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Summary 

 Our study provides the first comprehensive description of the mutational landscape of SSNs 

and reveals the potential genomic grounds supporting the use of radiological parameters as 

important clinical references for diagnosis and treatment of SSNs. 

 

ABSTRACT 

Background: Lung adenocarcinomas (LUADs) that radiologically display as subsolid nodules 

(SSNs) exhibit more indolent biological behavior than solid LUADs. SSNs, commonly 

encompassing preinvasive and invasive but early-stage adenocarcinomas, can be categorized as 

pure ground-glass nodules (pGGNs) and part-solid nodules (PSNs). The genomic characteristics 

of SSNs remain poorly understood. 

 

Methods: We subjected 154 SSN samples from 120 treatment-naive Chinese patients to whole 

exome sequencing. Clinical parameters and radiological features of these SSNs were collected. 

The genomic landscape of SSNs and differences from that of advanced stage LUADs were 

defined. We also investigated the intratumor heterogeneity and clonal relationship of multifocal 

SSNs and conducted radiogenomic analysis to link imaging and molecular characteristics of SSNs. 

Fisher’s exact and Wilcoxon rank sum tests were used in the statistical analysis.  

 

Results: The median somatic mutation rate across the SSN cohort was 1.12 mutations/Mb.  

Mutations in EGFR were the most prominent and significant variation, followed by those in 

RBM10, TP53, STK11, and KRAS. The differences between SSNs and advanced-stage LUADs at 



a genomic level were unraveled. Branched evolution and remarkable genomic heterogeneity were 

demonstrated in SSNs. Although multi-centric origin was predominant, we also detected early 

metastatic events among multifocal SSNs. Using radiogenomic analysis, we found that higher 

ratios of solid components in SSNs were accompanied by significantly higher mutation 

frequencies in EGFR, TP53, RBM10, and ARID1B, suggesting that these genes play roles in the 

progression of LUADs.  

 

Conclusions: Our study provides the first comprehensive description of the mutational landscape 

and radiogenomic mapping of SSNs.  

 

Keywords: pulmonary subsolid nodules (SSNs), early stage lung adenocarcinoma, whole exome 

sequencing, radiological features, radiogenomic mapping, somatic mutation 

  



Introduction 

Early-stage lung adenocarcinomas (LUADs) can present as a spectrum of radiological 

appearances, ranging from pure ground-glass nodules (pGGNs) generally thought to be indolent, 

to more aggressive solid LUADs. Radiological subsolid nodules (SSNs) can be further categorized 

as pGGNs, which are defined as nodules manifesting as an area of hazy increased lung opacity 

with preservation of bronchial and vascular margins, and part-solid nodules (PSNs) comprised of 

both ground-glass (GG) and solid components [1]. A proportion of pGGNs eventually develop into 

PSNs. Pathologically, malignant SSNs encompass preinvasive lesions (atypical adenomatous 

hyperplasias (AAHs) and adenocarcinomas in situ (AISs)), minimally invasive adenocarcinomas 

(MIAs) and invasive adenocarcinomas (IACs). 

To date, comprehensive studies describing the genomic landscape [2-5] and clonal 

architecture [6, 7] of LUAD mainly focused on relatively late stage tumors. Genomic features of 

the very early stage of LUAD [8], especially the subgroup that radiologically displays as SSNs [9], 

remain poorly understood. Further, the diverse clinical trajectories of pGGNs and PSNs pose 

significant management challenges, and there have been limited predictive and prognostic 

biomarkers to risk-stratify patients. Radiological features of SSNs such as the subclassification 

(pGGN or PSN) [10], the solid size [11] and the consolidation tumor ratio (CTR) [12], can serve 

as important clinical references for diagnosis and treatment of this disease. However, the potential 

genomic grounds supporting the use of radiological parameters as important clinical references for 

diagnosis and treatment of SSNs were not deciphered. 

In this study, we performed whole-exome sequencing (WES) of 154 surgical SSN specimens 

from 120 patients. We defined the genomic characteristics of SSNs and delineated potential driver 



somatic mutations underlying the development and progression to advanced-stage LUAD. We also 

revealed the intratumor heterogeneity between GG and solid regions of the same SSN (n=11) and 

the clonal relationship among multifocal SSNs from the same patient (n=26). Finally, we provided 

radiogenomic mapping of SSNs. Our findings shed light on the evolution of LUAD and provide 

valuable biological and clinical insights into SSNs. 

Methods 

SSN cohort 

Pathologically confirmed malignant tumor samples from 154 SSNs along with paired controls 

from 120 treatment-naive Chinese patients were subjected to WES. The study design was 

summarized in Figure 1A-B, and detailed clinical features of the cohort were summarized in 

Table 1 and Supplementary Table S1. Of note, 11 large PSN samples were divided into 2-5 

regions for WES according to the gross appearance of the resected tumor and the radiological 

characteristics (Figure 1C, Supplementary Table S2). Pathological diagnoses were classified as 

AAH, AIS, MIA, or IAC according to the 2015 WHO classification system (Figure 1D).  

 

Radiological evaluation 

The maximum diameters of whole SSNs and solid components on lung windows were 

measured (Figure 3B). The consolidation tumor ratio (CTR) was calculated as the ratio of the 

maximum diameter of consolidation divided by the tumor size. Volumetric parameters, such as 

solid volume percentage, were semi-automatically obtained using the Lung VCAR workstation 

(GE Healthcare). The SSN mass was calculated using the following equation: mass = volume 

[(mean CT attenuation+1000)0.01]. Image analysis details were included in the 



Supplementary Methods. 

 

WES library preparation and data analysis 

Protocols for genomic DNA extraction and WES library preparation were detailed in 

Supplementary Methods. We used the Genome Analysis Toolkit (GATK, version 3.8.0) to 

pre-process the WES data, and MuTect (version 1.1.4) and Strelka (version 2.8.4) to call SNVs 

and INDELs, respectively. Further details of bioinformatic analyses were provided in the 

Supplementary Methods. We used Fisher’s exact test and Wilcoxon rank sum test for statistical 

analysis. 



RESULTS 

The mutational landscape of SSNs 

The median somatic mutation rate across the SSN cohort (n=154) was 1.12 mutations/Mb 

(range 0.03-6.87), which is significantly lower than that of Chinese advanced stage LUADs [5] 

(Supplementary Figure S1). The median sequencing depth per tumor was 217. The mutational 

landscape of SSNs was summarized in Figure 2A. Twelve significant mutated genes were 

identified by the MutSigCV algorithm. Notably, mutations in EGFR were the most prominent and 

significant variation (50%), followed by mutations in RBM10 (16%), TP53 (13%), STK11 (8%), 

and KRAS (5%). Other frequent but not significant mutated genes included BIRC6 (5%), ARID1B 

(4%), CHD2 (4%), FBXO11 (4%), and GNAQ (4%). Concurrent and mutually exclusive mutation 

patterns in SSNs were shown in Figure 2D. Similar to previous reports in LUADs [3, 5, 13], 

mutations in KRAS were mutually exclusive with those in EGFR. Both RBM10 and TP53 

mutations commonly co-occurred with EGFR mutations. Interestingly TP53 was found to be 

co-altered in only 19% (15/77) of EGFR mutant population, lower than the anticipated 50-60% in 

early-stage solid tumors or metastatic disease [5, 14], suggesting that these combinations may 

facilitate the transformation of early stage lung neoplasm to malignancy [15]. 

We further explored the etiological factors that underlie mutagenesis in Chinese SSNs. 

Mutational spectrum analysis revealed a strong enrichment of C > T transversions and C > A 

transitions which are associated with a history of smoking (Figure 2B). From 154 SSNs, we 

confidently identified three mutational signatures, which displayed high similarity to COSMIC 

signatures 4, 6, and 5 (Figure 2C) [16]. COSMIC signature 4 is associated with smoking and has 

been frequently reported in LUADs [4, 5]. Intriguingly, COSMIC signature 6, which is often 



identified in colorectal cancers but less in LUADs [2], is characteristic of tumors with defective 

DNA mismatch repair. These results suggested that smoking and dysregulation of DNA repair 

contribute to SSN tumorigenesis.  

 

Comparing the genomic features of SSNs to advanced-stage LUADs 

To unravel the differences between SSNs and advanced-stage LUADs at a genomic level, we 

compared the mutation frequencies of driver genes in 10 oncogenic pathways [17] and other 

previously reported mutations related to LUAD [3, 5]. The mutation frequencies of these genes in 

advanced-stage LUADs were calculated by reanalyzing data from TCGA (The Cancer Genome 

Atlas; 106 samples of stage II-IV LUADs [3]) and published Chinese LUADs (Kui Wu et al.; 75 

samples of stage II-IV LUADs [5]) (Figure 2E, Supplementary Figure S2).  

We first compared the mutation frequencies of oncogenic pathways in SSNs and stage II-IV 

LUADs and found the differences between the three groups (Supplementary Table S3). Next, we 

examined the frequencies of driver mutations in SSNs and Chinese stage II-IV LUADs (Figure 

2E, Supplementary Figure S2). The smoking status of these two cohorts were similar (73.3% 

non-smokers in Chinese SSNs and 61.3% in Chinese stage II-IV LUADs). Of note, EGFR (50.0% 

vs. 30.7%) and RBM10 (16.2% vs. 1.3%) mutations exhibited significantly higher frequencies in 

SSNs. Of all the 83 EGFR mutations from 77 SSNs, 60% (50/83) were L858R, and 20% (17/83) 

were exon 19 deletions, while the remaining (16/83) were other rare mutations (T790M, L858M, 

L861Q, L833F and so on) (Supplementary Figure S3). This was consistent with a previous study 

which reported that EGFR mutations were found in 64% of Japanese SSNs [9]. Interestingly, 

RBM10 exhibited a significantly higher mutation frequency in SSNs with specific mutational 



types (nonsense, frameshift, and splice site) (Supplementary Figure S3) [4] when compared to 

Chinese advanced-stage LUADs. RBM10, which encodes an RNA-binding protein, was found to 

be frequently mutated (7%) in Caucasian LUADs [4] and highly mutated in preinvasive and 

early-stage LUADs [18]. We speculated that alterations in RNA splicing alterations are a hallmark 

of SSNs but do not confer a sustained evolutionary advantage during progression to advanced 

stage adenocarcinoma.  

A number of genes displayed notably lower mutation frequencies in SSNs when compared 

with Chinese stage II-IV LUADs (Figure 2E). These included tumor suppressor genes in key 

oncogenic pathways, including TP53, APC, FAT1/2/3/4, CRB1/2, NOTCH1/2/3/4, SPEN, ARID1A, 

and oncogenes including KRAS, ERBB4, ROS1, PIK3CA/B, TEAD1/2, NFE2L2, as well as genes 

associated with cytoskeleton remodeling including PHPN2 and TRIO. Above all, we speculated 

that EGFR and RBM10 mutations are critical for SSN tumorigenesis, but progression of SSNs to 

advanced-stage LUADs is driven by mutations in other important cancer-related genes.  

 

Genomic profile of intra-patient multifocal SSNs 

Multiple synchronous occurrence is a feature of SSNs. To explore the clonal relationship 

between multifocal SSNs and solid tumors from the same patient, we sequenced 66 samples from 

26 patients (2-5 per patient). The interlesional genomic profile (the median sequencing depth of 

these regions is 186.9) was distinct in 23/26 patients and generally confirmed the multi-centric 

origin of SSNs (Supplementary Figure S4).  

 Of note, however, P119 with 4 pGGNs (T1, T3-5) and 1 PSN (T2) was found to have a 

metastatic event (between T4 and T5). P119-T4 and P119-T5, both of which were located in the 



apical-posterior segment of left upper lobe (LUL) and histologically presented as MIAs, were 

demonstrated to share 10 non-synonymous and 8 synonymous mutations (Figure 3A). The 

potential driver MLLT1 mutation was shared by these two pGGNs, while EGFR(L858R), TP53, 

and PASK mutations were exclusive to P119-T4. Taken together, multi-centric tumors and 

intrapulmonary metastatic lesions with a common clonal origin co-existed in this patient, which 

can be visualized in the regional distribution of mutations and phylogenetic tree. 

We identified 3 PSNs (T1-T3) and 1 solid nodule (T4) of P114 that originated from the same 

clonal origin (Figure 3B). P114-T1 showed predominant solid features by CT scan (CTR: 0.87, 

solid volume percentage: 68%) mainly acinar in pathology. P114-T2 (CTR: 0.39, solid volume 

percentage, 30%) and P114-T3 (CTR: 0.66, solid volume percentage: 41%) were GG-predominant 

lesions with AIS and mainly acinar in their pathology, respectively. P114-T1 was very large and 

therefore underwent multiregion sequencing (R1-R5). The phylogenetic tree of this patient 

revealed that P114-T1-R1~R5, P114-T2, P114-T3, and P114-T4 all shared a substantial amount of 

mutations. Interestingly, P114-T1 displayed remarkable regional heterogeneity and the most 

central part (R5) of P114-T1 was the nearest to the putative metastases (P114-T2, P114-T3, and 

P114-T4) in evolutionary distance, suggesting that metastatic lesions of SSNs can either stay as 

SSNs or progress to solid tumors. 

 

Intra-tumor heterogeneity between the GG and solid components of SSNs 

 To investigate the evolution and intra-tumor heterogeneity of SSNs, we performed 

multiregion sequencing on 35 spatially separate regions sampled from 11 large SSNs. The regional 

mutation distributions and phylogenetic trees of P118, P117, and P116 were shown in Figure 3C, 



3D, and 3E, respectively (results for the remaining 8 patients are included in Supplementary 

Figure S5). Branched evolution was evident in SSNs, with potential driver mutations presenting 

both on the trunks and branches in the phylogenetic trees (Figure 3C, 3D, and 3E). This 

demonstrated that genomic heterogeneity and branched evolution are salient features of LUADs, 

even in their early stages when they radiologically display as SSNs. 

Next, we focused on the difference between the GG and solid components of PSNs in the 

hopes of uncovering genomic factors that shape the distinct radiological phenotypes within the 

same lesion. Interestingly, we found that solid components had comparable or even less somatic 

mutations numbers than the GG components, and no significant enrichment of specific mutations 

was identified in GG or solid components. The evolutionary distance between regions of the same 

radiological phenotype varied among patients, as demonstrated in the phylogenetic trees (Figure 

3B, 3C, 3D, and 3E). For example, R4 and R5 sampled from the solid component of P114-T1 

were remarkably heterogeneous. The same result was observed among R1, R2, and R3, which 

were sampled from the GG component of P114-T1 (Figure 3B). In contrast, R2 and R3 from the 

GG component of P117-T displayed high genomic similarity, whereas R1, R4, and R5 from the 

solid component grouped together on the phylogenetic tree (Figure 3D), consistent with their 

separation in the radiological phenotype. In this regard, mutational features are not 

deterministically correlated with radiological features of different regions in the same SSN. 

 

Radiogenomic analysis links imaging and molecular characteristics of SSNs 

Radiological features of SSNs can serve as important clinical references for diagnosis and 

treatment. Given the clinical significance of these radiological parameters of SSNs, we 



investigated the differences in the number of somatic mutations and patterns of mutated genes (for 

all genes with mutation frequencies > 3%) between any two groups separated by thresholds of 

each parameter with relevant clinical implications. 

The mutation patterns were first correlated with some basic clinical features such as gender, 

smoking condition, and pathology (Figure 4A(a)(b)(c)). Driver mutations of SSNs, including 

EGFR, RBM10, TP53, STK11, displayed roughly the same mutation frequencies between genders, 

an observation which differed from previous studies [3, 5]. KRAS mutations were more commonly 

observed in males, although the difference was not statistically significant. We also found that 

KTRAP1-3 mutations were significantly enriched in males, although FLG mutations were enriched 

in female patients (P < 0.05, Fisher’s exact test). Compared with non-smokers and light smokers 

(< 20 pack-years), medium-heavy smokers (≥ 20 pack-years) had significantly greater numbers of 

KRAS, KTRAP1-3, and ARID1B mutations (P < 0.01 or P < 0.001, Fisher’s exact test) along with 

a higher somatic mutation burden (P = 0.01, Wilcoxon rank sum test). When considering the 

pathological characteristics of the SSNs (Supplementary Table S4), the mutation frequencies of 

EGFR, RBM10, TP53, ARID1B, and FBXO11 were significantly greater in SSNs that 

pathologically presented as IAC compared to those that presented as AAH, AIS, and MIA (P < 

0.05, Fisher’s exact test). We also found that IAC SSNs possessed a much higher somatic mutation 

load (P < 0.001, Wilcoxon rank sum test). 

We next investigated the relationship between the radiological predictors of invasiveness and 

the genomic profiles of SSNs. Similar to the results found for pathology, PSNs in our cohort were 

enriched for EGFR, RBM10, TP53, and ARID1B mutations (P < 0.05, Fisher’s exact test) and 

displayed significantly higher numbers of somatic mutations (P < 0.001, Wilcoxon rank sum test) 



than did pGGNs (Figure 4A(d)). We then compared the patterns of mutation of the subgroups 

separated by total size and solid size (Figure 4A(e)(f)). Only mutation in EGFR was significantly 

enriched in SSNs with a total size >20 mm when compared to smaller SSNs (P < 0.05, Fisher’s 

exact test). However, when considering the size of the solid component, in addition to EGFR, 

TP53 was also significantly enriched in SSNs with a solid size >5 mm (P < 0.01, Fisher’s exact 

test). This finding underscored the importance of mutation of TP53 in driving the growth of the 

invasive tumor component (solid size) rather than the total SSN growth (total size). In contrast, 

mutation in EGFR may play an import role in both SSN growth and SSN invasiveness. Both 

groups (total size >20 mm and solid size >5 mm) exhibited much higher somatic mutation burdens 

than did other groups (P < 0.01, Wilcoxon rank sum test) (Figure 4A(e)(f)). 

The consolidation tumor ratio (CTR), solid volume percentage, and SSN mass are additional 

predictive radiological parameters that are used to evaluate the tumor solid components (Figure 

4A(g)(h)(i)). We found that the number of somatic mutations was significantly higher in groups 

with a CTR >0.25, a solid volume percentage >50%, and an SSN mass >250 mg, which suggested 

that increased solid component in SSNs is correlated with increased mutation events. EGFR, 

RBM10, and TP53 mutations were significantly enriched in SSNs with a CTR ≥ 0.25 (P < 0.01, 

Fisher’s exact test). Similar enrichments were also found when comparing subgroups classified by 

solid volume percentage and mass, though without statistical significance. However, these two 

classification groups both displayed a higher frequency of ARID1B mutations (P < 0.01, Fisher’s 

exact test). 

 

  



Discussion 

In this study, we provided a comprehensive genomic landscape of Chinese SSNs. We 

highlighted that mutations in genes including EGFR, RBM10, TP53, STK11, BIRC6, and KRAS 

play important roles in driving SSN tumorigenesis and discovered mutational signatures 

associated with smoking and defective DNA mismatch repair, the latter of which is often 

identified in colorectal cancer [16] but is rare in LUADs [19]. Consistent with this observation, 

genes associated with DNA repair, such as ATM [20], ASXL1 [21], ATRX [22], and ARID1B [23], 

were also mutated in SSNs as well as most early lesions of LUADs [15]. By comparing the 

genomic features of SSNs to those of advanced-stage LUADs, we were able to delineate the 

potential order of driver mutations during the progression of SSNs to invasive LUADs. These 

findings may explain why SSNs are able to remain indolent for many years.  

Our study confirmed that most multifocal SSNs are tumors of multiple synchronous 

occurrence. However, we identified two cases with metastatic multifocal SSNs. Together with the 

two cases we reported previously [24], we found that SSNs can disseminate metastatic lesions 

while the metastatic lesions can remain as SSNs. The exact metastatic routes remain unknown, but 

are possibly through hematogenous, lymphatic, or airway metastasis. We demonstrated that 

genomic heterogeneity and branched evolution are present even in the early stages of LUADs as 

shown in a recent study [25], highlighting the complex evolutionary history of lung cancers and 

the therapeutic challenges we face. 

It is widely accepted that radiological features of SSNs can serve as important clinical 

parameters for the diagnosis and treatment of SSNs. The total size and solid size of SSNs can 

predict their clinical behaviors. A more aggressive surveillance strategy should be applied to 



patients with pGGNs with a total size >20 mm [26]. CTR, which takes both total size and solid 

size into account, also plays a critical role in the evaluation and treatment of SSNs [27]. 

Meanwhile, tumor volume and mass are novel indexes that reflect the invasiveness of SSNs [28]. 

By radiogenomic analysis, we revealed the potential genomic grounds supporting the use of these 

parameters as important clinical references for diagnosis and treatment of SSNs. To summarize, 

when considering the total size of SSNs, only mutation in EGFR was remarkably different 

between subgroups stratified by this parameter. However, when we took the presence (pGGN or 

PSN), the size (solid size), and the weight (CTR, solid volume percentage, mass) of solid 

components into consideration, we found that more solid components were accompanied by 

significantly higher mutation frequencies in EGFR, TP53, RBM10, and ARID1B. We revealed that 

the formation of the solid components of SSNs is potentially driven by additional mutations in 

cancer-related genes. Together with the relationship between pathological characteristics and 

genomic profiles of SSNs, higher mutation frequencies in EGFR, TP53, RBM10, and ARID1B 

were proven to relate to a more invasive behavior radiologically and pathologically.  
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Table 1. Clinical characteristics of 120 patients and 154 SSNs. 

Characteristics Value 

Age (years)   

  Median 59 

  Range 29-82 

Gender   

  Female 68 (56.7%) 

  Male 52 (43.3%) 

Smoking status   

  Smoker 32 (26.7%) 

  Non-smoker 88 (73.3%) 

Lesion maximum diameter (mm)   

  ≤10.0 41 (26.6%) 

  10.1-20.0 68 (44.2%) 

  >20.0 45 (29.2%) 

SSN type   

  Pure GGN 66 (42.9%) 

  Part-solid Nodule 87 (56.5%) 

  NA 1 (0.6%) 

Solid maximum diameter (mm)   

  ≤5 79 (51.3%) 

  >5 74 (48.1%) 

  NA 1 (0.6%) 

CTR   

  0-0.25 68 (44.2%) 

  >0.25 85 (55.2%) 

  NA 1 (0.6%) 

Solid volume percentage (%)   

  ≤50 120 (77.9%) 

  >50 22 (14.3%) 

  NA 12 (7.8%) 

SSN mass (mg)   

  ≤250 53 (34.4%) 

  >250 89 (57.8%) 

  NA 12 (7.8%) 

Histologic type   

  AAH 14 (9.1%) 

  AIS 19 (12.3%) 

  MIA 30 (19.5%) 

  IAC 91 (59.1%) 

Tumor stage*   

  NA (AAH) 14 (9.1%) 

  0 19 (12.3%) 



  IA1 74 (48.1%) 

  IA2 33 (21.4%) 

  IA3 3 (1.9%) 

  IB 8 (5.2%) 

  IIA 1 (0.6%) 

  IIB 2 (1.3%) 

* According to the International Union Against Cancer (UICC) eighth 

TNM staging. 

NA, not applicable; AAH, atypical adenomatous hyperplasia; AIS, 

adenocarcinoma in situ; MIA, minimally invasive adenocarcinoma; 

IAC, invasive adenocarcinoma; SSN, subsolid nodule; GGN, ground 

glass nodule. 

 

  



Figure legends 

Figure 1. Study overview and sample information for 154 SSNs. 

(A) Schematic of the study design. 

(B) Detailed information about the number of patients and samples assigned to different research strategies.  

(C) Schematic drawings of a pGGN and a PSN with corresponding CT images under the lung window setting. 

Red arrows indicate sites of SSNs. 

(D) Histologic features (hematoxylin and eosin staining) of SSNs including AAH, AIS, MIA, and IAC. Scale 

bar, 100 μm. 

 

Figure 2. The mutational landscape and signatures of Chinese SSNs 

(A) Mutational landscape of nonsynonymous somatic mutations, including SNVs (single nucleotide variants) 

and INDELs (insertions and deletions). Samples displayed as columns are ordered by the number of 

nonsynonymous somatic mutations, as shown in the upper panel. Clinical features are annotated in the 

middle panel. The heatmap below displays the somatic mutated genes ordered by their respective mutation 

frequencies. Twelve significant genes with a corrected q value < 0.1 were identified by the MutSigCV 

algorithm and are labeled (*). 

(B) ‘Lego’ plots displaying the frequency of base substitutions within specific trinucleotide mutational contexts. 

(C) Mutational signatures of Chinese SSNs. 

(D) Concurrent and mutually exclusive somatic mutation patterns of significantly mutated genes. Significance 

was calculated using Fisher’s exact test (*: p < 0.05). 

(E) Comparison of the mutation frequencies of important genes in cancer-associated pathways between Chinese 

SSNs and Chinese advanced-stage LUADs (stage Ⅱ-Ⅳ LUADs) [5]. Oncogenes labeled in red and tumor 



suppressor genes labeled in blue are listed on the horizontal axis ordered by the corresponding pathways. 

The vertical axis represents the mutation frequencies obtained from different cohorts. Significance was 

calculated using Fisher’s exact test (*: p < 0.05, **: p < 0.01, ***: p < 0.001). 

 

Figure 3. Inter-tumor and intra-tumor heterogeneity of SSNs. 

Heatmaps on the left of each panel depict the regional distribution of all of the somatic mutations among 

different sequencing sites of multiregion SSNs and multifocal SSNs. Phylogenetic trees on the right of each 

panel were constructed for each patient using the maximum parsimony algorithm. The color of each line 

corresponds to the categories of mutations shown in the heatmaps, and the lengths of the trunks and branches are 

proportional to the number of mutations in each sample. Spatial location information of multi -focal samples in 

P114(B) and P119(A) is represented in the three-dimensional reconstructions with the corresponding CT images 

on the side. L: left lobe. R: right lobe. 

 

Figure 4. Clinical enrichment analysis of mutated genes by different clinical criterion groups. 

(A) Both barplots, which indicate the mutation frequencies of significantly mutated genes as well as additional 

non-significantly enriched genes (for all genes with mutation frequencies > 3%), and violin plots, which show 

the somatic mutation number, demonstrate the comparisons between sample groups classified by (a) gender, (b) 

smoking condition with a cutoff of 20 pack-years, (c) pathology, (d) radiological SSN classification (pGGN or 

PSN), (e) total size with a cutoff of 20 mm, (f) solid component size with a cutoff of 5 mm, (g) CTR with a 

cutoff of 0.25, (h) solid volume percentage with a cutoff of 50%, and (i) SSN mass with a cutoff of 250 mg. For 

the barplots, significance was calculated by Fisher’s exact test (*: p < 0.05, **: p < 0.01, ***: p < 0.001); for the 

violin plots, the p value was calculated by Wilcoxon rank sum test. 



(B) Schematic diagrams and formulas for calculation of several of the clinical criteria mentioned in (A).  

Supplementary figure legends 

Supplementary Figure S1. Comparison of the number of nonsynonymous somatic mutations between 

Chinese SSNs (N=154) and Chinese advanced-stage LUADs (N=75). 

 

Supplementary Figure S2. Comparison of the frequencies of nonsynonymous mutations in key genes in 

cancer-associated pathways between Chinese SSNs (N=154) and advanced-stage LUADs (TCGA stage 

Ⅱ-Ⅳ LUADs, N=154; Chinese stage Ⅱ-Ⅳ LUADs, N=75). 

Each gene box includes three percentages representing the nonsynonymous mutation frequencies of activation 

and inactivation of three cohorts. The data layout is described in the legend. Genes are grouped by their 

signaling pathways. Interactions between genes are indicated. 

 

Supplementary Figure S3. Lollipop plots for amino acid changes resulting from EGFR and RBM10 

mutations. 

Locations of EGFR and RBM10 mutations on the protein structure. Mutation types and protein domains are 

indicated below. The vertical axis represents the number of occurrences of each mutation site. 

 

Supplementary Figure S4. Regional distribution of all somatic mutations in multifocal tumors (including 

SSNs and solid tumors) in the same patient. 

The regional distribution of all of the somatic mutations of 66 tumors from 26 patients is depicted in the 

heatmaps. Each column represents a single mutation site. Grey represents wild type, while blue represents 

mutation of a certain site in a certain gene. 



 

Supplementary Figure S5. Regional distribution of all somatic mutations in multiregions of the same SSN. 

The regional distribution of all of the somatic mutations of 35 spatially separate regions sampled from 11 large 

SSNs is depicted in the heatmaps. Each column represents a single mutation site. Grey represents wild type, 

while blue represents mutation of a certain site in a certain gene. 

  



Table legends 

Table 1. Clinical characteristics of 120 patients and 154 SSNs. 

 

Supplementary Table legends 

Supplementary Table S1. Detailed clinical information for 120 patients and 154 SSNs 

 

Supplementary Table S2. Detailed information for multi-region and multi-focal tumors 

 

Supplementary Table S3. Comparison of altered pathway frequencies between Chinese SSNs, Chinese 

advanced-stage LUADs, and TCGA advanced-stage LUADs 

 

Supplementary Table S4. Comparison of mutation rates of some important genes of each pathological 

group (AAH and AIS, MIA, IAC) 
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SUPPLEMENTARY MATERIAL 

SUPPLEMENTARY METHODS  

SSN cohort 

For this study, we selected 120 patients with 154 pulmonary SSNs from patients diagnosed with lung adenocarcinoma 

(including preinvasive tumors) between January 2015 and December 2018 at Peking University People’s Hospital who 

underwent surgical resection of their tumors prior to receiving any form of therapy. Ninety-four patients had solitary SSN 

lesions, and 26 patients had multifocal pulmonary lesions with 6 extra solid lesions. Samples of all 154 SSNs and 6 solid 

lesions from these patients were subjected to whole-exome sequencing (WES). Radiological and clinicopathologic features 

were reviewed. All patients were free of extra thoracic metastasis. Detailed clinical characteristics are provided in Table 1. 

Informed consent was obtained from all participating patients. The institutional review boards (IRB) of both Peking University 

People’s Hospital and Peking University approved this study. 

 

Radiological evaluation  

All standard dose non-contrast chest CT imaging was carried out within 4 weeks prior to surgery. Results were evaluated 

by two thoracic radiologists. Twelve patients were excluded from imaging analysis due to the lack of chest CT at Peking 

University People’s Hospital. CT scans of the other 108 patients were reconstructed using the standard kernel with a slice 

thickness of 1.0 mm or 1.25 mm to assure adequate volumetric analysis. Two thoracic radiologists independently assessed 

the CT images under the lung window setting (window level, 1500 HU; width, -700 HU) using a picture archiving and 

communication system (PACS). A consensus was reached after mutual discussion and/or consultation with a third radiologist, 

in case of disagreements.  

The maximum long-axis of the largest cross-sectional area of the lesions was measured as the total size, while the 

maximum long-axis of the solid component was measured separately as the solid size [1]. The consolidation tumor ratio (CTR) 

was defined as the ratio of the maximum diameters of consolidation to the tumor size on a thin-section CT scan (Fig 3B) [2]. 

The nodule volume, solid portion volume, solid volume percentage, and mean CT attenuation were semi-automatically 

obtained using the CT lung analysis workstation Lung VCAR (GE Healthcare) by a single thoracic radiologist. If the 

segmentation and the nodule were visually mismatched, the radiologist adjusted the nodule margin and solid component 

margin manually. It should be noted that measurement of nodule diameter and volume, both semi-automatically and manually, 

is subject to inter- and intra-reader variability to some extent. 

The mean CT attenuation was recorded as lung density. SSN mass is a parameter which integrates volume and density, 

and is thought to enable early detection of SSN growth [3]. Therefore, we calculated the mass of SSNs using the following 

equation: mass = volume [(mean CT attenuation+1000)0.01]. 
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Sample processing and DNA isolation 

Specimens underwent gross pathologic examination by experienced pathologists to estimate their clinicopathological 

subtypes. Adjacent normal lung tissue or blood was used as the matched normal control for all patients. Formalin-fixed, 

paraffin-embedded and fresh frozen specimens were used for genomic DNA extraction. All the FFPE samples subjected to 

WES and data analysis were of high quality and passed the strict quality control of genomic DNA isolation and whole exome 

library preparation. For the paraffin-embedded group, specimens were cut into 10-15 consecutive tissue slides with 10 μm in 

thickness, and genomic DNA extraction was performed using the GeneRead DNA FFPE Kit (Qiagen, Germany). For the 

fresh frozen group, tumor tissue samples approximately 5 × 5 × 5 mm in size were used for genomic DNA extraction using 

QIAamp DNA Micro Kit (Qiagen, Germany). The size of the DNA was checked using the Fragment AnalyzerTM platform 

(Advanced Analytical Technologies, Inc).  

Of note, for 11 large PSN tumors from 11 patients, specimens were divided into 2-5 multiregion sections according to 

gross appearance of the resected tumor and the radiological features. For other large PSN tumors that were not divided into 

different parts, we cut a 3-mm tumor slice through the section of the tumor with the largest diameter, cut the slice into small 

pieces, and selected several pieces for DNA extraction in order to eliminate tumor heterogeneity.  

 

Whole exome library preparation and sequencing 

For each sample, 200 ng -1 μg of genomic DNA was fragmented into pieces approximately 300 bp in size using the 

Covaris ultrasonic system (Covaris). Libraries were constructed using NEBNext Ultra DNA Library Prep Kit for Illumina 

(New England Biolabs) according to the manufacturer’s protocol. The fragmented DNA was blunted with 5’-phosphorylated 

ends using the NEB Quick Blunting Kit and ligated to adaptors using NEBNext Quick Ligation Module. Purification was 

conducted using Agencourt AMPure XP SPRI beads (Beckman Coulter), and DNA fragment size was assessed using the 

Fragment AnalyzerTM platform (Advanced Analytical Technologies, Inc). The exonic regions of each sample were captured 

with the SureSelect All Exon V6 kit (Agilent Technologies) according to the manufacturer’s protocol. The amplified library 

was further purified and quality checked. Sequencing was performed on the NovaSeq™ platform (Illumina, San Diego) to 

generate 2×150 bp paired-end (PE) reads. 

 

Processing of raw sequencing reads 

The adapter sequences introduced during library preparation were trimmed from the raw paired-end sequencing reads 

using Cutadapt (version 1.14) [4]. If either read of a read pair was shorter than 35 base pairs after adapter removal, the read 

pair was removed. Several criteria were further applied to the trimmed reads to remove low quality reads: 1) Greater than half 

of the bases in the read had a base quality score < 20; and 2) Greater than 10% of the bases were undetermined bases (N). If 

either read of a read pair met one of the above criteria, the read pair was removed.    
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WES data analysis to identify SNVs and indels 

For all of the following analyses, default parameters were used unless otherwise indicated. Clean paired-end reads were 

aligned to the human genome build hg19 (UCSC) using the Burrows-Wheeler Aligner (version 0.7.15) [5]. Aligned SAM 

files of each library were sorted and formatted to BAM files and were merged using Picard (version 2.11.0) 

(http://broadinstitute.github.io/picard/). Duplicate reads were identified using Picard, and the aligned reads were realigned to 

hg19 and the base quality scores were recalibrated using the Genome Analysis Toolkit (GATK, version 3.8.0).  

SNVs and small indels were called using MuTect (version 1.1.4) [6] and Strelka (version 2.8.4) [7], respectively. A series 

of filtering criteria were applied to the raw variant candidates to identify the credible SNVs and indels: For SNVs, 1) At least 

10X total coverage and 3X variant coverage was required in tumor samples. 2) At least 10X coverage was required for the 

matched normal sample of each patient. 3) The variant allele frequency was equal or greater than 5%. For indels, 1) All calls 

marked with PASS in the VCF file were retained. 2) At least 10X total coverage and 3X variant coverage was required in 

tumor samples. 3) At least 10X coverage was required for the matched normal sample of each patient and no mutated read 

presented. 4) The variant allele frequency was equal or greater than 5%. 

The filtered candidate variants were annotated using SnpEff (version 3.0) [8]. All variants listed in the National Heart, 

Lung, and Blood Institute Exome Sequencing Project were removed. All variants listed in dbSNP 138 

(https://www.ncbi.nlm.nih.gov/snp) were removed unless they were also documented in the Catalog of Somatic Mutations in 

Cancers (COSMIC) databases (version 68). All mutations that passed the filtering were manually reviewed using “Samtools 

tview” to further eliminate mutations in poorly mapped reads. Of note, for multiregional samples, we used the union set of 

mutations identified in all regions of the same lesion for further analyses and statistics. 

 

Identification of significantly mutated genes 

To identify significantly mutated genes, MutSigCV (version 1.41) algorithm [9] was applied using default parameters. 

The algorithm estimates the background mutation rate for each gene–patient–category combination based on the observed 

silent mutations in the gene and non-coding mutations in the surrounding regions. 

 

Mutational signature analysis 

The mutational signatures of our cohort were analyzed using non-negative matrix factorization as implemented in the R 

package NMF [10]. Base substitutions (silent and non-silent mutations included) can be divided into 6 directions, namely, C 

> T, C > A, C > G, T > C, T > G, and T > A. We constructed a matrix of nucleotide substitutions classified into 96 classes 

based on the mutation direction and the immediate bases surrounding the mutated base, as extracted from the hg19 (UCSC) 

reference genome [11]. The NMF algorithm was then applied to deconstruct the mutational signatures. We used cosine 

similarity as a metric to compare the similarities of our signatures to the 30 signatures in COSMIC 

(https://cancer.sanger.ac.uk/cosmic/signatures).  
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Identification of potential driver mutations 

To identify potential driver genes in our cohort, we assessed three collections of genes for each patient sample: 1) 

significantly mutated genes reported by other studies of lung adenocarcinoma [12-14]; 2) all cancer genes documented in the 

oncoKB cancer gene list (http://oncokb.org/cancerGenes, last update 1/24/2019); and 3) genes documented in the oncogenic 

signaling pathways in The Cancer Genome Atlas [15]. Mutations that met one of the above criteria were considered as 

potential driver mutations and were labelled in the phylogenetic trees. 

 

Phylogenetic tree construction 

All qualified mutations (including silent and non-silent mutations) of all multifocal and multiregion samples from 

patients (P114, P116, P117, P118, and P119) were included in the phylogenetic tree construction. Sequences encompassing 

the mutation sites (total length of 21 bp) were extracted to infer the phylogeny among the samples of each patient. Trees were 

constructed using the maximum parsimony algorithm in MEGA X with default parameters [16]. All phylogenetic trees were 

further optimized in Adobe Illustrator. Potential driver mutations were labeled on the trees according to their regional 

distributions. 

 

Comparisons of the mutation frequencies of oncogenic genes and oncogenic pathways  

To unravel the somatic mutation events involved in maintaining the indolent clinical phenotype of SSNs (rather than 

progressing to malignant late stage LUAD), we compared the mutation frequencies of the selected genes between SSNs and 

advanced stage LUADs (The Cancer Genome Atlas [TCGA] 106 stage II-IV LUADs [13]; Chinese 75 stage II-IV LUADs 

[14]). Genes were selected from: 1) those documented in the 10 oncogenic signaling pathways in TCGA [15] and 2) genes in 

LUAD-related pathways reported in other LUAD cohorts [13, 14].  

We defined the samples that had one more mutation on the genes listed above of each pathway are altered in this specific 

pathway. Altered frequency of each pathway of three cohorts was calculated by the number of samples with the altered 

pathway divided by the total number of the samples in each cohort. 

 

Statistical analyses 

All statistical analyses were performed in the R statistical environment (version 3.4.4). 
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SUPPLEMENTARY FIGURES  

Supplementary Figure S1 

 

Supplementary Figure S1. Comparison of the number of nonsynonymous somatic mutations between Chinese SSNs 

(N=154) and Chinese advanced-stage LUADs (N=75). 

 

 

 

Supplementary Figure S2 
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Supplementary Figure S2. Comparison of the frequencies of nonsynonymous mutations in key genes in cancer-

associated pathways between Chinese SSNs (N=154) and advanced-stage LUADs (TCGA stage Ⅱ-Ⅳ LUADs, N=154; 

Chinese stage Ⅱ-Ⅳ LUADs, N=75). 

Each gene box includes three percentages representing the nonsynonymous mutation frequencies of activation and 

inactivation of three cohorts. The data layout is described in the legend. Genes are grouped by their signaling pathways. 

Interactions between genes are indicated. 
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Supplementary Figure S3 

 

 

Supplementary Figure S3. Lollipop plots for amino acid changes resulting from EGFR and RBM10 mutations. 
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Locations of EGFR and RBM10 mutations on the protein structure. Mutation types and protein domains are indicated 

below. The vertical axis represents the number of occurrences of each mutation site. 
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Supplementary Figure S4 
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Supplementary Figure S4. Regional distribution of all somatic mutations in multifocal tumors (including SSNs and solid tumors) in the same patient. 

The regional distribution of all of the somatic mutations of 66 tumors from 26 patients is depicted in the heatmaps. Each column represents a single mutation site. Grey represents wild 

type, while blue represents mutation of a certain site in a certain gene.
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Supplementary Figure S5 
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Supplementary Figure S5. Regional distribution of all somatic mutations in multiregions of the same SSN. 
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The regional distribution of all of the somatic mutations of 35 spatially separate regions sampled from 11 large SSNs is 

depicted in the heatmaps. Each column represents a single mutation site. Grey represents wild type, while blue represents 

mutation of a certain site in a certain gene. 
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SUPPLEMENTARY TABLES  

Supplementary Table S1 
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Supplementary Table S1. Detailed clinical information for 120 patients and 154 SSNs. 

Patient 

No 

Tumor 

No 
Tumor_Sample_Barcode Pathology Stage Gender Pure/Mix 

Pack-

year 

Total 

size 
Solid size 

Total 

volume 
Solid_volume 

P001 P001-T PBW01_F9T LUAD IA1 male M 0 16.1  8.1  1830  617 

P002 P002-T PBW02_GG012T LUAD IA1 female P 0 36.0  0.0  10657  231 

P003 P003-T PBW03_F20T LUAD IA2 female M 0 15.4  14.1  3879  2010 

P004 P004-T PBW04_F21T LUAD IA1 female M 0 22.8  10.0  2794  1632 

P005 P005-T1 PBW05_F23_1T LUAD IA1 male M 80 19.2  8.4  3943  722 

P005 P005-T2 PBW05_F23_2T AAH N/A male P 80 12.3  0.0  2010  0 

P006 P006-T PBW06_F24T LUAD IA1 male P 0 14.0  0.0  N/A N/A 

P007 P007-T PBW07_F34T LUAD IA2 female M 0 17.8  14.0  3394  1092 

P008 P008-T PBW08_F38T MIA IA1 female P 0 13.7  0.0  904  0 

P009 P009-T PBW09_GG037T LUAD IA2 male N/A 0 17.0  N/A N/A N/A 

P010 P010-T2 PBW10_L3720shang LUAD IA2 female M 0 28.7  18.7  14008  1688 

P011 P011-T2 PBW11_GG061_2T MIA IA1 male P 20 14.7  0.0  466  0 

P011 P011-T1 PBW11_GG061T LUAD IA2 male M 20 14.3  11.7  1167  575 

P012 P012-T PBW12_GG067T LUAD IA2 female M 0 28.6  15.5  3765  1250 

P013 P013-T PBW13_GG069T LUAD IA2 female M 0 20.0  17.0  N/A N/A 

P014 P014-T PBW14_GG073T LUAD IA1 male M 45 18.0  7.0  N/A N/A 

P015 P015-T PBW15_F17T MIA IA1 male P 0 12.0  0.0  N/A N/A 

P016 P016-T PBW16_F18T LUAD IA1 female M 0 15.4  6.3  756  324 

P017 P017-T PBW17_G27T LUAD IA2 female M 0 15.0  11.0  1383  374 

P018 P018-T PBW18_F41T LUAD IB male M 0 32.8  19.1  10135  6952 

P019 P019-T PBW19_GG074T LUAD IA1 male P 0 23.5  0.0  2833  0 

P020 P020-T PBW20_GG075T LUAD IA2 female M 0 18.2  18.2  2457  1495 

P021 P021-T PBW21_GG078T LUAD IB female M 0 40.5  28.3  22913  11653 
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P022 P022-T PBW23_GG080T LUAD IA2 female M 0 28.6  12.6  5632  1835 

P023 P023-T PBW24_GG081T LUAD IA2 female M 0 34.0  12.0  N/A N/A 

P024 P024-T PBW25_GG083T MIA IA1 female M 0 10.0  4.0  N/A N/A 

P025 P025-T PBW26_GG085T LUAD IA1 female P 0 13.7  0.0  1170  34.6 

P026 P026-T1 PBW27_GG089_1T LUAD IA2 female M 0 22.4  11.5  4828  2069 

P026 P026-T2 PBW27_GG089_2T MIA IA1 female P 0 9.1  0.0  63  0 

P027 P027-T PBW28_GG090T MIA IA1 male P 0 21.0  0.0  N/A N/A 

P028 P028-T PBW29_GG096T MIA IA1 female P 0 10.0  0.0  466  0 

P029 P029-T PBW30_GG0104T LUAD IB female M 0 49.5  30.8  3071  368 

P030 P030-T PBW31_GG0106T LUAD IA1 female P 0 16.0  0.0  982  0 

P031 P031-T PBW33_GG073T LUAD IA2 female M 0 17.3  17.3  1780  551 

P032 P032-T PBW35_GG099T LUAD IA1 male M 50 28.0  9.0  3275  1374 

P033 P033-T PBW36_GG0105T LUAD IA1 male M 20 22.7  9.4  2064  160 

P034 P034-T PBW37_GG0113T MIA IA1 male P 0 10.8  0.0  297  0 

P035 P035-T PBW38_GG0114T AIS 0 female P 0 8.6  0.0  227  0 

P036 P036-T PBW39_GG0120T LUAD IA1 female M 0 9.0  4.0  N/A N/A 

P037 P037-T PBW40_GG0121T LUAD IA1 male P 3 15.4  0.0  762  0 

P038 P038-T PBW41_GG0124T MIA IA1 female P 0 10.6  0.0  292  0 

P039 P039-T PBW42_GG0125T LUAD IA2 female M 0 15.1  10.7  947  557 

P040 P040-T PBW43_GG0126T LUAD IA2 male M 40 25.0  12.4  3010  1282 

P041 P041-T PBW44_GG0127T LUAD IA1 male M 10 17.4  5.8  781  134 

P042 P042-T PBW45_GG0128T MIA IA1 female M 0 9.7  3.4  143  3 

P043 P043-T1 PBW46_GG0129_1T LUAD IB female M 0 32.2  32.2  8466  5342 

P043 P043-T2 PBW46_GG0129_2T LUAD IA1 female M 0 15.8  7.2  714  273 

P043 P043-T3 PBW46_GG0129_3T AIS 0 female P 0 12.4  0.0  1017  0 

P044 P044-T PBW47_GG0131T LUAD IA2 male M 20 30.9  10.5  6300  1292 

P045 P045-T PBW48_GG0134T LUAD IA2 male M 5 25.1  15.6  5943  3280 

P046 P046-T PBW49_GG0135T MIA IA1 female P 0 8.0  0.0  N/A N/A 

P047 P047-T PBW50_GG0137T MIA IA1 male P 20 16.2  0.0  952  0 
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P048 P048-T PBW51_GG0138T LUAD IA2 male M 0 22.4  10.3  2768  502 

P049 P049-T PBW52_GG0140T LUAD IA1 male M 0 19.0  9.0  N/A N/A 

P050 P050-T1 PBW53_GG0141-1T LUAD IA2 female M 0 16.0  12.1  2261  1026 

P050 P050-T2 PBW53_GG0141-2T AIS 0 female P 0 6.3  0.0  122  0 

P051 P051-T PBW54_GG0142T MIA IA1 male M 0 18.1  5.5  404  47 

P052 P052-T PBW55_GG0144T LUAD IA1 male M 0 28.2  6.5  2492  315 

P053 P053-T1 PBW56_GG0145-1T LUAD IA1 female M 0 21.9  7.8  4616  936 

P053 P053-T2 PBW56_GG0145-2T MIA IA1 female P 0 8.0  0.0  107  0 

P053 P053-T3 PBW56_GG0145-6T AAH N/A female P 0 6.0  0.0  43  0 

P054 P054-T1 PBW57_GG0146_4185T LUAD IA2 female M 0 29.6  12.3  8467  2022 

P055 P055-T1 PBW58_GG0147-1T MIA IA1 male P 0 10.9  0.0  330  0 

P055 P055-T2 PBW58_GG0147-2T AAH N/A male P 0 4.0  0.0  62  0 

P056 P056-T PBW59_GG0148T MIA IA1 male P 100 14.9  0.0  1217  0 

P057 P057-T PBW60_GG0149T LUAD IA1 female M 0 15.8  4.5  3250  120 

P058 P058-T PBW61_GG0150T LUAD IA2 female M 0 27.8  15.5  6157  2678 

P059 P059-T1 PBW62_GGO155_xia LUAD IA1 female P 0 11.2  0.0  475 0 

P059 P059-T2 PBW62_GGO155shang LUAD IA1 female M 0 13.8  8.0  1212  246 

P060 P060-T1 PBW63_GGO157T_big LUAD IA1 female M 0 18.3  5.8  1171  91 

P060 P060-T2 PBW63_GGO157T_small AAH N/A female P 0 5.5  0.0  69  0 

P061 P061-T1 PBW64_GGO160_shang AIS 0 female P 0 7.2  0.0  153  0 

P061 P061-T2 PBW64_GGO160_xia MIA IA1 female P 0 10.8  0.0  315  7 

P062 P062-T PBW65_GGO162 LUAD IIA female M 0 44.7  40.3  31088  10046 

P063 P063-T P01_2449T AIS 0 male P 30 7.1  0.0  328  0 

P064 P064-T P02_L2288T LUAD IA1 male P 12.5 14.9  0.0  753  0 

P065 P065-T P03_L2557T AIS 0 female P 0 9.4  0.0  301  0 

P066 P066-T P04_3345T LUAD IA2 male M 40 28.8  16.6  8441  2464 

P067 P067-T P05_L2863T LUAD IA1 male M 30 14.4  5.5  2624  627 

P068 P068-T P07_L2351T LUAD IIB male M 7.5 34.8  22.5  20895  13542 

P069 P069-T P08_L2430T-SY AIS 0 female P 0 14.1  0.0  1775  0 
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P070 P070-T P09_L2495T LUAD IA3 male M 20 27.9  25.0  7590  4393 

P071 P071-T2 P10_L2505T-XXY AAH N/A male P 0 7.3  0.0  603  0 

P072 P072-T P11_L2510T AIS 0 male P 20 5.9  0.0  120  0 

P073 P073-T2 P12_L2526T-D LUAD IA2 male M 0 28.4  16.2  4984  1984 

P073 P073-T3 P12_L2526T-Z.1 LUAD IA2 male M 0 16.9  10.9  1308  673 

P074 P074-T P13_L2565T MIA IA1 male P 0 8.4  0.0  232  0 

P075 P075-T P14_L2589T MIA IA1 female P 0 12.0  0.0  282  0 

P076 P076-T P15_L2667T LUAD IA1 male P N/A 18.0  0.0  1400  0 

P077 P077-T2 P16_L2763-S2 AIS 0 female P 0 5.9  0.0  68  0 

P077 P077-T4 P16_L2763-S4 AAH N/A female P 0 5.5  0.0  48  0 

P077 P077-T5 P16_L2763-Z AAH N/A female P 0 5.5  0.0  79  0 

P077 P077-T3 P16_S3 AAH N/A female M 0 19.0  7.0  599  87.8 

P078 P078-T1 P17_L2881T-ZS LUAD IA1 female M 11.25 18.4  3.9  963  103 

P078 P078-T2 P17_L962T LUAD IA3 female M 11.25 33.4  21.1  9140  5279 

P079 P079-T P18_L3010T LUAD IA1 male M 5 16.7  4.8  1276  173 

P080 P080-T P19_L3038T LUAD IA1 female M 0 12.8  4.3  594  81 

P081 P081-T1 P20_L3089T-SY AIS 0 female P 0 9.8  0.0  312  0 

P081 P081-T2 P20_L3089T-XY AIS 0 female P 0 7.3  0.0  282  0 

P082 P082-T P21_L3116T AIS 0 male P 15 9.7  0.0  234  0 

P083 P083-T P22_L3117T MIA IA1 female P 0 8.6  0.0  502  0 

P084 P084-T P23_L3126T-YS MIA IA1 male M 1.5 13.5  5.7  639  205 

P085 P085-T P24_L3130T MIA IA1 male P 0 22.4  0.0  1443  289 

P086 P086-T P25_L3190T-HD LUAD IA2 female M 0 35.2  15.9  5074  1946 

P087 P087-T P26_L3194T LUAD IA2 male M 10 25.2  15.3  7372  2400 

P088 P088-T P27_L3220T MIA IA1 male P 15 9.5  0.0  422  0 

P089 P089-T2 P28_L3255-2X AIS 0 female P 0 6.0  0.0  132  0 

P089 P089-T1 P28_L3255-D AIS 0 female P 0 6.7  0.0  131  0 

P090 P090-T P29_L3285-2TX AAH N/A female P 0 5.3  0.0  52  0 
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P091 P091-T P30_L3389T AIS 0 female P 0 12.7  0.0  243  0 

P092 P092-T P31_L4253T LUAD IA1 male M 60 13.2  4.1  988  247 

P093 P093-T P32_L4255T LUAD IA1 female M 0 31.2  7.9  4005  1324 

P094 P094-T1 P33_GGO166-1 LUAD IA2 female M 0 10.9  10.9  1689  817 

P094 P094-T2 P33_GGO166-2 AIS 0 female M 0 11.6  5.5  1070  90.4 

P094 P094-T3 P33_GGO166-3 AIS 0 female P 0 6.6  0.0  36  0 

P095 P095-T P34_GGO158 LUAD IA2 female M 0 28.7  12.1  2693  607 

P096 P096-T P35_GGO159 MIA IA1 male P 0 17.5  0.0  N/A N/A 

P097 P097-T P36_GGO164 LUAD IA1 female P 0 12.4  0.0  604  0 

P098 P098-T L2442T LUAD IA1 female M 0 9.1  4.0  178  89 

P099 P099-T1 L2771T AIS 0 male P 0 12.2  0.0  253  0 

P099 P099-T2 L2771T2 AAH N/A male P 0 5.2  0.0  44  0 

P099 P099-T3 L2771T4 AAH N/A male P 0 4.3  0.0  71  0 

P100 P100-T1 L2793TX AAH N/A female P 0 4.5  0.0  124  0 

P100 P100-T2 L2793TXX AAH N/A female P 0 5.9  0.0  133  0 

P101 P101-T L2829T LUAD IA2 male M 40 30.1  15.8  4836  2536 

P102 P102-T L2853T LUAD IA1 male M 7.5 13.4  6.5  759  126 

P103 P103-T L2876T LUAD IA2 male M 100 17.9  11.8  1016  577 

P104 P104-T L2949T MIA IA1 female P 0 10.8  0.0  180  0 

P105 P105-T L3087T MIA IA1 female M 0 10.9  6.6  505  239 

P106 P106-T1 L3224TS MIA IA1 female P 0 5.0  0.0  322  60 

P106 P106-T2 L3224TX LUAD IA1 female M 0 17.4  4.4  1751  105 

P107 P107-T L4685 LUAD IA3 female M 0 40.0  27.0  1720  835 

P108 P108-T L4693T-T LUAD IB female M 0 38.2  31.7  22107  16591 

P109 P109-T L4727 LUAD IA2 female M 0 17.6  11.4  1926  1062 

P110 P110-T L4738 LUAD IA1 female M 0 18.9  6.6  2969  612 

P111 P111-T L4773 LUAD IA1 female M 0 32.7  8.8  9862  272 

P112 P112-T L4783T-T LUAD IIB male M 50 28.1  25.8  12457  7281 

P113 P113-T L4791 LUAD IA1 female M 0 24.7  9.8  2513  335 
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P114 P114-T1 L4935 LUAD IB female M 0 41.9  36.3  30604  20989 

P114 P114-T2 L4935T-ZY1 AIS 0 female M 0 11.1  4.3  491  151 

P114 P114-T3 L4935T-ZY2 LUAD IA1 female M 0 8.5  5.6  361  149 

P115 P115-T L4978 LUAD IB male M 0 23.5  12.7  3830  2101 

P116 P116-T L4982 LUAD IA2 female M 0 27.2  11.0  7407  1480 

P117 P117-T L5007 LUAD IA2 male M 19.5 35.4  19.5  10890  5411 

P118 P118-T1 L5017 LUAD IB female M 0 51.4  32.3  26109  6095 

P118 P118-T2 L5017G-T LUAD IA1 female P 0 4.1  0.0  35  0 

P118 P118-T3 L5017J1-T LUAD IA1 female M 0 12.2  3.0  248  0 

P119 P119-T1 
PE1M_BF_XUEL4-

index1_C1_lane7 
AAH N/A male P 0 7.5  0.0  130  67 

P119 P119-T2 
PE1M_BF_XUEL4-

index1_C2_lane7 
LUAD IA1 male M 0 14.0  8.2  1350  889 

P119 P119-T3 
PE1M_BF_XUEL4-

index1_C3_lane7 
MIA IA1 male P 0 17.9  0.0  

969  75 

P119 P119-T4 
PE1M_BF_XUEL4-

index1_C4_lane7 
MIA IA1 male P 0 13.0  0.0  

425  58 

P119 P119-T5 
PE1M_BF_XUEL4-

index1_D1_lane7 
MIA IA1 male P 0 5.8  0.0  107  0 

P120 P120-T1 WES-P3-1 LUAD IA1 female M 0 5.7  3.0  123  71 

P120 P120-T2 WES-P3-2 LUAD IA1 female M 0 18.7  7.5  4360  291 
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Supplementary Table S2 

 

Supplementary Table S2. Detailed information for multi-region and multi-focal tumors 

 

Patient No Tumor No Tumor_Sample_Barcode GGO or solid 

Multi-region tumor information 

1 
P002-T_R1 PBW02_GG012_1T N/A 

P002-T_R2 PBW02_GG012_2T N/A 

2 
P018-T_R1 PBW18_F41_1T Solid 

P018-T_R2 PBW18_F41_2T GGO 

3 
P023-T_R1 PBW24_GG081_1T Solid 

P023-T_R2 PBW24_GG081_2T GGO 

4 
P052-T_R1 PBW55_GG0144-1T N/A 

P052-T_R2 PBW55_GG0144-2T N/A 

5 

P058-T_R1 PBW61_GG0150-1T Solid 

P058-T_R2 PBW61_GG0150-2T N/A 

P058-T_R3 PBW61_GG0150-3T GGO 

6 
P062-T_R1 PBW65_GGO162-1T Solid 

P062-T_R2 PBW65_GGO162-2T GGO 

7 
P115-T_R1 L4978A-T GGO 

P115-T_R2 L4978B-T Solid 

8 

P116_T_R1 L4982A N/A 

P116_T_R2 L4982B N/A 

P116_T_R3 L4982C N/A 

P116_T_R4 L4982D N/A 

P116_T_R5 L4982E N/A 

9 

P117-T_R1 L5007A Solid 

P117-T_R2 L5007B GGO 

P117-T_R3 L5007C GGO 

P117-T_R4 L5007D Solid 

P117-T_R5 L5007E Solid 

10 

P114-T1_R1 L4935A-T GGO 

P114-T1_R2 L4935B-T GGO 

P114-T1_R3 L4935C-T GGO 

P114-T1_R4 L4935D-T Solid 

P114-T1_R5 L4935E-T Solid 

11 

P118-T1_R1 L5017A-T solid 

P118-T1_R2 L5017B-T solid 

P118-T1_R3 L5017C-T GGO 

P118-T1_R4 L5017D-T GGO 

P118-T1_R5 L5017E-T GGO 

Multi-focal tumor information 

1 

P099-T1 L2771T pGGO 

P099-T2 L2771T2 pGGO 

P099-T3 L2771T4 pGGO 

2 P100-T1 L2793TX pGGO 
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P100-T2 L2793TXX pGGO 

3 
P106-T1 L3224TS pGGO 

P106-T2 L3224TX mGGO 

4 

P114-T1 L4935 mGGO 

P114-T2 L4935T-ZY1 mGGO 

P114-T3 L4935T-ZY2 mGGO 

P114-T4 L4935T-XMX solid 

5 

P118-T1 L5017 mGGO 

P118-T2 L5017G-T pGGO 

P118-T3 L5017J1-T mGGO 

6 
P071-T2 P10_L2505T-XXY pGGO 

P071-T1 P10_L2505T1 solid 

7 

P073-T2 P12_L2526T-D mGGO 

P073-T3 P12_L2526T-Z.1 mGGO 

P073-T1 P12_L2526T-X solid 

8 

P077-T1 P16_L2763-S1 solid 

P077-T2 P16_L2763-S2 pGGO 

P077-T4 P16_L2763-S4 pGGO 

P077-T5 P16_L2763-Z pGGO 

P077-T3 P16_S3 mGGO 

9 
P078-T1 P17_L2881T-ZS mGGO 

P078-T2 P17_L962T mGGO 

10 
P081-T1 P20_L3089T-SY pGGO 

P081-T2 P20_L3089T-XY pGGO 

11 
P089-T2 P28_L3255-2X pGGO 

P089-T1 P28_L3255-D pGGO 

12 

P094-T1 P33_GGO166-1 mGGO 

P094-T2 P33_GGO166-2 mGGO 

P094-T3 P33_GGO166-3 pGGO 

13 
P005-T1 PBW05_F23_1T mGGO 

P005-T2 PBW05_F23_2T pGGO 

14 
P010-T2 PBW10_L3720shang mGGO 

P010-T1 PBW10_L3720xia solid 

15 
P011-T2 PBW11_GG061_2T pGGO 

P011-T1 PBW11_GG061T mGGO 

16 
P026-T1 PBW27_GG089_1T mGGO 

P026-T2 PBW27_GG089_2T pGGO 

17 

P043-T1 PBW46_GG0129_1T mGGO 

P043-T2 PBW46_GG0129_2T mGGO 

P043-T3 PBW46_GG0129_3T pGGO 

18 
P050-T1 PBW53_GG0141-1T mGGO 

P050-T2 PBW53_GG0141-2T pGGO 

19 

P053-T1 PBW56_GG0145-1T mGGO 

P053-T2 PBW56_GG0145-2T pGGO 

P053-T3 PBW56_GG0145-6T pGGO 

20 P054-T1 PBW57_GG0146_4185T mGGO 
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P054-T2 PBW57_GG0146-2T solid 

21 
P055-T1 PBW58_GG0147-1T pGGO 

P055-T2 PBW58_GG0147-2T pGGO 

22 
P059-T1 PBW62_GGO155_xia pGGO 

P059-T2 PBW62_GGO155shang mGGO 

23 
P060-T1 PBW63_GGO157T_big mGGO 

P060-T2 PBW63_GGO157T_small pGGO 

24 
P061-T1 PBW64_GGO160_shang pGGO 

P061-T2 PBW64_GGO160_xia pGGO 

25 

P119-T1 PE1M_BF_XUEL4-index1_C1_lane7 pGGO 

P119-T2 PE1M_BF_XUEL4-index1_C2_lane7 mGGO 

P119-T3 PE1M_BF_XUEL4-index1_C3_lane7 pGGO 

P119-T4 PE1M_BF_XUEL4-index1_C4_lane7 pGGO 

P119-T5 PE1M_BF_XUEL4-index1_D1_lane7 pGGO 

26 
P120-T1 WES-P3-1 mGGO 

P120-T2 WES-P3-2 mGGO 
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Supplementary Table S3 

 

Supplementary Table S3. Comparison of altered pathway frequencies between Chinese SSNs, Chinese advanced-stage LUADs, and TCGA advanced-stage  

LUADs 

 

 

  

Pathway 

TCGA Ⅱ-Ⅳ LUADs SSNs BGI Ⅱ-Ⅳ LUADs p value 

(SSNs&BGI) 

by Fisher’s 

exact test 

p value 

(TCGA&BGI) 

Fisher’s exact 

test 
mut_n sum mut_per mut_n sum mut_per mut_n sum mut_per 

01.cell_cycle 15 106 14.15% 3 154 1.95% 6 75 8.00% 0.06194 0.244 

02.HIPPO 62 106 58.49% 23 154 14.94% 37 75 49.33% 6.78E-08 0.23 

03.MYC 16 106 15.09% 6 154 3.90% 5 75 6.67% 0.3463 0.1007 

04.NOTCH 55 106 51.89% 17 154 11.04% 28 75 37.33% 6.03E-06 0.06904 

05.NRF2 22 106 20.75% 2 154 1.30% 7 75 9.33% 0.006414 0.0419 

06.PI3K 55 106 51.89% 16 154 10.39% 18 75 24.00% 0.009557 0.0002047 

07.TGF 8 106 7.55% 5 154 3.25% 3 75 4.00% 0.719 0.3669 

08.RTK_RAS 96 106 90.57% 101 154 65.58% 57 75 76.00% 0.1287 0.01144 

09.TP53 60 106 56.60% 26 154 16.88% 32 75 42.67% 4.42E-05 0.07167 

10.WNT 48 106 45.28% 23 154 14.94% 29 75 38.67% 9.78E-05 0.4458 

11.Nucleosome_remodelling 27 106 25.47% 4 154 2.60% 5 75 6.67% 0.1575 0.001276 

12.Cytoskeleton_remodelling 10 106 9.43% 3 154 1.95% 12 75 16.00% 0.0001436 0.2481 

13.RNA_splicing_processing 17 106 16.04% 25 154 16.23% 1 75 1.33% 0.0003064 0.000724 
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Supplementary Table S4 

 

Supplementary Table S4. Comparison of mutation rates of some important genes of each pathological 

group (AAH and AIS, MIA, IAC) 

 

Total number Mutation number Mutation rate Total number Mutation number Mutation rate Total number Mutation number Mutation rate

EGFR 33 5 15.15% 30 15 50.00% 91 57 62.64%

RBM10 33 1 3.03% 30 4 13.33% 91 20 21.98%

TP53 33 1 3.03% 30 2 6.67% 91 17 18.68%

STK11 33 1 3.03% 30 4 13.33% 91 7 7.69%

KRAS 33 1 3.03% 30 2 6.67% 91 4 4.40%

ARID1B 33 0 0.00% 30 0 0.00% 91 6 6.59%

FBXO11 33 0 0.00% 30 0 0.00% 91 6 6.59%

AAH_AIS MIA IAC


