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Outline
(finishing Lesson 02)

» Forward and Reverse Genetics Approaches

= Differences between the approaches used
for identification of genes and their function

= |dentification of Genes Ab Initio

=  Structure of genes and searching for them
=  Genomic colinearity and genomic homology

= Experimental Genes Identification

= Constructing gene-enriched libraries using
methylation filtration technology
= EST libraries

= Forward and reverse genetics
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Forward and Reverse
Genetics

* Principles of experimental identification of
genes using forward and revers genetics

=  Alteration of phenotype after mutagenesis
= Forward genetics

= |dentification of sequence-specific mutant
and analysis of its phenotype
= Reverse genetics

= Analysis of expression of a particular gene
and its spatiotemporal specifity
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Forward Genetics

* Principles of experimental identification of
genes using forward and reverse genetics

Alteration of phenotype after mutagenesis
= Forward genetics
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|dentification of CK/1 via
Activation Mutagenesis

o CKI1 overexpression mimics cytokinin response

ctrl Plasmid Rescue ctrl2 Pro35S::CK1

NO |
hormones

Kakimoto, Science, 1996




Signal Transduction via MSP

AHK sensor histidine kinases
« AHK2
« AHK3

+ CRE1/AHK4/WOL

HPt Proteins '

* AHP1-6
Response Regulators

* ARR1-24

NUCLEUS @ & REGULATION OF TRANSCRIPTION
S

INTERACTION WITH EFFECTOR PROTEINS




Reverse Genetics

= Principles of experimental identification of
genes using forward and revers genetics

= Alteration of phenotype after mutagenesis
= Forward genetics

= |dentification of insertional mutant and
analysis of its phenotype
= Reverse genetics




|dentification of insertional
cki1 mutant allele

/)

aattcaagtCgtCACTACAAGA En-1 TCTTGTAGTGCgIggagac

\ "
A. aattca ag cgz‘\g'g’a/g;c taclact tgg tac act caa acc gtg gat cag tta act ggt
N s SIR_. G D Y|[JTWY T Q TV DQ L TG




CKI1 Regulates Female
Gametophyte Development

o CKI1 is necessary for proper megagametogenesis in Arabidopsis

CKI1/cki1-i CKI1/CKI1

Hejatko et al., Mol Genet Genomics (2003)




CKI1 and

Megagametogenesis

o cki1-iis not transmitted through the female gametophyte

|

B. & CKI1/cki1-i x Q wt

|

A. 3wt x Q@ CKI1/ckit-i

CKI1 specific primers (PCR positive control)

C. 4 wtx Q@ CKI1/ckit-i

cki1-i specific primers

D. & CKI1/cki1-i x § wt




CKI1 and

Megagametogenesis
FG 8

©%¢ Nucellus

Embryo sac

~/—Integuments




CKI1 and
Megagametogenesis

Fgagte FG5
CKI1 | ckit-i 28 HAE




Forward and Reverse
Genetics

= Principles of experimental identification of
genes using forward and reverse genetics

= Alteration of phenotype after mutagenesis
= Forward genetics

= |dentification of insertional mutant and
analysis of its phenotype
= Reverse genetics

= Analysis of expression of a particular gene
and its spatiotemporal specifity




FGO0-FG1

FG3-FG4
'Y x

CKI1 is Expressed During
Megagametogenesis
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Paternal CKI/1 is Expressed in the

® @ © | Arabidopsis Sporophyte Early after

Fertilization
Q wtx & ProCKI1:GUS

22 HAP
(hours
after
pollination)

Hejatko et al., Mol Genet Genomics (2003)
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Hormonal regulations of plant development 8 AN € K
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,Classical®“ genetics versus ,reverse genetics*
approaches in functional genomics

RANDOM MUTAGENESIS

.Classical genetics” approach

EMS
—

1. IDENTIFICATION OF PHENOTYPE

.Reverse genetics” approach

T-DNA

1. ISOLATION OF SEQUENCE-
-SPECIFIC MUTANT

2. GENE MAPPING

2. IDENTIFICATION OF
PHENOTYPE
3. GENE IDENTIFICATION
- position cloning 3. PROOF OF CAUSAL RELATIONSHIP
(retro)transposons BETWEEN INSERTION AND

“‘ < PHENOTYPE
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Outline

= Methods for Identification of Sequence-Specific Mutants

=  Preparation of mutants collection

| Searching for sequence-specific mutants using
PCR

L Searching for sequence-specific mutants in
electronic databases

= Knocking-out the gene using homologous
recombinantion

= Analysis of Phenotype and Confirmation of Causality Between
Phenotype and Insertional Mutation

=  Co-segregation analysis
- |dentification of independent insertional allele

3 Using unstable insertional mutagens and isolation
of revertant lines

- Mutant complementation by the transgene



Outline

= Gene Silencing Using RNA Interference

= Mechanism of RNA interference

=  Genome Editing via CRISPR/Cas9



Outline

Methods of identification of sequence-specific mutants

=  Preparation of mutants collection
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Types of Insertional Mutagens

« Mobile elements

=  Autonomous transposons (En-1)

They contain a gene for transponase, enabling
excision and reintegration into the genome

At both ends they contain short inverted repeat,
which are recognized by transponase

« Stable elements

: Non-autonomous transposons (dSpm)

mutant of En/Spm transposon, which has lost
autonomy because of mutation in a gene for
transponase

It can be activated by crossing with a line carrying

the En/Spm transposon

= T-DNA
completely stable, however, its insertion can lead
to chromosome rearrangements (inversions,

deletions, transpositions)



Libraries of Insertional
Mutants (plants)
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Libraries of Insertional
Mutants (animals)

.
EF1/LMi lori] EF1-P | Tra | pA 30 2500
= T L 2000
MiLRneo w neo js.w 220 g
E |8 L 1500 &
! 3 - L 1000 &
£104 -
: | = I

Transfection into human cell cultures (HelLa) or I L 500
mouse embryonic stem (ES) cells g ilreailhy |
0. | thl]l.l:ﬂl a

Genes with multiple integrations

Generating a population of mutant cell lines and

- i i i Cloned
frequence-analysis of insertions Sy p— /_g
antibiotic . ! =g
resistance - . L —

ES cells \» m
in vitro analysis or preparation of library of — - Egmfg n%;earrglggl.l‘lsE wil
insel'tional mutantS by reintrOingreSSion ES into QBreedchmencmlce to produce homozygous transgenic offspring.
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White - -'{ =

Homozygous strain
Parents HeterozygousF;  from ES cell, F,



Outline

Searching for sequence-specific mutants using
PCR

» PCR-based three-dimensional screening
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|solation of sequence-specific
mutants

« autonomous En/Spm, without selection

« 3000 independent lines

« 5 copies per line on average

* PCR-based three-dimensional screening
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|solation of sequence-specific
mutants

= PCR-based three-dimensional screening

o0 Isolation of genomic DNA from the individual plants of mutant population and
creating sets of DNA (,triads®, rows and columns of triads and individual trays)

3.000 mutant lines of A. thaliana (5 copies of En-1/line)

28x3-tray pools

SaVa
v

pool 28

28 x 7 row pools
28 x 3 1-tray pools 28 x 5 column pools




|solation of sequence-specific
mutants

» PCR-based three-dimensional screening

o Isolation of genomic DNA from the individual plants of mutant
population and creating sets of DNA (,triads”, rows and columns of
triads and individual trays)

o ldentification of positive ,triad“ with PCR, blotting of PCR products
and hybridization of the PCR products with gene-specific probe
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|solation of sequence-specific
mutants

1. 3-tray pools screen 3.000 mutant lines of A. thaliana (5 copies of En-1/line)

12345678 010111213 4(808 1718192021 224 25 7 W20 10132

1 Wl

28x3-tray pools

CKI1 En-1
m—
1262
CKI1 g CKI1
- — - —
En-8130 1262

(2x2x28=112 PCR reactions)

\

Identification of the PCR product by
hybridization with a gene-specific probe




|solation of sequence-specific
mutants

» PCR-based three-dimensional screening

o Isolation of genomic DNA from the individual plants of mutant
population and creating sets of DNA (,triads®, rows and columns of
triads and individual trays)

o ldentification of positive ,triad® with PCR, blotting of PCR products and
hybridization of the PCR products with gene-specific probe

o ldentification of the positive line through identification of positive tray,
row and column
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|solation of sequence-specific
mutants

s SALEL) [BRES SE 3.000 mutant lines of A. thaliana (5 copies of En-1/line)
2. Identification of line carrying

the insertion
28x3-tray pools

vV vy
' E 5 7 row pools
3 x 1-tray pools 5 column pools
En-1
1262 .
(another 5+7+3=15 PCR reactions)
R1=]
En-8130 1262

In total: 112+15=127 PCR reactions

(2x2x28=112 PCR reactions)

\

Identification of the PCR product by
hybridization with a gene-specific probe




Outline

= Hybridization with iPCR products on filters

* o K

EVROPSKA UNIE i’

lX%r VERS, INVESTICE DO ROZVOJE VZDELAVANI
* .\5MJ‘.

Tato prezentace je spolufinancovana
MINISTERSTVO SKOLSTVI

MLADEZE A TELOVYCHOVY

SV
Vengis

OP Vzdélavani
pro konkurenceschopnost

g Evropskym socialnim fondem
Zanas® a statnim rozpo&tem Ceské republiky



|solation of sequence-specific
mutants

- The Sainsbury Laboratory (SLAT-lines),
John Innes Centre, Norwich Research Park

- DNA and seeds in Nottingham Seed Stock Centre
= 48.000 lines

= 1.2 insertion per line on average

= Non-autonomous transposon

« PCR searching or hybridization with iPCR filters

« SINS (sequenced insertion sites) database

http://nasc.nott.ac.uk




|solation of sequence-specific
mutants

Hybridization with products of iPCR on filters

Isolation of genomic DNA from the
individoul plants of mutant
population

Restriction endonuclease cleavage

Ligation, formation of circular DNA

Inverse PCR (iPCR) using the T-
DNA specific primers

Preparation of nylon filters with PCR
products in the exact position using
a robot

Hybridization with a gene-specific
probe




Outline

L Searching for sequence-specific mutants in
electronic databases



|solation of sequence-specific
mutants

Preparation of librares from population of A. thaliana

mutated bé T-DNA
equencing of flanking sequence fragments

Genomic DNA

a) digestion with endonuclease Bfal
b) linker ligation

T-DNA —‘

linear "amplification” with primer annealing to T-DNA

{mostly LB)
4

f—

PCR amplification with a nested T-DNA primer
{and a linker primer)

f—
A—

sequencing with another nested T-DNA primer

]

dj—

GABI-Kat (MPIZ, K8In)



Searching in electronic libraries of insertional
mutants

sInsert SALK.029311. Ordsr linse 028311 | View in AGE
Length = 440

Score = d4B4d bits (244), Expect = =-135
Identiti=s = ZLOF2E3 (90K}
Etrand = Plus / Minus

Query: 1450 attagagttbgattgaagtgtgbtetatatategatagegggacattacttataaaaago 1500

Ebjob: 45% attagagbtttgattgaagogogbtbtatatattgatagbgggacattacktatasaasage 400

Query: 1510 acaaggatacaacaatagagacagbcacatgtatatcacataagtggatggecotoaatyg LGRS

Ebjoct: 39% acaaggatacaacaatagagacagtcacatgtatatcacaktaagbggatggboctoaatg 340

Query: 1570 tgttgotbtgbaggacatbtgtgagbatgbcaaasacttatttoacatggtacactoatag 1629

Ebjob: 33% tgtbgottgbtaggacatttgtgagbatgbcaaaaacktatktocacatggbacactoatag 2480

Query: 1630 attagococacttaggagtgtctagasasagattgggactasagbctegbtggatogaat 1&ES

Ebjocb: 27% attagoococacttaggagtgtctagaaaaagabtgggactasagbotbghtggatogaat 220

Query: 1650 atgattoccaaac 1701

Ebjcb: 21% atgattoccaaac ZOE

Score = 111 bits (5E), Expect = Be-Z213
Identiti=s = 77/B4 (91%)
Ecrand = Plus /7 Plu=

Query: 1922 tacatttbcbcogotacaatbtaacgotatoaatatatttataasacoattbgbcatbtoac 1982

Ebjoe: 13 tacatttboctogotacgatbtgacggtatoaatatatttataaaaccgboogacatbtoac 72

Query: 19B2 ttocctbaactaatcacatasatga Z0D0E

Ebjoe: T3 ttootbaactaatcacatasatga 96

.

NI
Ebjok: dY¥d ocoagobttoctagaagobtotbggbocaagtitocagbacogggacogatotogagaabtocaca #4232
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Searching in electronic libraries of insertional mutants

Ingsrt_SALK.029311, Ordsr lins 028311 | View in

Length - 45D

Seo:

= 4B4 bits (244), Expect = e-135
Idencitiss - 3EQ/3E2 (90%)
Strand - Flus / Minus

Query: 145

0 attagagt: tetatatal . o 1508
ILLETETLEEEEPE T T TR TP EEETTT L EEEE T T
Bbjet: 455 attagage EEtatatal . e 400

Query: 1510

s 1568
TEETTEC R TR TR R PR R PR TP TR T i
tgt. 140

Ebjot: 398

Query: 1570

tate 1528
TECECELECECE PR LR TR PR LR TR LR
tate

Ebjet: 328 200

Querys 1630 1688
PELEEUELEELE TR R PR E LT ELTE LT
Ebjor: 278 20

Query: 1650 atgattcoasac 1701

HTELIT
g

1
atgattccasac 20

Ebjer: 218

start transkripce

Query: 192

‘1 923 . WIRTITIIAN
cactcgatttcacattAATTATTCACT

NRRRRNNRRRRRRRNNRR RN
gtgactaaagtgtaattaataagtga.........

13

tegreatttoae 1082
[

[
teac 72

1 G1 F G2 449,
b (+56)
N Exon
Intron
I Transmembranova oblast
Duplikace

I £n-1 element
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Outline

= Knocking-out the gene using homologous
recombinantion



nocking-Out the Gene

= il =

Electroporation

== Gene of interest [==

Homologous

l recombination
Selection with

resistance marker

SR
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* *
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Outline

= Analysis of Phenotype and Confirmation of Causality Between
Phenotype and Insertional Mutation

=  Co-segregation analysis
- |dentification of independent insertional allele

3 Using unstable insertional mutagens and isolation
of revertant lines

- Mutant complementation by the transgene



Why is it necessary to analyze the causality
between the insertion and the observed
phenotype”?

Presence of multiple insertions in one line
Posibility of independent point mutation occurrence

Insertions of T-DNA are often associated with chromosomal
aberrations (duplications, inversions, deletions)
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Causality between insertion
and phenotype

= Co-segregation analysis

Co-segregation of specific fragment, e.g. after insertion of T-DNA (or
exposure to EMS etc.) into the genome of the observed phenotype

+ ++ + +++ ++ +

<« Cki1::En-1




Use of autonomous transposons for the isolation
of new stable mutations and of revertant lines

Transposons are often characterized by excision and reinsertion
into a nearby region — use for the isolation of new mutant alleles

However, excision of transposons is not always entirely accurate
— point mutations occurr — isolation of revertant lines with silent
mutation, or even isolation of the stable mutants
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Phenotype of silicles cki1::En-1/CKI1

cki1::En-1/CKI1 CKI1/CKI1




Confirmation of phenotype cki1::En-1/CKI1

1. Isolation of revertant lines

* PCR-searching in 246 plants of segregating population

 from 90 cki1::En-1 positive plants, 9 plants had both mutant and
standard silicles l

Offspring analysis
« confirmation of absention of insertion using PCR

* PCR amplification and cloning the part of the
genomic DNA at the insertion site

* Sequencing

* *
L
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Use of autonomous transposons for the
isolation of new stable mutations and
revertant lines

aattcaagtCgtCACTACAAGA " ! En-1 TCTTGTAGTGCgIggagac

A. aattca ag cgz‘\g'g’a/g;c taclact tgg tac act caa acc gtg gat cag tta act ggt
N s SIR_. G D Y|[JTWY T Q TV DQ L TG

B. aatfca ag| ggt acglact tgg fac act caa acc gtg gat cag tfta act ggt
N s slGT]lITw YTQ TV DQLTG

C. aatfca agt cgt acg gag act aca ctt ggt aca ctc aaa ccqg tgg atc agt taa
N S S RTETTLGTL K PWII S

D. aatfca agt cge gtg gag act aca ctt ggt aca ctc aaa ccg tgqg atc agt taa
N 8§ S RV E T TULGT L K P WI 8




Confirmation of phenotype cki1::En-1/CKI1

2. Isolation of a stable mutant line

 analysis of the phenotype of the segregating population
(CKI1/CKI1 CKl1/cki1::En-1)

* PCR analysis of plants with the mutant phenotype — identification of plants
without insertion

« PCR amplification and cloning the part of the genomic DNA at the
insertion site

* sequencing
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Use of autonomous transposons for the
isolation of new stable mutations and
revertant lines

aattcaagtCgtCACTACAAGA " ! En-1 TCTTGTAGTGCgIggagac

A. aattca ag cgz‘\g'g’a/g;c taclact tgg tac act caa acc gtg gat cag tta act ggt
N s SIR_. G D Y|[JTWY T Q TV DQ L TG

B. aatfca agt ggt acg act tgg fac act caa acc gtg gat cag tfta act ggt
NS S[GET] TWYTQTVDQULTG

C. aat fca agf cgt acg §ag act aca ctt ggt aca ctc aaa ccqg tgg atc agt taa
N S Sf{R TIJE T T L GT L K P WIS

D. aatfca agf cgc gtg pag act aca ctt ggt aca ctc aaa ccg tgqg atc agt taa
N 8 S{R V JE T T L G T L K P W I 8




Mutant Line
Complementation
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Mutant Line
Complementation

cop1-4 p35S: p35S:: p35S::
AtCOP1 OsCOP1 PpCOP1
1-5 16-10 9-8

cop1-4

Ranjan et al., 2014
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Outline

= Gene Silencing Using RNA Interference

= Mechanism of RNA interference



RNA interference

= Molecular basis of posttranscriptional gene silencing (PTGS)

= RNAI found in plants and in Coenorhabditis elegans

Silencing was induced by both sense and antisense RNA
(probably contamination by both during in vitro transcription)

dsRNA induced silencing about 10-100 times more effectively
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Waterhaus et al., PNAS (1998)



RNA interference

= Molecular basis of posttranscriptional gene silencing (PTGS)

dsRNA induction is dependent on its own genes — gene
searching

RNA| rnai

Mello and Conte, Nature (2004)



RNA interference

= Molecular basis of posttranscriptional gene silencing (PTGS)

. RNAI found in Coenorhabditis elegans and in plants

. It is a natural mechanism of regulation of gene expression
in all eukaryotes

. The principle is creating dsRNA, which can be triggered in
several ways:

By presence of foreign ,,aberrant“ DNA
Specific transgenes containing inverted repeats of the cDNA parts

Transcription of own genes for shRNA (short hairpin RNA) or miRNA
(micro RNA, endogenous hairpin RNA)

. dsRNA is processed by enzyme complex (DICER), which
leads to the formation of siRNA (short interference RNA),
which is then bound to enzyme complex RITS (RNA-
induced transcriptional silencing complex) or RISC (RNA-
induced silencing komplex)

. RISC mediates either degradation of mRNA (in case of full
similarity of siRNA and the target mRNA) or leads only to
termination of translation (in case of incomplete
homology, e.q. as in the case of mMiRNA)

. RITS mediates reorganization of genomic DNA
(heterochromatin formation and inhibition of transcription)



Mechanism of RNA interference

Multigene family or
i Foreign dsRNA Developmental or experimental transcription

Foreign DNA (naked) repetitive transgene
wewr TIITEER] BEEEEE] IOy ooy’ ) IO )

Transgene CH, fonap
assembly/ shRNA pre-miRNA

DMA/chromatin short hairpin RNA micro RNA
madification l

CH,

\ ]
Aberrant '
SBm%Rmﬂ‘IIIIIIIIIIIIIII ',
’
Intermed RdRP RNA-dependens-RNA polymerase
+ tasiRNAs
21-25 bp
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Heterochromatin formation and
transcriptional silencing translational repression

Mello and Conte, Nature (2004)



Dicer and Dicer-like proteins

H”]Hllll”lll"ll”lllll”l”lllllllll!lll””lllll!lllllllﬂlﬂ"l""l""]

1 2 3 4 5 6 7 8
1 1 i 1 1 1 i ] 1 1 i i i i H {3 8
T T T N T R R AN S AR AT RN A 050300

From MacRae, 1.J., Zhou, K., Li, F., Repic, A., Brooks, A.N., Cande, W.., Adams, P.D., and Doudna, J.A. (2006)
Structural basis for double-stranded RNA processing by Dicer. Science 311: 195 -198. Reprinted with permission from
AAAS. Photo credit: Heidi
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Argonaute proteins

Argonauta argo

Reprinted by permission from Macmillan Publishers Ltd: EMBO J. Bohmert, K., Camus, I., Bellini, C., Bouchez, D., Caboche, M., and Benning, C. (1998)
AGO1 defines a novel locus of Arabidopsis controlling leaf development. EMBO J. 17: 170-180. Copyright 1998; Reprinted from Song, J.-J., Smith,
S.K., Hannon, G.J., and Joshua-Tor, L. (2004) Crystal structure of Argonaute and its implications for RISC slicer activity. Science 305: 1434 — 1437.
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transcriptional gene silencing

siRNA
e

binding to DNA

post-transcriptional gene silencing

binding to specific
transcripts

RNA Pol
m——)

MIiRNA

MIR gene
translational repression -
A\ 'S D\VHU\ Y *RNA Pol
< iUV ......... 5
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transcriptional slicing
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The Nobel Prize in Physiology or Medicine 2006

Andrew Z. Fire Craig C. Mello
USA USA

University of

Stanford University Massachusetts Medical

School of Medicine

School
Stanford, CA, USA
’ ’ Worcester, MA, USA
b. 1959 b. 1960
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Outline

=  Genome Editing via CRISPR/Cas9



CRISPR/Cas9 - Mechanism

Clustered Regularly Interspaced Short Palindromic Repeats

. Bacteriophage
Jiang and Doudna, Cell (2017)

DNA njection §

¥ PAM
Spacer acquisition Invasive viral or plasmid DNA [INNEMEEEEEE W Protospacer
. Integration
CRISPR-associated (Cas) genes -
cas operon CRISPR array
T 1 L) 1
Locus mm Cas9 Cas1 _ Cas2 Csn2 %
U (J «J Spacers Repeats
trans-activating CRISPR RNA lea”SC“Ptm
3 5 3 = 2 Si si 5
re_chNA 5’ IIIIIIIIIIIIIIIIIIIIIIII 3
p W/ﬁ‘ *
CRISPR RNA

(RNase lIl processing A and crRNA 5’ trimming A)

crBNA maturation
crRNA biogenesis

3 5' B 5 3 5' 3 5'
CRNA  Sosssiih’ S - SSS———— m—
20 bp of guide sequence
preceding the Protospacer

Adjacent Motif

DNA interference

|
Site-specific cleavage %

Cas9



CRISPR/Cas9 — Genome
Editing

Cas9
Jiang and Doudna, Cell (2017)
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Genomic DNA
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Double-strand break (DSB)

!

Endogenous DNA repairs at the DSB site

Donor DNA
(ssODN or plasmid)

T T
LU

Nonhomologous end joining (NHEJ) Homology directed repair (HDR)
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LT )| Smeltinsertion R
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Knocked-in DNA
sequence of interest

T T
LU L

Random mutations

Precise gene modification
(active in both dividing and nondividing cells)

(active in dividing cells: G2/S phase)



CRISPR/Cas9 — Nobel Prize
in 20..2x7

Jenifer Doudna

Cas9 programmed by crRNA:tracrRNA duplex

protospacer
-2y, PAM
target DNA { )
D > <
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QLR Y

— I Hs,/.

/.,, .
A Programmable Dual-RNA-Guided g .
DNA Endonuclease in Adaptive
Bacte rial Immu n ity Cas9 programmed by single chimeric RNA

Martin Jinek,** Krzysztof Chylinski,*** Ines Fonfara,* Michael Hauer,*t
Jennifer A. Doudna,>>*+ Emmanuelle Charpentier*t
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Jinek et al, Science (2012) T

crRNA-tracrRNA chimera



Summary

= Methods for Identification of Sequence-Specific Mutants

=  Preparation of mutants collection

| Searching for sequence-specific mutants using
PCR

L Searching for sequence-specific mutants in
electronic databases

= Knocking-out the gene using homologous
recombinantion

= Analysis of Phenotype and Confirmation of Causality Between
Phenotype and Insertional Mutation

=  Co-segregation analysis
- |dentification of independent insertional allele

3 Using unstable insertional mutagens and isolation
of revertant lines

- Mutant complementation by the transgene



Summary

= Gene Silencing Using RNA Interference

= Mechanism of RNA interference

=  Genome Editing via CRISPR/Cas9



Discussion
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