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Zinc finger nucleases (ZFNs) have become powerful tools to deliver a targeted double-strand break at a
pre-determined chromosomal locus in order to insert an exogenous transgene by homology-directed repair.
ZFN-mediated gene targeting was used to generate both single-allele chemokine (C-C motif) receptor 5 (CCR5)-
modified human induced pluripotent stem cells (hiPSCs) and biallele CCR5-modified hiPSCs from human lung
fibroblasts (IMR90 cells) and human primary cord blood mononuclear cells (CBMNCs) by site-specific insertion
of stem cell transcription factor genes flanked by LoxP sites into the endogenous CCR5 locus. The Oct4 and Sox2
reprogramming factors, in combination with valproic acid, induced reprogramming of human lung fibroblasts
to form CCR5-modified hiPSCs, while 5 factors, Oct4/Sox2/Klf4/Lin28/Nanog, induced reprogramming of
CBMNCs. Subsequent Cre recombinase treatment of the CCR5-modified IMR90 hiPSCs resulted in the removal
of the Oct4 and Sox2 transgenes. Further genetic engineering of the single-allele CCR5-modified IMR90 hiPSCs
was achieved by site-specific addition of the large CFTR transcription unit to the remaining CCR5 wild-type
allele, using CCR5-specific ZFNs and a donor construct containing tdTomato and CFTR transgenes flanked by
CCR5 homology arms. CFTR was expressed efficiently from the endogenous CCR5 locus of the CCR5-modified
tdTomato/CFTR hiPSCs. These results suggest that it might be feasible to use ZFN-evoked strategies to (1)
generate precisely targeted genetically well-defined patient-specific hiPSCs, and (2) then to reshape their func-
tion by targeted addition and expression of therapeutic genes from the CCR5 chromosomal locus for autologous
cell-based transgene-correction therapy to treat various recessive monogenic human diseases in the future.

Introduction

The creation of designer zinc finger nucleases (ZFNs)
and the development of ZFN-mediated gene targeting has

conferred molecular biologists with the ability to site specifi-
cally and permanently modify plant and mammalian ge-
nomes, including the human genome, via homology-directed
repair of a targeted genomic double-strand break (DSB) [1–4].
Our lab at the Johns Hopkins Medical Institutions pioneered
the work on the creation of designer ZFNs [1], and then in
collaboration with Dana Carroll’s lab in Utah, showed the
utility of ZFNs in gene targeting using frog oocytes as a model
system [2]. Published reports from several labs have now
firmly established ZFN-mediated gene targeting as a power-
ful research tool for site-specific and precise modification of
the human genome. Site-specific modification of the human

genome using designed ZFNs [and more recently using
transcription activator like effector nucleases (TALENs)], has
been successfully demonstrated in a variety of human cells
and other cell types [5–24]. High rate of endogenous gene
modification efficiencies ( > 10%) have been achieved using
ZFN-driven approach [8]. Several labs have also reported
successful ZFN-mediated gene targeting of human stem
progenitor cells (HSPCs) [22–25], human induced pluripotent
stem cells (hiPSCs), and human embryonic stem cells (hESCs)
[14–19]. High targeting efficiency (*50% of clones selected
with antibiotics) in hESCs and iPSCs, both at expressed and
silent genes, was observed in these studies.

In the present study, we investigate the potential of ZFN-
evoked strategies to generate precisely targeted genetically
well-defined hiPSCs, and then to reshape the functionality of
such hiPSCs (Fig. 1). Retro-virally based methods that are
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often used for the generation hiPSCs could lead to insertional
mutagenesis and oncogene activation, and the resulting
hiPSCs may not be suitable for clinical studies. Here, we
demonstrate the use of ZFN technology for the generation of
precisely targeted genetically well-defined chemokine (C-C
motif) receptor 5 (CCR5)-modified hiPSCs (both single-allele
CCR5-modified hiPSCs and biallele CCR5-modified hiPSCs)
by site-specific addition of Oct4/Sox2 genes to the CCR5
locus of human lung fibroblasts, in conjunction with small
molecule HDAC inhibitor, valproic acid (VPA). The stem cell
factor genes are then removed by treatment of CCR5-modi-
fied hiPSCs with Cre recombinase. We then demonstrate
further genetic engineering of the single-allele CCR5-modi-
fied hiPSCs generated above by targeted addition and ex-
pression of a therapeutic gene (the large CFTR transcription
unit in this case) at the remaining wild-type CCR5 allele. We
also demonstrate the use of ZFN technology for the gener-
ation of precisely targeted, genetically well-defined CCR5-
modified hiPSCs (both single-allele CCR5-modified hiPSCs
and biallele CCR5-modified hiPSCs) by site-specific addition
of Oct4/Sox2/Klf4/Lin28/Nanog genes to the CCR5 locus of
human primary cord blood mononuclear cells (CBMNCs).

We chose to target the CCR5 locus of the human genome
in our study [23]. CCR5 is a co-receptor involved in HIV-1
infection of macrophages and T cells. Homozygous in-

activating mutations of CCR5 are present in a subset of
healthy humans, and CCR5 is thought to be dispensable for
normal cellular differentiation and function. Importantly,
ZFN-mediated inactivating mutation of CCR5 should not
affect the biology of human hiPSCs and could potentially
serve as a safe harbor locus for targeted addition of a ther-
apeutic gene for functional protein complementation in cells
with the corresponding recessive monogenic defects. Pre-
vious reports have shown that CCR5 could potentially be an
attractive therapeutic target for future gene therapy for
treatment and/or prevention of HIV/AIDS [22–25].

Materials and Methods

The 4-finger CCR5-specific ZFPs fused to wild-type FokI
cleavage domain or to FokI obligate heterodimer variants
were originally reported by Lombardo et al. [22,26,27]. The
CCR5-specific ZFNs used in this study were generated by
fusing the above 4-finger ZFPs to the FokI nuclease domain
heterodimer variant pair (REL_DKK), which is described
elsewhere [4]. The nucleotide sequences of the polymerase
chain reaction (PCR) primers and PCR amplification condi-
tions used in this study are shown in Supplementary Table
S1 (Supplementary Data are available online at www
.liebertpub.com/scd).

FIG. 1. Schematic diagram
showing generation of single-
allele chemokine (C-C motif)
receptor 5 (CCR5)-modified
human induced pluripotent
stem cells (hiPSCs) (ii & iv)
and biallele CCR5-modified
hiPSCs (iii & v) by targeted
insertion of stem cell factor
genes (i) at the CCR5 locus of
the human lung fibroblasts
and further genetic engineer-
ing of single-allele CCR5-
modified hiPSCs (after Cre
recombinase treatment) (iv)
by targeted addition and ex-
pression of CFTR transcrip-
tion unit (vi) from the
remaining wild-type CCR5
allele, using CCR5-specific
zinc finger nucleases (ZFNs).
pA denotes polyA sequence.
Color images available online
at www.liebertpub.com/scd
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Construction of donor plasmids containing 2 and 5
reprogramming genes

The open reading frames (ORFs) of the human Oct4 and
Sox2 transcription factors were amplified from cDNA clones
obtained from Harvard Proteomics. The PCR-amplified
DNAs were placed between Foot and Mouth disease virus 2A
sequences to allow efficient polycistronic expression [28]. A
single CMV promoter, which drives the expression of these 2
transgenes, along with marker genes (either enhanced green
fluorescence protein (eGFP) or puromycin resistance gene)
were cloned into pNTKV using AflII and BamHI restriction
sites. The transgene cassette was flanked by loxP sites for Cre-
mediated excision of the transgenic cassette. This whole
transgene cassette was flanked by 750 bp of endogeneous
CCR5 locus sequence on both sides for ZFN-evoked homology-
directed repair. Both the CCR5 homology arms were PCR
amplified using specific primers and cloned in pNTKV vec-
tor using restriction enzymes AscI and HpaI (750 bp of left
homology arm) and HpaI and AscI (750 bp of right homology
arm). The final plasmids were named as pPBPL-Oct4/Sox2/
eGFP and pPBPL-Oct4/Sox2/eGFP/PuroR. Using a similar
protocol, a donor plasmid containing 5 stem cell factor genes,
Oct4/Sox2/Klf4/Lin28/Nanog/eGFP, was constructed.

Human cell culture

Human lung fibroblast IMR90 cells obtained from ATCC
were cultured in minimum essential medium (Quality Bio-
logical, Inc.) supplemented with 10% heat-inactivated fetal
bovine serum (Invitrogen), 0.1 mM non-essential amino acids
(Invitrogen), and 1.0 mM sodium pyruvate (Invitrogen).
hiPSCs were maintained on irradiated mouse embryonic fi-
broblasts (iMEF) (R&D Systems) in Dulbecco’s modified
Eagle’s medium/nutrient F12 ham (DMEM/F12) culture
medium supplemented with 20% knock-out serum re-
placer, 0.1 mM non-essential amino acids, 1 mM l-glutamine,
0.1 mM b-mercaptoethanol, and 100 ng/mL human basic fi-
broblast growth factor (all from Invtrogen).

Plasmid transfection and reprogramming

IMR90 cells were seeded at 3 · 105 cells per well of 6-well
plates (day 0) in IMR90 growth medium. On day 1, cells were
co-transfected with plasmids of 2 ZFNs (pPBPL-REL and
pPBPL-DKK), and the donor transgene plasmid (either
pPBPL-Oct4/Sox2/eGFP or pPBPL-Oct4/Sox2/eGFP/Pur-
oR), which were introduced with 1:3 ratio using TransIT
transfection reagent (Mirus). The transfection was repeated on
day 3 using the same plasmids. On day 5, cells were digested
off the culture plate with 0.05% trypsin-ethylenediaminete-
traacetic acid (Invitrogen). Cells were then transferred onto an
iMEF feeder layer in a gelatin-coated 6-well plate and cultured
with hESC growth medium. hiPSC colonies with morphology
similar to hESC colonies appeared on day 28–30 and were
picked and expanded using iMEF feeder layer conditions.

Alkaline phosphatase staining of hiPSCs

Alkaline phosphatase staining was performed using the
Vector Red Alkaline phophatase substrate kit I (Vector
Laboratories) following the manufacturer’s instruction.
Briefly, cells were fixed with 2% formaldehyde for 30 min

at room temperature (RT) and the colonies were stained
with Vector Red substrate working solution for 30 min at
RT. After 30 min, wells were rinsed with 100 mM Tris-Cl
(pH 8.0) twice and then further rinsed with double dis-
tilled water. Cells were viewed under bright field and
fluorescence microscope.

Immunostaining of hiPSCs

In order to characterize single-cell colony hiPSCs by im-
munostaining with various pluripotency markers, cultured
hiPSCs were fixed with 100% ice-cold methanol for 20 min,
permeabilized with 0.1% Triton X-100 in phosphate buffered
saline (PBS) for 20 min, and then washed with PBS for 3 times.
The fixed samples were blocked with 0.5% goat serum in PBS
for 1 h and incubated with primary antibodies with 0.25%
Triton X-100 in PBS for overnight at 4�C. The primary anti-
bodies for Oct3/4 (Stemgent), Sox2 (Stemgent), Nanog, and
Tran-1-60 (Applied StemCell, Inc.) were used in the staining.
After washing 3 times with PBS, cells were incubated with
AlexaFluor-conjugated secondary antibodies (Invitrogen-
Molecular Probes) with 2mg/mL of 4¢,6-diamidino-2-phenylindole
(DAPI) (Roche) at room temperature in the dark for 1 h.

Removal of Oct4/Sox2/eGFP cassette by transient
Cre-recombinase expression

hiPSCs were harvested using accutase (Sigma), and 2 · 106

cells were resuspended in 100mL Amaxa mouse ES nucleo-
fection buffer with 3mg of pNTKV-Cre and transfected using
the Nuclecofector II with program A-23. Cells were subse-
quently plated on iMEF feeder layers in hESC medium
supplemented with 10mM of ROCK inhibitor for the first
24 h. Three days after nucleofection, GFP-negative cells were
fluorescence-activated cell sorting (FACS) sorted and col-
lected as single-cell/well in Matrigel 96-well plates and al-
lowed to grow in ROCK inhibitor containing hES medium.

Genotype analysis of CCR5 gene-targeted
hiPSC lines

In order to provide the evidence for successful homolo-
gous recombination (HR) of donor DNA at the targeted
CCR5 chromosomal locus, we performed PCR analysis at the
5¢ and 3¢ junctions of the donor insertion sites using the
corresponding locus-specific primers (Supplementary Table
S1). PCR products were amplified from each individual
single-cell colony hiPSC clones, subcloned into Escherichia
coli, and then the recombinant plasmids sequenced.

Quantitative reverse transcription-polymerase chain
reaction analyses

Total RNA was isolated from the hiPSC lines using the
RNeasy Mini kit (Qiagen) and treated with Turbo DNA-
free kit (Ambion) to remove genomic DNA contamination.
One microgram of total RNA was used for the reverse
transcription using qScript cDNA superMix (Quanta
Biosciences) according to the manufacturer’s instructions.
Quantitative PCR was performed using TaqMan gene ex-
pression assays from Applied Biosystems (ABI). Expres-
sion levels of individual transcripts (Oct4, Sox2, Nanog
and Rexi) were normalized to glyceraldehyde 3-phosphate
dehydrogenase expression.
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Construction of CFTR/tdTomato donor plasmid

The CFTR/tdTomato donor plasmid was generated using
Gibson isothermal assembly method [29]. The CMV pro-
moter, tdTomato, and polyA were amplified with unique
40 bp overlaps. The ORF of the human CFTR was amplified as
3 pieces of 1.5 kb in size and with unique 40 bp overlaps be-
tween adjoining partners from wild-type (WT) cDNA clone.
The CAG promoter, which drives the expression of CFTR,
was also amplified with unique overlaps. All the PCR prod-
ucts were column purified and Gibson isothermal assembly
was used to assemble the target insert in the desired order of
fragments onto a pUC19 vector [29]. The assembled product
was digested with MfeI and cloned into pNTKV vector, which
contained the CCR5 homology arms. The donor construct
contained tdTomato gene under the control of the Pcmv pro-
moter, while CFTR cDNA was under the control of Pcag pro-
moter. This whole transgene cassette was flanked by 750 bp of
endogeneous CCR5 locus sequence on both sides (the same
homology arms that were used in donors containing stem cell
factor genes) for ZFN-evoked homology-directed repair.

Southern blot analysis

Genomic DNA isolated from hiPSC lines, after digestion
with appropriate restriction enzymes, were resolved on a
0.8% agarose gel and then transferred to a Hybond N +
nylon membrane (GE Healthcare) by capillary transfer
method [30]. After transfer and UV cross-linking (Hoefer),
the nylon membrane was incubated in prehybridization so-
lution [6 · saline sodium citrate (SSC), 5 · Denhardts so-
lution, 0.5% sodium dodecyl sulfate (SDS), 100 mg/mL
denatured Salmon sperm DNA, and 50% deionized form-
amide] in rotating incubator for 3 h at 42�C. The pre-
hybridization solution was replaced with hybridization
solution (6 · SSC, 0.5% SDS, denatured salmon sperm DNA,
50% deionized formamide) and then the appropriate dena-
tured radioactive labeled probe was added to the solution.
Hybridization was carried out at 42�C overnight with gentle
rotation. The membrane was sequentially washed in 1 · SSC,
0.1% SDS, and 0.5 · SSC, 0.1% SDS at room temperature for
15 min and exposed to X-ray film with intensifying screens.

Western blot analysis of CFTR expression in CCR5
gene-targeted hiPSC lines

CCR5-CFTR gene-targeted hiPSCs grown in Matrigel 6-well
plates were lysed in NP-40 lysis buffer (50 mM Tris-HCl pH
8.0,150 mM NaCl, 1% NP-40, phenlymethyl sulfonyl fluoride
(PMSF) 50mL/mL). Fifty micrograms of total protein of cell
extracts was separated on 8% SDS-polyacrylamide gel electro-
phoresis and transferred to polyvinylidene fluoride membrane
(Bio-rad Laboratories). The blot was blocked with Tris-buffered
saline (TBS)-Tween (0.1% Tween-20 in TBS) supplemented with
5% low fat milk powder (w/v) for 1 h at room temperature and
incubated with an Ab217 primary antibody (1:2,000) (UNC
Cystic Fibrosis Center). After washing, the membrane was
incubated with Peroxidase-AffiniPure Goat Anti-Mouse im-
munoglobulin G (H + L) secondary antibody (1:2,000) ( Jackson
ImmunoResearch) for 1 h at room temperature. The membrane
was washed again with TBS-Tween (0.1%) and developed us-
ing an ECL chemiluminescence detection system (Amersham
Biosciences) according to manufacturer’s instructions.

Teratoma formation and karyotyping of CFTR-
expressing hiPSCs

CFTR-expressing hiPSCs were grown on Matrigel plates
were harvested by dispase treatment (1.5 mg/mL). hiPSC
aggregates were collected by centrifugation and resuspended
in a ratio of 106 cells in 200mL of hiPSC culture media and
injected subcutaneously into NOD-SCID mice. Tumors were
observed typically 6–8 weeks after injection. Tumor samples
were collected typically in 8–10 weeks after injection. Ter-
atomas were isolated after sacrificing the mice and fixed in
formalin. After sectioning, slides containing various regions
of teratomas were stained by hematoxylin and eosin. The
karyotyping assays using CFTR-expressing hiPSCs were
performed by Cell Line Genetics, Inc.

Reprogramming of CBMNCs

Human primary CBMNCs were purchased from Allcells,
Inc. The frozen CBMNCs were thawed and then cultured in
the serum free medium (SFM) supplemented with cytokines
and a hormone: stem cell factor (SCF) (50 ng/mL), interleu-
kin-3 (10 ng/mL), erythropoietin (EPO) (2 U/mL), insulin
like growth factor-1 (IGF-1) (40 ng/mL) (all from R&D
Systems) and dexamethosone (1 mM; Sigma) [31]. The media
were changed at day 3 and 6. Once the overt sign of cell
division was observed on day 9, the cells were harvested and
2 · 106 cells were nucleofected with 1 mg of each ZFN plas-
mids (pPBPL-REL and pPBPL-DKK) and 8mg donor plasmid
(pNTKV-5F) using nuclofector II with program T-016. The
nucleofected CBMNCs were cultured in the SFM for 2 days
and then transferred to iMEF feeder cells for reprogramming.

Results

A schematic diagram of the experimental strategy used in
this study to generate hiPSCs and then to reshape their
functionality using CCR5-specific ZFNs is shown in Fig. 1. In
the first step, we generated both single-allele CCR5-modified
hiPSCs [Fig. 1(ii)] and biallele CCR5-modified hiPSCs [Fig.
1(iii)] by targeted addition of stem cell factor genes flanked
by loxP sites [Fig. 1(i)] at the CCR5 locus of human lung
fibroblasts. Cre treatment of the reprogrammed cells allowed
removal of the stem cell factor genes [Fig. 1(iv, v)]. In the
second step, we used CCR5-specific ZFNs for further genetic
engineering of the single-allele CCR5-modified hiPSCs by tar-
geted addition and expression of the large CFTR transcription
unit (using the remaining wild-type CCR5 allele) [Fig. 1(vi)].

Generation of hiPSCs by targeted insertion of
Oct4/Sox2 genes at the CCR5 locus of human
lung fibroblasts, using CCR5-specific ZFNs

We generated CCR5-modified hiPSCs by targeted inser-
tion of 2 reprogramming genes (Oct4/Sox2) flanked by loxP
sites, at the CCR5 locus of human lung fibroblasts (IMR90
cells), using ZFN-mediated gene targeting in combination
with small molecule HDAC inhibitor, VPA (Figs. 2 and 3).
The donor plasmid contained a single polycistronic cassette
in which Oct4, Sox2, and eGFP (and/or Puro) were each
separated by 2A peptides, as well as the Pcmv promoter
flanked by CCR5 homology regions (Fig. 1) for targeted in-
sertion at the CCR5 locus of human lung fibroblasts. Twenty
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FIG. 2. Generation of CCR5-modified hiPSCs from human lung fibroblasts (IMR90 cells) by targeted insertion of Oct4/Sox2
transcription factors at the CCR5 locus using designed ZFNs, in conjunction with small molecule inhibitor, valproic acid. (i)
Morphology of single-allele CCR5-modified hiPSCs, before Cre treatment. (A, B) Bright field images of the morphology of 2
single-allele CCR5-modified hiPSC lines. (C, D) eGFP fluorescence images of the hiPSC lines shown in (A, B). (E, F), alkaline
phosphatase staining of 2 single-allele CCR5-modified hiPSC lines. Immunostaining for Oct4/Sox2/Nanog/Tra1-60 and
DAPI staining of single-allele CCR5-modified hiPSCs are also shown. (ii) Schematic representation of donor (Oct4/Sox2/eGFP
flanked by CCR5 homology arms) insertion site at the CCR5 locus of single-allele CCR5-modified hiPSCs. Polymerase chain
reaction (PCR) primers anchored outside the CCR5 homology arms and primers anchored inside the donor for the 5¢ and 3¢
junction sites are shown. pA denotes polyA sequence. (iii) PCR analysis of 5¢ junction of donor insertion site in 4 different
CCR5-modified hiPSC single-cell colonies, before Cre treatment. Lanes: 1–4, single-allele CCR5-modified hiPSC lines; 5,
control IMR90 cells; and 6, 1 kb ladder. PCR analysis yielded the expected band size (1.8 kb) confirming insertion of the donor
at the CCR5 locus. (iv) PCR analysis of 3¢ junction of donor insertion site in 4 different CCR5-modified hiPSC single-cell
colonies, before CRE treatment. Lanes: 1–4, single-allele CCR5-modified hiPSC colonies; 5, control IMR90 cells; and 6, 1 kb
ladder. PCR analysis yields the expected band size (2.7 kb) confirming insertion of the donor at the CCR5 locus. (v) Mor-
phology of single-allele CCR5-modified hiPSCs, post Cre treatment. (A) Bright field images of the morphology 3 represen-
tative single-allele CCR5-modified hiPSC lines, post Cre treatment. (B) GFP fluorescence images of single-allele CCR5-
modified hiPSC lines shown in (A). Immunostaining for Oct4/Sox2/Nanog/Tra1-60 and DAPI staining of the single-allele
CCR5-modified hiPSC lines are also shown. (vi) Southern blot profiles of 4 different single-allele and biallele CCR5-modified
IMR90 hiPSC lines, respectively. Genomic DNA was digested with BamHI and hybridized using either 32P-radiolabeled GFP
gene or 32P-radiolabeled Sox2 gene. Lanes: 1, IMR90 cells; 2–5, 4 different single-allele CCR5-modified hiPSC lines; 6–9, 4
different biallele CCR5-modified hiPSC lines. The data confirms single insertion of the donor at the targeted CCR5 locus.
Target denotes donor (containing Sox2 gene) insertion at the CCR5 locus; Wt denotes endogenous Sox2 genes. Color images
available online at www.liebertpub.com/scd
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individual single-cell colonies with morphology similar to
hES cells were picked, grown, and characterized further for
genotype of the CCR5 locus by PCR and sequencing. Com-
plete data for 4 single-allele and biallele CCR5-modified
IMR90 hiPSCs are shown in Figs. 2 and 3, respectively. The

CCR5-gene-modified hiPSC single-cell colonies were char-
acterized for expression of pluripotency markers before Cre
treatment [Figs. 2(i) and 3(i)]. As expected, all the plur-
ipotency markers were expressed in all the clones that were
examined. PCR analysis of the 5¢ and 3¢ junctions of the

FIG. 3. Characterization of biallele CCR5-modified hiPSCs, generated from human fibroblasts by targeted insertion of
Oct4/Sox2 transcription factors at the CCR5 locus, using CCR5-specific ZFNs. (i) Morphology of biallele CCR5-modified
hiPSCs, before CRE treatment. (A, B) Bright field images of the morphology 2 representative biallele CCR5-modified hiPSC
colonies. (C, D) eGFP fluorescence images of hiPSC single-cell colonies shown in (A, B). (E, F) Alkaline phosphatase staining of
2 biallele CCR5-modified hiPSC lines. Immunostaining for Oct4/Sox2/Nanog/Tra1-60 and DAPI staining of biallele CCR5-
modified hiPSCs are shown. (ii) Schematic representation of donor (Oct4/Sox2/eGFP flanked by CCR5 homology arms)
insertion site at the CCR5 locus of single-allele CCR5-modified hiPSCs. PCR primers anchored outside the CCR5 homology
arms and primers anchored inside the donor for 5¢ and 3¢ junction sites are shown. pA denotes polyA sequence. (iii) PCR
analysis of 5¢ junction of donor insertion site in 4 different biallele CCR5-modified hiPSC lines, before CRE treatment. Lanes:
1–4, biallele CCR5-modified hiPSC lines; 5, control IMR90 cells; and 6, 1 kb ladder. PCR analysis yields the expected band size
(1.8 kb) confirming insertion of the donor at the CCR5 locus. (iv) PCR analysis of 3¢ junction of donor insertion site in 4
different biallele CCR5-modified hiPSC single-cell colonies, before CRE treatment. Lanes: 1–4, single-allele CCR5-modified
hiPSC colonies; 5, control IMR90 cells; and 6, 1 kb ladder. PCR analysis yields the expected band size (2.7 kb) confirming
insertion of the donor at the CCR5 locus. (v) Morphology of biallele CCR5-modified hiPSCs, post Cre treatment. (A) Bright
field images of the morphology 3 representative biallele CCR5-modified hiPSC lines generated, post Cre treatment. (B) eGFP
fluorescence images of the IMR90 hiPSC lines shown in A. Immunostaining for Oct4/Sox2/Nanog/Tra1-60 and DAPI
staining of the hiPSC lines are also shown. Color images available online at www.liebertpub.com/scd
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donor insertion site [using one of the primers anchored
outside the CCR5 homology arms of the donor and the other
anchored within the donor as shown in Fig. 2(ii) for single-
allele CCR5-modified hiPSCs; and as shown in Fig. 3(ii) for
biallele CCR5-modified hiPSCs] yielded the expected 1.8 and
2.7 kb fragments respectively [Figs. 2(iii, iv) and 3(iii, iv)] in-
dicating donor insertion at the CCR5 locus. The PCR frag-
ments were then cloned and sequenced to determine the
nucleotide sequence at the 5¢ and 3¢ junctions of the donor
insertion site in the CCR5-modified hiPSCs. The sequencing
data further confirmed the presence of both single-allele
CCR5-modified hiPSCs resulting from HR (Fig. 2; Supple-
mentary Table S2a) and biallele CCR5-modified hiPSCs re-
sulting from HR and nonhomologous end joining (NHEJ)
(Fig. 3; Supplementary Fig. S1a; Supplementary Tables S2a
and S3). Although ZFN-mediated gene targeting resulted in
highly specific integration of the pluripotency genes into the
targeted CCR5 locus of the human lung fibroblasts, the re-
programming, however, occurred at low efficiency (Supple-
mentary Table S4a, b; *120 hiPSC colonies per 300,000
treated cells with GFP donor and *70 hiPSC colonies per
300,000 treated cells with puromycin donor). The ratio of
single-allele (16 single-cell colonies) versus biallele (4 single-
cell colonies) CCR5-modified colonies for IMR90-derived
hiPSC lines was 4:1 (Supplementary Table S4b).

The single-allele CCR5-modified hiPSCs and biallele CCR5-
modified hiPSCs, respectively, were then treated with Cre re-

combinase to remove the reprogramming genes (Oct4/Sox2 and
eGFP) [Figs. 2(v) and 3(v); Supplementary Fig. S2a]. The Cre-
treated CCR5-modified hiPSCs were then characterized for
pluripotency markers. As expected, all the pluripotency markers
were expressed in all hiPSC clones that were examined [Figs.
2(v) and 3(v)]. PCR analysis of single-cell colonies of the single-
allele CCR5-modified hiPSCs and biallele CCR5-modified
hiPSCs were performed using similar primers flanking the
CCR5-specific ZFN target sites, which yielded the expected
closely spaced (*0.9 kb size) DNA fragments (Fig. 4). The PCR
results for single-allele CCR5-modified hiPSCs are shown in
[Fig. 4(i)], while those of the biallele CCR5-modified hiPSCs are
shown in Fig. 4(ii). The PCR fragments were then cloned and
sequenced to determine the nucleotide sequence of the CCR5
mutations both in the single-allele CCR5-modified hiPSCs and
biallele CCR5-modified hiPSCs, which are shown in Table 1. As
expected, the Cre-treated single-allele CCR5-modified hiPSCs
had one CCR5 wild-type allele and the other CCR5 allele was
disrupted by a loxP site, while the Cre-treated biallele CCR5-
modified hiPSCs had one CCR5 allele disrupted by an NHEJ
mutation as before the Cre treatment and the other CCR5 allele
was disrupted by a loxP site (Fig. 4; Table 1). Insertion of a loxP
site within the CCR5 allele results in biallele CCR5-modified
hiPSCs, with functional deletion of CCR5. In order to evaluate
the pluripotency of hiPSCs, both before and after Cre-
recombinase-mediated excision of the reprogramming cas-
sette, quantitative reverse transcription (RT)-polymerase chain

FIG. 4. PCR and nucleotide sequence analysis of the mutated CCR5 locus of single-allele and biallele CCR5-modified
hiPSCs. (i) Schematic diagram showing the configuration of the CCR5 chromosomal locus in single-allele CCR5-modified
hiPSCs before and after Cre treatment. PCR amplification of the mutant CCR5 locus was performed using genomic DNA
from single-allele CCR5-modified hiPSCs and primers flanking the CCR5-specific ZFN target sites. PCR analysis yields the
expected 900 bp fragment for the CCR5 allele with a loxP site insertion and the expected 854 bp fragment for the CCR5 wild-
type (WT) allele. (ii) Schematic diagram showing the configuration of the CCR5 locus in the biallele CCR5-modified hiPSCs
before and after Cre treatment. PCR amplification of the mutant CCR5 loci was performed using genomic DNA from the 4
biallele CCR5-modified hiPSCs and primers flanking the mutation site(s). PCR analysis yields the expected 900 bp fragment
for the CCR5 allele with a loxP site insertion and the expected 849, 856, 846 and 851 fragments, respectively, for the CCR5
allele mutated by non homologous end joining (lanes 1–4) for the CCR5-CRE-B-hiPSC1, CCR5-CRE-B-hiPSC2, CCR5-CRE-B-
hiPSC3 and CCR5-CRE-B-hiPSC4 lines. The PCR fragments were then cloned and sequenced to determine the nucleotide
sequence at the mutated CCR5 locus (see Table 1). Color images available online at www.liebertpub.com/scd
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reaction was performed to compare the mRNA expression
profiles before and after the removal of the transgenes (Fig. 5).
The hiPSCs after removal of the stem cell factor transgenes
continued to express the pluripotency genes from the endoge-
nous chromosomal loci. As expected, IMR90 cells, which were
used as a control, did not show expression of any pluripotency
genes from the genomic loci.

Genetic engineering of the single-allele
CCR5-modified hiPSCs by targeted insertion
and expression of the large CFTR transcription
unit from the remaining wild-type CCR5 allele, using
CCR5-specific ZFNs

Nucleofection of single-allele CCR5-modified hiPSCs using
tdTomato/CFTR cDNA donor and designed CCR-specific
ZFNs resulted in the targeted addition of the CFTR transcription
unit at the remaining wild-type CCR5 allele [Figs. 1(vi) and 6].
The hiPSCs expressing tdTomato were FACS sorted and single-

cell colonies were isolated by serial dilution and grown [Fig. 6(i);
Supplementary Fig. S2b]. The donor construct contained tdTo-
mato gene under the control of the Pcmv promoter, while CFTR
cDNA under the control of Pcag promoter [Fig. 6(ii)]. As ex-
pected, all the pluripotency markers were expressed in the sin-
gle-cell colonies of tdTomato/CFTR hiPSCs that were examined
[Fig. 6(i)]. PCR analysis of the 5¢ and 3¢ junctions of the donor
insertion site were performed using appropriate primers (one of
the primers anchored outside the CCR5 homology arms and the
other anchored within the donor) as shown in Fig. 6(ii), which
yielded the expected DNA fragments: 1.8 kb [Fig. 6(iii)] and
1.4 kb [Fig. 6(iv)], respectively, confirming tdTomato/CFTR
donor insertion at the wild-type CCR5 allele. The PCR fragments
were then cloned and sequenced to determine the nucleotide
sequence at the 5¢ and 3¢ junctions of the donor insertion site,
which revealed that tdTomato/CFTR donor was indeed in-
serted at the remaining wild-type CCR5 allele of the single-allele
CCR5-modified hiPSCs (Table 2). Western blot profiles show
efficient expression of the fully glycosylated CFTR from the

FIG. 5. Quantitative reverse transcription (RT)-polymerase chain reaction analysis showing the expression levels of
transgenes and endogenous genes IMR90 hiPSC lines. (i) Oct4; (ii) Sox2; (iii) Nanog; and (iv) Rex1 in single-allele biallele
CCR5-modified hiPSCs, respectively, before and after the removal of reprogramming transcription factor genes cassette using
Cre-recombinase. Expression levels of individual transcripts (Oct4, Sox2, Nanog and Rex1) were normalized to glyceralde-
hyde 3-phosphate dehydrogenase expression. IMR90 cells, which were used as a control, did not reveal expression of any
pluripotency genes from their genomic loci. Fib denotes IMR90 cells; S-hiPSCs denotes single-allele CCR5-modified hiPSC
lines; and B-hiPSCs denotes biallele CCR5-modified hiPSC lines.
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FIG. 6. Targeted addition and expression of the large CFTR transcription unit from the wild-type CCR5 allele of the single-
allele CCR5-modified IMR90 hiPSCs, using CCR5-specific ZFNs. (i) Morphology of single-allele CCR5-modified hiPSCs with
targeted addition of the CFTR transcription unit at the remaining wild-type CCR5 allele. (A) Bright field images of the
morphology of 3 single-cell CFTR hiPSC colonies. (B) tdTomato fluorescence images of CFTR hiPSC colonies shown in (A).
Immunostaining for Oct4/Sox2/Nanog and DAPI staining of 3 representative CFTR hiPSCs are also shown. (ii) Schematic
representation of donor (tdTomato/CFTR flanked by CCR5 homology arms) insertion site at the CCR5 locus of single-allele
CCR5-modified hiPSCs. PCR primers anchored outside the CCR5 homology arms and primers anchored inside the donor for
both 5¢ and 3¢ junction sites are shown. pA denotes polyA sequence. (iii) PCR analysis of 5¢ junction of donor insertion site in
4 different CCR5-modified CFTR hiPSC single-cell colonies. Lanes: 1–5, CCR5-modified CFTR hiPSC colonies; 5, 1 kb ladder.
PCR analysis yielded the expected band size (1.8 kb) confirming insertion of the donor at the remaining CCR5 wild-type
allele. (iv) PCR analysis of 3¢ junction of donor insertion site in 5 different CCR5-modified CFTR hiPSC single-cell colonies.
Lanes: 1–5, CCR5-modified CFTR hiPSC colonies; 5, 1 kb ladder. PCR analysis yielded the expected band size (1.4 kb)
confirming insertion of the donor at the remaining CCR5 WT allele in single-allele CCR5-modified hiPSCs. (v) The Southern
blot profile of 4 different CCR5-modified CFTR-expressing hiPSCs, probed using labeled tdTomato gene. Lanes: 1, IMR90
cells; 2, control single-allele CCR5-modified hiPSCs before tdTomato/CFTR insertion at the remaining CCR5 WT allele; 3–6, 4
different CCR5-modified tdTomato/CFTR hiPSC lines; 7 and 8, lanes intentionally left blank; and 9, labeled tdTomato probe
used as a positive control. All 4 CFTR-expressing hiPSCs show single integration of the CFTR transcription unit at the
remaining WT CCR5 allele, which is consistent with the results obtained by PCR amplification using the corresponding locus-
specific primers and sequencing of the 5¢ and 3¢ junctions of the donor insertion sites (Table 2). (vi) Western blot profile of 4
different CCR5-modified tdTomato/CFTR hiPSCs, probed using the antibody Ab217, anti-C-terminal monoclonal mouse
antibody against CFTR (purchased from UNC Center for Cystic Fibrosis Research) is shown. Lanes: 1, IMR90 cells; 2, control
single-allele CCR5-modified hiPSCs before tdTomato/CFTR insertion at the remaining CCR5 wild-type allele; and 3–6, 4
different single-cell colonies of CCR5-modified CFTR hiPSCs. Color images available online at www.liebertpub.com/scd
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endogenous CCR5 locus in all the tdTomato/CFTR hiPSCs that
we examined as seen from the prominent C-band in Fig. 6(vi).
Since the CFTR-expressing hiPSC lines were derived from
single-cell colonies and grown over 15 passages, it appears that
the CFTR expression is quite stable in these CCR5-modified
hiPSC lines.

Teratoma formation and karyotyping
of tdTomato/CFTR-expressing hiPSCs

CFTR-expressing hiPSCs were analyzed for chromosomal
abnormality by karyotyping and for pluripotency by tera-
toma formation in nude mice, respectively (Fig. 7). Kar-
yotyping of CFTR-expressing hiPSCs showed that the cells
were normal, 46XX [Fig. 7(i)]. As expected, teratomas
showed formation of all 3 germ layers [Fig. 7(ii)]. CFTR-
expressing hiPSC lines maintained the expression of plur-
ipotency markers for more than 15 passages and their ability
to differentiate in vivo into derivatives of all 3 germ layers
(ectoderm, mesoderm and endoderm), demonstrating that
the genome modification did not alter the pluripotency of the
CFTR-expressing hiPSCs.

Off-target cleavage by CCR5-specific ZFNs

We also monitored the off-target effects of the CCR5-
specific ZFNs fused to FokI nuclease domain variants
(REL_DKK) in CCR5-modified tdTomato/CFTR-expressing
hiPSCs at the closely related CCR2 locus and at 4 other previ-
ously reported CCR5 ZFN susceptible sites (KRR1, ALBIM2,
PKN2, and PGC) by PCR amplification and followed by se-
quencing. The results are summarized in Supplementary Fig.
S3 and Supplementary Table S5. No mutation was induced by
CCR5-specific ZFNs at any of these chromosomal loci.

Generation of hiPSCs from human primary
CBMNCs using CCR5-specific ZFNs

We generated both single-allele CCR5-modified hiPSCs
and biallele CCR5-modified hiPSCs by targeted insertion
of reprogramming genes (Oct4/Sox2/Klf4/Lin28/Nanog/
eGFP) flanked by loxP sites, at the CCR5 locus of CBMNCs,
using ZFN-mediated gene targeting (Fig. 8). Twenty indi-
vidual single-cell colonies with morphology similar to hES
cells were picked, grown, and characterized further for ge-
notype of the CCR5 locus by PCR and sequencing. Complete
data for 5 single-allele and biallele CCR5-modified CBMNC
hiPSCs are shown in Supplementary Fig. S4 and Fig. 8, re-
spectively. The CCR5-gene-modified hiPSC colonies were
characterized for expression of pluripotency markers [Fig.
8(i); Supplementary Fig. S4(i)]. As expected, all the plur-
ipotency markers were expressed in all the single-cell colo-
nies that were examined. PCR analysis of the 5¢ and 3¢
junctions of the donor insertion site [using one of the primers
anchored outside the CCR5 homology arms of the donor and
the other anchored within the donor as shown in Supple-
mentary Fig. S4(ii) for single-allele CCR5-modified hiPSCs;
and as shown in Fig. 8(ii) for biallele CCR5-modified hiPSCs]
yielded the expected 1.2 and 1.5 kb fragments respectively
[Fig. 8(iii, iv); Supplementary Fig. S4(iii, iv)] indicating donor
insertion at the CCR5 locus. The PCR fragments were then
cloned and sequenced to determine the nucleotide sequence
at the 5¢ and 3¢ junctions of the donor insertion site in the
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CCR5-modified hiPSCs. The sequencing data further con-
firmed the presence of both single-allele CCR5-modified
hiPSCs resulting from HR (Supplementary Fig. S4; Supple-
mentary Table S2b) and biallele CCR5-modified hiPSCs re-
sulting from HR and NHEJ, (Fig. 8; Supplementary Fig. S1b;
Supplementary Tables S2b and S3). The ratio of single-allele
(15 single-cell colonies) versus biallele (5 single-cell colonies)
CCR5-modified colonies for CBMNC-derived hiPSC lines
was 3:1 (Supplementary Table S4b).

Monitoring off-target integrations of CCR5-modified
hiPSCs (generated from IMR90 cells and CBMNCs
using ZFNs) and tdTomato/CFTR-expressing
hiPSCs by Southern

Southern blot analysis of genomic DNA (isolated from
single-allele and biallele CCR5-modified IMR90 hiPSCs) di-
gested with BamHI and probed using either 32P-radiolabeled
eGFP gene or 32P-radiolabeled Sox2 gene confirmed single
insertion of the donor at the targeted CCR5 locus [Fig. 2(vi)].
Southern blot analysis of CFTR-expressing hiPSCs using la-
beled tdTomato probe revealed only a single band, sug-
gesting a single targeted integration event and ruling out
random integration events within the genome of these
tdTomato/CFTR-expressing hiPSC lines [Fig. 6(v)]. This re-
sult, taken together with the PCR and sequencing analysis of

the donor integration site discussed above, confirms targeted
integration of tdTomato/CFTR transcription unit at the
CCR5 locus of CFTR hiPSCs. Southern blot analysis of ge-
nomic DNA (isolated from single-allele and biallele CCR5-
modified CBMNC hiPSCs) digested with BamHI and probed
using either 32P-radiolabeled GFP gene or 32P-radiolabeled
Sox2 gene confirmed single insertion of the donor at the
targeted CCR5 locus [Fig. 8(v)].

Discussion

In this article, we have shown that (1) ZFN-mediated gene
targeting could be used to generate genetically well-defined
hiPSCs from human lung fibroblasts and CBMNCs by tar-
geted insertion of pluripotency genes into one of the CCR5
alleles; and (2) the functionality of such reprogrammed sin-
gle-allele CCR5-modified hiPSCs (after the removal of the
pluripotency genes by Cre treatment) could be further ge-
netically engineered by targeted insertion of a potential
therapeutic gene at the remaining wild-type CCR5 allele.

Generation of hiPSCs from human lung fibroblasts
and CBMNCs using designed CCR5-specific ZFNs

While the development of integration-free reprogramming
technology may offer a better approach to generate hiPSCs,

FIG. 7. Characterization of
tdTomato/CFTR-expressing
CCR5-modified hiPSCs. (i)
Karyotyping of tdTomato/
CFTR-expressing hiPSCs
show that the cells are nor-
mal, 46XX. (ii) Teratoma for-
mation shows that the
tdTomato/CFTR-expressing
hiPSCs produce all 3 germ
layers, ectoderm, mesoderm
and endoderm. Color images
available online at www
.liebertpub.com/scd
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here we investigated reprogramming of human lung fibro-
blasts by targeted addition of stem cell factor genes to a
specific chromosomal locus using CCR5-specific ZFNs.
Generation of iPSCs from human and murine cells using
other similar methods such as piggybac transposons, phage
integrase (FC31), and excisable lentiviruses have been re-
ported elsewhere [32,33]. Although the FC31-derived hiPSCs
had only a single integration in each line, the locations of
integration were random in different lines, favoring inter-
genic regions [32]. It is quite possible that site-specific inte-

gration using FC31 integrase could result in insertions at
critical genes or control regions in targeted cells disrupting
normal function of these cells. This is also likely to be true of
excisable lentiviral approach, since ‘‘scarred’’ genomic se-
quences will be left behind at the site of integration after
lentiviral excision, which could disrupt normal function of
the cells. In our experiments using CCR5-specific ZFNs, we
observed integration of the pluripotency genes only at the
CCR5 locus in all the 4 single-colony hiPSCs that we exam-
ined. Thus, unlike the FC31 integrase-mediated approach,

FIG. 8. Characterization of biallele CCR5-modified hiPSCs, generated from cord blood mononuclear cells (CBMNCs) by
targeted insertion of Oct4/Sox2/Klf4/Nanog/Lin28 transcription factors and eGFP at the CCR5 locus, using ZFNs. (i) Mor-
phology of precisely targeted biallele CCR5-modified hiPSCs before CRE treatment. (A) Bright field images of the morphology
2 representative biallele CCR5-modified hiPSC colonies. (B) GFP fluorescence images of hiPSC single-cell colonies shown in
(A). Immunostaining for Oct4/Sox2/Nanog/Tra1-60 and DAPI staining of the hiPSC lines are also shown. (ii) Schematic
representation of donor (Oct4/Sox2/Klf4/Lin28/Nanog and eGFP flanked by 750 bp CCR5 homology arms) insertion site at the
CCR5 locus of biallele CCR5-modified CBMNC hiPSCs. PCR primers anchored outside the CCR5 homology arms and primers
anchored inside the donor for the 5¢ and 3¢ junction sites are shown. (iii) PCR analysis of 5¢ junction of donor insertion site in 5
different biallele CCR5-modified hiPSC lines. Lanes: 1, control CBMNCs; 2–6, biallele CCR5-modified hiPSC lines; and 7, 1 kb
ladder. PCR analysis yields the expected band size (1.2 kb) confirming insertion of the donor at the CCR5 locus. (iv) PCR
analysis of 3¢ junction of donor insertion site in 5 different single-allele CCR5-modified hiPSC single-cell colonies. Lanes: 1,
Control CBMNCs; 2–6, biallele CCR5-modified hiPSC colonies; and 7, 1 kb ladder. PCR analysis yields the expected band size
(1.5 kb) confirming insertion of the donor at the CCR5 locus. (v) Southern blot profiles of 5 different single-allele and biallele
CCR5-modified hiPSC lines, respectively. Genomic DNA was digested with BamHI and hybridized using either 32P-radi-
olabeled eGFP gene or 32P-radiolabeled Sox2 gene. Lanes: 1, Control CBMNCs; 2–6, 5 different single-allele CCR5-modified
hiPSC lines; 7–11, 5 different biallele CCR5-modified hiPSC lines. Immunostaining and PCR analysis of single-allele CCR5-
modified CBMNC hiPSC lines are shown in Supplementary Fig. S4. Target denotes donor (containing Sox2 gene) insertion at
the CCR5 locus; Wt denotes endogenous Sox2 genes. Color images available online at www.liebertpub.com/scd
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ZFN-mediated gene targeting resulted in highly specific in-
tegration of the pluripotency genes into the targeted CCR5
locus of the human lung fibroblasts, although at low efficiency
(Supplementary Table S4). Further improvements to repro-
gramming efficiency could be achieved by reducing the
number of plasmids used in co-transfection to 2 (by cloning
both ZFNs in a single plasmid plus the donor plasmid) from
3 (2 ZFN plasmids plus the donor plasmid). More recently,
we have also achieved reprogramming of human primary
CBMNCs (with > 50% CD34 + cells, purchased from AllCells,
Inc.) by a single co-transfection with CCR5-specific ZFNs and
a donor containing 5 stem cell factor genes. The reprogram-
ming efficiency of human primary CBMNCs using 5 stem cell
factor genes (Oct4/Sox2/Klf4/Lin28/Nanog) was similar to
that of IMR90 cells. The observed frequency of biallele CCR5-
modified hiPSCs was about 20%–25% using these cells.

Biallele CCR5-modified mutant hiPSCs

ZFN-mediated gene targeting of the CCR5 locus using a
donor encoding reprogramming factors yielded both single-
allele CCR5-modified hiPSCs (with a single-allele insertion of
the pluripotency genes at the CCR5 locus, while the second
CCR5 allele remained wild type) and biallele CCR5-modified
mutant hiPSCs (with a single-allele insertion of the plur-
ipotency genes at the CCR5 locus, while the second CCR5
allele was mutated by NHEJ). Since Cre treatment of the
latter results in the disruption of both CCR5 alleles leading to
functional deletion of CCR5, in theory, such biallele CCR5-
modified hiPSC colonies could be isolated and differentiated
into HIV-resistant CD34 + hematopoietic stem cells (HSCs)
for transplantation. However, technical challenges still re-
main for the differentiation of hiPSCs into HSCs [34]. The
success of this approach depends on being able to get hiPSCs
to make in vivo engrafting HSCs for hematopoietic recon-
stitution, which has not yet been achieved [34]. However,
once these challenges are overcome, we posit that ZFN-me-
diated disruption of CCR5 locus by HR in patient-specific
hiPSCs, would become the method of choice for generation
of HIV-resistant CD34 + cells for autologous transplantation
via differentiation of HIV-resistant biallele CCR5-modified
hiPSC colonies generated either from cord blood or from
human fibroblasts. Thus, ZFN-mediated approach has the
potential to generate hiPSC clones containing uniform bial-
lele CCR5-modified cells containing a specific mutation. HR-
driven disruption of CCR5 using targeted insertion of the
transgenes like puromycin at the CCR5 locus could also be
used to generate and select a specific mutant population of
biallele CCR5-modified hiPSCs.

Holt et al. have reported high efficiency ZFN-mediated
disruption of the CCR5 locus by NHEJ in human CD34 +
HSPCs harvested from umbilical cord blood (17% of the total
CCR5 alleles in a population of cells was shown to contain
both single-allele and biallele CCR5-modified cells) [23–25].
Holt et al. then showed that ZFN treated HSPCs retained the
ability to engraft in NSG (NOD/SCID/IL2rgnull) mice and
gave rise to polyclonal multi-lineage progeny cells in which
CCR5 was permanently disrupted [25]. Furthermore, in mice
transplanted with ZFN-modified HSPCs, there was rapid
selection for CCR5 - / - cells and these mice had significantly
lower HIV-1 levels [25]. However, it must be emphasized
that ZFN-mediated CCR5 disruption of CD34 + cells by

NHEJ produces a heterogeneous population of cells con-
taining a spectrum of CCR5 mutations, of which only a small
percentage are likely to result in the disruption of CCR5.
Even a much smaller percentage of the CCR5-gene-modified
cells would have biallele disruption of CCR5 that confers
resistance to HIV-1 infection. Therefore, we reason that the
single-cell hiPSC colony-derived homogeneous CD34 + cell
population with a defined biallele CCR5-mutation is likely to
more advantageous in transplantation studies as compared
to a heterogeneous CD34 + cell population generated by
NHEJ.

Targeted CFTR gene addition to the CCR5 safe
harbor locus of the human genome

Genetic engineering of hiPSCs using designed ZFNs or
TALENs have been reported previously in literature em-
ploying hiPSCs generated by random integrations of plur-
ipotency genes [21–25] using retroviral methods, rather than
site-specific integration. ZFN-mediated approach, however,
generates precisely targeted genetically well-defined hiPSCs,
circumventing the problems associated with random inte-
grations. Targeting of selectable marker transgenes (like GFP
or puromycin) to the IL2RG, PPP1R12C, AAVS1, and CCR5
loci have been described previously elsewhere [21,24,25].

Since our ultimate goal includes autologous cell-based
transgene-correction therapy for recessive monogenic human
diseases, targeting a therapeutic gene to a safe and specified
genomic location offers a more general approach to treat a
variety of monogenic diseases unlike the patient-specific gene
correction approach. Such an approach will also ensure that the
therapeutic gene will not be expressed from an endogenous
promoter, circumventing the risk of insertional mutagenesis
that could result from random uncontrolled integration events.
Therefore, the successful experiment on site-specific addition
and expression of the large CFTR transcription unit (a potential
therapeutic gene) from the remaining wild-type CCR5 allele of
the single-allele CCR5-modified hiPSCs is very encouraging.
The facts that integration of the therapeutic gene to the CCR5
locus was efficient, that tdTomato gene expression can readily
be used as a marker to sort out the CCR5-gene-modified
hiPSCs by FACS, and that high expression of CFTR was ob-
served in all the 4 single-cell colony hiPSCs that we examined
confirm that the CCR5 locus could serve as an ideal locus for
targeted addition and ectopic expression to achieve therapeutic
transgene correction by functional protein complementation in
cells with corresponding gene defects, for example, in cells with
sickle cell disease or cystic fibrosis (CF) disease. However, how
high expression of the therapeutic protein will affect plur-
ipotency and differentiation propensity of hiPSCs with the
corresponding gene defect is unknown at this time and needs
to be studied in detail in the future. The use of embryonic and
adult stem cells for lung repair and regeneration after injury has
been proposed as a potential therapeutic approach for CF and
other lung diseases [35]. However, there still remains the
technical challenge of delivering the transgene-corrected cells to
the lung that needs to be addressed before any cell-based
therapy for CF treatment could even be contemplated [36]. This
study at this juncture is a demonstration of the potential of the
ZFN technology to generate and further reshape the function-
ality of hiPSCs. As an alternate approach, CFTR-specific ZFNs
that bind and cleave near the D508F mutation in the CFTR gene
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have been generated in the lab for potential use as agents for in
situ correction of CFTR defects in lung cells. During the revi-
sion of this article, Ciaran et al. reported correction of the DF508
mutation in the CFTR gene by ZFN homology-directed repair
in human cells expressing CFTR [37].

A potential limitation of the ZFN-mediated targeting ap-
proach is off-target DNA cleavage at related sequences (like
the CCR2 locus when targeting CCR5), which may cause
unpredictable genotoxic effects [4,38,39]. In this study, we
used only the well-characterized highly specific 4-finger
CCR5-specific ZFNs, which were previously shown not to
result in additional integrations [4,22,23]. Southern blot
analysis of the CCR5-modified CFTR-expressing hiPSCs also
did not reveal any additional integration events. Sequencing
of the CCR2 site closely related to the CCR5 and 4 other
previously reported susceptible sites (KRR1, ABLIM2, PKN2,
and PGC) [38] of the CCR5-modified CFTR-expressing
hiPSCs also did not reveal any mutations at these loci
(Supplementary Fig. S2; Supplementary Table S5). Kar-
yotyping results of CCR5-modified CFTR-expressing hiPSCs
also confirmed that these cells are normal 46XX, ruling out
any chromosomal abnormality. However, ZFN-mediated
DSB (or TALEN-mediated DSB) and error-prone repair by
NHEJ elsewhere in the genome still needs to be examined in
great detail on a genome-wide basis, especially if human
therapeutics studies are being contemplated using ZFN-
mediated (or TALEN-mediated) approach [38–41]. This may
necessitate very detailed genome-wide analysis of multiple
patient-specific single-cell hiPSC colonies before the correct
one could be identified.

In ex vivo gene therapy, autologous stem cells from a patient
with a genetic disease are isolated, gene corrected, expanded in
vitro, and then reimplanted into the patient. The limited avail-
ability of patient-derived adult stem cells and their limited in
vitro expansion potential have greatly hindered this method in
clinical practice. ZFN-evoked strategies described here to gen-
erate precisely targeted genetically well-defined hiPSCs using
designed ZFNs (or TALENs) and the ability to subsequently
regulate and reshape the functionality of such hiPSCs by tar-
geted insertion and high expression of therapeutic genes from
the endogenous CCR5 safe-harbor locus of the human genome
for functional protein complementation may have great poten-
tial for use in a clinical setting to treat a various recessive
monogenic diseases. Furthermore, CCR5-modified hESCs and
CCR5-modified hiPSCs were recently shown to retain their
pluripotent characteristics and could be differentiated in vitro
into CD34 + cells that formed all types of hematopoietic colonies
[42]. This suggests the potential for using patient-specific biallele
CCR5-modified hiPSC-derived CD34 + cells (generated by us-
ing ZFN-evoked strategies) to treat HIV/AIDS.
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