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Abstract 
For many years, RNAs were thought to be intermediate products between DNA and 

protein. The discovery of RNA interference (RNAi), a regulatory process that uses 

small non-coding RNAs to regulate gene expression at the post-transcriptional level, 

changed our view about RNAs. However, the discovery of microRNAs was the 

realization of RNAs as the regulatory elements. In recent years, many high-

throughput sequencing studies have identified hundreds to thousands of various 

kinds of non-coding RNAs. The existence and biological relevance of these non-

coding RNAs detected in large-scale analysis of human tissues have not yet been 

characterized in a vertebrate animal in vivo. To gain insight into the existence and 

biological relevance of these non-coding RNAs in vertebrate animal in vivo, we have 

set out to generate the first global description of TSS usage during key stages of 

vertebrate embryonic development at single nucleotide resolution. We have coupled 

CAGE maps to protein-coding and non-coding transcripts by RNA sequencing 

(providing a quantitative description of TSS usage on a genome scale) and anchored 

to posttranslational histone modifications (H3K4me3) by ChIP sequencing. 

 

We reveal an extraordinary dynamics of promoter usage that takes place during 

development of the vertebrate embryo. We showed that the onset of transcription 

and subsequent differentiation of the embryo is characterized by the developmentally 

regulated appearance of 5’-ends of intragenic RNAs on many genes, and of an entire 

hitherto unknown layer of RNA species overlapping known genes and having specific 

signatures occurring in exons, introns and 3’-UTRs of developmentally active genes. 

We characterize the pervasive production of intragenic processed RNAs including 

exonic and intron-5’ end specific RNAs and provide the first indication for the 

biological processes in which they may function. Notably, intron 5’ end associated 

non-coding RNAs are active zygotically and restricted to genes that encode RNA 

processing and the splicing proteins in both fish and human. We demonstrated 

evidence that exonic RNAs are produced by a non-canonical posttranscriptional 

mechanism independent of the gene 5’ end. We show the initiation landscape and 

developmental dynamics of lincRNAs; we show the evolutionary conserved process 

of developmentally regulated posttranscriptional processing of lincRNAs into 

intragenic RNAs, which demonstrate the utility of zebrafish in studying mammalian 

lincRNA processing.  

 

The main aim of this work was to provide a (currently non-existent) annotation of 



miRNA promoters and characterize their common characteristics features at 

transcription, post transcription and chromatin level. We describe the first genome-

wide identification of miRNA promoters in zebrafish active during the early embryonic 

developmental stages. We identified a small number of maternally transcribed 

miRNAs, one MBT specific miRNA and the majority that are zygotically transcribed. 

We report the first evidence of moRNAs in zebrafish and pufferfish that were 

previously reported in human and Ciona intestinalis. We show evidence for 

unexpected enrichment of pre-miRNA sites with promoter-associated histone 

modification marks (H3K4me3 and H2A.Z) suggesting chromatin regulation and 

potential involvement of transcription machinery in pre-miRNA processing, 

suggesting co-transcriptional splicing of pre-miRNAs and pri-miRNA. 

 

We have provided a catalogue of intermediate-sized non-coding RNAs in zebrafish, 

by making RNA library enriched for intermediate-sized (50-500 nt) non-coding RNAs, 

collected from zebrafish larvae (5-7 days post fertilization). In particular, we validated 

most annotated snoRNAs and identified few hundreds of novel snoRNAs making the 

most comprehensive annotations of zebrafish snoRNAs. Host genes for most 

snoRNAs showed no evidence for independent transcription of snoRNAs, suggesting 

they are co-transcribed by host genes. Interestingly, host (coding and non-coding) 

genes require non-canonical transcription initiation machinery, as indicated by TCT 

initiation signals, that is associated with translation machinery. 5’-end of many 

snoRNAs overlaps with CAGE 5’-ends, suggesting either they are capped or 

undergo post-transcriptional modification, which is also evolutionary conserved in 

human snoRNAs. Small RNAs derived from snoRNAs are generated from most 

snoRNAs and provide first evidence of sd-snoRNAs produced in oocytes, suggesting 

their potential importance during early embryogenesis. 

 

 

 

 
 
 
 
 
 
 
 
 



1. Introduction 
Non-coding RNAs (ncRNAs) are mature products of genes that are transcribed but 

not translated into proteins. The size of these non-coding RNAs can range from as 

small as 18-22 nucleotides (nt) to tens of kilobases (KBs). Non-coding RNA genes 

can be found within introns of protein-coding genes, proximally to the promoters of 

such genes, or in intergenic regions as defined with reference to protein-coding 

genes. In general, the functional specificity for many non-coding RNAs is conferred 

by a secondary structure or a small sequence that binds to its target through 

complementary base pairing in the 3’ untranslated region (UTR). Here, the RNA 

transcripts themselves are the functional end products rather than an intermediate 

RNA. While we can describe these non-coding RNAs as “regulatory RNAs”, it is far 

from certain if all transcribed RNAs are functional and we are yet to understand all 

their regulatory roles. The genome-wide discovery of thousands of such regulatory 

RNAs in mammals, vertebrates, and plants has provided new insights into their 

contribution to gene regulation, as well as the forms in which genetic information is 

interpreted. 

 

The central dogma of molecular biology states the direction of flow of genetic 

information: DNA is transcribed into messenger RNAs, which serves as the template 

for protein synthesis (Brenner et al. 1961; Jacob and Monod 1961). Brenner, Jacob, 

and Meselson confirmed this model by isolating the unstable RNA carrier of 

information, distinct from ribosomal (rRNA) and transfer RNAs (tRNAs), and 

disproved the hypothesis stating that each gene has a unique ribosome responsible 

for synthesizing its protein product. RNA was thereafter recognized as the 

information carrier for protein construction from the genes to the rest of the cell 

(mRNA): it presented the correct amino acid to the growing protein (tRNA) and 

facilitated the creation of new proteins at the ribosome (rRNA). The concept of 

functional non-coding RNA dates back to the initial days, as it was shown that some 

RNAs are transcribed but not translated; however, it was thought that their function 

was limited to coordinating genes and protein production, and that they did not have 

regulatory roles on their own. 

 

For the next two decades, our knowledge of non-coding RNAs was primarily limited 

to those involved in protein synthesis. In the early 1980s, different classes of 

functional RNAs were discovered, which led to the realization that non-coding RNAs 

have an important role in gene regulation. Various classes of non-coding RNAs were 



discovered during this time, such as RNase P, a ribozyme, required for the 

maturation of tRNAs (Stark et al. 1978); the ‘U’ RNAs, which assist in splicing 

mRNAs; and small nucleolar RNAs, which guide modifications of other RNAs 

(reviewed in (Zieve 1981; Matera et al. 2007). However, the real surprise was the 

discovery of microRNAs (miRNAs) (Ambros 1989), which were able to regulate 

genes using a highly specialized and efficient cellular mechanism.  This discovery 

turned out to be the beginning of the realization that non-coding RNAs are major 

players in gene regulatory networks. The first miRNA gene (lin-4), discovered in 

Caenorhabditis elegans, was identified as a regulator of developmental genes lin-14 

and lin-28 (Ambros 1989). The mechanism by which miRNAs were found to control 

the gene expression of lin-14 was via the gene’s 3’ untranslated region (UTR) 

(Wightman et al. 1991). An effort to clone the lin-4 gene identified the lin-4 gene 

product as a 21 nt transcript with complementarity to the lin-14 3’ UTR (Lee et al. 

1993), which was apparently the first microRNA. Initially, lin-4 gene was thought to 

be an exception, as no other miRNAs with similar functionality were found in the 

years to follow. It was not until 2000 that a second miRNA gene, let-7, was identified 

in C. elegans, with a similar functional mechanism (Reinhart et al. 2000). Analysis of 

sequence conservation revealed that these two miRNAs were highly conserved, and 

detectably transcribed in other species ranging from C. elegans to D. melanogaster 

and humans (Pasquinelli et al. 2000). These findings suggested that miRNAs were 

not just a nematode peculiarity, but rather a RNA type widespread across all species. 

Since then, thousands of microRNA genes have been found in organisms including 

vertebrates, invertebrates and plants (Lim et al. 2003) (Reinhart et al. 2002; Jones-

Rhoades and Bartel 2004).  

 

Genome-wide prediction of miRNAs based on sequence homology, secondary 

hairpin structure and evolutionary conservation suggested thousands (~15,000) of 

genomic segments that were predicted to form stem loops (Lim et al. 2003).  

However, Lim et al had predicted only 188 candidates to be true miRNA candidates, 

and suggested maximum cap of about 255 miRNAs in human genome. To provide 

the scientific community with high-confidence miRNAs based on experimental 

evidence, a dedicated database called miRBase was established (Kozomara and 

Griffiths-Jones 2011) and many of miRNAs stored there have been implicated in the 

regulation of basic biological functions (reviewed in (Bartel 2004)).  
 
 
 
 



 
 
 
Figure 1. Timeline of the discovery of functional RNAs. The figure has been adapted 

from a recent review (Rinn and Chang 2012) 
 
 
Subsequently, studies inspired by the discovery of miRNAs were able to identify 

novel small RNA classes using high-throughput sequencing technologies (Ruby et al. 

2006). Among these classes of non-coding RNAs, two of the most well characterized 

and studied were short interfering RNAs (siRNAs) and piwi-interacting RNAs 

(piRNAs). Short interfering RNA are 21-25 nt RNAs usually derived from exogenous 

RNA and are believed to be part of a defense system against foreign RNA (Meister 

and Tuschl 2004). Piwi-interacting RNAs is a novel class of RNA that were first 

identified in germlines and are associated with Piwi-subclade member of the 

Argonaute protein family (Girard et al. 2006; Grivna et al. 2006).  

 

Genome-wide evidence of novel classes of small RNAs with developmentally 

regulated patterns across various cell lines and tissues asserted the importance of 

small RNAs and indicated a much more important regulatory role for them than 

previously anticipated. One of the dominant classes of small RNAs identified was in 

promoter regions (Kapranov et al. 2007; Seila et al. 2008; Taft et al. 2009a), termed 

promoter-associated RNAs (pasRNAs) or transcription-initiation RNAs (tiRNAs). But 

evidence of genomic regions from which small RNAs are produced was not limited to 

just promoters, but also included exons, introns, exon-exons junctions (Carninci et al. 

2006; Fejes-Toth et al. 2009; Mercer et al. 2010), splice-sites (Taft et al. 2010; Valen 

et al. 2011), 3’UTR (Mercer et al. 2011) and intergenic regions. The detailed 

biogenesis, mechanism and functional aspect of these RNAs has been reviewed 

(Kim et al. 2009). 

 



Unlike the small non-coding RNAs described above, two long non-coding RNAs 

(lncRNAs), Xist and Air were identified long before miRNAs were identified, as shown 

in Figure 1.  At the time, studies based on DNA microarrays had revealed that most 

of the transcribed regions in the genome did not code for proteins (Kapranov et al. 

2002; Rinn et al. 2003; Bertone et al. 2004; Kampa et al. 2004). As the function of 

these transcribed regions was not evident, it was assumed that these transcripts 

were just a by-product of transcription, rather than a functional product. A large-scale 

effort taken by the FANTOM (Functional Annotation of Mouse) consortium to 

sequence the full-length cDNAs of both mouse and human revealed genome-wide 

evidence of transcribed RNAs, the majority of which did not code for proteins 

(Carninci et al. 2005; Katayama et al. 2005). While it was evident that the 

mammalian genome is pervasively transcribed, forming a complex interlaced 

architecture (Katayama et al. 2005; Engstrom et al. 2006), skepticism still remained 

about the functionality of these non-coding RNAs (Willingham et al. 2005). The 

ENCODE (Encyclopedia of DNA Elements) pilot project suggested at least 74% of 

the assessed region (1% of genome) were transcribed, as assessed by two or more 

different technologies (Birney et al. 2007). This number was later increased to 80% 

(Bernstein et al. 2012). A detailed analysis on sequence conservation revealed only 

small stretches of highly conserved non-coding RNA elements (Pang et al. 2006). On 

the other hand, even poorly conserved non-coding RNAs possess an imprint of 

purifying selection on their promoter and primary sequence (Ponjavic et al. 2007).  

 

However, it was not until the identification of HOTAIR (Rinn et al. 2007) that a 

potential mode of regulation of such non-coding RNA might be in regulating the 

epigenetic landscape by modifying chromatin structures. HOTAIR is located in HOXC 

locus and represses transcription of HOXD locus in trans by interacting with the 

Polycomb Repressive Complex 2 (PRC2) and required for PRC2 occupancy and 

trimethylation of lysine-27 on histone 3 of HOXD locus. Soon, more publications 

detailed the functional roles of lncRNA and its association with various chromatin 

structure (Khalil et al. 2009; Gupta et al. 2010; Mondal et al. 2010). As of now, 

lncRNAs are known to form ribonucleoprotein complexes with various chromatin 

regulators and then target their enzymatic activities to appropriate locations in the 

genome (Rinn and Chang 2012).  



 
Figure 2: The rise in number of papers related to miRNAs and non-coding RNAs. 

The number indicates the number of published papers (which are PubMed indexed) 

per year with keywords ("miRNA" or "microRNA" or "micro RNA") and ("non-coding 

RNA" or "ncRNA" or "non-protein-coding RNA” or "lncRNA" or "lincRNA" or "long 

non-coding RNAs"). The data for this figure were extracted from PubMed during the 

end of October 2012.  
 
 

All these studies revealed that the genome is pervasively transcribed, with only a 

fraction (2%) of transcripts representing coding exons and another 20% consisting of 

other gene components such as the 5’ and 3’ UTRs as well as the introns. While this 

may be partially accounted for by unannotated protein-coding genes, the vast 

majority of these transcripts are indeed non-coding (Carninci et al. 2005; Katayama 

et al. 2005; Birney et al. 2007; Bernstein et al. 2012). Given the recent discovery of 

new types, the list of known non-coding RNAs as well as our understanding of their 

importance is likely to continue to grow. Extrapolating their regulatory roles for the 

majority of these transcripts remains challenging and requires more detailed analysis 

on each specific locus.  
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Non-coding functional elements such as cis-regulatory modules (promoters and 

enhancers) and non-coding RNAs have been the center of recent attention of recent 

genomics research. The functional analysis and annotation of these features is 

expected to shape genomics research in the forthcoming decade. The rise in the 

number of research papers related to miRNAs and non-coding RNAs published per 

year is a testimony to the realization that ncRNAs are important functional elements 

(Figure 2). Most of the studies using high-throughput data to study miRNAs, non-

coding RNAs and other regulatory elements are based on in vitro cell culture work. In 

order to take advantage of the zebrafish (Danio rerio) model organism, the zebrafish 

transcriptome and promoterome (ZEPROME) consortium was formed with the aim of 

elucidating the developmental transcriptional regulation codes of both coding and 

non-coding RNA in the context of a developing vertebrate embryo. Our work is 

pioneering in the mapping of functional elements of transcription initiation in the 

complexity of the vertebrate animal during development and yielded the most 

comprehensive and highest resolution genome-wide map of coding and non-coding 

RNA promoter usage throughout embryonic development. Furthermore, this dataset 

is the first of its kind for any animal model that covers all key stages from fertilization, 

through maternal zygotic transition to body patterning and organogenesis. It 

represents an important genomic annotation resource for the discovery of novel 

features of non-coding RNAs and cis-regulatory codes present in vertebrates. Since 

this thesis deals only with non-coding RNAs, I will mainly focus on various types of 

non-coding RNAs that we have identified in this study.  
 
 

1.1. Genomics era 
Our current understanding of RNA biology is the result of a series of landmark 

events. One of the most important was the completion of the first draft of the human 

genome (Lander et al. 2001; Venter et al. 2001), which was a giant leap in the field of 

genomics. The availability of the human genome coupled with advances in massively 

parallel sequencing technologies is considered the beginning of modern-day 

genomics era. One of the major outcomes of the human genome project was to 

reveal that only ~2% of the genome is composed of protein-coding genes, and that 

the estimated gene count was about ~21500. In contrast two previous (only a year 

earlier) large scale studies based on expressed sequence tag (EST) data, had 

estimated the number of coding genes in human genome to be between 35,000 

(Ewing and Green 2000) and 120,000 (Liang et al. 2000).  

 



Already around the time of the completion of the draft human genome, some studies 

suggested that most of the human genome was transcribed (Wong et al. 2001), a 

notion that was later supported by large scale consortium studies such as ENCODE 

(Birney et al. 2007; Bernstein et al. 2012) and FANTOM (Carninci et al. 2005). Such 

large-scale studies have now been extended to other species - i.e. to Drosophila and 

C. elegans through modENCODE (Gerstein et al. 2010; Roy et al. 2010) project that 

further supports the notion of genome being pervasively transcribed is an 

evolutionarily widespread phenomenon. The ENCODE pilot project used different 

technologies to investigate the transcriptional landscape on 1% of the genome (44 

genomic loci) across various cell lines, revealed a staggering 74% of the nucleotide 

positions examined were biochemically active. The outcome of the ENCODE pilot 

project was a testimony to other prior work that had reported a plethora of 

developmentally regulated transcribed RNAs (Birney et al. 2007). The recently 

concluded second (whole-genome) phase of the ENCODE project, which had made 

a courageous effort to catalogue the transcriptional landscape on a genome-wide 

scale across various human cell lines, reported at least of 80% of the bases in 

human genome are transcriptionally active (Bernstein et al. 2012).  The functional 

importance for many of these non-coding RNA is still unclear, and the identification 

and functional characterization of these non-coding RNAs is currently among the 

most important and interesting challenges in genomics.  
 

1.2 Conserved non-coding elements 
After the completion of the human genome, the availability of the draft genomes of 

mouse (Waterston et al. 2002), rat (Gibbs et al. 2004) and many other vertebrates 

allowed a comparison of multiple genomes to identify regions that are evolutionary 

conserved. Comparative genomics allowed us to assess the rate of purifying 

selection acting on the different segments of genes (promoter, exons, introns, UTRs), 

and intergenic regions, which revealed an unexpectedly high degree of conservation 

outside the coding regions (Bejerano et al. 2004; Boffelli et al. 2004; Sandelin et al. 

2004). These regions were described as ultraconserved region (Bejerano et al. 2004; 

Sandelin et al. 2004), conserved non-coding elements (Woolfe et al. 2005), or highly 

conserved non-coding elements (HCNEs)(Engstrom et al. 2008). The use of different 

thresholds in terms of minimum number of conserved bases and percentage identity 

along the conserved bases, and different species used for comparison with human 

sequence, resulted in different estimates regarding the number of HCNEs (Bejerano 

et al. 2004; Sabarinadh et al. 2004; Sandelin et al. 2004). Nevertheless, what these 



elements have in common is that they tend to cluster around developmental 

regulators regions, including in gene deserts, and that those clusters that can span 

several megabases each (Sandelin et al. 2004; Woolfe et al. 2005). Many HCNEs 

were identified to be functional enhancers able to drive the expression of (nearby or 

distal) target genes, in both vertebrates (de la Calle-Mustienes et al. 2005; 

Pennacchio et al. 2006; Kikuta et al. 2007) and invertebrates (Glazov et al. 2005; 

Papatsenko et al. 2006; Engstrom et al. 2007). Despite many HCNEs being capable 

of driving the target gene’s expression in a reporter gene assay, almost an equal 

number of examined HCNEs were unsuccessful (Pennacchio et al. 2006). Genome-

wide analysis of enhancer studies using ChIP-seq revealed tissue specific (Visel et 

al. 2009b) and stage-specific (Bogdanovic et al. 2012) enhancers. The temporal and 

spatial expression patterns of enhancers partly explain the inability of some HCNEs 

to function in a particular transgenic assay, which may be limited with respect to the 

developmental time points it covers. The data from the ENCODE and most recent 

FANTOM projects will shed light in choosing appropriate tissues or developmental 

time points. Recent studies have reported highly conserved non-coding RNAs are 

altered in human cancer (Calin et al. 2007), emphasizing the importance of these 

HCNEs in the regulation of human health. 

 

One obvious question is, why are these non-coding elements so conserved and what 

functions (if any) are encoded in them? Two percent of the human genome codes for 

proteins and the remaining 98% comprise intron (intragenic) and intergenic regions. 

Before the completion of the human genome these intragenic and intergenic 

sequences were considered junk or selfish DNA (Ohno 1972; Orgel and Crick 1980), 

and were thought be genetically inert. The comparisons of multiple genomes showed 

that most conserved sequences were not coding sequences but rather non-coding 

sequences (Lindblad-Toh et al. 2011). Though highly conserved sequences are non-

coding sequences, in general, the overall conservation of coding sequences is much 

higher than non-coding sequences. Later it was shown that the relative amount of 

non-coding sequence increases with complexity (Taft et al. 2007). Human (and other 

mammals) have higher ratio of non-coding sequences compared to coding 

sequences, while the number of coding genes remains similar. It has been 

speculated that the complexity in higher organisms may be inferred through these 

non-coding sequences. Highly expressed genes in the nervous system have large 

intronic sequences indicating the complexity of these brain specific genes might have 

acquired through gain of these non-coding sequences (Taft et al. 2007). As the 

genome sequence of more (distantly related) species are now available, a closer 



inspection revealed at least of 5% of human genome is under strong purifying 

selection (Lindblad-Toh et al. 2011). For the majority of these regions (excluding 

coding genes) under purifying selection, functions are not yet annotated.  
 

1.3 Conserved RNA structures 
The function of many non-coding RNAs is mediated through their secondary and 

tertiary structures. The availability of multiple genomes allowed researchers to 

identify conserved secondary structures, an indication of putative functional RNAs. 

Most known house keeping RNA types have conserved structures despite relatively 

low sequence conservation. The rationale behind the approach to identify these 

structured RNAs was: given any RNA sequence, how likely is it to have higher 

conservation, both at sequence and structure level, than one would expect by 

chance, and how stable would the secondary structures be? Conserved secondary 

structure is an act of purifying selection on the functional RNA that allows changes at 

the sequence level as long as the secondary structure and a small number of key 

residues are preserved. RNA sequences are often highly variable while maintaining 

structural conservation, often resulting in a substitution pattern. One of the first tools 

to predict genome-wide non-coding RNAs, qrna, is based on a stochastic context 

free grammar (SCFG) method to assess the probability that a pair of aligned 

sequences evolves under a constraint for preserving a secondary structure (Rivas 

and Eddy 2001). RNAs that are under long-time selection pressure to maintain 

secondary structure can be expected to have sequences more resilient to mutation 

(van Nimwegen et al. 1999). This in turn correlates with increased thermodynamic 

stability of the fold. It has been observed that functional RNAs are more stable than 

the structures formed by randomized sequences (Washietl and Hofacker 2004; Clote 

et al. 2005). 

 

To accomplish this on a genome-wide scale, two different prediction tools, RNAz 

(Washietl et al. 2005) and Evofold (Pedersen et al. 2006), based on different 

approaches, were used to predict evolutionarily conserved secondary structures in 

human genome. RNAz calculates the probability that a multi-sequence alignment 

represents a conserved structured RNA by predicting the thermodynamic stability of 

a shuffled alignment. It measures thermodynamic stability of individual sequences 

and a structure conservation index obtained by comparing the folding energies of the 

individual sequences and the energy of the predicted consensus folding. Evofold 

uses a probabilistic model of RNA sequence and structure evolution, called 



phylogenetic-SCFG with structural and non-structural model, to evaluate how well a 

substitution pattern in an alignment matches a secondary structures annotation. It 

predicts the structure only if the segment of the alignment is better described by the 

structural model than the nonstructural model. Despite the different approach in their 

underlying mechanisms, both tools predicted tens of thousand of structured RNAs, 

located in all segment of genes and in intergenic regions. A collaborative effort 

between both groups, as a part of ENCODE pilot project, revealed strikingly low 

(around 25 %) overlap between prediction from both tools (Washietl et al. 2007). 

However, experimental validation of non-overlapping candidates confirmed the 

existence of 25% of the examined candidates from both tools. Similar results were 

obtained in C. elegans (Lu et al. 2011). 
 

1.4 High-throughput sequencing technologies 
In recent years traditional Sanger sequencing has largely been replaced by second-

generation (high-throughout) sequencing. Among the best-known next-generation 

sequencing technologies are Illumina (Solexa) sequencing, Roche 454 

pyrosequencing (Margulies et al. 2005), and Applied BioSystems SOLiD sequencing. 

The main advantage of next-generation sequencing is its ability to generate millions 

to billion of sequence tags per run by multiplexing the sequencing process, 

significantly lowering costs relative to standard dye-terminator methods. Each 

sequencing technology has its own advantages and limitations. The preference for 

any technologies is entirely dependent upon the resources (time, money and 

coverage) and the nature of the project. Along with the next-generation sequencing, 

many different techniques (for RNA and DNA sample preparation) have been 

developed, coupling the previously existing technologies to high-throughput genome-

wide sequencing: RNA analysis (RNA-seq) (Nagalakshmi et al. 2008), histone ChIP-

Seq (Barski et al. 2007), CAGE (Shiraki et al. 2003), 3P-Seq (Jan et al. 2011) and 

ribosomal profiling (Ingolia et al. 2009). I shall only discuss CAGE, RNA-seq, histone 

ChIP-Seq and small RNA sequencing as methods used to generate the data 

analyzed in this thesis. 
 
 

1.4.1 Cap analysis of gene expression (CAGE) 

Cap analysis of gene expression (CAGE) allows the quantification of gene 

expression and transcriptional profiling of transcription start sites (TSSs) usage by 

sequencing DNA tags from the initial 20 to 27 nucleotides of 5’ end of mature 



mRNAs selected by the presence of 5’ cap (Shiraki et al. 2003). CAGE libraries are 

constructed from full-length cDNAs selected through biotinylated 5’ cap. The capping 

procedure ensures the stability to the RNA and the CAGE protocol is therefore able 

to differentiate coding mRNAs and functional PolII-transcribed non-coding RNAs 

from the rest of cellular RNA and incomplete transcripts. Cap trapping is followed by 

sequencing the 5’ end of RNA and results in millions of sequence tags that can be 

mapped specifically to the genome.  

 

CAGE tags are generally small, so to avoid ambiguous mapping only those tags 

mapping uniquely to the genome are analyzed further, except in special cases of 

analyses of transcriptional initiation from repetitive elements (Faulkner et al. 2009). 

The CAGE technology has a known bias, where an additional G is often added in the 

first base of tags. To overcome this problem, if the first base of CAGE tag starts with 

“G” and does not map to the genome, the first base is chopped off and remapped. 

CAGE tags with identical 5’ start sites are grouped into CAGE-tag starting sites 

(CTSSs) (Figure 3), whereas CTSSs that overlap on the same strand were merged 

to form transcript clusters (TCs) (Carninci et al. 2006). The extensive use of CAGE 

was first made in the FANTOM3 projects (Carninci et al. 2005; Carninci et al. 2006). 
 
 
 

 
 
 Figure 3. Schematic representation of clustering of CAGE tag starts sites. CAGE 

tags overlapping within 20 bases apart are clustered to form transcript cluster. 5’-

ends of each CAGE tags are represented by vertical bars. Numbers on the y-axis 

represent number of unique CAGE tags mapping at that position which is used the 

expression level. Distance between the 5’-end of first Ctss and the last Ctss within an 

overlapping region determines the width of transcript cluster.  

 



 

One of the major findings of FANTOM3 was that the vertebrate genome was a 

“transcriptional forest” giving rise to interlaced transcripts (Carninci et al. 2005; 

Engstrom et al. 2006). The CAGE method could for the first time characterize the 

vertebrate promoterome and TSS usage and dynamics at single nucleotide 

resolution.  The analysis of TSS distribution made it possible to separate the 

vertebrate core promoters into two major classes of sharp and broad promoters 

(Figure 4), where broad promoters were further characterized into multimodal or 

broad with dominant peaks. One of the most important observations was the lack of 

TATA box in the majority of gene promoters, the element that was initially considered 

as the core, seeding element of transcription initiation. Sharp promoters are 

predominantly associated with TATA promoters and found mostly on developmental 

regulator genes. On the other hand, broad promoters are mostly associated with 

CpG islands and housekeeping genes (Akalin et al. 2009).    

 

Earlier studies from the FANTOM consortium had mostly focused on promoter usage 

and transcriptional dynamics of core promoters in various tissues from human and 

mouse. In other words, they were mostly focused on transcriptional initiation, even 

though even the first sets of CAGE data had already contained evidence for the (then 

unexplained) post-transcriptional processing and the associated RNA products, 

which is manifested in the form of CAGE tags being produced off internal coding 

exons or 3’ UTRs (termed “exon painting”). However, the ENCODE pilot project took 

these observation to the next level of understanding, revealing that the exonic CAGE 

tags are generated by post-transcriptional recapping events, which was also evident 

in exon junctions (Fejes-Toth et al. 2009). In addition, they showed that the 5’ end of 

CAGE tags coincide with the 5’ end of small RNAs (obtained from small RNA 

sequencing), confirming that post-transcriptional recapping events lead to the 

recapping of small RNA fragments. Both CAGE tags and small RNAs were enriched 

using the CAGE procedure and RNA purification, which favors the capped RNA. 

Moreover, these exonic related tags were enriched only in certain set of genes and 

underrepresented in intron and intergenic regions. A subsequent study showed that 

these post-transcriptional events were conserved between human and mouse 

(Mercer et al. 2010).  

 

 



 
 

 
Figure 4. Schematic representation of promoter types. Vertical red bars represent 5’ 

nucleotide of CAGE tags representing transcription start sites. The 5’ nucleotide of CAGE 

tags and the immediate upstream nucleotide define the initiation sequence, which are colored 

in red. Height of the vertical bars indicates the expression level. Promoters are classified into 

sharp and broad on the width of the transcript clusters. (A) Single (or sharp) peak have TSSs 

dedicated from few bases. Arrowhead refers to the CAGE tag that is used dominantly. (B) 

Broad promoters have transcription starting from wider range. Arrowheads refer to the CAGE 

tags that are preferentially used during transcription.  
 

1.4.2 RNA Sequencing with high-throughput technologies (RNA-
seq) 

RNA-seq aims to give a quantitative measure of the transcribed regions, where 

complementary DNA fragments are sequenced. The high-throughput sequencing 

technologies generate millions of sequenced reads (fragmented sequence), which 

are mapped to the genome, to build and quantify the transcriptome landscape. The 



ability of high-throughput sequencing technologies to generate expressed sequence 

at a very high coverage (which is subjected to the user’s choice) at base-level 

resolution has made RNA-seq technology a popular and widely used tool for 

transcriptional profiling (reviewed in (Wang et al. 2009)). In addition to the higher 

coverage at the base-level resolution, the use of RNA-seq technology ensures the 

sequencing of the whole transcriptome, directly from the cDNA, which has been 

instrumental in finding novel transcribed regions. The approach of sequencing the 

whole transcriptome has been revolutionary, as most of the previous method on 

custom made arrays was limited to the predefined segments of the genome. The 

other advantage of RNA-seq is its low noise signal, which is helpful in detecting lowly 

expressed genes at higher confidence, than would have been possible with previous 

microarray technologies.   

 

RNA-seq was first used in the yeast genome and showed that 74% of the non-

repetitive genome was transcribed (Nagalakshmi et al. 2008). Using RNA-seq, 

Nagalakshmi et al were able to validate most of the previously annotated gene 

models, and to identify many more novel transcripts from regions previously thought 

to be inactive. Soon after, RNASeq technology was adopted by the whole community 

and has been instrumental in finding non-coding RNAs (Khalil et al. 2009; Cabili et al. 

2011; Pauli et al. 2012), alternative splicing variants (Sultan et al. 2008) and gene 

alleles (Skelly et al. 2011).    

 

The high volume of sequencing reads creates bioinformatics challenges. The ability 

of sequencing machines to produce large amounts of data, with increasing depth due 

to decreasing sequencing cost, needs to develop better tools for an efficient way of 

archiving, storing and retrieval and mapping. Mapping million of reads at high 

accuracy rate and at a relatively short time is indeed challenging, for which several 

short reads mapping tools such as SOAP (Li et al. 2009), MAQ (Li et al. 2008) and 

Bowtie (Langmead et al. 2009) have been developed. Initial versions of all these 

tools suffered from two main problems - dealing with multimapping reads (small 

reads are bound to map multiple times in the genome) and inability to efficiently map 

the reads spanning across the exon-exon junctions. The problem of multi mapping 

reads has since been resolved to some extent with better mapping algorithms and 

longer reads. The problems with mapping across exon-exon junctions have been 

addressed with new tools such as Tophat (Trapnell et al. 2009). On top of that, the 

advances in high-throughput sequencing platforms lead to the generation of longer 

reads, sequencing of pair-end reads instead of single end, and the strand-specific 



sequencing protocols, which all make it easier for the mapping tools to map the 

reads to the genome. 
 
 

1.4.3 Histone modification and ChIP sequencing 

Eukaryotic DNA is wrapped around histone proteins, forming a higher order 

chromatin structure consisting of repeating nucleosomes. Histones are alkaline 

proteins found in the cell nuclei, where histones H2A, H2B, H3 and H4 function as 

core histones, and H1 and H5 are linker histones. A nucleosome is a stretch of DNA 

(~147 bp) wrapped around two of each of core histones to form a histone octamer. 

Adjacent nucleosomes are connected by internucleosomal stretches of DNA known 

as linker DNA. The core histones and linker histones are subjected to a large number 

of post-translational modifications such as methylation, acetylation, phosphorylation 

and ubiquitination. The modification itself always appears in the naming convention, 

i.e. H3K4me4 indicates the tri-methylation of histone 3 at lysine 4.  

 

Histone modification signals can be captured by chromatin immunoprecipitation 

(ChIP), in which a specific antibody is used to enrich DNA fragments from modified 

sites. ChiP is a method used to determine the genomic location for DNA-binding 

proteins (histones or transcription factors). Several ChIP-based techniques, including 

ChIP-chip, ChIP-PET and ChIP-SAGE, have been developed for the study of histone 

modification or transcription factors binding in large genomic regions (Impey et al. 

2004; Wei et al. 2006). With recent advances in sequencing technologies, ChIP-Seq 

has become the preferred method to identify the genome-wide binding of TFs or 

modified histones (Barski et al. 2007; Johnson et al. 2007; Mikkelsen et al. 2007). 

The basic idea of the standard (single-read) ChIP-Seq is to read the sequence of one 

end of a ChIP-enriched DNA fragment followed by mapping the resulting short 

sequencing reads to the genome assembly. Millions of tags sequenced from a ChIP 

library are mapped and form a genome-wide profile in which ChIP fragment counts 

are overrepresented at sites where a particular histone modification is present or a 

transcription factor binds. 
 



 
 
Figure 5. Layers of chromatin organization. DNA is methylated (Me) on cytosine bases in 

specific contexts and is packaged into nucleosomes, which vary in histone composition and 

histone modifications. The figure is taken from (Zhou et al.). 

 
 
 
Histone proteins are subjected to different forms of post-transcriptional modification, 

and are associated with distinct cis-regulatory elements.  For example, trimethylation 

of histone 3 at lysine 4 (H3K4me3) is preferentially associated with promoters of 

active genes (Bernstein et al. 2002; Santos-Rosa et al. 2002; Bernstein et al. 2005; 

Barski et al. 2007). Monomethylation of histone 3 at lysine 4 is a modification that is 

mostly associated with active and poised enhancers and elements found at insulator 

elements concordant with binding by CTCF (Barski et al. 2007; Heintzman et al. 

2007; Akkers et al. 2009), but only to a lesser extent with the promoter region (Barski 

et al. 2007; Heintzman et al. 2007). H3K27ac is mostly associated with active 

regulatory elements. Different forms of epigenetic modifications are critical factors 

influencing gene expression and genome function, and one of the emerging theme is 

that epigenetic mechanisms of gene expression are controlled by non-coding RNAs 

(Saxena and Carninci 2011), with many other unknown mechanism.  

 

In addition to the presence of any individual histone mark linked to the activity of 

various functional elements, the combinatorial patterns of different histones mark can 

be used for functional annotations indicating distinct biological roles. Large clusters 

of HCNEs encode developmentally important transcription factors (TFs) genes, 



consisting of large regions H3K4me27 harboring smaller regions of H3K4me3, often 

found at silent genes that are poised for activation (Bernstein et al. 2006). The 

genomic regions marked by H3K4me3 at their promoter and trimethylation of lysine 

36 of histone H3 (H3K36me3) along the transcribed region has been used to identify 

lncRNAs (Guttman et al. 2009).  The combinatorial pattern of 51 distinct chromatin 

states revealed a diverse class of epigenetic functions at different genomic loci, such 

as promoter regions, intergenic regions and repeat associated regions (Ernst and 

Kellis 2010). Furthermore, nine chromatin marks from nine different cell types were 

systematically mapped to characterize cell-type specific regulatory elements, 

activators, repressors and their functional interaction (Ernst et al. 2011). In addition, it 

was shown that bivalent and monovalent domains might poise embryonic genes for 

activation and that the chromatin profile associated with pluripotency is established 

during the maternal–zygotic transition (Vastenhouw et al. 2010). 
 

 

1.5 Regulatory non-coding RNAs  

From being just an intermediate product, RNA has become a central player in gene 

regulation. High-throughput sequencing technologies have facilitated identification of 

tens of thousands of non-coding transcripts, many of which are categorized into 

distinct RNA classes. However, one of the biggest challenges lies in differentiating 

functional RNAs from the pool of thousands of transcribed RNAs that might be 

products of RNA degradation. What differentiates regulatory RNAs from the pool of 

pervasively transcribed RNAs is an open question, which I have tried to address to 

some extent in papers I, II and III. Non-coding RNAs, with or without functional 

annotations, are broadly classified into two classes, namely small non-coding RNAs 

and long non-coding RNAs. No exact fundamental differences in terms of their 

biological relevance are known to differentiate small non-coding RNAs from 

lncRNAs. One general approach adopted by the scientific community is the arbitrary 

length cutoff of 200 nt for separating them (Mercer et al. 2009). Within the two broad 

classes, small RNAs are further characterized depending upon the sequence, 

structure and functional similarity. Although no specific sub-classes of lncRNAs have 

yet been characterized, they are generally described as single/multi exonic, or 

intergenic/intronic. Despite the arbitrary length cutoff of 200 nt, most studies focused 

on small RNAs that are in the range of 18-30 nt, which includes miRNAs (Bartel 

2004), piwi-RNAs (Houwing et al. 2007), splice-site associated RNAs (Taft et al. 

2010; Valen et al. 2011), transcription initiation RNAs (Taft et al. 2009a). On the 



other hand, functionally annotated long non-coding RNAs are generally few kilobases 

long. This two end of the spectrum leaves a void for intermediate-sized non-coding 

RNAs, that generally falls between 50-500 nt. Many of the previously known house 

keeping RNAs, such as tRNAs, rRNAs, snRNAs, snoRNAs and many other with 

unknown classes fall under these category. Recent studies have identified many 

such intermediated-sized non-coding RNAs in C.elegans (Deng et al. 2006), human 

(Yan et al. 2011), chicken (Zhang et al. 2009), Oryza sativa (Liu et al. 2012) and we 

have extended it in zebrafish (Paper-III). The various classes of ncRNAs are 

described in the following section. 

 

1.5.1 Small non-coding RNAs 

As the initial large-scale studies in the past decade were primarily focused on small 

RNAs, partly inspired by miRNA, many different types of small RNAs were 

discovered. Two novel classes of small RNAs that were studied extensively were 

siRNA, piwiRNAs, while a lot of expressed RNAs were left without any classification. 

Many regulatory RNAs are trans-acting elements encoded at different genomic loci 

than their target mRNAs and function through imperfect base pairing to their targets.  

 

MicroRNAs are 22 nucleotide long RNA molecules, found in both plants and animals. 

They regulate their target genes by base pairing RNAs, which mainly act to 

downregulate gene expression (Bartel 2004) The primary transcript of a miRNA (pri-

miRNA) is transcribed and processed into a short stem-loop structure called a pre-

miRNA and finally into a functional miRNA by the RNA-induced silencing complex 

(RISC) (Bartel 2004; Denli et al. 2004; Lee et al. 2004). A miRNA is integrated into 

the RISC complex and controls the expression of target mRNAs by base pairing. The 

exact mechanism (either by inhibiting the translation or degrading the target mRNAs) 

through which miRNAs regulate the target genes has always been debated (Fabian 

et al. 2010; Djuranovic et al. 2011). However, two recent studies showed that miRNA 

regulate target genes first through inhibition of translation followed by mRNA 

degradation, in zebrafish (Bazzini et al. 2012) and Drosophila (Djuranovic et al. 

2012). MicroRNAs have been found to regulate genes involved in diverse biological 

process and implicated in many human diseases (reviewed in (Zhong et al. 2012) 

(Calin and Croce 2006) 

 

Small-interfering RNAs (siRNAs) are 21-25 nt RNAs usually derived from exogenous 

RNAs and are believed to be part of a defense system against foreign RNA 



(reviewed in (Meister and Tuschl 2004)). When foreign RNA enters the cell it is 

randomly cleaved into double stranded fragments by the RNA endonuclease Dicer. 

These fragments are recognized by the protein complex RISC (RNA-induced-

silencing-complex) which separates the two strands and enables base-pairing of one 

strand to target RNA (other copies of the same original foreign RNA in the cell), 

which is subsequently cleaved and degraded.  

 

Piwi-interacting RNAs are another small class of RNAs, which are different from 

miRNAs in terms of size (26-31 nt), general lack of sequence conservation or precise 

secondary structure and increased complexity. Despite the difference in the 

sequence, structure and biogenesis, they were likewise found to be extensively 

involved in the regulation of gene expression, by modulating either mRNA 

transcription, stability or translation (reviewed in (Erdmann et al. 2001; Storz et al. 

2005)). They were first identified in germlines and are associated with Piwi-subclade 

member of the Argonaute protein family. (Girard et al. 2006; Grivna et al. 2006).  

 

In addition, various new classes of small RNAs have been identified and annotated 

through high-throughput sequencing. One of the most prominent class of small RNAs 

are around the TSSs of coding genes, often called as promoter associated small 

RNAs (Kapranov et al. 2007; Seila et al. 2008) or transcription initiation RNAs (Taft et 

al. 2009a). They are generally small in size, appear mostly downstream of TSS and 

transcribed only from a subset of genes. PROMoter uPstream Transcripts 

(PROMPTs) were identified as a new class of human RNAs, which have varying 

length and produced only upstream of promoter of active coding genes (Preker et al. 

2011). On analyzing the nuclear and cellular component of the cell, a new class of 

small RNAs transcribed from intron-exon junctions were identified in subset of genes, 

and termed as splice-spite associated RNAs (Taft et al. 2010; Valen et al. 2011). 

Evidence of independent 3’UTR transcripts giving rise to various RNAs has already 

been documented (Mercer et al. 2011). 
 
 

1.5.2 Intermediate-sized non-coding RNAs 

Small nuclear RNA (snRNA) is a class of small RNA molecules that are mostly found 

within the nucleus of eukaryotic cells. The snRNAs are involved in various functions, 

e.g. mRNA splicing, regulation of transcription factors and maintenance of telomeres. 

There are 5 major spliceosomal snRNAs (U1, U2, U4, U5 and U6), which are 



responsible for most of the mRNA splicing at canonical sites. The minor spliceosomal 

RNAs (U11, U12, U4atac and U6atac) are mostly responsible for splicing of U-12 

introns by noncanonical splicing. These minor spliceosomal RNAs constitute less 

than 2% of the splicing of mRNA, as U12 introns constitute less than 2% of introns. 

Spliceosomal snRNAs typically occur in multiple copies in the genome of all higher 

eukaryotes. The spliceosomal snRNA of the same type are mostly found in a tight 

cluster.  

 

Two distinct classes of small nucleolar RNAs (snoRNAs), box H/ACA snoRNA and 

box C/D snoRNA, are completely different in their function and structure. The box 

C/D snoRNAs and box H/ACA snoRNAs guide 2’-O-ribose methylation and 

pseudouridylation modifications of target RNAs respectively (Bachellerie et al. 2002) 

. The biological role of snoRNAs is not limited to rRNA modifications, as they have 

complementary sites in other RNAs, including snRNA and mRNA (Bachellerie et al. 

2002; Henras et al. 2004; Kiss et al. 2004; Meier 2005). snoRNAs with no identified 

complementary sites (yet unidentified targets) are termed orphan-snoRNAs 

(Huttenhofer et al. 2002) . snoRNAs are generally transcribed from introns of protein-

coding genes or non-coding genes (Kiss 2002), with an increasing number of 

snoRNAs found in intergenic regions independently transcribed by RNA polymerase 

II (Tycowski et al. 2004). Some C/D snoRNAs were shown to be independently 

transcribed by RNA polymerase II in human (Tycowski et al. 2004) and in 

Caenorhabditis elegans (Deng et al. 2006).  

 

In addition to well-annotated intermediate-sized non-coding RNAs, recent studies 

dedicated to intermediate-sized non-coding RNAs have identified from hundreds to a 

thousands of such novel non-coding RNAs in multiple species across metazoans 

(Deng et al. 2006; Zhang et al. 2009; Wang et al. 2011; Yan et al. 2011) and plants 

(Liu et al. 2012). Irrespective of the species studied, three features were associated 

with many novel intermediate-sized non-coding RNAs. Majority of the intermediate-

sized non-coding RNAs could neither be annotated into known RNA classes nor be 

categorized into novel RNA classes, suggesting large number of such intermediate-

sized non-coding RNAs with diverse secondary structures. Secondly, many 

intermediate-sized non-coding RNAs are less conserved, mostly limited to other 

species within the clade, giving rise to clade specific non-coding RNAs, while others 

lack total conservation, giving rise to species specific non-coding RNAs. Thirdly, 

many intermediate-sized non-coding RNAs exhibit transient or tissue specific 

expressions.     



 

1.5.3 Long non-coding RNAs 

The word “long” describes the nature of RNA transcripts that are generally longer 

than 200 nt (an arbitrary threshold). Long non-coding RNAs are often abbreviated as 

lncRNAs (long non-coding RNA) or lincRNAs (long interspersed non-coding RNA); 

from here on I will refer to them as lncRNA. FANTOM3 analysis of full-length 

transcripts identified around 35,000 transcripts that were 5’ capped, poly-adenylated, 

spliced, and had short or no open reading frame (ORF) (Carninci et al. 2005), 

showing first genome-wide evidence of lncRNAs. Later on various technologies such 

as histone profiling (Guttman et al. 2009), RNA-seq (Khalil et al. 2009; Orom et al. 

2010) and manual curation from available EST were successfully used to predict 

lncRNA. Later on similar approaches were used to annotate lncRNA in various 

species including mammals (Guttman et al. 2010), vertebrates (Pauli et al. 2012), 

Drosophila (Young et al. 2012) , C.elegans (Nam and Bartel 2012), and plants (Ding 

et al. 2012). lncRNAs can overlap coding exons (either in sense or antisense 

orientation), lie proximal to promoter regions or in intergenic regions forming a 

complex interlaced architecture with coding and non-coding genes (Engstrom et al. 

2006). lncRNAs typically have relatively low conservation, with occasional short 

stretches of highly conserved sequence (Pang et al. 2006). As a testimony to above 

statement, a recent study has shown such short stretches of conserved sequences 

between orthologous human and zebrafish lncRNAs had conserved functionality 

(Ulitsky et al. 2011). Despite the accelerated evolution at the sequence level, 

lncRNAs and proximal/overlapping coding genes retain their synteny across various 

species (Ponjavic et al. 2009; Cabili et al. 2011; Ulitsky et al. 2011), which can be 

argued for their functionality. 

 

Unlike small RNAs, where all members of one class of RNA have similar function, 

lncRNAs have so far defied similar classification, exhibiting diverse functional roles 

ranging from imprinting (Braidotti et al. 2004), epigenetic regulation (Rinn et al. 

2007), splicing (Beltran et al. 2008), enhancer (Orom et al. 2010), repressor (Yochum 

et al. 2007) among others. At the time of writing (late 2012), the number of 

functionally characterized lncRNA stands close to 200 (Amaral et al. 2011), which is 

likely to represent a just a tip of the iceberg. In addition to their regulatory roles, 

recent studies on dysregulation and mutagenesis of lncRNAs have been linked to 

various human diseases  (as reviewed in (Wapinski and Chang 2011) ). 
 



 

1.5.4 Derived small RNAs 

In search for novel classes of small regulatory RNAs, many researchers have 

identified the traces of post-transcriptional event and other regulatory element 

encoded within the well-annotated small or intermediate-sized non-coding RNAs. 

One of the first studies to identify small RNA encoded within a snoRNA was first 

reported by Meister and colleague (Ender et al. 2008), where small RNAs are 

produced by miRNA like processing. Re-analyses of previously published small RNA 

datasets, in both plants and animals, revealed that many snoRNAs have small RNAs 

produced from their ends, often termed as small-RNA derived snoRNAs (sd-

snoRNAs) (Taft et al. 2009b). However, C/D box snoRNAs and H/ACA box have 

preferential position for sd-snoRNAs production, where C/D snoRNAs have more sd-

snoRNAs at their 5’-end, while H/ACA have more sd-snoRNAs at their 3’-end. This 

phenomenon of production of small RNAs from snoRNAs ends is evolutionarily 

conserved indicating there might be an interplay between RNA silencing and 

snoRNA-mediated RNA processing (Taft et al. 2009b). 

 

Similar mechanism of generation of small RNAs within pre-miRNA was reported on 

Ciona intestinalis (Shi et al. 2009). Small RNAs generated were predominantly ~20 nt 

long and found in both 5’ and 3’ arm of pre-miRNAs and are called as miRNA-offset 

RNAs (moRNAs) (Figure 6). Shi et.al had reported that moRNAs were expressed 

during early embryogenesis of Ciona intestinalis, generally expressed at low level 

though some of them exceeded the expression of mature miRNAs. Exact biogenesis 

of moRNAs production is unknown, however it has been speculated to be associated 

with Drosha processing (Shi et al. 2009). Detailed re-analyses of various small RNA 

datasets from different human tissues and cell lines revealed an evidence of 

moRNAs in human (Langenberger et al. 2009). The authors were able to show that 

many moRNAs were preferentially produced in same miRNAs between human and 

Ciona intestinalis, and significantly overrepresented in oldest animal miRNAs where 

half of them originated already in ancestral bilaterian. Analysis of nuclear and 

cytoplasmic sub-cellular localization of RNAs revealed moRNAs were enriched in 

nucleus, while miRNAs are enriched in cytoplasm (Taft et al. 2010). 



 
 
 
 
Figure 6. Schematic representation of small RNA reads mapped to pre-miRNA (miR-

219) locus in C.intestinalis, adapted from (Shi et al. 2009). (A) Reads mapping to 

miR-219 locus at four developmental time points. Number on top of histograms 

represents the number of mapped reads (number * 103) at each stage, and color 

coded histogram represents (miRNA:blue, miRNA*:burgundy, 5’-moRNAs:yellow).  
 
After the identification of small RNAs produced from snoRNAs and miRNAs, 

evidence of such RNAs were examined in other non-coding RNAs. Detailed re-

examination of high-throughput data reveal high abundance of small RNA fragments, 

derived from mature tRNAs (Cole et al. 2009). They were previously discarded as 

degraded product, but the authors were able to show the processing of small RNAs 

derived from tRNA was dependent on Dicer (Cole et al. 2009). Recently, it has been 

shown that many housekeeping RNAs (tRNAs, rRNAs, snRNAs) undergo 

asymmetric terminal processing, preferably at 5’, producing small RNAs of mostly 18 

-22 nt (Li et al. 2012). It is currently unknown, why all these non-coding RNAs 

produce such small RNAs from their 5’-end, 3’-end or both ends, while it has been 

speculated that these small RNAs might distinguish these constitutively expressed 



RNAs from the pool of other random degrading RNAs (Li et al. 2012). The production 

of derived small RNAs is not limited to house keeping RNAs or intermediate-sized 

RNAs, it is even observed in lncRNAs. MALAT1, a well-studied lncRNA, have 

clusters of small RNAs, not limited to its 5’-end or 3’-end, but spans across the whole 

transcript (Guffanti et al. 2009). The phenomenon of production of small RNAs 

across the whole transcript is evolutionary conserved in human, mouse (Mercer et al. 

2010) and zebrafish (Pauli et al. 2012). Genome-wide analysis has shown that a 

subset of lncRNAs are processed to produce small RNAs (Jalali et al. 2012). 
 

1.6 Promoters of non-coding RNA genes 

RNA polymerase and various transcription factors (TFs) typically bind to the region 

upstream of gene 5’-end, known as promoter region.  Promoter regions contain cis-

regulatory elements, such as initiator element (Inr) at the TSS, TATA box at 28-34 bp 

upstream of the TSS, a downstream promoter element (DPE) about 30 bp 

downstream of TSS (Ohler et al. 2002; Carninci et al. 2006; Ponjavic et al. 2006; 

Sandelin et al. 2007; Xi et al. 2007; Lenhard et al. 2012). In eukaryotes, three 

different kinds of polymerase are responsible for transcription initiation. RNA 

polymerase I transcribes genes encoding all kinds of ribosomal RNA (excluding 5S 

rRNA) (Russell and Zomerdijk 2006). RNA polymerase II is responsible for synthesis 

of mRNA, and most small nuclear RNA and miRNAs (Kornberg 1999; Sims et al. 

2004). Transcription of 5S rRNA, tRNA and U6 snRNA are initiated by RNA 

polymerase III, though a few exceptional miRNAs (Borchert et al. 2006), snoRNAs 

(Dieci et al. 2007) and antisense RNAs (Pagano et al. 2007) are transcribed by RNA 

polymerase III.  

 

As Pol III transcribes most small RNAs, such as tRNA, U6 snRNA, RNA Pol III was 

originally assumed to be responsible for miRNA transcription, too. However, in the 

year 2004, most miRNAs were shown to be transcribed by RNA pol II (Lee et al. 

2004). Primary transcripts of miRNAs (pri-miRNAs) contain cap structures as well as 

poly (A) tails, a hallmark of Pol II transcripts. Prior work from other groups provided 

additional evidence that miRNA genes are transcribed by Pol II (Lee et al. 2004). 

Since some of pri-miRNA did not contain 5’ cap or poly(A) tail, the authors suggested 

that other RNA polymerase might also be responsible for miRNA gene transcription. 

Later in 2006, the first evidence for human miRNA genes transcribed by  RNA pol III 

was published (Borchert et al. 2006).  

 



In relation to protein-coding genes, the majority of miRNA genes are located in 

intergenic regions (Lagos-Quintana et al. 2001; Lau et al. 2001; Lee and Ambros 

2001; Mourelatos et al. 2002) as independent transcription units (Lee et al. 2002). 

Most of the other miRNA genes are found in annotated intronic regions of protein-

coding genes, some of which may be transcribed as part of the annotated genes 

(Rodriguez et al. 2004). In animals, miRNAs are transcribed as long primary 

transcripts (pri-miRNAs), which are cropped into the hairpin-shaped pre-miRNAs by 

nuclear RNase III Drosha (Lee et al, 2003; Kim, 2004). This cleavage event 

predetermines mature miRNA sequence and generates optimal substrate for the 

subsequent events (Lee et al, 2003; Lund et al, 2004).  

 

Our knowledge on miRNA biogenesis has been significantly advanced in recent 

years. However, little is still known about transcription of miRNA genes although it is likely 

to be the key regulatory step in miRNA biogenesis. To understand the mechanism of miRNA 

gene regulation, the basic machinery for miRNA transcription needs first to be identified. 

 
 

1.7 Functional non-coding RNAs 
The rationale behind the functionality of non-coding RNA genes is the ability to 

produce a RNA product that has an effector function rather than one that serves as 

an information intermediary in protein synthesis.  
 
 

1.7.1. non-coding RNAs transcribed from enhancers 

Cis-regulatory elements located away from proximal promoter region that can 

enhance the transcriptional level of gene are termed enhancers, and play just as 

important function in gene regulatory network as proximal promoters. Previous 

studies have shown that enhancers can be located at very long distances from 

proximal promoter of their target gene, or in introns, overlapping the exons, or 

beyond neighboring genes (Lettice et al. 2003; Visel et al. 2009a; Dong et al. 2010). 

Many regulatory regions that function as enhancers are HCNEs, which regulate the 

expression of surrounding genes (including both target and bystander genes) and 

maintain the synteny across large evolutionary distances (Engstrom et al. 2007; 

Kikuta et al. 2007; Maeso et al. 2012). While conserved non-coding elements are 

able to function as enhancers, non-coding RNAs have generally been perceived as 

negative regulators, probably due to historical viewpoint. The first two identified 



lncRNAs, Xist and Air, were involved in genomic imprinting, while miRNAs regulated 

their target genes either through inhibition of translation or mRNA degradation. Some 

studies, however, had shown many highly expressed genes were enriched with small 

RNAs around promoter regions (Taft et al. 2009a; Preker et al. 2011). The 

hypothesis about exact mechanisms are still unknown and debated if these small 

RNAs are produced due to polymerase stalling or if they are independently 

transcribed units that can enhance the expression of nearby gene. However, in the 

year 2010, two independent studies showed that both small RNAs (Kim et al. 2010) 

and lncRNAs (Orom et al. 2010) had enhancer-like function. Depletion of a number 

of lncRNAs led to decreased expression of the neighboring coding genes (Orom et 

al. 2010). The functional aspect of these non-coding RNAs acting as enhancers, was 

surprising, as previously known non-coding RNAs had repressing roles. Soon after, 

another study identified chromatin associated RNAs were able to fine tune the gene 

expression of neighboring gene by modulating the chromatin structure in cis (Mondal 

et al. 2010).  
 

1.7.2. non-coding RNAs as regulators of embryonic 
development  

MicroRNAs have turned out to be master regulators involved in various biological 

processes, as mentioned in section 1.4.1, including embryogenesis. During the early 

stages of fertilization and cell division, RNA deposited by the mother drives 

transcription. As maternally inherited RNAs are present to begin with, they can be 

regulated only at post-transcriptional level. It was first shown from Schier’s lab, where 

mir-430 family is expressed before the onset of the zygotic genome, and accelerates 

the degradation of maternally inherited mRNAs (Giraldez et al. 2006). Similar 

mechanisms of miRNA-mediated regulation during embryogenesis were also 

observed in the frog Xenopus laevis (Lund et al. 2009) and Drosophila (Bushati et al. 

2008). Lund et al. showed that miR-427 mediates the rapid deadenylation of 

maternally inherited mRNA that follows right after MBT of embryogenesis. However, 

miRNA that performs this function is different in zebrafish (miR-430) compared to 

Xenopus (mir-427), but they share similar seed site (reviewed in (Svoboda and Flemr 

2010)). Reprogramming of an oocyte into pluripotent blastomeres, often referred as 

Mid blastula transition (MBT) can be considered as analogous to differentiation and 

pluripotency of embryonic stem cells (ESC) into differentiated cells. The transcription 

factors SOX2, NANOG and Oct2 form the core component for the transcriptional 

control of ESC renewal and pluripotency (Boyer et al. 2005). A recent study has 



shown that miRNA (miR-302/367) -mediated reprogramming of human and mouse 

somatic cells to pluripotency was two order of magnitude more efficient than 

standard Oct4/Sox2/Myc-mediated methods (Anokye-Danso et al. 2011), and miR-

302/367 also have similar seed sites with miR-430. 

 
 
 
Figure 7. Reciprocal roles of miRNAs during early development in plants vs. 

mammals. The figure has been adapted from the review paper (Bazzini and Giraldez 

2011). (A) Schematic representation of miRNA during early embryogenesis in 

animals, which helps in clearance of maternal mRNAs. (B) miRNAs prevent 

premature expression of target mRNA. High levels of mRNAs are reached rapidly in 

absence of miRNAs.  
 
Ever since its discovery, miRNA has always surprised us with new functional roles. 

Contrary to our previous understanding, a recent paper from Bartel’s lab showed the 

exact opposite function of miRNA during plant embryogenesis (Nodine and Bartel 

2010). Nodine et.al showed that mir-156 preemptively represses the genes that 

function later in the development to prevent developmental transition (Figure 7). 

Though this function has been observed only in plants, it remains to be seen, if the 

functionality is conserved in the animal kingdom. Considering the similarities in 

biogenesis and targeting of miRNAs between plants and animals, it might be just a 

matter of time to uncover orthologous functionality in animals.      

 

Unlike miRNA, the possible roles of lncRNAs as a regulator in the context of 

embryonic differentiation and pluripotency have just started to be uncovered.  Sheik 

Mohamed et al showed the implications of lncRNAs in the modulation of mouse ESc 

pluripotency by genome-wide transcriptional mapping of key Esc transcription factors 

Oct4 and Nanog, and indicated the possible role of lncRNA in controlling the 



pluripotent state (Sheik Mohamed et al. 2010). Later, many lncRNAs were shown to 

act as regulators of differentiation and pluripotency state in mouse ESC 

differentiation (Guttman et al. 2011). Guttman et.al showed that knocking down these 

lncRNAs affected gene expression, mostly in trans, or cause it to exit from the 

pluripotent state, similar to the effect of knocking down major transcription factor 

regulators. Since then, many papers have highlighted the roles of lncRNAs as 

regulators in various processes (Hu et al. 2011; Kretz et al. 2012). Two recent papers 

annotating zebrafish lncRNAs, across various stages during embryogenesis (from 

oocytes to an adult), identified around 550 (Ulitsky et al. 2011)  and 1100 (Pauli et al. 

2012) lncRNAs. Most of these lncRNA exhibit the temporal and spatial expression 

pattern, indicating their possible functional roles. Ulitsky et.al showed the evidence of 

two lncRNAs regulating the brain morphogenesis on zebrafish, the functionality of 

which is conserved to human.      
 
 

1.8 Annotation of non-coding RNAs 

Identifying the transcripts that are functional and further characterizing into sub 

classes is still challenging. Ideal(istical)ly, annotation refers to the identification of 

common properties (high resemblance within the class) in a set of transcripts that 

distinguishes them from the rest of transcripts. However, so far, only a few classes of 

non-coding RNAs have been annotated, which indicates difficulties regarding 

annotation. The complexity of non-coding RNAs annotation has been evident in the 

ENCODE project, which was unable to annotate the transcripts into various families 

of non-coding RNAs despite cataloguing the transcriptome across various cell lines 

and tissues. Far from annotation, even an approximation of non-coding RNAs is 

lacking in many species. This is in stark contrast to the situation with protein-coding 

genes in eukaryotic genomes, most of which are annotated and a substantial number 

have been functionally characterized (excluding their alternative isoforms).  

 

Two broad classes of (short and long) non-coding RNAs have different approaches 

for annotation. One common step is to filter out spurious transcripts (very low 

coverage), although low expression level is an intrinsic property of many non-coding 

RNAs. Despite low expression, if non-coding RNAs exhibit developmentally 

regulated patterns across multiple tissues and developmental time points, it is likely 

to be a functional non-coding RNA. One could also exclude RNA fragments 

overlapping coding genes on sense strand, as this might be a degradation product. 



However, many exonic RNA fragments show developmentally regulated patterns 

independent of coding genes they overlap, indicating that one has to be cautious 

while dealing with them but not discard them indiscriminately. 

 

Annotations of small RNAs are typically based on the sequence and structure 

homology they share with the other members within each class, as reviewed in 

(Griffiths-Jones 2007; Forrest et al. 2009). Most of the known “housekeeping” RNAs, 

such as tRNAs, rRNAs and snoRNAs, have high sequence similarity within the 

group, and are evolutionarily conserved which makes detection in other species 

straightforward. In addition to the high sequence similarity, they maintain conserved 

secondary structure, so the combination of the two can be used to detect them more 

reliably and often distinguish active genes from numerous pseudogenes. Initially, the 

annotation of miRNAs was done based on its characteristics secondary hairpin 

structure, and evolutionary signatures were further used to filter the false positive 

predictions. However, it has since been established that miRNAs cover a broad 

spectrum of levels of evolutionary conservation, from those shared across phyla to 

those that are specific for recent lineages. High-throughput sequencing data along 

with bioinformatics approaches are used to annotate miRNAs. Evolutionary 

conservation is even less useful for the detection of other types of recently 

discovered small RNAs (e.g. tiRNAs, pasRNAs, splice-site RNAs), most of which do 

not possess any sort of sequence or structure similarity among them. However, they 

do possess certain characteristics, such as distance from reference TSSs or splice 

junction, preference for a particular nucleotide at 5’-end, that can be used to classify 

one type of RNAs from another. Remaining candidates can be filtered on the basis of 

coding potential (Kong et al. 2007) or codon substitution frequency (Lin et al. 2011), 

that can differentiate if a transcribed sequence is a coding or a non-coding transcript.  

 

The rationale behind the annotations of lncRNAs is entirely based on the evidence 

that a given transcript does not encode for a long ORF, and hence might not encode 

for protein. In short, to annotate lncRNAs, transcripts that share homology with 

known protein sequences from the protein database are filtered out by blast (tblastx, 

blastp). The remaining transcripts are further filtered out based on the length of ORF. 

General criteria used for ORF length cutoff is 300 nt, which is empirically based on 

the fact that most annotated coding genes have ORFs longer than 300 nt (Dinger et 

al. 2008), although some exceptions exist, where functionally annotated non-coding 

RNAs have ORF longer than 300 nt. Finally, various tools, such as CRITICA (Badger 

and Olsen 1999), coding potential calculator (Kong et al. 2007), and Portait (Arrial et 



al. 2009), are used to filter remaining transcripts with evidence of protein-coding, 

leaving probable lncRNA candidates. 

 

One of the first studies showing the evidence of genome-wide lncRNA sequenced 

full-length cDNA (Carninci et al. 2005). The approach used to annotate was entirely 

based on the stringent threshold of 100 aa (amino acids) of ORF. A later study had 

shown that indeed most coding genes have longer than 100 aa (Dinger et al. 2008). 

While the subsequent studies used various high-throughput sequencing technologies 

including chromatin profiling, RNA-Sequencing, and ribosomal profiling (Ingolia et al. 

2011) to annotate lncRNAs. The use of chromatin maps, i.e. for H3K4me3 (maps 

promoter regions) and H3K36me3 (maps the gene body) was very successful in 

identifying lncRNAs, (Guttman et al. 2009). However, the use of chromatin signature 

alone was limited, as it was unable to reconstruct the precise gene structure. 

Subsequently, the combinations of RNA-Seq and chromatin maps have facilitated 

lncRNAs annotation (Khalil et al. 2009; Guttman et al. 2010). At present, the use of 

RNA-Seq alone or together with chromatin marks is a standard approach to identify 

lncRNAs. Various sequencing technologies have been used to identify lncRNAs, 

however the overlap between lncRNAs reconstructed from different technologies with 

the manually curated lncRNA (partial lncRNA set) from GENCODE was surprisingly 

low (Orom et al. 2010). Small overlap among lncRNA transcripts annotated from 

different sequencing technologies probably reflects the sensitivity of different 

sequencing technologies in identifying transcribed regions at low level. Hence, using 

various sequencing technologies in combination and possible manual curation can 

strengthen lncRNAs annotation. 
 



 
 
 
Figure 8: Identification, annotation and functional characterization of lncRNA. The 

figure is taken from (Rinn and Chang 2012). (a) Different high-throughout sequencing 

technologies can be used to identify putative lncRNAs. Combining different 

sequencing technologies can be used to filter unlikely candidates. (b) Various filtering 

steps used to identify the functional lncRNA. 

 

Two recent studies on zebrafish lncRNA (Ulitsky et al. 2011; Pauli et al. 2012) were 

performed using similar sequencing technologies (both RNA-Sequencing and histone 

profiling) including some overlapping developmental stages. On comparing the 

annotated lncRNA showed an overlap of merely around 5%, which reflects that the 

methods used to annotate lncRNAs are still not standardized, Hence, there is a need 

for a more robust method. The problem often lies in the (varying) threshold used to 

differentiate coding vs. non-coding transcripts; even worse, there is no guarantee 

that the annotated lncRNA is indeed not translated. The only way to resolve this 

would be to verify experimentally, if each of these lncRNA can be translated, which 

can be done by ribosomal profiling and tandem mass spectrometry (Banfai et al. 

2012). Ribosomal profiling gave an indication that many lncRNAs were indeed 

translated into small peptides and might not be a genuine lncRNA (Ingolia et al. 

2011). However, the recent ENCODE paper revealed that most of manually 

annotated GENCODE lncRNAs (Derrien et al. 2012) were indeed true lncRNAs as 

they were rarely translated (Banfai et al. 2012).  
 



 

2 Present investigation 
 
 
The main purpose of this thesis was to characterize the transcriptional (both coding 

and non-coding) landscape of zebrafish during embryogenesis. When the project 

started, the zebrafish protein-coding gene annotation was incomplete, while non-

coding annotation was almost non-existent (limited to a handful of “housekeeping” 

RNAs and miRNAs). However, during this time, there has been a great improvement 

in the genome assembly (from Zv6 -> Zv9, thanks to the efforts at Wellcome Trust 

Sanger Institute) and the current Ensembl gene build has incorporated RNA-Seq 

transcripts from various developmental stages and tissues to annotate both coding 

and non-coding transcripts (Collins et al. 2012). In addition, efforts by individual labs 

have helped in further characterizing the zebrafish embryonic transcriptome (Aanes 

et al. 2011), lncRNAs (Ulitsky et al. 2011; Pauli et al. 2012) and miRNAs (Wei et al. 

2012). Despite this recent work focused on zebrafish embryogenesis, our data 

provides a unique resource for the core promoter (both coding and non-coding 

transcripts) repertoire and its dynamic usage during embryogenesis at the single-

nucleotide resolution. 

 

High-throughput sequencing technologies allowed the detection of a plethora of non-

coding RNAs (Kapranov et al. 2007), and their importance has been well recognized 

in the scientific community  (Figure 2). However, the existence and biological 

relevance of these non-coding RNAs detected in large-scale analysis of human 

tissues have not been comprehensively applied to a vertebrate animal model in vivo. 

We choose zebrafish as model organism, as experiments can be conducted in vivo, 

moreover zebrafish embryonic developmental stages allow researchers to study core 

promoter usage and their dynamics under changing conditions, such as in a 

developing vertebrate embryo, which is analogous to the differentiation of pluripotent 

embryonic stem cells to differentiated cells.  The ontogeny of the zebrafish embryo, 

like that of other anamniotes, is characterized by a dramatic transitions with global 

changes in transcriptional activities during the mid-blastula transition (MBT) (Schier 

2007). Before the MBT, the pluripotent cell mass evolving from the fertilized egg is 

characterized by transcriptional inactivity. During MBT, dramatic upregulation of the 

zygotic genome occurs in parallel with maternal mRNA degradation (Mathavan et al. 

2005), providing the necessary transcriptome changes to drive specification and 

determination of cell fates during specialization and differentiation. 



 

We used CAGE technology as the primary sequencing technology for this study. 

CAGE has enabled us to perform an improved annotation and description of core 

promoters on a genomic scale, revealing intricate details about TSS usage and 

dynamics at single nucleotide resolution. CAGE technology provided the opportunity 

to classify several non-coding RNAs categories detected in human and other 

genomes, and suggest involvement of post-transcriptional processing in their 

generation (Taft et al. 2009a; Mercer et al. 2010). We have coupled CAGE maps to 

protein-coding and non-coding transcripts by RNA sequencing, providing a 

quantitative description of TSS usage on a genome scale. Finally, these maps were 

compared with post-translational histone modifications (H3K4me3 and H2AZ) by 

ChIP sequencing to correlate the CAGE data with chromatin structure, which would 

further help in differentiating the embedded post-transcriptional landscape within the 

transcriptional landscape.  

 

Here, we have set out to generate the first global description of TSS usage during 

key stages of vertebrate embryonic development at single nucleotide resolution. 

Twelve developmental time points from zebrafish embryogenesis were selected, 

representing the critical phases of vertebrate ontogeny: they spanned maternal to 

zygotic transition at MBT and the subsequent stages of differentiation leading to 

formation of the body plan and organ systems. CAGE gave rise to improved 

annotation and description of core promoters on a genomic scale, revealing intricate 

details about TSS usage and dynamics at single nucleotide resolution (Carninci et al. 

2006). Next we focused on identification and characterization of miRNA promoters, 

which due to various reasons, have not been analyzed in zebrafish before. These 

reasons stem from the fact that pri-miRNAs are almost never identified as full-length 

products because they are quickly processed into pre-miRNAs. We combined high-

throughput transcriptional profiling (CAGE-Seq) and chromatin profiling (H3K4me3 

and H2A.Z) along various developmental time points and characterized 

transcriptional, post-transcriptional, and chromatin regulation of pri-miRNAs and pre-

miRNAs. Next, we generated an intermediate-sized non-coding RNAs, to validate 

previously annotated house keeping RNAs and identified a thousand of novel non-

coding RNAs. Most annotated non-coding RNAs were snoRNAs, and hence we 

focused on the characterization of the transcriptional initiation mechanisms of 

snoRNAs host genes. We showed they are co-transcribed with their host genes, 

which are regulated by noncanonical transcription, specialized to translation 

machinery.  



 

 
 
Figure 9. Schematic representation of developmental time points and the 

corresponding sequencing technologies used in the study. Three different 

technologies, CAGE-seq, RNA-seq and ChIP-seq, were used to characterize the 

early embryonic transcriptome of zebrafish. Two stages, corresponding to maternal 

and zygotic stages, were selected from pufferfish (Tetraodon nigroviridis) to analyze 

their evolutionary conservation of promoter usage. 
 
 



 
 

2.1 Paper I 

Dynamic regulation of coding and non-coding transcription initiation 

landscape at single nucleotide resolution during vertebrate embryogenesis  
 

2.1.1 Context 

Precise spatial and temporal control of the transcription of protein coding and non-

coding genes is a fundamental process underlying development and differentiation of 

multicellular organisms. The core promoter, which is a relatively short stretch of 

sequence around the transcription start site, contains regulatory information for the 

recruitment of transcription initiation factors. Core promoters interact with gene 

regulatory elements and vary in different physiological and developmental contexts. 

Accurate promoter predictions based on mapping TSSs during development are 

needed to decipher the complex interplay between DNA sequence determinants for 

transcription initiation and epigenetic regulation on core promoters. Despite the 

existence of a number of alternative core promoter motifs (Juven-Gershon and 

Kadonaga 2010), a global code for core promoters is still elusive. The lack of TSS 

data so far has restricted the study of developmental regulatory mechanisms of 

transcription initiation in vertebrates due to the unreliable TSS position detection 

based on cDNA/EST and RNA-Seq data, and scarcity of available datasets.  

 

High-throughput sequencing technologies allowed the detection of a plethora of non-

coding RNAs (Jacquier 2009; Pauli et al. 2011). CAGE gave rise to improved 

annotation and description of core promoters on a genomic scale (Carninci et al. 

2006; Kodzius et al. 2006) and provided the opportunity to classify several non-

coding RNA categories detected in human and other genomes and suggest 

involvement of posttranscriptional processing in their generation (Hoskins et al. 

2011).  Despite progress in our understanding of promoters, which is mostly based 

on cell and tissue culture experiments, we lack a genome-scale data of core 

promoter usage and the dynamics of it under changing conditions in a developing 

vertebrate embryo. The early ontogeny of the zebrafish, like other anamniotes, is 

characterised by a dramatic transitions with global changes in transcriptional 

activities during the MBT (Kane and Kimmel 1993; Schier 2007).  

 



The existence and biological relevance of these non-coding RNAs detected in large-

scale analysis of human tissues have not yet been characterized in a vertebrate 

animal in vivo. To gain insight into the existence and biological relevance of these 

non-coding RNAs in vertebrate animal in vivo, we have set out to generate the first 

global description of TSS usage during key stages of vertebrate embryonic 

development at single nucleotide resolution. We have coupled CAGE maps to 

protein-coding and non-coding transcripts by RNA sequencing, providing a 

quantitative description of TSS usage on a genome scale. Finally, these maps were 

anchored to posttranslational histone modifications (H3K4me3) by ChIP sequencing 

to correlate the CAGE data with chromatin structure across critical phases of 

vertebrate ontogeny, among them the maternal to zygotic transition at MBT and the 

subsequent stages of differentiation leading to formation of the body plan and organ 

systems.  
 

2.1.2 Results 

We reveal an extraordinary dynamics of promoter usage that takes place during 

development of the vertebrate embryo. We show that the onset of transcription and 

subsequent differentiation of the embryo is characterized by the developmentally 

regulated appearance of 5’-ends of intragenic RNAs on many genes, and of an entire 

hitherto unknown layer of RNA species overlapping known genes and having specific 

signatures occurring in exons, introns and 3’-UTRs of developmentally active genes. 

We showed MZT is manifested by initiation of pervasive transcripts of non-coding 

intragenic RNAs, and demonstrated existence of intronic and exonic hitherto 

underappreciated alternative transcripts. We provide several lines of independent 

evidence that the intragenic CAG tags indicate posttranscriptional products rather 

than de novo transcribed RNAs. We provide insights into evolutionary conserved 

features of core promoters and describe a novel vertebrate specific initiator 

sequence shared by a subset of genes also in human, showing that our zebrafish 

dataset has the potential to reveal promoter features shared by all vertebrates. The 

key findings of this work are summarized below: 
 
• We describe core promoter dynamics on a genome-wide scale throughout 

embryo development, demonstrating the developmental diversity of transcription 

initiation regulation mechanisms and promoter types.  

• We characterize the pervasive production of intragenic processed RNAs 

including exonic and intron-5’ end specific RNAs and provide the first indication for 



the biological processes in which they may function. Notably, intron 5’ end 

associated non-coding RNAs are active zygotically and restricted to genes that 

encode RNA processing and the splicing proteins in both fish and human. 

• We demonstrate by four lines of evidence that exonic RNAs are produced by 

a non-canonical posttranscriptional mechanism independent of the gene 5’ end. We 

used reporter assays to show that the sequences associated with 5’ end of exonic 

RNAs cannot function as promoters, and are hence likely to be associated with post-

transcriptional processing. 

• We show the initiation landscape and developmental dynamics of lincRNAs; 

we show the evolutionary conserved process of developmentally regulated 

posttranscriptional processing of lincRNAs into intragenic RNAs, which demonstrate 

the utility of zebrafish in studying mammalian lincRNA processing. 

• We generated the promoterome of a small genome species, pufferfish 

Tetraodon nigroviridis, and exploited the power of comparative genomics to identify 

novel features of core promoters. Thus we discovered a novel type of transcription 

initiation signal (AA initiator) conserved with human and used by a subset of vesicle 

and membrane transport-associated genes. This initiator indicates the existence of a 

non-canonical initiation mechanism in vertebrates.  
 

2.1.3 Ideas for future work 

As part of ZEPROME consortium, we have conducted a concerted effort to provide 

the zebrafish scientific community with high quality data, from three different 

genome-wide assays, which can be used to study vertebrate embryogenesis. We 

have reported a novel usage of transcription initiation codes on vertebrate core 

promoters, on a subset of maternally inherited genes that have different promoter 

usage during maternal and zygotic initiation, within the same core promoter (Haberle 

et. al, manuscript under review). In addition, we have various interesting 

observations that can be examined further to decipher the roles of previously 

unappreciated intragenic RNAs during embryogenesis. One of the major works is to 

verify the existence of these intragenic and intergenic RNAs by independent 

approach and to show their size and dynamics during development. This can be 

followed by in situ hybridization, to show their subcellular localization, which might 

lead us to more insight into further studies to associate them with functions.  

 

Two distinct features of 5’-intronic CAGE tags (transcribed from the first base of an 

intron) make them an interesting class of RNAs for further studies. These 5’-end 



intronic RNAs are encoded on a subset of genes that are enriched for splicing 

regulators themselves. We also identified 5’-end intronic RNAs on a subset of genes 

in human, that are enriched for splicing regulators, which suggest the production of 

5’-end intronic RNAs associated with evolutionary conserved function. Temporal 

dynamics of the host genes and 5’-end intronic CAGE tags reveal interesting 

patterns. The host genes are maternally transcribed, while transcription initiation of 

5’-end intronic RNAs coincides with the onset of zygotic genome. This suggest 5’-

end intronic RNAs can be specifically associated with regulation of splicing. After 

initiation of zygotic genome, cells starts dividing, and during that time 5’-intronic 

RNAs are transcribed, very likely to regulate the splicing of de novo transcribed 

genes. To study the functional roles of 5-‘-end intronic tags, splicing of the genes 

encoding 5’-intronic tags can be blocked by morpholino, and see its affect during 

embryonic development. However, one needs to be cautious, as interference with 

splicing might also lead to phenotypes due to loss of function of full-length RNAs, 

which are not easy to separate with current existing technologies. Alternatively, a 

knock-in with GFP tag in intron could be useful to detect them by ISH in the embryo 

and in subcellular compartment. 
 

 

We also confirmed the 5’ end and promoter regions of several hundreds of lncRNAs 

that were recently reported by two other groups (Ulitsky et al. 2011; Pauli et al. 

2012). Ulitsky et al showed two lncRNAs candidates that have crucial roles required 

for proper embryonic development, and hence showing as zebrafish as a vertebrate 

model organism for studies of lncRNAs in vivo. We have identified many non-coding 

transcripts with transient expression, specific to maternal, MZT or zygotic stages, and 

such transient non-coding RNAs specific to maternal and MZT specific are the best 

candidates for functional studies. Large-scale studies, based on knockout of 

candidate genes will help in elucidating the functional roles of lncRNAs.          

 
 
 
 
 
 
 
 
 
 
 



2.2 Paper II 

Transcriptional, post-transcriptional and chromatin associated regulation of 

pri-miRNAs, pre-miRNAs and moRNAs in zebrafish development 

2.2.1 Context 

The main aim of this work was to provide a (currently non-existent) annotation of 

miRNA promoters and characterize their common characteristics features at 

transcription, post-transcription and chromatin level. Identifying the precise TSS and 

its dynamic usage during embryogenesis at single base resolution along with its 

epigenetic state will aid in better understanding of miRNA biogenesis and 

transcriptional regulation. So far, large-scale studies have unraveled the functional 

roles and biogenesis of miRNA (mostly on pre-miRNA) during zebrafish 

embryogenesis (Chen et al. 2005; Watanabe et al. 2005). However, only limited 

efforts have been made to try to characterize miRNA promoters (He et al. 2011). 

Large-scale profiling of small RNAs has revealed developmental dynamics during 

embryogenesis (Chen et al. 2005; Watanabe et al. 2005). Relatively low expression 

and rapid processing of pri-miRNAs had hindered the studies the pri-miRNA and 

hence were limited to a handful of examples (Lee et al. 2004; Liu et al. 2007; Woods 

et al. 2007). However, with the recent advances in high-throughput sequencing 

technologies that allow reliable detection of transcription start site regions, detection 

of promoter regions of miRNA genes has also become possible on a genome-wide 

scale (Marson et al. 2008).  

2.2.2 Results 

By coupling high-throughput sequencing with on transcriptional (CAGE) and 

chromatin profiling (H3K4me3 and H2A.Z), we systematically characterized miRNA 

promoters during zebrafish embryogenesis. To this end, we identified the TSSs for a 

total of 154 distinct miRNAs representing 87 distinct miRNA families. To the best of 

our knowledge, this is the first large-scale study to characterize zebrafish miRNA 

promoters, and reveal temporal dynamics of pri-miRNAs during early 

embryogenesis. Alignment of H3K4me3 and H2A.Z with respect to pri-miRNAs and 

pre-miRNAs showed an enriched H3K4me3 and H2A.Z modified nucleosomes 

downstream of TSSs, providing an additional layer of evidence supporting pri-

miRNAs. We identified CAGE evidence for RNA species within pre-miRNAs, mostly 

towards 3’-end of pre-miRNAs, similar to what has been reported as moRNAs (Shi et 

al. 2009), and hence report the first evidence of moRNAs in zebrafish. We further 



showed the production of moRNAs towards 3’-end of pre-miRNAs is conserved in 

Tetraodon nigroviridis (a genomics model vertebrate teleost with a compact 

genome). The key findings of this work are summarized below:  

 

• We describe the first genome-wide identification of miRNA promoters in 

zebrafish active during the early embryonic developmental stages. We 

identified a small number of maternally transcribed miRNAs, one MBT-

specific miRNA and the majority that are zygotically transcribed.  

• Sequence characteristics of pre-miRNAs reveal high CG content centered on 

pri-miRNA TSSs, often overlapping with CpG Island and TATA motifs, and 

are evolutionary conserved. 

• We report the first evidence of moRNAs in zebrafish and pufferfish 

(Tetraodon nigroviridis), that were previously reported in human and Ciona 

intestinalis (Shi et al. 2009). 

• We show evidence for unexpected enrichment of pre-miRNA sites with 

promoter-associated histone modification marks (H3K4me3 and H2A.Z) 

suggesting chromatin regulation and potential involvement of transcription 

machinery in pre-miRNA processing, suggesting co-transcriptional splicing of 

pre-miRNAs and pri-miRNA.     

 

2.2.3 Ideas for future work 

MicroRNAs play important roles during embryogenesis, either in accelerating the 

clearance of maternal mRNA (Giraldez et al. 2006) or for proper development of 

zygotic genome (Tang et al. 2007). These miRNAs are transcribed during early onset 

of the zygotic genome, and no maternally inherited miRNAs were previously known, 

at least in zebrafish. The fact that we identified nine miRNAs as maternally 

transcribed, their importance during embryogenesis remains to be seen. Of these 

nine maternal miRNAs, 5 miRNAs from the miR-17 cluster are the most interesting 

candidates for further analysis. The miR-17 cluster has seed sites similar to miR-430 

or miR-302 in human (embryonic stem cell regulator), as reviewed in (Svoboda and 

Flemr 2010). Many transcripts upregulated in MZ-dicer mutants but not targeted by 

miR-430 (Giraldez et al. 2006), are apparently miR-17 target genes (Nepal. et.al, 

manuscript under preparation). A recently study showed that the miR-17 cluster is 

already expressed at 2hpf, and has speculated on its importance during 

embryogenesis (Bazzini et al. 2012). However, a functional study by knocking down 

the miR-17 cluster would be necessary to characterize its roles and phenotypic effect 



during embryogenesis. Considering the similarities in seed sites between the miR-

430 and miR-17 clusters, along with their expression in early embryonic stages, it 

remains interesting to see, if they work coordinately or in tandem.            

 

Although first identified in the year 2009 in Ciona intestinalis (Shi et al. 2009), 

moRNAs are evolutionary conserved in human (Langenberger et al. 2009), and now 

we report moRNAs in zebrafish. We identified moRNAs are produced exactly in 

same pre-miRNAs between human, C.intestinalis and zebrafish, which indicates the 

functional (yet unknown) significance of moRNAs. However, some common 

differences have been observed regarding the position of moRNAs, where it was 

identified on both arm of pre-miRNA on C. elegans (Shi et al. 2009), while 5’ end of 

pre-miRNA is preferred in human (Langenberger et al. 2009; Taft et al. 2010) and 3’-

end is preferred in zebrafish, irrespective of location of mature miRNA. The fact that 

moRNAs are developmentally regulated during embryogenesis suggests potential 

roles for moRNAs in gene regulation. To establish whether they are themselves 

functional one needs to perform a site-directed mutagenesis experiment. The CAGE 

technology provides information about the exact nucleotide that is cleaved. If 

mutating that particular nucleotide changes the miRNA processing, then it could be 

concluded that its potential role is associated with miRNA processing machinery. 

Another approach would be to address the mechanism of pre-miRNA processing, on 

a genome-wide scale, by carrying out loss of function analysis with miRNA 

biogenesis enzymes such as dicer for example by high-throughput sequencing of 

dicer mutant (on human cells and or zebrafish).  

 

One of the most intriguing differences observed between C. intestinalis and zebrafish 

moRNAs was in their temporal expression patterns. In C. intestinalis, it was reported 

that moRNAs were expressed very early during embryogenesis (Shi et al. 2009), 

while we identified no traces of moRNAs during early embryogenesis in zebrafish. 

Although we have identified some miRNAs that are maternally inherited, none of 

these miRNAs have their moRNA expressed until the onset of zygotic genome 

activation. If these moRNAs are associated with dicer processing, it raises the 

question if the maternally inherited miRNAs are functional or not until the onset of 

zygotic genome activation.  



2.3 Paper III 

Genome-wide characterization of snoRNAs in zebrafish reveals their co-

transcription with coding and long non-coding host genes by non-canonical 

transcription initiation 
 

2.3.1 Context 

Recent high-throughput sequencing studies on zebrafish embryonic transcriptome 

have identified a thousand of lncRNAs (Ulitsky et al. 2011; Pauli et al. 2012), and 

many novel coding genes (Aanes et al. 2011), miRNAs and other small non-coding 

RNAs (Wei et al. 2012). As mentioned in Section 1.5.2, the focus of two extremes in 

size of RNA genes generally makes such intermediate-sized non-coding RNAs (is-

ncRNAs) underrepresented in most studies. The range includes well-annotated 

RNAs such as snRNAs, tRNAs, rRNAs and snoRNAs. Moreover, previous studies 

have identified hundreds of clade specific intermediate-sized novel is-ncRNAs in 

various species, (Deng et al. 2006; Zhang et al. 2009; Wang et al. 2011; Yan et al. 

2011). Hence, the main aim of this work was to provide a catalogue of intermediate-

sized non-coding RNAs in zebrafish, and analyze their characteristics features and 

modes of transcriptional regulation during early embryogenesis. Since snoRNAs 

were over-represented in the dataset, we were interested on charactering their 

transcriptional and chromatin profiling, with respect to their host genes, during early 

embryogenesis.  

 

2.3.2 Results 

We have provided a catalogue of intermediate-sized non-coding RNAs in zebrafish, 

by making RNA library enriched for intermediate-sized (50-500 nt) non-coding RNAs, 

collected from zebrafish larvae (5-7 days post fertilization (dpf)), and performed 454 

pyrosequencing. This allowed us to verify a large portion of previously predicted non-

coding RNAs and identify a thousand novel intermediate-sized non-coding 

transcripts. In particular, we validated most annotated snoRNAs and identified many 

novel snoRNAs making the most comprehensive annotations of zebrafish snoRNAs. 

We identified host genes for most snoRNAs and showed no evidence for 

independent transcription of snoRNAs, suggesting they are co-transcribed by host 

genes. Interestingly, host (coding and non-coding) genes require non-canonical 

transcription initiation machinery, as indicated by TCT initiation signals, that is 



associated with translation machinery. Comparative genomics suggest orthologous 

human snoRNA host genes also have conserved transcription initiation machinery, 

suggesting an evolutionary conserved mechanism. The key findings of this work are 

summarized below: 

• We identified a thousand of novel intermediate-sized non-coding RNAs. In particular, 

we validated most annotated snoRNAs and identified 190 novel putative snoRNAs, 

making the most comprehensive annotations of zebrafish snoRNAs. 

• We identified host genes for most (>85%) snoRNAs. Temporal dynamics of host 

genes revealed that many host genes are maternally transcribed and remain 

transcriptionally active during maternal-zygotic transition, suggesting their important 

roles during early embryogenesis.  

• Transcriptional and epigenetic profiling showed no evidence for independent 

transcription of snoRNAs suggesting that they are co-transcribed with their host 

genes, which was further supported by sequence composition around TSSs. 

• We showed indication that host (coding and non-coding) genes require non-

canonical transcription initiation machinery that is associated with translation 

machinery.  

• We showed that 5’-end of many snoRNAs overlaps with CAGE 5’-ends, suggesting 

either they are capped or undergo post-transcriptional modification, which is also 

evolutionary conserved in human snoRNAs. 

• We further showed that small RNAs derived from snoRNAs (sd-snoRNAs) are 

generated from most snoRNAs and provide first evidence of sd-snoRNAs produced 

in oocytes, suggesting their potential importance during early embryogenesis. 

 
 

2.3.3 Ideas for future work 

The functional roles of many snoRNAs during early embryogenesis are largely 

uncharacterized. Considering many snoRNA host genes (both coding and non-

coding) snoRNAs are transcribed maternally, but their importance during early 

embryogenesis remains largely unknown. However, a recent study has shown that 

disrupting the splicing of host (coding) genes or inhibiting snoRNA precursor 

processing led to severe morphological defects and embryonic lethality in zebrafish 

(Higa-Nakamine et al. 2012). Many snoRNAs are encoded in introns of lncRNA, but it 

remains to be seen how the disruption of lncRNAs or snoRNAs encoded in them 

affect development of zebrafish embryogenesis.  

 



Do lncRNAs encoding snoRNAs have their own function or simply function as 

vehicles for transcription regulation in the generation of functional snoRNAs encoded 

in them? Many coding genes encoding snoRNAs are ribosomal protein genes, and 

have their independent function in addition to providing transcription initiation to 

snoRNAs. However, functional annotations of lncRNAs encoding snoRNAs are 

largely undocumented. We showed that host genes (both coding and non-coding) 

encoding snoRNAs tend to have TCT initiators, that is associated with translational 

machinery (Parry et al. 2010). Small nucleolar RNAs have roles in modifying rRNAs 

and are co-transcribed from genes associated with translation machinery, suggesting 

transcription of snoRNAs and translational machinery can be co-regulated process. 

As snoRNAs encoded in lncRNAs also have similar TCT motifs, it suggest for 

selection pressure for snoRNAs being the functions that require non-canonical 

translation associated transcription initiation mechanism. Triple nucleotide 

substitution mutations from -4 to +11 relative to C+1 start site, resulted in substantial 

reduction in transcription (Parry et al. 2010). It would be interesting to analyze, if 

poly-pyrimidine initiator is converted into a typical canonical promoter, how does the 

snoRNA biogenesis and translation machinery gets affected.  It is also important to 

understand the composition of the transcriptional machinery involved in recognizing 

TCT initiator, which is expected to be different from the canonical transcription factor 

II D (TFIID). This in turn will help in understanding why translation associated genes 

have a distinct initiation system. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



3. Discussion and perspective 
 

3.1 What is non-coding RNA? 
This dissertation addresses an open problem of how non-coding RNA genes are 

identified in genomic sequences and how they are regulated during embryogenesis. 

Our views and perceptions about non-coding RNAs have significantly changed over 

the last decade. We have moved on from the initial days, when, evolutionary 

signatures on genomic sequences were used to predict non-coding RNAs, which 

today is accomplished through extensive high-throughput sequencing. High-

throughput sequencing also generates large amounts of pervasive transcripts. The 

amount of the functional RNAs within these pervasive transcripts is debated, while 

some have been skeptics and termed as a dark matter (van Bakel et al. 2010). While 

the recently concluded ENCODE project has revealed 80% of the genome contains 

elements linked to biochemical function (Bernstein et al. 2012) and regulatory 

elements (cis-regulatory elements, enhancers, promoters and non-coding RNAs) 

might constitute only about 20% of the genome. After the completion of the ENCODE 

project, some scholars have suggested a rethink on the definition of the “gene” itself. 

A precise definition of non-coding RNAs might still be challenging at this moment. 

However, in its simplicity, any transcribed RNAs that can regulate other genes (both 

coding or non-coding) or have their own regulatory functions can be termed non-

coding RNAs.  

 

Functional association of non-coding transcripts is a daunting task, due to their 

relative low expression (difficult to distinguish from noise), cell/tissue specific 

expression (necessary to profile across multiple samples), low sequence 

conservation and temporal expression (require transcriptional profiling across 

multiple time points). Analyses of non-coding transcripts in a few tissues and 

developmental time-points, and predicting them as a transcriptional noise might not 

be appropriate, as the assessed tissues or developmental time point might have 

been inappropriate. Large-scale studies, such as ENOCDE and modENCODE, 

analyzing developmental dynamics of transcripts across multiple tissues and time 

points, need to be analyzed exhaustively for its functionality, before these transcripts 

are called as junk. Here, we have presented additional evidence to show how many 

of these pervasive transcripts, located within gene body, are developmentally 

regulated, during zebrafish embryogenesis, suggesting gene-architecture is highly 

interlaced giving rise to multiple transcripts of various size and functions, providing 



additional evidence to what ENCODE project has recently concluded.  

 

Whether non-coding RNAs have to be highly expressed and constitutively expressed 

to be functional is an open question in the field. Due to the very nature of non-coding 

RNAs, i.e. low and transient expression, some scholars believe it could be spurious 

transcripts, reflecting either an unstable transcripts or sequencing artifacts. While 

many others believe these transcripts to be a functional RNA, and I personally 

support the later notion.  Rather than thinking gene regulation as an on/off process, 

genomes are pervasively transcribed; that regulatory non-coding RNAs acting in cis 

complement transcription factors in gene regulation; that genes that are not 

expressed (which in the conventional sense are ‘‘off’’) are often associated with 

engaged RNA polymerase II, producing short non-coding transcripts at their 

promoters; and that genes are differentially marked to respond to a particular 

developmental program long before they are actually expressed. 

 
 

3.2 Differentiating a classical promoter from non promoter 
class 
We revealed an extraordinary dynamics in promoter usage (Paper-I), characterized 

by an entire hitherto of unknown layer of RNA species occurring in exons, introns 

and 3’-UTRs of developmentally active genes. Genome-wide analyses have revealed 

classical promoters are enriched for Py/Pu [C/T][A/G] as their initiation sequence at [-

1+1] position (Carninci et al. 2006). Consistent with previous observation, most 

coding and non-coding genes have similar initiation motifs, shown in Paper I. We 

also identified recently reported TCT motif (Parry et al. 2010), on a subset of genes 

associated with translational machinery. In addition, we identified a novel AA initiator 

that is conserved on an orthologous subset of genes in zebrafish and human, and 

hence identifying a novel noncanonical initiation motif associated with promoters of 

coding genes and lncRNAs. 

 

To differentiate pervasive transcripts from classical promoters, we compared the 

sequence and epigenetic marks around their 5’-ends and showed striking differences 

between them. We argue that they can be used to differentiate a genuine promoter 

from a non-promoter. Pervasive transcripts generated from exons have highly 

enriched GG as an initiation signals, which is also enriched on sequence reads 

mapping at splicing junction suggesting these pervasive transcripts must be post-

transcriptionally generated. However, intronic tags have three different types of 



initiation signals, based on their position with reference to the host intron. As 

expected, 5’ and 3’ intronic tags have GT and AG initiation signals, while intra 

intronic tags are slightly enriched for Py/Pu, suggesting that can be associated with 

promoters of intronic miRNAs or other non-coding RNA promoters. Furthermore, we 

showed that internal CAGE signals and associated transcripts lack histone 

modification marks enriched for promoters and lack CpG islands, suggesting the 

areas around pervasive signals are different from classical promoters. Despite their 

developmentally regulated expression pattern, such pervasive transcripts did not 

work as promoter in a reporter construct, suggesting that they are likely to be 

associated with post-transcriptional processing. Hence, we have provided multiple 

lines of evidence to differentiate pervasive transcripts from classical promoters. 

 

3.3 Functional roles of non-coding RNA during 
embryogenesis 
Various non-coding RNAs have emerged as key players in wide range of biological 

processes. Nevertheless, our understanding of non-coding RNA during 

embryogenesis was limited to a few miRNAs (Giraldez et al. 2006; Tang et al. 2007), 

and functional studies of lncRNAs were never done before in animal model in vivo 

until recently. Two zebrafish lncRNAs, cryano and megamind, were successfully 

demonstrated to regulate the development of brain (Ulitsky et al. 2011). In paper I, 

we provide evidence for many intragenic and intergenic transcripts that have 

transient expression and are developmentally regulated during embryogenesis. The 

fact that many intragenic transcripts are maternally inherited and remain active even 

after the onset of zygotic genome activation emphasizes their importance during 

embryogenesis. Intragenic transcripts are located in the set of non-overlapping 

genes and are developmentally regulated, and yet their functional elucidation 

remains elusive without knock-down studies. Isolating intragenic transcripts without 

interfering the host transcripts is challenging, and it remains close to impossible, with 

the current art of technology, to isolate such intragenic transcripts on a genome-wide 

scale. However, functional studies on intergenic transcripts, giving rise to lncRNAs, 

can be carried out through morpholino knockdowns to block the transcript by 

targeting the conserved sequence or spliced sequence, as performed by (Ulitsky et 

al. 2011) on zebrafish lncRNAs. Experiments directed towards functional studies 

need large resources (in terms of manpower, finance and time) and hence such 

candidates should be chosen with caution.   

      



 

3.4 Annotation difficulties of non-coding RNAs 

The plethora of data generated by high-throughput sequencing technologies provides 

us an opportunity to characterize various classes of non-coding RNAs. Both the 

annotation and characterization (based on certain similar characteristics) of non-

coding RNAs are hindered, possibly due to its diverse characteristics or due to 

incomplete understanding of its nature. However, a lot of progress has been made in 

last few years. Annotation of small RNAs is done with higher precision, with various 

available tools that exploit the sequence and structure information to predict them. 

lncRNA annotation is still problematic and erroneous. A recent ENCODE paper 

suggests most lncRNAs are inefficiently spliced (Tilgner et al. 2012). The annotations 

of lncRNAs are predominantly based on the assembled transcripts from RNA-Seq 

reads. The tools that assemble transcripts, mostly relies on canonical splice sites 

(GT-AG) to predict intron-exon junctions. As lncRNAs are inefficiently spliced (Tilgner 

et al. 2012), intron-exon junctions can differ upon coverage. The lack of proper 

canonical splice sites with variable coverage across intron-exon junctions makes it 

difficult to annotate intron-exon junction with high precision. This uncertainty in the 

prediction of intron-exon junction can influence the way cDNA is computationally 

assembled (as inefficient splicing can insert few bases from the intron). The 

annotations of lncRNAs are mostly relied on its inability to code for long ORF (<100 

aa). While the inclusion of a couple of bases from intron or exclusion of couple of 

bases from exon can introduce a stop reading frame. The inclusion of undesired stop 

reading frames gives the impression of short ORF and hence likely a lncRNA 

candidate. Since there might be no immediate solution, but one needs to be cautious 

and the computational annotation needs to be manually curated, similar to the 

GENCODE annotation from the ENCODE project (Derrien et al. 2012; Harrow et al. 

2012).  

 

3.5 Important resource for the zebrafish community  

The zebrafish is one of the most widely used vertebrate model organisms, attracting 

scholars ranging from basic biologists to clinicians in >1000 laboratories worldwide. 

Our high quality data regarding the transcriptional start sites will serve as a huge 

resource for studying gene regulation in development and the dynamics of promoter 

use across vertebrates. In addition to the high resolution of the data, as well as the 

diversity of novel findings on core promoters, this work may become a classic 

resource for studying transcriptional control in vertebrate development. The resource 



data generated in this study provides a range of practical applications and benefits. 

Understanding core promoter regulation is central to the informed choice of core 

promoter for transgene assays designed either to control cell type-specific activities 

(fluorescence reporter labeling) or to detect and functionally characterize cis-

regulatory modules (e.g. enhancer trapping and enhancer tests). Widespread usage 

of alternative promoters during development suggests pervasive variability of genes 

5’-UTR sequences, with implications for translation start site selection during 

development. The identification and description of the developmental dynamics of 

evolutionary conserved classes of novel ncRNAs will aid in exploiting the zebrafish 

model in the search for the function and genetic signatures of a variety of non-coding 

RNAs, which are proposed to be important regulators of development and are likely 

sources of mutations associated with human disease. Furthermore, the correct 

identification of core promoters will be critical for finding non-coding mutations that 

affect development and may lead to phenotypes suitable for modeling disease. This 

variability should be taken into account in techniques widely used in disease 

modeling with zebrafish (Eisen and Smith 2008), such as the design of translation 

blocking knock-down reagents (e.g. translational start site targeting morpholino 

antisense oligonucleotides) or the generation of site-specific mutations. It provides 

key 5’-end data needed for core promoter design in transgenic applications and for 

translation blocking morpholino knockdown – widely used by the zebrafish 

community. We would like to note that this work will impact not only fish 

developmental biology, but much broader fields. Zebrafish is used in numerous 

assays, including those for testing mammalian cis-regulatory elements and gene 

function. Moreover, the uncovered developmental dynamics of several classes of 

non-coding RNAs will be useful for a range of scholars in the fields of genomics, 

transcription biology, and developmental genetics. In conclusion, the high-resolution 

transcription initiation resource presented here provides foundation for the analysis of 

transcription initiation complexes on core promoters during development and the 

elucidation of developmental codes of transcription initiation in vertebrates.  
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