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Aim: To screen and identify key genes related to the development of smoking-induced lung adenocar-
cinoma (LUAD). Materials & methods: We obtained data from the GEO chip dataset GSE31210. The dif-
ferentially expressed genes were screened by GEO2R. The protein interaction network of differentially
expressed genes was constructed by STRING and Cytoscape. Finally, core genes were screened. The over-
all survival time of patients with the core genes was analyzed by Kaplan—-Meier method. Gene ontology
and Kyoto encyclopedia of genes and genomes bioaccumulation was calculated by DAVID. Results: Func-
tional enrichment analysis indicated that nine key genes were actively involved in the biological process
of smoking-related LUAD. Conclusion: 23 core genes and nine key genes among them were correlated
with adverse prognosis of LUAD induced by smoking.
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Lung cancer is the most common cause of cancer mortality worldwide, accounting for 18.4% of all cancer deaths [1].
Lung adenocarcinoma (LUAD) is the most common type of lung cancer, accounting for about 40% of all lung
cancers [2]. Studies have shown that smokers have a higher frequency of genomic alterations in lung cancer than
nonsmokers have [3,4]. In addition, a genome analysis found that some somatic cell mutations in LUAD were
associated with smoking phenotype (5. The KRAS mutation in LUAD is associated with smoking, but little is
known about the association between tobacco exposure and oncogenes [6]. Therefore, screening for abnormal genes
related to smoking and development of LUAD is important to clarify the pathogenesis of LUAD and search for
early warning markers and treatment targets.

In this study, we extracted data from the gene chip GSE31210 in the GEO database and compared the
differentially expressed genes (DEGs) in LUAD and normal tissues in smoking and nonsmoking groups. To
provide theoretical guidance for clarifying the pathogenesis of smoking-related LUAD and screening molecular
markers, the core genes screened out by various bioinformatics methods were closely related to the occurrence of

LUAD.

Materials & methods

Data acquisition & genetic screening

Gene expression profile data GSE31210 were downloaded from the GEO database (7], which is the Affymetrix
human genome U1332.0 chip [HGU133_Plus_2] (Agilent GPL570 platform). The GSE31210 dataset included
246 lung tissues, 226 fresh frozen tissue specimens of LUAD primary lung adenocarcinoma ADC:s of pathological
stage [-II and 20 normal lung tissues. Expression profiles in of 226 LUADs (127 with EGFR mutation, 20 with
KRAS mutation, 11 with EML4-ALK fusion and 68 triple negative cases). There were 111 LUAD tissues and
12 normal tissues in the smoking group (ever-smoker [ES]) and 115 LUAD tissues and eight normal tissues in
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the nonsmoking group (never-smoker [NS]). Gene expression data from the ES and NS groups were analyzed by
online tool GEO2R (8] with p < 0.01 and [logFC| >2. Venn software [9] was used to obtain upregulated and
downregulated genes in each group. DEGs with logFC >0 were considered to be upregulated genes, while DEGs
with logFC <0 were considered downregulated genes.

Protein—protein interaction network & module analysis

Data analysis software STRING [10] was used to analyze the interaction between differentially encoded proteins in
the ES and NS groups (confidence > 0.4, maximum value of interaction = 0) and a protein—protein interaction (PPI)
network was established. Through the MCODE plug-in of Cytoscape 3.6.0 software, the most closely connected
modules were selected from the constructed PPI network for further analysis (setting parameters as degree cut-
off = 2, node score = 0.2, k-core = 2, maximum depth = 100) and the genes contained in the modules were core
genes.

Survival analysis & verification of core genes

Kaplan—Meier plotter [11] was used to evaluate the effect of core genes on survival (p < 0.05). To evaluate smoking
as an influencing factor, when analyzing ES data, we excluded subjects who had never smoked. When analyzing
NS data, we selected only subjects who had never smoked. In GEPIA [12], the expression level of core genes was
verified by |[LogFC | >1 and p < 0.01.

Functional enrichment of DEGs

GO function annotation and KEGG pathway enrichment of core genes were carried out through the online
bioinformatics analysis website DAVID [13]. The biological process, cell composition, molecular function and
tumor-related pathways of these genes were analyzed by p value was less than 0.05.

Construction of core gene-miRNA regulatory network
The network tool MiRDB [14] was used to select miRNAs that may regulate the core genes with a score of >80.
We constructed the core gene—miRNA regulatory network using Cytoscape version 3.6.0 software.

Results

Screening DEGs in LUAD & normal tissues

Through the online tools GEO2R and Venn analysis, 637 significant DEGs with >fourfold difference in expression
were detected in the ES group, including 249 upregulated and 388 downregulated genes (Figure 1A). We detected
336 significant DEGs in the NS group, including 131 upregulated and 205 downregulated genes (Figure 1B).
There were 87 common differences between the two groups in the upregulated genes (Figure 1C) and 164 common
differences in the downregulated genes (Figure 1D).

Construction of PPl network & screening of core genes

The 637 DEGs in the ES group and 336 DEGs in the NS group were imported into the STRING website to
construct their respective PPI networks (Figure 2A & C). The most closely connected modules in the PPI network
were extracted using the MCODE plug-in in Cytoscape software. The highest-scoring module in the ES group
contained 38 genes and a total of 656 interactions were formed, which were the core genes of the ES group
(Figure 2B). The module with the highest connectivity in the NS group contained 11 core genes (Figure 2D). The
results showed that there were nine genes, including UBE2T and EXO1I, in the core genes, which indicated that
the genetic mechanism of LUAD may not be related to smoking status. CD71 and ERCCG6L existed independently
in the NS group, while 29 core genes, such as 7PX2, MYBL2 and CDC6, existed independently in the ES group
(Table 1). These results indicate that smoking can induce significant molecular changes and contribute to the early
development of lung cancer.

Survival analysis & GEPIA validation of core genes in ES group

To investigate further the effects of smoking on the development of LUAD, we used the Kaplan—Meier plotter to
determine the survival data of the core genes in the ES group. Patients with 24 out of the 29 genes specific to ES
had significantly low survival rates (Figure 3 & Table 2), except for nine DEGs in both groups and the 24 core
genes were highly expressed in the ES group. GEPIA was used to verify the different gene expression levels between
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Figure 1. Identification of differentially expressed genes in lung adenocarcinoma and normal tissues. (A) 637 significant DEGs in ES
group. (B) 336 significant DEGs in NS group. The red represents the selected upregulated genes and blue selected downregulated genes
(P2). (C) 87 DEGs were upregulated in both the ES and NS groups (logFC >0). (D) 164 DEGs were downregulated in both groups

(logFC <0). Different colors represent different groups.

DEG: Differentially expressed gene; ES: Ever-smokers; NS: Never-smokers.

Table 1. Common and specific core genes in ever-smokers and never-smokers groups.

Category Genes

Common to both groups UBE2T, EXO1, TOP2A, CDCA7, HMMR, ANLN, RAD54L, DEPDC1, CDCA8

Specific to ES RRM2, BUB1, ESCO2, NUF2, E2F8, NCAPG, MYBL2, DEPDC1B, TPX2, CENPF, KIAA0101, NCAPH, DIAPH3, KIF4A, CDC6, MELK, NEIL3,
DLGAP5, CENPM, BUB1B, MKI67, CEP55, CCNA2, CCNB2, CDC25C, CDC45, KIF2C, BIRC5, ASPM

Specific to NS CDT1, ERCC6L

ES: Ever-smokers; NS: Never-smoker.

Table 2. Prognosis of 38 core genes in ever-smokers group.

Category Genes

Genes with significantly worse survival (p < 0.05) UBE2T, EXO1, TOP2A, CDCA7, HMMR, RAD54L, DEPDC1, ANLN, CDCAS8, RRM2, TPX2, BUBT, E2FS,
NCAPG, CENPF, CDC6, KIAA0101, NCAPH, MELK, NEIL3, ASPM, BUB1B, MKI67, CEP55, CCNA2,
DLGAPS5, KIF4A, CCNB2, MYBL2, CDC25C, KIF2C, BIRC5, CENPM

Genes without significantly worse survival (p > 0.05) ESCO2, NUF2, DIAPH3, CDC45, DEPDC1B
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Figure 2. Protein-protein interaction network constructed by STRING database and module analysis in ever-smokers and
never-smokers groups. (A) There were 637 differentially expressed genes in the ES group. (B) The top module selected from the ES group
PPI network included 38 core genes. (C) There were 336 differentially expressed genes in the NS group. (D) The top module selected from
the NS group PPI network included 11 core genes. The network was formed after removing independent nodes.

ES: Ever-smokers; NS: Never-smokers; PPI: Protein protein interaction.
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Table 3. GO analysis of 23 core genes.

ID & term
GO_BP.ID:0090307

mitotic spindle assembly

GO_BP_ID:0051301
cell division

GO_BP_ID:0007076

Mitotic chromosome condensation

GO_BP.ID:0007094

mitotic spindle assemblycheckpoint

GO_BP_ID:0000086

G2/M transition of mitotic cell cycle

GO_CC.ID: 0005634
nucleus

GO_CC_ID: 0000796
condensin complex

GO_CC.ID: 0016020
membrane

GO_MF._ID:0005524
ATP binding

Count p-value Genes

3 5.28 E%4 TPX2, BIRC5, MYBL2

3 1.79 E03 CDC6, NCAPH, BIRC5

2 1.51 E92 NCAPH, NCAPG

2 1.64 E02 BUB1, BUB1B

2 3.53 E® BIRC5, CDC25C

10 2.10 3 CCNB2, RRM2, E2F8, DLGAPS5, KIAA0101, ASPM, MELK, BIRCS,
CDC25C, MYBL2

2 5.45 E03 NCAPH, NCAPG

5 2.44 E KIF2C, NCAPH, MKI67, NCAPG, BUB1

5 3.26 E®2 KIF2C, CDC6, KIF4A, BUB1, MELK

BP: Biological processes; CC: Cell composition; MF: Molecular function.

Table 4. Enrichment of 23 core genes KEGG pathways.

Pathway ID
cfa04110
cfa04914
cfa04114

Term Count p-value Genes

Cell cycle 6 3.78 E08 CDC6, CCNB2, BUB1, BUB1B, CDC25C, CCNA2
Progesterone-mediated oocyte maturation 4 6.74 E% CCNB2, BUB1, CDC25C, CCNA2

Oocyte meiosis 3 5.05 E03 CCNB2, BUB1, CDC25C

LUAD and normal lung tissues in the ES group. 23 of the 24 genes were highly expressed in LUAD samples, in
contrast to normal lung tissue (Figure 4).

Functional enrichment of core genes in ES group

The results of GO functional enrichment analysis showed that the biological processes of core genes related to
smoking were cell division and mitosis; cell composition was mainly nucleus, condensin complex and membrane
and main molecular function was ATP binding (Table 3). There were nine key genes involved in the biological
processes of LUAD, including 7PX2, BIRC5 and MYBL2, the main participant of mitosis; BUBI and BUBIB,
mitotic spindle assembly checkpoints and NCAPH and NCAPG involved in mitotic chromosome condensation.
CDC6 was mainly involved in cell division, while CDC25C was related to G2/M transition of the mitotic cell
cycle.

KEGG pathway analysis showed that six core genes were enriched in cell-cycle-related pathways, four core genes
were enriched in pathways related to progesterone-mediated oocyre maturation and three core genes were enriched
in oocyte-meiosis-related pathways (Table 4). KEGG results were used to analyze nine key genes involved in the
biological processes of LUAD. Four genes (BUB1, BUBIB, CDC6 and CDC25C) were enriched in cell-cycle-related
pathways; BUBI, BUBIB and CDC25C were concentrated in G2/M phase.

Construction of a core gene-miRNA network

The miRNA data that may regulate smoking-related core genes were downloaded by MiRDB. The core gene—
miRNA network map constructed after MCODE input showed that there was an interaction between 80 miRNA
and 18 target genes. In this network, CEP55 (connection = 18), RRM2 (connection = 12), NCAPG (connection = 9)
and MYBL2 (connection 9) were highly controlled by the miRNA network. In addition, miR-19a-3p/miR-19b-3p
regulated expression of CEP55, CCNA2 and E2F8 (Figure 5).

Lung Cancer Manag. (2020) 9(2) future science group
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Figure 5. Core gene-miRNA networks in ever-smokers group. Red represents the core genes, blue the miRNAs that interacted with the

core genes.

Discussion

Tobacco smoke contains >40 carcinogens that can cause direct or indirect damage to respiratory epithelium and
its genes [15]. So far, many studies have been conducted to explore the effects of smoking on gene expression in lung
cancer, but our understanding is still limited.

In this study, we identified the DEGs between the ES and NS groups and established PPI networks. We extracted
the most closely related module gene in the PPI network as the key gene. Then, the key genes of the two groups were
crossed; nine DEGs were identified as smoking independent and there were 29 ES-specific and two NS-specific
genes. To explore the genomic changes caused by smoking, the survival of patients with the 29 genes unique to
the ES group was shown by Kaplan—Meier curve. The higher the expression of 24 of the genes, the shorter was the
overall survival time. At the same time, these 24 genes were highly expressed in the ES group. Subsequently, GEPIA
confirmed that expression of 23 of these 24 genes in LUAD was significantly higher than in normal lung tissue.

The changes in the expression levels of these 23 characteristic genes may play a key role in the development of
smoking-related LUAD. GO and KEGG help us to gain a better understanding of gene function. Nine key genes
were found to be closely related to the biological process of smoking-related LUAD, including 7PX2, MYBL2,
CDC6, NCAPH, NCAPG, BIRC5, BUBI, BUBIB and CDC25C. Among them, 7PX2 is a multidomain protein
that plays an important role in spindle formation, microtubule nucleation, and AURKA regulation [16]. It has been
reported that 7PX2 is overexpressed in smoking-related LUAD and the high level of mRNA expression is related

Lung Cancer Manag. (2020) 9(2) future science group
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to poor prognosis of LUAD, which confirms the conclusion of our study [17]. MYBL2 is a transcription factor
of the Myb proto-oncogene family, which is widely expressed in a variety of cancers and upregulated to facilitate
proliferation of cancer cells [18-20]. A study of human embryonic lung fibroblasts has shown that MYBL2 can delay
cell aging by repressing transcription of plGINK4a (CDK4/6 inhibitor, which plays an important role in premature
senescence), while knockout of MYBL2 increases G1 phase arrest. That is, MYBL2 weakens the replicative ability
of cells [21]. In the replication of chromosomal DNA in eukaryotic cells, CDC6 is essential for the establishment
and maintenance of precomplexes [22]. In addition, CDC6 can promote apoptosis. Lung function continues to
decline in patients with chronic obstructive pulmonary disease after quitting smoking, which is related to the
apoptosis-promoting characteristics of mutated CDC6 [23]. It is worth noting that another Brazilian researcher
detected that missense mutations in CDC6 were found only in nonsmokers compared with smokers with non-
small-cell lung cancer [24]. Whether this is consistent with the high expression of CDC6 in the ES group in our
study needs further study. In a recent study, microarray data sets identified NCAPH as a key gene in non-small-cell
lung cancer patients in western countries [25]. NCAPG, also known as CAPG, is an actin-binding protein that plays
a key role in regulating cell migration and invasion [26]. Some researchers have found that hypoxia can increase
expression of CapG in lung cancer cell lines A549 and H358; CapG contributes to the migratory ability of lung
cancer cells (27]. Compared with nonsmoking patients, patients with a history of smoking are more likely to develop
hypoxia and smoking lung cancer patients with high expression of NCAPG have poor prognosis. BIRCS is a gene
for physical examination of mitotic spindles, which not only regulates mitosis and apoptosis, but also participates
in the pathological process [28]. It has been shown that expression of B/IRC5 is upregulated in breast, pancreatic,
liver and esophageal cancers and others [20-32]; its high expression indicates poor clinical prognosis. In addition,
Cao et al. have found that high level of BIRC5 expression is related to poor prognosis of LUAD (33). BUBI can
be used as a spindle assembly checkpoint to control chromosome separation [34]. Pinto ez a/. have proved that
overexpression of BUBI is closely related to Furhman grading and genomic replication of tumors 35]. The role of
BUBIB in cancer cells is still controversial. It was recently reported that overexpression of BUBIB can accelerate
progression and recurrence of several cancers, but low expression leads to poor survival and metastasis of colon
adenocarcinoma and some lung cancer cell lines [36]. In the present study, BUBIB was highly expressed in smokers,
who had poor survival compared with nonsmokers. Although BUBIB needs further study, it is suggested that it
may not play a major role in smoking-related LUAD, which shows that smoking-related LUAD development is
a complex process involving multiple factors. Cigarette smoke is toxic to Schizosaccharomyces pombe through
the MAPK pathway and S phase checkpoint and the common effect molecule of the two pathways is CDC25,
cell cycle regulatory phosphatase [37]. Similarly, we showed that CDC25C is involved in the biological process of
smoking-related LUAD through G2/M transition of the mitotic cell cycle.

Our analysis shows that most of the nine key genes involved in the biological pathway of smoking-related LUAD
affect the occurrence and development of LUAD through the cell cycle. In fact, previous studies have shown that
nicotine and its derivatives can mediate mitosis through a variety of molecular mechanisms (38]. The other 14 core
genes may affect the progress of LUAD through some link or auxiliary action with these nine genes. In addition,
in the constructed miRNA network, miR-19a-3p/miR-19b-3p regulated expression of three core genes, CEP55,
CCNAZ2 and E2F8, which could provide more options for early diagnosis and treatment of smoking-related LUAD.

Unlike previous studies on lung cancer patients with or without a history of smoking, we used an existing
public database to select a large sample (including 246 samples of lung tissue), combined with analytical tools.
The molecular changes related to the pathogenesis of LUAD in patients with a history of smoking were explored
at the genetic level. The purpose of our analysis was to reveal the key gene changes induced by smoking in the
development of LUAD and the possible mechanism, so as to provide new ideas and experimental entry points for
treatment of lung and other cancers. Although our data were grouped according to smoking or not, we cannot
completely exclude the influence of other variables. Therefore, it is necessary to find more samples and carry out
functional experiments 7 vivo and in vitro to verify our results.

Conclusion
The 23 core genes screened by bioinformatics analysis — especially the nine key genes — are associated with poor
prognosis of smoking-related LUAD, but the specific pathway and regulatory mechanism still need to be clarified.
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Future perspective

In recent years, bioinformatics research can analyze huge and complex genomic information and it has a wide
range of applications. In this article, a series of bioinformatics tools are used to analyze the tissue information from
GEO database, which will help us to understand the occurrence and development of smoking-related LUAD. In
addition, more and more studies combine the results of bioinformatics analysis with clinical pathology and apply
experimental technology to verify. Finally open up a new path for the diagnosis and treatment of human diseases.
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