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different genome alterations at each step.

(Background: Genome alterations need to be investigated before clinical application of iPS cells.
Results: Reprogramming and gene targeting can generate substantial but different genomic variations.
Conclusion: Stringent genomic monitoring and selection are needed both at the time of iPSC derivation and after gene

Significance: This study examined the genome instability during iPSC generation and subsequent gene correction and revealed
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The generation of personalized induced pluripotent stem
cells (iPSCs) followed by targeted genome editing provides an
opportunity for developing customized effective cellular thera-
pies for genetic disorders. However, it is critical to ascertain
whether edited iPSCs harbor unfavorable genomic variations
before their clinical application. To examine the mutation status
of the edited iPSC genome and trace the origin of possible muta-
tions at different steps, we have generated virus-free iPSCs from
amniotic cells carrying homozygous point mutations in f3-he-
moglobin gene (HBB) that cause severe B-thalassemia (3-Thal),
corrected the mutations in both HBB alleles by zinc finger
nuclease-aided gene targeting, and obtained the final HBB gene-
corrected iPSCs by excising the exogenous drug resistance gene
with Cre recombinase. Through comparative genomic hybrid-
ization and whole-exome sequencing, we uncovered seven copy
number variations, five small insertions/deletions, and 64 single
nucleotide variations (SNVs) in 3-Thal iPSCs before the gene
targeting step and found a single small copy number variation,
19 insertions/deletions, and 340 single nucleotide variations in
the final gene-corrected B-Thal iPSCs. Our data revealed that
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substantial but different genomic variations occurred at factor-
induced somatic cell reprogramming and zinc finger nuclease-
aided gene targeting steps, suggesting that stringent genomic
monitoring and selection are needed both at the time of iPSC
derivation and after gene targeting.

Human iPSCs* can undergo indefinite self-renewal while
maintaining the potential to generate all somatic cell types in
the body, thus opening up new ways for developmental biology
research, disease modeling, and applications in regeneration
medicine. Indeed, combining iPSC generation with targeted
genome editing had been used for modeling various genetic
diseases, including B-Thal (1, 2). B-Thal is one of the most
common genetic diseases in the world, and patients suffering
from severe anemia need regular blood transfusions. It is
caused by mutations or deletions in the B-hemoglobin gene
(HBB) that destroy the normal function of red blood cells (3, 4).
Currently, transplantation of bone marrow from a healthy
donor is the only way to cure B-Thal, but this treatment is
limited by the lack of human leukocyte antigen-matched
donors. Theoretically, the generation of iPSCs from (-Thal
patients followed by targeted genome correction of mutated
HBB could be an ideal new treatment for these diseases (5). The
recent development of genome editing tools, such as zinc finger
nucleases (ZFNs) (6), transcriptional activator-like effector
nucleases (7), and clustered regulatory interspaced short palin-
dromic repeat/Cas9-based RNA-guided DNA endonucleases
(8), has significantly improved gene targeting efficiency in
human iPSCs or embryonic stem cells, thus making it practica-

“The abbreviations used are: iPSC, induced pluripotent stem cell; HBB, 3-he-
moglobin; B-Thal, B-thalassemia; ZFN, zinc finger nuclease; CGH, compar-
ative genomic hybridization; CNV, copy number variation; Indel, insertion/
deletion; SNV, single nucleotide variation; aCGH, array comparative
genomic hybridization; iPS, induced pluripotent stem; PGK, phosphoglyc-
erate kinase.
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ble to generate personalized, gene-corrected iPSCs for cell ther-
apy. However, it is critical to evaluate whether the reprogram-
ming and the subsequent gene targeting steps generate
unwanted genome alterations before application of this type of
cellular therapy in clinical practice.

The generation of gene-corrected iPSCs requires factor-in-
duced somatic reprogramming and nuclease-aided gene target-
ing steps. The impact on genome stability of reprogramming or
gene targeting has drawn lots of attention. For example, it was
reported that iPSCs carried more frequent CNVs than other
cell lines, such as ES cells and somatic cells (9, 10). Some of
these CNVs were certainly attributed to the reprogramming
process (11-14). However, in another report, very few nucle-
otide level variations, such as non-synonymous single nucle-
otide variations (SNVs) and insertions/deletions (Indels),
were found in iPSCs generated through a non-viral approach
(15). Similarly, the impact on genome stability of genome-
editing tools, such as transcriptional activator-like effector
nucleases or clustered regulatory interspaced short palin-
dromic repeat/Cas9, has also been analyzed (16). In general,
these genome-editing tools seemed not to induce much
genome variation based on the whole-genome sequencing
data (17-19), suggesting that these tools might be safe for
clinical applications.

The current study was designed to examine the genome vari-
ations generated throughout the process of producing gene-
corrected B-Thal iPSCs, including iPSC generation through a
non-viral approach, clonal selection, expansion, genome edit-
ing, and exogenous gene excision. We first generated an inte-
gration-free B-Thal iPSC line from amniocytes that carried
homozygous point mutations in the second intron of HBB (site
654). We then corrected both mutated HBB alleles by ZFN-
aided gene targeting and excised exogenous drug resistance
genes to obtain the final HBB-corrected iPSCs. Next, we per-
formed sequential CGHs and exome sequencing on parental
cells used for iPSC derivation, iPSCs before gene correction,
and the final gene-corrected B-Thal iPSCs. Our results showed
that iPSC derivation even with a non-viral approach could gen-
erate a certain number of variations, including both CNVs and
SNVs. Meanwhile, the subsequent ZFN-aided gene targeting
caused negligible CNVs but a lot more SNVs. Our analysis indi-
cated that factor-induced somatic cell reprogramming and
ZFN-aided gene targeting tend to generate different genomic
variations. These variations need to be carefully analyzed and
evaluated before the clinical application of personalized gene-
corrected iPSCs for cellular therapy.

EXPERIMENTAL PROCEDURES

iPSC Generation and Cell Culture—The methods of isolating
amniotic fluid cells and iPSC generation from a 3-thalassemia
patient were performed as described previously (2, 20). The
amniotic fluid cells were cultured in Amniogrow PLUS (Cyto-
gen), and the iPS cells were maintained in mTeSR1 (Stemcell
Technologies). All cell types were maintained at 5% CO.,,.

ZENs and Donor Vectors for Gene Targeting—ZFNs were
designed by Sigma-Aldrich. The ZEN pair was designed to tar-
get the 3'-side region that was ~600 bp downstream of the last
exon of HBB gene (see Fig. 1D, underlined). The HBB-ZFN pair
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TABLE 1
Primers list
F, forward; R, reverse.
Primer Sequence
qACTIN-F 5'-CCCAGAGCAAGAGAGG
qACTIN-R 5'-GTCCAGACGCAGGATG
qOCT4-F 5'-CCTCACTTCACTGCACTGTA
qOCT4-R 5'-CAGGTTTTCTTTCCCTAGCT
qSOX2-F 5'-CCCAGCAGACTTCACATGT
qSOX2-R 5'-CCTCCCATTTCCCTCGTTTT
qNANOG-F  5'-TGAACCTCAGCTACAAACAG
qNANOG-R  5'-TGGTGGTAGGAAGAGTAAAG
F1 5'-GTAGCAATTTGTACTGATGGTATGGGGC
R1 5'-GGTGGATGTGGAATGTGTGCGAGG
F2 5'-CAGCCTTAGTTGTCTCTGTTGTCTTA
R2 5'-GGTGGTTGATGGTAACACTATGCTA
IVS-654-F 5'-ATTGACCAAATCAGGGTAATTTTGC
IVS-654-R 5'-GACAGCAAGAAAGCGAGCTTAGTGA
5'probe-F 5'-GGTAGGGGCAGGATTCAGGA
5'probe-R 5'-ATGGGGTAATCAGTGGTGTCAAAT
HBBR-F 5'-CCGAAGCTTGAATTCCTCGAGATAACTTCGTATAATGTATGC
HBBR-R 5'-AATCCCGGGGAATTCGTCGACGCGGCCGCGGTATACCTTGTGAAAT
HBBL-F 5'-CCGAAGCTTGAATTCCTCGAGGCGGCCGCAGTGCCAGAAGAGCCAA
HBBL-R 5'-AATCCCGGGGAATTCGTCGACATAACTTCGTATAGCATACAT
qCNV1-F 5'-GGTGAGAAGGAATCAGAGGAATAAAGTT
qCNV1-R 5'-TCTAGTACCTACACTTGTCATTGCCCAC
qCNV2-F 5'-CCCTGCCGAATGAGTAAAGTAAA
qCNV2-F 5'-CTGGGTGTTGAGTCTAGGCTCTATC
qCNV3-F 5'-TTACTGGAACTAATAGGACACGCTG
qCNV3-R 5'-TGGAGGCTGGCAAGAATGG
qCNV4-F 5'-GGTCTTCTTACTTGCCGAATCCAC
qCNV4-R 5'-GGTCTTCTTACTTGCCGAATCCAC
qCNV5-F 5'-AATAGCGAACCATTTTCACAGATTACC
qCNV5-R 5'-GTGCCTGTGAATTGACTCCTTCATT
qCNV6-F 5'-CTCCCTACTTGGGTAAAGTTCTCCG
qCNV6-R 5'-TTTGGAGACAGTTACCCGATTTAAGTAA
qCNV7-F 5'-GCTGAGGCAGGAGAATGGCG
qCNV7-R 5'-AGACGGAGTCTCGCTCTGTCGC
qCNVS8-F 5'-CTGTTTTGTCGGGTGAAGTGAGG
qCNV8-R 5'-AGGAACCTGTCCGCCACATTC

qHBB locus-F  5'-CCTTGGACCCAGAGGTTCTTTGA
qHBB locus-R  5’'-CATCACTAAAGGCACCGAGCACT

recognition sequences were 5'-CACTCTTTCACAGTCTGC
and 5'-CTAAGCCCAGTCCTT. They were expressed from
two plasmids under the control of the CMV promoter. The left
and right homology arms were amplified from genomic DNA of
a healthy individual. The primer sets HBBL-F/R amplified the
2.3-kb left arm, and HBBR-F/R amplified the 1.5-kb right arm.
A loxP-flanked PGK-neomycin cassette or loxP-flanked PGK-
puromycin cassette were inserted between two homology arms
into the pMD-18T vector (Takara). For targeting, 1 X 10°iPSCs
were electroporated with 2 ug of donor DNA and 4.5 pg of each
ZFN plasmid. Then the electroporated iPS cells were plated
onto Matrigel-coated 6-well plates in the presence of Y-27632
(10 nm; Sigma) for 1 day. Positive clones were selected by puro-
mycin (0.5 pg/ml) or G418 (100 pg/ml; Sigma) in mTeSR1.
Primers sequences are listed in Table 1.

PCR Detection of Corrected Clones—Genomic DNA was
extracted using the TTANamp Genomic DNA kit (Tiangen) for
PCR analysis. 50-100 ng of genomic DNA templates and LA
Taq (Takara) were used in all PCRs. The primer set including
P1 and P2 was used to amplify a 2.8-kb product of the 5’'-junc-
tion of a targeted integration (see Fig. 1D). The primer set
including P3 and P4 was used to amplify a 2-kb product or a
500-bp product to identify whether random integration
occurred. The primer pair IVS-654-F/R was used to amplify a
600-bp product containing the mutant region of HBB, and then
PCR products were sequenced to identify the corrected clones.
All primers sequences are listed in Table 1.

Southern Blotting—A 502-bp HBB-specific probe in the
5'-side of the left homology arm was synthesized by PCR ampli-
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FIGURE 1. Site-specific gene correction of the B-hemoglobin mutations using ZFNs. A, schematic of the GFP reporter assay for HBB-ZFNs. B, fluorescence
images of 293T cells transfected with GFP reporter (top) or GFP reporter with ZFNs (bottom). C, specificity of HBB-ZFNs. We designed two GFP reporters, one
containing the HBB-ZFN recognition sequence and the other containing a similar sequence in the genome. Values are mean = S.D. (error bars) for triplicate
samples from a representative experiment. p values were calculated by one-way analysis of variance. ** indicates p < 0.01. ZFN-L, one of the pair of HBB-ZFNs;
ZFN-L/R, the pair of HBB-ZFNs. D, schematic overview of gene targeting strategy for the human HBB locus. The desired recombination event inserts a PGK
promoter-puromycin resistance cassette or PGK promoter-neomycin resistance cassette flanked by loxP sites (green triangles) into the position about 600 bp
downstream of the HBB locus. The Southern blot probe is indicated by short straight line (5'-probe), and PCR primers are indicated by arrows (F1/R1 and F2/R2).
Mut, mutant. E, bright field images of cultured human BThal654_iPS, BThal654_iPSG2, BThal654_iPSG2Pu11,and BThal654_iPSCre16 cell colonies. Scale
bars, 200 um. F, genome PCR analysis of BThal654_iPS, BThal654_iPSG2, BThal654_iPSPu26, BThal654 iPSG2Pul11, and PBThal654_iPSCre16 cells.
BThal654_iPSPu26, a cell line with one HBB allele, was targeted by the donor template containing the puromycin resistant cassette. H,0, negative
control. G, Southern blot of BThal654_iPS, BThal654_iPSG2, BThal654_iPSPu26, BThal654_iPSG2Pu11, and BThal654_iPSCre16 cells using the 5'-probe.
The HBB allele that has not undergone gene targeting shows a 5-kb band, whereas a targeted allele shows a 6.4-kb band. H, sequencing results of C—>T
mutation site in the second intron of HBB in BThal654_iPS, BThal654_iPSG2, BThal654_iPSG2Pu11, and BThal654_ iPSCre16 cells. /, karyotype of
BThal654_iPSCre16 cells.

fication using the primer pair 5'probe-F/R and DIG-dUTP Flow Cytometry Analysis—Cells were digested by 0.25% tryp-
labeling kit (Roche Applied Science). Genomic DNA was sin (Invitrogen) and fixed with 1% paraformaldehyde for 10 min
digested by BgllI, and then standard Southern blotting was per-  at 37 °C. After washing with 2% fetal bovine serum (FBS; Excell)
formed following the instructions of DIG High Prime DNA in PBS, cells were permeabilized with 90% methanol for 30 min
Labeling and Detection Starter kit II (Roche Applied Science).  on ice. After washing, cells were incubated with primary anti-

MAY 8,2015-VOLUME 290-NUMBER 19 SASBMB JOURNAL OF BIOLOGICAL CHEMISTRY 12081



Reprogramming- and Gene Targeting-induced Genome Variations

A B
100 =
- c 008 « BThal654_iPS
> ] 2 'g = BThal654_iPSCre16
[1+] ©
= 60+ = g Z = H1
5 5 SR
= 0] =2 ) 9;
25
20+ 28
5
0] Q
‘101 102 103 10 10 106 107 m
FL1-A:: FL1-A SOX2 NANOG
¢

BThal654_iPS
Hc

[ N¢
M
L
B GEMM

BThal654_iPSCre16

F BThal654_iPS-HBB BThal654_iPSCre16-HBB
€ € FL1-A subset
B FL1-A subset 3 54.2%
(&] 9.46% (&)
e
0 0.l

3 6

10

103 10

10 10 10 10* 10
Comp-FL1-A:: FL1-A Comp-FL1-A:: FL1-A
FIGURE 2. Characterization and erythroblast differentiation of corrected B-Thal iPS cells. A, flow cytometry expression analysis of iPS cell-specific markers
in BThal654_iPSCre16 cells. Red, isotype control; blue, antigen staining for OCT4 or SSEA4. B, quantitative reverse transcription-PCR analysis of endogenous
OCT4, SOX2, and NANOG expression in BThal654_iPS, BThal654_iPSCre16, and H1 (human embryonic stem cell line) as a positive control. The data are
presented as mean = S.D. (error bars) from three assays. C, H&E staining of teratomas derived from BThal654_iPSCre16 cells. Scale bars, 200 um. D, bright field
images of cfu derived from BThal654_iPSCre16 cells. G, granulocytes; E, erythroblasts; M, megakaryocytes. E, ratio of different types of colonies counted at day
21 after differentiation. E, erythroblasts; G, granulocytes; M, megakaryocytes; GM, granulocytes and megakaryocytes; GEMM, four types of colonies, including
granulocytes, erythrocytes, megakaryocytes, and macrophages. F, flow cytometry expression analysis of HBB in erythroblasts derived from BThal654_iPS and
BThal654_iPSCre16 cells. Black, isotype control; orange, antigen staining for HBB.

bodies for 30 min at 37 °C. Meanwhile, control samples were PBS and then analyzed on an Accuri C6 (BD Biosciences) (21).
incubated with isotype control antibodies for 30 min at 37 °C.  The antibodies used were OCT3/4 antibody (Santa Cruz Bio-
After washing, cells were incubated with secondary antibodies  technology, sc-5279), SSEA4 antibody (Abcam, AB16287), and
for 30 min at 37 °C. The cells were washed and resuspended in  HBB antibody (Santa Cruz Biotechnology, sc-21757).
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FIGURE 3.aCGH analysis of copy number variations in amniotic cells, BThal654_iPS cells, and corrected BThal654_iPSCre16 cells. A, overview of aCGH
comparison between BThal654_iPS cells and amniotic cells. B, overview of aCGH comparison between BThal654_iPSCre16 cells and BThal654_iPS cells. C, a
representative duplication example of CNVs between BThal654 _iPS cells and amniocytes. D, a representative deletion example of CNVs between BThal654_iPS
cellsand amniocytes. E, a representative deletion example of CNVs between BThal654_iPSCre16 cells and BThal654_iPS cells. Red, duplication; green, deletion;

blue shading, copy number variation region.

TABLE 2
CNVs detected in the BThal654_iPS versus amniocytes

Chr, chromosome.

Chr Region Size Genes Type
7 89728229-89744460 16 kb DPY19L2P4 Deletion
10 90636108-90711123 75 kb STAMBPLI1, ACTA2 Duplication
10 90959017-92031184 1.1 Mb CH25H, LIPA, IFIT2, IFIT3, IFIT1B, IFIT1, IFITS, SLC16A12, Duplication
PANK1, MIR107, FLJ37201, KIF20B
10 93743987-94339488 556 kb BTAF1, CPEB3, MARCHS, IDE Deletion
10 95030562-95051674 21 kb Duplication
17 1957745-1962621 5Lkb HICI Duplication
18 27871290-27875270 4kb Deletion
TABLE 3 ization, and all data were measured in triplicate. Primer
CNVs detected in the BThal654_iPSCre16 versus BThal654_iPS sequences are listed in Table 1.
Chr, chromosome. Teratoma Formation and Analysis—BThal654_iPSCrel6
Chr Region Size Genes Type cells cultured on a Matrigel-coated 10-cm plate were digested
kb by Dispase (Invitrogen), resuspended in Matrigel (BD Biosci-
20 1563632—1584485 21 SIRPBI Deletion

Quantitative Real Time PCR—Total RNA was extracted
using TRIzol (Invitrogen) and reverse transcribed using oli-
go(dT) (Takara), and then quantitative PCR was performed
with a CFX96 machine (Bio-Rad) and a SYBR Green Premix EX
Taq™ kit (Takara) following the manufacturers’ instruction
manuals. B-Actin was used for quantitative RT-PCR normal-
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ences), and then injected subcutaneously into immunodeficient
mice. Teratomas were dissected after 8 weeks, fixed in 4% para-
formaldehyde, and then processed for hematoxylin and eosin
(H&E) staining.

Erythroblast Differentiation of Human iPS Cells—[BThal654._
iPS and BThal654_iPSCrel6 cells were harvested by Dispase
(Invitrogen) digestion and co-cultured with OP9 stromal cells
for 8 days at 2.5 X 10° cells/10-cm dish in 20 ml of a-minimum
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Eagle’s medium (Gibco) supplemented with 10% FBS
(HyClone), 100 um monothioglycerol (Sigma), and 100 um vita-
min C. Half of the culture medium was changed at days 4 and 6.
CD34™" cells were directly sorted out using a CD34 Progenitor
Cell Isolation kit (Miltenyi Biotec) at day 8. Hematopoietic col-
ony-forming unit (cfu) assays were performed using 2 ml/dish
MethoCult GF+ H4435 semisolid medium (Stemcell Technol-
ogies) following the manufacturer’s instruction manuals on
35-mm low adherence plastic dishes (Monroe). The number of
CD34™" cells sorted by magnetic activated cell sorting for cfu
assays was about 5 X 10° cells. Colonies were counted after
12-14 days.

High Resolution Assay of Comparative Genomic Hybridiza-
tion Microarray and Genome-wide Copy Number Variation
Analyses—Genomic DNAs extracted from donor cells (amni-
otic fluid cells), BThal654_iPS cells, and BThal654_iPSCrel6
cells were digested using Alul and Rsal enzymes. A SureTag
DNA labeling kit (Agilent) was applied for DNA labeling. First,
different fluorescence dyes were used for DNA labeling of
BThal654_iPS cells (Cy5-dUTP) and the donor amniotic fluid
cells (Cy3-dUTP). Labeled BThal654_iPS cell DNA was hybrid-
ized with the labeled donor cell DNA following the instruction
manuals of the SurePrint G3 human CGH microarray kit (1 X 1
M, Agilent). Second, different fluorescence dyes were used for
DNA labeling of BThal654_iPSCrel6 cells (Cy5-dUTP) and
BThal654_iPS cells (Cy3-dUTP). Labeled BThal654_iPSCrel6
cell DNA was hybridized with the labeled SThal654_iPS cell
DNA following the instruction manuals of the SurePrint G3
human CGH microarray kit (1 X 1 M, Agilent). We followed
oligonucleotide array-based CGH protocol version 6.0 (Agi-
lent) to process DNA samples and handle and scan microarray
profiles. Then the microarray scanning profiles were processed
and analyzed by Feature Extraction 10.7.3.1 (Agilent) and
Workbench 7.0 (Agilent). The threshold of the Aberration
Detection Method-2 algorithm was set to 6.0 with Fuzzy Zero.
CNVs were named by at least four consecutive probes with log,
ratio (samples were labeled with a ratio of fluorescent Cy5 and
Cy3) consistent with duplication or deletion (duplication and
deletion are larger than 1 kb).

Exome Sequencing—Genomic DNAs were extracted from
donor amniotic fluid cells, BThal654_iPS cells, and
BThal654_iPSCrel6 cells. We used SeqCap EZ Exome 64M
(Roche NimbleGen) and a TruSeq DNA sample preparation kit
(Illumina) to capture the exome and establish the exome
sequencing library following the manufacturers’ instruction
manuals. All sequencing was carried out on an Illumina HiSeq
2000 sequencer with a paired end 2 X 100-nucleotide multi-
plex. Human genome build GRCh37 (hgl9) was selected as the
reference human genome in these analyses. The 2 X 100-nu-
cleotide paired-end reads were mapped onto the human refer-

ence genome using Burrows-Wheeler Alignment version 0.5.9.
Potential PCR repetitions were removed using Samtools (ver-
sion 0.1.18), and mapping profiles were analyzed using flagstat.

SNV and Indel Analyses—Targeted genomic regions had at
least 30X coverage. Candidate BThal654_iPS mutations were
defined as variants that were present in a given fThal654_iPS
exome but not in the donor amniotic cells, and candidate
BThal654_iPSCrel6 mutations were defined as variants that
were present in a given 8Thal654_iPSCrel6 exome but not in
BThal654_iPS. To exclude the false positives caused by insuffi-
cient depths of exome sequencing, we first filtered out the
Indels and SNVs with coverage of sequencing depth less than
10X. For Indel analysis, we also filtered out the direct repeats,
homopolymers, and repetitive sequences that were caused by
the technical limitation of high throughput, short read
sequencing technologies (16). Selected SNVs and Indels were
validated by Sanger sequencing. All primers sequences are
listed in Table 1.

RESULTS

Correction of Homozygous Mutations of HBB Genes in 3-Thal
iPSCs with Aid of ZFNs—W e have previously derived an iPSC
line from the amniotic cells of a fetus that was diagnosed with
B-Thal major (IVS2-654), which was named BThal654_iPS.
The cell line carries two homozygous C—T mutations at the
second intron of HBB gene (2). A reporter assay showed that
our ZFNs designed for HBB targeting exhibited satisfactory
activity and specificity (2) (Fig. 1, A, B, and C). We failed to
obtain an iPSC line with both HBB alleles corrected through
one round of gene targeting. Thus, we used a two-step strategy
to correct mutated HBB alleles sequentially with HBB-specific
ZFNs (Fig. 1D). Then we constructed two targeting vectors
containing different drug resistance genes, one for neomycin
and the other for puromycin, to achieve homologous recombi-
nation for gene targeting (Fig. 1D). We first introduced the
neomycin-resistant donor template together with ZFNs into
the BThal654_iPSCs. After selected by G418, we obtained the
iPSCs with a single HBB allele targeted, which were named
BThal654_iPSG2 (Fig. 1E). The correction was further con-
firmed by genomic PCR, Southern blotting, and Sanger
sequencing (Fig. 1, F, G, and H). Similarly, we introduced the
second donor template with the puromycin resistance gene and
ZFNs into BThal654_iPSG2 and obtained an iPSC line with
both HBB alleles targeted, which was named PBThal654_
iPSG2Pull (Fig. 1E). Both drug resistance genes were then
excised by Cre recombinase to generate the final gene-cor-
rected iPSCs, which were named Thal654_iPSCrel6 (Fig. 1E).
The iPS clone was validated by genomic PCR and Southern
blotting (Fig. 1, F and G). Lastly, by Sanger sequencing, we con-
firmed that the C—T mutations of both alleles were both cor-

FIGURE 4. Genomic DNA-based quantitative PCR analysis of CNVs. A, deletion of chromosome 7 (89728229 - 89744460). B, duplication of chromosome 10
(90636108-90711123). C, duplication of chromosome 10 (90959017-92031184). D, deletion of chromosome 10 (93743987-94339488). E, duplication of
chromosome 10 (95030562-95051674). F, duplication of chromosome 17 (1957745-1962621). G, deletion of chromosome 18 (27871290-27875270). H,
deletion of chromosome 20 (1563632-1584485). |, HBB locus was used as a control. Values are mean = S.D. (error bars) for triplicate samples from a represent-
ative experiment. Amniocyte-P1, amniocyte-P3, and amniocyte-P5 are amniocytes with different passages. BThal654_iPS-P16, BThal654_iPS-P26, and
BThal654_iPS-P40 are uncorrected iPS cells with different passages. BThal654_iPSCre16-P40 are corrected iPS cells of passage 40. Amniocyte-P3 cells were the
original cells used for reprogramming, BThal654_iPS-P16 cells were the original cells used for gene targeting and aCGH analysis, and BThal654_iPS-P40 cells
were the parallel passaged uncorrected iPS cells with corrected BThal654_iPSCre16-P40 cells.
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rected in BThal654_iPSCrel6 (Fig. 1H). G binding analysis
showed that both uncorrected (2) and corrected B-Thal iPSCs
maintained a normal karyotype (Fig. 11).

Characterization of the Gene-corrected iPSC—The gene-cor-
rected BThal654 iPSCrel6 exhibited typical human embry-
onic stem cell morphology (Fig. 1E) and expressed pluripotent
markers, such as OCT4, SOX2, NANOG, and SSEA4, as
detected by FACS and quantitative RT-PCR (Fig. 2, A and B).
Upon injection into immunodeficient mice, the corrected
BThal654_iPSCrel6 cells could form teratomas containing all
three germ layers (Fig. 2C). These data demonstrate that the
pluripotency of iPSCs was maintained after ZFN-mediated
gene targeting.

To further examine whether the correction of disease-caus-
ing mutations could restore the normal expression of HBB, we
performed hematopoietic differentiation of uncorrected and
corrected 3-Thal iPS cells based on an OP9 co-culture protocol
described previously (2, 22). Upon OP9 co-culture, both uncor-
rected and corrected B-Thal iPS cells could differentiate rapidly
and produce the CD34" /43" hematopoietic progenitor cells
(23). These iPSC-derived hematopoietic progenitor cells
could further differentiate into various mature blood lin-
eages as analyzed by a cfu assay (Fig. 2D). Upon plating in a
semisolid culture system, all types of colonies could be
observed, including erythrocyte, granulocyte, megakaryo-
cyte, granulocyte/megakaryocyte, erythrocyte/granulocyte/
megakaryocyte/macrophage (Fig. 2E). To examine the
expression of HBB, we manually picked out erythrocyte col-
onies and analyzed the expression of HBB by quantitative
RT-PCR and FACS. Because that the C—T mutation at the
second intron of HBB leads to abnormal splicing of the full-
length mRNA, its correction should restore the normal
expression level of B-globin in red blood cells. Indeed, we
showed that the level of B-globin significantly increased in
gene-corrected B-Thal iPSCs compared with their uncor-
rected counterparts (Fig. 2F). Thus, these data demonstrate
that the gene-corrected -Thal iPSCs maintained the capa-
bility of differentiation into blood lineages and that our cor-
rection restored the expression of HBB.

Copy Number Variations—To assess the subchromosomal
changes during the process of reprogramming and gene target-
ing, we performed sequential aCGH on the original amniocytes,
amniocyte-derived BThal654_iPS cells, and gene-corrected
BThal654_iPSCrel6 cells (Fig. 3). Using the genome of the orig-
inal donor cells as a reference, aCGH detected a number of large
fragment deletions and duplications in Thal654_iPS cells after
reprograming, including three deletions and four duplications
that impacted 20 genes (Table 2). Surprisingly, we only detected
one small deletion in gene-corrected BThal654 iPSCrel6
(Table 3) when compared with the genome of its uncorrected
counterpart. All CNVs detected by aCGH were further verified
by quantitative genomic PCR (Fig. 4). These data indicate that
the gene targeting process might not lead to large fragment
abnormality of the genome even though it underwent multiple
clonal events and genome editing. To rule out CNVs poten-
tially caused by long term cell culturing, we reanalyzed the
detected CNVs in the parental amniocytes and uncorrected
iPSCs with different passages. As expected, we failed to
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TABLE 4
Summary of Indels

BThal654_iPS BThal654_iPSCrel6
vs. amniocytes vs. BThal654_iPS

Total Indels 83 597
High quality filtered Indels 5 19

Indels in intergenic regions 0 4
Indels in introns 5 12
Indels in 5'- or 3'-UTR 0 2
Indels in coding regions 0 1

TABLE 5
Summary of SNVs
S, synonymous; NS, nonsynonymous.

BThal654_iPS
vs. amniocytes

BThal654_iPSCrel6
vs. BThal654_iPS

Total SNVs 4853 5031
High quality filtered SNVs 64 340
SNVs in intergenic regions 14 49
SNVs in introns 33 169
SNVsin5'- or 3'-UTR 10 30
SNVs in coding regions 7 92
Synonymous 5 46
Nonsynonymous 2 45
Stop gain 0 1
NS:S ratio 2.5 1.02

detect the existence of such CNVs in parental amniocytes
with different passages by using quantitative PCR. More-
over, the CNVs detected in iPSCs remained the same even
with prolonged expansion and passages (Fig. 4). These data
indicate that CNV generation occurred during the repro-
gramming or gene targeting process rather than during cell
expansion and passaging.

Indels and SNVs—To detect the minor genomic changes at
the nucleotide level, we performed whole exome sequencing on
the original amniocytes, amniocyte-derived BThal654 iPS
cells, and corrected BThal654_iPSCrel6 cells. In comparison
with the parental donor cells, we detected a total of 83 Indels in
BThal654_iPS cells before targeting. Consistent with previous
reports that Indel calling usually generates a high rate of false
positives (15, 24, 25), only five of 83 called Indels passed the
more stringent bar. We confirmed that most of the false posi-
tive Indels were located within highly repetitive regions. With
the same stringent bar set for Indel calling (see “Experimental
Procedures”), we detected 19 Indels in gene-corrected iPS cells
(Table 4). These data indicate that the gene targeting process
tends to trigger more nucleotide level variations than the repro-
gramming process. Among them, only one of the 19 Indels
found in corrected iPS cells affected the coding region of one
known gene.

We also detected a fair number of SNVs generated by repro-
gramming and gene targeting (Table 5). Again, we found many
more SNVs generated by gene targeting than by reprogram-
ming (45 nonsynonymous SNVs in gene-corrected iPSCs ver-
sus two in uncorrected iPSCs; Table 5).

We further examined whether these SNVs could be gener-
ated through long term culturing and multiple passaging before
gene targeting. We randomly selected seven SNVs detected in
uncorrected iPSCs (at passagel6) and reanalyzed them by
Sanger sequencing in parental amniocytes or 8Thal654_iPS
cells with different passages (passages 1, 3, 5, and 7 for
amniocytes and passages 16 and 26 for iPSCs). The results
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TABLE 6
Sanger sequencing results of randomly selected SNVs in different passages of aminocytes and BTha1654_iPS cells

Exome-sequencing result Sanger sequencing result
Chr Site Gene Function Amniocy | BThal6 Amniocytes- BThal654 iPS-
8 tes-P3 54 iPS
‘g -P16 P1 P3 P5 P7 P16 P26
§ 16 3486823 ZNF597 exonic T/T T/A T/T T/T T/T T/T T/A T/A
3 10 94225548 IDE exonic T/G T/T T/G T/G T/G T/G T/T T/T
'3 18 47438474 MYOS5B | exonic G/G G/C G/G | G/G | G/G | G/G G/C G/C
% 17 38573164 TOP2A intronic A/A A/G A/A | AJA | AJA | AJA | AIG | AIG
a 4 79204170 FRASI1 intronic A/A T/A A/A | AJA | AJA | A/A T/A T/A
5 75207452 POCS5 intergenic A/A A/IG A/A | AJA | AJA | AAA | AIG | AIG
7 150217018 | GIMAP7 | intronic T/T T/C T/T T/T T/T T/T T/C T/C
TABLE 7
Sanger sequencing results of randomly selected SNVs in different passages of BTha1654_iPS cells and BTha1654_iPSCre16 cells
Exome-sequencing result Sanger sequencing result
BThal6 | PThal654 BThal654 iPS- BThal654 iPSCrel6-
Chr Site Gene Function 54 iPS | _iPSCrel
P16 P40 P40 P46 P52
-P16 6-P40
20 1559101 SIRPB1 exonic T/G G/G T/G T/G G/G G/G G/G
o X 122575618 GRIA3 intronic G/G G/T G/G G/G G/T G/T G/T
;' 20 13695680 ESF1 exonic T/C C/C T/C T/C C/C Cc/C C/C
E 20 9546554 PAK7 exonic G/A G/G G/A G/A G/G G/G G/G
E‘ 20 18393312 DZANK1 exonic G/C C/C G/C G/C C/C Cc/C C/C
\E 20 13747441 ESF1 exonic G/A A/A G/A G/A A/A A/A A/A
§ 2 7023654 RSAD2 exonic C/C C/A c/C C/C C/A C/A C/A
;' 20 16729138 OTOR exonic T/C T/T T/C T/C T/T T/T T/T
§ 20 17597531 RRBP1 intronic T/C C/C T/C T/C C/C Cc/C Cc/C
= 20 2638882 NOP56 exonic C/T T/T C/T C/T T/T T/T T/T
6 160134268 SOD2 intergenic G/G G/T G/G G/G G/T G/T G/T
20 3090848 UBOXS exonic G/T G/G G/T G/T G/G G/G G/G
20 2539387 T™C2 exonic A/G G/G A/G A/G G/G G/G G/G
20 1214814 RAD21L1 exonic C/C A/C C/C C/C A/C A/C A/C
20 16252917 KIF16B 3°’UTR C/A A/A C/A C/A A/A A/A A/A

showed that all the randomly selected SN'Vs were absent in Regarding newly generated SNVs in gene-corrected iPS cells,
both parental amniocytes and iP$S cells regardless of passage =~ we found that these SNVs were maintained in corrected iPSCs
number (Table 6). through multiple passages but never present in uncorrected iPS
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FIGURE 5. The chromosome distribution of high quality filtered SNVs. A, the chromosome distribution of high quality filtered SNVs in BThal654_iPS cells
versus amniocytes. I, BThal654_iPS; D, amniocytes. B, the chromosome distribution of high quality filtered SNVs in BThal654_iPSCre16 versus BThal654_iPS. C,

BThal654_iPSCre16; I, BThal654_iPS.

cells (Table 7). These data exclude the possibility that long term
culturing and multiple passaging generate genome variations
during reprogramming and gene targeting.

DISCUSSION

iPS technology combined with gene targeting provides new
ways to treat or investigate genetic diseases. However, safe eval-
uation standards of these genetically modified personalized
iPSCs are lacking. Genomic variation is an important parame-
ter to be considered for safe clinical application. In this study, by
using B-Thal iPS cells as a model, we assessed genomic varia-
tions generated during factor-induced reprogramming and
subsequent gene correction mediated by ZFN-aided gene tar-
geting processes. We found that both factor-induced repro-
gramming and ZFN-aided gene targeting affected the genome
integrity but at different levels. A fair number of large fragment
variations (CNVs) were detected in 8- Thal iPS cells after repro-
gramming, whereas few CNVs occurred during gene targeting.
In contrast, gene targeting tends to generate nucleotide level
variations rather than cause large fragment changes. It was not
clear whether these variations were due to the off-target effect
of ZFN or caused by multiple rounds of clonal selections. We
indeed detected more SNVs in chromosome 20 than in other
chromosomes (Fig. 5), but no evidence was found to support
that the HBB ZFNs were prone to recognize the sequence in
chromosome 20.

Other recent studies reported that the genome-editing tools
did not seem to generate more intolerable variations at the sin-
gle nucleotide level, such as SNVs or Indels (16). However, in
final gene-corrected B-Thal iPS cells, we did detect three Indels
and 46 nonsynonymous SNVs that could affect known gene
functions. Considering that the whole gene correction process
described here contains two rounds of gene targeting and one
round of drug resistance gene excision, the numbers of detected
SNVs and Indels are comparable with those of previous reports.
With the decreasing cost of genome sequencing, it is possible
and necessary to carefully assess these variations before further
clinical application in the future. In addition, it is difficult to
assess the subchromosomal changes based solely on the
genome sequencing data (15). By using aCGH, we detected a
fair number of CNVs in B-Thal iPSCs after the reprogramming
process. However, the subsequent gene targeting and drug

12088 JOURNAL OF BIOLOGICAL CHEMISTRY

selection cassette excision generated minimal additional CNV
changes. Our data suggest that reprogramming and gene tar-
geting cause different genomic variations, and these variations
need to be analyzed by appropriate approaches in the safety
evaluation process before clinical applications.
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