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Abstract

Ataxia-Telangiectasia is a life-limiting, neurodegenerative  disorder,
phenotypically characterised by ataxia, infertility, increased sensitivity to ionising
radiation, and an increased incidence of cancers, particularly lymphomas. AT is
caused by recessively inherited loss of function mutations in the ATM gene, the
product of which primarily functions as a protein kinase that is activated in
response to DNA damage. Activated ATM initiates DNA repair, or directs the cell
towards apoptosis. While there are currently a number of rodent models that
exhibit many of the disease phenotypes, they are not suitable for high throughput
screening studies. Therefore, we propose a zebrafish model. Using
CRISPR/Cas9, zebrafish with a 5 bp deletion in exon 6 of the ATM gene have
been generated (ATMsM77). This results in a frameshift mutation, leading to a
predicted premature stop codon. ATMs’7 homozygous zebrafish are viable, and
have no obvious behavioural abnormalities at the larval, juvenile or adult stages.
Clutches of these ATMSM77/sh477 zeprafish have abnormal sex ratios with all
observed ATM null fish being male. These ATM®"77 males are also infertile, a
key phenotype shared with AT patients and rodent models. Investigations into
this infertility reveal that ATMsh477sh477 zeprafish have atypical testes that contain
primarily immature spermatogenic cells. Histological sections of the testes also
show them to be neoplastic, containing irregular growth of Sertoli cells (support
cells) and disorganisation of the seminiferous tubules. However, ATMsh77/sh477
zebrafish exhibit no increased sensitivity to ionising radiation or apparent

deficiency in their DNA damage response.
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Chapter 1

Introduction

1.1 Hereditary Cerebellar Ataxias

Cerebellar ataxia (CA) is a term used to describe loss of co-ordination,
uncontrolled and uncoordinated movements, gait instability, and jerky eye
movements, and it is the result of damage to the cerebellum and its connections.
Hereditary Cerebellar Ataxias (HCAs) are a group of clinically and genetically
diverse diseases where mutations in ~75 genes have been described as the
causative factor of cerebellar atrophy (table 1.1 or see appendix 1.1 for an

expanded version) (Jayadev and Bird, 2013).

HCAs are inherited as autosomal dominant, autosomal recessive, X-
linked, mitochondrial, episodic, and sporadic, and can be congenital. Reported
mutations include missense, nonsense, deletions and insertions, splice site
mutations, and repeat expansions. Genes with mutations that are known to cause
CA are summarised in table 1.1. While most ataxia genes are functionally
distinct, they operate in several shared pathways, principally DNA repair, ion
channels, oxidative stress, transcriptional regulation, and cellular trafficking (see
table 1.2 or see appendix 1.1 for an expanded version). The disruption of
these shared pathways tends to make diagnoses difficult, as mutations in

different genes can give rise to a similar phenotype.

The main pathophysiological hallmark of HCAs is the degeneration and
death of cerebellar Purkinje cells (PCs) and to some degree the granule layer.
Magnetic resonance imaging (MRI) demonstrates atrophy of the cerebellum,
sometimes even before the onset of neurological symptoms in some
Spinocerebellar Ataxias (SCAs) (Dohlinger et al., 2008, Schulz et al., 2010a).
Until recently, there was little epistemological foundation for the exact cause of
cell death in this heterogeneous group of diseases, and the mechanisms are only
now beginning to be decoded. It is reasonable to assume that the post mitotic

nature of cerebellar neurons makes them a vulnerable target for disease.



However, how genes that function in seemingly unrelated pathways all result in
HCA is puzzling, but it does appear that these pathways are remarkably selective

for the nervous system and in particular for PCs



Table 1.1 Genetic classification of Cerebellar Ataxias

Mutation Type

Intronic Repeats

Recessively Inherited
Ataxias with
Conventional Mutations

Genes

Ataxin-10

PP2A*
BEAN
NOP56
FXN

SETX
PIK3R5
PNKP
VLDLR
WDR81
CA8
ATP8A2
PMPCA
Unknown
TPP1
SYNE1
ADCK3
ANO10
SYT14
WWOX

Ataxia Disorders

SCA10
SCA12
SCA31
SCA36
Friedreich’s Ataxia

AOA2
AOA3
AOA4
CAMRQ1’
CAMRQ2
CAMRQ3
CMARQ4
SCAR2®
SCAR3
SCAR7
SCARS
SCAR9
SCAR10
SCAR11
SCAR12

SPTBN2
KIAA0226
STUB1
CWF19L1
GRID2
SLC9A1
SNX14
SCYL1
VWA3B
TDP2
UBAS5
ATM
MRE11A
SIL1
KIF1C
MARS2
MTPAP
AFG3L2
SACS

1Spinocerebellar Ataxia
2Dentatorubral-Pallidoluysian Atrophy

SCAR14

SCAR15

SCAR16

SCAR17

SCAR18

SCAR19

SCAR20

SCAR21

SCAR22

SCAR23

SCAR24
Ataxia-Telangiectasia
Ataxia-Telangiectasia-Like Disorder-1
Marinesco-Sjogren Syndrome
SPAX2

SPAX3

SPAX4

SPAX5

SPAX6

Tdil SCAN1

3Cerebellar Ataxia, Deafness, and Narcolepsy, Autosomal Dominant

“Episodic Ataxia
5Spastic Ataxia, Autosomal Dominant
5Ataxia-oculomotor Apraxia

7 Cerebellar Ataxia, Mental Retardation, and Disequilibrium Syndrome

* Neuronal specific subunit of the protein phosphatase


https://www.omim.org/entry/164400?search=SCA1&highlight=sca1
https://www.omim.org/entry/183090?search=sca2&highlight=sca2
https://www.omim.org/entry/109150?search=sca3&highlight=sca3
https://www.omim.org/entry/183086?search=Sca6%20&highlight=sca6
https://www.omim.org/entry/164500?search=SCA7&highlight=sca7
https://www.omim.org/entry/607136?search=Sca17&highlight=sca17
https://www.omim.org/entry/125370?search=DRPLA&highlight=drpla
https://www.omim.org/entry/603516?search=SCA10&highlight=sca10
https://www.omim.org/entry/604326?search=sca12&highlight=sca12
https://www.omim.org/entry/117210?search=sca31&highlight=sca31
https://www.omim.org/entry/614153?search=sca36&highlight=sca36
https://www.omim.org/entry/229300?search=autosomal%20recessive%20cerebellar%20ataxia&highlight=recessive%20cerebellum%20atactic%20autosome%20autosomal%20cerebellar%20ataxy%20ataxia%20ataxic
https://www.omim.org/entry/600224?search=SCA5&highlight=sca5
https://www.omim.org/entry/604432?search=sca11&highlight=sca11
https://www.omim.org/entry/605259?search=sca13&highlight=sca13
https://www.omim.org/entry/605361?search=sca14&highlight=sca14
https://www.omim.org/entry/606658?search=sca15&highlight=sca15
https://www.omim.org/entry/607458?search=sca18&highlight=sca18
https://www.omim.org/entry/607346?search=SCA19&highlight=sca19
https://www.omim.org/entry/607454?search=SCA21&highlight=sca21
https://www.omim.org/entry/610245?search=sca23&highlight=sca23
https://www.omim.org/entry/609306?search=sca26&highlight=sca26
https://www.omim.org/entry/609307?search=sca27&highlight=sca27
https://www.omim.org/entry/601515#0001
https://www.omim.org/entry/133190?search=sca34&highlight=sca34
https://www.omim.org/entry/613908?search=sca35&highlight=sca35
https://www.omim.org/entry/616053
https://www.omim.org/entry/616795?search=sca42&highlight=sca42
https://www.omim.org/entry/615768?search=scar16&highlight=scar16
https://www.omim.org/entry/616127?search=scar17&highlight=scar17
https://www.omim.org/entry/616204?search=scar18&highlight=scar18
https://www.omim.org/entry/616291?search=scar19&highlight=scar19
https://www.omim.org/entry/616354?search=scar20&highlight=scar20
https://www.omim.org/entry/616719?search=scar21&highlight=scar21
https://www.omim.org/entry/616948?search=SCAR22&highlight=scar22
https://www.omim.org/entry/616949?search=scar23&highlight=scar23
https://www.omim.org/entry/617133?search=scar24&highlight=scar24
https://www.omim.org/entry/208900?search=autosomal%20recessive%20cerebellar%20ataxia&highlight=recessive%20cerebellum%20atactic%20autosome%20autosomal%20cerebellar%20ataxy%20ataxia%20ataxic
https://www.omim.org/entry/604391?search=ataxia%20telangiectasia-like%20disorder&highlight=ataxy%20atactic%20like%20telangiectasia%20telangiectasialike%20ataxia%20ataxic%20disorder
https://www.omim.org/entry/248800?search=autosomal%20recessive%20cerebellar%20ataxia&highlight=recessive%20cerebellum%20atactic%20autosome%20autosomal%20cerebellar%20ataxy%20ataxia%20ataxic
https://www.omim.org/entry/611302?search=spax2&highlight=spax2
https://www.omim.org/entry/611390?search=SPAX3&highlight=spax3
https://www.omim.org/entry/613672?search=spax4&highlight=spax4
https://www.omim.org/entry/614487?search=spax5&highlight=spax5
https://www.omim.org/entry/270550?search=spax6&highlight=spax6
https://www.omim.org/entry/607250
https://www.omim.org/entry/608687?search=SCA20&highlight=sca20
https://www.omim.org/entry/613371?search=sca30&highlight=sca30

Table 1.2 Common Pathways of Neurodegeneration in HCAs

Pathway currently indicated by the literature Ataxia

Gene

Genomic Instability §$A1

AT-LD
SCA3
SCA7

Ataxin-1
ATM
MRE11A
Ataxin-3
Ataxin-7

Transcriptional/Translational Dysregulation ggﬁ%

SCA8
SCA10
SCAL7
SCA26
SCA28
SCA31
SCA36
DRPLA
AOA2
SCAR17
SPAX3
SPAX4

Ataxin-1
Ataxin-7
Ataxin-8
ATXN-10
TATA- binding protein
EEF2
AFG3L2
BEAN
NOP56
Atrophin-1
SETX
CWF19L1
MARS2
MTPAP

Primary Channelopathies * CAMRQ3
CAMRQ4

CA8
ATP8A2
KCNA1
CACNA1A
CACNB4
SLC1A3
CACNA1A
KCNC3
TPR1
KCND3
CACNA1G

Ataxias are listed in more than one pathway, as the literature suggests that there may be multiple
pathways responsible for cerebellar atrophy. *Conditions where there is a mutation in a gene that
directly plays a role in the proper functioning of ligand and ion gated channels. **Aggregation of
PolyQ proteins co-op components involved in proper functioning of ligand and ion gated channels

into their aggregates.



1.1.2 DNA Damage Repair Ataxias

DNA damage is a common theme in many HCA disorders. HCAs such as AT,
AT-LD, SCAS3, AOA1, AOA2, AOA4, SCAR17, SCAR22, and SCAR23 (see
appendix 1.1) are caused by mutations in DNA damage repair (DDR) genes.
Compromised DDR is thought to be at least partially responsible for pathogenesis
in these cases (Savitsky et al., 1995, Zhang et al., 1997, Banin et al., 1998,
Ledesma et al., 2009, Gomez-Herreros et al., 2014, Kawarai et al., 2016, Jilani
et al., 1999, Stewart et al., 1999). Previously, it was suspected that unrepaired
DNA damage may be a relevant factor in the progression of HCAs, but it was not
until the causative gene for AT was identified and characterised that a paradigm
shift occurred (Gatti et al., 1988, Savitsky et al., 1995). Since this discovery,
defective DDR has been implicated in a growing number of neurodegenerative

diseases (Jeppesen et al., 2011).

1.2 Ataxia Telangiectasia Overview

Ataxia Telangiectasia (AT) (OMIM#208900) is a life limiting, autosomal recessive
cerebellar ataxia. It is caused by homozygous or compound heterozygous loss of
function mutations in the Ataxia Telangiectasia mutated (ATM) gene (OMIM#
607585). Functional mutations in the gene result in a broad and variant
phenotype, of which the primary presentations (in addition to cerebellar ataxia)
include telangiectasias, infertility, immunodeficiency, and increased incidence of

cancer. These are outlined in figure 1.1.

The neurological effects are the first manifestation of the disease, with
patients generally presenting at approximately 3 years old with features of
progressive cerebellar ataxia, such as deficiency in the extrapyramidal system,
and oculomotor defects such as nystagmus and saccades (Boder and
Sedgewick, 1958). Patients later develop slurred speech and peripheral
neuropathy, and are commonly wheelchair bound by 10 years old. The
neurological symptoms are caused by the degeneration of PCs and progressive
atrophy of the cerebellum (Tavani et al., 2003, Shaikh et al.,, 2013).
Telangiectasias also occur in early childhood, and their appearance aids in the

differential diagnosis to distinguish AT from other HCAs before genetic testing


https://www.omim.org/entry/208900?search=ataxia%20telangiectasia&highlight=ataxia%20ataxy%20atactic%20ataxic%20telangiectasia
https://omim.org/entry/607585?search=ATM&highlight=atm

has occurred. AT tends to be fatal in approximately the third decade of life, when
patients predominantly succumb to chronic respiratory infections and
malignancies (van Os et al., 2017b, Micol et al., 2011b). However, the lifespan of
AT sufferers greatly depends on the level of clinical care and management of
symptoms (Crawford et al., 2006).

AT is considered a relatively rare disease, with its worldwide incidence
difficult to determine. It is estimated to have a prevalence of 1-1.6: 400,000 live
births in France and Norway but its incidence appears to be highly dependent on
founder effects, with the incidence in Manitoba Canada 20: 400,000 and
Hedmark, Norway estimated to be as high as 40: 400,000 (Anheim et al., 2010,
Campbell et al., 2003, Erichsen et al., 2009, Salman et al., 2013). It is estimated
that 2.8% of the USA population are pathogenic mutation carriers and the
incidence appears to be higher in ethnic populations from India and Iran, where

consanguinity is more widespread (Swift et al., 1986, Erichsen et al., 2009).



Ataxia (Purkinje Cell
degeneration)

Ocular Abnormalities

Telangiectasias
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Figure 1.1 Major symptoms associated with Ataxia Telangiectasia
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2013)
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(Mariani et al, 2017, Lewis and Crawford 7998,
Riise et al,, 2007)

(Gilad et al, 1998 Pagani et al, 2002, Saunders-
Pullman et al, 2012)

(Carney et al, 2012, Exley et al, 2011, Weiss et 3/,
2016, Reed et al, 19686)



1.2.1 Ataxia Telangiectasia Mutated (ATM) Gene and Protein

Ataxia Telangiectasia Mutated (ATM) is a member of the phosphatidylinositol 3-
kinase-related kinase (PIKK) family, which also includes ATR (Ataxia
Telangiectasia and Rad3 related) and DNA-PKcs (DNA-dependent Protein
Kinase, catalytic subunit) which all function in the DNA damage response (DDR).
In addition to these three PIKKs, humans have three others, mTOR (mammalian
Target of Rapamycin), SMG1 and TRRAP (Transformation/Transcription
Domain-Associated Protein), where mTOR functions in cell growth and
metabolism, SMG1 in regulation of nonsense mediated decay of mRNA, and
TRRAP in chromatin remodelling during transcription (Lovejoy and Cortez, 2009).
This family are a group of large, multifunctional, structurally related proteins that
share three domains; a kinase domain, which, is sandwiched between a FAT and
a FAT C-terminal (FATC) domain (Perry and Kleckner, 2003) (see fig 1.2). These
proteins are all considered master regulators of the cellular stress response as
well as regulators of cell growth and proliferation (Abraham, 1996, Yue et al.,
2020).

ATM is a 350 KDa serine/threonine protein kinase located on (Gatti et al.,
1988), and is considered an essential signal transducer in the DDR (Savitsky et
al., 1995, Sanal et al.,, 1990, Matsuda et al., 1996). ATM is a constitutively
expressed protein and has been found to localise to the nucleus, cytosol, and
mitochondria, which is consistent with known ATM substrates (Mu et al., 2007,
Matsuoka et al., 2007). ATM acts as a homeostatic master regulator and
functional component of many cellular and developmental processes, including,
but not limited to, oxidative stress, meiotic recombination, insulin signalling, cell
cycle control, telomere maintenance, and genomic stability. However, it is
principally regarded as an essential regulator of the DDR (Brown et al., 1997b,
Barlow et al., 2000, Watters et al., 1999, Oka and Takashima, 1998, Valentin-
Vega et al., 2012, Boehrs et al., 2007, Matsuoka et al., 2007, Shiloh and Ziv,
2013).



1.2.2 ATM Structure, Functional Domains and Activation in Response to
Double Stranded DNA damage

Catalytically inactive ATM exists as a dimer, and canonically in the DDR upon
activation, becomes a monomer (Bakkenist and Kastan, 2003). The dimerization
of the protein is autoinhibitory, as many ATM substrate binding sites are located
well within the peptide folds of the dimer (Lau et al., 2016). Like other members
of the PIKK family, ATM has three main C terminal domains; a kinase domain
sandwiched between a FAT and FATC domain. Along with the other PIKK family
members, ATM contains a repeated N terminal HEAT motif and uniquely, it
contains a far N terminal TAN domain (Perry and Kleckner, 2003, Seidel et al.,
2008) (figure 1.2 a).

The FAT and FATC domains are situated either side of the kinase domain
and they interact to ensure proper folding and inhibition of the kinase domain
(Bosotti et al., 2000) (figure 1.2). Additionally, serine 1981 found in the FAT
domain acts as a marker for monomeric active ATM and it is thought that
phosphorylation of this site prevents the protein returning to the dimeric inactive
conformation (Bakkenist and Kastan, 2003). The N terminal of the protein is
comprised mainly of HEAT (Huntingtin, elongation factor 3, A subunit of protein
phosphatase 2A and TOR1) repeats (Andrade and Bork, 1995), which constitute
over 50% of the protein (figure 1.2 a) (Perry and Kleckner, 2003). The extreme
N terminus of the ATM protein contains the TAN (Tell, ATM, N terminus) domain
that has been experimentally shown to function in telomere length maintenance
and DNA damage repair through chromatin association (Seidel et al., 2008). It
characteristically contains a highly conserved
(L/IVINXXX(R/IK)XX(E/D)RXXX(L/V/T) motif as shown in figure 1.2 a, and residues
2-40 are crucial for its telomere length maintenance function. Furthermore, the
N-terminus of the ATM protein is critical for its proper function as it contains two
NLSs (Nuclear Localisation Sequences), made up of clusters of basic amino
acids, 22RKK?5> and 3#KRKK?328 which are essential for importation of ATM into

the nucleus to the site of DNA damage (Young et al., 2005).

Within the closed dimer, the two ATM molecules interact through the FAT
domains. In the closed conformation, they inhibit each other when a FLAP motif

(FATC, Lst8-binding element (LBE) equivalent region, Activation loop, and the
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PRD) in the FAT domain of one molecule is pressed against and obscures the
active site of its own protein by a FLAP-BE (FLAP- Binding Element) of the
opposite ATM molecule (figure 1.2 b) (Imseng et al., 2018, Baretic¢ et al., 2017).
In the open conformation, the FLAP-BE rotates outward at a 24° angle, removing
the constraints on the PRD (PIKK regulatory domain) region of the opposite
molecule’s FLAP motif and allowing greater access to the active site (Bareti¢ et
al., 2017). Recently, it has been suggested that the ATM dimer is dynamic and
moves between a closed and an open conformation. The closed conformation is
catalytically inactive while the open conformation, although not considered truly
‘active’ ATM, has some kinase activity (Bareti¢ et al., 2017).

Several different pathways activating ATM have been described, and
these seem to be context dependent. Canonically, ATM is activated in response
to double strand DNA (dsDNA) damage (Myers and Cortez, 2006, Zhao et al.,
2020b, Sakasai et al., 2010, Canman et al., 1998, Banin et al., 1998, Brown et
al., 1997b). In this context, ATM in its inactive state exists as a dimer, and is
activated by autophosphorylation at S367, S1893, S1981 and S2996, and
dissociates into a monomer (So et al., 2010, Kozlov et al., 2003, Kozlov et al.,
2006, Du et al., 2014, Bareti¢ et al., 2017, Bakkenist and Kastan, 2003, Kozlov
et al., 2011). While there is some evidence to suggest that ATM is activated to a
small extent directly through DNA damage in a dose dependent manner, it is
largely activated through the DNA damage sensor MRN (Lee and Paull, 2004,
Lee and Paull, 2005, Wang et al., 2014, Dupré et al., 2006). MRN is a DNA-
binding-protein complex that consists of three proteins; Mrell, Rad 50, and
Nbsl. Holomorphic mutations in these genes cause the autosomal recessive
DNA damage repair disorders, Ataxia Telangiectasia- Like disorder, Nijmegen
breakage syndrome-like disorder, and Nijmegen breakage syndrome
respectively, which all share features with AT (figure 1.3) (see appendix 1.1)
(Paull and Lee, 2005, Stewart et al., 1999, Waltes et al., 2009, Saar et al., 1997).

Once activated in response to DNA damage, ATM-mediated signal
transduction results in one of two cell fates. The first is cell survival, where ATM
halts gene transcription/translation, arrests cell cycle, and activates other DNA
damage repair proteins. The ATM protein can also bind directly to the site of DNA

double strand breaks and attract DNA repair proteins to that site (see figure 1.4).
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The second fate is cell death, which occurs if the genomic instability is too great
to repair, whereby ATM then directs the cell towards apoptosis (Jang et al., 2010,
Kubota et al., 2014, Ma et al., 2013, Pizarro et al., 2009, Meng et al., 1999, Kim
etal., 2002, Yazdi et al., 2002, Yukawa et al., 2008, Oleson et al., 2014, Schweikl
et al., 2014, Brown et al., 1997a, Shanbhag et al., 2010). A condensed outline of
the DDR signalling pathway can be seen in figure 1.4.

While it is largely accepted that ATM activation in the context of dsDNA
breaks is through the MRN complex for optimum signalling in the DDR, there is
still controversy surrounding DNA damage activation of ATM as a whole. As
previously stated, dsDNA can activate ATM directly in a dose dependent manner,
independent of the MRN complex (Dupré et al., 2006, You et al., 2007). However,
it is possible that the conformational change that occurs in chromatin upon double
strand breaks may also activate ATM (Bakkenist and Kastan, 2003). Additionally,
it has been demonstrated that ATM activation can take place by its effector
proteins in the DDR pathway even in the absence of DNA lesions (Soutoglou and
Misteli, 2008). In reality, it is likely that there is redundancy in ATM activation and
that some combination of these processes occurs together in a complex feedback
loop that allows the DDR to be sustained for a number of hours (Andegeko et al.,
2001). Differing levels of DNA damage sparks the DDR to differing degrees
through many pathways to ensure an adequate but not overly zealous response,
that would no doubt be at a high energy cost to the cell. Multiple redundancies of
DDR activation is also supported by that fact that expression of kinase dead ATM
results in a more severe phenotype than ablation of ATM (Choi et al., 2010,
Yamamoto et al., 2012b, Daniel et al., 2012)
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Figure 1.2 Overview of the structure of dimeric closed conformation human ATM protein
and its functional domains. a) Representation of electron cryomicroscopy structure of closed
conformation of ATM submitted to RSCB Protein Data Bank (PDB) - 5SNPO (RCSB, 2017, Bareti¢
et al., 2017). ATM contains a kinase domain (pink) sandwiched between an N terminal FAT
(FRAP-ATM-TRRAP) domain (green) and a C-terminal FATC domain (grey). N terminal to the
FAT domain is HEAT (Huntingtin, Elongation factor 3, Alpha-regulatory subunit of protein
phosphatase 2A and TOR1) domain (blue). At the extreme N terminal is the TAN (Tell/ATM N-
terminal) domain (orange) which functions in telomere maintenance. These domains are thought
to regulate the kinase activity through protein-protein interactions and steric hindrance
(Lempiainen and Halazonetis, 2009). The first 60 residues of human and zebrafish ATM showing
part of the TAN domain and the highly conserved motif is presented in bold and underscored
(Seidel et al., 2008). b) ATM molecule 1 of the dimer is shown in spheres; ATM molecule 2 is
shown as ribbons. The FLAP-BE (black) of one ATM pushes the PRD region of the FLAP motif
(red) of the opposite molecule into its own active site (orange), therefore preventing the access
of substrates. Note, the remainder of the HEAT, FAT, Kinase, and FATC domains are shown in
blue, green, pink, and grey respectively, as in part a.
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Figure 1.3 Overlapping phenotypic traits of Ataxia Telangiectasia, Ataxia Telangiectasia-
Like, Nijmegen Breakage Syndrome, and Nijmegen Breakage Syndrome-Like disorders.
These disorders are associated by mutations in the ATM, Mrell, Nbsl and Rad50 genes
respectively (Hernandez et al., 1993, Delia et al., 2004, Fernet et al., 2005, Miyamoto et al., 2014,
Wegner et al., 1988, Saar et al., 1997, Seemanova et al., 1985, Barbi et al., 1991, Waltes et al.,

2009).

13



Halting of
transcription/transilation

&N BP0
Em U9

IRIF

14



Figure 1.4 Modified/Simplistic overview of the ATM signalling pathway in response to DNA damage. ATM is implicit in the regulation of over 1077
downstream effector proteins (Mu et al., 2007, Matsuoka et al., 2007); the above is an overview of the ATM signalling cascade using specific examples
to illustrate the three pronged approach to attenuate DNA damage. NB Direct phosphorylation targets of ATM are shown in yellow while ATM
mediated phosphorylation targets are shown in orange. Within seconds of dsDNA breaks, the ATM dimer is activated by the MRN complex,
monomerises and becomes autophosphorylated at S367, T1885, S1893 and Ser1981, and acetylated at L3016 (Bareti¢ et al., 2017). 1) The first prong
of the response is DNA Repair where monomeric ATM interacts with both the Mrel1 and Nbs1 subunits of the MRN complex, which bridges the two ends
of the damaged DNA. This interaction between ATM and the MRN complex anchors ATM directly to the site of the DNA break which in turn phosphorylates
the MRN complex, amplifying the DDR (Lee and Paull, 2004, Lee and Paull, 2005, Dupré et al., 2006). At the site of dsDNA breaks, ATM phosphorylates
the c-terminal tail of yH2AX. Phosphorylated yH2AX interacts with the Nbs1 subunit of the MRN to continuously activate ATM. Additionally, activated
YH2AX recruits MDC1 protein (mediator of DNA damage checkpoint protein 1) which activates and recruits additional ATM protein to the damaged site.
MDC1 has a reciprocal relationship with ATM, where it activates ATM and in turn ATM increases MDC1 oligomerization, snowballing DDR amplification.
Moreover, the MDC1 protein also co-recruits further ATM effectors such as RNF8, 53BP1 (p53-Binding Protein 1) and BRCAL (Breast and Ovarian Cancer
Susceptibility Protein 1) (Mochan et al., 2003, Stucki et al., 2005, Lou et al., 2006, Savic et al., 2009, Luo et al., 2011, Liu et al., 2012b, Jungmichel et al.,
2012, Yuan et al., 2010, Huen et al., 2007, Kolas et al., 2007, Mailand et al., 2007, Wang and Elledge, 2007, Stucki and Jackson, 2006, Wood et al.,
2007). The massive accumulation of proteins at the site of dsDNA breaks are termed ionizing radiation induced foci (IRIF). 2) The second prong of the
approach is to stop erroneous transcript expression from around the site of the damage, therefore ATM reforms the transcriptome by halting transcription
and translation. One pathway that is suggested for stopping gene transcription is the ubiquitination of Histone 2A (H2A) in an ATM dependent manner.
Ubiquitination of H2A prevents chromatin from relaxing and de-condensing to allow transcription. A second ATM pathway that has been described for
transcription inactivation is the dephosphorylation, and thus inactivation, of RNA polymerase Il (RNA Pol Il). To stop translation of mRNA transcripts that
may have already been produced from the site of DNA damage or perhaps transcripts promoting the continuation of the cell cycle, ATM has been shown
to upregulate the biogenesis and transcription of KSRP (KH-type splicing regulatory protein) dependent microRNAs. These microRNAs bind to mRNA in
the cytosol and prevent its translation (Wang et al., 2004, Shanbhag et al., 2010, Mdiller et al., 2001, Wan et al., 2013, Liu and Liu, 2011, Zhang et al.,
2011). 3) Finally, dependant on whether the cell can repair the DNA damage, the cell survives, or where it cannot overcome the DNA insults, it is removed
through apoptosis. ATM antagonistically mediates this. For the Cell Survival/Apoptosis axis, cytosolic ATM both directly and indirectly phosphorylates
the cell fate protein, p53 through CHK2. Again, this is another example of the redundancy seen in ATM signalling pathways. p53 then phosphorylates its
own effector proteins, some of which are also phosphorylated by ATM. Activation of this pathway stalls cell cycle progression and directs the cell towards
apoptosis. Conversely, ATM also liberates the transcription factor NF-kB from its inhibitor protein through the IKK complex (IkB kinase), allowing NF-kB
to translocate to the nucleus and activate anti-apoptotic genes (Siliciano et al., 1997, Canman et al., 1998, Banin et al., 1998, Rashi-Elkeles et al., 2011,
Rashi-Elkeles et al., 2006, Hadian and Krappmann, 2011, McCool and Miyamoto, 2012)

15



1.2.3 ATM Outside the DDR and its Role in Cellular Homeostasis

There is increasing evidence to suggest that the primary function of ATM is
maintaining cellular homeostasis in general, and that it functions in many cellular
processes in addition to its role in DDR. Over the past 10 years, there has been
a paradigm shift in the way in which ATM is thought to function outside the DDR.
Relatively recently it has been shown that ATM is activated differentially in the
cytosol in response to oxidative stress, and that it also has a peroxisome
localisation sequence in the C-terminal end of the FATC domain (Watters et al.,
1999, Zhang et al., 2013). Its activation in the context of oxidative stress is
independent of the monomerisation observed in response to DNA damage, and
instead employs the use of multiple intermolecular disulfide bonds to produce an
active dimer conformation, particularly between C2991 of each ATM molecule
(Lee etal., 2018, Guo et al., 2010b, Guo et al., 2010a). In response to ROS, ATM
IS not only activated in a different manner but also phosphorylates substrates in
separate pathways, particularly pathways upregulating autophagy (Guo et al.,
2010b, Kim et al., 2010, Guo et al., 2010a, Kozlov et al., 2016, Alexander et al.,
2010, Watters et al., 1999, Zhang et al., 2015a, Guo et al., 2020). The functions
of ATM in the DDR and in response to oxidative stress are separable, to the
extent that one functional pathway can remain uninterrupted even when crucial
residues for the other are mutated (Guo et al., 2010b, Lee et al., 2018).

Some consideration should be given to the possibility that the open
conformation dimer with some kinase activity, observed by Bareti¢ et al, 2017
(section 1.2.2), may be the same dislufide bond induced active dimer observed
by Guo et al, (2010a 2010b) in response to oxidative stress. It is possible that
under basal conditions the S-S bond between the two dimeric molecules exists
in a redox equilibrium, and then in the presence of ROS the bond becomes
oxidised to a stable S-S bond and the 24° rotation of the FLAP-BE remains the

activated form.

It appears that the activation of ATM through the oxidative stress pathway
functions in maintaining proteostasis by regulating autophagy (figure 1.5). In
cells expressing mutant ATM that could not be activated by ROS, or transduce
signals through that pathway, but which still maintained its role in the DDR,

researchers saw a 100-fold increase in global protein aggregation. Interestingly,
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the authors saw an increase specifically in the aggregation of CK2, a direct target
of ATM, and a mediator of ATM induced autophagy in response to oxidative
stress (see figure 1.5). Aggregation of CK2 is known to decrease its signalling,
which would suggest that the aggregation of proteins observed in cells unable to
mount an ATM dependant oxidative stress pathway is due to a failure to
adequately upregulate autophagy (Valero et al., 1995, Hubner et al., 2014, Lolli
et al., 2012, Niefind and Issinger, 2005). This protein aggregation was observed
to further increased in these mutant ATM cells when they were exposed to low
levels of ROS (Lee et al., 2018).

In response to oxidative stress and hypoxia, ATM has also been shown to
inhibitMTORC1 (MTOR complex 1) through the tumour suppressor protein TSC2
(Tuberous Sclerosis 2) resulting in an upregulation of autophagy (see figure 1.5)
(Budanov and Karin, 2008, Alexander et al., 2010, Sarbassov et al., 2005, Olcina
et al., 2013, Cam et al., 2010). A similar pathway has also been delineated for
the maintenance of proteostasis in response to reactive nitrogen species (RNS)
(Tripathi et al., 2013).

ATM has been specifically linked to pexophagy and mitophagy. In the N-
terminal FAT domain, ATM contains a peroxisome localisation sequence, which
sequesters ATM to the peroxisome membrane via the import receptor PEX5
(Watters et al., 1999, Zhang et al., 2013, Tripathi et al., 2016). ATM is also found
to localise to mitochondria and becomes rapidly phosphorylated in response to
mitochondrial dysfunction. Cells lacking functional ATM also have a decrease in
mitochondrial turnover (Valentin-Vega et al., 2012, Fang and Bohr, 2017, Fang
et al., 2016). It is thought that ATM might regulate mitophagy by being an apex
signal that regulates the well-studied PINK1/Parkin (PTEN-induced putative
kinase 1/Parkin) mitophagy pathway, although the exact mechanism of this has
yet to be decoded (Qi et al., 2016, Gu et al., 2018). ATM also functions in the
upregulation of antioxidant synthesis through the Pentose Phosphate Pathway,
and loss of residues required specifically for the oxidative stress response
correlates with decreased levels of the antioxidant glutathione (Zhang et al.,
2018, Cosentino et al., 2011).
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Outside of cellular stress, ATM functions in maintaining cellular
homeostasis by regulating insulin/glucose signalling both directly and indirectly.
Insulin and insulin-like growth factor-I (IGF-I) have both been shown to signal
through ATM, and in turn, ATM regulates the signalling of ILGF-I by upregulating
transcription of the ILGF-I receptor in response to ILGF-1 signalling (Yang and
Kastan, 2000, Ching et al., 2013, Peretz et al., 2001). Once activated by insulin
signalling, ATM initiates a signalling cascade where it phosphorylates PKB/Akt
(Protein Kinase B), which allows its translocation to the membrane, (Viniegra et
al., 2005, Halaby et al., 2008), where it regulates glucose entry to the cell by
activating GLUTA4.

The ability of a cell to adequately uptake glucose in response to insulin
signalling is a key mechanism of energy storage and organism survival. Glucose
transporter proteins mediate this movement of glucose across the cell
membrane, the most insulin dependent of which is GLUT4 (Karlsson et al., 2005,
Khayat et al., 2000). ATM functions in regulating both GLUT1 and GLUT4
independent of the PKB/Akt pathway. Through insulin signalling, ATM acts on
GLUT4 through the Rab GTPase, AS160, and sequesters it to the cell membrane
for glucose translocation (Jeong et al., 2010, Sano et al., 2003). ATM
phosphorylates GLUT1, increasing its association with the GTPase activator
GIPC1, allowing GLUT1 translocation to the extracellular side of the membrane
(Matsuoka et al., 2007, Andrisse et al., 2013). This pathway emphasises genetic
compensation that can happen after the loss of ATM, as despite there being a
decrease of GLUT1 on the cell membrane there is a compensatory upregulation
of GLUT1 translation (Andrisse et al., 2013, Ousset et al., 2010).
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Figure 1.5 ATM mediated redox induces autophagy through mTORCL1 during oxidative stress. The ATM dimer is activated through a conformational
change from the formation of a number of disulfide bonds, particularly of C2991 in the FATC domain. The autophosphorylation of ATM begins a signalling
cascade whereby ATM phosphorylates LKB1 (liver kinase B1 protein) which in turn phosphorylates AMPK (AMP-activated protein kinase). AMPK then
phosphorylates TSC2 in the TSC (Tuberous sclerosis complex). The TSC has GTPase activity and inactivates Rheb (Ras homolog enriched in brain) by
converting the bound GTP to GDP. mTORC requires active GTP bound Rheb for its activity, therefore the conversion of GTP bound Rheb to GDP bound
Rheb inactivates mTOR, which allows for the upregulation of autophagy. Again demonstrating the redundancy in the ATM signalling pathway, ATM
mediated activated AMPK also directly phosphorylates and activates ULK1 kinase complex. ULK1 directly upregulates autophagosome biogenesis, and
under times of cell growth is directly inhibited by mTORCL1 in a feedback mechanism. Conversely, in times of hypoxia, ATM also directly upregulates
autophagy in a similar pathway. Under low oxygen concentrations, cytosolic ATM has been shown to phosphorylate HIF-1a (hypoxia-inducible factor).
Phospho-HIF-1a is then able to bind to HIF-1[3, forming the HIF complex. This transcription factor complex translocates to the nucleus where it binds to
hypoxia-response elements (HRE) in the promoters of genes that are upregulated to protect the cell against hypoxia. One of these genes is regulated in
development and DDR 1 (REDD1). The REDD1 protein, once in the cytosol it is then able to activate the TSC complex and suppress mTORCL1 activity
as seen in the oxidative stress response (Olcina et al., 2013, Cam et al., 2010, Bencokova et al., 2009, Alexander et al., 2010, Dibble et al., 2012, Kim et
al., 2011, Di Nardo et al., 2014).
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1.2.4 ATM Genotype vs AT Phenotype

The severity of the clinical phenotype can vary significantly from classical AT to
a considerably milder phenotype (variant AT). It appears that variant AT is linked
to a subset of cases where the mutant ATM protein is present and has some
residual activity. Patients with less severe symptoms tend to have compound
heterozygous mutations with one allele being a null variant while the other tends
to be ‘leaky’ and to confer some protein functionality (Gilad et al., 1998, Ying and
Decoteau, 1981, Saviozzi et al., 2002, Hiel et al., 2006, Verhagen et al., 2009,
Verhagen et al., 2012a, Fievet et al., 2019). Genotype/phenotype correlations
can be problematic in AT for two reasons; first, there are no mutational hotspots
in ATM, therefore due to the size of the ATM gene, identifying novel pathogenic
mutations from non-pathogenic variants can be challenging (Mitui et al., 2003).
As splice site mutations in AT are common, both coding and noncoding regions
of ATM need to be considered. Second, many individuals affected by AT are
compound heterozygotes (Mitui et al., 2003, Mitui et al., 2005, Verhagen et al.,
2009, Verhagen et al., 2012b, Verhagen et al., 2012a). Therefore, it can be
difficult to determine the contribution of each allele to the overall clinical
phenotype (Gatti et al., 1999, Meyn, 1999). It is not known in what circumstances
ATM dimer exists in heterozygous patients without a null allele, and whether the
dimer is comprised of ATM proteins from just one or both alleles (Fievet et al.,
2019, Taylor et al., 2015). Finally, individuals with homozygous mutations tend to
be from consanguineous families (Shimazaki et al., 2020, Concannon and Gatti,
1997). Such patients will have extensive regions of homozygosity in their
genomes, which makes it challenging to rule out the influence of other recessively
inherited variants that may influence the phenotypic presentation (Balta et al.,
2019).

AT symptoms, and their severity, are dependent on residual levels of ATM
kinase activity (Barone et al., 2009, Verhagen et al., 2012a). ATM kinase activity
is measured in patient cells by measuring phosphorylation of downstream targets
of ATM (Mitui et al., 2005, Paucar et al., 2019, Cummins et al., 2013, Fievet et
al., 2019). While this does give an excellent indication of kinase activity, it is only
kinase activity for those specific targets, and does not indicate any alteration to

protein-protein interactions. For instance, missense mutations have been
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described which cause ATM to mislocalise in cells, and this is thought to be
sufficient to cause AT (Jacquemin et al., 2012, Fievet et al., 2019).

It is thought that the pleiotropic effects of AT can be mostly defined by a
perturbation of two main downstream pathways. Disruption to the DDR pathway
may lead to immunodeficiency, telangiectasia, and infertility, while metabolic
dysregulation may be attributed to the inability to control redox stress. It is not
clear from perturbation of which pathway results in ataxia as there is evidence for
deregulation of both the DDR and oxidative stress being causative. Malignancy
seems to be caused by an overlap of failure in both the DDR and oxidative stress
pathways. Evidence for these divergent pathways leading to different AT

phenotypes are presented in the following sections.

1.2.4.1 Immunodeficiency

AT is classed as a Primary Immunodeficiency Disorder that affects both cellular
and humoral immune function, and over 70-80% of AT patients suffer from severe
and often fatal infections as a result (Nowak-Wegrzyn et al., 2004, Buckley,
2004). In the absence of ATM, there is a failure to mount an adequate response
to pathogens, including insufficient antigen receptor combinations due to failure
in V(D)J (variability, diversity, and joining) recombination, low levels of circulating
immunoglobulins (Ig) due to failures in class switching recombination (CSR), and
low levels of circulating mature B and T cells, which is a result of incomplete
recombination events. Immunodeficiency amongst AT sufferers is variable, and
the degree of immunodeficiency suffered by the patients correlates strongly with
residual ATM activity, and primarily stems from the inability to repair specific DNA
double strand breaks (Bredemeyer et al., 2006b, Reina-San-Matrtin et al., 2004a,
Lumsden et al., 2004, Kracker and Durandy, 2011, Pan-Hammarstrom et al.,
2003, Pan et al., 2002, Staples et al., 2008, Stray-Pedersen et al., 2005, Noordzij
et al., 2009, Verhagen et al., 2012a).

Somatic recombination events in the immune system allow a highly varied
antibody reaction in response to pathogens. V(D)J recombination takes place in
developing B cells and it allows the humoral immune system to create antigen

specific recognition sequences to several antigens from the same pathogen. This
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diversity in antigen recognition sequences is complemented by CSR, which
allows these variable regions to be paired in a number of ways with ‘effector’
constant regions of the antibody, e.g. IgM, 1gG, IgE, IgD, and IgA (Roth, 2014, de
Villartay, 2002, Kracker and Durandy, 2011). These recombination events are
highly specific and ATM directly mediates repair of these DNA breaks during both
V(D)J and CSR (Perkins et al., 2002, Dujka et al., 2010, Bredemeyer et al.,
2006b, Noordzij et al., 2009, Reina-San-Matrtin et al., 2004b, Amirifar et al., 2020,
Meek et al., 2016, Hewitt et al., 2009).

The inability of the adaptive immune system to adequately complete V(D)J
recombination leaves AT sufferers with a depleted antibody repertoire, and
therefore the inability of the immune system to recognise multiple antigens from
the same pathogen. Failure in CSR leads AT patients to have lower overall
circulating serum immunoglobulin levels. In a study of 100 AT patients, 65% had
a decrease in serum IgG4, 48% had a decrease in IgG2, 63% had a decrease in
IgA, and 23% had a decrease in IgE (Nowak-Wegrzyn et al., 2004). As IgM is the
‘default’ immunoglobulin class from which the others are ‘switched’, AT can lead
to a serum increase of IgM, often leading to a misdiagnosis of hyper-igM
syndrome (Noordzij et al., 2009). The degree to which immunoglobulins are
reduced in patient shows a relationship to residual kinase activity, where variant
AT may have inconsistent levels of immunoglobulins but no observed primary
immunodeficiency. Classical AT patients generally have very low levels of
immunoglobulins, to the point where some individuals may have

hypoimmunoglobulinemia (Nowak-Wegrzyn et al., 2004, Fievet et al., 2019).

AT patients also present with excessive translocations and inversions of
chromosome 7 and 14 in lymphocytes (Oxford et al., 1975, McCaw et al., 1975,
Aurias et al., 1980, Aurias et al., 1986). These are also found in the general
population, but at a rate of 1:2000 per lymphocytes surveyed, while in AT patients
they are found a rate of 1:60 (Kojis et al., 1989, Kojis et al.,, 1991). These
chromosome breaks are not random and map to sites of genes of the
immunoglobulin heavy chain and T cell receptor genes (Kirsch et al., 1982, Aurias
and Dutrillaux, 1986, Huang et al., 2007, Bredemeyer et al., 2006b). This
suggests that these translocations are a result of unrepaired intermediate ds

breaks from somatic recombination events. These cytogenic abnormalities are
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pathogenic to AT sufferers, as not only do they inhibit the required immune
response to infections, they are also associated with increased incidence of AT
associated leukaemia and lymphomas. This will be discussed in more detail

below in section 1.2.4.2 Malignhancies.

This inability of the AT immune system to form antibodies results in
decreased B cell and T cell serum levels. However, the degree to which they are
reduced varies from classical AT to variant AT, and very low levels of B cells in
classical AT correlate with a decrease in circulating immunoglobulins, signifying
that aberrant VV(D)J recombination blocks B cell maturation. Classical AT patients
also show an increase in naive B cell production as a compensatory mechanism.
This compensatory mechanism, as well as IgA deficiency, is likely to underlie the
burden of lymphoma in AT patients. It also demonstrates the overlap between
immunodeficiency and malignant pathology in AT (Driessen et al., 2013, Suarez
et al., 2015). AT variant patients also show an increase in this compensatory

mechanism but to a far lesser extent (Driessen et al., 2013).

The decrease in serum T cells in AT patients is likely to be associated with
chromosome 7 and 14 translations at the sites of T cell receptor genes (Driessen
et al., 2013, Kirsch et al., 1982, Aurias and Dutrillaux, 1986, Aurias et al., 1986,
Kojis et al., 1991). Additionally, abnormalities in the thymus, the site of T cell
production, are also observed in AT, but these are thought to be linked to
dysregulation of the oxidative stress response and an increase in apoptosis,
rather than a deficiency in the DDR (Peterson et al., 1964, Schubert et al., 2002,
Giovannetti et al., 2002, Bagley et al., 2007, Gatti and Vinters, 1985).

Deficits in the ability of the immune system to induce the required immune
response leaves AT patients open to recurrent and severe infections, particularly
respiratory infections. These infections make up a significant portion of the
morbidity of AT, with up to 50% of AT patients dying during adolescence from
respiratory failure (Bott et al., 2007, Crawford et al., 2006, Pagano et al., 1998).
Mitigating infections in AT patients is clinically difficult. The inability of some AT
patients to mount an antibody response makes vaccination a low yielding avenue
of treatment. Prophylactic vaccination may be a viable approach to attenuate

infection and boost circulating immunoglobulin levels in variant AT patients.
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However, this is far less efficacious for classical AT patients with very low levels
of  circulating immunoglobulin, particularly  in individuals  with
hypoimmunoglobulinemia (Warren et al., 2019, Stray-Pedersen et al., 2005,
Sanal et al.,, 1999). Therefore, the current best practice for the treatment of
immunodeficiency in AT patients is immunoglobulin replacement therapy and
management of individual infections. Additionally, viral infections exhibit a unique
challenge for a DDR deficient immune system because the cellular defence
mechanism to cytosolic nucleic acid may be ATM dependent (Dunphy et al.,
2018, Hartlova et al., 2015). Oncogenic viruses pose a particular threat to AT
patients, as they can not only cause a primary infection, but can also result in
related malignancies (Kulinski et al., 2012, Okano et al., 1993, Rubinstein et al.,
2020, Dunphy et al., 2018).

1.2.4.2 Malignancies

AT patients have a significant predisposition to malignancies, and the incidence
of malignancies in AT patients is estimated to be as high as 33%. These
malignancies tend to be leukaemias, lymphomas and carcinomas (Morrell et al.,
1990, Suarez et al., 2015, Reiman et al., 2011, Peterson et al., 1964, Taylor et
al., 1996). Malignancies in young and early adult AT patients tend to present as
leukaemia and lymphomas which are the result of failure in V(D)J recombination,
causing translocations involving chromosomes 7 and 14 in lymphocytes (Taylor
et al., 1996, Bredemeyer et al., 2006b, Huang et al., 2007, Vacchio et al., 2007,
Hewitt et al., 2009) (see section 1.2.4.1 Immunodeficiency). Childhood
leukaemias within the general population tend to be pre-B cell and B cell-
precursor Acute lymphoblastic leukaemia (ALL), which are formed by cells that
have not yet completed V(D)J recombination (Greaves and Wiemels, 2003),
whereas AT patients do not show any increase in these type of leukaemias, but
do show an increase in B-cell tumours where the cell should have completed
V(D)J recombination (Taylor et al., 1996, Gumy-Pause et al., 2004). Lymphoid
leukaemias are the main cause of death in patients with homozygous loss of
function mutations (Reiman et al., 2011, Suarez et al., 2015, Taylor et al., 1996,
Micol et al., 2011a).
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Early childhood lymphomas and leukaemias in AT are causally linked to a
deficiency in the DDR and the inability to maintain genome integrity, and these
types of malignancies affect classical AT patients to a far greater extent than they
do variant AT patients (Reiman et al., 2011). Complete loss of function mutations
are strongly associated with increased cancer risk and increased morbidity (Micol
et al., 2011a). Note that this pattern of variation is similar to that observed in
immunodeficiency in variant AT patients (see 1.2.4.1). Itis also closely correlated
with residual kinase activity, and if variant AT patients do develop
leukaemia/lymphoma, it tends to be in adulthood as opposed to early childhood
(Reiman et al., 2011). Interestingly, patients with severe IgA deficiency have a
higher risk of cancer (Suarez et al., 2015). Although a properly functioning
immune system is protective in clearing malignant cells, this correlation is most
likely due to a severe attenuation of CSR in these cells (where the IgA locus is
last to be cleaved during recombination) and increased genome instability.

AT patients also have an increased risk of carcinomas in late
childhood/adulthood, particularly breast, liver and gastrointestinal carcinomas
(Micol et al., 2011a). By age 50, AT patients have a 45% risk of developing breast
cancer, which is significantly higher than similarly aged patients carrying
heterozygous or holomorphic mutations in the DDR genes BRCAL1 or BRAC2,
which carry a breast cancer risk of 30% and 20% respectively (Antoniou et al.,
2008, Reiman et al., 2011). Whether defects in the DDR or unresolved oxidative
stress is causative in later onset malignancies in AT is open to debate, and will
likely vary from patient to patient due to genetic predisposition and environmental

factors.

It should also be noted that dysfunction of ATM has also been shown to
play a role in the formation of solid tumours in the general population. De novo
somatic mutations in ATM, low ATM expression caused by hypermethylation of
the ATM promoter, and specific SNPs in the ATM gene have all been shown to
be causative factors (Choi et al., 2016, Kim et al., 2014a, Kim et al., 2013, Kim et
al., 2014b, Suh et al., 2016, Begam et al., 2017, Bolt et al., 2005, Mehdipour et
al., 2015, Safar et al., 2005, Vo et al., 2004, Stracker et al., 2013, Weber and
Ryan, 2015, Tao et al., 2020).
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1.2.4.3 Telangiectasias and Vascular Abnormalities

Telangiectasias, or spider veins, are dilated and broken blood vessels that
present as threadlike patterns (see figure 1.6). The cause of telangiectasias in
AT remains unclear. In AT patients, onset of telangiectasia occurs around 8 years
of age and tends to present on the cheeks, ears, legs, arms, trunk, and
particularly the bulbar conjunctiva in the eyes. One study estimates that
telangiectasias occur in 97% of classical AT cases and therefore they aid in the
differential diagnosis of the disease (Greenberger et al., 2013). However, it
should be noted that not all patients with a mutation in the ATM gene present with
this symptom, and this can often result in a diagnostic delay (Cabana et al., 1998,
Navratil et al., 2015). These exterior telangiectasias associated with AT appear
to be mainly cosmetic, since they are non-progressive and do not usually cause
itching or pain to the sufferer. It does appear that the degree to which patients
have telangiectasias correlates with the residual kinase activity of the mutant
ATM protein. In one study, 100% of patients with no expression of the ATM
protein exhibited external telangiectasias, and this decreased to 54% of patients

with some residual kinase activity (Schoenaker et al., 2018).

Although there do not seem to be any pathological concerns from these
external telangiectasias, there are many reports in which internal telangiectasias
and vascular abnormalities have severe consequences for the patient. Several
case studies have been reported where AT patients have bladder telangiectasias
(see figure 1.6c), which result in significant life threatening haematuria in the
individual. In addition to telangiectasias, there are several reported cases of
haemorrhagic cysts in the bladder (Micol et al., 2011b, van Os et al., 2017b,
Kaymaz et al., 2009, Christmann et al., 2009, Cohen et al., 2008, Aygun et al.,
2015, Suzuki et al., 2008).

How loss of ATM function causes telangiectasias, and telangiectasia
formation in general, is not well understood, but it is thought to be correlated with
ageing; another symptom associated with the AT phenotype. ATM has been
implicated in angiogenesis through the oxidative stress pathway (Yun et al., 2009,
Okuno et al., 2012).
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Figure 1.6 Telangiectasias in AT patients a. on the surface of the skin (Fernandez, 2019) and
b. eyes (Rothblum-Oviatt et al., 2016) https://creativecommons.org/publicdomain/zero/1.0/ and c.

telangiectasias in the bladder leading to severe haematuria (Suzuki et al., 2008).

1.2.4.4 Metabolic Dysregulation

Elevated levels of AFP (alpha-fetoprotein) is a characteristic finding in AT patients
of all ages and often serves as an important biomarker for AT (Waldmann and
Mcintire, 1972). Normally, AFP is produced at high levels by the fetal liver, and
expression steadily decreases over the first few years of life to low ‘adult’ levels
at around 2 years old (Bergstrand and Czar, 1956). However, in AT patients AFP
levels tend to increase with age (Waldmann and Mclntire, 1972, Stray-Pedersen
et al., 2007). Concerning genotype/phenotype correlation, all cases of AT appear
to have elevated AFP regardless of whether they present as classical or variant
AT (Mitui et al., 2005). It is the only symptom of AT that does not correlate to
residual kinase activity, and it is not clear yet if the elevated levels of AFP are
pathogenic or only serve as a marker for some other pathogeneses, as the
mechanism for its elevation is not yet understood. However, the elevation of AFP
levels in AT has tentatively been linked to the loss of regulation of an ATM target,
the transcription regulatory factor ZFHX3/ATBF1 (Zinc Finger Homeobox 3/ (AT-
motif binding factor 1) (Kim et al., 2010, Matsuoka et al., 2007). ZFHX3/ATBF1
binds to A-T rich sequences of the AFP gene and inhibits its transcription in
conjunction with p53 (Morinaga et al., 1991, Yasuda et al., 1994, Wilkinson et al.,
2008). Therefore, loss of ATM signalling is associated with loss of downstream
ZFHX3/ATBF1 and p53 signalling, and subsequent aberrant expression of AFP
(Kim et al., 2010).
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Interestingly, two other autosomal recessive ataxias exhibit elevated AFP
levels; AOA2 and AOAS3 (Ataxia-Oculomotor Apraxia) (see appendix 1.1). This
suggests at least two shared deregulated pathways between these three ASRAS;
Purkinje cell death and chronic hepatic dysfunction (Anheim et al., 2009, Le Ber
et al., 2004, Al Tassan et al., 2012). AOA2 patients have a loss of function
mutation in the SETX gene; although not much is known about the SETX protein,
it is thought to function in repairing transcription related DNA double strand
breaks and possibly prevent R loop formation (Cohen et al., 2018, Suraweera et
al., 2009, Zhao et al., 2016, Grunseich et al., 2018). This suggests that the
elevated levels of AFP in both diseases may be a result of impaired DNA damage
repair in the hepatic tissue, and more specifically, the inability to resolve R loop
formation (Marabitti et al., 2019, Sordet et al., 2009, Sordet et al., 2010,
Vermeulen and Tresini, 2017).

Due to more advanced care and as management of AT symptoms has
improved, patients are living longer than previously, and this leads to an increase
of age related liver pathology in AT. Older AT patients have been shown to suffer
from hepatic stenosis along with fibrosis and cirrhosis, as well as elevated levels
of other liver enzymes such as GGT (gamma-glutamyl-transferase), AST
(aspartate aminotransferase), and ALT (alanine aminotransferase) (Paulino et
al., 2017, Pillsbury et al., 1985, Caballero et al., 2014, Weiss et al., 2016). In a
longitudinal study of AT patients, it seems that severe liver involvement begins
around puberty, is progressive, and affects 92% of patients who survive into their
30s (Donath et al., 2019). It has been proposed that these abnormalities seen in
the liver are due to the inability to activate the oxidative stress pathway of ATM
rather than the DNA damage pathway (Daugherity et al., 2012, Donath et al.,
2019).

As AT progresses into adolescence and adulthood, patients begin to
exhibit metabolic syndrome, insulin resistance, and type 2 diabetes (Paulino et
al., 2015, Yang et al., 2011b, Schalch et al., 1970, Connelly et al., 2016,
Schneider et al., 2006), and it has been experimentally shown in mice that
activation of ATM is protective against metabolic syndrome (Schneider et al.,
2006). Mechanistically, ATM is thought to phosphorylate 4EBP-1 (elF-4E-binding

protein 1) in an insulin dependent manner. This then liberates elF-4E (Eukaryotic
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Initiation Factor 4E) from 4EBP-1, and allows elF-4E dependent transcription
(Yang and Kastan, 2000). A similar elF-4E pathway has been implicated in
cellular growth (Flynn and Proud, 1996) as well as ATM dependent activation of
the IGF-IR (insulin-like growth factor-I receptor) (Peretz et al., 2001, Bar et al.,
1978). Additionally, disruption of mMTORCL1 signalling has been implicated in
insulin resistance diabetes. mMTORC1 is negatively regulated by ATM in the
context of the DDR and oxidative stress (Sarbassov et al., 2005, Alexander et al.,
2010, Budanov and Karin, 2008). Disruption of these pathways is likely to
contribute to insulin resistance, and therefore to the raised insulin levels
observed. Additionally, aberrant insulin signalling may cause the short stature

and growth retardation seen in AT sufferers.

1.2.4.5 Neurodegeneration
a. Clinical Presentation of Neurodegeneration in AT

Neurological symptoms are usually the first signs of AT and tend to present in
infants. Children that suffer with AT tend to initially match normal developmental
milestones but then either their gait starts to regress or they do not develop
beyond a wobbly toddler gait. Around mid-childhood, an AT gait is progressively
ataxic, along with the onset of oculomotor apraxia, nystagmus and saccades.
Concurrently, there is an onset of dysarthria, as well as a progressive decrease
in fine motor skills along with symptoms associated with deficiencies in the
extrapyramidal system, such as chorea, athetosis, dystonia and myoclonic jerks.
Patients’ intentional movements may be hypokinetic or bradykinetic, and
development of facial hypomimea is common. AT patients are generally confined
to a wheelchair at approximately 10 years of age, and at around 15 years of age,
patients can often enter a plateau stage where the neurological symptoms are
severe but no longer progressive (Boder and Sedgwick, 1958, Crawford, 1998,
Hoche et al., 2012, Shaikh et al., 2013, Pearson, 2016, Kwast and Ignatowicz,
1990, Rothblum-Oviatt et al., 2016, Lewis and Crawford, 1998, Shaikh et al.,
2009).

Neurological symptoms in AT are caused by degeneration of PCs and
progressive atrophy of the cerebellum (Tavani et al., 2003, Shaikh et al., 2013).
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Figure 1.7 shows MRI scans from three different AT patients aged 5, 13 and 39
years. As can be seen, the cerebellum of the 5 year old is largely intact, with the
Purkinje dendritic arbors filling the cerebellar space. However, the 13 year old
displays a substantial lessening of dendritic arbors, atrophy of the vermis, and
cerebrospinal fluid (white) has infiltrated the molecular layer. In the 39 year old,
near total atrophy of the cerebellum can be observed, with major degeneration of
PC structure and again extensive intrusion of cerebrospinal fluid (Tavani et al.,
2003). It has also been reported that there is an overall increase in microglial
activation, suggesting the involvement of neuroinflammation (Verhagen et al.,
2012b).

5 Year Old 13 Year Old 39 Year Old

Figure 1.7 Coronal T2-weighted image of cerebellar atrophy in AT patients. White arrows
indicate the cerebellar structure. Panels from left to right: 5 year old, 13 year old, 39 year old.
Cerebellar atrophy with degeneration of PC dendrites and infiltration of cerebrospinal fluid can be
observed in 13 & 39 year olds. Images adapted from (Tavani et al., 2003) and reproduced with
permissions from SpringerNature.

The cause of the neurodegeneration observed in AT patients is not well
understood, and the exact pathological mechanism responsible is hotly debated.
Several potential mechanisms are summarised in table 1.4 and discussed below.
While the neurological symptoms are not a primary life-limiting aspect of AT, they
remain the biggest barrier to quality to life for AT patients and contribute to
morbidity by increasing food and saliva aspirations that lead to fatal respiratory

infections. Therefore, the understanding of the pathological mechanism behind
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this feature and the ability to reduce and mitigate its severity is an important

aspect of AT clinical care.

b. DNA Damage Repair Deficiencies
Although the DDR plays an integral role in the development of the nervous
system (Barzilai et al., 2008, Herzog et al., 1998, Lee et al., 2001), AT is
degenerative, not developmental, and therefore, the reason that PCs in particular
are vulnerable to the effects of DNA damage is not understood. An accumulated
DNA damage model was first proposed to be a pathogenic mechanism in
neurodegeneration as far back as 1978, and is still accepted today (Andrews et
al., 1978). This model proposes that while endogenous neuronal DNA damage
occurs in normal individuals, it is constantly being repaired, resulting in an
equilibrium of low level damage and subsequent repair which the cells are able
to tolerate and allows them to function efficiently. However, in patients with a DNA
damage repair deficiency, the non-repaired DNA damage accumulates over time
until it reaches a threshold that neuronal cells can no longer tolerate, and they
die as a result of abortive transcription (figure 1.8). In the case of AT, this
threshold may take years to be reached and may offer an explanation as to why
mouse models of AT do not exhibit a strong neuronal phenotype, as their lifespan

may not allow for this accumulation.
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Figure 1.8 The accumulated DNA damage model of neurodegeneration. In normal individuals
neuronal cells existed in a low level equilibrium of DNA damage and repair. In patients with a
DNA damage repair deficiency, over time the unrepaired DNA damage reaches a threshold level
whereby neuronal cell death occurs due to abortive transcription. Reproduced with permissions
from (Brooks et al., 2008).
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Abortive transcription due to excessive DNA lesions has been specifically
implicated in AT. ATM is now known to play a role in repairing double and single
strand breaks due to replication fork stalling and transcriptional unwinding,
particularly in resolving Toplcc and R loops (Sordet et al., 2009, Sordet et al.,
2010, Das et al., 2009, Alagoz et al., 2013, Katyal et al., 2014, Marabitti et al.,
2019, Vermeulen and Tresini, 2017). TOP1cc are formed during DNA replication
when Topoisomerase 1 (TOP1) binds to DNA and creates a single strand break
to allow access of the replication machinery. The composite of TOP1 bound to
DNA creates a Topoisomerase cleavage complex (TOPcc) which is generally
transient and resolved by the hydrolysis of the shared 3’ phosphodiester bond by
TDP1 allowing re-ligation of the DNA backbone (Koster et al., 2005, Humbert et
al., 2009, Pouliot et al., 1999, Interthal et al., 2001, Takashima et al., 2002).
TOP1ccs have been shown to activate ATM in both the presence and absence
of TDP1, and ATM deficient cells show a decrease in their ability to resolve these
DNA protein linked breaks, as ATM directly phosphorylates TDP1 (Alagoz et al.,
2013, Katyal et al., 2014, Das et al., 2009, Humbert et al., 2009, Sordet et al.,
2009, Sordet et al., 2010, Lin et al., 2008). Toplccs have also been observed in
ATM-null neuronal cells and animal models (Katyal et al., 2014, Alagoz et al.,
2013). Additionally, abortive transcription has also been implicated in two other
recessively inherited ataxias, SCAN1 and AOA2, caused by mutations in TDP1
and SETX genes respectively (see table 1.2 and appendix 1.1). While ATM has
roles outside of DNA repair, the fact that all three genes function in replication
stress-related DNA repair suggests that this may be a shared disease
mechanism. However, a caveat to note is that PCs are quiescent and exist in a
Go state, so it is difficult to determine how replication stress would arise; however,
TDPL1 is highly expressed in PCs (Gorodetsky et al., 2007, Brooks et al., 2008).

There is also evidence to suggest that, in common with immune cells,
neuronal cells also undergo somatic recombination events to maintain neuronal
cell diversity (lourov et al., 2009a, lourov et al., 2009b, Gao et al., 1998, Wu and
Maniatis, 1999). Given the absolute imperative that ATM must be functional for
proper recombination events to occur in both the immune and reproductive
systems (see section 1.2.4.1 Immunodeficiency and 1.2.4.6 Infertility), it
would be reasonable to expect that any recombination events that occur in
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neuronal cells in the absence of ATM would also be detrimental. Together with
endogenous DNA damage, these unrepaired recombination events could lead to
disproportionate genomic instability and possible aneuploidy in the AT CNS
(lourov et al., 2009b).

In addition to DNA damage resulting directly in cellular failure, it has been
proposed that this excessive unrepaired DNA damage in the CNS causes an
immune response similar to that of a severe viral infection, and during the immune
response, the affected PCs are cleared (Quek et al., 2016, Quek et al., 2017b,
Hartlova et al., 2015). It has been reported that as a result of the loss of ATM,
damaged DNA can become cytosolic and activate NFkB and the Type | Interferon
System via the STING (stimulator of interferon genes) pathway (Hartlova et al.,
2015, Dunphy et al., 2018, Zhang et al., 2019). Concurrently, some vertebrate
models of AT also exhibit evidence of cytosolic DNA and a neuroinflammatory
phenotype (Quek et al., 2016, Quek et al., 2017a, Quek et al., 2017b), while

neuroinflammation is also often observed in AT patients (Verhagen et al., 2012b).

The neurodegeneration observed in DNA damage repair disorders, such
as Aicardi-Goutiéres syndrome and cerebellar ataxias including AOA1, SCAR1
and SCAN1, and Ataxia Telangiectasia-Like disorder, Nijmegen breakage
syndrome-like disorder, and Nijmegen breakage syndrome, strongly suggests
that DNA damage contributes to AT. Interestingly, the relevant mutated genes in
the latter three disorders MRE11, Rad50, and Nbsl, respectively, all function
together as ‘sensors’ of DNA damage directly upstream of ATM in the MRN
complex (appendix 1.1, section 1.2.2 and figure 1.3 and 1.4). However, the
neurodegeneration in patients suffering from Nijmegen breakage syndrome-like
disorder and Nijmegen breakage syndrome tends to be microcephaly and not
ataxia, which would suggest a developmental rather than degenerative
phenotype (Waltes et al., 2009, Ragamin et al., 2020). Additionally, the ataxia
observed in Ataxia Telangiectasia-Like disorder has much later onset, slower
progression and is less severe (Taylor et al., 2004, Palmeri et al., 2013, Fiévet et
al., 2019). So while the MRN complex is the master ‘sensor’ of DNA damage, and
although it does activate ATM, it also activates many other DNA damage repair
proteins, while also being active at the site of DNA damage repair (see section
1.2.2 and figure 1.4).
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c. Oxidative Stress and Mitochondrial Dysfunction
Evidence for redox stress and mitochondrial dysfunction being the causative
mechanisms for neurodegeneration in AT is mounting. These mechanisms have
also been implicated in many age-related neurodegenerative diseases, such as
Alzheimer's and Parkinson's disease (Lin and Beal, 2006, Halliwell, 2006, Ryter
et al., 2007). While the oxidative stress burden of ATM null cells will add to DNA
damage experienced by these cells (Tanaka et al., 2006a), oxidative stress is
likely pathogenic on its own, as treatment of ATM null models with antioxidants
has been shown to lessen the severity of the neurological phenotypes observed
(Browne et al., 2004, Reliene et al., 2008, Chen et al., 2003b, Gueven et al.,
2006). The ATM R3047X mutation causes loss of only the last 10 amino acid
residues of the ATM protein that are required for oxidative stress activation (see
section 1.2.3). The ATM protein carrying this mutation can appropriately activate
the ATM DDR pathway, but not the oxidative stress pathway (Guo et al., 2010Db,
Guo et al., 2010a). Furthermore, patients with this mutation are considered AT
variants, since they exhibit neurodegeneration but not immunodeficiency, and
only small amounts of radiosensitivity (Chessa et al., 1992, Gilad et al., 1998,
Toyoshima et al., 1998, Guo et al., 2010b, Guo et al., 2010a). This pattern is
consistent with other cases of variant AT, where although some patients may
have a less severe or later onset of neurological symptoms, they show no great
susceptibility to the other features of AT caused by deficiency in the DDR, such
as infertility and immunodeficiency (Reiman et al., 2011, Verhagen et al., 2009,
Verhagen et al., 2012b, Verhagen et al., 2012a). Pathological mechanisms of

increased oxidative stress in the context of AT are outlined below.

i Protein Aggregation

As previously described in section 1.2.3, un-attenuated oxidative stress in ATM-
null cells causes defective protein turnover and aggregation (Guo et al., 2010Db,
Guo et al., 2010a, Lee et al., 2018), and it appears that ATM deficient cells under
increased oxidative stress, decrease their protein production (Wood et al., 2011,
Poletto et al., 2017), possibly as a means of tempering this aggregation. Protein
aggregation is thought to be a major contributing factor in many

neurodegenerative disease, such as Alzheimer’s Disease, Parkinson’s Disease,
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Huntington’s Disease, Amyotrophic Lateral Sclerosis (ALS) and some SCAs (see
appendix 1.1 and table 1.2), (Gandhi et al., 2019).

ii. Mitochondrial Dysfunction

One of the major contributing factors to cellular ROS is mitochondrial oxidation
(Nissanka and Moraes, 2018). ATM is localised in the mitochondria during
oxidative stress and plays a role in maintaining mitochondrial homeostasis
(Valentin-Vega et al., 2012, Morita et al., 2014, Eaton et al., 2007). However,
despite the consensus that loss of ATM causes mitochondrial dysfunction, the
exact effects of loss of ATM on the mitochondria are not clear. Key findings are
outlined in table 1.3. Furthermore, mitochondrial dysfunction has been implicated
in many other neurodegenerative disorders, such as Charcot-Marie-Tooth type
2A (CMT2A), Parkinson's, Huntington's and Alzheimer's disease (Ziichner et al.,
2004, Dodson and Guo, 2007, Bossy-Wetzel et al., 2008, Bose and Beal, 2016).
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Table 1.3 Effects of ATM deficiency on Mitochondria

Paper Nature of ATM Key Findings
Deficiency

Intrinsic mitochondrial dysfunction in ATM-deficient lymphoblastoid AT patient lymphoblasts Polarised cellular organisation
cells No difference in mitochondrial number
(Ambrose et al., 2007) Increased mitochondrial DNA damage

Decreased membrane potential
Decreased respiration and oxidation rates

Mitochondrial dysfunction in ataxia-telangiectasia. ATM™ mice tymocytes Mitochondrial structural abnormalities
(Valentin-Vega et al., 2012) Increased mitochondrial number
Increased mitochondrial mass
Increase in ROS

Increased membrane potential
Decreased mitophagy
Decreased ATP levels

Accumulation of DNA Damage and Reduced Levels of Nicotine ~ATM™ mice cerebella Increased respiration rates
Adenine Dinucleotide in the Brains of Atm-deficient Mice (Stern et
al., 2002)
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d. Energy Deficiency
Neuronal cells affected by loss of ATM, such as PCs and motor and sensory
neurons, are some of the largest cells in the body. These larger cells have an
increased energy demand (Watts et al., 2018, Angelova and Abramov, 2018),
which could put a strain on an ATM-deficient system for several reasons. First,
as discussed previously, in an ATM deficient system there is a defect in glucose
transportation into the cell (see section 1.2.3 and section 1.2.4.4 above).
Second, as outlined in the section above (1.2.4.5 b ii), ATM plays a vital role in
mitochondrial function. Loss of ATM in this capacity can have deleterious
consequences for the cell, particularly regarding decreased respiration and
decreased mitochondrial number, leading to a decrease in ATP levels (Lee et al.,
2018, Ambrose et al., 2007, Valentin-Vega et al., 2012, Sharma et al., 2014).
Therefore, in addition to having decreased availability of glucose, mitochondria in
ATM deficient neurons may not be able to process the energy source sufficiently

for these larger cells.

e. Conclusion
The pathogenic mechanism of neurodegeneration in AT remains poorly
understood and is still much debated. Although cerebellar atrophy appears to be
a relatively early event, the neurological progression of AT is variable in patients,
and in some cases other movement defects may be masked by the extent of the
ataxia (Churchyard et al., 1991, Willems et al., 1993, Trimis et al., 2004, Teive et
al., 2018, van Egmond et al., 2015, Saunders-Pullman et al., 2012, Charlesworth
et al., 2013, Klein et al., 1996, Kuhm et al., 2015, Bodensteiner et al., 1980,
Nakayama et al., 2015). Current evidence supports a multi-hit model involving

several of the mechanisms described above and summarised in table 1.4.
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Table 1.4 Mechanisms of Neurodegeneration in AT

Mechanism References

(Tanaka et al., 2006a, Browne et al., 2004,
Reliene et al., 2008, Chen et al., 2003b, Gueven et
al., 2006, Guo et al., Guo et al., 2010b, Guo et al.,

Oxidative Stress

_ ey i i 2010a, Hubner et al., 2014, Lolli et al., 2012,
REdO?( Stress due to deficiencies in Budanov and Karin, 2008, Alexander et al., 2010,
the oxidative stress pathway Tripathi et al., 2016, Cam et al., 2010, Zhang et

al., 2015b, Valentin-Vega and Kastan, 2012,
. . Valentin-Vega et al., 2012, Fang et al., 2016, Qi et
-Increased ROS from mitochondrial al., 2016, Gu et al., 2018)

dysfunction

-Decreased autophagy/mitopha

39



1.2.4.6 Infertility

Infertility in AT exists on a spectrum, ranging from complete infertility and no onset
of puberty in classical AT, to a much more diverse presentation in variant AT,
where some variant AT patients have fathered offspring or had more than one
successful pregnancy (Nissenkorn et al., 2016, Verhagen et al., 2012a, Dawson
et al., 2015, Takubo et al., 2006, Strich, 1966). Infertility in classical AT is a
symptom of gonadal dysfunction due to meiotic failure, as ATM plays a key role
in the DNA repair after meiotic recombination events (Nissenkorn et al., 2016,
Paiano et al., 2020, Di Siena et al., 2018, Hamer et al., 2004, Cooper et al., 2014,
Lange et al., 2011).

While infertility in classical AT is due to a failure in the DDR and therefore
complete arrest in meiosis, infertility in variant AT may be more complex. Variant
AT patients exist on a spectrum of fertility that may be unrelated to meiotic failure,
particularly in female AT patients. Female AT patients have been shown to have
an increase in gonadotropic hormones such as luteinising hormone (LH) and
follicle stimulating hormone (FSH) (Nissenkorn et al., 2016, Ammann et al., 1970,
Zadik et al., 1978). These patients present on a spectrum, from normal sexual
development, to varying degrees of amenorrhea, to no onset of puberty. The
elevation of these hormones may be due to primary ovary dysfunction arising
from meiotic failure, but may also indicate a role for ATM outside meiosis in
reproductive function by mediating sex hormone signalling. Female AT patients
have been shown to have low levels of oestrogen (Zadik et al., 1978), and ATM
is known to function in other hormone signalling pathways, such as insulin and
IGF-I (see section 1.2.4.4 Metabolic Dysregulation above). Additional support
for this is provided by the fact that polymorphisms in the ATM gene are thought
to be a contributing factor to PCOS (Schweighofer et al., 2014, Ornik and Ferk,
2013). Women with PCOS experience reversible infertility due to high levels of
androgens, LH, and circulating insulin due to insulin resistance (Wang et al.,
2019, Goodarzi et al., 2011). This perhaps indicates a shared dysregulated
pathway and suggests that infertility in variant female AT patients may not be due
to a primary failure of meiosis or the resultant secondary irregular hormone levels,

but a primary dysregulation in hormone signalling pathways.
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It has been noted that AT seems to affect female sufferers more severely,
particularly concerning growth retardation. It has been hypothesised that the
smaller stature of female AT patients is due to the lack of a growth spurt during
puberty. However, as slight differences in size can be detected in mid childhood
well before the onset of puberty would be expected, ovarian atrophy cannot
account for all of this decrease in size compared to males (Nissenkorn et al.,
2016). Therefore, the reason that AT appears to affect female patients to a

greater degree than male patients is not yet wholly understood.

Because infertility in AT is not a life-limiting aspect, or a major barrier to
quality of life, gonadal dysfunction and hormone dysregulation are not well
characterised in AT patients. Gonadal dysfunction has however been well
characterised in animal models of the disease, and so will be discussed in more
detail in relation to the results in chapter 4.

1.2.4.7 Premature Ageing

Premature ageing seems to be an overarching facet of AT since many AT
symptoms such as infertility, immune deficiency, fatty liver disease, and cancer
are hallmarks of ageing. Additionally, AT patients look physically aged, with
features such as greying thinning hair and thinning skin (Reed et al., 1966). Many
of the ageing features of AT are attributable to defects in specific systems, such
as the immune and reproductive systems. However, there is a particular cellular
ageing phenotype associated with AT that is likely to contribute to the less well
defined ageing axis. Interestingly, there is evidence suggesting that SNPs in the
ATM promoter region which increase ATM expression are associated with
increased longevity in Chinese and Italian populations (Piaceri et al., 2013, Chen
et al., 2010). This is supported by the finding that increased expression of ATM
in a mouse model of ageing increased longevity by prolonging ATM mediated
DNA damage repair, which is thought to decline with age (Qian et al., 2018).

Early in the investigation of the AT phenotype, it was noted that AT patients
had increased cellular senescence (Shiloh et al., 1982). Senescence is an
irreversible cellular protective mechanism that stops the proliferation of damaged

cells and is therefore considered to function in tumour suppression, embryonic
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development, and tissue repair, and is heavily implicated in ageing. In addition to
stopping the propagation of the damaged cell, senescence is also associated with
the senescence-associated secretory phenotype (SASP), where senescent cells
secrete pro-inflammatory and matrix-degrading markers to evoke an immune
response and clearing of the damaged cells (Childs et al., 2015, Loaiza and
Demaria, 2016). In AT, given the increased level of unresolved cellular stress,
due to failures in the DDR and the oxidative stress response, it is not surprising
that cells become senescent. Consequently, it is likely that a prolonged SASP is

responsible for the aged appearance of AT individuals.

ATM is also a mediator of cellular senescence, however, the precise role
of ATM in cellular senescence is still debated, as some studies show that ATM
positively regulates senescence, while others argue that it negatively regulates it
(Zhan et al., 2010, Nair et al., 2015, Luo et al., 2014, Mallette et al., 2007, Zhao
et al., 2020a, Liu et al., 2013, Sasaki et al., 2008, Kuk et al., 2019).

1.2.4.8 Radiosensitivity

Radiosensitivity is an ambiguous term, and from a medical perspective can refer
to radiation induced cancers, non-cancerous effects due to cellular
transformation, such as cataracts, or non-cancerous tissue events that are due
to cellular death, such as skin burns (Britel et al., 2018). AT is considered the
most radiosensitive human disease, and in the context of discussion of AT,
radiosensitivity generally refers to cellular death as a result of ionising radiation
(Berthel et al., 2019b, Deschavanne and Fertil, 1996). The best determinant of
the radiosensitivity of cells is their survival faction at 2 Gy (SF2) (Deschavanne
and Fertil, 1996). Homozygous ATM null human cells have an SF2 between 1-
10%, compared to Fanconi anaemia cells, with an SF2 of between 10-50%, and
control cells with an SF2 of 50-80% (Berthel et al., 2019Db).

lonising radiation can have many effects on cellular homeostasis, such as
production of ROS, disruption of lipid membranes, and the oxidative/reductive
posttranslational modification of cytoplasmic proteins (Reisz et al., 2014).
However, the area of the cell most sensitive to the effects of ionising radiation is

the nucleus and DNA in particular, where ionising radiation causes ds DNA
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breaks. Therefore, there is a strong inverse correlation between the repair of DNA
damage and radiosensitivity, where less DNA repair results in increased
radiosensitivity (Berthel et al., 2019a). The consensus on this correlation is so

strong that the terms are often used interchangeably.

Individual radiosensitivity is predicted by the RIANS model (Radiation
Induced ATM Nucleoshuttling) (Bodgi and Foray, 2016, Granzotto et al., 2016).
This model proposes that ATM exists in inactive dimers in the cytoplasm. lonising
radiation then directly triggers the autophosphorylation and subsequent
monomersisation of ATM in a dose dependant manner. These active ATM
monomers, but not the dimers, are able to diffuse into the nucleus and activate
the DDR cascade. Therefore, delays in the nucleoshuttling of ATM to the nucleus,
due to causes such as expression levels, delayed activation, or interaction of
ATM with cytosolic proteins are thought to determine an individual's
radiosensitivity (Granzotto et al., 2016). Consequently, the radiosensitivity
exhibited by AT patients is attributed to the deficiency in DNA repair, resulting in
cellular death (Foray et al., 1997, Joubert et al., 2008).

While this increased radiosensitivity exhibited by AT patients is pathogenic
on its own, it also has serious consequences for the treatment of AT associated
malignancies. As radiotherapy and chemotherapeutic DNA damaging drugs are
generally the prescribed treatment for malignancies in the general population, the
increased sensitivity of AT patients to treatment with these can often cause

secondary fatal pathologies (van Os et al., 2017a).

1.2.4.9 ATM mutation carriers

ATM mutation carrier heterozygotes are at an increased risk of heart disease and
cancer, with female ATM mutant heterozygotes having a 5-fold increased risk of
breast cancer (Swift, 2001, Maillet et al., 2002, d'Almeida et al., 2005, Bubien et
al., 2017, van Os et al., 2016). ATM carriers also exhibit abnormal levels of
radiosensitivity and chromosomal instability, as evidenced by higher rates of
adverse effects during radiotherapy treatment (Chen et al., 1978, Cohen et al.,
1975, Cole et al., 1988, Fernet et al., 2004, Neubauer et al., 2002, Pernin et al.,
1999, Varghese et al., 1999, Mou et al., 2020).
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1.3 Current Animal Models of Ataxia Telangiectasia

To date, a number of animal models of AT have been developed, and these are
summarised in table 1.5, as well as further delineated in the sections below. Each
model organism has advantages and disadvantages as an AT model.

Phenotypes which are shared between the vertebrate models are summarised in

figure 1.9.
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Table 1.5 Animal Models of AT

Mutation Histology/ Cellular and Molecular Pathology Behavioural Phenotype

Zebrafish

ATM Morpholino (MO) KD Radiosensitivity and lethality Not Studied




Rat

ATM -/- (mutation in exon 13 (Quek et al., 2016, Quek etal., 2017a, Progressive loss of motor neurons with remaining neurons  Loss of use and paralysis of hind
Quek et al., 2017b) positive for cytosolic DNA and apoptosis markers. limbs

However, no difference in cerebellum, or Purkinje cell

morphology, however Purkinje cells show strong signal for

cytoplasmic DNA. Rats also exhibited evidence of

neuroinflammation.
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Figure 1.9 Overview of overlapping phenotypes exhibited by vertebrate models of AT. Note that although a vertebrate model, zebrafish are not
included as only preliminary investigations up to 3 dpf have been published, and the results sections of this thesis will present new results obtained during

this project.
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1.3.1 Drosophila

ATM is conserved in Drosophila and its function is crucial for managing DNA
damage and telomere length maintenance, as it is in mammals (Song et al.,
2004). However, unlike mammals, ATM in drosophila is essential for
development, and loss of ATM leads to lethality (Silva et al., 2004, Song et al.,
2004, Rimkus et al., 2010, Rimkus et al., 2008). Therefore, AT models in
drosophila have utilised conditional knockdown (KD) of the gene, first by
temperature dependant RNAI (Rimkus et al., 2010, Rimkus et al., 2008) and
secondly by a temperature dependent mutant ATM allele (ATM®) where the final
amino acid of the FATC domain is mutated from a leucine to a phenylalanine
causing survival of the pupae at 18°, but loss of ATM activity and subsequent
lethality when the temperature is raised to 25° (Pedersen et al., 2010, Petersen
et al., 2012, Petersen et al., 2013).

Using the inducible KD, it is possible to generate adult flies and then
perform ATM KD. In these animals there is caspase 3 dependent progressive
degeneration of photoreceptor neurons that are post mitotic. This apoptotic cell
death was associated with prior re-entry into the cell cycle at S phase by these
post mitotic neurons (Rimkus et al., 2008). Moreover, this re-entry into the cell
cycle was found to be associated with increased DNA damage due to loss of ATM
(Rimkus et al., 2010). Importantly, it should be noted that neurodegeneration
appeared to be the cause of lethality in this model, as both global and neuron

specific induced loss of ATM caused death.

Drosophila with the temperature dependant ATM?® allele also show
progressive caspase 3 mediated apoptotic neuronal death after loss of ATM
kinase activity. Moreover, in addition to neuronal death, the majority of caspase
3 positive cells were glia. Neuroinflammation has been associated with
neurodegeneration in AT patients (see section 1.2.4.5) as well as mouse, rat
and pig models of AT (see below and table 1.3). Preceding cell death, neuronal
cells in the ATM8 drosophila model were found to have an increase in expression
of innate immune response genes, particularly in glial cells. Furthermore, glial
specific KD of ATM by RNAI was enough to induce this neuroinflammation and
cause death of neurons, while neuron specific KD of ATM did not cause a

neurodegenerative phenotype or increase in inflammation. Loss of ATM kinase
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activity in drosophila is also associated with a motility defect and decrease
longevity, most likely due to neuronal loss (Petersen et al., 2012, Petersen et al.,
2013).

1.3.2 Zebrafish

Currently the only published zebrafish model uses a transient morpholino (MO)
KD of ATM and this has only been partially characterised within the first few days
post fertilisation (dpf). It was found that ATM MO zebrafish are highly sensitive to
ionising radiation and die by 72 hpf (Imamura and Kishi, 2005). It should be noted
that ATM morphant zebrafish described by Imamura and Kishi (2005) likely
express a kinase dead ATM protein and not KD of expression of ATM. The

implications of this are discussed in detail in section 3.3.2.3.

1.3.3 Mouse

Mice are the most common vertebrate model organism, and within 5 years of the
discovery of the ATM gene, 6 AT knockout (KO) mouse models had been created
(Barlow et al., 1996, Xu et al., 1996, Kuljis et al., 1997, Herzog et al., 1998, Elson
et al., 1996, Borghesani et al., 2000). The majority of mouse models of AT are
knockouts, aiming to replicate the most common genotype associated with AT
(Cardiff, 2017) but there are also some knock in (KI) models (Spring et al., 2001,
Chen etal., 2003b, Daniel et al., 2012, Yamamoto et al., 2012b). While the mouse
model has vastly aided the study of this disease, and although it recapitulates the
pleotropic effects of ATM deficiency relatively well, it fails to exhibit any gross

neurological changes.

The formation of tumours, particularly lymphomas, are very prevalent in
mouse models and the animal usually succumbs to these at a young age. It had
been previously hypothesised that these mouse models may exhibit significant
neurological defects at a later stage, but owing to the presence of tumours do not
survive that long. However, Campbell et al. (2015) created a mouse model that
more accurately represents the tumour rate seen in AT patients (10-20%) and as

such, the mice lived significantly longer than previous mouse models.
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Nevertheless, these animals also failed to demonstrate any gross cerebellar
defects or an obvious locomotor phenotype. However, some mouse models have
exhibited slight motor defects, ectopic PC localisation and neuroinflammation
(Campbell et al., 2015, Borghesani et al., 2000).

Consistently, ATM KO mouse models exhibit infertility which is a key
aspect of AT in patients. ATM deficient testes in mice appear morphologically
normal and have evidence of developing sperm having gone through mitosis but
not meiosis (Barlow et al., 1996, Elson et al., 1996, Spring et al., 2001, Xu et al.,
1996). Similar results were also observed in female mice, with failure to produce
mature oocytes in the ovaries. This halting of germ cell development has been
attributed to failure of the ATM deficient system to successfully complete meiotic
recombination (Xu et al., 1996, Barlow et al., 1998, Di Siena et al., 2018).

1.3.4 Rat

To date, two models of AT in rats have been developed; a KO rat model with an
8 bp deletion mutation (Quek et al., 2017a), and a missense mutation where
amino acid 2262 has a leucine to proline mutation and consequently reduced
kinase activity (Quek et al., 2017b). While KO rats continue to have a significant
tumour burden, particularly T cell lymphomas and leukaemias (Quek et al.,
2017a), the model does demonstrate a significant motor defect with progressive
hind leg paralysis. This paralysis correlated with a loss of motor neurons and
strong evidence of neuroinflammation thought to be brought about by cytosolic
DNA (Hartlova et al., 2015). In common with mouse models, no gross defects of
the cerebellum were observed, but there was strong evidence of
neuroinflammation and PCs contained cytosolic DNA. A with both AT patients
and mouse models, the rat KO model of AT also shows infertility, with failure to
complete meiosis (Quek et al., 2017a).

In common with the KO model, the missense rat model also exhibited hind
leg paralysis, infertility, and a significant T cell derived tumour burden. ATM
missense rats also exhibited neuroinflammation due to cytosolic DNA, although
not to the same extent as ATM KO (Quek et al., 2017b).
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Current vertebrate models recapitulate well most aspects of the AT
disease except for gross neurodegeneration. Organisation, cell types, and
molecules of the cerebellum are well conserved between rodents and humans
(Goldowitz and Hamre, 1998), therefore, it is not known why a similar neuro-
phenotype is not observed in AT models. One explanation is that rodents have
some sort of redundancy for ATM that is neuroprotective. If this was the case
then why does this redundancy not protect them against the other effects of ATM
loss; why is it neuro-specific? One of the major differences between rodent and
human CNS is the size and volume of the neurons. The lesser demand of a
smaller cell on an ATM deficient single nucleus cell in terms of energy demand
or redox stress may be the deciding factor in AT neuropathogenesis. Conversely,
it may be the comparative life spans of human and rodent, whereby the 2-3 years

of a rodent life span may not be enough to pass a threshold level of DNA damage.

1.3.5 Pig

Yucatan pigs are miniature pigs which owing to their small size have been used
in research for decades (Kim et al., 2015, Panepinto et al., 1982, Boakye et al.,
2020). Recently, a porcine KO AT model has been developed. As a larger
vertebrate, this appeared to recapitulate the symptoms of AT better than the
rodent models. It does exhibit an ataxia-like phenotype linked to a decrease in
PC cell number from birth, and an atypical topology of PCs in adults in ATM-/-
mutants. ATM deficient pigs also exhibited a thinning of the motor cortex.
Investigation of female KO pigs showed small ovaries, and a halting a follicular
development. These animals were unsurprisingly infertile, and had dramatically
decreased amounts of circulating oestrogen. Interestingly, male KO pigs did
produce mature sperm, although sperm levels in ATM KO pigs were much
decreased compared to wild type controls. Additionally, male pigs were able to
impregnate females, although the resultant litter sizes were much smaller.
However, despite male ATM KO pigs having mature functional sperm, they did
exhibit some cytoplasmic morphological abnormalities (Beraldi et al., 2015,
Beraldi et al., 2017).
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1.4 Zebrafish as a Model Organism

Zebrafish models are a relatively new tool in biological studies. Their use has
seen a vast explosion over the past few years (figure 1.10), owing to the fact that
they share many physiological, genetic, anatomical and biochemical similarities
with humans, but particularly since their genome has been fully sequenced (Howe
et al., 2013, Kettleborough et al., 2013), and since the introduction of CRISPR
technology (Cong et al., 2013, Mali et al., 2013, Chang et al., 2013, Hwang et al.,
2013).

Zebrafish as a model organism offer several advantages over
conventional models such as rodents. Zebrafish embryos are fertilised and
develop externally from the mother, which allows for easy tracking of
development, with most organ systems being functional within a few days of
fertilisation (Kimmel et al., 1995). Embryos are also transparent, allowing for easy
in vivo imaging, and can be kept alive in an appropriate mounting media to
facilitate live imaging studies. Additionally, zebrafish embryos are genetically
tractable, which has allowed for development of a whole range of knockout
models to aid in the investigation of many different diseases and developmental
processes (Cong et al., 2013, Chang et al., 2013, Hwang et al., 2013, Zhang et
al., 2016). Knock in models and transgenic lines can also be created (Thakur and
Welford, 2020, Lin et al., 1994, Emelyanov et al., 2006, Armstrong et al., 2016,
Prykhozhij et al., 2018). In contrast to rodent and higher vertebrate models,
zebrafish are also cheaper to house, require less husbandry, and tend to live
longer (Kimmel et al., 1995). Furthermore, from a single pairing of adult zebrafish
a large clutch of a few hundred embryos can be gathered. This and their small
size makes them ideal for high throughput studies (Cornet et al., 2018, Deveau
et al., 2017, Liu et al., 2016a). A further aspect that makes them conducive to
high throughput screen studies is that their behaviour has been well
characterised, and perturbations of that behaviour can be studied and used as a
disease/dysfunction readout out, particularly where neurological diseases are
considered (Norton and Bally-Cuif, 2010, Deakin et al., 2019, Plaut, 2000, Basnet
et al., 2019).

However, it should be noted that zebrafish do pose some limitations as a

model organism. First, they are further away in the evolutionary tree to humans
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than higher vertebrate models, therefore it should be considered that some
biological process and pathways may have been lost or altered. In addition to
this, the zebrafish genome underwent a duplication event, and while selective
pressure has forced many of the duplications to be lost, about 20% remain
(Amores et al., 1998, Christoffels et al., 2004, Meyer and Van de Peer, 2005).
Therefore, it should be considered if a particular gene of interest has been
duplicated and if so, whether its paralogue maintains the same function (Force et
al., 1999, Postlethwait, 2006). Second, one of the major constraints of zebrafish
research is the lack of antibodies (Villarreal et al., 2017), which slows progress in

research and closes some avenues of investigation.
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Figure 1.10 Number of zebrafish publications per year from 1990-2020 from a Web of
Knowledge database search. Dashed line represents first publications of use of CRISPR in
zebrafish (2013).
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1.4.1 Zebrafish as a Model for Neurological Disease

Thus far, a number of neurodegenerative disorders have been modelled in
zebrafish, such as Frontotemporal Lobar Degeneration (FTLD), ALS, Parkinson’s
disease, Charcot-Marie-Tooth disease, and Huntington’s disease (Kabashi et al.,
2010, Schmid et al., 2013, Mori et al., 2013, Ciura et al., 2013, Fett et al., 2010,
Sheng et al., 2010, Lumsden et al., 2007, Henshall et al., 2009, Ponomareva et
al., 2016). However, modelling of these diseases in zebrafish does have some
disadvantages. Most neurodegenerative diseases are late onset and tend to
occur due to accumulative pathologies in the cells of the CNS. As the fish ages,
recognising subtle phenotypes becomes more difficult and imaging becomes
more problematic. Furthermore, adult zebrafish have a remarkable capacity for
neurogenesis (Becker et al., 1997, Kizil et al., 2012) which may obscure

neurodegeneration.

One of the advantages of modelling neurodegenerative diseases in
zebrafish is that gross morphology and cell type within the brain are well
conserved between humans and zebrafish (Turner et al., 2014), particularly in the
cerebellum which contains a distinct granule cell layer, Purkinje cell layer, and

molecular layer (Bae et al., 2009, Hamling et al., 2015).

So far a number of cerebellar degenerative diseases and ataxias have
been modelled in zebrafish. A model of Spinocerebellar Ataxia 3 in zebrafish
exhibited a motor defect where transgenic zebrafish carrying the mutant human
ataxin 3 protein showed a decrease in swimming ability (Watchon et al., 2017).
This has also been seen in zebrafish models of ataxias causes by lysosomal
storage disorders (Lin et al., 2018), and a zebrafish model of Spinocerebellar
Ataxia 13 (Namikawa et al., 2019b, Namikawa et al., 2019a). A zebrafish model
of the ataxia causing disease Marinesco-Sjogren Syndrome has shown
cerebellar degeneration, as has a model of classic late infantile neuronal ceroid
lipofuscinosis (CLN2) (Kawahara and Hayashi, 2016, Mahmood et al., 2013).
This evidence suggests that cerebellar degeneration and the resultant ataxia can

be modelled using zebrafish.
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1.4.2 Zebrafish as a Model for DNA Damage Repair

Zebrafish represent an epitome organism for modelling DNA damage repair
mechanisms. In eukaryotes a number of DNA damage repair pathways exist,
specifically, direct reversal, base excision repair, mismatch repair, nucleotide
excision repair, nonhomologous end joining (NHEJ), homologous recombination,
translation synthesis, and p53-mediated surveillance (Pei and Strauss, 2013).
Zebrafish have orthologues of genes that function in all these pathways
(Zebrafish Genome - GRCz11 Ensembl (last updated Nov 2020)), and some of
these repair pathways, such as NHEJ and homologous recombination, are
exploited to create CRISPR/Cas9 induced frame shift KO mutations and Ki
mutants respectively. Furthermore, although the zebrafish genome underwent a
duplication event during evolution (Amores et al., 1998, Christoffels et al., 2004,
Meyer and Van de Peer, 2005), only ~10% of the 684 DDR associated genes are
found to be still duplicated (Cayuela et al., 2019). As ATM primarily functions in
homologous recombination (Kocher and Dahm-Daphi, 2010), zebrafish and

homologous recombination mutant models will be discussed below.

1.4.2.1 Homologous Recombination in Zebrafish

Homologous Recombination (HR) in zebrafish is only starting to be decoded, and
as such only a small number of zebrafish mutants for HR proteins exist
(Ramanagoudr-Bhojappa et al., 2018, Rodriguez-Mari et al., 2010, Botthof et al.,
2017, Liu et al., 2003, Rodriguez-Mari et al., 2011). However, as HR in general
is well conserved in both lower and higher eukaryotes, and as zebrafish have
orthologues of most genes associated with HR (Pei and Strauss, 2013), it can be

assumed that HR is also well conserved in Zebrafish (Fan et al., 2006).

HR occurs in the S phase of the cell cycle during DNA replication as it
requires a sister chromatid to act as a template for repair. However, there is data
that suggests that the predominant DNA repair pathway in the very early stages
of zebrafish embryogenesis is alternative end joining (alt-EJ) (Thyme and Schier,
2016). This is an error prone repair pathway, which uses some of the components
of the HR pathway to resect the 5 end of the damaged DNA to points of

microhomology (2-20 bp), these microhomolgy points are then bridged and the
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remaining 3’ flap (which is complementary to the resected 5’ end) is cleaved.
Therefore, this pathway has the potential to introduce large chromosomal
deletions as well as translocations (Sallmyr and Tomkinson, 2018) and the
reason that the embryo favours this error prone pathway is not known. It is not
lack of maternally contributed HR machinery, as Rad51, which is essential for
HR, is expressed in Rad51 KO zebrafish derived from a Rad51 heterozygous in-
cross at the one cell stage (Botthof et al., 2017). It could be that the embryo
promotes this erroneous DNA repair pathway to espouse rapid cellular
proliferation, instead of allowing a temporary halting of the cell cycle and therefore
slowing of proliferation to repair the damage in the case of HR. It should be noted
that it is not known exactly when this preference stops and HR commences.
However, complete abolition of the HR pathway by double KO of rad51 and
rad51L1 leads to embryonic lethality before 6 hpf (Botthof et al., 2017), and HR

can be forced at the one cell stage (Pi et al., 2020).

In terms of HR zebrafish mutants, the best characterised are zebrafish with
mutations in the genes that function in the Fanconi anaemia/BRCA pathway. This
pathway has 22 associated genes, and mutations in these genes cause the
heterogeneous disease Fanconi anaemia (Mamrak et al., 2017). This pathway
includes the brca2 protein which is a direct target of ATM kinase activity (Wang
et al., 2010b). Mutation of the 22 genes in this pathway in zebrafish enhances
sensitivity to DNA damage and infertility due to failure in meiotic HR and therefore
the inability to produce mature gametes. Furthermore, zebrafish in this pathway
exhibit an unusual phenotype of female to male sex reversal (Ramanagoudr-
Bhojappa et al., 2018, Rodriguez-Mari et al., 2010, Rodriguez-Mari et al., 2011,
Shive et al., 2010, Vierstraete et al., 2017).

1.5 Project Rationale

Ataxia Telangiectasia is a juvenile onset, autosomal recessive, life limiting
disease that is characterised by progressive ataxia, a high cancer burden,
metabolic dysregulation, immunodeficiencies, infertility, radiosensitivity and
premature aging. Although AT is associated with a plethora of devastating

conditions, progressive ataxia is one of the biggest barriers to quality of life of AT
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patients. The ataxia exhibited by AT patients is associated with
neurodegeneration as a result of Purkinje cell loss in the cerebellum. Despite
intensive research, the exact mechanisms of neurodegeneration and Purkinje
cells loss in AT are not well understood. This is in large part due to the lack of an
appropriate  vertebrate AT model that faithfully recapitulates the
neurodegenerative phenotype associated with AT and that is conducive to large-
scale experimentation. While the porcine model of AT does largely recapitulate
the neurodegenerative and behavioural phenotype associated with AT, the cost
of large-scale experimentation on this model can be prohibitive. Furthermore, the
use of large numbers of higher vertebrates for scientific research where there is
an alternative is not in line with the 3Rs principles of Reduction, Refinement,
Replacement. Therefore, we propose the development of a zebrafish model of
AT, as the DNA damage pathways appears to be well conserved between
zebrafish and humans, they have previously been used to model other
neurodegenerative disease, and are highly advantageous for high throughput

drug screening.

Zebrafish with a predicted truncating mutation in ATM, similar to mutations
found in AT patients, had already been created with the use of CRIPSR/Cas9 by
Dr Ringaile Zaksauskaite (Department of Molecular Biology and Biotechnology),
under the supervision of Professor Sherif EI-Khamisy (Department of Molecular
Biology and Biotechnology) and Dr Freek van Eeden (Department of Biomedical
Science), as part of her PhD. The mutant allele was designated sh477. However,
these mutant zebrafish remained uninvestigated and uncharacterised. Therefore,

our aim was to investigate these fish with respect to the following questions:

e Does the introduction of the sh477 mutation cause ablation of ATM
signalling in zebrafish through either loss of protein expression, or loss of

function?
Do ATMsh77sha77 zeprafish recapitulate any aspects of the AT disease

related to defects in DNA damage repair, such as radiosensitivity,

immunodeficiencies or infertility?
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To determine if ATMSM77/sh477 mutant zebrafish exhibit any behavioural
abnormalities that may be related to an ataxia like phenotype.

To determine if ATMSh477sh477 zeprafish exhibit a phenotype due to loss of

ATM function that may be exploited as a read out in high throughput drug
screening for therapeutic targets.
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Chapter 2

Materials and Methods

2.1 General Zebrafish Methods

2.1.1 Zebrafish Maintenance and Breeding

Zebrafish were housed in the Bateson Centre Aquarium at the University of
Sheffield. The Zebrafish were maintained at 28 °C in 14 hrs light and 10 hrs dark
cycle. All experiments were conducted in line with Home Office guidelines for
animal research, in accordance with the Animal Scientific Procedures Act (ASPA)
1986 under the authority of project licences 70/8309 and PP2798691.

For the generation of embryos through mass spawning, the evening prior
to spawning, two containers were placed in the home tank, one inside the other,
with the inner container containing a mesh bottom and marbles laid on top (see
figure 2.1 a). Zebrafish embryos were collected from the group spawning the

following morning.

For individual pair mating, one male and one female zebrafish were paired
in a tank containing a divider the evening prior to spawning. In the morning, at
the beginning of the light cycle, dividers were removed, and the pairing tanks

tilted slight to encourage spawning (see figure 2.1 b).

Embryos were collected and sorted into groups of 60 in 10 cm dishes at
approximately 4 hours post fertilisation (hpf). Embryos were maintained in E3
medium (NaCl 5mM, 0.17 mM KClI, 0.33 mM CacCl2, 0.33 mM MgSO4, 0.0001%
methylene blue) at 28 °C. Zebrafish intended for raising were transferred to

aguarium tanks at 5 dpf and maintained as above.
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Figure 2.1 Methods of zebrafish breeding a. breeding of zebrafish through group spawning by
placing two plastic containers at the bottom of the tank, one inside the other. The inner container
has a mesh bottom covered by marbles to allow for protection and easy collection of embryos. b.
Pair mating of zebrafish, where the evening prior to spawning, a male and female are placed
inside a container similar to a. with a divider between them. The following morning the divider is
removed and the tank tilted slightly to encourage spawning.
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2.1.2 Generation of Mutant Zebrafish

ATMSh77Isha77 gnd  TDP1sM75sM75 mutant zebrafish were generated using
CRISPR/Cas9 by Ringaile Zaksauskaite in the department of Biomedical Sciences
at the University of Sheffield. These fish were gifted to our lab at 7 months old.
The ATMSH477 gllele has a 5 base pair (bp) deletion in exon 6, and the TDP1SH475
allele has a 4 bp deletion in exon 2. Both deletions result in a frameshift mutation

and subsequently to downstream premature stop codons.

2.1.3 Anaesthesia

To terminally anaesthetise, zebrafish were treated with Tricaine (400 mg Tricaine
powder (Sigma, #A-5040), 97.9 ml dH20, ~2.1 ml 1M Tris (pH 9), adjusted if
required to pH 7), diluted to 30 ml Tricaine solution per 100 ml of aquarium water
for 20 minutes. For use as an anaesthetic, zebrafish larvae and adults were
treated with Tricaine diluted to 4.2 ml per 100 ml aquarium water and moved to

fresh water after 5 minutes.

2.1.4 Adult Tail Biopsy

Adult Zebrafish were anaesthetised as described above (section 2.1.3). While
anaesthetised, a small section from the end of the caudal fin was cut using a
scalpel blade and transferred to a microliter plate containing 20 ul of

QuickExtract™ solution (Epicentre Biotechnologies).

2.2 Genotyping of the ATM Allele

2.2.1 DNA Extraction

Whole embryos/larvae were placed in individual wells of a 96 well plate and 20
Ml QuickExtract™ solution was added to each well. Plates were incubated at 65°
C for 2 hours and then 99° C for a further 2 mins. When embryos were required
for RNA extraction and first required genotyping, under terminal aesthetic, tails
were clipped under a dissecting microscope and treated as above. The body was
kept for RNA extraction by preserving it at -80° C. For adult genotyping, tail

biopsies, as described in section 2.1.4, were treated as above.
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2.2.2 Amplification of Zebrafish DNA by Polymerase Chain Reaction

A standard PCR was used for genotyping with a reaction mix containing a final
concentration of 1X FIREPol® (Solis Biodyne, OU, Tartu, Estonia), 1 uM each of
forward and reverse primers (table2.1) and 1 pl template DNA (section 2.2.1).
The reaction was made up to a final volume of 10 pl using dH20. The template
was amplified using a 30X touchdown PCR programme in table 2.2.

Table 2.1 Genomic DNA PCR Primers

ATM Forward TCAACCAATTCACGTTACACTTT

Reverse TTCTTCCAGGGCCCTTACTG

Table 2.2 30X Touchdown PCR

Step Temperature °C Time (min:sec) Cycles
Initial denaturation 94 3:00
Touchdown
Denaturation 94 0:45 15X
Annealing 65-50 (-1° Clcycle) 0:45
Elongation 72°C 1:30
PCR
Denaturation 94° C 0:30 30X
Annealing 58° C 0:45
Elongation 72° C 1:00
Final Elongation: 72°C 10:00
Hold 10° C Infinite

2.2.3 Restriction Digest of PCR Products

Digestion mix was added directly to the 10 pl PCR products (section 2.2.2), with
a final concentration of 1X CutSmart® (NewEngand Biolabs®) (NEB), 0.4 pl
PpuM1 (NEB) to a final volume of 20 pl. Samples were incubated at 37° C for 12

hrs.

2.2.4 Agarose Gel Electrophoresis

Digested PCR products were separated by agarose gel electrophoreses on a 2%
gel by loading the entire 20 pl reaction. A voltage of 120 V was applied to the gel
for 30 mins and the gel was imaged on a SYNGENE G:Box.
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2.2.5 Preparation of PCR Products for Sequencing

PCR products (section 2.2.2) of zebrafish from an ATM*sM77 in-cross were
prepared for sequencing by removal of excess dNTPs and primers by addition of
0.05 ul Exonuclease | (NEB), 1 pl Shrimp Alkaline Phosphatase (Affymetrix), to 5
pl of PCR product and made up to 10 pl with dH20. Samples were then incubated
at 37° C for 45 mins, and then incubated at 80° C for a further 15 mins. Samples

were sequenced by the Genomic Core Facility at the University of Sheffield.

2.3 Measuring Gene Expression by Quantitative Reverse
Transcription PCR (RT-gPCR)

2.3.1 RNA Extraction

Pooled zebrafish larvae were homogenised in 200 ul TRIzol® Reagent (Ambion®
Life Technologies) with a handheld homogeniser (Pellet Pestles Cordless Motor-
Sigma Aldrich). Dissected brain or muscle samples were homogenised in 1 ml
TRIzol® Reagent with a handheld homogeniser. Whole adult zebrafish were flash
frozen in liquid nitrogen, ground under liquid nitrogen with a pestle and mortar to
a powder, and homogenised in 1 ml of TRIzol® Reagent. Homogenised samples
were incubated for 5 mins at room temperature, after which 0.2 mis of chloroform
per 1 ml of TRIzol® Reagent was added. Samples were vigorously agitated by
shaking for 15 sec and allowed to stand at room temperature for 3 mins. Samples
were centrifuged at 12,000 g for 15 mins a 4 °C to separate into 3 phases. The
upper (aqueous) phase containing the RNA was removed to an RNase free

Eppendorf tube®.

RNA was precipitated by addition of 0.5 ml isopropyl alcohol per 1 ml of
TRIzol® Reagent and incubated for 10 mins at room temperature. The sample
was again centrifuged at 12,000 g for 10 mins at 4° C to collect the precipitate,
and the supernatant removed from the collected pellet. The RNA pellet was
washed once by resuspension in 1 ml of 75% ethanol per 1 ml of TRIzol®
Reagent. To again collect the pellet, the sample was centrifuged at 7,500 g at 4°

C for 5 mins and supernatant removed.
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The pellet was air dried for 30 mins. Extract from larvae, and brain and
muscle were dissolved in 10 pl of RNase free water, while extracts from whole
adult fish were dissolved in 100 pl. Concentration and purity of extracted RNA
were determined by spectrophotometry (NanoDrop® - 1000) and the samples
stored at -80° C.

2.3.2 Reverse Transcription and Complementary DNA (cDNA) Synthesis

To remove contaminating genomic DNA, RNA samples (1 ug) were incubated
with 1 ul DNase | (NEB), 1X DNase | reaction buffer (NEB) and made up to a final
volume of 10 pl with RNase free water, at 37° C for 10 mins.
Ethylenediaminetetraacetic acid (EDTA) was added to a final concentration of 2.5
mM and the reaction heat inactivated by incubation at 75° C for 10 mins. Samples

were then placed on ice.

cDNA synthesis was carried out using Quanta Bioscience qScript™ cDNA
Synthesis Kit. Reactions were prepared on ice and each reaction contained 4 pl
gScript™ reverse transcriptase mix and 11 ul of cleaned RNA sample mix, to a
final volume 20 pl using RNase free water. Reactions were carried out in a
thermal cycler under the following conditions: 22° C for 5 mins, 42° C for 30 mins,
and 85° C for 5 mins.

2.3.3 RT-qPCR

2.3.3.1 Primer Optimisation

Before performing RT-gPCR on samples, primer concentrations were optimised
to eliminate the formation of primer dimers. Both forward and reverse primers
(100 uM) were diluted together to 1:10, 1:20, 1:40 and 1:80 in RNAase free water.
An RT-gPCR reaction was carried out for each dilution with 1X EvaGreen® qPCR
Master Mix (Biotium), 1 pl WT cDNA (diluted 1/5), 1 pl diluted primer pair mix to
a final volume of 10 pl, using Bio Rad C100 Touch™ Real Time Thermal Cycler
(Bio Rad). Reactions were analysed for amplification curve and Ct values under

35, and the presence of only one melt peak using MxPro v4.10 software.
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2.3.3.2 Template Optimisation

Subsequent to primer optimisation, reaction/amplification efficiency (the amount
of product increase after each cycle (%)) was determined by serial dilution (5 fold)
of the template in triplicate to create a standard curve using WT cDNA in a RT-

gPCR reaction outlined in section 2.4.3.1. Reaction efficiency was calculated by:

10((-1/slope of standard curve) -1)*100

An appropriate reaction efficiency was considered 90-110%.

2.3.3.3 RT-qPCR

1 ul of a 1/5 dilution of each cDNA sample was amplified in triplicate using primers
(outlined in table 2.3) at their optimised primer concentrations. Levels of mMRNA
were quantified relative to the reference genes EF7a or § actin and were amplified

by cycling conditions laid out in table 2.4 and 2.5.

Table 2.3 gPCR Primers

Primer Name Sequences Dilution Protocol
Forward CGGTTCCATTCAGATTGTCTCG 1/40 1
ATM (2.5uM)

Reverse TTCTGAAGACACCCTCCACCC

Forward TGGAGTAAACCTGTGAAGGGT 1/20 1
ATR (5 uM)

Reverse CAGAGGCAAGCCCATCACTT

Forward GAAGCCTCCAATTCTGTTGG 1/20 1
IgM (5 uM)

Reverse CCGGGCTAAACACATGAAG

Forward GACACATTAGCCCATCAGCA 1/20 2
IgD (5 uM)

Reverse CTGGAGAGCAGCAAAAGGAT

Forward GAACCAAACTCAGGGTTGGA 1/20 2

(5 uM)

1gZIT Reverse CACCCAGCATTCTACAGCAA
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Forward GGATTGCCACACGGCTCACATT

(5 uM)

Eefla
Forward CTCTTCACGCCTTCCTTCCT 1/10 n/a
(10 uM)
Forward CTCTTCCAGCCTTCCTTCCT 1/20
B actin (5 M)

Table 2.4 RT-qPCR Protocol 1

Step Temperature °C Time (min:sec) Cycles

PCR cycles
Denaturation 95 0:30 39X
Annealing/Elongation 65 1:00

Table 2.5 RT-qPCR Protocol 2

Step Temperature °C Time (min:sec) Cycles

PCR cycles
Denaturation 95 0:30 39X
Annealing 56 0:30

Elongation 72 1:00

2.4 Behavioural Analysis

2.4.1 Measuring Swimming Defects in Zebrafish Larvae

Analysis was carried out at 5 and 12 dpf on a ZebraLab tracking system
(Zebrabox, ViewPoint, Behaviour Technology). Zebrafish to be analysed at 5 dpf
were arrayed in a 96 well plate (CytoOne®), one larva per well at 4.3 dpf, and
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allowed to acclimatise overnight. Zebrafish to be analysed at 12 dpf were
removed from the aquarium system on the morning of analysis by directly netting
them from the tank in a small tea strainer and transferring them to a 10 cm plate.

The zebrafish were then transfer to a 12 well plate using a pasture pipette.

For analysis, the ZebralLab tracking system was switched on and the
temperature left to equilibrate for 30 mins. The zebrafish were then placed in the
ViewPoint chamber for 30 mins in 100% intensity light to let fish acclimatise.
Larvae were then subjected to 6 cycles of alternating dark/light (100% intensity)
with each interval lasting 5 mins (30 mins total). Zebrafish movement was tracked
via an infrared camera and a lower threshold for movement (inactive) set as 2
mm/sec, and an upper threshold for movement (large movements) set at 6.4

mm/sec.

For analysis of ATM*sM77 in-crosses, after Zebralab tracking, larvae were
genotyped as per section 2.2 above. For analysis of zebrafish treated with CPT,
embryos were placed in the 96 well plate at 8 hpf and left to develop in that
environment along with the relevant CPT treatment added at the appropriate time

point.

For data analysis, movement tracked between the thresholds and above
the upper threshold were totalled, and all movement under the lower threshold (2

mm/sec) discarded.

2.4.2 Swimming Endurance Test on Adult Zebrafish

Critical swimming velocity (Ucrit) is the maximum velocity that the fish can maintain
for a set period. It was determined for each fish using a custom-built swim tunnel
apparatus (Ramesh et al., 2010, Plaut, 2000, Brett, 1964). Zebrafish at 10 months
of age were individually introduced into a plastic tunnel that would allow a variable
flow rate of water to pass through. The adult zebrafish were initially subjected to
a water velocity of 6.6 cm/sec for 5 mins. The flow rate of water was increased in
increments of 6.6 cm/sec every 5 mins to a final velocity of 52.8 cm/sec (40 mins),
or until the zebrafish became exhausted and was pushed into a mesh net at the
end of the tube. When exhausted, the zebrafish was allowed 30 seconds of

recovery by pausing the time and ceasing the flow of water, and was given the
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chance to re-enter their highest achieved velocity by slowly increasing the
flowrate. When zebrafish again became exhausted, the time was recorded. The

Ucrit was calculated by the following formula:
Ucrit= Ui + (Uii(Ti))/Tii

Ui = the highest velocity maintained for a whole interval (cm/sec)
Uii = the velocity increment (6.6 cm/sec)
Ti= the time elapsed at fatigue velocity (mins)

Tii = the time interval (5 mins)

2.4.3 Total Motility

In a sound and lightproof box, zebrafish were placed in 0.8 L tanks in aquarium
water, with a cold source back light, and allowed to acclimatise for 1 hr. Zebrafish
swimming was then tracked from a side view with an infrared camera in
conjunction with the ZebralLab: zebrafish behaviour screening software
(ViewPoint, Behaviour Technology). A lower threshold for movement (inactive)
was set as 25 mm/sec and an upper threshold for movement (large movements)
was set at 50 mm/sec. For data analysis, movements tracked between the
thresholds and above the upper threshold were totalled, and all movement under

the lower threshold (25 mm/sec) discarded.

2.5 Measuring Protein Expression

2.5.1 Western Blot

2.5.1.1 Protein Extraction

Whole zebrafish were sacrificed and snap frozen in liquid nitrogen. For protein
extraction, each zebrafish was crushed to a powder with liquid nitrogen with a
pestle and mortar. To roughly a third of the crushed fish, 300 pl of ice-cold buffer
was added. Buffers used for protein extraction were: Radioimmunoprecipitation
assay (RIPA) buffer (-) ‘no salt’ (25 mM Tris pH 7-8, 0.1% SDS, 0.5% sodium
deoxycholate, 1% Triton X-100); General Lysis buffer (Tris 50 mM, pH8, NaCl 40
mM, MgClz 2 mM, 0.5% Triton, Benzonase 1:1000), Reporter Lysis buffer

(Promega), with 1:1000 Benzobnase. To each buffer, 1X proteases inhibitor
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cocktail (ThermoFisherScientific) was added. Crushed zebrafish were
homogenised using a handheld homogeniser and a further 300 pl of the relevant
buffer was added. Note: the RIPA buffer that was added at this point was RIPA
(+) ‘salt’ (25 mM Tris pH 7-8, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton
X-100, 150 mM NacCl). To this 1X protease inhibitor cocktail was again added.
The crushed zebrafish were then sonicated at 40% amplitude, for 5 sec X5,
placing on ice between each sonication. Zebrafish were then left to lyse on ice
for 30 mins. Samples were centrifuged at 12,000 g for 20 mins at 4° C to remove
insoluble debris. The supernatant, containing soluble proteins, was removed to a
clean Eppendorf tube, and a Bradford Assay (BioRad) to determine concentration

was performed using bovine serum albumin (BSA) to calculate a standard curve.

2.5.1.2 Immunoprecipitation

To 1.5 mg of lysates, the relevant antibody was added at a ratio of 2 ug/500 ug
of lysates, and incubated overnight at 4° C. Then, 50 pl of 50% Protein G beads
(Mag Sepharose ™Xtra, GE Healthcare, Sweden) were added and incubated at
4° C for 2 hrs. The mixture was then spun at 17,000 g for 1 min and the
supernatant removed. The beads were washed 3 times in RIPA buffer and
washed in TBS once. To the beads, 50 ul of laemmli buffer was added and the
samples boiled on a heat block at 100° C for 10 mins.

2.5.1.3 SDS PAGE

Extracted protein was separated by 7.5% SDS-PAGE, (7.5% acrylamide, 0.375
mM Tris-HCI pH 8.8, 0.1% SDS, 0.1% APS, 0.1% TEMED and made up to a total
volume of 25 mls with H20) and 4% stacking gel (4% acrylamide, 125 mM Tris-
HCIl pH 6.8, 0.1% SDS, 0.06% APS, 0.3% TEMED and made up to a total volume
of 4 mls with H20), or with a 4-20% gradient gel (Mini-PROTEAN TGX, #4561096,
BioRad). Running buffer was diluted to 1X from a 10X stock (249 mM Tris, 1.918
M Glycine) and 0.1% SDS added.
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2.5.1.4 Electroblotting

Polyvinylidene difluoride (PVDF) membrane (0.45 pum Immobilon®P, Millipore)
was soaked in methanol for 30 secs to activate it. Proteins were transferred from
the gel to a PVDF or nitrocellulose (Amersham™ Protran™ 0.45 ym, 10600002,
GE Healthcare) membrane by wet electroblotting (Mini Trans-Blot® Cell) in
transfer buffer, which was made by diluting 10X running buffer (section 2.5.3)
and adding 20% methanol.

2.5.1.5 Immunodetection of proteins

After transfer of proteins, membranes were blocked in 5% solution of powdered
skimmed milk (Marvel) in TBST (0.1% Tween-20 in Tris buffered saline (TBS)
solution for 1 hr. Primary antibodies to proteins of interest were diluted in the 5%
powdered skimmed milk TBST solution. Primary antibodies used, and the
concentrations with which they were used, can be found in the text. Membranes
were incubated with agitation overnight at 4° C. Membranes were washed three
times at room temperature in TBST with agitation, for 10 minutes each wash.
Membranes were then incubated with the appropriate horseradish peroxidase
(HRP)-conjugated secondary antibody (Polyclonal Goat anti-rabbit
immunoglobulin HRP, Dako) diluted to 1:5000 in TBST for 1 hr at room
temperature with agitation. Membranes were again washed as above.

2.5.1.6 Visualisation of Protein Bands

Membranes were incubated with SuperSignal West Pico Chemiluminescent
Substrate (Thermo Scientific) for 5 mins with agitation, and the chemiluminescent
bands detected using autoradiography film (Amersham Hyperfim™ ECL, GE

Healthcare).

2.5.2 Whole Mount Immunofluorescence

2.5.2.1 Immunostaining
Zebrafish embryos were anaesthetised in batches 30 by treatment with 120 pl

Tricaine solution (42 ml per 100 ml of E3). Once fish were anaesthetised, the
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Tricaine was removed, and the larvae incubated in 4% PFA, at 4° C, with agitation
overnight. Zebrafish were washed in PBS once, and washed in PBT (PBS, 1%
Triton-X) for 5 min X3. To permeabilise the embryos, they were incubated for 25
mins, with 0.25% Trypsin/PBT at room temperature. To stop the reaction, 1%
goat serum/PBT was added at an equal volume to the permeabilisation reaction.
Embryos were again washed with PBT and blocked for 3 hrs, rocking at room
temperature in blocking buffer (10 % goat serum, 1% BSA, 1% DMSO, in PBT).
Primary antibody, rabbit anti yH2AX, Cat No. GTX127342 (GeneTex), was added
to the embryos in antibody dilution buffer (5% goat serum, 1% BSA, 1% DMSO,
in PBT) at a concentration of 1:1000, and incubated rocking at 4° C, overnight.
The following day, embryos were washed in PBT for 5 hrs with 5 changes of PBT.
Secondary antibody, goat anti-rabbit, Alexa Flour™568 (Life Technologies), was
added at a concentration of 1:1000, along with Hoechst (1:10,000) overnight,
rocking at 4° C. Embryos were then washed at room temperature for 5 hrs, with
5 changes of PBT.

2.5.2.2 Preparation of embryos for imaging

In an Eppendorf, embryos were placed in 25% glycerol until they sank to the
bottom. Stepwise, the embryos were then placed in 50% glycerol and 75%
glycerol, and the same allowed to happen. Under a dissecting microscope, the
embryos heads and tails were separated, with the tails being used for genotyping

and the heads mounted in 75% glycerol for imaging.

2.5.2.3 Confocal Imaging
Whole mount immunostained larvae were imaged on an SP5 confocal

microscope system (Leica). Image analysis was performed using ImageJ (NIH).

2.5.2.4 Quantification of yH2AX foci

Automated quantification of yH2AX foci was performed with a custom MATLAB
script. Briefly, maximum projections of Hoechst-marked nuclei and yH2AX foci
were binarized by applying an adaptive threshold, and de-noised using a median
filter. A threshold based on size and shape (roundness) was applied to the binary
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nuclei to exclude incomplete or overlapping nuclei (figure 2.2 a). A mask of the
selected nuclei was then applied to the binary yH2AX signal to select for only
those yH2AX foci that are present in the nuclei of interest (figure 2.2 b). The area
of the yH2AX foci in each nucleus was then determined and normalised to the
area of the relevant nucleus. Data was expressed as Relative Area yH2AX
foci/cell and used as a measure of yH2AX foci number/cell. Quantification of

yH2AX foci was carried out by Dr Victor Alfred, Grierson Lab, SITraN.

a.

Figure 2.2 Quantification of yH2AX foci by a custom script. a. Nuclei to be analysed were
selected based on shape and size to prevent to analysis of overlapping cells. b. A binary mask of
the selected nuclei was then applied to yH2AX foci, and the area of the foci within the selected
nuclei was measured.
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2.6 Histology

2.6.1 Preparation and Sectioning of Formalin Fixed Paraffin Embedded
(FFPE) Adult Zebrafish

Adult zebrafish were sacrificed and immersed in 4% PFA. Zebrafish were
incubated in the PFA, rocking, at 4° C for 4 days. Zebrafish were briefly washed
in PBS and then incubated in 8.5 mM EDTA, pH8, for 7 days, with the EDTA
being changed on day 4. Zebrafish were then processed in a tissue processer
(Leica TP1020), with the following protocol: 70% ethanol (2 hrs) X3, 95% (2 hrs)
X2, 100% ethanol (2 hrs) X2, Xylene (Fisher Scientific, UK) (2 hrs) X2, paraffin

with vacuum (2 hrs) X2.

The zebrafish tissue was then microtome sectioned at a thickness of 5 um
and mounted on charged slides (StarFrost, Knittel Glass). Slides were dried

overnight in an oven at 37° C.

2.6.2 Haematoxylin and Eosin (H&E) Staining of Slides

To remove the paraffin, slides were placed in xylene, for 5 mins, X2. Slides were
then hydrated by placing them sequentially in 100% X2, 95% and 70% ethanol
(Fisher Scientific, UK), for 5 mins each. Slides were then quickly washed in tap
water and stained in filtered Harris’s haematoxylin (Leica, UK), for 2 mins. Slides
were quickly washed again in tap water, and then the haematoxylin differentiated
by dipping the slides into acid alcohol 3 times, before being washed in tap water
again. Slides were then incubated in Scott’s tap water until the haematoxylin
turned from purple to blue. Slides were incubated in eosin (Leica, UK) for 5 mins,
and then washed in tap water. Slides were dehydrated by sequentially washing
them in 70%, 95% and 100% X2 ethanol for 1 min each, and finally placing in
xylene for 5 mins. Slides were cover slipped (Fisher Scientific, UK) in DPX
mounting media (Leica, UK). To set the DPX, slides were dried in an oven
overnight at 37° C.
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2.6.3 Immunohistochemistry

FFPE slides were deparaffinised and hydrated as outlined above in section
2.8.2. After incubation in ethanol, slides underwent peroxidase quenching by
incubation in methanol and 3% H20:2 for 20 mins. Slides were washed in tap
water, and antigen retrieval performed at either pH 6 (Access Revelation,
Menapath, Wokingham, United Kingdom) or pH9 (Super RTU antigen retrieval
solution, Menarini Diagnostics) by placing the slides in the relevant antigen
solution in a pressure cooker, with 500 ml water. The pressure cooker program
was set to 300 psi at 125° C for 30 sec. Slides were then immunostained with
Vectastain Elite ABC-HRP kits, specific to the species in which the primary
antibody was raised, as per their protocol. Slides were incubated in primary
antibody overnight at 4° C. For antibody optimisations, a rabbit IgG (Vector
Laboratories, UK) was used as a control, at the highest concentration that the
primary antibody was used at, to ensure primary antibody specificity. Antibody
staining was visualised by 3,3’-diaminobenzidine (DAB) kit (Vector Laboratories)
for ~ 6 mins, and the reaction stopped by washing in water. Slides were
counterstained with haematoxylin for 1 min, and again washed in tap water. The
haematoxylin was differentiated by dipping the slides into acid alcohol X3, before
quickly washing in tap water again. Slides were then incubated in Scotts tap water
until the haematoxylin turned from purple to blue, and washed again in tap water.
Slides were prepared for cover slipping by dehydration in progressively
concentrated ethanol, and incubated in xylene as described above in section

2.8.2. Slides were then cover slipped as previously described.

2.6.4 Imaging of FFPE Sections

Slides were imaged on NanoZoomer S60 Digital Slide Scanner U12388-01,
C13210-01 (Hamamatsu) and analysed using NDP.view2 Viewing software
(Hamamatsu).

2.7 Statistical Analysis

Data were analysed using GraphPad Prism software ® and power calculations
were carried out using G*Power software.
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Chapter 3

Characterisation of the ATM Mutation in
ATMsh477sha77 7aprafish, their Response to
lonising Radiation and Activation of the
DDR

3.1 Introduction

As outlined above in chapter 1, section 1.3, several animal models of AT already
exist. However, most of these, with the exception of the porcine model, fail to
faithfully recapitulate the neurodegenerative phenotype seen in AT. Zebrafish are
genetically tractable, and generation of an ATM knockout model is relatively quick
and inexpensive. Furthermore, zebrafish embryos are conducive to high
throughput screening in a way that higher vertebrate models are not. A zebrafish
ATM morpholino (MO) KD model has been reported (Imamura and Kishi, 2005).
However, investigation into the effects of ablation of ATM have only been made
at the embryonic level as MO KD is transient, and since AT is a degenerative
disorder it will likely be necessary to look beyond embryonic development to
understand the full effects of loss of ATM. Furthermore, MO KD is sometimes
associated with off-target effects, such as p53 activation, which is regulated by
ATM (Robu et al., 2007, Cheng and Chen, 2010), thus observations made in that
model may not be truly representative of loss of ATM. Therefore, we propose use
of a KO model carrying a similar type of ATM mutation to that found in classical

AT patients.

In order to determine if a zebrafish ATM KO is an appropriate model of AT,
characterisation of the effects of loss of ATM in zebrafish must be carried out. In
this chapter, we have characterised zebrafish carrying a truncating mutation in
ATM and investigated whether this model recapitulates any of the phenotypes
observed in AT patients, such as radiosensitivity, deficiencies in the DDR, and

immunodeficiency.
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3.2 Results

3.2.1 Expression of ATM in ATMsh477/sh477 Zeprafish

3.2.1.1 Expression of ATM mRNA in ATMsh477/sh47 Zeprafish

A potential zebrafish ATM KO model of AT (ATMsh477/sh477) had previously been
made using CRISPR/Cas9 (ZakSauskaité, Van Eeden and EI Khamisy,
Unpublished). These fish were uncharacterised, and the characterisation studies

described in this thesis were performed in collaboration with Prof. El Khamisy.

To confirm the mutation in these zebrafish, the CRISPR targeted region of
exon 6 was amplified by PCR, and the products sequenced by the University of
Sheffield Genomics Core Facility. Chromatograms of the sequences were
analysed and ATMsh477/sh477 zeprafish were found to have a 5 bp deletion mutation
when compared to their wild type siblings (figure 3.1 a). The predicted amino
acid sequence results in a frameshift mutation, leading to generation of 18 novel

amino acids followed by a premature stop codon (figure 3.1 b).

We predicted that this premature stop codon would either lead to a
truncated protein product and loss of the ATM pathway, or loss of the ATM protein
via induction of nonsense mediated degradation (NMD) of the mutant mRNA due
to the upstream premature stop codon (Hug et al., 2016). To determine if the
ATMsM77 transcript induced NMD, we used reverse transcriptase — quantitative
PCR (RT- gPCR) to determine the ATM mRNA levels in the mutant zebrafish.
We developed a number of primers upstream and downstream of the mutation
site, which are outlined in figure 3.2 a, and used these to determine ATM mRNA
expression at a number of different ages. Unless otherwise stated, ATM mRNA
expression was measured using primers designed against exons 58-59 (figure
3.2 a). This area was selected as it is 3’ of the predicted stop codon in exon 6
and is also within the kinase domain, which is known to be critical for ATM protein

function (see chapter 1, section 1.2.2).

ATMsh477isha77 - zeprafish are produced from an ATM*sh477 in-cross.
Therefore, it is important to determine if there is any maternal contribution of ATM
MRNA and when it ends. Second, it is useful to know when high levels of ATM
are expressed, as this may indicate its importance in development of the fish at

that time. Thus, ATM mRNA expression was measured in wild type zebrafish
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through the first 28 days of development using RNA extracted from pooled wild
type embryos (figure 3.2 b and c). Expression was normalised to EAF71a. It
appears that there is a strong maternal contribution of ATM mRNA as there are
significantly higher levels detected ~1.5 hours post fertilisation (hpf), at the 16 cell
stage (figure 3.2 b). ATM mRNA levels are sharply decreased by ~ 5.25 hpf, at
50% epiboly. While the level of ATM mRNA varied over the next 7 days, changes
in expression did not reach statistical significance. ATM mRNA expression was
transiently increased at 14 dpf (p<0.01), but decreased again at 21 and 28 dpf
(figure 3.2 ¢).

NMD decay is a mechanism by which aberrant mRNA transcripts are
degraded to protect the cell. This results in a decrease in, or almost complete
ablation of the mutant MRNA expression to prevent the mutant protein from being
translated (Lindeboom et al., 2016). To determine if the deletion mutation is
associated with NMD of ATM mRNA, 5 pooled larvae from each genotype were
analysed at 5 dpf, and no significant difference was observed in expression
between ATM** and ATMSh477/sh477 zeprafish (figure 3.2 d). ATM expression was
further investigated at 21 dpf (3 weeks), as at this point in development maternally
contributed mMRNA will no longer be detectable. All 3 possible genotypes resulting
from an ATM*s"77 in-cross exhibited remarkably similar ATM mRNA expression
(figure 3.2 e), suggesting that the ATM mRNA is not susceptible to NMD.

All expression data gathered thus far used primers amplifying a 3’ region
of the transcript encoding the kinase coding domain, which is critical for ATM
function. However, we hypothesised that alternative ATM transcripts with ATG
codons 3’ of the frame shift mutation may be present. Therefore, RT-gPCR was
also carried out at 3 weeks using primers upstream of the mutation site amplifying
exons 1-2 and 4-5. No significant differences in mRNA levels were observed with

either of the new primer pairs (figure 3.2 f & g).

As a final step, we investigated ATM mRNA levels in whole zebrafish
extracts and mRNA prepared from adult brains. While there was variation in
expression between fish, and there was a trend of decreased expression in
ATMsh477Isha77 compared to ATM** siblings, it was not statistically significant
(figure 3.2 h and i).
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Figure 3.1 Characterisation of the ATMSM/7sh477 mytation. a. Chromatogram of partial
sequences from wild type and mutant PCR products of exon 6 of ATM (deleted bases in blue),
along with a partial alignment of the sequence compared with Ensembl (Ensemble, 2017)
sequence showing a 5 bp deletion in the mutant zebrafish. b. Translated protein sequence of

exon 6 showing that the 5 bp deletion in ATMsh77/sh477 zeprafish leads to a downstream premature
stop codon.
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Figure 3.2 Expression of ATM mRNA in wild type and ATMsh477/sh477 zaeprafish. a. Schematic
of zebrafish ATM mRNA indicating the encoded protein functional regions and positions of primers
used for RT-qPCR analysis (red arrows). Blue arrow indicates position of the deletion mutation
and dotted line indicates the resulting downstream stop codon. b. Expression of ATM mRNA
through first 7 days of development. Expression was normalised to EF1a levels as a control and
then expressed relative to the expression level at 7 dpf. Data were analysed by one-way ANOVA
with a post hoc Tukey's multiple comparisons test. Each stage assessed represents mRNA
expression in a number of pooled embryos (16 cell - end of gastrulation = 100 embryos, 1 and 2
dpf = 50 embryos, 3 — 7 dpf = 25 larvae) with N=3 replicates. c. Expression of ATM mRNA from
7-28 dpf, normalised to EF1a expression and expressed relative to 7 dpf expression. Data were
analysed by one-way ANOVA with a post hoc Tukey's multiple comparisons test, 7 dpf vs 21 dpf
(p= 0.5522), 7 dpf vs 28 dpf (p= 0.1042). Each data point represents 10 pooled fish with N=3
replicates. d. Expression of ATM**and ATMsh77/sh477 gt 5dpf. Each data point represents 5 pooled
embryos, N=3 replicates. Expression was normalised to EF71a levels as a control. Data were
analysed by an unpaired t-test (p= 0.7797). e. Expression of ATM**, ATM*/sh477 gand AT Msh477/sha77
at 3 weeks old. Data points represent individual fish. Expression was normalised to EF1a levels
as a control. Data were analysed by one-way ANOVA with a post hoc Tukey's multiple
comparisons test. f. Expression of exons 1-2 of ATM mRNA at 3 weeks. Expression was
normalised to EF1a levels as a control. Data were analysed by one-way ANOVA with a post hoc
Tukey's multiple comparisons test. g. Expression of exons 4-5 of ATM mRNA at 3 weeks. Data
were analysed by one-way ANOVA with a post hoc Tukey's multiple comparisons test. h. Exons
58-59 of ATM mRNA global expression in adult zebrafish. Each data point represents an
individual fish. Expression was normalised to EF7a levels as a control. Note: Individual fish
analysed in e are the same fish analysed in f and h. Data were analysed by an unpaired t-test
(p= 0.7576). i. Exons 58-59 of ATM mRNA expression in the brain of adult zebrafish. Each data
point represents an individual fish. Data were analysed by an unpaired t-test (p= 0.2549). In all
graphs, error bars represent the mean +/- SD. Statistical analysis can be seen in appendix 3.1.
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3.2.1.2 Investigation into the Expression of the ATM Protein in ATMsh477/sh477
Zebrafish

As no difference in the expression level of ATM mRNA was observed, we decided
to raise an antibody to detect zebrafish ATM protein. The extreme N-terminal of
the protein was chosen as the immunogenic sequence (amino acids1-120)
(figure 3.3), as it was hoped that if ATMs"“”” mRNA does not undergo NMD and
is translated, both the full length and truncated protein might be detected by

western blot.

Figure 3.3 Epitope to which the zebrafish ATM antibodies were raised, modelled on the
human ATM structure. Pink indicates the recombinant peptide of the N-terminal that was used
to raise the antibody (amino acids 1-120). For reference, orange indicates the location of the
residues surrounding the premature stop codon in the mutant protein.

Zebrafish specific ATM antibodies were generated by Proteintech™ by
inoculation of two rabbits with a GST tagged recombinant peptide corresponding
to amino acids 1-120 of the zebrafish ATM protein. The method and production
data sheet of the antibodies carried out by Proteintech™ can be observed in
appendix 3.2. As two rabbits were inoculated, two polyclonal antibodies were

received (zATM1 and zATM2) and these were first optimised for detection of full-
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length endogenous ATM by western blot, and optimised in order to find an
appropriate lysis buffer and antibody concentration. Whole adult sexed match fish
(12 months/male), were first crushed under liquid nitrogen using a mortar and
pestle, and then the powdered tissue was split into 3 aliquots, and lysed in 3
different buffers. The lysis buffers used were Radioimmunoprecipitation assay
(RIPA) buffer, a General Lysis (lysis) buffer, and a commercial buffer, Reporter
Lysis (Reporter) buffer. As full-length zebrafish ATM is predicted to have a
molecular weight of ~350 KDa, lysates were run on 7.5% polyacrylamide gels to
allow adequate separation of high molecular weight proteins, and transferred to
PVDF membranes. The membranes were then probed with three antibody
concentrations (1:100, 1:500 and 1:1000) (figure 3.4). On the basis of prominent
bands after Ponceau staining of the PVDF membranes, samples collected from
the same fish gave distinctly different protein content depending on which buffer
was used (figure 3.4). Furthermore, ATM** and ATMsM77sh477 zeprafish lysed
with the same buffer also gave different Ponceau staining patterns. This is likely
due to a testicular pathology that will be discussed in chapter 4, causing a
difference in the cellular makeup of the tissue that was lysed. These differences
in overall protein content make it difficult to know the effect of antibody specificity.
This is evident in the reactivity of the antibody, both between the buffers used
and the lysates from each genotype, as different banding patterns can be
observed on the western blot. This is best observed in figure 3.4 a iii and b ii.
Both antibodies are reactive even when diluted 1:1000, detecting bands at a
number of different sizes, particularly around 50 KDa. However, neither antibody
detected anything above 250 KDa that could be considered full length ATM in
either ATM** or ATMsM77/sh477 |ysates. In the context of probing with zZATM1,
lysing with RIPA buffer appeared to give the highest protein content that was
reactive with the antibody, whereas probing with zZATM2, the general lysis buffer

gave the protein content with the greatest reactivity.

In addition to optimisation of lysis buffer and antibody concentration, the
type of transfer membrane used was also tested, comparing nitrocellulose and
PVDF (see appendix 3.3). No significant differences were observed between the

two membranes; therefore PVDF was used for detection of zebrafish ATM.
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Figure 3.4 Optimisation of novel zATM antibodies for detection of full-length endogenous
ATM with suitable lysis buffer and antibody concentration. Whole adult zebrafish lysates
were lysed in 3 buffers, RIPA, General Lysis Buffer (Lysis) and Reporter Lysis Buffer from
Promega (Reporter), and were analysed by western blot (7.5% agarose gel/PVDF membrane)
and probed with both zATM raised antibodies (zZATM1 and zATM2) at a range of concentrations.
a. Zebrafish lysates probed with zATM1. b. Zebrafish lysates probed with zATM2. i) antibody
diluted to 1:1000 ii) antibody diluted to 1:500 iii) antibody diluted to 1:100.
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It was not known whether the antibodies were capable of detecting the
zebrafish protein, or if the concentration of endogenous ATM protein was below
the limit of detection. For that reason, in order to determine if the antibodies were
capable of detecting the truncated form of ATM, and at what limit of detection, 30
ng of the GST tagged ATM (aa 1-120) peptide that had been used to inoculate
the rabbits, was serially diluted (1/3) and probed with zZATM1. The predicted size
of the recombinant protein is ~39 KDa (aa 1-20 of zebrafish ATM =13.8 KDa,
GST tag=~26 KDa) (see appendix 3.2). The zATM1 antibody was able to detect
a strong band just above 37 KDa (figure 3.5 a), which is likely the recombinant
protein as it is similar to quality control tests carried out by Proteintech™, who
also detected a band at the same molecular weight when probing with a GST
antibody after protein induction in transformed bacterial lysates (see appendix
3.2 page 4 of proteintech™ data sheet). The zZATM1 antibody was able to
detect 1.1ng of recombinant protein using a longer exposure (data not shown).
There is also a lower band present at 25 KDa. This may represent a cleaved
version of the GST tagged peptide purified from the bacterial cells, and can also
be detected by a GST antibody (see appendix 3.2 page 4 of Proteintech™ data
sheet).

In order to determine whether there is a truncated protein produced in
ATMsh477Isha77 zeprafish, lysates from three ATM** and three ATMSh477/sh477 male
zebrafish (12 months) were separated on a 4-20% gradient agarose gel to allow
maximum separation and visualisation of both low and high molecular weight
proteins, as the truncated protein is predicted to be 31 KDa. After transferring to
PVDF membrane, lysates were probed with zZATM1 (figure 3.5 b). Again, nothing
was detected above 250 KDa in either genotype, indicating that the full-length
protein was not detected. However, three bands were detected between 20-37
KDa that appeared to be much more prominent in homozygous fish compared to
wild type (figure 3.5 b green arrows). Although not conclusive, this result is
consistent with the generation of truncated ATM protein in ATM sh477/shar7
zebrafish, and in keeping with our inability to find evidence of nonsense mediated
degradation of ATM mRNA.

As there is evidence suggesting that the recombinant peptide and
truncated ATM protein might be detected by zATM1 (figure 3.5 a and b) it was
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hoped that the full-length protein may also be detectable, but the endogenous
concentration was below the limit of detection of the antibody. Therefore, we
attempted to increase its concentration by carrying out an immunoprecipitation
assay (IP). The IP was optimised by lysing wild type fish in RIPA buffer as
described above, and incubating 1.5 mg of whole zebrafish lysates with either
zATM1, zATM2 or a control Rabbit IgG (2 pg antibody/500 pg lysate).
Immunoprecipitated proteins were size separated using a 4-20% gradient PAGE,
transferred to PVDF, and then incubated with the above antibodies. Both zATM
antibodies detected a band well above 250 KDa (figure 3.5 c); however, the
same band was detected in the rabbit IgG control, so it is non-specific. The
sample immunoprecipitated by zATM1 and then probed by zATM1 shows a
higher molecular weight band (figure 3.5 c, yellow arrow). It is possible that this
was ATM as it was estimated to be an appropriate size. However, without a
molecular marker beyond 250 KDa it was difficult to determine if this was a
positive detection of ATM or an artefact of protein stuck either at bottom of the
wells, or at the stacking/resolving gel. Therefore, another IP was attempted with
lysates from three ATM** and three ATMSh477/sh477 male zebrafish (12 months),
which were both immunoprecipitated with zZATM1, and the western blot probed
with zZATM1 (figure 3.5 d). This time, landmarks of the gel such as the
stacking/resolving gel interface and the bottom of the wells were marked to give
context to any high molecular weight bands detected (figure 3.5 d, asterisks).
There was a band detected in all samples well above 250 KDa, although, this
was at the stacking/resolving gel interface. Therefore, we were unable to detect
zebrafish ATM full length protein using western blot. Optimisation for the ATM
antibody was carried out for immunohistochemistry, and will be discussed in
chapter 4 section 4.2.2.4. Detection of ATM peptides in ATM** and
ATMsh477Isha77 lysates, at 5 dpf by mass spectrometry was also attempted.

However, ATM could not be detected in either sample (data not shown).
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Figure 3.5 zATM antibodies do not detect endogenous full-length zebrafish ATM. a. Serial
1:3 dilution of recombinant zebrafish ATM peptide (amino acids 1-120) with GST tag is detected
by zZATM1 (1:1000). b. Lysates from sex matched zebrafish separated on a 4-20% gradient gel,
transferred to PVDF membrane and probed with zZATM1 (1:1000) show no protein detected above
250 KDa in either ATM** or ATMsM77/sh477 |t does show an ATMsh477/sh477 specific band between
25 and 37 KDa and another at ~20 KDa (green arrows). ¢. Optimisation of immunoprecipitation
of ATM. 1.5 mg of wild type zebrafish adult lysates were immunoprecipitated with either zZATM1,
ZATM2 or control rabbit IgG (2 pg antibody/ 500 ug lysate), and along with 100 pg of input probed
with either zZATM1, zATM2 (1:1000) or no primary antibody. There appeared to be a zATM1
pulled/probed specific band (yellow arrow). d. IP of lysates (1 mg) from three sex matched ATM**
and three ATMsM77sha77 gdult zebrafish probed with zATM1 (1:1000), input (100 ug). *

Stacking/resolving gel interface ** bottom of loading wells.
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3.2.2 ATMsh477isha77 7eprafish Develop as Male

Domesticated zebrafish do not have sex chromosomes, and their sex
determination is thought to be governed by unknown genetic components that
are sensitive to environmental cues (Liew and Orban, 2014). These unknown
genetic components may be polygenic and may differ between strains of
zebrafish (Liew and Orban, 2014). During development, all zebrafish initially
develop a ‘juvenile ovary’ which can either continue to grow into a mature ovary,
or can degenerate and subsequently develop into testes through oocyte
apoptosis between 19 and 27 dpf (Maack and Segner, 2003, Wang et al., 2007).
However, this sexual development is also sensitive to environmental factors,
particularly stress factors such as high temperature (Abozaid et al., 2011), high
density (Abozaid et al., 2011), lack of resources (Lawrence et al., 2008), and low
oxygen (Shang et al., 2006). Stress factors such as elevated temperature appear
to consistently skew sex ratios in favour of more males (Liew and Orban, 2014),
however, low density and unknown factors can skew towards more females.
Furthermore, ATM functions in HR, and mutations in brca2, rad51, and 12 other
DDR genes in zebrafish have also caused female to male sex reversal
(Ramanagoudr-Bhojappa et al., 2018, Rodriguez-Mari et al., 2011, Rodriguez-
Mari et al., 2010, Shive et al., 2010, Vierstraete et al., 2017).

In our first in-cross of ATM*sh477 zebrafish we noticed that ATMsh477/sh477
zebrafish were consistently phenotypically male. Given the link between KO of
DNA repair genes and female to male sex reversal in zebrafish, we investigated
further. We raised three clutches of 120 fish each, from multiple ATM*/sh477 in-
cross parent pairs, to sexual maturity (3 months) using standard housing density
of 9.2 zebrafish/litre (60 per tank). The progeny were genotyped and
independently assigned a sex based on their phenotypic characteristics
(morphology and colour) by a member of the aquarium team who did not know
the genotype of each fish. Zebrafish from the ATM*s"477 in-cross maintained close
to a Mendelian frequency of ATM genotypes (figure 3.6 a), and overall had a
similar ratio of male to female fish within the clutch (figure 3.6 b). However, all
ATMsh477Ish477 fish observed, with the exception of one fish, were phenotypically
male (figure 3.6 c). This preference of ATMsM77sh477 zeprafish for the male

lineage was consistent in every clutch raised from ATM?*"77 in-crosses
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throughout the project, including when crossed to a TDP1 null background (data

not shown).
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Figure 3.6 ATMsh477sh477 zeprafish develop as male when raised at normal densities. a.
Percentage of each genotype in the progeny of 3 ATM*/sh77 in-crosses raised at a density of 9.2
zebrafish/litre, n=315 fish. b. Sex distribution observed within the clutches from a. Data were
analysed by unpaired t-test (p=0.8883) c. Sex distribution within the genotypes of the progeny
from the same in-crosses. Data were analysed by a two-way ANOVA, with a post hoc Tukey's
multiple comparisons test and Sidak's multiple comparisons test. Note: Only one ATMsh477/sh477
female fish was observed. Error bars in all graphs represent mean +-SD. Statistical analysis can
be seenin appendix 3.4.
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3.2.3 ATMsh477ish477 7eprafish Show no Increase in Radiosensitivity or

Deficiency in the Somatic DNA Damage Repair Response

3.2.3.1 ATMsh477sh477 7eprafish do not Exhibit any Increase in their
Radiosensitivity

Radiosensitivity and deficiency in the DNA damage response is a hallmark of
ATM deficient cells (Lavin and Shiloh, 1997, Kishi and Lu, 2002, Meyn, 1995).
Additionally, ATM KO models in mouse and rat also exhibit radiosensitivity
(Laposa et al.,, 2004). Furthermore, in a zebrafish ATM morpholino (MO)
knockdown model, morphant embryos treated at 6 hpf with ionising radiation
exhibited extreme sensitivity that presented as morphological abnormalities by
48 hpf, such as extreme curvature of the trunk and tail, developmental
retardation, loss of pigment and loss of integration of the yolk sack. By 72 hpf all
irradiated ATM MO-injected zebrafish had died (Imamura and Kishi, 2005).
Therefore, if these morpholino effects were specific for ATM, we postulated that

ATMsh77isha77 7eprafish should exhibit similar sensitivity to irradiation.

We have demonstrated maternal inheritance of ATM mRNA in early
zebrafish embryos (figure 3.2 above). Based on this analysis, we propose that
dosing of zebrafish with ionising radiation should take place after 24 hpf, to
ensure the effects of IR in ATMSh77/sh477 |aryae were not masked by maternal
contribution of ATM mRNA.

In order to determine the effects of ionising radiation, we first established
a suitable dosing range that would not be too harsh, and that would allow
detection of any increase in radiosensitivity in ATMsM77/sh477 |aryvae. These initial
experiments used wild type zebrafish. Preliminary data suggested that zebrafish
were not particularly sensitive to a single dose of IR (data not shown). Therefore,
a dosing protocol for multiple serial IR treatments was optimised, using
morphology as a readout. Wild type zebrafish were treated daily between 1-4 dpf
with either 8, 12, or 20 Gy of ionising radiation, and imaged for morphological
analysis at 5 dpf (figure 3.7). Wild type zebrafish treated with serial doses of 8
Gy exhibit a small degree of sensitivity whereby gross morphology was not
affected, but the eyes and head were slightly smaller, as was the swim bladder.
The effects of radiation can also been seen in the development of the yolk sack;

where compared to untreated controls, in 8 Gy treated zebrafish it is larger, more
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spherical, and retains its yellowish hue, which suggests integration of the yolk
sack has been delayed (Kimmel et al., 1995). In addition, on occasion a decrease
in pigmentation was observed in the wild type zebrafish treated with 8 Gy.
Zebrafish treated with 12 Gy also exhibited a decrease in eye and head size that
appears to be worse than that seen in 8 Gy treated fish. Similarly, 12 Gy treated
zebrafish show a delay in yolk sack integration and they appear more spherical
i.e. less developed. The effects of irradiation can also be seen on the swim
bladder, as no properly inflated swim bladder was observed. Loss of pigmentation
was also more prevalent in 12 Gy treated zebrafish. The effects of 20 Gy on
zebrafish were acute, with zebrafish exhibiting gross morphological
abnormalities. 20 Gy treated zebrafish are much smaller and display extreme
curvature, the head and eyes are noticeably smaller, and there is little to no
integration of the yolk sack. Zebrafish treated with this high dose not only showed
no inflation of a swim bladder, but no structure that resembles a developing swim
bladder. Loss of pigmentation was also observed, along with the presence of a
yellow/green hue in the epithelium of the truck and head. All zebrafish treated
with the highest dose exhibited pericardial oedema and were only able to twitch
upon tactile stimulus. Therefore, the effects of serial treatment from 1-4 dpf with
IR appear to be dose dependent, where treatment with 8, 12 and 20 Gy leads to
an adequate range of radiosensitivity from mild effects to severe, and were
therefore considered a suitable dose range to determine the radiosensitivity of
ATMSh477Isha77 zaeprafish.

To determine if ATMSh477/sh477 were any more radiosensitive than their
control siblings, the progeny from an ATM*sM77 in-cross were treated with either
8, 12 or 20 Gy daily from 1-4 dpf ,and imaged at 5 dpf (figure 3.8 a). After
imaging, DNA was extracted and each fish individually genotyped. ATM**
zebrafish responded similarly to the optimisation experiment. The response was
again dose dependent and the severity of effects of IR on eye, head, swim
bladder and yolk sack size increased in line with the IR dose (figure 3.8 a, left
panel). ATM*sM77 and ATMsM77/sh477 zeprafish were also sensitive to the effects
of IR, but the ATMsM77/sh477 appeared no more sensitive to IR than their control
siblings, as the morphological defects observed were comparable across all
genotypes (figure 3.8 a, right panel).
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We considered the possibility that 5 dpf may not have been enough time
to observe any increased radiosensitivity after treatment with IR, and that allowing
the zebrafish to develop to a later age past the point of independent feeding may
allow a phenotype to become apparent. Thus, the effects of IR on ATMsh477/sha77
zebrafish were assessed at 12 dpf. As zebrafish at 12 dpf are governed by ASPA
1986, alterations to the dosing protocol had to be made to lower the overall
severity limit of the experiment. As the effects of IR after 5 dpf were unknown, the
dose of IR was decreased. Treatment with IR at 48 hpf induced the DDR (see
below figure 3.9 (Morsli, personal commuication), and therefore zebrafish from
an ATM*sM77 in-cross were treated once at 48 hpf with either 2 or 8 Gy, and
allowed to develop to 12 dpf. At this age the zebrafish were removed from the
aquarium system, imaged and genotyped (figure 3.8 b). ATM** zebrafish treated
with 2 or 8 Gy IR exhibited no morphological abnormalities compared to untreated
controls (figure 3.8 b left panel). Eye and head size were comparable and the
swim bladder was normally inflated. The yolk sack had also integrated normally
into the gastrointestinal tract. Likewise, ATM*SM77 and ATMSh477/sh477 |R treated
zebrafish exhibited no gross abnormalities at 12 dpf and were morphologically
comparable to both untreated and IR treated ATM+/+ controls (figure 3.8 b,
middle and right panel). However, despite there being no obvious difference
observed, analysis of the total length of individual fish show that 8 Gy treated
zebrafish were significantly smaller (figure 3.8 c) than untreated zebrafish.
Nevertheless, this decrease in size was to the same extent in all genotypes
treated with 8 Gy, and there no differences were detected between ATM** and
ATMsh477sha77 7eprafish. Therefore, in this assay, ATMSM77sh477 zeprafish exhibit

no detectable increase in radiosensitivity.
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12 Gy
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Figure 3.7 Optimisation of serial IR treatments for detection of radiosensitivity in wild type
zebrafish. Zebrafish were treated daily from 1-4 dpf with the relevant dose of IR from a Caesium-
137 irradiator and imaged for analysis at 5 dpf. After imaging, DNA was extracted and the

zebrafish genotyped.
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Figure 3.8 ATMSM77sh477 zeprafish morphologically exhibit no increase in their
radiosensitivity compared to ATM** siblings. a. Progeny from an ATM*sh477 in-cross were
subjected to serial doses of IR at 1-4 dpf and imaged at 5 dpf to investigate the developmental
and morphological effects. n=96 fish. b Progeny from an ATM*s"77 in-cross were subjected to a
single dose of IR at 48 hpf and raised to 12 dpf, when they were imaged for investigation into the
developmental and morphological effects of IR. n=128. Scale bar represents 1 mm. c.
Quantification of the length of progeny from the ATM*s"77 in-cross (b). Data were analysed by
two-way ANOVA with a post hoc Tukey's multiple comparisons test. Error bars represent mean+/-
SD. Statistical analysis can be seen in appendix 3.5.
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3.2.3.2 Somatic DDR in ATMsh477/sh477 7aprafish.

As ATMsh77/sha77 zeprafish did not appear to be any more radiosensitive then their
ATM** siblings, we next investigated DDR directly at the molecular level. H2AX
is a member of the H2A family of histones around which DNA is wrapped, and is
the most common marker used for detection of DNA damage in situ (Kopp et al.,
2019). H2AX is phosphorylated (yH2AX) in response to DNA damage and acts as
a stable platform on which repair proteins accumulate (Yan et al.,, 2011,
Podhorecka et al., 2010). In response to ds DNA damage, H2AX is mainly
activated through ATM kinase signalling, and upon activation, yH2AX
immunostaining reveals discrete nuclear puncta (Kobayashi et al., 2009, Burma
et al., 2001, Yin et al., 2012, Takahashi et al., 2010, Tanaka et al., 2006b). To
determine whether there was a defect at the molecular level in ATM signalling
and activation of the DDR, we measured H2AX phosphorylation in zebrafish

larvae after induction of DNA damage.

Larvae from an ATM*s"77 in-cross were treated with 0, 8 or 12 Gy IR at
48 hpf. Larvae were fixed 1 hr post irradiation and immunostained for activated
yH2AX. The tails of individual larvae were genotyped, while the heads were
mounted and imaged by confocal microscopy (figure 3.9 a). To determine
activation, yH2AX foci were quantified using a custom script (see section 2.5.2.4)
and expressed as relative area of yH2AX foci/cell (figure 3.9 b). As expected,
larvae treated with IR show a significant dose dependant increase in yH2AX foci
(0 Gy v 8Gy v 12 Gy <0.0001) (appendix 3.6) (figure 3.9 b). There was no
difference in basal yH2AX activation (0 Gy) between ATM** and mutant larvae
(p=0.2095). When the larvae were treated with 8 Gy IR, there was a significant
difference in H2AX activation (p=0.0093), with ATMsh477/sh477 zeprafish showing
increased expression. However, when treated a higher dose of 12 Gy, no

significant differences were observed between the two genotypes (p=0.0804).
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A Figure 3.9 H2AX phosphorylation in ATM** and ATMsh477/sh477

| ATM larval zebrafish. a. Zebrafish from an ATM*s™77 in-cross were
treated with 0 Gy, 8Gy or 12 Gy IR at 48 hpf. At 1 hr post irradiation,

® ATMsha77ishar? the larvae were fixed and immunostained with a yH2AX antibody
(1:1000). Cranial epithelial cells were imaged for yH2AX foci. Scale
bars represent 10 um. b. Quantification of foci in a. Foci were
quantified by a custom script to determine the total area of the foci
within a nucleus. The area of the yH2AX foci was then normalised to
the area of the relevant nucleus. Data presented as the relative area
of foci/cell. Error bars represent mean+/-SD. Data were analysed by
a two-way ANOVA with a post hoc Tukey's multiple comparisons test
and Sidak's multiple comparisons tests. ATM+/+; 0 Gy n=34 cells, 8
Gy n=146 cells, 12 Gy n=78 cells. ATMsh477/sh477: 0 Gy n=44 cells, 8
Gys n=28 cells,12 Gy n=57. N=1 repeat. Statistical analysis can be
seen in appendix 3.6
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As outlined in detail in chapter 1, section 1.2.4.1, AT patients suffer severe
immunodeficiency as a result of the inability of an ATM deficient system to repair
endogenous DNA breaks due to V(D)J and CSR events during antibody production.
For this reason, AT patients have lower overall circulating levels of antibodies. Despite
having the CSR initiator activation-induced cytidine deaminase (AID) that has the
ability to regulate CSR, zebrafish heavy chain loci do not undergo CSR (Wakae et al.,
2006). However, they do undergo V(D)J recombination (Weinstein et al., 2009, Jiang
et al., 2011, Danilova and Steiner, 2002, Zimmerman et al., 2011), a process that in
humans has been shown to utilise ATM (Perkins et al., 2002, Dujka et al., 2010,
Bredemeyer et al., 2006b). Therefore, we hypothesised that ATMs77/sh477 may also
have lower levels of immunoglobulins due to the inability to repair these dsDNA

breaks.

Zebrafish possess three antibody classes; IgM and IgD which are homologous
to IgM and IgD in mice and humans, and a third isotype that has so far only been
detected in bony fish, 19gZ/T (IgZ) (Zimmerman et al., 2011, Danilova et al., 2000,
Danilova et al., 2005, Hansen et al., 2005, Gambdén-Deza et al., 2010, Ryo et al.,
2010). In order to determine whetherATMsM77/sh477 could have lower levels of
immunoglobulins, RNA was extracted from whole ATM** and ATMsh477/sh477 zeprafish
siblings at 3 months old, and the level of each immunoglobulin heavy chain mRNA
was determined by RT-qPCR (figure 3.10). There were no significant differences

observed in the expression of any immunoglobulin heavy chains between ATM** and
ATMSh477/Sh477.
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Figure 3.10 ATMsM#77sh477 show no inability to produce immunoglobulins. RNA was extracted from
5 ATM** and 5 ATMsh477/sh477 zeprafish at 3 months old, and relative levels of immunoglobulin heavy
chains were assessed by RT-gPCR. Data were analysed by Mann Whitney test. Error bars represent

mean +/- SD. Data were analysed by a Mann Whitney test and statistical analysis can be seen in
appendix 3.7.
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3.2.3.3 ATMsh477ish477 7eprafish do not Exhibit an Increase in Senescence

Cellular senescence is characterised by a prolonged and irreversible cessation of the
cell cycle, activation of tumour suppressor genes, alterations to cellular metabolism,
and changes in cellular secretions (senescence-associated secretory phenotype
(SASP)) (Hayflick and Moorhead, 1961, Gorgoulis et al., 2019). It functions in many
healthy biological processes, such as pregnancy (Rajagopalan and Long, 2012),
embryogenesis (Mufoz-Espin et al.,, 2013, Storer et al., 2013, Biran and
Krizhanovsky, 2015), and tissue repair (Jun and Lau, 2010, Nishizawa et al., 2016).
However, it is mainly associated with aging (van Deursen, 2014) and is protective
against the oncogenic transformation of cells (Campisi, 2013, Loaiza and Demaria,
2016). Senescence that is not associated with a developmental process is largely
induced by cellular stressors such as DNA damage, elevated ROS, aberrant
oncogenic expression, hypoxia, mitochondrial dysfunction, telomere shortening, and
impairment of autophagy, all of which also activate ATM (Wei and Ji, 2018, Gorgoulis
et al., 2019) (see chapter 1, sections 1.2.2, 1.2.3 and 1.2.4). ATM has been shown
to play a number of roles in senescence, however, whether it positively or negatively
regulates it is still not clear, and it is likely to be cell type and context dependent (Yosef
et al., 2017, Zhao et al., 2020a, Aird and Zhang, 2015, Strzyz, 2017, Sunderland et
al., 2020, Qian et al., 2018, Efeyan et al., 2009, Qian et al., 2017, Li et al., 2020).
Nevertheless, loss of ATM in humans is associated with accelerated ageing of AT
patients, and increased cellular senescence acquired from endogenous DNA damage
(see chapter 1, section 1.2.4.7). Therefore, we postulated that ATMsh477/sh477
zebrafish could exhibit an endogenous DNA damage senescence associated

phenotype.

Six genes that are considered markers of senescence were chosen for mMRNA
expression analysis. These were markers of cell cycle arrest, CCNG1 (Cyclin-g1),
p53, p21 and pl16, and the proinflammatory markers IL-78 and IL-6 (Gorgoulis et al.,
2019). RNA was extracted from 5 adult ATM** and 5 ATMsSh77/sh477 zeprafish (3
months) for RT-gPCR analysis. No significant differences were observed in any

senescence marker genes between ATM** and ATMSM77/sh477 zeprafish (figure 3.11).

It was considered that zebrafish in an aquarium environment would not
experience enough endogenous DNA damage by 3 months of age to cause a
difference in senescence. Therefore, we sought to induce DNA damage with the

hypothesis that after a large DNA damage insult an ATM deficient system would
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struggle to repair it as effectively, leading to an increase in senescent cells. Previous
unpublished research (Morsli, personal communication) showed that after induction
of DNA damage by ionising radiation at 48 hpf, senescence markers persisted to 12
dpf. Therefore, progeny from an ATM*sh477 in-cross were treated with either 2 or 8 Gy
at 48 hpf and allowed to develop to 12 dpf. At 12 dpf, zebrafish were tail clipped,
bodies flash frozen and tails genotyped. Once genotyped, 4 ATM** and 4
ATMsh477isha77 7eprafish were pooled for RNA extraction and subsequent RT-gPCR
(figure 3.12). Time constraints due to Covid-19 only allowed two repeats to be carried
out; as such, no statistical analysis could be performed. However, based on the data
collected there does appear to be an irradiation dose dependent increase in the
expression of cell cycle arrest genes (CCNG1, p21, pl6é and p53) and pro
inflammatory genes (IL-18 and IL-6) in ATMSh77sh477 zeprafish compared to the
ATM** siblings. This tentatively suggests that ATMSM™77/sh477 fish may show increased

cellular senescence after DNA damage induction.
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Figure 3.11 mRNA expression of senescence markers in adult zebrafish. RNA was extracted from
5 ATM** and 5 ATMsh77sh477 adult zebrafish (3 months) and expression of senescence markers mMRNA
analysed by RT-gPCR. Data were normalised to expression of 3-actin as a control. Error bars represent
mean+/- SD. Statistical analysis can be seen in appendix 3.8.

102



CCNG1 p21 p16

) (7]
1 ]

Relative mRNA expression
—
1

Relative mRNA expression
o~
1

Relative mRNA expression

(=]
o
L

1
0 Gy 2Gy 8 Gy 0 Gy 2Gy 8 Gy

p53 IL-1B IL-6

H
]

w
1

1
Relative mRNA expression
)

Relative mRNA expression
Relative mRNA expression
]

1

?

-2

ATM**

o ATMsh477/sha77

Figure 3.12 mRNA expression of senescence markers in 12 dpf zebrafish after induction of DNA
damage. Zebrafish were treated with either 0, 2, or 8 Gy of IR at 48 hpf. At 12 dpf 4 fish of each
genotype were pooled and RNA extracted for analysis by RT-gPCR. Data were normalised to
expression of B-actin as a control. Error bars represent mean+/- SD. N= 2
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3.2.4 Investigations into the Possibility of Genetic Compensation by ATR

The evidence above, that ATMSM77sh77 zeprafish do not exhibit any increase in
radiosensitivity or in deficiency in activating the DDR, is surprising. Recently there has
been much debate over the reliability of morpholino (MO) knockdown (KD)
(morphants) compared with stable KO. In the former, phenotypic observations have
post hoc been attributed to off target effects of the MO, and in the latter, the lack of
an observable phenotype has often been attributed to genetic compensation (GC) by
upregulated expression of homologues or genes from the same family as the mutated
gene (Peng, 2019, EI-Brolosy et al., 2019). Therefore, we considered that the lack of
an expected phenotype in ATMSM77sh477 zeprafish might also be attributed to GC.
Recent studies have reported that for GC to occur requires the NMD of a mutant
MRNA transcript carrying a premature stop codon, and that GC is dependent on the
mutant transcript and not the lack of a functional protein (El-Brolosy et al., 2019, Ma
et al., 2019). While the ATMsM77sM77 mytant transcript does contain a premature stop
codon, it appears that it does not undergo NMD, as no difference in the expression of
ATM mRNA is observed between ATM** and ATMsM77sh477 zeprafish (figure 3.2).
However, given that there is evidence to suggest that GC may be differentially
regulated in a number of contexts (Ma et al., 2019), and that our understanding of
how GC occurs is still potentially incomplete, it was decided GC had to be considered

in this context.

Upregulation of genes in GC appears to be linked to sequence similarly
between the target gene and genes upregulated in its place (Ma et al., 2019). If GC
were to occur in the context of the ATMsh477/sh477 mutation, then perhaps genes
containing a similar sequence to ATM would be upregulated. However, a BLASTN
search with the wild type ATM cDNA sequence yielded no results of a zebrafish gene
with a similar sequence (data not shown). As outlined in detail in chapter 1, section
1.2.1, ATM belongs to the large PIKK family of proteins, and it was thought members
of this family could be a possible target for upregulation. However, pairwise
alignments of ATM with these 5 genes showed no areas of high sequence homology
(data not shown). Nevertheless, one family member, ATR, canonically functions in
the DDR in response to ssDNA breaks but has also been shown to function in
response to dsDNA breaks (Igoucheva et al., 2006, Duursma et al., 2013, Cimprich,

2007, Gong et al., 2017). Therefore we performed some preliminary investigations
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into whether ATR could be responsible for GC in ATMsh77sh77 zeprafish and could

explain their robustness to DNA damage.

In common with ATM, ATR is phosphorylated upon activation. However, we
lacked a zebrafish specific phospho-antibody that would enable us to detect any
increased activation of ATR in ATMsM77/sh477 zeprafish, along with a zebrafish specific
antibody that would allow us to detect overall endogenous protein expression.
Therefore, we chose to determine if gene expression was upregulated in
ATMsh477sha77 zeprafish by RT-gPCR.

Initially we investigated basal levels in adult fish, assuming that if GC were to
occur, the endogenous DNA damage over time could be enough to induce an
increase in expression. RNA was extracted from adult (3 months) zebrafish and
analysed by RT-gPCR (figure 3.13). Again we found no evidence that mutant ATM
undergoes NMD, as comparable levels are expressed in both ATM** and
ATMsh477Isha77 zeprafish. There was also no significant difference in the expression of

ATR between genotypes.

It was questioned whether massive DNA damage would need to be induced in
order to see an increase in expression, and that perhaps prolonged DNA damage
could induce an upregulation in expression. Therefore, progeny from an ATM?*/sh477
in-cross were subjected to serial treatments of IR from 1-4 dpf, and RNA extracted for
analysis at 5dpf (figure 3.14). No significant difference was observed in expression
of ATM or ATR between genotypes either with or without IR. Interestingly, treatment
with IR did not significantly increase expression of either gene at this time point. These

results suggest that ATR expression is not upregulated in ATMsM77/sh477 zeprafish.
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Figure 3.13 Expression of ATR mRNA is not upregulated in ATMsh477/sh477 zeprafish. RNA from 5
ATM** and 5 ATMsM77/sh477 sexed matched siblings was extracted and expression of ATM and ATR
mMRNA was analysed by RT-qPCR. Error bars represent mean+/- SD. Statistical analysis can be found
in appendix 3.9.
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Figure 3.14 Expression of ATR mRNA is not upregulated in ATMSh477sh477 zaprafish after
induction of DNA damage. Progeny from an ATM*sh477 in-cross was serially treated from 1-4 dpf with
8 Gy IR, and RNA extracted at 5 dpf for RT-gPCR analysis. Data were analysed by a two-way ANOVA
with a post hoc Sidak's multiple comparisons test. Error bars represent mean +- SD. Statistical analysis

can be seen in appendix 3.10.
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3.3 Discussion

3.3.1 ATMsh477sha77 7eprafish have Phenotypes that are Consistent with
Knockout of ATM Signalling

Classical AT patients generally have null mutations, leading to complete ablation of
expression of the ATM protein (Gilad et al., 1996). Other cases of classical AT may
have very low ATM protein expression, however, in these cases it is evident that the
ATM DNA damage response signalling pathway is defective (Stankovic et al., 1998,
Micol et al., 2011a, Concannon and Gatti, 1997, Li and Swift, 2000, Fievet et al.,
2019). Therefore, to ensure the ATMsM77/sh477 zeprafish model is a KO model, and is
molecularly an accurate recapitulation of the AT disease, expression of ATM in these

zebrafish was characterised.

The ATMS™77 allele was found to consist of a 6 bp deletion in exon 6, leading
to a frameshift mutation, resulting in a downstream premature stop codon (figure 3.1).
This type of truncating mutation is frequently found in AT patients (Mitui et al., 2005,
Concannon and Gatti, 1997, Li and Swift, 2000, Gilad et al., 1996, Micol et al., 2011b,
Stray-Pedersen et al., 2004, Sandoval et al., 1999, Stankovic et al., 1998). This
mutation was predicted to cause ablation of ATM signalling in one of two ways; either
the mutant mMRNA would undergo NMD (Hug et al., 2016), or a truncated protein would
be produced. This truncated protein would be expected to be non-functional, as it
would lack the essential kinase domain, as well as most protein-protein binding sites

(chapter 1, section 1.2).

3.3.1.1 Nonsense Mediated Decay of the ATMS"7” Transcript

Our data indicate that the ATMsh477 mRNA transcript does not undergo NMD (figure
3.2). SMG1, another member of the PIKK family, plays a fundamental a role in NMD
(Causier et al., 2017). Given that PIKK family members have significant cross over in
functionality (see section 3.3.2.2 below), that the key role of ATM seems to be as a
master regulator of cellular homeostasis (chapter 1, section 1.2.2 and 1.2.3), and
that ATM and SMG1 share substrate specificity (Brumbaugh et al., 2004), it is
conceivable that ATM itself may play a role in NMD, particularly as there appears to
be redundancy in the NMD pathway in zebrafish after loss of SMG1 (Lloyd and
Davies, 2013, Wittkopp et al., 2009). Furthermore, after DNA damage, ATM has been
shown to activate UPF1, an initiator of the NMD pathway (Causier et al., 2017).
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Therefore, loss of signalling of ATM may cause perturbations in the NMD pathway,
and as a result, the ATM mutant transcript itself may not be degraded. However, given
that NMD not only functions in clearance of mutants transcripts, but also functions in
homeostatic gene expression (Nickless et al., 2017), and the NMD pathway is
essential for zebrafish embryonic development and survival (Wittkopp et al., 2009), it
is unlikely that this pathway is drastically perturbed in ATMsM#77/sh477 zeprafish, as they

do not have a corresponding phenotype.

For NMD decay to work effectively, normal stop codons and deleterious
premature stop codons need to be distinguishable. Canonically, mRNA transcripts
that contain a premature stop codon upstream of an exon-exon junction are marked
by an exon junction protein complex (EJC), and are readily degraded. In this
mechanism, transcripts with a premature stop codon 50-55 bp upstream of the exon-
exon junction are most efficiently degraded (Nagy and Maquat, 1998, Thermann et
al., 1998, Zhang et al., 1998, Hug et al., 2016, Le Hir et al., 2001, Nicholson et al.,
2010, Lindeboom et al., 2016). Although in the ATMsh477 transcript, the predicted
premature stop codon occurs upstream of an exon-exon junction, it occurs 75 bp

upstream and therefore may not be as readily degraded.

Interestingly, NMD has been found to be less efficient, and significantly
decreased if there isa large distance between the premature stop codon and the
normal translation termination site (Lindeboom et al., 2016). ATM is an exceptionally
large protein, and the ATM zebrafish mRNA transcript consists of 62 exons and is ~
9.2 Kb in length (Ensembl-November 2020). The ATMsM77 transcript has ~8.4 Kb
between the predicted premature stop codon and the normal translation termination
site. Additionally, certain RNA-binding protein motifs in the mRNA found +/- 100
nucleotides either side of the premature stop codon have been shown to alter the
efficiency of NMD (Lindeboom et al., 2016, Ray et al., 2013). The ATM transcript has
one of these RNA binding motifs directly after the predicted premature stop codon

(appendix 3.11), and this may also alter the NMD of the mutant transcript.

3.3.1.2 Detection of the ATM Protein in Zebrafish by Western Blot

Detection of the protein was attempted by western blot with antibodies raised to the
amino acids 1-120 of zebrafish ATM, upstream of the CRISPR induced mutation
(figure 3.3). It was predicted that the full-length protein would be detected in ATM**
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and not in ATMsh477/sh477 zeprafish. Furthermore, it was plausible that by raising the
antibodies to this antigen, any truncated protein might also be detected. Endogenous
full-length ATM was not detected in ATM** zebrafish (figure 3.4 and 3.5 c).
Nevertheless, the zZATM1 antibody is capable of detecting the recombinant peptide

that it was raised to (figure 3.5 a).

Both antibodies raised against zebrafish ATM have significant cross reactivity
with other components of zebrafish lysates, as can be seen from multiple bands on
the blots. There is some evidence of the occurrence of alternative transcripts of ATM
(Menotta et al., 2012, Pozzi et al., 2020, Rogatcheva et al., 2007, Menotta et al., 2017,
Kralovicova et al., 2016), however, if and when these are produced is controversial.
Nonetheless, if present, reactivity of the antibodies with these smaller transcripts may
account for the banding patterns observed. However, the possibility of an alternative
functional transcript that does not contain the mutant exon 6 is unlikely. First, exon 6
IS not a cassette exon; therefore skipping of only this exon would still introduce a
frameshift mutation and a subsequent premature stop codon. Second, it is also
unlikely that an alternative but functional transcript of the ATM protein is expressed in
ATM mutants, as ATMs™77/sh477 zeprafish exhibit a phenotype that is consistent with
ablation of ATM signalling (see section 3.3.2 above and chapter 4). It is much more
likely that the antibodies are reacting to other similar protein sequences within the
lysates. However, before production of the antibodies to the 120 amino acid
immunogen, a protein blast search indicated a small probability of there being similar

amino acid sequences in the zebrafish proteome.

In AT patients carrying truncating mutations throughout the length of the ATM
gene, the mutant mMRNA transcript does not undergo NMD as patients have normal
ATM mRNA expression levels. However, the majority of truncating mutations show
no expression of ATM at the protein level (Becker-Catania et al., 2000). This indicates
that the mutant protein rather than the mutant mRNA is unstable, and is quickly
degraded. Mounting evidence suggests that there is compensation for loss of the ATM
at the protein level, but this compensation is not able to take place in the presence of
a full-length ATM protein that is non-functional, to the detriment of the organism (see
section 3.3.2.2). Consequently, although the ATMs"77 transcript carrying a truncating
mutation may not undergo NMD, the ATM signalling pathway is expected to be
perturbed in these fish, as the mutant protein is either likely degraded, or remains but

is truncated, and is therefore non-functional. Two bands, approximately the same size
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that the truncated protein was predicted to be, were strongly detected in ATMsh477/sh477
lysates (figure 3.5 b). However, these bands were also observed in ATM** lysates,
albeit at very low levels. Therefore, while the bands observed in ATMSM77/sh477 ysates
may be truncated ATM, it would be improbable that an ATM transcript would also be
detected in ATM** without the corresponding mutation. Moreover, due to a testicular
pathology (see chapter 4), the ATMsM™77/sh477 mutants are likely to have a different
tissue contribution to the whole fish lysates that were used. Therefore, we cannot rule
out that the bands in question are not a tissue specific contribution from ATMsh477/sha77
zebrafish. Future experiments carried out to detect ATM via western blot from
ATMsh477Isha77 zaeprafish should aim to use protein extracts from discrete tissues, such
as muscle, brain, or eye, to ensure the results are due to expression levels in the

relevant genotypes, and not contributions of specific tissues.

3.3.1.3 ATMsh477sh477 7eprafish are All Males, Consistent with Loss of the HR
Pathway in Zebrafish

ATMsh477isha77 zaprafish develop as male (figure 3.6). This phenotype is consistent
with loss of the DDR pathway in zebrafish, as many zebrafish models that are KOs
for HR repair proteins also exhibit this female to male sex reversal (Botthof et al.,
2017, Ramanagoudr-Bhojappa et al., 2018, Rodriguez-Mari et al., 2010, Rodriguez-
Mari et al., 2011, Shive et al., 2010, Cayuela et al., 2019). Zebrafish sex determination
is multifactorial and tends to stem from polygenic and environmental factors, although,
the exact mechanisms are still relatively poorly understood (Liew and Orban, 2014).
Zebrafish initially develop as hermaphrodites, but with an immature juvenile ovary. In
~50% of zebrafish the ovary continues to develop through oogenesis, whereas in the
other ~50% the ovary degenerates and they develop male gonads (Liew and Orban,
2014, Uchida et al., 2002, Maack and Segner, 2003, Wang et al., 2007). In DDR
deficient zebrafish mutants, the female to male sex reversal is attributed to increased
p53 mediated apoptosis in germ cells in the juvenile ovary. Subsequently, this
increase in apoptosis compromises the developing ovary, leading to masculinisation

of the gonads (Rodriguez-Mari et al., 2010).

The relation of ATM to meiotic recombination and germ cell apoptosis will
be discussed in more detail in chapter 4. It should be noted that loss of primordial

germ cells has also been associated with female to male sex reversal in zebrafish
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(Siegfried and Nusslein-Volhard, 2008, Tzung et al., 2015), and this will also be
discussed further in the context of results presented in chapter 4. While we could not
show through ablation of ATM expression, or expression of a truncated protein that
the ATMsh477/sh477 zeprafish are KO for ATM, given that they display the same female
to male sex reversal observed in other zebrafish DDR mutants, it strongly indicates
that at least in the gonads this model has lost ATM signalling, and as such is an ATM
KO model.

The data in figure 3.6 shows that while there is a very clear female to male
sex reversal in ATMSh477/sh477 zeprafish, the remaining ATM** and ATM*/sh477 zebrafish
are strongly skewed towards female. The consequences of this were that very few
age and sexed matched ATM** siblings were available for experimentation,
particularly in adult behavioural analysis (see chapter 5, section 5.2.3), resulting in
a decrease in the numbers of fish assayed. The cause of this skew is not understood
but it may be due to random chance, some unknown environmental factor or it may
be due to compensation within to cutch to offset ATMs77sh77 female to male sex
reversal. However, there is no experimental evidence to support this and further

investigation would be required.

3.3.2 Radiosensitivity and the DDR in ATMsh477/sh477 7eprafish

3.3.2.1 Measuring the DDR in ATM Mutant Zebrafish

In the experiments presented in this chapter, ATMsh477/sh477 zeprafish are no more
radiosensitive than wild type larvae. This was unexpected, as most other models of
AT and AT patients do exhibit an increase. NHEJ appears to be the favoured
mechanism of DNA repair in zebrafish (Liu et al., 2012a, Vierstraete et al., 2017);
therefore, as ATM is predominantly thought to function in HR, there may be very little
difference in the repair of genotoxic insults between mutant wild type zebrafish. This
is supported by evidence that in the morphological studies detailed above (figure
3.8), ATMsM77/sh477 mytants appeared to have the same developmental and gross
anatomical response to treatment with IR as ATM*"* zebrafish.

In order to understand further the capacity for ATM deficient zebrafish to repair
DNA damage, we looked at their ability to activate an ATM downstream target and

molecular biomarker of DNA damage, yH2AX (figure 3.9). Interestingly, ATM mutant
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larvae exhibited no deficiency in their ability to activate H2AX. In figure 3.9 c,
ATMsh477sha77 7eprafish larvae treated with 8 Gy IR show significantly more activated
H2AX than ATM** zebrafish treated with the same dose. However, it is not clear if the
mutant cells were more efficient at activating H2AX, resulting in an increased in foci,
or if they were less efficient at repairing the DNA breaks, leading to a decrease in foci
in ATM** where the damage had already been repaired. Nonetheless, this difference
in yH2AX foci is lost when the larvae are treated with a higher dose of 12 Gy IR. These
differences may reflect variance in the response to higher doses of IR (Vierstraete et
al., 2017), however, they likely also reflect the fact that this experiment was only done
once. As a result of time constraints and significant disruption due to Covid-19, only
one repeat of the experiment was performed. However, the data were included as a
minimum of three fish had been analysed for all experimental conditions (with the
exception of ATMs™77sM77 treated with 8 Gy, where only two fish where analysed)

(see appendix 3.6 for numbers of fish analysed).

While H2AX is thought to be primarily activated by ATM, it can also be activated
by other elements of the DDR pathway such as ATR and DNA-PKcs (Mukherjee et
al., 2006, Ward and Chen, 2001, Baritaud et al., 2012). Furthermore, ionising radiation
creates a number of different types of DNA lesions, and H2AX is activated in response
to many of them (Feng et al., 2017, Kopp et al., 2019, Vierstraete et al., 2017, Liu et
al., 2012a). Therefore, yH2AX may not be the most accurate measure of ATM activity.
Other avenues for assessing the DDR in these mutant zebrafish are explored further
in section 3.3.3.1 below. Interestingly, brac2 deficient zebrafish are also capable of
inducing H2AX activation to a similar degree as wild type controls but do exhibit
deficiencies in HR (Vierstraete et al., 2017).

We next looked at the outcome of somatic recombination in mutant ATM
zebrafish (figure 3.10). The diversity of immunoglobulin variable regions is a result of
somatic recombination events in immune cells (Chi et al., 2020). These sustained
recombination events are mediated by ATM (Perkins et al., 2002, Dujka et al., 2010,
Callen et al., 2007a, Bredemeyer et al., 2006b, Liao and Van Dyke, 1999, Callen et
al., 2007b, Zha et al., 2009), and as such AT patients have decreased levels of
circulating immunoglobulins (chapter 1, section 1.2.4.1). However, ATM** and
ATMsh477Ish477 show no statistical differences in the levels of immunoglobulin heavy
chain mRNA, allowing the tentative suggestion that there is no insufficiency in the

repair of these V(D)J breaks. Despite the evidence that in humans, repair of these
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breaks requires ATM, and ATM is primarily thought to function in HR, repair of V(D)J
associated breaks is exclusively done through the classical NHEJ pathway (Zha et
al., 2009). In this pathway, ATM serves to stabilise RAG-mediated DNA ds break
complexes, and not directly in the repair of these breaks (Bredemeyer et al., 2006a).
Furthermore, both DNA-PKcs and XRCC4-like factor (XLF) have been shown to have
functionally overlapping roles with ATM in this context (Kumar et al., 2014, Zha et al.,
2011a, Zha et al., 2009, Zha et al., 2011b, Lee et al., 2013, Gapud and Sleckman,
2011, Gapud et al., 2011). Therefore, it is suggested that the major role of ATM in
V(D)J recombination is not the direct repair of the DNA breaks, but the safeguarding
genomic stability, as it is responsible for directing cells towards apoptosis, in which

V(D)J recombination has gone awry (Callen et al., 2007a).

Despite the functional redundancies in ATM, XLF and DNA-PKcs in the
classical NHEJ repair of V(D)J linked DNA breaks, the fact that loss of ATM in humans
causes some deficiencies in V(D)J recombination, and preliminary data suggests that
it appears not to in zebrafish, is interesting. It may denote fundamental differences in
DNA repair in general between teleosts and humans. This is supported by the fact
that zebrafish do not have an orthologue for BRCAL, a gene in humans which is
essential for DNA repair and repair signalling in a number of pathways reviewed (Zhao
et al., 2019). Additionally, zebrafish have an orthologue of the CSR gene AID but do
not undergo CSR (Wakae et al., 2006).

3.3.2.2 Compensation in the DDR

Preliminary data suggests that there is likely no genetic compensation for loss of the
ATM protein in the DDR, as expression of ATR mRNA was not upregulated after DNA
damage in ATMSM77/sh477 zeprafish (figure 3.12 and 3.13). It should be noted that
upregulation of expression of DNA-PKcs mRNA was not investigated, and could be
considered in future work (see section 3.3.3.1 to follow). However, due to limited
current knowledge of GC, it appears to require the NMD of the mutant transcript
(Peng, 2019), which does not happen in the case of the ATMs"77 transcript, therefore
it is unlikely to occur. There is evidence in the literature to suggest there is likely some
compensation for loss of ATM, but that it occurs at the protein level by activation of
ATR and DNA-PKcs, as outlined below.
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As already described in section 3.3.2.1 above, there is functional redundancy
between ATM, DNA-PKcs and XLF in DNA repair of V(D)J recombination breaks
(Kumar et al., 2014, Zha et al., 2011b, Zha et al., 2009, Zha et al., 20114, Lee et al.,
2013, Gapud et al., 2011, Gapud and Sleckman, 2011). ATM, ATR and DNA-PKcs
all phosphorylate the same S/T-Q motif (Kim et al., 1999), and exhibit a high degree
of overlap in their downstream target pool (Yue et al., 2020). Additionally, they all
exhibit capabilities of activating each other, suggesting that they use each other to
amplify the DDR, and while canonically ATM and DNA-PKcs are both activated in
response to ds DNA breaks and ATR in response to ss DNA breaks, it has now been
shown that ATR is activated in response to ds breaks too (Adams et al., 2006,
Jazayeri et al., 2006, Myers and Cortez, 2006, Tomimatsu et al., 2009). Therefore, it
IS conceivable that in the absence of ATM there are alternative means of activating
the DDR cascade. In in vitro studies in ATM deficient cells treated with ionising
radiation, the DDR signalling cascade was still activated, albeit to a lower level than
in cells with ATM. In these ATM” cells, ATR was found to regulate cell check point
proteins, while DNA-PKcs was found to regulate proteins that function in the repair of
DNA (Tomimatsu et al., 2009). This has been corroborated by Schlam-Babayov
(2020), as they also revealed that ATR and DNA-PK partially compensate for ATM's
absence in AT cells (Schlam-Babayov et al., 2020). Further emphasising the overlap
in functionality of the PIKK kinases, ATM”- dnapkcs”- double mutant mice exhibit
embryonic lethality (Gurley and Kemp, 2001, Sekiguchi et al., 2001, Gladdy et al.,
2006). The data outlined thus far strongly suggests that while ATM is an important
regulator of the DDR in response to genotoxic insults, its loss may be compensated
for. Given that DNA damage poses one of the greatest intrinsic risks to maintaining
cell homeostasis and viability in eukaryotic cells, protein compensation or functional
redundancy amongst proteins in the DDR is not unusual (Kolb et al., 2017, Lam et al.,
2008, Parsons and Elder, 2003, Lin et al., 2015).

In recent years, a number of kinase dead (KinD) mouse models of AT have
been generated (Yamamoto et al., 2016, Daniel et al., 2012, Tal et al., 2018). These
mice express the full-length ATM protein but have mutations that ablate the kinase
activity. Mice with kinase dead mutations have a far more severe phenotype
compared to ATM” mice and exhibit embryonic lethality. Furthermore, ATMTX"D--cells
are far more sensitive to DNA damaging agents and exhibit increased deficiency in

somatic HR compared to ATM” cells (Yamamoto et al., 2016, Chen et al., 2017, Rass
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et al., 2013). This indicates a dominant negative affect of kinase dead ATM, which
has been observed in many cancers caused by somatic mutations in ATM (Scott et
al., 2002, Yamamoto et al., 2012b, Yamamoto et al., 2016). This dominant negative
affect is most likely caused by a steric hindrance of sorts, whereby the kinase dead
ATM is unable to participate in the DDR phosphorylation cascade, and its presence
prevents access of machinery that is able to compensate for its loss as it does in ATM-

I cells.

3.3.2.3 Radiosensitivity in the ATMsh477sh477 KO Model versus the ATM MO
Induced KD Model

The finding that developing larval ATMSM77sh477 zeprafish did not exhibit any
increased radiosensitivity was surprising, as zebrafish with MO induced KD of ATM
exhibit extreme radiosensitivity, and even lethality without IR around 72 hpf (Imamura
and Kishi, 2005). This raises questions as to why the sensitivity to IR and severity in
phenotype is so different between the two models. It should be noted that MO KD
models might not always recapitulate the molecular phenotype that they aim for, with
phenotypic observations being more severe in MO KD compared to KO models
(Peng, 2019, Kok et al., 2015). This has raised questions about their suitability as
disease models. The reasons why the ATM KD radiosensitive phenotype is more
severe than the KO are many and varied. First, KD with MOs are known to cause off
target effects (Summerton, 2007, Amoyel et al., 2005, Gerety and Wilkinson, 2011).
The ATM MO sequence targeted the kinase domain (Imamura and Kishi, 2005), and
therefore could conceivably also target similar kinase domains in other DNA repair
proteins. Secondly, injection of MOs upregulates p53-mediated apoptosis (Ekker and
Larson, 2001, Pickart et al., 2006, Robu et al., 2007, Gerety and Wilkinson, 2011).
Given that, ATM morphants all died by 72 hpf, without exogenous damage of DNA,
and when the majority of the basal DNA damage is repaired by NHEJ, an argument
could be made that the severity of the phenotype may be attributed to unchecked p53
mediated apoptosis, similar to gonads in other HR KO zebrafish models outlined
above (section 3.3.1.3). Furthermore, as ATM is a primary regulator of apoptosis
through the p53-meditated pathway, loss of ATM in this context could have
compounding effects. Investigators could have attempted to ameliorate this

upregulation of p53 by co-injecting zebrafish larvae with a p53 morpholino.
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Finally, there is convincing evidence that the published MO induced KD ATM
morphant zebrafish are not conventionally KD of ATM protein expression, but may
more accurately represent kinase dead morphants. The morpholino used by Imamura
and Kishi (2005) targets the exon—intron junction at the 5' side of exon 56. This causes
an in frame skipping of 267 bp, corresponding to exons 56 and 57. This in frame
deletion corresponds to loss of the beginning of the kinase domain. In the data
presented in this chapter and seen in patients, ATM mRNA does not readily undergo
NMD. Additionally, the study carried out by Imamura and Kishi (2005) does not
provide any evidence of the resultant ATM protein expression, although evidence
suggests that in frame exon skipping in ATM does produce a stable protein (Menotta
et al., 2012, Pozzi et al., 2020, Rogatcheva et al., 2007, Menotta et al., 2017,
Kralovicova et al., 2016). Therefore, the resultant protein in ATM morphants could
conceivably be analogous to a kinase dead ATM. The kinase dead ATM protein has
been shown to have a much more severe outcome than ablation of ATM, and in mice
results in embryonic lethality (Yamamoto et al., 2012a, Daniel et al., 2012), similar to

the embryoic lethality observed in zebrafish ATM morphants.

3.3.3 Future Work in the General Characterisation of the ATMsh477sh477 \(odel

3.3.3.1 Further Characterising the DDR in ATM Deficient Zebrafish

DNA damage repair is a dynamic process and employs different pathways depending
on the cell type and the point of the cell cycle during which repair is required (Hakem,
2008). H2AX phosphorylation acts as a marker of DNA damage, but does not indicate
which pathway is responsible for the repair. In the results presented above, H2AX
phosphorylation was quantified 1 hr post irradiation - a single time point. As activation
of the DDR was shown to occur in ATM- cells but at a slower pace (Schlam-Babayov
et al., 2020), it would be important to conduct a time course experiment to determine
if the rate of repair, and therefore decreased signalling of yH2AX, changes over time
between wild type and ATMSh477/sh477 zeprafish. To complement this, a comet assay
where extracted DNA migration through an agaroses gel is monitored, and the
amount of lagging DNA which represent ssDNA is quantified as a measure for
unrepaired DNA damage, could be performed at the corresponding time points to

guantify actual DNA damage (Martins and Costa, 2020).
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As outlined above (section 3.3.2.1), quantification of activation of yH2AX only
denotes DNA damage repair in general, and may be a marker for multiple repair
mechanisms. Most ds DNA damage is repaired through the quicker NHEJ repair
pathway, which will also present with yH2AX foci, while only a subset is repaired
through the more laborious HR pathway (Jeggo et al., 2011, Liu et al., 2012a). This
will largely depend on what stage during the cell cycle the repair takes place. As ATM
primarily functions in the DDR as a coordinator of HR, investigating the repair of DNA
through this pathway should be considered. Protocols have been developed for
measuring HR in zebrafish through immunofluorescence quantification of Rad 51 foci
(Vierstraete et al., 2017) — an essential protein for HR in zebrafish that functions
downstream of the ATM/BRCA2 pathway (Liu et al., 2012a). Furthermore, it may be
useful to compare what type of DNA repair is occurring in ATM** verses ATMsh477/sha77
zebrafish, and whether the loss of ATM affects this in any way. A protocol for
discerning between HR, NHEJ and single-strand annealing (SSA) pathways in
zebrafish larvae using fluorescent reporter zebrafish has been developed (Liu et al.,
2012a).

3.3.3.2 Investigating Compensation in the Model

The apparent lack of radiosensitivity and deficiency inactivating the DDR in
ATMsM77ish477 may be due to protein-level compensation and redundancies in the
DDR. Therefore, it would be interesting to understand the nature of the predicted
compensation in ATMsM77sh477 zeprafish. The increased radiosensitivity exhibited by
the MO KD model may be in part due to the presence of a kinase dead ATM protein,
however, as confronted in this project, quantification of ATM protein levels in zebrafish
is difficult. Consequently, it cannot be confirmed whether the ATM morphants have
ATM protein expression. Furthermore, off target effects such as p53 activation
compounding the phenotype cannot be ruled out. Therefore, there may be merits in
creating a CRISPR knock in, kinase dead zebrafish mutant. An ATM kinase dead
zebrafish may have many advantages in investigating the effects of complete
disruption to ATM signalling compared to the kinase dead mouse model, since
zebrafish KOs of essential genes are often viable for the first few days of embryonic
development. Furthermore, while stable kinase-dead homozygous mutants will most
likely also succumb to embryonic lethality, heterozygous mutants would be predicted

to exhibit the same dominant negative effect seen in cells (Scott et al.,, 2002,
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Yamamoto et al., 2012a, Yamamoto et al., 2016). This may prove to be a valuable in
vivo resource in chemotherapeutic development for cancers with de novo somatic
ATM mutations. Exploratory data could be gathered into the merits of modelling loss
of kinase activity with the use of ATM inhibitors. Some preliminary data and discussion

on this will be presented in chapter 5.

In order to further scrutinise whether there is protein-level compensation in the
model, it would be interesting to study the relative contribution of ATR and DNA-PKcs.
Attempts have been made to transiently decrease ATR expression in ATMsh477/sh477
zebrafish using CRISPRI (data not shown). However, no decrease in ATR mRNA was
achieved, most likely because CRISPR methods activate the DDR (Haapaniemi et
al., 2018, Ihry et al., 2018, Enache et al., 2020), which could have overridden the
steric silencing of a DNA damage gene. Therefore, the transient ablation of ATR or
DNA-PKcs expression through genetic means may not be ideal in this context.
However, investigation into the contribution of compensation could be achieved using
ATR and DNA-PKcs inhibitors in conjunction with ATMsh477/sh477 zeprafish,
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Chapter 4

ATMsh477ish477 7eprafish Exhibit Infertility and
Testicular Neoplasms

4.1 Introduction

One of the hallmarks of classical AT is infertility (see chapter 1, section 1.2.4.6). This
phenotype is also recapitulated in rodent and porcine models (see chapter 1, 1.3),
indicating that the function of ATM is highly conserved in gamete formation. During
prophase | of meiosis, controlled SPO11 mediated ds breaks are introduced into
developing gametes to facilitate an exchange of genetic information between sister
chromatids in homologs recombination, and ATM is required for the repair of these
ds breaks and for gamete formation to progress (Cooper et al., 2014, Brick et al.,
2020). In vertebrate AT models, gamete formation is stalled in prophase | of meiosis
at the point where these breaks should be repaired (see table 4.1 below), resulting
in the infertility observed (Barlow et al., 1996, Quek et al., 2017a). As reported in
chapter 3, all ATMsh77sh477 zeprafish develop as male. Therefore, investigations of
infertility and gametogenesis of ATMsM77/sh477 zeprafish reported in this chapter will

only discuss fertility in relation to spermatogenesis.

Spermatogenesis in zebrafish occurs similarly to how it does in mammals and
the key steps in this process are outlined in figure 1.4. , Spermatogenesis begins with
a large progenitor stem cell called undifferentiated Spermatogonia A cells. These
stem cells divide by mitosis and differentiate into Spermatogonia A cells which further
divide into Spermatogonia B cells. These then further divide into primary
spermatocytes which further divide by meiosis where homologous recombination
takes places resulting in haploid secondary spermatocytes. Secondary
spermatocytes then quickly develop into spermatids, and finally undergo
morphologically changes where they mature into spermatozoa. (Schulz et al., 2010b,
Leal et al., 2009, Xie et al., 2020). From the point of late spermatogonia B cells, each
successive division increases the number of cells but decrease the size of the cells.
Furthermore, as the sperm develops the nucleus undergoes progressive

chromosomal condensation, further deceasing the size and changing the morphology
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of the cells. These changes such as the number of cells, the nuclear size and the
nuclear morphology and colour (under H&E and Putt's carbol fuchsin staining) can

be used to identify the cells type and stage of development (van der Van and Wester).

Figure 4.1 Zebrafish Spermatogenesis. The germinal epithelium delineated by a basal lamina (BL)
and peritubular myoid cells (MY), From the point of late spermatogonia B cells, each successive
division increases the number of cells but decrease the size of the cells. Furthermore, as the sperm
develops the nucleus undergoes progressive chromosomal condensation, further deceasing the size
and changing the morphology of the cells. These changes such as the number of cells, the nucler size
and the nuclear morphology (and colour under H&E staining can be used to indentify the cells type
and stage of sevelopment .Outside the cystic epithelium are the interstitial Leydig cells (LE). Type A
undifferentiated* spermatogonia (Aundx) which are the progenitor stem cell; type A undifferentiated
spermatogonia (Aund); type A differentiated spermatogonia (Adiff); spermatogonia type B [B (early—
late)]; leptotenic/zygotenic primary spermatocytes (L/Z); pachytenic primary spermatocytes (P);
diplotenic spermatocytes/metaphase | (D/MI); secondary spermatocytes/metaphase Il (S/MIl); early
(E1), intermediate (E2) and final spermatids (E3); spermatozoa (SZ). Figure reproduced with
permissions (Schulz et al., 2010b).
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4.2 Results

4.2.1 ATMsh477sh477 7eprafish do not Produce Progeny

To determine if ATMSM77/sh477 zeprafish exhibit the same infertility as other AT models,
male ATM** and ATMSM77sh477 zeprafish were pair mated with wild type female fish
that had previously produced robust clutches of embryos. Each experimental fish was
paired once. Three hours after pairing, we recorded whether the wild type female laid
any eggs, and after a further 3 hours, determined the number of fertilised and
unfertilised eggs within the clutch. Mutant ATM zebrafish failed to induce egg laying
in females in 92% of pair matings (figure 4.2 a). On the one occasion where an
ATMsh477isha77 fish did induce egg laying in the female, there were no fertilised embryos
(figure 4.2 b). This indicates that ATMSM77/sh477 zeprafish recapitulate the infertility
seen in other models of AT. The nature of the infertility will be detailed further in
sections 4.2.2.2 and 4.2.2.3 below.
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Figure 4.2 ATMsh77sh477 7eprafish are infertile. Male ATM*+ and ATMsM77/sh477 giplings were
outcrossed by pair mating to wild type female zebrafish that had previously produced robust embryos.
a. the percentage of outcrosses that resulted in egg laying by the wild type females. b. the percentage
of fertilised eggs produced from individual crosses when egg laying was induced. Each data point
represents a single pair mating. Error bars represent mean +-/ SD. Note only one ATMsh477/sha77
outcross resulted in egg laying in the females. From those eggs, none were fertilised. ATM**+ n=9,
ATMsh477sh477 n=12  data represents pairings carried out on 3 separate days.
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4.2.2 Investigations into ATMsh477/sh477 Tegtes

4.2.2.1 ATMsh477sha77 7eprafish have Neoplastic Testes

It was observed over the course of the project that all ATMsh477/sh477 zeprafish exhibited
progressive swelling and distention of the abdomen (figure 4.3 a). Under close
inspection during development, this unusual abdominal morphology could first be
detected at around 7 months, became obvious by 9 months, and became a humane
end point by 18 months, as abdomens became so large that tearing of the skin could
be observed around the anal fin. Upon dissection, the abdominal morphology was
found to be the result of a multilobular, soft, cream coloured mass within the caudal
abdominal cavity (figure 4.3 b). Histological examination from one fish determined
this mass to be testicular tissue (data not shown). Therefore, the testes of
ATMsh477Isha77 7zabrafish were further investigated to understand the nature of the
growth.

Groups of four ATM**, ATM*sh477 and ATMSh477/sh477 male siblings were
sacrificed at 12 months of age, and prepared for formalin fixed paraffin embedded
(FFPE) tissue sectioning of the abdominal cavity. Tissue sections were then stained
with haematoxylin and eosin (H&E) for visualisation of the testicular structures. Testes
in ATMsM477sh477 zeprafish were consistently larger than in their control siblings. The
testicular mass fills most of the abdominal cavity, with one testis displacing the other
so they sit on top of each other (as opposed to being parallel to each other) (figure
4.4 a). As can be seen from figure 4.4 b, wild type and heterozygous zebrafish testes
have an organised structural architecture that has been lost in mutant zebrafish. The
irregularities in ATMSh477sh477 strycture appear to be from neoplastic growth of
polygonal cells with variably distinct cell borders, and contain a small to moderate
amount of eosinophilic cytoplasm. The nuclei of these cells are variable in size and
these cells form clusters of sheets that are interspersed with different cell populations
(figure 4.4 c¢). In consultation with two pathologists, Dr Clare Muir (Department of
Infection, Immunity & Cardiovascular Disease) and Dr Jonathan Griffin (Department
of Molecular Biology and Biotechnology), these neoplastic cells were identified as
Sertoli cells.

Sertoli cells form part of the testicular epithelium and function as support cells
for developing sperm (Franca et al., 2016, Franca et al., 2015). The disruption caused
by Sertoli cell neoplasia to the organisation of ATMSh477/sh477 testes is characterised in

more detail in figure 4.5. In control testes, an epithelial barrier (A) surrounds each
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cystic tubule (yellow dotted line), and progression of spermatogenesis takes place
within the cystic lumen (B). Spermatogenic support cells, Leydig cells (C) and Sertoli
cells (D) are found on the periphery of the cyst by the epithelial barrier (Xie et al.,
2020). Spermatogenesis begins with large, solitary, immortal primary germ cells
called spermatogonia A (E), which give rise to clusters of 4-16 spermatogonia B cells
(F). These cells further divide into spermatocytes (G) which form spermatocysts (red
dotted line). The spermatocyst is formed by cytoplasmic extensions of Sertoli cells,
and supports expansion of the developing germ cells (Schulz et al., 2015) . Cells in
spermatocysts further develop into spermatids (H), which progress into mature sperm
through spermiogenesis (I). In ATMsh477sh477 zeprafish, the neoplastic Sertoli cells
make up most of the testicular mass, and other cells types are difficult to discern. The
relative contribution of Sertoli cells and Leydig cells to the cellular makeup of the
testes between ATM*'* and ATMsh477sh477 zeprafish are quantified in figure 4.6.
ATM** testes had an average of 4.3 +/- 2.8 Sertoli cells per mm?2, while ATMsh77/sh477
testes had an average of 31.84 +/- 17.3 Sertoli cells per mm?, resulting in a ~7 fold
increase in Sertoli cells in ATMs477/sh477 testes. There was no significant difference in
Leydig cell numbers between the two genotypes. The neoplastic Sertoli cells appear
to be benign, as their growth was restricted to the testes and no infiltration to

surrounding organs was observed (data not shown).
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Figure 4.3 ATMsM77sh477 zeprafish exhibit abnormal gross abdominal morphology. a.
ATMsh477ish477 yg ATM** male zebrafish (15 months). b. Abdominal dissection of ATMsh77/sh477 (TDP
null) zebrafish (18 months).
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ATM +/+ ATM +/sh477 ATM sh477/sh477

Figure 4.4 ATMsM#77sh477 zeprafish testes at 12 months old exhibit neoplastic Sertoli cell growth. H&E stained horizontal sections (5 um) of ATM** (left
panel), ATM*sh77 (middle panel) and ATMsh477ish477 (right panel) testes. a, b and ¢ are magnified images of the same testis where a. scale bar represents 2.5
mm. b. scale bar represents 250 um. c. scale bar represents 50 um.
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Figure 4.5 Neoplastic Sertoli cell growth disrupts the organisational structure of ATMSsh477/sh477 testes. Cystic organisational structure of 3 ATM** and 3
ATMsM77sh477 zaeprafish at 3 months. Cyst boundary (yellow dotted line) comprised of interstitial connective tissue (A), cystic luminal space (B), Leydig cells
(C), Sertoli cells (D), spermatogonia A (E), spermatogonia B cells (F), spermatocytes (G), spermatocysts (red dotted line), spermatids (H), and mature sperm
(). Scale bars represent 50 pm
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Figure 4.6 Contribution of Sertoli and Leydig cells to the makeup of 12 month old ATM** and
ATMsh477ish477 tegtes. a. Sertoli cell contribution to testicular makeup. Data were analysed by an
unpaired t test with Welch's correction (<0.0001). b. Leydig cell contribution to testicular makeup. Data
were analysed by a Mann Whitney test (p=0.9485). Each data point represents the number of named
cells in a field of view with an area of 1.1 mm?2, with 5 randomly selected fields of view analysed for each
fish. ATM**n=4 fish, and ATMsW77/sh47’"n=4 fish. Error bars represent mean+/- the SD. Statistical
analysis can be seen in appendix 4.1.
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4.2.2.2 ATMsh477ish477 7eprafish do not Develop Mature Spermatozoa

To understand the nature of the infertility exhibited by ATMsM77/sh477 zeprafish in figure
4.2 we further investigated the testes. However, due to the overwhelming growth of
the Sertoli cells, identification of spermatogenic and other support cells was
cumbersome in 12-month testes. Therefore, for ease of analysis we chose to
investigate development of primary germ cells to mature sperm in testes from 3-
month-old zebrafish. As they do not show any gross abdominal swelling, we postulated
that there would not yet be overwhelming Sertoli cell growth, and the testicular
architecture and cellular makeup of ATMsM77/sh477 zeprafish would be more easily

discernible.

Low power images of the testes (figure 4.7) confirm that at 3 months of age the
structural architecture has been slightly disrupted; however, it has not yet completely
obscured the testicular organisation. As outlined above in figure 4.5, zebrafish
spermatogenesis occurs in cysts, and the maturational direction of developing sperm
occurs from the periphery towards the centre, with mature sperm filling the central
anastomosing luminal space. However, low power images of ATMsSM77/sh477 testes

show the central seminiferous lumen to be largely empty (figure 4.7, arrows).

Medium power images of testes (figure 4.8 a) show in detail how the cysts in
ATMsh77isha77 zeprafish have become disorganised, and how it is difficult to distinguish
groups of cells at different stages of spermatogenesis from each other. In ATM**
testes, the central luminal spaces are filled with hyperchromatic haematoxylin stained
cells, that are consistently circular in shape, with no discernible cytoplasm. These are
mature sperm that have been released into the anastomotic lumen once
spermatogenesis has been completed (spermiation). ATMSh477/sh477 testes do not
appear to undergo spermiation, as no mature spermatozoa are observed. However,
there are cells similar in appearance to spermatozoa that are small and
hyperchromatic, but these are generally clumped together as is seen in developing
spermatocytes as they progress though spermatogenesis. Thus, it appears that the
reason why ATMsM77/sh477 zaeprafish are infertile is because they do not produce mature

spermatozoa due to incomplete spermatogenesis.
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ATM**

Figure 4.7 ATMsh477sh477 testes exhibit large empty seminiferous tubule lumens. Low power image of ATM** (top panel) and ATMsh477/sh477 (hottom panel)
testes at 3 months. Arrowheads denote empty seminiferous tubules. Scale bar represent 250 pum.
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Figure 4.8 ATMsh77sh477 zeprafish testes do not contain mature sperm. a. Medium power images of testes from 3 ATM** (top panel) and 3 ATMsh477/sh477
(bottom panel) zebrafish at 3 months. The dashed yellow line indicates the cyst boundary and the dashed red line indicates mature spermatozoa in the luminal
space. Red inset shows magnified red box containing mature spermatozoa. Scale bars represent 50 pm.
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4.2.2.3 ATMsh477sh477 7eprafish Exhibit Stalled Spermatogenesis

Infertility in other animal models of AT stems from failure to repair the dsDNA breaks
created during meiotic recombination. As shown in the above section, ATMs477/sh477
zebrafish appear to have stalled spermatogenesis, and we hypothesise that this
failure ofspermatic development to progress beyond a certain stage could also be
related to a meiotic defect. Therefore, we compared spermatogenesis between
ATM** and ATMsM77/sh477 zeprafish with regards to cell type and the expected stage

of meiosis.

Figure 4.9 compares H&E images of the different stages of spermatic
development. As cells develop through spermatogenesis they become progressively
smaller, with an increasingly smalland more compact nucleus. Therefore,
measurement of the cell size relative to other developing cells can help determine
their stage of development. To quantify the size of different cell types, the area of the
nucleus was measured (figure 4.10). Automated analysis of cell area was attempted,
however due to the large number of overlapping cells in the sections it was not
possible to differentiate between individual cells (appendix 4.2, left panel).
Therefore, the area of different cell types was measured manually, by drawing around
the perimeter of the hyperchromatic haematoxylin stained region of the cell (see
appendix 4.2, right panel). Spermatogenesis begins with a primary immortal germ
cell called spermatogonia A (figure 4.9 a). The nucleus of these cells do not stain well
with haematoxylin and only lightly with eosin, and as such, these cells appear
hypochromatic. They are found as a large single cell at the periphery of the cyst and
are mitotically active. Spermatogonia A cells were present in both ATM** and
ATMsh477Ish477 testes. Mitotic division of these cells gives rise to early spermatogonia
B (figure 4.9 b). These cells are morphologically identically to spermatogonia A, are
mitotically active, and are found in clusters of 2-4 cells. Again, these cells were
observed in both genotypes. Through further mitotic divisions, early spermatogonia B
cells develop into late spermatogonia B cells (figure 4.9 c). These cells are found in
clusters of 4-16 cells, are highly mitotically active, and are present in both mutant and
ATM** testes. Spermatogonia B cells further develop into spermatocytes (figure 4.9
d), and these cells are found grouped together in clusters called spermatocysts
(figure 4.9 d, dotted line). Spermatocytes are the point in spermatogenesis in which
meiosis occurs. Different stages of spermatocyte development can sometimes be

determined morphologically. However, differences in morphology can be difficult to
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characterise without visualisation of chromosomes, and therefore, only early stage
primary spermatocytes were characterised in figure 4.10. Clusters of primary
spermatocytes were found in both ATMsh477/sh477 and ATM** testes and were of
comparable size (p>0.9999). Primary spermatocytes undergo the first stage of
meiosis and in Prophase | when cells are tetraploid, homologous recombination
occurs. After the first meiotic division, cells develop into secondary spermatocytes
and undergo the second meiotic division to create haploid cells. The second mitotic
division is quick and as such, secondary spermatocytes are rarely seen in histological
sections of testes, and on analysis of ATM** testes no cells that could be considered
secondary spermatocytes were observed. In normal spermatogenesis in ATM**
testes, spermatocytes divide into haploid spermatids (figure 4.9 e), and then further
develop into mature spermatozoa (figure 4.9 f). However, in ATMSM77sh477 tastes, no

spermatids or spermatozoa were observed.

The most fully developed spermatic cells observed in ATMSM77sh477 testes were
hyperchromatic with condensed nuclei, similar to mature spermatozoa, but were
localised in small groups similar to spermatocytes and had not been released into the
lumen (figure 4.9 g). Furthermore, when the area of these cells was compared to
other developing spermatogenic cells (figure 4.10), they were 1.8 times smaller than
ATM** and ATMsh477/sh477 primary spermatocytes (p <0.0001), and 1.9 and 3.6 times
larger than ATM** spermatids (p=0.0004) and mature spermatozoa (p <0.0001),
respectively in ATM** testes. Therefore, these ambiguous cells present in
ATMsh477ish477 testes had an intermediate size between that of primary spermatocytes
and spermatids. This indicates that they are at a point of development between these
two cells types. However, as no secondary spermatocytes were found in ATM*/*
testes for comparison, and as it is difficult to stage primary spermatocyte development
without visualisation of the chromosomes, it was not known if these cells are primary
spermatocytes that are in the late stages of the first meiotic division, or if they are
secondary spermatocytes. Therefore, here we have designated them late
spermatocytes, as their exact point in development between primary spermatocyte
and spermatid is not known. Thus, ATMSh77sh477 snermatogenesis is stalled and does

not progress beyond the stage of meiosis.
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Figure 4.9 Histological comparison of spermatogenesis between ATM*'* and ATMSh477/sh477
ish at 3 months. a. H&E images indicating cell stage and morphology as primary germ cells
ss through spermatogenesis. a. Spermatogonia A, scale bar represents 5 um. b. Early
spermatogonia B, scale bar represents 5 um. c. Late spermatogonia B cells, scale bar represents 5
Spermatocytes, scale bar represents 10 um. e. Spermatids, scale bar represents 10 pm. f.
Mature spermatozoa, scale bar represents 10 um. g. Presumptive late spermatocytes, scale bar
represents 10 um. Identification of cell types and stages of spermatogenesis was aided by histological
sections of testes on ZFIN (van der Van and Wester).
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Figure 4.10 Comparison of spermatogenic cell size in ATM**and ATMs"77sh477testes as a means
of define cell type. The area of haematoxylin stained nucleus in cells in each of the developmental
stages of spermatogenesis. Each data point represents the area of an individual cell (um?). Serological
analysis was performed by measuring the haematoxylin stained area of 5 cells within a spermatocyst
or seminiferous lumen, with 5 different spermatocysts or seminiferous lumens being analysed per fish.
Data were analysed by Kruskal-Walllis test, with a post hoc Dunn's multiple comparisons test. ATM**
N=3 fish, ATMsh477/sh477 N=3 fish. Error bars represent mean +/- SD. Statistical Analysis can been seen
in appendix 4.3.
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4.2.2.4 The ATM Protein is Highly Expressed in Most Cell Types in the Zebrafish
Testes

ATMsh477/sh477 testes appear to have two distinct phenotypes, Sertoli cell hyperplasia
and incomplete spermatogenesis. The reasons why loss of ATM in the testes causes
dysregulated Sertoli cell growth, and the point at which spermatogenesis fails, were
not known. To understand these two issues further we wanted to determine which cell
types express ATM. Therefore, immunohistochemistry (IHC) for ATM was carried out
on FFPE testes sections. The antibody used for IHC was the zATM1 antibody that is
outlined in detail in chapter 3 section 3.2.1.2. In short, this antibody is a zebrafish
specific polyclonal antibody, raised against amino acids 1-120 of the zebrafish ATM
protein, upstream of the predicted premature stop codon introduced by the sh477
mutation. Therefore, it should be noted that it might be capable of detecting both full-
length ATM and a truncated ATM protein, if it exists in the mutant zebrafish.

a. Optimisation of the zZATM1 Antibody for Immunohistochemistry
The zATM1 antibody required optimisation for IHC. As the makeup the testicular
tissue was so different between ATM** and ATMsh477/sh477 zeprafish, optimisations
were carried out on both genotypes. Optimisation was performed for antigen retrieval

of the antibody epitope and for antibody concentration (Shi et al., 2011).

Antigen retrieval was performed on FFPE slides of ATM** and ATMsh477/sh477
zebrafish testes by heating the slides in buffer at either pH 6 or pH 9 to 125° C, at 300
psi, for 30 seconds in a pressure cooker. Slides were then stained with a Vectastain
Elte ABC-HRP kit as per the protocol with either zATM1 (1:100), Rabbit
immunoglobulin (RIgG), or no primary antibody. Antibody staining was then visualised
by 3, 3’-diaminobenzidine (DAB) (figure 4.11). Antibody staining was observed in
both ATM** and ATMsM77/sh477 zeprafish testes after antigen retrieval at both pH 6 and
pH 9, but not in RIgG or no primary antibody samples. As a signal was detected in
both ATM** and ATMsSM77sh477 zeprafish, it suggests that either the staining is
nonspecific, or a truncated mutant transcript may be expressed in the ATM mutants.
However, the expression of a truncated protein in ATMs77/sh477 zeprafish is consistent
with results observed from western blot analysis of zebrafish lysates in chapter 3,
section 3.2.1.2. After antigen retrieval at pH 9, there appears to be much stronger
detection of ATM throughout the sample, particularly in the basal membrane of the
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testicular cysts (figure 4.11, ATM**, right panel) in comparison to the ATM** sample
where antigen retrieval was performed at pH 6. Furthermore, staining at pH 9
appeared homogenous for all cell types in ATM** (with the exception of mature
spermatozoa), which made distinguishing different cell types from each other more
difficult. Interestingly, primary spermatocytes in ATM** and ATMSM77/sh477 exhibit
differential ATM expression after antigen retrieval at pH 9, with ATM** primary
spermatocytes showing homogenous expression with other spermatic cells in the
tissue and ATMSM77/sh477 primary spermatocytes showing no ATM expression at all.
Therefore, given that ATM was expressed in both genotypes but showed
discrepancies between expression with pH 9 antigen retrieval, and the difficulty in

discerning cell types with the higher pH, antigen retrieval was continued with pH 6.

ATM IHC on zebrafish testes was further optimised for antibody concentration.
Following antigen retrieval at pH 6 as previously discussed, ATM** and ATMsh477/sh477
FFPE tissue sections were probed with the zZATM1 antibody at concentrations of
1:100, 1:200, 1:400, 1:800 and 1:1600, alongside a no primary antibody control
(figure 4.12). ATM expression was visualised with DAB as before. Staining of the
tissue with zZATM1 at a concentration of 1:400 appeared to give adequate signal, and

therefore was chosen for continuing work.
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Figure 4.11 Optimisation of antigen retrieval for zZATM1 IHC. FFPE sections of testes 5 um of 12
month ATM** and ATMsh477/sh477 were optimised for antigen retrieval at pH6 and pH9 by incubating
them in the relevant buffer in a pressure at 125° C, at 300 psi for 30 seconds. The slides were then
probed with zATM1 at 1:100 or RIgG and a no antibody control. Scale bars on larger images represents
100 um, yellow box indicates the magnified region shown in the yellow outset, while scale bars on
yellow outsets represent 25 pm.
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Figure 4.12 Optimisation of zZATML1 for IHC on zebrafish FFPE testes sections. Zebrafish FFPE

sections (5 pm) were prepared for antibody staining by antigen retrieval at pH 6, as optimised in figure
4.9. Antibody was diluted to 1:100, 1:200, 1:400, 1:800 and 1:1600 with a no primary antibody control.

Scale bars represent 100 um.
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b. Immunohistochemistry of ATM in ATM** and ATMSh47/sh477 Testes
Testes from both ATM** and ATMsh477sh477 zeprafish exhibit strong ATM staining
throughout the testicular tissue (figure 4.13), and most cell types in testes showed
distinct ATM staining. Spermatogonium A and spermatogonium B cells (figure 4.14
a, b and c) in both genotypes exhibited robust ATM staining in both the nucleus and
cytoplasm. The nuclear envelope had particularly dense staining, along with heavily
stained spots in the nucleus. ATM staining in primary spermatocytes (figure 4.14 d)
becomes less pronounced, and is mainly localised to the nucleus, where it appears
granular, perhaps indicating its localisation at specific points along chromosomes. In
ATM** testes, ATM is expressed in developing germ cells right up until the spermatid
stage of development, where it appears to be localised to heavily stained areas within
the nucleus (figure 4.14 f). Once cells have developed into mature spermatozoa,
ATM expression appears to have been lost (figure 4.14 g). Interestingly in
ATMsh477Isha77 testes, presumptive late spermatocytes (figure 4.14 e), which are
predicted to be at a stage of development between primary spermatocytes and
spermatids, have lost their ATM expression. This may indicate that ATM is not
required for this stage of development, or that these cells do not actually represent a
stage of spermatogenic development, and that their condensed morphology and lack
of ATM may be due to them dying and being cleared. ATM was also expressed
diffusely throughout Sertoli cells (figure 4.14 h), and in Leydig cell cytoplasm (figure
4.14 i) in both genotypes.
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Figure 4.13 Immunohistochemistry staining with the zATM1 antibody on ATM** and
ATMsh477/sh477 testes, FFPE tissue sections (5 um) from 12-month zebrafish were stained with the
zATM1 antibody overnight at 4° C at a concentration of 1:400. Antibody staining was visualised by
DAB. ATM** (left panel) N=3 fish, ATMsh477/sh477 (right panel) N=3 fish. Scale bars represent 100 um.
Yellow box indicates the magnified region shown in the yellow outsets. Scale bars represent 50 um.

142



a. Spermatogonium A b. EarlySpermatogoniumB

sh477/sh477
- o

C. Late Spermatogonium B d. Primary Spermatocytes
sh477/sh477

sh477/sh477

Late Spermatocytes
. sh477/sh477

h. Sertoli Cells i Leydig Cells
sh477/sha77

sh477/sh477
T .

Figure 4.14 Cell specific staining of ATM. Magnified images of specific cells from figure 4.11 above
a. Spermatogonium A b. Early spermatogonium B c. Late spermatogonium B d. Primary
spermatocytes e. ATMsh477sh477 |ate spermatocytes f. ATM** spermatids g. ATM** mature

spermatozoa. h. Sertoli Cells. i. Leydig cells. Scale bar in all images represents 10 pum.
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4.3 Discussion
The results presented in this chapter indicate that ATMsh477/sh477 zeprafish undergo

incomplete spermatogenesis similar to AT patients and other vertebrate models of
AT. This incomplete spermatogenesis is also observed in other zebrafish that are
deficient in HR proteins. Interestingly, ATMsh477/sh477 zeprafish also exhibit Sertoli cell
neoplasia in the testes, which has not been reported in other AT models, nor have
there been any case reports of this occurring in AT patients. This has however been

previously reported in brca2 deficient zebrafish.

4.3.1 Loss of ATM Recapitulates Phenotypes Observed in Other Zebrafish KO
Models of DNA damage Repair Genes

4.3.1.1 Loss of HR Genes in Zebrafish Results in Incomplete Spermatogenesis
due to Failure to Complete Meiosis

Results presented in this chapter show that spermatogenesis in ATMsh477/sh477
zebrafishis stalled. Given the relative size of the most developed spermatogenic cells
in ATM mutants compared to other developing spermatogenic cells in both mutants
and wild type testes (figure 4.9 and 4.10), this suggests that spermatic development
in these fish may halt as they are undergoing meiosis. Meiosis is an evolutionary
conserved mechanism of cell division in sexually reproducing species that produces
haploid gametes from diploid cells. A key element of meiosis is homologous
recombination, which occurs when genetic information is swapped between
homologous chromatids. This swapping of genetic information facilitates genetic
variation between progeny. HR takes place in prophase | of meiosis, which is the
longest phase in meiosis and can take days to weeks in mammals (Cohen et al.,
2006). Prophase | can be subsequently be split into five sub stages. The sub stages,
along with known functions of ATM during each of the sub stages, are presented in
detail in table 4.1.
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Table 4.1 Stages of Prophase |

Prophase | stages

Functional Events

Cytological Appearance

Leptotene Stage
(leptonema)

Zygotene Stage

Pachytene Stage
Diplotene Stage

Diakinesis Stage

Diffuse tetraploid chromatin condenses and homologue pairing starts. The synaptonemal complex (a
large multi-protein complex) begins to assemble along the homologous pairs and by the end of the
leptotene stage it forms a backbone along each chromosome around which the chromatids are tightly
condensed.

Spoll forms excessive ds breaks in specific DNA ‘hot spots’, which is regulated by ATM locally at
the site of the damage in a negative feedback mechanism which is not yet wholly understood. ATM
also directs repair of most of these SPO11 mediated breaks by activating the DDR, particularly
RAD51 and DMC1, before allowing the cell to enter the next stage of prophase I, where generally
only ds breaks for one crossover event per chromosomal tetrad remains. In addition to activating the
DDR locally at the point of ds DNA breaks, the presences of ATM at these sites is thought to confer
some type of steric hindrance to stop too many breaks occurring close together.

Chromosomes become tethered to the nuclear membrane through their telomeres, a process which
is mediated by ATM. This tethering of the chromosomes to the nuclear matrix allows movement of
the chromosome ends through the cytoskeleton, to aid in homologues pairing, and later separating
of homologous chromosomes and sister chromatids during cell division. The capping of telomeres by
ATM also prevents end to end joining of chromatids.

ATM prevents cell cycle progression mediated by p53 and p21 activation if too many ds breaks
persist.

Homologous chromosomes continue to align and are tethered together by the synaptonemal complex
(synapsis). This tethering proceeds in a zipper like fashion so that at the end of the Zygotene stage
homologous chromosomes are synapsed along their entire length down to matching base pairs.

Crossover of homologous chromatids occurs, after which all dsDNA breaks are repaired.

The chromatids condense further and the synaptonemal complex beings to disintegrate, with
homologous chromosomes beginning to repel each other. However, they are still held together at the
points of recombination by chiasmata to keep the chromosome together until Anaphase I.

Loss of the nuclear membrane and formation of meiotic spindles.

(Cohen et al., 2006, Cohen and Pollard, 2001, Bolcun-Filas and Handel, 2018, Keeney et al., 2014)
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The condensed chromatin forms thread like
structures.

Chromosomes form a bouquet where the
centrosome of the chromosome is in the middle
of the cell and the chromosome ends spread
out along the nuclear envelope. Gives the
impression of petals fanning out from the
central part of the flower. This progresses to an
umbrella conformation where the central part of
the chromosome moves to a nuclear pole.
Chromatin continues to condense so the
nucleus becomes highly compacted.
Chromosomes condense further

Chromosomes again condense further and the
tetraploid stands and points of cross over may
be visible.



Three definitive prophase | mutant zebrafish models, its, imo and isa,
which were identified from an ENU mutagenesis screen, have been characterised
and demonstrate stalled spermatogenic development in prophase | of meiosis.
The its mutant, which was later determined to be caused by mutation to the sycp2
gene, whose protein product comprises an integral part of the synaptonemal
complex, fails to progress into leptonema, while spermatogenesis in the imo and
isa mutants fail to progress beyond the zygotene stage (Saito et al., 2011,
Takemoto et al., 2020). These mutants exhibit histological similarities to the
ATMsh477/sh477 mutant where spermatogonia and primary spermatocytes are
visible but they do not contain spermatids or mature spermatozoa (Saito et al.,
2011). The most advanced developmental stage of spermatic development in
these mutants are cells smaller than primary spermatocytes with small
condensed nuclei, similar to what is observed here in ATMsM77/sh477 testes, While
these mutants are not HR mutants, they do serve to further indicated the
morphology of zebrafish spermatogenic development that has stalled at

prophase I.

However, a number of other zebrafish with mutations in DDR genes,
particularly HR genes, have been characterised, and their testicular phenotypes
are strikingly similar to the its, imo and isa mutants, and to ATMsM77sh77 zeprafish
described here. The best described of these HR mutants are Rad51 and brca2
KO zebrafish (Botthof et al., 2017, Rodriguez-Mari et al., 2011, Shive et al.,
2010). These two proteins function in the same signalling pathway downstream
of ATM to repair SPO11 mediated ds breaks during HR. In this pathway, ATM,
acting locally at the site of dsDNA breaks, recruits BRCAZ2 through PALB2 to the
3’ss overhang of the ds break. Activated BRAC2 stabilises Rad51 monomers,
and shuttles them to the point of the 3’ overhang reviewed (Sun et al., 2020, Woo
et al., 2021). Both Rad51 and brca2 KO mutants exhibit almost identical defects
in spermatogenic development to ATMSM77/sh477 mytants, where their luminal
space is devoid of mature spermatozoa and there are no spermatids present.
Furthermore, they both exhibit clusters of primary spermatocytes in
spermatocysts comparable to ATMSM77/sh477 zeprafish and most critically, the
most developed spermatic cells exhibited by these fish are small round
hyperchromatic cells with condensed nuclei that are indistinguishable from the

146



cells we have termed late spermatocytes in ATMsM77/sh477 testes (Botthof et al.,
2017, Rodriguez-Mari et al., 2011, Shive et al., 2010). Investigations of these
hyperchromatic cells in the brca2 mutants have shown them to be pyknotic cells
undergoing apoptosis by caspase 3 and TUNEL staining (Rodriguez-Mari et al.,
2011, Shive et al.,, 2010). As ATM, Rad51 and BRCA2 activation are all
sequential steps in the same functional pathway, it is likely that these condensed
hyperchromatic cells in Rad51 and ATM mutants are also pyknotic cells
undergoing apoptosis, and do not represent any typical morphology of cells
undergoing normal spermatogenesis. The similarly hyperchromatic and
condensed cells in the its and isa prophase | mutants were also caspase 3 and
TUNEL positive (Saito et al., 2011).

We have not experimentally investigated the exact point in meiosis in
which spermatogenesis fails in ATMSM77sh477 zeprafish. However, the similarities
between prophase | mutant testes and ATMsh477/sh477 testes strongly indicate that
spermatogenic failure in these is likely to be in prophase I. Furthermore, given
the near identical spermatic histology between ATM, brca2 and Rad51 mutant
testes, and that their shared functional pathway occurs primarily during the
leptotene stage of prophase | (table 4.1), it is likely that anomalies in the mutant
testes occur at this stage. However, brca2’- spermatogenesis was shown to
continue past leptonema and fail at the pachytene stages of prophase |
(Rodriguez-Mari et al., 2011). Therefore, while the aberrations may occur at
leptonema, halting of the cell cycle and mitigation of the potential damage may
not occur until the pachytene checkpoint, which is a critical checkpoint that
appraises proper homolog-synapsis and dsDNA repair, and is primarily mediated
by ATR (Cooper et al, 2014). However, further characterisation of

spermatogenesis in these mutants in required to confirm this.

4.3.1.2 Disruption of Sertoli Cell Homeostatic Proliferation is a Feature of
Loss of HR Genes in Zebrafish

Sertoli cells are nurse cells present in the testes that provide structural, nutrient
and molecular support for developing spermatic cells. Here we describe a

progressive and aggressive Sertoli cell neoplasia in ATM deficient testes
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(section 4.2.2.1). It is not clear if these Sertoli cell proliferations are because of
the failed spermatogenesis, or if it is the result of an entirely different and
unrelated somatic cell pathology. Testicular organisation and Sertoli cell
proliferation and regulation is quite different in teleosts compared to mammals. In
mammals, Sertoli cells proliferate until the onset of puberty, where there is then
a defined number of post mitotic Sertoli cells resident in the testes that will
regulate spermatogenesis for life (Franca et al., 2016). However, in zebrafish,
Sertoli cells remain mitotically active throughout the lifespan, and an individual
Sertoli cell is transient rather than resident. Two pathways mediate Sertoli cell
proliferation in fish. The first is the proliferation and differentiation of a new Sertoli
cell from a Sertoli progenitor. The new Sertoli cell’s cytoplasmic projections
surround an undifferentiated spermatogonium A cell to create a new
spermatocyst or niche for the developing sperm cells. The differentiation of an
undifferentiated spermatogonium A cell to a mitotically active one, and the

differentiation of a new Sertoli cell niche, occur together.

The second means of Sertoli cell proliferation is in conjunction with the
developing spermatocyst, in which new Sertoli cells arise from the mitotic division
of Sertoli cells already in place to meet the needs of the expanding niche. The
number of Sertoli cells associated with a specific cyst steadily increases from
spermatogonium cells up until pachytene stage in primary spermatocytes (Franca
et al., 2016, Schulz et al., 2015, Franga et al., 2015, Schulz et al., 2005). The
germ cell niche comprises developing spermatic cells and somatic Sertoli cells.
The developing gametes rely on Sertoli cells for nutrients and to secrete signals
that regulate spermatogenesis, and similarly Sertoli cell homeostasis relies on
signals from the developing germ cells as they only reach terminal differentiation
and become post mitotic once meiosis has taken place (Leal et al., 2009, Schulz
et al., 2015, Schulz et al., 2005). After meiosis and once spermiogenesis
commences, the number of Sertoli cells associated with a specific cyst
decreases, until finally the spermatocyst opens to allow mature spermatozoa into
the luminal space (Franca et al., 2015, Leal et al., 2009, Schulz et al., 2005).

A similar neoplasia to that we describe in ATM mutants was also reported
in brca2 mutant zebrafish (Shive et al., 2010, Rodriguez-Mari et al., 2011).

Neoplasia in brca2’ testes were found to be comprised of Sertoli cells and
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proliferating spermatogonia. While we have determined the neoplasia in
ATMsh477Ish477 zeprafish to be primarily comprised of Sertoli cells, it may be
possible that spermatogonia cells also contribute, but were not readily discernible
in the overgrown testicular tissue at 12 months. Work to investigate this further is
outlined below in section 4.3.4.2. Investigations of the testes of Rad51 mutants
were carried out at 4 months and no testicular neoplasia was reported (Botthof et
al., 2017). However, this may have been too early to detect neoplasia, as we
failed to observe increased Sertoli cells at 3 months in ATM mutant zebrafish.
The paper describing the effects of Rad51 KO in zebrafish provides only limited
testicular histology, however after examination of what is reported, we tentatively
believe Sertoli cell proliferation may also be present in the Rad51 model, as there
appears to be growth of irregularly shaped, eosinophilic cells from the basal
membrane towards the luminal space, that are not present in the wild type
sample.

It is plausible that the proliferation of Sertoli cells in both ATMsM77/sh477 gnd
brca2’- zebrafish occurs as a secondary event, with the failure of
spermatogenesis being the primary event. As outlined above, in fish Sertoli cells
proliferate within the developing cyst and only become post mitotic after meiosis
has occurred in the spermatogenic cells (Schulz et al., 2015, Schulz et al., 2005,
Leal et al., 2009). As primary spermatocytes in ATMsM77sh477 and Brca2’
zebrafish do not complete meiosis, Sertoli cell proliferation may continue
unchecked. Dead end (dnd) is a gene which is essential for primordial germ cell
development in mice and zebrafish. Ablation of dnd expression by injection of a
dnd morpholino at the embryonic stage produces sterile male adults (Slanchev
et al., 2005). In common with Brac2 and ATM mutants, dnd KD morphants also
exhibit Sertoli cell overgrowth, indicating that it is the absence of mature
spermatozoa that causes proliferation of the Sertoli cells, and that it is not a direct
result of loss of ATM (Rodriguez-Mari et al., 2011). However, the its, ims and isa

mutants do not report any neoplasia (Zhou et al., 2018, Saito et al., 2011).

While the literature suggests that lack of mature sperm are the result of
Sertoli cell proliferation seen in ATMsh477sh477 tastes, it should be considered that
it may also be directly due to loss of ATM. Evidence in support of this is that ATM
is highly expressed in zebrafish Sertoli cells (figure 4.14 h). It is also highly
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expressed in Sertoli cells of mouse and humans, along with other DNA repair
proteins, and these are not expressed in other somatic cell types in the testes
(Ahmed et al., 2009, Scherthan et al., 2000). As Sertoli cells in zebrafish are
highly mitotic and ATM is a key regulator of mitosis, particularly at cell cycle
checkpoints (Bihani and Hinds, 2011, Boohaker et al., 2016, Yang et al., 2011a),
loss of ATM may cause dysregulated proliferation of these cells. However, as
almost all cells in the zebrafish undergo mitosis during the embryonic stage, it is
likely that if loss of ATM had an effect on the mitosis of somatic cells in zebrafish
it would manifest with defects in many tissues. Furthermore, Sertoli cells in mice
and humans are not mitotic. However, while ATM and other DNA repair proteins
such as PARP1 and XRCC1 were expressed in mouse Sertoli cells, other
proteins crucial for the repair of damaged DNA, such as Rad51 and H2AX, are
not present, although, based on comet assays they are capable of DNA repair
(Ahmed et al., 2009). Therefore, at present the function of ATM in Sertoli cells is
unknown, as is the exact mechanism of DNA repair that occurs in the cells.
Furthermore, given the differences in mouse and zebrafish Sertoli cells, the

function of ATM in this cell type between these two species may be different.

4.3.2 ATMsh477sha77 7eprafish May Express a Truncated ATM Protein but
Exhibit Phenotypes that are Consistent with loss of ATM Activity

In the previous chapter, we have shown that ATMs"77/sh477 zeprafish have a 5 bp
deletion mutation in exon 6, which was predicted to cause a downstream
premature stop codon (chapter 3, section 3.2.1.1, figure 3.1). We have also
shown that this premature stop codon does not cause mutant ATM mRNA to
undergo NMD (chapter 3, section 3.2.1.1, figure 3.2). Therefore, it was
expected that the mutant mRNA would undergo translation to generate a
truncated protein that would be misfolded and degraded, or a truncated non-
functional ATM protein lacking both protein-protein binding domains and the
essential kinase domain (see chapter 1, section 1.2.2). Attempts had been
made to show that ATMsM77/sh477 zeprafish were knockouts for the ATM protein
through western blot analysis, using a zebrafish specific ATM antibody that we
had raised to the first 120 amino acids of the protein upstream of the predicted

stop codon in the mutants (chapter 3, section 3.2.1.2, figure 3.3. The aim was
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to show the absence of full-length ATM in mutant zebrafish, with expression of
the protein in wild type controls. Alternatively, we may have detected the
truncated protein in ATMsh477sh477 zeprafish lysates (chapter 3, section 3.2.1.2,
figure 3.5 b). Detection of full length ATM by western blot was not possible,

however low molecular weight immunoreactive bands were identified.

In this chapter, we attempted to optimise IHC for detection of ATM
expression, and ATM expression was detected in both ATM** and ATMsh477/sh477
zebrafish testes. While this is by no means definitive, it does support the
generation of a truncated ATM protein in ATM mutants and is consistent with
results from western blot analysis. Alternatively, the staining observed in both
genotypes could be non-specific staining. However, given that there is stage
specific staining in the wild type testes, where there is signal in developing
spermatogenic cells up to the last known point of ATM function in primary
spermatocytes, but the signal progressively decreases as spermatids develop,
and is absent in mature spermatozoa, strongly indicates that the antibody is
specific for ATM detection by IHC. A key difference in immunological protein
detection between western blot and IHC is that the SDS-PAGE gels used in
western blot analysis are denaturing to the protein. The antigen to which the
antibody was raised is relatively large and is likely to have both secondary and
tertiary structure in its native form (chapter 1, section 3.2.1.2, figure 3.3);
therefore, the denaturing nature of an SDS-PAGE gel may cause the epitope to
be lost. An advantage of IHC is that it does not cause denaturisation of the protein
and keeps the tertiary structure of the proteins intact. Therefore, while there was
probable ATM specific staining in ATMsh477/sh477 zeprafish testis, they are likely
KO for ATM activity as they exhibit phenotypes consistent with loss of ATM, such
as stalled spermatogenesis, which is recapitulated in all vertebrate AT models
(chapter 1 section 1.3). Furthermore, they also exhibit phenotypes consistent
with disrupted HR in zebrafish, such as sex reversal (chapter 3, section 3.2.2),
stalled spermatogenesis, and testicular neoplasms (Mamrak et al., 2017,
Ramanagoudr-Bhojappa et al., 2018, Rodriguez-Mari et al., 2011, Botthof et al.,
2017, Liu et al., 2003).
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4.3.3 ATM is an Essential Component of Meiosis and Loss of ATM Causes
Infertility in Animal Models of AT

Infertility due to failed gametogenesis is a feature of AT and is recapitulated in
rodent models of AT (see chapter 1 section 1.3). It is not known exactly at what
point spermatogenesis is stalled in the rat model of AT, as in-depth analysis was
not performed. Still, they report similar findings to those presented in this chapter,
that ATM-deficient testes have developing germ cells up to spermatocytes, but
exhibit no spermatids or mature spermatozoa (Quek et al., 2017a, Quek et al.,
2017b).

Spermatogenesis defects in ATM deficient mice have been well
characterised. ATM is highly expressed in mouse testes. Its expression is largely
localised to Sertoli cells in agreement with the expression observed in zebrafish
Sertoli cells. In mice, granular expression of ATM was also found in primary
spermatocytes and localised to early spermatids, but not late spermatids or
mature spermatozoa, again supporting what was observed in ATM staining of
zebrafish testes (figure 4.13 and 4.14) (Scherthan et al., 2000).

In mouse models of AT, spermatogenesis is stalled at leptonema with only
a few spermatocytes (2%) progressing as far as the zygotene stage. These
stalled spermatocytes showed reduced expression and mislocalisation of ATR
and downstream ATM targets involved in DNA repair, such as DMC1 and RAD51
(Barlow et al., 1998, Pandita et al., 1999, Barlow et al., 1997). SPO11 induces
many ds breaks per chromosome during leptonema (see table 4.1), however not
all these breaks are required and usually only one crossover event is required
per chromosome tetrad, therefore these excessive ds breaks need to be repaired
before spermatogenesis can progress (Cooper et al., 2014). The reduced
expression and mislocalisation of HR specific DNA repair proteins in ATM
deficient mice indicates that cell cycle progression may be halted in leptonema
due to these excessive SPO11 induced unrepaired DNA breaks. Stalling of
spermatogenesis at this stage is due to halting of the cell cycle, and is supported
by the evidence that there is increased expression of the cell cycle proteins p53
and p2lin ATM’” mouse testes, and that double knockout of p53/ATM and
p21/ATM partially restores spermatogenesis and allows it to progress to the
pachytene stage (Barlow et al., 1997). In addition to managing the repair of DNA
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breaks in spermatogenesis, ATM may also be involved in telomere tethering to
the nuclear matrix and envelope. During meiosis chromosomes are tethered to
the nuclear matrix through their telomeres, which move along the nuclear
envelope as a means of aligning chromosomes to correctly synapse with each
other. ATM” mice exhibited abnormal telomere clustering as well as
chromosomal rearrangements (Pandita et al., 1999), which are thought to be
contributing factors to the aberrant spermatogenesis. From the results presented
in this chapter it is not yet clear at which point in ATMsM77/sh477 zeprafish testes
spermatogenesis is stalled, however, this could be resolved by utilising
immunofluorescence confocal microscopy to examine expression and
localisation of meiotic associated proteins during spermatogenesis in these fish.
Possible investigations that could be undertaken are discussed below in section
4.3.4.1.

4.3.4 Future Work to Further Characterise the Testicular Phenotype in
ATMsh477/sh477 7aprafish

4.3.4.1 Determination of When Spermatogenesis Fails in ATMsh477/sh477
Zebrafish

Although results presented in this chapter indicate that spermatogenesis is
stalled in meiosis in ATMsM77/sh477 ‘and these results strongly align with the stalling
of spermatogenesis in brac2 and Rad51 KO zebrafish, we have not shown
experimentally that this is the case, or when in meiosis spermatogenesis is
stalled. The localisation of Sycp3, a key component of the synaptonemal
complex, has a predictable localisation and multimeric structure as it moves
though the phases of meiosis and has been effectively used to characterise the
progression of prophase | in zebrafish previously (Saito et al., 2011). Staining of
zebrafish testes with Sycp3 in conjunction with monitoring the resolution of Rad51
foci (Vierstraete et al., 2017) in spermatocytes, particularly with the use of
confocal microscopy, could accurately define when in prophase | meiosis has

gone awry in ATMsh477/sh477 zeprafish.

Furthermore, the literature suggests that the cells we have termed late
spermatocytes in ATMSh477/sh477 testes are cells with highly condensed nuclei

undergoing apoptosis (Rodriguez-Mari et al., 2011, Shive et al., 2010). Similar to
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experiments carried out in the brca2 and prophase | mutants, caspase 3 and
TUNEL staining could be undertaken to determine if the same is true of the cells
observed here (Shive et al., 2010, Rodriguez-Mari et al., 2011, Saito et al., 2011).

4.3.4.2 Further Investigations into the Testicular Neoplasia

The testicular neoplasms found in Brca2”- testes were shown to be a mixture of
spermatogonia and Sertoli cells (Shive et al., 2010, Rodriguez-Mari et al., 2011),
while we have determined the neoplasms in ATMsh477sh477 testes to be primarily
due to Sertoli cell proliferation. Our characterisation was carried out at 3 months,
when aberrant proliferation was only beginning, and at 12 months where
distinguishing between different cell types was more challenging, while
characterisation of Brca2”’- testes was carried out at primarily at 6 months
(Rodriguez-Mari et al., 2011). The difference in ages, or areas of testes
examined, may account for the different profile of the neoplasia. Furthermore, no
infiltration of the neoplasia to surrounding tissue was observed at 6 months in the
Brca2 mutants or dnd KD morphants, nor was it observed at 12 months in the
ATM mutants. However, when the dnd KD morphants were analysed at 18
months, infiltration of the surrounding tissue was observed. Investigators of the
Brca2 mutants suggest that the analysis of the Brca2 mutant at the later stage of
18 months may also exhibit this tissue infiltration (Rodriguez-Mari et al., 2011),
and we agree that this could also be the case with ATMSM77/sh477 zeprafish.
Therefore, further histological investigations of ATMsSM77sh77 testes could be
carried out at 6 months to determine if there is a spermatogonium cell contribution
to the neoplasms, and at 18 months to determine if there is infiltration of the
neoplasm to the surrounding tissue. Furthermore, vasa is a germ cell specific
molecular marker (Yoon et al., 1997), and its expression and localisation in
testicular tissue may be able to provide some clarity on whether there is

spermatogonium contribution to the neoplasm in ATMSh77/sh477 testes,

It is not yet clear whether the neoplasms are a direct result of loss of ATM
or if they are secondary to the cessation of meiosis. The determination of which
pathway of Sertoli cell proliferation has become dysregulated may shed some

light on this. In zebrafish, differentiation of new Sertoli cells in conjunction with
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spermatogonia A to create new spermatocysts is governed by triiodothyronine
(T3) and IGF-3 signalling (Wang et al., 2008, Morais et al., 2013). Laser capture
microdissection of sectioned FFPE tissue, followed by gene expression analysis

for these and other genes, may identify which pathway has become dysregulated.
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Chapter 5

Behavioural Analysis of ATMsh477/sh477
Zebrafish

5.1 Introduction

One of the biggest barriers to quality of life in AT patients is progressive ataxia
caused by cerebellar degeneration. In addition to affecting quality of life, it also
has an impact on disease mortality, as at the late stages of disease progression,
difficulties in chewing and swallowing food leads to aspirations into the lungs, and
an increase in respiratory infections. Therefore, understanding the mechanisms
by which cerebellar degeneration occurs is of vital importance in developing
therapeutic interventions for AT patients. Despite this importance, there is still no
model system that accurately recapitulates the human neurodegenerative
phenotype (see chapter 1, section 1.3), leaving an epistemic gap in our
understanding of these disease mechanisms (see chapter 1, section 1.2.4.5).

To determine whether the zebrafish ATMsh477/sh47" model is a useful tool in
AT research, it is important to determine if it can recapitulate any neurological
phenotype. Zebrafish behaviour is increasingly being used to study
neurodevelopmental and neurodegenerative phenotypes, and their behaviour
patterns are being used as high throughput readouts in drug discovery (Norton
and Bally-Cuif, 2010, Kokel and Peterson, 2008). Hence, we investigated
whether ATMSM77/sh477 zeprafish exhibited any behavioural abnormalities that
would suggest cerebellar dysfunction. Analysis of zebrafish swimming behaviour
can also serve as a useful indicator of other phenotypes (Borges et al., 2016,
Miller et al., 2019, Deakin et al., 2019) that may be caused by loss of ATM.
Furthermore, histological examination of adult zebrafish cerebella was
undertaken to investigate whether there may be abnormalities that do not present

with a behavioural phenotype.
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5.2 Results

5.2.1 ATMsh477ish477 7eprafish Show no Gross Defects in Larval Swimming

5.2.1.1 ATMsh477/sh477 | gryvae Exhibit no Swimming Abnormalities at 5 dpf

AT typically presents with onset of ataxia at approximately 3 years old (Boder and
Sedgewick, 1958, Shaikh et al., 2013); therefore, we investigated whether the
ATMsh477isha77 fish also exhibit an early behavioural phenotype. As development
of zebrafish embryos is external from the mother and occurs at a much faster rate
than found it mammals, it is difficult to comparatively stage zebrafish development
to humans in the way that can be done in mouse studies (McMenamin et al.,
2016, Parichy et al.,, 2009). Therefore, initially the effects of genotype on
swimming capability were investigated at 5 dpf, and this time point was chosen
for a number of reasons. First, maternal mRNA contribution resulting from an
ATM*sM77 in-cross has likely been lost by 5 dpf (see chapter 3 figure 3.2), and
the molecular effects of loss of ATM may therefore have had time to present at a
phenotypic level. Second, zebrafish at 5 dpf are still small enough to analyse in
a 96 well format, increasing the throughput of the experiment. Third, zebrafish at
5 dpf are not considered animals under ASPA, 1986, and therefore large amounts
of data can be gathered by increasing the power of the experiment while still
keeping in line with the principles of the 3Rs (Replacement, Reduction and
Refinement). Finally, zebrafish larvae at 5 dpf have started to develop significant
cerebellar structures (Hamling et al., 2015), and exhibit behavioural changes in
response to stimuli, particularly visual stimuli. It has been observed that zebrafish
at this age exposed to high intensity light, which is then suddenly removed, show
a significant increase in swimming activity (Easter and Nicola, 1996, Emran et al.,
2008, Gao et al., 2014, Burgess and Granato, 2007). This type of response to
light/dark stimuli was exploited to measure differences in the swimming between

genotypes.

To measure swimming, the zebrafish larvae were analysed using a
ZebraBox tracking system (ViewPoint, France). Zebrafish motility is measured in
a temperature controlled, soundproof, sealed box, with a controlled cold light
source. The evening before analysis, the larvae were arrayed in a 96 well plate
in E3 and left to acclimatise to their new environment overnight. The following

morning, the zebrafish were placed in the ZebraBox with 100% light intensity, and
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again left to acclimatise for 30 min. The larvae were then subjected to 6 cycles of
alternating 0% light intensity /100% light intensity (dark/light), each phase lasting
5 min for a total of 30 min, while the swimming activity of each fish was tracked
using an infrared camera. Where required, the larvae were then genotyped and
the swimming data for each fish analysed. Larval movement was classified as
follows: a swimming speed < 2 mm/sec was classed as inactive or no swimming,

and a swimming speed of > 2mm/sec was considered active swimming.

To determine if ATMsh477/sh477 zeprafish larvae exhibited any behavioural
differences at 5 dpf, larvae from ATM*s"77 in-crosses were subjected to the
above swimming analysis (figure 5.1). ATMSM77/sh477 zaprafish larvae exhibited a
typical response to the onset of darkness by increasing both the distance swum
and consequently the duration of their active swimming in the dark phase.
ATMsh477/sh477 |arvae do not exhibit any defects in swimming ability at 5dpf, as they
swam comparable distances to their wild type and heterozygote siblings in both
the induced swimming (dark) and basal swimming (light) phases (figure 5.1 a
and b). Additionally, the duration of when they were active (moving >2mm/s) was
similar between homozygous, heterozygous and wild type siblings (figure 5.1 ¢
and d). Therefore, ATMSM77sh477 zeprafish larvae do not exhibit any
abnormalities in their swimming behaviour in response to light/dark stimuli at 5
dpf.
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Figure 5.1 ATMSM/7sh477 zeprafish larvae do not exhibit any detectable swimming
abnormalities at 5dpf. Zebrafish larvae from ATM*s"77 in-crosses were arrayed on 96 well
plates at 4.3 dpf. At 5 dpf they were subjected to swimming analysis by alternating dark and light
cycles (light driving phases) of 5 mins each for a total of 30 mins, during which their swimming
was tracked. Note: Grey panels in the graph represent dark cycles. a. Average distance
travelled by each genotype in each of the light driving phases. b. Average distance travelled in
dark and light phases; individual data points represent the mean value per embryo of distance
travelled across the 3 dark and 3 light phases. c. Average duration spent in active swimming by
each genotype in each of the light driving phases. d. Average duration of active swimming spent
in dark and light phases; individual data points represent the mean value per embryo of active
duration across the 3 dark and 3 light driving phases. Data were analysed by two-way ANOVA
with repeated measures, with post hoc Tukey's and Sidak's multiple comparisons tests. Error bars
represent SD. Statistical analysis can be found in appendix 5.1. ATM**n=110 ATM*/SH477 n=212
ATMSH477/SH477 =118, Data shown is combined from N=5 replicate experiments using different
ATM*/sh477 in-crosses.
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5.2.1.2 ATMsh477/sh477 | arvae Exhibit no Swimming Abnormalities at 5 dpf
After Treatments to Induce DNA Damage

ATM plays an intrinsic role in the DDR, and as deficiencies in the DDR due to
loss of ATM lead to unrepaired DNA damage, it is thought to be a major
contributor to neuronal cell death in AT. It was considered that at 5 dpf, in the
context of an ATM*s"77 in-cross where there is likely to be some early maternal
contribution of ATM, there may not have been enough time to reach a detrimental
threshold of DNA damage in ATMsM77sh477 zeprafish (see Chapter 1, section
1.2.4.5Db). In order to test the hypothesis that induction of excessive DNA damage
has a behavioural effect, we induced DNA damage through genetic, chemical,
and physical approaches, and measured the swimming capability of
ATMsh477Isha77 zaprafish at 5 dpf. Moreover, we hypothesised that regardless of
whether induction of DNA damage would lead to neuronal cell death in
ATMsh477Ish477 zeprafish, excessive unrepaired global DNA damage would have
an impact on overall health of the zebrafish and impair swimming ability, thus

leading to reduced motility in response to light/dark stimuli.

a. Genetic Approach to Induce DNA Damage.
We first sought to increase endogenous DNA damage by mutation of the TDP1
gene. TDP1 is another DNA damage repair protein where mutation results in a
hereditary ataxia; Spinocerebellar Ataxia with Axonal Neuropathy (SCAN1)
(Pouliot et al., 1999, Interthal et al., 2001, Takashima et al., 2002, EI-Khamisy et
al., 2005). During DNA replication, Topoisomerase 1 (TOP1) binds to DNA and
creates a single strand break to allow access of the replication machinery. The
composite of the TOP1 bound to DNA creates a Topoisomerase cleavage
complex (TOPcc), which is generally transient and resolved by hydrolysis of the
shared 3’ phosphodiester bond by TDP1, allowing re-ligation of the DNA
backbone. However, a loss of function mutation in TDP1 causes TOPcc to
become permanent, thus causing an unrepaired protein bound DNA single strand
break (Koster et al., 2005, Humbert et al., 2009, Pouliot et al., 1999, Interthal et
al., 2001, Takashima et al., 2002). These TOPcc have been shown to activate
ATM, with ATM being needed for their repair (Humbert et al., 2009, Sordet et al.,
2009), and ATM deficient cells show a decrease in their ability to resolve these
DNA breaks (Alagoz et al.,, 2013, Katyal et al., 2014). Zebrafish that are
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homozygous for a TDP1 loss of function mutation (TDP1sh475/sh475) dg not exhibit
any detectable behavioural abnormalities at 5 dpf when compared to
heterozygous controls, nor do they exhibit an increase in TOPcc or DNA damage
signalling (Zaksauskaite et al., 2021). However, it was hoped that the combination
of loss of both ATM and TDP1 would act synergistically to impair the DNA
damage response, leading to a detectable early behavioural phenotype.

Larvae from an ATM?*/sh477 TDPsh475/sh475 jn_cross were subjected to the
same swimming assay as previously outlined in figure 5.1. ATMsM77/sh477 |arvae
on a TDP1 null background exhibit no differences in their ability to swim (figure
52 a and b) nor in their response to darkness compared to their
ATM*+TDP1Sh475/5h475 gnd ATMY-TDP1h4755h75 siblings (figure 5.2 ¢ and d).
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Figure 5.2 ATMsh477/sh477 zaprafish larvae on a TDP 13750475 (nyll) background do not exhibit
any detectable swimming abnormalities at 5 dpf. Zebrafish larvae from
ATMHsh477TDP1SH475.5H475 in-crosses were arrayed on 96 well plates at 4.3 dpf. At 5 dpf they were
subjected to alternating dark and light cycles (light driving phases) of 5 mins each for a total of 30
mins, during which their swimming was tracked at 5dpf. Note: Grey panels in the graph
represent dark cycles. a. Average distance travelled by each genotype in each of the light driving
phases. b. Average distance travelled in dark and light phases; individual data points represent
the mean value per embryo of distance travelled across the 3 dark and 3 light phases. c. Average
duration spent in active swimming by each genotype in each of the light driving phases. d.
Average duration of active swimming spent in dark and light phases; individual data points
represent the mean value per embryo of active duration across the 3 dark and 3 light driving
phases. Data were analysed by two-way ANOVA with repeated measures, with post hoc Tukey's
and Sidak's multiple comparisons tests. Error bars represent SD. Statistical analysis can be found
in appendix 5.2. ATM*+ TDP1sh475/sha75 = g7 ATMHsh477TDP1sh475/sh475 = 129 AT Msh477/sha77
TDP1sm75/shd75 = 66 Data shown is combined from N=3 replicate experiments using different
ATM+/sh477TDplsh475/sh475 in-crosses.

162



b. Treatment with Camptothecin
Camptothecin (CPT) is a chemotherapeutic agent that binds TOPcc and prevents
their hydrolysis and DNA re-ligation, effectively mimicking the SCAN1 molecular
phenotype (Hsiang et al., 1985). CPT has regularly been used to induce DNA
damage in vitro (Wan et al., 1999, Sakasai et al., 2010), and treatment of larval
zebrafish with CPT decreases their ability to swim and induces DNA-protein
linked DNA breaks and a DNA damage response (Zaksauskaite et al., 2021).
Thus, it was reasoned that treatment of an ATM*s"77 in-cross with CPT would
result in DNA damage that ATMsh477/sh477 zeprafish would be unable to resolve as
efficiently as wild types, and this would result in a more severe behavioural

phenotype compared to control siblings.

There was little indication of the duration of CPT treatment required, or the
most appropriate dose and age to induce maximal DDR without loss of viability.
It was also reasoned that an appropriate dose would need to significantly
decrease wild type swimming, first to show the treatment of CPT had worked as
predicted, and second to allow any possible further decrease in swimming in
ATMsh477/sh477 |arvae to still be detected. Therefore, a treatment protocol was
optimised in LWT zebrafish. Effects of CPT and its ability to induce swimming
defects were analysed by measuring the darkness-evoked swimming response
as above. Viability and survival of the treated larvae were also measured, by
presence/absence of a heartbeat. Furthermore, observed decreases in
swimming should occur from molecular abnormalities secondary to excessive
DNA damage, and should not be due to any gross morphological/developmental
irregularities that would impact the ability of the larvae to swim. Consequently,
zebrafish treated with CPT were monitored daily for morphological abnormalities.

I Optimisation of DMSO Concentration
Dimethyl sulfoxide (DMSO) - (CH3)2SO, is a commonly used aprotic solvent in
molecular biology, and is regularly used in the drug treatment of zebrafish to
improve drug solubility (Hutchinson et al., 2006, Rammler and Zaffaroni, 1967,
Kais et al., 2013a). The toxicity of the solvent has been studied in depth in

zebrafish. Zebrafish larvae and embryos can withstand up to 2% without lethality
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(Chen et al., 2011), and concentrations of 1-2% are routinely used in our lab to
study the molecular effects of drug treatments on zebrafish. Therefore, when
embryos/larvae were treated with CPT, they were also treated with DMSO.
Initially during CPT optimisation, zebrafish treated with CPT were co treated with
1% DMSO (see table 5.1). However, treatment with 1% DMSO resulted in a
significant decrease in swimming distance compared to untreated embryos (data
not shown). Consequently, optimisation of DMSO treatment concentration for

behavioural assays was also required.

To optimise DMSO concentrations, embryos (6 hpf) were arrayed on a 96
well plate and at 48 hpf treated with 1%, 0.1% or 0.01% DMSO. At 5 dpf, zebrafish
larvae were subjected to the darkness evoked swimming response, and data
analysed (figure 5.3). Zebrafish treated with 1% DMSO exhibited significant
deficiencies in the distance swum in the dark (figure 5.3 a and b), and
consequently in the duration of time they spent in active swimming in the dark
compared to untreated zebrafish (figure 5.3 ¢ and d). Zebrafish treated with
0.1% and 0.01% DMSO show no difference in the distance swum or time spent
in active swimming in the dark compared to untreated siblings. As such,
optimisation of CPT concentration was continued with a co-treatment of 0.1%

DMSO final concentration.
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Figure 5.3 Optimisation of DMSO treatment at 48 hpf in a 96 well plate for swimming
analysis at 5dpf. Wild type (LWT strain) zebrafish larvae were untreated or treated with
decreasing doses of DMSO (1%, 0.1% and 0.01%) in E3 at 48 hpf in 96 well plates. At 5dpf,
zebrafish were assayed by being subjected to alternating dark and light cycles (light driving
phases) of 5 mins each for a total of 30 mins, during which their swimming was tracked. Note:
Grey panels in graph represent dark cycles. a. Average distance travelled by each genotype
in each of the light driving phases. b. Average distance travelled in dark and light phases;
individual data points represent the mean value per embryo of distance travelled across the 3
dark and 3 light phases. c. Average duration spent in active swimming by each genotype in each
of the light driving phases. d. Average duration of active swimming spent in dark and light phases;
individual data points represent the mean value per embryo of active duration across the 3 dark
and 3 light driving phases. Data were analysed by two-way ANOVA with repeated measures with
a post hoc Tukey's multiple comparisons test. Error bars represent SD. Statistical analysis can
be found in appendix 5.3. Untreated n=24, 1% DMSO treated n=24, 0.1% DMSO treated n=24,
0.01% treated n=24. N=1 replicate.
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I. Optimisation of Treatment Time and Dose of CPT

It was hypothesised that older zebrafish would be more resistant to the effects of
CPT, therefore in order to optimise CPT dose and duration of treatment, zebrafish
were treated with a broad range of doses that increased with age. A full list of all
doses used for optimisation according to the time point they were used at can be
found in table 5.1. For optimisations, zebrafish embryos at 6 hpf were arrayed on
a 96 well plate in E3 media and subsequently treated with CPT/DMSO in E3 at
the appropriate time point. At 5 dpf zebrafish larvae were subjected to swimming
analysis as previously. The aim of optimisation was to achieve a significant
change in induced swimming to ensure treatment with CPT was causing an
effect, but not so large an effect that it would cause the presumed more sensitive

ATMsh477isha77 7eprafish to completely stop or have undetectable swimming.

Table 5.1 Optimisation of Treatment Time and Dose of CPT

Age of | Doses of CPT (nM)
treatment 1% DMSO 0.1% DMSO
Optimisation Optimisation Optimisation Optimisation Optimisation
1 2 3 4 5
(Data Not shown) | (Data Not shown) | (appendix 5.5.1, (figure 5.4) (figure 5.5)
5.5.2,5.5.3,
5.5.4 and 5.5.5)
8 hpf 25,5,10,20 2,25,3,35 1,15,2,25 - -
24 hpf 25,5,10,20 2,2,5,3,35 2,25,3,35 - -
48 hpf 25, 50, 100, 125, 25, 50, 125, 25, 50, 0.1, 1, 125, 1,10
200 100 100 25, 50
72 hpf 250, 500, 600, 50, 100, 200, 50, 100, 200, -
700 400 400
96 hpf 250, 500, 600, 400, 500, 600, 400, 500, - -
700 700 600, 700

Initial optimisations (optimisation 3) with 0.1% DMSO showed embryonic
zebrafish treated at 8 and 24 hpf were extremely sensitive to CPT where
treatment with 2 nM and 3.5 nM, respectively, were enough to significantly
decrease their darkness-evoked response (appendices 5.4.1 and 5.4.3 a and
b). Zebrafish treated at 48 and 72 hpf showed a relatively moderate sensitivity to
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CPT, where doses of 12.5 nM and 25 nM respectively, exhibited a significant
decrease in their motility (appendices 5.4.1 and 5.4.3 ¢ and d). However,
zebrafish treated at 48 hpf with 100 nM of CPT appear curled and atrophied upon
inspection and had died by 5 dpf, so were therefore not included in swimming
analysis. Larval zebrafish at 96 hpf appear comparatively robust to CPT
treatment, as doses between 400-700 nM significantly decrease their darkness-
evoked response to a similar level (appendices 5.4.1 and 5.4.3 e). However,
while zebrafish treated in this dose range swam similar distances, zebrafish
treated with, 600 nM and 700 nM CPT were atrophied and curled upon inspection.
It was also observed that while these fish were alive (maintained a heartbeat)
(appendix 5.4.3 a), their basal activity was vastly decreased compared to
untreated controls, and the larvae appeared unable to move or only twitch upon
tactile stimulus. These results of decreased swimming in the dark after CPT
treatment are mirrored in the duration spent in active swimming in these fish
(appendix 5.4.3). Interestingly, treatment at 48 hpf whereby the dose was
doubled for each treatment from 12.5 to 25 to 50 nM shows an approximately
50% decrease in swimming distance and swimming duration in the dark with each
doubling of the dose (appendices 5.4.1 ¢ and 5.4.3c). This is also seen when
treated at 72 hpf where the dose was double each time from 25, 50, and 100 nM,
and again both the swimming distance and swimming duration decreased by
approximately half with each dose (appendices 5.4.1 d and 5.4.3 d). These data
confirm the hypothesis that the resistance to CPT is age dependent, and that
treatment with CPT can hinder the motility of zebrafish in a dose dependent
manner. Treatment with relatively moderate doses of CPT at either 48 or 72 hpf
produces the desired results of a dose dependent effect on swimming with no
obvious morphological defects. Optimisations were continued at 48 hpf to ensure
the period of DNA damage was as prolonged as possible.

To ensure reproducibility of a dose dependent reduction in swimming, and
to determine a more refined range of CPT doses, treatment with CPT at 48 hpf
was optimised again (table 5.1, optimisation 4). Zebrafish were treated within a
relatively small dose range of CPT (0.1 nM — 50 nM) (figure 5.4) and their
swimming analysed. Treatment with low doses of 0.1 and 1 nM CPT had no effect

on swimming. Treatment with 12.5-50 nM CPT caused significant impairment in
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the average distance travelled and average active duration in the dark, but only
the highest dose caused a decrease in motility without light-driving (figure 5.4 b
and d). Atthese doses, no obvious morphological abnormalities were witnessed.
Treatment with 12.5 nM CPT reduced the total distance swum by approximately
half, from 1000 mm to 500 mm. However, since we hoped to detect increased
sensitivity of ATMsh477/sh477 tg CPT, we felt this effect may be too strong.

Consequently, the dose was optimised one final time (table 5.1
optimisation 5). Zebrafish were treated as before at 48 hpf with either 1 nM or
10 nM CPT (figure 5.5). Zebrafish treated with 1 nM CPT again show no
significant decrease in their swimming, however, 10 nM CPT treated fish show a
~15% decrease in the average distance travelled in induced swimming (dark
phase), with an average of 156.6 mm in the 0.1% DMSO treated to 130 mm in
the 10 nM CPT treated larvae (figure 5.5 b). There was no significant difference
observed in the duration of active swimming in the dark phases between DMSO
only, control, or CPT treated zebrafish (figure 5.5 d), yet there was a decrease
in duration of active basal swimming (light phases) of 1 nM treatment. As 10 nM
CPT treatment at 48 hpf caused a slight but significant decrease in induced
swimming, it was thought to be optimum for treatment of the progeny of an

ATM*sh477 in-cross to allow for the presumed increase sensitivity of ATMs77/sh477.
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Figure 5.4 Optimisation 4 of CPT treatment on wild type (LWT) zebrafish embryos at 48 hpf
in a 96 well plate for swimming analysis at 5dpf. Zebrafish larvae were treated with 0.1%
DMSO or 0.1% DMSO and CPT in E3 at 48 hpf in a 96 well plate. At 5dpf, zebrafish were assayed
by being subjected to alternating dark and light cycles (light driving phases) of 5 mins each for a
total of 30 mins, during which their swimming was tracked. Note: Grey panels in the graph
represent dark cycles. a. Average distance travelled by each genotype in each of the light driving
phases. b. Average distance travelled in dark and light phases; individual data points represent
the mean value per embryo of distance travelled across the 3 dark and 3 light phases. c. Average
duration spent in active swimming by each genotype in each of the light driving phases. d.
Average duration of active swimming spent in dark and light phases; individual data points
represent the mean value per embryo of active duration across the 3 dark and 3 light driving
phases. Data were analysed by to-way ANOVA with RM with a post hoc Tukey's multiple
comparisons test. Error bars represent mean+/- SD. Statistical analysis can be found in appendix
5.5. 0.1% DMSO treated n=16, 0.1 nM CPT treated n=15, 1nM CPT treated n=16, 12.5 nM CPT
treated n=16, 25 nM CPT treated n=16, 50 nM CPT treated n=15, N=1 Replicate.
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Figure 5.5 Optimisation 5 of CPT treatment on wild type (LWT) zebrafish embryos at 48 hpf
in a 96 well plate for swimming analysis at 5dpf. Zebrafish larvae were untreated, treated with
0.1% DMSO or 0.1% DMSO and CPT in E3 at 48 hpf in a 96 well plate. At 5dpf, zebrafish were
assayed by being subjected to alternating dark and light cycles (light driving phases) of 5 mins
each for a total of 30 mins, during which their swimming was tracked. Note: Grey panels in graph
represent the dark cycles. a. Average distance travelled by each genotype in each of the light
driving phases. b. Average distance travelled in dark and light phases; individual data points
represent the mean value per embryo of distance travelled across the 3 dark and 3 light phases.
c. Average duration spent in active swimming by each genotype in each of the light driving
phases. d. Average duration of active swimming spent in dark and light phases; individual data
points represent the mean value per embryo of active duration across the 3 dark and 3 light driving
phases. Data were analysed by two-way ANOVA with RM with a post hoc Tukey's multiple
comparisons or Sidak's multiple comparisons test. Error bars represent SD. Statistical analysis
can be found in appendix 5.6. 0.1% DMSO treated n=15, 1 nM CPT treated n=16, 10 nM CPT
treated n=16, N=1 Replicate.
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iii.  ATMsh447/sh447 7eprafish do not Show Increased Sensitivity to
10 nM CPT

Larvae from an ATM*sh477 in-cross were treated at 48 hpf with 10 nM CPT/0.1%
DMSO as previously described, and compared to 0.1% DMSO treated as control
(figure 5.6). Unexpectedly, ATM** zebrafish treated with 10 nM CPT showed no
decrease in the average distance swum in the dark phases (figure 5.6. b) as
previous wild type had done. ATMSh77sh477 mytants treated with 10 nM CPT did
not show any changes in their motility and had comparable behaviour to ATM**
zebrafish treated with 10 nM CPT. It remains possible that higher doses would
be required to identify any increased sensitivity in ATMsh477/sha77,
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Figure 5.6 ATMsh#77sh477 zephrafish larvae exhibit no behavioural abnormalities in response
to DNA damaging agent CPT compared to their control siblings. Zebrafish larvae were
treated with 0.1% DMSO or 10 nM CPT at 48 hpf in a 96 well plate. At 5dpf, zebrafish were
assayed by being subjected to alternating dark and light cycles (light driving phases) of 5 mins
each for a total of 30 mins, during which their swimming was tracked. Note: Grey panels in graph
represent the dark cycles. a. Average distance travelled by each genotype in each of the light
driving phases. b. Average distance travelled in dark and light phases; individual data points
represent the mean value per embryo of distance travelled across the 3 dark and 3 light phases.
c. Average duration spent in active swimming by each genotype in each of the light driving
phases. d. Average duration of active swimming spent in dark and light phases; individual data
points represent the mean value per embryo of active duration across the 3 dark and 3 light driving
phases. Data were analysed by an ordinary two-way ANOVA with a post hoc Tukey’s multiple
comparisons test. Error bars represent SD. Statistical analysis can be found in appendix 5.7.
N=2.0.1% DMSO treated: ATM** n=15, ATM*/sh477 n=38, ATMsM77/sh477n=17, 10 nM CPT treated:
ATM** n=24, ATM*sM77 n=36, ATMsh77/sh477 n=11,
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C. ATMsh447sh447 7aprafish do not show Increased Sensitivity to

lonising Radiation
As ATMsh477sh477 embryos and larvae showed no detectable increased sensitivity
to treatment with moderate doses of CPT, other means of inducing DNA damage
were sought. Zebrafish embryos from an ATM*$"77 in-cross were serially treated
with a moderate dose of 8 Gy of IR, with a Caesium 137 radiation source (y rays),
daily between 1 and 4 dpf. Larvae were treated serially in this way to ensure a
consistent level of DNA damage through development and to attempt to mitigate
any DNA damage repair that occurred in ATMSM77/sh477 |aryae by alternative
pathways. The larvae were then subjected to swimming analysis as before
(figure 5.7). Zebrafish larvae do appear highly sensitive to IR, and while all
zebrafish did exhibit a typical darkness-evoked swimming response (figure 5.7 a
and d), swimming distance and duration were significantly decreased in IR
treated larvae (figure 5.7 b and d). Nevertheless, even though there was
sensitivity to IR exhibited by ATMsh477/sh477 |aryae, this was to the same extent as
their wild type siblings, as no significant differences were observed in their ability
to swim, or their darkness-evoked swimming response in either the dark or light

cycles (figure 5.7 b and d).
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Figure 5.7 ATMsM77sh477 zeprafish larvae exhibit no swimming defects in response to
exogenous DNA damage induced by IR compared to their control siblings. Zebrafish were
treated at 1, 2, 3 and 4 dpf with 8 Gy IR. At 4.5 dpf zebrafish larvae were then arrayed on a 96
well plate and at 5dpf were subjected to alternating dark and light cycles (light driving phases) of
5 mins each for a total of 30 mins, during which their swimming was tracked. Note: Grey panels
in graph represent the dark cycles. a. Average distance travelled by each genotype in each of
the light driving phases. b. Average distance travelled in dark and light phases; individual data
points represent the mean value per embryo of distance travelled across the 3 dark and 3 light
phases. c. Average duration spent in active swimming by each genotype in each of the light
driving phases. d. Average duration of active swimming spent in dark and light phases; individual
data points represent the mean value per embryo of active duration across the 3 dark and 3 light
driving phases. Data were analysed by ordinary two-way ANOVA with a post hoc Tukey's multiple
comparisons test. Error bars represent SD. Statistical analysis can be found in appendix 5.8.
Number of fish analysed: ATM*+=35 ATM*/SH477=50 ATMSH477/SH477=36  N=3 Replicates.
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5.2.1.3 Treatment of Wild Type and ATMsh477/sh477 zeprafish Larvae with an
ATM Inhibitor to Investigate Compensatory Mechanisms

Previously we have shown that ATMsM#77sh477 zeprafish do not appear to be any
more sensitive to ionising radiation than their wild type siblings, nor are there
differences in their DNA damage response at the larval stage (see chapter 3,
section 3.2.3). In this chapter, we have shown that these mutant larvae show no
difference in behaviour either before or after treatment with DNA damaging
agents. In short, investigations undertaken suggest that ATMsM77/sh477 zaprafish
have no phenotypes consistent with defective somatic DNA damage repair. As
previously outlined in chapter 3, section 3.3.2.2 , it is possible that in the context
of somatic DNA insult and injury in zebrafish, there is protein redundancy, and
loss of ATM signalling is compensated by other aspects of the DDR. While
preliminary investigations do not suggest genetic compensation by upregulation
of a similar gene (chapter 3, section 3.2.4), it is possible that there is
compensation at the protein level by activation of another protein that functions
in the DDR .

The literature suggests that the compensatory mechanism acts through
two other PIKK proteins, ATR and DNA-PKcs (Kumar et al., 2014, Zha et al.,
2011b, Lee et al., 2013, Gapud et al., 2011, Gapud and Sleckman, 2011, Yue et
al., 2020, Adams et al., 2006, Tomimatsu et al., 2009, Schlam-Babayov et al.,
2020, Gurley and Kemp, 2001, Sekiguchi et al.,, 2001, Gladdy et al., 2006).
Furthermore, mouse models that globally express ATM, but do not have a
functional kinase domain (kinase dead- KinD) are embryonic lethal, and in
conditional neuronal knockouts for a kinase dead ATM there is a greater amount
of unrepaired DNA damage in the brain (Yamamoto et al., 2012b, Daniel et al.,
2012, Yamamoto et al., 2016, Tal et al., 2018). Despite the wide range of
mutations reported in the ATM gene, there have been no kinase dead mutations
reported in patients, suggesting that this does not result in a viable pregnancy in
humans. Similar instances of compensation have been reported after lo