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Background: Tyrosine kinase inhibitors that act against epidermal growth factor receptor
(EGFR) show strong efficacy against non-small cell lung cancer (NSCLC) involving mutated
EGFRs. However, most such patients eventually develop resistance to EGFR-TKIs.
Numerous researches have reported that messenger RNAs (mRNAs) and non-coding
RNAs (ncRNAs) may be involved in EGFR-TKI resistance, but the comprehensive
expression profile and competitive endogenous RNA (ceRNA) regulatory network
between mRNAs and ncRNAs in EGFR-TKI resistance of NSCLC are incompletely
known. We aimed to define a ceRNA regulatory network linking mRNAs and non-
coding RNAs that may mediate this resistance.

Methods: Using datasets GSE83666, GSE75309 and GSE103352 from the Gene
Expression Omnibus, we identified long non-coding RNAs (lncRNAs), microRNAs
(miRNAs) and mRNAs differentially expressed between NSCLC cells that were
sensitive or resistant to EGFR-TKIs. The potential biological functions of the
corresponding differentially expressed genes were analyzed based KEGG pathways.
We combined interactions among lncRNAs, miRNAs and mRNAs in the RNAInter
database with KEGG pathways to generate transcriptional regulatory ceRNA networks
associated with NSCLC resistance to EGFR-TKIs. Kaplan-Meier analysis was used to
assess the ability of core ceRNA regulatory sub-networks to predict the progression-free
interval and overall survival of NSCLC. The expression of two core ceRNA regulatory sub-
networks in NSCLC was validated by quantitative real-time PCR.

Results: We identified 8,989 lncRNAs, 1,083 miRNAs and 3,191 mRNAs that were
differentially expressed between patients who were sensitive or resistant to the inhibitors.
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These DEGs were linked to 968 biological processes and 31 KEGG pathways. Pearson
analysis of correlations among the DEGs of lncRNAs, miRNAs and mRNAs identified 12
core ceRNA regulatory sub-networks associated with resistance to EGFR-TKIs. The two
lncRNAs ABTB1 and NPTN with the hsa-miR-150–5p and mRNA SERPINE1 were
significantly associated with resistance to EGFR-TKIs and survival in NSCLC. These
lncRNAs and the miRNA were found to be down-regulated, and the mRNA up-
regulated, in a resistant NSCLC cell line relative to the corresponding sensitive cells.

Conclusion: In this study, we provide new insights into the pathogenesis of NSCLC and
the emergence of resistance to EGFR-TKIs, based on a lncRNA-miRNA-mRNA network.

Keywords: EGFR-TKI, resistance, NSCLC, competitive endogenous RNA, network

BACKGROUND

Lung cancer is a major cause of malignant tumor-related deaths
worldwide, accounting for one quarter of all cancer deaths (Siegel
et al., 2021). Non-small cell lung cancer (NSCLC), which is the
main cause of patient morbidity and mortality from lung cancer,
accounts for 85% of all lung tumors (Duma et al., 2019). Tyrosine
kinase inhibitors that act against the epidermal growth factor
receptor (EGFR-TKIs) have shown clinical benefit against
NSCLC involving EGFR mutations (Mok et al., 2009; Wu
et al., 2014). However, most patients eventually develop
resistance and suffer disease progression (Maemondo et al.,
2010). Drug resistance is an important barrier to cancer
effectively treated, but the molecular mechanisms behind
NSCLC resistance to EGFR-TKIs are largely unknown.

Long noncoding RNAs (lncRNAs), ranging in length from 200
nucleotides to 100 kb, regulate target gene expression at the
transcriptional and post-transcriptional levels (Novikova et al.,
2013). In the past years, it has been revealed that the dysregulated
lncRNA profile is closely linked to tumor growth and metastasis,
and numerous lncRNAs have been identified as potential clinical
biomarkers and therapeutic targets in cancer (Pichler et al., 2020;
Xiao et al., 2020; Yuan et al., 2020). In fact, dysregulation of
lncRNAs has been linked to NSCLC resistance to EGFR-TKIs
(Chen et al., 2020a; Huang et al., 2020a). For instance, such
resistance has been associated with up-regulation of the lncRNA
BLACAT1, and down-regulating this lncRNA restores sensitivity
to EGFR-TKIs (Shu et al., 2020).

One way in which lncRNAs can regulate target gene
expression is by “sponging” microRNAs (miRNAs), which are
18–25 nt long. By binding to miRNAs, lncRNAs prevent them
from binding to the 3′-untranslated region of their target
mRNAs, thereby preventing the miRNAs from down-
regulating target gene expression (Wang et al., 2010; Salmena
et al., 2011). Indeed, networks of lncRNAs, miRNAs and mRNAs
appear to be important in the pathogenesis of NSCLC and
emergence of resistance to EGFR-TKIs (Li et al., 2018; Liu
et al., 2019; Ma et al., 2019). For instance, down-regulation of
the lncRNA RHPN1-AS1 ultimately render NSCLC cells resistant
to gefitinib by targeting miR-299–3p/TNFSF12 pathway (Li et al.,
2018). These single-pathway studies indicate the need for a
comprehensive analysis of the network of interacting lncRNAs,

miRNAs and mRNAs in NSCLC that are related to EGFR-TKI
resistance. The competing endogenous RNA (ceRNA) hypothesis
was considered as a new regulatory mechanism between
noncoding RNAs and coding RNAs (Salmena et al., 2011).
CeRNAs are transcripts that can regulate each other at post-
transcription level by acting as endogenous molecular sponges to
bind to competing for miRNAs. Accumulating evidence have
indicated this complex crosstalk of the ceRNA network in
NSCLC( (Liu et al., 2021), (Wang et al., 2020)).This means
searching for the network of “competing endogenous” RNA
(ceRNA) that act via shared miRNA targets to regulate
expression of proteins related to EGFR-TKI resistance.

Here we developed a ceRNA network linking lncRNAs,
miRNAs and mRNAs in NSCLC in an effort to understand
pathways mediating resistance to EGFR-TKIs. In this study,
we adopted bioinformatic methods to identify differentially
expressed lncRNAs, miRNAs and mRNAs, and constructed
lncRNA-miRNA-mRNA ceRNA networks involved in NSCLC
resistance to EGFR-TKIs. 12 core ceRNA regulatory sub-
networks, we identified two ceRNA regulatory sub-networks
that interactors may be linked to resistance to EGFR-TKIs in
NSCLC cells and to survival in NSCLC. Two lncRNAs, ABTB1
and NPTN, that interact with the miRNA hsa-miR-150–5p and
the mRNA SERPINE1.

MATERIALS AND METHODS

Data Sources
All genomic and clinical data were obtained from the Gene
Expression Omnibus (GEO) database under accession
numbers GSE83666, GSE75309 and GSE103352. To evaluate
the impact of ceRNA networks expression on the survival of
NSCLC patients, another lncRNA, mRNA and miRNA
expression data set of NSCLC samples was downloaded from
The Cancer Genome Atlas (TCGA) database.

Profiles of lncRNA, miRNA, and mRNA
Expression
Data on microarray analyses of lncRNA, miRNA and mRNA
expression in NSCLC cells from patients, which were resistant or
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sensitive to EGFR-TKIs were obtained from the GEO database.
All expression data were standardized and analyzed using limma
(Ritchie et al., 2015). We identified lncRNAs, miRNAs and
mRNAs differentially expressed between sensitive or resistant
cancer, based on the criteria of -log10 (fold change) < 0.01 and
p < 0.05.

Analysis of Enrichment Functions and
Pathways
Differentially expressed lncRNAs, miRNAs and mRNAs were
analyzed based on Gene Ontology (GO) and Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways using clusterProfiler.
Enrichment was defined as p < 0.05 (Yu et al., 2012).

Prediction of Targets of miRNAs and
lncRNAs
Interactions between differentially expressed miRNAs and
mRNAs in NSCLC resistant to EGFR-TKIs were identified by
screening the RNAInter database (Lin et al., 2020). And,
104,857,6 interactions pairs are extracted from the database. A
similar procedure was followed to identify interactions between
differentially expressed lncRNAs and miRNAs.

Construction of lncRNA–miRNA–mRNA
Regulatory Networks
The lncRNA-miRNA pairs and miRNA-mRNA pairs, identified
as described above, were merged together into a ceRNA network
based on lncRNAs, miRNAs and mRNAs related to NSCLC
resistance to EGFR-TKIs. Pearson correlation analysis was
carried out among the species in the network, and interactions
associated with a correlation coefficient R > 0.75 and p < 0.01
were considered reliable. The potential network of biological
processes enriched in NSCLC resistant to EGFR-TKIs was
built using Pathway Enrichment Analysis ClueGO (version
2.3.2) (Bindea et al., 2009).

Survival Analysis Based on the ceRNA
Regulatory Network
To identify associations between the expression of nodes in the
ceRNA network and overall survival of patients, Kaplan-Meier
survival analysis was performed using the ‘survfit’ function in the
‘survival’ package in R (https://CRAN.Rproject.org/
package�survival) (Xu et al., 2014). We also screened ceRNA
regulatory sub-networks of interacting lncRNAs, miRNAs and
mRNAs in the TCGA data in order to identify those significantly
associated with survival (p < 0.05).

Cell Culture
The NSCLC cell lines PC9, sensitive to Gefitinib, and PC9-GR,
resistant to Gefitinib, were obtained from Heilongjiang Cancer
Institute (Harbin, China). As described, an EGFR-TKI resistant
cell line (PC9-GR) were established by treating EGFR-TKI-
sensitive PC9 cell with continuous gefitinib culture (Huang

et al., 2020b). These cells were cultured in RPMI 1640
medium (Gibco; Thermo Fisher Scientific, Inc.) supplemented
with 10% fetal bovine serum (Gibco; Thermo Fisher Scientific,
Inc.) and 1% penicillin-streptomycin at 37°C in a humidified
atmosphere of 5% CO2.

Quantitative Real-Time PCR
This quantitative real-time PCR analysis was conducted as
described using the following primers, all synthesized by
Sangon (Shanghai, China) (Wang et al., 2019a): ABTB1, 5′-
GGCGGGATTACTATGACGAC-3′ (forward) and 5′-GCC
TGAGAACCACGACACTC-3′ (reverse); NPTN, 5′-GCTCCT
AAAGCAAACGCCACCA-3′ (forward) and 5′-TCTTGCGCC
ATATCCAGTCTGG-3′ (reverse); SERPINE1, 5′-CTCATCAGC
CACTGGAAAGGCA-3′ (forward) and 5′-GACTCGTGAAGT
CAGCCTGAAAC-3′ (reverse); and hsa-miR-150-5p-R, 5′-CCG
TCTCCCAACCCTTGTAC-3′ (forward) and 5′-CAGTGCAGG
GTCCGAGGT-3′ (reverse).

Cell Viability Assay
Cell viability assay was performed as previously demonstrated
(Wang et al., 2019a). The cells were seeded in 96-well plates with
2*103 cells per well with or without tiplaxtinin (40 μm) (HY-
15253, MedChem Express) incubated for 24 h before seeding on
the 96-well culture plate. Subsequently, gefitinib was added to the
wells incubating for 48 h at the indicated concentrations. After
gefitinib treatment, the viability of cells was measured.

Statistical Analysis
All statistical analyses were carried out using SPSS 24.0 software
(IBM Corp, Armonk, NY, United States ) and GraphPad Prism

FIGURE 1 | Flowchart of the study. ceRNA, competing endogenous
RNA; GEO, Gene Expression Omnibus; TCGA, The Cancer Genome Atlas.

Frontiers in Genetics | www.frontiersin.org November 2021 | Volume 12 | Article 7585913

Wang et al. lncRNA–miRNA–mRNA Networks of EGFR-TKIs Resistance

https://cran.rproject.org/package=survival
https://cran.rproject.org/package=survival
https://cran.rproject.org/package=survival
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


FIGURE 2 | Differentially expressed lncRNAs, miRNAs and mRNAs potentially associated with NSCLC resistance to EFRG-TKIs. (A) Manhattan chart, showing
lncRNAs, mRNAs and miRNAs along the x-axis, and log10(p value) for each gene along the y-axis. The gray dots below the dividing line indicate non-differentially
expressed genes, while dots of other colors are differentially expressed genes. The significantly down- and up-regulated differentially expressed RNAs are depicted with
different colors. (B) Differentially expressed lncRNAs. (C) Differentially expressed mRNAs. (D) Differentially expressed miRNAs.
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software 8.0 (GraphPad Software, San Diego, CA, United States).
Data were expressed as mean ± standard deviation. Differences
between samples resistant or sensitive to EGFR-TKIs were
assessed for significance using Student’s t test. The ability of
the core ceRNA networks to predict resistance to EGFR-TKI was
assessed based on the area under curves (AUCs) of the receiver
operating characteristic (ROC) curves. The AUC is obtained by
summing the areas of the parts under the ROC curve. Survival
was analyzed using the Kaplan-Meier approach, and survival was
compared between groups using the log-rank test. Differences
were considered significant if they were associated with a two-
tailed p < 0.05.

RESULTS

Expression of lncRNAs, miRNAs, and
mRNAs in NSCLC
Expression profiles for NSCLC cells sensitive or resistant to
EGFR-TKI were acquired from the GEO databases, then
standardized and analyzed using limma. The flow chart
summarizing the framework is exhibited in Figure 1. The
GSE83666 and GSE75309 databases were combined and
divided into resistant group and non-resistant group.
1755 up-regulated mRNAs, 1,436 down-regulated mRNAs,
up-regulated 4,598 lncRNAs and 4,391 down-regulated

FIGURE 3 | Functional enrichment of DEGs related to NSCLC resistance to EGFR-TKIs. (A) Top 20 significant GObiological processes. (B) Top 15 significant KEGGpathways.
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FIGURE 4 | Gene set enrichment analysis of differentially expressed genes potentially related to NSCLC resistance to EGFR-TKIs. (A) GO biological processes of
candidate hallmarks. (B) KEGG pathways of candidate hallmarks.
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lncRNAs were screened with p value <0.05. GSE103352 data
set was divided into resistant and non-resistant groups.
505 up-regulated miRNAs and 578 down-regulated
miRNAs were screened with p value <0.05. DEGs were
depicted in a Manhattan chart (Figure 2A) and a heatmap

(Figures 2B–D), revealing 6,858 genes that were upregulated
in resistant cancer, comprising 1,755 mRNAs, 4,598
lncRNAs, and 505 miRNAs; as well as 6,405
downregulated genes, comprising 1,436 mRNAs, 4,391
lncRNAs, and 578 miRNAs.

FIGURE 5 | Transcriptional regulatorynetworkof lncRNAs,miRNAsandmRNAs involved inNSCLCresistance toEGFR-TKIs. (A) InteractionsbetweenmiRNAsandmRNAs involved
in such resistance. (B) Identification of ceRNA sub-networks, based on the criteria R > 0.75 and p < 0.01. (C) Combination of the transcriptional regulatory network with KEGG pathways.
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DEG Enrichment in GO Processes and
KEGG Pathways
To gain insights into the function of DEmRNAs identified in the
GSE83666 and GSE75309 datasets, we analyzed their enrichment in
GOprocesses andKEGGpathways. A total of 968 biological processes
and 31KEGGpathways were identifiedwith the filter criteria of adjust
p-value< 0.05, of which 20 biological processes and 15 KEGG
pathways have previously been linked to lung cancer resistance to
EGFR-TKIs (Figures 3A,B). In addition, Gene Set Enrichment
Analysis (GSEA) software was applied to identify GO-BP and
KEGG pathway of the candidate hallmarks (Subramanian et al.,
2005). GSEA identified seven biological processes and nine KEGG
pathways significantly involved in resistance to EGFR-TKIs, including

cellular amino acidmetabolic processes, p53 signaling and proteasome
pathways (Figures 4A,B). A potential network of biological processes
enriched in NSCLC resistant to EGFR-TKIs was built using Pathway
Enrichment Analysis ClueGO (Supplementary Figure S1).

Construction of a Transcriptional
Regulatory Network Linking lncRNAs,
miRNAs, and mRNAs
We constructed a ceRNA regulatory network linking lncRNAs,
miRNAs and mRNAs by identifying miRNA–mRNA interactions
(Figure 5A) and lncRNA–miRNA interactions (Supplementary
Figure S2). The correlation function in Hmisc package was used
for correlation analysis, and 329 ceRNA sub-networks were
obtained. Pearson correlation analysis of lncRNAs and mRNAs
in the network were screened for those satisfying the criteria of R >
0.75 and p < 0.01, leading to 31 ceRNA regulatory sub-networks
(Figure 5B). When enriched KEGG pathways were added to the
network, p53 signaling and peroxisome pathways emerged as
potentially linked to resistance (Figure 5C). In this way, our
study provides valuable leads for future experiments to explore
the molecular mechanisms of NSCLC resistance to EGFR-TKIs.

Correlations Among ceRNAs and Their
Association With Survival
To get the core ceRNA sub-networks, we screened these pathways
for those satisfying the criteria R > 0.85 and p < 0.01, identifying
12 core ceRNA regulatory sub-networks (Figure 6A;Table 1). These
core ceRNA regulatory sub-networks (triple 1–12) were expressed at
significantly different levels between sensitive or resistant samples
(Figure 6B). The ability of these regulatory sub-networks to predict
resistance was assessed based on AUCs. Triple 3, 7, 9, 10 and 12
showed better predictive performance than other ceRNA regulatory
sub-networks (Supplementary Figure S3).

Numerous researches have reported that ceRNA may be
involved in EGFR-TKI resistance, and may influence the
progression of EGFR-mutant NSCLC. To examine whether
ceRNAs are related to prognosis of NSCLC patients carrying
EGFR mutations, Kaplan-Meier analysis and Cox regression
modeling were performed based on TCGA data on

FIGURE 6 | Screening for core lncRNA-miRNA-mRNA networks. (A)
Identification of core lncRNA-miRNA-mRNA networks, based on the criteria
R > 0.85 and p < 0.01. (B) Expression of core lncRNA-miRNA-mRNA
networks in non-resistant group and EGFR-TKIs resistant group.

TABLE 1 | 12 core ceRNA regulatory pahyways associated with resistance to
EGFR-TKIs in NSCLC.

Triple ID lncRNA miRNA mRNA

1 ERGIC3 hsa-miR-150–5p SERPINE1
2 DEGS1 hsa-miR-150–5p SERPINE1
3 ALDH6A1 hsa-miR-150–5p SERPINE1
4 VPS28 hsa-miR-150–5p SERPINE1
5 FNDC3B hsa-miR-150–5p GADD45B
6 FNBP1 hsa-miR-150–5p GADD45B
7 FNBP1 hsa-miR-150–5p SERPINE1
8 ABTB1 hsa-miR-150–5p GADD45B
9 ABTB1 hsa-miR-150–5p SERPINE1
10 CTH hsa-miR-150–5p SERPINE1
11 FOXO4 hsa-miR-150–5p SERPINE1
12 NPTN hsa-miR-150–5p SERPINE1
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progression-free interval (PFI) and overall survival (OS). Triple 9
and 12 were associated with PFI and OS (Figures 7, 8).

In addition, the Kaplan-Meier plotter online tool (http://
kmplot.com/analysis/) was used to verify the effect of
SERPINE1 on the survival of lung cancer. As shown in
Supplementary Figure S4, the lung cancer patients with

elevated SERPINE1 expression levels had poor OS than
patients with corresponding low expression levels (p < 0.001).
Consistently, as demonstrated in Supplementary Figure S5, high
SERPINE1 expression predicts a poor prognosis in NSCLC using
the web-based tools in The Human Protein Atlas (https://www.
proteinatlas.org) based on the TCGA database.

FIGURE 7 | Association between core lncRNA-miRNA-mRNA networks and progression-free interval (PFI) in patients with NSCLC. Red lines show the high-
expression group; green lines, the low-expression group. The horizontal axis demonstrates the PFI time in years, and the vertical axis indicates the survival rate.
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FIGURE 8 | Association between core lncRNA-miRNA-mRNA regulatory sub-networks and Overall survival (OS) in patients with NSCLC in the TCGA. Red lines
indicate the higher expression group. Greened lines indicate lower expression group. The horizontal axis demonstrates the overall survival time in years, and the vertical
axis indicates the survival rate.
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Validation of Representative Core CeRNA
Regulatory Sub-networks in Human NSCLC
Cell Lines
To verify the reliability of the bioinformatics results, we investigated
the expression of the core ceRNA triple 9 and 12 using qRT-PCR in
NSCLC cell lines. Expression of the two lncRNAs ABTB1 and

NPTN as well as the hsa-miR-150–5p was lower in the PC9-GR
cell line than in the PC9 line (Figures 9A–D). Conversely,
expression of the mRNA SERPINE1 was higher in the PC9-GR
cell line than in the PC9 line. These results were consistent with the
bioinformatics analysis. As shown in Figure 9E, inhibition of
SERPINE1 can affect the sensitivity of EGFR-TKI drug-resistant
cells to gefitinib at different concentrations.

FIGURE 9 | Validation of representative core ceRNa regulatory sub-networks in human NSCLC cell lines. (A–D) Quantitative real-time PCR validation of the
dysregulation of ABTB1, NPTN, hsa-miR-150-5p and SERPINE1 expression in NSCLC cell lines sensitive to EGFR-TKIs (PC9) or resistant to EGFR-TKIs (PC9-GR). (E)
PC9GR and PC9GR-Tiplaxtinin ( a inhibitor of SERPINE1) cells were treated with different concentrations of gefitinib, and cell viability assay was performed when the cells
were cultured with gefitinib for 48 h.
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DISCUSSION

NSCLC is an important factor in the incidence and mortality of
carcinoma in human (1). Despite EGFR amplification may be
predictive of the favorable response to EGFR-TKI, acquired
resistance develops eventually (Yao et al., 2010). Therefore,
more researches need to be performed to further elucidate the
mechanism of EGFR-TKIs resistance. Our work supports
several previous studies suggesting that mRNAs, miRNAs,
and lncRNAs play important roles in NSCLC resistance to
EGFR-TKIs (Li et al., 2018; Chen et al., 2020a; Huang et al.,
2020a; Shu et al., 2020). We constructed lncRNA-miRNA-
mRNA ceRNA networks that predicts numerous pathways
that may mediate such resistance. We further identified
nodes in these ceRNA networks that are associated with PSI
and OS.

It is common knowledge that, most of the functions of ncRNA
are achieved by regulating the expression of some key mRNAs.
And, many studies have carried out a comprehensive analysis of
ncRNA and its related co-expression and ceRNA network
differential expression profiles in NSCLC. Yu and Ren (2021)
constructed a ceRNA network by analyzing the differentially
expressed lncRNAs of NSCLC transcriptome profiling from
TCGA. The network can effectively predict the overall survival
of NSCLC andmay guide the treatment of NSCLC. Li et al. (2020)
identified and integrated analysis of DEGs associated with
prognosis in NSCLC, and constructed a ceRNA network for
the study of NSCLC. Wang X et al. (Wang et al., 2019b)
recognized differently expressed genes, and provided a
lncRNA-related ceRNA networks in NSCLC. However,
investigations on the molecular regulation network of
lncRNA–miRNA–mRNA underlying EGFR-TKIs resistant is
seldom. By focusing on resistance to EGFR-TKIs, our results
extend previous studies that examined DEGs that may predict
prognosis in NSCLC. We found that DEGs in resistant cancer
tissue may be involved in ribosome biogenesis, proteasome
activity and metabolic pathways.

Based on bioinformatics analysis of DEGs linked to EGFR-
TKI resistance, we built a corresponding lncRNA-miRNA-
mRNA regulatory network, and we identified 12 core ceRNA
regulatory sub-networks. We discovered that two groups of
lncRNA-miRNA-mRNA interactors were significantly
associated with NSCLC resistance to EGFR-TKIs as well as
with patient survival. We validated the dysregulation of these
two groups of interactors in human NSCLC cell lines sensitive or
resistant to EGFR-TKIs.

The “ceRNA hypothesis” (Salmena et al., 2011) describes
how mRNAs, transcriptional pseudogenes and lncRNAs “talk”
to one another via shared miRNAs, and this hypothesis has

proven useful for explaining many cancer pathways. For
example, the lncRNA UCA1 acts via the miR-143/FOSL2 axis
to modulate gefitinib resistance in NSCLC (Chen et al., 2020b).
The lncRNA KCNQ1OT1 acts via miR-211–5p and downstream
Ezrin/Fak/Src signaling to promote tumor growth and cisplatin
resistance in tongue cancer (Zhu et al., 2021). The lncRNA
HOXA11-AS acts via miR-454–3p and Stat3 to promote
cisplatin resistance in lung adenocarcinoma (Zhao et al.,
2018). Our results provide support that ceRNA regulatory
sub-networks play a key role in NSCLC and its development
of resistance to EGFR-TKIs.

CONCLUSION

As far as we know, this is the first comprehensive expression
profiling of non-coding RNAs and of mRNAs potentially
linked to EGFR-TKI resistance in NSCLC cells. We built a
ceRNA network that provides numerous testable hypotheses
about the processes and pathways that give rise to such
resistance.

DATA AVAILABILITY STATEMENT

Publicly available datasets were analyzed in this study. This data
can be found here: GSE83666, GSE75309, GSE103352.

AUTHOR CONTRIBUTIONS

TW and HG designed this research. TW, CY, BL, and YX carried
out most of the experiments, analyzed the data, drew the figures
and drafted this article. YZ and BL helped with cell culture. SB
and JH helped check the article and figures. All authors read and
approved the final article.

FUNDING

This work was supported by grants from Henan province science
and technology research (202102310093).

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fgene.2021.758591/
full#supplementary-material

REFERENCES

Bindea, G., Mlecnik, B., Hackl, H., Charoentong, P., Tosolini, M., Kirilovsky, A.,
et al. (2009). ClueGO: a Cytoscape Plug-In to Decipher Functionally Grouped
Gene Ontology and Pathway Annotation Networks. Bioinformatics 25 (21),
1091–1093. doi:10.1093/bioinformatics/btp101

Chen, C., Liu, W.-R., Zhang, B., Zhang, L.-M., Li, C.-G., Liu, C., et al. (2020).
LncRNA H19 Downregulation Confers Erlotinib Resistance through
Upregulation of PKM2 and Phosphorylation of AKT in EGFR-Mutant
Lung Cancers. Cancer Lett. 486 (7), 58–70. doi:10.1016/
j.canlet.2020.05.009

Chen, X., Wang, Z., Tong, F., Dong, X., Wu, G., and Zhang, R. (2020). lncRNA
UCA1 Promotes Gefitinib Resistance as a ceRNA to Target FOSL2 by Sponging

Frontiers in Genetics | www.frontiersin.org November 2021 | Volume 12 | Article 75859112

Wang et al. lncRNA–miRNA–mRNA Networks of EGFR-TKIs Resistance

https://www.frontiersin.org/articles/10.3389/fgene.2021.758591/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2021.758591/full#supplementary-material
https://doi.org/10.1093/bioinformatics/btp101
https://doi.org/10.1016/j.canlet.2020.05.009
https://doi.org/10.1016/j.canlet.2020.05.009
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


miR-143 in Non-small Cell Lung Cancer. Mol. Ther. - Nucleic Acids 19 (28),
643–653. doi:10.1016/j.omtn.2019.10.047

Duma, N., Santana-Davila, R., and Molina, J. R. (2019). Non-Small Cell Lung
Cancer: Epidemiology, Screening, Diagnosis, and Treatment.Mayo Clinic Proc.
94 (2), 1623–1640. doi:10.1016/j.mayocp.2019.01.013

Huang, J., Lan, X., Wang, T., Lu, H., Cao, M., Yan, S., et al. (2020). Targeting
the IL-1β/EHD1/TUBB3 axis Overcomes Resistance to EGFR-TKI in
NSCLC. Oncogene 39 (18), 1739–1755. doi:10.1038/s41388-019-1099-5

Huang, J., Pan, B., Xia, G., Zhu, J., Li, C., and Feng, J. (2020). LncRNA SNHG15
Regulates EGFR-TKI Acquired Resistance in Lung Adenocarcinoma through
Sponging miR-451 to Upregulate MDR-1. Cell Death Dis. 11 (8), 525.
doi:10.1038/s41419-020-2683-x

Li, S., Cui, Z., Zhao, Y., Ma, S., Sun, Y., Li, H., et al. (2020). Candidate lncRNA-
microRNA-mRNA Networks in Predicting Non-small Cell Lung Cancer and
Related Prognosis Analysis. J. Cancer Res. Clin. Oncol. 146 (25), 883–896.
doi:10.1007/s00432-020-03161-6

Li, X., Zhang, X., Yang, C., Cui, S., Shen, Q., and Xu, S. (2018). The lncRNA
RHPN1-AS1 Downregulation Promotes Gefitinib Resistance by Targeting miR-
299-3p/TNFSF12 Pathway in NSCLC. Cell Cycle 17 (14), 1772–1783.
doi:10.1080/15384101.2018.1496745

Lin, Y., Liu, T., Cui, T., Wang, Z., Zhang, Y., Tan, P., et al. (2020). RNAInter in
2020: RNA Interactome Repository with Increased Coverage and Annotation.
Nucleic Acids Res. 48 (17), D189–D197. doi:10.1093/nar/gkz804

Liu, T.-T., Li, R., Liu, X., Zhou, X.-J., Huo, C., Li, J.-P., et al. (2021). LncRNA XIST
Acts as aMicroRNA-520 Sponge to Regulate the Cisplatin Resistance in NSCLC
Cells by Mediating BAX through CeRNA Network. Int. J. Med. Sci. 18 (r7),
419–431. doi:10.7150/ijms.49730

Liu, X., Lu, X., Zhen, F., Jin, S., Yu, T., Zhu, Q., et al. (2019). LINC00665 Induces
Acquired Resistance to Gefitinib through Recruiting EZH2 and Activating
PI3K/AKT Pathway in NSCLC. Mol. Ther. - Nucleic Acids 16 (12), 155–161.
doi:10.1016/j.omtn.2019.02.010

Ma, G., Zhu, J., Liu, F., and Yang, Y. (2019). Long Noncoding RNA LINC00460
Promotes the Gefitinib Resistance of Nonsmall Cell Lung Cancer through
Epidermal Growth Factor Receptor by Sponging miR-769-5p.DNA Cel. Biol. 38
(13), 176–183. doi:10.1089/dna.2018.4462

Maemondo, M., Inoue, A., Kobayashi, K., Sugawara, S., Oizumi, S., Isobe, H., et al.
(2010). Gefitinib or Chemotherapy for Non-small-cell Lung Cancer with
Mutated EGFR. N. Engl. J. Med. 362 (r5), 2380–2388. doi:10.1056/
NEJMoa0909530

Mok, T. S., Wu, Y.-L., Thongprasert, S., Yang, C.-H., Chu, D.-T., Saijo, N., et al.
(2009). Gefitinib or Carboplatin-Paclitaxel in Pulmonary Adenocarcinoma.
N. Engl. J. Med. 361 (r3), 947–957. doi:10.1056/NEJMoa0810699

Novikova, I., Hennelly, S., and Sanbonmatsu, K. (2013). Tackling Structures of
Long Noncoding RNAs. Ijms 14 (3), 23672–23684. doi:10.3390/ijms141223672

Pichler, M., Rodriguez-Aguayo, C., Nam, S. Y., Dragomir, M. P., Bayraktar, R.,
Anfossi, S., et al. (2020). Therapeutic Potential of FLANC, a Novel Primate-
specific Long Non-coding RNA in Colorectal Cancer. Gut 69 (6), 1818–1831.
doi:10.1136/gutjnl-2019-318903

Ritchie, M. E., Phipson, B.,Wu, D., Hu, Y., Law, C.W., Shi, W., et al. (2015). Limma
powers Differential Expression Analyses for RNA-Sequencing and Microarray
Studies. Nucleic Acids Res. 43 (15), e47. doi:10.1093/nar/gkv007

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 (10),
353–358. doi:10.1016/j.cell.2011.07.014

Shu, D., Xu, Y., and Chen, W. (2020). Knockdown of lncRNA BLACAT1 Reverses
the Resistance of Afatinib to Non-small Cell Lung Cancer via Modulating
STAT3 Signalling. J. Drug Target. 28 (9), 300–306. doi:10.1080/
1061186X.2019.1650368

Siegel, R. L., Miller, K. D., Fuchs, H. E., and Jemal, A. (2021). Cancer Statistics,
2021. CA A. Cancer J. Clin. 71 (1), 7–33. doi:10.3322/caac.21654

Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette,
M. A., et al. (2005). Gene Set Enrichment Analysis: A Knowledge-Based
Approach for Interpreting Genome-wide Expression Profiles. Proc. Natl.
Acad. Sci. 102 (20), 15545–15550. doi:10.1073/pnas.0506580102

Wang, J., Liu, X., Wu, H., Ni, P., Gu, Z., Qiao, Y., et al. (2010). CREB Up-Regulates
Long Non-coding RNA, HULC Expression through Interaction with

microRNA-372 in Liver Cancer. Nucleic Acids Res. 38 (11), 5366–5383.
doi:10.1093/nar/gkq285

Wang, M., Zheng, S., Li, X., Ding, Y., Zhang, M., Lin, L., et al. (2020). Integrated
Analysis of lncRNA-miRNA-mRNA ceRNA Network Identified lncRNA
EPB41L4A-AS1 as a Potential Biomarker in Non-small Cell Lung Cancer.
Front. Genet. 11 (r8), 11. doi:10.3389/fgene.2020.511676

Wang, T., Xing, Y., Meng, Q., Lu, H., Liu, W., Yan, S., et al. (2019). Mammalian
Eps15 Homology Domain 1 Potentiates Angiogenesis of Non-small Cell Lung
Cancer by Regulating β2AR Signaling. J. Exp. Clin. Cancer Res. 38 (19), 174.
doi:10.1186/s13046-019-1162-7

Wang, X., Yin, H., Zhang, L., Zheng, D., Yang, Y., Zhang, J., et al. (2019). The
Construction and Analysis of the Aberrant lncRNA-miRNA-mRNA Network
in Non-small Cell Lung Cancer. J. Thorac. Dis. 11 (26), 1772–1778.
doi:10.21037/jtd.2019.05.69

Wu, Y. L., Zhou, C., Hu, C. P., Feng, J., Lu, S., Huang, Y., et al. (2014). Afatinib
versus Cisplatin Plus Gemcitabine for First-Line Treatment of Asian Patients
with Advanced Non-small-cell Lung Cancer Harbouring EGFR Mutations
(LUX-Lung 6): an Open-Label, Randomised Phase 3 Trial. Lancet Oncol. 15
(r4), 213–222. doi:10.1016/S1470-2045(13)70604-1

Xiao, Y., Xiao, T., Ou, W., Wu, Z., Wu, J., Tang, J., et al. (2020). LncRNA SNHG16
as a Potential Biomarker and Therapeutic Target in Human Cancers. Biomark.
Res. 8 (5), 41. doi:10.1186/s40364-020-00221-4

Xu, Y., Gao, X., and Wang, Z. (2014). Nonparametric Method of Estimating
Survival Functions Containing Right-Censored and Interval-Censored Data.
Sheng Wu Yi Xue Gong Cheng Xue Za Zhi 31 (22), 267–272.

Yao, Z., Fenoglio, S., Gao, D. C., Camiolo, M., Stiles, B., Lindsted, T., et al. (2010).
TGF- IL-6 axis Mediates Selective and Adaptive Mechanisms of Resistance to
Molecular Targeted Therapy in Lung Cancer. Proc. Natl. Acad. Sci. 107 (23),
15535–15540. doi:10.1073/pnas.1009472107

Yu, G., Wang, L.-G., Han, Y., and He, Q.-Y. (2012). clusterProfiler: an R Package
for Comparing Biological Themes Among Gene Clusters. OMICS: A J. Integr.
Biol. 16 (16), 284–287. doi:10.1089/omi.2011.0118

Yu, Y., and Ren, K. (2021). Five Long Non-coding RNAs Establish a Prognostic
Nomogram and Construct a Competing Endogenous RNA Network in the
Progression of Non-small Cell Lung Cancer. BMC Cancer 21 (24), 457.
doi:10.1186/s12885-021-08207-7

Yuan, J., Song, Y., Pan, W., Li, Y., Xu, Y., Xie, M., et al. (2020). LncRNA SLC26A4-
AS1 Suppresses the MRN Complex-Mediated DNA Repair Signaling and
Thyroid Cancer Metastasis by Destabilizing DDX5. Oncogene 39 (4),
6664–6676. doi:10.1038/s41388-020-01460-3

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 (30), 3068–3079.
doi:10.1111/cas.13764

Zhu, S., Chen, C.-Y., and Hao, Y. (2021). LncRNA KCNQ1OT1 Acts as miR-
216b-5p Sponge to Promote Colorectal Cancer Progression via Up-
Regulating ZNF146. J. Mol. Histol. 52 (29), 479–490. doi:10.1007/
s10735-020-09942-0

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 © 2021Wang, Yang, Li, Xing, Huang, Zhang, Bu and Ge. 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 November 2021 | Volume 12 | Article 75859113

Wang et al. lncRNA–miRNA–mRNA Networks of EGFR-TKIs Resistance

https://doi.org/10.1016/j.omtn.2019.10.047
https://doi.org/10.1016/j.mayocp.2019.01.013
https://doi.org/10.1038/s41388-019-1099-5
https://doi.org/10.1038/s41419-020-2683-x
https://doi.org/10.1007/s00432-020-03161-6
https://doi.org/10.1080/15384101.2018.1496745
https://doi.org/10.1093/nar/gkz804
https://doi.org/10.7150/ijms.49730
https://doi.org/10.1016/j.omtn.2019.02.010
https://doi.org/10.1089/dna.2018.4462
https://doi.org/10.1056/NEJMoa0909530
https://doi.org/10.1056/NEJMoa0909530
https://doi.org/10.1056/NEJMoa0810699
https://doi.org/10.3390/ijms141223672
https://doi.org/10.1136/gutjnl-2019-318903
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1016/j.cell.2011.07.014
https://doi.org/10.1080/1061186X.2019.1650368
https://doi.org/10.1080/1061186X.2019.1650368
https://doi.org/10.3322/caac.21654
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1093/nar/gkq285
https://doi.org/10.3389/fgene.2020.511676
https://doi.org/10.1186/s13046-019-1162-7
https://doi.org/10.21037/jtd.2019.05.69
https://doi.org/10.1016/S1470-2045(13)70604-1
https://doi.org/10.1186/s40364-020-00221-4
https://doi.org/10.1073/pnas.1009472107
https://doi.org/10.1089/omi.2011.0118
https://doi.org/10.1186/s12885-021-08207-7
https://doi.org/10.1038/s41388-020-01460-3
https://doi.org/10.1111/cas.13764
https://doi.org/10.1007/s10735-020-09942-0
https://doi.org/10.1007/s10735-020-09942-0
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

	Identification of lncRNA–miRNA–mRNA Networks Linked to Non-small Lung Cancer Resistance to Inhibitors of Epidermal Growth F ...
	Background
	Materials and Methods
	Data Sources
	Profiles of lncRNA, miRNA, and mRNA Expression
	Analysis of Enrichment Functions and Pathways
	Prediction of Targets of miRNAs and lncRNAs
	Construction of lncRNA–miRNA–mRNA Regulatory Networks
	Survival Analysis Based on the ceRNA Regulatory Network
	Cell Culture
	Quantitative Real-Time PCR
	Cell Viability Assay
	Statistical Analysis

	Results
	Expression of lncRNAs, miRNAs, and mRNAs in NSCLC
	DEG Enrichment in GO Processes and KEGG Pathways
	Construction of a Transcriptional Regulatory Network Linking lncRNAs, miRNAs, and mRNAs
	Correlations Among ceRNAs and Their Association With Survival
	Validation of Representative Core CeRNA Regulatory Sub-networks in Human NSCLC Cell Lines

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


