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Abstract N
This study is to identify potential biomarkers and therapeutic targets for lung adenocarcinoma (LUAD).

GSE6B044 and GSE118370 raw data from the Gene Expression Omnibus database were normalized with Robust Multichip
Average. After merging these two datasets, the combat function of sva packages was used to eliminate batch effects. Then, imma
packages were used to filtrate differentially expressed genes. We constructed protein—protein interaction relationships using STRING
database and hub genes were identified based on connectivity degrees. The cBioportal database was used to explore the alterations
of the hub genes. The promoter methylation of cyclin dependent kinase 1 (CDK1) and polo-like Kinase 1 (PLK1) and their association
with tumor immune infiltration in patients with LUAD were investigated using DiseaseMeth version 2.0 and TIMER databases. The
Cancer Genome Atlas-LUAD dataset was used to perform gene set enrichment analysis.

We identified 10 hub genes, which were upregulated in LUAD, among which 8 were successfully verified in the Cancer Genome
Atlas and Oncomine databases. Kaplan-Meier analysis indicated that the expressions of CDK1 and PLK1 in LUAD patients were
associated with overall survival and disease-free survival. The methylation levels in the promoter regions of these 2 genes in LUAD
patients were lower than those in normal lung tissues. Their expressions in LUAD were associated with tumor stages and relative
abundance of tumor infiltrating immune cells, such as B cells, CD4+ T cells, and macrophages. Moreover, cell cycle, DNA replication,
homologous recombination, mismatch repair, P53 signaling pathway, and small cell lung cancer signaling were significantly enriched
in CDK1 and PLK1 high expression phenotype.

CDK1 and PLK1 may be used as potential biomarkers and therapeutic targets for LUAD.

Abbreviations: CDK1 = cyclin dependent kinase 1, DEGs = differentially expressed genes, DFS = disease-free survival, GEO =
Gene Expression Omnibus, GO = Gene Ontology, GSEA = Gene Set Enrichment Analysis, KEGG = Kyoto Encyclopedia of Genes
and Genomes, LUAD = lung adenocarcinoma, NSCLC = non-small cell lung cancer, OS = overall survival, PLK1; polo-like Kinase 1,
TCGA = the Cancer Genome Atlas, TKls = tyrosine kinase inhibitors.
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1. Introduction adenocarcinoma (LUAD), with the 5-year survival rate of only

Lung cancer, the leading cause of cancer-related death world-
wide," is classified into histological types of small cell lung
cancer and non-small cell lung cancer (NSCLC).”! Lung
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15%., is the most common histologic subtype of NSCLC and one
of the most malignant tumors that have poor prognosis.l**!
Studies have shown the pathogenesis of LUAD is associated with
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many factors, such as epidermal growth factor receptor (EGFR)
mutation, EML4-ALK gene fusion, and tumor suppressor RNA-
binding motif protein 5.7 Currently, first-generation EGFR
tyrosine kinase inhibitors (TKIs), including gefitinib and
erlotinib, have been used as therapeutic regimen for NSCLC,
and for patients with resistance to the first-generation EGFR-
TKIs, the second-generation EGFR-TKIs can be used.[®”
However, secondary drug resistance still occurs, leading a failure
in the course of treatment.!'”! Hence, it is of great importance to
develop more potential and effective diagnostic and therapeutic
targets.

With the rapid development of genomics and sequencing
techniques, the number of data available in public databases,
such as Gene Expression omnibus (GEO) and the Cancer
Genome Atlas (TCGA) databases, is increasing."'='3 By mining
the TCGA database, Liu et al™ identified 5 competing
endogenous RNAs interaction modules that play key roles in
LUAD. According to the RNA-seq data in TCGA, the over
expression of Keratin 8, which may function as an independent
prognostic factor to predict overall survival (OS), is highly
correlated with poor clinical outcome in patients with LUAD.*!
Using GEO database, Lu et al''®! identified many genes that may
be used to distinguish LUAD from lung squamous cell cancer.
However, the molecular mechanisms of LUAD have not been
fully understood.

Herein, to explore the molecular mechanisms of LUAD
further, the raw data of GSE6044 and GSE118370 were
obtained from GEO and the differentially expressed genes
(DEGs) between normal lung tissues and LUAD were identified.
Subsequently, Gene Ontology (GO), Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway enrichment, and gene
alteration analysis were carried out. Eventually, the cyclin
dependent kinase 1 (CDK1) and polo-like Kinase 1 (PLK1) with
P <.05 of both OS and disease-free survival (DFS) were further
studied from different perspectives, including tumor stage,
promoter methylation, tumor immune infiltration, and Gene
Set Enrichment Analysis (GSEA). The findings of this study
demonstrate that the overexpression of CDK1 and PLK1 are
involved in tumor stage and poor prognosis of LUAD patients.
This study may provide molecular targets and deep insight into
the mechanisms of LUAD.

2. Materials and methods

2.1. Data sources

Raw data were downloaded from the GEO (www.ncbi.nlm.nih.
gov/geo).l'”l GSE6044 and GSE118370, 2 mRNA expression
datasets of LUAD, were included. The dataset GSE6044 that was
based on GPL201 (HG-Focus) Affymetrix Human HG-Focus
Target Array platform included 5 normal lung tissues and 10
LUAD specimens; the microarray dataset of GSE118370
contained 6 normal lung tissues and 6 LUAD specimens on
the basis of GPL570 [HG-U133_Plus_2]| Affymetrix Human
Genome U133 Plus 2.0 Array platform.

2.2. Data processing

The GSE6044 and GSE118370 raw data were normalized with
Robust Multichip Average of the Affy package in R (ver-
sion3.5.2), respectively. And the mean values were used for those
genes with several probes or a probe group. Then, K-Nearest
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Neighbors method was employed to deal with missing values in
the 2 datasets. Afterward, the 2 datasets were integrated as 1.
Subsequently, the combat function of the sva package was
applied to eliminate batch effect.!"®!

2.3. Identification of DEGs

The DEGs between normal lung tissues and LUAD specimens
were screened by limma package, and statistically significant cut-
off criteria of DEGs were defined as adjusted P<.05 and |log
FC|>1.

2.4. GO annotation and KEGG pathway enrichment
analysis

To understand the biological implications of DEGs, we analyzed
the enrichment of functions and pathways using clusterprofiler,
which is a package harboring an analysis and visualization
function on the GO and KEGG analysis.!'”) The P<.05 and
adjusted P<.05 were regarded as the threshold values for
remarkable enrichment.

2.5. Identification and alteration analysis of hub genes in
cBioportal database

The STRING database (version 11.0; http://string-db.org/),
which is a tool designed to analyze the interactions between
proteins, was utilized to establish a global protein—protein
interaction network of all DEGs. Among these genes, the top 10
genes ranked by connectivity degree were considered as hub
genes. We used the pheatmap package for R (version 3.5.2) to
draw the heatmap of the hub genes. We performed alteration
analysis of 10 hub genes using LUAD dataset (The Cancer
Genome Atlas, provisional), which included 586 cases in
cBioportal (http://www.cbioportal.org/). The genetic alteration
profiles consisted of mutations, copy number alterations (CNAs),
and amplification.!*"’

2.6. Validation of hub gene mRNA levels in TCGA and
Oncomine databases

To validate hub gene expression in LUAD, we downloaded the
RNA-seq data (HTSeq-Counts) available for LUAD from the
TCGA database (https://cancergenome.nih.gov/). These data
included 59 normal lung tissues and 535 LUAD specimens. We
utilized edgeR!*!' package to screen DEGs with significant
cutoff criteria of adjusted P <.05 and [log FC|>1. Oncomine
is an online data-mining platform that facilitates discovery
from genome-wide expression analysis.”??! Su et al,**! Hou
et al,”*! Stearman et al,”*’! and Yamagata et al'?®! have
searched lung cancer gene expression data in the Oncomine
database for gene expression levels of the hub genes with
P<.05 and FC>2, however, the data type was confined to
mRNA.

2.7. GEPIA database analysis

GEPIA (Gene Expression Profiling Interactive Analysis; http:/
gepia.cancer-pku.cn/) is an online interactive website that
integrates gene expression and clinical data from TCGA and
Genotype Tissue Expression (GTEx) projects. Numerous
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sequencing data in GEPIA can be used for gene differential
expression analysis, pathological stage analysis, survival analysis,
and gene expression correlation analysis, etc.?”! Here, transcrip-
tional and survival data of CDK1 and PLK1 were explored using
GEPIA database.

2.8. Methylation level analysis of the 2 cell cycle-related
hub genes

The human disease methylation database version 2.0 (Disease-
Meth 2.0; http://bioinfo.hrbmu.edu.cn/diseasemeth/) is an online
database that contains abundant DNA methylation data
associated with various human diseases, especially cancers./*®!
Herein, the difference in methylation levels of the promoter
regions of CDK1 and PLK1 between LUAD specimens and
normal lung tissues were analyzed.

www.md-journal.com

2.9. Correlation between the expressions of CDK1 and
PLK1 and the tumor infiltrating immune cells

To assess the correlation between the expressions of CDK1 and
PLK1 and the tumor infiltrating immune cells (B cells, CD4* T
cells, CD8" T cells, macrophages, neutrophils and dendritic cells),
we used the TIMER (https:/cistrome.shinyapps.io/timer/) data-
base, which provides 32 cancer types and 6 major analytic
modules on the basis of TCGA datasets.!*’!

2.10. GSEA of CDK1 and PLK1

LUAD RNA-seq (FPKM) data including 59 normal lung tissues
and 535 LUAD specimens, were downloaded from TCGA
database. We used software “gsea-3.0.jar” (Broad Institute) and
gene set “c2.cp.kegg.v6.2.symbols.gmt” to perform the GSEA
analysis of CDK1 and PLK1.
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Figure 1. Volcano plot and heatmap of DEGs. (A) Volcano plot and (B) heatmap of DEGs of normal lung tissues and LUAD specimens in GSE6044 and GSE118370
integrated dataset. The black points represent genes without significant difference. The red points are the upregulated genes. The green points are the
downregulated genes. DEG =differentially expressed genes; LUAD =lung adenocarcinoma.
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3. Results

3.1. DEGs identification

To identify the DEGs between LUAD specimens and normal lung
tissues, GSE6044 and GSE118370 were screened using the limma
package after data preprocessing and eliminating batch effects. A
total of 589 DEGs were identified in LUAD, including 476
upregulated genes and 113 downregulated genes (Fig. 1A and B).

3.2. GO and KEGG enrichment analysis of DEGs

The biological annotation of DEGs in LUAD specimens identified
from the integrated analysis of microarray data was performed
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using clusterprofiler package for R. The upregulated DEGs were
significantly enriched in “protein serine/threonine kinase activi-
ty,” “RNA polymerase II proximal promoter sequence-specific
DNA binding,” and “catalytic activity, acting on DNA”
(Fig. 2A). The downregulated DEGs were significantly enriched
in “serine-type endopeptidase inhibitor activity,” “peptide
binding,” and “enzyme inhibitor activity” (Fig. 2B). The KEGG
analysis showed the upregulated DEGs were significantly
enriched in “cell cycle,” “oocyte meiosis,” and “DNA replica-
tion” signaling pathways (Fig. 3A). Meanwhile, the down-
regulated DEGs were significantly enriched in “drug metabolism-
cytochrome P450,” “metabolism of xenobiotics by cytochrome
P450,” and “glutathione metabolism” signaling pathways
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Figure 2. Thetop 12 GO terms with P < .05 and adjusted P < .05 in the enrichment analysis of (A) upregulated and (B) downregulated DEGs. GO = Gene Ontology.
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| Table 1

The hub gene in the GSE6044 and GSE118370 integrated dataset.

Gene Log fold change Adjust P value
AURKA 1.58 1.66e—04
CCNA2 1.10 2.01e-03
CDK1 1.85 1.47e-04
FEN1 117 3.21e-03
GAPDH 1.10 1.11e-03
PCNA 1.53 3.13e-05
PLK1 1.05 2.16e-04
TOP2A 2.64 4.06e-05
MYC 1.54 3.28e-03
AKTT 110 1.77e-03

www.md-journal.com

(Fig. 3B). These results suggest that most of DEGs are related to
cell proliferation and drug metabolism, which could promote
further understanding of the key roles of these DEGs in the
occurrence and development of LUAD.

3.3. Identification and alteration analysis of the hub genes

To predict the interactions of DEGs, we analyzed the all
candidate proteins in STRING database. Eventually, AURKA,
CCNA2, CDK1, FEN1, GAPDH, PCNA, PLK1, TOP2A, AKT1,
and MYC were considered as hub genes (Table 1). The results
showed that all these genes were upregulated in the integrated
dataset. We showed the node numbers (Fig. 4A), protein—protein
interaction network (Fig. 4B), and heatmap (Fig. 4C) of the 10
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Figure 4. Interaction and expression of hub genes. (A) Vertical and horizontal coordinates represent hub gene name and degree of hub genes, respectively. (B)
Protein—protein interaction network of the 10 hub genes visualized by plugin cytohubba of Cytoscape software (version 3.7.1). (C) Heatmap of the hub genes in

GSEB6044 and GSE118370 integrated dataset.
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Figure 6. Expression levels of hub genes in the Oncomine database. We acquired the gene expression data from Su, Hou, Stearman, and Yamagata lung
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FC=fold change, LUAD =lung adenocarcinoma.
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The hub genes in the TCGA.

Gene Log fold change Log CPM Adjust P value
AURKA 2.67 4.50 2.12e-20
CCNA2 2.93 4.30 7.32e-45
CDK1 2.48 5.04 5.83e-37
FEN1 1.62 4.99 1.90e-34
GAPDH 1.75 11.05 2.05e-31
PCNA 1.14 6.43 2.50e-20
PLK1 3.25 4.63 1.08e-55
TOP2A 3.90 6.85 9.56e-65
MYC -0.28 6.22 6.10e-02
AKT1 -0.08 7.28 0.41

CPM=count per million, TCGA=The Cancer Genome Atlas.

hub genes. In addition, alterations of the hub genes were
investigated using cBioportal for LUAD (The Cancer Genome
Atlas, provisional) (Fig. 5). The hub genes were altered in 118
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cases of 507 patients with LUAD (23%). These results suggest
that there are missense mutations, amplification, and deep
deletion in the hub genes.

3.4. Validation of hub gene expression in TCGA and
Oncomine database

To validate the expression of hub genes, TCGA and Oncomine
databases were performed. According to the Oncomine database,
the mRNA expression levels of AURKA, CCNA2, CDK1, FENI1,
GAPDH, PCNA, PLK1, and TOP2A significantly increased in
LUAD specimens compared with normal lung tissues (Fig. 6). In
the TCGA database, the expression of 8 hub genes mentioned
above was consistent with their expression tendency in GSE6044
and GSE118370 integrated dataset (Table 2). However, accord-
ing to the LUAD data in TCGA, the 2 hub genes, MYC and
AKT1, were downregulated and not significantly differentially
expressed at the same filtering criteria, which are the adjusted
P<.05 and |log FC|> 1. In the Oncomine database, the MYC
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Figure 8. The expression of (A) CDK1 and (B) PLK1 in LUAD using GEPIA.
P <.01. LUAD=lung adenocarcinoma, TPM=transcripts per million.

and AKT1 mRNA expression in normal lung tissues had no
corresponding data.

3.5. Association of CDK1 and PLK1, 2 cell cycle-related
hub genes, in GEPIA with survival and clinicopathological
stage of LUAD

To evaluate the prognosis of patients with LUAD, 2 cell cycle-
related genes, CDK1 and PLK1, were selected from the 10 hub
genes with P<.05 of both OS and DFS using the GEPIA
database. Survival analysis suggested that higher expression
levels of CDK1 and PLK1 predicted poor OS (Fig. 7A and C), and
their expression levels were associated with DFS (Fig. 7B and D).
We compared the mRNA expression of CDK1 and PLK1
between LUAD specimens and normal lung tissues (Fig. 8), which
included a lot of sequenced data of normal tissues from GTEx
database. The results further confirmed that their expression
levels were higher in LUAD specimens than those in normal lung
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tissues. We also analyzed the correlation between mRNA
expression and clinicopathological stage for the patients with
LUAD (Fig. 9). The mRNA expressions of CDK1 and PLK1 were
significantly different in varied tumor stages. These results
suggest that their mRNA expression levels are associated with
advanced tumor stage.

3.6. Analysis of the methylation of CDK1 and PLK1

DiseaseMeth version 2.0 was used to analyze the methylation
levels of CDK1 and PLK1. The results showed that the mean
methylation level in the promoter region of CDK1 (P=35.621e-
03) and PLK1 (P=7.344e-08) were significantly lower in LUAD
specimens, compared with those in normal tissues (Fig. 10). This
indicates that decreased methylation level in the promoter region
may contribute to higher expression of these 2 genes.

3.7. Association of CDK1 and PLK1 with tumor purity and
immune cells

Immune cells are important components of tumor microenviron-
ment. TIMER database was used to explore the correlation of
CDK1 and PLK1 with tumor purity and infiltration of immune
cells. The results demonstrated that CDK1 and PLK1 were not
related to tumor purity. However, negatively correlations were
observed between these 2 genes and infiltration of B cells, CD4* T
cells, and macrophages (Fig. 11). These results suggest that the
decrease of immune cell content may be one of the reasons for the
poor prognosis of patients with high expression of CDK1 and
PLK1.

3.8. Analysis of the cancer-related pathways of CDK1 and
PLK1

To analyze the associated pathways of CDK1 and PLK1, GSEA
analysis was performed using the TCGA-LUAD (FPKM) dataset.
The results demonstrated that cell cycle, DNA replication,
homologous recombination, mismatch repair, P53 signaling
pathway, and small cell lung cancer signaling were significantly
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Figure 10. Methylation analysis of the two cell cycle-related hub genes in LUAD. The methylation levels in the promoter region of (A) CDK1 and (B) PLK1 in LUAD
and normal lung tissues were analyzed using DiseaseMeth 2.0. LUAD =lung adenocarcinoma.

enriched in CDK1 and PLK1 high-expression phenotype (Fig. 12
and Table 3). These results suggest that these 2 genes may
participate in LUAD tumorigenesis through above cancer-related
pathways.

4. Discussion

Lung cancer is the most frequently diagnosed cancer and also the
leading cause of cancer-related deaths.*”) LUAD, the most
common histologic subtype of NSCLC, is one of the most
malignant tumors and has a high mortality due to the absence of
effective early diagnosis methods. To find therapeutic targets and
diagnostic biomarkers, in the present study, we identified 10 hub
genes with the highest connective degree, including AURKA,
CCNA2, CDK1, FEN1, GAPDH, PCNA, PLK1, TOP2A, MYC,
and AKT1, which were connected with cell cycle, DNA
replication, base excision, and oocyte meiosis signaling path-
ways.

Over the past few decades, researchers.*'! have demon-
strated that these hub genes are highly associated with prognosis
of different malignancies. Studies have shown that overexpres-
sion of AURKA, a key kinase that regulates G2/M transition, has
been identified in various malignancies, including bladder cancer,
breast cancer, and prostate cancer.?*3%371 Knockdown of

AURKA and FENT1 inhibit the migration, invasion, and
proliferation of LUAD cells and induce apoptosis.**3*! More
importantly, AURKA is a driving force for the evolution of
resistance to third-generation EGFR inhibitors in LUAD and
associated with epithelial mesenchymal transition.**! Recently, it
is found that the deregulation of transcriptional levels and
posttranscriptional modification of GAPDH, which is tradition-
ally considered as a critical enzyme of glycolytic process, is an
important determinant for tumor cell survival.*!!

Cell cycle is the essential life activity for cellular growth. In this
study, we chose 2 cell cycle-related hub genes, CDK1 and PLK1,
for further investigation. There is a interplay between AURKA,
CDK1, and PLK1, forming an axis that regulates mitotic entry
and mediates G2/M transition.'*”! Some inhibitors targeting
CDK1 and PLKT1 are being tested in clinical trials, showing effects
of mitotic block and cell apoptosis for certain cancers,*>**!

In this work, the cBioportal database analysis indicated that
there were missense mutation, gene fusion, amplification, and
deep deletion for certain hub genes in LUAD patients. To assess
the therapeutic and diagnostic value of CDK1 and PLK1, we
explored the GEPIA database. It was demonstrated that CDK1
and PLK1 were not only significantly upregulated, but also
positively correlated with advanced tumor stage in LUAD
patients. The patients with high expression of CDK1 and PLK1
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Figure 11. Association of the expression of the 2 cell cycle-related hub genes with immune infiltration in LUAD. (A) CDK1, (B) PLK1. P<.05. LUAD=Ilung

adenocarcinoma.

had poorer OS than those with low expression, and their
expression was also significantly associated with DFS. Epigenetic
alteration, especially DNA methylation pattern and level, is
thought to play a critical role in cancer-related gene expres-
sion.*! We found that hypomethylation level in the promoter
region of CDK1 and PLK1 may give a rise to their abnormal up-
regulation in LUAD tissues. Tumor microenvironment including
tumor cells, stromal cells, and immune cells has a great impact on
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immunotherapy and clinical outcome.*®*”! Herein, we explored
the relevance between immune infiltration and the expression of
CDK1 and PLK1. Results showed that there was negative
correlation between the expression of CDK1 and PLK1 and the
infiltration abundance of B cells, CD4" T cells, and macrophages,
which implies poor prognosis of LUAD patients with high
expression of CDK1 and PLK1. To further explore the roles of
CDK1 and PLK1, we performed GSEA analysis. Some important
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Figure 12. Multiple GSEA plots enriched in (A) CDK1 and (B) PLK1-related LUAD. GSEA=Gene Set Enrichment Analysis, LUAD =lung adenocarcinoma.

Gene sets enriched in phenotype high.

Gene set name NES NOM P value FDR g value

CDK1
KEGG_CELL_CYCLE 2.603 .000 0.000
EGG_P53_SIGNALING_PATHWAY 2.329 .000 0.000
KEGG_HOMOLOGOUS_RECOMBINATION 2.319 .000 0.000
KEGG_MISMATCH_REPAIR 2.178 .000 4.42e-04
KEGG_DNA_REPLICATION 2117 .000 0.001
KEGG_SMALL_CELL_LUNG_CANCER 1.908 .009 0.010
KEGG _PATHWAY_IN_CANCER 1.738 011 0.037

PLK1
KEGG_ CELL_CYCLE 2.512 .000 0.000
KEGG_P53_SIGNALING_PATHWAY 2.229 .000 6.36e-04
KEGG__HOMOLOGOUS_RECOMBINATION 2.264 .000 8.88e-04
KEGG_MISMATCH_REPAIR 2.104 .000 0.002
KEGG_DNA_REPLICATION 2.058 .000 0.003
KEGG_SMALL_CELL_LUNG_CANCER 1.930 .006 0.011
KEGG_NOTCH_ SIGNALING_PATHWAY 1.780 010 0.033

FDR=false discovery rate, NES =normalized enrichment score, NOM =nominal.
Gene sets with NOM P value < .05 and FDR g value < 0.05 are considered as significant.

pathways including cell cycle, DNA replication, homologous
recombination, mismatch repair, P53 signaling pathway, and
small cell lung cancer signaling were significantly enriched in
CDK1 and PLK1 high expression phenotype, suggesting their
vital contribution to the growth and proliferation of LUAD cells.

5. Conclusions

In conclusion, CDK1 and PLK1 may be potential biomarkers and
therapeutic targets for patients with LUAD. Low methylation
levels and gene alterations may lead to expression deregulation of
these 2 genes. Moreover, they are both enriched in some cancer-
related pathways. These findings may provide a novel insight into
the investigation of biomarkers and underlying molecular
mechanisms of LUAD, thereby contributing to the development
of potential diagnosis and therapeutic methods for this disease.
Further studies, however, are needed to expound the biological
functions of DEGs and hub genes in LUAD.
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