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Abstract

Thousands of rare genetic disorders have been reported to date. Together, these
conditions affect hundreds of millions of patients worldwide, often presenting with
debilitating phenotypes. The identification of rare disease-linked variants has been
expedited by modern DNA sequencing technologies; however, poorly understood
pathogenesis continues to hamper therapeutic development. We therefore require novel
experimental models for these diseases, which may also provide new insights into gene

function.

Here, we used the zebrafish to investigate a novel homozygous missense mutation in
TCP1, encoding a subunit of a highly conserved chaperonin: the TCP1 Ring Complex. The
mutation was discovered in three siblings born to consanguineous parents, who developed
childhood-onset motor and visual defects with pathology primarily affecting the cerebellum
and retina. No other pathogenic TCP1 mutations have been reported in other families;

therefore, we required further evidence to support the pathogenicity of the mutation.

We hypothesised that: a) the TCP1 mi ssense mutation causes the pat
phenotypes, and b) TCP1 plays an important role in the cerebellum and retina. To test
these hypotheses, we used CRISPR/Cas9 to create one mutant zebrafish line in which the
equivalent missense mutation was precisely introduced into zebrafish tcpl, and a second
mutant line harbouring a frameshift mutation in tcpl. We characterised the morphology
and behaviour of homozygous mutants to assess the phenotypic consequences of tcpl

mutations.

Loss of zebrafish tcpl caused widespread developmental defects, with abnormalities in
tissues implicated in the human disorder and some unrelated tissues. Loss of tcpl also
resulted in severe motor dysfunction. We did not detect morphological defects or motor
dysfunction in =zebrafish harbouring the patien
displayed behavioural changes that may be consistent with a colour vision defect.
Together, our findings support our hypotheses, but further investigations are required to

more robustly confirm the pathogenicity of the novel mutation.
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Chapter 1

Introduction



1.1 Theimportance of researching rare genetic diseases

Rare diseases often manifest as chronically debilitating illnesses which dramatically
decrease life expectancy and quality of life (EURORDIS, 2005). These conditions are
individually rare, defined as having a prevalence lower than 1 in 2,000 (Boycott et al.,
2013), but over 6,000 distinct rare diseases have been described to date (EURORDIS,
2005). Collectively, these are estimated to affect approximately3 0 mi | I i on peopl e

alone (EURORDIS, 2005), posing a tremendous burden on society (Angelis et al., 2015).

Approximately 80% of rare diseases are genetic (EURORDIS, 2007). The advent of next-
generation sequencing (NGS) technology means that the entire human genome can now
be sequenced in an unbiased and increasingly cost-effective manner (Figure 1.1), which
has been especially advantageous for diagnosing rare genetic diseases. There has been
unprecedented discovery of candidate variants for rare conditions in recent years (Koboldt
et al.,, 2013), and several large-scale, collaborative initiatives involving national and
international networks of clinical and basic scientific researchers have been established to

accelerate the identification and investigation of these rare variants (Table 1.1).



Cost of sequencing the human genome

Cost per genome (USD)

2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019
Year

Figure 1.1. The cost of whole genome sequencing has decreased dramatically in recent years. The
blue line represents the change in average sequencing cost per human genome over time. The grey line

represents hypothetical data based on Mooreds La
every two years. Technologies are considered to have made extremely good progress if they maintain a
pace equivalentto Moor e 6s Law. The decrease in sequencing c

in 2008, illustrating the transition from traditional Sanger-based sequencing to NGS technology. Data
obtained from the National Institutes of Health (NIH) National Human Genome Research Institute (accessible
at genome.gov/sequencingcosts).



https://www.genome.gov/about-genomics/fact-sheets/Sequencing-Human-Genome-cost

Table 1.1. National and international collaborative networks aiming to accelerate research into rare

genetic diseases

Programme/Network . Active  Aims and specific Summary
Locations . . o
name years disease interests publications
Based at the
Cambridge Institute
for Medical Research
(UK)
Collaborations with
genet_lc Ba§|s g_f. Wellcome Trust 2001- Identifying ge_netlc (Raymond et al.,
Learning Disability Sanger Institute (UK), 2009 causes of X-linked 2009)
(GOLD study) Greenwood Genetic intellectual disability
Center (USA),
University of Adelaide
(Australia) and
University of
Newcastle (Australia)
Collaborations across (Deciphering
. . 24 regional genetic Identifying genetic Developmental
Deciphering >d! 9 s Ifying genet evelop
Developmental services (UK and 2011- causes of Disorders Study,
Bisordf‘s)rs (DDD) stud Ireland) and 2016 developmental 2017, 2015;
= y Wellcome Trust disorders Wright et al.,
Sanger Institute (UK) 2015)
Network of 21
genetics centres and
3 science and Identifying genes
Einding of Rare technology innovation associate%?/vith rare
Disease Genes centres across 2011- monoaenic (Beaulieu et al.,
(FORGE) Canada Canada, with 2013 . 9 2014)
: . . childhood-onset
Consortium international .
. diseases
collaborations across
17 additional
countries
Contributing to the
International network development of
International Rare of researchers and novel rare disease .

. L . 2011- . (Dawkins et al.,
Diseases Research organisations with an resent therapies and the 2017)
Consortium (IRDiIRC) interest in rare P means to uncover

disease research the genetic causes
of rare diseases
Accelerating
. . - identification of
Undiagnosed Diseases  Network of clinical .
= = S genetic causes of (Gahl et al., 2016;
Program and scientific sites ) . .
. 2008 - rare diseases, with Ramoni et al.,
(UDP)/Undiagnosed across the USA, co- .
Diseases Network ordinated by Harvard present use of drosophila 2017; Wangler et
= = y and zebrafish al., 2017)

(UDN)

Medical School

models to validate
candidate genes




Table 1.1 (cont.)

Network of 45
Undiagnosed clinical . .
= . . Using collaborative approaches
Diseases investigators . . . .
20157 to identify genetic causes for .
Network across the globe : (Taruscio et al., 2015)
= . R present rare diseases and better
International (23 participating understand their pathogenesis
(UDNI) countries in P 9
total)
Network of N . N No summary
Usingiomi csO0 appr¢ o .
clinicians, . - ) publications. Full list
. identify genetic causes for rare . L
Solve-RD - geneticists, diseases. Implementing a of publications arising
Solving the translational 201817 o ) p 9 from the initiative
fifgenetic knowl e :
Unsolved researchers and  present . . available at the Solve-
: ) share information about rare .
Rare Diseases rare disease enotype/phenotype RD website (solve-
infrastructures 9 ypelp P rd.eu/results/scientific-

relationships
across Europe

publications)

(Table adapted from Adamson et al., (2018) under terms of the BMJ author licence)

Despite these advances, treatments for most rare diseases remain scarce (Luzzatto et al.,
2015). Forr @aué dradi seases, i n whi c hpraposeddaronlyd at e
one individual or a handful of individuals from a single pedigree, it can be challenging to
validate the pathogenicity of the variant. Moreover, because common disorders have
historically taken priority over rare diseases with regard to translational research (Shen et
al., 2015), the pathogenic mechanisms that contribute to rare diseases are often unclear,

even once a genetic cause has been identified.

Considering the increasing number of candidate variants being identified by NGS, there is
a growing need for experimental research into these diseases. These investigations will
enable ultra-rare variants to be experimentally validated, facilitating more robust genetic
diagnoses. They will also yield insights into the pathophysiology of rare diseases, which

could uncover therapeutic targets for these conditions.

Research into rare diseases can also reveal new information about the fundamental
pathways governing human biology, which can subsequently improve our understanding

of more common disorders (EURORDIS, 2010). For exampl e, Gaucher os

V

di


http://solve-rd.eu/results/scientific-publications/
http://solve-rd.eu/results/scientific-publications/
http://solve-rd.eu/results/scientific-publications/

metabolic condition caused by homozygous mutations in the glucocerebrosidase gene
(GBA),causes def i ci e mloacpcerebfosidase grotéin (Brady et al., 1966). Some

heterozygous GBA variants have also been found to confer risk for the comparatively

common neurodegenerati ve d(GsekerfAlpametal., 206Gy Tis nsonbds

genetic link between two clinically disparate diseases h a s exposed a

r ol

glucocerebrosidase deficiency i (Wonganu&raiffcor ms

2016). As a result, Phase 2 clinical trials to test the efficacy of ambroxol, a pharmaceutical

compound that restores the trafficking and enzymat i ¢ a c t-glusoceterosidase

(Bendikov-Bar et al., 2013), are now underwayi n pati ents with ParKki

Par ki n sease@eanentia (NCT02941822; NCT02914366).

1.2 Advantages of studying rare genetic diseases within consanguineous

In the context of medical genetics, a marriage is generally considered to be
consanguineous if the couple are second cousins or more closely related (Bittles, 2008;
Hamamy, 2012). Children born to consanguineous parents are at increased risk of
developing autosomal recessive disorders compared with the general population. This is
because they tend to inherit large portions of identical DNA from both of their parents,
which makes them more likely to become homozygous for deleterious mutations (Woods

et al., 2006). The association between consanguinity and rare inherited congenital

di sorders was previously expl or e dShaidangtal.r t

2013). The incidence of congenital abnormalities in Bradford is almost double that of the
rest of the UK, and children born to parents of Pakistani origin were identified as being at
greatest risk of developing these defects. This was attributed to high rates of consanguinity
within the Pakistani community in Bradford, with babies born to first cousin parents
reportedly being twice as likely to develop congenital abnormalities as those born to non-

consanguineous parents (Sheridan et al., 2013).
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The roles of many human protein-coding genes remain elusive (Wood et al., 2019). We
can gather considerable information about gene function by studying the phenotypes of
patients with genetic diseases (Gagliardi et al., 2018), but this approach is not possible for
genes that are yet to be linked to human pathology. Consanguineous populations, such
as the one in Bradford, offer unique opportunities to investigate the effects of loss-of-
function variants that are unlikely to arise in outbred populations. This can provide valuable
insights into the functions of these genes in both health and disease (Erzurumluoglu et al.,

2016).

1.2.1 Insights into human biology from the study of novel rare disease-linked

mutations in consanguineous pedigrees in Bradford

One example of a biological pathway that is now better understood as a result of functional
investigations into rare genetic mutations arising in the Bradford population is the
glycosylphosphatidylinositol (GPI)-anchored protein biosynthesis pathway. Novel
autosomal recessive mutations in the phosphatidylinositol glycan anchor biosynthesis
class G gene (PIGG) (Makrythanasis et al., 2016) and the glycosylphosphatidylinositol
anchor attachment 1 gene (GPAA1) (Nguyen et al., 2017) were recently linked to rare
congenital disorders in consanguineous pedigrees from Bradford. These genes encode
proteins involved in the production of GPl-anchored proteins, which are tethered to the cell
surface and play important roles in many biological processes (Nguyen et al., 2017).
Patients with mutations in these genes presented with predominantly neurological
phenotypes, featuring varying degrees of intellectual disability, cerebellar atrophy,
seizures and hypotonia, with further involvement of the skeletal system in patients with
GPAA1l mutations. Additional variants in these genes were independently found to
segregate with similar phenotypes in unrelated pedigrees, confirming the pathogenicity of

the mutations (Makrythanasis et al., 2016; Nguyen et al., 2017).



The phenotypes of these patients were found to overlap considerably with those of patients
with mutations in other components of the GPIl-anchored protein biosynthesis pathway
(Krawitz et al., 2012; Maydan et al., 2011; Nakashima et al., 2014; Nguyen et al., 2017).
The clinical manifestations of most of these disorders are thought to arise from deficient
production of, or structural defects in, GPl-anchored proteins (Chiyonobu et al., 2014;
Ilkovski et al., 2015; Makrythanasis et al., 2016; Nakashima et al., 2014; Ng et al., 2012;
Tarailo-Graovac et al., 2015). The enzyme encoded by PIGG is responsible for transiently
attaching an ethanolamine phosphate molecule to the GPI anchor before it becomes
tethered to its protein; however, the importance of this step of the pathway had previously
remained elusive (Makrythanasis et al., 2016). Functional characterisation of the mutations
identified in PIGG revealed that, unlike in other inherited GPI deficiencies, neither the
levels of GPl-anchored proteins, nor their structures, are altered in PIGG-deficient cells
(Makrythanasis et al., 2016). Thus, the study of these rare PIGG mutations has revealed
not only that this transient PIGG-mediated modification of GPI is important for proper
neurodevelopment, but also that the pathogenesis of this spectrum of disorders extends

beyond deficient production of GPl-anchored proteins (Makrythanasis et al., 2016).

Contrastingly, the GPAA1 mutations were found to result in reduced GPIl-anchored protein
levels (Nguyen et al., 2017). GPAA1 encodes a subunit of the GPI transamidase complex,
which is responsible for attaching GPI anchors to their proteins. Prior to the identification
of these mutations, only one other subunit of the transamidase complex,
phosphatidylinositol glycan anchor biosynthesis class T (PIGT), had been linked to
inherited GPI deficiency (Nakashima et al., 2014; Nguyen et al., 2017). A prominent clinical
feature shared by patients with mutations in these genes is progressive cerebellar atrophy,
suggesting that proper function of the GPI transamidase complex is likely to be especially
important for the health and development of the cerebellum (Nguyen et al., 2017). This is
further supported by the more recent identification of patients who have mutations in

phosphatidylinositol glycan anchor biosynthesis class U (PIGU) (another member of the



GPI transamidase complex) and also present with cerebellar abnormalities (Knaus et al.,
2019). The identification of these novel rare GPAAL mutations has therefore presented a
further opportunity to explore the precise contribution of this complex to cerebellar

development.

1.3 A novel mutation in TCP1 as the cause of a childhood-onset

neurological disorder

The focus of this thesis is another novel genetic mutation that has been linked to a rare
neurological disease within a consanguineous family in Bradford. A homozygous missense
variant (CDNA level ¢.209C>T, protein level p.P70L) in the T-complex polypeptide 1 gene
(TCP1) was identified by whole-exome sequencing in three siblings born to first cousin
parents of Pakistani origin (unpublished findings from the Sheridan group, University of
Leeds). These patients presented with mild childhood-onset motor and visual defects,
underpinned by pathology of the cerebellum and retina, with some additional evidence of
peripheral neuropathy (Table 1.2). The mutation segregates with the phenotype in this
family; however, there are currently no published instances of TCP1 mutations causing
similar phenotypes, or any other diseases, in unrelated pedigrees. These patients
therefore represent the first direct link between TCP1 and human disease, and the
discovery of this mutation points to a critical role for TCP1 in the development of specific
organs and tissues within the nervous system. This rare disorder therefore presents an
opportunity for experimental research that could potentially reveal new information about
the processes underpinning development in humans, as well as the pathophysiology of

this rare disease.



Table 1.2. Clinical features of patients with the homozygous TCP1P7% variant

Affected tissue Clinical features

Progressive atrophy of cerebellar vermis and hemispheres

Cerebellum General clumsiness

No evidence of typical cerebellar or long tract signs

Restriction of peripheral visual fields

Colour vision deficit

Retina Retinal dystrophy

Generalised electrophysiological defects of rod/cone
photoreceptors

Pes cavus

Sensory and motor neuropathy

Peripheral nervous

Reduced reflexes
system

Reduced sensation in lower limbs

No clear electrophysiological diagnosis

Although it is biologically interesting that this is the first mutation in TCP1 to be linked to a
human disorder, the lack of other published pedigrees with TCP1 mutations means that
the pathogenicity of the mutation cannot be confirmed in the same way as the GPAAL and
PIGG mutations described earlier (Makrythanasis et al., 2016; Nguyen et al., 2017). As
the patients with the TCP1P7°- mutation are very closely related, they are likely to share
large homozygous regions of DNA, making it difficult to pinpoint the precise mutation
responsible for their phenotypes. The TCP1P"% variant has been identified as the most
prominent candidate in these patients, since it is not known to exist in any healthy
individuals, and computational analyses have predicted it to have deleterious effects upon
protein structure and function (Table 1.3). Indeed, TCP1 is predicted to be extremely
intolerant of inactivating mutations according to the Genome Aggregation Database

(Karczewski et al.,, 2019, gnomad.broadinstitute.org/gene/ ENSG00000120438).
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However, these predictive measures cannot conclusively prove that the mutation is

pathogenic, and we need further evidence to support these predictions.

Table 1.3. Computational predictions of the effects of the TCP1P7%- variant

Score for the P70L Predicted impact of

Prediction tool Reference mutation the P70L mutation
Combined Annotayon (Rentzsch et al., 31 (>15 considered .
Dependent Depletion 2019) deleterious) Deleterious
(CADD)

. 0.00 (<0.05
Sorting Intolerant . .
from Tolerant (SIFT) (Vaser et al., 2016) conS|d<_ared Damaging

damaging)

Polymorphism 1.00 (>0.85

(Adzhubei et al.,

Phenotyping v2 2010)

(PolyPhen-2)

confidently predicted  Probably damaging
to be damaging)

Screening for Non- 77 (>50 considered

Acceptable (Hechtetal, 2015)  highly likely to have ~ —uond llkelihood of
Polymorphisms v2 effect on protein
(SNAP2) effect)

1.4 Modelling rare genetic diseases

Where it is not possible to confirm the pathogenicity of a mutation by identifying additional,
unrelated patients, experimental models of rare genetic diseases can provide convincing
support of pathogenicity, reveal information about the functionality of candidate variants,

and offer insights into pathophysiological mechanisms (Sunyaev, 2012).

1.4.1 In vitro and cell-based models

In vitro and cell-based disease models can be useful for exploring the functional effects of
a candidate variant at the protein level. They can be used to investigate whether the
mutation affects protein expression and localisation (Cnossen et al., 2014), which are often

altered under disease conditions, or to measure the effect of a variant upon protein activity
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(Heidari et al., 2015). However, it can be challenging to establish appropriate assays if the
variant arises in a gene encoding a protein whose wild-type function is not well
characterised. Moreover, experimental findings demonstrating that a novel variant has
molecular consequences at the protein level, although supportive of causality, do not

necessarily translate to pathogenicity at the whole organism level.

1.4.2 In vivo models

For many rare diseases, in vivo models are therefore required to confirm the pathogenicity
of candidate mutations (Gui et al., 2017; Yuan et al., 2017; Zhang et al., 2014). This is
especially important for neurological disorders, where pathologically relevant patient tissue
is often inaccessible, and for conditions that manifest with phenotypes like those observed
in the TCP1 patients, involving multiple tissues and cell types. An important caveat is that
some mutations may have species-specific effects, so the presence or lack of a phenotype
in a model organism must be interpreted carefully. For example, several murine cystic
fibrosis models fail to accurately recapitulate key respiratory features of the human
phenotype, despite harbouring the pathogenic deletion mutation present in most patients

(Colledge et al., 1995; Zeiher et al., 1995).

Besides allowing us to validate candidate mutations, in vivo models of rare diseases
provide further opportunities to dissect disease mechanisms within a biologically relevant
setting, and to explore the phenotypic consequences of therapeutic intervention. It is
important that this can be done at scale, considering initiatives such as the 100,000
Genomes Project, which aim to reveal the genetic causes of rare diseases in thousands

of patients (Turnbull et al., 2018).

1.4.2.1 Selecting an appropriate in vivo model organism

An in vivo model system for a rare genetic disease should have a fully sequenced genome

that shares substantial homology with the human genome, and it must also be amenable
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to genetic manipulation. Historically, the mouse (Mus musculus) has been considered a
pre-eminent model for human genetic diseases, owing to its highly conserved mammalian
genome and physiological characteristics which bear remarkable similarity to humans
(Dow and Lowe, 2012). However, expensive husbandry and small litter sizes mean that
the mouse is often not the most practical choice for validating novel candidate genes. This
is particularly relevant in the context of large-scale rare disease gene discovery
programmes (Table 1.1), which are likely to uncover huge numbers of novel candidate
variants that need to be efficiently and cost-effectively validated. Furthermore, the slow in
utero development of mammalian models often precludes experimental investigations into
developmental processes. This can make it more challenging to investigate the
pathophysiology of the substantial proportion of rare diseases that manifest during

development (EURORDIS, 2007).

Invertebrate models, such as Drosophila melanogaster and Caenorhabditis elegans, are
also commonly used to study human genetic diseases (Moulton and Letsou, 2016;
Silverman et al., 2009). These models are far cheaper and more amenable to experimental
manipulation, and they reproduce more rapidly than mice, in much greater numbers
(Markaki and Tavernarakis, 2010; Pandey and Nichols, 2011). They are therefore better
suited to the experimental validation of large numbers of candidate genes; however,
because they are less evolutionarily related to humans, fundamental differences in their
genetics and physiology can make them less biologically relevant for studying the

pathophysiological mechanisms of human diseases.

1.5 The zebrafish as an emerging model system for rare genetic diseases

The zebrafish (Danio rerio) has recently entered the spotlight as an increasingly popular
model organism for translational research into human genetic diseases. As a lower
vertebrate, the zebrafish uniquely combines many of the genetic and physiological

advantages of mammalian models with the high-throughput capabilities and experimental
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manipulability associated with invertebrate models (Gama Sosa et al., 2012). This is
reflected in the growing number of biomedical research publications featuring zebrafish
(Figure 1.2). The next section of this chapter will highlight the key characteristics that make
the zebrafish an attractive model system for the study of rare genetic diseases, with a

focus on features that are particularly relevant to the TCP1-linked disorder.
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Figure 1.2. The use of zebrafish in biomedical research has been rising since the early 1990s. The
line graph shows the number of publications indexed by PubMed under the term fzebrafishd each year
between 1990 and 2018. Raw data obtained from Medline Trend (http://dan.corlan.net/medline-trend.html).
Figure adapted from Adamson et al. (2018), under terms of the BMJ author licence.
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1.5.1 Advantages of the zebrafish as a tool for studying developmental disorders

Prior to its use as a human disease model, the zebrafish gained popularity among
developmental biologists as a model system for studying the genetics of vertebrate
development (Driever et al., 1994). Zebrafish embryos develop rapidly and ex utero, with
morphogenesis of most of their major organ systems comp | et e wvours bfi n 48
fertilisation (Kimmel et al., 1995) (Figure 1.3). These features, combined with their optical
transparency as embryos, and the array of reporter lines and imaging techniques that are
available for visualising developmental and physiological processes (Kamei et al., 2010;
Langenau et al., 2004; Vacaru et al., 2014), make the zebrafish a powerful tool for
investigating fundamental developmental processes. These features are also
advantageous for rare disease research; three-quarters of rare diseases, including the
disorder linked to the novel TCP1 mutation, arise during childhood and 30% of rare disease
patients do not survive past their fifth birthday (EURORDIS, 2007). Perturbed
developmental processes are therefore likely to contribute to the pathogenesis of many of
these conditions, and we can harness the utility of the zebrafish as a developmental model
to study how these processes are affected by rare disease-linked mutations (Varga et al.,

2018; Veldman and Lin, 2008).

1.5.2 Advantages of the zebrafish as a tool for studying genetic diseases

Although we are less evolutionarily related to the zebrafish than to mammalian models,
the zebrafish genome still shares considerable homology with the human genome.
Zebrafish orthologues have been identified for approximately 70% of human genes (Howe
et al., 2013), providing scope for using the zebrafish to model human disorders linked to a

huge number of genes.
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Figure 1.3. Developmental timeline of the embryonic zebrafish. Schematic illustration of the rapid
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Still, it is important to consider the evolutionary relationship between specific human genes
of interest and their zebrafish orthologues before using the zebrafish to model pathogenic
human mutations. Almost half of human genes with a zebrafish orthologue hav e a
tooned relationship wi tpdrt, mednedg that anlg bne adbrafisth
orthologue is known to exist for these genes (Howe et al., 2013). However, after the teleost
lineage diverged evolutionarily from other vertebrates, the zebrafish underwent a whole

genome duplication event (Glasauer and Neuhauss, 2014). This means that for some

6one

count el

human genes, multiple zebrafish orthologues ex i st (i toremany 6 6omé ati onshi

(Howe et al., 2013). This can complicate the study of loss-of-function mutations, as
paralogous genes that have retained similar or identical functions are sometimes able to

compensate for these mutations and mask relevant phenotypes (She et al., 2019).

Provided that these limitations are taken into consideration, the zebrafish remains an
excellent tool for modelling human genetic diseases (Santoriello and Zon, 2012). The utility
of the zebrafish as a genetic model is further enhanced by its genetically tractability, which
enables its genome to be manipulated to model human mutations of interest. Several tools
are currently available to accomplish this; these are continuously being developed and
optimised (Sassen and Koster, 2015), and are discussed in further detail later in this

chapter.

1.5.3 Physiological conservation between humans and zebrafish

As well as considering the conservation of the gene of interest, it is also important to
evaluate whether the tissues affected by a disease are sufficiently conserved in the
zebrafish to allow phenotypic aspects of the human condition to be accurately
recapitulated. The zebrafish is more distantly removed from humans in terms of its
anatomy and physiology than mammalian models, and this can present challenges when
investigating genetic diseases affecting anatomical structures that are absent in fish, such

as the lungs (Santoriello and Zon, 2012). Even so, the basic vertebrate architecture of the
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zebrafish enables the simplified study of disease in numerous organ systems and
structures that are common to both zebrafish and humans. For example, the zebrafish has
successfully been used to model genetic diseases affecting the human nervous (Chapman
et al., 2013), visual (Zhang et al., 2016), cardiovascular (Smith et al., 2009), renal (Mangos

et al., 2010) and muscular systems (Majczenko et al., 2012), among others.

1.5.3.1 General nervous system conservation between humans and zebrafish

In the context of the novel neurological disorder that we are investigating here, it is
particularly important to consider the conservation of the nervous system. The organisation
of the zebrafish nervous system broadly resembles that of other vertebrates, comprising a
central nervous system, composed of a brain and spinal cord, which is connected to a
network of peripheral nerves. These peripheral nerves relay information between the
central nervous system and the rest of the body to control motor and sensory activities

(Bally-Cuif and Vernier, 2010).

Many human brain regions have structural homologues in the zebrafish (Figure 1.4),
although the zebrafish brain does lack some of the complexity of the human brain. This is
most obvious within the telencephalon (Kozol et al., 2016), which underwent a significant
expansion during evolution, giving rise to the elaborate mammalian neocortex involved in

many higher order human brain functions (Briscoe and Ragsdale, 2019).

Nevertheless, many of the key neurotransmitter pathways (Chen et al., 2010; Panula et
al., 2006) and neural circuits (Hashimoto and Hibi, 2012; Kozol et al., 2016) that underpin
brain function in humans have been found to be conserved in zebrafish. Moreover, the
reduced complexity of the zebrafish nervous system is advantageous for experimental
applications, providing a simplified platform for studying how human disease-linked

mutations affect conserved features of vertebrate neurodevelopment (Kozol et al., 2016).
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Figure 1.4. Structural homology between the human and zebrafish brain. Schematic representations of
(a) the adult human brain and (b) the adult zebrafish brain (zebrafish brain structure based on Wullimann et
al., (1996), colour-coded to highlight regions of homology between the two species (illustrations not to scale).
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1.5.3.2 Conservation of the cerebellum between humans and zebrafish

One of the key phenotypic features of the human TCP1-linked disorder is cerebellar
atrophy. The vertebrate cerebellum is responsible for integrating sensory and motor
information to enable fine control over motor coordination and learning (Manto et al., 2012),
and it also plays a role in cognition and processing of emotions (Schmahmann, 2019;

Strata, 2015).

In mammals, the outer surface of the cerebellum has a distinctive appearance, with a
highly folded cerebellar cortex formed of many individual structures called folia (Figure
1.5ai). These folia are arranged in groups, dividing the cerebellum more broadly into the
anterior lobe, the posterior lobe and the flocculonodular lobe, which are distributed across
two paired lateral hemispheres and an unpaired medial region called the vermis (Lai,

2010).

The zebrafish cerebellum is substantially less morphologically complex; it comprises the
corpus cerebellum (or main body of the cerebellum) which extends anteriorly to form the
valvula cerebelli, and the vestibulolateral lobe, located posteriorly to the corpus
cerebellum. In contrast to the intricately folded cortex of the human cerebellum, the main
body of the zebrafish cerebellum is formed of only a single, simple folium (Figure 1.5aii)

(Bae et al., 2009).

Despite these gross structural differences, the cellular organisation within the cerebellum
of humans and zebrafish remains extremely well conserved (Figure 1.5b) (Bae et al., 2009;
Roostaei et al., 2014). Both share a characteristic, three-layered cortex, composed of an
inner layer containing the granule cells, which are the most abundant neurons in the
vertebrate brain; a middle layer containing the cell bodies of the Purkinje neurons; and an
outer molecular layer, which is predominantly made up of granule cell axons and the

dendritic arbours of Purkinje cells (Bae et al., 2009; Roostaei et al., 2014).

21



Cerebellar folia Cerebellar cortex

a i b
Molecular layer
. | Purkinje cell layer
Granule cell layer
i |
Human
C Human cerebeilum
; Purkinje cell
W
Parallel Parallel :
fibres T fibres Molecular layer
Purkinje cell layer
iCIimbing fibre i : Climbing fibre )
i i Eurydendroid ®
: cell :
° [ ] @ Granule cells L J ® Granule cells i | Granule cell layer
L ® :
Mossy fibres Mossy fibres
INPUT —
. - f : OUTPUT
offiemnterier outPuT offm nteier
ry nucleus) INPUT INPUT
l (from brainstem (from b_rainstem
and spinal cord) and spinal cord)

Deep cerebellar nuclei

Figure 1.5. Comparative neuroanatomy and microcircuitry of the cerebellum in humans and
zebrafish. (a) Schematic diagram of a sagittal cross-section through (i) a single human cerebellar folium
and (ii) the zebrafish corpus cerebellum. (b) Schematic representation of the layered cellular organisation
within the vertebrate cerebellar cortex (corresponding to regions outlined by black dashed boxes in ai and
aii). (c) Simplified schematic overview of the cerebellar microcircuitry in humans and zebrafish.
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In addition to this shared cellular organisation, much of the basic neuronal circuitry that
underpins cerebellar function is also conserved between humans and zebrafish (Figure
1.5¢) (Bae et al., 2009; Roostaei et al., 2014). Both receive their primary cerebellar inputs
via the climbing fibres, which project from the inferior olivary nucleus to form excitatory
synapses with Purkinje cell dendrites, and the mossy fibres, which project from the
brainstem and spinal cord to form excitatory synapses with granule cells. The granule cells
then transmit these signals to Purkinje cells by forming excitatory synapses via their
parallel fibres. In humans, Purkinje cells form the sole output of the cerebellar cortex
(Roostaei et al., 2014), sending inhibitory axonal projections to the deep cerebellar nuclei,
where information is then passed to the rest of the motor system. Contrastingly, the
zebrafish cerebellum does not contain deep cerebellar nuclei (Heap et al., 2013). Zebrafish
Purkinje cell axons instead form local synapses with eurydendroid cells, which appear to
be functionally homologous to the mammalian deep cerebellar nuclei and form the main

output of the zebrafish cerebellum (Heap et al., 2013).

Human and zebrafish cerebella also differ slightly in their development. In both species,
Purkinje cell precursors are specified at the ventricular zone by pancreas-associated
transcription factor 1a (PTF1A) expression (Pascual et al., 2007), and granule cells are
specified at the rhombic lip by transforming growth factor-beta ( T G Fifid)iced expression
of atonal basic helix-loop-helix transcription factor 1 (ATOH1) (Ben-Arie et al., 1997).
However, during human cerebellar development, granule cell precursors subsequently
migrate to form a structure known as the external germinal layer, where they undergo a
round of sonic hedgehog (SHH)-dependent proliferation before migrating inwards, past the
Purkinje cells, to form the granule cell layer (Haldipur et al., 2012). This SHH-dependent
proliferation step is thought to regulate the larger size and complex foliation seen in the

cerebella of humans and other amniotic species (Corrales et al., 2006).

In contrast, the zebrafish lacks an external germinal layer, and thus does not exhibit this

second SHH-dependent proliferation step (Chaplin et al., 2010). This is worth considering
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in the context of modelling human disease, as defects in SHH signalling in the external
germinal layer have been proposed to play a role in the pathology of human disorders
such as Joubert syndrome and Meckel syndrome (rare hereditary ciliopathies which
manifest with defects in cerebellar development), and medulloblastoma (a type of
paediatric brain cancer originating in the cerebellum) (Aguilar et al., 2012; Butts et al.,
2014). For disorders such as these, it may be more appropriate to use mammalian models

to investigate cerebellar pathophysiology.

Nevertheless, the conserved features of cerebellar anatomy, function and development
between humans and zebrafish have already proved valuable for modelling aspects of
several disorders affecting the human cerebellum (Akizu et al., 2015; Burns et al., 2018;

Kasher et al., 2011; Namikawa et al., 2019).

1.5.3.3 Conservation of the retina between humans and zebrafish

Another prominent clinical feature of the TCP1-linked disorder is visual dysfunction,
underpinned by retinal dystrophy and electrophysiological abnormalities. The vertebrate
retina, though located in the eye, is an extension of the central nervous system (Purves et
al., 2001). Its primary function is to transduce the light that enters the eye into
electrochemical signals that are sent to visual centres in the brain for processing (Mannu,

2014).

The cellular organisation of the retina is highly conserved among vertebrates (Amini et al.,
2018), with a laminar structure made up of three distinct nuclear layers, which contain the
same neuronal cell types in both humans and zebrafish (Figure 1.6) (Angueyra and Kindt,
2018; Richardson et al., 2017). The most apical layer, the outer nuclear layer (ONL), is
occupied by the cell bodies of the photoreceptors. These cells are directly responsible for
phototransduction: the signalling cascade through which a photon is transformed into an
electrical signal that can be transmitted to the brain. This specifically takes place in the

photoreceptor outer segments. The outer segments are specialised sensory cilia that
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contain light-absorbing G-protein coupled receptors (GPCRs), known as visual pigments,
as well as other biochemical machinery involved in the phototransduction cascade

(Khanna, 2015).

Following phototransduction, signals are passed to the inner nuclear layer (INL), which
contains the cell bodies of three classes of retinal interneuron: the bipolar cells, the
amacrine cells and the horizontal cells. Finally, the signals reach the ganglion cell layer
and travel to the brain via the optic nerve, which is predominantly made up of ganglion cell
axons. These three nuclear layers are spatially separated by the outer and inner plexiform
layers (OPL and IPL), which contain the synapses between the photoreceptors and retinal
interneurons, and the retinal interneurons and ganglion cells, respectively (Amini et al.,
2018). In the zebrafish, the laminae of the retina are fully patterned by 3 days post-
fertilisation (dpf) (Avanesov and Malicki, 2010), providing a platform for rapidly assessing

the effects of mutations on vertebrate retinal development.

With regard to the defects associated with the TCP1-linked disorder, we are particularly
interested in the conservation of photoreceptors between the two species. In both humans
and zebrafish, the retina contains a single type of rod photoreceptor (Kefalov, 2011; Morris
and Fadool, 2005); these cells are highly sensitive to light and are involved in
discriminating light from dark and detecting form and movement, playing a particularly

important role in peripheral and dim-light vision (Hoon et al., 2014).

The second major class of photoreceptor found in the vertebrate retina is the cone cell,
which mediates colour vision (Kefalov, 2011; Meier et al., 2018). Humans and zebrafish
both possess several cone subtypes. These are defined by the specific visual pigments
that they express and their sensitivity to different wavelengths of light (Figure 1.7) (Meier
et al., 2018; Zhang et al., 2019). Humans are capable of trichromatic vision, which is
mediated by three distinct cone subtypes: S-, M- and L-cones. These subtypes are
sensitive to short (blue), medium (green) and long (red) wavelengths, respectively (Zhang

et al., 2019).
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Figure 1.7. Comparison of cone photoreceptor subtypes in humans and zebrafish. Schematic
representation of the electromagnetic spectrum, highlighting the peak wavelength sensitivities of the various
subtypes of cone cell in the human and zebrafish retinae.
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The zebrafish retina also contains S-, M- and L-cones with similar wavelength sensitivities
to their human counterparts (Angueyra and Kindt, 2018); however, zebrafish are
tetrachromats and possess a fourth cone subtype, which enables them to detect
wavelengths in the ultraviolet (UV) range (Angueyra and Kindt, 2018). Notably, the green-
and red- sensitive cones of the zebrafish retina are found in a paired configuration (Meier
et al., 2018), consisting of a primary member (the L-cone) and an accessory member (the

M-cone); however, the M- and L-cones of the human retina are not paired.

The relative abundance and arrangement of these photoreceptors within the retina also
differs between zebrafish and humans (Kostic and Arsenijevic, 2016). The human retina
is hugely rod-dominated, but contains a central region called the fovea, where most cone
cells reside (Figure 1.8). The fovea is the most important component of the human retina
for day-to-day visual tasks, enabling high-acuity central vision (Kostic and Arsenijevic,

2016).

Like humans, zebrafish are diurnal and perform most of their visual tasks during the day
(Iribarne, 2019). However, the zebrafish retina is slightly cone-dominated, and their cones
and rods are arranged in a regular mosaic pattern throughout the retina (Figure 1.8)
(Avanesov and Malicki, 2010). This arrangement offers the zebrafish a unique advantage
as an animal model of human disease, in that the overall composition of the zebrafish
photoreceptors reflects the cone-rich fovea which is required for important visual tasks in
humans (Iribarne, 2019). This contrasts with nocturnal species such as the mouse, which
has a rod-dominated retina and performs most of its visual tasks at night, making it a less
useful tool for studying cone-related human visual phenotypes (DuVal and Allison, 2017),

such as the colour blindness observed in patients with the novel TCP1 mutation.

These conserved features of the zebrafish retina, and the fact that it possesses
counterparts for the full complement of photoreceptors that govern the most important

aspects of visual function in humans, have already proved advantageous for studying the
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pathophysiology of mutations linked to several human retinal disorders (Angueyra and

Kindt, 2018; Dona et al., 2018; Jin et al., 2014; Lu et al., 2017; Oura et al., 2018).
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Figure 1.8. Comparison of the photoreceptor arrangement within the human retina and the zebrafish
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rod cells across the retina. Schematic illustrations based on Kostic and Arsenijevic (2016).
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1.5.4 Phenotypic analysis of zebrafish disease models

As well as assessing the physiological conservation of the tissues affected by the disorder
of interest, it is also important to consider the availability of appropriate methods to
measure disease-relevant phenotypes in the chosen model system. The zebrafish is
particularly amenable to experimental analyses, and several tools exist to assess the
phenotypic effects of pathogenic mutations on the development, morphology and function
of various tissues in the fish (Angueyra and Kindt, 2018; Vaz et al., 2019). The following
section will introduce some of the techniques that can be used for such investigations,

focusing on those that are most relevant to the TCP1-linked disorder.

1.5.4.1 Approaches to characterise cerebellar and motor phenotypes in the

zebrafish

One way in which we can investigate the effects of disease-linked mutations upon the
cerebellum is by assessing cerebellar morphology (Bae et al., 2009). The transparency of
the developing zebrafish is particularly useful here, as it allows brain development to be
visualised in real time, and we can use transgenic lines to label cerebellar neurons
specifically (Takeuchi et al., 2015; Weber et al., 2016) or to investigate more general
markers of neurodevelopment (Vaz et al., 2019) and determine whether these are altered
under disease conditions (Namikawa et al., 2019). It is also possible to use
immunohistochemical approaches to investigate cerebellar morphology by using
antibodies raised against specific markers of major cerebellar cell types (Bae et al., 2009).
Alternatively, we can investigate early patterning defects that might impact on cerebellar
development by using in situ hybridisation to analyse relevant gene expression patterns

(Kasher et al., 2011).

As we described earlier, the main function of the cerebellum is to coordinate motor activity.
Patients with the TCP1""° mutation display some motor dysfunction, which could be

explained by their cerebellar atrophy, or by pathology in the peripheral nervous system.
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Zebrafish exhibit many quantifiable motor behaviours, both as larvae and during
adulthood, and these can be used to determine whether disease-linked mutations affect

the function of the motor system (Vaz et al., 2019).

One example of a behaviour that can be used to assess motor function in zebrafish larvae
is the touch-evoked escape response (Saint-Amant and Drapeau, 1998). This involves
exposing larvae to a tactile stimulus, such as a light touch on the head or the trunk, and
capturing their response using a high-speed camera (Sztal et al.,, 2016). From
approximately 27 hpf, this type of stimulus typically induces a rapid escape response from
a healthy fish (Saint-Amant and Drapeau, 1998), which can be absent or attenuated in

larvae with motor dysfunction (Low et al., 2011, 2010a; Smith et al., 2013).

We can also use infrared tracking systems to assess motor activity in zebrafish larvae.
This can either involve monitoring free swimming behaviour (Legradi et al., 2014; Pietri et
al.,, 2013; Vaz et al., 2019) to determine whether mutant fish have reduced locomotor
activity compared to healthy fish; measuring locomotor startle responses to stimuli such
as noise or vibration (Legradi et al., 2014); or quantifying patterns of locomotor activity in
response to visual cues such as light and dark (Basnet et al., 2019; Irons et al., 2010;

MacPhail et al., 2009; Shaw et al., 2018).

In adult zebrafish, it is also possible to track free swimming to test for motor deficits (Panula
et al., 2006). Furthermore, motor dysfunction has successfully been detected in adult
zebrafish using the swim tunnel test, which provides a read-out of motor endurance

(Chapman et al., 2013; Ramesh et al., 2010; Shaw et al., 2018).

One caveat associated with these assays is that locomotor behaviours are governed at
various levels in the zebrafish, including by various neuronal circuits within and outside of
the brain (Liu and Hale, 2017), as well as muscle function and neuromuscular junction
integrity (Chapman et al., 2013; Sztal et al., 2016); therefore, further investigations are

often required to determine the precise cause of an abnormal response. This could involve
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using techniques such as calcium imaging (Muto and Kawakami, 2011, Ritter et al., 2001)
or electrophysiology (Knogler et al., 2017; Roy and Ali, 2013) to assess the function of

specific neuronal populations of interest.

1.5.4.2 Approaches to characterise retinal and visual phenotypes in the zebrafish

As for disorders of the cerebellum, it is also useful to assess morphological changes linked
to mutations associated with human retinal diseases (Angueyra and Kindt, 2018). The
overall organisation of the zebrafish retina can be evaluated through basic histological
analysis (Berger et al., 2018; Lu et al., 2017), or specific cell types of interest can be
visualised through the use of transgenic lines (Stearns et al., 2007), which are available
for all major cells of the retina (Angueyra and Kindt, 2018; Raghupathy et al., 2013). An
alternative approach is to perform immunohistochemical analysis, using antibodies that
specifically recognise epitopes within retinal cells (Angueyra and Kindt, 2018; Messchaert

et al., 2018; Wasfy et al., 2014).

It can also be useful to measure visual function in zebrafish models of human retinal
disorders. One way in which retinal activity can be assessed in both humans and zebrafish
is by generating electroretinogram (ERG) recordings to assess the electrical activity in the
retina in response to a visual stimulus (Chrispell et al., 2015; Ebdali et al., 2018). This
technique has been used to demonstrate retinal dysfunction in several zebrafish models

of human visual disorders (Dona et al., 2018; Messchaert et al., 2018; Wasfy et al., 2014).

The zebrafish also possesses a wide repertoire of behaviours that are governed by vision
and can be used to assess the effects of mutations on visual function (Angueyra and Kindt,
2018; Neuhauss, 2003). For example, we can measure the optokinetic response (Huang
and Neuhauss, 2008; Neuhauss, 2003), in which larvae usually display a defined pattern
of eye movements in response to a rotating stimulus of black and white stripes; or the

optomotor response (Neuhauss, 2003; Stujenske et al., 2011), in which larval and adult
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zebrafish naturally swim in the same direction as a moving visual stimulus of black and

white stripes, to determine whether visual function is impaired.

It is also possible to assess visual function at low light levels to study phenotypes linked
to night blindness in the zebrafish (Li and Dowling, 1997; Maaswinkel et al., 2005). One
method involves placing the fish in an arena surrounded by a rotating white drum with a
single black stripe. The black stripe acts as a threatening stimulus and evokes an escape
response from the fish (Li and Dowling, 1997). By performing this assay under lighting
conditions of varying intensity, the threshold intensity required for the fish to detect the
stimulus can be measured. If this behavioural threshold is increased in a mutant fish, this

can indicate visual dysfunction (Maaswinkel et al., 2005).

It is also possible to detect defects linked to colour blindness in zebrafish by performing a
place preference test. Larval and adult zebrafish have been shown to exhibit innate colour
preferences (Avdesh et al., 2012; Oliveira et al., 2015; Park et al., 2016), and this can be
used as a behavioural paradigm to determine whether mutations affect the ability of
mutants to detect certain colours. This generally involves placing fish into a T-maze or
cross-maze composed of arms of different colours and quantifying the amount of time they
spend in each coloured region (Park et al., 2016). If mutants are found to lack colour
preference or show altered preferences compared to wild-type fish, this can be indicative
of an impairment in colour processing (Park et al., 2016). A form of colour blindness was
also demonstrated in mutant zebrafish using a modified version of the optokinetic
response, in which mutant fish responded normally to the stimulus when the stripes were
illuminated with white light, but failed to respond when the illumination was replaced with
red light, indicating that they had a specific defect affecting their ability to detect red light

(Brockerhoff et al., 1997).

Again, a drawback associated with these assessments of visual function is that multiple

factors can impact on these behaviours; therefore, they are best employed in combination
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with the other morphological and electrophysiological approaches described above

(Maaswinkel et al., 2005; Messchaert et al., 2018).

1.6 Genetic tools for modelling rare diseases in zebrafish

Over time, various genetic tools have been used to model inherited human diseases in
zebrafish. Summarised in Table 1.4, these encompass strategies for generating stable
mutant lines by random mutagenesis or targeted gene editing (Doyon et al., 2008; Hwang
et al., 2013b; Moens et al., 2008; Sander et al., 2011; Varshney et al., 2015), as well as
methods for transiently interrogating of the effects of altered gene expression (Nasevicius

et al., 2000; Nasevicius and Ekker, 2000; Rossi et al., 2015).

Table 1.4. Summary of methods for generating stable and transient zebrafish models of genetic
human diseases

Advantages for Limitations for
modelling rare genetic modelling rare genetic
diseases in zebrafish diseases in zebrafish

Required

Technique Mechanism
components

Stable models

Database of mutants If loss-of-function mutants Mutants for genes of

. that have already for genes of interest are  interest are not always
ENU-mediated Random - . . T
. . been generated by available, this abrogates available. Outcrossing is
mutagenesis mutagenesis . .
ENU-mediated need to generate a new  often required to generate
random mutagenesis model a stable model.

Database of mutants .
If loss-of-function mutants Mutants for genes of

Retroviral- that have already . .
. for genes of interest are  interest are not always
mediated Random been generated by X . . N
. . . ; . available, this abrogates available. Outcrossing is
insertional mutagenesis retroviral-mediated .
. . . need to generate a new  often required to generate
mutagenesis insertional
. model a stable model.
mutagenesis
Creates Tailored protein

Multiple DNA-binding

double- zinc finger peptides  Enables targeted component needs to be
ZFNs + NHEJ- stranded DNA . ger pep . 9 . generated for each
. (which each frameshift mutations to be .
mediated break at target : . . . genomic target.
. . . recognise 3bp of introduced in candidate .
repair site, resulting ) Outcrossing is often
. . target DNA) fused to genes of interest .
in repair by Fokl nuclease domain required to generate a
NHEJ stable model.
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Table 1.4 (cont.)

Creates Tailored protein
TALENS + double- C.ust.omlsablel DNA- Enables targeted component needs to be
stranded DNA binding domain . . generated for each
NHEJ- . frameshift mutations to be .
. break at target (peptide-based) fused . . . genomic target.
mediated . . introduced in candidate S
. site, resulting to Fokl nuclease . Outcrossing is often
repair . . . genes of interest i
in repairby  domain required to generate a
NHEJ stable model.
Some off-target effects
Enables targeted are possible but can be
frameshift mutations to be minimised through
Creates . . . . .
double- introduced in candidate  appropriate gRNA design.
CRISPR/Cas9 Specific 20nt gRNA  genes of interest. gRNAs Qutcrossing is often

stranded DNA

+ NHEJ- break at target complementary to can easily be designed for required to generate a
mediated site, resulting target site + Cas9 different targets. Loss-of- stable model, though if
repair o endonuclease function models can be  mutagenesis is

in repair by . L .

NHEJ efficiently generateq sufficiently efficient,
through NHEJ-mediated phenotypes can be
repair. studied in FO injected

embryos.

Creates

double-

stranded DNA Zinc finger peptides or
break at target customisable peptide-

site. based DNA-binding

ZFNs, TALENs Simultaneous domain fused to Fokl Currently less efficient

or addition of nuclease domain, or  Allows knock-in of specific than NHEJ-mediated
CRISPR/Cas9 DNA repair  specific ~20nt gRNA mutations of interest loss-of-function model
+ HDR- template complementary to (most commonly via generation. Outcrossing
mediated results in HDR target site + Cas9 CRISPR/Cas9) is often required to
repair and endonuclease (+ DNA generate a stable model.
incorporation repair template
of specific containing sequence

sequences or
mutations of

of interest)

interest
Deaminates
cytidine or - Some base-pair
. Specific ~20nt gRNA o
adenine . . substitutions cannot be
complementary to Allows introduction of . .
bases at . . modelled using this
CRISPR/Cas9- . target site + disease-relevant .

. genomic . . . ) . approach. Evidence of
mediated taraet site catalytically inactive  missense mutations officacy in zebrafish is
base-editing getsie, Cas9 (dCas9), fused arising due to C-T or A-G . . Y .

resulting in - . - limited. Specificity for
. to cytidine or adenine base substitutions .
single-base- . target site needs to be
. deaminase enzyme :
pair established.
substitutions
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Table 1.4 (cont.)

Transient models

Allows for rapid

S Effects are short-lasting.
examination of loss-of-

May be associated with

Blocks mRNA function phenotypes. significant off-taraet
Morpholino translation or Modified 25bp Could be used to rapidly g 9
- . . . . effects. Cannot be used
knockdown splicing (post- oligonucleotide obtain evidence to . .
. . to model gain-of-function
translational) support causality of loss- . o
. . or patient-specific
of-function candidate .
. mutations.
variants
Blocks
transcription

Specific ~20nt gRNA

(and can be complementary to Can be used to model Currently not widely used
CRISPR/dCas9 coupled to tar gt site + dgasg both gain- and loss-of- in zebraﬁsh S ecif)i/cit
(CRISPR transcriptional 9 function phenotypes. Has 9P Y

for target site needs to be
established.

(which can be fused
to a transcriptional
activator or repressor)

the potential to be used
on a large scale

interference) activators or
repressors to
further control
gene dosage)

Abbreviations: Cas9 - CRISPR-associated protein 9, CRISPR - clustered regularly interspaced short
palindromic repeats, dCas9 i catalytically inactive Cas9, ENU i N-ethyl-N-nitrosourea, HDR i homology-
directed repair, NHEJ i non-homologous end joining, TALENS - transcription activation-like effector
nucleases, ZFNs i zinc finger nucleases

(Table adapted from Adamson et al. (2018), under terms of the BMJ author licence.)

1.6.1 Generation of stable zebrafish disease models

1.6.1.1 Random mutagenesis

Traditionally, genetic manipulation of zebrafish has focused on random mutagenesis using
chemical mutagens such as N-ethyl-N-nitrosourea (ENU), or retroviral-mediated
insertional methods (Grunwald and Streisinger, 1992; Moens et al., 2008; Solnica-Krezel
et al., 1994; Varshney et al., 2013). This approach was previously employed on a large
scale to identify loss-of-function mutations responsible for various developmental
phenotypes in the zebrafish, as exemplified in numerous publications in the December
1996 special issue of Development (Driever et al., 1996; Haffter et al., 1996). Moreover,
reverse genetics approaches, such as TILLING (Targeting Induced Local Lesions in
Genomes), have also been used to identify randomly mutagenised zebrafish carrying

mutations in specific genes of interest (Moens et al., 2008). Huge libraries of frozen
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gametes for stable zebrafish mutants that have been created using these methods are
now available (Kettleborough et al., 2013). This can negate the need to generate a new
model if a mutant for the affected gene has already been identified. Nevertheless, mutants
are not available for all genes and this strategy does not allow specific disease-associated
mutations to be modelled, limiting its utility for testing the pathogenicity of specific

candidate variants.

1.6.1.2 Targeted gene-editing

More recently, powerful methods involving the use of engineered nucleases, including zinc
finger nucleases (ZFNs), transcription activation-like effector nucleases (TALENS) and the
clustered regularly interspaced short palindromic repeat (CRISPR)/CRISPR-associated
protein 9 (Cas9) system have been employed to generate stable models of human
disease, enabling targeted mutations to be created in specific zebrafish orthologues of
interest (Doyon et al., 2008; Hwang et al., 2013b; Sander et al., 2011). Both ZFNs and
TALENS require a tailored protein component to be generated for each target, which can
be a costly and laborious process (Heintze et al., 2013). In contrast, the CRISPR/Cas9
system relies on recognition of the target site by a custom guide RNA (gRNA) molecule,
and simply requires the design of a single oligonucleotide for each target site (Hwang et

al., 2013a).

1.6.1.3 Using CRISPR/Cas9 technology to model rare genetic diseases in zebrafish

The CRISPR/Cas9 system has therefore become the tool of choice for generating stable
models of human genetic diseases in recent years, as well as being used more generally
to answer questions relating to developmental biology, through applications such as cell
lineage tracing and large-scale gene knockout screens (Liu et al., 2019; Sun et al., 2020).
A mechanistic overview of the classical CRISPR/Cas9 system in the context of disease
modelling is shown in Figure 1.9. Most successes from CRISPR-mediated gene

modification in zebrafish have arisen from the generation of null alleles through non-
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homologous end joining (NHEJ)-mediated repair of CRISPR-induced DNA breaks (Gui et
al., 2017; Perles et al., 2015; Zhang et al., 2017a). NHEJ is an error-prone process which
often results in insertion or deletion of nucleotides at the break site. In two-thirds of
cases, this will lead to a shift in the open reading frame, which may disrupt gene
function (Li et al., 2016). This is useful for generating models of human disease caused
by loss-of-function mutations, and continued optimisation of this strategy means that it is
becoming increasingly efficient to generate zebrafish null mutants using CRISPR/Cas9
(Sun et al., 2020). In some cases, mutagenesis occurs efficiently enough to allow analysis
of loss-of-function phenotypes directly in injected FO embryos (crispants) (Hoshijima et al.,

2019; Shankaran et al., 2017).

It may be desirable to introduce specific disease-associated mutations, particularly where
complete loss-of-function alleles are lethal, or a variant is predicted to act through a gain-
of-function mechanism. Specific mutations and exogenous DNA sequences have been
knocked into the zebrafish genome by both homology-independent and homology-directed
repair (HDR) (Armstrong et al., 2016; Auer et al., 2014; Boel et al., 2018; Hisano et al.,
2015; Prykhozhij et al., 2018), but this approach is less efficient than generating loss-of-

function alleles (Armstrong et al., 2016; Prykhozhij et al., 2018).

The prototypical Cas9 endonuclease, originating from Streptococcus pyogenes, requires

the gRNA target seqguence (or protospacer)

t

o

b

adjacent mot i f (PAM) , w-NGGE&h{Cdng et alt BO&3). Shequenc e

efficiency of HDR-mediated knock-in of specific mutations appears to be influenced by the
proximity of the desired mutation site to the PAM site (Boel et al., 2018), which limits the
genomic sites that can feasibly be edited using this approach. However, several natural
and engineered Cas variants that recognise alternative PAM sequences have now been
shown to facilitate targeted mutagenesis in zebrafish (Feng et al., 2016; Fernandez et al.,
2018; Kleinstiver et al., 2015; Liu et al., 2019; Moreno-Mateos et al., 2017), which could

increase the potential for modelling specific mutations in the zebrafish genome by HDR.
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Figure 1.9. Overview of CRISPR/Cas9-mediated genome editing. A 20-nucleotide guide RNA (gRNA)
directs Cas9 endonuclease to a chosen genomic target site (also known as the protospacer) immediately
upstream of a protospacer-adjacent motif (PAM). On binding to the target site, Cas9 cleaves the genomic
DNA to create a double-stranded DNA break 3i4 bp wupstream of the PAM. heS
non-homologous end joining (NHEJ) or homology-directed repair (HDR) pathways can be exploited to
generate disease models through the creation of knockout alleles (to investigate loss-of-function of a gene
of interest), or knock-in alleles (to study the consequences of a specific disease-associated mutation). For
HDR approaches, a tailored repair template containing the variant of interest is also required. Figure
reproduced from Adamson et al. (2018), under terms of the BMJ author licence.
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Many genetic diseases are caused by missense mutations that arise from single base-pair
substitutions. CRISPR/Cas9-derived gene editing tools, known as base editors (Gaudelli
et al.,, 2017; Komor et al.,, 2016), have recently been developed, allowing targeted
deaminase-mediated conversion of a single base-pair of interest to another without
requiring DNA cleavage. Base editors are being assessed for their potential for modelling
point mutations in various systems, including zebrafish (Gaudelli et al., 2017; K. Kim et al.,
2017; Komor et al., 2016; Zhang et al., 2017b). A limitation of this approach is that only
specific base-pair substitutions (Cto T, Tto C, Ato G, G to A) are currently possible using
this method, and the base-pair of interest must be located within an optimal window of
proximity to the PAM (Y. B. Kim et al., 2017). However, efforts are currently underway to
overcome this limitation through the development of Cas9 base-editing variants that
recognise alternative PAM sequences (Y. B. Kim et al., 2017), which may increase the

scope for modelling rare genetic diseases linked to point mutations.

1.6.2 Methods for transiently modelling genetic disease in zebrafish

Transient manipulation of the zebrafish genome can also be useful where complete loss-
of-function of a gene of interest is undesirable. This is especially relevant considering the
observation that deleterious loss-of-function zebrafish mutations, but not transient gene
knockdowns, can sometimes cause relevant phenotypes to be masked due to genetic
compensation mechanisms (Rossi et al., 2015). Transient gene knockdown in the
zebrafish has traditionally been performed using antisense morpholino oligonucleotides to
interfere with the expression of genes of interest at the level of splicing or translation
(Nasevicius and Ekker, 2000). Concerns have been raised about the high risk for off-target
effects when using morpholinos (Kok et al., 2015); however, provided that they are used
cautiously, morpholinos can provide some useful insights into gene function (Stainier et

al., 2017).
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CRISPR interference (CRISPRI), another variation on the CRISPR/Cas9 system, can also
be used to transiently interfere with gene expression at the transcriptional level (Larson et
al., 2013). The basic CRISPRi mechanism involves the use of a catalytically inactive form
of Cas9 (dCas9) which is targeted to a specific genomic site by a gRNA, as for the
conventional CRISPR/Cas9 system. However, rather than creating a targeted DNA break,
dCas9 acts to physically obstruct transcriptional elongation at the target site (Larson et al.,
2013). CRISPRIi machinery can also be coupled to transcriptional repressors or activators
to alter levels of gene expression, allowing loss- or gain-of-function variants to be
reversibly mimicked (Gilbert et al., 2013). Most examples of the use of this technology
have come from cellular experiments (Heman-Ackah et al., 2016; Mandegar et al., 2016;
Putri and Chen, 2018), although CRISPRI has successfully been used to silence gene
expression in vivo in the zebrafish (Rossi et al., 2015). As CRISPRi continues to be
developed, it may offer further possibilities for modelling human genetic diseases in

zebrafish (Liu et al., 2016).

1.7 Functions of TCP1

1.7.1 TCP1 as a member of a eukaryotic chaperone complex

TCP1 is an essential gene which encodes T-complex polypeptide 1 (TCP1), a subunit of
an essential type Il eukaryotic chaperone complex known as the TCP1 Ring Complex or
Chaperonin Containing TCP1 (TRIiC/CCT). TRIiC/CCT is a heteromeric, ATP-dependent
complex, and is thought to assist with post-translationally folding around 10% of eukaryotic
proteins to their native states (Yam et al., 2008). Many of these substrates contain WD40

repeat mot i f s ,-propdilér toimatians whemfaded(Willison, 2018).

TRIC/CCT is formed of two identical rings, each comprising eight structurally related
subunits (Bigotti and Clarke, 2008; Hartl et al., 2011; Spiess et al., 2004) (Figure 1.10).
These subunits all contain an apical substrate-binding domain, an equatorial ATP-binding

domain, and an intermediate domain that connects the apical and equatorial domains
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(Spiess et al., 2004). The ring shape of the complex forms a central cavity in which protein
folding substrates are encapsulated by the ATP-dependent closure of a lid formed from

flexible protrusions of the apical domains (Booth et al., 2008).
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Figure 1.10. Schematic representation of subunit arrangement within TRIC/CCT.  Two eight-
membered rings, each composed of subunits CCT1-8, form the full TRIC/CCT complex and create a central
substrate-folding chamber. The crystal structure of the bovine TCP1 subunit is shown, illustrating the three
major domains found in all subunits of the complex. The image of the crystal structure was adapted from a
figure by Booth et al. (2008), with permission from Springer Nature.

44



1.7.2 TRIC/CCT and neurological disease

The folding clients of TRIC/CCT represent a diverse collection of proteins which are
involved in numerous biological pathways, including cytoskeletal organisation, cell cycle
control, degradation pathways, and DNA maintenance mechanisms, among others (Yam
et al.,, 2008). Combined with the ubiquitous expression of the complex, this raises the
guestion of how a mutation in one of its constituent subunits could lead to a predominantly
neurological phenotype, and how the cerebellum and retina might be selectively affected

by such a mutation.

1.7.2.1 Direct links between TRiC/CCT dysfunction and neurological disease

While there have been no other pathogenic mutations reported in TCP1 to date, there is
some evidence linking other TRIC/CCT subunits to neurological disease. Specifically, a
missense mutation in CCT5 causes an autosomal recessive form of mutilating sensory
neuropathy with spastic paraplegia (Bouhouche et al., 2006), and compound heterozygous
CCT2 mutations have been linked to Leber congenital amaurosis: a type of hereditary
retinopathy (Minegishi et al., 2016). Moreover, a hereditary murine sensory neuropathy
has been linked to a mutation in Cct4 (Lee et al., 2003), and transcripts for some TRIC/CCT
subunits were discovered to be differentially expressed in the brains of patients with

Al zhei mer 6s, Hunt om@g oad ifBsehraesetbs, POA4).k i n s

Furthermore, experimental suppression of TRIC/CCT activity in the photoreceptors of mice
induced rapid degeneration of the retina and affected several proteins that are critical for
rod photoreceptor survival (Posokhova et al., 2011; Sinha et al., 2014), indicating that this
complex is likely to be important for the health of retinal neurons. Correspondingly,
phenotypic analyses of zebrafish harbouring insertional mutations in tcpl, cct2, cct5 or
cct8 (Berger et al., 2018), chemically-induced frameshift or nonsense mutations in cct3
(Berger et al., 2018; Matsuda and Mishina, 2004), or CRISPR-mediated mutations in cct2

or cct4 (Berger et al., 2018; Minegishi et al., 2018) have revealed severe retinal
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degeneration phenotypes, along with cell death and neurite abnormalities within the optic

tectum.

1.7.2.2 TRIC/CCT-linked pathways of relevance to neurological disease

Aside from this direct evidence linking dysregulation of TRIC/CCT to neurological defects,
the chaperone complex, along with some of its interactors and protein folding clients, is
associated with several pathways and processes that are implicated in the development,
maintenance and function of the specific tissues affected in patients with the TCP1 variant.
These functions, which are discussed below, may offer mechanistic insights into the ways

in which a mutation in TCP1 could give rise to such phenotypes.

1.7.2.3 Cytoskeletal abnormalities

Actin and tubulin, two key cytoskeletal proteins, are major folding substrates of TRIC/CCT
(Sternlicht et al., 1993) and cannot be folded by any other chaperone (Tian et al., 1995).
TRIC/CCT dysfunction is therefore likely to result in cytoskeletal abnormalities. Indeed,
knockdown of individual TRIC/CCT subunits has previously been shown to disrupt the
filamentous actin (F-actin) cytoskeleton in HeLa cells (Pavel et al., 2016), cct-1 knockdown
produced microtubule-related defects in C. elegans (Lundin et al., 2008), and yeast tcpl

mutant strains also display cytoskeletal dysfunction (Ursic et al., 1994).

Neurons, with their many polarised processes, and cytoskeleton-dependent intracellular
transport machinery, are heavily reliant on an intricate cytoarchitecture to maintain a
capacity for forming functional networks with other neurons, and to mediate proper
neuronal migration during development (Dillon and Goda, 2005; Schaar and McConnell,
2005). The Purkinje cells of the cerebellum possess some of the most elaborately
branched dendritic arbours in the brain and are therefore likely to be especially vulnerable

to cytoskeletal irregularities.
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The notion that cytoskeletal defects could lead to cerebellar disease is reinforced by the
fact that patients with mutations in tubulin genes present with neurological disorders that
often manifest with prominent cerebellar malformations (Tischfield et al., 2011). Moreover,
mice with a mutation in the microtubule-associated protein 1a gene (Mapla), which
encodes a protein involved in microtubule organisation, lose their Purkinje cells due to
microtubule network alterations (Liu et al., 2015). The murine Purkinje cell degeneration
(pcd) mutation, which affects a protein involved in post-translational processing of tubulin
(Berezniuk et al., 2012), also causes Purkinje cells to degenerate, and additionally affects
photoreceptor cells and the olfactory bulb (Mullen et al., 1976). Furthermore, deficiency of
the Cordon-Bleu WH2 repeat protein (Cobl), which is involved in actin filament formation,
has been shown to cause defects in the dendritic arbours of Purkinje cells in mice (Haag
et al., 2012). Together, these findings suggest that faulty cytoskeletal organisation could

contribute to cerebellar pathology.

Cytoskeletal abnormalities have also been shown to contribute to retinal disorders. As
described above, photoreceptors degenerate in the pcd mutant mouse (Mullen et al.,
1976). Moreover, the ARAP1 (ArfGAP with RhoGAP domain, ankyrin repeat and PH
domain 1) gene encodes a small GTPase belonging to the Arf family, members of which
have been implicated in maintenance of the actin cytoskeleton (Myers and Casanova,
2008); and Arapl-deficient mice also display photoreceptor degeneration (Moshiri et al.,
2017). Furthermore, a zebrafish model of a form of human retinitis pigmentosa caused by
mutations in EYS (eyes shut homolog) (Arai et al., 2015), revealed disruption of the F-actin
cytoskeleton in the retina (Lu et al.,, 2017), further linking cytoskeletal defects to

photoreceptor dysfunction.

1.7.2.4 Primary ciliary defects

Disorders of the primary cilium, collectively termed ciliopathies, represent a genetically and

clinically heterogeneous group of diseases. These manifest with a spectrum of phenotypes
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featuring retinal degeneration, brain abnormalities and renal dysfunction, with additional
involvement of other systems in some cases (Waters and Beales, 2011). Specific depletion
of primary cilia in mouse granule cell precursors results in cerebellar hypoplasia due to
reduced Shh-mediated proliferation of these cells (Spassky et al., 2008). Moreover,
conditional knock-out of tau tubulin kinase 2 (Ttbk2), a gene critically involved in
ciliogenesis, has revealed a crucial role for primary cilia in murine Purkinje cells (Bowie
and Goetz, 2020). As these phenotypes associated with primary ciliary dysfunction
partially overlap with those associated with the novel TCP1 variant, it is possible that ciliary

defects could play a pathogenic role in this disease.

An example of one of these ciliopathies is a genetically heterogeneous disorder called
Bardet-Biedl syndrome (BBS) (Khan et al., 2016). The genes linked to BBS encode so-
called BBS proteins, which regulate the structure and function of primary cilia. Seven of
these proteins have been found to form a complex called the BBSome, which is required
for proper ciliogenesis (Nachury et al., 2007). Three of the other BBS proteins, BBS6,
BBS10 and BBS12, share sequence homology with TRIC/CCT subunits, and form a
complex with some of these subunits to facilitate assembly of the BBSome (Seo et al.,
2010). Accordingly, inhibition of TRIC/CCT activity in murine rod photoreceptors caused
them to develop aberrantly as a result of defective ciliary biogenesis, which was linked to
incomplete assembly of the BBSome (Sinha et al., 2014). Together, these findings point
to a mechanism by which TRIC/CCT dysfunction could affect the biogenesis and function

of primary cilia and contribute to the pathology seen in the TCP1-linked disorder.

1.7.2.5Impaired protein homeostasis

The proteostasis network, comprising the chaperone-mediated protein-folding machinery
and protein degradation pathways, such as the autophagolysosomal and ubiquitin-
proteasome systems, is critical for maintaining neuronal health. Defective protein

homeostasis has been connected to the pathogenesis of various neurodegenerative

48



diseases (Sweeney et al., 2017). Furthermore, conditional knockout of key genes involved
in the autophagolysosomal degradation pathway, including autophagy-related 5 (Atg5),
autophagy-related 7 (Atg7) and cathepsin D (Ctsd), causes Purkinje cell degeneration and
ataxic phenotypes in mice (Koike et al., 2017; Nishiyama et al., 2007). This indicates that
defective protein clearance mechanisms are sufficient to damage cerebellar neurons.
Moreover, an overloading of the proteasome with misfolded proteins has also been
proposed to contribute to the pathology of several forms of retinal degeneration (Lobanova

et al., 2013).

TRIC/CCT functions within the proteostasis network at various levels; it folds newly
translated proteins into their native states (Yam et al.,, 2008), it acts to prevent the
formation of protein aggregates (Behrends et al., 2006; Pavel et al., 2016; Sot et al., 2017),
and it intersects with other pathways involved in the cellular response to proteotoxic stress
(Neef et al., 2014; Pavel et al., 2016; Tokumoto et al., 2000). Specifically, the complex has
been found to interact directly with proteins containing expanded polyglutamine tracts,
such as the mutant Huntingtin protein, to prevent their aggregation and toxicity (Behrends
et al.,, 2006; Kitamura et al., 2006; Pavel et al., 2016; Tam et al., 2006), as well as

prevent i ngynulain fiamm formidg fibrillar aggregates (Sot et al., 2017).

TRIC/CCT has also been shown to regulate heat shock factor 1 (HSF1), the transcription
factor responsible for inducing the heat shock response (Neef et al., 2014), and it interacts
with the proteasome (Tokumoto et al., 2000), which is thought to facilitate the degradation
of misfolded substrates (Guerrero et al., 2008). Moreover, some recent work suggests that
TRIC/CCT has links with the autophagy machinery, with depletion of individual subunits of
the complex resulting in defective autophagolysosomal degradation: a phenomenon which
may arise through disruption of the actin cytoskeleton (Pavel et al., 2016). These findings
highlight possible mechanisms by which TRIC/CCT dysfunction could give rise to defects

in protein homeostasis, which may impact on neuronal health and function.
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1.7.2.6 Transducin Gb subunit folding

Transducin is a heterotrimeric G-protein which is expressed in photoreceptors and plays
an important role in the phototransduction cascade by transducing signals generated by

the visual pigment GPCRs (Asano et al., 2019).

Transducin, like other heterotrimeric G-proteins, is formed of three basic subunits: GU G b
and . RIC/CCT, along with its co-chaperone, phosducin-like protein 1 (PhLP1), has
been shown to fold the Gb subunits of heterotrimeric G-proteins, and mediate their
compulsory dimerisation with Go subunits (Kubota et al., 2006; Lukov et al., 2006;
Plimpton et al., 2015; Tracy et al., 2015), without which these subunits become unstable
(Plimpton et al., 2015). The rod photoreceptors of mice lacking the Go transducin subunit
produce large amounts of Gb which does not properly fold without Go and becomes
targeted for degradation by the proteasome (Lobanova et al.,, 2013). This causes the
proteasome to become overloaded with misfolded GBb, resulting in proteotoxic stress and
photoreceptor death (Lobanova et al., 2013). The authors later showed that this can be
rescued by overexpressing a component of the proteasome (Lobanova et al., 2018).
Together, these findings point to a pathway through which TRIC/CCT dysfunction could
result in misfolding of the Gb transducin subunit, which could lead to photoreceptor

degeneration.

1.7.2.7 DNA damage response and cell cycle control

There is also some evidence linking a defective DNA damage response to
neurodegenerative phenotypes affecting the cerebellum. Ataxia telangiectasia, a disorder
characterised primarily by cerebellar Purkinje cell degeneration, is caused by mutations in
ATM (Savitsky et al., 1995), which encodes a key protein in the cellular response to DNA
damage (Kitagawa and Kastan, 2005). Proteins encoded by genes implicated in other
forms of cerebellar ataxia; for example, ataxin 3 (ATXN3) (Ward and La Spada, 2015) and

polynucleotide kinase 3'-phosphatase (PNKP) (Bras et al., 2015), have also been found to
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function within the DNA damage response pathway. This suggests a common mechanism
whereby accumulation of DNA damage might contribute to selective neuronal loss in the
cerebellum. DNA damage may also be relevant to retinal degeneration phenotypes, with
increased basal levels of DNA damage having been observed in cells from age-related
macular degeneration patients when compared with age-matched controls (Szaflik et al.,

2009).

TRIC/CCT may play an indirect role in the DNA damage response; all eight subunits of the
complex have been shown to interact with WD40-repeat protein 76 (WDR76) (Gallina et
al., 2015), which is rapidly recruited to DNA in response to laser-induced damage (Gilmore
et al., 2016). Moreover, several TRIC/CCT folding substrates, such as polo-like kinase 1
(Plk1) (Liu et al., 2005), cell division cycle protein 20 (Cdc20) (Camasses et al., 2003) and
p53 (Trinidad et al., 2013) act within cell cycle control pathways, and TRIC/CCT itself may
play a role in regulation of the mitotic checkpoint system (Kaisari et al., 2017). Since cell
cycle control is an integral feature of the DNA damage response (Schmitt et al., 2007), it
is possible that defects in key proteins involved in this process could contribute to
pathology associated with TRIC/CCT dysfunction. Correspondingly, zebrafish with a
mutation in cct2 were found to have abnormalities in the cell cycle, which ultimately

resulted in severe retinal degeneration (Minegishi et al., 2018).

1.8 Hypotheses and aims of this project

This thesis is centred on a novel missense mutation in TCP1 (c.209C>T, p.P70L) which
was linked to a neurological phenotype in three siblings born to consanguineous parents.
To date, published pathogenic TCP1 mutations have not been described in any other
patients; therefore, we require further evidence to confirm that the TCP1”7°" mutation is
responsi ble for these pa,the idantification qf thesepatientsp e s . Mo

suggests that TCP1 plays an important role in the development and maintenance of
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specific tissues within the nervous system; however, the precise nature of this role is yet

to be investigated.

In line with this, the main hypotheses that we aimed to test were: a) that the TCP1P"0

mutation is responsi bl e for (tTERL playaaninmgpoertans 6

role in the development and/or maintenance of the human cerebellum and retina (the

primary tissues affected by the disease).

As we have discussed in this chapter, the zebrafish possesses many features that lend
themselves well to the study of genetic and neurological disorders, as well as to the
investigation of developmental processes. To test our hypotheses, we chose to take
advantage of these features and use the zebrafish as a model system for assessing the
pathogenicity of the TCP1P°: mutation and exploring how this gene contributes to

vertebrate development.

The first specific aim of the project, which we address in Chapter 3, was to generate our
model systems by genetically engineering novel tcpl mutant zebrafish. We specifically
aimed to use CRISPR/Cas9 and HDR to create a stable knock-in mutant zebrafish line
harbouring a mutation equivalent to the human TCP1P"® variant (tcp1””3 in zebrafish). We
reasoned that this model would best reflect the genetic status of the patients and would
provide a platform in which we could test the hypothesis that the human TCP177% mutation
is pathogenic. To investigate whether TCP1 is important for the development and
maintenance of the tissues affected by the disease, we also aimed to generate a second
stable mutant zebrafish line harbouring a frameshift mutation in tcpl, to create a platform

for studying how loss of tcpl affects vertebrate development.

The second goal of the project, which we address in Chapters 4 and 5, was to harness the
experimental manipulability of the zebrafish and characterise these mutant lines to
determine a) whether the zebrafish tcp1P”3" mutation causes phenotypes that resemble

those observed in patients, which would support the pathogenicity of the mutation; and b)
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how loss of tcpl impacts on zebrafish development, focusing on the tissues implicated in
the human disorder, which may provide us with novel insights into the developmental

functions of this gene.

To achieve this, we aimed to use a combination of immunohistochemical approaches and
fluorescent transgenic zebrafish lines to assess how zebrafish tcpl mutations affect the
development and morphology of the cerebellum and retina. We then aimed to employ
some of the behavioural assays that we have described in this chapter to explore whether
functions of the motor or visual system are impaired in tcpl mutant zebrafish, as visual

and motor defects have been identified as key phenotypic features of the human disease.
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Chapter 2

Materials and methods

54



2.1 Materials

2.1.1 General reagents

Table 2.1. General laboratory reagents and suppliers

Reagent Supplier

Acetic acid, glacial VWR

Ammonium acetate VWR

Ampicillin Melford Laboratories Ltd.
Calcium chloride (CaClz) Sigma-Aldrich
Chloroform Fisher Scientific

Citric acid VWR

Dimethyl sulfoxide (DMSO) Sigma-Aldrich

Ethylenediaminetetraacetic acid (EDTA)

Thermo Fisher Scientific

Ethanol

VWR

Formamide

Sigma-Aldrich

Glycerol

Thermo Fisher Scientific

Hydrochloric acid (HCI), 37% (w/v)

VWR

Hydrogen peroxide (H202), 30% (w/w)

Sigma-Aldrich

Isopropanol

Fisher Scientific

LB Agar, Miller (Powder)

Fisher Scientific

LB Broth, Miller (Granulated)

Fisher Scientific

Lithium chloride (LiCl)

Sigma-Aldrich

Magnesium chloride (MgClz)

Sigma-Aldrich

Methanol

Fisher Scientific

Phenol red

Sigma-Aldrich

Potassium chloride (KCI)

Fisher Scientific

Potassium hydroxide (KOH)

Sigma-Aldrich

Potassium phosphate monobasic (KH2PQOa)

Sigma-Aldrich

Sodium chloride (NacCl)

Fisher Scientific

Sodium citrate (NasCsHs07) Fluka

Sodium phosphate dibasic (Na2HPO4) Sigma-Aldrich

Sodium phosphate monobasic (NaH2PO4) Sigma-Aldrich

Tris base Melford Laboratories Ltd.
Triton X-100 Sigma-Aldrich

TRIZOI® Thermo Fisher Scientific
Trypsin Invitrogen

Tween-20 Sigma-Aldrich
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2.1.2 Oligonucleotides

2.1.2.1 Primer oligonucleotides

All primers were synthesised by Integrated DNA Technologies (IDT) or Sigma-
Al drich
Unless otherwise stated, primers were designed in-house using the NCBI Primer-
BLAST primer design tool (accessible at: ncbi.nlm.nih.gov/tools/primer-blast). M13

forward (M13F) primer tag sequences used for sequencing PCR products are

and

wer e

r e s udsstplesd rweter dd.H1Op beftr@ Ose.

underlined, where applicable.

Table 2.2. Zebrafish genomic DNA primer sequences

Primer Product
Direction SequencAe3d)»o length Supplier
name (bp)
tcpl gONA  Forward 'IG'GC'_II'_?%?%?—?éCGGCCA@CGICCAACCCTAG'I
sequencing 330 Sigma
primers Reverse CCGAGAGGGTTTCTGTATCCTG
ﬁ‘l’)lEgDNA Forward ~ TGGTAAGGATAAAAAGGGAAACCT
sequencing  po e TCTAAAACGACGGCCAGTGCTCTCAACC °%7 DT
primers TTGTGGA
tcpl HRM Forward CACCAATGACGGGGCCA e or
primers Reverse ~ CTGATGTAGTGCCGTCTCCAA
tcplleftarm  ponvard  TGTTTCAGGACGTGACCA
HDR AS- 80 IDT
PCR Reverse ~ CTTTAGCAGCCAGGTGCTCC
primers
tepl right Forward ~ CTGCTCGAGGTGGAGCACCT
arm HDR 151 DT
AS-PCR Reverse ~ ACGCAGCTCAGATGGATGGTA
primers
Table 2.3. gRNA oligonucleotide primer sequences
Product
Primer name  Direction Sequence ( 5A63 6 ) length Supplier
(bp)
gRNA Forward ~GCGTAATACGACTCACTATAG
oligonucleotide 120 Sigma
primers* Reverse AAAGCACCGACTCGGTGCCAC

*Talbot and Amacher (2014)
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Table 2.4. Zebrafish cDNA sequencing primers

Product
Primer name  Direction SequencAe3d)so6 length Supplier
(bp)
tcpl cDNA Forward  TCCATTCTTCTCTCCAGTCCAA
sequencing TGTAAAACGACGGCCAEICCAGCTTCATC /19 IDT
primers Reverse TGGTT
Table 2.5. In situ hybridisation probe synthesis primers
Product
Primer name Direction SequencAe3d)so length Supplier
(bp)
tcpl ISH probe  Forward ~ AGATGACCTGGGCAGAGAGT
synthesis 816 IDT
primers Reverse CCTCCTGGCACCACAGATTT
Table 2.6. Zebrafish qPCR primers
Working Product
Primer name Direction Se qu e ncAe3 )5 concentration length Supplier
(e M) (bp)
tcpl gPCR Forward ;gié((::AGTCCGTTAA(
g;(moﬁri_z) ~overee  CCGAGAGAGCTCTTC. 2° 109 ot
CGATG
tcpl gPCR Forward éi_?_? GGCTGTCCGCT
E’er;rzﬁrz . ~overee  GOCGTCGAGCCATA 2° 149 ot
TTAG
Forward GGATTGCCACACGGC
eefla qPCR CACATT 050 177 Sioma
primers Reverse GGTGGATAGTCTGAG g
AGCTCTC
Forward TTCGCTCTATTTAAGA
hsp70.1 gPCR ATCTACTC 0.95 199 DT
primers CTGAAACACCCCCAC,
Reverse
CA
Forward TTCGCTCTATTAAGA
hsp70l gPCR ATCTACTG 0.25 116 DT
primers TCCATGCTGAAACACC
Reverse
CcC
Forward CTCTTCCAGCCTTCC1
actbl gPCR TCCT 1.00 247 DT
primers* Reverse CACCGATCCAGACGG
GTAT
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Table 2.6 (cont.)

Forward CCTGCTGGGAACTGT.
tubala gPCR TTGT 025 292 DT
primers* Reverse TCAATGAGTTCCTTGC
CAAT
Forward TCCAGATGCGCACAA!
gnblb gPCR AAGAA 0.25 108 DT
primers Reverse GTTTTCCATCCTGGG/
AGCACT
*Sung et al. (2009) *McCurley and Callard (2008)
Table 2.7. Primers used to amplify FyntagRFP-T transgene
Product
Primer name Direction SequencAe3 )06 length Supplier
(bp)
Forward CCTGGCTACCAGCTTCATGT
EZEZ?SRFP'T 105 IDT
Reverse CTCTCCCATGTGAAGCCCTC

2.1.2.2 gRNA oligonucleotide template

The oligonucleotide used to synthesise tcpl gRNA was synthesised by IDT as a single-

stranded Ultramer® DNA Oligo. The oligonucl eotide

wa s

buffer (10 mM Tris-HCI, pH 8.0, 1 mM ethylenediaminetetraacetic acid (EDTA), pH 8.0,

and 100 mM NacCl) before use.

2.1.2.3 Single-stranded oligodeoxynucleotide (ssODN) HDR templates

Oligonucleotide templates used for HDR-mediated knock-in of desired mutations were

synthesised by IDT as single-stranded Ultramer® DNA Oligos

d.H>O before use.
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2.1.3 Enzymes

2.1.3.1 Restriction endonucleases

Table 2.8. Restriction enzymes used for restriction fragment length analysis

Enzyme Buffer ?g)est temperature Supplier SL?:LOeg:ue
Alul CutSmart® 37 NEB R0137
Bsll CutSmart® 55 NEB R0555
Mspl CutSmart® 37 NEB R0106
Taql Buffer E 65 NEB R6151
Spel CutSmart 37 NEB R0O133
Xhol CutSmart® 37 NEB R0146

2.1.3.2 Cas9 endonuclease

Cas9 nuclease from Streptococcus pyogenes was obtained from New England
Biolabs (NEB) (Cat. No. M0386) and was diluted 1 : 3 ( t o in 6as¥Nuclesbke

Reaction buffer (NEB) prior to use.

2.1.3.3 Post-PCR clean-up (EXxoSAP) enzymes

Exonuclease | was obtained from NEB (Cat. No. M0293) and Shrimp Alkaline

Phosphatase was obtained from Affymetrix (Cat. No. 78390).

2.1.3.4 DNasel

RNase-free DNasel used to remove contaminating genomic DNA from RNA
samples prior to cDNA synthesis was obtained from NEB (Cat. No. M0303) and was

used in conjunction with NEB DNase buffer.
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2.1.4 Kits

Table 2.9. Details of kits used in the project

Catalogue

Kit Applicati li
it name pplication Supplier number

Gel purification of gRNA
oligonucleotide template (as Sigma-Aldrich NA1111
described on page 65)

MEGAShortScript™ In vitro gRNA transcription (as Thermo Fisher
T7 Transcription Kit described on page 66) Scientific

Cloning cDNA template for DIG-
labelled probe synthesis (as Invitrogen 4500030

GenElute™ Gel
Extraction Kit

AM1354

TOPO® TA Cloning®

Kit described on page 74)
NucleoSpin® Plasmid DNA purification (as Macherey- 240588
Plasmid Kit described on page 75) Nagel

2.1.5 Antibodies

The following primary antibodies were used in this project: mouse 3A10 (anti-
neurofilament associated antigen) (Developmental Studies Hybridoma Bank, deposited by
Jessell TM, Dodd J and Brenner-Morton S), mouse anti-a ¢ e t y |-tabulie, d¢long 6-11B-
1 (Sigma-Aldrich, Cat. No. T7451), rabbit anti-cleaved caspase 3 (BD Pharmigen, Cat. No.
559565), mouse zpr-3 (Zebrafish International Resource Center) and rabbit anti-rhodopsin

(Abcam, Cat. No. ab3424).

The following fluorophore-conjugated secondary antibodies were used in this project:
donkey anti-mouse Alexa Fluor™ 488 (Invitrogen, Cat. No. A-21202), donkey anti-rabbit
Alexa Fluor™ 488 (Invitrogen, Cat. No. A-21206), donkey anti-mouse Alexa Fluor™ 647
(Invitrogen, Cat.No. A-31571), donkey anti-rabbit Alexa Fluor™ 647 (Invitrogen, Cat. No.

A-31573).
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2.2 Methods

2.2.1 Zebrafish maintenance and breeding

Zebrafish were housed in the Bateson Centre aquarium facility at the University of
Sheffield. To obtain embryos for experiments, adult zebrafish were pair-mated or marbled
in the evening and embryos were collected the following day. Embryos were then
maintained at 28 C in E3 medium (5 mM NacCl, 0.17 mM KCIl, 0.33 mM CaCl, and 0.0001%
(v/v) methylene blue in d.H2O) until the desired stage up to 5.2 dpf. For experiments
conducted after 5.2 dpf, embryos were then transferred to tanks supplied with 28°C water
and raised to the desired stage. All zebrafish procedures were carried out in accordance

with UK Home Office licensing regulations.

2.2.2 Transgenic zebrafish Purkinje cell reporter line

Transgenic zebrafish expressing FyntagRFP-T under the control of a Purkinje cell-specific
regulatory element (Matsui et al., 2014) were obtained from the laboratory of Professor
Reinhard Kdoster (Technical University of Braunschweig, Germany). For use in our
experiments, heterozygous tcplP@t or tcpl®™ mutants were crossed onto these
transgenic fish as summarised in Figure 2.1 and Figure 2.2. Briefly, zebrafish expressing
one copy of the transgene were first crossed with heterozygous tcp1'®”® or tcp1””3- mutant
zebrafish. Larval offspring were then selected for visible red fluorescent protein (RFP)
expression and raised to adulthood. Fin biopsies from RFP-expressing adult zebrafish
were then genotyped by PCR (page 67) and Bsll or Xhol restriction fragment length
analysis (page 68) to identify heterozygous tcp1'®’® or tcp1””- mutants, and these were
then crossed with tcp1'®™ or tcp1P73- heterozygotes that were not expressing the RFP
transgene. For the tcp1P”t line, offspring were then selected for imaging based on visible
RFP expression and they were genotyped for the tcp1””3- mutation after imaging. For the
tcp1'® line, offspring were first sorted according to whether they had a normal (tcp1** or

tcp1'7™*) or mutant (tcpl'*"™"57) phenotype, and larvae with normal phenotypes were
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selected for imaging based on visible RFP expression. As RFP was not visible in
homozygous tcpl'”™ mutant larvae, transgenic status was determined after imaging, by
extracting DNA and performing standard PCR (page 67) using primers designed against

the FyntagRFP-T sequence (Table 2.7).
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Tg(FyntagRFP-T:PC); tep1P73Y*

RFP selection

top 1P 73U

Raise + genotype

E=_ x ===

T-PC P73L/+
To( Fyngagﬁ;&T.PC), tcp1

tep

RFP selection »—— »——

Image + genotype
for tcp 177" mutation

tcp1+f+ thTPTBLH tcp1P73LIP73L

Figure 2.1. Summary of breeding process to obtain Tg(FyntagRFP-T:PC) tcplP’3- larvae for
characterisation of cerebellar Purkinje cells.
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RFP selection »—- »——
— . Image

Image Genotype to determine
transgenic status

) 1+ tcp 4157fs/157fs

or tcp1l57fs/+

Figure 2.2. Summary of breeding process to obtain Tg(FyntagRFP-T:PC) tcp1"®’'s larvae for
characterisation of cerebellar Purkinje cells.
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2.2.3 Synthesis of tcpl gRNA

2.2.3.1 PCR amplification of tcp1 gRNA oligonucleotide template

A reaction mix was assembled to contain 1 x FIREPol ® Master Mix (Solis Biodyne),
5¢ M f o mnimerrand 5 ¢ Meverse primer (as detailed in Table 2.3), 20 nM gRNA
oligonucleotide template, and d.H.O to give a final reaction volume of 100 € I The
template was then amplified using a G-St o r rhdfmat cycler (Gene Technologies

Ltd.) according to the parameters detailed in Table 2.10.

Table 2.10 Cycling parameters used to amplify tcpl gRNA oligonucleotide template

Programme Ste Temperature Duration Number
name P (°C) (s) of cycles
Initial denaturation 95 60 -
Denaturation 95 15
gRNA
oligonucleotide PCR Annealing 60 30 40
PCR .
Elongation 72 30
Final elongation 72 300 -

2.2.3.2 Gel purification of tcpl gRNA oligonucleotide template

The 100 ¢l PCR product ( ge 6bwasfirsdydseparsteddescr i |
on a 2% (w/v) agarose/TAE (40 mM Tris-acetate, 1 mM EDTA) gel and the 120 bp

band was excised from the gel. DNA was then purified using the GenElute™ Gel

Extraction Kit (Table 2.9), according to the manufacturer
excised gel fragment was weighed and then solubilised in 3 gel volumes of Gel

Solubilisation Solution at 55 C. 1 gel volume of 100% isopropanol was then added

to precipitate the DNA and the sample was centrifuged through a DNA binding

column at 16,000 x g. The column was washed in Wash Solution and DNA was

eluted in a total volume of 20e | , t hen the DNA concentration

NanoDr op EBpedtrophdometer (Thermo Fisher Scientific).
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2.2.3.3In vitro transcription of tcpl gRNA

The MEGAShortScript™ T7 Transcription Kit (Table 2.9) was used to transcribe the

purified tcpl gRNA oligonucleotide template generated as described on page 65. A

10 ¢l reaction was assembbaefifeo,canthi m7leaky]
1 ¢l each of 75 mM T7 AduBons a6di3B8.4 ngspufifieda nd UTP
tcpl gRNA oligonucleotide template. The reaction was then incubated at 37 C for 3

h to facilitate transcription, and the DNA template was subsequently removed from

the reaction by the additi on «ipitatdd bethe TURBO D
addition of 10 €l 7.5 M ammonium acetate and
incubation at -20 C. The sample was then centrifuged at 12,000 x g for 15 min at

4 Cto pellet RNA, the pellet was washed in 75% (v/v) ethanol in nuclease-free water,

and RNA was r esus pe n-freedatdr. 8Bampl@ RNA tonaentratibne a s e

was then measured usingaNa n o Dr o p EBpedtrophdometer.

2.2.4 Zebrafish DNA extraction

For DNA extraction from individual zebrafish, single embryos or tail fin biopsies were
added to 20-30 ¢ | Qu i c k BXNA ExtaactionESolution (Epicentre Biotechnologies,
Cat. No. QE09050), then incubated for 2 h at 65 C, followed by 2 min at 98 C. To extract
DNA from pooled zebrafish embryos, the process was the same, but a volume of 10 ¢ |
Qui c k E x par entbtyd=was used. The wild-type DNA extracts used for the initial
identification of polymorphisms in zebrafish tcpl had been previously prepared by an

alternative method.

2.2.5 CRISPR microinjections

CRISPR injection mixes were prepared according to the recipes detailed in Table 2.11 and
Table 2.12 for initial gRNA testing and co-injections of gRNA and ssODN HDR templates,

respectively. For injections to create alternative frameshift alleles, the injection mix was
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prepared using the O0gRNA + Tabke 2.92. Gasd cagllaryr eci p e
needles were used to inject either 2 nl or 4 nl of these mixes directly into the yolk sac of 1-
cell zebrafish embryos. DNA was then extracted at 33 hours post-fertilisation (hpf) for initial

gRNA test injections, or 48 hpf for all other injections.

Table 2.11. Details of injection mix used to test tcpl gRNA

Phenol red Final mix

CRISPR mix tcplg RNA (e Cas?9 protedye (e vol umg

gRNA + Cas9 only 5.9 2.5 1 4.5

Table 2.12. Details of mixes used for injecting embryos to raise as founders
Cas9 ssODN HDR

CRISPR mix Eczl g)RNA protein template gher;ol f?d8 \ljn;a: lexme
J (e M) (e M) y

gRNA + Cas9 only 4.3 1.2 - 1 56

gRNA + Cas9 + 43 1o ) . o

ssODN

2.2.6 Polymerase chain reaction (PCR) amplification of zebrafish DNA
2.2.6.1 Standard PCR

Zebrafish genomic DNA was amplified prior to restriction digest or sequencing
analysis using a reaction mix containing 1 x FIREPol® Master Mix (Solis Biodyne),
le M f o rprveer, e Mreverse primer,1¢ | t e mp | (&/3 didutidd Nf Arude
DNA extract in d.H.O) and d.H.O to give a final reaction volume of 10 ¢ |
Amplification was subsequently performed on a G-St or mE t her mall cycl e
Technologies Ltd.) accordi ng t o t he x& Stuacrdaorwdles@OEdRD

Table 2.13.
2.2.6.2 HDR allele-specific PCR (AS-PCR)

To detect HDR alleles in injected FO founders and F1 offspring, 10 ¢ reaction mixes

were prepared in the same way as for standard PCRs using either the tcpl left arm
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AS-PCR primer pair or the tcpl right arm AS-PCR primer pair. Genomic DNA was

t hen

2.13.

amplified

Table 2.13. Cycling parameters used for PCR amplification of zebrafish DNA

Programme Ste Temperature Duration Number
name P (0 (s) of cycles
Initial denaturation 94 180 -
Denaturation 94 45
Touchdown Annealin 65-50 45 15
g (-1 Cleycle)
Standard 30 x :
El 72
touchdown ongation 90
PCR Denaturation 94 30
PCR Annealing 58 45 30
Elongation 72 60
Final elongation 72 600 -
Initial denaturation 94 180 -
Denaturation 94 45
. 65-60
HDR allele- Touchdown Annealing _ 45 15
. (-1 Clcycle)
specific 30 x
touchdown Elongation 72 90
PCR Denaturation 94 30
PCR Annealing 58 5 30
Elongation 72 5

2.2.7 Post-PCR restriction fragment length analysis

For restriction digest of PCR products, digest mixes contained 1 x enzyme buffer, 0 . 4

restri

of 20

cti

el

on

per reactd.i

on.

The

reacti

e |

e ramplifitagion PAROprodukct anu d.H»0 to give a final volume

O enperaier e

for 12-16 h and digest products were separated by agarose gel electrophoresis. Details of
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the specific digest temperatures and reaction buffers used for each enzyme are listed in

Table 2.8.

2.2.8 Post-PCR clean-up and sequencing analysis

Exonuclease | and Shrimp Alkaline Phosphatase (ExoSAP) were used to remove excess
primers and dNTPs from PCR products prior to sequencing analysis. Individual ExoSAP
reactions conamplhiefdi atl opoPCR producdghrimp0. 05 ¢l
alkaline phosphatase and d.H,O to give afinalreact i on vol ume of 10 ¢l . R
then incubated at 37 C for 45 min, followed by 80 C for 15 min. Samples were then
sequenced at the University of Sheffield Core Genomic Facility using either an M13F
primer (for PCR products amplified using primers containing an M13F tag sequence), or

one of the specific primers used to amplify the PCR product.

2.2.9 High-resolution melt (HRM) analysis

A schematic overview of the HRM-based approach used to screen zebrafish DNA for
CRISPR-induced mutations in tcpl is illustrated in Figure 2.3. HRM reaction mixes were

assembled to contain 1 x HOT FIREPol® EvaGreen® HRM mix (Solis Biodyne), 1 ¢ M

forward and reverse tcpl HRM primers, 0.7 ¢ | t e mp | actude DNAN Axtra¢t

generated as on page 66, diluted 1/20 in d.H.0), and d.H:O to give a final volume of 5 ¢ |

per reaction. DNAwasampli f i ed and mel t ead ad syisn ¢ 6t dptailedgH RiNhme
in Table 2.14 and melt profile data was extracted using the Bio-Rad CFX ManagerE

software and plotted using GraphPad Prism version 8.0.0.
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Table 2.14. Cycling parameters used for HRM analysis of zebrafish DNA

Programme Temperature Duration Number
Step
name (0 (s) of cycles
Initial denaturation 95 900 -
Denaturation 95 15
Annealing 60 30
PCR *PLATE-READ* 40
Elongation 72 30
. *PLATE-READ*
HRM analysis
95 30
60 (Ram
(Ramp 60
0.1 Clcycle)
HRM 65-95

(+0.2 Clcycle, 10
Ramp 0.2 C/s)

*PLATE-READ*
(after each 0.2 C temperature increment)
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Figure 2.3 Overview of the HRM analysis strategy for detecting CRISPR-induced mutations. The
gRNA target region is firstly amplified by PCR in the presence of EvaGreen® dye, which fluoresces when
bound to double stranded DNA. PCR amplicons are then gradually denatured, resulting in decreasing
fluorescence intensity as the DNA becomes single stranded. Due to the presence of heteroduplex DNA in
amplicons from zebrafish harbouring mosaic CRISPR induced mutations, the melt profile of DNA from these
fish will be shifted compared to wild-type homoduplex DNA from non-injected control zebrafish.
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2.2.10 Generating tcp1H7's frameshift mutant zebrafish line

To generate stable tcp1"72 mutants, wild-type zebrafish embryos (AB strain) were injected
with the 6dgRNA + Cais Bableall gnil raised xo adllehood. iAdub
founders were then outcrossed to AB zebrafish and F1 offspring were screened by HRM
analysis to identify offspring that had inherited CRISPR-induced mutations in tcpl.
Sequencing analysis of these F1 offspring confirmed that one founder was transmitting a
mutant tcp1 allele (tcp1H7%) harbouring a 2 bp deletion, which shifts the reading frame and
results in a premature stop codon (Figure 4.7). Heterozygous F1 offspring were outcrossed
to wild-type fish for one further generation to generate F2 heterozygotes, which were
incrossed to produce homozygous mutants for phenotypic analysis. As the small deletion
in this line did not disrupt any restriction sites, offspring were genotyped by Sanger

sequencing.

2.2.11 RNA extraction

22111 RNA extraction from zebrafish larvae

Poolsofupto10larvae per genotype were homogen

e | chl oroform was added t o e hychand fouls s,.

incubated at room temperature for 2-3 min and centrifuged at 12,000 x g for 15 min
at 4 C to allow phase separation. The agueous phase was transferred to a new tube
and1 00 ¢l 100 % wassadded to precipitatt RNA. Samples were then
incubated at room temperature for 10 min and centrifuged at 12,000 x g for 10 min
at 4 C to pellet RNA. RNA pellets were washed in 75% (v/v) ethanol before
undergoing a final centrifugation step at 7,500 x g for 5 min at 4 C. Pellets were then
resuspended i n 9 ¢ | -freeuaterea@dsR&A concentration was measured

usingaNan o Dr o p EBpedtrophdometer.
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2.2.12 Reverse transcription

To synthesise cDNA from zebrafish RNA extracts, contaminating genomic DNA was firstly
removed by assembling a 10 ¢l reaction contain
€g RNA and incubating for 10 min at 37 C. The reaction was then terminated by adding 1
e | mMVBEDTA, pH 8.0 to each sample and incubating for a further 10 min at 75 C.
Samples were incubated wrqgBcriptcBNABuperMdS(Quartabip, t hen £
Cat. No. 95048-025) was added to each sample, along with nuclease-free water to give a
total reaction volume of 20 €l . Sa@GflogesbyB@r e i nc
min at 42 C to facilitate reverse transcription, and the reverse transcriptase was

inactivated with a final 5 min incubation at 85 C.

2.2.13 Quantitative real-time PCR (gPCR)

Reaction mixes were assembled to contain 1 x HOT FIREPol® EvaGreen® gPCR

Supermix (Solis Biodyne), forward and reverse primers at concentrations detailed in Table

26,1 ¢l cDNA templ at e A{Odoigivautee df iln a&15)r, e aantdi adn Hv o |
Reactions for each target gene primer pair and cDNA sample were performed in triplicate,

and separate triplicate reactions for the reference gene (eefla for all experiments) were

performed on the same plate. DNA was amplified and melted using a CFX96 Touch Real-

Time PCR Detection System (Bio-Ra d) , according to the 6gqPCR
parameters detailed in Table 2.15. Cycle threshold (Ct) values for each reaction were then

extracted using the Bio-Rad CFX ManagerE software, and the relative mRNA expression

for each target gene was calculated using the previously described 2%*®¢'method

(Schmittgen and Livak, 2008), according to the following formula:
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where:

mCdompe = difference in Ct value between target and reference genes for individual

wild-type or mutant zebrafish cDNA samples

®Chmo = mean difference in Ct value between target and reference genes, averaged

across three independent wild-type zebrafish cDNA samples

Table 2.15 Cycling parameters used for qPCR of zebrafish DNA

Programme Temperature Duration Number
Step
name (0 (s) of cycles
Initial denaturation 95 600 -
Denaturation 95 30
PCR Annealing 60 60 39
*PLATE-READ*
gPCR
programme 95 60
65-95
Melting (+0.5 Clcycle, 5

Ramp 0.5 C/s)
*PLATE-READ*
(after each 0.5 C temperature increment)

2.2.14 Molecular cloning

2.2.14.1 TOPO-TA cloning

The TOPO® TA Cloning® Kit detailed in Table 2.9 was used to clone Taq
polymerase-a mp|l i fi ed PCR products generated by the
page67. Briefly, a 6 ¢l IafgaRGR nprnodxyc tog nlt asiln iSnagl
3 el,0Odamd 1 ™4-TOPQ@®Wwettor was gently mixed and incubated for 5

min at room temperature, before being transferred onto ice.
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2.2.14.2 Bacterial transformation and antibiotic selection

Following ligation of the PCR product into the vector, plasmids were transformed into

XL10-Gold® Ultracompetent E. colicel | s ( Agi |l ent , Cat . No. 20
cells were transferredintoapre-c hi | | ed Eppendorf on ice, and
was added to the cells, along wi t h -iercaptoetiianol. The tube was gently

flicked to mix the cells, before incubating on ice for 30 min. The cells were then heat

shocked at 42 C for 30 s, before being incubated on ice for 2 min. Following heat

shock, 250 (259 LBLlbidth powdet il L d.H,O) was added to the cells

and they were incubated for 1 h at 372C on an orbital shaker. Cells were then plated

onto LB agar (40 g LB agar powder in 1 L d.H20) plates containing ampicillin (100

€ g /) fiot selection of resistant bacteria and incubated overnight at 37 C to allow

colony formation. The following day, single colonies were picked and used to

inoculate individual 5 ml LB broth cultures containing ampicillin ( 1 0 0  ¢Qultures )

were then incubated overnight at 37 C on an orbital shaker to allow bacterial growth.

2.2.14.3 Plasmid DNA purification

LB broth cultures were centrifuged at 4 C for 10 min at 3,893 x g to pellet bacteria.

The NucleoSpin® Plasmid Kit (detailed in Table 2.9) was then used to purify
plasmid DNA, accordingto t he manuf acturer6s protocol . B
sodium dodecyl sulphate (SDS)/alkaline lysis, and the lysates were clarified.

Lysates were then centrifuged through a DNA binding column at 11,000 x g, the

column was washed and dried, and plasmid DNA was el uted in 50 ¢l
buffer. Sample DNA concentration was measured using a NanoDr opE 1000

spectrophotometer.
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2.2.15 Digoxigenin (DIG)-labelled in situ hybridisation probe synthesis

2.2.15.1 Template preparation

RNA was extracted and cDNA was synthesised from a pool of 3 dpf wild-type
zebrafish larvae (as described on pages 72 and 73). An ~800 bp region of the tcpl
cDNA sequence was then amplified by PCR (as described on page 67), using the
tcpl ISH probe synthesis primers detailed in Table 2.5. The PCR product was then
TA-cloned into the pCR™4-TOPO® vector (as described on page 74), and plasmid

DNA was transformed and purified (as described on page 75).

TA cloning allows bidirectional ligation of the PCR product into the pCR™4-TOPO®
vector. Because the T7 promoter required for transcription of the RNA probe is
located downstream of the insert site, an insert oriented in the forward direction will
be transcribed as an antisense probe (which can be used for detection of sense
transcripts) and an insert oriented in the reverse direction will be transcribed as
sense probe (which can be used for detection of antisense transcripts). We therefore
determined the orientation of the inserts in our purified plasmids by PCR, using an
M13 reverse primer and either the forward or reverse primer used to generate the
insert, and then selected appropriate plasmids to generate our sense and antisense

tcpl probes.

Plasmid DNA was subsequently linearised by digestion with Spel, then an equal
volume of phenol:chloroform:isoamyl alcohol (25:24:1) (Sigma, Cat. No. P3803) was
added and samples were centrifuged at 15,800 x g for 30 s to allow phase
separation. The aqueous phase was then transferred to a fresh tube and DNA was
precipitated in 0.5 x volumes of 7.5 M ammonium acetate and 2.5 x volumes of 95%

(v/v) ethanol for 1 h at -20 C. Samples were centrifuged at 15,800 x g for 10 min at

4 C and DNA pellets were washed in 70% (v/v) ethanol in nuclease-free water. The
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pellets were then dried at room temperaturefor5-1 0 mi n and resuspende

nuclease-free water.

2.2.15.2 In vitro transcription

A transcription reaction was assembled to cc
2 el 10 x transcripOi anDbGf R&AA (Rbehé&) ng2meh

T7 RNA polymerase (Roche), and nuclease-free water to give a final reaction volume

of 20 ¢l . The react i onCfo2 htoallbvwetransdriptionud at ed a
take place.

2.2.15.3 Probe purification
Following transcript i on, templ ate DNA was removed by

2.5 ¢l DNase buf f er Cdon380 minnRrabd RNAiwagythem t 37
precipitated overnight at -80 C i n 1. 3 ¢l 7.5 M lithium chl
ethanol. Samples were centrifuged at 15,870 x g for 20 min at 4 C to pellet RNA,

pell ets wer e wa s(Wwalhariolpanditt®e®saraples wefk gentrifuged

for a further 15 min at 15,870 x g. Pellets were then air-dried at room temperature

for 5 min, resus p e nfekewhateri and réh@drated on icauforll®e a s e
mi n. 50 ¢l f ormami de was then added to each
20 C.

2.2.16 Whole-mount in situ hybridisation

Embryos for in situ hybridisation experiments were generated by incrossing F2
heterozygous tcp1”” or tcpl'®"™ mutant fish. Following overnight fixation in 4% (w/v)
paraformaldehyde (PFA) and storage at -20 C in 100% methanol, embryos were washed
once in 50% (v/v) methanol/phosphate-buffered saline (PBS) (137 mM NaCl, 2.7 mM KCl,

4.3 mM NazHPO4,1.4 mM KH2PO. in nuclease-free water), then four times (5 min per
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wash) in PTW (PBS + 0.1% (v/v) Tween-20) on a benchtop rocker. Embryos were then
permeabilised by incubating for 10 min in 10
K treatment, embryos were re-fixed in fish fix solution (20 mM NaH»PO,4, 80 mM NazHPO,,
4% (w/v) PFA and 4% (w/v) sucrose in nuclease-free water) for 20 min at room
temperature and washed a further five times in PTW (5 min per wash). Embryos were
ri nsed theapBybridisatoh buffer (50% (v/v) formamide, 5 x saline-sodium citrate
(SSC) buffer (from a 20 x SSC stock solution containing 3 M NaCl and 341.8 mM
NaszCesHs07), 0.1% (v/v) Tween-20 and 9.2 mM citric acid, made up in nuclease-free water),
before undergoing prehybridisation in 3 0 O fulthybridisation buffer (50% (v/v) formamide,
5 x SSC buffer, 0.1% (v/v) Tween-20, 9.2 mM citric acid, 0.5 mg/ml yeast tRNA (Sigma)
and 50 eg/ ml por ci n(®gma)enpaderup in nudeask-irae mates) fof 2t
3 h at 68 C. Sense and antisense DIG-labelled tcpl probes were diluted 1/200 in full

hybridisation buffer and pre-heated to 68 C, and embryos were incubated wi t h 300 ¢ |

probe mix overnight at 68 C.

The following day, embryos were washed for 20 min at 68 C in a mix containing equal
volumes of cheap hybridisation buffer and 2 x SSC, followed by a further 20 min in 2 x
SSC, then twice in 0.2 x SSC (1 h per wash), with all buffers being preheated to 68 C
before use. Embryos were then washed on a benchtop rocker at room temperature for 10
min in a mix containing equal volumes of 0.2 x SSC and blocking buffer (0.1% (v/v) Tween-
20, 2% (v/v) sheep serum (Sigma) and 0.2% (w/v) bovine serum albumin (BSA; Sigma) in
PBS), then for a further 10 min in blocking buffer only, before being incubated in blocking
buffer for 2-3 h. Embryos were then incubated at 4 C overnight with alkaline phosphatase-

conjugated anti-DIG Fab antibody fragments (Roche), diluted 1/2000 in blocking buffer.

Following antibody incubation, six 20 min washes in PTW were performed at room
temperature on a benchtop rocker. Embryos were then washed four times (10 min per
wash) in staining buffer (100 mM Tris-HCI pH 9.5, 50 mM MgCl;, 100 mM NaCl and 0.1%

(v/v) Tween-20 in nuclease-free water), then transferred to a 12-well plate with 1 ml of
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staining buf f e Bb-bremm#d-thiio-B-indolyl-pHdsplate ¢BICIP; Roche) and
4 . 5 -pitto blde tetrazolium chloride (NBT; Roche). Embryos were incubated for
approximately 30 min in the dark to allow the stain to develop, then washed three times (5
min per wash) in PTW. Embryos were then re-fixed overnight in fish fix solution at 4 C and
transferred through a glycerol series (10% A 25% A 50% A 75% (v/v) glycerol in PBS),
allowing embryos to sink to the bottom of the tube before transferring to the next solution,
before being mounted onto glass microscope slides for imaging, with heads oriented
dorsally and tails oriented laterally. Bright field images were then captured with a 10x

objective on an Olympus BX51 microscope, using a Mi ¢ r o Pub | i GbhGamera6 E C

(Qlmaging).
2.2.17 Gross morphological quantification

Larvae used for gross morphological analyses were generated by incrossing F2
heterozygous tcp1P™, tcp1'™ or tcp1H?* mutants. To quantify larval gross morphology,
4 dpf zebrafish larvae were anaesthetised and placed under a dissecting microscope.
Images of individual laterally oriented larvae were then captured using an Apex Minigrab
camera. NIH ImageJ (Rashband, NIMH, Bethesda, MD) was used to quantify the size of
the eyes and head, and the total body length, of each fish by drawing regions of interest
as illustrated in Figure 2.4. Data were then plotted and statistically analysed using

GraphPad Prism version 7.0.3.

79



Eye area

Head area

Figure 2.4. Representative images showing regions of interest used to quantify eye size, head size
and total body length of zebrafish larvae. To quantify eye size, a region of interest was drawn around the
perimeter of the eye and the area of the region was measured. To quantify head size, a region of interest
was drawn around the perimeter of the region of the head located anterior to the heart and the area of the
region was measured. To quantify body length, the line selection tool was used to draw a line along the
anterior-posterior axis of the larva, following the body curvature, and the length of the line was measured.
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2.2.18 Whole-mount antibody and phalloidin staining

2.2.18.1 Whole-mount immunofluorescence

Larvae for whole-mount immunofluorescence experiments were generated by
incrossing F2 heterozygous tcp1P”3- or tcp1'®™ mutant fish. Larvae were firstly fixed
in 4% (w/v) PFA overnight at 4¢C and were then washed three times in PBS (5 min
per wash). For pigmented larvae, a solution containing 3% (v/v) H.0O» and 0.5% (w/v)
KOH in PBS was used to bleach larvae before washing for a further 5 min in PBS.
Larvae were then washed five times in 1% (v/v) Triton X-100 in PBS (PBST) and
permeabilised at room temperature in 0.25% (v/v) trypsin for 15 min (3 dpf larvae)

or 25 min (5 dpf larvae).

Trypsin activity was quenched at the appropriate time point by adding an equal
volume of 1% (v/v) goat serum in PBST to each tube and larvae were then washed
five times in PBST (5 min per wash). Larvae were blocked in a solution containing
10% (v/v) goat serum, 1% (w/v) BSA and 1% (v/v) DMSO in PBST for 1-3 h at room
temperature to prevent non-specific antibody binding. Primary antibodies were then
diluted in an antibody dilution buffer containing 5% (v/v) goat serum, 1% (w/v) BSA
and 1% (v/v) DMSO in PBS, as detailed in Table 2.16, and larvae were incubated

with antibodies overnight at 4 C.

Table 2.16 Primary antibody dilutions used for whole-mount immunofluorescence

Antibody Dilution
rabbit anti-cleaved caspase 3 1/1000
mouse anti-acetylated tubulin 1/1000
mouse 3A10 1/800

*Supplier details for all antibodies can be found on page 60

Following primary antibody incubation, larvae were washed for a minimum of 3 h at

room temperature in PBST, with at least 5 changes of PBST. Fluorophore-
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conjugated secondary antibodies (details on page 60) were then diluted to 1/1000 in
antibody dilution buffer, and larvae were incubated with secondary antibodies
overnight at 4 C in the dark. The following day, larvae were washed for a minimum
of 3 h at room temperature in PBST, with at least 5 changes of PBST. Nuclei were
then counterstained by incubating larvae at 4 C for 1-2 days i n4dNp 6gg/ ml
diamidino-2-phenylindole (DAPI) in PBS. Larvae were then washed three times in
PBS and transferred through a glycerol series (25% A 50% A 75% (v/v) glycerol in
PBS), allowing larvae to sink to the bottom of the tube before transferring to the next
solution. Larvae were then mounted onto glass slides for confocal imaging (page
84), wi t h heads oriented dorsally -tubmin 3A10,

staining, and tails or i-tenlinstaning.at erally for ac

2.2.18.2 Whole-mount phalloidin staining

Larvae for whole-mount phalloidin staining were generated by incrossing F2
heterozygous tcp1P73: or tcp1'®"™ mutant fish. Larvae were fixed and bleached as
described for whole-mount immunofluorescence (page 81) and then permeabilised
for 2 h in 2% (v/v) Triton X-100 in PBS at room temperature. Larvae were then
incubated for2 hat4 Cwith Al exa F| uomr EAl6edx¥a FcbnjugateE 555
Phalloidin (Invitrogen, Cat. No. A22287/A34055) diluted 1/20 in 2% (v/v) Triton X-
100 in PBS. Larvae were then washed times in PBS (5 min per wash), before being
transferred through a glycerol series as described for whole-mount
immunofluorescence. Tails were then mounted laterally on glass slides for confocal

imaging.

82



2.2.19 Immunostaining retinal cryosections

2.2.191 Cryosectioning

Larvae for cryosectioning were generated by incrossing F2 heterozygous tcp1P”3t or
tcpl®"™ mutant fish. Larvae were fixed overnight in 4% (w/v) PFA and then
cryoprotected in a solution of 30% (w/v) sucrose in PBS overnight at 4 C. Larvae
were then embedded in optimal cutting temperature (OCT) embedding matrix
(CellPath) and frozen at -80 C . S er i drhnsvirde sections were then taken
through the eyes of the larvae using a Leica CM1860 cryostat, set to -18 C, and
sections weret ransferred to Super Frost PlusE Adhe
Scientific). Slides were left to dry at room temperature for a minimum of 1 h, before

being stored at -20 C

2.2.19.2 Immunostaining

Slides were removed from the freezer and briefly washed in PBS to remove OCT.
Antigen retrieval was then performed in 150 mM Tris-HCI, pH 9.5, using an antigen
access unit set to 120 C. Slides were then washed once in PBS, and sections were
blocked for 1 h at RT in blocking solution (1% (w/v) BSA, 10% (v/v) goat serum, 0.1%
(v/v) Tween-20 and 0.4% (v/v) Triton X-100 in PBS). Sections were then incubated
overnight at 4 C in primary antibodies diluted in blocking solution, as detailed in

Table 2.17.

Table 2.17 Primary antibody dilutions used for immunofluorescence on retinal cryosections

Antibody Dilution
mouse zpr-3 1/100
rabbit anti-cleaved caspase 3 1/100
rabbit anti-rhodopsin 1/100

*Supplier codes for all antibodies can be found on page 60
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The following day, slides were washed three times in PBS (20 min per wash), before
being incubated in fluorophore-conjugated secondary antibodies (as detailed on
page 60) diluted 1/1000 in blocking solution for 1.5 h at room temperature. Slides
were then washed a further three times in PBS (20 min per wash), with the addition
of 10 el DAPI in the final wash to counterstal
onto the slides using fluorescence mounting medium (Dako) and slides were stored

at 4 C prior to imaging.

2.2.20 Confocal microscopy

All fluorescently-stained samples were imaged with a Leica SP5 confocal microscope,
using a 20x air objective unless otherwise stated. To image larvae immunostained with
3A10 antibody, z-stacks (5 eshices) were taken through the entire depth of the Mauthner
neurons and maximum intensity z-projections were assembled in ImageJ. For the brains
of larvae immunostained with anti-a ¢ e t y | -bulm éntidddy, images were captured
through a single focal plane within the optic tectum. To image the motor axons of larvae
immunostained with anti-a ¢ e t y |-tabulie dntibddy, z-stacks (5 estites) were taken
through one side of the trunk and maximum intensity z-projections were assembled in
ImageJ. For the brains of transgenic larvae expressing FyntagRFP-T in Purkinje cells, z-
st acks §lidef) waerantaken through the cerebellum and maximum intensity z-
projections were assembled in ImageJ. For brains of larvae immunostained with anti-
cleaved caspase 3 antibody, z-s t a ¢ k s s{icéspwere taken through the optic tectum
and maximum intensity z-projections were assembled in ImageJ. To image phalloidin-
stained skeletal muscle fibres, images were captured through a single focal plane in the
lateral region of the trunk, immediately posterior to the end of the yolk sac extension. To
image fluorescently-stained retinal cryosections, z-st a c ks  (slites)5were taken
through the samples and maximum intensity z-projections were assembled in ImageJ. To

obtain higher magnification DAPI-stained images of the brain, z-stacks ( 1 O slices) were
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taken through the optic tectum using a 40x oil immersion objective, and maximum intensity

Z-projections were assembled in ImageJ.

2.2.21 Larval locomotor function assays

To test the larval locomotor response to alternating light and dark stimuli, larvae were
arrayed into wells of a 96-, 24-, or 12-well plate at 5, 8 or 12 dpf, respectively, and
spontaneous swimming was recorded using the ZebralLab system (ViewPoint Behavior
Technology). Before motion tracking commenced, larvae underwent 30 min habituation to
the soundproof ZebraBox apparatus with the light turned on, then spontaneous swimming
was tracked over three consecutive light/dark cycles (1 cycle = 5 min dark, 5 min light).
For all experiments, speed (x) thresholds for swimming were set as follows: x <5 mm/s =
nNo movement x<®Bmmmtdow®ovement, xO 10 mm/ s = f ast mo v
An R script was generated to calculate the total swimming distance (distance swum during
slow movement + distance swum during fast movement), total active duration (duration of
slow movement + duration of fast movement) or average duration of fast or slow swimming
for individual fish across each 5 min period from the output files generated by the ZebralLab
software. Data were then combined across experimental repeats, grouped by genotype,

and plotted in GraphPad Prism version 8.3.1.

To capture slow-motion videos of larval touch-evoked escape responses, individual 3 dpf
control or tcp1'*”* mutant larvae were firstly placed into the centre of a petri dish containing
E3 medium under a dissecting microscope. A slow-motion video (240 frames per second
(fps)) of larval response to a light touch on the tail with a teasing needle was then
generated using an iPhone 7 mounted to the microscope eyepiece. Every 24" frame was
then extracted from the video as an image (equivalent to one image every 100 ms in real
time) using VLC Media Player, starting from the point at which the needle made contact

with the tail.
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2.2.22 Adult locomotor function assay

To test adult locomotor function, fish were generated by incrossing F2 heterozygous
tcp1P73t mutants. Swimming endurance tests were conducted using a swim tunnel, as
previously described (Chapman et al., 2013). Individual wild-type or mutant zebrafish were
placed into the tunnel and water was flowed through the tunnel at an initial speed of 6.57
cm/s. The speed was increased by a further 6.57 cm/s every 5 min until the fish reached
exhaustion and could no longer swim against the flow. Total body length was recorded for
each fish following the swimming test. Time to exhaustion was used to calculate the critical

swimming velocity (Ucrit) for each fish according to the formula:

~ YO
- !YQ — TN
&1 0L - YO Q

where:

Ucrit = critical swimming velocity (body lengths/s)

Ui = the highest velocity maintained for a full 5 min period (cm/s)
Uii = the velocity increment (6.57 cm/s)

Ti = the time to exhaustion (s)

Tii = the time interval (5 min)

B = body length (cm)

2.2.23 Larval colour preference assay

Larval colour preference was measured using an acrylic cross maze formed of four
transparent arms surrounded by removable transparent coloured sleeves (red, green, blue
or yellow), which was constructed by Dr P a w ey§yga@icz based on the maze described
by (Park et al., 2016). A schematic illustration of the cross maze is shown in Figure 2.5.
Wild-type or mutant zebrafish larvae (n = 6-8 per genotype, per experimental replicate)
were placed into the maze with E3 medium lacking methylene blue. The maze was placed
into the ViewPoint ZebraBox apparatus and larval activity was filmed from above the maze
for 15 min. To quantify larval colour preference, the number of larvae located in each arm

of the maze was counted every 10 s for the final 10 min of each video. This was used to
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calculate the mean proportion of the group occupying each coloured arm across the 10
min. To mitigate the possibility of any non-colour-related bias toward specific arms, the

arrangement of the coloured sleeves around the maze was altered between experiments.
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Figure 2.5 Schematic illustration of the cross maze used to assay larval colour vision.

88



Chapter 3

Generating new mutant zebrafish lines to
genetically model TCP1-related disease
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3.1 Introduction

As we outlined in Chapter 1, the TCP1"7° variant has only been reported in three patients
from a single family to date, and we do not currently know of any other TCP1 mutations
that have been linked to human disease. We therefore devised two hypotheses: a) that
the TCP1I" " mut ati on is the cause of t heCPp@aysiaent sd phe
important role in the tissues implicated in the disease. To test these hypotheses, our goal

was to experimentally model the disease, using the zebrafish as a model system.

Although in vitro and cell-based disease models can provide helpful insights into the
molecular and biochemical functionality of novel genetic variants, it is often more
informative to study the consequences of these mutations in the context of a whole
organism. This is especially important when studying disorders in which multiple cell types
and tissues may be affected by the mutation. The zebrafish is especially well-suited to
such investigations; it has a fully sequenced and highly conserved vertebrate genome,
and its fast-developing and optically transparent larvae allow the developmental effects of
genetic mutations to be visualised in real time. Of relevance to the phenotypes associated
with this disease, the zebrafish possesses a vertebrate nervous system which shares
significant homology with the human nervous system. Zebrafish are also genetically
manipulatable, and the scope for modelling genetic diseases in this system has been
revolutionised by the field of CRISPR/Cas9 gene-editing technology. We therefore chose
to generate a zebrafish model of TCP1l-related disease, with a view to using the
CRISPR/Cas9 system to precisely recapitulate the human TCP1P% variant in the

zebrafish.

In this chapter, we describe the process of assessing the genetic suitability of the zebrafish
for modelling TCP1 mutations. We then describe the steps we took to design and test a

CRISPR/Cas9-based approach for introducing the patie
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genome by HDR, and we present a screening strategy that allowed us to identify founders

that were stably transmitting the mutation of interest to their offspring.

An additional rationale for studying novel rare disease-linked mutations is that they provide
opportunities to gain insight into the normal functions of the affected gene. In the final part
of this chapter, we describe how we generated a second mutant zebrafish line harbouring
a frameshift mutation in tcpl, as a model for investigating the effects of loss of tcp1 during

vertebrate development.

3.2 Evaluating the genetic suitability of the zebrafish for modelling human

TCP1-related disease

3.2.1 TCP1 encodes an evolutionarily highly conserved protein

Orthologues for TCP1 have been identified in over 130 species. We initially assessed the
evolutionary conservation of the proteins encoded by these genes, focusing on the proline
residue mutated in human patients (P70 of the human sequence) and key residues
implicated in ATPase activity (Reissmann et al., 2012). The residues that are required for
ATP binding and hydrolysis are fully conserved across diverse eukaryotic species (Figure
3.1a), indicating that ATP-dependent functions of TCP1 have been evolutionarily
maintained. P70 is also highly conserved, pointing to a key role for this residue in the

structure and/or function of the protein.

Similar conservation exists between TCP1l and other members of the TRIC/CCT

chaperone complex (Figure 3.1b). All subunits possess the catalytic aspartic acid residue

involved in ATP hydrolysis, andthe ATP-bi ndi ng &6 GDGTTO6 mot everyi

subunit apart from CCT8. P70 is also conserved across seven of the eight subunits, further

supporting the importance of this residue to TRIC/CCT function.
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3.2.2 Zebrafish and human TCP1 are highly conserved

To evaluate the suitability of zebrafish for genetically modelling human TCP1-related
disease, we next examined the relationship between the zebrafish and human TCP1
genes in further detail. We performed a BLAST search for the human TCP1 protein
sequence against the zebrafish genome, revealing a single zebrafish orthologue for TCP1
(tcpl) which shares 72% cDNA and 86% protein identity with the human sequence. The
extensive homology between the two proteins is illustrated in Figure 3.2. Notably, the
zebrafish sequence contains the key motifs required for ATP binding and hydrolysis, as

well as the P70 residue (P73 in zebrafish) which is mutated in patients.
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H.sapiens 53 TITNDGATILKLLEVEH[JAAKVLCELADLQDKEVEPIRRISVVITAAELLKNADELVKQKI 112
P.troglodytes 53 TITNDGATILKLLEVEH[EAAKVLCELADLQDKEVEBIANISYVITAAELLKNADELVKQKI 112
B.taurus 53 TITNDGATILKLLEVEH[§JAAKVLCELADLQDKEVEpPIRISYVVITAAELLKNADELVKQKI 112
R.norvegicus 53 TITNDGATILKLLEVEH[§AAKVLCELADLQDKEVEPIAmISYVIIAAELLKNADELVKQKI 112
T.truncatus 53 TITNDGATILKLLEVEH[JAAKVLCELADLQDKEVEpPIERISYVITAAELLKNADELVKQKI 112
M.musculus 53 TITNDGATILKLLEVEH[§AAKVLCELADLQDKEVEPIAmISYVITAAELLKNADELVKQKI 112
G.gallus 56 TITNDGATILKLLEVEH[FAAKVLCELADLQDKEVEDIAMISYVITAAELLKNADELVKQKI 115
T.rubripes 56 TITNDGATILKLLEVEH[§AAKVLCELADLQDKEVEPIAMISVVITAAELLKSADELVKQKI 115
D.rerio 56 TITNDGATILKLLEVEHEAAKVLCELAELQDKEVERIARISYVITAAELLKSADELVKQKI 115
D.melanogaster 56 TVTNDGATILRLLEVEH[FAAKVLVELAQLQDEEVEPIAMISVVILAAELLKNADELVKQKI 115
C.elegans 57 IVTNDGATILKQLEVEH[JAGKVLVELAQLQDEEVEpIAmISVVIVAAELLKRADELVKQKY 116
S.cerevisiae 61 TVYTNDGATILSLLDVQHIFAGKILVELAQQQDREI[ePIGUMISYVVITASELLKRANELVKNKI 120
:******** *:*:***.*:* ***: **-*:*********:*:**** *:****:*:
H.sapiens 351 VVQERICDDELILIKNTKARTSASIILRGANDFMCDEMERSLHBALCVVKRVLESKSVVP 410
P.troglodytes 351 VVQERICDDELILIKNTKARTSASIILRGANDFMCDEMERSLHPALCVVKRVLESKSVVP 410
B.taurus 351 VVQERICDDELILIKNTKARTSASVILRGANDFMCDEMERSLHPALCVVKRVLESKSVVP 410
R.norvegicus 351 VVQERICDDELILIKNTKARTSASIILRGANDFMCDEMERSLHPALCVVKRVLESKSVVP 410
T.truncatus 351 VVQERICDDELILIKNTKARTSASIILRGANDFMCDEMERSLHPALCVVKRVLESKSVVP 410
M.musculus 351 VVQERICDDELILIKNTKARTSASIILRGANDFMCDEMERSLHPALCVVKRVLELKSVVP 410
G.gallus 354 VIQERICDDELILIKNTKARTSASIILRGANDFMCDEMERSIHPALCVVKRVLESKSVVP 413
T.rubripes 354 VVQERICDDELILVKNTKARTSASIVLRGANDFMCDEMERSLHPALCVVKRVLESKCVVP 413
D.rerio 354 VVQERVCDDELILIKNTKARTSASIILRGANDFMCDEMERSLHPALCVVKRVLESKSVVP 413
D.melanogaster 354 VAQERICDDELILIKGTKARAAASIILRGPNDFYCDEMERSVHRALCVVKRVLESKKVVA 413
C.elegans 354 IVQERISDDELILIKGPKSRTASSIILRGANDVMLDEMERSVHUSLCVVRRVLESKKLVA 413
S.cerevisiae 361 VVQAKFSDDECILIKGTSKHSSSSIILRGANDYSLDEMERSLHDSLSVVKRTLESGNVVP 420
. *** * k. *. R : _:*: *x ok Kk Ak ok Kk ok k- **:* ** * * % :*
CCT1/TCP1 40 GLDKMLVDDIG--DVTITNDGATILKLLEVEH[ZAAKVLCELADLQDKEV{EIeRmISVVIIA 97
CCT2 47 GMDKILLSSGRDASLMVTNDGATILKNIGVDN[ZAAKVLVDMSRVQDDEV{EBIERmISVTVLA 106
CCT3 45 SMMKMLLDPMG--GIVMTNDGNAILREIQVQH[ZAAKSMIEISRTQDEEV{EIEARISVIILA 102
CCT4 56 GMDKMIQDGKG--DVTITNDGATILKQMQVLH[ZJAARMLVELSKAQDIEA[EEAmMISVVIIA 113
CCTS 56 GLDKMMVDKDG--DVTVTNDGATILSMMDVDHQIAKLMVELSKSQDDEI[¢JEAmIGVVVLA 113
CCToeA 42 GTMKMLVSGAG--DIKLTKDGNVLLHEMQIQH[JTASLIAKVATAQDDIT{eIERmMISNYLII 99
CCTe6B 42  GTMKMLVSGAG--DIKLTKDGNVLLDEMQIQH[ZTASLIAKVATAQDDVT{CIERmISNYLII 99
CCT7 44  GMDKLIVDGRG--KATISNDGATILKLLDVVH[JAAKTLVDIAKSQDAEV{EDIGAISVTLLA 101
CcCT8 51 GMNKMVINHLE——KLFVTNDAATILRELEVQHP AKMIVMASHMQEQEVGDGTNFVLVFA 108
* * . % * Kk %k
CCT1/TCP1 375 TIILRGANDFMCDEMERSLHEALCVVKRVLESKSVVPGGGAVEAALSIYLENYATSMGSRE 434
CCT2 373 IVLRGATQQILDEAERSLHPALCVLAQTVKDSRTVYGGGCSEMLMAHAVTQLANRTPGKE 432
CCT3 374 ILLRGASKEILSEVERNLQEAMQVCRNVLLDPQLVPGGGASEMAVAHALTEKSKAMTGVE 433
CCT4 388 IVVRGSNKLVIEEAERSIHWALCVIRCLVKKRALIAGGGAPEIELALRLTEYSRTLSGME 447
CCT5 385 IFIRGGNKMITEEAKRSLH[UALCVIRNLIRDNRVVYGGGAAEISCALAVSQEADKCPTLE 444
CCT6A 374 LLIKGPNKHTLTQIKDAVREGLRAVKNAIDDGCVVPGAGAVEVAMAEALIKHKPSVKGRA 433
CCTeB 374 LLVKGPNKHTLTQVKDAIRNGLRAIKNAIEDGCMVPGAGAIEVAMAEALVTYKNSIKGRA 433
CcCcT7 372 FILRGGAEQFMEETERSLH[EAIMIVRRAIKNDSVVAGGGATEMELSKYLRDYSRTIPGKQ 431
CCT8 375 IVLRGSTDNLMDDIERAVDDGVNTFKVLTRDKRLVPGGGATEIELAKQITSYGETCPGLE 434

I * Lox kX

Figure 3.1. Protein sequence alignment of TCP1 reveals conservation of key residues across
evolutionarily diverse species and TRIC/CCT subunits. (a) Multiple sequence alignment of TCP1 across
species and (b) multiple sequence alignment of human TRIiC/CCT subunits. The proline residue mutated in the
human patients is highlighted in blue and key ATP binding and hydrolysis residues are highlighted in red and
green, respectively. Sequences were aligned using the Clustal Omega Multiple Sequence Alignment tool
(European Bioinformatics Institute). * denotes full conservation of a single residue across all sequences,
indicates conservation between residues sharing strongly similar properties and . denotes conservation between
residues sharing weakly similar properties.
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Figure 3.2. Alignment of the full protein sequences of human and zebrafish TCP1 reveals extensive
sequence homology. The proline residue mutated in human patients (human P70/zebrafish P73) is highlighted
in blue and key residues involved in ATP binding and hydrolysis are highlighted in red and green, respectively.
Sequences were aligned using the Clustal Omega Multiple Sequence Alignment tool (European Bioinformatics
Institute). * denotes full conservation of a single residue across all sequences, : indicates conservation between
residues sharing strongly similar properties and . denotes conservation between residues sharing weakly similar

properties.
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3.3 Generating a tcpl knock-in mutant zebrafish line

3.3.1 Identifying polymorphisms in zebrafish tcpl

Before attempting to use CRISPR/Cas9 to generate a novel tcpl mutant zebrafish line to
genetically model human TCP1-related disease, we determined whether there were any
polymorphisms in exon 3 (containing the codon for P73) of zebrafish tcpl. Such
polymorphisms could interfere with gRNA choice and downstream identification and

genotyping of mutants.

We amplified the target region by PCR, using template DNA from three strains of wild-type
zebrafish (16 embryos obtained from a total of 4 sets of parents for each strain), and
sequenced the products. We identified two single nucleotide polymorphisms (SNPs) in
intron 2-3 and one synonymous SNP in exon 3 (Figure 3.3). The only polymorphism we
detected in the AB strain was the intronic SNP furthest from the codon for P73, so we

chose to target AB strain zebrafish for mutagenesis.
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a Intronic SNP 1 Intronic SNP 2 Exonic SNP 1
Reference ACTAEBTATC ATTTECTTG GAGAMGGCA
\ | |
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b Intronic SNP 1 Intronic SNP 2 Exonic SNP 1
Gonghype ABFrequTefcy . Ganoyps ABFrequitcy W%C.K Genotype ABFrequirllcy (a/:lan
CIG 437 100.0 T/G 100.0 6.7 100.0 CIT 00 200 0.0
CiC 0.0 0.0 T 0.0 333 0.0 CiC 100.0 80.0 100.0
G/IG 56.3 0.0 G/IG 0.0 60.0 0.0 TT 0.0 0.0 0.0
c acccaaccctagtgcttgtcttcacccgttggagtaactaftatccaagtttttaagaccatt

tEcttgtgtgtttcagGACGTGACCATCACCAATGACGGGGCCACCATCCTGAAGCTGCTGGA
GGTCGAACACCCGGCTGCTAAAGTCCTCTGTGAGCTGGCAGAGCTGCAGGACAAGGAGGTTGG
AGABGGCACTACATCAGTGgtgagctgaagctgtgecattagcagattttcctgttatagtacc
atccatctgagctgegtcggtgtgtgtggectatgectaacaggatacagaaaccctctegg

Figure 3.3. Identification of three single-nucleotide polymorphisms (SNPs) in the target region of
zebrafish tcpl. (a) Representative sequencing chromatograms illustrating each of the SNPs identified in tcpl.
(b) Frequencies of each SNP in wild-type AB, TL and WIK zebrafish strains (n = 16 embryos per strain). (c)
Locations of intronic SNP 1 (red), intronic SNP 2 (blue) and exonic SNP 1 (green) relative to exon 3 (bold) and
the codon for proline 73 (yellow). Exon 3 is shown in uppercase, flanking introns are shown in lowercase, and
binding sites for primers used to amplify the target region are underlined.
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3.3.2 Designing a gRNA to target zebrafish tcpl

We used the Deskgen CRISPR gRNA design tool (deskgen.com/landing/#/cloud) to
identify gRNA target sequences near the codon for P73. The ten gRNAs with target
sequences closest to this codon are listed in Table 3.1 and illustrated in Figure 3.4a. We
selected gRNA 6 due to the proximity of its Cas9 cleavage site to the codon for P73 (Figure
3.4a) and its high target and off-target scores compared with other gRNAs (Table 3.1).
Deskgen returned a single predicted off-target hit for this gRNA, located within the
apoptotic protease activating factor 1 gene (apafl) on chromosome 4. However, the off-
target sequence contains three mismatches with respect to the tcpl target sequence, so
off-target activity is unlikely to arise at this locus. As an additional measure, we also
conducted a BLAST search of the target sequence against the entire zebrafish genome,

but we found no other loci where off-target activity is likely to arise.

Table 3.1. Details of tcpl gRNAs identified by Deskgen

Guide number Target sequence PAM Exon Activity score* Off-target
1 CTCCAGCAGCTTCAGGAT TGG 3 55 89

2 GACCTCCAGCAGCTTCAG TGG 3 60 90

3 GTTCGACCTCCAGCAGCT AGG 3 36 89

4 GGCCEBCATCCTGAAGCTC TGG 3 42 98

5 CACCATCCTGAAGCTGCT' AGG 3 59 95
(6 | GCTGCTGGAGGTCGAACACGE 3 60 9 |
7 CACAGAGGACTTTAGCAG GGG 3 52 97

8 TCACAGAGGACTTTAGCAI CGG 3 52 94

9 GCAGCTCTGCCAGCTCAC AGG 3 64 94

10 TGCTAAAGTCCTCTGTGA( TGG 3 49 97

*Higher activity score indicates greater predicted target activity.

#Higher off-target score indicates less predicted off-target activity.
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a Zebrafish fep? transcript
[ 22.37 kb Forward strand=

10
ATCCTGAAGCTGCTGGAGGTCGAACIACC CTGCTAAAGTCCTCTGTGAGCTGGCA

[N I A
TAGGACTTCGACGACCTCCAGCTTGTGGGCCGACGATTTCAGGAGACACTCGACCGT

1 2 3 78 9

b AAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTG
CTATTTCTAGCTCTAAAA C[CHHNHE ACCTCCAGCAGCCTATAGTIGAGTICGTATTA[elel®

Figure 3.4. Designing a gRNA to target exon 3 of zebrafish tcpl. (a) Schematic diagram modified from
Deskgen output showing a partial sequence of exon 3, annotated with the Cas9 cleavage sites for tcpl
gRNAs 1-10, relative to the codon for P73 (highlighted in grey). The target sequence, PAM and Cas9
cleavage site for gRNA 6 are shown in red. (b) Sequence of the oligonucleotide template used to synthesise
gRNA 6, highlighting the Cas9 scaffold sequence (grey), the target sequence of gRNA 6 in antisense
orientation (red), the T7 promoter sequence (green) and the clamp sequence (yellow). Alul and Tagq|
restriction sites (located within the Cas9 scaffold sequence and the gRNA target sequence, respectively) are
shown in bold underline.
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3.3.3 Synthesising tcpl gRNA

We designed an oligonucleotide template for in vitro gRNA synthesis (Figure 3.4Db). First,
we amplified the template by PCR to ensure that no impurities would be carried over from
the oligonucleotide synthesis to the in vitro transcription reaction, but we detected a
product in the negative control reaction (Figure 3.5a) which we were unable to eliminate

by repeating the PCR using fresh reagents (data not shown).

The primers for this template bind within the regions of the template encoding the Cas9
scaffold and T7 promoter, so they can amplify from any gRNA template containing these
generic sequences. To exclude the possibility that the PCR might have been contaminated
by another gRNA template that we had used in the lab, we performed diagnostic restriction
fragment length analysis using Alul, which only cuts within the generic scaffold sequence,
and Tagl, which only cuts within the specific tcpl gRNA target sequence (Figure 3.4b,

Figure 3.5b).

The amplicon from the negative control reaction was digested by Alul, but not Taql (Figure
3.5C), suggesting that the contaminant is likely to be another gRNA oligonucleotide
template. However, in the TCP1 gRNA template-containing reactions, we detected
restriction fragments of the expected lengths, with no residual undigested product after
incubation with either enzyme (Figure 3.5b,c). The contaminant is therefore likely to be
present at a low level, becoming outcompeted by the TCP1 gRNA template in the
template-containing reaction. On this basis, we concluded that the PCR product generated
from the TCP1 gRNA template was unlikely to be contaminated by another gRNA template
and proceeded to gel purify the product and perform in vitro transcription to synthesise the

tcpl gRNA.
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Figure 3.5. PCR amplification of the tcpl gRNA oligonucleotide template. (a) Gel electrophoresis of the
PCR-amplified tcpl gRNA oligonucleotide template. (b) Schematic view of expected product sizes for
undigested, Taql-digested and Alul-digested PCR-amplified tcp1 gRNA oligonucleotide. (c) Gel electrophoresis
of Tagl- and Alul-digested PCR-amplified tcpl gRNA oligonucleotide. Gels: 2.5% agarose, markers:
Hyperladder V (Bioline).
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3.3.4 Mosaic mutations can be detected at the target site in zebrafish embryos

injected with Cas9 and tcpl gRNA

Once we had synthesised the tcpl gRNA, we then assessed its in vivo activity by testing
whether it could induce mutagenesis at the target site in zebrafish embryos. We
microinjected wild-type embryos with a mix containing Cas9 protein and tcpl gRNA, before
extracting DNA at 30 hpf. Typically, we would raise embryos to 48 hpf before extracting
DNA, but on this occasion, we observed considerable toxicity in the tcpl gRNA-injected

embryos and therefore extracted DNA at an earlier time point.

Following DNA extraction, we screened for CRISPR-induced mutagenesis by high-
resolution melt (HRM) analysis of a short (116 bp) PCR product spanning the target site
(Figure 3.6a). The melt profile of this amplicon was shifted in several of the injected fish
compared to the non-injected controls (Figure 3.6b). For clarity, only embryos that
displayed shifted melt profiles are shown in Figure 3.6b, though we also identified some
embryos for which the melt profile of the amplicon was not shifted. The shifted melt profiles
indicate that heteroduplexes of wild-type and mutant DNA were present in these samples,
and we confirmed that we had successfully introduced mosaic mutations at the target site
by Sanger sequencing analysis (Figure 3.6¢). Both 2 nl and 4 nl injections produced
sequencing results with additional peaks in the electropherogram, indicating that indels

had been introduced following misrepair of the Cas9 cleavage site.
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Figure 3.6. High-resolution melt (HRM) analysis and Sanger sequencing revealed successful
mutagenesis of the target site in embryos injected with Cas9 and tcpl gRNA. (a) Binding sites for primers
used to generate amplicons for HRM analysis (underlined), relative to the gRNA target sequence (red) and SNPs
previously identified in the region (yellow). Exon 3 is shown in uppercase and flanking introns are shown in
lowercase. (b) Melt peak graphs depicting shifts in the melt profiles of target site amplicons from gRNA/Cas9-
injected embryos vs. non-injected controls. Each plot represents the melt profile for an individual HRM reaction
and reactions were performed in duplicate for each DNA sample (n = 8 non-injected embryos, n = 5 injected
embryos). (c) Representative Sanger sequencing chromatograms illustrating the presence of mosaic mutations
at the target site in injected embryos.
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3.3.5 Designing an oligonucleotide template to introduce the disease-linked

missense mutation by HDR

Prior to generating our knock-in model, short single-stranded oligonucleotide repair
templates, between 23 and 100 nt in length, had previously been used to successfully
introduce pathogenic point mutations into the zebrafish tardbp and fus genes by HDR
(Armstrong et al., 2016). We therefore designed a 65-nt single-stranded oligonucleotide to
serve as a repair template for HDR and generate our tcpl P73L knock-in zebrafish line
(Figure 3.7a). This template contains a point mutation encoding the P73L missense
variant, as well as three synonymous point mutations located within the gRNA target
sequence; these have no impact at the protein level but should prevent further gRNA
binding and Cas9 cleavage following successful HDR. Where possible, we codon-
optimised these mutations for efficient expression in zebrafish. Through introducing the
mutations, we also created a novel Xhol restriction site and disrupted an existing Mspl
restriction site (Figure 3.7b) to allow HDR mutant zebrafish to be identified by restriction
fragment length analysis. It is worth noting, however, that the Mspl site can also be
disrupted by NHEJ-mediated repair if indels are introduced into the target site. Finally, the
mutated region of the template is flanked by two short (25-nt) homology arms to facilitate

recombination with the genomic DNA.
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Figure 3.7. Sequence of the HDR template designed to generate tcpl knock-in mutant zebrafish. (a) HDR
template sequence, highlighting the single-nucleotide substitution encoding the P73L mutation (blue), the
synonymous gRNA target site mutations (green) and the 25-nt homology arms, which share their sequence with
the PAM-containing strand of the genomic DNA. (b) DNA and protein sequences for the wild-type target site vs.
the expected outcome following successful HDR. Restriction recognition sites for Mspl (wild-type sequence) and
Xhol (mutant sequence) are highlighted in purple.
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3.3.6 HDR events can be detected in zebrafish embryos co-injected with tcpl gRNA,

Cas9 protein and the HDR template

To test our repair template, we microinjected wild-type zebrafish embryos with a mix
containing Cas9 protein, tcpl gRNA and the repair template. Given the toxic effects we
had previously observed after injection of gRNA and Cas9, we decided to use both at lower
concentrations on this occasion. We saw much less toxicity under the new conditions, and
we were able to raise embryos to 48 hpf before extracting their DNA. We initially used
HRM analysis to screen embryos that had only been injected with gRNA and Cas9 to
confirm that we were still able to achieve mutagenesis at the target site with these lower
concentrations. As before, we detected shifted melt profiles in the amplicons from injected
embryos compared to the non-injected controls (Figure 3.8), consistent with the presence

of mutations at the target site.

We then screened embryos that had also been injected with our repair template to assess
whether HDR had taken place. Initially, we amplified the target exon by PCR and
performed restriction fragment length analysis using Mspl or Xhol (Figure 3.9). Following
incubation with Mspl, we detected some undigested PCR product in samples from
embryos injected with gRNA and Cas9 alone or in addition to the repair template, but not
in non-injected controls. This is consistent with loss of the Mspl site in some cells of the
injected embryos, which could be a consequence of either successful HDR or creation of
indels. After incubation with Xhol, there were no digested fragments in the non-injected
control samples or in embryos that were only injected with gRNA and Cas9, but we
detected a very small amount of Xhol-digested product in several embryos that had been
co-injected with the repair template. This is consistent with integration of the repair
template into the target site in some cells of these embryos, though we noted that some
of the digested fragments were not of the anticipated size, suggesting that the repair may

not have been completely accurate in these embryos.
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Figure 3.8. HRM analysis revealed shifted melt peak profiles for embryos injected with lower
concentrations of tcpl gRNA and Cas9. Melt peak graphs depicting shifts in the melt profiles of target site
amplicons from gRNA/Cas9-injected embryos vs. non-injected controls. Each plot represents the melt profile for
an individual HRM reaction and reactions were performed in duplicate for each DNA sample (n = 3 non-injected
embryos, n = 4 injected embryos).
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Non-injected gRNA + Cas9 gRNA + Cas9 + HDR template NTC

Mspl digest

Xhol digest

Figure 3.9. Restriction fragment length analysis of DNA from zebrafish embryos demonstrated partial
loss of the Mspl restriction site and partial gain of the Xhol restriction site in embryos injected with tcpl
gRNA, Cas9 and HDR template. Restriction fragments generated from PCR products spanning the target
region in individual injected embryos or non-injected controls were separated on a 3% agarose gel. Open
arrowheads indicate expected band sizes for full-length PCR products and black arrowheads indicate expected
sizes for restriction fragments. Marker: Hyperladder V (Bioline). NTC: no template control.
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Although these findings are consistent with HDR having occurred within some cells of the
injected fish, they are not necessarily specific to HDR. This screening method also lacks
sensitivity, as HDR is likely to arise in only a small proportion of cells in the injected
embryos. We therefore developed a second, allele-specific PCR (AS-PCR)-based
screening strategy to enable us to more selectively and sensitively detect HDR events in

the injected fish.

For this assay, we designed two pairs of primers (Figure 3.10a,b), each comprised of one
primer that binds outside (upstream or downstream) of the repair template sequence and
a second primer that binds within the mutated region of the repair template sequence. We
specifically ensured that the second primer of each pair contained a mismatch with the
wild-t y pe s e gue nmast base, thérebyg prodnéting specific amplification of the

mutant allele.

We then screened template DNA from injected and non-injected embryos by AS-PCR
(Figure 3.10c). As expected, we did not detect any products of the expected sizes for either
PCR from the non-injected control embryos or embryos that were only injected with gRNA
and Cas9. In several embryos that had been co-injected with the repair template, we were
able to detect products of the expected sizes, consistent with successful HDR having taken
place in these embryos. Notably, both primer pairs also yielded some products that were
larger than anticipated, suggesting that some erroneous repair may also have taken place

in these embryos.
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Figure 3.10. PCR-based screening of zebrafish embryos revealed evidence of HDR allele amplification
in embryos injected with tcpl gRNA, Cas9 and HDR template. (a,b) Schematic representations of HDR
allele-specific primer binding sites. (c) AS-PCR products generated from individual injected embryos and non-
injected controls were separated on a 3% agarose gel. Arrowheads indicate expected sizes for HDR-specific
PCR products. Marker: Hyperladder V (Bioline). NTC: no template control.
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3.3.7 HDR events can also be detected in zebrafish embryos co-injected with a

repair template complementary to the gRNA non-target strand

The homology arms of our initial repair template share their sequence with the PAM-
containing DNA strand (the gRNA non-target strand) and are therefore complementary to
the strand of genomic DNA to which the gRNA binds (the gRNA target strand). However,
Richardson et al. (2016) postulated that double-stranded DNA strands dissociate from
Cas9 in an asymmetric fashion following cleavag e , wi t h t h e -B@et«rand
being released before the other strands (Figure 3.11a). By using repair templates with
homology arms complementary to this non-target strand, they were able to increase the

efficiency of HDR-mediated knock-in of precise mutations in human cells.

On this basis, we therefore designed a second repairtemplate (t he t ar get

template) with the complementary sequence to our original template (the non-target
strand,or A NT 0, Figee8pllbatd tes)whdther this approach would also increase
the efficiency of HDR-mediated knock-in in our zebrafish. As with embryos injected with
the NT repair template, we saw incomplete digest of DNA from embryos injected with the
T repair template after incubation with Mspl, and we observed a small amount of Xhol-
digested product (Figure 3.12a). We also performed AS-PCR using DNA from these
embryos, and both primer pairs yielded products of the anticipated sizes, as well as some
larger products similar to those that we observed in embryos injected with the NT template
(Figure 3.12b). These results are therefore consistent with successful HDR having been

achieved in embryos injected with either T or NT templates.
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Figure 3.11. Sequence of the alternative repair template designed to generate tcpl knock-in mutant
zebrafish. (a) Schematic diagram illustrating the initial process of DNA dissociation from Cas9 following double-
stranded cleavage (according to Richardson et al., 2016). The PAM distal portion of DNA on the non-target
strand is first to be released from the complex, thereby becoming available for recombination with a
complementary repair template (i.e. one that shares homology with the target strand). (b) Sequence of the
original (NT) repair template vs. the new (T) repair template sequence. For both templates, the single-nucleotide
substitution encoding the P73L mutation is highlighted in blue, the synonymous gRNA target site mutations are
highlighted in green, and the 25-nt homology arms are shown in blue (NT template) or pink (T template).
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Figure 3.12. Restriction fragment length analysis and PCR-based screening of zebrafish embryos
revealed evidence of successful HDR in embryos injected with tcpl gRNA, Cas9 and the T HDR template.
(a) Restriction fragments generated from Mspl- or Xhol-digested PCR products spanning the target region in
individual injected embryos or non-injected controls were separated on a 3% agarose gel. Open arrowheads
indicate expected band sizes for full-length PCR products and black arrowheads indicate expected sizes for
restriction fragments. (b) AS-PCR products generated from individual injected embryos and non-injected
controls were separated on a 3% agarose gel. Arrowheads indicate expected sizes for HDR-specific PCR
products. Marker: Hyperladder V (Bioline). NTC: no template control.
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3.3.8 Identification of founders transmitting the correctly repaired HDR allele

through the germline

Since we had detected evidence of successful HDR in embryos injected with the tcpl
gRNA and HDR templates, we then raised injected founders to adulthood and began
screening them for stable transmission of the correctly repaired HDR allele to F1 offspring.
Our initial screening approach (Figure 3.13) involved outcrossing each founder with a wild-
type fish, before performing Mspl restriction fragment length analysis on DNA extracts from
individual F1 offspring. We were specifically interested in whether we could detect 50%
loss of the restriction site, which would be consistent with heterozygosity for the HDR
allele. However, this method proved laborious and, having screened several founders
without identifying any F1 offspring with partial Mspl site loss, we decided to establish a

more efficient screening approach.

The first phase of our optimised screening method involved using our HDR AS-PCR
primers to amplify DNA from pools of up to 50 F1 embryos from individual founders (Figure
3.14). This enabled us to efficiently distinguish the vast majority of founders that were not
transmitting the HDR allele (i.e. where DNA from the F1 pool either did not amplify with
either AS-PCR primer pair, or only amplified with one of the pairs) from the few that might
be transmitting the HDR allele (i.e. where both AS-PCR primer pairs yielded products of
the expected size from the F1 pool), without the need to individually assay 50 F1 embryos

for every founder (Figure 3.15a,c).

For founders that produced a positive result at this stage, we then proceeded to a second
screening phase (Figure 3.14), in which we performed AS-PCR on individual F1 embryos
to identify specific embryos yielding products of the expected size with both primer pairs.
We then sequenced the entire target region in these embryos (Figure 3.15b). At this stage,
we observed germline transmission of the correctly repaired tcp1P”3- allele from Founder

A, which had been injected with the NT repair template and Founder B, which had been
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injected with the T repair template. In both cases, the transmission frequency of the mutant
allele to F1 offspring was approximately 14.5% (7/48 F1 heterozygotes). Of note, we also
identified some founders (e.g. Founders C and D) which, despite having given positive
results in the AS-PCR screen, were excluded following sequencing analysis, as they were
transmitting alleles that contained indels alongside some of the specific mutations in the

HDR template (Figure 3.15b,c).
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Figure 3.13. Schematic overview of the initial approach used to screen injected founders for germline
transmission of the tcp1F73- HDR allele. Injected founders are first outcrossed to AB zebrafish, then DNA is
extracted from ~50 individual F1 offspring for Mspl restriction fragment length analysis. The target region is then
sequenced for any F1 offspring showing 50% loss of the Mspl site (e.g. sample denoted by the asterisk in the
schematic gel electrophoresis results) to determine whether they carry the tcp1P73- allele.
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Figure 3.14. Schematic overview of the streamlined method used to screen injected founders for
germline transmission of the tcp1P”3- HDR allele. Injected founders are first outcrossed to AB zebrafish, then
DNA is extracted from pools of up to 50 F1 offspring for analysis by AS-PCR. If a positive result is detected in
this pool by AS-PCR, a second outcross is then performed so that individual F1 embryos can be screened. The
target region is then sequenced in any F1 embryos amplifying AS-PCR products of the expected sizes to
determine whether they are carrying the tcp1”73- allele.
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