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Abstract

Autophagy is an intracellular catabolic process that helps in maintaining cellular
homeostasis. Generally, it is involved in the recycling of unwanted proteins and
damaged organelles but upon cellular stress, it helps in the survival of the cells. It
is a tightly regulated process and any discrepancy in its regulation leads to the
generation of many pathological abnormalities. During the early phase of cancer,
it functions as a tumor suppressor whereas, at later stages, it facilitates tumor
growth and helps in generating resistance to cancerous cells. Due to this func-
tional switch of the pathway, many studies have been undertaken to find the
mechanism behind its regulation in different cancer types and microRNAs
(miRNAs) have been recently explored to be one of the regulatory factors.
miRNAs are short non-coding RNAs that regulate the gene expression of most
protein-coding genes post-transcriptionally. They control many important
biological pathways including autophagic response in cancer. Their expression
also gets dysregulated during different stages of cancer and thus gives a
promising window of their utility as an attractive target during tumor therapy.
Therefore, considering the potential of autophagy regulating miRNAs as future
drug targets, this review is focused on recent advances in linking miRNAs to the
regulation of autophagy pathway and their role in cancer and their implications in
cancer treatment.
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Abbreviations

ATG Autophagy-related
CLL Chronic lymphocyte leukemia
CoL10A1 Collagen α-1(X) chain
ELAVL1 Embryonic lethal abnormal vision-like protein-1
EOC Epithelial ovarian cancer
FIP 2000 Focal adhesion kinase
hnRNP A1 Heterogenous unclear ribonucleoprotein A1
LAMP1 Lysosomal-associated membrane protein 1
LAMP2 Lysosomal-associated membrane protein 2
miRNA microRNA
mTOR Mammalian target for rapamycin
NSCLC Non-small cell lung cancer
PE Phosphatidyl ethanolamine
PIK3C3 Phosphatidyl inositol 3 kinase catalytic subunit type 3
PKM1 Pyruvate kinase muscle isoform 1
PKM2 Pyruvate kinase muscle isoform 2
PTB1 Polypyrimidine tsat binding protein 1
RISC RNA-induced silencing complex
RLC RISC-loading complex
ROS Reactive oxygen species
TBCC Tumor-binding cofactor C
TIGAR TP53 inducible glycolysis and apoptosis regulator
TRPM3 Transient receptor potential melastatin 3
ULK Unc 51 like kinase
UTR Untranslated region
UVRAG UV radiation resistance-associated gene protein
VHL Van hippel lindeu

4.1 Introduction

MicroRNAs (miRNAs) are small noncoding RNA molecules of 18–25 nucleotides
that have a crucial role in gene regulation at the post-transcriptional level by
controlling the stability and translation of mRNAs. They are produced as primary
miRNAs (pri-miRNAs) and are subsequently processed to generate mature miRNAs
through precursor miRNAs (pre-miRNAs). The mature miRNAs mainly interact
with the 30 untranslated region (UTR) of the target gene to regulate their expression
(Ha and Kim 2014). But their interaction is not limited to 30 UTR only, as many
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reports have suggested that they can bind to either 50 UTR or different locations like
promotor or gene coding regions as well (Broughton et al. 2016; O’Brien et al.
2018). miRNAs regulate many key biological processes like cell differentiation,
growth, autophagy, migration, apoptosis, and so on, and are tightly regulated
because their abnormal expression has been shown to be responsible in the develop-
ment of many diseases (Fu et al. 2013; Paul et al. 2018; Tüfekci et al. 2014). They are
secreted out of the cells to aid in signaling between cells and act as biomarkers for
various diseases including cancer (Hayes et al. 2014; Huang 2017; Wang et al.
2016b). Upregulation or downregulation of specific miRNAs is reported in all cancer
cell types like colon cancer, leukemia, breast cancer, lung cancer, and so on. (O’Brien
et al. 2018). Dysregulation of miRNA biogenesis or expression is reported in various
stages of cancer progression and regulates resistance to anti-cancer drugs (O’Brien
et al. 2018).

Autophagy is a highly conserved cellular process involved in the recycling and
digestion of damaged organelles, misfolded proteins, and intracellular pathogens by
lysosomal degradation to maintain cell survival (He and Klionsky 2009; Mizushima
et al. 2008). It is a continuous process undergoing in the cell at the basal level under
normal conditions to maintain cellular homeostasis, but under stress conditions like
starvation, infection, hypoxia, and so on, it gets upregulated (Mizushima et al. 2008).
During stress conditions, autophagy plays a protective role by degrading damaged
and unwanted cellular contents and recycling proteins to generate energy and free
amino acids but hyperactivation of autophagy leads to death of the cell under stress,
known as autophagic cell death (Mizushima et al. 2008). Being a key process, it is
tightly regulated but abnormalities in the pathway arise and it leads to the develop-
ment of many health issues including cancer (Frankel and Lund 2012; Jing et al.
2015). Many reports have been published showing the role of miRNA in autophagy
regulation and cancer development (Gozuacik et al. 2017). In this review, we will
briefly summarize the emerging connection between different miRNAs and
autophagy pathways and how this regulation decides the fate of cancer cells.

4.2 miRNA Biogenesis

miRNAs play an important role in various physiological processes including cellular
proliferation, differentiation, maturation, host–pathogen interaction, and many more
(Demirci et al. 2016; Saçar et al. 2014). miRNAs are pervasive in the genome and
originate from both coding genes as well as noncoding regions as primary transcripts
by the cellular machinery (Grund and Diederichs 2010; Kim et al. 2009).
The biogenesis of miRNA initiates in the nucleus followed by its transport into the
cytoplasm where miRNA processing takes place to generate mature miRNA. The
majority of miRNA genes are transcribed by RNA polymerase II or III to form long
primary transcripts called pri-miRNA that contain hairpin (stem-loop) structure with
some bulges formed due to base–pair mismatch (Krishnan and Damaraju 2018). The
pri-miRNA possesses a 50 7-methylguanosine cap and a poly-A tail at the 30 end and
are in turn cleaved by a cellular RNAase Class II endonuclease III enzymes called
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Drosha (Gregory and Shiekhattar 2005). Drosha along with its cofactor DGC28/
Pasha forms a microprocessor complex that specifically recognizes and cleaves the
stem of pri-miRNA to liberate nearly 70–120 nucleotides shorter hairpin structure
called pre-miRNA (Seitz and Zamore 2006; Shomron and Levy 2009). Following
the formation of pre-miRNAs, they are transported to cytoplasm using exportin-5
(XPO5) in the presence of guanosine 50 triphosphate bound Ras-related nuclear
protein (RanGTP). XPO5 is a member from the karyopherin family and is mostly
engaged in nuclear transport of structured RNAs including tRNAs, human Y1 RNA,
and adenovirus VA1 RNA that possess 30 overhang structure. Attachment of XPO5
to its cargo needs a minimum of 16 bp and a short 30 overhang. Therefore,
pre-miRNAs are properly processed by Drosha in order to be recognized and
exported from the nucleus (Okada et al. 2009). Apart from its role in
nucleocytoplasmic transport, Exportin-5 also stabilizes the pre-miRNA as well as
prevents its degradation (Yi et al. 2003; Zeng and Cullen 2004). Once inside the
cytoplasm, further processing of pre-miRNA takes place with the help of a double-
stranded RNAase III enzyme Dicer. Dicer along with trans activation response RNA
binding protein (TRBP) binds to 50 phosphate and 30 overhang at the base of stem
loop of pre-miRNA and cuts both strands of the duplex at about two helical turns
away from the base of stem loop. This cleavage by Dicer releases a double-stranded
miRNA of ~21–24 nucleotides length called mature miRNA (Bartel 2004). One
strand called the passenger strand in the newly generated double-stranded RNA
undergoes degradation whereas the other strand known as guide RNA or mature
RNA is loaded onto an Argonaute containing RNA induced silencing complex
(RISC) by the help of RISC loading complex (RLC) that directs gene silencing.
Selection of guide strand mostly depends on the thermodynamic stability and strand
with less stability is selected by RISC (Khvorova et al. 2003). RISC is composed of
mature miRNA, Dicer, TRBP, Argonaute protein 2 (AGO2), and protein kinase R
activator (PACT) that possesses a regulatory role in both nucleus as well as cyto-
plasm. In the cytoplasm, the RISC complex targets the 30UTR region of mRNA
thereby results in translational repression (MacRae et al. 2008; Park and Shin 2014).
Further, some of the miRNAs having nuclear localization signal are imported back to
the nucleus. Mature miRNA along with Ago2 returns to the nucleus using a member
of the karyopherin beta family protein called Importin-8 (Hwang et al. 2007; Wei
et al. 2014). miRNA inside nucleus exhibits regulatory functions by targeting gene
promoter region with the help of Argonaute proteins as well as through recruitment
of epigenetic modifier proteins such as chromobox protein homolog 3 (CBX3),
transcriptional intermediary factor 1beta (TIF1β), suppressor of variegation 3–9
homolog 1 (SUV39H1), euchromatic histone lysine methyltransferase 2 (EHMT2)
that results in transcriptional gene silencing or gene activation (Kim et al. 2008;
Liang et al. 2013; Salmanidis et al. 2014; Winter et al. 2009, Fig. 4.1).
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4.3 Autophagy

It is a lysosome mediated catabolic process that mainly occurs in response to nutrient
starvation and stress conditions to ensure cell survival (Schneider and Cuervo 2014).
This process is highly complex and fundamental in eukaryotes involving 20 dedi-
cated autophagy-related (ATG) genes that coordinate the entire pathway starting
from the formation of isolation membrane to degradation of cellular cargos
(Mizushima 2019; Suzuki et al. 2017). The process is initiated by uncoordinated-
51 like kinase (ULK, mammalian homolog of ATG1) complex and Vps34/PIK3C3
phosphatidylinositol 3-kinase (PtdIns3K) complex leading to the formation of
cup-shaped isolation membrane. The isolation membrane then elongates, sequesters
cytoplasmic targets, cellular cargos, damaged organelles, protein aggregates, long-
lived proteins, and finally encloses to form a double membrane-bound organelle
called an autophagosome. Phagophore elongation, expansion, and completion of
autophagosome involve two ubiquitin-like conjugation complexes namely ATG12-
ATG5-ATG16 and ATG8 conjugation systems. In the ATG12-ATG5-ATG16 con-
jugation system, ATG12 is catalyzed by E1-like enzyme, ATG7, and E2-like
enzyme ATG10 to conjugate with ATG5. ATG12-ATG5 conjugate then interacts
with ATG16L1 and forms a conglomerate that associates with autophagosome. In
the ATG8 conjugation system, the pro-form of ATG8 is first cleaved into processed
form by ATG4 leading to its activation by ATG7 and ATG12 (act as E3 like enzyme
with ATG5). Active ATG8 is then transferred to E2-like enzyme ATG3 before
conjugation with phosphatidylethanolamine (PE) and named as ATG8-PE which
is present on the autophagosome membrane (Mizushima 2019). Mammalian
homologs of ATG8 are known as microtubule-associated protein 1 light chain
3 (LC3) and gamma-aminobutyric acid receptor-associated protein (GABARAP).
Its unlipidated (ATG8-I) or lipidated forms (ATG8-PE, ATG8-II) are generally
referred to as LC3-I and LC3-II respectively. Upon recruitment, LC3-II stays on
the autophagosome membrane until the culmination of the autophagic process.
Completion of autophagosome biogenesis leads to its fusion with the lysosomes
resulting in degradation of the engulfed material (Reggiori and Ungermann 2017).
Cytoplasmic cargos are recognized and targeted to nascent autophagosome mem-
brane by an interaction between molecular tags (such as polyubiquitin) and LC3
through adaptor proteins such as sequestosome 1 (p62/SQSTM1) and neighbor of
BRCA1 gene 1 (NBR1) formation (Songane et al. 2012). Under normal physiologi-
cal conditions, autophagy plays different crucial roles such as restoration of the
amino acid pool and cellular ATP levels during nutrient deprivation condition, tumor
growth inhibition, anti-aging, pre-implantation development, clearance of intracel-
lular microbes and modulation of the innate and adaptive immune response, and so
on. (Cecconi and Levine 2008; Deretic and Levine 2009; Mizushima and Komatsu
2011). Moreover, defects in the autophagic machinery have also been reported to be
associated with numerous disease conditions including neurodegeneration, cancer,
cardiovascular disorders, and infectious or inflammatory conditions (Choi et al.
2004). Because of the earlier multi-dimensional role, autophagy has been exploited
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in the past few years as a front-runner of host-directed therapy to get rid of different
pathophysiological conditions including cancer.

4.4 Interplay Between miRNA and Autophagy (Fig. 4.2)

4.4.1 Autophagy Induction

Autophagy induction commences with activation of the ULK complex, consisting of
the focal adhesion kinase family interacting protein of 200 kDa (FIP200), ULK1/
ULK2, ATG101, and ATG13. ULK1 protein kinase is crucial to initiate autophagy
whereas mTOR complex presents upstream acts as a suppressor of autophagy. Upon
nutrient abundance, mTOR associates and dephosphorylates ATG13 and ULK1
leading to inhibition of ULK1 kinase activity and autophagy. But under starvation,
mTOR dissociates from ULK1 that leads to its phosphorylation and subsequent
activation of autophagy. A number of miRNAs directly or indirectly target the
mTOR protein complex or many other proteins in the pathway. In hepatocellular
carcinoma cells, miR-7 precisely targets mTOR and P70S6K (Fang et al. 2012).
miR-199a and miR-101 are reported to target mTOR in different cancer cell types
(Chen et al. 2012a; Fornari et al. 2010; Wang et al. 2013; Wu et al. 2013). ULK2 is a
direct target of miR-885-3p to inhibit autophagy. It is reported that in squamous cell
carcinoma, miR-885-3p gets upregulated upon cisplatin treatment. Aberrant expres-
sion of this miRNA leads to cell death and its suppression reverses the cisplatin-
mediated reduction in cell viability (Huang et al. 2011). In prostate cancer cells,
miR-26b also targets ULK2 to inhibit autophagy (Clotaire et al. 2016).

In melanoma cells, the miR-290-295 cluster targets ULK1 and ATG7, leading to
suppression of glucose starvation mediated autophagic death. In C2C12 myoblast
cells, miR-106b and miR-20a have shown to target and suppress ULK1 expression
that upregulates the transcription factor c-Myc to inhibit leucine deprivation
mediated autophagy (Wu et al. 2012). Transfecting cells with miR-106b and
miR-20a inhibitors were found to restore the leucine deprivation mediated
autophagy (Wu et al. 2012). Another study has found that miR-595 and miR-4487
target ULK1 to curb autophagy in neuroblastoma cells. In MCF7 cells, ULK1 is the
direct target of miR-25 to inhibit autophagy (Wang et al. 2014). In multi drug-
resistant MCF7 cells, isoliquiritigenin induces cell death, and autophagy by
suppressing the expression of miR-25 and activating ULK1 (Wang et al. 2014).

4.4.2 Vesicle Nucleation

Vesicle nucleation involves recruiting proteins and lipids to form the
autophagosome membrane. It starts with the activation of class III
phosphatidylinositol 3-kinase-Beclin1 (class III PI3K-BECN1) complex. Human
vacuolar protein sorting 34 (hVPS34), bax-interacting factor 1 (BIF-1), UV radiation
resistance-associated gene (UVRAG), ATG14L, and RUN domain and cysteine-rich
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domain-containing, Beclin1-interacting protein (Rubicon) are considered as the
main binding partners of the complex. Zhu et al. report for the first time, the role
of miRNAs in regulating autophagy at this step (Zhu et al. 2009). They had shown
that miR-30a directly targets BECN1 to inhibit autophagy. In this study, chronic
myeloid leukemia cells were treated with imatinib or taxol and drug sensitivity
amongst the cells was observed by miR-30a through BECN1 regulation (Zhu et al.
2009). In MCF-7 cells, the upregulation of miR-30a led to a reduction in Rapamycin
mediated autophagy (Zhu et al. 2009; Zou et al. 2012). It is also reported to attenuate
cisplatin-induced autophagy in Hela cells and sensitized them to chemotherapy (Zou
et al. 2012). Recently it has been shown that chemoresistant osteosarcoma cells show
decreased levels of miR-30a indicating their potential to inhibit autophagy (Xu et al.
2016). The role of miR-30a as an autophagy inducer or inhibitor is debatable and our
group checked the effect of miR-30a-3p and -5p on autophagy and found that
miR-30a-5p promotes autophagy whereas miR-30a-3p inhibits autophagy in
human monocytic leukemic cell-line (THP-1 cells) upon infection with Mycobacte-
rium tuberculosis (Behura et al. 2019).

In colon cancer cells, miR-409-3p is shown to block oxaliplatin mediated
autophagy by targeting BECN1 and increases the sensitization of the cancerous
cells to chemotherapy (Tan et al. 2016). miR-376a and miR-376b are also reported to
target 3’UTR of BECN1 and ATG4C to inhibit autophagy activated by Rapamycin
in lung and breast cancer cells (Korkmaz et al. 2012, 2013). This led to the proposal
of “gas and brake model” stating that the autophagy activating stress signals can
subsequently upregulate expression of various miRNAs that inhibit autophagy and
these inhibitory miRNAs limit the hyperactivation of autophagy and ensure survival
during prolonged stress conditions (Korkmaz et al. 2013; Tekirdag et al. 2016).
Huang et al. have shown that miR-519a gets downregulated upon cisplatin treatment
and overexpression of miR-519a blocks Cisplatin mediated autophagy by targeting
BECN1 at its 3’UTR in squamous cell carcinoma cells (Huang et al. 2011). In breast
cancer cells, irradiation mediated autophagy is reported to be blocked by miR-199-
5p by targeting BECN1 and DRAM1 (Yi et al. 2013). In pancreatic cancer cells,
miR-216a is shown to block irradiation mediated autophagy by targeting BECN1
(Zhang et al. 2015b). miR-384-5p is also reported to inhibit BECN1 expression to
reduce autophagy in macrophages during atherosclerosis (Wang et al. 2016a).
Huang et al. found that miR-374a and miR-630 can regulate levels of UVRAG, a
BECN1 binding factor to inhibit autophagy (Huang et al. 2012). Another binding
factor of class III PI3K-Beclin1 complex is identified as the direct target of miR-195
(Shi et al. 2013). miR-101 is reported to inhibit basal level autophagy and
rapamycin-induced autophagy by directly targeting ras-related in brain 5A
(RAB5A) protein (Frankel et al. 2011). RAB5A is a small GTPase molecule that
induces the formation of autophagosome upon interaction with hVPS34 and BECN1
(Ravikumar et al. 2008). In human dermal fibroblasts, miR-23a inhibits activating
molecule in BECN1-regulated autophagy protein 1 (AMBRA1) expression, a regu-
lator of BECN1 and VPS34 complex to inhibit autophagy upon UV-B irradiation
whereas transfection with miR-23a inhibitors restored the autophagy levels (Zhang
et al. 2016).
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4.4.3 Regulation of Elongation

Vesicle expansion involves two unique ubiquitin-like conjugation systems. In the
initial reaction, ATG12 conjugates with ATG5 aided by ATG10 and ATG7 followed
by the formation of a large multimeric conglomerate upon the interaction of
ATG16L with ATG12-ATG5 complex. In the second reaction, LC3 lipidation
begins with the conjugation of PE. This involves ATG4 mediated cleavage of
LC3 at its C-terminal end to get cytosolic LC3-I. LC3-I further gets conjugated to
PE to form LC3-II aided by ATG7 and E2 like enzyme ATG3 and E3 like enzyme
ATG5-ATG12 and ATG16L complex.

In breast and liver cancer cells, miR-101, miR-376a, and miR-376b are shown to
suppress autophagy by targeting the homologs ATG4D and ATG4C (Frankel et al.
2011; Korkmaz et al. 2012). ATG4 family of proteases are not only involved in the
cleavage of LC3 but are also involved in the autophagosome closure, the fusion of
lysosome with autophagosome, and LC3 recycling, thus they act as a crucial
regulatory component of autophagy (Fujita et al. 2008; Kaminskyy and Zhivotovsky
2012). RAB5A is also involved in ATG5-ATG12 conjugation which has been
shown to be inhibited by miR-101 (Frankel et al. 2011; Ravikumar et al. 2008).
ATG5-ATG12 conjugation is also regulated by miR-630, miR-30a, miR-374a, and
miR-181a (Huang et al. 2012; Yu et al. 2012).

Another study has shown that miR-204 can also inhibit autophagy in
cardiomyocytes and renal clear cell carcinoma by regulating the conversion of
LC3B by targeting its 3’UTR. miR-204 acts as a tumor suppressor gene and is
generally downregulated in renal clear cell carcinoma (Mikhaylova et al. 2012; Xiao
et al. 2011). In cervical cancer cells, miR-211 was found to downregulate LC3-I to
LC3-II conversion (Liu et al. 2020). ATG5 is also reported to be a direct target of
miR-224-3p, miR-374a, miR-181a, and miR-30a (Guo et al. 2015; Huang et al.
2012; Yu et al. 2012). Furthermore, ATG12 is shown to be suppressed by miR-30d,
miR-630, and miR-200b (Huang et al. 2012; Yang et al. 2013). Huang et al. have
also shown that miR-885-3p could affect the levels of ATG16L1 (Huang et al.
2011). miR 519a is suggested to inhibit the expression of both ATG16 and ATG10
(Huang et al. 2012). Many studies in the literature have shown ATG7 as the most
targeted gene to inhibit autophagy by miRNAs. In hepatocellular carcinoma cells,
miR-375 is shown to inhibit LC3-I to LC3-II conversion and regulate the expression
of ATG7 inhibiting hypoxia-mediated autophagy thus protecting the cells against
hypoxic stress and exerting tumor-suppressive activity (Chang et al. 2012). In a
separate study, miR-199a-5p is reported to modulate autophagy by regulating ATG7
in hepatocellular carcinoma cells during hypoxia thus reducing their viability
(Xu et al. 2012). Regulatory property of miR-20a on autophagy has been explained
through ATG7 suppression leading to a further reduction in the levels of ATG16L1
(Sun et al. 2015a). In glioblastoma cells, the negative effect of miR-17 and miR-137
on starvation-induced autophagy was observed to be due to a decrease in ATG7
expression (Comincini et al. 2013; Zeng et al. 2015). The role of miR-96 in
regulating autophagy during hypoxia stress in prostate cancer cells was found
because of aberrant ATG7 levels (Ma et al. 2014).

86 A. Behura et al.



4.4.4 Regulation of Retrieval

The process of retrieval is governed by ATG9 complex, a multi-spanning transmem-
brane protein. During retrieval, various membrane proteins and lipids are recruited to
the growing autophagosome membrane (Frankel and Lund 2012). ATG9 is involved
in the successful trafficking of endosomes containing lipids and proteins from the
trans-Golgi network to autophagosome. ATG2A and ATG2B are involved in the
closure of autophagosome vesicle (Velikkakath et al. 2012). miR-130a is reported to
directly target ATG2B, inhibiting autophagy, and cell viability in human chronic
lymphocytic leukemia (CLL) cells. miR-130a interferes with the retrieval of proteins
and lipids to the growing phagophore membrane and inhibits the formation of
ATG9-ATG2-ATG18 complex, leading to inefficient closure (Kovaleva et al.
2012). A tumor suppressor gene, miR-34a acts as an autophagic flux inhibitor by
regulating ATG9A levels in mammalian cells (Kovaleva et al. 2012).

4.4.5 Regulation of Fusion

The fusion of the outer membrane of autophagosome and lysosome, leading to the
formation of autophagolysosome is the final step of autophagy. This process is
governed by a variety of RAB proteins. RAB7 along with LAMP1 and LAMP2
are the main players of the fusion process. In the prostate cancer cell line, RAB27A
and LAMP3 are reported to be the targets of miR-205 (Pennati et al. 2014). miR-207
and miR-487-5p are shown to directly target LAMP2 (Bao et al. 2016; Tao et al.
2015). Bioinformatics analysis has shortlisted a series of miRNAs having potential
involvement in the fusion step. This involves miR-142, miR-204, miR-98, miR-124,
and miR-130 (Jegga et al. 2011). The predicted targets of these miRNAs are
v-SNARE protein, LAMP1, and LAMP2. miR-351, miR-125, miR-630, and
miR-374 are reported to regulate the levels of UVRAG (Fader et al. 2009).
UVRAG is involved in the regulation of membrane curvature and endosomal
trafficking leading to the maturation of autophagosomes through its interaction
with BECN1 (Fader et al. 2009).

4.4.6 Regulation of miRNA Biogenesis Pathway by Autophagy

The levels of miRNAs in cancer cells are generally low due to the downregulation of
major miRNA processing enzymes like Drosha and Dicer. These enzymes along
with AGO2 are reported to be directly targeted for autophagosomal degradation.
Inhibition of Dicer through the siRNA approach decreases LC3I and LC3II levels
regardless of the presence or absence of Bafilomycin A1 (Kovaleva et al. 2012).
Gibbings et al. have found that Dicer and AGO2 associate with the autophagy
receptor NDP52 leading to their degradation (Gibbings et al. 2012). The
autophagy-deficient cells show an increase in inactive Dicer-AGO2 complex and
decreased ability of AGO2 to bind to miRNAs leading to a decrease in miRNA
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levels (Gibbings et al. 2012; Wampfler et al. 2015). They hypothesized that reduc-
tion in autophagy leads to an accumulation of inactive Dicer-AGO2 complexes and
these inactive complexes can suppress the activity of active Dicer–AGO2
complexes. So, the degradation of the inactive Dicer-AGO2 complex is necessary
for the proper functioning of Dicer–AGO2 complexes (Gibbings et al. 2012).

4.5 Role of Autophagy Regulating miRNAs and Cancer

Many autophagy regulating miRNAs are shown to regulate tumor growth, metabo-
lism, migration, hypoxia, and response to drugs and radiotherapy. Some of the
miRNAs modulating autophagy are being used as cancer biomarkers or anti-cancer
agents due to their efficacy in regulating gene expression. Many groups have
suggested the central role of miRNA in deciphering the outcome of cancer.

4.5.1 Cancer Cell Survival and Their Growth

Autophagy plays a major role in the growth of tumor cells and thus an important
function of miRNAs is to regulate autophagy in cancer cells and control their growth
and proliferation. In H1299, non-small lung cancer cells, overexpression of miR-143
by using mimics reduced their proliferation significantly by directly targeting
ATG2b leading to autophagy inhibition (Wei et al. 2015). In medullary thyroid
cancer cell lines, upregulation of miR-9-3p arrested cells at the G2 phase of cell cycle
leading to inhibition of autophagy by decreasing the expression of major autophagy-
related proteins like mTOR, ATG5, LAMP-1, and PIK3C3 which subsequently
causes cell death (Gundara et al. 2015). Zhai et al. have shown that miR-502 inhibits
autophagy by targeting RAB1B and p53 and overexpression of miR-502 reduced
cell cycle progression and cell growth in vitro in colon cancer cells (Zhai et al. 2013).
In another study, miR-204 is reported to suppress the growth of renal clear cell
carcinoma cells in vitro and in mice by regulating LC3 expression. miR-204 is also
known to target a tumor suppressor gene, von Hippel-Lindeu (VHL, Hall et al. 2014;
Mikhaylova et al. 2012). VHL in turn suppresses the expression of transient receptor
potential melastatin 3 (TRPM3) involved in renal clear cell carcinoma progression
(Hall et al. 2014).

Feng et al. induced nutrient starvation in breast cancer cells and found that
miR-372 expression is suppressed by Yin Yang 1 (YY1) leading to an increase in
autophagy. Upregulating miR-372 leads to inhibition of autophagy and subsequent
growth in cancer cells (Feng et al. 2014). Overexpression of miR-100 has been
shown to reduce the cell viability of hepatocellular carcinoma cells. miR-100
directly targets the 3’UTR of mTOR to regulate its expression and activate ATG7,
leading to autophagy induction that kills the cancer cells (Ge et al. 2014).
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4.5.2 Cancer Cell Metabolism

The autophagy regulating miRNAs are also reported to regulate the metabolism and
metabolic stress responses toward the tumor cells.

In colorectal adenoma, miR-124 was found to be downregulated (Taniguchi et al.
2015). Further studies on target validation showed that miR-124 targets
polypyrimidine tsat binding protein 1 (PTB1). It regulates the splicing of pyruvate
kinase muscle to isoform 1 (PKM1) or isoform 2 (PKM2, Taniguchi et al. 2015).
PKM1 stimulates oxidative phosphorylation and is only found in normal tissues and
cells, whereas PKM2 is exclusively present on constantly proliferating cells like
cancer cells. In cancer cells, PKM2 boosts glycolysis even in the presence of
abundant oxygen, thus helping the cancer cell metabolism and growth. So,
overexpressing miR-124 suppresses PTB1 leading to a switch between the PKM
isoforms. miR-124 preferentially favors PKM1 over PKM2 thus increasing ROS
accumulation and oxidative phosphorylation in tumor cells (Taniguchi et al. 2015).

In lung cancer cells, A549 and H460, expression of miR-144 is suppressed.
Upregulating its expression by using mimics blocked the proliferation of cancer
cells and induced autophagy and apoptosis (Chen et al. 2015). Chen et al. showed
that miR-144 targets TIGAR, a glycolysis and apoptosis regulator which is respon-
sible for a reduction in oxidative burden and regulates cell energy for metabolism
(Chen et al. 2015).

In melanoma cells, another set of miRNAs, that is, miR-290-295 cluster of
miRNAs target the 3’UTR of ATG7 and ULK1 (Chen et al. 2012b). These sets of
miRNAs confer resistance to metabolic stress-induced cell death in B16F1 mela-
noma cells by inhibiting autophagy. Glucose starvation-induced cell death in these
cells by upregulating autophagy but overexpressing miR-290-295 cluster of
miRNAs reversed this effect and helped in the survival of tumor cells (Chen et al.
2012b).

In malignant mesothelioma tissues, expression of miR-126 is found to be
downregulated and it is shown to suppress cancer cell growth (Tomasetti et al.
2016). miR-126 suppressed IRS1 and decreased glucose uptake by the cells causing
energy deprivation amongst the cancer cells. AMPK gets activated upon energy
deprivation and further activates ULK1. miR-126 is also reported to alter the
expression of other key proteins involved in the metabolism like acetyl co-A citrate
and pyruvate dehydrogenase kinase (Tomasetti et al. 2016).

4.5.3 Hypoxia Responses

Due to irregular blood supply and abnormal vascularization, tumor cells develop a
hypoxic environment. The hypoxic tumor cells rely on autophagy for their survival.
Thus, a number of miRNAs regulate autophagy to control hypoxia-induced
responses in cancer cells.

Upon hypoxia in prostate cancer cell lines DU145 and PC3, miR-124, and
miR-144 were found to be downregulated (Gu et al. 2016). Overexpression of
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these miRNAs in prostate cancer cells led to a reduction in hypoxia-mediated
autophagy and increased radiation-induced cell death (Gu et al. 2016). Another
study has shown that miR-96 under moderate levels enhances hypoxia-mediated
autophagy by suppressing mTOR (Ma et al. 2014). Whereas, overexpression of the
same miRNA inhibited hypoxia-induced autophagy by targeting ATG7 (Ma et al.
2014).

miR-375 is known to be downregulated following hypoxia in hepatocellular
carcinoma cell lines compared to normal liver tissues. It was found to target the
3’UTR of ATG7 to suppress hypoxia-mediated autophagy leading to cell death
(Chang et al. 2012). In glioblastoma cells, hypoxia leads to the downregulation of
miR-224-3p but on the contrary, overexpression of miR-224-3p reduced hypoxia-
mediated autophagy leading to cell death. miR-224-3p is shown to directly target
ATG5 and FIP200 to inhibit autophagy, and inhibition of miR-224-3p increased
hypoxia-mediated autophagy (Guo et al. 2015). Hypoxia also leads to the
upregulation of IL-6 production in glioblastoma cells. Previous study has shown
that overexpression of IL-6 leads to the activation of autophagy (Xue et al. 2016).
Increased IL-6 secretion leads to an increase in the level of miR-155-3p through
STAT3 dependent signaling pathway. miR-155-3p is reported to directly target the
CREB3 regulatory factor (CREBRF) leading to an increase in the expression of
ATG5 and autophagy that enhanced the survival of the cells. Blocking IL-6 reduced
autophagy, increased cancer cell death, and decreased the tumor burden. On the
contrary, complementary strand miR-155-5p is reported to block autophagy by
downregulating mTOR and causing cell cycle arrest. Therefore, miR-155-3p and
miR-155-5p acts as a switch to determine the final autophagy-related outcome under
hypoxic environment (Wan et al. 2014).

4.5.4 Angiogenesis

Autophagic activity is extremely important for angiogenesis and some miRNAs are
shown to regulate autophagy-induced angiogenesis in tumor vascularization. In
endothelial progenitor cells, miR-195 is reported to inhibit autophagy by targeting
GABARAP like 1 (GABARAPL1) protein, and knocking down miR-195 led to
stimulation of autophagy and promoted angiogenesis and cell growth under hypoxia
(Mo et al. 2016). Inhibition of autophagy by the addition of 3-MA blocked all the
above responses indicating the role of autophagy in tumor growth and angiogenesis
(Mo et al. 2016). In prostate cancer cells, miR-212 was found to be downregulated
and it is shown that miR-212 is able to inhibit autophagy by directly targeting the
autophagy activator SIRT1 (Ramalinga et al. 2015). Overexpressing miR-212 led to
the suppression of angiogenesis and the death of cancer cells (Ramalinga et al.
2015). Another study has shown that inhibition of miR-130a led to autophagy
induction and initiated cell death in endothelial progenitor cells (Xu et al. 2014).
The level of miR-1273g-3p is also elucidated to be increased upon glucose level
fluctuations that induced autophagy and inhibited angiogenesis in cancer cells (Guo
et al. 2016).
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4.5.5 Autophagy Regulating miRNAs as Biomarkers in Cancer

Some of the miRNAs involved in the regulation of autophagy have been reported as
potential biomarkers of cancer. A recent study by Fan et al. 2020 unraveled the link
between miR-1246 expression and sensitivity of irradiation of non-small cell lung
cancer (NSCLC) cells. They had shown that the expression of miR-1246 promoted
the resistance of NSCLC cells toward irradiation through inhibition of mTOR and
activation of autophagy. Furthermore, the study also established the prospective role
of miR-1246 to act as a biomarker for predicting the efficacy of radiotherapy in
NSCLC patients and a probable target for radiotherapy sensitization.

Another recent study (Guo et al. 2019) demonstrates the effect of miR-384 on
tumor progression and autophagy in NSCLC cells. Based on a previous study (Fan
et al. 2017), the authors of this paper found that the expression of miR-384 was
significantly downregulated in NSCLC cells and reasoned that miR-384 can be a
potential therapeutic target. They also found elevated expression of Collagen α-1
(X) chain (COL10A1) and co-related inverse relationship between miR-384 and
COL10A1. Overexpression of miR-384 or inhibition in COL10A1 expression led to
inhibition in NSCLC cell proliferation and tumor growth through autophagy induc-
tion. Overall, this study concluded that miR-384 can promote apoptosis and
autophagy in NSCLC cells by downregulating COL10A1 and this potential can be
used as a biomarker for the prediction of NSCLC (Guo et al. 2019).

A recent study demonstrated the effect of miR-1251-5p on autophagy and its
consequence on tumor progression in ovarian cancer cells (Shao et al. 2019).
Autophagy, being a complex process, is capable of either promoting or inhibiting
tumorigenesis depending on the tissue and context (Chen and Debnath 2010;
Kroemer et al. 2010; Yun and Lee 2018). In the above-mentioned study,
miR-1251-5p mimics increased cell cycle progression and cell proliferation whereas
overexpression of tumor-binding cofactor C (TBCC) increased the expression of p62
and α/β-tubulin along with inhibition of the expression of CDK4 and LC3BII which
resulted in suppression of cell growth and autophagy. In ovarian cancer cells, effects
on TBCC were rescued by miR-1251-5p and promoted tumor growth. Since
miR-1251-5p can directly target TBCC and enhances autophagy leading to the
promotion of carcinogenesis in ovarian cancer, it can be used as a biomarker to
know the severity of the disease.

In breast cancer tissues, expression of miR-205 and miR-342 levels were found to
be low (Savad et al. 2012) whereas the high expression of miR-155 and miR-493 is
correlated as a better recovery of patients from cancer (Gasparini et al. 2014) and
suppression of miR-30e and miR-27a is associated with worsening of the disease
(Gasparini et al. 2014). In ovarian cancer, a decrease in miR-152 level is correlated
with cisplatin resistance (He et al. 2015) and miR-29b expression is associated with
recovery (Dai et al. 2014). A decrease in the expression of miR-212 in sera and
tumor tissue of patients is used as a diagnosis for prostate cancer (Ramalinga et al.
2015).
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4.5.6 Role of Autophagy Regulating miRNA in Tumor Therapy

Upon identification of miRNAs in 1993, its diagnostic application in different
diseases has been demonstrated. miRNA plays a central role in controlling tumor
suppression in cancer. It was found by Calin et al. that downregulation or deletion of
miR-16-1 and miR-15a in 13q14 leads to the progression of CLL (Calin et al. 2002).
Expression of miR-16-1 and miR-15a in CLL decreases the expression of B-cell
lymphoma 2 (BCL2) that has been shown to be induced by heat shock and cell stress
and prevent apoptosis of tumor cells, thereby giving credence to the fact that
miRNAs can be used in cancer therapy (Tsujimoto 1989; Cimmino et al. 2005).
Takamizawa et al. have found that in A549 lung adenocarcinoma cells,
overexpression of miRNA let-7 inhibits the growth of cancer cells in vivo
(Takamizawa et al. 2004). In epithelial ovarian cancer (EOC) cells, miR-199a
regulates IKKβ expression, and inhibits the proliferation of these cells (Chen et al.
2008). Downregulation of miR-221 by isoflavone, bio response formulated 3,3-
0-diindolylmethane (BR-DIM) and difluorinated curcumin (CDF), inhibits prolifera-
tion of pancreatic cancer cells (Sarkar et al. 2013). In colorectal cancer (CRC),
upregulation of miR-324-5p suppresses the proliferation of colorectal tumor cells
and its invasion by targeting embryonic lethal abnormal vision-like protein
1 (ELAVL1, Gu et al. 2019). miR-331-3p is reported to reduce the expression of
erythroblastic oncogene B-2 (ERBB-2) in prostate cancer (PCa, Epis et al. 2009).
ERBB-2 associated with androgen receptor signaling that promotes cell proliferation
proteins known to prevent apoptosis of tumor cells which was induced by heat shock
and chemotherapeutics (Vernimmen et al. 2003). miR-199b-5b also suppresses
tumor progression in breast cancer by inhibiting angiogenesis because miR-199b-
5p treated mice showed a reduction in tumor size and the number of blood vessels in
tumors and nearby tissues (Lin et al. 2019). miR-524 also affects tumor growth and
angiogenesis by inhibiting the expression of angiopoietin-2 (He et al. 2014). Role of
different miRNAs like miR-320, and miR-29b have been elucidated to suppress
angiogenesis by inhibiting expression of neuropilin1 and Akt3 respectively
(Wu et al. 2014; Li et al. 2017). In breast cancer cells, overexpression of miR-340
is elucidated to downregulate the level of ROCK1 and inhibits invasion, migration,
and proliferation of tumor cells (Maskey et al. 2017). In hepatocellular carcinoma
overexpression on miR-145 downregulates the ROCK1 expression and inhibits cell
proliferation (Ding et al. 2016).

4.5.6.1 miRNA Regulates Autophagy and Inhibits Tumor Progression
Autophagy plays a dual role in cancer progression and suppression. Several studies
say that autophagy promotes tumor survival by supplying nutrients to the stressed
cancer cells (White and DiPaola 2009). In colorectal cancer stem cells, aberrant
expression of miR-140-5p inhibits growth and interferes with autophagy through son
of a mother against decapentaplegic (Smad 2) and ATG12 inhibition (Zhai et al.
2015). miR-502 has been reported to inhibit autophagy by suppressing Rab1 in
colon cancer cells. It is also known to inhibit cancer cell growth and arrest cell cycle
that impedes tumor progression (Zhai et al. 2013). In small cell lung cancer cells,
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overexpression of miR-143 decreases autophagy by targeting ATG2B leading to
inhibition of cancer cell proliferation (Wei et al. 2015). Overexpression of miR-193b
is reported to increase autophagy in oesophageal cancer cells and non-apoptotic cell
death (Nyhan et al. 2016). On the contrary, miR-9-3p is known to inhibit autophagy
and also decreases the expression of BCL-2 leading to apoptosis in medullary
thyroid cancer cells (Gundara et al. 2015). Downregulation of autophagy was also
manifested by miR-17-5p through a reduction in Beclin1 expression in paclitaxel
resistance cancer cells (Chatterjee et al. 2014). Heterogenous unclear
ribonucleoproteinA1 (hnRNP A1) that prevents apoptosis of cancerous cells by
increasing connective tissue growth factor (CTGF) and CyclinD1 has been
elucidated to be degraded through the autophagic pathway by miR-18a over-expres-
sion in colon cancer cells (Fujiya et al. 2014).

4.5.6.2 miRNA Inhibits Chemoresistance Tumor Cell Growth by
Modulating Autophagy

In osteosarcoma cells, chemotherapy-induced autophagy imparts chemoresistance
whereas miR-101 block the activation of autophagy in chemoresistance osteosar-
coma cells and enhance their sensitivity to chemotherapy (Chang et al. 2014). In
gastric cancer cells, autophagy is shown to help the tumor cells in survival against
different drugs by converting them to chemoresistance cells. Overexpression of
miR-23b-3p in multidrug resistance tumor cells, is reported to inhibit autophagy
by targeting ATG12 and high-mobility group protein B2 (HMGB2) that increases
sensitivity to different drugs (An et al. 2015). In hepatocarcinoma cells, autophagy
prevents the apoptosis of cancerous cells induced by drug-like cisplatin and helps in
promoting cell growth, whereas miR-101 overexpression has been reported to inhibit
autophagy and induce apoptosis in cancerous cells (Xu et al. 2013). Similarly, in
5-fluorouracil treated colorectal cancer cells, miR-22 inhibits autophagy and
promotes apoptosis for efficiently killing the tumor cells (Zhang et al. 2015a).
HMGB1 has been shown to be targeted by miR-22 to inhibit autophagy that prevents
cell proliferation, migration, and invasion of osteocarcinoma cells (Guo et al. 2014).

4.5.6.3 miRNA Inhibits Radioresistance Tumor Cells Growth by
Modulating Autophagy

Autophagy helps the cancerous cells to survive from radiation treatment and makes
them resistant to radiation. In breast cancer cells, autophagy induced radiation
resistance is inhibited by miR-200 and makes the cells sensitized to radiation
treatment (Sun et al. 2015b). Hypoxia also induced autophagy to produce
radioresistance prostate cancer cells but overexpression of miR-124 and miR-144
decreases hypoxia-mediated autophagy and converts radioresistance tumor cells to
radiosensitive cells (Gu et al. 2016).
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4.6 Conclusion

miRNAs play a key role in regulating different biological processes. It has been
predicted that around 60% of all the protein-coding genes are regulated by miRNA.
As discussed in the review earlier, miRNAs directly or indirectly modulate
autophagy in different cancer types under different physiological conditions and in
response to different types of stress signals. Either a single miRNA can regulate the
expression of different autophagy-related proteins/pathways or many different
miRNAs can also control a single important autophagy-related protein and
pathways. The same stress signal or stimuli can modulate the expression of different
miRNAs in different cancer cell types. These miRNAs are generally termed as
oncomirs and tumor suppressors. Most of these miRNAs are reported to regulate
various autophagy-related genes. Autophagy plays an important role during cancer
progression and spread. Dysregulation or aberrant expression of autophagy
regulating miRNAs is involved in the development of different cancers. Due to the
ability of autophagy regulating miRNAs to control cancer progression, they are
being used in cancer treatment as they sensitize cells to chemotherapy and radiation
therapy. They can also be used as cancer biomarkers to accurately predict the
diagnosis of disease and to check the patient’s response to the treatment. Thus,
miRNA manipulations by using antagomirs, mimics, gene therapy, gene delivery, or
other strategies can be used for cancer treatment. Comprehensive knowledge of
miRNAs and related networks might contribute to the efforts involving autophagy
modulation as an innovative treatment approach.
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