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ABSTRACT

Cancer is a global public health concern that is characterized by the uncontrolled
growth of tumor cells. It is regarded as the subsequent cause of death after
cardiovascular disease. The most common types of cancer include breast, colorectal,
lung, and prostate. The risk factors attributed to the development of common types
of cancer are tobacco smoking, excessive alcohol consumption, dietary factors,
ultraviolet radiation (UV), and lack of physical activities. Two major cellular apoptotic
pathways targeted in cancer therapies are intrinsic and extrinsic. These two pathways
are regulated by different types of proteins, the multidomain pro-apoptotic proteins
(Bak, Bax, and Bok), BH3-only pro-apoptotic proteins (Bid, Bim, Bad, Noxa, and Puma),
and the anti-apoptotic proteins (Mcl-1, Bfl-1, Bcl-X,, Bcl-2, Bcl-w, and Bcl-B). Other
significant molecules/factors that are known to execute cellular apoptotic pathways
include bioactive compounds, and reactive oxygen species (ROS). Proteolytic caspases
are known to play a vital role in the initiation of apoptotic activities in cancerous
cells. Based on their functions, they are categorized into initiators and executioners.
Nanotechnology has produced novel outcomes in modern medicine. The green
synthesis of nanoparticles has demonstrated prospective improvements in cancer
therapies in combination with the existing therapies including photodynamic therapy.
This review aims at highlighting the association between pro-apoptotic and anti-
apoptotic proteins, and their significance in cancer therapy.

INTRODUCTION

Globally, cancer remains the main public health
concern. Cancer is denoted by the continued growth
and proliferation of cancerous cells [1, 2]. According
to the GLOBOCAN estimates of 2020 reported by
the International Agency for Research on cancer, the
incidence rate of cancer was estimated at 19.3 million
cases excluding 18.1 million non-melanoma skin cancers,
and 10 million cancer-related deaths excluding 9.9 million
non-melanoma skin cancers occurred in 2020 [3]. There
are different types of cancers, the most prevalent types are
breast, lung, prostate, and colorectal cancers [4]. In Sub-
Saharan Africa, a high incidence of breast, prostate, and
cervical cancers has been reported [5, 6].

Many risk factors attribute to the development
of cancer. They include tobacco smoking, alcohol

consumption, diet, ultraviolet radiation, infections, and
lack physical activities [7]. Assessment of these risk
factors is a cardinal component of cancer monitoring
and evaluation as it gives a comprehensive overview of
disease progression [8]. Innovative therapeutic approaches
focusing on current perspectives have been developed
from medicinal plants exhibiting anticancer activities.
When compared to conventional treatment options such
as chemotherapy and radiotherapy, phytochemicals and
natural products are known to have fewer side effects
[9, 10]. Targeted therapy is one of the promising cancer
treatment options that target specific sites such as tumor
intracellular organelles and specific proteins involved in
tumor development. In photodynamic therapy, oxidative
stress on organelles including the mitochondria, and
endoplasmic reticulum (ER) is well known to induce the
generation of Reactive Oxygen Species (ROS) [9].
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Apoptosis is a form of cellular death that follows
a programmed mechanism, which regulates various
metabolic processes such as homeostasis. There are
two major types of apoptotic pathways through which
tumor cells undergo cell death, the intrinsic and extrinsic
pathways [11]. The intrinsic pathway is activated by
various intracellular activities e.g., mitochondrial oxidative
stress whereas the extrinsic apoptotic pathway is induced
by extrinsic factors which interact with tumor necrosis
factor receptors (TNFR) [12]. Manipulation of apoptosis
in various medical conditions and diseases has become
one of the vital road maps employed by researchers to
improve therapeutic modalities. For cancer cells to avoid
apoptosis, they need to have the suppressing potential of
toxic ROS, which may arise either from induced metabolic
or environmental activities [13]. There are different
forms of ROS with the ability to promote apoptosis in
both normal and cancer cells such as hydrogen peroxide
(H,0,). Therefore, it is critical for researchers involved in
the development of better therapeutic options to consider
optimizing the levels of ROS to be generated during
therapy as it prevents proliferation and cancer recurrence
[14]. In addition, manipulation of apoptosis in the resistant
framework can significantly improve the treatment of
diseases such as cancers.

The regulation of apoptosis is dependent on the
expression of several anti-apoptotic proteins such as
Mcl-1, Bfl-1, Bcel-X;, Bcl-2, Bcel-w, and Bel-B [15].
These anti-apoptotic proteins prevent apoptosis through
inhibition or inactivation of apoptotic proteins (Bak,
Bax, and Bok). Bak, Bax, and Bok are apoptotic proteins
whose function is to promote apoptosis. These three types
of apoptotic proteins perform the same function, they are
responsible for the permeabilization of the mitochondrial
outer membrane which results in the release of cytochrome
¢ [16]. Furthermore, there are five major BH3-only pro-
apoptotic proteins initiators include Bid, Bim, Bad, Noxa,
and Puma. The function of these pro-apoptotic proteins is
to promote apoptosis via the inhibition of anti-apoptotic
factors [17].

PHOTODYNAMIC THERAPY

Photodynamic therapy (PDT) also known as light
therapy is a localized non-surgical therapeutic modality
used in the treatment of various diseases including
different types of cancer. There are different types of
light used in PDT, among them are the blue, and red
light [18]. In this type of therapy, chemical agents known
as photosensitizers are administered in affected body
sites and later exposed to specific wavelengths. Once
exposed to a specific light source for a specified period,
the photosensitizer gets excited, and begins to interact
with molecular oxygen, and initiates the production of
cytotoxic ROS [19]. The consequences of having high
production of ROS in a cell results in oxidative stress

to the vital cellular organelles such as the mitochondria,
endoplasmic reticulum, and peroxisomes. Nucleic
acids (i.e DNA and RNA) are another vital cellular
macromolecules that get damage through ROS-induced
oxidative stress. However, damage to these significant
cellular components may lead to cell dysfunction, and
eventually cell death. Apoptosis is an example of a cell
death mechanism that is demonstrated in PDT of cancer.
With the invention of nanotechnology, photosensitizing
nanoparticles have been synthesised from plants and
used as potent plant-derived anticancer photosensitizing
compounds to enhance the treatment efficacies. In
contrast to synthetic anticancer compounds used in
photodynamic therapy, green synthesised nanocompounds
produce eco-friendly, and cost-effective anticancer agents.
Silver nanoparticles are one of the best examples of such
compounds used in PDT applications [20].

TARGETED CANCER THERAPY

Cancer cells are dependent on dysfunctional
apoptotic pathways for their survival and existence.
There is a variety of DNA repair mechanisms that
have the capacity, and potential to repair dysfunctional
tumor apoptotic pathways and these include cell cycle
checkpoints in G, and G,/M-phase. In cancer therapy,
the development of a targeted approach that induces cell
apoptosis without interfering with the normal physiology
of noncancerous cells is the future therapeutic goal in
cancer treatments. It also aims at halting or interfering
with well-defined molecules that induce tumor cell
proliferation [21]. However, many phytochemicals have
been reported to exhibit targeted apoptotic activities
in many cancers as shown in Table 1. Some of these
compounds are aloe-emodin from Rheum ultimatum,
actinodaphnine from Annona hypoglauca, genistein found
in soybeans, curcumin from curcuma longa, quercetin
found in citrus fruits, green vegetables, onion, apple, and
green tea, resveratrol found in grapes, baicalein from
Scutellaria baicalensis, licochalcone A from Glycyrrhiza
glabra, etc.

Cell cycle and apoptotic signaling pathways play
an essential role in cell development. Under normal
cell physiology, the rate at which cells divide should be
equal to the rate at which cells undergo apoptosis. Two
major pathways (intrinsic and extrinsic) are involved
(Figure 1) to maintain this balance. Apart from these two
major pathways, the third apoptotic pathway a perforin-
granzyme pathway is also involved in homeostasis [25]
(Figure 2).

INTRINSIC PATHWAY
The mechanism of apoptosis in this pathway

targets the mitochondria, and endoplasmic reticulum
(ER) (Figure 1). Different molecules play a significant
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Table 1: Major anticancer compounds from plants and cell death mechanisms

Source/ .. Compounds® Chemical structure® Mechanism of action? Cancer type* Reference
plant origin®
Rheum Aloe-emodin OH O OH Induces the generation of Skin cancer [22-24]
plamatum ROS which causes oxidative
O‘O OH damage to the mitochondrial
outer membrane. Upregulates
o the level of p53 and p21
proteins.
Annona Actinodaphnine Induces apoptosis through HHCM (Mahlavu [25, 26]
hypoglauca ROS-mediated mechanisms. It hepatocellular
targets the caspase apoptotic carcinoma)
pathway through the activation
of caspase 3, 7, and 9.
Soybeans Genistein Targets the ATM/p53 Colon cancer [27]
dependent pathway and arrests
tumor cells at the G, and
mitotic phase (M-phase) of the
cell cycle.
Curcuma Curcumin Inhibits cyclooxygenase Colorectal Cancer [28]
longa (COX-2). Downregulates
the activating protein-1, and
B-catenin transcription factor,
and upregulates the Fas-
mediated apoptotic pathway.
Citrus Quercetin OH Targets and activates caspase 9  Breast, Colorectal, [29-31]
fruits, green OH and induces apoptosis through ~ Lung, Kidney,
vegetables, HO o O the stimulated release of Prostate, and
onion, apples, O | cytochrome c. Pancreatic cancers
and green tea oH
OH O
Grapes Resveratrol OH Targets the CD95 signaling Breast, Colon, Liver, [31, 32]
O pathway. It inhibits the Pancreatic, and ovarian
HO A expression of CDK 2, CDK 4,  cancers
O and CDK 6. It downregulates
the expression of cyclin D (1 &
OH 2) and cyclin E.
Scutellaria Baicalein Inhibits the activity of mitogen- Colon cancer [2,31]
baicalensis ‘ activated protein kinase
HO o (MARPK). It also inhibits the
O | function of topoisomerase 11.
HO
OH O
Glycyrrhiza Licochalcone A o] HC CH, Arrests cell cycle at Gy ,, Brain cancer [2,33]
glabra or M-phase through its
7 Z interactions with cyclin-
dependent kinases (CDKs).
HO H,CO OH

“major source of bioactive compounds used in the treatment of various cancers. plant-derived compounds used in the treatment of cancer. ‘chemical structures
of plant-derived anticancer compounds. “mechanisms of action exhibited by plant-derived bioactive compounds in different cancers. “cancer types treated

using major plant-derived bioactive compounds.

role in this apoptotic pathway. Reactive oxygen spices
(ROS) are chemically reactive molecules containing
oxygen. Increased generation of cellular ROS can lead to
the damage of cell membrane, organelles, nucleic acids,
proteins, lipids as well as activation of apoptotic signaling
pathways [34].

BH3-only pro-apoptotic proteins are a subgroup of
the Bcl-2 family of proteins. Members of these proteins

include Bid, Bad, Bim, Puma, and Noxa. These pro-
apoptotic proteins are capable of binding onto anti-
apoptotic proteins (Bcl-B, Bfl-1, Bcl-2, and/or Mcl-1)
and inhibit their anti-apoptotic activities [19, 35]. Other
than inhibition, BH3-only pro-apoptotic proteins (Bid
and Bim) may indirectly trigger the activation of the
effector multidomain proteins Bax/Bak. Active forms
of Bax and Bak oligomerize and lead to mitochondrial

www.oncotarget.com

1617

Oncotarget



outer membrane permeabilization (MOMP) [36]. Once
the mitochondrial outer membrane has undergone
permeabilization, cytochrome c¢ (cyt c) escapes the
mitochondrion and enters the cytoplasmic matrix where it
later begins to interact with apoptotic protease activating
factor 1 (APAF 1) forming apoptosome which initiates
the activation of caspase-9. Once caspase-9 is activated,
it triggers the activation of pro caspase-3 and further
leads to the execution of cellular apoptosis [37]. It is also
noted that apoptosis can also be induced once the ER
undergoes stress. As the ER undergoes stress, calcium
ions are released into the cytoplasm, where they stimulate
m-calpain to promote the activation of pro caspase-12 to
its active form caspase-12. Activated caspase-12 on the
other hand induces the activation of caspase-9, which

Intrinsic

Pathway
UV, ROS, toxins and
viruses

&

A" cytochromec+ ™)

eventually triggers the activation of effector caspase-3
which induces apoptosis. Another significant protein
released by the ER as it undergoes stress is known as
activating transcription factor 6 alpha (Atf 6-a). The
release of this endoplasmic protein leads to the activation
of C/EBP homologous protein, which eventually leads to
apoptosis as shown in (Figure 1).

EXTRINSIC PATHWAY

The extrinsic pathway is an apoptotic signaling
pathway that is initiated by external signals to induce
apoptosis. The first step in the initiation of this pathway
involves death-ligands binding onto tumor necrosis factor
(TNF) [14]. There are various types of death ligands,

Death receptors (TNFR 1,TNF 6, DR 4, and DR 5)
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Figure 1: Intrinsic and extrinsic apoptotic signaling pathways. Anticancer agents target and interfere with the intrinsic and
extrinsic signaling pathways. Upon treatment with tumor cells, anticancer agents induce ROS generation which eventually leads to damage
of the mitochondrial membrane. Activated Bak/Bax results in mitochondrial permeabilization. Damaged mitochondrial membrane results
in the release of cyt ¢, which triggers the activation of caspase-mediated apoptosis. Endoplasmic reticulum (ER) stress causes the discharge
of calcium ions, which activates the m-calpain caspase-mediated apoptotic pathway. ER stress release activating transcription factor 6
alpha (Atf6-a) leading to apoptosis via activation of C/EBP homologous protein (CHOP). In the extrinsic pathway, the induction of death-
inducing signaling complex (DISC) associated caspase 8 with the activation of apoptosis effector protein caspase 3 as well as BH3-only
pro-apoptotic protein Bid to its active form tBid subsequently stimulates the multidomain pro-apoptotic proteins (Bax/Bak) to exhibit their

activities.
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these include Fas ligand (Fas-L), tumor necrosis-related
apoptosis-inducing ligand (TRAIL), and TNF [38]. The
death receptors (DRs) play a vital role by mitigating the
activation of the extrinsic pathway. Death receptors are a
subunit of the tumor necrosis factor receptor superfamily
[39]. These DRs include TNFR 1, TNF 6, DR 4, and DR 5
[40]. Fas-associated death domain (FADD) is another
essential adaptor protein in the extrinsic pathway that
is bound by initiator pro caspase-8 forming a complete
death-inducing signaling complex (DISC). DISC is a
multiprotein complex that is established by the interactions
between DRs and death effectors of FADD and pro
caspase-8 [41]. Pro caspase-8 is activated by the DISC
and triggers the activation of pro caspase-3 to activated
caspase-3 which will lead to cell death [23].

PERFORIN-GRANZYME PATHWAY

The perforin-granzyme pathway is a cytotoxic
lymphocyte-mediated apoptotic pathway that uses the Fas
ligand (FasL) and perforin-granzyme to induce cellular
apoptosis [42]. Perforin is a protein responsible for the
formation and development of cell membrane pores. There
are three main sources of perforin such as NK cells, CD4

Granzymes and perforin

positive, and CDS positive T-cells [43]. Granzymes are
a family of serine proteases that are contained within
cytotoxic lymphocyte cells [44]. At least five granzymes
such as A, B, H, K, and M have been discovered in
humans [45].

Once granzymes are secreted by cytotoxic
lymphocytes, they begin to enter the target cell. This is
the first and essential step in cell death. In the perforin-
granzyme pathway, granzyme A targets cellular DNA
replication mechanisms which lead to the formation of
single-stranded DNA nicks which eventually lead to cell
dysfunction as illustrated in (Figure 2). It also induces
the destruction of the mitochondrial membrane through
the production of ROS which leads to mitochondrial
dysfunction and eventually cells death [46]. In contrast to
granzyme A, the function of granzyme B is to stimulate
a rapid activation of the caspase-dependant apoptotic
pathway leading to mitochondrial membrane destruction
through cleavage of BH3-only pro-apoptotic protein (Bid).
The interaction of Bid with pro-apoptotic Bcl-2 family
proteins (Bax/Bak) result in the escape of mitochondrial
mediators such as cyt ¢ into the cytoplasm which later
triggers the activation of the caspase dependant pathway
[45].

Perforin-granzyme pathway

i MmﬂHﬂﬂﬂﬂﬂﬂﬁﬂﬂﬂﬂﬂﬂﬂﬂﬁﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂﬂ

7
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Granzyme B

DNA damage
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Figure 2: Perforin-granzyme NK cells mediated apoptotic pathway. Granzyme A activates the caspase-independent pathway
and results in DNA damage and apoptosis. Granzyme B initiates the caspase-dependent pathway via Bax/Bak interactions with the
mitochondria and releases cytochrome c. The discharge of cytochrome ¢ from the mitochondrion leads to apoptosome formation with the
aid from apoptotic activator protease factor 1 (Apaf-1) and pro caspase-9 which in the process gets activated and initiates the stimulation

effector caspase-3 and induces apoptosis.
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Table 2: Classification, role, and interaction of Bcl-2 family proteins in cancer

Bel-2 family protein

Bel-2 family interacting

RN .
(Sub-family)® Activity' Role in cancer* proteins¢ References
Bax Pro-apoptotic Targets the endoplasmic reticulum, and the Mcl-1, Bfl-1, Bel-X, Bel-2, [47, 55, 56]
(Multidomain) effector mitochondria. When activated, it promotes Bcl-w, Bcl-B, Puma, Bim, and
mitochondrial fusion in non-cancerous cells and fission  tBid
in apoptotic cells.
Bak Pro-apoptotic Binds to the mitochondrial outer membrane (MOM) and  Mcl-1, Bfl-1, Bcl-X;, Puma, Bim, [47, 55, 57]
(Multidomain) effector endoplasmic reticulum membrane (ERM). It promotes and tBid
mitochondrial fusion in normal cells and fission in
apoptotic cells.
Bok Pro-apoptotic Targets MOM and promotes MOMP. Its induction in Mcl-1 and Bfl-1 [55-58]
(Multidomain) effector apoptosis is independent of BH3-only activation.
Bid Pro-apoptotic Upon its activation by caspase 8, tBid gets confined Mcl-1, Bfl-1, Bel-X, Bel-2, [51, 55, 56]
(BH3-Only) initiator within the location of MOM. It promotes apoptosis Bcl-w, Bcl-B, Bax, and Bak
via the activation of apoptotic proteins (Bax/Bak) to
permeabilize MOM.
Bim Pro-apoptotic Inhibits anti-apoptotic proteins. It directly binds and Mcl-1, Bfl-1, Bel-X;, Bel-2, [55, 59]
(BH3-Only initiator activates multidomain pro-apoptotic effectors. Bcl-w, Bcl-B, Bax, and Bak
Bad Pro-apoptotic Inhibits anti-apoptotic proteins which allow the Bcl-2, Bel-X, and, Bel-w [55,59]
(BH3-Only) initiator activation of multidomain pro-apoptotic effectors.
Noxa Pro-apoptotic Inhibits anti-apoptotic proteins which allow the Mcl-1, and Bfl-1 [55, 59]
(BH3-Only) initiator activation of multidomain pro-apoptotic effectors.
Puma Pro-apoptotic Inhibits anti-apoptotic proteins. It directly binds and Mcl-1, Bfl-1, Bel-X, Bel-2, [55,59]
(BH3-Only) initiator activates multidomain pro-apoptotic effectors. Bcl-w, Bax, and Bak
Bcl-B Anti-apoptotic Selectively inhibits Bax pro-apoptotic effector and BH3- Bax, Bim and, tBid [55, 57, 59]
factor only pro-apoptotic initiators.
Bel-w Anti-apoptotic ~ Inhibits Bax pro-apoptotic effector and BH3-only pro- Bax, Bad, Bim, tBid and, puma [55,57,59]
factor apoptotic initiators.
Bcl-2 Anti-apoptotic Inhibits both pro-apoptotic effectors and BH3-only pro-  Bax, Bad, Bim, tBid and, Puma [55, 57, 59]
factor apoptotic initiators.
Bel-X, Anti-apoptotic Inhibits both pro-apoptotic effectors and BH3-only pro-  Bax, Bak, Bad, Bim, tBid and, [55, 57, 59]
factor apoptotic initiators. puma
Bfl-1 Anti-apoptotic Inhibits both pro-apoptotic effectors and BH3-only pro- ~ Bax, Bak, Bok, Bim, tBid, Noxa [55, 57, 59]
factor apoptotic initiators. and, puma
Mcl-1 Anti-apoptotic Inhibits both pro-apoptotic effectors and BH3-only pro-  Bax, Bak, Bim, tBid, Noxa and, [55, 57, 59]

factor apoptotic initiators.

Puma

*member of the Bcl-2 family of proteins expressed in various types of cancer. *apoptotic activities of members of proteins belonging to the Bcl-2 family of
proteins. ‘roles of various members of the Bcl-2 family of proteins in cancer. ‘interactions of different members of the Bcl-2 family of proteins in cancer.

PRO-APOPTOTIC AND ANTI-APOPTOTIC
PROTEINS

Pro-apoptotic and anti-apoptotic proteins are
a group of proteins that belongs to the Bcl-2 family of
proteins. Pro-apoptotic proteins promote apoptosis, and
they are divided into two subgroups; multidomain pro-
apoptotic proteins that consist of Bak, Bax, and Bok and
the BH3-only pro-apoptotic proteins that consist of Bid,
Bim, Bad, Noxa and, Puma. Anti-apoptotic proteins are
proteins that inhibit apoptosis, and these consist of Mcl-1,
Bfl-1, Bcl-X;, Bel-2, Bel-w, and Bel-B [47].

There are various factors identified with a significant
role in the cellular apoptotic process. The most important
ones include the Bcel-2 family proteins, caspases (casp),
and p53 [48, 49]. The fundamental role of these proteins
includes the regulation, activation, or inactivation of the

pro-apoptotic and anti-apoptotic factors [50]. Inhibition of
pro-apoptotic multidomain Bax/Bak is the critical feature
of oncogenesis. Similarly, the elevation of anti-apoptotic
proteins promotes restrictions of apoptotic activities in
tumor cells as well as the development of resistance to the
immune system [35].

Bcl-2 family of proteins

Bcl-2 family of proteins is a group of proteins
that control cell death through direct interaction with
the mitochondrial outer membrane. The Bcl-2 family
of proteins is divided into three subgroups based
on their function [50] as shown in Table 2. Their
interactions with mitochondrial membrane may lead
to mitochondrial outer membrane permeabilization
(MOMP) and eventually induces the discharge of
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mitochondrial intermembrane proteins which include
pro-apoptogenic factor cyt ¢ into the cytoplasmic space.
To initiate MOMP, there is supposed to be a balance
between pro-and anti-apoptotic Bcl-2 family proteins
in the cytoplasm [35]. The release of cyt ¢ leads to the
initiation of caspase-mediated apoptosis [51]. The role
of anti-apoptotic proteins (Bcl-B, Bcl-2, Bfl-1, Bel-w,
Bcel-xL, and Mcl-1) is to avert cyt ¢ release and preserve
the integrity of the mitochondria while Bax, Bak, and
Bok promote MOMP [35].

Another subgroup of Bcl-2 family protein also
known as single pro-apoptotic BH3-only proteins is
comprised of pro-apoptotic proteins Bim, Bad, Bid,
Puma, and Noxa [35]. The role of Bim and Bid in the
tumor apoptotic pathway is to directly bind and induce the
activation of Bak/Bax. Genetic interference with Bid and
Bim may result in the modest decline of intrinsic apoptotic
activities. Puma genes are essential in the regulation of
cellular apoptosis. They are p53 upregulated apoptotic
moderators, once activated they produce two transcripts;
puma — o and B which activate Bax and Bak via the action
of Bid and Bim [52]. Unlike other BH3-only pro-apoptotic
proteins that can bind to all anti-apoptotic proteins, Noxa
can bind to Bfl-1/A1, and Mcl-1 [53]. Just like other BH3-
only family proteins, Bcl-2 associated agonist of cell
death (Bad) triggers the initiation of tumour cell death by
binding and neutralization Bcl-xL anti-apoptotic protein
[54] (Figure 3).

——

Caspases

Caspases belong to a family of proteolytic enzymes
that play an important role in triggering the activation of
apoptotic pathways. Based on their apoptotic function,
caspases are subcategorized into initiator caspases which
include caspase- 2, 8, 9, and 10. Examples of executioner
caspases include caspase- 3, 6, and 7 [60]. Although the
structure and function of caspase-2 are indistinguishable
from other initiator caspases, its mechanism of action
in apoptosis is less clear [61]. In the intrinsic pathway,
recruitment of adaptor protein FADD the initiator of
caspase-8 activations is initiated through their interactions
with death ligand receptors. The activated form of
caspase-8 activates the intrinsic pathway via the action
of Bid. This whole process promotes the formation of
MOMP and eventually, leakage of cytochrome c into the
cytoplasmic space. The formation of apoptosome by the
cyt ¢ and Apaf-1 leads to the activation of caspase-9. The
activated form of caspase-8 and caspase-9 can induce
the activation of effector caspase that directly stimulates
apoptosis caspase- 3, 6, and 7 [62].

P53 gene

Tumor suppressor gene TP53 is a gene that codes
for tumor suppressor protein 53 (p53), which plays a
significant function in tumor cell death. The p53 protein

—

'MOMP |

Figure 3: Regulation and interaction of Bcl-2 family proteins in apoptosis. Activated tBid and Puma inhibit anti-apoptotic
proteins (Bcl-2, Bel-w, Bfl-1, Bel-X|, and Mcl-1) whereas activated pro-apoptotic initiator Bim inhibits anti-apoptotic proteins (Bcl-B,
Bcl-2, Bel-w, Bfl-1, Bel-X, , and Mcl-1). Pro-apoptotic BH3-only protein Bad inhibits anti-apoptotic proteins of (Bcl-w, Bcl-X, and Bcl-2)
while Noxa binds preferentially onto anti-apoptotic proteins (Mcl-1, and Bfl-1) and inhibit their activity in apoptosis. Activated apoptotic
initiators (Bim, tBid, and Puma) initiate the activation of pro-apoptotic effectors (Bax/Bak or Bok) which leads to MOMP. Pro-apoptotic
effectors are inhibited by anti-apoptotic proteins (Mcl-1, Bfl-1, Bcl-X;, Bcl-2, Bel-w, and Bcl-B).
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is a transcriptional factor that regulates the transcription
of target genes [63]. In most cases, pS3 protein gets
activated after DNA damage and later induces specific
sequences that mediate apoptosis. Upon activation,
p53 protein does not only prevent the transformation of
tumor cells but also aims at eradicating cancerous cells
[50]. In mammalian cells, p53 plays a significant role by
regulating postmitotic checkpoints to prevent replication
errors. Cell cycle arrests help the cells to improve their
chances of survival by allowing possible repair time [64].
Gene expression studies conducted on mice showed that
p53 upregulates the activation of p21 a cyclin-dependent
kinase inhibitor (CDKI). However, the expression of p21
is mediated, and linked to the action of p53 [49]. PUMA is
one of the critical members BH3-only family that induces
apoptosis via the p53. It also induces the initiation of
caspase cascade through modulation of Bax activities to
aid the release of cyt ¢ from mitochondria [65]. In normal
cells, the level of p53 is regulated and maintained by
mouse double minute 2 (MDM2) which binds to p53 and
regulates its activity by facilitating its degradation [66].

CELL CYCLE CHECKPOINTS AND
ARREST

The cell cycle checkpoints are an essential machinery
component of cellular surveillance that monitors the
integrity and fidelity of significant proceedings of the cell

77N\

N, )

Chemical
exposure

Apoptotic
proteins

.0
OOQ
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1. Cyclin A,B,D and E 0
2. Cyclin-dependant kinase
(CDKs) v @
TUMOR SUPPRESSORS
1. p53 and, p21
Apoptosis

Qleclin A+CDK1,2
y

cycle. It involves a chain of processes before the division
of a parent cell into two progenies [67]. The cell cycle
process consolidates five different phases which include
G, 1.2 S, and M-phases. These phases are regulated by
three checkpoints (G, , and,). Progression from one
phase to another is regulated by CDK levels [68]. Cyclin-
dependent kinases are regulatory enzymes that regulate
proliferation via the regulation of distinct checkpoints of
the cell cycle [69]. CDKs belong to a group of threonine-
specific protein kinases. Their activation is dependent on
the availability of cyclins [70].

The unregulated proliferation of cells may result
from oncogene activation and inactivation of tumor
suppressor genes such as the p53 gene. Mutation of these
genes may result in overexpression of the genes which will
allow the cells to bypass cellular checkpoints or may lead
to cell cycle arrest [71] as shown in (Figure 4). However,
cells do have a mechanism that prevents the progression
of cells with damaged DNA from entering either the G,
or G, phases of the cell cycle. In a case where DNA gets
damaged, the levels of p53 in the cell increase. The p53
can act as a transcription factor in the regulation of cell
growth [72]. It promotes the expression of p21 proteins and
transcription induction of pro-apoptotic proteins such as
the BH3-only proteins. To halt the cell from entering into
different phases of the cycle, p21 binds onto cyclins and
CDKs thereby inhibiting their oncogenic activities in G, ,,
and S phases of the cell cycle [73] as shown in (Figure 4).

Spindle assembly checkpoint

I’Qleclin D + CDK 4,6‘

LQ[Cyclin E+ CDK 2 |

Figure 4: Cell cycle checkpoints and their role in cancer cell death. The G, checkpoint checks for nutrients, growth factors,
and the integrity of DNA. In the G, phase, the G, checkpoint checks for cell size. In case of DNA damage, the G, checkpoint allows the
damaged DNA to repair. Spindle cell cycle checkpoint checks for chromosomal attachment at the spindle i.e., before division. p53 initiates
the expression of p21 proteins which down-regulates the activity of cyclins and CDKs and leads to cell cycle arrest.
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CONCLUSION AND FUTURE
PERSPECTIVES

In conclusion, Bcl-2 family proteins, caspases, and
p53 play a significant role in apoptosis. Other than pro-
apoptotic and anti-apoptotic proteins, it is more evident
that other mitochondrial components such as cytochrome
¢ contribute to the execution of the MOMP and cellular
apoptosis. Another fascinating issue is that these proteins
regulate intrinsic and extrinsic apoptosis. There are various
ways through which tumor cell apoptosis is induced, they
include intrinsic stress to the endoplasmic reticulum or
mitochondria. Cellular DNA damage is also known for
inducing the initiation process of apoptosis through a
caspase-mediated apoptotic pathway. The significance of
death receptors in tumor cell death is to induce the initiation
of the extrinsic apoptotic pathway. The interactions of cell
cycle regulators with apoptotic factors have a great impact
on the fate of cell survival in multicellular organisms. The
discovery of these proteins is helpful in the development
of therapeutic approaches with improved selectivity and
reduced side effects. Natural products may be a possible
therapeutic agent alongside photodynamic therapy for the
control and treatment of cancer. The use of nanoparticles
is a promising therapeutic modality for the treatment of
cancer. However, the use of plant-derived compounds
and extracts in the synthesis of potent nanoparticles of
medicinal application is one of the novel are of research
that needs to be explored. This is because of the presence
of diversified bioactive anticancer phytocompounds that
are less toxic to humans, eco-friendly, and cost-effective.

Author contributions

Conceptualization and writing, A.C.; conceptualization,
review and editing, B.P.G., review and editing H.A.;
supervision, B.P.G. and H.A. All authors have read and agreed
to the published version of the manuscript.

ACKNOWLEDGMENTS

The authors sincerely thank the Department
of Science and Technology and National Research
Foundation (NRF) of South Africa, Laser Research Centre
(LRC), University of Johannesburg, and the African Laser
Centre (ALC) for the support.

CONFLICTS OF INTEREST
Authors have no conflicts of interest to declare.

FUNDING

This work is supported by the South African
Research Chairs initiative of the Department of science

and technology and National Research Foundation of
South Africa (Grant No 98337), as well as grants received
from the University Research Committee (URC),
University of Johannesburg, Council for Scientific and
Industrial Research (CSIR)-National Laser Centre (NLC),
and African Laser Centre (ALC).

REFERENCES

1. Hassanpour SH, Dehghani M. Review of cancer from
perspective of molecular. Journal of Cancer Research
and Practice. 2017; 4:127-29. https://doi.org/10.1016/].

2. Chota A, George BP, Abrahamse H. Potential Treatment of
Breast and Lung Cancer Using Dicoma anomala, an African
Medicinal Plant. Molecules. 2020; 25:4435. https://doi.
org/10.3390/molecules25194435. [PubMed]

3. Sung H, Ferlay J, Siegel RL, Laversanne M, Soerjomataram
I, Jemal A, Bray F. Global Cancer Statistics 2020:
GLOBOCAN Estimates of Incidence and Mortality
Worldwide for 36 Cancers in 185 Countries. CA Cancer J
Clin. 2021; 71:209-49. https://doi.org/10.3322/caac.21660.
[PubMed]

4. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020.
CA Cancer J Clin. 2020; 70:7-30. https://doi.org/10.3322/
caac.21590. [PubMed]

5. Rebbeck TR. Cancer in sub-Saharan Africa. Science.
2020; 367:27-28. https://doi.org/10.1126/science.aay4743.
[PubMed]

6. World Health Organization. Cancer today. International

Agency for Research on Cancer. 2020. http://gco.iarc.fr/

today/home.

7. Goding Sauer A, Siegel RL, Jemal A, Fedewa SA. Current
Prevalence of Major Cancer Risk Factors and Screening
Test Use in the United States: Disparities by Education and
Race/Ethnicity. Cancer Epidemiol Biomarkers Prev. 2019;
28:629-42.  https://doi.org/10.1158/1055-9965.EPI-18-
1169. [PubMed]

8. Sauer AG, Siegel RL, Jemal A, Fedewa SA. Updated
Review of Prevalence of Major Risk Factors and Use of
Screening Tests for Cancer in the United States. Cancer
Epidemiol Biomarkers Prev. 2017; 26:1192-208. https:/
doi.org/10.1158/1055-9965.EP1-17-0219. [PubMed]

9. Pucci C, Martinelli C, Ciofani G. Innovative approaches

for cancer treatment: current perspectives and new
challenges. Ecancermedicalscience. 2019; 13:961. https://
doi.org/10.3332/ecancer.2019.961. [PubMed]

10. Chota A, Kruger W, Pienaar J. Immunotherapy for
Treatment of Resistant Cancer. Journal of Medical

Laboratory Science & Technology of South Africa. 2019;
1:18-24.

11. Campbell KJ, Tait SWG. Targeting BCL-2 regulated
apoptosis in cancer. Open Biol. 2018; 8:180002. https://doi.
0rg/10.1098/rsob.180002. [PubMed]

www.oncotarget.com

Oncotarget


https://doi.org/10.1016/j.jcrpr.2017.07.001
https://doi.org/10.1016/j.jcrpr.2017.07.001
https://doi.org/10.3390/molecules25194435
https://doi.org/10.3390/molecules25194435
https://pubmed.ncbi.nlm.nih.gov/32992537
https://doi.org/10.3322/caac.21660
https://pubmed.ncbi.nlm.nih.gov/33538338
https://doi.org/10.3322/caac.21590
https://doi.org/10.3322/caac.21590
https://pubmed.ncbi.nlm.nih.gov/31912902
https://doi.org/10.1126/science.aay4743
https://pubmed.ncbi.nlm.nih.gov/31896706
http://gco.iarc.fr/today/home
http://gco.iarc.fr/today/home
https://doi.org/10.1158/1055-9965.EPI-18-1169
https://doi.org/10.1158/1055-9965.EPI-18-1169
https://pubmed.ncbi.nlm.nih.gov/30944145
https://doi.org/10.1158/1055-9965.EPI-17-0219
https://doi.org/10.1158/1055-9965.EPI-17-0219
https://pubmed.ncbi.nlm.nih.gov/28515109
https://doi.org/10.3332/ecancer.2019.961
https://doi.org/10.3332/ecancer.2019.961
https://pubmed.ncbi.nlm.nih.gov/31537986
https://doi.org/10.1098/rsob.180002
https://doi.org/10.1098/rsob.180002
https://pubmed.ncbi.nlm.nih.gov/29769323

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Ludwig LM, Nassin ML, Hadji A, LaBelle JL. Killing
Two Cells with One Stone: Pharmacologic BCL-2 Family
Targeting for Cancer Cell Death and Immune Modulation.
Front Pediatr. 2016; 4:135. https://doi.org/10.3389/
fped.2016.00135. [PubMed]

Reczek CR, Chandel NS. ROS Promotes Cancer Cell
Survival through Calcium Signaling. Cancer Cell. 2018;
33:949-51.  https://doi.org/10.1016/j.ccell.2018.05.010.
[PubMed]

Reczek CR, Chandel NS. The Two Faces of Reactive
Oxygen Species in Cancer. Annu Rev Cancer Biol.
2017; 1:79-98. https://doi.org/10.1146/annurev-
cancerbio-041916-065808.

Rooswinkel RW, van de Kooij B, Verheij M, Borst J.
Bcl-2 is a better ABT-737 target than Bcl-xL or Bel-w
and only Noxa overcomes resistance mediated by Mcl-1,
Bfl-1, or Bcl-B. Cell Death Dis. 2012; 3:e366. https://doi.
org/10.1038/cddis.2012.109. [PubMed]

Westphal D, Kluck RM, Dewson G. Building blocks of
the apoptotic pore: how Bax and Bak are activated and
oligomerize during apoptosis. Cell Death Differ. 2014;
21:196-205. https://doi.org/10.1038/cdd.2013.139.
[PubMed]

Holzerland J, Fénéant L, Banadyga L, Holper JE, Knittler
MR, Groseth A. BH3-only sensors Bad, Noxa and Puma are
Key Regulators of Tacaribe virus-induced Apoptosis. PLoS
Pathog. 2020; 16:¢1008948. https://doi.org/10.1371/journal.
ppat.1008948. [PubMed]

Quéreux G, Brocard A, Saint-Jean M, Peuvrel L, Knol AC,
Allix R, Khammari A, Renaut JJ, Dréno B. Photodynamic
therapy with methyl-aminolevulinic acid for paucilesional

mycosis fungoides: a prospective open study and review
of the literature. ] Am Acad Dermatol. 2013; 69:890-97.
https://doi.org/10.1016/j.jaad.2013.07.047. [PubMed]
Elkholi R, Floros KV, Chipuk JE. The Role of BH3-Only
Proteins in Tumor Cell Development, Signaling, and
Treatment. Genes Cancer. 2011; 2:523-37. https://doi.
org/10.1177/1947601911417177. [PubMed]

Ahmad S, Munir S, Zeb N, Ullah A, Khan B, Ali J,
Bilal M, Omer M, Alamzeb M, Salman SM, Ali S.
Green nanotechnology: a review on green synthesis

of silver nanoparticles - an ecofriendly approach. Int J
Nanomedicine. 2019; 14:5087-107. https://doi.org/10.2147/
IJN.S200254. [PubMed]

Nambiar S, Hegde V. Apoptosis in cancer therapy. Journal

of Medicine, Radiology, Pathology and Surgery. 2016;
3:10-14. https://doi.org/10.15713/ins.jmrps.68.

Dong X, Fu J, Yin X, Qu C, Yang C, He H, Ni J. Induction
of Apoptosis in HepaRG Cell Line by Aloe-Emodin
through Generation of Reactive Oxygen Species and the
Mitochondrial Pathway. Cell Physiol Biochem. 2017,
42:685-96. https://doi.org/10.1159/000477886. [PubMed]
Pfeffer CM, Singh ATK. Apoptosis: A Target for Anticancer
Therapy. Int J Mol Sci. 2018; 19:448. https:/doi.
org/10.3390/ijms19020448. [PubMed]

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Agarwal P, Fatima A, Alok S, Singh P, Verma A. An Update
on Disease Profile Of Cancer With Herbal Treatment.
Int J Pharm Sci Res. 2013; 4:2067-79. http://dx.doi.
org/10.13040/1JPSR.0975-8232.4(6).2067-79.

Kumar M, Kaur V, Kumar S, Kaur S. Phytoconstituents
as apoptosis inducing agents: strategy to combat cancer.
Cytotechnology. 2016; 68:531-63. https://doi.org/10.1007/
$10616-015-9897-2. [PubMed]

Rinaldi MVN, Diaz IEC, Suffredini IB, Moreno PRH.
Alkaloids and biological activity of beriba (Annona

hypoglauca). Rev Bras Farmacogn. 2017; 27:77-83. https:/
doi.org/10.1016/.bjp.2016.08.006.

Zhang Z, Wang CZ, Du GJ, Qi LW, Calway T, He TC,
Du W, Yuan CS. Genistein induces G2/M cell cycle arrest
and apoptosis via ATM/p53-dependent pathway in human
colon cancer cells. Int J Oncol. 2013; 43:289-96. https://
doi.org/10.3892/ij0.2013.1946. [PubMed]

Ismail NI, Othman I, Abas F, Lajis NH, Naidu R.
Mechanism of Apoptosis Induced by Curcumin in
Colorectal Cancer. Int J Mol Sci. 2019; 20:2454. https:/
doi.org/10.3390/ijms20102454. [PubMed]

Anand David AV, Arulmoli R, Parasuraman S. Overviews

of Biological Importance of Quercetin: A Bioactive
Flavonoid. Pharmacogn Rev. 2016; 10:84-89. https://doi.
0rg/10.4103/0973-7847.194044. [PubMed]

Shafabakhsh R, Asemi Z. Quercetin: a natural compound

for ovarian cancer treatment. J Ovarian Res. 2019; 12:55.
https://doi.org/10.1186/s13048-019-0530-4. [PubMed]

Safarzadeh E, Sandoghchian Shotorbani S, Baradaran
B. Herbal medicine as inducers of apoptosis in cancer
treatment. Adv Pharm Bull. 2014 (Suppl 1); 4:421-27.
https://doi.org/10.5681/apb.2014.062. [PubMed]

Ko JH, Sethi G, Um JY, Shanmugam MK, Arfuso F, Kumar
AP, Bishayee A, Ahn KS. The Role of Resveratrol in
Cancer Therapy. Int J Mol Sci. 2017; 18:2589. https://doi.
0rg/10.3390/ijms 18122589. [PubMed]

Lu WJ, Wu GJ, Chen RJ, Chang CC, Lien LM, Chiu CC,
Tseng MF, Huang LT, Lin KH. Licochalcone A attenuates
glioma cell growth in vitro and in vivo through cell
cycle arrest. Food Funct. 2018; 9:4500-07. https://doi.
org/10.1039/c8f000728d. [PubMed]

Redza-Dutordoir M, Averill-Bates DA. Activation of
apoptosis signalling pathways by reactive oxygen species.
Biochim Biophys Acta. 2016; 1863:2977-92. https://doi.
org/10.1016/j.bbamcr.2016.09.012. [PubMed]

Jan R, Chaudhry GE. Understanding Apoptosis and
Apoptotic Pathways Targeted Cancer Therapeutics. Adv
Pharm Bull. 2019; 9:205-18. https://doi.org/10.15171/
apb.2019.024. [PubMed]

Zhang J, Huang K, O’Neill KL, Pang X, Luo X. Bax/Bak
activation in the absence of Bid, Bim, Puma, and p53.
Cell Death Dis. 2016; 7:€2266. https://doi.org/10.1038/
cddis.2016.167. [PubMed]

www.oncotarget.com

1624

Oncotarget


https://doi.org/10.3389/fped.2016.00135
https://doi.org/10.3389/fped.2016.00135
https://pubmed.ncbi.nlm.nih.gov/28066751
https://doi.org/10.1016/j.ccell.2018.05.010
https://pubmed.ncbi.nlm.nih.gov/29894695
https://doi.org/10.1146/annurev-cancerbio-041916-065808
https://doi.org/10.1146/annurev-cancerbio-041916-065808
https://doi.org/10.1038/cddis.2012.109
https://doi.org/10.1038/cddis.2012.109
https://pubmed.ncbi.nlm.nih.gov/22875003
https://doi.org/10.1038/cdd.2013.139
https://pubmed.ncbi.nlm.nih.gov/24162660
https://doi.org/10.1371/journal.ppat.1008948
https://doi.org/10.1371/journal.ppat.1008948
https://pubmed.ncbi.nlm.nih.gov/33045019
https://doi.org/10.1016/j.jaad.2013.07.047
https://pubmed.ncbi.nlm.nih.gov/24041738
https://doi.org/10.1177/1947601911417177
https://doi.org/10.1177/1947601911417177
https://pubmed.ncbi.nlm.nih.gov/21901166
https://doi.org/10.2147/IJN.S200254
https://doi.org/10.2147/IJN.S200254
https://pubmed.ncbi.nlm.nih.gov/31371949
https://doi.org/10.15713/ins.jmrps.68
https://doi.org/10.1159/000477886
https://pubmed.ncbi.nlm.nih.gov/28618413
https://doi.org/10.3390/ijms19020448
https://doi.org/10.3390/ijms19020448
https://pubmed.ncbi.nlm.nih.gov/29393886
http://dx.doi.org/10.13040/IJPSR.0975-8232.4(6).2067-79
http://dx.doi.org/10.13040/IJPSR.0975-8232.4(6).2067-79
https://doi.org/10.1007/s10616-015-9897-2
https://doi.org/10.1007/s10616-015-9897-2
https://pubmed.ncbi.nlm.nih.gov/26239338
https://doi.org/10.1016/j.bjp.2016.08.006
https://doi.org/10.1016/j.bjp.2016.08.006
https://doi.org/10.3892/ijo.2013.1946
https://doi.org/10.3892/ijo.2013.1946
https://pubmed.ncbi.nlm.nih.gov/23686257
https://doi.org/10.3390/ijms20102454
https://doi.org/10.3390/ijms20102454
https://pubmed.ncbi.nlm.nih.gov/31108984
https://doi.org/10.4103/0973-7847.194044
https://doi.org/10.4103/0973-7847.194044
https://pubmed.ncbi.nlm.nih.gov/28082789
https://doi.org/10.1186/s13048-019-0530-4
https://pubmed.ncbi.nlm.nih.gov/31202269
https://doi.org/10.5681/apb.2014.062
https://pubmed.ncbi.nlm.nih.gov/25364657
https://doi.org/10.3390/ijms18122589
https://doi.org/10.3390/ijms18122589
https://pubmed.ncbi.nlm.nih.gov/29194365
https://doi.org/10.1039/c8fo00728d
https://doi.org/10.1039/c8fo00728d
https://pubmed.ncbi.nlm.nih.gov/30083664
https://doi.org/10.1016/j.bbamcr.2016.09.012
https://doi.org/10.1016/j.bbamcr.2016.09.012
https://pubmed.ncbi.nlm.nih.gov/27646922
https://doi.org/10.15171/apb.2019.024
https://doi.org/10.15171/apb.2019.024
https://pubmed.ncbi.nlm.nih.gov/31380246
https://doi.org/10.1038/cddis.2016.167
https://doi.org/10.1038/cddis.2016.167
https://pubmed.ncbi.nlm.nih.gov/27310874

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Suhaili SH, Karimian H, Stellato M, Lee TH, Aguilar MI.
Mitochondrial outer membrane permeabilization: a focus on
the role of mitochondrial membrane structural organization.
Biophys Rev. 2017; 9:443-57. https://doi.org/10.1007/
s12551-017-0308-0. [PubMed]

O’ Reilly E, Tirincsi A, Logue SE, Szegezdi E. The
Janus Face of Death Receptor Signaling during Tumor
Immunoediting. Front Immunol. 2016; 7:446. https://doi.
org/10.3389/fimmu.2016.00446. [PubMed]

Liu W, Vetreno RP, Crews FT. Hippocampal TNF-death
receptors, caspase cell death cascades, and IL-8 in alcohol
use disorder. Mol Psychiatry. 2020; 10.1038/s41380-
020-0698-4. https://doi.org/10.1038/s41380-020-0698-4.
[PubMed]

Ukrainskaya VM, Stepanov AV, Glagoleva IS, Knorre
VD, Belogurov AAJ, Gabibov AG. Death Receptors: New
Opportunities in Cancer Therapy. Acta Naturae. 2017; 9:55—
63. [PubMed]

Yang JK. Death effecter domain for the assembly of death-
inducing signaling complex. Apoptosis. 2015; 20:235-39.
https://doi.org/10.1007/s10495-014-1060-6. [PubMed]
Vermijlen D, Luo D, Froelich CJ, Medema JP, Kummer JA,
Willems E, Braet F, Wisse E. Hepatic natural killer cells
exclusively kill splenic/blood natural killer-resistant tumor

cells by the perforin/granzyme pathway. J Leukoc Biol.
2002; 72:668-76. [PubMed]

Osinska I, Popko K, Demkow U. Perforin: an important player
in immune response. Cent Eur J Immunol. 2014; 39:109-15.
https://doi.org/10.5114/ceji.2014.42135. [PubMed]
Garcia-Laorden M1, Stroo I, Blok DC, Florquin S, Medema
JP, de Vos AF, van der Poll T. Granzymes A and B Regulate
the Local Inflammatory Response during Klebsiella
pneumoniae Pneumonia. J Innate Immun. 2016; 8:258-68.
https://doi.org/10.1159/000443401. [PubMed]

Yang J, Pemberton A, Morrison W1, Connelley T. Correction

for Yang et al., “Granzyme B Is an Essential Mediator in
CD8+ T Cell Killing of Theileria parva-Infected Cells”.
Infect Immun. 2019; 87:¢00548-19. https://doi.org/10.1128/
IAL.00548-19. [PubMed]

Kiselevsky DB. Granzymes and Mitochondria.
Biochemistry (Mosc). 2020; 85:131-39. https://doi.
org/10.1134/50006297920020017. [PubMed]

Shamas-Din A, Kale J, Leber B, Andrews DW. Mechanisms
of action of Bcl-2 family proteins. Cold Spring Harb
Perspect Biol. 2013; 5:a008714. https://doi.org/10.1101/
cshperspect.a008714. [PubMed]

Kim J, Yang Y, Song SS, Na JH, Oh KJ, Jeong C, Yu YG,
Shin YK. Beta-amyloid oligomers activate apoptotic BAK

pore for cytochrome c release. Biophys J. 2014; 107:1601—
08. https://doi.org/10.1016/j.bpj.2014.07.074. [PubMed]

Aubrey BJ, Kelly GL, Janic A, Herold MJ, Strasser A. How
does p53 induce apoptosis and how does this relate to pS3-

mediated tumour suppression? Cell Death Differ. 2018;
25:104—13. https://doi.org/10.1038/cdd.2017.169. [PubMed]

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Pistritto G, Trisciuoglio D, Ceci C, Garufi A, D’Orazi
G. Apoptosis as anticancer mechanism: function and
dysfunction of its modulators and targeted therapeutic
strategies. Aging (Albany NY). 2016; 8:603—19. https://doi.
org/10.18632/aging.100934. [PubMed]

Kale J, Osterlund EJ, Andrews DW. BCL-2 family
proteins: changing partners in the dance towards death.
Cell Death Differ. 2018; 25:65-80. https://doi.org/10.1038/
¢dd.2017.186. [PubMed]

Zhang LN, Li JY, Xu W. A review of the role of Puma, Noxa
and Bim in the tumorigenesis, therapy and drug resistance

of chronic lymphocytic leukemia. Cancer Gene Ther. 2013;
20:1-7. https://doi.org/10.1038/cgt.2012.84. [PubMed]
Wei AH, Roberts AW, Spencer A, Rosenberg AS, Siegel
D, Walter RB, Caenepeel S, Hughes P, Mclver Z, Mezzi
K, Morrow PK, Stein A. Targeting MCL-1 in hematologic
malignancies: Rationale and progress. Blood Rev. 2020;
44:100672.  https://doi.org/10.1016/j.blre.2020.100672.
[PubMed]

Bogdat MN, Hat B, Kochanczyk M, Lipniacki T. Levels
of pro-apoptotic regulator Bad and anti-apoptotic regulator
Bcl-xL determine the type of the apoptotic logic gate. BMC
Syst Biol. 2013; 7:67. https://doi.org/10.1186/1752-0509-7-
67. [PubMed]

Adams CM, Clark-Garvey S, Porcu P, Eischen CM.
Targeting the Bcl-2 Family in B Cell Lymphoma.
Front Oncol. 2019; 8:636. https://doi.org/10.3389/
fonc.2018.00636. [PubMed]

Dai H, Meng W, Kaufmann S. BCL2 Family, Mitochondrial
Apoptosis, and Beyond. Cancer Transl Med. 2016; 2:7.
https://doi.org/10.4103/2395-3977.177558.

Klanova M, Klener P. BCL-2 Proteins in Pathogenesis
and Therapy of B-Cell Non-Hodgkin Lymphomas.
Cancers (Basel). 2020; 12:938. https://doi.org/10.3390/
cancers12040938. [PubMed]

Brem EA, Letai A. BOK: Oddball of the BCL-2
Family. Trends Cell Biol. 2016; 26:389-90. https://doi.
0rg/10.1016/1.tcb.2016.04.007. [PubMed]

Rautureau GJ, Yabal M, Yang H, Huang DC, Kvansakul
M, Hinds MG. The restricted binding repertoire of Bcl-B
leaves Bim as the universal BH3-only prosurvival Bcl-2

protein antagonist. Cell Death Dis. 2012; 3:e443. https:/
doi.org/10.1038/cddis.2012.178. [PubMed]

Boice A, Bouchier-Hayes L. Targeting apoptotic
caspases in cancer. Biochim Biophys Acta Mol Cell
Res. 2020; 1867:118688. https://doi.org/10.1016/].
bbamcr.2020.118688. [PubMed]

Parrish AB, Freel CD, Kornbluth S. Cellular mechanisms
controlling caspase activation and function. Cold Spring
Harb Perspect Biol. 2013; 5:a008672. https://doi.
org/10.1101/cshperspect.a008672. [PubMed]

Courtiade J, Pauchet Y, Vogel H, Heckel DG. A
comprehensive characterization of the caspase gene family

in insects from the order Lepidoptera. BMC Genomics.

www.oncotarget.com

1625

Oncotarget


https://doi.org/10.1007/s12551-017-0308-0
https://doi.org/10.1007/s12551-017-0308-0
https://pubmed.ncbi.nlm.nih.gov/28823106
https://doi.org/10.3389/fimmu.2016.00446
https://doi.org/10.3389/fimmu.2016.00446
https://pubmed.ncbi.nlm.nih.gov/27843441
https://doi.org/10.1038/s41380-020-0698-4
https://pubmed.ncbi.nlm.nih.gov/32139808
https://pubmed.ncbi.nlm.nih.gov/29104776
https://doi.org/10.1007/s10495-014-1060-6
https://pubmed.ncbi.nlm.nih.gov/25451007
https://pubmed.ncbi.nlm.nih.gov/12377935
https://doi.org/10.5114/ceji.2014.42135
https://pubmed.ncbi.nlm.nih.gov/26155110
https://doi.org/10.1159/000443401
https://pubmed.ncbi.nlm.nih.gov/26894590
https://doi.org/10.1128/IAI.00548-19
https://doi.org/10.1128/IAI.00548-19
https://pubmed.ncbi.nlm.nih.gov/31537631
https://doi.org/10.1134/S0006297920020017
https://doi.org/10.1134/S0006297920020017
https://pubmed.ncbi.nlm.nih.gov/32093590
https://doi.org/10.1101/cshperspect.a008714
https://doi.org/10.1101/cshperspect.a008714
https://pubmed.ncbi.nlm.nih.gov/23545417
https://doi.org/10.1016/j.bpj.2014.07.074
https://pubmed.ncbi.nlm.nih.gov/25296312
https://doi.org/10.1038/cdd.2017.169
https://pubmed.ncbi.nlm.nih.gov/29149101
https://doi.org/10.18632/aging.100934
https://doi.org/10.18632/aging.100934
https://pubmed.ncbi.nlm.nih.gov/27019364
https://doi.org/10.1038/cdd.2017.186
https://doi.org/10.1038/cdd.2017.186
https://pubmed.ncbi.nlm.nih.gov/29149100
https://doi.org/10.1038/cgt.2012.84
https://pubmed.ncbi.nlm.nih.gov/23175245
https://doi.org/10.1016/j.blre.2020.100672
https://pubmed.ncbi.nlm.nih.gov/32204955
https://doi.org/10.1186/1752-0509-7-67
https://doi.org/10.1186/1752-0509-7-67
https://pubmed.ncbi.nlm.nih.gov/23883471
https://doi.org/10.3389/fonc.2018.00636
https://doi.org/10.3389/fonc.2018.00636
https://pubmed.ncbi.nlm.nih.gov/30671383
https://doi.org/10.4103/2395-3977.177558
https://doi.org/10.3390/cancers12040938
https://doi.org/10.3390/cancers12040938
https://pubmed.ncbi.nlm.nih.gov/32290241
https://doi.org/10.1016/j.tcb.2016.04.007
https://doi.org/10.1016/j.tcb.2016.04.007
https://pubmed.ncbi.nlm.nih.gov/27156889
https://doi.org/10.1038/cddis.2012.178
https://doi.org/10.1038/cddis.2012.178
https://pubmed.ncbi.nlm.nih.gov/23235460
https://doi.org/10.1016/j.bbamcr.2020.118688
https://doi.org/10.1016/j.bbamcr.2020.118688
https://pubmed.ncbi.nlm.nih.gov/32087180
https://doi.org/10.1101/cshperspect.a008672
https://doi.org/10.1101/cshperspect.a008672
https://pubmed.ncbi.nlm.nih.gov/23732469

63.

64.

65.

66.

67.

68.

2011; 12:357. https://doi.org/10.1186/1471-2164-12-357.
[PubMed]

Levine AJ. The many faces of p53: something for everyone.
J Mol Cell Biol. 2019; 11:524-30. https://doi.org/10.1093/
jmcb/mjz026. [PubMed]

Chen J. The Cell-Cycle Arrest and Apoptotic Functions of
p53 in Tumor Initiation and Progression. Cold Spring Harb
Perspect Med. 2016; 6:a026104. https://doi.org/10.1101/
cshperspect.a026104. [PubMed]

Zilfou JT, Spector MS, Lowe SW. Slugging it out: fine
tuning the p53-PUMA death connection. Cell. 2005;
123:545-48.  https://doi.org/10.1016/j.cell.2005.11.003.
[PubMed]

Nag S, Qin J, Srivenugopal KS, Wang M, Zhang R. The
MDM2-p53 pathway revisited. J Biomed Res. 2013;
27:254-71.  https://doi.org/10.7555/JBR.27.20130030.
[PubMed]

Barnum KJ, O’Connell MJ. Cell Cycle Regulation by
Checkpoints. In: Noguchi E, Gadaleta MC, editors. Cell
Cycle Control: Mechanisms and Protocols. New York, NY:
Springer; 2014. p. 29—40. http://doi.org/10.1007/978-1-
4939-0888-2_2.

Bower JJ, Vance LD, Psioda M, Smith-Roe SL, Simpson
DA, Ibrahim JG, Hoadley KA, Perou CM, Kaufmann WK.
Patterns of cell cycle checkpoint deregulation associated

with intrinsic molecular subtypes of human breast cancer
cells. NPJ Breast Cancer. 2017; 3:9. https://doi.org/10.1038/
s41523-017-0009-7. [PubMed]

69.

70.

71.

72.

73.

Bai J, Li Y, Zhang G. Cell cycle regulation and anticancer
drug discovery. Cancer Biol Med. 2017; 14:348-62. https:/
doi.org/10.20892/].issn.2095-3941.2017.0033. [PubMed]
Ding L, Cao J, Lin W, Chen H, Xiong X, Ao H, Yu M, Lin
J, Cui Q. The Roles of Cyclin-Dependent Kinases in Cell-
Cycle Progression and Therapeutic Strategies in Human
Breast Cancer. Int J Mol Sci. 2020; 21:1960. https://doi.
0rg/10.3390/ijms21061960. [PubMed]

Wang LH, Wu CF, Rajasekaran N, Shin YK. Loss of Tumor
Suppressor Gene Function in Human Cancer: An Overview.
Cell Physiol Biochem. 2018; 51:2647-93. https://doi.
org/10.1159/000495956. [PubMed]

Reisman D, Takahashi P, Polson A, Boggs K. Transcriptional

Regulation of the p53 Tumor Suppressor Gene in S-Phase
of the Cell-Cycle and the Cellular Response to DNA
Damage. Biochem Res Int. 2012; 2012:808934. https://doi.
org/10.1155/2012/808934. [PubMed]

Williams AB, Schumacher B. p53 in the DNA-Damage-
Repair Process. Cold Spring Harb Perspect Med. 2016;
6:2026070. https://doi.org/10.1101/cshperspect.a026070.
[PubMed]

www.oncotarget.com

1626

Oncotarget


https://doi.org/10.1186/1471-2164-12-357
https://pubmed.ncbi.nlm.nih.gov/21740565
https://doi.org/10.1093/jmcb/mjz026
https://doi.org/10.1093/jmcb/mjz026
https://pubmed.ncbi.nlm.nih.gov/30925588
https://doi.org/10.1101/cshperspect.a026104
https://doi.org/10.1101/cshperspect.a026104
https://pubmed.ncbi.nlm.nih.gov/26931810
https://doi.org/10.1016/j.cell.2005.11.003
https://pubmed.ncbi.nlm.nih.gov/16286002
https://doi.org/10.7555/JBR.27.20130030
https://pubmed.ncbi.nlm.nih.gov/23885265
http://doi.org/10.1007/978-1-4939-0888-2_2
http://doi.org/10.1007/978-1-4939-0888-2_2
https://doi.org/10.1038/s41523-017-0009-7
https://doi.org/10.1038/s41523-017-0009-7
https://pubmed.ncbi.nlm.nih.gov/28649649
https://doi.org/10.20892/j.issn.2095-3941.2017.0033
https://doi.org/10.20892/j.issn.2095-3941.2017.0033
https://pubmed.ncbi.nlm.nih.gov/29372101
https://doi.org/10.3390/ijms21061960
https://doi.org/10.3390/ijms21061960
https://pubmed.ncbi.nlm.nih.gov/32183020
https://doi.org/10.1159/000495956
https://doi.org/10.1159/000495956
https://pubmed.ncbi.nlm.nih.gov/30562755
https://doi.org/10.1155/2012/808934
https://doi.org/10.1155/2012/808934
https://pubmed.ncbi.nlm.nih.gov/22830025
https://doi.org/10.1101/cshperspect.a026070
https://pubmed.ncbi.nlm.nih.gov/27048304

