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Introduction
The discovery and development of antineoplastic 
treatment modalities have significantly improved 
the survival and quality of life of cancer patients. 
Although surgery is regarded as the main and 
optimal treatment option for early-stage primary 
cancers, nonsurgical approaches based on small 
molecules, monoclonal antibodies, and human-
ized cell transplants are minimally invasive treat-
ment modalities that increase survival of patients 
with late-stage and metastatic cancers.1–3 However, 
patients receiving pharmacological antineoplastic 
treatments often develop pronounced drug resist-
ance, which leads to reduced therapeutic benefit, 
recurrent tumor growth, metastasis, and, ulti-
mately, treatment failure.4,5

Thus, drug resistance remains a major challenge 
in cancer treatment. The mechanisms underlying 
drug resistance of tumors involve both intrinsic 
and extrinsic factors. Drug inactivation mediated 
through increased extracellular release of the 
drugs or reduced intracellular drug absorption is 

frequently observed in cancer cells.6,7 Moreover, 
cancer cells can induce changes in drug metabo-
lism. Regulatory mechanisms such as mutation, 
epigenetic regulation, and posttranslational mod-
ification that lead to changes in enzyme expres-
sion and activity can impact drug efficacy and 
resistance, thereby affecting enzymatic reactions, 
which are classified into two complementary 
phases: phase I (oxidation, reduction, and hydrol-
ysis) and phase II reactions (consumption and 
conversion). In addition, tumor cells may develop 
enhanced DNA repair systems, which directly 
counteract the efficacy of antitumor drugs in anti-
neoplastic treatments that generally cause DNA 
damage (directly and/or indirectly) in tumor cells, 
leading to cell apoptosis.8,9 Furthermore, gene 
amplifications increase the number of copies of 
oncogenes per cell up to a 100-fold, which leads 
to drug resistance of tumors.10 Notably, the pop-
ulations of tumor cells are heterogeneous, com-
prising cells with specific changes such as 
mutations, deletions, and chromosomal rear-
rangements. Therefore, only drug-sensitive cells 
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are killed during the therapeutic course, while 
drug-resistant cells survive.7 Additionally, normal 
stromal cells contribute to acquired non-cell-
autonomous drug resistance; this has been com-
prehensively reviewed by us elsewhere.11

Although several novel therapeutic strategies have 
been developed to overcome drug resistance and 
the short-term effects of the new treatments 
appear promising, rapid adaptation of the tumor 
cells and their surrounding microenvironment has 
resulted in unfavorable therapeutic outcomes.12

Noncoding RNAs (ncRNAs) are RNA products 
that do not encode proteins.13,14 Based on size, 
ncRNAs are classified into small ncRNAs (<200 
nucleotides, nt) and long ncRNAs (lncRNA).15–18 
LncRNAs are noncoding RNA molecules longer 
than 200 nts (coding potential of < 100 amino 
acids), which lack a defined open reading 
frame.18–21 LncRNA genes can be classified into 
five categories based on their position relative to 
the nearest protein-coding gene: (1) sense lncR-
NAs, which are superimposed on the exons of a 
protein-coding gene on the coding strand of the 
gene; (2) antisense lncRNAs, which are superim-
posed on exons of a protein-coding gene on the 
noncoding strand of the gene; (3) bidirectional 
lncRNAs, which are mirror-transcribed from the 
start site of another transcript; (4) intronic lncR-
NAs, which are completely located in the intron 
of another transcript; and (5) long intergenic 
ncRNAs (lincRNAs), which are located between 
two protein-coding genes.22 This heterogeneity of 
the lncRNAs allows them to control a broad spec-
trum of molecular and cellular functions through 
differential gene expression. Several lncRNAs in 
the nucleus participate in important transcrip-
tional and posttranscriptional regulatory pro-
cesses of gene expression. In certain cases, a single 
lncRNA regulates the expression of multiple 
genes by adjusting the expression of genes located 
in close proximity and controlling the expression 
of local and distal genes. At the same time, lncR-
NAs can also regulate the expression of proteins 
associated with specific pathways and biological 
processes, leading to the establishment of an 
lncRNAs-mediated regulatory network of specific 
cellular pathways.23,24

Differential expression of lncRNAs is generally 
observed in different tissues, diseases, and even in 
specific stages of a disease, highlighting the poten-
tial of these molecules as attractive therapeutic 
targets for the disease.25–28 Whereas the roles of 

small ncRNAs, including small interfering RNAs 
(siRNAs), microRNAs (miRNAs), and PIWI-
interacting RNAs (piRNAs), have been reviewed 
extensively and critically elsewhere,29–36 it has only 
been recognized recently that a variety of lncR-
NAs play crucial functions in the initiation and 
development of human cancers.37–39 However, 
the role of lncRNAs in regulating the sensitivity of 
cancer cells to antineoplastic treatments is yet to 
be summarized. Given that lncRNAs play an 
essential role in regulating the level of gene 
expression through mechanisms such as chroma-
tin modification and transcriptional and posttran-
scriptional regulation,28,40 which concomitantly 
occur during the development of drug resistance, 
it is important to critically summarize the recent 
advances regarding the functional roles of lncR-
NAs in the development of drug resistance and 
outline potential solutions for lncRNA-induced 
drug resistance during cancer treatment.

Mechanism of lncRNAs in chemotherapeutic 
resistance of cancer
Increasing numbers of studies have explored the 
mechanisms underlying lncRNA-mediated drug 
resistance in human cancers. MALAT1 is the 
primary lncRNA reported to exert cancer-pro-
moting effects in multiple myeloma (MM) 
through the enhancement of cell survival, mainly 
by regulating the expression of the proteasome 
mechanism. MALAT1 regulates the expression 
of Keap1 and Nrf1/2, which are key transcription 
factors of the genes encoding the proteasome 
subunits. Moreover, MALAT1 activates DNA 
repair in MM cells by acting as a scaffold mole-
cule in the formation of PARP1/LIG3 com-
plexes.41,42 NEAT1 is also highly expressed in 
MM, and regulates cellular stress response mech-
anisms by modulating UPR and p53 pathways.43 
Moreover, lncRNAs regulate the expression of 
genes related to various pathways, including cel-
lular metabolism of drugs, cell repair, cell death, 
cell transformation, and stemness, which can 
directly or indirectly lead to the initiation of drug 
resistance in human cancers (Figure 1).

LncRNA-mediated alteration of drug efflux
In humans, the ATP-binding cassette (ABC) fam-
ily of proteins comprises 49 known transporters 
that are involved in regulating the absorption, dis-
tribution, and excretion of pharmacological agents. 
ABC overexpression leads to enhanced drug efflux, 
which makes it challenging to maintain the 
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therapeutic intracellular drug concentration and 
results in failure of antineoplastic therapy.44 
Among these ABC proteins, P-glycoprotein 
(P-gp), adenosine triphosphate-binding cassette, 
superfamily G, member 2 (ABCG2), and multid-
rug resistance-associated protein (MRP) are fre-
quently overexpressed in many types of cancers 
such as breast cancer (BC) and ovarian cancer 
(OC).45,46 This may be attributed to the activa-
tion of multiple kinases, including H-Ras, Raf-1, 
MEK1, and MEK2, that mediate the upregula-
tion of P-gp level in tumor cells. In addition, cel-
lular environmental stress conditions can also 
lead to the overexpression of these proteins.47 For 
example, increased expression of the lncRNAs 
H19 and linc-VLDLR induced the expression of 
MDR1/P-gp and ABCG2 in hepatocellular carci-
noma (HCC); overexpression of the lncRNAs 
PVT1 and MRL led to increased expression of 
MDR1 and ATP-binding cassette, subfamily B, 
member 1 (ABCB1), respectively, in gastric can-
cer (GC); increased level of the lncRNA 
AK022798 led to the upregulation of MRP1 and 
P-gp in drug resistant cells.48–51

LncRNA-mediated DNA damage repair
Genomic instability is an important cause of 
chemotherapeutic resistance in cancers.48 
Antineoplastic chemotherapeutics generally trig-
ger DNA damage to kill tumor cells; however, 
tumor cells develop enhanced DNA repair path-
ways to maintain chromosome stability and avoid 
apoptosis. Cancer cells are able to repair DNA 

damage, thereby resisting the cytotoxicity of 
chemotherapy.47,52 DNA damage results in cell 
cycle arrest mediated by the activation of check-
point pathways and suppression of cyclin-depend-
ent kinase (CDK) activities.47,48,53–55 In tumor 
cells, lncRNAs regulate the activity of transcrip-
tion factors (such as p53) that respond to DNA 
damage, mediate the repair of the damaged site, 
isolate the factors hindering DNA repair, interact 
with DNA repair proteins (such as BRCA1, Ku70/
Ku80, Mre11, PARP1, 53BP1), and sequester 
miRNAs (regulators of DNA repair protein stabil-
ity) to modulate mRNA expression levels.56

LncRNA-mediated regulation of cell apoptosis
Deregulation of apoptosis also affects drug resist-
ance, as most chemotherapeutic agents inhibit the 
proliferation of cancer cells by promoting apopto-
sis.57 The upregulation of various survival factors 
such as nuclear factor inhibitors of apoptotic pro-
teins, Bcl-2 family proteins, and nuclear factor κB 
(NF-κB) inhibit apoptotic cell death. Zhang et al. 
reported overexpression of PVT1 in cisplatin-
resistant cancer cells, which results in reduced 
apoptosis of the cells following cisplatin treat-
ment.58 In cisplatin-resistant lung cancer cells, the 
expression of p53 and Bcl-XL was regulated by 
the mitochondrial apoptotic pathway to reduce 
the expression of the lncRNA MEG3 and restore 
the sensitivity of cells to cisplatin treatment.59

The Bcl-2 family of proteins includes both antia-
poptotic proteins such as Bcl-XL and Bcl-2, and 

Figure 1. Mechanism of lncRNAs in chemotherapeutic resistance of cancer.
EMT, epithelial-mesenchymal transition; lncRNAs, long noncoding RNAs.
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proapoptotic proteins such as BAK, BAX, BAD, 
and BIK, which are essential components of the 
mitochondrial apoptotic pathway.60 The lncRNA 
H19 facilitates the induction of cisplatin resist-
ance in lung adenocarcinoma by compromising 
the expression of the proapoptotic proteins BAX, 
BAK, and FAS.61 In contrast, the lncRNA 
ENST00000457645 significantly attenuates cis-
platin resistance of CD70 cells by promoting 
BAX-associated cell apoptosis.62 In general, it is 
suggested that lncRNAs can influence the prolif-
eration and apoptosis of cancer cells to affect 
radiosensitivity, mainly by regulating the relevant 
signal transduction pathways, such as the Wnt/β-
catenin pathway and PI3K/AKT pathway, and 
acting as miRNA sponges.63

LncRNA-mediated protective autophagy
Autophagy is a catabolic process that plays an 
important role in some diseases, including cancer 
and neurodegenerative diseases, and has been 
defined as an adaptive pathway that maintains 
cell homeostasis. The role of autophagy in pro-
moting survival or death mechanisms depends on 
several factors. Interestingly, a close correlation 
between lncRNAs and autophagy has been 
reported. Moreover, several studies have shown 
that lncRNAs play a role in regulating autophagy 
and further promote the development and pro-
gression of cancer.64,65 In addition, autophagy 
promotes drug resistance by mediating tumor 
hypoxia, cancer stem cells (CSCs), and DNA 
damage repair. In pancreatic cancer cells, 
HOTAIR promotes autophagy by stimulating the 
expression of Atg7, which mediates drug resist-
ance. Similarly, HOTAIR mediates autophagy in 
human endometrial cancer cells by regulating the 
expression of Beclin-1, which results in drug 
resistance. XIST is highly expressed in non-small 
cell lung cancer (NSCLC) and regulates 
autophagy through the miR-17/ATG7 pathway 
to enhance the resistance of NSCLC cells to 
treatment.63,66 However, the precise mechanisms 
involved in these processes remains unclear and 
further studies are needed to clarify the underly-
ing molecular mechanisms.64

Modulation of EMT
In the EMT process, epithelial cells lose several 
epithelial characteristics while gaining various 
mesenchymal characteristics. In addition, epithe-
lial cells transform into a mesenchymal pheno-
type and lose their plasticity and intercellular 

adhesion, thereby becoming drug resistant.67 
EMT is frequently observed in stem cell-like cells 
in cancers, which are generally characterized by 
resistance to antineoplastic agents, high expres-
sion of ABC transporters, non-responsiveness to 
induction of apoptosis, and enhanced capability 
for DNA repair.68 During the EMT process, epi-
thelial cells lose their polarity and cell–cell con-
tacts such as desmosomes, adhesion junctions, and 
tight junctions, leading to their separation from the 
epithelial layer, and acquire mesenchymal proper-
ties, including enhanced motility, invasiveness, 
resistance to apoptosis, and increased production 
of extracellular matrix components.69–71 In support 
of the role of lncRNAs in tumor progression and 
metastasis through EMT, a study reported that 
lncRNAs could function as either promoters or 
suppressors of EMT.72

Resistance/sensitivity to cisplatin and other chemo-
therapeutic agents has been associated with EMT-
related lncRNAs. EMT is closely associated with 
reduced response to EGFR-TKIs and has been 
shown to mediate drug resistance by upregulating 
the PI3K-AKT pathway and reducing dependence 
on the MAPK/Erk pathway.73 The lncRNA H19 
has been reported to regulate the expression of 
multiple EMT-associated genes in cancer cells. 
Overexpression of H19 decreases the epithelial 
marker E-cadherin and induces the mesenchymal 
marker vimentin, resulting in an elongated mesen-
chymal-like morphological change in the cells.74 
Mechanistically, this function of lncRNA could be 
mediated through the epigenetic silencing of EMT-
related genes and posttranscriptional regulation 
through binding of competing miRNA to target 
genes related to EMT regulation.73

LncRNA-mediated angiogenesis
Growth and metastasis of tumors depend on the 
establishment of a tumor vasculature that provides 
nutrition, oxygen, and other necessary factors. 
Tumor angiogenesis is a key sign of tumor devel-
opment. Research into the potential mechanisms 
of angiogenesis can provide novel anti-angiogenic 
therapies for solid tumors. Angiogenesis is a vital 
process in the progression of cancer because it pro-
vides the tumor with nutrients and oxygen, as well 
as promotes proliferation and migration of tumor 
cells. Vascular endothelial growth factor (VEGF), 
the most effective activator of angiogenesis, is reg-
ulated by lncRNAs.75,76 Abnormal expression of 
lncRNAs can drive angiogenesis in cancer by acti-
vating carcinogenic signaling pathways such as 
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STAT3, NF-κB, AKT, mTOR, and WNT in 
tumor cells. PVT1, which is highly expressed in 
GC tissues and cells, binds to STAT3 in the 
nucleus, and forms a complex that promotes angio-
genesis in tumors through the STAT3/VEGFA 
axis. High expression of MALAT1 activates the 
mTOR/HIF-1α pathway to promote angiogenesis 
in osteosarcoma, and, through a feedback mecha-
nism, TOR/HIF-1α mediates the expression of 
MALAT1 to maintain the existence of the cancer. 
LncRNAs also bind to various angiogenic proteins 
within tumor cells, thus affecting protein secretion, 
protein stability, enzyme activity, and the recruit-
ment of proteins to specific genes. Moreover, lncR-
NAs sequester transcription factors away from 
target gene promoters, and, thus, regulate their 
expression. MVIH was the first lncRNA identified 
to induce angiogenesis, mainly by binding to PKG1 
protein and inhibiting its secretion. Moreover, 
lncRNAs can regulate the crosstalk with miRNAs 
that may be involved in tumor angiogenesis.77

Cancer stem cells
CSCs are a small group of heterogeneous cells 
with the capacity of self-renewal and ability of 
directional differentiation. CSCs participate in 
tumorigenesis, tumor progression, distant metas-
tasis, and chemoresistance. Emerging evidence 
suggests that lncRNAs play an essential role in 
maintaining CSCs and increasing the resistance 
of tumor cells to chemotherapy.78 LncRNAs are a 
new type of gene regulators in CSCs that mediate 
their effects through different mechanisms of reg-
ulating epigenetic changes and transcription lev-
els, such as through chromatin modification and 
regulation and transcriptional activation or 
repression, respectively.79

Antitumor drug resistance driven by 
lncRNAs
Treatment with antineoplastic agents induces a 
series of changes in gene expression, not only in 
coding genes but also in noncoding genes such as 
lncRNAs. LncRNA-driven mechanisms of resist-
ance to various types of antineoplastic agents have 
been well studied. Different types of drugs trigger 
unique drug resistance mechanisms, which may 
have more than one contributing factor (Table 1).

DNA-targeted drugs
Platinum-based chemotherapy. Cisplatin or cis-
diamminedichloroplatinum (II) (CDDP), a 

commonly used platinum-based chemotherapy 
drug, was originally approved by the Food and 
Drug Administration (FDA) in 1978 for the treat-
ment of testicular and bladder cancer, and its 
clinical use has now been expanded to ovarian, 
colorectal, lung, and head and neck cancers. In 
the early 1980s, a second-generation platinum 
compound was developed with the specific pur-
pose of reducing its side effects without jeopardiz-
ing its anticancer properties.120 Cisplatin is one of 
the most potent drugs used in cancer chemother-
apy that triggers cell apoptosis by cross-linking 
DNA.121

PVT1 is a lncRNA located adjacent to the MYC 
gene on human chromosome 8q24. Several 
researchers have reported that abnormal expres-
sion of PVT1 promotes cisplatin resistance in 
cancer. Notably, the overexpression of PVT1 is 
associated with cisplatin-resistance in GC cell 
lines due to the inhibition of apoptosis. Over-
expression of PVT1 activates mTOR/HIF-1α/
P-gp and MRP1 signaling pathways, which, in 
turn, induce the expression of drug resistance-
related genes, and, consequently, lead to the 
development of multidrug resistance in GC.58 
Moreover, PVT1 may differentially regulate the 
expression of proteins related to the apoptotic 
pathway in OC, and result in resistance to cispl-
atin treatment.80 Overexpression of PVT1 pro-
motes drug resistance in OC cells by regulating 
downstream apoptotic proteins.80,81 In addition, 
increased expression of PVT1 and its negative 
function in cell apoptosis leads to cisplatin or 
carboplatin-docetaxel resistance in OC. Over-
expression of HOTAIR was found in the cispl-
atin-resistant SKOV-3CDDP/R ovarian carcinoma 
cell line model, and the sensitivity to cisplatin was 
altered in an siRNA-induced HOTAIR knockout 
cell line. The above phenomena are also associ-
ated with increased apoptosis and cytotoxicity.122 
Liu et al. showed that high expression of HOTAIR 
in OC cells activates Wnt/β-catenin signaling 
pathway and promotes cell cycle progression, 
which contributes to the induction of cisplatin 
resistance; suppressing HOTAIR leads to inacti-
vation of Wnt/β-catenin signaling pathway as well 
as cell cycle arrest at G1 phase, and renders OC 
cells susceptible to cisplatin treatment.82 On the 
other hand, overexpression of HOTAIR acti-
vates nuclear factor-κB (NF-κB) signal trans-
duction-associated DNA damage response, 
promoting cell repair against cisplatin-induced 
DNA damage. This effect of HOTAIR may be 
due to the downregulation of the endogenous 
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Table 1. A summary of the lncRNA related to resistance of cancer.

LncRNA Type of cancer Type of drug Drug Factors Signaling pathway Reference

PVT1 GC DNA-targeted drugs Cisplatin MRP1 Apoptosis, mTOR/
HIF-1α/P-gp

Zhang et al.58

 OC DNA-targeted drugs Cisplatin or 
carboplatin-
Docetaxel

TGF-beta 1, 
p-Smad4, 
Caspase-3

Apoptosis Liu et al.80; 
Worku et al.81

HOTAIR OC DNA-targeted drugs Cisplatin XAV939 Apoptosis, Wnt/β-
catenin

Li et al.82

NSCLC DNA-targeted drugs Cisplatin Klf4, Iκ-Bα NF-κB, CSC Ozes et al.83; 
Janssens 
et al.84; Liu 
et al.85

OC DNA-targeted drugs Carboplatin – DNA methylation Wu et al.86

BC Antihormone therapy Tamoxifen – ER-mediated 
transcription 
inhibition

Xue et al.87

AL Tyrosine kinase 
inhibitors

imatinib PI3K, Akt Apoptosis, PI3K/Akt Cruz-Miranda 
et al.88; Wang 
et al.89

AK022798 GC DNA-targeted drugs Cisplatin MRP1 and 
P-gp

– Hang et al.90

UCA1 Bladder 
cancer

DNA-targeted drugs Cisplatin srpk1 Wnt, apoptosis, Fan et al.91; 
Wang et al.92

 NSCLC Tyrosine kinase 
inhibitors

Gefitinib – – Cheng et al.93

 CRC Antimetabolite 
therapy

5-FU miR-204-5p Apoptosis Luo et al.94

 BC Antihormone therapy Tamoxifen – Wnt/β-catenin Liu et al.95

 CML Tyrosine kinase 
inhibitors

imatinib MDR1, miR-
16

MDR1/miR-16 Xiao et al.96

H19 OC DNA-targeted drugs Cisplatin MEG3, miR-
214

Nrf2 Wang et al.61; 
Zhan et al.97

 CRC Antimetabolite 
therapy

Methotrexate – WNT/β-catenin Luo et al.94

ANRIL GC DNA-targeted drugs cisplatin – – Lan et al.98

 GC Antimetabolite 
therapy

Cisplatin and 
5-FU

– Apoptosis Lan et al.98

 LAD Cytotoxic drugs Paclitaxel cleaved-
PARP, Bcl-2

Apoptosis Xu et al.99

ROR NSCLC DNA-targeted drugs Cisplatin – PI3K/Akt/mTOR Shi et al.100

Zinc OC DNA-targeted drugs Cisplatin miRNA-150-
5p, SP1

– Xia et al.101

(Continued)
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NF-κB inhibitor, Iκ-Bα.83,84 In addition, 
HOTAIR promotes cisplatin resistance by main-
taining the CSCs in NSCLC patients.85 HOTAIR 

promotes the ability of tumor sphere formation 
through the upregulation of tumor stem cell-
related Klf4 expression in lung CSCs, which, in 

LncRNA Type of cancer Type of drug Drug Factors Signaling pathway Reference

LINC00161 osteosarcoma DNA-targeted drugs Cisplatin miR-645, 
IFIT2

Apoptosis Wang et al.102

ENST00000457645 OC DNA-targeted drugs Cisplatin – Apoptosis Yan et al.62

BLACAT1 GC DNA-targeted drugs Oxaliplatin miR-361, 
ABCB1

– Wu et al.103

MALAT-1 Pancreatic 
cancer

DNA-targeted drugs Gemcitabine miR-200c, 
miR-145, 
Sox2

CSC Jiao et al.104

UCA1 GC Cytotoxic drugs Adriamycin PARP, Bcl-2 Apoptosis Shang et al.105

TUG1 BUC Cytotoxic drugs adriamycin – Wnt/β-catenin Xie et al.106

HANR HCC Cytotoxic drugs adriamycin GSK3β GSK3β Xiao et al.107

ENST00000500843 LAD Cytotoxic drugs Paclitaxel – Apoptosis Tian et al.108

NEAT1 PC Cytotoxic drugs Docetaxel miR-34a – Tian et al.109

lnc-ATB BC Tyrosine kinase 
inhibitors

Trastuzumab ZEB1, ZNF-
217, miR-
200c

TGF-β Gajria et al.110

GAS5 BC Tyrosine kinase 
inhibitors

Trastuzumab mTOR, PTEN mTOR Li et al.111

BC087858 NSCLC Tyrosine kinase 
inhibitors

Gefitinib – PI3K/AKT, MEK/
ERK

Pan et al.112

SNHG5 LAD Tyrosine kinase 
inhibitors

Gefitinib miR-377 – Wang et al.113

linc-VLDLR HCC Tyrosine kinase 
inhibitors

Sorafenib ABC-G2 EVs Takahashi 
et al.114

ARSR RCC Tyrosine kinase 
inhibitors

Sunitinib AXL, c-MET, 
miR-34/
miR-449

– Qu et al.115

LINC00152 CRC Antimetabolite 
therapy

5-FU miR-139-5p Apoptosis Bian et al.116

LUCAT1 osteosarcoma Antimetabolite 
therapy

Methotrexate ABCB1, 
miR-200c

– Han and Shi117

BCAR4 BC Antihormone therapy Tamoxifen ERBB2, 
ERBB3, AKT

ERBB, apoptosis van Agthoven 
et al.118

FENDRR CML Cytotoxic drugs adriamycin MDR1 Apoptosis Zhang et al.119

BC, breast cancer; BUC, bladder urothelial carcinoma; CML, chronic myeloid leukemia; CRC, colorectal cancer; CSC, cancer stem cells; 5-FU, 
5-fluorouracil; GC, gastric cancer; HCC, hepatocellular carcinoma; LAD, lung adenocarcinoma; lncRNA, long noncoding RNA; NFκB, nuclear factor 
κB’; NSCLC, non-small cell lung cancer; OC, ovarian cancer; PC, prostate cancer; RCC, renal cell carcinoma; TGF-β, transforming growth factor 
beta.

Table 1.  (Continued)
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turn, contributes to the development of cisplatin 
resistance of NSCLC.85

LncRNA AK022798, whose expression is regu-
lated by Notch 1, was found to promote the 
development of resistance to cisplatin treatment 
in GC cells. Silencing of AK022798 expression 
significantly decreased the expression of MRP1 
and P-gp, leading to increased cellular uptake of 
cisplatin by the resistant GC cells.90

UCA1, a member of the human endogenous ret-
rovirus H (HERV-H) family, facilitates cisplatin 
resistance in bladder cancer through mediating 
the enhanced expression of Wnt6.91 At the same 
time, overexpression of UCA1 leads to reduced 
apoptosis in cells following cisplatin treatment. 
Upregulation of UCA1 leads to overexpression of 
the anti-apoptotic protein serine-arginine protein 
kinase 1 (srpk1); however, the sensitivity to cispl-
atin is partially restored following the downregu-
lation of sprk1.92 This suggests the existence of 
multiple regulatory mechanisms of UCA1 in plati-
num resistance of cancer cells.

The overexpression of lncRNA H19 promotes 
the acquisition of cisplatin resistance in lung can-
cer cells. Dysregulation of H19 expression was 
found in cisplatin-resistant lung cancer cells.61 
Upregulation of H19 in cisplatin-resistant OC cell 
lines promoted the expression of Nrf2 and its target 
genes, which are associated with the regulation of 
glutathione metabolism and glutathione expres-
sion, leading to the inactivation of cisplatin and 
reduced intracellular free radicals. After treating 
epithelial OC cell lines with curcumin and 
5-AZA-dC, demethylation of MEG3 weakened the 
ability of extracellular vesicles (EVs) to enhance cis-
platin resistance through binding with miR-214.97

In GC patients with cisplatin resistance, the 
expression of ANRIL was significantly upregu-
lated, and transfection with si-ANRIL led to a 
significant decrease in the tumor growth rate. A 
similar effect was observed in 5-fluorouracil-
resistant patients.98 LncRNA regulator of repro-
gramming (ROR) activates the PI3K/Akt/mTOR 
signaling pathway during the initiation of drug 
resistance in NSCLC cells, whereas knockdown 
of lncRNA ROR renders NSCLC cells suscepti-
ble to cisplatin treatment.100 LncRNA Zinc finger 
antisense 1 (ZFAS1) interacts with miRNA-
150-5p, promotes expression of the specific pro-
tein 1 (SP1) gene, and induces resistance of OC 
cells to cisplatin and paclitaxel.101

In contrast, lncRNA long intergenic noncoding 
RNA 161 (LINC00161) is induced by cisplatin in 
osteosarcoma cells, and subsequently sponges 
miR-645 to attenuate its binding to the 3′ UTR of 
IFIT2 mRNA. Consequently, IFIT2 is upregu-
lated and promotes cell apoptosis following cispl-
atin treatment. LINC00161 thereby reverses the 
cisplatin-resistant phenotype of osteosarcoma 
cells.102 LncRNA ENST00000457645 is sup-
pressed in cisplatin-resistant OC cells. Transfection 
of ENST00000457645 upregulates apoptosis-
related proteins to abrogate cisplatin resistance in 
these cells.62

Overexpression of lncRNA HOTAIR in carbopl-
atin resistant primary OC cells results in DNA 
methylation that contributes to drug resistance.86 
Downregulation of another lncRNA, BC200, in 
OC tissues leads to increased cell viability and 
chemoresistance, although the mechanism 
remains unknown.123

Oxaliplatin is a third-generation platinum com-
pound and is widely used as a first-line treatment 
drug for advanced GC. The expression of the 
lncRNA, bladder cancer-associated transcript-1 
(BLACAT1, also known as linc-UBC1), is upreg-
ulated in oxaliplatin-resistant GC tissue and cells 
compared with oxaliplatin-sensitive tissue and 
cells. BLACAT1 antagonizes miR-361 and 
restores ABCB1 protein expression, which results 
in the oxaliplatin resistance of GC. BLACAT1 
knockdown abolished oxaliplatin resistance and 
suppresses the growth of GC tumor.103

Nucleotide analogs and precursor analogs. Nucle-
oside analogs have been used clinically for nearly 
50 years as antineoplastic agents for various 
tumors, such as in certain types of lymphomas 
and prostate cancer.124 Upregulation of the 
lncRNA, MALAT-1, is observed in CSCs which 
increases the CSCs population in pancreatic can-
cer. MALAT-1 sponges miR-200c and miR-145 
to restore the expression of Sox2, a gene associ-
ated with stemness of CSCs. As a result, MALAT-1 
decreases the sensitivity of pancreatic cancer cells 
to gemcitabine.104

Cytotoxic drugs
The development of cytotoxic agents has revolu-
tionized cancer treatment, making it possible to 
cure certain tumors such as childhood acute leu-
kemia, Hodgkin’s disease, non-Hodgkin’s lym-
phoma, gestational trophoblastic disease, and 
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germ cell tumors. In addition to surgical treat-
ment alone, adjuvant therapy using cytotoxic 
drugs has obvious therapeutic benefits in many 
types of cancers.125–127 Adriamycin/doxorubicin is 
a cytotoxic drug (an anthracycline antibiotic) that 
is commonly used in chemotherapy.

Anthracyclines. Suppression of lncRNA UCA1 
reduced adriamycin-resistance in GC. This was 
associated with the upregulation of PARP and 
downregulation of Bcl-2 due to silencing of UCA1 
in adriamycin resistant GC cells.105

The expression of lncRNA ODRUL is increased 
in adriamycin resistant osteosarcoma cell lines, 
and the knockdown of ODRUL leads to suppres-
sion of the ABCB1 gene.128 Zhou et al. reported 
that high expression of SNHG12 mediated adria-
mycin-resistance in osteosarcoma through the 
miR-320a/MCL1 axis.129

The lncRNA taurine upregulated 1 (TUG1) gene 
is highly expressed in several malignant tumors, 
including bladder cancer. Xie et  al. discovered 
overexpression of TUG1 in bladder urothelial 
carcinoma (BUC) tissues and cell lines that are 
resistant to adriamycin. Knockdown of TUG1 
restored adriamycin cytotoxicity, which was asso-
ciated with the inhibition of the Wnt/β-catenin 
pathway. Reversal of adriamycin drug resistance 
by TUG1 knockdown could be achieved by the 
partial activation of the Wnt/β-catenin pathway. 
Thus, lncRNA TUG1 results in the non-respon-
siveness of BUC patients to adriamycin through 
the Wnt/β-catenin pathway.106

HANR was found to be upregulated in HCC 
patients and cell lines and plays an essential role 
in the development of HCC; this was further 
proven using clinical specimens, HCC cell lines 
in vitro, and xenograft/orthotopic mouse models 
in vivo. HANR regulates the phosphorylation of 
GSK3β in HCC, resulting in a decrease in its sen-
sitivity to Adriamycin.107

Other cytotoxic drugs. Paclitaxel is one of the 
most effective plant-derived anticancer drugs for 
lung adenocarcinoma (LAD) treatment; it func-
tions mainly by causing cell cycle arrest at the 
G2/M phase and subsequently inducing apopto-
sis.130 ANRIL was initially found in familial mela-
noma patients; its expression is upregulated in 
LAD and affects the therapeutic effect of pacli-
taxel. ANRIL acts as a potential oncogene and 

promotes the acquisition of chemoresistance to 
paclitaxel by regulating the expression of cleaved-
PARP and Bcl-2 among the apoptosis-related 
proteins.99

The expression of the lncRNA ENST00000500 
843 is downregulated in LAD tissues and A549/
paclitaxel cells. The knockdown of lncRNA 
ENST00000500843 decreased apoptosis in A549 
cells exposed to paclitaxel, which led to paclitaxel-
resistance in the LAD cells.108

The lncRNA nuclear paraspeckle assembly tran-
script 1 (NEAT1) is upregulated in human pros-
tate cancer (PC) tissues and docetaxel-resistant 
PC cells, whereas miR-34a-5p is downregulated. 
NEAT1 knockdown re-sensitizes the resistant PC 
cells to docetaxel, which may be associated with 
the sponging of miR-34a-5p.109,131

Tyrosine kinase inhibitors
A variety of protein kinases, including receptor 
tyrosine kinases such as VEGF receptors 
(VEGFRs) engage in tumor progression. A series 
of tyrosine kinase inhibitors (TKIs) have been 
developed for the systematic treatment of various 
types of cancers. TKIs such as sunitinib, sorafenib, 
and pazopanib bind to different types of tyrosine 
kinases with different affinities and have been 
approved for the treatment of advanced cancers 
such as renal cell cancer, gastrointestinal stromal 
tumors, and HCC.132

Human epidermal growth factor receptor (HER2) 
inhibitors. Trastuzumab, currently used for early-
stage and metastatic HER2-positive BC and GC, 
was designed to block the extracellular domain of 
HER2.110 Shi et al. found that lncRNA activated 
by TGF-beta (lnc-ATB) was the most signifi-
cantly upregulated lncRNA in trastuzumab-resis-
tant SKBR-3 cells and trastuzumab-resistant BC 
patient tissues.110 LncRNA-ATB also promotes 
trastuzumab resistance in BC by competitively 
binding with miR-200c, upregulating ZEB1 and 
ZNF-217, and then inducing EMT. In addition, a 
high level of lncRNA-ATB is correlated with 
trastuzumab resistance in BC patients, which acts 
as a vital regulatory factor of TGF-β signaling 
pathways and trastuzumab resistance in BC.110,111

GAS5 is another lncRNA related to trastuzumab 
resistance; reduced expression of GAS5 activates 
mTOR and suppresses PTEN.111
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Epidermal growth factor receptor (EGFR) inhibi-
tors. Gefitinib is a selective inhibitor of EGF and 
is used for the treatment of NSCLC patients. It 
acts by controlling cell growth, inducing apopto-
sis, and suppressing angiogenesis.133

Pan et  al. found that overexpression of the 
lncRNA, BC087858, was associated with acquired 
resistance of NSCLC cell lines and patients to 
EGFR-TKIs. LncRNA, BC087858, activates 
PI3K/AKT and MEK/ERK pathways, and initi-
ates EMT of NSCLC cells, which in turn results 
in acquired resistance to EGFR-TKIs in EGFR 
T790M-mutant NSCLC cells.112 Others studies 
also revealed that UCA1 had a similar effect on 
mediating the development of acquired resistance 
of EGFR-mutant NSCLC patients to EGFR- 
TKIs.93

The expression of SNHG5 was significantly down-
regulated in gefitinib-resistant LAD patients and 
LAD cell lines. Overexpression of SNHG5 sup-
pressed the expression of miR-377, and knock-
down of SNHG5 increased miR-377 expression. 
The overexpression of SNHG5 rendered LAD 
cells sensitive to gefitinib therapy in vitro and in 
vivo.112 An EGFR-TKI-resistant HCC827-8-1 
cell line was generated and analyzed for expres-
sion patterns by lncRNA microarray and these 
patterns were compared with those of its parental 
HCC827 cell line. The results showed that lncR-
NAs may be used as a new candidate biomarkers 
and potential targets for EGFR-TKI therapy in 
LAD.134

B-Raf inhibitors. HCC cell-derived EVs contain 
and transfer lncRNAs. Takahashi et al. found that 
the transfer of lincRNA-VLDLR (linc-VLDLR), 
which is enriched in HCC-derived EVs, promotes 
drug resistance in HCC. During chemotherapeu-
tic stress, exposure of HCC cells to sorafenib 
increased linc-VLDLR expression in cells, and 
within the EVs released from these cells, to pro-
mote chemoresistance. Moreover, the expression 
of ABC subfamily G member 2 (ABC-G2) was 
induced in tumor cells by incubation with tumor 
cell-derived EVs, suggesting lncRNA-containing 
EVs may modulate chemoresistance through the 
ABC transporters.114

Other TKIs. LncARSR is highly expressed in renal 
cell carcinoma (RCC) cells with sunitinib resis-
tance, which remains a major challenge in RCC 
treatment. LncARSR, identified by Qu et  al., 

correlated with sunitinib resistance in RCC in the 
clinic. LncARSR promoted the expression of AXL 
and c-MET by competitive binding with miR-34/
miR-449 leading to sunitinib resistance. LncARSR 
could be transmitted to sensitive cells through the 
incorporation into exosomes, resulting in acquired 
resistance to sunitinib. Treatment of sunitinib-
resistant RCC with locked nucleic acids targeting 
lncARSR or an AXL/c-MET inhibitor restored 
sunitinib response and improved the therapeutic 
response.115

In a study by Yan et al., chip technology was used 
to analyze the expression of lncRNAs in paired 
normal gastric tissues, primary gastrointestinal 
stromal tumor (GIST) tissues and GIST tissues 
resistant to imatinib mesylate. Expression of these 
lncRNAs may be associated with GIST and medi-
ate the secondary resistance of imatinib mesylate.135

Antimetabolite therapy
Radiosensitization of antimetabolites improves 
the clinical outcome for malignant solid tumors, 
such as gastrointestinal tract cancer, cervical can-
cer, and head and neck cancer.136 LINC00152 
plays an oncogenic role in gastric, liver, gallblad-
der, and lung cancer and is involved in regulating 
cell proliferation, cell cycle and other biological 
processes. In CRC, overexpression of LINC00152 
was negatively correlated with the survival rate of 
patients. LINC00152 enhanced the migration 
and invasion of cells and promoted cell prolifera-
tion and inhibited apoptosis; thus, causing thera-
peutic resistance of CRC cells to 5-fluorouracil 
(5-FU). The expression of NOTCH1 is fre-
quently upregulated in CRC, and miR-139-5p 
targets NOTCH1 to regulate CRC growth. 
Further studies have shown that LINC00152 
sponges miR-139-5p to regulate the expression 
and activity of NOTCH1, which promotes the 
progression of CRC.116

The expression of LEIGC in GC tissue is higher 
than that in noncancerous tissue, whereas its 
reduction causes 5-FU resistance in MGC-803 
cells.137 High expression of ANRIL was observed 
in the GC tissues of patients with cisplatin and 
5-FU resistance, as well as in resistant GC cell 
lines. Knockdown of ANRIL suppresses prolifer-
ation and invasion, and promotes apoptosis of 
GC cells upon treatment of cisplatin and 5-FU, 
suggesting a functional role of ANRIL in the 
development of drug resistance in GC.98
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UCA1 causes 5-FU-resistance in CRC by pre-
venting miR-204-5p from inhibiting apoptosis. 
In CRC, methotrexate resistance is mediated 
through the activation of the WNT/β-catenin 
pathway by lncRNA H19.94

LncRNA LUCAT1 and ABCB1 protein are 
upregulated in methotrexate-resistant osteosar-
coma cells (MG63/MTX and HOS/MTX) com-
pared with parental cells. Bioinformatics tools 
and luciferase assays were used to verify that the 
3′-UTR of both LUCAT1 and ABCB1 mRNA 
competed for binding with miR-200c, and spong-
ing of miR-200c by LICAT1 modulated ABCB1 
expression, thereby contributing to the develop-
ment of chemoresistance.117

Antihormone therapy
Antihormone therapy is widely used in the treat-
ment of cancer, and research has focused mainly 
on the development of effective and selective 
estrogen receptor modulators for BC therapies. 
Antihormone therapy can be used for the preven-
tion or treatment of women with BC and at high 
risk for BC.138

Breast cancer antiestrogen resistance 4 (BCAR4), 
defined as a lncRNA, transforms BC cells into an 
state independent to estrogen and antiestrogen, 
and was also associated with tumor aggressive-
ness and tamoxifen resistance.118 Godinho et al. 
analyzed the expression pattern of BCAR4 in 280 
estrogen receptor α (ERα)-positive primary BC 
patients with advanced disease and found that 
29% of the patients showed high expression levels 
of BCAR4. High expression of BCAR4 led to 
robust phosphorylation of v-erb-b2 erythroblastic 
leukemia viral oncogene homolog (ERBB)2, and 
ERBB3, resulting in activation of the critical 
downstream mediators of ERBB signaling such as 
AKT and extracellular signal-regulated kinase 1/2 
(ERK 1/2) expression, leading to the inhibition of 
apoptosis in the cancer cells.139 Knockdown of 
BCAR4 suppressed cell proliferation of these BC 
cells, which was associated with the expression 
and activity of ERBB2/3.

LncRNA HOTAIR also plays an essential role in 
tamoxifen resistance. In their study, Xue et  al. 
found that, compared with primary BC tissues, 
expression of HOTAIR was increased in tamox-
ifen-resistant BC tissues. HOTAIR is a direct tar-
get of ER-mediated transcriptional inhibition, 

and its overexpression promotes the growth of 
BC and contributes to tamoxifen resistance.87

Liu et al. studied the role and clinical significance 
of UCA1 in BC drug resistance using tamoxifen-
resistant BC cell lines that they established in vitro 
and in mouse xenograft models, and found that 
the expression of UCA1 was positively correlated 
with mortality in patients with BC, and the 
expression of UCA1 was significantly increased in 
tamoxifen-resistant cell lines compared with the 
wild-type parental cells.135 In addition, hyper-
activation of the Wnt/β-catenin pathway was 
found in the resistant BC cells compared with 
their sensitive counterparts. UCA1 depletion sig-
nificantly reduced the activity of the Wnt/β-
catenin pathway and the tumorigenicity of the 
tamoxifen-resistant BC cells, suggesting that 
UCA1/Wnt signaling plays a pivotal role in medi-
ating the resistance of BC cells to tamoxifen.95

LncRNA-mediated drug resistance in leukemia
Acute lymphoblastic leukemia (ALL), chronic 
lymphoblastic leukemia (CLL), acute myeloid 
leukemia (AML), and chronic myeloid leukemia 
(CML) are subsets of leukemia, which belong to 
hematological malignancies.88

Imatinib plays an extremely important role in the 
treatment of CML. However, some patients who 
are in an accelerated phase develop imatinib resist-
ance. The main cause of imatinib resistance in 
CML is MDR1-mediated external drug efflux. 
LncRNA UCA1 is an important regulator of 
MDR1 and increased expression of UCA1 leads to 
increased expression of MDR1. Overexpressed 
UCA1 in CML cells binds to miR-16, functioning 
as a competitive endogenous RNA (ceRNA) of 
MDR1, leading to imatinib resistance.96 HOTAIR 
is one of the lncRNAs found to be overexpressed in 
acute leukemia (AL). HOTAIR promotes the pro-
liferation of leukemic blast and leukemic stem cells, 
and its high expression is associated with a low sur-
vival rate in AL, and with imatinib resistance.88 
High levels of HOTAIR can induce apoptosis of 
human CML cell line and reduce cell sensitivity to 
imatinib through the PI3K/AKT pathway, result-
ing in drug resistance.89 The reduced expression of 
FENDRR reduces the sensitivity of CML cells to 
adriamycin, which leads to reduced apoptosis. 
FENDRR and MDR1 are negatively correlated. 
FENDRR inhibits the binding of MDR1 and miR-
184 to reverse adriamycin-resistance.119

https://journals.sagepub.com/home/tam


Therapeutic Advances in Medical Oncology 12

12 journals.sagepub.com/home/tam

Therapeutic prospects
Accumulating evidence suggests that expression 
of lncRNA is globally altered in various cancers 
and is involved in all aspects of tumorigenesis by 
inactivating tumor inhibitors or activating onco-
genes. Due to their ubiquitous expression and 
relative stability, lncRNAs are suitable as bio-
markers for the early diagnosis of cancers. PVT1 
is overexpressed in tissues of NSCLC and lung 
squamous cell carcinoma, and overexpression of 
PVT1 is significantly associated with poor prog-
nosis. High expression of UCA1 is associated 
with decreased survival rate of patients, suggest-
ing that UCA1 is a predictive biomarker in OC.140 
HOTAIR level and upregulation of HOTAIR 
expression in patients with lung cancer are associ-
ated with the pathological stage and poor progno-
sis of lung cancer. Plasma HOTAIR expression 
level may be a biomarker for the diagnosis and 
monitoring of NSCLC patients.141–143 Further, 
overexpression and methylation of HOTAIR 
mediates therapeutic resistance of OC cells. As a 
prognostic biomarker for mediating DNA repair, 
HOTAIR could be used as a reliable classifier to 
distinguish patients for personalized treatment.123 
Overexpression of HOTAIR is also associated 
with short survival time in patients with esopha-
geal carcinoma, suggesting that increased 
HOTAIR level may be a prognostic factor for 
esophageal cancer.144 ANRIL is recruited and 
associates with PRC2, and upregulated in GC 
tissues.145

The diverse expression and functions of lncRNA 
in cancers, as discussed above, make them an 
attractive target for developing therapeutic target. 
A number of lncRNAs are not only biomarkers 
for drug resistance in the clinical application of 
chemotherapeutic drugs, but also therapeutic tar-
gets to overcome drug resistance. MALAT1 is 
expressed extensively in various human solid and 
hematological malignancies and promotes cell 
proliferation and metastasis. Moreover, due to 
the biological signature of MALAT1, selective 
strategies using synthetic oligonucleotides have 
been developed to inhibit MALAT1.146 A feed-
back loop was identified between MALAT1 and 
Nrf1, which is activated in resistant cells to 
affect the proteasome machinery.147 The inhibi-
tor of AXL/c-MET is the downstream effector 
of the lncRNAs, restoring lncRNA-mediated 
resistance to sunitinib in orthotopic xenograft 
models.115 VEGFR, AXL, and c-MET are tar-
gets of cabozantinib, a RTK inhibitor, revealed 
in a randomized phase III trial that prolonged 

progression-free survival of RCC patients following 
VEGFR-targeted treatment.148 These results rein-
force the idea that understanding specific biological 
mechanisms of resistance can help overcome the 
resistance to chemotherapeutic agents which 
remains a critical goal for anticancer therapy.

Conclusion
Recent studies have identified several lncRNAs that 
mediate drug resistance, a critical mechanism that 
causes refractory cancer and antineoplastic treat-
ment failure. In the present review, the important 
biological functions of some lncRNAs and the 
mechanism of action underlying the regulation of 
key signaling pathways are discussed. As a precise 
tool for regulating cell homeostasis, lncRNAs are 
involved in vital biological processes. Their func-
tions are diverse and often altered in cancer. 
Accumulating evidence shows that lncRNAs are 
involved in the resistance of cancer cells to various 
therapeutic drugs, and the main mechanisms 
include regulation of drug efflux, DNA damage 
repair, cell cycle, apoptosis, EMT, and induction of 
signaling pathways and angiogenesis. Several lncR-
NAs have confirmed to mediate chemoresistance in 
cancer cells. Rapid advances have been made in 
research relating to lncRNA and its diverse biologi-
cal processes, and many studies have shown that 
lncRNA are candidates for cancer treatment. 
However, the application of lncRNAs as a thera-
peutic target in the development of new treatments 
to overcome chemotherapeutic resistance requires 
more in-depth studies. Further research is also 
needed to identify more lncRNAs associated with 
resistance, and to understand their role in cancer 
and chemotherapy resistance. In conclusion, the 
roles and mechanisms of action of lncRNAs in 
mediating resistance to anticancer treatments sum-
marized in this review provide new ideas for the 
development of more effective treatment strategies.
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