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Press Release - 2 October 2006

The Nobel Assembly at Karolinska Institutet decided to award The Nobel Prize in
Physiology or Medicine for 2006 jointly to

Andrew Fire and Craig Mello

for their discovery of

"RNA interference — gene silencing by double-stranded RNA"

This year's Nobel Laureates have discovered a fundamental mechanism for controlling the flow of genetic information. Our genome
operates by sending instructions for the manufacture of proteins from DNA in the nucleus of the cell to the protein synthesizing
machinery in the cytoplasm. These instructions are conveyed by messenger RNA (mRNA). In 1998, the American scientists Andrew
Fire and Craig Mello published their discovery of a mechanism that can degrade mRNA from a specific gene. This mechanism, RNA
interference, is activated when RNA molecules occur as double-stranded pairs in the cell. Double-stranded RNA activates
biochemical machinery which degrades those mRNA molecules that carry a genetic code identical to that of the double-stranded
RNA. When such mRNA molecules disappear, the corresponding gene is silenced and no protein of the encoded type is made.

RNA interference occurs in plants, animals, and humans. It is of great importance for the regulation of gene expression, participates

in defense against viral infections, and keeps jumping genes under control. RNA interference is already being widely used in basic
science as a method to study the function of genes and it may lead to novel therapies in the future.

Potent and specific genetic interference by double-stranded RNA 1n

Caenorhabditis elegans
Andrew Fire, SiQun Xu, Mary Montgomery,Steven A. Kostas, Samuel E. Driver & Craig C. Mello

Nature (1998) 391, 806 - 811



Antisense RNA against the 5 UTR of mRNAs was used as a way of inhibiting
translation of specific mRNAs and therefore decrease protein levels

In C.elegans easy to do since you can microinject (or transform) either DNA or RNA
into the distal germ line (or into a single gonad or intestinal cell because of a very
efficient RNA transport system) and test the effect on different phenotypes

Figure 1. Microinjection of the C. elegans gonad. The optimal position of the injection needle in the cytoplasmic core of
the distal germ line is depicted. For DNA transformation, injection solution should flow in both directions through both the
distal and proximal germ line (arrows). Note: The optimal hermaphrodite would be several hours older than the one shown
here, with a larger gonad syncytium that has a larger, more obvious cytoplasmic core.
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Antisense RNA against the 5° UTR of mRNAs
was used as a way of inhibiting translation of specific
mRNAs and therefore decrease protein levels

In C.elegans easy to do since you can inject either DNA
or RNA into the animal and test the effect on different
phenotypes

In Fire and Mello paper

Purified antisense and sense RNAs covering a 742-nucleotide
segment of unc-22 had only marginal interference activity it injected
separately, requiring a very high dose of injected RNA to produce
any observable effect (Table 1).

In contrast, a sense—antisense mixture produced highly effective
interference with endogenous gene activity.




Nature 391, 806-811 (19 February 1998)

Potent and specific genetic interference by double-stranded RNA in Caenorhabditis
elegans

Andrew Fire ....... and Craig C. Mello

Experimental introduction of RNA into cells can be used in certain biological systems to interfere with
the function of an endogenous gene. Such effects have been proposed to result from a simple antisense
mechanism that depends on hybridization between the injected RNA and endogenous messenger RNA
transcripts. RNA interference has been used in the nematode Caenorhabditis elegans to manipulate
gene expression. Here we investigate the requirements for structure and delivery of the interfering
RNA. To our surprise, we found that double-stranded RNA was substantially more effective at
producing interference than was either strand individually. After injection into adult animals,
purified single strands had at most a modest effect, whereas double-stranded mixtures caused potent
and specific interference. The effects of this interference were evident in both the injected animals
and their progeny. Only a few molecules of injected double-stranded RNA were required per affected
cell, arguing against stochiometric interference with endogenous mRNA and suggesting that there could
be a catalytic or amplification component in the interference process.
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Figure 2 Analysis of RNA-interference effects in individual cells. Fluorescence micrographs show
progeny of injected animals from GFP-reporter strain PD4251. a—c, Progeny of animals injected
with a control RNA (double-stranded (ds)-unc22A). a, Young larva, b, adult, ¢, adult body wall
at high magnification. These GFP patterns appear identical to patterns in the parent strain, with prominent
fluorescence in nuclei (nuclear-localized GFP-LacZ) and mitochondria (mitochondrially targeted GFP).
d—f, Progeny of animals injected with ds-gfpG. Only a single active cell is seen in the larva in d,

whereas the entire vulval musculature expresses active GFP in the adult animal in e. f, Two rare GFP-
positive cells in an adult: both cells express both nuclear-targeted GFP-LacZ and mitochondrial GFP.

At high concentrations of gfp dsSRNA, we saw interference in virtually all striated body-wall muscles, with occasional
lone escaping cells, including cells born during both embryonic and postembryonic development. The non-striated
vulval muscles, which are born during late larval development, appeared to be resistant to interference at all tested
concentrations of injected dsRNA.



What's RNA interference (RNAi)?

* RNAI it's a process of gene silencing
triggered by a dsRNA

@/’V@/M‘




RNAI + PTGS Post-Trascriptional Gene Silencing

RNA interference (RNAI)

Post-transcriptional gene silencing (PTGS)

Virus-induced gene silencing (VIGS]

Quelling
Cosuppression



Characteristics of PTGS

*is sequence specific

-both endogenous genes and transgenes are silenced (co-suppression)

-acts at post-transcriptional level

‘gene silencing correlates with the presence of transgenic tandem repeats

the accumulation of unexpected transgenic chimeric transcripts
correlates with gene silencing

- reverts via excision of transgenic copies

» acts /n trans in heterokaryons (it is mediated by a diffusible molecule)



Co-suppression

The overexpression of the CHS (Chalcone synthase) gene in petunia
leads to lack of flower pigmentation instead of increasing it.

Napoli et al., (1990)
Jorgensen et al., (1996)

The transgene causes the suppression of both the exogenous and
endogenous genes



Quelling

In Neurospora crassa the introduction of a transgene causes the
silencing of the homologous endogenous gene albino-1 (al-1) coding for a
protein of the carotenoid biosynthetic pathway

— S -
Romano e Macino (1992)
Cogoni et al., (1996)

wt al-1 wt + transgene al-1

The transgene causes the suppression of both the exogenous and
endogenous genes



Initiation and Maintenance of Virus-Induced Gene

Silencing
The Plant Cell, Vol. 10, 937-946, June 1998
M. Teresa Ruiz, Olivier Voinnet, and David C. Baulcombe

The phytoene desaturase (PDS) gene of Nicotiana
benthamiana was silenced in plants infected with potato virus
X (PVX) vectors carrying PDS inserts, and a green
fluorescent protein (GFP) transgene was silenced in plants
infected with PVX-GF P. This virus-induced gene silencing
(VIGS) is post-transcriptional and cytoplasmic because it is
targeted against exons rather than introns of PDS RNA and
against viral RNAs.



RNAI:

a tool for inhibiting gene expression /n vivo in a sequence-specific way

C. elegans

Hela cells Hannon, G (2002) Nature 418, 244-251 Drosophila

In plants, silencing can be triggered, for example, by engineered RNA viruses or by inverted repeat transgenes. In worms, silencing can be
triggered by injection or feeding of dsSRNA. In both of these systems, silencing is systemic and spreads throughout the organism. a, A
silencing signal moves from the veins into leaf tissue. Green is green fluorescent protein (GFP) fluorescence and red is chlorophyll
fluorescence that is seen upon silencing of the GFP transgene. b, C. elegans engineered to express GFP in nuclei. Animals on the right
have been treated with a control dSRNA, whereas those on the left have been exposed to GFP dsRNA. Some neuronal nuclei remain
florescent, correlating with low expression of a protein required for systemic RNAi159. ¢, HeL a cells treated with an ORC6 siRNA and
stained for tubulin (green) and DNA (red). Depletion of ORC6 results in accumulation of multinucleated cells. Stable silencing can also
be induced by expression of dSRNA as hairpins or snap-back RNAs. d. Adult Drosophila express a hairpin homologous to the white gene
left), which results in unpigmented eyes compared with wild type (right).




Cosuppression, PTGS, Quelling, VGS
initially appeared different processes.

The identification in different organisms of mutants affecting
these processes and the characterization of very short RNAs
has allowed to produce a unifying theory.



RNAI correlates with the production of small RNAs

*In plants, during PTGS, small
RNA of 25 nt are found. They
are absent in control plants.

Such RNAs are complementary
to both the sense and antisense
sequences of the silenced gene >
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miRNA

double-stranded RNA
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First step:
Processing of long dsRNA in 21-23 nt long pieces
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Dicer has two RNase III domains
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RNAi mechanism
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¢ Dicer

wmmp SIRNA (~22 nt), also called guide RNA

.

a4 RNA-induced silencing complex (RISC)

"latent form”, containing ds-siRNA

Activation of RISC - l
ATP-dependent siRNA unwinding

M7Ge”™ iy T AAAAAAA (target mRNA substrate)

active RISC (containing ss-siRNA, the antisense molecule)
Target cleavage

by endon ucloay

}

RNA degradation by exonuclease



A model of dsRNA processing by Dicer

Dicer ATPase/helicase DUF283 PAZ

___________________

{ ATPase/Helicase,
DUF 283

___________________

* Dicer functions as a monomer (i.e., intra-molecular y-dimer)
* PAZ domain recognizes the end

- Dicer has a single processing center, with two independent
catalytic sites

 Each RNase IIT domain cuts one RNA strand in a polar way



siRNAs have a well defined structure

19 nt duplex
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Second step:

The antisense siRNA is incorporated into the RISC
complex and directs cleavage of the target RNA

‘Dicer releases siRNAs to RISC through

the interaction of its Paz domain with the
one of AGO

*RISC is a multiprotein complex

*The activation of RISC is ATP-dependent
and requires the unwinding of the duplex
siRNA
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RNAi mechanism
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Meccanismo dell’ RNAI
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RNAi functions

- Control of exogenous parasites (viruses or genes)
» Control of endogenous parasites (fransposons)

* Developmental regulation:
control of translational - miRNAs

* Regulation of chromatin structure



MIiRNA

Identification and function



Lee RC, Feinbaum RL, Ambros V. Cell 1993 75:843-
54

The C. elegans heterochronic gene lin-4 encodes small RNAs with antisense
lin-4 is essential for the normal teopwldmentiotidy diodrelgastembryonic developmental events in
C. elegans. lin-4 acts by negatively regulating the level of LIN-14 protein, creating a temporal
decrease in LIN-14 protein starting in the first larval stage (L1). We have cloned the C. elegans lin-4

locus by chromosomal walking and transformation rescue. We used the C. elegans clone to isolate the
gene from three other Caenorhabditis species; all four Caenorhabditis clones functionally rescue the
lin-4 null allele of C. elegans. Comparison of the lin-4 genomic sequence from these four species and
site-directed mutagenesis of potential open reading frames indicated that lin-4 does not encode a
protein. Two small lin-4 franscripts of approximately 22 and 61 nt were identified in C. elegans and
found to contain sequences complementary to a repeated sequence element in the 3" untranslated
region (UTR) of lin-14 mRNA, suggesting that lin-4 regulates lin-14 translation via an antisense RNA-
RNA interaction.

Wightman B, Ha I, Ruvkun 6. Cell. 1993 75:855-62.

Posttranscriptional regulation of the heterochronic gene lin-14 by lin-4 mediates
temporal pattern formation in C. elegans.

During C. elegans development, the temporal pattern of many cell lineages is specified by graded activity of the
heterochronic gene Lin-14. Here we demonstrate that a temporal gradient in Lin-14 protein is generated
posttranscriptionally by multiple elements in the lin-14 3'UTR that are regulated by the heterochronic gene Lin-4. The
lin-14 3'UTR is both necessary and sufficient to confer lin-4-mediated posttranscriptional temporal regulation. The
function of the lin-14 3'UTR is conserved between C. elegans and C. briggsae. Among the conserved sequences are seven
elements that are each complementary to the lin-4 RNAs. A reporter gene bearing three of these elements shows
partial temporal gradient activity. These data suggest a molecular mechanism for Lin-14p temporal gradient formation:
the lin-4 RNAs base pair to sites in the lin-14 3'UTR to form multiple RNA duplexes that down-regulate lin-14

translation.



Reinhart BJ, Slack FJ, Basson M, Pasquinelli AE, Bettinger
JC, Rougvie AE, Horvitz HR, Ruvkun 6.
Nature. 2000 403:901-6.
The 21-nucleotide let-7 RNA regulates developmental timing
In
Caenorhabditis elegans.

The C. elegans heterochronic gene pathway consists of a cascade of regulatory genes that
are temporally controlled to specify the timing of developmental events. Mutations in
heterochronic genes cause temporal transformations in cell fates in which stage-specific
events are omitted or reiterated. Here we show that let-7 is a heterochronic switch gene.
Loss of let-7 gene activity causes reiteration of larval cell fates during the adult stage,
whereas increased let-7 gene dosage causes precocious expression of adult fates during
larval stages. let-7 encodes a temporally regulated 21-nucleotide RNA that is complementary
to elements in the 3’ untranslated regions of the heterochronic genes lin-14, lin-28, lin-41,
lin-42 and daf-12, indicating that expression of these genes may be directly controlled by
let-7. A reporter gene bearing the lin-41 3" untranslated region is temporally regulated in a
let-7-dependent manner. A second regulatory RNA, lin-4, negatively requlates lin-14 and lin-
28 through RNA-RNA interactions with their 3" untranslated regions. We propose that the
sequential stage-specific expression of the lin-4 and let-7 regulatory RNAs triggers
transitions in the complement of heterochronic regulatory proteins to coordinate
developmental timing.



wild-type lind (912) let-7 (n2853)  linA1{n2914)

Via Vig Vi Vig

o s s R

L2

—_—
-
-

Lin-4 reiteration of early fates at inappropriately late stages

/in-14 null mutations cause a phenotype opposite to that of /in-4 and are completely
epistatic to lin-4, which is consistent with lin-4 acting as a negative regulator of lin-
14,

/in-14 mutants skip the expression of L1l-specific events and precociously execute
programs normally specific for L2. L3, L4 and adult stages.

let-7 gene activity causes reiteration of larval cell fates during the adult stage



a let-7 unc-3 unc-7 lin-15
LG X —H= {

- T - Rescue

+ 1+ 1

- - -
“ - let-7 - -
n2853 * [ mnT12A 2.5kb
}— Mmg279A

b C.elegans GATACCATGE AGSACGAOSIG OFCOCGATAC TGOOSCCO33 GCCOZOGATT COCAACAATSG GROCATACGG AGACGAAGRG AOSCAGOZRA 12,774
FELE IR 111 T (111 [ ‘ ‘

C.briggsae CATACCATOA ACRACAACID O COGTN TG JCCO03 CGACCTCAATT COCAACAAAG GAOGCAOICOA AGACGAAGHKD ACATAGAGAT
A A TTx T T AT. AT AT PerT N T

\ | 1] ‘ ‘ \ [

N RACTTG CTCOTGATGOG TCOGOTAMS *CA 3C TGOGTTCCT ATGCATTGAG CTCTTTTAGT
F—mn112A
TTTTTTTCTT A.TTCTAGAT GAGTAG ACCTAGCMNG SGTOCTTTTT TTCTCTTTT sTAGGRARMAT TTTCAGTTAC ACTTATTTAT TAGRAADCTA
| I | | | | I | | I
L 1 ATT 1 PR | I 1 I 1 (T L TTA
I'T 1 1 I TRGS TCCCTT 1 1 L 1

{ mni12a— AN2853

p———— mg279A >

NTTGE A O33TCTACAC TGEAT ITGAGGTAGT AGGTTGTATA" GTTTOEAATA TTACCAOCGE TGAACTATGC AATTTTCTAC 12,388
I (BN AN I [N | RARRAL | FrEer rrl I I
QAT TOCNGO LATAATOS. C..TCTACAC T3.GO00TAOS OTAAIOTAST AGGTTOTATA OTTTACAATA TTACTCTCOG TORACTATOC ARGTTTCTAC

The /et-7 gene sequence. a, Transgenic rescue. +, more than 90% rescue in multiple lines; -, no
rescue. Arrows above CO5G5 indicate predicted genes. b, Sequence comparison of /et-7 from C
elegans and C. briggsae. The 2.5-kb genomic fragment that fully rescues /et-7(mni12) corresponds
to nucleotide positions 14,208-11,749 of cosmid CO565. The 21-nucleotide /et-7 transcript is
indicated by an arrow. A truncation of the 2.5-kb fragment (to 12,446) deleting this transcript no
longer rescues /et-7(mnilZ) . The ATG at 12,857 and a 3" splice consensus TTTTCAG of a non-
conserved open reading frame at 12,494 are indicated by bars.



o em i

e U6

- lin-4L

-

— <= lin-4L

-=-lin-45

Figure 5. ldentification of Twn Small lin-g
Transcripts

(A) Northern blot of total RNA from wild-type,
lin-4{@812) (strain VT371), and Hin-4{ed12) res-
cued by transformation with pVTSalé (strain
VT510), probed with radiolabgled fin-4 ANA
prube. Although rat shown here, simiiar nonn-
@rn blots have bean done with DNA oligonucie-
olides loaded as size markers.

[B) Nornern Dot shown In [A), stripped and
reprobed with an oligonucieotide complemen-
tary to UG snRANA, to control for RNA loading.
(C) ANAase protection analysis of total ARNA
fram wild-type N2, lin-4/2972), and a in-4 line
rescued by pVTSal6 (strain VT510). The W4
ANA probe used here and in (A} was generated
as a runoff transcript from pMspl digested with
EcoRI (T7RI, Figure 4). This fin-4 probe covers
nuclectides 506-568 and does not include the
¥ end of lin-4L; hence, lin-4L. does not com-
pletely protect the probe in this assay. Probe
fragments protected by lin-4S and lin-4L are

indicated by the arrows. RNA size markers generated by runoff transcription of pBS are shown at the left. The gel was exposed to film for 16 hr

with an intensitying screen,

(D) Same gel shown in (C), exposed to film for 96 hr with Intensifying screen to better visualize the product protected by fin-4L. For both the
Northern blots and RNAase protection experiments, the estimated error in the lengths of RNA molecules is + 2 .
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The stRNAs /in-4 and /et-7 control the
developmental timing in C.elegans by repressing the

translation of lin-14 and mRNAs
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The 21-nucleotide /et-7 RNA. a,
Northern blot of total RNA from
mixed stage wild-type (lane 1),

let-7(n2853) (lane 2), /in-
28(n719) (lane 3) and /in-
28(n719)  let-7(mnl1l2)  unc-

3(e151) animals (lane 4) probed
with p249N. b, ¢, S1 nuclease
transcript mapping. b, 5 probe
p263 undigested (lane 1), and
digested after hybridization to
wild-type RNA (lane 2) or tRNA
(lane 3). ¢, 3' probe p267
undigested (lane 1), and digested
after hybridization to wild-type
RNA (lane 2) or tRNA (lane 3).
Sizing 1 nucleotide. d, Northern
blot of wild-type RNA from the
first 3  hours of each
developmental stage. e,
Temperature-sensitive period of
let-7(n2853) viability.



Inhibitors of translation - miRNAs

The genomes of €. elegans, Drosophila, human and plants encode
for microRNAs (miRNAs) = small temporal RNAs (stRNAs)
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miRNA precursor

double-stranded RNA
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Biosynthesis of miRNAs

Polycistronic Monocistronic
miRNA genes miRNA genes
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Model

for a common pathway

in which miRNAs direct

translational repression
and siRNAs direct target

RNA destruction (RNAI)
the difference depending

on the type of pairing

with the substrate

Il RISC will act stoichiometrically

in repressing translation but

catalytically in RNA destruction

via RNAi
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“Identification of novel genes coding for small expressed RNAs”
(Lagos-Quintana et al., 2001)
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..2000...

2 microRNAs

5’-ucccugagaccucaaguguga-3 lin-4  C. elegans

5’—ugagguaguagguuguauaguu—3’let'7 C. elegans and vertebrates

both involved in developmental regulation



...after 2000

oodecconaiCeveianaus iy,
0= 0m0)

¢®ecuc”cec®onoa cuca ououo bud™y

(GGRC, 663, CUCY GGGY, CACACTUCGT,
AP %nd* P4 a?

GU. CU
GGCCUGUUCCCUGAGACCUCAAGUGUGAGUGUACUA G CCUGUUCCCUGAGACCUCAAGUGUGA GUA 3
¢, GGAG,, GGG _CUCU, GGGy CCACACUUCGUAGl}] ¢%ccug”ceconca cuca™susuos bus ™y CySORG, , FO8CUCY SCCY, CACACUUCEY, .37

CAGGACCM?GGCCUCUCGGGUCCACACWCGUAGU

GU __CU
GGCCUGUUCCCUGAGACCUCAAGUGUGA Gua A

U
¢ AGGACCA I?GG CCUCU CGGGU CCACACUUCGUAGU

=== hundreds of microRNAs!

Cu
GGCCUGUUCCCUGAGACCUCAAGUGUGAG UGUA A

U
GGAC__ GGG _CUCU_GGGU_CACACUUCGU - R
CACCRAGAF c c acV

Cecuc™cec onoacueaaueuok bua' i -
€ onc oa eves, Gocn Chcncoucat L LW

o
N €,GGAS, §GGCUCY GGGY CACACIUCGY,

¥

Cecueecc’caci®euca™eucues bua®UA

6%ceuc?ecc”eaca®cuca®sucuch Gua“ A
¢, GGAC, GGG _CUCU_GGGU_CACACUUCGU,
A ead S c (- AG

CAGGACCA&GGCCUCUCGGGUCCACACUUCGUAG“

[
GGCCUGU eec GAGACCUCA GUGUGAGUGUA UA all Organlsms
C AGGACCA l?GG CCUCU CGGGU CCACACUUCGU y
and viruses. .

acY

ctuc?YcccPeacaCeucasucues ua
CAGGA%M?GGCCUCUCGGGUCCACI\CUUCGUAG U

6ccug”ecc aaca cucatovouas bua™Y

= e CaCme) GU. CU
WA e 6®ccucPecc’cacacuca®cucucs GuaT A

GU

uu u c A GU, __CUp

G CCUG CCC GAGA CUCA GUGUGA GUA U
CAGGACCA (?GG CCUCU CGGGU CCACACUUCGUAGU

GGCCUGWCCCuGRGACC"CAAGUGUGIGUGUACUA
€, GBAG, | 663 CUCY GGGU CACACUUCGY, 17

oo ecdmaiCtueiMamavahuly

€, GGAG,, §63 CUCY, GGGU, CACACUUCGE,

GU ___CU
G CCUGUUCCCUGAGACCUCAAGUGUGA Gua A

C GGAC I?GG CUCU GGGU CACACUUCGU, agU

"A

Cecue?ecc’oacieuca™ovoucs bua®UA
GA GG _CUC GU_CACACUUCG!
CAG CCM? GCC UCGG UCC UAG“

€,GGAC, 666 CUCY GGGU CACACUUCGU, i 6Sccue”ecc’caca®cucaeucuek Gua® A
3 C,GGAG,, 6GG CUCU GGGU CACACUUCGU, .y
GGCCUGU"CCCUGAGA CUCA' GUGUGAG GUAC‘7A A CAl c c c AG

U .
GGAC GG _CUCU_GGGU _CACACUUCGU,
b N e S ac? N -y Gy, CU,
. G CCUG CCC GAGA CUCA GUGUGA GUA
€,G6AC, | GGG CUCY, GGGU CACACUUCGY, o

G Po, 40 c A GU, .CU
G CCUG CCC GAGA CUCA GUGUGA GUA A G uu, _ 0, c A GU. _CU,
GA G U GGG ACACUUCG! Cocus”eecoacacucs™ mw;"’mc"x b cc:s pon ocndymany Gxezm = »;’
CAG CCA[? GCCU Uc UCC oul UAGU €, 08RG, 66 cucu.mv CACACOUCGT, CAGG CCMFGGCCUC"?GGGUCC = CWCGUAGU
N4 c A GU, .CU
i ¢®ccucecc’caca®cuca®cucucs GuAT A

g csac'_“{.ca €UCYGGGU CACACUUCGT,

CAGGACCA (?GG CCUCU CGGGU CCACACUUCGUAGU

GU __CU
G CCUGUUCCCUGAGACCUCAAGUGUGA Gua A

Al Al
CAGG CCAI?GGCCUCUCGGGUCC CACUUCGUAGU

U
GGCCUGuuCCCuGAGACCUCAAGUGUGAGUGUAC A
GGAC GG _CUCU_GGGU _CACACUUCGU.
CpSCeRGaF e c c acV

G, OO0
GGCCUGUUCCCUGAGACCUCAAGUGUGAG Gua A

GGAC__ GGG _CUCU _GGGU CACACUUCGU,
CpBCRAGAF c c acY

GGCCUGU"CCCUGAGACCUCAAG"GUGAGUGUACVI:J
€, GBAG, | 663 CUCY GGGU CACACUUCGY, 1



microRNAs
-complex family of 21-23 nucl small RNAs

(~1% of higher eukaryotes genes)

present in metazoa and plants
78 D.melanogaster
116 Celegans

>2000 H.sapiens
112 A.thaliana

\\ Drosha/D mi
i&@ pri-miR

GCR8

and mammalian viruses
5-11 Herpesviruses , EBV

N
they control cell growth and oo XTI ,%"\
differentiation by requlating | D

mRNA stability and translation RISC/ miRNA N




“Drosha” and “Dicer” RNases

Pri-miRNA processing by Drosha

Drosha —
RIIDa

----terminal loop

3

dsRNA stem
(~22nt)

SD junction

3

dsRNA external stem
(11nt)

y

h
Symmetrical ssRNA

IA

(~34nt)

“ssRNA-dsRNA Junction Anchoring”” Model

Han et al., Cell 2006

Pre-miRNA processing by Dicer

RIIDb

dsRNA stem
(~22 nt)

f

PAZ domain? US’ E}Rﬂg

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



A model of dsRNA and miRNA processing by Dicer

Dicer ATPase/helicase DUF283 PAZ

*3dsRBD

___________________

{ ATPase/Helicase,
DUF 283

___________________

* Dicer functions as a monomer (i.e., intra-molecular y-dimer)

* PAZ domain recognizes the end

- Dicer has a single processing center, with two independent
catalytic sites

 Each RNase IIT domain cuts one RNA strand in a polar way



how this does it works in RLC?

S 2200
rc €.

ATP
cleaved 0
passenger strand :
LT, oL, ADP

mature RISC




Argonaute proteins

- characterized by PAZ and PIWI domains (PPD
proteins)

- PAZ domains anchor the 3’ ends of small
RNAs

Ago proteins in different

organisms
S. pombe 1
D. melanogaster 5
C. Elegans 27
Mammals 4

- PIWI domain is structurally similar to RNase H
and can cleave complementary RNAs

- The MID domain anchors the 5’ end of the
small RNA

- Ago proteins specifically bind small RNAs and
are key-players in small RNA guided gene
silencing




The human Argonaute protein family

Member chr.

Ago1 1 NVAR— T ———
Ago2 8 A —
Ago4 1 —
Ago3 1 —
MILI 8 .
MIWI 7 —
MIWI2 11 — -
MIWI3 22 ————

100 aa
A type of small non-coding RNA known as piRNAs (Piwi-interacting RNAs) have recently
been
shown to have important and conserved function in germ cell development and maintenance. The
Piwi proteins are highly conserved throughout evolution, belong to the Argonaute family and are
close relatives of the Ago proteins that execute miRNA/siRNA function




Model of the A.fulgidus 5’
phosphate binding pocket
with Y123p

* Y529 is conserved between
human Ago2 and A.fulgidus Ago
(Y123)

* Y529F allows stacking
interactions, Y529A destroys
stacking interactions

- Y529E destroys stacking
interactions and generates a
negatively charged environment

Y - Tyr

F - Phe Wang Y., Patel D.
E - Glu




Summary Il

 Ago proteins are phosphorylated at different sites

* Ago2 is phosphorylated at tyrosine 529 located in the 5’p binding
pocket

+ Ago2 Y529E generates a negatively charged environment in the
5’p binding pocket

« Ago2 Y529E interacts with Dicer and TNRC6B suggesting correct folding

+ Ago2 Y529E has reduced cleavage activity and P-body localization

» due to reduced small RNA binding

+ Ago2 Y529 phosphorylation could be a switch to inactivate Ago?2
reversibly



A Small RNA E pSmaII RNA

o)
OH
4 \EEEEEREEEEEEEE N A Aaa (11
Vi) ) ‘LLLJII HHHEEHEEEHEEEE SR
Target RNA Target RNA
5 - CGUACGCGGAAUACUUCGAYU- 3~ 5 -UGUUAGCUCCAUGAAAACTT-3~
0000000O0DOCOGDOOOOIOGIONONONDOS o000 OGOOO 0000OGDOGOOO
37 - AGUGCAUGCGCCUUAUGAAGCUUUACA-5 " 3~ -GCCACAAUCGAAACACUUUUGAAGGC-5"
Luciferase siRNA and target CXCR4 siRNA and target
5 -UAGGUAGUUUCAUGUUGUUGGG-3 "
0000 00000C0OCFOCOIOGIONIOGOGOOOGNOONOO
3~ - CUUAUCCGUCAAAGUACAACAACCUUCU-5"
miR-196a and HOXB8 mRNA (H. sapiens) éJC
{ y\
5 -UCGGACCAGGCUUCAUUccCC-_3- 5~ -UCCCUGAG UGUGA-3 "~
2 000000000 OCDBOGCOIOGOGEOGOGOOTS 2 > 0000OCGOOO 00000 >
3 * -UUAGGCCUGGUCCGAAGUAGGGUUAGU-5 3 -UCCAGGGACUCAACCAACACUCAA-5
miR-166 and PHAVOLUTA mRNA (A. thaliana) lin-4 miRNA and /in-14 mRNA (C. elegans)

Small RNA binding modes

(A) Extensive pairing of a small RNA to an mRNA allows the Piwi domain of a catalytically active Argonaute protein
(e.g., Ago2 in humans or flies) to cut a single phosphodiester bond in the mRNA, triggering its destruction. Synthetic
siRNAs typically exploit this mechanism, but some mammalian miRNAs (such as miR-196a) and most, if not all, plant
miRNAs direct an Argonaute protein fo cut their mRNA targets. (B) Partial pairing between the target RNA and the
small RNA, especially through the "seed" sequence—roughly nucleotides 2 to 7 of the small RNA—tethers an Argonaute
protein to its mRNA target. Binding of the miRNA and Argonaute protein prevents translation of the mRNA into
protein. siRNAs can be designed to trigger such "translational repression" by including central mismatches with their
target mRNAs; animal miRNAs such as /in-4, the first miRNA discovered, typically act by this mode because they are
only partially complementary to their mRNA targets. The seed sequence of the small RNA guide is highlighted in blue.



MicroRNAs: ~21-nt reqgulators of gene expression

Drosha Manssaaanining
, complex . ~ RISC-like miRNPcomplex
(nucleus) Dicer miRNA

" Ee ~Ago
Pri-miRNA Pre-miRNA

PPN
OO 3’-UTR

AAAAAAAAA

- Conserved from plants to humans

- several thousands of miRNAs may operate in primates

- Tissue- and development-specific expression

+ ~30% of all human genes are predicted to be miRNA targets

* Function as miRNPs, with Argonautes (Ago), FMRP, Gemins



miRNAs and their mRNA targets: emerging patterns

.................
- - -

~ —, ., i, :
Cap -T¢45¢% Y D e

+4++ 444 -

Bartel et al., 2004

* Bind to mRNA 3’ -UTRs; targets spread over kilobases of 3" -UTR
» One miRNA can control activity of many different mRNAs
» A single mRNA can be controlled by more than one miRNA

Major advantages of miRNA regulation?
* Networking and fine-tuning of gene expression

» Rapid (and possibly reversible) repression



miRNAs: major challenges

Identification of mMRNA targets

*  Mechanism of inhibition of protein accumulation

< \
- m AAAAAAAAA

U |
TS 3'-UTR

From W. Filipowicz



How do miRNAs inhibit pr'oducfive translation?

K miRNP

m | rof YTt P AAAAAAAAA

ﬁAUﬁ .
3’-UTR

Observations:

* Proteins do not accumulate (different metazoa)

* mRNA levels largely unaffected (C. elegans, Drosophila, mammals) but
some recent papers (Lim et al., 2005; Pasquinelli et al., 2005) report
considerable mRNA degradation

- mRNA associated with polysomes (C. elegans; Olson & Ambros, '99)

Queshons
- Is translation per se inhibited? Or proteins are made but undergo
proteolysis?
* If translation is targeted, what is the mechanism?
- Contribution of mRNA degradation
* Do all miRNAs function in the same way?

From W. Filipowicz



mRNA reporters to study miRNA-mediated repression

- Reporters responding to the endogenous let-7 miRNP

Iet-7 miRNP
| m AAAAAAAAA

3’-UTR

T

- Reporters responding to the miRNP protein tethering

N = 22 amino acids of the |
anti-termination protein N — G
/
.__mAAAAAAAA

BoxB hairpins

From W. Filipowicz



mRNA reporters to study miRNA-mediated repression

- Reporters responding to the endogenous let-7 miRNP

Iet-7 miRNP
| m AAAAAAAAA

3’-UTR

T

- Reporters responding to the miRNP protein tethering

N = 22 amino acids of the |
anti-termination protein N — G
/
.__mAAAAAAAA

BoxB hairpins

From W. Filipowicz



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

/s

o LLLLL

BoxB hairpins
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S ¥
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T & activity
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0.2 §
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.. Western
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From W. Filipowicz



Summary of tethering experiments:

All tethered hAgo proteins (hAgo2, 3 & 4) inhibit
protein accumulation

Inhibition occurs by miRNA-like mechanism (several BoxB
required, no dependence on position in 3’ UTR, etc)

Main function of miRNAs is to guide repressive proteins
to the mRNA

Integrity of hAgo2 is essential; Ago as a repressor?

— (Hango)
— P

C

AAAAAAAA
w BoxB hairpins

From W. Filipowicz




RNA Polymerase Transcription Factors
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mRNA
Y
-« Reporter
Protein
¥ +Substrate
Light

Light Signal = Luciferase Expression = Promoter Activity
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Inhibition of productive translation by endogenous
let-7 miRNP in HelLa cells

2

.5 | Luciferase Activity
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Perf AR RN R RR RN 10
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w
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U A
5’ GCACAGCCUA CUACCUCA 3° mRNA 06
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Translational initiation as a target of repression

O ‘ U AAAAAA




The miRNA-mediated repression targets translational initiation

5'"ACTATACAACCTACTACCTCA 3' mRNA

Perf NN
3, UUGAUAUGUUGGAUGAUGGAGU 5' let7a
G
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Bulge LUl T

3’ UUGAUAUGUUGGAU GAUGGAGU 5  Let7a

—[ RL |
3 UTR
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From W. Filipowicz



Ago proteins localize to P-bodies in stable cell lines
and associate with P-body components

| ..

. 5 \ 5 \
v F § F § 7
S & < &

C D

r _—— z a-GFP (GFP-Dcp1)

NHA-Ago22-PRP NHA-Ago2

IP

HA-Ago2 NHA-Ago2 NHA-Ago3 &

T
<&

m a-HA (Ago2)
Liu et al., 2005; Sen & Blau, 2005 NHAAGoR"™  NHAAgo2

T
<&




What are Processing Bodies (P-bodies)?

- Sites of degradation of cellular mRNAs and possibly
storage of translationally-repressed mRNAs

« 2-10 per cell (from yeast to humans)

- Contain decapping and deadenylating enzymes,
also Lsm proteins, and 5 -> 3’ exonuclease Xrn1
* No ribosomes are present

- mMRNA degradation intermediates hardly detectable



Repressed mRNAs are found in P-bodies

UGA

N
GCACAGCCUA CUACCUCA 3 mRNA
ol HEEREEN

GAUGGAGU 5 Let7a
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AR
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Mut

3xBulgeMut
+ SiRNA let-7Mut

From W. Filipowicz




Translationally-inhibited mRNAs but not mMRNAs targeted for
degradation can be visualized in P-bodies

3xBulge




MIRNASs are localized in P-bodies

Dcpia Merge

miR-122

HepG2 HepG2



Repressed mRNAs in P-bodies:

» cause or consequence of translational inhibition?
* two-step versus one step model

UAQ@ —
Vp AAAAAA

Support for the two-step model

* PBs grow in size and accumulate mRNAs following inhibition of initiation
- Ribosomes and most IFs absent from PBs; ribosome clearance required (Chx)
*Bicistronic mRNA translation data

Yes No
o AL | | RL |l e
95nt 75nt Let-7

From W. Filipowicz



PBs as both mRNA storage and degradation sites

Support for the storage function:
 Accumulation of mRNAs following inhibition of initiation in PBs
- mRNAs return to translation after release of inhibition (Parker et al., 2005)

- mRNAs undergoing repression but not those undergoing degradation
can be visualized in PBs

- Two PB subcompartments?

S

o ‘UG UAK_Ago > -

1 J AAAAAA
reuse

< decay

_—_—»

Storage P-body Degradation
compartment compartment



miRNAs may affect gene expression in different ways

< T

- & UAA_ Ago >

1 J AAAAAA
reuse

< decay

_—_—>

Storage P-body Degradation
compartment compartment

* Translational repression versus degradation: role of P-bodies

» Examples of miRNAs acting by alternative mechanisms
- perfectly complementary miRNAs acting by the RNAi mechanism
- miR-16 attracting mRNA degradative machinery to mRNA targets
» stimulatory effect of miR-122 on HCV replication



Repression by miRNAs is reversible

<
- HuR
- m r AAAAAAAAA

U |
‘W 3'-UTR

Under stress conditions HuR exits the nucleus, binds the 3’'UTR
and prevents repression (either displaces Ago or prevents
its repression)



MRNA repression is reversible

miR-122-mediated repression of CAT-1 mRNA in human

\/\flepatoma cells is reversed in response to stress
G UAA

O U AAAAAA
CAT-1 mRNA miR-122

. Stress\

/7 ~
/ \
UAA
AUG&&& 9 ® ...

- in stress, RNA-binding protein HuR relocates from nucleus to
cytoplasm and prevents miRNA repression by binding to the 3" UTR

- derepressed mRNA exits P-bodies and associates with polysomes
Bhattacharyya et al. Cell 2006




Conclusion:

Let-7 RNA and Ago tethering repress translational initiation,
most probably by interfering with the m’G cap function

¥, AAAAAA

'@

* Inhibition of cap recognition by factors binding to the 3" -UTR is
a common theme in translational regulation
- Maskin/CPEB
- Cup(4E-T) recruited by Bruno at the Oscar 3' UTR
- 4E-HP recruiting by Bicoid at the Caudal 3" UTR

« Cap recognition by eIF-4E regulated by eIF4BPs, phosphorylation, etc



MA
Normal conditions MIRNA-protein complex Cell cycle arrest

Ribasome

Coding region

b

Translation rep®ssion

) |

miNA degradation Increased tanslation and protein production

Dual functions of miRNAs. MicroRNAs {miRNAs) can boost or block the translation of target mRNAs.
Physiological conditions affect the recruitment of regulatory proteins, which can alter a miRNA's effect



Mechanisms of miRNA mediated-gene silencing

e Inhibition of translation initiation

\(——f \
LA LLLLAR
5 @——— NN AAAAA
mRNA
O RISC

¢ Inhibition of translation elongation

(ribosome drop-off)

JYYYY
5 @——————— I AAAAA
D RISC

Filipowicz
Hentze
Mourelatos
Preiss

Shiekhattar
Sonenberg

Ambros
Moss
Nilsen
Ruvkun
Sharp

from E. lzaurralde



Mechanisms of miRNA mediated-gene silencing

e Deadenylation and decapping
CCR4

mRNA AAAAAs
DCP2
CAF1

Decapplng Deadenylatlon

e Cotranslational protein degradation

5’ AAAAA

RISC

@ 0‘386 \/roteolysis

Belasco
|zaurralde
Pasquinelli
Schier

Ambros
Richter

from E. lzaurralde



Mechanisms of miRNA mediated-gene silencing

¢ Inhibition of translation initiation and / or
MRNA decay by sequestration in P-bodies

- \
Chan
PR /14111 S Filipowicz
MmRNA
O RISC Hannon
|zaurralde
Parker

P-body

from E. lzaurralde



Luciferase sensors for miRNA activity

Nerfin 3’ UTR

m’G

CG10011 3°UTR U

m7 G e T T e i AAAAA

from E. lzaurralde




GW182-AGO1 interaction 1s essential for silencing

AGO1
M G e e AAAAA

A

Translational
repression mRNA decay

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



Model for miIRNA-mediated gene silencing

Translational A/\

repression CCR4
AGO1 a ot
m'G s AAAAA ’ complex
|\£e31B W f |
PATD oo CAF1
Epcal r D o~
Dcp1 = Ge:
Decapping Deadenylation

Behm-Ansmant et al. 2006. Genes & Dev. 20:1885
Eulalio et al. 2007. Genes & Dev. 21:2558



GW182: a P-body marker in metazoans

Hs GW182 | N-GW I UBA Q-rich M-GW RRM C-GW

— | | :’: -
] 1 I 1 1 1

Dm GW182 1 539 592 861 1095 119% 1384

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

| and Il: conserved motifs

|dentified for interaction with Ago



MID
domain RNaseH-like fold
L

GW182 bindi
< LB
Main silencing region
ows = B = |
AGO binding
P-body targctlng hPABP binding
-« > o

hGW182 binding
-

EI Fabian MR, et al. 2010.
Annu. Rev. Biochem. 79:351-79



Key players: Argonaute (AGQO) and GW182 proteins

PAZ /|

AGO proteins associate directly with miRNAs
* 4 proteins, Ago1-4, in mammals
- 2 proteins, Ago1 & Ago2, in flies

1 175 226 347 450 573 859

o B

GW182 proteins
« 3 paralogs in mammals: TNRC6A, B & C

* one protein in flies: dGW182 Human Ago?2 (Elkayam et al. 2012)
GW-rich UBA  Q-rich PAM2 RRM

- f .. o
TNRC6C 50 G:A_l 109 1 151




GW182 interacts with the PIWI-domain of AGO1

GST GST-GW182
§s“ s*‘ «*‘
N ANV a4 N ANV b; 'L '\ %
0.0 WO 0" L0 0O .0 S
KRGO IG S NGR Y Q$\
— | |
o - —
Input Bound fraction

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



The N-terminal GW repeats of GW182 interact with AGO1

v, 5 A
NN X'N N
QL N o v Q NSO ./
&P &P
Lt
N & N
- ) & gg Q <)
= Y8 ¥ &
oaHA [ | ) D I —
AGO1-binding
domain
AGO1 inEsanEs _ AGO-BD: 1-539
|
Input IP

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



Key players: Argonaute (AGQO) and GW182 proteins

AGO proteins associate directly with miRNAs
* 4 proteins, Ago1-4, in mammals
- 2 proteins, Ago1 & Ago2, in flies

1 175 226 347 450 573 859

o B

Human Ago-2 (Elkayam et al. 2012)

GW-rich UBA Q-rich PAM2
Hs  __TGW GW 1690
TNRC6C — A m-’
GW repeats are responsible Translational Deadenylation

for the interaction with AGOs repression

(Ladurner et al., 1zaurralde et al. ) /\“/\
AAAAAAAAA
ORF 3 UTR 2




Luciferase sensors for miRNA activity

Nerfin 3’ UTR

m’G

CG10011 3°UTR U

m7 G e T T e i AAAAA




Silencing by miRNAs involves translational
repression and / or mRNA decay

Nerfin + miR-9b CG10011 + miR-12
100- 100-
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o 20- ® 3 20- U
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Behm-Ansmant et al. 2006. Protein levels

Genes & Dev. 20:1885



Silencing by miRNAs involves translational
repression and / or mRNA decay

Nerfin + miR-9b CG10011 + miR-12
100- 100-
@ T [
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Behm-Ansmant et al. 2006. Protein levels

Genes & Dev. 20:1885



GW 182 1s required for silencing by miRNASs

Nerfin + miR-9b
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GW 182 1s required for silencing by miRNASs

Nerfin + miR-9b
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GW 182 1s required for silencing by miRNASs
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GW182-AGO1 1interaction 1s required for silencing
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Mol Cell Biol. 2009 Dec;29(23):6220-31

The silencing domain of GW182 interacts with PABPC1 to promote
translational repression and degradation of microRNA targets and is required
for target release.

ZeKri L, Huntzinger E, Heimstadt S, |zaurralde E.

Max Planck Institute for Developmental Biology, Spemannstrasse 35, D-72076
Tubingen, Germany.

GW182 family proteins are essential in animal cells for microRNA (miRNA)-mediated gene
silencing, yet the molecular mechanism that allows GW182 to promote translational repression
and mRNA decay remains largely unknown. Previous studies showed that while the GW182 N-
terminal domain interacts with Argonaute proteins, translational repression and degradation of
miRNA targets are promoted by a bipartite silencing domain comprising the GW182 middle and
C-terminal regions. Here we show that the GW182 C-terminal region is required for GW182 to
release silenced mRNPs; moreover, GW182 dissociates from miRNA targets at a step of
silencing downstream of deadenylation, indicating that GW182 is required to initiate but not to
maintain silencing. In addition, we show that the GW182 bipartite silencing domain competes
with eukaryotic initiation factor 4G for binding to PABPC1. The GW182-PABPC1 interaction is
also required for miRNA target degradation; accordingly, we observed that PABPC1 associates
with components of the CCR4-NOT deadenylase complex. Finally, we show that PABPC1
overexpression suppresses the silencing of miRNA targets. We propose a model in which the
GW182 silencing domain promotes translational repression, at least in part, by interfering with

MRNA circularization and also recruits the deadenylase complex through the interaction with
PABPC1.



Mol Cell. 2009 Sep 24;35(6):868-80.

Mammalian miRNA RISC recruits CAF1 and PABP to

affect PABP-dependent deadenylation.
Fabian MR, ........... Filipowicz W, Duchaine TF, Sonenberg N.

MicroRNAs (miRNAs) inhibit mMRNA expression in general by base pairing to the 3'UTR of target
MRNAs and consequently inhibiting translation and/or initiating poly(A) tail deadenylation and
MRNA destabilization. Here we examine the mechanism and kinetics of miRNA-mediated
deadenylation in mouse Krebs-2 ascites extract. We demonstrate that miRNA-mediated mRNA
deadenylation occurs subsequent to initial translational inhibition, indicating a two-step
mechanism of miRNA action, which serves to consolidate repression. We show that a let-7
miRNA-loaded RNA-induced silencing complex (miRISC) interacts with the poly(A)-binding
protein (PABP) and the CAF1 and CCR4 deadenylases. In addition, we demonstrate that miRNA-
mediated deadenylation is dependent upon CAF1 activity and PABP, which serves as a bona fide
miRNA coactivator. Importantly, we present evidence that GW182, a core component of the
miRISC, directly interacts with PABP via its C-terminal region and that this interaction is required
for miRNA-mediated deadenylation.



GW182-AGO1 interaction is essential for silencing
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Model for miRNA-mediated gene silencing
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Witold Filipowicz — Basel

MiRNA repress translation

CCR4

CAF1
Deadenylation

Decapping

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



microRNAS and cancer
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miRNA in myogenesis
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Therapeutic use of miRNAs and anti-miRNAs

micro

miR-122 RG-101 for Hepatitis C Virus
Infection

miR-21 RG-012 for Kidney Fibrosis
Hepatocelluar Carcinoma

miR-103/107 Metabolic

miR-19 Oncology

miR-10b Glioblastoma

miR-221 Hepatocelluar Carcinoma
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MiRNAs and their mRNA targets: emerging patterns
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Bartel et al., 2004

 Bind to MRNA 3’ -UTRs; targets spread over kilobases of 3" -UTF
- One mMiRNA can control activity of many different mRNAs
A single mRNA can be controlled by more than one miRNA

Major advantages of miRNA regulation?
* Networking and fine-tuning of gene expression

* Rapid (and possibly reversible) repression



microRNAs and their pleiotropic activity provide a
means for producing complex regulatory circuits

MULTIPLE TARGETS/ EFFECTORS Network of miRNAs
-The same mMRNA can be regulated by different miRNAs
- Different combinations of miRNAs can regulate different sets of mRNAs
- cooperativity among miRNAs

D A
MRNA-1 MRNA-1 — mRNA-1
) M\ N\




new conceptual implications derived from
the function of miRNAs

1)
miRNA mode of action helps to explain how
the increase in complexity of regulatory circuits can be obtained
without changing the number of structural genes
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Fig. 8. Non-linear increase of miRNAs in Evolution. The human {(green circles), rat (blue
squares) and mouse (red stars) miRNAs listed in the Rfam miRNA registry v4.0 were
blasted (cut off 10e-4) against the genomes of Invertebrata (D. melanogaster, A. gambiae, C.
elegans, C. briggsae), Ciona intestinalis, Teleost fishes (D. rerio, T. rubripes, T. nigroviridis), X.
tropicalis, G. gallus and Mammalia (H. sapiens, M. musculus, R. norvegicus). The percentage of
mammalian miRNAs recovered are blotted against the evolutionary distance of those species.
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Animal MicroRNAs confer robustness to gene expression and have a
significant impact on 3'UTR evolution.

Stark A,Brennecke J, Bushati N, Russell RB,Cohen SM.

MicroRNAs are small noncoding RNAs that serve as posttranscriptional
regulators of gene expression in higher eukaryotes. Their widespread and
important role in animals is highlighted by recent estimates that 20%-30% of
all genes are microRNA targets. Here, we report that a large set of genes
involved in basic cellular processes avoid microRNA regulation due to short
3'UTRs that are specifically depleted of microRNA binding sites. For individual
microRNAs, we find that coexpressed genes avoid microRNA sites, whereas
target genes and microRNAs are preferentially expressed in neighboring
tissues. This mutually exclusive expression argues that microRNAs confer
accuracy to developmental gene-expression programs, thus ensuring tissue
identity and supporting cell-lineage decisions.



Improve 3’UTR targeting of microRNAs among species
could raise organism complexity

Animal MicroRNAs Confer Robustness to Gene Expression
and Have a Significant Impact on 3’°UTR Evolution

Table 1. miRNA Target and Antitarget Categories D . m e | a nOg aSte r
Category Description # Genes p(over) in Targets p(under) in Antitargets

G0:0009887 Organogenesis 646 2.1E-34 7.3E-26

GO0:0007399 Neurogenesis 364 2.2E-23 5.4E-19

G0:0007165 Signal transduction 791 2.7E-19 2.5E-14

G0:0030154 Cell differentiation 213 2.0E-11 5.4E-09

G0:0009790 Embryonic development 228 5.4E-11 1.4E-08 A B
G0:0045165 Cell fate commitment 146 1.2E-10 3.8E-09 =
G0:0045449 Regulation of transcription 448 1.4E-09 2.8E-06 600 - ]
G0:0002009 Morphogenesis of an epithelium 104 1.0E-08 3.0E-08 E o 'g
G0:0007422 Peripheral nervous system development 95 4.5E-08 3.9E-07 £ j.’j 2
G0:0009795 Embryonic morphogenesis 101 1.1E-07 5.2E-07 E; 400 - %
G0:0007498 Mesoderm development 135 3.5E-07 2.0E-04 % B 'g g
Category Description # Genes p(over) in Antitargets  p(under) in Targets Eg ; 5
G0:0030529 Ribonucleoprotein complex 200 3.7E-06 1.3E-11 ,g 200 - Z)
G0:0005840 Ribosome 128 2.4E-05 1.1E-11 qé 100 1 g’ 4
G0:0006412 Protein biosynthesis 289 4.1E-03 3.8E-04 v
G0:0016070 RNA metabolism 190 7.4E-03 7.7E-04 0- 0=
GO0:0016591 DNA-directed RNA polymerase Il, holoenzyme 62 7.7E-03 5.6E-05 R i B N
GO0:0006119 Oxidative phosphorylation 61 1.8E-02 2.3E-04

G0:0006281 DNA repair 70 2.2E-02 4.7E-04

G0:0000502 Proteasome complex (sensu Eukarya) 37 2.6E-02 4.1E-04

G0:0006259 DNA metabolism 203 2.8E-02 3.9E-03

G0:0008380  RNA splicing 78 3.9E-02 1.4E-02 Stark et al. — Cell — 2005




D.melanogaster - While house-keeping genes have not increased
the complexity of their 3’UTR, tissue-specific genes have
drastically increased the length of their 3’UTR and the number of
target sites for miRNASs

House-keeping N
mRNAs 5 /\
AAAAAAAAAAAA

3’UTR
differentiation —
e by
specific 5’ 24 _—
MRNA —~—— N AAAAAAAAAAAA
3’UTR

3’UTRs have been under selection to acquire or eliminate
miRNA target sites



Increase in complexity of the 3' UTRs along the evolutionary
scale:

increase in length and number of miRNA target sequences

the case of Homer 2

dendritic protein locally translated at synapses

Remodelling of the actin cytoskeleton - promotes the formation and
maintenance of synaptic connections

Local regulation of mRNA translation plays an important role in axon
guidance, synaptic development and neuronal plasticity

BDNF activates translation of synaptic mRNAs and miRNAs counteract
its action (miR 134 and LimK1)

+ other 14 conserved neuronal proteins
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Genes conserved in evolution

For each species: number of miRNA targets for each 3'UTR
normalization for 3'UTR length
average of >50 genes
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The mode of action of miRNAs helps to explain how differentiation commitments
can be achieved

miRNAs allow threshold OVEI’COIIliIlgS: in fact, very often they repress factors that

positively feedback their own synthesis thus allowing to convert slight variations in factors
concentration into strong and permanent commitments.

miR-273 c.elegans ASE neurons
(gustatory) respond to different
d-ié-1 stimuli - L/R gcy5 and gcy7
Isy-6 (MiR)

cc-)-g-1 )

/ \ autoregulates its own promoter

gcys gcy’

MicroRNAs acting in a double-negative feedback loop to control a neuronal cell fate decision.

Johnston RJ Jr, Proc Natl Acad Sci U S A. 2005 Aug 30; 102(35):12449-54.
chemoreceptors of the guanylyl cyclase (gcy) gene family



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

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







Roles for microRNAs in conferring robustness to biological processes
Margaret S. Ebert and Phillip A. Sharp — Cell, 2012, 149:515
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Network motifs for cell fate switches.



Src Ras

—> NFxB > Lin-28B

Positive feedback can amplify small changes. A transient inflammatory
cue induces stable malignant transformation through an NF-kB/IL6
positive feedback network that is normally kept in check by let-7.
Diagram adapted from (lliopoulos et al., ...




