
Targeted genome editing



Genome editing:

Basis:

At the site of double-stranded breaks (DSBs) within the 
genome, mutations are introduced by either imprecise repair 
of DSBs mediated by non-homologous end-joining (NHEJ) or 
by insertion of a donor DNA into the break by homologous 
recombination (HR).

For genome editing, the most successful strategy relies on the 
possibility to create DSBs at specific sites.



Repair without DNA insertion: autonomous repair often results in local deletion

- Repair with DNA insertion: presence of DNA template can direct specific site 
mutagenesis by homologous recombination



Frequency of homologous recombination
(after insertion of homologous sequence)

Ratio between homologous/non-homologous recombination

Mammals 10-2 -10-5

Lower eucaryots (yeast, protists, filamentous fungi) > 10%

Moss Physcomitrella patens about 90%

- affected by sequence length, ploidy, cell type, cell cycle phase, …

Higher plants 10-3 - 10-6

(high frequency of non-homologous recombination prevents the homologous one)



Strategies for obtaining efficient HR in plants

1. Over-expression of E. coli genes involved in HR: [Bernd Reiss et al. PNAS |

March 28, 2000 | vol. 97 | no. 7 | 3358-3363 ]

Over-expression of RecA: stimulated sister chromatid exchanges, increased intra-chromosomal
recombination but not the frequency of gene targeting (GT, defined as recombination between a
foreign gene carrying homologous sequences and the complementary genomic sequences).

Over-expression of RuvC (involved in the resolution of Holliday junction) [Shalev et al.
PNAS Vol. 96, Issue 13, 7398-7402 1999]

Increased intra-, extra-, and inter-chromosomal recombination but not GT frequency.

2. Modification of plant HR machinery:
RAD50 mutant: RAD50 may be a common factor of illegitimate recombination and HR. RAD50 is

dispensable for HR. rad50 loss-of-function mutants may have suppressed illegitimate
recombination. Intra-chromosomal recombination indeed goes up in rad50 mutants. GT
frequency is yet to be demonstrated in RAD50 mutants.

INEFFICIENT



Site-specific recombination systems of prokaryotes and 
lower Eukaryotes (recombinase/recognized target site –
must be introduced into the genome in advance)

Cre/lox bacteriophage P1

Flp/frt Saccharomyces cerevisiae

R/RS Zygosaccharomyces rouxii



Cre/loxP

• Site-specific recombinase technology

• Widely used to carry out deletions, insertions, translocations and 
inversions at specific sites. 

• DNA modification can be targeted to a specific cell type or be 
triggered by a specific external stimulus. 

• Both in eukaryotic and prokaryotic systems.



Cre/loxP
The system consists of a single enzyme, Cre recombinase, that recombines a pair of short
target sequences called Lox sequences. This system can be implemented without
inserting any extra supporting proteins or sequences. The Cre enzyme and the
original Lox site called LoxP are from bacteriophage P1.





Piante transgeniche prive di marker di selezione tramite 
ricombinasi sito-specifiche



Chromosomal deletions through localized transposition by the 
maize Dissociation (Ds) element and site-specific DNA excision by 
the bacteriophage Cre-loxP recombination system.



1) A Ds-loxP T-DNA construct, containing loxP sites in both the Ds
element and the T-DNA backbone is transformed into the genome 
2) transposition of Ds-loxP is induced by crossing in Activator (Ac). 
3) a second cross to bring in the Cre recombinase gene

-> Cre-mediated site-specific recombination between the two loxP
sites causes the excision of the intervening DNA. Excision of a gene 
of interest can be detected by PCR.

A community resource of >10 000 sequenced Ds-loxP T-DNA 
insertion sites has been generated for Arabidopsis researchers.



Alternatives for targeted genome editing

Synthetic site-specific nucleases to generate DSBs at 
specific sites

1) Zinc Finger Nucleases (ZFN), Transcription Activator-
Like Effector Nucleases (TALEN):  specificity resides
in proteins (DNA binding domain)

1) CRISPR/Cas: specificity resides in nucleic acid 
(complementary RNA).



ZFN and TALEN are basically artificial restriction enzymes that
recognize specific stretches of bases, consisting of :

- DNA recognition domain (Zinc finger or TALE): repeated protein
modules that recognize specific DNA sites

- FokI nuclease: dimerization of nuclease domains cleaves target 
DNA



Type IIS enzymes: bacterial restriction enzymes that recognize an asymmetric DNA
sequence and cleave a short distance from that sequence (shifted cleavage).

Es.: FokI from Flavobacterium okeanokoites recognizes the non-palindromic 5’-GGATG-
3’:5’-CATCC-3’ in duplex DNA and cleaves 9/13 nucleotides downstream of the
recognition site -> two separate protein domains, one for sequence-specific recognition
of DNA and the other for endonuclease activity.



The FokI catalytic domain has only one active site so, to cut both DNA strands, 
the catalytic domains from two monomers associate to form a dimer. 

The dimer involving a monomer at the recognition site and another from free 
solution is less stable than that from two proteins tethered to the same DNA. FokI
thus cleaves DNA with two sites better than one-site DNA. 

The two sites can be immediately adjacent, but they can alternatively be many 
hundreds of base pairs apart, in either inverted or repeated orientations.



It is possible to swap the recognition domain of these enzymes with
other naturally occurring DNA-binding proteins which recognize longer
sequences (e.g. the helix-turn-helix motif, the zinc finger motif and the
basic helix-loop-helix protein containing a leucine zipper motif).



Zinc-Finger Nuclease (ZFN) Technology
(S. Chandrasegaran)

The Cys2-His2 zinc finger proteins are a class of DNA-binding proteins that contain sequences
of the form (Tyr, Phe)-Xaa-Cys-Xaa2-4-Cys-Xaa3-Phe-Xaa5-Leu-Xaa2-His-Xaa3-5-His, usually in
tandem arrays. Xaa represents an unspecified amino acid.

Each of these sequences binds a Zinc(II) ion to form the structural domain termed a zinc finger.
These proteins bind to DNA by inserting an α-helix into the major groove of the double helix.



Zn-finger domains – designed for specific sequence

DNA sequence recognition per finger:

3(-4) nt/finger

- conserved aminoacids marked
- black circles – interaction with DNA







Derived from TALEs

Transcriptional Activator-Like Effectors

TALEN



Batteri del genere Xanthomonas manipolano 
l’espressione genica del loro ospite



Xanthomonas species

124 268



Effettori TAL (Transcription activator-like)

• Sono traslocati nelle cellule 
dell’ospite durante l’infezione

• Entrano nel nucleo e legano il 
promotore di geni vegetali, 
inducendone l’espressione

• L’espressione di questi geni 
ha effetti benefici 
sull’infezione



Sistemi di secrezione di Xanthomonas



Gli effettori XopD e AvrBs3 di tipo III di Xanthomonas



Il riconoscimento da parte dell’effettore TAL delle sequenze sui promotori da attivare è 
mediato da un dominio ripetitivo centrale



2009

Ipotesi: ogni unita’ di 
ripetizione di AvrBs3 riconosce 

una specifica  coppia di basi



Conferma sperimentale dell’ipotesi

Nicotiana 
benthamiana

b- glucuronidasi



ArtX: Artificial TALEs

ArtX1-box uidApBS4

p35S uidA



Come il numero di ripetizioni influenza l’espressione dei geni 
target.



Sommario

• La specificita’ di legame al DNA e’ basata su un motivo di 2 aa 
che riconoscono una coppia di basi 

• Una T in posizione  0 contribuisce all’attivazione di promotori 
indotti da TAL effectors

• Alcuni tipi di ripetizioni  favoriscono il riconoscimento di coppie di 
basi specifiche, mentre altri sono piu’ flessibili

• Si possono prevedere con successo geni bersaglio per i TAL 
effectors alcuni dei quali sono importanti fattori virulenti 

• Un numero minimo di ripetizioni e’ necessaria per riconoscere il 
DNA bersaglio ed attivare efficentemente l’espressione 
genica.  



TALEN (synthetic nuclease) 

TALE 



 per guidare modificazioni genetiche nelle cellule umane pluripotenti (embryonic stem cells 
–ESC- and induced pluripotent stem cells -iPSC-) 

 per ottenere modelli knock-out (rat, worm, zebrafish)

 per attivare trascrizionalmente geni silenziati inibendo l’azione di repressori epigenetici

Altre applicazioni…



Come ingegnerizzare un TALE naturale
• Scelta di un TALE naturale in grado di esibire un alto tasso di specificità di

legame con sequenze target
• Amplificazione tramite PCR delle sequenze codificanti per diversi TALE dal

DNA genomico di X. axonopodis pv citri. I cloni ottenuti mancano di
circa 152 residui nel N-ter importanti per il trasporto nelle piante ma non per
altre funzioni.

• Le proteine ottenute vengono analizzate per SELEX (Systematic Evolution of
Ligands by Exponential Enrichment).



Tecniche high throughput per la produzione di TALEs

• Le TALEN sono uno strumento per l’editing genomico

• Altri tipi di TALE di fusione (es. VP64) possono trovare usi ancora più 
ampi

• Le TALEN si sono dimostrate altamente efficienti anche nella produzione 
di animali KO

• A differenza delle ZNF, il codice è noto ed i costrutti sono disponibili in 
AddGene

È desiderabile un protocollo universale che permetta la produzione di costrutti 
codificanti TALE che riconoscano elementi di sequenza e lunghezza qualsiasi.

Una tecnica del genere deve rispondere a criteri di economicità, efficienza e velocità.



CRISPR/Cas9







http://www.slideshare.net/suknamgoong/crisprcas9-101



repeat spacer





The acquisition process involves recognition and integration of foreign DNA as a spacer within the CRISPR locus.
Regions of phage genomes  that are excised as spacers (termed protospacers) are not randomly selected but  are 
found adjacent to short (3 – 5 bp) DNA sequences termed protospacer adjacent motifs (PAM). 

The insertion of a single copy of spacer of approximately 30 bp occurs preferentially at the leader side of the 
CRISPR array. The first direct repeat, adjacent to the leader sequence is copied, with the newly acquired spacer 
inserted between the first and second direct repeats.

The new spacer is always inserted on the AT-rich side of the leader sequence located before a CRISPR cassette 
that also contains promoter elements and landing sites for regulatory proteins



At the second stage, transcription, the entire CRISPR locus is transcribed into a long pre-
crRNA (poly-spacer precursor crRNA). 
Type II systems encode an extra small RNA that is complementary to the repeat 
sequence, known as a trans-activating RNA (tracrRNA).



tracrRNA and primary CRISPR transcripts result in base pairing and the formation of cas9-stabilized 
tracrRNA:pre-crRNA duplexes upon binding of tracrRNA anti-repeat to the pre-crRNA repeat. 

The duplexes are processed into mature crRNA by RNase III followed by trimming (10 nt) by a yet 
unknown mechanism

The classical DNA targeting pathway, common to all type II CRISPR-Cas systems



The mature tracrRNA:crRNA guides the Cas9 endonuclease to introduce site-specifically dsDNA 
breaks in the invading DNA. 

The classical DNA targeting pathway, common to all type II CRISPR-Cas systems



Cas9 is the nuclease guided by the crRNA and tracrRNA (or trans-activating 
crRNA) to cleave specific DNA sequences (Deltcheva et al. 2011).



For biotechnological purposes,  a guide RNA (gRNA or single-gRNA) can be 
designed to include a hairpin that mimics the tracrRNA-crRNA complex 
(Jinek et al. 2012).

Binding specificity is based on the gRNA and a three nucleotide NGG sequence 
called the protospacer adjacent motif (PAM) sequence (Marraffini and 
Sontheimer, 2010).

For site-specific genome editing, the CRISPR/Cas9 system minimally requires the 
Cas9 nuclease and the gRNA.




























