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Zinc finger nucleases (ZFNs) are powerful tools of genome engineering but are limited by their inevitable reliance on

error-prone nonhomologous end-joining (NHEJ) repair of DNA double-strand breaks (DSBs), which gives rise to ran-

domly generated, unwanted small insertions or deletions (indels) at both on-target and off-target sites. Here, we present

programmable DNA-nicking enzymes (nickases) that produce single-strand breaks (SSBs) or nicks, instead of DSBs, which

are repaired by error-free homologous recombination (HR) rather than mutagenic NHEJ. Unlike their corresponding

nucleases, zinc finger nickases allow site-specific genome modifications only at the on-target site, without the induction of

unwanted indels. We propose that programmable nickases will be of broad utility in research, medicine, and bio-

technology, enabling precision genome engineering in any cell or organism.

[Supplemental material is available for this article.]

Programmable nucleases, which include ZFNs and Transcription

Activator-Like Effector Nucleases (TALENs), are powerful tools of

genome engineering that enable targeted mutagenesis (Bibikova

et al. 2002; Urnov et al. 2005; Maeder et al. 2008; Kim et al. 2009,

2011b; Miller et al. 2011; Mussolino et al. 2011) and chromosomal

rearrangements (Brunet et al. 2009; Lee et al. 2010a,b, 2011) in any

cell or organism. ZFNs and TALENs consist of the FokI nuclease

domain fused to distinct DNA-binding domains; ZFNs use zinc

fingers (Kimet al. 1996), andTALENsuse TAL effector repeat domains

derived from a plant pathogen, Xanthomonas. These DNA-binding

modules allow the creation of custom DNA-binding proteins that

target almost any predetermined DNA sequence (Rebar and Pabo

1994; Bae et al. 2003; Boch et al. 2009; Zhang et al. 2011).

ZFNs and TALENs cleave DNA, producing site-specific DSBs

in a genome. DSBs—frequently occurring DNA lesions caused by

physical, chemical, and biological stresses—are dangerous signals,

often leading to cell death and cancer unless properly repaired.

Cells are equippedwith two competingDSB repair systems:HR and

NHEJ (Kanaar et al. 1998). In the presence of homologous DNA,

DSBs can be repaired by HR. The HR machinery uses homologous

DNA as a template and is an error-free DSB repair system. In con-

trast, the two end points of a DSB can be efficiently ligated byNHEJ

without the use of homologous DNA. Unlike HR, NHEJ is error-

prone, often inducing small insertions and deletions (indels) at

breakpoint junctions. Repair of nuclease-induced site-specific DSBs

by HR or NHEJ gives rise to targeted genome modifications.

Despite the broad utility of these enzymes in basic research,

biotechnology, and medicine, genome engineering with pro-

grammable nucleases is limited by the inevitable production of

DSBs and reliance on error-prone NHEJ. As a result, programmable

nucleases often induce randomly generated, unwanted indels at

the on-target site even in the presence of homologous donor DNA,

because NHEJ is a dominant pathway of DSB repair over HR in

higher eukaryotic cells and organisms (Fattah et al. 2010). Tomake

things worse, these enzymes induce off-target mutations at sites

that are highly homologous to the intended target site, where they

produce off-target DSBs (Gabriel et al. 2011; Mussolino et al. 2011;

Pattanayak et al. 2011). In addition, the repair of off-target DSBs

via NHEJ can give rise to unwanted chromosomal rearrangements

(Brunet et al. 2009; Lee et al. 2010b, 2011). Furthermore, nucleases

that induce too many off-target DSBs are toxic to cells, making it

difficult, if not impossible, to isolate gene-edited cells (Cornu et al.

2008; Kim et al. 2009).

In principle, it should be possible to overcome these limita-

tions by using an enzyme that either (1) induces a DSB only at the

intended target site or (2) does not induce a DSB at the target site

but still elicits site-specific mutations. Here, we demonstrate that

site-specific DNA-nicking enzymes (nickases)—constructed by engi-

neering the FokI nuclease domain of ZFNs—can induce SSBs in the

genome, whose repair via highly accurate HR gives rise to targeted

genomemodifications. Importantly, SSBs are not repaired by error-

prone NHEJ, and, therefore, do not give rise to indels at both on-

target andoff-target sites. Thus, SSB-inducing zinc finger (ZF) nickases

could serve as highly specific mutagens with no or little off-target

effects.

Results

Redesign of a ZFN pair to make nickases

Because two FokI nuclease domains must dimerize on a DNA

substrate to cleave DNA (Bitinaite et al. 1998), ZFNs function as

dimers rather than monomers. To prevent the formation of an

active homodimer, one can use two obligatory heterodimeric FokI

variants (Miller et al. 2007; Szczepek et al. 2007) termed ‘‘KK’’ and

‘‘EL’’: An active nuclease is formed between one KK subunit and the

other EL subunit but not between two KK or two EL subunits. We

modified ZFN-224 (Perez et al. 2008), which targets the human
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CCR5 gene, to make nickases. ZFN-224 consists of two ZFN mono-

mers termed L and R, which bind to the left half-site and the right

half-site, respectively, separated by a 5-bp spacer (Fig. 1A). Both

L_KK/R_EL and L_EL/R_KK are active ZFNpairs. (Hereinafter, L and

R refer to zinc finger proteins that bind to the left half-site and the

right half-site, respectively, and EL and KK refer to two forms of

obligatory heterodimeric FokI domains.) We introduced a muta-

tion (Asp450 to Ala) at the active site of the FokI domain in one

subunit to make a catalytically inert monomer (Sanders et al. 2009),

which can be paired with a wild-type monomer to yield a nickase.

A wild-type monomer alone cannot induce a SSB because two

FokI nuclease domains must dimerize to cleave a phosphodiester

bond. Catalytically inert monomers, termed ‘‘el’’ and ‘‘kk,’’ carry

the Asp450-to-Ala mutation in the EL FokI domain and the KK

domain, respectively. Thus, two nickases can be formed, either by

pairing L_KK with R_el (designated as L_KK/R_el) or L_kk with

R_EL (L_kk/R_EL).

In vitro and in cellular assays of nickase activities

We tested whether nickases could induce site-specific SSBs in

vitro using recombinant proteins expressed in and purified from

Escherichia coli. A plasmid containing the ZFN-224 target sequence

was digested with the L_KK/R_el nickase or the L_KK/R_EL nucle-

ase (ZFN-224) and subjected to run-off DNA sequencing (Fig. 1B).

ZFN-224 cleaved both strands, as evidenced by shrinking peaks

after the spacer sequence. In contrast, the nickase cleaved one strand

but not the other.

Next, we tested whether nickases could induce targeted mu-

tagenesis using a single-strand annealing (SSA) DNA-repair system

in mammalian cells (Fig. 2; Kim et al. 2009). Plasmids that encode

nickases were transfected into human embryonic kidney (HEK)

293 cells whose genome contained a stably integrated, partially

duplicated firefly luciferase gene that was disrupted by insertion of

the CCR5 sequence. Effective ZFNs or nickases would generate a

DSB or a SSB, respectively, in the CCR5 sequence, whose repair via

SSA allows the restoration of the functional luciferase gene. The

efficiency of DNA cleavage by these enzymes can be estimated by

measuring luciferase enzyme activity. The highly efficient mega-

nuclease, I-SceI, and Zif268-FokI were used as positive controls.We

found that the two nickases, the L_KK/R_el and L_kk/R_EL pairs,

were active, restoring the reporter activity partially. Thus, the ac-

tivity of these nickases (8%–10%, relative to the I-SceI control) was

less than that of the nuclease pair (78%). In contrast, all of the

monomers alone—L_KK, R_el, L_kk, and R_EL—were inactive. The

pair of two mutant forms, L_kk/R_el, also showed no activity in

this assay.

Genome editing with zinc finger nickases

We then tested whether these nickases can induce targeted ge-

nome modifications at the endogenous chromosomal site via HR.

We transfected human K562 cells with the nickase plasmids and a

homologous donorDNA that contained anXbaI site not present in

the homologous chromosomal region (Fig. 3A). PCR amplicons of

this chromosomal region were partially digested by XbaI, demon-

strating 1%–3% genome-editing efficiency by the nickases (Fig. 3B).

In agreement with the SSA reporter assay, these SSB-inducing

nickaseswere less active thanwas the correspondingDSB-inducing

nuclease, which showed 13% efficiency.

We alsomeasured genome-editing frequencies by cloning and

sequencing the PCR products. We found that the L_KK/R_EL nu-

clease induced both randomly produced indels (17 clones/total 52

clones, 33%) andhomology-directed incorporation of theXbaI site

(13/52, 25%) (Fig. 3C; Supplemental Fig. 1).

In contrast, the L_KK/R_el nickase did not

induce indels at all (0/149 clones) but

induced HR-mediated modification at a

frequency of 9% (= 13/149). These results

show that ZF nickases induce bona fide

genome modification in mammalian cells,

albeit less efficiently than do ZFNs, and

that genome editing with nickases is not

accompanied by unwanted indels, dem-

onstrating a critical advantage of nickases

over nucleases.

Two pairs of nickases produce a DSB

To confirm that nickases induce an SSB at

the genomic target site, we introduced

two nickases into cultured human cells.

Two nickases that generate a SSB on op-

posite strands may induce a DSB when

the two SSBs occur close to each other.

This composite DSB could be efficiently

repaired by NHEJ. To test this idea, we

transfected K562 cells with plasmids that

encode two nickases: L_KK/R_el and L_el/

R_KK. (We avoided using the combina-

tion of L_KK/R_el and L_kk/R_EL because

this combination gives rise to the forma-

tion of the active ZFNpair, L_KK/R_EL.)We

used mismatch-sensitive T7 endonuclease

Figure 1. DNA cleavage by ZFNs and ZF nickases. (A) ZFN-224 and its target sequence. ZFN-224
consists of two subunits, L (left, red) and R (right, blue). The two half-site sequences are shown (red and
blue) and the 5-bp spacer is shown (black). (Arrows) Cleaved phosphodiester bonds. (B) Run-off DNA
sequencing analysis to detect DNA cleavage by ZFN-224 and ZF nickases. A plasmid containing the
ZFN-224 target site was incubated with the nuclease pair or the nickase pair and subjected to run-off
sequencing. Note that an additional adenine is added at the end by the template-independent terminal
transferase activity of AmpliTaq DNA polymerase used for the sequencing reaction.

1328 Genome Research
www.genome.org

Kim et al.

 Cold Spring Harbor Laboratory Press on April 21, 2020 - Published by genome.cshlp.orgDownloaded from 

http://genome.cshlp.org/
http://www.cshlpress.com


I (T7E1) to detect indels induced by error-prone NHEJ (Fig. 4; Kim

et al. 2009). PCR amplicons from cells cotransfected with plasmids

encoding the two nickases were partially cleaved at the expected

position, indicating the presence of indels at the CCR5 site. DNA

sequencing analysis confirmed the induction of indels at the

spacer region (Fig. 4B). The mutation frequency induced by these

two pairs of nickases was dose-dependent, ranging from 8% to

19%, comparable to that of the original ZFN pairs (10%–15%). In

sharp contrast, each nickase alone (L_KK/R_el and L_el/R_KK) did

not induce any mutations (assay sensitivity,;1%). As expected, the

L_KK/R_KK pair (a mismatched combination of obligatory het-

erodimeric FokI domains) did not show any evidence of indel

formation.

Nickase-induced SSBs do not give rise to indels

We also performed high-throughput DNA sequencing to confirm

that the ZF nickases did not induce indels via NHEJ at either on-

target or off-target sites. We measured the frequencies of indels at

the CCR5 on-target site and several off-target sites revealed in re-

cent studies (Gabriel et al. 2011; Pattanayak et al. 2011) by ana-

lyzing genomic DNA isolated from K562 cells transfected with

plasmids encoding ZFN-224 or the L_KK/R_el nickase. As expected,

ZFN-224 induced indels at frequencies up to 20%at these sites (Fig. 5;

Supplemental Table 1). In sharp contrast, cells expressing the nickase

did not show any evidence of indel formation, compared with

those containing the empty vector control, at these sites, including

the CCR5 site. Apparently, nickase-induced SSBs were faithfully

repaired by the endogenous base-excision repair (BER) system,

leaving no footprints (Caldecott 2008). Taken together, both

the T7E1 assay and the deep sequencing analysis show that ZF

nickases, unlike ZFNs, do not trigger error-

prone NHEJ to repair DNA breaks.

Large chromosomal deletions induced

by nickases

Next, we tested whether nickases can in-

duce chromosomal rearrangements at en-

dogenous sites. ZFN-224 recognizes two

highly homologous sites, one at theCCR5

locus and the other at the CCR2 locus,

and efficiently induces targeted deletions,

inversions, and duplications of the in-

tervening 15-kb DNA segments between

the two sites (Lee et al. 2010b, 2011). We

used PCR to detect the induction of chro-

mosomal deletions in the cells transfected

with plasmids encoding ZFNs and ZF

nickases (Fig. 6). As expected, the expres-

sion of two nickases gave rise to 15-kb de-

letions. Interestingly, both single nickases

also induced 15-kb deletions. We cloned

and sequenced PCR products, which con-

firmed specific deletions of 15-kb DNA

segments between the CCR2 and CCR5

sites induced by these nickases (Fig. 6C).

However, the patterns of deletion-specific

DNA sequences induced by the nickases

were quite different from those of DNA

sequences induced by ZFNs. No indels

were observed at the target site, and no

breakpoint junctions could be specified with nickase-mediated

deletions. Thus, the CCR2 and CCR5 sequences were fused at var-

iable positions without any insertion or deletion. This suggests

that, unlike nuclease-induced DSBs, nickase-induced SSBs are re-

paired by nonallelic homologous recombination (NAHR) but not

by NHEJ (Gu et al. 2008).

We next measured the frequencies of nickase-mediated geno-

mic deletions using digital PCR analysis (Lee et al. 2010b). The two

nickases induced 15-kb deletions of DNA segments between the

CCR5 on-target site and the CCR2 off-target site at frequencies of

0.01% (L_KK/R_el) and 0.04% (L_el/R_KK) (Supplemental Table 2).

These frequencieswere at least 200-fold lower than those of deletions

that were generated using the ZFN-224 nuclease (8%). Apparently,

the induction of nickase-mediated chromosomal deletions via

NAHR repair of SSBs is at least two orders of magnitude less effi-

cient than the induction of deletions via NHEJ repair of DSBs.

Discussion

Our results provide unequivocal evidence that SSB-inducingnickases

can be used for targeted genome modifications in higher eukary-

otic cells. It has been shown that DNA-nicking enzymes allow

homology-directed gene targeting in mammalian cells (Lee et al.

2004; van Nierop et al. 2009) and that nickases can be created by

engineering naturally occurring restriction enzymes (Sanders et al.

2009) or meganucleases (McConnell Smith et al. 2009). However,

these enzymes are not readily reprogrammed to target any pre-

determined DNA sequence and thus cannot be used to modify

DNA sequences at user-defined genomic sites. In contrast, ZF

nickases are programmable, targeting almost any DNA sequence.

We provided the first proof-of-principle that these engineered

Figure 2. Comparison of activities of ZFNs and ZF nickases using a cell-based reporter system. (A)
Schematic overview of a single-strand annealing (SSA) system. (B) Measurement of nuclease and nickase
activities using the cell-based SSA system. Means and standard deviations (error bars) from at least three
independent experiments are shown. P-values were calculated with the Student’s t-test; (*) P < 0.05
(empty vector vs. nickase).
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nickases can be used for targeted mutagenesis in cultured human

cells.

Programmable nickases have many advantages over nucle-

ases. First, off-target SSBs produced by nickaseswould be efficiently

and faithfully sealed by highly accurate base-excision repair, leaving

no footprints at off-target sites. In contrast, nuclease-produced off-

target DSBs are repaired by error-prone NHEJ, which gives rise to

undesired indels. Furthermore, SSBs occur naturally, andmuchmore

frequently than do DSBs, in the genome, and aremuch less harmful

than are DSBs, which often cause cell death and cancer. Many, if

not all, nucleases are cytotoxic, making it difficult to isolate clonal

populations of gene-edited cells. SSB-producing nickases are likely

to be less stressful to cells. In addition, nucleases induce unwanted

indels at the on-target site even in the presence of homologous

donor DNA. Our deep sequencing analysis indicates that nickases

do not induce indels at the on-target site. Last but not least, nickases

still can induce unwanted chromosomal rearrangements of DNA

segments between on-target and off-target sites via NAHR, but this

efficiency is at least two orders of magnitude lower than that of

nuclease-mediated rearrangements via NHEJ. Gross chromosomal

rearrangements are hallmarks of cancer and are associated with

various genetic diseases (Gu et al. 2008). Genome-editing tools that

reduce unwanted chromosomal rearrangements would be preferred

in many applications such as cell or gene therapy.

We note, however, that nickases come at a price. The effi-

ciency of HR using nickases was a few fold lower than that using

corresponding nucleases. It is possible that SSB-triggered HR is

intrinsically less efficient than is DSB-triggered HR. Potential users

should carefully weigh the pros and cons of nickases and nucleases

for specific applications. Because nuclease-mediated HR is more ef-

ficient, nucleases may remain the tools of choice for conventional

gene knockout and knockin experiments. For applications in stem

cell research and gene therapy, inwhich off-targetmutations are of

concern, precise genome editing with nickases would be preferred.

Fortunately, it takes only a single subcloning step to transform

nucleases into nickases or vice versa, and there is no need to start

from scratch to make functional genome-editing enzymes. This

Figure 3. Targeted genome editing via HR in human cells with ZF nickases. (A) Schematic overview of HR-mediated genome editing. HR donor DNA
consists of two 800-bp homology arms (left and right) and an XbaI site. K562 cells were transfected with plasmids encoding nucleases or ZF nickases plus
HR donor plasmid. After 4 d of incubation, genomic DNA was isolated, and the target locus was amplified with primers (arrows) that bind outside of the
homology arm sequences. PCR amplicons were digested with XbaI. (B) XbaI-treated and untreated DNA samples were analyzed on a 1% agarose gel.
(Arrow) The expected position of XbaI-digested PCR products. Modification frequencies (percentages) were calculated by measuring the band intensity.
(C ) Comparison of patterns of genomic modifications induced by ZFNs and ZF nickases. PCR products corresponding to genomic modifications were
cloned, sequenced, and classified according to their mutation patterns. The DNA sequence of each clone is shown in Supplemental Figure 1.

Figure 4. Two pairs of ZF nickases produce a DSB in the genome. (A)
Nuclease or nickase-driven indels detected by T7E1 assay. PCR products
amplified using genomic DNA from cells transfected with plasmids (4 mg/
monomer) encoding nickases or nucleases were subjected to T7E1 di-
gestion and analyzed by agarose gel electrophoresis. (Arrow) The expected
position of the resulting DNA band. (The black triangle above the gel
picture) The increase of the transfected plasmid (4, 8, and 10 mg/each
monomer). (B) DNA sequences of the CCR5wild-type and mutant clones.
The two half-sites are shown in boldface letters. Microhomologies are
underlined, and inserted bases are shown in italics. Dashes indicate de-
leted bases. The number of occurrences is shown in parentheses; X1 and
X5 are the number of each clone. (WT) Wild type.
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approach is compatible with pre-characterized ZFNs and TALENs,

which can be transformed into the corresponding ZF and TALE

nickases, if necessary, by replacing the wild-type FokI domain in

one subunit with the catalytically inert FokI domain.

We propose that the efficiency of nickase-mediated genome

editing might be enhanced by altering culture conditions (Doyon

et al. 2010), using a reporter-based enrichment method (Kim et al.

2011a), or improving the FokI domain via directed evolution (Guo

et al. 2010; Doyon et al. 2011), all of which have been useful for

enhancing the activity of nucleases. FokI is an enzyme that is

evolutionarily programmed to produce DSBs but not SSBs. More

efficient SSB-producing enzymes or FokI variantsmight be used for

making improved ZF or TALE nickases.

Recently, independent studies on ZF nickases were reported

by two groups. Wang et al. (2012) modi-

fied the same CCR5-specific ZFN used

in this study to make ZF nickases and

showed that these nickases did not in-

duce significant levels of indels at the

target site, which is in line with our re-

sults. Here, using conventional DNA se-

quencing, deep sequencing, and the T7E1

assay, we showed that ZF nickases did not

induce mutagenic NHEJ at any measur-

able frequency. In contrast, Joung and

colleagues reported that ZF nickases still

triggered mutagenic NHEJ, although

these enzymes induced SSBs but notDSBs

in vitro (Ramirez et al. 2012). It is difficult

to reconcile our results with those of

Ramirez et al. because they used a reporter

system and did not test their nickases at

endogenous chromosomal sites. Further

studies are warranted to clarify this criti-

cal discrepancy.

In conclusion, we demonstrated that

SSB-producing programmable nickases

could be used for targeted genome mod-

ifications. ZF nickases, unlike their cor-

responding nucleases, allowed efficient

genome editing without inducing un-

wanted indels at the target site. Fur-

thermore, nickase-mediated off-target

mutations were not detectable even with

high-throughput sequencing, demon-

strating an unprecedented precision in

genome editing. We propose that pro-

grammable nickases are novel tools for

precision genome engineering, enabling

targeted mutagenesis in any cell or

organism.

Methods

Plasmids encoding ZFNs

Plasmids that encode the CCR5-targeting

ZFNs used in this study were described

previously (Kim et al. 2009). To convert

FokI nuclease activity to nickase activity,

one monomer was made catalytically in-

active by introducing the D450A muta-

tion into plasmids encoding obligatory

heterodimer FokI variants (KK/EL) by site-directed mutagenesis

using the oligonucleotides listed in Supplemental Table 3.

In vitro DNA cleavage assay

DNA sequences that encode ZFN-224 and nickase monomers were

amplified and inserted into pET-28b (Novagen) using NheI and

XhoI sites. Recombinant proteins were purified using Ni-NTA

agarose beads (QIAGEN) from BL21 E. coli transformants. A plas-

mid DNA (1.6 nM) that contains the ZFN-224 target site was in-

cubated with ZFN or nickase proteins (1.6 nM) in a reaction buffer

(20mMTris at pH 8.5, 100mMZnCl2, 50 mg/mL BSA, 50mMNaCl,

1 mM DTT, and 40 mM MgCl2) and subjected to dideoxy DNA

sequencing.

Figure 5. Mutagenic NHEJ frequencies at on-target and off-target sites. K562 cells were transfected
with plasmids encoding ZFN-224, the ZF nickase (L_KK/R_el), or an empty vector used as a negative
control. PCR amplicons corresponding to the CCR5 on-target site and 13 off-target sites were subjected
to high-throughput sequencing. Sequences that contained indels within the spacer region were con-
sidered to be NHEJ-mediated modifications.

Figure 6. Nickase-mediated genomic deletions in human cells. (A) Schematic representation of
ZFN-mediated genomic deletions. (B) PCR products corresponding to the 15-kb genomic deletions
in cells transfected with plasmids (4 mg/monomer) encoding nucleases or nickases. (The black tri-
angle above the gel picture) The increase of the transfected plasmid (4, 8, and 10 mg/eachmonomer).
(C ) DNA sequences of deletion PCR products that were amplified from genomic DNA isolated from
cells transfected with a single nickase pair. Nuclease target sites are shown in boldface letters. Mis-
matched bases between the CCR2 and CCR5 loci are indicated as lowercase letters. Mutated bases are
shown in italics. The regions in which recombination between the CCR2 and CCR5 loci occurred are
underlined.
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HR donor construction

The donor plasmid for the CCR5 locus contains a total of 1.6 kb of

CCR5 flanking sequences. For the left homology arm, an 800-bp

fragment upstream of the ZFN-224 target site was amplified and

inserted into pUC18 using the NdeI and XbaI sites. For the right

homology arm, the 800-bp fragment downstream from the ZFN-

224 target site was amplified and inserted into the vector using the

XbaI and SacI sites.

Cell culture

HEK293T/17 (ATCC, CRL-11268) cells and Flp-In T-REx 293 cells

(Invitrogen) were maintained in Dulbecco’s modified Eagle’s me-

dium(DMEM)supplementedwith100units/mLpenicillin, 100mg/mL

streptomycin, 0.1 mM nonessential amino acids, and 10% fetal

bovine serum (FBS). Tomaintain stably integrated SSA clones, cells

were cultured with 100–150 mg/mL Hygromycin B (Sigma-Aldrich).

K562 (ATCC, CCL-243), a human erythroleukemia cell line, was

grown in RPMI-1640 with 10% FBS and the penicillin/streptomycin

mix (100 U/mL and 100 mg/mL, respectively).

Cell-based SSA reporter system

Flp-In T-REx 293 cells, whose genome contains a stably integrated,

partially duplicated firefly luciferase gene that was disrupted by

insertion of the CCR5 sequence, were used as previously described

(Kim et al. 2009). Each pair of nuclease expression plasmids (500 ng

each) was transfected into 2 3 105 reporter cells/well in a 24-well

plate using Lipofectamine 2000 (Invitrogen). After 48 h, luciferase

gene expression was induced by the addition of 1 mg/mL doxycy-

cline. After 24 h of incubation, the cells were lysed in 20 mL of 13

lysis buffer (Promega), and luciferase activitywas determined using

10 mL of luciferase assay reagent (Promega) and 2 mL of cell lysate.

Modified genome detection assay

For the HR assay, 23 106 K562 cells were transfected with 10 mg of

each nuclease-encoding plasmid and 50 mg of donor plasmid using

the 4D-Nucleofector, SF Cell Line 4D-Nucleofector X Kit, Program

FF-120 (Lonza) according to the manufacturer’s protocol. After 96

h, genomic DNA was isolated, and the target locus was amplified

with primers that bind outside of the homology arm sequences

(Supplemental Table 3) usingHiPi DNApolymerase (Elpisbio). PCR

amplicons were digested with XbaI; digested fragments were ana-

lyzed on a 1% agarose gel. For detection of local indels, genomic

DNA of nuclease-treated cells was analyzed using the T7E1 assay as

previously described using target-specific primers (Supplemental

Table 3).

DNA sequencing analysis of breakpoint junctions

PCR products corresponding to genomic modifications were pu-

rified from agarose gels using the MG Gel Extraction SV system

(Macrogen) and cloned into the T-Blunt vector using the T-Blunt

PCRCloning Kit (SolGent). Cloned plasmidswere sequenced using

M13 primers.

Deep sequencing of on- and off-target sites

2 3 106 K562 cells were nucleofected with 10 mg of each ZFN- or

nickase-encoding plasmid and 5 mg of GFP-encoding plasmid us-

ing the SF Cell Line 4D-Nucleofector X kit and the FF120/cell line

SF program (Lonza) according to themanufacturer’s protocol.One-

eighth of the cells were subjected to FACS analysis to confirm

transfection, and the rest of the cells were harvested and used for

genomic DNA isolation 72 h after transfection.

The CCR5 on-target site and 13 off-target sites reported in

recent studies (Gabriel et al. 2011; Pattanayak et al. 2011) were

amplified by PCR with Phusion DNA polymerse (Supplemental

Table 2). PCR products were purified with the QIAGEN PCR puri-

fication kit and combined into separate equimolar pools for the

ZFN, nickase, and empty-vector control samples. A multiplexed

Illumina library was prepared according to the manufacturer’s spec-

ifications. Illumina indices 6 (59-GCCAAT-39), 7 (59-CAGATC-39),

and 8 (59-ACTTGA-39) were used for the empty vector-, ZFN-, and

nickase-treated libraries, respectively. Equal amounts of the bar-

coded libraries were subjected to paired-end read sequencing on an

Illumina HiSeq 2000 at the National Instrumentation Center for

Environmental Management, College of Agriculture and Life Sci-

ences, Seoul National University. Sequences were identified by

searching for exact flanking sequences. Sequences, including in-

sertions and deletions located within the spacer 61 bp, were

considered to be NHEJ-mediated modifications.

Frequencies of chromosomal rearrangements

The frequencies of chromosomal rearrangements were estimated

by digital PCR analysis as described (Kim et al. 2010). Genomic

DNA samples isolated from cells transfectedwith plasmids encoding

ZFNs were serially diluted in distilled water, and diluted samples

were then subjected to nested PCR using appropriate primers

(Supplemental Table 3). Critical dilution points that support the

amplification of breakpoint junctions were determined. The results

were analyzedusing theExtremeLimitingDilutionAnalysis program

(Hu and Smyth 2009) (http://bioinf.wehi.edu.au/software/elda/).

Data access

The deep sequencing data are available at the NCBI Sequence Read

Archive (SRA) (http://www.ncbi.nlm.nih.gov/sra) under accession

number SRA051467.
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