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Abstract

Background

Papillary renal cell carcinoma (PRCC) is the most common type of renal cell carcinoma after

clear cell renal cell carcinoma (ccRCC). Its pathological classification is controversial, and

its molecular mechanism is poorly understood. Therefore, the identification of key genes

and their biological pathways is of great significance to elucidate the molecular mechanisms

of PRCC occurrence and progression.

Methods

The PRCC-related datasets GSE7023, GSE48352 and GSE15641 were downloaded from

the Gene Expression Omnibus (GEO) database. Differentially expressed genes (DEGs)

were identified, and gene ontology (GO) term enrichment analysis and Kyoto Encyclopedia

of Genes and Genomes (KEGG) pathway analysis were performed. Cytoscape and

STRING were used to construct the protein-protein interaction network (PPI) and perform

module analysis to identify hub genes and key pathways. A heatmap of hub genes was con-

structed using the UCSC cancer genomics browser. Overall survival and recurrence-free

survival of patients stratified by the expression levels of hub genes were analysed using

Kaplan-Meier Plotter. The online database UALCAN was applied to analyse gene expres-

sion based on tissue type, stage, subtype and race.

Results

A total of 214 DEGs, specifically, 205 downregulated genes and 9 upregulated genes, were

identified. The DEGs were mainly enriched in angiogenesis, kidney development, oxidation-

reduction process, metabolic pathways, etc. The 17 hub genes identified were mainly

enriched in the biological processes of angiogenesis, cell adhesion, platelet degranulation,
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and leukocyte transendothelial migration. Survival analysis showed that EGF, KDR,

CXCL12, REN, PECAM1, CDH5, THY1, WT1, PLAU and DCN might be related to the carci-

nogenesis, metastasis or recurrence of PRCC. UALCAN analysis showed that low expres-

sion of PECAM1 and PLAU in PRCC tissues was related to stage, subtype and race.

Conclusions

The DEGs and hub genes identified in the present study provide insight into the specific

molecular mechanisms of PRCC occurrence and development and may be potential molec-

ular markers and therapeutic targets for the accurate classification and efficient diagnosis

and treatment of PRCC.

Introduction

Papillary renal cell carcinoma (PRCC) accounts for approximately 15% of renal cancers and is

the most common type of renal cell carcinoma after clear cell renal cell carcinoma (ccRCC). Its

pathological classification is controversial, and its clinical behaviour is highly variable. Not

only can PRCC be divided into histological type 1 and type 2, studies in recent years have

shown that type 2 PRCC is heterogeneous; it can be divided into further subtypes according to

tumour-related molecular biomarkers, and these subtypes are associated with different clinical

processes and prognoses. For example, subgroup C2c contains type 2 PRCC tumours with the

CpG island methylator phenotype (CIMP), and the overall survival rate is the lowest in this

group [1]. Because the specific molecular pathogenesis of PRCC is poorly understood, there

has been no effective targeted therapy for papillary carcinoma in the past. There is accumulat-

ing evidence indicating that abnormal gene expression and mutation are related to the devel-

opment of PRCC. Linehan et al. [2] found through clinical studies that the occurrence of

PRCC type 2 was closely related to mutations in the chromatin modification genes SETD2,

BAP1 and PBRM1, while mutations in the structural domain of the tyrosine kinase MET were

related to type 1 PRCC. In hereditary leiomyomatosis and renal cell carcinoma (HLRCC)

(which is an aggressive form of type 2 PRCC), mutation of Fumarate Hydratase (FH) located

on chromosome 1 is relatively common [3]. However, there is currently no standard treatment

for the disease, and mortality rates for PRCC patients remain high. Therefore, understanding

the exact molecular mechanisms involved in the carcinogenesis, metastasis, and recurrence of

PRCC and formulating effective diagnosis and treatment strategies are of vital importance to

improving the survival rate of patients.

Microarray technology and bioinformatic analysis, important and widely used methods for

screening and identification of differentially expressed genes (DEGs) related to disease devel-

opment, have helped us to explore a wide variety of DEGs involved in PRCC canceration and

progression. However, the false positive rate in single microarray analysis is relatively high,

and it is difficult to obtain reliable results. Therefore, in this study, 3 mRNA microarray data-

sets from the Gene Expression Omnibus (GEO) were downloaded and analysed to identify

DEGs between PRCC and normal tissues. Subsequently, Gene Ontology (GO) analysis, Kyoto

Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis and protein-pro-

tein interaction (PPI) network construction were used for analysis to help us understand the

key genes and pathways involved in carcinogenesis and progression. From this analysis, a total

of 214 DEGs and 17 hub genes were selected that may be potential molecular targets and bio-

markers of PRCC.
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Materials and methods

Acquisition of microarray data

The GEO (http://www.ncbi.nlm.nih.gov/geo) database of the National Center for Biotechnol-

ogy Information (NCBI) is a public functional genomics database that is used to store gene

expression datasets, platform information and original series. Three gene expression datasets

(GSE7023 [4], GSE48352 and GSE15641 [5]) were downloaded from GEO. GSE7023 is based

on the GPL4866 platform (Affymetrix GeneChip Human Genome U133 Plus 2.0 Array) and

includes 35 PRCC samples and 12 normal samples. GSE48352 is based on the GPL16311 plat-

form ([HG-U133_Plus_2] Affymetrix Human Genome U133 Plus 2.0 Array) and includes

24 PRCC samples and 8 normal samples. GSE15641 was based on the GPL96 platform

([HG-U133A] Affymetrix Human Genome U133A Array) and includes 11 PRCC samples and

23 normal samples.

Screening of DEGs

Differential expression analysis was performed for each dataset using the GEO2R online analy-

sis tool provided with the GEO database. The screening criteria for DEGs between PRCC and

non-cancerous samples were |log2FC (fold change) |> 1 and FDR adjusted P value <0.05.

Based on the annotation data in the platform, the probes were converted into the correspond-

ing gene symbol. Probe sets without corresponding gene symbols and duplicate data were

removed. Then, the intersection of three datasets was taken to determine the common DEGs,

and the online tool Venn Diagram (http://bioinformatics.psb.ugent.be/webtools/Venn/) was

used to draw the Venn diagram of the DEGs.

KEGG and GO enrichment analyses

The Database for Annotation, Visualization and Integrated Discovery (DAVID; https://david.

ncifcrf.gov/home.jsp) (version 6.8) was used to conduct GO enrichment analysis of the DEGs.

GO includes three categories: biological pathway, cellular component and molecular function.

KOBAS 3.0 (http://kobas.cbi.pku.edu.cn/kobas3/annotate/) was used for KEGG pathway

enrichment analysis. P<0.05 was considered statistically significant.

PPI network construction and module analysis

The Search Tool for the Retrieval of Interacting Genes online database (STRING; https://

string-db.org (version 11.0)) was used to construct the DEGs PPI network, and the analysis

results were visualized with Cytoscape (version 3.6.1); each interaction with a combined score

>0.4 was considered statistically significant. The Molecular Complex Detection (MCODE)

(version 1.5.1) plug-in in Cytoscape was used to identify the most important modules in the

PPI network. The selection criteria were as follows: degree cutoff = 2, node score cutoff = 0.2,

K-core = 2 and max depth = 100. The genes in the module were then subjected to GO and

KEGG enrichment analyses using DAVID and KOBAS 3.0, respectively.

Selection and analysis of hub genes

Through the degree algorithm, 17 genes identified to have scores greater than 15 by cytoHubba

in Cytoscape were identified as hub genes. These hub genes were analysed and visualized with

the Biological Network Gene Oncology (BiNGO) tool (version 3.0.4). The heatmap of the hub

genes was constructed using the UCSC cancer genomics browser (http://xena.ucsc.edu/). The

associations of the hub genes with overall survival and recurrence-free survival were analysed

using Kaplan-Meier Plotter (https://kmplot.com/analysis/). The online database Oncomine
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(https://www.oncomine.org) was used to analyse heatmaps of PECAM1 and PLAU gene

expression in clinical PRCC samples and normal tissues. The online database UALCAN

(http://ualcan.path.uab.edu/) was applied to analyse the expression of these two genes based

on tissue type (PRCC tissue versus normal tissue), stage, subtype and race.

Results

Identification of DEGs in PRCC

After the microarray results were normalized, DEGs in the three datasets were identified (906

in GSE7023, 823 in GSE48352, and 2051 in GSE15641) (S1 Fig). The overlap between the three

datasets contained 214 genes, as shown in the Venn diagram (Fig 1A). The set of 214 overlap-

ping genes contained 9 upregulated genes and 205 downregulated genes between PRCC and

normal tissues.

GO and KEGG enrichment analyses of the DEGs

GO and KEGG enrichment analyses of the DEGs were performed using DAVID and KOBAS

3.0, respectively. The GO analysis results indicated that in terms of biological process,

the DEGs mainly participated in excretion, kidney development, angiogenesis, negative regu-

lation of growth, epithelial cell differentiation and oxidation reduction processes. In terms of

molecular function, DEGs were mainly associated with receptor binding, heparin binding,

Fig 1. Venn diagram, PPI network and most significant module of the DEGs. (a) DEGs were selected from the mRNA expression

profile datasets GSE7023, GSE48352 and GSE15641 with the criteria of |log2FC (fold change) |> 1 and FDR adjusted P value<0.05. A

total of 214 genes overlapped among the 3 datasets. (b) STRING and Cytoscape were used to construct a PPI network of the DEGs. (c)

The MCODE plug-in in Cytoscape was used to identify the most significant module in the PPI network; this module contained 10 nodes

and 43 edges. Red represents upregulated genes, and blue represents downregulated genes.

https://doi.org/10.1371/journal.pone.0254868.g001
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prostaglandin E receptor activity, calcium ion binding, sodium-independent organic anion

transmembrane transporter activity and transcriptional activator activity. In the cellular com-

ponent category, the DEGs were mainly enriched in the terms extracellular exosome, apical

plasma membrane, integral component of plasma membrane, extracellular region, and cell

surface (Fig 2A). KEGG pathway analysis showed that the DEGs were mainly enriched in the

following pathways: metabolic pathways, pathways in cancer, complement and coagulation

cascades, proteoglycans in cancer and PPAR signaling pathway (Fig 2B).

PPI network construction and module analysis

The PPI network of the DEGs was constructed with STRING and Cytoscape, and the most sig-

nificant module, which consisted of 10 nodes and 43 edges, was identified (Fig 1B and 1C).

DAVID and KOBAS 3.0 were used to analyse the genes in this module by functional enrich-

ment. The results showed that the genes in this module were mainly enriched in angiogenesis,

cell adhesion, platelet degranulation, leukocyte transendothelial migration, Pathways in can-

cer, PI3K-Akt signaling pathway and so on (Fig 3A and 3B).

Fig 2. GO enrichment analysis (a) and KEGG pathway analysis (b) of the DEGs in papillary renal cell carcinoma. GO, Gene Ontology; KEGG,

Kyoto Encyclopedia of Genes and Genomes.

https://doi.org/10.1371/journal.pone.0254868.g002

Fig 3. GO enrichment analysis (a) and KEGG analysis (b) of the genes in the most significant module in PRCC.

https://doi.org/10.1371/journal.pone.0254868.g003
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Selection and analysis of hub genes

The 17 genes whose degree scores were greater than 15 were defined as the hub genes and

included ALB, EGF, KDR, CXCL12, REN, PLG, PECAM1, KNG1, CDH5, AQP2, C3, THY1,

WT1, MGAM, PLAU, AGTR1, and DCN. The results of biological process analysis of the hub

genes are shown in Fig 4A. Heatmap analysis showed that the hub genes could distinguish

PRCC samples from normal samples (Fig 4B). The associations of the hub genes with overall

survival and recurrence-free survival were analysed using Kaplan-Meier Plotter. PRCC

patients with changes in EGF, KDR, CXCL12, REN, PECAM1, CDH5, THY1, WT1, PLAU,

and DCN showed poorer overall survival and recurrence-free survival. However, patients with

altered KNG1 expression in PRCC tissues had poor overall survival but no significant differ-

ence in recurrence-free survival (Fig 5). Among these genes related to significant differences in

overall survival and recurrence-free survival, PECAM1 and PLAU were identified as seed

genes in the significant modules screened by MCODE, suggesting that they might play a cru-

cial role in the carcinogenesis and progression of PRCC. Oncomine analysis of the carcinogen-

esis of PRCC and normal tissues showed that PECAM1 and PLAU were downregulated in

PRCC tissues in different datasets (Fig 6). UALCAN was used to analyse the expression of

these two genes based on tissue type (PRCC tissue versus normal tissue), stage, subtype and

race. As shown in Fig 7, PECAM1 and PLAU were downregulated in PRCC tissue compared

with normal kidney tissue, and this finding was consistent with the UCSC and Oncomine anal-

ysis results. Moreover, the expression of both genes in PRCC carcinoma tissues was related to

stage, subtype and race. Notably, PECAM1 was most significantly downregulated in stage 1

Caucasian patients with type 1 PRCC, while PLAU was most significantly downregulated in

Asian patients with stage 4 CIMP-type PRCC.

Discussion

The pathological classification of papillary renal cell carcinoma is controversial, and its mor-

bidity and mortality are increasing annually. However, the potential molecular pathogenesis of

PRCC is poorly understood. Therefore, in this paper, three mRNA datasets from PRCC tissues

Fig 4. Biological process analysis and heatmap of the hub genes. (a) Biological process analysis of hub genes was performed using

BiNGO. The colour depth of the nodes represents the corrected P value of the ontology. The size of the nodes represents the numbers of

genes that are involved in the ontology. P<0.01 was considered statistically significant. (b) A heatmap of hub gene expression was

constructed using the UCSC online database. Normal samples are shown in red, and PRCC samples are shown in blue. Red represents

upregulated genes, and blue represents downregulated genes.

https://doi.org/10.1371/journal.pone.0254868.g004
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and normal tissues were analysed. A total of 214 DEGs were identified, specifically, 205 down-

regulated genes and 9 upregulated genes.

GO enrichment analysis showed that the DEGs were mainly enriched in excretion, renal

development, angiogenesis, negative regulation of growth, epithelial cell differentiation and

other processes and were located in exosomes and other sites. By PPI network analysis, 17 hub

genes were identified. Survival analysis of patients stratified by the expression levels of the hub

genes showed that changes in EGF, KDR, CXCL12, REN, PECAM1, CDH5, THY1, WT1,

PLAU and DCN were associated with overall survival and recurrence-free survival. These

Fig 5. (a) Overall survival and (b) recurrence-free survival analyses of patients stratified by the expression levels of the

hub genes in PRCC samples and normal samples were performed using Kaplan-Meier Plotter. P<0.05 was considered

statistically significant.

https://doi.org/10.1371/journal.pone.0254868.g005
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results suggest that these genes may play an important role in the carcinogenesis, progression

and recurrence of PRCC. EGF can activate several pro-oncogenic intracellular pathways lead-

ing to tumour cell proliferation and angiogenesis [6]. KDR is a specific receptor for VEGF,

which promotes angiogenesis [7]. CXCL12 has been shown to be a stimulatory chemokine

related to tumour neovascularization and to be involved in promoting the migration and inva-

sion of cancer cells [8]. The renin-angiotensin system regulates angiogenesis, cell differentia-

tion and proliferation, opening a new avenue for understanding the occurrence of renal

carcinoma [9]. PECAM1 encodes a protein associated with angiogenesis and extracellular cir-

culation that is involved in tumour growth and spread [10]. CDH5 is abnormally expressed in

a variety of human cancers and plays an important role in angiogenesis [11]. THY-1 is a renal

differentiation marker and is useful in the characterization of tumours of renal origin [12].

The WT1 gene, which encodes a transcription factor with four zinc finger DNA-binding

motifs, shows variable stage-specific expression in the developing kidney [13]. PLAU encodes

a serine protease involved in degradation of the extracellular matrix and possibly in tumour

cell migration and proliferation [14]. DCN is an important component of the ECM and func-

tions as a tumour suppressor in RCC that can inhibit the proliferation and metastasis of RCC

cells [15]. The genes analysed above may provide a new direction for further studies on the

pathogenesis of PRCC.

KEGG pathway analysis showed that the DEGs were mainly concentrated in metabolic

pathways, pathways in cancer, complement and coagulation cascades, proteoglycans in cancer

and the PPAR signalling pathway. Studies have shown that metabolic reprogramming of

PRCC is associated with upregulation of many proteins and enzymes involved in the glycolytic

pathway [16]. PPARα antagonism inhibits several pivotal cancer-relevant metabolic pathways,

leading to reduced tumour growth in RCC [17]. Further study of these potential pathways will

contribute to a deeper understanding of PRCC.

PECAM1 and PLAU were identified as seed genes in the significant module determined by

MCODE. Studies have shown that PECAM1 expression is significantly elevated in patients

with ccRCC in the early stage of the disease [18]. However, our analysis showed that PECAM1

expression was downregulated in patients with stage 1 type 1 PRCC. Therefore, PECAM1 may

be an early diagnostic indicator to distinguish ccRCC from PRCC. UALCAN analysis showed

Fig 6. Oncomine analysis of (a) PECAM1 and (b) PLAU expression in PRCC samples vs. normal samples. Heat maps

of PECAM1 and PLAU gene expression in clinical PRCC samples vs. normal samples. Red represents high expression,

and blue represents low expression.

https://doi.org/10.1371/journal.pone.0254868.g006
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that low expression of PECAM1 and PLAU in PRCC tissues was associated with stage, subtype,

and race. Notably, PECAM1 was most significantly downregulated in Caucasian patients with

stage 1 type 1 PRCC, while PLAU was most significantly downregulated in Asian patients with

stage 4 CIMP-type PRCC. These results suggest that PECAM1 and PLAU play critical roles in

the typing and the efficient diagnosis and treatment of PRCC.

In summary, a bioinformatics approach was used in this study to analyse the DEGs

involved in the occurrence and development of PRCC. Due to the current limited understand-

ing of these DEGs, their specific biological functions and molecular regulatory mechanisms

still need to be confirmed by further studies.

Fig 7. The online database UALCAN was applied to analyse the expression of the two indicated genes based on

tissue type (PRCC tissue versus normal tissue), stage, subtype and race. a-d show data for PECAM1, and e-h show

data for PLAU.

https://doi.org/10.1371/journal.pone.0254868.g007
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Supporting information

S1 Fig. Volcano plot of DEGs in three datasets. Red represents upregulation, green repre-

sents downregulation, and grey represents no significant difference. A |log2FC (fold change)

|> 1 and adjusted P value <0.05 were considered to indicate statistically significant differential

expression.
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