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ABSTRACT

For the emerging amphibian genetic model Xenopus tropicalis
targeted gene disruption is dependent on zinc-finger nucleases
(ZFNs) or transcription activator-like effector nucleases (TALENSs),
which require either complex design and selection or laborious
construction. Thus, easy and efficient genome editing tools are still
highly desirable for this species. Here, we report that RNA-guided
Cas9 nuclease resulted in precise targeted gene disruption in all ten
X. tropicalis genes that we analyzed, with efficiencies above 45% and
readily up to 100%. Systematic point mutation analyses in two loci
revealed that perfect matches between the spacer and the
protospacer sequences proximal to the protospacer adjacent motif
(PAM) were essential for Cas9 to cleave the target sites in the X.
tropicalis genome. Further study showed that the Cas9 system could
serve as an efficient tool for multiplexed genome engineering in
Xenopus embryos. Analysis of the disruption of two genes, ptf1a/p48
and tyrosinase, indicated that Cas9-mediated gene targeting can
facilitate direct phenotypic assessment in X. tropicalis embryos.
Finally, five founder frogs from targeting of either elastase-T1,
elastase-T2 or tyrosinase showed highly efficient transmission of
targeted mutations into F1 embryos. Together, our data demonstrate
that the Cas9 system is an easy, efficient and reliable tool for
multiplex genome editing in X. tropicalis.
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INTRODUCTION

Bacterial and archaeal clustered regularly interspaced short
palindromic repeats (CRISPR)/CRISPR-associated (Cas) adaptive
immune systems rely on small RNAs in complex with Cas proteins
to silence foreign nucleic acids, including viruses and plasmids.
There are three major types of CRISPR/Cas systems (Makarova et
al., 2011; Wiedenheft et al., 2012). In the type II CRISPR system,
the Cas9 protein forms a complex with two short non-coding RNAs,
namely the spacer-containing RNA (crRNA) and the trans-activating
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CRISPR RNA (tracrRNA), to selectively cleave the invading DNA.
With the recapitulation of this DNA cleavage activity in vitro with
purified Cas9 and an engineered single guide RNA (gRNA)
molecule containing the minimal features of both spacer and tracr
RNAs (Jinek et al., 2012), it was anticipated that the system could
potentially be used in place of zinc-finger nucleases (ZFNs) or
transcription activator-like effector nucleases (TALENS) for targeted
genomic cleavage in higher organisms (Carroll, 2012; Jinek et al.,
2012). Indeed, it has been shown that, via generation of site-specific
DNA double-strand breaks in the target loci, RNA-guided Cas9
nuclease facilitates genome editing in yeast, nematode, fly, zebrafish
and mice, in mouse and human cell lines, as well as in plants
(Bassett et al., 2013; Chang et al., 2013; Cho et al., 2013; Cong et
al., 2013; DiCarlo et al., 2013; Dickinson et al., 2013; Ding et al.,
2013; Fujii et al., 2013; Gratz et al., 2013; Hwang et al., 2013; Jiang
et al., 2013; Mali et al., 2013; Shen et al., 2013; Wang et al., 2013;
Yang et al., 2013).

In the past decade, the diploid frog Xenopus tropicalis has
emerged as an excellent amphibian genetic model (Harland and
Grainger, 2011). We and others have established ZFN- or TALEN-
mediated gene targeting protocols in this species (Ishibashi et al.,
2012; Lei et al., 2012; Young et al., 2011). In comparison to ZFNs,
TALENSs are more effective in frogs. Despite the ease of designing
TALE modules, it is by no means trivial to generate TALENS in the
laboratory for use in large-scale reverse genetics. Thus, efficient
genome engineering tools that can be easily and cost-effectively
generated are still highly desirable. Here, we report that gRNA/Cas9
can serve as an easy, economic, efficient and reliable tool for
targeted gene disruption in X. tropicalis.

RESULTS

Optimization of gRNA and Cas9 doses in X. tropicalis
embryos

First, we injected Cas9 mRNA at a dose of 500 pg per embryo
together with gRNAs (50 pg/embryo) targeting ptf1a/p48, hhex or pat
into one-cell stage X. tropicalis embryos. All three injection groups
showed high levels of dead and deformed embryos (Fig. 1A,B),
indicating non-specific toxicity. We then chose ihex and pat gRNAs
to optimize the doses of Cas9 mRNA and gRNA for X. tropicalis
embryos based purely on the morphological phenotype. The data
obtained indicate that the optimal Cas9 mRNA dose is 300 pg/embryo
(Fig. 1C) and the quantity of gRNA should not exceed 500 pg/embryo
(Fig. 1D,E). In all subsequent experiments, we set the Cas9 mRNA
dose at 300 pg/embryo; for a given locus, the gRNA dose was further
optimized in the range 1-500 pg per embryo.

gRNA/Cas9 is an efficient and reliable tool for genome
editing in X. tropicalis

We initially designed gRNAs targeting 12 loci in ten different genes
(Table 1; supplementary material Table S1). Those targeting

707



RESEARCH ARTICLE

Development (2014) doi:10.1242/dev.099853

Fig. 1. The optimal dose of Cas9 mRNA for X.
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elastase-T1, ets2, tm4sf4-T2, grp78, elastase-T2 and ptfla/p48
readily exhibited targeting efficiencies above 72% at a dose of 50
pg/embryo and the first three even achieved 100% efficiency
(Fig. 2A; supplementary material Fig. S1). The mutagenesis rates
induced by gRNAs targeting hhex, tm4sf4-T1 and tyrosinase were
raised from 31.3%, 60% and 60% to 100%, 86.7% and 82.4% when
the gRNA doses were increased from an initial 50 pg/embryo to 500,

200 and 400 pg/embryo, respectively (Fig. 2A-D; supplementary
material Fig. S1). The highest efficiency obtained for ets/ gRNA
was 33.3%, and gRNAs targeting pat and pdxI showed either very
low efficiency or no effect at the various gRNA doses tested
(Fig. 2A,E-G; supplementary material Fig. S1). We then designed
two additional gRNAs for each of ets/, pat and pdxI. The data
obtained indicate that all caused mutations with high efficiencies

Table 1. The 18 targeting loci in ten X. tropicalis genes and the oligonucleotides used to construct the corresponding gRNA constructs

Target gene Target site PAM Oligonucleotide 1 Oligonucleotide 2

elastase-T1 GGCAGTTGGTACCATACCTG TGG TAGGCAGTTGGTACCATACCTG AAACCAGGTATGGTACCAACTG
elastase-T2 GGTGGTGATGGAGTCCGTTC AGG TAGGTGGTGATGGAGTCCGTTC AAACGAACGGACTCCATCACCA
ets1-T1 GGAGCAGCATTATGTGGCCT GGG TAGGAGCAGCATTATGTGGCCT AAACAGGCCACATAATGCTGCT
ets1-T2 GGTTCAGAGAATTCAGAGGG CGG TAGGTTCAGAGAATTCAGAGGG AAACCCCTCTGAATTCTCTGAA
ets1-T3 GGGTCACGCAGCAATGCTAA AGG TAGGGTCACGCAGCAATGCTAA AAACTTAGCATTGCTGCGTGAC
ets2 GGTCTGGACTCTTACTCTCA TGG TAGGTCTGGACTCTTACTCTCA AAACTGAGAGTAAGAGTCCAGA
grp78 GGCAGACACCAGCAACACCA AGG TAGGCAGACACCAGCAACACCA AAACTGGTGTTGCTGGTGTCTG
hhex GGGCTGAGGAGCTGGGGTGC TGG TAGGGCTGAGGAGCTGGGGTGC AAACGCACCCCAGCTCCTCAGC
pat-T1 GGCCTGTAAGCAAAACATTT TGG TAGGCCTGTAAGCAAAACATTT AAACAAATGTTTTGCTTACAGG
pat-T2 GGCACATTCTGATGCAGCAG TGG TAGGCACATTCTGATGCAGCAG AAACCTGCTGCATCAGAATGTG
pat-T3 GGCAGCTCTTGGAAGAACAG TGG TAGGCAGCTCTTGGAAGAACAG AAACCTGTTCTTCCAAGAGCTG
pdx1-T1 GGGCCAGCATTTCATTTTCT TGG TAGGGCCAGCATTTCATTTTCT AAACAGAAAATGAAATGCTGGC
pdx1-T2 GGTGAGGGATCCCTGGGTGA TGG TAGGTGAGGGATCCCTGGGTGA AAACTCACCCAGGGATCCCTCA
pdx1-T3 GGGAATGGCATTTGCTGGTG GGG TAGGGAATGGCATTTGCTGGTG AAACCACCAGCAAATGCCATTC
ptfialp48 GGAAGACGATGTGGACTTCT TGG TAGGAAGACGATGTGGACTTCT AAACAGAAGTCCACATCGTCTT
tm4sf4-T1 GGTGGTTGCGCAAAGTGCTT GGG TAGGTGGTTGCGCAAAGTGCTT AAACAAGCACTTTGCGCAACCA
tm4sf4-T2 GGACTCATAGGAACAATCTG TGG TAGGACTCATAGGAACAATCTG AAACCAGATTGTTCCTATGAGT
tyrosinase GGCCCTCAGTTTCCATTCAC TGG TAGGCCCTCAGTTTCCATTCAC AAACGTGAATGGAAACTGAGGG

Sequences are shown 5-3'.
PAM, protospacer adjacent motif.
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(45-79%) at 50 pg/embryo (Fig. 2H; supplementary material Fig.
S2). Thus, all of the genes tested were readily targeted by
gRNA/Cas9 with efficiencies above 45%. Finally, we chose one of
the most effective gRNAs to scale down the gRNA dose, and found
that 15 pg/embryo of elastase-T1 gRNA still exhibited 83.3%
efficiency (Fig. 2I). Together, our results strongly suggest that
gRNA/Cas9 can efficiently target most loci in the X. tropicalis
genome.

A perfect match between the spacer and protospacer
sequences proximal to the PAM is essential for Cas9 to
cleave target DNA in the X. tropicalis genome

To investigate the specificity of the gRNA/Cas9 system for genome
editing in whole organisms, we chose two loci (ets2 and tm4sf4-T2)
that displayed 100% targeting efficiency and systematically
analyzed the consequence of single-nucleotide mismatches between
the spacer and the protospacer sequences for targeting efficiency in
X. tropicalis embryos. For both genes, point mutations up to the
eleventh base pair upstream of the protospacer adjacent motif
(PAM) completely abolished the targeting activity of gRNA/Cas9.
By contrast, gRNA/Cas9-mediated target cleavage is partially
tolerant to point mutations 12, 13, 15, 17, 18, 19 and 20 bp 5’ of the
PAM (Fig. 3; supplementary material Figs S3 and S4).

To further assess whether gRNA/Cas9 creates any off-target
mutations in frog embryos, we first computationally identified all
the potential off-target sites with up to five mismatches to all the loci
targeted in this study (supplementary material Table S2). Since no
sites with one mismatch were identified, we selected 119 sites in
total, including all four sites with two mismatches, seven sites with
three mismatches distal to the PAM sequence, and all sites with up
to four mismatches for the ets2, ptfla/p48 and tyrosinase target loci,
and performed a T7EI assay to identify any off-target disruptions
(supplementary material Table S3). In contrast to the on-target sites,
no potential off-target sites analyzed showed reliable gRNA/Cas9-
dependent T7EI assay positive signals (data not shown). Our study
suggests that the frequency of cleavage within potential off-target
sites with two to four mismatches is too low to be detected by our
T7EI assay.

Multiplexed gene targeting in X. tropicalis

To test whether this approach is suitable for multiplexed editing of
genomic loci in Xenopus embryos, we co-injected Cas9 mRNA
together with two gRNAs targeting grp78 and elastase-T1. The data
indicate that the targeting efficiencies for each gene from the co-
injection are almost identical to those obtained from the individual
injections (Fig. 4A; supplementary material Fig. S5). Single-cell
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A B
PAM PAM
ets2 locus 5’ GGTCTGGACTCTTACTCTCATGG 37 disruption efficiency  tmdsf#-T2 locus 5/ GGACTCATAGGAACAATCTGTGG 3’ disruption efficiency
wt crRNA GGUCUGGACUCUUACUCUCA 100% (21/21) wt crRNA GGACUCAUAGGAACAAUCUG 100% (20/20)
ml GGUCUGGACUCUUACUCUCU 0% (0/19) ml GGACUCAUAGGAACAAUCUC 0% (0/19)
m3 GGUCUGGACUCUUACUCACA 0% ( 0/20) m3 GGACUCAUAGGAACAAUGUG 0% (0/16)
mismatch- m5 GGUCUGGACUCUUACACUCA 0% ( 0/20) mismatch- m5 GGACUCAUAGGAACATUCUG 0% ( 0/20)
containing m7 GGUCUGGACUCUUUCUCUCA 0% ( 0/20) containing m7 GGACUCAUAGGAAGAAUCUG 0% ( 0/20)
<IRNA m2 GGUCUGGACUCAUACUCUCA 0% (0/19) SRNA m9 GGACUCAUAGGTACAAUCUG 0% (0/18)
mll GGUCUGGACACUUACUCUCA 0% (0/18) mll GGACUCAUACGAACAAUCUG 0% ( 0/20)
ml2 GGUCUGGAGUCUUACUCUCA 10% ( 2/20) ml2 GGACUCAUUGGAACAAUCUG 95% (19/20)
ml3 GGUCUGGUCUCUUACUCUCA 53% (10/19) ml3 GGACUCATAGGAACAAUCUG 35% (7/20)
ml5 GGUCUCGACUCUUACUCUCA 18% (3/17) ml5 GGACUGAUAGGAACAAUCUG 63% (12/19)
ml7 GGUGUGGACUCUUACUCUCA 18% ( 3/17) ml7 GGAGUCAUAGGAACAAUCUG 42% ( 8/19)
ml8  GGACUGGACUCUUACUCUCA 80% (16/20) ml8  GGTCUCAUAGGAACAAUCUG MN% (12117)
ml9 GGCUCUGGACUCUUACUCUCA 68% (13/19) ml9 GGCACUCAUAGGAACAAUCUG 61% (11/18)
m20 GGCGUCUGGACUCUUACUCUCA 0% ( 1/16) m20 GGCGACUCAUAGGAACAAUCUG 63% (12/19)

Fig. 3. A perfect match between the spacer and the protospacer sequences proximal to the PAM is essential for Cas9 to cleave target sites in the
X. tropicalis genome. (A,B) ets2- or tm4sf4-T2-targeting crRNAs containing single-point mutations (red) were generated to investigate the consequences of
single-nucleotide mismatches between the spacer and the protospacer sequences for Cas9-mediated gene targeting efficiency in X. tropicalis embryos. The
targeting efficiency is indicated on the right of each mutant. The PAM sequence is indicated (blue). wt, wild type.

analysis for stage 9 embryos (blastulae) indicates that both alleles of
the two loci targeted were mutated in the same cell (Fig. 4B,C). Given
the high targeting efficiency in the founder embryos and high germ line
transmission rates observed in this study with other genes, these data
suggest that double or triple knockout lines of genes of interest in X.
tropicalis could be established from a single injection of Cas9/gRNAs,
which also appears to be achievable in mice (Wang et al., 2013).

Phenotyping of gRNA/Cas9-targeted GO embryos, froglets
and frogs

In principle, the high efficiency of gene disruption induced by Cas9
nuclease could allow for direct phenotype assessment in gRNA/Cas9-
injected Xenopus embryos. Our data indicated that the expression of
the pancreas-specific marker gene pdip is indeed completely inhibited
in a portion of ptfla/p48 gRNA-injected embryos (Fig. SA,E). The
rest of the targeted embryos showed severe inhibition of pdip
expression (Fig. 5B,F), with hardly any showing the strong signals
seen in wild-type or elastase-targeted embryos (Fig. 5I-L). Co-

A B

injection of a dexamethasone-inducible variant of Ptfla/p48
(Ptf1a/p48GR), which was activated after gastrulation, resulted in
100% rescue of the ptf1a/p48 gRNA-induced phenotype (Fig. SD,H).
Together, these findings are reminiscent of those obtained upon
application of ptfla/p48 morpholinos to Xenopus laevis embryos
(Afelik et al., 2006; Jarikji et al., 2007). We also dissected six
ptfla/p48-targeted froglets that all showed severe pancreatic
hypoplasia (Fig. SN), consistent with our previous findings with
ptfla/p48 TALENS (Lei et al., 2012).

As a second example, we chose to phenotype the disruption of
tyrosinase, which causes the ablation of pigmentation (Beermann et
al., 2004; Damé et al., 2012; Ishibashi et al., 2012; Koga et al., 1995;
Oetting et al., 2003). Upon tyrosinase gRNA/Cas9 injection, the
majority of tadpoles (100/165, ~61%) showed severe perturbation of
pigmentation, with two showing almost full albinism, whereas the
remainder displayed partial albinism with none showing the
pigmentation pattern seen in wild-type siblings (Fig. 50-V). The
various levels of albinism were maintained to adulthood (Fig. 5X-Z).

elastase Target 1 100% (10/10)

CCCTCCAGTACCTGTCTGGTGGCAGTTGGTACCATACCTGTGGGGGCTCCCTGATCCGTG Wild-type

20/20 16/16
100- CCCTCCAGTACCTGTCTGGTGGCAGTTGGT——————————— GGGGGCTCCCTGATCCGTG (All) [X5]
CCCTCCAGTACCTGTCTGGTGGCAGTTGGTACCATA-———————————| CCCTGATCCGTG (Al2) [X5]
g 80 grp78 100% (7/7)
S GACCATGAAGCTGTTTGCCTIGGTGTTGCTGETIGTCTIGCCAGCGTATTTGCTGCTGATGA Wild-type
©
£ 6ol GACCATGAAGCTGT——————————— TTGCTGGTGTCTGCCAGCGTATTTGCTGCTGATGA (A1) [X3]
T GACCATGAAGCTGTTTGCCT-GLaGTTGCTGGTGTCTGCCAGCGTATTTGCTGCTGATGA (A3, +2) [ X 4]
S fo
2
S— 40 elastase Target 1 100% (10/10)
ah CCCTCCAGTACCTGTCTGGTGGCAGTTGGTACCATACCTGTGGGGGCTCCCTGATCCGTG Wild-type
2
o 20_ CCCTCCAGTACCTGTCTGGTGGCAGTTGGTAC—————— TGTGGGGGCTCCCTGATCCGTG (AG) [X8]
ES CCCTCCAGTACCTGTCTGET ~mmmmmm e m e e GGGGCTCCCTGATCCGTG (A23,+1) [X2]
‘ ‘ grp78 100% (10/10)
0- — GACCATGAAGCTGTTTGCCTTGGTGTITGCTGETGTCTGCCAGCGTATTTGCTGCTGATGA Wild—type
grp  grptela ela gmptela
; 5 GACCATGAAGCTGT——————————— TTGCTGGTGTCTGCCAGCGTATTTGCTGCTGATGA (A11) [%8]
grp target site ela target site GACCATGAAGCTGTTTGCCT TGGTGTCTGCCAGCGTATTTGCTGCTGATGA (A%) [%2]

Fig. 4. gRNA/Cas9 is suitable for multiplexed genome editing in X. tropicalis. (A) Co-injection of Cas9 mRNA (300 pg/embryo) together with two gRNAs
targeting grp78 (grp) and elastase-T1 (ela) did not affect the targeting efficiencies obtained from individual injections. The gRNA dose for each gene was set at
50 pg/embryo. (B,C) DNA sequencing data obtained from the progenies of two different blastomeres (shown separately in B and C) of a stage 9 embryo
demonstrate that both loci were disrupted in the same cell. The wild-type sequence is shown at the top with the target site highlighted in yellow and the PAM
sequence in blue. Red dashes indicate deletions and lowercase letters in red indicate insertions. The number of deleted (A) or inserted (+) base pairs is
indicated in parentheses; numbers in square brackets show the frequencies of the mutation among the sequenced samples. The data indicate that both alleles

of both loci were mutated in progenies of each blastomere analyzed.

710



RESEARCH ARTICLE Development (2014) doi:10.1242/dev.099853

| ptfialpd8 gRNA || pitf1alp48GR mRNA ” ptf1a/p48 gRNA+mRNA
A B Cc D
[on— 15108 === 93108 —— 160/160 —— 151/151
E F G
{ He 4
L ¥ 0 $
! ] 4 " o
I Control || elastase-T1 gRNA l Control prfIafptiB gRNA
| J
‘ ‘ . ‘ ‘ du
e SIS — 120/120
K L
© (&) \‘ "
(& ' O "
(4 o o e
| Control " tyrosinase gRNA
o P Q R
ﬂ--ﬂ‘ . - T~ - e .
o» ¢ U ‘& 5
e 98/98 —— 2MBS | —— 98165 65/165
S,
o

Fig. 5. gRNA/Cas9-mediated gene targeting is suitable for GO phenotyping. (A-L) Whole-mount in situ hybridization analysis of expression of the
pancreas-specific marker pdip in X. tropicalis normal control tadpoles (stage 40), tadpoles injected with Cas9 mRNA (300 pg/embryo) and gRNAs (50
pg/embryo), and tadpoles injected with either ptf1a/p48GR mRNA (20 pg/embryo) alone or in combination with Cas9 and ptf1a/p48 gRNA. Dexamethasone
(working concentration of 10 uM) was added at stage 14 to activate Ptf1a/p48. (A,E) Complete inhibition of pdip expression upon targeting ptf1a/p48.

(B,F) Partial inhibition of pdip expression upon targeting ptf1a/p48. (C,G) Overexpression of ptf1a/p48 expands pdip expression in the territory of the stomach
and duodenum. (D,H) The inhibition of pdip expression upon gRNA/Cas9-mediated targeting of ptf1a/p48 was completely rescued by co-injection of
ptf1la/p48GR mRNA. (1,K) Uninjected control embryos. (J,L) As a negative control, pdip expression was unaffected upon targeting elastase. All the images are
lateral views with the head to the left. E-H,K,L show further examples of the types represented in A-D,l,J, respectively. The number of embryos showing the
illustrated phenotype is given in the representative image. (M,N) Dissection of 1-week-old froglets revealed severe pancreatic hypoplasia in ptf1a/p48
gRNA/Cas9-injected GO froglets, with stomach and duodenum unaffected. The pancreas is outlined (dashed line). du, duodenum; st, stomach. (O-V) Albinism
phenotype caused by tyrosinase gRNA/Cas9. (O,S) Uninjected control tadpoles. (P, T) Aimost full albinism. (Q,U) Tadpoles showing severe perturbation of
pigmentation. (R,V) Partial albinism. S-V show further examples of the types represented in O-R, respectively. The number of embryos showing the illustrated
phenotype is given in the representative image. (W-Z) Dorsal view of adult frogs. (W) Wild type. (X) Almost full albinism caused by tyrosinase gRNA/Cas9.
(Y,Z) Partial albinism. The numbers of frogs showing the illustrated phenotypes are listed. Scale bars: 400 pm in A-L; 2 mm in M,N; 1 mm on O-V; 1 cm in W-Z.

gRNA/Cas9-injected founder frogs show high germ line
transmission rates

The high efficiency of somatic targeting in gRNA/Cas9-injected
embryos would suggest a similarly high targeting efficiency in

germ cells of GO frogs. Just as expected, all five founder male
frogs from the targeting of either elastase-T1, elastase-T2 or
tyrosinase transmitted their targeted mutations through the germ
line with high efficiencies ranging from 40-100% (Fig. 6). The
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A elastase T1 gRNA/Cas9 targeted founder 1 100% (10/10)
CCCTCCAGTACCTGTCTGGTGGCAGTTGGTACCATACCTGTGGGGGCTCCCTGATCCGTG Wild-type

CCCTCCAGTACCTGTCTGGTGGCAGTTGGTACCAT -~~~ GTGGGGGCTCCCTGATCCGTG (A4)
CCCTCCAGTACCTGTCTGGTGGCAGTTGGTACCA -~~~ TGTGGGGGCTCCCTGATCCGTG (A4)
CCCTCCAGTACCTGTCTGGTGGCAGTTGGT GGGGGCTCCCTGATCCGTG (All
CCCTCCAGTACCTGTCTGGTGGCAGTTIG-——————————— TGGGGGCTCCCTGATCCGTG (A12)
CCCTCCAGTACCTGTCTGGTGGCAGT———————————— TGTGGGGGCTCCCTGATCCGTG (A12)
CCCTCCAGTACCTGTCTGGTGGCAGTTGGTACCATCcAgggagecaccacagggggCCTGT (+18

elastase-T1 gRNA/Cas9 targeted founder 2 80% (8/10)
CCCTCCAGTACCTGTCTGGTGGCAGTTGGTACCATACCTGTGGGGGCTCCCTGATCCGTG Wild-type

—-—CCTGTGGGGGCTCCCTGATCCGTG (A31)
CCCTCCAGTACCTGTCTGGTGGCAGTTGGTACCATACC SGGGGCTCCCTGATCCGT (+1)
CCCTCCAGTACCTGTCTGGTGGCAGTTGGTACC-——————=———=————— CTGATCCGTG (Al7)
CCCTCCAGTACCTGTCTGGTGGCAGTGGGGGEGELTG----GTGGGGGCTCCCTGATCCGTG (A13, +9)
CCCTCCAGTACCTGTCTGGTGGCAGTTGGTACCATACCTGTGGGGGCTCCCTGATCCGTG

B elastase-T2 gRNA/Cas9 targeted founder 70% (7/10)
AGTCCACCATGGTGTGTGCTGEGTGGTGATGGAGTCCGTTCAGGATGCCAGGTACAATGAT Wild-type

AGTCCACCATGGTGTGTGCTGGTGGTGATGGAGTCCGeTTCAGGATGCCAGGTACAATGA (+1)
AGTCCACCATGGTGTGTGCTGGTGGTGATGGAGTCCGggaTTCAGGATGCCAGGTACAAT (+3)
AGTCCACCATGGTGTGTGCTGGTGGTGATGGAGT -~--TCAGGATGCCAGGTACAATGAT (A4)
AGTCCACCATGGTGTGTGCTGGTGGTGATGGAGTC————— AGGATGCCAGGTACAATGAT (AS)
AGTCCACCATGGTGTGTGCTGGT———————————————— CAGGATGCCAGGTACAATGAT (Al6
AGTCCACCATGGTGTGTGCTGG———————————————— TCAGGATGCCAGGTACAATGAT (Al6
AGTCCACCATGGTGTGTGCTGGTGGTGATGGAGTCCGTTCAGGATGCCAGGTACAATGAT

Cc tyrosinase gRNA/Cas9 targeted founder 1 90% (9/10)
TCCTGACCAGCTCTGCTACTGGCCCTCAGTTTCCATTCACTGGGGTTGACGATAGAGAGA Wild-type

TCCTGACCAGCTCTGCTACTGGCCCTCAGTTTCCATT——-TGGGGTTGACGATAGAGAGA (A3)
TCCTGACCAGCTCTGCTACTGGCCCTCAGTTTCCA- ———CTGGGGTTGACGATAGAGAGA (A4)
TCCTGACCAGCTCTGCTACTGGCCCTCAGTTTCCATT———-GGGGTTGACGGTAGAGAGA (A5, +1
TCCTGACCAGCTCTGCTACTGGCCCTCAGTTTCCATTGGGAARCCCCACTGGGGTTGACG (+9)
TCCTGACCAGCTCTGCTACTGGCCCTCAGTTTCCATTCACTGGGGTTGACGATAGAGAGR

tyrosinase gRNA/Cas9 targeted founder 2 40% (4/10)
TCCTGACCAGCTCTGCTACTGGCCCTCAGTTTCCATTCACTGGGGTTGACGATAGAGAGA Wild-type

TCCTGACCAGCTCTGCTACTGGCCCTCAGTTTCCATTTCCACTGGGGTTGACGATAGAGA (+2)
TCCTGACCAGCTCTGCTACTGGCCCTCAGTTTCCATT ———-GGGGTTGACGATAGAGAGA (A4)
TCCTGACCAGCTCTGCTACTGGCCCTCAGTTTCCA——--CTGGGGTTGACGATAGAGAGA (A4)

[X5]

[X2]

[X2]

Fig. 6. gRNA/Cas9-induced targeted mutations are highly
heritable. (A-C) DNA sequencing data showing the
genotypes of each F1 embryo obtained from founder frogs
treated as indicated. The wild-type sequence is shown at the
top with the target site highlighted in yellow and the PAM
sequence in blue. Red dashes indicate deletions and
lowercase letters in red indicate insertions. The number of
deleted (A) or inserted (+) base pairs is indicated in
parentheses; numbers in square brackets show the
frequencies of the genotype among the ten sequenced
samples.

TCCTGACCAGCTCTGCTACTGGCCCTCAGTTTCCATTCACTGGGGTTGACGATAGAGAGA

data indicate that gRNA/Cas9-induced mutagenesis in X. tropicalis
is highly heritable.

DISCUSSION

We have shown that gRNA/Cas9 is an efficient, simple and robust
tool for X. tropicalis genome editing with high precision and
specificity. Specificity in genome editing is crucial to both basic
research and therapeutic application. Our data from the systematic
analysis of the effects of single-nucleotide mismatches between the
spacer and the protospacer sequences on Cas9-mediated gene
targeting efficiencies in X. tropicalis embryos are consistent with
findings obtained in vitro and in bacteria and mammalian cell lines
(Cong et al., 2013; Fu et al., 2013; Hsu et al., 2013; Jinek et al.,
2012; Sapranauskas et al., 2011), further highlighting the importance
of the 3' protospacer sequence close to the PAM in designing
¢RNAs to eliminate off-target effects. In contrast to the high level
of off-target cleavage reported in human cell lines using the
CRISPR/Cas system (Cradick et al., 2013; Fu et al., 2013; Hsu et
al., 2013), our data suggest that the gRNA/Cas9-induced off-target
mutation rate is very low in X. tropicalis embryos, consistent with
data obtained with mouse embryos (Yang et al., 2013). Future
studies using whole-genome sequencing would generate more
comprehensive information. Meanwhile, the use of paired
gRNA/Cas9 nickases significantly improves the specificity (Ran et
al., 2013).

Sequencing data indicate that both Cas9 and TALEN induce
diverse indels (supplementary material Fig. S1) (Lei et al., 2012),
suggesting that different embryonic cells are likely to harbor
different genotypes of the targeted gene. If some of the mutations do
not result in a loss of function, the injected embryos would display
a mosaic phenotype. It is also possible that a few cells carry a
disruption in only one allele, or even in neither allele. Thus, the
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mosaicism and monoallelic mutagenesis presumably explain why
the sequence disruption efficiency of ptfla/p48 and tyrosinase was
high (72% and 82%, respectively), but the complete inhibition of
pdip expression or ablation of pigmentation was low (14% and 1%,
respectively); indeed, the rest of the targeted embryos showed
intermediate mosaic phenotypes. tyrosinase TALENs also cause
mosaic phenotypes in X. tropicalis embryos (Ishibashi et al., 2012).
Obviously, the higher the targeting efficiency of the gRNA/Cas9
(especially for those with 100% gene targeting efficiency), the better
the opportunity for phenotype assessment in GO embryos.

Among the 12 gRNAs initially designed, two (~17%) showed
almost no activity. Inactive gRNAs have also been reported for
zebrafish embryos (Hwang et al., 2013). We found that when faced
with these rare inactive gRNAs, one could easily find active
substitutes in the neighboring loci.

In conclusion, our results demonstrate that gRNA/Cas9 is a
superb tool for multiplex genome editing in X. tropicalis. Given the
simplicity and low cost of gRNA construction, the high targeting
efficiency of the gRNA/Cas9 system, the high efficiency of germ
line transmission, the relatively short generation time of frogs (4-6
months), and the availability of the frog genome sequence (Hellsten
et al., 2010), there is no doubt that the diploid frog X. tropicalis is
jumping into the future of developmental genetics.

MATERIALS AND METHODS

Production of Cas9 mRNA, gRNAs and ptf1a/p48 mRNA

The recently reported (Cong et al., 2013) codon-optimized Streptococcus
pyogenes Cas9 cDNA together with the two attached nuclear localization
signals (3xFLAG-NLS-SpCas9-NLS) was synthesized by GenScript and
cloned into the pCS2+ vector (Rupp et al., 1994) (supplementary material
Fig. S6). The construct was linearized with Notl and transcribed with the
mMessage mMachine SP6 Kit (Ambion) to produce capped Cas9 RNA,
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which was purified with the RNeasy Mini Kit (Qiagen) according to the
RNA clean protocol.

To create a gRNA expression vector, we placed a T7 promoter followed
by two Bbsl sites upstream of the recently described gRNA scaffold (Mali
et al., 2013), which was synthesized by GenScript and cloned into the
pUC57-Simple vector (GenScript) (supplementary material Fig. S6). The
gRNAs were designed to target protospacer sequences in genes of interest
with the form 5'-GG-(N);s-NGG-3' (Table 1). NGG is the PAM. The locus-
specific 20 bp protospacer containing the cloning cohesive sites was
obtained by annealing two synthesized partially complementary
oligonucleotides (Table 1), and was then cloned into BbsI-digested gRNA
expression vector. The resulting construct was digested with Dral and
transcribed using the MAXIscript T7 Kit (Ambion). The gRNA was purified
by miRNeasy Mini Kit (Qiagen).

Capped ptfla/p48GR mRNA was generated as described (Afelik et al.,
2006).

Manipulation of X. tropicalis embryos and evaluation of
gRNA/Cas9-associated toxicity

X. tropicalis frogs were purchased from Nasco. Ovulation and in vitro
fertilization were carried out according to the protocol described previously
(Khokha et al., 2002; Young et al., 2011). The desired amount of Cas9
mRNA and gRNA in 2 nl was co-injected into one-cell stage embryos.
During subsequent development, dead and abnormal embryos (mainly due
to gastrulation defects) were sorted out and counted for the purposes of
morphological phenotyping.

Evaluation of gene targeting efficiency in gRNA/Cas9-injected
embryos

Forty-eight hours after microinjection (about stage 40), we randomly
pooled five healthy embryos from each injection, extracted genomic DNA,
amplified the targeted region by PCR (for primers see supplementary
material Table S4), and then cloned the purified PCR products into the
pMDI18-T vector (Takara) by TA cloning. Twenty single colonies were
randomly picked for DNA sequencing analysis to detect any insertion or
deletion (indel) mutations resulting from error-prone non-homologous end
joining (NHEJ)-based repair of Cas9-created double-strand breaks. The
targeting efficiency was determined by the ratio of mutant to total
colonies.

For single-cell analysis, stage 9 embryos co-injected with Cas9 mRNA
together with two gRNAs targeting grp78 and elastase-T1 were freed from
the vitelline membrane and dissociated in calcium- and magnesium-free
medium (88 mM NaCl, 1 mM KCl, 2.4 mM NaHCOs3, 7.5 mM Tris pH 7.6).
Single blastomeres from the dissociated embryos were separately cultured
with 1x MBS solution (88 mM NaCl, 2.4 mM NaHCO;, 1 mM KCl, 0.82
mM MgSOy, 0.33 mM Ca(NO3),, 0.41 mM CaCl,, 10 mM HEPES pH 7.4)
in 24-well plates lined with 0.8% agar overnight and then subjected to
proteinase K digestion, PCR amplification and TA cloning. Ten single
colonies from each blastomere progeny were sequenced to determine the
genotype of individual blastomeres.

Measurement of germ line transmission

gRNA/Cas9-injected X. tropicalis embryos were raised to sexual maturity.
Male founder frogs were crossed with wild-type females and individual F1
embryos were collected 48 hours postfertilization for genomic DNA
extraction. Evaluation of mutations was carried out by PCR amplification,
TA cloning and DNA sequencing of single colonies. Ten embryos from each
founder frog were analyzed, and for each F1 embryo ten colonies were
sequenced.

Identification of potential off-target sites in the X. tropicalis
genome

All genomic loci containing up to five mismatches compared with the
coding sequence for a given 20 nt gRNA followed by the NGG PAM
sequence were identified by mapping the targeted site to X. tropicalis
genome V4.1 using a PERL script developed according to the SeqMap
method (Jiang and Wong, 2008).

T7 endonuclease | (T7El) assay for detecting off-target
mutagenesis

The T7EI assay was performed essentially as described (Guschin et al.,
2010). For each injection, gRNA/Cas9-injected embryos or uninjected
control embryos at stage 40 were pooled in groups of five for genomic DNA
extraction. The regions of interest containing the off-target sites were
amplified by PCR with gene-specific primers (supplementary material Table
S3). PCR products were denatured and annealed under the following
conditions: 95°C for 5 minutes, 95-85°C at —2°C/s, 85-25°C at —0.1°C/s,
hold at 4°C. The annealed samples were digested with T7EI (NEB
MO0302L), separated and measured on an ethidium bromide-stained 10%
polyacrylamide TBE gel and quantified using ImageJ software (NIH) .

Whole-mount in situ hybridization

The digoxigenin-labeled antisense X. tropicalis pdip probe was transcribed
with T7 RNA polymerase using an RT-PCR-amplified template containing the
T7 promoter (forward, 5'-GAGGAGGAGACATCAGACGA-3'; reverse, 5'-
CAGTAATACGACTCACTATAGGGAATACTCAAGGACCGAAGAAA-
3"). Whole-mount in situ hybridization was performed as described (Harland,
1991).
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Table S1. The GenBank accession numbers of genes targeted in this study.

Target gene  GenBank accession number

elastase NM_001011493.1
etsl NM_001130368.1
ets2 NM_001127061.1
arp78 XM_002941644.1
hhex NM_204089.1

pat XM_002940115.1
pdx1 XM_002934019.1
ptfla/p48 XM_002933135.1
tmasf4 NM_203627.1

tyrosinase NM_001103048.1




Table S2. Computationally identified total number of potential off-target sites
in Xenopus tropicalis genome with up to 5 mismatches to all the loci targeted
in this study.

Number of mismatch
Target ID
1 2 3 4 5

elastase-T1 0 0 4 45 427
elastase -T2 0 0 2 22 278
etsl1-T1 0 0 5 37 578
ets1-T2 0 0 5 59 652
ets1-T3 0 0 0 34 329
ets2 0 0 0 26 354
grp78 0 0 13 78 716
hhex 0 1 24 220 1941
pat-T1 0 0 8 93 822
pat-T2 0 1 9 84 866
pat-T3 0 0 5 89 653
pdx1-T1 0 1 9 76 763
pdx1-T2 0 0 40 278 2459
pdx1-T3 0 1 11 131 936
ptfla/p48 0 0 4 36 368
tm4sf4 -T1 0 0 5 27 307
tm4sf4 -T2 0 0 3 48 402
tyrosinase 0 0 2 40 345




Table S3. 119 potential off-target sites examined by T7EI assay and corresponding PCR primers used for T7EIl assay

Site ID Potential Off Target Site Coordinate (Start) Forward PCR Primer Reverse PCR Primer

hhex -2 GGGCT GEGGAGCT GBEGEEGCCGG scaffold_5011:(6508) TGGTGCCCACATCCTGTGGCAC GGCCCCCCCCAGCTCTCCAG
pat-T2-2 GGCACATTCTGATGCACTAGAGG scaffold_471:(239289)  CTATGAACT CGAGAGCCGCTCT CCGCATTTCTCCATGATGTTC
pdx1-T1-2 GGGCCTGCATTTCGTTTTCTGGG scaffold_163:(1506895) CCCTCTGGTATGTGCTACACC ATAGGGCTTTATAGCTTGTGTGTC
pdx1-T3-2 GGGAATGCCATTTGCTGGAGAGG scaffold_82:(2396453)  CAGAAGAGGAAGACAAGTATCAGG ACTCCTGTTTGTCACTTTTCCAC
pat-T2-3 GTTTCATTCTGATGCAGCAGTGG scaffold_567:(560009)  TTTACATGGCTGTATGCTACCAG — TTTCCCATGAGCATCTAAAGG
pdx1-T1-3 GGGCCACATTTTCATTTTCTAGG scaffold_75:(1531776) ~ TCCATCTTTGCTACAGAAAGCC TTTAGGCCCCCTACATAGGAG
pdx1-T3-3 GGGGATTGGATTTGCTGGTGGGG scaffold_618:(156398)  CAGCCAGATTGITTTCTCCAG GTACCTGAAGCACCGGTCTG
ets1-T1-3 GGATCTGCTTTATGTGGCCTGGG scaffold_19:(386769) AGGGTGCATTGAGACACTTTG GGGTAGCTGGCCTATAAATAGG
pat-T1-3 GGGCTTTAGGCAAAACATTTGGG scaffold_90:(1242588) ~ TACCATTTCATTTAGCAAAGCG — TTAATTCTTAGAGCCCCTTTGAG
elastase-T1-3-1 TGAAGATGGTACCATACCTGTGG scaffold_384:(6780) ATAATGGATGTTTGCTGAATTGC  ATGATACATTGCTTTCACGCTG
elastase-T1-3-2 GGTTATTGGTACCATACCTGTGG scaffold_67:(1803421)  TGGGTATCGCTTTCAGACTATTG  GGTTCAACAAGCACCTGATAGC
ets2-4-1 GAGGTGGACTATTACTCTCATGG scaffold_104:(2007422) CAAGATGCCTAGATACTGCTGITG  TGGACCATTAGTGAGCCCTATC
ets2-4-2 GGTCAGGCCTGTTACTGTCAGGG scaffold_12:(2621242)  CCTCTTCTACACTTCTCCATCTGG  ACAGT TCAGGGGAAATGATGC
ets2-4-3 AGACTGGACTCTTTCTCCCATGG scaffold_12:(2854544)  AACTAATTGATTGGCCATATCGG — TGGTGCGCCTCTAAAGAATTTAC
ets2-4-4 AGTCTGCACTCTTAATCTTAAGG scaffold_13:(3467302)  GGCATAACTTAGACAGICCACCAG TTTCATACTTTGCAATGIGICCTG
ets2-4-5 GGTCAGTTATCTTACTCTCAGGG scaffold_132:(2363382) ATAGAATTTCCTTGAGCCTGCC GTATGGGGTTTGCTATTGTTGAT
ets2 -4-6 TGTCTGGTTTCTTCCTCTCAAGG scaffold_144:(139498)  TATATTTGTAGGGATGACCAGATTT CTATGGGGGT GACAGGGATTC
ets2-4-7 GGACTGGATTCTGACTCTTACGG scaffold_163:(1321382) TCAGCCAGIGCAAGAAATACTTC — GGCTGGCCTTATCAATTATTCTAC
ets2-4-8 TGTCTGGTTTCTTCCTCTCAAGG scaffold_171:(2122408) CCTAGGATAGGCCTCATAGGAG ~— AGGTGCAATACTGCTTAATGGC
ets2-4-9 GGGCTGGGCTCTTACTTTAATGG scaffold_175:(2078354) CAAGTGGTGCCTGTGTTTGC TGACAGTGCTGTGCTCCTTTG
ets2-4-10 GGTCTAGICTATTTCTCTCATGG scaffold_214:(1626645) GTAAAGCTGTGACTGAAACACCC — CAGCCTTTCTGGGITTCAGAG
ets2-4-11 GGCCTGTACTTTTACTCACAAGG scaffold_313:(732450)  TATTATACTTATGTTGCAGTGCGC  ATTTATTACACCCTAGITTGCTTTG
ets2-4-12 AGTCTGGCCTCTTACTGTAACGG scaffold_374:(908485)  TGACACTGTAGGCACAAATATGG  CGTTGCATTTGITCCTTATTCC
ets2-4-13 GGTCTTGTCTCTTACCCTCCAGG scaffold_435:(862492)  TAAAGGTTTGITTGGTGICCG CTCCATTGACTCCATTGCTTG
ets2-4-14 GGTCTGGATTCTGACACTCTAGG scaffold_463:(421903)  GTTTACATTTCATTACAGGGCTTG CTTCCTTCCACTGCATAACCTC
ets2-4-15 GGTCTGGTATCTTACCCCCAGGG scaffold_482:(377203)  GGGAGACCATCCTAGAACAGG CGGTCTATCTCTGCGCTAGTG
ets2-4-16 GGTTTGCATTCTTACTCACACGG scaffold_510:(337303)  GGTACAAACTGGCTCCCTTTC GACAGATGCAGCAGAGCTTATG
ets2-4-17 GGTCGRCAATCCTACTCTCAGGG scaffold_518:(816043)  TTCACGTGCATTATAAATCCAAC — GGTCAGTTTGAAGTGTATCTGGAG
ets2-4-18 TGTCTGGCCTCTTCCTCTGATGG scaffold_578:(441317)  GGGCAGGAAACCCTACAAAG TTAGCTTTATGCAAAGGCTGG
ets2-4-19 GGTCAGGGTTCTTAGTCTCAGGG scaffold_58:(274580) GTTTCACAAAACAATTCGTCAGIG  GCTAAGTGGAATCCAAGGTTCTC
ets2-4-20 ATTCTTGACTCTTTCTCTCAGGG scaffold_59:(1960990)  CATGTGCTATTCCTAGGGAAAGG  CCCCCTTTAATAGIGICTTCCTG
ets2-4-21 GGTCTGGACTGGTAAGCTCATGG scaffold_68:(1440099)  ATTACAGGCCACTGGGCTCTAC — AGACACGCAATGTTTCCTTGG
ets2-4-22 GGTTTGGACTTTTACTGGCAAGG scaffold_7:(5245156) GTGTTGATGTCTGGTGAGTTCTTG  GACCAGCCAAAACTAACAGAGG
ets2-4-23 GGGCTGGACTATTACTCAGATGG scaffold_753:(150) CGGAAATGAATAGTGTCAGACTG  CATAGTTGAACTTCATGGCAGAG
ets2-4-24 GGGCTGGACTATTACTCAGATGG scaffold_753:(7514) CAGTTTATAGGCGGAAATGAATAG CCCTGTAAGTTGCCATCTTGTAC
ets2-4-25 GITCTGGGCTCTTACTTTGAAGG scaffold_8529:(5756) GCACAGAAAGAGGGTGCATTTAC  CTCCTGGATTCTCCAAATGGAC
ets2-4-26 GGACTGGGCACCTACTCTCATGG scaffold_917:(200870) ~ GGGGCATTACACACAGGGGA CAAGGGGCCACTAACGTATGC
ptfla/p48-3-1  AGATGACAATGTGGACTTCTAGG scaffold_381:(76541) TTGAACATAAATGTCTCTGGCTG ~ TTCTTCCTTTTGTTCATGGTCC
ptfla/p48-3-2  GGAAGAGGATTTGGACTTCCTGG scaffold_47:(3047525)  CTCAGGGTTGCAACTATTTGC TCTTACCCTCTATGCAGGTAAGC
ptfla/p48-3-3  GGAAGACCCTGIGCACTTCTTGG scaffold_81:(1528612)  ATTGTTTATGGGAACAATGGCT AAATAGTAGCGCACAGCACAAG
ptfla/p48-3-4 ~ GGAGGACGATGTGCACATCTGGG scaffold_9095:(7960) CTTCGTCTTTGGAGCCTAGAATC  GCATATTGCTATCGGTGCTGTAG
ptfla/p48-4-1  GGAAGAGGATTTTGACTTCCTGG scaffold_11680:(787) CAACCAAGATGGCATTGGAGITAC  CCTGTTGGAGCTTTGGACTGC
ptfla/p48-4-2  GGAAAACGCTGTGAACTTTTTGG scaffold_125:(2489873) GGATGTAAAGTGTGCOCATAGGAC — TATCGGTCATTCATCACCTGG
ptfla/p48-4-3  GGAAGACAAGGTGGACTTAAAGG scaffold_128:(556723)  TACAAGTGCATGIGTGCAAGG TAGGTGAAACAGATTTAGCCATG
ptfla/p48-4-4  TGAAGACAATGATGACTTCTGGG scaffold_139:(1729414) ATCCCAGCAACAATTAGGITTC TCTTGCAAAACATCAGCAAATC
ptfla/p48-4-5  GGAAAGCGATGTGGACCTCCTGG scaffold_144:(1611751) CAGTTCTTATAGGGGGTTGGTTC — CGGAAATTACACTACCCTCCAC
ptfla/p48-4-6  GGATGAGGTTGTGGACTTCCAGG scaffold_150:(1771007) TGACGGTTGCTTATTACAAAATG — ACTAGTGGGAAAGCATACTGTAGC

ptfla/p48-4-7

ptfla/p48-4-8

ptfla/p48-4-9

ptfla/p48-4-10
ptfla/p48-4-11
ptfla/p48-4-12
ptfla/p48-4-13
ptfla/p48-4-14
ptfla/p48-4-15
ptfla/p48-4-16
ptfla/p48-4-17
ptfla/p48-4-18
ptfla/p48-4-19

GGAGGAGGT TCTGGACTTCTTGG scaffold_155:(58578)
GGAGGAGGTTCTGGACTTCTTGG scaffold_155:(58617)
GGAAGTCGTTGTGCACGTCTTGG scaffold_1804:(27886)
GGAAGACCTTGAGGACCTCTAGG scaffold_2:(2433980)
AGGAGACGCTGTGGECTTCTTGG scaffold_2:(4338728)
GCAGGACGATGTGAATTTCTGSG scaffold_212:(1294306)
GTAAGTAGATGTGGACTTATTGG scaffold_24:(1548124)
TGTAGACCCTGTGGACTTCTTGG scaffold_242:(750479)
GGAAGAGGATTTTGACTTCCTGG scaffold_267:(152383)
GGAAGAGGATTTTGACTTCCTGG scaffold_268:(337535)
GGAAGAGGATTTTGACTTCCTGG scaffold_268:(342264)
GGAAGAGGATTTTGACTTCCTGG scaffold_268:(348088)
GGAGGAGGATATGAACTTCTAGG scaffold_274:(172841)

AATTATGCCTTGTAAATGT TTCAGC AGTTGCCTAGTAATCCTCCAGAATG
TTCACAAGTICTACAAAAAGT CAAGC TACATTTGGATCAATACCTGTGCTA

AAATCCTAAGCCTTTTCGCAG GAGT GCAGCAGTATTACAAAGAAGG
AAACGCTTGGTCTCTCTCTGC AGACATTTGCTTTTGCTTTGC
TGITTGTAACCCGCCAGACC AACCCTCACTCCACATAGGCTA
AGAAGCATAGACTGTGATCTTTGC  CGTGTGTCTTAGCCCTTAAGC
ATTAAAGACAAAATGACCATGTI TGA AATGGCACTTCTCACCCTACAG
CTATCACCTGGGTGTAAATGAAAC  GCAGCAACACTTTCTCAAACAG
TTGCATTTCATTGAGTGAAATAAG  GTCTTACCCTCTATGCAGGTAAAC
GAAGCATACTTGTAACCCTCAGG  GTCTTACCCTCTATGCAGGTAAAC
AGTGACTGGATTCCCATTTCC CAGGCATCAACCTGIGTACAAC
TTTACTAGICCTTGCCGAGGAC GGGTCTTACCCTCTATGCAGG
GAAGGATTAGCAGAGGGATGATT  ATCAACCTTTTCTTGGGGCTAT



Site ID

Potential Off Target Site Coordinate (Start)

Forward PCR Primer

Reverse PCR Primer

ptfla/p48-4-20
ptfla/p48-4-21
ptfla/p48-4-22
ptfla/p48-4-23
ptfla/p48 -4-24
ptfla/p48-4-25
ptfla/p48 -4-26
ptfla/p48 -4-27
ptfla/p48-4-28
ptfla/p48-4-29
ptfla/p48-4-30
ptfla/p48-4-31
ptfla/p48-4-32
ptfla/p48-4-33
ptfla/p48 -4-34
ptfla/p48 -4-35
ptfla/p48 -4-36
tyrosinase -3-1
tyrosinase -3-2
tyrosinase -4-1
tyrosinase -4-2
tyrosinase -4-3
tyrosinase -4-4
tyrosinase -4-5
tyrosinase -4-6
tyrosinase -4-7
tyrosinase -4-8
tyrosinase -4-9
tyrosinase -4-10
tyrosinase -4-11
tyrosinase -4-12
tyrosinase -4-13
tyrosinase -4-14
tyrosinase -4-15
tyrosinase -4-16
tyrosinase -4-17
tyrosinase -4-18
tyrosinase -4-19
tyrosinase -4-20
tyrosinase -4-21
tyrosinase -4-22
tyrosinase -4-23
tyrosinase -4-24
tyrosinase -4-25
tyrosinase -4-26
tyrosinase -4-27
tyrosinase -4-28
tyrosinase -4-29
tyrosinase -4-30
tyrosinase -4-31
tyrosinase -4-32
tyrosinase -4-33
tyrosinase -4-34
tyrosinase -4-35
tyrosinase -4-36
tyrosinase -4-37
tyrosinase -4-38
tyrosinase -4-39
tyrosinase -4-40

GGAAGAGGATTTTGACTTCCTGG scaffold_291:(113367)
GGAAGOCCAAGTGCACTTCTGGEG scaffold_387:(351500)
GGAAGATTATGTGCATTTCTGGG scaffold_408:(152759)
GGAGGACAATATGGACTTCAAGG scaffold_441:(983968)
GGAAGAGGATTTTGACTTCCTGG scaffold_569:(721734)
GGAAGAGGATTTGTAGITCTTGG scaffold_625:(443803)
GAAAGAGGATGTGGOCTACTTGG scaffold_63:(205522)
GGAAGAGGATTTTGACTTCCTGG scaffold_6344:(1703)
GGATGACGATGAAGACTTGTTGG scaffold_649:(10287)
GGAATACGTTGTGGAATTTTTGG scaffold_653:(376103)
GGAACACTATTTGGACCTCTTGG scaffold_709:(400270)
GGAGGAAGATGTGGATTTCCTGG scaffold_742:(350425)
AGAAGACGATGEGGECTACTGEG scaffold_782:(110628)
GGAAGAGGATTTTGACTTCCTGG scaffold_791:(6875)
GGAAGAAGATGEGGECTACTGEG scaffold_8389:(8767)
AGAAGACAATATGGATTTCTTGG scaffold_93:(1041592)
GAAAGAGGATGTGGOCTACTTGG scaffold_9648:(349)
GACCCCCAGTTTCCCTTCACTGG scaffold_440:(120683)
GGOCTTTAGTTTCCAGTCACTGG scaffold_99:(2814102)
GGCAATCAGTTTCCAATGACAGG scaffold_10:(1775587)
GGCTCCCAGTTTACAATCACTGG scaffold_10:(3396052)
GACCCTCAGTTTCTGTTCAAAGG scaffold_101:(2091511)
TGECCTCAGTTTACTTTCACTGG scaffold_102:(757505)
CGOCCTCAGTTTCTAGTCATTGG scaffold_105:(172804)
GGOCCTTAGTGCOCATACACGGG scaffold_106:(171699)
TGCGGTCAGTTCCCATTCACGEG scaffold_123:(654169)
GTCTCTCAGTTTCCATGCAGTGG scaffold_12888:(1272)
GGCOCTCGGTTTOCCCGCACAGG scaffold_137:(2005057)
GOCCCTCAGTGTTCATTCAGGGG scaffold_14:(5389042)
GTGCCTCAGTTTGCATTCCCTGG scaffold_143:(518441)
GGCCTTCAGCTTCCATTGCOCTGG scaffold_149:(202527)
GCOCCTCATGTTCCOCTTCACAGG scaffold_180:(662866)
GGCATACAGTTACCATTCACTGG scaffold_210:(341070)
GGCAGTCAGATTCCATTCAGOGG scaffold_228:(627447)
GOCCCTAAGTGTCCACTCACTGG scaffold_27:(1013047)
GGGCATCAGTTACCATACACAGG scaffold_274:(1373068)
GGCCGTCAGGTTCCATCAACTGG scaffold_277:(630877)
GAGCCTCAGTTTCTATTCCCAGG scaffold_305:(90979)
GTCCCTCAGTTTCAGTTTACAGG scaffold_33:(2154089)
GGOCCTCATTTTCTATTACCAGG scaffold_359:(468247)
TGTCCTCAGTTTCAGTTCACAGG scaffold_409:(662043)
GTCCCACAGTTTCCATTTATTGG scaffold_414:(811399)
GOCCCTTAATGTCCATTCACAGG scaffold_441:(601770)
GGCTCCCATTTTCCATTCCCTGG scaffold_451:(852715)
GGTGCACAGTTTCCATGCACTGG scaffold_459:(263553)
GCCTCTCTGTTCOCATTCACAGG scaffold_479:(495121)
GTCTCTCAGTTTCCATGCAGTGG scaffold_491:(181703)
GTCTCTCAGTTTCCATGCAGTGG scaffold_491:(194802)
TGCOCTCAGTTTACATGCATGGG scaffold_5:(5861390)
CGCAATCAGTTGOCATTCACTGG scaffold_537:(315212)
GGOCATCAGTTTTCTTACACAGG scaffold_57:(2987708)
GACAGGCAGTTTCCATTCACTGG scaffold_570:(345550)
GGOCCTGTGTTTCCAGCCACAGG scaffold_577:(227920)
GTCCCTCOGTTTCCATTTAGAGG scaffold_64:(3047845)
GGCTTTCAGTTTACATTCTCAGG scaffold_937:(132022)
GGCCTTCAGTCTGCACTCACTGG scaffold_99:(530571)
GGCCTTCAGTCTGCACTCACTGG scaffold_99:(551360)
GGOCAGCAGCTCOCATTCACTGG scaffold_992:(42836)
GGCCAGCAGCTCOCATTCACTGG scaffold_992:(62574)

TTGCAGACTAGCATGICCACATC  ACACTGCCTGTAGAATGGGAATC
GATTATTCAGGTGCTGCTGAGG ACAGGGGCTCCCTTTATAACC
CTAAGGGCAGGTAAGGCTCTCT CCACAAGGAGGT GATACAGGAGT
GCAGACTCTCGTGCATTATGC AACATCTGCTGCAAGATAAAACC
TTCTCCATAGTTGT TGAAATGAGTG CTCCTGI TGGAGCTTTGGACT
GTGCATTCTGGATAATGGGTC CTCATTCATATATCAGTCCCTGC
CATCTTCCGATCAGCACGITC GITCCTCTTGITTTGCTGATATTTT
GTTTGAGAGACCAACATCCCC ACTGCTCAGCTACCCTGACTG
CTTTGCCTATGGAGGCTATTG GTGGTGGCTACTGAAGCAGAC
ATTTAGTCGCCATAATATGCAGTAC GTACCGCCTGACTACTTCATCCT
CCTGCCCTAAGCTTAGIGTGAC GGGCGATACAACTCTGTATTGTG
GTAGCAGATTGCATCTACTTCAGIC GGGATTTGCCTATGTCCATTT
GCAGCAATGATTCAGGACTTC TGATGITTTGGECTTCTATACG
ACAGTTTGAGAGAACAACATCCC  ACTGCTCAGCTACCCTGACTG
GCAAATAATCGAGCAGAAAATAAG  GGAGAACTAAAGGCTTTAGGACC
GCAGATCCCAAGAGATATAGITTG  TGAATCTATTGCCAGTAAAATGC
GCATAGGGGAGCTGAGATGAAG GTGITACTTTGATTTGECCGC
CACACTGCAGAACTTCATTCAAC  CGTGIGGAACTGACCACAAAC
GTGGGATTTCAGGGTGTGATG GAATGGAATGCTTCCACCTGC
CTCCTAGATCCCTTGAAATTGAAG TTTGIGGACATATGAATGITATTGG
CAAATACAGTCCACCAGAAAGAGC TAACTTCCTCAACCGACACAGATT
TTAGAATTGCCAGTGATTAGGGA  CTGGTGAGAAAGCATTCCTGTA
AATGATTGATTAATGGGCACCA CTTCTTTATAACACTGGCATGCTG
GCTTCTTGTTCAGAATAACCCAT  TATCTCAATTCTGGCGI TAGGAG
GGTGGGGEGATATCAGECTAAT AACAAATGCACATGCAATTGATT
GTGGACATGGCCATTTATTGG CCCACTTAAAGAGACAGT CAGAGAC
GTCAGGICTGIGITTTGAGGITG  GAAATTGATAAAGCATATAAAGGGA
CGAAAGGCAATGCTTCTGICA TGTGGGT TCTGAGCAAGCGTA
GCAGCTCAGCAGTAAAGTGAGA AGTTTGCGCTAATGTAAAGCAGAT

TTTGGTAAAACTCCATGTTTAGTAT ATGTAGCGTI TGCACATAGTAGCA

TGCTCCTCTGGGAACAGATGT

CTACAGGATGT GGGCTATGACTAT

GGCTGCAAATAAATACAAATATGTC TATAAAATCCCGTITTTTGITTCC
GACAGTITCCTGACTCTCTCTGATTA ACAGCCCTATCTCCTTCATTGG
AACAGAAATAAACATGGAGCTTGTA TGAGACT TCCTCAAGGCAAGAG

GTAGCCGITACGACTTGCGAG TTAAATCTGTITTTCATTCTGGACTT
AGTTTTCCTAGACGCATGGCAA GCCCAACGAAAGTGGCTGAT
AGGTAATCAGGGCAATATAGAATAA CAGT TGTACAAAGCTGTTCTAAATA
GCTGCAATTTTGITTAGTAACGC  GITTGIGATTTTCTTAAACTTGEC
CAGGGACTGGITTGCCATCTT TGTAGCACACAACAACATCAGTAAT
AGCCAAACCAGATTTATTTCTCA  TAAATTGAATAGT TGCAGAAGACAC
GTGAAATGCACCTTGCACTCTAT ~ GTGGGTGAATAAATCAGAGTGGT T

AGAGTGTGITGTGTAGATGTATGTA GCTTGTGIGCCTTCCCTTCTT

AAACGTTGCGCCTTTTAAGITA

GACAGCAGACTATGGCTACTTACC

ACAGAGAGATTCTGATATTCTGCTT GCGACAATCTGCAGITTACAATA

CGTCAAGAACATTGCGGTGAA

AGGATGTCTTCAAACCATAAATCTG

ATGGACAGAGAGATCAAAAGATAGA GTCCAAGGGAAGGGEGACACA
GTCATGGCTATGGTGITCTAGATTC GCTATGCTAATATGAACCATGACCA

TTTGAGGTTGCACACTTCTCATT  TTCTTGIGACAGACCATAAATCCTT
ATATAGGGAGATGCTCTCAGI TCAG TTAGTTAAAATCTTCTTGATGIGCG
CCGAGGCAGAAGGACTAGCTAT CACAGGGAAGAACAGAGGCAT
AGACATCAGGCTCAGITACTTGC ~ ATCACACTAGAATATGGATCACCAC
GCCATGAAAGCTTGAGATAATTTC  CGTAGIGTTCGTATTTCAGCAGGT
CTGTCAGITCACTGCCCTGCA CGCTGICACGGTAGCCTTATC

CTGCTTCCTGTAGTATAACTGGTAC TGTAACACCCTGTAACAGAGAATGG
CAAAATGTCATCTACAATAAATCAG ATATGACTGAAACAGCCTTGGTGA

TTTCACTCCAACTGGCCTTCA
TTTCACTCCAACTGGCCTTCA

GCAGCTCAATAAGGTCCATTGTAT
GCAGCTCAATAAGGTCCATTGTAT

TTGTGACCTTGGAATGAATTCTGIT CCTCATTGTGGTGCTGECGT
TTGTGACCTTGGAATGAATTCTGIT CCTCATTGTGGTGCTGECGT

In a given potential off-target sequence, the red letters indicate the nucleotides that are different from those in the corresponding on-target site
illustrated in Table 1.



Table S4. List of PCR primers used to amplify the targeted loci.

Target gene

Forward primer (5'-3")

Reverse primer (5'-3")

glastaseT1  GGAGIGGCATCATACTGACTGIC AAGCGGAAGGGATGTAAAAGACC
glastase T2  ATGGTCATCCAATCTGGAAGC CTGTCCCTTCCGTAATGATCC
etsl-T1 GGTTCGTGTTTGGATACAAGTACC  AAAAGTATGI TCAACCCAAGCC
etsl-T2 GAATCTCCTTGITCTTCAGGAAC GCAGTAATGAGATGGT CACGG
etsl-T3 GAATCTCCTTGITCTTCAGGAAC GCAGTAATGAGATGGT CACGG
ets? CCAAATTAGAAGCCTTCCATGTAG  CAATATTAACAGAGI TGGCACCG
grp78 AAACCCTATTGAATTAGTTGGAGEC TCCCTTAACATGTGACTCCAAACC
hhex ATGITGATTCCGATCTCTCATTTC  CCCATACAACTGCCAGITAGITG
pat-T1 AAATCCATGCCTGCATTTACAAG AACAACCTCCTCTTATATCTAATCC
pat-T2 CCATATAATTGCATGIGGCATAC AAATAACCATCTGCTCTGAGGG
pat-T3 CCATATAATTGCATGIGGCATAC AAATAACCATCTGCTCTGAGGG
pdx1-T1 CGT GCAACCACAGCTAAATAGTG CGGAGTCTGAATATTTGCACC
pdx1-T2 AACAGGT GTCCACTGCCAAG CCCAGCCTGAGTICTCCTACTC
pdx1-T3 AACAGGT GT CCACTGCCAAG CCCAGCCTGAGTICTCCTACTC
ptfla/p48 GCAGAAGCGCAATGCTATG GGATGAGAAGGAGAAGTTGCC
tmasf4-T1 GCATGATAACATTAAGGGCACA CAAATTCCAAAGGCCATCTC
tmasf4-T2 GGAGGTTAGTGGCTAAGGTAAT CTGACAACAGCAGGATAAAGAT
tyrosinase GAGATCCTGCGTGTCATATTGG CATAGGGT TGGAGCCATTATTC




orp78  88.9% (16/18)
GACCATGAAGCTGTTCGTTGGTGTTGCTGGTGTCTGCCAGCGTATTTGCTGCTGATGA Wild-type

GACCATGAAGCTGTTTGCCTTEAGCTGGTGTCTGCCAGCGTATTTGCTGCTGAT®A (x2]
GACCATGAAGCTGTTTGCCTTGEGCTGGTGTCTGCCAGCGTATTTGCTGCTGATGAL)
GACCATGAAGCTGTTTGEGG---- CTGGTGTCTGCCAGCGTATTTGCTGCTGATBA (
GACCATGAAGCTGTTTGCCTTGGTGT G------ CCAGCGTATTTGCTGCTGATGA9} [x3]
GACCATGAAGCTGTTTGCCITGT- CTG------ CCAGCGTATTTGCTGCTGATGALQ)
GACCATGAAGCTGTTTGE- TGGTGTCTGCCAGCGTATTTGCTGCTGATAA)(
GACCATGAAGCTGTTTGG——------ TGTCTGCCAGCGTATTTGCTGCTGATGRM)
GTTGCTGGTGTCTGCCAGCGTATTTGCTGCTGAT4R (
GACCATGAAGCTGTTTGCCTTGETGCTGGTGTCTGCCAGCGTATTTGCTGCTGATG (+1)
GACCATGAAGCTGTTTGCCTTGRIGTGGTGTCTGCCAGCBkcagegt  ATTTG ( 44,+14)
GACCATGAAGCTGTTTGCCTTGGTET TGCTGGTGTCTGCCAGCGTATTTGCTGCT (+5) [x2]
GACCATGAAGCTGAtRtg TGeaatgcectactgeccagtca TGCTGGTGTCTGCCAGCGAY(+24)
GACCATGAAGCTGTTTGCCTTGGTGTTGCTGGTGTCTGCCAGCGIBATTBATCGA  [x2]

elastase Target 1  100% (20/20)
CCCTCCAGTACCTGTCTGGTGGCAGTTGGTACCATARGBGCTCCCTGATCCGTG Wild-type

CCCTCCAGTACCTGTCTGGTGGCAGTTGGTACCATAEGGGGCTCCCTGATCCGTE)(
CCCTCCAGTACCTGTCTGGTGGCAGTTGGFACCPGTGGGGGCTCCCTGATCCGES) (
CCCTCCAGTACCTGTCTGGTGGCAGTTGGTACCPG GGGGGCTCCCTGATCCGTBY
CCCTCCAGTACCTGTCTGGTGGCAGTTGGTAOCPG GGGGGCTCCCTGATCCGTBY
CCCTCCAGTACCTGTCTGGTGGCAGTTGGTACOGTGGGGGCTCCCTGATCCGTS)( [x3]
CCCTCCAGTACCTGTCTGGTGGCAGTTGGTAQEATGGGGGCTCCCTGATCCGTG, t4)
CCCTCCAGTACCTGTCTGGTGGCAGIAGG--- TGTGGGGGCTCCCTGATCCGT®,{1)
CCCTCCAGTACCTGTCTGGTGGCAGTTGGTAEEAT GGGGGCTCCCTGATCCGTGBY
CCCTCCAGTACCTGTCTGGTGGCAGTTGGTAC TGTGGGGGCTCCCTGATCCGT6)(
CCCTCCAGTACCTGTCTGGTGGCAGTTGGTACCATA@E&c TGTGGGGGCTCCC (+9)
CCCTCCAGTACCTGTCTGGTGGCAGTTGGF-- GGGGGCTCCCTGATCCGTAY) [x2]
CCCTCCAGTACCTGTCTGGTGGCAGTFF------ GGGGGCTCCCTGATCCGTA4)

CCCTCCAGTACCTGTCTGGTGGCAGTFF------- GGGGCTCCCTGATCCGTELG)
CCCTCCAGTACCTGTCTGGTGGCAGTTGGTAQCPG--------=-= ATCCGTG (115)
CCCTCCAGTACCTGTCTGGTGGCAGTTEGGTFA------- CCCTGATCCGTGA17)

CCCTCCAGTACCTGTCTGGTGGCAGTTGGTAGctgctactg GTGGGGGCTCA7,+11)
CCCTCCAGTACCTGTCTGGTGGCAGTTGGTACEA GGGG----------- TG ( 18,+1)

elastase Target 2 87.5% (14/16)
AGTCCACCATGGTGTGTGCTGGTGGTGATGGAGTBGTIRCCAGGTACAATGAT Wild-type

AGTCCACCATGGTGTGTGCTGGTGGTGATGGAGTUBBIIATGCCAGGTACAATGATLY
AGTCCACCATGGTGTGTGCTGGTGGTGATGGAGTAGGATGCCAGGTACAATGATL(+1)
AGTCCACCATGGTGTGTGCTGGTGGTGATGGAGTCAGGATGCCAGGTACAATGA (+1)
AGTCCACCATGGTGTGTGCTGGTGGTGATGGAGTBGGATGCCAGGTACAATGATY)
AGTCCACCATGGTGTGTGCTGGTGGTGATGGAGTCGGATGCCAGGTACAATGATY)
AGTCCACCATGGTGTGTGCTGGTGGTGATGGAGTCOGATGCCAGGTACAATGATY)
AGTCCACCATGGTGTGTGCTGGTGGHEAM ------- GCCAGGTACAATGATA(L6,+9)
AGTCCACCATGGTGTGTGCTGGTGGTGATEGGAGT GCCAGGTACAATGATAL) [x2]
AGTCCACCATGGTGTGTGCTGGTGGTGATGGAGTEC-- AGGTACAATGAT £13) [x2]
AGTCCACCATGGTGTGTGCTGGTGGTGATGGAGTECAGGT- ACAATGAT (a13) [x2]
AGTCCACCATGGTGTGTGCTGGTGGTGATGGAGTCAAT------- GAT (A19)
AGTCCACCATGGTGTGTGCTGGTGGTGATGGAGTCCGTTCAGGAPERBAGAT [x2]

etsl Target 1 33.3% (6/18)
TTCAGAAGTTCTGTATGAGCGGAGCAGCATTATGTGGEBAGGAATGTTTTCTAG Wild-type

TTCAGAAGTTCTGTATGAGCGGAGCAGCATFATGTGGGGAAGGAATGTTTTCTAGE) [*x2]
TTCAGAAGTTCTGTATGAGCGGAGCAGCATTATGTGGGAAGGAATGTTTTCTAGS)
TTCAGAAGTTCTGTATGAGCGGAGCAGEATaa CTGGGGAAGGAATGTTTTCTAGS(+6)
TTCAGAAGTTCTGTATGAGCGGAGCAGCA -- GGAATGTTTTCTAG £17)
TTCAGAAGTTCTGTATGAGCGGAGEGAG---- GAATGTTTTCTAG (£20)
TTCAGAAGTTCTGTATGAGCGGAGCAGCATTATGTGGCCTGGGGARRGGRARG  [x12]

a2 100% (21/21)
AGAACAGGCGGTACCAACGGGTCTGGACTCTTACBREAFGTGTCTTGCTTACCT Wild-type

AGAACAGGCGGTACCAACGGGTCTGGACTCTTACPOIGGTATGTGTCTTGGIT ( A1,+3)
AGAACAGGCGGTACCAACGGGTCTGGACTCHFTAOBGTATGTGTCTTGCTTACCE?) [
AGAACAGGCGGTACCAACGGGTCTGGACTCTTXggtat GGTATGTGTCTTGCTA2,+5)
AGAACAGGCGGTACCAACGGGTCTGGACTCTERAGEE TGGTATGTGTCTTGCTTAB,+7)
AGAACAGGCGGTACCAACGGGTCTGGACTCTFTAOBGTATGTGTCTTGEACCT ( A3,+1)
AGAACAGGCGGTACCAACGGGTCTGGACTETTAOGGTATGTGTCTTGCTTACCTY)
AGAACAGGCGGTACCAACGGGTCTGGAQTETT ATGGTATGTGTCTTGCTTACCTY)
AGAACAGGCGGTACCAACGGGTCTGGAGTEGTTATGGTATGTGTCTTGCTTACCT.§)
AGAACAGGCGGTACCAACGGGTCTGGAGTFCT CATGGTATGTGTCTTGCTTACCE]) [
AGAACAGGCGGTACCAACGGGTCTGGAEGTC ATGGTATGTGTCTTGCTTACCES) [
AGAACAGGCGGTACCAACGGGTCTGGACTETTAC  TGGTATGTGTCTTGCTTA9)
AGAACAGGCGGTACCAACGGGTCTGGAGTFETT GGTATGGTCHGTt AQT ( A13,+5)
AGAACAGGCGGTACCAACGGGTCTGGACTCTFFACBG TAaaTcce Tacaaaa TaC ( A13,+5)
AGAACAGGCGGTACCAACGGGTETFGGE------- TATGTGTCTTGCTTACCTA16)
AGAACAGGCGGTACCAACGEG T( 438)
AGAACAGGCGGTACCAACGGGTCTGGACTAITNTATGGTATGTGTCTTGCTTAC (+2)
AGAACAGGCGGTACCAACGGGTCTGGACTCHIACTCATGGTATGTGTCTTGCTT (+4)
AGAACAGGCGGTACCAACGGGTCTGGACTCTTAGTICTCATGGTATGTGTCTTGC (+6)

x2]

x2]
x2]

hhex 100% (18/18)

AGAATAGCCATGCAGIB/GCACCCCAGCTCCTCAGCCCTGGGGCTCAGTGTCCCCCTG Wild-type

AGAATAGCCATACAGTACCAGEA CCCAGCTCCTCAGCCCTGGGGCTCAGTGTQACGE)
AGAATAGCCATGCAGTACCAGCAEGGc CAGCTCCTCAGCCCTGGGGCTCAGTGT (+7)
AGAATAGCCATGCAGTACCAGCTCCTEAGE  CCTGGGGCTCAGTGTCCCCCTS)( [x9]
AGAATAGCCATGCAGTA CCTCAGCCCTGGGGCTCAGTGTCCCCETIS (
AGAATAGCCATGCAGT---------- CCTCAGCCCTGGGGCTCAGTGTCCCCETH) (

AGAATAGCCATGCAGTACCAGG --------- CCTGGGGCTCAGTGTCCCCCTGH)
AGAATAGCCATGCAGTA: TCAGCCCTGGGGCTCAGTGTCCCCQIEB)(
AGAATAGCCATGE-------~ TCCTCAGCCCTGGGGCTCAGTGTCCCCGID (
AGAATAGCCATFG---------=-mmmmmmeen AGCCCTGGGGCTCAGTGTCCCCCNZ3Y

TCCTCAGCCCTGGGGCTCAGTGTCCCCGAQ (

ptfla/pd8  72.2% (13/18)
TGGACCCAGACGACTTTTTGGAAGACGATGTGGATGIDCGGTCAGATCCAAGACT Wild-type

TGGACCCAGACGACTTTTTGGAAGAGGAT  CTTGGCCGGTCAGATCCAAGAGEY
TGGACCCAGACGACTTTTTGGAAGACGATGTGS  CCGGTCAGATCCAAGACEY)
TGGACCCAGACGACTTTTTGGAAGACGATG  TGGCCGGTCAGATCCAAGAQB) [x4]
TGGACCCAGACGACTTTTTGGAAGA - TCTTGGCCGGTCAGATCCAAGAGTY)
TGGACCCAGACGACTTTTTGGAAGACGATGICatgt  GGTCAGATCCAAGACT:(4,+10)
TGGACCCAGACGACTTTTTGGAAGACGATG - ATCCAAGACT (320)
TGGCCGGTCAGATCCAAGAGRS)
TGGCCGGTCAGATCCAAGAQER) [x2]
TGGACCCAGACGACTTTTTGGAAGACGATG --------cemmmmeoeceee ( 155)
TGGACCCAGACGACTTTTTGGAAGACGATGTGGACTTCTTGGCCRBIARGACT  [x5]

pat Target 1 10% (2/20)
GTAGCATTTGGTGGGATATTGGCCTGTAAGCAAAARATT TAGATAAGGTTTCT Wild-type

GTAGCATTTGGTGGGATATTGGCCTGTAAG GTTTCT (a24)
GTAGCATTTGGTGGGATATTGGEEF----------- AAGGTTTCT (426)
GTAGCATTTGGTGGGATATTGGCCTGTAAGCAAAACATTTTGGTTAARBGATTCT  [x18]

tmasi4 Target 1 86.7% (12/19)
TAACCTGAAAAATGTGTTCTGGTGGTTGCGCAAAGEGEATTACCCTTATACCAC Wild-type

TAACCTGAAAAATGTGTTCTGGTGGTTGCEAMGac TGGGCATTACCCTTATACQR, +5)
TAACCTGAAAAATGTGTTCTGGTGGTTGCGCAAAGEGGCATTACCCTTATACCAGR)
TAACCTGAAAAATGTGTTCTGGTGGTTGCGCAAAGTGGCATTACCCTTATACCAQY) [x2]
TAACCTGAAAAATGTGTTCTGGTGGTTGCGGAAATGGGCATTACCCTTATACCAGY)
TAACCTGAAAAATGTGTTCTGGTGGTTGCGCAAAGTGGCATTACCCTTATACCAQ4, +4)
CAACCTGAAAAAEB TTYTGAaGG TGt CAAAGGCTTGGGCATTACCCTTATACCACLQ,+10)
TAGCCTGAAAAATGTGTTCTGGTGGTTGCGEAAA- GCATTACCCTTATACCA11,+10)
TAACCTGAAAAATGTGTTCTGGFEG - TTGGGCATTACCCTTATACCAG3)
TAACCTGAAAAATGTGTTCTGGTIGG- GGGCATTACCCTTATACCAG4, +2)
TAACCTGAAAAATGTGTTCTGGTG-- GGGCATTACCCTTATACCAG6)
TAACCTGAAAAATGTGTTCTGGTGGTTGCGCAAAGTG -~ = ( 427)
TAACCTGAAAAATGTGTTCTGGTGGTTGCGCAAAGTGCTTGGGCATARGCCAC  [x7]

tmasf4 Target 2 100% (20/20)
GCGCCATTCAAGCTATCAACGGACTCATAGGAACARTGGACTGCAAATGCTGTG Wild-type

GCGCCATTCAAGCTATCAACGGACTCATAGGABTBTGGGGACTGCAAATGCTGTA)(
GCGCCATTCAAGCTATCAACGGACTCATAGGAATBEGGGGACTGCAAATGCTGTEY
GCGCCATTCAAGCTATCAACGGACTCATAGGAATBIGGGGACTGCAAATGCTGT@ 1)
GCGCCATTCAAGCTATCAACGGACTCATAGGAATBATGGGGACTGCAAATGCTGTEY
GCGCCATTCAAGCTATCAACGGACTCATAGGAATGTGGGGACTGCAAATGCTGT@)
GCGCCATTCAAGCTATCAACGGACTCATAGGRAGA TGGGGACTGCAAATGCTGIE(+6)
GCGCCATTCAAGCTATCAACGGACTCATAGGAAC TGGGGACTGCAAATGCTGTES]
GCGCCATTCAAGCTATCAACGGACTCATAGGAAC TGGGGACTGCAAATGCTGTES(+3)
GCGCCATTCAAGCTATCAACGGACTCATAG®BA-- AGGGGACTGCAAATGCTGTG (+3)
GCGCCATTCAAGCTATCAACGGACTCATAGGAAGARICIGggdy  ACTGCAAA (16,+13)
GCGCCATTCAAGCTATCAACGGACTCATABGIaaa TGTGGGGACTGCAAATGCIT(+9)
GCGCCATTCAAGCTATCAACGGACTCATAGBA -  GGGGACTGCAAATGCTGTEI(+6)
GCGCCATTCAAGCTATCAACGGACTCATAGG- GGGGACTGCAAATGCTGTELQ)
GCGCCATTCAAGCTATCAACGGACTEATA—-- GGGGACTGCAAATGCTGTELR) [x2]
GCGCCATTCAAGCTATCAACGGACTCATAGG-— GGACTGCAAATGCTGTG12) [x2]
GCGCCATTCAAGCTATCAACGGACTCATAGGAAG-— TGCAAATGCTGTGA13)
GCGCCATTCAAGCTATCAACGGACTCATAGGA - CTGCAAATGCTGTGA14)
GCGCCATTCAAGCTATCAACGGAGTCA —----mnomamee AATGCTGTG (:24)

tyrosinase 82.4% (14/17)
TCCTGACCAGCTCTGCTACTGGCCCTCAGTTTCCATGGRETTGACGATAGAGAGA Wild-type

TCCTGACCAGCTCTGCTACTGGCCCTCAGTREETACACTGGGGTTGACGATAGAG (+3)
TCCTGACCAGCTCTGCTACTGGCCCTCAGTTTEEATEGGGTTGACGATAGAGAGKRY) [x3]
TCCTGACCAGCTCTGCTACTGGCCCTCAGTTFFCOBTGGGGTTGACGATAGAGAGA) [x4]
TCCTGACCAGCTGCTACTGGCCCTCAGTTTCGATT GGGGTTGACGATAGAGAGHS)
TCCTGACCAGCTCTGCTACTGGCCCTCAGTTTEEATGGGGTTGACGATAGAGAGH) [x2]
TCCTGACCAGCTCTGCTACTGGCCCTCAGTFFCC TGGGGTTGACGATAGAGAGHS)
TCCTGACCAGCTCTGCTACTGGCCCTCAGIIE@ctcagtit CTGGGGTTGACGG,+15)
GACGATAGAGAGA\(L7)
TCCTGACCAGCTCTGCTACTGGCCCTCAGTTTCCATTCACTGGGBTAGAGBGA  [x3]

Fig. S1. DNA sequencing data show the targeted mutations induced by gRNA/Cas9 targeting the loci illustrated in Fig. 2A. For all the panels, the
wild-type sequence is shown at the top with the target site highlighted in yellow and the PAM sequence in blue text. Mutated regions are shaded in gray
with red dashes indicating deletions and lowercase letters in red indicating insertions. The numbers in parentheses show the number of deleted (A) or
inserted (+) base pairs, whereas numbers in square brackets show the frequencies of the mutation in all the sequenced samples.



etsl Target 2 76.9% (10/13)
AACATGCACAGTGTGITECCTCTGAATTCTCTGAACCCAGCTTCATCACAGAGTCAT Wild-type

AACATGCACAGTGTGTTCCGCGEGAATTCTCTGAACCCAGCTTCATCACAGAGTQAT ([x2]
AACATGCACAGTGTGTTCEGC TGAATTCTCTGAACCCAGCTTCATCACAGAGTQAT (
AACATGCACAGTGTGTTFEE- TGAATTCTCTGAACCCAGCTTCATCACAGAGTQAT (
AACATGCACAGTGTGTTE--  TGAATTCTCTGAACCCAGCTTCATCACAGAGTQAT ([x2]
AACATGCACAGTGTGTTCCGCEET-- GTGAACCCAGCTTCATCACAGAGTCASI)(
AACATGCACAGTGTGTTCCGEEE—--- GAACCCAGCTTCATCACAGAGTCATZ)
AACATGCACAGTGAATTG -~ TCTGAACCCAGCTTCATCACAGAGTCATY)
AACATGCACAGTGTGaagtgtgtt CTGAATTCTCTGAACCCAGCTTCATCACAGAGBGHL1)
AACATGCACAGTGTGTTCCGCCCTCTGAATTCTCTGAACCCAGCTIGIAEFCAT [x3]

pat Target 2 57.9% (11/19)
CACAGACTCTGAATCCCAAAGGCACATTCTGATGCRBEAGCTCTTGGAAGAACA Wild-type

CACAGACTCTGAATCCCAAAGGCACATTCTGARBCPREECAGCTCTTGGAAGAACA2(+1)
CACAGACTCTGAATCCCAAAGGCACATTCTGATGCR&ESCAGCTCTTGGAAGAACA] [
CACAGACTCTGAATCCCAAAGGCACATTCTGATBGTGGCAGCTCTTGGAAGAAQRY
CACAGACTCTGAATCCCAAAGGCACATTGTGRICAGTGGCAGCTCTTGGAAGAACS) ( [
CACAGACTCTGAATCCCAAAGGCACATFTC- AGTGGCAGCTCTTGGAAGAAQAY
CACAGACTCTGAATCCCAAAGGCACATTCTGATGEAGC  TCTTGGAAGAACAL9)
CACAGACTCTGAATCCCAAAGGCACATTE- AGTGGCAGCTCTTGGAAGAAQA)X
CACAGACTCTGAATCCCAAAGGCACATFEC--- TGGCAGCTCTTGGAAGAACAL(Q)
CACAGACTCTGAATCCCAAAGGCACATTCTGATGCAGCAGTGGCBGAAGRRCA [

><2]

x8]
pdx1 Target 2 75% (15/20)
CACCACCATCATCACCBATCACCCAGGGATCCCTCACCCCCACCAGCAAATGCCATTC Wild-type

CACCACCATCATCACCACEATCCAGGGATCCCTCACCCCCACCAGCAAATGCCAZYC (
CACCACCATCATCACCACCAT@ACCGAGGGATCCCTCACCCCCACCAGCAAATGCCA (+3)
CACCACCATCATCACCAGEA CCAGGGATCCCTCACCCCCACCAGCAAATGCCATTC (
CACCACCATCATCACCACCATEA GGGATCCCTCACCCCCACCAGCAAATGCCATAC [
CACCACCATCATCACCAGEE  AGGGATCCCTCACCCCCACCAGCAAATGCCATBIC (
CACCACCATCATCACCAEE:  CAGGGATCCCTCACCCCCACCAGCAAATGCCATBIC (
CACCACCATCATCACCAC@ATgt GGGATCCCTCACCCCCACCAGCAAATGCCATHES)
CACCACCATCATCACCAC@ATJt GGGATCCCTCACCCCCACCAGCAAATGCCATH,ER)
CACCACCATCATCAS:gicagat ACCCAGGGATCCCTCACCCCCACCAGCAAATGIGAQ)
CATCACCATGA-—----ggcat CAGGGATCCCTCACCCCCACCAGCAAATGCCATIAG6)

x2]

CACCACCATCACCCCCAGEA-- GCAAATGCCATTCA27) [ 2]
gtgaggg ATCCCTCACCGE - CACCAGCAAATGCCATT@S0,+7)
CACCACCATCATCACGAE ( 150)

CACCACCATCATCACCACCATCACCCAGGGATCCCTCACCCCCARTAGUARN C [ x5]

etsl Target 3 66.7% (10/15)

AATATGAGAATGACTECTTTAGCATTGCTGCGTGACCCCCTGCAGCCTGAATCTCAGG Wild-type

AATATGAGAATGABCCG-- CATTGCTGCGTGACCCCCTGCAGCCTGAATCTARG (
AATATGAGAATGACTAACET- TTGCTGCGTGACCCCCTGCAGCCTGAATCTCAGG(( x2]
AATATGAGAATGACTAEE- CATTGCTGCGTGACCCCCTGCAGCCTGAATCTCASRG][(  x2]
AATATGAGAATGACTAET---  ATTGCTGCGTGACCCCCTGCAGCCTGAATCTCABGG (
AATATGAGAATGACTAE-—-  CATTGCTGCGTGACCCCCTGCAGCCTGAATCTOAGG (
AATATGAGAATGA-------- CATTGCTGCGTGACCCCCTGCAGCCTGAATCTCAGE (

CATTGCTGCGTGACCCCCTGCAGCCTGAATCTOMG (
AATATGAGAATGABCQaTCACCAJTGCTGCEGACCCCEECACGGATTCTCAG ( A11,+11)
AATATGAGAATGACTACCCTTTAGCATTGCTGCGTGACCCCCTG@AGCTTEGG | x5
pat Target 3 78.9% (15/19)
GCACATTCTGATGCAGCAGTGGCAGCTCTTGGAAGSEGAGTACATTCACCATCT Wild-type

GCACATTCTGATGCAGCAGTGGCAGCTCTTGGAAAZGGAGTACATTCACCATCTR)
GCACATTCTGATGCAGCAGTGGCAGCTCTTGEANGHGTGGGAGTACATTCACCAT2(+2)
GCACATTATGATGCAGCAGTGGCAGCTCTTGBBAGKSGGAGTACATTCACCATCTY,+1)
GCACATTCTGATGCAGCAGTGGCAGCTCTTEABAGGGGAGTACATTCACCATCTZ, +1)
GCACATTCTGATGCAGCAGTGGCAGCTETTGACAGTGGGAGTACATTCACCATQB(+1)
GCACATTCTGATGCAGCAGTGGCAGETCT G ACAGTGGGAGTACATTCACCATQB(+1)
GCACATTCTGATGCAGCAGTGGCAGCTCTTGGAABAA CAGTGGGAGTACATTC (+7)
GCACATTCTGATGCAGCAGTGGCAGCTCTTGGAAASGGAGITgagt ACATTCA (43,+6)
GCACATTCTGATGCAGCAGTGGCAGCTCTTGGAAGA  GTACATTCACCATCTA9) |
GCACATTCTGATGCAGCAGTGGCAGCTCTFGG- GAGTACATTCACCATCTAL1)
GCACATTCTGATGCAGCAGTGGCAGCTCTTGGAAG TACATTCACCATCT 411) [
GCACATTGTGATGCAGCAGTGGCAGCTCTEAGACaticcgt  ACAGTGGGAGTAC (+11)
GCACATTCTGATGCAGCAGTGGCAGCTCTTGCAARAGIOg  AGTGGGAGTACA2,+11)
GCACATTCTGATGCAGCAGTGGCAGCTCTTGGAAGAACAGTGGGABDEZATT |

x2]

><2]

x4]
pdx1 Target 3 45% (9/20)
ACCCAGGGATCCCTEXTIACCAGCAAATGCCATTCCCAGATGACACTGAATCTGCAA Wild-type

ACCCAGGGATCCCTCACCCGCACAAATGCCATTCCCAGATGACACTGAATCTGQAA (
ACCCAGGGATCCCTCACCCCCACAGCAAATGCCATTCCCAGATGACACTGAATCTG (+3)
ACCCAGGGATCCCTCACEEC AGCAAATGCCATTCCCAGATGACACTGAATCTGEMA (
ACCCAGGGATCCCTEGA------- AATGCCATTCCCAGATGACACTGAATCTGCHRY
ACCCAGGGATCCCT@AL CCAitg GCAAATGCCATTCCCAGATGACACTGAATCTGET)
ACCCAGGGATCCCTCACCCQIHNANGGGCAEGCCATTCCCAGATGACACTGAATCTGT 19)
At- CA-- ATaCCTCACCCG@OgAGCAAATACCATTCCCAGATGACACTGAATCTGGBAR)
ACCCAGGGA-----=======-== AATGCCATTCCCAGATGACACTGAATCTGCAA)
ACCCAG ATGACACTGAATCTGCAA\B6)
ACCCAGGGATCCCTCACCCCCACCAGCAAATGCCATTCCCAGATEATTATGIGAA [

x11]

Fig. S2. DNA sequencing data show the targeted mutations induced by gRNA/Cas9 targeting the genes showed in Fig. 2H. For all the panels, the
wild-type sequence is shown at the top with the target site highlighted in yellow and the PAM sequence in blue text. Mutated regions are shaded in gray
with red dashes indicating deletions and lowercase letters in red indicating insertions. The numbers in parentheses show the number of deleted (A) or
inserted (+) base pairs, whereas numbers in square brackets show the frequencies of the mutation in all the sequenced samples.



ets2ml 0% (0/19)
AAGAACAGGCGGTACCAACGGGTCTGGACTCTTACEGIARGTGTCTTGCTTCCC Wild-type

AAGAACAGGCGGTACCAACGGGTCTGGACTCTTACTCTCATGGTATGIGITCC  [x19]

ets2m3 0% (0/20)
AAGAACAGGCGGTACCAACGGGTCTGGACTCTTACBGIARGTGTCTTGCTTCCC Wild-type

AAGAACAGGCGGTACCAACGGGTCTGGACTCTTACTCTCATGGTATGTGITCC  [x20]

ets2m5 0% (0/20)
AAGAACAGGCGGTACCAACGGGTCTGGACTCTTACGGIRRGTGTCTTGCTTCCC Wild-type

AAGAACAGGCGGTACCAACGGGTCTGGACTCTTACTCTCATGGTAIGIGITCC  [x20]

ets2m7 0% (0/20)
AAGAACAGGCGGTACCAACGGGTCTGGACTCTTACBERRGTGTCTTGCTTCCC Wild-type

AAGAACAGGCGGTACCAACGGGTCTGGACTCTTACTCTCATGGTAIGIGITCC  [x20]

ets2m9 0% (0/19)
AAGAACAGGCGGTACCAACGGGTCTGGACTCTTACBEIRRGTGTCTTGCTTCCC Wild-type

AAGAACAGGCGGTACCAACGGGTCTGGACTCTTACTCTCATGGTAIGIGITCC  [x19]

ets2mll 0% (0/18)
AAGAACAGGCGGTACCAACGGGTCTGGACTCTTACEGIARGTGTCTTGCTTCCC Wild-type

AAGAACAGGCGGTACCAACGGGTCTGGACTCTTACTCTCATGGTATGTGITCC  [x18]

ets2mi12  10% (2/20)
AAGAACAGGCGGTACCAACGGGTCTGGACTCTTACEGIARGTGTCTTGCTTCCC Wild-type

AAGAACAGGCGGTACCAACGGGTCTGGACTCHATBGTATGTGTCTTGCTTCCGZ)
AAGAACAGGCGGTACCAACGGGTCTGGACTETTATGGTATGTGTCTTGCTTCCGY)
AAGAACAGGCGGTACCAACGGGTCTGGACTCTTACTCTCATGGTAITGIGICCC  [x18]

ets2 m13  53% (10/19)
AAGAACAGGCGGTACCAACGGGTCTGGACTCTTACEGIAFGTGTCTTGCTTCCC Wild-type

AAGAACAGGCGGTACCAACGGGTCTGGACTCHATBGTATGTGTCTTGCTTCCGZ) [x3]
AAGAACAGGCGGTACCAACGGGTCTEERCTC- ATGGTATGTGTCTTGCTTCCG@4,+2)
AAGAACAGGCGGTACCAACGGGTCTGEACTC ATGGTATGTGTCTTGCTTCCGE) [x2]
AAGAACCGGCGGTACCAACGGGTCTGGAGTET GGTATGTGTCTTGCTTCCQ9)
AAGAACAGGCGGTACCAACGGGTCTGGACTCTIREACCGTATGTGTCTTGCTTCAS,+7)
AAGAACAGGCGGTACCAAC---- TCATGGTATGTGTCTTGCTTCCEI@8)
AAGAACAGGCGGTACCAACG- TGTCTTGCTTCCC £27)
AAGAACAGGCGGTACCAACGGGTCTGGACTCTTACTCTCATGGTRTGIGICCC  [x10]

Fig. S3. DNA sequencing data show the the consequence of single-nucleotide mismatches between the spacer and the protospacer sequences on the
Cas9 mediated gene targeting efficiencies as illustrated in Fig. 3A for ets2 loci. For all the panels with mutations, the wild-type sequence is shown at the
top with the target site highlighted in yellow and the PAM sequence in blue text. Mutated regions are shaded in gray with red dashes indicating deletions
and lowercase letters in red indicating insertions. For all the panels without mutations, only the wild-type sequence is shown. The numbers in
parentheses show the number of deleted (A) or inserted (+) base pairs, whereas numbers in square brackets show the frequencies of the mutation in all

the sequenced samples.

ets2 m15  18% (3/17)
AAGAACAGGCGGTACCAACGGGTCTGGACTCTTACBGIARGTGTCTTGCTTCCC Wild-type

AAGAACAGGCGGTACCAACGGGTCTGGARTGHEtggtactca TGGTATGTGTCTT (5,+12)
AAGAACAGGCGGTACCAACGGGTCTGGACTCTTACBGTATGTGTCTTGCTTCCGZ)
AAGAACAGGCGGTA -----mmmmmmmmmmmmeee TGTGTCTTGCCTCCCA31)
AAGAACAGGCGGTACCAACGGGTCTGGACTCTTACTCTCATGGTRTGTGITCC [x14]

ets2m17 18% (3/17)
AAGAACAGGCGGTACCAACGGGTCTGGACTCTTACBGIARGTGTCTTGCTTCCC Wild-type

AAGAACAGGCGGTACCAACGGGTCTGEAEGTC ATGGTATGTGTCTTGCTTCCGE) [x2]
AAGAACTGGCGGTACCTACGGGTTFGGA CTCATGGTATGTGTCTTGCTTCCE8)
AAGAACAGGCGGTACCAACGGGTCTGGACTCTTACTCTCATGGTRTGIGITCC [x14]

ets2 m18 80% (16/20)
AAGAACAGGCGGTACCAACGGGTCTGGACTCTTACBGIARGTGTCTTGCTTCCC Wild-type

AAGAACAGGCGGTACCAACGGGTCTGGACTCERAGTRCiccagigeta  TGGTA (43,+18) [x2]
AAGAACAGGCGGTACCAACGGGTCTGEAETC ATGGTATGTGTCTTGCTTCCGS)
AAGAACAGGCGGTACCAACGGGTCTGGACTCTTATEGTATGTGTCTTGCTTCCGE) [x5)
AAGAACAGGCGGTACCAACGGGTCTGGAGTETTAGTGTATGTGTCTTGCTTCCQS)
AAGAACAGGCGGTACCAACGGGTCTGGACTETFFAG - C ( a24)
AAGAACAGGCGGTACCAACGGGTCTGGACT - TGCTTCCC (422)
AAGAACAGGCGGTACCAACGGGTCTGGACTCTFACGGTATGTGTCTTGCTTCCGE) [x2]
AAGAACAGGCGGTACCAACGGGTCTGEAETC ATGGTATGTGTCTTGCTTCCGS)
AAGAACAGGCGGTACCAACGGGTCTGGAGIMTCATGGTATGTGTCTTGCTTCCEA(+3)
AAGAACAGGCGGTACCAACGGGTCTGGAGTEAT GGTATGTGTCTTGCTTCCQS)
AAGAACAGGCGGTACCAACGGGTCTGGACTCTTACTCTCATGGTATGEGICCC  [x4]

ets2 m19  68% (13/19)
AAGAACAGGCGGTACCAACGGGTCTGGACTCTTACBGIARGTGTCTTGCTTCCC Wild-type

AAGAACGGGCGGTACCAACGGGTCTGGACTCTTARBGTATGTGTCTTGCTTCCGZ) [x5]
AAGAACAGGCGGTACCAACGGGTCTGGAGACGAT GGTATGTGTCTTGCTTCCQ§)
AAGAACAGGCGGTACCAACGGGTCTGEGAEGTC ATGGTATGTGTCTTGCTTCCGY)
AAGAACAGGCGGTACCAACGGGTCTGGAEGTET GGTATGTGTCTTGCTTCCQY)
AAGAACAGGCGGTACCAACGGGTCTGGAG CATGGTATGTGTCTTGCTTCCGY,+1)
AAGAACAGGCGGTACCAACGGGTCTGGACTRFEACTG®TCATGGTATGTGTCTAL,+9)
AAGAACAGGCGGTACCAACGGGTCTGGAE ATGGTATGTGTCTTGCTTCC@10)
AAGAACAGGCGGTACCAACGGGTCTGGAEG-- GG-— GTCTTGCTTCCC £17)
AAGAACAGGCGGTACCAACGGGTCTGGACTCITAANOIGGTCTGGACTCTILAT (+19)
AAGAACAGGCGGTACCAACGGGTCTGGACTCTTACTCTCATGGTRTGTGITCC [x6]

ets2 m20 6% (1/16)
AAGAACAGGCGGTACCAACGGGTCTGGACTCTTACBGIARGTGTCTTGCTTCCC Wild-type

AAGAACAGGCGGTAGCGGGTCTGGACTET- CATGGTATGTGTCTTGCTTCCGR,+1)
AAGAACAGGCGGTACCAACGGGTCTGGACTCTTACTCTCATGGTRTGTGITCC [x15]



tm4sf4-T2 m1 0% (0/19)
GCGCCATTCAAGCTATCAACGGACTCATAGGAACAATESGACTGCAAATGCTGTG Wild-type

GCGCCATTCAAGCTATCAACGGACTCATAGGAACAATCTGTGGGSATEGLATG  [x19]

tm4sf4-T2m3 0% (0/16)
GCGCCATTCAAGCTATCAACGGACTCATAGGAACAATGSGACTGCAAATGCTGTG Wild-type

GCGCCATTCAAGCTATCAACGGACTCATAGGAACAATCTGTGGGEATEGLATG  [x16]

tm4sf4-T2 m5 0% (0/20)
GCGCCATTCAAGCTATCAACGGACTCATAGGAACAATGSGACTGCAAATGCTGTG Wild-type

GCGCCATTCAAGCTATCAACGGACTCATAGGAACAATCTGTGGGBATGGIATG  [x20]

tm4sf4-T2 m7 0% (0/20)
GCGCCATTCAAGCTATCAACGGACTCATAGGAACAATENCTGCAAATGCTGTG Wild-type

GCGCCATTCAAGCTATCAACGGACTCATAGGAACAATCTGTGGGBATGGIATG  [x20]

tm4sf4-T2m9 0% (0/18)
GCGCCATTCAAGCTATCAACGGACTCATAGGAACAATENCTGCAAATGCTGTG Wild-type

GCGCCATTCAAGCTATCAACGGACTCATAGGAACAATCTGTGGGBATGGIATG  [x18]

tm4sf4-T2m1l 0% (0/20)
GCGCCATTCAAGCTATCAACGGACTCATAGGAACAATEENCTGCAAATGCTGTG Wild-type

GCGCCATTCAAGCTATCAACGGACTCATAGGAACAATCTGTGGGEATEGLATG  [x20]

tm4sfA-T2 m12  95% (19/20)
GCGCCATTCAAGCTATCAACGGACTCATAGGAACARTEGGACTGCAAATGCTGTG Wild-type

GCGCCATTCAAGCTATCAACGGACTCATAGGAACAASGGGACTGCAAATGCTGTSY [x5)
GCGCCATTCAAGCTATCAACGGACTCATAGGAAGAAGTGGGGACTGCAAATGCTI(+4)
GCGCCATTCAAGCTATCAACGGACTCATAGGAACATGGGGACTGCAAATGCTGTES]
GCGCCATTCAAGCTATCAACGGACTCATAGGABE TGGGGACTGCAAATGCTGTEH+1)
GCGCCATTCAAGCTATCAACGGACTCATAGGAARAAT) CTGTGGGGACTGCAAA (+7)
GCGCCATTCAAGCTATCAACGGACTCATAGG-- GGGACTGCAAATGCTGTGI(L) [x3]
GCGCCATTCAAGCTATCAACGGACTEAT-— GTGGGGACTGCAAATGCTGTGT)
GCGCCATTCAAGCTATCAACGGACTCATAGGAAG-— TGCAAATGCTGTG(13)
GCGCCATTCAAGCTATCAACGGACTCATAGGA TGGGGACTGCAAATGCTGTEB(+5)
GCGCCATTCAAGCTATCAACGGACTCATAGGA - CTGCAAATGCTGTGA(14)

G GGGGACTGCAAATGCTGTELE,+1)
GCGCCATTCAAGET---m-mmmmmememamiees GTGGGGACTGCAAATGCTGT@E)
GCGCTTGAAATGEF GTG (43)
GCGCCATTCAAGCTATCAACGGACTCATAGGAACAATCTGTGGGEATIGTATG

tm4sf4A-T2 m13  35% (7/20)
GCGCCATTCAAGCTATCAACGGACTCATAGGAACARTEGGACTGCAAATGCTGTG Wild-type

GCGCCATTCAAGCTATCAACGGACTCATAGGAACA GGGGACTGCAAATGCTGTESY
GCGCCATTCAAGCTATCAACGGACTCATAGGABTBTGGGGACTGCAAATGCTGTG, ¢2)
GCGCCATTCAAGCTATCAACGGACTCATAG@S CTGTGGGGACTGCAAATGCTGTG, 2)
CCGCCATTCAAGCAATCAACTGATTGATAGGACTGTGGGGACTGCAAATGCTGT@)(
GCGCCATTCAAGCTATCAACGGACTCATAGGAATBTGGGGACTGCAAATGCTGTBY
GCGCCATTCAAGCTATCAACGGACTCATAGGABECA CTGTGGGGACTGCAAATGA2(+6)
GCGCCATTCAAGCTATCAACGGACTCATAGGA GT-—- CTGCAAATGCTGTGA12)
GCGCCATTCAAGCTATCAACGGACTCATAGGAACAATCTGTGGGSATEGEATG  [x13]

Fig. S4. DNA sequencing data show the the consequence of single-nucleotide mismatches between the spacer and the protospacer sequences on the
Cas9 mediated gene targeting efficiencies as illustrated in Fig. 3B for tm4sf4-T2 loci. For all the panels with mutations, the wild-type sequence is shown at
the top with the target site highlighted in yellow and the PAM sequence in blue text. Mutated regions are shaded in gray with red dashes indicating
deletions and lowercase letters in red indicating insertions. For all the panels without mutations, only the wild-type sequence is shown. The numbers in
parentheses show the number of deleted (A) or inserted (+) base pairs, whereas numbers in square brackets show the frequencies of the mutation in all

the sequenced samples.

tm4sfa-T2 m15  63% (12/19)
GCGCCATTCAAGCTATCAACGGACTCATAGGAACAATGGACTGCAAATGCTGTG Wild-type

GCGCCATTCAAGCTATCAACGGACTCATAGGAACAATEEEACTGCAAATGCTGTELY
GCGCCATTCAAGCTATCAACGGACTCATAGGAAGBREGGGACTGCAAATGCTGT@Y [x2]
GCGCCATTCAAGCTATCAACGGACTCATAGGAATGTGGGGACTGCAAATGCTGT@)
GCGCCATTCAAGCTATCAACGGACTCATATA - GTGGGGACTGCAAATGCTGTG)
GCGCCATTCAAGCTATCAACGGACTCATAGGA GT--- CTGCAAATGCTGTGAL?)
GCGCCATTCAAGCTATCAACGGACTCATAGGAAG-— TGCAAATGCTGTGA13)
GCGCCATTCAAGCTATCAACGGACTCATAGGA - CTGCAAATGCTGTGA14)
GCGCCATTCAAGCTATCAACGGACTCATAGGAAGAA - ATGCTGTG (116)
GCACTEE = AT ATGCTGTG (:57)
GCGCCATTCAAGCTATCAACGGAGT---------- GCAAATGCTGTG423)
GCGCCATTCAAGCTATCAACGGACTCATAGGA - € & L ( 125)
GCGCCATTCAAGCTATCAACGGACTCATAGGAACAATCTGTGGGSATIGTATG  [x7]

tm4sfa-T2 m17 42% (8/19)
GCGCCATTCAAGCTATCAACGGACTCATAGGAACARTGGACTGCAAATGCTGTG Wild-type

GCGCCATTCAAGCTATCAACGGACTCATAGGAAG--- TGCAAATGCTGTGA13) [x2]
GCGCCATTCAAGCTATCAACGGACTCATAGGAATBRE@GAITGCAg TGYTGTG ( A6,+6)
GCGCCATTCAAGCTATCAACGGACTCATAGGAACBREGGGACTGCAAATGEGG A3,+1)
GCGCCATTCAAGCTATCAACGGACTCATAGGABEAAECAAFGTGGGGACTGCAAL,+9)
GCGCCATTCAAGCTATCAACGGACTCATAGGARBREGGGACTGCAAATGCTGT®,(+2)
GCGCCATTCAAGCTATCAACGGACTCATAGGAA'CGTGGGGACTGCyXRECTGTG (25,+1)
GCGCCATTCAAGCTATCAACGGAEGTCA- AATGCTGTG (:24)
GCGCCATTCAAGCTATCAACGGACTCATAGGAACAATCTGTGGGEATGGDATG  [x11]

tm4sf4-T2m18 71% (12/17)
GCGCCATTCAAGCTATCAACGGACTCATAGGAACAITGIEGACTGCAAATGCTGTG Wild-type

GCGCCATTCAAGTTATCAACGGACTCATAGGAACBRGEGGGACTGCAAATGCTGT@Y
GCGCCATTCAAGCTATCAACGGACTCATAGGAATBIGGGGACTGRATGCTGTG (:3,+2)
GCGCCATTCAAGCTATCAACGGACTCATAGGAATBIGGGGACTGCAAATGCTGTS 1)
GCGCCATTCAAGCTATCAACGGACTCARAGA T-a GTGGGGACTGCAAATGCTGT® (2)
GCGCCATTCAAGCTATCAACGGACTCATAGBAGaa CTGTGGGGACTGCAAATGS(+10)[x3]
GCGCCATTCAAGCTATCAACGGACTCATAGGACa TGGGGACTGCAAATGCTGTES(+1)
GCGCCATTCAAGCTATCAACGGACTEA - TGTGGGGACTGCAAATGCTGTGY)

GCGCCATTCAAGCTATCAACGGACTCAT----- GGGGACTGCAAATGCTGTALB)
GCGCCATTCAAGCTATCAACGGACTCATGGEGAC -~ TGCAAATGCTGTGA13)
GCGCCATTCAAGCTATCAACGGACTHGSA-- = ACTGCAAATGCTGTG\14,+1)

GCGCCATTCAAGCTATCAACGGACTCATAGGAACAATCTGTGGGMTBGC&TG [x5]

tm4sf4-T2 m19  61% (11/18)
GCGCCATTCAAGCTATCAACGGACTCATAGGAACAATGEEACTGCAAATGCTGTG Wild-type

GCGCCATTCAAGCTATCAACGGACTCATAGGAACAAIGGGACTGCAAATGCTGTSY
GCGCCATTCAAGCTATCAACGGACTCATAGGAACAGTGGGGACTGCAAATGCTGR(+5)
GCGCCATTCAAGCTATCAACGGACTCATAGBAGaa CTGTGGGGACTGCAAATGE(+10) [x6]
GCGCCATTCAAGCTATCAACGGACTCATAGBAA- GGGACTGCAAATGCTGTGT)
GCGCETTCCAGCTAGAACGGACTCAAAGGA G GTGGGGACTGEATGCTGTG (18,+2)
GCGCCATTCAAGCTATCAACGGACTCATAGGAAG-— TGCAAATGCTGTGA13)
GCGCCATTCAAGCTATCAACGGACTCATAGGAACAATCTGTGGGSATIGTRTG  [x7)]

tm4sf4-T2 m20  63% (12/19)
GCGCCATTCAAGCTATCAACGGACTCATAGGAACAATGGACTGCAAATGCTGTG Wild-type

GCGCCATTCAAGCTATCAACGGAET-------==-===-=- GCAAATGCTGTGA23) [x3]
GCGCCATTCAAGCTATCAACGGACTCATAGGAgaa CTGTGGGGACTGCAAATIG(+10) [x2]
GCGCCATTCAAGCTATCAACGGACTCATAGGAAG--- TGCAAATGCTGTGA13)
GCGCCATTCAAGCTATCAACGGACTCATAGGAAGBRIGGGACCGCAAATGCTGTR)(
GCGCCATTCAAGCTATCAACGGACTCATAGGAATARGGGGACTGCAAATGCTGT®, (1)
GCGCCATTCAAGCTATCAACGGACTCATAGG---- GACTGCAAATGCTGTG\3)
GCGCCATTCAAGCTATCAACGGACTCATAGGABMBPGTGGGGACTGCAAATGCTA (+3)
GCGCCATTCAAGCTATCAACGGACTCATAGBA TGGGGACTGCAAATGCTGTAB(+4)
GCGCCATTCAAGCTATCAACGGACT@ATCcta TGTGGGGACTGCAAATGCTGTG(,+8)
GCGCCATTCAAGCTATCAACGGACTCATAGGAACAATCTGTGGGEATIGIATG [x7]



elastase T1 + grp78 gRNA
elastase Target 1 100% (16/16)
CCCTCCAGTACCTGTCTGGTGGCAGTTGGTACCATATEBGECTCCCTGATCCGTG Wild-type

CCCTCCAGTACCTGTCTGGTGGCAGTTGGTACOATPEGGGGCTCCCTGATCCGTG)
CCCTCCAGTACCTGTCTGGTGGCAGTTGGTACOATAGGGGCTCCCTGATCCGTGA,+2)
CCCTCCAGTACCTGTCTGGTGGCAGTTGGFACG GTGGGGGCTCCCTGATCCGTGY)
CCCTCCAGTACCTGTCTGGTGGCAGTTGGHACGAJagt TGGGGGCTCCCTGATC 44,+10)
CCCTCCAGTACCTGTCTGGTGGCAGTTGGTACO GTGGGGGCTCCCTGATCCGTGS)
CCCTCCAGTACCTGTCTGGTGGCAGTTGGEACOGTGGGGGCTCCCTGATCCGTG Y, +4)
CCCTCCAGTACCTGTCTGGTGGCAGTTGGIACOAActggagggagaic  TGGGG ( A6,+21)
CCCTCCAGTACCTGTCTGGTGGCAGIAGGAEL-gt TGGGGGCTCCCTGATCCGTGAG +5)
CCCTCCAGTACCTGTCTGGTGGCAGIBG -~ CTGTGGGGGCTCCCTGATCCGTGE(+5)
CCCTCCAGTACCTGTCTGGTGGCAGTIGET  GTGGGGGCTCCCTGATCCGTRY) [*x2]

CCCTCCAGTACCTGTCTGGTGGEAGTF-—-—- TGGGGGCTCCCTGATCCGTGA(4) [*2]
CCCTCCAGTACCTGTCTGGTGGCAGTF-———- GGGGCTCCCTGATCCGTGA(S)
CCCTCCAGTACCTGTCTGGTGGCAGTFGG-——-—- GCTCCCTGATCCGTG (16)
CCCTCCAGTACCTGTCTGGTGGCAGTFGG------ GGCTC@ugatggeic  (  426,+11)

grp78  84% (16/19)
GACCATGAAGCTGTTOGITGGTGTTGCTGGTGTCTGCCAGCGTATTTGCTGCTGATGA Wildayp

GACCATGAAGCTGTTTGCCTTGGTETGGTGTCTGCCAGCGTATTTGCTGCTGATGR)(
GACCATGAAGCTGTTTGCCIFGTTGCTGGTGTCTGCCAGCGTATTTGCTGCTGATGA, £2)
GACCATGAAGCTGTTTGCETT- GCTGGTGTCTGCCAGCGTATTTGCTGCTGAT@A) (
GACCATGAAGCTGTTTGCCE#FG- TGGTGTCTGCCAGCGTATTTGCTGCTGATGAY (1)
GACCATGAAGCTGTTTGCCHFFG- TGGTGTCTGCCAGCGTATTTGCTGCTGATGAV (+1)
GACCATGAAGCTGTTTGCCTTGGFGHF-- TGCCAGCGTATTTGCTGCTGATGAAD)

GACCATGAAGCTGTTTGEE - TGGTGTCTGCCAGCGTATTTGCTGCTGATGALQ)
GACCATGAZCTGTHGCCTTGG - GTCTGCCAGCETTTQ TGQgatga  ( 414,+11)
GACCATGAGQGTTGGCG - TQTG T-- CTGCCAGRBTTTGCTGCTGATGA (115.+5)
GACCATGAAG —------mmnenmnee- GTGTCTGCCAGCGTATTTGCTGCTGATGA2()

B C A TG TGGTGTCTGCCAGCGTATTTGCTGCTGATGARS,+1)

GACCATGAAGCTGTTTGCCTTGENTGCTGGTGTCTGCCAGCGTATTTGCTGCTGATG (+1)
GACCATGAAGCTGTTTGCCTTEB®INTGCTGGTGTCTGCCAGCGTATTTGCTGCTGATG (+1) [x2]
GACCATGAAGCTGTTTGCCTTGGT@gaagcty TTGCTGGTGTCTGCCAGCGTATT (+12)
GACCATGAAGCTGTTTG@EGAcactgctaaagctt TTGCTGGTGTCTGCCAGCGTAT (+19)
GACCATGAAGCTGTTTGCCTTGGTGTTGCTGGTGTCTGCCAGCGIBTTBGATGA [%3]

Fig. S5. DNA sequencing data show the targeted mutations in elastase (the upper panel) and grp78 (the lower panel) induced by co-injection
of Cas9 mRNA together with two gRNASs targeting elastase-T1 and grp78. For both panels, the wild-type sequence is shown at the top with
the target site highlighted in yellow and the PAM sequence in blue text. Mutated regions are shaded in gray with red dashes indicating
deletions and lowercase letters in red indicating insertions. The numbers in parentheses show the number of deleted (A) or inserted (+) base
pairs, whereas numbers in square brackets show the frequencies of the mutation in all the sequenced samples.



pCS2- 3XFLAG-NLS-SpCas9-NLS

SP6>-{ 3XFLAG-NLS-SpCas9-NLS Hsv40 PA

EcoRI Xhol Notl

pUC57-Simple-gRNA backbone

T7 |gRNA scaffold}
4 4
Bbsl Bbsl Dral

gRNA backbone sequence

TAATACGACTCACTATAGGTCGTCTTCGAGAAGACCTGTTTTAGAGCTAGAAATAGCAA
T7 promoter Bbsl Bbsl

GTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTITTAAA
Dral

Fig. S6. Cas9 and gRNA expression vectors used in this study. The upper and middle diagrams illustrate the pCS2-3xFLAG-
NLS-SpCas9-NLS vector and the pUC57-Simple-gRNA backbone vector, respectively. The bottom panel shows the DNA
sequence of T7 promoter, Bbsl cloning sites, and the gRNA backbone. T7 promoter is underlined and the transcription start site
is highlighted in yellow. The Bbsl and Dral restriction sites are shaded in grey. NLS, nuclear localization signal; SpCas9,
Streptococcus pyogenes Cas9.
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