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ABSTRACT 

Prostate cancer (PCa) is a heterogeneous disease with highly variable clinical 

outcomes which presents enormous challenges in the clinical management. A vast 

amount of transcriptomics data from large PCa cohorts have been generated, 

providing extraordinary opportunities for the comprehensive molecular 

characterization of the PCa disease and development of prognostic signatures to 

accurately predict the risk of PCa recurrence. The lack of an inclusive collection 

and standard processing of the public transcriptomics datasets constrains the 

extensive use of the valuable resources. In this study, we present a user-friendly 

database, PCaDB, for a comprehensive and interactive analysis and visualization 

of gene expression profiles from 50 public transcriptomics datasets with 7,231 

samples. PCaDB also includes a single-cell RNA-sequencing (scRNAseq) dataset 

for normal human prostates and 30 published PCa prognostic signatures. The 

advanced analytical methods equipped in PCaDB would greatly facilitate data 

mining to understand the heterogeneity of PCa and to develop prognostic 

signatures and machine learning models for PCa prognosis. PCaDB is publicly 

available at http://bioinfo.jialab-ucr.org/PCaDB/. 
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INTRODUCTION 

As one of the most powerful approaches in oncology research, transcriptome 

profiling has been extensively used for understanding the molecular biology of 

cancer, drug target identification and evaluation, biomarker discovery for cancer 

diagnosis and prognosis, etc. over the past decade (1). PCa is the second most 

frequently diagnosed cancer in men worldwide with 1,414,259 new cases and 

375,304 new deaths in 2020 (2). While The Cancer Genome Atlas Prostate 

Adenocarcinoma (TCGA-PRAD) project has produced valuable RNA sequencing 

(RNAseq) data based on the clinical samples from 498 PCa patients, most of these 

samples are primary tumor tissue or tumor-adjacent normal tissue (3, 4). Many 

other transcriptomics data of prostatic tissues from normal, primary tumor, and 

metastatic tumor samples from different prostate population cohorts have also 

been generated in recent years (5–8). The vast amount of the publicly available 

transcriptomics data for clinical samples provides extraordinary opportunities for 

the study of the heterogeneity in PCa, understanding the mechanisms of tumor 

initiation and progression, as well as identification and independent validation of 

prognostic signatures. However, because these transcriptomics datasets for PCa 

were generated using different technologies, processed with different 

bioinformatics pipelines, and deposited in different public data repositories, it 

remains challenging for researchers to leverage these valuable resources in their 

studies without a standard pipeline to download and process these datasets. 

Moreover, advanced programming skills and deep knowledge in bioinformatics 

and data science are also required for conducting a comprehensive analysis and 

visualization of the PCa transcriptomics data. 

 To fill this void, we present to the PCa research community a user-friendly 

database, PCaDB, for a comprehensive and interactive analysis and visualization 

of transcriptomics data from large PCa cohorts. A comprehensive bioinformatics 

pipeline is developed to download and process the gene expression data and 

metadata for 50 transcriptomics datasets with a total of 7,231 samples from public 

data repositories. A single-cell RNA-sequencing (scRNAseq) dataset for normal 
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human prostates has been included in PCaDB, allowing for the investigation of 

gene expression in different cell types of prostate (9). Moreover, PCaDB included 

30 published PCa prognostic signatures which have been analyzed in a previous 

study for a comprehensive evaluation of the performances of machine learning 

models and prognostic signatures (10). A suite of advanced analytical and 

visualization tools is available for the comprehensive analysis of the 

transcriptomics data, such as characterization of a gene of interest across multiple 

bulk gene expression datasets and the scRNAseq dataset, functional 

characterization and evaluation of the published prognostic signatures to identify 

the most promising ones for further validations in prospective clinical studies, and 

whole-transcriptome data analysis for the identification of genes associated with 

tumor initiation and progression, discovery of biomarkers associated with clinical 

outcomes, as well as development and validation of prognostic signatures and 

models for PCa prognosis. 

DATA COLLECTION AND PROCESSING 

Collection of bulk transcriptomics data, single-cell RNAseq data, gene 
expression-based prognostic signatures, and gene annotation data 

To obtain a complete list of transcriptomics data of PCa, we conducted a 

comprehensive search in public data repositories, including the National Cancer 

Institute (NCI) Genomic Data Commons (GDC) (11), cBioportal (12), National 

Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO) 

(13), and ArrayExpress (14). The identification of datasets in GDC and cBioPortal 

were straightforward since the relevant data were grouped by cancer types. The 

keywords ‘prostate cancer’, ‘prostate tumor’, or ‘PCa’, AND ‘gene expression’, 

‘mRNA’, ‘RNAseq’, ‘transcriptomics’, or ‘transcriptome’ were used to search the 

GEO and ArrayExpress databases. Many other datasets were identified in 

previous publications (15–18).  

The following criteria were used for dataset selection: (i) the samples in the 

dataset must be collected from human PCa patients; (ii) the number of samples 
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should be greater than 15; and (iii) the dataset must be generated using a genome-

wide gene expression profiling platform. A total of 50 PCa transcriptomics datasets 

with 7,231 samples were identified based on the three criteria. The 7,231 samples 

included 5,179 (71.6%) primary tumor samples, 879 (12.2%) samples from healthy 

or tumor-adjacent normal tissues, 716 (9.9%) metastatic samples, and 457 (6.3%) 

other types of samples such as stromal and whole blood samples, etc.  

A single-cell RNAseq dataset for cell types isolated by fluorescence-activated 

cell sorting (FACS) from normal human prostates (9) was downloaded from the 

GenitoUrinary Development Molecular Anatomy Project (GUDMAP) database (19) 

and integrated into the PCaDB database, allowing for the investigation of gene 

expression at the single-cell level. 

The gene lists of 30 published prognostic signatures for PCa, which were 

comprehensively evaluated in a previous study (10), were included in the PCaDB 

database for a more detailed functional characterization and prognostic 

performance comparison in each of the transcriptomics datasets. 

We collected the gene annotation from the Ensembl (20), GENCODE (21), 

HUGO Gene Nomenclature Committee (HGNC) (22), and NCBI Entrez Gene (23) 

databases and developed a pipeline to map the different types of the gene 

identifiers including the Ensembl ID, HGNC approved gene symbol and alias 

symbol, as well as Entrez ID to facilitate the harmonization of transcriptomics data 

collected from different resources and the query of genes in PCaDB. 
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Figure 1. Overview of the collection of bulk transcriptomics data, scRNAseq data, 

gene expression prognostic signatures, and gene annotation data for PCaDB. 

 

Data processing for the bulk transcriptomics data and scRNAseq data 

A comprehensive pipeline was created to download and process the 

transcriptomics data and the associated metadata from the public data repositories, 

including GDC, cBioPortal, GEO, and ArrayExpress. Generally, gene expression 

data generated by RNAseq and Affymetrix microarray platforms were reprocessed 

if raw data (i.e., FASTQ or CEL files) were available. Otherwise, the processed 

data such as FPKM values for RNAseq and normalized intensities for microarray 

data were downloaded directly from the data repositories and a simple log2 

transformation may be performed if this hasn’t been applied to the original data. 

The Ensembl gene identifiers were used for all the gene expression data. If 

multiple probes/genes matched to the same Ensembl ID, only the one with the 

maximum interquartile range (IQR) for the gene expression was used for this 

Ensembl ID. Metadata associated with the samples were obtained directly from 

the public data repositories and harmonized using a custom script followed by a 

careful manual curation. We created a comprehensive list of 31 field names, 

including sample id, patient id, tissue, batch, sample type, age at diagnosis, 

ethnicity, race, clinical stages, pathology stages, preoperative PSA, Gleason score, 
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overall survival, relapse-free survival, treatment, etc., for each sample. The 

complete list of the field names can be found in the ‘Pipeline’ page of PCaDB. An 

additional column called ‘pcadb_group’ was added for the standardized sample 

type information. For example, the ‘tumor’, ‘tumour’, ‘primary’, ‘localized’ samples, 

etc. were all labeled as ‘Primary’, whereas the ‘normal’, ‘adjacent’, ‘benign’ 

samples, etc. were all labeled as ‘Normal’. The ExpressionSet object was created 

for each dataset and deposited into the PCaDB database. Details about the 

pipeline for downloading and processing data generated from different platforms 

or obtained from different repositories was describe below. 

The TCGA-PRAD data were downloaded and processed using a series of 

functions in the R package GDCRNATools (24). The raw HTSeq-Counts data was 

normalized using the Trimmed Mean of M values (TMM) method implemented in 

the R package edgeR (25). Clinical characteristics, such as preoperative PSA level, 

which were not available in GDC were retrieved from Broad GDAC Firehose 

(https://gdac.broadinstitute.org/). 

The expression data and clinical data can be downloaded directly from 

cBioPortal. The cBioPortal data were usually not used in PCaDB, unless the raw 

data were not available in any of the other data repositories. This is because only 

the normalized data are provided in cBioPortal, which may be incompatible with 

some downstream analytical tools. For example, the FPKM/RPKM values are not 

recommended for differential expression analysis. The processing of the 

expression data from cBioPortal was relatively simple. Usually the log2 

transformation may be performed on the RPKM/FPKM values if it hasn't been done 

and the gene symbols or Entrez IDs were converted to Ensembl IDs. 

Most of the microarray data in PCaDB were obtained from GEO. All the 

Affymetrix microarray data were reprocessed starting from the raw .CEL files. The 

annotation R packages for the probes were downloaded from the Brainarray 

database (GENCODEG, Version 24) (26). The expression data were normalized 

using the Robust Multichip Average (RMA) algorithm implemented in the R 

package oligo (27). The RNAseq data in GEO were downloaded from Sequence 
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Read Archive (SRA) if the raw FASTQ files were available. We used fasterq-dump 

in the SRA Toolkit (version 2.10.8) to download the raw sequencing data. The 

STAR (version 2.7.2a) (28) was used for sequence alignment and featureCounts 

(version 2.0.0) (29) was used for gene expression quantification. Similar to the 

TCGA-PRAD data, the count data was normalized using the TMM method 

implemented in the R package edgeR (25). The normalized intensities for 

microarray data generated using other technologies were downloaded directly 

from GEO and a simple log2 transformation may be performed. Metadata in the 

series matrix files were downloaded using the R package GEOquery (30). 

 Microarray gene expression data and metadata from ArrayExpress were 

downloaded using bash command lines. The gene expression data can be 

processed using the same pipeline as those from GEO, and the metadata were 

harmonized using a custom script followed by manual curation. 

 For the scRNAseq dataset, the Seurat object can be downloaded directly from 

the GUDMAP (https://www.gudmap.org/chaise/record/#2/RNASeq:Study/RID=W-

RAHW). The normalized gene expression matrix, cell type annotation, as well as 

the TSNE and UMAP coordinates were included in an R list object. 

Integration of gene annotation data 

It’s very critical to map different types of gene identifiers from different databases 

for the data analysis in a transcriptome atlas and for the integrated analysis of 

multiple datasets, especially when the data were generated using different 

platforms, processed with different bioinformatics pipelines, or collected from 

different resources. The Ensembl gene annotation (Release 98) was downloaded 

using the R package biomaRt (31). The GTF file for the GENCODE gene 

annotation (Release 32) was downloaded from the FTP site 

(http://ftp.ebi.ac.uk/pub/databases/gencode/Gencode_human/release_32/). The 

two files hgnc_complete_set.txt and withdrawn.txt for the HGNC gene annotation 

were downloaded from the FTP site 

(http://ftp.ebi.ac.uk/pub/databases/genenames/new/tsv/), and the two files 
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gene_info.gz and gene_history.gz for the NCBI gene annotation were downloaded 

from the FTP site (https://ftp.ncbi.nih.gov/gene/DATA/) on 12/30/2019. A 

comprehensive pipeline was developed to map the gene IDs and the source code 

is publicly available at https://github.com/rli012/PCaDB and on the ‘PCaDB 

Pipeline’ page in the database. 

DATABASE CONTENT AND USAGE 

PCaDB provides a user-friendly interface and a suite of analytical and visualization 

tools for the comprehensive analysis of gene expression data at three levels: (i) 

query an individual gene of interest, (ii) characterization of prognostic signatures, 

and (iii) whole-transcriptome data analysis (Figure 2). Multiple analytical and 

visualization functions can be implemented in each module. 

 
Figure 2. Comprehensive analysis of gene expression data at three levels in 

PCaDB, including the query of an individual gene of interest, characterization of 

prognostic signatures, and whole-transcriptome data analysis. (A) The box plot to 

visualize the differential expression of the gene of interest in different sample types. 

(B) The KM survival curve of RFS for the selected gene in an individual dataset. 

(C) The forest plot to visualize the association of a gene of interest with RFS across 
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multiple datasets. (D) Visualization of the gene expression in different prostate cell 

types using the UMAP plot and the bubble plot. (E) The list of genes in the selected 

prognostic signature. (F) Differential gene expression analysis of genes in all the 

prognostic signatures between tumor and normal samples. (G) Visualization of the 

functional enrichment analysis results using the bar plot and bubble plot. (H) 

Comprehensive evaluation of the performances of all the prognostic signatures 

across multiple datasets based a selected training dataset and a selected machine 

learning algorithm. (I) 2D and 3D interactive visualization of the principal 

component analysis result for a transcriptomics dataset. (J) Differential gene 

expression analysis for the whole transcriptome profiling data between tumor and 

normal samples. (K) A new gene expression-based prognostic model for RFS 

prediction can be developed by selecting a training dataset and a survival analysis 

algorithm, and a KM survival curve is used to evaluate the performance of the 

model in the training dataset. (L) Validation of the prognostic model leveraging 

gene expression data from multiple independent cohorts 

 

Query an individual gene of interest 

Users can query a gene of interest by typing the Ensembl ID, Entrez ID, or HGNC 

approved symbol and alias symbol in the ‘Search a gene’ field and selecting the 

gene from the dropdown list. The general information about the gene and some 

useful external links to the databases, such as ENSEMBL, HGNC, and NCBI for 

more detailed description of the gene, Genotype-Tissue Expression (GTEx) (32) 

and Human Protein Atlas (HPA) (33) for the gene expression pattern in different 

human tissues, and Kyoto Encyclopedia of Genes and Genomes (KEGG) (34) for 

the pathways that the gene involves in are provided. A suite of advanced analyses 

and visualizations can be interactively performed for the selected gene, including 

differential expression analysis between different types of samples, RFS survival 

analysis, and gene expression analysis in different prostate cell types at the single-

cell level. 
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 The box plot is used to visualize the gene expression in different sample types, 

such as healthy, tumor-adjacent normal, primary tumor, or metastatic tumor in 

different tissues, depending on the availability of the data in the selected dataset. 

Kaplan Meier (KM) survival analysis of RFS can be performed in the 10 datasets 

with 1,754 primary tumor samples from PCa patients with the data of BCR status 

and follow up time after RP. A forest plot with the information from the survival 

analysis, including the numbers of samples, hazard ratios (HRs), 95% confidence 

intervals (CIs), and p values across all the datasets, will be generated, and the KM 

survival curve for each dataset will also be plotted. The expression pattern of the 

selected gene in different cell types from normal human prostate, including basal, 

luminal, neuroendocrine (NE), club, and hillock epithelia, endothelia, leukocyte, 

fibroblast, and smooth muscle, can be visualized using the pre-calculated t-

distributed stochastic neighbor embedding (t-SNE) plot and uniform manifold 

approximation and projection (UMAP) plot, violin plot, and bubble plot with the 

average gene expression and percent of cells expressed for each cell type. 

Characterization of prognostic signatures 

Gene expression-based prognostic signatures have been proven to be useful to 

predict the aggressiveness or clinical outcomes of PCa. Many prognostic 

signatures have been developed for PCa prognosis and some of them have 

already been used in clinical practice. A comprehensive evaluation of the 

prognostic performances of 30 published signatures was performed in a previous 

study and we included all those signatures in the PCaDB database, allowing for a 

more detailed characterization of the signatures, including DE analysis of the 

signature genes, KM survival analysis of RFS, functional enrichment analysis, and 

evaluation of the prognostic performances of the signatures. 

 On the ‘Prognostic Signatures page, the list of genes in a signature of interest 

can be viewed by selecting the signature from the dropdown list. The DE analysis 

of the signature genes between primary tumor and tumor-adjacent normal samples 

can be performed using the R package limma (35). A data table will be created to 

list the differentially expressed genes (DEGs) and a volcano plot will be generated 
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to visualize these DEGs. The KM survival analysis of RFS for the signature genes 

can be performed in each of the 10 datasets with RFS information. A forest plot for 

the common genes in 3 or more signatures and a data table with the survival 

analysis result for all the signature genes are generated. Functional enrichment 

analysis of the signature genes can be performed using the R package 

clusterProfiler (36). Many pathway/ontology knowledgebases including KEGG (34), 

Gene Ontology (GO) (37), Reactome (38), Disease Ontology (DO) (39), Network 

of Cancer Gene (NCG) (40), DisGeNET (41), and Molecular Signatures Database 

(MSigDB) (42) are leveraged for the functional analysis. A data table is produced 

to summarize the significantly enriched pathways/ontologies. A bar plot and a 

bubble plot are used to visualize the top enriched pathways/ontologies based on 

the p values adjusted by the Benjamini-Hochberg (BH) method. A more detailed 

evaluation of the performances of the signatures can be performed in PCaDB 

using different survival analysis algorithms and different training and test datasets. 

Users can select ‘All Signatures’ from the dropdown list to perform a 

comprehensive analysis to compare and rank the signatures in each test set based 

on three metrics, including concordance index (C-index), time-dependent receiver 

operating characteristics (ROC) curve, and hazard ratio (HR) estimated by the 

Kaplan Meier (KM) survival analysis. If a given signature is selected, a prognostic 

model can be developed using the expression data of the signature genes in the 

selected training dataset and the selected survival analysis method. The risk score 

of each patient in the test datasets will be computed based on the model, and the 

C-indexes, the area under the ROC curves (AUCs), and the HRs are calculated to 

assess the prognostic power for the signature based on the independent test 

cohorts. Forest plots are used to visualize the results, while data tables with more 

detailed results are also provided. 

Whole-transcriptome data analysis 

More advanced and comprehensive analyses can be performed at the whole-

transcriptome level in PCaDB, allowing users to identify DEGs associated with 

tumor initiation and progression, identify biomarkers associated with clinical 
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outcomes (i.e., BCR), as well as develop and validate gene expression-based 

signatures and models for PCa prognosis. 

 A transcriptome dataset of interest can be selected on the ‘Transcriptome 

Analysis’ page, and the summary of the dataset including platform, data 

processing pipeline, and the available metadata, such as sample type, 

preoperative PSA, Gleason score, BCR status, and time to BCR, will be displayed 

automatically. Principal component analysis (PCA) can be performed using the 

highly expressed genes in the selected dataset, and a 2D or 3D interactive plot 

based on the first two or three principal components, respectively, will be 

generated for visualization. The DE analysis using the whole-transcriptome data 

allows users to identify DEGs associated with tumor initiation or progression by 

comparing the case and control groups, i.e., primary tumor vs. tumor-adjacent 

normal, or metastatic tumor vs. primary tumor, etc. The R package limma (35) is 

used to identify DEGs in PCaDB. Both the univariate Cox proportional hazards 

(CoxPH) and KM survival analyses of RFS can be performed at the whole-

transcriptome level to identify biomarkers associated with clinical outcome of PCa 

in a selected dataset of interest. The biomarkers that are significant across multiple 

datasets may be used alone or in combination with other biomarkers to derive a 

prognostic signature for PCa. In PCaDB, users can provide a list of genes and 

select any survival analysis method, such as CoxPH, Cox model regularized with 

ridge penalty (Cox-Ridge), or lasso penalty (Cox-Lasso) (43), to develop a 

prognostic model using the selected dataset as a training set. Risk scores for the 

patients in the training set are calculated and the median value is used as the 

threshold to dichotomize these patients into low- and high-risk groups. A KM 

survival curve is generated to show the prognostic performance of the signature in 

the training set. Similarly, risk scores are calculated for patients in each of the nine 

remaining datasets with RFS data, and a forest plot is generated to validate the 

prognostic model in independent cohorts. 
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Data download 

All the processed data, including the 50 public PCa transcriptomics datasets, the 

scRNAseq data for normal human prostates, the summary and the gene lists of 

the 30 published prognostic signatures, and the integrated gene annotation data 

can be downloaded easily on the ‘Download’ page of PCaDB. The summary of the 

transcriptomics datasets including the GEO, ArrayExpress, or EGA accession 

number, the gene expression profiling platform, the bioinformatics pipeline that 

was used to process the data, the original publication of each dataset, etc. is also 

available for downloading. The ExpressionSet class is used for the gene 

expression data and metadata of the transcriptomics datasets, and the data can 

be downloaded in the RDS format. The Seurat object of the scRNAseq data and 

the gene annotation data are also available for users to download in the RDS 

format. The summary of the transcriptomics datasets, and the summary and the 

gene lists of the prognostic signatures are provided as Excel files for downloading 

in PCaDB. 

 

IMPLEMENTATION 

PCaDB has been developed using R Shiny (https://CRAN.R-

project.org/package=shiny), which provides an elegant and powerful web 

framework for building interactive web applications using the R language 

(https://www.R-project.org/). The major advantage of Shiny is that a lot of 

R/Bioconductor packages such as limma (35), clusterProfiler (36), Biobase (44), 

ggplot2 (45), etc. can be used for the advanced bioinformatics analyses and 

visualization. In PCaDB, the majority of the visualizations are based on the R 

package ggplot2, interactive tables are generated using the R package DT 

(https://CRAN.R-project.org/package=DT), allowing users to filter, sort, copy, and 

download the data, and interactive plots are made using the R package plotly (46). 

The blue gradient theme in the dashboardthemes package (https://CRAN.R-
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project.org/package=dashboardthemes) is used with some modifications. The web 

application is deployed on Amazon Web Services (AWS). 

SUMMARY 

PCaDB is a comprehensive database for transcriptomes of prostate cancer 

cohorts with a total of 7,231 samples from 50 public datasets. A suite of well-

designed functions is provided in PCaDB for the interactive analysis and 

visualization of the transcriptomics data. 

A scRNAseq dataset for normal human prostates is also included, allowing for 

the investigation of gene expression at the single-cell level. Detailed 

characterization and evaluation of 30 published prognostic signatures can also be 

performed in PCaDB to identify the most promising ones for further validations in 

prospective clinical studies. All the data are processed with a comprehensive 

pipeline and the data can be easily downloaded from the database. The pipelines 

can also be used by the users to process the datasets of interests from the public 

data repositories. While PCaDB is diligently serving the prostate cancer research 

community, new datasets and analytical methods will be included in PCaDB as 

soon as they are available. We expect that PCaDB would become a valuable 

online resource for a comprehensive analysis of PCa transcriptomics data to 

understand the molecular mechanisms of tumor initiation and progression, and to 

identify and validate biomarkers and signatures for PCa prognosis. 

 

AVAILABILITY 

The web interface to PCaDB is publicly available at http://bioinfo.jialab-

ucr.org/PCaDB/. All the processed data can be downloaded on the ‘Download’ 

page of the database. The pipelines used to process the data are available at 

https://github.com/rli012/PCaDB and on the ‘PCaDB Pipeline’ page in the PCaDB 

database. 
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