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Objective

Qujing City, Yunnan Province, China, has a high incidence of lung cancer and related mortality. The etiology of NSCLC in Qujing area and distribution of associated molecular aberrations has not been fully elucidated. This study aimed to reveal the profile of driver gene mutations in patients with non-small-cell lung cancer (NSCLC) in Qujing and explore their relationships with clinicopathological characteristics.



Methods

In this study, the mutation profiles of NSCLC driver genes, including EGFR, ALK, ROS1, KRAS, BRAF, RET, MET, HER2, NRAS, and PIK3CA, were investigated in patients with NSCLC from Qujing and compared with those from other regions in Yunnan Province. The associations between molecular mutations and clinicopathological characteristics were further analyzed.



Results

A distinct profile of driver gene mutations was discovered in patients with NSCLC from Qujing. Interestingly, a higher proportion of EGFR compound mutations, including G719X + S768I (19.65% vs 3.38%, P < 0.0001) and G719X + L861Q (21.10% vs 2.82%, P < 0.0001), was observed in patients with NSCLC in Qujing compared with patients in non-Qujing area, besides significantly different distributions of EGFR (46.01% vs. 51.07%, P = 0.0125), ALK (3.17% vs. 6.97%, P = 0.0012), ROS1 (0.5% vs. 2.02%, P = 0.0113), and KRAS (23.02% vs. 7.85%, P < 0.0001). Further, EGFR compound mutations were more likely associated with the occupation of patients (living/working in rural areas, e.g., farmers). Moreover, KRAS G12C was the dominant subtype (51.11% vs 25.00%, P = 0.0275) among patients with NSCLC having KRAS mutations in Qujing.



Conclusions

Patients with NSCLC in Qujing displayed a unique profile of driver gene mutations, especially a higher prevalence of EGFR compound mutations and dominant KRAS G12C subtype, in this study, indicating a peculiar etiology of NSCLC in Qujing. Therefore, a different paradigm of therapeutic strategy might need to be considered for patients with NSCLC in Qujing.
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Introduction

Lung cancer has been the most common cancer globally for more than two decades (1). Every year, 1.8 million people are diagnosed with lung cancer and 1.6 million die of the disease (2). In China, lung cancer has the highest mortality and modality. Qujing City, located in Southwest China, is an area with an extremely high incidence of lung cancer, especially in Xuanwei County (3, 4). Previous studies showed several exposures contributing to a higher incidence of non-small-cell lung cancer (NSCLC), including the use of smoky coal in unvented stoves (5), tobacco smoking (6), food contamination (7), and arsenic and radon among tin miners (8) in this area. These external exposures might lead to a distinct profile of genetic alterations contributing to the occurrence and development of NSCLC. Studies with limited sample size indicated that patients with NSCLC in Xuanwei County had lower EGFR and ALK mutation rates and a higher rate of KRAS mutations (9–11). A higher proportion of EGFR exons 18 and 20 co-mutations were also reported (12). In recent years, the discovery of lung cancer driver genes has opened the door to individualized treatment of lung cancer and made the molecular typing of lung cancer more refined (13). Therefore, understanding the real-world driver gene mutation characteristics of patients with NSCLC in the Qujing area is of great importance in unrevealing the genetic etiology and optimizing therapeutic regimens for patients in this region. In this study, 2672 patients with NSCLC from Yunnan Province, including 946 patients from Qujing City, were retrospectively examined. The mutation statuses of lung cancer driver genes EGFR, ALK, ROS1, KRAS, BRAF, RET, MET, HER2, NRAS, and PIK3CA were detected. Also, the mutational characteristics of these driver genes were analyzed. A specific profile of mutations in these driver genes was revealed in patients from this region, which might lead to the development of more effective targeted therapeutic interventions for this disease.



Materials and Methods


Patients

A total of 2672 patients with pathologically diagnosed NSCLC from various regions, including Qujing in Yunnan Province, who visited Yunnan Cancer Hospital between January 2016 and September 2019 were retrospectively recruited (Figure 1). This study was conducted with approval from the Institutional Review Board of Yunnan Cancer Hospital. Informed consent was waived because of the retrospective nature of this study, and the de-sensitized clinical data were collected.




Figure 1 | Flowchart of participant selection in this study.





Samples and Mutation Detection

Formalin-fixed paraffin-embedded (FFPE) tumor tissues, or fine‐needle aspiration and/or core needle biopsies, were used to detect mutations in at least one of the following genes, EGFR, ALK, ROS1, KRAS, BRAF, RET, MET, HER2, NRAS, and PIK3CA. Genomic DNA and total RNA were extracted from FFPE samples using the AmoyDx FFPE DNA/RNA extraction kit (Amoy Diagnostics, Xiamen, China) following the manufacturer’s protocols. For other types of samples, an AmoyDx Tissue DNA/RNA extraction kit (Amoy Diagnostics) was used. An Amplification Refractory Mutation System Polymerase Chain Reaction (ARMS-PCR) and a Mutation Detection Kit (Amoy Diagnostics) were used to detect the mutations in driver genes (n = 2146). The other 526 specimens were captured using commercially available panels and subjected to next-generation sequencing (NGS) following manufacturer’s protocols (Table 1 and Supplementary Table 1).


Table 1 | Characteristics of patients with NSCLC from Qujing and non-Qujing areas.





Statistical Analysis

SPSS23.0 (SPSS version 23.0 for Windows, IBM Inc., IL, USA) was used to analyze the relationship between gene mutations and clinicopathological characteristics with the help of χ2 test, Fisher’s exact test, or binary logistic regression. The two‐sided significance level was set at P <0.05.




Results


Clinicopathological Characteristics of Patients With NSCLC in Qujing and Non-Qujing Regions

Among the 2146 patients with NSCLC tested by ARMS-PCR, 758 (35.25%) were from Qujing and 1384 (64.75%) were non-Qujing patients. Regional information was not available for the remaining four patients. The clinicopathological characteristics, including sex, age at diagnosis, smoking history, staging, histopathology, family history, ethnic, lesion site, and metastasis, are listed in Table 1. No difference in baseline characteristics was found between these two patient groups. The clinicopathological characteristics of other 526 specimens tested using NGS are shown in Supplementary Table 2.



Mutational Status of Driver Genes in Patients With NSCLC in Qujing

Among 2142 patients with NSCLC, 1978 were diagnosed with lung adenocarcinoma (92.34%) and 157 had lung squamous carcinoma (7.33%). The landscape of driver mutations in patients with NSCLC from Qujing, non-Qujing, Yunan (non-Qujing), and non-Yunnan regions displayed a region-specific mutational profile (Figure 2). Especially, the prevalence of EGFR (46.01% vs 51.07%, P = 0.0125), ALK (3.17%% vs 6.97%%, P = 0.0012), and ROS1 (0.5% vs 2.02%, P = 0.0113) was significantly lower in patients from Qujing than in those from non-Qujing regions. On the contrary, the KRAS mutation rate was significantly higher in patients with NSCLC in Qujing compared with non-Qujing patients (23.0214% vs 7.85%, P < 0.0001) (Figures 3, 4A, and 5A). Similar results were also obtained in patients with lung adenocarcinoma (Supplementary Figure 1). In addition, fewer patients with NSCLC in Qujing had co-mutations of these 10 driver genes compared with those from non-Qujing areas (Supplementary Figure 2). Among 526 specimens tested using NGS, the prevalence of ALK and KRAS mutations in NSCLC patients from Qujing and non-Qujing areas was as similar as the results by ARMS-PCR (Supplementary Table 3).




Figure 2 | Mutation frequencies of 10 lung cancer driver genes in patients with NSCLC according to the regions in Yunnan Province.






Figure 3 | Mutation frequencies of ALK and ROS1 in patients with NSCLC from Qujing and non-Qujing regions.






Figure 4 | Frequencies of EGFR mutations, EGFR subtypes, and compound mutations in patients with NSCLC from Qujing and non-Qujing areas. (A) the prevalence of EGFR mutation in Qujing patients was compared with non-Qujing patients. (B) the point mutation frequencies of G719X, S768I, and L861Q were higher in Qujing patients, and the point mutation of 19Del and L858R were lower in Qujing patients. (C, D) the distribution of EGFR mutation subtypes in Qujing and non-Qujing patients. (E, F) the distribution of EGFR compound mutation subtypes in Qujing and non-Qujing patients.






Figure 5 | Profile of KRAS mutation and subtypes in patients with NSCLC from Qujing and non-Qujing areas. (A) the prevalence of KRAS mutation in Qujing patients was compared  with non-Qujing patients. (B, C) the distribution of KRAS mutation subtypes in Qujing and non-Qujing patients.





Relationship Between Clinical Characteristics and EGFR, ALK/ROS1, and KRAS Mutation Statuses in Patients With NSCLC in Qujing

Further, the relationship between EGFR, KRAS, and ALK/ROS1 mutation statuses and clinical characteristics in patients with NSCLC in Qujing was analyzed. EGFR mutations were more common in female patients with adenocarcinoma, nonsmoker patients with NSCLC (P < 0.0001), and patients aged more than 40 years (P = 0.0196). ALK/ROS1 fusions occurred more in patients younger than 40 years old (P = 0.0002). However, KRAS mutations were more frequent in men (P = 0.0066) and smokers (P = 0.0084) (Table 2 and Supplementary Table 4).


Table 2 | Relationship between clinical characteristics and EGFR, ALK/ROS1, and KRAS mutations in patients with NSCLC from Qujing.





Distribution of EGFR Mutation Subtypes in Patients With NSCLC in Qujing

The mutation frequencies of G719X (23.01% vs 5.02%, P < 0.0001), S768I (10.24% vs 1.79%, P < 0.0001), and L861Q point mutations (10.51% vs 2.18%, P < 0.0001) were significantly higher, while the prevalence of 19Del (10.24% vs 25.69%, P < 0.0001) and L858R point mutations (11.97% vs 21.03%, P < 0.0001) was significantly lower in patients with NSCLC from Qujing compared with those from non-Qujing areas (Figure 4B). In addition, a significantly higher proportion of EGFR compound mutations were detected (43.35% vs 10.12%, P < 0.0001, for all EGFR mutations) (Figures 4C, D), and the proportion of EGFR G719X + L861Q (21.10% vs 3.38%, P < 0.0001) and EGFR G719X + S768I (19.65% vs 2.82%, P < 0.0001) subtypes was significantly higher in patients with NSCLC from Qujing (Figures 4E, F). The multivariate analysis showed that the occupation of patients (living/working in the rural area, e.g., farmers) (odds ratio, 1.923; 95% confidence interval, 1.179–3.137) was independently associated with an increased rate of EGFR compound mutations (Table 3).


Table 3 | Multivariate logistic regression analysis of correlations between baseline characteristics and EGFR compound mutations in patients with NSCLC from Qujing.





Mutational Profile of KRAS Subtypes in Patients With NSCLC From Qujing

A total of 73 patients harbored KRAS mutations (13.88%) among 526 patients receiving NGS testing, including 45 patients from Qujing and 28 patients from non-Qujing areas. The mutation frequency of KRAS G12C was significantly higher in patients with NSCLC from Qujing than in those from non-Qujing areas (51.11% vs 25.00%, P = 0.0275). However, the frequency of KRAS G12D was significantly lower in patients with NSCLC from Qujing than in those from non-Qujing areas (6.17% vs 28.57%, P = 0.0173) (Figures 5B, C).




Discussion

Lung cancer in Qujing City (including Xuanwei County), Yunnan, has four remarkable features: higher incidence, higher mortality, adenocarcinoma as the main histological type, and similar incidence in men and women (5). However, the mutation status of lung cancer driver genes has not been thoroughly investigated among the populations in this region due to the lack of a large-sized study cohort.

Previous studies suggested that lung cancer in the Qujing area had unique epidemiological characteristics due to severe air pollution and the toxicology of indoor coal-fired particles (4, 14–16). This area had more female patients with lung cancer, indicating the presence of strong carcinogens in the body, which had different effects on men and women (17). This study showed that patients with NSCLC in Qujing had a unique driver gene mutation profile and significant differences in EGFR and KRAS mutation frequencies between men and women. The characteristics of gene mutations associated with patients with lung cancer in Qujing have been identified. However, the underlying molecular mechanisms of lung cancer in Qujing are complex and still not fully understood. On the contrary, a number of animal and in vitro studies showed that alveolar macrophages loaded with carbon particles from smoke led to an increased risk of respiratory tract infections. They also showed that the pathways involved in lung carcinogenesis induced by indoor coal-fired particles and that induced by tobacco smoke might be identical (18–20). However, no evidence directly demonstrated that abnormal driver gene profile was the cause of the high incidence of lung cancer in this region. Therefore, the molecular mechanism underlying the high incidence of lung cancer in the Qujing population remains to be further explored.

This study was based on the analysis of multi-gene mutations in a large number of patients in Qujing compared with patients from other regions in Yunnan Province. In the present study, a distinct profile of driver gene mutations was found in patients with NSCLC from the Qujing area. Except the differential distribution of EGFR, ALK, ROS1, and KRAS mutations, EGFR compound mutations as well as KRAS G12C and G12D also displayed a “Qujing”-specific spectrum in this study. Previous findings and the findings of this study suggested that the prevalence of common driver mutations in patients with NSCLC from Qujing was different from that in patients from other regions of China, but similar to that in Western populations (9, 10, 21–23). However, further studies are required to validate the findings.

The EGFR mutation rate in patients with lung cancer from Xuanwei is still controversial. Wei et al. reported that 57% (51/90) and 43% (73/168) of patients with lung cancer from Xuanwei and non-Xuanwei regions carried EGFR mutations, respectively (24). Hosgood et al. showed that the incidence of EGFR mutation was 35% in female patients (never smokers) with lung cancer in Xuanwei (9). The present study found that the EGFR mutation rate was 46.01% in patients with NSCLC from Qujing, which was lower than that reported by Wei et al., but higher than that reported by Hosgood et al. This inconsistency in results might be due to the differences in population selection. On the one hand, Qujing City includes Xuanwei and other counties in its administrative area, and therefore this study included patients who were not in Xuanwei but belonged to Qujing City. On the other hand, the patients were not selected according to specific clinical characteristics.

The most commonly known type of EGFR mutation is 19Del (accounting for ~45% of EGFR mutations), followed by L858R (accounting for ~40% of EGFR mutations). The remaining ~10% of EGFR mutations are defined as uncommon mutations, including exon 20 insertions (20ins), T790M, G719X, L861X, and S768I (25). However, the mutation frequencies of 19Del (20.52%) and L858R (24.28%) in patients with NSCLC from Qujing were lower than those reported in the literature. In addition, a higher proportion of EGFR G719X + L861Q (21.10%) and G719X + S768I (19.65%) mutation subtypes were found in patients with NSCLC from Qujing. Interestingly, EGFR compound mutations were more likely associated with epidemiological issues (living/working in the rural area, e.g., farmers). People who used to live or work in the rural areas of Qujing might have a higher chance of being exposed, for example, to coal-fired flue gas (4, 10). However, further large-scale investigations are warranted to confirm the correlation between EGFR compound mutations in NSCLC and environmental exposures in this region.

NSCLC with the coexistence of multiple EGFR mutations may have a unique oncogenic mechanism that may reflect the efficacy of EGFR-specific tyrosine kinase inhibitors. ERBB2 phosphorylation was markedly reduced in cells expressing L861Q plus G719X compared with lung cancer cells expressing L861Q alone. The viability assays revealed that lung cancer cells expressing L861Q + G719A showed decreased sensitivity (8- to 58-fold reduction) to EGFR-specific inhibitors, erlotinib and osimertinib, compared with cells expressing L861Q alone, but pan-ERBB inhibitors exerted superior growth-inhibitory effects on cells expressing compound L861Q/G719X mutations (26). Similarly, the cells co-expressing G719X and S768I also showed a good response to afatinib, a pan-ERBB inhibitor (27). In this study, a higher proportion of EGFR compound mutations were detected in patients with NSCLC from Qujing. Therefore, pan-ERBB inhibitors exerted superior tumor-growth-inhibitory effects in these patients compared with EGFR-specific inhibitors. Further clinical data should be collected to confirm these cell research based findings.

KRAS is the second most common driver gene in lung cancer, and the frequency of KRAS mutation is lower in Chinese patients than in Western populations. However, the mutation frequency of KRAS in Qujing (including Xuanwei) was inconsistent (6.3%–29.2%) in previous reports due to the limited number of patients (9–11, 28, 29). In this study based on a large number of patients with NSCLC, the frequency of KRAS mutation was significantly higher in patients with NSCLC from Qujing than in those from non-Qujing regions (23.02% vs 7.85%). Targeting KRAS protein has been one of the toughest challenges in cancer treatment research. A specific mutation known as KRAS G12C is a major driver of tumor growth, occurring broadly across solid-tumor indications. KRAS G12C mutation is found in about 13% of patients with NSCLC in the United States (30), and approximately 32.3% of patients with NSCLC in China (31). In this study, KRAS G12C was also the main mutant subtype of KRAS in patients with NSCLC from Qujing (51.11%). With the development of drugs inhibiting KRAS G12C, this study suggested that patients with KRAS G12C mutations in Qujing might benefit from targeted therapy, such as AMG510 (32).

In general, previous studies based on patients with lung cancer from Xuanwei/Qujing showed that a higher proportion of EGFR compound mutations and KRAS mutations were observed, although EGFR mutation rate in patients with lung cancer patients from Xuanwei was still controversial (9–12, 24, 28, 29, 33–35) (Table 4). The cause of these specific genetic changes remains unclear. However, the main findings were as follows: people using smoky coal had an up to 30-fold higher risk of lung cancer compared with those using smokeless coal and wood (4); lung cancer patients with coal exposure history in Xuanwei had a higher KRAS mutation rate (11, 33) (Table 4); and the occupation of patients (living/working in the rural area, e.g., farmers) was independently associated with an increased rate of EGFR compound mutations in this study. These findings suggested that environmental exposure might be an important reason for the specific mutation spectrum in this area. Hence, further large-scale investigations are warranted to confirm the correlation between the driver gene profile of patients with lung cancer and the environmental exposure in this region.


Table 4 | EGFR and KRAS mutation characteristics in patients with lung cancer from Xuanwei/Qujing in previous studies.



On the other hand, some studies showed that patients with EGFR mutations in Xuanwei had a poor prognosis after receiving EGFR-TKI treatment. This might be due to the high incidence of rare EGFR mutations in this area (12, 36). These studies also found that the incidence of uncommon EGFR mutations and EGFR compound mutations was high in patients with NSCLC from Qujing. Therefore, the information on the significance of these mutations in targeted treatment deserves further investigation due to the high incidence of NSCLC with the so-called uncommon EGFR mutations in the Qujing population. On the contrary, chemotherapy is usually less effective in patients with NSCLC having KRAS mutations (37). Many novel treatment strategies have been developed, including targeting downstream signaling pathways (38), directly targeting KRAS (39), and using immunotherapy (40). Of these, immunotherapy may be one of the most promising treatment strategies for patients with NSCLC having KRAS mutations. Thus, we hope that these treatment strategies will bring clinical benefits to patients with lung cancer having KRAS mutations in Qujing in the future.

The incidence of lung cancer in the Qujing City of China is very high, and the related mortality is also high. Therefore, a comprehensive understanding of the molecular characteristics of patients with lung cancer in this region may provide the basis for a precise diagnosis and treatment. A major strength of this study was the large number of patients with NSCLC included to estimate the prevalence of common actionable genomic alterations (involving EGFR, ALK, ROS1, KRAS, BRAF, RET, MET, HER2, NRAS, and PIK3CA) in Qujing. These estimates can serve as a reference for future research. However, this study also had several limitations. First, it was a retrospective analysis and included only a single institution. Second, not all patients underwent the same molecular testing. Furthermore, the data on the treatment and prognosis of these patients were not collected, and therefore whether these patients could benefit from targeted therapy was unclear.



Conclusion

In conclusion, this study displayed a unique profile of driver gene mutations in patients with NSCLC in Qujing. More patients with NSCLC in Qujing harbored EGFR G719X + S768I and EGFR G719X + L861Q compound mutations, besides 19DEL and L858R. Also, patients with NSCLC in Qujing had a higher proportion of KRAS (G12C) mutations. Therefore, these findings suggested that different treatment strategies should be adopted in patients with NSCLC in Qujing.
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Supplementary Figure 1 | Mutation frequencies of EGFR, ALK, ROS1, and KRAS in patients with lung adenocarcinoma from Qujing and non-Qujing areas.

Supplementary Figure 2 | Co-mutations of driver genes in patients with NSCLC from Qujing and non-Qujing areas.



Abbreviation

EGFR, Epidermal growth factor receptor; ALK, Anaplastic lymphoma kinase; ROS1, Proto-oncogene receptor tyrosine kinase; KRAS, Kirsten rat sarcoma 2 viral oncogene homolog; BRAF, V-raf murine sarcoma viral oncogene homolog B; RET, Ret Proto-Oncogene; MET, MET proto-oncogene receptor tyrosine kinase; HER2, Epidermal growth factor receptor 2; NRAS, Neuroblastoma RAS viral oncogene homolog; PIK3CA, Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Alpha.
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