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Clear-cell renal cell carcinoma (ccRCC) is the most prevalent renal malig-
nancy. The pathogenesis of the disease is currently poorly understood, and
the prognosis is poor. Therefore, in this study, we focused on exploring and
identifying genes and signal transduction pathways that are closely related to
ccRCC. Differentially expressed genes (DEGs) were analyzed using the renal
cell oncogene expression profiles GSE100666 and GSE68417. DAVID evalu-
ation of gene ontology (GO) and Kyoto Encyclopedia of Genes and Gen-
omes (KEGG) analyses was used. We constructed a protein—protein
interaction (PPI) network of DEGS using Cytoscape software and analyzed
the submodules with the CytoHubba plugin. Finally, we performed western
blot, immunohistochemistry, and PCR validation by collecting tissues, and
also utilized cells for in vitro functional analysis of ceruloplasmin (CP). In
total, 202 DEGs (52 upregulated and 150 downregulated genes) were identi-
fied. Upregulated DEGs are significantly rich in angiogenesis, cell adhesion,
and response to hypoxia, whereas downregulated DEGs are involved in
intracellular pH regulation, excretion, coagulation, and chloride transmem-
brane transport. We selected the interactions of the top 20 hub genes pro-
vided by the PPI network, all of which are involved in important
physiological pathways in vivo, such as complement and coagulation cas-
cades. Tissue protein assays demonstrated that renal cancer highly expressed
CP, while in vitro experiments showed that CP could promote the invasion
of renal cancer cells. Our study suggests that ALB, C3, LOX, HRG,
CXCR4, GPC3, SLC12A3, CP, and CASR may be involved in the develop-
ment of ccRCC, and is expected to provide theoretical support for future
studies on the diagnosis and targeted therapy of ccRCC.

Renal cell carcinoma (RCC) is a highly prevalent
malignancy in the urinary system, second only to blad-
der cancer, accounting for 2%-3% of adult malignan-
cies [1]. Of these, the most common pathological type
of RCC is clear-cell renal cell carcinoma (ccRCC),

Abbreviations

which accounts for approximately 85% [2]. Because
early symptoms of RCC are not obvious and the
patient’s tumor has already metastasized at presenta-
tion, current medical treatment is not effective for
patients with ccRCC metastasis, resulting in a very

ccRCC, clear-cell renal cell carcinoma; CP, ceruloplasmin; DEGs, differentially expressed genes; GEO, gene expression omnibus; KEGG,
Kyoto Encyclopedia of Genes and Genomes; MF, molecular function; PPI, protein—protein interaction; TCGA, The Cancer Genome Atlas.
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poor prognosis for ccRCC patients [3,4]. Therefore,
there is an urgent need to find new molecules closely
related to the development of ccRCC to improve the
current dilemma of poor efficacy.

With the development of gene sequencing technology,
tumor markers have been widely used for clinical diag-
nosis and treatment of tumors, prognosis, and efficacy
assessment [5]. Analysis of the molecular mechanisms of
tumor pathogenesis will help to develop more effective
preventive and therapeutic strategies. In recent years,
microarrays have achieved some success in identifying
epigenetics related to neoplastic diseases, which has
prompted an increasing application to the study of
malignant tumor diseases. However, performing inde-
pendent microarray analysis in individual studies is inci-
dental and not representative, making it difficult to
identify reliable key genes and pathways. To identify
novel differentially expressed genes (DEGs) as effective
biomarkers for diagnosis and prognosis of ccRCC, we
combined two microarray mRNA microarray datasets
from the Gene Expression Omnibus (GEO) database.
To determine the reliability of screening results, the
Cancer Genome Atlas (TCGA) database was also used
to assist validation and seek gene molecules most asso-
ciated with ccRCC progression.

In this study, we selected differential genes by
GEO2R and then constructed a protein—protein interac-
tion (PPI) network based on DEGs to identify key
genes and related signaling pathways that may be
involved in RCC development. We found some signifi-
cant genes, especially CP. CP is an a2-glycoprotein that
is mainly produced by hepatocytes. It is the main fer-
roxidase in the human body and is important to regu-
late both systemic and intracellular iron levels [6]. It has
been found that CP is also considered as an important
inflammatory response protein, through interleukin-1
and interleukin-6 stimulation, enabling it to scavenge
oxygen free radicals at the site of inflammation [7,8].
On the other hand, studies have shown that CP also
plays an important role in angiogenesis [9], while many
reports have shown that CP content is high in the
serum of patients with malignant tumors [10,11] and in
tumor tissues including the kidney [12]. The results of
this study are expected to provide new theoretical sup-
port to identify novel targeted actionable genes and pos-
sible clinical biomarkers for clear-cell renal carcinoma.

Materials and methods

RNA-seq and microarray data

The mRNA expression profiles of datasets GSE100666 and
GSE68417 were downloaded from the GEO database, where
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GSE100666 consisted of three renal cell carcinoma samples
and three normal tissue samples, and the raw data processed
by Phalanx Human OneArray Ver. 6 Release 1. GSE68417
consist of 29 RCC samples and 20 non-cancerous samples,
raw data processed by Affymetrix Human Gene 1.0 ST
Array. Transcriptional expression data from renal cancer
patients were obtained in the TCGA database. Including:
Case: Primary Site: kidney, Program: TCGA, Project:
TCGA-KIRC. Files: Data Category: transcriptome profiling,
Data Type: Gene Expression Quantification, Experimental
Strategy: RNA-Seq, Workflow Type: HTSeq-FPKM. Even-
tually, we screened a total of 611 sequencing files.

Identified genes of differential expression

We screened DEGs between RCC and noncancerous sam-
ples by GEO2R (http://www.ncbi.nlm.nih.gov/geo/geo2r),
an analytical tool of the GEO database. Consistent with
the criteria of previous investigators (6, 7), we defined
log2FC < —2 (downregulated genes) or log2FC > 2 (upreg-
ulated genes) as DEGs. In the TCGA database, we assessed
whether the two groups were statistically different by Wil-
coxon test using the gene expression after normalization of
tumor tissue and normal tissue. P < 0.05 was considered
statistically significant

Gene ontology and KEGG pathway analysis of
DEGs

For functional enrichment analysis of the screened DEGs,
we performed the analysis by the online program DAVID
database to annotate different genes, allowing us to better
understand the biological functions of genes (8). P-values
< 0.05 were used to distinguish significantly enriched genes.

PPI network analysis

To assess the interaction of DEGs, we submitted DEGs to
the interacting gene/protein (STRING) database (https://
string-db.org/), network (PPI), and to construct predicted
protein-protein interactions (interaction score > 0.4), the
constructed PPI network was displayed with Cytoscape
software. In this study, the degree values are used to evalu-
ate the nodes in the network. CytoHubba is a plugin for
Cytoscape for predicting key nodes and subnets in a net-
work. The top 20 ranked genes were selected and identified
as the central genes for degree ranking.

Kaplan—Meier survival analysis of Hub Gene

The impact of screened central genes on the survival of
patients with kidney cancer was analyzed by using the
online tool Kaplan—-Meier plotter (KM plotter), including
mRNA, RNA-seq, pan-cancer, and kidney renal clear-cell
carcinoma. Renal cell carcinoma patients were divided into
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two groups (high and low expression) based on auto select
best cutoff parameter expression levels of specific genes. OS
was calculated for both groups and plotted, and hazard
ratios (HR) and log-rank P were calculated with 95% con-
fidence intervals (CI).

Hub genes validation

GEPIA (http://gepia.cancer-pku.cn/index.html), the RNA-
sequencing expression data of tumor tissue samples, and
normal tissue samples were obtained from the TCGA data-
base and the GTEx database, respectively (10), and it can
be directly used for tumor/normal tissue differential expres-
sion analysis. In this study, GEPIA was used to validate
the expression differences of the hub genes. We defined this
difference as statistically significant (P < 0.05).

Gene set enrichment analysis

According to the mRNA expression level of CP, 539 clear
renal cell carcinoma samples from the TCGA database
were divided into high and low expression groups using the
median value as the cutoff point, and Gene set enrichment
analysis (GSEA) software was used to analyze the enrich-
ment results. P < 0.05 and FDR < 25% were selected as
cutoff criteria [13].

Tissue samples and cell culture

From August 2017 to December 2017, a total of four pairs
of ccRCC tissues and adjacent normal tissues were obtained
from the Second Affiliated Hospital of Nantong University.
The experiments were performed with the understanding and
written consent of each subject, and the methods of this
study complied with the standards laid down in the Declara-
tion of Helsinki. The study was approved by the Human
Research Ethics Committee of the Second Affiliated Hospi-
tal of Nantong University, and written informed consent
was obtained from the patients. Clear renal cell carcinoma
cell line 786-O was purchased from Shanghai Institute of
Cellular Biochemistry, Chinese Academy of Sciences (Shang-
hai, China). The cells were cultured in 1640 medium with
10% fetal bovine serum at 37 °C, 5% carbon dioxide, har-
vested when the cells were in the logarithmic growth phase,
and used for subsequent experiments.

Transient transfection assay

SiRNA for CP (si-CP) and negative control (si-NC) were
chemically synthesized by GenePharma (Shanghai, China).
The working concentration of Si-CP and Si-NC was 40 nm.
In this study, Lipofectamine® 2000 (Invitrogen, Waltham,
MA, USA) and siRNA were diluted with 250 pL of OPTI-
MEM, respectively, allowed to stand for 5 min, mixed well
and allowed to stand for 30 min again, and finally added
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to a six-well plate to incubate with cells for 6 h, changed to
1640 medium containing 10% fetal bovine serum for
another 48 h before use in the experiment.

gRT-PCR

In this experiment, total RNA was extracted from cells and
tissues by using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA). RT-PCR was performed on RNA samples using
TaKaRa one-step RT-PCR kit (Takara, Shiga, Japan). For
real-time PCR, cDNA was analyzed in triplicate using
SYBR Green (Takara). Relative mRNA concentrations
were determined from 2744,

Immunohistochemistry

Paraffin-embedded sections were deparaffinized and
hydrated. Slides were placed in citrate buffer (pH 6.0) and
heated for 3 min at high pressure. Incubate with 0.3%
H202 solution at room temperature for 15 min, rinse with
PBS for 3 x 3 min, then block with goat serum for
30 min, then incubate primary antibody anti-CP (1 : 200,
Proteintech, Wuhan, China) with sections overnight at
4 °C and wash with PBS for 3 x 3 min, then incubate sec-
ondary antibody (1 : 5000, Proteintech, Wuhan, China)
and sections at room temperature for 30 min, then incu-
bate with peroxidase-antiperoxidase complex at room tem-
perature for 30 min, rinse with PBS for 3 x 3 min, then
stain with DAB, finally counterstain nuclei with hema-
toxylin, mount with neutral gum and observe sections
under microscope.

Western blotting

SI-NC cells, SI-CP cells, and kidney cancer patient tissue
samples were collected and lysed with RIPA lysis buffer
(Beyotime, Nanjing, China) on ice and added to a final
concentration of 1 mm PMSF (Beyotime, Nanjing, China)
for 30 min. The lysates were centrifuged at 12 000 g for
15 min at 4 °C, and the supernatants were collected. Pro-
tein concentration was determined using the Bradford pro-
tein assay kit (ThermoScience, MA, USA). Approximately
40 ng of protein was loaded by SDS/PAGE gel elec-
trophoresis, and then, the proteins were transferred to
PVDF membranes. After blocking with 5% skimmed milk
in TBST buffer for 2 h, PVDF membranes were incubated
with anti-CP (1 : 1000, Wuhan, Proteintech) and GAPDH
antibodies (1 : 5000, Wuhan, Proteintech) overnight at
4 °C. After washing the PVDF membrane with PBST for
10 min*3, the secondary antibody conjugated with horse-
radish peroxidase (1 : 5000, Proteintech, Wuhan, China)
was incubated at room temperature for 1 h. After washing
the PVDF membrane with PBST for 10 min*3, the bands
were detected using a chemiluminescent substrate ECL kit
(Merck Millipore, Danvers, MA, USA).
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Invasion assay

Diluted matrigel (diluted 1 : 6 with serum-free medium) was
added to the cell culture chamber, and after Matrigel solidifi-
cation, 100 pL of SI-CP and SI-NC cells at a concentration of
about 10°/mL was added to the upper chamber, and 500 puL
of 20% fetal bovine serum containing medium was placed in
the lower chamber and routinely cultured for 24 h before
removing the cells on the upper side of the chamber with a
cotton swab, and the cells under the filter membrane were
fixed with 4% paraformaldehyde for 10 min and stained with
crystal violet for 10 min. Three randomly selected areas under
the microscope were used for counting the stained cells. The
number of cells in each region was used as a statistical result.

Wound healing assay

Cells 48 h after siRNA transfection were cultured in 6-well
plates containing serum medium, and when the cell density
reached 80%, the cells were washed three times with sterile
PBS, and the bottom of the six-well plate was scraped with
a 200-pL pipette tip, the debris was removed by PBS, and
the cells were cultured in serum-free medium for 12 h, cell
migration was analyzed in three randomly different micro-
scopic fields and the percentage of wound healing was

CP correlates with renal cancer invasion

calculated. Images were captured on a microscope at 0 and
12 h.

Statistical analysis

GrAPHPADPRISMS (San Diego, CA, USA) and spss 22.0
software (Chicago, IL, USA) were used for all statistical
analyses. Quantitative data were expressed as mean + SD.
Significant differences in quantitative data were compared
by unpaired f-test. P-values < 0.05 were considered statisti-
cally significant. Statistical significance was determined as
#P < 0.05, ##P < 0.01, and ###P < 0.001.

Results

Screening of DEGs

According to the screening criteria in the Materials
and Methods section, 1455 and 438 DEGs were
obtained from the GSE100666 and GSE68417 data-
sets, respectively (Fig. 1A,B). The two data sets were
intersected to have a total of 205 genes, of which three
genes had opposite expression levels in the two data
sets and were removed in this study, leaving 202 genes
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Fig. 1. DEGs volcano, Venn, and heat maps. The volcano graph (A) is the result of the GSE100666 data set, and the volcano graph (B)
represents the result of the GSE68417 data set. The abscissa is log2FC, and the ordinate is -log10 (P value). The red and green spots
represent upregulated and downregulated DEGs, respectively. The Venn diagram (C) represents the common upregulation of DEGs in the
two datasets, and the Venn diagram (D) represents the common downregulation of DEGs in the two datasets. Heat map (E) represents the

top 50 of DEGs where the two data sets intersect.
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for subsequent analysis. The results showed that 52
genes were upregulated and 150 genes were downregu-
lated in tumor tissue samples compared with non-
cancerous samples (Fig. 1C,D). The heatmap shows

the top 50 DEGs with the most pronounced differ-
ences in common between the two datasets (Fig. 1E).
Green indicates downregulation, and red indicates
upregulation.
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Fig. 2. GO and KEGG analysis of DEGs. (A), Biological process termed for upregulated DEGs. (B), Biological process terms for
downregulated DEGs. (C), Cellular component terms for upregulated DEGs. (D), Cellular component terms for downregulated DEGs. (E),
Molecular function terms for upregulated DEGs. (F), Molecular function terms for downregulated DEGs. (G), KEGG pathway of upregulated
DEGs. (H), KEGG pathway of downregulated DEGs.
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Analysis of upregulated and downregulated
differential genes in GO and KEGG pathways

GO and Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis of upregulated and
downregulated DEG using David tool. As far as bio-
logical processes (BP) are concerned, the increased
DEGs is significantly enriched angiogenesis, cell adhe-
sion, and response to hypoxia (Fig. 2A). Downregu-
lated DEGs were involved in sodium ion homeostasis,
multicellular organismal water homeostasis, ATP
hydrolysis coupled proton transport, regulation of
intracellular pH, excretion, blood coagulation, and
chloride transmembrane transport (Fig. 2B). The anal-
ysis of cell composition (CC) showed that the upregu-
lated DEGS was significantly enriched in extracellular
space, proteinaceous extracellular matrix, cell surface,
and blood microparticle (Fig. 2C), while the downreg-
ulated DEGs were significantly enriched in extracellu-
lar exosome, absolutely plasma membrane, apical
plasma membrane, integral component of plasma
membrane, extracellular region, and extracellular space
(Fig. 2D). In terms of molecular function (MF),
upregulated DEGs were significantly enriched in cop-
per ion binding, protein-lysine 6-oxidase activity, fibro-
nectin binding, and high-density lipoprotein particle
binding (Fig. 2E), while the downregulated DEGs
were significantly enriched in heparin binding, ligand-
gated sodium channel activity, hydrogen ion trans-
membrane transporter activity, inorganic anion
exchanger activity, and protein dimerization activity

CP correlates with renal cancer invasion

(Fig. 2F). KEGG analysis showed that the upregulated
DEGs were strikingly enriched in PPAR signaling
pathway and HIF-1 signaling pathway (Fig. 2G),
while the downregulated DEGs were significantly
enriched in collecting duct acid secretion, carbon meta-
bolism, biosynthesis of antibiotics, and metabolic path-
ways (Fig. 2H).

PPl network construction and related signaling
pathways for hub gene enrichment

The 202 DEGs obtained above were analyzed by PPI
network online, and a PPI network with 202 nodes and
482 edges was constructed. The PPI enriched p value
< 1.0 x 107'%. The network contains 52 upregulated
genes and 150 downregulated genes (Fig. 3A). In this
study, the cytoHubba plugin was used to select the top
20 genes with the highest correlation from the PPI net-
work as hub genes. The top 20 hub genes are as follows:
ALB, VEGFA, EGF, KNGI, C3, SLCI2A1, AQP2,
LOX, KCNJI1, VWF, VCAN, HRG, IGFBP3, CXCR4,
PROC, GPC3, SLCI12A3, DCN, CP, and CASR
(Fig. 3B). The GO function and KEGG pathway
enrichment of the above core genes were analyzed by
DAVID, so that we can have a more comprehensive
and in-depth understanding of these core genes. Table 1
shows the TOPS5 gene ontology categories. In terms of
biological process (BP), hub gene is mainly enriched in
the negative regulation of vascular endothelial growth
factor signal pathway, negative regulation of blood

KCNJ1

(B) SLC12A3 —

-

8 =
e\ & NI T, Sy
NGNS
g =

X
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~
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Fig. 3. PPl network of DEGs and submodule analysis. (A) Build all DEG into PPl network through Cytoscape software. Red represents
upregulated genes, and blue represents downregulated genes. (B) The PPl network of the top 20 hub genes.
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Table 1. Gene ontology enrichment analysis of top 20 hub genes.
Category Term Count P value
GOTERM_BP_DIRECT G0:1900747~negative regulation of vascular endothelial 2 0.007687913
growth factor signaling pathway
GOTERM_BP_DIRECT G0:0030195~negative regulation of blood coagulation 2 0.009218762
GOTERM_BP_DIRECT G0:0051894~positive regulation of focal adhesion assembly 2 0.022896079
GOTERM_BP_DIRECT G0O:0030168~platelet activation 2 0.037883252
GOTERM_BP_DIRECT G0:0043066~negative regulation of apoptotic process 3 0.039124532
GOTERM_CC_DIRECT G0:0070062~extracellular exosome 13 2.34E-06
GOTERM_CC_DIRECT G0:0072562~blood microparticle 5 2.83E-06
GOTERM_CC_DIRECT GO:0005578~proteinaceous extracellular matrix 5 5.98E-05
GOTERM_CC_DIRECT GO:0005615~extracellular space 8 6.18E-05
GOTERM_CC_DIRECT G0:0016324~apical plasma membrane 3 0.081389039
GOTERM_MF_DIRECT G0:0015377~cation:chloride symporter activity 2 0.004898581
GOTERM_MF_DIRECT G0:0001968~fibronectin binding 2 0.008151664
GOTERM_MF_DIRECT G0:0005518~collagen binding 2 0.011394669
GOTERM_MF_DIRECT G0:0043395~heparan sulfate proteoglycan binding 2 0.017850569
GOTERM_MF_DIRECT G0:0004869~cysteine-type endopeptidase 2 0.032230616

inhibitor activity

Table 2. KEGG pathway enrichment analyses of top 20 hub genes.

Category Term Count P value

KEGG_PATHWAY cfa04610:Complement and 4 2.72E-04
coagulation cascades

coagulation, positive regulation of focal adhesion
assembly, platelet activation, and negative regulation of
apoptosis process. In cell component (CC), hub genes
were mainly enriched in extracellular exosome, blood
microparticle, proteinaceous extracellular matrix, extra-
cellular space, and apical plasma membrane. In addi-
tion, in MF, the hub genes were mainly enriched in
cation: chloride symporter activity, fibronectin binding,
collagen binding, heparan sulfate proteoglycan binding,
and cysteine-type endopeptidase inhibitor activity
(Table 1). Table 2 reveals the most significant KEGG
pathway among the top 20 central genes. These genes
were enriched in Complement and coagulation cascades
(Table 2).

The Kaplan—-Meier survival analysis

The prognostic value of the above 20 hub genes was
analyzed online by Kaplan—Meier tool. Depending on
expression levels, only 9 genes showed their potential in
predicting survival, and the remaining genes failed to
show significant differences based on prognosis. As
shown in Fig. 4, ccRCC patients with high expression
of C3 (HR1.51, 95% CI: 1.12-2.03, P = 0.0067), LOX
(HR1.61, 95% CI: 1.18-2.19, P =0.0022), CXCR4

(HR1.67, 95% CI: 1.24-2.26, P = 0.00068), and CP
(HR1.54, 95% CI: 1.13-2.1, P = 0.0064) usually have a
lower overall survival rate. The survival rate of patients
with a lower expression of ALB (HR 0.59, 95% CI:
0.43-0.79, P =0.00043), HRG (HR 0.71, 95% CIL:
0.53-0.97, P = 0.028), GPC3 (HR 0.65, 95% CI: 0.48—
0.87, P =0.0039), SLCI2A3 (HR 0.69, 95% CI:
0.5-0.94, P=10.017), and CASR (HR 0.6, 95%
CI: 0.44-0.82, P = 0.0013) tend to be shorter compared
with patients over-expressing those genes (Fig. 4A-I).

Hub genes are differential expressed between
tumoral a nontumoral adjacent tissues in ccRCC

In order to increase the reliability of the results, we
used the online tool GEPIA, which has data from the
TCGA database and the GTEx database to assess the
differential expression of the above 9 hub genes again,
and the results showed perfect agreement with the
GEO dataset (Fig. 5A-I).

The expression level of CP in ccRCC correlates
with TNM stage and histological grade

Analysis of 539 ccRCC cases in the TCGA database indi-
cated that the expression difference of CP was signifi-
cantly statistically significant with clinical prognosis
among the above 9 hub genes. Therefore, this study
focused on analyzing the biological significance of CP.
The expression of CP was significantly higher in the
tumor group compared with the control group, and the
results were exactly the same by paired comparison of
samples from the same patient (Fig. 6A,B). As the
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Fig. 4. Prognostic estimation of 9 hub genes by Kaplan—-Meier analysis. (A) ALB, (B) C3, (C) LOX, (D) HRG, (E) CXCR4, (F) GPC3, (G)
SLC12A3, (H) CP, (I) CASR. P < 0.05 was as statistically significant.

pathological grade of the tumor increased and the num-
ber of lymph node metastases increased, the expression of
CP tended to increase (Fig. 6C,D). These results suggest
that CP may have a promoting effect on the progression
and metastasis of ccRCC, which is also consistent with

the poor survival of patients with high CP expression.
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Diverse oncogenic and tumor progression
signaling pathways were enriched in renal
tumors over-expressing CP

To gain more insight into the mechanisms underlying

CP in renal cancer progression, GSEA was used to
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Fig. 5. The expression of 9 HUB genes in tumor tissues and normal tissues in GEPIA. The red and gray boxes represent cancer and normal
tissue, respectively. (A) ALB, (B) C3, (C) LOX, (D) HRG, (E) CXCR4, (F) GPC3, (G) SLC12A3, (H) CP, (I) CASR. Error bars represent standard

deviation. *P < 0.05 was as statistically significant.
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Fig. 6. Overexpression of CP in ccRCC was correlated with lymph node metastasis stage and histological grade in the TCGA database. The
mRNA expression level of CP in ccRCC tissues and normal renal tissues (A, B). Analysis of CP expression in ccRCC at different histological
grades (C) and nodal metastasis status (D). Error bars represent standard deviation. P < 0.05 was as statistically significant.

KEGG pathways. According to the previous evaluation
criteria, the results showed that highly expressed CP was
significantly enriched in CYTOKINE CYTOKINE
RECEPTOR INTERACTION, APOPTOSIS, JAK
STAT SIGNALING PATHWAY, COMPLEMENT
AND COAGULATION CASCADES. Other gene sets
of important pathways for ccRCC progression and
metastasis have also been associated with CP expression
(Fig. 7A—H). The details are reported in Table 3.

CP is upregulated in ccRCC

In order to understand the expression level of CP in
ccRCC tissues, we detected the expression level of CP
in four pairs of human ccRCC tissues and adjacent

FEBS Open Bio 11 (2021) 2988-3004 © 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of
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non-tumor tissues using western blotting, and the
results showed that the expression level of CP in
ccRCC was significantly higher than that in the corre-
sponding adjacent noncancerous tissues (Fig. 8A). In
addition, qRT-PCR was used to detect the mRNA
expression of CP in ccRCC and adjacent noncancerous
tissues, and the results showed that the mRNA level in
ccRCC was significantly higher than that in adjacent
non-cancerous tissues (Fig. 8B). The expression of CP
in ccRCC was detected using the ICH method, and
CP was markedly upregulated in ccRCC tissues com-
pared with adjacent noncancerous tissues (Fig. 8C).
The above experimental results agree well with the
results in the database, so we conclude that CP is a
potential tumor promoting factor in ccRCC.
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Fig. 7. GSEA of CP. Eight representative functional gene sets enriched in ccRCC with highly expressed CP are listed.

Table 3. Relative pathways associated with the expression of CP. NES, normalized enrichment score; NOM, nominal; FDR, false discovery

rate. Gene sets with NOM P value < 0.05 and FDR q value < 0.25 are considered as statistical significance.

NAME ES NES NOM P-val FDR g-val

KEGG_CYTOKINE_CYTOKINE_RECEPTOR_INTERACTION 0.479410 2.0186532 0.00202839 0.09721641
KEGG_COMPLEMENT_AND_COAGULATION_CASCADES 0.742838 1.9244971 0.00195312 0.10685002
KEGG_TOLL_LIKE_RECEPTOR_SIGNALING_PATHWAY 0.5621514 1.9017235 0.01369863 0.10990089
KEGG_APOPTOSIS 0.521048 1.8951145 0.01425661 0.10094964
KEGG_JAK_STAT_SIGNALING_PATHWAY 0.457760 1.8943477 0.00598802 0.09010714
KEGG_INTESTINAL_IMMUNE_NETWORK_FOR_IGA_PRODUCTION 0.623336 1.8751265 0.02376237 0.08605036
KEGG_GALACTOSE_METABOLISM 0.577687 1.8690385 0.00814664 0.08225632
KEGG_NOD_LIKE_RECEPTOR_SIGNALING_PATHWAY 0.536916 1.8579752 0.02008032 0.08112565
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Fig. 8. Expression of CP in renal cell carcinoma and adjacent normal tissues. (A) Western blots showing CP expression in renal cell
carcinoma and adjacent normal tissues, n=4. (B) Quantitative real-time RT-PCR showing CP mRNA expression, n=3. (C) CP
immunohistochemical staining for CP in renal cell carcinoma and adjacent normal tissues, n = 3. Significant differences in quantitative data
were compared by unpaired t-test. Error bars represent standard deviation. Scale bar 100 um, P < 0.05 was as statistically significant.

CP promotes the invasion ability of ccRCC cells

786-O cells were transfected with SI-CP and SI-NC,
and 48 h after transfection, qRT-PCR results showed
a significant decrease in CP expression in the SI-CP
group compared with the control group (Fig. 9A).
Transwell cell assay was used to examine whether CP

FEBS Open Bio 11 (2021) 2988-3004 © 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of
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had an effect on the invasive ability of ccRCC. The
wound healing assay was used to verify whether CP
affected the migration ability of ccRCC. The results of
cell experiments showed that the in vitro invasive abil-
ity of renal cancer cells in the Si-CP group was signifi-
cantly lower than that of SI-NC cells in the control
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Fig. 9. Biological function of CP in 786-O cell lines. (A) gRT-PCR showing SI-CP mRNA expression, n = 3. (B) Transwell assay of CP, n=3

(C) Wound healing assay, n =

group (Fig. 9B,C). Collectively, our results indicate
that CP is involved in the invasion process of ccRCC.

Discussion

Clear-cell renal cell carcinoma is still the most com-
mon pathological type of renal cell carcinoma. The
development and progression of ccRCC is a complex

3. Significant differences in quantitative data were compared by unpaired t-test. Error bars represent standard
deviation. Scale bar 100 um, P < 0.05 was as statistically significant.

biological process consisting of multifactorial and
multigenic interactions and influences through multiple
steps and stages. Studies on the molecular mechanisms
of ccRCC development are helpful for the develop-
ment of targeted drugs to guide clinical diagnosis and
treatment. In recent years, due to the rapid develop-
ment of microarray technology and high-throughput
sequencing, it has become a reality to comprehensively
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study the human genome, and they have now been
widely used to explore potential molecular targets for
renal cell carcinoma [14].

In this study, GEO2R was used to analyze the dif-
ferences in gene expression profiles between the
GSE100666 and GSE68417 datasets, and a total of 52
upregulated genes and 150 downregulated genes were
found. Then, functional and pathway enrichment anal-
ysis was performed to discover the potential biological
functions of DEGs. The STRING database and
Cytoscape were further used to screen the top 20 cen-
tral genes clearly associated with ccRCC. Because sur-
vival analysis, pathological grade, and lymphatic
metastasis showed that CP had good diagnostic and
prognostic value in these hub genes, CP was selected
for further validation, and we used GSEA for gene
enrichment analysis, which was finally validated by cell
experiments as well as tissue samples. We analyzed the
differential genes and the top 20 hub genes separately
by GO analysis tool and found that their biological
processes were mainly focused on angiogenesis and cell
adhesion. According to previous reports, angiogenesis
plays an important role in the development of renal
cancer, and Goka et al. found that by inhibiting
VEGF production in ccRCC cells, new angiogenesis
can be prevented, which in turn achieves the effect of
targeted therapy for renal cancer [15]. More impor-
tantly, the NCCN and EAU have used drugs that tar-
get inhibition of angiogenesis (sorafenib, sunitinib,
etc.) as a first-line treatment for metastatic renal cell
carcinoma [16,17]. It is known that CD44 antigen is a
cell surface glycoprotein involved in cell adhesion and
migration, and Mikami et al. found that high expres-
sion of CD44 is closely related to the metastasis of
renal cancer cells, the occurrence of sunitinib resis-
tance, and the poor prognosis of ccRCC [18]. A recent
study reported that molecules associated with cell
adhesion and extracellular matrix were significantly
disturbed in ccRCC and correlated with the survival of
renal cancer patients [19].

The results of GSEA analysis showed that high
expression of CP was associated with significant
enrichment of Complement and coagulation cascades,
Toll-like receptor signaling pathway, apoptosis, and
JAK STAT signaling pathway. Most of the comple-
ment system is secreted by the liver and enters the
blood circulation. Some studies have shown that par-
tial complement is involved in the pathological process
of renal diseases [20]. Complement cascade and hyper-
coagulation are mutually induced processes in a
vicious cycle, and they can promote the tumorigenic
phenotype of immune cells and protect tumor cells
from immune attack, ultimately facilitating tumor

CP correlates with renal cancer invasion

development, progression, and metastasis formation
[21]. More evidence also supports the involvement of
the complement pathway in cancer [22]. HeeJung
found that inhibition of JAK/STATS3 signaling trans-
duction can lead to apoptosis of renal clear-cell carci-
noma, which in turn inhibits tumor progression [23].
According to the survival analysis, 9 DEGs among
the above 20 hub genes were closely related to shorter
survival time of ccRCC patients, including ALB, C3,
LOX, HRG, CXCR4, GPC3, SLCI12A3, CP, and
CASR. It has been shown that patients with high Alb
expression have better progression-free survival (PFS)
and overall survival (OS) than those with low Alb [24].
It has been found that in ccRCC, the expression of C3
is higher than that of C3 in adjacent normal tissues,
suggesting that C3 has the potential to interfere with
the progression of ccRCC [25]. Similar findings have
been made in liver cancer, in which hepatic stellate
cells can promote T-cell apoptosis and reduce their
proliferation through the C3 pathway, inhibit the mat-
uration of dendritic cells (DCs), and then promote the
development of hepatocellular carcinoma in vitro [25].
This further supports our results. Previous studies have
shown that the lysyl oxidase (LOX) family plays an
important role in stabilizing the extracellular matrix
(ECM). In triple-negative breast cancer, inhibition of
LOX decreases extracellular matrix stability and
increases drug penetration, which in turn induces
apoptosis and resensitization to chemotherapy [26].
Similar studies have been conducted in ovarian [27],
colon [28], and pancreatic cancers [29]. LOX is widely
involved in the development of various tumors in vivo
and is expected to be a potential intervention target.
The CXCL12/CXCR4 axis may play an important role
in the deproliferative response of pancreatic ductal
adenocarcinoma, whereas loss of CXCR4 induces
undifferentiated carcinomas with altered pancreatic
phenotype without differentiated response [30]. Early
studies found that C-X-C chemokine receptor type 4
(CXCR4) is overexpressed in many cancers, and that
high expression of CXCR4 is always associated with
early metastasis and poor prognosis [31]. CP is an oxi-
dase involved in the regulation of systemic and intra-
cellular iron levels [6]. However, the biological role of
CP in ccRCC is rarely reported. In this study, we
report that CP expression is upregulated in clinical
ccRCC tissues using TCGA database data, and that
high CP expression is strongly associated with more
malignant clinical features and poor prognosis in
ccRCC patients. To further verify the reliability of the
results, we experimentally demonstrated that the
mRNA and protein levels of CP in clear renal cell car-
cinoma were significantly higher than those of CP in
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normal renal tissue, and cellular experiments showed
similar results. In order to further investigate the role
of CP in the biology of clear renal cell carcinoma,
both Matrigel method and wound healing assay
demonstrated that the invasive ability of cells in the
experimental group was significantly lower than that
in the control group when the CP gene was downreg-
ulated. Previous studies have shown that CP can sta-
bilize HIF-1a and participate in its nuclear transport
process, thereby regulating downstream VEGF
expression [32]. Also, it was demonstrated that CP is
a target gene of HIF-la. It is believed that hypoxia
would promote the overexpression of HIF-la, thus
forming a positive feedback loop and jointly promot-
ing the biological deterioration of RCC [33]. There-
fore, we hypothesize that high expression of CP may
stabilize HIF-la protein, leading to the progression
of RCC. However, the specific mechanism needs fur-
ther study. Similar findings have been found in other
diseases, where ceruloplasmin (CP) has been found to
be one of the potential biomarkers for the diagnosis
of hepatocellular carcinoma [34], CP can promote the
growth and angiogenesis of tumor cells in breast can-
cer [35], plasma CP levels are significantly increased
in patients with developing ovarian cancer, and the
CP promoter shows significantly higher activity in
ovarian cancer compared with normal organs [36,37].
Combined with the above findings, bioinformatics
analysis using mRNA microarray datasets from GEO
and TCGA revealed some central genes and impor-
tant pathways that may be associated with poor sur-
vival and metastasis in ccRCC. Meanwhile, CP
expression level can be used as one of the lower sur-
vival indicators for assessing ccRCC patients, because
it may be involved in the pathological process of dis-
tant metastasis of ccRCC.

In this study, our study has some shortcomings. First,
the clinical sample size was too small and only four eligi-
ble frozen samples were analyzed by real-time quantita-
tive RT-PCR and western blots. Therefore, in order to
understand our results more accurately, we intend to
collect more satisfactory samples later. Second, only one
type of renal cancer cell line was validated, and the relia-
bility was relatively low. In summary, in this study,
based on the DEGs between ccRCC and normal tissues,
DEGs were first identified by bioinformatics analysis,
and then, potential key genes involved in ccRCC devel-
opment were analyzed, and finally, central genes and
signaling pathways that may be involved in ccRCC pro-
gression and metastasis were revealed. These epigenetic
changes may be associated with poor overall survival in
ccRCC. However, the specific biological roles of these
candidate biomarkers in ccRCC and the specific

Y. Zhang et al.

molecular mechanisms involved in ccRCC metastasis
require further investigation.

In summary, a total of 20 central genes were
screened in this study; particularly, ALB, C3, LOX,
HRG, CXCR4, GPC3, SLCI2A3, CP, and CASR
were closely related to the prognosis of RCC patients.
In addition, high expression of CP was associated with
lower overall survival in ccRCC patients. CP is
expected to provide a theoretical basis for enriching
ccRCC pathogenesis as well as new signaling path-
ways.
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