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Background: Lung adenocarcinoma (LUAD) is a highly heterogeneous tumor with
substantial somatic mutations and genome instability, which are emerging hallmarks
of cancer. Long non-coding RNAs (IncRNAs) are promising cancer biomarkers that
are reportedly involved in genomic instability. However, the identification of genome
instability-related INncRNAs (GInLncRNAs) and their clinical significance has not been
investigated in LUAD.

Methods: We determined GInLncRNAs by combining somatic mutation and
transcriptome data of 457 patients with LUAD and probed their potential function
using co-expression network and Gene Ontology (GO) enrichment analyses. We then
filtered GInLncRNAs by Cox regression and LASSO regression to construct a genome
instability-related INcRNA signature (GInLncSig). We subsequently evaluated GInLncSig
using correlation analyses with mutations, external validation, model comparisons,
independent prognostic significance analyses, and clinical stratification analyses. Finally,
we established a nomogram for prognosis prediction in patients with LUAD and
validated it in the testing set and the entire TCGA dataset.

Results: We identified 161 GInLncRBNAs, of which seven were screened to develop
a prognostic GInLncSig model (LINC01133, LINCO1116, LINC01671, FAM83A-AST,
PLAC4, MIR223HG, and AL590226.1). GInLncSig independently predicted the overall
survival of patients with LUAD and displayed an improved performance compared
to other similar signatures. Furthermore, GInLncSig was related to somatic mutation
patterns, suggesting its ability to reflect genome instability in LUAD. Finally, a nomogram
comprising the GInLncSig and tumor stage exhibited improved robustness and clinical
practicability for predicting patient prognosis.
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Conclusion: Our study identified a signature for prognostic prediction in LUAD
comprising seven INCRNAs associated with genome instability, which may provide
a useful indicator for clinical stratification management and treatment decisions for

patients with LUAD.

Keywords: genome instability, somatic mutation, lung adenocarcinoma, long non-coding RNA, prognostic

signature, survival

INTRODUCTION

Genome instability and mutations are the enabling characteristics
of cancer. Widespread destabilization of the nucleotide sequences
is inherent in most human cancers (Hanahan and Weinberg,
2011). Genomic changes occur at different levels, from
mutations in single or few nucleotides to gains or losses of
entire chromosomes, which may trigger aberrant divisions,
multinucleation, and tripolar mitosis (Mackay et al., 2018; S.
Zhang et al., 2019). Different cancer types exhibit distinct
somatic mutational profiles corresponding to varying numbers of
genetic mutations, indicating tissue and cell-specific carcinogenic
mechanisms (Lee J. K. et al, 2016; Anandakrishnan et al,
2019). Moreover, as an evolving hallmark of cancer, genomic
instability, mainly derived from mutations in DNA repair genes,
drives cancer progression and has been identified as a critical
prognostic factor (Suzuki et al, 2003; Ottini et al., 2006;
Negrini et al., 2010). Therefore, it is of great significance to
determine the underlying molecular characteristics of genomic
instability in different cancer types and explore their relevant
clinical importance.

With the highest morbidity and mortality rates in
malignancies, lung cancer is a complex disease characterized
by extensive genomic instability (Varella-Garcia, 2010; de
Bruin et al,, 2014; Bray et al.,, 2018; Siegel et al.,, 2020). Risk
factors include tobacco smoking, air pollution, and radiation
exposure, potentially damaging DNA, resulting in a high rate
of genomic alterations (Varella-Garcia, 2010; Dela Cruz et al,
2011). Lung adenocarcinoma (LUAD), the primary subtype of
lung cancer, exhibits frequent alterations in proto-oncogenes
(e.g., TP53, KRAS, CDKN2A, and STK11), DNA repair defects,
and genomic instability (Burgess et al., 2020). Whole-exome
sequencing (WES) analysis showed that low genomic instability
was associated with better survival in patients with LUAD (Chen
Y. et al, 2020). Given that the poor prognosis and clinical
heterogeneity of LUAD, developing new biomarkers based on
its mutant phenotypes may offer a better read-out for risk
stratification and prognostic assessment of patients with LUAD.

It is evident that many genomic mutations in cancer reside
in non-coding regions, most of which are further transcribed
into transcripts of more than 200 nucleotides, known as
long non-coding RNAs (IncRNAs) (Huarte, 2015). In the past
decades, increasing evidence has showed that IncRNAs play
a critical role in gene regulation, cell proliferation, survival,
migration, and genomic stability. These versatile biological
functions and their cell- and tissue-specific distribution patterns
render them promising cancer biomarkers (Huarte, 2015;
Chen et al., 2018b; Statello et al., 2020). Of note, IncRNAs

associated with genetic alterations exert a tumor-promoting
effect and affect genome instability. For example, a novel
IncRNA CCAT2 encompassing the rs6983267 SNP is highly
overexpressed in microsatellite-stable colorectal cancer and
has neem shown to promote tumor growth, metastasis, and
chromosomal instability (Ling et al, 2013). A genome-wide
survey assessing somatic copy number alterations (SCNAs) of
IncRNAs showed that IncRNAs with high-frequency genomic
alterations or residing in focal alteration loci were candidates
for carcinogenic IncRNAs (Hu X. et al, 2014). Moreover,
cancer-testis IncRNAs reactivated in cancers can promote
genome instability and malignant transformation (Qin et al,
2017). Conversely, some IncRNAs, such as NORAD, CUPID1,
CUPID2, and DDSR1, promote DNA damage repair and
facilitate genome stability (Polo et al., 2012; Lee S. et al,
2016; Betts et al., 2017). Although IncRNAs are critical
in regulating genome instability, the clinical significance of
genome instability-related IncRNAs (GInLncRNAs) has not been
investigated in LUAD. In this study, we identified a group
of IncRNA signatures related to genome instability from the
genomic and transcriptional levels and probed their prognostic
significance in patients with LUAD, with the aim of providing
an alternative evaluation of the genome instability-conferred
mortality risk of cancer.

MATERIALS AND METHODS

Research Roadmap

The research procedure of this study is depicted in Figure 1. After
data collection, GInLncRNAs were identified in combination
with somatic mutations and transcriptome data. Co-expression
analyses and functional enrichment analyses were conducted
to probe the potential function of the above IncRNAs. The
patient cohort was then randomly divided into two datasets
for training and testing analyses. The GInLncRNAs were
further analyzed by Cox regression and LASSO regression to
construct a prognostic IncRNA risk signature. The signature
was subsequently evaluated using mutation correlation analyses,
independent prognostic prediction value analyses, clinical
stratification analyses, model comparisons, and external dataset
validation. Finally, an optimized model and nomogram were
established. The testing set and entire TCGA dataset were
subjected to validation of all results.

Data Collection and Preprocessing
We downloaded the somatic mutation information of 561
patients with LUAD (VarScan version), mRNA and IncRNA
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FIGURE 1 | Research roadmap of this study.

transcriptional profiles of 551 patients with LUAD (fragments
per kilobase million, FPKM), and clinicopathological features
of 486 patients with LUAD from The Cancer Genome Atlas
(TCGA) database'. We then matched these three parts of the
data according to the sample names and removed patients
without survival information or with a survival time of
less than 30 days to eliminate the interference of non-
cancerous causes of death. mRNAs and IncRNAs were annotated

'https://portal.gdc.cancer.gov/

using the HUGO Gene Nomenclature Committee (HGNC?)
database. Finally, a total of 457 samples with complete survival
information, somatic mutation data, mRNA and IncRNA
expression profiles, and other clinicopathological features were
retained for our analysis. To make our study more convincing,
we randomly divided the 457 patients into two groups at
a ratio of 1:1 using the “caret” package of R software,
named as the training set and testing set, respectively. The
training set with 229 samples was to identify the genome

Zhttp://www.genenames.org/
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instability-related IncRNA signature (GInLncSig) and construct
a prognostic model. The testing set with 228 samples was
used to test the performance of the model. Table 1 shows the
clinicopathological characteristics of the cohorts (P > 0.05, Chi-
squared test).

For external validation, another independent dataset
GSE31210 with a large sample size (N = 226), basic clinical
and survival information, and based on the GPL570 Affymetrix
HG-U133_Plus 2.0 platform was retrieved from the Gene
Expression Omnibus (GEO) database’. Series matrix files
containing clinical information and normalized expression
profiles of GSE31210 were obtained for our research analysis.
We re-annotated the probes of the Affymetrix HG-U133_Plus
2.0 platform into gene symbols by matching the sequence
files (HG-U133_Plus_2 Probe Sequences, FASTA format,
August 20, 2008) of the probe sets and the annotation
files of GENCODE (release 37). The expression levels
of probes mapping to the same gene were averaged to
obtain a unique value.

Screening of IncRNAs Related to
Genome Instability

We extracted IncRNA expression profiles of samples from the
whole annotated transcriptome data and combined them with
somatic mutation profiles according to a mutator hypothesis-
derived computational workflow (Bao et al, 2020). After
computing the cumulative counts of somatic mutations in each
sample, we designated the top 25% of the patients and the
bottom 25% of the patients having the cumulative number of
mutations as genome unstable-like (GUL) group and genome
stable-like (GSL) group, respectively. We subsequently compared
the mean expression of each IncRNA between the two groups
using the Wilcoxon rank-sum test in “limma” package of R
software. Consequently, we identified the differentially expressed
IncRNAs [|Fold Change] > 1.0 and false discovery rate
(FDR) adjusted P < 0.05] as ultimate GInLncRNAs. Volcano
plot of differentially expressed IncRNAs between GUL group
and GSL group was performed using “ggpubr” and “ggthemes”
packages of R software.

Hierarchical Clustering Analyses

We normalized the expression data of GInLncRNAs from all 457
samples using a Z-score analysis. Then we conducted hierarchical
clustering analyses with “sparcl} “pheatmap” and “limma’
packages of R software by computing Euclidean distances and
cutting the tree into two clusters. The cluster with higher
mutation counts was defined as a GU-like cluster, whereas the
other was described as a GS-like cluster (P < 0.05, Mann-
Whitney U test).

Gene Co-expression Network

We performed the Pearson correlation analysis of the expression
levels of IncRNA and mRNA using “limma” package of R software
to determine the potential functional mRNA partners co-
expressed with GInLncRNAs. The top 10 mRNAs co-expressed

3https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi

with each GInLncRNA were selected according to the Pearson
correlation coefficient. We visualized their co-expression network
using Cytoscape software and noted the name of GInLncRNAs
and their top three co-expressed mRNAs ranked by Pearson
correlation coefficient.

Functional Enrichment Analysis

To identify the possible functions of GInLncRNAs, we carried
out Gene Ontology (GO) functional enrichment analysis of their
mRNA partners (Chen L. et al., 2017) using “clusterProfiler;”
“org.Hs.eg.db” “enrichplot] and “ggplot2” packages of R
software. Clusters with P < 0.05 and P.adjust < 0.05 were
considered significantly enriched.

Construction of GInLncRNA-Based
Prognostic Signature and Performance

Evaluation

First, we conducted univariate Cox regression analysis in
the training set using “survival” package of R software to
evaluate the relationship between the expression level of
GInLncRNAs and patients’ overall survival. The IncRNAs
with a Cox P-value < 0.05 were considered as candidates
with prognostic value. Second, we further filtered candidate
GInLncRNAs using the least absolute shrinkage and selection
operator (LASSO) regression algorithm with penalty parameter
tuning conducted by 10—fold cross—validation with “glmnet”
and “survival” packages. Third, the screened GInLncRNAs
from LASSO were subjected to stepwise multivariate Cox
proportional hazard regression analysis to obtain the optimal
candidates and construct a prognostic model of GInLncRNAs.
The Receiver Operating Characteristic (ROC) curve analysis
was conducted and the Areas Under Curve (AUC) values were
obtained to evaluate the prognostic model’s predictability using
“survivalROC” package. Then, the GInLncSig for prognosis
prediction was developed based on the coefficient of each
prognostic GInLncRNAs in the model and their expression levels.
The formula for calculating the GInLncSig risk score was as

follows: ;
Z coefi x Xi

i=1

GInLncSig score =

The “coefi” and “Xi” represent the coefficient and expression level
of each prognostic IncRNAs, respectively. Patients with LUAD
were classified into high-risk and low-risk groups based on the
median GInLncSig score as the risk cut-oft point. The survival
curves of the two groups were plotted using the Kaplan-Meier
method and compared by the log-rank test using “survival” and
“survminer” packages in R with a p < 0.05 indicating significance.
Finally, the GInLncSig risk model was applied to the testing set
and the entire TCGA set to evaluate its performance.

External Validation and Model

Comparison

The GInLncSig model was further validated using another
independent GEO cohort of 226 patients profiled using
microarray platform. We retrieved the expression of IncRNAs
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TABLE 1 | Clinicopathological information of the patients with LUAD in TCGA cohort.

Covariates Type Total (n = 457) Training set (n = 229) Testing set (n = 228) P value

Age (%) <65 218 (47.7%) 109 (47.6%) 109 (47.81%) 1
>65 229 (560.11%) 114 (49.78%) 115 (50.44%)
Unknown 10 (2.19%) 6 (2.62%) 4 (1.75%)

Gender (%) Female 249 (54.49%) 124 (54.15%) 125 (54.82%) 0.9592
Male 208 (45.51%) 105 (45.85%) 103 (45.18%)

Tumor Stage (%) Stage I 351 (76.81%) 176 (76.86%) 175 (76.75%) 0.8274
Stage -V 98 (21.44%) 51 (22.27%) 47 (20.61%)
Unknown 8 (1.75%) 2 (0.87%) 6 (2.63%)

T Stage (%) T1-2 399 (87.31%) 195 (85.15%) 204 (89.47%) 0.1605
T3-4 55 (12.04%) 33 (14.41%) 22 (9.65%)
Unknown 3 (0.66%) 1(0.44%) 2 (0.88%)

M Stage (%) MO 307 (67.18%) 156 (68.12%) 151 (66.23%) 0.2052
M1 23 (5.03%) 8 (3.49%) 15 (6.58%)
Unknown 127 (27.79%) 65 (28.38%) 62 (27.19%)

N Stage (%) NO 295 (64.55%) 149 (65.07%) 146 (64.04%) 0.7395
N1-3 151 (33.04%) 73 (31.88%) 78 (34.21%)
Unknown 11 (2.41%) 7 (3.06%) 4 (1.75%)

Chi-squared test, P < 0.05 means significantly different.

in GInLncSig in the GSE31210 dataset and calculated the
risk score of patients based on the aforementioned formula.
Patients with LUAD were classified into high-risk and low-risk
groups based on the median GInLncSig score. Survival analysis
of the two groups were conducted using the Kaplan-Meier
method and the log-rank test using “survival” and “survminer”
packages in R. P < 0.05 indicated statistical significance.
Comparison analysis of the expressions of UBQLN4 between
two risk groups and correlation analysis between GInLncSig
and clinical parameters in GSE31210 dataset were performed
using “limma” and “ggpubr” packages. Moreover, we retrieved
the LncRNA signature model from other reports and compared
their prediction performance by drawing the ROC curve and
calculating the AUC values.

Independent Analysis of GInLncSig in
Prognostic Value and Clinical

Stratification Analysis

To test whether the GInLncSig is an independent prognostic
factor of other key clinicopathological features, we implemented
univariate and multivariate Cox regression analyses for each
variable in training, testing, TCGA, and GSE31210 datasets
using “survival” package of R software. Statistical significance
was set at P < 0.05. Then, a clinical stratification analysis was
conducted further to assess the stability of the prognostic efficacy
of GInLncSig. Patients in the whole TCGA set were stratified
into subgroups according to clinical parameters, including age
(<65 and >65), gender (female and male), and tumor stage (I-
IT and II-IV). Patients in each clinical subgroup were further
divided into high-risk and low-risk groups based on the median
GInLncSig score. Kaplan-Meier analysis and the log-rank test
were performed to compare survival differences between the
high- and low-risk groups in each subgroup.

Building and Validation of a Nomogram

Score System

Based on multivariate Cox regression analysis in assessing the
independent prognostic significance of GInLncSig and clinical
variables, we constructed a nomogram in the training set to
predict the survival of patients with LUAD. Each variable was
allocated a point in the nomogram score system, adding up to a
total point for each sample that predicts 1-, 2-, and 3-year survival
(Tasonos et al., 2008). The ROC curve, concordance index (C-
index), and calibration plot were used to assess the predictive
performance and discriminating ability of the nomogram score
system. The nonogram was also applied to the testing set and the
entire set to verify the above results.

Statistical Analyses

Chi-squared and Mann-Whitney U test were implemented to
explore the differences in categorical and quantitative data
between different datasets or groups, respectively. Statistical
significance was defined when two-tailed p < 0.05. R version
4.0.2 (Institute for Statistics and Mathematics, Vienna, Austria*)
executed all the statistical analysis and visualization with the
corresponding functional package.

RESULTS

Screening of Genome Instability-Related
IncRNAs in Combination With Somatic
Mutation Profiles and Transcriptome
Data

As is shown in Figure 1, we first identified 130 patients with the
top 25% of mutations in the cohort as belonging to the GUL

“https://www.r-project.org
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group (mean of somatic mutations was 57), and 125 patients
with the bottom 25% of mutations in the cohort as belonging
to the GSL group (mean of somatic mutations was 539). The
clinical information of patients with LUAD in the GSL and GUL
groups is depicted in Supplementary Table 1. We found 161
IncRNAs were differentially expressed significantly between the
two groups, among which 87 IncRNAs were upregulated, and
74 IncRNAs were downregulated in the GUL group (P < 0.05,
[logFC| > 1, Figure 2A and Supplementary Table 2).

To determine whether these 161 IncRNAs reflected patients’
genome instability, we applied an unsupervised hierarchical
clustering analysis for the expression levels of the 161 IncRNAs
in the entire cohort. As shown in Figure 2B, all 457 samples were
clustered into two clusters with significantly differential mutation
counts, in which the cluster with higher number of mutations
was termed the GU-like cluster and that with low number of
mutations was termed the GS-like cluster (P < 0.05, Mann-
Whitney U test; Figure 2C). Moreover, a gene named UBQLN4,
which has been reported to drive genomic instability and is
overexpressed in aggressive tumors, was also upregulated in the
GS-like cluster (P < 0.05, Mann-Whitney U test; Figure 2D)
(Jachimowicz et al., 2019). These results demonstrated that the
161 IncRNAs could be identified as candidate GInLncRNAs.

We next explored the potential functions of the GInlncRNAs
using co-expression analysis with coding genes and the
GO functional enrichment analysis. An IncRNA—mRNAs co-
expression network that reflected the relationship between the
two is displayed in Figure 2E. The name of top three mRNAs
co-expressed with each GInlncRNA according to the Pearson
correlation coefficient was marked. GO functional enrichment
analysis of GInlncRNA-related genes indicated that they were
mainly enriched in chromosomes and nucleoplasm in the cellular
component (CC), DNA binding in the molecular function
(MF), and the transcription and compound synthesis and
metabolism in the biological process (BP, P < 0.05, Figure 2F
and Supplementary Table 3). To prevent DNA damage and
to maintain genome stability, exogenous compound synthesis
is required to scavenge the excess free radicals or enhance the
structural integrity of DNA through binding (Sharma et al,
2020). These results suggested that changes in GInlncRNAs
expression may affect genome stability.

Establishment of a Prognostic Signature
Based on Seven Genome
Instability-Related IncRNAs and

Predictability Evaluation

To explore the clinical significance of GInIncRNAs, we randomly
separate the 457 patients into two sets: the training set (N = 229)
and testing set (N = 228), respectively. We then screened
11 IncRNAs significantly associated with the overall survival
of patients from the 161 GInlncRNAs in the training set
using univariate Cox proportional hazard regression analysis
(P < 0.05, Figure 3A and Supplementary Table 4). LASSO
regression and stepwise multivariate Cox proportional hazard
regression analyses were performed to construct a risk model
for survival prediction. Consequently, seven of 11 GInlncRNAs

that retained prognostic significance (P < 0.05) were included
in the risk model (Figures 3B-D and Supplementary Table 5).
A prognostic signature was then constructed based on the
expression levels of seven GInlncRNAs and their coefficients
in the multivariate Cox proportional hazard model with
the following computational formula: genome instability-
related signature (GInLncSig) score = (0.0307 x Expression
LINCO01133) + (0.0806 x Expression LINC01116) + (0.0409
x Expression LINC01671)+ (0.0408 x Expression FAMS83A-
AS1) + (0.02998 x Expression PLAC4) + (—0.3974 x
Expression MIR223HG) + (—0.7572 x Expression AL590226.1).
In the equation of GInLncSig, five IncRNAs (LINCO01133,
LINCO01116, LINCO01671, FAMS83A-AS1, and PLAC4) have
positive coefficient suggesting that they are risk factors and
their upregulated expression is associated with poor prognosis,
while two IncRNAs (MIR223HG, AL590226.1) with a negative
coefficient in the equation worked as protective factors indicating
a better survival relevance of their upregulated expression.
According to the median GInLncSig score of 1.025, patients with
scores higher than the median in the training set were classified
as the high-risk group, and those with scores equal to or below
the median were classified as the low-risk group (Supplementary
Table 6). We found that patients with LUAD in the low-risk
group had better survival outcomes than patients in the high-
risk group (P < 0.001, log-rank test; Figure 4A). The AUC of the
ROC curves in the training set was 0.772 for the 1-year survival
prediction of GInLncSig (Figure 4B).

To verify the performance of the GInLncSig for survival
prediction, we calculated the GInLncSig scores of the testing
set and the entire TCGA set and drew their ROC curve. The
median GInLncSig score in the testing set was 1.021. Patients
in the low-risk group showed a more prolonged survival than
patients in the high-risk group with an AUC value of 0.73 in
the testing set (P = 0.027, log-rank test; Figures 4C,D and
Supplementary Table 7). Similar results were also observed in
the entire TCGA set, where the AUC of the ROC curves for
GInLncSig was 0.739 (P < 0.001, log-rank test; Figures 4E,F and
Supplementary Table 8). These results indicate that GInLncSig
has a good survival prediction efficacy.

The GInLncSig Was Associated With the

Somatic Mutation Pattern

To test whether GInLncSig is associated with somatic mutation
pattern such as the count of somatic mutations and the expression
levels of UBQLN4, and the mutation status of the titin gene
(TTN). We first performed a group of risk plots for three
datasets, including the heat map of IncRNA expression, the
distribution of patients’ mutations, and the expression patterns
of UBQLN4. As is shown in Figure 5A, the expression levels of
LINCO01133,LINC01671, LINC01116, FAM83A-AS1, and PLAC4
in the training set increased with the increase in GInLncSig
score, whereas the expression of MIR223HG and AL590226.1
decreased with increasing GInLncSig score. Notably, the count
of somatic mutations and the expression levels of UBQLN4 also
exhibited a growth pattern with the increasing GInLncSig score.
As is shown in Figure 5B, the count of somatic mutations in
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FIGURE 2 | Screening of genomic instability-related INcRNAs and their functional annotation in patients with LUAD. (A) Volcano plot of 161 differential expressed
IncRNAs between GUL group and GSL group designated as genome instability-related INcRNAs (GInLncRNAs). (B) Heatmap of unsupervised hierarchical clustering
analyses of 457 patients with LUAD according to the expression levels of 161 GInLncRNAs. The resulting two clusters were determined based on comparing their
mean of mutations, with the higher one designated as genome unstable-like (GU-like) cluster (red) and low one termed as genome stable-like (GS-like) cluster (blue).
(C) Boxplot of comparison of cumulative somatic mutation counts between GU-like cluster and GS-like cluster. The mutation counts of GU-like group were
significantly higher than that of the GS-like group (P < 0.001, Mann-Whitney U test). (D) Boxplot of comparison of the expression levels of UBQLN4 between
GU-like cluster and GS-like cluster. UBQLN4 expression levels of the GU-like group were significantly higher than that of the GS-like group (P < 0.001,
Mann-Whitney U test). (E) Network presentation of the relationship between genome instability-related INncRNAs (GInLncRNAs) and their top 10 co-expressed
protein-coding genes according to the Pearson correlation coefficient. The orange and blue circles represented the GInLncRNAs and protein-coding mRNAs,
respectively. The name of GInIncRNAs and their top three co-expressed mRNAs ranked using Pearson correlation coefficient were plotted in the network. (F) Barplot
of Go enrichment analyses of the co-expressed protein genes with INcRNAs (P < 0.05).

patients in the high-risk group was significantly higher than that
of patients in the low-risk group (median + standard deviation
of somatic mutation counts 279.5 £ 373.95 vs. 174 £ 306.58,
P < 0.01, Mann-Whitney U test; Figure 5B). The expression
level of UBQLN4 was significantly higher in the high-risk group
than that in the low-risk group (median =+ standard deviation of
the expression levels of UBQLN4 18.41 £ 7.19 vs. 15.80 + 6.87,
P < 0.01, Mann-Whitney U test; Figure 5B). These results
were further verified in the testing and the entire TCGA dataset

(Figures 5C-F). Similarly, we observed an increasing distribution
of somatic mutation counts and the expression of UBQLN4 with
increasing GInLncSig scores in both the testing (Figure 5C)
and entire TCGA cohort (Figure 5E). Comparison analysis
showed that there were significant differences in the number of
somatic mutations between the high-risk and low-risk groups
in both the testing (median + standard deviation of somatic
mutation counts 304.5 £ 302.86 vs. 143 £ 220.20, P < 0.001,
Mann-Whitney U test; Figure 5D) and the entire TCGA set
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FIGURE 3 | Construction of prognostic risk signature of patients with LUAD using genome instability-related IncRNAs (GInLncRNAs) in the training set. (A) Forest
plot of eleven GInLncRNAs associated with patients’ overall survival based on univariate Cox regression analyses. Four GInLncRNAs were protecting factors for
patients’ survival (MIR223HG, AL590226.1, LINC0O1936, and FENDRR), while the other seven GInLncRNAs were the risk factors for patients’ survival (LINCO1116,
LINC01133, FAM83A-AST1, PLAC4, LINC0O1671, AC003092.1, and AL139023.1). (B) The distribution plot of the partial likelihood deviation of the LASSO coefficient.
Nine variables were retained when the partial likelihood deviation reached the minimum (Log Lambda = -4.1). (C) The distribution plot of the LASSO coefficient. Nine
variables were retained when Log Lambda was equal to -4.1. (D) The risk signature’s forest plot used seven GInLncRNAs associated with patients’ overall survival
(GInLncSig) based on stepwise multivariate Cox proportional hazard regression. Two GInLncRNAs were protecting factors for patients’ survival (MIR223HG and
AL590226.1), while the other five GInLncRNAs were the risk factors for patients’ survival (LINCO1116, LINCO1133, FAM83A-AS1, PLAC4, and LINCO1671).

(median =+ standard deviation of somatic mutation counts
295 4 347.88 vs. 154.5 + 314.69, P < 0.001, Mann-Whitney
U test; Figure 5F). Moreover, we observed a slightly higher
expression level of UBQLN4 in the high-risk group than that
in the low-risk group in the testing set (median =+ standard
deviation of the expression levels of UBQLN4 17.71 + 6.88 vs.
16.23 £ 6.87, P = 0.25, Mann-Whitney U test; Figure 5D),
and a significantly higher expression level of UBQLN4 in

high-risk group than in the low-risk group in the entire TCGA
set (median + standard deviation of the expression levels of
UBQLN4 17.84 & 7.02 vs. 16.23 + 6.87, P < 0.01, Mann-Whitney
U test; Figure 5F).

In addition, we observed a high rate of mutation of TTN in
our LUAD cohort. Previous studies have reported that somatic
mutations in TTN were frequently occur in many cancer
types and reflect the status of the tumor mutation burden
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FIGURE 4 | Evaluation and validation of genome instability-related INcRNA signature (GInLncSig)’s predictive performance of overall survival in patients with LUAD in
three datasets. Kaplan-Meier survival curves of patients in the high- and low-risk groups separated by GInLncSig score in the training set (A), the testing set (C), and
the TCGA set (E). Patients in the low-risk group have prolonged survival than patients in the high-risk group (log-rank test, P < 0.05). ROC curves for 1-year survival
prediction of the GInLncSig in the training set (B), the testing set (D), and the TCGA set (F).

(Kim et al., 2013; Oh et al., 2020). Therefore, we further assessed
the association between the GInLncSig and TTN mutation status.
We compared the differences between the high-risk group and
low-risk group in three datasets using the chi-square test. The
results showed that patients in the high-risk group displayed a
significantly higher proportion of TTN mutations than those in
the low-risk group among the three datasets (P < 0.01, Chi-
squared test; Figure 5G). TTN was identified to be associated
with platinum resistance in non-small cell lung cancer and
prognosis in gastric cancer (Guo et al., 2020; Yang Y. et al., 2020).
We further conducted a survival analysis on the risk groups
determined using the GInLncSig and the mutation status of TTN,
which were TTN Mutaion/ High-risk, TTN Mutaion/ Low-risk,
TTN wild/ High-risk, TTN wild / Low-risk groups. As shown
in Figure 5H, there was a significant difference among the four
groups (P < 0.001, log-rank test). These results indicate that
the GInLncSig is correlated with TTN mutation status. Taken
together, the above results showed that the GInLncSig score was
associated with somatic mutation patterns.

External Validation and Predictability
Comparison of the GinLncSig With Other

Prognostic IncRNA Signatures

To further validate the prognostic significance of GInLncSig,
we investigated the value of GInLncSig in another independent
dataset, GSE31210 (N = 226), from the GPL570 microarray

platform. Although we re-annotated the probes of GPL570
platform, only six of seven IncRNAs in the GInLncSig were
covered by the GSE31210 dataset because of the different depths
of detection in GPL570 and IlluminaHiSeq platforms. Therefore,
we evaluated the significance of GInLncSig scores calculated only
based on the expression of six IncRNAs (LINC01133, LINC01116,
LINCO01671, PLAC4, PLAC4, AP001626.1) according to the
aforementioned formula. Survival analysis showed that patients
in the low-risk group had a better prognosis than those in the
high-risk group (P = 0.02, log-rank test; Figure 6A). We also
investigated the difference in the expression of UBQLN4 between
the two risk groups, and the results showed that the expression
level of UBQLN4 in the high-risk group was significantly
higher than that in the low-risk group which was consistent
with the results of TCGA dataset (P = 0.021, Mann-Whitney
U test; Figure 6B). Correlation analyses with clinical features
demonstrated that the GInLncSig score was associated with
gender and tumor stage in patients with LUAD (Figures 6C,D).
Male patients tended to have higher GInLncSig scores than
female patients (P = 0.03, Mann-Whitney U test, Figure 6C).
Patients in stage II had significantly higher GInLncSig scores than
patients in stage I (P = 0.0036, Mann-Whitney U test, Figure 6D).
Together, these results further validated the robustness of
GInLncSig in LUAD.

Moreover, we also carried out a predictability comparison
between GInLncSig and four recently reported IncRNA
signatures using the same patients cohort of TCGA for survival
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FIGURE 5 | Relationship between genome instability-related INcRNA signature (GInLncSig) and somatic mutation patterns of patients with LUAD in three datasets.
(A,C,E) A group of risk plots of the training set (A), the testing set (C), and the TCGA set (E), including the heat map of IncRNAs expression, the mutation
distribution pattern, and the expression pattern of UBQLN4. The somatic mutation distribution and the expression of INcRNAs and UBQLN4 were changed with the
GInLncSig score increasing. (B,D,F) Boxplots of comparison of somatic mutation counts and the UBQLN4 expression levels between high- and low-risk groups in
the training set [(B) P < 0.01, Mann-Whitney U test], the testing set [(D) P < 0.001, Mann-Whitney U test], and the TCGA set [(F) P < 0.01, Mann-Whitney U test].
(G) Boxplots of comparison of the proportion of TTN mutation between the high- and low-risk groups in the training set, the testing set, and the TCGA set
(Chi-squared test, P < 0.05). (H) Kaplan—Meier survival curves of patients in groups divided based on TTN mutation status and the GInLncSig score. The overall
survival of the four groups was significantly different (log-rank test, P < 0.001).
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(P = 0.0036, Mann-Whitney U test). (E) ROC curves for 1-year survival prediction of the GInLncSig and the other four existing signatures, respectively.

prediction of patients with LUAD: thirteen-IncRNA prognostic
signature reported by Zhou et al. (2020) (ZhoulncSig), five-
IncRNA prognostic signature reported by Zeng et al. (2019)
(ZenglncSig), five-IncRNA prognostic signature documented
by Liao et al. (2018) (LiaolncSig), and the seven-lncRNA
prognostic signature reported by Jin et al. (2020) (JinlncSig).
As is depicted in Figure 6E, our GInLncSig with an AUC
of ROC for the 1-year OS of 0.739 was more effective in
predicting patients’ survival than ZhoulncSig (AUC = 0.656),
ZenglncSig (AUC = 0.639), LiaolncSig (AUC = 0.649), and
JinlncSig (AUC = 0.655). Together, the above results indicate the
credibility and effectiveness of our GInLncSig in predicting the
prognosis of patients with LUAD.

Assessment of Independent Prognostic
Significance of GInLncSig and Clinical
Stratification Analysis

To explore whether GInLncSig is an independent prognostic
factor from the clinicopathological features, we implemented
univariate and multivariate Cox regression analyses on four
datasets (training, testing, TCGA and GSE31210 dataset) for
variables including age, gender, tumor stage, and GInLncSig. The

results of univariate Cox regression showed that GInLncSig and
tumor stage were significantly correlated with the patients’ overall
survival in four datasets (P < 0.001), and they retained prognostic
significance in multivariate Cox regression analyses across four
datasets (P < 0.01). Other variables, such as age and gender,
showed no significant correlation with the patients’ overall
survival. Table 2 presents these findings. Clinical stratification
analyses of the prognostic performance of GInLncSig in TCGA
dataset after adjusted by other clinical factors, including age,
gender and tumor stage showed that patients in the low-risk
group had better survival outcomes than those in the high-risk
group across all clinically stratified subgroups (P < 0.05, log-
rank test; Figure 7). Together, these results suggested that the
prognostic significance of GInLncSig in patients with LUAD is
independent of other clinicopathological variables.

Construction and Validation of a
Nomogram for Survival Prediction of
Patients With LUAD

To improve the model’s clinical practicability, we established a
statistical nomogram model in the training set by integrating
GInLncSig and tumor stage using “rms” and “survival” packages
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TABLE 2 | Univariate and Multivariate Cox regression analysis of the GInLncSig and clinical features for the independent prognostic significance in four datasets.

Variables Univariable model Multivariable model

HR 95% CI Lower 95% CI Higher P-value HR 95% CI Lower 95% CI Higher P-value

Training set (n = 229)

Age 1.013 0.989 1.038 0.291

Gender 1.291 0.822 2.027 0.267

Tumor Stage 1.689 1.364 2.092 <0.001 1.643 1.320 2.045 <0.001
GInLncSig 1.196 1.131 1.265 <0.001 1.184 1.118 1.254 <0.001
Testing set (n = 228)

Age 1.003 0.983 1.023 0.798

Gender 1.026 0.678 1.552 0.905

Tumor Stage 1.593 1.318 1.924 <0.001 1.540 1.270 1.867 <0.001
GInLncSig 1.206 1.131 1.287 <0.001 1.180 1.105 1.261 <0.001
TCGA set (n = 457)

Age 1.008 0.992 1.024 0.337

Gender 1.132 0.836 1.534 0.423

Tumor Stage 1.634 1.418 1.883 <0.001 1.588 1.374 1.834 <0.001
GInLncSig 1.188 1.142 1.237 <0.001 1.173 1.126 1.222 <0.001
GSE31210 set (n = 226)

Age 1.025 0.977 1.075 0.306

Gender 1.519 0.780 2.955 0.219

Tumor Stage 4.232 2175 8.236 <0.001 3.351 1.686 6.660 <0.001
GInLncSig 1.020 1.009 1.031 <0.001 1.016 1.006 1.026 0.002

HR, hazard ratio; Cl, confidence interval.
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FIGURE 7 | Clinical stratification analysis of the survival difference between patients with LUAD in the high- and low-risk groups by the age, gender, and tumor stage.
Kaplan—-Meier survival curves of patients in the high- and low-risk groups within six clinically stratified subgroups, including patients with age under 65 years (A), age
over 65 (B), the gender of female (C), the gender of male (D), the tumor stage of I-Il (E), and the tumor stage of lll-IV (F), respectively. Patients in the low-risk group
had better survival outcomes than in the high-risk group across all clinically stratified subgroups (log-rank test, P < 0.05).
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FIGURE 8 | Construction and evaluation of a nomogram for survival prediction of patients with LUAD based on GInLncSig and clinicopathological variables. (A) The
nomogram developed in training set for predicting 1-, 2-, and 3-year survival of patients. (B-D) ROC curves for 1-, 2-, and 3-year survival prediction of the
nomogram in the training set (B), testing set (C), and TCGA set (D), respectively.

in R (Figure 8A). The nomogram’s C-index was 0.757, and AUCs
of ROC for 1-, 2-, and 3-year survival predictions were 0.823,
0.786, and 0.780, respectively (Figure 8B). Similarly, the C-index
was 0.693 in the testing set and the 1-, 2-, and 3-year AUCs were
0.776, 0.719, and 0.702, respectively (Figure 8C). The C-index
was 0.720 in the whole TCGA set and the 1-, 2-, and 3-year
AUCs were 0.788, 0.744, and 0.737, respectively (Figure 8D). The
calibration plot for survival prediction showed good agreement
between the actual survival rate and predictions in the three
datasets (Supplementary Figure 1). Therefore, these findings
indicate improved prediction performance of the nomogram.

DISCUSSION

Genome instability is a substantial factor that facilitates the
acquisition of multiple cancer-related hallmarks (Hanahan and
Weinberg, 2011). Constant mutations drive carcinogenesis,
tumor progression, and resistance to treatment, endowing the
diagnostic and prognostic significance of genomic instability in
cancer (Kronenwett et al., 2006; Mettu et al., 2010; Andor et al.,
2017). Previous studies have shown that aberrant transcriptional

and epigenetic regulation affects genome instability (Ferguson
et al, 2015). mRNA and miRNA signatures have been
investigated to assess the degree of genome instability in cancer
(Habermann et al., 2009; Wang et al.,, 2017; Chen et al., 2018a).
In recent years, IncRNAs, as a promising cancer biomarkers, have
also been shown to be involved in genome stability (Qin et al.,
2017; Munschauer et al., 2018; Hu W. L. et al., 2018). As a highly
heterogeneous disease, lung cancer exhibits a unique genomic
profile, with a scattered mutation pattern and widespread somatic
mutations (Kandoth et al., 2013). LUAD is the most common
carcinoma of the lungs, and no relevant studies have investigated
the IncRNA signatures of genome instability in LUAD. Here, we
identified a group of GInLncRNAs in LUAD and revealed their
significance in predicting patients survival.

In our study, by comparing the expression levels of IncRNAs
between patients with differential mutation counts, we first found
161 GInLncRNAs. These IncRNAs were further verified to be
associated with genomic instability by hierarchical clustering
analyses and following differential analysis of mutation counts
and the driver gene of genome instability. We then evaluated the
prognostic significance of the 161 GInLncRNAs in patients with
LUAD and constructed a GInLncSig consisting of seven IncRNAs
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(LINC01133, LINCO01671, LINC01116, FAM83A-AS1, PLAC4,
MIR223HG, and AL590226.1) in the training set. GInLncSig
was further proven to be a prognostic factor independent of
other clinicopathological characteristics. Patients with a high
GInLncSig score tended to have a dismal outcome, which
was validated in the testing cohort and GSE31210 dataset.
In addition, we observed a significant association between
GInLncSig and tumor mutation patterns in LUAD, with a
high-risk score being related to high mutations and genome
instability. Notably, GInLncSig displayed a robust relationship
with prognosis in different clinical subpopulations. Although
some effective IncRNA signatures have been developed from
GEO microarray datasets for prognosis prediction of lung
cancer in recent years, such as the relapse-related IncRNA
signature of LUAD (Zhou et al, 2016), tumor immune
infiltration-associated IncRNA signature of non-small cell lung
cancer (Sun et al, 2020), and the eight prognostic IncRNA
signature of non-small cell lung cancer (Zhou et al, 2015).
However, we could not conduct a model comparison because
the expression profiles from the IlluminaHiSeq platform only
covered some of the IncRNAs from the above prognostic
signatures. Here, GInLncSig showed an improved prediction
performance compared to several existing IncRNA signatures
discovered based on the same TCGA cohort. These findings
suggest that our GInLncSig is a useful biomarker for predicting
patient outcomes and an indicator of genome instability. Given
that the tumor stage was also an independent prognostic factor
for patients with LUAD in our multivariate cox regression
analysis, we finally constructed a nomogram in the training set
combining GInLncSig with tumor stage, which further enhanced
the prediction model’s comprehension and accuracy. Good
performance was further validated in the testing set and the
whole TCGA dataset.

Among the seven GInlncRNAs, LINC01133, LINCO01671,
LINCO01116, FAM83A-AS1, and PLAC4 were risk factors for
survival, whereas MIR223HG and AL590226.1 were protective
factors for patient prognosis. Of note, LINC01133 (Zhang et al.,
2015; Zhai et al., 2020; Li et al.,, 2020; Liu and Xi, 2020; Yang
W. et al, 2020), LINC01116 (Cui et al., 2020; Meng et al.,
2020), and FAM83A-AS1 (He and Yu, 2019; Shi et al., 2019;
Huang et al.,, 2020) have already been identified to be involved
in tumorigenesis and malignant progression in lung cancer or
other tumors. For example, Zang et al. (2016) reported that the
upregulated expression of LINC01133 in NSCLC was associated
with poor patient survival. It can repress KLF2, P21, and
E-cadherin transcription through binding to EZH2 and LSDI,
thus possessing an oncogenic function in NSCLC (Zang et al.,
2016). Zeng et al. (2020) found that LINC01116, overexpressed in
LUAD, promoted tumor proliferation and metastasis. Xiao et al.
(2019) revealed that FAM83A-AS1 accelerated tumor migration
and invasion by targeting miR-150-5p and modifying MMP14
in LUAD. PLAC4, located in 21q22.2, is documented highly
expressed in the placenta, and SNPs in the transcriptional regions
are associated with fetal trisomy 21 (Lo et al., 2007). The other
three IncRNAs, LINC01671, MIR223HG, and AL590226.1, were
first reported in our study. The mechanisms of their function in
LUAD require further investigation.

This study has several limitations. First, although
we investigated the potential value of GInLncSig using
bioinformatics analysis and conducted external validation
using another independent GEO dataset, experimental validation
of our IncRNA signature it still lacking. Therefore, further studies
are warranted. Second, the four genomic instability-related
IncRNAs (LINC01671, MIR223HG, AL590226.1, and PLAC4)
were first reported to be associated with LUAD prognosis, and
further investigation is required to clarify their mechanism in
carcinogensis and progression of LUAD.

CONCLUSION

In summary, our study identified a risk prognostic signature
comprising seven genomic instability-related IncRNAs. The
GInLncSig could predict the overall survival of patients with
LUAD and indicate genomic instability. Moreover, we achieved
an improved predictive performance by combining GInLncSig
with the tumor stage to construct a nomogram. This is the first
study to investigate IncRNA signatures as genomic instability-
related biomarkers for predicting the survival of patients with
LUAD. Our study may provide a useful indicator for clinical
stratification management and treatment decisions for patients
with LUAD and a cornerstone for future mechanistic studies of
their relationship.
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