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Background

In the Xuanwei region of China, lung cancer incidence and mortality are among the highest in China, attributed to severe air pollution generated by combustion of smoky coal. No study has yet comprehensively evaluated the prevalence of epidermal growth factor receptor (EGFR) mutation characteristics in patients with non-small cell lung cancer (NSCLC) in Xuanwei. This meta-analysis was designed to analyze the EGFR mutation pattern in NSCLC patients in Xuanwei region of Yunnan Province in China.



Methods

Electronic databases were comprehensively searched and relevant literatures were retrieved. The odds ratio (OR) for EGFR mutations between Xuanwei region and non-Xuanwei region was calculated, and the absolute incidence of EGFR mutations in Xuanwei was pooled by mutation subtype.



Results

Seven studies involving 1,355 patients with NSCLC from Yunnan Province (442 in Xuanwei and 913 in other regions) were included. The EGFR mutation rate ranged between 30.19% and 55.56%. Higher uncommon EGFR mutations (OR: 5.69, 95%CI: 2.23–14.49, P<0.001) and lower common EGFR mutations (OR: 0.18, 95%CI: 0.07–0.45, P<0.001) were found in Xuanwei region, compared with non-Xuanwei region. Specifically, the uncommon EGFR mutation rate was 59.50% and common EGFR mutation rate was 40.50% in Xuanwei. The mutation incidence of exon 18 G719X (OR: 3.21, 95%CI: 1.48–6.97, P=0.003), exon 20 S768I (OR: 6.44; 95%CI: 2.66–15.60; P<0.001), and exon 18 G719X + 20 S768I (OR: 6.55; 95%CI: 1.92–22.33; P=0.003) in Xuanwei were significantly higher, while the frequency of 19 deletion (OR: 0.28, 95%CI: 0.11–0.77, P<0.001) and 21 L858R mutation (OR: 0.51, 95%CI: 0.31–0.84, P=0.007) were lower.



Conclusions

The results highlight the distinct EGFR mutation spectrum of NSCLC patients in Xuanwei region compared with other regions, with higher uncommon mutations but lower common mutations. The distinct Xuanwei featured genetic variations provide a unique model to further study carcinogenesis of lung cancer.
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Introduction

Lung cancer has the highest morbidity and is the leading cause of cancer-related death worldwide, with 85% of patients having non-small-cell lung cancer (NSCLC) (1, 2). With the advances in molecular oncology, multiple genetic variants have been determined as therapeutic targets for lung cancer, and many onco-targeted drugs had been developed. Epidermal growth factor receptor (EGFR) is a well-accepted carcinogenic variant and driver gene in lung cancer. NSCLC patients with activating EGFR mutations are identified in about 40~60% of Asian and 10% of Western populations (3). When EGFR is activated, it can trigger intracellular signaling cascades that affect cellular proliferation, angiogenesis, and apoptosis through transmembrane receptors (4). Studies showed that EGFR tyrosine kinase inhibitors (TKIs) confer better outcome in patients with the EGFR common mutations (exon 19 deletion, exon 21 L858R point mutation) (5). A genetic divergence of EGFR mutation rates was demonstrated according to ethnicity in previous research (6, 7), and the frequency of EGFR was highest among Asians (47%) and lowest among Oceanians (12%) (8).

Xuanwei is a small city located in Yunnan Province of China. This region is one of the major coal-producing regions in Yunnan Province and renowned for distinct lung cancer characteristics (9–11): first, lung cancer incidence in Xuanwei region is regionally specific with a high incidence rate and mortality rate. Second, the mortality rate of females is relatively high and almost all of them are never smokers, 20 times higher than other regions of China, and it is among the highest in the world for female lung cancer mortality. Additionally, the onset of lung cancer happens at a relatively younger age in the Xuanwei region, which occurs in younger than the peak age of onset of lung cancer in other parts of China by more than 10 years (12). Environmental factors are known to play a role in lung cancer development, and indoor air pollution from the use of smoky coal for household purposes has been suggested to be the cause of the high incidence of lung cancer in Xuanwei, especially in female patients with non-smoking history (13). Previously, a small-scale study revealed that non-smoking female NSCLC patients in Xuanwei harbored different EGFR mutation patterns when compared with other parts of Asia (14), suggesting that there may exist distinct genetic background in this ethnic group, certain susceptible populations, and unique environments. Therefore, it is of great significance to study the specific EGFR mutation patterns in NSCLC patients from the Xuanwei region of China, which may lead to better understanding the carcinogenesis of EGFR-mutated NSCLC and more effective targeted therapeutic interventions.

The EGFR mutation of NSCLC patients in Xuanwei region has not been fully understood; thus, we conducted this meta-analysis and systematic review to probe further into the EGFR mutation pattern of NSCLC patients in the Xuanwei region compared with the non-Xuanwei population in Yunnan Province to further effectively guide clinical treatment.



Methods


Study design

To obtain a more precise estimate of EGFR mutation pattern in NSCLC patients of Xuanwei region, we pooled the prevalence of EGFR mutation (common and uncommon type) in Xuanwei region and control region (non-Xuanwei) in the rest of Yunnan Province where the level of air pollution and lung cancer incidence and mortality were comparable to most parts of China.

Common EGFR mutations (or classic mutations) are deemed as exon 19 deletion and exon 21 L858R substitution, accounting for approximately 90% of EGFR mutations in NSCLC (15, 16). Uncommon EGFR mutations are deemed as mutations other than 19 deletion and 21 L858R, and they account for 10% to 20% of all EGFR mutations; the substitution mutations of G719X in exon 18, L861Q in exon 21, S768I in exon 20, exon 20 insertions, and complex mutations are the most frequent among the uncommon mutations (17–19).



Search Strategy

A comprehensive literature search and systematic review of online databases PubMed, Embase, Web of Science, Medline, Cochrane Library, and Chinese Biomedical Literature Database was performed to identify relevant studies published before 6 November 2019 that examined EGFR mutation frequency in non-small cell lung cancer in southwest China’s Yunnan Province. The search key words including “EGFR” AND “mutation” AND (“NSCLC” OR “lung cancer”) AND (“Yunnan” OR “Xuanwei”) were used. No search limitations were set. The relevant abstracts and presentations from conferences were also manually searched. Then, we examined the publication of the list of references and searched for additional research.



Inclusion and Exclusion Criteria

Eligible studies should meet the following criteria: (i) Publications describing the mutation subtype in EGFR-mutated NSCLC of Yunnan in southwestern China were retained. (ii) Mutation detection in paraffin-embedded tumor tissues or cytological specimens or blood samples can be included.

Studies were excluded if (i) data were insufficient to calculate the pooled incidence for this meta-analysis or (ii) they were review articles, case reports, editorials, expert opinions, non-comparative studies, unrelated to research topics, or duplicate reports.



Data Extraction and Quality Assessment

This meta-analysis was conducted according to the Cochrane and Preferred Reporting Items for Systematic Reviews and Meta-Analyses guidelines (20). Two researchers (Li Lv and Zhichao Liu) independently performed all of the screening of studies and data extraction. The third researcher (Yang Liu) resolved the disagreements. For eligible research, we extract all available information: the first name of the author, year of publication, region, research type, number of patients, gender, age, smoking status, EGFR mutations, detection methods, tumor histology, disease stage, and metastases type. The quality of the included studies was assessed using the Agency for Healthcare Research and Quality Tool. Any disagreements were resolved through discussion and consensus.



Statistical Analysis

Pooled odds ratio (OR) of common and uncommon EGFR mutation rate between Xuanwei region and non-Xuanwei region in Yunnan province of China was calculated, and the pooled frequency of EGFR mutations in Xuanwei was also calculated. Subgroup pooled OR and incidence were generated according to EGFR mutation subtypes. Cochran’s Q test and I2 were used to estimate the heterogeneity effect among the studies. I2 statistics more than 50% was suggestive of statistical heterogeneity between studies, and random effects model was used if heterogeneity existed. All tests were two-sided and a P value less than 0.05 was considered statistically significant. All statistical analyses were conducted with STATA 12.0 software (Stata Corporation, College Station, TX, USA) and R 3.4.1 software (R foundation for Statistical Computing, Vienna, Austria).




Results


The Selection and Characteristics of Study

A total of 1,473 publications were retrieved through the initial literature search, of which 658 papers were excluded due to duplication. With title and abstract review, 10 potentially relevant articles were identified for detailed review (13, 14, 21–28). These articles were further assessed for eligibility by reviewing the full texts, and 3 articles (23–25) were removed due to insufficient data. Finally, a total of 7 articles (13, 14, 21, 22, 26–28) were identified as eligible to be included in the meta-analysis (Figure 1).




Figure 1 | Flow chart detailing the search strategy and identification of studies.



Table 1 summarized the characteristics of all included studies. Seven studies involving 1,355 NSCLC patients from different regions of Yunnan Province in southwestern China (442 from Xuanwei region, 913 from other region in the rest of Yunnan Province) were included. The majority of patients were adenocarcinoma and non-smoker. Four studies provided a comparison of EGFR mutations between Xuanwei and non-Xuanwei regions, while the other 3 studies (14, 26, 27) only evaluated EGFR mutations in Xuanwei region. In all included studies (13, 14, 21, 22, 26–28), the EGFR mutation status was mainly (5 out of 7) detected by Amplification Refractory Mutation System (ARMS), while next generation sequencing (NGS) or SNaPshot were used in the other 2 studies. Overall, the EGFR mutation positive rate was 30.19% to 55.56% across studies. All studies gained 10 to 11 scores in study quality assessment on a scale of 0 to 11 with the Agency for Healthcare Research and Quality Tool.


Table 1 | Characteristics of the included studies.





Frequency and Odds Ratio of EGFR Mutation in Xuanwei and Non-Xuanwei Regions

Four studies (13, 21, 22, 28) that simultaneously reported the EGFR mutation rate in Xuanwei and non-Xuanwei region were included in the comparative analysis. The difference in EGFR mutation rates is summarized according to regions (Table 2). One hundred and twenty-nine patients from Xuanwei region harbored EGFR mutations, with 64.34% (83/129) uncommon mutation and 35.66% (46/129) common mutation. In non-Xuanwei region, the incidence of uncommon and common EGFR mutation was 25.43% (88/346) and 74.57% (258/346) respectively. The frequency of uncommon mutations was higher in Xuanwei region than that in non-Xuanwei region (4 studies (13, 21, 22, 28) OR: 5.69, 95%CI: 2.23–14.49, P<0.001) (Figure 2B). By contrast, patients in Xuanwei regions were less likely to have common EGFR mutations (19 deletion or 21 L858R) compared with non-Xuanwei region (OR: 0.18, 95%CI: 0.07–0.45, P<0.001) (Figure 2A).


Table 2 | Comparison of the incidence of EGFR mutation of NSCLC patients between Xuanwei and non-Xuanwei regions.






Figure 2 | Odds of common (A) or uncommon (B) EGFR mutation of Xuanwei compared to non-Xuanwei regions (four studies). The center of each square is the odds ratio (OR) for individual trials and corresponding horizontal line is the 95% CI. The broken line and center of the blue diamond is overall pooled OR and the horizontal tip of the diamond is the 95% confidence interval (CI).





Overall Incidence of Common and Uncommon EGFR Mutation in Xuanwei Region

To further illustrate the distribution of common and uncommon EGFR mutations in Xuanwei region, 7 studies (13, 14, 21, 22, 26–28) were included to calculate the pooled incidence (Table 3). A total of 217 patients had EGFR mutation in Xuanwei region. The pooled incidence of uncommon EGFR mutation was 59.5% (95%CI: 53.2%–65.9%), while the pooled incidence of common EGFR mutation was 40.5% (95%CI: 34.1%–46.8%).


Table 3 | Incidence of common and uncommon EGFR mutation in Xuanwei region.





Subgroup Analysis of Different EGFR Mutation Subtypes in Xuanwei and Non-Xuanwei Regions

Patients from Xuanwei and non-Xuanwei regions with specific EGFR mutation subtypes were further analyzed (Table 4). Results showed that mutation of 18 G719X, 20 S768I, and 18 G719X + 20 S768I were more likely to appear in Xuanwei patients compared with non-Xuanwei patients (OR: 3.21, 95%CI: 1.48–6.97, P=0.003; OR: 6.44, 95%CI: 2.66–15.60, P<0.001, OR: 6.55, 95%CI: 1.92–22.33, P<0.05, respectively). In contrast, NSCLC patients of Xuanwei regions harbored lower frequency of 19 deletion (OR: 0.28, 95%CI: 0.11–0.77, P<0.001) and 21 L858R mutation (OR: 0.51, 95%CI: 0.31–0.84, P=0.007).


Table 4 | Subgroup analysis of different EGFR mutation subtypes between Xuanwei and non-Xuanwei regions.






Discussion

Due to the low incidence of NSCLC with the so-called uncommon EGFR mutations in the general population, information on their significance of carcinogenesis and treatment is still incomplete and deserves further investigation. We conducted a systematic review and meta-analysis of current researches (13, 14, 21, 22, 26–28) to evaluate the mutation pattern of EGFR-mutated NSCLC of Yunnan province in southwestern China. The pooled analysis confirmed a distinct EGFR mutation spectrum in Xuanwei region. The NSCLC patients in Xuanwei region are present with significantly higher incidence of uncommon EGFR mutations, especially 18 G719X mutation, 20 S768I mutation, and their combined mutation, but lower incidence of the two common mutations (19 deletion and 21 L858R substitution), providing a unique model for uncommon-EGFR-mutation-related lung cancer.

EGFR mutations in NSCLC is one of the most common genetic variations, especially in East Asians, females, and non-smokers (29). Studies suggested that NSCLC patients with EGFR mutation were significantly related to adenocarcinoma and light smoking, rather than gender (30). It was suggested that the dominant mutation rate of EGFR in women is a reflection of a higher frequency of adenocarcinoma (31). The results of our analysis revealed that the overall EGFR mutation rate of NSCLC patients varied from 30.2% to 55.6% in Yunnan province (Xuanwei region: 40.0%–56.7%; non-Xuanwei region: 29.2%–52.1%), which was in the range of other reports in East Asian areas (31%–56%) (8, 31–34) and similar to other studies performed in other regions of China (ranging from 33.64% to 53.69%)(Table S1). Most patients covered by our survey were carriers of adenocarcinomas (ranging from 80.0% to 87.6%) and female (ranging from 38.2% to 52.3%), which was similar to other studies performed in East Asian countries (8, 33, 34). Notably, despite similar incidence of overall EGFR mutations, the NSCLC patients in Xuanwei region present a distinctive characteristic with higher uncommon EGFR mutations and lower common EGFR mutations (Table 2, Table S2).

Generally, exon 19 deletions and 21 L858R substitutions, accounting for approximately 90% of EGFR mutations in NSCLC, are termed common or classic mutations and lead to high sensitivity to EGFR TKIs (35). Other EGFR mutations are termed uncommon mutations, accounting for 10%–20% of all EGFR mutations, and patients with uncommon EGFR mutation are a heterogeneous group exhibiting different responses to EGFR TKIs (36, 37). There are significant regional differences in EGFR gene mutation in China. It has been reported that exon 21 of EGFR gene mutation is dominant in Taiwan (38), while exon 19 is dominant in Yunnan (21) and exon 20 is dominant in Guangdong (36). Our results show that EGFR gene mutation mainly occurred in exon 21 L858R mutation and in exon 19 deletion NSCLC patients in most regions of Yunnan, which was consistent with other reports. Another study showed that the uncommon EGFR mutations were present in 11.9% of all patients with documented EGFR mutation (34%) in a Chinese NSCLC cohort (36). However, according to our study, the detection rate of uncommon EGFR mutations varied from 43.6% to 72.6% in NSCLC patients in Xuanwei, which was significantly higher than that of the general Chinese population and other regions of the world (ranging from 3.4% to 15.5%) (Table 2, Table S2). This result further emphasizes the uniqueness of the Xuanwei population in lung cancer tumorigenesis.

The majority of clinical trials evaluating the efficacy of EGFR TKIs have included only patients with common EGFR mutations due to the low incidence of uncommon EGFR mutations in the general population; thus, the efficacy of EGFR TKIs in patients with uncommon EGFR mutations remains elusive. A post-hoc study showed that NSCLC patients with uncommon EGFR mutation (L861Q or G719X) was significantly associated with shorter overall survival (11.9 vs. 29.3 months) compared with patients harboring common EGFR mutation (L858R or 19 deletion) in the EGFR TKI treatment group (39). The patients with uncommon EGFR mutation (41% vs. 62%–83%) had a significantly lower overall response rate (ORR) of EGFR TKIs and shorter progression-free survival (PFS) (2.2 vs. 11.4 months) than that in those with common EGFR mutation (39). Additionally, in other studies, a poor ORR and shorter PFS were also found in uncommon EGFR mutations compared with the classic EGFR mutations. However, a similarly poor response to EGFR TKIs was observed in other uncommon mutation rather than G719X and L861Q (31, 40). It has also been documented that patients with NSCLC EGFR mutation in Xuanwei have poor prognosis after treatment with EGFR TKIs (21), possibly owing to the high incidence of uncommon EGFR mutations in this area.

Recent studies have suggested that the lung cancer in Xuanwei region showed distinct mutational signatures and signaling pathways, and two single nucleotide variants located in exon 20 and exon 18 of the EGFR gene were known to be related to lung adenocarcinoma in Xuanwei (41). In line with this, our results also suggested that patients with exon 20 S768I and exon 18 G719X mutations presented higher mutation rates than those from other regions. The specific genotypes of complex EGFR mutations (double or multiple concomitant EGFR mutations) are diverse, which can be common single mutation combined with common single mutation, common single mutation combined with rare single mutation, rare single mutation combined with rare single mutation, or compound mutation combined with known resistance genes. In this study, in patients with complex mutations, there was only one case with the common mutation combination (19deletion + L858R), while the others were the rare mutation combination, mainly including G719X, S768I, T790M, 20 insertions, and L861Q. Specifically, the 20 S768I mutation, 18 G719X mutation, co-mutation in 20 S768I + 18 G719X, and co-mutation in 20 S768I + 20 T790M were significantly more likely to present in Xuanwei patients compared with non-Xuanwei patients (all P<0.05). These mutations were thought to promote the development and progression of lung cancer (42). For other uncommon EGFR mutation types, there was no statistically significant difference between Xuanwei and non-Xuanwei regions. However, it should be noted that some co-mutations with uncommon EGFR mutation did present an un-negligible high OR value in Xuanwei region, such as 18 G719X+21 L858R (OR: 4.42), 18 G719X + 20 G779C (OR: 3.97), and 20 S768I +20 insertion (OR: 3.28). In other ways, the 20 S768I + 20 T790M was significantly more frequently present in Xuanwei region (OR, 6.05) whereas 19 deletion + 20 T790M tends to be present less in Xuanwei region (OR, 0.77), which may reflect an acquired resistance after EGFR-TKI therapy in these NSCLC patients with prevalent uncommon EGFR mutation in Xuanwei region. Overall, these results revealed a relatively high mutation frequency of so-called uncommon mutations (e.g., 18 G719X, 20 S768I, or 18 G719X/20 S768I in conjunction with other mutation) in the unique Xuanwei population, strikingly divergent from those in other populations from Asia. Given that our subjects (Xuanwei population) live in an area where coal is typically burned indoors, our analysis implies that the tumorigenesis and progression of lung cancer in Xuanwei region is different from that in other geographic areas, which may due to its distinctive etiology and the different environmental exposures.

The main difference between environmental exposure may be related to indoor solid fuel use related to indoor air pollution. In Xuanwei, indoor air pollution from bituminous coal burning in unvented fire pits was suggested to be the main cause of high lung cancer mortality (11). Polycyclic aromatic hydrocarbons (PAHs)-DNA adducts have been observed in the bronchoalveolar lavage fluid of coal-burning residents in Xuanwei region (11). Previous study showed that the mutations in EGFR exons 21 and 18 were associated with emissions from coal combustion (14). In addition, PAHs have been found to increase intracellular calcium in human cells (43), which may result in EGFR-dependent cell proliferation (4), suggesting that PAHs may lead to a unique mutation pattern. Liu et al. (44) evaluated the relationship among indoor air pollution, tobacco use, and lung cancer risk, showing that the risk association between smoking and lung cancer increased with the decrease of bituminous coal consumption. In other words, the relationship between smoking and lung cancer is relatively weak when there is a strong correlation between lung cancer and bituminous coal. Xuanwei is located in one of China’s largest tobacco producing provinces (45). In Xuanwei, the smoking rates of males in high, medium, and low incidence areas were 75%, 78%, and 63% respectively, and the exposure rates of second-hand smoke were 85%, 88%, and 58%, which were much higher than the national average level of male smoking rate (52.1%) and second-hand smoke exposure level (72.4%) (46). The discrepancy of mutation subtypes may provide clues for the mechanism of the occurrence of EGFR mutation. And this comparative analysis provides reference data, allowing a better understanding of a possible mechanism of EGFR mutation in Xuanwei, paving the way toward better exploration of uncommon EGFR mutation in lung cancer pathogenesis.

There are several limitations to the study. First, all included publications were retrospective studies with inherent biases. Second, the sample size of the study was not big enough. Third, only one study used NGS method to detect EGFR mutation; most of the included studies applied ARMS method to detect EGFR mutation, which is limited to the detection of known mutations and therefore might miss some rare EGFR mutations. Nevertheless, it should be noted that the detection methods in this analysis were already sufficient for the detection of classic (19 deletions and 21 L858R) and those known non-classic EGFR mutations in exons 18 to 21. A high concordance was found between ARMS and NGS, but more detailed information (unknown genetic mutations and deep sequencing) could be revealed by NGS (30, 47, 48). Therefore, a larger amount of sample and adoption of NGS is needed to validate the results of this study.

In conclusion, our analysis suggested the prevalence of EGFR mutation in Xuanwei region that is differentiating it from the general population. The frequency of S768I, G719X, and G719X+S768I were higher, but the 19 deletions and L858R mutations were lower in Xuanwei region. The difference of EGFR mutation between patients in Xuanwei region and in other areas may indicate the difference of lung cancer pathogenesis, dietary habits, coal-burning factors, or genetic backgrounds, which are worthy of more detailed studies.
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