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Abstract: Lung cancer is the second most frequently diagnosed cancer type and responsible for the
highest number of cancer deaths worldwide. Lung adenocarcinoma (LUAD) and lung squamous
cell carcinoma (LUSC) are subtypes of non-small-cell lung cancer which has the highest frequency
of lung cancer cases. We aimed to analyze genomic and transcriptomic variations including simple
nucleotide variations (SNVs), copy number variations (CNVs) and differential expressed genes
(DEGs) in order to find key genes and pathways for diagnostic and prognostic prediction for lung
adenocarcinoma and lung squamous cell carcinoma. We performed a univariate Cox model and
then lasso-regularized Cox model with leave-one-out cross-validation using The Cancer Genome
Atlas (TCGA) gene expression data in tumor samples. We generated 35- and 33-gene signatures
for prognostic risk prediction based on the overall survival time of the patients with LUAD and
LUSC, respectively. When we clustered patients into high- and low-risk groups, the survival analysis
showed highly significant results with high prediction power for both training and test datasets.
Then, we characterized the differences including significant SNVs, CNVs, DEGs, active subnetworks,
and the pathways. We described the results for the risk groups and cancer subtypes separately
to identify specific genomic alterations between both high-risk groups and cancer subtypes. Both
LUAD and LUSC high-risk groups have more downregulated immune pathways and upregulated
metabolic pathways. On the other hand, low-risk groups have both up- and downregulated genes on
cancer-related pathways. Both LUAD and LUSC have important gene alterations such as CDKN2A
and CDKN2B deletions with different frequencies. SOX2 amplification occurs in LUSC and PSMD4
amplification in LUAD. EGFR and KRAS mutations are mutually exclusive in LUAD samples. EGFR,
MGA, SMARCA4, ATM, RBM10, and KDM5C genes are mutated only in LUAD but not in LUSC.
CDKN2A, PTEN, and HRAS genes are mutated only in LUSC samples. The low-risk groups of both
LUAD and LUSC tend to have a higher number of SNVs, CNVs, and DEGs. The signature genes and
altered genes have the potential to be used as diagnostic and prognostic biomarkers for personalized
oncology.

Keywords: TCGA; non-small-cell lung cancer; lung adenocarcinoma (LUAD); lung squamous cell
carcinoma (LUSC); differential expression; SNV; CNV; risk group; signature; survival

1. Introduction

Lung cancer is the second most frequently diagnosed cancer type and the leading
cause of cancer-related mortality worldwide [1]. Lung cancer treatments used in the clinic
are surgery, radiotherapy, chemotherapy, targeted therapy, and emerging immunother-
apy. The clinical treatment decisions are made based on tumor stage, histology, genetic
alterations of a few driver oncogenes for targeted therapies, and patient’s condition [2].
However, most of the patients are diagnosed at an advanced and metastatic stage, with
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high mortality and poor benefit from therapies [3]. Although the targeted therapeutics and
immunotherapeutics including immune-checkpoint inhibitors are introduced for patients
at an advanced stage, these options are beneficial only for limited subsets of patients and
these patients still can develop resistance [4]. Therefore, the majority of patients with
advanced-stage lung cancer die within 5 years of diagnosis [5].

Histologically there are four major types of lung cancer, including small-cell carcinoma
(SCLC), and adenocarcinoma, squamous cell carcinoma, large cell carcinoma as grouped
non-small-cell carcinoma (NSCLC). Lung adenocarcinoma (LUAD) and lung squamous
cell carcinoma (LUSC) account for 50% and 23% of all lung cancers, respectively [6]. Lung
cancer is both histologically and molecularly heterogeneous disease and characterizing the
genomics and transcriptomics of its nature is very important for effective therapies. Lung
cancer has many subtypes with distinct genetic characteristics, resulting in intra-tumoral
heterogeneity [7].

The Cancer Genome Atlas (TCGA) database serves different types of data such as
transcriptome profiling, simple nucleotide variation, copy number variation, DNA methy-
lation, clinical and biospecimen data of 84,392 cancer patients with 68 primary sites [8].
The Cancer Genome Atlas Research Network reported molecular profiling of 230 lung ade-
nocarcinoma samples using mRNA, microRNA and DNA sequencing integrated with copy
number, methylation and proteomic analyses. They identified 18 significantly mutated
genes, including TP53, KRAS which is mutually exclusive with EGFR, BRAF, PIK3CA, MET,
STK11, KEAP1, NF1, RB1, CDKN2A, GTPase gene RIT1, including activating mutations
and MGA including loss-of-function mutations. DNA and mRNA sequence from the
same tumor highlighted splicing alterations including exon 14 skipping in MET mRNA in
4% of cases. They also showed DNA hyper-methylation of several key genes: CDKN2A,
GATA2, GATA4, GATA5, HIC1, HOXA9, HOXD13, RASSF1, SFRP1, SOX17, WIF1, and
MYC over-expression was significantly associated with the hyper-methylation phenotype
as well [9].

The Cancer Genome Atlas Research Network also profiled 178 lung squamous cell car-
cinomas and detected mutations in 11 genes, including mutations in TP53 (81%), CDKN2A,
PTEN, PIK3CA, KEAP1, MLL2, HLA-A, NFE2L2, RB1, NOTCH1 including truncating
mutations and loss-of-function mutations in the HLA-A class I major histocompatibility
gene. They identified altered pathways such as NFE2L2 and KEAP1 in 34%, squamous
differentiation genes in 44%, PI3K pathway genes in 47%, and CDKN2A and RB1 in 72%
of tumors. CNV analysis revealed the amplification of NFE2L2, MYC, CDK6, MDM2,
BCL2L1 and EYS, and deletions of FOXP1, PTEN and NF1 genes with previously identified
CNV genes, SOX2, PDGFRA, KIT, EGFR, FGFR1, WHSC1L1, CCND1, and CDKN2A. They
identified overexpression and amplification of SOX2 and TP63, loss-of-function mutations
in NOTCH1, NOTCH2 and ASCL4 and focal deletions in FOXP1 which have known roles
in squamous cell differentiation. CDKN2A is downregulated in over 70% of samples
through epigenetic silencing by methylation (21%), inactivating mutation (18%), exon 1β
skipping (4%), or homozygous deletion (29%) [10].

Recently, many studies have been published on gene expression signatures predict-
ing the survival risk of patients with lung adenocarcinoma. These recent studies have
been mostly using TCGA data, but their methods generated different gene signatures.
Seven-gene expression signature including ASPM, KIF15, NCAPG, FGFR1OP, RAD51AP1,
DLGAP5 and ADAM10 genes, was obtained for early stage cases from seven published
lung adenocarcinoma cohorts and the signature showed high hazard rations in Cox re-
gression analysis [11]. Shukla et al. developed TCGA RNAseq data-based prognostic
signature including four protein-coding genes RHOV, CD109, FRRS1, and the lncRNA
gene LINC00941, which showed high hazard ratios for stage I, EGFR wild-type, and EGFR
mutant groups [12]. A prognostic signature that was independent of other clinical factors,
was developed and validated based on the TCGA data. Patients were grouped into risk
groups using signature genes, and patients with high-risk scores tended to have poor
survival rate at 1-, 3- and 5-year follow-up. The developed eight-gene signature including
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TTK, HMMR, ASPM, CDCA8, KIF2C, CCNA2, CCNB2, and MKI67 were highly expressed
in A549 and PC-9 cells [13].

Twelve-gene signature (RPL22, VEGFA, G0S2, NES, TNFRSF25, DKFZP586P0123,
COL8A2, ZNF3, RIPK5, RNFT2, ARHGEF12 and PTPN20A/B) was established by using
published microarray dataset from 129 patients and the signature was independently prog-
nostic for lung squamous carcinoma but not for lung adenocarcinoma [14]. A four-gene
clustering model in 14-Genes (DPPA, TTTY16, TRIM58, HKDC1, ZNF589, ALDH7A1,
LINC01426, IL19, LOC101928358, TMEM92, HRASLS, JPH1, LOC100288778, GCGR) was
established and these genes plays role in positive regulation of ERK1 and ERK2 cascade, an-
giogenesis, platelet degranulation, cell–matrix adhesion, extracellular matrix organization
and macrophage activation [15].

Lu et.al. identified differentially expressed genes between lung adenocarcinoma
and lung squamous cell carcinoma by using microarray data from the Gene Expression
Omnibus database. They identified 95 upregulated and 241 downregulated DEGs in lung
adenocarcinoma samples, and 204 upregulated and 285 downregulated DEGs in lung
squamous cell carcinoma samples, compared to the normal lung tissue samples. The genes
play role in cell-cycle, DNA replication and mismatch repair. The top five genes from global
network, HSP90AA1, BCL2, CDK2, KIT and HDAC2 have differential expression profiles
between lung adenocarcinoma and lung squamous cell carcinoma [16]. Recently, Wu et.al.
identified diagnostic and prognostic genes for lung adenocarcinoma and squamous cell
carcinoma by using weighted gene expression profiles. The five-gene diagnostic signature
including KRT5, MUC1, TREM1, C3 and TMPRSS2 and the five-gene prognostic signature
including ADH1C, AZGP1, CLU, CDK1 and PEG10 obtained a log-rank P-value of 0.03
and a C-index of 0.622 on the test set [17].

A considerable number of genetic and transcriptomic alterations have been identified
in mostly LUAD and poorly in LUSC. Although many gene expression signatures have
been identified in LUAD recently, there is less work on LUSC expression signatures. Addi-
tionally, the molecular differences between risk groups of LUAD and LUSC have not yet
been systematically described. In this study, we aimed to identify the genomic and tran-
scriptomic differences between risk groups of lung adenocarcinoma and lung squamous
cell carcinoma. We performed a univariate Cox model and then Lasso-Regularized Cox
Model with Leave-One-Out Cross-Validation (LOOCV) by using TCGA gene expression
data in tumor samples, and identified best gene signatures to cluster patients into low- and
high-risk groups. We generated 35- and 33-gene signatures for prognostic risk prediction
based on the overall survival time of the patients with LUAD and LUSC. When we clustered
patients into high- and low-risk groups, the survival analysis showed highly significant
results for both training and test datasets. Then, we characterized the differences including
significant SNVs, CNVs, DEGs and active subnetwork DEGs between risk groups in LUAD
and LUSC.

2. Materials and Methods
2.1. Data

Simple Nucleotide Variation (SNV), Transcriptome Profiling, Copy Number Variation
(CNV) and Clinical data of patients who have all of these data types in LUAD and LUSC
projects, was downloaded separately using TCGAbiolinks R package [18]. Using the same
package and the reference of hg38; Simple Nucleotide Variations (SNVs) and Copy Number
Variations (CNVs); and transcriptomic variations were processed to identify the genomic
alterations of the LUAD and LUSC patients (Table 1). The method described below can be
found as flowchart in Figure S1.
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Table 1. Summary of clinical variables of train and test group of patients with LUAD and LUSC
analyzed in the study.

LUAD LUSC

Category Train Group
(n: 436)

Test Group
(n: 56)

Train Group
(n: 431)

Test Group
(n: 47)

Age at diagnosis
(median; range) 66; 33–88 66.5; 42–86 68; 39–90 69; 45–85

Gender

Female 232 33 112 14

Male 204 23 319 33

Tumor stage

I 241 28 211 25

II 106 13 138 16

III 68 13 76 5

IV 23 2 6 1

Vital status

Alive 284 30 275 18

Dead 152 26 156 29

Smoked years
(median; range) 33; 2–61 31.5; 4–64 40; 8–62 40; 10–60

Smoked packs
per year

(median; range)
40; 0.15–154 48; 5–94.5 50; 1–240 50; 2–157.5

2.2. Gene Expression Signature Analysis

Clinical data and Gene Expression Quantification data (HTSeq counts) of patients with
unpaired RNAseq data (tumor samples without normal samples) was downloaded from the
TCGA database using the TCGAbiolinks R package. Raw HTSeq counts of tumor samples
were normalized by TMM (trimmed mean of M values) method and Log2 transformed
after filtering to remove genes that consistently have zero or low counts. Univariate Cox
Proportional Hazards Regression analysis was performed using survival R package [19]
to identify survival-related genes. For these survival-related potential biomarker genes
(p ≤ 0.05), Lasso-Regularized Cox Model (by using minimum lambda calculated in the
model) with Leave-One-Out Cross-Validation (LOOCV) was performed to determine a
gene expression signature using glmnet R package [20]. Multivariate Cox Regression for the
signature genes was performed and the predictive performance of the model was scored
using riskRegression R package [21]. The risk score of each patient was predicted based on
multivariate Cox regression model using the survival R package. Patients were clustered
into high-risk and the low-risk group based on the best cutoff value for ROC, calculated by
cutoff R package [22].

For the validation of the gene signature, HTSeq counts belonging to the tumor samples
of patients who have paired RNAseq data (tumor samples with the paired adjacent normal
samples) were downloaded from the TCGA database, filtered, normalized by TMM method
and Log2 transformed. Multivariate Cox Regression for the signature genes was performed
and the predictive performance of the model was scored. The risk score of every patient in
the validation group was predicted based on multivariate Cox regression model and each
patient was assigned to the high- or low-risk group using the best cutoff value for ROC.
These analyses were performed for LUAD and LUSC patients separately.
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2.3. Differential Expression Analysis

Gene Expression Quantification data (HTSeq counts) of both the primary tumor (TP)
and the paired normal tissue adjacent to the tumor (NT) was downloaded from the TCGA
database. Raw HTSeq counts of both tumor and normal samples were normalized by
TMM method after filtering to remove genes which have zero or low counts. Differentially
expressed (q < 0.01) genes were determined using limma [23] and edgeR [24] R packages
by limma-voom method with duplicate-correlation function. HUGO symbols and NCBI
Gene identifiers of the differentially expressed genes were downloaded using the biomaRt
R package. This analysis was performed for high- and low-risk group patients of LUAD
and LUSC, separately.

2.4. Active Subnetwork Analysis

Active subnetworks of the differentially expressed genes were determined using
DEsubs R package [25]. DEsubs package accepts the differentially expressed genes output of
the limma package along with their FDR adjusted p values (q values). DEsubs package both
computes and plots the active subnetworks. All the plots and computations were generated
for the high- and low-risk group patients of the LUAD and LUSC projects, separately.

2.5. Copy Number Variation Analysis

The Copy Number Variation data of the primary tumor samples of patients was down-
loaded using TCGAbiolinks package (Masked Copy Number Segment as data type). The
chromosomal regions which are significantly aberrant in tumor samples were determined
and plotted by gaia R package [26]. Gene enrichment from genomic regions which have
significant differential copy number was performed using GenomicRanges [27] and biomaRt
R packages. R codes used in this analysis were modified from the codes presented at
“TCGA Workflow” article [28]. All the computations and the plots were generated for the
high- and low-risk groups of LUAD and LUSC projects, separately.

2.6. Simple Nucleotide Variations Analysis

The masked Mutation Annotation Format (maf) files of the TCGA mutect2 pipeline in
tumor samples were downloaded to obtain the somatic mutations. The maf files are filtered
using the maftools [29] to obtain the subset of the mutations corresponding to the patient
barcodes. Summary plot and oncoplot were generated to summarize the mutation data
using maftools R package. Somatic mutations were filtered and assigned to either oncogene
(OG) or tumor suppressor gene (TSG) groups along with a significance score (q < 0.05)
using the SomInaClust R package [30]. SomInaClust computes a background mutation value
to identify the hot spots using the known set of somatic mutations in “COSMIC” and
the “Cancer Gene Census” (v92) datasets of COSMIC database for GRCh38 [31]. SNV
analysis was performed for high- and low-risk group patients of LUAD and LUSC projects,
separately.

2.7. Visualization

Scatter plots showing risk score and survival time of patients were generated by
ggrisk R package [32] and Kaplan–Meier (KM) survival curves were plotted by survminer R
package [33] displaying the overall survival difference between the risk groups stratified
on the proposed gene signature. ROC curves were plotted for the risk scores based on
each gene signature using survivalROC R package [34]. Univariate and multivariate Cox
regression analyses were performed and forest plots were generated for risk score with
clinical variables using survival and forestmodel [35] R packages.

Gene and pathway enrichment analyses were performed by biomaRt [36] and clus-
terProfiler [37] R packages and plotted by enrichplot R package [38]. Heatmap plots were
generated using ComplexHeatmap R package [39]. Mosaic plots to compare the categorical
variables were generated using the vcd R package [40,41].
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OncoPrint showing CNVs among patient samples was generated using Complex-
Heatmap R package. OncoPlot for significant mutated genes was drawn using maftools,
and oncoPrint showing SNVs and CNVs together was generated using ComplexHeatmap R
package. Circos plot showing all non-synonymous SNVs in original data of risk groups
and significant CNVs at genome-scale were generated using circlize R package [42].

All possible relations between DEGs; active subnetwork DEGs; CNV genes; SNV genes
of LUAD and LUSC risk groups were identified by using VennDiagram R package [43].

3. Results
3.1. Gene Expression Signature Analysis of LUAD and LUSC Patients

In order to identify gene expression prognosis risk model, clinical data and gene
expression quantification data of tumor samples of patients with LUAD and h LUSC with
unpaired RNAseq data as two separate training groups (Table 1) were downloaded from
the TCGA database. A 35-gene expression signature for LUAD and a 33-gene expression
signature for LUSC were identified by Lasso-Regularized Cox Model with LOOCV after
univariate Cox regression analysis. The risk scores of each patient in training groups and
test groups were predicted using signature genes, then patients were clustered into high-
and low-risk groups based on the cutoff values.

The genes of the LUAD expression signature model identified are AC005077.4, AC113404.3,
ADAMTS15, AL365181.2, ANGPTL4, ASB2, ASCL2, CCDC181, CCL20, CD200R1, CPXM2,
DKK1, ENPP5, EPHX1, GNPNAT1, GRIK2, IRX2, LDHA, LDLRAD3, LINC00539, LINC00578,
MS4A1, OGFRP1, RAB9B, RGS20, RHOQ, SAMD13, SLC52A1, STAP1, TLE1, U91328.1,
WBP2NL, ZNF571-AS1, ZNF682, ZNF835. Twenty-seven of them are protein-coding genes
while two of them are long intergenic non-protein coding RNA (LINC00539, LINC00578), one
is antisense RNA (ZNF571-AS1), three of them are pseudogenes (AC005077.4, AC113404.3,
OGFRP1) and two of them are novel transcripts (AL365181.2, U91328.1) (Table S1). Pathway
enrichment analysis by using clusterProfiler R package did not give any results for this 35-gene
list; therefore, enrichment analysis was performed manually using the online KEGG Mapper
tool. The genes play role in metabolic pathways, cancer and immune system-related pathways
such as Central carbon metabolism in cancer, Glycolysis, Cholesterol metabolism, Amino sugar
and Nucleotide sugar metabolism, HIF-1 signaling pathway, TNF signaling pathway, IL-17
signaling pathway, Chemokine signaling pathway and Wnt signaling pathway (Table S2).
Multivariate Cox regression analysis was performed for the signature genes and the predictive
performance of the model was scored. The AUC was 0.963 (p = 1.1 × 10−15) for LUAD training
group. The risk score of each patient was predicted and patients were clustered into high- and
low-risk groups based on the cutoff value. Low- and high-risk groups have different expression
patterns of the signature genes and significantly different survival probabilities (p < 0.0001).
The prediction power of the risk score is around 0.78 (AUC) for 1, 3, 5 and 8 years for LUAD
training group (Figure S2). Risk group clustering is independent from tumor stages because risk
groups have also significantly different survival probability for each tumor stage (Figure S3).
Vital status is highly correlated with risk groups that high-risk group is positively correlated
with death (p = 1.5 × 10−13), while only tumor stage IA and III are associated with risk groups
(Figure S4). The risk score has highly significant prognostic ability (HR:2.59, p < 0.001) when
multivariate Cox regression analysis was performed with other clinical variables (Figures S5
and S6).

In order to validate the gene expression signature, gene expression quantification data
of tumor samples of patients with LUAD who have paired RNAseq data were downloaded
from the TCGA database. The risk scores of each patient in test group were predicted using
the gene signature lists and patients were clustered into high- and low-risk groups based
on the best cutoff values for ROC. Risk groups have differential signature gene expression
patterns; high-risk group has lower survival time and higher number of deaths resulting a
significantly different survival probability (p < 0.0001). The risk score has high prediction
powers, 0.97, 0.92, 0.93 and 0.92 (AUC) for 1, 3, 5 and 8 years, respectively, for LUAD test
group (Figure 1).
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Figure 1. Gene expression signature and risk clustering of LUAD test dataset. Test dataset patients were clustered into
high- and low-risk groups based on risk scores of patients calculated by predicting the effect of the signature genes of the
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risk groups. (C) KM survival plot showing the overall survival probability between risk groups. (D) ROC curve showing
prediction power of risk score in the test dataset for 1, 3, 5 and 8 years.

Risk groups have significantly different survival probability for each tumor stage in
LUAD test group as well (Figure S7). Vital status is highly correlated with risk groups. The
high-risk group is positively correlated with death (p = 3.87 × 10−7), while only tumor
stage I is positively associated with low-risk group (p = 0.016) (Figure S8). The risk score
has highly significant prognostic ability (HR:2.79, p < 0.001) as the result of multivariate
Cox regression analysis was performed with other clinical variables (Figure S9).

Expression signature model identified for LUSC includes these genes: AC078883.1,
AC096677.1, AC106786.1, ADAMTS17, ALDH7A1, ALK, COL28A1, EDN1, FABP6, HKDC1,
IGSF1, ITIH3, JHY, KBTBD11, LINC01426, LINC01748, LPAL2, NOS1, PLAAT1, PNMA8B,
RGMA, RPL37P6, S100A5, SLC9A9, SNX32, SRP14-AS1, STK24, UBB, UGGT2, WASH8P,
Y_RNA, ZNF160, ZNF703. Twenty-three of them are protein coding genes while two
of them are long intergenic non-protein coding RNA (LINC01748, LINC01426), one is
antisense RNA (SRP14-AS1), three of them are pseudo-genes (LPAL2, RPL37P6, WASH8P),
three of them are novel transcripts (AC106786.1, AC096677.1, AC078883.1) and one is Y
RNA (Table S3). They play role in mostly in metabolic pathways, cancer and immunity
related pathways such as Arginine and proline metabolism, Glycolysis/Gluconeogenesis,
HIF-1 signaling pathway, Non-small-cell lung cancer, PD-L1 expression and PD-1 check-
point pathway in cancer and TGF-beta signaling pathway (Table S4).
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The predictive performance score of the signature model is 80.8 (AUC) (p = 1.3 × 10−6)
in multivariate Cox regression analysis for LUSC training group. The risk score of each
patient was predicted and patients were clustered into high- and low-risk groups based
on the cutoff value. Low- and high-risk groups have different expression patterns of the
signature genes and significant difference of survival probability (p < 0.0001). The AUC
values showing prediction power of the risk score are 0.76, 0.82, 0.87 and 0.92 for 1, 3, 5
and 8 years, respectively, for LUSC training group (Figure S10). Risk groups have also
significantly different survival probability for tumor stages I, II and III (Figure S11). Risk
groups are highly correlated with vital status. The high-risk group has highly significant
positive correlation with death (p = 8.5 × 10−15), while low-risk group is negatively
correlated. Tumor stages did not show any association with risk groups (Figure S12). The
risk score has highly significant prognostic ability (HR:2.85, p < 0.001) when multivariate
Cox regression analysis was performed with other clinical variables (Figure S13).

In order to validate the gene expression signature for LUSC, gene expression quantifi-
cation data of tumor samples of patients with LUSC who have paired RNAseq data were
downloaded. The risk scores of each patient in LUSC test group were predicted using gene
signature lists and patients were clustered into high- and low-risk groups based on the
best cutoff values for ROC. Risk groups have differential signature gene expression pattern;
high-risk group has lower survival time and higher number of deaths. Risk groups have
significantly different survival probability (p < 0.0001). The risk score has high prediction
powers, 0.93, 0.95, 0.96 and 0.97 (AUC) for 1, 3, 5 and 8 years, respectively, for LUSC test
group (Figure 2).

Risk groups have also significantly different survival probability for tumor stages
in test group (Figure S14). Vital status is not correlated with risk groups of LUSC test
group that number of deaths is higher for high-risk group insignificantly (p = 0.07). Tumor
stages are not associated with risk groups (Figure S15). The risk score has highly significant
prognostic ability (HR:2.66, p < 0.001) while other clinical variables have no effect on overall
survival in multivariate Cox regression analysis (Figure S16).

The expression gene signatures of LUAD and LUSC do not have any common gene,
however they share eight common pathways which are mostly metabolic pathways: Central
carbon metabolism in cancer, Glycolysis/Gluconeogenesis, HIF-1 signaling pathway, Pyru-
vate metabolism, PPAR signaling pathway, Amino sugar and nucleotide sugar metabolism,
TNF signaling pathway and Pathways of neurodegeneration—multiple diseases.

3.2. Differential Expression and Active Subnetwork Analysis of Risk Groups

Gene expression quantification data of both primary tumor and adjacent normal
tissues of patients who have paired RNAseq data (test groups) in LUAD and LUSC projects
were downloaded from the TCGA database. Differentially expressed (q < 0.01) genes
(DEGs) were determined in tumor samples according to normal samples for high- and low-
risk patient groups in test sets of LUAD and LUSC, separately. Then, active subnetworks
of DEGs in tumor samples were determined using the DEGs with their q values.

In tumor samples of the LUAD low-risk group, the number of the genes which are
dysregulated significantly (q < 0.01) more than 2-fold is 3615 (2439 down-, 1176 upregulated)
while 3610 genes (2239 down-, 1371 upregulated) are dysregulated for the LUAD high-risk
group. LUAD low- and high-risk groups have 2745 common differentially expressed
genes (Figure S17). The top 20 significant DEGs highlighted as purple at volcano plot in
Figure 3A,B are different between LUAD risk groups as dysregulation pattern is different
between risk groups albeit the shared 2745 DEGs.
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Figure 2. Gene expression signature and risk clustering of LUSC test dataset. Test dataset patients were clustered into high-
and low-risk groups based on risk scores of patients calculated by predicting the effect of the signature genes’ expression
on overall survival. (A) Expression heatmap of the signature genes in tumor samples of LUSC patients in the test dataset.
(B) Scatter plot showing risk scores, survival time and separation point of the patients into risk groups. (C) KM survival
plot showing the overall survival probability between risk groups. (D) ROC curve showing prediction power of risk score
in the test dataset for 1, 3, 5, and 8 years.

Seven of the signature genes (GNPNAT1, CCDC181, LDHA, ADAMTS15, IRX2,
LINC00578, AC005077.4) are dysregulated in both risk groups. ANGPTL4 is upregulated
in the high-risk group while MS4A1, GRIK2, and OGFRP1 are upregulated in the low-
risk group.

Risk groups of LUAD share dysregulated pathways (Figure 3C,D), highly related to
cancer, such as Cell cycle, Biosynthesis of amino acids and Protein digestion and absorption
which are upregulated for both risk groups (Figure S18), on the other hand, they also
share ECM–receptor interaction, Cell adhesion molecules pathways with immune system-
related pathways such as Complement and coagulation cascades and Cytokine-cytokine
receptor interaction which are downregulated for both risk groups (Figure S18). However,
the high-risk group has more dysregulated immune system-related pathways such as
Allograft rejection, Graft-versus-host disease, Inflammatory bowel disease, Intestinal im-
mune network for IgA production, Rheumatoid arthritis, Staphylococcus aureus infection
(Figure 3C,D), which are downregulated pathways in LUAD high-risk group (Figure S18).

Active subnetworks of differentially expressed genes in tumor samples of the LUAD
risk groups were identified and low-risk group has 191 genes while high-risk group has 168
genes including 112 common genes, which are acting on active subnetworks (Figure S17).
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Figure 3. Differential expression analysis of the LUAD risk groups. LUAD test dataset patients were clustered into high-
and low-risk groups based on risk scores of patients and differentially expressed genes in tumor samples were determined
based on expressions in normal tissues. (A) Volcano plot showing differentially expressed genes more than 2-fold (Log2 =1)
for LUAD low-risk group. The top 20 significant downregulated and upregulated genes are highlighted as purple. FDR
corrected p-values threshold is 0.01 (-Log10 = 2). Red: Upregulated, Green: Downregulated, Black: Not significant or
low than 2-fold. (B) Volcano plot showing differentially expressed genes more than two-fold (Log2 = 1) for the LUAD
high-risk group. The top 20 significant downregulated and upregulated genes are highlighted as purple. FDR corrected
p-values threshold is 0.01 (-Log10 = 2). Red: Upregulated, Green: Downregulated, Black: Not significant or low than 2-fold.
(C) Dysregulated pathways of differentially expressed genes for LUAD low-risk group. (D) Dysregulated pathways of
differentially expressed genes for LUAD high-risk group.

Pathway enrichment of DEGs at active subnetworks shows that the genes playing
role in active subnetworks are much more related to cancer pathways such as PI3K-Akt
signaling pathway, Ras signaling pathway, Small-cell lung cancer, Breast cancer, Gastric
cancer, Proteoglycans in cancer and Rap1 signaling pathway (Figure 4). LUAD risk groups
have mostly similar cancer-related active pathways, however only low-risk group has
FoxO signaling pathway and TNF signaling pathway while high-risk group has Estrogen
signaling pathway, Growth hormone synthesis, secretion, and action with immune system
pathways such as Antigen processing and presentation, Intestinal immune network for
IgA production and Leukocyte trans-endothelial migration.

The number of dysregulated genes expressed significantly (q < 0.01) more than 2-
fold in tumor samples of the LUSC low-risk group is 5596 (3394 downregulated, 2202
upregulated) while 5403 genes (3338 downregulated, 2065 upregulated) are dysregulated
for LUSC high-risk group. LUSC low- and high-risk groups have 4562 common differen-
tially expressed genes (Figure S17). The top 20 significant DEGs highlighted at volcano
plot in Figure 5A,B include common genes and dysregulation pattern is similar between
risk groups.
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Figure 5. Differential expression analysis of the LUSC risk groups. LUSC test dataset patients were clustered into high-
and low-risk groups based on risk scores of patients and differentially expressed genes in tumor samples were determined
based on expressions in normal tissues. (A) Volcano plot showing differentially expressed genes more than 2-fold (Log2 = 1)
for LUSC low-risk group. The top 20 significant downregulated and upregulated genes are highlighted as purple. FDR
corrected p-values threshold is 0.01 (-Log10 = 2). Red: Upregulated, Green: Downregulated, Black: Not significant or low
than 2-fold. (B) Volcano plot showing differentially expressed genes more than two-fold (Log2 = 1) for LUSC high-risk group.
The top 20 significant downregulated and upregulated genes are highlighted as purple. FDR corrected p-values threshold is
0.01 (-Log10 = 2). Red: Upregulated, Green: Downregulated, Black: Not significant or low than 2-fold. (C) Dysregulated
pathways of differentially expressed genes for LUSC low-risk group. (D) Dysregulated pathways of differentially expressed
genes for LUSC high-risk group.
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LUSC signature genes have 10 common genes (EDN1, JHY, PLAAT1, HKDC1, ITIH3,
KBTBD11, RGMA, ZNF703, S100A5, LPAL2) with DEGs of both risk groups. Three of
the signature genes, ADAMTS17, IGSF1, and LINC01426, are upregulated in the low-risk
group; others, NOS1 and SRP14-AS1 are downregulated while Y_RNA is upregulated in
the high-risk group.

Risk groups of LUSC have common dysregulated pathways (Figure 5C,D), which
are highly related to cancer, such as Cell cycle, DNA replication, Base excision repair,
p53 signaling pathway which are upregulated at both risk groups (Figure S19), on the
other hand, they also share ECM–receptor interaction, Cell adhesion molecules, Focal
adhesion pathways with immune system-related pathways such as Chemokine signaling
pathway, Complement and coagulation cascades, Cytokine–cytokine receptor interaction,
which are downregulated at both risk groups (Figure S19). However, the high-risk group
has more upregulated metabolic pathways such as Central carbon metabolism in cancer,
Protein digestion and absorption, Alanine, aspartate and glutamate metabolism, Arginine
and proline metabolism, Cysteine and methionine metabolism, Glutathione metabolism,
Ribosome biogenesis in eukaryotes; and downregulated immune-related pathways such
as JAK-STAT signaling pathway, TNF signaling pathway, Primary immunodeficiency, T
cell receptor signaling pathway distinctly from low-risk group (Figure S19). LUSC low-
risk group has downregulated PI3K-Akt signaling pathway, Phenylalanine metabolism,
Tyrosine metabolism, Phospholipase D signaling pathway, Proteoglycans in cancer and
Tight junction pathways with upregulated Hippo signaling pathway and Small-cell lung
cancer distinctly from high-risk group (Figure S19).

Active subnetworks of differentially expressed genes in tumor samples of the LUSC
risk groups has 357 genes for the low-risk group while 350 genes for high-risk group includ-
ing 245 common genes (Figure S17). Active pathways of the LUSC risk groups, are highly
related to cancer pathways such as PI3K-Akt signaling pathway, Ras signaling pathway,
Small-cell lung cancer, Proteoglycans in cancer and Rap1 signaling pathway (Figure 6A,B).
LUSC risk groups have mostly similar cancer-related active pathways, however only low-
risk group has Nucleotide excision repair, Adherens junction and Alpha-Linolenic acid
metabolism pathways, while high-risk group has cancer and metabolism-related pathways
such as Basal cell carcinoma, Prolactin signaling pathway, Apoptosis, Mitophagy, Choline
metabolism in cancer, Insulin signaling pathway, Carbohydrate digestion and absorption,
Central carbon metabolism in cancer with immune system-related Measles and Influenza
A pathways.
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Figure 6. Pathway enrichment of differentially expressed genes at active subnetworks of the LUSC risk groups. Active
subnetworks were determined by using differential expression analysis results and pathway enrichment analysis was
performed for the genes at subnetworks. (A) Active pathways of differentially expressed genes for LUSC low-risk group.
(B) Active pathways of differentially expressed genes for LUSC high-risk group.
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3.3. Copy Number Variations Analysis

The significant aberrant genomic regions in tumor samples of patients were deter-
mined and then gene enrichment from genomic regions which have differential copy
number was performed. Pathway enrichment analysis of genes which have CNVs was
performed and plotted. LUAD low- and high-risk groups have different CNV profiles
as seen at CNV plots showing amplified or deleted genomic regions on chromosomes.
Chromosomes 1, 6, 7, 10, 13, 16, 17, 28 and 20 have different significant aberrant genomic
regions (q < 0.01) between risk groups (Figure 7A,B). The highest frequencies of the am-
plified genes are 45%, 49% and the deleted genes are 31%, 45% in the low- and high-risk
groups, respectively. The top 10 the highest frequently amplified or deleted genes in tumor
samples of risk groups are different and patients in the same group may have different
aberration patterns (Figure 7C,D). The numbers of the deleted genes and the amplified
genes are 10,144 and 10,412, respectively, in tumor samples of the LUAD low-risk group.
LUAD high-risk group has 5379 deleted and 8442 amplified genes in tumor samples. Risk
groups have 4921 deleted and 6559 amplified genes in common (Figure S22).

Pathways of CNV genes are different between LUAD risk groups; mostly immune
system pathways such as Allograft rejection, Graft-versus-host disease, Antigen processing
and presentation, Complement and coagulation cascades, Inflammatory bowel disease and
Viral carcinogenesis pathways have amplified CNVs in the low-risk group (Figure S20)
while Herpes simplex virus 1, Cytosolic DNA sensing pathway, Natural killer cell mediated
cytotoxicity and Nod-like receptor signaling pathways have deleted CNVs (Figure S20)
in the high-risk group (Figure 7). Complement and coagulation cascades pathway has
amplified genes in both risk groups while Natural killer cell mediated cytotoxicity and
Nod-like receptor signaling pathways have deleted genes in both risk groups (Figure S20).
The low-risk group patients have immune system pathways with amplified genes whereas
high-risk group patients have immune system pathways with deleted genes. On the other
hand, high-risk group has amplified genes in metabolic pathways such as Gastric acid
secretion and Insulin secretion (Figure S20).

LUSC risk groups have different significant aberrant genomic regions obviously on
chromosomes 5, 6, 8 and X (Figure 8A,B). The highest frequencies of amplified genes are
84%, 77% and of the deleted genes are 55%, 51% in the low- and high-risk groups, respec-
tively. LUSC risk groups have higher frequency of amplified genes than deleted genes.
Risk groups have common genes from top 25 the highest frequently amplified genes such
as SOX2, GHSR, TNFSF10 and miRNAs, miR-7977 and miR-569, with variable frequencies.
Risk groups have also common deleted genes such as CDK inhibitors, CDKN2A and
CDKN2B, and miR-1284 (Figure 8C,D). LUSC low-risk group has 10,720 deleted and 10,264
amplified genes while LUSC high-risk group has 9477 deleted and 10,250 amplified genes
in tumor samples. Risk groups have 7820 deleted and 8659 amplified genes in common
(Figure S22).

Pathways of CNV genes highly overlap between LUSC risk groups and they share
cancer-related pathways such as PI3K-Akt signaling pathway, JAK-STAT signaling path-
way, Ras signaling pathway, Gastric cancer (Figure 8E,F). However, some pathways differ
between risk groups, low-risk group has CNVs at mTOR signaling pathway, VEGF signal-
ing pathways and Central carbon metabolism in cancer, while high-risk group has CNVs
at Chemical carcinogenesis, Drug metabolism—cytochrome P450, Carbohydrate digestion
and absorption pathways (Figure 8E,F). Steroid hormone biosynthesis and Bile secretion
pathways have multiple amplified genes while NOD-like receptor signaling pathway has
deleted genes, in both risk groups. Only low-risk group has multiple amplified genes
at Growth hormone synthesis, secretion and action, and Complement and coagulation
cascades pathways. Only high-risk group has amplified genes at Chemical carcinogenesis
and Drug metabolism pathways while has deleted genes at Cytokine-cytokine receptor
interaction and Fatty acid biosynthesis pathways (Figure S21).
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Pathways of CNV genes of the LUAD high-risk group. 

Figure 7. Significant Copy Number Variations (CNVs) of the LUAD risk groups. (A) CNV plot at genome scale showing
amplified or deleted genomic regions on chromosomes of the LUAD low-risk group. Score: -Log10(q value), Horizontal
orange line: 0.01 q value threshold. (B) CNV plot of the LUAD high-risk group. (C) OncoPrint plot showing 25 the highest
frequently amplified and deleted genes of the LUAD low-risk group. (D) OncoPrint plot showing 25 the highest frequently
amplified and deleted genes of the LUAD high-risk group. (E) Pathways of CNV genes of the LUAD low-risk group.
(F) Pathways of CNV genes of the LUAD high-risk group.
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Figure 8. Significant Copy Number Variations (CNVs) of the LUSC risk groups. (A) CNV plot at genome-scale showing
amplified or deleted genomic regions on chromosomes of the LUSC low-risk group. (B) CNV plot of the LUSC high-risk
group. (C) OncoPrint plot showing 25 the highest frequently amplified and deleted genes of the LUSC low-risk group.
(D) OncoPrint plot showing 25 the highest frequently amplified and deleted genes of the LUSC high-risk group. (E)
Pathways of CNV genes of the LUSC low-risk group. (F) Pathways of CNV genes of the LUSC high-risk group.

3.4. Simple Nucleotide Variations Analysis

Significantly (q < 0.05) mutated genes classified as oncogene (OG) or tumor suppressor
gene (TSG) based on TSG/OG scores of the genes and the Cancer Gene Census, were
identified for LUAD and LUSC risk groups. COSMIC database was used as a reference
mutation database for this analysis and Cancer Gene Census data.

LUAD low-risk group has 15,376 mutated genes, while LUAD low-risk group has
12,815 mutated genes, 11,516 genes of which are common between LUAD risk groups
(Figure S27). LUAD patients have a wide range of mutation numbers changing from
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1518/1158 to 10s with median 167 and 172.5 for low- and high-risk groups, respectively.
Missense mutation is the highest frequent mutation type, and C > A and C > T substitutions
are the most frequent ones for both risk groups. LUAD risk groups have a similar set of
mutated genes with varying frequencies. TP53 is the highest frequently mutated gene with
45% and 53% for low- and high-risk groups, and the following ones are MUC16 (39%, 40%)
and CSMD3 (38%, 35%) for both groups (Figure S23). SomInaClust analysis was performed
to determine driver genes, and 39 genes and 19 genes are strong candidate driver genes
for the low-risk group and high-risk group, respectively (Tables S5 and S6). Interestingly,
LUAD risk groups share 18 of these driver genes (Figure S27). SomInaClust calculates
TSG and OG scores based on background mutation rate and hot spots, then classifies the
genes based on TSG/OG scores and cancer gene census data (Figure S25). The driver genes
determined in LUAD low-risk group are KRAS, TP53, EGFR, BRAF, STK11, MGA, NF1,
RB1, PIK3CA, ATM, RBM10, SETD2, ARID1A, CTNNB1, CMTR2, SF3B1, CSMD3, ATF7IP,
KEAP1, HMCN1, EPHA5, ARID2, TTK, SMAD4, KDM5C, SMARCA4, APC, NFE2L2, RIT1,
DDX10, LTN1, CDH10, SPTA1, LRP1B, COL11A1, MAP3K12, USH2A, AKAP6 and RASA1.
The driver genes determined in LUAD high-risk group are KRAS, TP53, STK11, EGFR,
BRAF, RBM10, PIK3CA, SETD2, ARID2, NF1, RB1, MGA, KEAP1, CSMD3, SMARCA4,
CTNNB1, KDM5C, IDH1 and ATM (Figure S25; Tables S5 and S6). TP53 and CSMD3
genes are the most frequently mutated genes with 47%, 56% and 41%, 37% frequencies,
respectively for low- and high-risk groups (Figure 9A,B). More than half of the genes are
mutated in less than 12% of patients. For common genes, LUAD high-risk group has
mostly higher frequencies. TP53 has differential mutation types, while KRAS has mostly
missense mutations. CSMD3 has more multi-hits (multiple mutations in one patient) in
the low-risk group than the high-risk group. EGFR has in frame deletions in both risk
groups and other common genes have similar mutation type pattern between risk groups
(Figure 9A,B). Pathways of driver mutated genes are highly lung cancer-related pathways
such as Non-small-cell lung cancer, EGFR tyrosine kinase inhibitor resistance, Platinum
drug resistance, MAPK signaling, mTOR signaling, Ras signaling pathway, PI3K-Akt
signaling (Figure 9C,D) and other immunologic and metabolic pathways such as Signaling
pathways regulating pluripotency of stem cells, FoxO signaling pathway, Rap1 signaling
pathway, Central carbon metabolism in cancer, Proteoglycans in cancer, Human T-cell
leukemia virus 1 infection, PD-L1 expression and PD-1 checkpoint pathway in cancer and
Natural killer cell mediated cytotoxicity pathways, for both risk groups. Many common
pathways are enriched because these mutated driver genes play role in many crucial
important pathways. However, Wnt signaling pathway and Hippo signaling pathways
are mutated only in the low-risk group, while Gap junction, GnRH signaling pathway,
C-type lectin receptor signaling pathway, T cell receptor signaling pathway, HIF-1 signaling
pathway, Growth hormone synthesis, secretion and action and AMPK signaling pathways
are mutated only in the high-risk group (Figure 9C,D).

LUSC low-risk group has 14,038 mutated genes, while LUSC low-risk group has 14,616
mutated genes, and 11,947 genes are common (Figure S27). LUSC patients have a range of
mutation numbers from 2300/1488 to 10s with median 201 for low- and high-risk groups,
respectively. Missense mutation is the highest frequent mutation type, and C > A and
C > T substitutions are the most frequent ones for both risk groups. LUSC risk groups have
overlapping list of mutated genes with varying frequencies. TP53 is the highest frequently
mutated gene with 80% and 78% for low- and high-risk groups, and the following ones are
CSMD3 (42%, 42%) and MUC16 (39%, 40%) for both groups (Figure S24). As candidate
driver genes, 30 genes and 19 genes were identified for the low-risk group and the high-risk
group, respectively (Tables S7 and S8). LUSC risk groups share 14 of these driver genes
(Figure S27). The driver genes determined in LUSC low-risk group are TP53, KMT2D,
NFE2L2, PIK3CA, CDKN2A, PTEN, RB1, FAT1, ARID1A, NF1, RASA1, CUL3, KDM6A,
NRAS, KRT5, ZNF750, EP300, FGFR3, TAOK1, CSMD3, NSD1, HRAS, SI, PDS5B, KRAS,
KEAP1, API5, HNRNPUL1, SLC16A1, FBXW7. The driver genes determined in LUSC high-
risk group are TP53, NFE2L2, PIK3CA, KMT2D, FAT1, CDKN2A, RB1, PTEN, NOTCH1,
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ARID1A, RASA1, NF1, KMT2C, BRAF, PIK3R1, CSMD3, STK11, HRAS, KEAP1 (Figure
S26; Tables S7 and S8). TP53 (83%, 82%), CSMD3 (44%, 44%) and KMT2D (25%, 23%) are
most frequent mutated genes for low- and high-risk groups (Figure 10A,B). For common
genes, risk groups have similar frequencies. TP53 and KMT2D genes have differential
mutation types, while CSMD3 has mostly missense and multi-hit mutations. CDKN2A has
mostly truncating mutations in both risk groups and other common genes have similar
mutation type pattern between risk groups (Figure 10A,B). Pathways of driver mutated
genes are highly lung cancer-related pathways such as Non-small-cell lung cancer, EGFR
tyrosine kinase inhibitor resistance, Platinum drug resistance, MAPK signaling and Ras
signaling (Figure 10C,D) and other immunologic and metabolic pathways such as FoxO
signaling pathway, Central carbon metabolism in cancer, Proteoglycans in cancer, Hepatitis
B, Hepatitis C, PD-L1 expression and PD-1 checkpoint pathway in cancer for both risk
groups. Many common pathways are enriched because these mutated driver genes play
role in many crucial important pathways. However, Gap junction and Ubiquitin mediated
proteolysis pathways are mutated only in the low-risk group, while HIF-1 signaling and
TNF signaling pathways are mutated only in the high-risk group (Figure 10C,D).
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When venn diagram is drawn by using all driver genes, all cancer and risk groups
have TP53, CSMD3, KEAP1, NF1, RB1 and PIK3CA mutations. KRAS, STK11, BRAF,
ARID1A, NFE2L2 and RASA1 genes are shared by 3 different groups. LUAD high-risk
group has only IDH1 oncogene as different from LUAD low-risk group while LUSC high-
risk group has KMT2C, NOTCH1 and PIK3R1 tumor suppressor genes as different from
LUSC low-risk group. EGFR, MGA and SMARCA4 are not driver genes in LUSC while
CDKN2A, PTEN, HRAS and FAT1 are not driver genes in LUAD groups (Figure 11).

Significant SNVs and CNVs on driver genes are co-displayed as OncoPrint. Although
there exist some genes with both SNVs and significant CNVs while others have only SNVs.
Moreover, some patients have only SNVs or only CNVs or both for a particular driver gene.

TP53, STK11, KEAP1, SMARCA4 and MGA genes have deletions while CSMD3
and PIK3CA genes have amplification beside SNVs in both LUAD risk group. KRAS
and EGFR genes have amplification in the high-risk group; however, they do not have
significant CNVs in the low-risk group. Oncogenes tend to have amplifications while tumor
suppressor genes tend to have deletions in both risk groups with exceptions (CSMD3,
CDH10, HMCN1, AKAP6 and CTNNB1) (Figure 12).
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Figure 12. OncoPrint of the driver genes containing significant SNVs and CNVs in LUAD risk groups. Significant SNVs
and CNVs are plotted together on potential driver genes in tumor samples of the LUAD risk groups. (A) OncoPrint of the
driver genes in LUAD low-risk group. (B) OncoPrint of the driver genes in LUAD high-risk group.

OncoPrints in Figure 13 show that TP53, CDKN2A, FAT1, RASA1, ARID1A and HRAS
genes have deletions while only PIK3CA gene has amplification beside SNVs in both LUSC
risk groups. PIK3R1, KEAP1 and STK11 genes have deletions only in the high-risk group
while SI, CSMD3, ZNF750, KRAS genes have amplification and NSD1, FGFR3, PTEN,
SLC16A1, NRAS and CUL3 have deletion only in the low-risk group. Oncogenes tend
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to have amplifications while tumor suppressor genes tend to have deletions in both risk
groups with exceptions (CSMD3, FGFR3, ZNF750, NRAS, HRAS, KEAP1) (Figure 13).
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Figure 13. OncoPrint of the driver genes containing significant SNVs and CNVs in LUSC risk groups. Significant SNVs and
CNVs are plotted together on potential driver genes in tumor samples of the LUSC risk groups. (A) OncoPrint of the driver
genes in LUSC low-risk group. (B) OncoPrint of the driver genes in LUSC high-risk group.

Circos plots showing all non-synonymous SNVs in original data of risk groups and
significant CNVs at genomic scale on chromosomes were drawn to show the genomic
alterations between risk groups of LUAD and LUSC.

LUAD low-risk group has more genome-wide CNVs and SNVs than the high-risk
group. The low-risk group has more genomics regions containing missense, nonsense and
frame-shift insertions/deletions mutations. Moreover, low-risk group has extra deletions
on chromosomes 1, 3, 5, 6, 12, 15 and X with extra amplifications on chromosomes 6, 10,
14, and 20. The high-risk group has extra amplifications on chromosomes 7, 11, 12, and 17.
The CNVs of high-risk group are localized mostly on 1, 3, 5, 6, 7, 8 and 17 whereas low-risk
group has CNVs on more chromosomes (Figure 14).
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Figure 14. Circos plot of chromosome regions containing all SNVs and CNVs in LUAD risk groups. Significant CNVs
(q < 0.01) and all SNVs in original data are plotted together on chromosome regions in tumor samples of the LUAD risk
groups. (A) Circos plot of the LUAD low-risk group. (B) Circos plot of the LUAD high-risk group.
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LUSC high-risk group has more genomic regions containing missense and nonsense
mutations than the low-risk group. However, they have similar amount of CNVs although
with different localizations. The high-risk group has extra amplifications on chromosomes
4, 6 and 11; has extra deletions on chromosomes 15, 19 and X. The low-risk group has only
extra deletions on chromosomes 1, 5, 6, 11 and 16 (Figure 15).
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4. Discussion

In order to profile the genetic differences between risk groups of LUAD and LUSC,
gene expression signatures were generated and the patients were clustered into low- and
high-risk groups and then significant DEGs, DEGs at active subnetworks, CNVs and SNVs
were identified in each risk group. The biological alterations for these data types were
compared between risk groups and between lung cancer subtypes.

Expression signature for LUAD consists of 35 gene which 27 of are protein-coding
genes while two are long intergenic non-protein coding RNA, one is antisense RNA, three
are pseudogenes and two are novel transcripts. Many of the coding genes are lung cancer
or other cancer types related such as ADAMTS15 [44], ASB2 [45] and EPHX1 [46] with
potential tumor suppressor roles; ANGPTL4 [47], ASCL2 [48], CCL20 [49], DKK1 [50],
GRIK2 [51], LDHA [52], RGS20 [53], RHOQ [54], TLE1 [55] and WBP2 [56] with potential
oncogenic roles; and CD200 [57], CD200R1 [57], CCDC181 [58], GNPNAT1 [59], IRX2 [60],
LDLRAD3 [61], STAP1 [62], LINC00578 [63] with prognostic potential. Moreover, MS4A1 is
dysregulated in asbestos-related lung squamous carcinoma [64], RAB9B is a target of miR-
15/16 which are highly related to lung cancer [65], LINC00539 is related to tumor immune
response [66] while long non-coding RNA, OGFRP1, regulates non-small-cell lung cancer
progression [67]. The remaining signature genes, CPXM2, ENPP5, SAMD13, SLC52A1,
ZNF682, ZNF835, ZNF571-AS1 and U91328.1, have not been related to carcinoma, yet.
However, they showed highly prognostic power through risk score to distinguish low- and
high-risk of overall survival in LUAD.

LUSC gene expression signature including 33 genes of which ALDH7A1 [68], ALK [69],
EDN1 [70], FABP6 [71], HKDC1 [72], IGSF1 [73], KBTBD11 [74], NOS1 [75], SLC9A9 [76],
STK24 [77], UBB [78], ZNF703 [79] have been shown with oncogenic relations while
RGMA [80] is candidate tumor suppressors. ITIH3 [81] and S100A5 [82] has been re-
lated to prognostic biomarker potentials. Other cancer-related genes are ADAMTS17 [83],
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LINC01748 [84], LPAL2 [85], SRP14-AS1 [86] and WASH8P [87]. Long intergenic non-
protein coding RNA, LINC01426, promotes cancer progression via AZGP1 and predicts
poor prognosis in patients with LUAD [88]. COL28A1 has prognostic values in glioblas-
toma [89]. Many of the genes such as JHY, PLAAT1, PNMA8B, RPL37P6, SNX32, UGGT2
and Y_RNA have not been related to any cancer, yet.

Gene expression signatures of LUAD and LUSC share eight pathways which are
mostly metabolic pathways. LUAD signature plays role in immune-related pathways as
different from those in LUSC. However, pathway enrichment shows us that risk prediction
works on metabolic pathways, therefore if we put a name to important mutations as
driver mutations, in this case we can say that reprogramming of energy metabolism is the
alternative fuel of the cancer [90–92]. The differential expression on them with immune
system effect in count can hold the passage of cancer.

High-risk groups of both LUAD and LUSC have more immune pathways including
downregulated genes and metabolic pathways including upregulated genes. On the other
hand, low-risk groups have both upregulated and downregulated genes on cancer-related
pathways. Although LUAD and LUSC seem to have similar characteristics of risk groups,
close signature gene pathways and similar differential expression pathways sharing 2106
DEGs in total, they are displayed separately in PCA, especially at analysis of test groups.

At CNV level both risk groups and cancer subtypes have huge number of genes
with amplifications or deletions which can cause genomic instability and uncontrolled
regulation. Both LUAD and LUSC risk groups have important gene alterations such as
CDKN2A and CDKN2B deletions which are associated with NSCLC [93] and promotes
KRAS and EGFR mutant tumorigenesis [94,95] while SOX2 oncogene amplification in
LUSC which is a common event in squamous cell carcinomas [96,97] and amplification of
PSMD4 in LUAD, with oncogenic roles in breast, hepatocellular, colorectal and prostate
cancer cells [98–101]. CNVs also play role in metabolic and immune-related pathways
which can differ between risk groups and cancer subtypes. If we look from a higher
perspective, the LUAD low-risk group has much more CNVs and SNVs on its genome
than the high-risk group. On the other hand, the LUSC high-risk group has more SNVs
than the low-risk group while CNVs do not vary too much.

SNV analysis gives similar results with literature for example EGFR and KRAS muta-
tions are mutually exclusive in LUAD samples that is confirmed again [9]. Additionally,
EGFR [102], MGA [103], SMARCA4 [104], ATM [105], RBM10 [106] and KDM5C [107]
which are lung cancer related genes are mutated only in LUAD but not in LUSC. On the
other hand, CDKN2A [108], PTEN [109] and HRAS [110] genes are mutated only in LUSC.
In general, low-risk groups have more mutated genes for both LUAD and LUSC sam-
ples. When SNV and CNV genes are plotted together, it can be seen that LUAD high-risk
group has obvious oncogene amplifications and tumor suppressor deletions, while LUAD
low-risk group has both tumor suppressor deletions and tumor suppressor amplifications
with a few oncogene amplifications. This SNV and copy number differential pattern can
cause differential gene expression profiles and characteristics of tumor. LUSC patients
have mostly deletions on driver genes with only PIK3CA [111] and KRAS [111] oncogene
amplifications. Both LUSC risk groups have obvious TP53 [111] and CDKN2A tumor
suppressor gene deletions, but amplification of CSMD3, which has differential roles in lung
cancer [112,113], does not occur in LUSC high-risk group. Again, only these driver genes
which have differential alterations and frequencies can create the risk difference based on
gene expression levels.

5. Conclusions

This study has been performed to profile the genomic and transcriptomic differences
not only between LUAD and LUSC but also between risk groups to understand the
driving differences between them. Treatment options can vary between cancer subtypes
and risk groups because of differential targetable mutation patterns. Nowadays, many
groups and government institutions are working on the integration of the drug bioactivity
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and molecular data to investigate more effective molecularly targeting therapeutics for
individual patients for the personalized therapy.

Supplementary Materials: The supplementary data are available online at https://www.mdpi.com/
2075-4426/11/2/154/s1; Figure S1: Flowchart of method and used R packages in this study. The
other R packages not written in this flowchart can be found at Materials and Method part of the
article; Figure S2: Gene expression signature and risk clustering of LUAD training dataset; Figure S3:
Survival analysis of risk groups clustered by using signature gene expression at different tumor
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Ensemble Gene IDs were used in signature analysis and then enriched by using BioMart database;
Table S4: KEGG pathway enrichment of expression signature gene list in LUSC by using clusterProfiler

https://www.mdpi.com/2075-4426/11/2/154/s1
https://www.mdpi.com/2075-4426/11/2/154/s1


J. Pers. Med. 2021, 11, 154 24 of 28

R package; Table S5: SomInaClust result of SNV data in tumor samples of LUAD low-risk group;
Table S6: SomInaClust result of SNV data in tumor samples of LUAD high-risk group; Table S7:
SomInaClust result of SNV data in tumor samples of LUSC low-risk group; Table S8: SomInaClust
result of SNV data in tumor samples of LUSC high-risk group.

Author Contributions: Methodology, T.Z.; formal analysis, T.Z.; resources, T.Z., T.Ö.-S.; data curation,
T.Z.; writing—original draft preparation, T.Z.; writing—review and editing, T.Ö.-S.; visualization,
T.Z.; project administration, T.Ö.-S. All authors have read and agreed to the published version of the
manuscript.

Funding: T.Z. and T.Ö.-S. were partially funded by Turkish National Institutes of Health (TÜSEB)
grant number 4583.

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets supporting the conclusions of this article are publicly
available and can be downloaded from TCGA data portal (https://portal.gdc.cancer.gov) or by using
TCGAbiolinks R package [18]. The R code used in this study is available upon request.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. GLOBOCAN 2020: Cancer Today. Available online: https://gco.iarc.fr/today/home (accessed on 29 December 2020).
2. Alexander, M.; Kim, S.Y.; Cheng, H. Update 2020: Management of Non-Small Cell Lung Cancer. Lung 2020, 198, 897–907.

[CrossRef] [PubMed]
3. Chansky, K.; Detterbeck, F.C.; Nicholson, A.G.; Rusch, V.W.; Vallières, E.; Groome, P.; Kennedy, C.; Krasnik, M.; Peake, M.;

Shemanski, L.; et al. The IASLC Lung Cancer Staging Project: External Validation of the Revision of the TNM Stage Groupings in
the Eighth Edition of the TNM Classification of Lung Cancer. J. Thorac. Oncol. 2017, 12, 1109–1121. [CrossRef]

4. Camidge, D.R.; Doebele, R.C.; Kerr, K.M. Comparing and contrasting predictive biomarkers for immunotherapy and targeted
therapy of NSCLC. Nat. Rev. Clin. Oncol. 2019, 16, 341–355. [CrossRef] [PubMed]

5. Wang, B.-Y.; Huang, J.-Y.; Chen, H.-C.; Lin, C.-H.; Lin, S.-H.; Hung, W.-H.; Cheng, Y.-F. The comparison between adenocarcinoma
and squamous cell carcinoma in lung cancer patients. J. Cancer Res. Clin. Oncol. 2019, 146, 43–52. [CrossRef] [PubMed]

6. Travis, W.D. Lung Cancer Pathology. Clin. Chest Med. 2020, 41, 67–85. [CrossRef] [PubMed]
7. Zhang, J.; Fujimoto, J.; Wedge, D.C.; Song, X.; Seth, S.; Chow, C.-W.; Cao, Y.; Gumbs, C.; Gold, K.A.; Kalhor, N.; et al. Intratumor

heterogeneity in localized lung adenocarcinomas delineated by multiregion sequencing. Science 2014, 346, 256–259. [CrossRef]
[PubMed]

8. The Cancer Genome Atlas Research Network; Weinstein, J.N.; Collisson, E.A.; Mills, G.B.; Shaw, K.R.M.; Ozenberger, B.A.; Ellrott,
K.; Shmulevich, I.; Sander, C.; Stuart, J.M. The Cancer Genome Atlas Pan-Cancer analysis project. Nat. Genet. 2013, 45, 1113–1120.
[CrossRef] [PubMed]

9. The Cancer Genome Atlas Research Network Comprehensive molecular profiling of lung adenocarcinoma. Nat. Cell Biol. 2014,
511, 543–550. [CrossRef]

10. The Cancer Genome Atlas Research Network Comprehensive genomic characterization of squamous cell lung cancers. Nat. Cell
Biol. 2012, 489, 519–525. [CrossRef]

11. Krzystanek, M.; Moldvay, J.; Szüts, D.; Szallasi, Z.; Eklund, A.C. A robust prognostic gene expression signature for early stage
lung adenocarcinoma. Biomark. Res. 2016, 4, 1–7. [CrossRef] [PubMed]

12. Shukla, S.; Evans, J.R.; Malik, R.; Feng, F.Y.; Dhanasekaran, S.M.; Cao, X.; Chen, G.; Beer, D.G.; Jiang, H.; Chinnaiyan, A.M.
Development of a RNA-Seq Based Prognostic Signature in Lung Adenocarcinoma. J. Natl. Cancer Inst. 2017, 109, 200. [CrossRef]
[PubMed]

13. Li, Z.; Qi, F.; Li, F. Establishment of a Gene Signature to Predict Prognosis for Patients with Lung Adenocarcinoma. Int. J. Mol. Sci.
2020, 21, 8479. [CrossRef] [PubMed]

14. Zhu, C.-Q.; Strumpf, D.; Li, C.-Y.; Li, Q.; Liu, N.; Der, S.; Shepherd, F.A.; Tsao, M.-S.; Jurisica, I. Prognostic Gene Expression
Signature for Squamous Cell Carcinoma of Lung. Clin. Cancer Res. 2010, 16, 5038–5047. [CrossRef] [PubMed]

15. Li, J.; Wang, J.; Chen, Y.; Yang, L.; Chen, S. A prognostic 4-gene expression signature for squamous cell lung carcinoma. J. Cell.
Physiol. 2017, 232, 3702–3713. [CrossRef] [PubMed]

16. Lu, C.; Chen, H.; Shan, Z.; Yang, L. Identification of differentially expressed genes between lung adenocarcinoma and lung
squamous cell carcinoma by gene expression profiling. Mol. Med. Rep. 2016, 14, 1483–1490. [CrossRef]

17. Wu, X.; Wang, L.; Feng, F.; Tian, S. Weighted gene expression profiles identify diagnostic and prognostic genes for lung
adenocarcinoma and squamous cell carcinoma. J. Int. Med Res. 2020, 48, 0300060519893837. [CrossRef]

18. Colaprico, A.; Silva, T.C.; Olsen, C.; Garofano, L.; Cava, C.; Garolini, D.; Sabedot, T.S.; Malta, T.M.; Pagnotta, S.M.; Castiglioni,
I.; et al. TCGAbiolinks: An R/Bioconductor package for integrative analysis of TCGA data. Nucleic Acids Res. 2016, 44, e71.
[CrossRef] [PubMed]

https://portal.gdc.cancer.gov
https://gco.iarc.fr/today/home
http://doi.org/10.1007/s00408-020-00407-5
http://www.ncbi.nlm.nih.gov/pubmed/33175991
http://doi.org/10.1016/j.jtho.2017.04.011
http://doi.org/10.1038/s41571-019-0173-9
http://www.ncbi.nlm.nih.gov/pubmed/30718843
http://doi.org/10.1007/s00432-019-03079-8
http://www.ncbi.nlm.nih.gov/pubmed/31705294
http://doi.org/10.1016/j.ccm.2019.11.001
http://www.ncbi.nlm.nih.gov/pubmed/32008630
http://doi.org/10.1126/science.1256930
http://www.ncbi.nlm.nih.gov/pubmed/25301631
http://doi.org/10.1038/ng.2764
http://www.ncbi.nlm.nih.gov/pubmed/24071849
http://doi.org/10.1038/nature13385
http://doi.org/10.1038/nature11404
http://doi.org/10.1186/s40364-016-0058-3
http://www.ncbi.nlm.nih.gov/pubmed/26900477
http://doi.org/10.1093/jnci/djw200
http://www.ncbi.nlm.nih.gov/pubmed/27707839
http://doi.org/10.3390/ijms21228479
http://www.ncbi.nlm.nih.gov/pubmed/33187219
http://doi.org/10.1158/1078-0432.CCR-10-0612
http://www.ncbi.nlm.nih.gov/pubmed/20739434
http://doi.org/10.1002/jcp.25846
http://www.ncbi.nlm.nih.gov/pubmed/28160492
http://doi.org/10.3892/mmr.2016.5420
http://doi.org/10.1177/0300060519893837
http://doi.org/10.1093/nar/gkv1507
http://www.ncbi.nlm.nih.gov/pubmed/26704973


J. Pers. Med. 2021, 11, 154 25 of 28

19. Therneau, T. A Package for Survival Analysis in R. R Package Version 3.2-7. 2020. Available online: https://cran.r-project.org/
package=survival (accessed on 21 May 2020).

20. Simon, N.; Friedman, J.H.; Hastie, T.; Tibshirani, R. Regularization Paths for Cox’s Proportional Hazards Model via Coordinate
Descent. J. Stat. Softw. 2011, 39, 1–13. [CrossRef]

21. Gerds, T.A.; Ozenne, B. RiskRegression: Risk Regression Models and Prediction Scores for Survival Analysis with Competing Risks. R
Package Version 2020.12.08. 2020. Available online: https://cran.r-project.org/package=riskRegression (accessed on 21 May 2020).

22. Zhang, J.; Jin, Z. Cutoff: Seek the Significant Cutoff Value. R Package Version 1.3. 2019. Available online: https://cran.r-project.org/
package=cutoff (accessed on 21 May 2020).

23. Ritchie, M.E.; Phipson, B.; Wu, D.; Hu, Y.; Law, C.W.; Shi, W.; Smyth, G.K. Limma powers differential expression analyses for
RNA-sequencing and microarray studies. Nucleic Acids Res. 2015, 43, e47. [CrossRef] [PubMed]

24. McCarthy, D.J.; Chen, Y.; Smyth, G.K. Differential expression analysis of multifactor RNA-Seq experiments with respect to
biological variation. Nucleic Acids Res. 2012, 40, 4288–4297. [CrossRef]

25. Vrahatis, A.G.; Balomenos, P.; Tsakalidis, A.K.; Bezerianos, A. DEsubs: An R package for flexible identification of differentially
expressed subpathways using RNA-seq experiments. Bioinformatics 2016, 32, 3844–3846. [CrossRef]

26. Morganella, S.; Pagnotta, S.M.; Ceccarelli, M. GAIA: An R Package for Genomic Analysis of Significant Chromosomal Aberrations. R
Package Version 2.32.0. 2020. Available online: https://bioconductor.org/packages/gaia (accessed on 21 May 2020).

27. Lawrence, M.; Huber, W.; Pagès, H.; Aboyoun, P.; Carlson, M.; Gentleman, R.; Morgan, M.T.; Carey, V.J. Software for Computing
and Annotating Genomic Ranges. PLoS Comput. Biol. 2013, 9, e1003118. [CrossRef]

28. Silva, T.C.; Colaprico, A.; Olsen, C.; D’Angelo, F.; Bontempi, G.; Ceccarelli, M.; Noushmehr, H. TCGA Workflow: Analyze cancer
genomics and epigenomics data using Bioconductor packages. F1000Research 2016, 5, 1542. [CrossRef]

29. Mayakonda, A.; Lin, D.-C.; Assenov, Y.; Plass, C.; Koeffler, H.P. Maftools: Efficient and comprehensive analysis of somatic variants
in cancer. Genome Res. 2018, 28, 1747–1756. [CrossRef] [PubMed]

30. Eynden, J.V.D.; Fierro, A.C.; Verbeke, L.P.C.; Marchal, K. SomInaClust: Detection of cancer genes based on somatic mutation
patterns of inactivation and clustering. BMC Bioinform. 2015, 16, 1–12. [CrossRef] [PubMed]

31. Tate, J.G.; Bamford, S.; Jubb, H.C.; Sondka, Z.; Beare, D.M.; Bindal, N.; Boutselakis, H.; Cole, C.G.; Creatore, C.; Dawson, E.; et al.
COSMIC: The Catalogue Of Somatic Mutations In Cancer. Nucleic Acids Res. 2018, 47, D941–D947. [CrossRef]

32. Zhang, J.; Jin, Z. Ggrisk: Risk Score Plot for Cox Regression. R Package Version 1.2. 2020. Available online: https://cran.r-project.org/
package=ggrisk (accessed on 21 May 2020).

33. Kassambara, A.; Kosinski, M.; Biecek, P. Survminer: Drawing Survival Curves Using “ggplot2”. R Package Version 0.4.8. 2020.
Available online: https://cran.r-project.org/package=survminer (accessed on 21 May 2020).

34. Heagerty, P.J.; Saha-Chaudhuri, P. survivalROC: Time-Dependent ROC Curve Estimation from Censored Survival Data. R Package
Version 1.0.3. 2013. Available online: https://cran.r-project.org/package=survivalROC (accessed on 21 May 2020).

35. Kennedy, N. Forestmodel: Forest Plots from Regression Models. R Package Version 0.6.2. 2020. Available online: https://cran.r-project.
org/package=forestmodel (accessed on 21 May 2020).

36. Durinck, S.; Spellman, P.T.; Birney, E.; Huber, W. Mapping identifiers for the integration of genomic datasets with the
R/Bioconductor package biomaRt. Nat. Protoc. 2009, 4, 1184–1191. [CrossRef]

37. Yu, G.; Wang, L.-G.; Han, Y.; He, Q.-Y. clusterProfiler: An R Package for Comparing Biological Themes Among Gene Clusters.
OMICS J. Integr. Biol. 2012, 16, 284–287. [CrossRef]

38. Yu, G. Enrichplot: Visualization of Functional Enrichment Result. R Package Version 1.8.1. 2020. Available online: https://github.com/
GuangchuangYu/enrichplot (accessed on 21 May 2020).

39. Gu, Z.; Eils, R.; Schlesner, M. Complex heatmaps reveal patterns and correlations in multidimensional genomic data. Bioinformatics
2016, 32, 2847–2849. [CrossRef] [PubMed]

40. Meyer, D.; Zeileis, A.; Hornik, K. Vcd: Visualizing Categorical Data. R Package Version 1.4-8. 2020. Available online: https:
//cran.r-project.org/package=vcd (accessed on 21 May 2020).

41. Meyer, D.; Zeileis, A.; Hornik, K. The Strucplot Framework: Visualizing Multi-way Contingency Tables withvcd. J. Stat. Softw.
2006, 17, 1–48. [CrossRef]

42. Gu, Z.; Gu, L.; Eils, R.; Schlesner, M.; Brors, B. circlize implements and enhances circular visualization in R. Bioinformatics 2014, 30,
2811–2812. [CrossRef] [PubMed]

43. Chen, H. VennDiagram: Generate High-Resolution Venn and Euler Plots. R Package Version 1.6.20. 2018. Available online: https:
//cran.r-project.org/package=VennDiagram (accessed on 21 May 2020).

44. Kumar, S.; Rao, N.; Ge, R. Emerging Roles of ADAMTSs in Angiogenesis and Cancer. Cancers 2012, 4, 1252. [CrossRef]
45. Li, Z.; Weng, H.; Su, R.; Weng, X.; Zuo, Z.; Li, C.; Huang, H.; Nachtergaele, S.; Dong, L.; Hu, C.; et al. FTO Plays an Oncogenic

Role in Acute Myeloid Leukemia as a N 6 -Methyladenosine RNA Demethylase. Cancer Cell 2017, 31, 127–141. [CrossRef]
46. Li, X.; Hu, Z.; Qu, X.; Zhu, J.; Li, L.; Ring, B.Z.; Su, L. Putative EPHX1 Enzyme Activity Is Related with Risk of Lung and Upper

Aerodigestive Tract Cancers: A Comprehensive Meta-Analysis. PLoS ONE 2011, 6, e14749. [CrossRef]
47. Zhu, X.; Guo, X.; Wu, S.; Wei, L. ANGPTL4 Correlates with NSCLC Progression and Regulates Epithelial-Mesenchymal Transition

via ERK Pathway. Lung 2016, 194, 637–646. [CrossRef] [PubMed]
48. Hu, X.-G.; Chen, L.; Wang, Q.-L.; Zhao, X.-L.; Tan, J.; Cui, Y.-H.; Liu, X.-D.; Zhang, X.; Bian, X.-W. Elevated expression of ASCL2 is

an independent prognostic indicator in lung squamous cell carcinoma. J. Clin. Pathol. 2015, 69, 313–318. [CrossRef]

https://cran.r-project.org/package=survival
https://cran.r-project.org/package=survival
http://doi.org/10.18637/jss.v039.i05
https://cran.r-project.org/package=riskRegression
https://cran.r-project.org/package=cutoff
https://cran.r-project.org/package=cutoff
http://doi.org/10.1093/nar/gkv007
http://www.ncbi.nlm.nih.gov/pubmed/25605792
http://doi.org/10.1093/nar/gks042
http://doi.org/10.1093/bioinformatics/btw544
https://bioconductor.org/packages/gaia
http://doi.org/10.1371/journal.pcbi.1003118
http://doi.org/10.12688/f1000research.8923.1
http://doi.org/10.1101/gr.239244.118
http://www.ncbi.nlm.nih.gov/pubmed/30341162
http://doi.org/10.1186/s12859-015-0555-7
http://www.ncbi.nlm.nih.gov/pubmed/25903787
http://doi.org/10.1093/nar/gky1015
https://cran.r-project.org/package=ggrisk
https://cran.r-project.org/package=ggrisk
https://cran.r-project.org/package=survminer
https://cran.r-project.org/package=survivalROC
https://cran.r-project.org/package=forestmodel
https://cran.r-project.org/package=forestmodel
http://doi.org/10.1038/nprot.2009.97
http://doi.org/10.1089/omi.2011.0118
https://github.com/GuangchuangYu/enrichplot
https://github.com/GuangchuangYu/enrichplot
http://doi.org/10.1093/bioinformatics/btw313
http://www.ncbi.nlm.nih.gov/pubmed/27207943
https://cran.r-project.org/package=vcd
https://cran.r-project.org/package=vcd
http://doi.org/10.18637/jss.v017.i03
http://doi.org/10.1093/bioinformatics/btu393
http://www.ncbi.nlm.nih.gov/pubmed/24930139
https://cran.r-project.org/package=VennDiagram
https://cran.r-project.org/package=VennDiagram
http://doi.org/10.3390/cancers4041252
http://doi.org/10.1016/j.ccell.2016.11.017
http://doi.org/10.1371/journal.pone.0014749
http://doi.org/10.1007/s00408-016-9895-y
http://www.ncbi.nlm.nih.gov/pubmed/27166634
http://doi.org/10.1136/jclinpath-2015-203025


J. Pers. Med. 2021, 11, 154 26 of 28

49. Kadomoto, S.; Izumi, K.; Mizokami, A. The CCL20-CCR6 Axis in Cancer Progression. Int. J. Mol. Sci. 2020, 21, 5186. [CrossRef]
50. Zhang, J.; Zhang, X.; Zhao, X.; Jiang, M.; Gu, M.; Wang, Z.; Yue, W. DKK1 promotes migration and invasion of non–small cell

lung cancer via β-catenin signaling pathway. Tumor Biol. 2017, 39. [CrossRef] [PubMed]
51. Inoue, R.; Hirohashi, Y.; Kitamura, H.; Nishida, S.; Murai, A.; Takaya, A.; Yamamoto, E.; Matsuki, M.; Tanaka, T.; Kubo, T.; et al.

GRIK2 has a role in the maintenance of urothelial carcinoma stem-like cells, and its expression is associated with poorer prognosis.
Oncotarget 2017, 8, 28826–28839. [CrossRef] [PubMed]

52. Yu, C.; Hou, L.; Cui, H.; Zhang, L.; Tan, X.; Leng, X.; Li, Y. LDHA upregulation independently predicts poor survival in lung
adenocarcinoma, but not in lung squamous cell carcinoma. Futur. Oncol. 2018, 14, 2483–2492. [CrossRef]

53. Yang, L.; Lee, M.M.; Leung, M.M.; Wong, Y.H. Regulator of G protein signaling 20 enhances cancer cell aggregation, migration,
invasion and adhesion. Cell. Signal. 2016, 28, 1663–1672. [CrossRef]

54. Han, S.-W.; Kim, H.-P.; Shin, J.-Y.; Jeong, E.-G.; Lee, W.-C.; Kim, K.Y.; Park, S.Y.; Lee, D.-W.; Won, J.-K.; Jeong, S.-Y.; et al. RNA
editing in RHOQ promotes invasion potential in colorectal cancer. J. Exp. Med. 2014, 211, 613–621. [CrossRef]

55. Yuan, D.; Yang, X.; Yuan, Z.; Zhao, Y.; Guo, J. TLE1 function and therapeutic potential in cancer. Oncotarget 2016, 8, 15971–15976.
[CrossRef]

56. Tabatabaeian, H.; Rao, A.; Ramos, A.; Chu, T.; Sudol, M.; Lim, Y.P. The emerging roles of WBP2 oncogene in human cancers.
Oncogene 2020, 39, 4621–4635. [CrossRef] [PubMed]

57. Yoshimura, K.; Suzuki, Y.; Inoue, Y.; Tsuchiya, K.; Karayama, M.; Iwashita, Y.; Kahyo, T.; Kawase, A.; Tanahashi, M.; Ogawa,
H.; et al. CD200 and CD200R1 are differentially expressed and have differential prognostic roles in non-small cell lung cancer.
OncoImmunology 2020, 9, 1746554. [CrossRef]

58. Gao, C.; Zhuang, J.; Li, H.; Liu, C.; Zhou, C.; Liu, L.; Sun, C. Exploration of methylation-driven genes for monitoring and
prognosis of patients with lung adenocarcinoma. Cancer Cell Int. 2018, 18, 1–11. [CrossRef] [PubMed]

59. Zheng, X.; Li, Y.; Ma, C.; Zhang, J.; Zhang, Y.; Fu, Z.; Luo, H. Independent Prognostic Potential of GNPNAT1 in Lung
Adenocarcinoma. BioMed Res. Int. 2020, 2020, 1–16. [CrossRef] [PubMed]

60. Wang, Q.; Qiu, X. Comprehensive Analysis of the Expression and Prognosis for IRXs in Non-small Cell Lung Cancer. Res. Sq.
2020. [CrossRef]

61. Puderecki, M.; Szumiło, J.; Marzec-Kotarska, B. Novel prognostic molecular markers in lung cancer (Review). Oncol. Lett. 2020,
20, 9–18. [CrossRef]

62. Zhao, R.; Ding, D.; Yu, W.; Zhu, C.; Ding, Y. The Lung Adenocarcinoma Microenvironment Mining and Its Prognostic Merit.
Technol. Cancer Res. Treat. 2020, 19. [CrossRef]

63. Wang, L.; Zhao, H.; Xu, Y.; Li, J.; Deng, C.; Deng, Y.; Bai, J.; Li, X.; Xiao, Y.; Zhang, Y. Systematic identification of lincRNA-based
prognostic biomarkers by integrating lincRNA expression and copy number variation in lung adenocarcinoma. Int. J. Cancer
2019, 144, 1723–1734. [CrossRef] [PubMed]

64. Wright, C.M.; Francis, S.M.S.; Tan, M.E.; Martins, M.U.; Winterford, C.; Davidson, M.R.; Duhig, E.E.; Clarke, B.E.; Hayward, N.K.;
Yang, I.A.; et al. MS4A1 Dysregulation in Asbestos-Related Lung Squamous Cell Carcinoma Is Due to CD20 Stromal Lymphocyte
Expression. PLoS ONE 2012, 7, e34943. [CrossRef] [PubMed]

65. Qi, J.; Mu, D. MicroRNAs and lung cancers: From pathogenesis to clinical implications. Front. Med. 2012, 6, 134–155. [CrossRef]
66. Sage, A.P.; Ng, K.W.; Marshall, E.A.; Stewart, G.L.; Minatel, B.C.; Enfield, K.S.S.; Martin, S.D.; Brown, C.J.; Abraham, N.; Lam,

W.L. Assessment of long non-coding RNA expression reveals novel mediators of the lung tumour immune response. Sci. Rep.
2020, 10, 1–13. [CrossRef]

67. Tang, L.-X.; Chen, G.-H.; Li, H.; He, P.; Zhang, Y.; Xu, X.-W. Long non-coding RNA OGFRP1 regulates LYPD3 expression by
sponging miR-124-3p and promotes non-small cell lung cancer progression. Biochem. Biophys. Res. Commun. 2018, 505, 578–585.
[CrossRef] [PubMed]

68. Giacalone, N.J.; Den, R.B.; Eisenberg, R.; Chen, H.; Olson, S.J.; Massion, P.P.; Carbone, D.P.; Lu, B. ALDH7A1 expression is
associated with recurrence in patients with surgically resected non-small-cell lung carcinoma. Futur. Oncol. 2013, 9, 737–745.
[CrossRef] [PubMed]

69. Wang, J.; Shen, Q.; Shi, Q.; Yu, B.; Wang, X.; Cheng, K.; Lu, G.; Zhou, X. Detection of ALK protein expression in lung squamous
cell carcinomas by immunohistochemistry. J. Exp. Clin. Cancer Res. 2014, 33, 1–7. [CrossRef] [PubMed]

70. Boldrini, L.; Gisfredi, S.; Ursino, S.; Faviana, P.; Lucchi, M.; Melfi, F.; Mussi, A.; Basolo, F.; Fontanini, G. Expression of endothelin-1
is related to poor prognosis in non-small cell lung carcinoma. Eur. J. Cancer 2005, 41, 2828–2835. [CrossRef] [PubMed]

71. Zhang, Y.; Zhao, X.; Deng, L.; Li, X.; Wang, G.; Li, Y.; Chen, M. High expression of FABP4 and FABP6 in patients with colorectal
cancer. World J. Surg. Oncol. 2019, 17, 1–13. [CrossRef]

72. Wang, X.; Shi, B.; Zhao, Y.; Lu, Q.; Fei, X.; Lu, C.; Li, C.; Chen, H. HKDC1 promotes the tumorigenesis and glycolysis in lung
adenocarcinoma via regulating AMPK/mTOR signaling pathway. Cancer Cell Int. 2020, 20, 1–12. [CrossRef]

73. Guan, Y.; Wang, Y.; Bhandari, A.; Xia, E.; Wang, O. IGSF1: A novel oncogene regulates the thyroid cancer progression. Cell
Biochem. Funct. 2019, 37, 516–524. [CrossRef]

74. Gong, J.; Tian, J.; Lou, J.; Wang, X.; Ke, J.; Li, J.; Yang, Y.; Gong, Y.; Zhu, Y.; Zou, D.; et al. A polymorphic MYC response element
in KBTBD11 influences colorectal cancer risk, especially in interaction with an MYC-regulated SNP rs6983267. Ann. Oncol. 2017,
29, 632–639. [CrossRef]

http://doi.org/10.3390/ijms21155186
http://doi.org/10.1177/1010428317703820
http://www.ncbi.nlm.nih.gov/pubmed/28677426
http://doi.org/10.18632/oncotarget.16259
http://www.ncbi.nlm.nih.gov/pubmed/28418868
http://doi.org/10.2217/fon-2018-0177
http://doi.org/10.1016/j.cellsig.2016.07.017
http://doi.org/10.1084/jem.20132209
http://doi.org/10.18632/oncotarget.13278
http://doi.org/10.1038/s41388-020-1318-0
http://www.ncbi.nlm.nih.gov/pubmed/32393834
http://doi.org/10.1080/2162402X.2020.1746554
http://doi.org/10.1186/s12935-018-0691-z
http://www.ncbi.nlm.nih.gov/pubmed/30498398
http://doi.org/10.1155/2020/8832739
http://www.ncbi.nlm.nih.gov/pubmed/33490259
http://doi.org/10.21203/rs.3.rs-78198/v1
http://doi.org/10.3892/ol.2020.11541
http://doi.org/10.1177/1533033820977547
http://doi.org/10.1002/ijc.31865
http://www.ncbi.nlm.nih.gov/pubmed/30226269
http://doi.org/10.1371/journal.pone.0034943
http://www.ncbi.nlm.nih.gov/pubmed/22514692
http://doi.org/10.1007/s11684-012-0188-4
http://doi.org/10.1038/s41598-020-73787-6
http://doi.org/10.1016/j.bbrc.2018.09.146
http://www.ncbi.nlm.nih.gov/pubmed/30274775
http://doi.org/10.2217/fon.13.19
http://www.ncbi.nlm.nih.gov/pubmed/23647301
http://doi.org/10.1186/s13046-014-0109-2
http://www.ncbi.nlm.nih.gov/pubmed/25527865
http://doi.org/10.1016/j.ejca.2005.08.030
http://www.ncbi.nlm.nih.gov/pubmed/16298124
http://doi.org/10.1186/s12957-019-1714-5
http://doi.org/10.1186/s12935-020-01539-7
http://doi.org/10.1002/cbf.3426
http://doi.org/10.1093/annonc/mdx789


J. Pers. Med. 2021, 11, 154 27 of 28

75. Zou, Z.; Li, X.; Sun, Y.; Li, L.; Zhang, Q.; Zhu, L.; Zhong, Z.; Wang, M.; Wang, Q.; Liu, Z.; et al. NOS1 expression promotes
proliferation and invasion and enhances chemoresistance in ovarian cancer. Oncol. Lett. 2020, 19, 2989–2995. [CrossRef]

76. Ueda, M.; Iguchi, T.; Masuda, T.; Komatsu, H.; Nambara, S.; Sakimura, S.; Hirata, H.; Uchi, R.; Eguchi, H.; Ito, S.; et al. Up-
regulation of SLC9A9 Promotes Cancer Progression and Is Involved in Poor Prognosis in Colorectal Cancer. Anticancer Res. 2017,
37, 2255–2263. [CrossRef]

77. Huang, N.; Lin, W.; Shi, X.; Tao, T. STK24 expression is modulated by DNA copy number/methylation in lung adenocarcinoma
and predicts poor survival. Futur. Oncol. 2018, 14, 2253–2263. [CrossRef]

78. Tang, Y.; Geng, Y.; Luo, J.; Shen, W.; Zhu, W.; Meng, C.; Li, M.; Zhou, X.; Zhang, S.; Cao, J. Downregulation of ubiquitin inhibits
the proliferation and radioresistance of non-small cell lung cancer cells in vitro and in vivo. Sci. Rep. 2015, 5, 1–12. [CrossRef]

79. Baykara, O.; Dalay, N.; Kaynak, K.; Buyru, N. ZNF703 Overexpression may act as an oncogene in non-small cell lung cancer.
Cancer Med. 2016, 5, 2873–2878. [CrossRef]

80. Li, J.; Ye, L.; Mansel, R.E.; Jiang, W.G. Potential prognostic value of repulsive guidance molecules in breast cancer. Anticancer Res.
2011, 31, 1703–1711. [PubMed]

81. Chong, P.K.; Lee, H.; Zhou, J.; Liu, S.-C.; Loh, M.C.S.; Wang, T.T.; Chan, S.P.; Smoot, D.T.; Ashktorab, H.; So, J.B.Y.; et al. ITIH3 Is a
Potential Biomarker for Early Detection of Gastric Cancer. J. Proteome Res. 2010, 9, 3671–3679. [CrossRef] [PubMed]

82. Liu, Y.; Cui, J.; Tang, Y.-L.; Huang, L.; Zhou, C.-Y.; Xu, J.-X. Prognostic Roles of mRNA Expression of S100 in Non-Small-Cell
Lung Cancer. BioMed Res. Int. 2018, 2018, 1–11. [CrossRef] [PubMed]

83. Jia, Z.; Gao, S.; M’Rabet, N.; De Geyter, C.; Zhang, H. Sp1 Is Necessary for Gene Activation of Adamts17 by Estrogen. J. Cell.
Biochem. 2014, 115, 1829–1839. [CrossRef]

84. Li, R.; Yang, Y.-E.; Jin, J.; Zhang, M.-Y.; Liu, X.-X.; Yin, Y.-H.; Qu, Y.-Q. Identification of lncRNA biomarkers in lung squamous
cell carcinoma using comprehensive analysis of lncRNA mediated ceRNA network. Artif. Cells Nanomed. Biotechnol. 2019, 47,
3246–3258. [CrossRef] [PubMed]

85. Han, B.-W.; Ye, H.; Wei, P.-P.; He, B.; Han, C.; Chen, Z.-H.; Chen, Y.-Q.; Wang, W.-T. Global identification and characterization of
lncRNAs that control inflammation in malignant cholangiocytes. BMC Genom. 2018, 19, 1–13. [CrossRef] [PubMed]

86. Rao, Y.; Liu, H.; Yan, X.; Wang, J. In Silico Analysis Identifies Differently Expressed lncRNAs as Novel Biomarkers for the
Prognosis of Thyroid Cancer. Comput. Math. Methods Med. 2020, 2020, 1–10. [CrossRef] [PubMed]

87. Zhang, W.; Ye, Y.J.; Ren, X.W.; Huang, J.; Shen, Z.L. Detection of preoperative chemoradiotherapy sensitivity molecular
characteristics of rectal cancer by transcriptome second generation sequencing. J. Peking Univ. Health Sci. 2019, 51, 542–547.
[CrossRef]

88. Tian, B.; Han, X.; Li, G.; Jiang, H.; Qi, J.; Li, J.; Tian, Y.; Wang, C. A Long Intergenic Non-coding RNA, LINC01426, Promotes
Cancer Progression via AZGP1 and Predicts Poor Prognosis in Patients with LUAD. Mol. Ther. Methods Clin. Dev. 2020, 18,
765–780. [CrossRef]

89. Yang, H.; Jin, L.; Sun, X. A thirteen-gene set efficiently predicts the prognosis of glioblastoma. Mol. Med. Rep. 2019, 19, 1613–1621.
[CrossRef]

90. Hanahan, D.; Weinberg, R.A. Hallmarks of Cancer: The Next Generation. Cell 2011, 144, 646–674. [CrossRef] [PubMed]
91. Phan, L.M.; Yeung, S.J.; Lee, M.-H. Cancer metabolic reprogramming: Importance, main features, and potentials for precise

targeted anti-cancer therapies. Cancer Biol. Med. 2014, 11, 1–19.
92. Keenan, M.M.; Chi, J.-T. Alternative Fuels for Cancer Cells. Cancer J. 2015, 21, 49–55. [CrossRef] [PubMed]
93. Hamada, K.; Kohno, T.; Kawanishi, M.; Ohwada, S.; Yokota, J. Association ofCDKN2A (p16)/CDKN2B (p15) alterations and

homozygous chromosome arm 9p deletions in human lung carcinoma. Genes, Chromosom. Cancer 1998, 22, 232–240. [CrossRef]
94. Schuster, K.; Venkateswaran, N.; Rabellino, A.; Girard, L.; Peña-Llopis, S.; Scaglioni, P.P. Nullifying the CDKN2AB Locus

Promotes Mutant K-ras Lung Tumorigenesis. Mol. Cancer Res. 2014, 12, 912–923. [CrossRef]
95. Jiang, J.; Gu, Y.; Liu, J.; Wu, R.; Fu, L.; Zhao, J.; Guan, Y. Coexistence of p16/CDKN2A homozygous deletions and activating EGFR

mutations in lung adenocarcinoma patients signifies a poor response to EGFR-TKIs. Lung Cancer 2016, 102, 101–107. [CrossRef]
[PubMed]

96. Bass, A.J.; Watanabe, H.; Mermel, C.H.; Yu, S.; Perner, S.; Verhaak, R.G.; Kim, S.Y.; Wardwell, L.; Tamayo, P.; Gat-Viks, I.;
et al. SOX2 is an amplified lineage-survival oncogene in lung and esophageal squamous cell carcinomas. Nat. Genet. 2009, 41,
1238–1242. [CrossRef]

97. Maier, S.; Wilbertz, T.; Braun, M.; Scheble, V.; Reischl, M.; Mikut, R.; Menon, R.; Nikolov, P.; Petersen, K.; Beschorner, C.; et al.
SOX2 amplification is a common event in squamous cell carcinomas of different organ sites. Hum. Pathol. 2011, 42, 1078–1088.
[CrossRef]

98. Fejzo, M.S.; Anderson, L.; Chen, H.-W.; Guandique, E.; Kalous, O.; Conklin, D.; Slamon, D.J. Proteasome ubiquitin receptor
PSMD4 is an amplification target in breast cancer and may predict sensitivity to PARPi. Genes, Chromosom. Cancer 2017, 56,
589–597. [CrossRef]

99. Cai, M.-J.; Cui, Y.; Fang, M.; Wang, Q.; Zhang, A.-J.; Kuai, J.-H.; Pang, F.; Cui, X.-D. Inhibition of PSMD4 blocks the tumorigenesis
of hepatocellular carcinoma. Gene 2019, 702, 66–74. [CrossRef]

100. Cheng, Y.-M.; Lin, P.-L.; Wu, D.-W.; Wang, L.; Huang, C.-C.; Lee, H. PSMD4 is a novel therapeutic target in chemoresistant
colorectal cancer activated by cytoplasmic localization of Nrf2. Oncotarget 2018, 9, 26342–26352. [CrossRef] [PubMed]

http://doi.org/10.3892/ol.2020.11355
http://doi.org/10.21873/anticanres.11562
http://doi.org/10.2217/fon-2018-0126
http://doi.org/10.1038/srep09476
http://doi.org/10.1002/cam4.847
http://www.ncbi.nlm.nih.gov/pubmed/21617229
http://doi.org/10.1021/pr100192h
http://www.ncbi.nlm.nih.gov/pubmed/20515073
http://doi.org/10.1155/2018/9815806
http://www.ncbi.nlm.nih.gov/pubmed/29607329
http://doi.org/10.1002/jcb.24855
http://doi.org/10.1080/21691401.2019.1647225
http://www.ncbi.nlm.nih.gov/pubmed/31364871
http://doi.org/10.1186/s12864-018-5133-8
http://www.ncbi.nlm.nih.gov/pubmed/30305026
http://doi.org/10.1155/2020/3651051
http://www.ncbi.nlm.nih.gov/pubmed/32377223
http://doi.org/10.19723/j.issn.1671-167X.2019.03.025
http://doi.org/10.1016/j.omtm.2020.08.001
http://doi.org/10.3892/mmr.2019.9801
http://doi.org/10.1016/j.cell.2011.02.013
http://www.ncbi.nlm.nih.gov/pubmed/21376230
http://doi.org/10.1097/PPO.0000000000000104
http://www.ncbi.nlm.nih.gov/pubmed/25815843
http://doi.org/10.1002/(sici)1098-2264(199807)22:33.0.co;2-x
http://doi.org/10.1158/1541-7786.MCR-13-0620-T
http://doi.org/10.1016/j.lungcan.2016.10.015
http://www.ncbi.nlm.nih.gov/pubmed/27987577
http://doi.org/10.1038/ng.465
http://doi.org/10.1016/j.humpath.2010.11.010
http://doi.org/10.1002/gcc.22459
http://doi.org/10.1016/j.gene.2019.03.063
http://doi.org/10.18632/oncotarget.25254
http://www.ncbi.nlm.nih.gov/pubmed/29899863


J. Pers. Med. 2021, 11, 154 28 of 28
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