Submitted 23 January 2018
Accepted 11 April 2018
Published 4 May 2018

Corresponding author
Xiuwen Wang,
xiuwenwang12@sdu.edu.cn

Academic editor
Yong Wang

Additional Information and
Declarations can be found on
page 14

DOI 10.7717/peer;j.4692

© Copyright
2018 Chen et al.

Distributed under
Creative Commons CC-BY 4.0

OPEN ACCESS

Candidate genes in gastric cancer
identified by constructing a weighted
gene co-expression network

Jian Chen'’, Xiuwen Wang', Bing Hu’, Yifu He’, Xiaojun Qian” and
Wei Wang’

! Department of Chemotherapy, Qilu Hospital, Shandong University, Jinan, Shandong, China
? Department of Chemotherapy, Anhui Provincial Hospital, Hefei, Anhui, China

ABSTRACT

Background. Gastric cancer (GC) is one of the most common cancers with high
mortality globally. However, the molecular mechanisms of GC are unclear, and
the prognosis of GC is poor. Therefore, it is important to explore the underlying
mechanisms and screen for novel prognostic markers and treatment targets.
Methods. The genetic and clinical data of GC patients in The Cancer Genome Atlas
(TCGA) was analyzed by weighted gene co-expression network analysis (WGCNA).
Modules with clinical significance and preservation were distinguished, and gene
ontology and pathway enrichment analysis were performed. Hub genes of these
modules were validated in the TCGA dataset and another independent dataset from
the Gene Expression Omnibus (GEO) database by ¢-test. Furthermore, the significance
of these genes was confirmed via survival analysis.

Results. We found a preserved module consisting of 506 genes was associated with
clinical traits including pathologic T stage and histologic grade. PDGFRB, COL8A1,
EFEMP2, FBN1, EMILIN1, FSTL1 and KIRREL were identified as candidate genes in the
module. Their expression levels were correlated with pathologic T stage and histologic
grade, also affected overall survival of GC patients.

Conclusion. These candidate genes may be involved in proliferation and differentiation
of GC cells. They may serve as novel prognostic markers and treatment targets.
Moreover, most of them were first reported in GC and deserved further research.

Subjects Bioinformatics, Genetics, Oncology

Keywords Gastric cancer, Weighted gene co-expression network analysis, Candidate gene,
Histologic grade, Overall survival, Pathologic T stage

INTRODUCTION

GC (gastric cancer) is the fifth most frequently diagnosed cancer and the third leading cause
of death from cancer worldwide. In the year of 2015, 1,313,000 people were diagnosed
and 813,000 people died from GC (Global Burden of Disease Cancer Collaboration et al.,
2017). Tt is often diagnosed at an advanced stage since lack of specific early symptoms
and chemotherapy is the main treatment (Hohenberger ¢ Gretschel, 2003). However, the
median survival of patients with advanced GC is less than one year (GASTRIC Group et
al., 2013). In recent years, anti-HER2 therapy has prolonged the survival of patients whose
HER2 amplified or overexpressed, but the rate of HER2-positivity is less than 30% in
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patients with advanced GC (Bang et al., 2010). Anti-angiogenic therapy is another strategy
for the treatment of patients with advanced GC. However, it prolongs the overall survival
by less than two months (Fuchs et al., 2014; Wilke et al., 2014). That means a small subset

of patients may benefit from these target therapies. Consequently, it is extremely crucial to
discover novel candidate genes, which play important roles in tumorigenesis and could be
new targets for treatment.

Technological development of microarray and high-throughput sequencing have shed
new light on the research of molecular mechanisms and screening for drug targets of
tumors. The Cancer Genome Atlas (TCGA), has provided a huge amount of publicly
available genomic and clinical data of many cancer types to help researchers around the
world to better study and understand the biology and pathology of each cancer. So far, a
few molecular mechanisms and characters in various cancers have been uncovered based
on it (Tomczak, Czerwiriska ¢ Wiznerowicz, 2015). To explore the underlying mechanisms
and identify novel prognostic markers and treatment targets of gastric cancer, in this
study, weighted gene co-expression network analysis (WGCNA) was performed on RNA
sequencing data of GC patients from TCGA, and significant modules and genes were
identified. These genes were confirmed in other independent datasets and may act as
oncogenes. They are potential prognostic biomarkers or therapeutic targets probably.

MATERIALS & METHODS

Acquiring and preparing genetic and clinical data
RNA sequencing and clinical data of GC patients were downloaded from TCGA data
repository (https://cancergenome.nih.gov/). The gene expression level was measured as
fragments per kilobase of transcript per million mapped reads (FPKM). Clinical data
contained the pathologic TNM stage, histologic grade, and survival information. Samples
with either pathologic stage or histologic grade information incomplete were not included.
Raw data of gene expression of GSE15459 and GSE26942 datasets were downloaded from
Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/). The
clinical data of the GSE15459 dataset was obtained from a published literature (Ooi et al.,
2009). Samples with either pathologic stage or histologic grade information incomplete
were excluded. Both datasets obtained from GEO served as validation datasets.

As genes with little variation in expression usually represent noise, the most variant
genes were filtered for network construction. Gene variabilities were measured by median
absolute deviation (MAD).

Constructing gene co-expression network

Gene co-expression network was constructed by the WGCNA package (Langfelder ¢
Horvath, 2008) in R. Before co-expression network construction, squared Euclidean
distance of each sample was calculated by function adjacency, and whole sample network
connectivity according to distance was standardized by function scale. The outlier
samples whose connectivity less than —2.5 were excluded (Horvath, 2011). Function
pickSoftThreshold was used to calculate scale-free topology fitting indices R? corresponding
to different soft thresholding powers . The B value was chosen as long as R? reached 0.8.
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After that, the gene expression matrix was transformed into an adjacency matrix and a
Topological Overlap Matrix (TOM), and then the corresponding dissimilarity of TOM
(dissTOM) was calculated. For module detection, hierarchical clustering was used to
produce a hierarchical clustering tree (dendrogram) of genes by function hclust based on
dissTOM. The Dynamic Tree Cut method was performed for branch cutting to generate
modules. During this, a relatively large minimum module size of minClusterSize = 30, and
a medium sensitivity (deepSplit = 2) to branch splitting were chosen to avoid generating
too many small or large modules. The module eigengene (ME), which can be considered as
a representative of the gene expression profiles of a module, is defined as the first principal
component of a given module. It was calculated by function moduleFigengenes. Modules
would be merged if their correlation of MEs was greater than 0.75, which means they
have similar expression profiles. Co-expression networks of modules were visualized by
Cytoscape software (v3.4.0) (Shannon et al., 2003).

Identifying preserved modules associated with clinical traits

The correlation between MEs and clinical traits including pathologic stage and histologic
grade was evaluated by Pearson’s correlation tests, and p < 0.05 was considered to be
significantly correlated.

Module preservation, which is used to evaluate whether a module is robust and
reproducible across datasets, was calculated by the modulePreservation function (Langfelder
etal, 2011). If preservation statistics Zsummary >10, there is strong evidence that the
module is preserved. Preservation statistics medianRank is negatively correlated with
module preservation.

Gene ontology and pathway Enrichment analysis

To explore the potential biological themes and pathways of genes in the modules, the
clusterprofiler package (Yu et al, 2012) in R was used to annotate and visualize gene
ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways.

Screening for candidate genes with clinical significance

Module Membership (MM) of a gene represents the membership of the gene with respect
to the module. Highly connected intramodular genes, which tend to have high module
membership values, were defined as hub genes. To verify the clinical significance of these
hub genes, independent ¢-test was used to analyze the expression difference of these genes
in samples with different clinical traits in the TCGA dataset and the GSE15459 dataset
respectively. Furthermore, significant genes were confirmed via survival analysis. Overall
survival data of the TCGA dataset was analyzed. The R package survival was used to carry
out log-rank tests and plot Kaplan—Meier survival curves. Moreover, the online software
Kaplan Meier plotter (http://kmplot.com/analysis/index.php?cancer=gastric&p=service)
(Ldnczky et al., 2016), which was capable to implement log-rank tests based on other
independent datasets, was used for the further verification.
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Figure 1 Clustering dendrogram of genes. The hierarchical clustering tree was produced by hierarchi-
cal clustering based on dissTOM of genes. Twenty-three modules were identified by Dynamic Tree Cut-
ting method with a medium sensitivity (deepSplit = 2) to branch splitting. Each module was assigned a
color as an identifier. Twenty modules were generated after merging according to the correlation of mod-
ules. In the colored rowrs below the dendrogram, the two colored rows represent the original modules and
merged modules.

Full-size &l DOI: 10.7717/peer;j.4692/fig-1

RESULTS

Gene co-expression network of GC

Clinical and level-3 RNA sequencing data for 330 gastric adenocarcinoma samples
were obtained from TCGA database. For module detection, the 5,000 most variant
genes according to MAD value were selected for further analysis from the original over
16,000 protein-coding genes, and two outlier samples were removed according to sample
network. When the value of soft thresholding power B was 4, the connectivity between
genes met a scale-free network distribution (Fig. S1). Twenty-three modules were identified
by hierarchical clustering and the Dynamic branch Cutting. Each module was assigned a
unique color as an identifier. The ME of each module was calculated (Table S1). Among
these modules, three were merged into others because of the similar MEs. Twenty modules
were generated finally (Fig. 1, Table S2). The number of genes in modules ranged from 31
to 1,090 (Table S3). The grey module represented a gene set that was not assigned to any
of the modules.
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Figure 2 Module-trait associations were evaluated by correlations between MEs and clinical traits.
Each row corresponds to a module eigengene, column to a trait. Each cell contains the corresponding cor-
relation (first line) and p-value (second line ). The table is color-coded by correlation according to the
color legend. Green, midnightblue, cyan, lightcyan and tan modules positively correlated to histologic
grade (p < 0.05). Darkgreen, turquoise, royalblue, black and lightgreen modules negatively correlated to
histologic grade (p < 0.05). Green, lightcyan and tan modules positively correlated to pathologic T stage
(p < 0.05). Greenyellow, turquoise and royalblue modules negatively correlated to pathologic T stage (p <
0.05). The grey modules positively correlated to pathologic N stage (p < 0.05).

Full-size Gal DOI: 10.7717/peerj.4692/fig-2

Modules with clinical significance and preservation

To explore the clinical significance of the module, correlations between MEs and pathologic
stage and histologic grade were analyzed. There were five and three modules positively
correlated with pathologic T stage and histologic grade, respectively, while another five
and three modules negatively correlated with T stage and histologic grade, respectively.
There was only one module positively correlated with pathologic N stage, and no module
correlated with pathologic M stage (Fig. 2).

Before module preservation analysis, six outlier samples in the GSE26942 dataset and
five outlier samples in the GSE15459 dataset were excluded according to sample network.
When compared with the GSE26942 dataset and GSE15459 dataset, there were five and
seven preserved modules respectively, whose Zsummery statistics were greater than 10
and Medianrank statistics were relatively low. Turquoise, blue, grey60, green and brown
modules were preserved in both validation datasets (Fig. 3). Among these modules with
preservation, according to the previous analysis of clinical significance of modules, green
and turquoise modules were correlated with pathologic T stage and histologic grade. Then,
the green module was further analyzed while the turquoise module was discarded because
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Figure 3 The medianRank and Zsummary statistics of module preservation. Module preservation was

evaluated by medianRank and Zsummary statistics which correlated to (continued on next page...)
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Figure 3 (...continued)

connectivity and density of networks. If Zsummary > 10, there is strong evidence that the module is pre-
served. The module with lower medianRank tends to exhibit stronger observed preservation than the
module with a higher medianRank if both of them are preserved. Compared with the GSE15459 dataset,
turquoise, blue, grey60, green, brown, yellow and greenyellow modules with high Zsummary (>10) (A)
and low Medianrank statistics (B) were preserved; Compared with the GSE26942 dataset, turquoise, blue,
grey60, green and brown modules with high Zsummary (>10) (C) and low Medianrank statistics (D) were
preserved.

of the low MM value of genes in it. Gene co-expression network of the green module was
established and visualized by Cytoscape (Fig. 4).

Enrichment analysis of the green module

Five hundred and six genes in the green module were mapped to GO database to get
their potential functions. The results showed that extracellular matrix, extracellular matrix
organization and growth factor binding were the most significant enrichments in cellular
component (CC), biological process (BP) and molecular function (MF) groups respectively.
In addition, these genes were also involved in angiogenesis, endothelial cell proliferation
and insulin-like growth factor binding, which have been proved to be related to cancer
(Figs. 5A-5C). KEGG pathway enrichment analysis suggested AGE-RAGE signaling
pathway in diabetic complications was the most significant pathway. These genes also
participated in ECM-receptor interaction, focal adhesion, PI3K-Akt signaling pathway,
pathways in cancer and TNF signaling pathway (Fig. 5D). All of them were cancer-related
signal pathways. In addition, the results of enrichment analysis on other modules were
shown in supplemental materials (Tables S4-S57).

Identification and validation of candidate genes

The significance of hub genes with high MM value in a module was consistent with the
significance of the module. These genes are also centers of the network and play important
roles in the network. Twenty-six genes with MM value greater than 0.8 in the green
module were identified as hub genes. The expression levels of hub genes of patients with
different pathologic T stages and histologic grades were analyzed by ¢-test. In the TCGA
dataset, 24 genes were significantly differentially expressed (p < 0.05). In the GSE15459
dataset, eight of these 24 hub genes were also differentially expressed (p < 0.05). They were
Elastin Microfibril Interfacer 1 (EMILIN1), Collagen Type VIII Alpha 1 Chain (COL8A1),
Follistatin Like 1 (FSTL1), EGF Containing Fibulin Like Extracellular Matrix Protein 2
(EFEMP2), Fibrillin 1 (FBN1), Kin of IRRE Like (KIRREL), Platelet Derived Growth Factor
Receptor Beta (PDGFRB) and Mannose Receptor C Type 2 (MRC2). All of them were
expressed at a low level in T 1 stage or grade 1-2 patients while at a high level in T 2—4 or
grade 3 patients in both datasets (Tables 1, 2). These results suggested that they may be
associated with proliferation and differentiation of GC cells.

Finally, the eight hub genes whose expression level correlated to pathologic T stage and
histologic grade were verified via survival analysis. The RNA sequencing data and survival
information in the TCGA dataset were subjected to survival analysis. Significant different
overall survival between the high expression groups and the low expression groups
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Figure 4 Co-expression network of 100 most connected genes in the green module. Nodes and lines
represent genes and correlation between genes. Red nodes are the hub genes of the network.
Full-size & DOI: 10.7717/peerj.4692/fig-4

for PDGFRB, COL8A1, EFEMP2, FBN1, EMILIN1, FSTLI and KIRREL was observed
(p < 0.05). Their expression levels were associated with overall survival. Furthermore,
to confirm these results in other independent datasets, survival analysis was performed
through online software Kaplan Meier plotter and consistent positive results were generated
(p < 0.05). Patients with lower gene expression had longer overall survival and vice versa
(Figs. 6, 7). Therefore, the expression levels of PDGFRB, COL8A1, EFEMP2, FBNI1,
EMILIN1, FSTL1and KIRREL could be prognosticators of survival in GC patients. These
genes could be candidate genes of GC for further research.

DISCUSSION

Regulatory network methods are widely used for analyzing gene expression data,
especially large datasets. They provide a systematic interpretation of underlying molecular
mechanisms and valuable biomarkers associated with disease. Compared with node-based
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Table 1 Expression levels of genes in different pathologic T stage groups.

Gene

TCGA dataset

GSE15459 dataset

Stage T1"

Stage T2-4'

p-Value

Stage T1"

Stage T2-4"

p-Value

PDGFRB 11

27673 28.64472

COL8A1 1.405193 8.952865
EFEMP2 2.462167 7.409326
FBN1 2.676911 10.45695
MRC2 6.519095 14.13593
EMILIN1 7.989158 34.4808

FSTL1 13.30806 33.73668

KIRREL

3.34838

7.0049

0.000268

7.650427

8.468733

0.007058

0.000329 4.607863 5.796504 0.000669
6.12E—05 7.862728 8.703876 0.007538
0.000291 7.109844 8.152165 0.015591

0.002959
9.30E—05
0.000217
0.001232

8.24578

7.404825
7.981347
5.479368

8.609288
8.254327
8.575384
5.832521

0.035221
0.025756
0.034181
0.021507

Notes.

*Mean expression level.
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Table 2 Expression levels of genes in different histologic grade groups.

Gene TCGA dataset GSE15459 dataset

Grade 1-2° Grade 3 p-Value Grade 1-2° Grade 3’ p-Value
PDGFRB 23.49514 30.17688 0.002416 8.250134 8.554542 0.020089
COL8A1 6.070836 10.00019 8.11E—05 5.544219 5.87443 0.023504
EFEMP2 5.779241 7.942439 0.000186 8.452001 8.811539 0.009623
FBN1 7.833488 11.33083 0.000521 7.800408 8.313964 0.008226
MRC2 11.80371 14.8516 0.009811 8.447961 8.693392 0.002748
EMILIN1 25.01557 37.77161 6.65E—05 8.017554 8.350455 0.042902
FSTL1 26.17743 36.42849 8.79E—05 8.317364 8.708802 0.003181
KIRREL 5.763699 7.420478 0.001808 5.705279 5.893113 0.007445

Notes.

*Mean expression level.

methods, regulatory network methods focus on not only differences but also correlations
between gene expression profiles. Therefore, they are more reasonable (Liu, 2016). Many
methods to construct gene regulatory network have been developed (Liu, 2015). Liu et al.
(2012) employed a method based on differential networks and identified 34 biomarker genes
with diagnostic value in gastric cancer. However, this method used a hard thresholding
to determine the correlation between genes and did not take into account changes in the
strength of the correlation between genes under different conditions.

WGCNA, one of regulatory network methods, is based on power law distribution
(scale-free topology) and constructing weighted networks by a soft thresholding. It can
detect modules, identify hub genes, and recognize candidate genes or modules relating to
external information. It has been proved that WGCNA outperforms many other methods in
constructing the global network structure (Allen et al., 2012) and can safely replace mutual
information networks based on non-linear gene expression associations (Sorng, Langfelder
¢ Horvath, 2012) such as ARACNE (Margolin et al., 2006). Therefore, it is a robust method
to understand gene expression information and has been widely and successfully applied
in various biological contexts (McKinney et al., 2015; Amin et al., 2016; Zhang et al., 2016).

However, to our knowledge, there was only one study researching gene expression
profiles of GC by WGCNA (Zhao et al., 2016). This study constructed gene co-expression
network, identified modules based on differential expressed genes and performed GO
and KEGG pathway enrichment analysis on modules. Finally, genes related to survival
were identified by Cox regression analysis. Nevertheless, it did not identify hub genes and
analyze the relationship between modules or hub genes and clinical traits. Furthermore,
it is not recommended to filter genes by the differential expression for WGCNA because
it completely invalidates the scale-free topology assumption and forms a single or a few
highly correlated modules.

In our present study, 5,000 most variant genes were filtered by MAD for the reason that
genes with little variation are less likely to have high MM value or will not be assigned to a
module. We identified modules and candidate genes associated with pathologic T stage and
histologic grade of GC. They may play important roles in proliferation and differentiation
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Figure 6 Survival analysis on seven candidate genes based on TCGA dataset. For each gene, the me-
dian overall survival of patients in low expression group was superior to that of patients in high expression
group (p < 0.05). (A) PDGFRB; (B) COL8A1; (C) EFEMP2; (D)FBNT1; (E) EMILINT; (F) ESTL1; (G) KIR-
REL.
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of gastric adenocarcinoma cells and could be novel targets for the treatment of GC. Also,
the expression levels of these candidate genes were associated with overall survival of GC
patients, and they could be prognostic biomarkers for GC.

The enrichment analysis of genes in the green module revealed that they could encode
protein functioning as growth factor binding, platelet-derived growth factor binding,
insulin-like growth factor binding, transforming growth factor beta binding, etc. They
were also involved in the MF category and pathways relevant to tumorigenesis and tumor
progression such as angiogenesis, PI3K-Akt signaling pathway, pathways in cancer, TNF
signaling pathway, etc. These results can explain the correlations between the green module
and pathologic T stage and histologic grade.
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We defined 26 genes with MM value greater than 0.8 as hub genes, and 24 of them were
differentially expressed according to different clinical traits in the TCGA dataset. However,
only eight genes were differentially expressed in the GSE15459 dataset. The explanation for
this could be the different genetic background of samples in these datasets. Most samples in
the TCGA dataset were white or black people while samples in the GSE15459 dataset came
from Singapore in Asia. However, the eight genes exhibited stable properties consistent
with the green module across datasets.

Among these candidate genes, PDGFRB is the most studied gene related to cancer.
Its production is one of the receptors of platelet-derived growth factor (Andrae, Gallini
¢ Betsholtz, 2008), which stimulates proliferation and migration of cancer cells and
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angiogenesis, and has been utilized as a target for several cancer treatments. It also has been
demonstrated that overexpression of PDGFRB is correlated with progression of gastric
carcinoma (Guo et al., 2013). This was consistent with the result of our present study and
FDGFRB might also be a potential target for GC treatments.

COL8A1, EFEMP2 and FBN1 with activities of oncogenes, have been reported in
many studies. The protein encoded by COL8ALI is a component of endothelium of
blood vessels. It is necessary for migration and proliferation of vascular smooth muscle
cells. Serum concentrations of COL8AL1 increases in disease associated with vascular
remodeling and forming including cancer (Hansen et al., 2016). EFEMP2 encodes an
extracellular matrix protein which is a mutant p53-specific protein partner and contains
epidermal growth factor domain. It can enhance oncogenic activity such as neoplastic
transformation and proliferation of cancer cells (Gallagher et al., 1999). EFEMP2 is
upregulated in gliomas and promotes glioma cell proliferation and invasion (Wang et
al., 2015). Tt is also a promising serum biomarker for colorectal cancer early detection
(Yao et al., 2012). The protein encoded by FBNI1 is microfibrils of the extracellular
matrix. This protein contributes to tissue homeostasis by interactions with growth and
differentiation factors, cell-surface integrins and other extracellular matrix protein. FBN1
silencing leads to decreased papillary thyroid carcinoma cell proliferation and enhances
apoptosis in vitro, up-regulation of FBN1 boosts xenograft tumor formation in vivo (Ma et
al., 2016). It is overexpressed in testicular germ cell tumors and could be a new marker of
germ cell neoplasia in situ (Cierna et al., 2016). However, there have been no studies on the
correlation between COL8A1, EFEMP2 and FBN1 and GC. Our findings demonstrated that
COLB8A1, EFEMP2 and FBNI1 correlate to pathologic T stage, histologic grade and overall
survival in GC patients. They may play important roles in proliferation and differentiation
of GC cells. These results in GC were similar to those in other various cancers.

There is controversy about the roles of EMILIN1 and FSTL1 in cancer. EMILIN1 encodes
a protein which is responsible for elastogenesis and also regulates the bioavailability of
TGEF-f. It may suppress proliferation and metastasis of lung cancer cell (Edlund et al.,
2012) and is expressed at a lower level in breast cancer than in normal tissue (Rabajdova
et al., 2016). However, the opposite results are observed in soft tissue osteosarcoma and
ovarian serous tumors (Salani et al., 2007; Rao et al., 2013). FSTL1 encodes an activin-
binding protein with similarity to follistatin. It has been proved that FSTL1 activates NFkB
and regulates the TGF-3/BMP pathway involved in cell differentiation and subsequent
apoptosis (Wu et al., 2015). Knockdown of FSTL1 induces apoptosis of lung cancer cells
(Bae et al., 2016). In contrast, FSTL1 shows suppressive effects on ovarian and endometrial
carcinogenesis (Chan et al., 2009). Both EMILIN1 and FSTL1 exert contrasting effects in
different types of cancer probably because both interact with TGF-f3 which is a paradigm
of duality in cancer (Massagué, 2008). However, there have been no reports on the roles
of EMILINT1 and FSTL1 in GC and our study showed for the first time that they may be
pro-tumorigenic in GC.

The protein encoded by KIRREL may be involved in glomerular permeability. It can also
modulate ERK signaling through interaction with growth factor receptor-bound protein
2 (Harita et al., 2008). So far, there have been no direct researches on the relationship
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between KIRREL and tumors. However, our study manifested that KIRREL may promote
the development of GC. It may be a novel oncogene and worth further study.

CONCLUSIONS

In summary, we identified PDGFRB, COL8A1, EFEMP2, FBN1, EMILINI, FSTL1 and
KIRREL as candidate genes in GC. Most of them were first found to be associated with GC.
Their expression levels related to pathologic T stage, histologic grade and overall survival of
patients, and this means they may be involved in the development and progression of GC.
Thus, the candidate genes we identified can be novel prognostic biomarkers or therapeutic
targets of GC and deserve further study. These results, of great clinical significance, will
provide new insight into understanding GC and will contribute to personalized therapy.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding

This work was supported by the National Natural Science Foundation of China (No.
81472329 and No. 81372530) and the Anhui Provincial Natural Science Foundation of
China (No. 1608085QH190). The funders had no role in study design, data collection and
analysis, decision to publish, or preparation of the manuscript.

Grant Disclosures

The following grant information was disclosed by the authors:

National Natural Science Foundation of China: 81472329, 81372530.
Anhui Provincial Natural Science Foundation of China: 1608085QH190.

Competing Interests
The authors declare there are no competing interests.

Author Contributions

e Jian Chen conceived and designed the experiments, performed the experiments, analyzed
the data, contributed reagents/materials/analysis tools, prepared figures and/or tables,
approved the final draft.

e Xiuwen Wang conceived and designed the experiments, authored or reviewed drafts of
the paper, approved the final draft.

e Bing Hu contributed reagents/materials/analysis tools, authored or reviewed drafts of
the paper, approved the final draft.

e Yifu He contributed reagents/materials/analysis tools, approved the final draft.

e Xiaojun Qian authored or reviewed drafts of the paper, approved the final draft.

e Wei Wang prepared figures and/or tables, approved the final draft.

Data Availability
The following information was supplied regarding data availability:
The raw data has been provided as Supplemental Dataset Files.

Chen et al. (2018), PeerdJ, DOI 10.7717/peerj.4692 14/19


https://peerj.com
http://dx.doi.org/10.7717/peerj.4692#supplemental-information
http://dx.doi.org/10.7717/peerj.4692

Peer

Supplemental Information

Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.4692#supplemental-information.

REFERENCES

Allen JD, Xie Y, Chen M, Girard L, Xiao G. 2012. Comparing statistical methods for
constructing large scale gene networks. PLOS ONE 7:€29348
DOI 10.1371/journal.pone.0029348.

Amin P, DeWitt JP, Mookhtiar AK, Florez M, Ouchida AT, Fan ]JB, Pasparakis
M, Kelliher MA, Ravits J, Yuan J. 2016. RIPK1 mediates axonal degeneration
by promoting inflammation and necroptosis in ALS. Science 353:603—608
DOI 10.1126/science.aaf6803.

Andrae J, Gallini R, Betsholtz C. 2008. Role of platelet-derived growth factors in physiol-
ogy and medicine. Genes and Development 22:1276-1312 DOI 10.1101/gad.1653708.

Bae K, Park KE, Han J, Kim J, Kim K, Yoon KA. 2016. Mitotic cell death caused
by follistatin-like 1 inhibition is associated with up-regulated Bim by in-

activated Erk1/2 in human lung cancer cells. Oncotarget 7:18076—18084
DOI 10.18632/oncotarget.6729.

Bang YJ, Van Cutsem E, Feyereislova A, Chung HC, Shen L, Sawaki A, Lordick F, Ohtsu
A, Omuro Y, Satoh T, Aprile G, Kulikov E, Hill ], Lehle M, Riischoff J, Kang YK,
ToGA Trial Investigators. 2010. Trastuzumab in combination with chemotherapy
versus chemotherapy alone for treatment of HER2-positive advanced gastric or
gastro-oesophageal junction cancer (ToGA): a phase 3, open-label, randomised
controlled trial. Lancet 376:687—697 DOI 10.1016/50140-6736.

Chan QK1, Ngan HY, Ip PP, Liu VW, Xue WC, Cheung AN. 2009. Tumor sup-
pressor effect of follistatin-like 1 in ovarian and endometrial carcinogenesis:

a differential expression and functional analysis. Carcinogenesis 30:114—121
DOI 10.1093/carcin/bgn215..

Cierna Z, Mego M, Jurisica I, Machalekova K, Chovanec M, Miskovska V, Svet-
lovska D, Kalavska K, Rejlekova K, Kajo K, Mardiak J, Babal P. 2016. Fibrillin-

1 (FBN-1) a new marker of germ cell neoplasia in situ. BMC Cancer 16:597
DOI10.1186/s12885-016-2644-z.

Edlund K, Lindskog C, Saito A, Berglund A, Pontén F, Géransson-Kultima H, Isaksson
A, Jirstrom K, Planck M, Johansson L, Lambe M, Holmberg L, Nyberg F, Ekman S,
Bergqvist M, Landelius P, Lamberg K, Botling J, Ostman A, Micke P. 2012. CD99
is a novel prognostic stromal marker in non-small cell lung cancer. International
Journal of Cancer 131:2264-2273 DOI 10.1002/ijc.27518.

Fuchs CS, Tomasek J, Yong CJ, Dumitru F, Passalacqua R, Goswami C, Safran H,

Dos Santos LV, Aprile G, Ferry DR, Melichar B, Tehfe M, Topuzov E, Zalcberg
JR, Chau I, Campbell W, Sivanandan C, Pikiel J, Koshiji M, Hsu Y, Liepa AM,
Gao L, Schwartz JD. 2014. Ramucirumab monotherapy for previously treated
advanced gastric or gastro-oesophageal junction adenocarcinoma (REGARD): an

Chen et al. (2018), PeerJ, DOI 10.7717/peerj.4692 15/19


https://peerj.com
http://dx.doi.org/10.7717/peerj.4692#supplemental-information
http://dx.doi.org/10.7717/peerj.4692#supplemental-information
http://dx.doi.org/10.1371/journal.pone.0029348
http://dx.doi.org/10.1126/science.aaf6803
http://dx.doi.org/10.1101/gad.1653708
http://dx.doi.org/10.18632/oncotarget.6729
http://dx.doi.org/10.1016/S0140-6736
http://dx.doi.org/10.1093/carcin/bgn215.
http://dx.doi.org/10.1186/s12885-016-2644-z
http://dx.doi.org/10.1002/ijc.27518
http://dx.doi.org/10.7717/peerj.4692

Peer/

international, randomised, multicentre, placebo-controlled, phase 3 trial. Lancet
383:31-39 DOI 10.1016/S0140-6736.

Gallagher WM, Argentini M, Sierra V, Bracco L, Debussche L, Conseiller E. 1999.
MBP1: a novel mutant p53-specific protein partner with oncogenic properties.
Oncogent 18:3608-3616 DOI 10.1038/sj.0onc.1202937.

GASTRIC (Global Advanced/Adjuvant Stomach Tumor Research International
Collaboration) Group, Oba K, Paoletti X, Bang Y], Bleiberg H, Burzykowski T,
Fuse N, Michiels S, Morita S, Ohashi Y, Pignon JP, Rougier P, Sakamoto J, Sargent
D, Sasako M, Shitara K, Tsuburaya A, Van Cutsem E, Buyse M. 2013. Role of
chemotherapy for advanced/recurrent gastric cancer: an individual-patient-data
meta-analysis. European Journal of Cancer 49:1565-1577
DOI10.1016/j.ejca.2012.12.016.

Global Burden of Disease Cancer Collaboration, Fitzmaurice C, Allen C, Barber RM,
Barregard L, Bhutta ZA, Brenner H, Dicker DJ, Chimed-Orchir O, Dandona R,
Dandona L, Fleming T, Forouzanfar MH, Hancock J, Hay R], Hunter-Merrill
R, Huynh C, Hosgood HD, Johnson CO, Jonas JB, Khubchandani J, Kumar GA,
Kutz M, Lan Q, Larson HJ, Liang X, Lim SS, Lopez AD, MacIntyre MF, Marczak
L, Marquez N, Mokdad AH, Pinho C, Pourmalek F, Salomon JA, Sanabria JR,
Sandar L, Sartorius B, Schwartz SM, Shackelford KA, Shibuya K, Stanaway J,
Steiner C, Sun J, Takahashi K, Vollset SE, Vos T, Wagner JA, Wang H, Westerman
R, Zeeb H, Zoeckler L, Abd-Allah F, Ahmed MB, Alabed S, Alam NK, Aldhahri SF,
Alem G, Alemayohu MA, Ali R, Al-Raddadi R, Amare A, Amoako Y, Artaman A,
Asayesh H, Atnafu N, Awasthi A, Saleem HB, Barac A, Bedi N, Bensenor I, Berhane
A, Bernabé E, Betsu B, Binagwaho A, Boneya D, Campos-Nonato I, Castafieda-
Orjuela C, Catala-Lépez F, Chiang P, Chibueze C, Chitheer A, Choi JY, Cowie
B, Damtew S, Das Neves J, Dey S, Dharmaratne S, Dhillon P, Ding E, Driscoll T,
Ekwueme D, Endries AY, Farvid M, Farzadfar F, Fernandes J, Fischer F, G/Hiwot
TT, Gebru A, Gopalani S, Hailu A, Horino M, Horita N, Husseini A, Huybrechts
I, Inoue M, Islami F, Jakovljevic M, James S, Javanbakht M, Jee SH, Kasaeian A,
Kedir MS, Khader YS, Khang YH, Kim D, Leigh J, Linn S, Lunevicius R, El Razek
HMA, Malekzadeh R, Malta DC, Marcenes W, Markos D, Melaku YA, Meles KG,
Mendoza W, Mengiste DT, Meretoja TJ, Miller TR, Mohammad KA, Mohammadi
A, Mohammed S, Moradi-Lakeh M, Nagel G, Nand D, Le Nguyen Q, Nolte S,
Ogbo FA, Oladimeji KE, Oren E, Pa M, Park EK, Pereira DM, Plass D, Qorbani
M, Radfar A, Rafay A, Rahman M, Rana SM, Sereide K, Satpathy M, Sawhney M,
Sepanlou SG, Shaikh MA, She J, Shiue I, Shore HR, Shrime MG, So S, Soneji S,
Stathopoulou V, Stroumpoulis K, Sufiyan MB, Sykes BL, Tabarés-Seisdedos R,
Tadese F, Tedla BA, Tessema GA, Thakur JS, Tran BX, Ukwaja KN, Uzochukwu
BSC, Vlassov VV, Weiderpass E, Wubshet Terefe M, Yebyo HG, Yimam HH,
Yonemoto N, Younis MZ, Yu C, Zaidi Z, Zaki MES, Zenebe ZM, Murray CJL,
Naghavi M. 2017. Global, regional, and national cancer incidence, mortality, years
of life lost, years lived with disability, and disability-adjusted life-years for 32 cancer

Chen et al. (2018), PeerJ, DOI 10.7717/peerj.4692 16/19


https://peerj.com
http://dx.doi.org/10.1016/S0140-6736
http://dx.doi.org/10.1038/sj.onc.1202937
http://dx.doi.org/10.1016/j.ejca.2012.12.016
http://dx.doi.org/10.7717/peerj.4692

Peer

groups, 1990 to 2015: a systematic analysis for the global burden of disease study.
JAMA Oncology 3:524-548 DOI 10.1001/jamaoncol.2016.5688.

GuoY, Yin J, Zha L, Wang Z. 2013. Clinicohistologic significance of platelet-
derived growth factor B, platelet-derived growth factor receptor-f3, and E-
cadherin expression in gastric carcinoma. Contemporary Oncology 17:150-155
DOI10.5114/w0.2013.34618.

Hansen NU, Willumsen N, Sand JM, Larsen L, Karsdal MA, Leeming DJ. 2016. Type
VIII collagen is elevated in diseases associated with angiogenesis and vascular remod-
eling. Clinical Biochemistry 49:903-908 DOT 10.1016/j.clinbiochem.2016.05.023.

Harita Y, Kurihara H, Kosako H, Tezuka T, Sekine T, Igarashi T, Hattori S. 2008.
Nephl, a component of the kidney slit diaphragm, is tyrosine-phosphorylated by the
Src family tyrosine kinase and modulates intracellular signaling by binding to Grb2.
Journal of Biological Chemistry 283:9177-9186 DOI 10.1074/jbc.M707247200.

Hohenberger P, Gretschel S. 2003. Gastric cancer. Lancet 362:305-315.

Horvath S. 2011. Weighted network analysis:applications in genomics and systems biology.
New York: Springer Verlag, 321-324.

Lanczky A, Nagy A, Bottai G, Munkacsy G, Szabé A, Santarpia L, Gydrffy B. 2016.
miRpower: a web-tool to validate survival-associated miRNAs utilizing expression
data from 2,178 breast cancer patients. Breast Cancer Research and Treatment
160:439—446 DOI 10.1007/s10549-016-4013-7.

Langfelder P, Horvath S. 2008. WGCNA: an R package for weighted correlation network
analysis. BMC Bioinformatics 9:559 DOI 10.1186/1471-2105-9-559 .

Langfelder P, Luo R, Oldham MC, Horvath S. 2011. Is my network module preserved
and reproducible? PLOS Computational Biology 7:e1001057
DOI 10.1371/journal.pcbi.1001057.

Liu X, Liu ZP, Zhao XM, Chen L. 2012. Identifying disease genes and module biomarkers
by differential interactions. Journal of the American Medical Informatics Association
19:241-248 DOI 10.1136/amiajnl-2011-000658.

Liu ZP. 2015. Reverse engineering of genome-wide gene regulatory networks from gene
expression data. Current Genomics 16:3-22
DOI10.2174/1389202915666141110210634.

Liu ZP. 2016. Identifying network-based biomarkers of complex diseases from high-
throughput data. Biomarkers in Medicine 10:633—650 DOI 10.2217/bmm-2015-0035.

Ma X, WeiJ, Zhang L, Deng D, Liu L, Mei X, He X, Tian J. 2016. miR-486-5p inhibits
cell growth of papillary thyroid carcinoma by targeting fibrillin-1. Biomedicine and
Pharmacotherapy 80:220-226 DOI 10.1016/j.biopha.2016.03.020.

Margolin AA, Nemenman I, Basso K, Wiggins C, Stolovitzky G, Dalla Favera R,
Califano A. 2006. ARACNE: an algorithm for the reconstruction of gene regulatory
networks in a mammalian cellular context. BMC Bioinformatics 7(Suppl 1):S7
DOI10.1186/1471-2105-7-S1-S7.

Massagué J. 2008. TGFbeta in Cancer. Cell 134:215-230 DOI 10.1016/j.cell.2008.07.001.

Chen et al. (2018), PeerJ, DOI 10.7717/peerj.4692 17/19


https://peerj.com
http://dx.doi.org/10.1001/jamaoncol.2016.5688
http://dx.doi.org/10.5114/wo.2013.34618
http://dx.doi.org/10.1016/j.clinbiochem.2016.05.023
http://dx.doi.org/10.1074/jbc.M707247200
http://dx.doi.org/10.1007/s10549-016-4013-7
http://dx.doi.org/10.1186/1471-2105-9-559 
http://dx.doi.org/10.1371/journal.pcbi.1001057
http://dx.doi.org/10.1136/amiajnl-2011-000658
http://dx.doi.org/10.2174/1389202915666141110210634
http://dx.doi.org/10.2217/bmm-2015-0035
http://dx.doi.org/10.1016/j.biopha.2016.03.020
http://dx.doi.org/10.1186/1471-2105-7-S1-S7
http://dx.doi.org/10.1016/j.cell.2008.07.001
http://dx.doi.org/10.7717/peerj.4692

Peer

McKinney EF, Lee JC, Jayne DR, Lyons PA, Smith KG. 2015. T-cell exhaustion,
co-stimulation and clinical outcome in autoimmunity and infection. Nature
523:612—-616 DOI 10.1038/nature14468.

Ooi CH, Ivanova T, Wu ], Lee M, Tan IB, Tao J, Ward L, Koo JH, Gopalakrishnan V,
ZhuY, ChengLL, Lee J, Rha SY, Chung HC, Ganesan K, So J, Soo KC, Lim D, Chan
WH, Wong WK, Bowtell D, Yeoh KG, Grabsch H, Boussioutas A, Tan P. 2009.
Oncogenic pathway combinations predict clinical prognosis in gastric cancer. PLOS
Genetics 5:1000676 DOI 10.1371/journal.pgen.1000676.

Rabajdova M, Urban P, Spakova I, Saksun L, Dudic R, Ostro A, Caprnda M, Kruzliak P,
Adamek M, Marekova M. 2016. The crucial role of emilin 1 gene expression during
progression of tumor growth. Journal of Cancer Research and Clinical Oncology
142:2397-2402 DOI 10.1007/s00432-016-2226-0.

Rao UN, Hood BL, Jones-Laughner JM, Sun M, Conrads TP. 2013. Distinct profiles of
oxidative stress-related and matrix proteins in adult bone and soft tissue osteosar-
coma and desmoid tumors: a proteomics study. Human Pathology 44:725-733
DOI 10.1016/j.humpath.2012.06.023.

Salani R, Neuberger I, Kurman R]J, Bristow RE, Chang HW, Wang TL, Shih IeM. 2007.
Expression of extracellular matrix proteins in ovarian serous tumors. International
Journal of Gynecological Pathology 26:141-246.

Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D, Amin N, Schwikowski
B, Ideker T. 2003. Cytoscape: a software environment for integrated models of
biomolecular interaction networks. Genome Research 13(11):2498-2504.

Song L, Langfelder P, Horvath S. 2012. Comparison of co-expression measures: mutual
information, correlation, and model based indices. BMC Bioinformatics 13:328
DOI10.1186/1471-2105-13-328.

Tomczak K, Czerwiniska P, Wiznerowicz M. 2015. The Cancer Genome Atlas (TCGA):
an immeasurable source of knowledge. Contemporary Oncology 19:A68—A77
DOI10.5114/w0.2014.47136.

Wang L, Chen Q, Chen Z, Tian D, Xu H, Cai Q, Liu B, Deng G. 2015. EFEMP?2 is upreg-
ulated in gliomas and promotes glioma cell proliferation and invasion. International
Journal of Clinical and Experimental Pathology 8:10385-10393.

Wilke H, Muro K, Van Cutsem E, Oh SC, Bodoky G, Shimada Y, Hironaka S, Sugimoto
N, Lipatov O, Kim TY, Cunningham D, Rougier P, Komatsu Y, Ajani J, Emig
M, Carlesi R, Ferry D, Chandrawansa K, Schwartz JD, Ohtsu A, RAINBOW
Study Group. 2014. Ramucirumab plus paclitaxel versus placebo plus paclitaxel in
patients with previously treated advanced gastric or gastro-oesophageal junction
adenocarcinoma (RAINBOW): a double-blind, randomised phase 3 trial. The Lancet
Oncology 15:1224-1235 DOI 10.1016/51470-2045.

Wu]J, Dong Y, Teng X, Cheng M, Shen Z, Chen W. 2015. Follistatin-like 1 at-
tenuates differentiation and survival of erythroid cells through Smad2/3 sig-
naling. Biochemical and Biophysical Research Communications 466:711-716
DOI 10.1016/j.bbrc.2015.09.044.

Chen et al. (2018), PeerJ, DOI 10.7717/peerj.4692 18/19


https://peerj.com
http://dx.doi.org/10.1038/nature14468
http://dx.doi.org/10.1371/journal.pgen.1000676
http://dx.doi.org/10.1007/s00432-016-2226-0
http://dx.doi.org/10.1016/j.humpath.2012.06.023
http://dx.doi.org/10.1186/1471-2105-13-328
http://dx.doi.org/10.5114/wo.2014.47136
http://dx.doi.org/10.1016/S1470-2045
http://dx.doi.org/10.1016/j.bbrc.2015.09.044
http://dx.doi.org/10.7717/peerj.4692

Peer

Yao L, Lao W, Zhang Y, Tang X, Hu X, He C, Hu X, Xu LX. 2012. Identification of
EFEMP2 as a serum biomarker for the early detection of colorectal cancer with
lectin affinity capture assisted secretome analysis of cultured fresh tissues. Journal
of Proteome Research 11:3281-3294 DOI 10.1021/pr300020p.

Yu G, Wang LG, Han Y, He QY. 2012. ClusterProfiler: an R package for comparing
biological themes among gene clusters. OMICS: A Journal of Integrative Biology
16:284-287 DOI 10.1089/0mi.2011.0118.

Zhang H, Liu T, Zhang Z, Payne SH, Zhang B, McDermott JE, Zhou JY, Petyuk VA,
Chen L, Ray D, Sun S, Yang F, Chen L, Wang J, Shah P, Cha SW, Aiyetan P, Woo
S, Tian Y, Gritsenko MA, Clauss TR, Choi C, Monroe ME, Thomas S, Nie S, Wu
C, Moore R], Yu KH, Tabb DL, Feny6 D, Bafna V, Wang Y, Rodriguez H, Boja ES,
Hiltke T, Rivers RC, Sokoll L, Zhu, Shih IM, Cope L, Pandey A, Zhang B, Snyder
MP, Levine DA, Smith RD, Chan DW, Rodland KD, CPTAC Investigators. 2016.
Integrated proteogenomic characterization of human high-grade serous ovarian
cancer. Cell 166:755-765 DOI 10.1016/j.cell.2016.05.069.

Zhao X, Cai H, Wang X, Ma L. 2016. Discovery of signature genes in gastric cancer
associated with prognosis. Neoplasma 63:239-245 DOI 10.4149/209_150531N303.

Chen et al. (2018), PeerJ, DOI 10.7717/peerj.4692 19/19


https://peerj.com
http://dx.doi.org/10.1021/pr300020p
http://dx.doi.org/10.1089/omi.2011.0118
http://dx.doi.org/10.1016/j.cell.2016.05.069
http://dx.doi.org/10.4149/209_150531N303
http://dx.doi.org/10.7717/peerj.4692

