Small regulatory
RNAS



Non-Coding RNA: Formerly
known as “JUNK™



Non-Coding RNA: A Key to
Eukaryotic Complexity?



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

Key breakthrough:

dsRNA is the actual
trigger of specific mRNA
degradation, with the
sequence of dsRNA
determining which
MRNA is degraded
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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 hybridiza-
tion 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
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mRNA and suggesting that there could be a catalytic or amplifica-
tion component in the interference process.
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C. elegans is a precious tool in
developmental biology:

it is tiny and grow rapidly

females are composed of 956 cells
males are composed of 1031 cells
the fate of every cell is characterized



Conclusions of Fire&Mello’s study:
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Wild type Wiks typo witchor

C. elegans

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

1) silencing was triggered efficiently by
injected dsRNA, but weakly or not at all
by sense or antisense single-stranded
RNAs.

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

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

4) the targeted mRNA disappeared
suggesting that it was degraded

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

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



Small RNAs and Gene Silencing

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

MiRNA: microRNAs



miRBase

http://www.mirbase.org/

miRBase is the central online repository for microRNA (miRNA)
nomenclature, sequence data, annotation and target prediction

Griffiths-Jones et al. 2008. NAR. 36:D154
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What are miRNAs!?

miRNA genes are encoded in our genome

miRNAs are small dsRNA molecules of 21-22 nt

Their derive from precursors of 70-100 nt, transcribed by RNA PolII

mMiRNAs interact with the 3’ untranslated region (3' UTR) of target mRNAs to induce
MRNA degradation and translational repression

interaction of mMiRNAs with other regions, including the 5" UTR, coding sequence,
have also been reported

Each miRNA is predicted to regulate hundreds of targets

MiRNAs can be secreted into extracellular fluids and transported to target cells via
vesicles, such as exosomes.

Extracellular miRNAs function as chemical messengers to mediate cell-cell
communication.
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Homology
Between
C. elegans and
Homo sapiens

miRNASs

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




Genomic Organization of
miRNA Genes

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

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

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







MiRNAs target multiple genes and genes
are targeted by multiple miRNAs

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



MIRNA-MRNA interaction

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

miRNA-target base pairing rules:
« perfect and contiguous base pairing of miRNA nucleotides 2 to 8
 bulges or mismatches must be present in the central region of the miRNA-
MRNA duplex
« Other factors that can improve site efficacy include AU-rich content, and a

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






Come funzionano i miRNAs?
La funzione primaria dei miRNA e’ quella di abbassare il livello proteico dei
geni target

| miRNAs svolgono la propria funzione attraverso due meccanismi:
- PERFETTA COMPLEMENTARIETA’> DEGRADAZIONE DEL mRNA (piante)
- IMPERFETTA COMPLEMENTARIETA'-> REPRESSIONE TRADUZIONALE

(animali)



Mechanisms of Regulation by miRNAs

<> Deadenilation
< Decapping
< mRNA degradation by the 5’-exonuclease Xrnl.

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




Mechanisms of Regulation by miRNAs

<> Deadenlation
< Decapping
< mRNA degradation by the 5’-exonuclease Xrnl.



P bodies:
specific cytoplasmic foci, sites of mMRNA decapping and degradation

> 35 proteins known, conserved from yeast to man






Mechanisms of Regulation by miRNAs

<> Blocco dellinizio della
traduzione

< Degradazione del peptide
nascente

< Blocco dell’elongazione



Biogenesis of miRNAs




Biogenesis of
MiRNAs

« miRNAs are encoded by the genome.

« RNA polymerasell transcribes precursors, called pri-miRNAs (primary
miRNASs).

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

 They bear a 5 CAP and a poli A tail.

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




Biogenesis of miRNAs

NUCLEAR EXPORT- EXPORTIN-5 (Exp5) translocates the mature miRNAs
from the nucleus to the cytoplasm.
Exp5 directly binds the pri-miRNA correctly processed.



Biogenesis of miRNAs

MATURATION
When the pre-miRNA is in the cytoplasm, the RNAselll DICER cuts it into:
21-25 nt fragment with 3’ symmentrical overhangs, containing 5’ phosphate groups.



Nomenclature for
small RNA strands

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

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

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



Biogenesis of miRNAs

The RISC COMPLEX



RISC EFFECTOR COMPLEX

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

Severale enzymes bind to Dicer and to the ds-RNA, to form

the Risc-Loading Complex

The main effector at this point is the protein ARGONAUTE

AGO proteins are
evolutionarily conserved and
they are ubiquitously
expressed

Number of Argonaute family genes in different species

Species Number of genes
Homo sapiens 8
Rattus norvegicus 8
Mus musculus 8
Drosophila melanogaster 5
Caenorhabditis elegans 27
Arabidopsis thaliana 10

Schizosaccharomyces pombe I

Neurospora crassa 2




Biogenesis of miRNAs

STRAND SELECTION

BY THE RISC COMPLEX

The ds-miRNAs generated by DICER
must separate their two strands.

Key component of the RISC is the protein

ARGONAUTE

_Ism P 21-23 nt siRNA/protein
complex (siRNP) '

ATP siRNA unwinding
ADP + P, (RISC activation)

an P Risc

ATP-dependent unwinding of the
SiRNA duplex remodels the complex
to generate an active RNA-induced
silencing complex (RISC - the asterisk
denotes active conformation)



Argonaute

B} e The PIWI Domain binds
The PAZ Domain has 3’ RNA the 5’-P RNA end
binding activity * It has Rnase H activity



Argonaute

The PAZ Domain has 3’ RNA
binding activity

The PIWI domain exerts its
RNaseH activity, cleaves the
passenger strand leading to its
ejection from the complex

The PIWI Domain binds
the 5’-P RNA end
It has Rnase H activity



Argonaute

i  The PIWI Domain binds
The PAZ Domain has 3’ RNA the 5’-P RNA end
binding activity * It has Rnase H activity



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

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

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



Silencing viruses by RNA;
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'siRNA-directed inhibition of

HIV-1 infection

Carl D. Novina et al.
Nature Medicine 8, 681 - 686 (2002)

‘Modulation of HIV-1 replication

by RNA interference

Jean-Marc Jacque, Karine Triques & Mario Stevenson

‘Short interfering RNA confers

intracellular antiviral
immunity in human cells

Leonid Gitlin* {, Sveta Karelsky* & Raul Andino*
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NATURE |VOL 418 | 25 JULY 2002 | www.nature. com/nature



The endogenous role of RNAI

Oct-4

E7.5 embryos - lack of stem cell development



miRNAs Affect Everything






miRNA Dysregulation in Human Cancers

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



















RNAI in
mammalian cells
works by siRNAs
and by miRNAs






siRNA MiRNA









SiRNA/shRNA Therapeutics
in Clinical Trials






Anti-VEGF for wet AMD

Macugen (Pegaptanib sodium - pegylated
aptamer that binds VEGF165)

Lucentis (ranibizumab) - recombinant humanized
Fab that binds all VEGF isoforms

Macugen Treatment
Average change in vision over 2 years

Macugen treated eyes

8 b Lose less vision
-10 .
-12 ¢ o .
45% difference
-14 MNon - Macugen treated e '
16 eyes lose more vision @
* * ™ - * *

-18

0 6 12 18 24 30 36 42 43 54 60 66 72 73 84 590 96 102

Year1 Time (weeks)

Intravitreal
injection into the
back of the eye



Longer lasting
tomatoes by RNA
antisense
technology

The Flavr Savr tomato is a
genetically altered tomato
developed by Calgene. It contains
an antisense RNA which inhibits the
expression of a gene that normally
causes fruit to soften, therefore, the
fruit stays firm longer. This allows
producers a greater period of time
for transportation and the
opportunity for mechanical
harvesting with little bruising.









Durata del silenziamento transiente






RNAi in mammalian cells - a precious tool for
gene silencing

Persistent expression!



RNAi in mammalian cells - a precious tool for
gene silencing

Persistent expression!
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Come possiamo studiare 1 microRNA?
(sono migliaia!!)

Come possiamo sapere 1’effetto del
silenziamento genico sulle cellule?

La tecnologia c1 aiuta...



High Throughput Screening

‘ BRACCIO , |
MICROSCOPIO ROBOTIZZATO PER CAPPA  DISPENSATORE

DISTRUBUZIONE CELLULE CELLULE
REAGENTI






*Acquisizione humerose immagini
per ogni pozzetto

Diversi tipi di obiettivi e
ingrandimenti

*Posizionamento automatizzato

*High-throughput screening:
capacita di acquisizione superiore
ai 10 milioni di cellule/ora a bassa
risoluzione e 1milione/ora ad alta
risoluzione




E’ possibile riattivare la divisione cellulare
dei cardiomiociti usando i miRNA?



Screening for cardiomyocyte proliferation using a
library of microRNA mimics






Screening for cardiomyocyte proliferation by

original microscopy

image analysis

high content microscopy

Hoechst — nucleus
oi-actinin — cardiomyocyte marker

EdU — DNA synthesis

16 images per well - approx. 3000 cells
analyzed per miRNA and replicate



40 human miRNAs increase both
rat and mouse cardiomyocyte
proliferation

original microscopy

image analysis
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AAV6-miR-199a reduces infarct size after MI

AMI and
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MiR-199a expression
IS persistent next to
the injection sites



Goal achieved?



