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We present a novel approach for generating targeted deletions of genomic segments in human and other eukaryotic cells
using engineered zinc finger nucleases (ZFNs). We found that ZFNs designed to target two different sites in a human
chromosome could introduce two concurrent DNA double-strand breaks (DSBs) in the chromosome and give rise to
targeted deletions of the genomic segment between the two sites. Using this method in human cells, we were able to delete
predetermined genomic DNA segments in the range of several-hundred base pairs (bp) to 15 mega-bp at frequencies of
10–3 to 10–1. These high frequencies allowed us to isolate clonal populations of cells, in which the target chromosomal
segments were deleted, by limiting dilution. Sequence analysis revealed that many of the deletion junctions contained small
insertions or deletions and microhomologies, indicative of DNA repair via nonhomologous end-joining. Unlike other
genome engineering tools such as recombinases and meganucleases, ZFNs do not require preinsertion of target sites into
the genome and allow precise manipulation of endogenous genomic scripts in animal and plant cells. Thus, ZFN-induced
genomic deletions should be broadly useful as a novel method in biomedical research, biotechnology, and gene therapy.

[Supplemental material is available online at http://www.genome.org.]

The ability to generate targeted deletions of genomic DNA greater

than 10 kilobase pairs (kbp) in length could expand genetic and

genomic studies in new dimensions by allowing the selective re-

moval of gene clusters, intergenic regions, exons, and introns from

a genome and may have broad applications in research, bio-

technology, and gene therapy, but it has been difficult, if not im-

possible, to achieve this aim in higher eukaryotic cells and or-

ganisms. Recombinase systems such as Flp/FRT (Ryder et al. 2007)

and Cre/loxP (Ramirez-Solis et al. 1995) and bacterial artificial

chromosome (BAC)-based gene targeting (Valenzuela et al. 2003)

have been used to delete large genomic DNA segments; however,

practically, these approaches are limited to murine embryonic

stem (ES) cells, which are more amenable to genetic manipulation

via homologous recombination (HR) than are other cells. Fur-

thermore, recombinase systems require two rounds of FRT or loxP

insertion into the genome via HR, isolation of cells in which two

target sites are inserted in the same chromosome but not in dif-

ferent homologous chromosomes, and subsequent treatment with

Flp or Cre recombinases, respectively, to delete the intervening

DNA segment, a process that still leaves a single FRT or loxP site

behind in the genome. BAC-based gene targeting also has limita-

tions associated with the preparation of BAC vectors and the

screening of recombinant clones because of the huge size of these

vectors. In addition, false positive clones are often isolated, which

results from the breakage and partial integration of BAC vectors

(Gomez-Rodriguez et al. 2008). Thus, these approaches are highly

laborious and time-consuming even in murine ES cells, and, to our

knowledge, have never been used to delete predetermined geno-

mic DNA segments in other higher eukaryotic cells or organisms.

Here we introduce a new approach using engineered zinc

finger nucleases (ZFNs) to generate efficient genomic deletions

in higher eukaryotic cells and organisms. ZFNs are artificial re-

striction enzymes made by fusing tailor-made DNA-binding ZF

arrays to the FokI nuclease domain. ZFNs have been used to in-

troduce site-specific, local mutations in various cell lines and or-

ganisms but not to induce large genomic deletions in a targeted

manner thus far. We now provide a platform for ZFN-induced

chromosomal deletions, which employ ZFNs that target two sep-

arate sites in a chromosome and introduce two concurrent DNA

double-strand breaks (DSBs) to delete the genomic segment be-

tween the two sites.

Results

Targeted genomic deletions at the human CCR2 and CCR5 loci

First, we used previously characterized ZFNs that target the genes

encoding the human chemokine receptors 5 (CCR5) and 2 (CCR2)

to demonstrate targeted deletions of genomic DNA segments in

human cells. These two genes are adjacent to each other on human

chromosome 3 and are highly homologous. We and others have

produced ZFNs that target several different sites at the CCR5 locus

and efficiently introduce mutations at these sites (Perez et al. 2008;

Kim et al. 2009). Many but not all of these CCR5-targeting ZFNs

also show site-specific genome editing activities at the corre-

sponding, homologous sites at the CCR2 locus. We investigated

whether these ZFNs could induce large genomic deletions in ad-

dition to site-specific point mutations at each locus. To this end, we

isolated genomic DNA from human embryonic kidney (HEK) 293

cells transfected with ZFN expression plasmids and performed PCR

analysis to detect genomic deletions. We used two primers, whose

sequences correspond to the CCR2 region or to the CCR5 region

and are separated by 16 kbp (Fig. 1A). No PCR product was ob-

served from cells transfected with the control empty plasmid.

Apparently, the intervening DNA segment was too long to be

amplified under conventional PCR conditions. To our surprise, we

observed amplified DNA segments from cells expressing each of

the seven different ZFNs whose target sites are conserved between

the CCR5 and CCR2 loci (Fig. 1B). The size of the PCR products was
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about 1 kbp, which was as expected if the DNA segments between

the two ZFN target sites were deleted from the chromosome. In

contrast, we did not observe amplified DNA segments from cells

expressing ZFNs Z30 and Z266 (the numbers indicate the position

of the ZFN cleavage sites relative to the initiator codon), whose

recognition sites are not conserved at the CCR2 locus and thus

show genome editing activity only at the CCR5 locus, suggesting

no genomic deletion occurred in these cells. Apparently, ZFNs

generating two DSBs in a chromosome but not those generating

only one DSB could give rise to large genomic deletions in human

cells.

We cloned the PCR products and determined their DNA se-

quences, which revealed that, indeed, the CCR2 and CCR5 sites

were joined and the intervening 15-kbp DNA segments were de-

leted (Fig. 1C; Supplemental Fig. 1). The DNA sequences of the

deletion junctions were consistent with the DNA cleavage patterns

of ZFNs. ZFNs function as dimers, and each monomer recognizes

one of two 9- or 12-bp half-sites, which are separated by a 5- or 6-bp

spacer. ZFNs cleave DNA at the spacer and generate 59 4- or 5-base

overhangs (Smith et al. 2000). Sequence analysis of PCR amplicons

showed that a ZFN half-site at the CCR2 locus was directly linked to

a ZFN half-site at the CCR5 locus and that the entire DNA segment

spanning from the other half-site at the CCR2 locus to the other

half-site at the CCR5 locus was gone. The breakpoint junction se-

quences often showed small (2–19 bp) deletions (in addition to

15-kbp deletions) and insertions (indels) (shown as dashes and

italicized letters, respectively, in Fig. 1C and Supplemental Fig. 1).

These mutagenic patterns are characteristic of DSB DNA repair via

nonhomologous end-joining (NHEJ) (Morton et al. 2006). In ad-

dition, microhomologies (shown as underlined letters in Fig. 1C

and Supplemental Fig. 1) of 1–5 bases often were observed at the

junctions, which also strongly supports that the DSB repair was

mediated by the NHEJ system.

Although the indels and microhomologies frequently ob-

served at the deletion junctions strongly suggest the involvement

of NHEJ in the DNA repair, it remains possible that the large de-

letions might have resulted from an alternative DNA repair pro-

cess, i.e., nonallelic homologous recombination (NAHR) (Shaw

and Lupski 2004). This possibility should not be neglected, if one

considers that the two loci, CCR5 and CCR2, are highly homolo-

gous and that all of the ZFNs that gave rise to deletions target two

conserved sites. The CCR5 region might be used as a template

for NAHR when a DSB was formed at the CCR2 locus or vice versa.

We reasoned that the use of two different ZFNs, targeting non-

homologous sites, could resolve this issue, as shown below.

Deletions with two ZFN pairs

We tested whether two ZFN pairs, each of which targets one of two

different sites in a chromosome, could induce deletions of the

intervening DNA segments. We chose two sets of CCR5-targeting

ZFNs for this analysis: Z30 + Z891 and S162 + Z891. (S162 had been

termed ZFN-224 by Perez et al. [2008] but, to avoid confusion, is

herein denoted as S162, using our numbering scheme.) Genomic

DNA was prepared from cells transfected with plasmids that en-

code two ZFN pairs, and PCR was performed using primers span-

ning the CCR5 coding sequence. Cells transfected with the Z30 +

Z891 set and the S162 + Z891 set are expected to give rise to the

amplification of a 199-bp (1060� 891 + 30) DNA band and a 331-bp

(1060 � 891 + 162) band, respectively, in addition to a 1060-bp

band corresponding to the entire CCR5 coding region, if specific

deletions occur (Fig. 2A). Electrophoretic analysis showed that,

indeed, PCR products whose sizes match those predicted were

amplified from cells expressing two ZFN pairs but not from cells

expressing only one ZFN pair (Fig. 2B). We cloned and sequenced

these PCR products, which confirmed specific deletions of ;861-bp

(891� 30) DNA segments in the cells expressing Z30 + Z891 and of

;729-bp (891� 162) DNA segments in the cells expressing S162 +

Z891 (Fig. 2C). As noted above, small indels in addition to the

expected deletions were observed at the joints. These results

strongly support the idea that ZFN-induced genomic deletions

were mediated via NHEJ. Because we used two ZFN pairs—each of

which targets one of two different sites at the CCR5 locus—and still

observed targeted deletions, we ruled out the possibility that NAHR

is responsible for the deletion events.

Importantly, the different spacer sequences of two ZFN target

sites did not preclude genomic deletions. For example, Z30 and

Z891 would generate 59-ACAT and 59-CCTT overhangs, respec-

tively, at their cognate target sites but still gave rise to deletions of

;861-bp DNA segments at the CCR5 locus. Interestingly, one of

the PCR amplicon sequences showed that these two overhangs

were filled in and the two ends were rejoined to generate the

Figure 1. ZFN-induced genome deletions at the CCR2 and CCR5 loci. (A) Schematic representation of ZFN-mediated genome deletions. Zigzag lines
indicate ZFN target sites. F2 and R5 are PCR primers (arrows) used for the detection of genome deletion events. (B) PCR products corresponding to the
15-kbp genomic DNA deletions in cells treated with ZFNs. p3 is the empty plasmid used as a negative control. (C ) DNA sequences of PCR products. PCR
products were cloned and sequenced. ZFN target sites are shown in boldface letters. Microhomologies are underlined and inserted bases are shown in
italics. Dashes indicate deleted bases. Nonconserved bases at the CCR2 and CCR5 loci are shown in lowercase letters. In cases in which a deletion sequence
was detected more than once, the number of occurrences is shown in parentheses. (WT) Wild-type DNA sequence.
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59-ACATCCTT-39 sequence at the breakpoint junction (Fig. 2C).

Other clones showed several base deletions of the overhang se-

quences and the ZFN binding sites. Frequently observed indels at

breakpoint junctions suggest that the spacer sequences of the two

ZFN target sites do not need to be identical to promote genomic

deletions.

Large nested deletions

We investigated whether it is possible to delete very long stretches

of DNA from the human genome using two ZFN pairs. To this end,

we synthesized a series of ZFN pairs, whose target sites lie far up-

stream of the CCR5 locus. We used 17 naturally occurring ZFs

encoded in the human or Drosophila genome as modules to as-

semble four-finger ZFNs (that is, ZFNs that consist of tandem arrays

of four ZF modules). Our previous work, which involved charac-

terization of 315 ZFN pairs at 33 endogenous sites in human cells,

showed that only 26% of four-finger ZFNs displayed genome

editing activities and that naturally occurring ZFs were more reli-

able than others for use as modules (Kim et al. 2009). Each of the 17

ZFs recognizes different 3-bp subsites and, collectively, they cover

21 out of 64 triplet subsites. Because ZFNs function as dimers, two

four-finger ZFN monomers were prepared per site. Four-finger

ZFNs recognize two 12-bp half-sites or 24-bp full sites. A total of

30 ZFN pairs were synthesized, and these newly prepared ZFNs

recognized sites 30 kbp to 46 Mbp upstream of the CCR5 locus.

Each ZFN pair was coexpressed in HEK 293 cells with the S162

pair that targets the CCR5 locus. Seven of the 30 ZFNs coexpressed

with S162 yielded PCR products corresponding to gross deletions

(Fig. 3A,B). (Thus, the success rate was 23%, which is on par with

the 26% rate we had observed previously with four-finger ZFNs

[Kim et al. 2009]. We note, however, that ‘‘successful ZFNs’’ in our

previous study had been defined as those that give rise to site-

specific mutations at the CCR5 locus, whereas successful ZFNs in

this report were those that give rise to genomic deletions when

coexpressed with S162.) Sequence analysis of the PCR products

unequivocally corroborated large deletions of 33-kbp, 230-kbp,

243-kbp, 276-kbp, 781-kbp, 835-kbp, and 15.1-Mbp genomic DNA

segments, respectively (Fig. 3C; Supplemental Fig. 2). As observed

with deletion events between the CCR2 and CCR5 loci and within

the CCR5 locus, many sequences of PCR products showed small

indels and microhomologies at the breakpoint junctions. None of

the ZFN pairs (including the S162 pair) used alone resulted in the

production of any PCR product corresponding to the gross geno-

mic deletions.

We also investigated whether the use of two new ZFNs in the

absence of S162 could give rise to corresponding genomic de-

letions at loci other than CCR2 and CCR5. We tested various

combinations of two ZFNs among the seven active ZFNs and were

able to confirm deletions in each case (Supplemental Fig. 3). For

example, the ZFNs termed K230 and M15 gave rise to 230-kbp and

15.1-Mbp deletions, respectively, when coexpressed with S162.

When these two ZFNs were coexpressed without S162 in human

cells, 14.9-Mbp (15.1� 0.23) genomic DNA segments between the

two target sites were deleted. Sequence analysis of the breakpoint

junctions also revealed microhomologies and small indels in ad-

dition to the gross deletions.

In summary, we observed, with various combinations of

ZFNs, two (;729-bp and ;861-bp) deletions within the CCR5 lo-

cus, seven different 15-kbp deletions between the CCR2 and CCR5

loci, seven (33-kbp, 230-kbp, 243-kbp, 276-kbp, 781-kbp, 835-kbp,

and 15.1-Mbp) deletions between the CCR5 locus and loci up-

stream of CCR5, and three (538-kbp, 551-kbp, and 14.9-Mbp) de-

letions at loci other than CCR2 and CCR5 in human cells. Al-

though we were not able to test all possible combinations of the

15 active ZFNs (eight previously characterized ZFNs targeting the

CCR5 locus and seven new ZFNs targeting loci upstream of CCR5)

used in this study, in every combination of two ZFNs we tested,

specific genomic deletions were detected by PCR and confirmed by

DNA sequence analyses. These results strongly suggest that use of

any two active ZFNs targeting different sites in a chromosome

could give rise to specific genome deletions in human cells.

Frequencies of genomic deletions

We next investigated the frequencies of ZFN-induced genomic

deletions. Two different PCR analyses were used to estimate the

frequencies of each deletion event. First, genomic DNA samples

Figure 2. Use of two ZFNs for targeted genome deletions within the CCR5 locus. (A) Schematic representation of two different deletion events within
the CCR5 locus. F5 and R5 are PCR primers (arrows) used for the detection of genome deletion events. (B) PCR products validating ZFN-induced genomic
deletions. Approximate sizes of PCR products corresponding to deletion events (199 bp and 331 bp) and to the intact wild-type sequence (1060 bp) are
indicated as predicted in A. p3 is the empty plasmid used as a negative control. (C ) DNA sequences of PCR products corresponding to deletion events.
Symbols are as in Figure 1.
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were serially diluted in distilled water, and these diluted samples

were subjected to ‘‘digital’’ PCR analysis(Fig. 4A) (Flores et al. 2007).

In this assay, PCR products corresponding to deletion events would

be observed from samples with no or limited dilutions but un-

detectable from highly diluted samples. The most diluted sample

that still yielded positive PCR products was assumed to contain

a single chromosomal DNA molecule with a genomic deletion. As

a reference point, 3.3 pg ([3.0 3 109 bp 3 650 g/mol/bp]/6.0 3

1023) of genomic DNA per reaction was considered to be equivalent

to ‘‘a haploid genome.’’ Control PCR using appropriate primers to

detect wild-type genomic sequences was performed to confirm

that this amount of genomic DNA was indeed equivalent to

a haploid genome (Fig. 4A). To account for stochastic amplifica-

tions of only a few template molecules in diluted samples, 20 re-

actions were performed in parallel at each critical dilution point.

For example, 12 out of 20 aliquots of 330 pg of genomic DNA

purified from cells expressing K33 + S162 (giving rise to 33-kbp

deletions) were PCR positive, and only four out of 20 aliquots of

100 pg were positive (Fig. 4A). By contrast, none of 20 aliquots of

33 pg was PCR positive. The least amount of genomic DNA (in this

case, 330 pg) that gave rise to PCR products in at least 10 aliquots

(that is, >50%) was determined and used to estimate deletion fre-

quencies, which were calculated by dividing 3.3 pg (which is

equivalent to a haploid genome) with this amount in picograms.

Thus, in the case of the K33 + 162 treatment, the deletion fre-

quency was estimated to be 1%.

Next, we measured deletion frequencies in a different setting

to confirm our results from digital PCR analysis. An individual PCR

product (corresponding to a deletion event in question) cloned in

a plasmid (0.01 pg, 3 kbp) was mixed with genomic DNA (10 ng,

3 Gbp) isolated from HEK 293 cells such that the mixture con-

tained one deletion clone per haploid genome. This mixture

was assumed to be equivalent to genomic DNA with 100%

deletion frequency and was serially diluted in the solution con-

taining HEK 293 genomic DNA. A standard curve was generated by

plotting dilution factors vs. the amounts of PCR products, mea-

sured on an agarose gel, corresponding to the deletion event

(Fig. 4B). We used two different plasmid clones to prepare the

standard curve for each deletion event and found that there was no

significant clone-to-clone variation. Next, the genomic DNA in

question was subjected to PCR, and the amount of PCR product

was used to calculate the deletion frequency in the sample. The

deletion frequency with K33+S162 was estimated to be 2 6 1%

using this method, which was in line with our estimation obtained

using the digital PCR analysis described above. These two different

methods in general yielded comparable results, which are pre-

sented in Table 1.

Frequencies of various ZFN-mediated genomic deletions

ranged from 0.1% to 10%. We found that there was no significant

correlation between the deletion size and the frequency (r2 = 0.02).

Rather, the activity of ZFNs appeared to determine the deletion

frequency. For example, the seven ZFNs that induced 15-kbp ge-

nomic deletions between the CCR2 and CCR5 loci resulted in de-

letion frequencies that ranged from 0.1% to 10%. The highest

deletion frequency (10%) was observed with S162, which had

caused higher site-specific mutation efficiencies (53%) at the CCR5

locus than did other ZFNs. Larger genomic segments also were

deleted efficiently. For example, coexpression of S162 and K781

gave rise to 781-kbp genomic deletions with a frequency of 1%.

These high frequencies suggest that one should be able to isolate

clonal populations of cells, in which a genomic segment is deleted,

by dilution cloning.

Figure 3. Large nested genomic deletions. (A) ZFN target sites on a chromosomal ideogram. Arrows indicate the locations of ZFN target sites on the
amplified view of the relevant chromosome 3 region. (B) PCR products validating large nested deletions. S162 and each of the seven new ZFNs were
coexpressed in HEK 293 cells. DNA sequences of PCR primers used in this analysis are listed in Supplemental Table 3. (C ) DNA sequences of PCR products
corresponding to deletion events. Symbols are as in Figure 1.
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Analysis of clonal populations of cells

Next, we screened for clones derived from single cells in which the

target regions were deleted. We chose S162 for this analysis because

this ZFN resulted in the highest deletion frequency. Cells ex-

pressing S162 were plated at limiting dilution (0.7 cell/well in a

96-well plate) and cultured for 15 to 21 d. Expanded populations of

clonal cells were then analyzed by PCR to detect genomic de-

letions. Out of 87 clones, four yielded amplified DNA segments

with the expected size (Fig. 5B). Sequence analysis of these PCR

products confirmed specific deletions of 15-kbp DNA segments

(Fig. 5C). Interestingly, Clones 1 and 4 each showed two different

DNA sequences commensurate with the 15-kbp DNA deletions.

This result suggests that genomic deletions occurred at two ho-

mologous chromosomes in these cells. HEK 293 is a multiploid cell

line that appears to contain at least three copies of chromosome 3

(Bylund et al. 2004). Indeed, we were able to detect the presence of

intact chromosomal segments in each of these two clones using

PCR analysis (Fig. 5B). Clones 2 and 3 each showed only one DNA

sequence commensurate with 15-kbp deletions. As observed

above, indels and microhomologies were detected at breakpoint

junctions.

These clonal cells were further analyzed by Southern blotting

to confirm the presence of genomic deletions. Genomic DNA

prepared from each clone was treated with XbaI and subjected to

agarose gel electrophoresis. A radiolabeled DNA segment near the

CCR2 locus was used as a probe. As shown in Figure 5, A and D,

a 9.7-kb band, which corresponds to the genomic deletion, was

detected in addition to a 5.5-kb band corresponding to the region

in the wild-type chromosome from all four clones but not from

parental HEK 293 cells.

Because we were able to detect six different deletion events in

four out of 87 clones, the deletion frequency with S162 was 4.6%

(4/87) per cell or 2.3% (6/261) per allele (assuming that HEK 293 is

a triploid). These values are somewhat smaller than our estimation

(10%) obtained by the two different PCR-based methods described

above. This discrepancy may arise from the difference in the time

points used in the analyses. PCR-based estimations used cells at

day 3 post-transfection, whereas clonal analysis used cells at day 15

to 21 post-transfection. Not all cells in which the target genomic

segments are deleted may survive because of the cytotoxicity of

ZFN expression. ZFN cytotoxicity has been reported previously and

may arise from its off-target effects (Szczepek et al. 2007).

Discussion
Recent analyses of individual human genome sequences revealed

that a variety of genomic rearrangements including deletions, in-

sertions, and duplications contribute to genetic diversity in

humans (Iafrate et al. 2004; Redon et al. 2006). Some of these copy

number variations are associated with diverse phenotypes and

genetic diseases. Sequence analyses of these variations suggest the

involvement of both NAHR and NHEJ in their generation (Lupski

and Stankiewicz 2005). Because DSBs greatly enhance the rate of

both NAHR and NHEJ, it is assumed that most, if not all, chro-

mosomal rearrangements arise, through NAHR or NHEJ, from the

repair of DSBs that occur accidentally in the genome (van Gent

Figure 4. Frequencies of genomic deletions induced by ZFNs. (A)
‘‘Digital’’ PCR analysis. (Upper panel) Genomic DNA isolated from cells
cotransfected with plasmids encoding K33 and S162 were serially diluted
in a buffer and subjected to PCR analysis in a reaction volume of 10 mL.
(Lower panel) At critical dilution points, PCR was performed in 20 aliquots.
(B) A standard curve for the estimation of deletion frequencies. A plasmid
containing a PCR product corresponding to the 33-kbp genomic deletion
induced by ZFNs was serially diluted in a solution containing genomic
DNA isolated from HEK 293 cells and the diluted samples were subjected
to PCR analysis. Intensities of DNA bands corresponding to the deletion
event were measured and plotted against dilution factors. At high values,
band intensities reached plateau and thus were excluded when the
standard curve was plotted. The open square corresponds to the PCR
product from cells treated with ZFNs.

Table 1. List of deletion frequencies

ZFN
Deletion

length (kbp)

Deletion frequency (%)

Digital
PCR

Standard
curve

Z360 15 0.3 ND
Z410 15 1 ND
Z426 15 0.3 ND
Z430 15 0.1 ND
Z836 15 0.1 ND
Z891 15 0.1 ND
S162 15 10 10 6 2
K33 + S162 33 1 2 6 1
K230 + S162 230 1 4 6 2
K243 + S162 243 1 2 6 1
K276 + S162 276 1 4 6 1
K781 + S162 781 1 0.8 6 0.2
K835 + S162 835 0.1 0.3 6 0.2
M15 + S162 15,000 0.03 0.4 6 0.4

The nuclease domain of S162 was in obligatory heterodimeric form
(Miller et al. 2007), whereas those of the other ZFNs were in wild-type
form. Deletion frequencies were measured by two different PCR-based
methods. See text for details. Two different deletion clones were used to
prepare the standard curve for each deletion event. The data represent an
average of three independent experiments, and the standard error of the
mean is shown.
ND, Not determined.
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et al. 2001). Unfortunately, a direct test of this hypothesis has not

been possible because experimental systems to study the etiology

of these chromosomal aberrations have been lacking. A rare-

cutting endonuclease, I-SceI, was used to induce the deletion of

a small DNA segment between two I-SceI recognition sites that had

been incorporated into the mammalian genome (Guirouilh-Barbat

et al. 2004; Honma et al. 2007). However, it is not known whether

two randomly occurring DSBs at endogenous sites in a chromo-

some could give rise to large genomic deletions in mammalian

cells, and, if they do, how frequently the events would occur. Our

ZFN experiments address these questions and reveal that two DSBs

in a chromosome are sufficient to promote frequent genomic de-

letions of endogenous DNA segments.

It is remarkable to find that the endpoints of two distantly

occurring DSBs are joined together to give rise to large genomic

deletions. To explain how these events occur in cells, two different

models can be considered, which were first proposed to explain the

etiology of chromosomal translocations that are frequently ob-

served in cancer (Nikiforova et al. 2000; Aten et al. 2004). The

‘‘contact-first’’ model assumes that the sites where DSBs occur in

a chromosome must be in close physical proximity before the

formation of DSBs to give rise to deletions (or translocations). By

contrast, the ‘‘breakage-first’’ model postulates that DSBs occur

first and that distantly located broken ends are brought together

and joined to give rise to deletions of intervening DNA segments.

Note that our ZFNs target many different sites, separated by up to

15 Mbp, in chromosome 3 and that ZFNs generating two DSBs

always give rise to deletions. Because it is

unlikely that all the ZFN target sites in

chromosome 3 make prior contact with

each other, our results strongly support

the breakage-first model to explain how

genomic deletions occur.

Recently, Brunet et al. (2009) re-

ported on chromosomal translocations

artificially induced by I-SceI and ZFNs in

human cells. They found that coexpres-

sion of these enzymes, which generates

concurrent DSBs in two chromosomes,

gave rise to translocations at frequencies

of 10�6 to 10�5. These frequencies are

significantly smaller than the deletion

frequencies we observed, which were

in the range of 10�3 to 10�1 (P < 0.01,

Student’s t-test). It is possible that this

discrepancy may arise from the use of

different enzymes targeting different

chromosomes in the study by Brunet

et al. (2009) and this study. Alternately,

DSB-induced chromosomal deletions

could occur much more frequently than

do translocations in human cells. In

this regard, it is of note that each in-

terphase chromosome occupies a sepa-

rate region in a nucleus, referred to as

a chromosome territory (Meaburn and

Misteli 2007). Perhaps the endpoints de-

rived from two DSBs occurring in a single

chromosome within a territory are ligated

much more readily to give rise to de-

letions than are those in two different

chromosomes, each occupying a separate

territory, to give rise to translocations. Yet another possibility is

that cells might tolerate DSB-induced deletions better than trans-

locations. Thus, cells that harbor translocations would tend to

die out more frequently than do those that harbor chromosomal

deletions.

To our knowledge, this is the first report that demonstrates

genomic deletions of large, predetermined endogenous DNA seg-

ments in a targeted fashion in human cells. The sizes of deleted

DNA segments range from several-hundred bp to 15 Mbp and thus

span greater than four orders of magnitude. We envision that ZFN-

induced chromosomal deletions described herein can be applied in

virtually any organism or cell whose genome has been sequenced.

The microhomologies and indels that are often observed with ge-

nomic deletions induced by ZFNs suggest that NHEJ but not HR is

involved in these events. Because NHEJ rather than HR is the

dominant DSB repair system in both animals and plants (Ray and

Langer 2002), ZFN-induced chromosomal deletions should allow

targeted genome engineering in diverse organisms and cells.

It is of note that ZFNs, unlike other genome engineering tools

such as recombinases or meganucleases, do not require prior ma-

nipulation of genomic sequences. Thus, ZFNs induce targeted de-

letions of endogenous genomic segments and do not leave any

footprints. By contrast, insertion of target elements must precede

the use of recombinases or meganucleases for genome engineer-

ing, and those elements remain in the genome after the genetic

engineering is complete. Also note that ZFNs do not require se-

lection markers or gene targeting vectors, whose preparation is

Figure 5. Analyses of clonal populations of cells whose genomic segments were deleted by ZFNs. (A)
Schematic of CCR2 and CCR5 loci in wild-type cells and in clonal cells whose genomic segments were
deleted. The probe (black bar) and the restriction enzyme, XbaI, used for Southern blot analysis are
indicated. F2, R2, F5, and R5 are PCR primers (arrows) used for the detection of genome deletion events
or the intact CCR2 and CCR5 loci. (B) PCR products validating genomic deletions and the intact CCR2
and CCR5 region. PCR primers are shown in parentheses. Clones 1 to 4 are clonal cells isolated by
limiting dilution. (WT) Wild-type cells. (C ) DNA sequences of deletion junctions in clonal cells. Symbols
are as in Figure 1. (D) Southern blot analysis of clonal cells.
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time-consuming. These features make ZFNs versatile tools in ge-

nome engineering.

Targeted genome deletions via ZFNs could be broadly useful

in many areas of life science, biotechnology, and medicine. Ge-

neticists and molecular biologists could use ZFNs to delete gene

clusters in a genome of interest. It often is the case that a single

gene knockout does not result in any discernable phenotypic

changes in animal studies or in vitro experiments. More often than

not, this phenotypic masking is caused by the presence of a ho-

mologous gene(s). Interestingly, homologous genes tend to cluster

in the genome. For example, CCR2 and CCR5 are right next to each

other at chromosome 3p21. The 230-kbp genomic DNA segment

that was deleted with two ZFNs in our study also contains two

additional genes, CCR1 and CCR3, that encode chemokine (C–C

motif) receptors. ZFNs can be used to delete clusters of homologous

genes as a unit. In addition, ZFNs could enable scientists to selec-

tively delete intergenic regions and introns. These noncoding re-

gions represent greater than 98% of the human and other mam-

malian genomes (Venter et al. 2001) and contain critical in-

formation such as regulatory elements and noncoding RNAs but

are largely unexplored. Recent studies revealed that noncoding

regions are pervasively transcribed in mammalian cells (The

ENCODE Project Consortium 2007), implying physiological roles

associated with these regions. Conventional gene targeting ap-

proaches alone may not be sufficient for the systemic study of

these vast regions in human and other higher eukaryotic genomes.

The use of ZFNs for generating genome deletions could also

lead to important advances in stem cell research and gene therapy.

Genes associated with diseases could be selectively removed from

stem cells or somatic cells using ZFNs. Perez et al. (2008) elegantly

demonstrated that S162 could be used to induce frameshift mu-

tations at the CCR5 locus and to produce T cells deficient in wild-

type CCR5 protein and resistant to HIV-1 infection in animal

models. A derivative of S162 is now under clinical investigation for

the treatment of AIDS patients. Unlike the immunodeficient NOG

mice used in Perez et al. (2008), patients with AIDS are still immune-

competent and could respond to the novel CCR5 epitopes gener-

ated by ZFN-induced frameshift mutations at the CCR5 locus. As

a result, the very T cells that are devoid of wild-type CCR5 but

express mutant forms of CCR5 could be eliminated by the host

immune system. As we have shown here, S162 alone, which targets

both the CCR2 and CCR5 sites, can induce genomic deletions of

15-kbp DNA segments, which encompass not only the 59 part of

CCR5 but also the promoter of CCR5, and could give rise to T cells

that do not express functional CCR5 at all. It will be interesting to

see whether T cells in which this region is deleted would be

maintained in vivo and provide therapeutic benefits to patients. (It

still is possible that CCR2–CCR5 fusion epitopes would be gener-

ated by S162-mediated genome deletion.) In this regard, deleting

a promoter as well as a coding region by targeting two sites might

be advantageous to avoid opportunistic immune responses against

novel epitopes that could be generated by a ZFN targeting the

coding region only. S162-mediated chromosomal deletions also

highlight the possibility that undesired chromosomal rearrange-

ments in addition to targeted genome editing could be induced by

ZFNs when homologous target sites are present in the genome.

ZFN-induced chromosomal deletions could broaden the utility

and applicability of ZFN research as well. Thus far, ZFNs have been

used to introduce site-specific mutations in the coding regions of

many genes in diverse organisms (Bibikova et al. 2002, 2003;

Doyon et al. 2008; Meng et al. 2008) and cell lines (Urnov et al.

2005; Maeder et al. 2008; Santiago et al. 2008; Kim et al. 2009; Zou

et al. 2009) but not to generate large genomic deletions as de-

scribed in this report. To knock out a gene of interest (GOI), ZFN

users have searched for potential target sites in coding regions but

not in noncoding regions. As we have demonstrated previously,

not all sites are equally ‘‘targetable’’ with ZFNs and not all ZFs are

equally effective and reliable as modules for making ZFNs (Kim

et al. 2009). For example, naturally occurring ZFs (preselected in

a yeast-based one-hybrid system) are more reliable building blocks

for making functional ZFNs than are engineered ZFs (selected via

phage display or produced by site-directed mutagenesis). GNN

repeat sites [e.g., 59-(NNC)3N6(GNN)3-39] can be more efficiently

targeted with ZFNs than other sites (Ramirez et al. 2008). However,

these preferable sites occur rarely and may not exist at the coding

regions of a GOI. Considering that coding regions represent less

than 2% of the human genome, whereas noncoding regions rep-

resent greater than 98%, our genome deletion approach signifi-

cantly expands targetable regions for ZFN-mediated gene knockout

experiments. A promoter or an exon could be deleted by targeting

two sites in intergenic regions or introns. Furthermore, as dis-

cussed above, targeted deletions of DNA segments including the

promoter region would completely knock out a GOI and give rise

to a 100% null phenotype. By contrast, conventional targeted mu-

tagenesis in coding regions using a single ZFN pair could generate

truncated proteins or proteins fused to novel amino acid sequences

that arise from frameshift mutations. It certainly is possible that

these mutated proteins could be partially active or, in rare cases,

display gain-of-function phenotypes. In this regard, it is of note that

the naturally occurring 32-base deletion in CCR5 may be a gain-of-

function mutation (Chelli and Alizon 2001; Agrawal et al. 2004).

It remains a challenge for potential ZFN users to prepare ef-

ficient ZFNs for their experiments, but the current progress in this

field should make them routine and accessible tools in the near

future. Three different platforms for ZFN synthesis currently are

available to the science community. Each platform has its own pros

and cons. Sigma-Aldrich in collaboration with Sangamo Bio-

sciences offers a custom ZFN synthesis service to academic scien-

tists. Thus far, four mammalian genes, two zebrafish genes, and

three plant genes have been successfully mutated with ZFNs pro-

duced by Sangamo Biosciences. Many more genes in diverse or-

ganisms will certainly follow. But the high price tag attached to this

service may make this system unaffordable to most academic users

(Pearson 2008). Do-it-yourself kits also are available from two

sources. The Zinc Finger Consortium has developed an Escherichia

coli-based semi-selection method for making ZFNs (termed the

OPEN system) (Maeder et al. 2008). In this system, ZF arrays are

first selected in E. coli from pools of ZFs with identical DNA-

binding specificities and then attached to the FokI nuclease domain

to produce ZFNs. The Consortium has reported successful targeted

mutagenesis using OPEN ZFNs of one plant gene, four human

genes, and five zebrafish genes. Although OPEN ZFNs may take the

context effect of ZF modules into account, the entire process is

time-consuming and labor-intensive.

A faster, more convenient, and easy-to-practice approach

is modular assembly of precharacterized ZFs using standard

recombinant DNA technology. Unfortunately, this method had

not been successfully used to yield ZFNs that are functional in

mammalian cells. For example, an extensive survey of a large

number of modularly assembled ZFNs showed high failure rates

(Ramirez et al. 2008). We found, however, that success and failure

rates depend on the choice of ZF modules and that naturally oc-

curring ZFs are more reliable building blocks for making functional

ZF arrays than are engineered ZFs (Bae et al. 2003). Indeed, we were
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able to make dozens of modularly assembled ZFNs that target eight

different endogenous sites in human cells using a carefully chosen

set of ZFs (Kim et al. 2009). In this report, we showed that modu-

larly assembled ZFNs could also induce genomic deletions in ad-

dition to site-specific mutations in human cells. The plasmids that

encode these modules are available from Addgene (http://www.

addgene.org/zfc) or ToolGen.

Methods

Plasmids encoding ZFNs
Plasmids that encode ZFNs targeting far upstream of the CCR5
locus were constructed as described (Kim et al. 2009). Briefly, po-
tential ZFN target sites 30 kbp to 46 Mbp upstream of the CCR5
locus were identified using a computer algorithm (http://www.
toolgen.com/ZFNfinder/). Thirty four-finger ZFN pairs were as-
sembled using 17 naturally occurring ZFs (Supplemental Table 1).
Successful ZFNs that gave rise to genomic deletions and their target
sequences are listed in Supplemental Table 2.

Cell culture and transfection

Human embryonic kidney 293T/17 (ATCC, CRL-11268) cells were
maintained in Dulbecco’s modified Eagle medium (Welgene Bio-
tech) supplemented with penicillin (100 units/mL), streptomycin
(100 mg/mL), and fetal bovine serum (10%). Cells were seeded at
1 3 106 cells/well in a six-well plate, incubated for 24 h, and then
transfected with ZFN-encoding plasmids (total 4 mg) using poly-
ethylenimine (Aldrich). At 3 d post-transfection, genomic DNA
was isolated from cells using the AccuPrep Genomic DNA Extrac-
tion Kit (Bioneer), as described by the manufacturer’s protocol, and
used for PCR analysis.

PCR analysis of genomic deletions and DNA sequencing
of breakpoint junctions

To detect genomic deletions, genomic DNA (50 ng per reaction)
was subjected to PCR analysis using Taq DNA polymerase (GeneAll
Biotech) and appropriate primers (Supplemental Table 3). PCR prod-
ucts were analyzed by agarose gel electrophoresis. For sequenc-
ing analysis, PCR products corresponding to genomic deletions
were purified using QIAquick Gel Extraction Kit (QIAGEN) and
cloned into the T-Blunt vector using the T-Blunt PCR Cloning Kit
(SolGent). Cloned plasmids were sequenced using M13 primers or
primers used for PCR amplification.

Deletion frequencies estimated by two different PCR-based
methods

For digital PCR analysis, genomic DNA samples isolated from cells
transfected with plasmids encoding ZFNs were serially diluted in
distilled water, and diluted samples were subjected to hemi-nested
PCR using appropriate primers (Supplemental Table 3). For stan-
dard curve analysis, a cloned PCR product (0.01 pg, 3 kbp) was first
added to a solution containing genomic DNA (10 ng, 3 Gbp) iso-
lated from HEK 293T17 cells, which was then serially diluted in the
genomic DNA solution. PCR was performed using appropriate
primers and PCR product concentration was quantified using the
software LabWorks ver.4.6 (UVP).

Isolation of clonal populations of cells

293T/17 cells transfected with plasmids encoding S162 were in-
cubated for 6 h and then seeded in a 96-well plate at limiting dilution

(0.7 cell per well on average). After 15 to 21 d of culture, 87 clones
were grown to confluency. A small portion of cells was maintained
in culture and the rest was used for the isolation of genomic DNA,
which was then subjected to PCR analysis to detect genomic de-
letions. Methods for genomic DNA extraction, PCR, and sequencing
analyses were described above.

Southern blot analysis

Genomic DNA (30 mg) was treated with XbaI (New England
Biolabs), electrophoresed on agarose gels (0.8%), and transferred to
Hybond-N+ membrane (Amersham). The DNA probe was prepared
by PCR amplification of a cloned human CCR2 DNA template
using primers F2f and R2u (Supplemental Table 3) and subsequent
labeling with [a-32P]dCTP using the Megaprime DNA Labeling
System (Amersham). After hybridization at 65°C in Church buffer
for 24 h, the membrane was washed and exposed to an imaging
plate (Fuji Photo Film Co.), which was then scanned using the BAS-
2500 system (FUJIFILM Life Science). Band intensities were quan-
tified using Multi Gauge Ver3.0 (Fuji Photo Film Co.) software.
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