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Epidermal growth factor receptor tyrosine kinase inhibitors (EGFR-TKIs) are widely used
for patients with EGFR-mutated lung cancer. Despite its initial therapeutic efficacy, most
patients eventually develop drug resistance, which leads to a poor prognosis in lung cancer
patients. Previous investigations have proved that non-coding RNAs including long non-
coding RNAs (IncRNAs), circular RNAs (circRNAs), and microRNAs (miRNAs) contribute to
drug resistance by various biological functions, whereas how they regulate EGFR-TKI
resistance remains unclear. In this study, we examined gene expression using the
microarray technology on gefitinib-resistant NSCLC cells to obtain differentially
expressed (DE) IncRNAs and mRNAs. A total of 45 DE-IncRNAs associated with
overall survival and 1799 target DE-mRNAs were employed to construct a core
INCRNA-mMIRNA-MRNA network to illustrate underlying molecular mechanisms of how
EGFR-TKI resistance occurs in NSCLC. We found that target DE-mRNAs were mainly
enriched in pathways involved in EGFR-TKI resistance, especially the target DE-mRNAs
regulated by LINC01128 were significantly enriched in the PISK/Akt signaling pathway,
where the synergy of these target DE-mRNAs may play a key role in EGFR-TKI resistance.
In addition, downregulated LINC01128, acting as a specific miRNA sponge, decreases
PTEN via sponging miR-25-3p. Furthermore, signaling reactions caused by the
downregulation of PTEN would activate the PIBK/Akt signaling pathway, which may
lead to EGFR-TKI resistance. In addition, a survival analysis indicated the low
expression of LINC01128, and PTEN is closely related to poor prognosis in lung
adenocarcinoma (LUAD). Therefore, the LINCO1128/miR-25-3p/PTEN axis may
promote EGFR-TKI resistance via the PISK/Akt signaling pathway, which provides new
insights into the underlying molecular mechanisms of drug resistance to EGFR-TKIs in
NSCLC. In addition, our study sheds light on developing novel therapeutic approaches to
overcome EGFR-TKI resistance in NSCLC.

Keywords: EGFR-TKIs, drug resistance, long non-coding RNA, LINC01128, lung cancer-diagnosis

Frontiers in Genetics | www.frontiersin.org

1 April 2022 | Volume 13 | Article 851391


http://crossmark.crossref.org/dialog/?doi=10.3389/fgene.2022.851391&domain=pdf&date_stamp=2022-04-29
https://www.frontiersin.org/articles/10.3389/fgene.2022.851391/full
https://www.frontiersin.org/articles/10.3389/fgene.2022.851391/full
https://www.frontiersin.org/articles/10.3389/fgene.2022.851391/full
https://www.frontiersin.org/articles/10.3389/fgene.2022.851391/full
http://creativecommons.org/licenses/by/4.0/
mailto:xxy1023970@126.com
mailto:liangweicheng11@gmail.com
mailto:linzxiao@mail.sysu.edu.cn
https://doi.org/10.3389/fgene.2022.851391
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/journals/genetics#editorial-board
https://doi.org/10.3389/fgene.2022.851391

Ding et al.

INTRODUCTION

Lung cancer is the second most common malignant tumor
worldwide and the leading cause of cancer-related deaths
(Sung et al., 2021). Non-small cell lung cancer (NSCLC) is the
most common pathological type of lung cancer, accounting for
80-85% of lung cancer cases (Ettinger et al., 2021). Although
targeted therapies have significantly improved the prognosis of
NSCLC patients harboring activating epidermal growth factor
receptor (EGFR) mutations (Rosell et al., 2017), NSCLC patients
inevitably develop disease progression after a median of
10.2-18.9 months on EGFR-TKI treatment (Soria et al., 2018).
Many mechanisms of resistance to EGFR-TKIs, such as the
T790M mutation, ERBB2 amplification, MET alterations,
C797X, SCLC transformation, and oncogene fusions, have
been reported (Oxnard et al., 2018; Piper-Vallillo et al., 2020).
However, the mechanisms of resistance to EGFR-TKIs have not
been fully elucidated yet. Therefore, further research studies
exploring the mechanisms of EGFR-TKI resistance are still
indispensable.

The competing endogenous RNA (ceRNA) mechanism
indicated that IncRNAs could competitively adsorb microRNAs
by sponging microRNA response elements (MRE), thereby
inhibiting the function of miRNAs and regulating the
expression of protein-coding genes indirectly (Salmena et al,
2011). In recent years, the ceRNA regulatory network has
attracted more and more attention, and previous investigations
have revealed that ceRNA networks played a significant role in
tumor development, including cell proliferation, metastasis,
apoptosis, and chemoresistance (Yang et al., 2018; Wang et al,
2019; Zhang L. et al,, 2020; Zhang X.-Z. et al., 2020). For example,
the long non-coding RNA LCATI upregulated RAC1 and
PAK1 via competitively binding with miR-4715-5p, resulting in
lung cancer cell proliferation and metastasis (Yang et al., 2019). In
addition, Linc00173 promoted lung cancer chemoresistance,
proliferation, migration, and invasion by acting as a ceRNA for
miR-218, resulting in upregulation of Etk (Zeng et al., 2020). Our
previous studies demonstrated that IncRNA HOTAIR could
promote ER activation and drive tamoxifen resistance (Xue
et al, 2016). Moreover, the IncRNA HOXAI11-AS could
promote cisplatin resistance in lung adenocarcinoma via acting
as a ceRNA against miR-454-3p (Zhao et al., 2018). Recently, Chen
et al. demonstrated that the IncRNA HI19 could act via
upregulating PKM2 and enhancing Akt phosphorylation to
modulate erlotinib resistance in EGFR-mutant lung cancer
(Chen C. et al, 2020). However, there are limited research
studies focused on the mechanisms of ceRNA in drug resistance
to EGFR-TKIs in NSCLC.

In this study, to investigate the underlying ceRNA
mechanisms of EGFR-TKI resistance in NSCLC, a differential
expression analysis was performed for the expression profile of
gefitinib-resistant NSCLC cells based on the microarray
technology. Then we carried out a KEGG enrichment analysis
for DE-mRNAs and constructed the ceRNA regulatory network
of DE-IncRNAs and DE-mRNAs using starBase 2.0. Our results
showed that downregulated LINC01128 acts as a miRNA sponge
to reduce the PTEN expression by sponging miR-25-3p.

Revealing Drug-Resistant Mechanisms by ceRNA

Furthermore, the signal response caused by the reduction of
the PTEN expression would activate the PI3K/Akt pathway,
which may result in the development of drug resistance to
EGFR-TKIs. Our findings will provide a novel perspective for
the underlying molecular mechanisms of EGFR-TKI resistance in
NSCLC. Moreover, this research will help to develop new
therapeutic targets for EGFR-TKI resistance in NSCLC.

MATERIALS AND METHODS

Cell Lines and Culture Conditions

PC-9 cells were obtained from Affiliated Cancer Hospital &
Institute of Guangzhou Medical University. The gefitinib-
resistant PC-9 cell line was established by continually exposing
to a stepwise escalation of the concentration of gefitinib
(Selleckchem, United States) from 0.1 to 15 uM over 8 months.
Gefitinib-sensitive and gefitinib-resistant PC-9 cell lines were
maintained in RPMI 1640 (Gibco, United States)
supplemented with 10% fetal bovine serum (Gibco,
United States) and 1% penicillin and streptomycin (Thermo
Fisher Scientific) in a humidified condition with 5% CO, at 37°C.

CCK-8 Assay and Resistance Index
Measure

The gefitinib-resistant PC-9 cell line and relevant parental cell
line were respectively seeded in 96-well plates (3 x 10° cells per
well) and treated with various concentrations of gefitinib for 96 h.
Each concentration was set in three replicate wells.

RNA Extraction and Quality Control

Total RNA was isolated from cells by using the Trizol reagent,
according to the manufacturer’s protocol. RNA quantity and
quality were measured by using a NanoDrop ND-1000 apparatus.
RNA integrity was assessed by standard denaturing agarose gel
electrophoresis.

LncRNA/mRNA Microarray

Sample labeling and array hybridization were performed
according to the Agilent One-Color Microarray-Based Gene
Expression Analysis protocol (Agilent Technology). In brief,
mRNA was purified from total RNA after removal of rRNA
(mRNA-ONLY™ Eukaryotic mRNA Isolation Kit, Epicentre).
Then each sample was amplified and transcribed into fluorescent
complementary RNA (cRNA) along the entire length of the
transcripts without 3’ bias utilizing a random priming method
(Arraystar Flash RNA Labeling Kit, Arraystar). The labeled
cRNAs were purified by using an RNeasy Mini Kit (Qiagen).
The concentration and specific activity of the labeled cRNAs
(pmol Cy3/ug cRNA) were measured by using a NanoDrop ND-
1000 apparatus. In addition, 1 ug of each labeled cRNA was
fragmented by adding 5 pul 10X blocking agent and 1 pl of 25X
fragmentation buffer and then heating the mixture at 60°C for
30 min; then, 25 pul 2X GE hybridization buffer was added to
dilute the labeled cRNA. Furthermore, 50 pl of the hybridization
solution was dispensed into the gasket slide and assembled on the
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IncRNA expression microarray slide. The slides were incubated
for 17 h at 65°C in an Agilent hybridization oven. The hybridized
arrays were washed, fixed, and scanned using the Agilent DNA
Microarray Scanner (part number G2505C).

Data Processing

Agilent Feature Extraction software (version 11.0.1.1) was used to
analyze acquired array images. Quantile normalization and
subsequent data processing were performed using the
GeneSpring GX  v12.1  software package (Agilent
Technologies). To  identify  significant  probes, the
Benjamini-Hochberg false discovery rate was used for the
multiple testing correction p-value. Probes with a p-value <
0.05 and a fold change > 2 were considered significant.

Quantitative Real-Time Polymerase Chain

Reaction

The total RNA was isolated from PC-9 and PC-9/GR using the
TRIzol reagent (Invitrogen, CA), following the manufacturer’s
protocol, respectively. Total RNA of 1pug was used for reverse
transcription. The designed primers were used for quantitative
real-time PCR in the Bio-Rad PCR instrument; glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) was used as an internal control
to normalize the relative gene expression by the 27 method. Each
sample was analyzed in triplicates. The primers used in this study are
as follows: LINCO01128 sense: 5'-CAGAGGAGCTACGAAGGG
AG-3'; LINCO01128 antisense: 5'-CAGAGGAGCTACGAAGGG
AG-3'; PTEN sense: 5'-ATGACAGCCATCATCAAAGAG-3';
and PTEN antisense: 5'-AGGATATTGTGCAACTCTGCA-3'.

Differential Expression Analysis of IncRNAs

and mRNAs

Differentially expressed IncRNAs and mRNAs between the two
samples were identified by fold-change filtering. We detected
total IncRNAs and mRNAs between the gefitinib-resistant PC-9
cell line and the gefitinib-sensitive PC-9 cell line by using the
microarray technology. Then we analyzed differentially expressed
IncRNAs and mRNAs with the cutoff |Fold change| > 2, false
discovery rate (FDR) < 0.05, and p-value < 0.05 in the paired
gefitinib-resistant and gefitinib-sensitive PC-9 cell lines.

Functional Enrichment Analysis of

DE-mRNAs

Gene Ontology (GO) provides a controlled vocabulary to describe
attributes of genes and gene products in any organism from the
following three categories: biological processes (BPs), molecular
functions (MFs), and cellular components (CCs) (Lovering et al.,
2009). Kyoto Encyclopedia of Genes and Genomes (KEGG) is an
online database of genomes, enzymatic pathways, biochemistry,
diseases, and drugs, allowing us to detect the biological pathway
with the significantly enriched mRNAs. Remarkably enriched GO
terms and KEGG pathways were determined by p-values <0.05,
and their corresponding significance was denoted by the —logl10
(p-value) representing the enrichment score.

Revealing Drug-Resistant Mechanisms by ceRNA

Construction of the IncRNA-miRNA-mRNA
Regulatory Network Related to Epidermal
Growth Factor Receptor Tyrosine Kinase

Inhibitor Resistance

We identified the potential microRNA response elements (MREs) of
IncRNAs and mRNAs by starBase 2.0, which can provide information
for studying microRNAs-ncRNAs, microRNA-mRNA, and
RNA-RNA interactions from CLIP-seq data (Li et al, 2014). Then
the ceRNA regulatory network was constructed to illustrate
interactions between IncRNAs, microRNAs, and mRNAs in
EGFR-TKI resistance by Cytoscape.

Construction of the LUAD-Related

Prognostic Risk Model

The TCGA-LUAD data set was downloaded from The Cancer
Genome Atlas database (https://www.cancer.gov). A multivariate
Cox regression analysis was applied to identify prognostic-related
key genes. Four target mRNAs (PPP2CA, PTEN, MAP2K1, and
MCL1) were identified as LUAD-related risk signatures, and
then, a Prognosis Index (PI) was constructed based on their
expression coefficients. According to the PI, LUAD patients were
classified into a low-risk group and a high-risk group for the
follow-up analysis and study.

RESULTS

Our analysis strategy of this study is shown in a flow chart
(Figure 1).

Model Identification of the
Gefitinib-Resistant PC-9 Cell Line

After exposing to a stepwise escalation of the concentration of
gefitinib from 0.1 to 15 uM over 8 months, the gefitinib resistance
index (RI) was estimated by comparing the half-maximal
inhibitory concentration (ICsy) value of the gefitinib-resistant
PC-9 cell line (PC-9/GR) with the paired gefitinib-sensitive PC-9
cell line (PC-9). IC5, values of gefitinib-resistant and gefitinib-
sensitive PC-9 cell lines after exposing to gefitinib for 96 h were
detected by the CCK-8 assay. The CCK-8 assay showed that the
ICs, value of PC-9/GR for gefitinib was 3.620 + 0.478 pmol/L,
which increased about 7.8-fold compared with that of PC-9 cells
(ICsp: 0.486 + 0.055 umol/L) (Figures 2A,B). Distinctly, the
gefitinib-resistant PC-9 cell line was more resistant to gefitinib
than the gefitinib-sensitive PC-9 cell line, consolidating a solid
foundation for this study.

Functional Enrichment Analysis of Target
DE-mRNAs

The 632 DE-IncRNAs and 3275 DE-mRNAs were identified by a
microarray analysis. Among 632 DE-IncRNAs, the 23
upregulated IncRNAs and 22 downregulated IncRNAs
(Supplementary Figure S1) were significantly associated with
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FIGURE 1 | Flow chart of this study design.

the overall survival of LUAD, analyzed by the Kaplan-Meier
survival analysis, and selected for the construction of the ccRNA
network. As shown in Figure 3A, among the 3275 target DE-
mRNAs (2419 downregulated mRNAs and 856 upregulated
mRNAs), the starBase 2.0 analysis results indicated that the
1533 downregulated mRNAs and 266 upregulated mRNAs can
be regulated by the selected IncRNAs via sponging miRNAs,
respectively. In most cases, IncRNAs function as members of the
ceRNA regulatory network to regulate the expression of target
mRNAs and then influencing tumor progression. To explore the
potential roles of the selected IncRNAs acting as an endogenous
miRNA sponge (ceRNA), GO enrichment and KEGG pathway
analyses were performed for the target DE-mRNAs. It can be seen

from Figure 3B that the KEGG pathway enrichment analysis
showed that the target DE-mRNAs were significantly enriched in
pathways involved in EGFR-TKI resistance of NSCLC, such as
the PI3K/Akt pathway, MAPK signaling pathway, cell cycle, and
apoptosis. The functional enrichment analysis implied that these
target DE-mRNAs likely play a role in EGFR-TKI resistance of
NSCLC.

In addition, GO functional enrichment analysis showed that
the target DE-mRNAs were significantly enriched with biological
processes implicated in drug resistance (Figure 3C). The BP
enrichment analysis showed that DE-mRNAs were, for the most
part, enriched in the regulation of apoptotic signaling pathways.
The MF analysis predicted a close association between DE-
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mRNAs and the protein serine/threonine kinase activity, enzyme
activator activity, and phosphatidylinositol 3-kinase activity. The
CC enrichment analysis denoted that DE-mRNAs were mainly
enriched in the cytoplasmic region.

In Figure 3D, 1799 target DE-mRNAs included 1533
downregulated mRNAs and 266 upregulated mRNAs, of
which 240 target DE-mRNAs (210 downregulated mRNAs and

30 upregulated mRNAs) were mapped into 21 tumor-associated
pathways, as shown in Figure 3B. To further clarify their roles in
the ceRNA network, the ceRNA regulatory networks based on
these mRNAs are presented in Figures 3E,F. Results show that
210 downregulated mRNAs and 30 upregulated mRNAs were
regulated by the 22 selected downregulated IncRNAs and 19
upregulated IncRNAs via sponging miRNAs, respectively, which
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indicates that these mRNAs are the key regulatory genes of the
selected DE-IncRNAs. Therefore, the selected DE-IncRNAs play
crucial roles in EGFR-TKI resistance by regulating the target DE-
mRNAs involved in tumor-associated pathways.

Revealing the Potential Genes Associated
With Epidermal Growth Factor Receptor
Tyrosine Kinase Inhibitor Resistance
Among Target DE-mRNAs

A prognostic analysis was carried out to explore the prognostic
significance of these 240 target DE-mRNAs involved in EGFR-

TKI resistance. Based on The Cancer Genome Atlas (TCGA)
analysis, we had identified 122 prognosis-related target DE-
mRNAs (Supplementary Figure S2). These 122 prognosis-
related mRNAs not only represented significant changes in the
gene expression (Figure 4A) but also were most enriched in the
PI3K/Akt pathway closely related to EGFR-TKI resistance
(Figures 4B,C). Figure 4D shows the underlying mechanism
revealed by the functional analysis on the prognosis-related target
DE-mRNAs. It can be seen from Figure 4D that the
downregulation of PTEN would alleviate the suppression of
PIK3CB and further activate AKT together with the
downregulation of PPP2CA, which may cause various
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biological processes including cell proliferation, angiogenesis, and
DNA repair, inferring the signal response caused by PTEN would
activate the PI3K/Akt signaling pathway, resulting in a close
relationship with the development of drug resistance to EGFR-
TKIs.

Underlying ceRNA Regulatory Mechanism
of Epidermal Growth Factor Receptor

Tyrosine Kinase Inhibitor Resistance

To understand how the selected DE-IncRNAs regulate the
mRNAs involved in the PI3K/Akt signaling pathway, the
IncRNA-miRNA-mRNA network is constructed for them
(Figure 5A). As shown in Figure 5A, LINC01128 regulates
most of the genes involved in the PI3K pathway, including
PTEN (the key negative regulator) via sponging miRNAs, and
thus it serves as a key IncRNA involved in EGFR-TKI resistance.
Then based on the LUAD data set from TCGA, we explored the
roles of these mRNAs regulated by LINCO01128 as a risk signature
to predict the prognosis of LUAD. As shown in Figure 5B, a
multivariate Cox regression analysis was performed according to

these seven DE-mRNAs regulated by LINC01128. According to
the multivariate Cox regression analysis, the weighted coefficients
of the four mRNAs (PPP2CA, PTEN, MAP2K1, and MCL1) with
significant difference (p < 0.05) were obtained and used to
construct the following Prognosis Index (PI) formula: PI=
(0.192 x PPP2CA expression value) + (-0.561 x PTEN
expression value) + (0.175 x MAP2KI expression value) +
(0.025 x MCL1 expression value). In the risk model, the
patients from the TCGA-LUAD data set were grouped into
high-risk (n = 218) and a low-risk groups (n = 267) according
to the median risk score. The survival difference between the two
groups was indicated by the Kaplan-Meier (log-rank) survival
analysis. As shown in Figure 5C, the overall survival (OS) of
LUAD patients with high risk (red line) was significantly
(p = 0.0085) shorter than that with low risk (blue line). In
addition, the expression of these four mRNAs had changed
significantly between the high-risk and low-risk groups
(Figure 5D). Moreover, as shown in Figure 5E, a rising curve
could be obtained by sorting the risk scores of patients and
dividing them into two groups, where the number of deaths in the
high-risk group was higher than that in the low-risk group. The
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predictive effect of PI for the first 5 years was evaluated by the
ROC curve (Figure 5F). In summary, our results provided key
DE-mRNAs regulated by LINC01128 as a risk signature for
EGFR-TKI treatment of NSCLC.

To further confirm the possible interaction of LINC01128 and
PTEN, a correlation analysis based on TCGA data was carried out
between their expression levels. It is shown in Figure 6A that the
correlation between LINCO01128 and PTEN shows a positive
linear relationship with Pearson’s correlation coefficient of R =
0.39 and p-value = 0. In addition, their expression levels were
decreased in the tumor tissue compared to non-tumor tissue
(Figures 6B,C). Moreover, the survival analysis consistently
revealed that the low expression of these two genes was
associated with poor survival (Figures 6D,E). In addition, as
shown in Supplementary Table S1, the reduction in the
expression of LINC01128 and PTEN was detected in several
EGFR-TKI-resistant data sets (GSE71587, GSE33658, and
GSE23206) obtained from the GEO database (https://www.
ncbinlm.nih.gov/geo/). Therefore, according to the ceRNA
regulatory mechanism, we considered that LINCO01128
downregulated PTEN by competitively sponging miR-25-3p to
promote EGFR-TKI resistance via the PI3K/Akt signaling
pathway in NSCLC.

To validate the gene expression profiles of LINC01128 and
PTEN, their expression levels were assessed by a qRT-PCR
analysis. The results showed that the change in trends of these
two genes was consistent with the microarray data (Figures
6F,G), suggesting that our studies were highly reliable.

DISCUSSION

Drug resistance to EGFR-TKI treatments is the main cause of
clinical treatment failure in NSCLC. There have been numerous
studies on the mechanism of EGFR-TKI resistance, including the
T790M mutation, ERBB2 amplification, MET alterations, SCLC
transformation, and so forth (Oxnard et al., 2018; Piper-Vallillo
et al., 2020). However, the underlying molecular mechanisms
involved in resistance to EGFR-TKIs in NSCLC remain to be
elucidated. Numerous IncRNAs have been proved to contribute
to the drug resistance of NSCLC (Liu et al., 2020; Wang Z. et al,,
2021). In recent years, a comprehensive research of differential
expression profiles of IncRNAs and their related ceRNA networks
involved in drug resistance of NSCLC has drawn more and more
attention. For instance, IncRNA CASC9 repressed the DUSP1
expression to promote EGFR-TKI resistance by recruiting the
histone modification enzyme (Chen Z. et al.,, 2020). Wu et al.
reported that IncRNA APCDD1L-AS1 acted as a miRNA sponge
by targeting miR-1322/miR-1972/miR-324-3p and subsequently
removed their transcription inhibition of SIRTS5, leading to
elevated expression of EGFR and enhanced EGFR-TKI
resistance (Wu et al., 2021). Recently, Wang et al. found that
two IncRNAs, ABTBI and NPTN, exerted their functional roles
via targeting the hsa-miR-150-5p/SERPINEI1 axis, leading to
drug resistance to EGFR-TKIs and an unfavorable survival
rate in NSCLC (Wang T. et al,, 2021). Nevertheless, little is
known about the detailed underlying molecular mechanisms of

Revealing Drug-Resistant Mechanisms by ceRNA

how the RNA regulatory network participates in mediating
EGFR-TKI resistance in NSCLC.

In this study, the DE-IncRNAs and DE-mRNAs were obtained
from gefitinib-resistant NSCLC cells using the microarray
technology and then used to construct the ceRNA regulatory
network for exploring the underlying mechanisms of EGFR-TKI
resistance in NSCLC. Our results revealed that the downregulated
LINCO01128 could decrease PTEN via sponging miR-25-3p, and
then the signal response caused by the downregulation of PTEN
would activate the PI3K/Akt pathway, which may lead to the
development of EGFR-TKI resistance in NSCLC. Specifically, the
reduction of PTEN subsequently led to activation of its
downstream target PI3KCB, which is indispensable for the
regulation of various biological processes, including PI3K
pathway activation, cell growth, and cell survival (Wee et al,
2008). Our work supports previous studies that the suppression of
PTEN plays a very significant role in drug resistance of NSCLC
via activating the PI3K/AKkt signaling pathway (Sun et al., 2019;
Xiong et al,, 2021). Therefore, the downregulated PTEN activates
the PI3K/Akt signaling pathway and may lead to the development
of drug resistance to EGFR-TKIs in NSCLC.

To further analyze the underlying mechanism of LINC01128 in
PTEN regulation, Pearson’s correlation and survival analyses were
performed for the LINC01128 and PTEN. The analyses’ results
indicated a correlation between LINCO01128 and PTEN, thus
showing a positive linear relationship, and their low expression
levels were associated with poor prognosis in lung adenocarcinoma
(LUAD). In addition, the qRT-PCR analysis indicated that the
change in trends of these two genes was consistent with the
microarray data, suggesting that our results were relatively
reliable. Until now, several ceRNA regulatory networks involved
in LINCO1128 have been reported. For instance, LINCO01128
facilitates cervical cancer by functioning as a sponge of miR-
383-5p, thus enhancing the SFN expression and promoting cell
proliferation, migration, and invasion (Hu et al., 2019). Li et al.
confirmed that the low LINC01128 level could enhance the NR3C2
expression by sequestering miR-4260, resulting in resisting acute
myeloid leukemia (Li et al, 2018). Although the roles of
LINCO01128 in the comprehensive ceRNA network involved in
EGFR-TKI resistance in NSCLC are poorly characterized yet, these
previous studies suggested that it was essential for cell proliferation,
apoptosis, and drug resistance by regulating the expression of
corresponding target mRNAs. Based on the above mentioned
results, it was inferred that the reduction of PTEN regulated by
LINCO01128 in our study may promote EGFR-TKI resistance via
the PI3K/Akt signaling pathway in NSCLC.

The next-generation sequencing (NGS) implementation in a
clinical setting may be a suitable solution to validate our proposed
molecular mechanism. The adoption of NGS has been reported to
save personnel time dedicated to testing activities and to reduce
the overall cost of testing per patient (Pisapia et al., 2022). In
addition, compared with the real-time polymerase chain reaction
(RT-PCR), the adoption of NGS platforms for molecular
predictive pathology allows a multiplexing analysis. Although
tissue availability of advanced-stage NSCLC patients may limit
the application of NGS technology in routine practice for
identifying potentially predictive biomarkers, liquid biopsy was
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treated as a complementary tool to tissue sample molecular
testing and may overcome this limitation (Leighl et al., 2019;
Russo et al., 2021). Moreover, in contrast to singleplex methods
(RT-PCR), the NGS-based techniques can make liquid biopsies
more feasible to discover new and reliable biomarkers and achieve
early diagnosis of drug resistance in lung cancer (Frenel et al,
2015). Therefore, with the development of liquid biopsy and NGS
technology, the NGS-based strategy may help uncover the
mechanisms of drug resistance in lung cancer and discover
novel therapeutic targets.

There are several advantages in our study. First, it is the first
time that we have proposed LINC01128/miR-25-3p/PTEN as a
potential ceRNA regulatory axis to promote EGFR-TKI
resistance via the PI3K/Akt pathway, which provides novel
insights into the underlying molecular mechanisms of drug
resistance to EGFR-TKIs in NSCLC. Second, our results
provide some novel targets regulated by key IncRNAs as risk
signatures for EGFR-TKI treatment of NSCLC. In addition, our
studies will help find some novel targets to overcome EGFR-TKI
resistance in NSCLC.

CONCLUSION

In conclusion, our results suggest that LINC01128/miR-25-3p/
PTEN may promote EGFR-TKI resistance via the PI3K/Akt
signaling pathway, which helps in elucidating the underlying
molecular mechanisms of EGFR-TKI resistance in NSCLC. In
addition, our work will help find some novel drug targets for
overcoming resistance to EGFR-TKIs in NSCLC.

REFERENCES

Chen, C.,, Liu, W.-R., Zhang, B., Zhang, L.-M,, Li, C.-G., Liu, C,, et al.
(2020a). LncRNA HI19 Downregulation Confers Erlotinib Resistance
through Upregulation of PKM2 and Phosphorylation of AKT in
EGFR-Mutant Lung Cancers. Cancer Lett. 486, 58-70. doi:10.1016/j.
canlet.2020.05.009

Chen, Z., Chen, Q.,, Cheng, Z., Gu, J., Feng, W., Lei, T., et al. (2020b). Long Non-
coding RNA CASC9 Promotes Gefitinib Resistance in NSCLC by Epigenetic
Repression of DUSP1. Cell Death Dis 11 (10), 1-11. doi:10.1038/s41419-020-
03047-y

Ettinger, D. S., Wood, D. E., Aisner, D. L., Akerley, W., Bauman, J. R., Bharat, A.,
et al. (2021). NCCN Guidelines Insights: Non-small Cell Lung Cancer, Version
2.2021. J. Natl. Compr. Cancer Netw. 19 (3), 254-266. d0i:10.6004/jnccn.2021.
0013

Frenel, J. S., Carreira, S., Goodall, J., Roda, D., Perez-Lopez, R., Tunariu, N., et al.
(2015). Serial Next-Generation Sequencing of Circulating Cell-free DNA
Evaluating Tumor Clone Response to Molecularly Targeted Drug
Administration. Clin. Cancer Res. 21 (20), 4586-4596. do0i:10.1158/1078-
0432.CCR-15-0584

Hu, Y., Ma, Y., Liu, J., Cai, Y., Zhang, M., and Fang, X. (2019). LINC01128
Expedites Cervical Cancer Progression by Regulating miR-383-5p/SFN axis.
BMc cancer 19 (1), 1-11. doi:10.1186/s12885-019-6326-5

Leighl, N. B, Page, R. D., Raymond, V. M., Daniel, D. B, Divers, S. G., Reckamp, K.
L., et al. (2019). Clinical Utility of Comprehensive Cell-free DNA Analysis to
Identify Genomic Biomarkers in Patients with Newly Diagnosed Metastatic
Non-small Cell Lung Cancer. Clin. Cancer Res. 25 (15), 4691-4700. doi:10.
1158/1078-0432.CCR-19-0624

Revealing Drug-Resistant Mechanisms by ceRNA

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are publicly
available. This data can be found at: GSE193628.

AUTHOR CONTRIBUTIONS

This study was designed by XX and WL. Data were analyzed by
DD, JZ and ZL. The manuscript was written and edited by DD,
XX, WL and HW. The experiments were performed by HW. All
authors agreed to be responsible for the publication.

FUNDING

This work was supported by the Clinical Research Fund of Wu
Jieping Medical Foundation (320.6750.19092-11), the Natural Science
Foundation of Guangdong Province of China (2020A1515010142),
and the Science and Technology Planning Project of Guangzhou
(202102010067), the National Natural Science Foundation of China
(81902886), and the Fundamental Research Funds for the Central
Universities, Sun Yat-sen University (2021qntd34).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fgene.2022.851391/
full#supplementary-material

Li, H,, Tian, X., Wang, P., Hu, ], Qin, R,, Xu, R,, et al. (2020). LINC01128 Resisted
Acute Myeloid Leukemia through Regulating miR-4260/NR3C2. Cancer Biol.
Ther. 21, 615-622. doi:10.1080/15384047.2020.1740054

Li, J.-H,, Liu, S., Zhou, H., Qu, L.-H,, and Yang, J.-H. (2014). starBase v2.0:
Decoding miRNA-ceRNA, miRNA-ncRNA and Protein-RNA Interaction
Networks from Large-Scale CLIP-Seq Data. Nucl. Acids Res. 42 (D1),
D92-D97. doi:10.1093/nar/gkt1248

Liu, K,, Gao, L., Ma, X,, Huang, J.-J., Chen, J., Zeng, L., et al. (2020). Long Non-
coding RNAs Regulate Drug Resistance in Cancer. Mol. Cancer 19 (1), 1-13.
doi:10.1186/s12943-020-01162-0

Lovering, R. C., Dimmer, E. C, and Talmud, P. J. (2009). Improvements to
Cardiovascular Gene Ontology. Atherosclerosis 205 (1), 9-14. doi:10.1016/j.
atherosclerosis.2008.10.014

Oxnard, G. R, Hu, Y., Mileham, K. F., Husain, H., Costa, D. B., Tracy, P., et al.
(2018). Assessment of Resistance Mechanisms and Clinical Implications in
Patients WithEGFRT790M-Positive Lung Cancer and Acquired Resistance to
Osimertinib. JAMA Oncol. 4 (11), 1527-1534. doi:10.1001/jamaoncol.2018.
2969

Piper-Vallillo, A. J., Sequist, L. V., and Piotrowska, Z. (2020). Emerging Treatment
Paradigms for EGFR-Mutant Lung Cancers Progressing on Osimertinib: a
Review. Jco 38, 2926-2936. doi:10.1200/JCO.19.03123

Pisapia, P., Pepe, F., Baggi, A., Barberis, M., Galvano, A., Gristina, V., et al. (2022).
Next Generation Diagnostic Algorithm in Non-small Cell Lung Cancer
Predictive Molecular Pathology: The KWAY Italian Multicenter Cost
Evaluation Study. Crit. Rev. oncology/hematology 169, 103525. doi:10.1016/j.
critrevonc.2021.103525

Rosell, R., Dafni, U., Felip, E., Curioni-Fontecedro, A., Gautschi, O., Peters, S., et al.
(2017). Erlotinib and Bevacizumab in Patients with Advanced Non-small-cell
Lung Cancer and Activating EGFR Mutations (BELIEF): an International,

Frontiers in Genetics | www.frontiersin.org

April 2022 | Volume 13 | Article 851391


https://www.frontiersin.org/articles/10.3389/fgene.2022.851391/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2022.851391/full#supplementary-material
https://doi.org/10.1016/j.canlet.2020.05.009
https://doi.org/10.1016/j.canlet.2020.05.009
https://doi.org/10.1038/s41419-020-03047-y
https://doi.org/10.1038/s41419-020-03047-y
https://doi.org/10.6004/jnccn.2021.0013
https://doi.org/10.6004/jnccn.2021.0013
https://doi.org/10.1158/1078-0432.CCR-15-0584
https://doi.org/10.1158/1078-0432.CCR-15-0584
https://doi.org/10.1186/s12885-019-6326-5
https://doi.org/10.1158/1078-0432.CCR-19-0624
https://doi.org/10.1158/1078-0432.CCR-19-0624
https://doi.org/10.1080/15384047.2020.1740054
https://doi.org/10.1093/nar/gkt1248
https://doi.org/10.1186/s12943-020-01162-0
https://doi.org/10.1016/j.atherosclerosis.2008.10.014
https://doi.org/10.1016/j.atherosclerosis.2008.10.014
https://doi.org/10.1001/jamaoncol.2018.2969
https://doi.org/10.1001/jamaoncol.2018.2969
https://doi.org/10.1200/JCO.19.03123
https://doi.org/10.1016/j.critrevonc.2021.103525
https://doi.org/10.1016/j.critrevonc.2021.103525
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

Ding et al.

Multicentre, Single-Arm, Phase 2 Trial. Lancet Respir. Med. 5 (5), 435-444.
doi:10.1016/52213-2600(17)30129-7

Russo, A., Incorvaia, L., Del Re, M., Malapelle, U., Capoluongo, E., Gristina, V.,
et al. (2021). The Molecular Profiling of Solid Tumors by Liquid Biopsy: a
Position Paper of the AIOM-SIAPEC-IAP-SIBioC-SIC-SIF Italian Scientific
Societies. ESMO open 6 (3), 100164. doi:10.1016/j.esmo0p.2021.100164

Salmena, L., Poliseno, L., Tay, Y., Kats, L., and Pandolfi, P. P. (2011). A ceRNA
Hypothesis: the Rosetta Stone of a Hidden RNA Language? Cell 146 (3),
353-358. doi:10.1016/j.cell.2011.07.014

Soria, J.-C., Ohe, Y., Vansteenkiste, J., Reungwetwattana, T., Chewaskulyong, B., Lee, K.
H, et al. (2018). Osimertinib in UntreatedEGFR-Mutated Advanced Non-small-cell
Lung Cancer. N. Engl. ]. Med. 378 (2), 113-125. doi:10.1056/NEJMoal713137

Sun, H., Zhou, X., Bao, Y., Xiong, G., Cui, Y., and Zhou, H. (2019). Involvement of
miR-4262 in Paclitaxel Resistance through the Regulation of PTEN in Non-
small Cell Lung Cancer. Open Biol. 9 (7), 180227. d0i:10.1098/rsob.180227

Sung, H., Ferlay, J., Siegel, R. L., Laversanne, M., Soerjomataram, I., Jemal, A., et al.
(2021). Global Cancer Statistics 2020: GLOBOCAN Estimates of Incidence and
Mortality Worldwide for 36 Cancers in 185 Countries. CA A. Cancer J. Clin. 71
(3), 209-249. doi:10.3322/caac.21660

Wang, M., Mao, C., Ouyang, L., Liu, Y., Lai, W., Liu, N, et al. (2019). Long
Noncoding RNA LINC00336 Inhibits Ferroptosis in Lung Cancer by
Functioning as a Competing Endogenous RNA. Cell Death Differ 26 (11),
2329-2343. doi:10.1038/s41418-019-0304-y

Wang, T., Yang, C., Li, B, Xing, Y., Huang, J., Zhang, Y., et al. (2021b).
Identification of IncRNA-miRNA-mRNA Networks Linked to Non-small
Lung Cancer Resistance to Inhibitors of Epidermal Growth Factor Receptor.
Front. Genet. 12, 758591. doi:10.3389/fgene.2021.758591

Wang, Z., Ren, Z, Li, R,, Ge, ], Zhang, G., Xin, Y., et al. (2021a). Multi-omics
Integrative Bioinformatics Analyses Reveal Long Non-coding RNA Modulates
Genomic Integrity via Competing Endogenous RNA Mechanism and Serves as
Novel Biomarkers for Overall Survival in Lung Adenocarcinoma. Front. Cel
Dev. Biol. 9, 1937. doi:10.3389/fcell.2021.691540

Wee, S., Wiederschain, D., Maira, S.-M., Loo, A., Miller, C., DeBeaumont, R, et al.
(2008). PTEN-deficient Cancers Depend on PIK3CB. Proc. Natl. Acad. Sci.
U.S.A. 105 (35), 13057-13062. doi:10.1073/pnas.0802655105

Wu, J., Zheng, C, Wang, Y., Yang, Z, Li, C,, Fang, W,, et al. (2021). Correction to:
LncRNA APCDDIL-AS1 Induces Icotinib Resistance by Inhibition of EGFR
Autophagic Degradation via the miR-1322/miR-1972/ miR-324-3p-SIRT5 axis in
Lung Adenocarcinoma. Biomark Res. 9 (1), 1-17. doi:10.1186/s40364-021-00279-8

Xiong, Y., Ju, L., Yuan, L., Chen, L., Wang, G., Xu, H,, et al. (2021). KNSTRN
Promotes Tumorigenesis and Gemcitabine Resistance by Activating AKT in
Bladder Cancer. Oncogene 40 (9), 1595-1608. doi:10.1038/s41388-020-01634-z

Revealing Drug-Resistant Mechanisms by ceRNA

Xue, X., Yang, Y. A, Zhang, A, Fong, K.-W., Kim, J., Song, B., et al. (2016).
LncRNA HOTAIR Enhances ER Signaling and Confers Tamoxifen Resistance
in Breast Cancer. Oncogene 35 (21), 2746-2755. doi:10.1038/0nc.2015.340

Yang, J., Qiu, Q., Qian, X,, Yi, J., Jiao, Y., Yu, M,, et al. (2019). Long Noncoding
RNA LCAT1 Functions as a ceRNA to Regulate RAC1 Function by Sponging
miR-4715-5p in Lung Cancer. Mol. Cancer 18 (1), 1-16. doi:10.1186/s12943-
019-1107-y

Yang, X.-Z., Cheng, T.-T., He, Q.-J., Lei, Z.-Y., Chi, J., Tang, Z., et al. (2018).
LINCO01133 as ceRNA Inhibits Gastric Cancer Progression by Sponging miR-
106a-3p to Regulate APC Expression and the Wnt/B-Catenin Pathway. Mol.
Cancer 17 (1), 1-15. doi:10.1186/s12943-018-0874-1

Zeng, F., Wang, Q., Wang, S., Liang, S., Huang, W., Guo, Y., et al. (2020). Linc00173
Promotes Chemoresistance and Progression of Small Cell Lung Cancer by
Sponging miR-218 to Regulate Etk Expression. Oncogene 39 (2), 293-307.
doi:10.1038/541388-019-0984-2

Zhang, L., Li, C., and Su, X. (2020a). Emerging Impact of the Long Noncoding RNA
MIR22HG on Proliferation and Apoptosis in Multiple Human Cancers. J. Exp.
Clin. Cancer Res. 39 (1), 1-12. doi:10.1186/s13046-020-01784-8

Zhang, X.-Z., Liu, H., and Chen, S.-R. (2020b). Mechanisms of Long Non-coding
RNAs in Cancers and Their Dynamic Regulations. Cancers 12, 1245. doi:10.
3390/cancers12051245

Zhao, X, Li, X., Zhou, L., Ni, J., Yan, W., Ma, R,, et al. (2018). LncRNA HOXA11-
AS Drives Cisplatin Resistance of Human LUAD Cells via Modulating miR-
454-3p/Stat3. Cancer Sci. 109 (10), 3068-3079. doi:10.1111/cas.13764

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors, and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Ding, Zhang, Luo, Wu, Lin, Liang and Xue. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Genetics | www.frontiersin.org

11

April 2022 | Volume 13 | Article 851391


https://doi.org/10.1016/S2213-2600(17)30129-7
https://doi.org/10.1016/j.esmoop.2021.100164
https://doi.org/10.1016/j.cell.2011.07.014
https://doi.org/10.1056/NEJMoa1713137
https://doi.org/10.1098/rsob.180227
https://doi.org/10.3322/caac.21660
https://doi.org/10.1038/s41418-019-0304-y
https://doi.org/10.3389/fgene.2021.758591
https://doi.org/10.3389/fcell.2021.691540
https://doi.org/10.1073/pnas.0802655105
https://doi.org/10.1186/s40364-021-00279-8
https://doi.org/10.1038/s41388-020-01634-z
https://doi.org/10.1038/onc.2015.340
https://doi.org/10.1186/s12943-019-1107-y
https://doi.org/10.1186/s12943-019-1107-y
https://doi.org/10.1186/s12943-018-0874-1
https://doi.org/10.1038/s41388-019-0984-2
https://doi.org/10.1186/s13046-020-01784-8
https://doi.org/10.3390/cancers12051245
https://doi.org/10.3390/cancers12051245
https://doi.org/10.1111/cas.13764
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

	Analysis of the lncRNA–miRNA–mRNA Network Reveals a Potential Regulatory Mechanism of EGFR-TKI Resistance in NSCLC
	Introduction
	Materials and Methods
	Cell Lines and Culture Conditions
	CCK-8 Assay and Resistance Index Measure
	RNA Extraction and Quality Control
	LncRNA/mRNA Microarray
	Data Processing
	Quantitative Real-Time Polymerase Chain Reaction
	Differential Expression Analysis of lncRNAs and mRNAs
	Functional Enrichment Analysis of DE-mRNAs
	Construction of the lncRNA–miRNA–mRNA Regulatory Network Related to Epidermal Growth Factor Receptor Tyrosine Kinase Inhibi ...
	Construction of the LUAD-Related Prognostic Risk Model

	Results
	Model Identification of the Gefitinib-Resistant PC-9 Cell Line
	Functional Enrichment Analysis of Target DE-mRNAs
	Revealing the Potential Genes Associated With Epidermal Growth Factor Receptor Tyrosine Kinase Inhibitor Resistance Among T ...
	Underlying ceRNA Regulatory Mechanism of Epidermal Growth Factor Receptor Tyrosine Kinase Inhibitor Resistance

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


