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Abbreviations

BCL-2 B Cell Lymphoma Protein 2

BCL-X BCL-2-Like 1

BCL-XL B-Cell Lymphoma-Extra Large
BCL-XS B-Cell Lymphoma-Extra Short
BCL-W BCL-2-Like 2 Protein

BAG BCL-2-Associated Athanogene
BCL-10 B Cell Lymphoma Protein 10

BAX BCL-2-Associated X Protein

BAK BCL-2 Antagonist Killer 1

BID BH3-Interacting Domain

BAD BCL-2 Antagonist of Cell Death

BIM BCL-2-Interacting Protein

BFL1 BCL2-Related Protein Al

BIK BCL-2-Interacting Killer

BLK BIK-Like Killer Protein

BH BCL2 Homology Region

PUMA P53 Upregulated Modulator of Apoptosis
BBC3 BCL2 Binding Component 3

APAF-1 Apoptosis Protease-Activating Factor-1
IAP Inhibitor of Apoptosis Proteins

AlF Apoptosis-Inducing Factor

CAD Caspase-Activated Dnase

DR3 Death Receptor 3

DR6 Death Receptor 6

MOM Mitochondrial Outer Membrane
MOMP MOM Permeabilization

SMAC Second Mitochondria-Derived Activator of Caspase
DISC Death-Inducing Signaling Complex
TNFR Tumor Necrosis Factor Receptor
TNFR1 Tumor Necrosis Factor Receptor 1
TRAILR TNF-Related Apoptosis-Inducing Ligand Receptor
HRK Harakiri

MCL1 Myeloid Cell Leukemia 1

MCL1L MCL1 Long Form

MCL1S MCL1 Short Form

BMF BCL2-Modifying Factor

BNIP BCL2 and the Nineteen Kda Interacting Protein
AML Acute Myeloid Leukemia

BOO BCL2 Homologue of the Ovary

CLL Chronic Lymphocytic Leukemia

AlF Apoptosis-Inducing Factor
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IL Interleukin

NMR Nuclear Magnetic Resonance

™ Transmembrane

PEST Sequence Enriched in Proline/Glutamic Acid/Serine/Threonine
STAT3 Signal Transducers and Activators of Transcription
HCC Hepatocellular Carcinoma

DLBCL Diffuse Large B-Cell Lymphoma

XIAP X-linked Inhibitor of Apoptosis Protein

FADD Fas-Associated Death Domain

DISC Death-Inducing Signaling Complex

tBAD Truncated BAD

BCC Basal Cell Carcinoma

CLL Chronic Lymphocytic Leukemia

AHSCT Autologous Hematopoietic Stem Cell Transplantation
EAE Autoimmune Encephalomyelitis

ALL Acute Lymphoblastic Leukemia

AML Acute Myeloblastic Leukemia

CLL Chronic Lymphocytic Leukemia

CML Chronic Myeloid Leukemia

CLL Chronic Lymphocytic Leukemia

T1DM Type 1 Diabetes Mellitus

T2DM Type 2 Diabetes Mellitus
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Emerging biomarkers and potential therapeutics of the BCL-2 protein family: the
apoptotic and anti-apoptotic context.

Abstract

Apoptosis, also known as the programmed death of cells, is responsible for maintaining the
homeostasis of tissues and this function is carried out by caspases. The process of apoptosis is
carried out via two distinct pathways: the extrinsic pathway, which is governed by death receptors,
and the intrinsic pathway, also known as the mitochondrial pathway. The BCL-2 protein family
encoded by the BCL-2 gene, located at the 18g21.33 chromosomal location, is in charge of
regulating the intrinsic pathway, which is responsible for inducing cell death via the
permeabilization of the mitochondrial membrane and the release of apoptosis - inducing
components. The BCL-2 homology (BH1, BH2, BH3, BH4) domains of this family proteins are
crucial for their functioning and their common BH domains allow interactions between members
of the same family and can also serve as indications of pro- or anti-apoptotic activity. A direct
correlation may be shown between the overexpression of BCL-2 and the postponement of cell
death. It has been determined that a change in the expression of BCL-2 is the root cause of a variety
of malignancies, including lung, breast, melanoma, and chronic lymphocytic leukemia, Multiple
Sclerosis, Diabetes. In this review, we discuss the therapeutic potential of regulating BCL-2 family
connections and their relevance to health and disease.

Keywords: BCL-2 family protein; BCL-2 Domains; Apoptosis; Cancer; Biomarkers; Therapeutic
Agents

1. Introduction:

Apoptosis is a crucial biological process that induces cell death and maintains body homeostasis
[1]. Apoptotic cell death is the most frequent consequence of infections [2] and it aids to remove
the damaged or unnecessary cells without triggering an immune response or harming neighboring
tissues [3]. The body-clearing process causes cells to round and shrink, chromatin to condense,
and plasma membrane blebs to develop[4]. It is substantially different from other kinds of cell
death depending on its frequency, appearance, and biochemistry [5]. Abnormalities in this process
cause several disorders including autoimmune, neurological, cancer, coronary and infectious
disease [6].

The apoptosis is regulated by two mechanisms, one is the extrinsic pathway and the other is the
intrinsic pathway [7]. The extrinsic pathway activates apoptosis by integrating the extracellular
signal into the intracellular signal transduction machinery [8]. Receptors including TNF-R1,
CD95, TRAIL-R1, TRAIL-R2, DR3, and DR6 belonging to the death receptor family are
transmembrane proteins that get activated when bound to their associated ligands (TNF, CD95L,
TRAIL, and TL1A)[9]. Upon activation, the receptors are oligomerized and attract adaptor
molecules that lead to the formation of the death-inducing signaling complex and caspase-8
activations. Once activated, caspase-8 has two possible modes of operation: caspase-8 can cleave
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caspase-3 or other effector caspases, or it can trigger the intrinsic (mitochondrial) apoptosis
pathway by proteolytically cleaving Bid into tBid. Following this, tBid moves to mitochondrial
membranes, where it interacts with other BCL-2 family members to open up the mitochondrial
outer membrane [10][8]. Proteins like cytochrome c are released into the cytosol after the outer
mitochondrial membrane becomes permeable. In this step, the cell makes the crucial decision of
whether or not to commit suicide by activating this route. The BCL-2 family of proteins is crucially
involved in these choices [11] [12]. The BCL-2 family of proteins contains both pro- and anti-
apoptotic roles crucially involved in these choices [13] [14].

The BCL-2 (B cell lymphoma-2 ) family proteins are fundamental mediators of apoptosis [15] and
it was first characterized as a proto-oncogene in the lymphoma cell. The BCL-2 gene was located
at the breakpoint of the chromosomal translocation between chromosomes 18 and 14, t(14;18)
[16]. In these chromosomal rearrangements, the BCL-2 gene, normally located at 18g21, is brought
into close proximity to the IGH locus, 14932, where strong enhancers linked with the IGH locus
dysregulate BCL-2 transcription [17]. The proteins containing BCL-2 homology (BH) domains
and playing a role in apoptosis regulation are collectively referred to as the BCL-2 family.
Interactions between members of the same family are facilitated by their shared BH domains,
which can also serve as indicators of pro- or anti-apoptotic activity [18]. The BCL-2 proteins
family encoded by the BCL-2 gene is classified into three subfamilies based on the primary
function of each member and their BH3 domain composition: (1) anti-apoptotic proteins (2) pro-
apoptotic pore-formers and (3) pro-apoptotic BH3-only proteins [19].

Anti-apoptotic proteins, also known as pro-survival proteins, include BCL-2, BCLXL, BCLW,
BCLB, MCL1, and BFL1 resist the apoptotic pathway [20]. The presence of the N-terminal BH4
domain defines the subset of survival proteins known as pro-survival proteins. In addition to their
traditional function of suppressing apoptosis, BCL-2 and BCL-XL have been shown to have a role
in the regulation of other critical cellular processes, including proliferation, autophagy,
differentiation, DNA repair, tumor growth, and angiogenesis, via their BH4 domain [21]. The
antiapoptotic and proapoptotic proteins contain four BH domains which take on a conserved
functional group containing six or seven amphiphilic a-helices and two hydrophobic a-helices at
the center to form a hydrophobic BH3 domain-binding cleft that works as a receptor for BH3
domains [17][22]. These four BH domain-containing (BH1-BH4) proteins inhibit apoptosis by
interacting and trapping their pro-apoptotic counterparts [23].

The pro-apoptotic BH3-only proteins including BID, BIM, PUMA, BIK, BAD, BMF, NOXA, and
HRK share only the BH3 domain which contains 9-16 amino acids. These proteins are necessary
for the beginning stages of both developmentally programmed cell death and the apoptosis induced
by stress [24][25]. This subgroup of BCL-2 can be divided into two categories: activator (BID,
BIM, PUMA, NOXA) and sensitizer (BAD, BIK, BMF, HRK) [26]. The activator BH3-only
proteins (BID, BIM) connect with the typical hydrophobic groove of BAX and BAK, which leads
to their conformational change and activates them. On contrary, the sensitizer BH3 proteins (BIK,
BMF, BAD) interact with the members of the ani-apoptotic family and induce the cells to apoptosis
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by preventing their binding to active effectors [27] [28] [29]. Certain BCL-2 family members don't
follow traditional classification criteria due to their unclear roles and BH domain compositions
presented here. BCL-2 family kin (BFK) is an uncharacterized member of the BCL-2 family that
contains both a BH2 and a BH3 domain. The majority of human BFK expression occurs in the
digestive system, and its forced expression modestly promotes apoptosis. Further, malignancies
derived from different gastrointestinal organs show a marked downregulation of BFK expression
[22].

In this study, we focus on the functions that BCL-2 family members play as both apoptotic and
ani-apoptotic factors in several biological processes. In particular, we concentrated on how each
of these members interacts with other members of the BCL-2 family. In addition, we cover
multiple therapeutic drugs that target proteins belonging to the BCL-2 family in the context of
breast cancer, Parkinson disease, Diabetes, lung cancer, Leukemia and Multiple Sclerosis.

2. Methods

In this review, we retrieved the relevant articles from online public resources like PubMed and
Google Scholar using keywords like “BCL-2 family proteins”, “BCL-2 domains”, “apoptosis”
“cancer” “mechanisms”, “biomarkers” and “therapeutic agents”. We have used relevant published
manuscripts from 2000-2023 as references. The visual contents are processed via Microsoft Power
Point.

3. Genomic-Proteomic Context
3.1 Genetic location of BCL-2 Family Member Gene

The BCL-2 family has crucial role in apoptosis. Since the discovery of BCL-2 in the 1980s in the
context of B-cell lymphoma, a number of related proteins have been identified [18]. More than 20
proteins that control the intrinsic apoptosis pathway are encoded by the B cell lymphoma 2 (BCL-
2) gene family. These proteins are essential for maintaining the proper ratio of cell survival to cell
death [30]. BCL-2 gene is found in intracellular membranes such as the endoplasmic reticulum
and mitochondria, and other members of the family are translocated from the cytoplasm to the
mitochondria in response to a cell death trigger.

do0i:10.20944/preprints202302.0387.v1
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Figure 1: BCL-2 translocation t(14;18) frequently found in human B-cell lymphoma. Human
follicular center B-cell lymphomas typically have this chromosomal translocation. It relocates the
BCL-2 gene from its usual location on chromosome 1821 to a region of chromosome 14 called
the 5' immunoglobulin heavy chain (IgH) intron enhancer E. Based on their key functions, the
BCL-2 family is categorized into three groups: (1) anti-apoptotic proteins (BCL-2, BCL-XL, BCL-
W, MCL-1, and BFL-1/A1), (2) pro-apoptotic proteins (BAX, BAK, and BOK), and (3) BH3-only
proteins (BID, BAD, BIM, BIK, BMF, HRK, NOXA, PUMA, etc.). Each family member contains a
BH3 domain, one of four BH domains involved in interactions between BCL-2 family proteins. The
anti-apoptotic and pore-forming proteins are examples of multi-BH domain proteins because they
have all four BH domains and adopt a highly conserved tertiary structure that creates a
hydrophobic groove that binds BH3 domains from other family members.

The prototype BCL-2 gene was discovered in humans at a The BCL-2 (B-cell lymphoma-2) gene
was detected at the t(14;18) chromosomal translocation breakpoint in B-cell follicular lymphomas,
where its transcription is severely promoted by the immunoglobulin heavy chain gene promoter
and enhancer on chromosome 14 (Figure 1) [31] [32]. BCL-2's significant correlation with
follicular lymphoma translocations indicated that it was an oncogene [33]. This translocation
causes the BCL-2 gene on chromosome 18 to fuse with the immunoglobulin heavy chain promoter
and enhancer on chromosome 14, which leads to excessive BCL-2 transcription.[34] About 30%
of diffuse large B-cell lymphomas and 90% of follicular cell lymphomas exhibit this translocation
to be present [35]. BCL-2 family proteins were developed to share BCL-2 homology (BH)
domains. The encoded chromosomal translocation breakpoint and was eventually revealed to
promote carcinogenesis by suppressing cell death rather than increasing cell-cycle progression
[32].
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Table 1. Genetic Information of BCL-2 family proteins
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Approved | Approved Gene name | Aliases Chromosomal References
gene Location
symbol
BCL-2 BCL-2 apoptosis BCL-2, 18921.33 [31], [32]
regulator PPP1R50
BCL-2L1 BCL-2 like 1 BCLX, 20q11.21 [1]
BCL-2L,
BCL-X,
BCL-XL,
BCL-XS,
PPP1R52
BCL-2L2 BCL-2 like 2 KIAAQ0271, 14911.2 [36]
BCL-W,
PPP1R51
MCL1 MCL1 apoptosis BCL-2L3, 1921.2 [37]
regulator, BCL-2 Mcl-1
family member
BAX BCL-2 associated X, BCL-2L4 19913.3q13.4 [38]
apoptosis regulator
BAK1 BCL-2 antagonist/killer | BCL-2L7, 6p21.31 [39][40]
1 BAK
BOK BCL-2 family apoptosis | BCL-2L9, 2037.3 [39]
regulator BOK BOKL,
MGC4631
BCL-2L10 | BCL-2 like 10 Diva, 15021.2 [39]
Boo,
BCL-B
BIK BCL-2-interacting NBK, BBC1 22q13.31 [41]
killer (apoptosis-
inducing)
PMAIP1 Phorbol-12-myristate- NOXA, 1821/ (189g21.31) | [42][40]
13- acetate-induced APR
protein 1
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BCL-2A1 BCL-2-related protein | GRS, BFL1, 15q24.3 [43]

Al BCL-2L5,
HBPA1

BBC3 BCL-2 binding JFY1,PUMA | 19q13.3-q13.4 [44]
component 3

BNIP2 BCL-2 interacting Nip2, 15q22.2 [39]
protein 2 BNIP-2

HRK Harakiri, BCL-2 DP5 12qg24.2 [39]

interacting protein
(contains only BH3
domain)

BMF BCL-2 modifying 15q14 [45]
factor

3.2 Structures of BCL-2 family members

Members of the BCL-2 family have three-dimensional structures that are composed of two core,
mostly hydrophobic a-helices and six or seven amphipathic a-helices of different lengths. The
first two a-helices are separated by an extended, unstructured loop. The overall fold of the pore-
forming regions of bacterial toxins and the structures of the BCL-2 proteins are very similar
[30][46]. BH domains are blocks of sequence homology found in proteins belonging to the BCL-
2 family [47]. The BCL-2 family may be generally classified into the multi-motif BCL-2 proteins,
which include numerous BH motifs and have anti- (BCL-2, BCL-XL, Bcl-w, Mcl-1, Al, Bcl-B)
and pro-apoptotic (BAX, BAK) activities. The pro-apoptotic BH3-only proteins (Bim, Bad, tBid,
Bmf, Bik, Noxa, Puma, and Hrk) have just one motif, a BH3. Almost all pro-apoptotic BCL-2
proteins have the BH3 motif, whereas anti-apoptotic proteins may or may not contain it (Figure

2) [1].
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Figure 2: BCL-2 homology domains (BH domains) and transmembrane domains (TM) are
illustrated here. The BCL-2 protein family is divided into three groups such as multi-domain
pro-apoptotic BCL-2 family proteins, multi-domain anti-apoptotic BCL-2 family proteins, and
BH3-only proteins BCL-2 family proteins. The pro-apoptotic protein BAX, BAK, and BOK contain
the BH1-3 domain. The anti-apoptotic BCL-2 family proteins, including BCL-2, BCL-XL, and
BCL-W, contain the BH1-4 domain; MCL-1 and BFL-1/A1 contain the BH1-3 domain. The BH3-

only proteins, including BID, BAD, BIM, BIK, BMF, HRK, NOXA, and PUMA, are composed of
only the BH3 domain.

The term "structural homology" across family members refers to one to four areas that are highly
homologous to BCL-2, known as the BH (BCL-2-homology region) domains (BH1, BH2, BH3,
and BH4). The importance of BH domains for function and heterodimerization amongst members
of the same family has been demonstrated via investigations on mutation and deletion [39]. The
BCL-X gene, also known as BCL-2L1 (BCL-2-like 1), has a 44% homology to BCL-2. It has a
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variety of additional characterized isoforms in addition to the two well-known isoforms BCL-XL
and BCL-XS [18]. The BH domain of the BCL-XL structure, which has eight helices (al-a8), is
crucial to the tertiary structure. In order to cause oligomerization, the pro-apoptotic protein's BH3
domain is placed into the hydrophobic pocket formed by the BH1-BH3 domain [48]. Although the
BCL-XS protein's structure hasn't been fully defined, the hydrophobic binding cleft would be
dramatically changed if both the BH1 and BH2 domains were lost [18]. Analysis on the structure
of BAK and BAX monomers has shown that they are globular structures with an eight-helix
encircling hydrophobic core in the center [34]. In the case of BAK, the carboxyl-terminal
transmembrane helix, designated as a9, is permanently inserted into the MOM. But in the case of
BAX, 09 is confined to the protein core within the hydrophobic BH3 domain-binding groove,
which results in cytoplasmic localization [19]. Bid is composed of two core, predominantly
hydrophobic a-helices, which are surrounded by six amphipathic helices. The amino-terminal
region of the protein has the greatest change in total fold [46].

3.2 Gene Expression of BCL-2 Family Protein

BCL-2 expression can stop a variety of cytotoxic stimuli from killing cells. Acute myloid leukemia
(AML), chronic lymphocytic leukemia (CLL), non-lymphoma Hodgkin's (NHL), myeloma, lung,
prostate, and breast cancer, as well as melanoma, all have BCL-2 overexpression [49].
Chromosome translocations, gene amplification, and downregulation/deletion of genes producing
microRNAs (miRNAs) involved in BCL-2. RNA degradation are just a few of the processes that
might cause BCL-2 levels to rise.

BCL-2 overexpression in CLL, the most prevalent leukemia in humans, results from miRNA
15/16's lack of regulation [50]. The remarkable levels of BCL-XL expression are found in
differentiating cells and they persist at higher levels throughout neuronal ontogeny. Ablation of
the gene encoding BCL-XL, BCL-2I1, leads to embryonic mortality by E13.5 and significant
apoptosis in the growing neurological and hematological systems [51]. BCLXL is a crucial
element in the growth of tumors. Previous research has demonstrated that a number of solid tumors
contain amplification of the BCL-2 L1 gene, which codes for BCLXL [23].

Mcl-1 expression has been linked to poor survival outcomes in ovarian cancer patients and in
human cervical neoplasms. IL-6 controls Mcl-1 expression via a PI3K/Akt-dependent mechanism
and promotes cervical cancer oncogenesis by suppressing cellular apoptosis [35]. Anti-apoptotic
protein overexpression not only suppresses natural cell death but can also contribute to treatment
resistance. BCL-XL and other proteins have been linked to therapeutic resistance because its
overexpression disrupts the pathways that the therapies are supposed to target [52]. Anti-apoptotic
protein overexpression, notably BCL-XL and Mcl-1, has been seen in a variety of cancers,
including hepatocellular carcinoma, myeloma, CLL, and chronic myeloid leukemia (CML), where
it is linked with resistance to therapy or a poor prognosis [35] [49].

BCLW facilitates tumor invasion by increasing the production of the transcriptional factor
specificity protein 1, which then increases the expression of matrix metalloproteinase 2 [23]. The
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most notable maternally inherited mRNA is BCL-2L10 (also known as BCL-B or DIVA), which
is greatest in the mature oocyte but diminishes during division, according to analysis of early
MRNA expression from early embryos [51].

Table 2. Localization and functions of BCL-2 family proteins

BCL-2 Subcellular localization Function Reference

protein

BCL-2 Consistently linked to the MOM | Both apoptosis effectors and [34] [53]
and/or ER membrane. BH3 only proteins are

inhibited.

BCL-XL Located in the nucleus envelope, | Bind to BAX or BAK to [19] [54]
endoplasmic reticulum (ER), prevent apoptosis.
and mitochondrial membrane
surfaces.

MCL-1 Placement to the outer BH3-only proteins are [55]
mitochondrial membrane inhibited as well as apoptotic
(OMM), inner mitochondrial effectors. Has an impact on
membrane (IMM). cellular health and

development in addition to its
known pro-survival activities.

BCL-W Loosely connected to the Inhibits BH3-only proteins as | [19] [34]
mitochondrial membrane and well as apoptotic effectors. [36]
cytosol.

Al/Bfl-1 Identified on the Golgi opposes the activation of [1] [56]
apparatus, cytosol, nuclear caspase and prevents the
envelope, and ER membranes. release of proapoptotic

cytochrome c from
mitochondria.

BAK Always present on the OMM. Oligomerizes to create holes in | [57]

the OMM, which is considered
to enhance MOMP.

BAX Present on the OMM, often Oligomerizes to create holes in | [57]
present in the cytoplasm as an the OMM, which is considered
inactive monomer. to enhance MOMP.

BOK Detected on the ER membranes, | Depends on BAX and BAK to | [58]
nuclear outer membrane, and promote apoptosis.

Golgi apparatus.

BAD Both the cytosol and the BAD is referred to as a [59]
mitochondrial membrane "indirect™ promoter of

apoptosis because it causes
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cell death through inhibiting
antiapoptotic proteins.
BIM Nucleus envelope, endoplasmic | Apoptotic induction, it also [56] [60]
reticulum (ER), cytoplasm, and | controls mitochondrial activity
mitochondrial outer membrane | and cellular metabolism.

(MOM).
PUMA Placement on the mitochondrial | Crucial p53-dependent [19] [61]
outer membrane (MOM), apoptosis mediator. Activates
BAK and BAX, resulting in
MOMP.
BIK Mostly found in the ER Directly impacts BCL-2 and [1] [62]
membrane BCL-2-like 1

Numerous regulatory mechanisms, as a result, reduce the production and function of BH3-only
proteins in both healthy proliferating cells and malignancies. Some BH3-only proteins are
continuously produced, whereas others are expressed in response to stressors like hypoxia or DNA
damage [63].

BAX overexpression enhanced cell death, and the opposite effects supported a rheostat model in
which cell fate is determined by the relative quantities of proapoptotic and antiapoptotic BCL-2
family members. Following the identification of BAK (BCL-2 antagonist/killer), a second
proapoptotic protein that functions similarly to BAX while being more homologous to BCL-2 than
BAX, it was shown that antiapoptotic action might be mediated by proteins other than BCL-2 [53].
The tumor suppressor TP53 has the ability to directly activate the promoter of BAX, which appears
to be broadly expressed in both normal tissues and malignancies [34]. When initially obtained,
human BCL-2A1 mRNA was shown to be overexpressed in stomach cancer relative to normal
tissue, indicating that BCL-2A1 may also play a role in solid tumors [43]. Puma expression is
generally kept to a minimum, but it can be increased by a number of transcription factors, including
p53, p73, E2F1, and FOXO3a, which can cause an apoptotic response [64].

4. Apoptotic role of BCL-2 Family

Apoptosis is a strictly controlled form of cell death with unique biochemical and genetic processes
that is essential for appropriate tissue growth and homeostasis. It helps to eliminate unneeded and
undesired cells to keep the proper balance between cell death and survival in metazoan organisms
[65] [66]. Signals at the cell surface and internal cell damage can both trigger apoptosis [67]. It
has been found that the BCL-2 family is important for either activating or blocking the apoptotic
pathway [68].

The BCL-2-regulated apoptotic pathway is activated in response to numerous upstream signaling
events via transcriptional and/or posttranscriptional activation of the BH3-only proteins [69]. BH3-
only proteins activate BAX and BAK. It can activate BAX and BAK through direct binding or
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indirectly through competition for pro-survival family members [70]. Activated BAX and BAK
produce homodimers and heterodimers, which then come together to form pore-like structures in
the outer mitochondrial membrane. This process, known as mitochondrial outer membrane
permeabilization (MOMP), permits the cytosolic release of apoptogenic components, such as
cytochrome c, which leads to caspase activation and apoptosis [71].

Additionally, MOMP promotes mitochondrial dysfunction, which depletes energy stores and
results in cell death even when caspases are inactive. Therefore, only unusual circumstances will
allow cells to recover from MOMP. Thus, MOMP is typically the key event that precedes cell
death [72]. However, it is evident that certain of the BH3-only proteins (such as BIM, PUMA, and
BID) are more effective apoptotic inducers than others (e.g., BAD, NOXA, BMF). Pro-apoptotic
BH3-only proteins differ in how they interact with pro-survival proteins. BIM and PUMA are two
examples of promiscuous proteins that have a high affinity for all pro-survival proteins, although
some proteins only bind to subsets of these proteins, such as BAD, which only binds BCL-2, BCL-
XL, and BCL-W but not MCL-1 or BFL-1, and NOXA, which binds mainly to MCL-1. This
selectivity is also a characteristic of the drugs which have now been advanced to the goal of the
apoptosis pathway [69] [73].

4.1 Models of BAX and BAK Activation

BAK is found in the mitochondria of healthy cells and has a transmembrane domain (09) that spans
the outer membrane. On the other hand, BAX is mainly found in the cytosol of healthy cells, where
its transmembrane domain is tucked away in its conventional hydrophobic groove. However,
cytotoxic signals encourage the buildup of BAX in the mitochondria [47]. The mechanism of BAX
and BAK's activation has been highly debated and is regarded as the "holy grail” of apoptosis
research. Both BAX and BAK undergo a noticeable change from innocuous proteins to deadly
effectors during apoptosis [74].

There are three different models have been proposed to explain BAX and BAK activation. They
are the direct activation model, the indirect activation model, and the membrane-mediated
permissive Model [23] [28]. Direct binding of certain BH3-only proteins can activate BAX and
BAK. While BH3-only family members easily attach to pro-survival BCL-2 proteins, it has been
challenging to observe an earlier interaction with BAX and BAK [75]. The BH3-only proteins are
divided into two groups in the direct activation model: sensitizers and activators. The sensitizer
BH3-only proteins bind and inactivate the anti-apoptotic BCL-2 family members rather than
binding and activating BAX and BAK [76]. BAK and BAX are directly bound by activators,
changing their conformation, which causes BAK and BAX to oligomerize and become activated
[23].

According to the indirect approach, the anti-apoptotic proteins are neutralized by BH3-only
proteins, allowing BAK and BAX to be activated. This allows apoptosis to be mediated indirectly
through BAK and BAX. Anti-apoptotic proteins constitutively bind with BAK and BAX to inhibit
MOMP. The main purpose of BH3-only proteins is to attach to the anti-apoptotic BCL-2 proteins
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and displace BAK and BAX from anti-apoptotic proteins instead of binding BAK and BAX. This
model is also known as the displacement model [77].

A mitochondrial outer membrane-mediated permissive model is another model of BAX and BAK
activation. In healthy cells, BAX and BAK are typically inactive monomers or dimers. On the
mitochondrial outer membrane, the anti-apoptotic BCL-2 family proteins bind to and are
neutralized by activated BH3-only proteins during apoptosis. As a result, BAX and BAK are more
likely to spontaneously activate, which leads to their homo-oligomerization and the formation of
cytochrome c-releasing holes [78]. Both BAX and BAK associate with the membrane through
helix 9, and this interaction causes BAX and BAK to spontaneously activate in the lipid bilayer of
the MOM. The only purpose of the BH3-only proteins is to inactivate the anti-apoptotic BCL-2
proteins, which is similar to the indirect activation model. However, in the membrane-mediated
permissive model, the MOM directly activates both BAX and BAK [74]. Although BH3-only
proteins are the major activators of BAX and BAK, other proteins also seem to be capable of
carrying out this role. It has been found that p53, Casp8p41, and retinoblastoma protein are also
direct activators. Additionally, new research reveals that active BAK and BAX may operate as
activators themselves [23].

4.2 Pore Formation by BAX and BAK

Biological membranes are essential information carriers and data storage structures for cell
signaling and function. Membranes must allow data to flow in and out, so integral pore-forming
proteins, active pumps, and cell adhesion molecules have all developed. These molecules all react
to the flexibility of a lipid bilayer. All kingdoms of life have pore-forming proteins (PFPs), which
alter cellular membranes by making them permeable to ions, tiny molecules, and occasionally
bigger macromolecules. The BCL-2 protein family is capable of regulating pore-forming processes
in mammalian apoptosis and inter-bacterial attack [79]. During apoptosis, the BAX and BAK
proteins permeabilize the MOM, stimulating the release of a variety of proteins into the cytoplasm
[80].

In healthy cells, BAX and BAK are globular monomers made up of helical bundles with a
hydrophobic a-helix (a5) encircled by amphipathic helices. Their C-terminal helix (a9) is a
hydrophobic transmembrane (TM) domain. It anchors them in the MOM. Probably the only way
BAK is anchored there in healthy cells is by a9. BAX, on the other hand, is predominantly
cytosolic and accumulates at the MOM following an apoptotic signal, where it inserts its 09. Other
significant changes in the shape of BAK and BAX include BH3 (02) being exposed and then being
buried again in the surface groove of some other activated BAK or BAX molecule. The association
of a 6 helices allows these new symmetric homo-dimers to multimerize [81][82]. BAX and BAK
are pore-forming proteins that can sever the continuity of the lipid bilayer by opening toroidal
pores. Toroidal pores are pore structures where the pore wall is made up of both lipids and proteins.
As a result, the mechanical properties of the membrane as well as BAX and BAK affect the size
and stability of these pores [83].
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In model membranes, pores expand quickly after creation before relaxing to a smaller size that
fluctuates between 3 and 8 nm depending on the protein content. There are two different types of
BAX pores, one of which is voltage-gated, small, and weakly selective to cations but unable to
permeabilize proteins. The other type of BAX pore is voltage-independent and is most likely large
enough to allow the translocation of proteins, such as cytochrome c, across the membrane [84].
There are many structural explanations for how BAX and BAK are positioned at the mitochondria
to form a toroidal pore [85]. To represent active BAX in the membrane, the umbrella model was
created. The insertion of helices a5 and a6 into the lipid bilayer as a transmembrane hairpin is
suggested by this mode [83] [86].

In the in-plane model, helices a4 and o5 form an aromatic planar surface on the membrane, which
may raise membrane tension via local curvature stress and result in pores at the MOM. In this
model, helices 09 are fully inserted into the lipid bilayer whereas helices a5 and a6 are only
partially inserted [85]. According to the clamp model, an oligomer's BAX will generate dimer
units. A dimerization domain with helices 02-a5 that lines the pore edge in a toroidal design in
conjunction with the lipid head groups is responsible for protein interaction. Given that the
multimerization method of PFPs does not include complete proteins crossing the bilayer, such
organization may need monomer translocation to the inner side of the membrane. This model
suggests that the most important reconfiguration of BAX occurs during the partial opening of the
hairpin formed by helices a5 and a6, which come together to form a clamp-like structure. Helix 5
is situated on the pore surface and immediately interacts with the lipids, while helix 6 is at the
membrane interface [87]. However, these pore structures play several important roles in the
apoptosis pathway.

4.3 BH3-Only Proteins Stimulate Apoptotic Pathway

The expression of one or more conserved BCL-2 homology (BH) domains—BH1, BH2, BH3, and
BH4—is a common characteristic of the structure of the BCL-2 protein family. The homology
domain BH3 is expressed by the activator and sensitizer proteins, which are called BH3-only
proteins. In contrast, effector and antiapoptotic proteins are multi-BH-domain relatives [88]. The
sentinels of cellular stress are thought to be the BH3-only proteins. They can detect a wide range
of stimuli, including developmental signals and growth factor deficiency, that can cause apoptosis,
which Kills off undesirable or diseased cells [89]. Eight BH3 proteins have been extensively
studied in mammals: BIM, BAD, BMF, BID, NOXA, BIK, PUMA, and HRK [90]. Their
fundamental individual roles as well as some of their overlapping functions have been explained
via gene disruption [47]. They either directly activate BAX-like proteins or neutralize anti-
apoptotic BCL-2 proteins to cause apoptosis. There are structural similarities between different
anti-apoptotic compounds and viral homologs. A hydrophobic gap is formed by BH domains, to
which BH3-only proteins bind. As a result, BH3-only proteins are promiscuous in their binding to
antiapoptotic BCL-2 proteins, and signaling specificity results from a variety of regulatory
mechanisms, including transcriptional and post-translational modifications [91].
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The pro-apoptotic pore-forming proteins BAX and BAK are directly bound to and activated by
BH3-only activators (BID, PUMA, and BIM). Activation and oligomerization of BAX and BAK
form macropores in the mitochondrial outer membrane. The BH3-only pro-apoptotic sensitizing
proteins (BAD, BIK, NOXA, HRK, BMF) cannot directly activate BAX and BAK. They
counteract the effects of anti-apoptotic proteins by releasing the BH3-only activators and/or the
constitutively activated BAX and BAK through competitive binding [92]. The six mammalian pro-
survival BCL-2 families (BCL-2, BCL-XL, BCL-W, MCL-1, A1, and BCL-B) control BAX and
BAK, and are inhibited by BH3-only proteins [93]. The primary event in mammalian apoptosis
occurs upon oligomerization of BAX and BAK at the MOM and MOM permeabilization (MOMP),
which causes the release of apoptogenic components from the mitochondrial intermembrane space.
The apoptotic process signature proteolytic cascade of cysteine aspartyl proteases is triggered by
the release of cytochrome ¢ and other molecules from mitochondria [93] [94]. Increases in BH3-
only protein expression frequently initiate MOM permeabilization [95].

PUMA and NOXA are two proteins that are direct transcriptional targets of p53. They play
significant roles in the induction of apoptosis in response to DNA damage brought on by g-
irradiation and chemotherapeutic medicines [94]. In the case of Bid, it has to be unfolded before
caspase cleavage and activation. TBID could function as a membrane-targeting death ligand for
BAK, causing the release of cytochrome c¢ and apoptosis. BID, BIM, and even PUMA can directly
activate BAX and BAK molecules, while all other BH3-only proteins exclusively function as de-
repressors [89]. BIM and Puma appear to have an identical affinity for all members of the pro-
survival family and are thus promiscuous binders, whereas the other members showed varying
affinity (up to 1000-fold) for distinct pro-survival proteins [91]. There are small compounds known
as BH3 mimetics, designed to prevent the interaction of pro- and anti-apoptotic proteins. They
bind anti-apoptotic BCL-2 family proteins with high affinity and specificity through their
hydrophobic groove [88] [92]. The first BH3 mimetic discovered, ABT-737 has a higher affinity
for BCL-2, BCL-XL, and BCL-W and a lower affinity for MCL1 and A1/BFL1 [96]. ABT-263
(navitoclax) is another potent inhibitor that has effectiveness against chronic lymphocytic
leukemia (CLL) [92]. As single drugs in xenograft models, ABT-737 and ABT-263 demonstrated
proapoptotic effects in primary cancer cells [88].

5. Anti-apoptotic role of BCL-2 Family

Anti-apoptotic BCL-2 proteins’ primary function is to resist pro-apoptotic BCL-2 proteins, which
prevents MOMP and blocks the mitochondrial pathway of apoptosis. Anti-apoptotic BCL-2
proteins include BCL-2, BCL-XL, BCL-W, MCL1, BFL1 (Al in mouse), and BCL-B (BCL-2L10
in mouse) [97] [98]. At first, everything seems quite simple. Active BAX and BAK bind to the
anti-apoptotic BCL-2 proteins. They specifically bind to the BH3 regions of BAX and BAK [11].
BCL-2, BCL-XL, MCL-1, BCL-W, and BCL-B all include C-terminal transmembrane (TM)
domains that point them toward intracellular membranes, notably the MOM. Although BFL1 lacks
a traditional TM, its C-terminal a-helix directs it toward mitochondria. All of these proteins have
a very similar globular structure with a so-called BCL-2 core. The BCL-2 core consists of eight a-
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helices with helices 3, 4, and 5 forming a hydrophobic groove. The hydrophobic groove binds the
BH3 domains of the pro-apoptotic family members [98]. It is also called the BC groove because it
binds the BH3 region of binding partners [99]. The biology of anti-apoptotic BCL-2 family
proteins depends on this BC groove [23]. However, there are variations in how well-suited some
anti-apoptotic BCL-2 family members are to resist pro-apoptotic molecules.

The ability of specific anti-apoptotic compounds to bind and antagonize the BH3 domains of
different pro-apoptotic molecules is determined by their hydrophobic BH3-domain binding
pockets. Some members of the BH3-only family, such as BIM, BID, and PUMA, may bind all
anti-apoptotic compounds with similar affinities. On the other hand, other BH3-only family
members have a limited ability to connect with other antiapoptotic BCL-2 family members [100].
However, abundant evidence shows interactions between anti-apoptotic BCL-2 proteins and BAX
or BAK to prevent apoptosis. The anti-apoptotic BCL-2 protein, which contains an intramolecular
disulfide tether that prevents significant conformational changes, was discovered through studies
of BAX variants. Indeed, intramolecular tethers can prevent important conformational changes in
the BAX regulatory cycle, which store normal transient forms of BAX in mitochondria. The
discovery of BAX retro-translocation was made possible by these results. The inactive
conformation is continuously maintained by mitochondrial BAX being shuttled into the cytoplasm,
which also shields healthy cells from BAX activity [101].

5.1 BCL-2

Due to chromosomal translocation, BCL-2 protein was first demonstrated to be overexpressed in
B-cell lymphoma. Its level is additionally controlled by miRNAs. So far, 12 miRNAs have been
linked to controlling BCL-2 expression [102]. The BCL-2 gene has three exons, the first two of
which are responsible for encoding the four BH domains, and the third of which is responsible for
encoding the transmembrane domain, which attaches the protein to intracellular membranes. The
BCL-2 gene has two isoforms, BCL-2a and BCL-2B. As shown in cell lines after exposure to
cellular stress, BCL-2a binds to BAX via its BH1 and BH2 domains. This association is crucial to
its function in regulating apoptosis. However, In numerous stress models, including gamma
radiation, heat shock, glucocorticoid and cytotoxic drug therapy, and IL-3 deprivation of
dependent cells, BCL-2 is upregulated and able to bind BAX, which reduces the ability of cells to
undergo apoptosis [18]. When BCL-2 is overexpressed, it inhibits BAX-mediated cytochrome-c
release, caspase activation, and cell death in nerve growth factor-deprived sympathetic neurons.
Consequently, BCL-2 plays an important role in the development of the nervous system. BCL-2
overexpression increased cortical neuron survival after localized cerebral ischemia by preventing
the transfer of apoptosis-inducing factor (AlF) from mitochondria to the nucleus [103]. In addition,
BCL-2 protein helps malignant B-cells to resist apoptosis [104].

5.2 BCL-XL

The BCL-XL and BCL-XS protein isoforms are generated by alternative splicing of the BCL-X
gene [103]. They have opposite functions in regulating apoptosis. BCL -XL is an anti-apoptotic
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protein that shares structural domains with BCL -2, BCL-XS promotes apoptosis since it lacks the
area with the highest homology to BCL -2 [21]. The human BCL-XL protein was the first member
of the BCL-2 family to have a three-dimensional structure. BCL-XL was determined via X-ray
crystallography and nuclear magnetic resonance (NMR), with good agreement amongst the
structures. There are eight alpha-helical regions in the structure of BCL-XL. A center hairpin
configuration made up of helices a5 and a6 is surrounded on one side by helices a3 and 04 and on
the other by helices a1, a2, and a8. The BH domains play an important role in the tertiary structure
of the three-dimensional BCL-XL complex. In the BH1 and BH2 domains, the turn region
connects the two helices in the BHI and BH2 domains. The first is 04 to a5 for BH1, and the
second is a7 to a8 for BH2. The BH3 domain is completely on a2, whereas the BH4 domain is on
al and forms several stable hydrophobic interactions with o2, a5, and a6 [105][106]. Dual
mechanisms are used by BCL-XL and BCL-2 to regulate apoptosis. First, BCL-XL and BCL-2
inhibit apoptosis by binding to the a-helical BH3 domain of pro-apoptotic regulators. Second,
BCL-XL binds cytosolic p53 at a location distal to the hydrophobic groove, which prevents BAX
activation and apoptosis from being p53-dependent [107]. Additionally, the anti-apoptotic action
of BCL-XL is mediated via the BH4 domain. Along with preventing apoptosis, the BH4 domain
of BCL-XL protein plays an important role in regulating cell migration and other important cellular
processes. However, proteases from autophagosomes can degrade Bid, which affects BCL-XL-
mediated apoptosis [48]. By attaching to the tumor suppressor Beclin-1 and subsequently blocking
autophagy, BCL-XL has been associated with non-apoptotic cell death [18]. It has also been
suggested that BCL-XL is a key factor in the emergence of medication resistance [108].

5.3 MCL-1

The human MCL-1 gene is found on chromosome 1921, and MCL-1 proteins were first discovered
in myeloid leukemia cells. MCL-1 is highly expressed in cardiac and skeletal muscles, sympathetic
neurons, and neuroendocrine cells [103]. Although the structure of Mcl-1 is similar to other anti-
apoptotic BCL-2 family members, it is considerably larger because it has an extended N-terminal
regulatory domain. The abundance of proline [P], glutamic acid [E], serine [S], and threonine [T]
residues is one of the most significant characteristics of this region. Commonly, PEST sequences
frequently act as signals for rapid protein breakdown [109]. The MCL- gene has three distinct
isoforms: MCL-1L, MCL-1S, and MCL-1ES. MCL-1L is anti-apoptotic, but MCL-1S and MCL-
1ES are both pro-apoptotic, and these three proteins play distinct roles in the control of apoptosis
[18]. The first isoform, Mcl-1L, binds to the outer mitochondrial membrane (OMM) by its
transmembrane (TM) domain, where it inhibits the expression of cytochrome c. There are 350
amino acids encoded by three exons in MCL-1L. The MCL-1 gene skips the second exon, resulting
in the 271 amino acid MCL-1S. Mcl-1S is mostly found in the cytosol and differs from Mcl-1L in
length by lacking the BH1, BH2, and TM domains [110]. MCL-1ES results from alternative
splicing at a non-canonical donor-acceptor site within the first exon. The resulting protein is 197
amino acids long and lacks the BH4 and PEST domains present in other MCL-1 isoforms [18].
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MCL-1 is susceptible to several posttranslational, posttranslational, and transcriptional
modifications. According to a number of studies, MCL-1 is regulated by a variety of cytokines and
signaling pathways. Through autocrine signaling loops, VEGF and interleukin-6 (IL-6) can control
MCL-1 expression. The synthesis of IL-6 is stimulated by the activation of the Notch-1 signaling
pathway, which also increases the expression of MCL-1 [111]. By phosphorylating Thr-163, the
ERK pathway protects the Mcl-1 protein from degradation [112]. Through the STAT3/MCL-1
pathway or the JAK/STAT and PI3K pathways, cytokines such as IL-15 and IL-22 can also
regulate MCL-1 protein levels [113]. The pro-apoptotic proteins BAK/BAX are sequestered by
MCL-1 through the BH3 domain, which contains the hydrophobic groove, to exert its antiapoptotic
action [114]. Mcl-1 is essential for the survival of many different types of healthy cells, such as
hepatocytes, neurons, cardiomyocytes, and others. Mcl-1 is often exploited by cancer cells to avoid
apoptosis [109]. In addition to its anti-apoptotic action, MCL-1 is essential for embryogenesis, cell
cycle regulation, and energy generation [115]. Selective MCL-1 inhibitors are needed as
biochemical tools that can lead to new cancer chemotherapy [116].

5.4 BFL-1

A member of the BCL-2 family of proteins, BFL-1 inhibits the process of apoptosis and regulates
the crucial equilibrium between cellular life and death in response to physiological stress [117].
The BCL-2A1 gene codes for the 175-residue BFL-1 protein [118]. Human BCL-2A1 (encoding
BFL-1) was mapped to chromosome 15 in 1997, while mouse BCL-2A1 (encoding Al) was
assigned to chromosome 9 [119]. Human BFL-1 and mouse Al differ in a number of ways. Mice
have four genes, three of which code for the functional paralogs BCL-2Ala, BCL-2A1b, and BCL-
2A1d. These three have DNA and protein sequences that are more than 95% homologous, but
BCL-2Alc encodes a pseudogene. Moreover, there is only one BCL-2A1 gene in human [120]
[121]. BFL-1 shares structural similarities with other anti-apoptotic proteins. It contains BH1-4
hydrophobic plaques. BFL-1 binds to the BH3-only proteins BIM, PUMA, NOXA, BIK, BID, and
HRK [119] [122]. BFL-1 inhibits the dimerization of BAX and BAK through a mechanism similar
to other anti-apoptotic members. As a result, the release of apoptotic agents and depolarization of
the mitochondrial membrane ceases. BFL-1 thus suppresses apoptosis by blocking the downstream
caspase pathway. In some situations, BFL-1 promotes apoptosis. Full-length BFL-1 is cleaved at
the C-terminal membrane, which turns BFL-1 into a pro-apoptotic protein. M-calpain mediates
this mechanism. The a5 helix OF BFL-1 induces apoptosis through a BAX and BAK-dependent
mechanism, whereas the a9 helix does so through a membrane instability mechanism [122].

Melanoma, lymphoma, and leukemia are all associated with the pathological expression of BFL-
1 as an oncogenic driver [123]. Numerous human cancers, such as solid tumors and hematological
malignancies, have been linked to the pathogenesis and chemoresistance of BFL-1 [124]. Many
different B-cell lymphoma types have been shown to overexpress BFL-1. The increasing levels of
BFL-1 seen in different types of cancers demonstrate the tremendous possibility of targeting BFL-
1 for treating these diseases [119]. For the development of new classes of chemotherapeutic drugs
that can combat the resistance of cancer cells to currently available chemotherapeutics, inhibiting
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the activity of BFL-1 represents an effective strategy. BFL-1 has several other physiological roles
in post-allergic mast cells, cellular survival, B-cell maturation, and immune system modulation.
Although little is known about the precise mechanisms involved, a role for BFL-1 in inflammation
has been established [125].

5.5 BCL-W

BCL-W is an anti-apoptotic protein of the BCL-2 family. Compared to other anti-apoptotic
molecules, BCL-W and BCL-XL have the highest sequence similarity (51%). BCL-W interacts
with BAX, BAK, and several BH3-only proteins, including BAD, tBID, BIM, PUMA, BMF, and
BIK, as demonstrated by co-immunoprecipitation [36]. BCL-W sometimes referred to as BCL-2-
like 2 (BCL-212), is a highly conserved gene found in the q11.2-q1235 region of chromosome 14
in mice and humans. BCL-2L2 contains two non-coding exons in addition to two coding exons at
the 5’ ends. The non-coding exon contains the minimal promoter region of the BCL-2L2 gene,
which is highly conserved in humans, mice, and rats [36] [103]. BCL-W protein is typically located
on the mitochondria's outer membrane. The BCL-W protein has nine helices, flanked by
amphipathic helices al, a2, a3, a4, a6, a7, a8, and a9, and a central hydrophobic groove created
by a helix, a5 [126].

BCL-W is highly expressed, especially in the brain, colon, and testes. It is also connected to
intracellular membranes [103]. The process of mitotic cell death is regulated by BCL-W. BCL-W
used two additional sSiRNAs to accelerate mitotic cell death. The other two siRNAs were similarly
able to accelerate mitotic cell death, although considerably less successful than the initial SIRNA
in depleting BCL-W [127]. In addition to its function as a pro-survival protein, BCL-W facilitates
tumor invasion by increasing the production of transcription factor specificity proteins, which in
turn increase the expression of matrix metalloproteinase-2 [23]. BCL-W also regulates the
morphogenesis of mitochondria and has been linked to the development of dendrites. Additionally,
increased levels of BCL-W cause neurological disorders such as Alzheimer's disease and
Parkinson's disease [126]. The overexpression of BCL-W in diffuse large B cell lymphoma was
associated with poor patient survival. BCL-W has significant effects on B cell lymphoma, and its
expression can be used as a biomarker to diagnose and develop more precisely targeted treatments.
The development of myeloid leukemia was accelerated by the interaction between MY C and BCL-
W overexpression. Additionally, BCL-W overexpression has been observed in several human
solid tumor cell lines as well as gastric and colorectal adenocarcinoma patient samples [128].
Numerous cancers are caused by genetic alterations in BCL-2L2, such as copy number variants in
small and non-small lung cancer, high levels of BCL-w expression in gastric carcinomas, and low
levels of BCL-w expression in colorectal cancer. Significantly higher BCL-W mRNA levels are
found in breast cancer patients. Cancer of the urinary system has been profoundly impacted by
BCL-W. Hepatocellular carcinoma (HCC), leiomyosarcomas, prostate cancer, cervical cancer, and
prostate cancer are all linked to overexpression of BCL-W [126]. The BCL-W expression is
abnormally high in samples from patients with Hodgkin lymphoma, Burkitt lymphoma (BL), and
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diffuse large B-cell lymphoma (DLBCL). However, Human BL and DLBCL cell line growth and
survival are not always dependent on BCL-W. [129].

6. The Apoptosis Pathway

Apoptosis is an evolutionarily conserved cell death mechanism generally responsible for cell
destruction throughout eukaryotic development and maintenance of organismal homeostasis. The
BCL-2 protein family, which includes both pro- and anti-apoptotic members, regulates this
pathway by balancing the choice between cellular life and death [130]. The mechanism of
apoptosis is more complex and involves an energy-dependent cascade of molecular events [131].
Apoptosis can occur through two different pathways: the intrinsic pathway, which is activated
downstream of cellular stress such as DNA damage, ER stress, or growth factor withdrawal, and
the extrinsic pathway, which is initiated when death receptors on the cell surface are activated
[132]. Additionally, a different pathway that involves T-cell-mediated and perforin/granzyme-
dependent cell death is reported. This pathway is mediated by the granzyme types A and B [1].
These pathways converge when caspases (aspartate-specific cysteine proteases) are activated.
These enzymes are responsible for cleaving essential proteins, which ultimately leads to cellular
destruction [94].

The intrinsic pathway often referred to as the mitochondrial pathway, is triggered by signals within
the cells, such as oncogenic stress, viral infection, or cytotoxic insults that damage DNA or protein
molecules. Both pro- and anti-apoptotic BCL-2 family proteins control the entire mechanism [67].
The intrinsic apoptosis signaling cascade is initiated by BH3-only proteins, which are important
sensors of cellular stress. They suppress the activity of anti-apoptotic BCL-2 family members by
binding to the BH3 domain, thereby neutralizing their activity and promoting apoptosis. The anti-
apoptotic BCL-2 protein is inhibited, which causes the apoptotic effectors BAX and BAK to
become active. Some BH3-only proteins, including tBID (activated form of BID), BIM, and
perhaps PUMA, may also directly bind and activate BAX and BAK [94]. Activated BAX and
BAK oligomerize, which causes permeabilization of the Mitochondrial Outer Membrane
(MOMP). The permeabilization enables the release of intermembrane proteins such as cytochrome
¢, a second mitochondria-derived activator of caspase (SMAC, also known as DIABLO), AIF
(apoptosis-inducing factor), and Omi [66] [131]. Then the apoptosome is formed. The apoptosome
is a complex made up of cytochrome c, procaspase-9, deoxyadenosine triphosphate (dATP), and
apoptotic protease-activating factor-1 (APAF-1). Procaspase-9 becomes caspase-9 within the
apoptosome [133]. The apoptosome then activates caspase-9, which in turn activates caspase-3
and thus induces apoptosis [1]. Intrinsic apoptosis involves additional processes that ensure cell
death. The endogenous inhibitor of caspase function known as the X-linked inhibitor of apoptosis
protein (XIAP) is inhibited by omi [134]. When apoptosome is formed, SMAC is released to block
the inhibitor of apoptosis protein (IAP), which allows apoptosis to occur [66]. Direct nuclear
translocation by AIF results in caspase-independent nuclear changes [131].
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The extrinsic pathway is activated by the cell surface death receptors, tumor necrosis factor
receptor (TNFR), FAS, and TNF-related apoptosis-inducing ligand receptor (TRAILR) upon
stimulation by their respective ligands TNF, FASL, and TRAIL [132]. The intracellular death
domain (DD) of death receptors serves as a docking site for the DD domain in the adapter protein
FADD (Fas-associated death domain). By interacting with the DED domain in the pro-domain of
caspase-8, a death effector domain (DED) in FADD can now draw procaspase-8 and concentrate
it on the activated receptor. The formation of this complex, known as DISC (death-inducing
signaling complex), results in the processing and activation of pro-caspase-8. Now that caspase-8
is activated, it can process and activate the effector caspases, caspases 3, 6, and 7, which finally
leads to cell death [67]. In some cells, the BH3-only protein BID is cleaved by caspase-8 as a result
of death receptor activation. BID cleavage produces a 15 kDa truncated active protein known as
tBID, which translocates to mitochondria where it forms a heterodimer with the anti-apoptotic
BCL-2 protein. As a result of this interaction, the anti-apoptotic BCL-2 proteins are inactivated,
which in turn activates the pro-apoptotic proteins BAX and BAK. When BAX and BAK are
activated, the mitochondrial membrane becomes permeable, cytochrome c is released, the
apoptosome is formed, caspases are activated, and apoptosis occurs. Here, the extrinsic and
intrinsic pathways converge, causing both to proceed normally and induce apoptosis [66] [94].
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Figure 3: There are three main types of apoptotic routes, which are known as the extrinsic
pathway, intrinsic pathway, and perforin/granzyme pathway. Each pathway initiates with a
specific death-inducing cell signal and is regulated by activating different caspases. The extrinsic
route is activated by the interaction of death receptors (DRs) and death-inducing ligands via their
adaptor domains. Subsequently, a multiprotein complex DISC and caspase-8 regulate this
pathway. In the intrinsic apoptotic pathway, the stimuli first turn on BH3-only proteins. The
apoptotic signals are then sent by turning on interactions between BCL-2 members, forming a
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MOMP complex, and then cytochrome c is released. This pathway is run by cytochrome ¢ and
other caspases activation. In the perforin/granzyme pathway, granzyme A and granzyme B are
released by cytotoxic T cells. the granzyme A pathway functions caspase-independently method.
Granzyme B activates caspase-10, which is coupled to the intrinsic pathway and induces
apoptosis. Here, all pathways ultimately activate caspase-3. However, caspase-3 activation
eventually induces apoptosis. Caspase-3 degrades essential parts of cells, like chromosomes and
cytoskeletal proteins. This leads to the formation of apoptotic bodies, which are ingested and
destroyed by phagocytic cells and finally removed by the organism.

In the perforin/granzyme pathway, either granzyme A or granzyme B can be used to induce
apoptosis. Granzymes are serine proteases that are released from granules found in the cytoplasm
of NK and CTL cells [135][136]. Additionally, a glycoprotein called perforin helps granzymes
enter target cells by creating pores in their cell membranes [135] [137]. Here, the granzyme A
pathway is caspase-independent, whereas granzyme B is caspase-dependent [138]. Granzyme A
has a vital role in cytotoxic T cell-induced apoptosis. Granzyme A protease breaks down the SET
complex (protects the DNA and chromatin structure) and thereby releases inhibition of NM23-H1
(Nucleosome assembly protein SET, inhibits NM23-H1), which causes DNA to be degraded
during apoptosis. These indicate that granzyme-mediated inactivation of this complex probably
promotes apoptosis by preventing the maintenance of the integrity of DNA and chromatin
structures [139]. On the other hand, Granzyme B activates caspase-3 either directly or indirectly
through caspase-10. Granzyme B uses the mitochondrial pathway to release cytochrome c and
amplifies the death signal by specifically cleaving the BID protein [131]. These three routes are
visualized in Figure 3.

7. The Relationship Between BCL-2 Protein Family and P53

P53 is the gene that is mutated in most human cancers. It is estimated that p53 is mutated in about
half of all cancers, and 20% of cancers involve p53 that is functionally inactive. The p53 gene is
responsible for the development of a protein also known as tumor protein p53 [140]. The p53
protein is a regulator of many processes that cells need to function correctly, and it is involved in
many processes related to their life and death [141]. The p53 protein inhibits the growth of tumors
by controlling the expression of a vast number of genes involved in processes such as cell cycle
arrest, DNA repair, senescence, apoptosis, cell motility, cell adhesion, and migration [142].
Besides, P53 has been shown to affect various physiological and pathological processes, including
neurodegeneration, aging, autophagy, angiogenesis, maternal reproduction, and fertility [140]. P53
mediates apoptosis in both a transcription-independent and -dependent manner in response to
different cellular stresses [143]. As a result of stress events, the p53 protein crosses into the
mitochondria and promotes the expression of pro-apoptotic BCL-2 proteins such as PUMA, BAK,
BAX, and NOXA, as well as inhibits the expression of anti-apoptotic BCL-2 proteins such as
BCL-2 and BCL-XL [141]. In cells, p53 has been shown to interact with BCL-XL and BCL-2.
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Through allosteric conformational changes in the BH3 peptide-binding region of BCL-XL, the
p53 DNA-binding domain (p53DBD) promotes binding to pro-apoptotic BH3-only proteins. The
transactivation domain of p53 (p53TAD) competitively inhibits BAK and BAX from binding to
BCL-2 and BCL-XL, leading to the release of BAK and BAX. These results suggested that
p53TAD may induce mitochondrial apoptosis by competitively inhibiting the interaction between
pro-apoptotic and anti-apoptotic BCL-2 family proteins [143]. In addition, Granzyme B (GzmB)
rapidly accumulates p53 in target cells. This p53 protein interacts with the BCL-2 protein and
appears to be involved in the GzmB-induced apoptosis process. Therefore, inhibition of p53-BCL-
2 interaction reduces GzmB-induced activation of BAX, the release of cytochrome c from
mitochondria, and subsequent activation of effector caspases, thereby reducing the sensitivity of
target cells to GzmB and CTL/NK-mediated death [144]. However, BCL-2 and p53 significantly
determine tumor growth and may help identify high-risk patients more precisely [145]. High BCL-
2 expression and low p53 expression were linked to indolent histopathological features of basal
cell carcinoma (BCC). Based on these data, a thorough investigation of p53 and BCL-2 expression
levels in BCC patients may yield helpful prognostic information. Some cases of BCC may develop
and progress in response to these biomarkers [146].

8. Potential Biomarkers
8.1 P53

Pro-apoptotic molecules like BAK, BAX, PUMA, and Noxa are transcriptionally regulated by p53
and are crucial components of MOMP in response to death stimuli. BCL-2 and BCL-XL are also
inhibited by p53, which enables pro-apoptotic components (BAK or BAX) to separate from
heterodimeric complexes after oligomerization of BAX and BAK into the mitochondrial outer
membrane (MOM), This produces lipid pores inside the MOM through which the apoptotic
initiators are produced in response to death stimuli [147]. Additionally, p53 has the ability to
directly activate BAK and/or BAX using a "hit and run" method to cause the permeabilization of
the outer mitochondrial membrane. In various cellular compartments, P53 can have a dual function
in apoptosis. In nucleus, its interaction with the fundamental elements of the transcriptional
machinery, p53 functions as a transcriptional activator and stimulates the expression of the target
gene. On the other hand, in mitochondria BCL-2 and BCL-XL interact with p53, leading
transcription-independent apoptosis to develop [143]. In de novo diffuse large B-cell lymphoma
patients, screening of P53 expression gives an important prognostic information, specially in
subgroups with MYC-R, MYC expression, and MYC and BCL-2 double expression. P53
expression was demonstrated to significantly shorten survival in MYC/BCL-2 double-positive
lymphomas[148]. BCL-XL inhibits p53, a direct BAX activator, characterizing it as a non-
canonical  prototype  modulator of BCL-2  proteins-mediated MOMP  [97].
The pro-apoptotic BCL-2 family protein PUMA level rises in response to p53 activation [149].
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8.2 ABT-737

ABT-737 is a small-molecule BH3 mimetic that has an extremely high affinity for directly binding
to BCL-2, BCL-XL, and Bcl-w. This action induces apoptosis by releasing BAX and BAK [150].
Synthetic small molecule cannot directly bind BAK or BAX, it can damage the complex protein
unit that consists of BAX/BAK and BCL-2 [151].It has been shown that Mcl-1 overexpression
makes some malignancies resistant to the BCL-2/BCL-XL inhibitors ABT-737 and ABT-263
[152]. In a xenograft mice model of PTLD, ABT-737 decreased tumor growth and improved
overall survival while having no impact on BL xenograft mice [153]. ABT-737 therapy decreased
bone marrow early and late apoptosis [154]. Both in vivo and in vitro studies of the BCL-2 inhibitor
ABT-737 have revealed positive anticancer effectiveness. However, certain studies have shown
that HCC cells are resistant to ABT-737, and the corresponding molecular mechanisms of this
resistance are not clearly appreciated. ABT-737, a BH3 mimic, can selectively prevent the binding
of BCL-2/xL and BAK/BAX by competing for the BH3 domain and then inducing apoptosis
through the mitochondrial system [155]. When paclitaxel and ABT-737 were used together, PDA
cell death was caused at a lower paclitaxel concentration than when paclitaxel was used alone
[156].

8.3 BCR-ABL

The effectiveness of BCL-2 inhibition in TKI-resistant BCR-ABL1-positive cells generated from
the blast crisis of CML patients who were previously in the chronic phase [157]. The BCR-ABL
protein possesses a constitutive tyrosine kinase activity that contributes to cell apoptosis resistance
and CML pathogenesis, yet the cellular and molecular mechanisms underlying BCR-ABL
expression and apoptosis dysfunction in CML leukemic cells are still poorly understood [158].
Through a variety of methods, the oncogenic Bcr-Abl fusion protein encourages leukemic cell
survival and proliferation. BCR-ABL1 may also control the amounts of other anti-apoptotic BCL-
2 proteins, which could increase the threshold at which a death stimulus must be present in order
for apoptosis to proceed [159]. The combined inhibition of BCL-2 and BCR-ABL tyrosine kinase
has the potential to greatly increase depth of response and cure rates of chronic-phase and BC
CML while BCL-2 is a crucial survival factor for CML stem/progenitor cells [160].

8.4 PUMA and NOXA

Bim, Noxa, Bim/Noxa, Bim/Puma, Bim/Bmf, BAX, BAK, or BAX/BAK-deficient cells are used
to evaluate the significance of BCL-2, BCL-XL, and Mcl-1 using particular inhibitors [161]. Up-
regulation of the tumor suppressor protein p53 and its transcriptional target PUMA suggests that
they may be involved in inducing cell death [162]. BH3 is the only molecule that activate
apoptosis. We provide biochemical and genetic proof that NOXA is an authentic BH3 activator.
Stepwise, bimodal activation of BAX-BAK is directly induced by BID, BIM, PUMA, and NOXA
[26]. It has been demonstrated that p53 can transcriptionally activate pro-apoptotic BCL-2
Homology domain-3 (BH3)-only genes, including p53 upregulated modulator of apoptosis
(PUMA) and phorbol-12-myristate-13-acetate-induced protein 1. (PMAIP1 or NOXA) [163].
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Apoptosis is caused by a number of well-known BCL-2 inhibitors, including ABT199 and HA14-
1, that also bind to the hydrophobic groove of BCL-2. These inhibitors cause BCL-2 to become
detached from or to compete with its proapoptotic partners BAK/BAX [164]. The most promising
strategy for lowering a cell's overall radiosensitivity seemed to be apoptosis induction through an
increase in the tumor suppressor protein p53 and its transcriptional target, the pro-apoptotic protein
PUMA, which is regulated by ATM/ATR [149]. The presence of a MyoD responsive region in the
PUMA gene will make it easier to test this theory in the future and to understand the mechanism
by which MyoD promotes apoptosis rather than differentiation. Binding to two E-boxes or one E-
box and a cooperative co-activator is necessary for MyoD-mediated transcription [165]. NOXA,
in contrast, is regarded as a "weak" or indirect activator since it can only bind and block the pro-
survival members MCL1 and BCL-2A1, preventing them from regulating BAX and BAK1 [166].
The anti-apoptotic member MCL-1's location and stability are controlled by Noxa, which
modulates the sensitivity of ABT-737 [167]. BH3-only pro-apoptotic protein NOXA, which is
encoded by the NOXA gene, serves as a sensitizer to prevent anti-apoptotic BCL-2 family proteins
[168]. The histone deacetylase inhibitor panobinostat was used to pharmacologically induce
NOXA, which led to decreased MCL1 protein abundance and improved lymphoma cell tolerance
to BCL-2 inhibitors in vitro and in vivo [169].

9. Therapeutic Potential of BCL-2 Family Proteins

BCL-2 family proteins play an important role in modulating the apoptotic response in anticancer
therapy. It is interesting to explore whether BCL-2 family proteins will be able to serve as
biomarkers to predict treatment outcomes [170]. Targeted cancer therapy tries to stop the actions
of proteins that are crucial for the development of cancer. Antiapoptotic proteins are an excellent
target for cancer therapy because they are significantly elevated in many malignancies relative to
normal cells [171]. A novel line of anti-cancer medications that precisely block the anti-apoptotic
BCL-2 family proteins has undergone substantial advancement in recent years [172]. The clinical
response of different malignancies and the chemotherapeutic sensitivity of lymphoma cell lines
have been successfully predicted using BH3 profiling. The BH3 profiling appears useful for
identifying highly primed tumors that are more likely to respond to conventional treatment as well
as BH3 mimetics [170]. BH3-mimetics are a new class of anticancer drugs. They mimic the action
of BH3-only proteins in that they bind to and inhibit anti-apoptotic BCL-2 family members and
thereby activate apoptosis in cancer cells [69] [173]. When BH3-mimetics bind to such proteins in
hydrophobic grooves, they displace sequestered BH3-only proteins, which can then activate BAK
and BAX. Alternatively, BH3-mimetics can lower the apoptosis threshold by binding to the
hydrophobic groove of unprimed cells and inhibiting any BH3-only proteins that are subsequently
produced [174]. There are several compounds have been proposed to be BH3-mimetics. Such as
ABT-737, ABT-263-navitoclax, ABT-199, GX15-070- obatoclax, AT-101, gossypol, BI-97D6,
TW37, S1 derivative, BH3-M6, Marinopyrrole A, maritoclax, MIM1, BAM7, A-1155463, A-
1210477 [175].
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ABT-737 is considered a model of BH3 mimetics. It was a first-in-class molecule designed to
mimic the action of BH3-only proteins. ABT-737 inhibits the activity of the anti-apoptotic proteins
BCL-2, BCL-XL, and BCL-w by binding to them with a significantly higher affinity (1 nmol/L)
than earlier drugs. It has a weak binding affinity for the anti-apoptotic BCL-2 family members
BCL-B, MCL-1, and Al [47] [50]. ABT-737 exhibits a wide range of anti-tumor activity,
including activity against myeloma, chronic lymphocytic leukemia, acute myeloid leukemia,
small-cell lung cancer, prostate cancer, and glioblastoma among others [175].

As a successor to ABT737, ABT 263 (Navitoclax) is an oral bioavailable relative that binds to and
inhibits BCL-2 family proteins at nanomolar concentrations. Compared to MCL1 and BCL-W,
ABT263 has a higher affinity for binding to BCL-2 and BCL-XL [171]. In preclinical studies,
ABT-263 is used in combination with other conventional therapies. It has demonstrated efficacy
in several additional cancers, including some forms of breast cancer [176]. In clinical trials, ABT
263 as a single agent significantly reduced tumor burden in the majority of chronic lymphocytic
leukemia (CLL) patients [177]. However, as BCL-XL is essential for platelet survival, BAX and
BAK-mediated thrombocytopenia is dose-limiting for ABT 263, and this is likely also true for
BCL-XL selective BH3-mimetics [33]. The first highly specific BCL-2 inhibitor is ABT-199.
ABT-199 has previously demonstrated significant antitumor activity in preliminary clinical tests
in chronic lymphocytic leukemia (CLL) and non-Hodgkin's lymphoma with greater response rates
than navitoclax and no thrombocytopenia [178].

A natural phenolic substance called gossypol, which is found in cotton plants, has been proven to
inhibit apoptosis in mouse tumor models. Gossypol's synthetic derivative AT101 binds to BCL-2,
BCL-XL, and MCL1 [171]. Another variant of the ABT-737 is the BM-957. Additionally, it
triggers caspase 3-dependent apoptosis in tumor cell lines and tumor regression in xenograft
models. BM-957 also binds to BCL-2 and BCL-XL with sub-nanomolar (nM) affinity. BM-1197
causes BAX and BAK-dependent apoptosis in small-cell lung cancer cell lines by binding to BCL-
2 and BCL-XL with sub-nanomolar (nM) affinity, inhibiting their antiapoptotic actions.
Additionally, in two separate small-cell lung cancer xenograft models, BM-1197 demonstrates
better solubility and pharmacokinetic characteristics and causes complete and long-lasting tumor
regression [178]. MCL-1 has some inhibitors because it is frequently elevated in a variety of
malignancies. The first MCL-1 inhibitor was A-1210477. It has shown efficacy against multiple
myeloma cells in vitro. S63845 was subsequently developed, a highly effective MCL-1-selective
agent with significant single-agent activity in cell lines including multiple myeloma, lymphoma,
chronic myeloid leukemia, and several solid organ cancers (such as non-small-cell lung cancer,
breast cancer, melanoma cell lines). AMG 176 and AZD5991 are two other MCL-1 inhibitors
under development with sub-nanomolar affinities. Both exhibit in vivo action in multiple myeloma
and acute myeloid leukemia models [73].

A new anti-cancer drug could be produced from any substance that directly stimulates BAX or
BAK [179]. Targeting the canonical grooves of BAX and BAK has the potential to develop
therapeutic agents with reversible cell death properties. By inducing the conformational changes
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in the structure of BAX and BAK, substances that mimic BH3-peptide-mediated initiating events
can promote apoptosis [180]. In more recent studies, small compounds that can directly bind to
and activate proapoptotic BCL-2 family members have been designed using BH3 mimetic
principles. The compound BAM-7 can induce apoptosis by forming a direct activator of BAX with
high binding affinity. A BH3 peptide called PUMA induces the activation of BAK by binding with
nanomolar (nM) affinity to its canonical binding pocket, which results in BAK-dependent MOMP
and cell death. All of the anti-apoptotic BCL-2 family members can interact with and be inhibited
by SAHB which is derived from the PUMA-BH3 helix. The pro-apoptotic BAX is also directly
bound to and activated [178]. However, by focusing on the BCL-2 family of proteins, several of
the significant future avenues in chemical and drug discovery are highlighted. In the meantime, the
development of BH3-mimetics has reached a mature stage for the treatment of malignancies and
possibly autoimmune diseases [180].

10. BCL-2 proteins as therapeutic target in diseases
10.1 Parkinson disease

Parkinson disease is a neurodegenerative disorder that affects the motor and non-motor neuron. It
is defined by the progressive degeneration of dopaminergic neurons as well as the formation of
Lewy bodies, consisting of o -synuclein [181]. a-synuclein is a tiny acidic protein that has a
naturally unfolded structure; it is found mostly at presynaptic terminals and it could play role in
vesicular transport and neurotransmitter release [182]. It has been revealed that abnormal
aggregation of the protein may be harmful to dopaminergic neurons, which can contribute to
neurodegeneration associated with Parkinson's disease [183]. The BCL-2 family protein[184]
alongside with o -synuclein is used as a therapeutic target [185]. The activation of BAX enhanced
the creation of -synuclein deposits and cell death, but the overexpression of the anti-apoptotic
protein BCL-2 protect dopaminergic neurons [184].

According to the findings of many research, there are some chemicals that have the capability to
trigger the overexpression of BCL-2 while simultaneously lowering the expression of BAX. B.
Wang et al. demonstrated that Chitosan oligosaccharide (COSs) were capable of protecting the
dopaminergic neurons by activating the PI3K/Akt/BCL-2 pathway and reducing the
overexpression of oa-synuclein [186].In PD treatment, the upregulation of BCL-2 and
downregulation of BAX and caspase-3 are regulated by cannabidiol (CBD)_as apoptosis inhibiting
factor [187]. K. Guo et al. found that Paeoniflorin, active ingredient of a plant, downregulates
proapoptotic proteins and upregulates ani-apoptotic proteins, suggesting a role for the BCL-2
family protein in PD therapy [188].

Citronellol, which is most often found in citrals, is an important chemotherapeutic drug that
protects dopaminergic neurons and is used in the treatment of rotenone induced Parkinson's
disease. By increasing the expression of the anti-apoptotic protein BCL-2 while simultaneously
lowering the expression of the pro-apoptotic protein BAX, this chemical inhibits apoptosis.
Additionally, it controls autophagy by preventing the formation of autophagy vacuoles and
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promoting the clearance of B-synuclein in lysosomes [189]. Citronellol's impact was also proven
by J. Shao et al., who came to the conclusion that it may prevent apoptosis in PD by inhibiting the
BCL-2/BAX pathway [190].

10.2 Breast Cancer

Breast cancer is the most prevalent cancer and the main cause of cancer-related mortality in women
[191]. It may be inherited or linked to mutations in genes (BRCAL and BRCA2, PTEN, TP53)
involved in cellular proliferation, apoptosis, or other mitosis-related processes [192] [193] [194].
Apoptosis is particularly important for the healthy growth of the breast and the maintenance of
homeostasis in the breast epithelial cell [195]. Disruptions in the apoptosis mechanism are strongly
linked to the development of breast cancer [196].

The BCL-2 gene, which plays a role in the process of cell death, has been demonstrated to have a
tight link to both the formation of breast cancer and the multiplication of breast cancer cells [196].
Furthermore, the expression of BCL-2 has been proven to be a feature that is related with a better
prognosis in breast cancer patients [197]. In addition to preventing cells from committing suicide,
the BCL-2 gene maintains the cells' ability to cycle for an extended period of time, which inhibits
the progression of tumors. As a result, reduced BCL-2 expression may contribute to the
development of breast cancer [198].

Usnic acid, a dibenzofuran derivative found in lichens, is employed as chemotherapeutic agent in
treating the breast cancer as it has the ability to suppress cell growth and trigger cell death [199]
[200]. It controls the up-regulation of miR-185-5p, which directly targets the 3'-untranslated region
of BCL-2 and inhibits cellular growth by triggering apoptosis [201] [202]. In addition to lowering
levels of the anti-apoptotic BCL-2, this agent also raises levels of the BAX, BOK protein [203].

In triple negative breast cancer cell (TNBC), Loperamide (LPR) is used as chemotherapeutic
compound with doxorubicin (DXR) to sensitize the TNBC cell to DXR. The DXR and LPR
combination decrease the BCL-2 and mTOR gene level and elevate the expression of the cell cycle
inhibitor gene p21 [204] [205]. S.E. Simon et al. identified that SMS-1V-20 and SMS-1V-40, two
bioactive phenylquinazoline derivatives, specifically target the pro-survival BCL-2 family
members and promote apoptosis in MCF-7 and MCF-7-CR cells. These molecules induce the
downregulation of of BCL-2, BCL-XL and simultaneously stimulate the release of mitochondrial
cytochrome C that leads to the apoptosis of the cancer cell [206].

10.3 Lung cancer

Lung carcinoma has evolved over the past century from a rare and obscure condition to the most
frequent cancer worldwide and the leading cause of cancer-related death[207]. Lung cancer with
small cell content (SCLC) is the most dangerous type. A highly complex condition at the molecular
level, with numerous mutations present in each tumor, when paired with frequent TP53 mutation
[208]. Although new methods of diagnosis, chemotherapeutic agents, and therapeutic strategies
have been developed for the treatment of cancer, the disease continues to present a significant
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challenge due to the development of drug resistance, the spread of metastases, and the low rates of
long-term survival [209].

Apoptosis in lungs is strongly linked with both Small-Cell Lung Cancer (NSCLC) and Non-Small-
Cell Lung Cancer (NSCLC) [210] [211]. The extrinsic and intrinsic pathways of apoptosis can be
distinguished in lung carcinoma. Each pathway will eventually activate cell death proteases, which
will then set off a cascade of proteolysis including effector caspases to carry out the apoptotic
process's completion [212]. This process is regulated by the family members of BCL-2 and
abnormalities BCL-2 family protein are reported in NSCLC, where overexpression of the anti-
apoptotic BCL-2 and MCL-1 proteins is related with current clinical resistance [210] [213].
Antiapoptotic (BCL-2) and proapoptotic (BAX) proteins in healthy human airway epithelial cells
and lung cancer cells are impacted by ATP-induced Ca2+ signaling[214]. Caspase-dependent and
Caspase-independent signaling pathways that rely on mitochondria can be used to categorise the
course of apoptosis. Cellular apoptosis was assisted by the caspase-dependent signaling pathway,
which is linked to a balance between pro- and anti-apoptotic molecules (BAX, Bid) [215].

Long non-coding RNAs (IncRNAs) are being studied as a novel class of regulators of biological
processes, including cellular proliferation, apoptosis, and carcinogenesis in lungs [216]. Reduced
levels of miR-181 were linked to higher levels of BCL-2, and it was further hypothesized that miR-
181 largely targets BCL-2 expression when conducting out its proapoptotic function in non small
cell lung cancer [217].

Venetoclax, an anti-apoptotic BCL-2 inhibitor, induce BIM dependent apoptosis in Small-Cell
Lung Cancers and for this inhibitory function it is used as a chemotherapeutic agent in lung cancer
treatment [218].

Nur77, which is also known as TR3/NGFIB and is a member of the nuclear receptor superfamily,
is utilized as a therapeutic target in the treatment of cancer due to its close association with both
cell proliferation and apoptosis. [219]. It induces apoptosis through migrating from the nucleus to
the mitochondria after which the remaining steps of the apoptosis mechanism are carried out.
NuBCP-9, which simulates the functional and mechanistic actions of Nur77, convert the
antiapoptotic BCL-2 to proapoptotic state and may serves as therapeutic target in the treatment of
lung cancer patients [220].

ECPU-0001, a Carbazole-Piperazine Hybrid, greatly prevent the growth of lung tumors in a
xenograft model without causing severe toxicity. In addition to this, it has been demonstrated to
drastically reduce both the volume and burden of tumors. This chemical target the BCL-2 family
of proteins and regulates the mitochondria-mediated apoptosis, which results in the over-
expression of pro-apoptotic BAK and the down-expression of antiapoptotic mcll. This event leads
to the release of cyt c, apoptosome formation, caspase3,9 activation and finally cellular deaths
[221].
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Receptor tyrosine kinase-like orphan receptor 1 (ROR1), an oncofetal protein emerging as a
therapeutic target that coexpresses with BCL-2 in various tumor types due to microRNA
coregulation. Therapeutic BCL-2 inhibition works well with ROR1-targeted therapy to treat small-
cell lung cancer effectively. ROR1 expression in SCLC patient samples and its potential for
synergy with BCL-2 inhibition in SCLC cell lines were assessed [209].

BKA-073 is a small molecule BAK activator with the highest affinity for the BH3 domain.
Revealing that BAK protein is a desirable target for lung cancer therapy, increased BAK
expression was associated with a poor prognosis in NSCLC patients. BAK binding to BKA-073
stimulates BAK oligomerization and mitochondrial priming, which activates BAK's proapoptotic
activity. Venetoclax, a BCL-2 inhibitor, and BKA-073 work well together to inhibit lung cancer
in vivo [222].

10.4 Multiple sclerosis (MS)

Multiple sclerosis (MS) is a central nervous system (CNS) inflammatory disease that causes
demyelination and neurodegeneration [223] [224]. MS is a complex gene-environment interaction-
driven disorder that is diverse, multifactorial, and immune-mediated [224]. MS, which now ranks
as the most prevalent cause of neurological impairment in young adults, affects more than 2.5
million individuals globally. Immunoregulatory abnormalities, including loss of tolerance and a
decline in the number of regulatory T cells, environmental variables, immunogenetic vulnerability,
and environmental factors have all been connected to the etiology of MS [225]. Demyelinating
lesions, which are seen in both the white and grey matter of the brain and spinal cord, are a
pathological hallmark of multiple sclerosis [224]. Although the exact cause(s) of MS are unknown,
a multifactorial model has been developed to explain its pathogenesis. This model is used to
analyze the interactions between genetic, epigenetic, infectious, nutritional, climatic, and other
environmental influences such as Epstein-Barr virus (EBV) infection, sun exposure, and smoking
[226].

Degeneration of neurons and axonal myelin sheath degradation are hallmarks of multiple sclerosis
(MS) [227]. In multiple sclerosis (MS), the significance of apoptosis is complicated by its two
opposing effects. It causes the death of oligodendrocytes and neurons in the CNS, and it also
eliminates autoreactive immune cells to put a stop to immunological reactions and maintain
immune system homeostasis [228]. Apoptosis-inducing factor, which may cause DNA damage
and apoptosis, is released from mitochondrial storage and translocated to the nucleus in multiple
sclerosis lesions, demonstrating mitochondrial injury. This may explain why afflicted cells have
an accumulation of fragmented DNA in their nucleus [229].

The etiology of Multiple Sclerosis(MS) may be influenced by defective apoptosis. Using BEAM
or cyclophosphamide (CY)-based conditioning regimens, the authors assessed apoptosis-related
markers in MS patients before and after autologous hematopoietic stem cell transplantation
(AHSCT). When compared to their healthy counterparts, MS patients expressed more of the Al
gene and had lower levels of the proapoptotic genes BAD, BAX, and FASL. After AHSCT, the
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BAK, BIK, BIMEL, FAS, FASL, Al, BCL-2, BCLXL, CFLIPL, and CIAP2 genes were elevated
in the BEAM-group. At D+720 post-transplantation, all genes, with the exception of BIK, BIMEL,
and Al, attained levels comparable to controls. After transplanting, the CYgroup showed elevated
BAX, BCLW, CFLIPL, and CIAP1 gene expressions and reduced BIK and BID gene expressions.
increased BCL-2 expression prior to transplant. The early therapeutic benefits of AHSCT in MS
patients are linked to normalization of molecules related to apoptosis [225].

Autophagy is the breakdown and recycling of dysfunctional cytoplasmic organelles,
macromolecular aggregates, and long-lived proteins [230]. Autophagy is recognized to be involved
in various neurodegenerative diseases and to be crucial for maintaining neuronal homeostasis. It
is yet unknown, nevertheless, whether autophagy contributes to the processes of MS-related
neuronal damage. Myelin oligodendrocyte glycoprotein p35-55 vaccination was used to generate
experimental autoimmune encephalomyelitis (EAE), an in vivo model of MS, in female C57BL/6
mice. An autophagy-inducing drug called rapamycin reduced the aberrant clinical score,
demyelination, inflammation, and neuronal damage brought on by EAE. Rapamycin reduced the
BAX/BCL-2 ratio, inhibited caspase-3 production, and prevented cell death. contributed to the
neuronal damage brought on by EAE, and pharmacological autophagy regulation may be a
therapeutic approach for MS [231].

Solanesol (SNL) is a strong antioxidant and neuroprotective phytoconstituent that was successfully
extracted from the Nicotiana tobaco plant. It is a member of the Solanaceae family and is a
substantial biosynthetic precursor to CoQ10. Inducing MS-like neurobehavioral changes in Wistar
rats was the neuroprotective potential of SNL (40-80 mg/kg) in intracerebropeduncular (ICP)
ethidium bromide (EB). SNL therapy for a long period of time has neuroprotective potential by
enhancing cognition, memory, grip strength, and motor function. SNL alters the amount of
apoptotic markers (caspase-3, BAX, and BCL-2) in the rat brain along with mitochondrial ETC
complex malfunction. SNL also reduced inflammatory cytokines (TNF-, IL-1), oxidative stress
indicators, and restored levels of neurotransmitters. By reversing obvious pathogenic changes and
lowering the amount of demyelination in rats, SNL has a neuroprotective impact [232].

10.5 Leukemia

Leukemias are a group of malignant disorders that present with increased numbers of leucocytes
in the blood and bone marrow [233]. It can be categorized into several class including 1) Acute
lymphoblastic leukemia (ALL); Acute Myeloblastic leukemia (AML); Chronic lymphocytic
leukemia (CLL); and Chronic myeloid leukemia (CML) [233]. The BCL-2 family proteins play
marked role in the formation and treatment of leukemia. BCL-2 is essential to the survival of AML
cells; hence, blocking BCL-2 activity causes these cells to die [234]. Overexpression of anti-
apoptotic BCL-2 proteins, such as BCL-2, BCL-XI, and mcl-1, is linked with a poor prognosis and
resistance to treatment in patients with acute myeloid leukemia (AML). So, the inhibitor of anti-
apoptotic BCL-2 is targeted as therapeutic agent for leukemia patient [235].
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The significance of microRNAs, also known as miRNAs, is demonstrated in a number of
malignancies, including acute myeloid leukemia (AML). It was discovered that the levels of miR-
182-5p expression were greater in AML tissues than it was in their normal controls. One example
is that MiR-182-5p can operate as an oncogene or as a possible suppressive miRNA in
malignancies. The authors showed that elevated levels of miR-182-5p in AML patients decrease
cell apoptosis while simultaneously promoting cell proliferation. This is accomplished through
miR-182-targeting 5p's of BCL-2L12 and BCL-2. Apoptosis was induced in AML cells through
the targeting of BCL-2 or BCL-2L12 when miR-182-5p was inhibited and for this reason this
miRNA may serve as therapeutic agent [236].

Venetoclax, a selective small-molecule inhibitor of BCL-2, induces apoptosis independently of
p53 in chronic lymphocytic leukemia (CLL) cells. In vitro treatment of BCL-2-dependent cell
lines induces rapid apoptosis, as demonstrated by detecting critical apoptotic markers such as
cytochrome-c release and caspase activation. Since it has been demonstrated that CLL cells are
predominantly dependent on BCL-2, this makes them obvious candidates for treatment with
venetoclax [237].

10.6 Diabetes

Diabetes, which hampers the body's capability to convert food into energy, affects more than 300

million people around the world [238] [239]. The disease can be divided into two categories: Type
1 diabetes mellitus (T1DM) is an autoimmune disorder characterized by the destruction of beta
cells in the pancreas. Type 2 diabetes mellitus (T2DM) occurs when the body's cells produce too
little insulin to meet the body's growing needs. Numerous factors contribute to the condition,
including genetics, lifestyle variables (high calorie diet, lack of exercise), and obesity [240].

It has been shown that diabetes is linked to programmed cell death, often known as apoptosis, and
that apoptosis of beta cells may be the primary cause of the relative insulin deficit in DM [241].
Both type 1 and type 2 diabetes, as well as islet loss after transplantation, are characterized by the
apoptosis of beta cells [242]. Type 2 diabetes mellitus (T2DM) has a complex etiology that
includes obesity-related insulin resistance, poor insulin production, and loss of B-cell mass due to
B-cell death [243]. The mitochondrial mechanism of [B-cell apoptosis mediated by pro-
inflammatory cytokines or lipotoxicity is tightly regulated by the BCL-2 family of proteins [239].
Placentas with both preeclampsia and gestational diabetes have a favorable response to the BAX
protein. Sgarbosa et al. investigated BCL-2 expression in normoglycemic and diabetic placentas
and found that hyperglycemic placentas had lower levels of the protein, which might indicate
diseases that cause apoptosis [244].

Table 3. Therapeutic agents/drugs and mechanism targeting BCL-2 family proteins

Diseases Drugs / Agents Mechanism of Action Ref.
Chitosan PI3K/Akt/BCL-2¢ [186]
Oligosaccharide a-synuclein ¥
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Cannabidiol BCL-2¢ [187]
Parkinson BAX and caspase-3+¥
Disease | Paeoniflorin BCL-2% [188]
BAX¥
Citronellol BCL-2¢ [189]
BAX, B-synuclein¥
Usnic acid miR-185-5p4 [201]
BCL-2¥ [202]
Breast BAX, BAK? [203]
Cancer | Lopermaid (LPR) | p21% [204]
BCL-2, mTOR geney [205]
SMS-1V-20 cytochrome C# [26]
SMS-1V-40 BCL-2, BCL-XL¥
MiR-181 BCL-2¢ [217]
Venetoclax BCL-2+¥ [218]
Nur77 cell proliferation and [219]
apoptosist [220]
NuBCP-9 simulates
Lung Nur77 and convert
Cancer antiapoptotic BCL-2 to
proapoptotic state
ECPU-0001 BAK?t [221]
MCL-1¥
ROR1 Inhibition BCL-2 [209]
BKA-073 BAK4 [222]
Leukemia | miR-5p decrease cell apoptosis [236]
promoting cell
proliferation
Venetoclax Inhibits BCL-2 [237]
MiR-21 BCL-2% [245]
(Inhibition) Cleaved caspase 3
MiR-21 BCL-2¢ [245]
(Overexpression)
Geraniol BCL-2¢ [246]
Diabetes Caspase 3, BAXY
Piperine BAX/BCL-2 ratio, [247]
Cytochrome C ¥
Wogonin BCL-2¢ [248]
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Melatonin BCL-2% [249]
Rapamycin reduced the BAX/BCL-2 | [231]
ratio,
inhibited caspase-3
Multiple production

Sclerosis Solanesol (SNL) alters apoptotic markers [232]
(caspase-3, BAX, and
BCL-2),

reduced TNF-, IL-1

MiRNAs have been identified as essential regulators of beta cell growth, glucose-stimulated
insulin secretion (GSIS), and beta cell malfunction in several investigations [245][250][251]. As
a biomarker for endothelial dysfunction in T2D and coronary artery disorders, miR-126 has been
suggested. By directly lowering the expression of insulin receptor substratel (IRS1), miR-96 and
miR-126 play a critical role in insulin resistance in the liver and hepatocytes [240]. miR-21 could
be an important therapeutic target as inhibition of miR-21 increased levels of BCL-2 protein and
decreased levels of cleaved caspase 3, whereas overexpression of miR-21 decreased levels of
BCL-2 transcript and protein synthesis. It can degrade BCL-2 transcripts and prevents BCL-2
translation which leads to the apoptosis of beta cell [245].

Geraniol, a natural acyclic monoterpenoid, has several pharmacological activities. E. F. EI Azab
et al. found that it can improves HFD/STZ-induced type 2 diabetes mellitus in rats through
dependently upregulating BCL-2 and downregulating Casp3 and BAX [246]._Piperine, produced
from black pepper (Piper nigrum), is a significant plant alkaloid (Piper longum), has the ability to
inhibit pancreatic p-cell apoptosis through decreasing BAX/BCL-2 ratio. It also decrease
cytochrome c release. Thus, piperine improves pancreatic B-cell dysfunction in diabetes [247].
Another important therapeutic agent is Wogonin, a flavonoid from Scutellaria baicalensis Georgi
root, which is discovered by X. qgi Liu et al. The authors concluded that this compound reduce
podocyte apoptosis by targetting BCL-2 protein henece it could be be a promising treatment for
Diabetec Kidney Disease [248].

Melatonin is an antioxidant and free radical scavenger which is strongly connected with apoptosis.
It is recognized as an important therapeutic target in diabetes patients because it prevents cardiac
apoptosis by elevating the production of anti-apoptotic BCL-2 protein and blocking CD95 and
caspases 9, 8, and 3 [249].

Conclusion

The present study describes BCL-2 family members and their apoptotic roles. BCL-2 family
proteins consist of members that either activate or block apoptotic pathways. There are three types
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of BCL-2 protein family members. They are pro-apoptotic BCL-2 proteins, anti-apoptotic BCL-2
proteins, and BH3-only proteins. All these types have different biochemical roles. BH3-only
proteins transduce signals to primary BCL-2 family members to induce apoptosis. They activate
pro-apoptotic BCL-2 proteins such as BAX and BAK, which cause conformational changes and
permeabilize the outer mitochondrial membrane. The anti-apoptotic BCL-2 protein inhibits
MOMP and blocks the mitochondrial pathway of apoptosis. Apoptosis can occur through two
pathways: the intrinsic and extrinsic pathways. A different pathway called the perforin/granzyme
pathway has been reported. Through these pathways, the BCL-2 protein family regulates apoptosis
in organisms. The BCL-2 protein family also has many therapeutic potentials. It plays a vital role
in modulating the apoptotic response in anticancer therapy.

Multiple studies have shown that the BCL-2 family influences many other cellular processes in
addition to apoptosis. These processes are generally independent of apoptosis regulation,
suggesting that BCL-2 may have additional roles. Cancer, neurodegenerative disorders, ischemia,
and autoimmune diseases are some conditions linked to abnormalities in the BCL-2 protein
family's function. So, the BCL-2 family of proteins is the essential regulator of apoptosis [1]. The
BCL-2 family of proteins has been shown to play a significant role in tumorigenesis, tumor
maintenance, and the response of cancers to both traditional chemotherapies and targeted therapies
[170]. BCL-2 anti-apoptotic protein function in solid tumor progression. Therefore, using of BCL-
2 protein-targeting drugs as single agents or in combination with current standard-of-care therapies
may offer a real opportunity to defeat therapy-resistant solid tumors and prolong the disease-free
time in cancer patients [21]. Besides, the interactions between BH3-only proteins and anti-
apoptotic BCL-2 family members can eliminate cancer cells by inhibiting all or some anti-
apoptotic BCL-2 proteins concurrently to induce cell death [50]. Also, understanding BH3-only
proteins’ role in disease has led to a new generation of cancer treatments, such as BH3 mimetics
[89]. BH3-mimetic drugs specifically inhibit anti-apoptotic BCL-2 family members. Cancer,
autoimmune, and infectious diseases can all be treated more effectively with BH3-mimetic drugs
[33].

The BCL-2 family protein is already implicated in numerous beneficial biochemical and
therapeutic processes. It also has tremendous potential for future development. Targeting the BCL-
2 protein family offers crucial directions for the future of chemical and drug discovery. BH3
mimetics are currently in a mature stage of development to treat malignancies and possibly
autoimmune illnesses [180]. There exist knowledge gaps concerning the anti-apoptotic BCL-2
family isoforms. To fully realize the potential of this pathway, further studies are needed on the
many splice variants and isoforms and their biological involvement in apoptosis [18]. More
research is needed to confirm that BCL-2 inhibitors can be used to treat chemotherapy-sensitive
and chemotherapy-resistant cancers [108]. Additional research is needed to find drug-like
inhibitors of BCL-XL and MCL-1, which will hopefully lead to better treatments [23]. In the near
future, anti-apoptotic BCL-2 family members will be successfully targeted to improve therapy
responses and patient survival for malignant diseases other than hematologic ones [21].
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