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Abstract

Platinum resistance is a common cause of chemotherapy failure in lung adenocarcinoma (LUAD).
Competing endogenous RNAs (ceRNAs), which function by competitively binding to miRNAs, can
influence drug response. However, the regulatory mechanisms of ceRNAs underlying chemoresistance in
LUAD remain largely unknown. Here, we proposed an integrated pipeline combining limma algorithm,
miRNA binding prediction algorithm, expression correlation model and experimental support to identify
functional IncRNA-miRNA-mRNA competing triplets associated with resistance, which showed variable
competing patterns between resistant and sensitive cells. We found that a minority of altered ceRNAs
overlapped in multiple types of cisplatin-resistant LUAD cell lines and were involved in biological
processes known to mediate cancer drug response. We identified them as core resistance factors,
forming a novel IncRNA-mediated resistance-related ceRNA network, which indicated a potential
mechanism. Single-cell analysis revealed that these resistance-related ceRNAs regulated the functional
states of LUAD cells, and survival analysis showed that they contributed to the prognosis of LUAD
patients. The IncRNA regulators H19 and MIR193BHG were found to correlate with cisplatin activity in
LUAD cell lines, and dysregulation of their expression triggered disorders of cisplatin response-related
functions through multiple ceRNA regulatory axes in this network, suggesting them as potential
resistance biomarkers and therapeutic targets. In summary, the integrated pipeline and the resulting data
serve as a valuable resource for understanding the ceRNA mechanisms of chemoresistance and
improving chemotherapy response.
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Introduction

Lung adenocarcinoma (LUAD) is the major
pathologic subtype of non-small cell lung cancer
(NSCLC) and has a poor 5-year survival rate [1, 2].
Since LUAD is usually diagnosed at an advanced
stage, most patients require systemic chemotherapy.
Platinum compounds, such as cisplatin (CDDP), are
first-line chemotherapeutic agents for LUAD [3].
However, the efficacy of chemotherapy is severely
limited by the emergence of drug resistance. There is
increasing evidence that the mechanisms of CDDP

resistance are complex and multifactorial [4, 5].
Several factors (including protein-coding and
non-coding RNAs) have been proposed to contribute
to CDDP resistance by affecting hallmarks of drug
resistance, such as increased DNA damage repair,
altered proliferation, and dysregulation of drug
transport [6-8]. However, currently used CDDP-based
chemotherapy combination strategies are far from
perfect for LUAD patients due to limited efficacy, and
there are almost no available methods to effectively
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overcome CDDP resistance. Therefore, it is imperative
to elucidate novel mechanisms of CDDP resistance,
and develop novel resistance biomarkers and
therapeutic targets to improve the efficacy of LUAD
treatment.

Long non-coding RNAs (IncRNAs), a class of
transcripts more than 200 nucleotides in length, exert
their functions through multiple mechanisms, such as
influencing chromatin modification, controlling
transcription and translation, as well as competing
with mRNAs for microRNA (miRNA) binding [9, 10].
Some IncRNAs containing miRNA response elements
(MREs) can act as competing endogenous RNAs
(ceRNAs) to regulate the expression of protein-coding
messenger RNAs (mRNAs) by adsorbing miRNAs to
relieve miRNA-mediated target repression [11, 12].
Rather than being isolated from each other, genes
often interact closely when they function. Emerging
evidence has demonstrated that IncRNA-mediated
ceRNA interactions are not only of fundamental
importance in physiological conditions, but also
relevant to the pathogenesis of various cancers [13, 14]
and may also influence cancer therapy [15-17].
Despite advances in ceRNAs, their potential roles in
chemoresistance in LUAD are not fully understood.

With the development of pharmacogenomics,
the accumulation of a large amount of cancer
molecular profiling and drug response data has
facilitated the exploration of the mechanism of
chemoresistance. In the present study, we explored
chemoresistance in LUAD from the perspective of the
ceRNA system. To identify functional ceRNAs
associated with drug resistance, we proposed a
multi-step pipeline combining a computational
framework and experimental support (the workflow
diagram is shown in Supplementary Fig. S1). We
constructed a novel IncRNA-mediated ceRNA
network consisting of core IncRNA-miRNA-mRNA
competing triplets associated with CDDP resistance in
LUAD, which we further validated by independent
datasets. We comprehensively analyzed the ceRNA
network and reviewed reliable publications. These
results demonstrated how ceRNAs could be used as
resistance biomarkers and therapeutic targets. This
study provides new insights into the ceRNA
mechanisms underlying chemoresistance and aids in
improving the benefit of cancer chemotherapy.

Materials and Methods

Data collection and preprocessing

We obtained gene expression profiles
(GSE43493, GSE108139) [18, 19] and miRNA
expression profiles (GSE43249, GSE84200) [18, 20] of
CDDP-resistant LUAD cell lines (A549R, H23R) and

matched CDDP-sensitive LUAD cell lines (A549S,
H23S) from the Gene Expression Omnibus (GEO)
database. Using the platform annotation file, the
probes were matched to gene symbols. The
unmatched probes and one-to-many probe-gene
matches were removed. When different probes were
mapped to the same gene, the mean value of these
different probes was used as the final expression of
this gene. Bulk RNA-seq-based gene expression
profiling data of 535 LUAD tumor tissue samples and
corresponding clinical information (specifically,
overall survival time) of LUAD patients were
obtained from The Cancer Genome Atlas (TCGA)
project. Gene expression was transformed into
Transcripts Per Kilobase of exon model per Million
mapped reads (TPM) format to eliminate the effects of
sequencing depth and gene length. In this study, all
expression data were log2-transformed. The gene
expression profiles were divided into IncRNA and
mRNA expression according to the gene annotations
in GENCODE [21].

We obtained human IncRNA and mRNA
sequences from GENCODE, and human mature
miRNA sequences from miRBase [22].
Experiment-supported miRNA-IncRNA interactions
were obtained from starBase (v3.0) database [23],

which provides Argonaute (AGO) crosslinking
immunoprecipitation sequencing (CLIP-seq)
experiment  data.  Experimentally  supported

miRNA-mRNA interactions were obtained from two
high-quality miRNA target databases, TarBase (v8)
[24] and miRTarBase (v9.0) [25], which provide
manually curated collections of miRNA targets
supported by Luciferase reporter assay, Western blot
assay, qRT-PCR, etc.

We obtained EXP0066 (GSE69405) and EXP0067
(GSE85534) single-cell datasets concerning LUAD
from the cancer single-cell state atlas (CancerSEA)
database [26], which contained cancer-related
scRNA-seq data and gene signatures of 14 functional
states of cancer cells, including angiogenesis,
proliferation, invasion, metastasis, apoptosis, cell
cycle, differentiation, DNA damage, DNA repair,
EMT, hypoxia, inflammation, quiescence and
stemness. These gene signatures were compiled by
hand from public databases (such as MSigDB,
HCMDB, Cyclebase) and relevant publications.

We downloaded CDDP activity data, measured
by the half-maximal inhibitory concentration (IC50),
from the largest public pharmacogenomics database,
the Genomics of Drug Sensitivity in Cancer (GDSC),
and corresponding bulk RNA-seq-based gene
expression data of LUAD cell lines from the Cancer
Cell Line Encyclopedia (CCLE). Ultimately, data from
48 common LUAD cell lines with no missing values in

https://lwww.jcancer.org



Journal of Cancer 2025, Vol. 16

722

the GDSC2 and CCLE datasets were used for further
analysis.

Genome-wide identification of dysregulated
molecules

We applied linear models and classical Bayesian
test as implemented in the limma R package [27] to
examine molecular expression differences between
CDDP-resistant LUAD cell lines (A549R, H23R) and
matched CDDP-sensitive LUAD cell lines (A549S,
H23S). In the preliminary screening, more direct
evidence of statistical significance can provide more
information to help us detect possible differences.
Therefore, IncRNAs and mRNAs with P < 0.05 and
fold change (FC) > 1.5, and miRNAs with P < 0.05,
were considered to be significantly differentially
expressed. Next, the overlap of differentially
expressed molecules with consistent expression
patterns between two types of LUAD cell lines (A549
and H23) were identified as candidate dysregulated
molecules potentially associated with CDDP
resistance in LUAD for further analysis, including
dysregulated IncRNAs (DIncRNAs), miRNAs
(DmiRNAs) and mRNAs (DmRNAs).

Identification of functional
IncRNA-miRNA-mRNA competing triplets
associated with drug resistance

In the current study, we systematically identified
the competitive crosstalk among RNA transcripts
involved in drug resistance. First, we predicted
miRNA binding sites on the whole IncRNA sequences

using four computational methods, including
TargetScan, miRanda, PITA and RNAhybrid with
default parameters [28]. Next, the predicted

miRNA-IncRNA interactions were further filtered
using AGO-CLIP-seq experiment-supported
interaction data in starBase (v3.0) database. The
intersections with starBase (v3.0) were selected as
candidate miRNA-IncRNA interactions. We obtained
high-confidence miRNA-mRNA interactions from
TarBase (v8) and miRTarBase (v9.0), validated by
strong experimental methods. The candidate
DIncRNAs, DmiRNAs, DmRNAs were mapped to the
miRNA-IncRNA interaction dataset and
miRNA-mRNA interaction dataset. Based on the
principle of miRNA-binding interaction, only
DmiRNA-DIncRNA/DmRNA  interaction  pairs
whose two molecules were dysregulated molecules
with expression levels that changed in opposite
directions in CDDP-resistant LUAD cells were
identified as active interactions for further analysis.
Then, active DIncRNA-DmiRNA and DmRNA-
DmiRNA interactions sharing the same DmiRNA
were merged into a DIncRNA-DmiRNA-DmRNA

triplet. According to the ceRNA mechanism, the
expression of IncRNA and mRNA in a ceRNA
interaction is positively correlated with each other.
Thus, based on gene expression data of LUAD tumor
samples obtained from the TCGA project, functional
ceRNA interactions were further identified by
evaluating the co-expression correlation of
IncRNA-mRNA  pairs. For each candidate
DIncRNA-DmRNA pair, the expression values of
IncRNA i and mRNA j across n LUAD tumor samples
were defined as L(i) = (i1, li2, li3, ---, lin) and M(§) =
(mjl,mjz,m]g, ...,mjn), respectively. Since malignant
solid tumor tissues consist not only of tumor cells but
also normal cells associated with the tumor
microenvironment, we calculated the tumor purity for
each tumor sample based on the ESTIMATE
algorithm, which uses gene expression signatures to
infer the proportion of stromal and immune cells in
the tumor sample [29]. The tumor purity scores across
n  tumor samples were defined as T =
(ty,t2,t3, ..., ty). Then, a co-expression correlation
model based on tumor sample data was developed to
calculate the partial correlation coefficient (PCC)
between the expression of IncRNA i and mRNA j, by
considering tumor purity as a co-variable. The
detailed formula was displayed as follows:
Rim — Rir X Ry
V1=Rir x 1 - Ry

Where Ry , Ryr and Ry are the Pearson
correlation coefficients between the expression of
IncRNA i and mRNA j, the expression of IncRNA i
and tumor purity, and the expression of mRNA j and
tumor purity, respectively. In addition, we obtained
the p-value for the PCC, defined as P(ij). The
DIncRNA-DmMRNA pairs with correlation PCC > 0.2
and P < 0.05 were considered to be co-expressed pairs.

DIncRNA and DmRNA interacting with a
common DmiRNA and co-expressed, was eventually
identified as a functional DIncRNA-DmiRNA-
DmRNA competing triplet associated with CDDP
resistance in LUAD.

PCC(ij) =

Construction of drug resistance-related
ceRNA network

This study investigated drug resistance using a
ceRNA system that depends on competition for
miRNA binding between diverse RNA species. After
assembling all candidate functional DIncRNA-
DmiRNA-DmRNA competing triplets, a CDDP
resistance-related ceRNA network was constructed in
LUAD. This network was visualized using Cytoscape
software, where nodes represent DIncRNAs,
DmiRNAs and DmRNAs, and edges represent
regulatory relationships between them.
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Biological function analysis

We performed Gene Ontology (GO) functional
annotation and enrichment analysis on downstream
target mRNAs in ceRNA interactions to investigate
the functional roles of upstream IncRNA regulators
and the ceRNA network, using the Database for
Annotation, Visualization and Integrated Discovery
(DAVID) [30], which is an online analysis tool with
the human genome as a reference set and Fisher's
exact test to calculate statistical significance.

Analysis of cancer cell functional states at
single-cell level

We used cancer-related scRNA-seq data and
gene signatures of 14 cancer cell functional states
obtained from CancerSEA database to investigate the
correlation of the ceRNA network with the functional
states of LUAD cells. Based on the corresponding
signatures, the scores of functional state activities
across cancer single cells in LUAD single-cell datasets
were evaluated by Gene Set Variation Analysis
(GSVA) using the GSVA package in R [31], followed
by Spearman’s rank correlation test to determine the
correlations between the expression of downstream
target mRNAs in the ceRNA network and the
functional state activities of cancer cells (correlation R
> 0.3 and P < 0.05).

Survival analysis

We collected clinical follow-up information on
LUAD patients from the TCGA project for survival
analysis. Patients without overall survival data were
excluded, and 522 LUAD samples were ultimately
retained. A risk score model was developed to
evaluate the association between ceRNA interaction
and survival, which took into account both the
strength of association and the positive/negative
association between the expression of each molecule
in the IncRNA-mRNA competing interaction pair and
overall survival time. For each LUAD sample, the
integrated risk score of ceRNA interaction was
calculated based on the linear combination of IncRNA
and mRNA expression values weighted by Cox
regression coefficients, as follows:

n

Integrated risk score = Z r;Exp (i)
i=1

where 7; is the Cox regression coefficient of
molecule i in the ceRNA interaction, from the
univariate Cox regression analysis that evaluated the
association between the expression of molecule i and
overall survival time, # is the number of molecules in
the ceRNA interaction, Exp (i) is the expression value

of molecule i in corresponding tumor sample.

Further, the median integrated risk score for all
tumor samples was used as a cut-off to classify
samples into two groups. Kaplan-Meier survival
analysis was performed on the two groups, and
statistical significance was assessed using the log-rank
test, P < 0.05.

Drug activity analysis

GDSC CDDP IC50 values and CCLE IncRNA
expression data of LUAD cell lines were integrated for
investigation. IC50 is an important indicator of the
anti-tumor activity of a drug, and a higher IC50 value
indicates a lower sensitivity of tumor cells to the drug.
Pearson correlation analysis was carried out to assess
the correlation between the expression of upstream
IncRNAs in the ceRNA network and CDDP IC50
value (correlation R > 0.3 and P < 0.05). The positive
correlation implies that IncRNA high expression is
potentially resistant to CDDP, and vice versa.

Results

Identification of dysregulated molecules in
CDDP-resistant LUAD cells

To investigate the molecular changes
contributing to CDDP resistance in LUAD, we used
the limma algorithm to screen differentially expressed
IncRNAs, miRNAs, mRNAs between CDDP-resistant
LUAD cell lines (A549R, H23R) and matched
CDDP-sensitive LUAD cell lines (A549S, H23S) (Fig.
1A-C). A total of 19 DIncRNAs, 29 DmiRNAs and 106
DmRNAs were identified as candidate dysregulated
molecules potentially associated with CDDP
resistance in LUAD for further study, which were
overlapping and had consistent expression patterns
between A549 and H23 cell lines. These included 10
upregulated and 9 downregulated IncRNAs, 8
upregulated and 21 downregulated miRNAs, 49
upregulated and 57 downregulated mRNAs in both
AB49R and H23R resistant cell lines (Fig. 1D-F).

Non-coding RNAs often function by regulating
the expression of protein-coding mRNAs, involved in
various biological processes. We performed
functional enrichment analysis on candidate
DmRNAs using DAVID software, separately for
upregulated and downregulated mRNAs in
CDDP-resistant LUAD cell lines. The analysis results
showed that these DmRNAs were significantly
enriched in multiple GO biological process (BP) terms,
and by reviewing reliable publications, we found that
the most significantly enriched GO functions (Fig. 2A)
were closely associated with the occurrence,
progression, and treatment response of LUAD. For
example, the significant GO functions of upregulated
mRNAs included cell adhesion [32], sprouting
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angiogenesis [33], response to hypoxia [34, 35],
positive regulation of protein phosphorylation [36]
(Fig. 2B), and the significant GO functions of
downregulated mRNAs included positive regulation
of apoptotic process [37, 38], activation of
cysteine-type endopeptidase activity involved in
apoptotic process [37] (Fig. 2C).

Identification of ceRNA interactions
associated with CDDP resistance in LUAD

CDDP resistance is a complex process, so we
cannot attribute it to a single factor. Dysregulation of
ceRNA interactions may be one of the mechanisms
leading to CDDP resistance. To further understand
the roles of DIncRNAs, DmiRNAs and DmRNAs in
CDDP resistance in LUAD and to clarify the
relationships among them, we systematically
identified functional DIncRNA-DmiRNA-DmRNA
competing triplets by incorporating miRNA-binding
prediction algorithm, experimental support, and
expression correlation model.

Based on the common DmiRNA interactions and
co-expression correlations between DIncRNAs and

DmRNAs, we identified 10 DIncRNA-DmiRNA-
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DmRNA competing triplets associated with CDDP
resistance in LUAD (Table 1). In these
IncRNA-mediated competing triplets, IncRNAs
played key regulatory roles, resulting in
corresponding changes in miRNA and mRNA
expression. We found that their competing patterns
were  IncRNA-up/miRNA-down/mRNA-up in
CDDP-resistant LUAD cells compared to sensitive
cells (Fig. 3A), involving 2 upregulated IncRNAs
(H19, MIR193BHG), 5 downregulated miRNAs
(miR-103a-3p, miR-148a-3p, miR-152-3p, miR-29a-3p,
miR-29¢-3p) and 5 upregulated mRNAs (ENO3,
SLC2A1, HSP90AA1, LOXL2, KPNA4) (Fig. 3B).

Table 1. The identified DIncRNA-DmRNA competing interaction
pairs with shared DmiRNAs and co-expression correlations of
PCC > 0.2 and P < 0.05.

IncRNA-mRNA Shared miRNA Co-expression correlation
H19-ENO3 miR-103a-3p PCC=0.23, P=2.9E-08
H19-SLC2A1 miR-148a-3p PCC=0.21, P=4.8E-07
H19-HSP90AA1 miR-148a-3p, miR-152-3p  PCC=0.21, P=7.3E-07
H19-LOXL2 miR-29a-3p, miR-29c-3p PCC=0.31, P=3.2E-14

MIR193BHG-LOXL2
MIR193BHG-KPNA4

miR-29a-3p, miR-29c-3p
miR-29a-3p, miR-29c-3p

PCC=0.30, P=2.1E-12
PCC=0.23, P=8.6E-08

D
IncRNA_upregulate IncRNA_downregulate
threshold
Nt 328 10 291 114 9 488
E
miRNA_upregulate miRNA_downregulate
threshold
Nesinin 56 8 39 65 21 111
F
mRNA_upregulate mRNA_downregulate
threshold
il 649 49 1075 500 57 1045

tp

Figure 1. Identification of dysregulated molecules in CDDP-resistant LUAD cells. (A-C) Volcano plots show differentially expressed IncRNAs, miRNAs, mRNAs between
CDDP-resistant LUAD cell lines (A549R, H23R) and matched CDDP-sensitive LUAD cell lines (A549S, H23S). (D-F) Venn diagrams show the overlap of differentially expressed
molecules between A549 and H23 cell line, separately for upregulated and downregulated IncRNAs, miRNAs, mRNAs in both A549R and H23R resistant cell lines. Yellow circle

represents A549R cell line, purple circle represents H23R cell line.
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Figure 2. GO functional enrichment of DmRNAs in CDDP-resistant LUAD cells, separately for upregulated and downregulated mRNAs. (A) The top 10 significantly enriched
GO BP terms with P < 0.1 of candidate DmRNA:s. Significant enrichment results for (B) upregulated and (C) downregulated mRNAs are shown, respectively. Gene count: the
number of DmRNAs enriched in the GO term. Gene ratio: the proportion of DmRNAs enriched in the GO term to the total DmRNAs. P.Value: the enrichment significance

p-value. BP: biological process.

Construction and functional annotation of the
IncRNA-mediated LUAD CDDP
resistance-related ceRNA network (LLCRCN)

It was assumed that IncRNAs and mRNAs in
one competing triplet could compete for binding to

miRNAs within other competing triplets. Cross-talk
between = ceRNAs  forms  the  competing
regulatory network that plays a critical role in
physiological and pathological processes [39]. To
further explore the ceRNA mechanism underlying
CDDP resistance in LUAD, we constructed a
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IncRNA-mediated LUAD CDDP resistance-related
ceRNA network (LLCRCN) by assembling the above
identified DIncRNA-DmiRNA-DmRNA competing
triplets associated with resistance, which contained 21
edges among 12 molecules (Fig. 4A).

In the LLCRCN, the upstream IncRNAs H19 and
MIR193BHG, acting as ceRNAs, regulated multiple
miRNA-mRNA axes. The imprinted oncofetal
IncRNA H19, which normally controls mRNA
expression by acting as a miRNA sponge, has been
reported to be an oncogene in a variety of cancers,

A

including LUAD, and a powerful therapeutic target
for counteracting resistance to chemotherapy and
radiotherapy [40, 41]. The hypoxia-inducible IncRNA
MIR193BHG-mediated ceRNA network was reported
to be one of the biological regulatory pathways in
LUAD, MIR193BHG wupregulation affected the
therapeutic efficacy and was associated with poor
prognosis of LUAD [42]. These previous findings
highlighted that the two key IncRNAs play crucial
roles in LUAD through the ceRNA mechanism, which
further supports our results.

IncRNA direct regulation
miRNA e indirect regulation
mRNA

— A549

— H23

3 <1log2(FC) <3

Figure 3. LncRNA-mediated competing triplets associated with CDDP resistance in LUAD exhibit variable competing patterns in resistant cells compared to matched sensitive
cells. (A) 10 identified DIncRNA-DmiRNA-DmRNA competing triplets. Diamonds, squares and ovals represent IncRNAs, miRNAs and mRNAs, respectively. Orange and green
shapes represent upregulated and downregulated molecules in CDDP-resistant LUAD cells, respectively. Solid lines represent direct interaction relationships between miRNAs
and IncRNAs/mRNAs. Dashed lines connect co-expressed IncRNAs and mRNA:s in indirect interaction relationships. (B) Differences in the expression (log2(FC) value) of each
molecule in the identified competing triplets between CDDP-resistant and CDDP-sensitive LUAD cell lines, separately for A549R/S and H23R/S. Limma analysis, P < 0.05.
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Through GO functional analysis of downstream
target mRNAs, the LLCRCN was identified to be
involved in biological processes related to drug
response, such as response to hypoxia, cell adhesion,
sprouting angiogenesis, epithelial to mesenchymal
transition (EMT), regulation of apoptotic process,
glycolytic process (Fig. 4B). Notably, accumulating
evidence has demonstrated that dysregulation of
these biological processes is a major contributor to
CDDP resistance [35, 43, 44].

The LLCRCN regulates the functional states of
LUAD cells

Cross-talk between ceRNAs represents an
intricate transcriptional regulatory network that
provides  insight into how  intermolecular
relationships dictate cellular behavior. Previous
studies have shown that differences in the activities of
cancer cell functional states can lead to different
sensitivities of cancer cells to drug treatment [45, 46].
To further validate the role of the LLCRCN, we next
investigated whether the LLCRCN regulates
LUAD-related cellular processes. We analyzed the
correlation between the expression of downstream
target mRNAs in the LLCRCN and the functional
state activities of LUAD cells at single-cell level based
on CancerSEA data. The analysis results showed that
all target mRNAs in the LLCRCN were significantly
correlated with the functional states of LUAD cancer
cells (Fig. 5A, average correlation in two LUAD
scRNA-seq datasets). Specifically, HSP90AAI and
ENO3 were significantly positively correlated with
cell cycle, DNA damage, DNA repair, invasion and
proliferation of LUAD cancer cells; LOXL2 was
significantly positively correlated with angiogenesis,
EMT, hypoxia, inflammation, metastasis and
quiescence of LUAD cancer cells; KPNA4 was
significantly positively correlated with metastasis of
LUAD cancer «cells; SLC2A1 was significantly
positively correlated with proliferation and stemness
of LUAD cancer cells (Fig. 5B-C). Collectively, these
results indicated that the LLCRCN regulated the
functional states of LUAD cells, further suggesting
that these identified resistance-related ceRNAs may
play important roles in the regulation of drug
response in LUAD.

The LLCRCN contributes to the prognosis of
LUAD patients

Drug response is generally associated with the
prognosis of cancer patients. Therefore, we reasoned
that if the identified ceRNAs are involved in the
regulation of drug response, then they would likely be
able to stratify prognosis. We performed Kaplan-
Meier survival analysis to evaluate the prognostic

performance of ceRNAs based on TCGA data. The
analysis results showed that all ceRNA interaction
pairs in the LLCRCN could successfully distinguish
between two groups of LUAD patients with different
clinical outcomes (Fig. 6, P < 0.05). These results
indicated that the LLCRCN was closely associated
with the prognosis of LUAD patients, further
reflecting these identified resistance-related ceRNAs
might act as potential signatures of drug response in
LUAD.

LncRNA regulators in the LLCRCN are
correlated with CDDP activity in LUAD cell
lines

In the competing regulation, IncRNAs play
prominent roles, leading to corresponding changes in
miRNA and mRNA expression. Here, H19 and
MIR193BHG were identified as upstream IncRNA
regulators in the LLCRCN, and they were found to be
upregulated in CDDP-resistant LUAD cells compared
to sensitive controls (Fig. 7A, FC > 1.5 and P < 0.05)
and affected CDDP response-related functions
through multiple IncRNA-miRNA-mRNA regulatory
axes. To further validate the functional relevance of
these key IncRNAs in drug response, we analyzed the
correlation between IncRNA expression and drug
activity. The expression of each IncRNA in the
LLCRCN was performed by Pearson correlation
analysis with CDDP IC50 values. The analysis result
showed that HI19 and MIR193BHG were both
positively correlated with CDDP IC50 values in
LUAD cell lines (Fig. 7B, R > 0.3 and P < 0.05),
indicating that high expression of these key IncRNAs
may contribute to CDDP resistance in LUAD, and also
further suggesting that their potential as resistance
biomarkers and therapeutic targets for avoiding and
reversing resistance.

Dissection of potential ccRNA mechanisms in
drug resistance

Through manual literature mining, we found
that approximately 83% of the molecules in the
LLCRCN have been verified to be associated with
CDDP resistance in previous studies (see
Supplementary Table S1), which further supports our
identified results.

A previous study showed that hypoxia-induced
upregulation of H19 led to CDDP resistance in
NSCLC [35]. It has been reported that miR-29a-3p and
miR-29¢-3p act as tumor suppressors, and their
downregulation can decrease the sensitivity of
NSCLC cells to CDDP [47, 48]. Upregulated LOXL2
has been reported to enhance cell adhesion-
dependent drug resistance [49] and to be associated
with metastasis and CDDP chemoresistance of
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hepatocellular carcinoma [50]. In this study, we
identified that H19, acting as a ceRNA, regulated
miR-29a-3p-LOXL2 axis and miR-29¢-3p-LOXL2 axis,
and the ceRNA mechanism of CDDP resistance in
LUAD might be that highly expressed H19 was
targeted by more miRNAs and less free miRNAs
repressed LOXL2 expression to develop resistance
(Fig. 8).

In addition, some other molecules in the
LLCRCN have also been reported to be associated
with CDDP resistance in lung cancer and other
cancers. For example, downregulation of miR-152-3p
and miR-148a-3p was found to be associated with
CDDP resistance in lung cancer [20, 51] and ovarian
cancer [20, 52]. Upregulation of HSP90AA1 has been
shown to increase CDDP resistance in head and neck
cancer [53] and osteosarcoma [54]. Glycolysis-related
gene SLC2A1 was reported to be a risk factor for
CDDP response in patients with LUAD and be

A

B IncRNA

SLC2A1

associated with CDDP resistance [55]. KPNA4 was
identified as a promoter of CDDP resistance in gastric
cancer [56] and cutaneous squamous cell carcinoma
[57]. Our results are consistent with these previous
research reports.

Therefore, based on the above results, we
suggest that the LLCRCN should be involved in the
regulation of CDDP resistance in LUAD. In the
LLCRCN, the aberrant expression of upstream
IncRNA regulators H19 and MIR193BHG may result
in the dysregulation of downstream target mRNA
expression by competing for miRNA binding, and
ultimately lead to disorders of drug response-related
functions. Understanding the novel mechanisms of
drug resistance allows the development of novel
therapies that improve the effectiveness of
chemotherapy and clinical outcomes of cancer
treatment.

GO_BPterm
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positive regulation of protein phosphorylation
regulation of apoptotic process

regulation of protein ubiquitination

cellular response to glucose starvation
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sprouting angiogenesis

epithelial to mesenchymal transition

positive regulation of epithelial to mesenchymal transition
protein import into nucleus

Figure 4. The LLCRCN is involved in biological processes related to drug response. (A) LLCRCN diagram. Orange and green nodes represent upregulated and downregulated
IncRNAs, miRNAs or mRNAs in CDDP-resistant LUAD cells, respectively. Solid and dashed lines represent direct and indirect interactions between molecules, respectively. (B)
The GO functional annotation of the target mRNAs indirectly regulated by the upstream IncRNAs in the LLCRCN. The colors in the Sankey diagram are used to distinguish
different nodes or connection paths. The links between nodes show the associative flow relationships, which are left-to-right directions, flowing from the source nodes to the

target nodes.
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. . significant therapeutic effect on LUAD, the emergence

Discussion of CDDP resistance is a major obstacle to successful

As one of the most prevalent malignancies treatment, and the molecular mechanisms need
worldwide, LUAD has already become a serious further investigation.

public health concern due to its poor prognosis.
Although CDDP-based chemotherapy has a
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Recently, the ceRNA theory has been proposed,
providing an opportunity to understand the
relationships between different molecules and the
regulatory mechanisms among them. Numerous
studies have shown that ceRNAs take part in the
regulation of cancer chemoresistance. We proposed
an integrated approach to identify the regulatory roles
of ceRNAs in drug resistance. We constructed a
significant IncRNA-mediated ceRNA network,
LLCRCN, potentially contributing to CDDP resistance
in LUAD, which indicates a possible novel
mechanism. The ceRNAs in the LLCRCN showed
aberrant expression in multiple types of
CDDP-resistant LUAD cell lines and were found to be
involved in biological processes known to mediate
drug response, such as cell adhesion, sprouting
angiogenesis, regulation of apoptotic process,
response to hypoxia. Single-cell analysis showed that
these resistance-related ceRNAs were positively
correlated with the functional state activities of LUAD
cancer cells, such as angiogenesis, cell cycle, DNA
repair, proliferation, metastasis, stemness, EMT,
hypoxia. Differences in the activities of these cancer
cell functional states may lead to different sensitivities
of LUAD cancer cells to CDDP-based chemotherapy.
These resistance-related ceRNAs were shown to be
closely associated with the prognosis of LUAD
patients, suggesting that the LLCRCN plays an
important role in LUAD. Moreover, by reviewing
reliable publications, we found that most of the
molecules in the LLCRCN have been reported to be
associated with CDDP resistance, and these previous
findings further support our conclusions.

In this study, we found that two key IncRNAs,
H19 and  MIR193BHG, regulate  multiple
miRNA-mRNA axes in the LLCRCN and correlate
with CDDP activity in LUAD cell lines. H19, which is
encoded by a gene located on human chromosome 11,
is normally expressed in the embryo, but is greatly
downregulated after birth and then reappears in
tumors [58]. Overexpression of H19 has been shown
to be associated with carcinogenesis, progression,
drug resistance and poor prognosis in various types
of cancer, including LUAD [40]. MIR193BHG is a
hypoxia-inducible IncRNA encoded by the
miR193b-host gene locus on chromosome 16, and
upregulation of MIRI93BHG might affect the
therapeutic efficacy and prognosis of LUAD [42].
Here, we revealed the potential H19/MIR193BHG-
mediated ceRNA mechanisms underlying CDDP
resistance in LUAD. Our results showed that
differences in individual response to CDDP might be
triggered by dysregulation of ceRNA expression.
When LUAD patients were treated with CDDP,
resistance usually occurred. During this process,

aberrant expression of IncRNA might lead to
dysregulation of mRNA expression by competing for
miRNA binding. Consequently, the LLCRCN was
disturbed, and further affecting some hallmark
functions of cancer drug resistance. That would make
these key IncRNAs as potential resistance biomarkers
and therapeutic targets to improve cancer treatment
outcomes.

In conclusion, not only direct regulation, but also
indirect stimuli, such as ceRNA, could alter individual
response to chemotherapy. CeRNAs represent an
additional layer of complexity in cancer
chemoresistance. This study provides a valuable
approach to identify functional ceRNAs associated
with resistance for further experimental validation
and clinical trials. Moreover, the idea of this study is
not limited to dissecting the regulatory roles of
ceRNAs in CDDP resistance in LUAD, but can also be
applied to investigate other cancer drug resistance. To
strengthen our approach, we will extend it to
multidrug resistance and combine other related
multi-omics data in our future study.
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