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Over recent decades, zebrafish has been established as a sophisticated vertebratemodel

for studying human ocular diseases due to its high fecundity, short generation time and

genetic tractability. With the invention of morpholino (MO) technology, it became possible

to study the genetic basis and relevant genes of ocular diseases in vivo. Many genes

have been shown to be related to ocular diseases. However, the issue of specificity is

the major concern in defining gene functions with MO technology. The emergence of the

first- and second-generation genetic modification tools zinc-finger nucleases (ZFNs) and

TAL effector nucleases (TALENs), respectively, eliminated the potential phenotypic risk

induced by MOs. Nevertheless, the efficiency of these nucleases remained relatively low

until the third technique, the clustered regularly interspersed short palindromic repeats

(CRISPR)/CRISPR-associated protein 9 (Cas9) system, was discovered. This review

highlights the application of multiple genome engineering techniques, especially the

CRISPR/Cas9 system, in the study of human ocular diseases in zebrafish.
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INTRODUCTION

Zebrafish, a fresh water teleost fish, has been used in genetic studies due to advantages in genetic
modification, reproduction and developmental duration (Patton and Zon, 2001). This tiny fish
displays three distinct eye traits. First, the eyeball of zebrafish larva is very large relative to its overall
size (Goldsmith, 2001). Second, the eye develops quite rapidly after fertilization in water. It can
respond to light by 72 h postfertilization (hpf), as the retina at this time point already resembles that
in the adult stage (Lieschke and Currie, 2007). Third, the ocular structure of this fish is anatomically
similar to that of humans (Link and Collery, 2015). The zebrafish optic lumina forms by 14 hpf,
and then, the optic vesicle undergoes a similar series of morphogenetic movements between 16
and 20 hpf as in humans (Richardson et al., 2017). Compared to the human retina, the mature
zebrafish retina is composed of three nuclear layers, two plexiform layers and all of the main retinal
cell types, including photoreceptor cells, horizontal cells, bipolar cells, amacrine cells, Müller glial
cells and ganglion cells (Richardson et al., 2017). In addition, 70% of human genes have at least
one ortholog in zebrafish, making zebrafish very genetically tractable (Richardson et al., 2017). The
aforementioned traits enable a widespread investigation of human ocular diseases in this vertebrate
model.
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Diverse genome editing technologies, such as zinc-finger
nucleases (ZFNs), TAL effector nucleases (TALENs) and the
clustered regularly interspersed short palindromic repeats
(CRISPR)/CRISPR-associated protein 9 (Cas9) system, have
emerged to address the demand for genomic modification
in zebrafish (Woong et al., 2013). These genome editing
technologies are based on engineered endonucleases that enable
the induction of targeted DNA double-strand breaks (DSBs) at
specific sites. Once DNADSBs occur, the cleavedDNA is repaired
by nonhomologous end joining (NHEJ) or homology-directed
repair (HDR). Because of the high DNA cutting efficiency and
flexibility of CRISPR/Cas9 compared to other reverse genetic
approaches, as described in Figure 1, the CRISPR/Cas9 approach
is more widely used to modify endogenous genes in a wide range
of cell lines and living organisms. This review will focus on
the most frequently used genetic modification tools, including
morpholinos (MOs), ZFNs, TALENs and CRISPR/Cas9, and
their roles in studying human ocular diseases in zebrafish.

MO-MEDIATED KNOCKDOWN APPROACH
IN STUDYING OCULAR DISEASES IN
ZEBRAFISH

In 1977, Summerton and colleagues developed a powerful reverse
genetic approach using MOs to block the translation process of
particular mRNA or to interfere with the mRNA splicing process
(Summerton and Weller, 1997; Summerton, 1999). Utilizing
this convenient reverse genetic technique, embryologists and
ophthalmologists have isolated many genes that are related
to ocular diseases over recent decades. For example, Joubert
syndrome (JBTS) is a type of human diseases associated with
numerous ciliopathic defects, and patients display retinopathy,
ataxia and cognitive impairment (Sayer et al., 1999; Valente
et al., 1999). By combining the MO knockdown technique
with the fast-developing zebrafish, researchers have identified a
dozen genes associated with JBTS. JBTS-causing genes, including
AHI (Elsayed et al., 2015), CC2D2A (Bachmann-Gagescu et al.,
2011, 2015), CEP290 (Baye et al., 2011), CSPP1 (Tuz et al., 2014),
INPP5E (Luo et al., 2012; Xu et al., 2017), PDE6D (Thomas S.
et al., 2014), and POC1B (Roosing et al., 2014; Zhang et al., 2015),
have been verified in zebrafish models. Specifically, knocking
down inpp5e by MOs lead to microphthalmia, pronephros
cysts and pericardial effusion in zebrafish. A mechanistic study
revealed that this gene functions as a key regulator of cell polarity
by interacting with PtdIns(3,4,5)P3, PtdIns(4,5)P2, and Ezrin
(Luo et al., 2012; Xu et al., 2017). This molecular process is
critical for cilia formation and thus affects ocular development. In
addition, controlling the expression of another cilia-related gene,
poc1b, with MO knockdown resulted in similar photoreceptor
sensory cilium defects as those observed in the inpp5e morphant
(Roosing et al., 2014; Zhang et al., 2015). The MO knockdown
technique has underpinned the initial growth of gene discovery,
which was valuable for human ocular disease studies in zebrafish.

With the expansion of this reverse genetic approach,
researchers began to worry about the specificity of this technique.
Although not all types of methods were covered, the following

two types of treatments could reduce the potential off-target
effects in zebrafish MO studies (Nasevicius and Ekker, 2000).
One method is the coinjection of several MO oligos to
lower or eliminate dose-dependent off-target RNA interactions.
The other method is performing mRNA rescue experiments.
However, in 2014, Law and Sargent claimed that the pak4 MO-
induced morphant could not be recapitulated in the mutant
generated by TALENs, which was also corroborated by robust
RNA rescue experiments (Law and Sargent, 2014). In the next
year, Kok FO et al. observed that among the twenty specific
mutants, only a small proportion of candidate genes recapitulated
published MO-induced morphants (Kok et al., 2015). Similarly,
Shmukler et al. described that unlike the MO-induced morphant,
the piezo1 knockout model was not associated with anemia
in zebrafish (Shmukler et al., 2015). Again, researchers found
inconsistent phenotypic consequences between two zebrafish
models generated by MOs and TALENs when studying klf2a,
egfl7, tmem88a, and atoh8 genes (Novodvorsky et al., 2015; Rossi
et al., 2015; Eve et al., 2017; Place and Smith, 2017). There are
many explanations for these discrepancies, including knockdown
reagent toxicity, off-target effects and transcriptional adaptation
and/or genetic compensation in mutants (Rossi et al., 2015; El-
Brolosy and Stainier, 2017; Joris et al., 2017). Regarding the poor
correlation between some mutants and morphants, confirmation
of the observed phenotypes by the use of a nuclease-induced
mutant strain may be a more reliable way to affirm the morphant
phenotypes.

UTILIZING THE FIRST TWO GENOMIC
MODIFICATION TOOLS, ZFNS AND
TALENS, TO SURVEY OCULAR DISEASES
IN ZEBRAFISH

As reverse genetic approaches have become popular, particularly
programmable site-specific nucleases, more studies have utilized
these approaches in zebrafish. ZFNs are the first engineered
nucleases that were broadly used for DNA manipulation
(Bibikova et al., 2003). Two groups took the lead in making
ZFNs that could introduce heritable mutations into the
zebrafish genome (Doyon et al., 2008; Meng et al., 2008).
Both groups disrupted “proof-of-principle” loci with ZFN
technology. Doyon et al. injected gol-targeted ZFN-encoding
mRNA into one-cell embryos and then detected somatically
inducedmutations. Although golb1 heterozygotes exhibit normal
dark eye pigmentation as normal, the authors observed clones of
unpigmented cells in the eye, as expected. Subsequently, another
group created clrn1 mutants using ZFNs (Gopal et al., 2015).
Mutation in the clrn1 gene caused Usher syndrome type III,
which is characterized by the progressive loss of vision and
hearing in patients. These findings suggested that ZFNs could
be employed to induce gene expression in zebrafish for further
mechanistic studies of eye phenotypes.

However, although ZFNs have been optimized over decades
(Miller et al., 2007; Foley et al., 2009), this method still lacks
flexibility and efficiency in generating mutants. An alternative,
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FIGURE 1 | Outline of the developing utilities in zebrafish disease modeling. Key technological developments in zebrafish research are shown in the above timeline.

Comparisons of ZFNs, TALENs and the CRISPR/Cas9 system are described below.

efficient method for direct genomic manipulation was thus
required.

TALENs, the newly developed engineered nuclease, can
be more easily engineered than ZFNs (Bedell et al., 2012)
(Figure 1; Table 1). Using this new technology, researchers
have found strong evidence of a link between ocular diseases
and target genes, such as MAB21L2, EFTUD2, PITX2, AHI1
and B3GLCT (Deml et al., 2015a,b; Lessieur et al., 2017;
Weh et al., 2017; Hendee et al., 2018). The capability of
TALENs to quickly and efficiently alter genes helped extend

and confirm the results obtained in zebrafish using MOs. For
example, lens abnormalities observed in the TALEN-based αA-
crystallin knockout zebrafish line provided strong evidence of the
conservation and importance of α-crystallin in lens development
(Zou et al., 2015). Lewis TR et al. used TALENs to generate
an independent TALEN-mediated allele, osm-3/kif17mw405. The
new line of zebrafish successfully displayed abnormal ocular
phenotypes, such as outer segment developmental delay in
both size and density, but failed to validate OS morphogenesis
in osm-3/kif17 morphants (Lewis et al., 2017). However,
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TABLE 1 | Optimization of the CRISPR/Cas9 system.

Cas9 orthologs Advantages Application in zebrafish References

SpCas9 VQR Altered PAM specificity (NGAN and NGCG

PAMs)

Broaden the targeting range of SpCas9 in

zebrafish embryos

Kleinstiver et al., 2015

SpCas9 EQR Altered PAM specificity (NGAG PAMs) Kleinstiver et al., 2015

SpCas9 VRER Altered PAM specificity (NGCG PAM) Kleinstiver et al., 2015

zCas9 Zebrafish codon-optimized Cas9 protein A CRISPR/Cas9-meditated intron-targeting

knock-in strategy

Li et al., 2015

SaCas9 Smaller-size protein (1,053 amino acids, 3.16

kbp)

Kleinstiver et al., 2015

CjCas9 Smaller-size protein (984 amino acids, 2.95

kbp)

Kim et al., 2017

Cas9n Produce single-strand nicks at target sites A programmable, efficient single-base editing

system

Zhang et al., 2017

Cpf1 Produce sticky ends at target sites Increase homology-directed repair and

mutagenesis efficiency in the zebrafish genome

Moreno-Mateos et al., 2017

xCas9 Altered PAM specificity (NG,GAA and GAT

PAMs)

Hu et al., 2018

VQR, D1135V/R1335Q/T1337R; EQR, D1135E/R1335Q/T1337R; VRER, D1135V/G1218R/R1335E/T1337R.

both ZFNs and TALENs have shortcomings, including a low
transmission efficiency, long technology adoption time and high
cost (Figure 1).

EFFICIENT CRISPR/CAS9-MEDIATED
GENE EDITING IN ZEBRAFISH MODELS
OF HUMAN OCULAR DISEASES

The efficiency and specificity of the CRISPR/Cas9 system
compared to traditional chemical-induced mutagenesis
techniques makes it the preferred method. Here, we discuss the
most recent achievements in human ocular disease modeling
with the CRISPR/Cas9 system in zebrafish.

Leber congenital amaurosis (LCA) is a leading cause of
early-onset blindness in children, and CCT2 is one of the
eight encoded proteins of chaperonin containing T-complex
protein-1 (CCT). In a recent publication, Minegishi Y et al.
introduced a tiny in-frame deletion mutation in the cct2 gene
with CRISPR/Cas9 (Minegishi et al., 2018). CCT2-L394H-7del
mutants displayed small eyes with reduced pigmentation and
could be specifically rescued by CCT2 RNA injection. This
genotype-phenotype consistency and phenotypic details could
not be achieved in previous works by chemical mutagenesis due
to its uncontrollability (Golling et al., 2002).

Microphthalmia is a type of eye malformation with a total
axial length at least two standard deviations below that of
the population age-adjusted mean (<21mm in the adult)
(Weiss et al., 1989; Verma and Fitzpatrick, 2007). More than
20 genes have been implicated in microphthalmia, including
SOX2 and SMCHD1 (Chassaing et al., 2016; Shaw et al.,
2017; Huang et al., 2018). Among these genes, SOX2 is
the most frequent culprit gene accounting for a minority
(10–15%) of the genetic drivers. Recently, Nicolas Chassaing
et al. reported significant enrichment of PTCH1 variants,

thereby extending the SOX2 regulatory network (Chassaing
et al., 2016). Their CRISPR/Cas9-mediated knockout zebrafish
successfully displayed reduced eye size resembling that in
patients, while the first-generation morphants failed to display
this phenotype.

The CRISPR/Cas9 system can not only help reveal missing
phenotypes in MO-mediated experiments but also eliminate
the irrelevant phenotypes caused by potential off-target effects.
B-crystallin, a small heat shock protein, was considered to
be associated with severe muscle dystrophy in previous work
using MO-mediated knockdown zebrafish (Bührdel et al.,
2015). However, CRISPR/Cas9-mediated B-crystallin knockout
zebrafish exhibited lens abnormalities and hypersusceptibility to
pericardial edema under stress but not severe muscle phenotypes
(Mishra et al., 2018).

Apart from isolated microphthalmia, Bosma arhinia
microphthalmia syndrome (BAM) is a rare developmental
malformation lead to an absent nose and microphthalmia.
As there were multiple relevant phenotypes, the off-target
effects had to be considered. Therefore, Natalie D Shaw et al.
used CRISPR/Cas9-edited smchd1 knockout zebrafish as
well as knockout mice to verify the MO knockdown results
(Shaw et al., 2017). The knockout zebrafish successfully
recapitulated the phenotypes displayed by the morphants,
including defects of the ethmoid plate, terminal nerve and eye
size. In other words, CRISPR/Cas9 systems provide double
assurance in function identification. Interestingly, knockout
mice in this study failed to display a craniofacial phenotype,
raising another issue about genetic background in disease
modeling.

Due to different genetic backgrounds, it is quite common to
find inconsistent phenotypes despite manipulation of the same
gene between species. For example, mutations in membrane
frizzled-related protein (MFRP) have been found to be associated
with microphthalmia, but previous studies on mfrp mutant
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mice did not show this phenotype. However, when Collery
RF et al introduced stop codons in the zebrafish mfrp
gene with the CRISPR/Cas9 system, the knockout zebrafish
successfully mimicked patient phenotypes (Collery et al., 2016).
The simplicity and convenience of the CRISPR/Cas9 system
cannot be achieved by ZFNs nor TALENs due to their tedious
construction system (Schierling et al., 2012; Gaj et al., 2013;
Xiang et al., 2017). With the CRISPR/Cas9 system, researchers
can easily achieve single ormultiple genemanipulation regardless
of species, thus solving the problem of different genetic
backgrounds.

EXPANSION OF THE APPLICATION OF
THE CRISPR/CAS9 SYSTEM IN
ZEBRAFISH STUDIES

In addition to the simple knockout strategy with the
CRISPR/Cas9 system, there are further uses of this technology,
such as the conditional knockout strategy and knock-in strategy.
First, a conditional knockout strategy is developed via various
methods, such as optimization of the CRISPR-based vector
system with a tissue-specific promoter driving Cas9 expression
(Ablain et al., 2015) and combining the CRISPR/Cas9 system
with the Gal4/UAS binary system (Di Donato et al., 2016)
or Cre/loxP system (Liu et al., 2017; Kesavan et al., 2018).
Gokul Kesavan et al. generated zebrafish lines by inserting a
codon-optimized CreERT2 transgene at the otx2 gene locus, and
this manipulation led to efficient recombination (Kesavan et al.,
2018).

Second, the knock-in strategy with the CRISPR/Cas9 system
also works smoothly. For example, with homology-independent
DNA repair, Thomas O. Auer et al. showed the high efficiency
of CRISPR/Cas9-mediated knock-in of >5.7-kb-long DNA
cassettes into zebrafish (Auer et al., 2014). Moreover, in 2015, Li
et al. used the CRISPR/Cas9 system to introduce intron targeting-
mediated EGFP knock-in at the zebrafish tyrosine hydroxylase
locus (Li et al., 2015).

Last, using the CRISPR/Cas9 system combined with a blue-
light-activated EL222 system (the modified EL222 system),
researchers designed an optogenetic gene expression system
optimized for a large range of induction and fine spatial precision
with low toxicity in zebrafish (Reade et al., 2017). Furthermore,
Yukiko Kimura et al. generated transgenic zebrafish that had
cell-type-specific Gal4 or reporter gene expression (Kimura
et al., 2014). It is therefore possible that there are additional
potential applications of the CRISPR/Cas9 system worth
investigating.

OPTIMIZATION OF THE CRISPR-CAS9
SYSTEM IN ZEBRAFISH GENOME EDITING

In addition to successful mutant modeling, seeking more
reliable methods to identify CRISPR/Cas9-induced mutants
and detect mutation frequency is crucial for further
study of gene function. The traditional methods include
polymerase chain reaction (PCR)/restriction enzyme

(RE) assay, T7 endonuclease I (T7EI) assay, Surveyor
nuclease assay, PAGE-based genotyping assay, and high-
resolution melting (HRM) analysis-based assay (Thomas
H. R. et al., 2014; Zhu et al., 2014). In 2017, Yufeng Hua
et al. developed a new, efficient method called annealing
at critical temperature PCR (ACT-PCR), which enabled
novel mutant identification and efficient confirmation of
CRISPR/Cas9-mediated gene editing in zebrafish (Hua et al.,
2017).

However, the following two issues cannot be avoided with
the sophisticated CRISPR/Cas9 system: genome editing efficiency
and off-target rates. In recent years, researchers have developed
two main strategies, including modifying the Cas9 protein and
finding Cas9 orthologs to tackle these issues.

First, Cas9n was generated as an alternative to the Cas9
RNA-guided nuclease. This nickase, with one sgRNA, is
capable of introducing single-strand nick rather than DSBs
(Table 1). Cas9n, with two different sgRNAs, can mediate
highly specific genome editing and reduce potential off-
target mutagenesis by wild-type Cas9 (Jinek et al., 2012;
Trevino and Zhang, 2014). Using cytidine deaminase fused to
Cas9 nickase, Zhang et al. revealed a programmable, highly
efficient single-base editing system in zebrafish, remarkably
increasing the precision of genome editing (Zhang et al.,
2017).

Second, three smaller-size Cas9 orthologs, Streptococcus
thermophilus Cas9 (St1Cas9), Staphylococcus aureus Cas9
(SaCas9) and Campylobacter jejuni (CjCas9), were also shown
to be efficient (Kleinstiver et al., 2015; Kim et al., 2017)
(Table 1). The results suggested that Cas9s from other species
could improve protospacer adjacent motif (PAM) specificity,
thereby broadening the use of the CRISPR system (Kleinstiver
et al., 2015). Subsequently, Zhang et al. found another single
RNA-guided endonuclease, Cpf1 protein, that could produce
sticky ends at the target site (Zetsche et al., 2015) (Table 1).
The gene targeting rates using Cpf1 in mice can reach or
even exceed Cas9-targeting rates. With further knowledge
of Cpf1, the authors showed that LbCpf1 activity combined
with optimized single-stranded DNA (ssDNA) donors could
markedly increase HDR and efficiently mutagenize the genomes
of zebrafish (Moreno-Mateos et al., 2017). To further eliminate
the restriction of PAM, Hu et al. used phage-assisted continuous
evolution (PACE) to develop an SpCas9 variant (xCas9) with
a wide range of PAM sequences, including NG, GAA, and
GAT, that could significantly improve current approaches for
genome editing. However, the mechanism of xCas9 is poorly
understood, which indicates that the application of xCas9 in
zebrafish genome engineering still requires exploration (Hu et al.,
2018).

In addition, there are several other approaches to increase
the efficiency of genome editing and reduce off-target rates,
such as improved design tools for single guide RNA sequences
(Moreno-Mateos et al., 2015; Prykhozhij et al., 2015; Haeussler
et al., 2016) and high-throughput functional genomics workflows
(Varshney et al., 2016). Additionally, Kelly A. Smith et al. found
that single nucleotide polymorphisms (SNPs) within the target
site insulate genome editing. This feature can be further exploited
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to increase the efficiency of cis genome editing in the zebrafish
model (Capon et al., 2017). In addition, Xie et al. reported
a method based on prior microinjection of zebrafish oocytes
and in vitro fertilization (IVF) to improve the efficiency of
genome editing and germline transmission in zebrafish (Xie et al.,
2016).

PERSPECTIVE

Zebrafish provide notable advantages in studying ocular diseases
due to their large eye-body ratio, genetic tractability, external
fertilization, and rapid development of the visual system.
Strikingly, zebrafish have two tremendous advantages over other
animal models. One is that zebrafish have a characteristic
cone-dominated retina, which is more similar to humans than
mouse (Bilotta et al., 2001). The zebrafish retina also possesses
a strong ability to regenerate lost neurons via Müller glia
cell regeneration after injury (Meyers et al., 2012). Further
studies utilizing these two features in zebrafish can provide
a novel perspective of genetic diagnosis and mechanistic
studies in human ocular-related diseases and may provide
unanticipated opportunities for therapy. Despite the limitations
of applying a smaller CRISPR/Cas9 system in zebrafish-based
disease treatment, this method can help us both understand the
disease mechanism and explore the possibility of regenerating
neurons in ocular tissues (Ge et al., 2014; Zhang et al., 2016;
Leung et al., 2018). Overall, with the new CRISPR/Cas9 system,
researchers have versatile genetic modification tools to both

edit genes and regulate their expression networks with ease.
Without doubt, the application of CRISPR-Cas9 gene editing
in zebrafish can play a robust role in human ocular disease
therapy.

AUTHOR CONTRIBUTIONS

S-SZ, R-YH, and LX contributed equally to this review.
S-SZ wrote utilizing the first two genomic modification tools,
ZFNs and TALENs, to survey ocular diseases in zebrafish
and the CRISPR-Cas9 system in zebrafish genome editing
and its optimizations sections. R-YH wrote CRISPR/Cas9-
mediated gene editing in zebrafish models of human ocular
diseases and perspective sections. LX wrote abstract and
Morpholino-mediated knockdown approach in studying ocular
diseases in zebrafish sections. Y-YZ wrote introduction section.
Z-BJ constructed and revised the full minireview.

FUNDING

This work was supported by the National Key R&D Program of
China (2017YFA0105300), National Natural Science Foundation
of China (81522014), Zhejiang Provincial Natural Science
Foundation of China (LD18H120001LD), Zhejiang Provincial
Key Research and Development Program (2015C03029),
Wenzhou Science and Technology Innovation Team Project
(C20150004), Ministry of Education 111 project (D16011).

REFERENCES

Ablain, J., Durand, E. M., Yang, S., Zhou, Y., and Zon, L. I. (2015). A CRISPR/Cas9

vector system for tissue-specific gene disruption in zebrafish. Dev. Cell. 32,

756–764. doi: 10.1016/j.devcel.2015.01.032

Auer, T. O., Duroure, K., De Cian, A., Concordet, J. P., and Del Bene, F. (2014).

Highly efficient CRISPR/Cas9-mediated knock-in in zebrafish by homology-

independent DNA repair.Genome Res. 24, 142–153. doi: 10.1101/gr.161638.113

Bachmann-Gagescu, R., Dona, M., Hetterschijt, L., Tonnaer, E., Peters, T., de

Vrieze, E., et al. (2015). The ciliopathy protein CC2D2A associates with NINL

and functions in RAB8-MICAL3-regulated vesicle trafficking. PLoS Genet.

11:e1005575. doi: 10.1371/journal.pgen.1005575

Bachmann-Gagescu, R., Phelps, I. G., Stearns, G., Link, B. A., Brockerhoff, S.

E., Moens, C. B., et al. (2011). The ciliopathy gene cc2d2a controls zebrafish

photoreceptor outer segment development through a role in Rab8-dependent

vesicle trafficking. Hum. Mol. Genet. 20, 4041–4055. doi: 10.1093/hmg/ddr332

Baye, L. M., Patrinostro, X., Swaminathan, S., Beck, J. S., Zhang, Y., Stone, E.

M., et al. (2011). The N-terminal region of centrosomal protein 290 (CEP290)

restores vision in a zebrafish model of human blindness. Hum. Mol. Genet. 20,

1467–1477. doi: 10.1093/hmg/ddr025

Bedell, V. M., Wang, Y., Campbell, J. M., Poshusta, T. L., Starker, C. G., Krug, R. G.

II., et al. (2012). In vivo genome editing using a high-efficiency TALEN system.

Nature 491, 114–118. doi: 10.1038/nature11537

Bibikova, M., Beumer, K., Trautman, J. K., and Carroll, D. (2003). Enhancing

gene targeting with designed zinc finger nucleases. Science 300:764.

doi: 10.1126/science.1079512

Bilotta, J., Saszik, S., and Sutherland, S. E. (2001). Rod contributions to the

electroretinogram of the dark-adapted developing zebrafish. Dev. Dyn. 222,

564–570. doi: 10.1002/dvdy.1188

Bührdel, J. B., Hirth, S., Kessler, M., Westphal, S., Forster, M., Manta, L.,

et al. (2015). In vivo characterization of human myofibrillar myopathy

genes in zebrafish. Biochem. Biophys. Res. Commun. 461, 217–223.

doi: 10.1016/j.bbrc.2015.03.149

Capon, S. J., Baillie, G. J., Bower, N. I., da Silva, J. A., Paterson, S., Hogan, B. M.,

et al. (2017). Utilising polymorphisms to achieve allele-specific genome editing

in zebrafish. Biol. Open 6, 125–131. doi: 10.1242/bio.020974

Chassaing, N., Davis, E. E., McKnight, K. L., Niederriter, A. R., Causse, A., David,

V., et al. (2016). Targeted resequencing identifies PTCH1 as amajor contributor

to ocular developmental anomalies and extends the SOX2 regulatory network.

Genome Res. 26, 474–485. doi: 10.1101/gr.196048.115

Collery, R. F., Volberding, P. J., Bostrom, J. R., Link, B. A., and Besharse, J.

C. (2016). Loss of zebrafish Mfrp causes nanophthal- mia, hyperopia, and

accumulation of subretinal macrophages. Invest. Ophthalmol. Vis. Sci. 57,

6805–6814. doi: 10.1167/iovs.16-19593

Deml, B., Kariminejad, A., Borujerdi, R. H., Muheisen, S., Reis, L. M., and Semina,

E. V. (2015a). Mutations in MAB21L2 result in ocular Coloboma, microcornea

and cataracts. PLoS Genet. 11:e1005002. doi: 10.1371/journal.pgen.1005002

Deml, B., Reis, L. M., Muheisen, S., Bick, D., and Semina, E. V. (2015b).

EFTUD2 deficiency in vertebrates: identification of a novel human mutation

and generation of a zebrafish model. Birth Defects Res. A Clin. Mol. Teratol.

103, 630–640. doi: 10.102/bdra.23397

Di Donato, V., De Santis, F., Auer, T. O., Testa, N., Sánchez-Iranzo, H., Mercader,

N., et al. (2016). 2C-Cas9: a versatile tool for clonal analysis of gene function.

Genome Res. 26, 681–692. doi: 10.1101/gr.196170.115

Doyon, Y., McCammon, J. M., Miller, J. C., Faraji, F., Ngo, C., Katibah, G. E.,

et al. (2008). Heritable targeted gene disruption in zebrafish using designed

zincfinger nucleases. Nat. Biotechnol. 26, 702–708. doi: 10.1038/nbt1409

El-Brolosy, M. A., and Stainier, D. Y. R. (2017). Genetic compensation:

a phenomenon in search of mechanisms. PLoS Genet. 13:e1006780.

doi: 10.1371/journal.pgen.1006780

Elsayed, S. M., Phillips, J. B., Heller, R., Thoenes, M., Elsobky, E., Nürnberg,

G., et al. (2015). Non-manifesting AHI1 truncations indicate localized

Frontiers in Cell and Developmental Biology | www.frontiersin.org 6 July 2018 | Volume 6 | Article 75

https://doi.org/10.1016/j.devcel.2015.01.032
https://doi.org/10.1101/gr.161638.113
https://doi.org/10.1371/journal.pgen.1005575
https://doi.org/10.1093/hmg/ddr332
https://doi.org/10.1093/hmg/ddr025
https://doi.org/10.1038/nature11537
https://doi.org/10.1126/science.1079512
https://doi.org/10.1002/dvdy.1188
https://doi.org/10.1016/j.bbrc.2015.03.149
https://doi.org/10.1242/bio.020974
https://doi.org/10.1101/gr.196048.115
https://doi.org/10.1167/iovs.16-19593
https://doi.org/10.1371/journal.pgen.1005002
https://doi.org/10.102/bdra.23397
https://doi.org/10.1101/gr.196170.115
https://doi.org/10.1038/nbt1409
https://doi.org/10.1371/journal.pgen.1006780
https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles


Zheng et al. CRISPR/Cas9 in Zebrafish Ocular Diseases

loss-of-function tolerance in a severe Mendelian disease gene. Hum. Mol.

Genet. 24, 2594–2603. doi: 10.1093/hmg/ddv022

Eve, A. M., Place, E. S., and Smith, J. C. (2017). Comparison of Zebrafish tmem88a

mutant and morpholino knockdown phenotypes. PLoS ONE 12:e0172227.

doi: 10.1371/journal.pone.0172227

Foley, J. E., Yeh, J. R., Maeder, M. L., Reyon, D., Sander, J. D., Peterson, R.

T., et al. (2009). Rapid mutation of endogenous zebrafish genes using zinc

finger nucleases made by Oligomerized Pool ENgineering (OPEN). PLoS ONE

4:e4348. doi: 10.1371/journal.pone.0004348

Gaj, T., Gersbach, C. A., and Barbas, C. F. (2013). ZFN, TALEN, and CRISPR/Cas-

based methods for genome engineering. Trends Biotechnol. 31, 397–405.

doi: 10.1016/j.tibtech.2013.04.004

Ge, X. L., Zhang, Y., Wu, Y., Lv, J., Zhang, W., Jin, Z. B., et al. (2014). Identification

of a novel GJA8 (Cx50) point mutation causes human dominant congenital

cataracts. Sci. Rep. 4:4121. doi: 10.1038/srep04121

Goldsmith, P. (2001). Modelling eye diseases in zebrafish. Neuroreport. 12,

A73–A77. doi: 10.1097/00001756-200109170-00001

Golling, G., Amsterdam, A., Sun, Z., Antonelli, M., Maldonado, E., Chen, W., et al.

(2002). Insertional mutagenesis in zebrafish rapidly identifies genes essential

for early vertebrate development. Nat. Genet. 31, 135–140. doi: 10.1038/

ng896

Gopal, S. R., Chen, D. H., Chou, S.W., Zang, J., Neuhauss, S. C., Stepanyan, R., et al.

(2015). Zebrafish models for the mechanosensory hair cell dysfunction in usher

syndrome 3 reveal that clarin-1 is an essential hair bundle protein. J. Neurosci.

35, 10188–10201. doi: 10.1523/JNEUROSCI.1096-15.2015

Haeussler, M., Schönig, K., Eckert, H., Eschstruth, A., Miann,é J., Renaud, J. B.,

et al. (2016). Evaluation of off-target and on-target scoring algorithms and

integration into the guide RNA selection tool CRISPR. Genome Biol. 17:148.

doi: 10.1186/s13059-016-1012-2

Hendee, K. E., Sorokina, E. A., Muheisen, S. S., Reis, L. M., Tyler, R.

C., Markovic, V., et al. (2018). PITX2 deficiency and associated human

disease: insights from the zebrafish model. Hum. Mol. Genet. 27, 1675–1695.

doi: 10.1093/hmg/ddy074

Hu, J. H., Miller, S. M., Geurts, M. H., Tang, W., Chen, L., Sun, N., et al. (2018).

Evolved Cas9 variants with broad PAM compatibility and high DNA specificity.

Nature 556, 57–63. doi: 10.1038/nature26155

Hua, Y., Wang, C., Huang, J., and Wang, K. (2017). A simple and efficient method

for CRISPR/Cas9-induced mutant screening. J. Genet. Genom. 44, 207–213.

doi: 10.1016/j.jgg.2017.03.005

Huang, X. F., Xiang, L., Cheng, W., Cheng, F. F., He, K. W., Zhang, B.

W., et al. (2018). Mutation of IPO13 causes recessive ocular coloboma,

microphthalmia and cataract. Exp. Mol. Med. Exp. Mol. Med. 50:53.

doi: 10.1038/s12276-018-0079-0

Jinek, M., Chylinski, K., Fonfara, I., Hauer, M., Doudna, J. A., and Charpentier,

E. (2012). A programmable dual-RNA-guided DNA endonuclease in adaptive

bacterial immunity. Science 337, 816–821. doi: 10.1126/science.1225829

Joris, M., Schloesser, M., Baurain, D., Hanikenne, M., Muller, M., and Motte, P.

(2017). Number of inadvertent RNA targets for morpholino knockdown in

Danio rerio is largely underestimated: evidence from the study of Ser/Arg-rich

splicing factors. Nucleic Acids Res. 45, 9547–9557. doi: 10.1093/nar/gkx638

Kesavan, G., Hammer, J., Hans, S., and Brand, M. (2018). Targeted knock-in

of CreER T2 in zebrafish using CRISPR/Cas9. Cell Tissue Res. 372, 41–50.

doi: 10.1007/s00441-018-2798-x

Kim, E., Koo, T., Park, S. W., Kim, D., Kim, K., Cho, H-Y., et al. (2017). In vivo

genome editing with a small Cas9 orthologue derived from Campylobacter

jejuni. Nat. Commun. 8:14500. doi: 10.1038/ncomms14500

Kimura, Y., Hisano, Y., Kawahara, A., and Higashijima, S. (2014). Efficient

generation of knock-in transgenic zebrafish carrying reporter/driver

genes by CRISPR/Cas9-mediated genome engineering. Sci. Rep. 4:6545.

doi: 10.1038/srep06545

Kleinstiver, B. P., Prew, M. S., Tsai, S. Q., Topkar, V. V., Nguyen, N. T., Zheng, Z.,

et al. (2015). Engineered CRISPR-Cas9 nucleases with altered PAMSpecificities.

Nature 523, 481–485. doi: 10.1038/nature14592

Kok, F. O., Shin, M., Ni, C. W., Gupta, A., Grosse, A. S., van Impel, A.,

et al. (2015). Reverse genetic screening reveals poor correlation between

morpholino-induced andmutant phenotypes in zebrafish.Dev. Cell 32, 97–108.

doi: 10.1016/j.devcel.2014.11.018

Law, S. H., and Sargent, T. D. (2014). The serine-threonine protein kinase

PAK4 is dispensable in zebrafish: identification of a morpholino-generated

pseudophenotype. PLoS ONE 9:e100268. doi: 10.1371/journal.pone.0100268

Lessieur, E. M., Fogerty, J., Gaivin, R. J., Song, P., and Perkins, B. D. (2017).

The ciliopathy gene ahi1 is required for zebrafish cone photoreceptor outer

segment morphogenesis and survival. Invest. Ophthalmol. Vis. Sci. 58, 448–460.

doi: 10.1167/iovs.16-20326

Leung, Y. F., Ma, P., Link, B. A., and Dowling, J. E. (2018). Factorial microarray

analysis of zebrafish retinal development. Proc. Natl. Acad. Sci. U.S.A. 105,

12909–12914. doi: 10.1073/pnas.0806038105

Lewis, T. R., Kundinger, S. R., Pavlovich, A. L., Bostrom, J. R., Link, B. A.,

and Besharse, J. C. (2017). Cos2/Kif7 and Osm-3/Kif17 regulate onset of

outer segment development in zebrafish photoreceptors through distinct

mechanisms. Dev. Biol. 425, 176–190. doi: 10.1016/j.ydbio.2017.03.019

Li, J., Zhang, B. B., Ren, Y. G., Gu, S. Y., Xiang, Y. H., and Du, J. L.

(2015). Intron targeting-mediated and endogenous gene integrity-maintaining

knockin in zebrafish using the CRISPR/Cas9 system. Cell Res. 25, 634–637.

doi: 10.1038/cr.2015.43

Lieschke, G. J., and Currie, P. D. (2007). Animal models of human disease:

zebrafish swim into view. Nat. Rev. Genet. 8, 353–367. doi: 10.1038/nrg2091

Link, B. A., and Collery, R. F. (2015). Zebrafish models of retinal disease. Annu.

Rev. Vis. Sci. 1, 125–153. doi: 10.1146/annurev-vision-082114-035717

Liu, Y., Zhu, Z., Ho, I. H. T., Shi, Y., Xie, Y., Li, J., et al. (2017). Germline-specific

dgcr8 knockout in zebrafish using a BACK Approach. Cell. Mol. Life Sci. 74,

1–9. doi: 10.1007/s00018-017-2471-7

Luo, N., Lu, J., and Sun, Y. (2012). Evidence of a role of inositol polyphosphate

5-phosphatase INPP5E in cilia formation in zebrafish. Vision Res. 75, 98–107.

doi: 10.1016/j.visres.2012.09.011

Meng, X., Noyes, M. B., Zhu, L. J., Lawson, N. D., and Wolfe, S. A. (2008).

Targeted gene inactivation in zebrafish using engineered zinc-finger nucleases.

Nat. Biotechnol. 26, 695–701. doi: 10.1038/nbt1398

Meyers, J. R., Hu, L., Moses, A., Kaboli, K., Papandrea, A., and Raymond,

P. A. (2012). Beta-catenin/Wnt signaling controls progenitor fate in

the developing and regenerating zebrafish retina. Neural Dev. 7:30.

doi: 10.1186/1749-8104-7-30

Miller, J. C., Holmes, M. C., Wang, J., Guschin, D. Y., Lee, Y. L., Rupniewski, I.,

et al. (2007). An improved zinc-finger nuclease architecture for highly specific

genome editing. Nat. Biotechnol. 25, 778–785. doi: 10.1038/nbt1319

Minegishi, Y., Nakaya, N., and Tomarev, S. I. (2018). Mutation in the zebrafish cct2

gene leads to abnormalities of cell cycle and cell death in the retina: a model

of CCT2-related Leber congenital amaurosis. Invest. Ophthalmol. Vis. Sci. 59,

995–1004. doi: 10.1167/iovs.17-22919

Mishra, S., Wu, S. Y., Fuller, A. W., Wang, Z., Rose, K. L., Schey, K. L., et al.

(2018). Loss of B-crystallin function in zebrafish reveals critical roles in the

development of the lens and stress resistance of the heart. J. Biol. Chem. 293,

740–753. doi: 10.1074/jbc.M117.808634

Moreno-Mateos, M. A., Fernandez, J. P., Rouet, R., Vejnar, C. E., Lane, M.

A., Mis, E., et al. (2017). CRISPR-Cpf1 mediates efficient homology-directed

repair and temperature-controlled genome editing. Nat. Commun. 8:2024.

doi: 10.1038/s41467-017-01836-2

Moreno-Mateos, M. A., Vejnar, C. E., Beaudoin, J. D., Fernandez, J. P., Mis,

E. K., Khokha, M. K., et al. (2015). CRISPRscan: designing highly efficient

sgRNAs for CRISPR/Cas9 targeting in vivo. Nat. Methods 12, 982–988.

doi: 10.1038/nmeth.3543

Nasevicius, A., and Ekker, S. C. (2000). Effective targeted gene ‘knockdown’ in

zebrafish. Nat. Genet. 26, 216–220. doi: 10.1038/79951

Novodvorsky, P., Watson, O., Gray, C., Wilkinson, R. N., Reeve, S., Smythe, C.,

et al. (2015). klf2ash317 mutant zebrafish do not recapitulate morpholino-

induced vascular and haematopoietic phenotypes. PLoS ONE 10:e0141611.

doi: 10.1371/journal.pone.0141611

Patton, E. E., and Zon, L. I. (2001). The art and design of genetic screens: zebrafish.

Nat. Rev. Genet. 2, 956–966. doi: 10.1038/35103567

Place, E. S., and Smith, J. C. (2017). Zebrafish atoh8 mutants do

not recapitulate morpholino phenotypes. PLoS ONE 12:e0171143.

doi: 10.1371/journal.pone.0171143

Prykhozhij, S. V., Rajan, V., Gaston, D., and Berman, J. N. (2015). Correction:

CRISPR multitargeter: a web tool to find common and unique crispr single

Frontiers in Cell and Developmental Biology | www.frontiersin.org 7 July 2018 | Volume 6 | Article 75

https://doi.org/10.1093/hmg/ddv022
https://doi.org/10.1371/journal.pone.0172227
https://doi.org/10.1371/journal.pone.0004348
https://doi.org/10.1016/j.tibtech.2013.04.004
https://doi.org/10.1038/srep04121
https://doi.org/10.1097/00001756-200109170-00001
https://doi.org/10.1038/ng896
https://doi.org/10.1523/JNEUROSCI.1096-15.2015
https://doi.org/10.1186/s13059-016-1012-2
https://doi.org/10.1093/hmg/ddy074
https://doi.org/10.1038/nature26155
https://doi.org/10.1016/j.jgg.2017.03.005
https://doi.org/10.1038/s12276-018-0079-0
https://doi.org/10.1126/science.1225829
https://doi.org/10.1093/nar/gkx638
https://doi.org/10.1007/s00441-018-2798-x
https://doi.org/10.1038/ncomms14500
https://doi.org/10.1038/srep06545
https://doi.org/10.1038/nature14592
https://doi.org/10.1016/j.devcel.2014.11.018
https://doi.org/10.1371/journal.pone.0100268
https://doi.org/10.1167/iovs.16-20326
https://doi.org/10.1073/pnas.0806038105
https://doi.org/10.1016/j.ydbio.2017.03.019
https://doi.org/10.1038/cr.2015.43
https://doi.org/10.1038/nrg2091
https://doi.org/10.1146/annurev-vision-082114-035717
https://doi.org/10.1007/s00018-017-2471-7
https://doi.org/10.1016/j.visres.2012.09.011
https://doi.org/10.1038/nbt1398
https://doi.org/10.1186/1749-8104-7-30
https://doi.org/10.1038/nbt1319
https://doi.org/10.1167/iovs.17-22919
https://doi.org/10.1074/jbc.M117.808634
https://doi.org/10.1038/s41467-017-01836-2
https://doi.org/10.1038/nmeth.3543
https://doi.org/10.1038/79951
https://doi.org/10.1371/journal.pone.0141611
https://doi.org/10.1038/35103567
https://doi.org/10.1371/journal.pone.0171143
https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles


Zheng et al. CRISPR/Cas9 in Zebrafish Ocular Diseases

guide rna targets in a set of similar sequences. PLoS ONE 10:e0138634.

doi: 10.1371/journal.pone.0138634

Reade, A., Motta-Mena, L. B., Gardner, K. H., Stainier, D. Y., Weiner, O. D.,

and Woo, S. (2017). TAEL: a zebrafish-optimized optogenetic gene expression

system with fine spatial and temporal control. Development 144, 345–355.

doi: 10.1242/dev.139238

Richardson, R., Tracey-White, D., Webster, A., and Moosajee, M. (2017). The

zebrafish eye-a paradigm for investigating human ocular genetics. Eye 31,

68–86. doi: 10.1038/eye.2016.198

Roosing, S., Lamers, I. J., de Vrieze, E., van den Born, L. I., Lambertus, S., Arts,

H. H., et al. (2014). Disruption of the basal body protein POC1B results in

autosomal-recessive cone-rod dystrophy. Am. J. Hum. Genet. 95, 131–142.

doi: 10.1016/j.ajhg.2014.06.012

Rossi, A., Kontarakis, Z., Gerri, C., Nolte, H., Hölper, S., Krüger, M., et al.

(2015). Genetic compensation induced by deleterious mutations but not gene

knockdowns. Nature 524, 230–233. doi: 10.1038/nature14580

Sayer, J. A., Otto, E. A., O’Toole, J. F., Nurnberg, G., Kennedy, M. A., Becker, C.,

et al. (1999). The centrosomal protein nephrocystin-6 is mutated in Joubert

syndrome and activates transcription factor ATF4. Nat. Genet 38, 674–681.

Schierling, B., Dannemann, N., Gabsalilow, L., Wende, W., Cathomen, T., and

Pingoud, A. (2012). A novel zinc-finger nuclease platform with a sequence-

specific cleavage module. Nucleic Acids Res. 2623–38. doi: 10.1093/nar/gkr1112

Shaw, N. D., Brand, H., Kupchinsky, Z. A., Bengani, H., Plummer, L., Jones, T. I.,

et al. (2017). SMCHD1 mutations associated with a rare muscular dystrophy

can also cause isolated arhinia and Bosma arhinia microphthalmia syndrome.

Nat. Genet. 9, 238–248. doi: 10.1038/ng.3743

Shmukler, B. E., Huston, N. C., Thon, J. N., Ni, C. W., Kourkoulis, G.,

Lawson, N. D., et al. (2015). Homozygous knockout of the piezo1 gene in

the zebrafish is not associated with anemia. Haematologica 100, e483–e485.

doi: 10.3324/haematol.2015.132449

Summerton, J. (1999). Morpholino antisense oligomers: the case for an RNase

Hindependent structural type. Biochim. Biophys. Acta 1489, 141–158.

Summerton, J., and Weller, D. (1997). Morpholino antisense oligomers: design,

preparation, and properties. Antisense Nucleic Acid Drug Dev. 7, 187–195.

Thomas, H. R., Percival, S. M., Yoder, B. K., and Parant, J. M. (2014).

High-throughput genome editing and phenotyping facilitated by

high resolution melting curve analysis. PLoS ONE 9:e114632.

doi: 10.1371/journal.pone.0114632

Thomas, S., Wright, K. J., Le Corre, S., Micalizzi, A., Romani, M., Abhyankar, A.,

et al. (2014). A homozygous PDE6D mutation in Joubert syndrome impairs

targeting of farnesylated INPP5E protein to the primary cilium. Hum. Mutat.

35, 137–146. doi: 10.1002/humu.22470

Trevino, A. E., and Zhang, F. (2014). Genome editing using Cas9 nickases.

Meth. Enzymol. 546, 161–174. doi: 10.1016/B978-0-12-801185-0.

00008-8

Tuz, K., Bachmann-Gagescu, R., O’Day, D. R., Hua, K., Isabella, C. R.,

Phelps, I. G., et al. (2014). Mutations in CSPP1 cause primary cilia

abnormalities and joubert syndrome with or without jeune asphyxiating

thoracic dystrophy. Am. J. Hum. Genet. 94, 62–72. doi: 10.1016/j.ajhg.2013.

11.019

Valente, E. M., Silhavy, J. L., Brancati, F., Barrano, G., Krishnaswami, S. R., Castori,

M., et al. (1999). Mutations in CEP290, which encodes a centrosomal protein,

cause pleiotropic forms of Joubert syndrome. Nat. Genet. 38, 623–625.

Varshney, G. K., Carrington, B., Pei, W., Bishop, K., Chen, Z., Fan, C.,

et al. (2016). A high-throughput functional genomics workflow based

on CRISPR/Cas9-mediated targeted mutagenesis in zebrafish. Nat. Protoc.

11:2357.doi: 10.1038/nprot.2016.141

Verma, A. S., and Fitzpatrick, D. R. (2007). Anophthalmia and microphthalmia.

Orphanet J. Rare Dis. 2:47. doi: 10.1186/1750-1172-2-47

Weh, E., Takeuchi, H., Muheisen, S., Haltiwanger, R. S., and Semina, E. V.

(2017). Functional characterization of zebrafish orthologs of the human Beta

3-Glucosyltransferase B3GLCT gene mutated in Peters Plus Syndrome. PLoS

ONE 12:e0184903. doi: 10.1371/journal.pone.0184903

Weiss, A. H., Kousseff, B. G., Ross, E. A., and Longbottom, J. (1989). Simple

microphthalmos. Arch. Ophthalmol. 107, 1625–1630.

Woong, Y. H., Fu, Y., Reyon, D., Maeder, M. L., Tsai, S. Q., Sander, J. D., et al.

(2013). Efficient in vivo genome editing using RNA-guided nucleases. Nat.

Biotechnol. 31, 227–229. doi: 10.1038/nbt.2501

Xiang, L., Chen, X. J., Wu, K. C., Zhang, C. J., Zhou, G. H., Lv, J. N., et al.

(2017). miR-183/96 plays a pivotal regulatory role in mouse photoreceptor

maturation and maintenance. Proc. Natl. Acad. Sci. U.S.A. 114, 6376–6381.

doi: 10.1073/pnas.1618757114

Xie, S. L., Bian, W. P., Wang, C., Junaid, M., Zou, J. X., and Pei, D. S. (2016). A

novel technique based on in vitro oocyte injection to improve CRISPR/Cas9

gene editing in zebrafish. Sci. Rep. 6:34555. doi: 10.1038/srep34555

Xu, W., Jin, M., Hu, R., Wang, H., Zhang, F., Yuan, S., et al. (2017).

The Joubert syndrome protein inpp5e controls ciliogenesis by regulating

phosphoinositides at the apical membrane. J. Am. Soc. Nephrol. 28, 118–129.

doi: 10.1681/ASN.2015080906

Zetsche, B., Gootenberg, J. S., Abudayyeh, O. O., Slaymaker, I. M., Makarova, K. S.,

Essletzbichler, P., et al. (2015). Cpf1 is a single RNA-guided endonuclease of a

Class 2 CRISPR-Cas system. Cell 163, 759–771. doi: 10.1016/j.cell.2015.09.038

Zhang, C., Zhang, Q., Wang, F., and Liu, Q. (2015). Knockdown of poc1b causes

abnormal photoreceptor sensory cilium and vision impairment in zebrafish.

Biochem. Biophys. Res. Commun. 465, 651–657. doi: 10.1016/j.bbrc.2015.06.083

Zhang, L., Xiang, L., Liu, Y., Venkatraman, P., Chong, L., Cho, J., et al. (2016).

A naturally-derived compound schisandrin B enhanced light sensation in

the pde6c zebrafish model of retinal degeneration. PLoS ONE 11:e0149663.

doi: 10.1371/journal.pone.0149663

Zhang, Y., Qin, W., Lu, X., Xu, J., Huang, H., Bai, H., et al. (2017). Programmable

base editing of zebrafish genome using a modified CRISPR-Cas9 system. Nat.

Commun. 8:118. doi: 10.1038/s41467-017-00175-6

Zhu, X., Xu, Y., Yu, S., Lu, L., Ding, M., Cheng, J., et al. (2014). An efficient

genotyping method for genome-modified animals and human cells generated

with CRISPR/Cas9 system. Sci. Rep. 4:6420. doi: 10.1038/srep06420

Zou, P., Wu, S. Y., Koteiche, H. A., Mishra, S., Levic, D. S., Knapik, E., et al.

(2015). A conserved role of αA-crystallin in the development of the zebrafish

embryonic lens. Exp. Eye Res. 138, 104–113. doi: 10.1016/j.exer.2015.07.001

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Copyright © 2018 Zheng, Han, Xiang, Zhuang and Jin. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Cell and Developmental Biology | www.frontiersin.org 8 July 2018 | Volume 6 | Article 75

https://doi.org/10.1371/journal.pone.0138634
https://doi.org/10.1242/dev.139238
https://doi.org/10.1038/eye.2016.198
https://doi.org/10.1016/j.ajhg.2014.06.012
https://doi.org/10.1038/nature14580
https://doi.org/10.1093/nar/gkr1112
https://doi.org/10.1038/ng.3743
https://doi.org/10.3324/haematol.2015.132449
https://doi.org/10.1371/journal.pone.0114632
https://doi.org/10.1002/humu.22470
https://doi.org/10.1016/B978-0-12-801185-0.00008-8
https://doi.org/10.1016/j.ajhg.2013.11.019
https://doi.org/10.1038/nprot.2016.141
https://doi.org/10.1186/1750-1172-2-47
https://doi.org/10.1371/journal.pone.0184903
https://doi.org/10.1038/nbt.2501
https://doi.org/10.1073/pnas.1618757114
https://doi.org/10.1038/srep34555
https://doi.org/10.1681/ASN.2015080906
https://doi.org/10.1016/j.cell.2015.09.038
https://doi.org/10.1016/j.bbrc.2015.06.083
https://doi.org/10.1371/journal.pone.0149663
https://doi.org/10.1038/s41467-017-00175-6
https://doi.org/10.1038/srep06420
https://doi.org/10.1016/j.exer.2015.07.001
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cell-and-Developmental-biology
https://www.frontiersin.org
https://www.frontiersin.org/journals/cell-and-Developmental-biology#articles

	Versatile Genome Engineering Techniques Advance Human Ocular Disease Researches in Zebrafish
	Introduction
	MO-mediated Knockdown Approach in Studying Ocular Diseases in zebrafish
	Utilizing the First Two Genomic Modification Tools, ZFNs and TALENs, to Survey Ocular Diseases in zebrafish
	Efficient CRISPR/Cas9-mediated Gene Editing in zebrafish Models of Human Ocular Diseases
	Expansion of the Application of the CRISPR/Cas9 System in zebrafish Studies
	Optimization of the CRISPR-Cas9 System in zebrafish Genome Editing
	Perspective
	Author Contributions
	Funding
	References


