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Generation of UAS:GAL4 Fish. A sequence encoding for the Gal4-
activator (KalTA4) was inserted within the 5′ UTR of ltk, aug-
α1, aug-α2, and aug-β genes. To do so, embryos carrying sox10:
mCherry and UAS:eGFP transgenes were injected at the single-
cell stage with a mixture containing (i) sgRNAs targeting specific
5′ UTR sequences near the endogenous gene’s start codon; and
(ii) Cas9 mRNA; (iii) a donor plasmid with the equivalent 5′
UTR sequence followed by a viral 2A peptide and KalTA4 (32).
The donor plasmid, which is based upon Auer et al. (33), was
specifically inserted into the 5′ UTR of the ltk and augmentor
genes using two sgRNAs specific to that region as previously
described. This donor plasmid includes a coding sequence of the
transcriptional transactivator Gal4 (KalTA4) preceded by an
E2A peptide linker for multicistronic expression. Upon injection
of the above mixture into a UAS:eGFP transgenic fish, Cas9
cleaves the genomic locus as well as the donor plasmid sequence
as specified by the sgRNAs. DNA repair triggers integration
of the donor plasmid into the genomic locus through nonspe-
cific ligation of cleaved DNA. Since the indel sequence pre-
ceding the Gal4-cDNA cannot be predicted upon integration,
the presence of the E2A will allow the in-frame insertions of the
Gal4-cDNA (33).

Determination of On-Targets and Off-Targets. Genomic DNA from
zebrafish embryos at 24 hpf and from the tails of adult fish was
extracted by boiling at 95 °C for 20 min in 50 μL of 100 mM
sodium hydroxide and then neutralized with 10 μL of 1 M
Tris·HCl (pH 7.5). Then 1 uL of genomic DNA was used as
template to amplify an ∼200-bp sequence surrounding the on-
target and off-target regions identified by CRISPR RGEN Tools
(www.rgenome.net) (Fig. S2A). Mutations were detected by
T7EI assay (31). Mutation frequencies were determined by
quantifications of T7EI-undigested and -digested PCR products.
For each quantification, the intensity of the PCR bands of the
undigested product and of a T7E1-digested fragment of the same
size were analyzed by ImageJ (https://imagej.nih.gov/ij/). The

mutation frequencies were calculated by the ratio of T7EI-
digested to T7EI-undigested PCR products.

Sox10+ Cell Isolation. Sox10+ cells were isolated from Sox10:
mCherry by using FACS. Sox10:mCherry transgenic zebrafish
embryos are embryos expressing mCherry as driven by the
sox10 promoter. mCherry-positive and -negative cells were sep-
arated as described previously (41). Briefly, 16-hpf and 24-hpf
sox10:mCherry embryos and age-matched wild-type embryos
were collected and dechorionated, and the yolk was mechan-
ically removed and disassociated with pronase followed by fur-
ther digestion to single cells with Librase (Roche) at 28 °C for
10 min then trypsin (Gibco) for 5 min. The reaction was termi-
nated by the addition of FBS. Cells were pelleted, washed with
suspension buffer containing Leibovitz medium, 0.8 mM calcium
chloride, penicillin streptomycin, and 0.5% FBS (all from Gibco),
and filtered with a 35-μm cell strainer into 5-mL FACS tubes.
FACS was performed by a five-laser BD FACSAria II cell
sorter equipped with BD FACSDiva software v8.0.1 (BD Bio-
sciences). DAPI was added to the sample before FACS to col-
lect only viable cells. Viable mCherry-positive and -negative cells
were sorted using a 70-μm nozzle at 60 psi. Sorted cells were
collected, and total RNA was extracted using TRIzol reagent
(Life Technologies).

Whole-Mount in Situ Hybridization. Zebrafish embryos at different
stages were fixed, and whole-mount in situ hybridization was
performed as previously described (42). To make riboprobes,
fragments for riboprobe synthesis were amplified from wild-type
full-length zebrafish cDNA and cloned into pBluescript II KS (-)
(Agilent Technologies). To generate digoxingenin (DIG)-labeled
antisense riboprobes, linearized constructs were reverse tran-
scribed by T3 RNA polymerase with a DIG Labeling Kit (Roche).
Meanwhile, sense-sequence riboprobes were generated using T7
RNA polymerase with the DIG Labeling Kit. The DIG signal was
revealed by the NBT/BCIP system (Roche), and images were
acquired with Leica Application Suite (Leica) using the Leica
MacroFluo system and Leica LED5000RL light (Leica).
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Fig. S1. (Continued)
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Fig. S1. (A) Comparison of the full-length and augmentor domain primary sequence of zebrafish and human augmentors. (B) Ltk primary sequence with domains highlighted. Sequence comparison of Ltk domains with their human ALK counterparts shows that the GlyR region of Ltk is more closely related to human ALK than to LTK. (C) Sequencing of knockout Alk, Ltk, and augmentor fish resulting in frame-shift mutations (red text denotes the mutant amino acid
sequences) and subsequent successful introduction of a premature stop codon (red arrowheads).
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Fig. S2. (A) Off-target sites were identified as previously described (43). Each sgRNA off-target sequence contains two or fewer nucleotide mismatches as
indicated by lowercase letters in red. (B) On-target mutations were amplified by PCR and heteroduplex reaction, followed by the T7EI assay. Products of T7EI
digestion are labeled as “+.” and products without T7EI are labeled as “−.” Gel images from two off-target mutations of each sgRNA are presented.
(C) Mutation frequencies were quantified for each on-target site and all its correspondent off-target sites. Quantifications are plotted in the chart.
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Fig. S3. (A) The mRNA expression of Ltk, Aug-α1, Aug-α2, and Aug-β in embryos at 7, 24, 48, and 72 hpf. (B) The location of Ltk mRNA in the eye region was
determined by in situ hybridization in 24-hpf embryos. Black arrows indicate Ltk+ cells. (C) The mRNA expression level of Ltk, Aug-α1, Aug-α2, and Aug-β in
Sox10+ cells isolated from 16- and 24-hpf embryos.
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Table S1. sgRNA sequences used to generate loss-of-function mutants

Gene sgRNA

sgRNA sequences to introduce a premature stop codon within each gene
Aug-α1 taatacgactcactataGGGCCCCGGTGCTGGTAATGgttttagagctagaa

taatacgactcactataGGCGCTGGCATCGCTTTGTGgttttagagctagaa

taatacgactcactataGGGAGCCCCGGTGCTGGTAAgttttagagctagaa

Aug-α2 taatacgactcactataGGCTCTCGGTTTGCAGTAGCgttttagagctagaa

taatacgactcactataGGGCGCCCACCTGTCTTCATgttttagagctagaa

taatacgactcactataGGATGCTCGATGATCTGAGGgttttagagctagaa

Aug-β taatacgactcactataGGGGCCACTGGTGACGCGTCgttttagagctagaa

taatacgactcactataGGGTCCAGACGCGTCACCAGgttttagagctagaa

taatacgactcactataGGTGTCCATGCACTGGCTGGgttttagagctagaa

ALK taatacgactcactataGGGGTAGGAGTTACTGCACTgttttagagctagaa

taatacgactcactataGGTAACATTGGTGTTGCGGTgttttagagctagaa

taatacgactcactataGGCACTAAGGGGCCATTCAAgttttagagctagaa

LTK taatacgactcactataGGGAGTTGGAGATGACAAAAgttttagagctagaa

taatacgactcactataGGAGTCGGTGTGCTTCACGAgttttagagctagaa

taatacgactcactataGGGTTTGATGTCGGTAGAGTgttttagagctagaa

sgRNA designed to integrate Gal4 into the 5′ UTR
Aug-α1 ttaatacgactcactataGGGTTTTGGAAACACCAGAAgttttagagctagaa

Aug-α2 ttaatacgactcactataGGGGTCCAATTTGGCACGAGgttttagagctagaa

Aug-β ttaatacgactcactataGGCTGACAAACGAACAAAACgttttagagctagaa

Aug-β ttaatacgactcactataGGCTGACAAACGAACAAAACgttttagagctagaa

ALK ttaatacgactcactataGGGAAATGAAGACTGGCCAGgttttagagctagaa

LTK ttaatacgactcactataGGCAGTCTCCGACGCACCATgttttagagctagaa

The first set of lowercase letters (taatacgactcactata) indicates the T7 promoter sequence,
uppercase letters indicate the CRISPR binding site that is specific to each gene target, and the
second set of lowercase letters (gttttagagctagaa) indicates the annealing sequence to the
5′ universal primer as previously described (29, 30).

Table S2. Primers used for sequencing, cloning, and qPCR analysis

Gene Forward (5′ → 3′) Reverse (5′ → 3′)

Primers used for sequencing for subsequent digestion by T7 assay
Aug-α1 GCACTCTGGTTTCGGG CCACCTGTCTCATGATTTCC

Aug-α2 GCTCTCTTTGCCCACC GACTTTATTAACGTCTTTTGTTTCC

Aug-β CGGGCTGAGAAGAGATGG GCAGTGTTTTCACGCGAG

ALK GGTACGTTTGGTGTATCTGG CACACATAACAAGATGTGTGTG

LTK GCAGATGTAGTTTCCACATGAC CGCTTTCTTGTTCTTTGATTG

Primers used for 6-FAM PCR analysis [X = fluorescein (6-FAM)]
Aug-α1 XGCACTCTGGTTTCGGG CCACCTGTCTCATGATTTCC

Aug-α2 XCACCTTTCAGCATGAGTGC GACTTTATTAACGTCTTTTGTTTCC

Aug-β XCGGGCTGAGAAGAGATGG GCAGTGTTTTCACGCGAG

ALK XGGTACGTTTGGTGTATCTGG CACACATAACAAGATGTGTGTG

LTK XGCAGATGTAGTTTCCACATGAC CGCTTTCTTGTTCTTTGATTG

Primers used to clone the 5′ UTR of each gene into eGFP Bait-E2A-KalTA4-pA donor vector digested with BamHI and EcoRV
Aug-α1 actgactgGGATCCCCACTTCCAGGCATCG actgactgGATATCTCATGGTGGCGGCCCACAGCAGCCTGAGG

Aug-α2 actgactgGGATCCCACGGCGGAATAGTGC actgactgGATATCTCATGGTGGCGGCAAATAGACTCCGTTGGCG

Aug-β actgactgGGATCCGCAGTCACAAGACCCG actgactgCATATGTCATGGTGGCGGCGATTATATATTGGTAGGTGCTTCTG

ALK actgactgGGATCCCCCTCAAGTGAATACAAGTGC actgactgGATATCTCATGGTGGCGGCTCTCAGATACCCACGCTG

LTK actgactgGGATCCCCACTTACATATAAATAGAACGCCAG actgactgGATATCTCATGGTGGCGGCGCGGGAAAAAAAGATTTATATTAGC

Primers used for qPCR analysis
Actin GATCTGGCATCACACCTTCTAC TCTTCTCTCTGTTGGCTTTGG

Aug-α1 GGTGCTGGTAATGGGG GTTTCTCCACTTGCCG

Aug-α2 CACCACCGGCTACTGC CGAAGATCTCTCGGAAAGAC

Aug-β CAGCAAGGAGGTAAAGGAGT GTCCTGCATTCAGATGGA

ALK CCGTGGACAACTTCACTCTG ATTGGTGTTGCGGTAGGAGT

LTK TGGTTTATCACTTCAGCA GTGTGCTTCACGAAGG

Uppercase letters represent gene-specific sequences while lowercase letters indicate either BamHI or EcoRV restriction site sequences.
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