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are the most common underlying
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rescuing lethality in hemophiliac mice
using iPSC-derived endothelial cells.
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SUMMARY

Hemophilia A is an X-linked genetic disorder caused
by mutations in the F8 gene, which encodes the
blood coagulation factor VIIl. Aimost half of all severe
hemophilia A cases result from two gross (140-kbp
or 600-kbp) chromosomal inversions that involve
introns 1 and 22 of the F8 gene, respectively. We
derived induced pluripotent stem cells (iPSCs) from
patients with these inversion genotypes and used
CRISPR-Cas9 nucleases to revert these chromo-
somal segments back to the WT situation. We iso-
lated inversion-corrected iPSCs with frequencies of
up to 6.7% without detectable off-target mutations
based on whole-genome sequencing or targeted
deep sequencing. Endothelial cells differentiated
from corrected iPSCs expressed the F8 gene and
functionally rescued factor VIII deficiency in an other-
wise lethal mouse model of hemophilia. Our results
therefore provide a proof of principle for functional
correction of large chromosomal rearrangements in
patient-derived iPSCs and suggest potential thera-
peutic applications.

INTRODUCTION

Hemophilia A is one of the most common genetic disorders, with
an incidence of 1 in 5,000 male births in the US; it is caused by
various mutations in the blood coagulation factor VIl (F8) gene
on chromosome X. Depending on mutant genotypes, clinical
symptoms range from mild (5%-30% F8 activity, 50% of all
hemophilia A patients) to moderate (2%-5% activity, 10%) to se-
vere (<1% activity, 40%) (Graw et al., 2005). Nearly half of all se-
vere hemophilia A patients harbor one of the two different types
of gross chromosomal inversions, rather than point mutations,
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that involve the F8 intron 1 homolog (int1h) (a minor type, ~5%
of severe hemophilia A cases) or the intron 22 homolog (int22h)
(@ major type, ~40%). These two large inversions result from
erroneous repair of DNA double-strand breaks (DSBs) accidently
induced in the homologs via non-allelic homologous recombina-
tion (NAHR).

Previously, we had used custom-made zinc-finger nucleases
(ZFNs) in immortalized WT human cell lines (Lee et al., 2012)
and transcriptional activator-like effect nucleases (TALENS) in
WT induced pluripotent stem cells (iPSCs) (Park et al., 2014) to
invert the chromosomal segment between the two identical
int1h sequences (designated hereinafter int1h-1 and int1h-2),
which are separated by 140 kilobase pairs (kbp), at a frequency
of 0.1% and 1.9%, respectively. This process mimicked the erro-
neous DSB repair, artificially inducing the inversion genotype.

The other 600-kbp inversion involving three int22h sequences
(designated int22h-1, -2, and -3) is eight times more prevalent
than is the 140-kbp inversion, but it is technically more chal-
lenging to revert partially due to the larger size of the inverted
region and the presence of three, rather than two, homologs
on chromosome X. Furthermore, because int22h is much larger
(10 kbp) than int1h (1 kbp), it is very difficult to genotype the
int22h inversion or its reversion using conventional PCR: the
entire 10-kbp int22h must be amplified. In fact, to the best of
our knowledge, it has never been shown that the 600-kbp chro-
mosomal segment involving int22h can be reverted in human
cells, not to mention in patient-derived iPSCs, using program-
mable nucleases. In this study, we used the type Il clustered,
regularly interspaced short palindromic repeat (CRISPR)/
CRISPR-associated (Cas) system, a.k.a. RNA-guided engi-
neered nucleases (RGENSs) (Cho et al., 2013; Mali et al., 2013;
Cong et al., 2013; Cho et al., 2014), to revert these two large
inverted regions back to the normal orientation in hemophilia A
patient-derived iPSCs. We also showed that endothelial cells
differentiated from the inversion-corrected iPSCs expressed
the F8 gene in vitro and rescued the F8 deficiency in a hemophilia
mouse model, demonstrating a proof of principle for cell-based
hemophilia therapy.
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RESULTS

First, we genotyped 11 unrelated, severe hemophilia A patients
and identified one patient with the int1 inversion and three pa-
tients with the int22 inversion. We chose the one patient with
the int1 inversion (termed Pal) and two patients with the int22
inversion (termed Pa2 and Pa3) for further study (Figure 1A).
We established their respective iPSCs by introducing the four
Yamanaka factors via an episomal vector or Sendai virus into
urinary epithelial cells, avoiding an invasive biopsy to obtain fi-
broblasts from these patients with this bleeding disorder.

In parallel, we tested RGENSs, which consisted of the Cas9 pro-
tein and a small guide RNA (sgRNA), for their ability to induce or
revert these two inversions in WT Hela cells and patient iPSCs.
RGEN 01 was designed to target a site in int1h (Figure S1A). This
RGEN can cleave two identical sites, one in int1h-1 and the other
in its homolog, int1h-2, that is located 140 kbp upstream. Inver-
sions can occur via NAHR or non-homologous end joining
(NHEJ). RGEN 01 was highly active, inducing small insertions
and deletions (indels) at a frequency of 34% at the target site
inint1h (Figure S1B). In addition, RGEN 01 induced the inversion
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of the 140-kbp chromosomal segment in
HelLa cells, as shown by inversion-spe-
cific PCR (Figure S1C). The frequency of
this inversion ranged from 2.2% to 3.1%,
as measured by digital PCR (Table S1)
(Kim et al., 2010; Lee et al., 2010). We
determined the DNA sequences of the
inversion-specific PCR amplicons and
found that indels were induced at the
two inversion breakpoint junctions (Fig-
ure S1D). Encouraged by this high frequency, we co-transfected
plasmids encoding the Cas9 protein and the sgRNA into iPSCs
derived from Pa1 (Pa1-iPSCs) and analyzed iPSC colonies using
PCR. Eight colonies (not necessarily derived from single cells)
out of 120 colonies (6.7%) produced positive PCR bands on an
agarose gel. Four colonies were then further cultured to obtain
single-cell-derived clones. These clones produced PCR ampli-
cons corresponding to the int1h-1 and int1h-2 regions, indicating
that the inverted 140-kbp chromosomal segment in Pal cells
was reverted (Figure S1E). In contrast, no such PCR amplicons
were produced from Pa1 iPSCs or urinary cells. We sequenced
the PCR amplicons and found that no indels were induced at
the target site in three clones. In the other clone, there was a
13-bp deletion at the target site (Figure S1F).

We then focused on the other larger and more prevalent int22h
inversion. To rule out the possibility that unwanted deletions or
inversions involving any two of the three int22 homologs, rather
than the desired reversion of the inverted 600-kbp segment,
were induced by cutting a site within int22h, we used two RGENs
that target sites outside of the homologs (Figure 1B). This
strategy also facilitated detection of the reversion event using

AAGGAGT
TTCCTCA



appropriate PCR primers: amplification of two ~1-kbp segments
outside of int22h rather than chromosomal segments that
spanned the entire 10-kbp int22h allowed genotyping.

We designed two RGENSs (termed RGEN 02 and RGEN 03) to
target sites near int22h-1 and int22h-3 and tested their nuclease
activity in Hela cells using the T7 endonuclease | (T7E1) assay.
These RGENs were highly active, inducing indels at each target
site with a frequency of 44% or 32% (Figure 1C). Next, we used
PCR to detect the inversion of the 563-kbp chromosomal
segment between the two target sites. Transfection of either
RGEN 02 or RGEN 03 alone into HelLa cells did not produce
inversion-specific PCR amplicons. In contrast, co-transfection
of these RGEN plasmids gave rise to two inversion-specific
PCR amplicons (Figure 1D). The inversion frequency was in the
range of 1.5% to 2.2% (Table S1). We determined the DNA se-
quences of the PCR amplicons and found that indels accompa-
nied most of the two inversion breakpoint junctions, supporting
the idea that two DSBs induced by the two RGENs were repaired
by error-prone NHEJ (Figure S2A). Note that HelLa cells are WT
with respect to the F8 exon orientation. In Pa2 and Pa3 cells,
F8 exons 1 to 22 are inverted. But still, the two RGEN target sites
are conserved, enabling the reversion of the large chromosomal
segment.

Next, we transfected RGEN 02 and 03 into Pa2 iPSCs using
an electroporator, and we isolated 135 colonies whose genomic
DNA samples were subjected to PCR analysis. Five colonies
(3.7%) yielded PCR amplicons corresponding to the inversion-
correction (namely reversion) event. No such PCR products
were obtained using genomic DNA isolated from Pa2 iPSCs or
WT iPSCs (Figure 1E). These colonies were further expanded
to enable isolation of three independent single-cell-derived
clones. We then determined the DNA sequences at the two
inversion breakpoint junctions, which confirmed the reversion
of the 563-kbp chromosomal segment between the two RGEN
sites (Figure 1F). As in HelLa cells, indels, characteristic of
error-prone NHEJ, were observed at the two breakpoint junc-
tions in these inversion-corrected iPSCs.

We then investigated whether the inversion-corrected iPSCs
remained pluripotent. First, we checked the expression of stem
cell marker genes in inversion-corrected Pal (int1h inversion)
and Pa2 (int22h inversion) iPSCs and found that four marker
genes, namely, OCT4, SOX2, LIN28, and NANOG, were tran-
scribed actively in these cells (Figure 2A). Second, these inver-
sion-corrected iPSCs were successfully differentiated into three
primary germ layers (Figure 2B). Furthermore, they showed
a normal karyotype (Figure 2C). Taken together, these results
show that gross chromosomal reversions induced by RGENs
do not negatively affect the pluripotency of patient-derived
iPSCs.

Endothelial cells derived from mesoderm are a major source
of F8 gene expression (Shahani et al., 2010). We differentiated
patient iPSCs and inversion-corrected patient iPSCs into meso-
derm and measured the levels of F8 mRNA using RT-PCR. As
expected, no PCR bands corresponding to F8 exons 1 and 2
were detected in cells differentiated from Pa1-iPSCs, indicating
that F8 was not expressed in patient-derived cells (Figure 2D). In
contrast, PCR bands corresponding to these exons were de-
tected in cells differentiated from the WT iPSCs or the two inver-
sion-corrected Pal-iPSCs (termed Co-1 and Co-2). Likewise,

PCR amplicons corresponding to F8 exons 22 and 23 were not
detected in cells differentiated from Pa2- and Pa3-iPSCs, but
were detected in cells differentiated from the three inversion-cor-
rected iPSCs (Figure 2D). We also performed Sanger sequencing
to confirm that exons 1 and 2 or exons 22 and 23 were spliced
correctly in cells differentiated from the inversion-corrected
iPSCs (Figure 2E). These results prove that the F8 gene was
repaired in patient iPSCs that had harbored intron 1 and 22
inversions, supporting the expression of the F8 gene in meso-
derm cells.

Next, we further differentiated WT, patient-derived, and inver-
sion-corrected iPSCs into mature endothelial cells (Merkely
et al., 2015) and checked the expression of the F8 protein by
immunocytochemistry. As expected, the endothelial cells differ-
entiated from the WT and the three inversion-corrected Pai-
iPSC clones (termed Pal Co-1 to Pal Co-3) expressed the F8
protein (Figures 3A and S3). In contrast, no signals correspond-
ing to the F8 protein were detected in cells differentiated from
Pa1-iPSCs, although these cells differentiated into mature endo-
thelial cells, as shown by the expression of von Willebrand factor,
a marker protein of mature endothelial cells (Figure 3A). Because
the entire amino acid sequence of the F8 protein is still ex-
pressed as two inactive polypeptide chains in cells with the
int22h inversion (Pandey et al., 2013), positive signals were de-
tected in mature endothelial cells derived from both Pa2 iPSCs
(int22h inversion) and inversion-corrected Pa2 iPSCs (termed
Pa2 Co-1 to Pa2 Co-3). This implies that no neutralizing anti-
bodies against the F8 protein will be produced in patients trans-
planted with the int22h inversion-corrected cells.

To test whether endothelial cells differentiated from inversion-
corrected iPSCs could functionally rescue the F8 deficiency in an
animal model, we transplanted endothelial cells generated from
patient iPSCs (Pa2) and inversion-corrected iPSCs (Pa2 Co-1)
into the hind-limb of hemophilia A mice whose F8 gene was
disrupted. Two weeks after transplantation, these mice were
subjected to a tail-clip challenge. All hemophilia mice (n = 5)
that had not received a transplant, as well as those (n = 9) trans-
planted with Pa2-derived cells, soon died; the average survival
time was 71 min and 65 min, respectively (Figure 3B). Notably,
three out of nine mice transplanted with cells derived from the
Pa2 Co-1 iPSCs were alive 2 days after the tail-clip challenge,
which was the end point of this experiment. Furthermore, the
other six mice that did not survive the challenge also showed a
significant increase in the survival time (111 min on average)
compared to non-transplanted mice or mice transplanted with
Pa2-derived cells (Figure 3C). We then measured the F8 enzy-
matic activity in plasma samples obtained from these hemophilia
mice and WT mice using a chromogenic assay. The relative F8
activity in mice transplanted with Pa2 Co-1 iPSC-derived cells
was 10% of that in WT mice, significantly higher than that in
non-transplanted mice (3.3%) and those transplanted with Pa2
iPSC-derived cells (4.3%) (Figure 3D). Taken together, these
results indicate that the F8 deficiency in hemophilia mice can
be functionally rescued by transplantation of endothelial cells
derived from inversion-corrected iPSCs.

To prevent unwanted insertions of plasmid fragments at RGEN
on-target and off-target sites, we transfected recombinant Cas9
protein purified after expression in E. coli and in vitro transcribed
sgRNAs (termed RGEN ribonucleoproteins, or RNPs), rather
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Figure 2. Characterization of Inversion-Corrected iPSC Clones

(A) Quantitative real-time PCR (qPCR) was carried out to detect endogenous OCT4, SOX2, LIN28, and NANOG mRNAs from parental and corrected cell lines. The
expression level of each gene was normalized to that of GAPDH.

(B) In vitro differentiation of inversion-corrected lines. The expression of marker proteins representing ectoderm (Nestin), mesoderm (a-smooth muscle actin
[¢-SMA]), and endoderm (a-fetoprotein [AFP]) in corrected lines is shown. Scale bar, 50 pm.

(legend continued on next page)
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Figure 3. Functional Rescue of the Factor
VIII Deficiency in Hemophilia Mice Using
Inversion-Corrected iPSCs

(A) The F8 protein in endothelial cells differentiated
from WT, patient iPSCs (Pa1 and Pa2), and inver-
sion-corrected iPSCs (Pa1 Co-1 and Pa2 Co-1) was
detected by immunocytochemistry. DAPI signals
(blue) indicate the total cell presence in the image.
FVIII, F8 protein; VWF, von Willebrand factor (a
marker protein for mature endothelial cells). Scale
bar, 100 pm.

(B) Proportions of surviving mice after the tail-clip
challenge. HA, hemophilia mice (n = 5); HAT,
hemophilia mice transplanted with cells derived
from Pa2 iPSCs (n = 9) or Pa2 Co-1 iPSCs (n = 9).
n.s., not significant compared with HA; *p < 0.01
compared with the Pa2 group (log-rank test).

(C) Average survival time of mice that died after the
tail-clip challenge. Note that the three out of nine
hemophilia mice transplanted with Pa2 Co-1 cells
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than plasmids encoding these components, into two patient
(Pa1 and Pa3) iPSCs, each harboring an intron 1 or 22 inversion.
We used PCR and Sanger sequencing to confirm the reversion of
the 140-kbp or 563-kbp chromosomal segments in these iPSCs,
restoring the genetic integrity of the F8 gene (Figures S2B and
S2C). RGEN RNP delivery can also reduce off-target effects
without sacrificing genome editing activity at on-target sites,
because RNPs, unlike plasmids, cleave chromosomal target
DNA immediately after transfection and are rapidly degraded in
cells (Kim et al., 2014).

RGENSs can induce off-target mutations at sites homologous in
sequence with on-target sites (Cho et al., 2014; Cradick et al.,

that survived the challenge were excluded in this
* analysis. n.s., not significant compared with HA;
*p < 0.05 compared with the Pa2 group (Student’s
t test).

(D) Relative factor VI activities were determined in
plasma obtained from non-transplanted hemophilia
A mice (HA, n = 5) or transplanted hemophilia A
mice (HAT, n = 9 each). Data are presented as the
percent of the F8 activity in WT mice (100%, n = 4).
n.s., not significant compared with HA; *p < 0.05
compared with the Pa2 group (Student’s t test).
See also Figure S3.

Pa2 Co-1

HAT

2013; Fuetal., 2013; Hsu et al., 2013; Pat-
tanayak et al., 2013). We investigated
whether the RGENs used in this study
left any collateral damage in addition to
inversion corrections in patient iPSCs
using targeted deep sequencing and
whole-genome sequencing (WGS). First,
we searched for potential off-target sites
that differed from the three RGEN on-target sites by up to four
nucleotides in the human genome using Cas-OFFinder, a web-
based program accessible at http://www.rgenome.net (Bae
et al., 2014). A total of 31, 44, and 43 potential off-target sites
for RGEN 01, RGEN 02, and RGEN 03, respectively, were tested
in a total of six inversion-corrected iPSC clones (three int1h
clones and three int22h clones) using targeted deep sequencing.
No off-target indels were found at these sites (Table S2).

Next, genomic DNA isolated from original patient (Pal and
Pa2) iPSCs and respective inversion-corrected iPSCs (Pa1
Co-1 and Pa2 Co-1) were subjected to WGS. We focused on in-
dels rather than substitutions because programmable nucleases

(C) The expression of OCT4 and SSEA4, human-ESC-specific markers, was detected by immunocytochemistry. Scale bar, 100 um. Karyotypes of the indicated

iPSC lines are shown.

(D) F8 gene expression in cells differentiated from intron 1 and 22 inversion-corrected iPSC lines. RT-PCR (upper) and qPCR (lower) was used to detect
expression of F8 and a mesoderm marker gene (Brachyury) in cells derived from WT iPSCs, patient iPSCs (Pa1, Pa2 and Pa3), and inversion-corrected Pa1- (Co-1
and Co-2) or Pa2-iPSCs (Co-1, Co-2 and Co-3). GAPDH expression was used as a loading control. ND, not detected.

(E) Chromatograms showing correct splicing between exons 1 and 2 or exons 22 and 23 in inversion-corrected iPSC lines (related to Figure 2D).

See also Figure S3, Table S2, and Table S3.
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including RGENs rarely produce point mutations (Kim et al.,
2013; Bae et al., 2014). First, we used Isaac, a variant calling pro-
gram, to identify indels relative to the hg19 reference genome.
We applied bioinformatics filters to discard indels that were
listed in a public database, those that were also called in respec-
tive patient genomes that harbored the int1h or int22h inversion
and the other inversion-corrected genome, and those that
occurred at homo-polymer or repeat sequences due to
sequencing errors. As a result, 9,848 to 13,707 indels that were
unique in each inversion-corrected genome sequence were
obtained. Next, we compared RGEN target sites with WT loci
corresponding to the indel locations. Only 31 to 106 indel sites
contained a 5'-N(G/A)G-3' PAM sequence and had at least 12
nucleotide matches with respective on-target sequences (Table
S3). We then determined the DNA sequences corresponding to
these indels in the two inversion-corrected genomes. None of
the indels were validated by targeted deep sequencing. Second,
we computationally identified all the potential off-target sites that
differed from on-target sites by up to eight nucleotides or that
differed by up to two nucleotides with a DNA or RNA bulge of
up to five nucleotides in length in the sequence genomes using
Cas-OFFinder. We then compared sequence reads aligned
around each of the resulting 511,700 to 937,778 candidate off-
target sites with the reference sequence (Table S3). No off-target
indels were identified. These results show that the three RGENs
used in this study did not leave off-target mutations in the
inversion-corrected patient iPSCs, in line with a recent report
demonstrating high specificity of RGENSs in clonal populations
of pluripotent stem cells (Veres et al., 2014).

DISCUSSION

Genome-wide off-target effects are of particular concern for
RGEN applications in gene and cell therapy (Koo et al., 2015).
Recently, we and several other groups have independently pre-
sented various methods for profiling genome-wide RGEN off-
target sites in a bulk population of cells (Kim et al., 2015; Wang
et al., 2015; Tsai et al., 2015; Frock et al., 2015; Ran et al,,
2015). Although RGENSs show a broad spectrum of specificities,
mutation frequencies at off-target sites that differ from on-target
sites by three or more nucleotides are at least a few orders of
magnitude lower than those at respective on-target sites. This
means that the probability of finding off-target mutations in a
clonal population of cells is very low if one chooses a unique
target site in the human genome. In fact, WGS or whole-exome
sequencing analyses showed that nuclease-induced off-target
mutations were not present in individual clones of gene knockout
cells (Veres et al., 2014; Smith et al., 2014; Suzuki et al., 2014;
Cho et al., 2014; Kim et al., 2015).

In this study, we chose unique target sequences that differ
from any other site in the human genome by at least three nucle-
otides to avoid off-target effects. Furthermore, we used guide
RNAs with two extra, unmatched guanine nucleotides at the 5’
terminus, which reduce off-target effects by orders of magnitude
without sacrificing mutation efficiencies at on-target sites.
Genome-wide off-target sites can still be identified in a bulk pop-
ulation of cells in an unbiased manner using Digenome-seq and
other methods. However, in this study, we isolated single-cell
derived clones. In line with previous studies, targeted deep
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sequencing and WGS analyses showed that no off-target
mutations were induced by these RGENSs in inversion-corrected
iPSCs.

In summary, we used RGENs to repair two recurrent, large
chromosomal inversions responsible for almost half of all severe
hemophilia A cases in patient-derived iPSCs and showed that
endothelial cells differentiated from the resulting inversion-
corrected iPSCs expressed the F8 gene in vitro and rescued
the F8 deficiency in hemophilia A mice, demonstrating a proof
of principle for iPSC-based treatment of hemophilia. To the
best of our knowledge, this report is the first demonstration
that chromosomal inversions or other large rearrangements
can be corrected using RGENs or any other programmable
nuclease in patient iPSCs. Chromosomal inversions are associ-
ated with other genetic diseases such as Hunter syndrome (Bon-
deson et al., 1995) and cancer (Nikiforova et al., 2000). Targeted
genomic rearrangements using RGENs in iPSCs enable the
creation of genome structural variations to study their functions
and hold new promise in gene and cell therapy for the treatment
of hemophilia A and other genetic diseases caused by large
chromosomal rearrangements.

EXPERIMENTAL PROCEDURES

Design of RGENs
All guide RNAs (gRNAs) were designed using the online design tool available at
http://www.rgenome.net.

Generation of iPSCs from Urine-Derived Cells
iPSCs were generated from urine-derived cells of severe hemophilia A patients
by episomal reprogramming vectors or Sendai virus (Invitrogen).

Transfection of Cells

Hela cells were transfected with Cas9- and gRNA-encoding plasmids using
a Lipofectamine 2000 transfection reagent (Invitrogen). The iPSCs generated
from urine-derived cells of hemophilia A patients were transfected with the
same plasmids using a microporator system (Neon; Invitrogen) according
to the manufacturer’s protocol. For direct delivery of Cas9 protein and
gRNA complex, purified recombinant Cas9 protein (Toolgen) was mixed with
in vitro transcribed gRNA and electroporated.

Analysis of Genome Modifications

Activities of RGENs were determined by the T7E1 assay as described previ-
ously (Kim et al., 2009). The frequencies of targeted inversions at the F8 locus
were estimated by digital PCR (Kim et al., 2010). Modified genome sequences
of the targeted region in Hela cells and iPSC cells were analyzed by Sanger
sequencing.

Differentiation into Endothelial Cells and In Vivo Study

iPSCs were induced to differentiate into mature endothelial cells as described
(Merkely et al., 2015). Hemophilia A mice (Jackson Laboratory, strain: B6;
129S4-F8"™7X%/J) were used for the in vivo functional assay. Each mouse
was injected with endothelial cells derived from iPSCs by subcutaneous injec-
tion into the hind-limb. Two weeks after transplantation, a tail-clip challenge
was performed.

Tail-Clip Challenge and FVIII Activity Assay

The tail-clip assay was performed as described (Chao et al., 2001). In brief, the
distal part of the tail, with a 1.5 mm diameter, was cut and allowed to bleed for
5 min. After firm pressure was applied to the tail for 1 min, the survival time was
monitored. The Coamatic Factor VIl assay kit (Instrumentation Laboratory)
was used to measure the FVII activity according to the manufacturer’s instruc-
tions. A standard curve was prepared by diluting the human calibration plasma
(Instrumentation Laboratory).
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Analysis of Off-Target Mutations Induced by RGENs

Unspecific cleavage by RGENs at potential off-target sites was analyzed by
targeted deep sequencing and WGS of DNA from inversion-corrected iPSC
clones. For targeted deep sequencing, potential off-target sites that differed
from on-target sequences by up to four nucleotides were found with Cas-
OFFinder (http://www.rgenome.net). Each PCR amplicon of a potential off-
target site was subjected to paired-end read sequencing using MiSeq
(Mlumina). For WGS, genomic DNA from patient-derived iPSCs and inver-
sion-corrected clones was fragmented and ligated with adapters to make
libraries. Libraries were subjected to WGS using HiSegXTen (lllumina) at
Macrogen (South Korea) with a sequencing depth of 30.

For details on experimental procedures, see Supplemental Information.
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