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ABSTRACT 

With the completion of the sequencing and annotation of hundreds of genomes, 

and the accumulation of data on the mammalian transcriptome, greater emphasis has 

been placed on elucidating the function of non-coding DNA and RNA sequences. It 

is well known that the non-coding portion of the genome can transcribe functional 

RNAs. Several categories of non-coding RNAs (ncRNAs) have been defined, such 

as transport RNAs (tRNAs) ribosomal RNAs (rRNAs), small nuclear RNAs 

(snRNAs) and small nucleolar RNAs (snoRNAs). A larger group of ncRNAs 

comprises the so-called microRNAs (miRNAs) and long non-coding RNAs serving 

key regulatory roles. 

It has been shown that miRNAs directly target a large number of genes, thus 

affecting significantly major pathways. In my project, I focused on miR-204, a 

microRNA that is highly conserved from zebrafish to human and located in the sixth 

intron of the human TRPM3 gene. I sought to identify mir-204 targets by using the 

Medaka fish (Oryzias latipes), where mir-204 is expressed at very low levels in the 

nervous system, as a model for perturbation of the mir-204 network. Transient 

transgenic Medaka fish were produced to knock down and over-express mir-204. 

Next-generation sequencing was used to sequence the Medaka transcriptome, dissect 

the putative targets of miR-204, and thus gain further insight about its function. 

Potential target genes of mir-204 were selected by choosing genes, which 

presented lower expression in the wild-type (wt) fish than in the knock down, a 

lower expression in the over-expression than in the wt and, finally, a higher 

expression in the knock down than in the over-expression. 

At the same time, I collected a list of putative miR-204 mouse and human 

targets using the prediction softwares miRanda, PicTar and TargetScan, obtained the 

Medaka orthologues and verified that the selected genes in Medaka had a statistically 

significant enrichment in miR-204 targets as compared to the complete set of genes 

obtained from the RNA-Sequencing approach. 

The combined RNA-Sequencing and bioinformatics analysis revealed 147 

predicted targets of mir-204, which showed a significant enrichment for the axon 

guidance pathway. In order to confirm this data, real time quantitative PCR has been 
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performed on total RNA from wt and morphant fish. Results showed a higher 

expression in the knock down fish for 15 out of 25 putative targets (Neo1, Trim71, 

Ddx3y, Prkar1a, MyoX, Sema3B, Sema3F, Ptprg, Slit2, Epha4, Epha7, Amot, Lpp, 

Odz4, Jarid2). 

I further validated these genes by both Q-PCR and luciferase assays. To this 

aim, I cloned five putative target sequences into the 3’UTR of a luciferase reporter 

vector (pGL3-TK-luc Promega) to use them in luciferase assays: co-transfection with 

miR-204 reduced the luciferase activity of Sema3F, belonging to the class of 

receptors involved upstream of the axon guidance pathway. 

These results indicate that mir-204 directly targets key genes involved in the 

axon guidance pathway such as Sema3F in the nervous system. Further validation of 

the disruption of axon guidance in the transgenic fish has been undertaken in vivo by 

our collaborators: the experiment demonstrated a clear role of this microRNA in 

axon path finding during retinal development. 
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INTRODUCTION 

1. Non-coding RNAs 

Since the foundation studies on the genetic code, it has been generally assumed 

that “genes” are synonymous with proteins, i.e., that genes are repositories of 

protein-coding sequences, except for those that specify infrastructural RNA 

(ribosomal RNAs, small nucleolar RNAs, transfer RNAs, spliceosomal RNAs) that 

are directly or indirectly required for messenger RNA (mRNA) processing and 

translation. The notion that genes encode proteins via an mRNA intermediate derives 

from the central dogma (DNA>RNA>protein). This is essentially true in 

prokaryotes, whose genomes are almost entirely composed of closely packed 

protein-coding sequences with associated 5’ and 3’ cis-regulatory sequences. 

However, this is not the case in eukaryotes, whose proteomes are relatively stable 

across evolution, and whose coding sequences constitute only a small fraction of the 

genome. Recent findings demonstrate how non-protein-coding RNAs (ncRNAs) 

derived from introns of protein-coding genes and the introns and exons of non-

protein-coding genes constitute the majority of the genomic programming in higher 

organisms. In higher eukaryotes, these findings are based on several observations 

(Mattick, 2003): firstly, the number of protein coding genes in humans does not 

account for the complexity of the organism, in fact humans contain only 30% more 

protein coding genes than the nematode C. elegans (25000 vs 19000 genes; Frith, 

2005). Moreover, as stated in Birney in 2007, more than 90% of the protein-coding 

genes is likely to be transcribed on one or both strands and the majority of the 

transcriptional output of the human genome is composed of non-coding transcripts 

(Mattick, 2003). These non-coding RNAs can function as active molecules in 

regulating many cellular processes like chromatin organization, mRNA translation or 

histone modification (Amaral, 2008). Nevertheless, these non-coding RNAs seem to 

be developmentally regulated (Dinger, 2008) and linked to the development of 

diseases like cancers or neurobehavioral disorders in humans (Szymanski, 2008). 

Thus, a model RNA world should be considered in which non-coding RNAs play 

roles where RNA is a more optimal material than protein (Eddy, 2001). 
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1.1 Regulatory non-coding RNAs 

Regulatory non-coding transcripts are generally referred to as long or small 

non-coding RNAs, i.e. longer and shorter than approximately 300 nucleotides long. 

It is quickly becoming clear that long non-coding RNAs can have numerous 

molecular functions, including modulating transcriptional patterns, regulating protein 

activities, serving structural or organizational roles, altering RNA processing events, 

and serving as precursors to small RNAs. Numerous long non-coding RNAs are 

misregulated in cancers and some have been found to be very sensitive and specific 

markers of tumors, such as DD3, also known as PCA3, in prostate tumors (Wilusz, 

2009). While short non-coding RNAs are easily captured nowadays with the small 

RNA-sequencing (RNA-Seq) protocol by Illumina, longer non-coding RNAs are 

often lost with the standard Illumina RNA-Seq protocol, which involves a polyA+ 

enrichment stage and thus loses polyA- transcripts. 

Concerning small non-coding RNAs, much attention has been brought to the 

small silencing RNAs characterized by their short length (about 20-30 nucleotides) 

and their association with members of the Argonaute family of proteins, which they 

guide to their regulatory targets, typically resulting in reduced expression of target 

genes via a base-pairing mechanism. The best-known classes of small silencing 

RNAs are the small interfering RNAs (siRNAs), microRNAs (miRNAs) and Piwi-

interacting RNAs (piRNAs): different classes guide diverse and complex schemes of 

gene regulation (Kim, 2010). They also differ in the proteins required for their 

biogenesis, the constitution of the Argonaute-containing complexes that execute their 

regulatory functions, their modes of gene regulation, and the biological functions in 

which they participate. Despite their differences, there is a growing awareness that 

these distinct small RNA pathways are interconnected, and that small RNA pathways 

compete and collaborate as they regulate genes and protect the genome from external 

and internal threats (Ghildiyal, 2009). 

The effects of small interfering RNAs were firstly discovered in plants when 

Jorgensen’s group had been engineering transgenic petunias with the goal of altering 

pigmentation. Conversely, introducing exogenous transgenes did not deepen flower 

colour as expected. In fact, flowers showed variegated pigmentation, with some 
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lacking pigment altogether (Napoli, 1990). This indicated that the transgenes were 

themselves inactive, and that the added DNA sequences somehow affected 

expression of the endogenous loci. This phenomenon, called co-suppression, can be 

produced by highly expressed, single-copy transgenes, or by transgenes expressed at 

a more modest level that integrate into the genome in complex, multicopy arrays 

(Jorgensen, 1990). Following on from these studies, Fire and colleagues discovered 

the phenomenon of RNA interference in the nematode worm Caenorhabditis elegans 

as a response to double-stranded RNA (dsRNA), which resulted in sequence-specific 

gene silencing (Fire, 1998). The same mechanism was then shown to apply in other 

organisms like Drosophila (Pal-Bhadra, 1997), Neurospora crassa (Romano, 1992) 

and mammals. In brief, siRNAs function as part of the Ago-containing RNA induced 

silencing complex (RISC), which is recruited to target transcripts by perfect 

antisense base pairing. Ago proteins direct the endonucleolytic cleavage (slicing) of 

targets and the resulting RNA fragments are degraded (Carthew, 2009). This 

conversion of long dsRNAs into siRNAs followed by post-transcriptional gene 

silencing (PTGS) has been termed RNA interference (RNAi). Exogenous long 

dsRNAs, from viruses or transgenes were originally thought to be the unique source 

of siRNAs, and therefore RNAi was essentially seen as a genome defense 

mechanism against foreign nucleic acids. Later on, it was discovered that siRNAs 

can also be produced from endogenous triggers in plants and animals and control the 

expression of endogenous genes and transposons (Okamura, 2008). In addition to 

playing a role in PTGS, siRNAs are also involved in heterochromatin formation in 

plants, fission yeasts, flies and nematodes (Buhler, 2007), highlighting the broad 

action range of this type of small RNAs. 

Micro-RNAs (miRNAs) are small molecules of 22-25 nucleotides long 

modulating translation or mRNA target stability (Zamore, 2005). Since their 

identification and description, miRNAs have been involved in many physiological 

and pathological processes in the cells. The first described member of this class, lin-

4, was identified in C. elegans, where it regulates the timing of development of the 

worm (Lee, 1993). Lin-4 is essential for the normal temporal control of diverse 

postembryonic developmental events in C. elegans. Lin-4 acts by negatively 

regulating the level of the LIN-14 protein, creating a temporal decrease in LIN-14 
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protein starting in the first larval stage (L1). The lin-4 locus was cloned by 

chromosomal walking and transformation rescue, then this clone was used to isolate 

the gene from three other worm species; all four clones functionally rescue the lin-4 

null allele of C. elegans. Comparison of the lin-4 genomic sequence from these four 

species and site-directed mutagenesis of potential open reading frames indicated that 

lin-4 does not encode a protein. Two small lin-4 transcripts of approximately 22 and 

61 nt were identified in C. elegans and found to contain sequences complementary to 

a repeated sequence element in the 3' untranslated region (UTR) of lin-14 mRNA, 

suggesting that lin-4 regulates lin-14 translation via an antisense RNA-RNA 

interaction (Lee, 1993). Later on, the same group demonstrated that a temporal 

gradient in Lin-14 protein is generated post-transcriptionally by multiple elements in 

the lin-14 3'UTR that are regulated by the heterochronic gene lin-4. The lin-14 

3'UTR is both necessary and sufficient to confer lin-4-mediated post-transcriptional 

temporal regulation. The function of the lin-14 3'UTR is conserved among different 

worm species. Among the conserved sequences are seven elements that are each 

complementary to the lin-4 RNAs. A reporter gene bearing three of these elements 

shows partial temporal gradient activity. These data suggested a molecular 

mechanism for Lin-14 protein temporal gradient formation: the lin-4 RNAs pair to 

sites in the lin-14 3'UTR to form multiple RNA duplexes that down-regulate lin-14 

translation (Wightman, 1993). 

The C. elegans heterochronic gene pathway consists of a cascade of regulatory 

genes that are temporally controlled to specify the timing of developmental events. 

Mutations in heterochronic genes cause temporal transformations in cell fates in 

which stage-specific events are omitted or reiterated. In 2000, Ruvkun’s group 

showed that let-7 is a heterochronic switch gene. Loss of let-7 gene activity causes 

reiteration of larval cell fates during the adult stage, whereas increased let-7 gene 

dosage causes precocious expression of adult fates during larval stages. Let-7 

encodes a temporally regulated 21-nucleotide RNA that is complementary to 

elements in the 3'UTR regions of the heterochronic genes lin-14, lin-28, lin-41, lin-

42 and daf-12, indicating that expression of these genes may be directly controlled 

by let-7. The sequential stage-specific expression of the lin-4 and let-7 regulatory 

RNAs triggers transitions in the complement of heterochronic regulatory proteins to 
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coordinate developmental timing (Reinhart, 2000). 

SiRNAs and miRNAs act with the Argonaute family of proteins to regulate 

target mRNAs post-transcriptionally. SiRNAs typically induce endonucleolytic 

cleavage of mRNA with near-perfect complementarity. For targets with less 

complementarity, both translational repression and mRNA destabilization 

mechanisms have been implicated in miRNA-mediated gene repression, although the 

timing, coupling, and relative importance of these events have not been determined 

(Djuranovic, 2011). 

piRNAs differ significantly from siRNAs and miRNAs: they are produced by a 

poorly understood, Dicer-independent, mechanism from single stranded precursors. 

They interact with the Piwi clade of Ago proteins, whereas siRNAs and miRNAs do 

so with the Argonaute clade. Studies in flies, fish and mice implicate these piRNAs 

in germline development, silencing of selfish DNA elements, and in maintaining 

germline DNA integrity. However, whether piRNAs primarily control chromatin 

organization, gene transcription, RNA stability or RNA translation is not well 

understood, neither is piRNA biogenesis (Klattenhoff, 2008). 

 

1.2 MicroRNAs biogenesis 

Most miRNA genes come from regions of the genome quite distant from 

previously annotated genes, implying that they derive from independent transcription 

units (Lagos-Quintana, 2001; Lee, 2001). Nonetheless, a sizable minority (e.g., about 

a quarter of the human miRNA genes) are in the introns of pre-mRNAs (Shomron, 

2009). These are preferentially in the same orientation as the predicted mRNAs, 

suggesting that most of these miRNAs are not transcribed from their own promoters 

but are instead processed from the introns, as seen also for many small nucleolar 

RNAs (snoRNAs). This arrangement provides a convenient mechanism for the 

coordinated expression of a miRNA and a protein. Regulatory scenarios are easy to 

imagine in which such coordinate expression could be useful, which would explain 

the conserved relationships between miRNAs and host mRNAs (Bartel, 2004). 

MiRNAs transcription is mediated by RNA polymerase II (Lee, 2004). The 

primary transcript is capped with 7-methyl-guanosine and is polyadenylated like the 
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typical polymerase II transcripts (Cai, 2004). Further evidences of a polymerase II 

dependent transcription was demonstrated by the sensitivity of transcription to the α-

amanitin and by the physical association of RNA polymerase II to the miRNA 

promoters (Lee, 2004). However, subsequent works revealed that some miRNAs are 

interspersed in Alu repeats, transcribed by RNA polymerase III: chromatin 

immunoprecipitation and cell-free transcription assays showed that polymerase III, 

but not polymerase II, is associated with miRNA genomic sequence and sufficient 

for transcription (Borchert, 2006). 

The early steps of miRNAs biogenesis (Fig.1) take place in the nucleus where 

miRNA genes are transcribed into primary miRNA transcripts (pri-miRNAs). In 

addition, it has been shown that each miRNA located in the same genomic cluster 

can be transcribed and regulated independently (Song, 2008). RNA editing of 

primary transcripts by ADARs (adenosine deaminases acting on RNA) modifies 

adenosine (A) into inosine (I). Because the base-pairing properties of inosine are 

similar to those of guanosine (G), A-to-I editing of miRNA precursors may change 

their sequences, base-pairing and structural properties and can influence their further 

processing as well as their target recognition abilities (Winter, 2009). The pri-

miRNA has a hairpin structure that is recognized and cleaved by the complex formed 

by the RNase III endonuclease Drosha and the DGCR8 (Di George critical region 

gene 8) protein, also known as Pasha (Partner of Drosha) in Drosophila and C. 

elegans (Lee, 2003). Drosha is a protein of 160 kDa conserved among animals but 

not in plants (Filippov, 2000); Drosha and DGCR8 make a protein complex of 650 

kDa in humans and 500 kDa in Drosophila known as “microprocessor” complex. 

DGCR8/Pasha contains two double-stranded RNA-binding domains and is essential 

for miRNA processing in all organisms tested (Gregory, 2004). An average human 

pri-miRNA contains a hairpin stem of 33 bp, a terminal loop and two single-stranded 

flanking regions upstream and downstream of the hairpin. The double-stranded stem 

and the unpaired flanking region are critical for DGCR8 binding and Drosha 

cleavages, but the loop region or the specific sequences are less important for this 

step (Han, 2006). 
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Fig. 1 miRNAs biogenesis (from He, 2004) 
miRNA genes encode long primary mRNA transcripts that in turn produce mature 

miRNAs through a series of endonucleolytic maturation steps. Primary miRNA 

transcripts are processed into precursor miRNA (pre-miRNA) stem-loops of 60 

nucleotides in length by the nuclear RNase III enzyme Drosha. The pre-miRNA is 

then actively transported to the cytoplasm by Exportin-5. The final step of miRNA 

maturation is the selective loading of the functional strand of the small RNA duplex 

onto the RNA-induced silencing complex (RISC). Mature miRNAs then guide the 

RNA-induced silencing complex to cognate target genes and repress target gene 

expression by either destabilizing target mRNAs or repressing their translation. 

DGRC8 (DiGeorge syndrome critical region gene 8) and TRBP (TAR (HIV) RNA 

binding protein 2) are double-stranded RNA-binding proteins that facilitate mature 

miRNA biogenesis by Drosha and Dicer RNase III emzymes, respectively. 



Introduction 

 13 

 
The two RNase domains of Drosha cleave the 5’ and 3’ arms of the pri-miRNA 

hairpin whereas DGCR8 directly and stably interacts with the pri-miRNA and 

functions as a molecular ruler to determine the precise cleavage site (Han, 2006). 

Drosha cleaves 11 bp away from the single-stranded RNA/double-stranded RNA 

junction at the base of the hairpin stem. The Microprocessor cleavage of pri-miRNA 

is not the only way to generate pre-miRNAs; in fact, intron-derived miRNAs are 

released from their host transcript after splicing. If the intron resulting from the 

action of the splicing machinery and the lariat debranching enzyme has the 

appropriate size to form a hairpin resembling a pre-miRNA, it bypasses Drosha 

cleavage and is further processed in the cytoplasm by Dicer (Ruby, 2007). These 

miRNAs are called “mirtrons” and have been discovered in several species, 

including mammals (Okamura, 2007). 

Since the subsequent step in the miRNA processing resides in the cytoplasm, 

the pre-miRNA needs to be exported in the nucleus; this export is mediated by 

Exportin-5 (Exp5) in complex with Ran-GTP (Yi, 2003). Exp5 knock down leads to 

a decreased abundance of mature miRNAs but not to a nuclear accumulation of the 

pre-miRNA, indicating that Exp5 also protects the pre-miRNAs against nuclear 

digestion. Exp5 recognizes the pre-miRNA independently of its sequence or the loop 

structure. A defined length of the double-stranded stem and the 3’ overhangs are 

important for successful binding to Exp5, ensuring the export of only correctly 

processed pre-miRNA (Gwizdek, 2003). 

The second cleavage is operated by the cytoplasmic RNase type III 

endonuclease Dicer and defines the mature miRNA. Dicer is a highly conserved 

protein of about 200 kDa and works in cooperation with a protein binding double-

stranded RNA, TRBP (HIV-1 TAR RNA-binding protein) that binds human Dicer 

(Chendrimada, 2005). Dicer’s PAZ domain interacts with the 3’ terminal overhang 

and cleaves off the loop of the pre-miRNA generating a roughly 22-nucleotide 

miRNA duplex with two nucleotides protruding as overhangs at each 3’ end. 

The RISC complex is the cytoplasmic effector machine of the miRNA pathway 

and contains a single-stranded miRNA guiding it to its target mRNAs. Cytoplasmic 

miRNA processing and RISC assembly are mediated by the RISC loading complex 
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(RLC), a multi-protein complex composed of Dicer, the double-stranded RNA-

binding domain proteins TRBP and PACT (protein activator of PKR) and the core 

component Argonaute-2 (Ago2) which also mediates RISC effects on mRNA targets. 

TRBP and PACT are not essential for Dicer-mediated cleavage of the pre-miRNA 

but they facilitate it, and TRBP stabilizes Dicer (Chendrimada, 2005). Depletion of 

TRBP or PACT reduces the efficiency of post-transcriptional gene silencing, and 

both might have overlapping functions in the miRNA and small interfering RNA 

(siRNA) pathway. The formation of the human RLC complex is initiated 

independently of ATP hydrolysis by the assembly of Dicer, TRBP and Ago2, and the 

exported hairpin only joins the RLC after the formation of this ternary complex 

(Maniataki, 2005). 

MiRNAs showing a high degree of complementarity along the hairpin stem 

undergo an additional endonucleolytic cleavage step before Dicer activity: the slicer 

activity of Ago2 cleaves the 3’ arm of the hairpin in the middle generating the Ago-2 

cleaved precursor miRNA or ac-pre-miRNA (Diederichs, 2007). The Ago2-mediated 

step facilitates subsequent strand dissociation and RISC activation, in a way similar 

to its function in the siRNA pathway (Matranga, 2005; Miyoshi, 2005). 

The RNase III Dicer cleaves the loop of the pre-miRNA or the ac-pre-miRNA 

and generates a 22-nucleotide miRNA duplex with two nucleotides protruding as 

overhangs at each 3’ end. This cleavage is essential for miRNA processing and has 

been described in many organisms like C. elegans, Drosophila and mammals 

(Bernstein, 2001; Ketting, 2001). Deletion of Dicer decreases or abrogates the 

production of mature miRNAs: in mice, deletion of this evolutionary conserved 

endonuclease leads to lethality in the early development (Bernstein, 2003). 

After Dicer-mediated cleavage, Dicer and its interactors TRBP or PACT 

dissociate from the miRNA duplex. To form the active RISC that performs gene 

silencing, the double-stranded duplex needs to be separated into the functional guide 

strand, which is complementary to the target, and the passenger strand, which is 

subsequently degraded. Helicases associated with RISC formation or activity include 

p68, p72, RNA helicase A (RHA), RCK/p54, TNRC6B, Gemin3/4 and human 

Mov10 or its Drosophila orthologue Armitage (Meister, 2005; Robb, 2007). 

However, the results of RISC loading and reconstitution experiments in the absence 
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of ATP indicate that helicases might not be generally required (Maniataki, 2005). 

In principle, the miRNA duplex could give rise to two different mature 

miRNAs. However, in a similar manner to siRNA duplexes, only one strand is 

usually incorporated into RISC and guides the complex to target mRNAs while the 

other strand is degraded (Schwarz, 2003). This functional asymmetry depends on the 

thermodynamic stability of the base pairs at the two ends of the duplex: the miRNA 

strand with the less stable base pair at its 5´ end in the duplex is loaded into RISC 

(Khvorova, 2003). 

Surprisingly little is known about the half-life and degradation of individual 

miRNAs. Only in A. thaliana a family of exoribonucleases degrading miRNAs has 

been identified (Ramachandran, 2008). Mature miRNAs are generally rather stable, 

as demonstrated by the long persistence of most miRNAs after RNAi-mediated 

depletion of processing enzymes (Gregory, 2004). Nevertheless, yet unidentified 

mechanisms may control miRNA turnover. 

 

1.3 Mechanisms of action 

In the RISC complex, miRNAs act as “adaptors” in order to regulate post-

transcriptionally specific target mRNA through the 3’UTR, which interacts mainly 

with the 5’ end of miRNA in animals. MiRNAs in animals bind the target through 

imperfect pairing at the seed region, located between nucleotides 2 and 8 of miRNA. 

Moreover, interaction of miRNAs with argonaute proteins pre-organizes the structure 

of the seed sequence for specific recognition of target mRNAs (Lambert, 2011). 

Conversely, in plants, miRNAs bind the target through perfect pairing also in the 

coding region of mRNA. 

However, many endogenous motifs within human 5’ UTRs specific to the 3’ 

ends of miRNAs have been recently identified. The 3’ end of conserved miRNAs in 

particular has significant interaction sites in the human-enriched, less conserved 5’ 

UTR miRNA motifs, while human-specific miRNAs have significant interaction 

sites only in the conserved 5’ UTR motifs, implying both miRNA and 5’ UTR are 

actively evolving in response to each other. Additionally, many miRNAs with their 

3’ end interaction sites in the 5’UTRs turn out to simultaneously contain 5’ end 



Introduction 

 16 

interaction sites in the 3’UTRs (Lee, 2009). 

The degree of complementarity between miRNA and mRNA is a key 

component of the regulation mechanism: a perfect pairing leads to the mRNA 

cleavage catalyzed by the Argonaute proteins whereas an imperfect match promotes 

a repression in the mRNA translation. It is still under debate how the RISC complex 

regulates the translation since it is not well understood whether the repression occurs 

at the beginning of translation or if it occurs during the extension of the new protein 

(Fig.2). 
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Fig. 2 Mechanisms of microRNA-mediated regulation (from Carthew, 2009) 

The mRNA not suppressed recruits translational initiation factors and ribosomal 

subunits generating a structure that facilitates the translation (up). When RISC 

complex binds mRNA, it can repress translational initiation competing for cap 

binding or competing for ribosomal subunit 60S. Alternatively, RISC complex can 

also induce mRNA deadenylation inhibiting the circularization (down); it can also 

repress post-initiation phase of translation inhibiting ribosome drop-off. Finally, 

RISC complex can promote mRNA degradation inducing deadenylation followed by 

cap removal. 
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The translation process starts with the link between the 5’ cap of mRNA and 

the eIF4E (eucharyotic Initiation Factor 4E), a subunit of the eIF4F complex; to this 

complex also belong eIF4A and eIF4G that interacts with another initiation factor, 

eIF3, recruiting the 40S ribosome subunit to the 5’ terminus. Thus, the pre-initiation 

complex containing the 40S subunit binds the 60S ribosome subunit to the AUG 

codon in order to start the elongation. eIF4G also interacts with PABP1 (Poly-A 

Binding Protein 1) binding the 3’ terminus of mRNA: the coincident interaction 

between eIF4G, eIF4E and PABP1 permits the mRNA circularization. This event 

increases the translation efficiency: this is not the case of viral RNA that starts 

translation without initiation factors or with IRES (Internal Ribosome Entry Site) 

sites. 

The evidence that miRNAs and their targets are bound to polyribosomes 

(Olsen, 1999) and that the translation inhibition occurs when IRES sites mediate the 

translation (Petersen, 2006) prompt to conclude that miRNAs inhibit translation 

during post-initiation phase. Actually, it has been shown miRNAs effect on 

translation through different approaches: suppressed mRNAs settle with 

ribonucleoparticles (initiation inhibition) or with polysomes (eleongation inhibition) 

in density gradient centrifugation assays; suppressed mRNA with the addition of 

IRES sites became resistant to the inhibition. Based on these criteria, many 

researchers highlighted the inhibition during the initiation step of translation (Pillai, 

2005; Kiriakidou, 2007; Ding, 2009) or during the post-initiation process (Maroney, 

2006; Petersen, 2006). Thus, the repression can occur during both the initiation and 

the subsequent phases of translation. 

First studies on animal miRNAs indicated that translation inhibition was not 

linked to RNA destabilization. However, in some cases, miRNAs can reduce the 

levels of many of their target transcripts, not just the amount of protein deriving from 

these transcripts (Lim, 2005). In fact, mRNAs containing partial miRNA 

complementary sites can be targeted for degradation in vivo, raising the possibility 

that regulation at the level of mRNA stability may be more common than previously 

appreciated for the miRNA pathway (Bagga, 2005). miRNAs silence gene 

expression by at least two independent mechanisms: by repressing translation and/or 
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by promoting mRNA degradation. In Drosophila, both mechanisms require Ago1 

and the P-body component GW182. Moreover, mRNA degradation by miRNAs is 

carried out by the enzymes involved in general mRNA decay, including 

deadenylases and decapping enzymes, which also localize to P bodies. Many 

findings suggest a model for miRNA function in which Ago1 associates with 

miRNA targets through miRNA-mRNA base-pairing interactions. GW182 interacts 

with Ago1 and recruits deadenylases and decapping enzymes, leading to mRNA 

degradation. However, not all miRNA targets are degraded: some stay in a 

translationally silent state, from which they may eventually be released (Behm-

Ansmant, 2006). 

 

1.4 MicroRNAs target prediction 

Each miRNA may regulate hundreds of genes to control cell response to 

developmental and other environmental cues. The best way to understand the 

function of a miRNA is to identify the genes that it regulates. Target gene 

identification is challenging because miRNAs bind to their target mRNAs by partial 

complementarity over a short sequence, suppression of an individual target gene is 

often small, and the rules of targeting are not completely understood. The 

examination of changes in gene expression that occur when miRNA expression is 

altered and biochemical isolation of miRNA-associated transcripts complement 

target prediction algorithms (Thomas, 2010). 

Since miRNAs are short, and animal miRNAs have limited sequence 

complementarity to their targets, it is a challenging task to predict animal miRNA 

targets with high specificity. However, target prediction in plants is relatively 

uncomplicated, because plant miRNAs bind to their target mRNAs with perfect or 

nearly perfect complementarity for target cleavage. 

Despite the significant increase of experimentally validated miRNA target 

genes, the majority of miRNA-targeted genes still remains unknown and 

computational target prediction programs remain the only source for a rapid 

identification of a putative miRNA target. Therefore, the development of 

computational target prediction programs goes hand in hand with the understanding 
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of miRNA function. Although a typical miRNA is 22 nucleotides long, the 

nucleotides close to the 5′ end of the miRNA are the most crucial for recognizing and 

binding to a target sequence (Kiriakidou, 2004). Additionally, motifs in the 3′UTR of 

protein coding genes corresponding to nucleotides 2–7 of the miRNA are 

preferentially conserved in several species (Lewis, 2005). These six nucleotides have 

been denoted as the ‘seed’ sequence of the miRNA. 

In the last years, several miRNA target prediction programs have been 

published (Sethupathy, 2006). The main prediction feature used in most of these 

programs is the sequence alignment of the miRNA seed to the 3′UTR of candidate 

target genes. Their specificity is usually increased by exploiting the evolutionary 

conservation of binding sites or by using additional features such as structural 

accessibility (Long, 2007), nucleotide composition (Grimson, 2007) or location of 

the binding sites within the 3′UTR (Grimson, 2007). 

Some of the most commonly used algorithms for miRNA target prediction for 

the human and mouse genome are described (reviewed in Alexiou, 2009). 

 

DIANA-microT 

The DIANA-microT algorithm v3.0 is an algorithm based on several 

parameters calculated individually for each microRNA and it combines conserved 

and non-conserved microRNA recognition elements into a final prediction score. The 

program reports a signal to noise ratio and a precision score that help in the 

evaluation of the significance of the predicted results. The web server provides 

extensive information for predicted microRNA-target gene interactions providing 

extensive connectivity to online biological resources. Target gene and microRNA 

functions may be elucidated through automated bibliographic searches and 

functional information is accessible through KEGG pathways. The web server offers 

links to nomenclature, sequence and protein databases and users are facilitated by 

being able to search for targeted genes using different nomenclatures or functional 

features, such as the genes possible involvement in biological pathways (Maragkakis, 

2009). 
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miRanda 

MicroRNA.org (www.microrna.org) is a comprehensive resource of 

microRNA target predictions and expression profiles. Target predictions are based 

on a development of the miRanda algorithm which incorporates current biological 

knowledge on target rules and on the use of an up-to-date compendium of 

mammalian microRNAs. MicroRNA expression profiles are derived from a 

comprehensive sequencing project of a large set of mammalian tissues and cell lines 

of normal and disease origin. Using an improved graphical interface, a user can 

explore (i) the set of genes that are potentially regulated by a particular microRNA, 

(ii) the implied cooperativity of multiple microRNAs on a particular mRNA and (iii) 

microRNA expression profiles in various tissues. To facilitate future updates and 

development, the microRNA.org database structure and software architecture is 

flexibly designed to incorporate new expression and target discoveries. The web 

resource provides users with functional information about the growing number of 

microRNAs and their interaction with target genes in many species and facilitates 

novel discoveries in microRNA gene regulation (John, 2004). 

 

PicTar 

Pictar identifies two types of miRNA-target interactions: (i) those with perfect 

complementarity between the seed region of the miRNA and the 3′UTR target site 

and (ii) those for which the perfect complementarity is interrupted by at most one 

nucleotide bulge, mismatch, or G:U wobble. In both instances, the algorithm requires 

that the binding stability of the putative miRNA-target interaction, as measured by 

thermodynamic binding energy, exceed a specified threshold. Once individual 

miRNA-target interactions are identified, the algorithm labels highly conserved 

(among 4 or 5 species) target sites as ‘anchors’ and filters out those 3′UTRs that do 

not harbor a specified number of anchors. A hidden Markov model is then used to 

score the likelihood of a 3′UTR being targeted by miRNAs in a combinatorial 

manner. These scores are computed for a set of species and combined to compute the 

final score (Lall, 2006). 

 

TargetScan 
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TargetScan predicts miRNA targets based on the identification of aligned seed 

matches and their conservation in several species. The overall scoring of a miRNA 

target site depends on the level of conservation, whether it binds to the miRNA on 

position 8 and/or whether it has an A at position 1, the distance of the target from the 

3′UTR end and the AU composition of the flanking area (Friedman, 2009). 

 

RNAhybrid 

RNAhybrid is an algorithm constructed to find the lowest free energy 

hybridization between two RNA molecules, i.e. the most stable binding site of a 

miRNA on an mRNA. It uses extreme value statistics inspired by BLAST to 

calculate a p-value for the probability of observing a binding free energy lower than 

the observed binding site in random sequences of the same length. RNAhybrid 

allows parameters to be set to enforce a perfect seed match (Rehmsmeier, 2004). 

 

MAMI 

MAMI (Meta MiR:Target Inference) is a database, available only for human 

genome, that has compiled predictions from 5 different miRNA target prediction 

algorithms (TargetScanS, miRanda, microT, miRtarget and picTar). The user can 

query with either a known human miRNA name or an mRNA identifier, and MAMI 

will present a list of predicted miRNA-target interactions, indicating where the 

algorithms agree and disagree. 

 

RNA 22 

RNA22 is a miRNA target prediction program that incorporates identifying 

redundant patterns in mature miRNA sequences. A second-order Markov chain is 

implemented to estimate the statistical significance of the identified patterns. The 

reverse complements of all miRNA patterns are then identified within 3′UTR 

sequences. A ‘Target Island’ is an area where many such reverse complement hits 

accumulate. miRNAs are paired to target islands and the strength of the pairing is 

calculated based on the free energy and the number of nucleotides involved 

(Miranda, 2006). 
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PITA 

PITA is the acronym for “Probability of Interaction by Target Accessibility”: 

this tool primarily identifies miRNA targets by considering the accessibility of target 

sites within the mRNA. It first scans the 3’UTR for putative target sites by searching 

for near-perfect seed matches. For each site, ΔΔG is computed representing a score 

for the probability of a miRNA-target site interaction. When there are multiple sites 

for one miRNA, the ΔΔG scores are appropriately summed to gain a score for the 

total interaction energy for the miRNA-target pair. Thus, PITA also includes the 

number of target sites for scoring and ranking miRNA targets (Kertesz, 2007). 

 

EIMMo 

Generally, this method searches for seed pairing and then evaluates the 

functionality of the sites by conservation analysis based on a Bayesian probabilistic 

model. First putative target sites for each miRNA are determined by scanning the 

3’UTR for complementarity to 3 different seed types. More precisely, it is looked for 

8 mers, and the two types of 7 mers, whereas at the mRNA position across 

nucleotide 1 of the miRNA an A is not accepted as a match, instead Watson-Crick 

pairing at position 1 is required. However, the miRNAs 3’ end is not observed, 

consequently 3’ compensatory paring does not contribute to this method. To each 

potential target site a posterior probability, that the site is target of the miRNA, is 

assigned. Therefore, the method determines a conservation pattern for each site 

separately within a set of related species and models the evolution of the site 

(Gaidatzis, 2007). 

 

Another interesting field in miRNA target prediction is the elucidation of the 

combinatorial effect of miRNAs. It is widely accepted that several miRNAs are co-

regulated in miRNA gene clusters and are transcribed together. Additionally, levels 

of several miRNAs may be correlated as markers for disease, indicating a co-

regulation by more than one miRNAs. Therefore, two main questions may be asked: 

how do multiple miRNAs affect a single gene, and how do multiple miRNAs 

regulate a biological pathway or disease. High-throughput experiments involving the 

knockout or overexpression of several miRNAs simultaneously as well as 
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independently, could produce the data needed in order to tackle the first question. 

The second question requires more complex computational predicting miRNA 

regulatory networks (Ivanovska, 2008). 

Traditionally, the 3′UTR is the main region of miRNA binding. However, there 

have been reports that miRNA-binding sites could be functional even when 

artificially placed inside coding regions. MiRNA targeting was also detected in open 

reading frames of protein coding genes (Lewis, 2005). More recently, the effect of 

introducing miRNA target sites into the 5′UTR of luciferase reporter mRNAs was 

extensively studied (Lytle, 2007) and naturally occurring miRNA targets in the 

amino acid coding sequence of mouse genes were experimentally identified (Tay, 

2008). These findings indicate that miRNAs could target mRNAs by binding to 

positions outside the 3′UTR. However, it is possible that miRNAs act in these 

regions by different mechanisms and/or binding rules and therefore are hard to 

identify. Specifically, miRNA target prediction in coding regions would pose the 

difficulty of high background conservation and biased nucleotide composition. 

 

1.5 MicroRNAs in the nervous system 

Animal miRNAs have emerged as important players in the control of different 

biological processes (Bak, 2008). During development, many miRNAs are expressed 

in neurons or show distinct expression patterns within the developing central nervous 

system (CNS), implying their importance in brain development and function (Miska, 

2004; Sempere, 2004). About 70% of miRNAs are expressed in the brain and many 

studies suggest that miRNAs are involved in synaptic functions and in memory 

formation. Maternal-zygotic dicer mutant zebrafish that lack all mature miRNAs 

display abnormal brain morphogenesis and neural differentiation (Giraldez, 2005). 

Injection of miR-430 rescues the brain defects in mutant embryos, inferring a general 

role in zebrafish brain morphogenesis. 

Examples of miRNAs expressed in the nervous system are miR-138 and miR-

124, as well as other miRNAs expressed in specific nervous cell types like miR-26 or 

miR-29, which are mostly expressed in astrocytes (Fiore, 2007). Examples of 

miRNAs expressed during a specific developmental stage are miR-17 (Cao, 2006), 
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miR-92a and miR-92b (Fiore, 2007), which are specifically expressed in neuronal 

progenitors and miR-130b whose expression is up-regulated during embryonic 

development. 

Furthermore, miR-9 and miR-124 show specific expression during the 

development of the central nervous system and their respective nucleotide sequences 

are 100% identical among many species indicating a strong constraint throughout 

evolution. Their expression patterns and mRNA targets, however, are less conserved 

throughout evolution. Therefore, these miRNAs exhibit diverse context-dependent 

functions in different aspects of neuronal development, ranging from early 

neurogenesis and neuronal differentiation to dendritic morphogenesis and synaptic 

plasticity (Gao, 2010). 

In vertebrate species, a central role for miRNAs in neurogenesis was primarily 

shown through studies in which the enzyme Dicer was ablated (globally or by 

targeted deletion), thus blocking mature miRNA biogenesis and leading to various 

abnormalities and/or lethality (Bernstein, 2003; Giraldez, 2005). Amongst these 

studies, the work in zebrafish by Giraldez was especially important as it clearly 

demonstrated, for the first time, the functional relevance of miRNAs in neurogenesis. 

Specifically, Giraldez and colleagues showed that upon ablation of the maternal and 

zygotic expression of Dicer, severe defects could be observed in many aspects of 

neuronal cell differentiation and morphogenesis of the brain. However, upon the 

introduction of members of the large miR-430 family (miR-430a-c), some of these 

defects caused by Dicer ablation could be rescued. Interestingly, re-introduction of 

the miR-430 family rescued neuronal defects but not those associated with ear or 

heart formation, implying that this particular miRNA family has a tissue specific role 

in zebrafish (Saba, 2010). 

One of the most comprehensive studies to highlight the conditional deletion of 

Dicer and its effect on neuronal cell development was that of De Pietri Tonelli in 

2008. The targeted deletion of Dicer in this study was performed on neocortical 

progenitors, specifically neuroepithelial cells of the dorsal telencephalon of mice. 

Upon Dicer ablation, mature neurons, closely followed by committed progenitor 

cells, appeared to show the greatest sensitivity to the loss of functional miRNAs. 

This loss was manifested through massive hypotrophy of the postnatal cortex and the 
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eventual death of the mice. In stark contrast, the primary target cells of Dicer 

ablation, the neuroepithelial cells, continued to proliferate (Saba, 2010). 

Thus miRNAs contribute to the high degree of cellular diversity in the brain 

and regulate cellular mechanisms leading to the development of the central nervous 

system and cognitive functions. In the adult nervous system, miRNAs also regulate 

later stages of neural development like synaptic plasticity and morphological and 

functional variations in the synapses necessary for memory and learning (Fiore, 

2007). A prerequisite for a functional role of miRNAs in synaptodendritic domains is 

the targeted delivery along the dendrite. However, the targeting and transport of 

dendritically localized pre-miRNAs and the mechanisms underlying these 

phenomena are completely unknown at present. Currently, three models are 

conceivable for the transport of miRNAs to the synapse. First, the miRNA might 

bind to its target mRNA (selected from a large mRNA pool) in the cell body before 

transport to the synapse (Kosik, 2006). In this case, dendritic targeting elements 

within the mRNA are thought to be responsible for the co-delivery of miRNA and 

mRNA to the dendrite. Second, the miRNA could travel independently of the target 

mRNA in form of the pre-miRNA before being locally processed in the dendrite 

(Kosik, 2006). This transport would be based on cis-acting targeting sequences 

within the pre-miRNA. Thus, the mature miRNA would encounter only a limited 

target field consisting of the dendritic mRNAs. However, one might argue that this 

mechanism requires the presence of the pre-miRNA processing machinery in the 

dendrites. Third, the transport sequences could also reside within the mature 

sequence itself. Recently, it was demonstrated that specific miRNAs contain small 

targeting elements that control their subcellular localization. For example, a 

hexanucleotide terminal motif acts as a nuclear localization element in the case of 

miR-29b (Hwang, 2007). Thus, one might hypothesize a similar mechanism for the 

localization of mature dendritic miRNAs. It is likely that the sequence of the miRNA 

or of its precursor will determine which mechanism is actually used for subcellular 

localization. 

Many forms of mental disorders are characterized by alterations in neuronal 

morphology. Given that miRNAs regulate neuronal morphology at multiple levels, it 

can be hypothesized that aberrant miRNA function might contribute to such diseases 
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(Bicker, 2008). One of the first examples for an implication of miRNAs in human 

brain disorders is Tourette’s syndrome (TS), a neuropsychiatric disorder 

characterized by persistent vocal and motor tics (Robertson, 2003). Slit and NTRK-

like 1 (SLITRK1), a protein important for growth, guidance and branching of 

neuronal processes, has been discussed as a candidate gene for TS. Interestingly, the 

3’UTR of the SLITRK1 mRNA contains a binding site for miR-189. Genetic 

association analysis revealed a correlation of mutations within the miR-189 binding 

site in the SLITRK1 gene and the aetiology of the disease (Abelson, 2005). 

Spinal muscular atrophy (SMA) is a heritable neuromuscular disease with an 

incidence of 1:6000–10,000 and represents the leading genetic cause of death in 

childhood (Frugier, 2002). SMA affects primarily motoneurons of the anterior horn 

cells of the spinal cord, thereby leading to progressive muscle paralysis and atrophy. 

The most common form of SMA is caused by mutations in the RNA-binding protein 

survival of motor neuron 1 (SMN1), a rather ubiquitously expressed protein found 

both in the nucleus and in the cytoplasm. It is part of a multi-protein complex and 

plays a role in various cell functions. The SMN complex is implicated in the 

assembly and transport of different classes of ribonucleoproteins (RNPs), including 

small nucleolar RNPs, telomerase RNPs as well as transcription and pre-mRNA 

splicing machineries. Interestingly, components of the SMN complex are also found 

in miRNA containing RNPs (Dostie, 2003). Therefore, it is conceivable that 

miRNAs are involved in splicing, trafficking or translation of cargo mRNAs 

associated with the SMN complex. 

Rett syndrome (RTT) is an X-linked neurodevelopmental disorder occurring 

primarily in females, with an incidence of 1:10,000–15,000. Developmental 

stagnation, stereotypical movements, microcephaly, seizures and mental retardation 

characterize this disorder. RTT is caused by mutations in the gene encoding methyl-

CpG binding protein 2 (MeCP2) (Amir, 1999). Recently, MeCP2 translation has 

been shown to be under the control of the brain-enriched miRNA miR-132 (Klein, 

2007). The authors assume that miR-132 binding to the 3’UTR of the MeCP2 mRNA 

prevents from deleteriously high MeCP2 levels during development. Consequently, 

one might hypothesize that a deregulation of MeCP2 translation resulting from 

aberrant miRNA function contributes to RTT. 
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First indications have emerged that miRNAs might be involved in the aetiology 

of schizophrenia. Interestingly, altered miRNA levels have been detected in the 

prefrontal cortex of post-mortem brains from patients with schizophrenia compared 

to healthy individuals (Perkins, 2007). Moreover, a SNP-based genetic analysis 

identified an association of two miRNA loci with schizophrenia (Hansen, 2007). 

Although further validation of these correlations is necessary, they suggest a 

connection between miRNAs and schizophrenia. 

MiRNAs are also presumed to contribute to the aetiology of neurodegenerative 

diseases, since they seem to be essential for the survival of mature neurons. The main 

characteristics of Parkinson’s disease (PD) are severe mobility problems, tremor and 

speech impairments. At the cellular level, PD is caused by a gradual death of 

dopaminergic neurons in the substantia nigra. Interestingly, genetic inactivation of 

Dicer in specific dopaminergic neurons in mice leads to a gradual loss of neurons, 

causing a phenotype resembling that of PD (Kim, 2007). The same phenotype was 

also observed in vitro and a partial rescue could be achieved by re-introducing a 

small RNA population including miRNAs purified from wild-type cells. This finding 

indicates that the absence of small RNAs (most likely miRNAs) caused the 

phenotype, and not the lack of other Dicer-related functions. 

Alzheimer’s disease (AD) is a neurological disease characterized by loss of mental 

ability and it represents the most common form of dementia. In 2008, Wang and 

collegues showed that the brains of patients with different stages of AD have 

significantly decreased miR-107 levels compared to those of healthy control 

subjects. Interestingly, the 3’UTR of beta-site amyloid precursor protein-cleaving 

enzyme 1 (BACE1) has been predicted to carry multiple binding sites for miR-107. 

BACE1 is an endopeptidase that cleaves the β-amyloid precursor protein to generate 

a neurotoxic peptide (Vassar, 1999). It was shown that BACE1 mRNA levels 

increased with decreasing miR-107 levels in the brains of AD patients (Wang, 2008). 

Hence, one might conclude an implication of miR-107 in AD progression through 

regulation of BACE1. 

Several findings indicate a role of the miRNA pathway in the development of 

different forms of CNS cancers. Interestingly, it was found that miRNA expression 

patterns of cancer cells represent a unique molecular fingerprint, which might be 
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useful for the diagnosis or even prognosis of certain malignancies (Calin, 2006). 

Overexpression of miR-21 was observed in human glioblastoma tumour tissues and 

several glioblastoma cell lines. Interestingly, miR-21 seems to play a critical role in 

various solid tumours (Volinia, 2006) and it was shown to regulate the expression of 

several tumour suppressor genes. Inhibition of miR-21 in a glioblastoma cell line 

using antisense oligonucleotides resulted in increased apoptosis, suggesting that 

miR-21 might block the expression of apoptosis-related genes and thereby promote 

transformation. Anyhow, these results suggest that miRNAs such as miR-21 might 

represent attractive drug targets for the treatment of CNS cancers. 

 

1.6 MicroRNAs and axon guidance 

At present, there is little knowledge of the intricate nature and role played by 

miRNAs in the axons and synaptic terminals of neurons. The functions of individual 

miRNAs in neurons are just beginning to emerge and multiple lines of evidence 

point to the widespread involvement of miRNAs in various neurological diseases. In 

addition, recent studies have elucidated several roles for neural miRNAs at various 

stages of synaptic development, including dendritogenesis, synapse formation, and 

synapse maturation (Natera-Naranjo, 2010). Furthermore, some of these studies have 

shown that miRNAs regulate mRNA translation locally in the synaptodendritic 

compartment (Schratt, 2009). In recent studies, a novel molecular mechanism by 

which the brain specific miR-338 participated in the regulation of axonal growth and 

function by locally modulating the levels of a nuclear-encoded mitochondrial protein 

was delineated. This finding points to a novel mechanism for a soma-independent 

regulation of protein synthesis in distal axons through neuronal miRNAs (Aschrafi, 

2008). 

Recent studies identify an axonally localized miRNA that regulates the 

expression of COXIV, a key protein within the electron transfer chain in 

mitochondria, thereby controlling local levels of ATP production in the axons of 

sympathetic neurons. Aschrafi et al. identified miR-338 acting as a local regulator of 

COXIV by binding to the 3′UTR of its mRNA, thereby modulating mitochondrial 

oxidative phosphorylation. 
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Due to the broad extent of miRNA functions during the development of the 

nervous system, they may be involved in the control of axon path-finding decision at 

the midline. This could be either through indirect mechanisms, including regulation 

of factors important for tissue patterning, intra-cellular signaling or cell specification, 

or through direct regulation of axon guidance molecules critical for sensing the 

environment during axon extension. Indeed, functional RISCs have been found in 

developing axons and studies in zebrafish deficient for miRNAs have indicated 

general axon pathfinding defects during development (Hengst, 2006). The function 

of miRNAs for RGC axon outgrowth and pathfinding decisions in the visual system 

was investigated: Dicer deletion in eye tissues leads to pronounced axon pathfinding 

defects at the optic chiasm. Moreover, the eyes are significantly reduced in size in 

homozygous Dicer mutant mice (Pinter, 2010). 

 

1.7 MicroRNA-204 

The miR-204 micro-RNA was initially cloned from mouse eye (Lagos-

Quintana, 2003), and expression of its orthologue has also been detected in zebrafish 

(Chen, 2005). The sequence of miR-204 lies in the intron 8 of the murine TRPM3 

gene (Rodriguez, 2004; Weber, 2005). It therefore shares the regulatory elements and 

primary transcript with the TRPM3 pre-mRNA. The miR-204 sequence seems to be 

highly conserved throughout phylogeny, since orthologous sequences have been 

detected in the genomes of pufferfish, chicken, rat, pig and a variety of different 

primates including humans (Berezikov, 2005). A highly similar microRNA (miR-

211) is also present in the TRPM1 gene (Rodriguez, 2004; Weber, 2005) whereas no 

other TRPM gene contains microRNA sequence information (Weber 2005). Thus, 

within the TRPM family this feature is unique to TRPM1 and TRPM3 and may add 

an additional functional property to these genes. 

In contrast to small interfering RNAs (siRNAs) that typically cause the 

silencing of the same locus from which they originate, miRNAs induce down-

regulation of genes other than their host genes (Bartel, 2004). Thus miR-204 and 

miR-211 are unlikely to provide a mechanism to control the expression TRPM3 or 

TRPM1, and there are also no other TRP genes among the predicted targets of miR-
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204 (Griffiths-Jones 2004). 

In situ hybridization with a probe for miR-204 revealed that, within the brain, 

miR-204 is expressed specifically in the choroid plexus but not in neural structures, 

both in E14.5 embryos and in the adult (Deo, 2006). In situ hybridization with a 

riboprobe complementary to the TRPM3 mRNA (spanning exons 10–18) specifically 

labeled the choroid plexus but not surrounding neural tissues, confirming that 

TRPM3 and miR-204 are co-expressed. In situ hybridization with the miR-204 probe 

on adult mouse eye sections strongly labeled the retinal pigment epithelium (RPE) 

and the ciliary body (Deo, 2006). A weaker signal was also detected in a subset of 

cells in the inner nuclear layer of the retina. 

MiR-204 and its homolog miR-211 are also expressed in mesenchymal 

progenitor cell lines and their expression is induced during adipocyte differentiation 

where they decrease Runx2 protein levels. This function inhibits osteogenesis and 

promotes adipogenesis of mesenchymal progenitor cells (Huang, 2010). In the retina, 

miR-204 targets Meis2, as shown by Conte et al. in 2010: morpholino-mediated 

ablation of miR-204 expression in Medaka fish resulted in an eye phenotype 

characterized by microphthalmia, abnormal lens formation, and altered dorsoventral 

(D-V) patterning of the retina, which is associated with optic fissure coloboma. 

Together with altered regulation of the Pax6 pathway, the abnormally elevated levels 

of Meis2 resulting from miR-204 inactivation are largely responsible for the 

observed phenotype (Conte, 2010). 

Recently, many papers associated miR-204 with different types of human 

cancers. Human miR-204 is located within its host gene TRPM3 at the 9q21.1–q22.3 

region, which frequently incurs allelic loss (Spafford, 2001); miR-204 acts as a 

potential tumor suppressor microRNA of squamous cell carcinoma of the head and 

neck (HNSCC) and possibly of other epithelial cancers. Loss of tumor suppressor 

function of miR-204 because of allelic imbalance at 9q21.1–q22.3 may significantly 

increase the genetic susceptibility to HNSCC oncogenesis and progression. The 

highly coordinated and nearly complete suppression of miR-204 and its host gene 

TRPM3 raises the possibility that TRPM3 mRNA expression may serve as a marker 

to indicate miR-204 expression status in HNSCC or other tumors, and also 

potentially LOH at 9q21.1–q22.3 (Lee, 2010). 
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Human miR-204 expression is downregulated in acute myeloid leukaemia 

(AML) where it targets several HOX genes, particularly, HOXA10 and MEIS1 

suggesting that the high HOX genes expression in AML may be due in part to the 

down-regulation of HOX regulators miRNAs (Garzon, 2008). Human miR-204 is 

also involved in intrahepatic cholangiocarcinoma where it negatively regulates Bcl-2 

expression and facilitates chemotherapeutic drug-triggered apoptosis (Chen, 2009). 

Comparative genomic hybridization (CGH) studies of DNA copy number 

abnormalities in genomic regions containing known miRNA genes showed that miR-

204 is down-regulated in a minority of melanoma cell lines. MiR-204 expression is 

greatly increased in primary melanomas of patients older than 60 compared to 

melanomas of younger adults and pediatric patients younger than 30. The biological 

significance of this finding in melanoma represents a compelling subject for future 

investigation considering that, in addition to the targets cited above (HOXA10 and 

MEIS1), another predicted target of miR-204 is RAB22A, a member of the RAS 

oncogene family, which is involved in the trafficking from endosomes to the Golgi 

apparatus. RAB22A was found to reside in regions of chromosomal breakpoints and 

has altered/increased expression in melanoma (Jukic, 2010). 

A critical role for miR-204/211 was established in maintaining epithelial 

barrier function and cell physiology. Expression of miR-204/211 is significantly 

lower in the NCI60 tumor cell line panel compared with that in normal tissues, 

suggesting the progressive disruption of epithelial barriers and increased 

proliferation. TGF-beta receptor 2 (TGF-betaR2) and SNAIL2 are direct targets of 

miR-204 and a reduction in miR-204 expression leads to reduced expression of 

claudins 10, 16, and 19 (message/protein) consistent with the observation that anti-

miR-204/211 decreased transepithelial resistance by 80% and reduced cell 

membrane voltage and conductance. The anti-miR-204-induced decrease in Kir7.1 

protein levels suggests a signaling pathway that connects TGF-betaR2 and 

maintenance of potassium homeostasis (Wang, 2010). 
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2. Next Generation Sequencing 

2.1 Technology 

Over the past years, there has been a fundamental shift away from the 

application of automated Sanger sequencing for genome analysis. Before this 

departure, the automated Sanger method had dominated the industry for almost two 

decades and led to a number of monumental accomplishments, including the 

completion of the only finished-grade human genome sequence. Despite many 

technical improvements during this era, the limitations of automated Sanger 

sequencing showed a need for new and improved technologies for sequencing large 

numbers of genomes and transcriptomes. Recent efforts have been directed towards 

the development of new methods, leaving Sanger sequencing with fewer reported 

advances (Metzker, 2010). 

The automated Sanger method is considered a ‘first-generation’ technology, 

and newer methods are referred to as next-generation sequencing (NGS). These 

newer technologies constitute various strategies that rely on a combination of 

template preparation, sequencing and imaging, and genome alignment and assembly 

methods. The major advance offered by NGS is the ability to produce an enormous 

volume of data cheaply, in some cases in excess of one billion short reads per 

instrument run. In gene-expression studies microarrays are now being replaced by 

sequencing-based methods, which can identify and quantify rare transcripts without 

prior knowledge of a particular gene and can provide information regarding 

alternative splicing and sequence variation in identified genes. Expression 

microarrays have some limitations including hybridization and cross-hybridazion 

artifacts, dye based detection issues and design constraints that limit the detection of 

RNA splice patterns and previously unidentified genes (Mortazavi, 2008). Other 

approaches to large-scale RNA analysis are serial analysis of gene expression 

(SAGE) and related methods such as massively parallel signature sequencing 

(MPSS), which use DNA sequencing of previously cloned tags 17-25 nucleotides 

from terminal 3’ or 5’ sequence tags. These sequence tags are then identified by 

bioinformatics mapping to mRNA reference databases or to the source genome. 

Strength of SAGE and SAGE-like methods is that they produce digital counts of 
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transcript abudance, in contrast to the signals obtained from fluorescent dye-based 

microarrays. However, SAGE-family assays provide no information about splice 

isoforms or new gene discovery (Mortazavi, 2008). A simpler and potentially more 

comprehensive way to measure transcriptome composition and to discover new 

exons or genes is by direct ultra-high-throughput sequencing of cDNA, i.e. RNA-

Sequencing. 

The ability to sequence the whole genome of many related organisms has 

allowed large-scale comparative and evolutionary studies to be performed that were 

unimaginable just a few years ago. The broadest application of NGS may be the 

resequencing of human genomes to enhance our understanding of how genetic 

differences affect health and disease. The workflow to produce next-generation 

sequence-ready libraries is relatively straightforward; DNA fragments that may 

originate from a variety of front-end processes are prepared for sequencing by 

ligating specific adaptor oligonucleotides to both ends of each DNA fragment. 

Importantly, relatively little input DNA (a few micrograms at most, less than a 

microgram now in many optimized protocols) is needed to produce a library. These 

platforms also have the ability to sequence the paired ends of a given fragment, using 

a slightly modified library process. This approach can be used if a de novo genome 

sequence is to be assembled from the next-generation data, for example, or to obtain 

more reliable and accurate mapping of the fragments. Finally, next-generation 

sequencers produce shorter read lengths (35–250 bp, depending on the platform) than 

capillary sequencers (650–800 bp), which also can impact the utility of the data for 

various applications such as de novo assembly and genome resequencing (Mardis, 

2008). Most platforms, however, have been improving sequence length (e.g. Illumina 

now sequencing up to 150bp paired end from each fragment), as well as providing 

the ability to sequence “mate pair” libraries, i.e. the ends of longer, circularized, 

DNA fragments, thus this limiting factor is not likely to be of great relevance in the 

near future. 

Sequencing technologies include a number of steps that are grouped broadly as 

template preparation, sequencing and imaging, and data analysis. The unique 

combination of specific protocols distinguishes one technology from another and 

determines the type of data produced from each platform. These differences in data 
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output present challenges when comparing platforms based on data quality and cost. 

Although each manufacturer provides quality scores and accuracy estimates, there is 

no consensus that a ‘quality base’ from one platform is equivalent to that from 

another platform (Metzker, 2010). 

There are two methods used in preparing templates for NGS reactions: clonally 

amplified templates originating from single DNA molecules, and single DNA 

molecule templates. Current methods generally involve randomly breaking genomic 

DNA into smaller sizes from which either fragment templates or mate-pair templates 

are created. A common theme among NGS technologies is that the template is 

attached or immobilized to a solid surface or support. The immobilization of 

spatially separated template sites allows thousands to billions of sequencing reactions 

to be performed simultaneously. Three platforms for next generation DNA 

sequencing read production are in reasonably widespread use at present: the 

Roche/454 FLX, the Illumina/Solexa Genome Analyzer, and the Applied Biosystems 

SOLiDTM System. Recently, also another system was announced: the Helicos 

HeliscopeTM. 

Each platform embodies a complex interplay of enzymology, chemistry, high-

resolution optics, hardware, and software engineering. These instruments allow 

highly streamlined sample preparation steps before DNA sequencing, which provide 

significant time-savings and a minimal requirement for associated equipment in 

comparison to the highly automated, multistep pipelines necessary for clone-based 

high-throughput sequencing. Each technology seeks to amplify single strands of a 

fragment library and perform sequencing reactions on the amplified strands. The 

fragment libraries are obtained by annealing platform-specific linkers to blunt-ended 

fragments generated directly from a genome or DNA source of interest. Because the 

presence of adapter sequences means that the molecules then can be selectively 

amplified by PCR, no bacterial cloning step is required to amplify the genomic 

fragment in a bacterial intermediate as is done in traditional sequencing approaches. 

Importantly, both the Helicos and Pacific Biosystems instruments are single 

molecule sequencers and do not require any amplification of DNA fragments prior to 

sequencing. Another contrast between these instruments and capillary platforms is 

the run time required to generate data. Next-generation sequencers require longer run 
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times of between 8 h and 10 days, depending upon the platform and read type (single 

end or paired ends). The longer run times result mainly from the need to image 

sequencing reactions that are occurring in a massively parallel fashion, rather than a 

periodic charge-coupled device (CCD) snapshot of 96 fixed capillaries. The yield of 

sequence reads and total bases per instrument run is significantly higher than the 96 

reads of up to 750 bp each produced by a capillary sequencer run, and can vary from 

several hundred thousand reads (Roche/454) to tens of millions of reads (Illumina 

and Applied Biosystems SOLiD) (Mardis, 2008). 

 

Roche/454 FLX Pyrosequencer 

The 454 system was the first next-generation sequencing platform available as 

a commercial product. In this approach, libraries may be constructed by any method 

that gives rise to a mixture of short, adaptor-flanked fragments. Clonal sequencing 

features are generated by emulsion PCR, with amplicons captured to the surface of 

28-µm beads. After breaking the emulsion, beads are treated with denaturant to 

remove untethered strands, and then subjected to a hybridization-based enrichment 

for amplicon-bearing beads (that is, those that were present in an emulsion 

compartment supporting a productive PCR reaction). A sequencing primer is 

hybridized to the universal adaptor at the appropriate position and orientation, that is, 

immediately adjacent to the start of unknown sequence. Sequencing is performed by 

the pyrosequencing method. In brief, the amplicon-bearing beads are preincubated 

with Bacillus stearothermophilus (Bst) polymerase and single-stranded binding 

protein and then deposited on to an array of picoliter-scale wells (with dimensions 

such that only one bead will fit per well) to render this biochemistry compatible with 

array-based sequencing. Smaller beads are also added, bearing immobilized enzymes 

also required for pyrosequencing (ATP sulfurylase and luciferase). During the 

sequencing, one side of the semi-ordered array functions as a flow cell for 

introducing and removing sequencing reagents, whereas the other side is bonded to a 

fiber-optic bundle for CCD-based signal detection. At each of several hundred 

cycles, a single species of unlabeled nucleotide is introduced. On templates where 

this results in an incorporation event, pyrophosphate is released. Via ATP sulfurylase 

and luciferase, incorporation events immediately drive the generation of a burst of 
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light, which is detected by the CCD as corresponding to the array coordinates of 

specific wells. Across multiple cycles, the pattern of detected incorporation events 

reveals the sequence of templates represented by individual beads. Like the 

HeliScope, the sequencing is ‘asynchronous’ in that some features may get ahead or 

behind other features depending on their sequence relative to the order of base 

addition. 

A major limitation of the 454 technology relates to homopolymers (that is, 

consecutive instances of the same base, such as AAA or GGG). Because there is no 

terminating moiety preventing multiple consecutive incorporations at a given cycle, 

the length of all homopolymers must be inferred from the signal intensity. This is 

prone to a greater error rate than the discrimination of incorporation versus 

nonincorporation. Consequently, the dominant error type for the 454 platform is 

insertion-deletion, rather than substitution. Relative to other next-generation 

platforms, the key advantage of the 454 platform is read-length. For example, the 

454 FLX instrument generates ~ 400,000 reads per instrument-run at lengths of 200 

to 300 bp. Currently, the per-base cost of sequencing with the 454 platform is much 

greater than that of other platforms (e.g., SOLiD and Solexa). However, it may be 

the method of choice for certain applications where long read-lengths are critical 

(e.g., de novo assembly and metagenomics) (Shendure, 2008). 

 

Illumina Genome Analyzer 

The single molecule amplification step for the Illumina Genome Analyzer 

starts with an Illumina-specific adapter library, takes place on the oligo-derivatized 

surface of a flow cell, and is performed by an automated device called a Cluster 

Station. The flow cell is an 8-channel sealed glass microfabricated device that allows 

bridge amplification of fragments on its surface, and uses DNA polymerase to 

produce multiple DNA copies, or clusters, that each represent the single molecule 

that initiated the cluster amplification. A separate library can be added to each of the 

eight channels, or the same library can be used in all eight, or combinations thereof. 

Each cluster contains approximately one million copies of the original fragment, 

which is sufficient for reporting incorporated bases at the required signal intensity for 

detection during sequencing. The Illumina system utilizes a sequencing-by-synthesis 
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approach in which all four nucleotides are added simultaneously to the flow cell 

channels, along with DNA polymerase, for incorporation into the oligo-primed 

cluster fragments. Specifically, the nucleotides carry a base-unique fluorescent label 

and the 3’OH group is chemically blocked such that each incorporation is a unique 

event. An imaging step follows each base incorporation step, during which each flow 

cell lane is imaged in three 100-tile segments by the instrument optics. After each 

imaging step, DNA polymerase chemically removes the 3’ blocking group to prepare 

each strand for the next incorporation. This series of steps continues for a specific 

number of cycles, as determined by user-defined instrument settings, which permits 

discrete read lengths of 35 to 150 bases. A base-calling algorithm assigns sequences 

and associated quality values to each read and a quality-checking pipeline evaluates 

the Illumina data from each run, removing poor-quality sequences (Mardis, 2008). 

Read-lengths are limited by multiple factors that cause signal decay and 

dephasing, such as incomplete cleavage of fluorescent labels or terminating moieties. 

The dominant error type is substitution, rather than insertions or deletions (and 

homopolymers are certainly less of an issue than with other platforms such as 454). 

Average raw error rates are on the order of 1–1.5%, but higher accuracy bases with 

error rates of 0.1% or less can be identified through quality metrics associated with 

each base-call (Shendure, 2008). 

 

Applied Biosystems SOLIDTM Sequencer 

The SOLiD platform uses an adapter-ligated fragment library similar to those 

of the other next-generation platforms, and uses an emulsion PCR approach with 

small magnetic beads to amplify the fragments for sequencing. Unlike the other 

platforms, SOLiD uses DNA ligase and a unique approach to sequence the amplified 

fragments. Two flow cells are processed per instrument run, each of which can be 

divided to contain different libraries in up to four quadrants. Read lengths for SOLiD 

are user defined between 25-50 bp and each sequencing run yields between 2-4 Gb 

of DNA sequence data. Once the reads are base called, have quality values, and low-

quality sequences have been removed, the reads are aligned to a reference genome to 

enable a second tier of quality evaluation called two-base encoding. Two key 

differences that speak to the utility of next-generation sequence reads are the length 
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of a sequence read from all current next-generation platforms is much shorter than 

that from a capillary sequencer and each next-generation read type has a unique error 

model different from that already established for capillary sequence reads. Both 

differences affect how the reads are utilized in bioinformatics analyses, depending 

upon the application. A much higher read coverage or sampling depth is required for 

comprehensive resequencing with short reads to adequately cover the reference 

sequence at the depth and low gap size needed (Mardis, 2008). 

 

Helicos HeliscopeTM 

The Helicos sequencer also relies on cyclic interrogation of a dense array of 

sequencing features. However, a unique aspect of this platform is that no clonal 

amplification is required. Instead, a highly sensitive fluorescence detection system is 

used to directly interrogate single DNA molecules via sequencing by synthesis. 

Template libraries, prepared by random fragmentation and poly-A tailing (that is, no 

PCR amplification), are captured by hybridization to surface-tethered poly-T 

oligomers to yield a disordered array of primed single-molecule sequencing 

templates. At each cycle, DNA polymerase and a single species of fluorescently 

labeled nucleotide are added, resulting in template-dependent extension of the 

surface-immobilized primer-template duplexes. After acquisition of images tiling the 

full array, chemical cleavage and release of the fluorescent label permits the 

subsequent cycle of extension and imaging. Several hundred cycles of single-base 

extension (that is, A, G, C, T, A, G, C, T…) yield average read-lengths of 25 bp or 

greater. Like the 454 platform, the sequencing is asynchronous, as some strands will 

fall ahead or behind others in a sequence-dependent manner. Chance also plays a 

role, as some templates may simply fail to incorporate on a given cycle despite 

having the appropriate base at the next position. Moreover, no terminating moiety is 

present on the labeled nucleotides. As with the 454 system, homopolymer runs are an 

important issue. However, because single molecules are being sequenced, limiting 

the rate of incorporation events can mitigate the problem. The raw sequencing 

accuracy can be substantially improved by a two-pass strategy in which the array of 

single-molecule templates is sequenced and then fully copied. As the newly 

synthesized strand is surface-tethered, the original template can be removed by 
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denaturing. Sequencing primed from the distal adaptor then yields a second sequence 

for the same template, obtained in the opposite orientation. The dominant error type 

is deletion (2–7% error rate with one pass; 0.2–1% with two passes). However, 

substitution error rates are substantially lower (0.01–1% with one pass). With two 

passes, the per-base raw substitution error rate (approaching 0.001%) may currently 

be the lowest of all the second-generation platforms (Shendure, 2008). 

 

2.2 Next Generation RNA-Seq 

Recently, the development of novel high-throughput DNA sequencing methods 

has provided a new method for both mapping and quantifying transcriptomes. This 

method, termed RNA sequencing (RNA-Seq), has clear advantages over existing 

approaches and is expected to revolutionize the manner in which eukaryotic 

transcriptomes are analyzed (Wang, 2009). An in-depth understanding of the 

principles and mechanisms governing gene expression programs is important to 

better understand complex diseases such as cancer. For more than 10 years, 

microarrays have allowed the simultaneous monitoring of expression levels of all 

annotated genes in cell populations. The ability to analyze entire gene expression 

programs has opened new horizons for understanding of global processes regulating 

gene expression. Similarly, with the increasing realization that RNAs transcribed 

from non-coding portions of genomes are playing fundamental roles, genome-wide 

approaches have provided valuable insights into this aspect of transcriptomes 

(Marguerat, 2010). 

On all three platforms described before, DNA fragments are sequenced in 

parallel, producing large numbers of relatively short sequence ‘‘reads’’ or ‘‘tags’’. 

The throughput varies from hundreds of thousands of reads for the FLX system to 

hundreds of millions of reads for the Illumina Genome Analyser and AB SOLiD 

systems. Read length range from 35–150 bp for Illumina and SOLiD to 200–500 bp 

for FLX. The library preparation is a key step of RNA-seq, because it determines 

how closely the cDNA sequence data reflect the original RNA population. In the 

classic NGS protocols, which have been developed for the analysis of genomic 

DNA, adapters are ligated onto shared double-stranded DNA fragments. In order to 
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allow the analysis of transcriptomes by NGS, these protocols have been adapted to 

the sequencing of cDNA. The most straightforward approach is to simply synthesize 

double-stranded cDNA, to which the adapter can then be ligated. This robust 

protocol has been attractive, because it applies the procedures developed by the 

manufacturer for the analysis of genomic DNA, and it has been widely used in the 

original RNA-seq studies. A substantial drawback of this approach, however, is the 

loss of information on transcriptional direction, because the adaptor is ligated to 

double-stranded cDNA (Fig.3; Marguerat, 2010). 
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Fig.3 A typical RNA-sequencing experiment (from Wang, 2008) 

Long RNAs are first converted into a library of cDNA fragments through either 

RNA or DNA fragmentation. Sequencing adaptors (in blue) are subsequently added 

to each cDNA fragment and a short sequence is obtained from each cDNA using 

high-throughput sequencing technology. The resulting sequence reads are aligned 

with the reference genome or transcriptome, and classified as three types: exonic 

reads, junction reads and poly(A) end-reads. These three types are used to generate a 

base-resolution expression profile for each gene, as illustrated at the bottom. 
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An elegant study has managed to maintain strand information simply by pre-

treating the RNA samples with sodium bisulphate (He, 2008). This chemical triggers 

the transformation of cytosine into uridine; widespread C–T transition therefore 

‘‘marks’’ the coding strand of each transcript. Six additional RNA-seq protocols that 

maintain strand-specificity have been published. They differ in how the adaptor 

sequences are inserted into the cDNA, which is achieved in several ways: 

(1) by direct ligation of RNA adaptors to the RNA sample before reverse 

transcription (Core, 2008), 

(2) by addition of the adaptor sequences by template switch during reverse 

transcription (Cloonan, 2008), 

(3) by double-random priming coupled to solid phase extraction (Li, 2008), 

(4) by direct ligation of the DNA adaptors to single-stranded cDNA (Maher, 

2009), 

(5) by reverse transcription of in vitro polyadenylated RNA fragments 

followed by intramolecular ligation (Ingolia, 2009), 

(6) by incorporation of dUTP during second strand synthesis and digestion 

with uracil-Nglycosylase (Parkhomchuk, 2009) 

NGS technologies exploit light that is emitted when the correct base (or 

oligonucleotides in case of SOLiD) matches the template being sequenced and is 

incorporated into the sequencing reaction. Thus, NGS raw outputs are image records 

of the light emitted by every single parallel sequencing reaction at every sequencing 

cycle. These raw image files represent terabytes of data and require substantial 

storage resources. The images are then processed in order to extract numerical 

signals for every base at every synthesis event from all the parallel reactions. These 

signals are used for base calling. Improving the quality and reliability of signal 

extraction and base calling has led to significant increases in the quality and 

throughput of NGS data. After image and signal processing, NGS data consist of a 

list of short sequences together with their base call qualities. In the case of RNA-seq 

data, the number of reads mapping to any given region of the genome makes up the 

signal. Besides providing single base pair resolution, sequencing allows the 

maintaining of total control on which reads are included in the final analysis and 
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hence contribute to the expression signals. Thus, RNA-seq data are countable and 

digital in nature. The generation of reliable RNA-seq data therefore relies heavily on 

proper mapping of sequencing reads to corresponding reference genomes or on their 

efficient de novo assembly (Marguerat, 2010). 

The recent developments in sequencing technology have made it possible to 

use sequence-based approaches for expression profiling using RNA-seq protocols. 

These new approaches do not rely on specific predesigned probes, and thus can 

provide a more detailed picture of gene regulatory variation compared with 

microarray data. In particular, RNA-seq data enable one to easily explore 

transcription of genomic regions that are not functionally annotated, estimate exons 

and gene expression levels, as well as study differences in exon usage. Moreover, by 

mapping sequence reads that span exon–exon junctions, RNA-seq data can be used 

to characterize exon-skipping events; namely, cases of alternative splicing (Gilad, 

2009). Indeed, recent RNA-seq studies found numerous transcripts from genomic 

regions that were not previously known to be transcribed, and revealed a much 

higher diversity of alternative splice variants than previously recognized (Sultan, 

2008). 

Beyond the ability to characterize transcription levels regardless of previous 

annotation, another advantage of RNA-seq over expression profiling using 

microarrays is that, in principle, it should be easier to compare results across studies. 

The absolute intensity values from microarray hybridizations are difficult to interpret 

beyond the context of the original comparative study, because absolute intensity 

values are affected by a large number of confounding physical and environmental 

variables. By contrast, RNA-seq derived estimates of absolute gene expression 

levels, based on the number of mapped sequence read, are expected to be more easily 

interpretable. In other words, while microarrays can typically be used only to 

estimate relative expression levels (i.e. to compare expression levels across samples), 

it is expected that RNA-seq can provide more reliable estimates of absolute 

expression levels, which in turn can be compared easily across studies. 

Another important aspect of RNA-seq data is that the number of sequence 

reads that map to a particular mRNA tends to be roughly proportional to the mRNA 

concentration multiplied by the mRNA length. Thus, long genes tend to be 
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represented by more sequence reads than short genes expressed at the same level. As 

a result, estimates of expression levels (normalized by gene length) tend to be less 

variable for long exons or long genes, than for shorter exons or genes (Gilad, 2009). 

 

2.3 Analysis of next-generation sequencing data 

Although there are many steps that may introduce errors and biases, RNA-Seq 

has been hailed as the future of transcriptome research because it potentially 

generates an unlimited dynamic range, provides greater sensitivity than microarrays, 

is able to discriminate closely homologous regions, and does not require a priori 

assumptions about regions of expression (Cloonan, 2008). Although the principles of 

good design are straightforward, their proper implementation often requires 

significant planning and statistical expertise. To date, many NGS applications, 

specifically RNA-Seq, have neglected good design. While a few RNA-Seq studies 

have reported highly reproducible results with little technical variation (Mortazavi, 

2008), in the absence of a proper design, it is essentially impossible to partition 

biological variation from technical variation. When these two sources of variation are 

confounded, there is no way of knowing which source is driving the observed results. 

No amount of statistical sophistication can separate confounded factors after data 

have been collected (Auer, 2010). 

Generally, for differential expression analyses, researchers are interested in 

comparisons across treatment groups in the form of contrasts or pairwise 

comparisons, and the designs for these analyses are usually quite simple. A feature, 

available in all three NGS devices, is the capacity to “barcode”. Genomic fragments 

can be labeled or barcoded with sample-specific sequences that in turn allow 

multiple samples to be included in the same sequencing reaction (i.e., multiplexing) 

while maintaining, with high fidelity, sample identities downstream. To date, 

barcoding has been appreciated only as a means to increase the number of samples 

per sequencing run (Auer, 2010). 

For a subset of RNA-seq users working on organisms without a reference genome 

sequence or aiming to detect chimeric transcripts from chromosomal rearrangements 

such as those found in tumors, analyzing the transcriptome involves assembling 
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RNA-Seq sequence reads de novo using short-read assembly programs. Velvet 

(Zerbino, 2008), ABySS (Robertson, 2010) and SOAPdenovo (Li, 2008) assemble 

sequences by assembling reads that overlap by a preselected k-mer, that is, by a 

minimum number of bases, Trans-ABySS (Robertson, 2010) is a software pipeline 

for analyzing ABySS-assembled contigs from shotgun transcriptome data. The 

pipeline accepts assemblies that were generated across a wide range of k values in 

order to address variable transcript expression levels. For all other RNA-seq analyses 

with 10–100 million reads and for which a reference genome is known, the reads can 

be mapped crossing splice junctions. Known splice junctions, based on gene models 

and ESTs can be handled by incorporating them informatically in the primary read 

mapping, whereas newly inferred junctions are considered later. Once the reads are 

mapped, the question of their correspondence with gene and transcript models arises, 

as it is common to have more than one transcript type from a single gene, with 

alternate splicing, alternate promoter use and different 3’ poly(A) addition sites all 

contributing diversity. More sophisticated questions follow concerning the respective 

prevalence of each transcript isoform and the relative prevalence of RNAs in a given 

transcriptome. A final goal in a majority of transcriptome studies is to quantify 

differences in expression across multiple samples to capture differential gene 

expression (Pepke, 2009). 

The main challenges of mapping RNA-seq reads center around the handling of 

splice junctions, paralogous gene families and pseudogenes. Nearly all RNA-seq 

packages are built on top of short read mappers such as BOWTIE (Langmead, 2009) 

and SOAP (Li, 2008), and may require multiple runs to map splice-crossing reads. 

The primary approach is to simply map the ungapped sequence reads across 

sequences representing known splice junctions, which can also be supplemented with 

any set of predicted splice junctions from spliced ESTs or gene finder predictions as 

implemented by ERANGE or RNA-MATE. However, all of these approaches are 

ultimately limited to recovering previously documented splices. Alternatively, 

packages such as TopHat and G-Mo.R-Se first identify enriched regions representing 

transcribed fragments (transfrags) and build candidate exon-exon splice junctions to 

map additional reads across, whereas QPALMA attempts to predict whether a read is 

spliced as part of the mapping process. 
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Multireads, i.e. reads that map equally well to multiple genomic locations, arise 

predominantly from conserved domains of paralogous gene families and repeats. 

Another confounding problem is the prevalence of short and long interspersed 

nuclear elements (SINEs and LINEs) in the untranslated regions of genes as well as 

the abundance of retroposed pseudogenes for highly expressed housekeeping genes 

in large genomes. Both of these vary from one genome to the next. For example, 

several GAPDH retroposed pseudogenes in the mouse genome differ by less than 2 

nucleotides (0.2%) from the mRNA for GAPDH itself, making it difficult to map 

reads correctly to the originating locus based on RNA-seq data alone. Whereas the 

algorithms are generally sensible, specific cases can be insidious and are worth being 

aware of. For highly expressed genes, this can cause a shadow of expression at these 

pseudogenes, which may then be called as transfrags. Similarly, reads that are intron 

spanning from a source gene may map instead perfectly and uniquely to a retroposed 

pseudogene. The ERANGE package avoids such misassignment by mapping reads 

simultaneously across the genome and splice junctions, thus turning them into 

multireads that are subsequently handled separately (Mortazavi, 2008). 

The next level of RNA-seq analysis associates mapped reads with known or new 

gene models. Given a set of annotations, all tools can tally the reads that fall on 

known gene models, and several tools like RSAT and BASIS deal primarily with the 

annotated models. However, a substantial fraction of reads fall outside of the 

annotated exons, above the ‘noise’ level generated by mismapped reads or intronic 

RNA from incompletely spliced heterogenous nuclear RNA (hnRNA). In mouse and 

human samples, prominent read densities often extend well beyond the annotated 

3’UTR or as alternatively spliced 5’UTR, internal exons or retained introns. 

ERANGE, G-Mo.R-Se and TopHat first aggregate reads into transfrags. Whereas G-

Mo.RSe and TopHat rely primarily on spliced reads to connect transfrags together, 

ERANGE uses two different strategies depending on the availability of paired reads. 

In the currently conventional unpaired sequence read case, ERANGE assigns 

transfrags to genes based on an arbitrary user-selected radius, whereas in the paired-

end read case, it will bring together transfrags only when they are connected by at 

least one paired read (Pepke, 2009). 

Given a gene model and mapped reads, one can sum the read counts for that 
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gene as one measure of the expression level of that gene at that sequencing depth. 

However, the number of reads from a gene is naturally a function of the length of the 

mRNA as well as its molar concentration. A simple solution that preserves molarity 

is to normalize the read count by the length of the mRNA and the number of million 

mappable reads to obtain reads per kilobase per million (RPKM) values (Mortazavi, 

2008). RPKMs for genes are then directly comparable within the sample by 

providing a relative ranking of expression. Although they are straightforward, RPKM 

values have several substantive detail differences between software packages, and 

there are also some caveats in using them. Whereas ERANGE uses a union of known 

and novel exon models to aggregate reads and determine an RPKM value for the 

locus, TopHat and RSAT restrict themselves to known or prespecified exons. 

ERANGE will also include spliced reads and can include assigned multireads in its 

RPKM calculation, whereas other packages are limited to uniquely mappable reads. 

Several experimental issues influence the RPKM quantification, including the 

integrity of the input RNA, the extent of ribosomal RNA remaining in the sample, 

size selection steps and the accuracy of the gene models used. RPKMs reflect the 

true RNA concentration best when samples have relatively uniform sequence 

coverage across the entire gene model, which is usually approached by using random 

priming or RNA-ligation protocols, although both protocols currently fall short of 

providing the desired uniformity. Resulting ambiguities in RPKMs from an RNA-seq 

experiment are akin to microarray intensities that need to be post-processed before 

comparison to other RNA-seq samples using any number of well-documented 

normalization methods, such as variance stabilization, for example. 

More sophisticated analyses of RNA-seq data allow users to extract additional 

information from the data. One area of considerable interest and activity is in 

transcript modeling and quantifying specific isoforms. BASIS calculates transcript 

levels from coverage of known exons by taking advantage of specifically informative 

nucleotides from each transcript isoform. A second area is sequence variation: the 

RNA sequences themselves can be mined to identify positions where the base 

reported differs from the reference genome(s), identifying either a single-nucleotide 

polymorphism or a private mutation. When these are heterozygous and phased or 

informatively related to the source genome, RNA single-nucleotide polymorphisms 
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can be used to detect allele-specific gene expression. Yet another source of observed 

sequence differences between the transcriptome and genome are changes owing to 

RNA editing. In general, bioinformatics tools are evolving to match changes in 

sequencing technology. Longer and more informative reads produce a higher fraction 

of uniquely mappable reads that cross one or more splice junctions, which calls for 

changes in transcript mapping and assembly. Paired reads with good control over 

insert size distribution (that is, tight size distributions) will provide a superior 

substrate for determining long-range isoform structure and quantifying them (Pepke, 

2009). 
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AIM OF THE THESIS 

MicroRNAs have emerged as a new dimension of gene regulation in recent 

years. These endogenous non-coding RNAs are 22-25 nucleotides and evolutionarily 

conserved. They bind to the 3’ untranslated region of their target genes, including 

key transcription factors, receptors, kinases and regulate protein translation or 

mRNA stability, therefore tuning different pathways related to the development and 

diseases. In this study, I focused on the characterization of the putative target genes 

of microRNA-204 (miR-204). MicroRNA-204 and its homologue microRNA-211 

are expressed in specific areas of the nervous system but their role is still poorly 

understood. I sought to identify miR-204 targets by using the Medaka fish as a model 

for the perturbation of the miR-204 network. Next generation RNA-sequencing was 

used to identify transcripts that were differentially expressed in perturbed models, 

and a bioinformatics approach was developed to select targets. The targets identified 

had a significant enrichment in the axon guidance pathway. Finally, selected targets 

were further validated by qPCR and luciferase assays in HeLa cells. Moreover gain-

of-function and loss-of-function experiments performed with collaborators 

demonstrated that miR-204 can act as an endogenous regulator of axon pathfinding 

during retinal development through binding of the 3’UTR of Sema3F, a molecule 

with repulsive activity on the extension of growth cones. Particularly, miR-204 

knock-down causes axonal dispersion in the developing retina of Medaka fish. This 

finding suggests that miR-204 acts as Sema3F regulator to mediate axon guidance 

during eye development. 
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MATERIALS AND METHODS 

1. Generation of Medaka miR-204 morphants 

Samples of the Cab strain of wild-type Medaka fish were kept and staged as 

described in Iwamatsu (2004). Morpholinos (Gene Tools, LLC) were designed 

against the two ol-miR-204-1 and ol-miR-204-2 precursor sequences present in the 

Medaka genome, which give rise to an identical mature miR-204 sequence. Embryos 

were injected with either of these two morpholinos at the one-cell stage: the 

specificity and inhibitory efficiency of each morpholino were determined as stated in 

Eisen (2008). Optimal morpholino concentrations were determined based on 

morphological criteria. Embryos injected with mm-MO-miR-204 were used as 

controls. miRIDIAN miRNA Mimics (Dharmacon) for miR-204 were injected at a 

final concentration of 4 µM. This work was done in cooperation with Dr. Sandro 

Banfi and Dr. Ivan Conte at TIGEM institute in Naples. 

 

2. RNA extraction and control from wild-type and morphants fish 

 

2.1 RNA isolation 

Whole Medaka embryos both wild type and morphants were placed into 

TRIzol reagent (Invitrogen) (added to the frozen tissues at approximately 1 ml per 

100 mg tissue) and homogenized (T10 basic ULTRA-TURRAX®, IKA) at maximum 

speed for 90-120 seconds in ice. Subsequent steps were done according to the 

manufacturer’s instructions. Briefly, after TRIzol addition, the samples were 

maintained for 5 minutes at room temperature; 200 µL of chloroform (per 1 mL of 

TRIzol used) were added to the previous solution and the samples were incubated for 

3 minutes at room temperature. This resulting solution was centrifuged at 12000g for 

15 minutes at 4ºC. The upper aqueous phase was transferred into a new tube and 500 

µL of isopropyl alcohol (per 1 mL of TRIzol used) were added; the samples were 

incubated for 10 minutes at room temperature and then centrifuged at 12000g for 10 

minutes at 4ºC. After centrifugation, the supernatant was discarded and the RNA 
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pellet was once washed with 1 mL of ethanol 75% (per 1 mL of TRIzol used) and 

centrifuged at 7500g for 5 minutes at 4ºC. After washing, the pellet was air-dried for 

3 minutes under hood and then resuspended in a proper volume of DEPC water. 

 

2.2 DNase Digestion 

The RNA samples were treated with 2U DNase I (Qiagen) per µg of RNA 

sample at 37°C for 10 minutes. The digested samples were then treated with 20 

mg/mL of proteinase K (Sigma Aldrich) at 37°C for 45 minutes. 

 

2.3 RNA precipitation 

The RNA samples were purified by mixing with a solution of chloroform and 

acid phenol (1:1). After a centrifugation at 14000rpm for 5 minutes at 4ºC, the 

aqueous phase was collected and 100 µL of chloroform were added to each sample. 

The samples were then centrifuged at 14000rpm for 5 minutes at 4ºC and the RNA 

molecules were precipitated with 10 µL of sodium acetate 3M pH5,2 and 250 µL 

ethanol 100%. The RNA precipitation was carried out overnight at -20ºC then the 

samples were centrifuged at 14000rpm for 15 minutes at 4ºC and all the pellets were 

washed with ethanol 70%. After a centrifugation at 14000rpm for 5 minutes at 4ºC, 

the ethanol was discarded and the pellets were air-dried and resuspended in DEPC 

water. 

The quality and quantity of total RNA in the samples were assessed with the 

BioAnalyzer 2100 (Agilent) and with optical density (Nanodrop ND-1000 

spectrophotometer). Only the samples with a RNA Integrity Number (RIN) above 8 

were considered worthy for the further steps. For the spectrophotometer analysis, 

instead, a ribosomal RNA 28s/18s ratio between 1.8 and 2.0 was considered suitable 

for the subsequent phases. 

 

3. Human miR-204 target prediction 

For the in silico prediction several computational algorithms designed to 

predict target genes of miRNA sequences were used. The basis for most of these 
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programs is the degree of sequence complementarity between a miRNA and the 

3’UTR of the target, including the presence of a string of 6 bp at the 5’ end of the 

miRNA known as “seed region” or “nucleus” (Krützfeldt, 2006). Due to poor 

sensitivity and specificity of bioinformatics target prediction, three bioinformatics 

algorithms were chosen in order to predict miRNA target sites: miRanda 

(www.microrna.org), TargetScan (www.targetscan.org) and PicTar (pictar.mdc-

berlin.de). All three of these computational programs allow the researcher to enter a 

specific miRNA symbol and the algorithm will determine all its putative mRNA 

targets. This approach yielded 3,205 putative targets in human derived by summing 

all the predictions. 

 

4. RNA-sequencing of Medaka miR-204 morphants 

4.1 cDNA preparation 

In the Medaka fish, miR-204 is conserved at low levels in the nervous system. 

Morpholino and mimic technology were used in order to generate miR-204 morphant 

fish. Total RNA was extracted from fish at 24h developmental stage (a stage very 

similar to the E14.5 murine developmental stage) and used for subsequent RNA 

sequencing-based profiling (Mortazavi, 2008). Oligo(dT) selection was performed 

twice by using Dynal magnetic beads (Invitrogen) according to the manufacturer’s 

protocol. After selection, a single 100 ng aliquot of mRNA was reserved for 

evaluation on the BioAnalyzer 2100 (Agilent). 

After two rounds of hybridization to oligo(dT) beads, 1 µg of the resulting mRNA 

were then used as template for cDNA synthesis. The mRNA was first fragmented by 

addition of 5X fragmentation buffer (200 mM Tris acetate, pH8.2, 500 mM 

potassium acetate and 150 mM magnesium acetate), heated at 94°C for 2 minutes in 

a thermocycler and then transferred to ice and run over a Sephadex-G50 column 

(USA Scientific) to remove the fragmentation ions. The total RNA thus fragmented 

to an average length of 200 nucleotides was then converted into cDNA by random 

priming (Invitrogen cDNA synthesis kit). After the first strand was synthesized, a 

custom second strand synthesis buffer (Illumina) was added, and dNTPs, RNase H 

and Escherichia Coli polymerase I were added to nick translate the second strand 
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synthesis for 2.5h at 16°C. The reaction was then cleaned up on a QiaQuick PCR 

column (Qiagen) and eluted in EB buffer (Qiagen). 

 

4.2 Sequencing and analysis of RNA-sequencing datasets 

Libraries were sequenced as 76-mers using the Solexa pipeline (version 0.2.6). 

The RNA-Seq paired-end sequence reads were mapped using Bowtie and aligning 

directly to the Ensembl dataset of all predicted cDNAs rather than to the whole 

genome. This approach does not yield potential novel genes, which were beyond the 

scope of this study, but guaranteed reliable quantification (at the sequencing depth 

used) of those annotated transcripts. Bowtie was used allowing for maximum 2 

mismatches, removing reads which mapped in more than 3 locations in the reference 

dataset, and using a multi-mapping strategy approach for those aligning to 2 or 3 

positions in the genome (i.e. weighing reads with multiple alignments based on the 

number of alignments, 0.5 for 2 positions and 0.33 for 3 positions). Subsequently, 

based on the resulting scores per gene, and summing all alternative transcripts under 

the same gene, these were converted to RPKMs normalizing for gene length as well 

as for the total number of mapped reads, providing RPKM values for ~ 20,000 genes. 

This work was done in cooperation with Dr. Elia Stupka at UCL Cancer Institute in 

London. 

 

4.3 Selection of miR-204 targets from RNA-sequencing results 

From the original set of ~ 20,000 genes with measurable RPKM values several 

subsequent datasets were constructed: 

• Dataset 1: this dataset comprises over 10,000 genes and represents the genes 

that have appreciable expression in the wild-type animal; it was built by 

simply filtering out genes having RPKM values (in the wild-type medaka 

model) lower than 5. 

• Dataset 2: this dataset comprises 1,600 genes and represents genes that 

behave in accordance with what would be expected of a potential microRNA 

target, i.e. 
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o Remove all genes whose expression in the mir-204 knock down is 

less than 5 

o Remove all genes where the ratio of RPKM between the mir-204 

overexpression and the wild-type is greater than 1 (i.e. which have 

higher expression in the models over-expressing the microRNA than 

in the wild-type) 

o Remove all genes where the ratio between the mir-204 knock down 

and wild-type fish is less than 1 (i.e. in which the fish subjected to 

morpholino for the microRNA present lower expression than the wild 

type) 

These two datasets were then compared to the 3,205 mir-204 targets predicted in 

silico and a χ-square test was used to verify if Dataset 2 had significantly higher 

enrichment than Dataset 1 when compared to this list. 

 

5. Validation of miR-204 targets: Quantitative Real Time PCR 

cDNA synthesis was performed using the SuperScript® III First-Strand 

Synthesis System for RT-PCR (Invitrogen). cDNA synthesis was performed using 

random hexamers as follows: 

RNA     2 µg 

Random hexamers (50 ng/ µL) 0,5 µL 

10 mM dNTP mix   1 µL 

DEPC-treated water   to 10 µL 

Each sample was incubated at 65°C for 5 min and then placed on ice for 1 min. Then 

10 µL of the following reaction mixture were added to each sample: 

10X RT buffer    2 µL 

25mM MgCl2    4 µL 

0.1M DTT    2 µL 

RNase inhibitor (40U/µL)  1 µL 

SuperScript® III RT (200 U/µL) 1 µL 

For a negative RT control reaction, 1 µL of DEPC-treated water was substituted for 1 

µL of SuperScript® III RT, and reaction was assembled as described above. Samples 



Materials and Methods 

 56 

were incubated at 25 °C for 5 min, and then treated as follows: 

50°C for 60 min 

70°C for 15 min 

Samples were then chilled on ice and treated with 1 µL of RNaseH (2U/µL) at 37 °C 

for 20 min in order to remove the RNA from the cDNA:RNA hybrid molecule. The 

cDNA so synthesized was used as template in qRT-PCR experiments. 

The primers for qRT-PCR were designed using Primer Express software v3.0 

(Applied Biosystems). Real-time PCRs were carried out on an Applied Biosystems 

StepOne Plus detection system in a 10µL reaction volume. All reactions were done 

in triplicate. GAPDH and β-actin were used as endogenous controls. The PCR 

mixture was prepared as follows: 

Sybr Green 2X   2.5 µL 

ROX     0,1 µL 

Primer Fw (10 µM)   0,3 µL 

Primer Rv (10 µM)   0,3 µL 

cDNA     50 ng – 100 ng 

H2O     to 10 µL 

The reaction parameters were as follows: in brief, incubation at 94°C for 2 minutes, 

then 40 cycles of 94°C for 15 seconds and 60°C for 1 minute. Finally, melting curves 

were also generated. The threshold cycle (Ct) is defined as the cycle number at 

which the fluorescence passed a pre-determined threshold. For this analysis, the 

experiment was designed to use the RNA of wild-type fish as the control, so the 

relative quantification of putative target gene in the morphant fish was calculated 

using the equation: 

Amount of target = 2-ΔΔCt (Schmittgen, 2008) 

where 

ΔΔCt = (Cttarget – Ctcontrol)morphant - (Cttarget – Ctcontrol)wild-type 

For the wild-type control sample, ΔΔCt is zero and 2-ΔΔCt is 1. 

 

6. Validation of miR-204 targets: Luciferase Assays 

To further validate the prediction obtained, the 3’UTR of the human genes 
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Amot, Epha7, Jarid2, MyoX and Sema3F containing the miR-204 target site were 

cloned downstream of the coding region of the Luciferase (Luc) reporter gene into 

the pGL3-TK-luc vector (Promega, kindly provided by Prof. Banfi) in order to test 

the ability of miR-204 to affect reporter expression in vitro. As a control, Runx2, a 

well-known target of miR-204 (Huang, 2010), was also cloned into the pGL3 vector. 

The precursor sequence of miR-204 was cloned into the pSP65 vector (Promega, 

kindly provided by Prof. Banfi). Briefly, the 3’UTR sequences of the putative human 

targets were selected and a region of 800 bp containing the miRNA target site was 

amplified by PCR using a couple of primers designed using Primer Express software 

v3.0 (Applied Biosystems). In order to perform a proper cloning into the desired 

pGL3 vector, primers were added with a sequence specific for Xba cutting. Human 

3’UTR were amplified using Pfu Polymerase (Promega) that possesses 3’→5’ 

exonuclease (proofreading) activity to perform high-fidelity amplifications. 

Reactions were prepared as follows in a final volume of 50µL: 

10X buffer   5µL 

10mM dNTPs   1µL 

Forward Primer (200ng/µL) 0,5µL 

Reverse Primer (200ng/µL) 0,5µL 

Human DNA   20ng 

Pfu Pol (3U/µL)  0,4µL 

Water    up to 50µL 

The reaction for amplification scheduled 2 minutes of initial denaturation at 95°C 

followed by: 

- 5 cycles of denaturation at 95°C for 1 minute, annealing at 50°C for 30 seconds, 

extension at 72°C for 3 minutes 

- 35 cycles of denaturation at 95°C for 1 minute, annealing at 58°C for 30 seconds, 

extension at 72°C for 3 minutes 

and a final step of extension at 72°C for 5 minutes. 

The PCR amplicons were checked on TAE 1X agarose gels supplemented with 

ethidium bromide (final concentration 1 µg/ml). The agarose percentage in gels was 

determined depending on the size of the fragments needed to be resolved. Gels were 

generally run at 120 V in 1X TAE buffer, and bands were visualized on a UV 
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transilluminator (KODAK Gel Logic 2200 Imaging System). 

Once the desired PCR product was obtained, it was purified through precipitation 

with sodium acetate. In brief, to the PCR product was added an equal volume of 

phenol:chloroform 1:1 solution; samples were mixed and centrifuged at 12000rpm 

for 3 minutes at 4°C. Supernatant fractions were collected and supplemented with 

1/10 volume of sodium acetate 3M pH5,2 and 2 volumes of ethanol 100%. The 

solution were incubated at -20°C overnight in order to let the DNA precipitate, then 

samples were centrifuged at 12000rpm for 15 minutes at 4°C. The pellets were added 

with 200µL of ethanol 70% then centrifuged at 12000rpm for 5 minutes at 4°C. The 

supernatant were discarded and the pellets were air-dried and resuspended into 10µL 

of sterile water. 

In order to clone the PCR product in pGL3-TL-luc vector, the amplicons were 

digested using XbaI restriction enzyme (Roche) that cleaves the 5’ and 3’ termini of 

the PCR products. 

The entire PCR product was added to the following mixture: 

Buffer H 10X   5µL 

BSA 100X   0,5µL 

XbaI 10U/µL   0,5 µL 

Water    up to a final volume of 50µL 

The mixtures containing all the inserts to be cloned were incubated at 37°C for 1 

hour and subsequently the digested products were run on a 1% agarose gel in order 

to purify the digested product from the gel. 

The digested products were extracted from the gel using the QIAquick gel extraction 

kit (Qiagen) following manufacturer’s instructions. Concisely, the band 

corresponding to the digested product was extracted from the gel and weighted. To 

the extracted band 3 volumes of buffer QG were added and then all the samples were 

incubated at 50°C for 10 minutes in order to melt the agarose gel. The solutions were 

then mixed to a volume of isopropanol, loaded onto a QIAquick column and 

centrifuged at 13000rpm for 1 minute at room temperature. The columns were 

loaded with 500 µL of buffer QG in order to discard all the agarose still present and 

centrifuged at the same previous conditions. Finally, the columns were washed with 

700µL of buffer PE and the DNA was eluted with 50µL of buffer EB, pre-heated at 
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37°C. 

At the same time, pGL3-TK-luc vector was digested with XbaI restriction enzyme 

(Roche) in order to linearize the molecule. The plasmid DNA (10µg) was added to 

the following mixture: 

Buffer H 10X   10µL 

BSA 100X   1µL 

XbaI 10U/µL   3µL 

Water    up to a final volume of 100µL 

The digestion solution was incubated at 37°C for 2 hours and subsequently the 

digested product was run on a 1% agarose gel in order to purify the digested product 

from the gel. The plasmid DNA was then purified from the gel using the QIAquick 

gel extraction kit (Qiagen) with the same conditions applied to the PCR products. 

Upon completion, aliquots of purified digested PCR products and plasmid were 

analyzed by agarose gel electrophoresis and spectrophotometer. 

Once the desired PCR product was obtained, it was ligated in the pGL3-TK-luc 

vector using the T4 DNA Ligase enzyme (New England Biolabs). The reaction was 

prepared in a final volume of 20µL as follows: 

T4 DNA Ligase buffer 10X  2µL 

Ligase (400U/µL)   1µL 

Plasmid DNA (50ng)   1µL 

Insert DNA (10ng)   16µL 

The solution was incubated for 4 hours at room temperature and then 10µL of the 

ligation were used for the transformation through heat-shock in competent cells 

TOP10 (Invitrogen) according to manufacturer’s instructions. Briefly, a vial of 

TOP10 competent cells was thawed in ice. The ligation was chilled in ice for 5 

minutes and subsequently 10 µL of this ligation were transformed into competent 

cells by heat shock. The transformation was spread onto LB – amp (50 µg/mL) 

plates, pre-warmed at room temperature, and incubated at 37°C overnight. A single 

colony from each selective plate was picked and a starter colture of 2mL LB 

containing ampicillin (10mg/mL) was inoculated. The starter colture was incubated 

at 37°C overnight with vigorous shaking. The day after the plasmid DNA was 

extracted using the QuickLyse Miniprep kit (Qiagen) and checked for positive inserts 
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by enzymatic restriction. For positive clones, the starter colture was inoculated into 

200mL LB containing ampicillin (10mg/mL) and incubated at 37°C overnight with 

vigorous shaking. The day after the plasmid DNA was extracted using the Qiagen 

EndoFree Plasmid Maxi kit (Qiagen) according to the manufacturer’s protocol. The 

obtained plasmid was redissolved into TE 1X pH8 and stored at -20°C. 

In order to test the effect of miR-204 on its human putative targets, HeLa cells 

were cultured in Dulbecco’s Modified Eagle Medium (DMEM, Gibco) supplemented 

with 10% Fetal Bovine Serum (FBS, Invitrogen) and 1% penicillin/streptomycin. 

Cells were plated in 6-well plates at 105 cells/well in DMEM/FBS. After growth for 

16 hours, plasmids containing 3’UTR downstream luciferase gene and pre-miR-204 

were transfected by calcium phosphate method (Kingston, 2003) according to the 

protocol. After the transfection, cells were supplemented with new DMEM/FBS 

aliquots. After 2 days, cells were harvested in 1X Passive Lysis Buffer (Promega) 

and luciferase activity was determined and normalized to the pGL3-TK-luc empty 

vector luciferase activity using the ONE-Glo™ Luciferase Assay System (Promega). 
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RESULTS 

1. Production of miR-204 morphant Medaka fish 

To investigate the role of miR-204, a variety of gain- and loss-of-function 

approaches were used in the Medaka fish [Oryzias latipes (Ol)] in order to perturb 

the microRNA network. Medaka is a small, egg-laying fish native to Asia that is 

emerging as an important model fish because of recent additions to the genetic 

toolkit available for this organism (Wittbrodt, 2002). It is a useful model system for 

developmental studies and evolutionary biology because it has a short time of 

generation (from two to three months), the spawning is daily and year-round under 

artificial conditions and both the eggs and the embryos are transparent and very easy 

to manipulate. Moreover, its small genome size (about 800 Mb) enables sequencing 

of the whole genome. During early Medaka development (stage 23), ol-miR-204 is 

expressed in the lens placode and in the presumptive retinal-pigmented epithelium 

(RPE) with a dorsalhigh to ventrallow gradient. At later stages, ol-miR-204 expression 

can be also detected in the ciliary marginal zone, ciliary body and migratory neural 

crest cells (Conte, 2010). 

MiR-204 processing and activity was perturbed using both a multiblocking 

morpholino-based knockdown and a mimic-mediated overexpression approach. The 

morpholino is a chemically modified oligo that behaves as an RNA analogue and it is 

used to interfere with gene translation in fish. In the case of miRNAs, the morpholino 

is complementary to the miR guide strand and blocks the nucleolytic processing of 

the primary miR or of the precursor miR. Two morpholinos were designed against 

the two precursor sequences of ol-miR-204 present in the Medaka genome: embryos 

injected with either of these two morpholinos, from stage 24 onward, show an 

aberrant eye phenotype with impairment of the growth of the eye cup and lens 

development culminating in microphthalmia at stage 40 (adapted from Conte, 2010). 

Conversely, mimic microRNA is a mature miRNA sequence into a primary 

microRNA context cloned into a lentiviral vector to perform miRNA gain-of-

function experiments. 
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2. Prediction of human miR-204 targets 

The prediction of human miR-204 targets was performed using three different 

computational methods: miRanda (www.microrna.org), TargetScan 

(www.targetscan.org) and PicTar (pictar.mdc-berlin.de). 

1. The miRBase Targets method (Release September 2008) provides computationally 

predicted targets for miRNAs using the miRanda algorithm (Griffiths-Jones, 2008), 

which uses dynamic programming to search for maximal local complementarity 

alignments corresponding to a double-stranded anti-parallel duplex. miRanda also 

takes into account the extent of conservation of the miRNA targets across related 

genomes. 

2. TargetScan (TargetScanHuman Release 5.1, April 2009) predicts miRNA gene 

targets by searching for the presence of conserved sites that match the seed region of 

each miRNA (Lewis BP, 2005; Friedman RC, 2009). 

3. PicTar takes sets of coexpressed miRNAs and searches for combinations of 

miRNA binding sites in each 3’UTR. Like TargetScanS, PicTar also requires target 

conservation across several species (Krek, 2005). PicTar has target prediction 

information for human miRNAs based on conservation in mammals (human, 

chimpanzee, mouse, rat, dog). 

Predicted miRNA targets overlapping the three methods were included in the 

analysis (3,205 human target genes). 

 

3. Prediction of miR-204 targets combining RNA-Sequencing and 

bioinformatics 

Total RNA for each of the Medaka fish models generated and used in the 

subsequent studies, i.e. wild-type (wt), mir-204 morpholino-based knock down (kd) 

and mir-204 mimic-based over-expression (oe) was extracted at stage 24 (a stage 

comparable to murine E14.5) and purified. The polyadenylated fraction was selected 

and subsequently the RNA was fragmented to an average length of 200 nucleotides 

by magnesium-catalyzed hydrolysis and then converted into cDNA by random 

priming. The cDNA for each of the Medaka model (wt, kd, oe) was then converted 

into a molecular library for sequencing on the Illumina Genome Analyzer II system 
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and the resulting 76bp reads were mapped onto the Ensembl cDNA database in order 

to obtain quantifications for all the predicted genes in the Medaka genome. In this 

case, a 76bp paired end sequencing was performed in which both the forward and the 

reverse template strand were read: in addition to sequence information, both reads 

contained positional information allowing for highly precise alignment of the reads. 

The RNA-Seq paired-end sequence reads were mapped onto the Medaka genome 

using Bowtie, a program for aligning short DNA sequence reads to large genomes: it 

uses an algorithm very similar to Blast but aligns only short sequences, from 30 to 

1000 basepairs (Langmead, 2009). The paired-end sequence reads were aligned 

directly to the Ensembl dataset of all predicted cDNAs rather than to the whole 

genome: this approach does not yield potential novel genes, which were beyond the 

scope of this study, but guaranteed reliable quantification – at the sequencing depth 

used – of those annotated transcripts. All the reads were mapped and a raw count was 

obtained, i.e. the number of reads mapping to a specific region. Subsequently, the 

score obtained was normalized on a fixed scale (number of reads per million reads) 

and the splice junction reads were mapped to confirm splice sites. Finally, these 

results were compared to existing gene structures. The quantification was obtained 

counting uniquely mapped reads and then adding a weighed score for multi-mapped 

reads (see methods for details). The counts thus obtained were then converted to 

RPKM values (i.e. reads per kilobase of exon model per million mapped reads). 

RPKM represents the normalized tag counts based on total reads mapped and gene 

length. This approach yielded RPKM values for about 20,000 Medaka genes 

obtained comparing RPKMs across different samples from the same experiment. 

From the original set of 20,000 genes with measurable RPKM values, several 

subsequent datasets were constructed, as reported in the Methods. Then the 

corresponding Medaka orthologs of the 3,205 human genes predicted in silico were 

identified. The overlap of the RNA-Sequencing derived dataset with miR-204 

predicted in silico was significantly higher (p-value= 0.0007) than performing the 

same comparison with a larger list of genes selected only based on significant 

expression (i.e. RPKM > 5), providing independent evidence that the approach used 

indeed enriches for targets of the micro-RNA under investigation. Thus it was 

decided to focus on the 147 genes which were both identified using the RNA-
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Sequencing based approach in Medaka as well as identified as bioinformatics 

predicted targets in the human genome. 

 

4. Gene Set Enrichment Analysis (GSEA) of the predicted Medaka 

targets 

These 147 genes were analyzed for enrichment using the Molecular Signature 

Database and the Gene Set Enrichment Analysis tool (Subramanian, 2005; Mootha, 

2003), which yielded enrichments in axon guidance and ageing brain pathways 

(Table 1). Interestingly, both gene ontology and pathway-based datasets indicate an 

important role in axon guidance, neuron differentiation, generation of neurons, as 

well as in expression profiling experiments pertaining to brain ageing. A more 

detailed investigation reveals that the key genes resulting in this enrichment results 

are two sets: a first set comprising SEMA3B, PTPRG, SLIT2, EPHA4, RND1, 

SEMA3F and EPHA7, which relate to neuron differentiation, generation of neurons 

and axon guidance, and a second set comprising BLC2, CAV1, RHOBTB3, AMOT, 

MYO10 and LPP, which relate to brain ageing in human experiments. The first set is 

of particular relevance because the mir-204 targets constitute all the major entry 

points of the axon guidance pathway and thus this first set was further investigated. 
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Table 1 Gene Set Enrichment Analysis (GSEA) of the predicted Medaka targets 

The GSEA indicate a role in axon guidance, neuron differentiation and ageing of the 

brain pathways for the gene tested. 
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5. Validation of predicted miR-204 targets 

In order to validate the predictions obtained combining RNA-sequencing and 

bioinformatics, 25 genes from the 147 potential targets chosen as above were 

selected: a first set chosen completely randomly from the whole list and a second, 

smaller set, based on the pathway enrichment results described above. Quantitative 

real-time PCR was therefore used to verify the expression of these putative targets in 

the Medaka morphants and wild type. The results indicate that 15 out of 25 putative 

targets show an increased expression in the miR-204 knock down samples with 

respect to the over expressed and the wild-type (Fig.4). 
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Fig. 4 Validation of the predicted miR-204 targets: qRT-PCR 

Experimental validation of 23 predicted miR-204 targets in Medaka fish total RNA 

assessed by qRT-PCR. Histograms show differences in the expression levels 

between wild-type RNA (blue bars), morpholino RNA (red bars) and over expressed 

RNA (green bars) of predicted target genes by qRT-PCR assays. Y-axis: fold change 

variation expressed as 2-ΔΔCt values; X-axis: predicted target genes tested; * indicates 

genes for which a decreased expression in the over expressed samples was observed 

compared to morpholino samples. The housekeeping genes used to normalize the 

expression of the predicted targets are β-act and Gapdh; the analysis of each gene 

tested was performed in triplicate. 

* * 

* 

* 

* * 

* 

* 

* 

* 

* 

* 
* * 
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For these 15 genes the analysis with the target prediction softwares was 

repeated in order to verify the exact pairing between the 3’UTR of the target and the 

seed sequence of miRNA: for 5 out of 15 genes (Amot, Epha7, Jarid2, MyoX, 

Sema3F) all the softwares returned a perfect pairing, conserved during the evolution. 

Moreover, for Epha7, MyoX and Sema3F two different regions of pairing were 

showed in the 3’UTR. 

In order to further validate the direct interaction of miR-204 on 5 of these 

targets which are supported by bioinformatics analysis, RNA-Sequencing data and 

real-time PCR results, luciferase assay in HeLa cell lines transfected simultaneously 

with human miR-204 and the 3’UTR of the putative target genes were performed. 

The human 3’UTR of the 5 selected genes (Amot, Epha7, Jarid2, MyoX, Sema3F) 

was cloned into the pGL3-TK-Luc vector (Promega) downstream of the luciferase 

gene and transfected in HeLa cells along with the pre-miR cloned into the pSP65 

vector (Promega). Two days after transfection the cellular lysates were collected and 

assayed for luciferase activity. 

Fig.5 shows the luciferase activity in HeLa cells of each target normalized to 

the luciferase activity of the control gene Runx2, which is a known target of miR-

204 (Huang, 2010). MiR-204 significantly decreases luciferase activity of the 

construct containing the 3’UTR of Sema3F when compared with the control. No 

significant differences were observed with respect to the control for the other three 

genes tested. 
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Fig. 5 Validation of the predicted miR-204 targets: Luciferase Assays 

Relative luciferase activities in HeLa cells of each putative target normalized to the 

luciferase activity of the control gene Runx2. MiR-204 addition significantly 

decreases luciferase activity of the construct containing 3’UTR of SEMA3F when 

compared with the control. ***P < 0,0005; **P < 0,005 (t tests) 

*** 

** 
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6. Functional assessment of miR-204 action on axon guidance in vivo 

The result obtained in luciferase assays is particularly interesting because 

Sema3F is involved in the axon guidance pathway where it acts as a molecule with 

repulsive activity (Sahay, 2003; Atwal, 2003). During neural development, in fact, 

neurites take defined routes and contact with proper target nerve cells establishing 

the functional neural network. These processes depend on proper guidance of axons 

and dendrites that are tipped with motile growth cones deciding the orientation to 

extend by reading extracellular guidance signals, like the ones mediated by Sema3F 

and its receptor Neuropilin-2. Moreover, it is known that calcium ions can act to 

directly mediate guidance receptor signalling and can modulate the strength of 

guidance response. In general, a moderate increase in calcium ions favours attraction 

whereas high or low amplitude increase favours repulsion (Gomez, 2006). TRPM3, 

the gene hosting miR-204, is a cation channel specific for calcium which contributes 

to membrane depolarization together with the other TRP channels: in fact, calcium 

ions influx through these channels is required for cellular chemoattraction. 

Thus, as stated in recent papers by Barik (2008) and Lutter (2010), an intronic 

miRNA transcribed with the host gene mRNA may serve the interest of its host gene 

by silencing genes that are functionally antagonistic to the host gene itself. A 

pathway like the axon response can be activated by the product of the TRPM3 gene, 

which also hosts miR-204 that silences antagonistic gene Sema3F providing optimal 

stimulation of the pathway. 

These results are consistent with the observation of our collaborators Dr. Banfi 

in Naples and Prof. Bovolenta in Madrid in vivo: in Medaka fish at 24h stage of 

development the ablation of miR-204 causes axonal dispersion. In fact, as it will be 

explained in the discussion, the optical axons are not bound together as in the wild-

type embryo but are interspersed in the retina and the optic cup is not properly 

formed. Moreover, in the gain of function experiments optical axons are not directed 

towards the mesencephalon and optic tectum as in the control, but towards the 

telencephalon as well as the mesencephalon. 
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DISCUSSION 

High-throughput sequencing technologies are now in common use in biology. 

These technologies produce millions of short sequence reads and are routinely being 

applied to genomes, epigenomes and transcriptomes. Sequencing steady-state RNA 

in a sample, known as RNA-sequencing (RNA-seq), is free from many of the 

limitations of previous technologies, such as the dependence on prior knowledge of 

the organism, as required for microarrays and PCR. In addition, RNA-seq promises 

to unravel previously inaccessible complexities in the transcriptome, such as allele-

specific expression and novel promoters and isoforms (Sultan, 2008). However, the 

datasets produced are large and complex and interpretation is not straightforward. As 

with any high-throughput technology, analysis methodology is critical to interpreting 

the data, and RNA-seq analysis procedures are continuing to evolve. 

In the past year, several methods have emerged that use RNA-seq data for 

abundance estimation (Jiang, 2009), detection of alternative splicing (Wang, 2010) 

and novel transcripts (Trapnell, 2010). However, the primary objective of many 

biological studies is gene expression profiling between samples. Thus, it is of utmost 

importance focusing on the methodologies available to detect differences in gene 

level expression between samples. This sort of analysis is particularly relevant for 

controlled experiments comparing expression in wild-type and mutant strains of the 

same tissue, comparing treated versus untreated cells, cancer versus normal, and so 

on. 

In order to analyze RNA-seq data, reads are mapped to the genome or 

transcriptome. Mapped reads for each sample are assembled into gene-level, exon-

level or transcript-level expression summaries, depending on the aims of the 

experiment. Next, the summarized data are normalized leading to a ranked list of 

genes with associated P-values and fold changes. Finally, biological insight from 

these lists can be gained by performing systems biology approaches, similar to those 

performed on microarray experiments (Oshlack, 2010). 

Medaka (Oryzias latipes) is a useful model organism among vertebrate animals 

(Taneda, 2010). Although widely used in many researches, little information on 

medaka gene annotation is available thus far. In addition, only small number of fish 
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miRNAs was reported comparing with other animal categories. There are only 360, 

131, and 132 miRNA entries in Danio rerio, Fugu rubripes, and Tetraodon 

nigroviridis, respectively (Griffiths-Jones, 2008). To date, no medaka miRNAs were 

discovered and reported even if the miRNA collection in miRBase 14.0 has reach up 

to 10,883 entries. Since it is a model animal widely used for different research 

purposes and miRNA genes play critical biological activities, identifying miRNA 

genes and their targets on medaka genome would greatly benefit subsequent studies. 

In this study, we adopted Illumina Solexa platform for medaka miR-204 target 

identification. Discovery of miRNA target genes in medaka genome would enhance 

further understanding of miRNA evolutions and functions in fish and vertebrates. 

In this study, starting from in silico predictions and using in vitro experimental 

approaches, I have shown that Sema3F is a target of the miR-204 activity. These data 

also show that the specific miR-204-mediated regulation of Sema3F affect in some 

way the axon guidance pathway. This is particularly interesting because Sema3F is 

involved in the axon guidance pathway where it acts as a molecule with repulsive 

activity (Cloutier, 2004; Kolk, 2009). In fact, during neural development, neurites 

take defined routes and contact with proper target nerve cells establishing the 

functional neural network. These processes depend on proper guidance of axons and 

dendrites that are tipped with motile growth cones deciding the orientation to extend 

by reading extracellular guidance signals, like the ones mediated by Sema3F and its 

receptor Neuropilin-2 (Bashaw, 2010). 

It is also well known that calcium ions (Ca2+) can act to directly mediate 

guidance receptor signalling and can modulate the strength of guidance response 

(Gomez, 2006). Thus, transient elevations of intracellular Ca2+in growth cones and 

axons are a natural signalling mechanism that regulates both the rate of axon 

extension and guidance of axons in the developing nervous system. Control of both 

migration and axon outgrowth by transient elevations of [Ca2+]i allows neurons to 

respond in a cell-specific and graded fashion to the dynamic environment of 

molecular gradients, guideposts and boundaries in the nervous system (Gomez, 

1999). Generally, moderate increases in Ca2+ favour cellular attraction whereas high 

or low amplitude increases favour cellular repulsion. For Netrin and brain-derived 

neurotrophic factor (BDNF) mediated attraction, transient receptor potential (TRP) 
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Ca2+ channels contribute to mebrane depolarization, and Ca2+ influx through these 

channels is required for chemoattraction (Li, 2005). 

TRPM3 is a cation channel specific for Ca2+ expressed in several districts of 

the brain, more specifically in dentate gyrus, lateral septal nuclei, indusium griseum 

and tenia tecta. The most prominent signals within the brain were obtained from 

epithelial cells of the choroid plexus. Moreover, its expression can be also detected 

in different regions of the eye, particularly in iris, lens and retinal pigmented 

epithelium (Oberwinkler, 2005). 

TRPM3 and SEMA3F could be linked thanks to the transcription and the 

action of miR-204: in fact, as Barik stated it in his paper in 2008, an intronic 

microRNA, transcribed together with the host gene mRNA, may serve the interests 

of its host gene by silencing genes that are functionally antagonistic to the host gene 

itself (Barik, 2008). Thus, a model for silencing of SEMA3F can be postulated, i.e. a 

model for silencing of antagonistic genes by intronic miRNAs. A pathway, in this 

case the axon response, is activated by the product of the TRPM3 gene, which also 

hosts miR-204 that silences antagonistic gene – SEMA3F – providing optimal 

stimulation of the pathway (Fig.6). 
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Fig. 6 Model for silencing of Sema3F (adapted from Barik, 2008) 

TRPM3 and SEMA3F could be linked thanks to the transcription and the action of 

miR-204. In fact, an intronic miRNA, transcribed together with the host gene 

mRNA, may serve the interests of its host gene by silencing genes that are 

functionally antagonistic to the host gene itself. Thus, a model for silencing of 

SEMA3F can be postulated, i.e. a model for silencing of antagonistic genes by 

intronic miRNAs. A pathway, in this case the axon response, is activated by the 

product of the TRPM3 gene, which also hosts miR-204 that silences antagonistic 

gene – SEMA3F – providing optimal stimulation of the pathway. 
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These results are consistent with what our collaborators, Prof. Banfi in Naples 

and Prof. Bovolenta in Madrid observed in vivo in Medaka. They demonstrated that 

the knockdown of miR-204 in Medaka embryos at stage 24 causes axonal dispersion. 

In fact, as it is shown in Fig.7, the optical axons are not well bound together 

compared to the wild-type embryos but they are interspersed in the retina leading to 

an incorrect optic cup formation. Moreover, the data are confirmed in a gain-of-

function Medaka model in which the miR-204 is overexpressed: in this case, optical 

axons move towards the telencephalon rather than mesencephalon – optic tectum 

(Fig.8). 

Finally, my study contributed to the understanding of the role of miR-204 in 

the nervous system of the Medaka fish. At the present, this is the first report in which 

RNA-sequencing technology is used in order to characterize the differences between 

two different model systems, the wt fish and the morphants, to gain further insight 

into the miRNA function. Assessing the role of miR-204 in vivo will require other 

efforts, for example, it would be interesting verifying the expression of other putative 

miR-204 targets in Medaka injected morphant embryos in order to understand if they 

interfere with the axon guidance pathway. 
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Fig. 7 MiR-204 knock-down in Medaka fish eye causes axonal dispersion 

Frontal sections of wt and morpholino-miR-204 mutant embryos (stage 24) 

processed for whole-mount RNA ISH with probes specific for Pax6, a marker of lens 

differentiation (red) and Ath5, an early marker of retinal ganglion cell differentiation 

(green). GCL ganglion cell layer; INL inner nuclear layer; ONL outer nuclear layer; 

RPE retinal pigmented epithelium. 
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Fig. 8 MiR-204 overexpression in Medaka fish eye causes defects in axons 

projection 

Frontal sections of wt and mimic-miR-204 mutant adult Medaka fish processed for 

whole-mount RNA ISH with probes specific for Ath5, an early marker of retinal 

ganglion cell differentiation (green). Tel telencephalon; Mes mesencephalon. 
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