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Abstract

The combination of induced pluripotent stem (iPS) cell technology and targeted gene modification
by homologous recombination (HR) represents a promising new approach to generate genetically
corrected, patient-derived cells that could be used for autologous transplantation therapies. This
strategy has several potential advantages over conventional gene therapy including eliminating the
need for immunosuppression, avoiding the risk of insertional mutagenesis by therapeutic vectors,
and maintaining expression of the corrected gene by endogenous control elements rather than a
constitutive promoter. However, gene targeting in human pluripotent cells has remained
challenging and inefficient. Recently, engineered zinc finger nucleases (ZFNs) have been shown
to substantially increase HR frequencies in human iPS cells, raising the prospect of employing this
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technology to correct disease-causing mutations. Here we describe the generation of iPS cell lines
from sickle cell anemia patients and in situ correction of the disease-causing mutation using three
ZFN pairs made by the publicly available Oligomerized Pool Engineering (OPEN) method. Gene-
corrected cells retained full pluripotency and a normal karyotype following removal of
reprogramming factor and drug-resistance genes. By testing various conditions, we also
demonstrated that HR events in human iPS cells can occur as far as 82 bps from a ZFN-induced
break. Our approach delineates a roadmap for using ZFNs made by an open-source method to
achieve efficient, transgene-free correction of monogenic disease mutations in patient-derived iPS
cells. Our results provide an important proof of principle that ZFNs can be used to produce gene-
corrected human iPS cells that could be used for therapeutic applications.

Introduction

The development of induced pluripotent stem (iPS) cell technology has raised prospects for
patient-specific therapies of various human diseases.l 2 Human iPS cells can grow to
virtually unlimited numbers, can differentiate to all somatic tissues, and can be derived from
a variety of somatic cells such as fibroblasts obtained by a simple skin biopsy.3-8 For
treatment of monogenic diseases, patient-derived iPS cells might be corrected, differentiated
into therapeutically relevant cells, and transplanted back into the patient for restoration of
function. A critical component of this envisioned therapeutic strategy is the efficient genetic
correction of the disease-causing gene mutation in the iPS cells. One strategy for correction
is to use homologous recombination (HR) with an exogenous DNA donor template to
modify specific genomic sequences. This in situ approach would retain regulation by
endogenous genomic elements, a key advantage for genes that must be expressed in a staged
fashion through differentiation or development. In a previous report, we used gene targeting
in murine iPS cells to correct the sickle cell anemia mutation in a mouse model of this
disease.” However, in contrast to mouse cells, efficiencies of gene targeting in human iPS
and embryonic stem cells are low8-12 or require the construction of large donor
templates, 13 14 thereby rendering this approach difficult to practice.

Engineered zinc finger nucleases (ZFNs) can be used to substantially increase the rate of
gene targeting at specific genomic loci.1>-17 ZFNs are customizable restriction enzymes that
consist of an engineered zinc finger array fused to a hon-specific DNA cleavage domain
from the Fokl endonuclease.1® Introduction of a ZFN-induced DNA double-strand break
(DSB) substantially stimulates gene targeting mediated by homologous recombination (HR)
with a “donor template” at the cleavage site. Various publicly availablel9-24 and proprietary
methods?® exist to engineer the zinc finger arrays required for targeting the Fokl cleavage
domain to a specific genomic locus. We recently described a rapid, “open-source” ZFN
engineering method known as “Oligomerized Pool Engineering” (OPEN)?2 and have used
ZFNs made by this approach to modify endogenous genes in zebrafish, plants, and various
human cells.11: 22 26-28 previous work in human iPS cells has shown that ZFNs can be used
to enhance the efficiency of HR-mediated reporter gene or drug-resistance marker insertion
into ZFN-induced DSBs.% 11 One recent report also described insertion of a wild-type gene
into a ZFN-induced break induced at a potential “safe harbor” locus in human iPS cells
derived from patients with X-linked chronic granulomatous disease, thereby complementing
the gene defect.29 However, in situ gene correction by ZFNs is a more challenging problem
than simple reporter gene insertion because the currently limited targeting range of publicly
available ZFN engineering methods can make it difficult to introduce a DSB directly at the
site of the mutation. In addition, high efficiency ZFN-mediated HR in human iPS cells
requires co-integration of a drug-resistance gene into a nearby intron, thereby necessitating
the introduction of transgenic sequences some distance away from the ZFN cleavage site.
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Here we demonstrate facile and efficient correction of the sickle cell anemia mutation in
patient-derived human iPS cells using ZFNs engineered by the publicly available
Oligomerized Pool ENgineering (OPEN) method.22 23 We accomplished this by using
OPEN ZFNs to simultaneously correct the mutation and insert a drug-resistance cassette into
a neighboring intron up to 82 base pairs away from the ZFN cut site. Following excision of
the reprogramming factor and drug-resistance cassettes, corrected and transgene-free iPS
cells retained full pluripotency and normal karyotypes. Our successful genetic correction of
a disease-causing mutation in human iPS cells provides an important proof-of-principle for
therapeutic applications and delineates a roadmap for using ZFNs as an efficient tool for
targeted manipulation of human iPS cells.

Materials and Methods

Detailed Methods are provided in the Supplementary Materials

Derivation and Culture of iPS cells

Derivation, modification, and analysis of patient-derived iPS cells were performed under
IRB protocols approved by Stanford University and Massachusetts General Hospital.

Dermal fibroblasts from two sickle cell anemia patients were infected with the polycistronic
STEMCCA lentiviral reprogramming vector. 39 10° fibroblasts were seeded in MEF
medium and infected 24 hours later. After 6 days, cells were transferred onto inactivated
MEFs. The following day MEF medium was replaced with hES medium and the cells were
grown for up to 8 weeks until hES-like colonies started to emerge. iPS colonies were
manually picked and expanded on MEFs. After approximately 10 passages the clones were
transferred to feeder-free culture conditions in mTeSR1 medium (Stem Cell Technologies).

Engineering ZFNs targeted to the human B-globin gene

Zinc finger arrays binding each of these target sites were selected using either the previously
described OPEN method?2 or a modified protocol that uses antibiotic selection.?4 The
OPEN selections we performed required the use of several additional OPEN pools for new 3
bp subsites (J.K. Joung et al., manuscript in preparation). Candidates from OPEN selections
were assayed for DNA-binding activity in the bacterial-two-hybrid system as previously
described.23 Selected zinc fingers were cloned on an Xbal-BamHI fragment into a ZFN
expression vector that expresses heterodimeric ZFNs (either EL/KK31 or ELD/KKR32 fused
by a T2A self-cleaving peptide. The CMV promoter driving ZFN expression in the resulting
plasmids was then replaced with an EF1lo promoter. This ZFN expression plasmid also
contains a PGK promoter-GFP reporter gene cassette that can be used to assess transfection
efficiency.

Transient transfection for Gene Targeting and Loop-out in iPS cells

For gene targeting, 1x108 iPSCs were transfected with 2 ug of ZFN-encoding plasmid and
10 pg of donor template plasmid by Amaxa nuclefection. After four days, cells were
selected in media containing puromycin (1 pug/ml) for 2 weeks. To excise selection and/or
reprogramming cassettes, cells were transfected with an EF1a-Cre-ires-puro plasmid (a gift
kindly provided by Gustavo Mostoslavsky). Alternatively infection with adenovirus
expressing a Cre-recombinase-GFP fusion (Vector Biolabs) was used. FACS was used to
isolate GFP-positive cells that were seeded as single cells on Matrigel in mTeSR1 medium
containing 2 uM Thiazovivin. Individual colonies were manually picked and screened by
PCR.
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Southern Blotting

Genomic DNA was separated on a 0.8% agarose gel following an overnight restriction
digest with indicated restriction enzymes, transferred to a nylon membrane (Amersham), and
hybridized with 32P-labeled probes as indicated made by random priming following the
manufacturer’s instructions (Agilent Prime-It Il kit).

Teratoma Formation and Analysis

Cells from a confluent 10 cm plate were harvested by Accutase digestion, resuspended in
phosphate buffered saline, and injected subcutaneously into immuno-compromised NOG-
SCID mice (obtained from the Jackson Laboratories). Four to eight weeks after injection,
teratomas were dissected, fixed in 4% PFA, and processed for H&E.

Expression analysis

Immunofluorescence and RT-PCR analysis was performed following standard protocols as
described in the Supplementary Materials. Please see Supplementary Methods also for a list
of primer sequences and antibodies used in this study.

Karyotyping

Metaphase spreads were prepared after following treatment with 10 ug/mL of Colcemid
(Invitrogen) and processed for SKY-FISH hybridization and image analysis according to the
manufacturer’s instructions (Applied Spectral Imaging).

Results

Derivation and characterization of iPS cells from two sickle cell anemia patients

Many different non-integrating methods have been developed for the safe generation of
human iPS cells.? 33-37 While these methods have great potential, we employed an
integrating lentivirus that contains a polycistronic cassette encoding the four required
reprogramming factors Oct4, Sox2, KIf4, and c-myc that is flanked by loxP sites.3%: 38 This
approach enables high reprogramming efficiencies together with the generation of
transgene-free iPS cells following Cre recombinase-mediated excision of the reprogramming
cassettes.

Primary fibroblast cultures were established using skin punch biopsies from two patients
diagnosed with sickle cell anemia (hereafter Patient 1 and 2). DNA sequencing revealed that
Patient 1 has a sickle cell E6V mutation in one beta-globin allele and a splice donor site
mutation at the end of exon 1 in the other allele while Patient 2 is homozygous for the E6V
mutation (data not shown). Fibroblasts from each patient were infected with a polycistronic
reprogramming factor virus and seeded onto mitomycin C-treated feeder cells (Materials and
Methods). Multiple colonies appeared after 4 to 6 weeks and these were picked and further
expanded in separate dishes. Four lines (hereafter | and 11 for the clones derived from Patient
1and Il and IV for the clones derived from Patient 2) were selected for continued
expansion. After several passages on feeders, these clones could also be successfully
propagated under feeder-free conditions (mTeSR1 medium on matrigel-coated plates). All
four clones expressed multiple pluripotency markers at the mRNA and protein level, showed
telomerase activity similar to control human H9 embryonic stem cells, possessed a normal
karyotype, and could be differentiated in vitro into derivatives of all three germ layers
(Figure 1A-D and Table S1). Clones I, Il and Il were injected under the skin of immuno-
compromised mice and formed tumors containing various tissue types representing cells
from all three germ layers (Figure 1E, Figure S1 and Table S1). Thus, surprisingly, the
lentiviral transgenes appeared to be silenced allowing the cells to differentiate. Southern blot

Stem Cells. Author manuscript; available in PMC 2012 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sebastiano et al.

Page 5

analysis revealed the presence of three proviral integrations in clone I, two in clone 11, one in
clone 111 and one in clone 1V (Figure 1F and Table S1).

We next verified that the iPS cell lines we generated were stable in the absence of the
reprogramming factors. To remove the proviral sequences, clones | and Il were transfected
with a plasmid encoding Cre recombinase and the puromycin-resistance gene and then
selected in the presence of puromycin for 48 hours. Resulting colonies were picked,
expanded and their genomic DNA was isolated. A PCR assay detecting specific sequences
within the viral vector was performed to screen for potential clones in which all of the
reprogramming factors had been removed (data not shown). Two subclones each for clones |
and Il that were negative for reprogramming factor sequences by PCR were analyzed by
Southern blotting to verify loss of the integrated vector sequences (clones 1A26 1A28, 11A55,
I1A60) (Figure 1F). All four clones retained a fully undifferentiated state as judged by the
expression of a battery of pluripotency markers and a normal karyotype (Figure S1 and
Table S2).

Engineering of OPEN ZFNs targeted to the human beta-globin gene

Using our web-based Zinc Finger Targeter (ZiFiT) program,3 we identified two target sites
occurring near the sickle cell anemia mutation in our patient-derived iPS cell clones for
which ZFNs could be potentially engineered using the publicly available Oligomerized Pool
ENgineering (OPEN) protocol previously described by our group (Figure 2A).23 These two
sites fall within 25 bps of the sickle mutation (Figure 2B): one is present ~24 bps
downstream (ZFN target site 1) and the other is directly at the site of the mutation (ZFN
target site 2). OPEN selections for ZFN target sites 1 and 2 were performed and successfully
yielded multiple different zinc finger arrays for all four half-sites. Quantitative testing in a
bacterial two-hybrid (B2H) reporter assay revealed that the majority of these arrays
activated transcription by threefold or more (data not shown), a threshold we have
previously shown is a strong predictor for efficient function as ZFNs in human cells.11: 22
Based on these results, we chose four and two ZFN pairs for target sites 1 and 2,
respectively, to carry forward for additional testing. The sequences of the recognition helices
and the activities of these zinc finger arrays in the B2H reporter system are shown in Figure
2C.

To test the cleavage activities of our OPEN-selected zinc finger arrays as ZFNs in human
cells, we assessed their capabilities to induce site-specific insertion/deletion mutations
(indels) via non-homologous end joining. Previous work has shown that, in the absence of a
donor template, active ZFNs will induce indels with high efficiency at their site of cleavage
in somatic human cells.*® For ZFN target site 1, two of the four pairs tested showed activity
in human HEK293 cells, with one pair (hereafter designated ZFN Pair A) exhibiting a
substantially higher mutation frequency (12.9%) than the others (Figure 2D). For ZFN target
site 2, both pairs (hereafter ZFN Pairs B and C) tested yielded roughly equivalent mutation
frequencies in primary human fibroblasts derived from Patient 1 (Figure 2D). Based on
these experiments, we carried forward ZFN pairs A, B, and C for gene correction
experiments in our sickle cell anemia iPS cells.

Construction of a “donor template” required for ZFN-mediated correction of the sickle cell
anemia mutation

Our ZFN-based strategy to correct the sickle cell anemia mutation also requires a
homologous “donor template” for introducing the desired correction. We therefore
constructed a donor template that harbors ~1.6 kb of beta-globin gene sequence centered
approximately on the location of the sickle cell anemia E6V mutation but which codes for
the wild-type E6 codon (Figure 3A). In addition, we introduced two translationally silent
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mutations into the donor construct to reduce binding and cleavage of the donor by ZFN Pair
A. Based on previous experience,? 11 we presumed that ZFN-induced gene targeting in iPS
cells would require drug-selection to identify desired recombinants. Therefore, we modified
the donor template by inserting a puromycin or neomycin-resistance gene cassette into the
intron located downstream of the E6V mutation. The drug-resistance cassette was flanked by
loxP sites to enable its subsequent excision using Cre recombinase. In this configuration, the
5’ end of the puromycin or neomycin-resistance gene insertion is positioned ~58 or ~82 bps
downstream of the cleavage sites for ZFN Pairs A or B/C, respectively (Figures 2B and 3A).

Efficient correction of the sickle cell anemia mutation in human iPS cells using ZFN-
mediated gene targeting

To perform gene correction in our sickle cell iPS cells, we transfected plasmids expressing
each of the ZFN pairs together with the donor template into clone | (Materials and
Methods). We performed two to four independent experiments for each of the three ZFN
Pairs (A, B, and C) and obtained puromycin-resistant colonies for all transfections (Figure
3F). We manually picked and expanded drug-resistant clones, isolated genomic DNA, and
performed PCR reactions to screen for the presence of the puromycin-resistance gene in the
endogenous beta-globin gene using independent sets of primers expected to amplify the 5’
and the 3’ junctions in a correctly targeted beta-globin locus (Figure 3B). We achieved
targeting efficiencies as high as 37.9% (mean of 9.8 %) as judged by this PCR screening
assay (Figure 3B and 3F). DNA sequencing of 13 PCR-positive lines revealed the presence
of a successfully targeted allele in all of these cells (Figure 3D). The presence of a
polymorphism on the non-sickle allele allowed us to identify which of the two alleles had
undergone targeting in each clone: seven of the 13 candidates (I1A5, I1A12, 1A13, 1A38, 1B20,
IB49 and 1C54) were clonal populations with all but one (1A5) having undergone gene
targeting of the sickle cell allele while six of the 13 candidates were mixed populations
containing both targeted and non-targeted cells (1A54, 1B48, IB50, IB54, 1IC43 and IC52).
Following further expansion in culture, these six mixed populations resolved into clonal
lines: two consisting of cells successfully targeted in the sickle E6V allele (IB48 and 1B50)
as judged by DNA sequencing (Figure 3D and 3E) and four consisting of non-targeted cells
(1A54, 1B54, IC43 and IC52) as determined by PCR analysis (Table S3). Importantly, it is
worth noting that DNA sequence analysis showed that for all of the corrected clonal lines
the non-targeted allele did not show evidence of ZFN-mediated indels introduced by non-
homologous end joining (Figure 3E).

To provide further evidence of successful homologous recombination at the beta-globin
locus, we also performed Southern blots on seven correctly targeted clones (1A13, 1A38,
IB20, 1B48, 1B49, IB50, 1C54) using both 5’ external and 3’ external probes. These
experiments confirmed stable presence of the puromycin-resistance insert in the beta-globin
locus (Figure 3C and data not shown). In addition, Southern blots performed with these
same probes on three of the four clones that had become negative for the gene targeting
event as judged by PCR confirmed that these cells (1A54, 1B54, and IC52) no longer contain
a targeted clone following their expansion in culture (Figure 3C). Finally, Southern blots
performed using a 5" homology arm (internal) probe confirmed the absence of random
insertions of the donor template in all seven correctly targeted clones (Figure S2B).

We next sought to demonstrate whether ZFN-induced gene correction could be performed in
additional iPS cell lines. We therefore isolated puromycin or neomycin-resistant colonies
from targeting experiments with iPS cell lines 11 and IV and identified successful gene
correction in both lines, as judged by PCR, Southern blot and DNA sequencing (clone 11B1
in Figure 3B-F; clones IVA3 and IVC1 in Figure 3F and Figure S2A). DNA sequencing of
the non-targeted allele in all three of these clones also revealed the absence of ZFN-induced
indel mutations (Figure 3E and data not shown). Taken together, our results with iPS cell
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clones I, 1l and 1V demonstrate that all three ZFN Pairs A, B, and C can efficiently induce
stable gene correction of the sickle cell mutation in human iPS cells without inducing
additional mutagenesis of the other beta-globin allele in the same cell.

Evaluation of ZFN off-target effects at other closely related globin genes

An important question to address for eventual therapeutic application of ZFNs is the range
of unwanted “off-target” mutagenic effects caused by these reagents 16. For treatment of
sickle cell disease, it is particularly important to ensure that the highly related paralogous
genes encoding gamma-globin and delta-globin are not inadvertently mutagenized by the
ZFNs targeted to beta-globin. The single delta-globin and two gamma-globin genes each
possess DNA sequences that are very similar to the target sites for ZFN pairs A, B, and C
(Figure S3A). DNA sequencing revealed that none of these sites were altered in any of the
nine corrected iPS cell clones derived from the three different ZFN pairs in iPS lines | and 11
(Figure S3A). Additionally, we computationally identified 12 sites in human genome
sequence that differed from the ZFN target sites by only a single base pair change
(Supplementary Methods). We reasoned that these 3 sites for ZFN A and 9 sites for ZFNs B
and C would be the most likely off-target sites for ZFN-induced mutations. Sequencing of
these off-target sites in three targeted clones (1A13, 1A38 and 1B49) showed that none of
them harbored ZFN-induced mutations (Figure S3B). These results show that our ZFNs did
not affect very closely related off-target sites in both paralogous genes and the most closely
related potential off-target sites in the genome during the process of correction,
demonstrating the high degree of specificity these nucleases possess for their intended target
sites.

Generation of transgene-free, gene-corrected iPS cell lines

We next sought to simultaneously excise both the floxed puromycin-resistance gene
incorporated into the beta-globin intron and the randomly integrated floxed reprogramming
factors by transiently expressing Cre recombinase in our corrected iPS cells. Three
independent corrected lines derived from Clone | (1A13, 1A38, and 1B49) were infected with
an adenovirus expressing a Cre recombinase-GFP fusion protein. Single cells with high level
GFP expression were isolated by FACS 48 hours post-infection and plated. After two to
three weeks, single colonies were picked and clonally expanded. PCR and restriction digest
with the enzyme Bsu361, which cleaves the wild-type but not sickle cell sequence, as well as
DNA sequencing, confirmed excision of the puromycin-resistance cassette and the presence
of the expected residual 34 bp loxP site “scar” with several associated restriction site
sequences in the intron of the corrected beta-globin gene for six clones (IA13A2, IA13A3,
IA13A5, 1A38A2, IA38A6, and IB49A8) derived from the three corrected lines (Figures 4A,
4B and data not shown). Southern blotting verified excision of the puromycin-resistance
cassette from these six clones (Figure 4C). PCR and Southern blot also demonstrated
removal of the reprogramming factor cassette for these six clones (Figures 4D, 4E and data
not shown). These successfully corrected, transgene-free iPS cell lines remained pluripotent
as judged by expression of multiple pluripotency markers and in vitro differentiation into
derivatives of the three germ layers (Figure 4F, 4G and Figure S4). Finally, SKY-FISH
analysis showed that all six correctly targeted clones were karyotypically normal (Table S2).
Thus, no translocations were observed despite transient ZFN and Cre recombinase
expression in our cell lines harboring multiple loxP sequences.

Discussion

In this study, we used publicly available engineered ZFN technology to effect facile,
efficient, and stable correction of the E6V mutation in the beta-globin gene in three
independent iPS cell lines derived from two patients with sickle cell anemia. Our data show

Stem Cells. Author manuscript; available in PMC 2012 November 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Sebastiano et al.

Page 8

that ZFN technology allows efficient gene targeting of disease-causing mutations with no
evidence for off-target cleavage in closely related DNA sequences. Our results demonstrate
that reprogramming and ZFN-induced gene targeting can be used in combination to create
corrected patient-derived iPS cells and provide an important initial proof-of-principle that
such an approach might be used in the future to develop therapies for monogenic diseases.

In contrast to previous studies including those with human iPS cells, 11, 29. 41 ye
introduced transgenic sequences up to 82 base pairs away from the ZFN cut site — a
prerequisite for correcting disease-causing mutations. Indeed, previous work in mouse ES
cells has demonstrated that the efficiency of alterations introduced by homologous
recombination decreases substantially as distance from the nuclease-induced DSB
increases.#2: 43 Our studies illustrate that several configurations of the ZFN-induced DSB,
the genetic correction event, and the drug-resistance cassette insertion point can be
successfully used when performing ZFN-enhanced HR in human iPS cells. In one case, the
ZFN-induced DSB (for ZFN target site 2) directly overlapped the mutation to be corrected
with the drug-resistance cassette insertion positioned 82 bps downstream. This demonstrates
that ZFNs can mediate cassette insertion even when it occurs nearly 100 bps away from the
DSB. In a second case, the ZFN-induced DSB was positioned between the correction event
and insertion point -- 24 bps downstream of the correction and 58 bps upstream of the
insertion. Success in this latter configuration shows that two events, a correction and an
insertion, can occur efficiently even when they are positioned some distance away from each
other and on opposite sides of the DSB. These results allow us to draw the important
conclusion that the gene correction event and the drug-resistance cassette insertion point do
not need to be positioned precisely at the location of the ZFN-induced DSB.

A particularly important area for future investigation will be to define the full extent of
genetic alterations introduced into iPS cells during generation and repair. Karyotype
analyses showed that the reprogramming, ZFN-induced gene correction and Cre
recombinase excision processes we performed did not introduce any gross chromosomal
translocations or alterations into the patient-derived iPS cells. However, we know that one or
more loxP “scar” sequences were left behind at undefined locations in the genome following
excision of reprogramming factors by Cre recombinase. Furthermore, following correction
of the sickle cell mutation, we also recognize that one residual loxP scar remains in the first
intron of the beta-globin gene. Presumably, additional somatic mutations were either present
in fibroblasts of the biopsied skin or introduced during the reprogramming process as
suggested by recent studies examining genome-wide coding sequences and copy number
variations 44 45, Finally, although it remains theoretically possible that additional “off-
target” mutations may have been introduced by the ZFNs, the absence of ZFN-induced indel
mutations at the uncorrected beta-globin allele (with a perfect ZFN target site) as well as at
highly similar sites in the paralogous delta- and gamma-globin genes and at closely
matched, computationally identified potential off-target sites in any of our gene-corrected
iPS clones strongly suggests that off-target effects are likely to be minimal.

Previous studies have used other methods such as adeno-associated virus (AAV) vector-
based,*6: 47 bacterial artificial chromosome-based,13: 48 and helper-dependent adenovirus-
based!* donor templates to enhance gene-targeting efficiencies in human iPS cells. Although
these technologies, like ZFNs, improve the targeting efficiency, the absolute efficiencies of
successful recombination events are still sufficiently low enough to require the use of drug
selection. In addition, the construction of the donor templates for these methods is more
complicated than those required for ZFN-induced HR. However, we note that any of these
three methods could also, in principle, be used together with ZFNs to effect correction in iPS
cells. It will be of interest to determine if combined approaches could lead to further
enhancements in the efficiencies of gene correction in human iPS cells. We also note that a
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recent report demonstrated the successful use of ZFNs together with donors lacking drug-
selection cassettes (both plasmids and single-stranded oligonucleotides) to effect efficient
gene correction or gene editing in human pluripotent stem cells.*® However, the efficiencies
of gene alteration in these experiments were notably lower than those performed using
donors harboring a drug-selection cassette.

Our efficient and reproducible correction of the sickle cell mutation in human iPS cells
provides an important proof-of-principle and defines a framework for the use of engineered
ZFN technology to correct a disease-causing mutation by HR. This result advances the field
one important step closer to clinical realization of combined gene and cell therapy based on
human iPS cells especially if such methods are used in combination with integration-free
methods (e.g. MRNA- and or protein-based approaches) for the derivation of iPSCs.3% 37

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Characterization of sickle cell iPS clones I and 11

A. Phase contrast image of iPS clone I grown on feeder cells and immunofluorescence
staining images of feeder-free cultures.

B. SKY-FISH analysis of a representative normal diploid metaphase spread of iPS clone I.
C. Telomerase activity assay: Fibroblasts show no telomerase activity as in the negative
control (NP40); conversely iPS clones | and Il show a pattern similar to the one observed in
H9 ES cells (positive control).

D. RT-PCR analysis of pluripotency-associated genes in patient parental fibroblasts, iPS
clones I and 11, and H9 ES cells.

E. H&E staining of teratoma derived from iPS clone | showing tissues representative of all
three germ layers.

F. Southern Blot analysis using a c-myc probe showing the number of STEMCCA cassette
integrations in parental iPS clones | and Il and four derivative clones transfected with Cre
recombinase. Clones | and 11 show 3 and 2 integrations, respectively, while clones
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transfected with Cre recombinase (I1A26, 1A28, 1A55, and 1A60) show no integrations,
similar to what is observed in uninfected fibroblasts.

Abbreviations: Fib.: Fibroblasts from sickle cell anemia patient 1; I: iPS clone I; I1: iPS
clone 11; NP40: negative control for telomerase activity.
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Figure 2. Engineering and characterization of ZFNs

A. Schematic overview of Oligomerized Pool Engineering (OPEN) strategy for constructing
zinc finger arrays. Individual zinc fingers are depicted as spheres and DNA target sites as
rectangles.

B. Schematic of the human B-globin locus showing the position of the two ZFN target sites
in relation to the sickle cell anemia mutation (asterisk) and to the insertion site of the
selectable marker (arrow). Exon represented by thick line, introns by thin lines. Not drawn
to scale.

C. Recognition helix sequences and bacterial two-hybrid (B2H) fold-activation values of
selected zinc finger proteins engineered by OPEN. Amino acid sequence of the recognition
helices are shown below their respective three base pair target DNA sites. B2H fold-
activation values are shown as blue bars on the right.

D. Cleavage efficiency of ZFN pairs as measured by induction of mutations caused by non-
homologous end-joining (NHEJ) repair in HEK293 cells (for site 1) or primary human
fibroblasts (for site 2). Wild-type sequence is shown with zinc finger binding sites
highlighted in yellow. Mutant sequences are shown below with deletions indicated by
dashes and insertions shown in red, lower-case letters. The frequency with which each
sequence was detected is indicated to the right.
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Figure 3. Gene targeting of the endogenous human beta-globin locus

A. Schematic overview of gene targeting strategy for the human beta-globin locus. The
sickle cell mutation is labeled by an asterisk and ZFN target sites are indicated by arrows.
The desired recombination event inserts a PGK promoter-puromycin-resistance cassette or
PGK promoter-neomycin-resistance cassette flanked by loxP sites (black triangles) into the
intron between exons 1 and 2. Southern blot probes are indicated by grey bars and PCR
primers are indicated by arrows. Not drawn to scale.

B. Representative PCR analysis of puromycin-resistant clones. PCR of gene targeted clones
gives a band of 1.4 kb when amplified with 3’ primers and 1.6 kb with 5" primers. Non-
targeted clones fail to give PCR product.

C. Southern blot using a 5’ external probe on genomic DNA digested with Pvull. A beta-
globin allele that has not undergone gene targeting gives a 12.8kb band while a targeted
allele gives a 7.8kb band due to the presence of a Pvull site in the puromycin-resistance
gene. Note that after expansion in culture, four clones previously revealed to be mixed
populations by sequencing no longer possess the gene targeted allele.

D. Sequence of gene targeted allele detected by PCR assay. The allele that has undergone
homologous recombination with the donor template is wild-type at the E6 codon that is
mutated in sickle cell disease, contains translationally silent mutations incorporated into
ZFN target site 1, and has incorporated the puromycin or neomycin-resistance cassette.
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E. Sequence of the non-gene targeted allele. The untargeted allele in clones 1A12, IA13,
IA38, 1B20, 1B48, 1B49, IB50, IC54 and I1BI is the allele that does not harbor the sickle cell
mutation, indicating that the sickle cell allele underwent gene targeting. In clone 1A5, the
untargeted allele is the sickle cell allele. 1t was not possible to determine which allele
underwent gene targeting in clones 1A54, IB54, 1C43 or 1C52 presumably because these
were mixed populations of both targeted and untargeted clones.

F. Table showing the number of puromycin or neomycin-resistant colonies picked for each
experiment and the percentage of these that were determined to be correctly targeted by the
PCR screening assay. Asterisk indicates that ZFNs were expressed as fusions to the
heterodimeric ELD/KKR Fokl nuclease domain as opposed to the heterodimeric EL/KK
Fokl nuclease domain (no asterisk).
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Figure 4. Characterization of gene targeted iPS cell clones

A. Schematic illustrating location of primers and restriction sites in the beta-globin locus
used to identify gene-targeted clones that have undergone removal of the puromycin-
resistance cassette. PCR primers external to donor template homology arms are depicted by
arrows. The restriction enzyme Bsu361 will cleave sequence with a wild-type E6 codon but
not sequence containing the E6V sickle cell mutation (asterisk). Residual “scar” sequence
containing a single loxP site (black triangle) and flanking restriction sites (bold dark line)
are left in the intron sequence. Expected sizes of bands are labeled. Not drawn to scale.

B. PCR and restriction digest analysis for removal of puromycin-resistance insert. PCR
products were digested with Bsu361 and run on a 5% polyacrylamide gel to yield fragments
of expected sizes as depicted in A.

C. Southern blot analysis to confirm removal of the puromycin-resistance insert. Blot was
performed using an external probe that hybridizes upstream of the 5" homology arm on
genomic DNA digested with Pvull (as show in Figure 3A).

D. Southern blot analysis to confirm removal of reprogramming factors from gene targeted
clones. Blot was performed using a probe that hybridizes to the c-myc gene on genomic
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DNA digested with BamHI. Genomic DNA from the sickle cell anemia patient primary
fibroblasts was used as a control to define the endogenous c-myc allele. Note that the last
three lanes are the same as the first three lanes in Figure 1F.

E. PCR screening assay for the WPRE sequence to verify successful excision of the
STEMCCA reprogramming cassette

F. Immunofluorescence images of feeder-free cultures (clone 1A13A2) stained for
pluripotency-associated transcription factors and surface markers.

G. Immunofluorescence images of clone IA13A2 differentiated in vitro.
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