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Gastric cancer (GC) is a common tumor-associated lethal disease, and invasiveness and metastasis are primary challenges in its
clinical treatment. Hypoxia microenvironment cannot be ignored in the process of metastasis. Hypoxia inducible factor-1𝛼 (HIF-
1𝛼) is the core component of the hypoxia signaling pathway.The aim of this study was to identify potential hub genes and signaling
pathways associated with HIF-1𝛼. We explored the invasiveness- and metastasis-associated phenotype of GC via bioinformatics
analysis andmolecular studies. Differentially expressed genes (DEGs) were identified in GC cells andHIF-1𝛼-knockdownGC cells.
Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were performed,
and a protein-protein interaction (PPI) network was constructed. Hub genes were identified via centrality analysis and Molecular
Complex Detection (MCODE) module analysis. The findings suggested that prolyl 4-hydroxylase beta polypeptide (P4HB) has
strong associations with HIF-1𝛼. Further, we observed that HIF-1𝛼 and P4HB were upregulated in SGC-7901 and BGC-823 cells. In
addition, inhibition of HIF-1𝛼 expression reduced invasion and metastasis in GC cells; this effect was partially reversed by P4HB
overexpression. Our results confirm that P4HB plays a significant role in the regulatory network of HIF-1𝛼. Therefore, HIF-1𝛼 and
P4HB may be considered potential biomarkers of GC.

1. Introduction

Gastric cancer (GC) is the most common malignant tumor
of the digestive system. Although progress has been reported
in terms of treatment, it is still the second leading cause
of cancer-related death [1]. Early diagnosis and control of
invasion and metastasis are important research directions
[2]. Therefore, the identification of biomarkers and their
underlying molecular mechanisms in GC is critical. Evi-
dence shows that the tumor hypoxic microenvironment is
attributed to tumor progression and metastasis [3]. Hypoxia
induction factors (HIFs) play a synergistic role in regulating
the response of cells to hypoxia [4]. In the hypoxic region
of a solid tumor, these factors accelerate cell dissemina-
tion, promote angiogenesis, and advance cancer cells to
a metastatic phenotype [5]. In particular, HIF-1𝛼 upreg-
ulates epithelial–mesenchymal transition- (EMT-) related

transcription factors and is closely related to the prognosis
of GC [6, 7]. However, the molecular mechanism of hypoxia
affecting GC metastasis has not been fully elucidated.

Biochips and next-generation sequencing (NGS) have
been used extensively to analyze gene expression in medical
oncology. Recent gene expression profiling studies of GC in
the last decade have revealed differentially expressed genes
(DEGs) related to different signaling pathways. Based on
these results, a plethora of molecular targeted drugs have
been approved in the last ten years and used in clinical
practice. However, the efficacy of molecular targeted drugs
has not met expectations, and the anticipated huge break-
through in treatment resulting from their use has not been
achieved [8]. Comparative analysis of the DEGs identified by
various studies has revealed relatively limited repeatability,
and a biomarker of invasion and metastasis in GC has not yet
been identified. It is becoming clear that the identification of
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singular DEGs is not a sufficient basis for making therapeutic
drugs [9]; more complex and sophisticated software tools and
algorithms are necessary. Proteogenomic analysis provides a
functional context to annotate genomic abnormalities with
carcinogenesis and prognostic value [10]. Cai YD et al. [11]
have proved the effectiveness of the protein-protein interac-
tion (PPI) network in predicting breast cancer metastasis.
Rohwer et al. [12] collected cell samples and examined
DEGs in HIF-1𝛼-deficient gastric cancer AGS cells (KD-
AGS) and scrambled gastric cancerAGS cells (SCR-AGS) [12].
Elucidation of the interactions between DEGs, particularly as
they relate to the protein-protein interaction (PPI) network,
is critical.

In this study, raw data (GSE57200) were downloaded
from the Gene Expression Omnibus (GEO, http://www.ncbi
.nlm.nih.gov/geo/), which allows users to search and down-
load gene expression profiles from various experiments.
Package edgeR was applied to identify DEGs in the gene
expression profiles of KD and SCR. Gene ontology (GO)
[13, 14], Kyoto Encyclopedia of Genes and Genomes (KEGG)
[15], and PPI network analysis were used to study and identify
changes in pathways and hub genes.

Prolyl 4-hydroxylase beta polypeptide (P4HB), one of
the hub genes in the beta subunit of prolyl 4-hydroxylase,
belongs to the protein disulfide isomerase (PDI) family.P4HB
is a highly abundant multifunctional enzyme which acts as
an endoplasmic reticulum (ER) chaperone to inhibit the
aggregation of misfolded proteins [16]. In previous studies,
we confirmed P4HB was overexpressed in GC tissue and
acted as a potential prognostic marker of GC [7]. Besides,
P4HB was also overexpressed in hepatocellular carcinoma
[17, 18] and non-small-cell lung cancer [19]. Higher P4HB
expression is closely linked with drug resistance in malignant
glioma [20]. Further, high levels of PDIs are associated with
lymphatic metastases of cancers, as confirmed by proteomic
and protein functional studies [21].These studies confirm the
potential carcinogenicity of P4HB. However, the role of P4HB
in invasion and metastasis of GC and its relationship with
HIF-1𝛼 are still unclear.

In this study, we examined P4HB and HIF-1𝛼 expression
in GC cells and gastric tissue samples. We also evaluated the
interactions between P4HB and HIF-1𝛼 in the GC invasion
andmetastasis phenotype.Thepresent findings indicated that
HIF-1𝛼 suppresses the expression of P4HB and promotes GC
invasion and metastasis.

2. Materials and Methods

2.1. Tissues and Ethical Statement. Forty paired GC and
nontumorous adjacent tissues were obtained from patients at
the Liaoning Province Cancer Hospital & Institute between
2015 and 2017. Meanwhile, this study was approved by the
institutional review board of the Liaoning Province Cancer
Hospital & Institute. Informed consent was obtained from
patients before surgery.

2.2. Biochip Data and Identification of DEGs. The original
GSE57200 data were downloaded from the GEO database.

GSE57200, which was tested using the GPL6883 (HumanRef-
8 v3.0 Gene Expression BeadChip, Illumina, San Diego, CA)
and GPL10558 (HumanHT-12 v4.0 Expression BeadChip,
Illumina) platforms, was submitted by Rohwer et al. In this
article, we mainly discuss the data based on the GPL10558
platform. The GSE57200 (GPL10558 platform) dataset con-
tained five samples, including three HIF-1𝛼-deficient gastric
cancer AGS cells established by transduction of lentiviral
shRNA and two SCR gastric cancer AGS cells as control.
Package edgeR was applied to identify DEGs. ggplot2 was
used to depict the heatmap and volcano plot. Hierarchical
clustering analysis was performed to categorize the data into
two groups with similar expression in KD-AGS and SCR-
AGS.

2.3. Gene Ontology and Pathway Enrichment Analysis of
DEGs. DEG data were uploaded toDatabase for Annotation,
Visualization and Integrated Discovery (DAVID) version
6.8 (https://david.ncifcrf.gov/) [22] to obtain categories as
follows: biological process FAT, cell component FAT, and
molecular function FAT datasets of GO and KEGG pathway
enrichment analysis. P < 0.05 was considered statistically
significant.

2.4. Integration of Protein-Protein Interaction Network and
Module Analysis. Genes form networks based on their inter-
actions [23]. The Search Tool for the Retrieval of Interacting
Genes (STRING, https://string-db.org/) database is an online
tool designed to evaluate PPI network data. We uploaded the
DEGs data to STRING to evaluate the interactions between
DEGs; scores of experimentally validated interactions > 0.4
were treated as significant. We used the Cytoscape 3.5.0
software to visualize the results of PPI networks [24]. Further,
Cytoscape was used to perform centrality analysis accord-
ing to local (degree and clustering coefficient) and global
(betweenness, closeness, and stress) scales. The top 10 genes
in the 5 types of centralities were chosen as candidates. Genes
appearing more than twice were defined as hub genes. The
Molecular Complex Detection (MCODE) plug-in was used
to filter and analyze the PPI network module in Cytoscape.
MCODE scores > 3 combined with a number of nodes > 4
were selected as significant.

2.5. TheKaplan-Meier Plotter. TheKaplan-Meier plotter (www
.kmplot.com) database was used to evaluate the prognostic
significance of the mRNA expression of P4HB in GC. The
database included gene expression and clinical data for lung
cancer, ovarian cancer, gastric cancer, and breast cancer.
According to the median expression of P4HB (high vs. low
expression), patient samples were divided into two groups
to assess the prognostic value of P4HB. The Kaplan-Meier
survival plot was used to analyze the overall survival of
patients with GC. P < 0.05 was considered to represent
statistical significance.

2.6. Cell Culture. GSE-1 (human normal gastric epithelial
cell line) and SGC-7901 and BGC-823 (human gastric can-
cer cell lines) were obtained from China Medical Univer-
sity (Shenyang, China). Cells were cultured in RPMI 1640

http://www.ncbi.nlm.nih.gov/geo/
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https://string-db.org/
http://www.kmplot.com
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medium supplemented with 10% fetal bovine serum (FBS,
Invitrogen, Carlsbad, CA, USA), 100 U/mL penicillin, and
100 𝜇g/mL streptomycin (Invitrogen) at 37∘C under 5%
CO2 and 1% O2. All experiments were repeated three times
independently.

2.7. RNA Extraction and Real-Time Reverse Transcription-
Polymerase Chain Reaction (RT-PCR). Total RNAs from cells
and tissue were isolated with the TRIzol (Invitrogen) cell
separation reagent according to the manufacturer's instruc-
tions. The Promega cDNA core kit (Promega, Madison,
WI, USA) used to generate complementary DNA from 500
ng of total RNA. SYBR Master Mixture (Takara Bio, Inc.,
Kusatsu, Japan) was used for real-time PCR (LightCycler 480,
Roche AG, Basel, Switzerland). Each sample was analyzed
in three times. U6 worked as loading control. Fold changes
of mRNA expression in different cells were determined by

2-△△CT normalization. The following primers were used:
HIF-1𝛼, forward 5󸀠- GATCACCCTCTTCGTCGCTT -3󸀠 and
reverse 5󸀠- AAAGGCAAGTCCAGAGGTGG -3󸀠; P4HB, for-
ward 5󸀠- GGAATGGAGACACGGCTTC -3󸀠 and reverse 5󸀠-
TTCAGCCAGTTCACGATGTC-3󸀠 .

2.8. Western Blot Analysis. 10–15% SDS polyacrylamide gel
and PVDF membranes were used to separate and transfer
protein (20 𝜇g) from cells. The TBS-Tween buffer (20 mM
Tris-HCl, 5% nonfat milk, 150 mM NaCl, and 0.05% Tween-
20, pH 7.5) was used to block membranes for 1 hour at
21∘C after blotting. Then the members were incubated with
primary antibodies overnight at 4∘C (HIF-1𝛼, 1:400, Abcam,
Cambridge, UK; P4HB, 1:200, Boster Biological Technology,
Pleasanton, CA, USA; and 𝛽-actin, 1:4,000, Santa Cruz
Biotechnology, Santa Cruz, CA, USA). Finally, members
were incubated with a secondary antibody (1:5,000, Santa
Cruz Biotechnology). 𝛽-actin acted as a control. The grey
value of proteins was measured by ImageJ (NIH, Bethesda,
MD, USA). Averages of three independent experiments were
presented as the final data.

2.9. Immunohistochemistry (IHC). Both tumor and adja-
cent tissue sections (5 𝜇m) were fixed on poly-L-lysine-
coated slides. Antibodies were used for immunostain-
ing (HIF-1𝛼, 1:100, Abcam; P4HB, 1:50, Boster Biologi-
cal Technology). Biotin-conjugated secondary antibodies
were used for visualization. The VECTASTAIN Elite ABC
kit (LINARIS, Wertheim, Germany) and diaminobenzidine
(DAB) substrate (Boster Biological Technology) were used
for immunoperoxidase detection.

2.10. Evaluation of IHC Staining. Two experienced patholo-
gists were responsible for evaluating the immunoreactivity
of HIF-1𝛼 and P4HB. Staining intensity and the proportion
of positive cells were evaluated. The proportions were scored
0 to 4 (negative, positive in ≤10%, positive in >10% and
≤50%, positive in >50% and ≤75%, and positive in >75% of
cells). Staining intensity was scored 0 to 3 (negative, weak,
moderate, and strong). Two scoresweremultiplied as the final
score (negative, 0; weak, 1-4; moderate, 5-8; strong, 9-12).The

proportion was the mean percentage of five areas at 200×
magnification.

2.11. Lentivirus shRNA, Plasmids, and Transfection. To
deplete HIF-1𝛼, cells were transfected with shRNA
or control vector. Lentiviruses with HIF-1𝛼 shRNA
were obtained from GeneChem (Shanghai, China).
After being cultured with puromycin for 72 hours,
GC cells were used for screening. HIF-1𝛼 knockdown
was identified and verified by western blotting and
RT-PCR. The short-hairpin RNA sequences were as
follows: shHIF-1𝛼-1: TGTGAGTTCGCATCTTGAT, ctcgag-
ATCAAGATGCGAACTCACATT; shHIF-1𝛼-2: CTAACT-
GGACACAGTGTGT, ctcgag-ACACACTGTGTCCAGT-
TAGTT; shHIF-1𝛼-3: GCTGACCAGTTATGATTGT, ctcgag-
ACAATCATAACTGGTCAGCTG; the nontargeting control
sequence was 5󸀠-TTCTCCGAACGTGTCACGT-3󸀠 . Gener-
ated by PCR, the full-length human P4HB cDNA was
subcloned into the pcDNA3.1 vector. Cells were transfected
with the HIF-1𝛼-shRNA, control-shRNA, pcDNA3.1 vector,
pcDNA3.1-P4HB plasmid, and HIF-1𝛼-shRNA + pcDNA3.1-
P4HB plasmid in combination or alone using Lipofectamine
2000 (Invitrogen) for 24 h for in vitro experiments.

2.12. Scrape Motility and Transwell Invasion Assays. The
scrape motility assay was used to evaluate cell migration. GC
was plated into culture inserts (ibidi, Regensburg, Germany).
After incubation for 24 hours, the inserts were removed.
An inverted microscope (XDS-100, Shanghai Caikon Optical
Instrument Co., Ltd., Shanghai, China) was used to capture
the wound monolayers images at 0 and 24 hours after
wounding.

The transwell assay was performed to determine cell
invasion. Transwell upper chambers coated with gelatin were
used to plate GC cells. The lower chambers were coated with
600 𝜇L FBS (30%, Costar, Lowell, MA, USA). Methanol and
hematoxylin and eosin were used to fix and stain cells after
incubation for 24 hours (Sigma-Aldrich, St. Louis,MO,USA).
After removing the upper chambers, the cells on the surface of
the lower chambersweremigrated and cellswere counted and
captured by amicroscope at 200×magnification in five fields.
The average cell number per field represented the migrated
cells.

2.13. Statistical Analysis. SPSS 19.0 (IBM, Armonk, NY, USA)
was used for statistical analysis. The variance between groups
used Student’s t-test; comparisons of multiple groups used
one-way analysis of variance (ANOVA). P<0.05 was mean-
ingful. All data are presented as mean ± standard deviation.

3. Results

3.1. Identification of Differentially Expressed Genes. Series
matrix files included two SCR-AGS samples and three KD-
AGS samples; each chip was analyzed by the edgeR package
to identify DEGs. A total of 1,785 DEGs were identified: 886
genes were upregulated in SCR-AGS and 899 genes were
upregulated in KD-AGS. A heatmap of the top 20 DEGs in
each group is shown in Figure 1(a). Fifty-three upregulated
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Figure 1: Heatmap and volcano plot exhibited the DEGs. (a) Heatmap of the top 40 DEGs between SCR-AGS and HIF-1𝛼-KD-AGS (20
upregulated genes and 20 downregulated genes). Red: upregulated genes; blue: downregulated genes. (b) Volcano plot of the differentially
expressed mRNAs between SA and paracarcinoma tissues. Red indicates high expression and green indicates low expression (| log 2FC| >1
and adjusted P value < 0.05). DEGs were calculated by edgeR. 53 high expressed DEGs and 31 low expressed ones. This volcano plot was
conducted by the ggplot2 package of R language.

and 31 downregulatedDEGswere observed and sorted by fold
change (FC ≥ 2, P<0.05, Figure 1(b), Supplementary Tables 1
and 2).

3.2. Functional Characterization of DEGs. UpregulatedDEGs
in SCR-AGS were uploaded to the online database DAVID to
identify representative GO terms and KEGG pathways [25]
for further elucidation of the functional properties of the
DEGs. GO analysis results (Figure 2(a), Supplementary Table
3) showed that upregulatedDEGswere significantly enriched
in positive regulation of the epithelial-to-mesenchymal tran-
sition (EMT) and epithelial cell development and in negative
regulation of interleukin-4 and interleukin-5 production
under biological process (BP). Under cellular component
(CC), the genes were enriched in the basolateral plasma
membrane and adherens junction. Additionally, molecular
function (MF) analysis revealed genes significantly enriched
in AMP binding, identical protein binding, and calcium ion
binding.

Figure 2(b) shows the most significantly enriched path-
ways of the upregulated DEGs according to KEGG pathway
analysis. The upregulated DEGswere enriched inmetabolism
of xenobiotics by cytochrome P450, protein processing in the

endoplasmic reticulum, chemical carcinogenesis, and platelet
activation (Supplementary Table 4).

3.3. Module Screening and Centrality Analysis from the PPI
Network. PPI network analysis is an important tool for
identification of the crucial hub genes in a group ofmolecules.
Using the STRING database, the PPI network for the unregu-
lated genes in SCRwas formulated byCytoscape and is shown
in Figure 3(a).

The possibility of centralities means that a gene is func-
tionally capable of connecting to nodes with other genes in
a biological network [26]. Betweenness centrality, closeness
centrality, stress centrality, degree centrality, and clustering
coefficient are considered the five most important centralities
[27]. The first 10 genes of each type were not precisely
consistent across the centrality analyses. Therefore, hub genes
were those that were shared more than twice between the
five types of centralities. Following these criteria, 11 hub genes
were obtained from the PPI network: calmodulin 1 (CALM1),
dihydropyrimidine dehydrogenase (DPYD), CREB binding
protein (CREBBP), P4HB, cytochrome c, somatic (CYCS),
HIF-1𝛼, chaperonin containing TCP1 subunit 5 (CCT5), pro-
tein phosphatase 1 catalytic subunit alpha (PPP1CA), protein
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Figure 2: GO functional and KEGG pathway enrichment analyses of DEGs in scrambled AGS cells. (a) GO analysis. (b) KEGG pathway
analysis. The x-axis shows the number of genes and the y-axis shows the GO and KEGG pathway terms.

phosphatase 2 scaffold subunitA alpha (PPP2R1A), ribosomal
protein S23 (RPS23), and phosphorylase kinase catalytic
subunit gamma 1 (PHKG1). Further, we used the MCODE
plug-in to analyze all nodes and edges. The three most
importantmodules were selected (Figure S1). Comprehensive
analysis of the hub genes and modules revealed that P4HB
was the only gene in both areas (centrality and MCODE
module) (Figure 3(b)) and has a direct connection with HIF-
1𝛼 (Figure 3(a)). The relationship between the expression
of P4HB mRNA and clinical outcome was illustrated using
the Kaplan-Meier plotter (www.kmplot.com) to show the
prognostic value of P4HB expression. Further, we plotted
survival curves for all patients with GC (Figure 3(c)). High

P4HB mRNA expression levels were associated with signifi-
cantly poorer overall survival in all patients with GC (HR 1.3
(1.08-1.57), P = 0.0057). Figure 4 shows the workflow of the
bioinformatics analysis.

3.4. HIF-1𝛼 Upregulates P4HB in GC Cells. Western blot and
RT-PCR results showed that both HIF-1𝛼 and P4HB were
overexpressed in GC cells compared to their levels in GES-
1 cells (Figures 5(a)–5(d), P < 0.05) under 1% O2. And IHC
was used to investigate their expression in 40GC samples and
their noncancerous counterparts. HIF-1𝛼 was upregulated in
GC samples relative to its level in adjacent noncancerous
samples (Figures 5(e) and 5(f)). Similar results were found for

http://www.kmplot.com
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Figure 3: P4HB was identified as a target gene of HIF-1𝛼. (a) The Protein-protein interaction (PPI) network of the upregulated DEGs in
SCR-AGS (edge size was according to the degree, and color was according to the number of directed edges; red=30, yellow=15, and green=0).
(b)Themodule contained P4HB. (c)The Kaplan-Meier curves of patients with GC based on expression of P4HB in the Kaplan-Meier plotter
database; patients with low expression of P4HB showed a better survival rate (P = 0.0057).

P4HB. Its expression was detected in 39/40 GC samples and
there was overexpression in GC tissue compared to levels in
adjacent samples (Figures 5(e) and 5(g)).

Highly fluorescent cell bodies visualized by GFP fluores-
cence indicated lentivirus- (LV-)HIF-1𝛼 and LV-control (NC)
were transfected into GC cells successfully (Figure 6(a)).
RT-PCR assays ensured the efficiency of interference and
avoided off-target effects. The HIF-1𝛼mRNA expression was
obviously reduced by shHIF-1𝛼 compared to the scrambled
control. The shRNA-HIF-1𝛼-II showed the maximum knock-
down efficiency (Figure 6(b), P < 0.01).This is consistent with
our previous research [28]. With the inhibition of HIF-1𝛼 by

shRNA, the P4HB levels were also downregulated (Figures
6(c) and 6(d)).

3.5. HIF-1𝛼 Affected Invasion and Metastasis Mediated by
P4HB. In order to study the effect ofHIF-1𝛼 andP4HB on the
biological function of GC, we knocked down the expression
of HIF-1𝛼 and overexpressed P4HB. Transwell experiments
and scrapemotility assays were performed to test the effect of
HIF-1𝛼 and P4HB on cell invasion and metastasis. The results
showed that reduction of HIF-1𝛼 inhibited the invasion and
metastasis of GC cells (Figures 7 and 8, P < 0.01); this decrease
was partially rescued by the overexpression of P4HB (Figures
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7 and 8, P < 0.01). Neither the lentivirus vector nor the
pcDNA3.1 plasmid affectedHIF-1𝛼orP4HB expression inGC
cells.

4. Discussion

With the improvement ofNGS, understanding of themolecu-
lar pathogenesis of GC has improved, and GC-related molec-
ular mechanisms have been identified [29, 30]. As genes do
not function in isolation, theymay be divided into “networks”
based on their interactions. HIF-1𝛼 was initially defined
as an important regulator of cell adaptation to hypoxia,
which plays a crucial role in the tumor microenvironment
[31] and is closely linked with invasion and metastasis [32].
Tumor metastasis represents a major challenge to effective
cancer treatment. More than 90% of cancer-related deaths
are caused by metastasis, and surgery or radiotherapy and/or
chemotherapy have only limited effects [33]. Studies have
demonstrated that both cells and molecules are regulated by
themicroenvironment, regardless of whether they are located
in primary tumors or distant metastases [34, 35]. Hypoxia
activates HIF signaling and influences multiple steps within

the metastatic cascade, including invasion, intravasation, and
extravasation, and establishment of the premetastatic niche,
as well as survival and growth at the distant site [32]. In this
study, we extracted raw data from GSE57200 (GPL10558) to
identify the DEGs and gene regulatory networks associated
with HIF-1𝛼 in GC. GO terms showed major enrichment
of the DEGs involved in the EMT, which is known to be
regulated by HIF-1𝛼 [6]. The results of the centrality and
MCODE analyses of PPI showed that P4HB may be closely
related toHIF-1𝛼 and represents a potential biomarker of GC
invasion and metastasis.

This study used gene ontology and enrichment analyses to
identify P4HB as associated with HIF-1𝛼, itself indispensable
in the hypoxia response andmetastasis.We then observed the
effects of inhibition and overexpression of HIF-1𝛼 and P4HB
on invasion and metastasis in human gastric cancer cell lines.
Our findings demonstrated that P4HB plays a significant role
in the regulatory network of HIF-1𝛼 and is closely linked with
invasion and metastasis in gastric cancer cells under hypoxic
conditions. We believe that our study makes a significant
contribution to the literature because the findings suggest that
HIF-1𝛼 and P4HB may be potential biomarkers of GC.
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Figure 5: HIF-1𝛼 and P4HB are upregulated in human GC cell lines, andHIF-1𝛼 regulates the expression of P4HB in GC cells. (a, c) HIF-1𝛼
and P4HB protein expression in GC cell lines (SGC-7901 and BGC-823) and the human normal gastric epithelial cell line (GSE-1) by western
blot. 𝛽-actin was used as a loading control; n = 3, ∗∗: P < 0.01. (b, d)HIF-1𝛼 and P4HBmRNA expression in SGC-7901, BGC-823, and GSE-1
by RT-PCR; n = 3, ∗∗: P < 0.01. (e) (A) HIF-1𝛼 was overexpressed in GC tissue. (B) HIF-1𝛼 was weakly expressed in adjacent tissues. (C)
P4HB was overexpressed in GC tissue. (D) P4HB was weakly expressed in adjacent tissues. In all figures, 200× magnification was used. (f,
g) The score of HIF-1𝛼 and P4HB in 40 GC tissues was of statistical significance compared to that of the corresponding adjacent nontumor
specimens by IHC. Data are presented as the mean± SD (n= 40).
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Figure 6: Suppression ofHIF-1𝛼 expression affected P4HB expression inGC cells. (a, b)GFP fluorescence andRT-PCR showing the efficiency
ofHIF-1𝛼 knockdown compared with that of the scrambled control in GC cells;∗∗: P < 0.01. (b) GC cells were infectedwith shRNA-HIF-1𝛼-II
or LV-control for 24 h. P4HB expression levels were determined by western blot and RT-PCR. ∗∗: P < 0.01. (c, d) GC cells were transfected
with HIF-1𝛼 siRNA; P4HB protein and mRNA levels were determined by western blot and RT-PCR, respectively.

P4HB is the beta subunit of prolyl 4-hydroxylase. Com-
bining with P4HA1 or P4HA2 subunits, they can form
a tetrameric enzyme. HIF-1 promotes extracellular matrix
remodeling by inducing P4HA1 [36] and P4HA2 in breast
cancer [37]. In addition, P4HA1 [38] and P4HA2 [39] are
confirmed hypoxia-associated genes and associated with
poor prognosis in head and neck squamous cell carcinoma.
The expression of P4HA1/P4HA2 affected by hypoxia was
also reported in chondrosarcoma cells [40] and soft tissue

sarcomas [41]. However, whether HIF-1 directly regulates
P4HA1/P4HA2 has not been confirmed. P4HB may act as a
bridge between HIF-1 and P4HA1/P4HA2.

Although the role of P4HB in carcinogenesis remains
controversial [42, 43], many studies have demonstrated
oncogenic functions for P4HB [17–19]. P4HB, also known
as PDIA1, belongs to the PDI family, whose role in car-
cinogenesis has been recently reported. There is abundant
evidence supporting the strong association of PDI proteins
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Figure 7: Transwell assays were used to evaluate the role of HIF-1𝛼 in invasion in HIF-1𝛼-knockdown and HIF-1𝛼-knockdown + P4HB-
overexpression GC cells. In all figures, 200×magnification was used.

with a variety of cancers; for example, P4HB is a potential
target for ovarian cancer therapy [44], and increased PDI
activity has been demonstrated in melanoma [45]. The
Wnt/𝛽-catenin signaling pathway can be activated by PDIA6,
and the overexpressed PDIA6 promotes proliferation and
growth of bladder cancer cells [46] and HeLa cells [47]. The
downregulation of ERp19 dramatically suppresses cell growth
and migration in GC cells [48]. Accordingly, the potential
utility of PDI proteins as prognostic factors for clinical use has
been suggested. Besides, we have proved the potential value
of P4HB andHIF-1𝛼 as prognostic factors for disease-free and
overall survival in another study [7]. However, the molecular
mechanisms underlying the regulation of P4HB in GC and
the molecular regulation network associated with P4HB are
still to be elucidated. In this study, we showed thatHIF-1𝛼 and
P4HB act as oncogenes in vitro, influencing the invasive and
metastatic phenotype ofGC. Further, our results revealed that
HIF-1𝛼 promotes GC invasion and metastasis by regulating
P4HB.

Althoughwe reveled and verified the importance ofP4HB
and HIF-1𝛼 to the invasion and metastasis of GC using com-
prehensive bioinformatics technology and molecular biolog-
ical approaches, the present study had some limitations. First,

the study lacked any investigation of a normoxic cell culture.
Secondly, the expression and function of P4HB and HIF-1𝛼
in GC should be validated in in vivo experiments.

In conclusion, we identified hub genes and elucidated the
biological and signaling pathways associated with HIF-1𝛼 in
GC cells. Further, we showed that high expression of P4HB
andHIF-1𝛼 is correlated with invasion and metastasis in GC.
To our knowledge, this is the first study to identify that P4HB
is a downstream target gene of HIF-1𝛼. And its expression is
regulated by the latter. The limitations of this study should be
addressed in further research.

Data Availability

The data used to support the findings of this study are
included within the article.

Ethical Approval

The study was reviewed and approved by the Faculty of
Science Ethics Committee at Liaoning Cancer Hospital &
Institute (Cancer Hospital of China Medical University)
(20150308-2).



BioMed Research International 11

0 
h

SG
C

-7
90

1

0 
h

24
 h

8 
h

24
 h

8 
h

B
G

C
-8

23

NC

NC

sh-NC

sh-NC

HIF-1-shRNA

HIF-1-shRNA

HIF-1-shRNA
+NC-vector

HIF-1-shRNA+NC-vector

HIF-1-shRNA
+P4HB-vector

HIF-1-shRNA+P4HB-vector

0.5

0.7

0.6

0.8

0.9

1.0

0 5 10 15 20

W
o

u
n

d
 h

ea
li

n
g 

ra
te

Time

0.5

0.7

0.6

0.8

0.9

1.0

0 5 10 15 20
W

o
u

n
d

 h
ea

li
n

g 
ra

te

Time

NC
sh-NC
HIF-1-shRNA
HIF-1-shRNA+NC-vector
HIF-1-shRNA+P4HB-vector

Figure 8: Scrape motility assays were monitored for 24 h in HIF-1𝛼-knockdown and HIF-1𝛼-knockdown + P4HB-overexpression GC cells.
In all figures, 200×magnification was used.

Consent

All study participants provided informed written consent
prior to their treatments and study enrollment.

Disclosure

The abstract of an earlier version of this manuscript was an
oral presentation in the 8th Chinese Conference Oncology
(2018).The funding sponsors had no role in the design of the
study; in the collection, analyses, or interpretation of data; in
the writing of the manuscript; and in the decision to publish
the results.

Conflicts of Interest

The authors declare no conflicts of interest regarding the
publication of this paper.

Authors’ Contributions

Jun Zhang performed the majority of experiments and
drafted the manuscript; Yan Zhao designed the research; Yue
Wu conducted the IHC assays and assisted in writing the
manuscript; YueWang and Shuai Guo collected and analyzed
the data; Zhi-chao Zheng proofread the paper.



12 BioMed Research International

Acknowledgments

This study was funded by Liaoning Natural Science Founda-
tion, Liaoning S&T Project 2015020269.

Supplementary Materials

Table 1: the upregulated differentially expressed genes in
SCR-AGS. Table 2: the upregulated differentially expressed
genes in KD-AGS. Table 3: gene ontology analysis of
differentially expressed genes in SCR-AGS cells. Table 4:
Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way analysis of differentially expressed genes in SCR-AGS
cells. Figure S1: the three MCODE modules of hub genes.
(Supplementary Materials)

References

[1] R. L. Siegel, K. D. Miller, and A. Jemal, “Cancer statistics, 2017,”
CA: A Cancer Journal for Clinicians, vol. 67, no. 1, pp. 7–30, 2017.

[2] T. Sun, J. He, Q. Liang et al., “LncRNAGClnc1 promotes gastric
carcinogenesis and may act as a modular scaffold ofWDR5 and
KAT2A complexes to specify the histonemodification pattern,”
Cancer Discovery, vol. 6, no. 7, pp. 784–801, 2016.

[3] W. R. Wilson and M. P. Hay, “Targeting hypoxia in cancer
therapy,”Nature Reviews Cancer, vol. 11, no. 6, pp. 393–410, 2011.

[4] G. L. Semenza, “Hypoxia-inducible factors in physiology and
medicine,” Cell, vol. 148, no. 3, pp. 399–408, 2012.

[5] A. Casazza, G. Di Conza, M.Wenes, V. Finisguerra, S. Deschoe-
maeker, and M. Mazzone, “Tumor stroma: a complexity dic-
tated by the hypoxic tumor microenvironment,”Oncogene, vol.
33, no. 14, pp. 1743–1754, 2014.

[6] Y. P. Tsai, H. F. Chen, S. Y. Chen et al., “TET1 regulates hypoxia-
induced epithelial-mesenchymal transition by acting as a co-
activator,”Genome Biology, vol. 15, no. 12, p. 513, 2014.

[7] J. Zhang, Y. Wu, Y. Lin et al., “Prognostic value of hypoxia-
inducible factor-1 alpha and prolyl 4-hydroxylase beta polypep-
tide overexpression in gastric cancer,” World Journal of Gas-
troenterology, vol. 24, no. 22, pp. 2381–2391, 2018.

[8] T. Fojo and D. R. Parkinson, “Biologically targeted cancer
therapy and marginal benefits: are we making too much of too
little or are we achieving too little by giving too much?”Clinical
Cancer Research, vol. 16, no. 24, pp. 5972–5980, 2010.

[9] I. Martincorena, A. Roshan, M. Gerstung et al., “High burden
and pervasive positive selection of somaticmutations in normal
human skin,” Science, vol. 348, no. 6237, pp. 880–886, 2015.

[10] Y. S. Ma, T. Huang, X. M. Zhong et al., “Proteogenomic char-
acterization and comprehensive integrative genomic analysis of
human colorectal cancer liver metastasis,” Molecular Cancer,
vol. 17, no. 1, p. 139, 2018.

[11] Y. Cai, Q. Zhang, Y. Zhang, L. Chen, and T. Huang, “Identifica-
tion of genes associated with breast cancer metastasis to bone
on a protein–protein interaction network with a shortest path
algorithm,” Journal of Proteome Research, vol. 16, no. 2, pp. 1027–
1038, 2017.

[12] N. Rohwer, F. Bindel, C. Grimm et al., “Annexin A1 sustains
tumor metabolism and cellular proliferation upon stable loss of
HIF1A,” Oncotarget, vol. 7, no. 6, pp. 6693–6710, 2016.

[13] GeneOntologyConsortium, “TheGeneOntology (GO) project
in 2006,” Nucleic Acids Research, vol. 34, no. 1, pp. D322–D326,
2006.

[14] M. Ashburner, C. A. Ball, J. A. Blake et al., “Gene ontology: tool
for the unification of biology,”Nature Genetics, vol. 25, no. 1, pp.
25–29, 2000.

[15] M. Kanehisa and S. Goto, “KEGG: kyoto encyclopedia of genes
and genomes,” Nucleic Acids Research, vol. 28, no. 1, pp. 27–30,
2000.

[16] R. Noiva, “Protein disulfide isomerase: the multifunctional
redox chaperone of the endoplasmic reticulum,” Seminars in
Cell & Developmental Biology, vol. 10, no. 5, pp. 481–493, 1999.

[17] W. Xia, J. Zhuang, G. Wang, J. Ni, J. Wang, and Y. Ye, “P4HB
promotes HCC tumorigenesis through downregulation of
GRP78 and subsequent upregulation of epithelial-to-mesen-
chymal transition,” Oncotarget, vol. 8, no. 5, pp. 8512–8521, 2017.

[18] H. Lin, J. Yan, Z. Wang et al., “Loss of immunity-supported
senescence enhances susceptibility to hepatocellular carcino-
genesis and progression in Toll-like receptor 2-deficient mice,”
Hepatology, vol. 57, no. 1, pp. 171–182, 2013.

[19] S. Wang, L. Lin, D. Zhou, J. Zhou, and S. Xiong, “Expression
of prolyl 4-hydroxylase beta-polypeptide in non-small cell lung
cancer treated with Chinese medicines,” Chinese Journal of
Integrative Medicine, vol. 21, no. 9, pp. 689–696, 2015.

[20] S. Sun, T. S. Wong, X. Q. Zhang et al., “Protein alterations
associatedwith temozolomide resistance in subclones of human
glioblastoma cell lines,” Journal of Neuro-Oncology, vol. 107, no.
1, pp. 89–100, 2012.

[21] J. Zong, C. Guo, S. Liu et al., “Proteomic research progress
in lymphatic metastases of cancers,” Clinical and Translational
Oncology, vol. 14, no. 1, pp. 21–30, 2012.

[22] G. Dennis Jr., B. T. Sherman, D. A. Hosack et al., “DAVID:
database for annotation, visualization, and integrated discov-
ery,” Genome Biology, vol. 4, no. 5, p. P3, 2003.

[23] Y.-X. Song, J.-X. Sun, J.-H. Zhao et al., “Non-coding RNAs
participate in the regulatory network of CLDN4 via ceRNA
mediated miRNA evasion,” Nature Communications, vol. 8, no.
1, p. 289, 2017.

[24] P. Shannon, A. Markiel, O. Ozier et al., “Cytoscape: a software
environment for integratedmodels of biomolecular interaction
networks,” Genome Research, vol. 13, no. 11, pp. 2498–2504,
2003.

[25] D. W. Huang, B. T. Sherman, and R. A. Lempicki, “Systematic
and integrative analysis of large gene lists using DAVID bioin-
formatics resources,” Nature Protocols, vol. 4, no. 1, pp. 44–57,
2009.

[26] Z. Gu and J. Wang, “CePa: an R package for finding significant
pathways weighted by multiple network centralities,” Bioinfor-
matics, vol. 29, no. 5, pp. 658–660, 2013.

[27] J. Liu, P.Hua, L.Hui, L. Zhang, Z.Hu, andY. Zhu, “Identification
of hub genes and pathways associatedwith hepatocellular carci-
noma based on network strategy,”Experimental and�erapeutic
Medicine, vol. 12, no. 4, pp. 2109–2119, 2016.

[28] J. Zhang, H. Y. Jin, Y. Wu et al., “Hypoxia-induced LncRNA
PCGEM1 promotes invasion and metastasis of gastric cancer
through regulating SNAI1,”Clinical and Translational Oncology,
2019.

[29] I. Choi and T.Wu, “Epigenetic alterations in gastric carcinogen-
esis,” Cell Research, vol. 15, no. 4, pp. 247–254, 2005.

[30] R. Wadhwa, S. Song, J. Lee, Y. Yao, Q. Wei, and J. A. Ajani,
“Gastric cancer—molecular and clinical dimensions,” Nature
Reviews Clinical Oncology, vol. 10, no. 11, pp. 643–655, 2013.

[31] A. Patel and S. Sant, “Hypoxic tumor microenvironment:
opportunities to develop targeted therapies,” Biotechnology
Advances, vol. 34, no. 5, pp. 803–812, 2016.

http://downloads.hindawi.com/journals/bmri/2019/9749751.f1.zip


BioMed Research International 13

[32] E. B. Rankin and A. J. Giaccia, “Hypoxic control of metastasis,”
Science, vol. 352, no. 6282, pp. 175–180, 2016.

[33] D. R. Robinson, Y. Wu, R. J. Lonigro et al., “Integrative clinical
genomics of metastatic cancer,” Nature, vol. 548, no. 7667, pp.
297–303, 2017.

[34] G. J. Koelwyn, D. F. Quail, X. Zhang, R. M. White, and
L. W. Jones, “Exercise-dependent regulation of the tumour
microenvironment,” Nature Reviews Cancer, vol. 17, no. 10, pp.
620–632, 2017.

[35] B. Psaila and D. Lyden, “The metastatic niche: adapting the
foreign soil,” Nature Reviews Cancer, vol. 9, no. 4, pp. 285–293,
2009.

[36] D. M. Gilkes, S. Bajpai, P. Chaturvedi, D. Wirtz, and G.
L. Semenza, “Hypoxia-inducible factor 1 (HIF-1) promotes
extracellular matrix remodeling under hypoxic conditions by
inducing P4HA1, P4HA2, and PLOD2 expression in fibrob-
lasts,” �e Journal of Biological Chemistry, vol. 288, no. 15, pp.
10819–10829, 2013.

[37] L. Xiang, D. M. Gilkes, H. Hu et al., “HIF-1alpha and TAZ
serve as reciprocal co-activators in human breast cancer cells,”
Oncotarget, vol. 6, no. 14, pp. 11768–11778, 2015.

[38] B. Tawk, C. Schwager, O. Deffaa et al., “Comparative analysis
of transcriptomics based hypoxia signatures in head- and neck
squamous cell carcinoma,” Radiotherapy & Oncology, vol. 118,
no. 2, pp. 350–358, 2016.

[39] S. Schmidt, A. Linge, A. Zwanenburg et al., “Development and
validation of a gene signature for patients with head and neck
carcinomas treated by postoperative radio(chemo)therapy,”
Clinical Cancer Research, vol. 24, no. 6, pp. 1364–1374, 2018.

[40] J. Piltti, J. Bygdell, C. Qu, andM. J. Lammi, “Effects of long-term
low oxygen tension in human chondrosarcoma cells,” Journal of
Cellular Biochemistry, vol. 119, no. 2, pp. 2320–2332, 2018.

[41] A. Takahashi, R. Nakayama, N. Ishibashi et al., “Analysis of gene
expression profiles of soft tissue sarcoma using a combination
of knowledge-based filtering with integration of multiple statis-
tics,” PloS One, vol. 9, no. 9, p. e106801, 2014.

[42] F. Zhang, C. Li, H. Liu, Y. Wang, Y. Chen, and X. Wu,
“The functional proteomics analysis of VEGF-treated human
epithelial ovarian cancer cells,” Tumor Biology, vol. 35, no. 12,
pp. 12379–12387, 2014.

[43] X. Zhang, S. Hong, M. Zhang, Q. Cai, M. Zhang, and C. Xu,
“Proteomic alterations of fibroblasts induced by ovarian cancer
cells reveal potential cancer targets,” Neoplasma, vol. 65, no. 01,
pp. 104–112, 2018.

[44] M. Kullmann, G. V. Kalayda, M. Hellwig et al., “Assessing the
contribution of the two protein disulfide isomerases PDIA1 and
PDIA3 to cisplatin resistance,” Journal of Inorganic Biochemistry,
vol. 153, pp. 247–252, 2015.

[45] P. E. Lovat, M. Corazzari, J. L. Armstrong et al., “Increasing
melanoma cell death using inhibitors of protein disulfide
isomerases to abrogate survival responses to endoplasmic retic-
ulum stress,” Cancer Research, vol. 68, no. 13, pp. 5363–5369,
2008.

[46] H. Cheng, Q. Liu, Y. Li, X. Li, and C. Zhu, “The inhibitory Effect
of PDIA6 downregulation on bladder cancer cell proliferation
and invasion,” Oncology Research: Featuring Preclinical and
Clinical Cancer �erapeutics, vol. 25, no. 4, pp. 587–593, 2017.

[47] H. Gao, B. Sun, H. Fu et al., “PDIA6 promotes the proliferation
of HeLa cells through activating theWnt/beta-cateninsignaling
pathway,” Oncotarget, vol. 7, no. 33, pp. 53289–53298, 2016.

[48] J. Wu, X. Chen, X. Wang et al., “ERp19 contributes to tumori-
genicity in human gastric cancer by promoting cell growth,
migration and invasion,” Oncotarget , vol. 6, no. 14, 2015.



Hindawi

www.hindawi.com

 International Journal of

Volume 2018

Zoology

Hindawi
www.hindawi.com Volume 2018

 Anatomy 
Research International

Peptides
International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Journal of 
Parasitology Research

Genomics
International Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2013
Hindawi
www.hindawi.com

The Scientific 
World Journal

Volume 2018

Hindawi
www.hindawi.com Volume 2018

Bioinformatics
Advances in

Marine Biology
Journal of

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Neuroscience 
Journal

Hindawi
www.hindawi.com Volume 2018

BioMed 
Research International

Cell Biology
International Journal of

Hindawi
www.hindawi.com Volume 2018

Biochemistry 
Research International

Archaea
Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Genetics 
Research International

Hindawi
www.hindawi.com Volume 2018

Advances in

Virolog y Stem Cells 
International

Hindawi
www.hindawi.com Volume 2018

Hindawi
www.hindawi.com Volume 2018

Enzyme 
Research

Hindawi
www.hindawi.com Volume 2018

International Journal of

Microbiology

Nucleic Acids
Journal of

Submit your manuscripts at

www.hindawi.com

https://www.hindawi.com/journals/ijz/
https://www.hindawi.com/journals/ari/
https://www.hindawi.com/journals/ijpep/
https://www.hindawi.com/journals/jpr/
https://www.hindawi.com/journals/ijg/
https://www.hindawi.com/journals/tswj/
https://www.hindawi.com/journals/abi/
https://www.hindawi.com/journals/jmb/
https://www.hindawi.com/journals/neuroscience/
https://www.hindawi.com/journals/bmri/
https://www.hindawi.com/journals/ijcb/
https://www.hindawi.com/journals/bri/
https://www.hindawi.com/journals/archaea/
https://www.hindawi.com/journals/gri/
https://www.hindawi.com/journals/av/
https://www.hindawi.com/journals/sci/
https://www.hindawi.com/journals/er/
https://www.hindawi.com/journals/ijmicro/
https://www.hindawi.com/journals/jna/
https://www.hindawi.com/
https://www.hindawi.com/

