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Abstract: Zebrafish is an emerging model system in biomedical research. The high degree
of evolutionary conservation in genetics as well as in development allows deciphering the
molecular mechanisms underlying vertebrate development and human diseases. Zebrafish
offers important advantages as a genetic model organism such as a completely sequenced
genome, fast external embryonic development accompanied by nearly perfect transparency,
a large number of offspring year round, and molecular accessibility for genetic manipulation.
This review discusses established and newly developed approaches for genetic manipulation
of zebrafish and their usefulness to understand gene function in various human disorders like
heart defects or Alzheimer’s disease.
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Introduction

More than 30 years ago, the small freshwater fish Danio rerio attracted the attention
of scientists who searched for an easy-to-handle but yet complex vertebrate to analyze
conserved gene functions.'? Today, D. rerio is better known under its common name
“zebrafish” for its striped appearance, and it is a well-established model for challeng-
ing issues in various research fields of biomedical relevance such as cardiovascular
or neurodegenerative diseases.

Zebrafish is a bony fish belonging to the infraclass of teleosts. Its anatomical
structure as well as the function of most organs resemble the respective features of
mammals, making zebrafish an excellent disease model (Figure 1A). For example,
studying zebrafish heart development contributed significantly to the understanding
of human cardiovascular diseases.’ The zebrafish liver can be used as a model for liver
tumorigenesis or alcoholic fatty liver.*

Zebrafish embryos are transparent and develop rapidly outside the mother®
(Figure 1B), allowing exceptionally detailed observations of developmental processes
down to the subcellular level. Because an adult female produces up to 200 eggs per
week and zebrafish husbandry is relatively cost-efficient, zebrafish experiments can be
easily performed with high n-numbers or even as high-throughput approaches.” Zebrafish
embryos and larvae are easily accessible for mechanical manipulations such as injec-
tion or transplantation. Chemical manipulations can be carried out by simply diluting
the compound of choice in the water in which embryos or larvae are raised. However,
the two key features of the zebrafish are 1) that all these advantages can be combined
with its genetical tractability and a broad range of manipulation methods, most of them
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Figure | Zebrafish as model for vertebrate development and human diseases.
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Notes: (A) As a vertebrate, zebrafish shares many anatomical features with higher animals such as mammals, making zebrafish an excellent model for biomedical research.
(B) Zebrafish embryos are transparent and develop rapidly outside the mother. Indicated stages show the development during the first day starting with the fertilized egg
(one cell stage) followed by a series of cell divisions. During epiboly, cells spread out to migrate over the yolk into the direction of the vegetal pole. After gastrulation, early
embryonic structures such as eye and somites are formed. At 24 hpf (hours postfertilization), many organs and other anatomical structures can be already observed.

relatively easy to perform, and ii) consequences of molecular
manipulations can be followed over time through in vivo
microscopy approaches thus delivering data in the context of
a living vertebrate organism.*'° This review aims to present
an overview over the wide and constantly expanding spectrum
of genetic manipulation approaches in zebrafish.

The zebrafish genome

In the haploid state, the zebrafish genome has a size of about
1,412 Gb distributed among 25 chromosomes.'""'> Based on
data obtained by the zebrafish genome project initiated by
the Sanger Institute, Howe et al presented in 2013 a sequence
assembly of outstanding quality, meeting the high standards
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of the mouse and human genome. This so-called “reference
genome” uses the widespread standard fish strain Tiibingen
as a genetic model for all other common standard strains.!!
A follow-up version of this sequence assembly was pub-
lished online just recently (http://www.ncbi.nlm.nih.gov/

genome/annotation _euk/Danio_rerio/104/). However, it is

important to note that the genetic heterogeneity between
different zebrafish laboratory strains is higher than that in
other model organisms with considerable variations even
within one distinct strain and that inbreeding possibilities
are limited in zebrafish.!>1¢

About 71% of the 20,479 protein-coding genes of Homo
sapiens have orthologs in the zebrafish genome. In turn, 69%
of the 26,206 protein-coding zebrafish genes have human
counterparts.!! The increased gene number in the zebrafish
genome — as compared to the human genome — is accepted
to originate mainly from a whole-genome duplication dur-
ing teleost evolution that was followed by a loss of many
ohnologs.'” Hence, many but not all human genes have more
than one zebrafish ortholog.!! The existence of two orthologs
often comes with an advantage though. Mutations in the two
ohnologs have been accumulated mostly in regulative regions.
While both ohnologs together show a spatio-temporal expres-
sion pattern similar to the respective human ortholog, each
individual ohnolog may display a more restricted expression
pattern compared to its human ortholog. As a result, early
lethal phenotypes result less often from loss-of-function
experiments, allowing deeper insights into the tissue-specific
functions of a gene of interest. However, it is important to
keep in mind that this advantage can also come with the
pitfall of redundant functionality.'®"

Howe et al also described 4,556 RNA genes.!! Although
these genes do not encode a protein, many of them seem to
have essential functions. One important class of such RNAs
is microRNAs (miRNAs), which play a key role in the
regulation of protein-coding genes. Among most vertebrates,
miRNA sequences and functions are largely conserved.?**!

The close genetic similarities between zebrafish and
human document the great potential of zebrafish as a model
system for biomedical research. This is supported by the
identification of many zebrafish genes orthologous to human
disease genes listed in the Online Mendelian Inheritance in
Man database.'!

Zebrafish as model to elucidate

vertebrate gene function
In 1996, zebrafish had its major breakthrough as a model for
vertebrate genetics. Presented as a stand-alone issue of the

journal Development, an international team coordinated by
Christiane Niisslein-Volhard, Wolfgang Driever, Friedrich
Bonhoeffer, and other pioneering researchers published the
results of several large-scale forward genetic screens. By uti-
lizing the point mutation-inducing chemical N-ethylnitrosou-
rea (ENU), they generated zebrafish males with randomly
mutagenized sperm and crossed these fish with nontreated
wild-type fish. The descendants of these potential mutation
carriers were screened by visual inspection with regular
stereomicroscopes for specific phenotypes during embry-
onic development. Of 4,264 isolated mutants, 1,163 were
confirmed and subsequently analyzed. Doing so led to the
identification of approximately 400 genes generating visible
phenotypes when mutated that could be assigned to distinct
developmental or physiological processes. Most importantly,
many of these genes were found to have orthologs in higher
vertebrates, thus documenting the outstanding suitability of
zebrafish for human developmental forward genetics. Thus,
the established zebrafish mutant library covered almost all
aspects of vertebrate development, including cell migration
in the early embryo, notochord formation, muscle develop-
ment, and development of the nervous system and the heart
and circulatory system.?

The heart is the first organ formed during vertebrate
embryonic development and its formation is highly conserved
among species. During early development, two bilateral
heart primordia are established. They migrate toward the
midline where they fuse to give rise to a fully functional
heart. In zebrafish, heart formation can be observed during
the first two days of development with heart contraction and
subsequent circulation starting approximately after 1 day of
development.??*

One striking phenotype in heart organogenesis found
during the mutagenesis screens is cardia bifida or “two
hearts”. In these mutants, the two heart primordia fail to fuse
preventing the formation of a functional heart. Instead, “two
hearts” are found, one on each side of the midline indicating
a fundamental problem with cell migration. Such mutants
provide fascinating insights into the molecular mechanisms
underlying vertebrate organogenesis. In the case of cardia
bifida, the zebrafish mutant miles apart was mapped to a gene
encoding a Sphingosine-1-phosphate receptor. Signaling
induced by this receptor was demonstrated to regulate the
interaction of zebrafish cells with the extracellular matrix
protein Fibronectin, which marks the migration path of
myocardial precursors in the embryo. In congruence with
this, another cardia bifida mutant named natter was mapped
to the gene locus of fibronectin.*>*
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Other generated mutants also allow the analysis of organ
function. For example, the pickwick mutant shows reduced
heart contractility with dilations and was mapped to the
zebrafish ortholog encoding the large sarcomeric protein
Titin. Interestingly, mutations in the human 7itin gene have
been identified as cause for dilated cardiomyopathy resulting
in a phenotype comparable to the pickwick mutant. Therefore,
the pickwick zebrafish mutant is a promising model to study
dilated cardiomyopathy.?**’

The findings summarized earlier are only a small glimpse
of the huge amount of data obtained by Niisslein-Volhard,
Driever, Bonhoeffer, and their colleagues. It is particularly
noteworthy that mutant screening was realized without
comprehensive knowledge of the zebrafish genome. Taken
together, these forward genetic screens allowed successful
analysis of gene function in zebrafish and readily contributed
to the understanding of vertebrate development and human
diseases.

Molecular tools for the genetic
manipulation of zebrafish

Random gene disruption

ENU is an alkylating agent that modifies single DNA bases
resulting in randomly distributed point mutations (Figure 2A).
Depending on the position within an open reading frame
(ORF) or at splice sites, this can result in a nonsense mutation
leading to protein truncation or a missense mutation changing
the meaning of the affected codon. Those mutations mostly
result in hypomorphic or null alleles; the generation of hyper-
morphic and neomorphic alleles is also known. However,
silent mutations in the coding sequence or the protein are
possible and small ORFs are unlikely targeted.?®

ENU-derived mutagenesis of zebrafish was exploited
in the past to map readily observable phenotypes to gene
functions.” Today, the almost fully annotated zebrafish
genome is available for everybody by different online
resources allowing the precise selection of any genomic
sequence of interest (Table 1). This allows one to identify the
targeted identification of ENU-induced point mutations in a
selected locus by TILLING (targeting-induced local lesions
in genomes). TILLING combines the use of an endonuclease
specifically detecting mismatches within a DNA heteroduplex
with resequencing.*

Recently, a point mutation was identified by TILLING in
the zebrafish ortholog of psenl potentially allowing one to
study the function of an Alzheimer’s disease (AD) candidate
gene in an animal model. PSEN1 is a highly conserved pro-
tein involved in the y-secretase complex. y-Secretase function
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Figure 2 Knockout and knockdown of zebrafish gene function.

Notes: (A) N-Ethylnitrosourea induces point mutations in the genome, which
can be inherited to the next generation (mutation carriers indicated as orange-
colored embryos). (B) A transient knockdown can be achieved by the injection of
an antisense morpholino in the early embryo, which then blocks the translation or
splicing of the mRNA encoding the protein of interest. (C) A quite new knockdown
technique in zebrafish is the use of modified miRNAs matching the mRNA encoding
the protein interest, which is then degraded by the endogenous RNA interference
machinery.

Abbreviations: mRNA, messenger RNA; miRNA, microRNA.

is crucial for the cleavage of the amyloid precursor protein.
Amyloid precursor protein miscleavage is accepted to be one
possible cause for progressive dementia in AD, and psen!
mutations have been found in many patients with autosomal
dominant familial AD. Various attempts were made to study
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Table | Resources for zebrafish researchers

Resources

Description

Homepage

Stock centers
Zebrafish International Resource Center
(ZIRC) (Eugene, OR, USA)

European Zebrafish Resource Center
(EZRC) (Eggenstein-Leopoldshafen,
Germany)

China Zebrafish Resource Center

Collection, maintaining, and redistribution of all kinds of research material
such as wild-type and mutant strains, complementary DNAs, and antibodies.
Information regarding zebrafish standard protocols and animal health.
Harbors different wild-type and transgenic strains as well as many mutant
strains from the Niisslein-Volhard laboratory and the Zebrafish Mutation
Project.*® Large plasmid collection, sequencing, and screening service.
Maintaining of wild-type, mutant, and transgenic strains. Knockout service

zebrafish.org

http://www.ezrc.kit.edu/

en.zfish.cn/

(Wuhan, People’s Republic of China)
Online resources

by genome editing.

Zebrafish Information Network
(ZFIN) — The Zebrafish Model
Organism Database’®!

Zebrafish Ensembl

Zebrafish Mutation Project (ZMP)

Comprehensive database regarding zebrafish genetics and development,

Genome database for vertebrates and other species, publication platform
for the recent version of the annotated zebrafish genome.'!

Database that lists all available mutants obtained by the ZMP initiated

by the Sanger Institute.®® Mutant strains are available from ZIRC or EZRC,

zfin.org/

anatomy and expression patterns, mutant strains and antibodies, and much
more. Access to international zebrafish research community.

http://www.ensembl.org/

Danio_rerio/Info/lndex

http://www.sanger.ac.uk/

resources/zebrafish/zmp/

respectively. An additional service is transcriptome profiling.

Zebrafish Insertion Collection
(ZInC)*2

Database that lists all available mutants created by the laboratories of Shawn

research.nhgri.nih.gov/

Burgess and Shuo Lin. All mutant alleles are generated by retroviral insertional  zinc/

mutagenesis. Frozen sperm of all mutation carriers will be deposited in ZIRC.

Notes: This table gives information regarding the most important zebrafish resources. However, there is no claim on completeness.

psenl function in the mouse system; however, psen/ null
mice are not viable. The zebrafish psen! allele hu2547
encodes a truncated protein variant without the proteolytic
domain, and psen 124712597 zebrafish mutants develop almost
normally and can be raised to adulthood allowing long-term
analysis of impaired psenl function in a vertebrate brain.
These fish displayed significant alteration in histaminergic
neuron number presumably linked to the neuronal histamine
deficit observed in AD patients.3*3¢

The targeted identification of mutations is acceler-
ated by combining the now available knowledge of the
zebrafish genome sequence with up-to-date high-throughput
sequencing. Kettleborough et al designed short biotinylated
RNA probes complementary to all protein-coding sequences
of zebrafish. By hybridizing these probes with genomic DNA
of ENU-mutagenized zebrafish, they were able to enrich
exonic sequences by pull down with streptavidin beads.
Subsequently utilizing exome sequencing, their ultimate
goal is to identify mutations in all protein-coding genes of
zebrafish.®

ENU-based mutagenesis is highly efficient; however, the
identification of a point mutation requires intensive screen-
ing by sequencing techniques. An alternative approach is the
random integration of exogenous DNA. This so-called inser-
tional mutagenesis relies on the integration mechanisms of
transposable elements or retroviral vectors, which introduce a
disrupting cassette encoding an easy-to-detect reporter such

as a fluorescent protein (eg, a minimal promotor and an ORF
encoding green fluorescent protein [GFP]) into the zebrafish
genome. Successful integration can be monitored by fluores-
cence and by using this construct as molecular landmark, the
flanking genomic regions can be easily identified allowing a
reliable mapping of the hit locus. This fundamental principle
is also designated as trapping.’’

Utilizing a pseudotyped retrovirus for random insertion
into the zebrafish genome, the research group of Nancy
Hopkins created a wide range of different mutant alleles
by the disruption of endogenous ORFs. Many of the identi-
fied mutants showed early developmental phenotypes thus
complementing the Niisslein-Volhard screens. However, in
contrast to ENU-induced mutations, the integrated viral DNA
sequence allowed fast positional cloning and identification
of the disrupted genes. This trapping approach is termed
gene trapping.***! Enhancer trapping is more directed to the
identification of novel regulative elements such as enhancers
and promoters. Once characterized, these stable integrates
can serve as tissue- or cell type-specific markers. The most
ambitious approach is protein trapping by which the ORF of
an endogenous gene is fused with the ORF of the fluorescent
reporter. This allows the characterization of the expression
pattern of the hit gene as well as the subcellular localization
of the respective protein in parallel.*7+24

However, random mutagenesis is work and cost intensive
and requires the maintenance and screening of thousands of
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embryos and fish. Hence, such extensive mutagenesis projects
with the potential aim of genome or phenome saturation are
mostly conducted by larger research teams who then kindly
make the created mutant library available for the community
(Table 1). However, many small-scale screens with an easy-
to-score read-out and aiming for a particular phenotype have
been performed in the meantime.

Morpholinos

Instead of chemical mutagenesis, another possibility in
zebrafish to interfere with a gene’s function is to inject short
antisense oligonucleotides named morpholinos into early
embryos to specifically knockdown the expression of the
gene of interest generating a hypomorphic phenotype.*
Depending on the target sequence, morpholino-binding
blocks splicing or translation of a specific messenger RNA
(mRNA) resulting in reduced or even lost expression of the
respective gene product (Figure 2B). This reverse genetics
approach is often used to analyze the function of genes
without available mutant allele or to produce intermediate
phenotypes of different strengths.*

Although morpholinos are commonly used in the
zebrafish community, concerns were raised regarding the
specificity of this technique. Robu et al showed that mor-
pholinos can upregulate the activity of the apoptosis factor
p53. Thereby, induced cell death frequently masks the actual
phenotype. Co-injection of a p53-specific morpholino is
accepted to compensate this off-target effect; however, uncer-
tainties remain.***’ For example, a recent study revealed the
fundamental differences between the morpholino-induced
knockdown of the serine-threonine protein kinase PAK4
and a pak4 null allele. pak4~~ zebrafish embryos and adults
develop normally, whereas the knockdown shows a severe
developmental phenotype.*® Nevertheless, morpholinos may
still be a valuable tool to analyze gene function if the specific-
ity is characterized well.*-°

RNA interference

In many model organisms, RNA interference (RNAi) is
a standard technique for specific expression knockdown.
Exogenous double-strand RNA is processed to short single-
strand RNA fragments that bind to an mRNA with comple-
mentary sequence which is then degraded. All this is carried
out by a highly conserved protein machinery.>! Although all
components of this pathway are found in zebrafish, most
attempts to establish a well-functioning RNAi approach
struggled with technical problems or off-target effects.
However, it was demonstrated that the processing of

endogenous genetically encoded miRNAs by the zebrafish
RNAIi machinery is conserved to other vertebrates and
essential for development.® Therefore, the typical miRNA
structure of zebrafish was recently used as template for a
novel RNALI tool by replacing the miRNA stem loop by a
short target sequence matching the protein-coding mRNA of
interest. Expression of such constructs reduced the expression
levels of the respective genes and caused phenotypes com-
parable to corresponding loss-of-function mutants and inte-
gration of these constructs into the genome produced stable
transgenic “RNAI lines”. By the combination of modified
miRNAs with a tissue-specific expression system, which is
also inducible, cell type-specific gene knockdowns have been
already achieved.®*> These encouraging approaches raise
the expectation that zebrafish finally has a well-functioning
and adjustable RNA tool and that this technique may see a
revival in zebrafish in the future (Figure 2C).

Ectopic expression by mRNA

Injection of synthetic capped mRNA encoding the protein of
interest into early embryo stages (eg, one cell embryos) is a
standard method within the zebrafish community. Injected
mRNA is distributed more or less evenly to every newly
born cell of the embryo (Figure 3A). Thus, mRNA-derived
overexpression although not being cell type specific is a
fast and valuable tool for functional gene analysis by global
expression of gain- and loss-of-function variants of a gene
of interest. Because the injected mRNA is only stable dur-
ing early stages, this method is limited to characterize early
processes of embryogenesis. Also, mRNA injection is often
used to verify a loss-of-function phenotype by rescue.*¢

Transgenesis

Instead of injecting mRNA, it is also possible to inject an
expression plasmid into zebrafish embryos. Common promot-
ers such as the CMV promoter work well in zebrafish and
allow the expression of the protein of interest.’” To achieve cell
type-specific expression, many well-characterized enhancer
elements for zebrafish are available, which can be combined,
for example with an ORF encoding a fluorescent protein.
Moreover, a plasmid can carry a multicistron expression
cassette allowing the parallel and even equimolar expression
of several components at once. Unsurprisingly, fluorescent
reporters play a major role in zebrafish research due to the
transparent nature of the zebrafish embryo throughout devel-
opment; therefore, a broad variety of advanced genetically
encoded fluorescent microscopy tools have been developed.™
In contrast to injected mRNA, plasmid DNA distributes in
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Figure 3 Expression of transgenes in zebrafish.

Notes: (A) Synthetic capped mRNA is injected in one cell embryos leading to a global
expression throughout the early embryo. (B) Injection of an expression plasmid with
a zebrafish-compatible promoter leads to mosaic expression. (C) Stable transgenesis
can be achieved by using transposon-mediated integration into the genome leading to
inheritable and even tissue-specific expression of the transgene.

Abbreviations: mRNA, messenger RNA; CMV, cytomegalovirus; ORF, open
reading frame.

a mosaic manner and hence only few cells in the multicel-
lular embryo will express the protein of interest (Figure 3B).
Therefore, plasmid injection is common for the analysis of
the behavior of specially selected small cell populations or
even single cells and to address the cell autonomy of gain-of-

function and loss-of-function phenotypes.* These transgen-
esis effects are long lasting in contrast to mRNA-mediated
transgene expression, but transgene expression is rarely
transmitted through the germ line.

To efficiently create stable transgenes, the respective
construct needs to be integrated actively into the zebrafish
genome. For this, several transposon-based tools are avail-
able for zebrafish such as Sleeping Beauty, 70!/, and T0/2
of which the latter is the most commonly used one due to
its detailed characterized function and efficiency in mediat-
ing genome integrations. Minimal 70/2 cis sequences are
only ~200 bp long; thus, they can be easily cloned to the
flanking sites of any desired transgene to be integrated into
the zebrafish genome. Co-injected with synthetic capped
mRNA encoding for 70/2 transposase in the early embryo,
the 7o/2-flanked transgene integrates with a high chance into
the germ line where its integration becomes stable due to fast
Tol?2 transposase-encoding mRNA and protein turnover and
thus the transgene is transmitted to the progeny of founder
fish (Figure 3C). However, problems such as position effects
and silencing of the integrated transgene can occur as usually
found with random transgene integration methods in other
model organisms.%%-¢2

Up to now, many different transgenic lines have been
generated and are available from the large international
stock centers (Table 1) or are shared between zebrafish labs
by simply shipping eggs in a Falcon tube via regular surface
mail. Especially popular are transgenic reporter lines, which
carry a cell type-specific enhancer to drive the expression of
a fluorescent protein.>® Thus, the development of an organ
or the migration of a cell population can be analyzed in an
intact living vertebrate embryo throughout development.
A widely used reporter for neurobiological research is the
Tg(elavi3:EGFP) line (formerly known as HuC:GFP). The
elavl3 enhancer element drives expression specifically in
postmitotic neuronal progenitors and expression is main-
tained in differentiated neurons. Hence, the development,
migration and morphology of those neurons can be easily
observed by fluorescence by confocal microscopy. However,
this line was created before the development of the 7012 sys-
tem by just injecting a linearized plasmid construct. Random
integration of such constructs in the genome is possible, but
happens with rather low efficiency.®

To make the use of cell type-specific enhancer elements and
driven transgenes more flexible, combinatorial genetics have
been introduced into the zebrafish system. One approach is the
targeted expression of an ORF driven by a so-called upstream
activating sequence (UAS) upon the specific binding of the
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transcription activator factor Gal4.%° In turn, the expression
of the Gal4 protein is driven by a cell type-specific enhancer
such as elavi3. By the combination of an enhancer:Gal4
transgene with an UAS: ORF of choice transgene by the inter-
cross of respective stable transgenic fish lines, one achieves
the specific spatial and temporal expression of the protein of
interest. Due to the combinatorial nature of this system, the
number of potential matings rises exponentially with the num-
ber of generated driver and effector lines.>® This can be used
to identify distinct cell populations by the targeted expression
of a fluorescent protein and also to genetically model human
diseases in zebrafish in particular with early lethal phenotypes,
because driver and effector fish can be propagated separately.
For example, the neuronal elavi3 enhancer was used to specifi-
cally drive the expression of a human pathogenic variant of the
protein Tau by Gal4/UAS-mediated transcription activation.
Tau is a microtubule-associated protein known to be a risk
factor for AD, and stable transgenic zebrafish expressing
the human pathogen showed AD-related phenotypes such as
delayed neuronal differentiation, behavioral abnormalities and
AD-like histopathology.®’

Gal4-activated UAS elements can drive the expression
of several ORFs to produce the respective gene products
in parallel®® and also the generation of triple and quadruple
transgenic fish is possible.®® The Gal4/UAS system is
commonly used and new Gal4 tools are constantly being
further developed as for example tamoxifen-inducible Gal4
expression;® however, alternative strategies exist such as the
chemical-inducible LexPR system or tetracycline-controlled
transcriptional activation.””!

Genome editing

Currently, the zebrafish field witnesses another grant splash
in the development of fast and efficient targeted mutagenesis
approaches. Genome editing utilizes specifically designed
endonucleases for sequence-specific manipulation. The
first-generation technique was based on zinc finger nucle-
ases (ZFNs). ZFNs are composed of a Fokl endonuclease
domain and a DNA-binding domain consisting of zinc fin-
gers, small protein motifs binding each to a specific DNA
triplet. Zinc fingers with different binding properties can be
combined to form a sequence-specific domain targeting the
genomic sequence of interest. Two ZFNs bind to neighbor-
ing target sites, thus constituting a functional Fokl dimer,
which subsequently introduces a double-strand break (DSB)
between the two ZFN-binding sites (Figure 4A). DSBs
can be repaired by nonhomologous end joining (NHEJ);
however, this mechanism is prone to error resulting in small

deletions or insertions. Hence, a ZFN-induced DSB can lead
to a disruption of gene function. DSB repair by homologous
recombination (HR) and thereby site-directed integration of
foreign sequences is also possible adding another even more
precise method of mutagenesis.”

Developed over the last decade, ZFNs were demon-
strated to work in zebrafish and many other model organ-
isms. However, zinc fingers can influence each other’s
binding properties making the specificity of a zinc finger
array not entirely predictable.” Verification of binding
properties takes time and can be very expensive, which
prevented the establishment of genome editing by ZFNs as
a standard method in the past. Recently, this situation has
changed dramatically. During the last 4 years, two novel
related techniques took the scientific community by storm:
transcription activator-like effector nucleases (TALENS)
and clustered regularly interspaced short palindromic
repeats (CRISPR)-Cas.

Similar to ZFNs, TALENSs consist of an endonuclease
domain of Fokl and a site-specific DNA-binding domain. The
DNA-binding domain is composed of short repeats whose
sequence is highly conserved except two adjacent residues.
These repeat variable diresidues determine the binding speci-
ficity of a single repeat to one of the four DNA bases with
repeat variable diresidues not influencing each other in their
binding properties. Thus, a target DNA sequence can simply
be translated into a sequence of linear repeats with different
repeat variable diresidues (Figure 4B).”” Today, a TALEN
targeting the DNA sequence of interest can be generated in
only a few steps by standard cloning procedures making this
technique affordable and manageable to everyone.”s7®

Zebrafish was the first vertebrate in which TALENS have
been tested. Indeed, genomic DSBs induced by a pair of
TALENSs followed by incorrect NHEJ resulted in heritable
mutations.” HR-directed repair of a DSB by the integra-
tion of a donor construct with homologous region was also
already successful.®

The latest tool for targeted genome editing is of remark-
able simple elegance: CRISPR-Cas does not even require
the design and synthesis of a DNA targeting domain — the
method simply relies on classic RNA injection protocols in
zebrafish. A short guide RNA complementary to the genomic
target sequence of interest is co-delivered with synthetic
capped mRNA encoding Cas9 endonuclease. The guide RNA
mediates Cas9 endonuclease binding to the target site fol-
lowed by the generation of a DSB (Figure 4C).8! Up to now,
CRISPR-Cas proved to be just as efficient as TALENs and
allows gene disruption by incorrect NHEJ or by targeted DNA
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Cys2His2 zinc finger bound
to a specific triplet

TATGCTA C

5
ATTCACACAGTCGATTGA
3,’I‘AAGTGTGTCAGCTAAC

GTGGAATTTCATCACA3
ACACCTTAAAGTAGTGT5

A pair of ZFNs introduces a DSB

B TALENSs
LTPEQVVAIASHDGGKQALETVQRLLPVLCQA

The highly conserved TALE repeat domain has two
variable residues at position 12 and 13

NK
N _mc Each TALE repeat binds specifically
GILACGAGLCACAT to one of the four DNA nucleotides

C

TGTGAGCTTTCATCACA3
CACTCGAAAGTAGTGT5

5AT TCACACAGTCGTAAG
3fTAZ—\GTGTGTCAGCATTCT

A pair ot TALENS introduces
a DSB c

C CRISPR-Cas

gDNA

A Cas9/guide RNA complex
introduces a DSB

Cas9 protein
Guide RNA

Figure 4 Genome editing.

Notes: (A) A zinc finger motif can bind to a specific triplet of nucleotides. Zinc finger nucleases (ZFNs) are assembled of an endonuclease monomer (labeled in red-orange
color) and a zinc finger tandem domain, which binds specifically to a chosen DNA sequence within the genome. Two ZFN's directed to the same target site form a functional
endonuclease dimer which then cuts the DNA double strand and generates a double-strand break (DSB). However, binding specificities of the zinc finger tandem domain
need to be extensively validated before use. (B) The DNA-binding domain of transcription activator-like effector nucleases (TALENS) consists of highly conserved repeats
only varying at two positions. These two variable residues determine the binding specificity of a repeat for a particular nucleotide (color coded). Fused to an endonuclease
monomer, a pair of TALENSs can bind specifically to the site of interest and introduce a DSB just like ZFNs. (C) The clustered regularly interspaced short palindromic repeat
(CRISPR)-Cas system simply requires the co-delivery of the Cas9 endonuclease and a guide RNA matching the genomic sequence of interest. By recognizing the target site
by the guide RNA, Cas9 can introduce a DSB apparently as efficient as a pair of TALENSs.

integration.®># Respective vectors optimized for zebrafish  databases for mutants generated by random gene disruption or
or other organisms are already available requiring only the  arguing about the specificity of morpholinos, one can generate
individual design of the guide RNA % a stable mutant allele in line with their own preferences within

In conclusion, targeted genome editing led to a dramatic ~ weeks. Up to now, there are many possibilities: DSBs directed
change in the zebrafish community. Instead of searching the  to the start of an ORF followed by incorrect NHEJ can lead to
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a frameshift or a premature stop codon resulting in a genuine
null allele. Directed to another region of a gene, truncated or
alternative splice variants of the transcript can be generated.
HR-based repair of a DSB can be exploited to introduce a
wide variety of DNA sequences, as, for example, a simple
gene-disrupting cassette or a more complex fluorescence
reporter, which would be later driven by the promoter of the
targeted gene. By using the sequence of the targeted locus as
HR template for a DSB, one could introduce before built-in
point mutations or small protein tags.’”#86% [t is equally
conceivable to use the wild-type sequence for repairing an
existing mutation to perform a rescue experiment.

The parallel targeting of two TALEN pairs or two guide
RNAs plus Cas9 endonuclease, respectively, to the same chro-
mosome was demonstrated to cause very large deletions or even
chromosomal inversions in zebrafish, which might be useful
to disrupt whole gene clusters.’! In addition, the combination
of Cas9 endonuclease with several guide RNAs matching dif-
ferent loci can be used to generate multiple specific mutations
within one approach.® As in some of these animals, both alleles
are affected, a first insight into the phenotype to expect can
already be observed a few days after injection. Other potential
applications are the targeted manipulation of gene expression
by using the TALEN repeat domain to guide effector domains
to a promoter region or inactive yet binding Cas9 endonuclease
to block transcription at specific genomic sites.”>%

However, all novel techniques have their drawbacks. In the
case of genome editing, these are off-target effects leading to
undesired background mutations. Thus, the target sequences
must be chosen carefully: to reduce off-target effects to the mini-
mum, they must be as unique as possible in the whole genome.
A further possibility at least for the CRISPR-Cas system is the
use optimized Cas9 enzymes. One example is the Cas9 nickase,
which does not introduce a DSB but only a single-strand break
and seems to reduce off-target effects dramatically.”*

Taken together, TALENs and CRISPR-Cas take reverse
genetics of zebrafish and other genetically tractable organisms
to an entirely new level as they enable targeted mutagenesis
by inducing small mutations and even in frame knock-in to
any chromosomal locus of choice. While such an approach
was previously available only for mouse, it now offers these
same genetic possibilities for zebrafish in an easy, cheap,
and fast manner.

Zebrafish as a tool for drug

development
The diverse methods for genetic manipulation of zebrafish
make it possible to study a wide variety of biomedical

research issues in a living vertebrate. Such research projects
could contribute to understanding cellular and molecular
mechanisms underlying genetic human diseases. But how
could zebrafish be used for the next step of developing
therapeutic strategies for disease intervention? One pos-
sibility is using zebrafish as a screening or validation tool
for new drugs.

During the first days of development, zebrafish embryos
can be kept in multiwell plates without the need for feed-
ing them thus allowing the analysis of a great number of
embryos in parallel. Automated systems can support manual
effort, eg, by pipetting, sorting, and even searching for
phenotypes.” Therefore, a whole compound library can
be tested fast and efficiently directly in the context of a
living vertebrate.”

Zebrafish chemical screening can be used to assay devel-
opmental toxicity of different substances by phenotype and
lethal dosing.”” Also the identification of specific modula-
tors of developmental pathways is feasible. For example,
dorsomorphin was identified in an in vivo screen searching
for antagonists of the bone morphogenetic protein signal-
ing pathway, which is essential for dorsoventral patterning
during early embryonic development. When applied during
early development, Dorsomorphin was shown to specifically
inhibit bone morphogenetic protein type I receptors resulting
in a dorsalized phenotype with reduced ventral tissues.”® To
identify modulators of the development of distinct organs and
tissues, fluorescence reporter strains can be used for quantita-
tive analysis in microplate readers.” Ultimately, compounds
can be screened for their efficacy to alter or even rescue a
disease phenotype. gridlock is a zebrafish mutant with a
constricted aorta preventing proper blood flow. This pheno-
type resembles aortic coarctation in humans, a congenital
heart disease. Chemical screening identified two compounds
having the potential to suppress the gridlock phenotype by
stimulating pathway components downstream of the gridlock
gene product.'®

Taken together, chemical screening utilizing zebrafish
is a conclusive method to screen libraries of drug candi-
dates for toxicity, bioavailability, and dosing or to identify
compounds with specific metabolic functions. However,
zebrafish does not substitute for either cell-based assays or
drug testing on mammals such as mice. But by providing
a large-scale platform for compound screening as “hinge”
between compound screening using cultured cells and the
costly and laborious drug validation on mammalian disease
models, zebrafish drug screening can significantly help to
narrow down potentially active substances with low toxicity
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and good tissue availability and is expected to speed up drug
discovery significantly.

One successful identified substance with high biomedical
relevance is prostaglandin E2 (PGE2). North et al'” showed
in a chemical screen that PGE2-regulating compounds
affected the number of hematopoietic stem cells in zebrafish
and that a stable PGE2 derivative improved the repopula-
tion of murine bone marrow with hematopoietic stem cells.
Thus, PGE2 is a high potential candidate for hematopoietic
stem cell therapies of human patients; as a consequence,
a PGE2-derived drug was tested successfully in a clinical
Phase I trial proving that the drug was not harmful when
applied to healthy individuals. Phase II is already underway
to test efficacy.!?!®* This encouraging example raises the
hope that biomedical zebrafish research may be directly
transferred to humans.

Conclusion and future perspectives
The powerful combination of established molecular tools
like cell type-specific expression and exiting new tech-
nologies such as genome editing provides almost limitless
perspectives for the use of zebrafish as a biomedical model.
Equipped with the comprehensive knowledge of the zebrafish
genome, researchers have just begun to understand the full
significance of the close relation between fish and human.
By taking the full advantage of the molecular toolbox for
genetic manipulation, significant progress has been already
made; however, there is even more to expect for the near
future when zebrafish genetics will have its full impact on
next-generation sequencing or system biology.!%410°
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