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This hand was once a fin, this hand once had claws! In my human
mouth I have the pointy teeth of a wolf and the chisel teeth of a rabbit
and the grinding teeth of a cow! [...]

I’'m made up of the memories of my parents and my grandparents, all my
ancestors. They’re in the way I look, in the colour of my hair. And I'm
made up of everyone I've ever met who’s changed the way I think.

A Hat Full of Sky
Terry Pratchett

To the people I am made up of.






POPULAR SCIENCE SUMMARY OF THE THESIS

English version

The main topic of my Ph.D. is the regulation of the gnome in zebrafish and dogs.
Every cell in an organism contains the same copy of the gnome, which is unique
to each individual. It contains all the information needed to construct all the
organism’s proteins, which are the building blocks of biological life. The process
of extracting the information from the gnome is called transcription and these
transcripts are the main product I looked at in my thesis. If all cells contain the
same gnome, how come a nerve cell in the brain looks and behaves so different
from a skin cell or a liver cell? That is because the gnome in each cell is regulated,
meaning only parts of the gnome are transcribed and only for a certain amount
of time. In order to better understand the different biological processes in a cell,
it is therefore very useful to know if a certain region of the gnome is actually
transcribed in this cell or not.

Although humans look and behave quite differently from a small, striped aquar-
ium fish, called zebrafish, our gnomes are actually quite similar. That’s why we
use them to better understand our bodies and diseases. Why don’t we just study
our bodies in the first place? There are a number of reason, one of the simplest
being that it is a lot easier to control the environment of a zebrafish compared to
humans and a controlled environment makes it a lot easier to interpret the results
of experiments.

If zebrafish have such similar gnome regulation, why did I also study the dog
gnome then? It turns out, zebrafish are not optimal animals to study lung diseases
for example. In addition, the fact that dogs live very close to us makes it possible
to study the impact of our environment on gnomes. Furthermore, because we
humans have been breeding them into very distinctive dog races, dogs of the
same breed have a very distinctive gnome and we can more easily see the effects of
smaller changes in them.

Still, even with those very nice features, the regulation of the gnome is too complex
to be understood by just looking at a few cells from zebrafish or dogs. To geta
good global picture, we need many, many cells. We can either hunt for these cells
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by ourselves as we did in the last two studies, where we collected 116 different
tissue samples from 8 different dogs. Or we use the fact that scientists usually
share the data from their old experiments. That is what we did for the second
study, where we gathered data from 1,802 samples from 38 different research
groups to identify different regions of the zebrafish gnome, which are used to
regulate the development from a fertilized egg to a full fish.

The problem with these hunter-gatherer studies is that one ends up with a lot of
files and it is difficult to keep track of them and to know which file was containing
the transcribed elements from the liver of a Rottweiler and which one describes
the active regions of the gnome of a one-day-old zebrafish. Therefore, we also
need an annotator who connects all biological information with the relevant files
and makes it easy to collect, but also to share, and to analyze them. That’s why I
described a system in study 1 on how to do this and also created a web platform
based on it, which we use for all the data in studies 2,3, and 4.

Altogether, these four studies will help scientists to handle their data better and
also to understand the effects that changes in the gnome in dogs and zebrafish
can have and use that knowledge for the human gnome and diseases related to it.

Oh, I think I misspelled the word genome...



German version

Jede Zelle deines Korpers ist nicht nur gliicklich, sondern sie besitzt auch den
gleichen Bauplan in ihrem Zellkern. Dieser Bauplan, die DNS/DNA, wird als
RNA ausgelesen, die dann als Anleitung ftir den Bau von Proteinen dient. Pro-
teine sind die Grundbausteine unseres Korpers. Der DNA-Abschnitt, der den
Bauplan fiir ein bestimmtes Protein enthilt, heif8t (Protein-kodierendes) Gen.

Wenn alle Zellen auf dem gleichen Bauplan beruhen, weshalb schauen jedoch
Nervenzellen im Gehirn anders aus als jene in der Leber und verhalten sich
dariiberhinaus auch noch ganz unterschiedlich? Dies wird dadurch bewerkstilligt,
dass nur bestimmte Gene zu bestimmten Zeitpunkten, in einer gewissen Stirke
ausgelesen werden.

Interessanterweise scheinen diese Prozesse so fundamental fiir Lebewesen auf
der Erde zu sein, dass sie nicht nur in jedem Menschen gleich funktionieren,
sondern viele genauso in anderen Tieren funktionieren, je nachdem wie nahe wir
zu diesen verwandt sind. Deshalb und weil genetische Experiment biologisches
Material von vielen Zellen benétigen, kann man z.B. kleine Aquarienfische wie
etwa Zebrafische daftir verwenden. Da diese Fische besonders gut geeignet sind
um die Embryonalentwicklung besser zu verstehen, beschreiben wir in der zwei-
ten Studie dieser Doktorarbeit u.a. bisher unbekannte Regionen in der DNA,
die bei diesem Prozess aktiviert oder deaktiviert werden. Dazu haben wir Daten
von 1.802 Zellproben aus 38 verschiedenen Laboren gesammelt und noch einmal
neu analysiert.

Auch wenn wir Menschen tiberraschend viele fundamentale biologische Funktio-
nen mit Zebrafischen teilen, ist z.B. der beste Freund des Menschen, der Hund,
besser dazu geeignet um verschiedene Aspekte der Genregulation im Gehirn bei
psychischen Krankheiten zu untersuchen. Deshalb stellen wir in der dritten und
vierten Studie dieser Arbeit, eine Liste von bestimmten genregulativen Elementen
vor, die z.B. nur in der Leber aktiv sind. Dazu haben wir mehrere hundert Proben
von 88 verschiedene Geweben von 9 verschiedenen Hunden gesammelt und die
darin enthaltene RNA analysiert.

Fiir die Analyse sowohl im Zebrafisch als auch beim Hund ist es sehr wichtig,
genau zu wissen, welche Probe von welchem Tier bzw. von welchem Teil des
Tieres stammt, wie die Probe weiterverarbeitet wurde und welche Datei zu wel-
cher Probe gehort. Deshalb haben wir auch eine Datenbankstruktur entworfen,

iii
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die diese Metadaten speichert und mit den anderen Daten in Verbindung hilt.
Diese Struktur haben wir dann in eine Webseite implementiert, sodass Kollegen
einerseits Daten von ihren Experimenten hochladen kénnen, andererseits auch
Daten von anderen herunterladen. Diese Struktur und die Webseite stellen wir in
der ersten Studie dieser Arbeit vor. Eine Version dieser Plattform, die wir speziell
tiir Zebrafischdaten eingerichtet haben, bildet den Grundstein fiir die zweite
Studie. Eine weitere Version, jedoch spezifisch fiir die Daten von Hunden, wurde
fiir die dritte und vierte Studie aufgesetzt.

Da viele Erkenntnisse tiber Genregulierung in Zebrafischen und Hunden auch
auf den Menschen tibertragbar sind, ermdglichen wir insgesamt damit neue
Maglichkeiten um z.B. den genetischen Hintergrund von Krankheiten im Men-
schen besser zu verstehen.



ABSTRACT

In order to study gene regulation, large amounts of sequencing data are necessary.
We can either generate (hunt) them ourselves or use (gather) publicly available
data sets. In order to guarantee the reliability and reusability of the hunted and
gathered data, we need to also annotate them with the correct metadata.

In this thesis, I will touch on all three of these aspects. I was part of two in-
ternational consortia which applied these approaches to two different model
organisms. The DANIO-CODE consortium was initiated to systematically an-
notate the zebrafish genome. Similarly, the Dog Genome Annotation (DoGA)
project aims to improve the annotation of genomic elements in the dog genome.
Both zebrafish and dogs are popular model organisms for studying biological
processes and pathologies in humans. Despite their popularity, both organisms
lack a large-scale annotation of regulatory elements.

Before analyzing any data, we designed an annotation structure that captures
all aspects of a sequencing experiment that are essential for the processing and
analysis of the data. We implemented this structure in a web-platform, which
allows easy upload, query, and download of the sequencing data and associated
metadata. We present the structure and implementation in Study I, which also
contains a comparison to similar and well-established annotation schemata.

We use this annotation structure and the web platform for Study II to collect se-
quencing data from 1,803 samples from 38 different research groups looking from
transcriptomic, epigenomic, and methylomic perspectives at different stages of
zebrafish development. We identified more than 140,000 new cis-regulatory ele-
ments active during development and provide them together with the sequencing
data and genome browser tracks as a resource for the community.

In Study III, we present a biobank for dog tissues established for the DoGA
consortium. For both Study IIT and Study IV, we used 88 and 37 tissues from the
biobank, respectively, to catalog promoter regions and their tissue activity using
STRT and CAGE-seq. In Study III we also present the web-platform, based on
the structure in Study I, where we make the data and the corresponding metadata
available. In Study IV, we used the data from CAGE-seq to also identify active
enhancer regions and their corresponding tissue activity. We identify regulatory
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networks between enhancers and promoters and show their conservation in
human.
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1 INTRODUCTION

1.1 Hunter-gatherer-annotator Science

The traditional image of scientific work is that at the start of a study a scientist
sets out a scientific question. To address it, they then go out and build traps,
which we call experiments, to acquire data that can answer that question. I would
call this hunter science.

The image of hunter science is hardly realistic. Scientists almost always work
in the context of and with other scientists and their data sets. The sharing of
data is one of the hallmarks of academic science and a core principle of Open
Science. To support and compare their newly found research results, scientists
gather similar, already published data sets and integrate them with their own. I
would categorize this as hunter-gatherer science.

In ancient history, writing systems and the role of scribes evolved to manage larger
societies and improve the access to resources for more people and over longer
period of time, allowing further specialization of members of the society away
from subsistence farming. Similarly, metadata and annotators arose to define the
context of data, improving the ability to merge different data sets and allowing
scientists to address new research questions, without producing any new raw
data on their own. I call this bunter-gatherer-annotator science.

In my Ph.D. studies I worked as a hunter (Studies III & IV), a gatherer (Studies
I & IV), and as an annotator (Studies I-IV).

1.2 Whatis a gene?

In order to talk about gene regulation, I would like to start with a definition of
the term gene. As so often with definitions of scientific concepts, it depends on
the scientific field, the methods used, and the background of the scientist. By
taking a quick look at history, we will arrive at a suitable definition for this thesis.

Wilhelm Johannsen coined the term gene in 1909 as an abstract derivative of
the term pangene, coined by de Vries in 1889.1* Johannsen’s goal with this new
term was to use a purely conceptual term, describing ”the ’something’ in the
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gamete and in the zygote, respectively, which is of essential significance for the
character of an organism”. It should come without any hypothesis about the
physical counterpart of this concept.

A few years later, Thomas H. Morgan and colleagues linked the term to a physical
counterpart, a point on the chromosome with unknown dimensions, on the
basis of their work with Drosophila. In 1917 he defined a gene as follows.>

”As a matter of fact it has been found that the many pairs of char-
acters that follow Mendel’s law are independent of each other in
inheritance. [...] The germ plasm must, therefore, be made up of
independent elements of some kind. It is these elements that we
call genetic factors or more briefly genes.”

He and his colleagues also generated the first theoretical maps of genes (then still
called Mendelian factors) on chromosomes, one of the first genome annotation
efforts.*

In the 1940s, recombination experiments in Drosophila melanogaster and mold
showed that genes are regions of a certain length on the chromosome. Experi-
ments with red bread mold by Beadle and Tatum connected genes to proteins.5
DNA was demonstrated to be the carrier molecule for genes using pneumococcus

bacteria® in 1944.

A few years later, in 1961 mRNA was revealed to be a midstep in the connec-
tion between genes and proteins, establishing the “one gene - one mRNA - one
protein” model.” In the same year, Jacob and Monod discovered through experi-
ments with bacteriophage A and E. coli a class of regulatory genes that control
the transcription of another gene through the synthesis of an intracellular sub-
stance”.®? Frangois Jacob also introduced the term promoter for the initiating

element of transcription.lo

The step of “one gene - one mRNA” was demonstrated to be not always true,
after experiments in bacteriophage A and also in mouse indicated alternative

promoters used for the same genes.n’12

Two independent experiments found at the same time that parts of the adenovirus
DNA template were absent in mature mRNA derived from it, introducing the

concept of introns. 1314

Taking all these findings together, we arrive at the definition of Alberts 15 which
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I will follow in this thesis. A geneisa

“region of DNA that controls a discrete hereditary characteristic,
usually corresponding to a single protein or RNA. This definition
includes the entire functional unit, encompassing coding DNA
sequences, noncoding regulatory DNA sequences, and introns.”

1.3 Gene regulation

The vast majority of cells in an organism contain a copy of the same DNA. If every
cell simultaneously transcribes all genes at the same time, it would be difficult to
react to environmental stimuli, for example. Some regulation is required to turn
some genes off or on for a certain period of time. There are numerous additional
steps to modulate the transcribed RNA and even more for protein-coding genes,
but for the purpose of this thesis, I will focus on when genes are transcribed and
to what amount. The different aspects are summarized in Figure 1.

1.3.1 Gene transcription

In order to look at the different ways to control the transcription of a protein-
coding gene, I will give a quick overview of how eucaryotic DNA is read out.

To transcribe a protein-coding gene, a pre-initiation complex of transcription
forms at the start of a gene. This complex consists of many different proteins,
including RNA polymerase IT (RNA pol IT) and general transcription factors
(GTFs). After binding to DNA, a short region of the double strand is opened
and RNA pol II synthesizes mRNA based on one strand of DNA. RNA pol II
remains stalled at the promoter regions until activator proteins trigger the release
of RNA pol IT and also support the elongation of the transcript.

There are several conditions that must be met to reach this point. I'will go through
those most important for my thesis.

1.3.2 Cis-regulatory elements in the genome

DNA itself encodes regulatory elements. Elements regulating regions on the same
DNA strand are called cis-regulatory elements. This thesis focuses especially on
two of these. Promoters, which are essential for the transcription, and enhancers,
which act as an amplifying element for the promoters.
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Promoters

Promoters are regions on the DNA that bind and position the transcription
initiation complex to promote the transcription of a proximal, downstream gene
by binding transcription factors (TFs).1¢

In eukaryotes, promoters are usually separated into the core-promoter and the
proximal regions. A core promoter region is in the immediate surroundings of
the transcription start site (TSS), often contains the TATA box and the initiator
element and is usually defined as + SO bp around the TSS.!® While the core-
promoter regions are essential for the recruitment of the initiation complex,
the proximal promoter regions regulate the initiation rate or elongation. These
regions are transcription factor binding sites (TFBSs) and regulate the initiation
of transcription within several hundred base pairs upstream of the TSSs.!”

As discussed above, the same gene can have alternative promoters. The usage of
an alternative promoter can be enriched for different tissues or developmental
stages.18

Enhancers

More than 40 years ago, Benerji et al. reported a 200-fold increase in transcription
of a rabbit gene transfected into HeLa cells, if they included not only the whole
gene, but also a 72 bp long repeated cis-regulatory element from viral DNA, even
if the sequence was included 1,400 bp upstream or 3,300 bp downstream of the
target gene."” They called this class of elements enbancers.

Today, we know that enhancers contain TFBSs for proteins that can act as tran-
scriptional activators and enhance the transcription of a target gene. Active
enhancer regions also recruit RNA pol II and are transcribed into non-coding
enhancer RNA (eRNA). The question of whether the eRNA is of any function
or only a by-product is still under debate.

Similarly to promoter usage, enhancer activity is highly tissue-specific, which is

functionally conserved even across genomes.?*!

Enhancer-Promoter interactions

Chromatin confirmation isimportant for enhancers to regulate promoters. Loops
have to be formed to bring the elements in proximity to each other. The exact
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mechanism of the interaction after looping is still under debate. Three possible
modes are discussed:*?

* Stable contact model: A stable protein-DNA complex forms between
enhancers, co-activators and TFs, and promoter regions.

* Kiss-and-run model: A transient contact between enhancer and promoter
regions, for example, transcription factors and enhancer-bound proteins
apply post-transcriptional modifications are deposited on the promoter,
which reside there even after contact.

* Diffusion model: Enzymes at the enhancer site activated TFs, which diffuse
to the promoter region. With a reduction in the distance between the
enhancer and promoter, the number of activated TFs available would
increase.

Generally, enhancer-promoter interactions are an n:n relationship, that is, en-
hancers can interact with multiple promoters and promoters with multiple en-

hancers.??

1.3.3 Chromatin accessibility

In order to fit the whole DNA into the nucleus, the DNA is wound around
histones, and the resulting complex is called chromatin. The chromatin can be
turther compacted into a 30 nm thick fiber, called beterochromatin. These regions
are too compact for the trascription preinitiation complex to form. Chromatin
can also be less densely structured, which is called exchromatin.

The terms euchromatin and heterochromatin were coined by Emil Heitz in 1928,
when he saw that some parts of chromosomes of liverworts stained more densely
longitudinally than others throughout the cell cycle, while other regions become
invisible after a cell has divided.>* He already identified a correlation between
genetically inert regions and their heterochromatic state and between regions
with more genes and euchromatic states in Drosophila melanogaster.?

The accessibility of chromatin is regulated mainly by histone modifications.

1.3.4 Histone modifications

In 1964 Vincent Allfrey showed, using samples of the calf thymus, that acetylation

and histone methylation affect RNA transcription.*
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By now we know that the acetylation and methylation of different histone tails
have effects on transcription. The most important with respect to promoters and
enhancers are Histone 3 lysine 27 acetylation (H3K27ac), Histone 3 lysine 27
trimethylation (H3K27me3), Histone 3 lysine 4 monomethylation (H3K4mel),
and Histone 3 lysine 4 trimethylation (H3K4me3). Table 1 lists the relations
of these modifications with respect to the regulation of enhancer and promoter
regions.

Table 1. Histone modifications for promoter and enhancer regions and functionality

based on Andersson %7

Element  State H3K4mel H3K4me3 H3K27ac H3K27me3

Enhancer active
primed/inactive

repressed/poised

Promoter active
primed/inactive

repressed/poised

1.3.5 DNA Methylation

Methylation does not only play a role in the regulation of transcription through
methylated histone tails but also methylation of cystine in the DNA. A large
subclass of promoters contains CpG islands, which are 200-2000 bp long regions,
with a C:G content greater than 50%. In general, regardless of their gene activity,
these regions are not methylated.?® If these CpG-rich promoters are methylated,
they become repressed, and the same holds for enhancer regions.?” Regulation
occurs through proteins with a methyl binding domain, which support the
introduction of repressive histone marks and chromatin remodeling.*°
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Figure 1. Schematic overview of elements regulating the initiation of transcription with
arrows indicating TSSs.

1.4 Model Organisms

A model organism is any animal that we scientists use to model systems in other
organisms, especially humans. A good scientific experiment consists of a rigid
framework in which as many parameters as possible are fixed in order to better
see the effects of the relevant parameters. Ethically and practically, this is easier
with animals than with humans, although many of the results are produced
to improve our understanding of human biology. As shown by the historical
findings described above, researchers have relied on many different organisms to
answer scientific questions. Some species are used more frequently than others,
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so researchers can better compare results and share resources and methods.

My thesis focuses on the genome regulation of two model organisms, zebrafish,
which is a popular model for studying, for example, development, and dog, which
is commonly used to better understand hereditary diseases.

10,0004

5,000

1,000

500

Stasan %

100+

Number of publications on PubMed per 100,000 results

1990 1995 2000 2005 2010 2015 2020 2022
Year

Figure 2. Number of publications with popular model organisms (mouse, rat, dog,
zebrafish, fruit fly, and c. elegans), based on publications in MEDLINE journals
according to PubMed. Dashed lines indicate the trend after 2019, with an assumed gap
of data entry or due to the pandemic.

1.4.1 Zebrafish

The zebrafish (Danio rerio) is a small tropical fish that is found naturally in
small rivers and side pools in South Asia, but many people are more familiar
with it as an aquarium fish.3! The latter fact was one of the reasons why George
Streisinger started to try to establish them as a vertebrate model organism for
genetic studies in his lab in the late 1960s.3% The others reasons why Streisinger
chose zebrafish in the end after testing multiple tropical fish, including the already
better established medaka, are generally given as follows and are still the main

arguments for zebrafish as a model organism:3>33
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* Zebrafish are easy to handle, can be bred throughout the year, and a female
zebrafish can produce hundreds of eggs every week.

* Zebrafish eggs are externally fertilized, allowing for control over fertiliza-
tion.

* Zebrafish are small enough to monitor their development in a Petri dish,
which allows screening for developmental phenotypes. At the same time,
embryos are large enough for microinjections and transplantations, allow-
ing one to perturb development at specific time points and locations.

* Zebrafish are vertebrates and contain many organs similar to humans.

An additional feature made them useful for genetic marker assays: The embryos
are mostly transparent during their early development, as can be seen in Figure 3.

Figure 3. Top-left: Fertilized zebrafish egg, top-right: 2 day old zebrafish, bottom:
Neuron-specific enhancer expression labeled with GFP, adapted from Andersson
etal. 20,

The current assembly of the reference genome of the zebrafish genome, GRCzl1/danRerll,
is 1.4 Gb long with 25 chromosomes. The zebrafish presumably underwent a

whole genome duplication event, resulting in 25,592 annotated protein-coding

genes. Due to duplication, many of these genes have copies, called ohnologues,

in the genome, indicated by adding « or & to the gene symbol. Approximately

26% of the protein-coding genes are ohnolgues.>*
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Atleast 70 % of human genes are orthologous to a zebrafish gene.34 Therefore,
using zebrafish as a model has led to a wide array of findings on the genetic causes
of human disease. From resolving the polygenic background in complex diseases
such as Usher syndrome, which causes loss of sight and hearing,35 to the role of a
miRNA in nonsyndromic oral clefts.>® The popularity of zebrafish as a model
organism is still growing and has outpaced more traditional model organisms for
genetic research, such as C. elegans or yeast (Figure 2).

Despite the increase in popularity as a model for developmental genomics, there
is no large-scale functional annotation available on the developmental dynamics

of the genome.?”

1.4.2 Dog

The dog (Canis familiaris) was the first domesticated animal,®® with zooarchaeo-
logical findings indicating that the time of domestication was more than 15,000
years ago.>” Today, dogs show the highest variability of any mammalian species,
with more than 400 different breeds with distinctive behavioral and morphologi-
cal traits, with respect to the latter, most prominently in skull shape, body size,
and pigmentation.*

The adaptation of breeding standards and aggressive inbreeding for specific mor-
phologies from the middle of the 19 century reduced the variance of the genetic
pool of dogs of the same breed.*! This led to many breed-specific genetic diseases,
making dogs interesting genetic models for studying the cause and treatment
of many disorders shared between dogs and humans, including cancer,*? heart
43 neurological disorders, for example, dementia,** psychological dis-
orders, for example, OCD,* as well as diabetes,*® and aging.47 To this genetic

predisposition comes the fact that dogs live very close to us humans, with the

diseases,

effect that they are exposed to the same environmental factors as us.

The dog genome was, after the human and mouse genomes, the third mammalian
genome to have a reference assembly available in 2004/ 2005.%84 The current
reference contains 2.4-2.5 Gb (depending on the version), consists of 38 auto-
somal chromosomes and 30,000 genes, two thirds of which encode proteins.50
Approximately 93 % of the dog genes have a human orthologue.51 All current
reference genomes are based on female dog samples, therefore, the reference and

annotation for the Y-chromosome are still missing.
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With the ever growing number of identified gene variants in dogs, we see that
many fall into not yet annotated regions of the genome. Therefore, the need
for an exact annotation of the gene models and a functional annotation of the
genome increases accordingly.52

1.5 Gathering and annotating sequencing experiments

The advent of open science and the great increase in the amount of sequencing
data, as well as in the variety of experimental designs and sequencing techniques
used, led to new opportunities to address and complement research questions
with already available sequencing data. A crucial aspect here is to be able to
find the appropriate data first and then utilize them with respect to the under-
lying conducted biological experiments. Therefore, systematic description of
available sequencing data, together with description of the underlying biological

experiments and sample details, is a crucial prerequisite.“’54

Two approaches can be distinguished for collecting and annotating the sequenc-
ing experiment data.

General approach:

Sequencing databases such as Sequence Read Archive (SR A),> the European Nu-
cleotide Archive (ENA)*® and Gene Expression Omnibus (GEO)*” collect raw or
processed sequencing data, open them to the community, and provide identifiers
to connect the data to scientific publications. Sequencing data are accompanied
by a high-level description of the experiments, samples, and technologies used.
Due to the scope of these databases and, therefore, limited requirements, the

quality of the annotation shows a large variation.>®

Project specific approach:

Metadata schemata in genome annotation projects including ENCODE,*® Mod-
ENCODE® and FANTOM®! describe experimental aspects more systematically
and with a higher level of detail. This enables consistent processing of sequencing
data within the projects and further allows for direct comparison between all
data. At the same time, significant human resources are required for such data
annotation and curation. Furthermore, the underlying technical solutions were
specific to each of these projects and were not designed to be reused in other
contexts.

11
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In the following, I will give a brief overview of the annotation schemata used in

SRA and ENCODE.

SRA

SR A’s annotation schema has five main sections: Study, Experiment, Sample,
Run, Analysis, and Submission. The Study section is the parent of all other
sections and contains general information about the overall study. The section
Experiment covers all technical details about the library construction and sequenc-
ing platform. The child of this section is Sample, which describes the biological
aspects of the biosamples. The Run section links the sequencing files to a Sample
instance. The processed files can be linked to the Study in the Analysis section.
The Submission section is non-public and saves details about the annotation pro-
cess and annotator. SR A uses controlled vocabularies for some fields, e.g., species
or instrument names. Instances of one section, e.g. one specific biosample, can
be reused in other Studies instances. See Figure 4 for the relationships between
the sections and some terms used for metadata in SR A.

| Study

dy_accession

nier

dy_type

/_abstract
r_description ft—
bmission_accession
Sibmianien [Submission_accession
[Submission_accession [Sample_accession
z : Metadata
[Contact information
(—I ~—>laciion release [
—P|Submission date R
= Sample
LXganiem - - | Organism
Taxonomy Taxonomy
Submission_accession le—' -
Submission_accession
> »
= 1
\—cProcess data )y
Ancillary data
Data Files Data Files
(alignments etc) (sft, srf, gseq etc)

Figure 4. SR A database schema with the relationships between the tables indicated by
arrows and some example fields for each table. Source:[58]
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ENCODE

The ENCODE annotation schema is separated into six sections: Experiments,
Biosamples, Antibodies, Libraries, Files, and Pipelines. In general, it follows the
SR A annotation design. Additionally,the SR A Experiment section is divided
into Experiment, Antibodies, and Libraries. There is no equivalent to the SRA
Study section. A section was added that describes the computational pipelines in
detail. The fields themselves are more specifically designed for ENCODE studies
and therefore capture more details. Figure S gives a brief overview of the fields in
each section.

Experiment with replicates

Biosamples Antibodies Files

B <=

Type (e.g. tissue, cellline)

Peak calls

Reads

e e e e e e

Biosample name

Source, product id, lot id
Treatments

Knockdown

Fusion construct information
Dates (e.g. growth, harvest,
procurement)

Passage number

Starting amount

Source, product id, lot id
Target

Isotype, antigen, host
Purification method
NHGRI approval status

Reference genome version
Alignment software

Software used

Quality metrics (e.g. NRF, FRiP)

Donors or strains
1

ﬁLibraries
gy A,

Pipelines & software

| i
SR o v
. Age 5> /rf\ ‘
* Sex - TETRTEG
* Life stage $ * Library preparation protocol * Pipeline steps
* Developmental stage * Strand specificity * Valid input/output file formats
* Genotype * Validation document * Software parameters
* Strain background * Lysis, sonication methods * Software version
* Ethnicity * Nucleic acid type * Software source URL
.

Insert size range

(selected subset of all metadata)

Figure 5. ENCODE metadata schema with a subset of fields in each section. Source:
[62]

1.5.1  Principles of scientific data management

In 2016, principles for scientific data management were presented, stating that
data should be findable, accessible, interoperable, and reproducible (FAIR).9
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Both SRA and ENCODE follow them to some extent. The findability in SRA

is, for example, hindered by the variability in quality of metadata description.58
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2 METHODS

2.1 Collaborations and consortia

The complexity of current research questions and the variety of fields to address
them require researchers to collaborate. Furthermore, more practical aspects,
such as sharing the financial burden or increasing the chance to acquire funding,
drive scientists to work together.

One mode of governance for these collaborations is the construction of a consor-
g

tium. Consortia are “time-limited collective research endeavors, which operate

under one or more contractual agreements, and typically have a formal manage-

ment structure and governance structure”.64

Two consortia contributed the most to my Ph.D. studies, DANIO-CODE (bi
rmingham.ac.uk/generic/danio-code/) with results in Studies I and II,
and the Dog Genome Annotation (DoGA) (doggenomeannotation.org)
consortium for Studies III and IV. These two were different in many aspects,
for example, scale, with DANIO-CODE consisting of more than 30 partners
around the world, while DoGA started with 3 research groups from Sweden and
Finland.

In both cases, one of the most important aspects was, as with any collaboration,
communication. In the two consortia, this occurred via different media, most
commonly through Slack and email, but also through regular video conference
calls, in-person meetings, workshops, and conferences. In addition, secondment
visits, where one or two people were embedded in the group of one of the con-
sortium members, were used to strengthen collaborations and make them more
efficient.

2.2 Gathering of Material and Data

As mentioned in the introduction of this thesis, different sources of data were
used in my Ph.D. studies.

15


birmingham.ac.uk/generic/danio-code/
birmingham.ac.uk/generic/danio-code/
doggenomeannotation.org

CHAPTER 2. METHODS

16

DANIO-CODE data

In the DANIO-CODE consortium, we invited zebrafish labs to submit their
transcriptomics, epigenomics, and methylomics data. These data sets were pro-
duced mainly for already published studies. We facilitated the initial annotation
effort by a multiday jamboree in 2016, where people on site in Licge, Belgium, as
well as connected by video calls and chat, could receive support and upload their
data. The jamboree helped us to give quick support about definitions of differ-
ent terms, etc. It also generated a group dynamic, where people gave their full
attention to the annotation effort, and in general strengthened the connection of
the members to the consortium.

Furthermore, we added complementary data sets from other published studies
and produced some data sets to fill open gaps in important developmental stages.
We use the DANIO-CODE Data Coordination Center (DCC), which is based
on *-DCC (Study I), to collect, annotate, and distribute the data. By taking a
snapshot of the data at certain time points, so-called data-freezes, we version the
data and allow easier collaboration on the same data sets, while still being able to
update them.

DoGA data

In the DoGA project, our consortium partners in Helsinki collected samples
from dogs donated to science by their owners or through zoos and hunters in
the case of the samples from wolves. We collected and annotated the sequencing
files on the DoGA DCC, similar to DANIO-CODE but more in-depth with
respect to biological metadata; for example, histological reports are attached to
some samples.

2.2.1 Combating batch effects through experimental design

The participation of many different researchers at difterent time points leads to a
loss of controlled parameters in an experiment. This can induce non-bioligcal
variation into the data, called batch effects. In order to minimize these effects
during library generation in Studies IIT and IV, we decided to uniformly distribute
the tissue of origin, as well as the specific dog of each sample across the deliveries
between Helsinki and Stockholm, in the sequencing libraries, and on the flow
cells. In the case of the STRT-libraries we additionally added External RNA
Controls Consortium (ERCC) spike-in RNA in equal amounts to each sample,
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to later normalize for them.

2.3 5-end RNA sequencing methods

Conventional RNA-seq is able to quantify gene expression, discover transcripts,
and splice isoforms. However, regular RNA sequencing has difficulties in identi-
tying the exact TSS if a gene has alternative start sites.®® Several approaches have
been developed to enrich for the 5’-ends of the transcripts in order to better iden-
tify their start sites. I will explain two of these methods, which play a significant
role in this thesis, in more detail.

2.3.1 CAGE-seq

Cap analysis of gene expression sequencing (CAGE-seq) is a method that uses the
S’cap capture of transcribed RNA to identify exact TSSs and the corresponding
expression levels.

Library preparation

In order to produce CAGE libraries, cDNA is generated on extracted RNA
strands using random primers. Next, biotin and later magnetic beads are attached
to the 5’ cap. RNAase I is added to digest loose ends and RNA with incomplete
reverse transcription. The complete RNA-cDNA complex is then pulled down
via the magnetic beads. The RNA strand is released and a 5’ linker with a binding
site for the restriction enzyme EcoP15 is attached. A complementary strand is
synthesized to the cDNA. EcoP15 is added to cleave the DNA 27 bp after the
5’-end. Sequencing adapters are ligated to the resulting short fragments. The
library is then amplified and sequenced on Illumina platforms (Figure 1A).%

Data processing

The sequenced reads are then processed with the following steps (Figure 1B):

* QC of sequencing files using FastQC®” to examine sequencing quality,
number of reads, and unexpected sequence biases.

* Trim linker, EcoP15 site, and leading G’s to compensate for insertion
bias.®8

¢ Filter out the rRNA reads.
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Figure 1. Visualization of steps for CAGE-seq library preparation (A) and data
processing (B).
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* QC of the trimmed files using FastQC to verify the successful removal of
all sequence biases.

* Align to the reference genome. Due to the short CAGE-seq reads, this is
commonly done using bowtie.®”

* QC of alignment results using log files from bowtie, specifically inspecting
the number of mapped reads.

* Sum up the aligned reads to CAGE tag start sites (CTSSs), which are 1
bp long regions with the number of CAGE tags mapped to them. To
compare expression across samples, tags per million (TPM) normalization

is applied.
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* Aggregate nearby CTSSs on the same strand into a tag cluster (TC). There
are several approaches to cluster CTSSs. I used the slice-reduce approach
of CAGEfightR in Studies I1-IV.7% In this method, CTSSs below a certain
expression threshold are dropped (slice) and the remaining CTSSs are then
grouped together if they are not further apart than a predefined gap width
(reduce).

* QC of CTSS and TCs by visual inspection in a genome browser, for exam-
ple, in Zenbu.”* Furthermore, if the libraries were produced by different
people or sequenced on different machines, a PCA-plot of the TCs with
the highest variation in expression can reveal library batch effects.

232 STRT

Single-cell tagged reverse transcription (STRT) is a library preparation method
that uses Oligo-dT primer and template switching to measure mRNA expression
levels at the 5’-end even for low input levels, down to single cells.

Library preparation

First, an Oligo-d T primer is biotinylated to the polyA tale of isolated RNA and
cDNA is generated with 3-6 cytosines at the 3’-end of the DNA. Using a template
switching oligonucleotide, the reverse transcriptase switches the template, and
introduces a barcode sequence. Afterwards, the second strand is synthesized. The
barcoded CDNA is amplified and magnetic beads are biotinylated to the 5’-ends.
After enzymatic fragmentation, the biotinylated fragments are pulled down and
can be sequenced.

Data processing

The sequenced STRT reads were processed with Picard,”? with QC for the num-
ber of reads per sample, and removal of PCR duplicates based on unique molec-
ular identifiers. The filtered reads are then aligned to a reference genome with
HISAT2.”?> The mapped samples are checked for outliers based on mapping
quality and similarity between replicates.
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2.4 Data analysis

After the sequenced reads are processed, biologically relevant questions can be
addressed through their analysis.

2.4.1 Promoter identification

TCs from CAGE-seq and STRT can be used to identify promoter regions. To
extract reliable promoter regions from the CAGE-seq TCs, clusters with low
expression and a low number of samples expressing them can be dropped. The
strategy for STRT is similar, but due to the ology-dT capture strategy for STRT,
the cluster can not only be found at the 5’-starts of a gene, but a certain amount
of exon painting occurs as well. Especially, the 3’-ends of a gene show often a high
amount of expression, which need to be taken into account when considering
quantification.

2.4.2 Enhancer prediction

CAGE-seq is capable of capturing eRNA. Therefore, active enhancers can be
identified by their balanced, bidirectional TC clusters, which is an even more reli-
able method compared to enhancer prediciton based on histone modifications.?°
For Studies II and IV, we used the enhancer detection method implemented in
CAGEfightR. This approach first selects TCs that are in close proximity to each
other but on opposite strands. Subsequently, the balance score of these bidirec-
tional clusters is calculated. We used the default Bhattacharyya coefficient. This
coefhicient splits the bidirectional cluster from the midpoint in a given window
(we used the default + 200 bp) and by strand. The expression scores for each of

the four quadrants are then used to calculate the coefhicient as follows.

Definition. Let PU be the expression on the plus strand in the upstream direction

from the midpoint, MU the expression on the minus strand upstream, PD the
expression in the downstream direction from the midpoint on the plus strand, and
MD the expression downstream on the minus strand. The Bhattacharyya coefficient
BC is then defined as

MD 1 PD 1
BC = =+ - =
+ +PD+MD 2 + +PD+MD 2

The Bhattacharyya coefficient is equal to 1 for a perfectly balanced enhancer signal.
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Figure 2. Example of a well balance bimodal enhancer signal according to the
Bhattacharyya coefficient with same colors as in the formula.

We used the default threshold of 0.95 in studies II and IV. The bidirectional
clusters are then further filtered to not overlap any identified enhancer and are
only in annotated intronic or intergenic regions. An additional filter step is to
require a certain number of samples to have a bidirectional signal in a cluster.

2.4.3 Enhancer-promoter interactions

CAGE-seq also allows the detection of enhancer-promoter interactions. This is
due to the fact that the production of eRNA is associated with active enhancers,
transcribed promoter regions with the gene product and both can be quantified
using CAGE-seq. The correlation between expression patterns has been shown to

correspond to the interaction between the specific enhancer and the promoter.?
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3 RESEARCH AIMS

The aim of this thesis is to use large-scale sequencing experiments to improve
our knowledge of regulatory elements in the model organisms zebrafish and dog.
The specific aims of the studies are the following:

¢ Study I: Designing and implementing a species-specific, but flexible an-
notation schema to capture, explore, and export data and metadata from
sequencing experiments. This platform should facilitate the collection and
distribution of a wide variety of data and its metadata, while guarantecing

a high quality of it.

* Study II: Generating an atlas of regulatory elements during zebrafish de-
velopment.

* Study III: Establishing a bio-bank of dog and wolf tissue samples and
identifying promoter regions using STRT.

* Study IV: Creating a tissue-level catalog of promoters, enhancers, and their
interaction in dogs.
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4 RESULTS

4.1 Study I: *-DCC: A platform to collect, annotate, and explore
a large variety of sequencing experiments

Sequencing experiments become ever more complex and so becomes the number
of parameters one needs to consider when analyzing the resulting data. In Study I,
we approached the challenge of capturing sequencing experiments in such a way
that makes data input easy, but also guarantees reliable downstream processing
and analysis of the data.

We looked at already available platforms, especially SRA, ENCODE, and mod-
ENCODE and added more fields that are specific to a modal organism. We
presented an annotation structure, designed to capture a sequencing experiment,
from the study idea to the processed sequencing files. We separated them into
five sections (Series, Biosamples, Assay, Sequencing, and Data). To guarantee
a minimum quality of annotations, we required some fields (e.g. sequencing
platform) to be filled out. Depending on the entered data, some fields can be
conditionally required; for example, if the biosample type is set as tissue’, one
needs to also provide an anatomical term.

We took our annotation schema and implemented it into a web-platform based
on a Django back-end. This allows for easy adaptation of the metadata fields
and their requirements for different applications. The platform comes with two
ways to add annotations and files. One way is a web form that goes stepwise
through each annotation section. The other way is through a csv file, which is
recommended for larger uploads. Additionally, the platform allows one to browse
through the annotations, select a subset of files and download them together
with the annotation. Processed files can be uploaded and linked to the original
files and annotation through a web-form.

Modified versions of the annotation schema were implemented in a DCC for the
DANIO-CODE consortium as well as for the DoGA consortium.
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4.2 Study lI: Multiomic atlas with functional stratification and
developmental dynamics of zebrafish cis-regulatory ele-
ments

The goal of the DANIO-CODE consortium was to use publicly available ze-
brafish sequencing data to annotate the functional elements of the zebrafish
genome. In Study IT we report the first results of the effort. After we set up the
*-DCC platform from Study I for zebrafish data at danio-code.zfin.org,
we collected and annotated 1,802 sequenced samples from 38 research groups,
covering 38 different developmental stages and 19 different types of assays. The
types of assays span methylomics, epigenomics, and transcriptomics methods.

We identified more than 140,000 cis-regulatory elements using ChIP-seq histone
marks and open regions based on ATAC-seq. Using CAGE-seq data as described
in 2.4.2, we verified elements classified as enhancer.

Furthermore, we provide high-precision TSSs, alternative promoters, and pro-
moter architecture classes during development. We also show that the regulatory
elements active in the early stages cluster in regions rich in H3K27ac. The study
also presents a method for transferring regulatory regions between fish and mam-
mals regardless of sequence conservation.

To facilitate a wide usability of this resource, we also generated a UCSC trackhub,
consisting of all data used in the analysis, as well as generated annotation tracks
for the newly identified elements.

4.3 Study lll: Dog Gene Promoterome and Tissue Expression
Atlas

In Study III, we present the DoGA biobank and an STRT based promoterome.
The biobank comprises over 5000 samples from 120 tissues from 16 dogs and is
the most comprehensive collection of dog tissues to our knowledge.

We took a subset of 428 samples from the biobank, extracted RNA and generated
STRT libraries. The 428 samples cover 88 tissues from 9 dogs. Additionally, we
performed a pilot CAGE-seq run with 10 samples from S dogs. The sequenc-
ing files were deposited together with their metadata in the DoGA DCC. This
platform was also based on *-DCC and it’s implementation presented in Study I.
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4.4. STUDY1V

We performed the promoter prediction as described in 2.4.1. In total, we report
56,236 robust promoters using STRT, of which 11,366 were supported by CAGE-

seq.

4.4 Study IV: Enhancer mediated gene regulation in Dog

For Study IV we generated CAGE-seq libraries from 116 samples taken from the
DoGA biobank described in Study III. These samples cover 37 tissues from 10
difterent dogs, including embryos.

The identification of promoter regions resulted in approximately 55,000 compre-
hensive promoters. We also selected a subset of ca. 12,000 highly reliable robust
promoters. We identified 18,500 and 5,510 alternative promoter regions, respec-
tively. Compared to the current annotation of gene models, we find ~ 23, 000
and ~ 12, 000 promoter regions, which are not in the vicinity of any annotated
transcripts in Ensembl.

We overlapped the promoter regions with previously published ATAC-seq and
ChIP-seq for histone marks. The comprehensive set of promoter regions ex-
pressed in the same tissues as the previously published data sets has an overlap of
70% with open regions. 79% of the robust set fall into open regions. Regarding
transcriptional histone marks, 89% of the comprehensive promoters have the
mark for active transcription H3K27ac and 82% the promoter-mark H3K4me3.
The overlap is even higher for the robust set with 93% coincide with an H3K27ac
signal and 90% with H3K4me3.

Because CAGE-seq also captures eRNA and allows the identification of active
enhancer regions, we used the method described in 2.4.2. Using different reliabil-
ity thresholds, we report 28,565 comprehensive enhancer candidates and 5,482
robust ones.

Using the same data sets as for the promoter regions, we show that 36% and 62%,
respectively, overlap with open regions. Approximately 57% and 83%, respectively,
coincide with the H3K27ac signals. Furthermore, 58% of the comprehensive and
78% are supported by the enhancer mark H3K4mel.

Moreover, we identified regulatory regions enriched in each of the tissues. Testis
is the tissue with the most enriched promoters and enhancers. Skin has the second
highest number of enriched promoters, while the retina / optical nerve sample
has the second highest number of enriched enhancers. Based on distance and
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co-expression, we identify ~59,000 enhancer-promoter interactions between
comprehensive sets and ~13,000 robust enhancer-promoter pairs.

Based on sequence alignment, we also identify ~400 enhancers with orthology
with human enhancers. Looking at their interaction with promoters, we can link
66 of these enhancers to 103 promoters with an orthologous gene in humans.
Adding the aspect of tissue enrichment, we find 8 conserved regulatory networks,
meaning enhancers which are conserved in human, interacting with the same
orthologuous genes, and also enriched in the same tissues.

28



5 DISCUSSION AND PERSPECTIVES

5.1 What is a gene again and what about promoters and en-
hancers?

I started this thesis with a discussion of the definition of a gene, from its abstract
beginnings as some inherited factor to a region on the DNA. However, the most
common term I use in my work is zag cluster, which depending on the context and
the extension of the surrounding window can mean TSS, promoter, or enhancer.
According to the definition of Alberts' TCs could be considered genes. How
come we don’t use that term then? On the one hand, as a bioinformatician,
I'look with data science glasses at my results, which makes it easier to use the
more abstract and non-biological term TC. This is the case even if we usually
name them based on their location in the genome before associating them with a
specific gene ID or symbol. On the other hand, in my experience, we use the term
gene only when we leave the data science part of our analysis and want to look
at the biological features of certain findings, meaning that we often deal with a
more traditional definition of the term.

As with any definition, the text book definition of Alberts® also has its limits.
According to it, a gene includes the "functional unit, encompassing coding DNA
sequences, noncoding regulatory DNA sequences, and introns”, which would
mean enhancers are part of a gene. Consequently, the promiscuity and tissue
specificity of enhancer-promoter interactions make the physical dimension of the
gene even more dependent on the context. In the end, even with our numerous
attempts to pin down genes on the genome, Johannsen’s abstract definition of
a gene as something "which is of essential significance for the character of an
organism” might be helpful to not be too strict with our concepts.

Furthermore, comparing the classical definitions of promoters and enhancers
with recent discoveries gives a less clear picture. Promoters can amplify the tran-

scription of distal gf:nes74’75

and enhancers also act as transcription initiation
sites.”® Should we discard the distinction and talk generally about cis-regulatory
elements for transcription that come with a certain enhancer or promoter poten-
tial as proposed in?'” Or are we missing subtypes or subregions of enhancers and

promoters that would more clearly separate these entities?
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5.2 Successful Ph.D. studies in consortia

The power of large-scale scientific collaborations and consortia also comes with
costs. A version of Brook’s law”” says that the productivity of a team scales worse
than linearly with the number of members. This is also true for research collabo-
rations. A scientific corollary would be that the speed with which a publication
is written does not scale linearly with the number of shared first-authors, as I
have experienced in Study II. However, each of the five shared co-first authors
in this study was essential throughout the study. The high number also shows
the difficulty in correct attribution of contributions, especially in large-scale
collaborations.

The time dilation in collaborations and consortia also makes it difficult to fit four
years of Ph.D. studies in it. I was fortunate to be instrumental in the setup for the
data collection, as well as seeing the fruits of it in publishing Study II. However,
this, together with the pandemic, meant that it took me longer than the target of
four years to be able to defend my Ph.D. thesis. One possibility would have been
to finish before Study II was published. However, this would either result in not
getting credited in the same manner, as a first-authorship generally comes with
an assumed shared workload until the release of the publication. Alternatively,
joining later in the project would have prohibited me from learning how to design
a study and also from having influence on it.

5.3 Bulk vs. Single-cell sequencing

Most of the data in this thesis are bulk sequencing data, while single-cell sequenc-
ing has been one of the biggest innovations in recent years.”%”” Bulk sequencing
allows only for the measurement of the average signal of a given input, which can
consist of millions of different cells in the case of ChIP-seq, for example.®* The
higher resolution of single-cell data helped, for example, identify new cell types
and states,®! and cellular dynzlmics.82

On the one hand, this is due to the small amount of available single-cell sequencing
data at the beginning of Study II. Sequencing data are usually only made publicly
available when the corresponding studies are accepted by a journal. This process
often takes a long time, especially with newly established techniques. The delay
between the development of a method and the application for larger studies
reduces the number of public data sets available even further. For example, the

30



5.4. REINVENTING THE WHEEL

protocol for single-cell combinatorial indexing ATAC-seq (sciATAC-seq) was first
described in 2015.83 The study using this technique in a larger cohort of zebrafish
embryos, used in Study II, was first published in June 2020 on bioRxiv,** while
the data were published with the first revision more than a year later, in September
2021.

On the other hand, even though high-throughput single-cell RNA-seq started
a decade ago, not all bulk sequencing techniques are yet available at the single-
cell level. The single-cell version of the CAGE-seq protocol, C1 CAGE, was
published only in 2019.% Similarly, a high-throughput method for analyzing
histone modifications at single cell levels was only published last year with single-
cell cleavage under targets and tagmentation (scCUT&Tag).%

Finally, from a more pragmatic point of view: Even by only considering the
averages of up to several million cells, we are still able to discover new regulatory
elements and mechanisms.

5.4 Reinventing the wheel, or The development of tools in a
scientific context

For Study I, we developed an annotation system for sequencing experiments
and implemented versions of it for Studies II-IV. Was this even necessary, when
SR A and ENA are well-established platforms? Furthermore, we even based our
annotation structure on theirs. There are four closely related reasons why this
approach still benefits science.

First, neither the DANIO-CODE DCC nor the DoGA DCC is thought of as
replacements for more general repositories for sequencing data. On the contrary,
all raw reads in the DCCs are or will be made available in SRA/ENA. Our
specialized DCCs will improve the findability and accessibility aspects of the
FAIR principles. Although the metadata are well indexed and, therefore, in
principle findable, the large variety of available data makes it difficult to download
it, especially for persons not so well versed in data retrieval and the data structures
of the specific data repositories. The fact that our DCCs contain only data from
one species with metadata fields and names specific to this species makes it easier
to find and access our data.

Furthermore, we also use DCC platforms to share data, including metadata, on
the basis of data freezes between partners, which is not the recommended usage
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of SRA/ENA. Working with the same metadata from the beginning also helps
to find gaps in it and, in the end, strengthens the quality of the data and the
annotations.

Having the data on our own platforms also allows us to link them more strongly
to the derived data and findings. Showing raw data in addition to processed data
enhances the discovery and reusability of the data.

Finally, our DCCs are also social spaces for specific research communities. Al-
though it is not a medium for direct communication, it acts as a platform for
tuture collaborations and a ”waterhole” to find new members for current or
future consortia.

5.5 Ethical perspectives on my studies

In genetics, we usually look at two aspects of ethical considerations.

First, we rely heavily on biological samples, in this case, from two model organisms,
where the individuals are killed to extract the material. For studies III and IV, we
extracted samples only from dogs whose owners wanted to put them down for
medical reasons. Only after this procedure did the pathologists start to extract the
samples. This ensured that no unnecessary harm was done to the animals and was
also approved by the Ethics Board of Finland. The data we used for study II were
already published, which means that no additional animals were injured or came
from very early stages of zebrafish development, when no cognitive function,

which could experience suffering, is assumed according to EU guidelines.37

Second, can the research we are doing lead to increased acceptance of eugenics?
Although our findings are about regulatory elements in zebrafish and dogs, the
goal of our research is to use that information for humans. However, none of our
findings are directly related to human phenotypes and therefore could be used
to select or discriminate humans. Of course, the general risk with fundamental
research is that our findings could turn out to be used to actually establish a link,
but I hope that civil society, including us scientists, will always take an active
stance against any notion of eugenics and intervene before any established links

are applied.

A second field of ethical considerations concerns the direct environmental impact
of our research. All our computational work requires electricity, which comes
with a certain carbon footprint. It is difficult to estimate how much the actual
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amount is. I used the UPPMAX high-performance computing cluster or my
local computer for all the analysis. According to the UPPMAX operator, they
are using a green energy mix and air from the server halls is used for both heating
and cooling of adjacent university buildings. The energy impact of my local
laptop is even lower than that of UPPMAX and comes from a similar energy mix.
Therefore, we assume that, even though there is an impact on carbon output, the
impact of the computations is low, and we hope that the impact of the research
result compensates for the impact of the released carbon.

Up until the start of the COVID-19 pandemic, we assumed that in person gath-
erings were all necessary and irreplaceable aspects of research work. Due to my
multi-national collaborations, I took numerous flights to meetings, secondments,
and conferences during my Ph.D., with a high carbon footprint. At least with re-
spect to meetings and conferences, a more hybrid approach with different benefits
and drawbacks has been established. One result is that this change in work modes
reduced the carbon output of our multinational collaborations, by only heaving
video meetings instead of annual in-person meet-ups. My secondment visits to
the west coast of the United States and Japan were the largest singular expenses
of my CO, budget and generated approximately 5.7 tons of CO; (compared to
2.5 tons for all trips inside of Europe). These secondment stays were vital in the
establishment of the DANIO-CODE DCC and it is hoped that their impact on
research outweighs the induced damage.
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6 CONCLUSIONS

Using the hunter-gatherer-annotator approach, my objective was to improve our
knowledge of regulatory elements, especially promoter and enhancer regions in
zebrafish and dogs. This will enable the research community to use these model
organisms to better understand biological processes and their dysregulation in
humans.

For Study I, we designed an annotation structure that enables one to capture
the metadata of sequencing experiments for downstream analysis. We also im-
plemented the concept into a web-platform, which enables easy, but controlled,
entry of data, querying the data, and also data export. This structure was then
used to manage the data for Studies II-IV.

In Study II, we showed the possibility of a large-scale genome annotation effort,
achieved with a majority of already published data, to catalog a large number of cis-
regulatory elements active during the development of zebrafish. This shows the
feasibility of one of the promises of open science by reanalyzing and integrating
publicly available data to generate new insights. At the same time, we also offer
the data to the community to support their own research.

For Study IIT and IV, we went the opposite way and first created a biobank for
samples from dog and wolf tissues. From a subset of these, we generated our
own STRT libraries and CAGE-seq libraries. The low input requirements for
STRT allowed us to catalog promoter regions in numerous tissues and subtissues.
With the help of CAGE-seq, we provide additional support for the identified
STRT libraries and identified active enhancer regions. Furthermore, we looked
for cis-regulatory elements enriched in certain tissues and interactions between
enhancers and promoters. Finally, we identified several enhancers, promoters,
and their interactions, which are conserved between dogs and humans.
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