
Small RNAs and gene 
expression regulation



Three classes of small RNA can regulate genes by targeting
transcripts. These are:

• small interfering RNAs (siRNAs), which have perfect
complementarity to targets and cause transcriptional or post-
trancriptional gene silencing;

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

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

Roles for small RNAs in gene expression
regulation



Key discoveries of ncRNAs 

over decades



Small-RNA biogenesis pathways

• Small interfering RNAs (siRNAs) can be produced either from double-stranded
RNA (dsRNA) generated by an RNA-dependent RNA polymerase (RdRP) or from
other dsRNA substrates.

• DROSHA and DICER1 possess RNase III domains that are also found in bacteria
and have important roles in rRNA processing. Eukaryotic RdRP likely derived
from a bacteriophage protein.



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 patterns 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.

L1

L2

L2L1

*lin14DOM : mutant
of Lin-14 mRNA 
lacking its 3’-UTR

*



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➔ Lin-14 is negatively regulated post-transcriptionally

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

Mutations to the 3’UTR of Lin-14 mRNA
(lin14DOM) 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.

➔lin-4 gene product acts via the lin-14 3’UTR to inhibit, directly or indirectly, the 
translation of lin-14 mRNA.

Lin4 post-transcriptionally regulates lin-14 expression



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 Reiteration of L1 fates

lin-14 Omission L1 fates

The “small temporal” RNA lin-4

22nt RNA

Nuclear protein

lin-14
mRNA 3’-UTR

Negative regulation of lin-14 protein is required for L1 to L2 transition

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



Victor Ambros and Gary Ruvkun have been awarded the 2024
Nobel Prize in Medicine for “the discovery of microRNA and its
role in post-transcriptional gene regulation”.



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



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



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



•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.



2. Synthesis



miRNAs and siRNAs

He and Hannnon, 2004

mammals



Herve Vaucheret Genes Dev. 2006

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.



RNase III family

Tomari e Zamore, 2005.

Drosophila Loq

human TRBP

Arab. DRB1



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

• Following export into the cytoplasm, pre-miRNAs are processed into 
their mature forms by Dicer. Two dsRNA-binding proteins, TRBP (also 
known as TARBP2) and PACT (also known as PRKRA), associate with 
Dicer and aid miRNA production in cells. However, deletion of the two 
genes does not substantially affect the steady-state level of miRNAs, 
indicating they have a supportive but not essential role in miRNA 
biogenesis in mammals.

TRBP/PACT



Pre-miRNA processing by Dicer
Human Dicer has a molecular weight of approximately 200 kDa and a distinctive domain
arrangement, which includes an N-terminal DExH/D helicase-ATPase domain, followed by the
DUF283 domain, the platform domain, a PAZ domain, two RNase III domain (RIIIDs) and a
dsRBD at the C terminus. To process a pre-miRNA, Dicer undergoes three major conformational
changes. First, the helicase and DUF283 domains become flexible, dislocating from the core of
Dicer. Second, the dsRBD swings outward, creating space for recognizing the pre-miRNA stem
and the GYM motif. Finally, the PAZ helix is reoriented to anchor the 5′ and 3′ termini of the pre-
miRNA. Once fully docked, the negatively charged backbone of the pre-miRNA lies along the
positively charged residues of Dicer. RIIIDa and RIIIDb then cleave the pre-miRNA.



Sequence determinants of pre-miRNA processing

The optimal pre-miRNA structure has a 22-bp stem with a single-stranded apical
loop, a 2-nt 3′ overhang and a GYM motif. Dicer also recognizes all bases except
guanine (H) at the 5′ end for cleavage-site decision.
Massively parallel assays on pre-miRNA variants with randomized bases revealed
that Dicer recognizes a unique cis-acting sequence element that is crucial for
efficient and accurate processing. Importantly, this element, termed the ‘GYM
motif’ (a paired guanine (G), paired pyrimidine (Y) and mismatched cytosine or
adenine (M)) positioned within the cleavage site, is deeply conserved across
metazoan lineages. Biochemical and structural analyses have revealed that the
dsRBD specifically recognizes the ‘M’ element of the GYM motif.



miRNA loading

The Ago proteins are organized into four key domains: the N-terminal (N), PAZ,
middle (MID) and PIWI domains. These domains are connected together by two
specialized linkers known as L1 and L2. The MID and PAZ domains capture the 5′
phosphorylated and 3′ ends of miRNAs, respectively. Once the miRNA duplex is
loaded onto Ago in a specific orientation, the passenger strand is unwound and
expelled by Ago. This unwinding requires mismatches in the central part of the
duplex. If a duplex is fully base-paired (as in the case of mir-486 or synthetic
siRNAs), the unwinding is dependent on the cleavage of the passenger strand by
the slicer activity of Ago2.



miRNA loading

Strand selection is dictated by two characteristics of the 5′ termini of the duplex:
base identity and thermodynamic stability. The strand with a U or A at the 5′ end is
preferred by Ago because the ‘nucleotide specificity loop’ in the MID domain has
charge repulsion to G or C. In addition, the Ago proteins preferentially select the
strand with a thermodynamically unstable 5′ end as it is more accessible to the MID
domain. The mammalian Ago proteins intrinsically recognize the terminal
properties of small RNA duplexes. Collectively, these mechanisms ensure the
correct orientation of the miRNA for incorporation onto Ago.



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



Ago proteins undergo a range of post-translational modifications that affect their
ability to bind to target mRNAs. Most notably, Ago undergoes active
phosphorylation and dephosphorylation, which together regulate target binding.
When the RISC binds to a target, a set of highly conserved Ser and Thr residues
(S824–S834) of Ago are phosphorylated by casein kinase I isoform α (CSNK1A1),
leading to inhibition of target binding. By contrast, Ago S824–S834
dephosphorylation by ANKRD52 (also known as PPP6R1) and serine/threonine-
protein phosphatase 6 catalytic subunit (PPP6C) can restore target association.
Perturbing this process considerably disrupts mRNA targeting, highlighting its
pivotal role in maintaining RISC activity.

Argonaute post-translational modifications 



Target mRNAs that form extensive base-pairing with the miRNA trigger target-
directed miRNA decay (TDMD). ZSWIM8 recognizes and ubiquitylates (Ub) Ago,
leading to Ago degradation and subsequently to the degradation of the
miRNA. Certain endogenous and viral transcripts, as well as artificial transcripts,
were reported to trigger miRNA decay. A notable example is the decay of miR-7-5p,
which is mediated by a lncRNA, Cyrano, which contains a site that is extensively
paired with miR-7-5p.

Argonaute post-translational modifications 



3. Mode of action



Translational Repression/
mRNA degradation

(metazoa)

mRNA degradation
(plant)

Post-transcriptional repression by 
microRNAs

cleavage



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%



Post-transcriptional repression by microRNAs

• miRNA-mediated target mRNA decay

• miRNA-mediated translational repression



GW182-AGO interaction is essential for silencing

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



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 as an interactor of Ago



miRNA-mediated target mRNA decay

miRNA-mediated target mRNA decay involves deadenylation, decapping, and
exonucleolytic degradation of the target mRNA, which is orchestrated by the
GW182 protein

GW182 has an N-terminal domain with GW repeats and a C-terminal silencing
domain. The GW repeats of GW182 interact with the tandem tryptophan-binding
pockets on the PIWI domain of AGOs. GW182 functions as a scaffold that promotes
the dissociation of PABP from the poly(A) tail of the mRNA and instead promotes
the recruitment of two deadenylation complexes known as CCR4-NOT and PAN2-
PAN3. The recruitment of the CCR4-NOT complex not only deadenylates the target
transcript but also serves as a scaffold for the recruitment of decapping factors.



miRNA-mediated translational repression

Several mechanisms for the repression of translation initiation have been proposed,
including PABP displacement, recruitment of translation inhibitors targeting eIF4E
or eIF4G, and eIF4A dissociation.
NOT1, a component of the CCR4-NOT complex that associates with RISC via
GW182, interacts with the translational inhibitor and decapping enhancer DDX6.
This interaction promotes miRNA-mediated repression even when deadenylation is
blocked, suggesting that DDX6 is involved in miRNA-mediated translational
repression as well as mRNA decay. 4E-T, an eIF4E-binding protein that interacts
with DDX6, and the cap-binding protein 4EHP (eIF4E2) are involved in miRNA-
mediated translational repression.



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




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).

✓mRNA 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.

✓Translation 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.



 HA- hAgo2

Tethering of human Argonautes to the reporter mRNA
mimics the effect of miRNAs

0
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0.4

0.6

0.8

1

1.2

Reporter 

activity

Western

(-HA Ab)

Rr-luc 5BoxB AAAAA

BoxB hairpins

HA- hAgo2  HA- LacZ

RL 5BoxB mRNA
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RNA levels
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1

1.2

11.4 1.11

Protein levels

GFP mRNA

From W. Filipowicz



Nerfin + miR-9b CG10011 + miR-12

GW182 is required for silencing by miRNAs

Protein levels

mRNA levels



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 function
Relevant
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



Let7/4458/4500 family (share same seed 
region)

Identification of microRNA targets 

mariangela morlando
miRNA-Target Interaction Types
8mer: Indicates a perfect match of 8 consecutive nucleotides between the miRNA and the target mRNA. Specifically, it involves nucleotides 2–8 of the miRNA (the seed region) and an adenine (A) at position 1 of the target. This is the strongest and most effective type of interaction for inhibiting mRNA.

7mer: Indicates a perfect match of 7 consecutive nucleotides. There are two main types, both of which are also highly effective:

7mer-m8: An exact match across nucleotides 2–8 (the seed + position 8).

7mer-A1: An exact match across nucleotides 2–7 (seed only) followed by an adenine (A) at position 1.



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



2018



Identification of microRNAs targeting specific mRNAs

Tens of putative targeting 
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. 



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

• Factors that associate with the miRISC: they can positively or negatively
affect target binding and regulation.

van Kouwenhove et al, 2012. Nature Rev Cancer

Regulation of microRNA targeting efficiency



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

• Factors that associate with the miRISC: they can positively or negatively
affect target binding and regulation.

• Competing endogenous RNAs (ceRNAs): transcripts with target sites for
a common miRNA that can compete for miRNA binding.

Fatica & Bozzoni, 2013. Nature Rev Genetics

ceRNA

Regulation of microRNA targeting efficiency



• miRNAs show dynamic temporal and spatial expression
patterns, disruption of which is associated with
developmental/physiological abnormalities.

miRNA expression



Subtle changes in miRNA levels can lead
to drastic and rapid changes in gene expression

Commitment to differentiation would not require
drastic ON/OFF switches but only slight variations in
miRNA concentration (diff. partitioning in daugther
dells)



miRNAs are differentially expressed in tumor 
samples



Oncogenic miRNAs



Tumor-supressive miRNAs



Context-dependent miRNAs



Circulating mirRNAs are potential cancer biomarkers; their discovery in
exosomes led to the hypothesis that they might contribute to intercellular
signalling. Uptake of exosomes can be receptor-mediated or receptor-
independent. Upon entering a target cell, exosome-delivered miRNAs are
thought to regulate target mRNAs.

Circulating miRNAs
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