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Abstract
Background: To identify mutant genes with high-frequency-risk-expression
between lung adenocarcinoma and normal samples.
Methods: The ribonucleic acid RNA-Seq data GSE34914 and GSE37765 were down-
loaded from the Gene Expression Omnibus database, including 12 lung adenocarci-
noma samples and six controls. All RNA-Seq reads were processed and the gene-
expression level was calculated. Single nucleotide variation (SNV) was analyzed and
the locations of mutant sites were recorded. In addition, the frequency and risk-level
of mutant genes were calculated. Gene Ontology (GO) functional analysis was per-
formed. The reported cancer genes were searched in tumor suppressor genes, Cancer
Genes, and the Catalogue of Somatic Mutations in Cancer (COSMIC) database.
Results: The SNV annotations of somatic mutation sites showed that 70% of muta-
tion sites in the exon region occurred in the coding sequence (CDS). Thyroid
hormone receptor interactor (TRIP)12 was identified with the highest frequency. A
total of 118 mutant genes with high frequency and high-risk were selected and sig-
nificantly enriched into several GO terms. No base mutation of cyclin C (CCNC) or
RAB11A was recorded. At fragments per kilobase per million reads (FPKM) ≥ 56.5,
reported tumor suppressor genes catenin (cadherin-associated protein), delta
(CTNND)1, dual specificity phosphatase (DUSP)6, malate dehydrogenase (MDH)1
and RNA binding motif protein (RBM)5, were identified. Notably, signal transducer
and activator of transcription 2 (STAT2) was the only transcription factor (TF) with
high-risk mutation and its expression was detected.
Conclusion: For the mutant genes with high-frequency-risk-expression,
CTNND1, DUSP6, MDH1 and RBM5 were identified. TRIP12 might be a potential
cancer-related gene, and expression of TF STAT2 with high-risk was detected. These
mutant gene candidates might promote the development of lung adenocarcinoma
and provide new diagnostic potential targets for treatment.

Introduction

Lung cancer is the most common cancer with high-incidence
and high-mortality worldwide and is classified into two
groups based on histological type: small-cell lung cancer
(SCLC) and non-small-cell lung cancer (NSCLC).1 Adeno-
carcinoma, a subtype of NSCLC, originates in peripheral
lung tissue, accounting for nearly 40% of lung cancers.2

Although recent examinations are advanced, early detection
of lung cancer is still a challenge for clinicians, because the
biomarkers for early diagnosis are still lacking and there are

multiple molecular pathways that mediate lung carcinogen-
esis.3,4 A deep understanding of the molecular mechanism
is necessary for lung adenocarcinoma prevention and
treatment.

Similar to other cancers, lung adenocarcinoma can be acti-
vated by oncogenes and inactivated by tumor suppressor
genes. To date, two major pathways of mediated lung adeno-
carcinoma have been verified: an epidermal growth factor
receptor (EGFR)-dependent pathway in never-smokers and a
Kirsten rat sarcoma oncogene (KRAS)-dependent signaling
module in smokers.5,6 EGFR mutations distribute through-
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out the four kinase domain (exons 18–21) and comprise of
in-frame deletions, in-frame insertions/duplications and
point mutations.7 Most KRAS mutations involve replacement
of glycine 12 and glycine 13, and activate mitogenic and pro-
liferative signaling through the RAF-MEK- extracellular-
signal-regulated-kinase (ERK) cascade.8 Human epidermal
growth factor receptor (HER)2/NEU9 oncogenes exclusively
occur in lung adenocarcinoma. Other oncogenes include
anaplastic lymphoma kinase (ALK) (fusion),10 MET,11 kinase
insert domain receptor (KDR),12 EPHA, and MAP2K1.13

Meanwhile, methylation, focal DNA deletion, and muta-
tion of tumor suppressor genes have been described in lung
adenocarcinoma.4 Tumor protein (TP)53 is the most fre-
quently mutated tumor suppressor gene in lung adenocarci-
noma.14 Others include CDKN2A,15 STK116 and LRP1B.17 In
addition, increased gene dosage of thyroid transcriptional
factor−1/NK2 homeobox 1 (TITF-1/NKX2-1) is prevalent in
lung adenocarcinoma, which may act as a lineage-specific
gene in lung cancer.18 However, most of the mutations that
occur in lung adenocarcinoma are still unknown. Few studies
have verified successful target-specific treatment strategies
for lung adenocarcinoma with mutations.

With the advent of various technologies, such as single
nucleotide polymorphism (SNP) arrays, and the second-
generation sequencing and tumor-sequencing project, the
mutational spectrum of lung adenocarcinoma has substan-
tially increased.4 Ribonucleic acid (RNA)-Seq is a powerful
new technology for transcriptome analysis, which provides
both gene expression and single nucleotide variation (SNV)
information.19,20 Currently, point mutations in expressed
exons of the human genome can be identified by using
RNA-seq data.

In the present study, somatic mutations of transcriptional
genes in 12 lung adenocarcinoma samples were analyzed
based on RNA-seq data. Mutations were screened according
to the frequency, risk-level and expression level. Thus, mutant
genes with high frequency, high risk-level, and high expres-
sion level were identified. The discovery of new oncogenes
and tumor suppressor mutations in lung adenocarcinoma
may provide potential targets for personalized therapeutic
strategies.

Materials and methods

Data acquisition

The two expression profiling data by high throughput
sequencing were downloaded from the GEO database
(http://www.ncbi.nlm.nih.gov/geo/ ID: GSE3491421 and
GSE3776522), including 12 lung adenocarcinoma and six
normal samples. A total of 18 samples included six lung
adenocarcinoma tumors with wild-type KRAS (GSE34914),
primary lung adenocarcinoma tumors, and adjacent normal

tissues of six Korean female never-smoker patients
(GSE37765). All of the six lung adenocarcinoma tumors with
wild-type KRAS were grade I or II and were obtained by sur-
gical resection. The primary lung adenocarcinoma tumors
and adjacent normal tissues of the six Korean female never-
smoker patients, with an average age of 55.5 years, were grade
T1N0M0 or T2N0M0. All patients had first-time (i.e. non-
recurrent) lung cancers. None of the patients had distant
metastasis or a family history of lung cancer. No preoperative
chemotherapy/radiotherapy was performed.

Total RNA was isolated using miRNeasy Mini Kit columns
according to the manufacturer’s protocol (Qiagen, Hilden,
Germany). All samples showed RNA Integrity Numbers
(RIN) > 7.0, as determined using the Agilent Bioanalyzer
(Agilent Technologies, Palo Alto, CA, USA). Sequencing
was conducted on the Illumina Genome Analyzer (Illumina
Inc., San Diego, CA, USA) following the manufacturer
standard protocol. Reads were generated in a paired-end
orientation.

Read alignment, transcript assembly, and
differential expression

All RNA-Seq reads were mapped to the reference human
genome (hg19) of UCSC (University of California Santa
Cruz) by using TopHat23 software. For read alignment, mis-
matches (two bases by default) were permitted in one read.
Other parameters were set up according to the default settings
of TopHat. Transcripts were then assembled using Cufflinks24

(http://cufflinks.cbcb.umd.edu/) based on Refseq gene anno-
tation, as well as the alignment results of TopHat. Cuffdiff, a
part of the Cufflinks package, calculated gene expression
levels of transcripts by using the FPKM (fragments per
kilobase per million reads) method.25 Mutant genes with
FPKM value ≥1 were selected.

Identification of single nucleotide
variation (SNV)

After remove of polymerase chain reaction (PCR) duplicates,
the SNVs of the aligned reads were called using the Sequence
Alignment/Map (SAM) tool.26 In order to minimize the risk
of false-positive SNV callings, the Phred score of each base
must be more than 28. Meanwhile, coverage of each credible
SNV was > 50 x and the minimum quality score of high reli-
ability SNV was 50. In addition, all variants were analyzed
based on the reported SNP of 1000 Genome databases and
dbSNP137. To effectively excise the interference of RNA
editing in transcriptome, SNV callings were optimized by
combining the RNA-Seq data of six normal controls.

Somatic mutations and high-risk assessment

VarioWatch27 software was used to annotate the SNVs in
coding sequence and then analyze the functional impact of
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gene products based on risk assessment software. For
mutation sites in coding sequence (CDS) resulting in
transition, transversion, and indel, these mutant genes were
defined as high-risk genes. SNVs with high functional
risk levels were selected and their loci functions were further
analyzed.

Gene functional enrichment analysis

For functional analysis of the obtained genes, DAVID (Data-
base for Annotation, Visualization and Integrated Dis-
covery)28 was performed for GO (Gene Ontology)29 enrich-
ment analysis. GO categories were classified into Biological
Process (BP), Molecular Function (MF) and Cellular Com-
ponent (CC) GO-terms. We used the DAVID to identify over-
represented GO categories based on hypergeometric
distribution with a P-value less than 0.05.

The mutant genes with transcriptional regulation were
selected, labeled, and input into the TS genes30 database and

the Cancer Genes31 database to screen the cancer-related
genes for further analysis based on the Catalogue of Somatic
Mutations in Cancer (COSMIC)32 database.

Results

Somatic mutations and SNV in lung
adenocarcinoma

According to the data processing and sub-filtering of RNA-
seq in 12 lung adenocarcinoma samples, potential somatic
mutations of each sample were obtained (Fig. 1). In different
lung adenocarcinoma samples, the number of somatic base
mutations in transcriptional genes was significantly different.
The highest quantity variance of mutation site among cancer
samples was up to approximately six times. In each cancer
sample, transition was the main mutation type (more than
70%), transversion was nearly 30%, and the frequency of
indel was only 0.4 % (Fig. 1b).

Figure 1 Statistics of different somatic mutations in 12 lung adenocarcinoma samples. (a and b) The number and percentage of different types of
somatic mutations in 12 lung adenocarcinoma samples. (c and d) The number and percentage of different locations of mutationd in exon region. (a) ( )
all_transversion, ( ) all_transition, ( ) all_indel. (b) ( ) all_transversion, ( ) all_transition, ( ) all_indel. (c) ( ) GT-AG, ( ) 5′ untranslated region (UTR),
( ) 3′UTR, ( ) CDS. (d) ( ) GT-AG, ( ) 5′UTR, ( ) 3′UTR, ( ) coding sequence (CDS).
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The SNV annotations of somatic mutation sites showed
that about 70% of mutation sites located in the exon region
occurred in CDS, while 3′ untranslated region (UTR) and 5′
UTR each contributed about 10% (Fig. 1c,d). There was little
difference among the samples and there were very few muta-
tions located in GT-AG splicing sites.

High-frequency mutation sites

The frequency of each mutation site in cancer samples was
calculated (Table 1). A total of 19278 mutation sites were
founded. The mutation sites in different cancer samples were
highly diverse and 96.97% of them were only detected in
single samples.At the frequency ≥ 5 and mutation rate > 42%,
14 mutation sites were selected. The remaining mutation sites
displayed individual differences among different cancer
samples.

Based on the annotation of 14 high-frequency mutation
sites (Table 2), 12 mutations occurred in CDS and two muta-
tions in 5′ UTR. In addition, the base mutations in CDS
included 11 missense mutations, which could cause changes
in protein amino acid sequence and result in abnormal
protein function.

Two mutations with the highest frequency were located in
the CDS of stathmin gene (STMN)1 and thyroid hormone
receptor interactor (TRIP)12, respectively. According to the
Cancer Genes database, STMN1 was a reported oncogene and
TRIP12 was involved in protein ubiquitination. For the other
10 mutations located in CDS, dual specificity phosphatase
(DUSP)6, a tumor suppression gene, was involved in the
phosphorus metabolic process based on GO analysis, which
was functionally similar to three other genes (ATP5H,
ATP6V1E1 and PPA2).

Gene mutation with high-frequency and
high-risk

The frequency of mutant genes was calculated (Table 1). At
the frequency ≥ 5, 535 mutant genes were identified, account-
ing for six percent of all mutant genes, the proportion of
which were higher than mutant sites. The base mutations of
TRIP12 and STMN were detected in 11 and nine cancer
samples, respectively.

The frequency of high-risk mutant genes was calculated
(Table 1). A total of 4917 mutant genes with high-risk were
identified; 118 of these were detected in more than five

Table 1 Frequency of mutation sites, mutant genes and high-risk mutant genes in 12 lung adenocarcinoma samples

Mutation Frequency

Mutation sites Mutant genes High-risk mutant genes

Counts (%) Counts (%) Counts (%)

1 18693 96.97 3872 43.34 2681 54.56
2 429 2.23 2526 28.27 1409 28.66
3 111 0.57 1372 15.36 522 10.62
4 31 0.16 629 7.04 187 3.80
≥ 5 14 0.07 535 5.99 118 2.40
Total 19278 100 8934 100 4917 100

Table 2 High-frequency mutation sites in 12 lung adenocarcinoma samples

Chromosome Position Reference Mutation Gene Symbol Located Region Mutation Type Mutation Frequency

chr2 230670518 G C TRIP12 CDS Missense 9
chr1 26212360 T C STMN1 CDS Missense 9
chr22 18111371 G T ATP6V1E1 CDS Missense 6
chr20 44536542 T C PLTP CDS Missense 6
chr17 73038276 C A ATP5H CDS Missense 6
chr17 73750053 G C ITGB4 CDS Missense 5
chr12 95645847 A G VEZT CDS Splicing regulation 5
chr12 89743338 T C DUSP6 CDS Missense 5
chr12 51636114 C G DAZAP2 CDS Missense 5
chr5 177576837 G A NHP2 CDS Missense 5
chr4 106367542 G T PPA2 CDS Missense 5
chr2 54040210 G A ERLEC1 CDS Missense 5
chr1 109968926 G T PSMA5 5′ UTR Unkown 5
chr19 39616558 C A PAK4 5′ UTR Unkown 5

CDS, coding sequence; Chr: chromosome; DUSP, dual specificity phosphatase; ITGB, integrin beta; PLTP, phospholipid transfer protein; PSMA,
proteasome prosome, macropain subunit, alpha type; STMN, stathmin gene; TRIP, thyroid hormone receptor interactor.
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cancer samples and belonged to high-risk-frequency mutant
genes.

The 118 mutant genes obtained were significantly enriched
into several GO terms, including purine nucleotide metabolic
process, proteasomal ubiquitin-dependent-protein catabolic
process and RNA processing, and were mainly functioned as
ATPase, cytoskeleton protein, and RNA binding (Table 3).
Although 10 high-risk-frequency mutant genes were
enriched into cell death, the enrichments were not significant.
The cellular localizations of protein products were not
regular and were focused on vesicle, cytoskeleton, and ribo-
nucleoprotein complex.

For the 118 high-risk-frequency mutant genes, six reported
tumor suppressor genes and two oncogenes were identified
(Table 4). According to the COSMIC database, base
mutations of beclin (BECN)1, catenin (cadherin-associated
protein), delta (CTNND)1, DUSP6, malate dehydrogenase
(MDH)1, RNA binding motif protein (RBM)5 and RAP1B
had been reported. However, there was no record referring to
the base mutation of cyclin C (CCNC) or RAB11A.

Expression level of mutant genes with
high-risk and high-frequency

Mutant genes with high-risk and high frequency were classi-
fied into three groups based on their expression level
(Table 5). At a FPKM ≥ 56.5, 46 genes were selected and

defined as high-expressed genes, including four reported
tumor suppressor genes recorded in the Cancer Genes data-
base, such as CTNND1, DUSP6, MDH1 and RBM5.

At the FPKM > 11.6 and < 56.5, 110 genes were identified
and defined as medium-expressed genes, including two
reported tumor suppressor genes (BECN1 and CCNC) and
one reported oncogene (RAB11A). Notably, expression of
transcription factor (TF) STAT2 was detected and it was the
only TF with high-risk mutation. A total of 14 low-expressed
genes were not associated with cancer.

Discussion

Compared with gene expression microarray, which relies on
the design of prior probes and annotation of known tran-
scripts, RNA-Seq is a revolutionary technology and can be
used to analyze any transcriptome.20 RNA-Seq analysis can
detect new transcripts, expand the depth of gene expression
changes at a dynamic range, provide deep-insight into path-
ways and molecular events and, therefore, increase the
annotation of the transcriptome.33 It has been reported that
RNA-Seq can capture 81% of the exonic variants from

Table 4 Gene annotation of cancer related genes in high-risk-frequency
mutant genes

Gene Description
Tumor Suppressor
or Oncogene

BECN1 beclin 1 (coiled-coil, myosin-like BCL2
interacting protein)

Tumor Suppressor

CCNC cyclin C Tumor Suppressor
CTNND1 catenin (cadherin-associated protein),

delta 1
Tumor Suppressor

DUSP6 dual specificity phosphatase 6 Tumor Suppressor
MDH1 malate dehydrogenase 1, NAD

(soluble)
Tumor Suppressor

RBM5 RNA binding motif protein 5 Tumor Suppressor
RAB11A member RAS oncogene family Oncogene
RAP1B member RAS oncogene family Oncogene

Table 5 Expression level of mutant genes with high-risk and high frequency in lung adenocarcinoma samples

Expression Level Gene Counts Tumor Suppressor Oncogene TF

High 46 CTNND1, DUSP6, MDH1, RBM5 RAP1B
Medium 110 BECN1, CCNC RAB11A STAT2
Low 14

BECN, beclin; CCNC, cyclin C; CTNND, catenin (cadherin-associated protein), delta 1; DUSP, dual specificity phosphatase; MDH, malate dehydrogenase;
RBM, RNA binding motif protein; RNA, ribonucleic acid; STAT, signal transducer and activator of transcription; TF, transcription factor.

Table 3 Gene Ontology function enrichment analysis of mutation genes
with high frequency and high-risk

GO Term Counts P-value

BP GO:0006163∼purine nucleotide metabolic
process

7 2.68E-03

BP GO:0043161∼proteasomal ubiquitin-
dependent protein catabolic process

4 0.04

BP GO:0006396∼RNA processing 9 0.05
BP GO:0008219∼cell death 10 0.09

MF GO:0008092∼cytoskeletal protein binding 9 0.03
MF GO:0003723∼RNA binding 11 0.04
MF GO:0042626∼ATPase activity, coupled to

transmembrane movement of substances
4 0.05

CC GO:0042470∼melanosome 6 4.46E-04
CC GO:0031982∼vesicle 14 9.77E-04
CC GO:0030529∼ribonucleoprotein complex 12 1.15 E-03
CC GO:0005856∼cytoskeleton 19 8.87 E-03
CC GO:0045177∼apical part of cell 6 9.40 E-03
CC GO:0000502∼proteasome complex 4 9.61 E-03

BP, biological process; CC, cellular component; GO, Gene Ontology; MF,
molecular function.
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well-expressed genes in the source sample.34 In this study,
RNA-Seq data were used to analyse somatic mutations of
transcriptional genes in lung adenocarcinoma samples com-
pared with healthy controls.

STMN1 and TRIP12 were the selected mutations located
in the CDS with the highest frequency. Based on the Cancer
Genes database, STMN1 is a reported oncogene in NSCLC
tissues and its mutation in lung adenocarcinoma may result
in the disability of oncogenes. The far upstream sequence
element-binding protein-1 (FBP-1) is a critical inducer of
several stathmin family members.35 TRIP12 is involved in
protein ubiquitination and may increase cancer risk by
causing ubiquitin-mediated degradation of ARF (alternate
reading frame of the INK4a/CDKN2A locus), the key activa-
tor of the tumor suppressor p53.36 TRIP12/ULF (a ubiquitin
ligase) may be a novel sensor of oncogenic stress upstream of
ARF and have pro-oncogenic activity if deregulated.37

Four reported tumor suppressor genes, CTNND1, DUSP6,
MDH1, and RBM5, were identified as high-expressed mutant
genes with high frequency and high-risk in lung adenocarci-
noma. DUSP6, a cytoplasmic DUSP with high specificity for
ERK, exerts antitumor effects via negative feedback regula-
tion in NSCLC.38 RBM5, also called H37 gene or Luca15, is
located in the 3p21.3 tumor suppressor region and its expres-
sion is decreased in 82% of primary NSCLCs.39 The tumor
suppression model of H37 may be a post-transcriptional
regulator for cell cycle/apoptotic–related proteins.40 MDH1 is
overexpressed in muscle metastatic lesions of pancreatic
adenocarcinoma41 and has redox activity in lung epithelial
cells.42 The regulation of MDH1 in lung adenocarcinoma still
needs to be confirmed in further studies. In NSCLC,
CTNND1 can encode p120-catenin (p120ctn) and has been
defined as a good candidate oncogene in a previous study.43

These differences may be related to the differences of samples,
bioinformatic techniques, and cut-off criterion.

Meanwhile, mutant STAT2 was the only detected TF muta-
tion with high frequency and high risk in lung adenocarci-
noma. STAT2, a family of TF STATs, can mediate interferon
(IFN)-effects and is phosphorylated on tyrosine 690.44

Current studies show that STAT3 plays a leading role of STATs
in tumor inflammation and immunity by promoting pro-
oncogenic inflammatory pathways. STAT2 as an important
molecular target has been verified in skin squamous cell car-
cinoma cells. The potential function of STAT2 in lung adeno-
carcinoma should be verified with more evidence.

It should be highlighted that our study contains several
limitations. In order to confirm our hypothesis, a larger
number of samples are required for further investigation.
Our study is a bioinformatics analysis and the potential func-
tions of these mutant genes should be verified via experimen-
tal studies in future. Finally, no computational procedure is
perfect and a specific computational method can identify
specific DEGs that might be different from other methods.

Conclusion

In conclusion, based on high-throughput second-generation
sequencing data, a dynamic gene expression profile com-
bined with different biological information was used to
analyze the potential factors that contribute to lung adeno-
carcinoma.According to the frequency, risk-level, and expres-
sion level, TRIP12, CTNND1, DUSP6, MDH1, RBM5, and
STAT2 were separately identified, as their function in lung
adenocarcinoma development had not been clearly eluci-
dated. These candidate mutant genes may provide potential
targets for the diagnosis and treatment of lung adenocarci-
noma in future.
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