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Figure 6. Restoration of the Dystrophin Protein in Differentiated Myogenic Cells

(A) RT-PCR analysis for dystrophin cDNA from iPSCs and cells differentiated from the corrected clones toward skeletal muscle lineage. The
original DMD patient and an IF clone (IF**°) with 1 bp insertion corresponded to the 452 and 453 bp PCR bands, respectively. The healthy
control and knockin clones (TALEN-mediated TKI™® and CRISPR-mediated CKI®?) corresponded to the 600 bp bands; and the ES clone
(ESH2%) corresponded to the 276 bp band.

(B) Sanger sequence analysis of dystrophin cDNAs from differentiated skeletal muscle cells. The IF clone (IF"3) exhibited a 1 bp insertion
(A, black arrow), the ES clone (ES"2°) exhibited the conjugation of exons 43 and 46 due to the skipping of exon 45, and knockin clones
(TKT™® and CKI®®) exhibited the complete restoration of exon 44 in front of exon 45 as the healthy control.

(C) Immunofluorescence staining of skeletal muscle cells differentiated from the corrected clones. A z axis section of the confocal mi-
croscopy image shows submembrane localization of the dystrophin protein in the healthy control and all corrected clones, but not in the
uncorrected original DMD iPSCs. The cells were stained by DAPI, a marker of skeletal differentiation (myosin heavy chain [MHC]), in red and
an antibody that detects the rod domain of dystrophin (DYS1) in green. Scale bar, 50 um.

(D) Western blot analysis to estimate the molecular weight of the dystrophin protein in the corrected clones. Expected molecular weight:
420 kDa for the reading-frame-corrected clone, 414 kDa for the exon-skipping clone, and 427 kDa for the exon 44 knockin clones and
healthy control. An anti-dystrophin C terminus (amino acids 3661-3677) antibody was used to detect dystrophin protein, and an anti-
«-SMA antibody was used as the sample loading control.

we did not detect a band in the original DMD clone.
Together, our data indicate that genetically corrected iPSCs
can express the dystrophin protein once they differentiate
into myogenic cells.

DISCUSSION

Here, we have demonstrated that three distinct methods
can correct the dystrophin gene: exon skipping, frameshift-
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ing, and exon knockin. All three approaches restored dys-
trophin protein expression in differentiated skeletal muscle
cells. However, only the exon knockin approach restored
the full-length dystrophin protein. We took advantage
of the ability to expand iPSCs limitlessly and achieved a
high percentage of knockin events by incorporating a
drug selection system (up to 84% in the present study).
Based on its precision and efficacy, we conclude that the
knockin approach is preferable for correcting the dystro-
phin gene in iPSCs.
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Regarding the nuclease specificity, both TALENs and
CRISPR-sgRNA can bind to DNA despite a few base mis-
matches (Hsu et al., 2013). Therefore, it is critical to target
a unique region in the genome with a minimal number
of off-targets, as otherwise multiple targets may be cleaved.
Several web-based programs can be used to search for off-
target sites with a given target sequence region (e.g.,
CRISPR Design Tool [Hsu et al., 2013], Cas-OFFinder [Bae
etal., 2014b], and E-CRISP [Heigwer et al., 2014]). However,
these programs provide the predicted number of off-target
sites only within a small region (typically ~500 bp) at any
given time. Our unique k-mer approach allows the visuali-
zation of targetable regions in the entire genome, so users
can select the targetable region(s) before checking the
number of off-targets with other programs.

The risk of off-target mutagenesis is one of the most
important obstacles to the therapeutic use of programma-
ble nucleases. We performed a T7EI assay and amplicon
deep sequencing to detect rare mutations at the target
site, but did not detect an increased mutation rate from
our results. To further assess the risk of target-sequence-in-
dependent off-target mutations, we employed combina-
tions of rigorous genome-wide mutation analyses, such
as the G-band for karyotyping, SNP array for detecting
CNVs, and exome sequencing for searching SNVs and small
indels. Since none of these methods alone sufficiently
covers the large spectrum of mutations (from the single-
nucleotide level to the chromosome level), it is important
to combine several methods before applying gene therapy.

To achieve a therapeutic effect with genetically corrected
iPSCs for an autologous ex vivo gene therapy approach, we
must still overcome several hurdles, such as the successful
transplantation of iPSC-derived myogenic cells. Since
MYOD1-induced muscle cells from iPSCs have the ability
to fuse (Goudenege et al.,, 2012; Tanaka et al., 2013), a
corrected copy of the dystrophin gene may be able to con-
tribute to an entire myofiber. Moreover, for long-term re-
population, the differentiation of iPSCs toward muscle
progenitor cells (i.e., satellite cells) could be ideal for
restoring damaged muscle in DMD patients (Darabi et al.,
2012). In addition, an immunogenic response to the newly
corrected gene product is possible (Mendell et al., 2010),
although the response may be hindered by transient
immunosuppression.

In summary, we have demonstrated the restoration of
the dystrophin protein in patient-derived iPSCs by three
different approaches. TALEN and CRISPR were equally
effective and had minimal effects on off-target mutagenesis
when they were targeted to a unique sequence region. Our
efficient and precise correction method using TALEN and
CRISPR technologies should provide a framework for
future ex vivo gene therapy using patient-specific human
iPSCs.

EXPERIMENTAL PROCEDURES

Generation of Integration-Free DMD iPSCs

DMD fibroblasts were derived from a DMD patient lacking exon 44
of the dystrophin gene after the subject provided written informed
consent. The use of patient-derived samples and the genomic anal-
ysis were approved by the Ethics Committee of Kyoto University
(no. 824 and no. G259, respectively). DMD fibroblasts were
cultured in Dulbecco’s modified Eagle’s medium supplemented
with 5% fetal bovine serum. To generate integration-free DMD
iPSCs, we transfected 6 x 10° DMD fibroblasts with three episomal
vectors (pCXLE-hOCT3/4-shpS53-F, pCXLE-hSK, and pCXLE-hUL)
by Neon electroporation (1650 V, 10 ms, 3 pulses) as described pre-
viously (Okita et al., 2011). The iPSC colonies that emerged were
picked up and plated onto 24-well plates with feeders on day 31
and then expanded.

To screen for iPSC clones that were negative for residual episomal
vectors, iPSC pellets were lysed with 500 pl of lysis solution
(200 pg ml~! proteinase K) at 55°C for 3-16 hr. Genomic DNA
was purified by phenol-chloroform extraction and ethanol precipi-
tation, and then used for quantitative PCR analyses using the
primers listed in Table S6. An episomal plasmid was used to deter-
mine the standard curve, and DMD-iPSC clones with fewer than
0.01 copies were deemed integration-free iPSC clones. The original
DMD-iPSC #1 (clone ID: CiRA00111) and the corrected clones,
including the IF clone IF°?® (clone ID: CiRA00111-IF-D28), ES clone
ES"'® (clone ID: CiRA00111-ES-H19), TALEN-mediated knockin
clone TKI™® (clone ID: CiRA00111-TKI-115), and CRISPR-mediated
knockin clone CKI? (clone ID: CiRA00111-CKI-C2), will be avail-
able from the RIKEN BRC Cell Bank (cell no. HPS0383-HPS0387).

Unique k-mer Sequence Database

To identify unique sequence regions and avoid repeated sequences
in the human genome, we generated all possible combinations of
small k-mer sequences (<16 bp) by a custom Perl script. We then
mapped the k-mer sequences onto the human genome (hg19) us-
ing Bowtie (Langmead et al., 2009), with no mismatch allowed.
Only uniquely mapped k-mer sequences were pooled as the data
set. To visually show the stack of unique k-mer sequences, the map-
ping data were converted to the BEDGRAPH format by genomeCo-
verageBed and then converted to TDF format by igvtools or to the
bigWig format by bedGraphToBigWig. The unique k-mer sequence
(Unik) database will be available on our website (https://apps.cira.
kyoto-u.ac.jp/igeats).

Transfection of TALEN and CRISPR into Human iPSCs

Target iPSCs were pretreated with a ROCK inhibitor (Y-27632;
Sigma) at 10 pM for at least 1 hr before electroporation. The cells
were washed with PBS and treated with CTK solution for 1-
3 min at 37°C to remove feeders and then were washed with PBS
twice. Next, the iPSCs were further dissociated into single cells
by a 0.25% Trypsin solution for 5-8 min at 37°C and were neutral-
ized with culture medium containing 10% fetal bovine serum. We
electroporated 10 pg of nuclease-expressing plasmids (TALENS:
S pg left and S pg right; CRISPR: § pg Cas9 and 5 ug sgRNA) and
5 pg donor plasmid (if applicable) into 1 x 10° cells using a
NEPA 21 electroporator (poring pulse: pulse voltage, 125 V; pulse
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width, 5 ms; pulse number, 2; Negagene). Cells were plated onto
one well of a six-well plate with feeders in the presence of 10 uM
Y-27632 for 1-2 days.

Analysis of Indel Patterns by Deep Sequencing

The dystrophin gene target region was PCR amplified with barcod-
ing primers (DMD-MiSeq-Rd1-fwdl and DMD-MiSeq-Rd2-rev1)
and then adaptor primers (Multiplex PS5 fwd and Multiplex P7
rev) using a high-fidelity PCR enzyme. The resultant PCR products
were gel purified and quantified by a Qubit 2.0 Fluorometer (Life
Technologies) and the KAPA Library Quantification Kit for Illu-
mina (KAPA Biosystems). Each DNA sample was adjusted to
2 nM and denatured by 0.2 N NaOH solution for 5 min. The sam-
ples were further diluted to 12 pM, mixed with 4 pM of PhiX
spike-in DNA, and run on MiSeq using the MiSeq Reagent Kit
v2 for 2 x 150 bp sequencing. The generated FASTQ sequence files
were filtered by the fastq_quality_filter program from the FASTX-
Toolkit to remove low-quality sequencing reads. After removal of
the PhiX sequences, the remaining sequencing reads were split
based on the barcode indices by the fastx_barcode_splitter pro-
gram. The resultant reads were mapped to the target sequences
by BWA, and the mutation patterns were extracted from the
CIGAR code and MD tag.

Frameshift Screening without a Template Donor
Genomic DNAs from the transfected iPSCs were analyzed by the
T7EI assay and restriction enzyme (Xcml) sensitivity assay to
monitor the efficiency of the nuclease-mediated mutagenesis.
Then the cells were dissociated into single cells and diluted to
200-500 cells per 10 cm dish with feeders. The subclonal colonies
that emerged were picked on days 11-13 after reseeding. From
the genomic PCR sequencing, the indels at dystrophin exon 45
with the (3n + 2) bp deletion or (3n + 1) bp insertion (where
n is a nonnegative integer) were further expanded for later
experiments.

TALEN- or CRISPR-Mediated Exon 44 Knockin

For the knockin experiment, 5 pug of donor vector was cotrans-
fected with TALEN expression vectors (5 ug for left TALEN and
5 pg for right TALEN) or Cas9 and sgRNA expression vectors
(5 pg for Cas9 and 5 pg for sgRNA) using NEPA 21 as described
above. Hygromycin B (25 ug ml~’; Invitrogen) selection was
applied after iPSC colonies were recovered (4-5 days after transfec-
tion). The resulting hygromycin-resistant colonies were dissoci-
ated into single cells and plated at 200-500 cells per 10 cm dish
with feeders. Each subclone was screened by genomic PCR (with
P1-P2 primer pairs, amplifying a fragment from upstream of the
3’ arm to the EFla-promoter, and P3-P4 primer pairs, amplifying
a fragment from exon 44 to downstream of the 5’ arm). Homolo-
gous recombinants were further verified by Southern blot analysis
using EcoRl and probe intron 45. After establishing the single-copy
knockin clones, we electroporated the cells with 10 ug of the Cre
expression vector pPCXW-Cre-puro using NEPA 21. Clone isolation
was carried out as described above, and excision of the hygromy-
cin-selection cassette was confirmed by PCR screening with
primers P1 and P4 and Southern blot analysis with EcoRI digestion
and probe intron 45.
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Skeletal Muscle Differentiation by Dox-Inducible
MYOD1

The induction of skeletal muscle differentiation from iPSCs was
described previously (Tanaka et al., 2013). Briefly, a Dox-inducible
MYOD1-expressing piggyBac vector, PB-TetO-MyoD, was coelectro-
porated with the piggyBac transposase vector PBasell (Matsui et al.,
2014) using NEPA 21 (125 V, 5 ms). G418 (Calbiochem) selection
(100 pg ml™") was applied to select stable PB-TetO-MyoD clones.
Among the several G418-resistant clones, we screened for clones
with a high mCherry induction rate upon addition of 1 pg ml~*
doxycycline (Funakoshi). Successful differentiation was confirmed
by a spindle-shape-like morphology and immunocytochemical
staining with myosin heavy chain (MHC) and o-skeletal muscle
actin (¢-SMA) antibodies on day 9 postdifferentiation.

ACCESSION NUMBERS

The plasmid DNAs used in this study are available from Addgene
(https://www.addgene.org/) under accession numbers 60599-
60605. DMD-patient-derived iPSCs and genetically corrected
subclones are available from the RIKEN BRC Cell Bank (http://
www.brc.riken.jp/lab/cell/english/) under accession numbers
HPS0383-HPS0387.
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Microhomology-mediated end-joining-dependent
integration of donor DNA in cells and animals
using TALENs and CRISPR/Cas9

Shota Nakade!*, Takuya Tsubota?*, Yuto Sakane'*, Satoshi Kume', Naoaki Sakamoto!, Masanobu Obara3,
Takaaki Daimon?, Hideki Sezutsu?, Takashi Yamamoto!, Tetsushi Sakuma' & Ken-ichi T. Suzuki’

Genome engineering using programmable nucleases enables homologous recombination
(HR)-mediated gene knock-in. However, the labour used to construct targeting vectors
containing homology arms and difficulties in inducing HR in some cell type and organisms
represent technical hurdles for the application of HR-mediated knock-in technology. Here, we
introduce an alternative strategy for gene knock-in using transcription activator-like effector
nucleases (TALENSs) and clustered regularly interspaced short palindromic repeats (CRISPR)/
CRISPR-associated 9 (Cas9) mediated by microhomology-mediated end-joining, termed the
PITCh (Precise Integration into Target Chromosome) system. TALEN-mediated PITCh,
termed TAL-PITCh, enables efficient integration of exogenous donor DNA in human cells and
animals, including silkworms and frogs. We further demonstrate that CRISPR/Cas9-mediated
PITCh, termed CRIS-PITCh, can be applied in human cells without carrying the plasmid
backbone sequence. Thus, our PITCh-ing strategies will be useful for a variety of applications,
not only in cultured cells, but also in various organisms, including invertebrates and
vertebrates.
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effector nucleases (TALENs) and RNA-guided endonu-

cleases, that is, clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR-associated 9 (Cas9), have
been used widely for genetic engineering, including gene knock-
out, knock-in and various chromosomal rearrangements'2. Gene
knock-in has generally been achieved by co-introduction of
programmable nucleases and single-stranded oligonucleotides>*
or a targeting vector harbouring left and right homology arms™®,
inducing homologous recombination (HR)-dependent gene
addition. Although HR-mediated gene knock-in allows precise
insertion of large DNA fragments, construction of targeting
vectors is often laborious and targeting efficiency depends on the
substantial variation in the frequency of HR induction among cell
types and organism species. However, the addition of
complementary overhangs to donor DNA fragments or simple
linearization of donor DNA plasmids has been shown to facilitate
targeted integration mediated by non-homologous end-joining
both in cultured cells”® and in zebrafish®. Obligate ligation-gated
recombination has also reportedly been able to integrate plasmid
DNA into a targeted genomic locus'®. These methods use
programmable nucleases to make a DNA double-strand break
(DSB) that leaves 5’ overhangs (zinc finger nucleases (ZFNs) and
TALENSs) or blunt ends (CRISPR/Cas9), and then rely on the
ligation of similar ends on the chromosomal target site and the
insert. These targeted integrations can thus be considered to
represent ‘simple ligation’.

Conversely, microhomology-mediated end-joining (MME])-
dependent mutations have frequently been found in
programmable nuclease-mediated gene disruption without
exogenous donors!!. MME]J is a DSB repair mechanism that

P rogrammable nucleases, such as transcription activator-like

a Last coding exon
FBL locus

CTGTCAGGA

i i pactgaad 2ggtgargTTCAG!
AGAGTGTCCGGTEGEGERE tgact t fnteccact T A
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(\‘_;— 253
TAL-PITCh vector mNeonGreen-2A-Puro ol 4

b

5’ Junction TCTCACAGSCCACCCCCCanggtgaAGTICAGCGCTGTCAGEA

2E12  TCTCACAGGCCACCCCCCaagutgaACTICAGCGLTGTCAGGA
#H4  TCTCACAGGCCACCCCCCaaggtgaAGTTCAGCGCTGTCAGGA
#H6  TCTCACAGGCCACCCCCCaaygtguAGTTCAGCHCTGTCAGGA
#H10 TCTCACAGGCCACCCCCCaaggtgaAGTTCAGCGCTGTCAGGA

3’ Junction TCTCACAGECCACCCCCaact gaRGTTCAGCGCTETCAGSA

#E12 TCTCACAGGCCACCCCCCaactyalGTTCAGCGCTGTCAGCGA
#Ha  TCTCACAGGCC CaactgaAGTTCAGCGCTGTCAGGR
#H6  TCTCACAGGCCACCCCCCaactga. AGCGCTGTCAGGA
#H10  TCTCACAGGCCACCCCCCaactgaAGTTCAGCCCTGTICAGCR

uses microhomologous sequences (5-25bp) for error-prone
end-joining'?. In the cell cycle, MME] repair is active during
Gl/early S phases, whereas HR is active during late S/G2
phases!'®, Therefore, we devised a novel MME]J-mediated gene
knock-in strategy, referred to as the PITCh (Precise Integration
into Target Chromosome) system, which enables efficient
targeted integration of large DNA fragments in a wide range of
cells and organisms, even those with low HR activity. We
demonstrate the insertion of exogenous reporter genes into
human cells and animals using the PITCh system with TALENs
and CRISPR/Cas9. Our PITCh methods provide a new insight
into the targeted insertion of exogenous donor DNA and an
alternative way of making knocked-in cells and organisms.

Results

TAL-PITCh design and application in human cells. We first
demonstrated the PITCh system in TALEN-mediated knock-in
(TAL-PITCh). In TAL-PITCh, a single pair of TALENs and a
TAL-PITCh vector containing a TALEN target site are con-
structed and co-introduced (Fig. la, left panel). To generate
microhomologous sequences, the TALEN target site on the TAL-
PITCh vector should contain a different spacer sequence com-
pared with the original genomic sequence, in which the anterior
half and posterior half are switched. The genomic sequence and
the TAL-PITCh vector can be cut by the same TALEN pair, and
the linearized TAL-PITCh vector contains microhomologous
DNA ends corresponding to the genomic cleavage site. After
MME]-dependent integration, the whole vector is precisely
incorporated into the genome with two TALEN target sites
(Fig. la, right panel). However, these TALEN target sites are

AGCGCTGICAGGA

Figure 1| TAL-PITCh in human cells. (a) Schematic illustration of TAL-PITCh at the human FBL locus. Orange and pink letters indicate the left and
right TALEN target sites, respectively. Red and blue boxes indicate the microhomologous sequences. The stop codon is underlined. (b) Sequences of
knocked-in clones. The intended knocked-in sequence is shown at the top. TALEN target sites are shown in capital letters. Red letters indicate correctly
knocked-in clones. (¢) Confocal laser scanning microscopy image of knocked-in cells showing nucleolar localization of mNeonGreen fluorescence

(clone #H®6). Scale bar, 30 um.
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hardly cut by TALENs, because they contain shortened spacer
regions, which are out of the optimal range for DSB introduction
by TALENs!4,

As a proof-of-principle experiment, we first demonstrated the
TAL-PITCh system in cultured cells. We targeted the last coding
exon of the human fibrillarin (FBL) gene using Platinum
TALENs'®, and knocked-in the TAL-PITCh vector in
HEK293T cells, resulting in a C-terminal fusion of
mNeonGreen, reported recently as an ultra-bright fluorescent
protein gene'S, followed by 2A-puromycin. The TAL-PITCh
vector contains no promoter for mammalian cell expression;
therefore, the FBL-mNeonGreen-2A-puromycin gene expression
should be driven by the endogenous FBL promoter. After
puromycin selection, single cells were isolated by limiting
dilution and cultured independently. Six potential knocked-in
clones were analysed by DNA sequencing and laser-scanning
fluorescence microscopy. Genomic regions around the 5 and 3’
junctions could be amplified by PCR and sequenced from four of
the six clones (Supplementary Fig. 1a,b; Supplementary Table 1).
All the sequenced clones had correctly targeted alleles mediated
by MME]J (Fig. 1b), and showed nucleolar fluorescence, which is
consistent with a previous report!® (Fig. 1c).

To test the applicability of TAL-PITCh for another genomic
locus and another cell line, we targeted the human f-actin

exon 3
BLOS2 locus ~H-

cgccgate) naggagCETAGCCGCGAACCTGAACA
Theggcte pttecte AT 4 ? CTT

MMEJ

AGCGCTAGTGGTTCA

Repair

s e

TAL-PITCh vector

b

#2-1,5-1,5-9,5-10

5’ Junction TcGCeATCACCAAGTACYCCyatCCTAGCCGCCAACCTGARCA

TCGCGATCACCRAGTACGCCgatCCTAGCCGCGAACTTGAACA X1

3’ junction TcGCGATCACCAAGTALaaggagCCTAGCCGEGAACCTGAACK

TCGCGATCACCAAGTAta2gyagCCTAGCCGCGAACCTGAACA X1

Bright

Fluorescence

gccgatCLTAGCCGCGAACCTGAACA
AGCGCTAGTGGTTCATHCgGCt a CEOTTEOAL

(ACTB) gene in Hela cells (Supplementary Fig. 2a). Six
potentially knocked-in cell clones showing fluorescence were
established and their junctions were analysed by PCR. Four of the
six were selected as correctly PITChed candidate clones
(Supplementary Fig. 3a,b; Supplementary Table 1). In this case,
one of the four clones contained a 3-bp insertion at the 5’
junction and three of the clones contained 5-27-bp insertions and
deletions at the 3’ junction; one clone had correct junctions at
both sides (Supplementary Fig. 2b). Fluorescence was observed at
stress fibres in this clone (Supplementary Fig. 2c). We further
confirmed correct integration by southern blot analysis, indicat-
ing that no random integration occurred (Supplementary Fig. 4).
We also confirmed the higher colony-forming efficiency than
TALEN-assisted gene knock-in mediated by HR, suggesting the
superiority of MMEJ-mediated integration compared with the
conventional method (Supplementary Fig. 5).

TAL-PITCh in animals. To check the applicability of the TAL-
PITCh system in vivo, we next examined TAL-PITCh in silk-
worms (Bombyx mori) and frogs (Xenopus laevis). In silkworms,
TALENs can induce highly efficient mutagenesis of the target
genes, and the mutation rates in G, gametes can exceed 50%7.
Nevertheless, a successful knock-in of a long gene cassette using

2aggagCETAGCCGCGAACCTGRACA
CGCGCTAGTGGTTCATRttCCtC! o7 e ¢ i GA i

No DSB

#7-6, 7-7

5’ Junction GCGCGATCACCAAGTACgCcgatCCTAGCTGCGRACCTGARCA

x

GCGCGATCACCAAGTACgCcegatCCTAGCCGCGARCCTGAACA

3’ Junction GCGCGATCACCRAGTAtaaggagCCTAGCTGCGRACCTGARCA

GCGCGATCACCAAGTA. . ~1660 by . . GCCGCGAACCTGAACA

#5-9 (Gp)

ks salia =

PR

Bright

Fluorescence

Figure 2 | TAL-PITCh in silkworms. (a) Schematic illustration of TAL-PITCh at the B. mori BLOS2 locus. Orange and pink letters indicate the left and right
TALEN target sites, respectively. Red and blue boxes indicate the microhomologous sequences. hsp90P, hsp90 promoter. (b) Sequences of knocked-in
alleles from the six G; worms (#2-1, #5-1, #5-9, #5-10, #7-6 and #7-7). The intended knocked-in sequence is shown at the top. TALEN target sites are
shown in capital letters. Red letters indicate correctly knocked-in alleles. Blue letters indicate insertions. (¢) Bright-field and fluorescence microscopy
images of the G; embryos in the #5 batch. Strong EGFP expression could be observed in the putative knock-in embryo, according to the activity of the hsp90
promoter (arrowhead). Scale bar, 0.5 mm. (d) Bright-field and fluorescence microscopy images of the G; larva derived from #5-9 batch. White and yellow
arrowheads indicate wild-type and knock-in silkworms, respectively. Note that the knock-in larva shows an oily skin phenotype. Scale bar, 1Tmm.
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TALENSs has not yet been achieved. This is presumably because
HR activity is very low in germline cells of silkworms!’ and
suggests that conventional knock-in methods mediated by HR are
not promising. Therefore, we conceived the idea of applying the
MME]J-mediated TAL-PITCh system in silkworms.

We targeted the silkworm BLOS2 gene, because its efﬁc1ent
knockout has previously been achieved using TALENs!®
Messenger RNA (mRNA) of TALENs designed against exon 3
of the BLOS2 gene was injected together with the TAL-PITCh
vector harbouring the hsp90 promoter- enhanced green
fluorescent protein (EGEP) expression cassette!® (Fig. 2a), and
the EGFP expression in their progeny was examined. Remarkably,
a number of G; embryos showed strong EGFP expression
(Fig. 2¢; Supplementary Fig. 6; Supplementary Table 2). This
result suggested that the knock-in had occurred successfully in
the G, gametes. We checked the genotype of each EGFP-positive
G, individual and found that the TAL-PITCh vector was
integrated into the BLOS2 locus in six worms (Fig. 2b;

a First coding exon
no29 locus

TAL-PITCh vector |~ no2s-EGFP

Supplementary Fig. 7; Supplementary Table 2). Four of them
showed precise integration, whereas two of them had ~1,660-bp
extra sequence containing a partial EGFP sequence and the
genomic sequence at ~2.6-kb downstream of the TALEN target
site in the 3’ junction (Fig. 2b; Supplementary Table 2). The
targeted integration into the BLOS2 locus was further supported
by the fact that these individuals exhibited an oily skin, a
phenotype caused by the disruption of BLOS2 gene18 (Fig. 2d).
Thus, we concluded that the TAL-PITCh system is quite effective
in silkworms.

We subsequently tried EGFP knock-in at endogenous gene loci
in X. laevis embryos as a model of vertebrates, because gene
knock-in in frogs including X. laevis has not yet been achieved,
although tar; geted mutagenesis can be performed efficiently using
TALENs?*2L, Thus, we first targeted the 1029 locus, one of the
histone chaperone paralogues® in X. laevis, using TAL-PITCh
(Fig. 3a). In this case, we designed TALENs around the start
codon of the 1029 gene and knocked-in the 7029-EGFP fusion
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Figure 3 | TAL-PITCh at the no29 locus in frog embryos. (a) Schematic illustration of TAL-PITCh at the X. laevis no29 locus. Orange and pink letters
indicate the left and right TALEN target sites, respectively. Red and blue boxes indicate the microhomologous sequences. The start codons are underlined.
(b) Sequences of knocked-in alleles from embryo #9. The intended knocked-in sequence is shown at the top. TALEN target sites are shown in

capital letters. Red letters indicate correctly knocked-in alleles. Blue letters indicate insertions. Dashes indicate deletions. Substitutions are underlined.
(¢) Bright-field and fluorescence microscopy images of embryo #9. An asterisk indicates yolk autofluorescence. Scale bar, Tmm. (d) Percentage of
phenotypes in the control embryos and the TAL-PITChed embryos. For the control, the vector from which the TALEN target site was removed was used
instead of the TAL-PITCh vector. Except for abnormally developed embryos, phenotypes were divided into four groups (full, half, ectopic and normal)
according to the expressed region of EGFP. Total numbers of individuals are shown at the top of each graph.
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complementary DNA. Although the spatial expression pattern of
no29 during early development of X. laevis has never been
elucidated, we observed an obvious expression tendency in
the central nervous system (Fig. 3c; Supplementary Fig. 8b).
Overall, ~15% of the embryos injected with the TALEN mRNAs
and the TAL-PITCh vector showed full expression and another
15% of the embryos showed half expression, that is, the left half
or the right half of the body, in the central nervous system
(Fig. 3d). Three individuals showing the intended sizes of amplicons
for both the 5" and 3’ junctions were sequenced, and all three had
precisely PITChed alleles at least in the 5" junction. In the 3’
junction, however, not all the individuals contained precisely
PITChed alleles (#1, 9 and 10; Fig. 3b; Supplementary Fig. 8a,b).
We next demonstrated TAL-PITCh-mediated in vivo gene
knock-in at the keratin (fgk; fin and gill keratin) locus in X. laevis,
in a manner similar to that in human cells (Fig. 4a). The EGFP
gene was inserted just before the endogenous stop codon to

Last coding exon

fgklocus — -

actcaattlinatataAQrGATAGAAGAGCATTA
AGTTCTTCATCTICTCETtgagttalk tratat oo ATCT

5’ Junction

TCAARGAAGTAGAAGAGAARACt CaatACTGATAGAAGAGCATTA

express an fgk-EGFP fusion gene. Regarding fgk, transgenic
X. laevis embryos have reportedly shown specific expression in
the fin and the gill*3. Consistent with this report, we obtained
several embryos showing fluorescence specifically localized in the
fin (Fig. 4b) and the gill (Fig. 4c) with precise 5’ and 3 junctions,
although one of them also contained subtle mutations at the both
junctions (Fig. 4b,c). Furthermore, fusional expression enabled us
to observe a cytoskeletal localization (Fig. 4b,c).

CRIS-PITCh design and application in human cells. Another
important facet of the PITCh system is whether CRISPR/Cas9
could be used instead of TALENs. Thus, we targeted the
FBL locus in HEK293T cells using CRISPR/Cas9-mediated
PITCh (CRIS-PITCh) (Fig. 5a, left panel). The principles of
inducing DSBs with TALENs and CRISPR/Cas9 are totally
different; therefore, we modified the targeting strategy (Fig. 5a).
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Figure 4 | TAL-PITCh at the fgk locus in frog embryos. (a) Schematic illustration of TAL-PITCh at the X. laevis fgk locus. Orange and pink letters indicate
the left and right TALEN target sites, respectively. Red and blue boxes indicate the microhomologous sequences. The stop codon is underlined.

(b,c) Microscopic images and sequences of the TAL-PITChed embryos showing EGFP expression in the fin (b) and the gill (¢). TALEN target sites are
shown in capital letters. Red letters indicate correctly knocked-in alleles. Substitutions are underlined. Scale bars, 1mm.
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