Small RNAs and gene
expression regulation



Roles for small RNAs in 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.



Annotation and functional analyzes Initial discovery of ncRNAs The concept of ncRNAs

Functions and applications
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—— 1955 rRNA

—— 1957 tRNA
1958 Central Dogma

Key discoveries of ncRNAs
over decades

~—— 1968 snRNA & splicing

—— 1976 snoRNA & rRNA processing

= 1979 Eukaryotic circular RNAs detection
= 1981 NATs

—— PCR
. 1984 First regulatory ncRNA

—— RT-gPCR

= Microarray

——— siRNA technology

2006 High throughput sequencing
= ENCODE project
~—— Pervasive transcription
= Single-cell RNA-seq

~—— CRISPR-Cas9

= Chemical-aided RNA structure prediction
——— Super-resolution image on RNA

—— Spatial transcriptomics
~—— First ASO drug

~—— CRISPR-Cas13

——— mRNA vaccines

. 2023 Al-based RNA technology

Small
noncoding
RNAs

——— MicF from E.coli

—— 1993 Lin-4 (first miRNA)

—— RNAi
= Plant small RNA
— Lot-7
= miRNA genomics
——— miRNA biogenesis pathway
=~ Ago structure
= Mammalian miRNA phenotype
Global target identification
—— Dicer structure
—— piRNA

—— Drosha structure

First FDA approved
siRNA drug

Long
noncoding
RNAs

&= H19
~—— Xist & X chromosome inactivation

= First plant IncRNA

~—— Air, Kcng1ot1 & genomic imprinting

=— MALAT1, NEAT1

#=—— HOX ncRNAs (HOTAIR, etc.)
=— PROMPTs
= LincRNAs

~—— Enhancer RNAs

= Circular RNAs re-discovery
Sno-IncRNAs

= More in vivo studies on IncRNAs

= NORAD, etc.

First FDA approved
IncRNA biomarker




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

« DROSHA and DICERI1 possess RNase III domains that are also found in bacteria
and have important roles in rRNA processing. Eukaryotic RARP likely derived
from a bacteriophage protein.



microRNAs: biogenesis
and function



1. The Discovery of miRNAs



Caenorhabditis elegans larval development

A genetic pathway of heterochronic
genes in Caenorhabditis elegans acts to
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Mutations in [in-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 [in-14.
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Lin4 post-transcriptionally regulates lin-14 expression

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

The temporal decrease in
protein remains abnormally high late in LIN-14 protein levels
development . requires both lin-4 in trans
Mutations to the 3'UTR of Lin-14 mRNA ;?(Clislm-m S'UIR sequences
(1in14P°M) phenocopied the lin-4 mutant - '

=»1in-4 gene product acts via the lin-14 3’UTR to inhibit, directly or indirectly, the
translation of lin-14 mRNA.



Characterization of lin-4 products
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The “small temporal” RNA lin-4

Gene Mutant phenotype Gene product
lin-14 Omission L1 fates Nuclear protein
lin-4 Reiteration of L1 fates 22nt RNA

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

lin-14
MRNA

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”.

Victor Ambros Gary Ruvkun




7 year later......stRNA let-7

C.elegans

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

Reinhart et al. 2000. Nature



stRNAs regulate gene expression during
C.elegans development

e[in-4 and let-7 are stRN As that act as translational repressors of gene
function by binding to the 3’-UTR
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stRNAs regulate gene expression during
C.elegans development
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let-7 (stRNA) is conserved in all metazoa
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Let-7 expression in human tissues

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

Northern blot analysis of let-7 RNA

Homo sapiens
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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



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.

* MicroRN As and their targets form complex regulatory networks

Major advantages of microRNA regulation:

* Networking and fine-tuning of gene expression

* Rapid repression




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.

One microRNA can control hundreds different mRN As
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A single mRNA can be controlled by more than one microRNA
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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.

* MicroRN As and their targets form complex regulatory networks
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2. Synthesis



mammals

miRNAs and siRNAs

——— \
B 0'0,.070,00,0'0,

Nature Reviews | Genetics

He and Hannnon, 2004



miRNAs and siRNAs
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Canonical processing Mirtrons
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miRNA biogenesis

. The pri-miRNAs fold into hairpins, which act

as substrates for two members of the RNase
III family of enzymes, Drosha and Dicer.

. 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.

.One strand of this duplex, representing a

mature miRNA, is then incorporated into the
miRNA-induced silencing complex (miRISC)

.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)



Players

A. RNase lll type proteins

human Drosha J P-rich IRS-rich 1 RllIDa_RIIIDb dsRBD

DEAD Helicase DUF283 PAZ RIlIDa RIIIDb dsRBD

e o H IO

B. Argonaute proteins

human Ago2 PAZ PIWI
C. dsRNA-binding proteins
human DGCR8 dsRBD dsRBD

Drosophila R2D2 ~ 9SRBD dsRED

e—0




Genomic organization of human microRNAs
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“Drosha” and “Dicer’ RNases

‘Two processing events lead to mature miRNA formation in animals. In
the first, the nascent miRNA transcripts (pri-miRINA) 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

DGCR8/Pasha?—E&1 [

m dsRNA binding domain Pre-miRNA

dsRNA stem
(~22 nt)
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Current Biology
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Drosha

13 nt——>|= 22 nt
Basal Apical

UG mOtlf Drosha UGU motif
5'... co——
—\ GHG
3. CNNCI
Flanking Mismatched cher
CNNC motif GHG motif
- -l 35+ 1 bp -
Single (Tolerating scattered wobbles, Single
stranded mismatches, and small bulges) stranded

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

e It requires DGCRS8 (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 His A, C, or U).



Dicer
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e FPollowing 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.



Pre-miRNA processing by Dicer

Human Dicer has a molecular weight of approximately 200kDa 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.

C Apostate d Partially docked state

Dicer

Helicase
Pincer-like
DUF283
D-linker
Platform
&1 Connector
C-linker
RIlIDa
11Db
dsRBD

PAZ

o
N = I - C

Movement of
dsRBD

Movement of
PAZ helix

3’ pocket
(3"-OH)



Sequence determinants of pre-miRNA processing

— Cut by RIIIDb
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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

~22 nt-long
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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.

E € Loaded state
! Helix-7

Guide strand
selection

Loading assisted

miRNA duplex by chaperones

| ——
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for target pairing pairing beyond 5th nt



miRNA loading

5' base identity
UorA GorC
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miRNA duplex p EEN ' '
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3 29 5'thermodynamic stability
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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 miRINAs.

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

miRNA components.

Unilateral negative
feedback loops

| -I.LI.I.L}.I.LU—
miRNA
&/
PITX3 miR-133b
RUNXI miR-27a

MYB miR-15a

Reciprocal negative
feedback loops

—

Ly
mMiRNA
.
HBL-1 let-7
YAN miR-7
ZEBI miR-200



Regulatory networks between TFs and
microRNAs

C. Transcription factor regulatory circuits

3.
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Regulators of miRNA processing

Coupling of pri-miRNA
transcription and processing

Inhibition of miRNA

Stimulation of miRNA
processing

processing

> Degradation by .
Tugor-SN RNase Degl‘adatlon

pre-miRNA pre-miRNA

Processing
Changing miRNA target
specificity

- Retargeting

Nature Reviews | Genetics



Argonaute post-translational modifications

Ago proteins undergo a range of post-translational modifications that affect their
ability to bind to target mRNAs. Most notably, Ago wundergoes 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
(5824-5834) of Ago are phosphorylated by casein kinase I isoform a (CSNK1A1),
leading to inhibition of target binding. By contrast, Ago S5824-5834
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.

Unbound to mRNA target

D /‘\\
- Phosphorylation ( D

by CSNK1A1

Dephosphorylation by

ANKRD52, PPP6C
L | — " \Jarget




Argonaute post-translational modifications

Target mRNAs that form extensive base-pairing with the miRNA trigger target-
directed miRNA decay (TDMD). ZSWIMS 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 IncRNA, Cyrano, which contains a site that is extensively
paired with miR-7-5p.

Ago degradation
Ago polyubiquitylation resulting in miRNA decay

3 ' -UUGUGACUAAAGUUUACCACGAU-5"'

hsa-miR-29b-3p 3 JsHeaT STS Bitetti et al.,
NREP 5'-GACACUGAU---GAAUGGUGCUAU-3" Nat. Stru. Mol. Bio., 2018
hsa-miR-7-5p 3'-UUGUUGUUUUAGUG-AU-CAGAAGGU-5" Kleaveland et al.,
LLCLLLEETLLTT DL il 28
CYRANO 5'-AARCAACAAAAUCACCAAUGUCUUCCAU-3' ’
hsa-miR-30b-5p 3'-UCGACUCACAUCCU----ACARAUGU-5'

Ghini et al.,
Nat. Comm., 2018

(LI [RRNRY
SERPINE1 5'-UUCAGAGUGUAGGUGACUUGUUUACUC-3'
hsa-miR-221-3p 3'-CUUUGGGUCGUCUGUUACAUCGA-5"

sal 111113 [
ee o

BCL2L11 5'-AGGACCCAGCG-U--AUGUAGCAU-3'

Lietal.,
Genes Dev., 2021

Homo sapiens




3. Mode of action



Post-transcriptional repression by
microRNAs

Extensive complementarity in
coding region or UTR

@ ‘ mRNA degradation

cleavage (plant)

= -
PO ™ A

B Short complementary segments in 3-UTR

Translational Repression/
mRNA degradation
(metazoa)




Post-transcriptional repression by microRNAs

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.

Canonical sites

Site type Relative efficacy

NNNNNN Offset 6mer ‘L Margina
6mer [ site types
NNNNNNA 7mer-A1

NNNNNNN 7mer-m8

NNNNNNNA 8mer
NERERE

NNNNNNN

8765432 4
gty

Seed

-

Seed region

Atypical canonical sites

(o)
<5%

NNNNNNNN  NNNNNNN 3'-supplementary site

[T ETT AR
NN N NNNNNN
1817 12 8765432,

—
Seed
Noncanonical sites

NNNNNNN N NNNN 3'-compensatory site

AR RN | 1111

NN N NNNNNN

1817 12 87654324

-
Seed




Post-transcriptional repression by microRNAs

* miRNA-mediated target mRNA decay

 miRNA-mediated translational repression



GW182-AGO interaction is essential for silencing

AGO1
M G e e AAAAA

A

Translational
repression mRNA decay

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



GW182 (TNRC6): a P-body marker in metazoans

Hs GW182 | N-GW I UBA Q-rich M-GW RRM C-GW
— l I _-:-’—:-
Dm GW182 1 5359 5"92 861 1055 11!95 13534

UBA: ubiquitin associated domain
RRM: RNA recognition motif
GW: glycine and tryptophan repeats

| and ll: conserved motifs

Identified as an interactor of Ago



miRNA-mediated target mRNA decay

A CCR4-NOT

i complex
o 9@\_4 Decapping
’ m’G cap
5’—3’ mRNA decay

L )

Start Stop

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 scatfold 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-
PANS3. 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

elF4E
Dissociation of
elF4E/G?

/
Start Stop

Dissociation of
PABP

Several mechanisms for the repression of translation initiation have been proposed,
including PABP displacement, recruitment of translation inhibitors targeting elF4E
or elF4G, and elF4A dissociation.

NOTI1, 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 elF4E-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

( T~ let-7 miRNP
= G182

1] | m-(\m AAAAAAAAA
T D 3'-UTR

* Reporters responding to the miRNP protein tethering

Ago/GW182

/ A
.—“m AAARAAAA

BoxB hairpins



RNA reporters to verify microRNA targets

Interaction \l No Interaction \l m

w 3'UTR Target AaaAaa W

Lower Luc/GFP Q-./ Luc/GFP | Normal Luc/GFP L Luc/GFP
Translation Translation




Silencing by miRNAs involves translational
repression and / or mRNA decay

Nerfin 3’ UTR

CG10011 3’'UTR

miR-9b miR-12
m 7 G e | AAAAA m7 G e e e AAAAA
Protein levels
100- Nerfin + miR-9b 100 CG10011 + miR-12
L/ T
o i L2
2 80 3 5.
- | Nerfin @
(&) i - CG1001
z -
40- R-Luc ' .
~ 40- R-Luc
o i mMRNA “ "G | mRNA
3 S
=1 201 i P 2 20-
TR . ) - ]
PR L :
0' o® x® 0_ "@ x'&
<2_,<>3‘?’ Q.,oP Q:,:» Q:,(»

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



Slicer independent miRNA-mediated decay

eIntroducing 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).

vmRNA 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.

v'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.



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

HA- hAgo2 A - A _HA- hAgo2
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GW182 is required for silencing by miRNAs

Nerfin 3’ UTR
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miRNA expression system

RNA duplex

21 nt duplex

I |
5I 3|
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Pol III vector
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MmiRNA inhibitors

(B)
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4-Target identification



mRNA target recognition

Extensive pairing of a
microRNA to a target
mRNA

5~ -UAGGUAGUUUCAUGUUGUUGGG-3 ~

000000000OCOCOOOGOOGOIOONOOO

3~ -CUUAUCCGUCAAAGUACAACAACCUUCU-5"
miR-196a and HOXB8 mRNA (H. sapiens)

5 -UCGGACCAGGCUUCAUUCCCC-3~

C00000000OCOCGROIOGOGOGOGOOO

37 -UUAGGCCUGGUCCGAAGUAGGGUUAGU-5~
miR-166 and PHAVOLUTA mRNA (A. thaliana)

!

microRNA/siRNA
o
AT ;”HHTWHHHOH

JURNRL RN SRTNNY
| MRNA

Cleavage

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

&
5" UCCCUGAGA UGUGA-3"~

3~ -UCGAGGGACUCAACCAACACUCAA-5"
lin-4 miRNA and lin-14 mRNA (C. elegans)
microRNA

pA
(L L

e LUV bbb
MRNA

Translational repression



Target identification

1) Forward

*miRNA profiling

Phenotype ——

2) Reverse

*Gain of function
*[Loss of funtion

Relevant
miRNAC(s)

*Computational prediction

*Gain of function

*Loss of funtion

———

Target Gene(s) ID |

*Computational prediction

Phenotype < ¢ Genefunction




Identification of microRNA targets

DI === =========- mnmmm m ------------ AAAAAA
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miRanda

(cbio.mskcc.org/mirnaviewer)

f

microRNA TargetScan

(genes.mit.edu/targetscan)

PicTar

(pictar.bio.nyu.edu)




Identification of microRNA targets

miR-223 targets

Human | miR-223
311 conserved targets, with a total of 321 conserved sites and 80 poorly conserved sites.
Table sorted by total context score [Sort table by aggregate Per]

GETable sorted by total context score fved sites are not shown [View top predicted targets, irrespective of site conservation]
The table shows at most one transcript per gene, selected for having the highest aggregate Pt (or the one with the longest 3' UTR, in case of a tie). [Show all transcripts]
Representative conlarvad dhn Pooﬂy oornu'und sites Total Previous Links to
Target gene Gene name 7mer- 7mer- lamatlw oonta}m- TargetScan sites Iin
"m"t - total |8mer| "o miIRNA publication{s)] UTRs
FEXW7 NM_001013415 F-box and WD repeat domain containing 7 hsa-miR-223 -1.05 2007, D009 Sites in UTR
SP3 NM_001017371 Sp3 transcription factor 1 1 0 0 1 1 0 0 hsamR223078 047 2005, 2007, sites in UTR
PAXB NM_000280  paired box 6 1 1 0 0 1 0 1 0 hsa-miR-223 0.66  0.47 Sites in UTR
C13orf31 NM_001128303 chromosome 13 open reading frame 31 1 1 0 0 1 0 1 0 hsa-miR-223 -0.62 0.32 Sites in UTR
PURB NM_033224  purine-rich element binding protein B 1 1 © 0 1 1 0 0 hsamiR223057 059 ﬁ 2007, gites in UTR
SYNRG NM_001163544 synergin, gamma 1 1 0 0 1 1 0 0 hsa-miR-223 -0.56 0.55 2009 Sites in UTR
RHOB NM_004040 ras homolog gene family, member B 1 1 0 0 1 0 1 0 hsa-miR-223 -0.56 0.52 2007, 2009 Sites in UTR
APC NM_000038 adenomatous polyposis coli 1 0 1 0 1 1 4] 0 hsa-miR-223 -0.55 0.28 2009 Sites in UTR
ECT2 NM_018098 epithelial cell transforming sequence 2 oncogene 1 0 1 0 1 0 1 0 hsa-miR-223 -0.54 0.36 2009 Sites in UTR
PRDM1 NM_001188 PR domain containing 1, with ZNF domain 1 0 1 0 2 0 1 1  hsa-miR-223 -0.53 0.41 2005, 2007 Sites in UTR
GALNTL4 NM_1oss1g  UDP-N-acetyl-alpha-D-galactosamine:polypeptide N- 1 1 ©6 0 0 0 © 0 hsamfA223053 0486 Sites in UTR
acetylgalactosaminyltransferase-like 4
RIBC1 NM_144968  RIB43A domain with coiled-coils 1 1 1 0 0 1 1 0 0 hsa-miR-223 0.53  0.34 2009 Sites in UTR
SEPTS NM_015120  septin 6 1 1 6 0 1 0 1 0 hsamiR223 052 051 % 2007, gites in UTR
SLC8A1 NM_001112800 solute carrier family 8 (sodium/calcium exchanger), member 1 1 1 0 0 1 0 0 1 hsamR223051 057 2005, 2007, sites in UTR
SLC4A4 NM_001098484 solute carrier family 4, sodium bicarbonate cotransporter, member 4 1 1 0 0 0 1 hsa-miR-223 -0.50 0.48 2009 Sites in UTR
ADCY7 NM_001114 adenylate cyclase 7 1 0 1 0 2 0 1 1 hsa-miR-223 -0.48 0.61 2009 Sites in UTR
SLC37A3 NM_032295 solute carrier family 37 (glycerol-3-phosphate transporter), member 3 2 0 1 1 0 0 0 0 hsa-miR-223 -0.47 0.68 %g' 2007, gites in UTR
OLFM1 NM_008334  olfactomedin 1 1 1 0 0 o o0 0 0 hsa-miR-223 045  0.40 Sites in UTR
SEPT10 NM_144710  septin 10 1 1 0 0 o o0 0 0 hsa-miR-223 0.44  0.48 2009 Sites in UTR
ATP7A NM_000052  ATPase, Cu++ transporting, alpha polypeptide 1 1 0 0 1 0 0 1 heamR223044 057 2005, 2007, gites in UTR

. more



Identification of microRNA targets

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

Human | let-7/98/4458/4500

1072 conserved targets, with a total of 1203 conserved sites and 162 poorly conserved sites.
Table sorted by total context score

Genes with only poorly conserved sites are not shown

C14orf28
FIGNL2

HMGAZ

LIN2BE
TRIM71

IGDCC3

ARID3B

STARDS
PTAFR
THRSP

SMARCADA1

YOD1
FIGN

TTLL4

PRTG
Corfd0
SERF2
KCTD21
PXT1
ARHGEF38
DNAZ

NM_001017923
NM_001013690

NM_003483

NM_001004317
NM_001039111

NM_004884

NM_006465

NM_020759
NM_000952
NM_003251

NM_001128429

NM_018568
NM_018088

NM_014640

NM_173814
NM_017998
NM_001018108
NM_001029859
NM_152990
NM_001242729
NM_001080449

[Sort table by aggregate Per]

chromesome 14 open reading frame 28
fidgetin-like 2

high mobility group AT-hook 2

lin-28 homolog B (C. elegans)
tripartite motif containing 71

immunoglobulin superfamily, DCC subclass, member 3

AT rich interactive domain 3B (BRIGHT-ike)

StAR-related lipid transfer (START) domain containing 9
platelet-activating factor receptor
thyroid hormone responsive

SWI/SNF-related, matrix-associated actin-dependent regulator of chromatin,
subfamily a, containing DEAD/H box 1

YOD1 OTU deubiquinating enzyme 1 homolog (S. cerevisiae)
fidgetin
tubulin tyrosine ligase-like family, member 4

protogenin

chromosome 9 open reading frame 40

small EDRK-rich factor 2

potassium channel tetramerisation domain containing 21
peroxisomal, testis specific 1

Rho guanine nucleotide exchange factor (GEF) 38

DNA replication helicase 2 homolog (yeast)

=0 e
mikNA  NNNNNERERN [INERRERN
| T I
16 13 T8 1

3" complementarity r?!%?gn

[View top predicted targets, irrespective of site conservation]
The table shows at most one transcript per gene, selected for having the highest aggregate Py (or the one with the longest 3' UTR, in case of a tie).

[Show all transcripts]

Repre- | Total [\ 0 p| Previous | Linksto
7mer- 7mer- sentative |context+| “p TargetScan sites In
total |8mer| " o total |8mer| " o miRNA | score €T |publication(s)) UTRs
a 2 1 0 1 0 ©0 1 hsalet7g -1.25 >089 20072009 Sites in UTR
a3 3 0 0 0 0 ©0 0 hsamiR<4458-1.07 >089 2009 Sites in UTR
6 1 3 2 1 0 0 1 hsamiR4458-1.04 =099 %g 2007, gjtes in UTR
4 2 2 0 1 0 0 1 hsalt7d 088 >089 20072009 Sites in UTR
2 2 0 0 0 0 ©0 0 hsamR<458 0.8 >009 2007, 2009 Sites in UTR
3 3 0 0 1 0 1 0 hsamiR4500-072 >099 % 2007, gijes in UTR
s 0 1 4 0 0 © 0 hsalet7i 072 =089 %g 2007, gites in UTR
1 0o o 3 o 2 hsa-mif-4458 0.70  0.79 Sites in UTR
3 2 1 0 0 0 © 0 hsamR4500-069  0.94 Sites in UTR
1 1 0o o 0 1 0 hsalet7d 062 074 2009 Sites in UTR

ANNE  ANNT

miRNA-Target Interaction Types i
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 mMRNA.

3
7mer: Indicates a perfect match of 7 consecutive nucleotides. There are two main types,
both of which are also highly effective: i

1

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

7mer-A1: An exact match across nucleotides 2—7 (seed only) followed by an adenine (A) at*

position 1.
2R AT - -


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.


Identification of microRNA targets

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

é‘uv irradiation of cells
lllumina read

( ] -
————
Purification of Identify chimeric cONAs
Ago1-RNA i mapping to two regions
complexes of the transcriptome

»~ .
ligation site  }

In silico folding shows
Ligation of ‘
basepaired ‘ structure of interaction
RNAs

ligation site seed region
C TICTTNTI T e
. - target RNA

RNA identification by
RT-PCR and sequencing

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

Helwack et al, 2013. Cell
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molecular biology https://doi.org/10.1038/541594-018-0136-3

A novel class of microRNA-recognition elements
that function only within open reading frames

Kai Zhang'8, Xiaorong Zhang?8, Zhigiang Cai'8, Jie Zhou'8, RanCao', YaZhao34, ZongguiChen’,
Dehe Wang', Wen Ruan’, Qian Zhao?, Guanggiao Liu?, Yuanchao Xue?, Yan Qin?, Bing Zhou©>3,
Ligang Wu?4, TimothyNilsen®, YuZhou™'7* and Xiang-Dong Fu ©25*

MicroRNAs (miRNAs) are well known to target 3’ untranslated regions (3' UTRs) in mRNAs, thereby silencing gene expression
at the post-transcriptional level. Multiple reports have also indicated the ability of miRNAs to target protein-coding sequences
(CDS); however, miRNAs have been generally believed to function through similar mechanisms regardless of the locations of
their sites of action. Here, we report a class of miRNA-recognition elements (MREs) that function exclusively in CDS regions.
Through functional and mechanistic characterization of these ‘unusual’ MREs, we demonstrate that CDS-targeted miRNAs
require extensive base-pairing at the 3’ side rather than the 5’ seed; cause gene silencing in an Argonaute-dependent but
GW182-independent manner; and repress translation by inducing transient ribosome stalling instead of mRNA destabiliza-
tion. These findings reveal distinct mechanisms and functional consequences of miRNAs that target CDS versus the 3' UTR
and suggest that CDS-targeted miRNAs may use a translational quality-control-related mechanism to regulate translation in
mammalian cells.
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2018

Argonaute-miRNA Complexes Silence Target mRNAs
in the Nucleus of Mammalian Stem Cells
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In Brief

In stem cells, half of the AGO proteins are
found in the nucleus and allow for the
onset of ESC differentiation. Nuclear AGO
assembles functional RISC complexes to
silence target RNAs in a miRNA- and
CCR4-NOT-dependent manner at target
sites that include intronic and coding
sequences.



Identification of microRNAs targeting specific mRNAs

miRNA  NNNNNEREEN — NEEENENEN
I Yoo o

2) Reverse

miRanda
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Identification of microRNAs targeting specific mRNAs

Human ELAVL1 3'UTR

-

4 } } }
k 1k 2k 3k 4k
Gene

Human ELAYLL NM_001413 37 UTR length 4910

Conserved sites for miRNA fanilies broadly conserved among vertebrates

miE-133abc miR-31 miR-125a-5p,/1250-5p /351 /670,/4319 miR-9/%ak miR-19ak
LiR—BHBab : miR—146;CH146b—5p ' ImiR—BEHSO?HlZ?i
' ' PiR—iSSKiSSab &iR—182
Conserved sites for niRMA fanilies conserved only among mannals
miR-197 miR-339,/535-5p miR-495,/1192 niR-939,/939-5p
miR—3£4—5p miR-539,/535-5p : miR-495,/1192 miR3300f381f539—%p
ImiR—B?G—ﬁ;HSiG? miR—5J4HE44abf544—3p ! miR-377
TiR—543 I :
Poorly conserved sites for niRNA fanilies conserved anong mannals or vertebrates
niR-129-5p,/12%hb-5p miR-328a/328b-3p miR-992/999 miR-Z7abc/27a-3p miR-129-5p/129ab-5p miR-194 miR-873 miR-1%1 miR-19%ab-5p niR-129-5p/12%ah-5p
miR-653 miR-5392,/599 ! miR—lS?ﬁ’lSl?ab ! miR—Z?ahCKE?aESp MiR-22/22-3p miR—lSO;ﬁlZ? letl—?.fgﬁ.r"4458.f4;00 mil%—iEES mik-186 ' mik-498
' miR—SSBKSSB—Sp ImiR—326H330f330—5p miR—G%S miR-150,/9127 : miR-152 miREZZHZZ—Sp ImiR—22f22—3p miR—l;i miR—GS% ' miR-145
mik—184 mik-144 miR—Z?abcHE?a—Sp miR-485 ' miR—SASHSSS—Sp mié—S?S mié—2gabcd miR—20; miRE-755 hiR—224l niR-376c/741-5p !
' ImiR—539f539—5p ' miR-340-5p miR—SZEKSSOKSSO—Sp ' miR-499-5p ' ' miR—485—5LH1698f1?CEH1962 miR—5;9f539—5p|
miR—505f505—3; ImiR—SOabcdeFHéOabe—5p£384—5p miR—QQQ—EL miR-542-3p ImiR—15abcf16{16abci195f3225424f49?f190?
: miR-326,/3530,/330-5p ImiR—?ES LiR—2086bK£08ab—3p ' miR-214/761/3619-5p  miR-458 miR-30ahcdef A30abe-5p,/5354-0p
miR—iZEa—Ep.ﬂ'125b—5p.r"351,r"6?0,r”43:1!9 miR-377 ImiR—iZB;”lZBab : iR—13I4,r"3118 : miR-410/3ddde3ddb-1-3p
! miR-491-5p ' ImiR—221f222f222abH1928 miR—iZ'l ] B ml'—28—5pf?08}140?!1&53?3139
' miR-128/128ab miR—329H32Qa;f362—3p miR-224 ng—ZOZ—Sp miR-193,/193h,/1953a-3p
' miR-539,/535-5p ' miR—%SSKSSS—;p miR-431 ' miR-7/7ah
: ImiR—451 ' :

niR-z6ab,1237,/4465
1

Key:

[Hide Conserved stes far mANA familes consarved anly amang mammals) Sites with higher probability of preferential conservation
[Hide poarly conservad sites for mIRNA familes eonserved among mammals or verebrates] _ N
[Show sites for poorly conserved mIBNA families] Wamer W 7mer-m8 Ml Tmer-1A [l 3 comp
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Identification of microRNA targets

x 4 Translational repression
40s

mRNA degradation
deadenylation

*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.




Regulation of microRNA targeting efficiency

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

d

Pumilio-stimulated miRNA-mediated silencing

miRNA
target site

O

5 Pumilio-1 Pumilio-1
| SV et 3
2| binding site Q O

Blocked miRNA repression Activated miRNA repression

b

HuR-inhibited miRNA-mediated silencing

O HuR oligomerization
MR __HWR
_@ binding site

Activated miRNA repression Blocked miRNA repression

HuR-stimulated miRNA-mediated silencing

O O
. o ®

Blocked miRNA repression Activated miRNA repression

Fabian & Sonemberg, 2012.



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.

AAAAAAAAAAA

Nature Reviews | Cancer

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.

B =\ CircRNAs
ceRNA O
o AAAAA - /

A 57 -4 IncRNA
. ' .  EE— — AAAAA
miRNAs e "'""
. E Pseudogenes
b N v i T~ AAAAA
mw\-\/\-\a\
mRNA
o I T AAMAA

Nature Reviews | Genetics

Fatica & Bozzoni, 2013. Nature Rev Genetics



miRNA expression

* miRNAs show dynamic temporal and spatial expression
patterns, disruption of which 1is associated with
developmental/physiological abnormalities.




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

||||||||||||
|||||||||||||||||||||||||||||||||||||

«  miRNAs are differentially

expressed in tumor samples

*  Human tumors are

characterized by unique miRNA
expression profiles

Breast Colon Lung | Thymus




Oncogenic miRNAs

Cancer-Related

Cancer Types In Vivo Experimental Mechanisms and/or
Name ncRNA Class Examined Techniques Used Functions of ncRNA References
Oncogenic ncRNAs
miR-10b miRNA breast, antimiRs, CRISPR-Cas9 targets several transcripts Ma et al., 2010; Kim et al.,
glioblastoma knockdown in mouse that encode regulators of 2016; El Fatimy et al., 2017
xenografts and allografts; cell-cycle progression,
transgenic knockout mouse migration, invasion, and
models metastasis
miR-21 miRNA lung, B cell transgenic knockout, targets transcripts that Hatley et al., 2010; Medina
lymphoma overexpression mouse encode negative regulators et al., 2010
models of RAS signaling, leading to
increased proliferation and
decreased apoptosis
miR-31 miRNA lung, breast overexpression in mouse targets transcripts that Edmonds et al., 2016; Lv
xenografts; transgenic encode regulators of RAS, et al., 2017
knockout, overexpression WNT, and TGF-p signaling to
mouse models increase proliferation, stem
cell renewal, and metastasis
miR-155 miRNA lymphoma transgenic overexpression targets SHIP1 transcript, a O’Connell et al., 2009; Babar
mouse model, treatment with negative regulator of AKT, to et al., 2012; Cheng
antimiRs increase proliferation and et al., 2015
survival
miR-221 miRNA liver overexpression, treatment targets transcripts of tumor  Pineau et al., 2010; Park

with antimiRs in mouse
xenografts

suppressors and cell cycle
inhibitors (e.g., p27, PTEN) to
increase proliferation and
decrease apoptosis

et al., 2011



Tumor-supressive miRNAs

let-7

miR-15a/16-1

miR-34a

miR-122

miR-506

miRNA

miRNA

miRNA

miRNA

miRNA

lung

prostate,
leukemia

lung, prostate,
breast

liver

ovarian

antimiRs, mimetics in mouse
xenografts or transgenic lung
cancer mouse models

knockdown, overexpression
in mouse xenografts;
transgenic knockout mouse

overexpression, mimetics,
antimiRs in mouse
xenografts; mimetics in
transgenic lung cancer
mouse models

transgenic knockout mouse
models, overexpression in
transgenic liver cancer
mouse models

mimetics in mouse
xenografts

targets several transcripts
that encode oncogenes,
including RAS, leading to
decreased cell cycle
progression and proliferation

targets several transcripts
that encode cyclins, CDKs,
and anti-apoptotic proteins,
thereby increasing apoptosis
and inhibiting proliferation

targets several oncogenic
transcripts encoding cyclins,
CDKs, cell adhesion
molecules, RTKs, and other
non-RTKs, resulting in
decreased proliferation,
invasion, and survival

targets expression of several
genes involved in lipid
metabolism, proliferation,
and inflammation

targets SNAI2 transcript to
decrease its expression and
inhibit migration, invasion,
and EMT

Trang et al., 2010, 2011

Bonci et al., 2008; Klein
et al., 2010

Liu et al., 2011; Trang et al.,
2011; Kasinski and Slack,
2012; Adams et al., 2016b

Hsu et al., 2012; Tsai
et al., 2012

Yang et al., 2013a



Context-dependent miRNAs

miR-26a miRNA glioma, leukemia, overexpression in transgenic targets both tumor Huse et al., 2009; Kota et al.,
liver, colorectal glioma, liver cancer mouse  suppressor (PTEN) and 2009; Mavrakis et al., 2011;
models; transgenic cyclin (CCND2/E2) Zeitels et al., 2014
overexpression mouse transcripts to either increase
models or decrease proliferation,
depending on the context
miR-29 miRNA leukemia, mimetics in mouse promotes proliferation in B Garzon et al., 2009;
glioblastoma xenografts; transgenic cells but can also target and Santanam et al., 2010; Ru
overexpression mouse decrease expression of etal, 2016
models transcripts that enhance lipid

synthesis (SCAP, SREBP-1),
proliferation (CDK6), and
apoptosis (MCL-1)



Circulating 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.

Source cell

A Ya
—~— Xxosome
>

~

Diffusion to neighbouring

cells, or to distant cells
Receptor- via circulation
independent uptake °

s @ Receptor-

— e ? mediated uptake

Release of miRNAs or
Target cell o~ AGO-miRNAs into target cells

e o
N/
Repression AAA~e)_°
of target mRNA B
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