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Prognostic role of multiple abnormal genes in non-small-cell lung cancer
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Abstract
BACKGROUND
Non-small-cell lung cancer (NSCLC) has the highest morbidity and mortality rates among all malignant tumor types. Although therapies targeting the mutated genes such as KRAS have been used in the clinic for many years, the prognosis remains poor. Therefore, it is necessary to further study the aberrant expression or mutation of non-target genes affecting the survival and prognosis.

AIM
To explore the impact of simultaneous abnormalities of multiple genes on the prognosis and survival of patients.

METHODS
We used R packages to analyze gene expression data and clinical data downloaded from The Cancer Genome Atlas (TCGA) database. We also collected samples from 85 NSCLC patients from the First People’s Hospital of Jingzhou City and retrospectively followed the patients. Multivariate Cox regression analysis and survival analysis were performed.

RESULTS
Analysis of gene expression data from TCGA revealed that the overexpression of the following single genes affected overall survival: TP53 (P = 0.79), PTEN (P = 0.94), RB1 (P = 0.49), CTNNB1 (P = 0.24), STK11 (P = 0.32), and PIK3CA (P = 0.013). However, the probability of multiple genes (TP53, PTEN, RB1, and STK11) affecting survival was 0.025. Retrospective analysis of clinical data revealed that sex (hazard ratio [HR] = 1.29 [95%CI: 0.64-2.62]), age (HR = 1.05 [95%CI: 1.02-1.07]), smoking status (HR = 2.26 [95%CI: 1.16-4.39]), tumor histology (HR = 0.58 [95%CI: 0.30-1.11]), cancer stage (HR = 16.63 [95%CI: 4.8-57.63]), epidermal growth factor receptor (EGFR) mutation (HR = 1.82 [95%CI: 1.05-3.16]), abundance (HR = 4.95 [95%CI: 0.78-31.36]), and treatment with tyrosine kinase inhibitors (TKIs) (HR = 0.58 [95%CI: 0.43-0.78]) affected patient survival. Co-occurring mutations of TP53, PTEN, RB1, and STK11 did not significantly affect the overall survival of patients receiving chemotherapy (P = 0.96) but significantly affected the overall survival of patients receiving TKIs (P = 0.045).

CONCLUSION
Co-occurring mutation or overexpression of different genes has different effects on the overall survival and prognosis of NSCLC patients. Combined with TKI treatment, the co-occurring mutation of some genes may have a synergistic effect on the survival and prognosis of NSCLC patients.
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Core Tip: Non-small-cell lung cancer (NSCLC) has the highest morbidity and mortality rates among all malignant tumors. To explore the impact of simultaneous abnormalities of multiple genes on the prognosis and survival of patients. We used R packages to analyze gene expression data and clinical data downloaded from The Cancer Genome Atlas database. We also collected samples from 85 NSCLC patients from the First People's Hospital of Jingzhou City and retrospectively followed the patients for multivariate Cox regression analysis and survival analysis. Co-occurring mutation or overexpression of different genes has different effects on the overall survival and prognosis of patients. Combined with TKI treatment, the co-occurring mutation of some genes may have a synergistic effect on the survival and prognosis of NSCLC patients.

INTRODUCTION
The prognosis of lung cancer is poor, and the associated mortality rate is among the highest due to the tumor’s highly invasive and metastatic nature[1]. Non-small-cell lung cancer (NSCLC) accounts for 85% of lung malignancy cases[2]. Despite advances in gene-targeted therapy and immunotherapy, the long-term survival benefits of NSCLC patients are still limited[3]. Cancer patients receiving molecularly targeted therapies have clinically different survival prognoses mainly because currently used targeted therapies primarily target single-gene mutations, while tumor tissues are highly heterogeneous. Moreover, the complex tumor microenvironment plays a crucial role in the survival, ability to evade immune surveillance, and drug resistance of cancer cells[4].
Single-gene-targeted therapy has provided a survival benefit to patients over conventional chemotherapy. For example, patients with advanced epidermal growth factor receptor (EGFR) mutation-positive lung cancer can be treated with tyrosine kinase inhibitors (TKIs) such as gefitinib or erlotinib, and those with anaplastic lymphoma kinase-positive lung cancer can be treated with crizotinib[5-7]. Third-generation TKIs including osimertinib further improve the survival of patients with EGFR mutation-positive lung cancer that is also characterized by T790M mutation, in which cases first-generation TKIs are not effective[8]. However, not all patients with EGFR mutation-positive lung cancer respond well to TKIs, and some even develop drug resistance, which will lead to disease progression[9].
Next-generation sequencing analyses have revealed significant differences in gene mutation sites among patients, with the differences also being apparent between early and late stages of cancer and in the mutation frequency of each site[10]. The differences in gene mutations may also be responsible for differences in the risk of drug resistance and differences in individual treatment responses.
The co-occurrence of TP53 and EGFR mutations is often associated with a worse prognosis and accelerated proliferation and invasion of cancer cells[11,12]. In this study, we collected clinical data from The Cancer Genome Atlas (TCGA) and analyzed the impact of common mutations in NSCLC patients on targeted therapy and survival prognosis.

MATERIALS AND METHODS
Data collection and analysis
First, we downloaded the clinical and original gene expression data (counts) of lung adenocarcinoma (LUAD) patients from the TCGA public database. Next, we screened 21 target genes detected by second-generation sequencing during clinical treatment and observed the effect of multiple gene expression on the survival and prognosis of patients using the pheatmap package of R software to plot a heat map for visual analysis.
Then, we used the patient mutation information provided in the database and divided all patient samples into EGFR and KRAS mutation groups to study the gene expression differences and explore the correlation between mutations at other loci and these two most common mutations.
Finally, we analyzed the overall survival (OS) of patients whose samples showed different gene expression profiles. The significance of single-gene analysis was improved by considering an expression Z score of more than 1 as high expression and an expression Z score less than -1 as low expression. Then, considering 0 as the critical value, we analyzed the co-expression of multiple genes.

Collection of clinical data from patients
We collected the next-generation sequencing results of more than 300 NSCLC patients from the First People’s Hospital of Jingzhou City from 2017 to 2020. After follow-up, clear OS and detailed data of 85 patients were obtained. If some patients were examined many times during the treatment, we took the first detection results as the basis for analysis.
We collected the medical history and general clinical data of the subjects through the hospital information system and telephone return visit in the hospital's oncology department. We collected the patient’s sex, age, smoking history, pathological type, cancer stage, next-generation sequencing results, treatment with TKIs, OS, and other results and divided the patient population based on the gene mutation status for multivariate Cox regression analysis. Finally, the patients were divided into two groups based on whether they received targeted TKI therapy or chemotherapy to explore the effect of co-occurrence of gene mutations on the OS of patients. All clinical data were collected after being submitted to the ethics committee of Jingzhou First People’s Hospital for approval. All patients provided informed consent before the next-generation sequencing analysis.

Statistical analysis
All patients were followed until December 31, 2020. We screened patients with complete basic information and definite OS data. The results of all patients were obtained using the same high-throughput sequencing equipment. All statistical analyses were performed using several R packages such as edgeR, DESeq, TCGAbiolinks, and ggplot2. We used the Kaplan-Meier method to analyze the differences in OS and compared the effects of gene mutations using the log-rank test. We also investigated the influence of various factors on the total survival of patients using multivariate Cox regression analysis. The Fisher exact test was used for comparing different groups. All P-values are based on a two-tail hypothesis with statistical significance defined as P < 0.05.

RESULTS
Differential gene expression
The volcano map (Figure 1) of gene expression data of 533 cancer tissues and 53 normal tissues from TCGA reveals a large number of upregulated (red) and downregulated (green) genes[13]. Differences in gene expression were also seen among different subtypes of cancer tissues. In this study, 21 genes detected by next-generation sequencing were selected to explore the effect of gene mutation and overexpression on OS. A two-dimensional heat map of various parameters was plotted to intuitively observe patients' basic indicators and gene expression (Figure 2, which shows apparent differences in the expression of different genes, but it is necessary to clarify which indicators impact the OS of patients.
Clinical data regarding the EGFR and KRAS mutation status were also analyzed and compared with data on mutations of other genes[14,15]. The National Comprehensive Cancer Network guidelines have pointed out that KRAS mutation can reduce sensitivity toward EGFR inhibitors. Clinically, the probability of simultaneous occurrence of KRAS mutation and EGFR mutation is very low, and a mutually exclusive relationship between them is also reported[16]. After grouping the samples based on the EGFR and KRAS mutation status with more than 20 samples in each group, the prepared bubble chart and box chart (Figure 3) show that RET, KIT, and TERT exhibited significantly different expression levels between the two groups. These three genes were upregulated in patients with KRAS mutation, while EGFR and BRAF were downregulated (Figure 3).
In the analysis of the survival of patients with single-gene mutations, to amplify the single-gene effect, we considered genes with a Z score greater than 1 to be highly expressed and those with a Z score less than -1 to have a low expression level. After calculating the P value, it was found that except for PIK3CA (P < 0.05), there was no statistical significance in the high expression of other single genes: TP53 (P = 0.79), PTEN (P = 0.94), RB1 (0.49), CTNNB1 (P = 0.24), and STK11 (P = 0.32) (Figure 4). We speculated that significant PIK3CA overexpression indicates a poor prognosis and OS[17-19]. Given that the expression of other single genes did not seem to affect prognosis significantly, we suspected that the simultaneous overexpression of multiple genes, especially the four tumor suppressor genes (TP53, PTEN, RB1, and STK11), would have some clinical implication. Therefore, we used the Z score of 0 as the critical value and divided the four genes into two groups in which all had a high expression or a low expression level at the same time (Figure 5). A P value of 0.025 showed that when TP53, PTEN, RB1, and STK11 were highly expressed simultaneously, the OS was significantly different from that when these genes showed a low expression level. Moreover, the high expression group had a significantly shorter OS.

Differences in co-occurrence of gene mutations between patients receiving chemotherapy and TKI therapy
We visualized data regarding gene mutations and basic clinical information collected from patients by plotting a heat map (Figure 6). First, we divided the patients based on whether they received chemotherapy or TKI therapy and then carried out Fisher's exact test (Table 1). We found that sex (P = 0.0021), smoking history (P = 0.0302), and OS (P = 0.0022) differed significantly based on the treatment. To understand the impact of various factors on patients, we separately analyzed the impact of basic indicators and gene mutations by multivariate Cox regression (Figure 7), which demonstrated that sex (hazard ratio [HR] = 1.29 [95%CI: 0.64-2.62]; P = 0.475), age (HR = 1.05 [95%CI: 1.02-1.07]; P < 0.001), smoking history (HR = 2.26 [95%CI: 1.16-4.39]; P = 0.017), tumor histology (HR = 0.58 [95%CI: 0.30-1.11]; P = 0.098), cancer stage (HR = 16.63 [95%CI: 4.8-57.63]; P < 0.001), EGFR mutation (HR = 1.82 [95%CI: 1.05-3.16]; P = 0.034), abundance (HR = 4.95 [95%CI: 0.78-31.36]; P = 0.09), and TKI treatment (HR = 0.58 [95%CI: 0.43-0.78]; P < 0.001) affected patient survival.
Cox regression analysis (Figure 8) revealed a significant effect of all gene mutations except for BRAF (P = 0.02), which indicates that the OS of patients is under the combined influence of multiple-locus genes. The HR values of some gene mutations were positive, such as MAP2K1 (HR = 0.0014), CTNNB1 (HR = 0.1629), and RET (HR = 0.1089), indicating that mutations of these genes may benefit the patients, but further confirmation using more samples is necessary. We selected TP53, PTEN, Rb1, and STK11, whose mutation frequency is high in NSCLC patients, to study if the co-occurrence of mutations of these genes has a similar superposition effect[20-22]. Patients with mutations in these tumor suppressor genes have a worse survival prognosis[23,24]. These co-occurring mutations can allow cancer cells to escape immune surveillance, proliferate aberrantly to malignancy, and develop resistance to targeted therapy. After identifying the effect of TP53 (HR = 1.2602), PTEN (HR = 1.4428), Rb1 (HR = 2.2605), and STK11 (HR = 3.5352), we sought to determine whether either of them could be used individually as an indicator of survival and prognosis of patients. However, the effect of age (P < 0.001) was significant even if its HR value was only 1.05 (Figure 7).
The patients were divided into two groups based on whether they received chemotherapy (n = 41) or TKI treatment (n = 44). According to the number of mutations in the four tumor suppressor genes (TP53, PTEN, Rb1, and STK11), we classified those with more than one mutation into the greater than (GT) 1 group (Figure 9). The number of mutations of these tumor suppressor genes in the chemotherapy group did not bear significance between the GT1 and non-GT1 groups (P = 0.96). Still, it was significant in the TKI treatment group (P = 0.045). Co-occurrence of mutations in these genes worsened the prognosis similarly in both groups. We found that some patients discontinued targeted therapy not because of disease progression but because of economic reasons; this could have affected the results. The complexity of the tumor genome determines that cancer treatment cannot target a single gene. Co-mutation is likely to completely change the biological characteristics of the original tumor through synergy, endow the tumor with new biological characteristics, and make the tumor tolerant to targeted therapy. This co-mutation may occur gradually in the process of targeted therapy.

DISCUSSION
In this study, we focused on the effect of the co-occurrence of gene mutations using TCGA database and clinical patient data. Our analyses revealed significant differences in the gene expression profiles between adenocarcinoma and normal tissues in NSCLC. The upregulated and downregulated genes also differed in different patients and between LUAD patients with EGFR and KRAS mutations. Most tumor-derived TP53 mutations occur in the region encoding the DNA binding domain of p53. The TP53 mutation significantly impacts the progression of various types of cancer[25,26]. While the overexpression of some genes was significantly associated with good OS and prognosis, such as PIK3CA, the single expression of most genes did not have a significant effect. The simultaneous overexpression of multiple tumor suppressor genes (TP53, PTEN, RB1, and STK11) was associated with a poor OS. Cox multivariate regression analysis revealed that for NSCLC patients, the most critical factor affecting OS was not the type of treatment or gene mutation but the disease stage, which underscores the importance of early diagnosis of solid tumors. The effects of recognized risk factors such as smoking history were also confirmed in the analysis. Finally, after grouping based on treatment, we found that in patients receiving traditional chemotherapy, mutations of TP53, PTEN, RB1, and STK11 had no significant influence on the OS; however, these mutations had a significant effect in patients receiving TKIs. Simultaneous mutations in multiple tumor suppressor genes resulted in a risk superposition effect[24].
These genes have been studied in the context of non-target therapy. While the frequency of mutations in these genes is high in NSCLC patients, the problem of tumor heterogeneity and the possibility of personalized medicine need to be further explored. The influence of these gene mutations on the OS and prognosis of patients receiving immunotherapy has also received attention[27-29]. In the future, the development of new molecular targeted drugs will help deal with the heterogeneity of different mutant subtypes.

CONCLUSION
In conclusion, this study summarizes the impact of the co-occurrence of mutations or overexpression of multiple genes on the OS and prognosis of NSCLC patients. The results indicate that the co-occurrence of mutations results in a risk superposition effect, and such genes must be studied further when predicting patients' disease progression.

ARTICLE HIGHLIGHTS
Research background
Among all malignant tumor types, non-small cell lung cancer (NSCLC) has the highest incidence rate and mortality.

Research motivation
To investigate the effect of simultaneous polygenic abnormalities on the prognosis and survival of NSCLC patients.

Research objectives
To study the effect of polygene mutation and abnormal expression on the prognosis and survival of patients with non-small cell lung cancer.

Research methods
We used R packages to analyze gene expression data and clinical data downloaded from The Cancer Genome Atlas (TCGA) database. We also collected samples from 85 NSCLC patients from the First People’s Hospital of Jingzhou City and retrospectively followed the patients. Multivariate Cox regression analysis and survival analysis were performed.

Research results
The probability of multiple genes (TP53, PTEN, RB1, and STK11) affecting survival was 0.025. Retrospective analysis of clinical data revealed that sex (hazard ratio [HR] = 1.29), age (HR = 1.05), smoking status (HR = 2.26), tumor histology (HR = 0.58), cancer stage (HR = 16.63), epidermal growth factor receptor (EGFR) mutation (HR = 1.82), abundance (HR = 4.95), and treatment with tyrosine kinase inhibitors (TKIs) (HR = 0.58) affected patient survival. Co-occurring mutation of TP53, PTEN, RB1, and STK11 did not significantly affect the overall survival of patients receiving chemotherapy (P = 0.96) but significantly affected the overall survival of patients receiving TKIs (P = 0.045).

Research conclusions
Co-mutation or overexpression of different genes has different effects on the overall survival and prognosis of NSCLC patients. Combined with TKI treatment, the co-mutations of some genes may have a synergistic effect on the survival and prognosis of NSCLC patients.

Research perspectives
In the future, the development of new molecular targeted drugs will help deal with the heterogeneity of different mutant subtypes.
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Figure Legends
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Figure 1 Volcano map of gene expression data of 533 cancer tissues and 53 normal tissues from The Cancer Genome Atlas database reveals a large number of upregulated (red) and downregulated (green) genes. LUAD: Lung adenocarcinoma.
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Figure 2 Two-dimensional heat map of various parameters plotted to intuitively observe patients' basic indicators and gene expression.
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Figure 3 Bubble chart and box chart show that RET, KIT, and TERT exhibit significantly different expression levels between the two groups. The samples were grouped based on the epidermal growth factor receptor and KRAS mutation status with more than 20 samples in each group.
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Figure 4 Analysis of survival of patients with single-gene mutations. To amplify the single-gene effect, we considered genes with a Z score greater than 1 to be highly expressed and those with a Z score less than -1 to have a low expression level. 
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Figure 5 We used the Z score of 0 as the critical value and divided the four genes into two groups in which all had a high expression or a low expression level at the same time.
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Figure 6 Heat map revealing data regarding gene mutations and basic clinical information collected from patients. LUAD: Lung adenocarcinoma; WT: Wild type; Del 19: Deletion of exon 19; LUSC: Lung squamous cell carcinoma; TKI: Tyrosine kinase inhibitor; OS: Overall survival.
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Figure 7 Multivariate Cox regression analysis of impact of basic indicators and gene mutations.
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Figure 8 Cox regression analysis revealed a significant effect of all gene mutations except for BRAF (P = 0.02).
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Figure 9 According to the number of mutations in the four tumor suppressor genes (TP53, PTEN, Rb1, and STK11), we classified those with more than one mutation into the greater than 1 group. gt1: Greater than 1; TKI: Tyrosine kinase inhibitor; OS: Overall survival.


Table 1 Variables between patients who received chemotherapy or TKI therapy
	Therapy type
	Chemotherapy
	TKI therapy 
	P value

	Sex
	
	
	

	Female
	7 (8.2)
	20 (23.5)
	0.0021

	Male
	37 (43.5)
	21 (23.7)
	

	Age
	
	
	

	Less than 50 yr
	7 (8.2)
	4 (4.7)
	0.7334

	50-70 yr
	27 (31.8)
	26 (30.6)
	

	Greater than 70 yr
	10 (11.8)
	11 (12.9)
	

	Smoking history
	
	
	

	Ever
	27 (31.7)
	15 (17.6)
	0.0302

	Never
	17 (20.0)
	26 (30.6)
	

	Tumor histology
	
	
	

	LUAD
	35 (41.1)
	37 (43.5)
	0.2317

	LUSC & Others
	9 (10.6)
	4 (4.7)
	

	Cancer stage
	
	
	

	I and II
	2 (2.4)
	4 (4.7)
	0.4227

	III and IV
	42 (49.4)
	37 (43.5)
	

	OS
	
	
	

	< 12 mo
	28 (32.9)
	12 (14.1)
	0.0022

	≥ 12 mo
	16 (18.8)
	29 (34.1)
	


TKI: Tyrosine kinase inhibitor; LUAD: Lung adenocarcinoma; OS: Overall survival.
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