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Abstract

Autophagy and apoptosis are the two evolutionarily conserved processes
regulating the turnover of defective organelles and other contents inside cells
and damaged whole cells inside organisms, respectively. Although apoptosis and
autophagy function differently, their signaling pathways are interconnected and
mediated by a toggle switch that is triggered based on the requirements of a cell
and its surroundings. Suppression of apoptosis and autophagy due to uncontrolled
stress is thought to be a hallmark of carcinogenesis. In general, autophagy and
apoptosis mediate each other through a roller coaster of up- and downregulation
of factors; that is, autophagy attenuates apoptosis induction, and caspase-
dependent apoptosis turns off the autophagic machinery in cancer cells, with
several exceptions. Moreover, in certain scenarios, autophagy or autophagy-
associated proteins induce excessive degradation of cytoplasmic components,
causing “autophagic cell death.” Autophagy can also rescue cancer cells from
apoptosis by modulating stress levels, determining cancer cell fate. However, the
molecular signals driving the cell toward either autophagy or apoptosis remain
largely unknown. Therefore, in this review, we focus on understanding the
complex crossover signaling between autophagy and apoptosis pathways and
their modulation in the transformation from benign proliferation to malignant
carcinogenesis.
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2.1 Introduction

Cell proliferation and cell death are the two wheels on which life processes roll. The
proper organization and construction of a living body depend on the coordination
between these two processes. Every living organism has an inherent ability to detect
and remove individual damaged cells through a process of regulated cell death
(RCD). RCD involves very sophisticated molecular machinery by which cells
commit themselves to die after receiving a proper signal of death. The RCD process
has multidimensional roles ranging from removal of damaged cells to the proper
organization and formation of organs and tissues at specific developmental stages.
Different forms of RCD, such as apoptosis, pyroptosis, ferroptosis, and so on, are
cellular responses to stress that exceed the limit of tolerance. In the past few years,
another guardian of the cellular microenvironment called autophagy was found to be
extremely important for the maintenance of cellular homeostasis. Autophagy is a
self-digestion process in which unwanted cellular organelles and other cellular
components are entrapped within a double-layered vesicular structure known an
autophagosome and degraded by the subsequent autophagosome fusion with a
lysosome. Hence, the process of autophagy contributes toward the maintenance of
cellular homeostasis in a varying range of stress conditions, like nutrient deprivation,
an abundance of damaged and misfolded proteins, pathogens, infections, and hyp-
oxia (Klionsky 2005; Mahapatra et al. 2019). The function of autophagy as a
cytoprotective process is not limited to scavenging damaged sterile targets as it is
also a very effective and regulated way of removing intracellular pathogens through
xenophagy, which is the sequestration of pathogen-derived proteins and many other
types of invaders (Saha et al. 2018).

The ability of a cell to prevent apoptosis is one of the important hallmarks of
cancer (Hanahan andWeinberg 2011). Cancer cells disable the apoptosis mechanism
either by mutation of tumor suppressors or by overexpressing anti-apoptotic signals
to achieve a malignant state. Conventionally, many cancer therapeutics have been
developed to kill cancer cells by promoting apoptosis. These therapeutics mainly
target damaged DNA to restore mutated tumor suppressors, such as p53. The
strategy of these manipulations is to reduce the uncontrolled proliferation of cancer
cells and to eliminate them in a regulated and targeted manner through apoptosis.
However, when cancer cells are exposed to any type of stress (such as anticancer
therapeutics or nutrient deprivation in the tumor microenvironment), the cellular
stress response of autophagy can be activated. Here, the tumor-promoting role of
autophagy leads to eradicated cell stress that thus inhibits apoptosis, aiding in tumor
growth and progression. Such cancer-cell protective autophagy is one of the main
causes of therapeutic resistance shown by different cancers against the majority of
anticancer drugs. However, the critical function of the role of autophagy in tumor
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condition is not simple, as it maintains a critical role in both tumor promotion and
suppression during various stages of cancer progression. Therefore, in this review,
we shed light on the interaction between the two fundamental processes, that is,
autophagy and apoptosis, and discuss every possible angle in their connections to
cancer progression and roles in effective cancer treatment.

2.2 Apoptosis in Cancer

Apoptosis (apo-separation, ptosis-falling off) is a highly coordinated process of
controlled cell depletion described by morphological features such as a blebbing
cell membrane, nuclear fragmentation, condensation of chromatin, and so on,
leading to the generation of apoptotic bodies that are successively eliminated by
the process of phagocytosis (Kerr et al. 1972). The key intracellular architect of
apoptosis is a series of cysteine-dependent aspartate-driven proteases (caspases)
(Galluzzi et al. 2008; Garrido and Kroemer 2004), but evidence of caspase-
independent cell death has also been presented. Caspases are initially secreted in
inactive procaspase form and, as the full name implies, the C-terminus is cleaved at
an aspartate residue.

2.2.1 Mechanism of Apoptosis

Depending on the activation of caspases, the apoptotic pathways are primarily
induced by either extrinsic mechanism or intrinsic/mitochondrial mechanism. The
extrinsic apoptotic signaling is activated through a death receptor (DR), a special
type of cell surface receptor in tumor necrosis factor (TNF) superfamily proteins
(Bhardwaj and Aggarwal 2003). Signals for the extrinsic apoptotic pathways are
transmitted by death ligands that interact with and are activated by DRs. Structurally,
TNF family receptors possess a conserved death domain (DD) that undergoes
trimerization upon binding with ligands like TRAIL (tumor necrosis factor-related
apoptosis-inducing ligand) and that recruits additional DD-containing proteins like
FADD (Fas-associated protein with death domain) and TRADD (TNF-R type
1-associated death domain protein) to form the death-inducing signaling complex
(DISC), followed by the interaction and induction of caspase 8 and 10. Then the
stimulated caspase 8 and 10 cleave caspases 3, 6, and 7, leading to the subsequent
cleavage of target peptides (Fig. 2.1) (Mukhopadhyay et al. 2014; Wang and
El-Deiry 2003).

The intrinsic apoptotic signaling pathway is triggered by different stresses, but the
first and irreversible step in the sequence of events activating this apoptosis is the
loss of the mitochondrial membrane potential (MMP) due to outer membrane
permeabilization. In this process, the guardians of mitochondrial integrity belong
to the Bcl-2 family of proteins containing a Bcl-2 homology (BH) domain, with the
BH1–BH4 domains playing important roles. Several proteins belonging to this
family have all four BH domains, including Bcl-w, Bcl-xL, Mcl-1, Bcl-B, and A1,
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which inhibit apoptosis and thus led to their identification as antiapoptotic proteins.
The proapoptotic members consist of two groups: BH3-only proteins and BH123
proteins. The BH123 proteins include BCL-2-associated X protein (Bax), BCL-2
antagonist/killer (Bak), and BCL-2 ovarian killer (Bok). The BH3-only protein
group includes the p53-upregulated modulator of apoptosis (PUMA), Noxa,
BCL2-associated agonist of cell death (Bad), BH3-interacting domain death agonist
(Bid), BCL-2-interacting mediator of cell death (Bim), and Harakiri (HRK). The
BH3-only proteins perceive apoptosis signalings, such as that induced by DNA
damage and ER stress, and are then translocated to the outer mitochondrial mem-
brane, where they activate Bak and Bax or causes inhibition of anti-apoptotic
proteins. Activated Bak and Bax oligomerize at the surface of mitochondria and
facilitate the formation of pores in the outer membrane of mitochondria, leading to
loss of membrane permeability and the release of several apoptosis-inducing
proteins, such as SMAC/DIABLO and cytochrome c, from mitochondria to the
cytosol. The released cytochrome-c activates with apoptotic protease-activating

Fig. 2.1 Overview of apoptotic pathways. It is mainly regulated through extrinsic and intrinsic
way to induce cell death. The extrinsic mode activates the ligands like FasL and TRAIL to bind with
receptors and ligand-receptor interaction induces DISC complex consisting of FADD, TRADD, and
an initiator caspase-like caspase 8 to form active caspase. The active caspase 8 then activates
executioner caspases like caspase 3, 6, and 7 to regulate the apoptotic process. In contrast, the
intrinsic mode in response to DNA damage, increased ROS, activate several BH3 only proteins like
PUMA, NOXA, Bim, Bid, and Bad to act on mitochondria to release cytochrome c. The cyto-
chrome c then interacts with Apaf-1 and pro-caspase 9 to form a complex called apoptosome to
activate the caspase 9. The active caspase then interacts with executioner caspases to regulate the
intrinsic apoptosis

38 V. C. Haragannavar et al.



factor 1 (APAF1) to form the apoptosome complex and induces the activation of
caspase-9, which subsequently activates caspases 3, 6, and 7 (Fig. 2.1) (Galluzzi
et al. 2012; Kaya-Aksoy et al. 2019; Singh et al. 2019).

2.2.2 Role of Apoptosis in Cancer

Cancer is a complex and variable process with excessive variations in the genetic
material that leads to cancer development, with several steps occurring progres-
sively, starting with the initiation of tumorigenesis and eventually leading to metas-
tasis. During cancer development, cells encounter byproducts of the physiological
elimination of damaged cells. Therefore, cancer cells must acquire some protective
machinery to prevent induced programmed cell death, that is, apoptosis. Cancer cells
can regulate apoptotic pathways transcriptionally, translationally, and post-
translationally to avoid stress, such as that generated by hypoxia and genomic
instability. Moreover, cancer cells may suppress apoptosis by increasing anti-
apoptotic genes expression or decreasing proapoptotic genes expression in a
context-dependent manner, which results in higher anti-apoptotic protein expression.
Generally, apoptotic pathways are restricted in cancer cells to prevent this cellular
response. Several reports have indicated that attenuated interactions of the
proapoptotic BIM which is a BH3-only protein with the antiapoptotic protein
BCL-2 can support the survival and growth of cancer cells (Hübner et al. 2008).
Furthermore, the induction of BIM induces oncogenic inactivation and apoptosis in
acute lymphoblastic leukemia (Li et al. 2016b). Notably, it was demonstrated that the
inhibition of a BH3-only protein or a caspase protein caused a genetic mouse model
to develop resistance against certain proapoptotic signals with a commensurate
increase in tumor initiation (Parsons et al. 2013). The BH3-only molecules BIM
and PUMA are downregulated in breast cancer cells, and overexpression of these
molecules induces HER2 inactivation, which induces apoptosis (Bean et al. 2013).
Overexpressed BH3-only molecule BIM function as a cytoprotective molecule in
cancer cells, and its association through phosphorylation with BCL-xL/MCL-1
block its proapoptotic functions (Gogada et al. 2013). Moreover, caspase-2-
deficiency impedes apoptosis and generates genomic instability, resulting in

tumorigenesis (Shalini et al. 2016). However, MCL-1 is a vital prosurvival factor
in triple-negative breast cancer (TNBC), and its inhibition might be an effective
strategy for treating TNBC (Li et al. 2018). Furthermore, the suppression of the
tumor suppressor gene p53 mediates cell proliferation, and stabilized p53 phosphor-
ylation activates BAK and BCL-xL, inducing apoptosis (Nieminen et al. 2013).
However, suppression of the proapoptotic protein BCL-2 antagonist killer 1 (BAK1)
leads to the proliferation of breast cancer cells of various lineages (Zhou et al. 2010),
whereas the inhibition of BCL-xL and BCL-2 activates BAX/BAK and induces
apoptosis in human myeloid leukemia cells (Rahmani et al. 2013). Thus, it is
strongly said that the inhibition of apoptosis has to play a critical role in the case
of cancer cell survival and tumor development. Targeting apoptosis induction is a
novel strategy for cancer therapy.
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2.3 Autophagy in Cancer

Autophagy (in Greek, “auto,” defined as oneself, and “phagy,” defined as to eat)
states to a self-cannibalistic mechanism to degrades cytoplasmic components and
unwanted organelles through lysosomes to maintain the homeostasis (Levine and
Klionsky 2017; Mancias and Kimmelman 2016; Tan et al. 2017). Recent reports
have suggested that autophagy significantly modulates various physiological pro-
cesses, such as growth, development, cell division, and immunity, with any dys-
function in autophagy leading to severe pathophysiological implications, such as
neurodegenerative disorders, autoimmune disorders, and cancer.

2.3.1 Mechanism of Autophagy

Autophagy is a complex multistep process regulated through the coordinated action
of 42 ATG (AuTophaGy) genes that are sequentially involved in different steps,
such as (a) phagophore nucleation and formation, (b) elongation of phagophores,
(c) cytoplasmic cargo selection, (d) lysosomal docking and fusion, and (e) cargo
degradation (Fig. 2.2) (Mancias and Kimmelman 2016; Wang and El-Deiry 2003;
White 2015). Autophagy is initiated upon a shift in the extracellular milieu of a cell,
mainly due to different stress signals, such as loss of growth factor signaling, nutrient
deprivation, energy depletion, and hypoxia. These stress signals induce the release of
reactive oxygen species (ROS) that inhibit the TOR1 (target of rapamycin complex
1)-dependent signaling pathway, which acts as a molecular sensor for autophagy
initiation. First, the ATG protein complex is formed as a scaffold of regulatory
proteins ATG1, ATG13, ATG17, ATG29, and ATG31, which recruits other ATG
proteins to activate downstream targets via phosphorylation and a PAS (phagophore
assembly site/pre-autophagosomal structure) (Bhol et al. 2019; Bhutia et al. 2010;
Davies et al. 2015; Levine and Klionsky 2004). Then, the cytoplasmic contents,
protein aggregates, defective organelles are sequestered through a double-membrane
structure known as a phagophore. For phagophore formation, the Ulk1 kinase, in
combination with ATG13 and ATG17, is activated at the same time as transmem-
brane protein ATG9, which extracts phospholipids. Subsequently, the class III PI-3
kinases, particularly Vps34 (vesicular protein sorting) interacts with Beclin1 leading
to increase phagophore catalytic activity, in which phosphatidylinositol (PI) is
utilized to produce phosphatidylinositol triphosphate (PI3P) for phagophore elonga-
tion. The formation of autophagosomes and elongation of vesicles depends on three
ubiquitin-like conjugation systems: ATG12 is activated through the utilization of
ATP and ubiquitin-activating enzyme E1-like ATG7, which non-covalently binds to
ubiquitin-activating enzyme E2-like ATG10. Then, the E2-like action triggers the
covalent binding of ATG12 and ATG5, forming the conjugated ATG5-ATG12
complex. This complex then pairs with ATG16L to form the ATG5–ATG12–
ATG16L complex, which is essential for the extension of the phagophore and
acquisition of the appropriate membrane curvature, and once double-membrane
autophagosomes are formed, the complex starts to disintegrate. Thus, the formation
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of the ATG5-ATG12 conjugated complex does not depend on the activation of
autophagy and is a poor marker of autophagy. A second ubiquitin-like system is
required for the formation of microtubule-associated protein light chain 3 (LC3),
known as the mammalian homolog of ATG8. During autophagy induction, cysteine
protease ATG4 cleaves LC3 to form LC3-I. This complex is in turn stimulated in an
ATP-dependent way through ATG7, E1-like enzyme. Following this activation
stimulated LC3-I is transferred to ATG3 (E2-like) and ATG5-ATG12-ATG16L
(E3-ligase complex) before it is conjugated with phosphatidylethanolamine (PE) to
generate LC3-II. This lapidated LC3 acts as a receptor for cargo selection in
coordination with different adaptor proteins (p62/SQSTM1, NBR1, TAXBP1,
etc.) or organelle-specific receptor proteins (PHB2, AMBRA1, Nix, BNIP3L, etc.)
contributing to selective molecule uptake and degradation (Bhol et al. 2019; Grumati
and Dikic 2018). During docking of autophagosomes to preexisting lysosomes,
autolysosomes are formed. In this step, the acidic constituents of the lysosomes
digest the selected cargos of the autophagosomes. These organelles migrate along
the side of microtubules in a bidirectional manner, with autophagosomes having an
affinity for the lysosome-enriched microtubule organizing center (LEMOC). Vesic-
ular docking and fusion are regulated through several proteins, including LAMP-
2 (lysosomal membrane protein-2) and GTPases, such as class C Vps proteins,
SNARE (soluble N-ethylmaleimide-sensitive factor activating protein receptor),
ESCRT (endosomal sorting complex required for transport), and Rabs (Rab7).
Any mutation in these proteins halts the progression of autophagosome maturation
and fusion. In addition to these proteins, UVRAG, a Beclin1-interacting protein, also
plays key roles by maintaining the fusion machinery on autophagosomes and
clamping the class C Vps proteins. Thus, Rab7 is activated, which in turn enhances
the fusion of lysosomes and late endosomes (Levine and Kroemer 2008; Mathew
et al. 2007; Mizushima 2007; Xie and Klionsky 2007).

2.3.2 Dual Role of Autophagy in Cancer

The actual role of autophagy in cancer is still debatable because of its dual action,
functioning as both a survival- and death-promoting mechanism. Survival-
promoting autophagy increases the chances of cancer cell survival under adverse
conditions by positively regulating the hallmarks of cancer. In contrast, death-
promoting autophagy kills cancer cells by limiting mechanisms such as ROS
production and the degradation of survival proteins. Therefore, the correct therapeu-
tic approach for cancer treatment, by either promoting or inhibiting autophagy, is
still a matter of discussion. Studies have also shown that autophagy is associated
with tumor-suppressive function and that inhibition or defective autophagy is
associated with tumor induction and malignant transformation. For instance, loss
of Beclin1 in mice resulted in the development of hepatocellular carcinoma (Liang
et al. 1999). Moreover, heterozygous deletion of Beclin1 was also associated with
the development of breast and other human malignancies, suggesting that Beclin1
acts as a tumor suppressor (Qu et al. 2003; Yue et al. 2003). Similarly, the
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downregulation of ATG5 has been reported to be associated with early-stage
cutaneous melanoma pathogenesis (Liu et al. 2013). Although the senescence
mechanism by which autophagy acts as a tumor suppressor is controversial, a few
studies have suggested that autophagy and senescence can occur simultaneously.
Autophagy suppresses melanoma tumorigenesis by inducing senescence (Liu et al.
2014). A recent study in papillary thyroid carcinoma by Liu et al. suggested that
BIRC7 induces the epithelial-mesenchymal transition and metastasis by limiting
autophagy (Liu et al. 2020). Similarly, ATG7 induces triple-negative breast cancer
progression by inhibiting the invasion, migration, and epithelial–mesenchymal
transition (Li et al. 2019). In contrast, autophagy has been found to contribute to
tumorigenesis by giving the advantage to tumor cells over normal cells under various
stress environments and supporting cancer cell aggressiveness. For example, in a
Chinese Han population, the expression of ATG12 consequently contributes to the
risk of head and neck squamous cell carcinoma (Song et al. 2018). Increased
expression of ATG5 induced by HIF1α has been reported to increase tumor size in
prostate cancer (Yu et al. 2019). In colon cancer, RACK1-induced protective
autophagy triggers cell proliferation and attenuates apoptotic cell death (Xiao et al.
2018). Similarly, in renal cell carcinoma, autophagy is critical for cell survival and
the epithelial-mesenchymal transition (Singla and Bhattacharyya 2017). Guo et al.
reported an oncogenic role of CCAT1 in hepatocellular carcinoma mediated through
ATG7-dependent autophagy induction (Guo et al. 2019). Studies have also reported
the association of autophagy with enhanced drug resistance. For example, Wnt3a is
reported to promote radioresistance via autophagy in head and neck squamous cell
carcinoma (Jing et al. 2019). Similarly, cisplatin resistance and osteosarcoma pro-
gression were induced by SNHG16 upregulation of ATG4B expression (Liu et al.
2019).

2.4 The Role of Autophagy and Apoptosis Crosstalk in Cancer
Growth and Progression

Cells undergo apoptosis under extreme stress, whereas autophagy is well known for
its involvement in cellular homeostasis. Hence, the induction of autophagy in cells
undergoing stress before the point of no return can protect them from death.
However, after cells are destined for death, autophagy can induce a peculiar form
of cell death called autophagic cell death (Apel et al. 2009; Wong 2011; Yang et al.
2015). In this context, some reports have shown critical crosstalk between
components of two highly complex processes, that is, autophagy and apoptosis
(Fig. 2.3).

2.4.1 The Intersection of Autophagy and Apoptosis Molecules

One of the most important and well-known points of interaction between the
autophagic and apoptotic pathway coincides with the action of antiapoptotic Bcl-2
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protein and the conserved autophagic protein Beclin1. Antiapoptotic proteins includ-
ing Bcl-2 family members (Bcl-2, Bcl-XL, and Mcl-1) with all four BH3 domains
interact with the proapoptotic members through BH4 domains (Pattingre et al. 2005).
The BH3 binding pocket of Bcl-2 binds with the BH3 domain of Beclin1 to inhibit
Beclin1-dependent autophagy. ER-localized Bcl-2 inhibits starvation-induced
Beclin1-dependent autophagy by binding with Beclin1 facilitated by NAF-1 (nutri-
ent-deprivation autophagy factor-1) (Chang et al. 2010). The binding affinity of
Beclin1 for Bcl-2 is lower than the proapoptotic proteins due to the presence of a
polar threonine instead of a hydrophobic amino acid at position 119 (Feng et al.
2007; Oberstein et al. 2007). Therefore, the interaction between Beclin1 and Bcl-2
does not disturb the antiapoptotic property of Bcl-2. During stress-induced
autophagy, BH3-only proteins bind to the BH3-binding pocket of Bcl-2 to disrupt
their interaction. STKs (Ser/Thr kinases) including JNK (JUN N-terminal kinase),
Akt, and DAPK, also make regulatory contributions to the processes of autophagy
and apoptosis through their crosstalk with other Bcl-2 family members. c-Jun
N-terminal protein kinase 1 (JNK1) controls both autophagy and apoptosis through
the phosphorylation of Bcl-2. Under conditions of mild stress, Bcl-2 phosphoryla-
tion by JNK-1 causes the dissociation of BCl-2 and Beclin1 but not that of the Bcl-2
and Bax to initiate autophagy; however, under prolonged stress, the Bcl-2-Bax
interaction is disrupted, which initiates apoptosis (Wei et al. 2008).

Many studies have shown that active caspases cleave key autophagy-related
proteins and allow apoptosis to overtake autophagy. ATG5, a protein required for
phagophore elongation, is cleaved by calpain, an active caspase, to form a 24 kDa
protein that interacts with Bcl-XL to induce apoptosis through the release of
cytochrome c (Yousefi et al. 2006). Furthermore, ATG12, a copartner in the
ATG5-ATG12 conjugation system, is thought to act as a proapoptotic protein by
supporting the other apoptotic proteins in activating the caspases under various
stresses. Moreover, ATG12 can inhibit the anti-apoptotic proteins Bcl-2 and Mcl1
by acting specifically on the BH3-like domain of ATG12. Similarly, in acute
lymphoblastic lymphoma (ALL), the cleavage of ATG3 by caspase 8 promotes
apoptosis by inhibiting autophagy (Oral et al. 2012). In contrast, caspase 9, which
is involved in the intrinsic pathway of apoptosis, is found to lipidated LC3 by
interacting with ATG7 to promote autophagy. Hence, apoptosis induction results
in the site-specific breakdown of autophagic proteins such as Beclin1, ATG5, and
ATG7 to undermine the cytoprotective effects of autophagy (Marquez and Xu
2012). Interestingly, the autophagy adaptor protein p62 displays a critical role in
caspase activation to induce apoptosis (Islam et al. 2018; Jung and Oh 2019). The
tumor suppressor p53 also regulates crosstalk at various points. It activates
autophagy through the AMPK–TSC2–mTOR axis by translocating to the nucleus
upon stress, whereas in the cytoplasm, p53 interacts with FIP200 and inhibits
autophagy (Vousden and Lane 2007). Cytoplasmic p53 interacts with several
Bcl-2 pro-apoptotic family proteins, such as Bax, NOXA, PUMA, and others, to
induce apoptosis by regulating mitochondrial outer membrane permeability
(MOMP) (Vaseva et al. 2012). Moreover, p53-induced DRAM-mediated autophagy
is also associated with apoptosis (Crighton et al. 2006). Furthermore, the anti-
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apoptotic protein FLICE-like inhibitor protein (FLIP) inhibits apoptosis by
inactivating death receptors and is known to regulate autophagy by interacting
with autophagic proteins such as ATG3 and LC3. FLIP can also influence both
apoptosis and autophagy independently by acting on the plasma membrane to inhibit
apoptosis and at the site of autophagosome formation to modulate autophagy, like
the action of Bcl-2 (Eisenberg-Lerner et al. 2009). Interestingly, serum starvation
was shown to activate antiapoptotic protein cIAP to promote mitochondrial
autophagy. It revealed that cIAP1 translocated onto mitochondria to interact with
Ulk1, TOM20, and LC3 to stimulate mitophagy through the ubiquitination pathway
(Mukhopadhyay et al. 2016).

An autophagosome, by itself, modulates apoptosis either through direct seques-
tration and removal of proapoptotic proteins or through the engulfment and
subsequent elimination of damaged cellular molecules, such as those from the
mitochondria-dependent apoptotic cell death. In another mechanism, the membrane
of autophagosome functions as a platform for processing of apoptotic proteins and
thus contributes to the process of apoptosis; for example, in the presence of
bortezomib and pan-sphingosine kinase inhibitor, SKI-I, there is autophagy-
dependent activation of the extrinsic apoptotic pathway through caspase-8. Caspase
8 in association with FADD is recruited to the membrane of autophagosomes in a
p62-dependent manner by interacting with ATG5 (Mukhopadhyay et al. 2014;
Young et al. 2012).

2.4.2 The Role of Autophagy and Apoptosis Crosstalk in Cancer

Although the interconnection between apoptosis and autophagy has unique
complexities, many studies that explain how apoptosis and autophagy are interlinked
and induce cell death or sustain tumor growth and proliferation with common
regulators (Table 2.1). For example, p53 was found to modulate autophagy and
apoptosis in context-dependent way in different types of cancer. It showed that
autophagy degrades p53 to maintain the hepatic cancer stem cells (Liu et al. 2017).
Recently, the induction of autophagy by activating the AMPK-ULK1 axis and
inhibiting mTOR was found to induce apoptosis through caspase activation, which
reduced tumor proliferation in triple-negative breast cancer (Cao et al. 2018).
Another study also showed that the activation of autophagy via PI3K/AKT/mTOR
signaling reduced the viability of prostate cancer cells by inducing cytotoxicity in
conjunction with apoptosis-mediated cell death (Tian et al. 2017). Besides, the
autophagy adaptor protein p62 plays central signaling for tumor initiation as well
as suppression of tumor progression in the stromal cells (Moscat et al. 2016; Zhang
et al. 2013). During cisplatin-mediated ER stress, the induction of cell death occurs
through caspase-mediated apoptosis, but Beclin1 mediates autophagy to eliminate
excessive stress in human lung cancer cells (Shi et al. 2016). Bax-negative colon
cancer cells can undergo TRAIL-induced cell death under compromised autophagy
conditions (Li et al. 2016a; Mariño et al. 2014). Moreover, it has been reported that
the inhibition of autophagy causes an elevation in NOXA expression, which is a

46 V. C. Haragannavar et al.



Bcl2 family protein with a BH3-only domain. Generally, NOXA is degraded in the
autophagic pathway by sequestration onto autophagosomes through the action of the
adaptor protein p62. However, the blockage of autophagy leads to the accumulation

Table 2.1 Autophagy and apoptosis crosstalk proteins in cancer

Protein Role in autophagy Role in apoptosis Relevance in cancer

Bcl-2 Anti-autophagic through
Beclin1

Antiapoptotic Overexpression in
cancer and acts as an
oncogene

Bad,
Bak,
BNIP3,
Nix

Pro-autophagic inhibits
Beclin1/Bcl-2 interaction

Proapoptotic Deletion in cancer and
involves in tumor
suppression

Bax/
PUMA

Pro-autophagic Proapoptotic Deletion in cancer and
involves in tumor
suppression

NOXA Pro-autophagic inhibits
Mcl-1/Beclin1 interaction

Proapoptotic Degradation through
autophagy limits tumor
suppression

cIAP Mitophagy through
ubiquitination

Antiapoptotic Overexpression in
cancer and promotes
proliferation

Caspase
9

Lipidation of LC3 by
interacting with ATG7

Proapoptotic Deletion in cancer and
involves in tumor
suppression

p53 Context-dependent,
cytoplasmic p53 inhibits
and nuclear p53 promotes
autophagy

Proapoptotic Deletion in cancer and
degradation in cancer
stem cells through
autophagy

Ulk1 Nucleation Proapoptotic Context-dependent

Beclin1 Phagophore nucleation Cleaved C-fragment
induces mitochondrial
apoptosis

Context-dependent

ATG5 Phagophore elongation Antiapoptotic through
FADD, cleaved N-terminal
involves in mitochondrial
apoptosis

Context-dependent

ATG12 Phagophore elongation Inhibit Bcl-2 and Mcl-1
interaction

Context-dependent

ATG14 Phagophore elongation Proapoptotic Context-dependent

UVRAG Activates Vps34–Beclin1
interaction

Prevent translocation of
Bax to mitochondria

Tumor suppressor in
cancer

p62 Autophagic adaptor
protein

Caspase activation Overexpression in
cancer

mTOR Inhibit autophagy,
dephosphorylation
involves in initiation

mTOR regulates apoptosis mTOR inhibitors in
cancer therapy

FOXO3 Autophagy transcription
factor

Binds with pro-apoptotic
PUMA

Tumor suppressor in
cancer
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of NOXA, which subsequently activates apoptosis and acts as a bridge between
autophagy and apoptosis in cancer cells (Wang et al. 2018). In addition, proapoptotic
protein PUMA and Bax promote autophagy to contribute to apoptosis (Yee et al.
2009). Interestingly, our study showed that in response to anticancer therapy,
mitophagy was induced through PUMA leading apoptosis in glioma cells (Panda
et al. 2018; Yee et al. 2009). Moreover, the autophagy protein Ulk1 and ATG14 have
found to have an important role in the induction of apoptosis. The upregulation of
Ulk1 translocated to mitochondria to inhibit the activity of manganese superoxide
dismutase resulting in the production of ROS causing to cell death the cancer cells
(Mukhopadhyay et al. 2015, 2017). Furthermore ATG14 along with Ulk1 induced
lipophagy, selective autophagy resulting in free fatty acid accumulation leading to
ER stress-mediated apoptosis (Mukhopadhyay et al. 2017. On other hand, UVRAG
also can act as an antiapoptotic protein by preventing the translocation of Bax to
mitochondria, where it initiates mitochondrial apoptosis in response to therapy
(Eisenberg-Lerner et al. 2009; Maiuri et al. 2009). Interestingly, UVRAG with
truncating mutation displayed higher inflammatory response through NLRP3-
inflammasome hyperactivation and exhibited significant spontaneous tumorigenesis
through β-catenin stabilization and centrosome amplification (Quach et al. 2019)
establishing complex crosstalk between autophagy and apoptosis during tumor
growth and progression.

During chemotherapeutic stress, cancer cells trigger autophagy to eradicate stress
and support tumor growth and progression. Such protective autophagy is the major
cause of therapy resistance that develops against a majority of anticancer drugs used
for different cancers. For example, cisplatin-induced autophagy protects cancer cells
against drug-induced apoptosis (Harhaji-Trajkovic et al. 2009). Therefore,
autophagy inhibitors in combination with apoptosis-inducing drugs might increase
the efficacy of anticancer therapy. Chloroquine, a potent autophagy inhibitor, is
reported to enhance existing chemotherapeutics without inducing toxicity in cells
(Amaravadi et al. 2007). Hence, the use of chloroquine and its analog
hydroxychloroquine for inhibiting autophagy following anticancer therapy is widely
accepted and is currently under clinical trial (Cudjoe et al. 2019). Docetaxel-induced
autophagy (Zhang et al. 2019) and paclitaxel-induced autophagy (Kim et al. 2013)
play tumor protective roles in cancer cells, leading to treatment failure. Pretreatment
with 3-MA along with paclitaxel significantly enhances cytochrome C release and
the subsequent induction of the mitochondrial apoptotic pathway (Xi et al. 2011).
Furthermore, the expression of FOXO3, an autophagic transcription factor, is
increased after autophagy is blocked. Then, FOXO3 at increased levels can directly
bind to the promoter of the proapoptotic protein PUMA and hence trigger the
apoptotic pathway in osteosarcoma and other cancer cells (Fitzwalter and Thorburn
2018; Fitzwalter et al. 2018; Jiang et al. 2017). Collectively, these studies implicate
the antiapoptotic function of protective autophagy against therapy-induced apoptosis
in cancer cell lines that leads to therapy resistance. However, contradictory evidence
is presented for cases of cancer cells induced toward death upon radiation treatment,
which attenuates apoptosis by knocking out proapoptotic proteins (such as Bax and
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Bak), and the treatment-associated cell death is not attributed to apoptosis but type-II
programmed cell death, that is, autophagy (Kim et al. 2006).

2.5 Modulation of Apoptosis and Autophagy in Potential
Cancer Therapeutics

The present era of targeted cancer therapy is rationally based on specific signaling
pathways that have high expression in specific tumor types. The paradigm suggests
that target-specific therapeutic agents sensitize cancer cells toward chemotherapy
through a closed circuit of signals shuffled between apoptosis and autophagy
components (Table 2.2).

2.5.1 Distinguishing Autophagic Cell Death from Apoptosis
for Cancer Therapeutics

Since cancer cells can block apoptosis and increase their resistance to chemothera-
peutic agents, targeting autophagy as an alternative cell death pathway is an attrac-
tive strategy for anticancer therapy (Jain et al. 2013). Arsenic trioxide and EB1089
(a vitamin D analog) have been reported to induce dynamic changes in lysosomal
activity that provoke Beclin1-mediated autophagic cell death (Lo-Coco et al. 2013;
Qian et al. 2007). Several chemotherapeutic agents, such as dexamethasone with
fenretinide or etoposide, along with key dietary phytochemicals, such as resveratrol
and fisetin, have also been reported to induce autophagic cell death in a type of
non-apoptotic programmed cell death mediated by Bcl2-dependent autophagy genes
(Fazi et al. 2008; Jain et al. 2013; Laane et al. 2009). Sodium selenite, a mitophagy
inducer, has also emerged as a therapeutic agent against malignant glioma cells that
subsequently promotes cell death through superoxide-mediated mitochondrial dam-
age (Kim et al. 2007). Imatinib and cannabinoid have also exhibited autophagic cell
death in glioma cells through the inhibition of autophagy, leading to the stimulation
of ER stress (Salazar et al. 2009). Spautin-1, a potent autophagy inhibitor, triggers
the inhibition of autophagy in chronic myeloid leukemia cells to induce autophagic
cell death through the inhibition of class III PI3K and targeting the deubiquitination
of USP10- and USP13-mediated degradation of Beclin1 (Liu et al. 2011; Shao et al.
2014; Wilde et al. 2018). Moreover, β-lapachone and elisidepsin also induce marked
levels of autophagic cell death in lung cancer. Tamoxifen, bortezomib, trastuzumab,
and sulforaphane have been used against breast cancer and provoke cell death by
inhibiting autophagy. Bortezomib, 5-FU, and sulforaphane have also been used in
colorectal cancer treatment. Temozolomide, 4-HPR, imatinib, rapamycin, and
PI-103 are effective in the treatment of colorectal cancer. The inhibition of
autophagy at the early stage attenuates the cytotoxicity induced by chemotherapeutic
drugs, and this effect is augmented when autophagy is inhibited at later stages.
Chronic myeloid leukemia responds to treatment with SAHA and OSI-027 in an
autophagy-dependent cell death manner through the epigenetic modulation of
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Table 2.2 Anticancer drugs in the modulation of autophagy and apoptosis for potential cancer
therapy

Cell death mode Compounds
Expression in
cancer Regulatory signaling pathways

Autophagy as an
alternative cell
death mechanism

β-Lapachone and
Elisidepsin

Lung cancer Induction of autophagic cell
death through inhibition of the
Akt/mTOR signaling pathway

Arsenic trioxide
and EB1089

Glioma cells and
leukemia cells

Dynamic alterations in
lysosomal activity for
subsequent activation of beclin1
mediated autophagic cell death

Dexamethasone,
Fenretinide, and
Etoposide

Lymphoma and
leukemia cells

Along with resveratrol and
fisetin regulates Bcl2 mediated
apoptosis independent
autophagic cell death

Imatinib Glioma cells Autophagy inhibition leads to
ER stress-associated autophagic
cell death

Cannabinoid U87MG Inhibition of autophagy flux,
activation of ER stress,
autophagic cell death
modulation induction via TRB3
dependent inhibition of
Akt/mTOR

Spautin-1 Chronic
myelogenous
leukemia (CML)

Inhibition of class III PI3K and
targeting deubiquitination of
USP10 and USP13 degrade
Beclin1 to induce autophagic
cell death

Sodium selenite Glioma cells Superoxide-mediated
mitochondrial damage leading
to subsequent mitophagic cell
death

Bortezomib,
5-FU, and
Sulforaphane

Colorectal cancer Autophagy inhibition in
combination with CQ to
mediated change in lysosomal
activity for the onset of
autophagic cell death

AZD2014 Breast cancer and
ALL

Induction of autophagic cell
death through modulation of
PI3K/AKT/mTORC2 signaling

Quercetin Gastric cancer Induction of autophagic cell
death through inhibition of
PI3K/AKT signaling

Tamoxifen,
Bortezomib, and
Sulforaphane

Breast cancer Autophagy inhibition in
combination with CQ to
mediated change in lysosomal
activity for the onset of
autophagic cell death

(continued)
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Table 2.2 (continued)

Cell death mode Compounds
Expression in
cancer Regulatory signaling pathways

Voacamine Osteosarcoma Chemo sensitization of
doxorubicin multidrug
resistance cells through
inhibition of P-glycoprotein
activity and autophagy
induction in

Inhibition of
autophagy
promotes
apoptotic cell
death

Gallic acid Oral cancer Autophagic flux inhibition,
ROS generation provokes
caspase-dependent apoptosis
induction

Verteporfin Acute
promyelocytic
leukemia, prostate,
and colon cancer

Inhibition of autophagy leads to
ROS dependent induction of
apoptosis dependent cancer cell
death

Elaiophylin Ovarian cancer Inhibit autophagic flux that
associates ER stress to promote
apoptosis

Deguelin PNAC1, breast,
gastric, and
prostate cancer

Inhibits autophagosome
maturation, in conjunction with
doxorubicin induce caspase-
dependent apoptosis, autophagy
inhibition through via
modulation of PI3K/Akt
signaling pathway lead to
subsequent activation of
caspase-dependent apoptosis

Withaferin A Breast cancer Inhibition of autophagic flux,
disturbance in lysosomal
proteolytic activity,
accumulation of
autophagosome, ROS induction
leads to apoptotic cell death

Ginsenoside Esophageal cancer Caspase dependent apoptosis
induction after inhibition of
autophagy

Liensinine Breast cancer Inhibition of autolysosome
formation via inhibition of
RAB7A recruitment. Chemo
sensitizes of cancer cells to
anticancer drugs for apoptosis
induction by activating
mitochondrial fission

(continued)
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histone proteins (Choi 2012). ADI-PEG20 and saracatinib have been reported to be
effective against prostate cancer. AZD2014, another small-molecule autophagy
inhibitor, has shown promise in the clinical treatment of breast cancer and acute
lymphoblastic leukemia through the modulation of PI3K/AKT/mTORC2 signaling
(Tabe et al. 2013). A dietary phytochemical, quercetin also displays potent antican-
cer efficacy in gastric cancer. Voacamine, a bisindole alkaloid, has been shown to
induce autophagic cell death in an apoptosis-independent manner (Panda et al.
2015). In preclinical trials with patients diagnosed with melanoma, pancreatic
adenocarcinoma or bladder cancer, CQ and HCQ, as single agents, have been
shown to have potent anti-cancer properties, as exhibited through the inhibition of
autophagy. Furthermore, treatments based on CQ or HCQ combined with metabolic
stressors have been found to potentiate autophagy-mediated cell death (Amaravadi
et al. 2011; Jain et al. 2013; Panda et al. 2015; Wilde et al. 2018).

Table 2.2 (continued)

Cell death mode Compounds
Expression in
cancer Regulatory signaling pathways

Apoptosis-
autophagy
coexist to
mediate cell
death

Arsenic trioxide Acute
promyelocytic
leukemia

In conjunction with all-trans
retinoic acid modulate apoptotic
and autophagic cell death
mechanism

Plumbagin SMMC-7721 Excessive ROS accumulation
leads to caspase-dependent
apoptosis and enhanced
autophagosome to
autolysosome formation trigger
autophagic cell death

SB202190 and
SB203580

– MAPK inhibition leads to
modulate apoptotic and
autophagic cell death
mechanism

Curcumin CML, Colon
cancer and
glioblastoma

Induction of autophagy via
inhibition of AKT/mTOR/
p70S6K, Bcl2 downregulation,
LC3 lipidation and ROS
induction leading to the intrinsic
onset of apoptosis

Conconavalin A Lung cancer and
melanoma cells

Downregulate PI3K/Akt/mTOR
signaling for autophagy
induction and ROS
accumulation for caspase-
dependent apoptosis

Abrus agglutinin Oral, prostate and
Colon cancer

PUMA dependent mitophagy
contributes toward apoptotic
cell death via ceramide
generation, NRF2
downregulation leads to
apoptosis cell death
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2.5.2 Autophagic Facilitation of Apoptosis in Cancer Therapeutics

Autophagy-mediated facilitation of apoptosis in several cancer cells displays a
remarkable therapeutic avenue against cancer. Both induction and inhibition of
autophagy drive cellular mechanisms toward apoptosis induction. Recent studies
have shown that the gallic acid in Terminalia bellirica extracts inhibits autophagy
and can be used to fuel the induction of apoptosis in a ROS-dependent manner in oral
squamous cell carcinoma (Patra et al. 2020). Verteporfin, a benzoporphyrin deriva-
tive, in conjunction with gemcitabine, inhibits autophagy and promotes apoptosis in
acute promyelocytic leukemia and exhibits clinical potency against glioma, prostate,
and colon cancer (Donohue et al. 2011, 2013). Furthermore, elaiophylin has also
been reported to inhibit the autophagic flux that is associated with the endoplasmic
reticulum stress to promote apoptosis in ovarian cancer (Zhao et al. 2015). Deguelin,
another autophagy inhibitor, triggers apoptosis and enhances the chemosensitization
of several types of cancer cells to doxorubicin (Xu et al. 2017). Also, withaferin A
and ginsenoside have been reported to induce apoptosis after autophagy inhibition in
breast and esophageal cancer cells (Muniraj et al. 2019; Zheng et al. 2016). Simi-
larly, liensinine, an isoquinoline alkaloid, has also been reported to inhibit
autophagosome-lysosome fusion to provoke the induction of mitochondrial fission
and apoptosis in triple-negative breast cancer (Zhou et al. 2015).

2.5.3 Apoptosis-Autophagy Links in Cancer Therapeutics

Apoptosis and autophagy may induce cell death during chemotherapy in a parallel or
sequential manner. The cooperation of apoptotic and autophagic machinery is
required for the induction of cell death in the mature tumor environment (Jain
et al. 2013). Arsenic trioxide in combination with all-trans retinoic acid has evolved
as a potent drug against acute promyelocytic leukemia by modulating both apoptotic
and autophagic pathways (Lo-Coco et al. 2013; Qian et al. 2007). Furthermore,
plumbagin (a naphthoquinone derivative) has also been reported to induce apoptosis
and autophagy with two long synthetic MAPK inhibitors, SB202190 and SB203580
(Li et al. 2014). Several dietary phytochemicals, including resveratrol, curcumin,
quercetin, lutein, lycopene, catechin, and β-carotene, have demonstrated
proapoptotic and autophagic potential owing to their antioxidant properties in
several cancer cells (Choi 2012). Recently, different plant lectins, such as Abrus
agglutinin, a lectin from Abrus precatorius, was implicated in the onset of autophagy
and is being considered as a means to induce apoptotic cell death in prostate cancer
and oral squamous cell carcinoma (Panda et al. 2020; Panigrahi et al. 2020). Another
lectin, concanavalin A, has also been reported to downregulate PI3K/Akt/mTOR
signaling, thus contributing to autophagic cell death (Roy et al. 2014). Finally,
concanavalin A has also induced caspase-dependent apoptosis in human melanoma
cells (Liu et al. 2009).
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2.6 Conclusion and Future Perspective

Being a double-edged sword, autophagy regulates other modes of cell death in
cancer cells. Several of its key regulators act as tumor suppressors or promoters,
depending on the threshold level of the cellular or tumor microenvironmental stress
in the cancer cell milieu. Moreover, the inhibition of autophagy disrupts cancer cell
metabolism, interferes with differentiation, and destabilizes anticancer
immunosurveillance. At later stages of tumorigenesis, restoration of autophagy
leads to the development of chemo- and/or radioresistance in cancer cells. As
explained earlier, the majority of research has focused on understanding the coordi-
nated regulation of autophagy and apoptosis, which sensitizes cancer cells toward
death. However, several issues remain unresolved, such as the mechanism by which
apoptotic activation of effector caspases turns off the autophagic machinery and the
identities of key autophagy proteins that drive cells from being in a pro-autophagic
state to acquiring a proapoptotic phenotype during this period, causing various
pathophysiological consequences. Several clinical trials using autophagy inhibitors,
such as chloroquine and hydroxychloroquine, have also been used for targeted
cancer therapy. Besides, several new anticancer drugs have been formulated to
modulate both autophagy and apoptosis. However, altering only autophagy in cancer
cells might not be an ideal approach; although it is beneficial at low levels, overac-
tive autophagy becomes detrimental, leading to tumor development. Hence, antican-
cer or antidegenerative drugs modulating autophagy and targeting apoptosis may
work more effectively in the clinic when combined. Altogether, it will be interesting
to reveal the mechanism and thereby understand autophagy and apoptosis in cancer,
which will help to leverage their functional interrelation for developing new targets
for the possible effective therapeutic intervention of cancer therapy.
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