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ABSTRACT

Human pluripotent stem cells (hPSCs) are nowbeing used for both diseasemodeling and cell therapy;
however, efficient homologous recombination (HR) is often crucial to develop isogenic control or re-
porter lines. We showed that limited low-dose irradiation (LDI) using either g-ray or x-ray exposure
(0.4 Gy) significantly enhanced HR frequency, possibly through induction of DNA repair/
recombination machinery including ataxia-telangiectasia mutated, histone H2A.X and RAD51 pro-
teins. LDI could also increase HR efficiency by more than 30-fold when combined with the targeting
tools zinc finger nucleases, transcription activator-like effector nucleases, and clustered regularly
interspaced short palindromic repeats. Whole-exome sequencing confirmed that the LDI adminis-
tered to hPSCs did not induce gross genomic alterations or affect cellular viability. Irradiated and tar-
geted lineswere karyotypically normal andmade all differentiated lineages that continued to express
green fluorescent protein targeted at the AAVS1 locus. This simplemethod allows higher throughput
of new, targeted hPSC lines that are crucial to expand the use of disease modeling and to develop
novel avenues of cell therapy. STEM CELLS TRANSLATIONAL MEDICINE 2015;4:998–1010

SIGNIFICANCE

The simple and relevant technique described in this report uses a low level of radiation to increase de-
siredgenemodifications inhumanpluripotent stemcellsbyanorderofmagnitude. Thishigherefficiency
permits greater throughputwith reduced time and cost. The low level of radiation also greatly increased
the recombination frequency when combined with developed engineered nucleases. Critically, the ra-
diation did not lead to increases in DNAmutations or to reductions in overall cellular viability. This novel
technique enables not only the rapid production of diseasemodels using human stem cells but also the
possibility of treating genetically based diseases by correcting patient-derived cells.

INTRODUCTION

Human pluripotent stem cells (hPSCs) can be iso-
lated from the inner cell mass of preimplantation
embryos as human embryonic stem cells (hESCs)
[1] or generated from adult somatic cells by over-
expressing pluripotency genes as human induced
PSCs (hiPSCs) [2, 3]. They provide an invaluable
starting source for producing any human cell type
and have many applications including cell ther-
apy, disease modeling, and drug screening [4].
The ability to efficiently edit the cell genome
through homologous recombination (HR) is cru-
cial to insert reporter ormodifying genes into spe-
cific loci or to allow the production of control
isogenic lines in disease-modeling studies [5].
However, available gene-targeting methods are
limited because of the low frequency at which

HR occurs in most cells [6, 7], especially
human-derived lines and pluripotent cells [8].
A more efficient method of gene targeting is
clearly needed.

Increased HR frequency after induction of
DNA double-strand breaks (DSBs) with the I-SceI
endonuclease was described two decades ago [9,
10]. More recently, zinc finger nucleases (ZFNs)
[11–13], transcription activator-like effector
nucleases (TALENs) [14, 15], clustered regularly
interspaced short palindromic repeats (CRISPR),
and the CRISPR-associated system (Cas) [16–20]
have been shown to substantially facilitate gene
targetingbygenerating site-specificDSBs in a spe-
cific locus. TALENs and CRISPR are especially effi-
cient for nonhomologous end joining (NHEJ) and
producing insertion/deletion (indel) mutations
[18, 21]. However, these genome-engineering
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approaches remain relatively inefficient with regard to HR fre-
quency used to replace DNA with a donor vector, particularly
when applied to hPSCs [20].

The safe use of ionizing radiation in therapeutic and diagnos-
tic procedures in medicine is well established [22]. For treatment
of cancers and hematopoietic cell transplantation, exposure to
high doses of radiation ($1Gy) is routinely used to destroy target
cells. In contrast, low doses (,1 Gy) do not cause cell death fre-
quently but still induceDNA single-strand breaks (SSBs) andDSBs,
which are rapidly repaired by the cellular repair machinery
[23, 24]. This suggested to us that a low-radiation dose may pro-
duce conditions that enhance the frequency of error-freeDNA re-
pair and thus lead to higher rates of successful HR in hPSCs.

MATERIALS AND METHODS

Human ESC and iPSC Culture

The human female ESC line WA09 (H9) line was obtained from
WiCell Research Institute (Madison, WI, http://www.wicell.
org). The human female iPSC line CS83iCTR-33n1 (83i) andhuman
male iPSC line CS25iCTR-18n2 (25i) were obtained from the iPSC
core facility at Cedars-Sinai Medical Center (Los Angeles, CA). Hu-
man ESCs and iPSCs were maintained onmouse embryonic fibro-
blast (MEF) feeder layers in 5% CO2 at 37°C and passaged using 1
mg/ml collagenase type IV (Life Technologies, Carlsbad, CA,
http://www.lifetechnologies.com) every 7days at normal density
(13) of 1.43 105 cells per well (splitting ratio 1:6) onto newMEF
feeder layers in a 6-well plate (BD Biosciences, San Jose, CA,
http://www.bdbiosciences.com). The cells were grown in hESC
medium containing Knockout Dulbecco’s modified Eagle’s me-
dium, 17% Knockout Serum Replacer, 5 ng/ml human basic fibro-
blast growth factor (bFGF), 13 nonessential amino acids, 0.43
insulin-transferrin-selenium (ITS-G), 13 GlutaMax (all from Life
Technologies), and 0.1 mM 2-mercaptoethanol (Sigma-Aldrich,
St. Louis, MO, http://www.sigmaldrich.com). For nonfeeder cul-
tures, plates (Nunc; Thermo Scientific, Rockford, IL, http://www.
piercenet.com) coated with Matrigel (growth factor reduced; BD
Biosciences) and mTeSR1 medium (StemCell Technologies, Van-
couver, BC, Canada, http://www.stemcell.com) were used for
maintaining hESCs and hiPSCs. All work was performed with ap-
propriate institutional review board approvals from Cedars-Sinai
Medical Center.

Gene Targeting With g-Ray or X-Ray Radiation Using
ZFNs, TALENs, or the CRISPR/Cas9 System

Human ESCs and iPSCs from confluent wells were plated into two
wells at a high density (23) of ∼2.83 105 cells per well on DR4
MEF feeder layers in 6-well plates. At 24 hours later, the culture
mediumwas replaced with fresh hESCmedium. Cells were trans-
fected by Lipofectamine 2000 (Life Technologies) with donor
gene-targeting vector (4 mg per well) and the ZFN-AAVS1 tran-
scripts (∼1.5 mg of mRNA per well, CompoZr AAVS1 targeted inte-
gration kit; Sigma-Aldrich), TALEN expression vectors (hAAVS1
1L and hAAVS1 1R, each 3 mg per well; Addgene, Cambridge,
MA, http://www.addgene.org), or CRISPR expression vectors
(hCas9 and gRNA_AAVS1-T2, each 3 mg per well; Addgene)
[20]. Radiation was performed 15minutes later (or a set time) af-
ter (or before) transfection. The plates were sealed with parafilm
and were irradiated by 0.4 Gy (or 0.1–4.0 Gy) in a cesium-137
g-irradiator (0.8 Gy/minute, Gammacell 40; Nordion International

Inc., Ottawa, Canada, http://www.nordion.com) or x-irradiator
(31 seconds for 0.4Gy, 2.5 mA, 150 kV; CellRad; Faxitron Bioptics,
Tucson, AZ, http://www.faxitron.com). A nonirradiated plate of
cells was used as a control. At 8 hours later, the culture medium
including transfection reagents was changed with fresh medium.
Puromycin selection (0.4 mg/ml) was started 48 hours after radi-
ation. During the chemical selection, 50% MEF-conditioned me-
dium in hESC medium was used with 30 ng/ml fresh bFGF.
After 6–8 days of puromycin selection, green fluorescent
protein-positive/puromycin-resistant (GFP+/PuroR) colonies were
analyzed by microscopy for GFP signal and screened by polymer-
ase chain reaction (PCR; PCR screeningmethod is described in the
following section). A single dissected piece from each colony was
analyzed by PCR, whereas the other pieces were plated into an
independent well of a 96-well plate with MEF feeder layers for
clonal expansion. PCR-positive clones were expanded until con-
fluence in 1 well of a 12-well plate without feeder cells, at which
time genomic DNA was purified for Southern blot as a second
screening (the Southern blot procedure is described in the South-
ern Blot Analysis section). Using g-irradiation and ZFN nuclease
treatment, stable hESC and hiPSC clones correctly targeting
GFP expressed in the nucleus were generated. Subsequent
experiments used stable hESC clones GN03 and GN17 and stable
iPSC clones GN46 and GN47.

PCR Screening in the AAVS1 Locus of Gene-Targeted
hESC and hiPSC Clones

Gene-targeted clones at first screening were determined by nested
PCR of genomic DNA from a small portion of GFP+/PuroR colonies.
Terra PCR Direct Polymerase Mix (Clontech, Mountain View, CA,
http://www.clontech.com) was used for cell lysis, and the polymer-
asewasreplacedwithTakaraPrimeSTARGXLPolymerase(Clontech),
with the following PCR reaction in one PCR tube. The nested PCR
conditions were 95°C for 5 minutes (lysis reaction), then 15 cycles
of 10-second denaturation at 98°C and 15-second annealing at
68°C (20.5°C per cycle) and 1-minute extension at 68°C, followed
by 20 cycles of 10-second denaturation at 98°C and 15-second
annealing at 60°C and 1-minute extension at 68°C, plus a final
extension at 68°C for 5minutes by Veriti Thermal Cycler (Applied
Biosystems by Life Technologies) with the following primers:
59-AACTCTGCCCTCTAACGCTG-39and59-GCGTGAGGAAGAGTTCTTG-
CAG-39. The subsequent nested PCR was performed using 5% PCR
products from the first PCR and performed with PrimeSTAR GXL
buffer for 30 cycles of 98°C for 30 seconds, 60°C for 15 seconds,
and68°Cfor1minutewiththenestedinnerprimers59-GGACCACTTT-
GAGCTCTACTG-39and59-GCTGCCAGATCTCTCGAGG-39, according to
the manual of Takara PrimeSTAR GXL DNA Polymerase (Clontech).
The expected PCR product was 925 base pairs (bp). The PCR primers
for loading control (PPP1R12C gene; 270 bp) were 59-CCAGGCTGA-
GAGCTTTAGAGG-39 and 59-AATCCTACCTAACGCACTCCTGGG-39.
Amplicons were sequenced by Genewiz, Inc. (South Plainfield, NJ,
http://www.genewiz.com) sequencing services.

Southern Blot Analysis

ThePPP1R12Cgene inAAVS1 locushas twoEcoRVrestrictioncleav-
age sites: one site is at the 59 end of exon 1, and the second site is
located at the 39 end of exon 3 (Fig. 1D). Because the AVVS1 donor
vector does not contain an EcoRV restriction site, gene-targeted
AAVS1 DNA shifted up the fragment size from 5.4 to 8.9 kilobase
pairs (kb) detected by the “external probe” (Fig. 1D). Presence of
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an 8.9-kb fragment indicates the occurrence of a correct HR event.
The 661 bp from the external probewere synthesized by PCR using
primers 59-ACCGTCCGCTTCGAGCG-39 and 59-CAGATAGACCAGACT-
GAGCTATGG-39 from genomic DNA purified from H9 hESCs. The
1.17 kb of the “internal probe” was purified from the GFP gene

of the AAVS1 donor vector by SphI and AgeI restriction-enzyme
digestions. Fragments of any other size detected by the internal
probe represent random/additional insertions. Genomic DNA
was separated on a 0.7% agarose gel after EcoRV restriction diges-
tion, transferred to a nylonmembrane (Amersham; GE Healthcare

Figure 1. Enhancing gene-targeting frequency in human pluripotent stem cells by g- or x-ray radiation. (A): Overview of human pluripotent
stemcell gene targeting combinedwith radiation. (B):Effect of different radiationdoseon the formationof correctly targeted clones byZFN. The
number of GFP+/PuroR colonies and correctly targeted colonies were counted after exposure to various doses (0, 0.8, 0.16, 0.4, 0.8, 1.2, and
4.0 Gy) of g-ray radiation (four independent experiments). Transfection was performed 15minutes before the radiation. (C): Effect of different
times of transfection before or after 0.4 Gy g-ray radiation by ZFN-mediated targeting. The number of GFP+/PuroR colonies and correctly tar-
geted colonieswere counted followingdifferent timesof transfection (224,22,20.25, +0.5, +2, +4, +8, +12, and+24hours) relative to radiation
(four independent experiments). (D):Gene-targeting strategy for introducing aGFPgene into theAAVS1 locus. Short homologousarms (0.8 kbof
59- and 39- homology arms) were chosen for all three engineered nucleases (ZFN, TALEN, and CRISPR systems). A puromycin-resistant (Puro)
gene isdrivenby theendogenousPPP1R12Cpromoter throughasplicing acceptor afterhomologous recombination (HR).AGFPgene isdrivenby
constitutively active humanb-actin promoter (b-actin::GFP). A dashed line between 2 arrowheads shows the location of a PCR-amplified region
to confirm HR. Red and orange lines indicate the external and internal DNA probes for Southern blot analysis. (E): Increased correctly targeted
recombinants by the ZFN system combinedwith the optimized lowdose ofg- or x-ray radiation (0.4 Gy) in hESCs and hiPSCs. Statistical significance:
pp, p, .01. (F): Southern blot analysis of theAAVS1 locus in gene-targetedhESCs and hiPSCs generatedwith ZFN and low-dose radiation. Additional
Southernblot resultsare shown inFigure2Band2D. (G): Increasedcorrectly targeted recombinantsbytheTALENsorCRISPR systemscombinedwith
theoptimized low-doseg-radiation (0.4Gy) inhiPSCs. Statistical significance:pp,p, .01. (H):Conventional genetargetingstrategy fordisrupting the
hypoxanthine-guanine phosphoribosyltransferase (HPRT ) gene. Long and short homologous arms (9.2 and 1.8 kb, respectively) were chosen for
replacing exons 7–9 with a neomycin-resistance gene driven by a PGK promoter (PGK::Neo). A dashed line between two arrowheads shows the
location of a PCR-amplified region to confirm HR. The red line indicates the DNA probes for Southern blot analysis. (I): Increased correctly targeted
recombinants by the low dose of g-ray radiation (0.4 Gy) in hiPSCs. Statistical significance: p, p, .05. Abbreviations: Chr., chromosome; CRISPR,
clustered regularly interspaced short palindromic repeats; GFP+/PuroR, green fluorescent protein-positive/puromycin-resistant; hESC, human em-
bryonic stem cell; hiPSC, human induced pluripotent stem cell; kb, kilobase pairs; min, minutes; PCR, polymerase chain reaction; S. blot, Southern
blot; SA, splicing acceptor; TALEN, transcription activator-like effector nuclease; WT, wild type; ZFN, zinc finger nuclease.
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Life Sciences, Pittsburgh, PA, http://www.gelifesciences.com), and
hybridized with Amersham AlkPhos Direct Labeling and Detection
System (GEHealthcare Life Sciences). Increased stringency ofwash
conditions removed the nonspecific bands from the membrane
containing no radiation samples (Fig. 2D).

Exome Sequencing

The human iPSC CS02iCTR control line was used for whole-exome
sequencing. Early passage (passage 4) was used to reduce possible
mosaic genotypes acquired during the passaging process [25–27].
The reprogramming process can also introduce mutations [28].
Mutations thatmay have occurredduring the reprogramming pro-
cess and that were present in passage 4 cells and in irradiated and
nonirradiated clones were subtracted as background. The hiPSCs
were passaged into three separate culture plates for (a) an irradi-
ated (0.4 Gy of g-ray) condition, (b) a nonirradiated condition, and
(c) a nonirradiated condition parental sample. At 24 hours later, ir-
radiated and nonirradiated cells were sorted by fluorescence-
activated cell sorting (MoFlo; Beckman Coulter, Brea, CA,
https://www.beckmancoulter.com) into single cells. A single cell
per well was plated into 96-well plates with MEF feeder layers
for clonal expansion. During this sorting step, rho-associated pro-
tein kinase (ROCK) inhibitor was added in hESCmedium (including
30ng/mlbFGF) for24hours.WhenclonalhiPSCswereexpandedto
1well of a 12-well plate (passage3 after sorting), genomicDNAwas
purified fromhiPSCsonanonfeederplate. ThegenomicDNA(50ng)
was used for exome sequencing from each of the radiation and
control cell lines. 300k exon-targeted amplicons were generated
usinganultra-highmultiplexPCR insixPCRreactions foreachhiPSC
clone using the Ion AmpliSeq Exome Kit (Life Technologies). In or-
der to reduce clonality, the post-PCR library protocol was skipped,
and exome libraries were quantitated using quantitative PCR be-
fore being amplified on Ion Sphere particles using the Ion One-
Touch 2 system (Life Technologies). Semiconductor sequencing
was performedwith an Ion Proton v2 chip using Ion PI XT reagents
and the IonPI Sequencing200Kit v2 (LifeTechnologies). EachhiPSC
clonewas sequenced toanaveragedepthofcoverageofmore than
193. Tonormalize any differences between radiation, cloneswere
propagated, purified, amplified, and sequenced as experimental
pairs. As mentioned, both hiPSC clone exomes were sequenced
to an average of 223. In brief, reads were alignedwith an Ion Tor-
rent specific alignment program, and single-nucleotide polymor-
phisms (SNPs) and indels were called using the Ion Torrent
server, which has a unique AmpliSeq Exome and Ion Proton-
specific error model to identify variants and copy number varia-
tions when compared with hg19. Only variants with significant
depth of coverage containing at least asmany reads as the average
coverage of whole exome (e.g., 203) and with a variant frequen-
cies,30% were assessed. Variants that were rare nonsynomous
single-nucleotide variants (SNVs) not identified in the SNP data-
base were then compared among treatment and nontreatment
groups. Only variants that were validated by the Integrated
Genomics Viewer were selected for further validation including
traditional Sanger sequencing validation. Raw sequencing reads
are available from the DDBJ Sequence Read Archive under acces-
sion number (SRP057851).

Statistical Analysis

Results of experimental points from different experiments are re-
portedas themean6SEM.Significance levelsweredeterminedby

nonpaired Student’s t test analysis, as indicated. Differences were
considered significant for p, .05 and p, .01. All other methods
are described in the supplemental online data.

RESULTS

Limited Radiation Enhances Homologous
Recombination in Pluripotent Stem Cells

Studies have shown that the common integration site of the hu-
mannonpathogenic adeno-associated virus (AAV) found in intron
1 of the protein phosphatase 1 regulatory subunit 12C (PPP1R12C)
gene, also known as AAV site 1 (AAVS1), is a suitable safe-landing
site for stable transgene expression in human cells [29]. Gene tar-
geting at the AAVS1 safe-landing site was accomplished by using
lipofectionofAAVS1mRNAZFNs intohPSCsalongwithadonorvec-
tor designed to incorporate the GFP and puromycin-resistant
genes, and then cells were exposed to 0–4.0 Gy radiation (Fig.
1A, 1D). This efficient lipofection method, with∼20% transfection
efficiency, was used because, unlike electroporation, this method
maintains high viability of hPSCs and does not require single-cell
separation. This approach also avoided cell passaging to reduce ad-
ditional cell death during transfection, chemical selection, and
screening to obtain targeting frequency (Fig. 1A).

Initial quantification by counting GFP+/PuroR colonies
showed that the 0.4-Gy radiation dose yielded the highest num-
ber of GFP+/PuroR colonies (Fig. 1B, black line). Subsequent
Southern blot analysis confirmed that this low dose also provided
themaximumnumber of correctly targeted colonies (Fig. 1B, blue
columns). We next determined the optimal timing of hESC trans-
fection and showed that the highest level of integration and cor-
rectly targeted colonies occurred at 15minutes prior to radiation
(Fig. 1C). To quantify the enhancement of integration frequency
by radiation, hESCs transfected with the donor DNA and the ZFNs
at the ideal transfection time (15 minutes before radiation) fol-
lowed by the optimal radiation condition (0.4Gy)were compared
with no radiation (0 Gy). PCR analysis of the GFP+/PuroR colonies
showed thatmore than90%ofGFP+/PuroR colonieswerepositive
when treated with radiation, compared with 8.2% with no radia-
tion (Table 1, row A; Fig. 2A, 2C). In order to establish how many
of these clones had site-specific HR, the PCR-positive clones were
further analyzed by Southern blot using external and internal
probes (Fig. 2B, 2D). Remarkably, the targeting frequency of cor-
rectly targeted clones to the AAVS1 locus was 51% with radiation
and ZFNs, which is in marked contrast to 4.3% in ZFN-alone non-
irradiated samples (Table 1, rowA). Indeed, not onlywas the tar-
geting frequency more than 10 times greater but also the total
number of GFP+/PuroR colonies was approximately 3 times greater,
so the final number of correctly targeted clones per experiment had
a 31-fold increase (Fig. 1E, left; Table 1, row A). This indicates
that the ratio of HR was dramatically enhanced over that of
random integration. The presence of improper recombinants in
GFP+/PuroR clones seen in the Southern blot (Fig. 2B, 2D) has also
been observed by other groups using the ZFN technology tar-
geting the AAVS1 locus [11, 30]. In addition, hiPSCs were tested
using the optimized conditions of ZFN transfection with low-
dose irradiation (LDI). Results showed similar and significant en-
hancement in HR targeting frequency compared with no radiation
(Fig. 1E, middle; Fig. 1F; Table 1, row B).

Althoughg-radiationworkedwell for increasing the targeting
frequency in both hESCs and hiPSCs, cesium-based irradiators are
often restricted by high security and radiation issues. In contrast,
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a bench top irradiator is a more practical and accessible way of ir-
radiatingcells. As such,weusedx-raywith adoseandduration sim-
ilar to thatusedwithg-ray to irradiatehiPSCsusing theZFNsystem,
whichagain resulted in successfully increasing theHR targeting fre-
quency compared with no radiation (Fig. 1E, right; Table 1, row C).

In addition to ZFNs,weassessedwhether TALENs andCRISPR/
Cas9 systems showed enhanced HR frequency with low-dose ir-
radiation. The TALENs or CRISPR systems were used to target

the GFP gene into the same AAVS1 locus of hiPSCs, using the op-
timized radiation and transfection parameters (transfection less
than 15minutes before 0.4-Gy radiation). Analysis of GFP+/PuroR

colonies by PCR and Southern blot for correctly targeted clones
(Fig. 1G; Table 1, rows D and E) showed that there was a simi-
lar enhancing effect of radiation on HR frequency when using
TALENs and CRISPR, demonstrating that low-dose g-radiation
enhances HR frequency for multiple engineered nucleases.

Figure 2. Confirmation of gene targeting by PCR and Southern blot analyses in irradiated human pluripotent stem cells. (A, C): Representative
PCR analysis data for screening gene-targeted clones using primers around the 59-arm region illustrated in Figure 1D. The data showed a result
using ZFNs plus radiation (0.4 Gy ofg-ray) (A) and no-radiation condition (C) in each of 26GFP+/PuroR colonies. The colonies that had a detected
0.9-kb bandwere further analyzed by Southern blot. (B, D): Southern blot analysis of PCR-positive clones (the number above the gel image is the
clone number). Correctly targeted clones (indicated by the red number at the top of the blot) were carefully confirmed by two kinds probes
(internal and external probes, illustrated in Fig. 1D) with the expected 8.9-kb band, which indicates correct homologous recombination (HR) by
left and right arms, andnoextra bandwasobserved in the same lane. Internal probe fromtheGFPgene in thedonor vector detects any integration to
genome so that the internal probe clearly shows a correctly targeted 8.9-kb band or random/additional integration. (E): Overview of conventional
genetargetingcombinedwith radiation. (F):RepresentativePCRandSouthernblot results. ThepositionofPCRprimersand39-armprobeareshown in
Figure 1H. Abbreviations: GFP+/PuroR, green fluorescent protein-positive/puromycin-resistant; HPRT, hypoxanthine-guanine phosphoribosyltrans-
ferase; kb, kilobase pairs; M, marker; min, minutes; PCR, polymerase chain reaction; S. blot, Southern blot; WT, wild type; ZFN, zinc finger nuclease.
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Experiments to this point assessed targeting frequency when
combining nucleases and radiation. Assessing the targeting fre-
quency in hPSCs using radiation alone compared with the nonirra-
diated condition could not be assessed because the targeting
frequency was too low due to the short 0.8-kb homologous arms
in the donor vector, whichwas sufficient for the ZFN system. In or-
der to overcome this low frequency, we next used a functional tar-
geting vectorwith longarms (Fig. 1H) for the first demonstrationof
gene targeting in human ESCs (obtained fromDr. James Thomson)
[31]. Quantifying the number of correctly targeted clones at the
hypoxanthine-guanine phosphoribosyltransferase (HPRT) locus
showed that 0.4 Gy g-radiation led to significant enhancement
(∼6-fold) compared with no radiation (Figs. 1I, 2F; Table 1, row F)
in hiPSCs. Consequently, LDI can also increase site-specific HR even
with conventional gene targeting,which can eliminate anypoten-
tial off-target issues introduced by engineered nucleases [32].

LDI Does Not Lead to Mutagenic Events in Human PSCs

To investigate the mutation frequency caused by g-radiation, we
used an establishedHPRT assay [33, 34] inwhichmutations at the
HPRT gene were quantified by 6-thioguanine selection. The data
clearly showed that no increased mutagenesis was induced until
the higher 4.0-Gy dose of radiation was administered, suggesting
that the lower doses of radiation, including the ideal 0.4-Gy dose,
do not cause genetic abnormalities in this gene within the hiPSC
population (Fig. 3A). Toanalyze all coding-genemutations,whole-
exome sequencing was performed on hiPSCs following 0.4-Gy
g-radiation compared with no radiation. Early passage 4 hiPSCs
were used to avoid possible mosaic genotypes acquired during
passaging [25–28]. Sorting and clonal expansion from single cells
in parallel was used to isolate individual mutations (Fig. 3B).
Clones were expanded for three passages, at which time DNA
was collected for whole-exome sequencing. Mutations that
may have occurred during reprogramming [28] and that were
present in passage 4 cells and in irradiated and nonirradiated
clones were subtracted as background. Results revealed that

radiation produced no gross differences in the number of SNVs
and indels between irradiated clones and nonirradiated controls
(Fig. 3C). In addition, exome sequencing confirmed that irradiated
clones did not have a significant increase in mutation frequency
over time, at least in the 1 month of 3 passages. Longer time
points still need to be assessed. Selected rare but high-
confidence SNV changes predicted to result in nonsynomous
amino acid changes in either irradiated or nonirradiated clones
were independently validated using Sanger sequencing in parent
and other independent lines, suggesting that these mutations
were random. Together, these results showed that low-dose
0.4-Gy radiation can significantly increase site-specificHRwithout
causing high mutation levels.

Increased Homologous Recombination Is Associated
With Specific Gene Expression Profiles and Altered
Protein Phosphorylation

Because previous groups have shown that high-dose irradiation
($1 Gy) can cause changes at the transcription level [22, 35], we
next assessedwhether LDI led to any short-termchanges inRNAex-
pression using microarrays. Gene expression, measured by super-
vised two-way hierarchical clustering analysis at 4, 8, and 24
hours after 0.4-Gy radiation, showed no differences at 4 and 8
hours. In contrast, 331 genes were significantly altered in hESCs
at 24 hours after 0.4-Gy radiation compared with nonirradiated
hESCs at 0 hour (Fig. 4A), as also demonstrated in another study
[35]. There were significant changes in genes associated with
DNArepair/recombination, celldeathandcell cycle, cellulargrowth,
and proliferation pathways (Fig. 4B; supplemental online Table 1).

Along with changes in the general RNA expression profile fol-
lowing DNA stress, activation of proteins through phosphoryla-
tion by radiation was also detected from 30 minutes to 24
hours. Ataxia telangiectasia mutated (ATM) kinase maintains
DNA stability and is activated by DSBs. This activation subse-
quently regulates several key proteins that initiate activation of
the DNA damage checkpoint, leading to cell cycle arrest, DNA

Figure 3. Analysis of the genomic mutations in irradiated human pluripotent stem cells. (A):Mutation frequency in the HPRT locus. Determi-
nationofg-ray-inducedmutations on theHPRT genewasperformedusing 6-TG selection after exposing the iPSCs todifferent doses of indicated
g-ray radiation. Cells with an intact or nonmutatedHPRT genewill not survive during 6-TG selection, whereas cells that have lost the function of
theHPRT gene can survive selection in 6-TG. Note that the low doses (0.13 and 0.4 Gy) of radiation did not increase the number of mutations at
theHPRT locus. In the 12.6 Gy column, all iPSCswere eliminated by the high-dose radiation before 6-TG selection. Data presented are from four
independent experiments, with statistical significance: p, p, .05. (B): Strategy of whole-exome sequencing. The same human iPSC clone (pas-
sage 4) underwent radiation or no radiation followed by sorting to single cells and subsequent expansion for whole-exome sequencing (exper-
imental procedureoutlined in the supplemental onlinedata). (C):Whole-exome sequencing showednogross differences in thenumber of single
nucleotide variants or insertions/deletions of single-nucleotide polymorphisms between irradiated clones and control nonirradiated clones.
Abbreviations: 6-TGR, 6-thioguanine-resistant; indels, insertion/deletions; iPSC, induced pluripotent stem cell; SNV, single nucleotide variant.
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repair, or apoptosis. ATM, for instance, directly phosphorylates
H2A.X, a histone variant that is an early response protein follow-
ing DSBs. RAD51 is also activated by phosphorylation after DSBs
and plays a critical role in repairing DNA through homologous

recombination. After exposure of hESCs to 0.4- and 4.0-Gy
g-radiation, Western blot analysis showed phosphorylation of
ATM as early as 30 minutes [36] and phosphorylation of RAD51
beginning at 2 hours (Fig. 5A). Semiquantification of theWestern

Figure 4. Analyses of gene expression and pluripotency after 0.4-Gy g-ray radiation. (A): Two-way hierarchical clustering analysis of themost var-
iably expressed genes before and after treating hESCs with 0.4-Gy g-ray radiation . The clustering of samples and genes is based on the Pearson
correlation coefficient of the normalized expression of the 703 probes containingmore than 0.85 standard deviation either side of themean across
all samples. Data were mean centered. Green and red illustrate relative over- and underexpression, respectively, of the genes. Relative distances
between samples and genes are shown in dendrograms above and to the side of the heatmap, respectively. The gene list is shown in supplemental
online Table 1. (B): The biological network analysis by Ingenuity Pathway Analysis. (C): Southern blot analysis of gene-targeted iPSCs generated by
0.4-Gy radiation in the AAVS1 locus. Original hESC (H9 line) and hiPSC (83i) genomic DNA was included as a negative control. External and internal
probesare shown inFigure1D. (D):Geneexpressionprofilesof four independent targetedcloneswereanalyzedbyPluriTest toevaluatepluripotency.
Pluripotency and novelty scores of targeted lines are presented. These scores were compared with hESCs, hiPSCs, and differentiated cell samples
(neural progenitor and fibroblast cells). (E):Acorrelation treeof eachanalyzedsamplebyPluriTest. (F):Alkalinephosphatase stainingof each targeted
line. (G): OCT4 and SSEA4 pluripotency gene expression analyzed by flow cytometry in targeted stable hESC (GN17) and hiPSC (GN46) clones. (H):
SSEA1expressionanalyzedby flowcytometry in targeted stablehESC (GN17) andhiPSC (GN46) clones.Abbreviations:GFP, green fluorescentprotein;
h, hours; hESC, human embryonic stem cell; hiPSC, human induced pluripotent stem cell; kb, kilobase pairs; Q, quartile; WT, wild type.
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blots highlighted greater phosphorylation following 4.0 Gy rela-
tive to 0.4 Gy (Fig. 5B, 5C). After exposure of hESCs to 0.4- and
4.0-Gy radiation, immunocytochemistry showed that a specific
antibody of H2A.X, which binds only to the phosphorylated form
on serine 139 (gH2A.X), was also detected and localized to foci in
thenuclei,which increasedover 2 hours and then reversed close
to basal levels by 24 hours in both 0.4- and 4.0-Gy radiation con-
ditions (Fig. 5D, 5E). Together these results indicate that the
cells exposed to low-dose irradiation can respond with altera-
tions in gene expression and phosphorylation of proteins re-
lated to DSB repair, for instance, the phosphorylation of

RAD51. It still needs to be defined whether these alterations
specifically underlie the increase in HR.

LDI Increases HR in Human PSCs Without Affecting Cell
Viability, Proliferation, or Differentiation Into Major
Tissue Lineages

During the course of 24 hours after high-dose irradiation with
4.0 Gy, we noticed the cell nuclei were swollen, indicating the ini-
tiation of cell death (Fig. 5D, bottom-right panels). Radiation at
both0.4-and4.0-Gy levels causedasignificant increase inactivated

Figure 5. Analyses of irradiated human pluripotent stem cells. (A):Western blot of ATM-serine 1981 (pATM), total ATM, RAD51-tyrosine 315,
and total RAD51 at the indicated time points after cells were exposed to 0.4- or 4.0-Gy g-ray radiation compared with control, nonirradiated
cells.b-actin served as the loading control. To obtain a precise comparison of phosphorylation between 0.4- and 4.0-Gy radiation, an equivalent
volume of the proteins was loaded, and antibody signal was used for quantification. (B, C): The relative amount of ATM phosphorylation and
RAD51 phosphorylation. The expression level was normalized by b-actin. Statistical significance: p, p, .05 (n = 3). (D): Foci formation of phos-
phorylated H2A.X (gH2A.X) after 0.4- or 4.0-Gy radiation was shown by immunohistochemical analysis after the indicated time by gH2A.X an-
tibody (red). Nucleiwere stainedbyHoechst (blue). Scale bar = 20mm. (E): Thenumber of foci stainedbyg-H2A.X antibodywas counted for each
time point. (F): Apoptosis assay that measures caspase-3/7 activity by release of luminescence on activation of caspase-3/7 and cleavage of
a target peptide in hESCs irradiated with 0.4- or 4.0-Gy dose. Statistical significance: pp, p, .01. (G): The live cell number of hESCs cultured
on a nonfeeder platewas determined by counting cells negative for trypan blue stain 24 hours after 0.4- or 4.0-Gy radiation. Data for panels E–G
come from three independent experiments. (H): Analysis of individual gene-targeted clones derived from hESCs and hiPSCs treated by 0.4-Gy
radiation. Representative GFP-expressing hESC and hiPSC colonies with inset of corresponding bright field image (left panel) and karyotyping
analysis to confirmnormal DNAprofile (right panel). Abbreviations: ATM, ataxia telangiectasiamutated; h, hours; hESC, human embryonic stem
cell; hiPSC, human induced pluripotent stem cell; p, phosphorylated; RLU, relative light units.
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Figure6. Analysisofdifferentiatedcellsderived fromgene-targetedhESCandhiPSCclonesgeneratedby0.4-Gyradiation. (A):Reverse-transcription
polymerase chain reaction (RT-PCR) analysis of differentiated gene-targeted hESCs or hiPSCs through embryoid body differentiation. Ectoderm,
mesoderm, and endoderm marker expression was confirmed. The GAPDH gene was used as a housekeeping control. (B): Gene-targeted

(Figure legend continues on next page.)
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caspase-3/7 compared with no radiation; however, the level of
apoptosis was lower at 0.4 Gy compared with 4.0-Gy radiation
(Fig. 5F). This change in apoptosis correspondswith the similar re-
sult related to regulation of apoptosis highlighted in the microar-
ray list (Fig. 4B). Given the low level of detected apoptosis after
0.4-Gy radiation, we wanted to further assess the viability of
the cell cultures over time following radiation. Quantifying trypan
blue staining showed that approximately 82% of hESCs exposed
to 4.0-Gy radiation were dead after 24 hours, whereas hESCs ex-
posed to 0.4 Gy survived and expanded at a rate similar to that
seen in nonirradiated control cells (Fig. 5G), indicating that LDI
does not significantly reduce overall cell viability.

Finally, we investigated potential adverse effects of LDI on the
general characteristics and differentiation potential of targeted
hPSCs by assessing genomic integrity, pluripotency, stemness,
and GFP expression in 4 clones selected from the 49 hESCs and
30 hiPSCs correctly targeted following ZFN transfection and radia-
tion (Table 1, rows A and B). The four clonal lines showed strong
GFP expression throughout the selection and expansion processes
and retained a normal karyotype (Fig. 5H). Southern blot analysis
showed correctly targeted bands in the selected hESCs and hiPSCs
(Fig. 4C). A global gene expression PluriTest assay used to define
hPSCs [37] revealed a very high pluripotency score and a low nov-
elty score for all four lines that were identical to the original hESC
and hiPSC signatures and vastly different from differentiated neu-
ral and fibroblast cells, suggesting that pluripotency and novelty
were not affected by radiation (Fig. 4D, 4E). The four lines also
hadalkalinephosphataseactivity (Fig. 4F), and flowcytometry con-
firmed expression of pluripotency markers OCT4 and SSEA4 (Fig.
4G) and no expression of SSEA1 (Fig. 4H). To assess the capacity
of the irradiated cells to differentiate into all three germ layers,
the targeted lines were spontaneously differentiated as embryoid
bodies and PCR-quantified ectoderm, mesoderm, and endoderm
markers at days 15 and 28 of differentiation (Fig. 6A). The targeted
GFP-expressing hESC and hiPSC clones were further differentiated
to lineage-specific mature cells. Beating cardiac cells represented
mesoderm, and neural precursor spheres and mature neuron cul-
tures with clear migration and division represented ectoderm (Fig.
6B–6E; supplemental online Movies 1, 2). Hepatic cells expressing
early andmaturemarkers, confirmedby flow cytometry and quan-
titative reverse-transcription PCR, represented endoderm (Fig.
6F–6I). In addition, there was continual robust expression of GFP
targeted to the AAVS1 safe-landing site in all lineages in irradiated
lines (Fig. 6B–6G). Long-term analysis of LDI-based engineered
clones that were passaged for more than 20 generations showed
that therewasno loss of transgene expression, viability, anddiffer-
entiation ability. Together, the data clearly showed that radiation
combined with ZFN transfection did not hinder the efficient

production of hPSC lineswith stable transgeneexpression andnor-
mal differentiation potential.

DISCUSSION

The traditional belief that radiation is detrimental to organisms
is being reconsidered. High linear energy transfer (LET) radia-
tion with a and neutron particles primarily lead to DNA DSBs,
which frequently result in DNA damage and cancer [38]. In con-
trast, low-LET g- and x-ray ionizing radiation and a low dose
(0.1–0.5 Gy) do not frequently cause DNA DSBs and, rather,
can reduce DNA damage, remove cells with DNA damage, acti-
vate tumor-suppressor genes, and stimulate detoxification
[39–41]. Mouse spermatogonial stem cells receiving a low dose
of g- or x-ray radiation, for example, showed a reduced muta-
tion frequency compared with the nonirradiated condition [42,
43], and a low dose of x-ray total body radiation in humans pro-
vided a therapeutic effect by reducing numbers of lung metas-
tases [44]. It must be considered, however, that this positive
benefit of LDI could be due to effective DSB repair related to
in vivo immunological compensatory mechanisms that can
remove mutated and abnormal cells. Furthermore, above 0.5
Gy, negative effects replace these positive effects of radiation.

Current techniques using ZFNs, TALENs, and CRISPR for HR with
a donor vector have a low frequency of success, making them time-
consuming, expensive, and inefficient to generate larger numbers of
targeted lines. In this study, we showed that engineered nuclease-
mediated HR was greatly enhanced by low-dose ionizing radiation.
Indeed,usingZFNswith irradiationyieldeda51%targeting frequency
comparedwith only 4%with ZFNs alone, demonstrating that LDI en-
hanced the frequency of correctly targeted clones. This similar en-
hancing effect was also observed in the TALEN and CRISPR
systems. In addition, this enhancement of gene targeting was
achieved using an equivalent dose of x-ray, which is amore practical
approach for many laboratories. Moreover, LDI enhanced the gene-
targeting frequency in a traditional gene-targeting system without
the aid of engineered nucleases, demonstrating the power and
broader application of this new approach. The DNA breaks caused
by LDI can be repaired by both HR and NHEJ mechanisms. LDI-
mediated induction of DNA repair machinery and availability of sur-
plus copies of the transfected donor-targeting vector is likely to have
favored HR over NHEJ. This notion is supported by the lack of signif-
icant genomic sequence change observed in irradiated pluripotent
stem cells by exome sequencing. As demonstrated, the dosage
of irradiation was a critical parameter for achieving efficient HR-
mediated gene targeting. At higher irradiation doses, we observed
apoptosis-mediated death of cells within 24 hours, possibly due to

(Figure legend continued from previous page.)
GFP-expressing hESCs (clone GN03) differentiated into beating cardiac cells retained high expression of the GFP signal (supplemental online
Movie 1). (C): Gene-targeted hESCs (GN03) differentiated to neurons (ectoderm) were shown to express GFP (green) and b3-tubulin (red) and
were counterstained with Hoechst (blue) (supplemental online Movie 2). (D, E): hESC and hiPSC clones after differentiation into neuronal pre-
cursor cells and mature neurons. A gene-targeted hESC clone (GN03) (D) and an hiPSC clone (GN47) (E) generated by 0.4-Gy radiation both
retained high GFP expression following differentiation into neuronal precursor cells (left) and mature neurons (right). Scale bar = 0.1 mm.
(F, G):Analysis of endodermal andhepatocytic lineage in targeted differentiated hESCs andhiPSCs. Flow cytometry analysis shows that targeted
hESCs (GN03) andhiPSCs (GN46)withGFPhadSOX17, CXCR4, andFoxA2expression atday6, andAFPandalbuminexpressionatday16.Reddots
in the flow cytometry image represent isotype control antibody-stained cells. Bright-field and fluorescent images demonstrated that targeted
hESC and hiPSC clones retained high GFP expression throughout hepatic differentiation. (H, I): Analysis of liver marker lineage in targeted dif-
ferentiatedhESCsandhiPSCs.QuantitativeRT-PCRdata showtimecourseofdifferential expressionofa1-antitrypsin (AAT) andalbumingenes in
targeted hESCs (GN03) (H) and hiPSCs (GN46) (I). Data are represented as mean6 SEM from three independent experiments. Abbreviations:
AFP, alpha fetoprotein; hESC, human embryonic stem cell; hiPSC, human induced pluripotent stem cell.
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irreparableDSBs andactivationof theapoptotic pathway.Moreover,
irradiation-induced randomNHEJ in essential protein coding regions
orcis-actingDNAelementscouldbe lethal, andthosecellswill besub-
jected to negative selection. The key is to have right amount of irra-
diation to stimulate the DNA repair machinery and provide a donor
DNA vector in the right window to favor HR-mediated DNA repair.

We expect additional reasons for enhancing HR events by LDI.
First, cellular DNA repair machinery was activated in response to
both 0.4- and 4.0-Gy g-irradiation. In particular, RAD51 activation
has been shown to increase both gene-targeting frequency and
DNAdamage resistance [45]. Second, radiation-mediated increase
in cell membrane permeability could allow efficient transfer of
donor-targetingDNA to thenucleus for anHRevent [46]. Third, cell
cycle arrest caused by irradiation may allowmore chance for DNA
repair machinery to use the HR process because G(2) but not G(1)
cell cycle arrest was reported ing-irradiated human ESCs [36]. Our
data also highlight that the combination of radiation and/or engi-
neerednucleases can significantly enhance theHR frequencywith-
out increasing offsite mutations, causing global DNA damage, or
significantly reducing cellular viability. Nonetheless, concerns re-
main about using ionizing radiation; therefore, careful assessment
isongoing foranysubtleor long-termdifferencesbetweenthe lines
targetedwithg- andx-ray radiationcomparedwithnonirradiation.

Whole-genome sequencing recently showed that engineer-
ing using TALENs or CRISPR systems did not increase offsite inser-
tions or mutations [25–27]. Recently, however, a more sensitive
method showedmore than 10-fold off-target events and translo-
cations between bona fide nuclease targets on homologous
chromosomes [32]. Increases in the targeting efficiency of both
on- and off-targets were dependent on the concentration of
CRISPR or TALEN plasmids and the exact gene being targeted.
Clearly, this area is complex; however, we suggest that combining
CRISPR technology with LDI may allow lower plasmid concentra-
tions while maintaining efficiency, thus decreasing offsite issues.
Althoughwe are currently testing this hypothesis, LDI is an impor-
tant new method for exploring these types of options for every-
one in the field doing gene targeting on human PSCs.

The ability to reliably and efficiently target specific genes within
human PSCs removes a major roadblock for both disease-modeling
studies and therapeutic strategiesusinghPSCs. The fieldof in vitrodis-
ease modeling will benefit from paired isogenic control cell lines de-
veloped by repairing a gene deficit associated with a specific disease
and from reverse-engineered cell lines achieved by inserting specific
mutations into control pluripotent stem cell lines [18]. In addition, ef-
ficient HR of reporter genes downstream of endogenous cell lineage
promoterswill facilitate the sorting of specific cell types and the iden-
tificationofcellsaftertransplantation.Finally, thecorrectionofgenetic
defects byHRwill revolutionize cell replacement therapies bypermit-
ting autologous transplantation of a patient’s own corrected cells.
The new, simple technique of combining low-dose radiation with

current gene-editing technologies significantly enhances targeting
frequency in human PSCs, providing powerful advancement of ba-
sic research and disease therapeutics.

CONCLUSION

We used low-dose irradiation to enhance homologous recombi-
nation frequency, possibly through induction of DNA repair ma-
chinery in human pluripotent stem cells. We found that both
g- and x-rays can be harnessed for gene-targeting purposes with
or without engineered endonucleases. LDI did not introduce
mutations in the human iPSCs, as evaluated by exome sequenc-
ing. AAVS1 locus-targeted human ESC and iPSC lines were karyo-
typically normal and made cell lineages of all three germ layers.
This new, simple gene-targeting approach provides a powerful
platform for basic research and cell therapeutics.
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