homeostasis. Mutants that lack the PAHI gene have
much higher levels of PA present in the cell. Additionally, these cells contain much
lower levels of TAG due to the loss of the Pahlp phosphatase activity and the
conversion of PA into DAG, which is the precursor of TAG. Furthermore, there is an
abnormal expansion of the nuclear and endoplasmic reticulum membrane as well
as increased levels of phospholipids, sterol esters and fatty acids in cell lines lack-
ing PAHI 88, 89]. This is because, the gene expression of UAS|yo genes in the lipid
biosynthetic pathway is upregulated. This is due to the lack of Pahlp which causes
a derepression of genes that are typically repressed in the presence of Pahlp in the
CDP-DAG pathway and Kennedy pathways, both of which lead to the synthesis
of membrane phospholipids [87]. These mutant strains also experience fatty acid
toxicity due to the higher levels of lipids present [89]. PAHI has also been shown to
be needed for lipid droplet formation, which is dependent on the presence of DAG.
Thus, in the absence of PAHT and the resulting lower concentrations of DAG, there
is a decrease in the concentration of lipid droplets in these cell [90]. Furthermore,
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cells that are missing PAHT are not able to grow in the presence of non-fermentable
carbon and are also temperature sensitive [91]. Most notably for this review article,
PAHI1 has been shown to be important for vacuole morphology and function. Given
the importance of V-ATPase activity in overall cell homeostasis, the link between
Pahlp and vacuole function is important to understand and will now be explored in
the upcoming sections.

8. The role of PAH1 in vacuolar morphology and function

Interestingly, studies have revealed the importance of the PAHI gene in vacuolar
homeostasis and morphology. Research has shown that cells lacking PAHI have
morphologically defective vacuoles that remain interminably fragmented [92, 93].
While vacuoles typically undergo fragmentation in Saccharomyces cerevisiae dur-
ing the budding process so that the new daughter cell can obtain and inherit these
organelles, the vacuoles do not remain fragmented indefinitely [94]. This normal
mechanism of fragmentation begins when the budding process is initiated and the
vacuole in the mother cell fragments into a series of mini vacuoles. This is followed
by the development of an elongated-vesicular structure by the mini vacuoles, which
guides the structures to the newly budding yeast cell [94]. Once these mini frag-
mented vacuoles are inherited and the newly budding cell grows, the collection of
vacuoles fuse together to recreate a single large vacuole in both the mother cell and
daughter cell. The two cells are separated once septa are formed and this cycle can
be repeated as more daughter cells are made [95]. However, cells that lack PAHT are
unable to keep their vacuoles unfragmented and whole [92, 93]. Research studies
have found that this is due to the fusion machinery having been implicated when
PAH1 is deleted and thus prevents the vacuoles from fusing back together. Without
the enzymatic phosphatase activity that exists when PAHI is present, the SNARES
are unable to bind to Sec18p, which is the protein required to prime the SNARE
complex for the fusion mechanism. Furthermore, the deletion of PAHI also causes
a number of other key fusion machinery components to be absent. This includes
Vps39p, which is a component of the homotypic fusion and vacuole protein sort-
ing (HOPS) tethering complex. Additionally, phosphatidylinositol 3-phosphate, a
lipid that is needed for SNARE function and fusion, is also absent [92]. Moreover,
Pahlp is also needed to recruit, Vps34p, which is the phosphatidylinositol 3-kinase
needed for vacuolar fusion [92]. As such, vacuoles in cells that lack PAHT remain
fragmented without ever fusing into a single vacuole.

Since irregularities in vacuole morphology have been linked to implications in
V-ATPase pump activity, there is reason to suspect a relationship between Pahlp and
V-ATPase activity given the important role that Pahlp plays in vacuolar morphol-
ogy [93, 94]. On the other hand, reports have found that vacuoles with V-ATPase
pumps that have a decrease in their level of acidifying the vacuole can actually
lead to increased fusion of the vacuoles. One particular study found that vacuoles
that experience deacidification often have an increased level of fusion whereas
mutant vacuoles with internal pHs that have maintained its acidity may have fusion
impeded [96]. Thus, the uncertainty as to whether the role of Pahlp and its impact
on the morphological structure of vacuoles was related to proper V-ATPase pump
function remained.

Given the fact that Pahlp regulates genes in the lipid biosynthetic pathway, as
well as helps play a critical role in the maintenance of proper vacuole morphology
and function, additional studies were aimed to look at whether Pahlp plays a role
in regulating the genes that encode for the V-ATPase pump and its impact on pump
activity. Growth experiments have shown that cells lines lacking PAHI actually grew
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better in neutral environments compared to wildtype. Since neutral environments
can impact cytoplasmic and vacuolar pH, a properly functioning V-ATPase pump is
required to ensure that pH homeostasis is maintained in the vacuole and the entire
cell, indicating that pahlA cells did not negatively impact V-ATPase activity even
though the morphological structure is affected. This was proven with subsequent
experimentation that measured vacuolar pH and actually showed that pahlA cells
were even better than wildtype cells at acidifying their vacuoles, with an average
internal vacuolar pH of 5.89 in their vacuoles compared to pH 6.0 in wildtype.
Therefore, while Pahlp does cause morphological disturbances to the vacuole it does
not adversely impact V-ATPase pump activity. This however is not a contradiction
since cell lines that have mutations that cause abnormalities in vacuole morphology
and fragmentation can either have fully functioning V-ATPase pumps or conversely
pumps that have defects in their assembly [97, 98].

Interestingly, other research studies have shown that V-ATPase function can
adversely impact the fusion of vacuoles in vivo [96]. Therefore, it is likely that
the increased acidity in the pahlA cells contribute to the fragmentation of the
vacuole seen in these cell lines. This led to the discovery that perhaps Pahlp plays a
regulatory role over V-ATPase genes as well, since pump activity was upregulated
in the pahlA strain. RNA analysis experimentation showed that 11 of the 13 vacu-
olar membrane ATPase genes were upregulated in the V-ATPase pump, including
VMAS3, VMAG6 and VMA16 which are all involved in the transport of hydrogen ions
into the vacuole [93]. This indicates a potential role of Pahlp acting as a repressor
for these genes since they are seemingly negatively regulated in the presence of
Pahlp. Many of the 11 genes that were impacted by the deletion of PAH1p contain
a UASino, which as mentioned earlier are types of genes that Pahlp negatively
regulates in the lipid biosynthetic pathway. The VMA genes that possess a UASxo
in their promoters include VM A1, VMA5, VMAS8, VMA13 and VMA16 [93]. There
is therefore a molecular relationship between PAHI and the genes that encode
V-ATPases since it appears that Pahlp can directly negatively impact these genes by
binding to their promoters.

9. V-ATPases and glucose metabolism

One important process that V-ATPase pumps have been found to be associated
with is glucose metabolism. In fact, research has shown that V-ATPase pump activity
is actually regulated by glucose. In both yeast and mammalian cells, a key inducer
of the V-ATPase pump disassembly is glucose depletion [20, 43, 99]. When glucose
is scarce, the V1 and VO domains will disassemble and pump activity is unable to
occur. Conversely, an increase in glucose levels, which triggers the activation of
glycolysis, will lead to the reassembly of the V-ATPase pump and lead to an increase
in pump activity. This has been found to occur in both yeast cells [8, 43] and mam-
malian cells [99, 100]. This process is extremely significant since during times of
glucose depletion the cell aims to preserve energy. By disassembling the V-ATPase
pump, it prevents unnecessary usage of ATP. Furthermore, in times of glucose
abundance, the reassembling of the pump allows for a functioning V-ATPase that
can lower the additional acidification of the cytosol that occurs during an uptick
in glycolysis [1, 2, 25]. Research has shown that this cycle of the V-ATPase pump
being disassembled and reassembled is proportional to the concentration of glucose
available in the cell. This is important because it indicates that V-ATPase pumps are
highly attuned to glucose metabolism and energy levels [8, 43, 101, 102].

In yeast, the highly characterized glucose sensing signaling mechanism which
regulates the assembly of the V-ATPase pump is the Ras/cAMP/Protein Kinase A
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(PKA) pathway [3, 103]. The GTP coupled protein, Ras, is inhibited by two GTPase
activating proteins named Iralp and Ira2p. When glucose is present, Iralp and Ira2p
are inhibited and Ras can stimulate the production of cAMP via adenylate cyclase.
Once cAMP levels are high enough, the PKA regulatory subunit will dissociate and
be free to trigger PKA’ kinase activity. Additionally, studies have indicated that

the assembly of the V-ATPase takes place as a result of acidification of the cytosol
due to high levels of glycolysis and that this leads to changes in PKA [104, 105].

The presence of glucose, after a period of depletion, will activate PKA and thereby
stimulate the assembly of the V-ATPase pump. This mechanism seemingly creates

a positive feedback loop, since the heightened assembly of V-ATPase pumps aids in
the maintenance of the pH in the cytosol and can stimulate PKA signaling. This in
turn will cause an upregulation in glycolysis which further boosts the assembly of
V-ATPase pumps and helps facilitate the switch from respiratory to fermentative
growth [3, 25].

10. V-ATPase and cancer

As mentioned earlier, V-ATPase pump activity and function has been associated
with various diseases. However, one such non genetic disease that these pumps
have been linked to is cancer [106]. Normal V-ATPase pump functioning is cru-
cial for various signaling pathways in the cell. In fact, many of the pathways that
lose their homeostatic control during cancer require V-ATPase pumps for proper
functioning, such as the Notch signaling pathway and the Wnt/p-catenin signaling
pathway [106-108]. Moreover, proper pump activity is required for the activation
of the mechanistic target of rapamycin complex, or mTORC1, which is a com-
mon pathway implicated in cancer [109-113]. However, studies have shown more
direct roles of V-ATPase pumps in cancer. For example, when V-ATPase pumps are
inhibited in human tumor cells, results showed programmed cell death is induced
[114-119]. These findings indicate that cancer cells rely on V-ATPase activity much
more than noncancerous cells do in order to remain viable [115, 116, 119]. This is
because cancerous cells have been shown to generate increased levels of acidity
[120]. Since V-ATPase pumps play the critical role of removing acids out of the
cell and help to preserve a neutral pH in the cytosol, cancer cells heavily rely upon
V-ATPases to promote the alkalinization of their cytosol and to pump protons into
the extracellular space [1, 2, 121]. It has been hypothesized that expression of these
pumps may upregulate or may be specifically localized to the cellular membrane
by expressing certain isoforms that target the V-ATPases to the plasma membrane
[64, 65,122, 123]. In this way, tumors are thus able to dodge programmed cell death
and can proliferate [106]. In fact, V-ATPase pumps have been found in the plasma
membrane of numerous invasive cancer cell lines while not in non invasive ones
[124]. For example, an invasive line of breast tumor cells revealed higher levels of
the V-ATPase pump on the cell surface compared to noninvasive breast cancer cells
[124]. As explained above, these pumps aid in the maintenance of cytosolic pH. The
impact of V-ATPases has also been observed in various other invasive cancerous cell
lines, including liver cells, esophageal cells, ovarian cells, lung cells, prostate cells
and pancreas cells amongst others [106, 110, 111, 125-129]. Research has shown that
inhibiting V-ATPase pumps disrupts the pH balance and causes a more acidic pH in
the cell which leads to higher levels of apoptosis [130].

Furthermore, V-ATPase pumps are not only important for regulating the pH of
the cytosol, but for regulating the pH of other organelles as well [106]. Implications
of protein production and shortages in nutrients can lead to ER stress in cancer
cells. As aresult, lysosomes are activated by the Bax inhibtor-1 in response to the

155



Regulation and Dysfunction of Apoptosis

ER stress in order to raise protein turnover [131]. Studies have shown that blocking
ATPase pump activity barred this from occurring and ultimately led to cell death
[131]. Moreover, V-ATPases in the cell membrane have also been proposed to play a
crucial role in the migration and invasion of cancer cells. Studies have shown that
when V-ATPase pumps were inhibited in invasive breast cancer cells, the migration
and invasiveness of these cells was diminished [1, 2, 124]. This was further proven
in other cancer lines as well, such as cancerous pancreas cells [125]. Thus, the
relationship between V-ATPases and cancer, and subsequently its link to apoptosis,
has been an active area of research. However, the role of V-ATPases in yeast and

its connection to apoptosis has not been as well characterized compared to that

of human cell lines. This review will now look at a possible mechanism by which
V-ATPase activity can be linked to apoptosis via its regulation by key players of the
lipid biosynthetic pathway.

11. V-ATPase genes and the lipid biosynthetic pathway

As explained earlier, inositol is one of the key phospholipid precursors whose
presence is essential in regulating phospholipid metabolism [69-72]. When pres-
ent in the growth medium, inositol production is repressed. If inositol is absent
in the growth medium, then the genes involved in its production are upregulated.
Research has shown that cells that lack one or more of the vacuolar membrane
ATPase genes exhibited defects in growth when cultured in media without inositol
[132, 133]. However, these defects were able to be reversed if OPI1, the gene that
encodes the Opilp repressor, was deleted [133]. Additionally, cells that lack one or
more V-ATPase genes have higher buildups of oxidant molecules which may indicate
their relationship to protecting the cell and their role in preventing cell death.

Recent studies have shown that one of the key vacuolar membrane ATPase
genes, VMA3, plays a significant role in regulating the synthesis of phospholipids.
Growth experiments that were performed with cell lines lacking the VM A3 gene
exhibited a growth defect that had cells growing much slower when cultured
without inositol in their media compared to wildtype cells [134]. VM A3’s role in de
novo phospholipid production was further clarified when mRNA studies showed
HXK?2, another important gene in the phospholipid biosynthetic pathway required
for inositol production, had significantly lower mRNA levels in the cells lacking
VMA3 compared to wildtype. Thus, VMA3 was revealed to impact the phospholipid
biosynthetic pathway by specifically regulating the transcription of the HXK2 gene
[134]. This finding was particularly interesting since other studies have shown
that cells lacking HXK2 exhibit a growth sensitivity to acetic acid [135], which is
a growth condition that has long been used to screen for apoptosis. Earlier studies
have hypothesized that HXK2 plays a role in shielding cells from programed cell
death since cells that have had the HXK?2 gene deleted had an accrual of activated
Ras by the mitochondria [135]. Thus, further experimentation from this study
showed that vma3A cells grew significantly slower in the presence of acetic acid
compared to wildtype and were even more sensitive to this apoptotic inducing agent
when grown without inositol present. Taken together, these findings indicate that
the deletion of VM A3 leads to decreased transcription of the HXK2 gene, which
ultimately leads to cells being more sensitive to acetic acid. This therefore demon-
strates that VM A3 plays an important regulatory role in apoptosis [134].

HXK?2 plays an important role in glucose metabolism and encodes the hexo-
kinase-2 enzyme that catalyzes the reaction which converts glucose into glucose-
6-phospate. Thus, HXK? is regulated by the presence of glucose. Studies have
shown that HXK2 is regulated by two important transcription factors, Rgtl and
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Meds, that cause the deregulation of HXK2 when glucose is not present [136]. The
findings by Konarzweska et al. have now also shown that HXK?2 is also regulated by
Vma3p. Thus, there is a clear relationship between V-ATPases and the phospholipid
biosynthetic pathway since Vma3p has been shown to upregulate the HXK2 gene.
Furthermore, it has been shown that by regulating the HXK2 gene, VMA3 has an
important protective role when it comes to acetic acid induced apoptosis. This is
therefore an important link between how V-ATPases relate to the lipid biosynthetic
pathway.

12. A working model

As first mentioned in a 2017 article by Konarzewska et al., a new model is now
being hypothesized as to how Pahlp impacts apoptosis by regulating the V-ATPase
VMA3 gene, which in turn has a regulatory role over HXK2 (Figure 2). This
model starts with the availability of glucose that leads to a cytosolic pH, which
creates a more alkaline internal environment, and will also activate protein kinase
A [25]. This in turn causes the assembly of V-ATPase machinery and the formation
of a functional V-ATPase pump. During this time, PA levels remain high while
Pahlp’s concentration is low. When PA is abundant due to lower Pahlp levels, it
will follow the CDP-DAG pathway and create membrane phospholipids. Since
V-ATPase assembly is being promoted, the VMA genes that encode these subunits
are upregulated. Importantly, one of VMA genes yields Vma3p which is a key
player in this model. Additionally, the lipid Phosphatidylinositol 3,5-bisphosphate
can also help in the activation of the V-ATPase pump and as more V-ATPase pumps
assemble and accumulate the alkaline cytosolic pH will be upheld [137]. Protein
kinase A signaling can be stimulated by the newly assembled V-ATPase pumps,
which leads to a positive feedback loop and increases the numbers of V-ATPase
pumps being assembled. Additionally, there will be an upregulation of glycolysis
which will lead to an abrupt changeover to fermentative growth. Regardless of
whether the Ras/cAMP/PKA pathway is upstream or downstream of the V-ATPase
pump assembly pathway [104, 134], Ras will be largely found by the cell mem-
brane and inside the nucleus. Furthermore, the HXK?2 gene will exhibit maximal
expression due to the high levels of glucose and the gene product Hxk2p will
catalyze the reaction to convert glucose into Glucose-6-phosphate. Given the role
of Hxk2p in apoptosis, the cell will have a greater resistance against acetic-acid
induced apoptosis.

Conversely, when glucose is not abundantly present, the machinery for the
V-ATPase pumps will undergo disassembly due to the less alkaline cytosolic
environment. The PAHI gene will be upregulated and thus result in increased
production of the active Pahlp which can execute its phosphatase activity on PA.
This is turn will cause PA to be led along the pathway that converts it to DAG and
ultimately TAG, thus minimizing the production of membrane phospholipids
from PA. Furthermore, the increased amounts of Pahlp will repress most vacu-
olar membrane ATPase gene expression which also prevents further V-ATPase
assembly and enhances its disassembly. Being that one of the VMA genes that
Pahlp represses is VM A3, there will be less Vma3p available. Vma3p’s regulation
over HXK?2 leads to a decrease in Hxk2p. During this time, Ras will build up in
the internal membranes and mitochondria which can ultimately cause dysfunc-
tion of the mitochondria and amplified ROS production [138]. This will therefore
make cells more susceptible to acetic acid induced programmed cell death. Thus,
Pah1lp likely plays a major role in this apoptotic pathway given its regulatory role
over Vma3p.
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Figure 2.

Proposed model first hypothesized in [134] for Pahip as an apoptotic regulator via the vegulation of Vima3zp,
which subsequently regulates Hxkp2. When glucose is available, V-ATPase pump assembly occurs due to

the activation of PKA and cytosolic alkalinization as a vesult of glycolysis. Concurrently, Pah1p levels are
decreased, which promotes the CDP-DAG pathway and PA being converted to membrane phospholipids.
Vmasp, amongst other VMA genes, is upregulated due to lack of Pahip and the increased levels of pump
assembly uphold the cytosolic alkalinization. Furthermove, this leads to increased Hxk2p expression which
results in the resistance of acetic acid induced apoptosis. Conversely, if glucose is not available then V-ATPase
pumps undergo disassembly. Pahip levels ave high, which catalyzes the reaction of PA conversion to DAG which
ultimately increases TAG levels. Furthermore, theve is downregulation of VMA3, along with other VMA genes.
This leads to decreased pump assembly, low levels of Hxk2p and an increase of Ras in the mitochondria and
membranes. Ultimately, acetic acid induced apoptosis is promoted under these conditions [134].

13. Conclusion

Overall, this review shows the connection between the V-ATPase pump and the
lipid biosynthetic pathway PA phosphatase regulator, Pahlp. Based on the regula-
tory role that Pahlp has over the VMA genes and specifically the VMA3 gene, a new
model has emerged regarding how it can possibly influence acetic acid induced
apoptosis through the regulation of V-ATPase genes. While more research studies
will be needed to confirm this model, these studies have indicated how Vma3p can
act as potential anti apoptotic factor in Saccharomyces cerevisiae. These findings thus
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highlight the importance Pahlp on vacuolar function and on cell induced apoptosis
via Vma3p.
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