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Patient characteristics
Samples were collected from lung cancer patients enrolled in this study that were treated either with surgery or medical treatment between 1997 and 2019 at the National Cancer Center (NCC) Hospital, Tokyo, Japan (n = 1706). We retrospectively collected data for analyses, and obtained clinical information, including age, sex, smoking history, and histology, from electronic medical records. All tumors were diagnosed by cytological and/or histological examination, according to the World Health Organization classification. Surgical specimens of freshly frozen tissue samples were obtained from the NCC Biobank. Integrated multi-omics analysis was performed on selected non-clinically actionable genetic alterations (non-CAGAs) lung adenocarcinoma (LUAD) samples followed by chromatin immunoprecipitation sequencing (ChIP-seq) and/or DNA methylation analysis (n = 184). The way how the 184 samples were selected was described in the Identification of driver mutations section.

DNA preparation, RNA extraction, and next-generation sequencing procedures
Genomic DNA was extracted from fresh frozen samples using the AllPrep DNA/RNA Mini Kit (Qiagen) for whole-exome sequencing (WES), whole-genome sequencing (WGS), ChIP-seq, and DNA methylation analyses. Agilent SureSelect Human All Exon V4, V5, or V6 was used for DNA library preparation. DNA was sequenced on an Illumina HiSeq 2500 or Illumina NovaSeq 6000 with coverage ranging from 100 × to 150 × for WES and 30 × to 100 × for WGS for normal and tumor samples, respectively. We used DGX-2 (CPU:1.5TB, GPU:16X NVIDIA Tesla V100) and the GPU-based genome sequencing analysis framework NVIDIA Clara Parabricks to generate BAM files. The resulting NGS reads were mapped to the hg38 reference genome using BWA-Mem. Quality score recalibration, insertion and deletion (indel) realignment, duplicate removal, single nucleotide variant (SNV) analysis, and indel discovery based on the genome analysis toolkit (GATK version 4.1) were performed using standard hard filtering parameters according to the GATK Best Practices recommendations. Mutation calling to generate a somatic variant call format (VCF) file was performed using Mutect2 of GATK 4.1.
    Total RNA from tissue samples was extracted using AllPrep DNA/RNA mini kits or with TRIzol (Thermo Fisher Scientific), depending on the sample conditions. NanoDrop (Thermo Fisher Scientific) was used for RNA quantification, and RNA quality was assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies). RIN values greater than 4.0 were filtered to generate cDNA libraries. RNA-sequencing (RNA-seq) was performed using either polyA RNA-seq, Ribo-Zero RNA-seq, or SMART-seq, depending on the sample conditions: (1) the TruSeq Stranded mRNA Library Prep Kit was used for cDNA library preparation from polyadenylated RNA; (2) rRNA was removed from total RNA using the TruSeq Stranded Total RNA Library Prep Gold Kit to prepare cDNA library; (3) the SMART-Seq Stranded Kit (TaKaRa) was used to prepare the DNA library for SMART-seq. Notably, we used FASTQ files of poly A RNA-seq (n = 155) , Ribo-Zero RNA-seq (n = 28), and SMART-seq (n = 1) for fusion gene detection, as described below, but used only poly A RNA-seq for gene expression analysis to avoid batch effects originating from different platforms. Libraries were validated by electrophoresis, pooled, and sequenced on an Illumina HiSeq2500 or NovaSeq 6000 platform using 2 × 75 bp, 2 × 100 bp, or 2 × 150 bp paired-end reads. Read mapping was performed using STAR version 2.4.2a with the human genome and transcriptome data (GENCODE version 31) as reference datasets. Fusion gene analysis was performed using STAR-Fusion v1.10.0. For isoform specific RNA expression analysis, we ran kallisto [1] and RNA-seq analysis was performed using NCBI RefSeq ID to distinguish RNA isoforms, not the gene symbol. We followed a previously published pipeline for RNA normalization [2].
    ChIP-seq was performed either manually or semi-automatically using a dual-arm robot for high-throughput sequencing. Our in-house ChIP-seq procedure and data preprocessing have been detailed in previous literature [3, 4]. First, we generated a master ChIP-seq CPM file containing the H3K27ac marks of 237 patients. We then extracted 131 samples, including five matched normal samples, and used them for pan-negative-specific enhancer peak analysis. WES, WGS, ChIP-seq, and RNA-seq data were mapped to hg38.

Identification of driver mutations
Several studies have classified lung adenocarcinoma (LUAD) with both driver gene mutations and driver mutation-negative subtypes based on different criteria [5-7]. To elucidate the mechanism of driver mutation-negative cancer pathogenesis, we first defined driver mutations using the following three criteria [8, 9]. (1) Genes encoding receptor tyrosine kinases (RTKs) [10]. (2) Genes of the RTK/RAS/RAF pathway [11, 12]. (3) Fusion genes of RTKs. Based on these three criteria, patients with mutations in specific genomic regions of EGFR, KRAS, BRAF, ERBB2, or MET skipping, or in the fusion genes of ALK, ROS1, NRG1, RET, NTRK, and FGFR, that were annotated as pathogenic or likely pathogenic in the ClinVar database or oncogenic or likely oncogenic in the OncoKB database, were categorized as driver mutation samples. Samples that did not contain any of the aforementioned mutations were categorized as driver mutation-negative samples (hereafter referred to as non-CAGAs. Cases that were categorized as LUAD, that had sufficient specimens for WGS and at least one epigenetic analysis (ChIP-seq and DNA methylation) were used in our analysis (n = 184, Fig. S1). WES analysis was performed to detect driver mutations and WGS analysis was performed on non-CAGA LUAD samples. Detailed information on the dataset is provided in Supplementary Tables.

Validation cohort
GSE8894 dataset was downloaded from NCBI GEO (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE8894) for the purpose of using Asian cohort as a validation study. The publicly available TCGA LUAD dataset was downloaded from the Genomic Data Commons Data Portal (GDC) on March 14, 2023. We excluded driver mutation positive samples based on our criteria before analyses using publicly available MAF data on GDC. Fusion gene-positive samples were included in the non-CAGA-like validation cohorts because of a lack of available information for exclusion. For RNA-seq data, a log2 transformation was performed prior to data analysis.

Genomic landscape of non-CAGA LUAD 
To assess somatic variants, comprehensive analysis was performed using maftools [13]. Copy-number alterations (CNAs) are another cause of tumorigenesis, which can be evaluated using WGS data. To overcome the technical limitations of detecting copy neutral loss of heterozygosity (LOH), we used FACETS for allele-specific copy number alteration analysis [14]. GenVisR package was used to visualize copy number gains and losses.

Identification of tumor-associated genes analyzed by regulatory elements
To identify alterations contributing to non-CAGA LUAD in regulatory elements, we focused on enhancer regions. We first analyzed H3K27ac marks, used the t-test to compare normal sample and non-CAGA samples, and extracted the top 50 peaks out of 224,483 peaks based on adjusted p-values. Then, we checked the genes that overlapped enhancer peaks or were closely located to the peaks. The 19 out of 50 genes are available in the preprocessed RNA-seq dataset (Table S5); we then selected MAML2 genes for further investigation. Next, the difference in histone marks was examined by analyzing gene expression with RNA-seq data. Epigenetic profiling of DNA methylation was analyzed using Infinium HumanMethylationEPIC array (Illumina) and the array data was analyzed using the R package minfi.

Clustering and second-level cluster analysis
Survival analysis was performed to determine whether the genes identified through multi-omics analysis were prognostic markers. After samples were dichotomized into groups of high and low gene expression, overall survival (OS) was analyzed to compare the two groups and assessed prognosis. Kaplan–Meier analysis was conducted using the R packages survival and survminer. Kaplan–Meier plots were drawn using ggplot2. For second-level cluster analysis, patients in subgroups of poor and better survival were categorically labeled (-1 and 1, for example); the labels obtained from three (CD302, FAT4, FOXN3) to five (CD302, FAT4, FOXN3, UTRN, HMCN1) survival analyses were used as inputs for the second-level cluster analysis. Ward’s hierarchical clustering and non-hierarchical clustering (K–means clustering) were performed. To weight the p-values of the survival analysis (hereafter, referred to as weighted average adjustment), each label was multiplied by the values of -log10 transformed p-values. The weighted labels were then summed (three to five weighted labels) and values < 0 were relabeled as -1, whereas values > 0 was relabeled as 1. Hierarchical clustering using relabels was performed to compare the results to those of other methods.

Weighted gene correlation network analysis (WGCNA)
Gene co-expression network analysis was performed using the R package WGCNA. We used sft = 10 determined by the powerEstimate function for the optimal number and employed networkType with signed parameter. For network construction and module identification, deepSplit = 3, pamStage = TRUE, pamRespectsDendro = TRUE, minClusterSize = 30, and mergeCutHeight = 0.25 were used. The hierarchical clustering dendrogram was constructed and adaptive branch cutting was performed to merge the modules with similar expression profiles. During WGCNA for second-label cluster labels, correlations among gene expression modules and second-level cluster status were analyzed as a clinical trait because cluster labels were associated with optimal patient stratification based on the results of Kaplan-Meier analysis. Gene co-expression networks were generated using Cytoscape software (https://cytoscape.org).

Differentially expressed gene analysis and gene ontology analysis
Differentially expressed genes (DEGs) were analyzed using the R package DESeq2. Normalized count data were used for the input, where a false discovery rate (FDR) below 0.05 and a log2 fold change (FC) >1 indicated up-regulated, whereas FC < -1 indicated down-regulated genes. The DEG results were visualized by ggplot2 R package. For the gene ontology (GO) analysis, gprofiler web server was used for each up-regulated and down-regulated gene [15] (https://biit.cs.ut.ee/gprofiler/gost).

Statistical analysis
Statistical analyses were performed using R software (version 4.1.0). Differences in H3K27ac histone marks, RNA expression levels, and DNA methylation levels between normal and tumor samples were calculated using the Mann–Whitney U test. Fisher’s exact test was used to analyze categorical variables. The results were considered statistically significant when the p-value was less than 0.05.
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