
Small regulatory 
RNAs 



RNA in the CONTROL of GENE EXPRESSION - 
a Nobel story 

The double-helix of DNA 
identified as the genetic 
material 
F.Crick, J. Watson and M. 
Wilkins; Nobel Prize in 
Physiology or Medicine 
(1962) 

The gene is transcribed into a 
specific RNA species, mRNA 
F. Jacob and J. Monod; Nobel 
Prize in Physiology or Medicine 
(1965) 

The genetic code 
M. Nirenberg and G. 
Khorana; Nobel Prize in 
Physiology or Medicine 
(1968) 

The split gene 
P. Sharp and R. Roberts; 
Nobel Prize (1993) 

RNA can act as a catalyst 
S. Altman and T. Cech; 
Nobel Prize in Chemistry 
(1989) 





History
•  lin-4, first miRNA to be described in C. elegans; important in 

development of the worm from larva to adult. 

•  let-7, was also described in C. elegans (Reinhard BJ et al, 2000) as 
critical to stop the stem-cell-like divisions of seam cells and induce 
their fully differentiated state.  Reduced let-7 expression is 
associated with human cancers and cancer stem cells, thus 
suggesting that let-7 in humans also promotes terminal 
differentiation and is a tumor suppressor.   

•  1998-Fire and Mello, experiments in C. elegans, first to show that 
dsRNA is much more potent at inhibiting gene expression than 
antisense RNA. Set the stage for understanding the role of miRNAs 
in development and gene regulation. (Nobel Prize in Physiology and 
Medicine, 2007). 



Nobel prize 2006 
Physiology and 
Medicine to Craig Mello 
and Andrew Fire for 
their report on RNAi. 

Key breakthrough: 
dsRNA is the actual 
trigger of specific mRNA 
degradation, with the 
sequence of dsRNA 
determining which 
mRNA is degraded 



C. elegans is a precious tool in 
developmental biology: 
- it is tiny and grow rapidly 
- females are composed of 956 cells 
- males are composed of 1031 cells 
- the fate of every cell is characterized 



Phenotypic effect after injection of single-
stranded or double-stranded unc-22 RNA into 
the gonad of C. elegans. The unc-22 gene 
encodes a myofilament protein. Decrease in 
unc-22 activity is known to produce severe 
twitching movements. Injected double-stranded 
RNA, but not single-stranded RNA, induced the 
twitching phenotype in the progeny. 

Conclusions of Fire&Mello’s study: 
1) silencing was triggered efficiently by 

injected dsRNA, but weakly or not at all 
by sense or antisense single-stranded 
RNAs. 

2) silencing was specific for an mRNA 
homologous to the dsRNA; other mRNAs 
were unaffected 

3) the dsRNA had to correspond to the 
mature mRNA sequence; neither intron 
nor promoter sequences triggered a 
response. This indicated a post-
transcriptional, presumably 
cytoplasmic mechanism 

4) the targeted mRNA disappeared 
suggesting that it was degraded 

5) only a few dsRNA molecules per cell 
were sufficient to accomplish full 
silencing. This indicated that the dsRNA 
was amplified and/or acted 
catalytically rather than 
stoichiometrically 

6) the dsRNA effect could spread between 
tissues and even to the progeny, 
suggesting a transmission of the effect 
between cells 



Short history of post-transcriptional 
gene silencing 

 • 1962, Singer, Jones, Nirenberg 
 
 
 • 1990, Jorgensen 
 
 
  
•  1995, Guo and Kemphues 
 
 
  
•  1998, Mello and Fire 

Translation of mRNA can be blocked by complementary (antisense) 
RNA 

Introduction of transgenes homologous to endogenous  genes often 
results in plants with both genes suppressed (co-suppression) 

Injection of either antisense or sense RNAs in the germline of 
C.elegans is equally effective at silencing homologous target genes 

Combination of sense and antisense RNA (=dsRNA) is 10 times 
more effective than ssRNA 



When the antisense RNA binds to the 
complementary mRNA, it forms a double-
stranded RNA (dsRNA) complex that is 
similar to double-stranded DNA. The 
dsRNA complex does not allow normal 
translation to occur.  

The exact mechanism by which 
translation is blocked is unknown.  
Several theories include: 
 •  that the dsRNA prevents ribosomes 

from binding to the sense RNA and 
translating (Kimball, Nov 2002) 

 •  that the dsRNA cannot be transported 
from the nucleus to the cytosol, 
where translation occurs (Tritton, 
1998) 

 •  that dsRNA is susceptible to 
endoribonucleases that would 
otherwise not affect single stranded 
RNA, but degrade the dsRNA 
(Kimball, Nov 2002) 
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Right: Flower of a tobacco plant carrying a 
transgene whose transcript is antisense to one of 
the mRNAs needed for normal flower 
pigmentation. Left: Flower of another transgenic 
plant that failed to have its normal pigmentation 
altered.  
(van der Krol, et. al., from Nature 333:866, 1988.) 

Antisense RNA 



Non-Coding RNA: Formerly 
known as “JUNK”



Non-Coding RNA: A Key to 
Eukaryotic Complexity?



miRNA: microRNAs

adapted from Ghildiyal & Zamore. 2009. Nat Rev Genet. 10:94 

Small RNAs and Gene Silencing 



•  They silence the expression of partially complementary RNA 
targets in animal cells, and of fully complementary RNA 
targets in plants, by binding the 3’UTR region. 

•  The number of confidently identified miRNA genes is 
continuously growing (2588 in humans) 

 
•  They are small RNA molecules of 21-22 nt 

•  Their derive from precursors of 70-100 nt 

•  Each miRNA is predicted to regulate hundreds of targets 

microRNAs 



Genomic Organization of 
miRNA Genes

Zhao Y, Srivastava D, TIBS 32:189,2007

• Intronic miRNAs often in antisense direction, made from own 
promoter

• Exonic miRNAs - non-coding (or in alternatively spliced exons)



Precursor miRNA Products
Form Stem Loop Structures





miRNA-mRNA interaction  

Filipowicz et al. 2008. Nat Rev Genet. 9:102 

miRNA-target base pairing rules: 

•  perfect and contiguous base pairing of miRNA nucleotides 2 to 8  

•  bulges or mismatches must be present in the central region of the miRNA-

mRNA duplex 

•  Other factors that can improve site efficacy include AU-rich content, and a 

position that is not too far away from the poly-A tail or the termination codon 



miRNAs target multiple genes and genes 
are targeted by multiple miRNAs 

(a) miRNAs have multiple targets. (b) Many genes have seed matches for multiple miRNAs in their 3′UTRs. 
(c) A complex network of mutual interactions between miRNAs and mRNAs. 



miRNAs work through two main mechanisms: 
 
1. mRNA CLEAVAGE, by PERFECT COMPLEMENTARITY (plant and 

animal miRNAs) 
2. TRANSLATIONAL REPRESSION by IMPERFECT 

COMPLEMENTARITY (animal miRNAs) 





Biogenesis of miRNAs  



Biogenesis of miRNAs  

MiRNAs are encoded by the 

genome.  

miRNAs derive from precursor 

transcripts, called pri-miRNA, typically 

transcribed by RNA polymerase II. 

 
Primary miRNAs are approx 70 nt 
long, with 3’overhangs 1-4 nt long, 
stems 25-30 bp long and small 
hairpins.  

They bear a 5’ CAP and a poli A+ tail. 

The dsRNA-specific ribonuclease DROSHA digests the pri-miRNA in the nucleus into 
single Hairpins, the pre-miRNAs. 



Biogenesis of miRNAs  

•  NUCLEAR EXPORT- EXPORTIN-5 

(Exp5) translocates the maure miRNAs 

from the nucleus to the cytoplasm. 

Exp5 directly binds the pri-miRNA 

correctly processed. 

•     MATURATION-DICER is a Rnase III 

family member. When the pre-miRNA is in the 

cytoplasm, DICER cuts it into: 

•  21-25 nt fragment 

•  2 nt 3’ symmentrical overhangs, 

containing 5’ phosphate groups. 



Dicer Structure & Function

Filipowicz, Curr. Op. Structural Biology 15: 331-341 (2005) 



Biogenesis of miRNAs  

•  STRAND SELECTION BY THE RISC COMPLEX- 

The ds-miRNAs generated by DICER must separate 

their two strands; therefore, the mature ss-miRNA 

associate the RISC complex. The strand selection is 

based on the stability of the ds-miRNA ends. 

•  RNA-INDUCED SILENCING COMPLEX (RISC)-  

 Its activities are:  

 HELICASE,  

 ENDONUCLEASE & ESONUCLEASE 

 “HOMOLOGY SEEKING”/RNA BINDING 

 Key component of the RISC is the protein 

ARGONAUTE 

•  GENE SILENCING 

miRNAs bound to RISC are able to search for targets 

by its seed sequence and guide postrancriptional 

gene silencing. 



Nomenclature for 
small RNA strands 

5p and 3p strands: 5p and 3p 
designate the strands derived from the 5′ 
arm and 3′ arm of a pre-miRNA, 
respectively. 

Guide and passenger strands: the 
guide strand is retained in the mature 
RISC whereas the passenger strand is 
discarded upon unwinding.  

miRNA and miRNA* strands: the 
miRNA strand is the more abundant (and 
thereby more frequently cloned) strand 
overall in vivo, whereas the miRNA* 
strand is the less abundant strand. Note 
that a passenger strand is quickly 
degraded as soon as it is discarded from 
pre-RISC whereas a guide strand is 
protected from nucleases in the mature 
RISC. Consequently, the strand that is 
more likely to serve as the guide strand 
tends to accumulate and therefore 
become the ‘miRNA strand’. 



The	molecular	machinery	responsible	for	RNAi	involves	a	large	complex,	called	RISC	
(RNA-induced	silencing	complex),	which	is	targeted	to	the	mRNA	via	the	antisense	
RNA.	The	mRNA	is	cleaved	and	subsequently	degraded.		

The RISC COMPLEX was discovered in 
Drosophila cultured cells 



RISC EFFECTOR COMPLEX 

RISC is a large (~500 kDa) RNA multiprotein complex 

Hock & Meister. 2008. Genome Biol. 9:210 

AGO proteins are evolutionarily 

conserved and they are 

ubiquitously expressed 



Meccanismo di azione dei miRNA 

The majority of microRNA (miRNA)-mediated regulation is due to mRNA 
degradation. However, the precise mechanism(s) underlying this process 
remain a topic of lively discussion. 
Initially, the mature, fully transcribed mRNA is thought be in a circular 
messenger ribonucleoprotein (mRNP) form composed of, at least, the cap-
binding protein (eIF4E), the scaffold protein eIF4G, poly(A) binding protein 
(PABP) and ribosomes. Once deadenylation, which is mediated by the Pan2-
Pan3 and Ccr4-Caf1 deadenylase complexes, has occurred, mRNAs are 
decapped by the decapping enzyme (not shown) and subsequently degraded 
by the 5’_ exonuclease Xrn1. 



Mechanisms	of	Translational	Regulation	by	
miRNP	Complexes	

Filipowicz (2008) Nature Review Genetics 9:102-112. 



Mechanisms	of	Translational	Regulation	by	
miRNP	Complexes	

Filipowicz (2008) Nature Review Genetics 9:102-112. 



Mechanisms	of	Translational	Regulation	by	
miRNP	Complexes	

Filipowicz (2008) Nature Review Genetics 9:102-112. 



Mechanisms of Translational Regulation by miRNP 
Complexes

Filipowicz (2008) Nature Review Genetics 9:102-112. 



•  Taglio diretto dell’mRNA bersaglio (endonucleotidic cleavage), 
slicer activity e seguente degradazione dell’RNA 

•  Attivazione di un’attivita’ di decapping dell’RNA (mediata da 
Dcp1 e Dcp2) e seguente degradazione 5’-3’( interazione con 
Xrn1p e P bodies) 

•  Riduzione della traduzione dell’mRNA 

•  Repressione dell’inizio della traduzione, aumentando la 
quantita’ di mRNA non associato a ribosomi bensi associato ai 
P bodies. 

 Consegunze dell’azione dei miRNAs 





①  How do we find microRNA 
genes? 

②  Given a microRNA gene, how do 
we find its targets? 



How do we find microRNA genes?

•  Biological approach 
–  Small-RNA-cloning to identify 

new small RNAs 
•  Most microRNA genes are  tissue-

specific 

miR-124a is restricted to the brain and spinal cord in 
fish and mouse or to the ventral nerve cord in fly 
 
miR-1 is restricted to the muscles and the heart in 
mouse 



miRNA Targets 

• In plants, the identification of mRNA targets is straight forward 
because most miRNAs and their target mRNAs have exact or nearly 
exact complementarity. 

• In animals, the tendency of miRNAs to bind their mRNA targets 
with imperfect sequence homology poses considerable challenges 
with target prediction.

•  Several computational approaches have been developed to 
facilitate experimental design and predicting miRNA targets. 

• Computational target prediction identifies potential binding sites 
according to base-pairing rules and across species conservation 
conditions. 



MicroRNA Targets Prediction and 
Analysis



Target Identification  

40	

• The duplex for miRNA hsa-miR-579 and its target LRIG3 is 
partitioned into two parts, the seed part and the out-seed part 

• Six to eight nucleotides at the 5’ end of the mature miRNA sequence 
are very important in the selection of target site 

•  Most of the computational tools developed to identify mRNA target 
sequences depend heavily on complementarity between miRNA seed 
sequence and the target sequence 

• Most methods mainly use sequence complementarities, 
thermodynamic stability calculations and evolutionary conservation 
among species to determine the likelihood of formation of a productive 
miRNA-mRNA duplex 



Other properties of microRNA targets

•  MicroRNA targets are conserved across species. 
(Stark et al. 2003) 

•  Tend to appear in clusters. 



Homology 
Between

C. elegans and 
Homo sapiens 

miRNAs

Lim (2003) Genes & Dev. 17: 
991-1008 



Interesting properties of 
microRNA targets

•  Clusters of microRNA targets 
–  Extensive co-occurrence of the sites for different 

microRNAs in target 3’ UTRs. 



MicroRNA Targets Prediction 
Databases



Scientific Use Case 
Scenarios

•  What are the target genes of a given miRNA?

•  What are the miRNAs targeting a given gene 
and what are their binding sites?

•  What is the tissue expression profile of a given 
miRNA (or set of miRNAs)?

•  What is the miRNA expression profile in a given 
tissue (or set of tissues)?
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miRNA  
Tools 

FEBS Journal 276 (2009) 2150–2156



TargetScan  
(Lewis et al., Cell 2003)

•  TargetScan predicts biological targets of miRNAs by searching 
for the presence of conserved 8mer and 7mer sites that match 
the seed region of each miRNA. As an option, nonconserved 
sites are also predicted.

•  Also identified are sites with mismatches in the seed region 
that are compensated by conserved 3' pairing. 

•  In mammals, predictions are ranked based on the predicted 
efficacy of targeting as calculated using the context scores of 
the sites. TargetScanHuman considers matches to annotated 
human UTRs and their orthologs, as defined by UCSC whole-
genome alignments. 

http://www.targetscan.org/

 



miRBase 

•  Aims to provide integrated interfaces to 
comprehensive miRNA sequence data, annotation 
and predicted gene targets. 

•  miRBase takes over functionality from the miRNA 
Registry and fulfils three main roles: miRBase 
Sequences, miRBase Targets and miRBase Registry.

 http://microrna.sanger.ac.uk/
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Sections of miRBase 
miRBase contains 3 main sections: 

•  miRBase Sequences contains all published miRNA 
sequences, genomic locations and associated 
annotation.

•  miRBase Targets is a newly developed database of 
predicted miRNA target genes.

•  miRBase Registry provides a confidential service 
assigning official names for novel miRNA genes prior to 
publication of their discovery

49	



miRBase!
http://www.mirbase.org/



Argonaute (miRWalk) 
Nucleic Acids Res. 2006 Jan 1;34(Database issue):D115-8 

•  Curated database

•  Argonaute collects latest information from both literature and other 
databases. In contrast to databases on miRNAs like miRBase::Sequences, 
NONCODE or RNAdb, Argonaute hosts additional information on the origin 
of an miRNA, i.e. in which host gene it is encoded, its expression in different 
tissues and its known or proposed function, its potential target genes 
including Gene Ontology annotation, as well as miRNA families and 
proteins known to be involved in miRNA processing. 

•  Additionally, target genes are linked to an information retrieval system that 
provides comprehensive information from sequence databases and a 
simultaneous search of MEDLINE with all synonyms of a given gene. The 
web interface allows the user to get information for a single or multiple 
miRNAs, either selected or uploaded through a text file. Argonaute currently 
has information on  miRNAs from human, mouse and rat.

http://www.ma.uni-heidelberg.de/apps/zmf/argonaute/interface51	



miRNA Target Validation 
and Considerations in 

RNAi Experiments
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miRNA Target Validation
•  Several in vitro methods useful to validate miRNA 
function:

•  RNA interference 
•  protein analysis

• Over-expression and knockdown functional studies  - 
There are three basic approaches to induce RNA 
interference: 

•  synthetic RNAi and siRNA duplexes 
•  vectors carrying RNAi cassette expressing shRNA 

or artificial miRNAs
•  in vitro transcription and dicing of dsRNA to 

generate pools of siRNA. 

• SILAC studies - Although miRNA profiling can show 
changes based on miRNA activity, it is not always 
indicative of translation inhibition. 

•  Protein analysis by mass spectrometry combined 
with stable isotopic labeling by amino acids in cell 
culture (SILAC) has strong correlation with 
miRNA activity. 
• Relies upon the metabolic incorporation of 

'light' or 'heavy' forms of the amino acid into the 
proteins to distinguish differences between cell 
populations (i.e. normal and malignant breast 
tissue)



The endogenous role of RNAi 

E7.5 embryos - lack of stem cell development 

Oct-4 



RNA silencing could represent an "immune 
defense" of the genome 

The RNAi system thus 
shares important 
features with the 
vertebrate immune 
system: it recognizes 
the invading parasite 
(dsRNA), raises an 
initial response and 
subsequently amplifies 
the response to 
eliminate the foreign 
element. 

Close to 50% of our genome consists of viral and transposon elements that have 
invaded the genome in the course of evolution. The RNAi machinery can recognize 
invading double-stranded viral RNA (or the double-stranded replicative form of the 
viral RNA) and suppress the infection by degradation of the RNA.  



Silencing viruses by RNAi 
siRNA-directed inhibition of 
HIV-1 infection 
Carl D. Novina et al. 
Nature Medicine 8, 681 - 686 (2002) 



miRNAs Affect Everything







Micro RNAs Regulate Cell Growth and Death



miRNAs Involved in Human Cancer

Croce Nat Rev Genet. 2009 Oct;10(10):704-14 



miRNA Dysregulation in Human Cancers

Croce Nat Rev Genet. 2009 Oct;10(10):704-14



miRNAs as Cancer 
Diagnostics



miRNA Profiling Using Custom Microarrays


