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Figure 4. Pluripotency of recipient ESC and iPSC lines. (A) Typical ESC and iPSC morphology of the recipient cell lines H9-2attNG (left), 1761-
2attNG (middle) and 1754-2attNG (right). (B) Immunostaining of pluripotent markers OC73/4, NANOG, SSEA4 and TRA-1-60, for H9-2attNG
(upper), 1761-2attNG (middle) and 1754-2attNG (lower). (C) Typical morphology of suspended EBs at Day 8 (left) and immunostaining of marker
genes for the three germ layers: AFP (endoderm), alpha-SMA (mesoderm) and Tujl (ectoderm) from H9-2attNG (upper), 1761-2attNG (middle) and
1754-2attNG (lower). Scale bar, 200 pm.
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Figure 5. DICE reaction mediated by phiC31 and Bxbl integrases. (A) The visible change in marker gene expression as mCherry replaces GFP 1 and
4 days after nucleofection. These cells may not be a single clone, as ESC tends to grow as clusters. Puromycin drug selection is used to obtain pure
recombinant cells. It takes ~2 days for the cells to completely convert to mCherry expression. (B) An example of genomic PCR for screening of
correctly targeted clones after DICE, yielding a band of 1.2kb. H9-LF (LMX1la-FOXA?2) clones are shown. Scale bar, 200 um.

critical for dopaminergic neuron development in mouse
(22). Forced expression of these factors individually or
in combinations in ESC improved neuronal differentiation
(23-25). We hypothesized that overexpression of these
factors specifically at the neural stem cell stage during
directed differentiation from ESC or iPSC might be effect-
ive in increasing differentiation efficiency into dopamin-
ergic neurons. To this end, we designed a series of four
constructs, based on the control p2attPC donor vector,
that carried the human LMXIla (L), FOXA2 (F) and
OTX2 (0) coding sequences in all pairwise combinations
and with all three together. GFP (G) was also included
as a reporter, and the entire cassette was driven by the
NESTIN enhancer and minimal thymidine kinase
promoter. With this design, we expected that, at the
stage of neuronal differentiation when the neural progeni-
tor marker NESTIN is expressed, the inserted genes would
be expressed as well.

We used ribosomal skipping 2A sequences, including 2A
peptide regions from equine rhinitis A virus (‘E2A’),
porcine teschovirus-1 (‘P2A’) and insect Thosea asigna
virus (‘T2A’), to generate multicistronic vectors for
efficient translation of the inserted genes (26,27)
(Supplementary Figure SIB). 2A peptides have been
reported to mediate stoichiometric production of separate
proteins from dicistronic or multicistronic genes in multiple
cell types (26). The sizes of the transgene cassettes present
between the two attB sites ranged from ~5 to 7kb. We
introduced phiC31 and Bxbl integrase expression
plasmids and each of the four different constructs into
H9-2attNG and carried out similar nucleofection, selection
and analysis procedures to those described above. Genomic
PCR analysis indicated that all clones (named H9-LFO,
H9-LF, H9-LO and H9-OF) tested had the desired donor
cassette present at the H 1/ locus, whereas the original NG
landing pad was no longer present, again indicating that
DICE is 100% specific (Figure 5B; Table 2).

To determine whether DICE would also be effective in
iPSC, we introduced the control p2attPC plasmid and
each of the four transcription factor constructs into the

1761-2attNG and 1754-2attNG recipient iPSC lines.
After co-transfection of phiC31 and Bxbl integrase
expression plasmids and the donor construct and
puromycine selection, GFP-negative and mCherry-
positive clones were picked randomly. Genomic PCR
was used to detect which clones had undergone cassette
exchange. Although fewer puromycin-resistant colonies
were obtained from patient 1754 iPSC than from the
normal sibling control 1761 iPSC, all the randomly
chosen clones were positive for the desired cassette
exchange, as summarized in Table 2.

We then randomly chose two clones for further experi-
ments representing H9-LFO, carrying LMXla, FOXA2,
OTX2 and GFP, and H9-PC, carrying only the puromycin
and mCherry genes and no transcription factors.
Both clones expressed a panel of typical pluripotentcy
markers, including OCT3/4, NANOG, SSEA4 and
TRA-1-60 (Supplementary Figure S4). Both clones also
produced cells representative of the three germ layers
after ~EB-mediated differentiation  (Supplementary
Figure S5). To test further whether the pluripotency of
the lines was affected by the DICE procedure, H9 clones
carrying various transcription factors that had been added
by DICE were compared to H9 cells in which tran-
scription factors were not added. End-point reverse-
transcription PCR was carried out for five pluripotency
genes in the engineered and control H9 cells (Supple-
mentary Figure S6). Band intensity of pluripotency
genes was comparable in all the lines.

To determine whether the three transcription factors
were overexpressed in a neuronal cell-specific manner
in H9-LFO, we examined expression of the neuronal pro-
genitor marker NESTIN in EB-differentiated cells by
immunostaining and GFP by fluorescence (Figure 6).
NESTIN was turned on in some cells during EB-
mediated differentiation, and these cells were also
labeled by GFP expression, consistent with NESTIN-
regulated expression of the transcription factor cassette.
In contrast, no GFP-positive cells were detected in EB-
differentiated cells from the control H9-PC (Figure 6B).
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Table 2. Summary of DICE results in recipient ESC and iPSC lines

LFO positive
clones/all clones

PC positive
clones/all clones

LO positive
clones/all clones

FO positive
clones/all clones

LF positive
clones/all clones

H9-2attNG 12/12 12/12
1761-2attNG 17/17 1111
1754-2attNG 5/5 4/4

12/12 9/9 77
77 3/3 5/5
22 3/3 2/2

PC, puromycin-mCherry; L, LMXla; F, FOXA2; O, OTX2. Correct addition of marker genes alone or marker and transcription factor genes

occurred in 111/111 of the mCherry-positive, GFP-negative clones screened.

A H9-PC H9-LFO

H9-LFO

C GFP/NESTIN/DAPI  GFP/LMXIla/DAPI

GFP/OTX2/DAPI  GFP/FOXA2/DAPI

Figure 6. Characterization of overexpression of neural transcription factors in correctly targeted clones. (A) Typical ESC morphology of H9 clones
after DICE. H9-PC (control, left) and H9-LFO (LMX1a-FOXA2-OTX2, right) are shown. (B) The morphology of suspended EBs and the expres-
sion of mCherry and GFP at Day 8 from H9-PC (left) and H9-LFO (right). (C) Immunostaining of NESTIN, LMXla, OTX2 and FOXA?2 in the
H9-LFO line after 16 days of EB-mediated differentiation. Endogenous mCherry expression was weak and not detected by the fluorescence micro-
scope used, so did not interfere with target protein staining. Scale bar, 200 pm.

Immunostaining was then performed to examine the
expression of the three transcription factors at Day 16
of differentiation. The results showed that in
differentiated cells from the H9-PC control line, only a
few cells expressed FOXA2 and almost no cells expressed
LMXla or OTX2, reflecting the expected low endogen-
ous expression pattern of these three transcription
factors in randomly differentiated cells. However, in cells
differentiated from the H9-LFO line, there were more cells
expressing LMXl1a, FOXA2 or OTX2, and most of these
cells were also positive for GFP, suggesting that the ex-
pression of these introduced genes was activated by the
exogenous NESTIN enhancer (Figure 6C). Together
these results suggested that ESC and iPSC genomes
could be efficiently modified by the DICE method and
that genes of interest could be faithfully expressed at the
H11I locus, even after differentiation.

DISCUSSION

In this study, we developed a novel strategy to achieve
stringent site-specific integration in human ESC and

iPSC by combining TALEN-assisted HR at a newly
described locus for robust expression with DICE for
rapid and precise gene insertion. In our system, we first
established recipient H9 ESC and PD and sibling control
iPSC lines that carried a landing pad with artP sites for
phiC31 and Bxbl integrases. This step was accomplished
by either spontaneous or TALEN-assisted HR. The
correct recombination event occurred at a frequency of
~6% by spontaneous recombination and 40-50% by
TALEN:-assisted recombination, illustrating the benefit
of TALENs to stimulate recombination. In the case
of the PD line, recombination was only successful
when TALENs were used. We then induced DICE by
introducing plasmids encoding phiC31 and Bxbl
integrases to mediate site-specific integration at the
landing pad. We co-introduced genes for mCherry and/
or the dopaminergic neuron-inducing transcription factors
LMXla, OTX2 and FOXA?2 in the context of a puro-
mycin resistance selection marker cassette into the recipi-
ent cell lines, achieving successful cassette exchange with a
specificity of 100% after screening and selection. We
demonstrated that transgenes inserted into the H// locus
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were faithfully expressed in long-term culture of ESC and
iPSC and were expressed in cells of all three germ layers
after differentiation. Therefore, this genomic editing
system provides a methodology that will enable the use
of human ESC and iPSC in studies exploring gene
function, lineage tracking, disease modeling, drug discov-
ery and other goals.

Here, we have identified and targeted, for the first time,
the H/1 human homolog of the mouse Hippl1 locus (12).
HI1I is in a transcriptionally active intergenic region of
human chromosome 22 that appears to be highly
suitable as a safe and effective location for placement of
transgenes in human cells. Our present study showed that
the targeting efficiency at H// was high—approximately
5-6% by spontaneous recombination and 40-50% by
TALEN:-assisted HR, both of which are higher than typ-
ically reported frequencies and suggestive of open chro-
matin. In addition, transgenes placed at the H// locus
were actively and faithfully expressed without apparent
silencing for over 30 passages. We mapped 300kb of
DNA sequence flanking the A7/ locus in the human
genome utilizing the UCSC database and found that
there were no cancer genes present in the region and
only one microRNA, 288 kb distant from H//. In these
respects, H11 compares favorably with the current widely
used loci for transgene insertion in human cells, ROSA26,
AAVSI and HPRTI, all of which are in exons or introns
of endogenous genes and are differentially expressed in
different tissues (28). Therefore, H1I appears to be an
excellent locus for a wide variety of genome editing
purposes.

In addition, for the first time, we employed two different
integrases simultaneously, phiC31 and Bxbl, to create a
more effective cassette exchange strategy. This strategy
conferred significant advantages, as the use of dual
integrases provided high specificity and efficiency.
Previous cassette exchange studies utilizing serine
integrases have employed phiC31 integrase alone, in
Schizosaccharomyces pombe (29), Drosophila (30) and
mouse cells and embryos (1,2,13,31). In these cases,
unwanted side reactions occurred in which plasmid inte-
gration rather than cassette exchange occurred, or cassette
exchange occurred in the wrong orientation, making it
necessary to screen for the desired reaction. By using
two different integrases with mutually exclusive att site
recognition, these problems were effectively eliminated.
We found in this study that 111/111 cassette exchange
reactions analyzed had undergone the desired recombin-
ation event (Table 2). In one study (4), a single phiC31
attP site was randomly integrated and successfully used to
target integration of an attB donor plasmid. However,
the use of random integration to place the landing pad
reduced positional control, and the use of a single
integrase site rather than cassette exchange necessitated
the use of a second, FLP-mediated, step to remove
plasmid sequences (4).

The hypothesis that the combined use of two highly site-
specific integrases would allow more controlled and
specific cassette exchange appears to have been validated
by this study. It is also notable that no limitation on the
size of the incoming DNA sequence is expected with this
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system. We tested different constructs carrying transgene
sizes between the two at¢B sites ranging from 3 to 7kb,
and all the sequences were successfully inserted into the
desired locus in our recipient ESC and iPSC lines. In prin-
ciple, it should be possible to insert much larger gene cas-
settes with this system, as has been observed with phiC31
integrase alone (5), and this feature is currently being
tested.

In human and other mammalian cells, phiC31 integrase
is known to be capable of recombining with certain native
sequences called pseudo artP sites that bear partial
identity to its wild-type artP site (32-35). This behavior
is undesirable for DICE, because it could contribute to a
background of undesirable recombination events. To
minimize the possibility of pseudo site integration in our
study, we employed a phiC31 expression vector, pCS-kI
(17), that appears to diminish pseudo site integration
without impacting wild-type attP—attB recombination
(data not shown). This kind of phiC31 activity without
pseudo site interference has also been observed by others
(1-4,31). Work is presently underway in our laboratory to
understand the parameters that are necessary to obtain
these different behaviors from phiC31 integrase, and we
plan to address this subject in a future study.

Genome editing technology is rapidly advancing, and
during our preparation of the H9 ESC recipient cell line
by classical spontaneous HR, the TALEN method for
stimulating recombination efficiency was developed
(10,20,21). Although we confirmed that TALEN-assisted
HR occurred at an 8- to 10-fold higher frequency than
spontaneous recombination (Table 1), this new method
also brought some problems that necessitated careful
screening of recombinants. First, it increased the occur-
rence of multiple-copy integration (Figure 3), whereas all
clones derived by spontaneous recombination were single-
copy. Mutations in the vicinity of the double-strand break
were also observed in some TALEN-derived clones. Given
these issues, once a validated, single-copy, mutation-free
recipient cell line is generated by TALEN-assisted recom-
bination, it may be faster and safer to carry out multiple
rounds of gene addition by using highly specific
integrases, rather than relying upon repeated exposure of
the cells to TALENs, which may produce undesirable
recombinational and mutagenic effects through exposure
of cells to double-strand breaks. In contrast, integrase-
mediated exchange at wild-type art sites is a concerted
strand-exchange reaction that does not produce free
double-strand breaks (18) and has been found to be in-
variably precise to the base (2,6,31,36) (C. Zhao et al.,
submitted for publication).

To compare available methods for genome modification
in human pluripotent stem cells, methods relying on
random integration have the serious limitation of lack of
control of the genomic target site, which leads to position
effects on transgene expression and potential perturbation
of endogenous gene expression. Use of HR to control
target site relieves these problems. Endogenous HR is
safe, but relatively inefficient. Recombination stimulated
by TALEN or CRISPR/Cas systems increases recombin-
ation efficiency, although off-target effects and introduc-
tion of mutations near the target site are potential
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drawbacks. The DICE system is initially more labori-
ous than use of a TALEN or CRISPR/Cas system
alone, as DICE requires two steps. However, once the
landing pad is inserted, the DICE system allows for
quick and precise genomic editing with a higher efficiency
and a clean background. Therefore, particularly when
one desires making multiple lines with different insertions
in the same location, the DICE system is highly
advantageous.

In summary, the combination of HR with DICE
mediated by phiC31 and Bxbl integrases represents a
practical strategy for rapid and stringent genome editing
in human pluripotent stem cells. After creating a recipient
cell line harboring phiC31 and Bxbl attP sites, subclones
with confirmed insertion of any gene of interest can easily
be obtained in as short as 2-3 weeks. Positioning trans-
genes at the safe, intergenic, transcriptionally active H11
locus allows diverse genetic manipulations, including
comparison of the functions of different genes in the
same background and during differentiation. While
demonstrated here in human ESC and iPSC at the H/!
locus, the DICE system is likely to be successful in a wide
variety of additional cell types, species and genomic
contexts.
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