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The term “Apoptosis” originates from Greek, which means the shedding of leaves from trees in autumn or the falling of

petals from flowers. Apoptosis was firstly utilized by Kerr, Wyllie, and Currie in 1972 for explaining a morphologically

discrete way of cell death. However, multiple concepts of apoptosis were precisely explained several years back. The

main concept of apoptosis emerged from the knowledge of the process of programmed cell death that takes place in the

developmental cycle of Caenorhabditis elegans.
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1. Extrinsic Pathway

The extrinsic signaling is mainly linked with transmembrane receptor-mediated interactions, which include death receptors

of the tumor necrosis factor (TNF) receptor gene superfamily. The death domain of death receptors is responsible for

transmitting death signals from the cell’s surface to the intracellular signaling pathways . There are different death

receptors, which are well characterized, such as TNF-α/TNFR1, FasL/FasR, apoptosis antigen (APO) 2L/DR4

APO3L/DR3, and APO2L/DR5 . The mechanism of extrinsic pathway is well explained by the FasL/FasR and TNF-

α/TNFR1 models . The Fas and TNF ligands bind to the Fas and TNF receptors, respectively, which in turn allow the

interaction with their respective adapter proteins, namely Fas-associated protein with death domain (FADD) and TNFR1-

associated death domain protein (TRADD) . The binding of the adapter protein is linked with stimulation of procaspase-8

accompanied by the autocatalytic action of caspase-8 . Once caspase-8 is stimulated, this pathway converges with the

execution pathway.

Importantly, the apoptosis ligand 2/tumor necrosis factor-related apoptosis-inducing ligand (APO2L/TRAIL) pathway plays

an important role in the progression and development of cancer and it acts independently of p53. Further, pro-apoptotic

receptor agonists (PARAs) that target DR4 and/or DR5 have potential to give significant clinical benefit by killing tumor

cells that are resistant to traditional chemotherapeutic agents . Hence, targeting extrinsic pathways could be a novel

treatment strategy to promote apoptosis in the cancer cells.

2. Perforin/Granzyme Pathway

In this pathway, T-cell cytotoxicity is mediated by cytotoxic T lymphocytes (CTLs), which are enrolled in targeting the cells

for killing through the extrinsic pathway, as shown in Figure 1 . They show cytotoxic effects by secreting perforin and

releasing cytoplasmic granules, which involve serine proteases granzyme A and granzyme B in complex with serglycin .

Granzyme B can activate procaspase-10 and is able to activate caspase-3 directly in such a way that bypasses the

upstream signaling cascade and directly stimulates the execution pathway . Granzyme A is also associated with CTL-

mediated apoptosis in a caspase-independent manner. It stimulates DNA nicking leading to the degradation of apoptotic

DNA .
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Figure 1. Function of the T cell receptor (TCR) and peptide–MHC complex in apoptosis. The TCR and peptide–MHC

complex causes directed release of perforin and granzymes complexed with serglycin triggering apoptosis.

3. Intrinsic Pathway

The intrinsic pathway induces apoptosis via varied types of non-receptor-mediated stimuli, which are mainly

mitochondrial-dependent events . These stimuli generate intracellular signals that target the cell directly either in a

positive or negative manner . Positive stimuli include viral infections, radiation, hypoxia, toxins, hyperthermia and free

radicals. Negative stimuli involve a lack of some growth factors, cytokines or hormones, which subsequently results in the

repression of the death program, in turn, stimulating apoptosis. These mentioned stimuli bring about modifications in the

inner mitochondrial membrane resulting in the liberation of pro-apoptotic proteins. One group of pro-apoptotic proteins

consists of SMAC/direct IAP binding protein with low pI (DIABLO), cytochrome c and HTRA2/OMI, which activate the

caspase-associated with the mitochondrial pathway . Among these proteins, SMAC/DIABLO and HTRA serine

peptidase 2 (HTRA2)/OMI stimulate apoptosis by preventing the functioning of IAP . However, cytochrome c works

by stimulating apoptotic protease-activating factor 1 (APAF-1) and procaspase-9 by binding to them, thereby resulting in

the activation of caspase-9 . Endonuclease G and apoptosis-inducing factor (AIF) are nucleases located in the

intermembrane space of the mitochondria that together with caspase-activated DNase (CAD) lead to chromatin

condensation and DNA fragmentation at later stages of apoptosis. Moreover, the members of the BCL-2 family are crucial

in maintaining mitochondrial dependent apoptotic events as this family of protein regulates the permeability of the

mitochondrial membrane and, hence, can act as pro-apoptotic or anti-apoptotic . The pro-apoptotic genes include BAX,

BCL-10, BIK, BAK, BLK, BAD, BIM, BID, PUMA and NOXA, while the anti-apoptotic genes include BCL-2, BAG, BCL-X ,

BCL-X , BCL-x and BCL-w. All these proteins decide the fate of cell, i.e., whether the cell undergoes apoptosis or aborts

apoptosis . Hence, modulating the expression of these proteins can regulate the apoptosis process and, thus,

may halt cell proliferation in cancer cells.

4. Execution Pathway

The execution pathway connects both the intrinsic and extrinsic pathway and finally leads to apoptosis. In this cascade,

the execution caspases activate and start the final process of apoptosis. Herein, activation of endonucleases and

nucleases for the disintegration of nuclear material and cytoskeletal proteins is evident . The main caspases of the

execution pathway are caspase-3, caspase-6 and caspase-7, which degrade cytokeratins, poly (ADP-ribose) polymerase

(PARP), cytoskeletal protein, namely, α-fodrin, the nuclear protein nuclear-mitotic apparatus protein (NuMA) and others,

finally leading to several biochemical and morphological alterations in cells undergoing apoptosis . For instance,

caspase-3 is significant for cell fate following apoptosis and it activates CAD. In a normal cell, CAD remains in a binding

state with its inhibitor, namely, the inhibitor of caspase-activated DNAse (ICAD), while in apoptotic cells, caspase-3

degrades ICAD, thereby releasing CAD . Finally, CAD performs its function of fragmenting chromosomal DNA, resulting

in the condensation of chromatin . It also stimulates the process of cytoskeleton organization and cell fragmentation

into apoptotic bodies.

Overall, this section discussed the involvement of different apoptosis pathways, such as the extrinsic pathway, the intrinsic

pathway, and T-cell mediated and perforin/granzyme-mediated cytotoxicity, which ultimately combine with the execution
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pathway. Further, aberrant apoptosis is an important reason for resistance to cancer therapeutics. Additionally, cancerous

cells can lead to altered expressions of several apoptotic and anti-apoptotic proteins, which ultimately may lead to

increased cell proliferation. Hence, targeting these proteins opens up new possibilities for selectively eradicating cancer

cells.
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