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Abstract

Long non-coding RNAs (IncRNAs) are emerging as crucial regulators of gene expression through diverse
mechanisms, including regulation of protein localization, sequestration of miRNAs, recruitment of chromatin
modifiers, and modulation of signaling pathways. Accumulating evidence highlights their pivotal roles in tumor
initiation, progression, and the development of therapeutic resistance. In this review, we comprehensively
summarized the existing literature to identify IncRNAs associated with treatment responses in non-small cell lung
cancer (NSCLQ). Specifically, we categorized these INcRNAs based on their mechanisms of action in mediating
resistance to chemotherapy, targeted therapy, and radiotherapy. Our analysis revealed that aberrant expression
of various IncRNAs contributes to the development, metastasis, and therapeutic resistance in NSCLC, ultimately
leading to poor clinical outcomes. By elucidating the intricate mechanisms through which IncRNAs modulate
therapeutic responses, this review aims to provide mechanistic insights into the heterogeneous treatment
outcomes observed in NSCLC patients and unveil potential therapeutic targets for overcoming drug resistance.
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Introduction

According to the latest statistical report [1], lung cancer
ranks second in terms of estimated new cancer cases and
first in terms of estimated cancer-related deaths. Further-
more, its five-year survival rate is relatively low compared
to other cancers, standing at only 25% [2]. Nevertheless,
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the incidence of lung cancer and the number of deaths
due to lung cancer are progressively decreasing annually
[2], attributable to advancements in early diagnosis and
treatment. The risk factors for lung cancer include smok-
ing, air pollution, radiation exposure, and occupational
exposure to asbestos, chloromethane, chromium, nickel,
polycyclic aromatic hydrocarbons, etc. Among them,
smoking is the most significant risk factor, accounting for
over 80% of lung cancer cases [3].

Non-small cell lung cancer (NSCLC) represents the
predominant form of lung cancer, comprising around
80% of total diagnosed incidences [4]. Subtypes of
NSCLC include lung adenocarcinoma (LUAD), lung
squamous cell carcinoma (LUSC), and large-cell carci-
noma. LUAD, the most common subtype of NSCLC, is
typically peripheral but grows rapidly. It can disseminate
through the bronchial tree, invade the visceral pleurs,

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http:/creati

vecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12935-024-03549-1&domain=pdf&date_stamp=2024-11-8

Ge et al. Cancer Cell International (2024) 24:369

and easily rupture, leading to intrapleural implantation.
LUSC often occurs in the subsegmental bronchi and
larger bronchi, mainly presenting as a central type. It is
prone to lymphatic metastasis, and readily forms pul-
monary cavities, infiltrating blood vessels and leading to
hemoptysis. Large-cell carcinoma has a low incidence
rate but a high degree of malignancy, resulting in poor
prognosis.

Three-year survival rate for all stages of NSCLC com-
bined increased from 25% for diagnoses during 2004
through 2006 to 38% for diagnoses during 2016 through
2018 [1]. This progress has largely been attributed to
advancements in the treatment of NSCLC, particu-
larly the utilization of targeted therapies [5]. Treatment
approaches for NSCLC vary by stage, including sur-
gery, chemotherapy, radiotherapy, targeted therapy, and
immunotherapy [6]. Benefiting from the development of
various treatment modalities, it is now possible to adopt
combined therapy when choosing a treatment plan in
clinical practice based on the specific conditions of the
patient. For instance, neoadjuvant chemotherapy, which
refers to systemic chemotherapy administered before
surgery or radiotherapy, is aimed at reducing tumor vol-
ume, lowering the TNM staging, and increasing the suc-
cess rate of resection. A meta-analysis has shown that
neoadjuvant chemotherapy can significantly increase the
overall survival rate of patients [7].

The genetic alterations in NSCLC vary according to
different histological subtypes. In LUAD patients, epi-
dermal growth factor receptor (EGFR) mutations are the
most common, followed by ALK, KRAS, ROS1, BRAF,
RET, and HER2. In LUSC patients, common genetic
alterations include FGFR1, DDR2, PIK3CA, PTEN, and
platelet-derived growth factor receptor [3]. The fre-
quency of genetic alterations, the ranking and propor-
tion of mutations vary among non-small cell lung cancer
patients of different ethnicities [3]. With the development
and popularization of molecular detection technologies,
the clinical value of genotyping has been increasingly sig-
nificant, and its role in guiding treatment and predicting
prognosis cannot be neglected. The amplification refrac-
tory mutation system (ARMS), immunohistochemistry,
polymerase chain reaction-related technologies, and
fluorescence in situ hybridization (FISH) can all be used
for molecular typing in patients with NSCLC. The popu-
larity of genetic testing for NSCLC patients is gradually
increasing [8], but it is more focused on EGFR mutations
[9]. A retrospective [10] reviewed that genetic screening
could effectively prolong the overall survival of patients
with NSCLC (27.50 vs. 19.73 months; P=0.007), but
there were significant differences in genetic screening
rates between first-tier cities and second-tier and third-
tier cities. Therefore, the promotion of molecular genetic
screening for NSCLC is beneficial and necessary. In
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addition to tissue biopsy, liquid biopsy can also provide
molecular typing of patients. Circulating tumor DNA
(ctDNA) and circulating tumor cells (CTCs) in plasma
can both be targets for liquid biopsy [3], among which the
detection technology of peripheral blood ctDNA used
to identify EGFR mutations has achieved good clinical
results [11]. Compared with tissue biopsy, liquid biopsy
has the advantages of safety, non-invasiveness, simplicity,
and economy.

Long non-coding RNAs (IncRNAs) are a class of RNA
with more than 200 nucleotides without protein-coding
potential. A substantial body of research has found a
close relationship between IncRNA and cancer. LncRNAs
exert biological effects through various pathways, includ-
ing transcriptional regulation, chromatin modification,
nuclear structure regulation, and RNA interference [12].
In addition, IncRNAs are closely associated with the
tumor microenvironment and the modulation of cellular
signaling pathways [13, 14]. Increasing evidence suggests
the association between IncRNAs and the occurrence
or progression of NSCLC, including their roles in pro-
liferation, invasion, migration, and drug resistance.
Upregulation of H19 leads to upregulation of STAT3
expression through sponging miR-17, thereby promoting
the growth, invasion, and migration of NSCLC cells [15].
ANRIL overexpression silences KLF2 and P21 by binding
enhancer of zeste homolog 2 (EZH2), ultimately facili-
tating proliferation and inhibiting apoptosis, ultimately
leading to a poor prognosis in NSCLC [16]. Therefore,
IncRNAs have potential as biomarkers for NSCLC diag-
nosis, prognosis and therapy [17-20].

Our study focuses on IncRNAs associated with the
efficacy of chemotherapy, targeted therapy, and immu-
notherapy, investigating their mechanisms of action and
impact on prognosis. To ensure the practical signifi-
cance of the research findings, the aberrant expression
of IncRNAs selected in this study is derived from clini-
cal cases or open databases such as the cancer genome
atlas (TCGA). Additionally, during the literature screen-
ing, we found some studies that identified differentially
expressed IncRNAs through RNA-seq screening of sensi-
tive and drug-resistant cell lines. However, these studies
were not included in this review. It is worth noting that
even with clinical data, most studies still establish drug-
resistant cell lines to validate the expression levels of
IncRNAs compared to sensitive cell lines. Furthermore,
we have categorized and organized these IncRNAs based
on their functional mechanisms. We aim to provide new
directions for cancer treatment research.

LncRNA biogenesis and localization

Similar to mRNA, the transcription of IncRNA is cata-
lyzed by Pol II and requires processing such as 5’-cap-
ping, polyadenylation, and splicing [21]. However, in
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terms of post-transcriptional processing, some IncRNAs
undergo unique processes. Some transcripts contain
tRNA-like structures and A/U-rich sequences at their
3’ ends, which are cleaved by RNase P to form a highly
stable triple helix, functioning similarly to a poly(A) tail
to enhance the stability of the transcript [22, 23]. Well-
known IncRNAs that undergo this processing include
MALAT1 and NEAT1 [21]. Different post-transcriptional
processing results in diverse IncRNA species, includ-
ing circular RNAs (circRNAs) formed by non-canonical
splicing of introns, circular intronic long non-coding
RNAs (ciRNAs) that escape classical lariat loop-deb-
ranching and degradation after canonical intron splic-
ing, sno-IncRNAs generated by the trimming of tandem
Small Nucleolar RNAs (snoRNAs) within a single intron.
Besides, there are IncRNAs containing miRNAs within
their sequences. These transcripts are cleaved by micro-
processor at the 3’ end, terminating transcription in a
non-polyadenylated manner to produce Inc-pri-miRNA,
which is then processed by the microprocessor complex
to form miRNAs and IncRNAs. However, the resulting
IncRNAs are degraded due to their lack of a poly(A) tail
[21].

Compared to mRNA, a larger proportion of IncRNAs
are localized in the nucleus. This is partly attributed
to the presence of nuclear retention elements (NREs)
in some IncRNAs, where a higher content of these
sequences correlates with a higher degree of nuclear
enrichment of the IncRNA [24]. Known examples of
such elements include a 356nt sequence (from 798nt to
1153nt) in MEG3 [25], C-rich sequences in Alu repeats
[24], repeating RNA domains (RRDs) in FIRRE [26],
C-rich sequences distributed across 21 IncRNAs [27],
and a pentameric AGCCC motif in the BORG intergenic
IncRNA [28]. Notably, these sequences require binding
to specific molecules to mediate the nuclear localization
of IncRNAs. For instance, the 356nt sequence in MEG3
binds to Ul snRNP [25], C-rich sequences in Alu bind
to hnRNPK [24], and RRDs in FIRRE bind to hnRNPU
[26]. Studies have shown that the expression levels of
these binding partners vary among different cell types
[24], indicating that the nuclear enrichment of IncRNAs
also depends on the levels of these binding partners. In
addition to NREs, low splicing efficiency and alternative
polyadenylation also contribute to the nuclear accumula-
tion of IncRNAs [29]. LncRNAs exhibit weaker splicing
signals due to a lower pyrimidine content in their splicing
signals, and the distance between the branch point and
the 3’ splice site is greater in IncRNAs than in mRNAs,
both of which contribute to the low splicing efficiency of
IncRNAs [30]. Alternative polyadenylation can lead to
subcellular localization differences among isoforms of the
same gene, such as the nuclear localization of CCAT1-L
and the cytoplasmic localization of CCAT1-S, due to the
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presence of an additional polyadenylation site in CCAT1-
L compared to CCAT1-S [31] (Fig. 1).

Apart from biogenesis and localization, IncRNAs also
differ from mRNAs in their structure and expression. For
instance, IncRNAs tend to have fewer but longer exons,
are less evolutionarily conserved, and exhibit greater tis-
sue specificity or differences in expression profiles among
different states of the same cell type compared to mRNAs
[21, 29].

LncRNAs related with chemotherapy

Chemotherapy is the cornerstone of NSCLC treatment
and is applicable to patients at various stages of the dis-
ease [32]. Chemotherapy involves the use of cytotoxic
drugs to kill or inhibit the growth and spread of NSCLC
cells and can be administered intravenously or orally.
Chemotherapy can be used as a standalone treatment or
in combination with surgery, radiotherapy, or immuno-
therapy to achieve optimal therapeutic outcomes [32].
Cisplatin (DDP) is one of the most commonly used che-
motherapeutic agents for NSCLC in clinical practice.
Therefore, we focused on DDP-related IncRNAs in this
review to provide insights into the roles of IncRNAs in
chemotherapy resistance.

Among existing studies, the number of IncRNAs
related to chemotherapy is the highest. Firstly, there
are IncRNAs that regulate downstream gene expres-
sion through modulation of nuclear translocation. One
example is the X inactive-specific transcript (XIST)
gene located in the X inactivation center [33],distributed
mainly in the cytoplasm, upregulated in patients with
NSCLC, and its high expression is correlated with DDP
treatment and poor prognosis [34]. XIST combines with
SMAD?2 and decreases nuclear translocation of SMAD2,
in turn inhibiting SMAD2-induced transcription of
p53 and NLRP3, ultimately alleviating DDP-mediated
pyroptosis and reducing chemosensitivity [34].Another
example is urothelial carcinoma associated 1 (UCAL),
which is located on human chromosome 19p13.12, with
a full length of 1439 bp [35], and its high level is associ-
ated with resistance to DDP in patients with NSCLC [36].
In LUAD, overexpressed UCA1 induces NRF2 nuclear
translocation and promotes the expression of NRF2 and
heme HO-1, therefore activating NRF2/HO-1 pathway
inhibiting oxidative stress and apoptosis, and upregulat-
ing its downstream protein levels, including catalase and
SOD1 [37]. Besides, ENO1 was identified as one of the
RNA-binding proteins of UCA1 and UCA1 could ele-
vate the level of excision repair cross-complementing 1
(ERCC1) [38]. ENO1 promotes the progression of LUAD
[39], and ERCC1 is correlated with DDP resistance in
NSCLC [40].

Furthermore, there are IncRNAs that exert their effects
through the competing endogenous RNA (ceRNA)
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Fig. 1 Mechanisms of IncRNA biogenesis and nuclear localization. Some

IncRNAs contain tRNA-like structures at their 3'ends, which form highly stable

triple-helical sequences after RNase P cleavage, thereby increasing stability. Some IncRNAs undergo a series of splicing processes to form special RNAs, in-

cluding circRNA formed by non-consecutive splicing of introns, circRNA fo

rmed by classical intron splicing, sno-IncRNA containing snoRNA components,

and IncRNA and miRNA formed by miRNA splicing. Lower splicing efficiency, nuclear retention element, and alternative polyadenylation can all lead to
the nuclear localization of IncRNAs. Created in BioRender. Shen, Z. (2024) BioRender.com/v66I891

network. XIST also exerts its biological function through
acting as a ceRNA, including upregulating BAG-1
expression through sponging miR-let-7i in LUAD [41],
enhancing autophagy activity by miR-17/autophagy asso-
ciated gene (ATG) 7 axis [42]. Hua et al. reported that
XIST promoted glycolysis and DDP resistance by spong-
ing miR-101-3p, manifested specifically by increased
expression of the glycolytic enzymes HK2 and LDH2, as
well as enhanced glucose uptake and lactate production
[43]. Li et al. reported that UCA1 could sponge miR-
495 to upregulate NRF2 expression [36]. HOX antisense
intergenic RNA (HOTAIR) is a 2158 nucleotides tran-
script located on human chromosome 12q13.13 [44].
Overexpressed HOTAIR sponges miR-149-5p to upreg-
ulate DCLK1 expression, thereby inducing resistance to
DDP [45]. With 751 nt in length, tumor protein 53 tar-
get gene 1 (TP53TG1) is enriched in the cytoplasmic
fraction [46]. The level of TP53TG1 is downregulated

in NSCLC tissues and is related to TNM staging [46].
TP53TG1 positively modulates PTEN expression by
acting as a molecular sponge of miR-18a [46]. PTEN
exerts its tumor suppressor function through PI3K/AKT
pathway and many other pathways [47]. The hyperac-
tivation of the PI3K/AKT pathway is closely associated
with the occurrence, metastasis, and drug resistance of
NSCLC, and studies have found it to be correlated with
other NSCLC-related mutations [48]. Thus, depletion of
TP53TG1 leads to loss of PTEN, ultimately inhibiting
apoptosis and DDP sensitivity in NSCLC. Small nucleolar
RNA host gene (SNHG) 1 is a nuclear-enriched IncRNA
localized on chromosome 11q12.3, and its transcript is
around 1.2 kb [49]. SNHGLI is overexpressed in DDP-
resistant NSCLC tissues [50]. SNHG1 mediates aberrant
activation of Wnt/p-catenin signaling by sponging miR-
140-5p [50]. Notably, Wnt/B-catenin signaling and its
downstream targets including cyclin D1 and c-Myc were
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found involved in NSCLC prognosis and progression [51,
52]. SNHG1 also directly targets miR-330-5p to upregu-
late DCLK1 expression, subsequently inducing the phos-
phorylation of PI3K and protein kinase B (AKT) and
enhancing resistance to DDP [53]. Distal-less homeobox
6 antisense 1 (DLX6-AS1) is located on human chro-
mosome 7q21.3, with a length of 1990 bp, major in the
cytoplasm and abundantly expressed in LUSC tissues
[54]. Moreover, its overexpression is associated with poor
prognosis [54]. H3K4mel is enriched in the DLX6-AS1
promoter region, inducing DLX6-AS1 expression. Upreg-
ulated DLX6-AS1 in turn elevates the level of CELF1
through sponging miR-181-5p/miR-382-5p, and confers
secondary DDP resistance [54]. FYVE RhoGEF and PH
domain containing 5 antisense 1 (FGD5-AS1) is a 3772 nt
IncRNA mapping to chromosome 3 [55], and is upregu-
lated in DDP-resistant LUAD [56]. FGD5-AS1 promotes
PD-L1 expression via directly interacting with miR-142,
depressing chemosensitivity to DDP [56]. Notably, PD-L1
is one of the key targets of immune checkpoint inhibi-
tors, which suggests FGD5-AS1/miR-142/PD-L1 axis
may be involved in immunotherapy for NSCLC [57].
SNHG14 is located on human chromosome 15q11.2, and
overexpressed in clinical NSCLC samples [58]. SNHG14
positively regulates the HMGB1 level by sponging miR-
34a [58]. SNHGI14/miR-34a/HMGB1 axis induces
malignant behaviors of NSCLC cells, including inva-
sion and migration, and promotes DDP resistance [58].
Metastasis-associated lung adenocarcinoma transcript 1
(MALAT1) is located within human chromosome 11q13,
around 7 kb [59], highly expressed in NSCLC tissues and
correlated with shorter overall survival [60]. MALAT1
induces p120-ctn expression through directly binding to
miR-197-3p, therefore enhancing resistance to DDP in
NSCLC [60]. However, unlike common ceRNA networks,
MALAT1 elevates miR-197-3p level and decreases p120-
catenin level [60]. Moreover, MALAT1 enhances the
expression of p300 by sponging miR-1297, which in turn
upregulates -catenin and MDRI1 expressions, decreases
caspase-3 expression, reduces the apoptotic rate of cells,
and inhibits B-catenin nuclear translocation [61]. Nota-
bly, overexpression of MDR1 can lead to resistance to
DDP [62]. And the regulatory effect of MALAT1/miR-
1297/p300 axis can be reversed by Asiatic acid [61].
LncRNAs can also exert their functions by associating
with EZH2 or regulating signaling pathways. HOTAIR
inhibits p21 expression to increase the percentage of
S phase cells and reduce DDP chemosensitivity [63].
According to previous studies, the regulation of p21 by
HOTAIR may be induced through EZH2 [64, 65]. On
the other hand, MALAT1 upregulates MRP1 and MDR1
levels by phosphorylation of STAT3 [66]. SRY-box tran-
scription factor 2 overlapping transcript (SOX2-OT) is a
IncRNA with length of around 3.4 kb which is expressed

Page 5 of 17

in both the cytoplasm and the nucleus, mapped to
human chromosome 3q26.3 [67], and a correlation exists
between its elevated level, poor prognosis, reduced clini-
cal response to DDP treatment, and metastasis in oncol-
ogy [68]. SOX2-OT upregulates levels of total-AKT,
total-Extracellular Signal-Regulated Kinase (ERK) and
phosphorylated-AKT, therefore activating the PI3K/AKT
pathway [68]. Furthermore, SOX2-OT positively regu-
lates GLI-1 expression, which is also correlated with DDP
resistance [68].

We found that IncRNAs can influence the expression
of downstream genes, thereby affecting DDP resistance
in NSCLC patients (Fig. 2), through both direct and indi-
rect means. Notably, this regulatory mechanism is highly
complex, as a single IncRNA may regulate downstream
genes through multiple pathways and potentially target
multiple downstream genes.

In addition, some IncRNAs that modulate DDP resis-
tance by interacting with miRNAs have been included in
Table 1.

In addition to DDP, chemotherapy for NSCLC
involves a variety of drugs. Commonly used clinically,
these include carboplatin, paclitaxel, pemetrexed, gem-
citabine, vinorelbine, and adriamycin. Furthermore,
studies have shown that IncRNAs participate in the
drug resistance processes of these agents through the
ceRNA network. For instance, the MALAT1/miR-1927/
p120-catenin axis, mentioned previously, not only affects
DDP resistance but also influences resistance to adria-
mycin and paclitaxel [60]. Additionally, Li et al. found
that LINC01296, which is localized in the cytoplasm, is
highly expressed in NSCLC tissues and is associated with
shorter survival times [85]. LINC01296 promotes the
expression of ATG2B by targeting miR-143-3p, thereby
facilitating tumor growth and metastasis. Knocking
down LINCO01296 can effectively increase the sensitiv-
ity of NSCLC to paclitaxel [85]. HLA Complex Group
11 (HCG11), located on chromosome 6 and approxi-
mately 7 kb in length, is significantly downregulated in
NSCLC patients [86]. HCG11 upregulates p21 expression
by sponging miR-17-5p. The low expression of HCG11
in drug-resistant cells decreases p21 levels, leading to
increased tumor cell proliferation, decreased apoptosis,
and reduced sensitivity to gemcitabine [87]. MALAT1
is highly expressed in tissues from gemcitabine-resistant
patients, and MALAT1 upregulates PBOV1 levels by
sponging miR-27a-5p, thereby promoting gemcitabine
resistance [88].

LncRNAs related with targeted therapy

Targeted therapy is not applicable to all cases of NSCLC.
Only patients with identified mutations in EGFR, mesen-
chymal-epithelial transition factor (MET), or BRAF, as
well as ALK, ROS1, RET, or NTRK translocations, can
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Fig. 2 LncRNAs Related to DDP Resistance. HOTAIR, SNHGT1, XIST, MALAT1, TP53TG1, DLX6-AS1, FGD5-AS1, SNHG14 and UCA1 regulate the expression
of downstream proteins or affect the stability of downstream proteins through the ceRNA network. HOTAIR, XIST, MALAT1, UCAT and SOX-OT directly
regulate the phosphorylation or expression of downstream proteins, among which HOTAIR exerts its functions through EZH2. Red arrows represent the
promotion of expression or increase in stability, while black arrows represent the inhibition of expression or decrease in stability. Created in BioRender.

Shen, Z. (2024) BioRender.com/j45y740

receive corresponding targeted drugs [89]. Due to lim-
ited targetable mutations in the genetic profile of LUSC,
targeted therapy is generally not applicable to this sub-
type [90]. Among these mutation sites, EGFR mutations
including deletions in the exon 19 and L858R substi-
tution in the exon 21 are the most common [89], so we
focused on the resistance to EGFR tyrosine kinase inhibi-
tors (EGFR-TKIs) in the present study. EGFR-TKIs are a
class of small-molecule inhibitors that specifically target
the tyrosine kinase domain of EGFR, thereby blocking
the downstream signaling pathways involved in cell pro-
liferation and survival [91, 92]. Currently, EGFR-TKIs
used in clinical practice include first-generation (gefitinib
and erlotinib), second-generation (afatinib), and third-
generation (osimertinib) drugs. The clinical trial and
population mortality rates both suggested that EGFR-
TKIs improved the prognosis of patients with NSCLC,
especially in early-stage treatment [5, 93].

Among the IncRNAs associated with targeted ther-
apy, the majority still exert their effects through acting
as miRNA sponges. Cancer susceptibility candidate 9

(CASC9) is located in a gene desert on human chro-
mosome 8q21.11 [94], overexpressed in patients with
NSCLC, and associated with resistance to gefitinib and
unfavourable prognosis [95]. Overexpressed CASC9
upregulates FOXO3 expression by sponging miR-195-3p,
and in turn, FOXO3 accelerates CASC9 expression by
combining with CASC9 promoter, the feedback loop
accelerating NSCLC gefitinib resistance [95]. LINC00460
has seven transcripts and is located on human chromo-
some 13q33.2 [96]. Its level is increased in NSCLC tis-
sues, correlated with resistance to gefitinib and poor
prognosis [97]. The distribution of LINC00460 is
mainly in the cytoplasm [97]. LINC00460 sponges miR-
769-5p to promote EGFR expression, which ultimately
enhances resistance to gefitinib in NSCLC [97]. In LUAD,
LINCO00460 also acts as a ceRNA for miR-149-5p to facil-
itate IL-6 production, thereby inducing gefitinib resis-
tance [98]. Previous research reported that IL-6 activated
JAK/STAT3 or AKT signaling pathway, therefore induc-
ing epithelial-mesenchymal transition (EMT) and low
response to EGFR-TKIs [99, 100]. The overexpression of
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Table 1 NSCLC vs. Healthy Control/Cisplatin-resistant vs. Cisplatin-sensitive
IncRNA Chromo- Subcellular Expres-  Pathway Subtype Prog- Xenograft Study
somal localization sion nostic
localization direction analysis
GAS5 1925 nucleus z miR-217/LHPP - - v Yang,2021 [69]
TUGT1 22q12.2 nucleus J miR-221/PTEN - N N Guo,2019 [70]
NORAD 20g11.23 both in the 7 miR-129-1-3p/SOX4 - V Huang,2020
cytoplasm and 71
nucleus
TATDN1 7 miR-451/TRIM66 - N N Wang,2019 [72]
LUCAT1 5g14.3anti-  cytoplasm 7 miR-514a-3p/ULK1 v Shen,2020 [73]
sense chain
TP73-AS1 1936 cytosol e miR-34a-5p/TRIM29 - N Lu0,2020 [74]
(predicted)
LINCO1140 1p22.3 cytoplasm Ve miR-4742-5p/TACC1 - - Wang,2022 [75]
PVT1 8924 cytoplasm 7 miR-216b/Beclin-1 - V vV Chen,2019 [76]
LINC00221 cytoplasm 7 miR-519a/ZBTB5 - J Tang,2019 [77]
(predicted)
LINC00511 cytoplasm 7 miR-625/LRRC8E - - Liu,2022 [78]
LINC00852 cytoplasm 7 hsa-miR-145-5p/KLF4 - \J N Tuo,2021 [79]
(predicted)
FOXD3-AS1 1p31.3 exosome 7 miR-127-3p/MDM2 v Zeng,2020 [80]
FOXD2-AS1 1p33 cytoplasm 7 miR-185-5p/SIX1 N Ge, 2019 [81]
MEG3 149323 nucleus z miR-21-5p/SOX7 V Wang,2017 [82]
NNT-AST 5p12 cytoplasm 7 miR-1236-3p/ATG7 N Wang,2020 [83]
LINC00485 129232 cytoplasm 7 miR-195/CHEK1 LUAD Zu0,2019 [84]

prostate cancer-associated transcript (PCAT) 6 results in
the upregulation of IFNAR2 expression through spong-
ing miR-326, thereby conferring gefitinib resistance in
NSCLC [101]. In LUAD, the down-regulation of SNHG5
expression leads to reduction of CASP1 by means of miR-
377 sponging, consequently inducing acquired resistance
to gefitinib [102]. Overexpressed RP11-89K21.1 induces
upregulation of RHPN2 expression by sponging miR-
146a/b-5p, RHPN2 further activating ROCK pathway
which promotes cell proliferation and enhancing gefitinib
resistance in LUAD [103]. The MALAT1/miR-197-3p/
p120 pathway mentioned earlier is also associated with
gefitinib resistance [60].

Aside from the aforementioned investigations, the
subsequent IncRNAs have been implicated in resistance
to EGFR-TKIs in NSCLC as follows. CASC9 represses
DUSP1 expression through recruiting EZH2 to the pro-
moter region of DUSP1 and induces H3K27 trimeth-
ylation, ultimately activating ERK signaling pathway
to drive NSCLC cell proliferation, invasion, migration
and contributing to acquired resistance to gefitinib in
NSCLC [104]. SOX2-OT can influence erlotinib resis-
tance by regulating the PI3BK/AKT and ERK signaling
pathway [68]. SNHG17 is located on human chromo-
some 20, with a full length of 1186 bp [105], mainly dis-
tributed in the nucleus and elevated in gefitinib-resistant
LUAD [106]. Overexpressed METTL3 increases the
m6A modification of SNHG17 and enhances the stabil-
ity of SNHG17 [106]. In turn, SNHG17 recruits EZH?2 to

the large tumor suppressor kinase 2 (LATS2) promoter
and EZH2 inhibits LATS2 expression through H3K27
trimethylation, therefore decreasing E-cadherin expres-
sion, upregulating N-cadherin, Vimentin and Snail lev-
els, promoting LUAD EMT and resistance to gefitinib
[106]. Transcribed from an intergenic region of human
chromosome 7, LINCO01510 is upregulated in NSCLC tis-
sues and associated with poor prognosis [91]. The level of
LINCO01510 is regulated by KMT5C that is low-expressed
in NSCLC [92]. KMT5C induces H4K20 trimethylation
modification present within the gene body of LINC01510
to inhibit the expression of LINC01510 [92]. Moreover,
LINCO01510 is a positive transcriptional regulator of MET
[92]. Thus, loss of KMT5C increases LINC01510 and
MET levels, consequently conferring erlotinib resistance
[92]. Other than erlotinib, MET overexpression is a lead-
ing factor to acquired resistance to Osimertinib [107].

In summary, the above studies have elucidated how
various IncRNAs are involved in the development and
progression of EGFR-TKI resistance in NSCLC through
the regulation of different molecular pathways (Fig. 3).
Some IncRNAs, such as CASC9, LINC00460, and
PCAT6, sponge miRNA inhibitors to upregulate the
expression of oncogenes (e.g., FOXO3, EGFR, IFNAR?2),
thereby promoting tumor cell proliferation, survival,
and the acquisition of EGFR-TKI resistance. Other
IncRNAs, like SNHG17, recruit the EZH2 methyltrans-
ferase to suppress the expression of tumor suppres-
sor genes (e.g., LATS2), inducing the EMT process and



Ge et al. Cancer Cell International (2024) 24:369

MET <«
LINC01510

PIBKIAKT <«—  AKT /| AKT
® \%5%8,,
SOX2-0T

ERK | «—— ( ERK )+

g

SNHG17

(Lars2) (=2 )—

ERK

r—'_@_

Page 8 of 17

— miR-769-5 '
e P JAK/STAT3
- A
LINC00460 e M
miR-149-5p ' | PI3K/AKT

— m Ym
%%gww miR-326 — @

PCAT6

%%a"""’ miR-377

SNHGS5

— Y — @ —
miR-146a/b-5p
RP11-89K21.1

88—y, —
: miR-197-3p

ROCK

MALAT1
B
%%amrﬂ Y — @
miR-195-3p
CASC9

Fig. 3 LncRNAs Related to EGFR-TKIs Resistance. LINC0O0460, PCAT6, SNHGS5, RP11-89K21.1, MALAT1, and CASCO regulate the expression of downstream
proteins or affect the stability of downstream proteins through the ceRNA network. LINCO1510, SNHG17, SOX2-OT, and CASC9 directly regulate the
expression of downstream proteins, among which SNHG17 and CASC9 exert their functions through EZH2. Red arrows represent the promotion of
expression or increase in stability, while black arrows represent the inhibition of expression or decrease in stability. Created in BioRender. Shen, Z. (2024)

BioRender.com/r42n471

ultimately leading to EGFR-TKI drug resistance. Addi-
tionally, IncRNAs such as RP11-89K21.1 and LINC01510
promote EGFR-TKI resistance through the activation of
the ROCK and MET pathways, respectively. These find-
ings provide new insights into the molecular mechanisms
underlying EGFR-TKI resistance in NSCLC and lay the
foundation for developing novel IncRNA-targeted thera-
peutic strategies. However, as research on IncRNAs in
the field of targeted therapy for NSCLC is relatively new,
only a few IncRNAs and their mechanisms of action are
currently known. Future studies are needed to compre-
hensively elucidate the regulatory networks and specific
functions of IncRNAs in this process.

In addition to EGFR mutations, clinically utilized tar-
gets also include ALK (crizotinib, alectinib, ceritinib,
brigatinib, lorlatinib, ensartinib) and ROS1 (crizotinib,
entrectinib), among others. However, there are relatively
few studies on the resistance of IncRNAs to these drugs.
Yang et al. reported that silencing HOTAIR can reduce
the phosphorylation of the kinase ULK1, which is crucial
in autophagy, inhibit the viability of NSCLC cells, and

promote apoptosis, thereby enhancing the sensitivity of
NSCLC cells to crizotinib [108].

LncRNAs related with radiotherapy

Radiotherapy plays a vital role in the treatment of
NSCLC. For early-stage NSCLC patients who are not
suitable for surgery, radiotherapy is their optimal treat-
ment option, while for cases with metastases, a combi-
nation of chemotherapy or immunotherapy is generally
adopted [109]. Over the past two decades, significant
breakthroughs have been achieved in radiotherapy,
including stereotactic ablative body radiotherapy and
intensity-modulated radiotherapy, which reducing radia-
tion toxicity to normal tissues while ensuring treatment
efficacy.

Certain IncRNAs directly regulate downstream gene
expression, thereby affecting radiosensitivity. Located
on human chromosome 8q24 [110], PCAT1 is over-
expressed in NSCLC tissues and associated with poor
prognosis [111]. PCAT1 upregulates SOX2 expression
by directly binding to SOX2 promoter, while SOX2 sup-
presses cyclic GMP-AMP synthase (cGAS) expression
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by binding to ¢cGAS promoter [111]. Thus, PCAT1 over-
expression inhibits the activation of cGAS/stimulator of
interferon genes (STING) pathway. In vivo experiments
showed that PCAT1 downregulation promotes radiosen-
sitivity in NSCLC, while SOX2 overexpression attenu-
ates CD8+ T-cell-mediated anti-tumor immune response
[111]. The cGAS/STING pathway promotes the IFN-I
production [112], which induces CD8+T cell-mediated
anti-tumor immune response [113]. DNA damage caused
by radiation therapy can activate the cGAS/STING path-
way, which is one of the important anti-tumor effects of
radiation therapy [114]. PCAT1 Overexpression inhibits
the activation of cGAS/STING pathway, and thus reduces
the radiosensitivity of NSCLC. Upregulation of IFN-f in
NSCLC cells caused by SOX2 silencing also confirmed
the mechanism [111]. Besides, SOX2 silencing also led
to increased dsDNA accumulation [111], which sug-
gests its function of maintaining DNA stability. Colorec-
tal neoplasia differentially expressed (CRNDE) induce
H3K27me3 modification and suppress p21 expression
through recruitment EZH2 to p21 promoter, therefore
inhibiting G1 phase arrest, apoptosis and increasing
radioresistance in LUAD [115].

Furthermore, the most abundant IncRNAs still
exert their function as ceRNAs. With 91 kb in full
length, KCNQ1 opposite strand/antisense transcript
1 (KCNQI1OT1) is localized on chromosome 11p15.5
[116]. KCNQI1OT1 is upregulated in LUAD samples, and
associated with poor response to concurrent chemora-
diotherapy and poor prognosis. KCNQ1OT1 upregu-
lates autophagy-related (ATG) 5 and ATG12 expression
by sponging miR-372-3p [117]. ATG5 and ATG12
are essential in autophagosome formation [118], and
autophagy leads to therapeutic resistance [119]. In this
way, KCNQI1OT1 overexpression promotes autoph-
agy and confers radioresistance in LUAD. Except for
the miR-372-3p/ATG5/ATG12 axis, in LUSC, upregu-
lated KCNQI1OT1 also targets the miR-491-5p/TPX2/
RNF2 axis, and enhances resistance to radiotherapy
[120]. Cytoskeleton regulator (CYTOR), also known as
LINCO00152, is an 828-bp IncRNA mapped to chromo-
some 2p11.2. CYTOR is overexpressed in NSCLC tissues,
and associated with resistance to radiotherapy and poor
prognosis [121]. CYTOR upregulates PTMA expression
as miR-206 sponge, and reduces NSCLC radiosensitivity
[121]. Another study found CYTOR also targeted miR-
195 to reduce NSCLC radiosensitivity. Overexpressed
CYTOR upregulates miR-195 targets expression, includ-
ing CARM1, YAP, GDPD5 and WNT3A [122]. There-
fore, variations in CYTOR levels can impact multiple
pathways, and these downstream targets were proved to
induce progression and radioresistance in other cancers
[123-126]. Overexpressed hepatocyte nuclear factor 1
a antisense RNA 1 (HNF1A-AS1) upregulates MAP2K4
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expression via sponging miR-92a-3p, and MAP2K4
induces phosphorylation of JNK, and that confers radio-
resistance in NSCLC [127]. In LUAD, overexpressed
LINCO00461 upregulates HOXA10 expression by spong-
ing miR-195, therefore inducing proliferation, migration
and radioresistance [128]. Overexpressed SBF2 anti-
sense RNA 1 (SBF2-AS1) upregulates MBNL3 through
sponging miR-302a, and down-regulation of SBF2-AS1
or up-regulation of miR-302a could reduce the radiore-
sistance of NSCLC cells, but the function of MBNL3 was
not defined in the study [129]. Overexpressed protein
tyrosine phosphatase, receptor type G antisense RNA 1
(PTPRG-AS1) upregulates TCF4 expression via sponging
miR-200c-3p, therefore reducing the radiosensitivity in
NSCLC [130]. Overexpressed forkhead box D1 antisense
RNA 1 (FOXD1-AS1) upregulates PUM1 expression as
miR-4801 sponge, therefore promoting radioresistance in
LUSC [131].

Overall, these studies have revealed multiple mecha-
nisms by which IncRNAs modulate radiosensitivity in
NSCLC, including regulating gene expression, inducing
EMT, promoting autophagy, and impacting various sig-
naling pathways such as cGAS/STING, PI3K/AKT, JNK,
and Wnt/B-catenin (Fig. 4). Some IncRNAs, like PCAT1
and CRNDE, directly regulate the expression of key genes
involved in DNA damage response and cell cycle control,
while others, such as KCNQ1OT1 and CYTOR, function
as ceRNAs to modulate the expression of autophagy-
related and radioresistance-associated genes. These find-
ings have expanded our understanding of the regulatory
roles of IncRNAs in radiotherapy resistance and provided
potential therapeutic targets for improving the efficacy
of radiotherapy in NSCLC treatment. However, given
the complexity and diversity of IncRNA functions, fur-
ther investigations are warranted to unravel their intri-
cate regulatory networks and identify clinically relevant
IncRNAs as potential biomarkers or therapeutic targets.
Moreover, studies on the resistance mechanisms asso-
ciated with the combination of radiotherapy and other
treatment modalities (such as chemotherapy, targeted
therapy, and immunotherapy) may provide new insights
for enhancing the overall treatment efficacy in NSCLC.

RNA therapy to reduce treatment resistance

Treatment resistance is a pivotal factor contributing to
poor prognosis in NSCLC patients, and RNA therapy can
address this issue to a certain extent. RNA therapy inhib-
its tumor progression and drug resistance by targeted
delivery of small RNAs to tumor tissues and suppress-
ing specific mRNA expression, encompassing antisense
oligonucleotides (ASOs), miRNAs, and short interfering
RNAs (siRNAs). This delivery process relies on nanopar-
ticle matrices, which link small RNAs to nanoparticles
through electrostatic attachment or covalent conjugation,
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and can attach this complex to drug molecules [132]. Fur-
thermore, nanoparticles protect small RNAs from degra-
dation in vivo [132], an effect that can also be achieved
through different chemical modifications, such as the
introduction of fluoro, amino, or O-methyl groups at the
2" position of the ribose [133]. Currently, several stud-
ies have employed RNA therapy to improve resistance
to chemotherapy, targeted therapy, and radiotherapy in
NSCLC.

Nascimento et al. used chitosan nanoparticles to
deliver mitotic arrest deficient-2 (Mad2) siRNA, finding a
significant reduction in DDP resistance [134]. Addition-
ally, Nascimento et al. conjugated the aforementioned
complex with a 12-amino acid peptide targeting EGFR,
which is often overexpressed in NSCLC tissues, thereby
enhancing delivery efficiency [135]. Mattheolabakis et
al. synthesized nanoparticles by conjugating hyaluronic
acid (HA) with poly(ethyleneimine) or poly(ethylene
glycol) for the delivery of survivin-siRNA, discovering
a substantial decrease in the IC value of DDP [136]. To
further overcome DDP resistance, Mattheolabakis et al.
combined Pt(IV) with various lipid molecules to form
platinum derivatives, among which CDDP-C8, combined

with octanoic anhydride, exhibited the best efficacy, and
HA-survivin-siRNA similarly significantly enhanced
the efficacy of CDDP-C8 [136]. Chen et al. found that
LINCO00173.v1 is overexpressed in LUSC and promotes
tumorigenesis and metastasis through the ceRNA net-
work. They constructed ASOs targeting LINC00173.v1
and found that this molecule could increase DDP sensi-
tivity in tumor cells and mice [137]. The aforementioned
miR-let-7i is suppressed in DDP-resistant patients, and
in fact, decreased expression of other miR-let-7 family
members is also correlated with drug resistance. Reduced
miR-let-7b expression leads to paclitaxel and gemcitabine
resistance [138], decreased expression of the miR-let-7
family results in gefitinib resistance [139], lower miR-
let-7a levels are associated with reduced radiosensitiv-
ity [140], and transfection with the miR-let-7 family can
reverse drug resistance [138, 139]. Furthermore, Esposito
et al. combined miR-let-7 g with an aptamer (GL21.T)
targeting Axl, enabling in vivo targeted delivery to tumor
tissues expressing Axl [141]. Cortez et al. used lipid
nanoparticles to deliver miR-200 C, enhancing mouse
sensitivity to radiotherapy. However, it should be noted
that this method had poor targeting efficiency, with
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increased miR-200 C levels observed in multiple tissues,
including the liver and brain [142].

Beyond the aforementioned methods of delivering
a single RNA at a time, studies have also achieved the
simultaneous delivery of two RNAs. Ganesh et al. con-
structed an HA-based nanosystem to co-deliver survivin-
siRNA and Bcl-2-siRNA, reversing DDP resistance [143].
Ganesh et al. demonstrated that this HA nanosystem can
target CD44, which is highly expressed in lung cancer
tissues, thereby achieving targeted delivery and cellular
internalization of siRNA [144]. Taratula et al. used meso-
porous silicon nanoparticles to deliver MRP1-siRNA and
Bcl-2-siRNA, and conjugated this complex with LHRH to
improve targeting efficiency. The authors found that this
system could enhance sensitivity to DDP and doxorubi-
cin. Notably, inhalation administration resulted in more
concentrated drug delivery to lung tissues compared to
intravenous injection [145].

Despite the crucial roles of IncRNAs in the initia-
tion, growth, metastasis, and drug resistance of NSCLC,
there are currently no studies on RNA therapy targeting
or utilizing IncRNAs. We believe this is primarily due
to the much larger molecular weight of IncRNAs com-
pared to the aforementioned ASOs, miRNAs, and siR-
NAs, making it difficult for them to bind to nanoparticles
for delivery and cellular internalization. Additionally,
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individual IncRNAs encompass multiple downstream
targets, meaning that using IncRNA for therapy may
cause unpredictable side effects and make it challenging
to target specific genes.

Conclusions

Through literature review, we have found that the aber-
rant expression of multiple IncRNAs is associated with
poor treatment outcomes in NSCLC patients (Fig. 5). The
aberrant expression of the IncRNAs investigated in these
studies is not only observed between treatment-resistant
and non-resistant groups but also between tumor and
tumor-adjacent tissues, as well as between diagnosed
patients and the normal population.

There are various pathways through which IncRNAs
regulate treatment resistance, including ceRNA net-
works, regulation of protein nuclear translocation,
recruitment of EZH2 to regulate gene expression, and
direct regulation of protein expression and phosphoryla-
tion. CeRNA networks account for the majority, where
IncRNAs in cells form complexes by binding to miR-
NAs, thereby blocking the binding of miRNAs to their
target mRNAs, enabling these target mRNAs to escape
miRNA-mediated degradation or inhibition mecha-
nisms. The second most common pathway is through
the recruitment of EZH2 to regulate gene expression,

XIST, UCA1, HOTAIR, TP53TG1,
SNHG1, DLX6-AS1, FGD5-AS1,

SNHG14, MALAT1, SOX2-OT, etc.

CASC9, LINC00460, PCATS,
SNHGS5, RP11-89K21.1, SNHG17,
LINCO1510, MALAT1, SOX2-OT

SBF2-AS1, CRNDE, KCNQ10T1,

? CYTOR, HNF1A-AS1, LINC00461,

PCAT1, PTPRG-AS1, FOXD-AS1

Fig. 5 LncRNASs related to the therapeutic effect of NSCLC. XIST, UCAT, HOTAIR, TP53TG1, SNHGT1, DLX6-AS1, FGD5-AS1T, SNHG14, MALAT1, and SOX2-OT
are associated with chemotherapy. CASC9, LINC00460, PCAT6, SNHG5, RP11-89K21.1, SNHG17, LINCO1510, MALATT, and SOX2-OT are associated with
targeted therapy. SBF2-AS1, CRNDE, KCNQ1OT1, CYTOR, HNF1A-AS1, LINCO0461, PCAT1, PTPRG-AST, and FOXD-AST are related to radiotherapy
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where IncRNAs recruit EZH2 to the promoter sequence
of specific genes, inhibiting gene expression through
methylation at specific sites [63, 65, 104, 106, 115]. It is
noteworthy that IncRNAs are involved in multiple sig-
naling pathways when modulating therapeutic resistance
(Fig. 6).

When analyzing the potential biological effects of
IncRNAs, subcellular localization is a good initial indi-
cator [12]. For example, IncRNAs localized in the
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cytoplasm are likely to be involved in ceRNA networks,
while IncRNAs localized in the nucleus may interact
with specific chromosomal regions. We found that many
studies followed this research approach and had signifi-
cant similarities in subsequent functional experiments.
The most common functional experiments include using
CCK-8 assays to measure cell viability and proliferation
after drug or radiation treatment, clone formation assays,
flow cytometry to measure cell apoptosis, and detection
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of specific signaling pathway protein phosphorylation
levels. In clone formation assays, crystal violet staining or
Edu staining can be used, and we believe that these two
methods are equivalent in terms of conclusions. Due to
the similarity in experimental design, most of the conclu-
sions obtained are consistent.

Experimental evidence has demonstrated the signifi-
cant role of IncRNAs in reducing the effectiveness of
NSCLC treatment, indicating their potential as thera-
peutic targets. However, we did not find any literature
studying the specific proportion of aberrant expression
of IncRNAs in NSCLC patients, which is a prerequisite
for the development and application of targeted IncRNA
therapies. In addition, IncRNAs also have the potential
to serve as biomarkers for diagnosis, efficacy, and prog-
nosis. However, due to the abundance of IncRNAs that
affect treatment outcomes, screening and weighting of
the aforementioned IncRNAs are expected to be neces-
sary for clinical applications.

Although current research on the therapeutic effects
of IncRNA regulation is relatively comprehensive,
there is still limited research on the upstream regula-
tion of IncRNA. According to the selected articles in
this study, regulation at the IncRNA level includes
transcriptional and post-transcriptional modifications.
Transcriptional regulation involves H3K4mel modifi-
cation in the promoter region [54] and its binding with
FOXO3 [95], as well as KMT5C-mediated H4K20me3
modification upstream of the gene [92]. Post-tran-
scriptional modification includes METTL3-mediated
m6A modification of SNHG17, which increases the
stability of IncRNA [106]. Notably, RNA m6A modi-
fication requires coordination between methyltrans-
ferases, m6A binding proteins, and demethylases.
METTL3 belongs to the methyltransferase, while the
roles of the other two factors in regulating drug-resis-
tant IncRNA levels await further investigation.

In summary, various IncRNAs have a significant
impact on the therapeutic effects of NSCLC, and the
current research on their downstream mechanisms is
relatively detailed. Therefore, we believe that future
research should focus more on the upstream regu-
latory mechanisms and the proportion of specific
IncRNA aberrant expression in patients, in order to
fully tap into their potential as therapeutic targets or
clinical biomarkers.

While the current studies have unraveled the
involvement of various IncRNAs in regulating radio-
therapy resistance in NSCLC, several aspects warrant
further investigation to fully elucidate their clinical
significance and underlying regulatory mechanisms.
Firstly, large-scale case-control studies are needed to
evaluate the expression levels of these IncRNAs across
different stages, pathological subtypes of NSCLC,
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and their associations with disease prognosis and
radiotherapy efficacy. Such analyses would shed light
on the potential of these IncRNAs as early diagnos-
tic biomarkers or predictors of radiosensitivity, pav-
ing the way for the development of IncRNA-based
diagnostic kits or targeted therapeutics. most exist-
ing studies have focused on the downstream mecha-
nisms of IncRNAs, while their upstream regulatory
networks remain largely unexplored. Future efforts
should elucidate the molecular events influencing
IncRNA transcription, processing, and stability, such
as transcription factors, chromatin remodeling, RNA-
binding proteins, and RNA methylation modifications.
Unraveling these regulatory networks may unveil novel
strategies for precise modulation of IncRNA levels. As
NSCLC patients often receive multimodal treatments
including chemotherapy, targeted therapy, and immu-
notherapy, it is imperative to investigate the interplay
between IncRNAs and resistance mechanisms associ-
ated with these diverse therapeutic modalities. Explor-
ing IncRNA expression profiles and mechanisms under
different treatment regimens could provide valuable
insights for enhancing the overall treatment efficacy.

Furthermore, most studies have treated IncRNAs as
individual regulators, but the complex phenomenon
of treatment resistance is unlikely to be explained
by a single IncRNA. Adopting a systems biology
approach by integrating expression and regulatory
data of multiple IncRNAs and protein-coding genes
could unveil cooperative networks and elucidate the
underlying molecular mechanisms contributing to
resistance.Lastly, current research heavily relies on
known IncRNAs, but a myriad of potential regula-
tory IncRNAs may remain undiscovered in tumors.
Novel bioinformatics pipelines, coupled with multi-
omics data (e.g., RNA-seq, DNA methylation arrays),
could enable the identification of IncRNAs specifically
expressed in tumor or resistant tissues, providing new
targets for functional characterization.

In conclusion, while significant progress has been
made in understanding the roles of IncRNAs in
NSCLC radiotherapy resistance, vast unexplored ter-
ritories remain, necessitating interdisciplinary collab-
orations and systems biology approaches. Innovative
discoveries in this field are anticipated to unveil the
clinical implications and intricate regulatory networks
of IncRNAs, ultimately contributing to improved ther-
apeutic strategies for NSCLC.

Abbreviations

NSCLC Non-small cell lung cancer

LUAD Lung adenocarcinoma

LUSC Lung squamous cell carcinoma

EGFR Epidermal growth factor receptor

ARMS Amplification refractory mutation system
FISH Fluorescence in situ hybridization
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LncRNA Long non-coding RNA

EZH2 Enhancer of zeste homlog 2

DDP Cisplatin

XIST X inactive-specific transcript

UCA1 Urothelial carcinoma associated 1

ERCC1 Excision repair cross-complementing 1

ceRNA Competing endogenous RNA

ATG Autophagy associated gene

HOTAIR HOX antisense intergenic RNA

TP53TG1 Tumor protein 53 target gene 1

SNHG Small nucleolar RNA host gene

AKT Protein kinase B

DLX6-AS1 Distal-less homeobox 6 antisense 1

FGD5-AS1 FYVE RhoGEF and PH domain containing 5 antisense 1
MALAT1 Metastasis-associated lung adenocarcinoma transcript 1
SOX2-OT SRY-box transcription factor 2 overlapping transcript
ERK Extracellular signal-regulated kinase

HCG11 HLA Complex Group 11

MET Mesenchymal-epithelial transition factor

EGFR-TKI EGFR tyrosine kinase inhibitor

CASC9 Cancer susceptibility candidate 9

EMT Epithelial-mesenchymal transition

PCAT Prostate cancer-associated transcript

LATS2 Large tumor suppressor kinase 2

cGAS Cyclic GMP-AMP synthase

STING Stimulator of interferon genes

CRNDE Colorectal neoplasia differentially expressed
KCNQ10T1 KCNQ?1 opposite strand/antisense transcript 1
CYTOR Cytoskeleton regulator

HNF1A-AS1 Hepatocyte nuclear factor 1 a antisense RNA 1
SBF2-AST SBF2 antisense RNA 1

PTPRG-AS1 Protein tyrosine phosphatase, receptor type G antisense RNA 1
FOXD1-AS1 Forkhead box D1 antisense RNA 1

ASO Antisense oligonucleotide

SIRNA Short interfering RNA

Mad2 Mitotic arrest deficient-2

HA Hyaluronic acid
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