
Small RNAs and gene 
expression regulation



Three classes of small RNA can regulate genes by targeting transcripts in the cytoplasm 
or nucleus. These are: 

• microRNAs (miRNAs), which are hairpin-derived RNAs with imperfect 
complementarity to targets and that cause translational repression; 

• small interfering RNAs (siRNAs), which have perfect complementarity to targets 
and cause transcript degradation; 

• PIWI-intereacting RNAs (piRNAs), which target transposon transcripts in animal 
germ lines.  

Roles for small RNAs in gene expression 
regulation 



microRNAs: biogenesis 
and function



1. The Discovery of miRNAs



A genetic pathway of heterochronic 
genes in Caenorhabditis elegans acts to 
specify the temporal fates of cells 
during larval development, thereby 
controlling the timing and sequence 
of events in diverse postembryonic 
cell lineages

Mutations in the heterochronic genes 
can cause either precocious 
development, in which normally late 
developmental programs are expressed 
at early larval stages, or retarded 
development, in which normally early 
developmental programs are reiterated 
at later stages .

Caenorhabditis elegans larval development





Mutations in lin-4 disrupt the temporal regulation of larval development,
causing L1 specific cell-division paAerns to reiterate at later developmental
stages. Opposite developmental phenotypes — omission of the L1 cell fates and
premature development into the L2 stage — are observed in worms that are
deficient for lin-14.

Ambros, V. A 1989. Cell
Arasu P, Wightman B, Ruvkun G. 1991. Gen. Dev.
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LIN-14 protein is normally abundant in the nuclei of late-stage embryos and younger L1 larvae 
and then is barely detectable by the L2 while lin-14 transcripts are constant throughout 
development è Lin-14 is negatively regulated post-transcriptionally

Lin-4 mutant animals  the level of LIN-14 protein 
remains abnormally high late in development

Muta?ons to the 3’UTR of Lin-14 mRNA 
phenocopied the lin-4 mutant

The temporal decrease in LIN-14 
protein levels requires both lin-4 
in trans and lin-14 3’UTR 
sequences in cis. 

èlin-4 gene product acts via the lin-14 3’UTR to inhibit, directly or indirectly, the transla?on of 
lin-14 mRNA.

EVIDENCE FOR LIN4-LIN14 REGULATORY MODEL



Characterization of lin-4 products:
no protein is produced!

the 693 bp of lin-4 sequence was able to rescue the 
lin-4 mutant phenotype

the 693 bp sequence does not contain any ORF

Does the 693 bp sequence produce any 
functional RNA? 

✔

✔

Northern blot using all the labelled 
693 nt sequence as probe



Characterization of lin-4 products

the 693 bp of lin-4 rescuing sequence 
detected two small transcripts:
Lin-4 L 61 nt
Lin-4 S 22 nt

Wightman B, Ha I, Ruvkun G. 1993. Cell
Lee RC, Feinbaum RL, Ambros V. 1993.Cell



Gene Mutant phenotype Gene product 

lin-4 Reitera2on of L1 fates

lin-14 Omission L1 fates

The “small temporal” RNA lin-4

22nt RNA

Nuclear protein

lin-14
mRNA

Wightman B, Ha I, Ruvkun G. 1993. Cell
Lee RC, Feinbaum RL, Ambros V. 1993.Cell

3’-UTR

NegaEve regulaEon of lin-14 protein is required for L1 to L2 transiEon



Wightman et al. 1993. Cell
Lee et al. 1993.Cell

C.elegans

Reinhart et al. 2000. Nature

7 year later……stRNA let-7



•lin-4 and let-7 are stRNAs that act as translational repressors of gene 
function by binding to the 3’-UTR

lin-4

lin-14 lin-28

let-7

lin-41

stRNAs regulate gene expression during 
C.elegans development

lin-14 lin-28

2000



Reinhart BJ et al. 2000. Nature

L1 L2 L3/L4 Adult 

stRNAs regulate gene expression during 
C.elegans development



let-7 (stRNA) is conserved in all metazoa

……2000….

Pasquinelli et al., 2000. Nature 

whereas the nematode and the fly 
have only one let-7 miRNA, higher 
animals (e.g., fishes and mammals) 
have diverse let-7 family members



Let-7 is expressed in human tissue
In mammals, let-7 is expressed during embryogenesis and brain development and 
remains high in adult tissues 

Let-7 expression in human tissues



…after 2000

hundreds of microRNAs!

all organisms
and viruses



microRNAs

• complex family of 21-23 nt long small RNAs 
(~1% of higher eukaryotes genes) 

• present in metazoa and plants 
469  D.melanogaster
437  C.elegans
2654 H.sapiens
427   A.thaliana

• and mammalian viruses
Herpesviruses (27), EBV (44)…..

they control gene expression by regulating mRNA stability and
translation



2. Synthesis
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Morlando et al., NSMB (2008)
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Herve Vaucheret Genes Dev. 2006; 20: 759-771

D. melanogaster

miRNAs and siRNAs



miRNA biogenesis

Drosha independent

Dicer independent

1. The pri-miRNAs fold into hairpins, which act
as substrates for two members of the RNase
III family of enzymes, Drosha and Dicer.

2. The product of Drosha cleavage, a ~70-
nucleotide pre-miRNA, is exported to the
cytoplasm where Dicer processes it to a ~20-
bp miRNA/miRNA duplex.

3. One strand of this duplex, representing a
mature miRNA, is then incorporated into the
miRNA-induced silencing complex (miRISC)

4. As part of miRISC, miRNAs base-pair to 
target mRNAs and induce their 
deadenylation and/or  translational 
repression (short complementarity) or 
cleavage and degradation (perfect 
complementarity)

1

2

3

4



Players



miR-155

miR-29b-1~29a

miR-23a~27a~24-2

miR-21

miR-26b

miR-198

Introns
43%

Exons and 3’UTRs
6%

Shuffled Exons
2%

Introns
19%

Exons-3%

27%

Intergenic ESTs

mRNAs

Genomic organization of human microRNAs

Morlando et al., NSMB (2008)



“Drosha” and “Dicer” RNases

dsRNA binding domain

RNasi III like domain 

RNA binding domain 

•Two processing events lead to mature miRNA formation in animals. In
the first, the nascent miRNA transcripts (pri-miRNA) are processed into
~70-nucleotide precursors (pre-miRNA); in the second event that follows,
this precursor is cleaved to generate ~21–25-nucleotide mature miRNAs.

Pri-miRNA

Pre-miRNA

•They generate 2-nt-long 3’ overhangs at the cleavage site.



Drosha

• Drosha is predominantly localized in the nucleus and contains two
tandem RNase-III domains, a dsRNA binding domain and an N-terminal
segment of unknown function.

• It requires DGCR8 (Pasha) for pri-mRNA cleavage. The efficiency of
Drosha processing depends on the stem structure and the flanking
sequence of the Drosha cleavage site.

• Regardless of the diverse primary sequences and structures of pri-
miRNAs, Drosha cleaves these into ~70-bp pre-miRNAs that consist of
an imperfect stem-loop structure. Additional features can enhance
processing and help specify the sites of cleavage; these include a basal
UG motif, an apical UGU motif, a flanking CNNC motif, and a
mismatched GHG motif (in which H is A, C, or U).



Dicer

• Once inside the cytoplasm, these hairpin precursors are cleaved by Dicer 
into a small, imperfect dsRNA duplex (miRNA:miRNA*) that contains 
both the mature miRNA strand and its complementary strand (miRNA*)

• It requires the dsRNA binding protein TRBP/Loqs for pre-miRNA
cleavage



RISC Assembly

•the less stable 5’ end of the mature miRNA is preferentially assembled into
the RISC complex.



3. Mode of action



Translational Repression/
mRNA degradation

(metazoa)

mRNA degradation
(plant)

Post-transcriptional repression by 
microRNAs

cleavage



I microRNA possono indurre
la degradazione degli mRNA mediante taglio 

endonuclolitico

• e’ richiesta un perfetta complementarietà tra il 
microRNA e l’mRNA bersaglio

•Quando si verifica tale condizione il doppio 
filamento viene alloggiato perfettamente nel sito 
catalitico di Ago2 che taglia il filamento bersaglio.

miRNA

Repressione
trascrizionale/degradazione

Taglio endonucleolitico

degradazione



The 5‘-sequence is called 
“seed” region (from the base 2 
to base 8 or 9) is particularly 
important for target site 
recognition (A). A small 
fraction of the canonical sites 
(<5%) benefit from pairing to 
the 3’ region of the miRNA (B). 
The noncanonical sites do not 
have six contiguous Watson–
Crick pairs to the seed region 
(C). Compensating for the 
imperfect seed match is 
extensive pairing to the 3’ 
region of the miRNA. 
 
 

Post-transcriptional repression by microRNAs

<5%



miRNA families

•family members might show distinct phenotypes and target interaction
profiles, strongly suggesting that pairing at the 3′ end of miRNAs is
biologically significant and utilized in the differential regulation of targets.

Drosophila

Seed
5’ 3’

•share the 5′ core sequence and only diverge in their 3′ portions. They
might repress common targets but might show distinct expression profiles.



•2654 distinct microRNAs (20-22 nt) have been identified in
humans (data from MiRBase)

•Negatively regulate the translation of mRNAs involved in
almost every cellular process.

Human microRNAs

etc.

One microRNA can control hundreds different mRNAs

AAAAA

A single mRNA can be controlled by more than one microRNA



•2654 distinct microRNAs (20-22 nt) have been identified in
humans (data from MiRBase)

•Negatively regulate the translation of mRNAs involved in
almost every cellular process.

•MicroRNAs and their targets form complex regulatory networks

Human microRNAs

mRNA-1

mRNA-2

mRNA-3

mRNA-4

mRNA-1

mRNA-2

mRNA-3

mRNA-4

mRNA-1

mRNA-2

mRNA-3

mRNA-4

etc.







Major advantages of microRNA regulation:
• Networking and fine-tuning of gene expression

• Rapid repression

•2654 distinct microRNAs (20-22 nt) have been identified in
humans (data from MiRBase)

•Negatively regulate the translation of mRNAs involved in
almost every cellular process.

•MicroRNAs and their targets form complex regulatory networks

Human microRNAs



Post-transcriptional repression by microRNAs

•miRNAs silence gene expression by
repressing translation and accelerating
target mRNA degradation

•Guided by the miRNA, the silencing 
complex associates with the mRNA and 
recruits TNRC6 (GW182), which 
interacts with PABPC and recruits 
either the PAN2– PAN3 deadenylase 
complex or the CCR4–NOT 
deadenylase complex, either of which 
shortens the mRNA poly(A) tail.

•TNRC6 can repress translation 
initiation by recruitment of DDX6 and 
4E-T proteins.

TNRC6=GW182



Mechanisms

Huntzinger & Izaurralde 2011. Trends Mol. Med. 

Easy to detect

Hard to detect



mRNA reporters to study miRNA-mediated 
repression

• Reporters responding to the endogenous let-7 miRNP

let-7 miRNP

AAAAAAAAA
3’-UTR

AUG

GW182

• Reporters responding to the miRNP protein tethering 

Renilla Luciferase
BoxB hairpins

AAAAAAAA

Ago/GW182
l

Renilla Luciferase



RNA reporters to verify microRNA targets



Silencing by miRNAs involves translational 
repression and / or mRNA decay

CG10011 + miR-12

Behm-Ansmant et al.2006. Genes & Dev.

Nerfin + miR-9b

Protein levels
mRNA levels



Slicer independent miRNA-mediated decay

•Introducing a specific miRNA into a cell decreases the levels of
transcripts with potential binding sites for the miRNA (Lim et al., 2005;
Giraldez et al., 2006).

ümRNAs with rapid decay rates may appears to be solely
translationally repressed since the mRNA turnover is already fast. In
contrast, long-lived mRNAs may be more susceptible to an increase
in decay rates by miRNA repression.

üTranslation and general mRNA decay can be differentially
regulated in response to stresses or developmental stages. RNA
modifications and RNA binding proteins might affect whether
miRNAs trigger translation repression or degradation.



l HA- hAgo2

Tethering of human Argonautes to the reporter mRNA
mimics the effect of miRNAs
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GW182 (TNRC6): a P-body marker in metazoans

UBA:      ubiquitin associated domain

RRM:      RNA recognition motif

GW:        glycine and tryptophan repeats

I and II:   conserved motifs

Identified for interaction with Ago



GW182-AGO interaction is essential for silencing

Behm-Ansmant et al. 2006. Genes & Dev. 20:1885



Nerfin + miR-9b CG10011 + miR-12

GW182 is required for silencing by miRNAs

Protein levels
mRNA levels



GW182 recruits NOT1 through WG/S/T domains
NOT1 is involved in repression of translation, it recruits DDX6
eiF4G interacts with the DEAD box helicase DDX6
DDX6 represses translation
DDX6 is a decapping activator

Structure-based model of miRNA-mediated 
silencing 



Regulation of miRNA gene transcription

•The promoters of miRNA genes are controlled by transcription factors 
(TFs), enhancers, silencing elements and chromatin modifications, which is 
similar to protein-coding genes.

•Many TFs regulate miRNA expression positively or negatively in a tissue-
specific or developmental-specific manner



Regulation of miRNA gene transcription

•miRNAs frequently act in regulatory networks with TFs, which can drive or 
repress the expression of the miRNAs.

•Unilateral or reciprocal-negative feedback loops (single or double loops) 
result in oscillatory or stable mutually exclusive expression of the TF and 
miRNA components. 



Regulatory networks between TFs and 
microRNAs



Regulators of miRNA processing
Coupling of pri-miRNA
transcription and processing

Stimulation of miRNA
processing

Inhibition of miRNA 
processing

Changing miRNA target 
specificity

Degradation



The miRNA-induced silencing complex is modulated 
by post-translational modifications of Ago proteins 



miRNA expression system

21 nt duplex
• RNA duplex

• Pol III vector



miRNA inhibitors



4-Target identification 



microRNA/siRNA microRNA

mRNA mRNA

Cleavage Translational repression

Perfect pairing between the 
"seed” sequence (nucleotides 1/2 
to 7/8 of the microRNA) and 
target mRNA

Seed

Extensive pairing of a 
microRNA to a target 
mRNA

mRNA target recognition



Relevant
miRNA(s) Target Gene(s) ID

•Gain of function
•Loss of funtion•miRNA profiling

•Computational prediction

Gene functionRelevant
miRNA(s)

•Gain of function
•Loss of funtion

Phenotype

1) Forward

2) Reverse

•Computational prediction

Phenotype

Target identification 



Identification of microRNA targets 

Hundreds of putative 
target mRNAs !!!!!!!

microRNA

miRanda
(cbio.mskcc.org/mirnaviewer)

PicTar
(pictar.bio.nyu.edu)

TargetScan
(genes.mit.edu/targetscan)

1) Forward



………more

Identification of microRNA targets 
miR-223 targets



Less than 50% of targets showed full
seed complementarity, the rest can not
be predicted by microRNA/target
prediction programmes.

Identification of microRNA targets 

Experimental identification by crosslinking, ligation, and sequencing of 
hybrids (CLASH): 

Helwack et al, 2013. Cell



2018



Identification of microRNAs targeting specific mRNAs

Tens of puta?ve targe?ng 
microRNAs !!!!!!!

mRNA

miRanda
(cbio.mskcc.org/mirnaviewer)

PicTar
(pictar.bio.nyu.edu)

TargetScan
(genes.mit.edu/targetscan)

2) Reverse



Identification of microRNAs targeting specific mRNAs



•The functions of a given miRNA can be attributed to:

1. Strong regulation of one dominant target (99% of 
publications)

2. Fine-tuned regulation (less than 2 fold) of many targets 
simultaneously

simple miRNA:target relationships may dictate some phenotypes and
complex networks of gene expression changes may underlie others.

Identification of microRNA targets



• RNA binding proteins: they can shield miRNA target sites from miRNA 
binding.

Regulation of microRNA targeting efficiency

Fabian & Sonemberg, 2012. 


