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Zinc Finger nucleases (ZFNs) have been used to create 
precise genome modifications at frequencies that might 
be therapeutically useful in gene therapy. We created a 
mouse model of a generic recessive genetic disease to 
establish a preclinical system to develop the use of ZFN-
mediated gene correction for gene therapy. We knocked 
a mutated GFP gene into the ROSA26 locus in murine 
embryonic stem (ES) cells and used these cells to cre-
ate a transgenic mouse. We used ZFNs to determine the 
frequency of gene correction by gene targeting in differ-
ent primary cells from this model. We achieved target-
ing frequencies from 0.17 to 6% in different cell types, 
including primary fibroblasts and astrocytes. We dem-
onstrate that ex vivo gene-corrected fibroblasts can be 
transplanted back into a mouse where they retained the 
corrected phenotype. In addition, we achieved targeting 
frequencies of over 1% in ES cells, and the targeted ES 
cells retained the ability to differentiate into cell types 
from all three germline lineages. In summary, potentially 
therapeutically relevant frequencies of ZFN-mediated 
gene targeting can be achieved in a variety of primary 
cells and these cells can then be transplanted back into 
a recipient.
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Introduction
Conceptually, the simplest application of gene therapy is for 
diseases caused by mutations in a single gene, the so-called mono-
genic diseases. Although millions of people suffer from mono-
genic diseases, a cure is only possible for a small fraction for whom 
either hematopoietic stem cell transplantation or organ trans-
plantation is available. In contrast, gene therapy uses the patient’s 
own cells and has the potential to cure many of these diseases. In 
the past decade, several clinical trials have been carried out that 
have highlighted both the promise of gene therapy (the benefit 

of tens of patients with severe combined immunodeficiency,1,2 a 
handful of patients with Leber’s congenital amaurosis,3,4 and two 
patients with X-linked adrenoleukodystrophy5 from gene therapy 
based on viral delivery), and the potential harm from the uncon-
trolled integrations of the viral vectors used to deliver the thera-
peutic transgene.6 An alternative to using integrating viruses is 
to use gene targeting by homologous recombination to precisely 
control the genomic modification either through directly cor-
recting a mutation or through controlling the site of transgene 
integration.7,8

The natural rate of gene targeting by homologous recombina-
tion, hereafter referred to as “gene targeting,” is 1 × 10−5 to 1 × 10−8 
(refs. 9,10) and is too low to be therapeutically useful. This barrier 
has been overcome by the discovery that the creation of a gene-
specific DNA double-strand break can stimulate gene targeting 
several thousand-fold,10–14 potentially to therapeutically relevant 
levels. To translate this finding to the field of gene therapy, it 
was necessary to devise a method to generate site-specific DNA 
double-strand breaks. There have been two major approaches to 
this problem. The first is to redesign homing endonucleases to 
recognize target sites in endogenous genes.15–17 The second is 
to design zinc finger nucleases (ZFNs) to recognize target sites 
in endogenous genes. ZFNs are artificial proteins in which the 
nonspecific nuclease domain from the FokI restriction endonu-
clease is fused to a zinc finger DNA-binding domain (reviewed in 
refs. 8,18). A ZFN can have 3–6 individual zinc-finger domains 
arranged in tandem recognizing a target site 9–18 base-pair long. 
Additionally, the FokI nuclease domain functions as a dimer.19,20 
Therefore, a pair of ZFNs must be engineered to bind the tar-
get site in a way that permits the nuclease domain to dimerize 
and create the double-strand break. Thus, even with a pair of 
three-finger ZFNs, the full target site is 18 base pairs long. An 
18-base-pair sequence should only occur once in the mammalian 
genome based on probability and can be empirically determined 
for any given sequence by BLAST searches. There are a number 
of different approaches to engineer ZFNs, each of which has 
their advantages and disadvantages (reviewed in Cathomen and 
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Joung21). Nonetheless, ZFNs have been successfully engineered 
to a wide variety of different gene targets in a range of different 
species.10,22–30 These ZFNs have been used to generate high rates 
of precise genome modifications either by the use of mutagenic 
nonhomologous end-joining (in which short insertions or dele-
tions are created at the site of the ZFN-induced double-strand 
break) or by the use of gene targeting, including creating geneti-
cally modified zebrafish and rats.24–26

In human cells, ZFNs have been used to stimulate gene target-
ing in a variety of different cell lines. The most recent advances 
demonstrated that ZFNs can stimulate gene targeting in human 
embryonic stem (ES) cells and induced pluripotent stem (iPS) 
cells.31,32 Moreover, Perez et al. demonstrated that human T cells 
modified at the CCR5 gene by mutagenic repair of a ZFN-induced 
double-strand break could survive when transplanted back into 
an immunodeficient mouse.33 Nonetheless, to date, there has 
been no easy way to model a therapeutic paradigm in which 
host-derived cells are precisely modified by ZFN-mediated gene 
targeting ex vivo and then transplanted back into a recipient, as 
might be done when trying to treat a patient with a genetic dis-
ease. To this end, we have created a mouse model of a generic 
recessive genetic disease in which a mutated GFP gene has been 
knocked-in to the ubiquitously expressed ROSA26 locus.34 Using 
this model, we show that gene correction of 0.17–6% of murine ES 
cells, novel ROSA-3T3 cell lines, primary embryonic fibroblasts, 
primary adult fibroblasts, and primary astrocytes can be achieved. 
We also demonstrate that gene-corrected cells can be transplanted 
back into a recipient mouse and the transplanted cells retain their 
gene-corrected phenotype.

Results
Generation of a mouse model of a generic recessive 
genetic disease
A critical aspect of translating the use of ZFN-mediated gene 
targeting to clinical use is to develop appropriate animal mod-
els to evaluate the feasibility of the strategy. In this work, we 
generated a mouse model that allows us to study the efficiency 
of ZFN-mediated gene targeting by homologous recombination 
in any primary cell type using a previously well-defined pair of 
ZFNs. This model provides a platform to directly determine the 
efficiency of gene targeting in a specific cell type and whether tar-
geted cells can be successfully transplanted back into a host. We 
created a mouse model of a generic recessive genetic disease by 
knocking-in a mutated GFP gene into the ROSA26 locus using 
standard homologous recombination technology in murine ES 
cells (Figure 1a). From two of the targeted ES cell clones, we gen-
erated transgenic mouse lines in which either one (ROSA26GFP*/+) 
or both alleles (ROSA26GFP*/GFP*) of the ROSA26 locus contain a 
knock-in of the mutated GFP gene. The mutation in the GFP gene 
consists of an 85 nucleotide sequence that includes both an in-
frame stop codon and the recognition site for the I-SceI homing 
endonuclease. This insertion is 12 bp downstream from the ZFN 
target site in the GFP gene that we have previously designed and 
validated several different pairs of “GFP”-ZFNs to recognize.35 
This animal model mimics the GFP gene-targeting system that 
we have used to better understand ZFN-mediated gene targeting 
in tissue culture cells, and human ES and iPS cells.10,32,35,36 In this 
system, cells containing the integrated GFP* gene are transfected 
with two plasmids that each express a ZFN, and a third “donor” 

wt

Knock-in

_ A B C D

EcoRV EcoRVProbeWt
ROSA26 locus

GFP*

GFP-ZFN site

SA PGK- Neo

EcoRV

PGK-DTA

Insert
(stop/frameshift)

Targeting
vector

ROSA26 5′ ROSA26 3′

11 kb

GFP*

GFP-ZFN site

SA PGK- Neo

EcoRVEcoRV EcoRV

Insert
(stop/ frameshift)

Probe
Targeted

locus
2.2 kb

2.2 kb

11 kb

a

b ES clone
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plasmid that carries sequence information needed to correct the 
mutation (by serving as a donor template during homologous 
recombination).10,18 Because the mutated GFP gene is knocked-in 
to the ubiquitously expressed ROSA26 locus, this model can be 
used to study the efficiency of gene correction by gene targeting 
in potentially every cell type in the mouse. There are two possible 
strategies to use gene targeting for gene therapy. The first is to 
attempt gene targeting in vivo and directly correct disease-causing 
mutations in cells without removing them from the animal 
beforehand. The second is to purify cells from the animal first, and 
correct the mutation ex vivo prior to transplanting back into the 
animal. Here, we report on our results at purifying primary cells 
from this generic genetic disease model and using ZFN-mediated 
gene targeting to directly correct the mutation in the GFP gene 
and then transplanting those cells back into a mouse.

ZFN-mediated gene targeting in murine ES cells
As we were generating the mouse line from the ROSA26GFP*/+-
targeted ES cell clones, we performed a series of targeting 
experiments in the ES cell clones (Figure  2). To perform these 
experiments, we transfected ES cells with three plasmids—an 
EGFP donor vector that contains sequence information necessary 
to correct the mutation in the integrated target but is nonfluores-
cent because it is missing the first 37 nucleotides of the coding 
region and two ZFN expression plasmids where the ZFN is driven 
by the ubiquitin C promoter. In prior work, we have shown that 
titrating the amount of the donor plasmid and nuclease expression 
plasmid is important in maximizing the rate of gene targeting.35,36 
In the gene-targeting titration experiment, we varied the amount 
of donor plasmid and ZFN expression plasmids while keeping 
the total amount of DNA transfected the same. We achieved the 
maximal rate of targeting when the transfection mix consisted 
of ~90% donor plasmid and ~10% of ZFN expression plasmids 
(Figure 2a). ROSA26GFP*/+ ES cells that were transfected with only 
the donor plasmid without ZFNs had an absolute targeting rate 

of <0.001% (data not shown). The targeting rate with ZFNs was 
0.21%. An important concern involving the use of ZFNs to cre-
ate DNA double-strand breaks is the potential for off-target cleav-
age. We have previously reported that the ZFNs used in this study 
demonstrate low levels of off-target toxicity in the murine ES cells 
used in this article,35 and no gross toxicity was observable in these 
experiments. We also tested whether exposing the cells to vinblas-
tine would increase the rate of targeting in murine ES cells as has 
been demonstrated in other cell types arrested at the S/G2 phase 
of the cell cycle,28,37,38 and found that vinblastine exposure for the 
first 15 hours after transfection increased the rate of gene targeting 
in murine ES cells by approximately four- to fivefold to an over-
all rate of 1.6% (Figure 2b). At this concentration of vinblastine 
(100 nmol/l for 15 hours), no gross cytotoxic effects were readily 
apparent in this cell type. We also compared two different pairs 
of ZFNs that target the same sequence in the GFP gene (Table 1) 
and found that ZFN pair 3/4 was ~50% better than pair 1/2 (the 
pair we have previously published and characterized most exten-
sively35). ZFN 3 only differs from ZFN 1 by a single amino acid in 
finger 1 and ZFN 4 has a different finger 3 than ZFN 2.
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Figure 2  Gene targeting in ES cells. (a) Titration of donor plasmid and ZFNs in ES cells. Cells were transfected using Lipofectamine 2000 with differ-
ent amounts of donor and ZFN plasmids. From left to right, amounts of donor plasmid increased, whereas ZFN amounts decreased. Transfection was 
performed with Lipofectamine 2000, and the amounts of donor plasmid and ZFNs in each lane are indicated as donor (ng), ZFN1 (ng)/ZFN2 (ng). 
(1) 100, 350/350; (2) 400, 200/200; (3) 600, 100/100; (4) 700, 50/50; (5) 750, 25/25; (6) 775, 13/13. Fifteen hours after transfection, media were 
changed to normal ESLX. Gene-targeting events were analyzed 4 days after transfection using flow cytometry. (b) Gene targeting in ES cells using 
two sets of GFP-ZFNs, with and without vinblastine treatment. Cells were plated in ESLX with and without vinblastine (100 nmol/l). Transfection mix 
was added, and 15 hours later, removed and replated with ESLX. Gene-targeting events were analyzed as in a. In the upper left of each graph is a 
representative flow cytometry plot after targeting in which GFP fluorescence is measured in the y axis and background orange fluorescence along the 
x axis. The number in the left corner of the flow plot is the percentage of GFP+ cells. ES, embryonic stem; ZFN, zinc finger nuclease.

Table 1  ZFN along with the seven amino acid stretch that mediates 
DNA binding and the 3 base-pair DNA sequence to which it binds

ZFN Finger 1 Finger 2 Finger 3

Target site GGT GAT GAA

GFP1 TRQKLGV VAHNLTR QHPNLTR

GFP3 TKQKLDV VAHNLTR QHPNLTR

Target site GGC GAC GAC

GFP2 APSKLDR DRSNLTR EGGNLMR

GFP4 APSKLDR DRSNLTR DQGNLIR

Abbreviation: ZFN, zinc finger nuclease.
All ZFNs used in this work contained the wild-type nuclease domain and were 
not modified to prevent homodimerization.
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To determine whether the targeted ES cells retained pluripotency, 
we evaluated whether the targeted cells could differentiate into all 
three germline lineages using a teratoma formation assay. GFP+ tar-
geted ES cells were purified using fluorescence-activated cell sorting 
(FACS), and these ES cells were injected subcutaneously into nude 
mice to create fluorescent teratomas (Figure 3). Histological exami-
nation of the teratomas showed that targeted ES cells formed tissues 
representative of all three germline lineages—endoderm, mesoderm, 
and ectoderm. In summary, ZFNs can stimulate gene targeting in 
murine ES cells to an absolute rate of 1.6% (>1,000-fold stimulation 
over the targeting rate without ZFNs), and these targeted cells retain 
the potential to differentiate into all of the major cell lineages.

Gene targeting in ROSA-3T3 cells
We generated immortalized fibroblast cell lines “ROSA-3T3s” from 
both ROSA26GFP*/+ and ROSA26GFP*/GFP* mice using a standard 

fibroblast immortalization protocol,39 and performed a gene target-
ing titration experiment with varying amounts of ZFN expression 
plasmids and donor plasmid (Figure 4a). As in the murine ES cells, 
we observed the maximal rate of targeting when the transfection 
mix contained ~90% donor plasmid and ~10% ZFN expression plas-
mids. Gene targeting rates reached a maximum of 1.8 and 6.7% in 
heterozygous and homozygous lines, respectively. Vinblastine expo-
sure did not affect targeting rates in these lines (data not shown).

Gene targeting in primary embryonic and adult 
fibroblasts
We also studied gene-targeting rates in fibroblasts derived from 
both embryonic (E13.5) and adult (3–6 months old) mice. In these 
experiments, we used nucleofection rather than Lipofectamine 
2000 as the method of transfection and found that increasing the 
amount of donor plasmid while keeping the amount of ZFN expres-
sion plasmid constant increased the frequency of gene targeting 
(Figure  4b,c). The maximal gene-targeting rate in primary adult 
fibroblasts from ROSA26GFP*/GFP* mice was over 2% (Figure 4b). In 
murine embryonic fibroblasts, the maximal rate of gene targeting 
was ~1.8%. Interestingly, the targeting rate in murine embryonic 
fibroblasts from heterozygous mice was significantly different from 
fibroblasts derived from homozygous mice when low amounts of 
donor were transfected, but this difference disappeared when the 
highest amount of donor plasmid was transfected (Figure  4c). 
In summary, ZFN-mediated gene-targeting rates of ~2% can be 
achieved in primary fibroblasts of either adult or embryonic origin.

Gene targeting in primary astrocytes
The final primary somatic cell type that we examined for ZFN-
mediated gene targeting was astrocytes. Using nucleofection with 
a constant amount of ZFN expression plasmid and increasing 
amounts of donor plasmid, we found that 0.03–0.17% of primary 
astrocytes could be targeted (Figure 4d). As in all of the other cell 
types examined, the rate of targeting increased as the amount of 
donor plasmid transfected increased. Overall, this rate of target-
ing is lower than what we found in primary fibroblasts. This dif-
ference may reflect an intrinsic difference between astrocytes and 
fibroblasts but may also reflect an underestimation of the rate of 
targeting in astrocytes because of decreased ability to detect tar-
geted cells secondary to the low level of GFP expression from the 
ROSA26 promoter in astrocytes compared to ROSA-3T3s and pri-
mary fibroblasts (Figure 4a,c,d). As in the immortalized cells and 
primary fibroblasts, there was no effect of vinblastine exposure on 
the rate of targeting in primary astrocytes (data not shown).

Transplantation of gene-corrected primary mouse 
fibroblasts into an immunocompetent recipient
To perform cell-based gene correction therapy clinically, gene-
corrected cells must be able to survive transplantation back into 
a recipient. A potential treatment for hemophilia is to modify 
fibroblasts ex vivo to secrete factor VIII or factor IX, followed by 
transplanting the cells back into recipients. This has already been 
performed with transient but significant clinical benefits observed 
in mice, rats, and human patients.40–42 As mentioned above, ZFNs 
may be toxic to cells and affect their transplantability. Although no 
toxic effects were readily apparent upon microscopic examination 
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Figure 4  ZFN-mediated gene targeting in primary cells. (a) Gene targeting in homozygous and heterozygous ROSA-3T3s: transfections were 
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of treated fibroblasts, we further looked for toxic effects using a 
previously described toxicity assay that measures how well cells sur-
vive after expression of the ZFNs. When fibroblasts were subjected 
to this assay, a small degree of toxicity was measured (Figure 5a). 
This was minor in comparison with a previously published pair 
of ZFNs designed to target the CCR5 locus,33 and which exhibit 
noticeable toxic effects on cells. Both pairs of ZFNs contained 
the wild-type nuclease domain and were not modified to prevent 
homodimerization.35,43,44 To test whether our gene-corrected fibro-
blasts were capable of transplantation, we isolated primary adult 
fibroblasts and performed another round of gene targeting. On 
day 6 after nucleofection, we analyzed a portion of the total cell 
population and found that 0.21% of the total cells had undergone 
gene correction. We next took the remaining population (with-
out selecting for GFP+ cells), embedded the cells in Matrigel, and 
transplanted the cells subcutaneously into an immunocompetent, 
isogenic mouse. Two weeks after transplantation, we excised the 
Matrigel plug, cultured the isolated cells for 6 days, analyzed the 
transplanted cells by flow cytometry, and found that 0.10% of the 
isolated cells were GFP+. The lower frequency of targeted cells 
may be due to contaminating host cells that were excised with the 
plug (Figure 5b). This study demonstrated that ex vivo ZFN gene-
corrected fibroblasts could be successfully transplanted.

Discussion
ZFNs have now been used in a wide variety of situations to create 
precise genome modifications.23 The precise genome modifications 
caused by ZFNs fall into two general classes. The first is to create small 
insertions/deletions at a specific locus by the mutagenic repair of 
a ZFN-induced double-strand break. Although the exact mutation 
cannot be controlled using this strategy, the precise location of the 
mutation is controlled by the specificity of the ZFN-induced dou-
ble-strand break. This strategy is being increasingly used to create 
knockout cell lines and organisms in which the ability to efficiently 
create such knockouts was not previously available.24–27,29,30,45–47 In 
addition, this strategy has been used to create targeted mutations 
in the CCR5 gene in human T cells, thereby creating a population 
of T cells that are resistant to human immunodeficiency virus 
infection33—a strategy that has now entered a phase I clinical trial 
(ClinicalTrials.gov identifier NCT00842634). Theoretically, this 
approach could also be used to treat dominant genetic diseases by 
selectively mutating the dominantly acting allele. The second way 
to create precise genome modifications (gene targeting) is to use 
the ZFNs to create a gene-specific double-strand break and then 
have the cell repair that break by homologous recombination using 
an introduced donor sequence as the template for repair. Using 
this strategy, both the specific site of the genome change and the 
specific sequence change can be controlled. In addition to the 
double-precision of gene targeting, it also has the advantage that 
one can precisely create both small (single nucleotide) or large (the 
insertion of full transgene cassette) changes in the genome36,48 and 
reviewed in ref. 8. In addition to being able to create inactivating 
mutations as the first strategy does, this strategy also allows the 
controlled integration of a transgene or the direct correction of a 
disease-causing mutation and could theoretically be used to treat 
recessive genetic diseases. ZFN-mediated gene targeting has now 
been used in a wide variety of different cell types at a large number 

of different loci. These include the modification of the IL2RG gene 
in various cell lines,28 the modification of the CCR5 gene in a variety 
of cell lines including primary human ES cells and hematopoietic 
stem cells,33 the correction of GFP reporter genes and the modifica-
tion of the PIG-A gene in human ES (hES) and human iPS cells,32 
and the modification of the OCT4 (POU5F1) and AAVS1 locus in 
hES and iPS cells.31

As part of the effort to translate the use of ZFN-mediated gene 
targeting to clinical use, we have generated a mouse model of a 
generic recessive disease by knocking-in a mutated GFP gene into 
the murine ROSA26 locus. Our goal is to generate a model in which 
one can either test the ability to use ZFN-mediated gene targeting 
to correct mutations directly in vivo (similar to work performed 
by Miller et al. to assess AAV gene targeting49), or to mimic a para-
digm in which patient cells are purified and then precisely modi-
fied ex  vivo before transplanting the modified cells back into the 
patient. Here, we report a first step in establishing the ex vivo cell 
modification paradigm by demonstrating that primary embryonic 
fibroblasts, primary adult fibroblasts, and primary astrocytes can all 
be isolated from the transgenic mouse line and the mutation in the 
GFP gene efficiently corrected using ZFN-mediated gene targeting 
ex vivo. The rates of correction in primary fibroblasts (~2%) are of a 
sufficient magnitude to suggest clinical utility in the appropriate situ-
ation. Moreover, the gene-corrected adult fibroblasts could be suc-
cessfully transplanted back into an immunocompetent mouse where 
they both survived and retained their corrected phenotype. Unlike 
previous studies where virally modified fibroblasts were transplanted 
back into a recipient mouse, gene correction allows for the corrected 
gene to be driven by its own promoter, thus preventing the silencing 
that can occur with transgenes that are driven by viral elements.

The use of gene targeting by homologous recombination without 
the use of nucleases in murine ES cells is a well-established proce-
dure. Here, we demonstrate that ZFNs can stimulate gene targeting 
in >1% of cells without selection that is an order of magnitude or 
more than the rate of targeting in murine ES cells using I-SceI,11 
or in human ES or iPS cells.31,32 Thus, this efficiency is high enough 
that one might be able to use ZFNs to create ES cells with extremely 
precise genetic modifications without using selectable markers.

This work also highlights an alternative strategy to creating 
gene-corrected iPS cells. In prior work, investigators have first con-
verted fibroblasts into iPS cells and then used gene targeting by 
homologous recombination in the iPS cells to correct a mutation.50 
The relatively high rates of gene correction stimulated by ZFNs in 
primary fibroblasts that we demonstrate here suggests that one 
could first correct disease-causing mutations in patient fibroblasts, 
and subsequently convert those gene-corrected fibroblasts into iPS 
cells. The advantages and disadvantages of whether to correct dis-
ease-causing mutations at the primary cell stage or after conversion 
to iPS cells will likely be assessed in future studies.

This work shows that in primary cells, just as in cell lines, that 
the best gene-targeting rates are obtained when the optimal mixture 
of ZFN expression plasmids and donor plasmid are introduced. Our 
finding that optimal targeting rates are achieved when the donor 
plasmid is at least tenfold more abundant than the ZFN expression 
plasmid suggests that keeping the two elements separate so that 
each can be introduced at their optimal amounts will be important 
in achieving optimal targeting rates in different cell types.
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In summary, we have developed a mouse model of a generic 
recessive disease in which ZFN-mediated gene targeting can be 
studied in any cell of the mouse. A particular advantage of this 
model is that correctly targeted cells can easily be quantified and 
isolated for subsequent experiments using flow cytometry. In this 
article, we demonstrated gene targeting and quantified the rates 
within several cell types from this mouse model and that targeted 
adult fibroblasts, a potentially clinically relevant cell type, can be 
transplanted back into a mouse. Our current work focuses on iso-
lating stem cells (such as hematopoietic stem cells, mesenchymal 
stem cells, muscle progenitor cells, and adipocyte precursor cells) 
from the mouse followed by performing gene targeting and sub-
sequently transplanting the targeted stem cells back into a mouse, 
thus extending our current results of correcting and then trans-
planting a somatic cell. This study represents an important step in 
developing a paradigm for gene correction–based gene therapy in 
an animal model prior to human clinical trials.

Materials and Methods
Generation of ROSA26-GFP* targeting construct. We constructed the 
ROSA26-GFP* targeting construct by first destroying the XhoI and XbaI 
sites present in the insert of the published GFP* reporter gene. This was done 
by digesting GFP* with XhoI followed by blunting of ends with Klenow. 
Next, the XbaI site was destroyed in the same manner creating GFP*-B. We 
then used PCR to fuse an XhoI-XbaI-ClaI linker to GFP* using the follower 
primers: GFP*-XhoI-XbaI-ClaI-forward: 5′-GTCTCGAGTCTAGAATCG
ATATGGTGAGCAAGGGCGAGG-3′ and GFP*-XhoI-reverse: 5′-GACTC
GAGTTACTTGTACAGCTCGTCCATGCCG-3′. The vector GFP*-B-Pgk-
Neo was created by ligating GFP*-B into the XhoI site of Pgk-Neo-Pgk-PA, 
giving GFP*-B-Neo. Next, a splice acceptor with ClaI ends was generated 
by PCR of pSAβGeo with primers SAClaI-forward: 5′-GGATCGATATC
TGTAGGGCGCAGTAGTCCAG-3′ and SAClaI-reverse: 5′-GTATCGA
TACCGTCGATCCCCACTG-3′. We digested the PCR product with ClaI 
and ligated it into the ClaI site of GFP*-B-Neo, generating SA-GFP*-B-Neo. 
Finally, this vector was digested with XbaI, and ligated into the XbaI site of 
the ROSA26-1-targeting vector. All restriction enzymes were ordered from 
New England Biolabs, Ipswich, MA. The vectors pSAβGeo and pROSA26-1 
were generous gifts from Philippe Soriano (Mount Sinai, New York, NY).

Generation of reporter mice. All experiments involving mice were 
approved by the IACUC at the University of Texas Southwestern Medical 
Center. Targeting of the GFP* reporter construct to the ROSA26 locus was 
performed by the UT Southwestern Transgenic Core Facility. Briefly, 50 µg 
of targeting vector was linearized with KpnI and electroporated into 1 × 107 
129/SvEvTac (SM-1) ES cells. Selection for targeted clones was performed 
using G418 at 250 µg/ml. Resistant clones were picked and screened using 
Southern analysis (Figure 1). Correctly targeted ES cells were injected into 
pseudopregnant C57/Bl6 females. Chimeric offspring were bred to identify 
mice transmitting the ROSA26-GFP* allele to their progeny.

Gene targeting in ES cells. ES cells were cultured in ESLX media con-
sisting of ES-DMEM, 20% ES qualified FBS, 1× nonessential amino acids, 
1× nucleosides, 1,000 U/ml ESGRO LIF, all purchased from Chemicon 
(Billerica, MA), 2 mmol/l l-glutamine, 1× Pen/Strep (Invitrogen, Carlsbad, 
CA), and 0.12 mg/ml sodium pyruvate and 0.1 mmol/l BME (Sigma-
Aldrich, St Louis, MO). Before reaching confluency, cells were harvested 
and plated 100,000 cells per well in a 24-well gelatinized plate with and 
without 100 nmol/l vinblastine. We then transfected ES cells using 
Lipofectamine 2000 (Invitrogen) with the indicated amount of donor and 
ZFN plasmids. Two sets of ZFNs designed to target GFP were compared. 
Both sets bind to the same recognition site; however, their amino acid 
sequences differ (Table  1). Fifteen hours after transfection, media were 

changed to ESLX without vinblastine. Gene-targeting events were analyzed 
4 days after transfection using a FACSCalibur (Becton Dickinson, Franklin 
Lakes, NJ).

Gene targeting and teratoma formation in ES cells. Gene-targeting 
experiments in ES cells were performed by nucleofection using the Mouse 
ES cell kit (cat. no. VPH-1001; Lonza, Basel, Switzerland). Briefly, 1.5 × 
106 cells were nucleofected with 1.8 µg donor substrate and 1.6 µg of each 
GFP-ZFN using program A-30, giving an initial targeting rate of 0.07%. 
Cells underwent two rounds of sorting for targeted GFP+ cells. For tera-
toma analysis, nude mice were sublethally irradiated with 350 rads using 
a cesium-137 source. The following day, mice received subcutaneous 
injects in the hind flank with 1.3 × 106 ES cells suspended in phosphate-
buffered saline. Teratomas were harvested 16–20 days after injections, 
photographed for GFP and Cy3 fluorescence using a Zeiss Stemi-11 ste-
reoscope (Carl Zeiss, Thornwood, NY) equipped with an epifluorescence 
illuminator and Optronics Macrofire CCD camera (Optronics, Goleta, 
CA). Teratomas were subsequently fixed in 4% paraformaldehyde for 48 
hours and paraffin processed for histopathologic analysis. Resulting H&E 
stains were photographed on a Leica DM2000 upright microscope (Leica 
Microsystems, Bannockburn, IL) with standard bright-field optics and 
Optronics Microfire CCD camera.

Gene targeting in primary cells
Mouse embryonic fibroblasts: Mouse embryonic fibroblasts were isolated 
from E13.5 embryos using the WiCell protocol (WiCell Research Institute, 
Madison, WI). Cells were cultured in DMEM, 10% FBS, Pen/Strep, and L-
Glut. Before senescence occurred, cells were harvested and nucleofected 
in triplicate using the Basic Fibroblast kit (cat. no. VPI-1002; Lonza) with 
program U-23. Each nucleofection consisted of 4 × 105 cells plus 2 µg of 
each GFP-ZFN, and 1, 5, 10, or 20 µg of donor plasmid. We analyzed gene-
targeting events on day 4 after transfection.

Mouse adult fibroblasts: Mouse adult fibroblasts were isolated from 
the ears of 3- to 6-month-old mice and cultured in DMEM, 20% FBS, 
Pen/Strep, L-Glut, Fungizone, and 1× nonessential amino acids. 5 × 105 
cells per sample were nucleofected per sample using the basic fibroblast 
kit (cat. no. VPI-1002) with program U-23 and analysis performed on day 
4 after transfection.

Astrocytes: Astrocytes were isolated from newborn mice and cultured 
in the same media used for MAFs. Nucleofections were performed on 5 × 
105 cells per sample using the mouse astrocyte kit (cat. no. VPG-1006; 
Lonza) with program T-20.

Transplantation of gene-targeted primary adult fibroblasts and 
cell survival assay. Toxicity of GFP-ZFNs was measured as previously 
described.35 Briefly, 1 × 106 primary fibroblasts were nucleofected with 4 µg 
of a tdTomato expression plasmid along with 4 µg of an I-SceI expression 
plasmid or 2 µg of each GFP-ZFN, and replated in a 12-well plate. On 
day 2, a portion of the cells was analyzed using flow cytometry and the 
remainder of cells replated in a 12-well plate. On day 6, cells were harvested 
and analyzed for tdTomato expression using flow cytometry. Toxicity 
compared to I-SceI was determined by first calculating the change in GFP 
expression from day 6 to day 2 of the I-SceI-transfected cells and then 
the GFP-ZFN-transfected cells (ΔGFPnuclease = %GFP+

day6/%GFP+
day2). 

Toxicity compared to I-SceI was then calculated as Toxicity = ΔGFPZFNs/
ΔGFPI-SceI. Analysis of toxicity for ZFNs targeting the CCR5 gene “CCR5 
ZFNs” was performed in parallel using 2 µg of each CCR5 ZFN.

For transplantation experiments, fibroblasts underwent gene targeting 
by nucleofection as described above, using 2 µg of each ZFN expression 
plasmid and 10 µg of donor plasmid. Cells were analyzed by flow cytometry 
6 days after nucleofection, immediately before transplantation. 9.3 × 105 
fibroblasts, of which 0.21% were GFP+, were injected subcutaneously in a 
Matrigel (BD Biosciences, San Jose, CA) matrix in the back of a wild-type, 
immunocompetent mouse not containing our ROSA26-GFP* transgene. 
The Matrigel plug and surrounding tissue were excised 2 weeks later. Cells 
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were dissociated by incubation in collagenase/dispase (25 mg/ml) (Roche 
Diagnostics, Indianapolis, IN) for 1 hour at 37 °C. One milliliter MAF 
media was then added and cells incubated overnight at 37 °C. The next 
morning, cells were triturated, filtered with a 70 µmol/l cell strainer (BD 
Biosciences) and plated in 24-well plates. On day 6, cells were harvested 
and analyzed using flow cytometry.
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