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Abstract

The zebrafish has been a powerful model in forward genetic screens to identify genes essential for
organogenesis and embryonic development. Conversely, using reverse genetics to investigate
specific gene function requires phenotypic analysis of complete gene inactivation. Despite the
availability and efficacy of morpholinos, the lack of tractable and efficient knockout technologies
has impeded reverse genetic studies in the zebrafish, particularly in adult animals. The recent
development of genome-editing technologies such as CRISPR/Cas9 greatly widened the scope of
loss-of-function studies in the zebrafish, allowing for the rapid phenotypic assessment of gene
silencing in embryos, the generation of knockout lines, and large-scale reverse genetic screens.
Tissue-specific gene inactivation would be ideal for these studies given the caveats of whole-
embryo gene silencing, yet spatial control of gene targeting remains a challenge. In this chapter,
we focus on tissue-specific gene inactivation using the CRISPR/Cas9 technology. We first explain
the rationale for this technique, including some of its potential applications to tackle important
biological issues and the inability of current technologies to address these issues. We then present
a method to target genes in a tissue-specific manner in the zebrafish. Finally, we discuss technical
difficulties and limitations of this method as well as possible future developments.

INTRODUCTION

Zebrafish can generate large numbers of embryos that develop quickly and externally, and
are therefore easy to analyze phenotypically. The zebrafish has thus been a vertebrate model
of choice to perform forward genetic screens that have led to the identification of numerous
genes regulating organogenesis (Driever et al., 1996; Haffter et al., 1996; Mullins,
Hammerschmidt, Haffter, & Nusslein-Volhard, 1994). Reverse genetic screens as a
complementary approach have been hindered by the lack of high-throughput gene-silencing
technology in the zebrafish. Although morpholino antisense oligomers (morpholinos) have
been used extensively to analyze loss-of-function phenotypes during early stages of
embryogenesis, they present important limitations and have rarely been used for large scale
screens.

The CRISPR/Cas9 technology of genome editing has opened new vistas for loss-of-function
studies in zebrafish. CRISPR/Cas9 is an adaptive immune response developed by bacteria
and archae to fight phage invasion through RNA-based recognition and subsequent cleavage
of foreign DNA sequences (Barrangou et al., 2007; Brouns et al., 2008; Garneau et al.,
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2010). Deciphering this molecular mechanism rapidly led to the realization that it could be
applied to genome editing (Jinek et al., 2012). Engineered short guide RNAs (JRNA) are
comprised of a 20-nucleotide 5° component (referred to as the seed) complementary to the
target DNA sequence, and of a 3" motif that forms a secondary structure capable of
interacting with CRISPR-associated 9 (Cas9) endonuclease. Cas9 loads the gRNA and scans
the genome in search of target sequences complementary to the seed (Sternberg, Redding,
Jinek, Greene, & Doudna, 2014). When recognized sequences are followed by a proto-
spacer adjacent motif (PAM), Cas9 cleaves DNA within the seed. The resulting double-
strand breaks are resolved by the cell, most likely through alternative nonhomologous end
joining, which leads to mutations, insertions, or deletions (indels). When occurring in coding
sequences, these indels frequently disrupt the targeted gene by introducing frameshifts and
early stop codons. Note however that statistically, a third of indels leave the open reading
frame unaltered and may therefore not affect gene function. While the CRISPR/Cas9
technology was initially used to generate knockout cell or animal lines (Cho, Kim, Kim, &
Kim, 2013; Cong et al., 2013; Hwang et al., 2013; Jiang, Bikard, Cox, Zhang, & Marraffini,
2013; Mali et al., 2013), its applications now range from the fine modulation of gene
expression (Gilbert et al., 2013) to genome-wide genetic screens in vitro (Koike-Yusa, Li,
Tan, Velasco-Herrera Mdel, & Yusa, 2014; Wang, Wei, Sabatini, & Lander, 2014; Zhou et
al., 2014) and in vivo (Chen et al., 2015). The CRISPR technology has also joined the fight
against viruses with strategies to target essential viral genes or cell surface receptors
involved in viral entry, and against genetic disorders to correct disease-causing mutations.

In the zebrafish, the CRISPR/Cas9 technology not only allows us to generate mutant lines
(Hwang et al., 2013) but also to observe phenotypes rapidly in vivo by direct injection of a
gRNA and Cas9 mRNA into one-cell stage embryos (Jao, Wente, & Chen, 2013). Several
reports have also established knockin zebrafish lines with this technology (Auer, Duroure,
De Cian, Concordet, & Del Bene, 2014; Hisano et al., 2015; Kimura, Hisano, Kawahara, &
Higashijima, 2014; Li et al., 2015). Its ease of use, low cost, and the possibility of
multiplexing make it a prime tool for large-scale reverse genetic screens in the zebrafish
(Shah, Davey, Whitebirch, Miller, & Moens, 2015). In many cases, the investigation of gene
function in vivo requires the spatiotemporal control of gene silencing. Here, we present the
rationale for tissue-specific gene inactivation in zebrafish using the CRISPR/Cas9
technology and detail a method to achieve it. We also discuss some limitations and potential
future developments of this technique.

1. RATIONALE
1.1 NEED FOR TISSUE-SPECIFIC TUNING OF GENE EXPRESSION

Embryonic lethality represents a major hurdle when investigating gene function in vivo.
Indeed, many genes play essential roles in the proper development of an organ, and animals
with mutations in these genes are not viable. In zebrafish it has been estimated that about
1400 genes are embryonic lethal (Amsterdam et al., 2004). In these cases, gene knockout in
the whole organism may not be informative, requiring the development of alternative
experimental approaches.
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Tissue-specific gene targeting can readily address cell autonomy questions, whereas other
methods are generally complex and/or indirect. For example, to prove that a gene or a
pathway affects a function (eg, proliferation, self-renewal, and survival) directly in a specific
cell type (eg, hematopoietic stem cell) and not via an effect on neighboring cells (eg, stromal
cells), it is necessary to target the gene or pathway of interest specifically in that cell type.
Transplantation between different transgenic animals or parabiosis are methods to address
cell autonomy, but they present a number of technical challenges and biological caveats.
Specifically inactivating a gene in different cell types allows identification of the precise cell
type responsible for a phenotype observed in a knockout line or induced by systemic drug
treatment. Additionally, to look for modulators of a specific trait in vivo, it may be more
informative to inactivate genes specifically in the corresponding tissue.

Precise disease modeling may also require the tissue-specific inactivation of a gene. While
some conditions such as muscular dystrophies are generally caused by inherited mutations
and can therefore be appropriately modeled by full gene knockouts, most cancers arise from
somatic mutations only present in the neoplastic tissue. The inactivation of tumor-suppressor
genes can alter cell homeostasis in many different cell types. For instance, p53 mutant
zebrafish predominantly develops malignant peripheral nerve sheath tumors over time
(Berghmans et al., 2005). It may therefore be preferable to target tumor-suppressor genes in
a tissue-restricted manner to accurately model malignant transformation in a particular
organ.

1.2 LIMITATIONS OF EXISTING GENE-SILENCING METHODS

In the absence of an established knockout line for a specific gene, or if the knockout is
embryonic lethal at a late stage of development, it is possible to transiently knockdown a
gene to assess loss-of-function in embryos. Equivalent to the mammalian shRNA
technology, morpholinos are injected into zebrafish embryos to silence a gene of interest and
study its function during early development (Nasevicius & Ekker, 2000). Morpholinos are
nucleotide analogs that recognize and bind short sequences (about 25 nucleotides) at the
transcription start site or at splice sites of pre-mRNAs, and thus block the translation or
proper splicing of the mMRNA (Summerton & Weller, 1997). They can be injected into
zebrafish zygotes to inhibit gene expression. Due to its ease of use and remarkable efficacy,
this technology has played an instrumental role in the development of the zebrafish as a
model for cell biology studies. Morpholinos have also been useful in reverse genetic screens
(Huang et al., 2013). Nonspecific toxicity and off-target effects limited the utility of
morpholinos and forced the zebrafish community to adopt a series of guidelines to
adequately control morpholino experiments (Eisen & Smith, 2008). In addition, morpholinos
function in embryos for about 3 days, which limits loss-of-function analyses to the early
stages of development and precludes studies in adults. Finally, the cost of morpholino
synthesis practically prevents systematic, large-scale screens.

Zinc-finger nucleases (ZFN) and transcription activator-like effector nucleases (TALEN) are
enzymes engineered to recognize and cleave specific DNA sequences (Miller et al., 2011,
Urnov et al., 2005). Once expressed in zebrafish embryos, they induce double-strand breaks
at their target sites in the genome, which are resolved by nonhomologous end joining
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(Bedell et al., 2012; Doyon et al., 2008; Meng, Noyes, Zhu, Lawson, & Wolfe, 2008; Sander
etal., 2011). Resulting indels often disrupt gene function. The mutations are heritable,
which allows for the generation of stable knockout lines. These genome-editing technologies
enable loss-of-function studies both in embryos and adults, thus complementing the transient
knockdown approaches through morpholinos. Note that the phenotypes observed by acute
gene down-regulation with morpholinos or permanent gene knockout with genome-editing
technologies can be discordant (Kok et al., 2015), partially due to compensation mechanisms
(Rossi et al., 2015), raising questions about the respective significance of either approach.
Targeting a new gene with ZFN or TALEN requires the design of a new nuclease, and the
mutation efficiency is generally low, which renders the intensive use of these technologies
challenging.

In contrast, the CRISPR/Cas9 technology uses a single endonuclease, Cas9, to target
specific genomic sequences in an RNA-dependent manner (Jinek et al., 2012). The co-
injection of Cas9 mRNA or protein and a short guide RNA (gRNA) recognizing a 20-bp
genomic sequence into one-cell stage zebrafish embryos yields frequent indels at the target
locus (Hwang et al., 2013). The relative ease of use and efficiency of this technology have
made it a prime tool to assess loss-of-function phenotypes in injected embryos and to
establish mutant lines quickly. It does not allow, however, for the spatiotemporal control of
gene inactivation.

Of note, alternatives to direct gene editing have been developed to perform tissue-specific
loss-of-function studies. The conditional Cre/lox technology has been adapted to the
zebrafish for lineage tracing experiments (Mosimann et al., 2011) and could serve the same
purpose as in mice (ie, spatiotemporal control of gene knockout) but the generation of floxed
alleles is complex and time consuming. Interestingly, tissue-specific overexpression of
dominant-negative mutants has also been used to circumvent the lack of spatial control of
gene inactivation. However, gene silencing remains the method of choice to study gene
function because it most faithfully recapitulates physiologic expression levels.

2. METHODS

Here we detail a method based on the CRISPR/Cas9 technology to target genes in a tissue-
specific fashion in the zebrafish (Ablain, Durand, Yang, Zhou, & Zon, 2015). Developments
and alternatives to this method are discussed in the next section.

2.1 IDENTIFICATION OF CRISPR TARGET SITES

The first step consists of identifying gRNAs that efficiently mutate the gene of interest. This
can be done following published protocols.

Prediction algorithms such as CHOPCHOP (https://chopchop.rc.fas.harvard.edu/) are based
on rules inferred from in vivo measurement of gRNA efficiency and can be used to design
gRNAs (Montague, Cruz, Gagnon, Church, & Valen, 2014; Moreno-Mateos et al., 2015).
The presence of a G as the last base of the seed sequence and a high GC content seem to be
the two most important rules. The number of predicted off-target sites is also taken into
account in the ranking of potential target sequences. The choice of the first two bases will
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determine the type of in vitro transcription enzyme needed in the next step. We recommend
picking target sequences that start with a G since the U6 promoter used in the tissue-specific
vector (see Section 2.2) requires a G as a transcription start site. If the proposed target
sequence does not start with GG or GA, it is possible to replace the second base by a G or an
A since the presence of mismatches at the 5° end of the gRNA is generally well tolerated by
Cas9 for the recognition of the cleavage site (Fu et al., 2013). Depending on the structure of
the gene of interest, it may or may not be suitable to target early exons preferentially. In
general, if a gene contains known functional domains (eg, DNA-binding or catalytic or
ligand-binding domains), we recommend targeting these in priority. In our experience, about
a third of gRNAs designed following these guidelines show a good targeting efficiency,
although we and others have observed significant gene-dependent variability. Designing at
least three gRNAs per gene may therefore be warranted to find an efficient seed sequence.

Once potential CRISPR target sequences have been chosen, a DNA template for in vitro
transcription can be prepared either by cloning the seed sequence into a vector that contains
both a T7 or SP6 promoter and the constant 3” part of the gRNA (Hwang et al., 2013), or by
T4 DNA polymerase (or PCR) synthesis following annealing of two long oligonucleotides
(Gagnon et al., 2014) (Fig. 1). The purified DNA template can then be transcribed in vitro
into a gRNA using either T7 (for target sequences starting with GG) or SP6 (for sequences
starting with GA) RNA polymerases.

After the gRNAS have been purified (on column or by ammonium acetate precipitation),
their quality can be controlled by gel electrophoresis or using a fragment analyzer. The
presence of shorter transcripts is expected due to impurity of the oligonucleotides used to
synthesize the DNA template and to incomplete RNA elongation, but the major band on the
gel has to correspond to the full-size transcript. gRNAs can then be co-injected into one-cell
stage zebrafish embryos with Cas9 mRNA or protein. The reported gRNA concentration in
the injection mix greatly varies in the literature (from 12.5 ng/uL to almost 1 pg/uL), but it
seems that even very high doses show limited toxicity to the embryos while the impact of
concentration on targeting efficiency is still debated. Cas9 mRNA can be easily synthesized
in vitro from plasmid DNA (Jao et al., 2013) and injected at 300 ng/pL, while Cas9 protein
can be produced (Gagnon et al., 2014) or purchased and used at 500 ng/uL.

Genomic DNA can be extracted from embryos 24-48 h post-injection, and several methods
can be used to assess mutagenesis efficiency including: enzymatic methods (restriction,
T7E1L, or Surveyor assays (Kim, Lee, Kim, Cho, & Kim, 2009; Qiu et al., 2004)), PCR-
based methods (High Resolution Melt (HRM) (Parant, George, Pryor, Wittwer, & Yost,
2009), direct PCR in the case of expected deletions between two CRISPR target sites), or
sequencing of the CRISPR target site. Only the latter is truly quantitative and gives access to
the full range of mutations. Enzymatic methods are arguably cheaper and easier to perform,
but also more susceptible to technical variability. In our experience, about half of gRNAs
display poor targeting efficiency (less than 10% of mutated alleles, which is generally under
the detection threshold of enzymatic methods), and a third of gRNAs target 20% or more of
alleles. Only the latter category should be further considered for loss-of-function studies.

Methods Cell Biol. Author manuscript; available in PMC 2017 July 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ablain and Zon

Page 6

2.2 CONSTRUCTION OF VECTORS

Here we describe vectors based on the Tol2 transposase technology (Kawakami et al., 2004)
that can be injected into zebrafish embryos along with 70/2 mRNA for integration into the
genome. Other vectors (eg, viral vectors) can be constructed on the same model. Gateway
technology (Hartley, Temple, & Brasch, 2000) or regular cloning methods can easily insert a
Cas9sequence codon-optimized for zebrafish (Jao et al., 2013) under the control of a tissue-
specific promoter (Fig. 2). It is possible to adapt a vector already containing a transgenesis
marker (eg, cmlc2:GFPthat yields green fluorescent hearts) or to add GFP linked to Cas9
via a 2A peptide in order to visualize the cells that express the vector in vivo. Once efficient
CRISPR seed sequences have been identified, they can be cloned under the control of a
zebrafish U6 promoter at the 5 end of a gRNA scaffold (Ablain et al., 2015). A protocol for
gRNA and Cas9cloning into Tol2 vectors is detailed in (Ablain et al., 2015).

Note: In some cases, it may be possible to skip the identification of efficient gRNAs (Section
2.1) and either identify them after injection of the vectors (this requires mutation detection in
the targeted tissue) or pool several vectors directed against the same gene to statistically
increase targeting.

2.3 INJECTION, EVALUATION OF MOSAICISM, AND PHENOTYPE ASSESSMENT

The generated CRISPR vectors are then integrated into the zebrafish genome by direct co-
injection with 70/2mRNA (20 ng/uL) into one-cell stage embryos. The DNA concentration
in the injection mix varies according to the size of the plasmid and is typically between 10
and 25 ng/uL. Depending on the transgenesis marker used, mosaicism can be approximated
by the ratio of fluorescent cells to the total number of cells in the tissue of interest. For
example, in the case of the vector expressing GFP under the control of the heart-specific
promoter cmic2, the proportion of the heart that displays green fluorescence at 48 hpf
provides an estimate of mosaicism. When using a Cas9-72A-GFP construct, injection into a
transgenic line expressing a different fluorescent protein in the tissue of interest, or
comparison of injected embryos with embryos of such a transgenic line, may allow a better
assessment of mosaicism.

We showed that the zebrafish U6-3 promoter drives early, continuous, and ubiquitous
expression of gRNAs (Ablain et al., 2015). Thus, the regulation and specificity of gene
targeting stem from Cas9expression. Theoretically, the consequences of gene inactivation
can be observed shortly after the tissue-specific promoter has turned on. Indeed, Cas9
transcription and translation; subsequent gene targeting; and the decrease in mMRNA and
protein levels of the targeted gene presumably all occur within a few hours. Some
phenotypes may be noticed at the level of the whole embryo (eg, survival and defects in
organ development). Phenotypes at the cellular (eg, proliferation and migration) or
molecular levels (eg, gene expression and pathway activation) may be more difficult to
detect because of the mosaicism of vector expression in FO-injected embryos. To overcome
this issue, it may be possible to image or analyze the cells that express the Cas9-T2A-GFP
construct in situ, or sort them by fluorescence-activated cell sorting (FACS) and proceed
with molecular assays.
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3. DISCUSSION
3.1 TECHNICAL CAVEATS AND TROUBLESHOOTING

The method for tissue-specific gene targeting described earlier presents several caveats that
may result in poor gene targeting.

One of the main potential limitations resides in the tissue-specific promoter used to drive
Cas9expression. Weak promoters may not produce enough Cas9 in order to recognize and
cleave the CRISPR target. Measures of Cas9 mRNA levels by whole mount in situ
hybridization or qPCR in the tissue of interest may provide insights into promoter activity.

It remains unclear whether the intrinsic quality of gRNAs (ie, their efficiency at inducing
mutations at the CRISPR site after co-injection with Cas9 mRNA or protein into one-cell
embryos) impacts targeting efficiency by the vector. Yet, it is conceivable that the continuous
production of Cas9 mRNA and gRNA by the vector will force targeting over time,
normalizing the efficiency of different gRNAs. Along the same line, the vector may favor
homozygous over heterozygous targeting in each cell, thus circumventing one of the issues
associated with transient Cas9 injection. Single-cell sequencing of the CRISPR site would
be required to evaluate whether one or both alleles have been hit.

If the CRISPR vector fails to induce mutations at the target locus, injection of the vector
with either the gRNA itself or Cas9 mRNA, and subsequent assessment of targeting may
help determine whether the problem stems from the gRNA or from the promoter driving
Cas9expression. Injection of a vector producing the same gRNA and expressing Cas9under
a ubiquitous promoter such as ubi (Mosimann et al., 2011) may also prove informative in
that case.

A consequence of continual vector targeting is the higher likelihood of off-target effects.
While the issue of off-target effects by the CRISPR technology is still debated (Fu et al.,
2013; Hsu et al., 2013; Kuscu, Arslan, Singh, Thorpe, & Adli, 2014; Wang et al., 2015), a
clear assessment of the number and frequency of off-targets may be warranted in the case of
the tissue-specific CRISPR vectors.

3.2 PHENOTYPES IN FO ANIMALS VERSUS STABLE LINES

The mosaicism associated with Tol2-mediated insertion of the vectors may also be an issue.
Indeed, some phenotypes may require a high frequency of gene inactivation to be detected.
For example, deleterious phenotypes that lead to the death or proliferation arrest of the
targeted cells may be masked by the growth of cells in the same tissue that do not express
the vector. This problem is exacerbated by the semirandom nature of DNA double-strand
break resolution by alternative nonhomologous end-joining mechanisms, which induce
insertions and deletions at the CRISPR target site that can either result in frameshift or retain
the reading frame of the gene. In some cells, CRISPR targeting may thus lead to “silent”
mutations that leave a functional copy of the gene (eg, point mutations or short inframe
indels). These cells, although expressing the vector, may escape the deleterious
consequences of gene inactivation and obscure the phenotype. One way to minimize this risk
is to design gRNAs against domains essential for the activity of the corresponding protein,
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so that even in-frame mutations may disrupt gene function. Additionally, it is possible to
generate large deletions of entire exons by combining several gRNAs directed against the
same gene.

To circumvent the impact of mosaicism, it may be beneficial to grow injected FO embryos up
to adulthood and cross them to establish a line of zebrafish stably expressing the vector. This
would allow virtually every cell in the tissue of interest to target the gene. In addition, this
would eliminate the ectopic expression occasionally observed with Tol2 vectors in FO. The
main drawbacks of this method are the time required to generate stable lines, which makes it
unsuitable for a screen (particularly if the phenotype is to be observed in adults), and the
possible silencing of Tol2 vectors in the F1 generation, which complicates the selection of
founders. In addition, due to the relatively large size of the CRISPR vectors, germline
transmission rates may be low. Taken together, these considerations point to the importance
of adapting the method according to the expected phenotype.

3.3 DEVELOPMENTS AND ALTERNATIVES

The CRISPR vector system described earlier provides a modular platform for a range of
developments and improvements. It can easily be adapted for use in species other than the
zebrafish by modifying the codon-optimized Cas9and U6 promoter sequences. Note that
systems for tissue-specific gene inactivation have also been developed in fly and worm
(Shen et al., 2014; Xue et al., 2014). We have also added a second U6:gRNA cassette in the
vector backbone to allow for multiplexing. This is particularly useful to perform reverse
genetic studies and analyze the loss-of-function phenotypes of human genes in the zebrafish
since many human genes have more than one zebrafish orthologue (due to the whole-
genome duplication that occurred in the ray-finned fish lineage after its separation from the
tetrapods (Taylor, Braasch, Frickey, Meyer, & Van de Peer, 2003)).

The power of the Gal4-UAS system (Brand & Perrimon, 1993) may also be harnessed for
tissue-specific gene targeting. Indeed, a vector containing a U6:gRNA cassette and Cas9
under the control of a UAS element can be injected into a stable zebrafish line expressing
Gal4 in a specific tissue. Alternatively, a stable line can be generated with the Cas9/gRNA
vector and crossed with the Gal4 line. This method may circumvent problems linked to the
strength of the tissue-specific promoters used to drive Cas9expression.

Finally, the applications of the vector system would be tremendously extended if it also
enabled the temporal control of gene silencing. Several options could be explored including
coupling the CRISPR/Cas9 technique with the ERT2 inducible system to control the activity
of Cre, Gal4, or Cas9 itself.

Owing to the high-throughput nature of the CRISPR/Cas9 technology, the tissue-specific
CRISPR system is a tractable tool for precise in vivo reverse genetic screens. It may make it
possible to uncover new genes that regulate the biology of a particular tissue, without
affecting the rest of the organism. It may also allow researchers to revisit or clarify the role
of known genes by inactivating them in different cell types, measuring their respective
contributions to the global phenotype.
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FIGURE 1.
CRISPR sequences against any gene of interest can be identified in silico through published

algorithms. gRNASs can then be prepared by in vitro transcription (using T7 or SP6 RNA
polymerases) from DNA templates comprising an RNA polymerase promoter, the gene-
specific seed sequence, and the sequence encoding the constant 3" part of the gRNA.
Purified gRNAS can be injected into single-cell zebrafish embryos along with Cas9 mRNA
or protein. Finally, genomic DNA can be extracted from injected embryos and analyzed for
CRISPR-induced mutations, for example, by direct sequencing, HRM, or T7E1 mutagenesis
assay.
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FIGURE 2.

A Gateway reaction allows to assemble a Cas9sequence under the control of a tissue-
specific promoter and followed by polyA into a backbone containing a U6:gRNA cassette
and possibly a transgenesis marker. One can then clone any gene-specific seed sequence into
the U6:gRNA cassette of the resulting vector. This tissue-specific CRISPR vector can be
injected with Tol2 mRNA into one cell-stage embryos that will later be submitted to
phenotype evaluation. (See color plate)
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