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ABSTRACT

Genome editing research of human ES/iPS cells has
been accelerated by clustered regularly interspaced
short palindromic repeats/CRISPR-associated 9
(CRISPR/Cas9) and transcription activator-like ef-
fector nucleases (TALEN) technologies. However,
the efficiency of biallelic genetic engineering in
transcriptionally inactive genes is still low, unlike
that in transcriptionally active genes. To enhance
the biallelic homologous recombination efficiency
in human ES/iPS cells, we performed screenings
of accessorial genes and compounds. We found
that RAD51 overexpression and valproic acid treat-
ment enhanced biallelic-targeting efficiency in hu-
man ES/iPS cells regardless of the transcriptional
activity of the targeted locus. Importantly, RAD51
overexpression and valproic acid treatment syn-
ergistically increased the biallelic homologous re-
combination efficiency. Our findings would facilitate
genome editing study using human ES/iPS cells.

INTRODUCTION

Genome editing of human ES/iPS cells has been lim-
ited by technical difficulties that result in a low effi-
ciency of homologous recombination (HR) in human
ES/iPS cells. Recently, many researchers have demon-
strated that genome editing technologies, such as zinc fin-
ger nucleases, transcription activator-like effector nucleases

(TALEN) and clustered regularly interspaced short palin-
dromic repeats/CRISPR-associated 9 (CRISPR/Cas9) sys-
tems, could enhance the HR and non-homologous end join-
ing (NHEJ) efficiency in human ES/iPS cells by inducing
highly specific DNA double-strand breaks (DSB) at the
targeted position of the genome (1–6). However, the HR
efficiency in human ES/iPS cells is largely dependent on
the target locus. Some studies have reported that homozy-
gous targeted clones were almost impossible to obtain (7–
9). Hockemeyer et al. have shown that human ES/iPS cells
were biallelically targeted by using zinc finger nucleases with
an efficiency of 2–11% for a transcriptionally active gene,
adeno-associated virus integration site 1 (AAVS1), but 0%
for transcriptionally inactive gene, Pituitary homeobox 3 (7).
Hockemeyer et al. also showed that human ES/iPS cells
were biallelically targeted by using TALEN with efficiencies
of 9.3–33% for AAVS1, but 0–4.1% for Pituitary homeobox
3 (8). Recently, Yu et al. showed that small molecules could
enhance CRISPR/Cas9-mediated HR efficiency in human
and mouse ES/iPS cells, but the HR efficiency of human
ES/iPS cells in the transcriptionally inactive gene, Alpha
smooth muscle actin 2, was only 1% (9). Chu et al. have also
reported that CRISPR/Cas9-mediated HR efficiency could
be increased by suppressing the NHEJ pathway, but they
did not examine whether their method could be also applied
to transcriptionally inactive genes (10).

In this study, we tried to develop a method for highly ef-
ficient biallelic-targeted gene editing regardless of the tran-
scriptional activity (or chromatin folding) of the targeted lo-
cus. To enhance the biallelic HR efficiency in human ES/iPS
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cells, we performed screenings of accessorial genes and com-
pounds.

MATERIALS AND METHODS

RAD51-Expressing plasmid

The cDNA of the human RAD51 gene (NM 001164269)
was amplified by PCR, and then inserted into pBSKII,
resulting in pBSKII-RAD51. The human RAD51 gene
was inserted into pHMCA5 (11), which contains the
CMV enhancer/�-actin promoter with the �-actin in-
tron promoter (CA promoter, kindly gifted from Dr Jun-
ichi Miyazaki (Osaka University)), resulting in pHMCA-
RAD51. The Escherichia coli �-galactosidase (LacZ)-
expressing plasmid, pHMCA-LacZ, was constructed pre-
viously (11). The primers used for human RAD51 gene
cloning are shown below.

Human RAD51 for: 5′-agaTCTAGAgctaatggcaatgcaga
tgcagct-3′

Human RAD51 rev: 5′-aacGCGGCCGCtcagtctttggcatc
tcccact-3′

Small-Molecule compound library

The Screenwell Epigenetics library (Enzo Life Sciences)
was used in this study. This Screenwell Epigenetics li-
brary contains 43 compounds with defined activity against
enzymes which carry out epigenetic modification of
lysine (http://www.enzolifesciences.com/BML-2836/screen-
well-epigenetics-library/). Human ES/iPS cells were treated
with each compound (10 �M) for 24 h. The H3K27 methy-
lation levels, OCT3/4 expression levels and cell viability
were examined.

Electroporation

AAVS1, c/EBPα, FOXA2, GSC, HHEX, HNF1α, HNF4α,
HNF6, IFNαR1, IPS-1, RIG1 and SOX17 loci were tar-
geted using the donor plasmids and CRISPR/Cas9 plas-
mids (or TALEN plasmids). The human ES cells were
treated with 10 �M VPA for 24 h. Human ES/iPS cells (2.0
× 1 06 cells) were dissociated into single cells by using Ac-
cutase, and resuspended in the prewarmed Nucleofector So-
lution (Lonza). The electroporation was performed by us-
ing 4D-Nucleofector System and 4D-Nucleofector Kit (P3)
(both from Lonza) according to the manufacturer’s instruc-
tions. The ratio of Nucleofector Solution to the plasmid so-
lution is 90 �l: 10 �l (total 100 �l). The plasmid solution
consists of 5 �g donor plasmids, 5 �g CRISPR/Cas9 plas-
mids (or TALEN plasmids) and 1 �g RAD51-expressing
plasmids. After the electroporation, the cells were seeded
onto LN511-E8 (Nippi)-coated dishes, and cultured with
the medium containing 10 �M ROCK inhibitor. After cul-
turing for 2 days, the medium was replaced with 10 �M
puromycin- and 5 �M GCV-containing medium. Note that
a high concentration of puromycin is required for efficient
homozygous targeted gene editing. Puromycin- and GCV-
containing medium was replaced with the medium 48 h af-
ter its addition. After 10 days from the electroporation, 24
individual colonies were picked up and then seeded onto an

LN511-E8-coated 24-well plate. After most of the wells be-
came nearly confluent, PCR and sequencing analysis were
performed to examine whether the clones were correctly tar-
geted.

RESULTS

Low biallelic gene editing efficiency in a transcriptionally in-
active gene

In this study, we aimed to develop a method to accom-
plish highly efficient homozygous targeted gene editing of
human ES/iPS cells regardless of the target gene’s tran-
scriptional activity. We designed donor plasmids target-
ing a transcriptionally active gene, AAVS1, or transcrip-
tionally inactive gene, hepatocyte nuclear factor 4 alpha
(HNF4α) (Figure 1A). In undifferentiated human ES cells,
the methylation levels of H3K27 in the HNF4α locus were
higher than those in the AAVS1 locus, while the methyla-
tion levels of H3K4 and acetylation levels of H3K27 in the
HNF4α locus were lower than those in the AAVS1 locus
(Figure 1B). These results suggest that the AAVS1 gene is
located in transcriptionally active euchromatin, while the
HNF4α gene is located in transcriptionally inactive hete-
rochromatin. AAVS1 was targeted by using a donor plas-
mid expressing the enhanced green fluorescent protein and
puromycin-resistant (PuroR) protein under the control of
the exogenous elongation factor 1 alpha (EF1�) promoter
(Figure 1C, Supplementary Figure S1A). HNF4α was tar-
geted by using a donor plasmid expressing the PuroR pro-
tein under the control of the exogenous EF1� promoter
(Figure 1D, Supplementary Figure S1C). The EF1�–PuroR
cassette was designed to replace the second exon of HNF4α
to generate HNF4α-knockout human ES/iPS cells. Hu-
man ES/iPS cells were electroporated only with donor plas-
mids targeting AAVS1 or HNF4α, and then PCR analyses
were performed to examine whether single cell-derived hu-
man ES/iPS cells carry the transgene cassette at the tar-
geted locus (Figure 1E and F). Without using TALEN or
CRISPR/Cas9 plasmids, biallelically-targeted clones were
not obtained in either gene (Supplementary Figure S1B and
D). To enhance the HR efficiency of human ES/iPS cells,
we used TALEN or CRISPR/Cas9 plasmids, which could
induce the DNA DSB at the middle point of two homol-
ogy arms (Supplementary Figures S2A and B). When us-
ing the TALEN or CRISPR/Cas9 plasmids, 30% (7/24)
of obtained clones carried the transgene at least one allele
of AAVS1 (Supplementary Figure S2C), while 4 (1/24)–
8% (2/24) of obtained clones carried the transgene at least
one allele of HNF4α (Supplementary Figure S2E). No-
tably, there were only a few clones (4–8%) that showed
transgene integration into both alleles of AAVS1, but no
clones which showed transgene integration into both alleles
of HNF4α. A larger number of colonies was obtained by
using CRISPR/Cas9 plasmids as compared with TALEN
plasmids (Supplementary Figure S2D and F). We also con-
firmed that TALEN and CRISPR/Cas9 systems have sim-
ilar activity in a fluorescent reporter assay using pCAG-
EGxxFP (Supplementary Figures S2G and H). The genome
cleavage activities of CRISPR/Cas9 system are also con-
firmed in Supplementary Figure S3E.
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Figure 1. Low efficiency of biallelic gene editing in a transcriptionally inactive gene. (A) The gene expression levels of GAPDH, adeno-associated virus
integration site 1 (AAVS1) and hepatocyte nuclear factor 4 alpha (HNF4α) in human ES cells were examined by real-time RT-PCR analysis. (B) The
H3K4me3, H3K27me3 and H3K27ac modification levels in the designed arm region of AAVS1 and HNF4α loci were examined by ChIP-qPCR analysis.
Data represent mean ± SEM of three independent experiments (Figure 1A and B). (C and D) The schematic overview shows the targeting strategy for (C)
AAVS1 and (D) HNF4α. PCR primers which can distinguish wild type and mutant alleles are shown with red arrows. Indicated targeting plasmids were
used to target the AAVS1 and HNF4α loci, respectively. Donor plasmids: EF1�; elongation factor 1 alpha promoter, EGFP; enhanced green fluorescent
protein, P2A; self-cleaving P2A peptide sequence, PuroR; puromycin resistant protein, pA; polyadenylation sequence, PGK; phosphoglycerate kinase
promoter, HSV-TK; herpesvirus thymidine kinase gene. The CRISPR/Cas9 and TALEN system were applied to produce AAVS1 or HNF4α sequence-
specific double-strand breaks (DSBs) (the details are described in Supplementary Figure S2A or S2B, respectively). (E and F) The PCR products obtained
from the wild type, heterozygous and homozygous clones are shown. To confirm the DNA sequence, the PCR products were purified and subjected
to sequencing analysis. (G) AAVS1 or HNF4α loci were targeted using the donor plasmids and CRISPR/Cas9 plasmids. Human ES cells (H9) were
electroporated with the donor plasmids and CRISPR/Cas9 plasmids. After the electroporation, the cells were seeded onto LN511-E8-coated dishes, and
cultured with medium containing ROCK inhibitor. After culturing for 2 days, the medium was replaced with the puromycin- and GCV-containing medium.
The puromycin- and GCV-containing medium was replaced with the medium 48 h after its addition. After 10 days from the electroporation, 24 individual
colonies were picked up, and then seeded onto an LN511-E8-coated 24-well plate. After most of the wells became nearly confluent, PCR and sequencing
analyses were performed to examine whether the clones were correctly targeted. Data represent a representative experiment of two independent experiments.

D
ow

nloaded from
 https://academ

ic.oup.com
/nar/article/45/9/5198/3038330 by guest on 10 April 2024



Nucleic Acids Research, 2017, Vol. 45, No. 9 5201

Although the HR efficiency of human ES/iPS cells was
improved by using TALEN or CRISPR/Cas9 plasmids,
the transgene was randomly integrated into chromosomes
in most of the obtained clones or there was no integra-
tion. In particular, 91.7 (22/24)–95.8% (23/24) of the ob-
tained clones were not correctly integrated into the HNF4α
locus, but rather were randomly integrated into the chro-
mosomes or were not integrated anywhere (Supplemen-
tary Figure S2E). This result suggests that TALEN or
CRISPR/Cas9 systems might increase the potential risk of
random integration. To improve the relative targeting effi-
ciency, the herpes virus thymidine kinase gene was also en-
coded in the donor plasmids (Figure 1C and D). The hu-
man ES/iPS cells were electroporated with donor plasmids
and CRISPR/Cas9 plasmids, and then subjected to posi-
tive selection with puromycin and negative selection with
ganciclovir (GSV). The targeting efficiency in both AAVS1
and HNF4α loci was increased by GSV treatment (Fig-
ure 1G). However, no clones showed transgene integration
into both alleles of HNF4α, although two clones did have
transgene integration into both alleles of AAVS1. Taken to-
gether, these results showed that the HR efficiency of hu-
man ES/iPS cells could be enhanced by using TALEN-
or CRISPR/Cas9-mediated DSB and GSV-mediated nega-
tive selection. Nevertheless, the HR efficiency was not high
enough to integrate the transgene into both alleles of a tran-
scriptionally inactive gene such as HNF4α.

RAD51 overexpression increased the biallelic HR efficiency

To integrate the transgene into both alleles of a transcrip-
tionally inactive gene, such as HNF4α, the enhancement
of the HR efficiency is necessary. It is known that there is
a large difference in HR efficiency among the mammalian
cells (9). We also confirmed that there was an inter-human
ES/iPS cell line difference in the HR efficiency (Figure 2A).
To identify the key factor that plays an important role in the
HR, we searched for HR-related genes which were highly
correlated with the HR efficiency in human ES/iPS cells
(Figure 2B). The global gene expression profiles were ex-
amined in six human ES/iPS cells lines. The top three HR-
related genes (PPP4R2, CHEK1 and RAD51), the expres-
sion levels of which were correlated with the HR efficiency
in human ES/iPS cells, are shown in Figure 2C. To examine
whether these three genes could enhance the HR efficiency,
human ES/iPS cells were co-transfected with HR-related
gene (PPP4R2, CHEK1 or RAD51)-expressing plasmids,
donor plasmids and CRISPR/Cas9 plasmids (Figure 2D).
Importantly, the HR efficiency in the AAVS1 locus was en-
hanced approximately 2.5-fold by RAD51 overexpression.
Although no clones showed transgene integration into both
alleles of the transcriptionally inactive gene, HNF4α, in
the control group, 8% (2/24) of the obtained clones were
biallelically targeted by RAD51 overexpression. We also
confirmed that RAD51 accumulation in the AAVS1 and
HNF4α loci was promoted by RAD51 overexpression (Fig-
ure 2E and F, respectively). Importantly, the RAD51/X-ray
repair cross complementing 4 (XRCC4) ratio in the AAVS1
and HNF4α loci was also enhanced by RAD51 overexpres-
sion. Because XRCC4 is an essential component of NHEJ,
it is suggested that HR might occur in higher probabil-

ity than NHEJ. Taken together, these results indicated that
the efficiency of CRISPR/Cas9-induced biallelic-targeted
gene editing could be increased by RAD51 overexpression
through enhancement of RAD51 accumulation in the tar-
geted locus.

VPA treatment increased the biallelic HR efficiency

To further improve the efficiency of CRISPR/Cas9-induced
biallelic-gene editing, we considered that a factor that could
transiently loosen nucleosome folding of transcriptionally
inactive chromatin might have potential to enhance the HR
efficiency. It is widely known that histones can be modi-
fied with epigenetic marks that influence chromatin struc-
ture, and the methylation of the lysine residue 27 of hi-
stone H3 (H3K27) is an important epigenetic mark that
is closely linked with transcriptional repression. It is also
known that small-molecule compound screening is an ef-
fective experimental approach to accurately regulate cellu-
lar behavior such as direct reprogramming and survival of
human ES/iPS cells (12–15). Therefore, a small-molecule
compound screening using an epigenetics library was per-
formed to identify a molecule that could transiently loosen
the nucleosome folding of transcriptionally inactive chro-
matin without negatively affecting the pluripotency of hu-
man ES/iPS cells. A summary of the small-molecule com-
pound screening is given in Figure 3A. For the first screen-
ing, the methylation levels of the H3K27 in the HNF4α lo-
cus were examined. ChIP-qPCR analysis showed that the 29
of the 43 compounds examined could decrease the methy-
lation levels of H3K27 (Figure 3B, Supplementary Figure
S3A). For the second screening, the gene expression lev-
els of OCT3/4 were examined because it is known that
a critical amount of OCT3/4 is required to sustain stem-
cell self-renewal, and alteration of the expression levels of
this gene induces the differentiation process (16). qPCR
analysis showed that 17 of the 29 compounds tested did
not largely alter the OCT3/4 expression levels (inducing a
0.5- to 2.0-fold change) (Figure 3C, Supplementary Figure
S3B). For the third screening, the cell viability was exam-
ined. A WST-8 assay showed that valproic acid (VPA), val-
proic acid hydroxamate (VPAH) and butyrolactone 3 were
the top three compounds in terms of preserving the cell vi-
ability (Figure 3D, Supplementary Figure S3C). To exam-
ine whether these three compounds could improve the effi-
ciency of CRISPR/Cas9-induced biallelic gene editing, hu-
man ES/iPS cells were pre-treated with VPA, VPAH or bu-
tyrolactone 3 for 24 h, and then electroporated with donor
plasmids and CRISPR/Cas9 plasmids (Figure 3E). The
HR efficiency in the AAVS1 locus was enhanced ∼2-fold
by VPA or VPAH treatments. Although no clones showed
transgene integration into both alleles of the transcription-
ally inactive gene, HNF4α, in the control groups, 4 (1/24)–
8% (2/24) of the obtained clones were homozygously tar-
geted by VPA or VPAH treatment. These results indicated
that the efficiency of CRISPR/Cas9-induced biallelic gene
editing could be increased by VPA treatment.

To examine the mechanism of enhancement of biallelic
HR efficiency by VPA treatment, we first examined the ex-
pression level of HDAC because VPA is known as a HDAC
inhibitor. Among several HDACs, the protein expression
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Figure 2. RAD51 overexpression increased the biallelic targeting efficiency in human ES/iPS cells. (A) Six human ES/iPS cell lines were electroporated
with the donor plasmids (for AAVS1 and HNF4α) and CRISPR/Cas9 plasmids. Then, 24 colonies were analyzed by PCR to examine whether they were
homozygously or heterozygously targeted. Data represent a representative experiment of two independent experiments. (B) The experimental outline of
the HR-related factor screening is shown. (C) R2 values between the number of correctly targeted colonies and relative gene expression levels (PPP4R2,
CHEK1 or RAD51) are shown. Data represent a representative experiment of two independent experiments. (D) Human ES cells (H9) were electroporated
with the donor plasmids, CRISPR/Cas9 plasmids and PPP4R2-, CHEK1- or RAD51-expressing plasmids. PCR analysis was performed to examine
whether the clones were correctly targeted. Data represent a representative experiment of two independent experiments. (E and F) Human ES cells were
electroporated with the donor plasmids, CRISPR/Cas9 plasmids and RAD51-expressing plasmids. The RAD51 and XRCC4 recruitment levels around
the gRNA-targeting sequence in (E) AAVS1 and (F) HNF4α loci were examined by ChIP-qPCR analysis. The RAD51/XRCC4 recruitment ratio was also
calculated. Data represent mean ± SEM of three independent experiments. *P < 0.05, **P < 0.01 (compared with control plasmid).
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Figure 3. Valproic acid (VPA) treatment increased the biallelic targeting efficiency in human ES/iPS cells. (A) The experimental outline of the small-
molecule compound screening is shown. (B) The human ES cells (H9) were treated with 43 small molecules (10 �M) for 24 h. The tri-methylation levels of
H3K27 in the designed arm region of the HNF4α locus were examined by ChIP-qPCR analysis. (C) The gene expression levels of OCT3/4 were examined
by real-time RT-PCR analysis. The gene expression levels in the DMSO-treated cells were taken as 1.0. (D) The cell viability was assessed by WST-8 assay.
The cell viability in the DMSO-treated cells was taken as 100. Data represent a representative experiment of two independent experiments (Figure 3B–D).
(E) The human ES cells were treated with VPA, VPAH or butyrolactone 3 (BL3) for 24 h, and then were electroporated with the donor plasmids and
CRISPR/Cas9 plasmids. PCR analysis was performed to examine whether the clones were correctly targeted. Data represent a representative experiment
of two independent experiments. (F) The protein expression level of HDAC2 in VPA-treated human ES cells was examined by western blotting. Data
represent a representative experiment of two independent experiments. (G) The H3K9ac, H3K27ac and H4K16ac modification levels in the designed arm
region of AAVS1 and HNF4α loci were examined by ChIP-qPCR analysis. *P < 0.05, **P < 0.01 (compared with control). (H) The RAD51 recruitment
levels around the gRNA-targeting sequence in AAVS1 and HNF4α loci were examined by ChIP-qPCR analysis. Data represent mean ± SEM of three
independent experiments (Figure 3G and H). Groups that do not share the same letter are significantly different from each other (P < 0.05).
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level of HDAC2 in human ES cells was decreased by VPA
treatment (Figure 3F). Importantly, the acetylation levels
of H3K9, H3K27 and H4K16 in the AAVS1 and HNF4α
loci were significantly increased by VPA treatment (Figure
3G). In addition, RAD51 recruitment in the targeted lo-
cus was promoted by VPA treatment (Figure 3H). We con-
firmed that the expression levels of RAD51, Cas9 and Fok1
were not changed by VPA treatment (Supplementary Figure
S3D). In addition, the efficiency of DSB by CRISPR/Cas9
was not change by RAD51 overexpression and VPA treat-
ment (Supplementary Figure S3E). Moreover, the expres-
sion levels of targeted genes (AAVS1 and HNF4α) (Sup-
plementary Figure S3F), expression levels of pluripotent
markers (Supplementary Figure S3G) and differentiation
potency (Supplementary Figure S4E) were not changed
by RAD51 overexpression and VPA treatment. Taken to-
gether, these results showed that VPA treatment could en-
hance the efficiency of biallelic genome editing by loos-
ening the nucleosome folding of transcriptionally inactive
chromatin without changing nuclease activities, pluripotent
state or differentiation capacity. A detailed characterization
of established human ES/iPS cells (GFP-expressing human
ES cells and HNF4�-knockout human ES cells) is presented
in Supplementary Figures S4 and S5, respectively.

RAD51 overexpression and VPA treatment synergistically in-
creased the biallelic HR efficiency

We expected that the HR efficiency would be further en-
hanced by combining RAD51 overexpression and VPA
treatment. And indeed, the HR efficiency in cells receiv-
ing both treatments was higher than that in cells receiving
only RAD51 overexpression or only VPA treatment (Figure
4A). This result was confirmed in AAVS1 gene and three
transcriptionally inactive genes, HNF4α, FOXA2 and IPS-
1. These results also indicate that the number of randomly
integrated colonies and not-integrated colonies could de-
crease by using our method. In addition, the HR efficiency
was not largely affected by the length of the inserted cas-
sette (Supplementary Figure S6). We also confirmed that
the HR efficiency could be enhanced by RAD51 overex-
pression and VPA treatment in c/EBPα, FOXA2, GSC,
HHEX, HNF1α, HNF4α, HNF6, IFNαR1, IPS-1, RIG1
and SOX17 loci (Figure 4B). Furthermore, similar results
could be obtained in human mesenchymal stem cells as well
as human ES/iPS cells (Supplementary Figure S7). More
than 20% of the obtained colonies were homozygously tar-
geted in both the transcriptionally active and inactive genes.
These results indicated that RAD51 overexpression and
VPA treatment synergistically increased the HR efficiency.
Figure 4C summarizes the established protocol for highly
efficient CRISPR/TALEN-mediated homozygous targeted
gene editing in human ES/iPS cells by RAD51 overexpres-
sion and VPA treatment.

Low incidence of off-target effects in CRISPR-mediated ho-
mozygous targeting with RAD51 overexpression and VPA
treatment

To examine the off-target effect of CRISPR-mediated ho-
mozygous targeting with RAD51 overexpression and VPA

treatment, karyotype analysis, comparative genomic hy-
bridization analysis and exome sequencing were performed.
Almost all of the parental human iPS cells (wild-type cells;
WT) and homozygous targeted human iPS cells (HNF4�-
knockout cells; HNF4�-KO) showed normal karyotypes
(Figure 5A and B). We also confirmed that there were no
large genomic deletion or insertion except the HNF4α locus
we targeted (Figure 5C). In addition, we performed exome
sequencing to examine whether genomic mutations had
occurred by using CRISPR-mediated homozygous target-
ing with RAD51 overexpression and VPA treatment (Fig-
ure 5D). Importantly, there were no additional mutations
in the potential off-target sites that were predicted by se-
quence similarity-up to five mismatches-with the on-target
site (Supplementary Table S1). In addition, the frequency
of random integration, which occurs in addition to the de-
sired targeting events, was not enhanced by RAD51 over-
expression and VPA treatment (Supplementary Figure S5E
and F). These results suggest that there was a low incidence
of off-target effects in our homozygous targeting method.
However, we only analyzed exome which does not cover the
majority of the human genome and we did not analyze se-
quence similarity-up to more than six mismatches-with the
on-target site. Further analysis, such as GUIDE-seq analy-
sis (17), might be needed in the future.

DISCUSSION

In this study we found that RAD51 overexpression and
VPA treatment synergistically increased the biallelic HR ef-
ficiency regardless of the transcriptional activity of the tar-
geted locus. We confirmed our finding in 12 loci, AAVS1,
c/EBPα, FOXA2, GSC, HHEX, HNF1α, HNF4α, HNF6,
IFNαR1, IPS-1, RIG1 and SOX17 loci. RAD51 is a
molecule that plays an important role in the HR of DNA
during DSB repair (18). Vispe et al. have reported that 2-
to 3-fold overexpression of the RAD51 protein stimulated a
20-fold increase in HR efficiency in CHO cells (19). It is also
reported that the in vitro application of an HDR enhancer,
RS-1, which stimulates RAD51 expression, increases the
knock-in efficiency (20,21). Consistently, RAD51 overex-
pression could also increase HR efficiency in human ES/iPS
cells (Figure 2D). It is known that DSBs are repaired by
NHEJ and HR. The ratio of RAD51 (key regulator of HR)
to XRCC4 (key regulator of NHEJ) in the targeted locus
was enhanced by RAD51 overexpression (Figure 2E and
F). These results suggest that the efficiency of HR after the
CRISPR/TALEN-mediated DSBs would be enhanced by
RAD51 overexpression.

It is known that VPA has a negative effect on HDAC
(22). Previously, Defoort et al. have also demonstrated that
VPA treatment could increase the HR frequency in CHO
cells (23). Consistently, we confirmed that VPA treatment
decreased HDAC2 expression level (Figure 3F). Impor-
tantly, we found that VPA treatment could increase the
acetylation levels of H3K9, H3K27 and H4K16 at both
the transcriptionally active and inactive loci without af-
fecting the characteristics of human ES/iPS cells (Figure
3G). Therefore, these facts suggest that VPA treatment en-
hanced CRISPR/TALEN-mediated HR efficiency in hu-
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Figure 4. Synergistical effect of RAD51 and VPA. (A) The human ES cells (H9) were treated with 10 �M VPA for 24 h, and were electroporated with
the donor plasmids, CRISPR/Cas9 plasmids and RAD51-expressing plasmids for AAVS1, HNF4α, FOXA2 and IPS-1. PCR analysis was performed to
examine whether the clones were correctly targeted. Data represent a representative experiment of two independent experiments. (B) The human ES cells
were treated with 10 �M VPA for 24 h, and were electroporated with the donor plasmids, CRISPR/Cas9 plasmids and RAD51-expressing plasmids for
c/EBPα, FOXA2, GSC, HHEX, HNF1α, HNF4α, HNF6, IFNαR1, IPS-1, RIG1 and SOX17. PCR analysis was performed to examine whether the clones
were correctly targeted. Data represent mean ± SEM of three independent experiments. **P < 0.01 (compared with control). (C) The established protocol
for efficient biallelic-targeted gene editing in human ES/iPS cells by RAD51 overexpression and VPA treatment is summarized.
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Figure 5. Off-target effect of RAD51 and VPA. (A) Karyotypes of human iPS cells (YOW-iPS) and HNF4�-knockout human iPS cells are shown. Chromo-
somal Q-band analyses showed that both cells had a normal karyotype, indicating that the genetic stability of human iPS cells was confirmed throughout the
HR process by our method. (B) Karyotype and (C) comparative genomic hybridization analysis was performed in the parental human iPS cells (wild-type
cells; WT) and homozygous targeted human iPS cells (HNF4�-knockout cells; HNF4�-KO). Data represent a representative experiment of two indepen-
dent experiments. (D) Exome sequencing was performed in wild-type cells and HNF4�-knockout cells. Genomic sequences of the potential off-target sites,
which were predicted by sequence similarity-up to five mismatches-with on-target site, were examined.

man ES/iPS cells because VPA treatment loosened nucle-
osome folding in transcriptionally inactive chromatin.

Because our biallelic gene editing method using a
RAD51-expressing plasmid and small molecule, VPA, is
simple and effective, we believe that it would be broadly ap-
plicable to various field researches that use human ES/iPS
cells. However, RAD51 overexpression and VPA treatment
could not increase the NHEJ efficiency in human ES/iPS
cells. Therefore, it was suggested that the mechanism of

NHEJ in human ES/iPS cells is largely different from that
of HR. Our findings will facilitate the genome editing re-
search in human ES/iPS cells irrespective of the transcrip-
tional activity of the targeted locus.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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