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Abstract
Autophagy represents an intracellular defense mechanism equipped within each eukaryotic cells to enable them to cope 
with variety of physical, chemical, and biological stresses. This mechanism helps to restore the homeostasis and preserve 
the cellular integrity and function of the cells. In these conditions, such as hypoxia, nutrient deprivation, inhibition of 
protein synthesis or microbial attack, the process of autophagy is upregulated to maintain cellular homeostasis. The role of 
autophagy in cancer is an intriguing topic which needs further exploration. This process of autophagy has been many times 
referred as a double-edged sword in the process of tumorigenesis. In the initial stages, it may act as a tumor suppressor and 
enable to quench the damaged organelles and harmful molecules generated. In more advanced stages, autophagy has been 
shown to act as a tumor-promoting system as it may help the cancer cells to cope better with stressful microenvironments. 
Besides this, autophagy has been associated with development of resistance to anticancer drugs as well as promoting the 
immune evasion in cancer cells, representing a serious obstacle in cancer treatment and its outcome. Also, autophagy is 
associated with hallmarks of cancer that may lead to activation of invasion and metastasis. The information on this twin role 
needs further exploration and deeper understanding of the pathways involved. In this review, we discuss the various aspects 
of autophagy during tumor development, from early to late stages of tumor growth. Both the protective role of autophagy 
in preventing tumor growth and the underlying mechanisms adopted with evidence from past studies have been detailed. 
Further, the role of autophagy in conferring resistance to distinct lung cancer treatment and immune shielding properties has 
also been discussed. This is essential for further improving on treatment outcome and success rates.
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Introduction

Lung cancer represents one of the leading causes of deaths, 
making up almost 25% of all cancer-related deaths (WHO 
2018). Worldwide, lung cancer is the second most com-
monly diagnosed cancer (Sung et al. 2021). It is broadly 
divided into two categories: non-small cell lung cancer 

(NSCLC) and small cell lung cancer (SCLC), both of which 
receive different therapeutic interventions. About 13% of all 
lung cancers are SCLC, and 84% are NSCLC. In 2020, an 
estimated 1,796,144 people died worldwide from the disease 
(Ye et al. 2022).

Lung cancer as discussed can be broken down into two 
main types: SCLC and NSCLC.SCLC is typically caused 
by tobacco intake and smoking. It starts in the bronchi or 
the airways and branches off to smaller structures. It quickly 
spreads to other parts of the body, and thus, aggressive treat-
ment is required to block its metastasis formation. It can 
further be divided as small cell carcinoma and the affected 
cells look flat under the microscope (Dela Cruz et al. 2011; 
Zheng 2016). The second type of SCLC is the combined 
small cell carcinoma that refers to tumor growth containing 
flat small cell carcinoma cells along with some cells of small 
cell lung cancer cells. Talking of NSCLC, this category rep-
resents the most common type of lung cancers and has a 
higher survival rate as well. Also, it typically grows at a 
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slower rate than SCLC (Chen et al. 2014; Oser et al. 2015). 
There are three main types of NSCLC: adenocarcinoma of 
the lung, squamous cell, and large-cell undifferentiated car-
cinoma (LCUC). Adenocarcinoma of the lung is the most 
common type (40–70%) and mainly affects the outer regions 
of lungs and in mucus-secreting glands (Myers and Wallen 
2022). The second type, i.e., squamous cell cancer accounts 
for 30% of the reported cases of non-small lung cancers and 
this type is mostly associated with smoking starting from the 
center of the lung (Sabbula et al. 2022). The third category, 
i.e., LCUC (10–15% of cases) can develop in any part of 
the lung and is considered to spread and progress very fast. 
NSCLC is less aggressive, but it is mostly identified at later 
stages which again makes the treatment a challenge (Chen 
et al. 2014; Liu et al. 2017a, b, c).

The challenges associated with lung cancer are manyfold 
and arise from the late occurrence of symptoms by the 
patients leading to delayed diagnosis and poor prognosis. 
Further, resistance to both radiation and chemotherapy adds 
to the existing complication. In this review, we focus on the 
essential role of autophagy in lung cancer and its underlying 
mechanisms which changes as per the stage of cancer. 
Determining these molecular mechanisms of NSCLC will 
enable to discover new targets and biomarkers aiding in the 
development of better, more specific therapies.

Autophagy: overview

Before diving deep into the connection between autophagy 
and cancer cell metabolism, let’s have a brief overview of 
the physiological role played by autophagy. Autophagy 
represents a cellular mechanism for the removal of damaged 
proteins/organelles allowing the turnover and recycling, 
through a lysosome-dependent degradation pathway in 
the cell (Parzych and Klionsky 2014). In this process, 
autophagy first sequesters cargo from the cytosol into 
double membrane structures, i.e., autophagosomes. These 
then fuse to lysosomes, wherein the contents get degraded 
and recycled into metabolic precursors given back to enter 
the metabolic cycles. This way, autophagy plays a crucial 
role in clearance of subcellular materials and its recycling 
enabling cellular detoxification (Glick et al. 2010; Das et al. 
2012). Dysfunction in autophagic mechanism eventually 
leads to pathogenic alterations thus linking to onset of many 
diseases. Autophagy impacts cell metabolism, cell growth, 
cell death, organelle numbers and their quality, various 
proteins, essential pathways, etc., and helps to maintain cell 
homeostasis in diverse ways (Das et al. 2012; Chun and Kim 
2018).

Detailing out the mechanism and regulatory pathways of 
autophagy, its proceeds through a series of sequential steps. 
This involves the rearrangements of membrane components 

derived from the Golgi bodies, endoplasmic reticulum 
(ER), plasma membrane and mitochondrial membranes. 
The nucleation of the autophagic membrane of ER and 
Golgi occurs which converges the degraded components, 
misfolded or damaged proteins, carcinogenic molecules, 
etc. This elongates forming the isolation membrane of 
phagophore. The phagophore further expands and matures 
forming autophagosome. It then fuses with the lysosomes 
to form a single membrane structure called autolysosomes. 
This protein involves participation of proteins such as class 
C subset of vacuolar protein sorting (Vps) proteins, small 
GTPases, lysosome-associated membrane proteins (e.g., 
LAMP2), etc. The cargo within the autolysosomes is then 
acted upon by lysosomal enzymes for degradation under 
acidic conditions. This is done through proton pump that 
reside in the lysosomal membranes that pump H + ions from 
the cytosol into the lysosome (Mizushima 2007; Kinchen 
and Ravichandran 2008). Finally, the degraded products 
consisting of simple sugars, free amino acids, nucleotides, 
free fatty acids, etc., get released for recycling and reuse by 
lysosomal permeases back into the cell cytoplasm (Hurley 
and Young 2017; Chun and Kim 2018; Dikic and Elazar 
2018).

Regulatory mechanism involved

Autophagy is a highly conserved pathway through 
evolution and plays an important role in maintaining 
cellular homeostasis. It has been best characterized in yeast 
and drosophila. Autophagy is upregulated in response to 
extra- or intracellular stimuli and signals such as hypoxia, 
glucose starvation or amino acid starvation, growth factor 
deprivation, ER stress, and pathogen infection (Mizushima 
and Komatsu 2011). The regulation of autophagy involves 
the participation of many autophagy-related proteins 
(Atg) at various steps. The Atg proteins function during 
initiation, cargo recognition, fusion and vesicle formation, 
final breakdown, and final release, etc. (Feng et al. 2014). 
Autophagy under normal conditions occurs at low levels 
owing to the central inhibition of autophagy by the serine/
threonine protein kinase TOR (target of rapamycin). The 
induction of autophagy requires efficient mechanism to 
inhibit the TOR pathway (He and Klionsky 2009). In yeast, 
TOR inhibition occurs by starvation or by rapamycin, this 
leads to activation of another serine /threonine protein 
kinase, i.e., Atg1 which binds to Atg13 and Atg17. This 
complex formed in yeast promotes the formation of PAS, 
which is the site of autophagosome formation and is also 
termed the phagophore assembly site (Cheong et al. 2005; 
Kabeya et al. 2005).

The mammalian homologs of Atg1 are the Unc-51-
like kinase 1 (ULK1) and -2 (ULK2). The homolog of 
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yeast Atg17 in mammals is the FIP200 (the focal adhesion 
kinase family interacting protein of 200 kD). This forms 
a complex with ULK-1 and -2 and also with mammalian 
Atg13 (Jung et al. 2009). This kinase complex is essential 
for the formation of phagophore. Upon normal condition 
(nutrient-rich conditions), mTOR phosphorylates ULKs and 
Atg13 leading to their inhibition. But under stress, such as 
starvation, intracellular levels of AMP increase that leads 
to activation of the kinase of AMP (i.e., AMPK). AMPK 
then causes the activation of ULK 1/2 which further lead to 
activation and complex formation with Atg13 and FIP200. 
The ULK1-complex includes ULK1, ULK2, Atg 101, 
FIP200, and Atg 13. This leads to phagophore nucleation 
(Hosokawa et al. 2009). Next, this activated complex so 
formed localizes to the phagophore and activates another 
complex, i.e., Beclin-1-class III phosphatidylinositol 
3-kinase (PI3K) complex which includes PI, VPS34, 
Atg14L, VPS15, and beclin 1(BECN1). This activated 
complex promotes the conversion of phosphatidylinositol 
to phosphatidylinositol 3-phosphate (PI3P) producing a pool 
of PI3P. PI3P recruits additional accessory protein factors 
such as the double FYVE-containing protein-1 (DFCP1) and 
the WD-repeat protein in association with phosphoinositides 
(WIPI) proteins, i.e., WIP2I. WIP2I simultaneously recruits 
the Atg 12–Atg16L conjugation complex thus promoting 
expansion of the phagophore (Wirth et al. 2013; Dooley 
et al. 2014).

The next step is the elongation of isolation membrane 
and this process involves participation of two ubiquitin-like 
conjugation systems: Atg5-Atg12 and type II light chain 
3 (LC3) pathways. In the first pathway, Atg12 activation 
occurs by Atg7 which leads to formation of Atg5-Atg12 
complex. This complex conjugates to Atg16 to form a com-
plex called Atg5-Atg12-Atg16 which has E3 ligase activ-
ity (Romanov et al. 2012). In the LC3 pathway, firstly, the 
C-terminus cleavage of LC3 occurs by Atg4B to generate 
soluble LC3-I. LC3-I is then conjugated to phosphatidyle-
thanolamine (PE) by Atg7, Atg3 and the Atg5-Atg12-Atg16 
complex, producing the LC3-II conjugated form. LC3 II is 
located in the inner and outer membrane of the autophago-
some to bind substrates selected for degradation (Kroemer 
et al. 2010). In phagosome fusion and closure, members 
of the endosomal sorting complex required for transport 
(ESCRT), mainly CHMP2A and the vacuolar protein sort-
ing-associated-4 (VPS4) actively participate. The translo-
cation of CHMP2A to the edge of phagophore promotes 
closure of the membranes. Also, VPS4 locates on the outer 
leaf of nascent autophagosomal membranes to promote 
disassembly of ESCRT molecule. Microtubule motors of 
the dynein families also participate in the mobilization of 
autophagosomes (Rai et al. 2016). Experiments show that 
inhibition of CHMP2A or VPS4 is associated with impaired 
phagophore closure and late or no fusion with lysosomes 

(Takahashi et al. 2018). Finally, in the maturation step of 
autophagosomes, LC3-II gets delipidated and autophagolys-
osomal structures are formed due to fusion, leading to degra-
dation of autophagosome content by the various hydrolytic 
enzymes. Rab GTPases promote the process of docking and 
fusion of lysosomes and recruit soluble NSF attachment pro-
tein receptors, i.e., SNARE family (Nair et al. 2011; Takáts 
et al. 2013). LC3B-II located in the outer membrane gets 
recycled back by Atg4B and the LC3B-II associated within 
the inner membrane of the autophagosome is degraded by 
lysosomal enzymes (Yang et al. 2010). A schematic diagram 
of the various steps involved in autophagy and important 
proteins involved is depicted in Fig. 1.

Autophagy and apoptosis: crosstalk

Both apoptosis and autophagy are important self-
regulatory systems through which our body cells respond 
to stress conditions and maintain homeostatic balance. 
They both act antagonistically under specific conditions. 
Normally, autophagy precedes the event of apoptosis 
but there is debate and some declare autophagy as a 
mechanism of apoptosis itself. Talking of apoptosis, it is 
a subtype of programmed cell death mechanisms involved 
in removing damaged cells from the healthy tissue and 
limiting their proliferation. The intrinsic pathways of 
apoptosis may be triggered by DNA damage, replication 
errors, accumulation of reactive oxygen radicals, mitotic 
defects, etc., while the extrinsic pathways get activated by 
external stress factors inducing the expression of specific 
death signaling receptors on damaged cell surfaces such 
as tumor necrosis factor receptor, i.e., TNFR1A and 
FAS (Elmore et al. 2007). This leads to death-inducing 
signaling complex formation and release of apoptogenic 
molecules causing final cell death. The crosstalk between 
autophagy and apoptosis is still unclear. However, we 
discuss the key regulatory molecules shared by the two 
processes in this crosstalk platform. Under nutrient 
starvation conditions, C-Jun N-terminal protein kinase-1 
(JNK-1) is activated which causes phosphorylation 
of Bcl-2 loop thus preventing the interaction between 
Beclin-1 and Bcl-2. The isolated Beclin-1 promotes 
autophagy by activation of Beclin-1/VPS34/Vps15 core 
complex (Morris et al. 2015). In addition to this, cardiac 
glycoside ouabain which is a Na/K-ATPase inhibitor also 
disrupts Bcl-2/Beclin-1 interaction by causing reduction of 
Bcl-2 thus resulting in autophagic cell death in non-small-
cell lung cancer cells. Thus, Beclin-1 plays an important 
role in early stages of autophagy and mitigating DNA 
damage and inducing cell repair pathways essential for 
protecting the cell from external insult (Kang et al. 2011). 
Here, Beclin-1 is an important component of crosstalk 
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between autophagy and apoptosis. Beclin-1 ± mice showed 
a higher incidence of developing spontaneous carcinomas 
of lung and liver (Yue et al. 2003). Also, studies have 
shown that in 50–70% of human breast, prostrate, liver 
and lung cancers, beclin-1 gene is epigenetically silenced 
(Li et al. 2010; Marinkovic et al. 2018). This shows that 
Beclin-1 is important for tumor suppression. Loss of 
Beclin-1 also blocks the activation of autophagy. This 
impairment of beclin-1 expression seen in cancer cells 
may hinder with their timely degradation and clearance 
enhancing the chances of tumor progression. Beclin-1 is 
also involved in apoptotic cell death. Its overexpression 
seen in glioblastoma cell lines causes release of pro-
apoptotic molecules such as Bcl-2-associated X protein 
(BAX) and Bcl-2 homologous antagonist/killer (BAK) 
from Bcl-2 leading to apoptosis (Huang et al. 2014; Wang 
et  al. 2017). Also, caspase activation causes cleavage 
of Beclin-1 into distinct fragments and the c-terminal 
fragment enters the mitochondria and induces the release 
of pro-apoptotic molecules. Another protein FLIP (FADD-
like IL-1_-converting enzyme-inhibitory protein) is an 
anti-apoptotic protein associated with extrinsic pathway 
(Safa 2012). In addition, FLIP competes with Atg3 thus 
inhibiting the lipidation of LC3 blocking autophagy and 

under induction of autophagy involves suppression of 
interaction between Atg3 and FLIP (Lee et al. 2009).

Next, the Atg members are also involved in this crosstalk. 
Atg complex is part of the ubiquitin-like conjugation system 
participating in the elongation phase of autophagy. Both 
Atg12 and Atg5 are essential for autophagy induction and 
also in induction of apoptosis. Under apoptotic stimuli, Atg5 
undergoes cleavage by calpains and the amino terminal 
portion enters the mitochondria associating with Bcl-
X1 and release of cytochrome c to the cytoplasm leading 
to apoptosis (Yousefi et  al. 2006). The non-conjugated 
ATG12 gets involved via its BH-3 domain and binds to anti-
apoptotic Bcl-2 molecules thus inhibiting their action and 
this causes release of pro-apoptotic molecules leading to 
intrinsic apoptosis (Rubinstein et al. 2011).

In addition to these key molecules, caspases also are 
involved in both the processes. Caspases, a family of 
cysteinyl aspartate-requiring proteases, have a central 
role in the transduction of apoptotic signals (Lavrik et al. 
2005). The caspases may function either as the initiator 
caspases or the effector caspases. Studies have reported 
that activated caspases are involved in degradation of main 
autophagy-related proteins (i.e., Beclin-1, Atg5, and Atg7) 
that may lead to shut down of the autophagic process (Liu 

Fig. 1  Schematic overview of autophagy and steps involved: ini-
tiation, nucleation, elongation, maturation (PAS), autophagosome 
completion, fusion with lysosome and final degradation of cargo and 
recycling. (ULK: Unc-51 Like Autophagy Activating Kinase; ATG: 

autophagy-related proteins, FIP: the focal adhesion kinase family 
interacting protein, LC3: type II light chain 3, ER: endoplasmic retic-
ulum, Vps: vacuolar protein sorting proteins)
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et al. 2017a, b, c). Caspase-8 acts as a well-known initiator 
caspase that undergoes dimerization and autoproteolysis 
finally leading to events causing extrinsic apoptosis. In 
addition to this, caspase-8 regulates autophagy by cleavage 
of Atg3, leading to the pro-autophagic inhibition (Oral 
et al. 2012). Results of in vitro studies demonstrate the 
protective role of caspase-8 in preventing and rescuing T 
cells from hyperactive autophagy. The inhibition of this 
caspase-8 cleavage action was associated with hyperactive 
autophagy seen in T cells (Yu et al. 2004; Oral et al. 2012). 
Another initiator caspase, i.e., caspase-9 is associated with 
apoptosome formation and intrinsic apoptosis pathway. 
Upon activation, caspase-9 acts on its downstream effector 
caspases (caspase-3, caspase-6, and caspase-7) leading 
to key events bringing about apoptotic cell death. This 
caspase-9 also helps and induces autophagy by facilitating 
autophagosome formation and promotes LC3 lipidation 
process by interaction with Atg7 (Han et al. 2014; Li et al. 
2017). Jeong and team demonstrated the potential role of 
caspase-9 in autophagy-mediated cell survival of breast 
cancer MCF-7 cells (Jeong et al. 2011). Han and co-workers 
stated that caspase-9 and its interaction with Atg7 may 
play an important cross-regulatory role determining the 
participation of caspase-9 either in autophagy or apoptosis 
(Han et al. 2014). In addition, caspase-10 downregulates 
autophagy by cleaving ATG5, and Beclin-1. Also, it has 
been shown to inhibit autophagy by cleaving the BCL2-
interacting protein BCLAF1. This action impairs Bcl-2-
Beclin-1 dissociation upon autophagy induction (Guo et al. 
2016; Tsapras and Nezis 2017).

Next, is the most conserved initiator caspase, i.e., 
Caspase-2. In addition to its role in apoptosis, evidence 
suggests that caspase-2 also affects the process of autophagy. 
Loss of caspase-2 was associated with enhanced levels of 
autophagic proteins and autophagy seen in embryonic 
fibroblast cells of mice (Tiwari et al. 2014). Among the 
effector caspases, Caspase-3 is an important player in 
apoptotic cell death but besides this, it also has been shown 
to be involved in autophagic regulation. Caspase-3 cleaves 
Beclin-1 yielding fragmented portions thus abrogating 
the pro-autophagic effect of Beclin-1 in HeLa cells (Zhu 
et al. 2010).Further, cleavage of Beclin-1 exposes its BH-3 
domain to other anti-apoptotic Bcl-2 family members thus 
initiating intrinsic apoptotic cascades (Oberstein et al. 2007; 
Erlich et al. 2007).Therefore, activated caspases are not only 
important for apoptotic process but also regulate the process 
of autophagy at various levels hence playing as an important 
crosstalk switch between the two regulatory processes.

Another key modulator of autophagy and apoptosis 
is the tumor suppressor protein TP53. Under normal 
conditions, this protein also referred as p53 gets degraded 
in the cytoplasm under the action of E3-ubiquitin system. 
However, under stressed conditions which can be due to 

genotoxic agents or activation of oncogenes, p53 gets 
localized in the nucleus and upregulates the transcription 
of various other genes involved in repair, cell cycle 
control, induction of autophagy and apoptotic events 
(Kumari et al. 2014). Rosenfeldt and team (Rosenfeldt 
et  al. 2013) developed a genetically modified mouse 
model of pancreatic ductal adenocarcinoma (PDAC) and 
showed that p53 plays a tumor suppressive role. Studies 
were done in mice with pancreas containing an activated 
oncogenic allele of Kras (also called Ki-Ras)—the 
most common mutational event in PDAC that led to the 
development of small number of pre-cancerous lesions. 
Further, the findings indicated that mice lacking the 
essential autophagy genes Atg5 or Atg7 developed smaller 
and low-grade, pre-malignant pancreatic lesions that 
did not progress to high-grade aggressive phenotype of 
PDAC. However, with the concomitant loss of p53, mice 
developed more aggressive pancreatic tumor. Thus, with 
loss of autophagy and loss of p53, tumor progression was 
accelerated suggesting the protective role of p53 as tumor 
suppressor. Other aspect is that p53 present in nucleus 
also regulates transcription and expression of the damage-
regulated autophagy modulator (DRAM), a TP53 target 
gene that modulates both autophagy and apoptosis. Zhang 
and team (Zhang et al. 2013) elucidated on the role of 
DRAM 1 in regulating autophagy flux in A549 lung cancer 
cell lines. DRAM 1 gets localized in lysosomes following 
exposure to mitochondrial inhibitor or any genotoxic 
insult. Specifically, DRAM is involved in LC3-I to LC3-II 
conversion, participation of acidification of lysosomes, 
fusion of lysosomes with autophagosomes and clearance 
of autophagosomes. But, under sustained stress, DRAM 
also participates in apoptosis as well. Guan et al. (2015) 
showed that DRAM1 regulates apoptosis involving BAX 
and lysosomes after investigating in cancer cell lines. BAX 
is a pro-apoptotic protein and is degraded by autophagy 
under basal condition. However, upon treatment of A549 
or HeLa cells with carcinogenic agents or mitochondrial 
complex II inhibitor, DRAM1 interacted with BAX and 
this interaction was able to enhance prolong the half-
life of BAX. Furthermore, DRAM1 upregulation led to 
recruitment of BAX to the lysosomes and the simultaneous 
releases of cathepsin B from lysosomes with cleavage of 
BID (BH3-interacting domain death agonist). The cleavage 
of BID into t-BID provokes the concomitant release of 
apoptogenic molecules from mitochondria. Thus, it 
seems that during early stages if tumor development, both 
autophagy and apoptosis work in sync and cooperate to 
minimize and prevent damage at cellular level eliminating 
the damaged cell. But this role may not be steady with 
tumor progression. As the tumor evolves conditions 
surrounding it change, the role of autophagy and apoptosis 
is bound to change and work differently. This has been 
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discussed in the following section with special reference 
to lung cancer.

Autophagy: anti‑tumor role

Autophagy represents an essential process to maintain 
optimal balance within the cell even under stress or nutrient 
deprivation. Autophagy constantly works to mitigate the 
oxidative stress and avoiding any malignant transformation 
by preventing the accumulation of damaged organelles or 
proteins within the cell which act as source of ROS (Guo 
et al. 2013). Autophagy genes (Atgs) deficiency is directly 
linked to accumulation of DNA damage, higher levels of 
ROS and accumulation of damaged mitochondria and other 
proteins all leading to genomic instability thus increasing the 
chances of oncogenic transformations (Mathew et al. 2009). 
Autophagy deficiency is associated with increased oxidative 
stress and activates the master regulator of antioxidant 
defense, nuclear factor, erythroid-2-like 2 (NRF2), that 
stimulates tumor growth (White 2015).

Autophagy acts as a source of supplying nucleotides 
for DNA replication thus preventing genome damage 
(Rabinowitz and White 2010). Robert and team (2011) 
showed that autophagy plays an important role in 
degradation of Sae2 (target of cyclin-dependent kinase 
1 and is involved in meiotic recombination) in response 
to histone deacetylase  inhibition (HDAC), which is key 
protein associated chromosome dynamics and homologous 
recombination-mediated DNA repair. Qu and co-workers 
(2003) demonstrated using targeted mutant mouse model 
(with monoallelic deletion of beclin-1 autophagy gene) 
that in such mice, the frequency of developing spontaneous 
malignant lesions significantly increased. Furthermore, 
beclin-1  heterozygous disruption results in increased 
cellular proliferation and reduced autophagy in  vivo. 
In a similar study (Yue et al. 2003), it was observed that 
beclin 1-/- mutant mice die early in embryogenesis and 
beclin 1 ± mutant mice suffered from a high incidence of 
spontaneous tumors establishing a role for autophagy in 
tumor suppression. Ding and team (2008) found decreased 
expression of beclin1  in 44 tissue samples taken from 
patients suffering from hepatocellular carcinoma (HCC) as 
compared with adjacent nontumor tissues. Also, aggressive 
malignant HCC cell lines and HCC tissues with recurrent 
disease displayed much lower autophagic levels. Conversely, 
in genetically engineered mouse models (GEMMs) for 
hereditary breast cancer, allelic loss of beclin1 promoted p53 
activation and reduced tumorigenesis, showing the opposite 
role of beclin1 here (Huo et al. 2013).

The p62, also called sequestosome 1 (SQSTM1) in 
humans, represents a selective substrate of autophagy. 
During intact autophagy, the p62/SQSTM1 has a LC3 

interaction region (LIR) that directly interacts with LC3 
which leads to degradation of p62. However, in defective 
autophagy, there occurs p62 upregulation which is 
commonly seen in many human tumor. Hence, autophagy 
deficiency or inhibition leads to accumulation of autophagy 
cargo receptors including p62 and this has been linked to 
promotion of lung and mammary tumorigenesis (Komatsu 
et al. 2007; Pankiv et al. 2007; Moscat and Diaz-Meco 
2012). Also, p62 activates nuclear factor erythroid 2-related 
factor 2 (NRF2) and also activates mTOR thus activating 
the oncogenic signaling pathways in autophagy-deficient 
tissues (Komatsu et al. 2010). Aberrant accumulation of p62 
correlates with cancer development and high levels of p62 
have been found in HCC (Saito et al. 2016), breast cancer 
(Thompson et al. 2003), lung cancer (Inoue et al. 2012) 
suggesting that autophagy plays anti-tumorigenic role by 
preventing/limiting p62 accumulation (Mathew et al. 2009).

ATG  gene products are also the main players in the 
autophagy process. Kang and team (Kang et  al. 2009) 
analyzed the mononucleotide repeats in ATG 2B, ATG 5, 
ATG 9B and ATG 12 in gastric carcinomas and colorectal 
carcinomas using single-strand conformation polymorphism 
(SSCP) method. Results showed that frameshift mutations 
in ATG genes with mononucleotide repeats were common 
in both types of carcinomas high microsatellite instability 
suggesting that mutated ATG genes may contribute to 
dysregulation in the autophagy process linking to cancer 
development. In a animal study by Takamura and team 
(Takamura et al. 2011), a novel mice model was developed 
in which there was systemic mosaic deletion of Atg5 and 
liver-specific Atg7-/-. Results showed that such mice 
developed multiple benign liver adenomas. In addition, there 
was concomitant accumulation of p62, abnormally swollen 
mitochondria seen by electron microscopy in hepatocytes, 
induction of oxidative stress and genomic damage responses. 
Similar observation was made by Mathew and team 
(Mathew et al. 2009) highlighting that autophagy defective 
tumor cells showed p62 accumulation sufficient to cause 
oxidative stress and increased ROS levels with damaged 
mitochondria and genome damage contributes directly to 
tumorigenesis. Thus, autophagy loss creates conditions 
conducive toward promoting oncogenic activation and 
promoting tumorigenesis. This includes all those factors that 
are well known to create a cancer-prone environment such as 
high levels of ROS, oxidative stress markers, chronic tissue 
damage, increased genomic instability, and inflammation. 
(White 2012).

Rao and co-workers (Rao et al. 2014) reported dual role 
of autophagy in a mouse model of  KRasG12D− driven lung 
cancer. The team found that the inactivation autophagy 
gene ATG 5 at early stage showed an increase in number of 
adenomas in the mouse model of KRAS-driven NSCLC. 
But, at later stages, autophagy was involved in progression 
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of adenomas to adenocarcinomas. Mice with tissue-
specific inactivation of ATG5, impaired the progression of 
 KRasG12D− driven lung cancer, giving advantage of tumor-
bearing mice. These findings indicate that Atg5-dependent 
autophagy plays a dual role in lung cancer first as an 
inhibitor of initial oncogenesis and then as a facilitator of 
tumor progression.

Autophagy in cancer progression & 
metastasis: dual role

Cancer cell metastasis represents the process of invasion 
and colonization to secondary sites via the vascular and 
the lymphatic systems. This aggressive spread of the 
tumor to new sites is a major treatment challenge. The 
process of metastasis is activated due to the changes in the 
tumor microenvironment and certain metabolic alterations 
(Zhuyan et al. 2020). There are studies which depict the 
role of autophagy in inhibiting EMT; while several studies 
implicate autophagy in the promotion of EMT Autophagy 
plays an important role in this metastasis cascade (Mowers 
et al. 2017). It is involved in both pro-metastatic and anti-
metastatic effects as discussed.

Autophagy may play anti-metastatic role as evidenced 
by past studies. In a study on primary melanoma patients 
(158 patients) showed that patients with low levels of 
Atg5 in their tumor were associated with reduction in 
progression-free survival (Liu et al. 2013). The team also 
employed an in vitro model of melanoma tumorigenesis 
(wherein normal melanocytes were transduced with BRAF 
oncogene) and reported that lowering of Atg5 expression 
levels promoted proliferation by preventing oncogene-
induced senescence. This indicates that during early stages 
of cancer, autophagy contributes toward establishment of 
senescence and upon Atg5 down-regulation, cells tend to 
progress toward aggressive proliferation via precluding 
the Atg5-induced senescence. The PI3K/AKT/mTOR 
pathway is responsible for lung cancer aggressiveness 
and metastatic spread.Based on this pathway, many drug 
candidates are undergoing clinical or preclinical trials such 
as buparlisib (PI3K inhibitor), MK2206 (AKT inhibitor), 
sirolimus (mTOR inhibitor), and perifosine (dual PI3K/
AKT inhibitor (Iksen et al. 2021). In a previous study by 
Hashimoto and team (2008), it was shown that blocking 
mTOR signaling induces autophagic cell death and inhibits 
metastasis spread and tumor progression in gastric cancer 
cells. This study also highlighted that chemokine, CXCL12 
strongly phosphorylated Akt and also induced the activation 
of p70S6K (S6K) and eukaryotic initiation factor 4E binding 
protein 1 (4E-BP1), located downstream of Akt, resulting 
in cancer metastasis and migration seen in gastric cancer, 
NUGC4 cells. Further, by blocking this mTOR signaling 

pathway (by rapamycin), autophagic death was induced and 
cell migration, MMP production was significantly inhibited.

Majority of natural products show antimetastatic 
potential by targeting the PI3K/AKT/mTOR pathway 
and their downstream signaling intermediates, such as 
p70S6K, 4EBP1, and HIF1α causing autophagy induction, 
suppression of EMT, inhibition of migration and invasion. 
Curcumin, a natural polyphenol present in Curcuma 
longa L. (Zingiberaceae), suppresses cell proliferation in 
NSCLC cell lines through up-regulation of miR-206 and 
suppression of PI3K/AKT/mTOR signaling pathway. miR-
206 is a microRNA and in humans is a member of the 
myo-miR family of miRNAs. miR-206 has been shown 
to suppress NSCLC growth and further invasion. Wang 
and team (2020a, b) showed that curcumin treatment was 
accompanied with inhibition of migration and invasion in 
A549 cells and elevated expression of miR-206 levels. This 
heightened expression of miR-206 significantly decreased 
the phosphorylation levels of mTOR and AKT inhibiting 
mTOR pathways and inducing autophagic cell death 
thus decreasing migration and further invasion. Also, the 
inhibition of miR-206 was associated with increased cell 
migration and increased phosphorylation levels of mTOR 
and AKT. Another Chinese medicine, i.e., Sotetsuflavone 
shows potent anti-cancer effects, especially in lung cancer. 
This drug was shown to exert its anti-metastatic effect in 
A549 cancer cells by suppression of hypoxia-inducible 
factor-1α (HIF-1α) transcription factor, an essential 
downstream effect intermediate of PI3K/AKT/mTOR 
pathway which is involved cell motility and invasion in 
NSCLC. This, by downregulating the PI3K/AKT/mTOR 
pathway, the drug induces autophagy in NSCLC cells and 
inhibits metastasis (Wang et al. 2018).

Now, coming to the second role played by autophagy, i.e., 
acting as pro-metastatic. The metastatic process includes 
the ability of cancer cells to detach from the extracellular 
matrix (ECM) and disseminate to the secondary sites. 
However, ECM detachment of primary cancer cells 
induces metabolic stress and activates another process 
called anoikis, i.e., programmed cell death. Evidence 
suggests that autophagy here plays a protective role toward 
these cancer cells by avoiding anoikis (Fung et al. 2008; 
Guadamillas et  al. 2011). In a study by Avivar-Valdera 
et al. (2011), the team studied the underlying mechanism 
and showed the important role of protein kinase RNA-like 
endoplasmic reticulum kinase (PERK). This kinase PERK 
is related to promoting autophagy in ECM-detached cells 
via activation of AMPK levels that result in downstream 
inhibition of mTORC1-p70(S6K) signaling pathway. This 
process leads to rapid autophagy induction and protect 
cells from anoikis during loss of ECM adhesion. Peng 
and co-workers (2013) also showed that autophagy plays 
a role in hepatocellular carcinoma (HCC) metastasis due 
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to its pro-survival effect. The team demonstrated that with 
stable silencing of expression of two of the main autophagic 
proteins, i.e., Beclin-1 and Atg5 in HCC cells, there was 
suppression in the incidence of pulmonary metastasis as 
seen in orthotopic mouse model via facilitating anoikis 
resistance and lung colonization of HCC cells. A study 
(using an in vivo metastasis assay) revealed that transfection 
with autophagy-related gene ATG16L1-300 T (vs. 300A) 
significantly increased brain metastasis in NSCLC patients. 
Also, transfection with ATG16L1-300  T (vs. 300A) 
stimulated the migration and invasion of A549 cells. 
Reduced Beclin1 expression was seen in NSCLC tissues and 
further low expression of Beclin1 has been seen in NSCLC 
patients with advanced stages of cancer. This is associated 
with low survival rates seen in NSCLC, thus suggesting 
that autophagy may be suppressed in these patients (Jiang 
et al. 2012; Du et al. 2020). In another study on NSCLC, 
it was found that autophagy induction inhibits the process 
of metastasis in NSCLC cells involving the role of a 
transcription factor 21, i.e., TCF21. Promoter methylation 
of TCF21 has been observed in the early stage of NSCLC 
(Richards et al. 2011) and has been found to be associated 
with tumor stage, metastasis and invasion of NSCLC cells. 
Therefore, TCF21 expression may inhibit autophagy and 
by suppressing both Atg9 and Beclin-1, and this factor is 
clinically related to the further progress of lung cancer. 
TCF21 knockdown cells exhibited significantly upregulated 
Atg9 and Beclin-1 expression with enhanced autophagy. 
Also, inhibition of autophagy by 3-methyladenine 
(3-MA) is associated with elevated TCF21 expression and 
increased cell apoptosis and invasion. This indicates the 
role of autophagy in regulation of TCF21 expression and 
suppressing tumor invasion and progression.

Autophagy is involved in cancer cell metastasis by 
regulating EMT. Epithelial-to-mesenchymal transition 
(EMT) which represents an important biological process 
that occurs during normal embryonic development, tissue 
regeneration, wound healing process, etc. (Kalluri et al. 
2009). During EMT, the epithelial cells covert into a 
mesenchymal phenotype. This process is also involved in 
metastasis of cancer, movement of cancer cells from primary 
site to adjacent or distant sites, cell–cell adhesion, increased 
cell motility, polarity and also leading to resistance to cancer 
treatment (Thiery et al. 2009; Roche 2018).

There are studies which depict the role of autophagy in 
inhibiting EMT; while several studies implicate autophagy 
in the promotion of EMT. Studies depict that EMT-activated 
cells show high level of autophagy that may aid cancer 
cells to survive under the stressful condition faced during 
spread and invasion to new environment (Xiao and He 
2010; Mikhaylova et al. 2012; Avivar-Valderas et al. 2011). 
DRAM1 is a highly conserved transmembrane protein that 
localizes itself to lysosomes. It is also a potential target of 

TP53-mediated autophagy and programmed cell death. 
Chen and team (2018) used small interfering (si)RNA or 
short hairpin RNA technique for knockdown of DRAM1 in 
hepatoblastoma cells. The migration and invasion potencies 
were studied including the levels of EMT markers. The 
results showed that DRAM1 knockdown inhibited cell 
autophagy, as well as inhibited the migration and invasion 
of HepG2 cells in transwell assays. Further, under EMT-
mediated changes, cells show a decreased expression 
E-cadherins and increased expression of vimentin, 
fibronectin, etc. But, in DRAM1 knockdown HepG2 cells, 
there was upregulation of E-cadherin levels and decreased 
expression of EMT markers, i.e., Vimentin. Thus, autophagy 
here works in sync with EMT via regulatory role of DRAM1 
to promote invasion of HepG2 cells. EMT promotes 
tumor metastasis and autophagy supports cancer cell 
viability during this metastatic spread along with helping 
the cancer cells in body’s immune surveillance escape. 
Akalay and colleagues (2013) reported that acquisition of 
EMT phenotype by breast cancer cells was associated with 
an inhibition of cytotoxic t-cell (CTL)-mediated tumor 
cell lysis. EMT cells showed enhanced autophagy and 
attenuation in CTL-mediated immunologic synapse. Also, 
with the silencing of Beclin-1, autophagy was inhibited and 
the cells showed susceptibility to T-cell cytotoxicity. Thus, 
suggesting that autophagy worked toward the helping EMT-
mediated cancer spread.

Autophagy has been shown to negatively regulate and 
even inhibit EMT in many studies as well. Catalano and 
team (Catalano et al. 2015) studied the effect of autophagy 
on EMT in glioblastoma cells. It was observed that under 
nutrient deprivation condition or mTOR inhibition process, 
autophagy was induced and there was reduced cell migration 
and invasion seen. Also, there was downregulated of two 
master transcription factors of the EMT process, i.e., SNAIL 
and SLUG and an up-regulation of N- and R-cadherins. 
But, in BECLIN 1-silenced blastoma cells, up-regulation 
of SNAIL and SLUG and decline in N- and R-cadherin 
mRNAs expression were observed by the team. CDCA4, 
also known as HEPP/SEI-3/TRIP-Br3, is a member of 
cell division cycle associated (CDCA) gene family that 
have been shown to play different roles in various types of 
cancers. For example, in breast cancer and hepatocellular 
carcinoma, it promotes cancer cell progression (Xu et al. 
2018; Gu et al. 2020) while in cervical cancer, knockdown 
of CDCA4 promoted cell proliferation showing its tumor 
suppressor role (Hayashi et al. 2006).In study (Xu et al. 
2021), the team investigated the role of CDCA4 in NSCLC 
using cell lines with gene knockdown for CDCA4 and cell 
lines overexpressing CDCA4.The team found that in cell line 
with CDCA4 deletion, there was associated with induced 
EMT, migration and invasion of NSCLC cells and inhibition 
of autophagy of NSCLC cells. While, in overexpressing cell 
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lines, reverse was observed with increased autophagy and 
minimal invasion of NSCLC cells. Also, CDCA4-inhibited 
EMT, migration and invasion were partially aggravated in 
the presence of an autophagy activator, i.e., rapamycin, and 
reversed on treatment with an autophagy inhibitor. This 
study highlights not only on the fact that CDCA4 could 
inhibit EMT, migration and invasion of NSCLC cells but 
also focusses on the essential role for autophagy in inhibiting 
EMT-mediated NSCLC migration and progression.

Thus, the twin role of autophagy in cancer metastasis 
is dependent on the stage of tumor growth. In early stages, 
autophagy acts in an anti-metastatic fashion creating 
conditions against tumor spread. However, when tumor 
cells enter hematogenous circulation, autophagy protects 
the circulating tumor cells from anoikis and this augments 
the tumor spread (Chavez-Dominguez et  al. 2020). 
Autophagy switches to promote the proliferation of macro-
metastasis by helping tumor cells to adapt to the stressful 
microenvironment and thus promotes cancer-cell survival 
and its successful colonization to the new site.

Autophagy: chemoresistance of nscl cancer

Cancer chemotherapy remains a mainstay and central 
to the treatment of lung cancer. But, the success rate of 
chemotherapy is often hindered due to the development 
of chemoresistance by cancer cells and the same is true 
in case of treating lung cancer. Many studies have shown 
that anticancer drugs cause upregulation of autophagy 
and this autophagy plays a protective role in making can-
cer cells resist many of these drugs and the same has been 
seen in lung cancer cells. Thus, the induction of protective 
autophagy that acts as a shield for the cancer cells represents 
a major challenge in cancer chemotherapy. For example, 
5-Fluorouracil (5FU), a common anticancer drug used in 
treatment of many solid cancers, works by inhibiting thymi-
dylate synthetase and DNA synthesis (Zhang et al. 2008). 
However, 5FU is also associated with induction of protec-
tive autophagy which is induced by upregulation of beclin-1 
expression, followed by conversion of LC3I to LC3II cells. 
Similarly, epidermal growth factor receptor tyrosine kinase 
inhibitors (EGFR-TKIs), i.e., gefitinib and erlotinib have 
been widely used in patients with NSCLC. Han and team 
(Han et al. 2011) reported that both gefitinib and erlotinib 
can induce a high level of autophagy, which was accom-
panied by the inhibition of the PI3K/Akt/mTOR signaling 
pathway. Further, the team showed that EGFR-TKIs can still 
induce autophagy even after EGFR expression was reduced 
by EGFR-specific siRNAs. This indicates the underlying 
role of autophagy in acquired drug resistance and the fact 
that autophagy inhibition may improve the efficacy of cancer 

drugs representing a potential target for further exploration 
and clinical testing.

Hypoxia-induced autophagy may play an important role 
in induced drug resistance. Hypoxic conditions prevail in 
growing tumors as the normal process of angiogenesis cannot 
supply enough oxygen to the rapidly growing tumor masses 
(Cosse et al. 2007; Semenza 2012). Hypoxia induces many 
changes in various cancer-related signaling pathways and 
leads to autophagy activation. Hypoxia causes stabilization 
of hypoxia-inducible factor 1-alpha (HIF-1α) transcription 
factor and inhibition of the mTOR kinase signaling pathway 
with induced autophagy. This HIF-1α enables to promote 
tumor cell growth and survival by controlling both glycolysis 
and the process of angiogenesis under harsh hypoxic 
conditions. Lee and team (Lee et al. 2015) stressed on the 
activation of hypoxia-induced autophagic pathways being 
involved in the developed resistance seen in NSCLC cells. 
It was seen that upon hypoxic exposure with 1%  O2 given 
to A549 cell, autophagic induction was observed as shown 
by increase of LC3BI to LC3BII conversion and significant 
decline of p62/sequestosome1 in western blot assay with 
increased appearance of double-membrane autophagic 
vacuoles as seen in electron micrographs of treated A549 
cells. Further, the team reported that treatment with LC3B 
siRNA was able to restore back the sensitivity of cancer cells 
to cisplatin hinting on the role of hypoxia-related pathway 
involved in autophagy induction in lung cancer cells. This 
also advocates on the use of hypoxia modification therapy 
(as an adjunct therapy) to maintain oxygen levels in solid 
tumor masses so as to suppress autophagic resistance for 
improved efficacy of cancer drugs (Horsman et al. 2021).

Cisplatin resistance also represents one of the main 
causes of treatment failure in NSCLC and sadly, autophagy 
is one the important players associated with development of 
cisplatin resistance in lung cancer patients. This platinum-
based drug, i.e., cisplatin is a standard drug treatment 
given to lung cancer patients. It works and elaborates its 
anti-cancer effects by the generating DNA damage and 
mitochondrial apoptosis in cancer cells leading to their 
death (Guclu et al. 2018). Pan and his team (2019) studied 
that tripartite motif (TRIM)-containing proteins (proteins 
involved in development, immunity, carcinogenesis, 
autophagy) are involved in the regulation of autophagy 
and chemoresistance to cisplatin in NSCLC cells. The 
team showed that there were increased levels of TRIM65 
in cisplatin-resistant NSCLC cell line (A549/DDP) as 
compared to the parental cell line (A549). Further, upon 
knockdown of TRIM6, autophagy was inhibited in A549/
DDP cells, as shown by Annexin V/PI staining, caspase3 
activity and immunofluorescence staining of LC3-II. Also, 
with knockdown of TRIM65, there was a significantly 
decreased levels of another important autophagy mediator, 
i.e., Atg7. This Atg7 is a target of miR-138-5p. This 
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microRNA target 3' UTR of the Atg7 gene. Also, with a 
miR-138-5p inhibitor, the effects of TRIM65 knockdown on 
autophagy and cisplatin-induced apoptosis were significantly 
abolished.  Furthermore, NSCLC tissues which were 
cisplatin-resistant showed higher expression of TRIM65 
mRNA and lower expression of miR-138-5p as compared 
to cisplatin non-resistant NSCLC tissue. This indicates 
that TRIM65 knockdown attenuated autophagy-mediated 
cisplatin resistance in A549/DDP cells via regulating 
miR-138-5p. Goldberg and co-workers (Goldberg et  al. 
2012) also demonstrated that hydroxychloroquine (HCQ), 
an autophagy inhibitor when used was associated with 
enhanced sensitivity to chemotherapy drug, i.e., erlotinib as 
seen in twenty-seven patients with advanced non-small-cell 
lung cancer. Similarly, in another finding, it was reported 
that HCQ was able to prevent the development of paclitaxel 
resistance in A549 cells over time while potentiating the 
effect of paclitaxel by increased ROS generation and elevated 
accumulation of superoxide-producing mitochondria. Also, 
alleviation of the metastatic potential of NSCLC cells was 
observed (Datta et al. 2019) Hence, autophagy inhibition 
by HCQ represents fruitful strategy for overcoming the 
paclitaxel resistance development as well as metastasis in 
lung cancer. Thus, these findings highlight the protective 
role of autophagy in cancer survival and escape from 
drugs. Further, detailed investigation into the autophagy 
pathways involved is essential for overcoming the issue of 
chemoresistance and use of novel drugs targeting pathways 
of protective autophagy to enhance the anticancer drug 
efficacy. Table 1 lists some of the major studies done lately 
focussing on using autophagy inhibitors in combination with 
antitumor drugs representing a beneficial approach against 
NSCLC progression.

Autophagy: role in cancer cell immune 
evasion

Apart from participating in development of chemoresistant 
to anticancer drugs, evidence suggests the potential 
involvement of autophagy in protecting the cancer cells 
against immune attack and clearance.

Tumor microenvironment, i.e., nutrient deprivation and 
most importantly hypoxia has been found to be related to 
autophagy-mediated immune escape by cancer cells. In 
this direction, Noman and his team (Noman et al. 2011) 
elucidated that hypoxia-induced autophagy in tumor cells 
could, in theory, help in escaping CTL-mediated elimination 
and thus hypoxic conditions impaired elimination of NSCLC 
cells by T-cells. The team found that tumor cells exposed 
to hypoxia (1% PO2) caused hypoxia-inducible factor-1α 
(HIF-1α) induction HIF-1α and increased phosphorylation 
of signal transducer and activator of transcription 3 

(pSTAT3). This was functionally linked to alteration of 
NSCLC in their susceptibility to CTL-mediated killing. 
Further, gene silencing of STAT3 by small interfering 
RNA as well as knockdown of HIF-1α, both restored the 
target cell lysis under hypoxic condition. This indicates 
toward targeting HIF-1α and STAT3 as a novel approach 
for further exploration while emphasizing on the role of 
hypoxic environmental as a crucial player in developing 
immune resistance.

SKIL (also known as SnoN) is a mediator of the 
transforming growth factor-β (TGF-β) signaling pathway 
and exerts pro-oncogenic activity. Ma and team (Ma 
et al. 2020) found that SKIL facilitates tumorigenesis and 
immune escape of NSCLC. The team observed that SKIL 
expression was higher in NSCLC tissue compared to 
adjacent normal tissue. Upon SKIL silencing, formation of 
malignant phenotypes of NSCLC cells was inhibited and T 
cell infiltration was promoted. SKIL-knockdown inhibited 
autophagy and activated the stimulator of interferon (IFN) 
gene STING pathway (plays and important role in anticancer 
immunity) in NSCLC cells through down-regulation of 
TAZ (an important transcriptional regulator which works 
toward cancer cell growth and initiation).The study thus 
concluded on the finding that SKIL promoted tumorigenesis 
and immune escape of NSCLC cells via upregulating the 
TAZ/autophagy axis and by inhibiting the STING pathway 
resulting in decreased T cell infiltration and release of 
chemokines such as CXCL10, CCL5 and IFN-β.

The interaction of tumor antigens and Class-I MHC 
molecules on the surface of TCR is the prime step in the 
CTL-mediated killing of tumor cells. An interesting finding 
(Yamamoto et al. 2020) showed that in pancreatic ductal 
adenocarcinoma (PDAC), lysosomal degradation involving 
the autophagy cargo receptor NBR1 was responsible for 
selective targeting of MHC-I molecules. Further, with 
the inhibition of autophagy, the surface levels of MHC-I 
were increased leading to improved antigen presentation, 
enhanced anti-tumor T cell responses and reduced tumor 
growth in syngeneic host mice. Also, with systemic 
autophagy inhibition by chloroquine as well as tumor-
specific autophagy inhibition, infiltration of CTL’s and an 
increase of MHC-I molecules on the surface of cancer cell 
occurred making them sensitive toward immune checkpoint 
blockade (ICB) (Yamamoto et al. 2020; Duan et al. 2021).

Besides degrading MHC molecules, autophagy also 
been linked with degradation of cytotoxic granules 
released from CD8 + T and natural killer cells under 
hypoxic conditions (Baginska et  al. 2013). The team 
showed that breast cancer cells evade effective NK-medi-
ated killing under hypoxia by activating autophagy caus-
ing the degradation of NK-derived granzyme B. Further, 
blocking autophagy restored NK-mediated lysis in vitro 
and facilitated breast tumor elimination by NK cells in 
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mice. Liang and team (Liang et al. 2012) showed that 
autophagy inhibitor such as chloroquine when given along 
with IL-2 therapy showed enhanced tumor regression with 
decreased toxicity and increase in immune infiltration in 
liver and spleen as seen in mice model of metastatic liver 
tumor. In addition to this, autophagy also makes the tumor 
microenvironment free from accumulated reactive oxygen 
species (ROS) thereby promoting tumor survival. Under 
hypoxic conditions, cancer cells produce ROS and the 
transfer of ROS to cancer-associated fibroblasts promotes 
autophagy, thereby providing nutrition for the growth of 
cancer cells.

Concluding remarks

Autophagy is a complex intracellular process and plays 
an important role in cancer metabolism. The regulation 
of autophagy is dependent on multiple factors including 
nutrient deprivation, the presence of damaged organelles, 
cancer cell microenvironment, stage of cancer, anticancer 
therapy, immune cell participation, etc. The role is dual 
with one side showing that autophagy participates in 
tumor suppression and prevents its further invasion to 
new sites. However, the second aspect is that under altered 
conditions, the same phenomenon of autophagy starts 
protecting cancer cells from stressful conditions, helps in 
immune evasion, makes the cancer cells drug resistant and 
thus aids in cancer cell metastasis and survival. Findings 
from various studies demonstrate that in the early stages 
of tumorigenesis, autophagy acts as a control mechanism 
and suppresses cancer initiation and progression working 
toward maintaining homeostasis. But, once tumor growth 
enters late stage, autophagy acts as a recycling platform 
providing conditions promoting survival and spread of the 
tumor by facilitating metastasis. Autophagy represents 
a potential therapeutic target to address the issue of 
chemoresistance and treatment failures in NSCLC patients 
as well as in suppressing metastasis and recurrence. But, 
needless to say, great importance needs to be given to 
understand the role of autophagy based on the right staging 
and grading of tumor from the perspective of clinical 
application and for this a comprehensive understanding 
of tumor dependence on the autophagy pathway in relation 
to the tumor microenvironment is essential. Also, more 
animal-based studies and clinical trials involving the use 
of autophagy modulators along with standard anticancer 
drug therapy are required to gather more data on the 
therapeutic effect in early stage and during late-stage lung 
cancer patients for achieving higher clinical success.
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