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Dear Editor,

With its advantages of simple design and cost-effi-
ciency, the CRISPR/Cas9 technology has been widely 
adapted for genome editing in different species including 
zebrafish [1]. In zebrafish studies, guide RNA (gRNA) 
is usually produced via in vitro transcription followed 
by microinjection with Cas9 mRNA into embryos. The 
vectors currently used for production of gRNA contain 
either a T7 or SP6 promoter in vitro or U6 promoter in 
vivo. Among these, T7 promoter is most popularly used 
due to its high efficiency and, therefore, limits the gRNA 
targeting sites to an optimal “GG-N18-NGG” format [2]. 
This limitation significantly reduces the usable “N20-
NGG” sites for gene editing by CRISPR/Cas9. Csy4 
was first identified as an endoribonuclease that cleaves 
RNA bearing a hairpin sequence to release gRNAs used 
for adaptive immunity in the bacterium Pseudomonas 
aeruginosa [3-5]. Csy4 selectively recognizes a 16-nt 
sequence with exceptionally high affinity and specificity 
[4]. Recently, it was reported that the application of Csy4 
permits multiplex expression of gRNAs bearing any 5′ 
nucleotide in human cells, allowing the use of the U6 
promoter to produce gRNAs without restriction by the 
“5′-G” [6]. It would be useful if such a system could be 
adopted in vivo, especially in zebrafish.

To test Csy4-based gRNA cleavage in zebrafish, we 
first targeted the tyrosinase (tyr) gene, which encodes an 
enzyme that converts tyrosine into melanin. Loss of tyr 
function thus leads to pigmentation defects. We random-
ly selected a tyr gRNA site near the start codon without 
“GG” at the 5′ end. Since gRNA can be transcribed from 
synthetic oligonucleotides efficiently in vitro, we con-
structed a Csy4-gRNA template (Figure 1A) using over-
lap PCR and, thus, omitting the time-consuming cloning 
procedures. We added “5′-GGGAGA-3′” as the T7 core 
promoter sequence in front of the template to increase 
T7 transcription efficiency. Following the T7 promoter 
sequence, the template encodes a Csy4 binding site for 
cleavage of the RNA transcript by Csy4 protein, thereby 
releasing a desirable gRNA (Figure 1A).

First, we co-injected csy4 mRNA, Cas9 mRNA and 
Csy4-gRNA into zebrafish embryos to target tyr. Unex-
pectedly, we found that all injected embryos exhibited 
severe malformation at about 18 h post fertilization. This 
was confirmed to be caused by Csy4 as injection of csy4 
mRNA or Csy4 protein alone resulted in the same pheno-
type (Supplementary information, Figure S1A). Since no 
endogenous Csy4 targeting sequences are identified in its 
genome, why this occurs in zebrafish will be an interest-
ing subject for future studies.

To overcome this problem, we purified recombinant 
Csy4 protein using Escherichia coli expression (Sup-
plementary information, Figure S1B). After incubation 
of Csy4 protein with the transcript containing the tyr 
targeting site from Csy4-gRNA template, we obtained 
abundant tyr gRNA (Supplementary information, Figure 
S1C). Injection of the tyr gRNA with Cas9 mRNA result-
ed in pigmentation reduction in nearly all of the injected 
embryos, with some completely lacking pigmentation 
(Figure 1B). Sequencing analyses also confirmed multi-
ple insertions/deletions (indels) at the targeted site (Figure 
1C). This suggests that the gRNA excised by Csy4 pro-
tein functions efficiently for gene targeting in zebrafish.

Next we investigated whether this strategy could be 
applied to target multiple genes including EGFP, urod 
and mib. Considering mutations in N-terminal region 
should be more efficient in inducing loss of function, we 
randomly selected “N20-NGG” sites near the translation-
al initiation codon. Using the Csy4-gRNA template, we 
obtained pre-RNAs for all selected sites and produced 
the corresponding gRNAs by incubation with Csy4 pro-
tein. For the EGFP, we injected Cas9/gRNA into the tg 
(mylpfa:EGFP) transgenic fish, where muscle cells are 
labeled by EGFP. Complete or partial loss of EGFP ex-
pression was observed in the injected embryos (Figure 
1D). UROD is a heme biosynthesis enzyme and zebraf-
ish urod mutant exhibits fluorescent erythrocytes [7]. We 
observed the same phenotype after injection of the gRNA 
for urod (Figure 1E). Mind bomb (mib) gene encodes 
an E3 ubiquitin ligase, a component of Notch signaling 
[8]. Disrupting mib by our Cas9/gRNA led to the same 
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phenotype as the mib mutant, including smaller heads/
eyes and curved bodies (Figure 1F). T7E1 mutagenesis 
assay and sequencing confirmed effective indels of genes 
induced by these gRNAs generated from “N20-NGG” 
sites (Supplementary information, Figure S2). Since the 
“N20-NGG” format enables easier selection of gRNAs 
targeting N-termini of protein, it is conceivable that gene 
functions could be studied in F0 generation by using the 
approach described here.

For gene targeting, it is highly desirable to be able to 
edit a specific site based on naturally occurring muta-
tions. This would facilitate homologous recombination 
directed editing for mutation correction or creation in 
animal models. The human mutation in SUSD4 gene is 
apparently linked to a complicated group of diseases in-
cluding diabetes, pain and neurodegeneration. One muta-
tion variant is found at codon 778 from C to A, changing 
amino acid from Pro260 to Thr260. This mutation was 
identified by the NIH Undiagnosed Disease Program 
(http://rarediseases.info.nih.gov/research/pages/27/undi-
agnosed-diseases-program) through patient-specific ge-
nomic sequencing for mutations associated with rare and 
undiagnosed diseases. SUSD4 is highly conserved and 
protein sequences near Pro260 are identical between the 
human and zebrafish gene. Previous reports demonstrat-
ed that single-stranded DNA (ssDNA) could be an effec-
tive donor for homology-directed repair-based genome 
editing coupled with CRISPR-induced double-strand 
breaks (DSBs) in zebrafish embryos [9-10]. To introduce 
the same point mutation into zebrafish genome using this 
method, we needed to induce DNA DSBs precisely at 
the location of the genome corresponding to Pro260. In 
this case, there would be no gRNA sites near the desired 
targeting locus if the “GG-N18-NGG” or “G-N19-NGG” 
format is used. As shown in Supplementary Figure S3A, 
we were able to identify two functional gRNAs over-
lapping the locus of Pro260 by our strategy and one of 
them showed over 70% efficiency of generating indels. 
After co-injection of an ssDNA oligonucleotide and this 

Figure 1 Overview of the Csy4 cleavage system and analysis of injected F0 founders. (A) Schematic illustration of Csy4-mediated 
pre-gRNA cleavage. Pre-gRNA with a target-binding site (N20) was transcribed by T7 RNA polymerase and then incubated with Csy4 
protein (green) in vitro. A final gRNA product without GG-limitation was released. (B) Lateral views of wild-type (WT) and tyr-targeted 
embryos at 2 dpf. Tyr-targeted embryos showed different degrees of hypopigmentation. (C) WT sequence and sequences showing 
indels derived from tyr gRNA/Cas9 injected founders. Blue color represents target sequence of tyr; red color indicates PAM region; “-” 
indicates deletion; green color indicates mutations. The number in brackets represents the times of the identified mutant allele. (D-F) 
Analysis of gRNAs generated by Csy4 targeting selected sites without “GG” at the 5′ end. Lateral views of WT (top, Ctl), EGFP, urod 
and mib-targeted embryos (lower panels). Scale bar = 300 µm. (G) Targeting efficiency analyzed by T7EI assays. Ctl: the PCR sam-
ple not treated; WT: the uninjected group; G-tyr: one G nucleotide added at 5’ end of tyr gRNA; GG-tyr: two G nucleotides added at 5′ 
end of the tyr gRNA; g-tyr: the first “C” nucleotide was changed to “G”; gg-tyr: the initial “CT” nucleotides were changed to “GG”. Note 
that tyr gRNA produced over 90% DNA with indels whereas mismatched tyr gRNAs only induced 26%-41% indels. Scale bar = 300 
µm. (H) Statistic analysis of efficiency of different tyr gRNAs. Injected embryos showing < 10 pigmented melanophores were consid-
ered as unpigmented.

gRNA/Cas9, 3 out of 16 randomly selected F0 embryos 
had the correct single-base change resulting in a point 
mutation of Pro260 to Thr260 (Supplementary informa-
tion, Figure S3B).

Previous studies have shown that gRNAs could tol-
erate 2-nt mismatches at their 5′ end [11]. Nonetheless, 
a recent report suggests that any mismatch to the 5′-GG 
could reduce gRNA efficiency [12]. We also investigated 
this issue by designing mismatched gRNAs targeting 
the tyr site and found that efficiency of the mismatched 
gRNAs was notably lower than that produced by Csy4 
cleavage (26%-41% vs 90% indels, Figure 1G and 1H). 
Similarly, mismatched gRNAs reduced mutagenesis effi-
ciency for the sites of urod and mib (5%-13% vs 80% in-
dels for urod, 25%-39% vs 55% indels for mib, Supple-
mentary information, Figure S4A and S4B). This finding 
is consistent with result from a recent large-scale study 
of 162 loci showing that CRISPR targets with a mis-
matched “G” at the 5′ end have a significantly lower rate 
of mutagenesis than those with a native G (the median 
frequency being 20% compared to 67% for the gRNAs 
with a GG match at the 5′ end) [13]. Overall, these stud-
ies support that any change at the 5′ end indeed reduces 
the gRNA targeting efficiency.

In conclusion, we have developed a procedure that 
uses Csy4 protein to efficiently synthesize gRNA. This 
method enables synthesis of gRNAs in an “N20-NGG” 
format and theoretically extends the targeting range to 1 
in every 8 bps. This system should significantly expand 
the utility of the CRISPR/Cas9 technology in zebrafish 
and other models requiring injection of in vitro tran-
scribed gRNAs.
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