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Introduction: Platinum-based chemotherapy is the cornerstone of treatment for patients 
with LUSC, but cisplatin resistance greatly restricts its clinical application. Therefore, it is 
particularly important to screen the predominant LUSC population using biomarkers.
Methods: Data for 15 LUSC cell lines were downloaded from the Genomics of Drug 
Sensitivity in Cancer (GDSC) Project database to screen for mutations related to cisplatin 
susceptibility. We conducted whole-exome sequencing (WES) of tumors from 58 LUSC 
patients from Sichuan Provincial People’s Hospital of University of Electronic Science and 
Technology. Subsequently, the clinical prognostic value of these mutations was verified by 
using The Cancer Genome Atlas (TCGA)-LUSC cohort and our cohort (n=58).
Results: Based on the cisplatin sensitivity data of GDSC-LUSC and survival analysis of TCGA- 
LUSC and Local-LUSC cohorts, we found that only mutation of IGF2R was associated with 
cisplatin sensitivity, better overall survival [OS; P=0.04, HR (95% CI): 0.42 (0.23–0.78)] and 
progression-free survival [PFS; P =0.016, HR (95% CI): 0.26 (0.12–0.59)]. However, there were 
no significant differences in the frequencies of gene mutations between the IGF2R-mutant 
(IGF2R-MT) and IGF2R-wild-type (IGF2R-WT) groups. Gene set enrichment analysis 
(GSEA) and single-sample GSEA (ssGSEA) indicated enhanced intracellular detoxification 
and decreased abnormal signaling activity to reverse cisplatin tolerance in the IGF2R-MT group.
Conclusion: The results suggest that IGF2R mutations are a potential biomarker for screen-
ing LUSC patients suitable for cisplatin treatment.
Keywords: cisplatin, lung squamous cell carcinoma, resistance, mutation, chemotherapy

Introduction
At present, lung cancer is a common malignant tumor. Indeed, lung cancer is the 
leading malignancy in terms of morbidity and mortality, and nonsmall cell lung cancer 
(NSCLC) accounts for approximately 85% of cases.1 Due to the lack of early symp-
toms, most NSCLC patients (including lung adenocarcinoma (LUAD), lung squamous 
cell carcinoma (LUSC) and large cell carcinoma patients) are diagnosed at a late stage 
and thus miss the opportunity to undergo surgery.2 LUSC is a common pathological 
type of NSCLC. Compared with LUAD, cisplatin-based chemotherapy is still the main 
treatment for advanced LUSC.3 However, due to drug tolerance, its curative effect is 
not ideal. Approximately 70% of NSCLC patients exhibit primary and/or secondary 
tolerance to cisplatin, and only 30% of them will benefit from this therapy.4 Due to the 
lack of effective prediction methods, chemotherapy overuse is widespread at present, 
which results not only in adverse reactions to chemotherapy but also delays in treat-
ment. Therefore, screening of cisplatin resistance in LUSC patients is particularly 
important.
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Cisplatin is the most commonly used platinum che-
motherapy, targeting DNA. Cisplatin-DNA adducts can pro-
mote apoptosis and inhibit cell proliferation.5–7 Recently, the 
mechanisms of cisplatin resistance have been widely 
explored, such as the reduction in intracellular cisplatin accu-
mulation, increase in intracellular detoxification ability, and 
increase in DNA damage repair (DDR) activity. Abnormal 
regulation-related molecules are related to cell signal trans-
duction, apoptosis and anti-apoptosis imbalance.5–7

Cisplatin resistance is caused by a variety of factors,8,9 

including gene mutations. Muller et al10 showed that p53 
mutation upregulates expression of endogenous p53, binds to 
caspase-9 and ultimately inhibits apoptosis and mediates 
cisplatin resistance. BRCA2 mutations can increase the 
DNA damage repair ability of tumor cells and mediate cis-
platin resistance.11 Mutations in DNA mismatch repair 
(MMR) genes, such as MLH1 or MSH2, have also been 
shown to be associated with acquired resistance to 
cisplatin.12,13 Therefore, specific gene mutations may play 
an important role in the regulation of cisplatin sensitivity in 
LUSC.

In this study, gene mutations associated with cisplatin 
sensitivity were identified by analyzing the mRNA and cis-
platin response data of LUSC cell lines in public databases, 
and clinical prognosis was analyzed by The Cancer Genome 
Atlas (TCGA)-LUSC cohort. We used gene set enrichment 
analysis (GSEA) and single-sample GSEA (ssGSEA) algo-
rithms to further evaluate differences in cell function between 
mutant and wild-type groups. The results provide new targets 
for the diagnosis and treatment of patients with LUSC.

Materials and Methods
Clinical Samples and Cell Lines
The LUSC cell lines described in this study were derived 
from the GDSC database,27 with cisplatin sensitivity, gene 
expression and whole exome sequencing (WES) data avail-
able (Table S1). Nonsynonymous mutations (mutation fre-
quency > 10%) were used for downstream analysis. The unit 
of cisplatin sensitivity data was the half-maximal inhibitory 
concentration (IC50) value. Using 3 µM as the cutoff, the 
samples from the GDSC database were divided into cispla-
tin-sensitive and cisplatin-resistant groups to verify the effect 
on the survival of patients with LUSC. The TCGAbiolinks 
R package28 was used to download the somatic mutation, 
RNA-seq and clinical data of the cohort TCGA-LUSC. The 
detailed analysis process of this study is depicted in Figure 
1A. We used the Mann–Whitney U-test to examine the 

difference between the 896 mutations (mutation frequency 
> 10%) and cisplatin’s IC50 values, and mutations with an 
adjusted P value less than 0.05 were included in downstream 
analysis. Finally, we obtained one gene mutation that was 
associated with cisplatin sensitivity and clinical prognosis. 
We retrospectively collected 58 formalin-fixed paraffin- 
embedded (FFPE) tumor samples with matched germline 
specimens and performed whole-exome sequencing (WES). 
The human LUSC tumor specimens, WES, and data proces-
sing are detailed in the Supplementary Methods.

Results
IC50 Value Distribution of Cisplatin by 
Tissue Type
The sensitivity or resistance of tumor cell lines to certain 
drugs can be assessed by the half-maximal inhibitory con-
centration (IC50) value. The 15 LUSC cell lines analyzed in 
this study were derived from the GDSC database (https:// 
www.cancerrxgene.org/compound/Cisplatin/1496/overview/ 
ic50tissue=LUSC). mRNA expression and WES data were 
used for downstream analysis (Table S1). The IC50 cutoff 
of the cisplatin drug-sensitive cell line was 3 µM; most of 
the malignant tumor tissues (including LUSC) were cispla-
tin resistant, with only a small number (eg, brain lower- 
grade glioma and medulloblastoma; Figure 1B) showing no 
resistance. Figure 1C illustrates the cisplatin response 
values of the 15 LUSC cell lines, of which 86.7% (13/15) 
were resistant and 13.3% (2/15) sensitive.

IGF2R Mutation is Associated with 
Increased Cisplatin Sensitivity and Better 
Clinical Prognosis
For the GDSC-LUSC dataset, the Mann–Whitney U-test was 
used to compare differences in cisplatin sensitivity between 
mutant and wild-type cell lines. A total of 30 genes related to 
cisplatin sensitivity (Table S2) were screened, and we used 
TCGA-LUSC mutation data and survival data to further 
explore the prognostic value of these genes. Ultimately, we 
found only the IGF2R mutation to be related to cisplatin 
response and survival, mainly manifesting as significantly 
increased cisplatin sensitivity and better overall survival (OS) 
[log-rank P = 0.04, hazard ratio (HR) (95% confidence interval 
(CI)): 0.42 (0.23–0.78); Figure 2A and B]. Next (Kaplan- 
Meier) KM analysis was used to evaluate associations with 
IGF2R mutations and the prognosis of LUSC. In the Local- 
LUSC cohort (n=58), LUSC-MT was associated with a better 
PFS, with a significance (log-rank P = 0.016; HR: 0.26, 95% 
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Cl: 0.12–0.59; Figure 2C). Subsequently, we analyzed the 
potential association between clinical phenotypes and survival 
of LUSC using univariable-Cox models. In TCGA-LUSC 
/Local-LUSC cohorts, only alterations in IGF2R were asso-
ciated with significantly favorable OS/PFS; other clinical fea-
tures conferred no survival benefit (Figure 2D). We identified 
no difference in TNM stage between IGF2R-MT and IGF2R- 
WT in TCGA-LUSC or Local-LUSC cohorts (Figure 2E).

LUSC Mutational Landscape
In the GDSC-LUSC dataset (Figure 3A), we identified the top 
20 mutations, among which the top 5 were TP53 (100% vs 
91%), TTN (100% vs 64%), CSMD3 (100% vs 55%), HYDIN 
(75% vs 45%), and LRP1B (50% vs 55%). However, there 
were no significant differences in the frequencies of mutations 
in the 20 genes between the IGF2R-mutant (IGF2R-MT) and 
IGF2R-wild-type (IGF2R-WT) groups (Fisher’s exact test). 

The main mutation type in the GDSC-LUSC cohort was mis-
sense mutations, whereas frameshift and nonsense mutations 
accounted for a small proportion. The mutation frequencies of 
the top 20 genes in the cohort TCGA-LUSC and the top 5 
mutations (TP53 (86% vs 80%), TTN (82% vs 72%), CSMD3 
(57% vs 42%), MUC16 (50% vs 40%) and RYR2 (32% vs 
37%)) were slightly different from those in the cohort GDSC- 
LUSC. The main mutation type in TCGA-LUSC was also 
missense mutations, with no significant differences in the fre-
quencies of mutations in the top 20 genes (Figure 3B). In Local- 
LUSC (Figure 3C; Supplementary Table S3), the mutation 
frequencies of several genes were higher in IGF2R-MT than 
in IGF2R-WT, such as MUC16 (60% vs 29%; P < 0.05); TP53 
(60% vs 29%; P < 0.05); KMT2C (50% vs 13%; P < 0.01); 
PRUNE2 (40% vs 13%; P < 0.05); SYNE1 (60% vs 8%; P < 
0.001); ZFHX3 (50% vs 11%; P < 0.01); FAT4 (40% vs 11%; 
P < 0.05); NEB (50% vs 8%; P < 0.01); and PCNT (50% vs 

Figure 1 (A) The workflow of the bioinformatics analysis. (B) IC50 distribution of cisplatin by tissue type. (C) Scatter plot of the IC50 distribution of cisplatin in fifteen 
LUSC cell lines in the GDSC database. 
Abbreviations: IC50, half-maximal inhibitory concentration; LUSC, lung squamous cell carcinoma; GDSC, Genomics of Drug Sensitivity in Cancer.
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8%; P < 0.01). We then applied the maftools package to 
visualize the mutation sites of IGF2R in TCGA-LUSC and 
Local-LUSC cohorts. We mainly identified alterations in 
IGF2R located in the CIMR and FN2 domains in Local- 
LUSC, while many IGF2R mutations were evenly distributed 
throughout the gene in TCGA-LUSC (Figure 3D).

IGF2R-WT is Enriched in Intracellular 
Detoxification, Abnormal Signaling 
Pathways, and Drug Accumulation 
Regulation
To elucidate the effect of IGF2R-WT on cisplatin resis-
tance in LUSC, we used GSEA to assess differences in 

signaling between IGF2R-WT and IGF2R-MT. In the 
GDSC-LUSC cohort, IGF2R-WT was significantly 
enriched in the NADP metabolic process and glucose 
6-phosphate metabolic process (Figure 4A). Additionally, 
abnormal signatures, such as the regulation of macroauto-
phagy, MAPK3 (ERK1) activation, VEGFR2-mediated 
cell proliferation and unfolded protein response (UPR), 
were significantly upregulated in IGF2R-WT cells 
(Figure 4B). Similarly, mutant and wild-type groups of 
the cohort TCGA-LUSC showed distinct functional signal-
ing. For example, pathways including RHO GTPases that 
activate NADPH oxidases, β-catenin–independent WNT 
and interferon signaling were significantly increased in 
IGF2R-WT LUSC (Figure 5A and B). According to 

Figure 2 (A) IC50 values of cisplatin in GDSC-LUSC cell lines with or without IGF2R mutations. (B) The Kaplan-Meier method was used to assess the overall survival of 
patients with IGF2R mutations (green) and IGF2R wild-type (orange) in the dataset of 480 patients with LUSC (TCGA database). (C) For PFS, the Kaplan-Meier method 
revealed IGF2R mutations (green) and wild-type IGF2R (orange) in the dataset of 58 patients with LUSC (the Local-LUSC cohort). (D) The association between several 
clinical features, IGF2R status and prognosis using the univariable Cox model in TCGA-LUSC/Local-LUSC cohorts. (E) Comparison of the differences in TNM stage between 
the IGF2R-MT and IGF2R-WT groups in TCGA-LUSC/Local-LUSC cohorts. 
Abbreviations: IC50, half-maximal inhibitory concentration; LUSC, lung squamous cell carcinoma; GDSC, Genomics of Drug Sensitivity in Cancer; TCGA, The Cancer Genome Atlas.
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ssGSEA, the NADP metabolic process correlated signifi-
cantly and positively with cisplatin sensitivity (P = 0.019, 
Spearman R = 0.61; Figure 5C). Additionally, activity of 

the signal transduction pathway related to cisplatin resis-
tance in IGF2R-WT LUSC cell lines was significantly 
higher than that in IGF2R-MT cell lines (Figure 5D).

Figure 3 Genomic alterations in LUSC. (A) Fifteen LUSC cell lines are arranged from left (with IGF2R mutations) to right (without IGF2R mutations). Alterations in the 
LUSC cell line genes are annotated for each sample according to the color panel below the image. (B) Tumor samples from the cohort TCGA-LUSC are arranged from left 
(with IGF2R mutations) to right (without IGF2R mutations). Alterations in TCGA-LUSC candidate genes are annotated for each sample according to the color panel below 
the image. The clinical information for each candidate gene is plotted on the top panel. (C) Alterations in Local-LUSC candidate genes are annotated for each sample 
according to the color panel below the image. Clinical information for each candidate gene is plotted in the top panel. (D) Lolipop plot of mutation sites of IGF2R in the 
cohorts TCGA-LUSC and Local-LUSC. 
Abbreviations: LUSC, lung squamous cell carcinoma; GDSC, Genomics of Drug Sensitivity in Cancer; TCGA, The Cancer Genome Atlas.
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Discussion
Squamous cell carcinoma of the lung is a common patho-
logical type of NSCLC. The treatment of LUSC remains 
mainly surgery and adjuvant chemotherapy. Although pla-
tinum-based chemotherapy is the primary treatment for 
LUSC, the efficacy of chemotherapy is decreasing with 
the emergence of drug resistance. Drug resistance is ubi-
quitous, and resistance mechanisms are extremely com-
plex, involving multiple factors and multiple genes.14 

Therefore, screening biomarkers for cisplatin resistance 
in LUSC is particularly important. With the discovery of 
mutations related to cisplatin sensitivity, this study 
screened such genes and clinical prognosis and also 
attempted to elucidate the mechanism and role of muta-
tions in sensitivity to the drug (Figure 6). To provide 
a theoretical basis for improving cisplatin resistance in 
LUSC patients, we found that IGF2R-MT was associated 
with significantly increased cisplatin sensitivity, prolonged 
OS [log-rank P = 0.04, HR (95% CI): 0.42 (0.23–0.78)] 
and better PFS [log-rank P = 0.016, HR (95% CI): 0.26 
(0.12–0.59); Figure 2C; Local-LUSC].

The anticancer activity of cisplatin involves the formation 
of stable cisplatin-DNA adducts in the nucleus that interfere 
with DNA replication and transcription.7 Cisplatin-resistant 
tumors can be activated by increasing the binding of cisplatin 
with other biological macromolecules, especially glutathione 
(GSH) and metallothionein, resulting in loss of its 
activity.7,15 For example, NADPH is one of the raw materials 
for the regeneration of GSH and thioredoxin. In the redox 
process, harmful molecules are transformed into harmless 
ones through biotransformation.6 An increase in GSH16,17 

and a decrease in intracellular ROS18,19 have been associated 
with cisplatin resistance. Our GSEA suggested significant 
increases in NADP and glucose 6-phosphate metabolic pro-
cesses in the IGF2R-WT group and that RHO GTPases 
activate NADPH oxidase activity, though the activity of 
IGF2R-MT in the above pathways was significantly down-
regulated. This finding suggests that IGF2R mutations reduce 
the metabolism of NADPH and NADP, downregulating the 
synthesis of GSH and eventually promoting cisplatin resis-
tance. IGF2R serves as a multifunctional receptor and is 
involved in the IGF pathway.20 Stimulation of the pathway 
contributes to carcinogenesis or tumor progression in multi-
ple tumors.20,21 Inhibitors targeting the IGF pathway, such as 
anti-IGF1R antibodies,22 are being investigated as candidates 
for cancer treatment in ongoing clinical trials.

In addition to the destruction of oxidative/antioxidant 
processes by tumor cells, activation of some abnormal 
signaling pathways (including autophagy (macroauto-
phagy), heat shock proteins (HSPs), PI3K/AKT, etc.) is 
involved in cisplatin resistance.7,23 For example, studies 
have shown that various components of the autophagy 
mechanism and some molecular chaperones of the HSP 
family reduce the cytotoxicity of cisplatin in tumor 
cells.24 Studies have also shown that inhibitors of 
AKT1, mTOR, PI3K and MAPK signaling can signifi-
cantly increase cisplatin’s cytotoxicity in breast cancer.23 

Cisplatin activates MAPK signaling and the production 
of multidrug resistance,25 and the Wnt/β-catenin pathway 
is closely related to the MAPK pathway. When reducing 
the expression level of β-catenin, the activity of ERK is 
inhibited, which indicates that cisplatin-mediated multi-
drug resistance is closely related to Wnt/β-catenin 

Figure 4 Transcriptome traits of GDSC-LUSC cell lines with or without IGF2R mutations. (A and B). Gene set enrichment analysis of hallmark gene sets downloaded from 
MSigDB. All transcripts were ranked by log2 (fold change) between IGF2R-WT and IGF2R-MT LUSC cell lines. Each run was performed with 1000 permutations. 
Abbreviations: IGF2R-WT, IGF2R wild-type; IGF2R-MT, IGF2R mutant; GDSC, Genomics of Drug Sensitivity in Cancer; LUSC, lung squamous cell carcinoma.
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signaling. The downstream target genes of the Wnt/β- 
catenin pathway also significantly affect cisplatin 
resistance.26 For example, based on the enrichment 
score in GSEA, autophagosomes, MAPK3 (ERK1) acti-
vation, VEGFR2-mediated cell proliferation, UPR and 
beta-catenin–independent WNT signaling were signifi-
cantly enriched in the IGF2R-WT group. In contrast, 
IGF2R mutations increased the sensitivity of tumor 
cells to cisplatin by reducing autophagy, MAPK3, 
VEGFR, and WNT/β−catenin signaling activity, mediat-
ing cisplatin sensitivity.

There are some limitations in this study. First, the 
screening of cisplatin-sensitive/sensitive and -resistant 
genes came from the was based on mutation data of for 
tumor cell lines. However, in vitro, the continuous passage 
of tumor cell lines allow allows them to adapt to the 
environment of petri dishes environment, which lacks 

lacking a tumor microenvironment including immune 
cells, fibroblasts, and the extracellular matrix and so on 
matrix, among others. Second, we used only the GSEA 
and ssGSEA algorithms to evaluate the differences in cell 
signatures between the mutant group and wild-type group 
and did not use employ cell experiments or animal experi-
ments for subsequent validation. Third, based on the aver-
aging of bulk transcriptional data, this study covered the 
explored differences between single cells but lacked an 
analysis of tumor heterogeneity. Moreover, in the valida-
tion of the association between genes and survival, only 
one cohort TCGA-LUSC cohort was included included. 
Finally, the limited number of local LUSC patients may 
have resulted in this study the identification of different 
mutation frequencies among the three cohorts. Therefore, 
more samples and prospective studies are needed for sub-
sequent analysis and validation.

Figure 5 Transcriptome traits of TCGA-LUSC patients with or without IGF2R mutations. (A and B) Gene set enrichment analysis of hallmark gene sets downloaded from 
MSigDB. All transcripts were ranked by log2 (fold change) between IGF2R-WT and IGF2R-MT LUSC patients. Each run was performed with 1000 permutations. (C) 
Correlation between the ssGSEA enrichment score and IC50 values of 15 LUSC cell lines in GDSC (Spearman method). (D) Heatmap of ssGSEA scores, as estimated using 
gene sets from MSigDB, for IGF2R-WT and IGF2R-MT in the GDSC-LUSC dataset. 
Abbreviations: IGF2R-WT, IGF2R wild-type; IGF2R-MT, IGF2R mutant; ssGSEA, single-cell gene set enrichment analysis; TCGA, The Cancer Genome Atlas; LUSC, lung 
squamous cell carcinoma.
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In conclusion, IGF2R mutations are potential bio-
marker for screening cisplatin sensitivity in patients 
with LUSC. IGF2R mutations are associated with cis-
platin sensitivity and better survival prognoses, while 
wild-type IGF2R promotes the development of cisplatin 
resistance in LUSC. Additionally, mechanistic analysis 
suggests that IGF2R mutations increase the intracellular 
detoxification of drugs and reduce the activity of abnor-
mal signaling pathways, which may reverse cisplatin 
tolerance and significantly improve clinical benefit in 
LUSC populations.

Pathway Enrichment Analysis
The Limma R package29 was used to normalize the mRNA 
data for the GDSC-LUSC and TCGA-LUSC cohorts. The 
clusterProfiler R package30 was employed for GSEA, 
including Gene Ontology (GO) term, Kyoto 
Encyclopedia of Genes and Genomes (KEGG) and 
Reactome analyses. The GSVA R package31 was applied 
for ssGSEA, including gene sets downloaded from the 
Molecular Signatures Database (MSigDB).32

Statistical Analysis
The pan-cancer cisplatin sensitivity distribution was down-
loaded from the GDSC website. The Mann–Whitney 
U-test was used to compare cisplatin sensitivity between 
mutant and wild-type LUSC cell lines. Differences in the 
mutation frequencies (top 20) of wild-type and mutant- 
type LUSC (GDSC-LUSC; TCGA-LUSC and Local- 
LUSC) were compared using Fisher’s exact test. The 
KM method and Log rank test were used for survival 
analysis. P < 0.05 was considered statistically significant, 
and all statistical tests were two-tailed. All statistical and 
visual analyses were carried out in R software (version 
3.6.1). In addition, the Complexheatmap R package33 

(Version 2.2.0) was employed to visualize the heatmap 
and ggpubrR34 (2.2.0) to visualize the boxplot.

Abbreviations
LUSC, lung squamous cell carcinoma; GDSC, Genomics of 
Drug Sensitivity in Cancer; TCGA, The Cancer Genome 
Atlas; MT, mutant; WT, wild-type; GSEA, Gene set enrich-
ment analysis; ssGSEA, single-sample GSEA; NSCLC, 

Figure 6 Potential mechanism of IGF2R-WT mediating cisplatin resistance in LUSC. 
Abbreviations: IGF2R-WT, IGF2R wild-type; LUSC, lung squamous cell carcinoma.
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non-small cell lung cancer; LUAD, lung adenocarcinoma; 
DDR, DNA damage repair; MMR, Mutations in DNA mis-
match repair; WES, whole exome sequencing; IC50, the half 
maximal inhibitory concentration; GO, Gene Ontology; 
KEGG, Kyoto Encyclopedia of Genes and Genomes; 
MSigDB, Molecular Signatures Database; OS, overall sur-
vival; HR, hazard ratio; CI, confidence interval; UPR, 
unfolded protein response; HSP, heat shock proteins.
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