Short history of post-transcriptional gene silencing
Definition: the ability of exogenous double-stranded RNA (dsRNA) to suppress

the expression of the gene which corresponds to the dSRNA sequence.

*1990 Jorgensen :

Introduction of transgenes homologous to endogenous genes often resulted in
plants with both genes suppressed!

e Called Co-suppression

 Resulted in degradation of the endogenous and the
transgene mRNA

1995 Guo and Kemphues:
injection of either antisense or sense RNAs in the germline of C. elegans was equally
effective at silencing homologous target genes

1998 Mello and Fire:
-extension of above experiments, combination of sense and antisense RNA (= dsRNA) was
10 times more effective than single strand RNA



What is RNA interference /PTGS?

dsRNA needs to be directed against an exon, not an
intron 1n order to be effective

homology of the dsRNA and the target gene/mRNA 1is
required

targeted mRNA 1is lost (degraded) after RNA1

the effect 1s non-stoichiometric; small amounts of
dsRNA can wipe out an excess of mRNA (pointing to
an enzymatic mechanism)

ssSRNA does not work as well as dsSRNA



double-stranded RNAs are produced by:
— transcription of inverted repeats
— viral replication
— transcription of RNA by RNA-dependent RNA-
polymerases (RARP)
double-stranded RNA triggers cleavage of
homologous mRNA
PTGS-defective plants are more sensitive to infection
by RNA viruses
in RN A1 defective nematodes, transposons are much
more active



RNAI can be induced by:
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Cultured Mammalian cells
Embryonic cultured cells or oocytes or early embryos

T : Ll Transfect or inject dsRNA

Differentiated cultured cells or whole organisms (in vivo)
TTEPTTTTETTrTTT

Transfect synthetic siRNA

Or
Eg MTTTTTITTTTTTTIT] Transfect plasmids expressing
— > E — miRNA precursor-like stem-loop
to generate siRNA in cells

=

Plants
Overexpress dsRNA or a dsRNA

> HEE > —— hairpin from a transgene
. Overexpress single-stranded
LU JULO e BRNA from a transgene or virus

to trigger cosuppression
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Dicer

Double-stranded RNA triggers processed into siRNAs by
enzyme RNAselll family, specifically the Dicer family
Processive enzyme - no larger intermediates.

Dicer family proteins are ATP-dependent nucleases.

These proteins contain an amino-terminal helicase domain, dual

RNAselll domains in the carboxy- terminal segment, and
dsRNA-binding motifs.

They can also contain a PAZ domain, which 1s thought to be
important for protein-protein interaction.

Dicer homologs exist in many organisms including C. elegans,
Drosphila, yeast and humans

Loss of dicer: loss of silencing, processing in vitro
Developmental consequence in Drosophila and C. elegan
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RISC complex
RISC is a large (~500-kDa) RNA-multiprotein complex, which
triggers mRNA degradation in response to siRNA
some components have been defined by genetics, but function
1S unknown, e.g.
— unwinding of double-stranded siRNA (Helicase !?)
— ribonuclease component cleaves mRNA (Nuclease !?)

— amplification of silencing signal (RNA-dependent RNA
polymerase !?)

cleaved mRNA 1s degraded by cellular exonucleases
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Different classes of small RNA
molecules

During dsRNA cleavage, different RNA
classes are produced:

— siRNA
— miRNA
— stRNA
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siIRNAs
Small interfering RNAs that have an integral role in
the phenomenon of RNA 1nterference(RNA1),
a form of post-transcriptional gene silencing
RNA1: 21-25 nt fragments, which bind to the
complementary portion of the target mRNA
and tag it for degradation
A single base pair difference between the siRNA
template and the target mRNA 1s enough to block
the process.
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miRNAs/stRNAS

micro/small temporal RNAs derive from ~70 nt ssRNA
(single-stranded RNA),

which forms a stemloop; processed to 22nt RNAs found in:
— Drosophila, C. elegans, HeLa cells genes
— Lin-4, Let-7

stRNAs do not trigger mRNA degradation role: the temporal
regulation of C. elegans development, preventing

translation of their target mRNAs by binding to the target’s
complementary 3’

untranslated regions(UTRs)

conservation: 15% of these miRNAs were conserved with
1-2 mismatches across worm, fly, and mammalian
genomes

expression pattern: varies; some are expressed in all cells
and at all developmental stages and others have a more
restricted spatial and temporal expression pattern
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- Protocol for .gene silencing’
(for a 6- well plate):

tube1: 12 pl of 20uM siRNA tube2.—\.1p ul Oligofectamine
200 yl MEM 504l MEM
5-10 | mm at RT

\ /N

mix tube1 with tube2, incubate 15-20 min at RT

|

add complex solution onto cells and incubate for 4h at 37 °C
add medium and incubate cells for 2 days at 37 °C

assay for gene silencing (Western/Northern blot )



Why 1s PTGS important?

Most widely held view 1s that RNA1 evolved to
protect the genome from viruses (or other

invading DNAs or RNASs)
Recently, very small (micro) RNAs have been

discovered in several eukaryotes that regulate
developmentally other large RNAs

May be a new use for the RNA1 mechanism besides
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Recent applications of RNAI

Modulation of HIV-1 replication by RNA interference.
Hannon(2002).

Potent and specific inhibition of human immunodeficiency

virus type 1 replication by RNA interference.
An et al.(1999)

Selective silencing of viral gene expression in HPV-positive
human cervical carcinoma cells treated with siRNA, a primer
of RNA interference.

Jung et al. 2002.
RNA interference in adult mice.
Mccaffrey et al. 2002
Successful inactivation of endogenous Oct-3/4 and c-mos
genes in mouse pre implantation embryos and oocytes using
short interfering RNAs.
Le Bon et al.2002
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Possible future improvements of RNAIi applications
Already developed:
in vitro synthesis of sSIRNAs using T7 RNA Polymerase
U6 RNA promoter based plasmids
Digestion of longer dSRNA by E. coli Rnase 111
Potentially useful:
creation of siRNA vectors with resistances cassettes
establishment of an inducible siRNA system
establishment of retroviral siRNA vectors (higher efficiencies,
infection of suspension cell lines)
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Conclusions
begun in worms, flies, and plants - as an accidental observation.
general applications in mammalian cells.

probably much more common than appreciated before:

— 1t was recently discovered that small RNAs correspond to centromer
heterochromatin repeats

— RNAI1 regulates heterochromatic silencing
Faster 1dentification of gene function

Powertul for analyzing unknown genes in sequence genomes.
efforts are being undertaken to target every
human gene via miRNAs

Gene therapy: down-regulation of certain genes/mutated alleles
Cancer treatments
— knock-out of genes required for cell proliferation
— knock-out of genes encoding key structural
proteins
Agriculture
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DNA-untepdepenunsa DNA-guided DNA interference by a prokaryotic
Argonaute. Swarts DC, Jore MM, Westra ER, Zhu Y, Janssen JH, Snijders
AP, Wang Y, Patel DJ, Berenguer J, Brouns SJ, van der Oost J. Nature.
2014 Mar 13;507(7491):258-61.

*Mexanusm PHK-unTEpdEepeHiium ocyiiecTBiseTcs 3a CueT O4eHb
KOHCEPBATUBHOIO ceMelicTBa OenkoB Argonaute (Ago)

*benku ceMencTBa Argonaute €CTh TaKE y MPOKAPUOT, HO MexaHn3ma RNA -
UHTEP(PEPEHIINM HET.

*OKa3anaoch, 4To y oaHo# a3yoykTtepun Thermus thermophilus 6enox TtAgo
peamm3yeT Mexanu3M DNA-uHTepdepeHInn, aHaJOTHIHBEIM 00pa3oM.

*3aTpaBKOM I HETO SIBIAOTCS S’ -hochopunupoBanubie JJHK
OJIMTOHYKJICOTU B! JNIMHHOM 13-25 HYyKJICOTHIOB.

eCuMTaeTcs, 4To OaKTEepHsi TEM CaMbIM 3aluiiaercs oT uyxepoanoi JJHK.
3ammura ot JIHK _. 3amura or PHK_, Perymsums sxcripeccumn
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PyHKUuum siPHK
. CanneHcuHr MmoounbHbIX FTEHETUYECKUX AJ1IEMEHTOB,
. CanneHcuHr retepoxpomMaTuHOBbLIX MOBTOPOB;

. CalneHCuHr reHeTU4YecKoro Mmatepuana BUpPYCHOro

MPOUCXOXKAEHUS;

: OrpaHquHme cTerneHn sKcrpeccnm reHa B

onpenesyieHHbIX TKaHAX.
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[lpn BbloeneHne dgpakumm kopoTtkux PHK (19-25
HYKNEeoTNOO0B) U3 PasfnNYHbIX OPraHn3MoB ODHapyKeH

ewle oanH knacc manbix PHK — mukpoPHK.

MukpoPHK (miRNAs - micro RNAs) — knacc

19-25 HyKneotuaHbiXx opgHouenoveyHbix PHK,

3aKoO0UpPOBaHHbIX 8 YHUKaJ/IbHbIX 2eHax

SeeHOMO@8 MHOIoKneTo4HbIX OpraHM3MOB.
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PyHKUumMa miPHK

ObecneumBalOT CaWNEHCUHI  pPasfiMYHbIX [EHOB,
OObIMHO, 3a CYEeT YaCTU4YHO KOMMSIEMEHTAPHOIO
cBA3biBaHMA ¢ MPHK, B pesynbrate KOTOpPOro
BrioKnpyeTcs ee TpaHCNAUmS.

e ognH TMn MiIPHK MmoXeT perynuposaTtb
TpaHcnsymio MPHK 6onee 100 pasnunyHbIX
reHOoB,;

* CTEMEHb WHIMOMPOBaHUSA 3aBUCUT OT
KonnyecTtsa ceasbiBatowmxca miPHK (B
3'UTR MPHK copepxutcs HecKorbKo

CauTOB CBA3bIBAHUSA). -



O1tnnumna miPHK u siPHK

miPHK

[MpoaykT dsPHK,
3aKoOMPOBaHHbLIX B YHUKamNbHbIX
reHax reHOMOB MHOTIOKINETOYHbIX
opraHmamos (>1% OT Bcex reHoB
y YeroBeka);

MPHK MoxeT He pa3spyLuaTtbCs;

OaguvH Tn miPHK perynupyet
pasHbIe reHbl.

siPHK

[MpoaykT dsPHK,
obpa3syouwmxcs B pesyrnerare
TpaHCKpUNUUmM TPaHCNO30HOB,
reTepoxXpoMaTUHOBBIX
NOBTOPOB UMM rEHETUYECKOIO
mMarepuarna BUpYyCHOro
NPONCXOXOEHUS ;

MPHK paspyLwiaetcs;

OaguH Tun siPHK obbl4yHO
perynupyeT TOSIbKO OAWH T
MPHK.
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- co3naHbl oubnuotekn kopoTknx PHK un OHK-
BEKTOPOB, KOOANPYHOLLMX KOpOTKME PHK,
MULLEHAMMN KoTopbiX aBnaetca okono 8000 reHoB
reHomMa 4enoBekKa,;

 BHeOpAeTCA B MNPaKTUKy TepaneBTU4ecKoe
NPpUMEHEeHNe CUHTETUYECKUX KopoTkux PHK ang
LileneHanpasneHHOro nogaeieHNs reHeTU4Yeckou
9KCNpeccun Npu HEKOTOPbIX 3aboneBaHUNAX.
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A pre-miRNA insert AC. mature miRNA Fig. 3. Structural preference of miRNA-miRNA*
_anti &3 D TAAGAAGATGGTGCGETCCTGGA [> A T AAGAAGATGGTGCGCTCCTGGA  asymmetry in miRNA-induced gene silencing complex

Sense }5' % pTTCTTCTACCACGCGAGGACCT W TITCTTCTACCACGEGAGEACET  (RISC) in vivo.
GA G miR*-EGFP(301-281) Different preferences of RISC assembly were observed
by transfection of 5 § -miRNA*-stem-loop-miRNA-3 ¥
ik i miR-EGFP(280-302) i (02 and . ) .
AAGAAGATGGTGCGCTCCTGGAT A CAAGAAGATGGTGCGCTCCTGGAT A Y -miRNA-stem-loop-miRNA™-3 (@) pri-miRNA
e 2 D TTCTTCTACCACGCGAGGACE T L D TTCTTCTACCACGCGAGGACCT, X constructs in zebra fi sh, respectively. () Based on the
AG

Ta G A RIsc assembly ruleof siRNA, the processing of both €
and @ should result in the same siRNA duplex for
9 RISC assembly; however, the experiments
demonstrate that only the @ construct was used in
RISC assembly for silencing target EGFR. Due to the
Vetr siR fact that
miRNA is predicted to be complementary to its target
messenger RNA, the “antisense” ( black bar ) refers to
the miRNA and
the “sense” ( white bar ) refers to its complementarity,
miRNA*. One mature miRNA, namely
miR-eGFP-(280/302), was
detected in the @-transfected zebra fi shes, whereas the
@ transfection produced different miRNA:
miR*-EGFR(301-281),
which was partially complementary to the
miR-eGFP(280/320). ( b ) In vivo gene silencing ef fi
cacy was only observed in the
transfection of the @ pri-miRNA construct, but not the
@ construct. Because the color combination of EGFP
and RGFP
displayed more red than green (as shown in deep
orange ), the expression level of target EGFP ( green )
was signi fi cantly
reduced in @, while miRNA indicator RGFP ( red )
was evenly present in all vector transfections. ( ¢ )
Western blot analysis of

o
oy

3 {zense}~/

K-
£

pre-miRNA insert LG mature miRNA .the EGFP protein levels con fi rmed the spe.ci fi c
' T , T ,  silencing result of ( b ). No detectable gene silencing
“anti g [> ‘ AAGAAGATGGTGCGCTCCTGGA-3 D G AAGAAGATGGTGCGCTCCTGGA-3 Al ol T elher

@_5- A c-,-TTCTTCTACCACGCGAGGACCT -5' Ay TTTCTTCTACCACGCGAGGACCT ¥ ot () et s e ook ( Ligs)) erimemal

miR*-EGFP(301-281) The transfection of either a U6-driven siRNA vector

(siR) or an empty
y miR-EGFP(280-302) CA vector (Ve)ithout the designed pri-miRNA insert
) 5" AAGAAGATGGTGCG(TCCTGGAT A 5-CAAGAAGATGGTGCGCTCCTGGAT “G result€d 1 no gene silencing signi fi cance.

3" TTCTTCTACCACGCGAGGACCTTAGA 3™ TTCTTCTACCACGCGAGGACCTTAGA



miRNA KO

Liver

b

- u. ? - [3-Catenin

" ' ' '+GAPDH

2 3 4 5 6 chicken
embryos

Normal -—nog in
o -p-actin

Liver H&E

Feather

== -Noggin
& -s-actin

Featljner IHC

In vivo gene-silencing effects of anti- b -catenin miRNA and anti-noggin miRNA ( d ) on special organ development in embryonic chicken.
(a) The pre-miRNA-expressing construct and fast green dye mixtures were injected into the chickenembryos near the liver primordia
below the heart. (b ) Northern blots of extracted RNAs from chicken embryonic livers with( lanes 1-3 ) and without ( lanes 4—6 ) anti- b
-catenin miRNA treatments were shown. All three knockouts (KO) showed a greater than 98% silencing effect on b -catenin mRNA
expression but housekeeping genes, such as glyceraldehyde phosphate dehydrogenase , was not affected. ( ¢ ) Liver formation of the b
-catenin KOs was signi fi cantly hindered ( upper right two panels ). Microscopic examination revealed a loose structure of hepatocytes,
indicating the loss of cell-cell adhesion caused by breaks in adherins junctions formed between b -catenin and cell membrane E-cadherin
in early liver development. In severely affected regions, feather growth in the skin close to the injection area was also inhibited ( lower
right two panels ). Inmunohistochemistry for b -catenin protein expression ( brown ) showed a signi fi cant decrease in the feather follicle
sheaths. H&E Hematoxyline and eosin staining. ( d ) The lower beak development was increased by the mandible injection of the
anti-noggin pre-miRNA construct ( down panel ) in comparison with the wild type ( upper panel ). Righypanels showed bone (alizarin red)
and cartilage (alcian blue) staining to demonstrate the outgrowth of bone tissues in the lowerbeak of the noggin KO. Northern blot
analysis (inserts) con fi rmed a 60—-65% decrease of noggin mRNA expression in thelower beak area.



1wk 1.5wk 2.5wk 3wk

In vivo effects of anti-tyrosinase (
Tyr ) miRNA on the mouse pigment
production of local skins.
Transfection of the miRNA-induced
= 1yr strong gene silencing of tyrosinase (
| <-GAPDH  7yr ) messenger RNA (mRNA)
| expression but not housekeeping
glyceraldehyde phosphate
dehydrogenase ( GAPDH )
expression, whereas expression of
U6-directed small interfering RNA
(siRNA) triggered mild nonspeci fi ¢
RNA degradation of both 7yr and
GAPDH gene transcripts. Because
Tyr is an essential enzyme for black
pigment melanin production, the
success of gene silencing can be
' ~Tyr observed by a signi fi cant loss of

i <«GAPDH the black color in mouse hairs. The
red circles indicate the location of

(G pre-miRNA insert B mature miRNA intracutaneous injections. Northern
anti g3 AAGAAGATGGTGCGCTCCTGGA-3' AAGAAGATGGTGCGCTCCTGGA-3! . RN
05- D G THETTTACEALEEEAGEAL LTS D ¢ kit s - Dlot analysis el TR
AC Aa miR*-EGFP(301-281) expression in local hair follicles con
fi rmed the effectiveness and speci fi
city of the miRNA-mediated
gene-silencing effect (inserts).

blank

SIRNA

-=Tyr
-=+GAPDH

miRNA

miR-EGFP(280-302)

. CA *
R anti 0 D 5" AAGAAGATGGTGCGCTCCTGG:}T AG D 5-CAAGAAGATGGTGCGC
3'[sense |- 3- TTCTTCTACCACGCGAG(}ACCTTAGA 3-TTCTTCTACCACGCG
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— [3-actin
RGFP
Oct3/4
Sox2
Nanog
e SoEA1
SSEA3
SSEA4

. am— Klf4

rat zygote human mirPS cell colony
(phase contrast) (DIC contrast)

Western Blots
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Morphological and genetic properties of mirPSCs. ( a ) A morphological comparison between a morula-staged rat
embryo and an mirPSC colony at 16-32-cell stage. BF-DIC bright field with differential interference contrast.

(b ) Fluorescent microscope examination showing the homogeneous expression of the core reprogramming factors
Oct3/4, Sox2 and Nanog in an mirPSC-derived embryoid body. ( ¢ ) Western blots con fi rming the expression
patterns of major human embryonic stem cell (hESC)-speci fi ¢ markers in mirPSCs compared to those found in
hESCs H1 and H9 (n =4, p <0.01).
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X ,\ miR-302 == Activate

Oct4+Sox2
+Nanog....

!

Reprogramming

cyclins E/A
: E2F-1/2/3
:2?‘ cdc2
pe-1| —1Cell Cycle Gene pP-1| — Cell Cycle Genes: c-Myc
OO0 Ab YKJVW S
- H2A
G1-S checkpoint LG

== Cell Proliferation G0/G1

Mechanism of miR-302-mediated tumor suppression in human iPSCs. miR-302 not only concurrently suppresses

G1-phase checkpoint regulators cyclin-dependent kinase 2 (CDK2), cyclin D and BMI-1 but also indirectly activates
pl6Ink4a and p14/p19Arf to quench most (>70%) of the cell cycle activities during somatic cell reprogramming (SCR). E2F
is also a predicted target of miR-302. Relative quiescence at the G0/G1 state may prevent possible random growth and/or
tumor-like transformation of the reprogrammed iPSCs, leading to a more accurate and safer reprogramming process, by
which premature cell differentiation and tumorigenicity are both inhibited 30
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What is RNA interference (RNAI)?

* “The Process by which dsRNA silences
gene expression...”

» Degradation of mMRNA or translation

Inhibition

DNA
BT AR IR S RS
PO B N
1 . .
¢ i Transcription
5
MRNA =
l '
mRNA  f S
’W

{ ( —Ribosome

Translation

EA o

DNA
[P U
t :-.3 Transcription

mRNA &

RNAI l ¥ =
4 .:'.'YC‘\"

acts here -y

In RNA interference, RNA in double-
stranded form breaks down the mRNA for
a specific gene, thus stopping production
of protein.

www.nobelprize.org



What are sense and antisense
RNA?

GCCTG TCA... 37 Sensestrand of DNA
C66AHC

ARG T... 3 Antisensestrand of DNA

5,

 Messenger s ta
RNA (m RNA) * Transcription of antisense strand

ACT
TGA

-7

57 ...AUGGCCUGGACUUTCA ... 3" mRNA

IS * Translation of mRNA
Slngle-Strande Hetmm Alame Trpem Thr == Ser ==  Peptide
d, called , ,
- " 5 cuucCcAaAaA 3 mMRNA
sense 3 GAAGU 5’ Antisense RNA

because it

results in a

gene product

(protein). -



\What are sense and antisense

RNA?
* Antisense
molecules 5° CUUCA 3° mRNA
interact with 3 GAAGU 5 Antisense RNA
complementary GENE 33
Strands Of e o
nucleic acids, l W l
modi fyin g Transcription
2l of Messenger RNA Antisense RNA

genes. Wﬁ{forr‘nat}o/
Illllllllllll-




RNAI terms

* dsRNA: double stranded RNA, longer than
30 nt

* MIRNA: microRNA, 21-25 nt.
— Encoded by endogenous genes

* SIRNA: small-interfering RNA, 21-25 nt.
— Mostly exogenous origin

35



Alternate terms to RNAI

RNAI like phenomena

e Plants * PTGS (Posttranscriptional
_ Petunias Gene Silencing)

. Fungi * Cosuppression
— Neurospora f delhflg

cBAD Ml  Virus-induced gene

silencing
— Caenorhabditis elegans
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1990-Petunias

* Napoli et al. defined an RNAI-like
phenomenon and called it
“‘cosupression.”

 chalcone synthase (CHS), a key enzyme
in flavonoid biosynthesis, the rate-limiting
enzyme in anthocyanin biosynthesis,
responsible for the purple coloration.
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Overexpression of chalcone
synthase in petunias unexpectedly
resulted in white petunias

* The levels of endogenous as
well as introduced CHS were
50-fold lower than in
wild-type petunias, which led
the authors to hypothesize
that the introduced
transgene was
‘cosuppressing’ the
endogenous CHS gene. http://www.sgg.ubc.ca/?p=265




1992-The mold

A rosette f the asci

» Carlo Cogoni and Guiseppe Macino of the
Universita di Roma La Sapienza in ltaly
iIntroduced a gene needed for
synthesis in the mold Neurospora crassa:

— The introduced gene led to inactivation of the
mold's own gene in about 30% of the
transformed cells. They called this gene
inactivation "quelling."
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1995-The worm

* Guo and Kemphues studied par-1 gene
during embryogenesis
 The worm, C. elegans

— has a fixed lineage: , ;
gonads s

— asymmetric divisions




1995- The worm

 Guo and Kemphues ' = F*’"Iﬁ_;_,&
first studied Par-1 afams 5
gene mutants G rﬂi‘;
— Division: N T ha b

AsymmetriclJsymmetric 3
— P-granule distribution O e
..m..,. o -

Figura 1. Cell Lineages and Early Dvvisions in C. elegans



Guo and Kemphues, 1995

In Vitro_E ouss
Promoter

lMake RNA in vitro

geneX
Antisense
RNA

llnj ect worm gonad
Interference!

(Guo and Kemphues, 1995)

In Vitro_c
Promoter

geneX

lMake RNA in vitro

geneX
SENSE
RNA

llnject worm gonad
Also Interference!

(Guo and Kemphues, 1995)
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Both the antisense and sense
strands effectively silenced

the antisense auncl a;nsa affects a1ppaar o be sa;:mét—nl;;
and probably involve different mechanisms, The basis for
the sense effect is under investigation and will not be dis-

cussed further, Overall, the specificity of the antisense
and sanse phenocopes provides strong evidence that the

Par-1 RNAI

43



‘Antisense’ Technology?

« Sense RNA silences yet no hybridization of
sense RNA with sense mRNA is expected!

* |ntronic and promoter sequences do not silence.
* ssDNA or dsDNA does not work!

* Craig Mello at the Worm Meeting in Madison,
Wisconsin coined the term ‘RNAI" and said that:

— “We can’t call it ‘antisense’ when ‘sense’ works as
well”*

*Montgomery (2006) RNA interferencetdunraveling a mystery



: Andrew Fire
Craig Mello

+ In 1996, C. Mello and his * In 1991, A. Fire
student S. Driver also reported successtully targeted

that sense RNAs mimic genes by antisense
antisense phenotype. constructs from
— Injection is made into a single transgenes.

site yet acts more systemically. g bt
* dSEnse constructs

also exhibited
silencing activity.
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1998-Fire et al and Mello

* Gel-purified ssRNA

» Used purified ssRNA (antisense and
sense) separately and also together.

» Tested ssRNA against different genes for
specificity

» Tested whether a general
post-transcriptional silencing is in place.
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Unc-22 (Uncoordinated 22)

» Codes for a non essential myofilament
* |t is present several thousand copies/cell

Sense RNA Antisense RNA Double-stranded RNA

Parent

' ‘ s

Offspring Ay

Normal MNormal Twitching movements



Injection for RNAI

* 6-10 adult hermaphrodites were injected
with 0.5x10°-1x10° molecules into each

gonadal arm.
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Unc-22 phenotype

Sense RNA Antisense RNA Double-stranded RNA
4-6 hours after injection, eggs ¥ - B
collected. § \\
Screened for phenotypic e T e
ChangeS Parent t #
Offspring » r (:
Normal MNormal Twitching movements
Exon Size RNA Phenotype
Exon 21-22 742 Sense Wildtype
Antisense Wildtype
Sense+antisense Twicher (100%)
Exon 27 1033 Sense Wildtype
Antisense Wildtype
Sense+antisense Aqvicher (100%)




Mex-3

* mex-3 encodes two RNA binding proteins;
In the early embryo, maternally provided

* Mex-3 is required for specifying the
identities of the anterior AB blastomere and
its descendants, as well as for the identity
of the P3 blastomere and proper
segregation of the germline P granules

mex-3 mRNA A




Uninjected embryo

Antisense RNA
i

4

Mex-3 RNAI

Double-stranded RNA

W

b, Embryo from uninjected parent
(showing normal pattern of
endogenous mex-3 RNAZ20).

c, Embryo from a parent injected
with purified mex-3B antisense
RNA. Retain the mex-3 mRNA,
although levels may be somewhat
less than wild type.

d, Embryo from a parent injected
with dsRNA corresponding to
mex-3B; no mex-3 RNA is
detected.
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RNAI concentration and dose
response

» 3.6x10° molecules/gonad
— Sense phenocopied 1% of progeny
— Antisense phenocopied 11% of progeny

— dsRNA phenocopies 100% progeny and at
even 3x10° molecules/gonad.
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Quantitative Assays

Quantitative assays for silencing: unc-22
* dsRNA is >100-fold more effective than sense or antisense
* dsRNA can produce interference at a few molecules per cell

dsRNA- —"antisense'"'—  "sense"  control ¢== RNA
1.00 1.800.000 600.000 200,000 : 70,000 30,000 3,600,000 1.200 000‘ 3.600.000 3.600.000 4 mo[e(ueljs
. I I [ WL | | onad
. 1 (apﬁrox)
0.75
0.503
025 r -
0.00 s TYIs TIvIT TII: TIveT
Bebavior Progeny cohort group
Wild ]'vpe m NoDrug +levamisole 1: 0-6 hr
Normal Hyperconeracted ’: 6-15 hr
‘__ 2:6-15
J Nermal  Tuwitche 3:15-27 hr
s 4:27-41 hr
i e : 5: 41-56 hr
: Neo-modle  Tygrche:
Severly Affected e




Other possibilities

e Sense+antisense in low salt
» Rapid sequential injection of sense &
antisense

— Both cause interference

— 1 hour apart injection of sense and antisense
leads to reduction in interference.
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Conclusions

® Gene silencing was highly effective when double-
stranded RINA was Injected but weak or non-existent
after injection of single-stranded RNA (sense RINA or

antisense RINA for the gene).

® The mRNA affected by the double-stranded RINA
disappearcd — it was apparently broken down and

C‘liﬁli[’l;—?l[td.

® The double-stranded RNA injecred must match

the mature, “trimmed” mENA sequence for the gene.
Interterence could not be elicited by intron sequences
(that is, segments of molecules that do not contain
coding information). This implics that the interference
takes place after transcription, probably in the cyto-

plasm rather than in the cell nucleus.

www.nobelprize.org



Conclusions

® Ounly the mRNA corresponding to the sense RINA
strand of the double-stranded RINA was silenced — no
other mRINA In the cells was affected. RNA Inter-
ference was specific for the gene with a code corre-

sponding to that of the mENA molecule.

® Just a tew double-stranded RINA molecules were
needed to silence a gene completely. The effect was
so strong that Fire and Mello suggested that enzymes

were Involved in the process.

® The effect of double-stranded RINA could spread
from cell to cell and from tissue to tissuec and could

cVCI I'JC P SSCGC[ On to DEFSPFng.

o6
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Ways to induce silent phenotypes

Timmons and Fire showed that feeding dsRNA works!
* Reversible and gene-specific effects...

a

bacterial cell wall

MNATURE

—-:-ljr__._.ll 1]

VOL 395

i._ ll_1 S |d

29 OCTOBER 1998

Figure 1 Genetic interference following ingestion of dsRNA-expressing bacteria by Caenorhaballs alagans.
a, General scheme for dsRNA production. Segments were cloned between flanking copies of the bacteric-
phage T7 promoter into a bacterial plasmid wector (pPD129.36; 1 Fleencr and A, E, unpublished). A bacterial
strain (BL21/DES; ref. 7) expressing the T7 polymerase gene from an inducile (Lac) promoter was ussd as a
host. As an afternatise strategy, we used a single copy of the T7 promoter 1o drive expression of an inverted
duplication for a segment of the tamet gene (Lnc-22 or giol. A nuclease-resistant dsRMA was detectad in
tyzates of these bacteria. The two bactenal expression systemns gave similar interference results. b, A GFP-
expressing C. elagans strain (PD4251)" fed on a naive bacterial host. Animals show high GFP ﬂuc»r'-a:pnce in
body muscles. ¢, PLY42E1 animals reared on bacteria expressing dsRNA corresponding to the g coding
regicn. Under the conditions of this expenment, 12% of these animals show a dramatic decrease in GHR




Ways to induce silent phenotypes

e Tabarra, Grishok, and Mello in 1998 demonstrated that
soaking in dsRNA also works!

Nomarski image showing embryos
produced by a wild-type mother

treated with pos-1 RNAI by soaking.

All except one embryo (arrow)
show the distinctive pos-1
embryonic arrest with no gut, no
body morphogenesis, and extra
hypodermal cells

= X X ]
Soaking 7 e
or feeding

pos-1 encodes a CCCH-type zinéﬁwger protein; maternally
provided POS-1 is essential for proper fate specification;



Mechanisms revealed

« 25bp species of dsRNA found in plants with

CO-suppression [Hamilton and Baulcombe, 1999]
« Sequence similar to gene being suppressed

* Drosophila: long dsRNA “triggers” processed Into
21-25bp fragments [Elbashir et al., 2001]
— Fragments = short interfering RNA (siRNA)
— SiRNA necessary for degradation of target
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RNAI: two phases

 |nitiation
— Generation of mature siRNA or miRNA

* Execution
— Silencing of target gene
— Degradation or inhibition of translation

60



How does RNAI work?

How RNA interference works |
One of the RNA strands ‘L
_ is eliminated, while the
Double-stranded W sl bl L s ‘
RNA (dsRNA) binds dsRNA prabe shdlinie HibE 1o
: ‘ an mRNA molecule. wa
to a protein complex, LGSR 3111 S
Dicer... ol -
mRNA
..which cleaves dsRNA Dicer
into smaller fragments. The mRNA molecule
W is cleaved and broken
down. N%
The fragments bind The gene for which the 2 2%y
to another protein mRNA is a messenger » YRR ¥
: =
complex, RISC. has been silenced and FPuwsy ®
no protein is formed. L
61
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SIRNA biogenesis

 Dicer (type lll RNAse lll) cleaves long dsRNA
iInto sSIRNA 21-25nt dsRNA from exogenous
sources
— Symmetric 2nt 3’ overhangs, 5’ phosphate groups
— Evidence for amplification in C. elegans and plants

jf‘\ ﬂ /‘\ Rdgp @/-\/ Amplification

Sense strand
degradation

e MNuGB00CO0WMN
mammals K} g /\[




RNA Induced Silencing Complex
(RISC)

* RNAI effector complex

* Preferentially incorporates one strand of
unwound RNA [Khvorova et al., 2003]

— Antisense

 How does it know which is which?

— The strand with less 5’ stability usually incorporated
into RISC [Schwarz et al., 2003]
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SIRNA design

19-nt duplex region

1 23 46566 7 8 91011 12 13 14 15 16 17 18 19

i T ™
P-5

T T
Low stability of the 5° AS terminus

tes incorporation of AS
into RISC.
Suggestion:
AU-richness at 5’ end of AS.

Low stability in this region promotes RlSCAS-medlateddevage
-of mRNA and might promote RISC-AS-complex release. )

Uat position 10 of SS.

== Sense strand (SS) === Antisense strand (AS)

64Mlttal, 2004



Custom-made siRNAs

Tailor-made
molecules (dsRNA) °

Scientists can now “tailor” double-stranded
RNA molecules to activate RNA interference.
This makes it passible to turn off specific
genes. In the future it may be possible to
use this technique to treat diseases.

mRNA degraded
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] ] ] SiRNA libraries
SIRNA libraries e
« 86.3% of predicted

genes with RNAI
phenotypes assigned

* Generation of a feeding clone

a o Escherichia |
coli N\

adult worms
36-40 hours wormsa 24 hours 24-72 hours
Larval worms for egg laying Observe phenotypes

66Tuschl, 2003



Endogenous RNAI-MIRNA

We have hundreds of
different genes that
encode small RNA
(collectively, microRNA)
whose precursors can
form double-stranded
RNA. These can activate
the RNA interference
process and thus switch
off the activity of various
genes with matching
segments.

First miRNA is lin-4

S

DNA,

MicroRNA gene

MicroRNA

‘\.‘ RISC

. Srrwwr ';Irllll‘
R T e
— n— ._._"h.‘ i,

Tk ~F’ru::n‘cein formation
blocked

gyww.nobelprize.org



Defense Against Viruses

dsRMNA Puissisascas

Virus

Primitive organisms use RNA inter-
ference to protect themselves from
virus infections. Double-stranded
RNA from a virus activates the
protein complexes Dicer and RISC
and the infection is stopped. Viral RNA degraded

www.nobelprize.org

*Indeed, Baulcombe, Vance, and others have shown that, in the
continuing evolutionary war to survive and reproduce, plant viruses have

evolved genes that enable them to suppress silencing. g8



Mammalian RNAI
@ !/;Inactive 2', 5" OligoA synthetase)

Autophosphonylation

GG

Phosphorylation
of EIF2a

oY
McManus and Sharp, 2002



Getting Around the Problem

* SIRNA (21-22nt) mediate mammalian
RNAI

— Introducing siRNA instead of dsRNA prevents
non-specific effects

70



Some applications of RNAI

* Therapy
— Candidate genes, drug discovery, and therapy

 Genome-wide RNAI screens
— Gene function
— Candidate genes and drug discovery

» Systems biology
— Models of molecular machines

71



Genome-wide RNAI

* Only 11% genes showed detectable RNAI
phenotype

« Between 600-800 genes are required for early
embryogenesis.

Adult {134) . )
Wilg type (17,428) ﬂ?:;’: : Early r::ml::jry-::nmc
B9% _ . N (BE1)
Mutant {1,668) Larval (268) By . 40%
' “ ' 16% ,
_— 9%

Mo dsBEMA [4E65)
2%
Late embryonic
(B05)
36%



Systems Biology and RNAI

 Cellular systems act as networks of interacting
components (genes, RNA, protein,
metabolites,...).

« Genome-wide RNAI screens offers the potential
for revealing functions of each protein.

* Combining RNAI screen data with other
highthroughput data (e.g., protein-protein
interaction, mMRNA expression profiling) leads to
understanding of the organization of the cell
system.
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Networks of Early Embryogenesis

* Protein-protein interaction dataset: binary physical
interactions between 3,848 C. elegans proteins

* Transcriptome dataset: expression profiling similarity
above a given threshold among genes in the network

* Phenotypic dataset: phenotypic similarity above
another threshold of 661 early embryogenesis genes.
RNA interference (RNAI) phenotypic signature consisting
of a vector describing specific cellular defects in early
embryogenesis.
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Systems Biology Approach:
Three networks in one

a Expression Binary Phenotypic
profiling interactome profiling
mapping
Conditions ) Phenotypes
o ... Correlations 0,5\0 - ..... Correlations
@ @
S— 3PCC1s Yo & o & ——3 S PCC, 4
SF== Prcc., %:7 SF—= 3prccC,,
\L Transcnptional \L Phendtypic

| PCC, ,>X PCC, >y
\ ‘ % |
\ﬁoa \
\

S N,
i\ | ,
~—® , Molecular machine models




The embryogenesis network

and chromosome segregation; 9, nucleocytoplasmic transport; 10, APC; 11,

encircled (Supplementary Table 56 provides details). Nodes are colour- mitochondrial FyFy ATPase: 12, vacuolar H™ ATPase; 13, cell polarity; 14,
coded by function: 1, proteasome; 2, protein degradation; 3, ribosome/ microtubule cytoskeleton; 15, actin cytoskeleton; 16, cell cycle; 17, signal
protein synthesis; 4, translational control; 5, protein/vesicular trafficking; 6, transduction; 18, metabolism; 19, other/unknown; 20, analysed by protein
RNA synthesis/processing/binding; 7, histone; 8, DNA synthesis/replication localization. ¢-e, Subnetworks with proteins of unknown function (yellow

nodes) analysed by localization (Fig. 4). €, Centrosome model. d, PAR cell



Discovery Project

* Know-how on physiology
* Knockouts, RNAI. strain libraries
* Human transgenes

Disease model

» Known players in disease
» Drugs, biotools

Genome-wide RNA library

Focused libraries (for exampla.
G-protein-coupled receptors)

* WormBase

» Extensive annotation =

» Published screens

* Human databases
* Druggability
* Assayability

* Movalty versus validation —

b

High-throughput assay
devaelopment and validation

Physiclogical endpoints
emulating disease mechanism
= Visual phenotype

*» Fluorescence

» High-content image analysis

|
Up to 20,000 genas

+ O5-well plate

*+ Liquid. solid surface

* Plate robotics. automation
* Screening window

High-throughput screen

I
30-500 ganes

» Plate replicas
= Positive/negative controls
= Statistical confirmation of hits

Hit prioritization

= Screen on mutant panel
» Pathway mining/epistasis
= Full functional analysis

S-SOEengs

Hitvalidation

Investigation In mammals
* Expression analysis
= RNAL knockouts

|
1-10 genes

+ Portfolic managemeant
+ Competitor analysis

Discovery project




Defense against transposons

 RNAI may also help keep the transposable
elements that litter genomes from jumping
around and causing harmful mutations.
Plasterk's team and Mello, Fire, and their
colleagues found that mutations that
knocked out RNAI in C. elegans led to
abnormal transposon movements.

/8
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Why use RNA1?

1. The most powerful way to inhibit gene
expression and acquire info about the
gene’s function fast

2. Works 1n any cell/organism

3. Uses conserved endogenous machinery
4. Potent at low concentrations

5. Highly specific.
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Why do organisms have this machinery?

Viral dsRN&
miRNA /
m;curs-)'\ 7 Y, ransposon deRN

'n vifro

Hetsrcchromatic

mRNA domain formaton

degradation ¥

Transigtonal mANA
inhibition  cleavage

RNAI1 serves as a cellular defense
against foreign DNA/RNA
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