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A B S T R A C T   

Autophagy is an intracellular self-degradative mechanism which responds to cellular conditions like stress or 
starvation and plays a key role in regulating cell metabolism, energy homeostasis, starvation adaptation, 
development and cell death. Numerous studies have stipulated the participation of autophagy in cancer, but the 
role of autophagy either as tumor suppressor or tumor promoter is not clearly understood. However, mechanisms 
by which autophagy promotes cancer involves a diverse range of modifications of autophagy associated proteins 
such as ATGs, Beclin-1, mTOR, p53, KRAS etc. and autophagy pathways like mTOR, PI3K, MAPK, EGFR, HIF and 
NFκB. Furthermore, several researches have highlighted a context-dependent, cell type and stage-dependent 
regulation of autophagy in cancer. Alongside this, the interaction between tumor cells and their microenvi
ronment including hypoxia has a great potential in modulating autophagy response in favour to substantiate 
cancer cell metabolism, self-proliferation and metastasis. In this review article, we highlight the mechanism of 
autophagy and their contribution to cancer cell proliferation and development. In addition, we discuss about 
tumor microenvironment interaction and their consequence on selective autophagy pathways and the involve
ment of autophagy in various tumor types and their therapeutic interventions concentrated on exploiting 
autophagy as a potential target to improve cancer therapy.   

1. Introduction 

The term autophagy was first coined in 1963 by Christian de Duve 
and it is referred to as an intracellular evolutionally conserved cellular 
degradative pathway [1]. The primary role of autophagy is to tag 
damaged organelles, cytoplasmic macromolecules and aggregated pro
teins and deliver it to the lysosomes which is subsequently degraded by 
lysosomal hydrolases to produce organic molecules like amino acids, 
nucleotides, sugars and ATP which is finally recycled back into the 
cytoplasm [2]. Autophagy is crucial as it acts as a cytoprotective 
mechanism by technically avoiding the accumulation of damaged 
intracellular components thereby maintaining cellular homeostasis and 
energy metabolism thus ensuring cell survival during stress and nutrient 
starvation conditions [3]. In terms of both morphology and protein 
constituents that are involved in the core machinery, autophagy is 
manifested as an extremely conserved intracellular process ranging from 
yeast to mammals [4,5]. Based on the distinguishing features, three 
types of autophagy namely macroautophagy, microautophagy and 
chaperone-mediated autophagy (CMA), the latter which was found to be 

present only in mammalian cells have been identified [6]. 

1.1. General autophagy mechanism 

The selective and nonselective nature of micro and macroautophagy 
has been broadly characterized in yeast [7]. Selective autophagy spe
cifically targets damaged proteins, impaired organelles including mito
chondria, endoplasmic reticulum, chloroplast, peroxisomes and 
infectious microbes for degradation, whereas nonselective autophagy 
can be activated as a result of stress especially under starvation state 
therefore converting bulk cytoplasmic contents into energy rich mole
cules which could be utilized by the cells for recovery [8,9]. Micro
autophagy involves sequestration of the cargos by direct invagination of 
the vacuole membrane in yeasts, plants and lysosomes in mammalian 
cells [10]. The mechanism of macroautophagy is distinct compared to 
that of microautophagy in which the former involves the sequestration 
of double membrane bound phagophore to transport the cargo to lyso
somes [11]. It is also clear that the vesicle formed, termed as autopha
gosomes, take up de novo pathway for their synthesis rather than 
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membrane budding. The identification of more than 40 different ATG 
genes has led to the transition from morphological to molecular un
derstanding of the mechanism [12]. 

The initiation and expansion of phagophore is regulated by series of 
proteins. In yeasts, Atg1-Atg13-Atg17-Atg31-Atg29 kinase complex and 
in mammals, Unc-51 like autophagy activating kinase 1 (ULK1) complex 
regulates the induction and formation of initial phagosome components 
[13]. The functional activity of this complex is further controlled by the 
association of mechanistic target of rapamycin complex 1 (MTORC1), 
the master regulator of autophagy, whose activation ultimately depends 
on the nutrient status of the cell [14]. Under metabolically normal state, 
MTORC1 associates with the induction complex (ULK1 and Atg13) and 
phosphorylate them thereby rendering their activity [15]. This prevents 
the induction of phagophore, thus the formation of autophagosome is 
inhibited. However, when cells are in nutrient deprived state or 
increased nutrient demand, MTORC1 is deactivated as a result of 
reduced signalling from Mitogen Activated Protein Kinase (MAPK) and 
phosphoinositide3 kinase (PI3K)/Akt pathway and dissociates from the 
complex [16,17]. This results in dephosphorylation of induction com
plex therefore activating further downstream pathways of autophagy. 

The expansion of phagophore requires two ubiquitin-like (UBL) 
conjugation system. ATG12–ATG5-ATG16L1 conjugation complex is 
formed when ATG12 covalently binds to ATG5 with the help of ATG7 
and ATG10 [18]. ATG12 was the first UBL system identified in the 
autophagy machinery. The ATG12-ATG5 complex dimerize with 
ATG16L1 in a noncovalent manner to form a larger complex. The 
resulting ATG12–ATG5-ATG16L1 complex is conserved across different 
domains and plays a major role in the formation of autophagosome [19]. 
The second UBL system involves the recruitment of microtubule- 
associated protein 1 light chain 3 (MAP1LC3) by ATG12–ATG5- 
ATG16L1 complex [20]. LC3, a member of ATG8 family is first con
verted into its cytosolic isoform LC3 1 by a cysteine protease, ATG4B. 
The E1 like-enzyme Atg7 and E2 like enzyme Atg3 helps in the activa
tion of the processed LC3 1 in the subsequent steps [21]. Henceforth, by 
the association of phosphatidyl ethanolamine (PE), a class of glycer
ophospholipids, LC3 1 is converted to the membrane bound form LC3 II 
[22]. LC3 II is found to be present in either side of the membrane (outer 
and inner) of the expanding phagophore and helps in substrate selection 
for degradation by the autolysosome. Eventually, the matured phag
ophore wraps around the destined cargo and fuses to form a double 
membrane phagosome [23]. The microtubule mediated movement of 
autophagosomes to lysosomes is the crucial phase in the delivery of 
cargo and formation of autolysosome. The inner membrane of the 
autophagosome along with the cargo is subsequently degraded owing to 
the presence of resident hydrolytic enzymes in the lysosomes. The 
degraded components such as amino and fatty acids are exported back to 
the cytoplasm through lysosomal permeases where it can be utilized for 
energy generation or biosynthesis [24]. 

1.2. Chaperone mediated autophagy 

CMA is very distinct from other autophagy types since it does not 
involve any vesicle formation and the proteins that are to be degraded 
seem to directly cross the lysosomal membrane to reach the lumen. The 
mechanism of CMA involves binding of chaperone complex to the target 
motif in the substrate protein after which it is brought to the surface of 
lysosomes [25]. Once the substrate reaches the lysosome, it interacts 
with the cytoplasmic tail of the lysosomal-associated membrane protein 
type 2A (LAMP-2A), which later promotes the formation of a trans
location complex via LAMP 2A multimerization [26]. Upon binding, the 
substrate gets translocated to the lysosomal matrix by crossing the 
membrane mediated by luminal chaperones where they undergo com
plete degradation [26]. Moreover, CMA is highly selective compared to 
other autophagy types and allows selective removal of damaged or 
altered proteins under prolonged starvation or oxidative stress condi
tions [27]. 

Over the past few years, several researches have reported that defects 
in autophagy machinery can lead to genomic instability and metabolic 
stress which can give rise to pathological conditions including in
fections, neurodegeneration, heart disease, aging and cancer [28]. 
Additionally, the intrinsic role of autophagy in cancer is considered to be 
both tumor suppression and tumor promotion depending on the cell 
context, tumor stage and type [29]. In this review, we establish our focus 
on the mechanism of autophagy, their role in tumor progression, their 
typical interaction with the tumor-microenvironment and selective 
autophagy components involved in tumor progression. Additionally, we 
discuss the involvement of autophagy machinery and their role as tumor 
promoter in different tumor types. Finally, latest findings in the area of 
autophagy modulators as a therapeutic target in cancer treatment and 
their future development will be the focus of this review. 

2. Autophagy and cancer 

The homeostatic and protective nature of autophagy is relatively 
obvious considering its accommodating role during conditions like 
oxidative stress, nutrient deprivation and energy insufficiency. More
over, the basal expression of autophagy is significant for key functions 
such as protein and organelle turnover [30]. However, data suggests 
that when the self-digestion process crosses a quantitative threshold due 
to prolonged growth factor, glucose or oxygen deprivation, it could 
result in cytotoxicity [31]. Additionally, the intricate connection be
tween autophagy and apoptosis related pathway still needs to be un
covered [32]. However, studies have demonstrated that neuron-specific 
knockdown of atg5 reduced the survival of mice by upregulating bax- 
mediated apoptotic cell death [33]. This indicates that the autophagy 
may directly or indirectly be involved in deciding the fate of the cell, 
either survival or death. Therefore, autophagy dysfunction or pro- 
survival and self-cannibalistic nature of autophagy could be delete
rious and detrimental to the cell in many cases and can serve as a 
causative factor for a wide variety of diseases. Till date, the involvement 
of autophagy is reported in several pathological conditions including 
myopathies, neurodegenerative disorders, infectious diseases, autoim
mune diseases, heart disease, cell death, aging and cancer [34]. 

In cancer biology, autophagy is often represented as a double-edged 
sword where it plays dual roles as inducer of oncogenesis and as tumor 
suppressor and may contribute to tumor development and proliferation 
[35]. This paradoxical function of autophagy in tumorigenesis depends 
on different stages of cancer development and is further determined by 
environmental conditions such as nutrient availability, status of immune 
system, pathogenic conditions and microenvironmental stress [36]. 
During the initial phase of tumor development, autophagy exhibits 
suppressor role by degrading or inhibiting essential oncogenic molecules 
such as p62 protein [37]. Moreover, several indirect researches 
emphasize the tumor suppression role of autophagy. The participation of 
p53 in tumor suppression is highly complex. Inhibition of proteosomal 
degradation of cytoplasmic p53 prevented the activation or suppressed 
the basal levels of autophagy [38]. Therefore, pharmacological activa
tion of p53 which are usually mutated in cancer cells could restore 
tumor suppressive function and inhibit tumor progression [39]. More
over, several studies conducted on murine models concluded that the 
functional loss of many autophagy execution proteins such as Beclin1 
and ATG5 predisposed mice to a wide range of tumors including lung 
adenocarcinoma, B cell lymphomas and hepatocellular carcinomas 
[40,41]. These results are few of the direct evidences that encourages 
the tumor suppression role of autophagy. 

However, several factors are responsible for tumor suppression by 
autophagy during the initiation phase and alterations in their function 
which could possibly result in tumor progression. Autophagy response is 
considered as one such factor in which adequate level of autophagy is 
essential for tumor suppression. Abnormal or reduced autophagy fails to 
break down damaged organelles and proteins and lead to the develop
ment of cancer [40]. On the other hand, high-basal levels of autophagy 
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were observed in several cancer types including pancreatic cancer. 
Mutations in important tumor suppressor genes such as UV radiation 
resistance-associated gene (UVRAG) and Beclin 1 (BECN1) also results in 
the same effects which showed reduced clearance of damaged compo
nents and thereby providing favourable conditions for tumor develop
ment and progression [42]. The depletion of UVRAG and decrease of 
BECN1 are associated with increased cellular proliferation in several 
cancers such as gastric, colon, breast, prostate cancers and cervical 
squamous-cell carcinomas and hepatocellular carcinomas [43]. Addi
tionally, autophagy related genes (ATGs) also play crucial role in con
trolling tumor progression. The deletion of ATG5 and ATG7 showed 
induction of liver cancers as a result of damaged mitochondria and 
oxidative stress in knockout mice models. Numerous studies also 
concluded that the deficiency of ATG3, ATG5 and ATG7 results in 
tumorogenesis [41]. In addition, the increased level of reactive oxygen 
species (ROS) correlates with cancer induction and progression [44] 
Autophagy prevents tumor generation by regulating excessive ROS 
production originated due to damaged mitochondria [45]. Therefore, 
basal autophagy with proper functioning of its protein machinery is 
considered to be an essential factor required for tumor suppression. 

3. Role of autophagy in cancer progression and tumor 
suppression 

During the initial discovery of the molecular machinery of auto
phagy, several proteins involved were found to have oncogenic prop
erties. Autophagy associated genes such as oncogenic Bcl-2/Bcl-XL, Akt, 
PI3KCI, and mTORC1 and tumor suppressive proteins Beclin-1, PI3K
CIII, Bif-1, p53, DAPKs, UVRAG and phosphatase and tensin homolog 
(PTEN) serves as a direct link between autophagy and cancer [46]. 
Although autophagy plays a tumor repressive role during the initial 
stages of tumor, several studies suggest that autophagy is involved in 
cancer progression in the later stages once the cancer has established 
[47]. Oncogenes that are involved in tumor are known to interfere with 
signalling pathways essential for cellular metabolism. In this regard, 
numerous reports suggest that the autophagy machinery gets activated 
by tumor in response to stress conditions. Moreover, the survival char
acteristic of autophagy helps tumor to overcome extreme stressful con
ditions including hypoxia and nutrient deprivation [48]. In addition to 
this, high metabolic demand of cancer cells is supplied by autophagy by 
increasing the rate of degradation of defective proteins and organelles 
without affecting the functional integrity thereby maintaining viability 
of cancer cells [49]. Because of this dichotomous role, any attempt in 
regulating the autophagic process by the use of anticancer drugs could 
possibly skew the response to be fatal and could largely affect the overall 
patient survival. Studies have reported that autophagy in tumor cells 
induced by stress can result in treatment resistance which will subse
quently result in tumor regrowth and progression. Most prominently, in 
cancer cells that survive chemotherapy or radiation therapy activation 
of autophagy may enable a state of dormancy in residual cancer cells 
which contribute to tumor recurrence and progression [50]. Another 
plausible role of cancer progression by autophagy has been implicated to 
exosome secretion. Some proteins involved in the extracellular vesicle 
secretion, like VCP and Rab7, are also associated with autophagy 
pathways at the same time crucial ATG proteins, such as ATG12/3 and 
ATG5, are identified as crucial regulators of exosome biogenesis. 
Therefore this suggests a possible link between autophagy and extra
cellular vesicle (EVs) machinery, that may contribute to cellular 
communication and signalling in the tumor microenvironment thereby 
acting as modulators of tumor progression and aggressiveness [51,52]. 

4. Role of autophagy in cancer progression and tumor 
suppression in response to RAS activation 

RAS GTPase, a product of RAS gene is a GDP/GTP-binding guanine 
triphosphatase which plays a significant role in signalling pathways 

related to cellular growth, survival, proliferation and metabolism [53]. 
RAS protein once synthesized undergoes post-translational modifica
tions which aids them to associate with plasma membrane [54]. 
Henceforth, a wide array of growth factors including epidermal growth 
factor (EGF), insulin-like growth factors (IGF), nerve growth factors 
(NGF), platelet-derived growth factor (PDGF), vascular endothelial 
growth factor (VEGF), fibroblast growth factor (FGF) and the ephrins 
and angiopoietins can activate RAS protein indirectly through receptor 
tyrosine kinases (RTKs) [55]. The auto phosphorylated RTK binds to 
growth factor receptor-bound protein 2/SOS exchange factor (Grb2/ 
SOS) complex which directly interacts with RAS protein and renders 
them active [56]. The type of cofactors they bind to determine the ac
tivity of RAS. When it is bound to GTP with the help of guanine nucle
otide exchange factors (GEFs), protein domains that catalyze the 
exchange of GDP for GTP becomes active and initiates one of many 
downstream signalling pathways by interacting with specific RAS ef
fectors [57]. RAF kinase, phosphatidyl inositol 3-kinases (PI3Ks), RAL 
guanine nucleotide dissociation simulator (RALGDS) and phospholipase 
Ce are the main classes of RAS effectors which produce appropriate 
signals and activate signalling pathways for survival, cell proliferation 
and other physiological functions [58]. Whereas, in GDP bound state, 
the RAS protein become inactive. This is carried out by GTPase- 
activating proteins (GAPs), which propel the hydrolysis of GTP to GDP 
[59]. 

Initially, KRAS and HRAS were the two RAS genes that were iden
tified during studies conducted in rats for understanding the two cancer- 
causing viruses, the Kirsten sarcoma virus and the Harvey sarcoma virus 
[60]. Subsequently, a third RAS gene was identified and was named as 
NRAS for their association with human neuroblastoma cells. Till date, 
several genetic and epigenetic factors were identified that are known to 
induce mutation in RAS gene. Studies confirmed that mutation in one of 
these genes convert them into active oncogenes which are very common 
constituting approximately 30% of all human cancers including colon, 
pancreatic and lung cancer with mutation in KRAS being more prevalent 
[61]. In particular, point mutation at 12, 13 or 61 residues in RAS 
protein produces an aberrant binding pattern with GTP. This confor
mational shift renders GAP insensitive and making it inaccessible for the 
hydrolysis of GTP. This anomalous alteration results in prolonged acti
vation of GAP protein and consequently over stimulating downstream 
MAPK, PI3K and other signalling pathways ultimately leading to cancer 
cell proliferation, apoptosis, metabolism and angiogenesis [62]. 

RAS plays a highly complex and multifaceted role in autophagy, 
determined by the cellular context and cancer type. RAS mediated 
modifications in the regulation of autophagy depends largely on the 
signalling pathways it activates. Since the RAS effectors are diversified 
in nature, more than one signalling pathway can regulate autophagy. 
Raf-1, Rac1 and PI3K are the three most important pathways that enable 
the crosstalk between RAS and autophagy [63,64]. RAS positively reg
ulates autophagy through the induction of Raf-1/MEK/ERK pathway 
and upregulates the expression of BCL2/adenovirus E1B 19 kDa protein- 
interacting protein 3 (BNIP3) [64]. BNIP3 promotes autophagy by 
obstructing the association of Beclin-1 and Bcl-2, allowing the former to 
bind with vsp34 or vsp15 forming an active complex necessary for 
autophagosome formation [65]. The upregulation of BNIP3 and subse
quent promotion of autophagy is associated with several cancers 
including human breast carcinomas and uveal melanoma (UM) [66]. In 
one study, upregulation of BNIP3 stimulated the induction of autophagy 
which in turn contributed to the acquisition of anoikis resistance of 
hepatocellular carcinoma (HCC) cells, thus favouring the survival of 
cancer cells [67]. RAS was also shown to foster autophagy via Rac1/ 
MKK7/JNK pathway which mediates the upregulation of ATG5 and 
ATG7 respectively, which is crucial in the elongation step of autopha
gosome formation [68]. The c-Jun NH2-terminal kinase (JNK) signal 
transduction pathway is also known to promote autophagy by phos
phorylation of Bcl-2 and subsequent activation of BECN1 expression 
[69]. On contrary to the autophagy promoting role, RAS also negatively 
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regulates autophagy by activating anti-autophagic (i.e. class I PI3K/Akt/ 
mTOR1) signalling pathway and subsequently preventing the activation 
of ULK1/Atg13/FIP200 complex [70]. Autophagy induced by Ras can, 
in turn affect tumor progression by modulating cell death, cell prolif
eration, mitochondrial integrity and sensitivity to matrix detachment 
and metabolic stress [71]. 

Although RAS partly plays tumor suppressive role through the in
duction of autophagy, the oncogenic RAS mutations and the mutations 
in other components of the RAS mediated signalling pathways are 
exclusively found in most tumors and lead to cancer development and 
proliferation. A study conducted on MCF10A cells overexpressing KRAS 
showed increased transcriptional and translational levels of ATG5 and 
ATG7 followed by malignant cell transformation in nude mice [72]. 
Subsequent knockdown of ATG5 and ATG7 reduced tumor formation 
indicating the tumor promoting role of autophagy. In another study, 
apoptosis-stimulating property of p53 protein 2 (ASPP2) suppresses 
autophagy induced cellular tumorigenicity in MEF cells with overex
pressed oncogenic HRAS [73]. Moreover, murine model with mutated 
KRAS indicates the requirement of autophagy for tumor development in 
pancreatic cancer [74]. All these findings indicate the pro-oncogenic 
role of RAS mediated autophagy and the development of several 
deadly cancers, including colon, lung and pancreatic cancer. Although 
RAS mediated autophagy can suppress tumor during its initial mani
festation, as the cancer progresses to later developmental stages, it be
comes more aggressive and eliminates the toxic effect of autophagy. At 
this scenario, autophagy can assist tumor growth and serve as a cell- 
protecting mechanism thereby leading to cancer progression. Addi
tionally, several approaches on the inhibition of autophagy-related 
proteins showed an increased accumulation of damaged mitochondria 
and later decreased cell growth [75]. These results combinedly stipulate 
that the RAS-mediated autophagy plays a vital function in the survival 
and growth of several tumors. 

5. Hypoxia-induced autophagy in cancer progression 

Hypoxia, a condition characterized by low oxygen availability is a 
familiar feature of several disease conditions including myocardial 
ischemia, chronic heart and kidney diseases, metabolic and reproductive 
diseases, stroke and cancer [76]. In cancer, oxygen demand is greater 
than oxygen supply because of the pronounced distance between cells 
and the existing blood vessel due to the hyperproliferating nature of 
cancer cells [77]. The level of hypoxia largely depends on the size, 
location and stage of the tumor, with brain tumors being extremely 
sensitive to hypoxia [78]. The cellular survival and proliferation of 
tumor in response to hypoxia is induced by the overexpression of com
plex signalling pathway including hypoxia inducible factor (HIF) 
pathway, PI3K/AKT/mTOR, MAPK and the NFκB pathway [79–81]. 

HIFs are transcriptional factors that respond to hypoxic conditions 
and modulate cellular response to oxygen availability. HIFs are acti
vated in the presence of hypoxia and also through hypoxia independent- 
pathway by a number of receptors including G protein-coupled receptors 
(GPCR), toll-like receptors (TLR), and alarmin receptors [82]. Out of 
several members, HIF-1 is known for its important function in local and 
systemic tumor progression. Once activated HIF-1, targets the expres
sion of more than 60 genes that are necessary for cell survival, cell in
vasion, angiogenesis and glucose metabolism. Over-expression or 
activation of HIF-1 correlates with several cancer types including cer
vical, endometrial, ovarian and breast cancer [83]. The mechanism of 
activation of HIF-α subunits (HIF-1 α, HIF-2 α and HIF-3α) is regulated 
by prolyl hydroxylase domain-containing proteins (PHD) and factor 
inhibiting HIF (FIH) enzymes [84]. PHD and FIH-1 are present upstream 
to HIF-α and are activated when oxygen is present [84]. In this case, the 
activity of PHD and FIH-1 regulates hydroxylation of HIF-α subunits 
which is further carried forward for polyubiquitination tagging by von 
Hippel-Lindau (VHL) tumor suppressor protein and subsequent proteo
lytic degradation of HIF-α [85]. However, when the level of oxygen is 

low, PHD and FIH-1 becomes inactive and HIF-α escapes hydroxylation 
and proteolytic cleavage by proteasome [86]. Now, the active HIF-α can 
translocate from cytoplasm to nucleus, dimerize with HIF-β subunit and 
initiates transcription of various adaptive pathways [87]. The effector 
functions of HIF-α involves enhancing cell survival and inhibition of 
anti-apoptotic pathway, formation of blood vessels by vasculogenesis 
through a number of regulators including iNOS, VEGF, VEGF receptors 
and COX-2 and facilitates cell migration through matrix degrading 
enzymes. 

In tumor microenvironment, as a result of hyperproliferation of 
tumor cells, the blood vessels are more evidently found in the periphery 
surrounding the tumor, nourishing them with supplied oxygen and 
therefore promoting their proliferation. Meanwhile, cells that are pre
sent in between remains undernourished as a result of improper blood 
vessel formation. In this case, activation of HIF promotes blood vessel 
formation by inducing vasculogenesis and angiogenesis [88,89]. This 
function promotes previously stalled tumor cells to proliferate which yet 
again demands oxygen supply, recreating hypoxic microenvironment 
and HIF activation. This reactivated HIF further enhances tumor pro
liferation, metastasis and resistance [90]. Thus, the cross-talk between 
tumor progression and HIF activation is a never-ending phenomenon 
which is further worsened by the involvement of autophagy. 

In order to promote hypoxia resistance, both HIF-1 and non-HIF-1 
pathways can incorporate several alternative pathways such as auto
phagy and apoptosis depending on the severity of hypoxia. Several 
available literatures confirm the participation of hypoxia-induced 
autophagy in tumor survival and progression. The interaction between 
hypoxia-induced autophagy and cancer cell proliferation is coordinated 
by several stress response pathways such as mTOR, HIF-1 and the 
unfolded protein response (UPR) [91]. Importantly, hypoxia activated 
HIF-1 regulates autophagy by interacting with core autophagic proteins 
including BCL2, BNIP3, Beclin-1, BNIP3-like (BNIP3L)/Nix, phosphati
dylinositol 3 kinase catalytic subunit type 3 (PIK3C3), ATG5 and ATG7 
[92,93]. In this regard, hypoxia-induced AMPK and PTEN down
regulates mTOR which later enables autophagosome-lysosome fusion 
through ULK1 phosphorylation [94]. Besides this, HIF-1 indirectly 
triggers autophagy by modulating glucose metabolism. Recent data 
suggest that upon glutamate and oxygen deprivation, the autophagy is 
activated through direct binding of phosphoglycerate kinase 1 (PGK-1) 
to VPS34/Beclin1/ATGL14 [95]. Similarly, in acute myeloid leukemia 
(AML) cell lines, it was shown that the autophagy is regulated through 
association of pyruvate dehydrogenase kinase 1 (PDK1) with ULK1 [96]. 
Collectively, these studies indicate a strong connection between HIF-1 
and mTOR pathways in regulating the activity of autophagy process. 

Apart from HIF-1, hypoxia mediated mTOR inhibition is also known 
to stimulate autophagy in tumor cells. A recent data suggests that, in 
Crohn's disease patients, hypoxia ameliorated inflammation by down
regulating mTOR pathway and subsequently promoting autophagy [97]. 
Although, compelling evidence support the participation of mTOR 
pathway in autophagy regulation, the magnitude to which mTOR sig
nalling participates in autophagy in tumor-hypoxia microenvironment is 
poorly understood. In the endoplasmic reticulum (ER), stress imposed 
due to hypoxia causes improper protein folding and prevents disulphide 
bond formation [98]. To manage this, affected cells recruit UPR inte
grated signalling networks which promotes cancer cell survival and of
fers resistance against anti-cancer therapies [99]. UPR mediated effector 
functions on mammalian cells are contributed by three main signalling 
pathways namely inositol-requiring enzyme 1 (IRE1), protein kinase 
RNA (PKR-like) ER kinase (PERK), and activating transcription factor 6 
(ATF6) [100]. PERK regulated activation of transcription factor 4 
(ATF4) and CCAAT-enhancer-binding protein homologous protein 
(CHOP) are known to optimize the survival of cancer cells by autophagy 
induction [101]. In turn, ATF4 and CHOP transcriptional factors regu
lates autophagy associated proteins namely microtubule-associated 
protein1 light chain 3β (MAP1LC3B/LC3B) and ATG5 [102]. Along
side this, emerging studies target the activity of IRE1 and its subsequent 
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downstream effector X-box binding protein (XBP1) against tumor 
growth and hypoxia in regulating autophagy [103]. Recent study con
ducted on breast cancer cell lines with downregulated XBP1 showed 
substantial inhibition of hypoxia gene expression, indicating the activity 
of XBP1 in promoting tumorigenesis by controlling HIF1α pathway 
[104]. However, the interconnection between autophagy and XBP1/ 
HIF-1 in tumor progression under hypoxic condition still needs to be 
evaluated. Furthermore, the role of ATF6 arm of UPR-induced auto
phagy in hypoxia is least studied and there is an urgent need to be deeply 
investigated. 

In addition to hypoxia-induced cellular cytotoxicity, hypoxia is also 
known to modulate the metabolic profile of the affected cell [105]. In 
this context, available researches suggests the involvement of autophagy 
in degrading cellular components including mitochondria (mitophagy), 
ER (ERphagy or reticulophagy), lipids (lipophagy), nucleus (nucleoph
agy), ribosomes (ribophagy) and peroxisomes (pexophagy) under hyp
oxic stress [9,106]. However, the relevancy and the exact mechanism 
controlling the selective autophagy types under hypoxic stress are 
poorly understood and still need to be uncovered. 

6. Role of selective autophagy in cancer progression 

Selective autophagy is a specialized type of autophagy, which is 
responsible for specifically removing dangerous cellular components 
such as dysfunctional proteins, damaged organelles, and intracellular 
pathogens. Selective autophagy regulates the degradation of number of 
specific cellular components through specialized autophagic receptors 
including p62/SQSTM1, nuclear dot protein 52 kDa (NDP52), neighbor 
of breast cancer 1 gene (NBR1), optineurin, and valosin-containing 
protein (VCP) [107]. Autophagy receptors specifically recognize ubiq
uitinated cargos and enables elimination by interacting with LC3/ 
GABARAP/Gate16 protein on the phagophore membrane [108]. Though 
selective autophagy exhibits a tumor-suppressive functionality in the 
initial phase of cancer development, the pro-survival mechanism of 
autophagy promotes tumor survival and offers protection in established 
tumors. An overall summary of the different types of autophagy which 
includes macroautophagy, microautophagy and selective autophagy 
and their main proteins involved are depicted in the Fig. 1. 

In macroautophagy, phagophore formation occurs which interacts 
with the organelles that are carried out by LC3-II forms autophagosome. 
This autophagosome carries the damaged organelles inside the phag
ophore to the lysosome forms the fusion of autophagosolysosome. These 
damaged organelles are lysed by acid hydrolase present inside the 
lysosome. 

In microautophagy, both selective and non-selective pathway of 
autophagy occurs. In selective, substrate protein binds with chaperones 
and enters into lysosome. In non-selective autophagy, both organelles 
and proteins enter into lysosome which is detoxified by acid hydrolase 
present in it. 

In mitophagy, the body system eliminates defective mitochondria 
through Parkin dependent and independent pathway. In Parkin depen
dent pathway, PINK1 interacts with PARL which on ubiquitinylation 
interacts with p62 and MFN2. All these proteins are triggered by PAR
KIN and Ambra1 mediates mitophagy. In Parkin independent pathway, 
Atg13 interacts and phosphorylated by ULK1, Hsp30, and Cdc31. On 
phosphorylation, Atg13 activates ROS as well as ATP depletion. The 
depleted ATP activates AMPK which inhibits mTOR which was also 
inhibited by ROS. The inhibited mTOR inhibits LC3II which prevents 
autophagy. 

In pexophagy, two different pathways are elucidated in yeast and in 
mammals. In yeast, Atg36, Atg30 and Pex3 bind with peroxisome. Hrr25 
initiates the induction of autophagy and triggers the high expression of 
Atg36. Upon interaction, Atg36 interacts with Atg8 and Atg11 which 
combines with Pex11βp to form pexophagosome. In mammals, NBR1, 
SQSTM1 and p62 binds with peroxisome. Pex5 and ABCD1 protein in
duces the interaction of Pex10, Pex12 and LC3II with peroxisome 

enhances the formation of pexophagosome. 
In ER-phagy, two different pathways are elucidated in yeast and 

mammals. In yeast, ER-phagy is induced by different autophagy regu
lators namely Atg40, Atg39, Sec23, Lst1, VAMP8 and Nvj1. In mammals, 
three different autophagy occurs in the endoplasmic reticulum. In the 
sheet of ER, autophagy occurs by various proteins such as TEX264, 
CCPG1, FAM134B and Sec62. In tubular ER, CCPG1, RTN3, ATL3 in
volves in autophagy. ATZ interacts with CNX and FAM134B and forms 
ER derived vesicle which combines with STX17 and VAMP8 to form 
phagosome. 

6.1. Mitophagy 

Mitophagy, a selective elimination of mitochondria is primarily 
identified in yeast, is induced by atg32, and in mammals it is mediated 
by NIP3-like protein X (NIX or BNIP3L) [109]. This process is critical for 
regulating their number and maintaining quality control even under 
nutrient rich conditions. This is important because mitochondria gen
erates toxic by-products such as reactive oxygen species (ROS) as a part 
of their metabolic process leading to cytotoxicity and cell death and 
eventually resulting in the release of cytochrome c and activation of 
caspases, leading to apoptosis [110]. 

6.1.1. Ubiquitin dependent receptors 
PINK1/Parkin pathway is a widely elucidated mitophagy pathway. 

The membrane-voltage dependent translocation of PTEN-induced pu
tative kinase 1 (PINK1) is the decisive factor which regulates mitophagy 
by differentiating healthy and defective mitochondria [111]. In normal 
circumstances, PINK1 is translocated to the inner mitochondrial mem
brane (IMM) via translocase of the outer membrane (TOM) and trans
locase of the inner membrane (TIM) where it is subjected to cleavage by 
a serine protease presenilin-associated rhomboid-like (PARL), ulti
mately leading to its degradation by mitochondrial proteasomes [112]. 
This maintains a basal level of PINK1 in IMM. However, in defective 
condition, mitochondrial membrane becomes depolarized and ceases 
PINK1 translocation. Additionally, PARL is phosphorylated by PDK2 
rendering them inactive and unable to cleave PINK1, resulting in their 
accumulation [113]. This increased accumulation of PINK1 triggers 
ubiquitination of mitochondrial proteins such as mitofusin-1 (MFN1), 
MFN2, Miro1 or VDAC1 via Parkin [114]. Ultimately, autophagic re
ceptors recognize these polyubiquitinated mitochondrial proteins and 
will be subjected to degradation via autophagic machinery. Recent study 
confirms the participation of PINK1/Parkin in regulating iron meta
bolism in pancreatic cancer. Mice with PINK1 and Parkin knockout 
induce RAS driven pancreatic tumorigenesis as a result of mitochondrial 
iron accumulation. 

6.1.2. Ubiquitin independent receptors 
BNIP3/NIX-mediated mitophagy pathway depends on the proteins 

BNIP3 and BNIP3L/NIX that are able to directly bind to autophagy re
ceptors in its phosphorylated state and enables mitophagy without 
involving ubiquitination process [115]. Although several evidences 
clearly suggest that the dysregulation of mitophagy components con
tributes to cancer progression, only limited number of studies is avail
able to completely elucidate the mechanism involved in it. Few of those 
concentrated studies describe the potential mechanism of Parkin in 
regulating tumor progression by modulating mitophagy. Loss-of- 
function mutation in Parkin which is commonly found in various tu
mors inhibits mitophagy leading to tumorigenesis [116]. This is sup
ported by studies conducted on Parkin knockout mice, which exhibited 
increase in tumorigenesis [117]. Once the tumor is established, hypoxia 
increased tumor cell survival by activating mitophagy via HIF1-α 
mediated induction of BNIP3 and FUNDC1 pathways. BNIP3 further 
exhibits a dichotomous role wherein both its activation and inactivation 
contribute to tumor survival [118]. 

In response to oxygen deprivation, tumor-mediated hypoxia 
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Fig. 1. Types of autophagy and proteins involved in the mechanism. There are three different autophagy: Macroautophagy, microautophagy and selective autophagy. Mitophagy, Pexophagy and ER-phagy are the three 
different forms of selective autophagy. 
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microenvironment induces mitophagy in the damaged cells. In cultured 
MEF cells, mitophagy is mediated by HIF1α dependent upregulation of 
BNIP3 triggering BNIP3 mediated mitophagy pathway [119]. Moreover, 
mitophagy promotes tumor cell survival by protecting them against ROS 
generated in excess quantity and by escaping apoptosis mediated cell 
death. Apart from this, most of the proteins that are involved in 
mitophagy are mutated in cancer patients, and can function as tumor 
promoter or suppressor considering the cancer type and context. For 
example, BNIP3 plays tumor suppressive role in breast cancer whereas 
in renal cell carcinoma and pancreatic cancer it is thought to have tumor 
promoting functions [120]. Alongside this, mitophagy contribute to the 
metabolic demands of tumor by engaging in Warburg effect which 
actively shifts the bioenergetic pathway from pyruvate to lactate gen
eration meanwhile avoiding oxidative phosphorylation even in the 
presence of oxygen [121]. Moreover, PINK1/Parkin pathway which 
regulates quality control of mitochondria can also be linked to iron 
metabolism and influence tumorigenesis. Managing iron balance is 
essential for maintaining cellular integrity and any deregulation can 
promote tumor by excessive ROS production and oxidative stress [122]. 
Owing to the beneficial nature of mitophagy in cancer cells, any attempt 
in sensitizing cancer cell proliferation by inducing mitochondrial dam
age could result in increased activation of mitophagy thus offering 
resistance against anti-cancer therapies. Therefore, inhibition of 
mitophagy pathway is an active area of research in cancer therapy. In 
this context, knockdown of essential mitophagy components such as 
FUNDC1, PINK1 or AMBRA1 sensitized drug resistant cancer cells 
[123–125]. However, inhibiting key mitophagy components alone is not 
sufficient to mount an anti-tumor response since different mitophagy 
pathway may be involved in enabling resistance against therapy induced 
mitochondrial stress. For example, in prostate cancer, docetaxel therapy 
caused resistance against the treatment by inducing ULK1-independent 
mitophagy [126]. Additionally, in gastric cancer cells, overexpression of 
opa-interacting protein 5 (OIP5) activates MFN2/PINK1-mediated 
mitophagy and prevents docetaxel-induced cell death [127]. There
fore, further investigations are required to understand the clear-cut 
involvement of mitophagy in anti-cancer therapy. 

6.2. Pexophagy 

Peroxisomes are dynamic oxidative organelles found in most 
eukaryotic cells. They play a major role in modulating metabolic re
sponses to different signals. Alongside this, they also control purine 
catabolism, beta-oxidation mediated fatty acid degradation, and ether 
phospholipid synthesis [128]. Moreover, thioredoxin-dependent per
oxiredoxin (TPx-Q) are proteins that acts as disulphide reductase and 
regulates redox system. The presence of these proteins along with the 
proteins responsible for regulating oxidation process makes peroxisomes 
an important organelle regulating both generation and scavenging of 
ROS and reactive nitrogen species (RNS) [129]. Tight regulation of 
peroxisome biogenesis and degradation should be maintained to assure 
proper size, quality control, functional status, overall cellular homeo
stasis and to avoid peroxisome mediated disorders. Pexophagy is se
lective autophagy machinery that specifically targets peroxisomes for 
degradation [130]. Attempts in inhibiting pexophagy can result in 
impaired peroxisomes, kidney injury and redox imbalance indicating 
the significance of pexophagy [131]. Molecular regulatory mechanisms 
of pexophagy are also similar to mitophagy and other selective auto
phagy in which ubiquitination of membrane proteins triggers the in
duction of autophagy. 

The molecular mechanism of pexophagy has been primarily eluci
dated in budding yeast Saccharomyces cerevisiae. In yeast, pexophagy can 
be induced by changing the nutrient conditions from oleic acid or 
methanol to a preferred carbon source such as glucose [132]. Atg30 and 
Atg36 are autophagy receptors with high functional similarity found in 
Pichia pastoris and S. cerevisiae respectively [133,134]. In yeast, Atg36 
binds to peroxisomes via the C-terminal cytosolic domain of Pex3 

(peroxisomal biogenesis factor 3) and initiates the induction of pex
ophagy. Formation of the pexophagosome is initiated once Atg38 binds 
at least one peroxin and Atg8 protein thereby linking peroxisome to the 
phagophore [134]. Pexophagosome formation also depends on the as
sociation of autophagic scaffold protein Atg11 with Atg36 which is 
triggered by Hrr25, an isoform of casein kinase 1. Hrr25 phosphorylates 
Atg36 which is required for the increased interaction of Atg36 with Atg8 
and Atg11 [135]. The formation of this complex ultimately results in 
pexophagy-specific fission. 

In mammalian cells, the regulation of peroxisome degradation was 
not clearly known. However, recently several studies uncovered the 
mechanism of regulating pexophagy in mammals. Various stress factors 
including hypoxia, nutrient deprivation, oxidative stress and peroxi
somal dysfunctions are known to induce pexophagy in mammalian cells 
[136]. So far, overexpression of ubiquitin-binding autophagy receptors 
NBR1 and SQSTM1 or p62, are best described to induce degradation and 
aggregation of peroxisomes in mammalian cell lines [137]. Additionally, 
PEX5 and ABCD3 ubiquitination along with other peroxisomal mem
brane proteins (PMPs) in response to diverse stress factors lead to pex
ophagy in mammals [138]. 

Further on this discussion, the involvement of pexophagy in cancer 
progression and development is mostly concentrated on hypoxia- 
mediated pexophagy. Under hypoxic conditions, peroxisomes are tar
geted by pexophagy which reduces the number of peroxisomes drasti
cally, thus decreasing the cells demand for oxygen and ultimately 
enabling cancer cells survival and proliferation in the advanced stage. 
The HIF-2a/EPAS1-dependent peroxisome degradation is also 
confirmed in the initial studies conducted in the liver further validating 
its occurrence. The increased expression of NBR1 and p62 is also asso
ciated with cancer progression. Notably, NBR1 is known to be expressed 
in the cytoplasm of low-grade non-muscle invasive urothelical carci
noma of the bladder [139]. On contrary, it was recognized that the 
expression of NBR1 is negatively regulated in clear cell renal cell car
cinoma (ccRCC), stipulating that the activation of pexophagy is depen
dent on the cancer cell type and context [140]. Furthermore, PEX2 
expression along with PEX10 and PEX12 is also significantly increased 
in hepatocellular carcinoma (HCC) cells. It was also identified that the 
tumor growth is directly proportional and ROS production is indirectly 
proportional to PEX5 expression in liver cancer cells [141]. In lym
phoma cells, downregulation of PEX3 reduces its resistance to Vorino
stat (Vor) by triggering apoptosis [142]. Additionally, loss of ataxia- 
telangiectasia mutated (ATM) kinase are highly oncogenic and accel
erates tumor development by providing resistance towards many types 
of cancers including breast, colorectal, lung and hematopoietic cancer 
[143,144]. However, additional experimentations are required to un
derstand the intrinsic role of individual pexophagy components in 
cancer development. 

Although, individual components involved in pexophagy include 
NBR1, p62, ATM, PEX2, PEX3, PEX5, PEX10, PEX12 and those in ER- 
phagy include CCPG1, FAM134B, SEC62 which are critical regulators 
that are known to promote tumorigenesis however the overall mecha
nism that regulate tumor progression still needs to be uncovered 
[145–147]. 

6.3. ER-phagy 

The endoplasmic reticulum (ER), a continuous membrane system in 
the cytoplasm is one of the most essential and complex organelles in the 
eukaryotic cell. These structures harbour several important functions 
including biosynthesis, folding, modification, and transport of proteins 
along with few processes related to calcium reserve, lipid and steroid 
hormone synthesis [148]. However, to efficiently maintain these dy
namic functions and to cope with rapid metabolic demands in protein 
and lipid components, pharmacological defects, or pathogen attacks, ER 
components should be periodically restored to the pre-stress state in 
order to avoid stress induced by these processes. This is indispensable 
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owing to the fact that ER stress can result in damage or degradation of 
essential ER components and can subsequently affect normal physio
logical functions including protein misfolding [149]. ER-phagy is the 
mechanism which facilitates quality control and turnover of ER, char
acterized by lysosomal degradation of ER and its components [106]. 
Previously it was thought that the misfolded proteins in the ER lumen 
can be broken down only by the proteasome. However, intense research 
in the area of ER degradation showed compelling evidence in the 
participation of autophagy machinery [150]. Similar to mitophagy, ER- 
phagy also has the ability to discriminate between functional and 
damaged ER structures. Alongside this, ER-phagy can often target 
heterogenous and bulky materials for degradation. The identification of 
ER-phagy adaptor molecules has gained notable interest in determining 
the physiological significance of ER-phagy. 

Similar to other selective autophagy pathways, the ER-resident re
ceptors located on specific subdomains of the ER plays a critical role in 
mediating ER-phagy. Till date, five ER-phagy receptors have been 
recognized in mammals that act as selective autophagy receptors. These 
includes reticulophagy regulator 1 (RETREG1/FAM134B), reticulon-3 
(RTN3), SEC62 cell cycle progression protein 1 (CCPG1) and atlastin 
GTPase 3 (ATL3) [106]. FAM134B is the first ER-phagy receptor to be 
identified and possess reticulon-homology domain (RHD), which is also 
found common in RTN3. FAM134B is localized at the curve edges of ER 
sheets and its activity is restricted to its resident subdomain and is 
responsible for the turnover of ER sheets [151]. RTN3 is found exclu
sively on ER tubules and is responsible for the selective degradation of 
ER tubules. Increased local concentration of RTN3 facilitates its oligo
merization which in turn induces breakdown of ER tubules [152]. 
Meanwhile, SEC62, a part of SEC61/SEC62/SEC63 translocation ma
chinery is confined to ER sheets following ER-stress. Despite its role in 
translocation of nascent polypeptides into the ER, SEC62 actively par
ticipates in ER-phagy to assist cellular recovery from ER stress [153]. ER 
subdomains containing molecular chaperones are the predominant 
target sites for SEC62-mediated ER-phagy [154]. Another ER-phagy 
receptor, CCPG1, a transmembrane protein located in the perinuclear 
ER and ER periphery locally restricts ER stress and is responsible for 
maintaining ER proteostasis by trimming areas of ER containing insol
uble proteins [155]. ATL3, a novel ER-phagy receptor, belongs to a class 
of membrane-bound, dynamin-like GTpases plays a critical role in ER 
fusion. In response to starvation, ATL3 functions as ER-phagy receptor 
and promotes tubular ER degradation by interacting with GABARAP via 
GABARAP interaction motifs (GIMs) [156]. Though all these receptors 
can concurrently stimulate ER-phagy, they do not functionally coordi
nate with each other. Yet, all of these receptors trigger autophagy by 
interacting with LC3/GABARAP containing autophagic membranes via 
LC3-interacting region (LIR) domains [157]. Hereafter, the subsequent 
process of ER-phagy is similar to other selective autophagy pathways 
which include sequestration of cargo via interaction between LIR and 
LC3/GABARAP; wrapping of the isolation membrane surrounding the 
cargo forming autophagosome complex; autophagosome and lysosome 
fusion and subsequent degradation of the sequestered ER components by 
the action of lysosomal hydrolases and acidic pH environment. 

Most of the proteins including receptors that are involved in ER- 
phagy are associated with cancer. In this context, FAM134B and 
SEC62 are directly related to different types of cancer, indicating that ER 
stress tolerance play a critical function in regulating tumorigenesis. 
However, studies confirmed that mutations or alterations in their 
functions are observed in several cancer types and can lead to tumor 
development. In colorectal adenocarcinoma cells, FAM134B was found 
to be inactivated via promotor methylation and as a consequence tumor 
aggressiveness as well as metastasis has been observed. Moreover, 
compared to healthy counterparts, FAM134B is mutated in more than 
half of the colorectal cancer samples. Additionally, mutation in 
FAM134B is also identified in colon cancer and oesophageal squamous 
cell carcinoma [158,159]. Under hypoxic conditions, increased expres
sion of FAM134B plays a pro-tumor role in chronic myeloid leukemia 

(CML) cells thus mediating cancer cell proliferation and drug resistance 
[160]. Similarly, the mRNA and protein levels of SEC62 is highly 
elevated in prostate cancers whereas, downregulating these genes in
hibits aggressiveness and migratory potential of various tumor cells 
including thyroid and non-small cell lung tumor [161]. Furthermore, 
SEC62 upregulation positively correlated with ER stress resistance and 
metastatic ability in almost 80% of cervical and thyroid cancers. Simi
larly, increased expression of SEC62 is linked with lymphatic metastasis 
in head and neck squamous cell carcinomas [162]. Despite its oncogenic 
capability, the actual mechanism of SEC62 in promoting tumor is poorly 
understood. 

Another ER-phagy receptor CCPG1 has been associated with prostate 
cancer and was suggested as a predictive biological marker for this 
cancer type [163]. Moreover, CCPG1 was also recognized to directly 
affect autophagy initiation by physically interacting with FIP200 and 
ATG8 in lung cancer cells [155]. Furthermore, CCPG1 is downregulated 
in colon cancer and retinoblastoma cells [164]. In this regard, CCPG1 
downregulation is associated with increased cell proliferation and 
decreased apoptosis in retinoblastoma cells [165]. Finally, the role of 
RTN3 in cancer still needs to be uncovered. However, recent studies 
suggest RTN3 as a possible prognostic marker for HCC cells as a 
consequence of its increased expression in such cancer type compared to 
healthy ones [166]. Furthermore, RTN3 upregulation in astrocytoma 
patients indicates its oncogenic role [167]. Conclusively, additional 
research is necessary to validate the exact mechanism of RTN3 in tumor 
progression. 

7. Autophagy signalling in lung cancer 

Lung cancer, the leading cause of cancer death is characterized by an 
abnormal cell growth in lung tissues. It can be broadly categorised as 
small-cell lung carcinoma (SCLC) and non-small-cell lung carcinoma 
(NSCLC), while the latter accounts for more than 85% of all lung cancers 
[168]. NSCLC is further divided into three main subtypes including 
squamous cell carcinoma, large-cell carcinoma and adenocarcinoma. 
The involvement of autophagy is found to be critical in the pathological 
manifestation of NSCLC. Autophagy can play both tumor-suppressive or 
tumor promoting role in the manifestation of NSCLC. Moreover, the 
most commonly mutated genes in NSCLC like p53, KRAS, EGFR, LKB1 
and PTEN are closely linked to autophagy via mTOR signalling pathway 
[169]. 

7.1. P53 function and mutation 

P53 has a dual role in regulating autophagy. Nuclear p53 induces 
autophagy alternatively cytoplasmic p53 downregulates autophagy 
[170]. Under stressful conditions, p53 translocate to the nucleus and 
activates transcription of sestrin1 and sestrin2 which ultimately stimu
late autophagy via AMPK-TSC2-mTOR pathway [171]. Cytosolic p53 
inactivates autophagy by associating with autophagy component focal 
adhesion kinase family interacting protein of 200 kDa (FIP200) [172]. 
P53 can also downregulate autophagy by inhibiting AMPK and acti
vating mTORC1. Various studies conducted on mouse model indicate 
that blocking p53 expression can induce autophagy [173]. Furthermore, 
frequent mutations in p53 observed in the clinical cases of NPCLC sug
gest its involvement in the pathogenesis [174]. Moreover, mutant p53 
alleles localized in the nucleus or cytoplasm can inhibit or stimulate 
autophagy depending on cellular context and microenvironment. 
Therefore, by targeting mutant p53 and restoring its normal function, 
potential anti-cancer therapies can be developed for treating NSCLC. 
Nutlin and RETRA are compounds that can potentially increase wild- 
type p53's anti-tumor activity by rendering its association with ubiq
uitin ligase MDM2 [175]. Moreover, smoking which is the primary risk 
factor of lung cancer prevalence increases the magnitude of p53 muta
tion compared to non-smoking patients. Moreover, mutant p53 induced 
by smoking exhibited lose in its tumor-suppressor role characterized by 
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aggressiveness and less survival rate of affected individuals [176]. 
Therefore, different strategies in the development of therapeutics must 
be undertaken for different p53 mutant subtypes. 

7.2. mTOR pathway 

Signalling pathways plays a pivotal role in sensing the environmental 
status including stress, hypoxia and nutrient deprived conditions [177]. 
The coordinated regulation of essential signalling pathways such as 
mTOR, MAPK, JAK/STAT, and AMPK will either activate or inactivate 
autophagy and also determines the intensity of the autophagic response 
to different cellular condition [178–180]. mTOR signalling pathway is 
responsible for regulating multiple cellular processes including protein 
synthesis, metabolism, cell growth, proliferation and survival [181]. In 
the context of autophagy, mTOR acts as a central regulator and modu
lates its activity depending on the cellular condition [182]. mTOR is a 
member of conserved serine/threonine kinase that is associated with 
various functions including cell cycle regulation, differentiation and 
proliferation. Two distinct protein complexes mTORC1 and mTORC2 
are involved in the mTOR signalling pathway [183]. Several studies 
confirm that mTOR is a negative regulator of autophagy. In nutrient 
surplus state, mTORC1 directly phosphorylates and inhibits pro- 
autophagic proteins ULK1 and ATG13 and thus suppresses autophagy 
[184]. Whereas during starvation state, the activation of AMPK can 
indirectly inhibit mTOR activity and positively regulate the activation of 
ULK1 or VPS34/Beclin1/ATG14 complexes and elevate basal autophagy 
levels [185]. As previously mentioned, mutations in several genes 
including amplification of EGFR and PIK3CA, and PTEN deletion in 
NSCLC can result in deregulated mTOR signalling pathway and can lead 
to aberrant autophagy induction [186]. MAPK pathway gets activated 
by responding to various environmental signals and control complex 
cellular processes such as differentiation, development, proliferation 
and apoptosis [187]. MAPK/JNK signalling cascades participates in the 
regulation of autophagy. Once induced, JNK phosphorylates further 
downstream effectors ultimately activating and enhancing the tran
scription activity of Beclin-1, thus inducing autophagy [188]. Similar to 
MAPK, JAK/STAT pathway is yet another signalling network which 
mainly contributes to cellular growth, differentiation, proliferation and 
apoptosis [189]. STAT3 plays a dual role in autophagy depending on its 
subcellular localization. Nuclear STAT3 promotes autophagy by tran
scriptionally regulating BCL2 family members and other autophagy- 
related genes. Whereas, cytoplasmic STAT3 inhibits autophagy by 
sequestering EIF2AK2 (eukaryotic translation initiation factor 2 alpha 
kinase 2) and modulating FOXO1 (Forkhead box protein O1) and FOXO3 
(Forkhead box protein O3) [190]. Furthermore, AMPK signalling cas
cades acts as a master regulator in maintaining cellular energy homeo
stasis by responding to environmental cues including nutrient 
deprivation and hypoxia [191]. AMPK is one of the crucial autophagy 
regulators which when activated induces autophagy by associating with 
ULK1 protein [192]. Altogether, these signalling pathways positively or 
negatively modulate autophagy by regulating autophagy related tran
scriptional factors [193]. 

7.3. EGFR and autophagy signalling in NSCLC 

EGFR mediated tumor progression has been widely elucidated in 
several studies which includes the activation of various signalling net
works that are associated with autophagy [194]. In addition to this, the 
interaction of EGFR with the core autophagy protein Beclin-1 provides 
possible evidence in determining the tumor promoting role of auto
phagy. Wei and his colleagues identified that the active EGFR mutant 
observed in NSCLC cells stimulated the association of EGFR with Beclin- 
1. The binding of EGFR with Beclin-1 promoted its phosphorylation at 
three tyrosine residues (Y229, Y233, and Y352) respectively [195]. The 
EGFR-mediated phosphorylation of Beclin-1 modified its interactome, 
thus preventing its binding with vps34. Meanwhile, the modified 

interactome of Beclin-1 increased its likelihood to bind with Bcl-2 and 
Rubicon complex, thereby suppressing autophagosome formation 
[196]. In contrast, treatment of EGFR-mutant NSCLC cells with erloti
nib, an EGFR tyrosine kinase inhibitor, disrupted the formation of EGFR- 
Beclin-1 complex resulting in autophagy induction. Additionally, 
expression of Beclin-1 phosphomimetic mutant (Beclin-1 Y229/233/ 
352E) induced autophagy by blocking the activity of erlotinib and pre
venting the disruption of EGFR-Beclin-1 complex. Furthermore, Beclin-1 
phosphomimetic mutant conferred more resistance compared to the 
control or wild-type Beclin-1 xenografts upon erlotinib treatment [195]. 
Altogether, these data indicate that EGFR in association with Beclin-1 
contributes to tumor progression by suppressing autophagy. 

Several studies clearly suggest close association of NSCLC with 
epidermal growth factor receptor (EGFR) mutations, which makes up for 
about 10–40% of total adenocarcinoma [197]. In this regard, while the 
p53 mutations are primarily associated with smokers, EGFR mutations 
occurs more frequently in females and non-smokers with adenocarci
noma [198]. Though EGFR is generally present in the plasma mem
brane, it has also been found in the mitochondria and nucleus thereby 
indicating that the functionality of EGFR may be dependent on its sub
cellular localization. 

In the plasma membrane, EGFR acts as a membrane-bound receptor 
tyrosine kinase. Upon ligand binding, EGFR undergoes homo or heter
odimerization with ErbB2/neu, ErbB3/HER3, ErbB4/HER4 and subse
quent phosphorylation of EGFR occurs [199]. The phosphorylated EGFR 
then activates a number of downstream signalling molecules that are 
crucial for cancer cell survival, growth and proliferation. MAPK, JAK/ 
STAT, NCK/PAK/JNK, PLC/PAG/PKC and PI3K/AKT/mTOR are the 
major pathways triggered by EGFR activation which ultimately exert a 
potent stimulatory effect on autophagy (Fig. 2) [200]. Alongside this, 
recent evidence indicates that EGFR may also mediate autophagy 
through the activation of AMPK/mTOR and LKB1/AMPK pathway 
[201]. Each of these signalling pathways has a series of downstream 
effectors which ultimately leads to the expression of associated gene 
targets. For example, MAPK pathway activates a series of intermediate 
proteins, including Ras, Raf, MEK and ERK to transfer signal from the 
receptor to the nucleus [202]. Moreover, a recent study indicates that 
EGFR stimulates the activation of downstream protein c-Jun N-terminal 
kinases (JNK) whose effector function exerted a major protective effect 
by upregulating autophagy and is characterized by decreases apoptosis 
and ROS generation in A431 cells [203]. However, mutation in EGFR, 
such as Thr790Met (T790M), a gatekeeper mutation of the EGFR ac
counts for almost 50% of NSCLCs and provides resistance against 
autophagy inhibition drugs, gefitinib and erlotinib [204]. As previously 
mentioned, EGFR signalling is found to be amplified in NSCLCs as a 
result of mutation. However, this altered signalling did not affect any 
downstream pro-survival signalling cascades. Furthermore, inhibition of 
downstream signalling molecules did not modify the sensitivity of 
NSCLC cells with EGFR T790M mutation, suggesting the involvement of 
other types of signalling pathways activating autophagy and subse
quently mediating acquired epidermal growth factor receptor-tyrosine 
kinase inhibitors (EGFR-TKI) resistance [205]. It is also hypothesized 
that the application of EGFR-TKI may enhance autophagy in lung cancer 
cells as a consequence of acquired EGFR-TKI resistance [206]. However, 
the exact mechanism by which EGFR-TKIs induce autophagy is still 
needed to be evaluated. Therefore, understanding the relationship be
tween autophagy and EGFR-TKI resistance can provide promising 
therapeutic approach to enhance the effect of EGFR-TKIs in NSCLC 
patients. 

8. Autophagy signalling in pancreatic cancer 

Pancreatic cancer, the fourth highest cause of cancer mortality in the 
world is characterized by a malignant neoplasm formation, originating 
from the tissues containing transformed cells of the pancreas. Out of 
several types of pancreatic cancer, pancreatic ductal adenocarcinoma 
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(PDAC) accounts for more than 85% of pancreatic cancer and is the most 
aggressive form with a 5 years overall survival rate of less than 8% 
[207]. The pathogenesis of PDAC is highly associated with acinar cell 
damage and dysfunction. One of the major functions of pancreatic acinar 
cells is to produce and secrete digestive enzymes and proteases. This 
process demands a very high protein production rate and thus requires 
an extensive rough endoplasmic reticulum network. As a consequence, 
acinar cells are usually prone to ER stress and accumulation of misfolded 
proteins [208]. The former can result in chronic pancreatitis which may 
lead to the development of PDAC by forming inflammation in the 
exocrine pancreas. 

8.1. Autophagy in PDAC survival and development 

Several data confirm the involvement and essential role of autophagy 
in PDAC survival and development. Moreover studies carried out in vivo 
showed the loss of ATG7 in pancreatic epithelial cells leads to pro
nounced loss and damage of acinar cell suggesting the requirement of 
autophagy for the maintenance of acinar cell physiology. Additionally, 
conditional ATG7 knockout in all pancreatic epithelial cells have 
showed impaired autophagy, increase in damaged mitochondria and ER 
stress, resulting in increased ROS generation in the pancreas [209]. This 
increased oxidative stress in turn is known to regulate autophagy. In 
PDAC cell lines, antioxidant-inhibited ROS showed significant reduction 

in basal autophagy levels and conversely, reduced autophagy triggered 
the generation of ROS, confirming the cross-regulation of ROS and 
autophagy in PDAC. Moreover, during early stages of PDAC develop
ment decrease in autophagy allow ROS to promote genomic instability 
required for transformation, whereas during later stage, increase in 
basal autophagy level protects the cells from ROS mediated cellular 
cytotoxicity. This indicates the biphasic role of autophagy and ROS in 
PDAC pathogenesis [29]. Another way in which autophagy can be 
regulated in PDAC is through vacuole membrane protein 1 (VMP1), a 
candidate marker for autophagosome formation [210]. VMP1 expres
sion is induced by cell starvation and mTORC1 inhibition and function 
through interaction with beclin-1 and ultimately forming phagophore 
complex [211]. Furthermore, KRAS activating mutations are the 
defining features of PDAC in almost 90% of the patients. In this regard, 
in PDAC cells, VMP1 is overexpressed via KRAS-PI3K-AKT1-GLI3-P300 
pathway and this additional VMP1 is necessary for oncogenic KRAS to 
induce autophagy [212]. These studies together indicate that VMP1 is 
likely to be an autophagy regulator in PDAC. 

Furthermore, during later stages of PDAC development, increase in 
the LC3-II levels showed elevated basal autophagy levels compared to 
non-cancerous pancreatic cells. Immunohistochemistry analysis of 
human pancreatic tumor samples have shown an increase in autophagy 
levels as the premalignant pancreatic interepithelial neoplasms (PanINs) 
transformed to more advanced PDAC [29]. Moreover, aberrations of 

Fig. 2. EGFR mediated autophagy signalling pathway in NSCLC. Upon ligand binding, the plasma membrane-bound epidermal growth factor receptor (EGFR) gets 
phosphorylated via homo or heterodimerization with ErbB2/neu, ErbB3/HER3 and ErbB4/HER4. The phosphorylated EGFR then activates several downstream 
signalling pathways including MAPK, JAK/STAT, NCK/PAK/JNK, PLC/PAG/PKC and PI3K/AKT/mTOR that are crucial for autophagy regulation. Activation of the 
above-mentioned signalling cascades elicits a provoking effect on autophagy. Targeting these pathways could be a possible treatment strategy for NSCLC. 
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RAS oncogene and TP53, along with KRAS activating mutations have 
found to be cooperative in their contribution to PDAC [213]. Sequence 
analysis of PDACs showed that TP53 have been mutated or inactivated 
in almost 75% of patients and this mutated TP53 have been shown to 
drive pancreatic cancer [214]. In addition to this, the pancreatic tumor 
microenvironment has been found to be hypoxic, stipulating the role of 
hypoxia in inducing autophagy and subsequent PDAC development. 
High expression of HIF-1α has been shown to correlate with poor 
prognosis in PDAC patients [215]. Hypoxia is known to induce auto
phagy in several ways in most tumor types including PDAC, in which 
elevated basal autophagy levels have been observed. As already 
mentioned, activated HIF-1α upregulates the expression of BNIP3 and 
BNIP3 like protein (BNIP3L). Activated BNIP3 and BNIP3L induce 
autophagy by subsequently disrupting the Bcl-2-Beclin-1 complex in a 
mTOR independent pathway [216]. This mechanism is stipulated in 
various cancer cell lines, including salivary adenoid cystic carcinoma 
and prostate cancer, and this process may also occur in PDAC [217]. 
Moreover, high level of LC3 expression associated with the increase in 
hypoxic marker carbonic anhydrase IX at the pancreatic cancer tissue 
serves as evidence for the connection between autophagy and hypoxia 
[218]. Recent research in PDAC patients revealed that the hypoxia in
duces ROS production which ultimately stimulates autophagy by sub
sequently inhibiting the pAKT/mTORC1 pathway [219]. Although there 
is significant correlation between hypoxia and autophagy in PDAC, the 
exact mechanism that regulates hypoxia-induced autophagy in PDAC is 
not fully understood. 

8.2. Impact of molecular pathways involved in autophagy on pancreatic 
cancer metabolism 

Although not all pathways involved in regulating and reprogram
ming autophagy in PDAC are fully understood, autophagy is thought to 
play a significant role in PDAC metabolism. In this context, transcrip
tional regulation of autophagy-lysosome function satisfies metabolic 
demands of pancreatic cancer. This extensive process is carried out by 
the MiT/TFE subclass of basic helix-loop-helix transcriptional factors 
which includes transcription factor E3 (TFE3), microphthalmia- 
associated transcription factor (MITF) and transcription factor EB 
(TFEB) [220]. 

In normal cells under nutrient stress conditions, MiT/TFE tran
scription factors control the biogenesis of autophagy-lysosome proteins 
[221]. RNA sequence analysis revealed that the high expression of these 
transcription factors correlated with increased lysosomal biogenesis in 
PDAC [220]. Furthermore, it was found that in PDAC cells, importin-8 
(IPO8), a member of the importin-β family of nucleocytoplasmic trans
porters binds TFE3 and promotes the translocation of TFE3 into the 
nucleus resulting in the activation of its transcriptional functions in both 
normal and nutrient starvation conditions (Fig. 3). Although binding of 
IPO8 to MITF or TFEB is not experimentally proven, depletion of IPO8 
decreased the expression levels of MITF and TFEB in PDAC cells. 
Moreover, depletion of MiT/TFE proteins in PDAC cells impaired auto
phagic flux and lysosomal catabolism indicating their potential in pro
cessing of cargo from autophagy thereby providing PDAC cells with 

Fig. 3. Schematic representation of the molecular pathway involved in PDAC development. Under normal conditions, MIT/TFE transcriptional factors are inacti
vated by mTORC1. In PDAC cells, IPO-8 drives nuclear translocation of MIT/TFE by escaping mTORC1 inactivation of MIT/TFE. This process subsequently activates 
autophagy machinery and ensures cancer cell survival. Moreover, high expression of HIF-1α upregulates BNIP3 likes protein which activates autophagy in a mTOR 
independent pathway. Furthermore, KRAS activating mutation and ATG7 participation in PDAC increases autophagy levels by activating a wide range of downstream 
autophagy associated proteins. 
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intracellular nutrient supplies. In this regard, in vitro silencing of MiT/ 
TFE transcriptional factors showed reduced growth of PDAC cells. 
Though their activity is not crucial as MiT/TFE proteins, TFE3 and MITF 
were also found necessary for in vivo xenograft growth of many PDAC 
cell lines [220]. 

Inhibition of autophagy is a possible strategy for therapeutic treat
ment of PDAC. However, employment of hydroxychloroquine (HCQ) as 
a monotherapy did not show significant reduction in PDAC development 
[222]. Further on this research, gemcitabine treatment increased sus
ceptibility of cancer stem cells (CSCs) in vivo by autophagy inhibition. 
However, a combinatorial treatment containing both HCQ and gemci
tabine can produce promising results by preventing pancreatic tumor 
formation [223]. Moreover, an interesting avenue involving combina
torial PDAC treatment with MAPK/NF-κB/autophagy inhibitors could 
be a promising strategy [224]. Furthermore, identification of suitable 
biomarkers in PDAC patients in respect to autophagy inhibition is yet to 
be studied. 

9. Autophagy signalling in colorectal cancer 

Colorectal cancer (CRC) is the third leading cause of cancer deaths in 
United States with a 5-year survival rate of 14% in later stages [225]. 
Genetic analysis has confirmed that the initial loss of adenomatous 
polyposis coli (APC) gene typically causes sporadic CRCs. APC is a 
cytoplasmic scaffold protein that acts as a negative regulator of 

β-catenin and leads to proteasomal degradation of β-catenin. APC gene 
mutations have been found in almost 80% of all human colorectal 
cancers. Therefore, loss of APC prevents proteasomal degradation and 
constitutively activates β-catenin which leads to uncontrolled epithelial 
cell proliferation [225]. This is subsequently followed by mutations in 
tumor protein p53 and KRAS leading to tumor development and pro
liferation [226]. Since, most of the genes that are mutated in CRC also 
regulate autophagy; the involvement of autophagy in CRC development 
has been widely elucidated. Several expression analyses have observed 
downregulation of ATG5 in CRC patients. Interestingly, increased 
expression of ATG5 correlated with increased evidence of lymphovas
cular invasion [227]. On contrary, expression of LC3B and SQSTM1 is 
associated with poor prognosis of CRC [228]. Moreover, mutation in 
receptor for activated C kinase 1 (RACK1) promotes tumorigenicity of 
colon cancer by inducing autophagy and inhibiting apoptosis [229]. 
Furthermore, upregulation of Beclin1 is observed in almost 95% of colon 
cancers compared to normal tissues [230]. Under starvation state, in
hibition of KRAS showed decreased autophagic induction suggesting its 
positive regulatory role in inducing autophagy in CRC [231]. Similarly, 
loss of p53 increased the accumulation of LC3 thereby decreasing 
autophagic flux and activating apoptosis-mediated cell death in human 
colorectal cancer cells. [232] All these proteins are crucial in triggering 
autophagy and modulating or inhibiting the activity of these proteins 
can possibly reduce the severity of CRC. 

The rapid progression of tumors leads to the decrease in the 

Fig. 4. Overview of the mechanism of mTORC1 regulation in CRC. The availability of nutrients and hypoxic condition together regulate the activation of mTORC and 
downstream autophagy machinery in CRC. Under starvation and hypoxia state, which is most prominently found in CRC, mTORC is inhibited which subsequently 
increases autophagic flux through a number of pathways including TFEB, ULK1 and AMPK thus causing cancer progression. Basal autophagy levels are also increased 
independent of mTORC through ULK1 phosphorylation as a consequence of AMPK activation. 
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availability of nutrients in the surrounding microenvironment. This 
nutrient deprived state activates several intracellular nutrient sensing 
pathways which further contribute to cell proliferation and tumor pro
gression. mTORC1 is known to be activated in about 50% of CRC tu
mors. The cross-talk between mTORC1 and autophagy are essential in 
maintaining cell growth and proliferation [233]. As previously dis
cussed, under normal conditions when essential nutrients are available, 
mTORC1 is activated which phosphorylates ULK1 complex and inhibit 
ULK1-AMPK interaction to block autophagy (Fig. 4) [234]. However, 
under starvation and hypoxic conditions, activation of AMPK by LKB1 
and subsequent phosphorylation of tuberous sclerosis complex 1 (TSC1) 
and tuberous sclerosis complex 2 (TSC2) causes Tsc1/Tsc2-mediated 
inhibition of mTORC1 [235]. Furthermore, independent of mTORC1 
pathway, AMPK activates the ULK1 complex under nutrient starvation 
[208]. In addition to this, autophagy is also regulated by availability of 
amino acids via TFEB, ULK1 and AMPK pathways in CRCs [236]. Apart 
from this, glucose availability plays a major role in proliferation of many 
cancer types, including CRC. Nutrient restriction of glucose or serum 
induced stress in colon cancer spheroids subsequently induced auto
phagy [237]. Furthermore, downregulation of autophagy-associated 
genes in glucose free conditions decreased cell viability of human 
colon carcinoma cell line (HCT 116) [238]. Similarly, under starvation 
conditions mutations in KRAS supports tumorigenesis by inducing 
autophagy for maintaining oxidative metabolism [239,240]. 
Autophagy-mediated upregulation of Claudin 1 is also associated with 
colon cancer progression by degrading SQSTM1/p62 components under 
starvation [241]. Thus, extensive analysis of autophagic pathways that 
are associated with nutrient availability is essential in understanding 
their role in CRC tumors. 

Apart from nutritional status, hypoxia also plays a crucial role in 
mediating CRC progression and development. In CRC, activation of HIF- 
1α does not increase tumor progression whereas, HIF-2α is found to be 
important for CRC growth and development [242]. Moreover, the 
connection between hypoxia and mitophagy is well addressed where the 
expression of BNIP3 is upregulated via hypoxia in colon cancer. In pa
tient derived human colorectal cancer cells, inhibition of autophagy 
with 3-methyladenin increased hypoxia-mediated apoptosis and cell 
death [243]. Furthermore, the cross-talk between hypoxia and 
mitophagy and the role of HIF-2a should be extensively elucidated to 
understand the underlying mechanism that regulates autophagy in CRC. 

Autophagy inhibitors chloroquine (CQ) and hydroxychloroquine 
(HCQ) disrupts lysosomal function and subsequently impairs autophagic 
degradation. The anticancer properties of these autophagy inhibitors 
have been clinically assessed and the efficiency of combined adminis
tration of HCQ and Capecitabine/Oxaliplatin/Bevacizumab in CRC pa
tients is in phase I and phase II clinical trials [244]. Additionally, a phase 
I clinical trial with combined treatment of HCQ and vorinostat, a histone 
deacetylase inhibitor, has been found to improve the anti-tumor im
munity in metastatic CRC patients [245]. Based on the available evi
dence discussed above, combined use of autophagy inhibitor may 
overcome chemotherapy resistance and sensitize the CRC cells to 
chemotherapy. 

10. Autophagy signalling in lymphomas 

Lymphoproliferative disorders consist of a heterogenous group of T, 
B and NK-cell neoplasm with an extraordinary ability to resist cytotoxic 
or proapoptotic cells. Non-Hodgkin's lymphoma (NHL) accounts for 
more than 90% of all lymphomas whereas, the remaining 10% are 
referred to as Hodgkin's lymphoma (HL) [246]. NHL encompasses a 
wide range of cancers, of which approximately 90% arise from B lym
phocytes and the rest from T or NK cells. These cancers usually develop 
in the lymph nodes, but can also be found in almost any tissues and the 
severity of cancer can also range from the more benign follicular lym
phoma (FL) to the more aggressive Burkitt's lymphoma and diffuse, large 
B-cell lymphoma (DLBCL) [247]. HL involves malignancies in the 

peripheral lymph nodes and can also affect other tissues and organs 
including lung, liver and bone marrow. Because of the heterogenous 
nature of the lymphoma, the treatment response is very different and the 
overall survival rate of the patients has drastically improved over the 
past few years. Of particular interests, autophagy pathways-targeting 
agents have been widely studied and are emerging as a promising tool 
for lymphoma treatment [216]. 

Moreover, the molecular mechanisms of autophagy involved in the 
initiation and progression of lymphoid malignancies have been greatly 
elucidated over the past few years. The autophagy-related lymphoma 
signalling network mainly involves autophagy-associated pathways 
including PI3K/Akt/mTOR pathway, the beclin-1 protein and p53 sig
nalling pathway (Fig. 5) [248]. Moreover, several studies suggest that 
the defective autophagy machinery can promote lymphoma tumori
genesis. In particular, beclin-1 heterozygous in mice showed altered 
autophagy response and increased lymphoma cell proliferation [40]. 
Absence of beclin-1 associated protein Bif-1 failed to generate auto
phagosome in starvation state and contributed to significantly higher 
incidence of lymphoma those wild-type mice [43]. Furthermore, hap
loinsufficiency of ATG5, which is known to induce autophagosome 
elongation, is involved in promoting lymphoid malignancies [249]. As 
stated earlier, activation of PI3K/Akt/mTOR signalling pathway pro
motes lymphoid tumorigenesis by stimulating mTOR which subse
quently results in negative regulation of autophagy. Furthermore, mTOR 
pathway is found to be activated in several lymphoid cancers, including 
HL, DLBCL, mantle cell lymphoma (MCL), FL, chronic lymphocytic 
leukemia (CLL) and anaplastic large-cell lymphoma [250]. Moreover, 
downregulation of PTEN results in reduced inhibition of PI3K is 
commonly observed in HL and in MCL [251,252]. In several B-cell 
lymphomas, mTOR pathway is also activated by antigen-independent 
BCR activation [253]. In particular, spleen tyrosine kinase (Syk) is 
rapidly phosphorylated after BCR activation and is found to be upre
gulated and contributes to PI3K-independent mTOR activation in 
several lymphoid tumor types. Inhibition of Syk by using small inter
fering RNA or chemical inhibitors caused inhibition of mTOR activity in 
B-cell lymphomas [254]. Additionally, protein kinase Cζ/ERK/mTOR 
pathway is also known to regulate mTOR activation in FL cells [255]. 
PKCζ, an atypical form of PKC is upregulated in FL cells and contributes 
to abnormal mTOR regulation via ERK-dependent pathway. Recently it 
was found that the upregulation of the mTOR signalling pathway 
completely inactivates AMPK activity in both T and B-cell lymphoma 
cells [256]. In this regard, administration of an oral hypoglycemic agent 
and AMPK activator, metformin, modulates AMPK/mTOR pathway by 
inducing AMPK activation and subsequently inhibiting mTOR signalling 
[257]. This AMPK activator-mediated modulation of mTOR activity 
resulted in lymphoma cell growth inhibition and drug sensitization. The 
involvement of microRNA (miRNA), an intracellular non-coding RNA in 
regulating autophagy-associated machinery is recently being evaluated 
in lymphomas [258]. For example, miRNA-15a/16-1, a negative regu
lator of Bcl-2 is downregulated or deleted in several lymphomas 
including CLL [259]. Whereas, in aggressive B-cell lymphoma, miRNA- 
17-92 downregulates the expression of PTEN and results in subsequent 
mTOR activation [260]. Altogether, these defective autophagy ma
chineries contribute to the pathogenesis and progression of lympho
proliferative disorders. 

Several anticancer agents that induce autophagy in lymphoid can
cers have already been tested and are in phase I/II clinical trials. For 
example, in preclinical studies using CLL cell lines, a selective inhibitor 
of the PI3K isoform p110δ, GS-1101, blocked PI3K signalling which 
subsequently inhibited the activation of mTOR resulting in decreased 
cell viability [240]. Similar results have also been obtained in other B- 
cell malignancies including DLBCL, MCL and FL [261]. GS-1101 
inhibited tumor progression by causing cell cycle arrest and apoptosis 
in HL cell lines [262]. Additionally, IPI-145, an inhibitor of p110δ and 
p110γ isoforms of PI3K showed effective tolerability and rapid clinical 
responses in both B and T-cell lymphomas including NHL, CLL, MCL, HL 
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or T-cell lymphomas [263]. Furthermore, Rapamycin in association with 
other mTOR inhibitors including RTX, doxorubicin, vincristine, and 
bortezomib exerted a potent anti-tumor effect in vitro against several 
lymphoma cell lines [264]. Moreover, vorinostat, a member of histone 
deacetylase inhibitor (HDI), induces autophagy by upregulating the 
expression of ATG7 and Beclin-1 promoting the formation of ATG5- 
ATG12 complex and subsequently downregulating Akt/mTOR signal
ling pathway [265]. Furthermore, sorafenib, a multikinase inhibitor 
showed modest anti-tumor activity by inhibiting mTOR signalling in 
several lymphomas [266]. Also, CQ and HCQ are being applied in 
multiple tumor types [267]. However, the efficacy of these autophagic 
inhibitors in lymphoma malignancies is still under study. 

11. Autophagy signalling in breast cancer 

Breast cancer (BC) is the second major cause of death among women 
in United States and in the recent years, collaborative efforts have been 
taken for developing therapies for different types of breast cancers in an 
effective manner [268]. Radiation therapy, surgery and other thera
peutic agents are the standard treatment regimen for patients with BC. 
Recent studies witnessed that the mortality rate of BC has been slowly 
declined due to the early diagnosis of the disease. It was also suggested 
that effective treatment options, novel target regimens and potent 
molecules are needed to eradicate BC [269]. Experimental evidences 
showed that autophagy has a considerable play in the growth, pro
gression and BC response to chemotherapy [270]. Therefore, 

understanding the specific functions of autophagy in BC can revolu
tionize the field of research. 

Beclin 1 is a tumor suppressor gene playing major role in breast 
cancer. The deletion of this gene at 17q21 chromosome for up to 
40–75% causes sporadic human breast cancer while it was found in high 
levels in normal breast cells [271]. Beclin 1 is co-deleted with BRCA1 
which is being a primary mutation in breast cancer witnessing that beclin 
1 by itself is not a tumor suppressor gene [272]. Beclin 1 overexpression 
in MCF7 breast cancer cell lines decline cell proliferation, in vitro clo
nogenicity and tumorigenesis [273]. Beclin 1 interacts with Bcl-2 
expression is major in BC tumorigenesis and low levels of beclin 1 in
crease free Bcl-2 and an antiapoptotic response. This interaction of beclin 
1 with Bcl-2, on phosphorylation of beclin 1 releases Bcl-2 and its pro
teins inducing autophagy [274]. 

Experimental evidences stated that downstream target of AKT, 
mTOR plays an important role in breast cancer stem cells (BCSC) 
wherein mTOR being the main key control point in autophagy and PI3K/ 
AKT signalling also important in autophagic regulation [275]. Other 
pathways namely TGF-β, Wnt signalling, Notch signalling, hedgehog 
pathway and β-catenin are important regulators of autophagy. SMAD2/ 
SMAD3 enhances the expression of TGF-β, eventually leading to auto
phagy regulation. Inhibition of Wnt signalling induces autophagy and 
even Notch and hedgehog pathway inhibition exerts the same function 
as Wnt signalling (Fig. 6) [276]. В-catenin suppresses the formation of 
autophagic vacuoles and expression of p62/SQSTM1 [277]. 

Fibrous sheath interacting protein 1 (FSIP1) is a cancer antigen 

Fig. 5. Schematic representation of the autophagy signalling pathways involved in lymphoid malignancies. mTOR is the major pathway this is found to be associated 
with several lymphoid cancers. PI3K/Akt acts as a crucial upstream activator of mTOR. Activation of PI3K/Akt signalling network stimulates mTOR activation 
leading to decreased autophagic flux thereby promoting lymphoid tumorigenesis. Moreover, during starvation state, loss of Bif-1 accelerates lymphoma due to defect 
in generating autophagosome complex. In addition to this, activation of functional p53 pathway enables autophagy by downregulating AKT/mTOR pathway through 
the activation of AMPK. These autophagy related lymphoma networks can be exploited as probable drug targets for lymphoma treatment. 

R. Rakesh et al.                                                                                                                                                                                                                                 



BBA - Molecular Basis of Disease 1868 (2022) 166400

15

expressed in various cancer types namely breast cancers, non-small cell 
lung cancers and bladder cancers [278]. FSIP 1 expression is linked with 
higher invasiveness and poor prognosis in BC. FSIP1 interacts with 
HER2 which silences FSIP1 inhibiting proliferation and invasiveness in 
ER+ and HER2+ BC. Studies about FSIP1 can be an effective therapeutic 
target for ER+ and HER2+ BC. It is also expressed in triple-negative 
breast cancer but its role is not clear [279]. 

Chloroquine is an autophagy inhibitor, disrupts cancer stem cells 
through epigenetic regulation by modifying DNA methylation. It causes 
excessive DNA damage by enhancing oxidation in mitochondria and 
subsequently leads to cell death in triple-negative breast cancer stem 
cells [280]. 

12. Future perspectives 

The divergent role of autophagy both in tumor progression and 
tumor suppression should be extensively uncovered to develop effective 
interventional strategies for cancer prevention and therapy. Since the 
contribution of autophagy in tumor is stage dependent, i.e., acting as 
tumor suppressor during initial stage and tumor promotor in advanced 
stage in cancer development, therapeutic approach should also be 
modified on the basis of cell context and stage of cancer [281]. Several 
questions needed to be answered to uncover mysteries associated with 
the paradoxical role of autophagy. Whether autophagic mechanism al
ways promote tumorigenesis by providing energy and nutrients or it is 
only restricted to few cancer types is still needed to be known. So far it is 
identified that in several cancer types, autophagy assists the developing 

cancer by supplying metabolic demands and maintaining homeostatic 
microenvironment to sustain tumor growth [282]. However, several 
interventional approaches and autophagy inhibitor-based therapies are 
not effective enough in most of the cases (Table 1). Therefore, more 
detailed research is required for unravelling the autophagy regulation 
and its influence on different tissues, tumors and genes at the molecular 
level. 

Available reports form preclinical and clinical trials indicates the 
possible utilization of autophagy as an anticancer therapy. In this 
context, optimal combination of autophagy inhibitor or inducer with 
chemotherapy or anti-cancer reagents can be an even more successful 
therapeutic strategy. Currently, several CQ and HCQ based autophagic 
inhibitors to suppress tumor progression are in clinical trials [299]. For 
example, in KRAS mutated cell lines, suppression of autophagy by CQ 
and 3-MA (3-Methyladenine) in trans-farnesylthiosalicylic acid (FTS)- 
treated cancer cells showed enhanced growth inhibition and apoptosis 
[300]. Combined administration of 3-Methyladenine (3-MA) and 2-(4- 
morpholinyl)-8-phenyl chromone (LY294002) provide inhibition of 
autophagy by suppressing the activity of PI3K, involved in the produc
tion of phosphatidylinositol (3,4,5)-triphosphate along with nucleation 
and extension of the phagophore [301]. Researchers have reported that 
pterostilbene in combination with 3-MA or BafA1 will enhance the ef
ficacy of chemotherapeutic approaches in both chemo-sensitive and 
resistant lung cancer cells and in triple-negative breast cancer cells 
[302,303]. However, compelling evidences clearly indicates that 
inhibiting autophagy within the same cell population can differently 
affect the viability of cancer cells [304] (Table 2). Therefore, to better 

Fig. 6. Schematic representation of the autophagy signalling pathways involved in breast cancer. Autophagy in breast cancer is initiated by various signalling 
pathways namely PI3K/AKT, ATG5/12, Bax apoptotic proteins, Inhibition of three major pathways such as Wnt, notch and hedgehog signalling pathways induces 
autophagy. Beclin 1 interacts with Bcl-2 and activates autophagy. Phosphorylated form of beclin1 will not interact with Bcl-2, releases Bcl-2 inhibiting autophagy. 
Simultaneous activation of autophagy leads to cell death. 
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understand the role of autophagy in cancer progression and develop
ment, large-scale research is inevitable in the field of biochemistry, 
molecular biology and molecular oncology. 

It is now clinically evident that the tumor-promoting role of auto
phagy supports cancer cell survival by providing nutrients, managing 
ROS and offering therapeutic resistance. However, the molecular 
mechanism that tumor cell employs to switch on high basal level 
expression of autophagy is still need to be elucidated. Also, few prote
omic studies are concentrated in figuring out whether particular cargos 
that are selectively degraded are responsible for tumor growth. There
fore, major focus should be directed towards understanding the role of 
cargo receptors and selective autophagy. Furthermore, the dependence 
of tumor on autophagy for their survival should be clearly investigated 
by analysing the complexity of tumor-microenvironment interactions. In 
this context, cancer cell responds to hypoxic microenvironment by 
adapting their metabolic functions through several hypoxia-associated 
pathways including HIFs, UPR, mTOR and autophagy [305]. Part of 
the research are directed towards developing novel biomarkers of the 
basal autophagy level in tumors in order to discover new autophagy 
inhibition associated-anti-cancer therapeutic strategies [306,307]. 
Moreover, several studies now suggest that targeting selective auto
phagy would be a better therapeutic approach instead of concentrating 
in general autophagy components [308]. This is because, targeting 
general autophagy has been proven to be inadequate and risky, 
considering severity of the side effects observed in patients. However, it 
is necessary to mention that even targeting selective autophagy can 

elicit differential response on tumor progression, depending on the cell 
type and tumor stage. 

Over the past few years, several researchers have elucidated multiple 
molecular mechanisms that interconnect autophagy and apoptosis and 
the crosstalk between them enabling coordinated regulation of degra
dation of cellular components in several cancer types. For example, 
BNIP3, BNIP3L/NIX, p53, ATG5, ATG3 and UVRAG are found to be 
involved in both autophagy and apoptotic cell death [32]. So far, con
jectures have been made suggesting that their role may vary depending 
on the cancer cell type and future studies are required to confirm these 
speculations. However, unlike apoptosis, the role of autophagy appears 
to be diversified in cancer. Therefore, to address all the issues, more in 
vitro and in vivo clinical studies on detecting the role of autophagy in 
tumor initiation and progression is critical and immediately required for 
the development of anti-cancer drugs in current clinical research. 

13. Conclusion 

Autophagy is a dynamic cell survival pathway regulated by complex 
intracellular processes under conditions including nutrient starvation 
and the presence of damaged intracellular organelles and proteins. 
Although few intricate processes that regulate autophagy still remain a 
puzzle, the overall mechanism of macroautophagy has been extensively 
elucidated over the past few years. Moreover, the role of autophagy in 
cancer has been controversial in cell survival in the context of tumor 
initiation and progression. In addition, several in vitro and in vivo 

Table 1 
Autophagy inhibitors and their mechanism in targeting different cancer types.  

Autophagy inhibitors Mechanism Targeting cancer cells Inhibition 
stage 

References 

Chloroquine Prevents autophagosomal fusion and degradation by 
increasing lysosomal pH 

Breast cancer, NSCLC, PDAC, colorectal cancer, 
lymphomas 

Late [283–287] 

Hydroxychloroquine Disrupts lysosomal function and prevents autophagosome- 
lysosome fusion 

Breast cancer, NSCLC, PDAC, colorectal cancer, 
lymphomas 

Late [288–290] 

3-Methyladenine (3- 
MA) 

Blocks autophagosome formation via the inhibition of PI3K Breast cancer, colorectal cancer Early [291,292] 

Bafilomycin A1 Acts as V-ATPase inhibitor and prevents autolysosome 
formation 

Pancreatic cancer, human hepatocellular carcinoma, 
gastric cancer 

Late [293–295] 

LY294002 PI3K inhibitor Melanoma Early [296] 
SBI-0206965 ULK1 inhibitor Human glioblastoma and NSCLC – [297,298]  

Table 2 
Some of the autophagy inhibitors for lung, colon, pancreas, lymphoma and breast cancer in clinical trials.  

Compound namea Condition Type Institute/company/ 
brand name 

Target(s) FDA approved/ 
phase of 
development 

Hydroxychloroquine and 
abemaciclib 

Breast cancer 
(solid & advanced 
tumor) 

Hydroxychloroquine- 
Autophagy inhibitor 
Abemaciclib-CDK4/6 
inhibitor 

Abramson Cancer 
Center of the University 
of Pennsylvania 

Both are given in combination orally to target 
bone marrow disseminated tumor cells 

Phase II trail 

Abemaciclib and 
hydroxychloroquine 

Hormone receptor 
positive (HR+)/ 
Her2 negative 
breast cancer 

Autophagy inhibitor Medical College of 
Wisconsin 

Abemaciclib synergizes with autophagy 
inhibitor hydroxychloroquine (HCQ/ 
Plaquenil), inducing apoptosis leading to 
tumor regression. 

Phase I trail 

Paricalcitol and 
hydroxychloroquine with 
gemcitabine and Nab- 
Paclitaxel 

Advanced 
pancreatic cancer 

Autophagy inhibitor Emory University with 
National Cancer 
Institute 

Paricalcitol blocks the signal in cancer cells and 
inhibits the growth and spreading of tumor. 
Hydroxycloroquine enhances standard 
chemotherapy activity on cancer cells and 
prevent its growth. Gemcitabine and nab- 
paclitaxel stop the growth of cancer cells by 
stopping them from dividing and growth 

Phase II trail 

Hydroxychloroquine and 
vorinostat [309] 

Malignant solid 
tumors in 
colorectal cancer 

Hydroxychloroquine- 
Autophagy inhibitor 
Vorinostat-histone 
deacetylase inhibitor 

The University of Texas 
Health Science Center 
at San Antonio by 
Sukeshi Patel 

Inhibits histone deacetylase in advanced solid 
tumors 

Phase I trial  

a Inhibitor clinical development information current as of Sep 2021from the United States National Institutes of health registry clinical trials and National Institute of 
health (available from: http://www.clinicaltrails.gov). 
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studies conclude autophagy as a tumor suppressor during cancer initi
ation and tumor promoter in the advanced stage of cancer. However, 
preclinical studies conducted on defective RAS-induced malignant 
tumor clearly indicated that in most cases autophagy could function as a 
cell protective mechanism in numerous tumor types and can lead to its 
further development and metastasis depending on the cancer type. In 
particular, oncogenic KRAS-induced JNK activation upregulated the 
expression of ATG5 and ATG7 causing autophagy induction and sub
sequent cancer development. Therefore, approaches in inhibiting KRAS 
induced inhibition of cellular growth and increased apoptosis mediated 
cancer cell death. 

Furthermore, several stress response mechanisms activated by 
hypoxia-tumor microenvironment converge on autophagy. The expres
sion of key proteins including HIF-1, BNIP3 and BNIP3L are responsible 
for hypoxia-induced autophagy which plays a tumor protective role by 
reducing ROS production and maintain homeostasis. Therefore, 
manipulation of hypoxia-induced autophagy by using specific inhibitors 
could be a better therapeutic approach for cancer treatment. However, 
exact mechanism involved in regulating hypoxia-mediated selective 
autophagy is still need to elucidate. Apart from this, the role of selective 
autophagy components including mitophagy, pexophagy and ER-phagy 
and their tight regulation in cancer metabolism is emphasized in several 
studies. Selective autophagy, orchestrated by specific receptor mole
cules ensures tumor cell survival and mediates cancer homeostasis and 
development. Therefore, inhibition of selective autophagy in advanced 
tumors could lead to accumulation of misfolded proteins and oxidative 
stress which could result in cancer cell death via apoptosis and necrosis. 

Finally, understanding the relationship between autophagy and 
cancer type specific autophagy inhibitors could produce promising ef
fects on individual cancer types including lung, pancreas, colorectal, 
lymphomas, breast cancer and so on. However, the clinical data on 
autophagy inhibition in cancer patients is limited and future studies are 
needed to consider particular carcinomas individually in the aim to 
develop personalized anticancer therapies. Currently, only limited 
clinical trials on lung, pancreatic, melanoma, breast and prostate cancer 
are tested with CQ as a monotherapy. This is due to the fact that 
currently autophagy-specific modifiers that target multiple cellular 
pathways are scarce. Therefore, it is essential to design and synthesis 
novel autophagy modulators that are highly specific and selectively 
target particular tumor type. Although our knowledge on autophagy in 
the area of cancer have expanded rapidly in the last few decades, there 
are still several questions to be answered in the current research of 
autophagy. Overall, a wide range of studies concentrating on the role of 
autophagy in cancer is essential to fully elucidate the possibilities of 
autophagic modulation as anti-cancer therapy. 
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D. Dupéré-Richer, F. Pettersson, K.K. Mann, N.E. Braverman, S.V. Del Rincón, W. 
H. Miller Jr., Peroxisomes protect lymphoma cells from HDAC inhibitor-mediated 
apoptosis, Cell Death Differ. 24 (11) (2017) 1912–1924. 

[143] A.M. Weber, A.J. Ryan, ATM and ATR as therapeutic targets in cancer, 
Pharmacol. Ther. 149 (2015) 124–138. 

[144] M. Antonelli, F. Strappazzon, I. Arisi, R. Brandi, M. D'Onofrio, M. Sambucci, 
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Identification of SEC62 as a potential marker for 3q amplification and cellular 
migration in dysplastic cervical lesions, BMC Cancer 16 (1) (2016) 676. 

[163] A.E. Rizzardi, N.K. Rosener, J.S. Koopmeiners, R. Isaksson Vogel, G.J. Metzger, C. 
L. Forster, L.O. Marston, J.R. Tiffany, J.B. McCarthy, E.A. Turley, C.A. Warlick, J. 
C. Henriksen, S.C. Schmechel, Evaluation of protein biomarkers of prostate cancer 
aggressiveness, BMC Cancer 14 (2014) 244. 

[164] N. Gavert, A. Shvab, M. Sheffer, A. Ben-Shmuel, G. Haase, E. Bakos, E. Domany, 
A. Ben-Ze'ev, C-kit is suppressed in human colon cancer tissue and contributes to 
L1-mediated metastasis, Cancer Res. 73 (18) (2013) 5754–5763. 

[165] L. Yang, N. Wei, L. Wang, X. Wang, Q.H. Liu, miR-498 promotes cell proliferation 
and inhibits cell apoptosis in retinoblastoma by directly targeting CCPG1, Childs 
Nerv. Syst. 34 (3) (2018) 417–422. 

[166] B. Li, W. Feng, O. Luo, T. Xu, Y. Cao, H. Wu, D. Yu, Y. Ding, Development and 
validation of a three-gene prognostic signature for patients with hepatocellular 
carcinoma, Sci. Rep. 7 (1) (2017) 5517. 

[167] X. Huang, H. Yang, Y. Zhou, J. Liu, B. Yin, X. Peng, B. Qiang, J. Yuan, 
Overexpression of human reticulon 3 (hRTN3) in astrocytoma, Clin. Neuropathol. 
23 (1) (2004) 1–7. 

[168] J. Malhotra, S.K. Jabbour, J. Aisner, Current state of immunotherapy for non- 
small cell lung cancer, Transl. Lung Cancer Res. 6 (2) (2017) 196–211. 

[169] G. Liu, F. Pei, F. Yang, L. Li, A.D. Amin, S. Liu, J.R. Buchan, W.C. Cho, Role of 
autophagy and apoptosis in non-small-cell lung cancer, Int. J. Mol. Sci. 18 (2) 
(2017). 

[170] E. Tasdemir, M. Chiara Maiuri, E. Morselli, A. Criollo, M. D'Amelio, M. Djavaheri- 
Mergny, F. Cecconi, N. Tavernarakis, G. Kroemer, A dual role of p53 in the control 
of autophagy, Autophagy 4 (6) (2008) 810–814. 

[171] M. Wang, Y. Xu, J. Liu, J. Ye, W. Yuan, H. Jiang, Z. Wang, H. Jiang, J. Wan, 
Recent insights into the biological functions of sestrins in health and disease, Cell. 
Physiol. Biochem. 43 (5) (2017) 1731–1741. 

[172] E. Morselli, S. Shen, C. Ruckenstuhl, M.A. Bauer, G. Mariño, L. Galluzzi, 
A. Criollo, M. Michaud, M.C. Maiuri, T. Chano, F. Madeo, G. Kroemer, p53 
inhibits autophagy by interacting with the human ortholog of yeast Atg17, 
RB1CC1/FIP200, Cell Cycle 10 (16) (2011) 2763–2769. 
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