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Abstract

Current genome-wide studies have indicated that a great number of long non-coding RNAs (IncRNAs) are transcribed
from the human genome and appeared as crucial regulators in a variety of cellular processes. Many studies have displayed
a significant function of IncRNAs in the regulation of autophagy. Autophagy is a macromolecular procedure in cells in
which intracellular substrates and damaged organelles are broken down and recycled to relieve cell stress resulting from
nutritional deprivation, irradiation, hypoxia, and cytotoxic agents. Autophagy can be a double-edged sword and play either
a protective or a damaging role in cells depending on its activation status and other cellular situations, and its dysregulation
is related to tumorigenesis in various solid tumors. Autophagy induced by various therapies has been shown as a unique
mechanism of resistance to anti-cancer drugs. Growing evidence is showing the important role of IncRNAs in modulating
drug resistance via the regulation of autophagy in a variety of cancers. The role of IncRNAs in drug resistance of cancers
is controversial; they may promote or suppress drug resistance via either activation or inhibition of autophagy. Mechanisms
by which IncRNAs regulate autophagy to affect drug resistance are different, mainly mediated by the negative regulation
of micro RNAs. In this review, we summarize recent studies that investigated the role of IncRNAs/autophagy axis in drug

resistance of different types of solid tumors.
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Introduction

Autophagy is a process of intracellular catabolic degrada-
tion under stress conditions in which components such as
defaced organelles, misfolded proteins, or infective microor-
ganisms are transferred into lysosomes which are enzymati-
cally digested toward amino acids, nucleotides, fatty acids,
carbohydrates, and ATP which eventually enter into the
cell's metabolism cycle [1]. Autophagy is not only a process
that occurs only under stress conditions, but also a normal
physiological process that takes place in cells under normal
conditions [2]. Under normal conditions, autophagy serves
as a routine housekeeping process to eliminate excessive or
aged cellular components, ensuring the proper functioning
and renewal of cells [3]. It helps to regulate energy metabo-
lism, eliminate aggregated proteins, and participate in tissue
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development and differentiation [4]. In homo sapiens cells,
autophagy is divided into three main forms: microautophagy,
in which uptake of cargo directly is mediated by the lyso-
somal membrane; chaperone-mediated autophagy, in which
some tagged protein is identified by chaperone complexes
and delivered to lysosome; and finally, macroautophagy,
which, based on most studies, is the most common one and
generally called autophagy is mediated by engulfing cargoes
by a double-membrane vesicle and its fusion with the lyso-
some [5]. The autophagy process consists of various consec-
utive stages from phagophore to autophagolysosome forma-
tion. Briefly, at the initiation step, Unc-51-Like Autophagy
Activating Kinase (ULK) 1, ULK2, FAK family kinase-
interacting protein of 200 kDa (FIP200), Autophagy-Related
(ATG)101 and ATG13 gather to configure ULK1 complex
which contributes to the vesicle nucleation and phagophore
genesis. Then, the ULK1 complex activates the class III
PI3K complex composed of multiple proteins including
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Beclin-1 and ATG14 [6, 7]. Beclin-1 recruits some ATG
proteins involved in phagophore maturation and elongation.
ATG5/ATG12/ATG16L complexes bring microtubule-asso-
ciated protein 1 light chain 3 (LC3) which is responsible for
the expansion of the phagophore to form autophagosome [8].
Finally, SNARE protein syntaxin 17 (STX17) expedites the
fusion of autophagosome and lysosome to create autophago-
lysosome [9]. The elevation of some of the above-mentioned
factors is an indicator of autophagy activation in cells, while
the accumulation of some autophagy substrates including
the p62 protein at the autophagosome configuration point
indicates autophagy inhibition [10]. Various studies have
shown that based on its activation position and other situa-
tions, autophagy can be preservative or harmful. In cancer,
autophagy executes a contradictory role in accordance with
the tumor stage, tumor type, and the specific microenviron-
ment of the tumor [11]. In the early stages of tumorigenesis,
via the destruction of powerfully carcinogenic molecules,
autophagy carries out a tumor-suppressive role. However,
after tumors are progressed, autophagy protects cancer cells
against stress-mediated death and provides some crucial
surviving factors for them [11]. Growing evidence also has
revealed the paradoxical role of autophagy in regulating the
response to various therapies, especially chemotherapy in
cancers [12].

The treatment of solid tumors presents several challenges
due to the complex nature of these tumors and the unique
characteristics they exhibit. Resistance to therapy is one
of the major challenges in the treatment of solid tumors,
and overcoming drug resistance is crucial for improving
treatment outcomes [13]. There are various mechanisms
by which cancer cells resist therapies including physical
barriers, tumor heterogeneity, epigenetic alterations, DNA
damage repair, drug inactivation or efflux, and cell death
inhibition mainly mediated by autophagy [14, 15]. Chemo-
therapy or other types of drugs by affecting various pathways
can promote or prevent autophagy in cancer cells, which in
turn may contribute to cell death or survival [16, 17]. The
chemotherapy agents like 5-fluorouracil (5-FU) via induc-
ing AMP-activated protein kinase (AMPK) and nuclear p53
activates autophagy [18], while Taxanes were reported to
perform this action through beclin-1 induction and thereby
phagophore nucleation [19]. Some others like doxorubicin,
bafilomycin A1, and hydroxychloroquine (HCQ) can inter-
fere with autophagolysosome formation to inhibit autophagy
[20]. Moreover, mammalian target of rapamycin (mTOR)
blockers such as everolimus could prevent ULK1 complex
activation [21]. Autophagy-mediated drug resistance is con-
trolled by various factors in cancer cells including IncRNAs.

In recent years, sequencing whole genomes and tran-
scriptomes using high-throughput technologies has revealed
that at least 75% of the genome is actively transcribed into
non-coding RNAs and just 2% is protein-coding transcripts
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[22]. Based on their molecular size, non-coding RNAs are
classified into either small non-coding RNAs (sncRNAs)
including small interfering RNAs (siRNAs), microRNAs
(miRNAs), P-element induced wimpy testis-interacting RNA
(piRNAs) and small nucleolar RNAs (snoRNAs), referring to
less than 200 nucleotides in length, or long non-coding RNAs
(IncRNAss), containing more than 200 nucleotides in length
[23-25]. Similar to messenger RNAs (mRNAs), most IncR-
NAs are transcribed by RNA polymerase II (Pol II) and got
the 7-methylguanosine cap at the 5’ ends and the poly adenine
(poly-A) “tail at the 3’ ends [26]. The remaining IncRNAs
are generated by some other pathways. Studies have shown
that non-polyadenylated IncRNAs are transcribed by RNA
polymerase III and some of them are side products of splic-
ing during snoRNA production [27, 28]. Histone modifica-
tions like H3K4me3, H3K27ac, and H3K9ac in addition to
protein-coding genes, are also enriched in promoter regions
of IncRNA genes, and their placement has been marked as an
indicator of IncRNA genes such as H3K4me3 locating at the
transcription start sites [29]. Compared to mRNAs, transcripts
of IncRNAs contain fewer and shorter exons, as well as show
lower expression levels [30]. IncRNAs are classified based
on their genomic localization into intergenic, intronic, sense,
antisense, and divergent types. The genes of long interven-
ing/intergenic ncRNAs (lincRNA) without having an overlap,
are located between two protein-coding genes [31]. Another
type without overlap is intronic IncRNA which is located in
the middle of one intron of a protein-coding gene [32]. Sense
and antisense IncRNAs' genes are transcribed from sense and
antisense strands of either protein-coding or non-coding genes
and show an overlap with exons and/or introns of those genes
[33]. Divergent IncRNAs also are transcribed from the oppo-
site strand and located in the vicinity of protein-coding genes
[34]. Based on their localization in the nucleus or cytoplasm,
and via directly or indirectly interacting with chromatin, other
RNAs, and proteins, IncRNAs can act as a signal transducer,
guides, molecular sponges, molecular decoys, and scaffolds to
carry out regulatory activities in transcriptional and/or post-
transcriptional level [35]. IncRNAs participate in various
biological processes during development and differentiation,
as well as in pathogenesis of human disorders, like cancers,
metabolic diseases, neurodegeneration, autoimmunity, cardio-
vascular diseases, and infectious diseases. In regard of their
acts in cancer progression, IncRNAs play a controversial role
as some of them promote cancer development, while some
others have suppressive effect of tumor progression.
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IncRNAs mechanism of action in autophagy
regulation

Studies have shown that IncRNAs can regulate autophagy
in different stages from initiation to autophagolysosome
formation by various mechanisms including acting as com-
peting endogenous RNA (ceRNA) and sponging miRNAs
involved in autophagy regulation, as well as targeting
autophagy-related factors like ATGs, Beclin-1, ULK1 and
LC3, and signaling mediators like mTOR, AMPK, and
PTEN both in transcriptional and post-transcriptional lev-
els. Numerous IncRNAs have been identified as ceRNAs
and thereby compete with miRNAs in binding to the 3'UTR
of target mRNAs, in this way preventing the consequence
of miRNAs [36]. At the initiation stage of autophagy, stud-
ies have shown that IncRNAs regulate autophagy by tar-
geting miRNAs. In human osteosarcoma cells, it has been
indicated that IncRNA SNHG6 by competitively sponging
miR-26a-5p and thereby increasing ULK1 in post-tran-
scriptional level, triggers autophagy and induces apoptosis
via promoting caspase3 [37]. In vascular endothelial cells
induced with heavy glucose, IncRNA CA7-4 by acting as
ceRNA for miR5680 and decoying it promoted phospho-
rylation of AMPK and enhanced autophagy and apoptosis
[38]. In the cells derived from nucleus pulposus tissues of
patients who underwent intervertebral disc surgery, it has
been demonstrated that LncRNA HOTAIR by acting as a
ceRNA of miR-148a and sponging it, upregulated PTEN
and contributed to the autophagy activation and apopto-
sis induction [39]. ATG13 is an autophagy activator by
inducing phagophore formation, and it has been shown
that IncRNA FLJ11812 originated from the 3'UTR area
of the TGFB2 gene can increase ATG13 protein level by
negatively targeting miR4459 in the human umbilical vein
endothelial cells (HUVECS) [40]. ATG5/ATG12 complex
is considered to be involved in phagophore elongation.
In macrophage cell line RAW264.7, Xu et al. have indi-
cated that IncRNA GASS5 provoked autophagy activation
through miR-181c-5p and miR-1192 sponging, and sub-
sequently by, respectively, enhancing ATG5 and ATG12
[41]. ATG3/LC3-II complex in needed for autophago-
some membrane closure. IncRNA GASS5 overexpression in
human embryonic kidney 293T cells repressed the mature
miR-23a, and thereby increased the expression of ATG3
and LC3-II [42].

IncRNAs also could regulate autophagy in a non-
miRNA way by directly affecting different factors in
various stages of autophagy. In glioblastoma cell lines,
IncRNA DRAIC via downregulating GLUT1, a target
gene of NF-kB, induced AMPK and thereby inhibited
mTOR to promote autophagy [43]. It has been shown
that IncRNA PURPL physically interacted with mTOR

and ULK1 to phosphorylate ULK1 at Ser757 and, thus,
repressed autophagy and prevented cell death in melanoma
cell line A375. Furthermore, PURPL knockdown resulted
in AMPK-dependent ULK1 phosphorylation at Ser317
and Ser555, as well as upregulation of LC3B-II to induce
autophagic cell death [44]. Zhang et al. have demonstrated
in colorectal cancer (CRC) that IncRNA CPS1-IT1 bar-
ricaded HIF-1a activation, and subsequently inhibited
epithelial-mesenchymal transition (EMT) and autophagy
[45]. In vitro silencing of the IncRNA MALATI in mul-
tiple myeloma cells resulted in HMGB1 ubiquitination
and degradation at the post-translational level, and conse-
quently autophagy suppression. Furthermore, MALAT1
knockdown repressed tumor growth in vivo in multiple
myeloma-bearing mice and diminished HMGB1, Bec-
lin-1, and LC3B protein levels in tumor tissues [46]. It
has been revealed that depletion of IncRNA LCPAT1 in
mice with lung cancer remarkably decreases tumor growth
via downregulating the expression of autophagy-related
mediators including ATGS5, ATG7, ATG12, ATG3, LC3,
ATG14, and Beclin-1 [47]. Chen and colleagues indicated
that IncRNA HULC has blocked autophagy via downreg-
ulating ATG7, B-II, and lysosome-associated membrane
glycoprotein (LAMP) 1, a marker of autophagolysosome
formation, and subsequently inhibited in vitro apoptosis
and in vivo tumor growth in epithelial ovarian carcinoma
[48]. Some adaptor proteins like Pleckstrin homology
domain containing protein family M member 1 (Plekhm1)
located on the lysosomal membrane, via directly interact-
ing with LC3 on autophagosomes facilitates their fusion
with the lysosome to configure autophagolysosome [49].
Viereck and co-workers have demonstrated that IncRNA
Chast could inhibit autophagy and its consequent cardio-
myocyte hypertrophy via negative regulation of Plekhml
[50] (Fig. 1).

LncRNA autophagy in drug resistance
of cancer

Based on our search, we included 60 studies investigating the
role of IncRNAs in autophagy-mediated drug resistance in
solid tumors. Forty-four of these studies indicated the stimu-
latory role of IncRNAs on autophagy and the remaining six-
teen showed their inhibitory action on autophagy. Moreover,
in thirty-two studies, IncRNAs mediated their action in a
miRNA-dependent manner, and in the other twenty-eight
ones, they exerted their action in a miRNA-independent way.
Generally, it is shown that autophagy activation by IncR-
NAs mostly contributes to drug resistance, while IncRNAs
contributing to autophagy suppression, mostly have sensi-
tized cancer cells to the therapies. It should be considered
that for investigating the factor of “drug resistance”, about
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Fig. 1 The expression patterns of IncRNAs can be affected by tumor-
associated factors or various anti-cancer therapeutic agents, in which
IncRNAs can regulate autophagy in a miRNA-dependent or -inde-
pendent way. The modulated autophagy, dependent on its status, can
increase or decrease the drug resistance of cancer cells. IncRNA:

80 percent of mentioned studies have used various chemo-
therapy agents. The following sections will review IncRNAs'
role in the regulation of drug resistance through the promo-
tion or suppression of autophagy in solid tumors.

LncRNAs regulate drug resistance via autophagy
activation

Activation of autophagy via IncRNA/miRNA pathway

It has been shown that in hepatocellular carcinoma (HCC)
tissues and cells, the expression of IncRNA LINC00160 and
PIK3R3 is elevated but miR-132 is decreased. A positive
association between LINCO00160 overexpression and
autophagy-related LC3-I/LC3-II and Atg5 expression has
been indicated. The results of a study revealed that
LINCO00160 targeting contributed to the inhibition of miR-
132 sponging and PIK3R3 expression, and consequently
reduction in autophagy and resistance to sorafenib [51]. The
high expression of IncRNA SNHGI14 and ATG14, and
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downregulation of miR-186 expression have been shown in
CRC tumor tissues and cell lines. Han and colleagues indi-
cated that SNHG 14 overexpression by targeting miR-186, a
negative regulator of autophagy-related protein ATG14,
promotes cisplatin resistance of SW620 cells [52]. A study
by Yao et al. has indicated IncRNA-XIST overexpression in
Retinoblastoma tumor tissues and cell lines. Following XIST
knockdown, miR-204-5p was upregulated and resulted in
autophagy inhibition and enhanced sensitivity to vincristine
in vitro in WERI-RB1 and Y79 Retinoblastoma cell lines,
as well as in vivo in a xenograft model induced by XIST-
depleted Y79 cells [53]. IncRNA Sox2OT-V7 expression is
elevated in chemoresistant osteosarcoma tissues and cell
lines. Autophagy and Sox20T-V7 expression have been
induced in osteosarcoma U20S cells by doxorubicin treat-
ment. miR-142/miR-22 upregulation following Sox20T-V7
silencing inhibited the expression of autophagy-related
genes ULK1, ATG4A, and ATGS, and subsequently, re-
sensitized the U20S cells to doxorubicin treatment in vitro
[54]. Xian et al. have indicated that IncRNA UCA1
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overexpression in CRC cells via targeting miR-23b-3p and
thereby upregulation of ZNF281 enhanced autophagy and
contributed to the 5-FU resistance [55]. In triple-negative
breast cancer (TNBC), IncRNA OTUD6B-AS1 and MTDH
overexpression has induced autophagy and DNA damage via
blocking the phosphorylated activation of RADS51, ATM,
and ATR, central regulators of DNA damage response
(DDR) [56]. Upregulation of miR-26a-5p, a sponge target of
IncRNA OTUD6B-AS1, reduced paclitaxel resistance and
promoted its cellular cytotoxicity effects in vitro in
HCC1937 cells [57, 58]. Liu and colleagues have shown the
elevated expression of IncRNA NEAT1 in CRC tissues and
cell lines which was negatively correlated with miR-34a
expression. miR-34a was proved to be involved in autophagy
suppression by targeting HMGB1, ATG9A, and ATG4B
genes. They indicated that NEAT1 knockdown suppressed
autophagy through the alleviation of the LC3 puncta and the
expressions of ULK1, Beclin-1, and LC3-1I/1, and afterward,
contributed to the sensitivity of 5-FU treatment in HT29
cells [59]. In CRC cell lines HCT116 and SW480, it has
been indicated that IncRNA KCNQIOT1 via miR-34a
sponging upregulated Atg4B and activated autophagy to
enhance resistance to the chemotherapy agent oxaliplatin
[60]. IncRNA LINCO01572 by acting as a ceRNA of miR-
497-5p and its sponging resulted in ATG14-related
autophagy induction, and thereby resistance to cisplatin in
GC cells [61]. Via targeting miR-543 and consequently
enhancing the stability of ATG4B mRNA, sorafenib-induced
IncRNA CRNDE is involved in autophagy activation in HCC
cells. In vitro and in vivo experiments have shown that
CRNDE targeting decreases the resistance of HCC cells to
sorafenib [62]. The higher expression of IncRNA SNHG15
has been shown in osteosarcoma tissues and cell lines resist-
ant to doxorubicin. SNHG15 contributed to the doxorubicin
resistance via targeting the miR-381-3p/GFRA1 axis and
thereby autophagy activation in osteosarcoma cell lines
U20S and MG63 [63]. IncRNA MALATI has highly
expressed in cisplatin-resistant GC cell lines including AGS
and HGC-27. MALAT1 overexpression via sponging
miR-30b and thereby increasing the expression of ATGS has
activated autophagy and alleviated sensitivity to cisplatin in
GC cell lines [64]. Huang et al. have demonstrated that
expression of IncRNA BLACAT1, ATG7, MRP1, LC3-1I/
LC3-I, and Beclin-1 had significantly higher expression lev-
els in cisplatin-resistant non-small-cell lung cancer
(NSCLC) cells than cisplatin-sensitive NSCLC cells. They
indicated siRNA-mediated silencing of BLACAT1 contrib-
uted to the increase in expression of miR-17, a negative
regulator of ATG7, and afterward by blocking autophagy
activation elevated cisplatin sensitivity in vitro in NSCLC
cells and in vivo in mice bearing NSCLC tumor [65]. Over-
expression of IncRNA TUGI and insulin-like growth factor
2 mRNA-binding protein 2 (IGF2BP2), a IncRNA stability

factor, has been shown in CRC tissues. TUGI targets miR-
195-5p to promote HDGF/DDX5/B-catenin axis, and conse-
quently boost CRC cells' resistance to cisplatin [66]. Based
on the Cancer Genome Atlas, Li et al. stated that IncRNA
NEATI is upregulated in HCC and has a negative correla-
tion with the survival rate of patients. They indicated that
upregulation of NEAT1 sponges miR-204 to upregulate
autophagy-related ATG3 expression and increase resistance
to sorafenib in HCC cells in vitro [67]. The higher expres-
sion of HOTAIR IncRNA has been demonstrated in suni-
tinib-resistant renal cancer cells. By playing as a ceRNA,
HOTAIR targets miR-17-5p to activate autophagy by upreg-
ulation of Beclin-1, and as a result, enhances sunitinib resist-
ance of renal cancer cell lines 786-O and ACHN [68]. In a
study, high expression of IncRNA EIF3J-DT and ATG14
was shown in chemoresistant GC patients. In in vitro experi-
ments, it was demonstrated that EIF3J-DT activates
autophagy through direct binding to ATG14 mRNA and
enhancing its stability by blocking the miR188-3p, and con-
sequently elevates resistance to oxaliplatin (OXA) and 5-FU
in GC cell line MGCB803 [69]. Another study revealed that
the 5-FU caused an elevation in miR-648 and reduced ET-1
expression, and replacement of miR-648 could sensitize
chemoresistant GC cells [70]. In NSCLC tumor samples and
cisplatin-resistant A549 cells, the overexpression of
IncRNA-XIST has been shown. The knockdown of IncRNA-
XIST, a sponge for miR-17, resulted in autophagy inactiva-
tion and consequently sensitivity to cisplatin treatment in
A549 cells via reducing the levels of ATG7 protein [71]. Gu
and colleagues indicated the overexpression of IncRNA
TUGTI in tumor tissues of ovarian cancer patients and the
highest expression was in the chemoresistant group than the
sensitive group. It has been revealed that TUGI is a negative
regulator of miR-29b-3p, and siRNA-mediated silencing of
TUG!1 in A2780/R and SK-OV-3 ovarian cancer cells
reduced formation of autophagosome and resistance to
Paclitaxel [72]. Similarly, LncRNA PSMA3-AS1 knock-
down has been shown to suppress NRF2 in gastric cancer
cell lines [73], which has been associated with suppressed
autophagy and resistance to paclitaxel. In CRC HCT 116
cells, IncRNA SNHG®6 via targeting miR-26a-5p and subse-
quently positive regulation of ULK1, promoted autophagy
and 5-FU resistance. shRNA-mediated depletion of SNHG6
increased sensitivity to 5-FU in vivo in CRC mouse model
to inhibit tumor growth [74]. Elevated expression of IncRNA
MALAT]1 has been indicated in chemoresistant GC cell line
SGC7901. It was shown that MALATI higher expression
induced autophagy and chemoresistant in GC cells via
sponging miR-30e, and subsequently ATGS upregulation.
Furthermore, treatment with propofol facilitated the chemo-
sensitivity of GC cells to cisplatin, mostly by blocking
IncRNA MALAT1-mediated autophagy [75]. IncRNA PVT1
high expression and its association with poor prognosis of
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NSCLC patients has been reported by Chen and colleagues.
They demonstrated that PVT1-mediated miR-216b down-
regulation enhanced Beclin-1 protein expression, and
thereby autophagy activation which in turn increased cispl-
atin resistance of A549 cells. Furthermore, PVT1 accumula-
tion enhanced autophagy of A549 cells and tumor growth
in vivo in a mouse model of NSCLC [76]. Another study
indicated the role of PVT1 in autophagy and drug resistance
in pancreatic cancer. According to the results of the study,
upregulated PVT1 in pancreatic cancer cell lines, regulated
Wnt/p-catenin signaling via sponging miR-619-5p and
enhancing the expression of Pygo2 and ATG14, which
finally resulted in autophagy activation and gemcitabine
resistance [77]. The increased expression of IncRNA H19
has been shown in tumor tissues of recurrent CRC patients
which was associated with poor recurrent free survival. It is
indicated that H19 acts as a ceRNA and sponge miR-194-5p,
and subsequently activates SIRT1-induced autophagy to
develop 5-Fu resistance in CRC cells in vitro [78]. IncRNA
HOTAIR expression has been upregulated in recurrent gas-
trointestinal stromal tumors (GISTs). HOTAIR significantly
increased cell autophagy and controlled drug sensitivity
through autophagy. Autophagy and imatinib sensitivity were
suppressed by HOTAIR smallinterfering RNA, however, this
was restored by miR-130a downregulation. HOTAIR targets
the ATG2B (as a downstream target of miR-130a and
HOTAIR) inhibitor miR-130a to increase cell autophagy,
which enhances imatinib resistance in GISTs [79]. Xiong
et al. have demonstrated that oxaliplatin, pirarubicin (THP),
and 5-FU treatment powerfully induces IncRNA HULC
expression and autophagy in HCC cells. Moreover, in human
HCC tissues, it was shown that HULC levels was positively
associated with that of Sirt] protein. They stated that HULC
could negatively target miR-6825-5p, miR-6845-5p and
miR-6886-3p to upregulate ubiquitin-specific peptidase 22
(USP22), resulting in the reduction of ubiquitin-mediated
degradation of Sirtl protein. HULC knockdown in HCC
cells by barricading autophagy contributed to the sensitivity
elevation to the mentioned chemotherapeutic agents [80].
Higher expression levels of MALATI1 and increased
autophagy have been observed in chemoresistant GC cells
in comparison with parental cells. It was indicated that
MALATTI plays a role as a ceRNA for miR-23b-3p and by
its downregulation, enhances ATG12 to trigger autophagy
in GC cells and contribute to resistance to chemotherapeutic
drugs including 5-FU, vincristine, and cisplatin [81].

Activation of autophagy via IncRNA/Non-miRNA pathway
In non-small cell lung cancer (NSCLC) cell line A549,
Yang et al. have indicated that IncRNA HOTAIR increases

resistance to Crizotinib, a tyrosine kinase receptor inhibi-
tor, via autophagy activation. shRNA-mediated silencing of
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HOTAIR resulted in autophagy suppression via diminishing
the number of LC3 + puncta and the expression of Beclin-1,
p-ULK1, and subsequently increased sensitivity to Crizo-
tinib [82]. Gii¢lii et al. have indicated the higher expres-
sion levels of IncRNA HIF1A-AS2 in doxorubicin-resistant
small cell lung cancer (SCLC) cell line HO9AR compared to
the doxorubicin-sensitive SCLC cell line H69. Their results
have shown that HIF1 A-AS2 depletion decreased Beclin-1,
a positive regulator of autophagy, and multidrug resistance
protein 1 (MRP1), and in this way raised the sensitivity
of SCLC cells to doxorubicin [83]. The upregulation of
IncRNA HOTAIR has been shown in ovarian cancer. Treat-
ment with ascending doses of cisplatin elevated expression
of Atg7 and LC3-II/T in ovarian cancer cells indicating the
activation of autophagy and reduction of drug sensitivity.
Knockdown of HOTAIR in ovarian cancer cells contributed
to the decrease of cisplatin resistance via autophagy alle-
viation [84]. It has been shown that increased expression
of serum exosomal AGAP2-AS1 in HER-2" breast cancer
patients is associated with resistance to trastuzumab treat-
ment. AGAP2-AS1 binds with ELAVLI protein and their
complex activates autophagy via promoting ATG10 expres-
sion, which in turn contributes to drug resistance. AGAP2-
AS] targeting significantly elevated the cytotoxicity induced
by trastuzumab in breast cancer cell lines SKBR-3-TR and
BT474-TR [85]. IncRNA FEZF1-AS1 overexpression has
been shown in gastric cancer (GC) tissues and was positively
correlated with the chemo-resistance of GC cells. It was
revealed that FEZF1-AS1 directly promotes ATGS to acti-
vate autophagy which in turn could result in drug resistance
in cancer cells. FEZF1-AS1 knockdown barricaded tumor
growth and enhanced sensitivity of 5-FU in GC cells in vivo
in a gastric tumor xenograft mouse model [86]. In esopha-
geal squamous cell carcinoma (ESCC) cell line Eca-109,
IncRNA LINCO00337 upregulated TPX?2 via recruiting E2F4
and consequently increased the expression of autophagy-
related Beclin-1 and LC3-II/LC3-1, and chemo-resistance
to cisplatin [87]. According to the results of a study by Han
et al., IncRNA ZNF649-AS1 has higher expression in tras-
tuzumab-resistant cells than sensitive cells in breast cancer
and is associated with a shorter survival time in patients. It
has been demonstrated that the association of ZNF649-AS1
with PTBPI increased ATG5-related autophagy in breast
cancer cells and consequently increased resistance to tras-
tuzumab [88]. MITA1 IncRNA has shown high expression
levels in gefitinib-resistant NSCLC cell line HCC827GR.
It was demonstrated that upregulation of MITA1 mediated
by treatment with pcDNAMITA1, enhanced the amounts
of autophagy-related genes including LC3-II/I and Bec-
lin-1, but diminished the level of p62, and subsequently
increased resistance to gefitinib [89]. Xie and colleagues
indicated that direct interaction of IncRNA PCDRInc1 with
UHRF1 (ubiquitin-like with plant homeodomain and ring
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finger domains 1) and increasing its transcription level in
prostate cancer cells, increases the activation of autophagic
Beclin-1 signaling, which in turn it leads to docetaxel
resistance. They demonstrated that knockout of PCDRIncl
notably sensitizes the resistant prostate cancer cells to doc-
etaxel in vitro and in vivo [90]. In a study by Zhang et al.,
it has been revealed that IncRNA SNHG?7 has the ability to
recruit human antigen R (HuR), and in this way stabilize
ATGS and ATG12 and promote autophagy which in turn
contributes to the docetaxel resistance in lung adenocarci-
noma LUAD cells [91]. The results of a study by Zhao et al.
identified the IncRNA CRNDE as a poor prognosis factor
for patients with temozolomide-resistant glioblastoma. They
reported that CRND knockdown reduced the expression of
LC3-1I/1, Atg5, and Beclin-1 and upregulated the expres-
sion of p62 to inactivate autophagy because of the PI3K/
Akt/mTOR pathway promotion, all these contributing to the
reduction of temozolomide resistance in glioblastoma cells
in vitro [92]. It has been found that IncRNA GBCDRIncl1
upregulation in gallbladder cancer tissues is associated with
chemo-resistance. GBCDRInc1 has the ability to directly
bind with phosphoglycerate kinase 1(PGK1) and block its
ubiquitination in gallbladder cancer cells resistant to doxo-
rubicin, thereby leading to the suppression of autophagy-
related ATG5-ATG12 conjugate. In vitro and in vivo experi-
ments showed that depletion of GBCDRInc1 contributed to
the autophagy inhibition and doxorubicin sensitivity in gall-
bladder cancer cells [93]. In tamoxifen-resistant tumor tis-
sues of breast cancer patients and breast cancer cell lines the
overexpression of IncRNA H19 has been demonstrated. The
outcomes of study revealed that H19 interacts with S-aden-
osylhomocysteine hydrolase (SAHH) to restrict its activity,
and subsequently diminish DNMT3B-mediated methylation
of Beclin-1 to activate autophagy and increase tamoxifen
resistance in ER-positive breast cancer cells. H19 knock-
down improved sensitivity to tamoxifen in breast cancer
bearing mice [94]. It has been indicated that IncRNA HULC
upregulated FoxM1 to increase autophagy activation and cis-
platin resistance in chemoresistant GC cells. Methioninase
(METase) transfection into GC cells could inhibit autophagy
and cisplatin resistance via downregulating HULC [95].
Sun et al. have shown that IncRNA HOTAIR results in the
cisplatin-induced resistance in endometrial cancer cells via
upregulation of Beclin-1-dependent autophagy, as well as,
MBDR and P-glycoprotein (P-gp) expression [96]. Wang et al.
have indicated that IncRNA HOTAIR silencing in oral squa-
mous cell carcinoma (OSCC) cells inactivated autophagy
via diminishing the expression of beclin-1, microtubule-
associated protein 1 light-chain 3B (MAP1LC3B), ATG3
and ATG?7, while the increase of mTOR. Autophagy inac-
tivation contributed to the cisplatin sensitivity of KB and
CAL-27 OSCC cells in vitro [97]. Interestingly, photody-
namic therapy, which has shown promising outcomes in the

treatment of cancers, namely oral cancer [98], can regulate
the autophagy pathway in different tumor types and enhance
their responsiveness to chemotherapy [99]. Based on our
search, there was just one study indicating that IncRNA-
mediated autophagy activation contributed to drug sensi-
tivity in solid cancers. Whole transcriptome sequencing of
tumor tissues by Xu et al. demonstrated that IncRNA EGOT
was expressed at low levels in breast cancer, and there was
a close association between its high expression levels and
desirable recurrence-free survival (RFS) and overall survival
(OS) in breast cancer patients [100]. They indicated that
EGOT overexpression upregulates ITPR1 expression both
in cis and in trans which increased LC3-II/LC3-I levels and
reduced P62 expression to activate autophagy and sensitize
breast and ovarian cancer cells to paclitaxel toxicity [101].

LncRNAs regulate drug resistance via autophagy
suppression

Suppression of autophagy via LncRNA/miRNA pathway

Utilizing the transcriptome sequencing data, Wu and col-
leagues have identified IncRNA APCDDI1L-ASI1 as the most
remarkably upregulated IncRNA in lung adenocarcinoma
cells resistant to icotinib, a highly selective, first-generation
epidermal growth factor receptor (EGFR) tyrosine kinase
inhibitor. They indicated that APCDD1L-AS1 negatively
targets miR-1322, miR-1972, and miR-324-3p to prevent
SIRTS inhibition, by this way enhances EGFR expression
via rescuing the autophagic degradation of EGFR and con-
tributes to icotinib resistance of lung adenocarcinoma cells
[102]. A study by Wang et.al has demonstrated that in pan-
creatic cancer specimens, the expression of IncRNA ANRIL
and miR-181a were increased and decreased, respectively.
In vitro experiments have revealed that IncRNA ANRIL
by negatively targeting miR-181a enhanced HMGB1 and
alleviated LC3 and Beclin-1 to inactivate autophagy, while
promoting gemcitabine resistance in PANC-1 and BxPC-3
cells [103]. Ma and colleagues have stated in their study on
U87MG glioblastoma cells that IncRNA AC023115.3 can
be induced by cisplatin and promote apoptosis via impeding
autophagy. In vitro experiments showed that AC023115.3
negatively targets miR-26a to prevent glycogen synthase
kinase 3 (GSK3) inhibition, thereby accelerating the degra-
dation of Mcll, diminishing the level of LC3-II protein, and
enhancing the level of p62 protein, inactivates autophagy and
alleviates cisplatin resistance [104]. The close association
between advanced clinical stages of glioma patients and the
reduced expression of IncRNA CASC2 and elevated expres-
sion of miR-193a-5p has been reported. It was indicated that
CASC2 by sponging miR-193a-5p alleviates LCII/LCI and
Beclin-1 expression, and increases p62 and mTOR expres-
sion contributing to the temozolomide-induced autophagy
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suppression. CASC2-mediated autophagy inhibition sensi-
tized glioma cells to temozolomide [105]. It has been shown
that the expression of IncRNA CTA has been downregulated
in tumor tissues of osteosarcoma patients and this downregu-
lation is remarkably correlated with the advanced clinical
stage and the size of the tumor. In vitro experiments showed
that IncRNA CTA is a negative regulator of miR-210 and by
its sponging decreases LC3-II accumulation and expression
of BNIP3/BNIP3L in MG63, Saos-2 osteosarcoma cells to
inhibit autophagy-mediated doxorubicin resistance [106]
(Fig. 2).

Suppression of autophagy via IncRNA/non-miRNA pathway

It has been shown that the expression of IncRNA ROR was
higher in the breast cancer specimens compared to the adja-
cent normal tissues. It was revealed that siRNA-mediated
silencing of ROR in HER-2" breast cancer cell line BT474
induced autophagy by increasing the expression of LC3 and
Beclin-1 and consequently inhibited the tamoxifen resist-
ance via reducing MDR-associated P-gp and glutathione
S-transferase-n (GST-n) expression [107]. Based on the
GSE15372 dataset, Chen et al. have found that compared
to the normal cells, IncRNA HOXA11-AS expression is
higher in ovarian cancer cells, and the most significant ele-
vation was shown in cisplatin-resistant cells. Their results
indicated that HOXA11-AS could contribute to cisplatin
resistance via suppression of autophagy. They targeted
HOXAT11-AS in cisplatin-resistant A2780 ovarian cancer
cells and observed that autophagy activation related to ele-
vation of Beclin-1, LC3-II/I, and reduction of p62 resulted

f LncRNAs \

|

ANRIL ACO023115.3 CASC2 CTA

L 1 1 1
miR-181a miR-26a miR-193a-5p miR-210

l 1 } 1
HMGBI1 Mecll P62 Le3-11

Autophagy Autophagy
| 1
Drug-resistance Drug-resistance

\ )

Fig.2 Regulation of autophagy via LncRNA/miRNA pathway. The
IncRNAs mostly contribute to autophagy activation resulting in drug
resistance in solid cancers, while downregulated autophagy by IncR-
NAs/miRNA pathway leads to drug sensitivity. IncRNAs exert their
regulatory action on autophagy in either miRNA-dependent or -inde-
pendent manner. IncRNA: long non-coding RNA; miRNA: micro-
RNA
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in sensitivity to cisplatin [108]. ARHGAP5-AS1 has been
identified as an upregulated IncRNA in chemoresistant GC
cells and is associated with poor prognosis in GC patients.
SQSTM1 is responsible for transporting ARHGAP5-AS1
to autophagosomes, and autophagy inhibition enhanced
ARHGAPS5-AS1 in chemoresistant GC cells. IncRNA ARH-
GAP5-ASI1 via promoting the transcription of ARHGAPS
in the nucleus, as well as, stabilizing its mRNA in the cyto-
plasm by recruiting METTLS3 increased cisplatin resistance
of GC cells [109]. Using genome-wide expression profiles
of patients with ovarian cancer, it has been revealed that
IncRNA RP11-135L22.1 has significantly lower expression
in the chemotherapy-resistant group compared to the chem-
otherapy-sensitive group. Furthermore, the overall survival
of patients has a positive correlation with RP11-1351.22.1
expression. In HO8910 ovarian cancer cells, treatment with
RP11-135L22.1 suppressed Atg7 and LC3A/B-II-related
autophagy activation and sensitized cells to the cisplatin
[110]. Xia et al. have reported significantly low expression
of the IncRNA MEGS3 in stages III and IV, as well as, chem-
oresistant tumors compared to the stages I +1II and chemo-
sensitive tumors in lung cancer patients. In vitro experiments
revealed that MEG3 overexpression significantly reduced
the expressions of autophagy-related proteins including Atg,
LC3-1I, and LC3-II, and sensitized A549 and H292 cells to
vincristine [111]. In NSCLC tissues, a negative correla-
tion has been shown between IncRNA NBAT1 and ATG7
levels. Moreover, NSCLC patients with low expression of
NBAT1 have shown much worse prognoses than patients
with NBAT1 higher expressions. The study’s outcomes
indicated that NBAT1 binds with PSMD10 to facilitate its
degradation, and subsequently suppresses ATG7 transcrip-
tion by preventing the localization and stimulatory effects of
PSMD10 and HSF1 in the ATG7 promoter. Autophagy inac-
tivation by NBAT1 reduced resistance to cisplatin in A549
cells [112]. The results of a study by Ma et al. have dem-
onstrated that IncRNA MEG3 expression was elevated in
cisplatin-treated U87 glioma cells. They showed that lentivi-
ral-mediated MEG3 transfection into U87 cells via reducing
LC3-II and increasing p62 proteins, and thereby autophagy
inhibition resulted in chemosensitivity to cisplatin [113].
Zhang et al. have indicated that IncRNA CRNDE decreases
the stability of splicing protein SRSF6 via direct binding
to it and subsequently diminishes the selective splicing of
PICALM mRNA to reduce LC3-II-mediated autophagy
activation, as well as, resistance to 5-FU and oxaliplatin in
GC cells [114]. In cervical cancer, the lower expression of
IncRNA RP11-381N20.2 has been shown in tumor tissues
which were positively correlated with the total survival
rate of patients. IncRNA RP11-381N20.2 overexpression
downregulated autophagy-related Atg7 and LC3A/B-II
and sensitized cervical cancer cell line SiHa to paclitaxel
treatment [115]. Zhang and co-workers have demonstrated
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that IncRNA LINC-PINT suppressed autophagy via inhibit-
ing the transcription of ATGS5 by calling enhancer of zeste
homolog 2 (EZH2) to the promotor region of it and thereby

. 0
LncRNAs
|

ROR HOXAI1

1 1 } 1 1 1 1

Lc3, Beclin - LC3II/I

N1/ N

Autophagy

| 1

Drug resistance

ARHGAPS-AS1  CRNDE RPI11-135L22.1 MEG3 NBATI

ARHGAPS LC3-1I ATG7 ATG, LC3-1 PSMD10

Autophagy

Drug resistance

- J

Fig.3 Regulation of autophagy via LncRNA/non-miRNA path-
way. The IncRNAs mostly contribute to activation of autophagy
and thereby drug resistance in solid cancers, while downregulated
autophagy by IncRNAs leads to drug sensitivity via non-miRNA
pathway. IncRNA: long non-coding RNA

Table 1 Ongoing clinical trials targeting autophagy in solid tumors

decreased resistance to cisplatin in GC cells [116]. IncRNA
CRNDE transfection in GC cells resulted in diminish in the
expression of LC3-II protein and subsequently autophagy
inactivation, which overall promoted apoptosis and sensi-
tivity to chemotherapy agents oxaliplatin and 5-FU [117]
(Fig. 3).

Conclusion and future directions

Autophagy mostly results in tumor progression, especially
in advanced stages, and till now various clinical trials have
used or are using autophagy inhibitors as monotherapy or
in combination with other anti-cancer therapies to combat
different solid cancers (Table 1). Since IncRNAs have been
demonstrated as important autophagy regulators, mostly
acting as stimulators of autophagy, their targeting could
be a potential therapeutic strategy in cancer treatment. In
recent years novel methods have been introduced to tar-
get IncRNAs in vitro and in vivo. Antisense oligonucleo-
tides (ASOs) are small, synthetic, single-stranded DNA

NCT number Phase Cancer type Autophagy inhibitor Combinatory agents
NCT03037437 1I HCC HCQ Sorafenib
NCT04214418 1 Gastrointestinal cancer HCQ Cobimetinib, Atezolizumab
NCT05576896 11 CRC HCQ Encorafenib, Cetuximab, Panitumumab
NCT04386057 11 Pancreatic cancer HCQ sulfate ERK1/2 inhibitor (LY3214996)
NCT03774472 v Breast cancer HCQ Letrozole, Palbociclib
NCT05036226 /11 Prostate cancer HCQ Metformin, Sirolimus, Nelfinavir, Dasatinib
NCT02339168 1 Prostate cancer CQ Enzalutamide, Metformin
NCT01480154 1 Melanoma, prostate cancer, HCQ Akt Inhibitor MK2206

renal cell cancer
NCT01023737 1 Advanced solid tumors HCQ Vorinostat
NCT04566133 1I Cholangiocarcinoma HCQ Trametinib
NCT04132505 1 Pancreatic cancer HCQ Binimetinib
NCT04873895 1 CRC HCQ Axitinib
NCT04524702 1I pancreatic cancer HCQ Gemcitabine, Nab-paclitaxel, Paricalcitol
NCT05221320 11 Gastrointestinal cancer HCQ Ulixertinib
NCT04523857 11 Breast cancer HCQ Abemaciclib
NCT04527549 1I Melanoma HCQ sulfate Dabrafenib Mesylate, Trametinib Dimethyl Sulfoxide
NCT00813423 1 Adult solid neoplasm HCQ Sunitinib Malate
NCT04841148 11 Breast cancer HCQ Avelumab, Palbociclib
NCT01494155 1I Pancreatic cancer HCQ Capecitabine
NCT05448677 1I HCC Ezurpimtrostat Atezolizumab, Bevacizumab
NCT03754179 /11 Melanoma HCQ Dabrafenib, Trametinib
NCT02432417 1I Glioblastoma CQ -
NCT04911816 /1 Pancreatic cancer HCQ sulfate -
NCT03598595 /1 Osteosarcoma HCQ Docetaxel, Gemcitabine
NCT04201457 /1t Glioma HCQ Dabrafenib, Trametinib

HCQ: Hydroxychloroquine; HCC: Hepatocellular Cancer; CRC: Colorectal cancer
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oligomers that are complementary to the mRNA targets in
a sequence-specific way and result in endonuclease-medi-
ated transcript knockdown, thereby, modulating protein
expression. Recently two ASO-based therapies have been
approved for the treatment of spinal muscular atrophy and
Duchenne muscular dystrophy [118]. In the field of cancer,
various studies have started investigating ASO-based ther-
apies in vitro and in vivo, and some of them have under-
gone clinical trials (Table 2). In head and neck squamous
cell carcinomas, it has been shown that higher expression
of IncRNA AC104041.1 enhances the growth and metas-
tasis of tumors in vitro and in vivo. AC104041.1 induced
[B-catenin activation by acting as ceRNA for miR-6817-3p.
Furthermore, ASO-based IncRNA AC104041.1 targeting
in head and neck squamous cell carcinoma cells and mice
bearing patient-derived xenograft boosted the efficacy
of treatment with salinomycin, an antibiotic facilitating
cancer stem cells' elimination via the Wnt/f-catenin sign-
aling [119]. In MiaPaCa-2 pancreatic cancer cells, treat-
ment with apatorsen (OGX-427), an Hsp27-specific ASO,
barricaded proliferation, enhanced apoptosis rate, as well
as increased sensitivity to gemcitabine [120]. In patients
with castration-resistant prostate cancer, a phase I dose-
escalation study of apatorsen has shown its toleration at
higher doses and revealed apatorsen efficacy in diminish-
ing some tumor markers including prostate-specific anti-
gen in some patients [121]. In a Phase II Study in patients
with relapsed or refractory metastatic bladder cancer, it
has been indicated that treatment with apatorsen in combi-
nation with docetaxel has improved overall survival (OS)
compared to docetaxel monotherapy [122]. CRISPR-medi-
ated interference (CRISPRI) is another potential approach
to target IncRNAs. Azadbakht et al. have indicated that
the knockout of IncRNA LINC00511 by CRISPR/Cas9
enhanced MCF-HGH and MDA-MB-468 breast cancer
cell apoptosis [123]. In T24 and 5637 bladder cancer cells,
it has been shown that CRISPR—Cas13-mediated deple-
tion of IncRNA-GACATS3 via upregulating Bax, p21, and
E-Cadherin suppressed cell growth and migration, and

Table 2 Clinical trials of ASO-based therapies in cancers

enhanced apoptosis [124]. siRNAs and shRNAs also have
been used in various studies to negatively target IncRNAs
in cancer. It has been shown that transferring IncRNA
DANCR siRNA enveloped in nanoparticles into A549
and NCI-H1299 lung carcinoma cells significantly blocked
migration, invasion, and spheroid formation of cells and
re-sensitized them to an EGFR inhibitor [125, 126]. Even
though, the use of nanoparticles has gone beyond the
cancer treatment and currently is used in several diseases
like diabetes mellitus [127], providing a hope for devel-
oping further IncRNA-bearing nanoparticles for various
diseases. Furthermore, Yu et al. have demonstrated that
shRNA-mediated silencing of IncRNA LCPAT1 in H1975
lung cancer cells inhibited cell autophagy and repressed
tumor growth in vivo in mice [47].

Overall, in recent years, the expression of IncRNAs in
different solid cancers has made them an important diagnos-
tic tool. Furthermore, their undeniable roles in the regula-
tion of tumor progression have introduced them as potential
therapeutic targets in cancer. Even though there are several
challenges in the development of IncRNA-targeting thera-
pies. Delivering therapeutic agents to target cells or tissues
is a significant hurdle in RNA-based therapies. Efficient and
specific delivery systems are required to ensure that ASOs or
siRNAs reach the intended target sites without causing off-
target effects. Developing delivery strategies that overcome
barriers such as stability, biodistribution, and cellular uptake
remains a major challenge for IncRNA-targeted therapies.
Moreover, IncRNAs are a diverse group of RNA molecules
with complex structures and functions. Unlike protein-cod-
ing genes, IncRNAs often lack clear sequence conservation
and well-defined functional domains, making it difficult to
design specific and efficient therapeutic agents. Identify-
ing appropriate target sites within IncRNAs and developing
effective strategies for their modulation is a complex task.

Autophagy is a crucial player in modulating drug
resistance of solid tumors and can be regulated by vari-
ous IncRNAs. The mechanisms by which IncRNAs
regulate autophagy vary and could be mediated in a

NCT number  Phase Cancer type

Intervention Status

NCT02144051 1 Androgen receptor tumors

NCT03300505 /I Metastatic castration-resistant prostate cancer

NCT00487786 1 Prostate, ovarian, NSCL, breast or bladder

cancer
NCT01780545 1I
NCTO02549651 1

Bladder cancer, urothelial carcinoma
Diffuse large B-cell lymphoma

AZD5312 (an androgen Receptor-specific
ASO) + Enzalutamide

Completed

AZD5312 Suspended because of
new patient enroll-
ment

Apatorsen (Hsp27-specific ASO) + Docetaxel Completed

Apatorsen + Docetaxel Completed

AZD9150 (STAT3-specific ASO) + Tremeli- Completed

mumab + Durvalumab
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miRNA- or non-miRNAs-dependent way. Therefore, target-
ing the IncRNA/autophagy axis can be considered as a novel
approach to combat cancers.
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