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Abstract: Autophagy, a complex and highly regulated cellular process, is critical for the maintenance
of cellular homeostasis by lysosomal degradation of cellular debris, intracellular pathogens, and
dysfunctional organelles. It has become an interesting and attractive topic in cancer because of its dual
role as a tumor suppressor and cell survival mechanism. As a highly conserved pathway, autophagy is
strictly regulated by diverse non-coding RNAs (ncRNAs), ranging from short and flexible miRNAs to
IncRNAs and even circRNAs, which largely contribute to autophagy regulatory networks via complex
RNA interactions. The potential roles of RNA interactions during autophagy, especially in cancer
procession and further anticancer treatment, will aid our understanding of related RNAs in autophagy
in tumorigenesis and cancer treatment. Herein, we mainly summarized autophagy-related mRNAs and
ncRNAs, also providing RNA-RNA interactions and their potential roles in cancer prognosis, which
may deepen our understanding of the relationships between various RNAs during autophagy and
provide new insights into autophagy-related therapeutic strategies in personalized medicine.
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1. Introduction

The process of autophagy can effectively remove nutrients from cells and has been
shown to inhibit cancer development [1,2]. By removing damaged proteins and organelles,
autophagy can also limit oxidative stress and suppress oncogenic signals, further high-
lighting its potential significance in cancer [3-7]. Autophagy can have both positive and
negative effects on the development of tumors, promoting the death of tumor cells and
preventing the occurrence of tumors. It can also provide energy for cancer cells when
they are under stress [8]. However, as the tumor progresses, tumor cells utilize autophagy
in diverse ways to combat nutrient scarcity and hypoxia [9]. Regulating autophagy can
promote cancer cell proliferation, but it can also help inhibit the expression of oncogenes.
Decreased and abnormal autophagy inhibits the degradation of damaged components or
proteins in oxidative stress cells, leading to cancer development [10]. Some autophagy-
related genes (ATGs), such as ATG2B, ATG5, ATG9B, and ATG12, have been reported to
contain frameshift mutations in cancer [11,12], implicating the potential contributions to
tumorigenesis and cancer metastasis.

Both autophagy-related genes and non-coding RNAs (ncRNAs) are involved in the
autophagy process, mainly including microRNAs (miRNAs), long non-coding RNAs
(IncRNAs), and circular RNAs (circRNAs). Some genes have been used to treat patients
in dozens of clinical trials aimed at regulating autophagy to treat or prevent diseases [13].
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By directly suppressing DACT3 in cancer cells, miR-638 can promote autophagy and
malignant phenotypes [14], IncRNA MALAT1 may contribute to gastric cancer progression
via inhibiting autophagic flux [15], and exosomal circ_0091741 can promote cell autophagy
through the miR-330-3p/TRIM14/DvI2/Wnt/beta-catenin axis [16]. Some ncRNAs have
been observed to participate in the regulation of autophagy, either by inducing or inhibiting
it, leading to the modulation of cancer [17]. These diverse ncRNAs play a key role in
cancer cell homeostasis and cancer progression by regulating autophagy. Clarifying the
relationship between autophagy and ncRNAs will contribute to elucidating a promising
potential therapeutic target in cancer treatment. Indeed, different types of ncRNAs can
either promote or inhibit autophagy, which may, in turn, affect the migration of cancer
cells [18]. The discovery of ncRNAs in autophagy has opened up new possibilities for
understanding important biological processes. The expression and potential biological roles
of ncRNAs have a significant impact on the level of cellular autophagy during different
physiological and pathological stages, which may contribute to providing new insights for
the diagnosis and treatment of cancer.

In order to shed light on the intricate relationships between autophagy-related genes,
ncRNAs, and their potential impact on disease pathology, we mainly summarized autophagy-
related pathways and RNAs, together with their biological function in pathological pro-
cesses, especially the potential roles in cancer prognosis and treatment. Then, RNA in-
teractions were further discussed, aiming to understand the possible regulatory network
between various RNAs during autophagy, as well as their potential roles in autophagy-
related therapeutic strategies. A profound understanding of the autophagy-related RNA
regulatory network may contribute to clinical application in cancer diagnosis, classification,
and treatment.

2. Autophagy-Related Genes and Cancer

Autophagy is typically divided into distinct stages: initiation, vesicle nucleation,
vesicle elongation, vesicle fusion, and cargo degradation [19] (Figure 1). The first stage
involves the induction of autophagy under stress, such as starvation and hypoxia. In the
second stage, the PI3K complex initiates vesicle nucleation, and the third stage consists of
autophagic membrane elongation and completion, which are regulated by two systems,
the ATG12-ATG5-ATG16L and ATG8 (MAP1LC3 or LC3 in mammals) systems [20]. The
autophagosome fuses with the lysosome and is then degraded, and the macromolecules are
reused to fuel relevant metabolic pathways. The biological process of autophagy serves a
vital function in breaking down proteins and organelles to prevent the buildup of harmful
waste and maintain the proper functioning of cells and organisms [21,22]. It effectively
removes misfolded proteins and damaged organelles [23] and can promote survival in
nutrient-deficient environments [24]. Without its crucial role, abnormal cell function,
reactive oxygen species (ROS) imbalances, inflammation, and antigen presentation defects
could occur [25]. Thus, the cells are prone to malignant transformation into tumor cells.
Autophagy plays an important role in both tumor suppression and tumor promotion, and
mice with systemic mosaic deletion of Atg5 and liver-specific Atg7 /= can develop benign
liver adenomas [26].

It is generally accepted that autophagy can inhibit the growth and development of
tumor cells. In some cases, autophagy can promote tumor suppression by removing
specific factors, such as p62 and p53, and elevated levels of p62, found in many cancer
types, are thought to promote tumors [27], while the deficiency of p53 accelerates pan-
creatic tumor progression [28]. Some genes are identified as autophagy-related genes
at different stages (Table 1), such as the MTORC1 protein, which senses nutrients act-
ing as a suppressor of autophagy. NCAPD2 can restrict autophagy by regulating the
Ca?"/CAMKK2/AMPK/mTORC] pathway, thereby promoting colorectal cancer [29].
Meanwhile, AMPK is activated during instances of energy deprivation and encourages
autophagy, which fosters the formation of dormant polyploid giant cancer cells [30]. Au-
tophagy is heightened in hypoxic regions of tumors, which are vital for the survival of
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cancer cells. The removal of the BECN1 gene (Beclin-1) increases the likelihood of post-
partum breast tumor occurrence [31]. The deliberate suppression or removal of critical
autophagy genes in cancer cells has been shown to decrease their ability to survive and form
tumors, and the activation of tumor pathways and stress in the tumor microenvironment
may increase the need for autophagy to aid in tumor growth and survival. Based on its
critical roles in multiple biological processes, autophagy has a global role in metabolism,
protein and organelle quality control, and the relationship between autophagy and anti-
tumor immune response will enrich the relevant studies, especially in cancer treatment.
A better understanding of how cancer cells overcome the inhibitory effects of autophagy
to progress, as well as how autophagy maintains established survival, is crucial. The
regulation of autophagy is quite complex in tumorigenesis and cancer progression, and the
detailed molecular mechanism and possible clinical application in anticancer therapeutic
strategies remain a challenge.
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Figure 1. A simple model contains some autophagy-related genes and ncRNAs using Figdraw to indicate
the interactions of autophagy-related genes and ncRNAs. Autophagy-related genes can be regulated by
ncRNAs, and some IncRNAs and circRNAs may act as miRNA sponges to perturb gene expression.
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Table 1. Some related genes at different stages of autophagy:.
Autophagy Stage Name Composition
Energy depletion AMPK
mTOR complex mTORC1
mTORC2
Class III PI3K Vps34
complex Vpsl15
Initiation FIP200
ULK1
ULK complexes ULK2
ATG13
ATG101
Cljgfnlrlﬂl; {?K Beclin-1
Class III PI3K Vps34
complex Vps15
Vesicle nucleation Cl?gfnlg)ll; LSK Beclin-1
Bcl-2 family Bcl-2
- ATG14
ATG7
ATG5
Atgl2-Atg5-Atglé ATC12
Vesicle elongation ATG16
LC3-1
LG LC3-1I
ATG4B
STX17
- ATG10
LC3-1
LC3
Autophagosome formation (Vesicle fusion) LC3-II
- Rab7
- Rab5
- Rab9
- p62
LC3 LC3II
- Rab7
Maturation and degradation _ Rab8B
- Rab24
LAMP1
LAMP LAMP2

LAMP3
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As a natural and complex cellular process, multiple signaling pathways are
involved in the physiological process of autophagy, such as the PI3K-AKT-mTOR and
MAPK-Erk1/2 pathways. The PI3K/protein kinase B(AKT)/mTOR signaling pathway,
which inhibits autophagy in conditions of nutrient enrichment, is activated when PI3K
binds to growth factor receptors. AKT is activated, in turn activating mTOR. However,
PTEN can antagonize PI3K activity, thereby inhibiting AKT activity and mTOR activation,
and then inducing autophagy [32]. Upstream signals of the autophagy signaling pathway
are mainly involved in the mammalian target of the rapamycin (mTOR)-dependent
pathway and mTOR-independent pathway, such as AMP-activated protein kinase (AMPK),
PI3K, Ras-MAPK, p53, PTEN, and endoplasmic reticulum stress [33]. The process of
autophagy induction relies heavily on mTOR kinase. Autophagy is inhibited by the
activation of mTOR pathways, such as the AKT, MAPK, PI3K-I/ Akt and MAPK/Erk1/2
signaling pathways, while it is promoted by the negative regulation of mTOR pathways.
ULK is a key autophagy core protein with serine/threonine kinase activity. The activation
of the ULK complex in autophagic signaling, including ULK1 or ULK2, FIP200, and
ATG13, occurs prior to autolysosome assembly [34]. The ULK1 complex serves as a bridge
in vivo, connecting the upstream nutrient or energy sensors mTOR and AMPK with
the formation of downstream autophagosomes. The phosphorylation of ULK1 has long
been recognized as a critical regulator of autophagy. Recently, two kinases, AMPK and
mTOR, have been discovered to catalyze the phosphorylation of ULK1 [35], which may
play a pivotal role in autophagy. In the presence of adequate nutrition, when AMPK is
inactivated, mTOR can bind to ULK1 serine 757, leading to the inhibition of ULK1-AMPK
interaction, inactivation of ULK1, and, ultimately, the cessation of autophagy signaling.
There are both positive and negative links between apoptosis and autophagy, and there is
extensive signal “talk” between the two processes. When nutrients are deficient, autophagy
functions to promote cell survival, but excessive autophagy can lead to autophagic cell
death, which is morphologically distinct from apoptosis. Autophagy-related genes may
be potential drug targets via involvement in apoptosis regulation and PI3K/MTOR
signaling pathways (Figure 2A) [36], implying their potential clinical application in cancer
treatment [37]. These genes always show dynamic expression patterns in different cancer
types (Figure 2B,C), and abnormal expression patterns imply that these genes may be
critical in cancer tumorigenesis and metastasis [38]. For example, LAMP3 is detected
with higher expression pattern in some cancers, and overexpression may play a role in
tumorigenesis. Patients with higher or lower expression of specific genes may have better
survival (Figure 2D), suggesting potential roles for these genes in cancer prognosis [39].

A Drug Target gene Pathway B log,FC I Bl -log,pad OO@
2 0 -2-4 20 40 60
ABT737
BCL2 5 LAMP3 ®® [ XN ] e®®®o00
£
AZD2014 | BcL2, BCL-XL, BFL1, MCL1 =2 RAB24 X N
(o)) P
AZDB055 i BCL2, BCL-XL, BCL-W, BCL-B, BFL1| @ UL e ®
— @ RABOA * ®
Dactolisib BCL2, BCL-XL, BCL-W 2
g @ BECN™{ *
Navitoclax : BCL2, BCL-XL, BCL-W, MCL1 :3% S uke| ® i ®
Obatoclax ‘ v
e BCL2, BCL-XL, MCL1 O raBsB|{ * « @ * *
0sl-027 mTOR BCl2le 0o @0 @0 @ - .
= : } 2 PRKAG2 * o
apamycin [ mTORC1 g PRKAG3| # * * @ * ® & e @
(=]
Sabutoclax / ‘D PRKAA2| # @ ® ® * * @ ® C )
x
Temsirolimus mTORC1, mTORC2 o MAPILCIC|@ @ « o ¥ @ e @ @ .9
W 37 5 5203332830855 82¢k¢203
& xS afEI20928x0EbxIF
Venetoclax PI3K (CLASS 1), mTORC1, mTORC2| &
I3K (CLASS 1), mTORC1, | o Cancertype

Figure 2. Cont.
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Figure 2. Autophagy-related genes may be drug targets and have potential value in cancer prog-
nosis and treatment. (A). Some autophagy-related genes are potential drug targets that are mainly
involved in apoptosis regulation and PI3K/MTOR signaling pathways. The relationships among
drugs, genes, and pathways were calculated with the oncoPredict R package [40] based on Ge-
nomics of Drug Sensitivity in Cancer (GDSC) data [41]. (B). Some autophagy-related genes indi-
cate diverse expression distributions across different cancers according to sequencing data in The
Cancer Genome Atlas (TCGA). * indicates significantly upregulated or downregulated in specific
cancer (1logyFC| > 1.2 and padj < 0.05), using the limma package [42]. Abbreviations of cancers in
(B): BLCA, bladder urothelial carcinoma; BRCA, breast invasive carcinoma; CHOL, cholangiocarci-
noma; COAD, colon adenocarcinoma; ESCA, esophageal carcinoma; GBM, glioblastoma multiforme;
HNSC, head and neck squamous cell carcinoma; KICH, kidney chromophobe; KIRC, Kidney re-
nal clear cell carcinoma; KIRP, kidney renal papillary cell carcinoma; LIHC, liver hepatocellular
carcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; PRAD, prostate
adenocarcinoma; READ, rectum adenocarcinoma; STAD, stomach adenocarcinoma; THCA, thyroid
carcinoma; UCEC, uterine corpus endometrial carcinoma. (C). Examples of the detailed expression
distributions of autophagy-related genes across different cancers. For significantly upregulated
or downregulated expression, log, FC and padj are also presented (red shows upregulated expres-
sion; blue shows downregulated expression). (D). Survival analysis (according to the starBase
database [43]) shows that some genes may be associated with cancer prognoses.
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3. Regulation Roles of ncRNAs in Autophagy

Many autophagy-related genes may be directly or indirectly regulated by diverse
ncRNAs (Figure 1), demonstrating complex RNA interactions during the essential stages of
autophagy, including autophagy initiation, vesicle nucleation, autophagosome elongation,
autophagosome formation, and maturation [10]. They are also involved in regulating
the upstream signaling pathways that control autophagy induction. Some ncRNAs can
directly regulate genes related to autophagy and are known to have significant impacts
on various stages of the process and cancer development. Numerous human diseases,
ranging from cancer and neurodegeneration to metabolic disorders such as diabetes and
organ-related ailments such as heart, lung, liver, kidney, and stomach issues, have been
linked to autophagy dysfunction that may be involved in the regulatory roles of ncRNAs
(Tables 2—-4).

Table 2. Some related miRNAs at different stages of autophagy.

Autophagy Stage miRNA Disease/Cancer Target Function Signaling Pathway/Axis Ref.
initiation miR-20a/20b breastcancer  RBICCI/FIppop  Overexpression of mik-20a and miR-20b - [44]
attenuates autophagy
e . lung miRNA-106a targeted ULK1 results in . ~ ,
initiation miR-106a adenocarcinoma ULK1 death of different NSCLC cells miR-106a-ULK1 [45]
initiation miR-489 breast cancer ULKI, LAPTM4p ~ MiR-489 affects autcphagy by targeting - [46]
C : miR-25 functions as a regulator of ,
initiation miR-25 breast cancer ULK1 autophagy by targeting ULK1 — [47]
initiation miR-142-5p gastric cancer ULK1 miR-142-5p can regulate ULK1 expression - [48]
i o non-small cell _ miR-26 reduces autophagy via targeting @1
initiation miR-26 lung cancer TGF-B1 TGE-B1 TGEF-B1-JNK
initiation miR-17-5p cells ULK1 miR-17-5p inhibits ULK1 expression in B [49]
cellular autophagy
initiation miR-26b breast cancer DRAM1 miR-26b can suppress autophagy in TGF-B1JNK [50]
breast cancer cells
1 miR-885-3p contributes to the regulation
initiation miR-885-3p Sq&iﬂﬁg&f ULK2 of squamous cell carcinoma cell - [51]
autophagy
miR-133a-3p expression inhibits
AP o ~ . ATG13, autophagy to hinder gastric cancer _
initiation miR-133a-3p gastric cancer GABARAPL1 metastasis via blocking GABARAPL1 and (521
ATG13 expression
miR-20a inhibits the expression of ULK1,
initiation miR-20a C2C12 myoblasts ULK1 which leads to a reduction in autophagy PI3K-AKT- MTOR [53]
induced by leucine deprivation
initiation miR-100 renal cell mTOR miR-100 can inactivate mTOR and thus mTOR [54]
carcinoma increase autophagy in renal cancer cells. -
Overexpression of miR-30a inhibits
vesicle nucleation miR-30a hepatic fibrosis Beclin-1 Beclinl-mediated autophagy to prevent - [55]
the occurrence of liver fibrosis
BECN1, Beclin-1, R_03 by .
vesicle nucleation miR-93 glioblastoma ATG5, ATG4B, MiR-93 mhlbllt.s ?uto?haﬁy f‘md“’f‘s by PI3K-AKT [56]
SQSTM1/p62 targeting multiple autophagy regulators
miR-124-3p promotes the progression of
vesicle nucleation miR-124-3p breast cancer Beclin-1, LC3-1 breast cancer cells by enhancing the - [57]
expression of Beclin-1
Downregulation of miR-30a expression
vesicle nucleation miR-30a cardiomyocyte Beclin-1 upregulates beclin-1 expression and - [58]
enhances autophagy in cardiomyocytes
miR-30a inhibits autophagy by
vesicle nucleation miR-30a medulloblastoma Beclin-1, LC3B downregulating the expression of - [59]
Beclin-land LC3B
. . i . Beclin-1, LC3-], miR-30e can downregulate the expression B
vesicle nucleation miR-30e cardiomyopathy LC3.I1 of Beclin-1 [60]
vesicle nucleation miR-30d colon cancer Beclin-1 Overexp ression of miR-30d inhibits the - [61]
proliferation of colon cancer cells
. . . renal cell miR-30d targets MTDH and inhibits renal
vesicle nucleation miR-30d carcinoma MTDH cancer cells AKT/FOXO [62]
vesicle nucleation miR-124-3p breast cancer Beclin-1 Decreased miR-124-3p expression - [57]

prompts breast cancer cell progression
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Autophagy Stage miRNA Disease/Cancer Target Function Signaling Pathway/Axis  Ref.
miR-216b can inhibit cisplatin sensitivity
; : : non-small cell . of NSCLC through regulating apoptosis . . .
vesicle nucleation miR-216b lung cancer Beclin-1 and autophagy via miR-216b,/Beclin-1 miR-216b/Beclin-1 axis [63]
pathway
1 cell miR-17-5p facilitates the ability of cell
vesicle nucleation miR-17-5p nﬁl I;;r?:nccei Beclin-1 proliferatipn, inhibits al.ltophagy and - [64]
apoptosis by modulating Beclin-1
miR-143 targets various cellular that are
vesicle nucleation miR-143 colorectal cancer Beclin-1 involved in the autophagy pathways PI3K/AKT/Wnt [65]
pathogenesis of colorectal cancer
miR-23a inhibits the autophagy of
elongation miR-23a fibroblasts AMBRA1 fibroblasts during UV-induced - [66]
photoaging
; Downregulation of miR-23a-5p in
elongation miR-23a-5p ac111te lin i/neilmd TLR2 leukemic cells can lead to the - [67]
cukerua upregulation of protective autophagy
AMBRAL1 is targeted by miR-7, leading to
elongation miR-7 lung cancer AMBRA1 the promotion of lung cancer cell AKT [68]
proliferation
ATG12, induced by miR-128a, loss
elongation miR-128a osteoarthritis ATG12 represses chondrocyte autophagy to - [69]
aggravate OA progression
¢ tic brai miR-23b directly targets to the 3'UTR
elongation miR-23b raurﬂg ul;‘ rain ATGI12 region of ATGI12 to suppress the - [70]
jury activation of neuronal autophagy
miR-214 inhibits autophagy and
elongation miR-214 colorectal cancer ATG12, LC3 induction of apoptosis by targeting - [71]
A"IPGlZ
miR-106b inhibits starvation-induced
aut;)phag(_)some miR-106b colorectal cancer ATGI16L1 autophagy by inhibiting the expression of - [72]
ormation ATGl6§1
autophagosome D13, . miR-138-5p specifically targets SIRT1, B
maturation miR-138-5p pancreatic cancer SIRT1 thereby inhibiting autophagy. (73]
tonh miR-487b-5p directly targets LAMP2 to
autophagosome miR-487b-5p lung cancer LAMP2 affect the latter stage of autophagy flux in — [74]
maturation
lung cancer
autophagosome o miR-205 inhibits autophagy in prostate R
maturation miR-205 prostate cancer RAB27A, LAMP3 cancer cells [75]
miR-378 promotes autophagy initiation
through the mammalian target of
autophagosome o _ rapamycin mTOR/ULK1 pathway and
maturation miR-378 PDKI sustains autophagy by targeting mTOR/ULK1 [76]
phosphoinositide-dependent protein
kinase 1 (PDK1)
Table 3. Some related IncRNAs at different stages of autophagy.
Autophagy Stage IncRNA Cancer/Disease Target Function Patshi‘%\g;lsi?Agxis Refs.
o AMPK promotes the activation of autophagy
initiation IncRNA NBR2 colorectal cancer AMPK by binding to IncRNA NBR2 mTOR [77]
Overexpression of AD5-A IncRNA can block
initiation IncRNA ADS-A hepatocellular AKT,mTOR the function of miRNAS to inhibit AKT/mTOR AKT/mTOR [78]
IncRNA carcinoma (HCC) S ivati
activity and promote autophagy activation
IncRNA SNHG6 is able to promote colorectal
initiation IncRNA SNHG6 colorectal cancer ULK1 cancer chemoresistance and enhance - [79]
autophagy through regulation of ULK1
. IncRNA MALAT1 can promote the expression
__brain 1 of ULK2, suggesting that MALAT1 protects
initiation IncRNA MALAT1 Hlelfllao(;;;seﬁ;lala r ULK2 brain microvascular endothelial cells from - [80]
cell injury ischemia—reperfusion injury by
promoting autophagy
o . H19 could inhibit cardiomyocyte autophagy
initiation IncRNA H19 cardiomyocytes DIRAS3 by epigenetically silencing DIRAS3 mTOR [81]
initiation IncRNA SNHG1 parkinson’s LC3-II Downregulated IncRNA SNHG1 inhibits the mTOR 182]

disease

mTOR pathway and initiates autophagy
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Table 3. Cont.
Autophagy Stage IncRNA Cancer/Disease Target Function Pa?}igvr:;rlsi/nAgxis Refs.
AK156230 can inhibit replicative senescence
s IncRNA mouse embryonic (RS); meanwhile, the mTOR signaling pathway N
initiation AK156230 fibroblasts mTOR leads to autophagy deficiency, which may mTOR [83]
accelerate aging
Overexpression of IncRNA PTENP1 indirectly
initiation IncRN'A PTENP1 hepatocellular AKT ) inhibits the PI3K/AKT pathway a'nd then PI3K/AKT [84,
carcinoma cells induces pro-death autophagy, leading to the 85]
death of hepatocellular carcinoma cells
The expression of IncRNA SNHG12 promotes
vesicle nucleation ~ IncRNA SNHG12 SH-SY5Y cells LC3-1I, Beclin-1 LC3-II and Beclin-1 expression levels, thus - [86]
inducing autophagy activation
AC023115.3 is induced by cisplatin, and
vesicle nucleation IncRNA human Beclin-1 elevated AC023115.3 promotes miR-26a-GSK33- [87]
esicle nucleatio AC023115.3 glioblastoma cells ec cisplatin-induced apoptosis by Mecll axis
inhibiting autophagy
PVT1 interacts with ATG14 in the cytoplasm,
vesicle nucleation IncRNA PVT1 - ATG14 and PVT1 can upregulate the expression of - [88]
both Pygo2 and ATG14, thus regulating
autophagic activity
EIF3J-DT activates autophagy and induces
. . . drug resistance in gastric cancer cells by }
vesicle nucleation IncRNA EIF3]-DT gastric cancer ATG14 targeting ATG14, thus contributing to [89]
activation of autophagy
IncRNA NEAT1 can induce abnormal
vesicle nucleation IncRNA NEAT1 Park1nson s LC3-1I autophagy by stabilizing PINK1, which is an - [90]
disease LC3-II upstream regulatory factor and plays a
role in the pathogenesis of PD
IncRNA CCAT1 facilitates hepatocellular
elongation IncRNA CCAT1 hepa}tocellular ATG7 carcir}oma_cell autophagy and cell _ [91]
carcinoma cell proliferation, and then regulates
ATG7 expression
Beclin-1, ATGS3, IncRNA GASS5, upregulating in osteoarthritis
elongation IncRNA GAS5 osteoarthritis ATG5, ATG7, (OA), contributes to the pathogenesis of OA - [92]
ATG12 and thereby represses autophagy
. IncRNA HNF1A-AS1, binding to its target
. IncRNA hepatocellular ATGS5, Beclin-1, .
elongation HNF1A-AS1 cre)arcinoma ATG12 Beclin-1, AT_GS, and ATG12, can p_rovoke - [93]
autophagy in hepatocellular carcinoma
IncRNA HOTAIR is upregulated to promote
: hepatocellular hepatocellular carcinoma cell proliferation, R )
elongation IncRNA HOTAIR carcinoma ATG3, ATG7 probably by enhancing ATG3 and [94]
ATG? expression
. . . IncRNA HULC overexpression reduces ATG?,
elongation IncRNA HULC eplthehgl ovarian ATG7, LC3-11, LC3-II, and LAMP1 expression, and then - [95]
carcinoma LAMP1 - L
reduces apoptosis and inhibits autophagy
Table 4. Some related circRNAs at different stages of autophagy.
. . . Signaling
Autophagy Stage circRNA Cancer/Disease Target Function Pathway/Axis Ref.
chronic circ_0009910 can regulate the
initiation circ_0009910 myeloid ULK1 expression of ULK1, thereby activating - [96]
leukemia the level of autophagy
circ_CDYL regulates the expression of
initiation circ_CDYL breast cancer ATG7, ULK1 autophagy-related genes ATG7 and - [97]
ULKT1, thus promoting autophagy
acute mveloid circ-PAN3 regulates autophagy via the
initiation circ_PAN3 leukeymia mTOR AMPK/mTOR signaling pathway in AMPK/mTOR [98]
acute myeloid leukemia
circRNA ACR in RSC96 cells promotes
e : the activation of the
initiation circRNA ACR RSC96 cells mTOR PI3K/AKT/mTOR pathway to PIBK/AKT/mTOR [99]
alleviate autophagy
esophageal circRNA ciRS-7 affects the
initiation circRNA ciRS-7  squamous cell mTOR AKT-mTOR signaling pathway, thus AKT-mTOR [100]
carcinoma inhibiting autophagy of ESCC cells
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Table 4. Cont.
Autophagy Stage Cancer/Disease Target Function Pa?lil%? :}II}Z%( is Ref.
ithelial Beclinl, circ_MUC16 promotes autophagy in
vesicle nucleation circ. MUC16 OV:Filaneczliillcer RUNX1, epithelial ovarian cancer by regulating - [101]
ATG13 Beclinl, RUNX1, and ATG13
circPOFUT1 promotes ATG12
vesicle nucleation circPOFUT1 gastric cancer ATG12 expression to regulate . - [102]
autophagy-associated chemoresistance
in gastric cancer
ATG7, LC3-I, circ_0092276 affects autophagy and
elongation circ_0092276 breast cancer LC3-, proliferation, and represses apoptosis - [103]
Beclin-1 of breast cancer cells
when circ_0035483 expression is
- : renal clear cell downregulated, the LC3II/LC3I ratio ) )
elongation circ_0035483 carcinoma cells LC3-1I, LC3-1 is significantly reduced, thus [104]
inhibiting autophagy
Autophagosome intestinal circ_ PABPNT1 inhibits ATG16L1
phag circ_ PABPN1 ntestina ATG16L1 translation and thus regulates - [105]
formation epithelial cells

autophagy in intestinal epithelial cells

3.1. Regulation of ncRNAs in Autophagy Initiation

Autophagy in higher mammals is mainly triggered by ULK complexes and facilitated
by AMPK, AKT, mTOR, ULK complex, etc. NcRNAs primarily control the process of
autophagy induction by regulating these compounds, such as factors that affect cancer cell
migration. Understanding the role of ncRNAs in regulating autophagy in diseases will
provide new strategies for the clinical treatment of various autophagy-related diseases.

NcRNAs can influence the initiation phase of autophagy in human cancer by regulat-
ing the expression of various components in the ULK complex, which is a key autophagy
core protein during the initiation of autophagy. For example, miR-17 family members,
miR-20a and miR-106b, may regulate autophagy induced by leucine deprivation in C2C12
myoblasts by inhibiting ULK1 expression [53]. It has been confirmed that other members
of the miR-17 family, namely miR-20b, miR-106a, miR-93, and miR-17-5p, also inhibit
the expression of ULK1, which in turn inhibits autophagy [44]. Autophagy protects lung
adenocarcinoma cells by decreasing ULK1 expression via the miR-106a-ULK1 axis [45].
Other miRNAs, including miR-489, miR-142-5p, and miR-25, can affect autophagy by
targeting ULK1 [46—48]. ULK2 is regulated by miR-885-3p, suggesting that miR-885-3p
might contribute to the regulation of squamous cell carcinoma cell autophagy and/or
apoptosis upon cisplatin exposure [51]. Furthermore, IncRNA SNHGH is able to promote
colorectal cancer chemoresistance and enhance autophagy through regulation of ULK1 by
sponging miR-26a-5p [79]. Knockdown of IncRNA AK044604 (regulator of insulin sensitiv-
ity and autophagy, RISA), a regulatory factor, regulates insulin sensitivity and autophagy
in mice, increases the phosphorylation of ULK1, and thus helps initiate autophagy and
weaken insulin resistance [106]. Circ_0009910 has been found to regulate the expression of
ULK1 by sponging miR-34a-5p in chronic myeloid leukemia, thereby activating the level of
autophagy [96], and circ_CDYL accelerates autophagic flux via sponging miR-1275 and
regulating the expression of autophagy-related genes ATG7 and ULK1, thus promoting
autophagy and the progression of breast cancer [97]. ATG13 can be regulated by miR-133a-
3p, and FIP200 can be simultaneously regulated by several miRNAs, including miR-20a,
miR-20b, miR-224-3p, and miR-309-3p [52]. In addition, circMUC16 can directly associate
with ATG13, stabilize its expression, and then promote autophagy in epithelial ovarian
cancer by regulating Beclinl, RUNX1, and ATG13 [101].

mTOR plays an important role in the initiation of cell autophagy and can be pro-
moted via activated AKT. The miR-99 family, comprising miR-99a, miR-99b, and miR-100,
can indirectly promote autophagy by inhibiting the IGF-1R/AKT/mTOR signaling path-
way, while miR-100 can inhibit mTOR and then activate autophagy [54]. miR-378 pro-
motes autophagy initiation through the mTOR/ULK1 axis and sustains autophagy via
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FoxO-mediated transcriptional reinforcement [76]. LncRNAs can also regulate autophagy
by directly or indirectly affecting mTOR molecules. For example, overexpression of NBR2
can inhibit the mTOR pathway and AMPK is activated, boosting AMPK levels in colorectal
cancer under energy stress [77]. LncRNA H9 plays an important role in p38/AMPK/mTOR,
toll-like receptor, and autophagic activation [107], and overexpression of IncRNA PTENP1
indirectly inhibits the PI3K/AKT pathway through PTEN overexpression and then induces
pro-death autophagy, leading to the death of hepatocellular carcinoma cells [84,85]. In
esophageal squamous cell carcinoma, circRNA ciRS-7 affects the epidermal growth factor
receptor AKT-mTOR signaling pathway, thus inhibiting the autophagy of ESCC cells [100].

3.2. Regulation of ncRNAs in Vesicle Nucleation

During vesicle nucleation, proteins and liposomes combine to form double-membrane
binding vesicles, known as autophagosomes. This process is mainly initiated by a complex
of autophagy-related proteins called the class III phosphatidylinositol 3-kinase (PI3K)
complex. Diverse ncRNAs have powerful regulatory versus control roles during the vesicle
nucleation stage.

Beclin-1, one of the key molecules of autophagosome nucleation, is a critical target for
regulating autophagy, and may play a key role in whether cells eventually go to autophagy
or apoptosis. Several miRNAs, including miR-124-3p, miR-216b, miR-376b, miR-409-3p,
and members of the miR-30 family, have been reported to affect the expression of Beclin-1
and autophagy by targeting the 3'-UTR of Beclin-1 [58]. miR-30a targets Beclin-1, which
mediates autophagy [58], and inhibits autophagy by downregulating the expression of
Beclin-1 in medulloblastoma [59]. miR-216b can inhibit cisplatin sensitivity of non-small
cell lung cancer through regulating apoptosis and autophagy via miR-216b/Beclin-1 path-
way [63], and miR-143 plays an essential role in tumorigenesis and chemotherapy resistance
by targeting the various cellular and molecular pathways (i.e., PI3K/AKT/Wnt, EMT, p53,
and ATM) involved in the autophagy pathways pathogenesis of colorectal cancer [65].
Downregulation of IncRNA MALAT1 attenuates neuronal cell death through suppress-
ing Beclinl-dependent autophagy by regulating miR-30a expression in cerebral ischemic
stroke [108]. The expression of IncRNA SNHGI2 is upregulated in mouse MCAO models
and OGD/R models in SH-SY5Y cells, promoting LC3-1I and Beclin-1 expression levels
and thus inducing autophagy activation [86]. CircRNF144B promotes the ubiquitination
of Beclin-1 by sponging injection of miR-11-342p, thereby inhibiting autophagic flux and
promoting ovarian cancer progression [109]. In epithelial ovarian cancer, circMUC16 can
promote the expression of Beclin-1 and Runx1 by sponging miR-199a-5p, thus promoting
autophagy [101].

ATG7, ATG14, and the Vps34 complex also play an important role in the process of
autophagosome nucleation. Overexpression of IncRNA PVT1 increases the expression
levels of ATG7, which is essential for autophagy initiation and the formation of a double-
membrane structure, thus inducing autophagy [110]. LncRNA BCRP3 is a positive regulator
of autophagy, mostly found in the cytoplasm, which binds to the Vps34 complex to enhance
its enzymatic activity [111]. PVT1 interacts with ATG14 in the cytoplasm and can upregulate
the expression of ATG14 and thus regulate autophagic activity [88].

3.3. Regulation of ncRNAs in Autophagic Vesicle Elongation

ATGI12 is driven by ATG7 (an El-like enzyme) and ATG10 (an E2-like enzyme), conju-
gates with ATG5, and then interacts with ATG16 (mammalian orthologous ATG16L) to form
the ATG12-ATG5-ATG16 complex. LC3 is then converted from its cytoplasmic-soluble
isoform (LC3-I) to its membrane-anchored isoform (LC3-II) by the ATG12-ATG5-ATG16
complex, together with ATG7 and ATG3 (an E2-like enzyme). ATG12, ATG5, and ATG16
participate in the elongation of the autophagic vesicle [112].

miR-214 significantly increases the radiosensitivity of colorectal cancer via the inhi-
bition of autophagy and induction of apoptosis by targeting ATG12 [71]. ATG12 is also a
target of circPOFUT1 in regulating autophagy-related chemical resistance, and circPOFUT1
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promotes ATG12 expression to regulate autophagy-associated chemoresistance by sponging
miR-488-3p in gastric cancer [102]. miR-106a and miR-106b, two members of the miR-17
family, have been shown to inhibit starvation-induced autophagy in colorectal cancer cells,
while only miR-106b inhibits starvation-induced autophagy by inhibiting the expression of
ATGI16L1 [72]. Autophagy inhibition occurs when important genes, such as ATG16L1 and
ATGI12, are targeted. LncRNA CCAT1 facilitates hepatocellular carcinoma cell autophagy
and cell proliferation by functioning as a sponge for miR-181a-5p and then regulating
ATG7 expression [91]. Interference with IncRNA SNHG3 improves brain I/R injury by
downregulating ATG7 to restrain autophagy [113]. The inflammation-induced ectopic
expression of IncRNA TGFB2-OT1 activates autophagy via increasing the expression levels
of ATG13, ATG3, ATG7, and P62, and the small molecule inhibitor 3BDO significantly
decreases TGFB2-OT1 levels and inhibits subsequent autophagy and inflammation [114].
LncRNA HNF1A-AS], sponging miR-30b from binding to its target of ATG5, provokes
autophagy in hepatocellular carcinoma. Moreover, Beclin-1 and ATG12 have also been
defined as targets of miR-30b, indicating that HNF1A-AS1 upregulates Beclin-1, ATG5 and
ATGI12 expression to promote elongation of the autophagic vesicle [93,115]. Circ_0092276
can repress ATG7 via sponging miR-384, thus effecting autophagy and proliferation as well
as repressing apoptosis of breast cancer cells [103].

During autophagic vesicle elongation, the LC3 protein is cleaved by ATG4 at its car-
boxyl terminus immediately after synthesis, resulting in the production of LC3-I localized
in the cytoplasm. LncRNA NEAT1 can induce abnormal autophagy by stabilizing PINK1,
which is an LC3-II upstream regulatory factor and plays a role in the pathogenesis of
Parkinson’s disease [90]. In epithelial ovarian carcinoma, overexpression of HULC re-
duces ATG7, LC3-1I and LAMP1 expression while inducing SQSTM1 (P62) and ITGB1
expression, thus inducing cell proliferation, reducing apoptosis, and inhibiting autophagy
in vitro [95]. In drug-resistant renal clear cell carcinoma cells treated with gemcitabine,
when circ_0035483 expression is downregulated, the LC3-II/LC3-I ratio is significantly
reduced, thus inhibiting autophagy [104]. Hsa_circ_0092276 overexpression effects the pro-
liferation of breast cancer cells, while hsa_circ_0092276 silencing represses the expression
of LC3-1I/LC3-I and Beclin-1 [103]. These diverse ncRNAs contribute to autophagic vesicle
elongation via direct or indirect interactions with critical autophagy-related genes, and
their important regulatory roles also provide the possibility of discovering potential drug
targets in cancer treatment.

3.4. Regulation of ncRNAs in Autophagosome Formation and Maturation

ATG7 and ATG16L1 also play important roles in the process of autophagosome for-
mation. They are upregulated in the neurons and promote autophagosome formation.
Overexpression of miR-96 significantly prevents brain damage in SE rats by inhibiting
ATG7 and ATG16L1 expression and autophagosome formation in the hippocampus [116].
Circ_PABPN1 competitively binds HuR, blocks its binding to ATG16L1, inhibits ATGI16L1
translation, and thus regulates autophagy in intestinal epithelial cells [105]. In intestinal
epithelial cells, the targeted deletion of HuR specifically reduces the level of ATG16L1 in
the intestinal mucosa, while circPABPN1 can bind to HuR to enhance autophagy [105].
LncRNA 17A knockdown increases the expression levels of LC3-II, which is a hallmark of
autophagosome formation [117]. The expression of LC3, P62, and LAMP?2 can be regulated
by IncRNA MALAT1, which represses autolysosome fusion via the downregulation of
LAMPI and LAMP2, leading to autophagic inhibition [118].

The autophagosome maturation process requires several complexes, including integral
lysosomal proteins (such as LAMP1, LAMP2, and LAMP3) and RAB proteins (such as RAB5
and RAB?), to aid in autophagosome-lysosome fusion and maturation [119,120]. miR-
138-5p contributes to this process via targeting SIRT1 to inhibit autophagy in pancreatic
cancer by indirectly regulating RAB7 [73]. miR-487b-5p directly targets LAMP2, affecting
autophagy in cortical neurons [74], and miR-207 and miR-352 can affect autophagy by
directly targeting LAMP2 in ischemic stroke [121]. miR-224, miR-21, miR-373-5p, and
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miR-379 can interact with LAMP2, regulating its expression [122,123]. Additionally, miR-
205 inhibits autophagy by targeting RAB27A and LAMP3, leading to increased cisplatin
cytotoxicity in prostate cancer cells [75]. Certain miRNAs are capable of targeting multiple
proteins at different stages of autophagy. Specifically, miR-33a-5p and miR-33a-3p can
directly target ATG5, ATG12, LC3B, and LAMP1 [124], and these miRNAs can also inhibit
AMPK-dependent autophagic activation and lysosomal gene transcription by targeting
FOXO3 and TFEB. Hsa_circ_0001658 suppresses the autophagy of gastric cancer cells via
the miR-182/RAB10 axis and sponges miR-182 to suppress the expression of RAB10 [125].

Taken together, diverse ncRNAs have been found to play a significant role in the
autophagy process, which involves the breakdown and recycling of cellular components,
implicating the potential complex interaction network among different RNAs, especially
via ceRNA networks (Figure 3). Some IncRNAs and circRNAs may act as miRNA sponges
to perturb the miRNA regulatory network and then disturb the expression levels of target
mRNAs, although many ncRNAs also can regulate mRNA expression via binding target
mRNAs as important regulators. As a critical interaction method, ceRNA networks have
been widely studied because the RNA interactions among different RNAs may contribute
to multiple biological processes, even in tumorigenesis. According to autophagy-related
RNAs, several genes are involved in different ceRNA networks, such as ATG7, mTOR,
and ULK1 (Figure 3), indicating that these autophagy-related genes are prone to be strictly
regulated by multiple ncRNAs via a complex RNA interaction. The dysregulation of
ncRNAs or genes may contribute to metabolic disorders, neurodegenerative disorders, and
cancer. The intricate relationships between RNAs during autophagy should be further
considered to reveal their potential roles in cancer prognosis and treatment.
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circ_0001658

\
' N
\\

: miR-129-5p
/ m|R—143 ATG14
/ mlR 181 a—5p

circ. POFUT] \
circRNA ciRS-7
IncRNA_Gm15834

IncRNA_TUG1

\ target mRNA

AMPK

miR-182

IncRNA_CA7-4
IncRNA_CCAT1

IncRNA_GAS5 | miR-30b-3p

IncRNA_HNF1A-AS1 miR-34a-5p

INcRNA_LEF1-AS1 '/

miR-491-5p

-
BTN '
IncRNA_PCGEM1 /

o

IncRNA_SNHG1 miR-770

IncRNA_SNHG6 miR-877-3P
IncRNA_SNHG7 miR-1299

Figure 3. An example of autophagy-related RNA interactions based on ceRNA regulatory networks.
Some IncRNAs and circRNAs have been reported as miRNA sponges to perturb the expression levels
of autophagy-related genes.
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4. Conclusions and Perspective

Autophagy plays a dual role in cancer, and it is crucial to gain a better understand-
ing of how tumors overcome autophagy’s growth-inhibiting effects to promote tumor
development while maintaining or restoring autophagy to sustain established tumors.
Diverse ncRNAs contribute to autophagy as regulators via RNA interactions, especially via
a ceRNA regulatory network that has been widely considered as a potential biomarker for
cancer diagnosis and prognosis. As a class of pivotal regulators, ncRNAs have spatiotem-
poral specificity and tissue specificity, indicating that they may be potential biomarkers
and therapeutic targets for autophagy-related diseases. Based on the important regulatory
roles of ncRNAs in a coding-non-coding RNA interaction network, the regulatory network
containing various RNAs is more complex than we previously thought, and the detailed
interaction mechanism may provide novel strategies for autophagy-related diseases, par-
ticularly for cancer. Although many ncRNAs have been reported as critical regulators,
more ncRNAs may contribute to autophagy process via direct or indirect interactions with
autophagy-related genes, and the detailed ncRNA-mRNA interaction profile should be
explored to systematically understand autophagy-associated regulatory networks. It is en-
couraging that the interactions of different autophagy-associated RNAs may be combined
with traditional chemotherapy or anti-tumor immune response strategies to potentially
benefit cancer patients.

Author Contributions: Conceptualization: L.G. and T.L.; Acquisition, analysis, or interpretation
of data: X.Y. (Xueni Yang), S.X., X.Z., ].J., X.Y. (Xinbing Yang), Y.D., L.Z., Z.H. and C.G.; Writing—
original draft preparation: L.G., X.Y. (Xueni Yang) and T.L.; Writing—review and editing: L.G. and
T.L.; Supervision: T.L.; Funding acquisition: L.G. and T.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (No. 62171236),
the key project of social development in Jiangsu Province (No. BE2022799), the key projects of Natural
Science Research in Universities of Jiangsu Province (No. 22KJA180006), the Open Research Fund of
State Key Laboratory of Bioelectronics, Southeast University (SKLB2022-K03), with funding from the
Shandong Provincial Key Laboratory of Biophysics and the Priority Academic Program Development
of Jiangsu Higher Education Institution (PAPD).

Acknowledgments: We Thanks for Jiafeng Yu in the collection and confirmation of literature on
autophagy-related genes and the suggestion on the revision editing.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Yamamoto, K.; Iwadate, D.; Kato, H.; Nakai, Y.; Tateishi, K.; Fujishiro, M. Targeting autophagy as a therapeutic strategy against
pancreatic cancer. J. Gastroenterol. 2022, 57, 603-618. [CrossRef] [PubMed]

2. Chen, Y.; Zhang, X.; Yang, H.; Liang, T.; Bai, X. The “Self-eating” of cancer-associated fibroblast: A potential target for cancer.
Biomed. Pharmacother. 2023, 163, 114762. [CrossRef] [PubMed]

3. White, E. The role for autophagy in cancer. J. Clin. Investig. 2015, 125, 42—46. [CrossRef] [PubMed]

4. White, E.; Mehnert, ].M.; Chan, C.S. Autophagy, Metabolism, and Cancer. Clin. Cancer Res. 2015, 21, 5037-5046. [CrossRef]
[PubMed]

5. Manent, J.; Banerjee, S.; de Matos Simoes, R.; Zoranovic, T.; Mitsiades, C.; Penninger, ].M.; Simpson, K.J.; Humbert, P.O.;
Richardson, H.E. Autophagy suppresses Ras-driven epithelial tumourigenesis by limiting the accumulation of reactive oxygen
species. Oncogene 2017, 36, 5576-5592. [CrossRef] [PubMed]

6. Liu, W,; Xu, L.; Wang, X.; Zhang, D.; Sun, G.; Wang, M.; Wang, M.; Han, Y.; Chai, R.; Wang, H.P. RDX1 activates autophagy
via the PTEN-AKT signaling pathway to protect against cisplatin-induced spiral ganglion neuron damage. Autophagy 2021, 17,
4159-4181. [CrossRef]

7.  Zada, S.; Hwang, J.S.; Ahmed, M.; Lai, TH.; Pham, T.M.; Elashkar, O.; Kim, D.R. Cross talk between autophagy and oncogenic
signaling pathways and implications for cancer therapy. Biochim. Biophys. Acta Rev. Cancer 2021, 1876, 188565. [CrossRef]

8.  Amaravadi, R.; Kimmelman, A.C.; White, E. Recent insights into the function of autophagy in cancer. Genes Dev. 2016, 30,
1913-1930. [CrossRef]

9. Li X,; He, S;; Ma, B. Autophagy and autophagy-related proteins in cancer. Mol. Cancer 2020, 19, 12. [CrossRef]

10.  Slack, EJ.; Chinnaiyan, A.M. The role of non-coding RNAs in oncology. Cell 2019, 179, 1033-1055. [CrossRef]


https://doi.org/10.1007/s00535-022-01889-1
https://www.ncbi.nlm.nih.gov/pubmed/35727403
https://doi.org/10.1016/j.biopha.2023.114762
https://www.ncbi.nlm.nih.gov/pubmed/37100015
https://doi.org/10.1172/JCI73941
https://www.ncbi.nlm.nih.gov/pubmed/25654549
https://doi.org/10.1158/1078-0432.CCR-15-0490
https://www.ncbi.nlm.nih.gov/pubmed/26567363
https://doi.org/10.1038/onc.2017.175
https://www.ncbi.nlm.nih.gov/pubmed/28581519
https://doi.org/10.1080/15548627.2021.1905466
https://doi.org/10.1016/j.bbcan.2021.188565
https://doi.org/10.1101/gad.287524.116
https://doi.org/10.1186/s12943-020-1138-4
https://doi.org/10.1016/j.cell.2019.10.017

Int. J. Mol. Sci. 2024, 25, 1561 15 of 19

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.
39.

40.

Kang, M.R.; Kim, M.S.; Oh, J.E.; Kim, Y.R,; Song, S.Y.,; Kim, S.S.; Ahn, C.H.; Yoo, N.J.; Lee, S.H. Frameshift mutations of
autophagy-related genes ATG2B, ATG5, ATG9B and ATGI12 in gastric and colorectal cancers with microsatellite instability. J.
Pathol. 2009, 217, 702-706. [CrossRef]

Frangez, 7.; Gérard, D.; He, Z.; Gavriil, M.; Fernandez-Marrero, Y.; Seyed Jafari, S.M.; Hunger, R.E.; Lucarelli, P.; Yousefi, S.;
Sauter, T.; et al. ATG5 and ATG7 Expression Levels Are Reduced in Cutaneous Melanoma and Regulated by NRF1. Front. Oncol.
2021, 11, 721624. [CrossRef]

Wang, K. Autophagy and apoptosis in liver injury. Cell Cycle 2015, 14, 1631-1642. [CrossRef]

Ren, Y; Chen, Y,; Liang, X.; Lu, Y.; Pan, W.; Yang, M. MiRNA-638 promotes autophagy and malignant phenotypes of cancer cells
via directly suppressing DACT3. Cancer Lett. 2017, 390, 126-136. [CrossRef] [PubMed]

Wang, Z.; Wang, X.; Zhang, T.; Su, L.; Liu, B.; Zhu, Z.; Li, C. LncRNA MALAT1 promotes gastric cancer progression via inhibiting
autophagic flux and inducing fibroblast activation. Cell Death Dis. 2021, 12, 368. [CrossRef]

Chen, Y,; Liu, H.; Zou, J.; Cao, G.; Li, Y.; Xing, C.; Wu, J. Exosomal circ_0091741 promotes gastric cancer cell autophagy and
chemoresistance via the miR-330-3p/TRIM14/Dvl2/Wnt/beta-catenin axis. Hum. Cell 2023, 36, 258-275. [CrossRef]

Liang, J.; Zhang, L.; Cheng, W. Non-coding RNA-mediated autophagy in cancer: A protumor or antitumor factor? Biochim.
Biophys. Acta Rev. Cancer 2021, 1876, 188642. [CrossRef]

Barnwal, S.K.; Bendale, H.; Banerjee, S. Non-coding RNAs associated with autophagy and their regulatory role in cancer
therapeutics. Mol. Biol. Rep. 2022, 49, 7025-7037. [CrossRef] [PubMed]

Levy, JM.M,; Towers, C.G.; Thorburn, A. Targeting autophagy in cancer. Nat. Rev. Cancer 2017, 17, 528-542. [CrossRef] [PubMed]
Mizushima, N.; Yoshimori, T.; Ohsumi, Y. The role of Atg proteins in autophagosome formation. Annu. Rev. Cell Dev. Biol. 2011,
27,107-132. [CrossRef]

Dowdle, W.E.; Nyfeler, B.; Nagel, J.; Elling, R.A,; Liu, S.; Triantafellow, E.; Menon, S.; Wang, Z.; Honda, A.; Pardee, G.; et al.
Selective VPS34 inhibitor blocks autophagy and uncovers a role for NCOA4 in ferritin degradation and iron homeostasis in vivo.
Nat. Cell Biol. 2014, 16, 1069-1079. [CrossRef]

Rabinowitz, ].D.; White, E. Autophagy and metabolism. Science 2010, 330, 1344-1348. [CrossRef]

Mizushima, N.; Komatsu, M. Autophagy: Renovation of cells and tissues. Cell 2011, 147, 728-741. [CrossRef] [PubMed]
Karsli-Uzunbas, G.; Guo, ].Y; Price, S.; Teng, X.; Laddha, S.V.; Khor, S.; Kalaany, N.Y.; Jacks, T.; Chan, C.S.; Rabinowitz, ].D.; et al.
Autophagy is required for glucose homeostasis and lung tumor maintenance. Cancer Discov. 2014, 4, 914-927. [CrossRef]
Kuma, A.; Hatano, M.; Matsui, M.; Yamamoto, A.; Nakaya, H.; Yoshimori, T.; Ohsumi, Y.; Tokuhisa, T.; Mizushima, N. The role of
autophagy during the early neonatal starvation period. Nature 2004, 432, 1032-1036. [CrossRef] [PubMed]

Takamura, A.; Komatsu, M.; Hara, T.; Sakamoto, A.; Kishi, C.; Waguri, S.; Eishi, Y.; Hino, O.; Tanaka, K.; Mizushima, N.
Autophagy-deficient mice develop multiple liver tumors. Genes Dev. 2011, 25, 795-800. [CrossRef]

Mathew, R.; Karp, C.M.; Beaudoin, B.; Vuong, N.; Chen, G.; Chen, H.Y.; Bray, K.; Reddy, A.; Bhanot, G.; Gelinas, C.; et al.
Autophagy suppresses tumorigenesis through elimination of p62. Cell 2009, 137, 1062-1075. [CrossRef]

Rosenfeldt, M.T.; O’Prey, ].; Morton, J.P.; Nixon, C.; MacKay, G.; Mrowinska, A.; Au, A.; Rai, T.S.; Zheng, L.; Ridgway, R.; et al.
p53 status determines the role of autophagy in pancreatic tumour development. Nature 2013, 504, 296-300. [CrossRef]

Jing, Z.; He, X.; Jia, Z.; Sa, Y.; Yang, B.; Liu, PN. CAPD2 inhibits autophagy by regulating Ca(**)/CAMKK2/AMPK/mTORC1
pathway and PARP-1/SIRT1 axis to promote colorectal cancer. Cancer Lett. 2021, 520, 26-37. [CrossRef] [PubMed]

You, B;; Xia, T.; Gu, M.; Zhang, Z.; Zhang, Q.; Shen, J.; Fan, Y.; Yao, H.; Pan, S.; Lu, Y.; et al. AMPK-mTOR-Mediated Activation of
Autophagy Promotes Formation of Dormant Polyploid Giant Cancer Cells. Cancer Res. 2022, 82, 846-858. [CrossRef]

Cicchini, M.; Chakrabarti, R.; Kongara, S.; Price, S.; Nahar, R.; Lozy, F; Zhong, H.; Vazquez, A.; Kang, Y.; Karantza, V. Autophagy
regulator BECN1 suppresses mammary tumorigenesis driven by WNT1 activation and following parity. Autophagy 2014, 10,
2036-2052. [CrossRef] [PubMed]

Al-Bari, M.A.A.; Xu, P. Molecular regulation of autophagy machinery by mTOR-dependent and -independent pathways. Ann. N.
Y. Acad. Sci. 2020, 1467, 3-20. [CrossRef] [PubMed]

Cao, W,; Li, ].; Yang, K.; Cao, D. An overview of autophagy: Mechanism, regulation and research progress. Bull. Cancer 2021, 108,
304-322. [CrossRef] [PubMed]

Yu, L.; Chen, Y.; Tooze, S.A. Autophagy pathway: Cellular and molecular mechanisms. Autophagy 2018, 14, 207-215. [CrossRef]
[PubMed]

Kim, J.; Kundu, M.; Viollet, B.; Guan, K.L.A. MPK and mTOR regulate autophagy through direct phosphorylation of Ulkl. Nat.
Cell Biol. 2011, 13, 132-141. [CrossRef]

Wang, Y.; Zhang, H. Regulation of Autophagy by mTOR Signaling Pathway. Adv. Exp. Med. Biol. 2019, 1206, 67-83.

Kocaturk, N.M.; Akkoc, Y.; Kig, C.; Bayraktar, O.; Gozuacik, D.; Kutlu, O. Autophagy as a molecular target for cancer treatment.
Eur. J. Pharm. Sci. 2019, 134, 116-137. [CrossRef]

Murugan, A K. mTOR: Role in cancer, metastasis and drug resistance. Semin. Cancer Biol. 2019, 59, 92-111. [CrossRef]

Gulia, S.; Chandra, P; Das, A. The Prognosis of Cancer Depends on the Interplay of Autophagy, Apoptosis, and Anoikis within
the Tumor Microenvironment. Cell Biochem. Biophys. 2023, 81, 621-658. [CrossRef]

Maeser, D.; Gruener, R.F.; Huang, R.S. oncoPredict: An R package for predicting in vivo or cancer patient drug response and
biomarkers from cell line screening data. Brief Bioinform. 2021, 22, bbab260. [CrossRef]


https://doi.org/10.1002/path.2509
https://doi.org/10.3389/fonc.2021.721624
https://doi.org/10.1080/15384101.2015.1038685
https://doi.org/10.1016/j.canlet.2017.01.009
https://www.ncbi.nlm.nih.gov/pubmed/28108314
https://doi.org/10.1038/s41419-021-03645-4
https://doi.org/10.1007/s13577-022-00790-6
https://doi.org/10.1016/j.bbcan.2021.188642
https://doi.org/10.1007/s11033-022-07517-8
https://www.ncbi.nlm.nih.gov/pubmed/35534587
https://doi.org/10.1038/nrc.2017.53
https://www.ncbi.nlm.nih.gov/pubmed/28751651
https://doi.org/10.1146/annurev-cellbio-092910-154005
https://doi.org/10.1038/ncb3053
https://doi.org/10.1126/science.1193497
https://doi.org/10.1016/j.cell.2011.10.026
https://www.ncbi.nlm.nih.gov/pubmed/22078875
https://doi.org/10.1158/2159-8290.CD-14-0363
https://doi.org/10.1038/nature03029
https://www.ncbi.nlm.nih.gov/pubmed/15525940
https://doi.org/10.1101/gad.2016211
https://doi.org/10.1016/j.cell.2009.03.048
https://doi.org/10.1038/nature12865
https://doi.org/10.1016/j.canlet.2021.06.029
https://www.ncbi.nlm.nih.gov/pubmed/34229059
https://doi.org/10.1158/0008-5472.CAN-21-2342
https://doi.org/10.4161/auto.34398
https://www.ncbi.nlm.nih.gov/pubmed/25483966
https://doi.org/10.1111/nyas.14305
https://www.ncbi.nlm.nih.gov/pubmed/31985829
https://doi.org/10.1016/j.bulcan.2020.11.004
https://www.ncbi.nlm.nih.gov/pubmed/33423775
https://doi.org/10.1080/15548627.2017.1378838
https://www.ncbi.nlm.nih.gov/pubmed/28933638
https://doi.org/10.1038/ncb2152
https://doi.org/10.1016/j.ejps.2019.04.011
https://doi.org/10.1016/j.semcancer.2019.07.003
https://doi.org/10.1007/s12013-023-01179-4
https://doi.org/10.1093/bib/bbab260

Int. J. Mol. Sci. 2024, 25, 1561 16 of 19

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

Yang, W.; Soares, ].; Greninger, P.; Edelman, E.J.; Lightfoot, H.; Forbes, S.; Bindal, N.; Beare, D.; Smith, J.A.; Thompson, LR; et al.
Genomics of Drug Sensitivity in Cancer (GDSC): A resource for therapeutic biomarker discovery in cancer cells. Nucleic Acids Res.
2013, 41, D955-D961. [CrossRef] [PubMed]

Ritchie, M.E.; Phipson, B.; Wu, D.; Hu, Y,; Law, CW.; Shi, W.; Smyth, G.K. Limma powers differential expression analyses for
RNA-sequencing and microarray studies. Nucleic Acids Res. 2015, 43, e47. [CrossRef]

Li, J.H.; Liu, S.; Zhou, H.; Qu, L.H.; Yang, ].H. starBase v2.0: Decoding miRNA-ceRNA, miRNA-ncRNA and protein-RNA
interaction networks from large-scale CLIP-Seq data. Nucleic Acids Res. 2014, 42, D92-D97. [CrossRef]

Li, S.; Qiang, Q.; Shan, H.; Shi, M.; Gan, G.; Ma, F.; Chen, B. MiR-20a and miR-20b negatively regulate autophagy by targeting
RB1CC1/FIP200 in breast cancer cells. Life Sci. 2016, 147, 143-152. [CrossRef] [PubMed]

Rothschild, S.I.; Gautschi, O.; Batliner, J.; Gugger, M.; Fey, M.E,; Tschan, M.P. MicroRNA-106a targets autophagy and enhances
sensitivity of lung cancer cells to Src inhibitors. Lung Cancer 2017, 107, 73-83. [CrossRef]

Soni, M,; Patel, Y.; Markoutsa, E.; Jie, C; Liu, S.; Xu, P; Chen, H. Autophagy, cell viability, and chemoresistance are regulated by
miR-489 in breast cancer. Mol. Cancer Res. 2018, 16, 1348-1360. [CrossRef]

Wang, Z.; Wang, N.; Liu, P; Chen, Q.; Situ, H.; Xie, T.; Zhang, J.; Peng, C.; Lin, Y.; Chen, ]. MicroRNA-25 regulates chemoresistance-
associated autophagy in breast cancer cells, a process modulated by the natural autophagy inducer isoliquiritigenin. Oncotarget
2014, 5, 7013-7026. [CrossRef] [PubMed]

Wang, H.; Sun, G.; Xu, P; Lv, J.; Zhang, X.; Zhang, L.; Wang, S.; Cao, J.; Xia, Y.; Xuan, Z.; et al. Circular RNA TMEMS87A promotes
cell proliferation and metastasis of gastric cancer by elevating ULK1 via sponging miR-142-5p. J. Gastroenterol. 2021, 56, 125-138.
[CrossRef]

Duan, X.; Zhang, T.; Ding, S.; Wei, J.; Su, C.; Liu, H.; Xu, G. microRNA-17-5p modulates bacille calmette-guerin growth in
RAW264. 7 cells by targeting ULK1. PLoS ONE 2015, 10, e0138011. [CrossRef]

Meng, C.; Liu, Y.; Shen, Y,; Liu, S.; Wang, Z.; Ye, Q.; Liu, H.; Liu, X,; Jia, L. MicroRNA-26b suppresses autophagy in breast cancer
cells by targeting DRAM1 mRNA, and is downregulated by irradiation. Oncol. Lett. 2018, 15, 1435-1440.

Huang, Y.; Chuang, A.Y.; Ratovitski, E.A. Phospho-ANp63o/miR-885-3p axis in tumor cell life and cell death upon cisplatin
exposure. Cell Cycle 2011, 10, 3938-3947. [CrossRef] [PubMed]

Zhang, X.; Li, Z.; Xuan, Z.; Xu, P.; Wang, W.; Chen, Z.; Wang, S.; Sun, G.; Xu, J.; Xu, Z. Novel role of miR-133a-3p in repressing
gastric cancer growth and metastasis via blocking autophagy-mediated glutaminolysis. J. Exp. Clin. Cancer Res. 2018, 37, 320.
[CrossRef] [PubMed]

Wu, H.; Wang, F; Hu, S.; Yin, C.; Li, X,; Zhao, S.; Wang, J.; Yan, X. MiR-20a and miR-106b negatively regulate autophagy induced
by leucine deprivation via suppression of ULK1 expression in C2C12 myoblasts. Cell Signal. 2012, 24, 2179-2186. [CrossRef]
[PubMed]

Liu, X.; Zhong, L.; Li, P.; Zhao, P. MicroRNA-100 Enhances Autophagy and Suppresses Migration and Invasion of Renal Cell
Carcinoma Cells via Disruption of NOX4-Dependent mTOR Pathway. Clin. Transl. Sci. 2022, 15, 567-575. [CrossRef] [PubMed]

Chen, J.; Yu, Y,; Li, S.; Liu, Y.; Zhou, S.; Cao, S.; Yin, ].; Li, G. Micro RNA-30a ameliorates hepatic fibrosis by inhibiting
Beclinl-mediated autophagy. J. Cell. Mol. Med. 2017, 21, 3679-3692. [CrossRef]

Huang, T.; Wan, X.; Alvarez, A.A.; James, C.D.; Song, X.; Yang, Y.; Sastry, N.; Nakano, I.; Sulman, E.P.; Hu, B.M. IR93
(microRNA-93) regulates tumorigenicity and therapy response of glioblastoma by targeting autophagy. Autophagy 2019, 15,
1100-1111. [CrossRef] [PubMed]

Zhang, F; Wang, B.; Long, H.; Yu, J; Li, F; Hou, H.; Yang, Q. Decreased miR-124-3p Expression Prompted Breast Cancer Cell
Progression Mainly by Targeting Beclin-1. Clin. Lab. 2016, 62, 1139-1145. [CrossRef]

Pan, W.; Zhong, Y.; Cheng, C.; Liu, B.; Wang, L.; Li, A.; Xiong, L.; Liu, S. MiR-30-Regulated Autophagy Mediates Angiotensin
II-Induced Myocardial Hypertrophy. PLoS ONE 2013, 8, €53950. [CrossRef]

Singh, S.V.; Dakhole, A.N.; Deogharkar, A.; Kazi, S.; Kshirsagar, R.; Goel, A.; Moiyadi, A.; Jalali, R.; Sridhar, E.; Gupta, T,
et al. Restoration of miR-30a expression inhibits growth, tumorigenicity of medulloblastoma cells accompanied by autophagy
inhibition. Biochem. Biophys. Res. Commun. 2017, 491, 946-952. [CrossRef]

Lai, L.; Chen, J.; Wang, N.; Zhu, G.; Duan, X,; Ling, F. MiRNA-30e mediated cardioprotection of ACE2 in rats with Doxorubicin-
induced heart failure through inhibiting cardiomyocytes autophagy. Life Sci. 2017, 169, 69-75. [CrossRef] [PubMed]

Zhang, R.; Xu, J.; Zhao, ].; Bai, J]. Mir-30d suppresses cell proliferation of colon cancer cells by inhibiting cell autophagy and
promoting cell apoptosis. Tumor Biol. 2017, 39, 1010428317703984. [CrossRef] [PubMed]

Wu, C;; Jin, B.; Chen, L.; Zhuo, D.; Zhang, Z.; Gong, K.; Mao, Z. MiR-30d induces apoptosis and is regulated by the Akt/FOXO
pathway in renal cell carcinoma. Cell Signal. 2013, 25, 1212-1221. [CrossRef] [PubMed]

Chen, L.; Han, X.; Hu, Z.; Chen, L. The PVT1/miR-216b/Beclin-1 regulates cisplatin sensitivity of NSCLC cells via modulating
autophagy and apoptosis. Cancer Chemother. Pharmacol. 2019, 83, 921-931. [CrossRef] [PubMed]

Chatterjee, A.; Chattopadhyay, D.; Chakrabarti, G. miR-17-5p downregulation contributes to paclitaxel resistance of lung cancer
cells through altering beclin1 expression. PLoS ONE 2014, 9, €95716. [CrossRef] [PubMed]

Moradi Marjaneh, R.; Khazaei, M.; Ferns, G.A.; Avan, A.; Aghaee-Bakhtiari, S.H. MicroRNAs as potential therapeutic targets
to predict responses to oxaliplatin in colorectal cancer: From basic evidence to therapeutic implication. ILUBMB Life 2019, 71,
1428-1441. [CrossRef] [PubMed]


https://doi.org/10.1093/nar/gks1111
https://www.ncbi.nlm.nih.gov/pubmed/23180760
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1093/nar/gkt1248
https://doi.org/10.1016/j.lfs.2016.01.044
https://www.ncbi.nlm.nih.gov/pubmed/26829385
https://doi.org/10.1016/j.lungcan.2016.06.004
https://doi.org/10.1158/1541-7786.MCR-17-0634
https://doi.org/10.18632/oncotarget.2192
https://www.ncbi.nlm.nih.gov/pubmed/25026296
https://doi.org/10.1007/s00535-020-01744-1
https://doi.org/10.1371/journal.pone.0138011
https://doi.org/10.4161/cc.10.22.18107
https://www.ncbi.nlm.nih.gov/pubmed/22071691
https://doi.org/10.1186/s13046-018-0993-y
https://www.ncbi.nlm.nih.gov/pubmed/30572959
https://doi.org/10.1016/j.cellsig.2012.07.001
https://www.ncbi.nlm.nih.gov/pubmed/22781751
https://doi.org/10.1111/cts.12798
https://www.ncbi.nlm.nih.gov/pubmed/32356935
https://doi.org/10.1111/jcmm.13278
https://doi.org/10.1080/15548627.2019.1569947
https://www.ncbi.nlm.nih.gov/pubmed/30654687
https://doi.org/10.7754/Clin.Lab.2015.151111
https://doi.org/10.1371/journal.pone.0053950
https://doi.org/10.1016/j.bbrc.2017.07.140
https://doi.org/10.1016/j.lfs.2016.09.006
https://www.ncbi.nlm.nih.gov/pubmed/27633839
https://doi.org/10.1177/1010428317703984
https://www.ncbi.nlm.nih.gov/pubmed/28651493
https://doi.org/10.1016/j.cellsig.2013.01.028
https://www.ncbi.nlm.nih.gov/pubmed/23416459
https://doi.org/10.1007/s00280-019-03808-3
https://www.ncbi.nlm.nih.gov/pubmed/30859368
https://doi.org/10.1371/journal.pone.0095716
https://www.ncbi.nlm.nih.gov/pubmed/24755562
https://doi.org/10.1002/iub.2108
https://www.ncbi.nlm.nih.gov/pubmed/31322820

Int. J. Mol. Sci. 2024, 25, 1561 17 of 19

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

Zhang, J.-A.; Zhou, B.-R.; Xu, Y.; Chen, X.; Liu, J.; Gozali, M.; Wu, D.; Yin, Z.-Q.; Luo, D. MiR-23a-depressed autophagy is a
participant in PUVA-and UVB-induced premature senescence. Oncotarget 2016, 7, 37420. [CrossRef]

Ganesan, S.; Palani, H.K.; Lakshmanan, V.; Balasundaram, N.; Alex, A.A.; David, S.; Venkatraman, A.; Korula, A.; George, B.;
Balasubramanian, P.; et al. Stromal cells downregulate miR-23a-5p to activate protective autophagy in acute myeloid leukemia.
Cell Death Dis. 2019, 10, 736. [CrossRef]

Capizzi, M.; Strappazzon, F,; Cianfanelli, V.; Papaleo, E.; Cecconi, FM. IR7-3HG, a MYC-dependent modulator of cell proliferation,
inhibits autophagy by a regulatory loop involving AMBRAL1. Autophagy 2017, 13, 554-566. [CrossRef]

Lian, W.-S.; Ko, ].-Y.; Wu, R.-W,; Sun, Y.-C.; Chen, Y.-S.; Wu, S.-L.; Weng, L.-H.; Jahr, H.; Wang, F.-S. MicroRNA-128a represses
chondrocyte autophagy and exacerbates knee osteoarthritis by disrupting Atgl2. Cell Death Dis. 2018, 9, 919. [CrossRef]

Sun, L,; Liu, A.; Zhang, J.; Ji, W.; Li, Y,; Yang, X.; Wu, Z.; Guo, J. miR-23b improves cognitive impairments in traumatic brain
injury by targeting ATG12-mediated neuronal autophagy. Behav. Brain Res. 2018, 340, 126-136. [CrossRef]

Hu, J.L.; He, G.Y,; Lan, X.L.; Zeng, Z.C.; Guan, J.; Ding, Y.; Qian, X.L.; Liao, W.T; Ding, Y.Q.; Liang, L. Inhibition of ATG12-
mediated autophagy by miR-214 enhances radiosensitivity in colorectal cancer. Oncogenesis 2018, 7, 16. [CrossRef] [PubMed]
Zhai, Z.; Wu, F; Chuang, A.Y,; Kwon, ].H. miR-106b fine tunes ATG16L1 expression and autophagic activity in intestinal epithelial
HCT116 cells. Inflamm. Bowel. Dis. 2013, 19, 2295-2301. [CrossRef] [PubMed]

Tian, S.; Guo, X.; Yu, C.; Sun, C,; Jiang, ]. miR-138-5p suppresses autophagy in pancreatic cancer by targeting SIRT1. Oncotarget
2017, 8, 11071-11082. [CrossRef] [PubMed]

Bao, L.; Lv, L,; Feng, J.; Chen, Y.; Wang, X.; Han, S.; Zhao, H. miR-487b-5p regulates temozolomide resistance of lung cancer cells
through LAMP2-medicated autophagy. DNA Cell Biol. 2016, 35, 385-392. [CrossRef]

Pennati, M.; Lopergolo, A.; Profumo, V.; De Cesare, M.; Sbarra, S.; Valdagni, R.; Zaffaroni, N.; Gandellini, P.; Folini, M. miR-205
impairs the autophagic flux and enhances cisplatin cytotoxicity in castration-resistant prostate cancer cells. Biochem. Pharmacol.
2014, 87, 579-597. [CrossRef] [PubMed]

Li, Y; Jiang, J.; Liu, W.; Wang, H.; Zhao, L.; Liu, S.; Li, P; Zhang, S.; Sun, C.; Wu, Y. microRNA-378 promotes autophagy and
inhibits apoptosis in skeletal muscle. Proc. Natl. Acad. Sci. USA 2018, 115, E10849-E10858. [CrossRef] [PubMed]

Yu, H.; Xie, Y.; Zhou, Z.; Wu, Z; Dai, X.; Xu, B. Curcumin regulates the progression of colorectal cancer via LncRNA NBR2/AMPK
pathway. Technol. Cancer Res. Treat. 2019, 18, 1533033819870781. [CrossRef]

Tang, S.; Tan, G.; Jiang, X.; Han, P,; Zhai, B.; Dong, X.; Qiao, H.; Jiang, H.; Sun, X. An artificial IncRNA targeting multiple miRNAs
overcomes sorafenib resistance in hepatocellular carcinoma cells. Oncotarget 2016, 7, 73257. [CrossRef]

Wang, X.; Lan, Z.; He, J.; Lai, Q.; Yao, X.; Li, Q.; Liu, Y.; Lai, H.; Gu, C.; Yan, Q.; et al. LncRNA SNHG6 promotes chemoresistance
through ULK1-induced autophagy by sponging miR-26a-5p in colorectal cancer cells. Cancer Cell Int. 2019, 19, 234. [CrossRef]
Li, Z.; Li, J.; Tang, N. Long noncoding RNA Malatl is a potent autophagy inducer protecting brain microvascular endothelial cells
against oxygen-glucose deprivation/reoxygenation-induced injury by sponging miR-26b and upregulating ULK2 expression.
Neuroscience 2017, 354, 1-10. [CrossRef]

Zhuo, C,; Jiang, R.; Lin, X.; Shao, M. LncRNA H19 inhibits autophagy by epigenetically silencing of DIRAS3 in diabetic
cardiomyopathy. Oncotarget 2017, 8, 1429. [CrossRef]

Qian, C.; Ye, Y.; Mao, H.; Yao, L.; Sun, X.; Wang, B.; Zhang, H.; Xie, L.; Zhang, H.; Zhang, Y.; et al. Downregulated IncRNA-SNHG1
enhances autophagy and prevents cell death through the miR-221/222/p27/mTOR pathway in Parkinson’s disease. Exp. Cell Res.
2019, 384, 111614. [CrossRef]

Chen, Y.-N.; Cai, M.-Y,; Xu, S.; Meng, M.; Ren, X,; Yang, ] W.; Dong, Y.-Q.; Liu, X,; Yang, J].-M.; Xiong, X.-D. Identification of
the IncRNA, AK156230, as a novel regulator of cellular senescence in mouse embryonic fibroblasts. Oncotarget 2016, 7, 52673.
[CrossRef] [PubMed]

Chen, C.-L,; Tseng, Y.-W.; Wu, J.-C.; Chen, G.-Y,; Lin, K.-C.; Hwang, S.-M.; Hu, Y.-C. Suppression of hepatocellular carcinoma
by baculovirus-mediated expression of long non-coding RNA PTENP1 and MicroRNA regulation. Biomaterials 2015, 44, 71-81.
[CrossRef] [PubMed]

Tay, Y.; Kats, L.; Salmena, L.; Weiss, D.; Tan, S.M.; Ala, U.; Karreth, F; Poliseno, L.; Provero, P.; Di Cunto, F. Coding-independent
regulation of the tumor suppressor PTEN by competing endogenous mRNAs. Cell 2011, 147, 344-357. [CrossRef] [PubMed]
Yao, X.; Yao, R.; Huang, F; Yi, ]. LncRNA SNHGI12 as a potent autophagy inducer exerts neuroprotective effects against cerebral
ischemia/reperfusion injury. Biochem. Biophys. Res. Commun. 2019, 514, 490-496. [CrossRef]

Ma, B,; Yuan, Z.; Zhang, L.; Lv, P; Yang, T.; Gao, J.; Pan, N.; Wu, Q.; Lou, J.; Han, C. Long non-coding RNA AC023115. 3
suppresses chemoresistance of glioblastoma by reducing autophagy. Biochim. Biophys. Acta Mol. Cell Res. 2017, 1864, 1393-1404.
[CrossRef]

Zhou, C.;Yi, C.; Yi, Y;; Qin, W,; Yan, Y.; Dong, X.; Zhang, X.; Huang, Y.; Zhang, R.; Wei, ]. LncRNA PVT1 promotes gemcitabine
resistance of pancreatic cancer via activating Wnt/ 3-catenin and autophagy pathway through modulating the miR-619-5p /Pygo2
and miR-619-5p/ATG14 axes. Mol. Cancer 2020, 19, 118. [CrossRef]

Luo, Y.;; Zheng, S.; Wu, Q.; Wu, J.; Zhou, R.; Wang, C.; Wu, Z; Rong, X.; Huang, N.; Sun, L.; et al. Long noncoding RNA (IncRNA)
EIF3]-DT induces chemoresistance of gastric cancer via autophagy activation. Autophagy 2021, 17, 4083-4101. [CrossRef]

Yan, W.; Chen, Z.-Y.; Chen, J.-Q.; Chen, H.-M. LncRNA NEAT1 promotes autophagy in MPTP-induced Parkinson’s disease
through stabilizing PINK1 protein. Biochem. Biophys. Res. Commun. 2018, 496, 1019-1024. [CrossRef]


https://doi.org/10.18632/oncotarget.9357
https://doi.org/10.1038/s41419-019-1964-8
https://doi.org/10.1080/15548627.2016.1269989
https://doi.org/10.1038/s41419-018-0994-y
https://doi.org/10.1016/j.bbr.2016.09.020
https://doi.org/10.1038/s41389-018-0028-8
https://www.ncbi.nlm.nih.gov/pubmed/29459645
https://doi.org/10.1097/MIB.0b013e31829e71cf
https://www.ncbi.nlm.nih.gov/pubmed/23899543
https://doi.org/10.18632/oncotarget.14360
https://www.ncbi.nlm.nih.gov/pubmed/28052003
https://doi.org/10.1089/dna.2016.3259
https://doi.org/10.1016/j.bcp.2013.12.009
https://www.ncbi.nlm.nih.gov/pubmed/24370341
https://doi.org/10.1073/pnas.1803377115
https://www.ncbi.nlm.nih.gov/pubmed/30373812
https://doi.org/10.1177/1533033819870781
https://doi.org/10.18632/oncotarget.12304
https://doi.org/10.1186/s12935-019-0951-6
https://doi.org/10.1016/j.neuroscience.2017.04.017
https://doi.org/10.18632/oncotarget.13637
https://doi.org/10.1016/j.yexcr.2019.111614
https://doi.org/10.18632/oncotarget.10170
https://www.ncbi.nlm.nih.gov/pubmed/27343551
https://doi.org/10.1016/j.biomaterials.2014.12.023
https://www.ncbi.nlm.nih.gov/pubmed/25617127
https://doi.org/10.1016/j.cell.2011.09.029
https://www.ncbi.nlm.nih.gov/pubmed/22000013
https://doi.org/10.1016/j.bbrc.2019.04.158
https://doi.org/10.1016/j.bbamcr.2017.05.008
https://doi.org/10.1186/s12943-020-01237-y
https://doi.org/10.1080/15548627.2021.1901204
https://doi.org/10.1016/j.bbrc.2017.12.149

Int. J. Mol. Sci. 2024, 25, 1561 18 of 19

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

Guo, J.; Ma, Y.; Peng, X,; Jin, H.; Liu, J. LncRNA CCAT1 promotes autophagy via regulating ATG7 by sponging miR-181 in
hepatocellular carcinoma. J. Cell. Biochem. 2019, 120, 17975-17983. [CrossRef]

Song, J.; Ahn, C.; Chun, C.H,; Jin, E.J. A long non-coding RNA, GAS5, plays a critical role in the regulation of miR-21 during
osteoarthritis. J. Orthop. Res. 2014, 32, 1628-1635. [CrossRef]

Liu, Z.; Wei, X.; Zhang, A.; Li, C.; Bai, J.; Dong, ]. Long non-coding RNA HNF1A-AS] functioned as an oncogene and autophagy
promoter in hepatocellular carcinoma through sponging hsa-miR-30b-5p. Biochem. Biophys. Res. Commun. 2016, 473, 1268-1275.
[CrossRef] [PubMed]

Yang, L.; Zhang, X.; Li, H.; Liu, J. The long noncoding RNA HOTAIR activates autophagy by upregulating ATG3 and ATG7 in
hepatocellular carcinoma. Mol. Biosyst. 2016, 12, 2605-2612. [CrossRef] [PubMed]

Chen, S.; Wu, D.-D.; Sang, X.-B.; Wang, L.-L.; Zong, Z.-H.; Sun, K.-X.; Liu, B.-L.; Zhao, Y. The IncRNA HULC functions as an
oncogene by targeting ATG7 and ITGB1 in epithelial ovarian carcinoma. Cell Death Dis. 2017, 8, e3118. [CrossRef] [PubMed]
Cao, H.-X,; Miao, C.-F; Sang, L.-N.; Huang, Y.-M.; Zhang, R.; Sun, L.; Jiang, Z.-X. Circ_0009910 promotes imatinib resistance
through ULK1-induced autophagy by sponging miR-34a-5p in chronic myeloid leukemia. Life Sci. 2020, 243, 117255. [CrossRef]
[PubMed]

Liang, G.; Ling, Y.; Mehrpour, M.; Saw, PE.; Liu, Z.; Tan, W,; Tian, Z.; Zhong, W.; Lin, W.; Luo, Q.; et al. Autophagy-associated
circRNA circCDYL augments autophagy and promotes breast cancer progression. Mol. Cancer 2020, 19, 65. [CrossRef] [PubMed]
Shang, J.; Chen, W.-M.; Liu, S.; Wang, Z.-H.; Wei, T.-N.; Chen, Z.-Z.; Wu, W.-B. CircPAN3 contributes to drug resistance in acute
myeloid leukemia through regulation of autophagy. Leuk. Res. 2019, 85, 106198. [CrossRef] [PubMed]

Liu, Y.; Chen, X.; Yao, J.; Kang, J. Circular RNA ACR relieves high glucose-aroused RSC96 cell apoptosis and autophagy via
declining microRNA-145-3p. |. Cell. Biochem. 2019, 122, 1252.

Meng, L,; Liu, S.; Ding, P,; Chang, S.; Sang, M. Circular RNA ciRS-7 inhibits autophagy of ESCC cells by functioning as miR-1299
sponge to target EGFR signaling. J. Cell. Biochem. 2020, 121, 1039-1049. [CrossRef]

Gan, X,; Zhu, H,; Jiang, X.; Obiegbusi, S.C.; Yong, M.; Long, X.; Hu, J. CircMUC16 promotes autophagy of epithelial ovarian
cancer via interaction with ATG13 and miR-199a. Mol. Cancer 2020, 19, 45. [CrossRef]

Luo, M,; Deng, X.; Chen, Z.; Hu, Y.C. Circular RNA circPOFUT1 enhances malignant phenotypes and autophagy-associated
chemoresistance via sequestrating miR-488-3p to activate the PLAG1-ATGI12 axis in gastric cancer. Cell Death Dis. 2023, 14, 10.
[CrossRef]

Wang, Q.; Liang, D.; Shen, P; Yu, Y,; Yan, Y.; You, W. Hsa_circ_0092276 promotes doxorubicin resistance in breast cancer cells by
regulating autophagy via miR-348/ATG?7 axis. Transl Oncol 2021, 14, 101045. [CrossRef] [PubMed]

Yan, L.; Liu, G.; Cao, H.; Zhang, H.; Shao, F. Hsa_circ_0035483 sponges hsa-miR-335 to promote the gemcitabine-resistance of
human renal cancer cells by autophagy regulation. Biochem. Biophys. Res. Commun. 2019, 519, 172-178. [CrossRef] [PubMed]
Li, X.-X,; Xiao, L.; Chung, HK,; Ma, X.-X,; Liu, X; Song, J.-L.; Jin, C.Z.; Rao, ].N.; Gorospe, M.; Wang, ].-Y. Interaction between
HuR and circPABPN1 Modulates Autophagy in the Intestinal Epithelium by Altering ATG16L1 Translation. Mol. Cell. Biol. 2020,
40, e00492-19. [CrossRef] [PubMed]

Han, S.; Li, X.; Wang, K.; Zhu, D.; Meng, B.; Liu, J.; Liang, X,; Jin, Y,; Liu, X.; Wen, Q.; et al. PURPL represses autophagic cell death
to promote cutaneous melanoma by modulating ULK1 phosphorylation. Cell Death Dis. 2021, 12, 1070. [CrossRef] [PubMed]
Wang, J.; Xie, S.; Yang, J.; Xiong, H.; Jia, Y.; Zhou, Y; Chen, Y.; Ying, X.; Chen, C.; Ye, C. The long noncoding RNA H19 promotes
tamoxifen resistance in breast cancer via autophagy. J. Hematol. Oncol. 2019, 12, 81. [CrossRef] [PubMed]

Guo, D.;Ma, J.; Yan, L.; Li, T.; Li, Z.; Han, X.; Shui, S. Down-regulation of Lncrna MALAT1 attenuates neuronal cell death through
suppressing Beclinl-dependent autophagy by regulating Mir-30a in cerebral ischemic stroke. Cell. Physiol. Biochem. 2017, 43,
182-194. [CrossRef] [PubMed]

Song, W.; Zeng, Z.; Zhang, Y.; Li, H.; Cheng, H.; Wang, J.; Wu, F. CircRNF144B/miR-342-3p /FBXL11 axis reduced autophagy and
promoted the progression of ovarian cancer by increasing the ubiquitination of Beclin-1. Cell Death Dis. 2022, 13, 857. [CrossRef]
[PubMed]

Ma, Y,; Wang, P.; Xue, Y.; Qu, C.; Zheng, |.; Liu, X.; Ma, J.; Liu, Y.P. VT1 affects growth of glioma microvascular endothelial cells by
negatively regulating miR-186. Tumor Biol. 2017, 39, 1010428317694326. [CrossRef]

Yan, R.-L.; Luan, C.-L.; Liao, C.-C.; Liu, L.-H.; Chen, F-Y.; Chen, H.-Y; Chen, R.-H. Long noncoding RNA BCRP3 stimulates
VPS34 and autophagy activities to promote protein homeostasis and cell survival. J. Biomed. Sci. 2022, 29, 30.

Fujioka, Y.; Noda, N.N.; Nakatogawa, H.; Ohsumi, Y.; Inagaki, F. Dimeric coiled-coil structure of Saccharomyces cerevisiae Atgl6
and its functional significance in autophagy. J. Biol. Chem. 2010, 285, 1508-1515. [CrossRef]

Cao, Y,; Pan, L.; Zhang, X.; Guo, W.; Huang, D. LncRNA SNHG3 promotes autophagy-induced neuronal cell apoptosis by acting
as a ceRNA for miR-485 to up-regulate ATG7 expression. Metab. Brain Dis. 2020, 35, 1361-1369. [CrossRef] [PubMed]

Huang, S.; Lu, W.; Ge, D.; Meng, N.; Li, Y.; Su, L.; Zhang, S.; Zhang, Y.; Zhao, B.; Miao, ]. Anew microRNA signal pathway
regulated by long noncoding RNA TGFB2-OT1 in autophagy and inflammation of vascular endothelial cells. Autophagy 2015, 11,
2172-2183. [CrossRef] [PubMed]

Tang, B.; Li, N,; Gu, J.; Zhuang, Y.; Li, Q.; Wang, H.-G.; Fang, Y.; Yu, B.; Zhang, J.-Y.; Xie, Q.-H. Compromised autophagy by
MIR30B benefits the intracellular survival of Helicobacter pylori. Autophagy 2012, 8, 1045-1057. [CrossRef]

Gan, J.; Cai, Q.; Qu, Y.; Zhao, E; Wan, C.; Luo, R.; Mu, D. miR-96 attenuates status epilepticus-induced brain injury by directly
targeting Atg7 and Atgl6L1. Sci. Rep. 2017, 7, 10270. [CrossRef]


https://doi.org/10.1002/jcb.29064
https://doi.org/10.1002/jor.22718
https://doi.org/10.1016/j.bbrc.2016.04.054
https://www.ncbi.nlm.nih.gov/pubmed/27084450
https://doi.org/10.1039/C6MB00114A
https://www.ncbi.nlm.nih.gov/pubmed/27301338
https://doi.org/10.1038/cddis.2017.486
https://www.ncbi.nlm.nih.gov/pubmed/29022892
https://doi.org/10.1016/j.lfs.2020.117255
https://www.ncbi.nlm.nih.gov/pubmed/31923418
https://doi.org/10.1186/s12943-020-01152-2
https://www.ncbi.nlm.nih.gov/pubmed/32213200
https://doi.org/10.1016/j.leukres.2019.106198
https://www.ncbi.nlm.nih.gov/pubmed/31401408
https://doi.org/10.1002/jcb.29339
https://doi.org/10.1186/s12943-020-01163-z
https://doi.org/10.1038/s41419-022-05506-0
https://doi.org/10.1016/j.tranon.2021.101045
https://www.ncbi.nlm.nih.gov/pubmed/34023560
https://doi.org/10.1016/j.bbrc.2019.08.093
https://www.ncbi.nlm.nih.gov/pubmed/31492499
https://doi.org/10.1128/MCB.00492-19
https://www.ncbi.nlm.nih.gov/pubmed/31932481
https://doi.org/10.1038/s41419-021-04362-8
https://www.ncbi.nlm.nih.gov/pubmed/34759263
https://doi.org/10.1186/s13045-019-0747-0
https://www.ncbi.nlm.nih.gov/pubmed/31340867
https://doi.org/10.1159/000480337
https://www.ncbi.nlm.nih.gov/pubmed/28854438
https://doi.org/10.1038/s41419-022-05286-7
https://www.ncbi.nlm.nih.gov/pubmed/36209140
https://doi.org/10.1177/1010428317694326
https://doi.org/10.1074/jbc.M109.053520
https://doi.org/10.1007/s11011-020-00607-1
https://www.ncbi.nlm.nih.gov/pubmed/32860611
https://doi.org/10.1080/15548627.2015.1106663
https://www.ncbi.nlm.nih.gov/pubmed/26565952
https://doi.org/10.4161/auto.20159
https://doi.org/10.1038/s41598-017-10619-0

Int. J. Mol. Sci. 2024, 25, 1561 19 0f 19

117.

118.

119.

120.
121.

122.

123.

124.

125.

Wang, X.; Zhang, M.; Liu, H. LncRNA17A regulates autophagy and apoptosis of SH-SY5Y cell line as an in vitro model for
Alzheimer’s disease. Biosci. Biotechnol. Biochem. 2019, 83, 609-621. [CrossRef] [PubMed]

Yang, L.; Wang, H.; Shen, Q.; Feng, L.; Jin, H. Long non-coding RNAs involved in autophagy regulation. Cell Death Dis. 2017,
8, €3073. [CrossRef]

Bento, C.E,; Puri, C.; Moreau, K.; Rubinsztein, D.C. The role of membrane-trafficking small GTPases in the regulation of autophagy.
J. Cell Sci. 2013, 126, 1059-1069. [CrossRef]

Ao, X,; Zou, L.; Wu, Y. Regulation of autophagy by the Rab GTPase network. Cell Death Differ. 2014, 21, 348-358. [CrossRef]
Tao, J.; Liu, W.; Shang, G.; Zheng, Y.; Huang, J.; Lin, R.; Chen, L. MiR-207/352 regulate lysosomal-associated membrane proteins
and enzymes following ischemic stroke. Neuroscience 2015, 305, 1-14. [CrossRef]

Su, C.; Yang, X.; Lou, J. Geniposide reduces a-synuclein by blocking microRNA-21/lysosome-associated membrane protein 2A
interaction in Parkinson disease models. Brain Res. 2016, 1644, 98-106. [CrossRef] [PubMed]

Kato, M.; Abdollahi, M.; Tunduguru, R.; Tsark, W.; Chen, Z.; Wu, X.; Wang, J.; Chen, Z.B.; Lin, EM.; Lanting, L.; et al. miR-379
deletion ameliorates features of diabetic kidney disease by enhancing adaptive mitophagy via FIS1. Commun. Biol. 2021, 4, 30.
Pan, J.; Fang, S.; Tian, H.; Zhou, C.; Zhao, X.; Tian, H.; He, J.; Shen, W.; Meng, X.; Jin, X,; et al. IncRNA JPX/miR-33a-5p/ Twist1
axis regulates tumorigenesis and metastasis of lung cancer by activating Wnt/p-catenin signaling. Mol. Cancer 2020, 19, 9.
[CrossRef] [PubMed]

Duan, X.; Yu, X,; Li, Z. Circular RNA hsa_circ_0001658 regulates apoptosis and autophagy in gastric cancer through microRNA-
182/Ras-related protein Rab-10 signaling axis. Bioengineered 2022, 13, 2387-2397. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1080/09168451.2018.1562874
https://www.ncbi.nlm.nih.gov/pubmed/30652945
https://doi.org/10.1038/cddis.2017.464
https://doi.org/10.1242/jcs.123075
https://doi.org/10.1038/cdd.2013.187
https://doi.org/10.1016/j.neuroscience.2015.07.064
https://doi.org/10.1016/j.brainres.2016.05.011
https://www.ncbi.nlm.nih.gov/pubmed/27173998
https://doi.org/10.1186/s12943-020-1133-9
https://www.ncbi.nlm.nih.gov/pubmed/31941509
https://doi.org/10.1080/21655979.2021.2024637

	Introduction 
	Autophagy-Related Genes and Cancer 
	Regulation Roles of ncRNAs in Autophagy 
	Regulation of ncRNAs in Autophagy Initiation 
	Regulation of ncRNAs in Vesicle Nucleation 
	Regulation of ncRNAs in Autophagic Vesicle Elongation 
	Regulation of ncRNAs in Autophagosome Formation and Maturation 

	Conclusions and Perspective 
	References

