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Abstract Tumorigenesis is a multistep process that attributes
to the sequential accumulation of abnormal expression in key
oncogenes or tumor suppressors. We aimed to identify stage-
specific biomarkers to distinguish lung adenocarcinoma
(LAC) stages in cancer progression. RNA-sequencing data
of LAC and matched adjacent non-cancer tissues were
downloaded from the Cancer Genome Atlas, including 29
pairs of samples from LAC at stage I, 14 from LAC at stage
I, 13 from LAC at stage III, and 1 from LAC at stage IV.
Differentially expressed genes (DEGs) were analyzed for each
case at different stages of LAC. DEGs were further annotated
based on transcription factor data information, tumor-
associated gene database, and protein—protein interaction da-
tabase. Functional annotation was performed for genes in PPI
network by DAVID online tool. Our analysis identified 11
high-frequency DEGs in the stage I, 29 in the stage II, and
90 in the stage III of LAC. Among them, eight genes were
significantly correlated with LAC stages and identified as bio-
markers in LAC progression. ANGPTLS, C7orfl6, EDN3,
LOCI150622, HOXA11AS, ILIF5, and USHIG significantly
distinguished stage III from stages I and II. GJB6 was signif-
icantly enriched in the gap junction trafficking pathway, while
C7o0rf16 and EDN3 were enriched in Wnt signaling pathway,
cell cycle, and G protein-coupled receptor (GPCR) signaling.
Up-regulated GJB6 especially in LAC stage II and down-
regulated C7orfl6 and EDN3 specifically in stage III were
identified as biomarkers for distinguishing cancer stage in

>4 Jun Liang
junliang20131211@hotmail.com

Department of Oncology, The Affilicated Hospital of Qingdao
University, No.16 Jiangsu Road, Shinan District,
Qingdao 266000, Shandong Province, China

tumor progression through dysregulating gap junction, Wnt
signaling, and GPCR signaling pathways.
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Introduction

Lung adenocarcinoma (LAC) is the most common histologi-
cal form of lung cancer [1, 2], accounting for nearly 40 % of
lung cancers. The incidence of LAC continues to rise [3],
especially in China, where the number of smokers is continu-
ing to increase every year [4]. The clinical staging reflects that
LAC usually progresses through several pathologic stages in
its progression. Pathologic stages of LAC are critical factors
for cancer treatment and outcome prediction. A better under-
standing of LAC staging will pave the way for novel therapies
for LAC [5].

Over the past decades, numerous analyses revealed the
heterogeneity of LAC [6]. It is well known that tumorigenesis
is a multistep process that associated with sequential accumu-
lation of abnormal expression, mutation, or epigenetic silenc-
ing by methylation of promoter regions in key oncogenes,
tumor suppressor genes, or microRNAs (miRNAs). Previous
report has shown that restoration of p53 in lung cancer models
results in significant tumor cell loss specifically in LAC but
not in adenomas [7]. It indicates that p53 is important in LAC
progression, and restoration of it may lead to incomplete tu-
mor regression. Moreover, over-expression of angiogenic
growth factor vascular endothelial growth factor (VEGF)-A
has been shown in early-stage of prostate cancer, while
VEGF-D is associated with advanced stage of metastatic pros-
tate cancer [8]. Notably, primary LACs can be discriminated
from metastasis of extra-pulmonary origin by expression
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profiling [9]. With the development of clinical treatment, per-
sonalized cancer therapy is widely put forward in modern
society. The strategy is based on targeting the underlying ge-
netic disorders resulting from inactivation of tumor suppres-
sors and activation of oncogenes in cancer progression. How-
ever, there are still no molecular biomarkers available for
distinguishing patients subjected to LAC at various stages.

In this study, we characterized global expression changes
by analyzing gene expression data of tumor specimens and
matched normal control from patients with stages I, II, III, or
IV LAC. After identifying differentially expressed genes
(DEGs) in different stages of LAC, potential stage-specific
biomarkers were screened out based on gene annotation and
correlation analysis, followed by protein—protein interaction
(PPI) network construction and pathway enrichment analysis
of biomarkers. Our purpose was to identify molecular bio-
markers that can distinguish stages of LAC and be potential
targets in personalized treatment.

Materials and methods
Data source

Annotated RNA-sequencing (RNA-seq) data were
downloaded from the Cancer Genome Atlas (TCGA; https://
tcga-data.nci.nih.gov/tcga/) for our computational analysis. A
total of 57 pairs of lung cancer and matched adjacent non-
cancer tissues were obtained and eligible for gene expression
analysis. Of the 57 pairs, 29 pairs of samples came from LAC
at stage [ (13 from stage IA and 16 from stage IB), 14 from
LAC at stage II (5 from stage IIA and 9 from stage 1IB), 13
from LAC at stage III (12 from stage IIIA and 1 from stage
IIB), and 1 from LAC at stage I'V.

Analysis of gene expression levels

Following alignment of RNA-seq reads to the reference hu-
man genome, the digital expression levels of each annotated
genes from pairs of LAC and matched adjacent non-cancer
tissues were calculated using reads per base per kilo million
(RPKM) method by RNA-Seq by Expectation Maximization
(RSEM) package [10]. First, a set of reference transcript se-
quences were generated and preprocessed later by RSEM
steps. Then, a set of RNA-seq reads were aligned to the refer-
ence transcripts, and the resulting alignments were used to
estimate abundances and their credibility intervals.

Analysis of abnormally expressed genes
The gene expression levels may be different between cancer

and adjacent non-cancer tissue. DEGs between cancer and
adjacent non-cancer tissue of each case were identified using
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the NOISeq program [11] which is a novel nonparametric
approach for identification of abnormally expressed genes.
The NOISeq ¢ value of more than 0.8 was demanded in each
DEG between cancer sample and control. If the gene expres-
sion value in LAC is higher than in the control sample, it was
defined as up-regulation. On the contrary, the gene was down-
regulated in cancer tissues. To search for heterogeneity of
identified DEGs from samples of different cancer stages, prin-
ciple component analysis (PCA) was performed on all 57
cancer tissues samples using log, fold change (FC) between
case and matched control. For DEGs in different stages of
LAC, Spearman’s rank correlation coefficients were calculat-
ed to determine the correlation between the number of DEGs
and cancer stage.

High-frequency DEGs in LAC

To screen out commonly expressed genes in cancer tissues of
LAC, high frequent up- and down-regulated proteins were
summarized. A gene was defined as high-frequency DEG if
its frequency in cancer cases at a given stage was not less than
50 %.

Gene annotation

To search for high-frequency DEGs involved in transcription
regulation, we checked the genes encoding transcription fac-
tors in cancer samples and matched controls. Furthermore, we
also searched the tumor-associated gene (TAG; http://www.
binfo.ncku.edu.tw/TAG/) database [12] using abnormally
expressed genes at high frequency to retrieve oncogenes and
tumor suppressor genes.

Identification of high-frequency stage-specific DEGs
contributing to cancer development

Frequency of DEGs was calculated in the LAC cases at stages
I, 11, and 111, respectively. Fisher’s exact test was used to test
whether the difference of each high-frequency DEG between
either two cancer stages (stage [ vs stage II, stage I vs stage I,
stage II vs stage I1I) was significant according to the threshold
of P value <0.05. Genes were nominated to be stage-specific
genes associated with LAC progression using the following
conditions: (i) the gene was abnormally expressed at frequen-
cy just at one stage; and (ii) the gene with P value calculated
by Fisher’s exact test of less than 0.05. Meanwhile, gene bio-
markers of LAC stage also screened from stage-specific genes
using correlation analysis of Fisher’s exact test.

Construction of PPI network

To get insight into the role that stage-specific genes play in
different stages of LAC, we scanned the STRING database
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[13] (http://string-db.org/) to retrieve the protein interaction
information. The network was visualized by Cytoscape
software [14] (http://cytoscapeweb.cytoscape.org/).

Functional annotation of genes in network

Pathway enrichment analysis was performed to derive all the
related functions using DAVID (the Database for Annotation,
Visualization, and Integrated Discovery) online tool [15]
(http://david.abcc.nciferf.gov/) based on REACTOME
database (http://www.reactome.org/) [16]. P value was
calculated by hypergeometric test, and only results with a P
value of less than 0.05 were considered to be significant.

Results
DEGs analysis

Based on LAC RNA-seq data, we first analyzed DEGs be-
tween cancer and matched adjacent non-cancer tissues in in-
dividual case. The analysis showed that the counts of DEGs in
individual case were highly variable, ranging from 206 to
1244 with the difference of gene counts between the maximal
and minimal counts as large as six times (Table 1). Similar
results were also observed with regard to abnormally up- and
down-regulated proteins (Table 1). To detect and distinguish
LAC samples at different stages, we performed a conventional
PCA analysis based on log,FC expression data (Fig. 1). The
result showed less clear segregation of LAC samples indicat-
ing that they were heterogeneous at different stages and not
suitable as biological replicates.

To investigate whether the LAC transcriptome is associated
with disease stage, we compared counts of DEGs from differ-
ent stages of cancer and checked out the Spearman correction
between counts of DEGs and cancer progression. The result
showed there was no correction between counts of DEGs and
cancer progression (Spearman correlation coefficient=0.12, P
value=0.3827) (Fig. 2).

Analysis of high-frequency DEGs in LAC

To search for abnormally and frequently expressed genes in
LAC progression, we analyzed the distributions of DEGs
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Fig. 1 Principle component analysis (PCA) of each tissue pair based on
the log, fold change (FC)

among the three-stage LAC (since only one sample at stage
IV, it was not involved in next analysis). The gene was defined
as a high-frequency DEG if it was observed at minimal 50 %
LAC cases at a given stage. The analysis identified 69 (23 up-
regulated and 46 down-regulated), 100 (58 up-regulated and
42 down-regulated), and 173 (75 up-regulated and 98 down-
regulated) high-frequency DEGs in LAC at stages I, II, and
I, respectively. Annotation results found that the products of
genes functional as transcription factors paired-like
homeodomain 2 (PITX2), diencephalon/mesencephalon ho-
meobox 1 (DMBX1), and BARX homeobox 1 (BARX1)
were simultaneously up-regulated in majority of cancer tissue
cases at stage I, II, or III (Table 2). Similar result was not
observed in the high-frequency down-regulated genes
(Table 2).

We also analyzed the expression of TAG by querying TAG
database for high-frequency DEGs in LAC [12] and found two
TAGs, villin 1 (VILI) and progestagen-associated endometrial
protein (P4EP), which were commonly up-regulated in LAC at
stages II and III (Table 2). VILI was up-regulated in 57 %
(8/14) of cancer tissue cases at stage Il and 54 % (7/13) at stage
I, while PAEP was up-regulated in 50 % (7/14) of cancer

Table 1 Statistic of differentially
expressed genes (DEGs) in

individual cases of lung
adenocarcinoma (LAC)

Min counts Max counts Ratio (max counts/min counts)
DEGs in LAC 206 1244 6.04
Up-regulated protein in LAC 85 826 9.72
Down-regulated protein in LAC 93 971 10.51

Note: Min minimal; max maximum
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tissue cases at stage Il and 54 % (7/13) at stage III. There was
no TAG observed in stage Il of LAC (Table 2). Since the two
proteins are frequently overexpressed at stages Il and III of
LAC, it suggested that V7L and PAEP might be involved in
regulation of tumor cells at the late stage of LAC progression.
To identify stage-specific genes in LAC progression, Fish-
er’s exact test was applied to examine significance of high-
frequency DEGs between either two stages. From all high-
frequency genes, we screened out the stage-specific genes that
were abnormally regulated in cancer tissues at each stage. In
total, we found 11 (4 up-regulated and 7 down-regulated)
specific genes in stage I, 29 specific genes in stage 11 (22 up-
regulated and 7 down-regulated), and 90 specific genes in
stage 111 (40 up-regulated and 50 down-regulated) (Fig. 3).

Screening of biomarkers for diagnosis of LAC stages

To explore genetic biomarkers for diagnosis of LAC stages
from stage-specific genes, correlation analysis between ex-
pression levels of stage-specific genes and LAC stages were
performed. The analysis showed that 8 out of 130 stage-
specific genes were significantly correlated with LAC stages
I and III. Specifically, gap junction protein, beta 6 (GJBG;
30 kDa) was highly correlated with the stage II of LAC

(Table 3). Its protein was up-regulated in 78 % cases of the
stage Il LAC, whereas there were only 28 % cases of the stage
I and 31 % cases of the stage III where GJB6 was
overexpressed, respectively (Fig. 4).

In addition, seven genes that frequently occurred abnormal
expression in the stage Il of LAC significantly distinguished
the stage Il of LAC from the stages I and Il of LAC, including
angiopoietin-like 5 (ANGPTLS5), C70rf16, endothelin 3
(EDN3), long intergenic non-protein coding RNA 1105
(LOC150622), HOXA11 antisense RNA (HOXA11A4S), inter-
leukin 1 family, member 5 (IL1F5), and Usher syndrome 1G
(USHIG). Among them, protein expression of ANGPTLS,
C70rfl16, EDN3, and LOC150622 appeared to be significantly
down-regulated in majority of the stage III of LAC, while
HOXA11AS, ILIFS5, and USHIG showed to be up-regulated
in majority of the stage IIl of LAC. Notably, EDN3 was down-
regulated in all the cases at stage 111, but there were only 48 %
cases at stage I and 43 % cases at stage [I. HOXA11AS was
up-regulated in 54 % of LAC at stage III, but up-regulated
only in 14 % of LAC at stage I and in 7 % of LAC at stage IL.
However, there was no one gene found to be correlated with
the stage I of LAC. Briefly, one stage II-specific gene of LAC
and seven stage Ill-specific genes were identified as bio-
markers for diagnosis of LAC progression.

Table 2 High-frequency proteins

Transcription factor gene

Tumor-associated gene

abnormally up- and down- Stage Counts

regulated in lung adenocarcinoma

at various stages Up-regulated
Stage 1 23
Stage 11 58
Stage 11 75
Down-regulated
Stage [ 46
Stage 11 42
Stage 111 98

PITX2, DMBX1, BARX1, ONECUT1
NKX3-2, BARX1, PITX2, HOXB9,

PITX2, ONECUTI, DMBXI, LHX2,

ONECUT1

VILI, PAEP, PDX1
PDX1, DMBXI
ONECUTI, KLK6, PAEP,

BARX1, HOXC13 VIL1, ADAMTSI18

PF4

CMTM5
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Fig. 3 Venn diagram of high- A
frequency genes abnormally

expressed at various stages of

lung adenocarcinoma. a High-

frequency down-regulated

proteins. b High-frequency up-

regulated proteins. Circles with

different colors represent different

stages of cancer

Down-regulated genes

Analysis of PPI network and functional annotation
of genetic biomarkers for LAC stages

We queried STRING database of eight potential gene bio-
markers for LAC stages. As a result, functional modules of
GJB6, C7orfl6, EDN3, IL1F5, and USH1G were shown in
Fig. 5. But no interaction of ANGPTLS5, LOC150622, and
HOXAI11AS was observed in database. In C7orf16 module,
protein kinase, cAMP-dependent, catalytic, alpha
(PRKACA), protein kinase, cGMP-dependent, type I
(PRKG1), and protein kinase, cGMP-dependent, type 11
(PRKG2) were interacted with the core protein C7orf16.

To explore the molecular functions of five genetic bio-
markers, we carried out pathway enrichment analysis for
terms in REACTOME (Table 4). Functional annotation
showed that GJB6 module was significantly enriched in
the pathway of gap junction trafficking and regulation,
which interacted proteins gap junction protein, beta 2
(GJB2; 26 kDa) and tight junction protein 1 (TJP1) are
also involved in. This result suggests that the pathway of
gap junction trafficking and regulation may have relevance
to the stage II LAC progression. The module of C70rf16
was mainly enriched in Wnt signaling and cell cycle, and
EDN3 was in G protein-coupled receptor (GPCR)

o

Stage Il

Stage Il Stage Il

4%

Stage Il

Up-regulated genes

signaling pathways. Additionally, PRKACA was also in-
volved in Wnt signaling pathway.

Discussion

In this study, we first analyzed DEGs between LAC and
matched adjacent normal tissues based on RNA-seq data ob-
tained from TCGA database. Our results showed that over-
expressed GJB6 was significantly correlated to stage II LAC,
while seven genes (ANGPTLS, C7orfl16, EDN3, LOC150622,
HOXA11AS, ILIF5, and USHIG) were specifically correlated
to stage III LAC progression. Functional annotation indicated
that GJB2 was mainly involved in Gap junction trafficking
and regulation pathway. Meanwhile, C7orf16 and EDN3 were
significantly enriched in Wnt signaling and cell cycle and
GPCR signaling pathways, respectively.

The study showed that different stages of LAC were highly
heterogeneous in molecular levels, with great individual dif-
ferences in proteins abnormally expressed in LAC tissue
which was in line with its histological heterogeneity [17].
Up-regulation of PITX2, DMBXI, and BARXI were observed
in majority of LAC at stage I, II, or III. PITX2 is a downstream
effector of Wnt/3-catenin signaling. Deregulation of Wnt

Table 3 Correlation between

stage-specific genes and stages of ~ Stage Gene Regulation P value P value P value
lung adenocarcinoma (stage I vs stage IT)  (stage I vs stage III)  (stage II vs stage III)
Stage Il  GIB6 Up 0.0028 1.0000 0.0213
Stage Il ANGPTLS Down 1 0.0176 0.0213
Stage Il C7orfl6 Down 1 0.0094 0.0183
Stage Il EDN3 Down 1 0.0011 0.0019
Stage Il LOC150622  Down 0.4910 0.0494 0.0213
Stage Il HOXAI11AS  Up 1 0.0188 0.0128
Stage Il ILIFS Up 0.5120 0.0474 0.0213
Stage I~ USHIG Up 1 0.0030 0.0183
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Fig. 4 Frequency of abnormally expressed genes in the lung adenocarcinoma at stages I, 11, and III. Red histogram indicates frequency of up-regulated
proteins. Green histogram indicates frequency of down-regulated proteins

signaling is strongly associated with LAC progression [18,  Therefore, it is possible that PITX2 plays a role in the patho-
19]. More recently, PITX2 can activate the proliferation of  genesis of LAC by activating Wnt signaling. In contrast,
cancer cells by inducing the expression of canonical Wnt 1i-  PITX2, DMBXI, and BARXI were first discovered in tumori-
gand genes, and in turn activates the signaling pathway [20].  genesis of LAC in this study.

Fig. 5 Analysis of protein—protein interaction of eight potential genetic protein; and purple circle indicates gene that interacted with the
biomarkers for stages of lung adenocarcinoma (LAC). Red circle potential biomarkers for stages LAC
indicates up-regulated protein; green circle indicates down-regulated
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Table 4 Pathway enrichment
analysis of potential gene Gene Related PPI genes REACTOME pathway P value FDR
biomarkers in protein—protein
interaction (PPD network GJIB6 TJP1, GIB62 Gap junction trafﬁcking 2.25E-4 0.08
and regulation
CT7orfl16 PPP2R1B, PPP2R1A, PPP2CA, PPP2CB Signaling by Wnt 2.18E-5 0.01
C7orf16 PPP2R1B, PPP2R1A, PPP2CA, PPP2CB, Cell cycle, mitotic 6.29E-5 0.01
PRKACA
EDN3 GRP, EDNRA, KNGI1, EDNRB, EDNI1, Signaling by GPCR 2.37E-4 0.03

TAC1

FDR false discovery rate

VIL1 and PAEP were commonly found to be highly
expressed in the late stage of LAC. VILI is involved in
positive regulation of cell migration [21]. Over-expression
of VIL1 in the late stage of LAC suggests it may contribute
to LAC metastasis. PAEP is a cell surface glycoprotein. It
plays key roles in modulating B cell responses [22], regu-
lating cytokine production in natural killer cells [23], in-
ducing tolerance of dendritic cells [24], T cells apoptosis
[25], and Th-2 shift in cytokines [26, 27]. PAEP is
expressed in type Il pneumocytes, bronchial epithelium
cells, and alveolar macrophages which are involved in the
pulmonary immune response in the process of asthmatic
inflammation [28, 29]. Since over-expression of PAEP in
the late stage of LAC, it may accelerate LAC progression
through immunosuppression.

Pathway-based enrichment analysis of genetic biomarkers
in the PPI network showed that GJIB6 module was significant-
ly enriched in the pathway of gap junction trafficking and
regulation. Gap junction is a protein channel responsible for
intercellular communication which plays important roles in
tissue homeostasis, proliferation, differentiation, and death
[30]. These channels are formed directly upon the docking
of the connexin protein family that contains 21 members in
humans [31]. GJB6 has been reported to encode one of
connexin proteins, connexin 30 (Cx30). Disruption of gap
junction or connexin dysfunction has been indicated to be
involved in carcinogenic processes in multiple cancers, in-
cluding lung carcinogenesis [32—34]. Intriguingly, the expres-
sion of GJB6 was increased in the stage I of LAC, suggesting
that GJBG serves as an enhancer in the proliferation of tumor
cells [35], which may be involved in the LAC pathogenesis by
disrupting intercellular communication. However, inconsis-
tent results are reported in previous studies indicating that its
role in tumorigenesis remains to be defined [36, 37].

The C7orfl6 module was significantly enriched in Wnt
signaling pathway and cell cycle. The Wnt signaling pathway
plays a major role in cancer development and progression
[38]. Activation of the canonical Wnt/tcf pathway may lead
to metastasis to the brain and bone in the progression of LAC
[19]. Inhibition of the Wnt/beta-catenin signal transduction
pathway in LAC A549 cells has been reported to decrease cell

proliferation, clone formation, and migration capacity [39].
Furthermore, C70rf16 is a member of oncology open reading
frames that has been found to be associated with multiple solid
tumors, including non-small cell lung cancer [40]. Important-
ly, interacted protein with C701f16 in the module, PRKACA
has been found to be involved in Wnt signaling pathway and
mutate in cortisol-producing adrenal tumors [41, 42]. There-
fore, we suppose that down-regulation of C70rfl6 activates
Wnt signaling pathway or disrupts cell cycle, and thus con-
tributes to LAC pathogenesis. In addition, the EDN3 module
was significantly enriched in GPCR signaling. Reduced ex-
pression of EDN3 has been shown in many solid tumors in
arising studies, including but not limited to, colon tumor, lung
cancer, and breast cancer [43]. Moreover, GPCRs play impor-
tant roles in cancer progression from transformation, growth,
and survival to metastasis [44]. It is possible that down-
regulation of EDN3 in the stage III LAC may disrupt GPCR
signaling and lead to poor outcome. PPI network analysis
revealed IL1F5 interacted with SMAD family member 3
(SMAD?3). It is known that down-regulation of SMAD3
caused by long-term smoking induces resistance to
carboplatin in non-small cell lung cancer [45]. Therefore,
up-regulation of IL1F5 in the stage III LAC is likely to be
implicated in drug resistance in LAC.

In conclusion, GJB6 may contribute to LAC cells pro-
liferation through disrupting intercellular communication
via pathway of gap junction trafficking and regulation;
down-regulated C7orfl6 could activate Wnt signaling
pathway or disrupt cell cycle to contribute to LAC patho-
genesis, while EDN3 in stage III LAC may disrupt GPCR
signaling and lead to poor outcome. Therefore, up-
regulated GJB6 especially in stage I LAC and down-
regulated C7orfl16 and EDN3 specifically in stage III were
identified as biomarkers for distinguishing cancer stage in
tumor progression through dysregulating biological path-
ways. These genes may serve as potential biomarkers in
personalized treatment of LAC. The study will provide
insight into the LAC pathogenesis and directions for future
researches. However, more RNA-seq data for stage IV
LAC was needed, and experimental validation will be ur-
gent in further studies.
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