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			Worldwide, especially in China, lung cancer accounts to a major cause of mortality related to cancer. Treatment decisions mainly depend on oncogenic driver mutations, which offer novel therapeutic targets for anticancer therapy. However, studies of genomic profiling of driver gene mutations in mainland China are rare. Hence, this is an extensive study of these mutations in Non-small-cell lung cancer (NSCLC) Chinese patients. Comparison of driver gene mutations of lung adenocarcinoma with other races showed that the mutational frequencies were similar within the different East Asian populations, while there were differences between East Asian and non-Asian populations. Further, four promising candidates for druggable mutations of epidermal growth factor receptor (EGFR) were revealed that open up avenues to develop and design personal therapeutic approaches for patients harboring mutations. These results will help to develop personalized therapy targeting NSCLC.
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Introduction

			Globally, lung cancer is the most frequent cause the mortality compared to other cancer types. Non-small-cell lung cancer (NSCLC) accounts for close to 85% to 90% of all lung cancer cases (Planchard et al., 2018). There are three types of NSCLC based on histopathology, including adenocarcinoma (ADC), squamous cell carcinoma (SCC) and large cell carcinoma (LCC) (Travis et al., 2015). Treatment strategies for NSCLC have been revolutionized since the identification of epidermal growth factor receptor (EGFR) activating mutations which predict response to EGFR tyrosine kinase inhibitors (TKIs) in 2004 (Lynch et al., 2004; Paez et al., 2004). Examples of such drugs are erlotinib and gefitinib that have been instrumental in patients in terms of the response and survival without a relapse (Mitsudomi et al., 2010; Rosell et al., 2012). Guidelines from clinical practice offer recommendations of an analysis of mutations in EGFR before the start of therapy of advanced NSCLC (D’Addario et al., 2009; Azzoli et al., 2010; Ettinger et al., 2018). To date, at least nine important driver mutations causing NSCLC have been described and several markers are already used for best treatment strategy selection. In this context, the pervasiveness and occurrence of these mutations are different across populations such as that of East Asians and the white with more mutations in EGFR and lesser mutations in Kirsten Rat Sarcoma Viral Proto-Oncogene (KRAS) (Kohno et al., 2015). With very little data in this regard from mainland China, a study that describes the pattern of driver mutations will facilitate personal medicine for NSCLC and on the design of clinical trials.

			The identification of these mutations has been facilitated by the use of three-dimensional (3D) protein structures to analyze interactions between proteins found more in mutations associated with cancer as used by (Porta-Pardo et al., 2015) and (Engin et al., 2016). Hotspot3D (Niu et al., 2016) is another tool that analyzed 3D structures for spatial clusters or hotspots to later study putative variants and their functions. Such studies have shown the potential function and relevance of driver mutations in a clinical scenario.

			The current work reports an inclusive set of driver mutations in a large set of probable NSCLC patients of Chinese origin. Several rarely reported mutations, including EGFR mutations (V742I, I789M, N842H) related with erlotinib, gefitinib, lapatinib, and EGFR mutation (S811C) related with afatinib were discovered.

			


Materials and Methods

			

Patient and Sample Collection

			From July 2016 to October 2018, 5,003 patients with lung adenocarcinoma (3,243 tumor tissues and 1,760 blood samples) and 230 patients with lung squamous cell carcinoma (134 tumor tissue samples and 96 blood samples) from Harbin Medical University Cancer Hospital were subjected to enrollment in this work. Specimens from surgery or biopsies were fixed in formalin and embedded in paraffin (FFPE) to generate samples, while blood samples were collected in 10 ml cell-free DNA BCT tubes (Streck, Inc). While an informed consent in a written format following the Declaration of Helsinki was collected from all patients, all protocols were within the recommendations and framework of the Ethics Committee of the aforementioned hospital.

			


DNA Extraction From Tumor Tissue and Plasma

			GeneRead DNA FFPE Kit (Qiagen) was used for DNA extraction from the FFPE samples. In parallel, plasma was extracted by centrifugation in accordance with previous work (Diehl et al., 2008; Madic et al., 2012). Briefly, Streck tubes were centrifuged at 1,600 g for 10 min at 4°C within 3 h of the blood draw. Supernatants were further centrifuged at 16,000 g for 10 min at 4°C to remove debris. Plasma was harvested and stored at -80°C until use. QIAamp Circulating Nucleic Acid kit (Qiagen) was used to isolate circulating DNA. Quantification of DNA from both sets of samples was done using Qubit (Life Technologies) in accordance with instructions from the manufacturer.

			


Screening Mutations

			Screening of mutations was performed by targeted sequencing using the Lung Cancer Ten Genes Panel (Geneis Co.Ltd) along with the Accel-NGS 2S Plus DNA Library Kit (Swift Biosciences) and NextSeq CN500 Personal Genome Machine (Illumina). Lung Cancer Ten Genes Panel (Geneis Co.Ltd) was used to test mutations in the EGFR kinase domain, KRAS, NRAS, PIK3CA, HER2 kinase, BRAF, as well as fusions of ALK, ROS1, RET along with Mesenchymal Epithelial Transition Proto-Oncogene (MET) amplifications. The average sequencing depth of 500X for tissue and 1,000X for blood samples was considered reliable. DNA samples were normalized to yield 100–250 ng input. Accel-NGS 2S Plus DNA Library Kit (Swift Biosciences) was used to prepare whole genome libraries and through a series steps including covaris shearing (ctDNA can skip this step), end-repair, A-base addition, barcoded adapter ligation, and PCR amplification. Qubit dsDNA HS Kit (Invitrogen) was used to quantify the libraries while 2100 (Agilent) was used to assess quality in accordance with instructions from the manufacturer. Capture probes with 5’ biotin were used to cause a specific pull-down of library samples with target sequences to achieve enrichment. The kits previously mentioned above were used to quantify and check the quality of the captured library while sequencing of templates was done on NextSeq CN500 in accordance to instructions from the manufacturer.

			


Mutation and Statistical Analysis

			Variant calling was done on the Lung Cancer Ten Genes Panel (Geneis Co. Ltd) from NextSeq CN500 sequencing was the BWA and FreeBayes software. The common clinical databases were used in this study, including PharmGKB, the Human Gene Mutation Database (HGMD), Clinvar, Cosmic, SNPedia, 1000genome, and dbSNP. A blinded approach was followed using the frequency threshold of ≥0.4% and ≥1% to call a mutation for ctDNA samples and tumor tissues analyzed, respectively.

			


Mutational Data Collection and Hotspot3D Processing

			More than 800 promising candidates were predicted by mutation-drug cluster and network analysis for druggable mutations by Hotspot3D (Niu et al., 2016). Here, the 3,243 tissues data of lung adenocarcinoma patients in China were collected and several rare mutations were then found by filtered in 800 potential druggable mutations of Hotspot3D. Droplet digital PCR was used to validate these potential driver gene mutations in our clinical cases.

			



Results

			

Distribution of Oncogenic Driver Mutations in Lung Adenocarcinoma Tissue Samples

			Sequencing of 3,243 tissues between July 2016 and October 2018 for oncogenic driver mutations was carried out. The distribution is as followed: mutations in EGFR kinase: 55.9%, KRAS: 11.7%, NRAS: 0.7%, PIK3CA: 2.9%, HER2 (the analysis involved insertions in exon 20): 2.1%, BRAF: 1.6%. The next set are fusions of ALK: 2.8%, ROS1: 0.6%, RET: 0.6%, while that of MET amplifications was 1.3% (Table 1). As shown in Figure 1, 55.9% patients showed EGFR mutations, while the highest frequency of L858R was observed in 28.1% of the patients, followed by exon 19 deletion (20.6%). KRAS mutations were detected in 11.7% patients, with most of these were located in codon 12 (9.4%).


		
			
				
					
							
							Table 1 | Frequency of mutations in lung adenocarcinoma histologic subtypes.

						
					

					
							
							Gene

						
							
							Alteration

						
							
							Frequency in NSCLC

						
							
							Total frequency in NSCLC

							(n = 3243)

						
					

					
							
							ALK

						
							
							Rearrangement

						
							
							2.8%

						
							
							2.8%

						
					

					
							
							BRAF

						
							
							V600E

						
							
							1.3%

						
							
							1.6%

						
					

					
							
							EGFR

						
							
							Exon19del

						
							
							20.6%

						
							
							55.9%

						
					

					
							
							
							G719A/C/S

						
							
							2.4%

						
							
					

					
							
							
							L858R

						
							
							28.1%

						
							
					

					
							
							
							L861Q

						
							
							1.1%

						
							
					

					
							
							
							T790M

						
							
							2.1%

						
							
					

					
							
							
							S768I

						
							
							1.1%

						
							
					

					
							
							HER2

						
							
							Exon 20ins

						
							
							2.1%

						
							
							2.1%

						
					

					
							
							KRAS

						
							
							G12C/R/S/A/D/V

						
							
							9.4%

						
							
							11.7%

						
					

					
							
							
							G13C/R/S/A/D/V

						
							
							1.1%

						
							
					

					
							
							
							Q61K/L/R/H

						
							
							1.0%

						
							
					

					
							
							MET

						
							
							Amplification

						
							
							1.1%

						
							
							1.3%

						
					

					
							
							PIK3CA

						
							
							E542K

						
							
							0.7%

						
							
							2.9%

						
					

					
							
							
							E545K/Q

						
							
							1.4%

						
							
					

					
							
							
							H1047L/R

						
							
							0.8%

						
							
					

					
							
							NRAS

						
							
							G12C/R/S/A/D/V

						
							
							0.3%

						
							
							0.7%

						
					

					
							
							
							G13C/R/S/A/D/V

						
							
							0.1%

						
							
					

					
							
							
							Q61K/L/R/H

						
							
							0.3%

						
							
					

					
							
							RET

						
							
							Rearrangement

						
							
							0.6%

						
							
							0.6%

						
					

					
							
							ROS1

						
							
							Rearrangement

						
							
							0.6%

						
							
							0.6%
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			Figure 1 | (A), The mutation sites and frequency of EGFR and (B) KRAS in 3,423 patients with lung adenocarcinoma.

		


			Of the 3,243 lung adenocarcinoma cases, 901 (901 out of 3,243, 27.8%) were negative, 2,185 (2,185 out of 3,243, 67.4%) harbored single mutations, and 157 (157 out of 3,243, 4.8%) were found to have multiple mutations. Mutations in ALK, KRAS, BRAF, and EGFR were studied. Thirteen patients coexisted EGFR+KRAS mutations; Three patients carried EGFR+BRAF mutations. However, EGFR and ALK mutations, KRAS and BRAF mutations, KRAS and ALK mutations, and BRAF and ALK mutations were mutually exclusive in our study (Figure 2). In addition, one patient carried a triple mutation: EGFR L858R + EGFR T790M + KRAS G12D, which was still rarely reported at present.
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			Figure 2 | Four-set venn-diagram of single and multiple mutation panoramagram for lung adenocarcinoma tissue samples.

		

			


Comparison of Driver Gene Mutations of Lung Adenocarcinoma With Other Races

			Current research indicates that race plays a role in the genomics of NSCLC. To compare the frequency of driver mutations of lung adenocarcinoma with other races, we obtained the available data from several related studies (Serizawa et al., 2014; George et al., 2015; Yeung et al., 2015; Campbell et al., 2017). These results are summarized in Table 2. First, we found that the mutational frequencies were similar for black and white groups, but there were big differences between East Asian populations and non-Asian populations. Specifically, we found that EGFR was mutated at a much higher frequency in East Asian populations than in non-Asian populations (35.0-55.9% vs 11.6-14.4%). And it was the same for the most common mutations exon 19 deletions and exon 21 L858R. Another notable difference was that 33.5-34.2% of non-Asian patients had a KRAS mutation and this was significantly higher than the rate of 8.5-11.7% found for East Asians. In addition, ALK translocations are also important oncogenic drivers of NSCLC. It seems that ALK was mutated at a little higher frequency in East Asian populations than in non-Asian populations as presented in Table 2. But data from previous reports showed that ALK mutation frequencies were similar (3-5% vs 3-6%) between patients in East Asia (Japan, Korea, and China) and from those of European descent (Kohno et al., 2015). Further, overall mutational frequencies and copy number changes were not significantly different between mainland China (this study), Hong Kong, and Japan populations in lung adenocarcinoma. And no significant difference was observed in BRAF, HER2, MET, PIK3CA, NRAS, RET, and ROS1 mutation status.



							Table 2 | Comparison of driver gene mutations of lung adenocarcinoma between mainland China (this study), Hong Kong (Diehl et al., 2008), Japan (Madic et al., 2012), Black, and White (George et al., 2015).
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Distribution of Oncogenic Driver Mutations in Blood Samples of Patients

			Sequencing of 1,760 blood samples (from July 2016 to October 2018) of patients revealed the following distribution: Mutations in EGFR: 32.6% patients, KRAS: 11.2% patients, NRAS: 1.0% patients, PIK3CA mutations: 2.9%, HER2 kinase domain mutations: 0.9%, BRAF: 2.9% patients while MET amplifications were 0.7% (Table 3). It is noteworthy that the frequency of drug sensitive mutations, such as EGFR exon 19del and L858R, was reduced when compared with tissues (10.8% in blood and 20.6% in tissues for Exon 19del; 13.1% in blood and 28.1% in tissues for L858R). However, the frequency of drug resistant mutations, such as EGFR T790M, was increased when compared with tissues (5.1% in blood and 2.1% in tissues).


		
			
				
					
							
							Table 3 | Frequency of mutations in lung adenocarcinoma blood samples.

						
					

					
							
							Gene

						
							
							Alteration

						
							
							Frequency in NSCLC

						
							
							Total frequency in NSCLC

							(n = 1760)

						
					

					
							
							BRAF

						
							
							V600E

						
							
							1.0%

						
							
							1.4%

						
					

					
							
							EGFR

						
							
							Exon 19del

						
							
							10.8%

						
							
							32.6%

						
					

					
							
							
							G719A/C/S

						
							
							1.4%

						
							
					

					
							
							
							L858R

						
							
							13.1%

						
							
					

					
							
							
							L861Q

						
							
							0.9%

						
							
					

					
							
							
							T790M

						
							
							5.1%

						
							
					

					
							
							
							S768I

						
							
							0.7%

						
							
					

					
							
							HER2

						
							
							Exon 20ins

						
							
							0.9%

						
							
							0.9%

						
					

					
							
							KRAS

						
							
							G12C/R/S/A/D/V

						
							
							5.9%

						
							
							11.2%

						
					

					
							
							
							G13C/R/S/A/D/V

						
							
							1.4%

						
							
					

					
							
							
							Q61K/L/R/H

						
							
							1.6%

						
							
					

					
							
							MET

						
							
							Amplification

						
							
							0.5%

						
							
							0.7%

						
					

					
							
							PIK3CA

						
							
							E542K

						
							
							0.8%

						
							
							2.9%

						
					

					
							
							
							E545K/Q

						
							
							1.2%

						
							
					

					
							
							
							H1047L/R

						
							
							0.9%

						
							
					

					
							
							NRAS

						
							
							G12C/R/S/A/D/V

						
							
							0.2%

						
							
							1.0%

						
					

					
							
							
							G13C/R/S/A/D/V

						
							
							0.3%

						
							
					

					
							
							
							Q61K/L/R/H

						
							
							0.5%

						
							
					

				
			

		

			


Frequency of Oncogenic Driver Mutations in Squamous Cell Carcinoma of Lung

			Targeted DNA sequencing of 230 lung squamous cell carcinoma Chinese patient samples was done. Among those, there were 134 tissue samples and 96 blood samples, and 107(107 out of 134, 79.9%) and 74 (74 out of 96, 77.1%) were negative, respectively. In 134 lung squamous cell carcinoma tissue samples, there were 7 (5.2%) EGFR mutations, 6 (4.5%) KRAS mutations, 12 (9.0%) PIK3CA mutations, 1 (0.7%) BRAF mutations and 1 (0.7%) MET amplifications. In 96 lung squamous cell carcinoma blood samples, there were 8 (8.3%) EGFR mutations, 7 (7.3%) KRAS mutations, 6 (6.3%) PIK3CA mutations and 1 (1.0%) BRAF mutations. No MET amplifications were detected (Table 4). Our data adds confirmation with earlier work that lung squamous cell carcinoma shows a rare presence of two ubiquitous mutations seen in lung adenocarcinomas, KRAS and EGFR, are rare in lung squamous cell carcinoma (Ding et al., 2008). It is noteworthy that the rate of mutation of PIK3CA in these samples is relatively higher when compared with lung adenocarcinoma.



							Table 4 | Frequency of mutations in lung squamous cell carcinoma samples.
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EGFR Candidate Druggable Mutations Were Discovered by Filtered in Hotspot3D Results

			We first collected the 3,243 tumors data of lung adenocarcinoma patients in China and several rarely reported mutations, including EGFR mutations (V742I, I789M, N842H) related with erlotinib, gefitinib, lapatinib, and EGFR mutations (S811C) related with afatinib were discovered (Table 5, Figure 3) by filtered in 800 potential druggable mutations of Hotspot3D. Droplet digital PCR was used to validate these EGFR variants in our clinical cases. We noticed that these EGFR rare variants always coexist with some common mutations, which showed poor prognosis in previous studies. The mechanism is still unclear. Functional verification of these EGFR druggable mutations will be performed in subsequent work.


		
			
				
					
							
							Table 5 | Several new EGFR druggable mutations were discovered by Hotspot3D in patients with lung adenocarcinoma.

						
					

					
							
							Gene

						
							
							Related drugs

						
							
							Alterations

						
					

					
							
							EGFR

						
							
							erlotinib; gefitinib; lapatinib

						
							
							p.V742I

						
							
							c.G2224A

						
					

					
							
							
							erlotinib; gefitinib; lapatinib

						
							
							p.I789M

						
							
							c.C2367G

						
					

					
							
							
							erlotinib; gefitinib; lapatinib

						
							
							p.N842H

						
							
							c.A2524C

						
					

					
							
							
							afatinib

						
							
							p.S811C

						
							
							c.C2432G
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			Figure 3 | Three-dimensionional (3D) models of (A) the EGFRQ. kinase domain-Gefitinib complex structure (PDB: 2ITY), (B) the EGFR kinase domain-Afatinib complex structure (PDB: 4G5J). Gefitinib and Afatinib are shown as sticks. Residues at the mutation site of the EGFR kinase domains (V742, I789, N842 and S811) are shown with arrows.

		

			



Discussion

			Identification of oncogenic driver mutations in NSCLC has greatly promoted clinical use and development of targeted drugs. Previous genomic studies of Chinese lung adenocarcinoma have not adequately represented patients. The current work involved a sizeable Chinese NSCLC patient sample set subjected to comprehensive investigation for driver mutations described as oncogenic. Our results were comparable with that detected in previous studies in Chinese lung adenocarcinoma (Gou and Wu, 2014), while the difference is mainly manifested in the different detection frequencies of several fusion genes. We suspected that was mainly due to the different platforms and detection methods. Comparison of driver gene mutations of lung adenocarcinoma with other races showed that the mutational frequencies were similar between mainland China (this study), Hong Kong, and Japan populations. But there were big differences between East Asian populations and non-Asian populations. Similar to Western population, the two most ubiquitous mutations were those in EGFR and KRAS in the case of lung adenocarcinoma samples. However, the EGFR mutation frequencies in East Asian lung adenocarcinoma were higher than previously reported in USA/Europe patients, whereas the overall frequency of KRAS mutations was much lower than in the West instead (D’Angelo et al., 2011; Smits et al., 2012; Kohno et al., 2015). A previous study found that Asians had the highest proportion of patients with mutations at 81% and the highest percentage of patients treated with targeted therapies (51%), while African Americans patients were the least likely to harbor mutations and to receive targeted therapy. However, there were no significant differences in overall survival between the four race groups (Steuer et al., 2016). A large dataset is still needed to verify this conclusion.

			Although the EGFR S768I mutation is considered to be a very rare mutation, we detected a total of 1.1% patients with lung adenocarcinoma harboring this mutation. Due to its rarity and the variability of responses of treated cases, its exact function in TKI therapy is still not fully understood (Asahina et al., 2007; Masago et al., 2010). Subjects carried BRAF mutations with percent of 1.6%, and most of them were a V600E mutation. In addition, our data showed that KRAS and BRAF V600E mutations are mutually exclusive, which is in lieu of previous studies (Rajagopalan et al., 2002; De Roock et al., 2010). The stimulus to cancer development from both these genes is termed as, equivalent or at least redundant. In addition, EGFR and ALK mutations, KRAS and ALK mutations, and BRAF and ALK mutations were mutually exclusive in our study. Previous studies showed that KRAS mutations seem to be incompatible with EGFR mutations, but 13 cases of KRAS and EGFR coexisting mutations were found in our study, which means that the therapeutic effect of EGFR-TKIs in these samples would be ineffective. We also found three cases of simultaneous mutations of EGFR along with BRAF, which was first found in Li ‘study (Li et al., 2014). Interestingly, a triple mutation EGFR L858R+EGFR T790M+KRAS G12D was identified in our study, which was rarely reported at present. Clinical follow up was necessary for future researches.

			1,760 lung adenocarcinoma patient blood samples were tested for analyzing mutations in EGFR, KRAS, NRAS, PIK3CA, HER2, BRAF and MET in cfDNA. The distribution of drug sensitive mutations, such as EGFR exon19del as well as, L858R, was decreased in comparison with these mutation in tissues, while the frequency of drug resistant mutations, such as EGFR T790M, was increased. It is speculated that may be related to the patient population. The majority of the patients analyzed with tumor tissues were to find targeted agents for the first time, while some of the patients analyzed with blood samples showed the presence of resistance developed towards EGFR-TKIs. It can be seen from the mutation frequency of EGFR T790M (2.1%), which was close to the de novo T790M frequency reported in the literature (Su et al., 2012). Almost all NSCLC patients administered therapy using EGFR-TKIs gradually manifest resistance. It is a recommendation nowadays to analyze such samples to check for the reason behind the resistance in these patients. Yet, a challenge here is mutations that underlie the disease in the case of advanced stages may not be entirely reflected in one sample biopsy particularly if the cancer is heterogeneous. Analysis of cfDNA or fragments of DNA minus cells can be an alternative to tissue samples as these fragments are released by apoptotic or necrotic cells with the level of these molecules correlated with the stage of the tumor and its prognosis (Diaz and Bardelli, 2014).

			Studies have mainly involved adenocarcinoma in the case of NSCLC with molecular profiling of tumors capable of improving the outcome if therapies are targeted. However, such an approach fails in the case of SCC’s accounting for approximately 30% of all NSCLC. Here, we screened 230 Chinese patient samples of lung SCC and reported the rarity of two most ubiquitous mutations in KRAS and EGFR seen in lung adenocarcinoma, while PIK3CA mutations were relatively high when compared with lung adenocarcinoma. Most of the mutations are unknown in lung SCCs and it needs further research.

			Besides this, we made a profound analysis of the 3,243 tumors data of lung adenocarcinoma patients in China, then three EGFR mutations (V742I, I789M, N842H) related with erlotinib, gefitinib, lapatinib, and one EGFR mutation (S811C) related with afatinib were discovered by filtered in Hotspot3D results. Next, we will continue to validate the function of the four EGFR rare druggable mutations by the following methods: (i) to predict of drug interaction based on protein structures; (ii) to perform biological validation in cultured cells; (iii) to establish the feasibility evaluation of clinical significance of these mutations by follow-up patients had these four EGFR rare mutations. Interestingly, we found that these EGFR rare variants always coexist with some common activating mutations in clinical samples. Whether this phenomenon has specific clinical significance needs to be further analyzed. Our analysis lends weight to novel approaches to address the use of personal medicine in patients with particular genetics.

			In conclusion, we present a clear panoramagram of mutation frequencies of driver mutations in a sizeable population of NSCLC patients from China. There was an identification of four rare mutations in EGFR in these patients, such results can raise new possibilities for designing personalized treatments for patients carrying these mutations.

			


Conclusion

			Genomic profiling of driver gene mutations of a sizeable Chinese patient set with NSCLC was performed. Four promising candidates for druggable mutations of EGFR were revealed, which opens up new avenues in the development of therapies that target individual patients carrying such genetic alterations. These results will help to develop personalized therapy targeting NSCLC.

			


Data Availability Statement

			The data generated in this study can be found at http://www.ncbi.nlm.nih.gov/SNP/snp_viewTable.cgi?handle=DPSEQ_SNP

			


Ethics Statement

			This study was carried out in accordance with the recommendations of Ethics Committee of Affiliated Tumor Hospital of Harbin Medical University with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the Ethics Committee of Affiliated Tumor Hospital of Harbin Medical University.

			


Author Contributions

			HM and XG designed the study; HM, XG, DS, YH, and YA collected the data; YL and JL analysed the data; XG and DY interpreted the data; XG wrote the draft; YZ, QL, SX, and GT edited the manuscript; JG acquired the funding and supervised the whole study.

			


Acknowledgments

			This work was supported by the National Nature Science Foundation of China (81600539), Natural Science Foundation of Heilongjiang Province of China (LC2016038), Nn10 program of Harbin Medical University Cancer Hospital (Nn10 2017-03), Youth elite training Foundation of Harbin Medical University Cancer Hospital (JY2016-06), Outstanding Youth Foundation of Harbin Medical University Cancer Hospital (JCQN-2018-05), and Postdoctoral scientific research developmental fund of Heilongjiang Province (LBH-Q18076).

			

References

			Asahina, H., Yamazaki, K., Kinoshita, I., Yokouchi, H., Dosaka-Akita, H., and Nishimura, M. (2007). Non-responsiveness to gefitinib in a patient with lung adenocarcinoma having rare EGFR mutations S768I and V769L. Lung Cancer 54, 419–422. doi: 10.1016/j.lungcan.2006.09.005

			Azzoli, C. G., Baker, S. Jr., Temin, S., Pao, W., Aliff, T., Brahmer, J., et al. (2010). [American society of clinical oncology clinical practice guideline update on chemotherapy for stage IV non-small-cell lung cancer]. Chin. J. Lung Cancer 13, 171–189. doi: 10.3779/j.issn.1009-3419.2010.03.15

			Campbell, J. D., Lathan C., Sholl L., Ducar M., Vega M., Sunkavalli A. et al. (2017). Comparison of prevalence and types of mutations in lung cancers among black and white populations. JAMA Oncol. 3, 801. doi: 10.1001/jamaoncol.2016.6108

			D’Addario, G., and Felip, E.E.G.W. Group (2009). Non-small-cell lung cancer: ESMO clinical recommendations for diagnosis, treatment and follow-up. Ann. Oncol. 20 Suppl 4, 68–70. doi: 10.1093/annonc/mdp132

			D’Angelo, S. P., Pietanza, M. C., Johnson, M. L., Riely, G. J., Miller, V. A., Sima, C. S., et al. (2011). Incidence of EGFR exon 19 deletions and L858R in tumor specimens from men and cigarette smokers with lung adenocarcinomas. J. Clin. Oncol. 29, 2066–2070. doi: 10.1200/JCO.2010.32.6181

			De Roock, W., Claes, B., Bernasconi, D., De Schutter, J., Biesmans, B., Fountzilas, G., et al. (2010). Effects of KRAS, BRAF, NRAS, and PIK3CA mutations on the efficacy of cetuximab plus chemotherapy in chemotherapy-refractory metastatic colorectal cancer: a retrospective consortium analysis. Lancet Oncol. 11, 753–762. doi: 10.1016/S1470-2045(10)70130-3

			Diaz, L. A. Jr., and Bardelli, A. (2014). Liquid biopsies: genotyping circulating tumor DNA. J. Clin. Oncol. 32, 579–586. doi: 10.1200/JCO.2012.45.2011

			Diehl, F., Schmidt, K., Choti, M. A., Romans, K., Goodman, S., Li, M., et al. (2008). Circulating mutant DNA to assess tumor dynamics. Nat. Med. 14, 985–990. doi: 10.1038/nm.1789

			Ding, L., Getz, G., Wheeler, D. A., Mardis, E. R., McLellan, M. D., Cibulskis, K., et al. (2008). Somatic mutations affect key pathways in lung adenocarcinoma. Nature 455, 1069–1075. doi: 10.1038/nature07423

			Engin, H. B., Kreisberg, J. F., and Carter, H. (2016). Structure-based analysis reveals cancer missense mutations target protein interaction interfaces. PLoS One 11, e0152929. doi: 10.1371/journal.pone.0152929

			Ettinger, D. S., Aisner, D. L., Wood, D. E., Akerley, W., Bauman, J., Chang, J. Y., et  al. (2018). NCCN Guidelines insights: non-small cell lung cancer, Version 5.2018. J. Natl. Compr. Canc. Netw. 16, 807–821. doi: 10.6004/jnccn.2018.0062

			George, J., Lim, J. S., Jang, S. J., Cun, Y., Ozretić, L., Kong, G., et al. (2015). Comprehensive genomic profiles of small cell lung cancer. Nature 524 (7563), 47–53. doi: 10.1038/nature14664

			Gou, L., and Wu, Y. (2014). Prevalence of driver mutations in non-small-cell lung cancers in the people’s republic of China. Lung Cancer (Auckl.) 5, 1–9. doi: 10.2147/LCTT.S40817

			Kohno, T., Nakaoku, T., Tsuta, K., Tsuchihara, K., Matsumoto, S., Yoh, K., et al. (2015). Beyond ALK-RET, ROS1 and other oncogene fusions in lung cancer. Transl. Lung Cancer Res. 4, 156–164. doi: 10.3978/j.issn.2218-6751.2014.11.11

			Li, S., Li, L., Zhu, Y., Huang, C., Qin, Y., Liu, H., et al. (2014). Coexistence of EGFR with KRAS, or BRAF, or PIK3CA somatic mutations in lung cancer: a comprehensive mutation profiling from 5125 Chinese cohorts. Br. J. Cancer 110, 2812–2820. doi: 10.1038/bjc.2014.210

			Lynch, T. J., Bell, D. W., Sordella, R., Gurubhagavatula, S., Okimoto, R. A., Brannigan, B. W., et al. (2004). Activating mutations in the epidermal growth factor receptor underlying responsiveness of non-small-cell lung cancer to gefitinib. N. Engl. J. Med. 350, 2129–2139. doi: 10.1056/NEJMoa040938

			Madic, J., Piperno-Neumann, S., Servois, V., Rampanou, A., Milder, M., Trouiller, B., et al. (2012). Pyrophosphorolysis-activated polymerization detects circulating tumor DNA in metastatic uveal melanoma. Clin. Cancer Res. 18, 3934–3941. doi: 10.1158/1078-0432.CCR-12-0309

			Masago, K., Fujita, S., Irisa, K., Kim, Y. H., Ichikawa, M., Mio, T., et al. (2010). Good clinical response to gefitinib in a non-small cell lung cancer patient harboring a rare somatic epidermal growth factor gene point mutation; codon 768 AGC4ATC in exon 20 (S768I). Jpn J. Clin. Oncol. 40, 1105–1109. doi: 10.1093/jjco/hyq087

			Mitsudomi, T., Morita, S., Yatabe, Y., Negoro, S., Okamoto, I., Tsurutani, J., et al. (2010). Gefitinib versus cisplatin plus docetaxel in patients with non-small-cell lung cancer harbouring mutations of the epidermal growth factor receptor (WJTOG3405): an open label, randomised phase 3 trial. Lancet Oncol. 11, 121–128. doi: 10.1016/S1470-2045(09)70364-X

			Niu, B., Scott, A. D., Sengupta, S., Bailey, M. H., Batra, P., Ning, J., et al. (2016). Protein-structure-guided discovery of functional mutations across 19 cancer types. Nat. Genet. 48, 827–837. doi: 10.1038/ng.3586

			Paez, J. G., Janne, P. A., Lee, J. C., Tracy, S., Greulich, H., Gabriel, S., et al. (2004). EGFR mutations in lung cancer: correlation with clinical response to gefitinib therapy. Science (New York, N. Y.) 304, 1497–1500. doi: 10.1126/science.1099314

			Planchard, D., Popat, S., Kerr, K., Novello, S., Smit, E. F., Faivre-Finn, C., et al. (2018). Metastatic non-small cell lung cancer: ESMO clinical practice guidelines for diagnosis, treatment and follow-up. Ann. Oncol. 29, iv192–iv237. doi: 10.1093/annonc/mdy275

			Porta-Pardo, E., Garcia-Alonso, L., Hrabe, T., Dopazo, J., and Godzik, A. (2015). A pan-cancer catalogue of cancer driver protein interaction interfaces. PLoS Comput. Biol. 11, e1004518. doi: 10.1371/journal.pcbi.1004518

			Rajagopalan, H., Bardelli, A., Lengauer, C., Kinzler, K. W., Vogelstein, B., and Velculescu, V. E. (2002). Tumorigenesis: RAF/RAS oncogenes and mismatch-repair status. Nature 418, 934. doi: 10.1038/418934a

			Rosell, R., Carcereny, E., Gervais, R., Vergnenegre, A., Massuti, B., Felip, E., et al. (2012). Erlotinib versus standard chemotherapy as first-line treatment for European patients with advanced EGFR mutation-positive non-small-cell lung cancer (EURTAC): a multicentre, open-label, randomised phase 3 trial. Lancet Oncol. 13, 239–246. doi: 10.1016/S1470-2045(11)70393-X

			Serizawa, M., Koh, Y., Kenmotsu, H., Isaka, M., Murakami, H., Akamatsu, H., et al. (2014). Assessment of mutational profile of Japanese lung adenocarcinoma patients by multitarget assays: aprospective, single-institute study. Cancer 120, 1471–1481. doi: 10.1002/cncr.28604

			Smits, A. J., Kummer, J. A., Hinrichs, J. W., Herder, G. J., Scheidel-Jacobse, K.  C., Jiwa, N. M., et al. (2012). EGFR and KRAS mutations in lung carcinomas in the Dutch population: increased EGFR mutation frequency in malignant pleural effusion of lung adenocarcinoma. Cell Oncol. (Dordr.) 35, 189–196. doi: 10.1007/s13402-012-0078-4

			Steuer, C. E., Behera, M., Berry, L., Kim, S., Rossi, M., Sica, G., et al. (2016). Role of race in oncogenic driver prevalence and outcomes in lung adenocarcinoma: Results from the Lung Cancer Mutation Consortium. Cancer 122, 766–772. doi: 10.1002/cncr.29812

			Su, K. Y., Chen, H. Y., Li, K. C., Kuo, M. L., Yang, J. C., Chan, W. K., et al. (2012). Pretreatment epidermal growth factor receptor (EGFR) T790M mutation predicts shorter EGFR tyrosine kinase inhibitor response duration in patients with non-small-cell lung cancer. J. Clin. Oncol. 30, 433–440. doi: 10.1200/JCO.2011.38.3224

			Travis, W. D., Brambilla, E., Nicholson, A. G., Yatabe, Y., Austin, J. H. M., Beasley, M. B., et al. (2015). The 2015 World Health Organization classification of lung tumors: impact of genetic, clinical and radiologic advances since the 2004 classification. J. Thorac. Oncol. 10, 1243–1260. doi: 10.1097/JTO.0000000000000630

			Yeung, S. F., Tong, J. H., Law, P. P., Chung, L. Y., Lung, R. W., Tong, C. Y., et al. (2015). Profiling of oncogenic driver events in lung adenocarcinoma revealed MET mutation as independent prognostic factor. J. Thorac. Oncol. 10, 1292–1300. doi: 10.1097/JTO.0000000000000620

			Conflict of Interest: Authors XG, YL, JL, YH, QL, YZ, YA, GT, and DY were employed by company Geneis, China. The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

			Copyright © 2019 Meng, Guo, Sun, Liang, Lang, Han, Lu, Zhang, An, Tian, Yuan, Xu and Geng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OEBPS/Images/tbl4.jpg
Geno.

BRAF
£GFR

KRAS

vET

PIKSCA

Attoration

veooE
Exon 1960l
LseR
K7
Gr2coV
Q6tH
AT

Ampication

Esizk
Esi50K
HI04TR

Froquency in SCC tissues

07% (11134
1.5% @134
37%6/134)
07% (1/134)
30% (@134
7
079% (1/134)
07%(1/134)
22% @134
60% @/134)
0.7% (1/134)

Totalfrequency in SCC
tissues

07%
00%

Froquency inSCC.
blood

1.0% (1198)
21%2%)
63% (61%)
i
219 @8)
1.0% (196)
31% @o8)
7
1.0% (196)
52% (5/96)
7

Total frequency in
SCC blood
(n=99)

10%
8a%

7a%

63%





OEBPS/Images/Figure_2.jpg





OEBPS/Text/toc.xhtml


  

    Contents



    

		Cover



      		

        Genomic Profiling of Driver Gene Mutations in Chinese Patients With Non-Small Cell Lung Cancer

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Patient and Sample Collection

          



          		

            DNA Extraction From Tumor Tissue and Plasma

          



          		

            Screening Mutations

          



          		

            Mutation and Statistical Analysis

          



          		

            Mutational Data Collection and Hotspot3D Processing

          



        



        



        		

          Results

        

          		

            Distribution of Oncogenic Driver Mutations in Lung Adenocarcinoma Tissue Samples

          



          		

            Comparison of Driver Gene Mutations of Lung Adenocarcinoma With Other Races

          



          		

            Distribution of Oncogenic Driver Mutations in Blood Samples of Patients

          



          		

            Frequency of Oncogenic Driver Mutations in Squamous Cell Carcinoma of Lung

          



          		

            EGFR Candidate Druggable Mutations Were Discovered by Filtered in Hotspot3D Results

          



        



        



        		

          Discussion

        



        		

          Conclusion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Acknowledgments

        



        		

          References

        



      



      



    



  



OEBPS/Images/tbl2.jpg
ALK
BRAF

EGFR

HER2
KRAS
mET
PIKSCA

NRAS
RET
ROS1

Rearrangemont
VB00E
Exontodel
LsssR
ol
Exon20ns
Gr2G1I08t
Amplication
ESRESISKIO
HISTUR
Gr2G1308t
Rearrangemont
Rearrangement

Mainland China
(o243)

Mutant
)
26%
13%
206%
28.1%
s5.0%
21%
"%
1.1%
20%

or%
06%
06%

ST st Bacmcy e it sl & Pas Sileiect alich

Japan (611)

Mutant
%)

50%
o7%

0%
1.7%
5%
22%
27%

05%
11%
05%

Black
(145)

Mutant
)
or%
or%
68%
34%
6%
1.4%
3a2%
21%
2%

0%

White
)

Mutant






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fgene.2019.01008_cover.jpg
’ frontiers
in Genetics

Genomic Profiling of Driver Gene
Mutations in Chinese Patients With
Non-Small Cell Lung Cancer





OEBPS/Images/logo.jpg
, frontiers
in Genetics





OEBPS/Images/Figure_3.jpg





OEBPS/Images/Figure_1.jpg
281%

9.4%
206%

LR exonlddd  TT0M  GTI9AICS  LS6IQ codon 12

EGFR mutation

KRAS mutation





