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ABSTRACT 

 

The role of animal models in understanding biological processes and their dysregulations in 

humans is imperative and established in the research community. While extensive resources 

and knowledge on the genetic information of popular organisms such as human and mouse 

exist, such resources are lacking for other strong popular organisms like zebrafish and dogs.  

In this thesis, we aimed at improving the genome annotation of zebrafish and dogs as well as 

further showing their importance in understanding human disease. We have been part of an 

international consortium called DANIO-CODE that aims for systematically annotating the 

zebrafish genome. We initiated similar effort for canine models, The Dog Genome 

Annotation Project (DoGA). Through these efforts, we aim to strengthen zebrafish and dogs 

as model organisms for studying human health.  

In Paper I, we presented a platform that allows the efficient and comprehensive sequencing 

data collection for large-scale genome annotation projects. We further showed an 

implementation of DANIO-CODE Data Coordination Center and its comparison to 

established platform. 

In Paper II, we reported the systematic annotation of the zebrafish genome together with a 

collection of resources to facilitate the research community using zebrafish as a model 

organism. We addressed the gap in understanding the genomic elements in the zebrafish 

genome and further describe an improvement in genomics elements of zebrafish. 

We built the most comprehensive dog tissue biobank and further characterized the gene 

promoter regions of dogs in Paper III. We improved the promoter definition in various dog 

tissues together with gene expression levels associated with those promoters. 

Finally, we showcased the use of animal model in understanding disease in Paper IV through 

an example of an eye disease known as progressive retinal atrophy, which shares similar 

phenotypes with retinitis pigmentosa in humans. 
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1 INTRODUCTION 
 

1.1 THE USE OF ANIMAL MODELS IN HUMAN RESEARCH 
 

Animal models play an important role in understanding biological processes in human, in 

both physiological and diseased states1,2. A number of biological and medical discoveries 

have been facilitated by animal models, from the concept of epigenetics coined by 

Waddington3 to the understanding of autophagy mechanism4. Beyond facilitating 

discoveries, animal models are also important for experimental validation, particularly when 

the human materials required are not available due to ethical reason. 

Animal models are often chosen based on research questions at hand. Other reasons to select 

appropriate animal model include their unique features, such as transparent embryos for 

developmental model or tangible behavioural responses for behavioural research, as well as 

practical reasons, such as easier to breed or having lower maintenance cost. In this thesis, 

two animal models are discussed: zebrafish and dog. 

1.1.1 Zebrafish 
 

The zebrafish (Danio rerio) is a tropical water fish from the Cyprinidae family and commonly 

found in South Asian small rivers5. As a model for biological research, it has advantages 

compared to other models: high fertility rate with 200-300 eggs/week, externally developing 

transparent embryos, and relatively inexpensive to breed6. Over the past years, zebrafish has 

become more popular due to the rise of knockdown technologies to model human genetic 

disorders7. Zebrafish has been used for studying developmental biology and various disorders 

present in human, including, but not limited to, heart, muscle, hematological and central 

nervous system disorders6,8. 

1.1.2 Dog 
 

Canis familiaris, commonly known as dog, is an important model for many diseases, 

including cancers, diabetes, and neuropsychiatric disorders9,10. In fact, the use of canine 

model has led to the discovery of insulin, leading to the 1923 Nobel Prize in Physiology or 

Medicine awarded to Frederick Banting and J. J. R. Macleod11. Beside sharing a high degree 

of morphological and genetic similarities with human, dogs also develop diseases similar to 

those found in humans that share similar genetic defects12,13. In fact, the number of known 

disease syndromes in dogs that are also present in humans is higher than any other animal 

models14. The advantages of dogs as model organism to study human diseases also include 

the fact that dogs and humans have a common living environment including diet15 as well as 

carcinogenic load16. 

1.2 GENE REGULATION 

1.2.1 Regulation of gene expression 
 

The regulation of gene expression governs the activity and fate of cells in all organisms. The 

blueprint of this complex process is stored in the genome, a collection of deoxyribonucleic 

acid (DNA) nucleotides that are tightly wrapped in histone proteins forming a structure called 

chromatin. Parts of the genome called genes encode templates that are transcribed into 

ribonucleic acid (RNA) molecules and potentially translated into proteins. To be transcribed 

into RNA transcripts, these templates need to be activated (or repressed) by a set of proteins 

https://sciwheel.com/work/citation?ids=1317889,11872810&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=1588060&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=317608&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=2346458&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=246129&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=6554642&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=246129,3439669&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=1232633,440117&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=6003582&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1233711,270008&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=1228423&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=6018709&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=6018708&pre=&suf=&sa=0&dbf=0
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known as transcription factors (TFs) that bind to certain regions of the genome called 

promoters. Core promoters of protein-coding genes are located upstream of the transcription 

start sites (TSS) of genes and act as a site for transcription factor machinery assembly, 

allowing RNA polymerase II (RNAPII) to transcribe genes into RNAs in eukaryotes17 

(Figure 1). 

 

Figure 1. Gene transcription process in eukaryotes.  
Adapted from “Regulation of Transcription in Eukaryotic Cells”, by BioRender.com (2021). Retrieved from https://app.biorender.com/biorender-templates. 

 

The quest of understanding the mechanism of gene regulation has been progressing rapidly 

over the past few decades. Regions of the genome that were previously thought as junk are 

now demonstrated to play roles in regulating gene transcription. The definition of a gene has 

evolved over time, from a simple determinant of heredity to transcribed DNA sequences 

encoding protein to the more recent definition post-ENCODE: “a union of genomic 

sequences encoding a coherent set of potentially functional products”18. The latter definition 

has opened up a whole new paradigm, further strengthening the distinction between protein-

coding and non-coding RNAs. 

1.2.2 Genes and regulatory elements 
 

The modern definition of a gene has further strengthened the idea that a gene can be either 

coding or non-coding, implying the understanding of a large subset of the genome of any 

organism might still be incomplete. This definition, however, does not include the cis-

regulatory elements, which stand on their own as DNA regions needed to facilitate the 

binding of trans-acting elements, such as transcription factors, to drive gene expression19. In 

addition to protein-coding genes and promoters, genomic regions containing non-coding 

genes and distal regulatory elements have  recently gained more attention within the genomic 

research community. 

1.2.2.1 Protein-coding Genes 

 

Genes that are translated into proteins following transcription are known as protein-coding 

genes. Protein-coding genes are perhaps the most studied genomic elements group in any 

species, and this trend will likely continue even for the best characterised genome, the human 

genome. The number of protein-coding genes in the human genome has been revisited 

multiple times, from between 20,000 and 25,000 in the final draft of the Human Genome 

Project20 to ~20,500 genes21 to the latest number published by the GENCODE consortium: 

19,95422. It has also been suggested that there might be as few as 19,000 protein-coding genes 

in human, based on the evidence from proteomics experiments23. These reports suggest that 

https://sciwheel.com/work/citation?ids=5843962&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=156606&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=97665&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=511342&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=316295&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=10151180&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=266107&pre=&suf=&sa=0&dbf=0
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we might yet unveil the gap of what is often thought as a finished case, given the continuing 

efforts on annotating the protein-coding genes alone. This holds true for all species, as shown 

by the efforts on finding protein-coding genes in mouse22,24, dog25, and zebrafish8,26. 

1.2.2.2 Non-coding Genes 

 

Initially thought to hold non-functional roles, recent studies have shown the importance of 

non-coding genes in regulating the gene expression and beyond27–29. Unlike protein-coding 

genes, non-coding genes stay in their native RNA forms and are not translated into proteins. 

Among all transcripts discovered in the human genome, more than 50% have no potential to 

encode for protein30. This group includes long non-coding RNAs (lncRNAs), microRNAs 

(miRNAs) and PIWI-interacting RNAs (piRNAs)31. Amongst the products of the pervasive 

transcription of genome, lncRNAs group is one of the most abundant groups32. Defined as 

non-coding RNA transcripts with the length above 200 nucleotides, lncRNAs generally do 

not encode for protein products, although few of them are recently shown to be translated as 

peptides33–36. Many lncRNAs share similar characteristics to protein-coding genes: RNAPII-

transcribed, exhibit similar chromatin features, 5’-capped, spliced and polyadenylated. 

However, they are more cell-type and cell-state specific compared to protein-coding 

genes37,38. While there are notions that lncRNAs are not (all) functional (i.e. transcriptional 

noise)39,40, studies suggest that some of them play significant roles in diseases including 

cancers41,42 and in regulating transcription in cell differentiation and development42,43. 

1.2.2.3 Promoters 

 

The majority of genes in eukaryotes are transcribed by RNAPII enzyme, which binds to 

specific nucleotides at 5’ position of the gene known as TSS44. These TSSs are located in a 

region called core promoter45. A few hundred nucleotides upstream the core promoter is a 

region called proximal promoter. The proximal promoter contains several transcription factor 

binding sites for activators, a group of TFs that recruit cofactors necessary for the 

transcription46. Not less than 185,000 promoters have been identified in human by FANTOM 

consortium47. Active promoters have been shown to be associated with modifications in 

histone proteins, specifically at H3K4me348. 

1.2.2.4 Enhancers 

 

Enhancers are defined as specific DNA sequences that allow transcription factors to bind and 

help promoters to regulate gene transcription regardless of their distance to the respective 

promoters49. The exact location of an enhancer was traditionally described as the binding site 

of p300, along with the presence of H3K4me1 histone modification marks alone or together 

with H3K27ac, for primed and active enhancers, respectively48,50. Active enhancers are also 

shown to be transcribed, leading to the term enhancer RNAs51,52. Over 43,000 transcribed 

enhancers were discovered in the human genome through systematic analysis of bidirectional 

expression signature of active enhancers by the FANTOM consortium53. 

1.2.2.5 Silencers 

 

In contrast to enhancers, silencers are DNA regions that reduce the transcription of genes and 

contain binding sites for transcriptional repressors. While this class of regulatory element is 

less studied than enhancers, there is a growing interest to understand the mechanism of 

silencers54. The clear distinction between the enhancers and silencers, however, is still not 

well understood. In fact, it has been reported that silencers can also act as enhancers and vice 

https://sciwheel.com/work/citation?ids=5554278,10151180&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=1218710&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=3439669,9522004&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=6526206,7772752,10228690&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=48102&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=286893&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=97603&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=307229,416332,153520,2897637&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&sa=0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=48950,1129580&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=6019369,239929&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=179207,4022491&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=4022491,64022&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=246177&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=3104442&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=43961&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=148256&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=183032&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=476694&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=183032,183033&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=70212,627351&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=77301&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=10652147&pre=&suf=&sa=0&dbf=0
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versa55. Recent study aiming at characterizing silencer elements has found that silencers 

harbor binding sites for known transcriptional repressors56. 

1.3 GENOME-WIDE APPROACHES TO STUDY GENE REGULATION 
 

A growing number of genome-wide approaches are available for the identification of 

functional elements57. Among these methods, some of them are frequently used by 

researchers worldwide, be it to characterize transcriptome (RNA-seq, CAGE, STRT, etc.) or 

chromatin states (ChIP-seq, ATAC-seq, etc.). Researchers often prefer to combine several 

methods, whenever possible, as different methods have their own strengths and features. For 

instance, while both RNA-seq and CAGE can be used to quantify the expression of 

transcripts, CAGE has the ability of pinpointing exact transcription start sites at single base-

pair resolution58,59. Both methods have been used extensively in an integrative manner to 

quantify transcripts and identifying enhancer RNAs as well as long non-coding RNAs53,60,61. 

1.3.1 Transcriptomics methods 

1.3.1.1 RNA-sequencing 

 

RNA sequencing (RNA-Seq) is a genome-wide method to capture and quantify RNA 

transcripts by extracting RNAs followed by deep sequencing62. Since its first introduction in 

2008, RNA-seq method has become a very popular method for researchers interested in 

understanding the gene regulation underlying biological processes and diseases. The mRNAs 

captured by RNA-seq can be limited to Poly-A RNAs (that are often translated into protein-

coding genes) or the whole RNA population (total RNAs). Poly-A RNA-seq is usually used 

to quantify the abundance of mRNAs in case-control studies, while total RNAs capture is 

often used when there is need to capture all RNA species for identification or annotation 

purposes. 

1.3.1.2 Cap Analysis Gene Expression 

 

Cap Analysis Gene Expression (CAGE) is a method used to determine the exact location of 

TSS up to single nucleotide resolution59. The CAGE method takes advantage of the 5’ cap 

structure existing in the mRNAs in eukaryotes to ensure stability and efficient translation of 

genes63. Beyond identifying promoters, CAGE is also used to quantify gene expression. 

Additionally, the active and transcribed enhancers are also captured by CAGE, making it a 

popular choice in annotating the cis-regulatory elements of the genome53. 

1.3.1.3 Single-cell Tagged Reverse Transcription  

 

Single-cell Tagged Reverse Transcription (STRT) is one of the pioneers in the single cell 

methods to capture transcriptome data. Similar to CAGE, it is a 5’-centric method, which 

means it can also be used to capture promoters, in addition to quantify gene expression64. 

STRT uses the concept of template switching using oligo dT primer, whereby polyadenylated 

mRNAs are reverse transcribed during the library construction. 

1.3.2 Epigenomics methods 

1.3.2.1 ATAC-seq 

 

To study whether a genome region is in an open state, a state which might indicate an active 

transcription since the packed genome is now accessible, methods detecting chromatin 

https://sciwheel.com/work/citation?ids=8284669&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=8310169&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=234969&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1433296,1658537&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=77301,3205874,23244&pre=&pre=&pre=&suf=&suf=&suf=&sa=0,0,0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=48998&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1658537&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=590277&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=77301&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=24781&pre=&suf=&sa=0&dbf=0
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accessibility are often used. Among these methods, Assay of Transposase Accessible 

Chromatin sequencing (ATAC-seq) is perhaps one of the most popular, since it requires 

lower amount of input cells and is relative simple compared to other methods65. ATAC-seq 

can also be used to identify transcription factor binding site motifs and nucleosome 

occupancy66. 

1.3.2.2 ChIP-seq 

 

ChIP-seq (chromatin immunoprecipitation sequencing) is a powerful method that is often 

used in studies aiming at understanding the epigenomic level of gene regulation. Through the 

use of antibody that can bind to specific transcription factors or capture modifications in the 

histone, ChIP-seq is able to provide information on where the transcription factors bind to 

the genome or if specific histone modifications exist. In the context of understanding gene 

regulation, ChIP-seq is commonly used to identify signals of gene promoters or enhancers 

evident by specific histone modification marks, such as H3K4me3 or H3K4me167.  

1.4 GENOME ANNOTATION 
 

To understand how the genomic elements play a role in the biological and medical context, 

it is crucial to answer three main questions: 1) what are the elements?; 2) where are they 

located?; and 3) what functions do they have?. These questions can be answered through a 

process called genome annotation. Genome annotation was traditionally described as the 

process of extracting biological insights of DNA sequences through multi-step analysis and 

interpretation process68. Although this description was traditionally associated with gene 

annotation, researchers are now also focusing on genomic elements other than genes69,70. 

Genome annotation can be divided into two distinct processes: structural annotation and 

functional annotation69. Structural annotation answers points 1) and 2) above, while 

functional annotation answers 3) by attempting to explain functions through either 

computational or experimental means.  

The in-silico method of annotating genes has been used since the 1980’s, with the focus of 

finding genes, of which still commonly believed to mostly encode for proteins (i.e protein-

coding genes)71. The computational methods for structural genome annotation have grown 

quite rapidly, with capabilities in defining certain criteria, such as distinguishing protein-

coding and non-coding genes through comparative genomics72 or by calculating their coding 

potential73,74. To provide strong evidence on the existence of the elements, the integration of 

relevant datasets such as RNA-seq, CAGE, or ChIP-seq is often employed whenever possible 

(Figure 2). 

 

 
 

Figure 2. Integration of sequencing data in gene annotation process. 

  

https://sciwheel.com/work/citation?ids=78957&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=8174459&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=48808&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=760932&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=97666,2364643&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=97666&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=3979133&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=48946&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1396604,1395401&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
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1.4.1 Annotation of the human genome 
 

The first large-scale genome annotation efforts in human started in 1990 with the inception 

of the Human Genome Project75. Accompanied with the reduction of sequencing cost, 

multinational consortia, such as ENCODE and FANTOM, have considerably improved 

genome-wide understanding of the human genome47,76. Most notably, a large portion (~80%) 

of the human genome is suggested to be functional, regardless of their potential to be 

translated into proteins76. With the recent understanding of the non-coding genome, the focus 

has also been shifting towards annotating non-coding genes. This has been further 

exemplified by a growing number of recent annotation efforts, suggesting a need for 

annotation improvement of both coding and non-coding genes47,60,77–80. Unlike protein-

coding genes, however, non-coding RNAs are generally less conserved across species, 

making functional annotation of these elements a challenge81,82. 

1.4.2 From animal models to human 
 

Animal models are frequently used to facilitate medical research not only due to practical 

reasons, but also due to their similarities to human. Zebrafish, for example, has been shown 

to have ~70% similarity to human in terms of protein-coding genes83. The most popular 

model organism to study human disease is arguably still mouse, of which their protein-coding 

genes are 85% identical with human, on average84,85. With extensive genomic resources 

available through ENCODE, FANTOM and the Tabula Muris86 projects, mouse is still a 

strong model of choice for some years to come. Other models such as fruit fly and worm 

have been extensively characterised by the modENCODE project87,88, while zebrafish and 

dogs are yet to be fully characterised genome-wide. Similar to human, the systematic 

annotation of long non-coding RNAs in various organisms is still actively ongoing89,90 

1.5 THE IMPORTANCE OF METADATA ANNOTATION IN GENOME 
ANNOTATION 

 

To annotate genomic features in their corresponding biological conditions (e.g. specific cell 

types or developmental type points), an access to relevant information (metadata) is required. 

Studies have suggested the importance of having appropriate and reliable metadata in 

biomedical research91,92. Having unreliable, inconsistent, or incomplete metadata might 

affect both the analysis and interpretation of results. Sequencing databases like Sequence 

Read Archive (SRA)93, Gene Expression Omnibus (GEO)94, and European Nucleotide 

Archive (ENA)95 exist to provide collection of sequencing data together with associated 

metadata on samples, experiments and methods used. While these repositories are useful to 

store sequencing data, the connection of samples inside a study can often be missing or 

difficult to track. Although there have been efforts in standardizing metadata description and 

collection96, the compliance in the community is still lacking97. For this reason, large 

consortia often develop their own interactive platform to annotate the associated metadata 

and display related information in a uniform and more contextual way, such as ENCODE 

DCC98 from ENCODE and SSTAR99 from FANTOM.  

 

https://sciwheel.com/work/citation?ids=23572&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=23017,148256&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=23017&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=148256,3205874,4081215,57020,3557487,9506822&pre=&pre=&pre=&pre=&pre=&pre=&suf=&suf=&suf=&suf=&suf=&suf=&sa=0,0,0,0,0,0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=179199,511139&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=77373&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1430742,6000575&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=5836821&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=416747,316298&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=3190114,3416004&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=8101235,8101240&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=1965646&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=43387&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=3225896&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=580935&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=9804613&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=3491908&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=630535&pre=&suf=&sa=0&dbf=0
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2 RESEARCH AIMS 
 

The overarching aim of this thesis is: 

 

To strengthen zebrafish and dog as animal models in biological and medical research 

towards understanding human diseases. 

 

The specific aims are the following: 

1. To establish a next-generation sequencing data collection platform for large-scale 

genome annotation projects (Paper I). 

2. To produce a comprehensive genome annotation atlas of the zebrafish with particular 

emphasis on cis-regulatory elements (Paper II). 

3. To identify and produce a comprehensive atlas of gene promoterome in various dog 

tissues (Paper III). 

4. To investigate a putative regulatory element regulating progressive retinal atrophy 

using dog as the animal model (Paper IV).  
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3 METHODS 
 

3.1 DATA COLLECTION 

3.1.1 DANIO-CODE (Papers I, II) 
 

DANIO-CODE consortium was established to facilitate zebrafish researchers in 

systematically annotating the genomic elements in the zebrafish genome. Data collection for 

the DANIO-CODE project was done in three different ways: collaboration meetings, remote 

communication with collaborating research groups, and collection of previously published 

papers. The first big data annotation effort was done in Liège, Belgium in 2016, where the 

core groups of DANIO-CODE were present to annotate data that were already uploaded into 

the server.  

The aim of DANIO-CODE data collection was to obtain a wide range of zebrafish omics 

data, including transcriptomics, epigenomics, and methylomics. To facilitate efficient and 

reliable capture of sequencing data, we developed *-DCC (Paper I). We used DANIO-

CODE DCC as a mean to collect and annotate data coming from our collaborators and 

published studies. Through the use of DANIO-CODE DCC, we could standardize the 

terminologies that are often variably used in different studies, such as developmental stages, 

library protocols, and sequencing information. 

3.1.2 DoGA (Paper III) 
 

We initiated the Dog Genome Annotation (DoGA) project to address the gap in the 

annotation of genomic elements in the dog genome. The dog samples collected for DoGA 

project were pet dogs euthanized for medical reasons by the owner’s decision. Euthanasia 

was performed by injecting each dog with dexmedetomidine and butorphanol 

intramuscularly prior to the administration of propofol and penthobarbital intravenously. A 

clinical examination was done to every dog, including neurological examination in case of a 

neurological disease suspicion. The reports were documented by pathologists and were used 

as a guide for the tissue selection for RNA-extraction. 

We constructed STRT sequencing libraries of 88 tissues from 13 organs of 9 dogs. To 

strengthen the analysis and reliability of results, we decided to take a minimum of three 

replicates of each tissue of interest. Additionally, we generated in-house pilot CAGE data for 

10 of the tissues. The data together with the associated metadata were then stored in DoGA-

DCC, including detailed clinical information of the dogs, RNA samples information, 

sequencing libraries used and their files, as well as processing details and analysis results 

derived from sequencing data.  

3.2 COMPUTATIONAL METHODS 

3.2.1 Mapping of sequencing data (Papers II, III, IV) 
 

Sequencing files from the Papers II, III, and IV were processed with standardized pipelines 

following the standards of ENCODE and FANTOM consortia. Different aligners were used 

according to the purpose and fit. We aligned RNA-seq data using STAR aligner100, CAGE 

data using Bowtie101, and HISAT for STRT data102. The consideration of using different 

aligners lies in the nature of the data and common practice in different research groups. 

Generally, RNA-seq data are aligned using splice-aware aligners such as STAR or HISAT. 

https://sciwheel.com/work/citation?ids=49324&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=48646&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=734147&pre=&suf=&sa=0&dbf=0
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CAGE, however, was processed using Bowtie since the reads do not contain splicing sites, 

as it captures only 27 nucleotides of the transcripts. The resulting files were uploaded to the 

DCC platforms and annotated with the version of the used pipeline and linked to their source 

files. 

3.2.2 Transcriptome assembly (Paper II) 
 

To generate reliable and high quality transcriptome, we selected 139 wild-type zebrafish 

embryonic RNA-seq samples based on their paired-end and stranded features. StringTie 

algorithm103 was used to call transcripts in each sample, which were merged into one 

transcript model using TACO103. We filtered out read through, single-exonic and transcripts 

overlapping 3 or more Ensembl genes. All protein coding transcripts above 200kb and long 

non-coding RNAs above 100kb were also excluded. We further divided remaining set of 

transcripts (permissive) into robust set by selecting transcripts expressed in minimum 2 

nearest developmental stages. 

3.2.3 Promoter identification (Papers II, III) 
 

The 5’-end of mapped STRT reads were taken and grouped into clusters with Paraclu104 using 

principle similar to CAGE signals processing: taking the first nucleotide of mapped reads 

and group them together, forming STRT/CAGE tag clusters. To get the different promoter 

classes, these clusters were then overlapped with in-house CAGE data, gene models 

(Ensembl & Refseq) and gene predictions obtained from UCSC genome browser105 

(Genscan, Geneid, AUGUSTUS, Feelnc90). The first exons of each gene model & prediction 

were taken and extended 2000 bp upstream and 300 bp downstream. These were merged into 

sets of consensus gene model promoters and gene prediction promoters.  

The peaks were grouped into classes based on their association with CAGE, gene models or 

gene predictions. To reduce false positives in the exonic regions and 3’ UTR regions, we 

filtered out remaining STRT peaks overlapping with non-1st exons and 3’ UTR in any of the 

gene model/predictions. To assess the reliability of assembled transcripts and identified 

promoters, we compared them with gene models that are widely used in the community, 

Ensembl and RefSeq. This step also assisted us in choosing the parameters for processing 

and thresholds for filtering. 

Additionally, as it is common to observe batch effect in sequencing data performed in either 

different time, lab, by different people, we performed count data correction of the identified 

promoters. Batch effect adjustment of count data was performed with ComBat-Seq106 and 

normalized the adjusted counts with the libraries spike-in count factor. 

3.2.4 Transcription factor binding analysis (Paper IV) 
 

To find out the impact of the variant identified through whole genome sequencing, we lifted 

over the genomic coordinates in the dog genome to the human genome via UCSC liftOver 

tool107. As the lifted over region coincides with an open chromatin region in the human 

genome shown by the presence of DNA hypersensitive site, we then looked for any 

transcription factor binding site that might infer regulatory mechanism around the variant 

site. We then performed motif scanning using “searchSeq” function of TFBSTools 

package108 on the +/-500 bp regions surrounding the TSSs of genes flanking the variant site. 

We prioritized the target genes based on retinal expression of the genes having similar motif 

in their promoter regions. 

https://sciwheel.com/work/citation?ids=1941955&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1941955&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=964983&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=11404774&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=3416004&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=10080595&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=652864&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=1194977&pre=&suf=&sa=0&dbf=0
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3.3 ETHICAL CONSIDERATIONS 
 

The DANIO-CODE project (Papers I and II) did not require any additional ethical permits 

as majority of the datasets were collected from public repositories and the generation of new 

datasets were done in developmental stages that do not require ethical permission (below 5-

day stage).  

For Papers III and IV, the ethical committee of County Administrative Board of Southern 

Finland evaluated and accepted the animal proceedings under the ethical permissions 

ESAVI/7482/04.10.07/2015 and ESAVI/343/04.10.07/2016. 
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4 RESULTS AND DISCUSSION 
 

4.1 PAPER I - ∗-DCC: A PLATFORM TO COLLECT, ANNOTATE, AND EXPLORE 
A LARGE VARIETY OF SEQUENCING EXPERIMENTS 

  

The advancement in next-generation sequencing has resulted in numerous large-scale 

genome annotation projects. These efforts are often done in a collaborative fashion using 

diverse experimental designs and protocols, leading to a mixed collection of data. To generate 

reliable and reproducible results, the possibility to link the associated metadata with the 

produced data appropriately is crucial. 

In Paper I, we described *-DCC, a platform that facilitates large-scale genome annotation 

projects to collect and document sequencing data together with their linked metadata. 

Different laboratories can have different standards and ways to describe their studies and 

experiments. To capture the information related to the studies effectively, we simplified the 

study description into five entities: series, biosample, assay + applied assay, sequencing, and 

data. To ensure the quality and reproducibility of captured metadata, annotators should follow 

species- and experiment-specific standardized vocabularies wherever applicable. 

Information relevant to the experiments, such as targets for ChIP-seq assays, are also 

required. Annotators have the options to provide the information via web form or CSV 

(comma-separated values). 

To demonstrate the differences of *-DCC with established platform, we compared the 

metadata annotation process in our platform and SRA Submission Portal Wizard93. In 

comparison to the Submission Portal Wizard, our platform enables the annotators to describe 

more complete sequencing information and multiple use of one assay in multiple studies 

(which is commonly done in multiple projects). Additionally, *-DCC also provides a feature 

to download multiple datasets together with their associated metadata. *-DCC, however, 

might not be the best option for small-scale or singular project. For these purposes, data 

producers or annotators could use a more straightforward approach according to their needs. 

Through this platform, we have contributed to providing a resource for large-scale genome 

annotation projects to ensure the reproducibility and transferability of their sequencing data. 

We have also implemented this platform in our genome annotation projects, DANIO-CODE 

and DoGA. We anticipate that more large-scale initiatives will come in the near future, thanks 

to the development of sequencing technologies and the reduction in sequencing cost. 

4.2 PAPER II - INTEGRATED ANNOTATION AND ANALYSIS OF GENOMIC 
FEATURES REVEAL NEW TYPES OF FUNCTIONAL ELEMENTS AND 
LARGE-SCALE EPIGENETIC PHENOMENA IN THE DEVELOPING 
ZEBRAFISH 

  

In Paper II, we aimed to annotate the genomic elements in the zebrafish genome during 

development. To annotate and describe further the use case of zebrafish, we have collected 

zebrafish sequencing data together with our collaborators in the DANIO-CODE consortium. 

The initial establishment of the DANIO-CODE DCC platform (Paper I) has allowed us to 

collect and annotate 1,804 sequencing samples consisting of published and newly generated 

transcriptomics, epigenomics, and methylomics datasets. To ensure consistency, we 

uniformly processed those samples according to ENCODE and FANTOM consortia 

standards. 

Using transcriptomics datasets, we annotated the transcribed elements as well as their precise 

promoter regions. We assembled transcriptome from 139 RNA-seq data resulting in 51,033 

https://sciwheel.com/work/citation?ids=1965646&pre=&suf=&sa=0&dbf=0
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transcripts of 30,832 genes across 26 developmental stages of zebrafish. CAGE data from 16 

developmental stages further provided the exact TSSs of 16,303 genes. Through this process, 

we also noted 131 potentially novel coding genes and 251 novel lncRNA genes that are 

supported by promoters identified by CAGE, highlighting similar gap in human that there 

are still rooms for improvement in identifying the genomic elements in zebrafish. 

Precise promoter definition could facilitate researchers interested in blocking transcription of 

genes. To show the discrepancy between establish annotation and our model, we further 

compared our CAGE-based TSSs with Ensembl-based TSSs. We found that majority of the 

identified promoters (>55%) is located over 20 base pair away from Ensembl TSS. To show 

the significance of this discrepancy, we performed CRISPR/Cas experiments on selected 

genes. We noted that the efficiency of dead Cas system is higher for guides designed closed 

to the CAGE-defined TSS. This result shows that precise promoter definition has a broader 

impact than a mere knowing the gene boundaries. 

Finally, we provided the collected and analyzed data publicly in both raw and processed 

forms, allowing the research community to re-process and re-analyze the data. To facilitate 

the exploration of processed data across developmental time points, we also generated 

integrated tracks that allow visualization in genome browsers. Our findings together with the 

associated resources reported in Paper II would allow the research community using 

zebrafish as model organism to have better context of their research. Additionally, the 

resources will also provide broader research community interested in cross-species analysis 

or evolutionary genomics to expand and contribute to their fields and beyond. 

4.3 PAPER III - DOG GENE PROMOTEROME AND TISSUE EXPRESSION 
ATLAS 

 

We presented the largest dog tissue collection and dog gene promoterome in Paper III. We 

collected and stored over 5000 samples comprising of 120 tissues from 16 dogs. To our 

knowledge, the data collected in our biobank is the most comprehensive dog tissues data 

collected to date. While improvements in dog genome annotation have been recently 

reported109,110, there is still much room for improvement, both structurally and functionally. 

We have identified 56,236 robust promoters covering 15,357 known genes, of which 36,506 

of them are potentially novel. 

We also noted that different dog breeds share similarities to each other in terms of gene 

expression. Similar to what has been reported in humans47, we found specific tissue-enriched 

promoters associated with known tissue markers in their respective tissues. To facilitate 

research community in exploring these findings and resources, we built an interactive 

platform via ShinyApp and provide the signal tracks in genome browsers. All in all, DoGA 

resources reported in Paper III will enable the research community interested in using dogs 

as animal model as well as studying the relationship between dogs and other species.  

4.4 PAPER IV - A PUTATIVE SILENCER VARIANT IN A SPONTANEOUS 
CANINE MODEL OF RETINITIS PIGMENTOSA 

 

We demonstrated one of the potential use cases of dogs as an animal model in medical 

research in Paper IV. We used dog breed Miniature Schnauzer as the model for 

understanding the disease retinitis pigmentosa (RP) in human by identifying the genetic cause 

of a similar phenotype in dogs, progressive retinal atrophy (PRA). 

The mutation site that is consistently found and associated with the PRA phenotype in the 

model was found to be located in the open chromatin region in the human genome. 

Furthermore, a transcription factor binding site was also found in the variant site, suggesting 

that this region might have regulatory function. To find out the impact of this variant, we 

https://sciwheel.com/work/citation?ids=11148282,11865371&pre=&pre=&suf=&suf=&sa=0,0&dbf=0&dbf=0
https://sciwheel.com/work/citation?ids=148256&pre=&suf=&sa=0&dbf=0
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investigated the lifted over locus in the human genome. A transcription factor binding site 

motif (HAND1::TCF3 )was present in the location of the lifted over genomic coordinate. We 

further asked if there were any genes having this motif in their promoter regions. Six target 

genes were prioritized based on their retinal expression from STRT data generated in Paper 

III, motif scanning score, and their expression in human retinal tissues in public databases. 

Through luciferase reporter assay, we found that the variant site might be a silencer regulating 

EDN2 and COL9A2 genes that have been reported in retinal degradation studies. 

This paper proves another case that we are able learn from dogs to understand human 

diseases. While the exact disease might not always be available in animal models, similar 

forms of disease could also open up relevant findings to understand the biological phenomena 

in human. As discussed in the beginning, the use dogs and other animal models has 

contributed to the research community and it is indeed up to us to explore further. 
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5 CONCLUSIONS AND PERSPECTIVES 
 

5.1 CONCLUSIONS 
 

The use of animal models has improved the understanding in numerous biological and 

medical processes. This thesis aims to further strengthen zebrafish and dogs as animal models 

in understanding biological processes and their dysregulations in human. Through our 

experience in being parts of multiple consortia since their inceptions, we have built open 

platforms that streamline the process of sequencing experiments, processed and analyzed 

omics data, and also demonstrated the use case of animal models towards achieving our aim 

of understanding human diseases. 

Through Paper I, we have contributed to the community by providing a platform that allow 

efficient and controlled data collection towards ensuring reproducibility of research results. 

We made the case that there were many lessons learnt through consortia working in large-

scale genome annotation projects and that data collection and reproducibility are among the 

most important ones. 

Paper II highlighted the gap in understanding the zebrafish genome and further showcased 

the case in point of large-scale genome annotation efforts. Genomic elements that were 

previously discarded or overlooked are now characterized in detail and with further evidence. 

Moreover, we showed the translational potential of the findings which can be applied to 

understand other organisms, including human. 

Paper III attempted to improve the understanding of the dog genome. Compared to 

zebrafish, the dog genome is less well-understood, despite being a mammal and an excellent 

model for many human diseases. Here, we aimed at improving the definition of gene 

promoters as well as the understanding in gene expression in various tissues in dogs. 

Additionally, we also provided community with the biobank resource that can be used for 

further studies. 

Paper IV demonstrated the use pf dogs as an animal model to understand an eye disease in 

humans. Using the dog breed Miniature Schnauzer and a combination of experimental and 

computational methods, we showed a regulatory variant that regulates genes relevant to the 

disease. Furthermore, we also noted that the region examined also existed in humans sharing 

similar proximity with affected genes, further highlighting the translation potential of animal 

models. 

5.2 PERSPECTIVES 
 

The bottlenecks of understanding the function of genomics elements might lie in three 

factors: 1) available technologies; 2) limited resources; and 3) knowledge barrier. With the 

rapid advancement in sequencing technologies and the popularity of cloud-based platforms, 

it is quite likely that the first two points will soon be addressed, implying that it is about time 

we enter a new era of biology. Single-cell and long-read sequencing technologies will likely 

be the next methods of choice to help researchers annotate and understand the gene regulation 

in various organisms. From the HGP in early 2000’s to the ENCODE and FANTOM projects 

a decade later, we are now anticipating a new era of genomics and cell biology brought about 

by the recent Human Cell Atlas project111. 

Regarding the genome annotation itself, full-read transcriptome sequencing might also open 

up a new avenue in transcripts and gene identification112. Another trend is that data sharing 

and open access research have been more and more advocated by the research community. 

https://sciwheel.com/work/citation?ids=4406697&pre=&suf=&sa=0&dbf=0
https://sciwheel.com/work/citation?ids=8973279&pre=&suf=&sa=0&dbf=0
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This further highlights the importance of reproducibility potential of research reports through 

proper and reliable documentation. Through the work of this thesis, we are not only 

contributing to the understanding of gene regulation but also providing the community with 

a tool that will benefit it in data sharing and ensure reproducible data processing and analysis. 

As reported before113, the genome annotation improvement in both animal models and 

humans will also likely contribute to the clinical application in diagnostics and possible novel 

treatment of diseases.  

  

https://sciwheel.com/work/citation?ids=3710324&pre=&suf=&sa=0&dbf=0
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