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Objective: To investigate the genetic mutation characteristics of non-small cell lung cancers (NSCLC) with and without lymph node metastasis.
Methods: Primary lesions and metastatic lymph node lesions of 36 Chinese NSCLC patients were tested for somatic mutations, tumor mutation burden, phylogenetic and clonal evolutional analysis using a 1021-gene panel by next-generation sequencing (NGS) with an average sequencing depth of 671X.
Results: In this study, eighteen patients with lung adenocarcinoma (LUAD) and 18 with lung squamous cell carcinoma (LUSC) were included. Different groups had distinct characteristics of gene mutations. CTNNB1 gene mutations were only present in Nome_LC LUAD patients (p < 0.05). ARID1A mutation was however the only gene with significant alterations (p < 0.05) in Nome_LC in LUSC. Phylogenetic trees of mutated genes were also constructed. Linear and parallel evolutions of metastatic lymph nodes were observed both in LUAD and LUSC.
Conclusion: LUSC exhibited more genetic mutations than LUAD. Intriguingly, there was significant difference in gene mutations between Meta_LC and Nome_LC. CTNNB1 gene alteration was the key mutation in LUAD that seems to promote proliferation of the tumor and then determine T stage. On the other hand, proliferation of the tumor was characterized by ARID1A missense mutation in LUSC, thus influencing the T stage as well. Lymph node metastasis could display both linear and parallel evolutionary characteristics in NSCLC. Different metastatic lymph nodes might have exactly the same or different mutated genes, underlining the heterogeneous genomic characteristics of these cancer types.
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INTRODUCTION
Lung cancer is the most prevalent and leading cause of cancer related deaths, particularly in developing countries such as China [1]. About 85% of new lung tumors are non-small cell lung cancers (NSCLC) [1]. In addition, nearly half of NSCLCs are metastatic types at the time of diagnosis, whose overall 5-year survival rate is only 5.5% [2]. This underscores the need to unravel events underlying tumorigenesis of NSCLC. The most common form of NSCLC metastasis is lymph node metastasis [3]. Research shows that Lymph node metastasis is the most important factor affecting the prognosis of primary lung cancer [4]. The introduction of low-dose CT has enhanced early diagnosis of early stage lung cancer. Interestingly, pathological analyses have identified lymph node metastasis in many patients with small primary tumors. Conversely, some other patients with large primary tumors do not exhibit lymph node metastases. NSCLC with lymph node metastasis is associated with poorer prognosis, relative to NSCLC not displaying this pathology [5]. Our previous research revealed that approximately 14.6%–16.5% of patients with stage T1 NSCLC exhibit lymph node metastasis [6, 7]. Although researches have elucidated the cellular and molecular mechanisms involved in NSCLC development, the genetic divergence and phylogenetic structure of lymph node metastases in small primary tumors remain largely unknown.
Next-generation sequencing (NGS) of tumor biopsies has greatly expanded our knowledge on somatic mutations in NSCLC such as the deep genetic heterogeneity in tumors beyond epidermal growth factor receptor (EGFR) changes [8]. Genomic classification may improve clinical management and corresponding prognosis. However, the clinical value of genomic changes relies on understanding the interaction between the genetic alterations, treatment received, heterogeneity and the dynamics of mutations in disease evolution. This underscores the need to describe the genetic characteristics of NSCLC with and without lymph node metastasis, not only to understand the lesional changes, but with a view of developing personalized treatment.
Herein, we report sequence analyses of tumor tissues from 37 NSCLC patients. For the first time, we analyzed the genetic variation pattern and clonal evolution pattern of NSCLC with and without lymph node metastasis. Identification of metastatic factors to select patients with a poor prognosis and development of tailored treatment strategies are then advisable.
METHODS
Study Design
Between January 2013 to December 2016, 18 non-metastatic NSCLC (Nome_LC) patients with tumor size over 3 cm, and 18 T1 NSCLC patients with lymph node metastases (Meta_LC) from Jiangsu Cancer Hospital were enrolled for this study. A total of 59 NSCLC tissues including primary lesion and metastatic lymph nodes were extracted from the 36 patients, fixed in formalin and embedded in paraffin (FFPE) for somatic mutations analyses. The pathological FFPE findings were validated using hematoxylin and eosin (HE) staining. The age, gender, TNM stage, tumor histology and smoking history of the patient were all recorded.
Targeted Next-Generation Sequencing
An NGS approach was performed on genomic DNA isolated from FFPE surgically resected NSCLC tissue samples. Tissues smaller than 1 mm or with less than 20% tumor cells were all excluded. A targeted pan‐cancer panel with 1021 cancer related genes was conducted and was performed on the Hiseq NGS platforms (Illumina Inc., San Diego, CA, United States) using of base substitutions, indel, copy number variations (CNV) and DNA arrangement analysis. Targeted capture sequencing revealed a median effective depth of coverage of 671× in the tissue samples. The detailed genes for the 1021 cancer-gene panel were provided in Supplementary Table S1.
Tumor Mutational Burden
The tumor mutation burden (TMB) of a tumor a tumor was calculated based on the number of non-synonymous somatic mutations (single nucleotide variants and small insertions/deletions) per mega-base in coding regions. All germline variants were filtered using paired blood controls.
Phylogenetic Analysis
Phylogenetic analysis of tumor genes sequences was analyzed using the ape package. For each patient, an optimal phylogenetic tree was inferred using the maximum parsimony method. Candidate driver mutations were mapped to the trunk and branches of each phylogenetic tree to illustrate the molecular processes underlying NSCLC metastasis.
Clonal Evolution Analysis
Subclones generated from SNVs were clustered sing PyClone. The optimal tree was generated using the clustering outputs. The analysis was performed using iterative version of citup. The fish plot and phylogenetic tree of each patient were constructed using timescape.
Statistical Analyses
Categorical variables were expressed using number and proportions. Somatic mutation data of NSCLC patients from TCGA database were downloaded from cBioPortal [8]. The relationships between groups were analyzed using Pearson’s chi-square or Fisher’s exact test, based on the Yates continuity correction coefficient, with p < 0.05 considered statistically significant. Data was analyzed using SPSS22.0 software (SPSS, Inc., Chicago, IL, United States).
RESULTS
Patients and Clinical Characteristics
The baseline characteristics of the 36 NSCLC patients included in this study are summarized in Table 1. Overall, 59 NSCLC tissues were extracted and analyzed. Of the 36, 27 patients (75%) were male, with majority (83.33%) above 65 years old. The patients were divided into two groups based on the absence or presence of lymph node metastasis. We found 18 patients with one or two lymph nodes metastases (Meta_LC group). The median tumor size in these patients was 2.5 cm (range 1.0–3.0 cm). The rest 18 patients (50%), had no lymph node metastasis (Nome_LC group). Nine tissues were selected from each group of lung adenocarcinoma (LUAD) and lung squamous cell carcinoma (LUSC) for further analyses. The combined median tumor size of Meta_LC group was 2.5 cm (range 1.0–3.0), almost three times the size of the smallest tumor in the Nome_LC group (7.1 cm, range from 5.0 to 12.0). There was no distant metastasis in any of the cases (M stage: M0).
TABLE 1 | Patient baseline characteristics.
[image: Table 1]The Genetic Characteristics of Nome_LC, Meta_LC and LN Groups
Next-generation sequencing of the 59 samples uncovered a pan-cancer panel of 1021 tumorigenesis related genes. The average sequencing depth of DNA extracted from the aforementioned tissues was 671×[9]. The somatic mutations investigated included small nucleotide variants (SNVs), copy number variants (CNVs), short insertions or deletions (indels) and structure variations (SVs). Overall, we identified 486 somatic mutations, with the majority in TP53 (58.3%), EGFR (21.7%), MLL3 (13.3%), LRP1B (13.3%) and TERT (13.3%) genes (Figure 1A). We downloaded sequence data for 68 LUAD and 70 LUSC patients from The Cancer Genome Atlas (TCGA) for further analyses (Supplementary Figure S1A). The top five most common alterations were not quite the same as genes identified in our study. For Nome_LC group, mutations were detected in 126 genes. Comparatively, there were 51 gene variations in the Meta_LC group, 26 genes of which were also detected in the LN group. Notably, mutations in 11 genes were unique to the LN group alone (Figure 1B). Mutation frequency of common driver genes was quite different between Nome_LC and Meta_LC groups, although it was not statistically significant (Figure 1C).
[image: Figure 1]FIGURE 1 | The genomic landscape and molecular characteristics. (A) The genomic landscape of tissue sample. (B) The Venn diagram of three groups, shows the number of mutated genes. (C) The frequency mutated gene in Nome_LC and Meta_LC group. (D) The frequency mutated gene in Meta_LC and LN group. (E) Mutated genes in three subgroups among different chromosomes, genes with high level frequency are highlighted.
Intriguingly, there was a clear distinction in the frequency and type of mutant genes between Nome_LC and Meta_LC groups. For instance, for Nome_LC group, the majority of mutations occurred in the TP53 (66.7%), PIK3CA (27.8%), LRP1B (22.2%), CTNNB1 (22.2%), and EGFR (16.7%) genes. However, TP53 (72.2%), EGFR (33.3%), LRP1B (16.7%), MLL3 (16.7%) and TERT (16.7%) were the top most mutated genes in the Meta_LC group (Figure 1D). EGFR (33.3% vs. 15.8%) and TERT (16.7% vs. 5.2%) were the most mutated genes in the Meta_LC group (Supplementary Table S2). In LN group, TP53 (43.5%), EGFR (17.4%), TERT (17.4%), ERBB2 (13.0%) and FAT1 (13.0%) were the top most mutated genes (Figure 1D). Notable, the difference in the most common mutations between Meta_LC and LN group was very small (Supplementary Table S3).
We further compared the distribution of the most frequently altered genes in Meta_LC, Nome_LC and LN groups. The highest gene mutations were observed in the Meta-ca group. Interestingly, there was a significant difference in the distribution of altered genes between Nome_LC and LN group (Supplementary Figure S1C).
On each chromosome, the gene was marked when its mutation frequency was greater than 50% and we defined it as having a high mutation frequency. With regard to high-level frequency of mutated genes among the three subgroups, Meta_LC group exhibited two high-level frequency mutations (EGFR, CDKN2A), whereas in LN group, high-level frequency gene mutation was only observed in one gene (NCOR1). However, high-level frequency mutations were observed in ten genes (EPHA3, CDKN2A, ATM, MAPK3, TP53, NOTCH3, STK11, CIC, FAM123B, RBM10) in the Nome_LC group (Figure 1E). Overall, patients with large primary tumor size and those without lymphatic metastasis displayed more high-level gene mutations. Even so, precise mechanism underlying the phenomenon needs further investigation.
Further analyses reveled that patients with higher Tumor Mutation Burden (TMB/Tumor Mutation Load (TML)) responded better to tumor immunotherapy [10]. Compared to patients in Meta_LC and LN groups, those in Nome_LC group presented with higher mutation burden. However, no significance difference in median TMB was seen between primary and metastatic tumors (Supplementary Figure S1B).
Genetic Variation in LUAD and LUSC Tissues
Sequence data for 562 LUAD and 470 LUSC patients (1032) was downloaded from the TCGA database. Additional validation data for 5597 patients was downloaded from the Memorial Sloan Kettering Cancer Center (MSK) database. As shown in Supplementary Figure S2, about 90% of high frequency mutated genes both in LUAD (Supplementary Figure S2A) and LUSC (Supplementary Figure S2B) detected in this study were indentified in cancer tissues of patients in the TCGA and MSK database, which means the results obtained by panel sequencing were reliable.
Further comparisons in genetic aberrations between LUAD and LUSC of our data were made. We identified 173 somatic mutations in 32 lung adenocarcinoma tissues (Figure 2A). The top most altered genes included TP53, EGFR, MLL3, APC, ERBB2, LRP1B, BAP1, BRAF, BRCA2 and CTNNB1. Nome_LC and Meta_LC groups only shared eight mutated genes (Figure 2B). In addition, there was no significance difference in mutation frequency between the two groups (Supplementary Table S4). In 27 lung squamous carcinoma tissues, we identified 302 somatic mutations (Figure 2C). The top five most commonly altered genes included TP53, FAT1, PIK3CA, TERT and EGFR (Supplementary Table S5). Meta_LC and Nome_LC groups shared 21 mutated genes, conflicting findings of the TCGA analyses (Supplementary Figures S2C,D). Interestingly, the rate of mutations in squamous cell carcinoma tissues was significantly high, relative to adenocarcinoma tissues. The average number of mutations per LUSC and LUAD tissue was 8.1 and 5.4, respectively (Figures 2A,C). These findings demonstrate the marked mutational distinction between LUSC and LUAD tissues. However though, LUSC exhibits greater gene mutations.
[image: Figure 2]FIGURE 2 | The genomic landscape of LUAD and LUSC. (A) Top 15 significantly mutated genes in LUAD, samples were ordered based on their somatic non-synonymous mutation burden (top panel) and genes were ranked by mutation frequencies (left panel). Gender and age are annotated in the bottom panel. (B) The Venn diagram of two groups in LUAD, shared genes are presented blow. (C) Top 25 significantly mutated genes in LUSC. (D) The Venn diagram of two groups in LUSC, shared genes are presented blow.
Genes Related to T Stage in LUAD and LUSC
Given that small primary tumor (T1) may present with lymph node metastasis, and relatively large primary tumors (>T2) can present without lymph node metastasis, we sought to identify the genetic mutations associated with lymph node metastasis or proliferation of primary tumor cells.
The differences of mutated genes were analyzed in Meta_LC and Nome_LC group. We found that mutations in CTNNB1 was significantly (p < 0.05) different and only presented in Nome_LC group in LUAD (Figure 3A). Further analysis of 27 LUSC tissues only identified mutations in ARID1A genes (Figure 3B) among patients in the Nome_LC group. Analysis of data downloaded in the TCGA database identified significant mutations in KCNH7, UNC9, ADAMTLS3, HCN1, AHNAK2, EPHA7, MXRA5, CTNNA2 and SEMA5A (p < 0.05) in the two groups of LUAD (Figure 3C). and 17 genes (E4F1, EPYC, FGF12, etc.) were detected in TCGA data (Figure 3D). In general, findings of TCGA data analyses were substantially different from those generated from analysis of our data. This discrepancy may have arisen from numerous sources.
[image: Figure 3]FIGURE 3 | Particular genes related to T stage in LUAD and LUSC. (A,B) Genes in our data that are statistically different in two groups of LUAD and LUSC. (C,D). Genes in TCGA data that are statistically different in two groups of LUAD and LUSC.
Phylogenetic Trees and Mutation Clone Landscape of Lymph Node Metastasis
To further understand the evolution of lymph node metastasis, we compared genetic aberrations in primary tumors and metastatic lymph node in the Meta_LC group. The trunks of phylogenetic trees represented genes with mutations both in primary tumors and all lymph nodes. Branches represent mutated genes with lymph nodes only (Figure 4). In some cases, we observed high similarity in genetic variation between metastatic lymph nodes (Figure 4M) and their paired primary tumors. This suggest that metastatic lymph nodes “drifted” from the primary tumor relatively late in the evolutionary process. However, other genetic alterations were highly distinct between groups (Figure 4N), demonstrating early “drift” between evolutionary groups. Overall, we identified two distinct evolutionary models both in LUAD and LUSC. These results suggest that metastatic lymph nodes followed the linear progression model and parallel progression model. In the cases of the primary tumor with two metastatic lymph nodes, there were also different evolutionary patterns (Figures 4A,G,I–K). In one pattern, two metastatic lymph nodes shared exactly the same branch (Figure 4A). In another pattern, two metastatic lymph nodes shared a trunk but have distinct branches (Figures 4I,J). And in the other pattern, similarity was observed between one metastatic lymph node and its paired primary tumor, the other metastatic lymph node however, was quite different between them (Figures 4G,K).
[image: Figure 4]FIGURE 4 | Phylogenetic analysis in paired primary tumors and metastatic lymph nodes. (A–N) Phylogenetic trees of cases, trunk means the genes mutated both in primary tumor and all detected lymph nodes, each branch means the mutated genes in every lymph node sample.
Clonal analysis of altered genes in 14 NSCLC lymphatic metastases revealed the hypothetical subclonal development process and cancer evolution. The mutant gene with the maximum load was regarded as having a cell proportion of 1 (100%), and the other genes decreased in turn. The mutation load was negatively proportional to the occurrence time. The evolution patterns of subclones differed from patient to patient, characteristic of intratumor heterogeneity (Figure 5). It’s worth noting that several LUAD tissues displayed fewer or slightly more mutated (Figures 5A,B,E,I). This phenomenon corresponded with low level TMB. However, there were greater mutations in most LUSC, which corresponded with high TMB (Figures 5H,L,M).
[image: Figure 5]FIGURE 5 | Clonal evolution analysis. (A–N) Fish plots constructed by timescape using pyclone algorithm. The relative time of genes’ occurrence are inferred from different clonal loads. Colors indicate different clones.
DISCUSSION
Herein, we assessed the genetic alterations in NSCLC patients with and without lymph node metastasis, with the aim of unraveling the characteristics of driver gene mutations in lymph node metastasis.
Metastasis results from dynamic interactions between tumor cells and new microenvironment [11]. Metastasis was thought to be advanced primary tumors. Although this might be true for some tumors, recent evidence suggested that progression of primary and metastasis can occur concurrently. Simply put, metastasis could occur in primary/newly diagnosed early cancers [12]. However, whether genetic blueprints of metastatic lymph nodes differ from those of primary tumors had remained to be validated.
Sequence analysis identified highest mutation frequencies in TP53, EGFR, MLL3, LRP1B and TERT genes in of NSCLC tissues. Further analysis of TCGA data revealed that TP53 was the only shared gene with high frequency mutations in NSCLC tissues. This might be attributed to ethnical genetic differences and the small amount of our data. The number of mutated genes in Nome_LC group, Meta_LC group and LN group were ranked from highest to lowest in order. This might have resulted from equilibrium checks between oncogenes and tumor suppressor genes, which to a certain extent, modulate progression and tumor metastasis of malignant tumors. However, there were very fewer mutated genes in metastatic lymph nodes, which may only be related to metastasis of primary lesions.
The mutant genes in metastatic lymph nodes were comparable to those of corresponding primary tumor, demonstrating the clonal evolution of the tumor. At the same time, we found marked difference in mutated genes between LN and the Nome_LC cancers. Most genes either appeared in the Nome_LC or LN group alone, but rarely both. These finds suggest certain unique gene mutations promote proliferation and metastasis of specific tumors, which influence the T and N stages.
The frequencies of genetic mutations in LUAD and LUSC were consistent with those in identified in independent cohorts in the TCGA and MSK databases [13]. By comparing our data with those of TCGA and MSK, it was confirmed that the pan-cancer panel we selected with 1021 genes could cover common mutated genes. This proved that the panel we used to detect somatic mutations was credible. However, Genes with Our results high-frequency mutations varied between LUAD and LSCS tissues. Contrarily, analysis of TCGA data reveled substantial similarity in the top 5 high frequency mutant genes between LUAD and LSCS tissues. For LUSC, the majority of the high mutant genes were similar both in Meta_LC and Nome_LC group. In LUAD however, the two groups share less than one quarter of the mutated genes. Contrarily, based on TCGA data, there was very little difference in top five most common mutated genes between LUAD and LUSC. This disparity may have emanated from the quality of sequence transcripts. Better sequencing results could be obtained by using fresh tissues. The differences between our own and TCGA data were probably due to non-homogeneous sample population and racial differences. Meanwhile, sequencing platforms with different coverages and depths may introduce bias when calling large structural variants In addition, our findings were consistent with previous studies, in which there were more mutant genes in lung squamous cell carcinoma tissues, relative to lung adenocarcinoma [14].
Analysis results revealed that mutations in CTNNB1 were only appeared in Nome_LC but not Meta_LC group of LUAD. We thought that missense mutation of this gene might mediate proliferation of tumors, thus influencing the T stage. CTNNB1 is a key regulator of the Wnt signaling pathway. beta-catenin 1 interacts with E-cadherin and actin cytoskeleton to mediate cell-cell adhesion [15]. Research shows that over-expression of CTNNB1 promotes metastasis of colorectal cancer [16] and colon cancer [17]. Mutations in CTNNB1 gene over-activate the Wnt signaling pathway in human adrenocortical tumors [18, 19]. To some extent, mutations in the CTNNB1 gene increases the risk of malignant transformation [18]. ARID1A is another gene differently altered between Meta_LC and Nome_LC in LUSC. Research shows that ARID1A suppresses development and progression of tumors [20]. Interestingly, wild-type ARID1A gene has been reported in an individual with endometrial cancer tissues. However, the deleterious ARID1A gene mutate was found in a metastatic lesion [21]. Loss of ARID1A is related to size, infiltration depth, lymph node metastasis and poor prognosis of gastric cancer [22]. This actually supportted our suspect that missense mutation of ARID1A might mediate proliferation in LUSC, thus influencing the T stage as well. Somewhat disappointingly, we did not see characteristic gene mutations in LUAD Meta_LC group nor LUSC Meta_LC group. For patients with CTNNB1 mutation in LUAD and ARID1A mutation in LUSC, it may be more important to focus on local recurrence.
We then constructed an evolutionary tree using data of 14 patients with lymph node metastases (7 LUAD and 7 LUSC). Previous studies showed that lung squamous cell carcinoma displays more mutated genes. Evolution of tumor occurred through numerous models. For instance, brain metastases more often displayed parallel evolution, whereas liver metastases mostly undergo linear evolution [23]. In this study, we found lymph node metastases display both linear and parallel evolutionary patterns. On the other hand, different metastatic lymph nodes from the same patient could have exactly the same or different mutated genes. These findings demonstrated the need for assessing lymph node metastases in cancer patients.
Our findings notwithstanding, more data is needed to uncover the NSCLC genotype associated with lymph node metastases. However, findings of this study lay the necessary foundation for deeper and extensive exploration of lymph node metastases and corresponding genotypes. Regarding limitations, first, the sample size used in this study was relatively small, which casts doubts on the credibility of our findings. Studies utilizing larger data are therefore necessary to validate findings of this study. Second, we lacked prognostic data though we had tried our best to return to patients’ prognostic information. In general, we highlighted the genetic signature of T1 NSCLC patients with lymph node metastasis and T2-4 NSCLC patients without lymph node metastasis. There are more genetic mutations in LUSC. In LUAD however, the differences in mutations between the Meta_LC and Nome_LC groups are greater. CTNNB1 mutation and ARID1A mutation promoted proliferation of LUAD and LUSC, respectively, thus affecting the T stage. Lymph node metastasis exhibits both linear and parallel evolution. Mutated genes in metastatic lymph nodes are not constant. They may be exactly the same or very different between different sub-types.
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