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Objectives: Cigarette smoking is the most demonstrated risk factor for the development of lung cancer,
while the related genetic mechanisms are still unclear.
Methods: The preprocessed microarray expression dataset was downloaded from Gene Expression Omni-
bus database. Samples were classified according to the disease state, stage and smoking state. A new
computational strategy was applied for the identification and biological interpretation of new candidate
genes in lung cancer and smoking by coupling a network-based approach with gene set enrichment anal-
ysis.
Measurements: Network analysis was performed by pair-wise comparison according to the disease states
(tumor or normal), smoking states (current smokers or nonsmokers or former smokers), or the disease
stage (stages I–IV). The most activated metabolic pathways were identified by gene set enrichment anal-
ysis.
Results: Panels of top ranked gene candidates in smoking or cancer development were identified, includ-
ing genes involved in cell proliferation and drug metabolism like cytochrome P450 and WW domain con-
taining transcription regulator 1. Semaphorin 5A and protein phosphatase 1F are the common genes
represented as major hubs in both the smoking and cancer related network. Six pathways, e.g. cell cycle,
DNA replication, RNA transport, protein processing in endoplasmic reticulum, vascular smooth muscle
contraction and endocytosis were commonly involved in smoking and lung cancer when comparing
the top ten selected pathways.
Conclusion: New approach of bioinformatics for biomarker identification and validation can probe into
deep genetic relationships between cigarette smoking and lung cancer. Our studies indicate that
disease-specific network biomarkers, interaction between genes/proteins, or cross-talking of pathways
provide more specific values for the development of precision therapies for lung.
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It has become a major public health problem as a leading course
of cancer death in men and increasingly in women, for which over
1 million people died every year in the world.1 Cigarette smoking
has been considered as one of the most demonstrated risk factors
for the development of lung cancer where genetic variants are also
considered to play an essential role. Cigarette smoking could
induce dysregulation of genes or mRNAs, associated with lung
cancer, carcinogenesis, and a great number of genes or pathways
as potential candidates of targeted therapies for lung cancer.2,3

However, the major challenge is the great variation between
studies and the inconsistency of selected candidates which need
further validation.

Bioinformatics is the application of omics science, information
technology, mathematics and statistics in the field of biomarker
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discovery. There has been a great increase in genomics and other
molecular research to produce a tremendous amount of informa-
tion related to molecular biology.4 Various powerful data mining
and statistics methods have been propagated to handle the huge
amount of data. Biomarker networks or dynamic biomarker net-
works were proposed as new way of biomarker identification and
validation to emphasize the relationship between genes, proteins
or metabolites, taking into account the kinetic characteristics.5,6

Numerous candidate biomarkers were reported to be associated
with the development or prognosis of lung cancer using bioinfor-
matics approaches.7–9 Targeted therapy for lung cancer patients
with epidermal growth factor receptor (EGFR) mutations was
considered as an example of the promising development toward
personalized therapy for lung cancer patients.10 Public expression
data with bioinformatics approaches was applied to identify useful
biomarkers for lung cancer, which could be further validated in
clinical trials.11 Genetic relationships between cigarette smoking
and lung cancer, e.g. the significance of differentially expressed
genes resulted from cigarette smoking and roles in the develop-
ment of lung cancer, should be further clarified. Cigarette smoking
and lung cancer may share the same pathophysiological pathways,
where the expression profile of genes may change along with the
disease progress. The present studies propose a network-based
approach to identify genes related to lung cancer and cigarette
smoking, including the differentially expressed genes in patients
with different smoking histories at different disease stages. The
approach with gene set enrichment analysis (GSEA) was coupled
to search for the activated pathways, which are involved in the
pathophysiological processes between cigarette smoking and lung
cancer, to identify a panel of expected and unexpected genes and
associated pathways in lung cancer.

Data selection and recruitment

The preprocessed microarray expression dataset from the study
conducted by Landi et al.12 available at Gene Expression Omnibus
online database (GDS3257) was used. The platform ID is GPL96.
The data set comprises 107 samples, including 58 tumor tissues
and 49 normal tissues from never smokers, non-smokers and for-
mer smokers. These samples were also classified according to the
disease stages and gender (Table 1). There are 22,283 genes with
defined Affymetrix_3PRIME_IVT_ID for each sample.

Coupled computational approach

Genetic network analysis

A new network-based biomarker discovery approach, as de-
scribed previously,6,13 was applied for the search for highly dis-
criminatory genes according to their connectivity strength within
the network. Inferring of the network for n features results in
n�ðn�1Þ

2 comparisons. The network for n = 22,283 genes in reasonable
time was calculated as a filtering step (Step 1).

Overall, the modality includes two steps:
Step 1: Feature selection: In order to reduce the number of fea-

tures (genes) by excluding the genes that show no or minimal dis-
criminatory ability, the information gain (IG),14 an entropy-based
method, was applied for feature extraction. Reasons for choosing
IG included (i) the ability to easily identify features (genes) with
no discriminatory ability (i.e., IG = 0), (ii) the applicability to multi-
ple class problems, and (iii) a low calculation time. The IG score for
each gene in the dataset was calculated with respect to the classes
(i.e., disease state, disease stage and smoking state). The IG score
for a feature f is defined as follows15:

IG ¼ HðYÞ �HðYjXÞ;where
HðYÞ ¼ �
X
y2Y

pðyÞ log2ðpðyÞÞ; and

HðYjXÞ ¼ �
X
x2X

pðxÞ
X
y2Y

pðyjxÞ log2ðpðyjxÞÞ;

where H(Y) denotes the entropy for Y (class variable) and H(Y|X) is
the entropy of Y after observing X. A threshold of IG = 0 was set to
remove all features (genes) with no discriminatory ability.

In the present study the network analysis was performed by
pair-wise comparison according to the disease states (tumor or
normal), smoking states (current smokers or nonsmokers or former
smokers), or the disease stages (stages I–IV).

Step 2: Inferring the network: On the reduced gene sets the net-
works were inferred including three steps:

(i) calculating all ratios R between genes G which represent

gene g interactions, where rij ¼ log2
gi
gj

� ����
��� with i > j, r 2 R,

(ii) computing IG scores sij; s 2 S on the logarithmic ratios R, and

(iii) constructing a graph G with: Gij ¼
1 ifjsij j>s

0 else

n
for i, j 2 g1, g2, . . .,

gn.

After constructing the network, the genes are ranked according
to their degrees (i.e., number of edges of each gene) in the network.

GSEA

Briefly, GSEA searched for groups of genes that shared common
biological function, chromosomal location, or regulation.16 This
analysis contained two steps:

Step 1: Feature selection by a non-specific filtering to remove
those genes with high variants according to the disease state or
the smoking history, respectively.

Step 2: (i) Selection of the activated metabolic pathways with
more than 10 genes involved in the pathophysiological processes
of cigarette smoking or lung cancer, respectively, according to Kyo-
to Encyclopedia of Genes and Genomes (KEGG) database; (ii) calcu-
lation of the T value for every gene and the mean T value for all
genes involved in every specific pathway; (iii) ranking the path-
ways according to the mean value of T. Top ranked metabolic path-
ways were compared with regard to pathophysiological processes
of cigarette smoking and lung cancer. Overlaid pathways were
indicated.

Network analysis

Networks of different groups, i.e., disease state (tumor/normal),
smoking history (current smoker/former smoker/nonsmoker), and
disease stage (I/II/III/IV), respectively, were compared for lung can-
cer and cigarette smoking to identify and validate common genes
by reviewing the online databases, including PubMed, Database
for Annotation, Visualization and Integrated Discovery, and Kyoto
Encyclopedia of Genes and Genomes database. R17 was used to per-
form network analysis and GSEA. The overall work flow for the
present study was described in Fig. 1.

Genetic network

For the identification of relevant gene markers, the IG score for
each gene between the tumor tissues and normal tissues (T/NT), as
well as in the current smokers, former smokers and never smokers
(C/F/N) or current smokers and never smokers (C/N) was calcu-
lated. Out of 22,283 genes in the dataset, over 9365 genes were dif-
ferent between tumor and normal patient having a IG score >0,
NEOGENOMICS EX.1065.002



Table 1
The composition of the dataset (GDS3257).

Tissue Gender Individual Disease state

Tumor (n = 58) Male (n = 35)
Female
(n = 23)

Never smoker (n = 16) Stage I (n = 6)
Stage II (n = 4)
Stage III (n = 5)
Stage IV (n = 1)

Former smoker (n = 18) Stage I (n = 6)
Stage II (n = 7)
Stage III (n = 5)

Current smoker
(n = 24)

Stage I (n = 10)
Stage II (n = 10)
Stage III (n = 2)
Stage IV (n = 2)

Normal
(n = 49)

Male (n = 34)
Female
(n = 15)

Never smoker (n = 15) Stage I (n = 7)
Stage II (n = 2)
Stage III (n = 5)
Stage IV (n = 1)

Former smoker (n = 18) Stage I (n = 6)
Stage II (n = 9)
Stage III (n = 3)

Current smoker (n = 16) Stage I (n = 9)
Stage II (n = 3)
Stage III (n = 1)
Stage IV (n = 2)
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while only 548 and 20 differentially expressed genes were de-
tected for smoking history and disease stages, which suggested
that most of genes be influenced by the tumor.

The consistency rate between top 100 and 500 genes with high-
est information scores according to different classifications was
calculated. The consistency rate above top 500 genes was 6.8% be-
tween T/NT and C/F/N, 6.8% between T/NT and C/N and 59.8% be-
tween C/F/N and C/N. Consistency rates were 0%, 2% and 52%
among top 100 genes, respectively. The statistical significance of
each gene between the T/NT groups, C/F/N groups and C/N groups
and the accuracy of information gain scores were calculated using
ANOVA. The interdependence of the IG scores was 81.5%. Genes
with IG scores P0.75 for T/NT comparison were selected for fur-
ther analysis, and 156 genes were included for the tissue depen-
Fig. 1. The flowchart of the network-based biomarker disc
dent network analysis. 148 features were selected for the C/N
dependent network with r = 0.22. The former smokers group was
excluded to identify smoking related genes in current smokers
and never smokers. The thresholds for the IG scores were set be-
tween 0.8 and 0.32 in the further analysis to select only the impor-
tant couples of genes. The resulting networks were shown in
Figs. 2–4, as described previously.18 Detailed information for the
top 10 genes in patients with lung cancer or smokers were listed
in Tables 2 and 3, respectively. Common genes in both cancer
and smoking, inherent in top 500 genes according to the informa-
tion gain scores, were listed in Table 4, where two genes, semaph-
orin 5A (SEMA5A) and protein phosphatase 1F (Ppm1f), were
involved in the tissue or individual dependent genetic network.
GSEA

A total of 6365 genes were included in the analysis after feature
selection, of which 2474 genes and 183 pathways were finally in-
cluded in GSEA. Of those activated pathways about 10 genes were
identified to be involved in both the cigarette smoking and lung
cancer-related processes. The top 10 ranked pathways associated
with lung cancer and cigarette smoking were listed in Tables 5
and 6, respectively, where 6 pathways were common in both
groups, including cell cycle, DNA replication, RNA transport, pro-
tein processing in endoplasmic reticulum, or vascular smooth mus-
cle contraction and endocytosis (see also Table 7). The genetic
networks of those six pathways were depicted in the supplement
files (Fig. S1–S6).
Association between network and GSEA

Genes involved in both the genetic network and the ten top
ranked metabolic pathways in lung cancer and smoking were com-
pared, after the identification of gene markers separately by genet-
ic network study and GSEA (Table 8). There were six common
pathways, including 04110, 04270, 04144, 03030, 04141, and
03013. In lung cancer, three genes (angiotensin II receptor, type
1 (Agtr1), natriuretic peptide receptor A/guanylate cyclase A, and
overy strategy in lung cancer and cigarette smoking.

NEOGENOMICS EX.1065.003



receptor (G protein-coupled) activity modifying protein 2 (213675_at) in ‘‘focal adhesion’’ pathway was found to be involved

Fig. 2. Cancer related genetic network by comparing patients with cancer versus health people. The node size was proportional to the degree (i.e., number of edges) of specific
genes which represent the magnitude of the ability associated with other genes. This figure was created using Cytoscape.18
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(Ramp2)) were involved in the ‘‘vascular smooth muscle contrac-
tion’’ pathway of the genetic network, six genes (caveolin 1,
caveolin 2, fibroblast growth factor receptor 4 (Fgfr4), G protein-
coupled receptor kinase 5 (GRK5), transforming growth factor, beta
receptor II (Tgfbr2), ArfGAP with RhoGAP domain, ankyrin repeat
and PH domain 3 (arap3)) in ‘‘endocytosis’’ pathway, and two
genes (crystallin, alpha B (CRYAB), eukaryotic translation initiation
factor 2-alpha kinase 1 (Eif2ak1)) in the ‘‘protein processing in
endoplasmic reticulum’’ pathway. In cigarette smoking, only one
gene (Cyclin A2) was found to be involved in the ‘‘cell cycle’’ path-
way, and two genes (ubiquitin-conjugating enzyme E2I (UBE2I)
and eukaryotic translation initiation factor 1A, Y-linked (EIF1AY))
in the ‘‘RNA transport’’ pathway. None of those genes was found
to coexist in the pathways and the two genetic networks. In other
pathways listed in top ten activated pathways for lung cancer or
cigarette smoking, 4 genes (Agtr1, sphingosine-1-phosphate
receptor 1, endothelin receptor B (ednrb), leptin receptor (LEPR))
in the ‘‘neuroactive ligand-receptor interaction’’ pathway and three
genes (acetyl-Coenzyme A carboxylase beta (Acacb), CD36 and
LEPR) in ‘‘adipocytokine signaling’’ pathway were found to be
involved in the cancer related genetic network, while 1 gene
in cigarette smoking related genetic network. No further related
information was found about this particular gene.

Significance and importance of gene networks

Numerous genetic studies of human airway epithelial cells
demonstrated gene expression signatures related to smoking or
lung cancer.19,20 Differences in NRF2-mediated transcription pro-
files from bronchial airway epithelial cells were identified between
nonsmokers, cigarette smokers with suspicion of lung cancer, and
those with a subsequent diagnosis of lung cancer.19 In the present
study, a new computational strategy comprising of a network
based biomarker detection method combined with gene set
enrichment analysis was used to identify related pathways. Several
genes and pathways were identified to probably contribute to the
relationship of cigarette smoking and lung cancer.

A number of common genes in Table 4 were noticed to be in-
volved in top 500 genes with the highest IG scores on basis of
the calculation of either according T/NT or C/N. SEMA5A and Ppm1f
were involved in those two networks where SEMA5A may play a
role in the development of neurological dysfunction.21
NEOGENOMICS EX.1065.004



Down-regulation of transcriptional and translational genes in tu-

with non-small cell lung cancer (NSCLC)22 or with the aggressive-

Fig. 3. Smoking related genetic network by comparing differences and resemblances among different smoking status: current smoking, former smoking or non-smoking. The
node size was proportional to the degree of the specific genes which represent the magnitude of the ability associated with other genes. This figure was created using
Cytoscape.18

Fig. 4. Stage related genetic network by comparing differences and resemblances
among different disease stages: stages I–IV. This figure was created using
Cytoscape.18
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mor tissue were associated with poor survival in smoking women
ness of pancreatic and prostate cancer cells.23 The protein encoded
by Ppm1f is a member of the PP2C family of Ser/Thr protein phos-
phatases and may play a role in smoking cessation or cancer cell
motility and invasiveness.24,25

Lung cancer-specific networks

The top ten genes with highest scores were involved in the can-
cer-related genetic network and physiological functions, as shown
in Table 2. The phosphorylation of eukaryotic initiation factor 2, a
subunit (Eif2a) regulates protein synthesis in a variety of cells
especially under stress.26,27 Recent study reported that Eif2a phos-
phorylation might act as a ‘‘switch’’ in regulation of G1 arrest or
apoptosis of cancer cells28 and induce overexpression or activation
of RNA-dependent protein kinase which plays a role in lung can-
cer.29 The PERK–Eif2a pathway might be associated with cigarette
smoking.30,31 SFRS protein kinase 1 (srpk1) encodes a serine/argi-
nine protein kinase specific for the serine/arginine-rich domain
family of splicing factors. The over-expression of Srpk1 was found
in dysplastic and neoplastic pancreatic ductular cells32 or in breast
and colonic tumors,33 probably correlated with the increasing
grade of malignancy or apoptosis of tumor cells.33

Secreted phosphoprotein 1 was demonstrated as a cancer bio-
marker for the progression and prognosis in multiple types of tu-
mors34 through regulating EGFR/ERK signal pathway.35 The
expression of secreted phosphoprotein 1 could be upregulated by
nicotine and involved in the development of airway remodeling
in chronic lung diseases.36 Alpha-2-macroglobulin is a protease
NEOGENOMICS EX.1065.005



inhibitor and cytokine transporter and inhibits the four types of could modulate the expression of VE-cadherin in endothelium.51

Table 2
The top 10 ranked genes in the cancer related network.

Probe ID Degree Gene name Gene
symbol

Related pathophysiological processes

217736_s_at 72 Eukaryotic translation initiation factor 2-
alpha kinase 1

eIF2ak1 Acts at the level of translation initiation to downregulate protein synthesis in
response to stress

202200_s_at 43 SFRS protein kinase 1 srpk1 Plays a central role in the regulatory network for splicing
209875_s_at 16 Secreted phosphoprotein 1 SPP1 Plays an essential role in type I immunity. Also important to cancer-stroma

interaction
217757_at 9 Alpha-2-macroglobulin A2M A protease inhibitor and cytokine transporter which can inhibit all four classes of

proteinases
201432_at 8 Catalase cat Encodes catalase, a key antioxidant enzyme in the bodies defense against

oxidative stress
204273_at 8 Endothelin receptor type B ednrb A G protein-coupled receptor which activates a phosphatidylinositol-calcium

second messenger system
38691_s_at 7 Surfactant protein C SFTPC Secreted by the alveolar cells of the lung and maintains the stability of pulmonary

alveolar
37384_at 6 Protein phosphatase 1F (PP2C domain

containing)
Ppm1f A member of the PP2C family which are negative regulators of cell stress response

pathways
204677_at 5 Cadherin 5, type 2 (vascular endothelium) cdh5 Calcium dependent cell adhesion proteins, play an important role in endothelial

cell biology
41644_at 5 SAM and SH3 domain containing 1 SASH1 May have a role in a signaling pathway as a tumor suppressor

Table 3
The top 10 ranked genes in the smoking related network.

Probe ID Degrees Gene name Gene
symbol

Physiological functions

202436_s_at 17 Cytochrome P450, family 1, subfamily B, polypeptide 1 CYP1B1 Monooxygenases which involved in drug metabolism and synthesis
of cholesterol, steroids and other lipids

202134_s_at 15 WW domain containing transcription regulator 1 WWTR1 Functions as a transcriptional coactivator
212473_s_at 12 Microtubule associated monoxygenase, calponin and

LIM domain containing 2
MICAL2 A member of MICAL family act as a CasL-interacting molecule and

intermediate filaments
220839_at 12 Methyltransferase like 5 mettl5 May belong to the methyltransferase superfamily
204887_s_at 11 Polo-like kinase 4 (Drosophila) PLK4 Belong to the polo family of serine/threonine protein kinase and play

a role in cell proliferation
208760_at 10 Ubiquitin-conjugating enzyme E2I (UBC9 homolog,

yeast)
UBE2I Belongs to the ubiquitin-conjugating enzyme family, associated with

degradation of abnormal or short-lived proteins
209731_at 9 nth endonuclease III-like 1 (E. coli) nthl1 A DNA N-glycosylase of the endonuclease III family with DNA

glycosylase activity
204928_s_at 8 Solute carrier family 10 (sodium/bile acid cotransporter

family), member 3
Slc10a3 A housekeeping gene which maps to a GC-rich region of the X

chromosome
220651_s_at 8 Minichromosome maintenance complex component 10 Mcm10 Involved in DNA replication and participate in the activation of the

pre-replication complex (pre-RC)
36545_s_at 8 Sfi1 homolog, spindle assembly associated (yeast) SFI1 Plays a role in the dynamic structure of centrosome-associated

contractile fibers via its interaction with CETN2
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proteases,37 associated with lung cancer,38 ovarian cancer,39 or cig-
arette pack-years.40 Catalase is a key antioxidant enzyme and plays
an essential role in various conditions such as cigarette smoking,
diabetes, asthma, Alzheimer’s disease, or cancer.41

The protein encoded by ednrb, a G protein-coupled receptor,
activates a phosphatidylinositol-calcium second messenger sys-
tem.42 Expressing of ednrb has been altered in several human
tumors42,43 while the inactivation of the endrb gene through epige-
netic alteration was highly prevalent in lung cancer.44,45 The poly-
morphism of ednrb was also demonstrated to be associated with
airway obstruction resulted from cigarette smoking.46 Surfactant
protein C (SFTPC) is produced by alveolar epithelial cells as an ex-
tremely hydrophobic surfactant protein to maintain lung function
and homeostasis after birth. Expression of SPC was suggested as a
marker for lung tumors originated from type II pneumocytes47 and
affected by cigarette smoking.48 Cadherin 5 is a calcium-dependent
cell-cell adhesion glycoprotein, functioning as a classic cadherin to
assist cell adherence in a homophilic manner. Cadherin 5 plays an
important role in endothelial cell biology through control of the
cohesion and organization of the intercellular junctions,49 involved
in angiogenesis, tumor growth, or metastasis.50 Tobacco smoking
SAM and SH3 domain containing 1 (SASH1) was considered as a
candidate tumor suppressor gene in breast cancer, lung tumor, or
colon carcinoma.52

Priority of selected genes from the networks

The top ten genes with highest scores involved in the smoking
related genetic network and physiological functions are listed in
Table 3. Cytochrome P450 protein, a monooxygenase, was reported
to be involved in metabolism of tobacco carcinogens and associ-
ated with lung cancer.53,54 WW domain containing transcription
regulator 1 (WWTR1) as a transcriptional coactivator was pro-
posed to play important roles in oncogenesis55 and be a biomarker
for pancreatic cancer.56 Microtubule associated monoxygenase,
calponin and LIM domain (MICAL) family was initially identified
as a CasL-interacting molecule, associated with vimentin, a cyto-
skeletal regulator that connects CasL to intermediate filaments.57

MICAL2 was overexpressed in progression of prostate cancer.58

Methyltranserase-like 5 belongs to the methyltransferase super-
family, and its function and roles in cigarette smoking and lung
cancer remain unclear.
NEOGENOMICS EX.1065.006



Table 4
The common involved genes in smoking and lung cancer related networks.

Probe ID Gene symbol Gene name Physiological functions

213169_at SEMA5A Sema domain, seven thrombospondin repeats (type 1 and
type 1-like), transmembrane domain (TM) and short
cytoplasmic domain, (semaphorin) 5A

Belongs to the semaphorin gene family that encodes membrane
proteins, involved in axonal guidance during neural development

37384_at Ppm1f Protein phosphatase 1F (PP2C domain containing) A member of the PP2C family of Ser/Thr protein phosphatases which
are known to be negative regulators of cell stress response
pathways

202177_at gas6 Similar to growth arrest-specific 6; growth arrest-specific 6 Ligand for tyrosine-protein kinase receptors AXL, TYRO3 and MER
whose signaling is implicated in cell growth and survival, cell
adhesion and cell migration

202200_s_at srpk1 SFRS protein kinase 1 Plays a central role in the regulatory network for splicing,
controlling the intranuclear distribution of splicing factors in
interphase cells and the reorganization of nuclear speckles during
mitosis

202524_s_at SPOCK2 Sparc/osteonectin, cwcv and kazal-like domains proteoglycan
(testican) 2

Encodes a protein which binds with glycosaminoglycans to form
part of the extracellular matrix. May also participate in diverse steps
of neurogenesis

202908_at wfs1 Wolfram syndrome 1 (wolframin) Encodes a transmembrane protein, which is located primarily in the
endoplasmic reticulum and ubiquitously expressed with highest
levels in brain, pancreas, heart, and insulinoma beta-cell lines

203571_s_at C10orf116 Chromosome 10 open reading frame 116 Exclusively expressed in adipose tissue. Its function is currently
unknown

204271_s_at ednrb Endothelin receptor type B A G protein-coupled receptor which activates a
phosphatidylinositol-calcium second messenger system. Its ligand,
endothelin, consists of a family of three potent vasoactive peptides:
ET1, ET2, and ET3

204396_s_at GRK5 G protein-coupled receptor kinase 5 encodes a member of the guanine nucleotide-binding protein (G
protein)-coupled receptor kinase subfamily of the Ser/Thr protein
kinase family, also play a role in regulating the motility of
polymorphonuclear leukocytes

204731_at Tgfbr3 Transforming growth factor, beta receptor III Binds to TGF-beta. Could be involved in capturing and retaining
TGF-beta for presentation to the signaling receptors

205206_at KAL1 Kallmann syndrome 1 sequence May be an adhesion-like molecule with anti-protease activity. Also
play a role in in neural cell adhesion and axonal migration

205779_at Ramp2 Receptor (G protein-coupled) activity modifying protein 2 A member of the RAMP family of single-transmembrane-domain
proteins which are required to transport calcitonin-receptor-like
receptor (CRLR) to the plasma membrane

206170_at ADRB2 Adrenergic, beta-2-, receptor, surface A member of the G protein-coupled receptor superfamily
208056_s_at Cbfa2t3 Core-binding factor, runt domain, alpha subunit 2;

translocated to, 3
Functions as a transcriptional repressor

208789_at PTRF Polymerase I and transcript release factor Regulates rRNA transcription by promoting the dissociation of
transcription complexes and the reinitiation of polymerase I on
nascent rRNA transcripts

209434_s_at PPAT Phosphoribosyl pyrophosphate amidotransferase A member of the purine/pyrimidine phosphoribosyltransferase
family, a regulatory allosteric enzyme that catalyzes the first step of
de novo purine nucleotide biosythetic pathway

209904_at tnnc1 Troponin C type 1 (slow) The central regulatory protein of striated muscle contraction
211066_x_at PCDHGA12,3,4,5 Protocadherin gamma subfamily C, 3; protocadherin gamma

subfamily C, 5; protocadherin gamma subfamily C, 4;
protocadherin gamma subfamily A, 12

A member of the protocadherin gamma gene cluster, which have an
immunoglobulin-like organization, suggesting that a novel
mechanism may be involved in their regulation and expression

211986_at ahnak AHNAK nucleoprotein May be required for neuronal cell differentiation
212071_s_at SPTBN1 Spectrin, beta, non-erythrocytic 1 Involved in secretion, interacts with calmodulin in a calcium-

dependent manner and is thus candidate for the calcium-dependent
movement of the cytoskeleton at the membrane.

212552_at hpcal1 Hippocalcin-like 1 May be involved in the calcium-dependent regulation of rhodopsin
phosphorylation.

212796_s_at TBC1D2B TBC1 domain family, member 2B May act as a GTPase-activating protein.
213620_s_at Icam2 Intercellular adhesion molecule 2 A member of the intercellular adhesion molecule (ICAM) family
213656_s_at KLC1 Kinesin light chain 1 A microtubule-associated force-producing protein that may play a

role in organelle transport
217046_s_at AGER Advanced glycosylation end product-specific receptor A member of the immunoglobulin superfamily of cell surface

receptors.
217781_s_at ZFP106 Zinc finger protein 106 homolog (mouse) A member of the immunoglobulin superfamily of cell surface

multiligand receptors, interacts with other molecules implicated in
homeostasis, development, inflammation, and certain diseases

218418_s_at KANK2 KN motif and ankyrin repeat domains 2 Phosphorylated upon DNA damage, probably by ATM or ATR
218950_at arap3 ArfGAP with RhoGAP domain, ankyrin repeat and PH domain

3
Phosphatidylinositol-3,4,5-trisphosphate-dependent GTPase-
activating protein that modulates actin cytoskeleton remodeling by
regulating ARF and RHO family members

219777_at GIMAP6 GTPase, IMAP family member 6 Belongs to the IAN GTP-binding protein family
219888_at SPAG4 Sperm associated antigen 4 Assist the organization and assembly of outer dense fibers (ODFs), a

specific structure of the sperm tail
221747_at TNS1 Tensin 1 Involved in cell migration, cartilage development and in linking

signal transduction pathways to the cytoskeleton
43427_at Acacb Acetyl-Coenzyme A carboxylase beta Involved in the provision of malonyl-CoA or in the regulation of

fatty acid oxidation, rather than fatty acid biosynthesis49452_at Acetyl-Coenzyme A carboxylase beta
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Table 5
The 10 top activated pathways associated with lung cancer.

KEGG ID Mean T value Pathway name

04110 11.62343102 Cell cycle
03030 8.01760007 DNA replication
04510 �7.29863354 Focal adhesion
03013 7.12391298 RNA transport
04141 7.07550376 Protein processing in endoplasmic reticulum
04114 6.59124814 Oocyte meiosis
04270 �6.40126445 Vascular smooth muscle contraction
04810 �5.94453207 Regulation of actin cytoskeleton
04144 �5.87083652 Endocytosis
03440 5.83949963 Homologous recombination

Table 6
The 10 top activated pathways associated with cigarette smoking.

KEGG ID Mean T value Pathway name

04270 37.38459432 Vascular smooth muscle contraction
04110 �36.20249970 Cell cycle
04144 32.80585199 Endocytosis
00240 �30.98861570 Pyrimidine metabolism
03030 �29.90714777 DNA replication
03008 �29.79492651 Ribosome biogenesis in eukaryotes
04141 �27.67605174 Protein processing in endoplasmic reticulum
03013 �26.59872359 RNA transport
04080 26.43691493 Neuroactive ligand-receptor interaction
04920 25.36864988 Adipocytokine signaling pathway
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Polo-like kinase 4 (PLK4) encodes a member of the polo family
of serine/threonine protein kinases that regulate centriole duplica-
tion during the cell cycle and play an essential role in cell prolifer-
ation and tumorigenesis.59,60 It was suggested as a downstream
protein of p53 and an appealing cancer drug target in lung cancer
cell model.61 UBE2I encodes a member of the E2 ubiquitin-conju-
gating enzyme family that is important for targeting abnormal or
short-lived proteins for degradation and involved in tumor growth
and disease progression in human epithelial ovarian cancer.62 Nth
endonuclease III-like 1 (nthl1)-encoded DNA N-glycosylase of the
endonuclease III family has DNA glycosylase activity on DNA sub-
strates containing oxidized pyrimidine residues and apurinic/apy-
rimidinic lyase activity. Human nthl1 was down-regulated in
tumor tissues as compared to normal tissues from smoking
patents.63

Solute carrier family 10 (sodium/bile acid cotransporter family),
member 3 (Slc10a3) was differentially expressed in ovarian can-
cers.64 The protein encoded by minichromosome maintenance
complex component 10 was essential for the initiation and elonga-
tion phases of DNA replication65 and in carcinogenesis.66 Sfi1
homolog, spindle assembly associated (yeast) plays a role in the
dynamic structure of centrosome-associated contractile fibers via
its interaction with CETN2.67

Most of top ranked genes have been reported to correlate with
cigarette smoking and lung cancer, including eIF2a kinase,26–31 se-
creted phosphoprotein 1,34–36 alpha-2-macroglobulin,37–40 cata-
lase,41 ednrb,42–46 surfactant protein C,47,48 Ppm1f,24,25 cadherin
5,49–51 cytochrome P450, family 1, subfamily B, polypeptide 153,54

and nthl1.63 Of them, srpk1,32,33 SASH1,52 WWTR1,55,56 MICAL,58

PLK4,59,60 UBE2I,62 Slc10a64 or minichromosome maintenance
complex component 10 (Mcm10)65,66 were reported to play roles
in carcinogenesis, although the roles in cigarette smoking remain
unclear. Methyltranserase-like 5 and Sfi1 homolog, spindle assem-
bly associated (yeast)67 were first suggested in present study as a
candidate biomarker of lung cancer and the functions should be
further validated as the potential therapeutic targets.
Candidate pathways from networks

GSEA is one of powerful analytic methods to reveal gene sets
that share common biological function, chromosomal location, or
regulation even when single-gene analysis reveals very few over-
lapping genes between groups.16 Using the GSEA, six pathways
were identified to be involved in the processes of cigarette smoking
and lung cancer, including cell cycle, DNA replication, RNA trans-
port, protein processing in endoplasmic reticulum, vascular
smooth muscle contraction and endocytosis. Our results were at
least partially supported by the previous finding that cell cycle
genes were differentially expressed in C/N samples and T/NT12

and suggested the practicality of this approach and verification of
the pathway. The application of GSEA could also identify disease-
specific targets for therapy.

Among the 19 genes identified as the common genes both in-
volved in the top ranked metabolic pathways and the genetic net-
works (Table 8), GRK5, Ramp2, acetyl-Coenzyme A carboxylase
beta and arap3 were found as the common genes involved in both
cancer- and smoking-related genetic networks. GRKs, originally
recognized for their conserved role in G-protein-coupled receptor
signal control, were found to play an immediate role in the regula-
tion of human colon cancer or prostate cancer cells.68,69 Ramp2
was reported to be involved in multistep process of angiogenesis
and tumoral cell proliferation including lung cancer.70,71

Arap3, a multimodular signaling protein that is a substrate of Src
family kinases, was suggested to play a role in the regulation of cell
adhesion and invasion and inhibit cancer cell dissemination.72 Acab
was reported to play a role in metabolic diseases,73 while EIf2a ki-
nase,26–31 ednrb42–46 and UBE2I62 were preliminarily identified as
the top ranked genes with high scores in lung cancer or cigarette
smoking related genetic networks and were discussed before.

The rest 12 genes were demonstrated to play a role in tumor
genesis, prognosis, dissemination, drug resistance or radio-resis-
tance in lung or non-lung cancers. For example, Agtr1 was demon-
strated to play a role in breast cancer progression and considered
as a therapeutic target in ER-positive and ERBB2-negative breast
cancer.74,75 Natriuretic peptide receptor A methylation was associ-
ated with survival in colorectal cancer76 and hepatocellular carci-
noma.77 Caveolin 1 is an essential protein constituent of caveolae
and was associated with drug resistance and poor prognosis in
NSCLC.78 Caveolin 2 was also reported to sever as a tumor marker
in lung cancer.79 The polymorphism of fibroblast growth factor
receptor 4 might be associated with prognosis in a wide variety
of cancer types and lung cancer.80,81 Transforming growth factor,
beta receptor II was a defined gene to play an important role in car-
cinogenesis82 and CRYAB could suppress the progression of naso-
pharyngeal carcinoma by associating with the cadherin/catenin
adherens junction and modulating the b-catenin function.83 Frac-
tionated ionizing radiation had identified up-regulation of CRYAB
in radioresistant of NSCLC.84

The expression of sphingosine-1-phosphate receptor 1, a G pro-
tein-coupled receptor for the lysophospholipid sphingosine-
-phosphate, was elevated in STAT3-positive tumors.85 The
polymorphisms of GIn223Arg of LEPR was proposed to be a molec-
ular marker for the progression and prognosis of NSCLC.86 CD36
was involved in the growth and metastasis of breast cancer
through regulating endothelial cell apoptosis.87 Eukaryotic transla-
tion initiation factor 1A, Y-linked was found to appeal a significant
different expression pattern in patients with tumors.88

Challenges and opportunities

A number of discriminative sub-networks were proposed,
including graph theory-based methods,89,90 protein association
models,91 or transcriptome network.92 There was no information
NEOGENOMICS EX.1065.008



Table 7
The five top ranked genes involved in lung cancer or cigarette smoking related pathways.

Pathway Tumor/normal Current smoker/never smoker

Probe ID Gene name Probe ID Gene name

04270 ‘‘Vascular smooth muscle
contraction’’

205357_s_at Angiotensin II receptor, type 1 205779_at Receptor (G protein-coupled) activity modifying protein
2

32625_at Natriuretic peptide receptor A/guanylate cyclase A (atrionatriuretic peptide
receptor A)

201957_at Protein phosphatase 1, regulatory (inhibitor) subunit 12B

205326_at Receptor (G protein-coupled) activity modifying protein 3 206917_at Guanine nucleotide binding protein (G protein), alpha 13
205779_at Receptor (G protein-coupled) activity modifying protein 2 206811_at Adenylate cyclase 8 (brain)
201496_x_at Myosin, heavy chain 11, smooth muscle 202660_at Inositol 1,4,5-triphosphate receptor, type 2

04144 ‘‘Endocytosis’’ 204396_s_at G protein-coupled receptor kinase 5 203105_s_at Dynamin 1-like
203065_s_at Caveolin 1, caveolae protein, 22 kDa 206254_at Epidermal growth factor (beta-urogastrone)
203323_at Caveolin 2 218679_s_at Vacuolar protein sorting 28 homolog (S. cerevisiae)
204579_at Fibroblast growth factor receptor 4 218085_at Chromatin modifying protein 5
220318_at Epsin 3 215044_s_at Signal transducing adaptor molecule (SH3 domain and

ITAM motif) 2
04110 ‘‘Cell cycle’’ 200953_s_at Cyclin D2 204822_at TTK protein kinase

201700_at Cyclin D3 209642_at Budding uninhibited by benzimidazoles 1 homolog
(yeast)

202870_s_at Cell division cycle 20 homolog (S. cerevisiae) 210240_s_at Cyclin-dependent kinase inhibitor 2D (p19, inhibits
CDK4)

207574_s_at Growth arrest and DNA-damage-inducible, beta 203418_at Cyclin A2
222036_s_at Minichromosome maintenance complex component 4 203362_s_at MAD2 mitotic arrest deficient-like 1 (yeast)

03030 ‘‘DNA replication’’ 221143_at Replication protein A4, 34 kDa 204128_s_at Replication factor C (activator 1) 3, 38 kDa
222036_s_at Minichromosome maintenance complex component 4 221143_at Replication protein A4, 34 kDa
201528_at Replication protein A1, 70 kDa 209507_at Replication protein A3, 14 kDa
204023_at Replication factor C (activator 1) 4, 37 kDa 204023_at Replication factor C (activator 1) 4, 37 kDa
204767_s_at Flap structure-specific endonuclease 1 203209_at Replication factor C (activator 1) 5, 36.5 kDa

03013 ‘‘RNA transport’’ 208740_at Sin3A-associated protein, 18 kDa 204409_s_at Eukaryotic translation initiation factor 1A, Y-linked
201738_at Eukaryotic translation initiation factor 1B 208760_at Ubiquitin-conjugating enzyme E2I (UBC9 homolog,

yeast)
208707_at Eukaryotic translation initiation factor 5 208887_at Eukaryotic translation initiation factor 3, subunit G
208760_at Ubiquitin-conjugating enzyme E2I (UBC9 homolog, yeast) 219252_s_at Gem (nuclear organelle) associated protein 8
208051_s_at Poly(A) binding protein interacting protein 1; similar to poly(A) binding protein

interacting protein 1
218894_s_at Mago-nashi homolog B (Drosophila)

04141 ‘‘Protein processing in endoplasmic
reticulum’’

209283_at Crystallin, alpha B 202908_at Wolfram syndrome 1 (wolframin)
202908_at Wolfram syndrome 1 (wolframin) 212902_at SEC24 family, member A (S. cerevisiae)
202014_at Protein phosphatase 1, regulatory (inhibitor) subunit 15A 200805_at Lectin, mannose-binding 2
218918_at Mannosidase, alpha, class 1C, member 1 218436_at SIL1 homolog, endoplasmic reticulum chaperone (S.

cerevisiae)
211048_s_at Protein disulfide isomerase family A, member 4 218257_s_at UDP-glucose ceramide glucosyltransferase-like 1
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on the disease stage or smoking condition, since those studies apply clinical bioinformatics by integrating genomics/proteomics,

Conclusion

Authors’ contributions

Table 8
Common genes both involved in the genetic network and GSEA identified pathways.

KEGG
ID

Pathway names Cancer Smoking

04270 Vascular smooth muscle
contraction

205357_s_at Angiotensin II receptor, type 1 (Agtr1) None⁄ None
32625_at Natriuretic peptide receptor A/guanylate cyclase A

(atrionatriuretic peptide receptor A) (NPR1)
205779_at Receptor (G protein-coupled) activity modifying protein

2 (Ramp2)
04110 Cell cycle None 203418_at Cyclin A2 (CCN2)
04144 Endocytosis 203065_s_at Caveolin 1, caveolae protein, 22 kDa (cav1) None None

203323_at Caveolin 2 (cav2)
204579_at Fibroblast growth factor receptor 4 (Fgfr4)
204396_s_at G protein-coupled receptor kinase 5 (GRK5)
208944_at Transforming growth factor, beta receptor II (70/

80 kDa) (Tgfbr2)
218950_at ArfGAP with RhoGAP domain, ankyrin repeat and PH

domain 3 (arap3)
03030 DNA replication None None None None
04141 Protein processing in

endoplasmic reticulum
209283_at Crystallin, alpha B (CRYAB) None None
217736_s_at Eukaryotic translation initiation factor 2-alpha kinase 1

(Eif2ak1)
03013 RNA transport None None 208760_at Ubiquitin-conjugating enzyme E2I

(UBC9 homolog, yeast) (UBE2I)
204409_s_at Eukaryotic translation initiation factor

1A, Y-linked (EIF1AY)
04510 Focal adhesion —# — 213675_at
04080 Neuroactive ligand-

receptor interaction
205357_s_at Angiotensin II receptor, type 1 (Agtr1) — —
204642_at Sphingosine-1-phosphate receptor 1 (S1PR1)
204273_at Endothelin receptor type 8 (ednrb)
209894_at Leptin receptor (LEPR)

04920 Adipocytokine signaling
pathway

49452_at acetyl-Coenzyme A carboxylase beta (Acacb) — —
206488_s_at CD36 molecule (thrombospondin receptor) (CD36)
209894_at Leptin receptor (LEPR)

00240 Pyrimidine metabolism None None — —
03008 Ribosome biogenesis in

eukaryotes
None None — —

04810 Regulation of actin
cytoskeleton

— — None None

03440 Homologous
recombination

— — None None

⁄‘‘None’’ means there is no common gene between the metabolic pathway and the genetic network.
# ‘‘—’’ means this metabolic pathway is not among the ten top activated pathways for cancer or smoking.
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mainly included groups with or without cancer. With the protein
association network analysis, gene expression profiles were over-
laid to the corresponding proteins resulting in a neglecting of infor-
mation on posttranslational modification.91 Instead of existed
methods, we take a more direct approach to identify potential dis-
ease-specific genes which appealed a higher change fold compared
to other genes according to different disease conditions or smoking
history. It will be a great challenge to confirm the expression of
those identified genes in the formation of lung cancer, the produc-
tion of correspondent proteins in the tissue, or interaction between
identified genes and targeted proteins within the network, due to
the variation between gene expression and protein production
and between genomics and proteomics.93,94 Our results initiated
the understanding of smoking- or lung cancer-associated genes
and networks, as an example of cancer bioinformatics approaching
systems clinical medicine.95

The GSEA-based network analysis considers differentially ex-
pressed pathways and the genes-associated network structure.
The present study evidenced that applied method was useful and
helpful, while further improvements are still needed. The restric-
tion in the size of the genetic network from the sample size may
exclude some interested genes. For example, over 9365 of 22,283
genes in the network were significantly different between tumor
and normal patient with IG scores >0, while only the most relevant
gene sub-groups and pathways were selected using the proposed
network-based computational analysis strategy. It is important to
bioinformatics or computational systems biology with clinical
diagnosis, examination, imaging, functional tests, monitoring, and
therapies.96–99 Future studies are expected to explore the potential
mechanisms and correlation of identified networks with disease-
specific severities, durations, clinical phenotypes, responses to
therapies, or prevention.100–102
A new and powerful network-based biomarker detection ap-
proach coupled with gene set enrichment analysis was used to
identify and validate genes associated with lung cancer and relat-
ing pathways. Results from the present study revealed a panel of
new and unexpected genes with potential physiological functions
in cigarette smoking or lung cancer using the coupled discovery
strategy, in addition to those consistent with previous findings in
cigarette smoking and lung cancer. Thus, our studies indicate that
disease-specific network biomarkers, interaction between genes/
proteins, or cross-talking of pathways provide more specific values
for the development of precision therapies for lung.
X.C.F. performed the analysis, evaluated the results and wrote
the manuscript. M.N. developed the method. C.B .and X.D.W.
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