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Abstract

Undoubtfully, we live in an era with continuous technological advances. This expansion in the
biological field has led to the concept of “omics” and methodological advancement in
systematically interrogating a biological sample. OMICS technologies are constantly advancing,
and new discoveries are made every day. Notably, one of them is IncRNA. It is worth noting that,
although OMICS technologies are very powerful, they yield a great amount of data that steadily
increases without being used to its full potential. We need to address the issue of aggregating big
data that needs to be analyzed to extract critical biological information in an accessible and easy
to use manner. To address these problems, we created our instance of Galaxy platformy with

many added custom tools and workflows for transcriptomic and genomic analysis.

A novel module-based workflow was created for RNAseq analyses with special focus on IncRNA.
LncRNAs are RNA molecules that have many similarities with mRNAs but are not translated into
proteins. Although they were considered as junk DNA, recent developments in sequencing
technologies have revealed their regulatory potential on gene expression and their consequent
involvement in various pathologies. We wanted to create a unified framework to be dedicated to
their analysis in order to limit lab to lab discrepancies. The pipeline starts with raw files aligns,
assemblies and quantifies the reads into counts, dividing them into three different matrices
representing mRNAS, miRNAs and IncRNAs. For the creation of the INcRNA matrix extra steps
to ensure the validity of INcRNAs are taken, like estimating coding potential and excluding short
reads. Following the matrix creation step is differential expression analysis on these features
using nonparametric tests. A sub workflow was created for unraveling the different interaction
networks that these features. This sub routine correlates the expression of the different RNAs and
then searches for RNA-interaction databases to validate this correlation. If some features are not
found in databases, an RNA-RNA interaction prediction is performed to discover potential new
pairs. Two different networks are created, one regarding molecules with inverse expression and
one regarding sets of three with 1 common target, for example one IncRNA and one miRNA
targeting the same mRNA. The analysis ends with pathway enrichment analysis of the two
networks and on all differentially expressed molecules. In summary, the analysis starts with reads
and ends with prioritized genes and enriched systemic processes that best describe the observed

phenotype.

The design of the workflow is module-based. This means that the whole workflow consists of
standalone sub workflows and this pattern continues covering all routinely performed tasks in a

transcriptomic analysis. For the creation of all modules, publicly available tools were used, as well
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as newly custom-made which were created using DOCKER and are available on Galaxy’s
toolshed. In this thesis, | will present the local Galaxy instance that was created during my
internship time at eNIOS, along with the tools and possibilities it offers. Special attention to
IncRNA workflow will be given and two case studies will be explored showing the different aspects

of our instance. The whole instance is on http:www.biotranslator.gr:8080

KEY WORDS: Big Data, OMICS, IncRNA, Galaxy, pipelines, Bioinformatics
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Aim of this project

This thesis was part of my work during my internship at eNIOS. Its primary objectives were to
build a reproducible, easy to use pipelines for genomic and transcriptomic analyses. Best
practices were used in order to assess scalability and easy deployment on cloud technologies

such as sevenBridges and Amazon services.
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Introduction

Big data and omics data: Advantages of omics but drawbacks of analyzing

We are living without a doubt in the information era. The massive explosion of technological
advances has affected our lives from the way we communicate to the way we work. In particular,
one field of science, Biology, has yielded many gains from these frantic advancements, with some

of the most outstanding examples being omics technologies.

Omics technologies are these methods that are primarily aimed at the universal detection of
genes (genomics), RNAs (transcriptomics), proteins (proteomics) and metabolites
(metabolomics) in a specific biological sample. The key word here is “universal”’. [1] When
investigating a disease or a pathology or even two different organisms, what we are really
interested in is the underlying mechanism that makes them differ. More often than usual this
mechanism consists of a multitude of different proteins, RNAs and metabolites that all together
coordinate each other forming a complex network. So understandably, having a universal
approach to tackle this issue holds the potential of providing major insights into the biology of

interest.

Transcriptomics

The last few decades have witnessed an explosive growth in genomic sequencing technologies.
Transcriptomics is the study of the ‘transcriptome’. The term transcriptome refers the complete
set of all the ribonucleic acid (RNA) molecules expressed in some given entity, such as a cell,
tissue, or organism. As a result of increased throughput, higher accuracies and lower costs, there
has been an exponential growth in genomic sequence databases over the last two decades. [2]
However, a major challenge in molecular biology continues to be the complex mapping of the
same genome to diverse phenotypes in different tissue types, development stages and
environmental conditions. A better understanding of the transcripts and expression of gene
regulation is not only non-trivial but lies at the heart of this challenge. Transcriptomics offers
important insights on gene structure, expression, and regulation and has been widely studied in

many organisms. [3]
Microarrays

The first attempt to capture global gene expression was with microarrays technology. A DNA

microarray is a collection of microscopic DNA spots attached to a solid surface. Each DNA spot
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contains tiny parts of a specific DNA sequence, known as probes, that will hybridize with a target
cDNA sequence. Probe-target hybridization can be detected and quantified to determine the
relative abundance of nucleic acid in the target. Scientists use cDNA microarrays to measure the
expression levels of large numbers of genes simultaneously or to genotype multiple regions of a
genome. [4] An example of its application is in SNPs arrays for polymorphisms in cardiovascular
diseases, cancer, pathogens and Genome-wide association studies (GWAS). It is also used for
the identification of structural variations and the measurement of gene expression. Because of
their high throughput and lower cost, microarrays were very popular throughout the 2000s.
However, they are limited to probing to an array of genes that are already known, so a reference

genome or transcriptome is a must for microarrays.[5]

Next Generation Sequencing

Most of the limitations of microarrays are tackled with next generation sequencing (NGS)
techniques. Second generation of sequencing (SGS) alternatively referred as next generation
sequencing technology, originated in 2005 to support massively parallel sequencing of hundreds
of thousands of short DNA strands that are anchored and read through multiple “wash and scan”
cycles. [6] For example, lllumina HiSeq platforms can generate upward of 5 billion reads and 1500
Gb per run. Also, this approach is able to generate high read accuracy with much lower cost.
Admittedly, NGS has many applications in biological studies, such as DNA-sequencing to
assemble a previously unknown genome, and RNA-sequencing to analyze gene expression and
to identify the regions of DNA or RNA binding proteins. In addition to gene expression
quantification, RNA-Seq is quite effective in detecting alternative splicing events.[2] As a result, it
has grown to be the most popular transcript profiling approach over the last decade. Nevertheless,
it has several limitations. First, there is the amplification bias and the template sequence errors
contributed by the polymerase chain reaction (PCR) amplification step. More importantly, read
length is limited to a couple of 100s. The short-read RNA-Seq approach has several inherent
limitations. It fails to accurately identify multiple full-length transcripts reconstituted from the short
reads [7]. This problem is pervasive particularly when dealing with complex genomes (mostly
eukaryotic), which exhibit a large number of isoforms per gene because of alternative splicing and
where genes have multiple candidate promoters and 3’ ends [8]. As a result, short-reads RNA-
Seq is lacks efficiency when studying gene regulation, the protein-coding potential of the genome

and ultimately the phenotypic diversity.
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Third Generation Sequencing

Third Generation Sequencing are the technologies that are primarily distinguished from previous
generations in their focus on uninterrupted sequencing of a single DNA or RNA molecule. This
makes them highly preferable for a number of use cases such as de novo assembly, improved
genome annotations, and epigenome characterization [8]. With long-read sequencing
technologies, it has become reality that one read is one transcript, and each transcript can be
accurately captured and studied individually since it directly provides full-length cDNA sequences
[9]. Techniques such as Oxford Nanopore and PacBio SMS, are designed to avoid the step of
assembly and therefore are better suited to comprehensively identify full length transcripts and to
profile allele specific expressions. While TGS techniques are optimal for de novo sequencing for
small-to-moderate sized genomes (<1 Gbp), they become cost-prohibitive for high coverage of

larger genomes.[2]

One issue that arises with these kinds of technologies is the amount and high complexity of the
data produced. These data often referred as Big Data need to be transferred, stored and more
importantly analyzed and transformed into meaningful biological information. This is often
laborious work and there are people dedicated to this task. However, the need to rely on
someone’s expertise slows down if not halting entirely the advancement of the study and the
potential benefit from it. Therefore, numerous efforts have been made to produce platforms that
would be extremely useful and at the same time user-friendly, in order non — bioinformatics
scientists to be able to make immediate sense of their experiments or clinical studies and act

accordingly. One of the most famous publicly available platforms is www.usegalaxy.orqg

Galaxy platform and its utilities

The Galaxy project started 18 years ago, in 2005, with its key goal being the need to make
computational biology accessible to scientists who have no computer experience. Although the
initial “target” was genomics it soon broadened its utilities to affect different biological research
fields. Their value proposition is accessibility, transparency and reproducibility and the way they
reach that goal is by providing either a ready to use platform with all the tools and workflows
necessary for basic analysis ready to use in the form of a website, or the infrastructure for
someone to build its one Galaxy instance, highly customizable to one’s own needs. Recent
statistics show that members of Galaxy project are steadily increasing each year and moreover

users tend to know a priori how and when they will use Galaxy. Nevertheless, users can always
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get help through their various communication channels. [10] This shows that this platform is very
popular, helpful and useful and taken together with the fact that we can build our own instance

with our custom tools we decided to use this infrastructure for designing our analyses pipelines.

Our Galaxy instance with focus on IncRNAs

As mentioned above, we were interested in a highly customizable platform. The reason for that
was that we sought to design a workflow for analyzing long non-coding RNAs (IncRNAs).
LncRNAs are RNA molecules that are transcribed by polymerases, have 5 and 3’ UTR regions
but —usually- don't encode for proteins. Instead, they seem to have regulatory roles in the network
they reside in. Recent studies have shown the critical role of some IncRNAs in various
pathologies. [11] LncRNAs are a classic example of how improvements in technologies broaden
our understanding of gene expression and regulation and genomics in general, as these
molecules were once considered junk DNA. RNA sequencing has revealed that not only are they
not junk but together with other non-coding RNAs form a complex network that fine tune gene
expression. Since we are only now starting to realize the variety and complexity of these different
RNA molecules, a consensus set of tools and workflows has yet to be established. In this thesis
we will try to provide such a framework through our local galaxy instance at

http:www.biotranslator.gr:8080
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Methods

In this chapter we will describe the prerequisites for deploying your own Galaxy instance and refer

to the basics of Galaxy architecture.

Requirements

The most basics requirements for launching a Galaxy instance are UNIX/Linux or Mac operating
system a together with python 3.7. It is preferable to have a dedicated server to host the instance
rather than a local machine in order to provide 24-hour service without the risk of damaging your
computer. This instance of Galaxy runs on a virtual machine hosted on Hypatia infrastructure
provided by ELIXIR- Greece. It has 8 GB of RAM and 530GB of memory. In addition to the server,
an SQL database needs to be created and connected to the instance. Finally, a system for

sending links for user authentication was set up and connected to the instance.

General Architecture of Galaxy

Galaxy is an open-source software implemented using Python programming language. It is
developed by the Galaxy team at Penn State, Johns Hopkins University, Oregon Health & Science
University, and the Galaxy Community. [12][13] It is a collection of scripts that define the layout
of a website and connects its features with back-end processes. The different back-end and front-

end features are defined in a configuration file called galaxy.yml

Inside that file, administrators are defined, as well as the IP address on which you want to host
the instance, the IP address of your SQL database and the connection to the smtp server is

established. After this basic configuration, the user needs to declare 4 important directories:

o The location of the FTP server that will be used by this instance
e The jobs directory which is the location where results from users’ analyses will be stored

o The tools directory
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e The tool-data directory which holds the loc files of the reference files required by various

tools

Tools

Another important configuration file is tool_conf.xml. In there, the location of the XMLs of the
different tools can be found as well as the order and grouping in which they will be displayed on
the website. In Figure 1 its format is shown. All directories are relative to the one declared in

galaxy.ymi

ubuntu@galaxyncrna: /data/galaxy/config

[ | [ I [}

Figure 1 Tool_conf.xml file holds the directories of the XMLs of all tools displayed on the website

Each xml file represents a specific tool. A closer look at a particular xml is shown in Figure 2
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ubuntu@galaxyncrna: /data/galaxy/tools/IncRNA

"discard_fasta_sequences_less_than_specific_length"

= bianca7/lncrna:discard_fasta

Figure 2 Format of an XML of a tool. In blue the different sections are displayed

It is apparent that in this file we set the name, inputs, outputs, description and help information of

our tool. This file will establish the layout of our specific tool on our instance as shown in Figure 3

discardFasta “discard_fasta_sequences_less_than_specific_length” (Galaxy Version 1.0.0) ¥ Favorite + Options

fasta_file

0D © 0O  43InRNAfasta v | P

length cut off

200

Email notification
® o

Send an email notification when the job completes

Discard fasta sequences less than X nucleotides” Inputs: fasta Outputs: filtered fasta

Figure 3 Appearance of the tool on website

In the section command we set what process or processes our inputs will be putinto. For example,
in this example we call discard_fasta.pl script together with length parameter and our input and
we declare where we want our output. The script is not located on the server but rather inside a
Docker container, defined in the requirements section. Docker containers are isolated virtual
environments that hold together all the different components of an application, which in our case
are the custom R, Python or Perl scripts along with their dependencies. Generally, Docker is a
platform designed to help developers build, share, and run modern applications. It takes away

repetitive, mundane configuration tasks and is used throughout the development lifecycle for fast,
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easy, scalable and portable application development — desktop and cloud. [14] Dockers were
created for all tools provided in our instance both for the public and the custom made. All tools

can be found on toolshed.

Reference files

Often tools used for transcriptomic and genomic analyses require reference files or specific
databases. These files can be defined in special files that have the format shown in Figure 4.
Basically, these are tab delimited files containing the directory of each reference file, one per line.
The mapping of location files with their respective tool is defined in a tool_data_table config.xml

file as shown in Figure 5. The directory of loc files is relative to the directory defined in galaxy.yml

annotation from g

annotation from
rom g
v38.1ncRNA_and_others.gtf

Figure 4 Format of a loc file. A loc file is a Tab delimited file that holds information about the name and location of reference files,
one file per line

index, name, abbreviation, value, taxonomy

dbkey, name, path

value, dbkey, formats, name, path

value, name, path

Figure 5 Format of a tool_data_table_conf.xml. This file maps the reference files to the tools that use them
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Results

General presentation of the platform.

Numerous scientists from different disciplines use Galaxy because of its great variety of tools and
analyses you can perform within it. For instance, one can develop an instance that will be more
focused on image analysis or phylogenetic analysis etc. Our instance is more focused on
transcriptomic and genomic analyses. We also offer a great variety of versatile tools for text
manipulations, because these processes are necessary in any kind of analysis. Each tool has
“Help” section with details about the inputs, outputs and parameters. In Figure 6 we can see the
front page of our instance. One can either navigate to our website though the icons or choose a

specific tool from the “Tools” section.

Analyze Data Workflow Visualize~ Shared Data~ Admin Help~ User~ &8 iii

Tools ww

A d Nucleotide Aminocid S Translati | plAtform
search tools o

& Upload Data

Get Data

Send Data

Text Manipulation
Convert Formats

Filter and Sort

Join, Subtract and Group

Data
management

Fetch

>—0r»—-0x»Z >

Alignments/Sequences Assembly
Statistics

Graph/Display Data

BioTranslator Toolbox

LNCRNA

VCF analyzer |
Proteostasis Phylogenetic Analysis

Analysis Sequence
ANASTASIA Annotation

Beast Bayesian MCMC analysis v

Figure 6 Appearance of our Galaxy's frontpage
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Data libraries

An important section of Galaxy is “Shared Data” (Figure 7). In this section one can find the tab
“Data Libraries”. In there the user can find reference files required for tools and workflows, like
the GTF and FASTA of the human genome. Test files for demonstration of the various workflows

also exist there.

= GﬂlaxfﬁnalyzeData Workflow \Visualize ¥ Shared Data~  Admin

) + Library Search [Jindude, Data Libraries
Histories
MName 13 De
Workflows
foo data foo

Visualizations

Human genome Hu Pages

Figure 7 Libraries under Shared Data section provides with reference files and test files

Workflows picture

Another tab worth-mentioning in the section “Shared Data” is that of “Workflows”. Here a user can
find all the published workflows in our instance. The possibility of uploading and publishing your
own workflows is supported. After importing the workflow of interest, one can run it or edit it to

suit specific demands.
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Analyze Data Workflow Visualizev Shared Data~ Admin Help~ User~ }s

Tools w "
Published Workflows
search tools o
bianca X | search name, annotation, owne | Q
2 Upload Data Advanced Search
x Name Annotation Owner G ity Rating Ci ity Tags
Get Data LncTools  ~ align, assembly and screening on list of BAMs bianca
Send Data ) )
Analysis of RNA-seq data starting from BAM and bi
Text Manipulation IncRNA | ~ focusing on mRNA, IncRNA and miRNA anea
Convert Formats )
interactions from count matrices! = ~ RankProd on 3 levels bianca
Filter and Sort
X RIBLAST ~ search for interactions at sequence level bianca
Join, Subtract and Group
. Analysis of RNA-seq data starting from BAM and .
Fetch Alignments/Sequences i Y bi
9 /56 IncRNA one matrix focusing on mRNA, IncRNA and miRNA =S
Statistics
) Interactions from count matri - RankProd on merged bianca
Graph/Display Data ' = =
BioTranslator Toolbox VCF-cancer =~ bianca
LNCRNA VCF |~ bianca
VCF analyzer v

FASTAfromENSEMBL (format without | _ Bisnics

Figure 8 Workflows tab under Shared Data section provides with all published workflows of our team. The user needs to import
them before using them

The use of the platform is click-based, and no programming language is required. Any analysis
starts with the upload of the required files. The files can either be locally or remotely uploaded

using FTP or a URL from the internet.

Download from web or upload from disk

Regular  Composite  Collection  Rule-based
Type (setall):|  Auto-detect || Q Gemome (setall):|  unspecified (7)
DiChoose ocal fies | B2Choose FTPfiles | [#Paste/Fetchdata | Start  Pause  Reset | Close

Figure 9 Upload tab provides the possibility to upload data either from a local device or from an FTP address or from an URL
address
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Variant Calling File (VCF) analyzer

Often in biological studies, one of the main questions is key mutations that drive the respective
phenotype. To investigate that, scientists perform whole genome sequencing or whole
transcriptome sequencing in order to identify these mutations. After the sequencing part, the
aligning of the raw files to a reference genome is performed in order to identify the differences
between the two, or in other words, identify the variants. The result is a file which is called Variant
Calling File (VCF). A workflow was added that takes these VCF files, annotates these mutations
using snpeEff, snpSift and COSMIC databases and filters for the most significant ones.
[15][16][17][18]. Once we have established which genes have significant mutations, we can
perform pathway enrichment analysis on the genes bearing significant mutations. In between the
workflow uses several different Python scripts for quality control of each step. These scripts and
the backbone of the workflow had been developed by Chara Mastrokalou for SevenBridges
platform (https://www.sevenbridges.com/platform/). My task was to adjust it for Galaxy

implementation.
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Analyze Data Workflow Visuz

Tools 7
search tools 0
& Upload Data
VCF analyzer 7

inputFilevalidator "inputValidator”

effect snps validator "Effect snps Validator®

effect indels validator "effect Indels Validator”

vef filtering_validator "vcf filtering_validator”

veftools vcftools

snps functional filtering validator "Snps functional filtering Validator®
Indels_Functional_Filtering_validator "Indels_Functional_Filtering_validator”
splitVariants "SplitVariants”

SnpSift Filter Filter variants using arbitrary expressions
snpsift_filter_indels snp5ift fiter indels

snpeff_annotate snpeff annotate

snpSift_annotate Cosmic snpSift_annotate_Cosmic

snpSift_annotate indels SnpSift annotate indels

Figure 10 Tools provided under VCF-analyzer section, under Tools section

Metagenomic analysis - ANASTASIA

This section is suitable for users from metagenomics field. Metagenomics is the study of the
structure and function of entire nucleotide sequences isolated and analyzed from all the
organisms (typically microbes) in a bulk sample. Metagenomics is often used to study a specific
community of microorganisms originating from diverse environments. Usually, such analyses are
performed in order to establish the different groups of microorganisms that exist in a sample.
Moreover, their specific genetic signature is studied and how this influences their environment. .
ANASTASIA is a suite of algorithms dedicated to such analyses. We provide classic tools for de
novo assembly, like MEGAHIT and very popular options for the annotation of prokaryotic
genomes (PROKKA, KRAKENZ2). [19][20][21] In addition, tools like CD-hit and hmmer are
provided to cluster and annotate protein patterns (Figure 11). [22][23] Elena Gkotsi has developed

a workflow for routine analyses.
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Analyze Data Workflow

Tools ]
search tools 0‘
& Upload Data
e L
ANASTASIA

hmmpress Compress profile db

hmmer hmmscan/search seqgs vs profiles

prodigal Find genes

1Q-TREE Phylogenomic / evolutionary tree construction from multiple sequences
MAFFT Multiple alignment program for amino acid or nucleotide sequences
MAFFT add Align a sequence,alignment or fragments to an existing alignment.
hmmfetch retrieve profile HMM(s) from a file

hmmeconvert convert profile file to a HMMER format

jackhmmer iteratively search a protein sequence against a protein database
(PSIBLAST-like)

hmmemit sample sequence(s) from a profile HMIM
hmmsearch search profile(s) against a sequence database

hmmscan search sequence(s) against a profile database

Figure 11 Some of the tools provided in the ANASTASIA tab, under Tools section

LNCRNA

In the LNCRNA section a great variety of align and assembly tools for RNA-seq data can be
found. In addition, if someone is interested in prediction of RNA-folding they can use RNAfold or
RNApifold [24]. Good visualization of data can have a great and immediate impact on the
interpretation of your results, so we offer heatmaps and correlation plots to aid this effort. We
should note here that each tool used in the INncRNA workflow can be found in this section and can

be used in different contexts depending on the question of interest.
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Tools %  Tools o Tools w
search tools 0 search tools o search tools 0
&, Upload Data £ Upload Data & Upload Data
LNCRNA

limma Perform differential
expression with limma-voom
or limma-trend

RNAfold Calculate minimum
free energy secondary
structures and partition
function of RNAs

RNApiIfold predicts RNA
secondary structures including
pseudoknots

QUALITY_CONTROL
FastQCBI Read Quality reports
ALLIGN_ASSEMBLY

HISAT2 A fast and sensitive
alignment program

RNA STAR B Gapped-read
mapper for RNA-seq data

StringTieB transcript assembly
and quantification

StringTie merge transcripts

Cufflinks transcrint assemhliv

>

Cuffcompare compare
assembled transcripts to a
reference annotation and
track Cufflinks transcripts
across multiple experiments

SCREENING
ezlncPred “ezLncPred”

FEELnc FlIExible Extraction of
LncRNA

FilterScreening Filter IncRNA
from ezLncPred

FilterScreening Filter IncRNA
from ezlLncPred no CPPred

RankProd Differential
expression with RankProd

discardFasta

“discard_fasta_sequences_less_th:

RiBlast "Riblast is ultrafast
RNA-RNA interaction
prediction software based on
seed-and-extension algorithm
for comprehensive IncRNA
interactome analysis”

miRanda B finds potential
target sites for miRNAs in
genomic sequences

Interactions in databases with
r Compares two columns and
prints the interactions from
databases

rnalnteractions RNA-RNA
interactions from RISE and
NPINTER databases

Cytoscape Visualize
interaction networks from
JSON file

csv2json CSV to JSON for
Cytoscape.js visualization

biotranslator ** Biotranslator

%

gffreadB Filters and/or
converts GFF3/GTF2 records

GffCompare compare
assembled transcripts to a
reference annotation

ATIIED TANALC

Figure 12 All tools provided in LNCRNA tab, under Tools section

LNCRNA WORKFLOW

The use of transcriptomic experiments has greatly increased in the past years. As sequencing
technologies are becoming more accessible the amount of data increases exponentially. In order
to utilize them in the best way possible, a unified framework of analysis must be applied. This way
will minimize the potential discrepancies observed when statistics are done by different labs and
a more robust interpretation can be concluded on. In order to decipher the role of non-coding
RNAs and especially of INcRNAs in gene expression we developed a IncRNA workflow. The

objective of this workflow is to start directly after the lllumina sequencer (or any kind of sequencer),
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i.e., raw files and end with biological insights about the samples of interest. Biological insights in
this specific context means key genes and processes that drive the observed phenotype. All
workflows discussed here are module-based. This means that they follow a “Russian doll” model
in which the big workflow consists of two sub workflows and each consisting of smaller sub-
workflows (or modules). Some examples are the RIBLAST workflow, Cytoscape or
FASTAfromEnsemblID. They were developed with this design because in this way not only can

one make use of all the standalone modules depending on the specific questions imposed but

also have the flexibility to combine them into new workflows.

Analyze Data Workflow Visualizev Shared Data~ Admin Helpv Userv (&

IncRNA

of interactions from

count matrices!

/4 mRNA matrix
DEAMBES *f List Inctools = 0 x 4\,-0 SAMPLES MATRIX
MATRIX spiit_before_diffExp_and_nove \ wL‘
output (input) I | |r,cRNA (START FROM BAM) [T / A D miRNA matrix
— 1) ——
BAM COLLECTION ,‘7‘1’ IncRNA matrix
] mirna (tabular) | O out_file1 (input) (>} " Differentizlly expressed
£ BAM 1 fist 0 x I || | molecules (a) >
Y/ mrna (tabular) |
output (input) > M‘ Differentially expressed
I B W R N R A IncRNA (tabular) w molecules (1) >
[ \‘ Differentially expressed
(|| motecutes (1) >
0 BAM 2 list o x o List Inctools x 1\‘
split_before_diffExp_and_nove ,j‘ biotranslator on all DE (tar) @
input) B > S
ARPULIn LIncRNA (START FROM BaM) [ ‘ .
\\ / H biotransiator on all DE
) BAM COLLECTION I e 0
mima (tabular) > Seleat biotransiator on triplets
mrna (tabular) Select files to combine 7 ) Dataset 2 > Select ‘\‘ (htmi) >
InCRNA {tabular) O output Ginput) / O out_fie1 (input) ©Z | biotransiator on triplet:
) - (tar) >
Cytoscape network (html) >
biotranslator on reverse
expression (tar) >
biotransiator on reverse
expression (htmi) >
- 75% + Cytoscape network (html) €
> 20:miRNA (fasta) )

Figure 13 Format of full IncRNA workflow
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Analyze Data Workflow Visualizew Shared Data~ Admin Help~ User~ &8 Using 10.2 GB

Tools w History ce+ms

search tools (x) Workflow: IncRNA search datasets (7Y x]

P Run Workflow
2. Upload Data A TEST
History Options 3 shown, 4 hidden
A~
Proteostasis Phylogenetic Send results to a new history (empty) »>e
Analysis ® o
ANASTASIA 7: samples_matrix_(2x2).t @ & X
= abular
Beast Bayesian MCMC analysis of D 1:BAM 1 list @
molecular sequences. 6: wildtype x
ular sequ O m 6 wildtype M alist wizpz items
WORKFLOWS
All workflows 3: parental x
interactions from count matrices! B isnai i @ a list with 2 items
Interactions from count matrix O m 3: parental -
IncRNA
VCF
[ 3: SAMPLES MATRIX

VCF-cancer
LncTools D @ | 7:samples_matrix_(2x2).tabular v B

imported: LncTools

Figure 14 Appearance of IncRNA workflow on our Galaxy website

First part: IncTools

LncTools workflow starts from raw files like FASTA or FASTQ and ends at the step of the
generation of 3 matrices. This part is suitable for experienced users who want to do the pre-

processing steps, change specific parameters etc.

ow Visualize ~ >d Data~ Admin Help~ User~ }s

List Inctools split_before diffExp and novel IncRNA and filter with mrna (START FROM BAM)

o process

tput finput)

D strngTied an npat
it v conmts
{tabular}

8 mima itabalar)
[0 StringTied an inpat
3 Inpust dataset datasetls); Transcrpt counts
coliection

output {inputh

Dlutpt gt (g

(0 SeringTiel an ingat
datasetis): Gene counts

o
InchNdA and_genes

ANA finput)
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- 50% =+

D) GiiCompere on input

Figure 15 Format of IncTools, the first part of IncRNA workflow
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Inputs

The IncRNA workflow that starts from FASTQ is performed on demand due to the computational
limitations of the server that hosts the website. Nevertheless, a complete workflow starting from
BAM format is provided. The only thing the user has to provide is a list of BAM files separated
based on condition of interest and a samples info file which describes the condition of each
sample. To date we provide pairwise comparisons. We are considering in the future adjusting our
workflow for more conditions. These two lists of BAM files are used both for whole IncRNA and

for IncTools

Outputs

Once the workflow is completed, three txt are produced representing the INcCRNA matrix, mRNA
matrix and miRNA matrix. These files are filled with counts and have features in the rows and
samples in the columns, in other words each file is an abundance matrix of the separate RNA

molecules.

Details of workflow

Quality control

The first step of every experiment and every analysis is quality control. In this step one establishes
that the experiment worked as planned and that enough useful samples to proceed exist. Part of
this process is to look at GC content of your reads, search for contaminants, investigate if a tile
was overloaded etc. FASTQ algorithm was used for this step [25] If the reads don’t meet the

quality criteria they are removed and then one can proceed, if possible, with downstream analysis.

Alignment

Another extremely important step in analysis of RNA-seq data is the aligning process. It is a field
of active research, and much thought must be put into this in order to reach an acceptable
equilibrium between computer power that is needed and the accuracy you want to achieve. Many
aligners suffer from high mapping error rates, low mapping speed, read length limitation and

mapping biases. Of course, a limiting factor here is also the technologies used for the generation
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of these data, but this is a topic exceeds the research of this thesis. We chose the Spliced
Transcripts Alignment to a Reference (STAR) software based on a previously undescribed
RNAseq alignment algorithm that uses sequential maximum mappable seed search in
uncompressed suffix arrays followed by seed clustering and stitching procedure. STAR
outperforms other aligners by a factor of >50 in mapping speed, while at the same time improving
alignment sensitivity and precision. In addition to unbiased de novo detection of canonical
junctions, STAR can discover non-canonical splices and chimeric (fusion) transcripts and is also

capable of mapping full-length RNA sequences. [26]

Assembly

Once the aligning process is complete one can proceed to the assembly step. In this step the
reads are assembled into transcripts and then measured to produce counts that depict the
expression of the RNA molecule of your interest (MRNA, INncRNA, miRNA etc.) Although STAR
offers directly this opportunity, we figured that for our type of analysis we should also include
StringTie algorithm. [27] StringTie is a fast and highly efficient assembler of RNASeq alignments
into potential transcripts. It uses a novel network flow algorithm as well as an optional de novo
assembly step to assemble and quantitate full-length transcripts representing multiple splice
variants for each gene locus. Its input can include not only alignments of short reads that can also
be used by other transcript assemblers, but also alignments of longer sequences that have been
assembled from those reads. Of note, we provide several assembly algorithms like HTSeq and

featureCounts on our platform, to suit the needs of all potential users. [28],[29]

Detection of new IncRNA, miRNA, mRNA

As discussed previously, our interest was in IncRNAs and their interactions with other RNA
molecules like mRNA and miRNA. There are two ways to look at this problem depending on the
testable question. One can search for established INncRNAs in a dataset and correlate their
expression with other RNA molecules, or one can search for novel IncRNA molecules and
proceed from there. Since IncRNAs are a relatively new field we thought to provide both

opportunities to the user.

In the first case we aligned the reads to three different reference genomes: the INcRNA subset
from GENCODE v29, the miRNA subset from GENCODE v29 and finally the mRNA subset from
GENCODE v29. After that reads are assembled into transcripts with StringTie algorithm using as
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guide the abovementioned reference genomes. After that, 4 different algorithms are used to

establish that the detected INncRNAs are indeed long noncoding and not protein coding.

The opportunity to detect novel IncCRNAs is also given to the users that are interested in these
kinds of questions. In this case the reads are aligned to the complete GENCODE v29 reference
genome. StringTie is used afterwards using as guide the reference genome and with the option
to detect novel transcripts. After that, as with the other option, 4 different algorithms to detect the

coding potential of each transcript are used: CPAT, CPC2, longdist and LGC.

CPAT

Coding Potential Assessment Tool (CPAT) is a novel alignment-free method, which rapidly
recognizes coding and noncoding transcripts from a large pool of candidates. To this end, CPAT
uses a logistic regression model built with four sequence features: open reading frame size, open
reading frame coverage, Fickett TESTCODE statistic and hexamer usage bias. CPAT has the
advantages of being highly accurate and being quite fast, enabling its users to process thousands

of transcripts within seconds. [30]

CPC2

Coding potential calculator 2 (CPC2) is a fast and accurate algorithm based on sequence intrinsic
features like Fickett TESTCODE score, open reading frame (ORF) length, ORF integrity and
isoelectric point (pl). While the Fickett TESTCODE score is derived from the weighted nucleotide
frequency of the inputted full-length transcript (22), the rest of three features (ORF length, ORF
integrity and isoelectric point) are calculated based on the longest putative ORF identified in silico.
[31]

Longdist

Longdist is a Support Vector Machine (SVM) based method to distinguish IncRNAs from PCTs,
using features based on frequencies of nucleotide patterns and ORF lengths, in transcripts. The
proposed method is based on SVM and uses the 4 features from ORF relative length and 6 groups
of frequencies of nucleotide patterns selected by PCA as features. Then based on these features

a model is trained to distinguish IncRNAs from PCTs. [32]
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LGC

Finally, LGC characterizes and identifies IncRNAs based on the relationship between open
reading frame (ORF) Length and GC content. LGC is able to accurately distinguish INcRNAs from
protein-coding RNAs in a cross-species manner without species-specific adjustments and is
robustly effective (>90% accuracy) in discriminating IncRNAs from protein-coding RNAs across

diverse species that range from plants to mammals. [33]

As mentioned after the assembly step, the transcripts are analyzed with these 4 different
algorithms and the consensus of these algorithms is kept for further analysis. At the end of this
step the user has three different matrices regarding the three different populations of RNA

molecules.

Second part: interaction from count matrices
The second part of the workflow starts from the three different matrices representing our RNA
populations. It focuses on detecting differentially expressed features, correlating their expression
and finally establish the network they reside in with the final goal of identifying key features or hub

features that hold the most descriptive information of the system
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Figure 16 Interactions from Count matrices. LncRNA workflow starting from count matrices and ending to biomarkers of the
condition of interest

Inputs

“Interaction from count matrices” starts with input three matrices, each representing the
abundance of mMRNA, IncRNA and miRNA molecules (Figure 16) . These three matrices can be
generated by IncTools or uploaded by the user. Often in science the ideal scenario of having
access to the abundance of all three different RNA molecules is not realized. For this reason, we
developed “Interaction from count matrix”, which takes as input a txt matrix file that has all RNA

molecules together and divides them in a subsequent step.

Outputs

After the completion of the above-mentioned workflows the user can find various files and plots
that can be used for potentially downstream analysis and for interpretation of the data.

Specifically, two cytoscape networks are created one named “cytoscape of triplets” and
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“cytoscape of reverse expression”. Cytoscape of triplets refers to the RNA molecules whose
expression correlate with each other, whereas in the cyfoscape of reverse expression we have
duals of reverse expression only. Pathway enrichment analysis and identification of hub genes of
the network of these sets of molecules is also provided. These files are called “Bioinfominer on
triplets” and “Bioinfominer on reverse expression”. These files come in two formats, one zip file
which contains results in detail and one html file containing heatmaps and dendrograms of
enriched systemic processes and hub genes that can be viewed on-spot or in any other browser.
In addition, an extra file with novel interactions is produced. This file refers to novel interactions
predicted with RIBLAST sub-workflow along with the sequences of the molecules involved in
FASTA format.

Details of workflow

Differential expression analysis

Finding differentially expressed molecular features when comparing different conditions plays a
pivotal role in all kinds of molecular profiling studies (‘omics’). Differential expression analysis is
referred to the type of analysis that aims to identify distinctive features that characterize the
phenotype of interest. Different approaches are used based on the experimental design, the
question of interest or the nature of the data. We decided to include packages that include both
parametric and non-parametric tests to cover all potential needs. The non-parametric tests are
performed with a newly added custom tool. In our workflow differential expression analysis is

performed on the three different matrices of RNA molecules separately.

Linear Models for Microarray Data, LIMMA

Linear models are a way of describing a response variable in terms of a linear combination of
predictor variables. The response should be a continuous variable and be at least approximately
normally distributed. Such models find wide application but cannot handle clearly discrete or
skewed continuous responses. Naturally we considered offering limma as a tool. [34] Limma is a
very popular bioconductor package that was initially developed for microarray analyses, but it
soon expanded to also cover high-throughput PCR data. The package contains particularly strong
facilities for reading, normalizing and exploring such data. In addition, limma can perform both
differential expression and differential splicing analyses of RNA sequencing (RNA-seq) data.

Furthermore, the package is now able to go past the traditional gene-wise expression analyses
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in a variety of ways, analyzing expression profiles in terms of co-regulated sets of genes or in
terms of higher-order expression signatures. This provides enhanced possibilities for biological

interpretation of gene expression differences. [34]

RankProd

Non-parametric tests offer an alternative to parametric tests when the conditions of the latter
aren’t met. Non-parametric tests are distribution free statistics, that means that no assumption
about the probability distribution of the variables being assessed is taken. In this kind of tests,
firstly variables are sorted in ascending order and then replaced with a rank. The p-values are
then calculated based on these ranks and they tend to be more robust because they are less
sensitive to random noise. One very popular R package which performs these tests is RankProd.
[35]. The Rank Product (RP) and the Rank Sum (RS) are two non-parametric statistics widely
used to detect variables consistently upregulated (or downregulated) in replicate experiments
[36]. Originally developed for the analysis of gene expression microarrays, both methods are more
accurate and powerful than their usual competitors in several different scenarios (e.g. abnormally
distributed noise, heterogeneity of samples, small fraction of changed features, small sample
size), as demonstrated in extensive numerical studies. [36] The main identified weakness of the
RP method is its sensitivity to variable-specific measurement variance. Nevertheless, this problem
has been successfully addressed by a number of variance-stabilizing normalization techniques.
[36]

Interaction analysis

Correlation analysis of differential expressed molecules

Once differentially expressed features regarding mRNAs, miRNAs and IncRNAs are discovered,
correlation analysis can be performed. In correlation analysis, we search for features that are
either correlated, e.g., mMRNAs with INncCRNAs, IncRNAs with miRNAs or inversely correlated, like
miRNAs with mRNAs. We developed a custom tool that first uses spearman correlation to search
for these correlations and then filters out pairs that didn’t meet the 0.9 cut off. After that, it will

search in the databases described below to find additional proof of interaction.
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Databases of RNA-RNA interactions

We implemented two databases in the step of interaction analysis, to make our correlation

analysis more robust. The databases that we used are NPINTER and RISE.

NPINTER

Despite the growing number of databases, few databases have been established to particularly
collect ncRNA functional interaction data, and no bio-molecules network with an ncRNA
component has been described. NPInter documents functional interactions between noncoding
RNAs and biomolecules (proteins, RNAs and DNAs) which are experimentally verified.
Interactions are manually collected from publication in peer-reviewed journals, followed by an
annotation process against known databases including NONCODE, miRBase and UniProt.

NPInter is one of the 42 expert databases chosen by RNAcentral database. [37]

RISE

RISE provides a comprehensive collection of RNA-RNA interactions (RRIs) identified in human,
mouse and yeast, together with extensive molecular annotations for each RRI. The RRIs were
curated from transcriptome-wide sequencing studies and targeted sequencing studies, as well as
other public databases and datasets. In addition, annotation of RRIs with extensive molecular and
functional information is provided including RBP binding, RNA editing and modification sites,
SNPs and pan-cancer mutations, as well as (iv) gene expression levels from various cell and

tissue types. [38]

NOVEL INTERACTIONS

RIBLAST

A proportion of the differentially expressed RNA molecules couldn’t be found in databases of RNA
interactome. This could be observed because they in fact do not interact or because their
interaction hasn’t been previously observed. Therefore, we provided RIBLAST sub workflow
which predicts RNA-RNA interactions. The inputs for this module are the sequences of RNA
molecules of interest and output is a file with novel predicted interactions. RIBLAST is an ultrafast
RNA—-RNA interaction prediction method based on the seed-and-extension approach. RIBlast

discovers seed regions using suffix arrays and subsequently extends seed regions based on an
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RNA secondary structure energy model. Computational experiments indicate that RIBlast
achieves a level of prediction accuracy similar to those of existing programs, but at much greater

speed than existing programs. [39]

Visualize interactions

Cytoscape

Many times, it is very useful to depict our interactions in the form of a network. To achieve this
objective, we developed a sub-workflow that takes input a 2-column file in the form of the dual
“feature-target” and outputs the respective network. Chara Mastrokalou has been of great aid in

completing this task. [40]

Functional analysis

The last step of our analysis is the pathway enrichment analysis. Pathway enrichment analysis
refers to a set of methods the goal of which is the identification of hub features or important
features that play a critical role in the system of question along with the system processes that
they reside in. For this purpose, we exploited BiolnfoMiner. [41] BiolnfoMiner was developed
during Theororos Koutsandreas, PhD, as a standalone program, and was incorporated into
Galaxy. It is a novel computational approach that was devised for the interpretation of various
omics data, based on semantic network analysis, exploiting biomedical ontologies. It relies on an
unsupervised, automated, analytical workflow, which was developed for the semantic
interpretation of omics data. The workflow combines the execution of pathway analysis and gene
prioritization, using the annotation and structure of biomedical ontologies. Its final goal is to
transform the distribution of signals of a high-throughput experiment into a semantic network and

detect the pivotal regulatory biomolecules into it. [41]

Survival analysis

Often, after the discovery of a gene signature, the question that comes next is whether this
signature can stratify patients and if this stratification correlates with clinical parameters. In clinical
trials or community trials, the effect of an intervention is assessed by measuring the number of
subjects who survived or were saved after that intervention over a period. The time starting from

a defined point to the occurrence of a given event, for example death is called as survival time
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and the analysis of group data as survival analysis. We added a custom tool for this kind of

analysis, using data from TCGA and Kaplan-Meier estimator from TCGAbiolinks package. [42]

TCGA

The Cancer Genome Atlas (TCGA), a landmark cancer genomics program, molecularly
characterized over 20,000 primary cancers and matched normal samples spanning 33 cancer
types. This joint effort between NCI and the National Human Genome Research Institute began
in 2006, bringing together researchers from diverse disciplines and multiple institutions. Over the
next dozen years, TCGA generated over 2.5 petabytes of genomic, epigenomic, transcriptomic,
and proteomic data. The data, which has already led to improvements in our ability to diagnose,
treat, and prevent cancer, will remain publicly available for anyone in the research community to
use. We used transcriptome data based upon data generated by the TCGA Research Network:

https://www.cancer.gov/tcga."

Kaplan-Meier estimator

The Kaplan-Meier estimator is the simplest way of computing the survival probability of patients
over time in spite of all the difficulties associated with subjects or situations. The survival curve
can be created assuming various situations. It involves computing of probabilities of occurrence
of event at a certain point of time and multiplying these successive probabilities by any earlier
computed probabilities to get the final estimate. This can be calculated for two groups of subjects

in addition to their statistical difference in the survivals. [43]

Case Studies

Once the pipeline was developed our next step was to use it for two different projects regarding
IRE1 activity. IRE1 is an endoplasmic reticulum (ER) transmembrane protein that acts as a sensor
of the accumulation of unfolded proteins in the ER. Its downstream signaling involves
phosphorylation of target proteins by its kinase domain and cleavage of a large number of
cytosolic RNA molecules by its RNase domain. The best characterized substrate of its RNase

activity is xbp7u mRNA, from which a 26-nucleotide intron is removed, producing xbp7s mRNA
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that is translated into a potent transcription factor, XBP1s. Several other cytosolic RNAs, including
mRNAs, microRNAs and other ncRNAs, that possess an xbp1u-like stem loop sequence can also
be cleaved and undergo degradation in a process termed Regulated IRE1-Dependent Decay
(RIDD). [44]

The wider literature demonstrates a role of IRE1 in most of the hallmarks of cancer [45]. In
addition, inhibition of IRE1 enhances the effect of chemotherapeutic drugs in reducing tumor
growth. IRE1 is constitutively active in several cancers and is especially important in Triple-
negative breast cancer, TNBC [46][47]. IRE1 signaling has been linked in TNBC to changes in
the secretome and in lipid metabolism, both of which impact the ability of TNBC cells to survive
[47][48]. Due to its kinase and RNase activity, IRE1 is linked to several layers of biological
information, including the transcriptome through XBP1’s transcription regulatory activity and
RIDD-mediated RNA degradation, the proteome including protein expression, protein
phosphorylation, and the secretome. | wished to investigate whether and/or how these different
layers are regulated by ncRNAs. The case studies used here are intended for demonstration

purposes.

1. IREI1 in Triple Negative Breast Cancer

Although it is established that IRE1 has a critical role in the progression of many cancers, the
processes through which the RNase domain contributes to TNBC are not fully understood. We
obtained a study with accession number GSE176454, in which the researchers used MKC8866,
a novel small molecule that inhibits the IRE1 RNase activity to find novel targets of IRE1 in TNBC,
in an effort to elucidate how it contributes to the disease. The group used MDA-MB-231, a cell
line of TNBC origin. The cells were treated with 20 yM MKC8866 or DMSO for 8 and 24 h, then
RNA was extracted, and the transcriptomic profile was determined with RNA sequencing (n=3).

[48]. We imported the raw data into our pipeline.

After completing the IncRNA workflow we get various outputs regarding our differentially
expressed features upon IRE1 inhibition. Firstly, we explore the network that is formed from
triplets of features upon MKC8866 treatment at 8 hours (Figure 17). We remind the reader that
triplets are defined when the expression of two features is related to an expression of a third one.
For example, a miRNA and a IncRNA targeting the same mRNA constitute a triplet. Some of the
systemic processes that we observe are expected, like “Cholesterol biosynthetic process via

24,25 dihydrolanesterol”, “Regulation of viral life cycle” and processes involved in calcium
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signaling as well as inflammatory responses (Figure 18), because they are known to be IRE1-
dependent [53]. Interestingly, all prioritized features have been previously implicated with TNBC
prognosis or progression [49][50][51][52]. Especially, miR-221 has been suggested to promote
tumorigenesis in TNBC.[49] Other interesting results include the identification of the biological
process “Regulation of G1/S transition of mitotic cell cycle”, and that miR-221 is required for this
process (Figure 19). Processes that involve cell proliferation, differentiation or apoptosis are
critical in cancer pathology. Next, we move to explore the features whose expression is inversely
correlated (Figure 20). The pathway enrichment analysis for the network of features with reverse
expression yielded one prioritized gene CXCL8 (Figure 21). This gene, apart from being involved
in “Response to Endoplasmic Reticulum Stress” systemic process (Figure 22), a biological
ontology that we know will be deregulated because of the nature of the drug administrated, has
been implicated in TNBC brain metastasis and recent studies suggest it could be used as a

prognostic biomarker. [50]
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Figure 17 Network of triplets of interaction at 8-hour time point, upon IRE1 inhibition with MKC8866. Triplets are defined when
the expression of two features is related to an expression of a third one. For example, a miRNA and a IncRNA targeting the same
mMRNA constitutes a triplet.
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Cholesterol biosynthetic process via 24,25-dihydrolanosterol

Positive regulation of neuron projection regeneration

Negative regulation of cytokine production involved in inflammatory response

Positive regulation of mitotic cell cycle

Regulation of viral life cycle

Calcium-mediated signaling

Positive regulation of neutrophil chemotaxis

Regulation of high voltage-gated calcium channel activity

Figure 18 Heatmap of hub genes and prioritized processes of network of triplets at 8-hour time point, upon IRE1 inhibition with
MKC8866. Triplets are defined when the expression of two features is related to an expression of a third one. For example, a
miRNA and a IncRNA targeting the same mRNA constitutes a triplet.

Regulation of G1/S transition of mitotic cell
cycle

Any signalling pathway that modulates the activity of
a cell cycle cyclin-dependent protein kinase to
modulate the switch from G1 phase to S phase of
the mitotic cell cycle.

Statistically Significant: Yes
Ranking: 22/36

Enrichment Score: 2/184
Hypergeomentric p-value: 1.904E-2
Corrected p-value: 0.0335

Ontological cluster: Positive regulation of mitotic

cell cycle

Associated prioritized genes (1): MIR221

Figure 19 Focus on one of the prioritized systemic processes enriched from the network of triplets of interaction at 8-hour time
point, upon IRE1 inhibition with MKC8866
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Figure 20 Network of reverse-expression at 8-hour time point upon IRE1 inhibition with MKC8866
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Figure 21 Heatmap of network of reverse expression at 8-hour time point, upon IRE1 inhibition with MKC8866
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Response to endoplasmic reticulum stress

Any process that results in a change in state or
activity of a cell (in terms of movement, secretion,
enzyme production, gene expression, etc.) as a
result of a stress acting at the endoplasmic
reticulum. ER stress usually results from the
accumulation of unfolded or misfolded proteins in
the ER lumen.

Statistically Significant: Yes
Ranking: 1/15

Enrichment Score: 2/243
Hypergeomentric p-value: 3.455E-3
Corrected p-value: 0.0033

Ontological cluster: Response to endoplasmic
reticulum stress

Associated prioritized genes (1): cxcL3

Figure 22 Focus on one of the prioritized systemic processes enriched from the network of reverse expression at 8-hour time point,
upon IRE1 inhibition with MKC8866

At the 24-hour time point we observed processes involved in differentiation processes, something
that was also expected. Continuing the trend of the 8-hour time point, all the enriched features at
24 hours, both for the network or triplets and for the network of reverse expression (Figures 23
and 26) are dictated by the literature to be involved in TNBC progression and pathology [45]. This
shows that our method is robust and can capture important biological information. Some of the
systemic processes that stand out are the “Regulation of apoptotic signaling pathway” because it
is widely known from literature to be IRE1-RIDD regulated and “Gene Silencing by miRNA” due
to the focus on non-coding molecules and due to the biological implication of this process, which

is cellular proliferation (Figures 24, 25, 27 and 28) .
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Figure 23 Network of triplets of interaction at 24-hour time point, upon IRE1 inhibition with MKC8866. Triplets are defined when
the expression of two features is related to an expression of a third one. For example, a miRNA and a IncRNA targeting the same
MRNA
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Positive regulation of neuron projection regeneration

Mononuclear cell migration

— Regulation of mitochondrial membrane permeability

L —Negative regulation of cytokine production involved in inflammatory response

Regulation of smooth muscle cell proliferation

—— — Positive regulation of receptor signaling pathway via JAK-STAT

Negative regulation of ERK1 and ERK2 cascade

Positive regulation of ion transmembrane transporter activity

v & X N
v © Q
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Figure 24 Heatmap of hub genes and prioritized processes of network of triplets at 24-hour time point, upon IRE1 inhibition with
MKC8866. Triplets are defined when the expression of two features is related to an expression of a third one. For example, a
miRNA and a IncRNA targeting the same mRNA

)
Regulation of apoptotic signaling pathway
Any process that modulates the frequency, rate or
extent of apoptotic signaling pathway.
Statistically Significant: Yes
Ranking: 20/29
Enrichment Score: 3/410
Hypergeomentric p-value: 8.435E-3 l

Corrected p-value: 0.0344

of mi ial

Ontological cluster: R
membrane permeability

Associated prioritized genes (2): CHCHD10, MIR221

Figure 25 Focus on one of the prioritized systemic processes enriched from the network of triplets of interaction at 24-hour time
point, upon IRE1 inhibition with MKC8866
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Figure 26 Network of reverse-expression at 24-hour time point upon IRE1 inhibition with MKC8866
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Regulation of tyrosine phosphorylation of STAT protein

e Regulation of smooth muscle cell proliferation

— — Modulation by host of viral process

Negative regulation of necroptotic process

Positive regulation of glial cell proliferation

Regulation of Schwann cell migration
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Figure 27 Heatmap of hub genes and prioritized processes of network of reverse-expression at 24-hour time point, upon IRE1
inhibition with MKC8866

Gene silencing by miRNA

Downregulation of gene expression through the
action of microRNAs (miRNAs), endogenous 21-24
nucleotide small RNAs processed from stem-loop
RNA precursors (pre-miRNAs). Once incorporated
into a RNA-induced silencing complex (RISC),
miRNAs can downregulate gene expression by either
of two posttranscriptional mechanisms: endolytic
cleavage of the RNA (often mRNA) or mRNA
translational repression, usually accompanied by
poly-A tail shortening and subseguent degradation
of the mRNA.

Statistically Significant: Yes
Ranking: 13/23

Enrichment Score: 2/273
Hypergeomentric p-value: 1.233E-2
Corrected p-value: 0.0281

Ontological cluster: Regulation of smooth muscle
cell proliferation

Figure 28 Focus on one of the prioritized systemic processes enriched from the network of reverse-expression at 24-hour time
point, upon IRE1 inhibition with MKC8866
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2. IRE1 signature and patients from TCGA

As previously discussed, IRE1 RNase signaling pathway consists of two arms: XBP1 and RIDD.
The cleavage of 26 nucleotides from the mRNA of XBP1 leads to the formation of an active
transcription factor XBP1s, which can go into the nucleus and initiate the transcription of various
genes that will help alleviate the unfolded protein load. In general, activation of XBP1 arm has pro
survival effects on the cell. RIDD arm, on the other hand, has been linked with pro-apoptotic
effects. In fact, researchers suggest that the decision of life and death comes from a fine-tuned
balance between these two arms. [53] These findings together with the fact that IRE1 seems to
be critical in various cancers’ progression, shape an intricate molecular landscape with many
cross-talks between the various signaling pathways. We considered investigating further this
phenomenon with a special interest in non-coding biomarkers.
First, we obtained transcriptomic data for patients with TNBC from the TCGA database. Then, we
stratified the patients based on IRE1 activity. To do that, we used a previously published IRE1
signature consisting of 36 genes, 18 regarding XBP1 arm and 18 referring to RIDD arm. [54] Due
to the peculiarity of our signature we had to slightly modify our custom tool to meet our unique
demands. Specifically, we assessed high IRE1 activity when the 18 genes of XBP1 arm were
upregulated and the 18 of RIDD arm were downregulated and vice versa. In this way we produced
four subgroups of patients that were divided as we discussed based on their relative IRE1
expression.

Next, we correlated IRE1 high and low activity with the patients’ survival probability and saw a

significant correlation as shown in Figure 29.
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Figure 29 Survival analysis of the different sub-groups of patients based on IRE1 activity

After that we wished to investigate the potential implication of non-coding molecules to the
observed phenotype. So, we took transcriptomic data for these 2 groups of patients (IRE1 high
and low) and imported them into our Galaxy platform. We analyzed the data using the standalone

second part of our workflow, starting from count matrices.
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Figure 31 Heatmap of prioritized features under RIDD arm

The results yielded 200 IncRNA related to RIDD and XBP1 and 89 out of 90 noncoding molecules
were common between the two signatures, suggesting that at least at the non-coding regulatory
RNA level no major differences are found. As shown in both figures (Figure 30 and 31), the
processes that seem to be deregulated in patients with IRE1 high and IRE1 low activity are mainly
involved in immune signaling, inflammation and cell migration. This could explain why high IRE1
activity correlated with poorer survival outcome. It is an interesting hypothesis which requires
further investigation. Most importantly, this kind of hypothesis was deducted after a 5min click-
based analysis. This shows clearly how elimination of time and money-consuming tasks, like the
from-scratch development of RNAseq analysis, can give rise to interesting questions and can
advance our knowledge in the field.
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Conclusions

It has become apparent that with the explosion of OMIC technologies an analogous explosion in
analyzing the data needs to follow, in order to utilize them at their full potential. The bottleneck
from experimental results to biological insights relies on the analysis of the vast amount of data,
due to the demand of high computational power and people with specific expertise. In an effort to
overcome this issue, a local Galaxy instance was developed with emphasis on genomic and

transcriptomic analyses.

Galaxy infrastructure was chosen for many reasons. Naturally one is its high popularity. Millions
of people worldwide use Galaxy.org or have developed their own instances depending on their
needs. Another important aspect is its layout simplicity. It is a very user-friendly platform, and no
programming knowledge is required although this possibility to an experienced user is supported.
Finally, many supporting venues that cover most usual problems encountered can be found

online.

Tools that weren’t publicly available were created using R or python languages and incorporated
into DOCKERs. The idea of using this infrastructure as our back-end is reproducibility and
scalability of the project. DOCKERSs provide the possibility of “packaging” your application and
using it on any server, eliminating the dependencies issues, making an ideal option for use on
cloud services. Notably, the whole Galaxy instance can be incorporated in a docker, and this is

one of the future steps we want to take.

Our Galaxy instance provides a large variety of tools for genomic and transcriptomic analyses.
There is a section dedicated to variant calling annotation analysis, called VCF-analyzer, which
performs the task of annotating, filtering and prioritizing variants produced by genomic studies.
There is another section with tools useful for metagenomic analysis, called ANASTASIA. These
tools are used for identification of the distinct organisms and/or pathways enriched in a biological
sample. In addition, many tools are offered for various visualizations and text manipulation, tasks

used routinely in every kind of analysis.

Special focus was given to the creation of a novel IncRNA workflow. The relative recent discovery
of their implication in various phenotypes, including pathologies has set the need of establishing
a standard protocol of analyzing these molecules. This workflow was created, in a module-based
format. That means that the whole workflow can be divided into two sub workflows, and then

these workflows consist of modules and the modules have one to three tools. This design offers
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a way to build highly versatile frameworks depending on specific demands and can be scaled up

extremely easily.

The IncRNA workflow is very comprehensive, covering analysis from BAM files to biological
insights about the coding and non-coding networks and systemic processes that exist in a
biological sample, meeting the growing need of a unified pipeline for non-coding biomarker
discovery. Notably, our flexible design covers all potential users who might not have access to

raw files but have downstream files.

In summary, the IncRNA pipeline, takes raw FASTQ files and performs quality control on those
RAW files. Extensive reports are provided to the user so one can decide if they can proceed with
downstream analysis. Alternatively, if someone is confident about their reads quality, they can
directly import the BAM files and proceed from there. Different reference databases are used
based on the type of RNA molecule in question. Regarding the IncRNAs extra steps of assessing
the coding potential of the transcripts are taken in order to ensure the that the remaining RNAs
are in fact non coding molecules. Once the different count matrices, representing miRNAs,
MRNAs and IncRNAs are produced the pipeline performs differential expression analysis on each
of them with non-parametric statistical tests to ensure robustness of results. After differential
expression is finished, an intelligent pathway enrichment analysis is performed that takes into
account not only the position of each feature on their interaction network but also the biological
function that they reside in. In addition, tools that can test both established and novel interactions
between RNA molecules are provided in order to unravel the full regulatory network of these

molecules. All interactions can be visualized with tools of our instance.

Two case studies are presented in this thesis covering some of the possibilities provided by our
instance. The first study explores RNA-seq data from a published study on triple negative breast
cancer. The purpose of this meta-analysis was to give special emphasis on non-coding features.
The results include features supported by literature to have implications on TNBC progression
and also processes that are involved in non-coding signaling. For example, our pipeline confirmed
the importance of mir221 in TNBC along with systemic processes like lipid metabolism and
apoptosis. The second study explores the possibility of stratification of patients from TCGA based
on a signature of interest and the consequent exploration of the different non-coding features
expressed on the groups produced. Basically, we wanted to investigate which non-coding
molecules are differentially expressed because of the differential IRE1 activity present in the
different groups. First, stratification of patients and survival analysis was performed using a

published IRE1 signature. After that, differential expression analysis was performed between the
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groups produced with special focus on non-coding molecules. With this feature we could perform
pathway enrichment analysis. Results indicated higher rates of immune signaling and
inflammation in patients with higher IRE1 activity. These findings pose an interesting potential
correlation between IRE1 activity, immune response and survival probability, worthy of further

investigation.

Although we live in an era of continuous technological advancements there are still many
unanswered questions regarding the flow of information in a cell. This knowledge is crucial
because it will unlock many possibilities both for clinical and medical applications. OMICS
technologies are promising but without the use of standardized tools and methods they will only
contribute to the accumulation of stored purposeless data. In a world where the amount of data
is exponentially increasing every day it is vital to have the means to use this data for our benefit.
| believe that this instance will help with this effort, due to its variety and practicality of tools,

potential for scalability and most importantly its user-friendly environment.
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