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Introduction

Genome editing

Introduction and overview

GENE FUNCTION AND PHENOTYPE

Since a long time, the classical approach in modern genetics to study gene function
and correlate it with phenotype. is termed “reverse genetics”, and allows us to
understand the intricate relationship between genotype and phenotype through
manipulation of the genetic information. These manipulations involve various
biological approaches: knock-in, knockout, and gene expression modification (RNA
interference, RNAI). For the past few decades, functional genes have been
integrated into genomes and over-expressed through transposon-mediated
modification, similar to T-DNA and p-elements (Chen et al., 2014). Moreover, gene
targeting was performed by site-specific recombinase technology using the Cre/loxP
system (Kilby et al., 1993), the Flp/FRT system (Dimecky, 1996), and the phiC31
integrase (Groth et al., 2004). RNAi was developed as a powerful tool to knock-down
genes (Gonczy et al., 2000; Dietzel et al., 2007; Martin and Caplen, 2007).

Targeted gene knockdown by RNAi is a rapid, inexpensive and highly-efficient
method compared to gene targeting (McManus et al., 2002). However, this approach
presents disadvantages due to its time constrained-effect in knocked-down cells, to
variability and reproducibility issues, to possible unpredictable off-target effects, and

to a high background noise (Martin and Caplen, 2007).
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Altering gene expression by transposons or stable transfection can generally be used
to study overexpression of a given gene. Nonetheless, expression levels can be
affected by the random insertion of the gene.

All in all, gene targeting has proven to be the most reliable tool to explore gene
function. However this method has certain hindrances such as the low efficiency of
targeting at the target site, the need for time-consuming and labor-intensive
selection/screening strategies. Hence, traditional gene-targeting was only applied in
few model systems, such as Drosophila (Venken and Bellen, 2007) and mouse

(Capecchi, 2005), characterized by short generation times and easy inbreeding.

GENOME EDITING WITH SITE-SPECIFIC NUCLEASES

In recent years, a new approach has emerged to theoretically manipulate any desired
gene in several different cell types and organisms. This technology is commonly
called as genome editing and is based on three different systems: Zinc-Finger
Nuclease (ZFN), Transcription Activator-Like Effector Nuclease (TALEN) and
Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR/Cas9
nuclease). While conceptually identical to gene targeting, these novel tools, due to
the high targeting efficiency, makes it possible for scientists to modify the genome in
an easy, efficient and inexpensive manner.

These systems can be designed and put into effect within few days using designing
tools, traditional cloning or commercial kits, or commercial services (listed in
Appendix C) (Gonzalez et al., 2010; Kim et al., 2011b; Li et al., 2011b; Miller et al.,
2011; Reyon et al., 2012a,b; Ran et al., 2013).

ZFNs and TALENs are composed of sequence-specific DNA-binding domain fused
with an unspecific endonuclease (Urnov et al., 2010; Carroll, 2011; Miller et al., 2011)
while Cas9 is an RNA-guided DNA endonucleases. These proteins induce DNA
double-strand breaks (DSBs) in the region of interest and hence stimulate the DNA
repair mechanisms (Wyman and Kanaar, 2006). Error-prone non homologous end
joining (NHEJ) can lead to gene inactivation, while homology recombination (HR) in
presence of donor homologous DNA can lead to knock-in (FIG. 1).

Since their discovery, these proteins have been modified to increase their activity and
specificity. For example, an highly-active Fokl mutant called “Sharkey” was

developed by directing evolution (Guo et al., 2010) and used in association with
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(A) Nonhomologous end joining Homology-directed repair

Gene disruption
(via small insertions or *:
deletions) //// ]—7//@>

Inversion + +
Insertion Gene addition Gene correction
{up to 14 kb by synchronized donor
cleavage in vivo) j/— . Provide donor
Del FrOvIae danox template containing
eletion s
NHEJ-mediated Simultancous temtplate containing modified gene
ligation of broken ransgene (s) sequence

cleavage by two
nucleases

DNA ends

Figure 1

Nuclease-induced DNA double-strand breaks (DSBs) can be repaired by error-prone non-
homologous end joining (NHEJ) or homologous recombination (HR). (A) In the presence of donor
plasmid with homology arms, HR can introduce single or multiple transgenes to correct or replace
the wild type gene. (B) In absence of donor plasmid, NHEJ-mediated repair induces small
insertions or deletions that cause gene disruption. Simultaneous induction of two DSBs can lead to
ggl%ti)c.)ns, inversions and translocations of the intervening segment (Reproduced from Gaj et al.,
either ZFNs (Ramalingam et al., 2011) or TALEs (Tesson et al., 2011; Cade et al.,
2012) to increase their effectivity.

The heterodimers of Fokl were developed, where only one of the two Fokl protein is
active; this results in a decreased off-target activity and genotoxicity of ZFNs and
TALENSs protein (Miller et al., 2007; Szczepek et al., 2007; Cade et al., 2012). These
proteins were further improved by introducing a mutation (Aspaso to Ala) at the active
site of the Fokl domain in one of the subunits in order to develop DNA-nicking
enzymes (nickases) (Sanders et al., 2009). The heterodimer nickases induce a single
nick on one strand thus decreasing the chances of DSBs. These site-specific nicks
can increase the frequency of HR without activating NHEJ (Kim et al., 2012; Ramirez
et al., 2012; Wang et al. 2012).

In addition, simultaneous introduction of these endonucleases can result in multiple
targeted mutagenesis (\Wang et al., 2013), chromosomal deletions (Lee et al., 2010),
duplication (Lee et al.,, 2012), inversions (Lee et al.,, 2012) or translocations
(Piganeau et al., 2013).

Finally, there are alternative strategies to ZFNs, TALENs and CRISPR/Cas:
engineered meganucleases have been used, but these proteins are refractory to

customization for sequence specificity (Grizot et al. 2009; Munoz et al. 2011; Menoret
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et al. 2013); Artificial Restriction DNA Cutters (ARCUT), a DNA-based DSB-inducing

molecule is an other possibility for the same (Komiyama, 2013).

DNA repair and genome editing

DOUBLE-STRAND BREAKS

DNA double-strand breaks (DSBs) are a type of lesion that cells need to repair in
order to maintain their genomic integrity and stability. These type of lesions are
generated spontaneously or after exposure to exogenous DNA damaging agents.
When unrepaired or improperly repaired, DSBs can lead to cell death and, in
multicellular organisms, may promote tumorigenesis and formation of cancer (Van
Gent et al., 2001).

As mentioned above, the two different pathways to repair these damages, HR and
NHEJ, the DNA ends are aligned and joined using homologous sequence and non-
homologous end joining which acquire the broken ends, bring these extremities

together and rejoin them in the absence of long tracts of the homologous sequence.

NON-HOMOLOGOUS END JOINING

Non-Homologous End Joining is a process present in all organisms, from bacteria, to
archea and eukaryotes, indicating its importance. NHEJ was initially identified in
mammalian cells, demonstrating its pivotal contribution to the repair system of the
cell. Contrarily to other organisms, such as Saccharomyces cerevisiae (Van Den
Bosch et al., 2002), this repair machinery is the prevalent one for of DSB repair.

In NHEJ, the broken ends bind to specific factors to limit DNA degradation which may
lead to loss of genetic information. Then, the DNA ends are juxtaposed through
protein-protein interactions in which the end-binding factors bound to DNA ends
interact with the bridging proteins. Alternatively, the end-binding proteins may work as
the landing site for the bridging factors (Pfeiffer and Vielmetter, 1988; Thode et al.,
1990). Sometimes, the juxtaposed DNA ends may directly be ligated by DNA ligases
but often the DSBs generated ends are poor substrates for the ligases. In such
cases, the extremities must be processed before the ligation. Several studies on

break site repair by NHEJ, suggest that alignment of DNA through microhomology,

10
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short complementary sequences (1-4 nucleotides), is involved to closely bring
together the broken ends (Roth and Wilson, 1986; Kramer et al., 1994; Moore and
Haber, 1996).

The microhomology-dependent alignments causes mismatches and possible next
flaps and/or gaps on the juxtaposed DNA. The resulting gaps and flaps seeds to
small insertions or deletions (indels), this process has been exploited to obtain a

knock-out of specific gene.

HOMOLOGOUS RECOMBINATION

Homologous Recombination requires long stretches of homologous DNA and repairs
DSBs utilizing the information on the correct sister-chromatid. As mentioned, this
reparation system is predominant in yeast, conversely HR is a rare event in higher
eukaryotes, probably due to the shorter relative persistence of the chromatids.

Initial investigations in Capecchi’s laboratory showed evidences of HR in
mammalians. They microinjected many copies of Herpes simplex virus thymidine
kinase (HSV-tk) in mammalian cells deficient in thymidine kinase (tk) to obtain tk+
cells. The HSV-tk genes were integrated in multiple copies and, even though
integrated randomly in one or two points of genome, they were present as head-to-

tail ordered concatamers (FIG. 2). Additionally, they demonstrated that the

Figure 2

When multiple copies of a DNA sequence (arrows) are
introduced into mammalian cells (a), they are efficiently
integrated into one or a very few random site(s) within the
host genome as concatamers (b).

The orientation of the sequences in the concatamer showed
that the DNA copies are not randomly oriented within the
concatamer, but are all oriented in the same direction (b)
(Reproduced from Capecchi, 2005).

1
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concatemers were produced by homologous recombination (Folger et al., 1982). This
was the first demonstration that mammalian cells could mediate homologous
recombination through the introduction of external plasmid DNA. This finding
provides the basis for gene targeting and genome editing.

The efficiency of this machinery was evident, especially after the observation that
microinjection of 100 molecules of HSV-tk plasmid per cell could cause the formation
of concatemers composed from the 100 molecules. Capecchi wrote:

“It was immediately clear to me that if we could harness this machinery to carry out
homologous recombination between a newly introduced DNA molecule of our choice
and the cognate sequence in the recipient cell, we could mutate or modify almost any
gene in mammalian cells in any desired manner.” (Capecchi, 2005).

The next logical step was to increase the low frequency of gene targeting in
mammalian cells. To achieve this, Capecchi's laboratory developed a selection
technique to eliminate cells which did not contain targeted homologous
recombination products. They obtained a cell line with random insertion of a
neomycin resistance gene (neor) containing an inactivating deletion. The cell line was

then microinjected with a plasmid

containing the neo’ gene * Lo

inactivated by a single point

mutation. HR between the targeting f _\

plasmid and the chromosomal | — :

region containing the defective neor neo’™

gene could generate a functional *

neo’ gene, thus producing cells I
neo™

resistant to G418 (FIG. 3) (Thomas
1986).

exhibited that linear DNA molecules

et al., Moreover, they

Figure 3

Generation of a functional neomycin resistance gene

are preferred over circular DNA as
substrates for HR (Thomas et al.,
1986) and is cell-cycle dependent,
with a peak of activity during early
S phase (Wong and Capecchi,
1986).

Further examinations showed that

from two defective genes by gene targeting. The
recipient mammalian cell line contains a defective
neomycin resistance (neor) gene, with a small deletion
(red block) at the 3 end of coding sequence,
integrated randomly in the cellular genome. The
targeting vector contains a 5’ point mutation (red
star). The deletion in the integrated gene is corrected
by homologous recombination through the
exogenously added targeting vector with a frequency
of approximately 1 in 1,000 cells (Reproduced from
Capecchi, 2005).

12
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targeting efficiency was neither dependent on the concentration of the targeting
vector nor on the number of targets present in the cell genome. Indeed, the
introduction of either 100 molecules or a single molecule of plasmid per cell led to the
same targeting frequency. This suggested that, the limiting step was the availability of
the cellular machinery to direct recombination between the exogenous and the
endogenous DNA. An important point from this work was that each chromosomal
target position analyzed was equally accessible to HR, thus indicating that most of
the genome, if not all, could be modified by gene targeting.

The low frequency of targeting proved the technique impractical for use directly in
murine zygotes. The best option to obtain mice with specific mutations at a specific
locus was to perform the gene targeting in cultured embryonic stem (ES) cells, and to
select the targeted cells before introduction into a pre-implantation embryo. These
cells would contribute to the formation of some tissues in the newborn mice, among
them the germline.

Another improvement in the gene targeting technology came with the association of
the targeting with a site-specific recombination system, such as Cre-loxP or Flp-FRT.
This approach makes it possible to generate conditional mutants for evaluation of
gene function in specific tissues and/or limited times (Gu et al., 1994).

In order to increase the efficiency of targeting and the accessibility to every
laboratory, in 1986 Capecchi started using electroporation. Whereas less efficient
compared to microinjection, electroporation could be applied to a higher number of
cells (107), thus resulting in a higher number of targeted cells. Despite these
advancements, the targeting ratio was still insufficient.

Capecchi’s lab next strategized to enrich the targeting cells by a procedure called
positive-negative selection. With such approach a positive selectable gene, such as
neo’, was used in conjunction with an element for negative selection such as HSV-tk
located beyond the homologous arms, at the end of targeting vector (Mansour et al.,
1988). Through positive selection in presence of G418, only cells that receive the
targeting construct can grow regardless of the insertion, either through HR or NHEJ.
The cells in which the targeting plasmid is inserted by NHEJ, would also express the
HSV-tk gene, and thus could be negatively selected with FIAU (a drug that kills cells
that express HSV-tk gene). The death of these cells would lead to the enrichment of

targeted cells (FIG. 4).
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a Gene targeting

| — - — -

X neoHSV-tk-(G418' FIAU"

b Random integration

|- | |

HSV-tk

I — - - - -

X*tneo'HSV-tk*{G418' FIAUS

Figure 4

(a) The targeting vector contains a neomycin resistance (neor) expression cassette to be
inserted in a gene X and an herpes virus thymidine kinase (HSV-tk) expression cassette at
one end. Homologous recombination between the targeting vector and the chromosomal
gene results in the disruption of one genomic copy of gene X and the loss of the vector
HSV-tk gene. Cells in which this event has occurred will be X+, neo+ and HSV-tk-, and will
be resistant to both G418 and FIAU.

(b) Most frequently, the targeting vector will be integrated into the host cell genome at a
random site, through non-homologous recombination. Because non-homologous insertion
of exogenous DNA into the host cell chromosome occurs through the ends of the
linearized targeting vector, the HSV-tk gene will remain linked to the neor gene. Cells
derived from this type of recombination event will be X++, neo+ and HSV-tk+, and therefore
resistant to G418 but sensitive to FIAU (Reproduced from Capecchi, 2005).

Soon after, the diphtheria toxin A (DTA) has been utilized as marker to negative
selection. This gene had several advantages, as drugs are not required to induce cell
death and transient expression of toxin presented minimal toxicity. This approach
exhibited an enrichment in targeted clones of 9- to 29-folds compared to positive

selection alone (McCarrick et al., 1993).
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Additionally, single-strand oligonucleotides (ssODNs) have been used, coupled with
engineered endonucleases, as templates for HR-mediated DNA repair (Chen et al.,
2011). Initial works with ssODNs had achieved corrections in reporter genes at
frequencies above 0.7% (\Wang et al., 2008; Radecke et al., 2010), but subsequently
ssODNs have been used, achieving frequencies of correction ranging from 1-30% in
absence of any antibiotic selection. Using this approach different types of gene
targeting could be achieved: (1) targeted point mutation, (2) targeted deletion of small
and large region of DNA and (3) simultaneous targeted deletion of large sequences
and insertion of specific short DNA sequence (Chen et al., 2011).

Finally, the efficiency of targeting was shown to be improved using specific
endonucleases, which stimulate the DNA repair machinery through the induction of
targeted DSBs in eukaryotic cells (Rouet et al., 1994a,b; Bibikova et al., 2003;
Porteus and Baltimore, 2003; Urnov et al., 2005; Moehle et al., 2007; Voytas, 2013).

Zinc-Finger Nucleases (ZFNs)

INTRODUCTION AND STRUCTURE

The Zinc-finger domain, originally discovered in Xenopus (Miller et al., 1985), is one
of the most common DNA-binding motifs in eukaryotes and is amongst the most
frequently encoded protein folds in humans. Each zinc-finger motif is composed of 30
amino acids in a conserved BBa configuration (Beerli and Barbas, 2002) (FIG. 5b).
Amino acids on the a-helix bind 3 or 4bp in the major groove of DNA, with different
levels of selectivity, while the side of conserved Cys and His residues form a complex
with Zn2+ jon. The availability of the structure of a highly conserved linker sequence
between Zinc-finger domains led to the possibility to fuse different zinc-finger
domains together. Specific DNA-recognition protein were developed to recognize
sequences which were 9-18bp in length (Liu et al., 1997) (FIG. 5a). The possibility to
recognise specifically such length allowed binding to DNA targets in the genome, and
represented the first method to increase targeting efficiency in the human genome
(Beerli et al., 1998, 2000).
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Right ZFP

Cleavage

Figure 5

(a) Representation of zinc-finger nuclease
(ZFN) dimer bound to DNA. ZFN target
sites consist of two zinc-finger binding
sites separated by a 5-7bp spacer
sequence targeted by the Fokl cleavage
domain

(b) Model to the arrangement in (a). DNA
is shown in gray, ZFNs are colored blue
(left ZFN) or red (right ZFN), and reflective
spheres denote zinc ions. Zinc-finger
helices are represented by cylinders,
whereas the central Fokl are represented
entirely as ribbon diagrams.

(Reproduced from Miller et al., 2007).

ASSEMBLY METHODS

Following these initial studies, several methods have been developed to construct
zinc-finger proteins. The “modular assembly” used a preselected library of zinc-finger
modules, to recognize nearly all of 64 possible nucleotide (nt) triplets, which were
linked together to target a specific DNA sequence (Beerli et al., 1998, 2000; Beerli
and Barbas, 2002; Gonzalez et al., 2010; Kim et al., 2011b; Bhakta et al., 2013).

An alternative possibility for the construction of ZFNs is a selection-based approach
where an oligomerized pool engineering (OPEN) is used to select a new zinc-finger
arrays from a random library, also considering the context-dependent interactions
between close fingers (Maeder et al., 2008). Moreover, several approaches have
been developed to combine the methods described above (Sander et al., 2011b;
Gupta et al., 2012).

ADVANTAGES AND DISADVANTAGES

The main problem with ZFNs is their off-target activity. In order to reduce this effect
and increase the specificity, several approaches have been developed such as Fokl
heterodimers (Miller et al., 2007; Szczepek et al., 2007) with optimized cleavage
specificity and reduced toxicity, which can be used in combination with the “Sharkey”
mutant (Guo et al., 2010) to further increase activity and specificity (Doyon et al.,

2011). Moreover, evidences suggest that 4-6 zinc-finger domains for each half ZFN
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enhance specificity and activity of protein (Guo et al., 2010; Perez-Pinera et al., 2012;
Bhakta et al., 2013; Sood et al., 2013).

There are other methods to improve ZFN activity such as transient hypothermic
culture conditions to increase nuclease expression levels (Doyon et al., 2010), co-
transfection with DNA end-processing enzymes (Certo et al.,, 2012) and the use of
fluorescent surrogate reporter vectors for enrichment of modified cells by ZFNs
activity (Kim et al., 2011a).

In recent times, there have been advancements where zinc-finger nickases
(ZFNickases) (Sanders et al., 2009; Kim et al., 2012; Ramirez et al., 2012; Wang et
al., 2012a) were engineered to nick DNA, thus stimulating HR instead of NHEJ
(McConnell et al., 2009). Consequently, this approach has fewer off-target activity
than conventional ZFNs, however, the frequency of HR remains lower than traditional
ZFNs.

DNA- and mRNA-based methods have been used to deliver ZFNs in the cells. These
methods are closely dependent on cell types and exhibit undesirable effects; such as
insertional mutagenesis, toxicity and low efficiency. Despite using nuclease pairs to
increase its specificity, the transient co-delivery poses a technical limitation. Hence,
monomer-type ZFNs have been established using single-chain Fokl (scFokl), a
tandem pair of Fokl nuclease domain in one protein (Minczuk et al., 2008; Mino et
al., 2009; Mori et al., 2009). These proteins have shown activity in vitro and in
cultured cells, but there is still a need for additional analysis to get a clearer view on
their efficiency. On the other hand, ZFs linked to I-Tevl endonuclese can be used for
genome editing (Kleinstiver et al., 2012).

To overcome the limitations, purified ZFN proteins were used directly onto the cells.
This strategy exhibits insertional mutations sans any risks and has fewer off-target

effects than conventional delivery systems (Gaj et al., 2012).

Transcription Activator-Like Effectors Nucleases (TALENS)

INTRODUCTION AND STRUCTURE

The Transcription Activator-Like Effectors (TALEs) are proteins found in plant
pathogenic bacteria originating from the genus Xanthomonas. The native function of
these proteins is to directly modulate host gene expression (Bogdanove and Voytas,
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2011; Munoz Bodnar et al., 2013). Upon delivery into the host cells, TALEs enter the
nucleus, through a Nuclear Localisation Signal (NLS), bind to effector-specific
sequences in the host promoters and, using its activation domain (AD), activate
transcription (Bogdanove et al., 2010). Its central DNA binding domain is composed
of several tandem repeats. Each repeat is formed by 33-35 amino acids (aa) and
recognizes a single nucleotide. The last repeat usually consists of a 20aa sequence,
termed “half repeat”. The specificity on the DNA is conferred by highly variable amino
acids at positions 12 and 13, called repeat-variable di-residue (RVD); divergent RVDs
bind preferentially to different nucleotides (Boch et al., 2009; Moscou and
Bogdanove, 2009) (FIG. 6). The sides of the central domain comprise of a N-terminal
segment (NTS) containing secretion signal peptides, a C-terminal segment (CTS)
with the nuclear localization signal peptides and the transcription activator domain
(White et al., 2009).

LTPDQVVAIASHDGGKQALETVQRLLPVLCQDHG

DNA Binding Domain

HPNINQH|DI\I|HI_I|DH|DI\|“H|DN|G|\|“ HlDﬂDNH@G
CATCOGCCACTACT CSGT

Target DNA
) I A A é

HD NG NI NN NS N* HVG HA ND NK H* HI HN IG NA
N 10770 64 57 30 20 18 6 4 2 1 1 1 1 1

Figure 6

Up: Schematic representation of a TALE, with repeats (in blue) constituting the central DNA binding
domain, the nuclear localization signal (NLS) and the activation domain (AD). An RVD is indicated
in red (Adapted from Cermak et al., 2011)). Down: Frequencies of RVD-nucleotide associations in
naturally occurring TALEs constitute a code that allows prediction and design. An asterisk indicates
that the residue at position 13 is missing, resulting in a 33-amino acid repeat (Reproduced from
Moscou and Bogdanove, 2009).
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Similarly to ZFNs, Transcription Activator-Like Effectors Nucleases (TALENSs) are
TALE proteins fused with a non-specific Fokl domain and acting as a pair. The
TALEN structure was initially reported by fusing a natural TALE (AvrXa7) to the Fokl
domain. This protein was originally engineered comprising of the whole NTS and
CTS (288aa and 295aa, respectively). Based on the structure, using yeast assay
methodologies, the optimal spacer length between the two TALEN target sites was
calculated in 16-31bp (Li et al., 2011a). Analysis of a TALEN based on a different
TALEs (AvrBs3, PthXo1) found efficient DNA cleavage with a 13-30bp spacer
(Christian et al., 2010). This scaffold was successfully used to obtain genome editing
in various cell types and species, from yeast to mammalian cell lines, to zebrafish
and transgenic mice (Hockemeyer et al., 2011; Huang et al., 2011; Sander et al,,
2011a; Tesson et al., 2011; Wood et al., 2011; Cade et al., 2012; Lei et al., 2012;
Moore et al., 2012; Reyon et al., 2012b). While usually transduced into cells encoded
in plasmid constructs or as mRNA, TALENs have also been used in the form of
purified proteins directly on human cells (Liu et al., 2014).

The next logical step regarded the optimization of TALEN architecture in order to
obtain higher cleavage efficiency with minimal peptide length. Experiments using a
series of TALEN with 136aa long NTS and varying lengths of CTS indicated that
diverging TALEN scaffolds preferred different spacer lengths (Miller et al., 2011).
Indeed, TALENs with a 63aa-CTS could lead to efficient gene editing in human cells
when separated by 12-20bp spacers, while for a CTS with 28aa, a shorter separation
range of 12-13bp was needed.

Additional work showed that shorter CTSs work efficiently with small spacers
(Mussolino et al., 2011; Christian et al., 2012), highlighting tentative correlations
between CTS length and the maximum spacer length, this may be due a short CTS
producing less possible movement for Fokl domains (TAB. 1).

Thus, a systematic study with 10 different TALEN scaffolds with varying NTSs and
CTSs have been tested against 10 substrates with different spacers in yeast in a 10 x
10 matrix. Two scaffolds with high activity were identified: the first one with 207aa
NTS and 31aa CTS preferred target sites separated by 10-16bp spacers, and the
second one comprising of a 207aa NTS and of a 63aa CTS could efficiently cut the
target site with 14-32bp spacers. Moreover, it was seen that TALENs with 50aa NTS
did not exhibit catalytic activity against any target (Sun et al., 2012).

This was further clarified when the availability of a TALE crystal structure showed the
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Table 1 - Different TALEN scaffolds

NTS (aa) CTS (aa) Spacer (bp) Reporter system Refs

288 295 16-31 B-galactosidase assay in yeast Liet al., 2011a

Transient expression assay in

288 285 162 tobacco leaves Mahfouz et al., 2011
287 231 13-30 B-galactosidase assay in yeast Christian et al., 2010
287 63 152 Mutagenesis in medaka embryos Ansai et al., 2013
207 63 14-32 B-galactosidase assay in yeast Sun et al., 2012
207 31 10-16 B-galactosidase assay in yeast Sun et al.,, 2012
153 47 12-21 dsEGFP assy in HEK293 Mussolino et al., 2011
153 17 12 dsEGFP assy in HEK293 Mussolino et al., 2011
136 63 12-20 Surveyor nuclease assay in K562 Miller et al., 2011
136 28 12-13 Surveyor nuclease assay in K562 Miller et al., 2011
136 18 13-16 B-galactosidase assay in yeast Christian et al., 2012

a the spacer length was not optimized in this study (Reproduced from Sun and Zhao, 2013)

presence of an extended N-terminal DNA-binding region of 127aa immediately
before the central DNA-binding domain, with its structural features being very similar.
These 127aa form four repeats, containing two a-helices and an interposing loop
(FIG. 7). Although this region did not seem to confer sequence specificity, it is
essential for DNA binding and thus it explains

why functional TALEN scaffolds need at least R(-2)
127aa NTSs (Gao et al., 2012). A second
generation of TALEN scaffolds was thus
developed, named as GoldyTALEN (Bedell et
al., 2012). The GoldyTALEN have the same
scaffold comprising of a 136aa NTS and of a
63aa CTS (Miller et al., 2011), with nine aa  Figure 7

substitutions in the NTS and five in the CTS. Crystal structures of TALEs NTS,

characterized by four continuous repeats,

These proteins were used to target several Which are important for DNA binding (PDB
identification code: 4HPZ) (Reproduced

loci in zebrafish with a 100% maodification from Sun and Zhao, 2013).

efficiency. This represented the first study to

show HR-based genome editing in zebrafish using DNA single-strand for donor.
GoldyTALENSs were also used to obtain efficient gene knockout in livestocks (Carlson
et al., 2012).
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DNA RECOGNITION SPECIFICITY

The specificity of TALENs on DNA is conferred by RVDs at position 12 and 13 of
each repeat. Through the alignment of natural TALEs more than 20 RVDs have been
found where NI, NG, HD, NN and HG are the most common. The RVDs bind to the
nucleotides A, T, C, G/A and T respectively (Boch et al., 2009; Moscou and
Bogdanove, 2009).

Studies on crystal structures have shown that TALEs bind DNA as a right-handed
superhelix (FIG. 8). Each module forms two helices that present the loop containing
the RVD to the major groove of the DNA (Deng et al., 2012a; Mak et al., 2012). The
residue 12, the first residue of RVDs, does not make contact with the DNA, while the
side chain of Ala at position 8, forms a hydrogen bond stabilizing the local
conformation of the RVD-containing loop. Sequence specific contacts of TALEs allow
specific interaction of residue 13 (the second residue in each RVDs) in each repeat to

the corresponding base on the 5-3’ strand of the DNA.

Figure 8

Structure of the PthXo1 DNA binding region in complex with its target site (Reproduced from Mak et
al., 2012).
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In the HD-RVD, which binds C specifically, the oxygen in the Asp'2 carboxylate forms
an hydrogen bond with the amine group of the cytosine, while other interactions are
excluded with different bases primarily due to physical or electrostatic hindrances
(FIG. 9). NG- and HG-RVD are specific for T. In this case, the a-carbon of Gly'3 forms
a non-polar van der Waals contact with the methyl group of thymine. In the NI-RVD,
specific for A, the aliphatic chain of lle'3 makes a non-polar van der Waals bond with

C8 and N7 in adenine. NN-RVD is commonly used to bind G: the lateral chain of

D13

\

H12 (/)Klﬁ_\.qu
(s E20

Figure 9

Structure of a single TAL effector repeat.
Arrows indicate the start and the end of the
crystallized protein.

The sequence and structure of a
representative repeat is RVD residues (HD)
that recognize cytosine are shown in red.
Single-letter abbreviations for the amino
acid residues are as follows: A, Ala; C,

A V22 Cys: D, Asp: E, Glu; G, Gly; H, His; |, lle; K,
P3‘? \ . w‘\VZB Lys; L, Leu; N, Asn; P, Pro; Q, GIn; R, Arg;
~—oy Li L26) \\_ 5) S, Ser; T, Thr; and V, Val (Reproduced from
T2 7129 Mak et al., 2012).
P27 o ([ |y
C30 3’

Asn'3 forms a hydrogen bond with N7 nitrogen of guanine. Nonetheless the same
interaction can also partake with the N7 nitrogen of adenine. Thus, NN bind to both A
and G with the same frequency (FIG. 10).

In conclusion, HD- and NN-RVDs recogniser the nucleobases through hydrogen
bonds. On the other hand , NI-, NG- or HG-RVDs interact via van der Waals bonds,
which are weaker than the hydrogen bonds. This is why it is recommended to include
at least 3-4 strong RVDs during the design of the TALENS in order to increase their
specificity (Streubel et al., 2012).

The non-specificity of NN represents an important limitation, and can generate off-
target cleavages, inducing genomic instability and cytotoxicity. Some evidences
indicate that NK-RVDs can bind to G nucleotides with stronger affinity than adenine,
which represents a good premise for specific recognition of the G. Despite this,
substitution of NN with NK has been shown to significantly reduce the activity of the
TALENSs in zebrafish embryo (Huang et al., 2011), plants and mammalian cells (Cong
et al., 2012; Streubel et al., 2012). This is because the NN-RVDs are stronger than
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the NK-RVDs. NH-RVD has been reported to have specific binding with G, higher
than NK-RVD (Cong et al., 2012; Streubel et al., 2012). In fact, the imidazole ring of
His'3 in NH-RVD provides a compact base-stacking interaction with guanine (Cong et
al., 2012) (FIG. 10).

Natural TALEs are unable to bind methylated DNA (Bultmann et al., 2012) as they fail
to bind 5-methyl cytosine (5mC), the major epigenetic mark in fungi, plant and
mammalian genome (Su et al., 2011). Moreover, 5mC has been identified within CpG
islands, an important regulatory region of many promoters (Maunakea et al., 2010).
On the other hand, it has been shown that NG-and N*-RVDs (the asterisk indicates
the deletion of residue 13 in the repeat unit) binds 5mC efficiently in vitro and in vivo
(Deng et al., 2012b; Valton et al., 2012). The 5mC is structurally similar to thymine,
besides position 4, which is not involved in TALE bindings, thus the lack of side chain
in Gly'3 of NG provides space to insert the 5-methyl group of 5mC and form van der
Waals interactions (FIG. 10). N* is equivalent to NG as the RVDs are followed by two
conserved Glycines. These RVDs represented the first example of TALEN-mediated
modification of a methylated locus in human cells (Deng et al., 2012b).

All natural TALEs target sites are preceded by a T at position 0 (5’-T), which initially
seemed essential for TALEs function (Boch et al., 2009; Moscou and Bogdanove,
2009). The crystal structures of TALEs reveal two degenerate repeats before the
central repeat domain. These repeats co-operate in order to bind the conserved
thymine (Mak et al., 2012) through the indole ring of a Trp in repeat R(-1) to form van
der Waals interactions with the methyl group of the thymine (FIG. 10). It has been
reported that TALENs with short CTSs (31aa) recognize target sites with a T in
position 0 with higher efficiency than sites preceded by A, C or G. However, TALENs
with longer CTSs (63-117aa) are capable of binding target sequences preceded by
any base (Sun et al., 2012). Further evidences suggest that thymine at position 0O is
not rigorously required for TALEN activity (Miller et al., 2011; Yu et al., 2011; Briggs
et al.,, 2012). Moreover, it has been shown that nine leucine zipper like heptad
repeats closely linked to the C-terminus of the central repeat domain (Yang and
Gabriel, 1995), may mediate binding on DNA and increase the strength of TALE/DNA
interactions, making the 5’-T less of a requirement. The need of 5’-T can be mitigated
using different TALEN scaffolds, allowing incredible flexibility to choose target sites in

the genome.
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Figure 10

A: Interaction of RVD HD with cytosine (PDB identification code: 4HPZ). Hydrogen bonds are
indicated by cyan lines. B: Interaction of RVD HG with thymine (PDB identification code: 3UGM). A
non-polar van der Waals interaction is shown in a dotted line. C: Interaction of RVD NG with thymine
(PDB identification code: 4HPZ). D: Interaction of RVD NI with adenine (PDB identification code:
3UGM). E: Interaction of RVD NN with guanine (PDB identification code: 3UGM). F: Interaction of
RVD NG with 5-methyl cytosine (PDB identification code: 4GJR). G: Interaction of RVD N with 5-
methyl cytosine based on a structural model. H: Interaction of the NTS with the 50-preceding
thymine. (Adapted from MPDB identification code: 3UGM) (Reproduced from Sun and Zhao, 2013).

ASSEMBLY METHODS

Developing systems to obtain plasmids encoding TALEs for a specific sequence is a
daunting task due to the high similarity of each repeat. Therefore numerous methods
have been designed to assist TALEs construction (Joung and Sander, 2013).
Restriction enzyme and ligation (REAL) is a method where single TALE repeats are
bound together using standard restriction digestion and ligation (Sander et al.,
2011a). The single repeats obtained by DNA synthesis are inserted in plasmids, thus
providing a library containing each repeat. These plasmids are digested and ligated
together through several steps of cloning. This technique starts with association of
two single TALE repeats, and arithmetically progresses to form paired repeats until it
obtains a TALE array of the desired length. An improved version of this method called
REAL-Fast was developed in order to achieve a rapid and less-laborious process
(Reyon et al., 2012a).
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The Golden Gate cloning system, is the most utilized system, and its development
has enormously facilitated and accelerated the construction process of TALEs
(Cermak et al., 2011; Geissler et al., 2011; Li et al., 2011b, 2012b; Morbitzer et al.,
2011; Weber et al., 2011; Zhang et al., 2011; Sanjana et al., 2012). This method uses
type IS restriction endonucleases that cut outside of its recognition site and thus
leaves 4bp overhanging bases at the 5 which are different for each plasmid
containing the repeats. The overhangs are designed to allow binding in a specific
order where the 3’-end of first repeat ligates only with the 5’-end of the second repeat
and goes on in an ordered manner. This permits us to obtain two intermediate
plasmid containing two halves of our TALE. The process is concluded after cloning of
the TALE in the final plasmid containing the Fokl endonuclease at its 3’ end. The
main advantage of this system is the absence in the final product of the restriction
site. This allows the cleavage and ligation reactions in a single step, thereby
increasing the cloning efficiency in presence of a LacZ and a toxic ccdB genes,
which are used for blue/white screening and negative selection.

The requirement of two intermediate plasmids generated using this method yields the
desired plasmid in 5 days. The use of preassembled TALE repeats - tetramers and
trimers - which have been developed in a single step Golden Gate strategy can be
used to generate TALENSs that recognize 15bp targets in 2 days (Ding et al., 2013).
The fast ligation-based automatable solid-phage high-throughput (FLASH), a solid-
phase ligation strategy, was developed for large scale TALEN production, and was
optimized for high-throughput and cost effectiveness (Briggs et al., 2012; Reyon et
al., 2012b; Wang et al., 2012b). The system allows the assembly of approximately
100 TALEs in a single day. The solid-phase contains an immobilized DNA double
strand adaptor with a single restriction site at the end, which specifically binds to
TALE repeats until a TALE of the desired length is assembled. The final product is
released at the end of the process by restriction digestion and it is cloned into the
final backbone. This is the fastest assembly method, but is hindered by high start-up
costs, sophisticated machinery and maintenance. In recent years there have been
several advancements. Among these, the lterative Capped Assembly (ICA) (Briggs
et al., 2012) and Ligation Independent Cloning (LIC) (Schmid-Burgk et al., 2013)

methods were developed.
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OTHER APPLICATIONS

Several proteins were fused to TALEs to create novel chimeric proteins with specific
functions; TALEs fused to transcription activator domain were obtained to induce
transcription of specific genes in plants (Morbitzer et al., 2010) and human cells
(Geissler et al., 2011; Zhang et al., 2011; Bultmann et al., 2012; Garg et al., 2012; Li
et al., 2012d; Tremblay et al., 2012). TALEs, via fusion with repressor domains, have
been used to repress specific genes in bacteria (Politz et al., 2012), yeast (Blount et
al., 2012), plants (Mahfouz et al., 2012) and human cells (Cong et al., 2012; Li et al.,
2012d). Furthermore, chimeric TALE recombinases (TALERs), obtained by fusing
TALE and hyper-activated catalytic domain of DNA invertase Gin, have been used to
recombine DNA in bacterial and mammalian cells in an approach alternative to the
classical one (Mercer et al., 2012). Additionally, TALEs fused with lysine-specific
demethylase 1 (LSD1) efficiently removed enhancer-associated chromatin
modifications from target loci (Shi et al., 2004; Mendenhall et al., 2013). Finally,
TALEs fused with fluorescent proteins  could be used to visualize repetitive
sequences in the genome (telomeric and centromeric regions) (Ma et al., 2013;
Miyanari et al., 2013). Similarly, purified TALEs fused with fluorescent proteins can

act as probes to detect repetitive sequences on fixed cells (Ma et al., 2013).

Clustered Interspaced Short Palindromic Repeats (CRISPRs)

INTRODUCTION AND STRUCTURE

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPRs), are part of
an immune pathway present in bacteria to defend against viruses or plasmids
(Barrangou et al., 2007; Horvath and Barrangou, 2010; Fineran and Charpentier,
2012; Wiedenheft et al., 2012). The CRISPR locus comprises of a series of repeat
sequences (direct repeats) interspaced by non repetitive sequences called spacers
and clustered CRISPR-associated (Cas) genes (FIG. 11A). CRISPR/Cas is present in
almost 40% of available bacterial genomes and in almost 90% of archaeal ones
(Mojica et al., 2000; Grissa et al., 2007). The CRISPR/Cas system is based on the
ability of the Cas nucleases to process exogenous DNA in small fragments which are

then incorporated into the CRISPR locus as spacers. During viral infection these
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sequences act as transcriptional templates for producing CRISPR RNAs (crRNA).

These particular RNAs guides Cas to

A Spacers
target and cleave homologous nucleic Leader sequence / ,/ 1\
. D 0 N
The sequences and structures of Cas S Repeats
proteins have been used to classify B !

three different types of CRISPR InvadingPhage DNA
systems (Haft et al., 2005; Makarova et

al., 2011b). The different CRISPR loci _ _
contain multiple Cas proteins to form l i
complexes with crBRNA (e.g: CASCADE -— -
complex for type I; Cmr or Csm RAMP

l DNA cleavage

l Transcription

pre-crRNA
complexes for type Ill) for the
. ] l Processing by Cas proteins
recognition and destruction of target
nucleic acids (Brouns et al., 2008; Hale orRNA

et al., 2009). Another CRISPR system, .
the type ll, is different as it has lower \ ‘A et ieonia:

number of Cas proteins. Invading DNA
Initial studies showed that CRISPR loci _l

were transcribed, and archeal cells

carrying specific spacers were Figure 11
resistant to corresponding viruses Overview of CRISPR/Cas bacterial immune
system. (A) A typical structure of CRISPR locus;
(Tang et al., 2002; Mojica et al., 2005).  (B) illustration of new spacer acquisition and
The breakthrough in understanding the Qﬁ?igg%\% cleavage (Reproduced from Zhang
functions of CRISPR locus happened
in 2005, when varying independent spacer sequences analysis suggested their origin
to be linked to phage-associated sequences (Bolotin et al., 2005; Mojica et al., 2005;
Pourcel et al., 2005). It dates to 2007 the first experimental evidence linking the
natural role of a type Il CRISPR system to a bacterial adaptive immunity: CRISPR
spacers define target specificity and Cas enzymes controlled spacer acquisition and
phage defense (Barrangou et al., 2007). With regards to type | CRISPR locus in E.
coli, it was shown that CRISPR arrays are transcribed and converted into small
crBNAs, and individual spacers guide the activity of Cas nuclease (Brouns et al.,

2008). In the same year, studies on S. epidermidis showed that the type IlI-A
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CRISPR system blocked plasmid acquisition by targeting DNA through the Cas
enzymes (Marraffini and Sontheimer, 2008). Nonetheless later works found that a
different type IlI-B system from P. furiosus could trigger crBNA-directed RNA
cleavage (Hale et al., 2009, 2012).

It was initially speculated that protospacer-adjacent motifs (PAMs) might allow the
type Il Cas9 nuclease to cleave DNA (Bolotin et al.,, 2005). This was indeed
demonstrated in 2008, when it was shown that phage genomes bearing mutations in
PAMs avoided type Il CRISPR defense activity (Deveau et al., 2008). With regards to
type | and Il, the absence of PAM within the CRISPR array prevents self-targeting,
whereas in type Il systems mismatches between the end of crRNA and DNA target
were required for plasmid interference (Marraffini and Sontheimer, 2010).
Characterisation of type Il CRISPR system showed that Cas9 (also known as: Cas5,
Csn1 or Csx12) was the only enzyme in the cas gene cluster responsible for the
cleavage of the target DNA (Garneau et al., 2010). A latter study revealed that a key
molecule for crRNAs processing in type Il CRISPR system is a noncoding trans-
activating crBNA (tracrBNA) which hybridizes with crBNA to facilitate RNA-guided
targeting through Cas9 (Delicheva et al., 2011). These studies suggested that there
are at least three essential components in the CRISPR system, namely: Cas9,
mature crRNA, and tracrRNA for the type Il CRISPR nuclease system.

The moment for Cas9 as a tool genome editing was nearly there. It was first
demonstrated that type Il CRISPR could be transferred among different bacterial
strains (Sapranauskas et al., 2011), that the crRNA could guide Cas9 to cleave a
target DNA in vitro (Gasiunas et al.,, 2012; Jinek et al., 2012), and that fusion of
crRNA with tracrRNA forms a single guide RNA (sgRNA) which allows easy DNA
cleavages in vitro (Jinek et al., 2012). Then, two studies simultaneously showed
successful genome editing in mammalian cells using the type Il CRISPR system
(Cong et al., 2013; Mali et al., 2013a). This showed that a sgRNA can direct Cas9 for
single or multiple cleavages in mammalian cells. Since then the usage of Cas9 in
genome editing increased exponentially in many different experimental model
systems (Sander and Joung, 2014).

Cas9 family proteins bear two nuclease domains, the RuvC and HNH, each known
for its homology with already known nuclease domain structures. While the HNH
comprises of a single domain, the RuvC domain consists of three subdomains, the

RuvC | near the N-terminal region of Cas9, RuvC Il and RuvC lll, both flanking the

28



Introduction

HNH domain close to the centre of protein. Recently, studies highllighted the
structural mechanism of cleavage by Cas9. Single-particle electron microscopeic
reconstructions of S. pyogenes Cas9 (SpCas9) revealed large structural
modifications between Cas9 and Cas9 complexed with crRNA and tracrBNA. The
association with nucleic acids forms a central channel to take up the RNA-DNA
heteroduplex (Jinek et al., 2014). The high-resolution structure of SpCas9 bound to
sgRNA and the complementary strand of the target DNA showed a domain
organization with an a-helical recognition (REC) lobe, and a nuclease (NUC) lobe
constituting of the HNH domain, the assembled RuvC subdomains and a PAM

interacting (P1) C-terminal region (Nishimasu et al., 2014) (FIG. 12).
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Figure 12

Crystal structure of Streptococcus pyogenes Cas9 in complex with sgRNA (in red) and target DNA
(in blue). The domains of Cas9 are represented with different colors: HNH (in purple), RuvC (in light
blue), PI (in brown), REC1 (in light grey) and REC2 (in dark grey) (Reproduced from Hsu et al.,
2014).

These studies suggest that SpCas9 presents an autoinhibited conformation, where
the HNH domain active site is blocked by the RuvC domain, further moved away from
REC lobe (Jinek et al., 2014), thus rendering the protein unable to bind and cleave
the DNA. The RNA-DNA heteroduplex binding results in alterations of this structure.
Similar to the ribonucleoprotein complexes, the sgRNA act as a scaffold around
which Cas9 folds and organizes its multiple domains (Nishimasu et al., 2014). The
crystal structure of SpCas9 in complex along with an sgRNA and a target DNA
showed the presence of an arginine-rich bridge helix (BH) within a REC lobe; serving
an important point to contact with 8-12nt at the 3’ of the RNA-DNA heteroduplex. This
region is known as the “seed sequence” (Jinek et al., 2012; Cong et al., 2013; Fu et
al., 2013; Hsu et al., 2013; Mali et al., 2013b; Pattanayak et al., 2013; Nishimasu et
al., 2014). The availability of the structure provided an excellent platform for
engineering of Cas9, where recombination or truncation of the REC2 domain, known
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to be poorly conserved, represents an effective way to minimize the size of Cas9.
The mutants lacking REC2 domain exhibit around 50% of wild-type cleavage activity,

which may be due to its lower expression levels (Nishimasu et al., 2014).

PROTOSPACER ADJACENT MOTIF (PAM)

An essential part of the Cas9 system is the protospacer-adjacent motif (PAM), this
sequence flanks the 3’ end of the DNA target site and facilitates self/non-self
discrimination by Cas9 (Shah et al., 2013), as PAM sites are not present in the direct
repeats. Several studies hypothesize that PAM recognition is involved in transition
between Cas9 target binding and cleavage conformations (Jinek et al., 2014,
Nishimasu et al., 2014; Sternberg et al., 2014). Binding to the PAM and to the
matching target activates the Cas9 nuclease activity by triggering the HNH and RuvC
domains (Nishimasu et al., 2014). The complexity of the PAM sequence determines
the frequency of the possible target sequences in a genome: e.g. the trinucleotide
NGG, the PAM for SpCas9, is occurs on average every 8 bp in the human genome
(Cong et al., 2013; Hsu et al., 2013). The fact that SpCas9 can also target sequences
which flanked by NAG with low efficiency increases the versatility of this system (Hsu
et al., 2013; Jiang et al., 2013). Other PAM sequences present an higher complexity.
Thus Cas9 orthologs from S. thermophilus CRISPR1 is NNAGAAW, and Cas9 from
S. thermophilus CRISPR3 is NGGNG (Deveau et al., 2008; Horvath et al., 2008). A
alternative PAM, NNNNGATT, from N. meningitidis was recently used in human
pluripotent stem cells (Hou et al., 2013; Zhang et al., 2013). These findings opened
up numerous possibilities as Cas9s with different PAM requirements can be used
together for simultaneous and differential genome engineering strategies. Thus
independent transcriptional repression and nuclease activity was studied using
NmCas9 and SpCas9 (Esvelt et al., 2013). Another interesting tool is based on the
modification of PAM specificity by replacing PAM-interacting (Pl) domains from
different Cas9 orthologs. In the case of the Pl from S. thermophilus CRISPR3 Cas9,
it was substituted with the corresponding domain of S. pyogenes Cas9 and was
successfully altered from NGGNG to NGG (Nishimasu et al., 2014). The advantage
of the system is its inherent ability to effectively cleave several distinct target
sequences simultaneously (Barrangou et al., 2007; Garneau et al., 2010; Deltcheva
et al.,, 2011). This allows co-expression of CRISPR arrays containing spacers to

target different genes (Cong et al., 2013), multiple sgRNAs (Mali et al., 2013a; Wang
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et al., 2013) along with SpCas9 to obtain multiplex editing in mammalian cells.
Indeed, CRISPR arrays containing direct repeats interspaced by designer spacers
could be engineered in such a way that are cleaved by endogenous mammalian

RNases and can mature in sgRNAs (Cong et al., 2013)

ADVANTAGES AND DISADVANTAGES

Genome editing leads to permanent modifications in the genome, hence the
specificity of CRISPR system is crucial. Cas9 target recognition is defined by base-
pairing interactions between the sgRNA and the target DNA. This allowed to
elucidate how the number and position of mismatches between sgRNA and DNA
affect the activity of Cas9. S. pyogenes Cas9 specificity has been characterized
using mismatched sgRNA libraries, in vitro selection, and reporter assays by several
researchers (Fu et al., 2013; Hsu et al., 2013; Mali et al., 2013b; Pattanayak et al.,
2013). Initial studies suggested the presence of a “seed sequence” where the first 8—
12nt PAM-proximal sequence determined its specificity (Jinek et al., 2012; Cong et
al., 2013). Subsequent studies demonstrated how Cas9 tolerates mismatches
throughout the guide sequence, and its sensitivity to the numbers, positions, and
distribution of the mismatches (Fu et al., 2013; Hsu et al., 2013; Mali et al., 2013b;
Pattanayak et al., 2013). PAM-distal bases are not distinct aspects for specificity, thus
mismatches at these positions often do not abolish Cas9 activity. While Cas9 is still
able to bind DNAs with low base-pairing with the sgRNA, its ability to cleave the DNA
is almost entirely abolished. This highlights that, even in the presence of off-target
binding sites, Cas9 cleaves only a small fraction of them (Wu et al., 2014). All in all,
the amount of “real” Cas9 off-target activity is still an open question.

Enzymatic concentration represents an essential factor for the specificity of the
system, as up to five mismatches within the target site can be tolerated by Cas9 at
higher concentrations, thus leading to a higher off-target activity (Fu et al., 2013; Hsu
et al.,, 2013; Pattanayak et al., 2013). On the other hand, low Cas9 concentrations
are associated with improvements in the efficiency of on-target cleavages and
reduction the off-target activity (Hsu et al., 2013). Meanwhile, the development of
bioinformatic tools and the availability of complete genome sequences allows the
modelling of off-target sites during the design of the CRISPR target sequence.

The activity of RuvC and HNH nuclease domains makes it possible to cleave to the

DNA where each domain nicks one strand of DNA and they together generate a
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blunt-ended DSB (FIG. 13). In order to reduce its off-
target activity, SpCas9 has been converted into a
DNA “nickase” to generate a single-strand break
(SSB). This has been achieved through inactivation
of either RuvC (D10A mutant) or HNH (N863A and
H840A mutant) nuclease domains (Gasiunas et al.,
2012; Jinek et al., 2011)
(FIG. 14A). Since SSBs are repaired through the

2012; Sapranauskas et al.,

high-fidelity base excision repair (BER) pathway
(Dianov and Hubscher, 2013), off-target effects
from these molecules is greatly reduced. On-target
cleavage is obtained by the association of a pair of
sgRNAs driving the induction of a double-nick at
the desired target, thus providing an approach
similar to that used with dimeric ZFNs or TALENs
2013) (FIG. 14B).

compared to wild type Cas9 (Ran et al,

(Hsu et al.,
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The figure shows a schematic
drawing of the recognition by Cas9
of specific DNA sequences via the
sg(red), directly base-pairing with
the DNA target.

Cas9 cleaves the DNA on both
strands through its domains RuvC
and HNH, each of which cuts one
of the strands. The PAM sequence
is shown in blue (Reproduced from
Hsu et al., 2014).

This approach increases the specificity by 1500x

2013). Two or three nt truncations in the

sgRNAs have also been reported to increase SpCas9 targeting specificity, possibly

due to higher mismatch sensitivity (Fu et al.,

2014). Combination of these methods

yields an improved and efficient method to reduce off-target mutagenesis (Fu et al.,
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Figure 14

(A) The Cas9 nuclease cleaves DNA via its RuvC and HNH nuclease domains, each of which nicks
a DNA strand to generate blunt-end DSBs. Either catalytic domain can be inactivated to generate

nickase mutants that cause single-strand DNA breaks.

(B) Two Cas9 nickase complexes with appropriately spaced target sites can mimic targeted DSBs
via cooperative nicks, doubling the length of target recognition without sacrificing cleavage

efficiency (Reproduced from Hsu et al., 2014).
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2014). A thorough in-depth targeting analysis and Cas9 engineering via rational

design or directed evolution will likely improve Cas9 specificity.

OTHER APPLICATIONS

Wild-type Cas9 has been also converted through inactivation of both catalytic
domains into an RNA-guided homing device (dCas9) which, fused with other effector
domains, can be used in several different ways. For example, binding of dCas9 to
DNA can repress transcription through sterical interference with the RNA polymerase
machinery (Qi et al., 2013). This interference, known as CRISPRI, works well in
prokaryotic genomes but is less effective in eukaryotic cells (Gilbert et al., 2013). This
repressive function may be increased by fusing it with transcriptional repressor
domains such as KRAB or SID effectors. Currently, only partial transcriptional
knockdown has been achieved (Gilbert et al., 2013; Konermann et al., 2013).

Fusion of dCas9 with VP16/VP64 or p65 activation domains may activate
transcription. Nonetheless, it was observed that targeting Cas9 activators through a
single sgRNA induces just a modest transcriptional activation. On the other hand,
multiple sgRNAs led to a strong increase in transcriptional activation (Maeder et al.,
2013; Mali et al., 2013b; Perez-Pinera et al., 2013).

Recent advancements have made it possible to study the spatial organization and
genome interaction in live-cell-imaging, where fluorescently tagged dCas9 were
labelled for specific DNA loci (Chen et al., 2013a).

Comparison between ZFNs, TALENs and CRISPRs

ZFNs suffer from multiple limitations to their use, compared to the other techniques,
as each ZF domain recognises only 3-nt targets, and the design and the assembly of
the proteins is an expensive, laborious process. TALENs construction is easier and
obtaining functional proteins is relatively easy. From the perspective of design,
CRISPR are the easiest technique as the target DNA is defined only by the sgRNA,
which can be easily cloned into the CRISPR plasmids using synthesized
oligonucleotides (Mali et al., 2013a; Ran et al., 2013).

In contrast to ZFNs which present a context-dependent DNA binding, TALENs can

target any given DNA sequence as it has a simple protein-DNA code with a modular
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structure. TALENs also exhibit fewer off-target activity and cytotoxicity when
compared to ZFNs (Mussolino et al., 2011; Ding et al., 2013).

TALENs and CRISPRs are two of the most effective tools for gene targeting
technologies as they represent an approach relatively not expensive and easily
accessible to any lab (TAB. 2).

ZFNs and TALENSs work as juxtaposed pairs to activate Fokl activity, this dimerization
increases the specificity to cut only at the target locus, leading to a decrease in
possible off-target activity. Concurrently, simultaneous use of two proteins to cut a

single site may pose a problem for cell lines which are difficult to transfect into.

Table 2 - Comparisons between different genome editing technologies

Name Components Mechanism of action Specificity/off-target Possibility to rapidly
effects generate large-scale
libraries
Genome editing
Zinc finger nucleases Fok1 restriction nuclease fused to  Induces double-strand breaks in ~ Can have off-target No - requires
(ZFNs) multiple zinc finger peptides; each  target DNA effects customization of protein
targeting 3 bp of genomic component for each
sequence gene
Transcription Non-specific DNA-cleaving Induces double-strand breaks in Highly specific Feasible, but technically
activatorlike effector nuclease fused to a DNA-binding target DNA challenging (R
nucleases (TALENSs) domain specific for a genomic 12)
locus
Homing Endonuclease with a large Induces double-strand breaks in Highly specific No - limited target
meganucleases recognition site for DNA target DNA sequence specificity
(12-40 base pairs) available
CRISPR/Cas 20 nt crRNA fused to tracrRNA Induces double-strand breaks in  Some off-target effects Yes - requires simple
and Cas9 endonuclease target DNA (wt Cas9) or that can be minimized by  adapter cloning of 20 nt
single-strand DNA nicks (Cas9 selection of unique Oligos targeting each
nickase) crRNA sequences gene into a plasmid

Reproduced from Heintze et al., 2013

Moreover, the fact that they work as pairs reduces the possibility for multiplex editing,
to induce multiple targeted mutagenesis, chromosomal deletions, duplication,
inversions or translocations (Lee et al., 2010; Lee et al., 2012; Piganeau et al., 2013;
Wang et al., 2013). In these respects the CRISPR system is particularly versatile as
only a single Cas9 nuclease is required to interact with any given number of sgRNAs.
Considering the potential off-target effects, several reports have suggested potent
off-target cleavages by CRISPRs in cultured cells (Cradick et al., 2013; Fu et al,,
2013; Hsu et al., 2013; Mali et al., 2013b; Pattanayak et al., 2013).

There is a common consensus that CRISPR system may allow multiple mismatches
in the target sequence, including PAM. Contrarily, TALENs are only active as dimers

and the only limitations in design depends on the length of the spacers (Miller et al.,
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2011), thus limiting its off-target effects. Meanwhile, single TALENs have exhibited
higher specificity compared to the CRISPR/Cas9 (Mali et al. 2013b).
Taken together, all evidences points to the CRISPR system as the most flexible, and

to the TALENSs as the most accurate.

Genome editing in cultured cells and therapeutic applications

The development of ZFNs, TALENs and CRISPRs has opened new frontiers for
genome editing in vivo, and these molecules are revolutionising our approaches to
cellular models in vitro.

In cultured cells, gene editing may be achieved by introducing plasmids to express
the nucleases or in vitro transcribed RNAs. The advantage in using RNA rests in the
avoidance of random integration of the vectors.

An alternative way to deliver nucleases to the cells is the direct transduction of
purified proteins. Delivery of SFNs obtained from inclusion bodies is used to engineer
HEK293T, CHO (Chinese hamster ovary), primary CD4+ cells and other cell lines (Gaj
et al., 2012), and TALENs and CRISPRs can be delivered in a similar manner (Liu et
al., 2014; Ramakrishna et al., 2014b).

There were several instances of human genome engineering in cell lines to correct
genetic disorders: ZFNs were used in K562 cells (human erythroleukemia cell line)
and in primary CD4+ T-cells to disrupt and repair the IL2RG gene, which can causes
severe combined immunodeficiency (SCID) (Urnov et al., 2005); the LAMB3 gene,
responsible for Epidermolysis bullosa was inserted using ZFNs in epithelial stem cells
(Coluccio et al., 2013); and dystrophin was corrected in skeletal myoblasts from
patients affected by Duchenne muscular dystrophy (Ousterout et al., 2013).

ZFNs and CRISPR have been used to confer HIV-1 resistance in primary T-cells as
well as CD34+ hematopoietic stem cells by destructing HIV co-receptor C-C
chemokine receptor type 5 (CCR5) (Perez et al., 2008; Holt et al., 2010; Ebina et al.,
2013).

All these approaches have generate considerable interest in correlation to their
possible use in human induced pluripotent stem (iPS) cells, a promising frontier in
regenerative medicine and cell-based therapies. These cell lines are easy to

engineer and selection and genotyping are more feasible than in pluripotent stem
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cells (Capecchi, 2005). Moreover, auxiliary systems have been developed to enrich
the cellular population in which nucleases have been active (Kim et al., 2011a; Kim et
al., 2013; Ramakrishna et al., 2014a). Despite these advantages, genome editing in
these cells is still constrained by the possibility of off-target effects. Furthermore,
sequential targeting or highly active nucleases to concurrently hit both alleles are
necessary to obtain homozygous mutations. However, high-levels of cutting activity
increases the chances of off-targeting effects. In order to allow secure human in vivo
applications further development of these technologies is needed, to increase the

nuclease specificity and to enhance mutation detection.

Genome editing in model organisms

ZFNs, TALENs and CRISPRs are important tools that have been extensively used to
edit the genomes of several model organisms. Their introduction in the cells can
happen either as plasmid DNAs, or as in vitro transcribed mRNA.

These editors have been used to target genes mainly for disruption, but other
purposes such as knock-in, chromosomal deletions or inversions have been obtained
(Gupta et al., 2013; Xiao et al., 2013). A summary of various genome modification
obtained in animal models is presented in TAB. 3.

In plants, ZFNs, TALENs, and CRISPRs have been used for genome engineering:
e.g. Arabidopsis (Zhang et al., 2010; Li et al.,, 2013a) and several crop species
(Shukla et al., 2009; Townsend et al., 2009; Shan et al., 2013), were engineered to be
resistant to diseases or herbicides (Shukla et al., 2009; Townsend et al., 2009; Li et
al., 2012c; Xie and Yang 2013).

In animals, the screening methods to identify the targeted mutants are an essential
aspect of the approach. Presently, there are several methods to screen mutants,
based on detection of DNA hybrids, such as: restriction fragment length
polymorphism (RFLP) (Ochiai et al., 2010; Ansai et al., 2013; Suzuki et al., 2013),
Cel-I digestion (Guschin et al., 2010), high-resolution melting analysis (HRMA)
(Dahlem et al., 2012), heteroduplex mobility assay (HMA) (Ota et al.,, 2013) and
direct detection by standard or next-generation DNA sequencing. Recent analysis
revealed that a combination of these methods helped to improve the efficiency of

screening (Nakagawa et al., 2013).
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The diversity of organisms engineered by these site-specific nucleases continue to
expand everyday, showcasing the opportunities these proteins pose to explore the

repertoire of model system for basic and applied research.

Table 3 - Examples of various genome editing in animals
{Sakuma and Woltjen, 2014}

ZFNs TALENSs CRISPRs/Cas9

Targeted mutagenesis Various animals such as nematode, fly, zebrafish, frog, mouse and rat (@lin24)

Multiple targe_ted Frog? Zebrafish2, mouse? and rat*
mutagenesis
Lo Nematode?’, o R
APELER W Mouse® and rat6 zebrafish8, newt® and Fiyt. ZzemiEn
ssODN 0 mouse3
mouse
- i 13 in14 i 16
Knock-in using Fly ,1sea urchint4, Zebrafish'® and Nematode'® and mouse®
targeting vector mouse's: 25 and raté. 25 mouse'?
i 20
Chromo;omal_ S'"‘WOW‘ Ele Zebrafish?2 and mouse23
deletion or inversion zebrafish21.22

('Sakane et al., 2013; 2Jao et al., 2013; 3Wang et al., 2013; 4Li et al., 2013b; Meyer et al.,
2012; 8Brown et al., 2013; 7Lo et al., 2013; 8Bedell et al., 2012; °Hayashi et al., 2013;
OWefers et al.,, 2013; ""Gratz et al., 2013; 2Hwang et al., 2013; 3Beumer et al., 2008;
4Qchiai et al., 2012; SMeyer et al., 2010; 16Zu et al., 2013; "Jones and Meisler, 2013;
8(Chen et al., 2013b; Dickinson et al., 2013); 9Yang et al.,, 2013; Ma et al., 2012;
21Gupta et al., 2013; 22Xiao et al., 2013; 23Fujii et al., 2013; 24(Wood et al. 2011; Bibikova et
al.,, 2002; Liu et al., 2012; Aryan et al., 2013; Smidler et al., 2013; Merlin et al., 2013;
Watanabe et al., 2012; Ma et al., 2012; Ochiai et al., 2010; Kawai et al., 2012; Doyon et al.,
2008; Meng et al., 2008; Hisano et al., 2013; Ansai et al., 2012, 2013; Young et al., 2011,
Suzuki et al., 2013; Carbery et al., 2010; Sung et al., 2013; Mashimo et al., 2010, 2013;
Hauschild et al., 2011; Carlson et al., 2012); 25(Cui et al., 2011).
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Secondary Antibody Diversification Processes

The antibodies

At the core of vertebrate adaptive immunity are the antibodies, molecules that are
produced in B-cells to recognize and bind the antigens. The B cell antigen receptor
(BCR) is composed of immunoglobulin (Ig) heavy (IgH) and light (IgL) chains.

A huge repertoire of specific antibody molecules are produced through a series of
processes that select antibodies specific for any given antigen. The portion of the
antibody responsible for antigen recognition is encoded by the immunoglobulin genes
(heavy and light chains), and is generated through gene rearrangement events
during the early phases of B lymphocyte development (Tonegawa, 1983). This region
is assembled through the recombination of variable (V), diversity (D, only in the
genes encoding for the heavy chains) and joining (J) segments. V(D)J recombination
is responsible for the generation of the primary repertoire of antibodies. Key enzymes
in this process are the RAG1/RAG2 recombinases. While this primary repertoire has
a complexity in the order of 106, these antibodies, generated at random, do not
possess the required affinity to recognise the wide range of antigens that the
organisms will encounter (FIG. 15).

(n = 250-1,000)
VH1 VHn DH1—12 JH1—4 CH

DNAPKes | - BAGID | vy Excised
Ku70, Kug0 @ recombination intervening DNA

ARTEMIS
XRCC4 .
DNA Ligase IV | .-

Figure 15

The variable region of the immunoglobulin heavy chain is assembled from variable (VH), diversity
(DH), and joining (JH) gene segments by V(D)J recombination. The process is carried out by the
RAG1-RAG2 complex. Joining of the DNA ends requires NHEJ proteins, including Ku70, Ku80,
ARTEMIS, X-ray repair cross-complementing protein 4 (XRCC4), DNA ligase IV and the catalytic
subunit of DNA-dependent protein kinase (DNA-PKcs). Transcription across the locus is driven by a
promoter upstream of the rearranged VDJ segment (blue arrow) (Reproduced from Chaudhuri and
Alt, 2004).

38



Introduction

In order to increase the specificity for the antigen, another layer of diversification
processes, the Somatic Hypermutation (SHM), has evolved in jawed vertebrates.
Upon antigen encounter, during SHM, mutations are inserted in the antigen binding
region of the antibody gene, and cells expressing high-affinity antibodies are then
selected in the germinal centers (Neuberger and Milstein, 1995; Milstein and
Neuberger, 1996; Rajewsky, 1996).

Finally, through the Class Switch Recombination (CSR), constant regions in the
antibody genes are replaced in order to obtain different effector functions depending
on the isotype selected. Contrarily to SHM, the CSR process appears to have

evolved later than the SHM, being present only in tetrapods (Flajnik, 2002).

Class Switch Recombination

The Class of the antibody, also termed Isotype, is the moiety defining the specific
function of the antibody: constant regions allow the binding of the antibodies to the
cell surface, and the various constant regions determine the type of cells that will be
involved downstream to the antibody-antigen interaction, leading to the activation of
macrophages, Natural-Killer cells or mast cells. The different isotypes of membrane-
bound antibodies are diverse in their cytoplasmic domains, thus resulting in the
activation of different intracellular signaling pathways (Martin and Goodnow, 2002;
Horikawa et al., 2007; Waisman et al., 2007).

The Constant regions are encoded by the heavy chain constant genes (Cu) in the
immunoglobulin gene. The different Cx regions form an array (Cp, Cd, Cys, Cy1,
Cy2b, Cy2a, Ce, Ca in human) downstream to the variable region and to the Intronic
Enhancer (iEp). Upstream to each Ch region there is a repetitive region, the Switch
Region (S, Sys, Sy1, Syz2n, Sy2a, Se, Sa). The exception is the Cd region, in which
IgD expression occurs by alternative splicing between the Cp and the Cd genes.
Finally, located downstream of Ca there is a control region, 3’-regulatory region (3’-
RR). S regions are composed by tandem repeats of short G-rich sequences (20-80
bp) that are different between each isotype. The length of each S region ranges from
~1 kb to 12 kb and CSR can happen anywhere inside or near the S regions (Dunnick
et al., 1993; Min et al., 2005).
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CSR occurs between the Sp and one of the downstream ones, leading to a change
from IgM and IgD expression in naive B cells to the expression of a different antibody
isotype in memory- and plasma- cells.

CSR is initiated by AID, which targets the S regions and converts cytosines to uracil
by deamination (Muramatsu et al., 2000; Revy et al., 2000; Petersen-Mahrt et al.,
2002; Chaudhuri et al., 2003; Dickerson et al., 2003; Pham et al., 2003). Repair of
these uracils lead to the formation of DSBs both at the Su donor region and at the S

acceptor region to induce intrachromosomal DNA recombination (FIG. 16).

................. At S regions:
1 [D)Hﬁ breaks Class-switch
repair recombination
IgM VvV DJCu Transcription

Recombined

Cqlocus DJ Ce Co. 3RR Cy2a Cu
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E— e Excised

uI,— Cy2b intervening DNA
IgE V DJCe of
Cyl
Figure 16

Secondary isotypes are produced by class-switch recombination (CSR), a process that exchanges
the constant region of the heavy chain (Cn) with a set of downstream constant-region genes (CSR
to IgE is shown). This recombination reaction, which requires AID, involves the generation of DNA
breaks at switch (S) regions, which precede the constant-region genes, followed by the repair of
DNA that leads to a rearranged Ch locus. Cytokines stimulate transcription (red arrows) through the
Ch gene and determine the immunoglobulin isotype that the B cell will switch to. The Ep and 3’-
regulatory region (3" RR) enhancers influence V(D)J recombination and CSR, respectively
(Reproduced from Chaudhuri and Alt, 2004).

Closely related to the activity of AID are several other elements that determine the
fate of CSR. The primary element determining the success of CSR, as well as that of
SHM, is the transcriptional status of the Ig locus: only transcriptionally active S
regions can undergo CSR (Pettersson et al., 1990; Yang and Schatz, 2007; Alt et al.,
2013; Buerstedde et al., 2014; Storb, 2014). Such transcription is induced at levels
sufficient for CSR only in the presence of both a fully functional IgH iEp (Perlot et al.,
2005; Perlot and Alt, 2008; Meng et al., 2014; Qian et al., 2014) and the locus control
region located downstream of Ca (3’RR) (Pettersson et al., 1990; Dunnick et al.,
2009). Highlighting the strong relation between transcription and CSR, CSR is
impaired in cells deficient for proteins linked to transcription control and RNA

processing, such as the transcription elongation factors SPT5 and SPT6,
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polypyrimidine tract-binding protein 2 (PTBP2), a regulator of RNA splicing, and the
RNA exosome, which has a function in RNA processing (Conticello et al., 2008; Pavri
et al., 2010; Basu et al., 2011; Nowak et al., 2011; Okazaki et al., 2011). In addition
transcription of S regions causes RNA polymerase Il pausing or stalling (Rajagopal et
al., 2009; Wang et al., 2009a; Storb, 2014), and its interaction with AID is mediated
by SPT5, which, similar to RNA polymerase I, is enriched in S regions (Pavri et al.,
2010). Due to the mutational pattern observed in S regions (more at the 5’ end than
downstream), researchers have proposed that AID is recruited by RNA polymerase |l
at the beginning of transcription within ~150 bp from transcription start (Longerich et

al., 2005; Bransteitter et al., 2006; Longerich et al., 2006; Xue et al., 2006).

Activation Induced Deaminase (AID)

The main actor in SHM and CSR is Activation Induced Deaminase (AID), a 198
amino acid protein that targets deoxycytosines in the context of DNA, induces DNA
damage on the immunoglobulin locus, thus recruiting the DNA repair machinery
(Muramatsu et al., 2000). AID deficiency causes a form of primary immunodeficiency,
the Hyper-IgM Syndrome (HIGM2), in which there are no antigen-driven antibody
diversification processes (Revy et al., 2000). This demonstrates the essential role of
AID in the secondary antibody diversification.

When AID was identified, the only protein with some degree of similarity was
APOBEC1 (Muramatsu et al., 1999). This protein is an RNA editor that deaminates
C6666 to U in the mRNA encoding the apolipoptein B, leading a premature stop
codon and the synthesis of truncated form of apolipoptein B (Blanc and Davidson,
2010). This similarity initially suggested that AID could work in antibody diversification
as an RNA editing enzyme for some unknown endonuclease (Muramatsu et al.,
2000). Indeed, few years later it was demonstrated that AID acts directly on DNA by
deaminating C residues within the Ig locus (Petersen-Mahrt et al., 2002; Bransteitter
et al., 2003; Chaudhuri et al., 2003; Dickerson et al., 2003; Ramiro et al., 2003;
Sohail et al., 2003).

AID targets single-stranded DNA (Bransteitter et al., 2003) with a preference for
cytidines within the WRC motif (where W = A or T, and R = A or G) (Pham et al.,
2003; Beale et al., 2004). On the Ig locus, AID physiologically shows a preference for
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RGYW sequences (where Y =T or C) which represents overlapping WRC consensus
sequences on opposite DNA strands. This might be an indication of AID acting as
dimeric/multimeric complexes (Beale et al., 2004). The presence of these hotspots in
the immunoglobulin locus are essential to proceed with the antibody diversification
processes (Yang and Schatz, 2007). The non-transcribed strand (coding) is
preferentially targeted by AID in bacteria. This could be due to the coding strand in
the bubble formed by RNA polymerase being more available than the template
strand, which is transiently bound to the nascent RNA (Chaudhuri et al., 2003; Pham
et al., 2003; Martomo et al., 2005; Ramiro et al., 2003). However, the presence of the
RNA exosome in the transcription bubble enables AID to deaminate cytosines on
both strands (Basu et al., 2011; Pefanis et al., 2014). This might explain why both
strands are equally mutated in the Ig locus in physiological conditions (Milstein et al.,
1998; Longerich et al., 2005; Xue et al., 2006).

AID is predominantly localized in the cytoplasm even though it performs its function
in nucleus (Rada et al., 2002). AID presents an N-terminal nuclear-localization signal
(NLS) and a C-terminal nuclear-export signal (NES) (Ta et al., 2003; Brar et al., 2004;
Ito et al., 2004b; McBride et al., 2004) through which it can enter and exit from the
nucleus (FIG. 17).

The catalytic domain contains the residue E58, whose carboxylic acid group serves
as a proton donor in the deamination reaction, and the H56, C87 and C90 residues
that are responsible for the binding to the Zn2+. The enzymatic activity of AID is
virtually abolished by mutations of the R112 and R24 residues, within the APOBEC-
like domain and the DNA-binding N-terminal region. These two positively charged
residues are frequently mutated in patients with HIGM2 syndrome. In addition, R112
is located just outside the loop that determines the substrate specificity for AID
activity (Conticello et al., 2007) (FIG. 17). Mutations in the C-terminal region (last ~30
aa) have been found in patients from hyper-IgM syndromes (Ta et al., 2003),
suggesting the importance of this region for AID activity. The last 10 aa of this region
are absolutely essential for CSR but seem dispensable for SHM (Ta et al., 2003;
Barreto et al., 2003; Shinkura et al., 2004; Ranjit et al., 2011). Moreover, this region is
rich in leucines, suggesting of a protein-protein interaction domain (FIG. 17).

Some proteins, such as MDM2 (a regulatory protein of p53) and DNA-PKcs (a protein
normally implicated in the joining of broken DNA ends), have been identified to be

able to interact with the C-terminal portion of AID both in yeast two-hybrid and pull-
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down assays (MacDuff et al., 2006; Wu et al., 2005). Other proteins termed 14-3-3
proteins have an important role in CSR for their ability to bridge DNA ends with other
factors from the DNA repair machinery (Morrison, 2009). These proteins play an
essential role in CSR, in fact 14-3-3 adaptors are recruited to S regions, and
inhibition of their binding to S regions results in diminished CSR. B cells deficient in
14-3-3y are defective in CSR (Xu et al., 2010). 14-3-3 proteins interact directly with
AID and protein kinase A catalytic subunit-a (PKA-Ca) and, mediating their
interaction (Xu et al., 2010), they lead to phosphorylation of AID through PKA (Vuong
et al., 2009). The interaction between 14-3-3 proteins and AID depend on the
C-terminal region of AID (Xu et al., 2010) (FIG. 17).

DNA-PKcs interaction
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Figure 17

AID is a 198aa protein that initiates CSR and SHM. It shares a conserved catalytic domain with
other members of the APOBEC family. The catalytic domain contains the amino acid residue E58,
H56, C87 and C90, which bind to Zn2+. The APOBEC-like domain of AID binds to the DNA
surrounding dC and influences the substrate specificity. The C-terminal domain is essential to
mediate CSR. Naturally occurring mutations in the AID gene are responsible for the autosomal
recessive disorder hyper-IgM type 2 (HIGM2) syndrome causing defects in CSR and/or SHM. AID
deamination activity and CSR are virtually abolished by mutation of R112 in the APOBEC-like
domain and R24 in the DNA-binding N-terminal region; these two positively charged residues are
frequently mutated in patients with HIGM2 syndrome. R112 is just outside the hotspot recognition
loop (amino acids 113-123). The N-and C-terminal domains also function as the NLS and nuclear
NES, respectively. AID is phosphorylated at T27 and S38 to create a binding site for replication
protein A (RPA), and this promotes CSR. The regions in AID that interact with the spliceosome-
associated factor CTNNBL1, 14-3-3 proteins, MDM2 and the DNA-dependent protein kinase
catalytic subunit (DNA-PKcs) are also depicted. (Reproduced from Xu et al., 2012).
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Regulation of AID

Primary stimuli induce the expression of AID and other proteins important in CSR in B
cells, through activation of transcription factors such as nuclear factor-kB (NF-«kB)
(He et al., 2004; Pone et al., 2012; Rawlings et al., 2012). On the other hand,
secondary stimuli, while not directly related to AID expression, are required to direct
the class switch recombination to specific classes of Ig (IgG, IgE or IgA). These
stimuli involve interleukin-4 (IL-4), transforming growth factor-B (TGF-B), interferon-y
(IFNy; in mice but not humans) and CD40 activation. These stimuli activate canonical
and non-canonical NF-kB pathways (Zarnegar et al., 2004; Pone et al., 2012): the
canonical pathway is rapidly activated to induce immediate but transient AID gene
expression, by binding to the promoter of AID and to its upstream enhancer element
(Tran et al., 2010). On the other hand, the kinetics of the induction of AID (peaking at
48-60 hours after stimulation) resembles that of the non-canonical pathway of
NF-kB, which sustain gene expression to support cell proliferation (required for CSR)
and differentiation (Smale, 2011). In addition NF-kB regulates many genes and
transcription factors (HOXC4, STAT6, PAX5, E2A and others) that influence positively
AID expression (Gonda et al., 2003; Sayegh et al., 2003; Dedeoglu et al., 2004; Xu
et al., 2007; Park et al., 2009; Tran et al., 2010).
Being a DNA editor, AID expression needs a tight regulation to avoid mutations or
chromosomal translocations and to maintain genomic integrity (Pasqualucci et al.,
2008; Robbiani et al., 2009; Hasham et al., 2010). This is achieved through fine
control of the AID gene and protein, at the transcriptional (Xu et al., 2007; Stavnezer,
2011), post-transcriptional (Delker et al., 2009), and post-translational level. These
regulatory layers effect nuclear and cytoplasmic distribution of AID (Geisberger et al.,
2012; Orthwein et al., 2010; Hésler et al., 2011; Orthwein and Di Noia, 2012) and
stability (Aoufouchi et al., 2008; Uchimura et al., 2011) and enzymatic function
(Chaudhuri et al., 2004; Basu et al., 2005; McBride et al., 2006; Li et al., 2012a).
The stability of AID is dependent on its subcellular localization, in fact cytoplasmic
AID is more stable than nuclear AID (Aoufouchi et al., 2008). In particular it has been
showed that Heat Shock Protein 90 (HSP9O0) interacts with AID, thus preventing its
polyubiquitination and consequent proteasomal degradation (Orthwein et al., 2010).
Contrarily, nuclear AID seems to be constantly targeted to the proteasome by
ubiquitin-dependent and -independent pathways (Aoufouchi et al., 2008; Uchimura et
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al., 2011). This suggests that while a cell can afford the presence of AID in its
cytoplasm, unless needed, it avoids as much as possible AID presence in the
nucleus.

Phosphorylation of AID by PKA at the S38 and T27 residues is another important
regulatory step for CSR. Substitution of these aa by alanines eliminate the ability of
AID to initiate CSR when transduced into aid-- splenic B cells (Chaudhuri et al.,
2004; Basu et al., 2005; McBride et al., 2006). The phosphorylation of AID is required
for AID interaction replication protein A (RPA), allowing the contact and deamination
of transcribed DNA (Chaudhuri et al., 2004; Basu et al., 2005; McBride et al., 2006).

Events downstream to the deamination

AID deaminates cytosines to uracils on single-stranded DNA (ssDNA) in both SHM
and CSR (RawlingsDi Noia and Neuberger, 2007). Elimination of uracil (U) residues
after deamination through the base excision repair (BER) pathway is essential for
CSR (Di Noia and Neuberger, 2002; Rada et al., 2002; Schrader et al., 2005). BER
is a highly active DNA repair system to eliminate oxidided and deaminated bases.
These DNA lesions happen spontaneously hundreds of times per day in each cell by
oxidation or spontaneous hydrolysis, even more often during inflammation
(Christmann et al.,, 2003). In mammals, the BER system is composed by four
enzymes that excise the uracils. These are the DNA glycosylases UNG, SMUG1,
TDG and MBD4. UNG is the enzyme most tightly related to CSR. In fact, CSR is
reduced by 95% in UNG deficient B cells. This has been shown both experimentally
in chicken and mice, and in patients with inactivating mutations in UNG (Di Noia and
Neuberger, 2002; Rada et al., 2002; Imai et al., 2003; Schrader et al., 2005). Thus,
DSBs in S regions are reduced considerably in splenic B cells from ung-- mice
induced for CSR (Schrader et al., 2005). MBD4 and SMUG1 seem to not play a
substantial role in CSR (Rada et al., 2002; Bardwell et al., 2003). Nonetheless
SMUG1 overexpression can support low level CSR in ung~- cells/ However,
coexpression of UNG and SMUG1 inhibits CSR, suggesting that correction of AID-
induced damage with the right timing, as UNG and SMUG1 are differentially

expressed during cell cycle, is important (Di Noia et al., 2006).
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The BER enzyme responsible for the repair of the abasic site left by UNG is the
apurinic/apyrimidinic endonuclease (APE) that excises the abasic site and leaves a
SSBs (Christmann et al., 2003). In mammals there are three different AP
endonucleases: APE1 and APE2, very similar to each other (Hadi et al., 2002), and a
third one, PALF/APLF/XIP-1 (Bekker-dJensen et al., 2007; lles et al., 2007; Kanno et
al., 2007). The main protein involved in BER is APE1 as its activity is essential for
early embryonic development and human cells viability (Xanthoudakis et al., 1996;
Fung and Demple, 2005). Induction of CSR in murine splenic B cells deficient for
APE1 and/or APE2 demonstrate that both these proteins contribute to resolution of
the CSR (Guikema et al., 2007). PALF/APLF/XIP-1 together with Artemis appear to
be among the primary nucleases involved in NHEJ and responsible for most
nucleolytic end processing in NHEJ (Pannunzio et al., 2014).

It is hypothesised that the activity of the AP endonucleases are responsible for the
formation of a SSB, which can develop in DSB when close to each other on opposite
DNA strands, or in the case that Mismatch Repair activity converts them to DSBs.
Physiologically the single strand gap left by UNG and APE is filled in by DNA
polymerase B (PolB) (Barnes and Lindahl, 2004; Beard and Wilson, 2006). We know
that Polf is recruited by APE1 (Barnes and Lindahl, 2004), but this would limit the
efficiency of CSR, since resynthesis over the gap would avoid the formation of the
DSBs crucial for CSR. It is possible that even in the case of Polf recruitment by
APET1, its levels or its activity might be inhibited. It is also possible that the number of
AlID-induced lesions at the S regions overload the BER machinery and, even though
not inhibited during CSR, Polf cannot repair all the damages; so in this case Polf3
inhibits CSR when the number of SSBs are limited (\Wu and Stavnezer, 2007).

In addition down-regulation of BER during switching is dangerous due to the large
amount of reactive oxygen species produced during activation and proliferation of B
cells (Ito et al., 2004a) thus it is more plausible thinking about BER overwhelmed
than BER inhibition, in order to maintain the integrity of the genome.

Indeed, AID leads to many more mutations at the Sp region in ung7-msh2-- B cells
compared to wild-type cells, probably because in wild type cells most of the damages
are correctly repaired (Xue et al., 2006). Moreover, artificially introduced |-Scel sites
in Sy and Sy: mediate switch from IgM to IgG1, suggesting that a single DSB is
sufficient in both donor and acceptor S regions to obtain CSR (Zarrin et al., 2007)
(FIG. 18).

46



Introduction

I e e .

CCB Figure 18
—_—— Diagram of the generation of DNA breaks, mutations,
AID and translocations in 1gS regions by AID-UNG-APE.
— AID deaminates dC, resulting in dU bases, which are
G excised by UNG. Abasic sites are cut by APE, creating
—_— SSBs that can eventually form DSBs when close to
UNG each other on opposite DNA strands, or in the case
that Mismatch Repair activity converts them to DSBs
LRP SRR (FIG. 14). Alternatively, DNA Pol B can correctly repair
the nick, preventing CSR, or error-prone translesion
polymerases can repair the nick by introducing
APE mutations. Finally, the DNA breaks can lead to
T aberrant recombinations/translocations (Reproduced

from Stavnezer et al., 2008).
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Another repair pathway that contributes to CSR is Mismatch Repair (MMR). The role
of MMR is to correct mis-incorporation of nucleotides during DNA synthesis (Kunkel
and Erie, 2005), after recognition of the mismatch by the Msh2-Msh6 heterodimer (for
short mismatches) or Msh2-Msh3 (for large ones). These heterodimers recruit the
MIh1-Pms2 heterodimer, thus forming an heterotetramer, which recruits Replication
factor C, the processivity factor proliferating cell nuclear antigen (PCNA) and
exonuclease1 (Exo1). The complex excises the single strand segment flanking the
mutated nucleotide (Genschel et al., 2002; Genschel and Modrich, 2003; Kunkel and
Erie, 2005).

Some experiments demonstrate that knock-out for MMR genes in mice induces a
relative reduction in CSR efficiency, depending on Ig isotype (Ehrenstein and
Neuberger, 1999; Schrader et al., 1999; Ehrenstein et al., 2001; Bardwell et al.,
2004; Li et al., 2004; Martomo et al., 2004). Indeed, MMR could be involved in CSR
by converting SSBs generated by the AP endonucleases in DSBs (Stavnezer and
Schrader, 2006; Schrader et al., 2007). In fact, while two nearby SSBs on opposite
strands can spontaneously resolve in a DSB, when the SSBs are far away from each
other, they are repaired more easily, without destabilising the region (FIG. 19). Several
experiments confirm this idea: B cells with a deletion of the Sy tandem repeats show

a reduction of CSR, explainable with the reduction of AID targets (Luby et al., 2001).
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However when also MMR is abolished (such as in Msh2 or MIh1 deficient mice) CSR
is completely absent (Min et al., 2003; Schrader et al., 2007). Indeed, MMR-deficient
B cells have a lower number of DSBs compared to wild-type cells (Schrader et al.,
2007).

At the S-S junctions a number of mutations are present, both at G:C and A:T pairs
(Dunnick et al., 1989; Schrader et al., 2003; Lahdesmaki et al., 2004). It has been
hypothesized that A:T mutations are introduced by Pol n recruited by Msh2-Msh6
heterodimer (Wilson et al., 2005) both in not recombined Sy and at S-S junctions
after CSR (Falili et al., 2004; Delbos et al., 2007). On the other hand G:C mutations
are mediated by DNA Pol 8 (Masuda et al., 2005; Zan et al., 2005; Masuda et al.,
2006) (FIG. 18).

Usually DSBs are produced in G2 phase or in S phase during DNA replication, they
are repaired by homologous recombination in presence of homologous not damaged
DNA. On the other hand CSR-related DSBs in S regions don’t present sufficient
homology for the HR repair pathway, and they are generated and resolved in G1
phase (Schrader et al.,, 2007) using NHEJ. Four proteins are essential for NHEJ,
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Ku70 and Ku80, which bind together to DNA ends and improve the binding of the
ligase complex XRCC4-ligase IV (Chen et al., 2000; Nick McElhinny et al., 2000;
Costantini et al., 2007). Each of these proteins is essential for CSR (Casellas et al.,
1998; Manis et al., 1998; Reina-San-Martin et al., 2003; Rooney et al., 2004; Ma et
al., 2005; Pan-Hammarstrom et al., 2005; Sonoda et al., 2006; Soulas-Sprauel et al.,
2007).

Ku deficient cells go in apoptosis after induction of CSR, and CSR is nearly ablated
in this that survive (Reina-San-Martin et al., 2003). While XRCC4 or ligase IV
deficiency impairs brain development, mice deficient in these genes have been
created (Frank et al., 1998; Soulas-Sprauel et al., 2007; Yan et al., 2007) and people
with hypomorphic mutations have been described. XRCC4 is important but not
essential for CSR as showed in mice xrcc4-'- (Yan et al., 2007). Indeed mutations in
ligase IV causes a lower number of blood cells in patients. Yet B cells can undergo
CSR (Pan-Hammarstrom et al., 2005). Analysis of S-S junction in these mice and
patients show an increased length of the junctional micro-homology (Pan-
Hammarstrom et al., 2005; Yan et al., 2007), which is quite different from wild-type
mice or humans in which S-S junctions show very little micro-homology (Dunnick et
al., 1993). Thus, these data suggest that CSR uses NHEJ but can also occur by an
alternative end joining (A-EJ) pathway that uses micro-homologies.

An important unresolved question regards the proximity of donor and acceptor S
regions during CSR. Pre-association of the S regions could ideally increase the
probability of correct S-S recombination. Transcription of these regions could pay a
role in preparing this association. Indeed, during V(D)J recombination, V and J genes
are brought closely each other through the loop formation in Ig locus (Roldan et al.,
2005; Sayegh et al., 2005).

Other three important protein are Mre11, Rad50 and Nbs1, which constitute the MRN
complex. This complex scans the DNA to find DSBs and consequently recruits the
repair factors (Lee and Paull, 2005; Moreno-Herrero et al., 2005). Inactivation of in
any of these proteins lead to aberrations in the chromosomes and chromosomal
translocations (Reina-San-Martin et al., 2005). This complex acts downstream to Ku
proteins (Lieber et al., 2003) and, a lower efficiency of CSR is present in splenic B
cells from mouse with inactivation of the Nbs1 gene (Kracker et al., 2005; Reina-San-
Martin et al., 2005). After binding of MRN complex ti DNA, through Nbs1, the kinase

ataxia telangiectasia mutated (ATM) is activated, leading to accumulation of MRN
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complexes, recruitment of other repair proteins and activation of cell-cycle
checkpoints (FIG. 20) (Difilippantonio et al., 2005; Falck et al., 2005; Cerosaletti et al.,
2006).

One of the aberrant outcome in CSR is the onset of chromosomal alterations (see
below). One of the most commonly seen in murine experimental models is the one
involving the Sp region and the ¢c-myc gene (FIG. 18)(Ramiro et al., 2004; Unniraman
et al., 2004; Franco et al., 2006). The c-myc-Igh translocation is AID dependent and
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Figure 20

DNA damage sensors, adaptors and effectors in the DNA damage response have important roles
in the DSBs resolution stage of CSR. The MRE11-RAD50-NBS1 (MRN) complex is an early sensor
of AID-induced DSBs and localizes to damage sites, recruiting and activating the serine-protein
kinase ATM. MRN also activates the yH2AX-MDC1-53BP1 pathway; phosphorylated histone H2AX
(yH2AX) and p53-binding protein 1 (53BP1) mediate the synapsis of upstream and downstream
DSBs. MRN can process DSB ends for both the classical non-homologous end joining (C-NHEJ)
and the alternative end joining (A-EJ) pathway independently of the nuclease activity of MRE11 (a
nuclease required for DSB repair mediated by HR). In C-NHEJ, DSBs are bound by KU70 and
KU86, which form complexes with the DNA-PKcs and recruit other essential factors, such as the
XRCC4-DNA ligase IV complex, to complete the end-joining process forming the junctions
between the recombining switch (S) regions. In A-EJ, the DSB ends are processed by MRN and
CTIP, generating microhomologies between the DSB ends. The choice of C-NHEJ is important for
maintaining genome integrity, over A-EJ, is frequently associated with chromosomal translocations,
depends on the expression of 53BP1, which protects DSB ends from resection for A-EJ, and on the
presence of KU70 and KU86, which inhibit CTIP. Aberrant repair of DSBs can lead to chromosomal
translocations and genomic instability. (Reproduced from Xu et al., 2012).
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happens six times more frequently in Nbs1 hypomorph B cells than in wild-type B
cells (Ramiro et al., 2004; Ramiro et al., 2006). These findings suggest that the MRN
complex is involved in organizing the efficient and accurate S-S recombination.

ATM is a ser/thr protein kinase involved in DNA damage repair and cell-cycle control.
It is recruited by MRN, and after accumulation in repair foci it repairs DSBs and
initiates a cell-cycle check point (Bakkenist and Kastan, 2003; Downs et al., 2007).
Indeed CSR is threefold reduced in splenic B cultured cells from mice atm—-
(Lumsden et al., 2004; Reina-San-Martin et al., 2004) and Su region translocates
with c-myc eightfold more frequently than wild-type cells (Ramiro et al., 2006).
Therefore ATM is important to repair DSBs and contributes to the correct positioning
during CSR to obtain accurate S-S recombination, also blocking cells cycle in case of
errors.

Another important factor for CSR is 53BP1, a transcriptional coactivator for p53
(Huang et al., 2007), which is involved in DSBs repair after ionizing radiation (Pryde
et al.,, 2005). 53BP induces phosphorylation of ATM (Mochan et al., 2004), thus
increasing MRN activity and its accumulation on DSBs. Cultured splenic B cells
53bp1-- display a reduction of 90% in CSR, although serum IgM levels are normal.
This means that the reduction IN CSR is not due to decrease in cellular proliferation
(Manis et al., 2004; Ward et al., 2004), and S-S junctions are normal. atm—- cells
deficient lacking 53BP1, while not showing an increase in chromosomal instability,
display an higher number of aberrations at the IgH locus. This suggests a specific
role for 53BP1 at this locus (Adams and Carpenter, 2006; Franco et al., 2006). In
addition, differently from atm—- cells, induction of CSR in 53bp1-- IgM hybridomas
results in a three-fold increase in deletions within S regions compared to wild-type
IgM hybridomas (Reina-San-Martin et al.,, 2007). Taken together, these results
suggest a possible role of 53BP1 to bring close, or connect, Sy and the downstream
S regions (Manis et al., 2004; Adams and Carpenter, 2006). Yet, it still not known the
possible mechanisms by which this could happen. Finally it is possible that 53BP1
foci induced by irradiation are mediated by RNA binding as they are disrupted by
RNase treatment (Huang et al., 2007).
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AID and cancer

Although in humans there is more or less the same number of B and T lymphocytes,
more to 95% of lymphomas originate from B cells (KUppers, 2005). This could be
related to aberrations deriving from the DNA damage induced by AID (Alt et al.,
2013). In fact, whereas AID preferentially targets Ig light and heavy chain loci, it can
also deaminates and induces DNA breaks in non-Ig genes (Liu et al., 2008; Robbiani
et al., 2008; Hakim et al., 2012) as well as several oncogenes such as BCL6, Myc,
MIR142, CD95 and others (Pasqualucci et al., 1998; Shen et al., 1998; MUschen et
al., 2000; Tsai et al., 2008; Robbiani et al., 2009; Hasham et al., 2010; Chiarle et al.,
2011; Klein et al., 2011; Hakim et al., 2012; Kato et al., 2012).

In addition ablation of AID significantly reduces formation of Ig-translocation and the
development of B cell tumors in mice (Ramiro et al., 2004; Kovalchuk et al., 2007,
2012; Robbiani et al., 2008; Takizawa et al., 2008).

However the mechanisms through which AID target specific DNA sites. Two recent
studies show that AID targets are present within regions containing super enhancers,
characterized by chromatin accessibility and transcriptional activity an order of
magnitude higher than other active sites (Parker et al.,, 2013; Whyte et al., 2013).
Moreover this model could predict 91% of mouse AID targets, suggesting that some
characteristics of these regions lead a nuclear microenvironment highly prepared to
AID mediated deamination (Qian et al., 2014). According to this, another study found
that many oncogene translocations in human B-cell lymphomas happen downstream
of transcription start site, especially when the super enhancer regions lie within the
transcribed regions (Meng et al., 2014). These data suggest that AID recruitment is
mediated by SPT5, and RNA polymerase |l stalling represents the link between AID
activity and the transcriptional machinery (Peters and Storb, 1996). This, coupled
with the ability of the RNA exosome that enables AID to deaminate both DNA strands
(Basu et al., 2011), can explain how AID can generate mutations (Liu et al., 2008)
and DSBs in many transcribed genes, throughout the genome (Staszewski et al.,
2011; Hakim et al., 2012).
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Open questions

Many questions are still unanswered with regards to AID activity and CSR. The main
qguestion, the one with the potential to explain the off-target activity of AID, regards
the mechanisms and the factors responsible of the targeting of AID to the V and S
regions.

Moreover, considering the involvement of AID in both SHM and CSR, it is not clear
yet whether from a mechanistic perspective these processes occur simultaneously or
specific factors are needed to determine if a cell undertakes CSR or SHM.

Finally, the C terminus of AID is important for CSR but not for SHM (Barreto et al.,
2003; Ta et al., 2003; Shinkura et al., 2004). This seems to be related to its ability to
recruit repair factors to the site of DNA damage. Is this domain of AD and its
interactors related to the onset of aberrant outcomes in CSR?

Answering to these question could help understanding both the physiology of the
antigen-driven antibody diversification processes, and - more importantly - the

pathological consequences of AID disfunction.
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Visualization of Class Switch Recombination

AID is essential for the antigen-driven antibody diversification processes, as it
initiates both Somatic Hypermutation (SHM) and Class Switch Recombination (CSR).
Indeed AID deficiency causes Type 2 Autosomal Recessive form of the Hyper-IgM
syndrome (Revy et al., 2000). However, despite its crucial physiological role, its
mutagenic activity can lead to DNA damage and - eventually - cancer development
(Okazaki et al., 2003; Ramiro et al., 2004; Rucci et al., 2006; Pasqualucci et al.,
2008). More to 95% of lymphomas are B cell originated (Kuppers, 2005) and these
are often characterised by genetic alterations that can be traced back to DNA
damage induced by AID (Alt et al., 2013): oncogenes usually mutated in these
tumors feature a mutational signature similar to that observed in SHM, and most of
the chromosomal translocations involve the IgH gene, thus suggesting a failure in the
CSR process. Indeed there are hints that several layers of regulation limit AID
mutagenic potential to the Ig locus, but these regulatory pathways are yet to be
elucidated (Okazaki et al., 2003; Muto et al., 2006; Matsumoto et al., 2007; Shen et
al., 2008).

In light of this, it is necessary to understand the factors that physiologically partake in
the SHM and CSR process and elucidate whether failure of any element in this
machinery can unleash the mutagenic potential of AID. While most of the factors
involved downstream to the action of AID are linked to DNA repair, many of the
factors involved in the targeting of AID to the IgH locus belong to pathways whose
disruption is likely to heavily disrupt basic cellular processes such as transcription
and mRNA processing. It is thus difficult to study the involvement of these factors

through classical techniques such as reverse genetics. To overcome this problem we
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aimed at developing a system to visualize the real time progress of CSR in live cells
in order to be able to follow the action of the various factors involved.

To this aim we used CH12-F3 cells, a B-cell line from murine lymphoma, a cell line in
which CSR from IgM to IgA can be induced through a specific stimulation cocktail
(Nakamura et al., 1996). In this cell line we planned to visualise the IgH locus in order
to follow it during CSR. We also aimed to follow transcription of the IgM transcript as
a reporter for the progression of CSR. Thus, we have knocked-in an array of MS2-
repeats (Rafalska-Metcalf and Janicki, 2007) in the 3’ UTR of the Cu region, which
we tried to use in association with MS2-YFP to visualise IgM transcription.

On the other hand, in order to label the IgH locus, we are developing a pair of

chimeric TALEs for bimolecular fluorescence complementation (Hu et al., 2002).

TALE-targeted Mutagenesis

Based on the ability of TALEs to recognize specific DNA sequences, we developed a
TALE-AID chimera to target AID to specific sequences. With the development of such
a system few opportunities would open up. On one hand, this approach could be
used to to direct the evolution of specific genes by targeting only a selected region of
interest. On the other hand, our approach could be used to generate cancer models
to study the effects of mutations on specific oncogenes and tumor suppressors. Such
approach would have few advantages over more classical approaches.

To this aim we have generated several chimeras in which a TALE designed to
recognize the sequence of a reporter gene was fused to the AID and APOBEC1. We
used this chimeras in conjunction with a construct encoding for a reporter gene:
transfected cells would become GFP(+) upon targeted mutation of the reporter
construct. Indeed we obtained a GFP(+) population when the reporter construct was
cotransfected with the TALE-AID and TALE-APOBEC1, markedly higher than in the

controls.
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Enriching Genome Editing

Despite the power of the tools recently developed - TALENs and CRISPRs - genome
editing is still hindered by the bottleneck of the selection of the targeted clones.
Based on a recently developed approach (Kim et al., 2011a), we have modified it in
order to obtain an enrichment of targeted clones without stable insertion of selection
cassettes in the genome. To this aim we built a reporter cassette to select for cells in
which genome editing tools are active. The reporter is based on a BlasticidinS-
resistence gene (bsr) placed out-of-frame with an upstream mCherry coding
sequence. The two genes are linked by a sequence homologous to the genomic
target. Activation of the genome editing tool after transfection will target both the
genomic target and the one present on the reporter construct. Targeting of this linker
will bring the bsr in frame, thus providing a transient resistance to BlasticidinS.
Treatment with this antibiotic will thus force the selection of the cells in which the
TALEN/CRISPR have been active. We have tested our approach to obtain
inactivation of the AID gene in CH12-F3 cells. Parallel experiments in presence or
absence of a transient BlasticidinS treatment show that our approach can deliver up
to 1/3 of the clones in which both alleles have been targeted.

Our approach appears feasible to improve the efficiency and the ease to obtain

knock-in and knock-out using these genome editing tools.
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Solutions and buffers

General standard buffers used in our work are listed here. Other specific buffers and

solutions are explained in specific experiments.

Transformation buffer (TB) 20x SSC
Pipes: 10mM NaCl: 3M
CaCly: 15mM Trisodium citrate pH 7.0:  300mM
KClI: 250mM to pH 7 with 1M HCI
to pH 6.7 with 1M KOH sterilize by autoclaving
and then MnClz: 55mM
Denaturation buffer (Southern)
10X TBE NaCl: 1.5M
Tris Base: 89mM NaOH: 0.5M g
Boric Acid: 890mM
Na2EDTA: 20mM g Depurination buffer (Southern)
HCI: 0.25M
Loading dye (6x)
Bromophenol blue: 0.25% 2X Cracking buffer
Glycerol: 30% NaOH: 0.1mM
EDTA 0.5M 10mM
Church buffer SDS 10%: 1%
Sodium phosphate buffer: 0.25M Glycerol 100%: 10%
EDTA: 1mM
BSA: 1% (w/v) Trypan blue solution in PBS

SDS: 7% (W/v) Trypan blue 0.4%
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General bacterial techniques

Bacterial strains

Bacterial strains used are listed in following table.

Strain Genotype Comments References
F- $80d/acZAM15 A(lacZYA-argF) _
) Host strain for general .
DH5a U169 endA1 recA1 sdR17(rk'mk*) routine cloning (Invitrogen, 1986)
deoR thi-1 supE44 A-gyrA96 relA1.
F- ginV44 recA13 mcrB mrr Host strain for
STBL3 hsdS20(rB-, mB-) ara-14 galk2 retrovirallentiviral clonin Life Technologies
lacY1proA2 rpsL20 xyl-5 leu mtl-1. g
endA1 gIinV44 recA1 thi-1 gyrA96 Host strain for
XL10- relA1 lac Hte A(mcrA)183 Quick Change Il
GOLD A(mcrCB-hsdSMR-mrr)173 Site-Directed Stratagene
tetR F'[proAB laclgZAM15 Mutagenesis Kit
Tn10(TetR Amy CmR)] Stratagene
endA1 gIinV44 thi-1 relA1 gyrA96 recA1 mcrB+ Host strain for general
JM109 A(lac-proAB) e14- [F' traD36 proAB* lacld routine cIongin Promega
lacZAM15] hsdR17(rwmk*) 9
Media

Bacterial media LB (Luria-Bertani), SOB (LB medium + MgSO4 10%), SOC (SOB

medium + Glucose 1M), and the corresponding plates were made following standard

recipes (Sambrook and Russell, 2001). LB media was sterilized by autoclaving at

120°C for 20 minutes. SOB and SOC were prepared by adding the additional

substance to the LB medium and next filtering by 0,2um filters.

To select bacteria we used antibiotics to the following final concentrations:

Ampicillin 50-100 pg/mi
Kanamycin 50-100 pg/ml
Spectinomycin 50 pg/ml
Tetracycline 10 pg/mi
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Preparation of chemically competent bacteria

Starting from an overnight culture in LB media, the bacteria were inoculated in 250ml
of SOB at 37°C and grown until OD600=0.6 (measured by Biophotometer Eppendorf
spectrometer). The bacteria were chilled on ice 10 minutes and spun down at 2500g
for 10 minutes at 4°C. After resuspension in 80ml ice cold TB, they were chilled on
ice for 10 minutes and again pelleted at 4°C 25009 for 10 minutes. They were then
resuspended in 20ml of ice cold TB. DMSO was added to a final concentration of 7%.
After incubation on ice for 10 minutes, bacteria were aliquoted in tubes, frozen in

liquid nitrogen and then store at -80°C (Inoue et al., 1990).

Transformation of chemically competent bacteria

The chemically competent cells were mixed with 0.1-0.2ug plasmid DNA for 30
minutes to allow adsorption of the DNA to the cells. The mixture was underwent to a
heat shock at 42°C for 45 seconds and immediately put on ice for 2 minutes. After
addition of 1ml of SOC media the cells were grown at 37°C for one hour in order to
let them express the antibiotic resistance. They were then gently pelleted and
resuspended in 0.1-0.3ml of the remaining SOC, after removing the major part of the

volume, and finally they were spread out on plates with antibiotic.

Storage of bacterial strains

An equal volume of freezing medium 2X (LB + 40% glycerol) was directly added to

the bacterial culture. The bacterial strains were then stored at -80°C.

Blue/White colony screening

The blue/white bacteria colony screening was performed by adding 40ul of X-Gal

solution (40 mg/ml) and 40ul of IPTG solution (100 mM) to each LB agar plate.
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Cracking

This technique represents a very fast method to screen bacterial colonies without
DNA extraction. Colonies were resuspended in 10ul of sterile ddH20. 5ul from the
bacterial resuspension were added to 100ul of LB media or NaCl 0.9% (physiological
solution) to maintain viable bacteria and eventually expand them later. The remaining
5 ul were added to 5ul of 2X cracking buffer to lyse the bacterial cells. Samples were
then loaded on a 0.8% agarose gel not submerged in the running buffer. 1X TBE
buffer was added up to the edge of the gel and gel was run. After few minutes, to let
the samples in the gel, we completely covered the gel with buffer and the run

continued. The DNA was then visualized at the end of the run on a transilluminator.

General Cell Culture technigues

Cell lines

The cell lines used in our work are listed in the following table.

Name Derivation References
HEK293T Human Embryonic Kidney cell line (DuBridge et al., 1987)
CH12-F3 Mouse B Lymphoma Cells cell line (Nakamura et al., 1996)

HEK293T and NIH3T3 cell lines, were maintained in DMEM supplemented with 10%
FBS, 2mM L-Glutamine and penicillin/streptomycin at 37°C with 5% CO:..

CH12-F3 cells (kindly provided by Eva Severinson and Tasuku Honjo (Nakamura et
al., 1996) were maintained in RPMI1640 supplemented with 10% FBS, 50uM -
mercaptoethanol, 2mM L-Glutamine, 1mM Sodium pyruvate and penicillin/
streptomycin at 37°C in 5% CO:..

Cell counting was performed using a Neubauer chamber cell counting.
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Freezing and thawing of cells

Cells were harvested from healthy logarithmic cultures and spun down at 300g for 5
minutes. After removal of the supernatant, the pellet was resuspended in 1ml of
sterile, ice cold freezing medium (90% FBS, 10% DMSO), the density of cells
depended on the cell line. Cells were transferred into cryogenic tubes and frozen at
-80°C. For long-term storage, the cryogenic tubes were transferred into liquid
nitrogen. In order to thaw a cellular line, the vials were warmed to 37°C in a water-
bath, thus the cells was transferred into a 15ml conical tube with 10ml of appropriate
culture medium, were spun down at 300g for 3 minutes, resuspended and transferred

into a culture flask or a Petri-dish with fresh tissue culture medium.

Class Switch Recombination Analysis

CH12-F3 cells at a density of 1x104/ml were induced to perform CSR with TGF-3
(2ng/ml), IL-4 (2ug/ml) and anti-CD40 antibody (0.5mg/ml). After 72 hours we
analyzed the stimulated cells by FACS using the antibodies listed in the table:

Name Source Feature(s) and usage Amount used

Southern Biotech,

Anti-mouse IgM-FITC Birmingham, AL

IgM Flow Cytometric Analysis < 1ug/106 cells

Southern Biotech,

Anti-mouse IgA-APC Birmingham, AL

IgA Flow Cytometric Analysis <0.1ug/108 cells

Cre-recombination

CH12-F3 cells were plated at a density of 3-5x105/ml. We starved the cells overnight
and then we added TAT-CRE (100ug/ml) (Peitz et al., 2002). After 1 hour we added
chloroquine (100uM) for 30 minutes and, after washing the, we plated the cells in
fresh media. We prepared a limiting dilution in order to obtain single clones to be
tested for the success of the CRE treatment. In our case, we checked the loss of the
puromycin resistance conferred by the antibiotic cassette. The TAT-CRE utilized in

our experiments was a gift from Dr. Svend Petersen-Mahrt.
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Transfection of eukaryotic cells

Transient transfections of HEK293T and NIH3T3 cells were performed using
Lipofectamine LTX (Life Technologies) or Gene Juice (Novagen) following the
procedures recommended by the manufacturer.

To electroporate CH12-F3 cells, 107 cells were washed, resuspended in 0,6ml of PBS
and incubated with 25ug of DNA on ice for 10 minutes. The cells were the
electroporated in a 0,4cm electroporation cuvette, in a Gene Pulser X-cells Total
System (Biorad) using the following parameters: Voltage = 250V; Capacity = 500 or
950uF; Resistance = . Finally the cells were transferred in a new flask with fresh

media. Cells were plated in 96 wells in selection media after 48h.

Flow cytometry

About 2-5x105 cells were transferred into 5ml polystyrene round-bottom tubes,
centrifuged at 1000g at 4°C, washed once in 2% FBS/PBS and spun down again.
The cell pellet was resuspended in 0.1ml of 2% FBS/PBS containing the specific
antibodies as required.

All buffers were equilibrated on ice before use, and incubations were carried out on
ice, protecting the mix from light, to preserve the fluorescent reagents.

Following incubation for 30 minutes, cells were washed twice in PBS, re-suspended
in 0.2-0.5ml PBS, and analyzed by FACS.

For the analysis of the reporter fluorescent gene expressions cells have been
washed, resuspended in PBS and analyzed.

FACS analysis was performed on an Accuri C6 flow cytometer with a standard
configuration (BD Biosciences, San Jose, CA) and data were analyzed by Accuri

CFlowPlus analysis software.
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DNA extraction from eukaryotic cells

DNA from eukaryotic cells was extracted by the Wizard Genomic Purification Kit
(Promega) according to the manufacturer's instructions, and quantified with

NanoDrop, UV spectrometer or by gel quantification.

RNA extraction from eukaryotic cells

RNA extraction was performed using TriPure isolation reagent (Roche) and RNA was
purified from eventual DNA contaminations by the DNase | recombinant kit (Roche)

according to manufacturer’s instructions.

Confocal microscopy

CH12-F3 were analyzed by confocal microscopy. After 3 PBS washes, cells were
pulled down at 300g for 5 minutes and spotted on a cover slip, which was mounted
on microscope slide.

The slides were analyzed using a Leica microscope SP2-AOBS, 516nm of laser
excitation, 527-590nm acquisition window. Objective HCX PL APO Ibd.BL 63.0x1.40
Oil, 512x512 scan size, voxel size (XYZ) 122x122x366nm.

PCR procedures

Oligonucleotides

Oligonucleotides, including PCR primers and sequencing primers, are listed in

Appendix A and were synthesized by the company PRIMM Biotech Services.

63



Materials and Methods

Standard PCR

The following PCR protocol was used in all routine PCR, using AB analytical

reagents.

Template DNA: 100 ng

10X ABtaq buffer: 5ul

dNTPs mix (10mM each): 1l

AB MgCly: 1,5 ul

Primer Forward (100 pM): 0,3 ul

Primer Reverse (100 pM): 0,3 i

ABtaq (AB Analitica): 1 pl

ddH20: to 50 ul

Cycling Step Temperature Time N° of Cycles
Initial denaturation 94° C 2 min 1
Denaturation 94° C 30 sec

Annealing 58°C 30 sec 35
Extension 72°C 1 min/kb

Final extension 72°C 5 min 1
Hold 4C o 1

In order to screen bacterial colonies by PCR, the colonies were resuspended in 10pl
of sterile ddH20. 5ul were added to 100ul of LB media or NaCl 0.9% (physiological

solution) to maintain viable bacteria and eventually expand them later, while the

others 2ul were used directly for the PCR reaction.

The initial PCR denaturation step was performed at 95°C for 5 minutes.

High-fidelity PCR

PCR amplification of fragments for cloning or sequencing were performed using Kod

hot start DNA polymerase reagents (Novagen):
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Template DNA: 50 ng

10X Buffer for KOD hot start DNA polymerase: 5 ul

dNTPs (2 mM each): 1 pl

25 mM MgSOa: 3l

Primer Forward (100 pM): 0,15 pl

Primer Reverse (100 uM): 0,15 ul

Kod hot start DNA polymerase (Novagen): 1 pl

ddH20: to 50 ul

Cycling Step Temperature Time N° of Cycles
Initial denaturation 95°C 2 min 1
Denaturation 95° C 20 sec

Annealing 57°C 10 sec 25
Extension 70°C 15 sectkb

Final extension 70°C 5 min 1
Hold 4C w 1

Touch-down PCR

To perform an amplification reaction to reduce non-specific products, we used a

“touchdown” amplification program:

Cycling Step Temperature Time N° of Cycles
Initial denaturation 94° C 2 min 1
Denaturation 94° C 30 sec

Annealing 65° C (1°C each cycle) 30 sec 10
Extension 72°C 1 min/kb

Denaturation 94° C 30 sec

Annealing 55°C 30 sec 30
Extension 72°C 1 min/kb

Final extension 72°C 5 min 1

Hold 4°C 00 1
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Nested-PCR

Nested-PCR is an alternative PCR protocol used to reduce non-specific and to
increase the efficiency of amplification, allowing detection of poorly represented
targets in the sample. This technique involves two couples of primers, with a pair
homologous for sequences internal to the other pair. Two rounds of PCR are
performed, with the second reaction performed on 1 ul from the first PCR product.

The PCR screening for the knock-in of the MS2 array was performed by nested PCR
using 45-46 primers for the first and the 47-48 primers for the second PCR. Forward
primers were designed outside of the 5’ arm and reverse primers on the puromycin
cassette in order to obtain amplification only in the case of a targeted clone. These

amplifications were performed using touchdown PCR protocol.

RT-PCR

Retrotranscription was performed using High-Capacity cDNA Reverse Transcription

Kit (Applied Biosystem).

Template RNA: 5 ng

10X RT buffer: 2 ul

25 X dNTP mix (100mM): 1 pl

10x RT random primers: 2 ul

RNase inhibitor: 1l

MultiScribe Reverse Transcriptase (100mM): 1l

ddH20: to 20 pl

Cycling Step Temperature Time Ne of Cycles
Step 1 25°C 10 min 1
Step 2 37°C 120 sec 1
Step 3 85°C 3 min 1
Hold 4°C o 1
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The PCR to check the expression of MS2 cassette in 3° UTR of IgM mRNA, was
performed using primers 53-54 on 2ul from the obtained cDNA.
In all these PCR techniques, both temperature and time of annealing can change

depending on primers were used to amplify a specific target sequence.

Cross-over PCR

This method consists of two different PCRs to amplify the two DNA fragments that
need to be joined or mutated. Special primers, containing 5’ extensions
complementary to each other, were used.

The products derived from the first pair of PCR reactions, were mixed to perform the
second PCR. The second PCR was performed in absence of primers for the first five
cycles (to extend the PCR products on each other). The external primers were then
added for the remaining cycles (FIG. 21). The two PCRs were performed using the

high-fidelity protocol and 18 PCR cycles for both PCR reactions.

Ay
AY

> o > Figure 21

A graphical explanation of
— 3 > cross-over PCR techniques, to
N -— merge together two DNA
sequences (red and blue).

Recombinant DNA techniques

Plasmid DNA preparation

Plasmids were prepared from bacterial cultures and in some experiments from

transfected cell lines, using EuroGOLD Plasmid Miniprep Kit | (EuroClone) for
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miniprep and High pure plasmid maxiprep kit (Life Technologies) according to

manufacturer's instructions.

Phosphorylation

New England Biolabs T4 Polynucleotide Kinase (PNK) was used to phosphorylate

annealed oligonucleotides according to manufacturer's instructions.

Restriction digestions

New England Biolabs endonucleases were used for restriction digestion, according to
manufacturer's recommendations.

Screening of plasmids after minipreps were performed for 1 hour at 37°C.

Restriction digestions for cloning were performed overnight unless suggested

differently by the manufacturer's recommendations.

Agarose gel electrophoresis

For analysis and purification of digested DNA fragments or PCR amplification
products, samples were mixed with loading dye and loaded into agarose gel.
Depending on the size of the DNA fragment to be analyzed, the gels contained 0.7%
to 2.0% (w/v) agarose in 1x TBE buffer supplemented with EuroSafe Nucleic Acid
Staining Solution (20,000x) (EuroClone), as recommended by the manufacturer, for
the visualization of the DNA fragments. 5ul of 100-plus or 1kb or 1kb-plus ladder
(New England Biolabs) were loaded in one lane of the gel for estimating the sizes
and the concentration of DNA fragments.

Electrophoresis was carried out in a mini-gel apparatus (Biorad) in 1x TBE bulffer,
subsequently the gels were placed on a UV light-box, where the UV radiation at
254nm is absorbed by SYBR safe and re-emitted at 530nm in the green region of the

visible spectrum, and photographed with a CCD camera.
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DNA fragment and PCR purification

To clone DNA fragments, the bands were cut from gel and purified after visualization
with blue-light source.

The DNA bands were excised from agarose gels using a clean scalpel, and the DNA
was purified using Nucleospin Extract Il kit (Macherey-Nagel), following
manufacturer's instructions.

PCR samples were purified using the Nucleospin Extract Il kit (Macherey-Nagel) as

recommended from manufacturer.

Dephosphorylation

The phosphate group from 5° overhangs of cut vectors was removed by incubating
the digested DNA with Shrimp Alkaline Phosphatase (Rapid DNA Dephos & Ligation
Kit, Roche) according to manufacturer’s instructions. The DNA was used directly for

ligation reaction.

Ligation

For the ligation reaction we typically used 5 to 20ng of vector and the DNA insert in a
1:5 to 1:10 molar ratio with the vector. T4 DNA ligase (Rapid DNA Dephos & Ligation
Kit, Roche) was used with the ligase buffer supplied in kit. Ligation reactions were
incubated at room temperature for at least 30 minutes before bacterial

transformation, according to manufacturer’s instructions.

Blunting

To obtain blunt the ends of DNA fragments with 5’- or 3’- overhangs generated by
restriction enzyme digestion we used Clone JET PCR Cloning Kit (Thermo Scientific)

according to the manufacturer’s instructions.
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TOPO cloning

For direct cloning of PCR products amplified using Tag DNA polymerase the TOPO
TA cloning kit (Life Technologies) was used. Otherwise Kod DNA polymerase PCR
products were cloned by the Zero Blunt TOPO PCR cloning kit (Life Technologies).

Both kits were used according to the recommendations of manufacturer.

DNA sequencing

DNA sequencing was performed by the following companies:
-PRIMM Biotech Services (www.primmbiotech.com)

-Macrogen (www.macrogen.com)

Southern blot

In this work we used southern blot analysis (Southern, 1975) to screen clones for

gene targeting. The protocol used is as follows:

DAY 1

10 pg of genomic DNA, extracted by singles clones, was digested overnight with an
appropriate restriction enzyme. The samples were run on agarose gel at 80 V for 5-6
h. After the run a photo of the gel was taken to keep track of the running distances of
all marker bands. The gel was then incubated with gentle agitation in depurination
buffer for 15-30 min. The gel was then incubated with denaturation buffer for other 30
min. The gel was then prepared for the blotting to the “tower” to transfer the DNA

from the gel to nylon membrane overnight.

DAY 2

After disassembling the tower, the position of the wells on the membrane were

marked and the membrane was cooked in a 3MM paper envelope at 80°C for 2 h.

70



Materials and Methods

After a wash in 2X SSC buffer the membrane was prehybridized with 15-20 ml of
Church buffer at 65°C in the hybridizer (Techne) for 1 h.

The probe was prepared by PCR amplification using primers 43 and 44 on CH12-F3
genome and radiolabeled with 32PCTP Amersham Ready-To-Go DNA Labelling
Beads (-dCTP) (GE Healtcare). After purification with ProbeQuant G-50
MicroColumns (GE Healtcare) to eliminate not incorporated radioactive the probe
was denatured.

The prehybridization buffer was substituted with new Church buffer and the

radioactive probe was added. The hybridisation was performed overnight at 65°C.

DAY 3

The radioactive buffer was removed and the membrane was washed:

2 washes with 2X SSC + 0,1% SDS for 10 min each

2 washes with 0.1X SSC + SDS 0.1% SDS for 20-30 min each.

Excess buffer was removed from the membrane using 3MM paper, and the
membrane was exposed in the phosphoimager cassette after being enveloped in
plastic film. The radioactive bands were detected with a phosphoimager Typhoon
FLA 7000 (GE).

Plasmids and vectors

Plasmids and vectors used in this work are listed in Appendix B.

TALEs and TALENSs

All TALEs and TALENs plasmids were generated by Golden Gate TALEN and TAL
Effector Kit 2.0. The kit was a gift from Daniel Voytas and Adam Bogdanove
(Addgene kit # 1000000024). In order to obtain several TALEs chimeras, the DNA
binding domains, generated by the kit, were inserted in different final plasmid built by
us (see Vectors and Plasmids construction section). For TALENs the final plasmid
used was pCAGGS-TAL-NC2 (a gift from Takashi Yamamoto - Addgene plasmid #
43856). The TALEs and TALENSs used in this work, are listed in the following table:
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Name Target sequence Purpose
TALEN CH12 f GTCTCTGTCACCTGCAG to target the IgM gene in CH12-F3
TALEN CH12r CTGCTGTCCTTCCATGC to target IgM gene in CH12-F3
TALEA GGGATGGAGCTGGATCT to bind V region in CH12-F3
TALE2 GCAGTTCCTGACAGGA to bind V region in CH12-F3
TALE-AID GAAAAACACGATAATACCG to bring AID on IRES sequence
TALE-A1 GAAAAACACGATAATACCG to bring A1 on IRES sequence
TALE-AIDES8A GAAAAACACGATAATACCG to bring AIDE38A on |IRES sequence
TALE(EGFP)-AID GCCCGTGCCCTGGCCCACC | to bring AID on EGFP sequence
CRISPRs

The CRISPRs plasmid used in our work was obtained by insertion of primers 49 and
50, annealed and phosphorylated, in pX330-U6-Chimeric_BB-CBh-hSpCas9
plasmid. This plasmid was a gift from Feng Zhang (Addgene plasmid # 42230). The

sequence recognized in the AID gene is:

Name Target sequence Purpose

to target the second exon of AID gene in

AID CRISPR | ACCATTTCAAAAATGTCCGC CH12-F3 cells

Vectors and Plasmids construction

Targeting vector: The targeting vector to introduce MS2 array in the 3° UTR of the
Cu gene was planned to contain long homology arms, as suggested by previous
works (Han and Yu, 2008; Han et al., 2010). We decided to use a 5’ arm of 2.8 kb
(292,907 - 290,084 on the murine chromosome 12, accession number: NT_114985)
and a 3’ arm of 6.8 kb (290,079 - 283,272). Another important element in the
construct is the DTA cassette for negative selection of cells with non targeted
integration (McCarrick et al., 1993) positioned externally to the 3’ arm. Finally, a

puromycin resistance cassette for positive selection was placed between the
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homology arms, flanked by Lox sites. The 5’ arm was obtained by PCR on CH12-F3
genomic DNA with primers 3 and 4, while the 3’ arm was amplified using primers 1
and 2. DTA, puromycin and MS2 array cassettes was derived from the pROSA26, the
pLoxPuro, and the p3216 plasmids respectively.

pLoxPuro 7bp, 10bp, 13bp, 16bp target plasmid: Target plasmids containing
sequence to test TALE-half-YFPs proteins for the IgH visualization, were obtained by
insertion of four couples of phosphorylated annealed oligonucleotides (Appendix A:
5-6, 7-8, 9-10, 11-12) in pLoxPuro plasmid, linearised by Spel restriction enzyme.
These plasmids contained four different lengths spacers, 7bp, 10bp, 13bp and 16bp,
between TALE-half-YFPs target sequences.

PEGFP-TALE: In order to obtain visualize the IgH locus, we amplified from pCAGGS-
TAL-NC2, the cassette for the last step of the Golden Gate TALEN and TAL Effector
Kit 2.0, using primers 13 and 14 and we inserted it in pEGFP-N1 digested with Sacll
and BamHI.

pTALE-Jun-YN and pTALE-YN: From the pEGFP-TALE, we excised the EGFP
through BamHI and BsrGl enzymatic digestion and inserted the Jun-YN and the YN
fragments amplified from pBiFC-bJunYN using forward 15 or 16 and reverse 17

primers.

TALE1-Jun-YN and TALE1-YN: The plasmid obtained above were used in the last
step of Golden Gate TALEN and TAL Effector Kit 2.0 to insert TALE1 central DNA
binding domain (see TALEs and TALENS section).

pPTALE-Fos-YC and pTALE-YC: Fos-YC and YC were amplified from pBiFC-
bFosYC, using forward primer 18 or 19 and reverse primer 20, and inserted in the
pEGFP-TALE cut by Agel and Aflll.

TALE2-Fos-YC and TALE2-YC: The plasmids above were used in the last step of
Golden Gate TALEN and TAL Effector Kit 2.0 to insert TALE2 central DNA binding
domain (see TALEs and TALENSs section).
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TALE2-Fos-YC-MODC: A 117bp (39aa) fragment encompassing the region 422-461
of the mouse ornithine decarboxylase degradation domain (MODC) (Li et al., 1998)
was inserted in the TALE2-Fos-YC using the BsrGl site. MODC was amplified using
primers 21 and 22 on genomic DNA from NIH3T3.

pBiFC-bFos: We modified pBiFC-bFosYC to shift YC out-of-frame by cutting (Kpnl)

blunting and religating.

pBiFC-bJunYN(Y66A): We mutagenized YN (Y66A) through crossover PCR
techniques using 23 and 24 as internal primers, and 25 and 26 as external primers.
The mutated YN was cloned in pBiFC-bJunYN substituting of the wt YN with the YN
Y66A.

pTALE-AID and pTALE-A1: We excised the EGFP cds from pEGFP-AID and
pEGFP-A1 by Nhel and BsrGl enzyme. We then inserted in this plasmid a PCR-
amplified cassette from the last step of Golden Gate TALEN and TAL Effector Kit 2.0
from pCAGGS-TAL-NC2, using 27 and 28 primers.

pPTALE-AIDES8A: The AID mutant E58A was inserted in place of wt AID (Hindlll and
BamHlI), by sub cloning it from pAIDE58A-Express Puro2 digested with Hindlll and

Bglll. Finally, we the AID cds to obtain a control plasmid for our experiments.

TALE-AID, TALE-A1, TALE-AIDES8A and TALE(EGFP)-AID: The plasmids above
were used in the last step of Golden Gate TALEN and TAL Effector Kit 2.0 to insert
TALE(IRES) and TALE(EGFP) central DNA binding domains (see TALEs and
TALENS section).

mCherry-IRES-EGFP and mCherry-IRES-EGFP WRC: This target plasmid,
containing an array of ACG trinucleotides upstream to the mutated translation start
site in the EGFP cds, was obtained in two steps. In the first step, using cross-over
PCR, we inserted a unique BamHI restriction site just before the ATG of EGFP and
we mutated this ATG into ACG. The cross-over PCR was performed using 29 and 30
as internal primers and 31 and 32 as external primers on pAID-Express Puro2. The

PCR product was cloned in pEGFP-mCherry-EGFP cut by BsrGl. In the second step,
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we inserted several pairs of oligonucleotides, annealed and phosphorylated, in the
unique BamHI site. Primers 33 and 34 were used in order to obtain an array of ACG
upstream and in-frame with ACG of EGFP. While, we used oligonucleotides
(Appendix A: 35-36 and 37-38) with ACG interposed by GCA in the two possible

orders to obtain arrays containing WRC motifs.

mCherry-IRES-EGFP w/o CMV and mCherry-IRES-EGFP w/o CMV-mCherry: The
mCherry-IRES-EGFP was excised by Nhel-BsmBl and by Ndel-BsmBI, and
subsequently blunted and religated in order to obtain plasmids without the mCherry

cds and the CMV promoter/mCherry cds, respectively.

mCherry-out-bsr: We inserted oligonucleotides 41-42 annealed and phosphorylated
in the pBS-CMV-mCherry-EGFP digested with BsmBI enzyme to insert the target
sequence for AID CRISPR (see CRISPRs section) and leaving the EGFP cds out-of-
frame. Then we amplified the bsr gene from pLoxBsr using primers 39 and 40, and
we cloned this fragment into pBS-CMV-mCherry-EGFP plasmid containing the
CRISPRs target sequence, in place of the EGFP.
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Visualization of Class Switch Recombination

AID is necessary to trigger the secondary diversification of the antibody genes, as it
initiates both CSR and SHM (Muramatsu et al., 2000). Indeed its deficiency causes
HIGM2 syndrome (Revy et al., 2000). However AID, due to its ability to induce DNA
damage, is also well correlated with mutations and cancer (Okazaki et al., 2003;
Ramiro et al., 2004; Rucci et al., 2006; Pasqualucci et al., 2008; Alt et al., 2013).

In CSR, AID deaminates cytosines in the S regions upstream to the constant regions
that will undergo isotype switching. The uracils are eliminated by UNG, which leaves
an abasic site, which in turn is excised by APE. Many factors are in the conversion of
the lesion induced by AID to DSBs, as well as in the joining of Su donor and S
acceptor regions to obtain change of isotype (Stavnezer et al., 2008).

Yet, many questions remain open, especially those regarding the targeting of AID and
of the DNA repair pathways to the Ig locus. Moreover, most of the factors identified in
recent years as involved in the targeting of AID to the IgH locus belong to pathways
whose disruption is likely to heavily hamper basic cellular processes such as
transcription and mRNA processing. It is thus difficult to study the involvement of
these factors through classical techniques such as reverse genetics as their ablation
could simply be lethal, or - on the other end - they can present an high degree of
redundancy.

From a technical point of view, there are many methods to analyze CSR: PCR
techniques, southern blot, or sequencing can assess the DNA/RNA level; western
blot analysis, immunolabeling, and FACS to assess the protein level. These
techniques give us information about quality and quantity of CSR, and they have
been used to study the factors involved in CSR through evaluation of the changes in

the levels of CSR linked to variation in these factors. However none of these
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techniques can be used to address the exact timing of the CSR. Moreover, each of
the assays not based on FACS imply the destruction of the sample in order to
perform the analysis.

To overcome these issues we aimed at developing a system to visualize the real time
progress of CSR in live cells in order to be able to follow the action of the various
factors involved. In order to do so, we needed a reporter for the position of the IgH
locus, as well as a marker to visualise the occurrence of the CSR.

To this aim we decided to use CH12-F3 cells, a B-cell line from murine lymphoma, a
cell line in which CSR from IgM to IgA can be induced through a specific stimulation
cocktail (Nakamura et al., 1996). This is the cell line from where AID was originally
identified (Muramatsu et al., 2000; Revy et al., 2000).

We planned to use as marker for the CSR the transcription of the IgM as - upon
completion of the CSR - the genomic region encoding for it would be excised. In
order to visualise IgM transcription we planned to use an MS2 array in conjunction
with a fluorescent MS2-Coat protein (Bertrand et al., 1998; Janicki et al., 2004; Shav-
Tal et al., 2004). We originally planned to label the IgH locus with a Lac array that
would be visualised by means of a fluorescent Lacl chimera (Chuang et al., 2006;
Thakar et al., 2006). Thanks to the availability of TALEs we switched to a plan

involving the development of a fluorescent TALE to visualise the IgH locus.

Visualisation of IgM transcripts

One of the most commonly used techniques to visualise transcripts in live cells
involves the use of the MS2 bacteriophage viral replicase translational operator. This
sequence forms a 19 nucleotide RNA stem loop, which is recognized by the MS2
coat protein. The MS2 coat protein binds the stem loop as dimer tagging RNA
(Beckett and Uhlenbeck, 1988). This specific pairing has been exploited using the
RNA moiety together with a GFP-MS2 coat protein chimera (Bertrand et al., 1998;
Janicki et al., 2004; Shav-Tal et al., 2004).

We thus decided to use this system to visualize the mRNA of IgM, and we aimed at
inserting an MS2 array constituted by 24 MS2 repeats in the 3’ UTR of the Cu gene.
This would have been followed by transfection with YFP-MS2 to visualize IgM mRNA.
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The strategy for the knock-in of the MS2 array is depicted in (FIG. 22). The targeting
vector to introduce MS2 array in the 3° UTR of the Cp gene was planned to contain
long homology arms, as suggested by previous works (Han and Yu, 2008; Han et al.,
2010). We decided to use a 5 homology arm of 2.8 kb (292,907 - 290,084 on the
murine chromosome 12, accession number: NT_114985) and a 3’ homology arm of
6.8 kb (290,079 - 283,272). For the selection of the targeted clones we used a DTA
cassette to reduce non targeted integration (McCarrick et al.,, 1993), and a
puromycin resistance cassette for positive selection. The puromycin cassette was

flanked by Lox sites, to allow its removal from the IgH locus.

IgH locus wt allele 7 kb

probe

VDI s s polyas
T I ® G

Targeting vector -+ -———

puro  MS?2 DTA
array
IgH locus targeted allele 11.6 kb
V DJ s S
[ [T HEO{TSaD>-HHHHHH ’ l

Figure 22

The schematic drawing represents the genomic organization of the murine IgH locus and the
strategy for the knock-in. Brown boxes indicate the exons of Cu and the small yellow triangles
indicate lox P sites. DTA, diphtheria toxin A. Puro, puromycin resistance gene. Restriction enzyme
sites: S, Sacl. Using the probe (blue bar) we can visualize the expected DNA fragments by
southern blot: a 7kb band for the wt allele and that a 11.6kb one for the targeted allele.

In each transfection 10 million CH12-F3 cells were electroporated with the linearized
targeting vector. Transfected cells were related and treated with puromycin after 48h
from transfection. To increase the frequency of targeting, we tried to change amounts
of plasmid and cells, the electroporation protocol and also to use a PARP-1 inhibitor
in order to boost Homologous Recombination (Bryant and Helleday, 2006).
Puromycin resistant clones were picked in 10-15 days and after DNA extraction, were
screened by PCR and southern blot analysis (see FIG. 23 for a representative blot).
PCR screens and southern blotting were performed on ~120 clones. Unfortunately,

no targeted clones could be found.
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Figure 23

Representative Southern blot analysis of Sacl-digested genomic DNA. The red arrow is positioned
at 7kb and corresponds to wild-type allele. The green arrow indicates the expected position of the
11.6kb targeted allele.

Meanwhile, the seminal work on TALENs became available, together with the first
kits to build specific TALENs (Cermak et al., 2011). We decided to use them to
introduce a DSB in the 3° UTR of Cu gene, as DSBs at a specific site had been
demonstrated to increase the frequency of HR in presence of a donor DNA (Rouet et
al., 1994a,b; Bibikova et al., 2003; Porteus and Baltimore, 2003; Urnov et al., 2005;
Moehle et al., 2007; Voytas, 2013).

We thus designed and built a pair of TALENs (CH12 f and CH12 r) in order to target
the 3° UTR of Cu gene in a position internal to the homology arms of the targeting
vector (to avoid targeting it). In the first experiment using the TALENSs, we performed
electroporation with 15ug of targeting vector and 5ug of each TALEN construct. We
obtained 34 clones, but none targeted. Thus we decided to invert the proportion of
the plasmids, 10ug for each TALEN construct and 5ug for targeting vector, under the
assumption that the important step would have been the induction of the DSB at the
targeted site. From this electroporation we obtained 18 clones, and six of them were

found positive according to the nested PCR screen (FIG. 24).

6 kb -

3kb -

6 kb -

3 kb -

Figure 24

The photo shows the results of a nested PCR screen on selected CH12-F3 clones. The PCR using
external primers evidenced three positive samples, at the expected size of ~3400bp (up). The
nested PCR, using internal primers, showed six positive samples, at the expected size of 3170bp
(down).
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These six DNA fragments were extracted from gel and cloned in TOPO vector. A
restriction digest revealed that only three of them displayed the expected pattern
(clones 3, 4 and 6 in FIG. 25). The correct integration of targeting vector for these

clones was confirmed by Sanger sequencing.

Figure 25
Enzymatic digestion (EcoRl and Nhel) of the TOPO blunt plasmids containing the six bands

obtained by nested PCR. The samples 3, 4 and 6 presented the expected pattern of digestion.

The next step was to analyze the targeted clones for the expression of the MS2
array. We thus performed RT-PCR to amplify the junction between the puromycin
cassette and the last exon of the IgM transcript (we could not amplify MS2 due to its

tandem repeats). The three clones expressed the MS2 cassette as shown in FIG. 26.

CH12 3 4 6

Figure 26

RT-PCR amplification confirmed the
presence of our integrated cassette in the

1kb - 3 UTR of the expressed IgM mRNA.

500 bp -

We then treated the clones with TAT-CRE recombinase protein to remove the
puromycin cassette and we performed limiting dilutions in 96 well plates. Single
clones were picked after 6-8 days and tested for resistance to puromycin. We
selected clones from the original clones, which were then tested for their ability to
perform CSR to make sure that the presence of the array did not hinder CSR. The
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resulting levels of switching are showed in FIG. 27, suggesting that the ability to switch
had been preserved.
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Figure 27
FACS analysis of selected CH12-F3 (MS2+CREtreated) clones that were stimulated in order to

perform CSR. Upper blots show unstimulated clones. Lower blots show the same clones after
stimulation.

We then chose the clone with the higher potential of CSR, and we transfected it with
the CMV-YFP-MS2 plasmid. After selection of stable clones, we analyzed the
selected clones by FACS for the expression of YFP-MS2 coat protein chimera. We
found several clones that expressed the fluorescent protein, and we chose three
clones displaying various levels of fluorescence, as showed in FIG. 28.

Finally we analyzed the clones by confocal microscopy in order to assess whether
we were able to observe a nuclear yellow spot, indicating the expression of IgM
mRNA. Unfortunately we could not find any, as the nuclei of the transfected cells
resulted homogeneously yellow (FIG. 29). This could be due by two possible reasons.
The first one is technical, we might have chosen clones expressing an excessive
amount of YFP-MS2 coat protein. The second is intrinsic to the system: if
transcription of the IgM locus is not sufficiently high, the mRNA could diffuse before a

fluorescent spot could form.

81



Results and Discussion

16,777,215
16,777,215
16,777,215

10,000,000
1

10,000,000
1

10,000,000
1

FSC-H

5,000,000
FSC-H

FSC-H
5,000,000

5,000,000

Figure 28
FACS analysis of CH12-F3 (MS2+CREtreated) clones stably transfected with CMV-YFP-MS2

plasmid, with different expression level of YFP-MS2 coat protein.

Using FRAP (Fluorescence Recovery After Photobleaching) analysis we observed a
very rapid diffusion of the YFP-MS2 chimera. In fact, as showed in FIG. 30, the effect
of photobleaching disappeared within 0.5-0.7s, suggesting that proteins were highly
mobile, probably correlated with the high amount of protein in the cells nuclei. We
cannot be sure of the specific reason for the failure of the assay. However, after
analysis of clones with different expression levels of YFP-MS2 chimera, we are

reasonably convinced that diffusion of IgM mRNA could be the main problem.

Figure 29

Fluorescence analysis of CH12-F3 clones by confocal microscopic shows cells with
homogeneously fluorescent nuclei.
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Figure 30
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IgH locus visualization

The initial plan for the visualisation of the IgH locus involved the targeting of the locus
with a Lac array. However, thanks to the availability of the TALEs, we decided to try a
different approach involving the development of a fluorescent TALE.
To visualize the nuclear position of the IgH locus we decided to utilize two TALEs
bound to two half-YFPs (Hu et al., 2002) that become fluorescent only upon
dimerization. We originally designed the constructs to clone the N-terminal and C-
terminal half of YFP at the C-terminus of the TALE cds (TALE1-YN and TALE2-YC).
The Jun and Fos cds used in the original study were used as a linker between the
TALE and the YFP cds, to facilitate dimerization (Hu et al., 2002). The two TALEs
were designed to bind two different sequences located near each other on opposite
strands of the IgH locus. In this way when the two TALE chimeras would bind to their
target sequences, the two half-YFP could interact with each other and induce
fluorescence at the IgH locus. In order to increase the signal intensity, TALEs were
designed to recognize repeated sequences in promoters of the V regions upstream
of V(D)J region rearranged in CH12-F3. We thus identified the V region used in
CH12-F3 and we aligned, using Seaview (Gouy et al., 2010), all V regions left
upstream to the rearranged one, locating a possible target sequence that was
perfectly repeated eleven times and had partial conservation other seven ones.
(though these repeats could have been of limited use, as some papers had shown
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that a single point mutation could compromises DNA binding of the TALEs (Miyanari
et al., 2013).
We initially aimed at validating such approach. We therefore prepared a plasmid

construct containing the selected TALEs target sequences connected by linkers of

different length. We then transiently
transfected this plasmid together with
the pair of TALE-Jun/Fos constructs
in HEK293T cells. We analyzed the
samples by FACS 48h after
transfection and results are shown in
FIG. 31. Indeed an increase in
fluorescence was present in cells
transfected with the target sequence
compared to the cells transfected
with a control plasmid. Yet, the
presence of a fluorescent population
also in absence of target sequence
suggests that the TALE1-Jun-YN and
TALE2-Fos-YC can reconstitute YFP
spontaneously.

In order to reduce this background we
removed the Jun and Fos cds from
the TALE chimeras and we repeated
the experiments. As shown in FIG. 32,
we obtained a decrease in total signal
but the background remained high. In
addition we observed that analysis at
24h showed higher differences of
levels of fluorescence than at 48h
(FIG. 33), thus suggesting that the first
hours after transfection were
important to determine the different
levels of fluorescence.

To better understand this point, we
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Figure 31

The bar diagram shows the differences in
fluorescence in HEK293T cells transiently
transfected using TALE1-Jun-YN and TALE2-Fos-YC
together with plasmids containing the target
sequences separated by spacers of different
length. In the Control sample the target plasmid is
an empty vector.
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The bar graph depicts the differences in
fluorescence in HEK293T cells transiently
transfected using TALE1-YN and TALE2-YC
together with plasmids containing the target
sequences separated by spacers of different
length. In the CTRL sample the target plasmid is an
empty vector.
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Figure 33

The histogram shows the differences in fluorescence in HEK293T cells transiently transfected using
TALE1-Jun-YN and TALE2-Fos-YC together with plasmids containing the target sequences
separated by spacers of different length. The coloured bars indicate the time from the transfection,
24h (in blue) and 48h (in red). In the CTRL sample the target plasmid is an empty vector.
performed the experiment in two steps: we started by transfecting HEK293T cells
with the plasmids encoding the TALE chimeras, and we performed a second
transfection with plasmid containing the target sequences after 24h. FACS analysis
was performed after 6h, 12h, and 24h but the results were essentially the same. As
showed in FIG. 34 there are almost no differences between cells transfected the
second time and cells transfected only with half-YFPs. This confirmed our idea that
the differences we observed in the initial experiments were due to an initial stage, in
which dimerization of the few synthesized TALE chimeras was facilitated by the
presence of the target sequence. At later stages, when higher levels of TALE
chimeras were present, the signal from spontaneous dimerization would overnight
that specific signal.

We attempted to decrease the background using two other approaches. In the first
one, we saturated the aspecific signal with non-fluorescent interacting molecules
such as the bare Fos or a Jun-YN with an inactivated chromofore (Y66A). We also
tried to add the region 422-461 of the mouse ornithine decarboxylase degradation
domain (MODC) (Li et al., 1998) to the TALE-Fos-YC/YC plasmids in order to reduce
the half-life of these chimeras. Unfortunately there were no changes, and the
background noise remained too high.

Our data suggest that the essential problems in our approach, causing the high

background, depends on three factors: (a) the TALE chimeras are able to demerit

85



Results and Discussion

1.20 -
1.00 = T T
0.80
0.60

0.40

Fold increase in fluorescent

0.20

0.00 - . .
Untrasfected CTRL 7bp 10bp 13bp 16bp

Figure 34

The histogram shows the results of the two-step experiment using transiently transfeced HEK293T
cells. In the first step we transfected the TALE1-YN and TALE2-YC, After 24h the cells were
retransfected whit the target plasmids. In the CTRL sample the target plasmid is an empty vector
(transfected in the second round), while the untrasfected sample derives from cells transfected only
in the first round.

spontaneously; (b) the binding of the TALE to their targets is dynamic, thus leading to
(c) an further increase in the background due to the stability of the YFP heterodimer.
All this suggests that far-reaching changes to the approach will be needed in order to
to obtain an usable system. One possible change could target the stability of the YFP

heterodimer.
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TALE-targeted Mutagenesis

Based on the ability of TALEs to recognize specific DNA sequences, we aimed at
developing a tool to target mutagenesis to specific regions of the genome. Such a
system could be used both as a biotechnological tool, to direct the evolution of
specific genes of interest and as a tool to model cancer.

To this aim we merged the mutagenic activity of AID and DNA specificity of TALEs
through the construction of a chimeric TALE-AID. The TALE domain of our chimera
was designed to bind the last 19bp of an IRES sequence inserted within a modified
mCherry-IRES-EGFP cassette in a target plasmid. The cassette was modified by
mutagenizing the start codon of the EGFP cds from ATG to ACG. We further inserted,
upstream to the ACG, an array of ACGs, in frame with the EGFP cds, just
downstream to the target sequence of the TALE. The ACG array had two purposes:
(a) to provide redundancy to the possible sites that could be mutated by AID and (b)
to accommodate for position of the TALE-AID on the DNA, as we could not model the
steric hindrance of the TALE-AID chimera. The mCherry cds would serve as a
reporter for the transfection efficiency, whereas only mutations at any of the ACGs
would restore the ATG start codon and let the cell synthesis EGFP.

We thus co-transfected the target construct with or without the TALE-AID in
HEK293T, and the cellular fluorescence was analysed from the time ranging between
24 hours to 96 hours after transfection by FACS . As shown in FIG. 35, the presence of
TALE-AID induced a marked increase in GFP(+) cells, ~1% of transfected cells, as
measured by mCherry fluorescence, or ~0.5% over the entire cell population.

It is noteworthy that even in the mock-transfected cells there was a small percentage
of with a very low GFP(+) phenotype. This background fluorescence could probably
be due to a couple of CTG codons downstream to the EGFP canonical start codon.

In order to further our analysis, we prepared a chimera replacing AID with APOBEC1
(TALE-A1), another AID/APOBEC member which ca target DNA as well (Harris et al.,
2002; Petersen-Mahrt and Neuberger, 2003; Severi et al.,, 2011; Saraconi et al.,
2014).

We repeated the experiments adding both TALE-A1 as well as untagged AID and
APOBEC1, which should not be targeted specifically to the sequence. As expected,
the untagged AID/APOBEC1 were not able to induce an increase in GFP(+) cells. On
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Figure 35
FACS analysis of HEK293T cells transiently transfected with mCherry-IRES-EGFP and TALE-AID.

The CTRL sample was transfected with mCherry-IRES-EGFP and an empty vector.

the other hand TALE-A1 induced just a moderate effect (FIG. 36). The result could
point to the importance of the preference context for the activity of the DNA mutators.
Whereas APOBEC1 seems more mutagenic than AID (Harris et al., 2002; Saraconi
et al. 2014), the preference context for the two deaminases is different: AID
preferentially mutates cytosines within a WRC context (W=A/T; R=G/A; C=targeted
base), on the other hand APOBEC1 prefers a TC context while avoiding AC
dinucleotides. Since the ACG array contains Cs in a context is closer to that preferred

by AID, this could explain the result.
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In addition we repeated the transfections with scalar amounts of target plasmid,
paired to either TALE-AID or TALE-A1. As shown in FIG. 37 the background was
reduced. On the other hand, the increment in the GFP(+) cells in presence of either
AID or A1 was proportional to the quantity of the target plasmid. This suggests that

the amount of target plasmid is the limiting factor.
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We then attempted to sequence the transfected plasmids in order to identify the
mutations. We thus prepared minipreps to obtain the plasmid from the transfected
cells, and after PCR amplification of the IRES-EGFP fragment we sequenced it using

the lllumina miSeq technology. Unfortunately the run failed and the samples could not
be analysed.
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Figure 37

The histogram shows the percentage of GFP(+) cells in of HEK293T transiently transfected using
different amounts of mCherry-IRES-EGFP together with plasmids encoding for TALE-AID and TALE-
A1, or untaaaed APOBECs at 72h (blue) and 96h (red).

To make sure that the observed effect was mediated by the mutagenic activity of
TALE-AID, we repeated the experiment with a chimera TALE-AIDE8A, an AID mutant
in which the glutamate acting as a proton donor in the deamination reaction was
mutated. Surprisingly, as shown in FIG. 38, TALE-AIDES8A induced an increment in the
GFP(+) population similar to that observed with the TALE-AID. We initially thought
that the effect might be due to the TALE itself, but this was clearly not the case (FIG.
38).

The result obtained is puzzling, as it seems that AID can trigger expression of the
EGFP through a non-enzymatic non-mutagenic route.

There is a strong correlation between AID and transcription. Indeed It has been
shown that AID is targeted to genes that are highly transcribed (Yang and Schatz,
2007; Alt et al., 2013; Buerstedde et al., 2014; Storb, 2014).

It could be possible that it could also be the opposite, with the presence of AID
inducing transcription. Indeed, the GFP(+) population lied within the cells which

showed higher than average transcription of the mCherry promoter (FIG. 39).
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Figure 38

The histogram shows the percentage of GFP(+) HEK293T transiently transfected with the mCherry-
IRES-EGFP and with plasmids encoding for TALE-AID, TALE-AIDESA  untagged AID, and TALE
alone at 72h (blue) and 96h (red). Previous experiments had shown a peak of the signal at 96h,
whereas these one peak at 72h. This is due to a change in the transfection procedure (starvation of
cells throughout the transfection vs starvation only before transfection). This modification in the
protocol led to a change in the timing of plasmid expression.

To test whether the presence of AID could modulate/drive the transcription of the
EGFP we prepared constructs in which the promoter was removed from the mCherry,
or a wild-type EGFP cds was cloned in absence of a promoter or juxtaposed to the
IRES sequence. No transcription of the EGFP could be observed either with TAL-
AID, TALE-AIDES8A or any control.

On the other hand we tested whether the position of the targeting was relevant for
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Figure 39

The FACS plot shows the position of the
GFP(+) cells within the mCherry(+) cells
that showed higher than average
transcription of the mCherry promoter.
The red bar indicates the threshold for
the green fluorescence.
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the effect. We thus prepared new TALEs specific for a central region of the EGFP
cds, at least 110bp downstream either the canonical start codon or of the potential
CTG codons. In this case the effect was restored, suggesting that the position of the

target did not matter (FIG. 40).
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All these experiments suggest that, while transcription is needed in order for TALE-

AID to affect the GFP(+) population, the transcription itself does not seem to be
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Figure 40
The histogram shows the percentage of GFP(+) HEK293T transiently transfeced using the mCherry-

IRES-EGFP and plasmids encoding TALE-AID and TALE(EGFP)-AID at 72h (blue) and 96h (red).

modulated, nor the assembly of the translation machinery seems to be involved. The
observation that the effect is visible regardless of the position of the target sequence
might suggest that the observed effect could be due to the interaction of AID with the
transcript itself.
Finally, we tested whether we could increase a mutagenic activity of AID on the target
site by modifying the ACG array. We therefore replaced the ACG array with one in
which the ACG trinucleotides were placed in a canonical AID context (GCAACG).
Also in this case an effect due to TALE-AIDES8A was visible, yet the signal for TALE-
AID was slightly higher, suggesting that this difference could be due to enzymatic
deamination by AID (FIG. 41).
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Enriching Genome Editing

Gene targeting is the most direct way to dissect the role of genes in the cellular/
organismal environment (Capecchi, 2005). Development of nucleases - TALENs and
CRISPRs - to target specific DNA sequence and thus induce the cellular DNA repair
mechanisms, including NHEJ and HDR, has greatly increased the ease to obtain
knock-out and knock-in in cellular and animal models. Despite the power of these
tools, genome editing is still hindered by the bottleneck of selection of the targeted
clones, and targeting efficiency is sometimes too low. Based on a recently developed
approach (Kim et al., 2011a), we have modified it in order to obtain an enrichment of
targeted clones without stable insertion of selection cassettes in the genome.

To this aim we built a reporter cassette to select for cells in which genome editing
tools are active. The reporter is based on a BlasticidinS-resistance gene (bsr) placed
out-of-frame with an upstream mCherry coding sequence. The two genes are linked
by a sequence homologous to the genomic target. Activation of the genome editing
tool after transfection will target both the genomic target and the one present on the
reporter construct: deletions at the endogenous locus will lead to gene inactivation,
deletion on the reporter construct will lead to the correction of the frameshift. This will
provide a transient resistance to BlasticidinS. Treatment with this antibiotic will thus
force the selection of the cells in which the TALEN/CRISPR have been active.

Based on our interest in antibody diversification, we decided to test our approach by
targeting the AID gene in the CH12-F3 cell line. We chose to target the second exon
of the AID gene. We thus designed the sgRNA to be used with the CRISPR/Cas9
system as well as the target to be inserted in the mCherry-out-bsr construct.

Twenty million CH12-F3 cells were used for the electroporation, and transfections
were performed using either the CRISPR/Cas9 construct alone or in association with
our reporter construct. Limiting dilutions were performed with regards to the control
cells. On the other hand, cells transfected with our reporter construct were treated
with Blasticidin-S for 72 hours before removing the antibiotic and plating them in 96
well plates. After approximately 2 weeks we obtained 52 clones from the bsr-treated

cells and 78 from the control ones.
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Considering that AID is necessary for Class Switch Recombination, we first selected
the clones for their ability to switch from surface IgM to IgA. We thus induced CSR in
each clone and we analyzed the percentage of switching by FACS. At the end of this
analysis we obtained three typologies of clones: clones with a percentage of switch
au pair with that of wild type CH12-F3, clones with a decreased ability to switch, and
clones with absolutely no switch (FIG. 42). Interestingly, the number of clones in each
category originating from the two samples was different (FIG. 43). An higher
percentage of Blasticidin-S-treated clones showed an impaired CSR (~67% in treated
clones vs ~30% in the control ones) (FIG. 43). More interestingly, whereas CSR was
absent in a small percentage (~4%) of control cells, CSR was completely absent in
~38% of the Blasticidin-S-treated clones (FIG. 43).
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Figure 42

FACS analysis of stimulated CH12-F3 clones obtained after selection for gene targeting using the
AID CRISPR and selection for 72h in bsr. The clones were stimulated and CSR visualised after 72h.
Three different typologies of clones were obtained: clones with normal CSR (left), reduced switch
(middle), or clones in which CSR was absent altogether (right).

We then extracted the genomic DNA from the clones with decreased or absent CSR ,
and we performed a touch-down PCR (Appendix A: 51-52) to amplify the second
exon of AID. We initially cloned the fragments in plasmids in order to obtain sequence
information from both AID alleles. Yet, we soon realised that most of the clones with
absent CSR were homozygous for targeted deletions at the second exon. Each clone
displayed its own deletion - typically 5-10bp -, suggesting that the selected clones
were not originated from a clonal population (FIG. 44). On the other hand all the
clones with a decreased ability to undergo were heterozygous at the site, with the
wild type allele associated to a deleted allele. This observation is in line with the fact

that AID is haploinsufficient (Sernandez et al., 2008).

93



Results and Discussion

60

50

Figure 43

40 The histogram shows the
number of CH12-F3 clones in
each CSR-efficiency group.The
color of the bars indicate
whether the cell underwent bsr
20 selection (red), or not (blue).

30

Number of clones

10

-—-_-

NORMAL DECREASED ABSENT

The observation that most AID knock-out clones were homozygous for the deletion,
suggests that the deletion of the alleles occurred sequentially, with the targeted allele
acting as a template for the repair of the second allele. This could be due to the fact
that the deletion on the targeted allele impairs the ability of the CRISPR/Cas9 to
retarget it. On the other hand, the wild-type allele will still be targeted, and - if
homologous recombination is attempted - the deleted allele will be used as a
template. Intriguingly, we found that most heterozygous clones from bsr-treated cells
bore a ~200bp clonal deletion that encompassed the CRISPR target site and the
flanking regions. We could not find though any homozygous clone bearing such
deletion. This could be due to the fact that the deletion was too large to let the allele
be used as a template for the second allele.

In our approach we used the CRISPR/Cas9 system. In this system the target
sequence is lost when NHEJ repairs the DSB leaving a deletion. On the other hand,
TALENs maintain the ability to target the DNA, as the DSBs induced by the Fokl
domain occur in the sequence flanking the TALEN targets. This suggest that with
regards to gene targeting of multiple alleles, the CRISPR/Cas9 system might
represent a better strategy. Of course, such an high frequency in HR could be
specific to the cell line used, but - if the same behaviour is observed in other cells -

this could make the targeting of both alleles much easier.

Target PAM

TGAGACCTACCTCTGCTACGTGGTGAAGAGGAGAGATAGTGCC WT The image shows some of
TGAGACCTACCTCTGCTACGTGGTGA-------=---- GAGATAGTGCC -6 deletions found in our clones. In
LLCT-CT- Y08 /ol o0 {0 RN — AGATAGTGCC -1g Plue s represented the target

sequence and in red the PAM
TGAGACCTACCTCTGCTACGTGGTG--AGAGGAGAGATAGTGCC -1 sequence.
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In conclusion we have proved that our mCherry-bsr reporter construct represents to
date a very efficient approach to obtain specific gene inactivation, and more

importantly, leads to a relevant increase in the percentage of homozygous clones.
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Conclusions and future prospects

Visualization of Class Switch Recombination

As discussed in the Results chapter, the main problem we faced with the
visualisation of the IgM transcript via an MS2 array, was the absence of a definite
spot in the cells, indicating the source of the transcription. This could be either to the
background fluorescence from the unbound YFP-MS2 or - more probably - to the
pervasiveness of IgM transcripts in the cell. One possible route to test this could be
to block transcription in the cell with Actinomycin D (Kleeff et al., 2000; Narita et al.,
2000) to reduce the amount of IgM transcripts. Upon removal of the drug, we should
be able to follow the IgM transcript as transcription at the IgH gene restarts. Of
course, we cannot envision to use such a ‘drugged’ approach to follow the progress
of CSR, yet this would give us an insight on the potential of the system. Moreover we
could use such approach to follow the progression of a physiologically expressed
gene. A different project, but it could put the cell we generated to a good use.

Another possibility to test our system lies on the addition of 422-461aa fragment from
the mouse ornithine decarboxylase degradation domain (MODC) to the C-terminal of
the YFP-MS2 coat protein, to induce a reduction in its half-life and obtain a lower
fluorescent background (Li et al., 1998).

In the case of the visualization of IgH locus, our data suggest that the elemental
problem lies in the capability of the half-YFP-TALEs to maintain the dimerisation even
in absence of a suitable DNA target, thus increasing the background. Thus, to obtain
a usable system, we would have to modify the dimerisation characteristics of the
half-YFPs. An effective way could be the production of a library of mutants and a
screening method to test the variation of the features in order to the screen for the

mutants.
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On the other hand, with the available tools, today there might be better approaches in
order to visualize the progress of CSR: one possibility could be to use FRET by
substituting the half-YFPs with fluorescent epitopes capable of FRET (e.g. EGFP and
Tag-RFP fluorescent proteins). Another possibility could be to design fluorescent
TALEs - either with or without the MODC degradation domain - to recognize repeat
sequences at the IgH locus. Ideally we could target the Switch Regions as the AID-
targeting repeats would represent thousands of targets for the TALEs: the Su region
to keep track of the locus (part of it would be maintained even after CSR), and any of

the S regions between the Sp and the Sa regions, as they would be lost during CSR.

TALE-targeted Mutagenesis

With regards to this part of my work, there are two issues that need to be clarified,
both revolving around our observation that expression of a TALE-AID can induce an
increase in the fluorescence due to its targeting to an inactivated EGFP cds. The first
one is whether this fluorescence is induced through back-mutation of the EGFP cds.
The second one regards the modality through which a similar result is obtained
through a TALE-AIDES8A which is catalytically inactive.

One way to address this is to test whether the background fluorescence observed in
untreated samples is due to use of the downstream CTGs as start codons for the
EGFP. If this is the case, it might explain the results obtained with the TALE-AIDE58A
as an effect of AID on the mRNA. It would also provide us a clean tool to test again
for a targeted mutagenesis driven by the TALE-AID. This can be easily tested by
mutagenizing the CTGs in the EGFP cds.

Moreover, in case we observe a limited mutagenic effect by AID, we could use
upmutants of AID, such as those described previously described (\Wang et al., 2009b)
or one in which the C-terminal domain is ablated (Barreto et al., 2003; Ta et al., 2003;
Shinkura et al., 2004). In alternative, we could use other APOBECS, which present
different mutagenic capabilities.

It might also be possible that steric hindrance or spatial configuration of the chimera

with respects to the DNA could affect the access of AID to the target DNA. This could
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be solved either by testing more flexible/longer linker sequences to connect AID to

the TALE and, eventually, by trying to a TALE targeting the opposite strand.

Enriching Genome Editing

Our approach to enrich for targeted clones seems reasonably robust, as it is being
used by others member in the lab and by other labs to target other genes of interest.
Our approach has been further validated by two very recent studies, in which a
similar approach is described (Kim et al., 2013; Ramakrishna et al., 2014a). The most
interesting result in our method is the high percentage of perfectly homozygous
clones obtained. This is useful per se, and intriguing as it could provide insight on the
machinery underlying the repair of this sort of DNA damage. At the moment we are
refining the protocol to use our construct to increase the efficiency for knock-in

targeting, either as single base or as longer DNA fragments.
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Appendices

A: Oligonucleotides and Primers

10

1

12

13

14

15

Sequence

AAAAGCGGCCGCTCTCAGCATGGAAGGACAGCA

AAAGGATCCAGCTGGCAGGGGATAAAGGAAAGA

AAACTCGAGTCCTTTGCCGACATCTTCCT

AAAGGATCCTCATTTCACCTGCAGGTGACA

CTAGTTGGGATGGAGCTGGATCTTAGATCTTCCTGTC
AGGAACTGCAGG

CTAGCCTGCAGTTCCTGACAGGAAGATCTAAGATCCA
GCTCCATCCCAA

CTAGTTGGGATGGAGCTGGATCTTTAGATCTTTTCCT
GTCAGGAACTGCAGG

CTAGCCTGCAGTTCCTGACAGGAAAAGATCTAAAGAT
CCAGCTCCATCCCAA

CTAGTTGGGATGGAGCTGGATCTTCTTAGATCTTTCT
CCTGTCAGGAACTGCAGG

CTAGCCTGCAGTTCCTGACAGGAGAAAGATCTAAGAA
GATCCAGCTCCATCCCAA

CTAGTTGGGATGGAGCTGGATCTTTCTTAGATCTTTCA
ATCCTGTCAGGAACTGCAGG

CTAGCCTGCAGTTCCTGACAGGATTGAAAGATCTAAG
AAAGATCCAGCTCCATCCCAA

AAACCGCGGCCTCTGCTAACCATGTTCATGCCT

AAAGGATCCAGCTGGGATCTGATCAATTCCG

AAAAGATCTCATGGACTACAAAGACGATGACG

Enzyme(s)

NotI

BamHI

Xhol

BamHI

Sacll

BamHI

BglII

Purpose(s)

to clone 3’ homology arm in
targeting vector

to clone 3’ homology arm in
targeting vector

to clone 5 homology arm in
targeting vector

to clone 5’ homology arm in
targeting vector

to clone 7 bp spacer

to clone 7 bp spacer

to clone 10 bp spacer

to clone 10 bp spacer

to clone 13 bp spacer

to clone 13 bp spacer

to clone 16 bp spacer

to clone 16 bp spacer

to clone cassette for last
step Golden Gate

to clone cassette for last
step Golden Gate

to clone Jun-YN
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16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

Sequence

AAAAGATCTTTCTAGAGGATCCAGATCCATCGC

AAATGTACACCCTAGGCCATGATATAGACGTTG

AAAACCGGTCACCATGTACCCATACGATGTTCC

AAAACCGGTTACGCTCTTATGGCCATGGA

AAACTTAAGCTAGCATGCCTGCAGATCGACT

AAATGTACAAGGCTGCCCAAATTTGGAGA

AAATGTACACATTGATCCTAGCAGAAGCAC

GACCACCTTCGGCGCCGGCCTGCAGTGC

GCACTGCAGGCCGGCGCCGAAGGTGGTC

CGTGGATAGCGGTTTGACTC

AAACATATGTAATACGACTCACTATAGGG

AAAGCTAGCCCTCTGCTAACCATGTTCATGCCT

AAATGTACAGCTGGGATCTGATCAATTCCG

GAAAAACACGATAATACCGGATCCAACGGTGAGCAAG

GGCGAG

CTCGCCCTTGCTCACCGTTGGATCCGGTATTATCGTG

TTTTTC

AAATGTACACGAGACGCATTTCGTACTTTGGGA

TTTGTCGACGGCTAGTCCAGATCCAGACA

GATCTACGACGACGACGACGACGACGGAT

GATCATCCGTCGTCGTCGTCGTCGTCGTA

GATCTACGGCAACGGCAACGGCAACGGAT

Enzyme(s)

BgllI

BsrGI

Agel

Agel

AfIII

BsrGI

BsrGI

Ndel

Nhel

BsrGI

BsrGI

Sall

Purpose(s)

to clone YN

to clone JunYN and YN

to clone Fos-YC

to clone YC

to clone Fos-YC and YC

to clone MODC

to clone MODC

internal primer for cross-over
PCR Y66H

internal primer for cross-over
PCR Y66H

external primer for cross-
over PCR Y66H

external primer for cross-
over PCR Y66H

to clone cassette for last
step Golden Gate

to clone cassette for last
step Golden Gate

internal primer for cross-over
PCR, to mutate ATG of
EGFP

internal primer for cross-over
PCR, to mutate ATG of
EGFP

external primer for cross-
over PCR, to mutate ATG of
EGFP

external primer for cross-
over PCR, to mutate ATG of
EGFP

to insert ACG array

to insert ACG array

to insert WRC ACG array
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36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

GATCATCCGTTGCCGTTGCCGTTGCCGTA

GATCTGCAACGGCAACGGCAACGGCAGAT

GATCATCTGCCGTTGCCGTTGCCGTTGCA

AAAGAATTCTGCTGGTTATTGTGCTGTCTC

AAAGAATTCCCACAACTAGAATGCAGTGA

GTCGACCTCTGCTACGTGGTGAAGAGG

CAGACCTCTTCACCACGTAGCAGAGGT

CCAAACCTACAAGGTCATAAGC

TGAAGGTTAGGATGTCTGTGGA

AATGCCTAGCCCTCCCAGATTA

CCCACCGACTCTAGAGGATCATAA

ATGCCACCCAGACATGGTCATT

CTGCATTCTAGTTGTGGTTTGTCC

CACCGACCATTTCAAAAATGTCCGC

AAACGCGGACATTTTTGAAATGGTC

AGGGTGGGCAGGGAAGGATTTTAAAG

GAAGGTGGCCGAAGTCCAGTGA

GTATCAGAACCTTCCCAACAC

CTGCATTCTAGTTGTGGTTTGTCC

EcoRI

EcoRI

to insert WRC ACG array

to insert WRC ACG array

to insert WRC ACG array

to clone bsr gene

to clone bsr gene

to clone CRISPR AID target
sequence in mCherry-out-
bsr plasmid

to clone CRISPR AID target
sequence mCherry-out-bsr
plasmid

to amplify MS2 southern
probe

to amplify MS2 southern
probe

to screen MS2 targeted
clones, external PCR

to screen MS2 targeted
clones, external PCR

to screen MS2 targeted
clones, internal PCR

to screen MS2 targeted
clones, internal PCR

to insert in pX330

to insert in pX330

to sequence the second
exon of AID gene

to sequence the second
exon of AID gene

to check expression of MS2
cassette by RT-PCR

to check expression of MS2
cassette by RT-PCR
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B: Plasmids and Vectors

Plasmid

pCR-Bluntll-TOPO

pCR 2.1 TOPO-TA

pAID-Express Puro2

pLoxPuro

pLoxBsr

PEGFP-N1

pROSA26

CMV-YFP-MS2

p3216PECSKLMS23

pBiFC-bJunYN

pBiFC-bFosYC

pCAGGS-TAL-NC2

pX330-U6-Chimeric_BB-
CBh-hSpCas9

pEGFP-AID

pEGFP-A1

pAIDES8A-Express Puro2

pEGFP-mCherry-EGFP

pBS-CMV-mCherry-EGFP

Feature(s) and usage

Routine cloning of blunt PCR
products.

Routine cloning of Tag PCR
products.

Eukaryotic expression vector for
AID

Eukaryotic expression vector

Eukaryotic expression vector

Eukaryotic expression vector for
EGFP

ROSAZ26 locus targeting vector

Eukaryotic expression vector for
chimera YFP-MS2 coat protein

Eukaryotic expression vector

Eukaryotic expression vector for
chimera Jun-YN

Eukaryotic expression vector for
chimera Fos-YC

Eukaryotic expression vector for
last step Golden Gate TALEN/TAL
Effector Kit 2.0

Eukaryotic expression vector

Eukaryotic expression vector for
chimera EGFP-AID

Eukaryotic expression vector for
chimera EGFP-A1

Eukaryotic expression vector for
AIDES58A

Eukaryotic expression vector for
chimera mCherry-EGFP

Eukaryotic expression vector for
chimera mCherry-EGFP

Marker(s)

Kan

Amp/Kan

Amp/Puro

Amp/Puro

Amp/Bsr

Kan/G418

Amp/G418

Kan/G418

Amp/HygroB

Amp

Amp

Amp

Amp

Kan/G418

Kan/G418

Amp/Puro

Kan/G418

Amp

Source

Life Technologies

Life Technologies

(Arakawa et al., 2004)

(Arakawa et al., 2001)

(Arakawa et al., 2001)

(Cormack et al., 1996)

(Soriano, 1999)

(Janicki et al., 2004)

(Janicki et al., 2004)

(Hu et al., 2002)

(Hu et al., 2002)

(Sakuma et al.,
2013)Addgene: #43856

(Cong et al.,
2013)Addgene: #42230
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C: TALENs and CRISPRs tools and commercial

services

Tool

Online tools for TALENSs

Website

TAL Effector Nucleotide Targeter 2.0
E-TALEN

TALEN designer

TALEN™ Hit

Mojo Hand
TALE Toolbox

TAL Plasmids Sequence Assembly Tool

Emily Talen

ZiFiT

PROGNOS

CHOPCHOP
idTALE

TALENoffer/TALENgetter/TALENgetterLong

SAPTA

LIC TALE gene Assembler Version 1.0

https://tale-nt.cac.cornell.edu/

http://www.e-talen.org/E-TALEN/

http://www.talen-design.de/

http://talen-hit.cellectis-bioresearch.com/
search

http://www.talendesign.org/

http://taleffectors.com/tools/

http://baolab.bme.gatech.edu/Research/
BioinformaticTools/
assembleTAL Sequences.html

http://www.planetizen.com/topthinkers/talen

http://zifit.partners.org/ZiFiT/

http://baolab.bme.gatech.edu/cgi-bin/prognos/

prognos.cgi
https://chopchop.rc.fas.harvard.edu/

http://idtale kaust.edu.sa/index.html

http://galaxy2.informatik.uni-halle.de:8976/

http://baolab.bme.gatech.edu/Research/
BioinformaticTools/TAL _targeter.html

http://www.hornunglab.de/TALEN.html
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Tool

Online tools for CRISPRs

Website

CRISPR Genome Engineering
ZiFiT

CRISPR DESIGN TOOL

Jack Lin's CRISPR/Cas9 gRNA finder
E-CRISP

Zhang’s Lab CRISPR Design

Cas9 Design Platform

CRISPR Target

sgRNAcas9
fly CRISPR
DRSC tool

CasOT

Cas-OFFinder

COD (Cas9 & Off-target Designer)
CHOPCHOP
CRISPRdirect

CRISPR gRNA Design tool

CRISPOR
SSFinder

Cas9 Target Finder

CRISPRi

CRISPRscreen

CRISPR-PLANT

http://www.med.umn.edu/starrlab/
http://zifit.partners.org/ZiFiT/

http://www.broadinstitute.org/mpg/
crispr_design/
http://spot.colorado.edu/~slin/cas9.html

http:// www.e-crisp.org/E-CRISP/

http://crispr.mit.edu/
http://cas9.cbi.pku.edu.cn/

http://bioanalysis.otago.ac.nz/CRISPRTarget/
crispr_analysis.html

http://www.biootools.com/

http://flycrispr.molbio.wisc.edu/

http://www.flyrnai.org/crispr/, Drosophila

http://eendb.zfeenetics.org/casot/index.php

http://sourceforge.net/projects/cas-offinder/

http://cas9.wicp.net/

https://chopchop.rc.fas.harvard.edu/

http://crispr.dbels.ip/
https://www.dna20.com/eCommerce/cas9/

1nput

http://tefor.net/crispor/crispor.cgi

https://code.google.com/p/ssfinder/

http://www.shigen.nig.ac.jp/fly/nigfly/cas9/

cas9TargetFinder.jsp

http://qi.ucsf.edu/CRISPR _transcription

http://slave03.molbiol.ox.ac.uk/CRISPR/cgi-
bin/CRISPR.cgi

http://www.genome.arizona.edu/crispr/
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Commercial services for TALENs

Website Location
http://www.bioon.com.cn/server/Show_product.asp?id=8713 China
http://www.v-solid.com/service/ TALE-TALEN-TALEA.aspx China
http://www.biomart.cn/infosupply/9979783.htm China
http://www.sangon.com/sangon_detail.aspx?newsID=659 China
http://www.sidansai.com/cn/ China
http://minimouse.sciencenet.cn/?uid-585947-action-viewcompany-itemid-2087 1 China
http://www.cellectis-bioresearch.com/talen-solutions China
http://www.bioon.com.cn/show/index.asp?id=197083 China
http://www.genechem.com.cn/Pro_show.aspx?plb=791 China
http://www.ennovationlifesciences.com/product.aspx?SId=10 India
http://zgenebio-ko.weebly.com/ Taiwan
http://www.tebu-bio.com/ UK
http://transposagenbio.com/gene-modification-tools/xtn-talens/ USA
http://www.genecopoeia.com/product/talen-tal-effector/ USA
http://www.geneticservices.com/injection/talen-and-crispr-injections/ USA
http://pnabio.com/products/TALEN.htm USA
http://www.cores.utah.edu/?page id=5987 USA
http://www.umassmed.edu/Content.aspx?id=174126 USA
http://www.unmc.edu/genetics/custom_talens.htm USA
http://www.systembio.com/ USA
https://hopecenter.wustl.edu/ USA

136



http://www.v-solid.com/service/TALE-TALEN-TALEA.aspx
http://www.biomart.cn/infosupply/9979783.htm
http://www.sangon.com/sangon_detail.aspx?newsID=659
http://www.sidansai.com/cn/
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http://www.cellectis-bioresearch.com/talen-solutions
http://www.bioon.com.cn/show/index.asp?id=197083
http://www.genechem.com.cn/Pro_show.aspx?plb=791
http://www.ennovationlifesciences.com/product.aspx?SId=10
http://zgenebio-ko.weebly.com/
http://transposagenbio.com/gene-modification-tools/xtn-talens/
http://www.genecopoeia.com/product/talen-tal-effector/
http://www.geneticservices.com/injection/talen-and-crispr-injections/
http://pnabio.com/products/TALEN.htm
http://www.cores.utah.edu/?page_id=5987
http://www.umassmed.edu/Content.aspx?id=174126
http://www.unmc.edu/genetics/custom_talens.htm
http://www.systembio.com/
https://hopecenter.wustl.edu/
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Commercial services for CRISPRs

Website Location
http://www.biomart.cn/infosupply/10980185.html China
http://qy.bio1000.com/njfish/promotion/itemid-37.shtml China
http://www.nbri-nju.com/service-view-CRISPR China
http://www.bioon.com.cn/server/Show_product.asp?id=10525 China
http://www.biomart.cn/infosupply/14975959.htm China
http://www.biomart.cn/infosupply/14593490.htm China
https://hopecenter.wustl.edu/ China
http://www.ennovationlifesciences.com/product.aspx?SId=10 India
http://zgenebio-ko.weebly.com/crispr.html Taiwan
http://transposagenbio.com/crisprcas/ USA
http://www.genecopoeia.com/product/crispr-cas9/ USA
http://www.geneticservices.com/injection/talen-and-crispr-injections/ UsA
http://pnabio.com/products/RGEN.htm UsA
http://www.cores.utah.edu/?page _id=5987 Usa
http://www.umassmed.edu/Content.aspx?id=174126 USA
http://www.sigmaaldrich.com/ USA
http://www.systembio.com/ USA

USA

http://www.blueheronbio.com/Services/Genome-Editing.aspx
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