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ABSTRACT

GENERATION OF XANTHOMONAS DERIVED TALE PROTEINS
THAT INHIBIT GENE TRANSCRIPTION

Seyda Saziye Temiz
Biological Sciences and Bioengineering, MSc. Thesis, 2013

Thesis supervisor: Batu Erman

Keywords: Golden Gate cloning, IL-7R alpha, NF-kappa B,
Transcription activator-like effector, TALEN

In the first part of this study, we aimed to mutate several transcription factor
binding sites in the IL-7R alpha gene locus by generating transcription activator like
effector (TALE) nucleases (TALEN) targeting these sites. We designed, constructed
and expressed 3 pairs of TALENS targeting the NF-kappaB, Notch, and glucocorticoid
receptor (GR) binding sites in the IL7R gene enhancer. We generated cell lines with
insertion and deletion (INDEL) mutations induced by these TALENS at these target
sites and determined the effects of these mutations on IL-7R alpha gene expression. We
assessed TALEN induced mutations in murine Neuro-2a and RLM11 cell lines by a
modified restriction fragment length polymorphism (RFLP) assay and by DNA
sequencing. We demonstrate that mutations induced by TALEN pairs targeting the
IL7R enhancer NF-kappaB site reduce IL-7R alpha gene expression, while mutations in
the Notch binding site did not change IL-7R expression. In the second part of this study,
we aimed to inhibit the transcription activation function of the NF-kB protein by
competitive binding of target sites with TALE proteins. We generated plasmids
encoding TALE-dsRed fusion proteins that were designed to bind NF-kB binding sites
in a reporter cell line. TNF-alpha treatment of this cell line results in NF-kB nuclear
translocation and a resultant increase in GFP fluorescence. TALE-dsRed fusion proteins
with increasing numbers of DNA binding repeats competed for NF-kB binding to this
reporter and resulted in reduced GFP expression upon TNF treatment. Our experiments
demonstrate that TALENSs and TALEs can efficiently inhibit gene transcription.
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OZET

GEN TRANSKRIPSIYONUNU BASKILAYAN XANTHOMONAS KOKENLI
TALE PROTEINLERININ OLUSTURULMASI

Seyda Saziye Temiz
Biyoloji Bilimleri ve Biyomiihendislik, Master Tezi, 2013

Tez Danismani: Batu Erman

Anahtar Kelimeler: Golden Gate klonlama, IL-7R alfa, NF-kappa B,
Transcription activator-like effector, TALEN

Bu calismanin ilk bolimiinde IL7R alfa gen bolgesindeki cesitli transkripsiyon
faktor baglanma bolgelerinde olusturulan transcription activator-like effector (TALE)
niikleaz (TALEN) plazmidleri ile miitasyonlar olusturmay1 amagladik. IL-7R geninin
enhancer bolgesindeki NF-kappaB, Notch ve GR baglanma bolgelerini hedefleyen 3 ¢ift
TALEN plazmidini olusturduk. TALEN plazmidlerini hiicrede ifade ederek miitasyonlu
hiicre hatlar1 olusturduk ve bu miitasyonlarin IL7R ifadesine etkisini arastirdik. Neuro-
2a ve RLM11 hicre hatlarinda olusturdugumuz miitasyonlar1 modifiye edilmis RFLP
yontemi ile DNA sckanslamasi ile belirledik. NF-kB baglanma bdlgesindeki
miitasyonlarin IL-7R ifadesinde azalmaya neden oldugunu, Notch baglanma
bolgesindeki miitasyonlarin ise IL-7R ifadesini degistirmedigini gozlemledik. Bu
calismanin ikinci boliimiinde, NF-kB proteinlerinin transkripsiyon aktivasyonundaki
rolini NF-kB baglanma bolgelerine kompetitif olarak baglanan TALE proteinleri ile
inhibe etmeyi amagladik. TNF-alfa uygulanmasina NF-kB translokasyonu sonucunda
GFP ifadesi ile cevap veren reporter hiicre hattindaki NF-kB baglanma bolgesine
baglanacak TALE-dsRed fiizyon proteinleri ifade eden plazmidler olusturduk. TALE-
dsRed flizyon proteinlerinin NF-kB proteininin baglanmasini kompetitif olarak inhibe
ederek reporter hiicrelerde GFP ifadesini azalttigini goézlemledik. Calismalarimiz,
TALE ve TALEN proteinlerini  gen transkripyonunu baskilayabilecegimizi

gostermektedir.
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1. INTRODUCTION

1.1 Transcription Activator like Effectors

Transcriptional activator-like (TAL) effector proteins are produced by Gram-
negative bacterial plant pathogens that belong to the genus Xanthomonas which cause
various diseases in different plant species. These pathogens secrete TAL effector
proteins through a Hrp (hypersensitive response and pathogenicity)-type 111 secretion
system (T3S) into the cytoplasm of host plant cells using a bacterial translocon
complex. Once translocated to the eukaryotic plant cell, bacterial TAL effector proteins
interfere with different plant pathways to contribute to infection. Once inside the plant
cell cytoplasm, TALE proteins translocate to nucleus with the help of a NLS and target
various elements in the plant genome. By binding to host plant cell gene promoters,
TAL effector proteins lead to the transcriptional activation of the host genes[1].

1.1.1 Special Structural Features of TAL Effector Proteins

TAL effector proteins are composed of an N-terminal translocation domain, a
central domain with array of repeat units for DNA binding, and a C-terminal region
containing a nuclear localization signal (NLS) and an acidic transcriptional activation
domain (Figurel.1).



Repeat sequence ~LTPDQVVAIASNGGGKQALETVQRLLPVLCQDHG -

NLS AD

we CHCWEE O - D

e . HD-> C

RVD HD NI NG NN HD NG NN NI NG NI HD NN HD NG HD .NI > A
Target sequence C AT G CTGATAUCGTCTC NN--> G
.NG'"">T

Figure 1.1 Transcription activator-like effector (TALE) protein structure and DNA
recognition code. TALE proteins from Xanthomonas species consist of an N-terminal
translocation domain (TD), a central repeat array for DNA binding, a C-terminal
domain with two nuclear localization signals (NLS) and a transcriptional activation
domain (AD). Each DNA binding repeat is composed of 34 identical amino acids with
the exception of the 12" and 13" residues, RVDs that determine DNA binding
specificity. The consensus repeat sequence is shown in single letter amino acid code
above the protein schematic, with the RVD underlined. The DNA binding base
preferences of four common RVDs (coded by colored boxes) are shown[2].

The characteristic central DNA binding domain of TALE proteins consists of
tandem repeat units with 34 amino acids residues followed by a single half repeat of 20
amino acids. In each repeat unit, only two adjacent amino acid residues at position 12
and 13 are polymorphic and named ‘repeat-variable di-residues’ (RVDs) (Figure 1.2).
The DNA binding specificity of a TAL effector protein is determined by the number
and order of the different RVD containing repeats. Each RVD in a repeat recognizes a
single nucleotide mediated by a code (summarized in Fig.1) that results in specific DNA
binding. The correlation between the number of repeat units of TALE binding domains
and the length of its target DNA sequence indicated the presence of a code determining
RVDs specificity[3]. In 2010, binding specificities of RVDs were validated using
computational analysis[4]. In naturally occurring TALE proteins, certain RVDs bind to
their corresponding repeat with high specificity such that HD binds to C, NG binds to T
and NI binds to A. On the other hand, some RVDs show degeneracy of recognizing two
different bases or being nonselective towards bases. Repeat units containing NN RVDs

recognize both A and G bases; whereas NS repeats recognizes all four base pairs.
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Figure 1.2 Tandem repeats in the DNA binding domain of TALE protein from
Xanthomonas axonopodispv. citri str. 306 (gb|AAM39243.1). Each repeat consists of 34
amino acid residues, where the 12" and 13™are polymorphic, repeat variable di-residues
(RVDs) (highlighted according to the code given in Fig 1.1 for amino acid recognition).

Amino acid sequence at the bottom is the consensus.

Comparison of naturally occurring TALE protein RVD sequences and the
corresponding DNA binding sites at the promoters of host genes indicates that at a gross
level, the code of ‘one RVD to one base’ is not context dependent; in other words, base
preference of one RVD is not affected by the preference of adjacent RVDs. However, a
big unknown in TALE protein DNA binding is whether all RVDs must contact their
corresponding bases or whether ‘mismatches’ can be allowed for efficient binding.
Most recognition sites of naturally occurring TALESs are preceded by a thymidine base
at position -1 (the base before the TALE binding site). Although no sequence
conservation exists between repeat units comprising the DNA binding domain and the
amino acid sequence preceding the first repeat, secondary structure prediction studies
indicate a degree of conservation in this -1 repeat[3]. TAL effector proteins also make
contacts with the -1 T residue by a so called ‘O repeat’ or ‘cryptic repeat’, present at the
N-terminus of the central repeat domain. This interaction was found to be necessary for
DNA binding and activation of target genes. The direct relationship between the identity
of hypervariable residues (RVD) of repeat units and the sequence of TAL effector
protein binding sites in host gene promoters enables the design of artificial TAL effector



proteins targeted to specific binding sites [3, 4]. The ability to assemble custom repeat
arrays of TAL effector proteins that can bind desired DNA sequences has recently
allowed for the design of artificial transcription factors and DNA binding domains with
various functions[5-7].

1.1.2 Crystal Structure of TAL Effector Proteins

The final verification of the code governing TALE protein DNA binding came
from crystallization studies in 2012 where two groups determined the atomic scale
structure of two TALE proteins. The DNA binding domain of naturally occurring TAL
effector protein PthXo1 from the rice pathogen X.oryzae was crystallized as bound to its
DNA target (PDB:3UGM)[8]. In addition, crystal structure of an artificially engineered
TAL effector protein, dHax3 was reported as both DNA-free and DNA-bound states
(PDB: 3V6P and 3V6T, for DNA-free and DNA-bound structures, respectively)[9].

The structures in these studies, consistently show that repeat units of TAL
effector proteins form a right handed, superhelical structure around a relatively
unperturbed B-form DNA helix such that RVDs make contacts with residues in the
DNA major groove (Figure 1.3). The external diameter for superhelical wrapping of the
TAL effector protein around the DNA duplex is approximately 60 A. Each repeat unit
corresponding to 34 amino acids in the primary sequence, consists of a left-handed helix
bundle, in which a short and a long a helix are connected with a loop. In this structure,
residues 3-11 of each repeat unit form the short a helix, whereas residues 14-33 form
the long a helix, placing the 12" and 13" residues (the RVD) in the loop inserted into
the DNA major groove. These structures identify a proline residue at 27" position of the
repeats which generates a kink in the long helix, which is claimed to be critical for the
sequential packaging of repeat units and the association of the tandem array of repeats
with the DNA structure [8, 9]. The 13" residue in each RVD makes sequence specific
contacts with target DNA; whereas, 12" residue interacts with a backbone carbonyl
oxygen atom of a conserved alanine residue located at the C-terminus of each repeat. In
other words, the first position of the RVD stabilizes the confirmation of the RVD loops
rather than recognizing DNA and it is the second position (the 13" residue) of every
repeat that contributes to the DNA binding specificity[8, 9].



Figure 1.3 Crystal structure of the natural TAL Effector protein, PthXo1. a) Side view
of PthXol in its DNA bound state and b) top view, the protein backbone is indicated in
pink and the DNA double helix is shown in grey. c) Structure of a single repeat unit
containing an HD RVD, the H residue is shown in red, the D residue in green and alpha
helices in purple (PDB: 3UGM, [8]).

The biochemical basis behind the sequence specific interaction of RVDs with
DNA is clearly demonstrated by these two structural studies. In these structures, an HD
RVD recognizes a cytosine base utilizing van der Waals interactions between an
aspartate residue at the second position of the RVD with the cytosine and hydrogen
bonds between a carboxylate oxygen atom of the aspartate and the N4 atom of cytosine.
In these structures, an NG RVD interacts with a thymine base such that the smallest
amino acid, glycine, at second position provides sufficient space for the 5-methyl group
of the thymine base and forms van der Walls interactions with this methyl group. In
these structures, an NN RVDs interacts with less specificity, binding both adenosine
and guanosine by forming a hydrogen bond between the second position asparagine and
the N7 nitrogen of the adenosine and guanosine purine rings. The NS RVD is also
nonselective because the second position serine makes hydrogen bonds with the N7
atom of adenosine and guanosine purine rings. Curiously, these structural studies do not
yield clues about contacts for interaction of the NS RVD with pyrimidines. Isoleucine,
the second position residue of the NI RVD, forms non-polar van der Waals contacts
between its aliphatic side chain and the C8 of adenine purine ring or the C5 of a
cytosine pyrimidine ring [8, 9].



1.1.3 Designing Custom TAL Effector Proteins

The simple and modular structure of the TAL effector DNA binding domain,
enable the assembly of repeat units in a desired order resulting in specific recognition of
target DNA sequence in any cell or organism. Designed arrays of TAL effector repeats
have been fused to different functional domains to target these domains to desired
genomic loci (Figure 1.4). Fusion of regulatory domains such as activators and
repressors to TALE DNA binding domains can target these functions to desired gene
loci in complex genomes [5, 10-12]. TALE repeat domain fusion to nonspecific
nuclease domains is an important tool for site directed mutagenesis [5, 6]. Recently, the
hyperactivated catalytic domain of the DNA invertase enzyme was fused to TALE
DNA binding domains for constructing TAL effector recombinases (TALER) for site
directed recombination [13].
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Figure 1.4 TALE based custom proteins can be used to target DNA. Functional domains
such as activators, repressors, nucleases and recombinases can be fused to the central
DNA binding domain of TALE proteins for targeted modification of genomes. The
TALE protein is shown fused to alternative C-terminal functional domains, the DNA
binding domain comprising of TALE repeats are color coded as defined in Figure 1.1.
An NLS is indicated by green stripes [2].

The most common RVDs used in the assembly of TALE repeat arrays were NN,
NI, NG and HD for the recognition of bases guanine, adenine, thymine and cytosine,
respectively. However, the ability of NN RVDs to recognize both adenine and guanine
is a drawback in designing TALE repeat arrays targeting DNA sequences containing
guanine. TAL effector nucleases containing NK, a rare RVD among naturally occurring
TAL effectors, for recognition of guanine was found to be less active than NN

containing TAL effector nucleases. In addition, the affinity of NK containing TALE



repeat arrays to targets with guanine bases was found to be less than that of NN
containing arrays[14]. In a recent study, the NH RVD was found to be more specific for
recognizing guanine over adenine when compared to the other RVDs targeting guanine;
NN and NK. Although NH may be a more specific guanine binder, the activity of
TALEs with NH containing repeats was less than those with NN containing repeats [14,
15]. Therefore, the current practice of designing artificial TALE proteins must take into
consideration the affinity and specificity of individual repeats and often relies on
empirically determined rules for binding.

1.1.4 TALE Assembly Platforms

The presence of multiple repeat sequences different only in two amino acid
residues makes the assembly of custom TALEs using common molecular biology
techniques, difficult. Although there are commercial DNA synthesis companies such as
Cellectis Bioresearch and Life Technologies providing custom synthesized genes
encoding TALEs[16], synthesis of highly repetitive sequences is complicated and
currently too expensive for high-throughput genome editing experiments[2].

An understanding of the features required for TAL effector protein activity has
recently enabled the engineering of TAL effector protein coding genes using different
assembly platforms, generated in three different laboratories: a)standard cloning-based
methods, b) Golden Gate assembly methods and c) solid-phase assembly methods[17].

Standard cloning based methods assemble TALE repeat arrays through
sequential restriction digestion and ligation of plasmids encoding units of single or
multiple TALE repeat domains. Unit assembly [18], REAL (Restriction Enzyme and
Ligation) [19] and REAL-Fast Assembly[20] are three reported methods using standard
cloning assembly methods. Although the use of basic molecular cloning techniques
seems like an advantage for these methods, it is not possible to perform high-throughput
assembly.

The Golden Gate assembly method uses type 1IS restriction endonuclease
enzymes, which generate multiple sticky ends of fragments that can be assembled in
groups of up to 10 repeat unit fragments in the specified order in one single ligation

reaction. Golden Gate assembly protocol takes approximately 5 consecutive days. This
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assembly entails a two-step ligation reaction, where repeat units are first assembled in
intermediary array plasmids and then joined in a final expression plasmid. Sequencing
is performed for identification of the clone with correct number of repeat units. The
Golden Gate assembly method is advantageous because of its simplicity, speed and low
cost. As a result, this is the most popular TALE assembly method in published work [5,
7, 10]. However, assembling large numbers of TAL effector repeat arrays is difficult
using the Golden Gate method, making high throughput assembly not feasible.

Currently, there are four different high-throughput TALE assembly methods
based on solid phase assembly[2]. First, the FLASH (Fast Ligation-based Automatable
Solid-phase High-throughput) system uses an archive of 376 plasmids encoding one,
two, three and four TAL effector repeats with variously ordered RVDs that are
assembled in an iterative fashion on solid phase magnetic beads. After assembly, the
final TAL effector repeat array is released from magnetic beads by restriction enzyme
digestion and cloned directly into an expression vector. Using this technique, 96
different DNA fragments encoding the final full-length repeat array with the desired
number of repeats can be assembled in less than one day [21]. The second protocol,
iterative capped assembly (ICA) involves the addition of monomer units to growing
chains of TALE repeats while blocking incomplete extension of chains using hairpin
‘capping’ oligonucleotides. This method allows the synthesis of up to 21 repeat arrays
in 3 hours [22]. The third technique, ligation independent cloning (LIC),is based on the
use of a library of plasmids encoding repeat unit combinations containing long, unique
single stranded DNA overhangs that anneal with overhangs of other fragments without
any need for ligation. It is possible to construct plasmids encoding more than 600
TALEs in a single day using the LIC strategy[12]. Finally a magnetic bead based TALE
assembly method described by Wang et al. (2012), enables synthesis of over one
hundred TALE repeat arrays with 16-20 units in three days[23].

Reagent kits for these different assembly platforms for TAL effector protein
construction are currently provided by a non-profit plasmid distribution service

Addgene (http://www.addgene.org/TALEN/). Software for designing arrays of TAL

effector proteins, detailed protocols for plasmid construction, and reference collections
are available on websites such as TALE-NT[24] and TALengineering.org[17]. An
active and open newsgroup was established by the Joung research group at Harvard



Medical School, USA, for discussion of projects and problems related to TAL effector

proteins (https://groups.google.com/group/talengineering).

1.1.5 Targeted Genome Modification Using TALENS

Designer nucleases are important tools for site directed mutagenesis at the
genomic level. Genome editing by nucleases is not only a very useful tool for studying
the function of targeted genes, but also has found spectacular success in the clinic for
treating patients suffering from diseases caused by monogenic mutations. For treatment
of HIV-1 infection, zinc finger nucleases (ZFNs) were designed to disrupt the CCR5
(chemokine receptor 5) gene, which is a co-receptor required to infect T cells.
Engraftment of ex vivo expanded HIV-1 resistant autologous CD4" T cells resulted in
lower viral count and higher CD4" T-cell count in mice compared to wild-type CD4" T
cell engrafted mice[25]. The approach of using ZFNs in HIV treatment have entered
Phase 2 clinical trials[17].

ZFNs have traditionally been used as artificial (designed) nucleases. ZFNs
contain a DNA binding domain composed of 3-4 synthetic zinc finger motifs fused to
the non-sequence-specific DNA cleavage domain of the type Il restriction enzyme Fokl.
The crystal structure of zinc finger transcription factors indicate that ZFNs bind DNA
whereby each zinc finger motif recognizes a specific DNA sequence by inserting an a
helix into the major groove of the DNA double helix[26]. In this structure, amino acids
within each zinc finger motif make contacts with 4 bases of the DNA helix (3 on one
strand and one on the opposite strand). Thus, a zinc finger DNA binding protein with 4
motifs can contact up to 12 bases of DNA and zinc finger motifs can be modularly

assembled to recognize long DNA sequences.

The Fokl restriction enzyme is a type IIS restriction endonuclease and
dimerization of its endonuclease domain is required for its activity for creating double
stranded DNA breaks. For this reason, ZFNs are designed to have two subunits resulting
in the formation of a heterodimer on two closely oriented ‘inverted’ half sites. ZFN
monomers bind to these two half-sites separated by a spacer region on which the Fokl
domain from each heterodimer assembles and generates a double stranded break
(DSB)[27]. ZFNs have been used for genome modification of various model organisms.



However, generation of sequence-specific ZFNs is complicated, due to two main
reasons. First, there exists a crosstalk between individual zinc finger motifs such that the
motif in the second position affects the binding specificity of the motif in the first
position, etc. This limits the modular use of ZFNs for assembling designed DNA
binding domains. In other words, the DNA binding of zinc finger nucleases is context-
dependent. Secondly, some zinc finger motifs are not specific to the targeted site, such
that they can bind and cleave alternative sites, resulting in off target specificity. Because
ZFNs are used to introduce DSB in genomic DNA that results in the generation of
mutations, off target specificity may lead to unwanted mutations throughout the genome
[28].

N-term C-term
Al52 DNA Binding Domain 163 FokI
=1 i .
/ﬁ E]}H) ...... »C
NLS BN o>a
|:| NN o> G
- NG o >T

T T Fok
5" - AGGGTCACCCTCATAGACTCCTGGEAGTTTTCATTGCCCTTGTTTCT 37
3" - TCCCAGTGGGAGTATCTGAGGACCCTCAAAAGTAACGGGAACAAAGA -57

Foki — Gl | | [ NN AN

Figure 1.5 TALEN structure for genome editing. For targeted genome modification, a
pair of TALES, each fused to a Fokl DNA cleavage domain is designed to bind a target
DNA sequence (black bases).The Fokl enzyme requires dimerization for its DNA
cleavage activity and assembles on the intervening spacer sequence (blue bases) to
cleave in this region. TALEN enzymes have a modified structure compared to naturally
occurring TALE proteins. The domain structure of TALEN proteins is as follows: the
NLS (light green) is located at the N-terminus; N-terminal and C-terminal segments
(orange) flank the DNA binding domain; the Fokl domain (pink) is fused to the C-
terminus. Each repeat unit in the DBD is color coded (as in Figure 1.1) to indicate the
RVD-DNA binding code [5, 29].

Transcription activator-like effector nucleases (TALENS) for targeted genome
engineering (Figure 1.5) have generated much interest since the discovery of the one
RVD to one base code [3, 4]. As in the case of zinc finger nucleases, TALENS consist
of a DNA binding domain fused to a Fokl restriction enzyme DNA cleavage domain.
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Because Fokl only cleaves DNA as a dimer, TALENSs are designed as heterodimers,
such that two monomers bind to individual target sites separated by a short spacer
region. The length of the spacer region is important for Fokl dimerization and DNA
cleavage [30]. Several groups have used TALENs to modify endogenous genes in
yeast[31], fruit flies[32], zebrafish[33-36], frogs[37], plants[7], livestock[38], mice[39]
and human somatic and pluripotent stem cells[40] The simple one RVD to one base
code makes the construction of TALE repeat arrays targeting any DNA sequence easy
and routine. In a recent study, TALENSs were found to be significantly more mutagenic
than ZFNs [34]. In another study, side-by-side analysis of ZFNs and TALENs with
overlapping binding sites for endogenous targets has shown that TALENs were less
cytotoxic than ZFNs with similar gene disruption activities[41]. Lower toxicity is likely
a result of lower rates of off target cleavage by TALENs when compared to ZFNs,
which may result in unwanted mutation of alternative gene loci. These parameters make

TALENS superior over ZFNs for targeted gene modification.

1.1.6 Types of Genome Modification

Genome editing using site-specific nucleases depends on the generation of DNA
double stranded breaks (DSB). Cellular repair of DNA DSBs induced at spacer regions
occur either by non-homologous end joining (NHEJ) or if a homologous piece of DNA
is present, by homologous recombination (HR) (Figure 1.6).
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Figure 1.6 TALEN induced genome editing. Genome editing after DSB creation occurs
either by non-homologous end joining (NHEJ) or by homologous recombination (HR).
a) In the case of targeted genome editing using one TALEN pair, NHEJ results in small
insertions and deletions (INDELS) at the site of the DSBs. HR can be used for gene
deletion, gene insertion (for example an epitope tag) or gene replacement (for example a
fluorescent reporter gene such as GFP) depending on the donor template used. b) If two
TALEN pairs create DSBs on the same chromosome, NHEJ mediated repair may result
in chromosomal deletion or inversion. If DSBs are generated on different chromosomes,
translocations may occur. This mode of DNA repair may be problematic if off-target
specificity is not minimized [2, 29].

NHEJ is an error-prone mechanism in which broken DNA ends are simply re-
joined leading to small insertions or deletions (INDELS) at the site of the double
stranded break. INDELSs induced in the protein coding sequences of genes will often
yield frame-shift mutations leading to a knock out of gene function. Recently, it was
reported that NHEJ mediated reading frame correction can be used to restore protein
function in Duchenne muscular dystrophy, a genetic disease caused by mutations in the
coding region for the dystrophin gene[42]. Homologous recombination repairs double

stranded breaks using a homologous sequence as a template. In this case, a DNA
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template with sequences homologous to those flanking the site of the double stranded
break is introduced to the cell, together with TALEN encoding plasmids. Depending on
the sequences within the donor template, homology directed repair can result in gene
deletion, gene addition or gene replacement. Gene addition can be used to integrate
specific genes under the control of specific promoter elements or to insert an epitope tag
for labeling proteins encoded by endogenous genes. Gene replacement involves
exchange of genetic information between an endogenous genomic region and an
exogenous DNA template[2]. Use of single stranded homologous oligonucleotides as
donors rather than a template plasmids was recently shown to be effective for homology
directed repair of DNA double stranded breaks [35]. Introduction of two pairs of
TALENS into cells at the same time may lead to more complex genome alterations. If
two TALEN pairs target the same chromosome, this results in either large chromosomal
deletions or inversions. On the other hand, targeting different chromosomes may lead to
translocations[17]. In a recent study, large chromosomal deletions and inversions were

obtained in livestock by targeting the same chromosome with two TALEN pairs [38].

1.1.7 Scaffold Optimization

Recent work has identified specific structural features of TAL effector proteins
that are important in the construction of proteins with the desired specificity and
activity. The main difference between various commonly available TALEN
architectures is the length and sequence of the N-terminal and C-terminal amino acid
sequences flanking the TALE DBD. In naturally occurring TALE proteins, the N-
terminal region contains sequences necessary for secretion into host plant cells. On the
other hand, the C-terminal region contains both the nuclear localization signals and a
transcriptional activation domain. In the earliest report of targeting DNA double
stranded breaks with TAL effector-nuclease fusions, the DNA binding repeat domain
was flanked by 287 amino acid N-terminal region and a 231 amino acid C-terminal
region. This active TALEN protein pair recognized two 12 bp-long target sites on DNA
separated by a spacer of 12-30 bp [30]. Even though this was the first of its kind to
generate DSBs in genomic DNA, it was not known if the cutting efficiency or

specificity was optimal and whether they could be improved. It is possible that amino
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acid sequences flanking the DBD, necessary for TAL effector protein function in plant
cells may interfere with the catalytic activity of TALENS.

For this reason, several groups generated truncations in the N and C terminal
regions of TALENS to optimize DNA cleavage activity. Miller et al. (2011) tested the
activity of TALENs with different C-terminal linker lengths separating the DBD from
the Fokl catalytic domain. They found that TALENSs with the highest activity contained
a truncated 136 residue N-terminal and a 63 amino acid C-terminal domain. These
truncated TALEN proteins resulted in a genome mutation rate between 5-20% across a
spacer size range of 12-20 bp [6]. Another study determined that the minimal DNA
binding domain of TALEN proteins must have at least 47 amino acids in the C-terminal
linker between the TALE DBD and the Fokl catalytic domain in addition to a truncated
153 residue N-terminal domain. This study showed that these truncated TALEN
proteins could cleave DNA with a spacer length of 12-21 bp between two target sites.
An even shorter C-terminal linker with only 17 amino acids was also shown to be active
when used for targeting 12 bp spacers[41]. These studies indicate that there is a
correlation between the spacer length of the DNA sequence within which the Fokl
enzyme cleaves and the length of the C-terminal linker region separating the DBD from
the Fokl domain. This constraint likely affects the positioning of the two Fokl
enzymatic domains in a heterodimeric structure that is necessary for cleavage.

A second generation TALEN scaffold named Goldy TALEN was recently
reported to have improved genome editing efficiency in zebrafish [35]. Although the
Goldy scaffold uses 136 residue N-terminal domain and a 63 amino acid C-terminal
linker domain, like the previously described scaffold [6], there are nine different amino
acid substitutions at the N-terminal and 5 different amino acids substitutions at C-
terminal linker domains. Efficient gene knockout was obtained in livestock using
TALEN pairs assembled in a Goldy scaffold[38]. Recently, it was reported that DNA
binding domains of 15 RVDs in the Goldy TALEN scaffold with spacers ranging 13-
19bp resulted in highly efficient genome editing in zebrafish[43].

Various TALEN protein scaffolds optimize Fokl domain dimerization to
generate active TALEN heterodimers at target sites. However, optimizing the cleavage
activity at a target site may also increase the probability of homodimeric TALEN
proteins composed of identical subunits that bind to and cleave unwanted, ‘off-target’

14



sites. Off target cleavage is a critical parameter for the efficacy and safety of designed
TALEN pairs. In the case of ZFNs, off-target cleavage and the associated cytotoxicity
were reduced using mutant Fokl cleavage domains. Specific residues on the dimer
interface of the Fokl cleavage domain were mutated such that homodimerization of
TALEN monomers were prevented by electrostatic and hydrophobic interactions [44].
The idea for mutant Fokl cleavage domains to prevent homodimerization was
successfully applied to TALEN proteins. In fact, obligate heterodimeric TALEN pairs
induced similar or higher mutation frequencies in zebrafish genes when compared to
TALENSs with the same DNA binding domain with wild type Fokl cleavage domains.
Moreover, the frequency of abnormal embryos that developed after obligate
heterodimeric TALEN pair encoding mRNA microinjection was less than that
generated by mRNAs encoding homodimeric TALEN pairs, with wild type FoklI
domains[45]. Obligate heterodimer TALEN scaffolds were also used in studies that
generated gene knockouts in zebrafish[36] and Xenopus embryos[37].

1.1.8 Applications of Genome Editing Using TALENS

TALENs have been used in various model organisms for targeted genome
modification. In most of the studies, a single TALEN pair was used to induce NHEJ to
create small insertions and deletions (INDELSs) for generation of gene knockouts [21,
32, 39, 42, 46]. Use of two TALEN pairs to create double stranded breaks on the same
chromosome generates large chromosomal deletions and inversions [38]. Introduction
of TALEN pairs together with a donor template, even a short single-stranded DNA
allows insertion of a desired sequence into the target site [7, 35, 40]. In addition,
homology directed repair of DNA double stranded breaks can be used for fusion of
endogenous genes to sequences encoding epitope tags or fluorescent reporter proteins
such as GFP to track protein expression, distribution and interaction with other proteins
[17] (Figure 1.6).

New animal models of human diseases can be rapidly created using TALENS to
induce mutations without any need for embryonic stem cell cultures and targeting
vectors. Recently, an animal model for familial hypercholesterolemia was created using
TALENSs targeting a gene that encodes low-density lipoprotein (LDL) receptor in

livestock[38]. In a recent study, a phenotypic model of Hermansky-Pudlak syndrome,
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which results in decreased pigmentation and bleeding problems, was created by
injecting  MRNAs encoding a TALEN pair together with synthetic
oligodeoxynucleotides into one-cell stage mouse embryos to generate chocolate
missense mutations in the RAB38 gene encoding a small GTPase for the regulation of
intracellular vesicle trafficking. In this study, germline mutations created through
homology directed repair of TALEN induced DSBs were corrected using a donor
template with wild type sequence [47]. Thus, TALEN mediated gene modification has a
great potential to be used in gene therapy to correct or disrupt genes or gene products,
especially in the case of diseases with genetic components.

Another use for TALEN technology is the generation of mutants for conducting
structure-function studies probing the function of protein coding genes and genomic
regulatory regions. In this study we generated TALENS to make mutations in a putative
transcription factor binding sites in the enhancer of the IL7R gene and also we
generated TALE proteins that competitively inhibit the important transcription factor
NF-«B. The significance of these two TALEN targets is described in the section below.

1.2 Interleukin-7 signaling

1.2.1 Interleukin-7 and Interleukin-7 Receptor

Interleukin-7 (IL-7) is an essential and non-redundant cytokine necessary for the
development, differentiation and survival of lymphocytes. The human IL-7 gene is 72kb
long and is located on chromosome 8 encoding a protein of 20 kD, whereas the murine
IL-7 gene is 41 kb in length and is located on chromosome 3, encoding a protein of
about 18 kD. The active form of human IL-7 has a protein size of 25 kD due to post
translational glycosylation. It is a single chain protein consisting of four o helices with a
hydrophobic core. Human IL-7 is produced by nonhematopoietic cells, such as bone
marrow stromal cells and epithelial cells of the thymus, skin and intestine[48, 49].

IL7 was discovered in 1988 as a result of its proliferative activity on immature
murine B-cells in vivo. Later studies on IL-7-/- and IL7 receptor (IL7R)-/- knockout
mice displayed a significant decrease in the number of T lymphocytes, indicating a role
of the IL-7 cytokine in development. IL7 also has a role in maintaining stable numbers

of naive and memory T-cells in the peripheral immune system. The proliferative effect
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of IL7 on lymphocytes makes it a potent therapeutic for lymphoid regeneration in

lymphopenic states such as after chemotherapy or radiotherapy (reviewed in [50]).

IL7 signals lymphoc