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Background: In the absence of targeted mutations and immune checkpoints, platinum-based 
chemotherapy remains a gold standard agent in the treatment of patients with lung squamous cell carcinoma 
(LUSC). However, cisplatin resistance greatly limits its therapeutic efficacy and presents challenges in 
the treatment of lung cancer patients. Therefore, the potential clinical needs for this research focus on 
identifying novel molecular signatures to further elucidate the underlying mechanisms of cisplatin resistance 
in LUSC. A growing body of evidence indicates that alternative splicing (AS) events significantly influence 
the tumor progression and survival of patients with LUSC. However, there are few systematic analyses of AS 
reported in LUSC. This study aims to explore the role of messenger RNA (mRNA), microRNA (miRNA), 
and AS in predicting prognosis in patients with cisplatin-resistant LUSC and provide potential therapeutic 
targets and drugs.
Methods: Gene expression and miRNA expression, using RNA sequencing (RNA-seq), and SpliceSeq 
data were downloaded from The Cancer Genome Atlas (TCGA) database. The least absolute shrinkage 
and selection operator (LASSO) Cox regression analysis were used to construct predictive models. Kaplan-
Meier survival analyses were used to evaluate patients’ prognosis. Single-sample gene set enrichment analysis 
(ssGSEA) conducted via the R package “GSEAbase” was used to evaluate the immune-related characteristics. 
Immunohistochemistry was used to examine protein expression. The Connectivity Map (CMap) database 
was used to screen for potential drugs. The 3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-di-phenytetrazoliumromide 
(MTT) assay was used to determine and calculate the half-maximal inhibitory concentration (IC50) of the 
drugs, sulforaphane and parthenolide.
Results: In this study, bioinformatics were used to identify mRNAs, miRNAs, and AS events related to 
response to cisplatin and to establish an integrated prognostic signature for 70 patients with LUSC and 
cisplatin resistance. The prognostic signature served as an independent prognostic factor with high accuracy 
[hazard ratio (HR) =2.346, 95% confidence interval (CI): 1.568–3.510; P<0.001], yielding an area under the 
curve (AUC) of 0.825, 0.829, and 0.877 for 1-, 3-, and 5-year survival, respectively. It also demonstrated high 
predictive performance in this cohort of patients with LUSC, with an AUC of 0.734, 0.767, and 0.776 for 1-, 
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Introduction

Lung cancer ranks third among all new cases of cancer and 
ranks first among all cancer-related deaths worldwide (1).  
It was estimated that approximately 238,340 new cases 
and 127,070 new deaths occurred in the United States in  
2023 (1). The most common type of lung cancer is non-
small cell lung cancer (NSCLC), which mainly includes 
lung adenocarcinoma (LUAD), lung squamous cell 

carcinoma (LUSC), and large cell cancer based on histology 
and pathogenesis (2). LUSC represents approximately 
30% of all lung cancer cases. Due to the high degree of 
malignancy and a lack of effective targeted therapeutic 
drugs, patients with LUSC have a poor prognosis, with a 
5-year survival rate of <15% (3,4). 

Currently, cisplatin is used as a first-line therapy for 
several cancers, including NSCLC (5). Cisplatin induces 
apoptosis of tumor cells through its effects on cell DNA 
damage where it forms inter- and intra-strand breaks (6,7). 
Unfortunately, although most patients initially respond to 
cisplatin treatment, chemotherapy resistance ultimately 
develops, leading to treatment failure and subsequent 
relapse (8-11). Therefore, a better understanding of the 
molecular mechanisms underlying cisplatin resistance in 
patients with LUSC is critical in devising more effective 
treatments. 

Alternative splicing (AS) refers to the process of 
generating different messenger RNA (mRNA) splice 
isoforms through various splicing types from a pre-mRNA, 
such that the final protein product is expressed differently 
or with a mutually antagonistic structure and function (12). 
A study suggested that AS contributes to the complexity of 
the proteome (13) and that AS events may downregulate the 
translation of mRNA isoforms by prematurely degrading 
stop codons (14). A growing body of evidence indicates 
that aberrant AS of pre-mRNA could contribute to the 
development and progression of cancers by producing 
various abnormal proteins, which play a role in tumor cell 
proliferation, migration, invasion, and other biological 
processes (15,16).

In recent years, numerous studies have confirmed 
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the significance of AS in the development of various 
cancers, including breast cancer, ovarian cancer, and 
lung cancer, among others (17-19). For example, the AS 
transcript of ceramide synthase 2 (CERS2) can result in 
cell proliferation and migration of the luminal B breast 
cancer subtype (17). Moreover, Metastasis Associated 
Lung Adenocarcinoma Transcript 1 (MALAT1) facilitates 
ovarian cancer metastasis by promoting RNA binding fox-1  
homolog 2 (RBFOX2)-mediated AS (18), while Serine 
and arginine-rich splicing factor 1 (SRSF1)-dependent AS 
attenuates tumor-inhibiting activity of bridging integrator 1  
(BIN1) in NSCLC (19). Additionally, AS is known to 
mediate chemotherapy resistance in various tumors. For 
example, long noncoding RNA (lncRNA) colorectal 
neoplasia differentially expressed (CRNDE) was reported 
to diminish gastric cancer chemoresistance through the AS 
of phosphatidylinositol binding clathrin assembly protein 
(PICALM) which is regulated by serine and arginine rich 
splicing factor 6 (SRSF6) (20). However, few studies have 
systematically examined the survival of patients with LUSC 
with reference to mRNA, microRNA (miRNA), and AS 
events. The purpose of this study is to explore the roles 

of mRNA, miRNA, and AS in predicting the prognosis of 
cisplatin-resistant LUSC patients, identify a combination of 
prognostic biomarkers, and lay the foundation for finding 
potential therapeutic targets and exploring the mechanism 
of cisplatin resistance in LUSC patients.

The Cancer Genome Atlas (TCGA) project provides a 
wealth of resources to explore the AS patterns of different 
cancers (21). A variety of molecular expression profiles 
and clinical information such as drug responses, provide 
opportunities and challenges for identifying novel molecular 
signatures and exploring the mechanisms of drug resistance 
in LUSC. We therefore systematically analyzed genome-
wide LUSC-specific mRNA, miRNA, and AS events from 
TCGA and developed an integrated approach to identify 
differentially expressed mRNAs, miRNAs, and AS events 
relevant to the prognosis of patients receiving cisplatin 
treatment (Figure 1). Overall, this study may provide a 
feasible strategy for studying cancer drug resistance and 
identifying LUSC-associated AS events. We present 
this article in accordance with the TRIPOD reporting 
checklist (available at https://jtd.amegroups.com/article/
view/10.21037/jtd-24-827/rc).

Figure 1 Study overview. LUSC, lung squamous cell carcinoma; mRNA, messenger RNA; AS, alternative splicing; miRNA, microRNA.
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Methods

Data retrieval

Gene and miRNA expression (RNAseq), and SpliceSeq 
data for LUSC in addition to the corresponding clinical 
characteristics, were downloaded from TCGA data portal 
(https://portal.gdc.cancer.gov/) (21-24) (Table S1). Drug 
information was included for the analysis of differentially 
expressed mRNAs, miRNAs, and AS events between 
cisplatin-sensitive and -resistant samples in LUSC. 
Overall, data from 70 patients with LUSC including 
50 cisplatin-sensitive and 20 cisplatin-resistant patients 
(Table S2) were selected for the analysis. Patients with 
complete response and partial response were categorized 
under the cisplatin-sensitive group, whereas patients with 
stable disease or progressive disease were categorized 
in the cisplatin-resistant group. We recruited 6 pairs of 
matched fresh-frozen lung tumors and adjacent normal 
tissues from Liaoning Cancer Hospital. The study was 
conducted in accordance with the Declaration of Helsinki 
(as revised in 2013). The study was approved by Medical 
Ethics Committee of Liaoning Cancer Hospital (No. 
20210826YG) and informed consent was taken from all the 
patients.

Analysis of differentially expressed genes (DEGs)

The analysis of DEGs, mRNAs and miRNAs, were 
determined between the cisplatin-sensitive and cisplatin-
resistant groups (P<0.05) using the limma package on R 
3.5.3 (The R Foundation for Statistical Computing, Vienna, 
Austria). 

Analysis of AS events

SpliceSeq is used to quantify the splicing levels of mRNA 
in TCGA, which can calculate a percent spliced-in (PSI) 
value (from 0 to 1) based on the seven types of AS events for 
each protein-coding gene provided in the Ensemble gene 
database (25). The PSI value of AS events was calculated 
and used to analyze the differential AS events between 
cisplatin-sensitive and cisplatin-resistant groups. 

Establishment of prognostic models

Differentially expressed mRNAs, miRNAs, and AS events 
were incorporated into univariate Cox analyses to identify 
potential prognosis-associated factors. Least absolute 

shrinkage and selection operator (LASSO) Cox regression 
analysis was performed using the glmnet 4.0 in R package 
version 3.5.3 (https://www.r-project.org) to choose the 
most significant factors from which predictive models 
were constructed based on these factors’ corresponding 
coefficients. Subsequently, the coefficients of these key 
factors were used to calculate the patients’ risk scores. 
Median risk scores were then used to divide patients into 
two groups (26).

Survival analysis

The Kaplan-Meier survival analyses were used to evaluate 
patients’ prognosis. Receiver operating characteristic 
(ROC) curves were constructed to assess the sensitivity 
and specificity of the signature using the survival ROC in 
R package. The prognostic independence of the signature 
and clinical characteristics were analyzed through univariate 
and multivariate Cox regression analyses using the forest 
plot in R package. Kaplan-Meier plotter online tools were 
used to perform survival analysis (https://kmplot.com/
analysis). To demonstrate the superiority of the predictive 
performance of this integrated signature, predictive values 
were compared between this signature and other published 
signatures (27-29).

Correlation of signature with tumor-infiltrating immune 
cell characteristics

The stromal and immune scores were downloaded from 
the Estimation of Stromal and Immune Cells in Malignant 
Tumor Tissues Using Expression Data (ESTIMATE; 
(https://bioinformatics.mdanderson.org/estimate). Single-
sample gene set enrichment analysis (ssGSEA) using the 
R package, GSEAbase, was used to evaluate the immune-
related characteristics in the different risk subgroups.

Immunohistochemistry 

Sections (4 μm) were cut from formalin-fixed, paraffin-
embedded lung tumor and paired normal lung tissues. 
Sections were deparaffinized in two changes of xylene 
for 10 min each, hydrated in descending concentrations 
of ethanol, and then immersed in water. Sections were 
incubated in 3% (v/v) hydrogen peroxide for 15 min to 
quench endogenous peroxidases. Following this, 1 mM of 
ethylene diamine tetraacetic acid (EDTA) buffer (pH 8) 
was used for antigen retrieval under high pressure. Sections 
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were subjected to blocking for 20 min with pre-diluted 10% 
horse serum and then incubated with primary antibody 
for 2 h at room temperature in a humidified chamber and 
polyclonal anti-rabbit (horseradish peroxidase-labeled) 
secondary antibody (UltraSensitive SP IHC Kit, Maixin-
Bio Co., Fuzhou, China) for 30 min. All antibodies were 
diluted to their final concentrations using phosphate-
buffered saline. The primary antibodies used were anti-
cortactin (anti-CTTN) (1:50; Proteintech, Chicago, USA) 
and anti-carboxypeptidase (anti-CPM) (1:50; Abcam, 
Cambridge, UK). Sections were incubated in diluted  
(1 drop in 1 mL of antibody diluent) DAB and chromogen 
(DAB0031, Fuzhou, China) for 2 min. Stained tissue 
sections were counterstained with hematoxylin, dehydrated 
through increasing concentrations of ethanol, and cleared 
with xylene before being mounted with cover slips. The 
integrated optical density (IOD) was analyzed using Image-
Pro Plus 6.0 software (Media Cybernetics Inc., MD, USA).

Screening of potential small-molecule drugs

The CMap database was used to screen for potential drugs 
that could attenuate cisplatin resistance in patients with 
LUSC (https://clue.io/). The 3D structure of candidate 
small-molecule drugs was obtained from the PubChem 
database (https://pubchem.ncbi.nlm.nih.gov/). The half-
maximal inhibitory concentration (IC50) values of the small-
molecule drugs in LUSC cell lines were determined via the 
Genomics of Drug Sensitivity in Cancer (GDSC) database 
(https://www.cancerrxgene.org/).

Cell culture

The human LUSC cell line, SKMES1, was purchased from 
the Cell Resource Center of the Shanghai Institute for 
Biological Sciences. Cells were cultured at 37 ℃ with 5% 
CO2 according to standard protocols. Adherent cultures of 
SKMES1 cells were maintained in RPMI-1640 medium 
(HyClone, Logan, UT, USA) supplemented with 10% fetal 
bovine serum (FBS) (HyClone) and antibiotics (penicillin 
100 U/mL, streptomycin 0.1 mg/mL).

3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-di-
phenytetrazoliumromide (MTT) assay

SKMES1 cells were seeded in 96-well plates at a density 
of 2×103 cells per well and were cultured for 24 h. Each 

well contained 100 μL of culture medium with a range 
of concentrations (0.1, 0.3, 1, 3, 10, 30, 100, 300 μM) of 
sulforaphane or parthenolide. Each concentration of drug 
was examined in replicate in addition to blank (media only) 
and vehicle controls. Following incubation at 48 h, 20 μL 
of 5 mg/mL MTT solution was added to each well and 
incubated at 37 °C for 3 h, after which time, the culture 
media was removed. Adherent cells were dissolved in 
200 μL of dimethyl sulfoxide (DMSO). The absorbance 
at 570 nm was measured to evaluate cell viability using 
multifunctional enzyme marker (infinite 200Pro, Tecan, 
Switzerland). The growth inhibition rate was calculated 
according to the following formula: growth inhibition rate 
(%) = [1 − (test sample − blank control)/(negative control 
hole − blank control)] × 100%. The IC50 was calculated with 
SPSS 22.0 software (IBM Corp., Chicago, IL, USA).

Statistical analysis

All statistical analyses were performed using R (R package 
version 3.5.3 (https://www.r-project.org), SPSS 22.0 
software (IBM Corp., Chicago, USA) and GraphPad Prism 
7 (GraphPad Software Inc., San Diego, CA, USA) P<0.05 
was considered statistically significant.

Results

Identification of DEGs or miRNAs in  
cisplatin-resistant LUSC

Survival analysis of patients who were cisplatin resistant 
or sensitive was performed. Resistant patients had poorer 
overall survival than patients who were sensitive to cisplatin 
(P<0.001, Figure 2A). Differentially expressed mRNAs and 
miRNAs were identified between the cisplatin resistant and 
sensitive groups. A total of 139 DEGs in the resistant group 
were identified, where these included 23 downregulated and 
116 upregulated genes (Figure 2B). Similarly, a total of 334 
differentially expressed miRNAs (243 upregulated and 91 
downregulated; Figure 2C) were identified in the resistant 
group.

Identification of differential AS events

To evaluate the correlation between AS events and 
treatment outcome, the level of AS events was analyzed. 
These data showed that that there were 1,711 AS events 

https://clue.io/
https://pubchem.ncbi.nlm.nih.gov/
https://www.cancerrxgene.org/
https://www.r-project.org


Mu et al. Prognostic signature for LUSC4572

© Journal of Thoracic Disease. All rights reserved. J Thorac Dis 2024;16(7):4567-4583 | https://dx.doi.org/10.21037/jtd-24-827

(665 upregulated and 1,046 downregulated) in the cisplatin 
resistant group (Figure 3A). In addition, we found a greater 
number and a higher percentage of alternate promoter (AP), 
but a lower number and a lower percentage of exon skip 
(ES) and retained intron (RI) in the upregulated AS events, 
compared with the downregulated AS events (Figure 3B,3C). 

Construction of a prognostic signature for patients with 

LUSC and cisplatin treatment

We next performed univariate Cox analyses of the 

aforementioned differential mRNAs, miRNA, and AS 

events to identify the candidate genes related to overall 

Figure 2 Differential mRNAs and miRNAs expressed between cisplatin resistant and cisplatin sensitive LUSC patients. (A) Kaplan-Meier 
plots showing overall survival outcomes in LUSC patients with cisplatin resistant and cisplatin sensitive tumours (P<0.001). (B) Volcano 
plot of the differential mRNAs. (C) Volcano plot of the differential miRNAs. The black dots represent genes with no statistically significant 
difference between cisplatin resistant and cisplatin sensitive groups. mRNA, messenger RNA; FC, fold change; FDR, false discovery rate; 
miRNA, microRNA; LUSC, lung squamous cell carcinoma.

Figure 3 Differential analysis of the AS events in TCGA-LUSC cohort. (A) Volcano plot of the differential AS events between cisplatin 
resistant and cisplatin sensitive LUSC patients. (B) The number of upregulated and downregulated AS events. (C) Percentage of upregulated 
and downregulated AS events. AA, alternate acceptor site; AD, alternate donor site; AP, alternate promoter; AT, alternate terminator; ES, 
exon skip; ME, mutually exclusive exons; RI, retained intron; AS, alternative splicing; TCGA, The Cancer Genome Atlas; LUSC, lung 
squamous cell carcinoma.
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survival (OS). It was found that 14 mRNAs, 12 miRNAs, 
and 14 AS events significantly correlated with the OS of 
patients with LUSC with cisplatin treatment (Table S3). In 
addition, we carried out a LASSO Cox regression model 
analysis to identify key predictive biomarkers (Figure S1) 
and established an integrated prognostic model based on 
the expression of mRNA, miRNA, and the PSI value of 
AS events (Table 1). We calculated the risk score for each 
patient using the following formula: risk score = (0.33 × 
CTTN) + (−0.15 × CPM) + (−0.39 × hsa-miR-4746) + (0.29 
× hsa-miR-4777) + (0.35 × hsa-miR-4664) + (−0.21 × has-
miR-187) + (1.18 × VWA2|AT) + (−7.21 × ZNF675|AT) 
+ (−4.22 × ZNF765|AT) + (11.10 × AIF1L|ES) + (2.30 × 
SELP|AT). In doing so, we found that the risk score was 
significantly higher (P<0.001) in the resistant group than 
in the sensitive group (Figure 4A). As shown in Figure 4B, 
Kaplan-Meier survival curves showed that patients with 
LUSC in the high-risk group had a significantly shorter 
OS (P<0.001) than those in the low-risk group, suggesting 
that this combined signature may be a useful tool for 
predicting the survival of patients. Next, we constructed 
ROC curves to assess the predictive efficiency of the 
model and found that the signature had a strong predictive 
ability, with high area under the curve (AUC) values of 
0.825, 0.829, and 0.877 at 1, 3, and 5 years, respectively 
(Figure 4C). In addition, univariate and multivariate Cox 
regression analyses suggested that this signature was the 
best independent prognostic factor with the lowest P value 
(P<0.001) compared with the other potential prognostic 

factors (Figure 4D,4E). Furthermore, circus plots were 
constructed to illustrate the details of the AS events and 
their interacting genes in chromosomes (Figure 4F). The 
mutation status of these key genes was subsequently 
analyzed, where it was found that most of these genes had 
mutant sites, in particular genes with AS events (Figure S2).

Survival analysis of unstratified patients with LUSC using 
the integrated signature

To determine whether the signature identified has predictive 
ability in unstratified patients with LUSC, Kaplan-Meier and 
ROC analyses were performed using the signature. As shown 
in Figure 5A,5B, the signature had strong predictive power 
(P<0.001) with high sensitivity and specificity for unstratified 
patients with LUSC. In addition, we also conducted 
stratified survival analyses to evaluate the predictive value 
of the integrated signature with various demographic and 
clinical parameters including age (<68 or ≥68 years), gender 
(male or female), stage (I + II or III + IV), T stage (T1 + T2 
or T3 + T4), and N stage (N0 + N1 or N2). As shown in 
Figure 6, the signature showed significantly strong predictive 
ability for those who were male (P=0.001), aged <68 years 
(P<0.001), stage I + II (P<0.001), T1 + T2 (P<0.001), or N0 
+ N1 (P<0.001) disease; however, it showed no predictive 
value for other clinical parameters examined. 

Correlation of signature with immune infiltration

To further explore the role of the prognostic signature in 
immunity, we analyzed the correlation of the signature 
with immune cell infiltration. The violin plots showed 
significantly higher stromal scores (P<0.05), immune scores 
(P<0.01), and ESTIMATE scores (P<0.01) in the low-risk 
group compared with the high-risk group (Figure 7A). In 
addition, using ssGSEA, the enrichment of 29 immune 
signatures was found in the two subgroups (Figure 7B).  
Furthermore, the results showed that patients in the 
low-risk group had higher levels of a range of immune 
cells than those in the high-risk group, including B cells 
and macrophages, amongst others (Figure 7C). These 
data suggest that the integrated signature can be used to 
identify immune characteristics and predict the immune 
microenvironment in LUSC.

Superior prediction performance of the integrated signature 

To demonstrate the superiority of predictive performance 

Table 1 The coefficient and P value of LUSC-splicing factors

Gene Coefficient P value

CTTN 0.33 <0.001

CPM −0.15 0.01

hsa-miR-4746 −0.39 <0.001

hsa-miR-4777 0.29 0.001

hsa-miR-4664 0.35 <0.001

hsa-miR-187 −0.21 <0.001

VWA2|13197|AT 1.18 0.04

ZNF675|48823|AT −7.21 0.01

ZNF765|51717|AT −4.22 0.03

AIF1L|87921|ES 11.10 0.02

SELP|8929|AT 2.30 0.03

LUSC, lung squamous cell carcinoma.
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of our integrated signature, we compared the predictive 
values between our signature and the other published 
signatures (27-29). Although the Kaplan-Meier analysis 
showed that other mRNA, miRNA, and AS signatures also 
had significantly high prognostic value in patients with 
LUSC (Figure 8A-8C), the ROC analysis showed that our 
integrated signature had a higher AUC than the other 
mRNA, miRNA, and AS signatures from the literature 
(Figure 8D), suggesting that our integrated signature is 
indeed a better indicator for predicting the survival of 

patients with LUSC.

Diagnostic and prognostic potential of CTTN and CPM

To further validate the predictive value of this signature for 
LUSC, we used immunohistochemical staining to assess 
the protein levels of our two predictive biomarkers in lung 
tumour and normal lung tissues. Protein levels of CTTN 
were significantly higher in tumour samples (P<0.0001), 
whereas the protein levels of CPM were significantly lower 

Figure 4 Construction of a prognostic signature for LUSC patients treated with cisplatin. (A) Distribution of the signature between cisplatin 
resistant and cisplatin sensitive LUSC patients (***, P<0.001). (B) Kaplan-Meier plots of the signature in patients treated with cisplatin 
treatment. (C) ROC curves for overall survival using the signature in patients with cisplatin treatment. (D) Circus plots of the AS events 
and their interacting genes on chromosomes. Forest plots of hazard ratios of the risk scores and clinical characteristics using univariate Cox 
analyses (E) and multivariate Cox analyses (F). ROC, receiver operating characteristic; AUC, area under the curve; HR, hazard ratio; CI, 
confidence interval; LUSC, lung squamous cell carcinoma; AS, alternative splicing.
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Figure 5 Evaluation of the integrated signature in predicting overall survival for unstratified patients with LUSC. Kaplan-Meier plots (A) 
and ROC curves (B) of the signature in unstratified patients with LUSC. ROC, receiver operating characteristic; AUC, area under the curve; 
LUSC, lung squamous cell carcinoma.

Figure 6 Kaplan-Meier analysis of the signature based on different clinical parameters. 
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Figure 7 Correlation of the integrated signature with immune infiltration. (A) Violin plot for the stromal, immune and ESTIMATE scores 
between the low-risk and high-risk groups. (B) Heat-map of the enrichment of a 29 immune signature for the final prognostic signature. (C) 
Distribution of enrichment of the 29-immune signatures in low-risk and high-risk groups. *, P<0.05; **, P<0.01. ESTIMATE, Estimation of 
Stromal and Immune Cells in Malignant Tumor Tissues Using Expression Data; NK, natural killer. 
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in tumour lung tissue (P<0.0001) compared to normal lung 
tissue (Figure 9A). These data suggest that the signature 
has potential diagnostic utility for patients with LUSC. 
Additionally, using Kaplan-Meier plotter online tools, it 
was shown that patients with LUSC with higher CTTN 
levels had poor OS (P<0.001) and post progression survival 
(PPS) (P=0.002), whereas patients with higher CPM levels 
had a better OS (P<0.001) and PPS (P=0.03) (Figure 9B), 
suggesting that both biomarkers have prognostic value for 
patients with LUSC. 

Small-molecule drug screening

There currently exists, an urgent unmet need to screen for 
novel drugs to combat cisplatin resistance in patients with 

LUSC. Therefore, we first performed differential analysis 
between the high-risk and low-risk groups and identified 
several differential genes. Subsequently, we inputted these 
genes into the CMap database to screen for potential 
small-molecule drugs. Ultimately, we identified three 
candidate small-molecule compounds targeting cisplatin 
resistance. These included sulforaphane, parthenolide, and 
BRD-K61033289. The 3D structures of each drug were 
downloaded from the PubChem database (Figure 10A). 
The IC50 concentration of sulforaphane and parthenolide 
was deduced in the SKMES1 LUSC cell line. As shown in 
Figure 10B, the IC50 for sulforaphane and parthenolide was 
10.29±4.10 and 33.28±6.58 μM, respectively. In addition, 
using the GDSC database, the IC50 for parthenolide in two 
additional LUSC cell lines, NCI-H1869 and NCI-H226, 

Figure 8 Comparison of survival and ROC analyses of the signature with other published signatures. Kaplan-Meier analysis of other mRNA 
signatures (A), miRNA signatures (B), and AS signatures (C). (D) Comparison of 5-year ROC analysis of other mRNA signatures, miRNA 
signatures, AS signatures and our integrated signatures. mRNA, messenger RNA; miRNA, microRNA; AS, alternative splicing; ROC, 
receiver operating characteristic; AUC, area under the curve.
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was found to be 12.74 and 50.43 μM, respectively (Table 2). 

Discussion

Chemotherapy a primary treatments modality for various 
cancers, including LUSC. Although treatment responses 
to cisplatin are initially effective, the clinical challenge of 
acquired drug resistance often results in treatment failure 
and relapse (30). The mechanisms of drug resistance 
are extremely complex and are typically associated with 
alterations in multiple pathways and genes. Therefore, 
there is an urgent need to identify biomarkers and novel 
molecular targets for cisplatin resistance in NSCLC, in 
particular patients with LUSC histology. 

In recent years, numerous studies have reported 
that mRNA and miRNA may be involved in the drug 
resistance of various cancers, including lung cancer. For 
example, DEAD-box helicase 3 (DDX3) can mediate 
cisplatin resistance by regulating transcription factors in 

oral squamous cell carcinoma (31), RecQ like helicase 5 
(RECQL5) can promote cisplatin resistance in NSCLC (32), 
miR-144 can target LIM homeobox 2 (LHX2) to reverse 
cisplatin resistance in cervical cancer (33), and miR-144-3p 
can mediate cisplatin resistance through targeting of NFE2 
like BZIP transcription factor 2 (Nrf2) in lung cancer (30). 
Moreover, Liu et al. identified a 13-miRNA signature of 
cisplatin resistance, where these miRNAs could potentially 
target tumor protein P73 (TP73) and small ubiquitin like 
modifier 1 (SUMO1) in ovarian cancer cells (34). Fekete 
et al. identified specific miRNAs that are associated with 
resistance to platinum-based therapy in cervical, head and 
neck, and lung cancers (35). These studies point to the 
potentially critical role that mRNAs and miRNAs may play 
in reversing cisplatin resistance in cancer patients. In this 
study, we found that hsa-miR-187, which has been shown 
to alleviate cisplatin resistance in gastric cancer cells (36), 
was associated with a better prognosis in patients with 
cisplatin resistant LUSC. Although some of these mRNAs 

Figure 9 Evaluation of the diagnostic and prognostic potential of CTTN and CPM in patients with lung cancer. (A) Representative 
immunohistochemical staining images for CTTN and CPM (****, P<0.0001). Scale bars are represented as 50 μm. (B) OS and PPS analysis 
for CTTN and CPM expression. CTTN, cortactin; CPM, carboxypeptidase M; IOD, integrated optical density; OS, overall survival; PPS, 
post progression survival; HR, hazard ratio; CI, confidence interval.
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and miRNAs have not been reported as exerting a specific 
function in drug resistance, various reports have identified 
them as being involved in cell proliferation, apoptosis, 
and other biological processes in different cancer types. 
For instance, CTTN has been shown to promote cell 
proliferation and inhibit apoptosis in glioma (37), and hsa-
miR-4746 has been associated with a better prognosis in 
LUSC (38), a finding that was verified in our study.

In recent years, a growing number of studies have 

demonstrated that AS events are promising biomarkers 
for the diagnosis and prognosis of various cancers 
including lung cancer. For example, increased ratio of 
insulin receptor isoform A (IR-A) and insulin receptor 
isoform B (IR-B) can reduce epithelial-mesenchymal 
transition (EMT) and prolong the survival of patients with  
LUSC (39). In addition, splicing factor SRSF1 was found 
to regulate BCL2 like 1 (Bcl-X) splicing and to interact 
with phosphatidylinositol 3-kinase catalytic subunit type 3  
(PIK3C3) to suppress autophagy in lung cancer (40). 
Furthermore, accumulating evidence also supports the 
importance of AS events in chemoresistance. Krüppel-
like factor 6 splice variant 1 (KLF6-SV1) for example, is 
an oncogenic splice variant of the KLF6 tumor-suppressor 
gene and can synergize with chemotherapeutic agents such 
as cisplatin resulting in tumor regression (41). Numerous 
genes are arranged in complex overlapping and interlaced 
patterns and such arrangements potentially contribute to the 
regulation of gene expression. In another study by Zhang 

Table 2 IC50 values for parthenolide in LUSC

Cell lines IC50 (μM) Pathology

NCI-H1869 12.74 Metastasis

NCI-H226 50.43 Metastasis

SKMES1 33.28 Metastasis

IC50, the half-maximal inhibitory concentration; LUSC, lung 
squamous cell carcinoma.

Figure 10 Screening for small-molecule drugs with the potential to reverse cisplatin resistance in patients with LUSC. (A) 3D conformation 
of small-molecule drugs. (B) Survival curves of SKMES1 cells treated with sulforaphane and parthenolide for 48 h as determined by MTT 
assay. 3D, three dimensional; CID, chemical identifier; IC50, half-maximal inhibitory concentration; LUSC, lung squamous cell carcinoma. 
MTT, 3-(4,5)-dimethylthiahiazo (-z-y1)-3,5-di-phenytetrazoliumromide.
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et al., it was found that these overlapping genes including 
ERCC excision repair 1, endonuclease non-catalytic subunit 
(ERCC1), CD3E-associated protein (CD3EAP), and protein 
phosphatase 1 regulatory subunit 13 like (PPP1R13L) 
has potential applications for cisplatin resistance in  
NSCLC (42). MAD2gama, a novel mitotic arrest deficient 2  
like 1 (MAD2) isoform, was found to be associated with 
cisplatin resistance in testicular germ cell tumors (43). 
Recent studies have shown that some AS events identified 
in our study, have a carcinogenic or suppressive role in 
different cancers. Aberrant expression of von Willebrand 
factor a domain containing 2 (VWA2) for example 
has been linked to the MYC proto-oncogene, BHLH 
transcription factor (MYC)-driven carcinogenic process in 
colorectal cancer (44). Moreover, Zhou et al. reported the 
downregulation of E2F transcription factor 1 (E2F1) which 
suppresses the migration and invasion of castration-resistant 
prostate cancer (CRPC) cells by regulating a number of key 
genes including tropomodulin 2 (TMOD2) and allograft 
inflammatory factor 1 like (AIF1L) (45). Selectin P (SELP) 
was also be shown to have considerable potential as a 
diagnostic biomarker in NSCLC (46). Moreover, Liu et al. 
reported a role for the insulin like growth factor 2 MRNA 
binding protein 2 (IGF2BP2)-F-box and leucine rich repeat 
protein 19 (FBXL19)-AS1-zinc finger protein 765 (ZNF765) 
feedback axis in the regulation of permeability of the blood-
brain tumor barrier (BTB) and may serve as a potential 
therapeutic target in gliomas (47).

It is now well documented that the immune system is 
involved in controlling tumorigenesis and the progression 
of lung cancer (48), with immunotherapies now having an 
important therapeutic use in the treatment of NSCLC, 
in both LUAD and LUSC (49). In the current study, we 
found a higher stromal, immune and ESTIMATE score in 
the low-risk group. In addition, the distribution of several 
immune signatures was significantly different between 
the high-risk and the low-risk groups in LUSC, which 
included; APC co-stimulation, B-cells, C-C chemokine 
receptor (CCR), check-points, inflammation-promoting, 
macrophages, NK cells, parainflammation, T-cell co-
inhibition, T-cell co-stimulation, Tfh, Th1 cells, Th2 
cells, tumor-infiltrating lymphocytes (TILs) and regulatory 
T cells (Tregs). Abundant immune cell infiltration can 
increase the chance of tumor cells being attacked by the 
immune system, making the effect of immunotherapy 
more significant and the prognosis of patients better. 
These results demonstrated that immune escape or 
resistance to immunotherapy may, at least in part, account 

for drug resistance to cancer therapies. Importantly, we 
identified three small-molecule drugs (sulforaphane, 
parthenolide and BRD-K61033289) that have the potential 
to suppress cisplatin resistance in patients with LUSC. 
Among these three drugs, sulforaphane (4-methylsufinyl-
3-butenyl isothiocyanate; SFE) is a traditional Chinese 
herbal medicine. A study support sulforaphane as a tumor 
suppressor in various cancers, including breast, ovarian, 
hepatocellular and lung cancers (50). Similarly, parthenolide 
could serve as a supplementary agent for suppressing 
various malignancies (51). In this study, we confirmed 
the inhibitory effects of sulforaphane and parthenolide in 
LUSC cells. However, the potential anti-cancer effects of 
BRD-K61033289 have not yet been reported. Therefore, 
the effects of these small-molecule drugs in cancer warrant 
further investigation. 

In this study, we have constructed an integrated signature 
and identified several potential compounds, providing 
possibilities for future treatment of cisplatin-resistant 
LUSC patients. Furthermore, the predictive performance 
of this integrated signature is superior to that of individual 
mRNA, miRNA, and AS biomarkers. We acknowledge that 
this study is not without its limitations. The sample size 
was relatively small, consisting of 70 patients, and although 
the findings were verified in tissue samples, it is necessary 
to expand the sample size in further validation studies. In 
addition, mutated genes were not included in the multi-
omics data as no differences between resistant and sensitive 
patients were found. Also, the clinical parameters examined 
did not include the smoking status or smoking history of 
patients, factors that will be taken into account in future 
studies considering the strong documented link between 
LUSC and smoking.

Conclusions

This study investigated the prognostic significance 
of mRNAs, miRNAs and AS events, from which we 
established an integrated signature for the prognosis of 
patients with LUSC with cisplatin resistance. These data 
add further knowledge to this important drug resistant 
phenotype in LUSC and may provide a valuable reference 
for exploring the underlying mechanisms and therapeutic 
targets of cisplatin resistance in LUSC.
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Supplementary

Table S2 Clinical characteristics of patients with LUSC treated 
with cisplatin 

Patient 
characteristics

Entire  
series (%)

Cisplatin 
sensitive (%)

Cisplatin 
resistant (%)

Gender

Male 47/70 (67.1) 32/50 (64.0) 15/20 (75.0)

Female 23/70 (32.8) 18/50 (36.0) 5/20 (25.0)

Age (years)

≥68 36/70 (51.4) 25/50 (50.0) 11/20 (55.0)

<68 34/70 (48.6) 25/50 (50.0) 9/20 (45.0)

Stage

I 37/70 (52.8) 24/50 (48.0) 13/20 (65.0)

II 23/70 (32.8) 19/50 (38.0) 4/20 (20.0)

III 8/70 (11.4) 7/50 (14.0) 1/20 (5.0)

IV 2/70 (2.85) 0/50 (0.0) 2/20 (10.0)

Race

Non-White 22/70 (31.4) 13/50 (26.0) 9/20 (45.0)

White 48/70 (68.5) 37/50 (74.0) 11/20 (55.0)

T stage

T1 15/70 (21.4) 11/50 (22.0) 4/20 (20.0)

T2 41/70 (58.6) 32/50 (64.0) 9/20 (45.0)

T3 8/70 (11.4) 4/50 (8.0) 4/20 (20.0)

T4 6/70 (8.6) 3/50 (6.0) 3/20 (15.0)

N stage

N0 44/70 (62.8) 29/50 (58.0) 15/20 (75.0)

N1 18/70 (25.7) 13/50 (26.0) 5/20 (25.0)

N2 6/70 (8.6) 6/50 (12.0) 0/20 (0.0)

N3 2/70 (2.86) 2/50 (4.0) 0/20 (0.0)

M stage

M0 57/70 (81.4) 41/50 (82.0) 16/20 (80.0)

M1 13/70 (18.6) 9/50 (18.0) 4/20 (20.0)

LUSC, lung squamous cell carcinoma.

Table S1 Clinical characteristics of patients with LUSC in TCGA 
dataset

Patient characteristics Entire series (%)

Gender

Male 359/487 (73.7)

Female 128/487 (26.3)

Age (years)

≥68 261/487 (53.6)

<68 226/487 (46.4)

Stage

I 239/487 (49.2)

II 159/487 (32.6)

III 82/487 (16.8)

IV 7/487 (1.4)

Race

Non-White 142/487 (29.1)

White 345/487 (70.9)

T stage

T1 110/487 (22.6)

T2 286/487 (58.7)

T3 67/487 (13.8)

T4 24/487 (4.9)

N stage

N0 310/487 (63.7)

N1 128/487 (26.3)

N2 38/487 (7.8)

N3 11/487 (2.2)

M stage

M0 402/487 (82.5)

M1 85/487 (17.5)

LUSC, lung squamous cell carcinoma; TCGA, The Cancer 
Genome Atlas.
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Table S3 The HR and P values of genes using univariate Cox 
analysis

Gene HR P value

GAB2 1.2712 0.005

BCAM 1.2031 0.007

RASD2 1.2249 0.01

HES6 0.8094 0.02

CD83 1.2181 0.02

LPCAT1 1.1518 0.02

SMPDL3B 1.1797 0.02

AZGP1 1.1118 0.02

VWA2 1.2172 0.02

CTTN 1.2173 0.02

ALDH3B1 1.1340 0.03

CSTA 0.9157 0.04

CPM 1.1274 0.04

TUBA1A 1.1520 0.04

hsa-miR-4746 0.7359 <0.001

hsa-miR-556 0.7954 0.007

hsa-miR-125a 1.3560 0.009

hsa-miR-627 0.8016 0.01

hsa-miR-4777 1.2064 0.02

hsa-let-7b 1.2910 0.02

Table S3 (continued)

Table S3 (continued)

Gene HR P value

hsa-miR-570 0.8553 0.04

hsa-miR-10a 1.2194 0.04

hsa-miR-376a-1 0.8613 0.04

hsa-miR-4664 1.1727 0.04

hsa-miR-187 0.9193 0.04

hsa-miR-204 0.9262 0.04

VWA2|13197|AT 8.001 0.005

ZNF254|48840|ES 0.0210 0.006

TACC1|83470|ES 0.3757 0.01

OCIAD1|69238|AD 0.2562 0.01

ZNF675|48823|AT 0.0036 0.01

KIFC3|36607|AP 29.6137 0.01

VPS33B|32535|ES 0.0004 0.02

ZNF765|51717|AT 0.0246 0.03

SELP|8930|AT 0.0326 0.03

AIF1L|87921|ES 63.2014 0.03

USHBP1|48246|AA 0.2129 0.03

SELP|8929|AT 7.5334 0.04

PPP2R1A|51422|ES 0.0033 0.04

VEGFA|76346|ES 0.0695 0.04

HR, hazard ratio.
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Figure S1 Survival-related AS events were selected using LASSO Cox regression. (A) LASSO coefficient profiles of the candidate survival-
related AS events. (B) Dotted vertical lines are drawn at the optimal values according to the minimum criteria. AS, alternative splicing; 
LASSO, the least absolute shrinkage and selection operator.
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Figure S2 The mutation status of key genes identified. CPM, carboxypeptidase; CTTN, cortactin; SELP, selectin P; VWA2, von 
Willebrand factor A domain containing 2; ZNF675, zinc finger protein 675; ZNF765, zinc finger protein 765; SCR, short consensus repeats; 
SUSHI, a protein domain, also known as the complement control protein (CCP) module or short consistent repeat sequence (SCR); KRAB, 
Kruppel-associated box; FOG, friend of GATA protein 1.


