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Applications of small RNA
technologies

In plants, siRNA or
miRNA-forming DNA can Gene silencing Pest Control
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Huang, G., Allen, R., Davis, E.L., Baum, T.J., and Hussey, R.S. (2006) Engineering broad root-knot resistance in transgenic
plants by RNAi silencing of a conserved and essential root-knot nematode parasitism gene. Proc. Natl. Acad. Sci. USA 103:

14302-14306.
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Approaches for RNAi-based Silencing (targeted)

« Antisense-mediated gene silencing
« Hairpin-loop transcript-based RNAI
 Artificial microRNA (amiR)

« VIGS (Virus-induced gene silencing)



Transgene Silencing

Inattivazione epigenetica dovuta a presenza di sequenze/geni espressi a
livelli molto elevati (per esempio a causa di copie multiple nel genoma);
dipende da interazione tra copie omologhe, i.e. Homology-Dependent
Gene Silencing (HDGS)

Si distinguono due tipi di HDGS:
Transcriptional Gene Silencing (TGS)

Post Transcriptional Gene Silencing (PTGS)

e Entrambi i tipi di HDGS sono frequentemente associati con “sequence-
specific de novo methylation”

e Entrambi i tipi di HDGS possono essere associati con la presenza di IRs

* HDGS puo’ dare inattivazione sia in cis che in trans



Transcriptional Inactivation
(methylation)




TGS

- Assenza sia dei trascritti maturi che dei precursori

- Lo stato silenziato € mantenuto ad ogni ciclo mitotico, ed e anche
trasmesso alla progenie.

- A bassa frequenza, si osserva riattivazione spontanea (reversione)
del locus silenziato.

- Geni (endogeni e/o trans) silenziati sono caratterizzati da pattern
alterato di metilazione (strategia tipicamente vegetale)

- Struttura cromatinica alterata (come in Drosphila e lievito)



PTGS

PTGS = Post-Transcriptional Gene Silencing



PTGS is a sequence-specific RNA degradation
process that targets foreign RNA (details to follow).
* This includes:
— viral RNA

— transposon RNA
— dsRNA, etc.

 Why is PTGS significant with respect to plant
viruses?

— PTGS is a mechanism that plants have developed

for protection from virus infection (1.e., the plant
PTGS system degrades viral RNA)



PTGS

PTGS come soppressione dell’espressione genica x degradazione del

(trans)gene RNA

- Avviene nel citoplasma, ed e gene-specifico
- Il livello di trascrizione e inalterato (run-on)
- Rappresenta un meccanismo di difesa dalle infezioni virali

Geni (endogeni e/o trans) silenziati sono caratterizzati da:

- pattern alterato di metilazione (strategia tipicamente vegetale)
- struttura cromatinica alterata (come in Drosphila e lievito)



Post-transcriptional gene silencing across kingdoms.

Kingdom Species Phenomenon Trigger
Fungi Neurospora Quelling Transgenes
Plants Petunia, PTGS, Transgenes,
Nicotiana, co-suppression viruses
Arabidopsis, (dsRNA form)
tomato, rice,
potato, etc.
Animals
Invertebrates C. elegans RNAi dsRNA
Drosophila RNAI dsRNA
Paramecium Co-suppression Transgenes
Planaria RNAI dsRNA
Hydra RNAI dsRNA
T. brucei RNAI dsRNA
Vertebrates Zebrafish RNAI dsRNA
Mouse RNAI dsRNA

RNAi = RNA interference

Note different terms used for same phenomenon:
PTGS = quelling = co-suppression = VIGS = RNA interference



What triggers (induces) the PTGS response
when a virus infects a plant?

e Inducers of PTGS:

1. Viral dsRNA (the double-stranded replication intermediate
that arises during virus infection)

2. Viral plus sense RNA (the double-stranded regions)
3. Viral minus sense RNA (the double-stranded regions)

o
{)
/A

ds regions in (+) sense RNA

Viral dsRNA

replication intermediate ds regions in (-) sense RNA



The PTGS pathway has two distinct phases:

1. Initiation — the viral RNA triggers the PTGS system to degrade viral RNA
into small pieces (called siRNA or small interfering RNA)

2. Maintenance-the siRNA binds to complementary regions in viral RNA
and this is either:

a. degraded by a complex called RISC (RNA-Induced Silencing Complex)
or

b. or is used to make more viral RNA via the host RNA dependent RNA
polymerase. The resulting dsSRNA then feeds back into the system at the
point where dsRNA is degraded to siRNA and the cycle continues to
repeat.



Figure 9.1

Types of cassettes

Gene of Interest - Py | Coding Region | 37y |-(a)

Expression

Pc BEEHEENGECIE 3° -~ Py Reporter 3" [(b)

Functional Analysis

= Pc BEICEEIEAGELCIE 37 Pc 3" | (c) gain of function

M Selectable marker X Pc |« 3" = (d) loss of function

= Pc EEEHELNELCIE 37 Pc —>» <«—— 3" [(e)loss of function




% Antisense-mediated gene silencing

To reduce the expression of a target gene by expression of sequences
complementary to the target sequence.

Target mRNA
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Hairpin loop constructs
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B)
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VIGS (Virus Induced Gene Silencing)

e Vettorivirali che portano un frammento del gene

target per generare un dsRNA che ne induce il
silenziamento

* Possibilita di silenziare un gene specifico senza
trasformare geneticamente la pianta studiata

* Permette di vincere il problema della ridondanza
funzionale legato al knock-down di un gene target



Constructs for RNAI

* Hairpin Loop
* miRNA artificiali



* : derivato del Cabbage leaf curl geminivirus (CbLCV)

@ Svantaggi:

-difficolta nell'inserire il virus nella pianta
tramite bombardamento di particelle

-Dimensioni limitate dell’inserto
2. Virus a RNA : Tobacco Rattle Virus (TRV), RNA1 e RNA2
Vantaggi:

€ -In natura infetta pit di 100 specie, in
laboratorio piu di 400

-Capacita di mediare VIGS in assenza di
sintomi indotti dal virus

-Capacita di veicolare gli inserti nei punti di
crescita della pianta (meristemi)



M2 Potato Virus X (PVX)
b— 1B -m RARP M h;;ﬂﬁm{ﬁrm HRs —
¢ — B —m—{ RARP Y

..+.
—{ T HmsssP{CE T e o {8 —

d {15 s

M3 H Term H RB —

Tobacco Rattle Virus

| " Selectabls | [
| Term 7 marker gene. [1. BB |

i
Nature Reviews | Genetics

DNA constructs for RNA-mediated gene silencing. a | A DNA plasmid that can be propagated in Escherichia coli from which infectious potato virus X
(PVX) RNA can be transcribed in vitro, using T7 polymerase. The PVX cassette contains sequence derived from the gene to be targeted. b | A transferred
(T)-DNA plasmid that is propagated in Agrobacterium. When this plasmid-carrying Agrobacterium is inoculated onto a plant, it transfers the DNA between
its left (LB) and right (RB) borders into the plant's cells. The region between the borders contains the viral sequences shown in part a, but in this vector,
the T7 promoter has been replaced with the cauliflower mosaic virus promoter. This enables the transferred DNA to be transcribed by the plant's
endogenous transcription machinery to generate infectious PVX (plus insert sequence) RNA. In amplicon transgene vectors, a selectable maker gene is
also present between the left and right borders of this plasmid, enabling plants to be stably transformed with the transferred DNA. ¢ | The tobacco rattle
virus (TRV) virus-induced gene-silencing (VIGS) system. Two T-DNA plasmids that encode the TRV genome (one encoding TRV RNA1 and the other
encoding TRV RNA2, which carries the inserted target sequence) are propagated separately in Agrobacterium and used to co-infect plant tissue. d | A
typical T-DNA plasmid for the expression of hairpin RNAs (hpRNAs). This plasmid can be transiently introduced into plants by bombardment or stably
introduced by agroinfiltration. A generic silencing precursor construct (pHANNIBAL) that enables hpRNA vectors to be easily constructed has different
multiple cloning sites either side of the intron to enable the rapid insertion of target sequences in forward and reverse orientations. 35S, CaMV 35S
promoter; CP, coat protein; M1,2,3, movement proteins 1, 2, 3; RdARP, RNA-dependent RNA polymerase; T7, T7 promoter; Term, transcription termination
sequence.



VIGS

* Non necessita di trasformazione genetica delle
piante

» Consente lo studio del silenziamento di geni letali
» Supera il problema della ridondanza genica
attraverso al silenziamento di famiglie geniche

Svantaggi

* Distorsione fogliare dovuta all'infezione
* Necrosi tissutale dovuta all'infezione

» Bassa efficienza d’'infezione degli apici
meristematici
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VIGS del gene FITOENE DESATURASI (PDS) in Nicotiana benthamiana

TRVZ2-Empty Vector TRV2-NbPDS

N.B.: PDS serve alla sintesi dei carotenoidi -> I'assenza di carotenoidi porta
a photobleaching (sbiancamento per stress ossidativo)



VIGS del gene FITOENE DESATURASI (PDS) in frutti di pomodoro

pTRV1/2-PDS pTRV1/2 contro

pTRV1/2-PDS pTRV1/2 control




Some Uses of PTGS in Agriculture

* Functional genomics/identification of gene function

— Expression of specific genes with unknown function can be
silenced via Agrobacterium or a viral vector (i.e., VIGS) and
the effect on the plant can be analyzed.

* Overexpression of genes (use of viral suppressor)

— Sometimes difficult to express high levels of proteins due
to PTGS. Viral suppressors of gene silencing can be used to
inhibit PTGS and therefore achieve high level expression

* Inhibiting virus expression

— Transform plant with a virus gene. The plant then becomes
resistant to virus infection via PTGS pathway
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SILENZIAMENTO INDOTTO DA
microRNA ARTIFICIALI



(a)

PLANT MICRO-RNA BIOGENESIS

MIR gene

3" Methylated
5" miRNA duplex

3)
Nucleus
\-_-_ /
Cytoplasm

5."
3t
miRNA guided AGO-mediated
mRBNA cleavage and translational
repression

3!
Target mRNA

Allison C Mallory, Taline Elmayan and Herve” Vaucheret, Current Opinion in Plant Biology 2008



Thez Plamt Sell, Vol 18, 11211133, May 2006, www.plantcsllong S 2008 Amer ican Socisty of Flant Biologizts

RESEARCH ARTICLES

Highly Specific Gene Silencing by Artificial MicroRNAs
in Arabidopsis ™™

Rebecca Schwab, Stephan Ossowski, Markus Riester, Norman Warthmann, and Detlef Weigel?
Departmant of Molacular Biology, Max Planck Institute for Devalopmeantal Bicdlogy, 72076 Tabingan, Gammany

Compared with conventional RNAi, amiRNAs offer several advantages:

1) miRNA precursors generally generate only a single effective small RNA of known sequence. By contrast,
several siRNAs with undefined 5" and 3’ ends are produced as a silencing trigger from hairpin constructs.
Therefore, potential off-targets of amiRNAs can be more accurately predicted than those of longer hairpin

constructs.

2) because of their exquisite specificity, amiRNAs can possibly be adapted for allele-specific knockouts.

3) as with natural miRNAs, amiRNAs are likely to be particularly useful for targeting groups of closely related
genes, including tandemly arrayed genes. Approximately 4000 genes in Arabidopsis are found in tandem
arrays (Arabidopsis Genome Initiative, 2000), and no convenient tool exists for their knockout.



PHENOTYPES OF amiRNA OVEREXPRESSERS

(A) Inflorescences. From left to right: the wild type, Ify-12, and
amiR-Ify-1 (MIR172a backbone) overexpresser.

(B) Seedlings. From left to right: the wild type, gun4-1, and amiR-
white-1 (MIR172a backbone) overexpresser. Bleaching of cotyledons
is more pronounced in the amiR-white plants than in gun4-1,
consistent with the more severe molecular profile of the amiR-white
overexpressers.

(D) Leaf rosettes. From left to right: the wild type, try cpc double
mutants, and amiR-trichome (MIR319a backbone) overexpresser.
Clustered trichomes are evident even at low magnification.

(E) Flowers. From left to right: the wild type, weak amiR-mads-2
(MIR319a backbone) overexpresser, and strong amiR-mads-2
(MIR319a backbone) overexpresser. In the strong line, secondary
inflorescences replace the central gynoecium.

Schwab R. et.al. Plant Cell 2006:18:1121-1133



INDUCIBLE AND TISSUE-SPECIFIC EXPRESSION OF AMIRNASs

Schwab R. et.al. Plant Cell 2006:18:1121-1133



ENGINEERING OF AMIRNAs

miR319 (BACKBONE):

caaacacacgctcggacgcatattacacatgttcatacacttaatactcgctgttttgaatt
gatgttttaggaatatatatgtagagagagcticcttgagtccattcacaggtcgtgatatgattaatta
gcticcgactcaticatccaaataccgagtcgccaaaaticaaactagactcgttaaatgaatgaatgatgcg
gtagacaaattggatcattgattctctttgattggactgaagggagctccctctctcttttgtatccaatt

ttcttgattaatctttcctgcacaaaaacatgcttgatccactaagtgacatatatgctgcec
ttcgtatatatagttctggtaaaattaacattttgggtttatctttatttaaggcatcgcca

tg

miRNA319
miRNA319*

Schwab R. et.al. Plant Cell 2006:18:1121-1133

ami

IRNA*

VNYHIWe



ENGINEERING OF AMIRNAS

WMD3 - Web MicroRNA Designer ﬁ!

Home Target Search Designer Oligo Hybridize Blast Downloads About Help

Designer

Input Examples: A.thaliana Multi A.thaliana Single ©O.sativa Single G.max Single P.trichocarpa Sinale

Target genes: i

-~ Help
Genome: |Arabidapsis thaliana cDMNA (TAIRS) |E| Help
Minimum number of .
included targets: | ep
Accepted off-targets: | Help
Description: | Help
Email: | Help

http://wmd3.weigelworld.org/cgi-bin/webapp.cgi?page=Home;project=stdwmd



ARTIFICIAL MICRORNA SELECTION CRITERIA

There are still some criteria, which have to be considered when choosing the final amiRNA. Most of them have been implemented into the

ranking process, and they should be considered here again, especially when multiple genes are targeted simultaneously.
We prefer (not require):

1.

Mo mismatch between positions 2 and 12 of the amiRNA for all targets.
Mismatches are not allowed for the target gene that is used as a template, but they might come up for additional intended
targets since the target determinants allow for one mismatch.

One (or two) mismatches at the amiRNA 37 end (pos.18-21).
There is no evidence for transitive formation of secondary siRNAs from amiRMNA targets, but if there was, this mismatch should
reduce the process.

Similar mismatch pattern for all intended targets.
There is no evidence that the pattern of mismatches matters, but similar patterns definitely don't hurt.

Absolute Hybridization energy between -35 and -38 kcal/maole.
These are the values observed for most endogenous miRNA targets. We don?t consider amiRNAs which pair to intended targets
with energies higher than -20 kcal/maole.

Target site position.

There is no evidence that the position of the target site in the target transcript has an effect on effectiveness, but target sites in
most endogenous miRNA targets are found towards the 3' end of the coding regions. Examples in the 3'UTR are also not
UNComImaorn.

21 20 19 18 17 16 15 14 13 12 11 10 09 08 07 06 05 04 03 02 01
l ] 1 |

3' part mismatch sensitive 5' region
tolerates up to 4 mis- max. 1 mismatch

matches, but not more

than 2 in a row L

cleavage site
no mismatch I

high overall free energy (z70% of perfect match)
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( - >

mik* mik —

A g Y \ [ <> -

|: microRNA forward
| microRMNA reverse
[1: microRNA* forward
IV: microRNA" reverse

forward oligo | reverse oligo template
(a) A A% pRS300
(b) § I [l pRS300
(C) I B pRS300
(d) pA B (a)+(b)+(c)

Schwab R. et.al. Plant Cell 2006:18:1121-1133

CLONING STRATEGY



The Gateway reactions:

DNA CLONING USING IN VITRO SITE-SPECIFIC RECOMBINATION

G10-90  Tha I(161)
Hm dIIQ15) | |

.\ | Bam HI(167)
Bam HI(109) \
Donor vector J
1) N

Bam HIQ2TI)
Pot 1(99) \ Sac 1(393)
2 \ | Sma 1(680)
Hin 4TI (83) || ] Bam HI(T92)
| W ik
RE
—— _...-/

Hin 41T (971)
[ ||/ /  Xba L(0ES)

Nea 1(1139)
-~ Bgl T(i223)

__XVE Por 1{12TD)
Bl — —— P I(lug)
; === Sac 1(1748)
W, B RIQTH
Cla 10100597 |
att8 PCR product

" Hin d I (1825)
T Him dII(2178)
" Bam HIQS14)
 Eco RIQ2769)

Pt 12863)

l BP Clonasa™ ||

Neo 1(2878)
= " hygromycin resistance
v R 1gEs)
. T N T lewh 46 355 promoter
e . e DT o Wi <R -"'ﬁ-.._h_\_
I T LN e 164200)
71\ ~ _Tdse 1(4206)
Eco RI(6621T /| | . e
., attR1
Fa s Bam HI(4418)
Sac 1(6619) |
- 1'66}3'. | | \_phlcrampheniwl resistance
Entry Clone ) Tea ity \ M i . Neo 1(4969)
[ 11 ceds N
~ / Eco RI(6451) W ; Bl I(5115)
e ——— LA Por 1(5784) Bam H1(5121)
2) LA '-.amz “Sma 1(353%)
1 I'I |lII
T V| 'Pae Lisosn)
pr L{ 1 \
| )
| s 103944
T4
SodE
Bty 3 afiz afAl # .' piR  LROORas  anE; .'_‘ -".:m?i e o] e o
eyl et i —T EHFI"EIHIIII'I Caincr
oloine + vaoior A — chana + wairior
BF oloirises
fan®

ot P



sauall pele@i—o0ys 1BaY |BIensS PUE ‘SSSEISISUBI-S SUDIY)
-en|b ‘seseproded ‘seseuson|B ‘seseuniyo ‘ssusb soue
-5IS8J-85ESSIP SNoJSWnU spnjoul ssusb assy)| “sue|d gdue
Zdue a1 u pajenbaidn suiam ssush palejal-ssaqs pue -usb
-oyled jo ssquuinu e jeyl sem Juswuadxs diyo susb syl woly
ynsau Bupjuis 1sow sy C(uesinynps asiv yosioig e
1 |euslew Eusws|ddns sss) ssusb Qg Joy Jejesub U0
plojssiy) paseslosp S|EAs| sealsyw ‘seusb | |1z Jo) Jejeslb
Jo plojesdyl pesesdoul spgAs| YNY C[eieaD sisAeue ywY
Jo) pasn pue palsandey Sem usyl anssi [euse auy) pue ‘ybi)
UEISUOD Jspun sABp || 104 |10 ul umolB susm sjue|d “siue|d
adf}-ppw pue sped wepnw-sgnop gdue Zdue u saush
0028 1o} s|Eas| WNY oyt auedwoo o} diyn sust sisdop
-IgEly ¥UBWAYY syl pasn am ‘sucneEINW SNy 84l Ag palos)
-je sfemuyled Bueubis ayy o yfisul jeuciyppe ueb o)

sisfjeuy uoissaldxg auar) apip|-alloUar

"spusLw
-jeal} suouwuoy snouea ayy Jepun sadAjoushb jueinw sy; 0}
enbiun auem yey) Yywoub ul sebueyo saneyenb ou paales
-0 aMm ‘aJoulsyun4 “(umoys jou Blep ‘awes sy} sem uol
-g|nwis Jo uoniqiyul ymoub jo ssibsp sy “e1) adh) pim

a3 Jo 1ey} 0} Juseainbs sem Jey) JusLuesl) sUOWIOY Yoes
0} Ayanisuss Jo |gAs| B pade|dsip sjuelnw ay) Jo (B ‘uonip
-pe u| "sjuelnw sjgnop ayj jo sdijousyd yueynw sy} pano
-sal, sjuswyesal} suouwuoy snousboxs asay) Jo suop "Ajep
pantasqo asem sjpueld sy Wbl ey w ypwoab Buung "yeem
| 40} b1 yueysuoo ul Jo shep g Joj suep sy} ul seyys umolb
alam seaje|d psjusuo Ajeonssp ‘shesse syeid tebe Bul
-sn uleseqqib pue ‘susjiyle ‘ulupjolfo ‘splolsisoulsselq
‘uixne ‘pioe aisiosge sasucuuoyoliyd sy oy syued gdue
Zdue sy} Jo AjalNsuss sy} ps)ss] am ‘840jaiay] "UOISIA
-Ip pue yiwoib Jejn||eo Jo |o4u0D ay} ul pasjoAul ale saush
dNV &Yl 1By} sjeljsuowap sAOge padquossp s)nsal sy

Aaisuag auowioy

90.ES UISUODSIp) ‘UoSIPEIN ‘|IBIN AMusH SZi ‘uosipep—uisuoosip) Jo Alsiealun ‘iejuen ABojouyosiolg
UBLWISSNS "H |SBYDIN PUE ‘PIEMIOD) "Y J8jluuar ‘Je)ser ' 19)1ed z, ‘uesiiy 1 oued

SIS2UD|0}A) JO siojenbay
SAILISOd |enuassy sapooug Ajlwe] auax) aseuny
9SkeUl)| 9skeuny| uis)o.id paleAnoy-uabolil sisdopiqely uy

sjs|bojoig Weld jo L1Iepos ueousWwy 200z @ Biojisojueld mmm ‘Zo0Z ABW ‘OZ L1-B0LL ‘P "IOA ‘II9D Jueld 8yl




TRANSGENIC PLANTS SELECTON AND ANALYSIS
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Y

#1 #2 #3

#4

dmso B dmso B dmso B dmso B dmso [

preamiR

L m e e G Sl Gt Cm—  C—  C—  G—

uBQ5

INDUCIBILE PTGS

Hygromycin resistance

miR PRECURSOR (miR319 BACKBONE):

CAAACACACGCTCGGACGCATATTACACATGTTC
ATACACTTAATACTCGCTGTTTTGAATTGATGTTTT
AGGAATATATATGTAGCAAGTAGTCGTGATTTGA
ATTTCACAGGTCGTGATATGATTCAATTAGCTT
CCGACTCATTCATCCAAATACCGAGTCGCCAAA
ATTCAAACTAGACTCGTTAAATGAATGAATGAT
GCGGTAGACAAATTGGATCATTGATTCTCTTTG

— ATATTCAATTCACGACTACCTGCTCTCTTTTGTA

TTCCAATTTTCTTGATTAATCTTTCCTGCACAAAAA
CATGCTTGATCCACTAAGTGACATATATGCTGCC
TTCGTATATATAGTTCTGGTAAAATTAACATTTTG
GGTTTATCTTTATTTAAGGCATCGCCATG

amiR * - CAAGTAGTCGTGATTTGAATT
amiR - TATTCAATTCACGACTACCTG



SILENZIAMENTO DI GENI DI
PATOGENI INDOTTO DA RNAI
IN PIANTA
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