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TAL effector nucleases (TALENs) represent a new class of artificial nucleases capable of

cleaving long, specific target DNA sequences in vivo and are powerful tools for genome editing

with potential therapeutic applications. Here we report a pair of custom-designed TALENs for

targeted genetic correction of the sickle cell disease mutation in human cells, which represents an

example of engineered TALENs capable of recognizing and cleaving a human disease-associated

gene. By using a yeast reporter system, a systematic study was carried out to optimize TALEN

architecture for maximal in vivo cleavage efficiency. In contrast to the previous reports, the

engineered TALENs were capable of recognizing and cleaving target binding sites preceded by A,

C or G. More importantly, the optimized TALENs efficiently cleaved a target sequence within the

human b-globin (HBB) gene associated with sickle cell disease and increased the efficiency of

targeted gene repair by >1000-fold in human cells. In addition, these TALENs showed no

detectable cytotoxicity. These results demonstrate the potential of optimized TALENs as a

powerful genome editing tool for therapeutic applications.

Introduction

Sickle cell disease (SCD) is one of the most prevalent autosomal

recessive disorders worldwide.1 The homozygous mutation

causing SCD is a single substitution (from A to T) in the codon

for amino acid 6 on the human b-globin (HBB) gene. The

replacement of glutamate by valine causes the body to produce

an abnormal hemoglobin protein that tends to aggregate,

causing the red blood cells to become stiff and develop a sickle

form.2 Ex vivo gene therapy by gene addition has proven to be

an effective method to cure SCD in mouse models.3,4 However,

these studies utilize viral vectors that could lead to a toxic

immunological response.5 In addition, insertional mutagenesis

on human chromosomes may result in carcinogenesis.6

Gene targeting based gene therapy is considered a promising

strategy to cure monogenetic diseases such as SCD with minimal

side effects because it can directly correct the mutation on the

chromosome, thus preserving temporal and tissue-specific

expression of the impaired gene.7 Gene targeting involves the

homologous recombination (HR) of chromosomal DNA

sequences with exogenous DNA sequences and provides a

precise method to systematically edit mammalian genomes.8

The rates of recombination in mammalian cells typically fall in

the range of 10�6–10�5 events per cell per generation,9 which is

an inherent limitation of this technique. However, chromosomal

double strand breaks (DSBs) at a desired chromosomal locus

can stimulate HR by >1000 fold to facilitate gene targeting.10

Zinc finger nucleases (ZFNs) show promise in improving the

efficiency of gene targeting by generating DSBs at preselected sites

on the chromosome.11,12 The custom-designed ZFNs function as

heterodimers recognizing 18–24 bp DNA targets with 4–7 bp

spacers between each of the half sites. Although the ZFN

technology has been successfully applied to genome editing in

many organisms including human cell lines,13 generating a

sequence-specific ZFN with novel specificity and high affinity

remains an overwhelming challenge.14 Moreover, the lack of

specificity of the zinc finger domains may lead to recognition of

off-target sites, causing undesired genomic instability.15 In

contrast, TAL effector nucleases (TALENs) are a new class of

artificial nucleases that recognize long, specificDNA sequences.16–24

TALENs utilize the central repeat domain of TAL effectors

(TALEs) as the DNA recognition module and the FokI cata-

lytic domain as the DNA cleavage module. The TALE central

repeat domain consists of repeating units of 33–35 amino acids.

Each repeat is largely identical except for two highly variable

amino acids at positions 12 and 13, referred to as the repeat

variable di-residues (RVDs). Each repeat recognizes a

single nucleotide, and the recognition specificity is determined
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by the RVDs (e.g. NI recognizes A, HD recognizes C, NG or

HG recognizes T, and NN recognizes G or A). The DNA

recognition code provides a one-to-one correspondence between

the array of amino acid repeats and the nucleotide sequence of

the DNA target.25,26 This simple DNA recognition code and its

modular nature make TALEs an ideal platform for constructing

custom-designed artificial DNA nucleases.

In this study, we sought to explore the potential therapeutic

applications of TALENs. We maximized the in vivo cleavage

efficiency of TALENs by varying the N- and C-terminal

extensions flanking the central repeat domain and the spacer

length between each effector binding element (EBE) of the

DNA substrates. In addition, we discovered that some TALEN

architectures are capable of recognizing ‘‘unnatural’’ EBEs not

preceded by a 50-T. We constructed a pair of custom-designed

TALENs to recognize a target sequence within the HBB gene

locus. This pair of TALENs with the optimized scaffolds

allowed for efficient cleavage at the desired site and enhanced

the HR rate by >1000-fold with no detectable cytotoxicity.

Such TALENs represent a promising approach to correct

disease-causing point mutations in situ and serve as a powerful

genome editing tool in gene targeting based gene therapy.

Results

Construction and optimization of TALENs

AvrXa10 is a TALE from Xanthomonas oryzae pv. oryzae27

containing a central region of 15.5 repeat units, with the last

half repeats containing only the first 20 residues of other

repeats. All of the reported TALEs require the first nucleotide

of the binding site to be preceded by a 50-T at position 0,25,26

meaning that the 15.5 repeats recognize a 17 bp EBE (Fig. 1A).

We created an AvrXa10 based TALEN by fusing the central

repeat domain of AvrXa10 with the FokI cleavage domain

(Fig. 1B). Since FokI dimerization is required for efficient

DNA cleavage,28 two AvrXa10 EBE sites were placed in a

tail-to-tail orientation separated by a spacer of varying

lengths (6–32 bp), herein referred to as palindromic target

sites (PTSs, Fig. 1C).

To determine the in vivo cleavage efficiency of a TALEN, we

established a yeast reporter system adapted from a previously

reported single strand annealing assay.29 The reporter plasmid

contains a divided lacZ gene in which a duplicated 100 bp

portion of the lacZ coding region has been created. The two

truncated lacZ DNA fragments are separated by a PTS

containing an in-frame stop codon between the two EBE sites.

Once the DSB between the two lacZ fragments is executed, the

100 bp direct DNA repeats will undergo HR and thus

reconstitute a complete and functional lacZ gene (Fig. 2).

The b-galactosidase (b-GAL) activity was used to quantify the

HR rate, which correlates with the in vivo activity of the TALENs.

Homing endonuclease I-CreI served as an internal control.

To maximize the DNA cleavage efficiency, we constructed

TALENs by fusing the FokI domain to different TAL effector

protein scaffolds bearing various N- and C-terminal trunca-

tions (Fig. 3). Through the yeast reporter system, we created

Fig. 1 Structure and sequence of TALENs. (A) RVDs of the 15.5

repeat units of AvrXa10 with its DNA target sequence shown below.

An asterisk indicates a deletion at residue 13. (B) Schematic of

TALENs. N, N-terminus; C, C-terminus. (C) Palindromic target sites

(PTSs) of TALEN–AvrXa10 are composed of two AvrXa10 EBEs

(underlined) in an inverted orientation on different DNA strands,

separated by a spacer (boxed) harboring an in-frame TAA stop codon

(shaded in grey). TALEN–AvrXa10 functions as a homodimer.

Fig. 2 Schematic of the yeast reporter system. Details are provided in

the text. Recovered LacZ gene is shown in dotted box.

Fig. 3 The N- and C-terminal amino acid sequences of TALE

AvrXa10. Positions of N- and C-terminal extensions of all TALEN

variants are shown and the values indicate the distance from the N- or

C-terminus to the central repeat units.
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a 10 � 10 matrix, testing the DNA cleavage efficiency of 10

different TALEN architectures against 10 different DNA

substrates (Fig. 4 and Table S1, ESIw). No activity was

observed for the ‘‘minimal’’ TALEN (referred to as N0–C0,

Fig. 4) targeting any given DNA substrate. Since the N-terminal

sequence of a TALE is important for its DNA binding,30,31 we

set out to add additional N-terminal extensions from AvrXa10

to the N0–C0 scaffold to achieve highly efficient DNA cleavage.

The N1–C0, N2–C0, N3–C0 and N4–C0 constructs bearing at

least 125 amino acids at the N-terminus showed robust nuclease

activity against PTSs with 10–16 bp spacers, with the cleavage

efficiency more than 2-fold compared to I-CreI.

To further enhance the nuclease activity of the TALENs, we

sought to add extra C-terminal extensions on the N3–C0

variant, which showed the highest DNA cleavage efficiency

for all the tested substrates. The N3–C1 variant containing a

63 amino acid C-terminal extension cleaved longer DNA

substrates (24 and 32 bp spacers) with >3-fold increased

efficiency compared with the N3–C0 variant, which allowed the

TALEN to target PTSs in a moderately wide range (14–32 bp).

We reasoned that a longer linker between the TALE repeat

units and the FokI cleavage domain may allow greater flexibility

for the nuclease domain to cut close to or away from the ends of

the EBE. However, additional extended C-terminal segments as

shown in the N3–C2, N3–C3, N3–C4 and N3–C5 variants led

to reduced nuclease activity. Compared to N3–C0, longer

C-terminal extensions abolished the nuclease activity against

PTSs with 10 bp and 12 bp spacers, indicating that longer

protein linkers require longer spacers to accommodate the

additional length of the peptide.

Taken together, TALENs harboring a short C-terminal

extension (31 amino acids) require at least a 125 amino acid

N-terminal fragment (as in the N1–C0 variant) to allow for

efficient DNA cleavage against PTSs with 10–16 bp spacers,

while the N3–C1 and N3–C2 variants with longer C-terminal

extensions are capable of cleaving PTSs with longer spacers.

Furthermore, none of the TALEN variants are able to cleave

single EBE sites or PTSs with 6 bp and 8 bp spacers, indicating

that an optimal range of spacer lengths (10–32 bp) between the

two EBE sites is essential for efficient TALEN cleavage as a

homodimer.

Custom-designed TALENs stimulated gene targeting in human

cells

After demonstrating efficient DNA cleavage by engineered

TALENs in yeast, we next sought to show that TALENs can

produce a chromosomal DSB and modify the human genome.

With a modified EGFP gene conversion system,32 we were

able to rapidly and quantitatively gauge the potential of

TALEN-driven genome editing (Fig. 5). The EGFP gene

was divided into two truncated and non-functional fragments

by insertion of the TALEN target site in the middle of the

gene, which was stably integrated into the genome of Hela

cells. To perform the assay, the expression plasmids carrying a

pair of TALEN genes were co-transfected into the reporter cell

line together with the donor plasmid bearing a promoter-less

and non-functional EGFP gene, which served as a template for

repairing chromosomal DSB. Site-specific cleavage of the EGFP

reporter gene by the TALEN pair will promote homology-

dependent gene conversion, generating GFP-positive cells that

can be quantified by flow cytometry.

Based on the above results of TALEN architecture optimi-

zation and guidelines for TALEN site selection,18 we constructed

a pair of custom-designed TALENs (referred to as TALEN-

HBB-L and TALEN-HBB-R) as a heterodimer to target the

disease-causing mutational HBB gene locus (Fig. 6A and B).

The two target sites were separated by 15 bp. Cells that were

transfected with an empty vector (pCMV5) or a minimal

Fig. 4 Nuclease activity of TALEN–AvrXa10 variants bearing

N- and C-terminal extensions against target sites with the indicated

spacers. TALEN scaffolds are indicated by the truncated N- and

C-terminal positions as shown in Fig. 3. Dot area indicates the

relative b-GAL activity and represents the average of at least three

independent experiments. ‘‘EBE’’ indicates that the cleavage target

contains just one monomer binding site. The numeric values are shown

in Table S1 (ESIw).

Fig. 5 Schematic of the mammalian gene targeting system. Details

are provided in the text. Recovered EGFP gene is shown in dotted

box.
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TALEN (N0–C0) had low autofluorescence or background

recombination frequencies (o5 � 10�5) (Fig. 6C). Introduc-

tion of custom-designed TALENs with the N3–C0 or N3–C1

configuration converted 4.8% or 4.9% of the reporter cells to

GFP-positive, respectively, stimulating the gene targeting rate

by over 1000-fold. This result is on par with or better than the

reported ZFNs tested using a similar reporter system, which

converted 2–5% cells to GFP-positive.32,33 The N4–C0

configuration had less activity compared with N3–C0 and

N3–C1, converting 3.4% of the reporter cells to GFP-positive.

Surprisingly, the N1–C0 construct showed only 0.1% gene

targeting rate, even though this configuration was efficient in

cleaving palindromic sites in the yeast reporter system. Western

blot analysis indicated that the TALEN-HBB-L construct

with the N1–C0 configuration did not express well in human

cells (Fig. 7A), which may partially explain the lack of activity

of this variant. On the other hand, all the tested TALEN-

HBB-R variants including the N1–C0 variant exhibited good

expression levels (Fig. 7B). Based on the gene targeting system

discussed above, we analyzed each TALEN’s cleavage activity

as a homodimer (Fig. S1 and S2, ESIw). TALEN-HBB-L with

the N1–C0 configuration exhibited little activity (0.4%)

against the HBB-L palindromic site partially due to a low

expression level, which is consistent with the activity as a

Fig. 6 Custom-designed TALENs stimulated gene targeting in human cells. (A) Sequence of the HBB gene locus containing the single mutation

(from A to T) causing SCD (shaded in grey) and the two user-defined TALEN binding sites (underlined). Amino acid sequence of b-globin is

shown between the two DNA strands. (B) RVDs of the two custom-designed TALENs with their DNA target sequences shown below. An asterisk

indicates a deletion at residue 13. (C) Representative flow cytometry plots of gene targeting. GFP-positive cells were quantitated in gate as

depicted. Autofluorescence was measured using a phycoerythrin-fluorescence channel. Hela cells with an EGFP reporter gene integrated into the

genome were co-transfected with the expression vectors of TALEN variants and an EGFP donor as the DNA repair template. Empty vector

pCMV5 served as negative control. The values represent the average (� standard deviation) of the gene targeting rates from at least three

independent experiments.
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heterodimer. However, the low GFP signal (0.5%) from

TALEN-HBB-R with the N1–C0 configuration indicated its

low DNA cleavage activity, because it was expressed well in

human cells. Similar to a heterodimer, each TALEN monomer

bearing the N3–C0, N4–C0 or N3–C1 configuration allowed

for efficient cleavage, exhibiting >2% gene targeting rate.

Taken together, the TALEN pairs we created with at least

207 amino acid N-terminal segments were capable of recog-

nizing and cleaving preselected sites on the HBB gene locus

efficiently.

Custom-designed TALENs caused no detectable cytotoxicity

The DNA binding specificity is a major determinant of

cytotoxicity for ZFNs.34 Since the novel TALEN pair we

designed recognizes a 43 bp long DNA recognition sequence,

we postulated that it might not cause significant cytotoxicity

due to its high specificity, even though there is some degeneracy

in RVD recognition (i.e. NN can recognize G as well as A).22

To assess the nuclease-associated toxicity, we monitored the

phosphorylation of histone H2AX (g-H2AX), which responds

to chromosomal DSBs.35 Cultured cells displayed an average

g-H2AX level similar to the background (pCMV5 control)

after being transfected with the TALEN pairs under the same

conditions used to induce recombination in the gene targeting

assay (Fig. 8 and Fig. S3, ESIw). In contrast, when we

transfected the cells with a reported toxic ZFN36 or treated

the cells with etoposide (an anti-cancer agent that causes

DNA DSBs37) for 2 h, significantly higher levels of H2AX

phosphorylation were detected. Therefore, the engineered

TALENs caused little, if any, cytotoxicity in human cells,

demonstrating their high specificity.

Targeting TALE sites without a preceding 50-T

Naturally occurring TALE recognition sites are uniformly

preceded by a 50-T;25,26 therefore, all of the previously

reported TALENs were designed to target DNA sequences

bearing a T at position 0. To test whether a preceding T is an

essential requirement for efficient cleavage by TALENs, we

selected five TALEN–AvrXa10 variants to measure their

nuclease activities towards ‘‘unnatural’’ TALE sites with a

preceding A, C or G using the yeast reporter system. The

spacer length between each monomer binding site was fixed to

be 16 bp, allowing for efficient cleavage for all the tested

TALEN variants (Fig. 4). As shown in Fig. 9, the N2–C0 and

N3–C0 constructs harboring short C-terminal extensions

exhibited moderate nuclease activity against unnatural PTSs

(0.5–1 fold efficiency compared with I-CreI), which is still

significantly lower than that towards the natural PTS with a

T at position 0. The N4–C0 construct with a full length

N-terminal segment displayed slightly reduced DNA cleavage

efficiency towards all the tested substrates. The N3–C1 construct

with additional C-terminal extension compared with the N3–C0

construct showed much higher cleavage efficiency against

unnatural substrates. The N3–C1 construct cleaved PTSs bearing

a preceding A, C or G with an efficiency similar to that for

natural PTS with a preceding T. The extended 63 amino acid

peptide linker between the DNA binding domain and the FokI

cleavage domain in the N3–C1 construct makes the TALEN

less selective in terms of the 50 preceding nucleotide. Longer

C-terminal extension in the N3–C2 construct reduced the

nuclease activity, but still exhibited less selectivity for a 50-T.

Discussion

In this study, we sought to demonstrate the potential of

TALENs in therapeutic applications. Several TALENs were

constructed by fusing the FokI catalytic domain with full

length TALEs.17,20,21 Since the naturally occurring TALEs

are transcription activators from a plant bacterial pathogen,

Fig. 7 Western blot analysis for the expression of TALEN variants.

(A) Expression level of TALEN-HBB-L with different configurations.

(B) Expression level of TALEN-HBB-R with different configurations.

All the TALEN variants contained a FLAG tag at the N-terminus.

a-Tubulin was used as an internal control.

Fig. 8 Nuclease-associated cytotoxicity of TALENs. The columns

denote the percentage of g-H2AX positive cells either transfected with

artificial DNA nucleases or treated using etoposide with indicated

concentration. Error bars indicate standard deviation from the average

of at least three independent experiments. *, statistically significant

increase of toxicity as compared to empty vector pCMV5 (Po 0.001).

Flow cytometry histograms are shown in Fig. S3 (ESIw).
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their N-terminal segment contains signal peptides responsible

for protein translocation and C-terminal segment harbors

nuclei localization signals and transcription activator domain.38

These redundant fragments can be detrimental to the TALENs

activity. Although several TALEN scaffolds with different

N- and C-terminal truncations have been tested,22,23 the optimum

TALEN architecture with highest cleavage efficiency meanwhile

bearing minimal peptide portion has yet to be systematically

determined.39 In this study, we carried out a systematic study

testing ten various TALEN scaffolds against ten different DNA

substrate configurations. According to the 10 � 10 matrix

(Fig. 4), we identified several TALEN scaffolds appropriate

for human clinical application. Previously, Miller et al.22

truncated the first 152 N-terminal residues from TALE and

produced a set of TALENs with different C-terminal truncations

to maximize nuclease activity. Their variants with 28 amino acid

or 63 amino acid C-terminal extensions exhibited highest

DNA cleavage efficiency, which are similar to our N3–C0

and N3–C1 constructs, respectively. We found that N3–C1

construct bearing 63 residues displayed efficient cleavage

against DNA substrates with long spacers (16–32 bp), while

Miller et al. did not observe this activity, which may be due to

the shorter N-terminal segment in their TALEN variants.

Even though they reported undetectable nuclease activity of

TALEN with a 93 amino acid C-terminal fragment, we

observed efficient cleavage using N3–C4 and N3–C5 variants

against DNA substrates with longer spacers, which is in

agreement with the study on TALENs bearing a full length

TALE C-terminus. More recently, Mussolino et al.23 pub-

lished their work reporting the most active configuration to be

TALEN bearing a 153 amino acid N-terminal segment and a

17 or 47 amino acid C-terminal segment, cleaving target sites

with a 12–15 bp spacer. However, their in vivo reporter system

relied on the disappearance of the GFP signal, in which the

binding of TALENs to the target sites without cleavage may

generate false positive signals (e.g. some of their TALEN

variants exhibited a positive result targeting single EBE sites).

Because the different TALEN activities in the above mentioned

reports were determined using different reporter systems,

it is difficult to compare their results directly with ours.

However, our systematic study clearly identifies two optimized

TALEN scaffolds, with the N3–C0 variant preferring PTSs

with shorter (10–16 bp) spacers and the N3–C1 variant preferring

PTSs with longer (14–32 bp) spacers. The moderately wide

spacer-length range of our optimized TALEN architectures

may reduce the DNA cleavage specificity. However, the

long recognition sequences of TALE central repeat domains

can prevent TALENs from binding to the sites that are

not intended to target, thus avoiding the non-specific DNA

cleavage.

The single mutation in the HBB gene causes sickle cell

disease, against which there is no adequate long-term treatment.

Gene-insertion based gene therapy has been reported to be

effective in mouse models by introduction of an antisickling

HBB gene copy.3,4 However, immunogenicity and insertional

mutagenesis caused by integrating viral vectors are still under

safety concerns, which limit the wide application of this

technology. Therefore, it is tempting to correct the mutational

HBB gene in situ. In this study, we constructed a pair of

TALENs that were able to recognize a user-defined sequence

within HBB gene locus and stimulated gene targeting rate by

over 1000-fold. The TALENs with the N3–C0 and N3–C1

scaffolds displayed highest cleavage efficiency, which is con-

sistent with our result from the yeast reporter system. Of note,

the N1–C0 variant exhibited high nuclease activity against

PTS with a 15 bp spacer in the yeast reporter system but

showed little activity in the human gene targeting system, even

though western blot analysis indicated its good expression

level. The inconsistency may be due to the difference between

episomal cleavage in our yeast reporter system and chromo-

somal cleavage in the more complex genome in human cells.

The lack of specificity of the zinc finger domains may lead to

off-target DNA cleavage, which has been reported to be a

major determinant of the toxicity of zinc finger nucleases.34

Because of the long DNA recognition sequences, TALENs

were proved to cut the target site specifically without off-target

cleavage (Fig. 8). Taken together, our optimized TALENs

with the N3–C0 or N3–C1 scaffold exhibited robust nuclease

activity and low cytotoxicity in human cells, which can serve as

a powerful tool for gene repair in gene therapy.

Fig. 9 Cleavage efficiency of TALEN–AvrXa10 variants targeting unnatural TALE substrates. Two EBE sites that preceded with A, C, G or T

separated by a 16 bp spacer were used as DNA substrates. I-CreI served as an internal control and the nuclease activity was normalized to 1. The

columns denote the relative b-GAL activity and represent the average of at least three independent experiments. Error bars indicate standard

deviation. * indicates significantly decreased activity (P o 0.001) compared to the 50-T preceded substrate.
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A 50-T preceding the TALE EBE sites was believed to be

essential for TALE function,25,26 which, based on our study,

turned out not to be the case for TALE nucleases. All the

tested TALEN variants exhibited good nuclease activity

against unnatural DNA substrates (0.5–1 fold efficiency com-

pared with I-CreI); even though TALEN variants with short

C-terminal extension still preferred to cleave natural TALEN

recognition sites. Interestingly, the N3–C1 TALEN variant

was capable of cleaving unnatural DNA substrates preceded

by 50-A, C or G with similar efficiency compared with that for

natural TALE sites. However, the longer C-terminal extension

in the N3–C1 variant is at the 30-end of the EBE, which is

physically distant from the 50-end of the target site. We reasoned

that the presence of leucine zipper-like heptad repeats closely

linked to the TALE central repeat units40 may increase the DNA

binding affinity of the central repeat domain and thus make the

50-T interaction less of a requirement. More detailed structural

studies will be needed to elucidate the protein–DNA interface of

TALENs and their corresponding DNA substrates in order to

solve this uncertainty. Our result indicates that the requirement

of a 50-T can be mitigated using certain scaffolds, thus allowing

greater flexibility in choosing desired target sites in genome

editing endeavors.

Experimental

Materials

Phusion DNA polymerase, T4 DNA ligase, T4 polynucleotide

kinase, antarctic phosphatase, and restriction endonucleases

were purchased from New England Biolabs (Beverly, MA).

QIAprep Spin Plasmid Miniprep Kit, QIAquick Gel Extraction

Kit, and QIAquick PCR Purification Kit were obtained from

Qiagen (Valencia, CA). Oligonucleotide primers were obtained

from Integrated DNATechnologies (Coralville, IA). All the other

reagents unless specified were obtained from Sigma-Aldrich

(St Louis, MO).

Yeast reporter system

The yeast reporter system was constructed based on a single

strand annealing assay with slight modifications.29 The lacZ

gene was divided into two truncated and non-functional copies

by insertion of a palindromic target site consisting of two

AvrXa10 EBEs in a tail-to-tail orientation with various

spacers. The two separated lacZ fragments sharing a 100 bp

homologous region were PCR amplified separately, digested

with AvrII and XbaI, respectively, and ligated overnight at

16 1C. The ligation product was subsequently digested with a

combination of AvrII and XbaI and the 3.3 kbp non-cut

fragment was gel purified. The lacZ reporter gene was then

cloned into the pRS414 plasmid in between the GAL1 promoter

and the ADH1 terminator, whose expression was induced by

adding 2% galactose in the culture medium. Plasmid pAS202

containing the AvrXa10 gene was kindly provided by Dr Frank

F. White from Kansas State University (Manhattan, KS).

Construction of TALEN expression vectors is described in

the ESI.w
To test the in vivo cleavage activity of TALENs in the yeast

reporter system, both the pRS414 reporter plasmid and pRS415

expression plasmid were transformed into Saccharomyces

cerevisiae HZ848 (MATa, ade2-1, ade3D22, Dura3, his3-11,15,
trp1-1, leu2-3,112 and can1-100) using the LiAc/SS carrier

DNA/PEG method.41 After 3–4 days growth at 30 1C on plates

containing synthetic complete medium lacking leucine and

tryptophan (SC-Leu-Trp) with 2% glucose, three transformants

were picked to grow in SC-Leu-Trp liquid medium with 2%

galactose. After cultivation for 2 days at 30 1C, yeast cells were

harvested by centrifugation and lysed by Y-PER yeast protein

extraction reagent (Pierce, Rockford, IL). The b-galactosidase
(b-GAL) enzyme activity was determined by the b-galactosidase
enzyme system from Promega (Madison, WI) according to the

manufacturer’s instruction. For each sample, the b-GAL

activity was measured as a function of time and normalized by

total protein concentration determined using the BCA protein

assay (Pierce, Rockford, IL). Homing endonuclease I-CreI42 serves

as an internal control and its activity was normalized to one.

Human gene targeting system

The enhanced green fluorescence protein (EGFP) gene was

divided into two fragments by insertion of a preselected

sequence from the HBB gene locus and an in-frame stop

codon. The non-functional EGFP reporter gene was cloned

into the pLNCX2 retroviral vector (BD Clontech, Palo Alto,

CA) in the presence of the cytomegalovirus (CMV) promoter

and stably integrated into the genome via retroviral transduction

according to the manufacturer’s protocol. Transfected Hela cells

were selected in 500 mg ml�1 G418 for two weeks. A donor

plasmid was constructed by insertion of a promoter-less EGFP

gene with the first 37 nucleotides missing into the pNEB193

plasmid (New England Biolabs, Beverly, MA) through the

HindIII and SalI sites. The donor plasmid provides a homo-

logous DNA segment as a template for repairing the DSB

in the EGFP reporter. Construction of TALEN expression

vectors is described in the ESI.w
Reporter Hela cells were maintained in modified Eagle’s

medium (MEM) supplemented with 10% Fetal Bovine Serum

(FBS; Hyclone, Logan, UT). Cells were seeded in 12 well

plates at a density of 1 � 105 per well. After 24 h, reporter cells

were co-transfected with 333 ng of each TALEN expression

plasmid and 333 ng of donor plasmid using FuGene HD

transfection reagent (Promega, Madison, WI) under conditions

specified by the manufacturer. The transfection efficiency was

determined to be between 45% and 50%. Cells were trypsinized

from their culturing plates 48 h after transfection and resuspended

in 200 mL phosphate buffered saline (PBS) supplemented with

10 mM EDTA for flow cytometry analysis. 20 000 cells were

analyzed by a BD LSRII flow cytometer (BD Biosciences, San

Jose, CA) to determine the percentage of GFP-positive cells.

The rate of gene targeting was determined by normalizing the

percentage of GFP-positive cells to the transfection efficiency.

Immunoblotting

Hela cells in 12 well plates were harvested 24 h after transfection

with TALEN variants. Cells were collected by centrifugation,

washed with PBS and resuspended in 40 mL RIPA lysis buffer

(Santa Cruz Biotechnology, Santa Cruz, CA) with SDS-PAGE

loading dye. Proteins were resolved by 4–20% Mini-Protean
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TGX Precast Gel (Bio-Rad Laboratories, Hercules, CA),

transferred onto a nitrocellulose membrane, blocked for 1 h

with Tris-buffered saline/0.05% Tween 20 containing 5% nonfat

milk, followed by incubation with anti-FLAG tag (1 : 500) and

anti-a-tubulin (1 : 5000) antibodies at 4 1C overnight. After

incubation with anti-mouse horseradish peroxidase-conjugated

secondary antibody (1 : 25 000; GeneScript, Piscataway, NJ)

for 1 h, bands were visualized using a SuperSignal West Pico

Chemiluminescent Substrate (Pierce, Rockford, IL).

H2AX phosphorylation assay

HEK293 cells were cultured in Dulbecco’s modified Eagle’s

medium (DMEM) supplemented with 10% FBS. Cells were

seeded in 12 well plates (2 � 105 per well) and transfected after

24 h with 500 ng of each TALEN expression plasmid, 1 mg of

empty pCMV5 vector as a negative control or 1 mg of reported
toxic ZFN construct GZF3N (kindly provided by Dr Toni

Cathomen of Hannover Medical School, Hannover, Germany)

as a positive control, respectively. After 48 h post transfection,

cells were harvested, fixed, permeabilized, and stained using the

H2AX phosphorylation assay kit (Millipore, Watford, UK)

according to the manufacturer’s protocol. Alternatively, cells

were treated with dimethyl sulfoxide (DMSO), 2 mMand 10 mM
etoposide in DMSO for 2 h before staining. Cells were then

scanned in a flow cytometer to quantitate the number of cells

staining positive for phosphorylated histone H2AX.

Conclusions

In this study, we created ten different TALEN scaffolds bearing

various N- and C-terminal truncations. A systematic study was

carried out based on a yeast reporter system to optimize

TALENs architecture to maximize their in vivo cleavage

efficiencies. In addition, we constructed a pair of custom-

designed TALENs to target the mutated human b-globin gene

locus associated with sickle cell disease. With the optimal

architecture, the novel TALENs achieved efficient cleavage

at the target sequence and stimulated gene targeting rate

by >1000-fold in human cells. The high DNA recognition

specificity of TALENs significantly reduced cytotoxicity

caused by non-specific genome cutting. While all previously

reported TALE recognition sites are preceded by a 50-T at

position 0, we discovered that TALEN is capable of recognizing

and cleaving ‘‘unnatural’’ TALE binding sites preceded by A,

C or G. The reduced 50-nucleotide selectivity shown by our

optimized TALEN variant allows for greater flexibility in

choosing desired target sites in genome editing endeavors.

Due to the ease in design and construction, the high DNA

cleavage activity, and the low cytotoxicity, optimized TALENs

represent a powerful tool for site-specific modification of a

mammalian genome for basic and applied biological research.
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