
Ο	κόσμος	του	RNA

• Το κεντρικό δόγμα στη Βιολογία παρέσυρε για αρκετό καιρό τους
επιστήμονες να θεωρούν ότι τα γονίδια κωδικοποιούν πρωτεΐνες και οι
πρωτεΐνες επιτελούν όχι μόνο όλες τις δομικές και καταλυτικές λειτουργίες
στο κύτταρο αλλά και σχεδόν όλες τις ρυθμιστικές λειτουργίες.

• Αυτό μπορεί να είναι ουσιαστικά αλήθεια για τους προκαρυωτικούς
οργανισμούς.

• Δεν αληθεύει στους ανώτερους οργανισμούς όπου οι αλληλουχίες που
κωδικοποιούν πρωτεΐνες είναι ένα πολύ μικρό ποσοστό τους συνολικού
γονιδιώματος τους.

• Το RNA αποτελεί ένα ιδανικό μόριο για τη ρύθμιση βιολογικών
κυκλωμάτων εξαιτίας της ιδιότητας τους να αποθηκεύει γενετική
πληροφορία και της δομικής του πλαστικότητας του.



Διακυτταρική	επικοινωνία

• Τα μη-κωδικοποιά RNAs (non-coding RNAs) έχουν σημαντικό ρόλο στη διακυτταρική
επικοινωνία με αποτέλεσμα να θεωρούνται πλέον ως ρυθμιστές, ιστών, της
αλληλοεπίδρασής ιστών σε επίπεδο οργανισμού αλλά και της αλληλοεπίδρασης
διαφορετικών οργανισμών μεταξύ τους.

• Υπάρχει μια κοινή και κεντρική βιολογική γλώσα που αντιπροσωπεύεται από τα μόρια
RNA.

• Μέσα στους οργανισμούς, τα κύτταρα μπορούν να εκκρίνουν ncRNAs τα οποία
μπορούν να «¨ταξιδέψουν” χρησιμοποιώντας τα βιολογικά υγρά ώστε να φτάσουν σε
μακρυνούς στόχους και τα επιτλέσουν τη ρυθμιστική τους λειτουργία, δρώντας ως
«γενετικές ορμόνες

• Σε παθολογικές καταστάσεις αυτό σημαίνει ότι τα ncRNAs μπορούν να εμποδίσουν η να
ευνοήσουν την εξάπλωση μιας ασθένειας.

• Διάφοροι παρασιτικοί οργανισμοί, όπως ιοί, βακτήρια και μύκητες μπορούν να
πραγματοποιήσουν «πειρατεία» στους μηχανισμούς άμυνας του ξενιστή, μέσω των
ncRNAs. Αυτό το φαινόμενο μπορεί να παρατηρηθεί και σε σχέσεις συμβίωσης



Κατηγορίες	μη-κωδικοποιών	RNAs
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genome encodes translated proteins [50,51]. RNAs that do not yield coding proteins are collectively
referred to as non-coding RNAs (ncRNA). These ncRNAs are divided into housekeeping ncRNAs and
regulatory ncRNAs. Housekeeping ncRNAs include transfer RNAs (tRNAs) and ribosomal RNAs
(rRNAs). Regulatory ncRNAs are generally transcribed in a location- and time-dependent fashion.
Regulatory ncRNAs can be further divided into two groups based on their size: small ncRNAs (shorter
than 200 nucleotides) and lncRNAs (200 nucleotides or longer). Small ncRNAs contain microRNAs,
small nucleolar RNAs (snoRNAs), small interfering RNAs (siRNAs), small nuclear RNAs (snRNAs),
and PIWI-interacting RNAs (piRNAs) (Figure 1) [49–51].
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2.1. MicroRNAs 

MicroRNAs are small single stranded ncRNAs (19 to 22 nucleotides in length) that are highly 
conserved among different organisms. MicroRNAs play important regulatory roles in animals and 
plants by targeting messenger RNAs (mRNAs) for translational repression or degradation. 
MicroRNAs comprise one of the most abundant classes of gene regulatory molecules and therefore 
influence the output of many protein-coding genes [52]. MicroRNAs have the potential to serve as 
biomarkers and therapeutic tools for different cancer subtypes, as classified by origin, histology, 
aggressiveness, or chemosensitivity [37–40,45–49]. Importantly, in comparison to mRNAs, 
microRNAs are markedly less degraded in formalin-fixed paraffin-embedded (FFPE) samples, which 
are typically collected and stored in hospitals. Therefore, the easy availability of archived FFPE 
samples and the ability to accurately measure microRNA expression enables translation studies on 
microRNAs. Unlike mRNA, microRNAs exist in tissues and body fluids, such as blood and sputum. 
Thus, the characteristics of microRNAs support the development of liquid biopsies. 

  

Figure 1. RNA categories. RNAs are divided into two major classes: messenger RNA (mRNA) and
non-coding RNA (ncRNA). NcRNAs include housekeeping ncRNA, which consists of transfer RNA
(tRNA) and ribosomal RNA (rRNA), and regulatory ncRNA. Regulatory ncRNAs are classified into long
ncRNA (lncRNA) and small ncRNA. Small ncRNAs are subclassified into microRNA, small nucleolar
RNA (snoRNA), small interfering RNA (siRNA), small nuclear RNA (snRNA), and PIWI-interacting
RNA (piRNA).

2.1. MicroRNAs

MicroRNAs are small single stranded ncRNAs (19 to 22 nucleotides in length) that are highly
conserved among different organisms. MicroRNAs play important regulatory roles in animals
and plants by targeting messenger RNAs (mRNAs) for translational repression or degradation.
MicroRNAs comprise one of the most abundant classes of gene regulatory molecules and therefore
influence the output of many protein-coding genes [52]. MicroRNAs have the potential to serve
as biomarkers and therapeutic tools for different cancer subtypes, as classified by origin, histology,
aggressiveness, or chemosensitivity [37–40,45–49]. Importantly, in comparison to mRNAs, microRNAs
are markedly less degraded in formalin-fixed paraffin-embedded (FFPE) samples, which are typically
collected and stored in hospitals. Therefore, the easy availability of archived FFPE samples and
the ability to accurately measure microRNA expression enables translation studies on microRNAs.
Unlike mRNA, microRNAs exist in tissues and body fluids, such as blood and sputum. Thus,
the characteristics of microRNAs support the development of liquid biopsies.
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Χρονοδιάγραμμα	των	σημαντικότερων	
ανακαλύψεων	της	βιολογίας	των	ριβονουκλεϊκών	
οξέων,	στους	ευκαρυώτες
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Fig. 1.1 The timeline of principle discoveries in nucleic acid biology and, in particular, eukaryotic ncRNAs
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Μεθοδολογίες	ανίχνευσης	νέων	γονιδίων
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reviews Cryptic transcription and ncRNAs in genome expression 
J. Berretta & A. Morillon

Jacquier’s group used a 3'-long SAGE approach followed by deep 
sequencing to draw a genomic map of CUTs at the nucleotide reso-
lution. By comparing wild-type and CUT-enriched RNA fractions, 
they identified 1,496 CUT clusters that did not correspond to any 
annotated feature (Neil et al, 2009). The data from these two stud-
ies partly overlap; however, discrepancies in the quantity and the 
quality of the detected CUTs were probably observed owing to  
the use of different techniques and also to the different purification 
methods and deletion strains used.

In addition, the Steinmetz group identified a new class of trans-
cripts that do not correspond to any previously annotated genomic 
feature and are detectable in wild-type yeast strains, which  
were appropriately named stable unannotated transcripts (SUTs). 
These SUTs, of unknown function at present, account for 12% of 
the transcripts identified by the tiling microarray (Xu et al, 2009).

Importantly, it is becoming clear that unstable transcripts are 
not unique to S. cerevisiae. The depletion of nuclear exosome sub-
units in human cells also leads to the accumulation of a new class 
of short, polyadenylated and highly unstable transcripts known as 
PROMPTs (for promoter upstream transcripts; Preker et al, 2008). 
These data raise the possibility that CUTs, and possibly SUTs, 
might be conserved throughout the eukaryotic kingdom.

Non-coding transcription: where does it start?
The genomic organization of unannotated transcripts (SUTs and 
CUTs) in S. cerevisiae suggests that their transcription is not ran-
dom, but rather clustered in defined transcription units (Neil 
et al, 2009; Xu et al, 2009). The transcription start sites of 68% of 
the unambig uously characterized, unannotated transcripts cor-
relate strongly with the 5' nucleosome-depleted region (5’NDR; 

Table 1 | High-throughput technology used for transcriptome analyses

Technique Principle Aim Organism Main references

SAGE Reverse transcription to cDNA of the 
transcriptome  
Short sequence tag production from unique 
poly(A)+ transcripts  
Cloning and sequencing of sequence tag arrays  
Quantitation of tag recovery

Quantitative gene expression data  
without prerequisite of sequence  
knowledge

S. cerevisiae Velculescu et al, 1997

3'-long SAGE Similar to SAGE  
Introduction of a recognition site for a IIS 
restriction enzyme at the 3' end of cDNA,  
recovery of 3' end tags  
High-throughput sequencing

Identification of 3' ends 
Distinction between overlapping  
transcripts 

S. cerevisiae Neil et al, 2009

CAGE Similar to SAGE but from CAP-selected RNAs Identification of transcription start sites Mouse  
Human

Carninci et al, 2006

ASSAGE Similar to SAGE  
RNA treatment with bisulphite (changes  
cytosine residues to uracil) before reverse 
transcription 

Unambiguous strand specificity Human He et al, 2008

RNA-Seq Reverse transcription to cDNA of poly(A)+  
RNA  
High-throughput sequencing

Quantitative transcriptome data  
High sensitivity, low background,  
high resolution 

S. cerevisiae 
S. pombe

Nagalakshimi et al, 2008; 
Wilhelm et al, 2008

GRO-seq Extension of nascent RNA associated with 
engaged RNAPII (nuclear run-on)  
Isolation and purification of the RNAs  
Reverse transcription to cDNA  
High-throughput sequencing

Genome-wide positional mapping, 
determination of transcript amount, 
orientation of engaged RNAPII

Human Core et al, 2008

High-resolution 
tiling arrays

Reverse transcription of total or selected RNA 
followed by hybridization on DNA chip  
Probes overlap and cover the entire genome

Quantitative transcriptome data from 
sequenced genomes  
Strand specific

S. cerevisiae 
S. pombe  
Rice  
Human

David et al, 2006; Xu et al, 
2009; Dutrow et al, 2008; 
Wilhelm et al, 2008; 
L. Li et al, 2006;  
Kapranov et al, 2007a; 
Preker et al, 2008

ChIP-chip Chromatin immunoprecipitation of RNAPII  
and TFs  
Hybridization on DNA array

Mapping of chromatin-bound RNAPII  
and TFs, genome-wide

S. cerevisiae 
Human

Steinmetz et al, 2006; 
Kim et al, 2005 

ChIP-Seq Chromatin immunoprecipitation of RNAPII  
High-throughput sequencing

Mapping of chromatin-bound RNAPII,  
also at low complexity sequences  
(such as telomeres and transposons)

Mouse Seila et al, 2008

The techniques used in the ENCODE and FANTOM projects are not detailed. RNAPII, RNA polymerase II; S. cerevisiae, Saccharomyces cerevisiae; S. pombe, Schizosaccharomyces pombe; 
TF, transcription factor. 



Χαρακτηριστικά	μακρών	μη-κωδικοποιών	
RNAs
• Σύντομα (100-300nt) ή
ανύπαρκτα ανοιχτά πλαίσια
ανάγνωσης

• Μη συντηρημένα ή
συντηρημένα αλλιώς
(δευτεροταγής και
τριτοταγής δομή, π.χ. tRNA)

• Κατά μέσο όρο 10 φορές
λιγότερα επίπεδα έκφρασης
σε σχέση με τα κωδικοποιά.

©
2

0
1

0
 N

a
tu

re
 A

m
e

ri
c

a
, I

n
c

.  
A

ll
 r

ig
h

ts
 r

e
s

e
rv

e
d

.

508  VOLUME 28 NUMBER 5 MAY 2010 NATURE BIOTECHNOLOGY

A RT I C L E S

remaining ~12% revealed 66 loci that are 
likely to be novel protein coding genes (high 
CSF score, ORF >200 amino acids and very 
high evolutionary conservation; Supple-
mentary Fig. 5 ).

Most of the novel lincRNA loci were not 
identified in our previous study owing to 
the stringent criteria we imposed when 
using chromatin maps to identify lincRNAs. 
Specifically, we required that a K4-K36  
domain extend over at least 5 kb and be 
well separated from the nearest known gene 
locus4. Indeed, most novel intergenic tran-
scripts (76%) were enriched for a K4-K36 
domain (a comparable proportion as that for 
expressed protein coding genes) but failed to 
meet the size and distance criteria or could 
not be identified at a genome-wide signifi-
cance level (without knowing their locus 
a priori). On average, the genomic loci of 
the novel lincRNAs are closer to neighbor-
ing genes and have smaller sizes (~3.5 kb  
average), and the transcripts are shorter  
(859 bp). Of the lincRNAs that did not have 
a chromatin signature that reached genome-
wide significance, ~40% showed chromatin 
modifications enriched at a nominal signifi-
cance level (compared to 57% for protein 
coding genes).

On average, the lincRNAs are expressed at 
levels that are readily detectable, albeit some-
what lower than those of protein coding  
genes. The median expression level of the 
reconstructed lincRNAs, as estimated by reads 
per kilobase of exonic sequence per million 
aligned reads (RPKM; see Online Methods) 
was approximately one-third of the expres-
sion of protein coding genes (Fig. 5 d), with 
~25% of lincRNAs having expression levels 
higher than the median level for protein coding genes (Fig. 5 d). The 
novel lincRNAs identified in this study are expressed at somewhat 
lower levels than those from chromatin identified loci, consistent 
with the fact that chromatin enrichment is positively correlated with 
expression levels (Fig. 5 d).

We compared the novel lincRNA genes to a collection of ~35,000 
mouse cDNA and found evidence that ~43% of our lincRNAs were 
present in this collection1. This is comparable to the reported fraction 
(40%) of known transcripts covered by the same cDNA catalog1. The 
remaining lincRNAs are found in our study but not in the comparison 
catalog. These were likely previously missed owing to the different cell 
types and limited coverage of the previous study1.

Most lincRNAs are evolutionarily conserved
The reconstructed full-length gene structures of lincRNAs allow 
us to accurately assess their evolutionary sequence conservation in 
each exon and in small windows. To this end, we identified the ortho-
logous sequences for each lincRNA across 29 mammals and estimated  
conservation by a metric (W; Online Methods) reflecting the total 
contraction of the branch length of the evolutionary tree connecting 
them19. We calculated W over the entire lincRNA transcript, as well 
as over individual exons.

On the basis of our high-resolution gene structures, the lincRNA 
sequences show greater conservation than random genomic regions or 
introns (Fig. 5 c), comparable to eight known functional lincRNAs20–22, 
and lower than protein coding exons. The results are consistent with our 
previous estimates of conservation4. Interestingly, conservation levels 
are indistinguishable between the chromatin-defined lincRNAs4 and 
the novel ones identified only in this study (Fig. 5 c), consistent with 
membership in the same class of functional large ncRNA genes. These 
conservation levels are considerably higher than those reported for a 
previous catalog of large noncoding RNAs1.

We also determined the specific regions within each lincRNA that 
are under purifying selection and thus likely to be functional, by com-
puting W within short windows (Online Methods). On average, 22% 
of the bases within the lincRNAs lie within conserved patches (com-
parable to the value of 25% for the eight known functional lincRNAs, 
much higher than the 7% for intronic bases and lower than the 77% 
for protein coding bases, Supplementary Fig. 6 ). These conserved 
patches provide a critical starting point for functional studies23.

Variations in lincRNA expression and isoforms
A substantial fraction (~41%) of the novel lincRNAs reconstructed in 
at least one cell type show evidence for expression in at least two of the 
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Αλληλουχοποίηση	RNA	επόμενης	γενιάς

• RNA	library	preparation	by	size	selection	of	RNA	
fragments	of	interest	(small	ncRNAs	<200nts	or	
lncRNAs	>	200nts)

• Ribosomal	RNA	depletion	is	necessary
• Paired-end	sequencing	is	preferred	as	ncRNAs	are	
enriched	for	repetitive	elements.

• Directionality	is	important	to	discover	ncRNAs	species	
around	coding	genes!

• Depth	of	sequencing	is	critical	for	ncRNA	identification	
and	characterization	

3. Predicting lncRNAs using RNA-seq

A workflow for the discovery of lncRNAs is outlined in Fig. 2A.
While the study design will dictate how analysis of the resulting
data is performed, lncRNA discovery approaches show similarities
among many studies (Table 1). Below we discuss steps and consid-
erations required for detecting lncRNAs using RNA-seq.

3.1. RNA-seq library type

3.1.1. Ribosomal RNA removal
Approximately 90% of total RNA is ribosome-associated (rRNA).

If this fraction were not to be removed then the majority of se-
quenced reads would align only to rRNA, leaving relatively few
reads to allow the assembly and abundance estimation of mRNA
and non-coding RNA transcripts. Removal of rRNAs from a sample
is commonly achieved either by selecting only RNA molecules that
contain a poly-A tail (poly-A+), or by specifically depleting rRNA.
Depletion uses the hybridisation of total RNA to biotinylated (or
magnetic bead-associated) antisense oligomers to rRNA tran-
scripts, resulting in preferential removal of rRNA.

The extent to which each protocol affects the power to dis-
cover different categories of lncRNAs remains incompletely

understood. Using poly-A+ selection and retention of the poly-
A! fraction, Yang and colleagues determined the presence of tran-
scripts that were polyadenylated (poly-A+), non-polyadenylated
(poly-A!) or bimorphic (those present in both fractions) in human
H9 and HeLa cells [52]. Between 74% and 84% of transcripts were
found in the poly-A+ fraction in these cells, with between 13% and
23% found in both poly-A+ and poly-A! fractions; only approxi-
mately 2.5% of transcripts were found exclusively in the poly-
A! fraction [52]. Analyses conducted by the ENCODE consortium
revealed similar proportions across 16 human cell lines: only
about 3.3% of GENCODE transcripts fell exclusively in the poly-
A! fraction [49]. While the proportion of lncRNA transcripts pres-
ent in the poly-A! fraction is higher than for coding mRNAs
across multiple cells [13], using poly-A+ selection in an RNA-seq
experiment will allow the recovery of the vast majority of anno-
tated transcripts, at least in these cell types. One advantage of
poly-A+ selection over rRNA depletion is that pre-mRNA mole-
cules are also removed. The presence of pre-mRNA transcripts
will reduce depth of coverage across exons, because retained in-
trons are also sequenced.

Non-polyadenylated lncRNA transcripts that have been iden-
tified include intronic products of splicing that are unusual in
resisting enzymatic degradation [49,52]. Whilst determining
the complete transcriptional repertoire present in a sample

A B

Fig. 2. Predicting lncRNAs using RNA-seq. A workflow for predicting lncRNAs using deep RNA sequencing. Steps from RNA extraction through computational analysis are
shown. Considerations at individual stages of analysis are coloured red. B Representation of unstranded vs. stranded RNA seq libraries after mapping to a reference genome.
The upper panel represents sequences generated from an unstranded RNA-seq library. The strand of origin is impossible to infer as reads can be generated from either cDNA
strand, thereby removing information regarding transcriptional orientation. In this situation it is impossible to resolve artefacts of transcription (read-through transcription at
the 30 end of the protein coding gene or retained intronic sequence) from lncRNA transcription in the opposite direction. The lower panel represents RNA-seq reads generated
from a stranded library. Reads generated from the ‘+’ strand are displayed in blue and reads from the ‘!’ strand are displayed in red. Using this technique, it is possible to
resolve antisense lncRNA transcription from transcriptional artefacts.
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The upper panel represents sequences generated from an unstranded RNA-seq library. The strand of origin is impossible to infer as reads can be generated from either cDNA
strand, thereby removing information regarding transcriptional orientation. In this situation it is impossible to resolve artefacts of transcription (read-through transcription at
the 30 end of the protein coding gene or retained intronic sequence) from lncRNA transcription in the opposite direction. The lower panel represents RNA-seq reads generated
from a stranded library. Reads generated from the ‘+’ strand are displayed in blue and reads from the ‘!’ strand are displayed in red. Using this technique, it is possible to
resolve antisense lncRNA transcription from transcriptional artefacts.
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Διαδεδομένες	τεχνικές	για	την	πρόβλεψη	και	
σχολιασμό	γονιδιακών	τόπων	lncRNA	με	NGS

example, Gtl2 RNA may promote the association of PRC2 to the im-
printed Dlk1 locus [18]. Non-genomic-imprinting roles of lncRNAs
have also been described. Chromatin state at the HOX locus in
human fibroblasts is regulated via expression of the HOTAIR long
non-coding RNA [19]. HOTAIR may directly interact with PRC2
permitting H3K27 trimethylation and the establishment of silent
chromatin at the HOXD locus. In addition to mediating repressive
chromatin, lncRNAs also act in activation processes. For example,
ncRNA-a lncRNAs directly bind to the Mediator complex, permit-
ting H3S10 phosphorylation and activation of downstream target
genes such as SNAI1 and AURKA [20].

In addition to lncRNA function in epigenetic processes, there is
interest in their potential roles at enhancer regions. There is grow-
ing evidence that many enhancers are transcribed as enhancer
RNAs (eRNAs). eRNAs are produced from genomic regions marked
by higher levels of histone H3, lysine 4 mono-methylation
(H3K4me1) than H3K4me3 [21–23]. Co-activator binding at these
loci confers tissue specificity of gene expression level. Recently,
transcribed enhancers were described in the inflammatory re-
sponse and neuronal activity [22,23]. During inflammation, expres-
sion at numerous enhancer loci preceded that of genomically
neighbouring immune mediators, suggestive of a cis-regulatory
function for these eRNAs. Whether there is a consequence of tran-
scription at these loci – whether eRNA function is RNA sequence
dependent or independent – remains unknown. There are several
explanations for enhancer transcription (reviewed in [24]). eRNA
transcripts may form ribonucleoprotein complexes that facilitate
epigenetic or non-epigenetic regulation. However, whether eRNAs
are capable of directing transcription factors or chromatin remo-
delers in a sequence dependent manner remains to be experimen-
tally tested. The act of transcription may be important for
regulation at proximal targets. The binding of polII at enhancers
may provide a mechanism through which histone modifying en-
zymes associated with the polII complex [25] create a domain of
permissive chromatin, rendering the transcript a non-functional
by-product [24]. Whether eRNAs, in general, possess sequence-
dependent function remains unknown.

Competitive endogenous RNAs (ceRNAs) represent another
class of lncRNA. Originally described as transcribed retropseudog-
enes that retain the miRNA-binding function of their parent
mRNAs, ceRNAs now include lncRNAs that did not derive from pro-
tein-coding genes [26]. ceRNAs have been proposed to function as
miRNA ‘decoys’ or ‘sponges’, thereby de-repressing levels of pro-
tein coding transcripts that share with the ceRNAs the same miR-
NA response elements (MREs) [26]. Although ceRNA-mediated
regulation represents an elegant mechanism by which lncRNAs
may control protein function through miRNA mediators, the pro-
portion of lncRNAs that act as ceRNAs remains unknown.

A final possibility is that an as-yet-unknown proportion of lncR-
NAs represent transcriptional noise, generated through random
collisions of RNA polII complexes with DNA [27]. We also do not
mean to imply that these lncRNA functional categories are mutu-
ally exclusive, since it is likely that some lncRNAs possess functions
from multiple categories.

Accurate identification and annotation of lncRNAs is a necessary
first step towards understanding the full functional potential of
transcriptomes. The technology for sequencing full length tran-
scripts is available and is allowing for the generation of large
RNA-seq data sets. In this review we first discuss the relative mer-
its of individual protocols for identifying lncRNAs using NGS tech-
nology but then focus our discussion on various considerations
that are required when undertaking an RNA-seq experiment for
the discovery of lncRNAs. Factors discussed include the type of
sequencing library, the sequencing protocol, read mapping and
transcript building algorithms, as well as lncRNA categorisation
using computational methods.

2. Methods for detecting long non-coding RNAs

The full transcriptional repertoire of a given organism is not
predictable from just its genomic sequence. Protein-coding gene
transcripts and some families of ncRNAs (e.g. tRNAs and rRNAs)
can be predicted reasonably accurately based on the presence of
long open reading frames (ORFs) and sequence similarity, respec-
tively [28]. However, many of what we now consider to be lncRNAs
were not initially predicted or identified in the years soon after the
sequencing of the human genome, leaving a large amount of it
apparently untranscribed and at that point in time, presumed to
be non-functional [28]. Instead of their prediction, ncRNAs are
now more easily and more accurately identified by sequencing
transcriptomes (RNA-Seq). These studies over-turned the previous
view that sequence intervening between protein-coding genes is
transcriptionally inert, and thousands of intergenic lncRNAs have
been identified [13]. In this section we provide a brief summary
of the methods used to predict lncRNAs using NGS (summarised
in Fig. 1) and how they have advanced our understanding of ncRNA
sequence and expression.

2.1. Full-length cDNA sequencing

Generation of full-length cDNA sequence is the optimal strategy
for producing accurate transcript models. The first project whose
aim was to characterise the full coding capacity of the mammalian
genome was conducted by the Functional Annotation of The Mam-
malian Genome project (FANTOM). Using protocols that were opti-

Fig. 1. Common methods for predicting lncRNA loci using NGS. The bottom panel
represents a lncRNA that is transcribed from the genome. The remaining panels
represent the expected distribution of sequenced reads across this lncRNA locus.
Full-length cDNA sequencing is the preferred method for constructing a gene model
using sequencing as there is no requirement for reconstruction from many
individual short reads. However, the method remains low throughput. Using NGS,
short reads are mapped to a reference genome. Each NGS method has a
characteristic ‘peak profile’ across a lncRNA locus. RNA polII ChIP-seq data produce
a broad peak that spans the entire gene body. This feature makes it difficult to infer
any structure in the locus in terms of exon–intron boundaries without any
additional data. H3K4me3 peaks are punctate peaks associated with the transcrip-
tional start site of loci. Again, although the 5’ end of the gene can be easily
identified, no information is provided regarding the gene structure. In contrast,
H3K36me3 reads produce broad peaks that extend throughout the gene body and
signifies active transcription. The combination of H3K4me3 and H3K36me3 has
therefore been used to predict the presence of actively transcribed lncRNAs from
canonical promoters. RNA-seq has extended previous analyses by providing the
capability of reconstructing exon–intron structure in lncRNA loci. While the
majority of reads will be contained within exons, some will span splice junctions.
This allows for a prediction of a non-coding gene model.

N.E. Ilott, C.P. Ponting / Methods 63 (2013) 50–59 51

Distribution of reads

Reconstructed transcript

Body of gene

Promoter of gene

Active transcription

Reference database

Chip-
Seq

RNA-
Seq

Chip-
Seq

Chip-
Seq

Computational
e.g. Cufflinks

e.g. ENSEMBL



Ομοιότητες/Διαφορές	
mRNAs	και	lncRNAs

• Like	mRNAs,	many	lncRNAs	are	transcribed	by	RNA	
polymerase	II	(Pol	II)	from	genomic	loci	with	similar	
chromatin	states	to	mRNAs

• They	are	often	5ʹ	capped,	spliced	and	polyadenylated;	

• They	expressed	at	relatively	low	levels	and	exhibit	poorer	
primary	sequence	conservation

• Located	in	all	sub-cellular	compartments

• In	most	instances,	they	lack	any	biochemical	distinction	
from	mRNAs	besides	the	absence	of	a	translated	ORF.	



Υπολογιστικοί	μέθοδοι	για	τη	διάκριση	μεταξύ	
mRNAs	και	lncRNAs	γονιδίων

• Το μήκος του ανοιχτού πλαισίου ανάγνωσης (>300 νουκλεοτίδια ώστε να μην
θεωρείται τυχαίο)

• Η σύσταση νουκλεοτιδίων, κωδικονίων (σε σχέση με τα mRNAs του κάθε
οργανισμού).

• Η συχνότητα και η τοποθεσία σημειακών μεταλλάξεων (σύσταση αμινοξέων σε
σχέση με τα mRNAs του κάθε οργανισμού).

• Η παρουσία αλληλουχιών που κωδικοποιούν λειτουργικές δομικές περιοχές
πρωτεϊνών (Pfam)

• Ομολογία με αλληλουχίες γνωστών πρωτεϊνών (GenBank, Ensembl) - συνήθως
δεν αρκεί καθώς πρέπει να υπάρχει και το απαραίτητο ανοιχτό πλαίσιο
ανάγνωσης.

• Άλλα κριτήρια - Βαθμός συντήρησης (τα lncRNAs εξελίσσονται πιο γρήγορα ->
λιγότερο συντηρημένα από τα mRNAs – ωστόσο υπάρχουν αρκετές εξαιρέσεις)



Υπολογιστικοί	μέθοδοι	για	τη	διάκριση	μεταξύ	
mRNAs	και	lncRNAs	γονιδίων

while others concluding that only very few are in fact protein-coding
[24,25]. We propose that most current evidence points to the preva-
lence of the third option — lncRNAs are being pervasively translated,
but products of their translation are very unstable or nonfunctional.

2. Computational methods for distinguishing between protein-
coding and lncRNA genes

Different computational schemes can be used to assess the sequence
or the evolution of an uncharacterized transcript and predict whether it

is likely to encode a protein. As most features that can be used for such
classification have limited discriminatory power, methods usually rely
on a combination of diverse features. An overview of recently intro-
duced tools for distinguishing between coding and noncoding tran-
scripts is found in Table 1. We note that most approaches are best
suited for those lncRNAs that do not overlap other genes at all (long in-
tervening noncoding RNAs or lincRNAs), and approaches that use ge-
nome alignments (see below) are particularly unsuitable when the
lncRNAoverlaps the coding sequence of a protein-coding gene on either
the sense or the antisense strand. The following groups of features have

Fig. 1.Methods for distinguishing between protein-coding and noncoding transcripts. A scheme of the common computational (A) and experimental (B) approaches for evaluating the
protein-coding potential of a specific putative lncRNA transcript.

Fig. 2. Examples of putative human lncRNA transcripts that do not pass one or more of the commonly used filters for detecting protein-coding genes. The first transcript is reconstructed
fromhuman RNA-seq data by Cufflinks [14] and contains a longORF. The second is presently annotated as a lincRNAbut overlaps several domains predicted to be coding by RNAcode [99].
The third encodes an ORF that is predicted by HMMer to encode zinc-finger domains annotated in the Pfam database.
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Παραδείγματα	γονιδίων	που	δεν	περνάνε	ένα	από	
τα	κριτήρια	ώστε	να	χαρακτηριστούν	ως	lncRNAs

while others concluding that only very few are in fact protein-coding
[24,25]. We propose that most current evidence points to the preva-
lence of the third option — lncRNAs are being pervasively translated,
but products of their translation are very unstable or nonfunctional.

2. Computational methods for distinguishing between protein-
coding and lncRNA genes

Different computational schemes can be used to assess the sequence
or the evolution of an uncharacterized transcript and predict whether it

is likely to encode a protein. As most features that can be used for such
classification have limited discriminatory power, methods usually rely
on a combination of diverse features. An overview of recently intro-
duced tools for distinguishing between coding and noncoding tran-
scripts is found in Table 1. We note that most approaches are best
suited for those lncRNAs that do not overlap other genes at all (long in-
tervening noncoding RNAs or lincRNAs), and approaches that use ge-
nome alignments (see below) are particularly unsuitable when the
lncRNAoverlaps the coding sequence of a protein-coding gene on either
the sense or the antisense strand. The following groups of features have

Fig. 1.Methods for distinguishing between protein-coding and noncoding transcripts. A scheme of the common computational (A) and experimental (B) approaches for evaluating the
protein-coding potential of a specific putative lncRNA transcript.

Fig. 2. Examples of putative human lncRNA transcripts that do not pass one or more of the commonly used filters for detecting protein-coding genes. The first transcript is reconstructed
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Πειραματικές	μεθοδολογίες	σχολιασμού	
μακρών	μη-κωδικοποιών	RNAs
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Figure 1. An overview of the most important improvements to sORFs.org since its initial release. The modified TIS-calling pipeline together with the noise
filtering algorithm enabled the inclusion of datasets on additional species, wherefore no initiating RIBO-seq data (LTM or HAR treated) was available. Cur-
rently, a total of 78 RIBO-seq datasets are processed, identifying numerous novel sORFs with ribosome occupancy. Implementation of the inner-BLAST
pipeline revealed sORFs with sequence similarity identified in multiple species and the PRIDE-ReSpin pipeline provides an extra layer of translation
evidence based on MS data for a plethora of sORFs.

tial release of sORFs.org (17) as a proof of concept. Ad-
ditionally, a visual platform was developed allowing the
inspection of annotated identified MS/MS fragmentation
spectra in the Lorikeet MS/MS viewer (https://github.com/
jmchilton/lorikeet). This valuable feature provides a signif-
icant advantage over conventional MS-based identification
reporting, which report identification either by a score, as
in SmProt (14), or by a static figure (18). Figure 1 summa-
rizes the most important improvements to sORFs.org since
its initial release.

MATERIALS AND METHODS

Summary of the initial sORFs.org features

The initial release of sORFs.org provided 2 query interfaces.
A default query interface enables quick, real-time lookup
of specific sORFs whereas a second BioMart query inter-
face (19) provides advanced query and export functionality.
The query interfaces were optimized and improved based
on community requests and input. Every sORF within the
repository has its own detail page, bundling all available in-
formation. All metrics and information from our initial re-
lease (17) are still present, but we would like to stress that
this page also contains two RIBO-seq coverage representa-
tions. A first one presents dataset-specific ribosome occu-
pancy information within the UCSC genome browser in-
terface (20), enabling inspection of the ribosome profile in
or surrounding the sORF. A second intuitive in-house de-
veloped visualization allows more detailed inspection, al-
lowing to select for certain reading frames or ribosome pro-
tected fragment (RPF) lengths. In our initial release, conser-
vation was calculated using PhyloCSF (21), the inclusion
of many new datasets constrained us to change to Phast-

Con (22) and PhyloP (23) due to computational limitation.
However, in a future release we plan to optimize and im-
plement PhyloCSF (21). Also, the BLASTp (15) search for
sORFs against the non-redundant protein database from
NCBI (24,25), which is periodically updated, is presented
alongside.

TIS calling

The initial TIS-calling method required data on initiating
ribosomes (e.g. by means of lactomidomycin (LTM) or har-
ringtonine (HAR) treatment), with matching data on elon-
gating ribosomes (e.g. by means of cycloheximide (CHX)
treatment) (26). A limited amount of studies was published
combining the two types of ribosome profiling experiments
measuring both initiating and elongating ribosomes. This
urged for the development of a modified TIS-calling algo-
rithm based solely on translating ribosomes. In a first step,
all start sites are identified genome-wide only taking into ac-
count the four most prominent start triplets ‘ATG’, ‘CTG’,
‘TTG’ and ‘GTG’, as opposed to the initial TIS-calling al-
gorithm that considers all near cognate start triplets. Data
on initiating ribosomes allows to pinpoint the correct TIS
and the lack thereof increases the difficulty of non-ATG
start site detection, resulting in an increase of truncations
and extension caused by near-cognate start-sites occurring
by chance. However, for well translated sORFs, data on
initiating ribosomes should not be necessary for detection.
Next, all start sites are scanned for an in-frame stop codon
within 300nt, both with and without considering splice in-
formation extracted from the Ensembl annotation (12). For
each possible sORF, the in-frame coverage and the RPF
read count is calculated. A lenient threshold of at least
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Αποτελούνται	από:
Κανονικά	και	μη-κανονικά	μικρά	RNAs
• Κανονικά	μικρά	RNAs:	

• Ribosomal	RNAs
• Small	nuclear RNAs	(snRNAs)
• Small	nucleolar	RNAs	(snoRNAs)
• microRNAs (miRNAs),	
• endogenous small interfering RNAs (siRNAs)

So	far,	endogenous siRNAs have	not	been	identified in	mammals.
• Piwi-interacting RNAs (piRNAs)

• Μη-κανονικά	RNAs:
• Promoter-associated small RNAs (PASRs)
• transcription	start site	associated RNAs (TSSa-RNAs)
• transcription	initiation	RNAs (tiRNAs)



Βιογένεση	των	μικροRNAs	(microRNA,	miRNA)

• Τα miRNAs είναι μονόκλωνα RNAs (ssRNAs) μήκους ~22 nt που
δημιουργούνται από ενδογενή μετάγραφα σε σχήμα φουρκέτας.

• Τα miRNAs λειτουργούν ως μόρια οδηγοί στη μετε-μεταγραφική ρύθμιση
της γονιδιακής ρύθμισης μέσω ζευγαρώματος βάσεων με τα mRNAs
στόχους, συνήθως στη 3ʹ μη-μεταφραστική περιοχή (3ʹ untranslated
region, 3’UTR).

• Η πρόσδεση ενός miRNA στο mRNA στόχο τυπικά οδηγεί σε μεταφραστική
αναστολή και εξωνουκλεολυτική αποικοδόμηση του mRNA, αν και εφόσον
η πρόσδεση είναι εξ’ολοκλήρου συμπληρωματική μπορεί να κοπούν
ενδονουκλεολυτικά.

• Έχουν καταγραφεί και άλλοι τρόποι ρύθμισης, όπως η μεταφραστική
ενεργοποίηση και η δημιουργία ετεροχρωματίνης.



Μονοπάτια βιογένεσης	των	
miRNAs	και	επεξεργασίας	των	
συνθετικών

•
(1) Στα θηλαστικά, τα πρωτογενή microRNA (primary microRNA, pri-miRNA) (pri-
miRNA) μεταγράφονται στον πυρήνα και κόβονται από το σύμπλοκο του
μικροεπεξεργαστή (Drosha–DGCR8) ώστε να παράγει (~30 bp) μικρές φουρκέτες RNAs
(shRNAs) που ονομάζονται pre-miRNA.
(3) Η Exportin 5 προσδένει και μεταφέρει τα pre-miRNA στο κυτταρόπλασμα (4) όπου
και αποδεσμεύονται από την exportin (6) Η Dicer αποκόπτει τον τερματικό βρόχο του
pre-miRNA (7) και επάγει τη δημιουργία του συμπλόκου ενεργοποίησης από RNA και
αποσιώπησης (RNA-induced silencing complex, RISC) – συμπλόκου φόρτωσης (loading
complex, RLC) με μία από τις πρωτεΐνες Argonaute (Ago1–Ago4). (8) Μία αλυσίδα
οδηγός (αντινοηματική, antisense) επιλέγεται και φορτώνεται στις Ago1–Ago4 και η
αλυσίδα επιβάτης απορρίπτεται (9) Το ώριμο RISC μπορεί να ρυθμίσει τη γονιδιακή
έκφραση αναστέλλοντας τη μετάφραση του mRNA, επάγοντας κατακράτηση του σε
κυτταροπλασματικά οργανίδια χωρίς μεμβράνη (σωμάτια P (P-bodies) και/ή σωμάτια
GW (GW-bodies), προωθώντας αποικοδόμηση του mRNA και ενορχηστρώνοντας τη
γονιδιακή αποσιώπηση του γονιδιακού τόπου υπό στόχευση. Οι πρωτεΐνες
Αργοναυτών και GW182 και η αλυσίδα οδηγός είναι απολύτως απαραίτητα για τη
γονιδιακή αποσιώπηση. Οι πρωτεΐνες TRBP και DICER αποδεσμεύονται από το ώριμο
RISC μετά από τη φόρτωση της αλυσίδας οδηγού. Εφτά (7) βάσεις
συμπληρωματικότητας στην περιοχή του πυρήνα στα mRNAs στόχους είναι αρκετές
(βάσεις 2–8 από το 5’ άκρο) των αλυσίδων οδηγών μπορούν να επηρεαστούν από το
μηχανισμό RNAi35. (10) Συνθετικά μικρά παρεμβαλόμενα RNAs (siRNAs) εισέρχονται
στο κυτταρόπλασμα με ενδοκυττάρωση (11) Τα siRNAs στη συνέχει αλληλοεπιδρούν
κατευθείαν με τις πρωτεΐνες του κυτταροπλασματικού (RNAi) (Dicer και TRBP) (12) Για
να σχηματιστεί το RLC μέσω μονοπατιών εξαρτημένων από την Dicer (13) και την
επιλογή της αλυσίδας οδηγού ώστε να σχηματιστεί το ώριμο and RISC. (14) Οι
αλυσίδες οδηγοί siRNA συνήθως έχουν πλήρη συμπληρωματικότητα με ένα mRNA
στόχο ώστε να επαχθεί ένα αποτελεσματική αλλά πολύ ειδική γονιδιακή αποσιώπηση
(15) Η Ago2 είναι ιδιαίτερα σημαντική στους μηχανισμούς του RNAi επειδή έχει
ενδογενή δραστικότητα «κόφτη»



Το	μονοπάτι	miRNA/siRNA



Μετα-μεταγραφική	ρύθμιση	μέσω	miRNAs
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miRNAs	στα	ζώα

• Βάση	δεδομένων	mirBase
• 0.5%-1.0%	των	πιθανών	γονιδίων	εκφράζουν	miRNAs	(!!)
• Μία	από	τις	μεγαλύτερες	σε	αφθονία	κατηγορίες	ρυθμιστικών	
γονιδίων	

• Έχουν	ιστο-ειδική	(tissue-specific)	έκφραση	ή	έκφραση	ειδική	σε	μια	
αναπτυξιακή	φάση	(developmental	stage-specific)	του	οργανισμού	

• Μεγάλη	εξελικτική	συντήρηση
• Το	κάθε	miRNA	υπολογίζεται	ότι	μπορεί	να	στοχεύσει	γύρω	στα	200	
mRNA	στόχους



Μέθοδοι	αναγνώρισης των	miRNAs
• Δημιουργία	βιβλιοθηκών	από	μικρά	RNA	

• Απομόνωση	μικρών	RNA	σε	πηκτώματα	πολυακρυλαμίδης
• Δημιουργία	βιβλιοθήκης	cDNA	(τυχαίοι	εκκινητές)
• Αλληλούχιση	επόμενης	γενιάς	(μεγάλης	κλίμακας)

• Πλεονεκτήματα/Μειονεκτήματα
• + Ανακάλυψη	νέων	miRNAs
• - Τεχνικά	ίσως	δύσκολη	για	κάποιον	μη	ειδικό	και	ίσως	ακριβή	για	ένα	μικρό	
εργαστήριο	Technically	challenging	and	expensive	procedure

• -Ένα	μέρος	του	πληθυσμού	των	μικρών	RNAs	είναι	προϊόντα	αποικοδόμησης



Μέθοδοι	αναγνώρισης των	miRNAs ΙΙ

• Μέθοδοι	βασισμένες	στην	υβριδοποίηση
• Μικρο-συστοιχίες	για	miRNAs	είναι	εμπορικά	διαθέσιμες

• Πλεονεκτήματα/Μειονεκτήματα
• +Οι	υπάρχουσες	τεχνολογίες	μειώνουν	τη	διακύμανση	στην	Tm	και	αυξάνουν	της	
ειδικότητα	των	δεικτών	

• + Δεν	απαιτεί	εμπλουτισμό	των	μικρών	RNAs	
• - Περιορισμός	στα	γνωστά	miRNAs



Μέθοδοι	αναγνώρισης των	miRNAs ΙΙ

• Υπολογιστική	αναγνώριση	γονιδίων	miRNA
• Χρησιμοποιούν	ομολογία	για	την	εύρεση	miRNAs	σε	άλλα	είδη	
• Αναγνώριση	συντηρημένων	μοτίβων	στα	3’UTRs
• Ξεχωριστά	συντηρημένα	πρότυπα

• Πλεονεκτήματα/Μειονεκτήματα
• +Γρήγορη	αλλά	«βρώμικη»	εύρεση	καλή	για	προκαταρτικές	μελέτες
• -Απαιτεί	εκτεταμένη	πειραματική	επικαιροποίηση
• -Βασισμένες	σε	θεωρήματα	συμπληρωματικότητας



Ο	αλγόριθμος	MiRscan

• Ο αλγόριθμος MiRscan αναλύει γνωρίσματα της
φουρκέτας

• Το συνολικό σκορ υπολογίζεται αθροίζοντας τα
σκορς από το κάθε χαρακτηριστικό

• Το σκορ για κάθε γνώρισμα υπολογίζεται
διαιρώντας τη συχνότητα εμφάνισής του στην
ομάδα εκπαίδευσης με τη συνολική του
εμφάνιση



Υπολογιστικά	εργαλεία	πρόβλεψης	στόχων	
miRNAs

Name of the software URL or availability Supported organism(s) Reference(s)
TargetScan, TargetScanS http://genes.mit.edu/targetscan/ Vertebrates [Lewis 2003] and [Lewis 2005]

miRanda http://www.microrna.org/ Flies, vertebrates [Enright 2003] and [John 2004]

DIANA-microT http://diana.pcbi.upenn.edu/DIANA-microT/ Vertebrates Kiriakidou et al., 2004

RNAhybrid http://bibiserv.techfak.uni-bielefeld.de/rnahybrid/ Flies Rehmsmeier et al., 2004

GUUGle http://bibiserv.techfak.uni-bielefeld.de/guugle/ Flies Gerlach et al., 2006

PicTar http://pictar.bio.nyu.edu/ Nematodes, flies, vertebrates [Grun 2005], [Krek 2005] and [Lall 2006]

MicroInspector http://mirna.imbb.forth.gr/microinspector/ Any Rusinov et al., 2005

MovingTargets Available by request on DVD Flies Burgler et al., 2005

FastCompare http://tavazoielab.princeton.edu/mirnas/ Nematodes, flies Chan et al., 2005

miRU http://bioinfo3.noble.org/miRNA/miRU.htm Plants Zhang 2005

TargetBoost https://demo1.interagon.com/demo/ Nematodes, flies Saetrom et al., 2006

rna22 http://cbcsrv.watson.ibm.com/rna22.html Nematodes, flies, vertebrates Miranda et al., 2006

miTarget http://cbit.snu.ac.kr/  miTarget/ Any Kim et al., 2006



The	seed	“rule”
• The	seed	'rule'	states	that	contiguous	Watson–Crick	base-pairing	to	the	
5'	miRNA	at	nucleotides	2–7	is	required	for	activity	in	ways	that	are	
predictive	of	bona	fide	miRNA	target	sites.



Types	of	miRNA	Target	Sites	



A	pipeline	for	miRNA	target	
prediction



TargetScan Algorithm	by	Lewis	et	al	2003

• The	Goal	– a	ranked	list	of	candidate	target	genes
• Stage	1:	Search	UTRs	in	one	organism
• Bases	2-8	from	miRNA	=	“miRNA	seed”
• Perfect	Watson-Crick	complementarity
• No	wobble	pairs	(G-U)
• 7nt	matches	=	“seed	matches”



TargetScan Algorithm

• Stage	2:	Extend	seed	matches
• Allow	G-U	(wobble)	pairs
• Both	directions
• Stop	at	mismatches



TargetScan Algorithm

• Stage	3:	Optimize	basepairing
• Remaining	3’	region	of	miRNA
• 35	bases	of	UTR	5’	to	each	seed	match
• RNAfold program	(Hofacker et	al	1994)



TargetScan Algorithm

• Stage	4:	Folding	free	energy	(G)	assigned	to	each	putative	
miRNA:target interaction

• Assign	rank	to	each	UTR
• Repeat	this	process	for	each	of	the	other	organisms	with	UTR	
datasets



The	DIANA-microT 3.0	algorithm
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CLIP data (Chi et al. 2009, Hafner et al. 2010)

Note
PAR-CLIP (Hafner et al. 2010) ,  HITS-CLIP (Chi et al. 2009).
T->C mutation on the tags specifies binding sites within a region of 5 nts. 

Before
Experimentally identified binding sites

Limited number -> cannot extract statistically significant features
Specific for few miRNAs

Microarrays (mRNA level) or proteomics (protein level) 
Target genes are specified but binding sites remain unknown

Now - Sequencing data (PAR-CLIP, HITS-CLIP)
Specify location of thousands of binding sites
Enable statistical evaluation of several features

3’UTRCDS

MRE

MRE

MRE MRE

MRE

MRE

MRE

MRETargeted mRNAs
mRNA

mRNA

mRNA
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How CLIP data are processed

Sequence reads are mapped to genome

Peaks of reads are identified

Peaks indicate binding sites BUT do not specify by which miRNA 

For this, the genomic location of the peak is aligned against all known 

miRNAs and the best matching miRNA is chosen

miR‐124
miR‐124

miR‐124miR‐15 miR‐26

Out of 17310 peaks 5057 overlap with an MRE at the 
UTR and 6057 overlap with an MRE at the CDS.

Identified binding sites are divided into 2 categories
1. Positive sites ‐ overlap with PAR‐CLIP data
2. Negative sites ‐ do not overlap with PAR‐CLIP data

Positive binding sites
(CLIP data)

Negative binding sitesvs

Flanking AU content

e.g.

More than 150 features are tested to distinguish:

Feature Extraction and Analysis



DIANA	tools
• http://diana.imis.athena-innovation.gr/DianaTools/index.php
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• Specific Techniques
• Reporter genes
• Northern blotting
• qPCR
• Western blotting
• ELISA
• Immunohistochemistry

• High Throughput Techniques
• Microarrays
• RNA‐Seq
• Proteomics (such as pSILAC)
• CLIP‐Seq (HITS‐CLIP, PAR‐CLIP, iCLIP)
• CLASH
• PARE‐Seq
• Degradome‐Seq

Wet Lab Determination of 
miRNA – Gene Interactions

Analysis of PAR/HITS‐CLIP data

mRNA mRNA mRNA
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CLIP data (Chi et al. 2009, Hafner et al. 2010)

Note
PAR-CLIP (Hafner et al. 2010) ,  HITS-CLIP (Chi et al. 2009).
T->C mutation on the tags specifies binding sites within a region of 5 nts. 

Before
Experimentally identified binding sites

Limited number -> cannot extract statistically significant features
Specific for few miRNAs

Microarrays (mRNA level) or proteomics (protein level) 
Target genes are specified but binding sites remain unknown

Now - Sequencing data (PAR-CLIP, HITS-CLIP)
Specify location of thousands of binding sites
Enable statistical evaluation of several features

3’UTRCDS

MRE

MRE

MRE MRE

MRE

MRE

MRE

MRETargeted mRNAs
mRNA

mRNA

mRNA



Overview	of	approaches	for	experimentally	
identifying	microRNA	targets

• Overview of approaches for experimentally
identifying microRNA targets.microRNA regulation
of translation is a multi-facetted process that
allows several entrances for experimentally
identifying the targets regulated by a specific
microRNA. Reports address this issue through: (1)
Analysis of mRNAs degraded as a consequence of
overexpressing the microRNA and subsequent
analysis of sequence motifs, (2)
immunoprecipitation of tagged or endogenous
RISC complex and analysis of associated mRNAs,
(3) Affinity purification of tagged microRNAs and
microarray analysis of associated mRNAs, (4) by
using the observation that some microRNA targets
move in the polysomal distribution upon
microRNA targeting and analyzing differences in
polysomal associated mRNAs with and without the
microRNA, (5) analyzing protein production
following labeling of proteins and mass
spectrometry.


