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Transcriptome analysis is of great importance in the field of genomic research.
Genome-wide analysis of expressed transcripts in a given cell or tissue can reveal
significant information about gene expression and regulation under different conditions such as developmental and disease processes. Recent studies have provided
novel insights into the complexity of transcriptomes and the regulation of gene expression. The regulatory role for small non-coding RNAs is one of the key discoveries that have given a new dimension to the understanding of gene expression control.
The latest developments in technologies for transcriptome profiling include the application of next generation sequencing systems that have made an enormous impact
on biology. Here we applied these new genomics approaches to study infectious diseases and cancer using zebrafish as a model system.

Transcriptomics
The transcriptome comprises all expressed RNA transcripts in a cell or an organism. Transcriptomics measures all transcript species in a given cell, including
protein-coding mRNAs and small non-coding RNAs, and gives insight into how
the expression levels of these transcripts are regulated under different conditions.
Analyzing the transcriptome helps to characterize the complexity of the genome.
Transcriptional profiling, besides cataloging the known transcripts, can lead to the
identification of novel gene models by discovering novel gene boundaries, splicing variants, additional promoters, alternative exons, 5’and 3’ untranslated regions
(UTRs), non-coding transcripts and antisense transcripts (Cloonan et al., 2008;
Morin et al., 2008; Mortazavi et al., 2008; Pan et al., 2008; Rosenkranz et al., 2008;
Sultan et al., 2008; Wang et al., 2009). Quantifying expression levels of transcripts
also facilitates our understanding of the molecular background of specific developmental processes and pathological conditions (Brentani et al., 2005; Mardis and
Wilson, 2009).
In the last decade several high-throughput methods have been developed for
large-scale studies of gene expression levels. Basically, all these methods can be divided into two categories: microarray-based and sequencing-based approaches.
Since the mid-1990s, microarray-based methods have become generally used to
analyze large-scale datasets. Using microarrays, scientists are able to detect the expression of thousands of genes simultaneously. The common basics of these methods
are the hybridization of fluorescently labeled cDNA or amplified RNA to complementary oligonucleotide probes on the microarray platforms and detection of the
hybridization intensity relative to the abundance of the particular mRNA species
(Schena et al., 1995). They have been widely applied in molecular profiling of different developmental processes, diseases, pharmacogenomic responses, or whole
genome association studies (Bertone et al., 2004; Brentani et al., 2005; Douglas
and Ehlting, 2005; Scherf et al., 2000; White, 2001)). The microarray technique al8
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lows to detect and measure gene expression at the mRNA level, to describe genetic
variations (SNPs, copy-number variations, chromosomal changes), and to profile
DNA-protein interactions. Lately, more specific types of arrays have been developed
like tiling (Bertone et al., 2004), all-exon (Gardina et al., 2006) or exon-junction
(Clark et al., 2002) arrays, which are used to analyze specific regions of the genome.
Furthermore, such array platforms as kinome or phosphatome chips have also been
developed recently to determine the phosphorylation status of expressed gene products (Arena et al., 2005; Diks et al., 2004; Hestvik et al., 2003; Parikh et al., 2009).
Although microarray technology is high-throughput and relatively inexpensive it has
some limitations, including the necessity of existing knowledge of the genome sequence for designing arrays or cross-hybridization problems between highly related
sequences (Okoniewski and Miller, 2006; Royce et al., 2007). Additionally, issues
such as poor sensitivity for low abundance-species, difficulties in comparing expression levels across different experiments, requirement for complicated normalization
methods, and the measurement of relative rather than absolute expression levels,
add to the limitations of microarrays (Irizarry et al., 2005; Okoniewski and Miller,
2006; Royce et al., 2007).
Another approach to quantify and annotate transcriptomes is the sequencingbased approach which overcomes some limitations of array-based methods (Irizarry
et al., 2005; Pedotti et al., 2008; t Hoen et al., 2008; Wilhelm and Landry, 2009).
Sequencing-based transcriptome profiling methods directly determine cDNA sequences. The first type of sequence-based approach was the cataloging of expressed
sequence tags (ESTs) using the Sanger sequencing method. In the EST method single sequencing reads are made of the 5’or 3’ends of all cDNA clones in a cDNA library. The resulting sequences, typically 500 to 800 bp in length, give an overview
of the mRNAs represented in the cDNA library. Sanger sequencing has been used
for decades for deciphering complete genes and later whole genomes and it is still
the most commonly used technique to date because of the long read length and low
error rate. However, the Sanger-based EST method has its weaknesses namely being
non-quantitative, and relatively low-throughput with high costs (Boguski et al., 1994;
Gerhard et al., 2004).
The shortcomings of the EST method triggered the generation of ‘clone-andcount’ (Tyagi, 2000) tag-based approaches such as serial analysis of gene expression
(SAGE) (Carninci et al., 2005; Harbers and Carninci, 2005; Velculescu et al., 1995).
In this profiling technique short sequence fragments representative for each cDNA
are produced and concatenated to form large clones that are subsequently sequenced
by the Sanger method. The sequencing step is followed by counting the number of
times a short signature sequence (tag) has been observed (Morozova and Marra,
2008). Many technologies have been developed improving the basics of SAGE such
as massively parallel signature sequencing (MPSS) (Brenner et al., 2000), polony
multiplex analysis of gene expression (PMAGE) (Kim et al., 2007), cap analysis
of gene expression (CAGE) (Carninci et al., 2005), LongSAGE (Wahl et al., 2005),
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DeepSAGE (Nielsen et al., 2006) and SuperSAGE (Matsumura et al., 2005) techniques. These are medium to high throughput methods providing qualitative and
quantitative data with accurate, digital output of gene expression levels compared
to the analog nature of the signals generated by microarray technology. The results
illustrate absolute abundances of transcripts instead of the relativity of array-based
techniques and there is no requirement for prior knowledge of sequences and no
bias due to a predefined array content (Harbers and Carninci, 2005). SAGE-derived
sequencing methods have been applied for studying several human genetic diseases
such as acute myeloid leukemia, neurodegenerative diseases, and cancer (Horan,
2009). While these methods have been used in several transcriptome analyses, the
high cost, the low throughput level of sequencing and difficulties of cloning steps has
limited their application.
The very recently developed next generation sequencing methods by Illumina/
Solexa, ABI/SOLiD, 454/Roche, and Helicos are ultra high-throughput deep sequencing technologies that have substantially reduced the cost of sequencing. Transcriptome
profiling methods based on next generation sequencing technology include the socalled RNA sequencing (RNA-Seq) and Digital Gene Expression (Fig. 1A) (DGE or
Tag-Seq) that allow the simultaneous determination of millions of short sequences
(Hegedus et al., 2009; Morrissy et al., 2009; Mortazavi et al., 2008; Nagalakshmi
et al., 2008; Shendure, 2008; t Hoen et al., 2008; Wang et al., 2009; Wilhelm and
Landry, 2009). In these methods the cloning step is eliminated and the advantages
of these sequencing-based transcriptome profiling approaches over the microarray
technique include the absence of background signals and large dynamic range, the
improved ability to distinguish between homologous sequences, and the high accuracy, resolution and sensitivity (Shendure, 2008). In RNA-Seq methods RNA is first
sheared and then converted to cDNA, or cDNA is produced first and then sheared
into short fragments. Subsequently, adaptors are attached to one or both ends of the
cDNA fragments, and, with or without an amplification step, these cDNA fragments
Figure 1. Next generation sequencing technologies. A) Schematic representation of RNA sequencing (RNA-Seq) and Digital Gene Expression (DGE or Tag-Seq) methods. During RNA-Seq either the mRNA is first converted to cDNA, then randomly sheared to short fragments and attached
by linkers, or first mRNA is randomly sheared and then converted to cDNA and attached by linkers.
An alternate option is that the fragmented mRNAs are attached by linker molecules before conversion to cDNA. During DGE the isolated mRNA is converted to DNA and through enzymatic digestions 17 bp long transcript-specific tags are generated and linked to adaptors. In both methods
after amplification steps, sequencing and bioinformatic analysis are performed. Figure modified
from Graveley BR (2008) Power sequencing. Nature 453: 1197. B) Schematic representation of TagSeq. After cDNA synthesis and capture on magnetic beads fragments are digested with an anchoring enzyme NlaIII, ligated to MmeI, a tagging enzyme cutting 21 nt downstream of the recognition
sequence creating 17 bp transcript-specific tags. These tags are then ligated to adapters, amplified,
sequenced, sorted and quantified.
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are then sequenced to obtain short reads from one end (single-end sequencing) or
both ends (pair-end sequencing). The reads, which are typically 30–400 bp, depending on the sequencing platform, are aligned to a reference genome or reference transcript database, or assembled de novo without the genomic sequence to produce a
genome-scale transcription map (Wang et al., 2009). As an alternative to RNA-Seq
methods, DGE or Tag-Seq involves the high-throughput sequencing of transcriptspecific sequence tags similar as in conventional SAGE but without the need for tags
concatenation and cloning (Fig. 1B) (Hegedus et al., 2009; Morrissy et al., 2009; t
Hoen et al., 2008). While RNA-Seq methods provide more detailed information of
the transcriptome complexity, DGE or Tag-Seq is more suitable for quantification
and more affordable for the comparison of larger numbers of samples. In addition to
the usefulness for mRNA expression profiling, next generation sequencing techology
has advanced the analysis of small noncoding RNAs (Friedlander and Little, 2009;
Hackenberg et al., 2009; Morin et al., 2008; Wyman et al., 2009). Furthermore, next
generation sequencing technologies make an enormous contribution to the wholegenome sequencing of microbial, plant and animal genomes (Engstrand, 2009; Qi
et al., 2009). Several other applications include targeted resequencing, cancer genome sequencing, HLA genotyping for immune-mediated conditions, and studies
of epigenetic modifications (Bentley et al., 2009; Cloonan et al., 2008; Gabriel et
al., 2009; Gargiulo and Minucci, 2009; Hurd and Nelson, 2009; Lister et al., 2008;
Mardis and Wilson, 2009; Mortazavi et al., 2008; Nagalakshmi et al., 2008; Sultan et
al., 2008; Wilhelm and Landry, 2009). The application of next generation technology
to the analysis of transcriptomes has shown that both in prokaryotic and eukaryotic
species much more of the genome is transcribed than previously known. Several recent studies revealed novel transcribed regions, the use of additional promoters, and
extensive variation in splicing isoforms, gene boundaries, and 3’UTRs. In addition,
there is increasing evidence for the abudant presence of antisense transcripts and
other non-coding transcripts. (Cloonan and Grimmond, 2008; Morin et al., 2008;
Mortazavi et al., 2008; Pan et al., 2008; Sultan et al., 2008).
Despite many advantages, sequence-based trancriptome profiling is more
complex and currently still more costly than microarray analysis. Comparison of
sequence-based and array-based transcriptome data has revealed overlaps as well
as technology-dependent differences (Hegedus et al., 2009; t Hoen et al., 2008).
Therefore, using both methods can be considered complementary to each other.

Regulation of gene expression
Transfer of biological information from DNA through RNA to proteins is the
central dogma of molecular biology that was first determined by Francis Crick and
his team more than 50 years ago. Transfer of the information is called gene expression. In the first step of gene expression the sequence information is transferred from
DNA to messenger RNA (mRNA) by the mechanism called transcription. Followed
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by several maturation steps mRNA is translated into proteins. These processes are
strictly regulated, which is essential to ensure the correct macromolecular machinery of the living organism.
Gene expression is regulated on different levels, from transcription, through posttranscriptional regulation to post-translational modification of the protein. These
mechanisms together tune the appropriate level of the gene product. In eukaryotes,
transcription depends on the chromatin structure of the DNA, which is a complex
of DNA and its binding proteins, mostly histones. Modification of this structure
by methylation and acetylation of histones, and DNA-binding proteins, decreases
the binding affinity of RNA polymerase and can result in gene silencing. On the
transcriptional level, several proteins and complexes can regulate gene expression,
acting as transcription factors (activators or repressors) or transcriptional cofactors that can modulate the activity of transcription factors or the function of RNA
polymerase. After mRNA is transcribed, posttranscriptional modifications can alter
the level of gene expression as well. If RNA molecules are stabilized by a 5’ cap and
polyadenylated tail they are protected from degradation and transported to the site
of translation. The translation process provides another level of regulation either by
ribosome recruitment at the initiation step of translation or by modulation of the
elongation and termination steps of the protein synthesis. Secondary structure of the
mRNA is also an important factor in regulation.
According to the central dogma, transcripts coding for proteins are transcribed
from the protein-coding strand of the DNA that is called the sense strand. However,
numerous antisense transcripts have been detected in prokaryotes and viruses lately.
Antisense transcripts are molecules that are transcribed from the opposite strand to
the protein-coding strand. These transcripts were found to regulate gene expression
by affecting mRNA transcription, processing and translation (Wagner and Simons,
1994). Recent studies provide evidence that the majority of genes are transcribed in
a bidirectional manner in eukaryotes as well (Carninci et al., 2005; Katayama et al.,
2005; Yelin et al., 2003). Although the mechanism by which antisense RNAs act on
sense strand expression is largely unknown, antisense transcripts have been ascribed
to play roles in gene regulation, including degradation of the corresponding sense
transcript (RNA interference) and in gene silencing at the chromatin level (Beiter et
al., 2009; Carninci et al., 2005; Katayama et al., 2005). As an example of the antisense
phenomenon, the proper dosage of the expression of PU.1, a human and murine
hematopoietic transcription factor gene critical for suppression of leukemia, was
shown to rely on antisense RNA modulators (Ebralidze et al., 2008).
Recently, it has become evident that small non-coding RNAs play major roles in
the regulation of gene expression by binding to complementary sequences of mRNAs and destabilizing and sequestering them for degradation. Small non-coding
RNAs (ncRNA) are 19-31 nucleotide long functional RNAs that are not translated
into protein. There are several groups of them, such as transfer RNA (tRNA), ribosomal RNA (rRNA), small nuclear (snRNA), small nucleolar RNA (snoRNA), trans13
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acting (tasiRNAs), small-scan RNAs (scnRNAs), repeat-associated siRNAs (rasiRNA), Piwi-interacting RNAs (piRNAs), microRNA (miRNA) and small interfering
RNA (siRNA) (Chu and Rana, 2007). They are involved in many cellular processes
both in plants and animals. Small RNAs can be conserved or specific for different
species. Although there are numerous classes and sizes of ncRNAs, they all share a
common function in cellular physiology: epigenetic regulation of gene expression.
They behave as sequence-specific triggers for mRNA degradation, translation repression, heterochromatin formation, and transposon control. In the recent years, both
microarray-based and next generation sequencing methods have been applied for
profiling of non-coding transcripts and many novel small ncRNAs have been discovered using these high-throughput techniques (Morozova and Marra, 2008).
In the last decade, miRNAs have become one of the major focuses of research
in molecular biology and they have one of the best understood and described roles
in gene regulation among the small ncRNA molecules. MicroRNAs are involved in
the post-transcriptional regulation of gene expression by regulating mRNA translation or stability (Filipowicz et al., 2008; Jackson and Standart, 2007; Nilsen, 2007).
Although a large number of studies have been performed on miRNAs and many miRNAs have already been discovered, our knowledge about miRNA-directed regulation
is still not complete and a large number of miRNAs have not yet been identified. It
can be expected that in the coming years the application of the above-mentioned
high-throughput methods and further technology developments for transcriptomic
analysis will lead to the identification of additional miRNAs and will make a large
contribution to the analysis of their function.

MicroRNAs
MicroRNAs (miRNAs) are small non-coding single-stranded RNAs with a length
of 19-25/21-25 nucleotides (nt). They regulate gene expression by binding to their target mRNAs, and they are key negative regulators of stability and translation (Schmidt
et al., 2009).
The first miRNA was detected in C. elegans in 1993. Lin-4, a 22 nucleotide long
small RNA was shown to be a post-transcriptional regulator of lin-14 and essential
in post-embryonic developmental events. This phenomenon was thought to be specific, but a few years later another small RNA let-7 was also found to be important
in the development of C. elegans and to be conserved in many other animal species
(Pasquinelli et al., 2000). This finding also led to the discovery of hundreds of miRNAs in plants and animals using bioinformatic approaches and molecular cloning.
MiRNAs have been demonstrated to show high conservation between different eukaryotic species (Griffiths-Jones et al., 2005; Lim et al., 2003; Rodriguez et al., 2004).
The miRNAs show high diversity of function as they are involved in a wide variety
of biological processes such as proliferation, differentiation, cell fate determination,
apoptosis, signal transduction, development and disease pathogenesis (Sonkoly and
14
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Pivarcsi, 2009). Their importance in development has been proved by blocking the
production of all miRNAs in mouse and zebrafish, which resulted in developmental
arrest during embryogenesis (Kloosterman et al., 2004). Regarding their involvement in diseases, numerous miRNAs have been detected to play important roles in
tumorigenesis (Bellon et al., 2009). Nevertheless, the biological relevance of most
miRNAs and their targets still remains to be determined.
Genes coding for miRNAs are located both in protein-coding and non-coding
regions of the genome. MiRNA genes are either organized in clusters or encoded in
single loci. MiRNAs in clusters are first transcribed as polycistronic primary transcripts and later processed to single miRNAs (Medina and Slack, 2008). The majority
of all known mammalian miRNAs are mapped to intronic regions of either coding
or non-coding transcriptional units, whereas ~10% are detected at exonic regions of
non-coding transcripts.
MiRNAs are produced through a series of maturation steps (Fig. 2) (reviewed
in Carissimi et al., 2009; Medina and Slack, 2008; Williams et al., 2008). They first
are transcribed as a several kilobases long 5’ capped and 3’ polyadenylated primary
transcript (pri-miRNA) from miRNA genes, mostly by RNA polymerase II. This
double-stranded pri-miRNA is recognized and cleaved in the nucleus by the RNAase
III enzyme Drosha /DGCR8 complex into one or more precursor miRNAs (premiRNA). The pre-miRNA is a 60-80 nt long stemloop structure with a 2-nucleotide
3’ overhang, which is recognized and transported to the cytoplasm by exportin-5 via
a Ran-GTP-dependent mechanism. In the cytoplasm, an RNase III enzyme called
Dicer cleaves the loop from the stem, thus producing a mature 20-23 nt doublestranded miRNA. Dicer cleavage requires association with the transactivating response RNA-binding protein (TRBP) and Argonaut 2 (Ago2) completing the RNA
Induced Silencing Complex (RISC)/ribonuclear particle (RNP) complex. Only the
strand with the higher stability of the duplex in the 5’ half, the guide strand, is subsequently loaded into a RISC. The other strand (passenger strand or star strand) is
degraded. However, in some cases both strands of the pre-miRNA are detected as
mature miRNAs. These mature miRNAs are now able to bind to their targets by recognizing sequence complementarity.
Binding by perfect complementarity commonly occurs in plants and only occasionally in animals (Tang et al., 2003). In this case the mRNA is deadenylated
and subsequently degraded. In animals, the miRNAs bind more frequently to the
3’ untranslated region (3’ UTR) of their targets with imperfect complementary. The
sequence complementarity in the so-called seed sequence of the miRNA (nucleotide 2-8 from the 5’ end) seems to determine the specificity of miRNA–target RNA.
Binding of the 3’ end of the miRNA to the target may facilitate the regulation and can
even compensate for the improper complementarity of the seed sequence (Brennecke
et al., 2005; Didiano and Hobert, 2006). This results in translational inhibition, followed by a variable degree of mRNA degradation. The mechanisms by which miRNAs regulate translational silencing are either the blocking of translational initiation
15
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Figure 2. MicroRNA biogenesis. In the nucleus miRNA genes are first transcribed as primary
miRNA (pri-miRNA) transcripts with 5’ cap and 3’ poly(A) tail by RNA polymerase II (pol II) which are
recognized and cleaved by Drosha/DGRC8. The generated hairpin precursor miRNA (pre-miRNA)
transcript is exported to the cytoplasm by exportin-5 and processed by Dicer RNase enzyme producing 20-23 nt double-stranded miRNA. After cleavage, only the guide strand, the mature miRNA
strand is loaded into RNA Induced Silencing Complex (RISC)/ribonuclear particle (RNP) complex
leading to mRNA cleavage or induction of translational repression. In some cases, also the other
strand (miRNA star sequence) can be incorporated into the RISC complex with similar efficiency,
and therefore can also be functional.

or elongation steps, or the sequestering of their targets in the cytoplasmic P-bodies,
where mRNA storage and decay takes place (Medina and Slack, 2008). It has recently
been shown that translational repression occurs prior to deadenylation and destabilization (Cannell et al., 2008).
In animals the expression of 30% or more of the genes is predicted to be regulated
by miRNAs (Kapsimali et al., 2007). While some genes involved in basic cellular
processes avoid miRNA regulation due to short 3’UTRs that are specifically depleted of miRNA binding sites, others are regulated by a set of miRNAs. On the other
16
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hand, the effects of a miRNA can be pleotropic. It has been estimated that a single
miRNA family can regulate as many as 200 or even more different genes (Medina
and Slack, 2008). One miRNA may have several target sites in the 3’UTR of a single
mRNA (Saetrom et al., 2007). Spatial and temporal expression patterns of miRNAs
have been shown to be related to their conserved functions (Kapsimali et al., 2007;
Lagos-Quintana et al., 2002; Sempere et al., 2004). It has also been demonstrated that
changes in the level of specific miRNAs correlate with abnormal conditions of a cell,
tissue or organism (Kloosterman et al., 2006).

MiRNAs in diseases
Since miRNAs play important roles in different cellular mechanisms responsible
for maintaining the cell’s homeostasis, it is conceivable that their aberrant expression may contribute to a wide variety of diseases. It was discovered that miRNAs are
associated with neurodegenerative disorders like Alzheimer’s disease (significantly
decreased level of miR-107) and Parkinson’s disease (very low level or absence of
miR-133b in the midbrain tissue); hepatic disorders (involvement of miR-196 and
miR-448); primary muscle disorders like Duchenne muscular dystrophy, Miyoshi
myopathy and dermatomyositis (consistently up-regulated levels of miR-146b, miR21, miR-155, miR-214, miR-222); or cardiovascular diseases like cardiac hypertrophy and coronary artery disease (miR-133, miR-1 over-expression) (Garofalo et al.,
2008).
MiRNAs are also involved in the pathogenesis of infectious diseases and cancer
as they play a role in the mechanisms of apoptosis, proliferation, stress resistance,
metabolism, defense against pathogenic infections, and importantly tumorigenesis
and metastasis (Medina and Slack, 2008).
There is increasing evidence that a complex network of miRNAs works within
the immune system and that miRNAs themselves may also represent an ancient antiviral immune system (Lu and Liston, 2009). Complex regulatory mechanisms have
been revealed where miRNAs fine-tune development and function of haematopoietic lineages, B and T cell homeostasis and response, and T cell selection in the thymus. MiR-181a has an essential role in the development of both B and T lymphocytes,
miR-150 plays a critical role in B cell differentiation, miR-142 is involved in T cell
development, and miR-223 is important in granulocytic and T cell differentiation
(Carissimi et al., 2009; Sonkoly and Pivarcsi, 2009).
During infection, the first defense line of the organism is the innate immune
response. As part of this response monocytes and macrophages recognize microbial ligands by pattern recognition receptors on their membranes, such as Toll-like
receptors (TLRs) (Mogensen, 2009). During this first immune response hundreds
of genes are induced to defeat the pathogen. Recently, several studies have suggested that miRNAs play an important role in the regulation of this complex response.
Several miRNAs are differentially regulated by bacterial and viral infections ensur17
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ing regulation of macrophage inflammatory responses. While miR-146 and miR-155
were up-regulated by bacterial ligands, miR-132 and miR-125b showed decreased
expression level during LPS-treatment (Sonkoly et al., 2008). Beside these in vitro
studies, in vivo experiments showed a rapid increase in the numerous miRNAs such
as miR-21, miR-25, miR-27b, miR-100, miR-140, miR-142-3p, miR-181c, miR-187,
miR-194, miR- 214, miR-223 and miR-224. During antiviral defense several miRNAs
were over-expressed (such as miR-196, miR-296, miR-351, miR-431 and miR-448)
having sequence-predicted targets within the hepatitis C virus (HCV) genomic RNA
(Sonkoly and Pivarcsi, 2009).
In the past few years miRNA expression profiling has also come into focus in
the field of molecular oncology. Several studies have demonstrated differentially expressed miRNAs in cancer. One class of these miRNAs, called oncomirs, act on oncogenes (oncogenic oncomirs) and/or tumor suppressor genes (tumor-suppressing
oncomirs) and are direct causative agents of tumorigenesis. Other cancer-associated
miRNAs appear to be indirectly involved in genomic, epigenomic or physiological changes relevant to the different types of cancer (Esquela-Kerscher and Slack,
2006; Lu et al., 2005; Medina and Slack, 2008). MiR-15 and miR-16 have decreased
levels or show total absence in most patients with chronic lymphocytic leukemia,
consistent with a tumor-suppressive function of these miRNAs (Calin and Croce,
2006). MiRNAs of the let-7 family also act as tumor suppressors in vivo, regulating
RAS oncogenes commonly down-regulated in solid tumors (Garofalo et al., 2008).
Increased levels of a particular miRNA, for example due to gene amplification or
transcriptional disregulation, can also be a cause of cancer. Up-regulation of miR155 in B cells is associated with high grade lymphoma pre-B leukemia (Costinean et
al., 2006). Similarly, over-expression of the miR-106b-25 cluster was shown to play
critical role in gastric cancer (Petrocca et al., 2008). Cancer pathogenesis may also
be affected by mutations that disrupt or create new miRNA binding sites in target
mRNAs (Costinean et al., 2006; Garofalo et al., 2008; Sonkoly and Pivarcsi, 2009).
Differences in miRNA expression levels were found not only between normal and
tumor tissues, but also between primary tumors and metastatic tissues. For example,
miR-10b was shown to induce invasion and metastasis, whereas miR-335 and miR126 are metastasis suppressors in human breast cancer (Garofalo et al., 2008).
Revealing groups of differentially expressed miRNAs under different disease
conditions and demonstrating their biological functions is of great importance in
understanding of pathogenesis and the development of novel strategies for disease
treatment. These efforts are assisted by disease modeling using in vitro and in vivo
systems.

Modeling of diseases
To study pathogenesis of different human diseases researchers use in vitro and
animal models. In vitro cell-based assays are used to simplify experiments on patho18
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genesis of human diseases and because of methodological and ethical issues regarding the use of mammals in experiments. Although cell culture systems are highly
useful to unravel specific steps in complex physiological processes and signaling
mechanisms, they cannot provide information about disease pathogenesis in vivo
(Lieschke and Currie, 2007).
When choosing an animal model system researchers take into account the similarities and differences between the animal and human. There are practical as well as
molecular and cell biological aspects to consider in selecting an animal as a model
organism. Some of these are; husbandry infrastructure, cost of keeping animals,
anatomical, molecular, genetic or pathological similarities, and possibility, feasibility and affordability of forward and reverse genetics (Lieschke and Currie, 2007).
Several animal models have been developed to better understand different disorders
including blood diseases, diabetes, muscular dystrophy, neurodegenerative disease,
syndromes of angiogenesis and lipid metabolism, and also for infectious diseases
and cancer.
Invertebrate animal models like Caenorhabditis elegans and Drosophila melanogaster are commonly applied, especially in the field of developmental biology
based on their molecular and genetic similarities to vertebrates. However, by lacking
many structures and organ systems involved in human diseases, these organisms are
not very useful for studying pathogenesis. Although both C. elegans and D. melanogaster have an innate immune system – which is very primitive in the former but
more complex and similar to that of vertebrates in the latter one – neither of them
have an adaptive immune system, which limits their application in immunological
studies (Ewbank, 2002; Hoffmann, 2003).
The closer evolutionary proximity and genomic, anatomical, cell biological and
physiological homologies between human and other vertebrates makes these higher
animals commonly used for disease modeling. For example, mouse and rat are excellent models in biomedical research because of the similarities they share with human and also the genetics approaches that are possible in these organisms. However,
rodent and other mammalian animal models have some limitations, for example in
utero development limits embryological studies. Furthermore, infrastructure support and high cost of experiments make large-scale screens challenging to perform.
Some of the limitations of mammalian models seem to be resolved by using zebrafish (Danio rerio) as a model organism. Recognizing their high developmental
and cellular physiological similarities with mammals and advantages for experimental manipulation, George Streisinger pioneered the use of zebrafish as a vertebrate
model system for developmental biology and embryogenesis (Kari et al., 2007).
Working with zebrafish has several advantages, including that animals can be kept
easier and at minimal cost compared to higher vertebrates. The zebrafish genome
has been sequenced by the Sanger Center and is available to the research community.
The zebrafish has many orthologous genes, and even conserved synteny with mammals (Barbazuk et al., 2000). Direct observation and manipulation of embryogenesis
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is possible because of the external fertilization and development. Detecting functional and morphological changes is also facilitated by the optical transparency of
the embryos and early adults. Small size, high fecundity (100-300 embryos per week)
and short generation times (embryogenesis is complete by 5 days post fertilization)
also make the zebrafish model suitable for experimental screens. The organs are
permeable to small molecules during organogenesis, facilitating protein visualization with dye stainings and analyzing therapeutic compounds. These characteristics
make zebrafish one of the major subjects of high-throughput screenings. Large scale
forward and reverse genetic screens have made use of all these features of zebrafish
and gained success in understanding vertebrate-specific mechanisms of development (Meeker and Trede, 2008).
From the 1980s zebrafish has become an excellent experimental model for studying pathogenic mechanisms of human diseases (Lieschke and Currie, 2007). Many
zebrafish models of human diseases have been created through forward and reverse
genetics approaches. With forward genetics approaches a set of point mutations
are generated by random mutagenesis using the mutagen ethylnitrosourea (ENU)
or by non-targeted retroviral- and transposon-mediated insertional mutagenesis.
Phenotype-based screening of such mutant populations is a powerful approach to
discover new genes or new functions for known genes. The main reverse genetics
approaches include the generation of knock-outs by targeting induced local lesions
in genomes (TILLING), transient gene knock-down with antisense morpholino oligonucleotides, transient gene over-expression with mRNA, and transgenesis. With
the generation of specific zebrafish disease models, investigation of the molecular
and cellular background of human diseases is facilitated. Zebrafish models have been
generated for congenital and hereditary diseases, metabolic, endocrine, nutritional
disorders, psychological and behavioral abnormalities, immunological diseases, infectious diseases, as well as carcinogenesis (Kari et al., 2007; Lieschke and Currie,
2007; Meeker and Trede, 2008).

Zebrafish as a model of infectious diseases and cancer
In the last decade, zebrafish has been developed as an in vivo model system for
immunological research due to the remarkable similarities of its immune system to
that of human (Traver et al., 2003; van der Sar et al., 2004). Similarly to mammals,
zebrafish has both an innate and an adaptive immune system which developed evolutionary from the jawed fish (Kasahara et al., 2004). Zebrafish has the counterparts
of most if not all determinants involved in the human immune system, for example
macrophages and neutrophils, homologues of T and B lymphocytes, cytokines and
signaling molecules, as well as a well-developed complement system and inflammatory proteins (Lesley and Ramakrishnan, 2008; Lieschke and Currie, 2007; Meeker
and Trede, 2008). However, there are differences between the sites of maturation.
One of the most important features of the zebrafish immune system is that the adap20
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Figure 3. Real-time visualization of bacterial infection in the zebrafish embryo. The embryo
was injected at 27 hours post fertilization with approximately 250 colony forming units of DsRedlabelled Salmonella typhimurium bacteria into the caudal vein and imaged at 2 hours post infection. An overlay picture of the bright field and DsRed fluorescent images is shown. Bacteria are
trapped inside macrophages that are mainly observed in the bloodstream over the yolk sac (white
arrow) and in the blood island posterior of the yolk sac extension (black arrow). The embryo is
oriented with the anterior side to the left and dorsal side to the top.

tive immunity develops only after embryogenesis during the first several weeks of
larval development, while the innate immune system is present from the first day
of embryogenesis onwards. Combined with the transparency of the embryos, this
characteristic allows for the real-time and intravital analysis of the role of the innate
immune system in host-pathogen interactions, in separation from the role of adaptive immunity (Lesley and Ramakrishnan, 2008).
To better understand bacterial and viral pathological mechanisms several experimental infections have been developed in embryonal and adult zebrafish using Gram-negative bacteria (Salmonella typhimurium, Salmonella arizonae, Vibrio
anguillarum, Aeromonas salmonicida, Edwardsiella tarda), Gram-positive bacteria
(Mycobacterium marinum, Bacillus subtilis, Listeria monocytogenes, Staphylococcus
aureus, Streptococcus iniae, Streptococcus pyogenes) and viruses (Spring viraemia of
carp virus, Infectious haematopoietic necrosis virus (IHNV), Infectious pancreatic
necrosis virus, Viral hemorrhagic septicemia virus) (Fig. 3) (Meeker and Trede, 2008;
van der Sar et al., 2004).
Zebrafish has also been recognized as a powerful model for tumor biology and
cancer drug development (Feitsma and Cuppen, 2008). It spontaneously develops
almost any type of tumor with morphology similar to human tumors, most commonly in testis, gut, thyroid, liver, peripheral nerve, connective tissue, and ultimobranchial gland. Several experimental approaches to generate zebrafish cancer models have been applied, namely treatment with mutagens, forward genetic screening
for mutants showing enhanced proliferation or genomic instability, the generation of
knock-outs in known tumor suppressor genes, and the generation of transgenics to
express (human) oncogenes (Feitsma and Cuppen, 2008). In addition, xeno-trans21

Chapter 1

plantation models of mammalian or human cancer cells into zebrafish have been
developed (Haldi et al., 2006; Nicoli et al., 2007).
Although the above-mentioned advantages make zebrafish a very practical model
organism, it also has some disadvantages. One issue is that compared to mammals,
zebrafish lacks certain organs like lungs and mammary glands, or shows differences in organ functions (e.g. in zebrafish the kidney marrow replaces the function
of the mammalian bone marrow). In addition, there are difficulties in establishing
inbred lines, cell lines and tissue cultures, there is a lack of antibody reagents, and
the technology for targeted gene modification and knock-out generation is less advanced than for rodent models (Lieschke and Currie, 2007). A weakness of zebrafish
as an infection model is that zebrafish is generally maintained between 26oC and
29oC, while optimal growth and expression of virulence factors of human pathogens typically occurs at 37oC. However, some models, for example the zebrafish –
Mycobacterium marinum model for tuberculosis, use natural fish pathogens with
lower permissive temperature ranges that are closely related to human pathogens
(Lesley and Ramakrishnan, 2008; Meeker and Trede, 2008).

Outline of the thesis
In this study zebrafish models for infection and cancer are used to analyze the
transcriptome complexity during these disease processes and to gain insight into
regulatory functions of microRNAs by using array-based and sequencing-based
large-scale genomics tools.
Chapter 1 is a general introduction reviewing the following topics: (i) the aim
of transcriptomics and high-throughput approaches of genome-wide scale gene expression profiling, (ii) mechanisms of gene regulation, (iii) discovery of microRNAs,
their biogenesis and mode of action, (iv) the role of microRNAs in diseases, (v) in
vitro and animal modeling of diseases focusing on zebrafish as a novel model organism, and (vi) recent advances in the use of zebrafish as a model system for studying
the immune system response to infectious diseases and cancer.
In Chapter 2 the functional complexity of the adult zebrafish transcriptome in
response to Mycobacterium infection is characterized using Solexa/Illumina’s digital
gene expression (DGE/Tag-Seq) system, a novel tag-based transcriptome sequencing
method. DGE/Tag-seq data is compared with a previous multi-platform microarray
analysis and qPCR results, and infection-induced new gene products are discovered
and validated.
Chapter 3 describes deep sequencing of the transcriptome of zebrafish embryos
in response to Salmonella infection. Data from tag-based sequencing (DGE/TagSeq) are compared with full RNA sequencing (RNA-Seq) data and previous microarray results. Additionally, the Salmonella-induced transcriptome alterations are compared with the Mycobacterium infection data from chapter 2.
Chapter 4 describes microRNA expression profiling analyses of infectious dis22
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eases in zebrafish. Different bacterial infections are evaluated and common microRNA induction profiles are assessed. The dataset is used to compare human and zebrafish microRNA regulation, with a specific focus on the miR-146 family and their
predicted target genes in the Toll-like receptor pathway. Furthermore, microRNA
expression is compared with expression of predicted target genes.
In Chapter 5 results of microRNA expression profiling using a zebrafish liver
cancer model are reported. Differentially expressed microRNA in liver tumor tissue
versus healthy liver tissue are categorized and, compared to microRNAs detected in
human hepatocellular carcinoma and other types of cancer. Target predictions of microRNAs associated with liver cancer in zebrafish and human are made. In addition,
the set of microRNAs from the liver cancer study is compared to the dataset from
the infection study of chapter 4 to deduce common microRNA regulators of cancer
and the immune response.
Finally, Chapter 6 gives a summary and general discussion of the technologies
used in this study and the transcriptome results in infection and cancer models.
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