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Abstract

The technology of RNA sequencing (RNA-seq) has not only proven powerful in transcriptome studies but has
become a key approach in translational medicine. In this work, we present a reusable and reproducible bioinformatics
pipeline for processing and analyzing RNA-seq data, implemented as an automated workflow within the open-source,
web-based Galaxy web platform. With this workflow, researchers with little to no training in computer programming
or bioinformatics experience can perform routine, high quality RNA-seq analysis, and generate intuitive results. We
evaluated our implementation approach of the RNA-Seq pipeline using cancer transcriptome data, demonstrating
that it is well positioned for clinical applications providing a set of advantages over existing methods.
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Introduction

Within the clinical laboratory setting, next generation sequencing
(NGS) is being rapidly embraced as an invaluable diagnostic tool
[1,2]. Recently, whole transcriptome shotgun sequencing (WTSS),
also known as RNA-seq (RNA sequencing) has been developed for
transcriptome profiling [3]. RNA-seq determines the abundance of
gene transcripts in a RNA sample, superseding microarrays, which
was the gold standard of gene expression analysis for almost a decade.
Developing RNA-seq data analysis pipelines requires sophisticated
bioinformatics skills as well as extensive computing capacity in order
to handle large-scale genomic datasets [4,5]. Yet, a large fraction of
the scientific community needing to use NGS approaches is impeded
by limited to no background in informatics or programming. The
lack of user-friendly bioinformatics analysis pipelines and computing
tools to engage with the data, motivated our development of an
automated RNA-seq pipeline within the Galaxy platform, a popular
web application [6,7]. Galaxy is an open source, web-based genomics
graphical workbench for accessible, reproducible and shareable data-
intensive biomedical research.

Here we designed and implemented a Galaxy-based RNA-seq
pipeline that performs differential expression and variant analysis.
Galaxy’s data processing framework provides a simple way to
integrate and encapsulate a suite of open-source computational tools
and datasets in a single graphical user interface (GUI). Galaxy also
provides the functionality to orchestrate bioinformatics workflows by
connecting the tools in a systematic, automated chain of operations
structured to perform any desired biomedical research analysis.
Our RNA-seq analysis pipeline is suited for applications in a clinical
setting and is capable of detecting rare and low abundance transcripts,
compare transcriptomes of cells and tissues treated under different and
multiple conditions, search for alternative spliced variants, and detect
genetic variants. Furthermore, our RNA-seq pipeline represents a
standardized and centralized bioinformatics platform that can be easily
managed, shared, and used by novices and experts alike.

Approach
RNA-seq workflow using galaxy

The pipeline was implemented using Galaxy’s user-friendly,
web-based interface, which served as a workbench to chain a set of
bioinformatics tools and create an automated workflow (Figure 1). The
required tools were imported from the public Galaxy toolshed. Copies
of the pipeline are available both on our local instance of Galaxy and the
public server. Our Galaxy-based pipeline tracks all analysis steps (e.g.,
data import, various analyses) via Galaxy’s “history” panel, allowing
researchers to extract and rerun specific stages of the pipelines multiple
times. Furthermore, all Galaxy objects, such as the analysis history,
data inputs or outputs, and workflows receive a web address that can
be easily shared with other researchers, making our entire analysis
workflow fully accessible and reproducible.

Workflow design and implementation

The applicability of our RNA-seq workflow was tested using cancer
RNA-seq datasets from the ArrayExpress archive of the European
Bioinformatics Institute (EBI) [8]. The datasets consisted of poly-A
RNA sequencing paired-end reads and technical replicates sequenced
using Illumina’s HiSeq 2000 platform. Our workflow requires input
read files generated by Illumina and one reference annotation file for
the human genome (UCSC hgl9). In total, the workflow performs
forty-four analysis steps, using eleven bioinformatics tools (Figure
1). The workflow can analyze eight input datasets in parallel. For
our study, we used two replicates of forward and reverse reads from
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healthy patient tissue (data set 1-2, 5-6 in Figure 1) and two replicates
of forward and reverse reads from prostate cancer tissue from the
same patients (data set 3-4, 7-8 in Figure 1). There are four logical
components in our workflow that can be described as the following:
A. Quality Check (QC, Figure 1) left blue rectangle) performed using
FastQC, version 0.71, which summarizes quality control checks of
raw sequence data in html output format, with basic statistics for
guidance in the pre-processing decisions [9]. Once high-quality reads
are obtained, forward and reverse reads are remove and add from;
Figure 1 right blue rectangle) with Tophat2, version 2.0.14, which uses
Bowtie2, version 2.3.4.1 as its core engine and a pre-indexed human
reference genome (UCSC hgl19) [10]. Tophat2 provides an algorithm
for identifying non-continuous mapped reads across splice junctions,
in order to search for splicing signals with the main goal to a build set
of possible introns in each transcript. The output from this step is a
Binary Alignment Map (BAM) file of mapped exonic reads. To view
the alignment file in text format, we included a BAM-SAM, version
1.0 (Sequence Alignment Map) converter tool in the pipeline [11]. The
next module on our workflow is the C. Differential Gene Expression
Analysis, which is includes Transcript Assembly and Transcriptome
Quantification (Figure 1, red rectangles). Last, we performed the D.
Variant Analysis (Figure 1, green rectangles).

First, the Transcript Assembly is performed using the Cufflinks2,
version 2.2.1 software suite, to reconstruct and quantify the full set
of transcripts [12]. Cufflinks2 (Figure 1, left red rectangle) uses the
BAM alignment file from TopHat and a reference annotation file in
Gene Table Format (GTF) to generate a transcriptome assembly. Next,
assemblies are merged together using the Cuffmerge tool. To validate
the assembled transcript fragments by Cufflinks, the Cuffcompare
tool (Figure 1, red rectangle) is also used to compare the assembled
transcripts from the merged assembly to a reference annotation
genome. At this stage, any new splice variants by comparison of the
assembled transcripts to the reference annotation, are saved in a new
GTF file. Second, the Transcriptome Quantification is performed by
the Cuffcompare tools, using the GTF file along with the alignment
BAM files [13]. Next, the Cuffcompare and Cuffdiff tools calculate
the expression levels in fragments per kilobase of exon per million
fragments mapped (FPKM), and test for statistical significance of
difference in expression levels between samples. The next step is the
Variant Analysis, which applies SAMtools mpileup tool, version 2.1.3
and uses the alignment BAM files along with the reference genome files
[11,14,15]. The Variant Analysis generates a “pileup” of read bases in
order to identify Single Nucleotide Polymorphisms (SNPs), for each
position in RNA-seq transcripts compared to the reference genome.
In the final step of our bioinformatics pipeline, the variant caller tool

Figure 1: RNA-seq analysis workflow in Galaxy: A. Quality Check (left blue rectangle), B. Alignment (right blue rectangle), C. Differential Expression Analysis (red
rectangles), D. Variant Analysis (green rectangles). The input samples are normal tissue samples (1, forward; 2, reverse reads), prostate cancer samples (3, forward;

4 reverse reads), and a replicate of each of these, respectively (5,6 and 7,8).
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Figure 2: Access to tg RNA-seq analysis pipeline through Galaxy by (a). registering for an account; (b). Importing the workflow under a user’'s Galaxy account; (c).
Running the pipeline; (d). Importing data by upload from the local drive or public database under the user’'s Galaxy account. All the data appear on the right side
column; (e). Starting the RNA-seq pipeline by providing a set of basic parameters, and; (f). Users can choose to run a single tool from ones the list available on the
left side column, independently of the RNA-seq pipeline, and without having to run the complete pipeline. Links to our local and the public Galaxy server are provided

in the main text. the number of differentially expressed genes and isoforms.
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VarScan, version 2.3.5 is used to ADD VERB furthermore somatic
and germline mutations in the mpileup files, reporting the results in a
tabular file [16].

Easy access to the RNA-seq data analysis workflow

Access to the RNA-seq workflow is very simple, and users first have
to create a free account (Figure 2a) on our local instance of Galaxy and
the public server (web links available on section 2.2 of the manuscript).
Users can then login and import and run the workflow and data under
their account (Figure 2b-2d), with a few clicks of the mouse on the
Galaxy web interface. The imported data are available on the right
column of the Galaxy interface, and to run the workflow users simply
need to select these datasets which automatically appear on the drop-
down menus in the center of the interface (Figure 2e). Furthermore,
users can select a single tool from the left column of Galaxy (Figure 2f)
and provide the tools parameters in the center interface similarly to the
workflow.

Workflow results with RNA-seq data

Using the prostate cancer datasets from ArrayExpress, our RNA-
seq bioinformatics workflow identified between 10,912 to 12,482
differentially expressed genes per sample (Table 1). The differential
expression was calculated with a significance of 0.05<p-value<0.01
when comparing normal to cancer tissue. Furthermore, when including
all isoforms/splice variants for these genes the number of differentially
expressed transcripts ranged between 12,449 and 16,121 (Table 1,
column 3) per sample, when comparing cancer versus healthy tissue.
Finally, our bioinformatics pipelines also discovered up to 485 novel
splice variants per sample (Table 2). These results are included in the
output of the Galaxy history that reports the differentially expressed
transcripts, in addition to the GTF annotation file, allowing the novel
splice variants to be used in future bioinformatics analyses.

Discussion

Here we present a bioinformatics pipeline that performs RNA-seq
analysis using high-throughput sequencing data. The Galaxy-based
RNA-seq pipeline is user-friendly and provides an easily accessible and
intuitive interface, which offers flexibility for researchers to edit the steps
of the workflow. For example, the widely developed Tuxedo software
suite, Bowtie, TopHat, and Cufflinks used for alignment and differential
expression analysis in our workflow can be easily substituted by other
tools with similar functionality available through the Galaxy ToolShed
[5]. Besides customizing tools within the workflow, parameter values
for each tool can be also adjusted, allowing high flexibility for the user.

Conclusions

Furthermore, the Galaxy web-based workbench offers a range
of built-in functionality, for researchers collaborating on projects
involving large-scale genomic sequencing projects. For example, the
RNA-seq transcriptome analysis workflow used in the current study,
including any modifications to the actual workflow, can be easily shared
by publishing the web link on the public Galaxy server. In addition, the
output datasets generated by running the workflow can be similarly
shared, allowing reproducibility and transparency of the bioinformatics
analysis. In conclusion, we have performed a reproducible, accessible,
and transparent computational biology experiment for RNA-seq data
analysis that is applicable for both research and the clinical practice,
providing a novel example towards further standardization of
bioinformatics analysis.

Sample ID No. of genes No. of isoforms No. of novel isoforms
2 11,185 14,313 485
3 12,482 16,020 433
4 12,184 15,059 437
5 12,184 15,219 467
6 12,014 15,605 460
7 11,796 14,975 457
8 12,277 14,638 373
9 11,084 13,173 388
10 11,235 12,449 357
11 12,438 16,121 370
12 10,912 14,440 430
13 12,264 15,061 479
14 11,975 13,824 308

Table 1: RNA-seq analysis summary reports: the number of differentially
expressed genes and isoforms when counting all splice variants of a gene (second
and third column). The fourth column presents the number of novel isoforms and
splice variants discovered per sample.

Computer server: 40 CPU, 32 GB memory
https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-567/

Dataset:
samples/
Repeat 1: 18 hrs 25 min
Run times Repeat 2: 17 hrs 44 min
Repeat 3: 19 hrs 28 min
Totall D'ata 40 GB
Size:

Table 2: Running times of the RNA-seq analysis during three trials with the human
transcriptome from the European Bioinformatics Institute (EBI).
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