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ABSTRACT

Keywords: Gene editing, CRISPR, CRISPRI, guided nucleases, zebrafish, CRP

Genetic modification has come a long way since its inception. Biotechnological laboratories
are impossible to imagine without it. Guided nucleases from zinc finger nucleases to TALENSs
and, most notably, the CRISPR-Cas systems are readily available. They have revolutionized
the use of model organisms such as Danio rerio, the zebrafish. The zebrafish has proven very
advantageous as a model organism and has been used in a plethora of studies based around
genetic modification. The guided nucleases, as well as other tools for genetic modification (such
as Morpholino oligonucleotides), have been thoroughly used in zebrafish studies.

With the CRISPR system being used extensively in laboratories, a lot of progress has been
made since its first use in genetic modification. In a field that is ever evolving, it is important
to keep an overview of the possibilities and the advantages as well as the disadvantages of the
different techniques. Different techniques have been developed based on the CRISPR system
initially found in bacteria. One system worth mentioning is CRISPRI. It is based on a modified
Cas enzyme. Cas enzymes have been modified as Cas9 nickase or dCas9 and have broadened
the applications of the CRISPR system. This review focusses on the use of CRISPR-Cas based
gene mutagenesis and CRISPR based gene silencing in zebrafish and the delivery methods
thereof.
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LIST OF ABBREVIATIONS, ACRONYMS, AND SYMBOLS

(A)GE (agarose) gel electrophoresis

AAV adeno-associated virus

AD activation domain

ap. approximately

ATP adenosine triphosphate

bp base pair(s)

Cas CRISPR-associated

CRISPR clustered regularly interspaced short palindromic repeats

CRISPRI CRISPR interference

CRP C-reactive protein

crRNA CRISPR-RNA

dCas9 nuclease deficient Cas9 protein/catalytically inactive dead Cas9
protein

DNA deoxyribonucleic acid

dpf days post fertilization

DSB double stranded breaks

dsDNA double stranded DNA

E. coli Escherichia coli

e.g. exempli gratia, for example

etc et cetera

GFP green fluorescent protein

GOl gene of interest

gRNA guide RNA

HDR homology-directed repair

hpf hours post fertilization

hpi hours post injection

HR homologous recombination

HRMA high-resolution melting analysis

Indels insertions/deletions

Kl knock-in

KO knock-out

KRAB Kriippel associated box

MET Faculty of medicine and health technologies

MGE mobile genetic elements

MO morpholino oligonucleotide

MRNA messenger RNA

ngs next-generation sequencing

NHEJ non-homologous end joining

NLS nuclear localization signals

NOD nucleotide-binding oligomerization domain

nt nucleotide

OPEN Oligomerized Pool Engineering

PAGE polyacrylamide gel electrophoresis

PAM protospacer adjacent motif

PCR polymerase chain reaction

PCV(13) (13-valent) pneumococcal conjugate vaccine

PDK polycystic kidney disease

PPV(23) (23-valent) pneumococcal polysaccharide vaccine

pre-crRNA precursor CRISPR RNA
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Pre-mRNA precursor mRNA

PTGS posttranscriptional gene silencing
RFLP restriction fragment length polymorphism
RNA ribonucleic acid

RNAI RNA interference

RNP ribonucleoprotein

RVD repeat-variable diresidue

saCas9 Staphylococcus aureus Cas9
SgRNA single stranded guide RNA
SIRNA small interfering RNA

SMR SWISS-MODEL repository

SNP single nucleotide polymorphism
spCas9 Streptococcus pyogenes Cas9
sSDNA single stranded DNA

T3SS type 111 secretion system

TAGE T7-digestion AGE

TAL transcription activator-like
TALE(N) TAL-effector (nucleases)

TGS transcriptional gene silencing
TLR toll-like receptor

tracrRNA transactivating CRISPR RNA
wpf weeks post fertilization

WT wild type

ZAL zwitterionic amino lipids

ZF zinc finger

ZFIN the Zebrafish Information Network
ZFN zinc finger nucleases

ZFP zinc finger protein

ZNP ZAL nanoparticle



1 PRESENTATION PLACE OF INTERNSHIP

The internship took place in the Arvo building, associated with Tampere University of applied
sciences in Tampere, Finland.

Finland is a Nordic country in Europe, neighboring Finland are Sweden and Russia. It is,
however, not part of the Scandinavian countries because Finnish is not related to the
Scandinavian languages. It is rather a Finnic (part of the Uralic language family) language.
Tampere is a city in Southern Finland. It is the second most populated city in Finland after
Helsinki. Tampere is known for its two lakes surrounding the city, Nasijarvi and Pyhajarvi.

Tampere University of applied sciences, or TAMK (Tampereen ammattikorkeakoulu), is part
of the Tampere University community. The different universities (TAMK, Tampere University,
and Tampere University of Technology) merged at the beginning of 2019 to form the
community as to have closer communication with each other. Through this, they want to ensure
access to higher education and research by working together. TAMK is one of the largest and
most popular universities of applied sciences in Finland.

The Arvo building, located at Arvo Ylpon katu 34 in Tampere, Finland, has offered premises
for both Tampere University and Tampere University of applied sciences since 2011. The
location is close to TAMK main campus and TAY'S medical center. The Arvo building is part
of the Faculty of Medicine and Health Technologies (MET) at Tampere University.
There are currently 35 different research groups working at the faculty, all working in different
fields such as cancer genomics, immunoregulation, toxicology and pharmacology, and more.
One of the research groups is the experimental immunology research group, under the
leadership of professor Mika Rdmet. The experimental Immunology research group focuses on
the mechanisms of the immune response. Its goal is to find the genes involved in the immune
system regulation or activation. Besides the immune response to certain pathogens, the
virulence or pathogenicity of the pathogens is studied.

The research team uses primarily non-mammalian animal models such as the fruit fly
(Drosophila melanogaster) and the zebrafish (Danio rerio). Professor Rdmet’s research group
has multiple ongoing projects. The project | got involved in focused on the role of C-reactive
protein (CRP) in the defense against streptococcal infections, using CRISPR-based mutagenesis
in Zebrafish (Danio rerio). This project is led by postdoctoral researcher Anni Saralahti.



2 AIMS OF THE STUDY

In a previous study (Saralahti et al., unpublished results), the zebrafish were genetically
modified and subjected to survival assays after pneumococcal (Streptococcus pneumoniae)
infection. The genes responsible for the affected phenotypes were determined. The crp gene
was one of the genes that, when altered, responded to a lowered survival. The lack of expression
of crp was shown to result in a higher mortality in the zebrafish.

CRP, or C- reactive protein, is a protein of which the level in plasma increases greatly during
acute phase response to tissue injury, infection, or other inflammatory stimuli. It is also an
important factor in the innate defense against bacterial and viral infections.

The ultimate aim of the project is to assess the role of CRP in the defense against streptococcal
infections. This will be done by mutating the crp gene in zebrafish using CRISPR-based
mutagenesis and silencing the crp expression with CRISPRi-based knockdown.

This review explores the different types of gene modification methods with a strong emphasis
on both CRISPR-Cas9 and CRISPRI. The goal is to find out how CRISPR and CRISPRi can
be administered in zebrafish and how these methods differ from each other or influence the
experiments. This comparison will be achieved through comparison of the available literature
on the matter.
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3 REVIEW OF THE LITERATURE
3.1 INTRODUCTION

311 What is gene modification?

Genetic modification or editing, sometimes also referred to as gene engineering, is the practice
of changing the genetic makeup of organisms. It is a practice that has been happening for a long
time in the form of selective breeding of crops or animals. Ever since the discovery of the DNA
double helix in 1953 (Franklin & Gosling, 1995; Watson & Crick, 1953) scientist have been
trying to introduce site-specific modifications in the genomes of organisms because the ability
to change the nucleic acid bases at precise locations holds a lot of value. It’s a technique with
applications in pharmaceuticals, healthcare, biotechnology, farming, etc.

One of the earliest and most important discoveries in the search for precise gene editing was
the discovery of restriction endonucleases, found in bacteria. The first restriction enzyme was
found in Escherichia coli (Meselson & Yuan, 1968). The endonuclease was shown to degrade
foreign DNA, but not the host-DNA. The isolated restriction enzyme was site-specific and
required Mg?* ions, S-adenyl methionine and ATP. After the isolated enzyme from E. coli, a
restriction enzyme was isolated from Haemophilus influenzae (Smith & Welcox, 1970), this
enzyme only needed magnesium ions as a co-factor. Restriction enzymes inflict a limited
number of double stranded breaks (DSBs) in target DNA that contains certain recognition sites
(Kelly & Smith, 1970). The inflicted DSBs can then be repaired using the cell’s own repair
mechanisms (Rudin et al., 1989). The most important repair mechanisms are non-homologous
end joining (NHEJ) and homology-directed repair (HDR) (see chapter 3.1.2). The restriction
enzymes were the first step to modifying DNA.

The next step in the journey to modern gene editing tools was when homologous recombination
(HR) was discovered in yeast cells (Scherer & Davis, 1979) and mammalian cells (Smithies et
al., 1985). This was not the first method for stable incorporation of gene inserts into a genome
(Wigler et al., 1977) but it was, however, the first method where the insertion was site-specific.
The homologous recombination technique had a low frequency of success (~1073). It embodies
the mechanism where exogenous DNA can be directed into the host genome by homologous
sequences within that genome. Later, it was found that the efficiency of HR increased greatly
when applying it to DNA after a DSB was inflicted (Rudin et al., 1989). The combination of
isolated restriction endonucleases and HR resulted in a technique for targeted gene integration.
The downside was that the restriction nucleases were not easy to use. The recognition sites
occur multiple times in the target genome and there are confined available recognition sites
since these are limited to the number of isolated restriction enzymes (some enzymes even share
recognition sites). These problems combined meant that only a small fraction of genes could be
specifically targeted. To solve this problem, researchers developed targeted nucleases to inflict
specific DSB in target DNA (Gupta & Shukla, 2017).

First, meganucleases, also called homing nucleases, were used. Meganuclease technology
consists of re-engineering the DNA-binding domain in naturally occurring restriction enzymes.
This technique faces a lot of challenges. The DNA-binding domain and cleavage domain are
hard to separate and re-engineering proteins is relatively difficult. These two properties made
meganucleases less useful in practice (Maeder & Gersbach, 2016).

Later, scientists stumbled upon Zinc Finger-mediated DNA binding. By combining these zinc
fingers with nuclease domains of restriction enzymes (more specifically Fokl), zinc finger
nucleases (ZFN) were created. ZFN were among the first site-specific nucleases (see chapter
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3.4.1). Following the use of ZFN, reports surfaced of transcription activator-like (TAL)
effectors. These were also coupled with the same Fokl-endonuclease domain to create TAL-
effector nucleases (TALENS) (see chapter 3.4.2).

The latest big step for gene editing was the implementation of RNA-guided nucleases, based
on the CRISPR-Cas systems, found in prokaryotes (see chapter 3.5). CRISPR-Cas was already
discovered earlier and studied in the field of bacterial immunology but was not used for gene
integration. It was later integrated into the field of genome editing (Doudna & Charpentier,
2014).

3.1.2 Classification of gene modifications

There are different kinds of gene modifications. They can be classified under gene knock-down,
where the gene transcription is lowered, gene knock-in (K1) where a new gene is expressed,
overexpression where the rate of transcription will be higher or gene knock-out (KO) where the
gene is silenced. The modifications can be either stable or transient. Transient modifications
are modifications that are only temporarily incorporated. Each modification has a different
working mechanism. The most common modifications will be outlined briefly in this chapter.
The type of modification is strongly dependent on the repair mechanism used to repair the
inflicted DSB. Therefore, to fully grasp the concept, an understanding of the repair mechanisms
is needed. DSBs are common in eukaryotic cells and occur in nature. They can, for instance,
happen during cell division. The occurring DSBs can be repaired by two different pathways:
NHEJ or HDR. NHEJ is the most frequent repair pathway for DSB in mammalian cells (H. H.
Y. Chang et al., 2017). When DSB are present, the cells engage NHEJ (Hustedt & Durocher,
2017). In this repair mechanism, the DSB is repaired through direct re-ligation of the cleaved
DNA ends. Repair by NHEJ is error prone and often causes small indels (insertion/deletion).

HDR can be further divided into different forms. The most common form is homologous
recombination, but it also includes single-strand annealing and breakage-induced replication.
The different forms of HDR have different requirements concerning the length of the
homologous sequences between donor and acceptor (Lieber, 2010). For cells to use HDR, a
template must be present and the organism has to be diploid (even transient diploidy, as in
dividing bacteria). The template is copied during the repair, making it possible to introduce an
insert in the target sequence (Bannikov & Lavrov, 2017). To utilize HDR, the plasmid DNA
template needs big homology regions (ap. 1000bp) flanking the DSB. If using a smaller ssDNA
as a template, it is required for it to be a maximum of 120 nt (nucleotides).

HDR is less effective than NHEJ, but there are methods to get a better efficiency from HDR
when incorporating templates (Richardson et al., 2016). NHEJ repairing causes small indels at
the place of the DSB, this makes it an efficient way of gene KO. HDR repairing, on the other
hand, incorporates an insert in the desired site and is thus a good way for gene KI (Figure 1).

12
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Figure 1: Genome engineering with DSB. This figure gives an overview of the different kinds of genome
engineering. At first, a (targeted) DSB is inflicted in the target DNA, this can be done through targeted nucleases
such as ZFN, TALENs, and CRISPR/Cas. In reaction A, the DSB is repaired with the NHEJ mechanism resulting
in indels (shown in red) and subsequent gene disruption or knockout. In reaction B and reaction C, the DSB is
repaired by HDR. In mechanism B, the donor DNA consists of the wild type (WT), but with the correct base
sequence. This is done for genetic diseases where a mutation distorts the gene activity. In reaction C the donor
DNA is a transgenic DNA, this can be used for gene knock-ins. A: NHEJ, knockout; B: HDR, Gene correction; C:
HDR, Knock-in

Gene knockouts (Figure 1A) can be caused by choosing the nuclease target site in the coding
region of a gene. Because of the mutagen character of NHEJ repair mechanisms, the repair of
the cleavage will result in an indel. This indel may cause a frameshift mutation. The frameshift
mutation causes the transcript most likely to be wrong and non-functional. This is called a
knockout. The knockouts can be used to target gain-of-function mutational diseases. One
example is Huntington’s disease. Patients with Huntington’s disease have a repeat expansion
on a protein coding gene (Ramaswamy & Kordower, 2012). Using knockdown technology, this
expansion can be silenced, resulting in a non-mutant protein. The same idea, although less
common, can be adopted to repair certain genetic diseases. Some diseases are caused by
frameshift mutations. By targeting these indels with the guided nuclease systems, the correct
reading frame can be restored (Ousterout et al., 2013). This is known as reading frame
correction.

Knock-in therapy, sometimes referred to as gene therapy (although this review steers clear of
that term because it has multiple possible definitions), is based on the HDR repair mechanism.
By using the HDR repair mechanism, the DSB can be repaired by addition of a wanted
exogenous DNA sequence. Gene correction is similar, but the used template has an incorporated
correction for a point mutation or other disease-causing mutation. The opposite of Knock-in by
insertions, would be gene inactivation/knockout by deletion. This is possible by introducing
two DSBs, each flaking the gene of interest.

The gene modifications can undergo stable integration or transient expression (T. K. Kim &
Eberwine, 2010). When an inserted gene is integrated in the host genome, this is known as
stable integration. Some edits are not integrated and are only expressed for a short period of
time (~days). Transiently expressed genes are not heritable (Condreay et al., 1999).
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3.1.3 Challenges and limitations

The challenges and limitations for each introduced method will be discussed in chapters 3.4
and 3.5. In this chapter, the general challenges and limitations for gene modification in
eukaryotic organisms will be discussed.

When editing genomes, one of the most common challenges is the off-target effects. This
happens when the nuclease (whether it is ZFN, TALEN, or CRISPR based) cuts in a place other
than the target DNA. Off-target effects can occur with unintended binding of the enzymes
(Knott & Doudna, 2018). Bigger genomes usually contain multiple regions that are (highly)
identical. This increases the chances of unspecific binding and thus increases the chances of
off-target effects. One of the goals in the development and optimization of gene editing
technologies lies in the specificity of the targeted nucleases. An improvement or solution for
the unspecificity can lie in modifying the Fokl nuclease domain, for example (Szczepek et al.,
2007). This greatly decreased the cytotoxicity when working with ZFN, presumably because of
lowered off-target effects.

Another problem for gene knockout or perturbations is a problem known as genetic robustness.
Genetic or biological robustness is an inherent property of biological systems. Genetic
robustness is a combination of naturally occurring mechanisms aimed to conserve biological or
genetic functions even when natural perturbations occur (Kitano, 2004). Perturbation or gene
knockout can activate compensatory mechanisms in the organism. These compensatory
mechanisms can alter the expression of different genes and can happen through transcriptional
or signaling pathways (El-Brolosy & Stainier, 2017). Genetic robustness can occur in several
forms, one of which, dosage compensation, was already found in 1932 (Muller, 1932) and later
shown in the Drosophila melanogaster in 1965 (Mukherjee & Beermann, 1965). In this
experiment, it was shown that male fruit flies have twice as much transcription from their single
X-chromosome compared to female fruit flies that have two X-chromosomes. Eukaryotes also
possess genetic redundancies (Tautz, 1992). With genetic redundancies, one protein is encoded
by multiple genes; This can also be referred to as overlapping gene function. Knockdown assays
in one of these genes will not have full effect because the other genes will mask the effect.
Insertional mutagenesis can also cause problems in genome-editing. With insertional
mutagenesis, an otherwise inactive gene is activated and transcribed. This can be manifested in
the form of proto-oncogenes (Baum et al., 2004).

Furthermore, the efficiency is also a challenging factor. Not every organism will carry the
wanted mutation or perturbation. This conjures two extra challenges in the experimental design.
First, it is a challenge to improve efficiencies. Whether it is by using a different method or by
altering existing methods. Secondly, because not all organisms will carry the mutation, a
screening method is needed. It is not always easy to screen for the genetic modification if the
phenotype is not clearly distinguishable. The available methods for the control of mutation will
be discussed in chapter 3.8.
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3.2 ZEBRAFISH
3.2.1 Zebrafish: general
The zebrafish, or Danio rerio, are members of the Cyprinidae (minnow) family of the order

Cypriniformes. (Vishwanath, 2010). The taxonomy of the zebrafish can be seen in Table 1:
(McCluskey & Postlethwait, 2015)

Table 1: Taxonomy of Danio rerio

Kingdom Animalia
Phylum Chordata
Class Actinopterygii
Order Cypriniformes
Family Cyprinidae
Genus Danio

The zebrafish’s natural habitat is inland (freshwater) waters. They are found in slow moving,
small streams or rivers, nearby streams and rice paddies (Engeszer et al., 2007). Zebrafish are
native to southern Asia and can be found in many different countries. They breed all year round
and feed on insects, worms, and small crustaceans.

Zebrafish are named after the blue horizontal stripes on the side of their bodies (Figure 2). The
adults are 3-5 cm long and up to 1 cm wide. To a trained eye, the male and female zebrafish
can be relatively clearly distinguished. The zebrafish live in shoals.

Dorsal fin

caudal fin

L4
e

/ ! -
Pelvicfin  Anal fin /' .

.

Pectoral fin

Figure 2: Adult female zebrafish. The blue stripes running across the sides of the zebrafish clearly show how the
fish got its name. The fish in this figure is a female fish. This can be determined by looking at the abdomen, but
one usually needs some practice before being able to clearly distinguish between sexes. The abdomen (located
between the pectoral fin and pelvic fin) of the female fish is bigger than a males’ abdomen.
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3.2.2 Zebrafish as a model organism

The use of animal models has helped researchers tremendously in biomedical research. Animal
models are beneficial because they give a better understanding of the biological responses in
comparison to in vitro analyses. Animal models have proved useful in the past and are at the
base of many important discoveries. For example, RNA interference (RNAI) has first been
proven (and studied) in Caenorhabditis elegans, a type of roundworm (Fire et al., 1998; Guo
& Kemphues, 1995). The Toll-like receptors (TLRs), also found in humans, were first
discovered in Drosophila melanogaster (Hansson & Edfeldt, 2005). Mammalian models would
be the most representable, but given their ethical questions and financial issues, other model
organisms are often easier to use. Opposed to the first-mentioned non-mammalian organisms,
zebrafish are vertebrate organisms. Zebrafish have been used extensively as a model organism
for the study of developmental biology and toxicology (Bambino & Chu, 2017) but have seen
an uprising in the use for immunological studies as well as cancer studies (Amatruda et al.,
2002). These vertebrates show great usability in animal studies compared to mammalian models
(Vargas et al., 2015). Because of their small size, zebrafish are easy to keep and maintain with
high population density (5-7 fish/liter). They also give a lot of offspring (high fecundity) and
are relatively cheap (Allen & Neely, 2010). The embryos develop rather quickly (Figure 4).
During development, the zebrafish are transparent through the first two weeks, they also
develop ex utero, which makes monitoring development convenient. They have a great genetic
homology to humans; At least 70% of the coding human genome has direct orthologues in the
zebrafish. On top of that, their genome is completely sequenced (Howe et al., 2013). The high
level of homology suggests that numerous genes connected to human diseases are also found
in the zebrafish genome. This explains why the zebrafish has seen a big surge in biomedical
research in general (Figure 3).

Search results/year
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Year

amount of hits

o O

Figure 3: Graph of search results per year. This graph shows the amount of hits on PubMed search when using
the search query ‘zebrafish’. While there are a modest 657 hits in the year 2000, this number rose to a staggering
3882 hits in 2019. Data retrieved from pubmed.ncbi.nlm.nih.gov (02-05-2020)
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Zebrafish have been used extensively in research and an online database has been opened where
researchers can access information regarding genes, genomes and other information about
working with zebrafish (ZFIN The Zebrafish Information Network, n.d.). The ZFIN is an
important factor in why the zebrafish is a useful model organism. It manages the information
coming from all the research conducted using zebrafish. It includes mutants, genes,
publications, and similar (Sprague, 2006). The development of zebrafish was already
documented earlier (Figure 4).

21-somite

Figure 4: Developmental stages of Danio rerio (Kimmel et al., 1995). In this figure, the developmental stages of
the zebrafish are pictured. Starting from the one-cell stage (0,2 hours post fertilization (hpf)) up until the formation
of the protruding mouth (72 hpf). It is clear that in 72 hours, the zebrafish embryo develops. The rate at which the
embryo develops is pictured at 27,5°C. These rates can be slowed down by using cold water of 24°C (Villamizar
etal., 2012).

The zebrafish model organism also has some limitations. One of which is that there is no one-
to-one link between the homologues of humans and zebrafish. The zebrafish have multiple
duplicate genes which could make genetic screening more complex (Woods et al., 2000). This
can be especially troublesome with knockout strategies. Silencing one gene could have no or
little effect on the amount of gene transcript produced. Having duplicate genes means that both
(or more) of the genes must be silenced. Even though the genome is fully sequenced, the
annotation of the zebrafish genome is still not complete and is still limited. Apart from the
genetic elements, zebrafish have different environmental parameters in comparison to humans
or mammals, such as the adapted body temperature (28°C in zebrafish, 37°C in humans). There
are also big differences in anatomical and physiological structure between zebrafish and
mammals (Tobin et al., 2012). Zebrafish do not possess lymph nodes, the zebrafish has a
different reproductive system and they use gills instead of lungs (Menke et al., 2011). The
difference in anatomy can have a big impact when studying host-pathogen interactions because
they limit the range of diseases that can be studied in zebrafish. On top of these limitations, the
zebrafish is still a relatively new model organism and while there has been a lot of progress,
there is still a scarcity of zebrafish specific antibodies. This issue can be partially resolved by
employing the cross-reactivity exhibited by anti-mammalian antibodies in zebrafish (Villarreal
etal., 2017).
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3.2.3 Immunology of the zebrafish

The human immune system is quite complex and these complex host-pathogen interactions
explain why the reactions might happen differently in vivo and in vitro. That is why there is a
need for a model organism that resembles the human immune system to study the complex host-
pathogen interactions in vivo (H. Meijer & P. Spaink, 2011). The transparency of zebrafish in
the early life stages combined with the in vivo imaging possibilities, make the zebrafish an
attractive model organism for immunological studies (Hall et al., 2008). The zebrafish model
has helped to study the different areas of human pathology, which include, but are not limited
to, microbe-host interaction and heritable diseases and they are also readily used in drug screens
(Goldsmith & Jobin, 2012).

In zebrafish, the innate and adaptive immune systems develop at different stages (Lam et al.,
2004). This makes it possible to study the influence of certain immune cell types in the host-
pathogen interactions. During the first 4 days post fertilization (dpf), the zebrafish does not
exhibit adaptive immunity markers. The adaptive immune system is only functionally mature
after 4-6 weeks post fertilization (wpf); This means the larvae survive solely on the innate
immune system up until at least 4 wpf (Novoa & Figueras, 2012). Infectious experiments at
different developmental stages are easily done. Therefore, it is possible to study either innate
immune response only or in combination with the adaptive immune response.

The zebrafish has an immune system that shows many similarities to mammalian systems and
thus to the human immune system. For one, the zebrafish immune system has different waves
of hematopoiesis that match with the hematopoietic waves found in mammalian embryos
(Bertrand & Traver, 2009). The hematopoietic waves take place in anatomically distinct tissues
(Davidson & Zon, 2004). The zebrafish immune system utilizes macrophage-like cells (25 hpf),
granulocytes (48 hpf), cytokines and chemokines, Toll-like receptors (Trede et al., 2004). It has
become clear that, when comparing the zebrafish’s immune system to the mammalian immune
system (both innate and adaptive), that these are highly conserved (Sullivan & Kim, 2008). All
main components of the innate immune system found in humans can also be found in zebrafish
(Kanther & Rawils, 2010; Y. Li et al., 2017; Meijer et al., 2004) (Table 2). The zebrafish can
also be used as a model for the adaptive immune response, but the focus in this paper will be
on the innate immune response.

Inflammation is an important part of the innate immune defense. It has been shown that this
response in zebrafish can be induced easily by transecting the tail of the larvae and that
inflammation resolves over a similar time to mammalian models (Renshaw et al., 2006). The
zebrafish thus shows promising results as a model organism to study infectious diseases
(O’Callaghan & Vergunst, 2010; Tobin et al., 2010; Torraca & Mostowy, 2018).
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Table 2: Comparison of the selected components of humans and zebrafish innate immune system

Immune cell in humans Homologs in zebrafish
Monocytes +
Macrophages +
Neutrophiles +
Eosinophiles +
Basophils -
Mast cells +
NK cells +
Patters recognition receptors in humans
10 different TLR (TLR1 — TLR10) ?LeF:/S)ral TLR homologs identified (ot for TLR6 and
23 NOD-like receptors >400 NOD-like receptors
3.24 Streptococcal infection in zebrafish

The human Gram-positive pathogen Streptococcus pneumoniae (pneumococcus) has a
polysaccharide capsule that contains essential virulence factors. It is usually present as a
harmless commensal of the nasopharynx but is capable of pathogenesis (Nobbs et al., 2015)
when spreading to deeper areas. It is one of the most common causes of bacterial pneumonia,
meningitis, otitis media, and septicemia. The mortality of pneumococcal infections is highest
in extreme ages, such as elderly or young children. According to estimates from the WHO,
476 000 children younger than five (HIV negative) lost their lives in 2008 due to pneumococcal
infection (WHO, 2013). Around 90 distinct serotypes of Streptococcus pneumoniae have been
reported. Multiple reports about antibiotic resistance of the pneumococcus have surfaced (Men
et al., 2019). This antibiotic resistance urges for the use of vaccinations. There are two types of
pneumococcal vaccines: pneumococcal conjugate vaccine (PCV) based on bacterial
polysaccharides bound to a carrier protein and pneumococcal polysaccharide vaccine (PPV)
based on the polysaccharides from the bacterial capsule. Both the PCV and PPV provide
serotype-specific protection. This means that the vaccines do not protect against every serotype.
The PPV protects against 23 serotypes and is often referred to as 23-valent pneumococcal
polysaccharide vaccine (PPV23). The newest version of the PCVs offers immunization against
13 serotypes and is referred to as 13-valent pneumococcal conjugate vaccine (PCV13). These
vaccinations still do not offer full protection. Consequently, the pneumococcus is an important
pathogen to study.
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There have been multiple studies where bacterial infections have been carried out in zebrafish
to check if these pathogens can, in fact, infect the model organism. For example, the disease
caused by Streptococcus pyogenes in zebrafish is similar to the disease caused by the same
bacterium in humans (Neely et al., 2002). The infection with S. iniae in zebrafish reproduces a
lot of the features also caused in humans by a variety of streptococcal infection. The interests
of this review go out to the Streptococcus pneumoniae infection. The S. pneumoniae is not a
natural fish pathogen and its optimal growth temperature is the human body temperature
(37°C), while the zebrafish are kept in 28°C water.

Previous studies have shown that injection (into the bloodstream) of zebrafish embryos with
S. pneumoniae causes fatal infections (Rounioja et al., 2012). As mentioned in the aim of the
study (chapter 2), this is the relevant bacterial infection to study. The same study also states that
zebrafish embryos are capable to combat the pneumococcal infection. The zebrafish was shown
to be a valuable vertebrate model to study S. pneumoniae infections. Adult zebrafish are
susceptible to bacterial meningitis, caused by S. pneumoniae. It is reported that there is a limited
adaptive immune response against these infections in zebrafish, meaning this model organism
is not suited for the study of adaptive immune responses to pneumococcus or the research for
human vaccines against streptococcal infections (Saralahti et al., 2014).

3.3 APPLICATIONS OF MUTANT ZEBRAFISH LINES

Because of the suitability of the zebrafish model for immunological studies, they are often used
in experimental immunology studies. Experimentally manipulated genes and the possibility for
high-throughput-screens help to investigate the role of genes or proteins in disease or immunity
(Zon & Peterson, 2005). Assigning function of genes can happen either through forward or
reverse genetics. Forward genetic approaches randomly mutate genes with a mutagen (e.g.
chemical mutagens, UV light etc.). The mutated organisms are then screened for different
phenotypes and their genome is analyzed. In reverse genetics however, the goal is to find the
function of a particular gene of interest (GOI) by specifically mutating that GOl and searching
for the phenotypical alteration. Because of the rising use of zebrafish in research, reverse and
forward genetic methods are well described, and several studies have reported about the
efficiency of these methods. With forward and reverse genetic approaches, it is possible to
identify genes that are (potentially) relevant for human disease (Shah et al., 2016) because, as
mentioned above, the zebrafish genes have a high percentage of homologues in humans. These
homologues can be used in genetic screens to identify genes responsible for genetic diseases.
This, for example, is how genes responsible for polycystic kidney disease were identified
(Sun, 2004). Chapter 3.2.2 mentioned that the zebrafish is also used for developmental studies.
This is the case for the study where genome-wide screens were used to identify genes
responsible for abnormal embryogenesis (Amsterdam et al., 1999; Driever et al., 1996).
Zebrafish have also been used in pharmaceutical studies (Langheinrich et al., 2003) to study
the effect of certain drugs on QT-prolonging and even in neuronal circuit studies (Albadri et
al., 2017).
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3.4 NON-CRISPR BASED MUTAGENESIS METHODS

34.1 ZFN

Zinc-finger nucleases are a way of targeted (sequence-specific) genome cleavage. Designed
ZFN can inflict DSB in target DNA and the DSB can trigger cellular DNA repair mechanisms:
HDR or NHEJ (as described in chapter 3.1.1). Zinc finger nucleases were created by fusing two
zinc finger proteins (ZFP) (Left ZFP & right ZFP) and the cleavage domain of Fokl (from
Flavobacterium okeanokoites) endonuclease together (Y. G. Kim et al., 1996). Zinc fingers
(ZF), together with helix-turn-helix motifs and leucine zippers, are the most common DNA
binding proteins found in eukaryotes. ZFPs are eukaryotic transcription factors found in
multiple possible configurations. CyszHis> zinc fingers (Figure 5) are the most commonly found
DNA-binding motifs in eukaryotes. ZFPs were shown to contain 7-11 zinc atoms and are built
from nine similar tandems with two invariant cysteines and histidines pairs (J. Miller et al.,
1985).

The CyszHis, domain is not only used for protein-DNA interaction but is also used in vivo for

protein-RNA and protein-protein interaction. They contain the consensus sequence
(F/Y)-X-C-X2-5-C-X3-(F/Y)-X5-y-X2-H-X3-5-H

where  X=any amino acid y= hydrophobic residue

(Wolfe et al., 2009).
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Figure 5: Human Zinc Finger protein structure. (QINZL3, ZN224 HUMAN). On the left the structure from
Uniprot. The blue dot in the middle (and the purple dot of the right structure) represents the zinc ion. The alpha
helix can be seen on the left-hand side and the double beta sheet on the right. The right structure is from SMR.
The residues in yellow depict the cysteine residues. The alpha Helix can be found at the C-terminus while the beta
sheets are connected to the N-terminus.

When cleaving the complete Fokl enzyme with trypsin, a 41 kDa amino-terminal end and a 25
kDa carboxyl-terminal fragment are found. The amino-terminal fragment was found to be the
Fokl recognition domain and the carboxyl-end fragment was found to be the cleavage domain.
(L. Li et al., 1992). By combining these two domains, the ZFN combine the qualities of both
domains. They have the DNA binding quality of ZFP and the nuclease activity of a restriction
enzyme.
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When constructing the ZFN, it is possible to use three to six fingers per ZFN. With each zinc
finger added, the recognition site gets expanded with 3 bp because each ZF has a 3bp
recognition site (Carroll, 2011). The most used technique for making ZFN is called “modular
assembly” where the DNA-binding domains of the ZFs (each with a 3bp recognition site) are
combined to the desired recognition site (Segal et al., 2003) (Figure 6). The ZFP assembly can
be carried out by inserting the necessary genes in bacterial expression vectors.

a Right ZFP

Cleavage
domain

Left ZFP

Figure 6: Structure of ZFN dimer bound to target DNA. This figure clearly shows the modular mechanisms of
ZFN. The Fokl nuclease cleavage domain is shown in the middle, bound to ZFP. There are four ZFP on each side.
Every single zinc finger has a recognition site of 3 bp, making this particular example a ZFN with a recognition
site of 24 bp. (Urnov et al., 2010)

A big advantage for the use of ZFN lies in the fact that the Fokl endonuclease domain requires
dimerization to cleave the target (Bitinaite et al., 1998). This might sound counterintuitive, but
the need for dimerization means that the Fokl domain will only cleave the DNA when both
parts of the ZFN dimer are bound to their respective recognition sites. In other words, cleavage
will not happen when solely one monomer is bound to the DNA, this lowers the chance of non-
specific cuts (and off-target effects).

High gene targeting frequencies were first reported in Drosophila. This was done by direct
injection in embryos with ZFN-coding mRNA (Beumer et al., 2008). Later, the injections were
also shown to yield a high effectivity in zebrafish. When injected during the 1-cell stage, a high
frequency of the animals carried the expected mutation (Doyon et al., 2008). The mutations
were also transmitted quite frequently through the germline (Meng et al., 2008), resulting in
viable adults.

There are problems and challenges with ZFN, though. One of which is that the modular
assembly is keen to failure (Ramirez et al., 2008). ZF motifs usually bind to their 3 bp
recognition site, however, when an aspartic acid residue is present at the +2 position of the
alpha-helix, it can change the recognition site to a 4 bp (an extra adenine or cytosine) via cross-
strand contact (Chandrasegaran & Carroll, 2016). This 4" bp contact can influence the
specificity of the flanking ZFs. This further complicates the design of ZFP and ZFN because it
means that not each ZF acts independently from its neighbor. These problems with the modular
assembly of ZFP forced scientists to resolve to other methods for ZFP selection: the sequential
selection and bipartite selection. The protocols for these selection methods are outside of the
scope of this review and will not be discussed. Both the approaches yield ZFP with a high
specificity and affinity but take a lot of time and do not lend themselves for routine performance.
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Customized zinc finger nucleases created with Oligomerized Pool Engineering (OPEN) are
proven to work in zebrafish (Foley et al., 2009), but this will also not be discussed any further.

3.4.2 TALENS

TALENSs, TAL-effector nucleases, or transcription activator-like effector nucleases were the
follow-up to ZFN. Due to the relative difficulty in design with ZFN and the fact that there are
context-dependent effects with ZFN (see chapter 3.4.1), TALENs were introduced as an
alternative method. In comparison to ZFN, TALENS are easier to design and engineer and the
specificity is similar (Hockemeyer et al., 2011).

Like ZFN, TALENS are engineered protein nucleases that can induce site-specific DSB. These
DSB can then be repaired using NHEJ or HDR (see chapter 3.1.1) to induce site-specific gene
modifications. TALENS are based on the DNA binding domain of the TAL-effectors and the
Fokl nuclease domain (Bi & Yang, 2017). Similar to the ZFN, the TALENSs are composed of
an engineered array of repeats fused to the cleavage domain. The TAL-effector was discovered
in a bacterial genus, the Xanthomonas spp.

Xanthomonas is a genus of 27 Gram-negative bacterial species known for infecting plants
(Ryan et al., 2011). The Xanthomonas spp. genome contains four gene clusters associated with
its pathogenesis: xps, rpf, hrp, gum. The hrp (hypersensitive reaction and pathogenicity) codes
for a type 111 secretion system (Tampakaki et al., 2004). The type 111 secretion system (T3SS)
was the base for the discovery of TALEs. When infecting a plant in nature, the T3SS injects >
more than 25 effector proteins in the plant cell. These effector proteins play an important role
in pathogenicity (Bonas, 1990). Some of these effector proteins induce gene transcription in the
host plant (Kay et al., 2007; Marois et al., 2002). The proteins are effectively called transcription
activator-like effectors (TALES). These TALEs contain a DNA binding domain to be able to
induce transcription by binding to the DNA.
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Figure 7: TAL-effector domain. representation of the TAL protein. In the middle section, the tandem repeat array
can be found. The first repeat has been enlarged. ‘R’ represents an amino acid residue. The 34 amino acids
residues can be seen; The residues on position 12 and 13 are the hypervariable residues (represented by ‘V’) that
make up the RVD and define the DNA binding specificity. Closer to the C-terminus, Nuclear localization signals
(NLS) can be found as well as an acidic activator domain (AD)

The TAL effector protein consists of 13 to 28 repeats, nuclear localization signals, and an
activation domain. One TALE repeat typically consists of 34 amino acid repeats (Figure 7).
The last repeat is usually truncated to 20 amino acids. At positions 12 and 13 there is a
polymorphism, the repeat-variable diresidue (RVD). The RVD directly correlates with the
target nucleotides (Moscou & Bogdanove, 2009). The two variable amino acid residues of the
RVD recognize one base pair in the DNA (Boch et al., 2009). The central repeats bind with the
target DNA by forming a supersolenoid around the DNA double helix. Each repeat connects
with one nucleotide through the RVD hypervariable residue (Bogdanove & Voytas, 2011).
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It is possible to construct an artificial protein that recognizes any given DNA sequence of
interest by generating TALESs with new repeat sequences. In the same fashion as how ZFN were
build, TALENSs can be built i.e combining it with the Fokl nuclease domain. The TALESs can
also be used for gene perturbations by fusing the DNA binding domain to other effector
domains, e.g. the VP64 domain (see chapter 3.6.2) (J. C. Miller et al., 2011). As described with
ZFN, the TALENS also work in pairs in order to dimerize the Fokl domain. To create a TALEN
with a specific target, the four types of repeats (each targeting one of the four DNA bases) are
combined in the wanted fashion (Bi & Yang, 2017). Dual TALENSs have been proven to work
as effectively in homodimeric as in heterodimeric configurations (Christian et al., 2010). By
injecting RNA encoding TALE nuclease pairs into the 1-cell stage of zebrafish embryos, the
activity of TALENSs in zebrafish was shown to be successfully tested (Sander et al., 2011).
TALENS show lower off-target effects compared to ZFN.

3.4.3 Morpholinos

Morpholinos oligonucleotides (MOs), sometimes just called Morpholinos, are synthetic
antisense modified DNA oligonucleotides. They carry a six-ring heterocycle backbone (called
the morpholine ring) and nonionic phosphorodiamidate linkages (Figure 8) (Summerton &
Weller, 1997). The morpholine ring and phosphorodiamidate linkages provide the MOs with a
high in vivo stability compared to regular oligonucleotides (Kok et al., 2015). They are designed
to bind to mMRNA and effectively block translation by steric hindrance making MOs a method
for (transient) gene knockdown (Stainier et al., 2017). Morpholinos do not introduce mutations
like ZFNs, TALENs, and CRISPR-based methods. Instead, they are a gene perturbation
technique. The outcome is comparable to small interfering RNAs (SiRNA) and CRISPRi (see
chapter 3.6.2).
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Figure 8: Morpholino oligomer backbone. One repeating unit of the Morpholino oligomer backbone. Where B represents one of

the nucleobases (A,C,G,T). Each subunit contains one base bound to the morpholine ring structure. The phosphorodiamidate
linkages connect the subunits.
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When using MOs as a method for translation blockage, the oligomers are designed to match the
region neighboring the first ATG. To interfere with mRNA splicing, the oligomers are designed
to match a splice donor or acceptor site (Schulte-Merker & Stainier, 2014).
MOs have been used in different model organisms, for example in zebrafish and Xenopus
(Heasman et al., 2000). In zebrafish, MOs have been used extensively. They can be injected
during the 1-cell stage. By inhibiting either splicing or translation of mRNA, gene function
knockdown can be observed for up to 10 days (Nasevicius & Ekker, 2000). Thus, MO effects
last long enough to inactivate genes that regulate the immune system. MOs targeting different
genes can also be co-injected, thus providing a unique opportunity to test multiple gene
functions simultaneously within a living organism.

Because MOs only affect RNA transcripts rather than genome structure, like CRISPR, it is
harder to determine the phenotype/genotype correlation. Morpholinos are also prone to
misleading results and off-target effects (Eisen & Smith, 2008). The off-target effects are less
common than the previously used siRNAs. This happens due to the fact that the non-ionic MOs
interact less with extracellular and cellular structures that cause the off-target effects
(Summerton, 2007). The off-target effects, however, are still common. Therefore, the CRISPRI
system can be a better option for transient gene knockdown studies. For permanent loss-of-
function studies, the CRISPR system can be used.

3.5 CRISPR-CAS SYSTEM
3.5.1 CRISPR-Cas system in nature

The CRISPR/Cas immunity or Clustered Regularly Interspaced Short Palindromic
Repeats/CRISPR-associated proteins immunity is a mechanism found in nature, first observed
in Escherichia coli (Ishino et al., 1987) and later found in numerous archaea and bacteria
(Mojicaetal., 2000). It is used by bacteria and archaea as an adaptive sequence-specific defense
mechanism against invading foreign DNA, or mobile genetic elements (MGEs), such as
plasmids and phages (Hwang et al., 2013). CRISPR-Cas works by introducing double stranded
breaks (DSBs) in the invading target DNA. This defense mechanism is based on a DNA region
referred to as Clustered Regularly Interspaced Palindromic Repeats (CRISPR) and is capable
of functioning in a single cell (Rath et al., 2015). The CRISPR array consists of repeats and
spacers. The spacers have unique sequences and are derived from MGEs (Terns & Terns, 2012).
They are used as the recognition patterns of the invading nucleic acids.

The CRISPR locus on itself is not active. It needs CRISPR-associated proteins, coded for by
CRISPR-associated genes. Usually these CRISPR-associated (Cas) genes are situated next to
the CRISPR array (Figure 9). There are multiple Cas proteins. Some of these Cas proteins are
associated with almost all CRISPR systems (e.g. casl, cas2) while other Cas proteins are only
associated with certain CRISPR-cas systems. Preceding the CRISPR array is another
conserved, AT-rich area, the leader. The leader contains a promotor and a recognition site for
spacer insertion.

Cas genes Leader
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Figure 9: CRISPR Locus organization. (simplified representation). Depicted here is a type 1l CRISPR locus
organization. The cas operon genes can be found on the left, followed by the leader and on the right the CRISPR
array. The blue rectangles represent the repeats, while the filled green rectangles represent the unique spacers,
derived from protospacers or invading MGEs.
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The CRISPR-Cas systems were first classified into three different types (type I, type II, type
I11) depending on the cas genes, organization of cas-operons, and the structure of the repeats
(Chylinski et al., 2014). More recently, also a type IV, type V, and type VI systems were
identified, but their mechanisms are less understood (Makarova et al., 2020). The simplest (and
most widely used) is the CRISPR-Cas type I, also called “HNH-systems” (more specifically
the type Il system from Streptococcus pyogenes). In the type Il system, the endonuclease
activities required for the interference with foreign DNA are concentrated in a single protein,
namely the Cas9 protein. The type Il system also codes for the Casl and Cas2 proteins and
sometimes a fourth protein. The type Il systems can be divided into three different subtypes,
namely type II-A, type 11-B, and type 11-C. Type I1-A and type I1-B both code for a fourth cas
protein: the csn2 protein and the cas4 protein, respectively. Type 11-C does not have a fourth
cas-protein coding gene. When talking about CRISPR-Cas systems in this thesis, the type Il
system is meant, unless stated otherwise.

The Cas9 protein is a large, multidomain protein consisting of about 800-1400 amino acids. It
contains two different nuclease domains: the HNH domain and the RuvC-like domain. Both
domains each cut a different strand of the target DNA and are thus both needed to cleave a
double stranded target (Nishimasu et al., 2014). In the Cas9 protein, two clearly distinct lobes
can be found. One of the lobes has all the nuclease domains, except a part of the HNH domain,
while the other lobe contains the binding sites.

The immunity works by incorporating short fragments of the foreign invading DNA into the
CRISPR loci in the bacteria (Amitai & Sorek, 2016). In short, the foreign DNA is incorporated
in the genome as a spacer. The sequence from which the spacer is derived is called the
protospacer. Later, this spacer is transcribed to crRNA (CRISPR-RNA). A single crRNA
contains a spacer and a part of the repeat sequences. The formed crRNA interacts with Cas9 to
form a crRNA-CasRNP complex. In a type 1l CRISPR-Cas system, the conversion uses
tracrRNA (transactivating CRISPR RNA), RNase 11, and an unknown factor. The tracrRNA is
a non-coding RNA and is required for associating with the cas9 protein for the activity of the
cas9 protein.

This complex can basepair (Watson-Crick base-pairing) with the invading DNA
complementary to the spacer (thus ‘recognizing’ the repeated invasion) and cleaving the alien
DNA. The HNH nuclease domain in the Cas9 protein cleaves the complementary DNA strand,
while the RuvC-like domain cleaves the non-complementary DNA strand (Jinek et al., 2012).
Combining these two actions results in a double stranded break in the target DNA.
The foreign DNA contains a PAM (protospacer adjacent motif) (Amitai & Sorek, 2016). The
PAM is a short sequence whose presence is needed for the cleavage to take place. PAM
recognition in type Il CRISPR requires the casl-cas2 complex as well as the cas9 protein.
Because the PAM is needed for the correct binding of the Cas protein to the DNA, and because
this PAM sequence is not present in the bacterial genome, but only in the invading MGE’s, the
bacterial genome is protected from cleavage by the Cas nuclease activity. The PAM sequence
is a sequence of 3-5 bp. Streptococcus pyogenes Cas9 (spCas9), for example, recognizes an
NGG-motif or sometimes a less effective NAG motif (Pallares Masmitja et al., 2019). While
the recognized PAM motif for Staphylococcus aureus Cas9 (saCas9) is an NNGRRT (Mekler
etal., 2020). PAM-motifs are used in type | and type Il systems. The type 111 systems use special
repeats that flank the spacer DNA; These spacers prevent the cleavage.

This CRISPR-Cas immunity response can be divided into three phases: adaptation, expression,
and interference.
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The adaptation stage is the stage where the invading MGE gets detected and is incorporated in
the CRISPR as a spacer. It is the stage where the bacterium gets the genetic memory. The
spacers are usually incorporated at the same one side (proximal end) of the CRISPR array. This
means that CRISPR has a chronological order of incorporated spacers. It becomes clear that
this stage grants the host immunity at the genomic level. This means that the immunity (gain or
loss) against invading nucleic acids will be hereditary and passed on to the offspring (van der
Oost et al., 2009). There are two different ways of spacer integration. There is naive acquisition,
when the MGE has not yet been encountered, and primed acquisition, where the MGE has been
encountered before. The Casl-Cas2 complex is an important factor in the acquisition and
integration of new spacers (Fineran & Charpentier, 2012). Both Casl and Cas2 are needed for
this integration (He et al., 2018).

During the expression stage, the transcription starts (Figure 10). The CRISPR DNA is
transcribed to form pre-mRNA that, when processed enzymatically, gives crRNA that acts as
gRNA (guide RNA). At the same time, the cas genes are transcribed into Cas proteins
(Sternberg et al., 2016). crRNA has the spacer at the 5’-end and a fragment of the CRISPR
repeat at the 3’-end. The processing of pre-crRNA to crRNA requires the actions of tracrRNA
(trans activating crRNA), the Cas9 protein, and RNaselll (endoribonuclease I11).

Stage three, the interference, is the stage in which the invading nucleic acid is recognized by
the ribonucleoprotein complex (crRNA-Cas RNP) and is silenced. In this process, the tracrRNA
hybridizes with the repeat sequence and forms a dual RNA hybrid structure (Jiang & Doudna,
2017). This hybrid can guide the Cas9 protein to the DNA sequence that contains the compatible
20 nt sequence and adjacent PAM-sequence from the invading nucleic acid. Once the Cas9
protein is guided to the invading nucleic acids, it can introduce a double stranded break using
its nuclease activity. The DSB is then repaired by error-prone NHEJ or HDR.
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Figure 10: Processing of CRISPR array to crRNA. Expression stage of CRISPR immunity response. Figure A
shows the CRISPR locus. The CRISPR array with its spacers and repeats is transcribed. Figure B shows the pre-
crRNA, with hairpin loops. The acquired spacers are shown in green. The CRISPR transcript is then processed by
Cas proteins and cut, resulting in crRNA. crRNA can be seen in figure C. The crRNA from figure C is later
combined with the Cas9 protein to form the RNP.
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3.5.2 CRISPR-Cas system in laboratories

The CRISPR/Cas9 system can be used for precise gene modification in plant cells and animal
cells. The use of CRISPR/Cas9 type Il has greatly facilitated the use of animal models and
genetic modifications of the animal models. Unlike ZFNs and TALENSs, that use protein motifs
for target recognition, CRISPR-based methods use RNA-DNA recognition. This is a big
advantage because RNA design (for one single guide RNA) makes it easier to implement in
laboratories. Additionally, Watson-Crick base pairing is more specific than protein-DNA
interactions. One important discovery showed that the CRISPR system was still active when
transferred between bacteria (Sapranauskas et al., n.d.). This sparked a lot of interest among
scientists wanting to use the CRISPR system to induce specific DSB in DNA. The CRISPR/Cas
type Il has been engineered for genome editing as RNA guided nuclease (Ma et al., 2014). In
nature the CRISPR/Cas9 system consists of a dual RNA structure (mature crRNA and
tracrRNA). In an experimental context, it is a lot more beneficial to use if this is reduced to a
single RNA structure. The gRNA is thus engineered as a single transcript (figure 11). As
described above, the crRNA and tracrRNA are artificially combined and form a single chimeric
RNA strand, the sgRNA (single guide RNA). The sgRNA consists of a nucleotide sequence of
+ 80 nt, of which a 20 nt spacer. This 20 nt spacer in the sgRNA can be engineered to match
with a sequence of interest (Pallarés Masmitja et al., 2019), causing the Cas9 protein to target
that specific sequence and inflict a DSB. This is useful for lab work because it is a way to easily
create RNA guided nucleases. Apart from the 20 bp target recognition site, the SgRNA also
contains a hairpin scaffold structure that mimics the formed structure when tracrRNA and
crRNA basepair.

Any DNA sequence that contains the needed PAM motif and 20 nucleotides can be used as a
target for the gRNA (guide RNA) (Gasiunas et al., 2012). As the guide RNA’s can be relatively
easily designed in the lab, this opens a lot of possibilities to target the genes of interest and to
study e.g. loss of function. By introducing multiple gRNA’s, this system can be used to target
multiple genes at once.

Cas9 programmed by crBNA:tracrRNA duplex Cas@ programmed by single chimeric RNA

protospacer

PAM

target DNA

(EIREATEIELETE
5t

criRNA f N
3 tracrRNA crRNA-tracrRNA chimera

Figure 11: Comparison between the interference stage of the CRISPR-Cas9 systems found in nature (left) and the
CRISPR-Cas9 system used in the laboratories, using a single chimeric RNA (sgRNA) (right). Figure adapted from
Jinek et al., 2012.

Only one year after Jinek et al. published their findings about producing chimeric RNA
molecules (Jinek et al., 2012), it has been shown that the Cas9 endonuclease can be
‘programmed’ for site-specific modification of eukaryotic, and therefore human, genomes
(Jinek et al., 2013). Micro-injections with Cas9 and sgRNA in embryonic 1-cell stages have
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been proven to be effective in zebrafish and mice (Sung et al., 2014). Mutant lines of zebrafish
can be made with an efficiency up to 86,0% (Hruscha et al., 2013) and the mutation is heritable.

Scientists are still searching for new applications and to increase specificity (Kleinstiver et al.,
2016) of the CRISPR systems (Adli, 2018). Furthermore, they aim to engineer smaller Cas9
mutants, as this would have more therapeutic applications. To reduce the off-target effects,
there is the possibility to produce mutant Cas9 proteins with a higher fidelity (Bannikov &
Lavrov, 2017). “Dead Cas9” or Cas9 nickase (nCas9) proteins are also being used, the dead
Cas9 proteins are nuclease deficient because of certain mutations. nCas9 proteins are deficient
in one of the two nuclease domains, giving single stranded breaks. Different Cas9 proteins gave
rise to the CRISPR/Cas9 system being employed in more applications than gene editing alone.
It has also found applications in gene regulation (e.g. CRISPRIi), epigenome and chromatin
editing (Hilton et al., 2015; Thakore et al., 2015), and has also been used in imaging
applications. CRISPR-based methods for nucleic acid detection have also been developed
(Broughton et al., 2019; Kellner et al., 2019). These tests are being employed now as a detection
test for the COVID-19 disease, caused by the SARS-CoV-2 virus (Zhang et al., 2020).

Even with the improved specificity there are still some off-target effects and unwanted
integration effects to account for when using CRISPR-Cas systems, but new methods or
variations are being developed. One example of an alteration is the usage of a dCas9 fused to
the same Fokl domain found in ZFN and TALENSs. This Fokl domain requires dimerization
(see chapter 3.4.1, 3.4.2) and this decreases off-target effects (Tsai et al., 2014). The delivery
method also has an influence on the efficiency of the CRISPR system. When injecting a purified
Cas9 ribonucleoprotein in contrast to injecting plasmids coding for the Cas9 and sgRNA, the
off-target effects can be reduced and there is less unwanted integration (S. Kim et al., 2014).

Table 3: Comparison of the discussed programmable nucleases

ZFN TALEN Cas9
Target 9-18 bp 14-20 bp +23 bp
sequence
E_ase o_f Difficult Moderate Easy
engineering
Target b iein-DNA | Protein-DNA  RNA-DNA
recognltlon

35.3 CRISPR mediated mutagenesis in zebrafish

It has been established that the zebrafish is a great vertebrate model organism to study
immunology and development and is also readily used for genetic screens (see chapters 3.2.2
& 3.2.3). CRISPR-Cas mediated methods are great for these applications. This chapter will
explore the CRISPR applications in zebrafish. For the different methods of delivery in
zebrafish, please refer to chapter 3.7.

The zebrafish was the first vertebrate organism to demonstrate the efficiency of CRISPR-Cas
genome editing in vivo (Hwang et al., 2013). They discovered mutational frequencies of more
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than 50%. The use of CRISPR-Cas in zebrafish allowed for unprecedented possibilities in gene
editing. One such new possibility is the knockout of conditional genes. One method of
achieving this is by tissue-specific expression of Cas9 (Ablain et al., 2015). For example, in
Ablain et al. the erythrocyte-specific gatal promotor (or muscle-specific mylz2 promotor) was
used for the muscle specific expression of cas9 which enabled tissue-specific translation of the
MRNA to Cas9 protein and thus enabled tissue specific gene modification in zebrafish.

Using codon optimized cas9, biallelic mutations can be achieved when injecting both the cas9
MRNA and the sgRNA in the one-cell stage of the embryo (Jao et al., 2013). CRISPR-Cas9
mediated mutagenesis is being used in zebrafish not only for knockout but also for knock-in,
epigenetic editing, and live imaging (K. Liu et al.,, 2019). Knock-in experiments were
effectively carried out using 5.7 kb donors (Auer et al., 2014) as well as with reporter genes
(Ota et al., 2016). There is, in fact, a germline transmission of simultaneously targeted genes
(using multiple gRNAs) (Ota et al., 2014). Large-scale deletions are also possible, with
efficiencies ranging from 3%-70%. These are carried out using two gRNAs (Xiao et al., 2013).
The reported mutation rates are of varying degrees. Furthermore, there are a lot of factors that
can have an influence on the efficiency of mutagenesis. These factors include sgRNA design,
delivery methods, and the nature of the target gene (Gagnon et al., 2014).

3.6 CRISPR-I
3.6.1 Gene silencing

RNA silencing is a gene regulatory mechanism first found in plants but later described in almost
all eukaryotic organisms. The basic idea of gene silencing lies in the limiting of transcript levels.
This can be achieved by either suppressing transcription (= transcriptional gene silencing)
(TGS) or by RNA degradation that happens in a sequence-specific manner. The latter is referred
to as RNAI (RNA interference) in animals or posttranscriptional gene silencing (PTGS) in
plants (Agrawal et al., 2003). CRISPRi makes use of transcriptional gene silencing.

3.6.2 CRISPRI

Researchers have been searching for new ways to use the CRISPR system and have been
repurposing the Cas9 protein for other functions than to inflict DSB’s. As mentioned above, the
Cas9 protein has been engineered and re-engineered for other functions.

CRISPRI, or CRISPR interference, is a knock-down technique based on the mechanisms of
CRISPR-Cas9. A nuclease-deficient version of the Cas9 protein is used. This protein, called
dCas9 (or dead Cas9), still possesses the DNA-binding activity found in regular CRISPR-Cas9
systems, but will not introduce DSB’s in the target DNA. Instead, the protein will bind the
target DNA, which sterically hinders gene transcription by RNA polymerase. (Kampmann,
2018). This means that only the protein and a sgRNA is needed to silence the target. Target
silencing with CRISPRi can have efficiencies of 99.9% in E. coli (H Larson et al., 2012).
CRISPRi was shown to be effective in mammalian cells as well. However, the efficiency of
this CRISPRI system was limited (Qi et al., 2013). Combining the dCas9 protein with effector
domains can be used to further regulate the transcription. Fusion of the dCas9 with a repressor
domain, such as the KRAB (Kriuppel associated box) domain of Kox1 (a member of the KRAB
C2H2 zinc finger family) results in a more efficient repression of the transcription in eukaryotic
cells (Gilbert et al., 2013). In the same manner, dCas9 has been fused to the VP64 activation
domain (virus protein 64, tetrameric virus protein 16 transcription activator domain) in order to
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activate gene transcription (Mali et al., 2013). This is often referred to as CRISPR activation
(CRISPRa).

CRISPRI has been applied in D. rerio with dCas9 fusion proteins. Both mRNAs for the fusion
proteins with KRAB (repressor) and with the VP160 domain (activator) were constructed in
vitro and injected into the one-cell stages of the zebrafish embryos. Both fusion proteins are
proven to have the ability to alter the endogenous gene expression in zebrafish (Long et al.,
2015). However, the efficiency of using a single in vitro constructed gRNA was low. Using
multiple gRNAs gave a better knockdown efficiency. CRISPRI has since been used effectively
in gene knock-down experiments (Chowdhury et al., 2018, 2019). In Chowdhury et al.,
CRISPRI was used with sgRNA targeting the transcription initiation site of tie1lAS to reduce
the expression of this gene by injecting the sgRNAs together with a dCAS9-KRAB fusion
protein.

3.7 METHODS OF CRISPR-CAS9 DELIVERY
3.7.1 General methods of delivery

As mentioned in chapter 3.5.2, the delivery method has an influence on the efficiency of
mutagenesis. A successful delivery method should deliver the CRISPR-Cas9 components into
the cell nucleus (Knight et al., 2015). The CRISPR-Cas9 based mutagenesis methods contain
two main components: The Cas9 protein (native, nCas9, dCas9) and the sgRNA. These can be
delivered into the host in different ways. This chapter aims to give an overview of the different
available methods and their characteristics.

Because the protein and sgRNA are macromolecules, they have difficulty entering the cell
nucleus. Different forms have been developed, including plasmids, cas9 mMRNA and sgRNA,
and direct protein delivery (complexed Cas9-RNP). These can be delivered in the cell using
different techniques. Some common techniques include viral vectors, non-viral vectors such as
nano-particles, and physical methods including micro-injection and electroporation
(Chandrasekaran et al., 2018).

Plasmids encoding the Cas9 protein and the sgRNA have been used in mice with relatively high
efficiencies. The plasmids were injected into pronuclei of fertilized eggs (Mashiko et al., 2014).
The plasmids usually contain a promotor, NLS, and sometimes even green fluorescent protein
genes to follow expression in vivo (Cong et al., 2013).

Four major viral vectors have been utilized in CRISPR delivery: lentiviral, retroviral,
adenoviral, and adeno-associated viral (AAV) vectors. Because of the relatively small size of
the cas9 (4.2 kb for spcas9) and gRNA, the CRISPR system is compatible with all four of these
vectors (Schmidt & Grimm, 2015). In viral vectors, the packaging size is possibly a limiting
factor, and this certainly needs attention. The spcas9 is 4.2 kb and the used gRNA cassette is
usually not longer than 700 bp. AAV vectors have the smallest packaging size of these four,
with a maximum packaging size of 4.9 kb (Dong et al., 1996). Exceeding this size, will diminish
the transfection efficiency (Wu et al., 2010). This is, however, still big enough for the 4.2 kb
spcas9 and gRNA but leaves only 0.7kb for the signals needed for (eukaryotic) expression i.e.
the eukaryotic promotor and poly-A signal. A packaging size of 0.7kb can be enough to create
an AAYV vector carrying the needed signals. The other viral vectors have higher packaging size
upper limits. This is around 7 kb for retroviral vectors and around 30 kb for adenoviral vectors
(Bouard et al., 2009; Kumar et al., 2001). It has even been found that AAV vectors that express
the gRNA were similarly potent as plasmid co-transfection (Senis et al., 2014). Apart from the
limiting packaging sizes, the viral vectors can also provoke immune responses that can hinder
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(repeated) gene delivery and are known to promote oncogenesis (Baum et al., 2006). The
limiting factor of packaging size can partly be resolved by using smaller engineered variants of
the Cas9 such as the saCas9 instead of the spCas9 (Ran et al., 2015) or a Cas9 orthologue
derived from Campylobacter jejuni (E. Kim et al., 2017).

Plasmid delivery is highly inefficient unless a vesicle or physical delivery method is used.
Plasmid vectors are considerably easier to produce than viral vectors and show a low
immunogenicity. This makes gene delivery through plasmids an attractive method, granted that
a high delivery efficiency can be obtained. Direct injection of plasmid DNA shows low
efficiencies and is dependent on a lot of factors, such as the solute, the plasmid design, but also
the injection technique. Expression when using electroporation as a physical method, improved
100- to 1000-fold compared to injecting naked plasmid DNA (Wells, 2004). Electroporation,
or electropermeabilization, is a technique where the plasmid delivery is followed by electrical
pulses (Zou et al., 2016). Using electroporation can damage the cells, which in turn lowers the
efficiency (McMahon et al., 2001). This should be considered when deciding on the delivery
method.

Direct protein delivery uses pre-formed RNP complexes to induce the genetic modification in
the organism. Electroporation of pre-formed RNP in diploid Medaka (fish) cells achieved
mutation efficiencies of 61.5% (Q. Liu et al., 2018). This can also be delivered using gold
particles or other nanoparticles (Mout et al., 2017).

Nanoparticles package the components in a bio-compatible vehicle. One kind of nanoparticle
being used is based on zwitterionic amino lipids (ZALs) and is called the ZAL nanoparticle
(ZNP). ZNP delivery enables high protein expression in vitro and in vivo even when
administered in low doses (J. B. Miller et al., s2017). Magnetic nanoparticles showed rapid
transfection with fairly high efficiency both in vitro and in vivo. With magnetic nanoparticles,
the genes are attached to magnetic nanoparticles and are focused to the target cells with high-
gradient magnets (Dobson, 2006). Other non-viral vectors include PEGylated nanoparticles,
lipoplexes, polyplexes, and more (S. D. Li & Huang, 2006). These are mostly used for tumor
therapy and will therefore, not be considered relevant in this review.

3.7.2 Delivery in zebrafish

The following section will primarily focus on the delivery in the one-cell stage of zebrafish, as
this is the scope of the thesis. Genetic modification can be done, not only during the single cell
stage, but also during other larval stages and even in mature zebrafish (Zou et al., 2016).
Delivery in zebrafish embryos is established using microinjection, into the cell during the single
cell stage (Figure 12). One possibility is the co-injection of cas9 mRNA and GOl-targeting
SgRNA (Albadri et al., 2017; Hwang et al., 2013; Ota et al., 2016; Prykhozhij et al., 2018; Sung
et al., 2014) and when using HDR, the donor DNA is also co-injected (Auer et al., 2014). In
this approach, the (codon-optimized) cas9 is translated, followed by in vivo folding of the
protein and formation of the RNP complexes. The embryonic cells that develop sufficiently
high levels of the Cas9-gRNA RNP become mutated and these cells further develop to become
mosaic zebrafish. The mutations manifest in a dose-dependent manner. The sgRNA and the
cas9 mRNA can be constructed in vitro prior to injecting; The sgRNA can be synthetized
directly using PCR or oligonucleotides when there is no need for labor-intensive cloning
procedures (Hruscha et al., 2013). The cas9 mRNA can be constructed by cloning a plasmid
containing cas9 in bacteria, linearizing these plasmids, and transcribing them in vitro (e.g.
MMESSAGE mMACHINE SP6 kit)(Invitrogen, n.d.).

Instead of injecting cas9 mMRNA, Cas9 protein can be used. In these studies, the in vitro
assembled Cas9-gRNA RNP complexes are injected. These complexes are active immediately
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after injection and seem to have higher efficiency compared to cas9 mRNA (Kotani et al.,
2015a). In one study, when using Cas9 protein, the first mutations were discovered as early as
4 hours post-injection (hpi) while injecting cas9 mRNA and the specific sRNA showed
mutations at around 6 hpi (Sung et al., 2014). It is also argued that this method has a lower
chance of sgRNA degradation because it is already complexed in the RNP (Burger et al., 2016).
Plasmid injections (with the possibility to add a tissue specific promotor) are also being used
(Ablain et al., 2015). The plasmids contain the sgRNA, cas9 and sometimes encoded marker
such as Green Fluorescent Protein (GFP). It is possible to inject multiple gRNAs (Jao et al.,
2013) and thus induce multiple gene disruptions in FO zebrafish embryos.

e

Figure 12: Representation of microinjection in single cell stage of zebrafish embryos. The single cell stage is
shown at 0.2 hpf, the 2-cell stage is shown at 0.75 hpf. A is the yolk; B is the single cell; C is the needle used for
injection (usually borosilicate), and D is the chorion.
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3.8 POST-MUTATIONAL CONTROL

Following the CRISPR injection, it is important to find and select the wanted mutant zebrafish
before continuing the assay. There are multiple ways of achieving this. The most commonly
used techniques on zebrafish embryos will be discussed in this chapter.

3.8.1 Genotyping

Genotyping determines the genetic changed caused by injection of CRISPR-Cas9 components.
Genotyping is usually done in combination with phenotyping or with the usage of markers(N.
Chang et al., 2013; Kotani et al., 2015a), such as GFP. Phenotyping will only be applicable if a
clear connection between phenotype and genotype has been shown. All genotyping methods
are based on the same few steps: the first step is the sample collection where cells or tissue is
harvested from the zebrafish. In the second step, the goal is to isolate the DNA from these
samples. This should be done with regard to the quality as it is important that the isolated DNA
is of sufficient quality for the downstream applications. The finals steps are the actual
genotyping steps. Usually these consist of a target-specific polymerase chain reaction (PCR)
followed by an analysis technique. Some techniques aim to automate this process in order to
make it less labor-intensive and thus more suited for upscaling or high-scale screens. One
example of an automated system was coined the “ZEG” or Zebrafish Embryo Genotyper, where
the genetic material of 24 embryos or larvae can be obtained simultaneously. (Lambert et al.,
2018)

3.8.2 Sample collection and preparation

Tissue collection and DNA extraction can be done following numerous different protocols
depending on the downstream applications. For preliminary research where only the efficiency
of modification needs to be assessed, the DNA can be extracted from lysed embryonic cells
(Foley et al., 2009; Simpson et al., 1999), eggs (Aranishi, 2006) or tissue, such as larval eyes
(Hyde et al., 2005) or from fin tissue (Zilberman et al., 2006). When the zebrafish is needed for
later experiments, non-lethal (and preferably non-invasive) methods should be utilized to
ensure the survivability of the zebrafish and the possibility of further applications. A very
feasible method is the tail biopsy of a live zebrafish embryo. This can be done as early as 72
hpf (larval stage) and the tail will regenerate as the zebrafish grows (Wilkinson et al., 2013).
This allows for early selection of mutant fish lines (sometimes referred to as ‘crispants’ (Burger
et al., 2016)). After the tail biopsy (or other non-lethal tissue collecting) and subsequent
genotyping, the crispants with desired mutations can be separated and/or raised to adult age for
further experiments/assays and possibly to out-cross the chimer founders. Fin or tail clipping
from embryos, however, is labor-intensive and requires technical skills. It is still one of the
most commonly used methods for non-lethal DNA extraction. The DNA can also be extracted
in a non-invasive way from environmental DNA (Turner et al., 2015) from larvae (Janelle
Espinoza et al., 2017). There is also the “shake-and-stew” method where DNA is released from
individual fish larvae without the use of biopsies or destructive interactions with the subject
(Alvarado Bremer et al., 2014). In this method, epidermal cells are released from the larvae by
vortexing. After which the epidermal cells are lysed with heated alkaline solution.

Adult tissues can also be harvested by tail or fin clippings. Using hot sodium and Tris, DNA of
sufficient quality can be obtained in as little as 10-20 minutes (Meeker et al., 2007). Less
invasive techniques are sometimes preferred. This can be done for post-larval zebrafish by
swabbing the animal with sterile paper to collect cells and extracting DNA from these cells
using chelating-resin methods (Mirimin et al., 2011). Harvesting of fish scales and DNA
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extraction from these scales is possible and is a method with little experimental interference in
subsequent experiments (Yue & Orban, 2001).

3.8.3 Genomic analysis

When the DNA is extracted from the expected crispant, the DNA should be genotyped. The
most common methods rely on PCR followed by an analysis technique. In its most basic form,
the PCR is followed by (agarose) gel electrophoresis ((A)GE) or western blot (Kotani et al.,
2015) , sometimes in combination with a restriction digest. PCR combined with GE is widely
used but is only applicable when the mutated locus has big indels that would be clearly visible
on gel. A small alteration of this method is the restriction fragment length polymorphism
(RFLP) analysis (Schmid et al., 2013). RFLP-PCR relies on a point mutations or single
nucleotide polymorphisms (SNPs) inserting or deleting a restriction enzyme recognition site
making this method relatively limited. Comparing the WT DNA with the expected mutant DNA
will show distinct size differences when analyzing using AGE. The AGE can be substituted for
a polyacrylamide GE (PAGE, polyacrylamide gel electrophoresis). PAGE has a higher
sensitivity and smaller insertions or deletions can be visualized. For a more precise and sensitive
genotyping method, the PCR product can be analyzed using Sanger sequencing or next-
generation sequencing (ngs) (N. Chang et al., 2013). Sequencing and ngs can take up to several
days to get the result and do not allow for large-scale screens. Other frequently used methods
are heteroduplex mobility assays. In this method, cycles of denaturing and annealing are used
on a mixture of expected mutant DNA and WT DNA. This can, for example, be done using a
PCR thermocycler (Nagamine et al., 1989). During these cycles, heteroduplexes and
homoduplexes will be formed when there is a mutation present. Heteroduplexes show a reduced
mobility on gels and point mutations can effectively be visualized. There are also protocols
available where heteroduplex assays are coupled with capillary electrophoresis systems
(Kozlowski, 2001). Another heteroduplex mismatch assay is called the TAGE (T7-digestion
AGE) assay and uses a T7 endonuclease (Chen et al., 2012). The T7 endonuclease | recognizes
and cuts heteroduplex DNA at the site of mismatches, giving shorter fragments compared to
WT homoduplexes (Babon et al., 2003). The size difference can be visualized using AGE.

More efficient methods to supplement the ones mentioned above have been developed but are
not yet as frequently used. One such method is based on high-resolution melting analysis
(HRMA). HRMA is a sensitive method capable of detecting SNPs and other mutations (Xing
et al.,, 2014). The PCR-HRMA method is based on the differences in thermal dissociation
characteristics of the dSDNAs between WT and mutagen DNA.

3.84 Phenotypic analysis

Supplementing the genomic analysis is usually a phenotypic analysis. Phenotyping (i.e.
assessing the change of the phenotype) is an easy, convenient, and accessible method. The
phenotype of an organism consists of the set of observable characteristics and is dependent on
the genome of the organism. There is a genotype-phenotype association and in order to
successfully use phenotyping, this association should be known. Phenotyping can only be done
if the wanted mutation causes a distinct phenotypic change in the zebrafish (Ablain et al., 2015;
Sun, 2004). This method is quick and easy and does not need extra equipment as the phenotype
of the larvae or adult zebrafish can be assessed using (fluorescence) microscopy. There are
different possible phenotypes, these can range from behavioral changes (C. X. Liu et al., 2018)
to a lowered immune response, loss-of-function phenotypes (Burger et al., 2016) and null-
phenotypes for knock-down experiments (Jao et al., 2013).
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4 SUMMARY AND CONCLUSIONS

The zebrafish has shown to be very advantageous in research and was at the foundation of many
discoveries. The many qualities of zebrafish quickly attracted the attention of many scientists
and with good reason. The extensive use of zebrafish and the research and discoveries coupled
with it, has made the zebrafish a great model organism for multiple fields. The similarities of
the human and zebrafish immune systems provide the zebrafish model organism with strong
advantages to be used in immunological studies.

Guided nucleases revolutionized the scientific world and have made an enormous impact on
research. The revolution started with ZFN but when researchers stumbled on the design
difficulties, they soon adopted TALENS as the go-to method. While TALENS are still being
used to this day, the focus shifted to the CRISPR-Cas system and the CRISPR-based methods.
The adaptation of a single sgRNA to guide the Cas9 endonuclease to the target site reformed
the use of guided nucleases.

Combining the flexibility and ease of use of the CRISPR system with the advantages of the
zebrafish model organism, results in great potential for genetics, immunology, and
pharmacology. New improvements to the CRISPR system continue to be made, making it not
only a great current system, but also a system with tremendous prospects. CRISPRi is one
alteration of the CRISPR system and is also being improved continuously. Although the usage
of the CRISPRI system in zebrafish is rather limited at this time, it seems like this system will
be used far more in the future and has potential for genetic knock-down studies in the zebrafish.
When working with CRISPR-based methods in zebrafish, there are multiple techniques at your
disposal, each technique offering their own advantages and disadvantages. Experimental design
is of uttermost importance to assure a successful outcome and clear data, therefore it’s important
to be aware of the different possibilities and take these into account before starting research.
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“The power to control our species’ genetic future is awesome and
terrifying. Deciding how to handle it may be the biggest challenge we have
ever faced.”

-Jennifer A Doudna, A Crack in Creation: gene editing and the unthinkable
power to control evolution.
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6 ANNEXES
6.1 FIGURES

Figure 1: Genome engineering with DSB. This figure gives an overview of the different kinds
of genome engineering. At first, a (targeted) DSB is inflicted in the target DNA, this can
be done through targeted nucleases such as ZFN, TALENSs, and CRISPR/Cas. In reaction
A, the DSB is repaired with the NHEJ mechanism resulting in indels (shown in red) and
subsequent gene disruption or knockout. In reaction B and reaction C, the DSB is repaired
by HDR. In mechanism B, the donor DNA consists of the wild type (WT), but with the
correct base sequence. This is done for genetic diseases where a mutation distorts the gene
activity. In reaction C the donor DNA is a transgenic DNA, this can be used for gene
knock-ins. A: NHEJ, knockout; B: HDR, Gene correction; C: HDR, Knock-in.............. 13

Figure 2: Adult female zebrafish. The blue stripes running across the sides of the zebrafish
clearly show how the fish got its name. The fish in this figure is a female fish. This can be
determined by looking at the abdomen, but one usually needs some practice before being
able to clearly distinguish between sexes. The abdomen (located between the pectoral fin
and pelvic fin) of the female fish is bigger than a males’ abdomen. ............c..ccceeirnee 15

Figure 3: Graph of search results per year. This graph shows the amount of hits on PubMed
search when using the search query ‘zebrafish’. While there are a modest 657 hits in the
year 2000, this number rose to a staggering 3882 hits in 2019. Data retrieved from
pubmed.ncbi.nlm.nih.gov (02-05-2020) ........ccceeiiiiieiieie e 16

Figure 4: Developmental stages of Danio rerio (Kimmel et al., 1995). In this figure, the
developmental stages of the zebrafish are pictured. Starting from the one-cell stage (0,2
hours post fertilization (hpf)) up until the formation of the protruding mouth (72 hpf). It is
clear that in 72 hours, the zebrafish embryo develops. The rate at which the embryo
develops is pictured at 27,5°C. These rates can be slowed down by using cold water of
24°C (Villamizar et al., 2012).......ccuviiiiieie et 17

Figure 5: Human Zinc Finger protein structure. (QINZL3, ZN224 _HUMAN). On the left the
structure from Uniprot. The blue dot in the middle (and the purple dot of the right structure)
represents the zinc ion. The alpha helix can be seen on the left-hand side and the double
beta sheet on the right. The right structure is from SMR. The residues in yellow depict the
cysteine residues. The alpha Helix can be found at the C-terminus while the beta sheets are
connected t0 the N-TEIMINUS. .......ooiiiic e 21

Figure 6: Structure of ZFN dimer bound to target DNA. This figure clearly shows the modular
mechanisms of ZFN. The Fokl nuclease cleavage domain is shown in the middle, bound
to ZFP. There are four ZFP on each side. Every single zinc finger has a recognition site of
3 bp, making this particular example a ZFN with a recognition site of 24 bp. (Urnov et al.,
2000) ettt ettt Re e Re Rt R e s et e tenteeteereereeneeneenees 22

Figure 7: TAL-effector domain. representation of the TAL protein. In the middle section, the
tandem repeat array can be found. The first repeat has been enlarged. ‘R’ represents an
amino acid residue. The 34 amino acids residues can be seen; The residues on position 12
and 13 are the hypervariable residues (represented by ‘V’) that make up the RVD and
define the DNA binding specificity. Closer to the C-terminus, Nuclear localization signals
(NLS) can be found as well as an acidic activator domain (AD) ........cccocerieererininsinenn 23
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Figure 8: Morpholino oligomer backbone. One repeating unit of the Morpholino oligomer
backbone. Where B represents one of the nucleobases (A,C,G,T). Each subunit contains
one base bound to the morpholine ring structure. The phosphorodiamidate linkages connect
TNE SUDUNIES. ..ttt bbb 24

Figure 9: CRISPR Locus organization. (simplified representation). Depicted here is a type 1l
CRISPR locus organization. The cas operon genes can be found on the left, followed by
the leader and on the right the CRISPR array. The blue rectangles represent the repeats,
while the filled green rectangles represent the unique spacers, derived from protospacers
OF INVAING MGES. ...ttt ettt et ste e teeneeareense e 25

Figure 10: Processing of CRISPR array to crRNA. Expression stage of CRISPR immunity
response. Figure A shows the CRISPR locus. The CRISPR array with its spacers and
repeats is transcribed. Figure B shows the pre-crRNA, with hairpin loops. The acquired
spacers are shown in green. The CRISPR transcript is then processed by Cas proteins and
cut, resulting in crRNA. crRNA can be seen in figure C. The crRNA from figure C is later
combined with the Cas9 protein to form the RNP. ..., 27

Figure 11: Comparison between the interference stage of the CRISPR-Cas9 systems found in
nature (left) and the CRISPR-Cas9 system used in the laboratories, using a single chimeric
RNA (sgRNA) (right). Figure adapted from Jinek et al., 2012. ........c.ccoevveveveevinenenn 28

Figure 12: Representation of microinjection in single cell stage of zebrafish embryos. The single
cell stage is shown at 0.2 hpf, the 2-cell stage is shown at 0.75 hpf. A is the yolk; B is the
single cell; C is the needle used for injection (usually borosilicate), and D is the chorion.
........................................................................................................................................... 33
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