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Background: Non-small cell lung cancer (NSCLC) is the most commonly diagnosed solid cancer and the main
origin of cancer-related deaths worldwide. Current strategies to treat advanced NSCLC are based on a combined
approach of targeted therapy and chemotherapy. But most patients will eventually get resistance to either
chemotherapy or targeted therapy, leading to the poor prognosis. The mechanism of NSCLC drug resistance is
inconclusive and is affected by multiple factors. Long non-coding RNAs (LncRNAs) are non-coding RNAs
(ncRNAs) longer than 200 nucleotides. Recent studies show that IncRNAs are involved in many cellular phy-
siological activities, including drug resistance of NSCLC. It is of great clinical significance to understand the
specific mechanisms and the role of IncRNAs in it.

Conclusions: Herein, we focus on the functional roles and the underlying mechanisms of IncRNAs in acquired
drug resistance of NSCLC. LncRNAs have potential values as novel prognostic biomarkers and even therapeutic

targets in the clinical management of NSCLC.

1. Introduction

Lung cancer is the most commonly diagnosed solid cancer world-
wide, with about 35,000 new cases diagnosed per year in China. It is
also the main origin of cancer-related deaths, accounting for 16.8% of
the total cancer mortality in developing countries and the 5-year overall
survival (OS) of patients is only 17.9% [1]. According to histological
type, non-small cell lung cancer (NSCLC) , including adenocarcinoma,
large cell carcinoma, squamous cell carcinoma, and some other un-
common types , accounts for 80%-85% of lung cancers [1,2].

Current strategies to treat NSCLC are based on a combined approach
of surgery, radiotherapy, targeted therapy, and chemotherapy ac-
cording to the National Comprehensive Cancer Network (NCCN)
Clinical Practice Guidelines in Oncology [3]. According to NCCN
Guidelines, early-stage lung cancer can be completely cured by surgery.
However, due to the lack of early diagnostic tools and no symptoms in
the early stage, most NSCLC patients are in stage IIIB or even IV when
diagnosed. To date, more than 81% of NSCLC patients have no in-
dication for surgical resection at the time of diagnosis. And almost 70%
have locally advanced or metastatic lesions after surgery and need to be

treated with chemotherapy or targeted therapy [4]. However, over the
last two decades, the therapeutic efficacy of chemotherapy and targeted
therapy is limited because of the development of drug resistance.

Acquired drug resistance of NSCLC has been demonstrated as the
result of multiple factors [5]. In recent years, researchers have made a
great effort in deepening the understanding of both molecular and
cellular mechanisms of drug resistance with only a few breakthroughs
so far. Therefore, novel biomarkers hold great promise in the study of
NSCLC. These discoveries would be used as potential prognostic in-
dicators and treatment targets, where long non-coding RNAs (IncRNAs)
may play a vital role [6]. In this review, we focus on the existing re-
search achievements of IncRNAs under the background of acquired
drug resistance of NSCLC.

2. LncRNAs open up a new way for cancer research

The appearance of Whole Genome Sequencing (WGS) and Whole
Transcriptome Sequencing techniques has disclosed that no more than
2% of the total human genome encodes proteins. The genes encoded as
non-coding RNAs (ncRNAs) represent approximately 75% of the entire

* Corresponding author at: Department of Medical Oncology, School of Medicine, Jinling Hospital, Nanjing University, Nanjing, China.
E-mail addresses: huangguichun@nju.edu.cn (G. Huang), wangrui218@163.com (R. Wang).

! Contributed equally to this work.

https://doi.org/10.1016/j.1fs.2020.118362

Received 15 June 2020; Received in revised form 21 August 2020; Accepted 26 August 2020

Available online 29 August 2020

0024-3205/ © 2020 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/BY-NC-ND/4.0/).


http://www.sciencedirect.com/science/journal/00243205
https://www.elsevier.com/locate/lifescie
https://doi.org/10.1016/j.lfs.2020.118362
https://doi.org/10.1016/j.lfs.2020.118362
mailto:huangguichun@nju.edu.cn
mailto:wangrui218@163.com
https://doi.org/10.1016/j.lfs.2020.118362
http://crossmark.crossref.org/dialog/?doi=10.1016/j.lfs.2020.118362&domain=pdf

H. Zhou, et al.

human genome sequence [7,8]. There are many types of non-coding
RNA, including microRNA(miRNA), small interfering RNA(siRNA),
PIWI-interacting RNA(piRNA), small nucleolar RNA(snoRNA), extra-
cellular RNA(exRNA) [9]. Generally, according to the number of nu-
cleotides contained in ncRNAs, longer than 200 nucleotides are de-
scribed as IncRNAs [10].

LncRNAs are usually transcribed in the nucleus by RNA polymerase
II and III [11]. Most IncRNAs are transcribed either from intergenic
regions of the genome or from the opposite strand of protein-coding
genes [12]. They are 3 times the number of protein-coding mRNAs and
without a protein-coding open reading frame [7]. But studies prove that
some IncRNAs in cytoplasm containing small open reading frames
(ORFs) can be translated into small peptides with biological activity
[13,14].

A large number of IncRNAs play pivotal roles in diverse biological
pathways and various cellular biological progressions, such as migra-
tion, proliferation, apoptosis, and invasion [15]. The underlying me-
chanisms can be categorized as (1) LncRNAs can combine with tran-
scription factors to form a transcription complex, thereby regulating the
transcription of downstream genes [16]. (2) LncRNAs regulate mRNA
splicing patterns and produce different splice variants [17].(3)LncRNAs
can bind to similar miRNAs as competitive endogenous RNAs (ceRNAs),
thereby restoring the function of mRNAs transcribed by functional
genes affected by miRNAs [18]. (4)LncRNAs regulate gene transcription
by scaffolding multiple proteins together [19]. (5) LncRNAs can bind to
RNA-binding proteins (RBPs), alter the competence or cytoplasmic lo-
calization of related RNAs, and affect gene transcription sometimes
[20]. (6) LncRNAs can be precursors of small molecule RNAs such as
miRNAs and circular RNAs, thus participating in the crosstalk between
different ncRNAs [21].(7)At the level of epigenetic regulation, IncRNAs
control DNA methylation by affecting promoter CpG island methylation
and histone modifications [22]. The biogenesis of IncRNAs and their
functional roles in cellular physiological activities are showed in Fig. 1.

LncRNA expression levels in malignant tissues often differ sig-
nificantly from the normal tissues and are closely correlated with tumor
staging. For example, IncRNA LINC02273 plays a key role in breast
cancer metastasis [23]. It is well known that the stage of cancer is
closely related to whether the primary site of the tumor has metasta-
sized. These features provide the way to target and monitor the specific
character for IncRNAs in different stages of disease development. Also,
the work by Li et al. indicated that the plasma level of IncRNA HOTAIR
was higher in NSCLC samples than the healthy controls [24]. Studies
also suggested that IncRNAs were significantly correlated with re-
sistance to both chemotherapies and targeted therapies and now it has
become a new leading edge in anti-cancer therapy [25].

Nevertheless, among the thousands of IncRNAs currently found,
only a few have been well-identified for their expression patterns, exact
functions, and clinical significance. A number of hurdles remain before
IncRNAs can be widely used as biomarkers or therapeutic targets in
NSCLC.

3. Mechanisms of chemotherapy drugs in NSCLC

Platinum-based chemotherapy is accepted as the standard first-line
therapy for NSCLC which has obtained FDA approval. Cisplatin is often
used in combination with gemcitabine, pemetrexed, or vinorelbine in
clinically. Carboplatin, which is also a type of platinating agents, is
often used as doublet regimens with paclitaxel [26].

Platinating agents enter into lung cancer cells by passive diffusion or
with the help of LRP2, SLC31A1, or SLC22A2 transporters [27,28].
After entering the cell, they are activated by aquation. In the nucleus,
the activated platinating agents bind to DNA and form intrastrand and
strand-strand crosslinks. Then platinum-DNA adducts block DNA re-
plication and transcription and various signal-transduction pathways
are activated, eventually leading to cell apoptosis [29]. Additionally,
platinating agents have significant cytotoxicity in enucleated cells
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because they can bind to sulfur-containing proteins and produce re-
active oxygen species (ROS) [30]. ROS causes mitochondrial membrane
depolarization and releases cytochrome c, eventually activating cas-
pase-3 [31].

Paclitaxel and docetaxel are members of the taxane class of antic-
ancer drugs. They can bind to tubulin and inhibit microtubule decom-
position [32]. Microtubules are dynamic networks involved in many
important cellular physiological activities, especially the formation of
mitotic spindles during the M phase of cell division. The anti-micro-
tubule drugs obstruct the microtubule dynamics, induce mitotic arrest,
and ultimately prevent cell division and cause cell apoptosis [33]. Pa-
clitaxel has also been found to decrease inner mitochondrial membrane
potential, then leading to the opening of permeable transition pore
channels and the release of cytochrome ¢ and apoptosis-inducing fac-
tors [34]. Recent research has demonstrated that paclitaxel can phos-
phorylate and inactivate the anti-apoptotic protein Bcl-2 in dependence
on an approach associated with the c-Raf-1 proto-oncogene [35,36].

Many patients have serious side effects after using chemotherapy
drugs, including vomit and hematopoietic suppression. Therefore, dis-
covering genetic drivers of key oncogenic events is a milestone in the
treatment of NSCLC. These genetic mutations lead to cascade changes
in metabolism and signaling pathways that eventually trigger cancer. A
series of competitive reversible inhibitors to treat lung cancer have
been developed, such as Gefitinib, Erlotinib, Afatinib, and Osimertinib.
Molecule-targeted therapies provide significant clinical benefit to pa-
tients [37]. But the incidence of epidermal growth factor receptor
(EGFR) mutations is approximately 39.6% [38]. About 5% of NSCLC
patients are found to have an anaplastic lymphoma kinase (ALK) gene
rearrangement [39]. The incidence of ROS1 gene rearrangements is 1%
to 2%, BRAF mutations is approximately 2% to 4% and RET gene re-
arrangements is 1% to 2% of NSCLC [40,41]. Thus, only a small pro-
portion of advanced NSCLC patients are suitable for molecule-targeted
therapies. Platinum-based chemotherapy remains the undisputed stan-
dard of treatment.

4. LncRNAs and drug efflux system

In most cancer cells, the reduction of the accumulation of che-
motherapy drugs is the primary mechanism for drug resistance. In ap-
proximately 70-90% of tumor chemotherapy-resistant specimens, the
expression of ATP-binding cassette (ABC) proteins is up-regulated [42].
The ABC transporter family has 48 members, and its high expression on
the cell membrane surface can significantly reduce the accumulation of
intracellular drugs [43,44]. However, previous research on drug re-
sistance usually focuses on three ABC transporters, which are ABCB1
[also known as Multi-Drug Resistance 1 (MDR1) or P-gp], ABCC1 [also
known as Multi-drug Resistant associate Protein 1 (MRP1)], and ABCG2
[also known as Breast Cancer Resistance Protein (BCRP)] [45]. These
proteins reverse molecular gradients in plasma and intracellular
membranes by utilizing the energy obtained from the hydrolysis of ATP
to drive progressive conformational changes in its domains [46].

As is known, EGFR- tyrosine kinase inhibitors (EGFR-TKIs) inhibit
the growth of lung cancer cells by inhibiting EGFR activity. LncRNA
LINC00460 promotes EGFR expression by eliminating miR-769-5p,
thereby enhancing the resistance of NSCLC cells to Gefitinib. The ex-
pression of LINC00460 is also positively related to the expression of
multidrug-resistant-related proteins such as P-gp, MRP1, and BCRP
[47].

Previous research suggests that the protein of STAT3 may bind to
—504 to —398 base pairs upstream of MRP1 transcription start sites
(TSS) to regulate its transcription. Therefore, the activation of STAT3 is
associated with the upregulation of MRP1 and MDRI1 and can finally
enhance the cisplatin resistance of lung tumor cells [48]. In a study
carried by Fang et al., IncRNA MALAT1 upregulates MRP1 and MDR1
by enhancing the phosphorylated level of STAT3 [49].

Based on the technology of single-chromosome hybridization,
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Fig. 1. Biogenesis of IncRNAs and their functional roles in cellular physiological activities. LncRNAs are transcribed by RNA Polymerase II or III and are distributed in
the nucleus and cytoplasm. LncRNAs control the transcription and modification of proteins through a variety of mechanisms, thereby affecting the biological

activities of cells.

IncRNA KCNQ1OT1 is originally identified as an imprinted gene in the
human chromosome 11p15.5 [50]. Later, through GO and KEGG ana-
lysis, a correlation between KCNQ1OT1 and MDR1 has been demon-
strated. The expression of KCNQ1OT1 is positively correlated with the
expression of MDR1 protein, and the knockdown of KCNQ1OT1 ex-
pression can improve the sensitivity of lung adenocarcinoma cells to
paclitaxel [51]. However, the specific regulatory mechanisms of
KCNQ1OT1 and MDRI1 are still unknown and require further studies.

Colon cancer-associated transcript-1 (CCAT1) is a 2628-bp IncRNA
that locates at chromosome 8q24.21 [52]. CCAT1 enhances cisplatin
resistance in NSCLC cells by targeting miR-130a-3p/SOX4 axis which
plays instrumental functions in the regulation of ABCG2 expression
[53]. LncRNA XIST acts as a competing endogenous RNA (ceRNA) to
regulate the expression of MRP1 by sponging miR-144-3p [54]. LncRNA
SNHG?7 induces the development of cisplatin-resistance in NSCLC
through up-regulating MRD1 and BCRP via PI3K/AKT pathway [55].

Intriguingly, IncRNAs can not only promote drug resistance but also
hinder drug resistance. For instance, IncRNA FENDRR can directly bind
to MDR1 3’UTR and decrease MDR1 mRNA stability. It can also com-
petitively bind to MDR1 3'UTR with HuR, thereby attenuating the
promotion effect of RNA binding protein(RBP) HuR on MDR1 expres-
sion [56].

5. LncRNAs and apoptosis resistance
Apoptosis is a common mechanism of programmed cell death that

eliminates unwanted or impaired cells, thereby regulating normal de-
velopment and tissue homeostasis [57]. The development of tumors is

often accompanied by the inhibition of apoptosis [58]. For instance, the
tumor suppressor gene p53 promotes this apoptosis but does not ne-
cessarily involve mitochondria [59]. The occurrence and development
of NSCLC are often accompanied by the deletion of P53. Triggering
cancer cell apoptosis is the working mechanism of many anticancer
drugs [60]. Tumor cells have evolved the ability to resist apoptosis that
is induced by chemotherapy. There are three main mechanisms by
which cancer cells avoid apoptosis: (1) Disrupt the balance between
pro-apoptotic and anti-apoptotic proteins. (2) Prevent signal transduc-
tion from death receptors. (3) Reduce the function of caspase [61].

The Akt/mTOR signaling pathway is a signaling pathway related to
apoptosis. Activation of the Akt/mTOR pathway generally leads to in-
hibition of apoptosis and the promotion of cell proliferation [62]. The
drug resistance of NSCLC is often accompanied by activation of the Akt
/ mTOR pathway [63]. Nuclear paraspeckle assembly transcript 1
(NEAT1) is a novel IncRNA commonly located in paranuclear plaques
which is induced by a hypoxia gene such as HIF-2 [64,65]. NEAT1
activates Akt/mTOR signaling pathway by increasing the phosphor-
ylation of Akt/mTOR. Overexpression of NEAT1 inhibits apoptosis and
promotes both chemo- and radio-resistance by increasing Bcl-2 ex-
pression and decreasing Bax expression. Knockdown of NEAT1 can in-
duce apoptosis by increasing the expression of cleaved Poly ADP-Ribose
Polymerase (PARP) and cleaved caspase-3 and ultimately reverse pa-
clitaxel resistance [66].

It turns out that the expression of IncRNA ROR is significantly in-
creased in the human A549 cisplatin-resistant cell line. Inactivation of
ROR can significantly reduce Bcl-2 expression and increase Bax ex-
pression, as well as inhibit the PI3K/Akt/mTOR signaling pathway.
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Therefore, knockdown of ROR can promote apoptosis and inhibit cell
proliferation, migration, invasion, and tumor growth, thereby in-
creasing the dichlorodiammineplatinum (DDP) sensitivity of NSCLC
[671.

LncRNA LINCO0665 is overexpressed in lung adenocarcinoma
(LAD) tissues and can promote cell proliferation and tumorigenesis. It
can directly bind to EZH2 , which is a crucial enzyme of PRC2, and
activate the PI3K/AKT pathway. Silencing LINCO0665 can impair lung
cancer cell proliferation and promote apoptosis, thereby inhibiting re-
sistance to gefitinib-resistant cells [68]. The PI3K/AKT pathway is
downstream of EGFR [69]. Therefore, the combination of LINC00665
inhibitor and EGFR-TKIs might be an effective strategy to overcome the
resistance of NSCLC to TKIs.

LncRNA SNHG12, a competitive endogenous RNA, can bind to the
target miR-299-3p and release MAPK1 and MAP2K1, which play crucial
roles in the MAPK/Slug pathway [70]. Many studies have demonstrated
that activating MAPK/Slug signaling can significantly inhibit P53 Up-
regulated Modulator of Apoptosis (PUMA) -induced apoptosis while
silencing SNHG12 can enhance apoptosis of cisplatin, docetaxel, and
gefitinib-resistant NSCLC cells.

The down-regulation of IncRNA LINC00485 can reduce the ex-
pression of CHEKI1, anti-apoptotic gene Bcl-2, angiogenesis-related
genes VEGF and HIF-1a while increasing the proportion of apoptosis-
related gene Bax. By binding to miR-195, LINC00485 upregulates the
expression of CHEK1 and decreases the chemotherapeutic sensitivity of
LAD cells to cisplatin [71].

Apart from above, IncRNA SOX21-AS1 promotes proliferation and
reduces apoptosis of NSCLC cells through inhibiting p57, thus is con-
sidered as an oncogene in lung cancer [72]. LncRNA MEG3 expression
is lower in lung cancer tissues than in normal tissues. Overexpression of
MEGS3 reverses the resistance of A549 cells to cisplatin by regulating the
expression of p53 and Bcl-xl [73]. LncRNA RHPN1-AS1 downregulation
promotes gefitinib resistance in NSCLC via acting as a competing en-
dogenous RNA against miR-299-3p. MiR-299-3p can bind to TNFSF12
mRNA and reduce its expression [74]. TNFSF12, also called TWEAK or
CD255, belongs to the tumor necrosis factor (TNF) superfamily, which
can activate the promoters of caspase-8 and caspase-9 and cause ex-
trinsic and intrinsic apoptosis [75].

6. LncRNAs and cancer stem cells

Cancer stem cells (CSCs) are currently recognized as a subpopula-
tion of cancer cells with many features of embryonic or tissue stem
cells. CSCs are important factors leading to intratumoral heterogeneity
and are closely related to cancer recurrence and treatment resistance
[76]. Compared to common tumor cells, CSCs have self-renewal and
differentiation properties [77]. DNA damage that occurs in CSCs after
chemotherapy induces cell cycle arrest and attempts to repair damaged
DNA before deciding whether to execute apoptosis or re-enter the cell
cycle [78]. CSCs are usually located in areas of the tumor that lack
oxygen and glucose supplies. They obtain energy in a mitochondrial
oxidative phosphorylation-dependent manner instead of glycolysis and
have the ability to synthesize large amounts of glutathione (GSH),
which is necessary to maintain low concentrations of reactive oxygen
species (ROS) in CSCs [79]. The changes in oxidant/antioxidant ma-
chinery also result in increased activity of ABC transporters [80]. Some
highly conserved signal transduction pathways are persistently acti-
vated and considered to be related to CSCs, such as Wnt, TGF-f3, STAT3,
and Hippo-YAP/TAZ [81]. Recent research has demonstrated that an
increasing number of IncRNAs can regulate cancer stemness by reg-
ulating stemness maintaining transcription factors, classic stem cell-
related pathways, and relative miRNAs.

LncRNA DGCRS5 acts as an oncogene and is increased in lung CSCs.
It contributes to the CSC-like phenotype of NSCLC by sponging miR-
330-5p. CD44 appears as a stem cell marker on the cell membrane
surface of cancer stem cells and is a direct target of miR-330-5p. The
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expression of CD44 is positively correlated with the expression of
DGCRS5 [82]. LncRNA ITGB1 can promote cancer stemness in NSCLC by
enhancing the expression of Snail [83]. LncRNA ROR can regulate the
stemness features of EML-ALK+ NSCLC cells by modulating ALK. And
cancer stem cells of EML-ALK+ NSCLC cells are associated with cri-
zotinib resistance [84].

LncRNA MBNL1-AS1 acts as a ceRNA to interfere with the binding
of miR-301b-3p to the target TGFBR2 mRNA. TGFBR2 belongs to the
serine/threonine-protein kinase family and is a member of the TGF-f3
pathway. Previous studies have shown that impairing the TGF-f
pathway can stimulate tumor progression [85].

LncRNA MEGS3 functions as a cancer suppressor and is significantly
downregulated in NSCLC tissues. In previous research, MEGS3 is proved
to inhibit NSCLC cell proliferation and promote apoptosis via activating
p53. It can also reverse the stem cell-like characteristics by positively
regulating the expression of SLC34A2 by sponging miR-650. MEG3
depletion strikingly decreases the expressions of Oct4 and CD133 as
surface markers for cancer stem cells [86]. LncRNA TUSC-7 inactivates
the NOTCH signal by eliminating the negative post-transcriptional
regulatory effect of miR-146 on NUMB. It also suppresses the asym-
metric cell division in lung adenocarcinoma stem cells [87]. Asym-
metric cell division can maintain the continuous renewal of cancer stem
cells.

7. LncRNAs and autophagy

Autophagy is a highly conserved process in which autophagic ly-
sosomes self-degrade damaged cytoplasmic proteins and damaged or-
ganelles. Then the degradation products can be transported back and
recycled into normal cellular metabolism. These processes maintain
cellular homeostasis and allow cells to survive in environmental stress
or nutrient starvation [88]. Numerous studies have found that the ac-
tivation of autophagy is dose-dependent with chemotherapy drugs, and
autophagy changes the sensitivity of NSCLC cells to chemotherapy [89].
However, autophagy may be a double-edged sword for cancer. On one
hand, autophagy is a protective factor reducing the sensitivity of lung
cancer cells to chemotherapy. On the other hand, autophagy is a pre-
lude to apoptosis and eventually leads to type II programmed cell death
[90]. So, autophagy may be an innovative approach in the battle
against cancer. Multiple molecular complexes are related to key pro-
cesses at each stage of autophagy, including ULK1 complexes (ULK1,
FIP200, ATG13L, and ATG101), VPS34 complexes (VPS15, VPS34,
Beclin-1, ATG14 or UVRAG), ubiquitin-conjugation systems (ATGS5,
ATG12, ATG16L) and LC3 (type II light chain 3) conjugation systems.
Many oncoproteins can inhibit autophagy, such as AKT, PI3K, Bcl-1,
and mutant p53 [91]. And it is not surprising that many IncRNAs are
involved in autophagy regulation by affecting the activity and expres-
sion of the above molecules.

Autophagy-related protein 7 (ATG7) is an El-like enzyme and can
activate autophagy-essential ubiquitin-like proteins ATG8 and ATG12.
The ATG complexes and LC3-II jointly control the formation of
autophagosomes.The high expression of ATG7 ultimately leads to re-
sistance to chemotherapy.Recent research has shown that miR-17 can
bind to ATG7 mRNA, thereby negatively regulating ATG7 [92].
LncRNA BLACAT is up-regulated in DDP-resistant NSCLC cells and acts
as ceRNA to reduce the expression level of miR-17, thereby increasing
the expression of ATG7 and promoting autophagy [93]. LncRNA XIST
also regulates ATG7 expression through miR-17 to promote autophagy
and cause resistance to chemotherapy [94]. LncRNA NBAT1 is a tumor
suppressor gene transcribed from 6p22 chromosome intron. NBAT1
increases the PSMD10 ubiquitination level and then induces PSMD10
degradation. This process suppresses the occupation of ATG7 promoter
by PSMD10 and HSF1, thereby inducing the transcriptional inhibition
of ATG7 [95].

LncRNA TUGI is expressed differently in different cancer tissues.
The work by Zhang et al. confirmed that the tumor suppressor gene p53
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can up-regulate the expression of TUG1 [96]. In the study by Guo et al.,
TUG1 enhanced chemotherapy sensitivity of NSCLC cells by positively
regulating PTEN via diminishing miR-221 [97]. Abnormal activation of
the PTEN/PI3K/AKT/mTOR pathway is one of the most critical me-
chanisms to promote the occurrence of autophagy and acquired re-
sistance. However, the specific molecular mechanism of interaction
between TUG1 and miR-221 remains unclear and needs to be further
elucidated.

LncRNA HOTAIR increases the Crizotinib resistance of NSCLC cells
by activating autophagy via promoting the phosphorylation of ULK1
[98]. LncRNA PVT1 enhances cisplatin resistance by acting as a sponge
for miR-216b and regulating Beclin-1 expression. NSCLC patients with
high PVT1 expression are positively associated with worse features and
poor prognosis [99].

8. LncRNAs and EMT

Epithelial-Mesenchymal Transition (EMT) has been linked to the
ability of lung cancer to invade, migrate, and resist chemotherapy and
targeted drugs [100]. Several signaling pathways have been implicated
in EMT process , such as TGF, BMP, EGF, Wnt/p-catenin, and Notch
pathways [101]. LncRNAs are demonstrated to regulate the key factors
of these signaling pathways at both transcriptional and post-transcrip-
tional levels. For example, IncRNA XIST promotes TGF-p-induced EMT
by regulating the miR-367/141-ZEB2 axis [102].

Many signaling pathways involved in EMT participate in the reg-
ulation of apoptosis and cell cycle. For example, TGF-f acts as a tumor
suppressor in the early stages of tumorigenesis. However, as cancer cells
acquire oncogenic mutations and lose their tumor suppressor gene
function, TGF-f} inhibits tumor cell apoptosis and promotes tumor cell
EMT [103]. There is also some intersection between the signal pathway
of EMT and CSC. Many EMT markers and transcription factors are
known to confer CSC properties. For instance, ZEB1 represses the ex-
pression of stemness-inhibiting miRNAs such as miR-183, miR-200c,
and miR-203, thereby upregulating the stem-cell factors Sox2 and Klf4
[104].Twistl directly increases the expression of Bmi-1 and induces
stemness properties [105]. All of these eventually lead to chemoresis-
tance of cancer cells.

LncRNA LINC00460 acts as a ceRNA of miR-149-5p to promote IL-6
production. IL-6 induces EMT phenotype by activating the JAK/STAT3
and AKT signaling pathways, which are associated with the resistance
of NSCLC with T790M mutation to Afatinib. LINC0O0460 may encode a
small peptide under certain conditions, but the specific molecular me-
chanism remains unclear and calls for further research [106].

LncRNA HOXA-AS3 is located in chromosome 7p15.2 and adjacent
to the HOXA gene cluster. HOXA3 belongs to the homeobox gene fa-
mily, which encodes highly conserved transcription factors. These fac-
tors play important roles in the occurrence and development of cancer
and are involved in the regulation of EMT. In the study by Lin et al.,
knocking down the expression of HOXA-AS3 can increase the expres-
sion of HOXA3, induce EMT, and ultimately facilitate cisplatin re-
sistance of lung cancer cells [107].

Up-regulated in EGFR-mutant NSCLC, IncRNA UCA1 induces EMT
and the resistance to EGFR TKIs by activating the AKT/mTOR pathway
[108]. The work by Li et al. revealed that IncRNA XIST as ceRNA can
reduce the expression level of miR-367/141, thus increasing the ex-
pression of ZEB and promoting EMT [109]. LncRNA PAX6 activates
PI3K / AKT signaling through the transcription factor ZEB2, thereby
enhancing resistance to cisplatin [110].

LncRNAs involved in drug resistance of NSCLC are listed in Table 1.
Their roles and possible mechanisms in drug resistance are shown in
Fig. 2.

9. Conclusions and future perspective

At present, the most important factor limiting the efficacy of NSCLC
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Table 1
LncRNAs involved in drug resistance of NSCLC.

IncRNA Effect Target Expression  Drugs References
LINC00460 Promote  miR-769-5p 1 Gefitinib [48]
MALAT1 Promote  STAT3 1 Cisplatin [50]
KCNQ10T1 Promote - 1 Paclitaxel [52]
CCAT1 Promote  miR-130a-3p 1 Cisplatin [54]
XIST Promote  miR-144-3p 1 Cisplatin
SNHG7 Promote  PI3K/AKT 1 Cisplatin [55]
FENDRR Inhibit HuR | - [56]
NEAT1 Promote  Akt/mTOR 1 Paclitaxel [22]
ROR Promote  Akt/mTOR 1 Cisplatin [69]
LINC00665 Promote  EZH2 1 Gefitinib [70]
SNHG12 Promote = miR-299-3p 1 Cisplatin [72]

Docetaxel

Gefitinib
LINC00485 Promote  miR-195 ? Cisplatin [73]
SOX21-AS1 Promote  p57 1 - [74]
MEG3 Inhibit p53, Bel-xl | Cisplatin [751
RHPN1-AS1  Inhibit miR-299-3p | Gefitinib [76]
DGCRS5 Promote  miR-330-5p 1 - [84]
ITGB1 Promote  Snail 1 - [85]
ROR Promote ALK 1 Crizotinib [86]
MBNL1-AS1 Inhibit miR-301b-3p | - [87]
MEG3 Inhibit miR-650 | Vincristine [88]
TUSC-7 Inhibit miR-146 | - [89]
BLACAT Promote  miR-17 1 Cisplatin [95]
XIST Promote  miR-17 1 Cisplatin [96]
NBAT1 Inhibit PSMD10 | Cisplatin [100]
TUG1 Inhibit miR-221 | Cisplatin [99]
HOTAIR Promote  ULK1 1 Crizotinib [971
PVT1 Promote  miR-216b 1 Cisplatin [98]
UCA1l Promote ~ AKT/mTOR 1 EGFR-TKIs [103]
LINC00460 Promote  miR-149-5p 1 EGFR-TKIs [104]
HOXA-AS3 Promote  HOXA3 1 Cisplatin [105]
XIST Promote  miR-367/141 1 Cisplatin
PAX6 Promote  PI3K/AKT 1 Cisplatin [106]

This table shows 28 IncRNAs, their expression level, and underlying pathways
in the drug resistance of NSCLC.STAT3,signal transducer and activator of
transcription 3;PI3K, phosphatidylinositol 3-kinase; AKT, protein kinase
B;mTOR,mammalian target rapamycin;EZH2,enhancer of zeste homolog
2;Bcl-xl, B cell lymphoma/leukemia-xl;ULK1,serine/threonine-protein
kinase;HOXA3,Homeobox protein Hox-A3.

“~“: unknown.

treatment is still the occurrence of drug resistance. Previous studies
have suggested that IncRNAs dysregulation was associated with anti-
cancer drug resistance. Therefore , IncRNAs have potential values as
novel biomarkers for drug sensitivity and clinical prognosis of NSCLC.
The occurrence of tumors can cause abnormal levels of free IncRNA in
the blood. These IncRNAs are very stable and can be easily detected in
patients' biological fluids [111]. Recent advances in molecular analysis
and sequencing technology have evolved rapidly and reliably quantify
the level of IncRNome, thereby facilitating researchers to identify un-
ique expression profiles associated with defined tumor chemoresis-
tance. For example, the expression level of circulating IncRNA RP11-
445H22.4 was markedly increased in breast cancer patients' serum.
This indicator has 92% sensitivity and 74% specificity for disease pre-
diction [112].

Studies of IncRNA and their molecular mechanisms can be used as
targets to develop new anti-cancer drugs or predictive biomarkers.
Antagonists and/or mimics of each IncRNA drug target (depending on
whether IncRNA is up-regulated or down-regulated) can be developed
and used with conventional chemotherapy drugs to enhance the ef-
fectiveness of chemotherapy. For example, the double-stranded DNA
plasmid DTA-H19 carries the diphtheria toxin A subunit gene, which
stops gene translation and then leads to cell death. The H19 promoter
restricts it only work in tumor cells , which ensuring its safety. In
mouse models of human cancers including lung cancer, DTA-H19 has
been demonstrated to have clear anti-cancer effects. Amazingly, the
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Fig. 2. The roles and possible mechanisms of IncRNAs in drug resistance of NSCLC. LncRNAs affect the sensitivity of NSCLC cells to chemotherapies or targeted
therapies through regulation of ABC transporters, cell apoptosis, cancer stem cells, autophagy, and EMT.

tumor volume of bladder cancer or pancreatic cancer shrinks sig-
nificantly after the application of DTA-H19 in patients [113,114].
Therefore, the use of highly specific IncRNA as a therapeutic agent for
targeted therapy of NSCLC has great potential.

Notably, IncRNA-based therapies still have many limitations in
clinical practice. The biggest uncertainty is the safety of IncRNAs. RNA
interference is the technique widely used to affect RNA expression and
can cause death in mouse models in preclinical experiments [115].
Accidental mutations and polymorphisms in IncRNA may be another
problem to be addressed. Another issue is how to construct a more
reliable delivery system to overcome the problem of poor biological
stability of IncRNAs. Meng et al. constructed siRNA-loaded nano-
particles, applied them to animal models, and successfully reversed
doxorubicin resistance in breast cancer [116]. It provided a promising
example of IncRNA-based therapy to overcome anti-cancer drug re-
sistance.

To sum up, IncRNAs have potential values in reversing anti-cancer
drug resistance of NSCLC. We expect that IncRNAs can significantly
improve the clinical prognosis of NSCLC patients through the un-
remitting efforts in this field.
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