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Abstract

A sustained increase in ROS is essential for regeneration to occur in various models
systems ranging from the fin in zebrafish, to the tail in frogs, salamanders and
geckos. This effect of ROS has been, so far, demonstrated using pharmacological
inhibition to target various sources of ROS including the transmembrane NADPH
oxidases (NOXes). To focus on the role of NOXes in regeneration, we generated nox
mutants by targeting duox, nox5 and cyba (a key subunit of NOXes 1-4). We
confirmed that mutations led to Aspergillus susceptibility in cyba mutants,
congenital hypothyroidism in duox mutants, and anaesthesia tolerance in nox5
mutants. These individual commentaries on the various Noxes, while not
immediately related to regeneration, authenticate the strains as functional mutants.
To estimate their individual contribution to ROS production these mutants were
generated in a transgenic background, HyPer, which specifically helps visualise H,0,
flux. We found that ROS levels remain elevated for up to two weeks post-amputation
in wild type animals, but only a week among nox mutants. A consequence of this
reduced ROS flux was a significantly reduced rate of caudal fin regeneration among
cyba and duox mutants. We also provide clues into the possible temporal
distribution of Nox activity post-amputation. Finally, we show that ROS levels, both

in the amputated and unamputated state, oscillate during the day.
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A note on the alternative thesis format

This PhD thesis is formatted in the alternative style, such that experiments,
methodology, analysis and citations are presented as stand-alone manuscripts
intended for publication in peer-reviewed journals. While manuscript #2 was
published earlier this year, manuscripts #1 and #4 are in various stages of

preparation for such.

The manuscripts are preceded by a broad introduction/background that covers a
concise overview of appendage regeneration, followed by the aims. Each segment
has its own pagination. The manuscripts give way to a section on concluding remarks

and future directions.
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The more you see them up close, the more mesmerising they appear. Common laboratory strains of zebrafish.



The Hydra (left) and Ravana (right). Mythological champions of regeneration



INTRODUCTION

The Lernala Hydra, a terrible serpentine gatekeeper to the Underworld, is
undoubtedly the most popular preamble to scientific conferences on regeneration.
Accounts from as early as 500BCE describe the ability of the Hydra to regenerate two
heads for every decapitation. In Greek mythology, Heracles and lolaus best the beast
by decapitating and cauterising the neck. Meanwhile, in Hindu mythology, the
Ramayana (7-4CE) describes the great King of Lanka, Ravana. Immune to death by

decapitation, the ten-headed Ravana is able to replace lost heads.

While it may not feature in mythology, the zebrafish’s regenerative capabilities are
legendary. Zebrafish have also independently helped attest the roles of genes in
modelling human disease. Coming back to regeneration though, many teleosts can

regenerate complex structures. Specifically in relation to fin regeneration, a sampling

is tabulated below.

Species Appendage Citation
Astronotus ocellatus (Oscar) Pectoral fin (Darnet et al. 2019)
Caraussius auratus (goldfish) Caudal fin (Santamaria et al. 1996)

Cyprinus carpio (carp)
Danio rerio (zebrafish)

Eigenmannia virescens (glass
knifefish)
Gambusia schoelleri

Caudal fin epidermis
Caudal fin
Anal fin

Caudal and pectoral

(Bockelmann, Ochandio, and Bechara 2010)
(Lee et al. 2005)
(Srivastava 1978)

(Khalil and Aziz 1989)

(mosquito fish) fins

Lepisosteus oculatus (spotted Pelvic fin (Darnet et al. 2019)
gar)

Nothobranchius furzeri Caudal fin (Wendler et al. 2015)
(killifish)

Onchorhynchus mykiss Caudal fin (Alonso et al. 2000)
(rainbow trout)

Oryzias latipes (medaka) Caudal fin (Sekimizu, Tagawa, and Takeda 2007)
Polyodon spathulus Pelvic fin (Darnet et al. 2019)
(American paddlefish)

Polypterus senegalus (bichir) Pectoral fin (Cuervo et al. 2012)
Salaria pavo (peacock blenny) Pectoral fin (Misof and Wagner 1992)
Tilapia mossambica (tilapia) Caudal fin (Kemp and Park 1970)
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Defining regeneration

Regeneration can proceed via 1) morphallaxis, a redeployment of existing cells in the
absence of active cell proliferation or 2) epimorphosis, which incurs cellular
proliferation and the construction of a blastema (Tanaka and Reddien 2011).
Typically, morphallaxis gives two identical individuals that are smaller than the
original animal. Epimorphic regeneration refers to the re-formation of
morphologically complex tissue via blastema formation, and a key event in this type
of regeneration is high levels of cellular proliferation. Defined as a collection of
heterogeneous, lineage-restricted mesenchymal progenitor cells, a blastema may
form via (i) resident stem cells (Weissman, Anderson, and Gage 2001; Stocum 2017),
(i) dedifferentiation of a cell type (Knopf et al. 2011) and (iii) transdifferentiation

(Jopling, Boue, and Belmonte 2011).

In the last decade or so similarities have emerged in cellular and molecular dynamics
between adult and larval regeneration (A. Kawakami, Fukazawa, and Takeda 2004).
Thus, regeneration has acquired a more comprehensive definition of a process that
permits organisms to regain the functionality of organs or structures following injury
or disease (Stoick-Cooper, Moon, and Weidinger 2007), a process that likely involves
common mechanistic principles operating regardless of the extent of damage, tissue,

age, and maybe conserved across species (Yoshinari et al. 2009).

Why the zebrafish?

Among vertebrates, bony fish and amphibians retain remarkable regenerative
potential, an attribute that diminishes steeply as one ascends the tetrapod clade.
Excitingly, traditional views suggest that fishes collectively do not form a
monophyletic group (Volff 2005). This has been recently affirmed via a detailed
phylogeny that spans across representatives of all major bony fish lineages
(Betancur-r et al. 2013). Simply stated, even though bony fish are very basal
compared to other derived tetrapods, they share a common ancestor with humans.
This common ancestry makes fish, such as the zebrafish, a coveted model for human

disease and regenerative medicine.
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With the zebrafish genome project in 2001, the zebrafish made its debut in the post-
genomic era. The project laid out a direct comparison of human and zebrafish
genomes. It emerged that 71.4% of human genes have at least one zebrafish
orthologue. 47% of these have a one-to-one relationship with a zebrafish
orthologue. In reciprocal, 69% of zebrafish genes have at least one human
orthologue (Howe et al. 2013). Over 26,000 protein-coding genes have been
reported in the zebrafish (Collins et al. 2012), and with the arrival of the zebrafish
mutation project (Kettleborough et al. 2013) mutant alleles for many of these are
available from resources including ZFIN (Zebrafish Information Network) (Howe et al.
2013) and KIT (Karlsruhe Institute of Technology) (Geisler et al. 2016). As described
later, driving mutations into homozygosity not only reveals their roles in
regenerative mechanisms but may also highlight their involvement in pathologies.
Genome browsers such as Ensemble serve as a comprehensive, readily accessible
catalogue of this genomic data, and they work well with online utilities such as
CRISPRscan (Moreno-mateos et al. 2015), which are targeted towards genome

editing.

Larva or adult?

Many fish, including zebrafish, retain lifelong regenerative capacity. The choice of
developmental stage then becomes dependent on the investigation. Larval forms
achieve regenerational milestones with ease as is exemplified in zebrafish (A.
Kawakami, Fukazawa, and Takeda 2004; Yoshinari and Kawakami 2011; Roehl 2018),
Xenopus and the paedomorphic Axolotl (Wang et al. 2014; Joven, Elewa, and Simon
2019). However, larval forms are in a state of incredible developmental unrest. The
abundance of precursor pools and stem cells in larvae may go as far as to make
regeneration an extension of the developmental processes themselves (Roehl 2018).
Indeed, RNAseq profiling of the axolotl regenerating limb has revealed how the
blastema takes on a limb-bud-like transcriptional profile (Gerber et al. 2018). Then,
there have been suggestions that larval regeneration is the outcome of processes
that are quite different from those in adult forms (A. Kawakami, Fukazawa, and
Takeda 2004; Yoshinari and Kawakami 2011). In the larval zebrafish (Fig. 1), and

equally, other larval teleosts, there is also something to be said about the minute
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scale of the organs, their comparative simplicity to adult organs, and the remodelling
of internal anatomy. In total, these considerations make larval regeneration a system

rife with interpretative and technical challenges.

Post-metamorphic or adult animals present the opportunity to examine
regeneration in complex and completely differentiated tissues. It does come with
the challenge of age-related decline of regenerative capacity. For example, the
killifish (Nothobranchius furzeri) displays an age-dependent decline in caudal fin
regeneration (Wendler et al. 2015). This is not surprising though when this is
considered within the context of evolution as it highlights interspecific differences.
Finally, while focussing on adults may offload the uncertainty of developmental
processes, it must be remembered that fish grow throughout their lives (Dutta 1994;
Topczewska et al. 2016). The sum total of these challenges makes the adults an

exciting as well as stringent model system.

Fig. 1. The adult (top) and larval (bottom) zebrafish. Choice of model depends on the investigation. Scale bar=5mm (top),

1.25mm (bottom).
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The adult caudal fin

Taxonomically speaking, zebrafish fall into the Class Actinopterygii. Etymologically,
this derives from Latin actino- (“having rays”) + Ancient Greek mtépu€ (pteruks,
“wing, fins”). This is so because teleost fins consist of bony lepidotrichia (bony fin
rays). Each lepidotrichium comprises two symmetrical hemirays encasing blood
vessels, nerve fibres and connective tissue (Becerra et al. 1983), and follows a
specific pattern of bifurcations. Interestingly, fin growth in juvenile zebrafish is
continuous, asynchronous, and allometric. In the adult, this transitions into episodic,
synchronous and isometric growth i.e., growth is in proportion to body size
(Goldsmith et al. 2006). This growth is via the distal addition of segments to each ray
(Haas 1962), rather than by an increase in the length and width of a fixed number of
skeletal elements as in tetrapods. The distal tips of the rays encase a tuft of
unmineralised actinotrichia (Akimenko et al. 2003). All fins in zebrafish are able to
regenerate, with a special clause for pectoral fins, which exhibit a sexual dimorphism

in their regeneration (Nachtrab, Czerwinski, and Poss 2011).

The adult caudal fin (Fig. 2) is easily accessible unlike the paired fins that are very
close to the body, and the other unpaired fins that are trickier to amputate. It has
unlimited regeneration potential (Azevedo et al. 2011), and while original structures
are fully regenerated, there is a degree of heteromorphy because the position of the
first bifurcation in the regenerated bony ray undergoes distalisation (Akimenko et al.
2003). This is somewhat akin to the Xenopus tadpole tail, which upon regeneration
loses the original configurational arrangement of muscle fibres and neurons (Love et

al. 2011). Importantly, regeneration is achieved without any scar formation (Fig. 3).

Event Time (days post amputation)
Amputation TO
Wound closure >1dpa
Disorganisation, dedifferentiation >1dpa
Blastema formation 1-2dpa
Blastema outgrowth 1-3dpa

Blastema maintenance, rapid growth, progressive 5-10dpa
redifferentiation, morphogenesis
Termination of regeneration, homeostasis 20dpa onwards

Table 2. Consequences of caudal fin amputation (Gauron et al. 2013; Pfefferli and Jazwiriska 2015).
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Fig. 2 Schematic of zebrafish caudal fin. 1- Lepidotrichia, 2- Actinotrichia (exaggerated representation), 3- Blood vessel. Credits

to Kalin Narov (www.embryosafari.com)

unamputated

Fig. 3 The amputated caudal fin the adult achieves complete, scar-free, regeneration by 4weeks post amputation (wpa). Scale

bar=5mm
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A note on endoskeletal appendage regeneration

The endoskeletal elements of paired fins share a deep homology with tetrapod limbs
(Schneider and Shubin 2013; Davis 2013). It is thus very exciting to mention a recent
study that examined endoskeletal regeneration across diverse actinopterygian taxa.
Models included the American paddlefish (Polyodon spathula), spotted gar
(Lepisosteus oculatus), bichir (Polypterus ocellatus), oscar (Astronotus ocellatus),
goldfish (Carassius auratus), and blue gourami (Trichogaster trichopterus).
Transcriptomic data of the bichir’s blastema showed components of ROS signalling,
among others (Darnet et al. 2019). An interesting point of contrast emerges when
one compares the goldfish and the zebrafish, both phylogenetically related memers
of the family Cyprinidae, While the goldfish is able to regenerate if amputated
endoskeletally (Darnet et al. 2019), this is not always the case with zebrafish where
caudal amputation, as an example of endoskeletal amputation, has variable
outcomes (Shao et al. 2009; Papai et al. 2019). Importantly, this study may be
considered as an example of why cross-species examination is increasingly indicated

in regeneration.

The blastema- cellular and molecular attributes

Following its amputation, the caudal fin completely regenerates through the
formation of blastemae. These form distally to the fin rays. The first step towards
blastema formation is the rapid migration and rearrangement of epithelial cells from
the stump to cover the surface of the cut, thus forming a wound epidermis (Santos-
Ruiz et al. 2002). The wound epidermis is crucial since in its absence regeneration
does not ensue. Regeneration in the zebrafish fin occurs unidirectionally, in a
proximo-distal manner, suggesting that blastema-building conditions are only met
proximally (Akimenko et al. 2003). This observation is in association with the
importance of the nervous system in the initiation of regeneration. As early as 1952,
Singer proposed that nerves have a “neurotrophic” influence on the cells of the
blastema. Denervation post-blastema formation stops further growth of the

blastema (Akimenko et al. 2003).
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The structural organisation of the blastema (Fig. 4), in the teleost fin consists of four
domains: (i) the distal-most tip comprises a small group of cells that are largely non-
proliferative during regenerative growth (Nechiporuk and Keating 2002), (ii) the
lateral regions comprise highly proliferative osteoblast progenitors (Brown, Fisher,
and lovine 2009), (iii) directly medial to the osteoblast progenitors is another
population of proliferative cells thought to give rise to actinotrichia (J. Zhang et al.
2010) and (iv) the remainder are thought to be fibroblasts, distributed medially (Tu
and Johnson 2011).

Differentiating Osteoblast Basal epidermal Outer epidermal
osteoblasts progenitors layer layers

—

Non-proliferative

: Actinotrichia- Proliferative  : fibroblasts
: forming cells fibroblasts
Proximal blastema : Distal

“blastema

Fig. 4 Compartments in the blastema of a single fin ray in the zebrafish. Various

tissue domains can be identified by 2dpa (Wehner and Weidinger 2015)

Tissue interactions at the vicinity of wounds are critical for blastema establishment.
An array of genes is induced in the basal wound epidermis, including 8-catenin, lef1,
wnt ligands, bmp2b, shh, ptchl, and the homeobox transcription factors, msxA and
msxD. Additionally, blastema cells are characterised by the expression of msx genes
(msxB and msxC), which are suggested to maintain them in the dedifferentiated
state. Furthermore, a number of molecules such as fibroblast growth factor 24
(fgf24), bmp4, hoxA11B hoxA13B, retinoic acid receptor gamma, and stromal cell-
derived factor-1 (sdf-1) have also been suggested to be involved in regeneration

(Yoshinari et al. 2009).
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Hh signalling and the transcription factor lefl are implicated in epidermal patterning.
Positioning of the lef1/shh domain is achieved by the opposing action of two distinct
FGF signalling branches (Lee et al. 2009). lef1 and shh expression in the epidermis
are also dependent on Wnt/B-catenin signalling (Y. Kawakami et al. 2006; Stoick-

Cooper, Moon, and Weidinger 2007).

Blastemal cell proliferation is regulated by FGF signalling (Poss et al. 2000) and BMP
signalling (Smith et al. 2006). Blastemal proliferation is also dependent on Hh,
activin, IGF, and Notch signalling. The expression of ligands and pathways
components for all of these pathways is, in turn, regulated by or dependent upon

Wnt/B-catenin signalling.

Regeneration requires a strict coordination between progenitor cell proliferation and
differentiation. Notch signalling is vital for maintaining blastemal progenitor cells in a
proliferative state and to prevent their differentiation along the skeletogenic lineage
(Grotek, Wehner, and Weidinger 2013). Regenerative growth is blocked by the
knockdown of Notch pathway components. Additionally, Wnt/B-catenin signalling is
active in distally located osteoblast progenitors and promotes the maintenance of
runx2” osteoblast progenitors in an immature state. In contrast, BMP signalling is

active further proximally, where osteoblasts mature (Stewart et al. 2014).

Wnt/B-catenin signalling may also partially modulate inflammatory processes
including scar formation, fibrosis, wound healing and tissue remodelling in mammals
(Koch et al. 2011). In a transcriptional reporter line of Wnt/B-catenin signalling it was
found that resected caudal fin had a large number of cells with active Wnt/B-catenin
signalling. Also, crossing a transgenic line expressing heat shock-inducible Dkk1 (an
inhibitor of Wnt/B-catenin signalling) with neutrophil or macrophage tracking lines
led to an almost complete inhibition of macrophage accumulation as well as delayed
neutrophil resolution within the injured area. Thus, active Wnt signalling might
mitigate early stage inflammation and serve as a molecular switch to progress to

later stages of the immune response (Petrie et al. 2014).
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Taken together, it appears that Wnt/B-catenin signalling regulates epidermal
patterning, blastemal proliferation, and osteoblast maturation indirectly, while
directly promoting osteoblast progenitor maintenance. Qualifying as an orchestrator
of regeneration, Wnt/B-catenin signalling sets up signalling centres that emanate

secondary signals that control these processes (Wehner and Weidinger 2015).

Reactive oxygen species (ROS): sources and redox biology

ROS include reactive oxygen intermediates (ROI) along with ozone (Os3) and singlet
oxygen (0,). ROI are successive 1-electron reduction products of O,, including the
radical superoxide anion (0;") and the non-radical hydrogen peroxide (H,0,) en
route the production of water (Nathan and Ding 2010) (Fig. 5). The term reactive
species has been expanded to include reactive nitrogen, chlorine, and bromine
species. Table 3 lists a collective of ROS. The mitochondrial electron transport chain
leaks about 1%—2% of its electrons as O,", a process that is further increased by
hypoxia, which acts to deregulate the mitochondrial electron transport chain. The
focus of this work, however, are the transmembrane NADPH oxidases (NOXes),
which generate ROS in a variety of tissues to serve normal physiological functions as
varied as innate immunity, signal transduction, and biochemical reactions, e.g., to

produce thyroid hormone (Bedard and Krause 2007; Lambeth 2007).

Free radicals (indicated by e) Non-radicals
Superoxide 0, Hydrogen peroxide H,0,
Hydroxyl OH® Hypobromous acid HOBr
Hydroperoxyl HO, Hypochlorous acid HOCI
Carbonate CO;™ Ozone O3

Alkoxyl RO" Singlet oxygen OzlAg
Peroxyl RO, Organic peroxides ROOH
Carbon dioxide radical CO,” Peroxynitrite ONOO
Singlet oxygen Ozlzg+ Peroxynitrate O,NOO

Peroxynitrous acid ONOOH
Peroxomonocarbonate HOOCO,

Table 3. Some ROS. All oxygen radicals are ROS, but not all ROS are oxygen radicals.
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Redox biology began as oxygen became prominent in the Earth’s atmosphere over
2.2 billion years ago, largely due to the evolution of photosynthesis by
cyanobacteria. In evolving to use solar energy to split water, they gained reducing
power to drive metabolism, but the byproduct, tonnes of O,, was discarded into the
atmosphere (Lane 2002). Interestingly, this has been described as an early case of air
pollution (Halliwell 2006). Metallic ore deposits consumed the initial excess of this
0,, and following that, the rise in atmospheric O, led to formation of the protective
ozone (0s) layer. This may have helped organisms to colonise land. Elevated
atmospheric O, also precipitated ferrous iron (Fe®") from aqueous environments by
forming insoluble ferric complexes, leaving water bodies with only trace amounts of
soluble iron (Lane 2002). This was an advantage because Fe** reacts rapidly with

H,0; to yield the highly toxic hydroxyl radical, via the Fenton reaction.

Fe®* + H,0, = Fe (Ill) + OH" (free radical) + OH™ (hydroxide ion)

Fenton chemistry occurs in vivo, but is carefully modulated by limiting the availability
of both Fe** and H,0, (Halliwell and Gutteridge 2006). It would have been difficult
to evolve aerobic life in a world awash with Fe**. As atmospheric O, rose, many
anaerobes must have died out, with present day ones presumably the descendants
of those that adapted to anoxic microenvironments. In the majority of organisms
antioxidant defenses arose, and the earliest of these may have been mechanisms to
shield DNA from Fenton chemistry (Wiedenheft et al. 2005).

Production of the highly toxic OH® during Fenton’s reaction is an essential
consideration in relation to the secondary reactions of such free radicals. A free
radical is any species capable of independent existence, and one that contains one or
more unpaired electrons in an atomic or molecular orbital. As molecular O, has two
unpaired electrons in its m* orbitals, it is a free radical. However, both these
electrons have the same spin quantum number. This is the most stable state (ground
state) of O,, and is the form that exists in the air around us. For O, to oxidise a non-
radical by accepting a pair of electrons from it, both these electrons must have the
same spin to fit into the vacant spaces in the nt* orbitals. A pair of electrons in an
atomic or molecular orbital cannot meet this criterion, since they have opposite

spins (+1/2 and -1/2). This spin restriction makes O, accept electrons one at a time,
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explaining why O, reacts sluggishly with most non-radicals. In contrast, O, often

reacts rapidly with other radicals by single electron transfers.

Reactive Oxygen Reactive Nitrogen
Intermediates (ROI) Intermediates (RNI)
Guanidino
Oxygen O, RNH, nitrogen of
L-arginine
ye NO Synthase
Superoxide 03* *NO Nitric oxide
Superoxide
dismutase
Hydrogen 0. OONO" NO; Nitrite
peroxide " 2~ 2 peroxynitrite 2
Hydroxyl " OONO 4 Nitrogen
radical OH peroxynitrous NO2 gioxide
acid
|
|
]
Water H,0 [*'NO,OH"] NO3 Nitrate

Fig. 5 Manufacture of reactive oxygen and reactive nitrogen intermediates, and their interactions (Nathan and Ding 2010).

More reactive forms of O,, the singlet oxygen '0,, can be generated by an input of
energy that rearranges the electrons, thus removing the spin restriction and greatly
increasing the oxidising ability. 'O, can directly oxidize proteins, DNA, and lipids
(Foote et al., 1985). Sunbathing provides energy input that photosensitises '0,,
which causes skin damage (Halliwell and Gutteridge 2006). When a single electron is
supplied to O,, the product is superoxide radical, O,"". Addition of another electron
to 0," gives the peroxide ion 0,%, a non-radical (no unpaired electrons left)
featuring a weaker oxygen-oxygen bond. Addition of two more electrons to 0,”
disbands the molecule, giving two 0% (oxide ions). The two-electron reduction

product of O, is H,0,, and the four-electron product, water.

Damaging effects of ROS

The universal requirement of O, for energy production via mitochondria obscures
the fact that it is a toxic mutagenic gas, capable of causing oxidative stress. A brief
glimpse into the chemical interactions of oxygen free radicals helps understand why.

1) Two free radicals can join their unpaired electrons to form a covalent bond. Thus,
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nitric oxide (NO®) and superoxide (O,") rapidly react fast to form the non-radical
peroxynitrite (Beckman and Koppenol 1996) (Fig. 5).

NO® + 0, = ONOO; (peroxynitrite)
Peroxynitrite rapidly protonates, at physiological pH, to peroxynitrous acid
(ONOOH). Peroxynitrite also reacts with CO,, to give nitrogen dioxide and carbonate
radical, both of which are powerful oxidising agents.

ONOO; + CO, > ONOOCOO = NO;" (nitrogen dioxide) + CO3™ (carbonate radical)

2) A radical may adduct to another molecule resulting in an unpaired electron. For
example, OH adds to position 8 in the ring structure of guanine in DNA forming 8-oxo
-2’'- deoxyguanosine. This lesion is mutagenic (Evans, Dizdaroglu, and Cooke 2004),

and may also cause loss of epigenetic information (Pizzino et al. 2017).

3) A reactive radical (e.g. OH" or NO;") may remove a hydrogen atom from a C-H
bond, e.g. from a hydrocarbon side chain of a polyunsaturated fatty acid (PUFA)
residue in a membrane, leaving an unpaired electron on the carbon. Carbon-
centered radicals react fast with O, to generate peroxyl radicals. These are reactive
enough to both oxidise membrane proteins and attack adjacent PUFA side chains,
propagating a chain reaction. A new C radical is formed to continue the chain, and a
lipid hydroperoxide forms. In long PUFA chains the peroxyl radicals can whip around
and abstract H from the same PUFA, giving cyclic peroxides (Morrow 2003).
CH + OH’ (or NO,") = C + H,0 (or HNO,)
C+ 02 - C-00 (peroxyl)
CH + C-00 - C+ COOH

An introduction to NADPH oxidases (NOXes)

Seven NOX isoforms are presently recognised. These are NOX1, NOX2, NOX3, NOX4,
NOX5, DUOX1 and DUOX2 (Bedard and Krause 2007). In line with their preserved
function, the NOXes feature common structural attributes. These include 1) an
NADPH-binding site at the COOH terminus, 2) a FAD-binding region in the proximity

of the most COOH-terminal transmembrane domain, 3) six conserved
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transmembrane domains, and 4) four highly conserved heme-binding histidines
(Lambeth 2004; Bedard and Krause 2007; Brandes, Weissmann, and Schréoder 2014).
NOXes also feature additional subunits, regulatory proteins and ions for their
biochemical function. These include GP91°", P22P" the organiser subunit P47°"*,

the activator subunit P67°"

, and Rac proteins. These are not present in every NOX
eg. NOXes 1-4 require P22°"* for their activation and stabilisation, but NOX5 and
DUOX 1l1and2 do not, requiring calcium instead (Fig. 6) (Lambeth 2004; Bedard and

Krause 2007). Table 4 summarises a tissue-wide expression of the various isoforms.

Dependent on cytosolic activators

v\o)cytosol

p40phox) NADP+
NADPH O

oo
Constitutive activity Calcium-activated

cytosol

Fig. 6. Composition and activation of NOX enzymes (adapted from Brandes, Weissmann, and Schroder 2014)

Isoform High level expression Medium to low level expression

NOX1 Colon Smooth muscle, endothelium, uterus, placenta,
prostate, osteoclasts, retinal pericytes

NOX2 Phagocytes B lymphocytes, neurons, cardiomyocytes, skeletal

muscle, hepatocytes, endothelium, hematopoietic
stem cells, smooth muscle
NOX3 Inner ear Foetal kidney, foetal spleen, skull bone, brain

NOX4 Kidney, blood vessels Osteoclasts, endothelium, smooth muscle,
hematopoietic stem cells, fibroblasts, keratinocytes,
melanoma cells, neurons

NOX5 Lymphoid tissue, testis Endothelium, smooth muscle, pancreas, placenta,
ovary, uterus, stomach, various foetal tissues

DUOX1 Thyroid Airway epithelia, tongue epithelium, cerebellum, testis

DUOX2 Thyroid Salivary and rectal glands, gastrointestinal epithelia,

airway epithelia, uterus, gall bladder, pancreatic islets

Table 4. Tissue distribution of NOX isoforms (Adapted from Bedard and Krause 2007)
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In relation to Nox-derived ROS, most pathologies (Table 5) are associated with
overproduction of ROS by Nox enzymes, as a result of the oxidative stress that
damages tissues over time. Three conditions are known to arise from
underproduction of Nox-mediated ROS (Lambeth 2007). Two of these, chronic
granulomatous disease and congenital hypothyroidism, are covered in this work, and
alongside the proposed role of ROS in regeneration, these highlight the essential role

of ROS.

Disease Tissue Candidate

Diseases of decreased Nox activity

Chronic granulomatous disease Phagocytes Nox2
Defective gravity perception Inner ear Nox3
Congenital hypothyroidism Thyroid gland Duox2

Diseases of increased Nox activity

Arthritis Phagocytes Nox2
Inflammatory bowel disease Phagocytes, intestinal epithelium Nox1, Nox2
Shock lung Lung Nox2
Emphysema Lung Nox1, Nox3
Asthma Lung Nox2, Nox4
Pulmonary hypertension Lung Nox4
Cardiac hypertrophy Heart Nox2, Nox4
Hypertension Vascular smooth muscle Nox1, Nox2
Atherosclerosis Vascular Nox1, Nox2
Diabetic vascular disease Vascular endothelium Nox1, Nox2
Diabetic nephropathy Kidney Nox2, Nox4
Renal hypertension Kidney Nox2
Glomerulonephritis Kidney Nox2, Nox4
Melanoma Skin Nox4
Barrett’s adenocarcinoma Oesophagus Nox5
Prostate cancer Prostate Nox1, Nox5
Parkinson’s disease Brain Nox2
Amyotrophic lateral sclerosis Spinal motor neurons Nox2

Table 5. Known and proposed roles of Nox-derived ROS in pathologies (Adapted from Lambeth 2007).
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The discovery of ROS in appendage regeneration

The role of ROS in appendage regeneration has been demonstrated in an
assemblage of organisms. This was first revealed during tail regeneration in Xenopus
tadpoles. Using a transgenic reporter, HyPer, for estimating ROS, it was found that
elevated ROS levels sustained until regeneration was complete (Love et al. 2013)
(Fig. 7). Also, microarray data suggested an increase in NADPH levels during
regeneration (Love et al. 2011). This informed the pharmacological targeting of
NADPH oxidases, thus revealing a block on regeneration (Gauron et al. 2013; Love et
al. 2013). Eventually, using pharmacological inhibition Nox2 was shown to be implicit
in gecko tail regeneration (Qing Zhang et al. 2016). Most recently, the requirement
for ROS has been demonstrated during axolotl tail regeneration, once again, via
chemical inhibition (Al Haj Baddar, Chithrala, and Voss 2019). The role of NOX-
mediated ROS as an early injury signal is thus indicated. While the role of
downstream players is beyond the scope of this project, the following is a

description of the various processes that ROS regulates post-injury.

H,0, and leukocyte chemotaxis

The inflammatory phase of wound healing is characterised by the release of large
amounts of superoxide radical by neutrophils, which is later converted to H,0, by
SOD. However, this H,0, burst is predated by H,O, release from resident non-
inflammatory cells at the wound site (Love et al. 2013) (Fig. 7). Duox-mediated H,0,
has been shown to be vital for attracting neutrophils to a wound, likening it to be a
chemoattractant (Niethammer et al. 2009). With the help of Duox morphants it was
demonstrated how duox knockdown translates into a significant decrease of
neutrophils recruitment. Specific oxidation of a cysteine residue (C466) in the
neutrophil SFK, Lyn, has been described to cause such oxidant-dependent neutrophil
chemotaxis. Complementing the postulated role of H,0, as a chemotactic signal is
the epithelial production of another neutrophil chemoattractant IL-8 (CXCL8). IL-8
production is promoted by injurious and microbial stimuli and mediated by DUOX-
dependent cell signalling pathways. The role of IL-8 homologs in wound-induced
neutrophil recruitment has been highlighted in zebrafish tail fin injury models.

Zebrafish have two CXCL8 homologs namely Cxcl8-11 and Cxcl8-12. Both these
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homologs had variable effects on neutrophil recruitment and migration speed (Van

Der Vliet and Janssen-Heininger 2014).

H,0, and signalling pathways

As described above, cellular proliferation during regeneration is strongly linked with
Fgf and Wnt signalling. Wound sites exhibit an absence of Wnt/B-catenin
immediately post-amputation followed by its sustained activation from 24hpa. This
has been shown in X. tropicalis tadpoles, using a Wnt/B-catenin reporter line, which
uses multimerized TCF optimal promoter (TOP) sites to drive the expression of
destabilized GFP. Pharmacological inhibition of ROS production via DPI, APO and
MCI-86 led to a marked decrease in Wnt/B-catenin, when treatment was
administered from Ohpa to 36hpa. In a Wnt reporter line this translated into a
decreased Wnt/B-catenin-directed dsGFP fluorescence signal (Love et al., 2013). In
vitro, H,0, has been shown to modulate Wnt/B-catenin signalling via nucleoredoxin,
a small redox-sensitive protein from the thioredoxin family (Funato et al., 2006). ISH
showed nucleoredoxin to be expressed during tail regeneration (Love et al., 2013).
faf20 is a direct transcriptional target of Wnt/B-catenin signalling (Chamorro et al.,
2005) and has been shown to be markedly upregulated during tail regeneration in X.
laevis (Lin and Slack, 2008). fgf20 also emerged as the most highly upregulated fgf
gene during tail regeneration in X. tropicalis, as revealed by a microarray analysis
(Love et al., 2011). This was corroborated using in situ hybridisation, whereby high
expression levels of fgf20 were detected in the regenerative bud tissue from 12hpa
onwards. Being a direct target of Wnt/B-catenin, the expression levels of fgf20 were
decreased in tadpoles treated with the ROS inhibitors DPl, APO or MCI-186. The
individual role of fgf20 during tail regeneration was also examined using antisense
morpholinos targeting two separate splice junctions in the X. tropicalis fgf20.
Although fgf20 morphants were able to heal the wound epidermis, in contrast to
control morphants, the regeneration of the axial tissues expressing fgf20, and overall
tail regrowth were significantly reduced. Thus, fgf20 function is required for
regeneration of the axial tissues of the tail, but not for healing the epidermal tissues

(Love et al., 2013).
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Fig. 7. ROS production following tail amputation in the Xenopus tadpole. A F; transgenic tadpole expressing HyPerYFP
demonstrates the burst of H202 that follows injury (Love et al. 2013). HyPerYFP is a ratiometric reporter fluorophore. A YFP
variant, it possesses an oxidative sensitive OxyR domain that responds to oxidation, causing a reversible conformational change
and a marked change in fluorescence excitation. It is particularly sensitive to H,0, over other ROS (Belousov et al. 2006), thus

allowing the visualization of H,0, dynamics post-injury.

H,0,, re-epithelialisation and wound healing

The amount of oxygen dissolved in blood increases greatly when patients breathe
pure oxygen in a pressurized chamber as part of hyperbaric oxygen therapy (HBOT).
At normal atmospheric pressure, the saturation of haemoglobin with oxygen is 97%.
It can reach 100% in a hyperbaric chamber. Large amounts of ROS are then
generated (Gill and Bell 2004). HBOT is reported to improve wound healing and
reduce ulcer size in diabetic patients (Kessler et al. 2003), enhance keratinocyte
migration and maturation (Kairuz et al. 2007) and improve healing of ischemic
wounds (Qixu Zhang et al. 2008). Topically applied hyperbaric oxygen improved
wound healing in both diabetic and non-diabetic patients and this action appears to
be correlated with vegf expression(Gordillo et al. 2008). H,0, cream containing 1.5%
H,0, was reported to improve blood flow in the skin of guinea pigs (Tur, Bolton, and
Constantine 1995). This is just a sampling of examples that state the importance of

H,0; in wound healing.

With this background, we hypothesised that a reduction in ROS production would

lead to a reduction in the rate of caudal fin regeneration in the adult zebrafish.

The questions we asked were:

* Are NADPH oxidases an essential source of ROS following injury?

27



Is ROS production sustained during caudal fin regeneration in the adult
zebrafish?

Is there a critical NOX?

To address these questions, the aims of this project were:

To generate nox mutants in zebrafish

Establish a protocol for estimating in vivo ROS levels using a transgenic
reporter line, Tg(HyPer)

Drive homozygosity of nox mutations in a Tg(HyPer) background to estimate
ROS levels in vivo

To assess the effect of the various nox mutants on fin regeneration.

In this body of work, | address caudal fin regeneration in the adult zebrafish. For the

first time, it is shown how reactive oxygen species (ROS) oscillate as the amputated

caudal fin reconstitutes. Serendipitously, | also demonstrate how mutations in ROS

production align with two commonly known medical conditions, indicating the

suitability of this tropical wonder as a model of human disease. All findings

culminate as we report that cyba and duox mutations influence the rate of

regeneration, and that mutating the noxes is reflected in the reduction of post-

amputation ROS flux.
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Zebrafish cyba mutations provide a model for human chronic granulomatous

disease

Abstract

Chronic Granulomatous disease (CGD) is an inherited primary immunodeficiency, and is the outcome of
defects in any of the subunits of the NAPDH oxidases (NOXes). This impairs the respiratory burst in phagocytic

leukocytes, leaving patients prone to life-threatening infections and inflammatory complications. Of the

phox

several structural NOX subunits we focus on p22 (cyba). While cyba mutations are rare, patient survival is

strongly associated with the production of reactive oxygen species (ROS), and hence, the clinical outcomes
remain significant. We generated a zebrafish mutant for cyba via CRISPR/Cas9. Using the fungus Aspergillus
fumigatus as a pathogen, we describe the susceptibility of cyba mutant larvae, when conidia are injected in
the yolk sac. An increasing trend in mortality was identified among mutants indicating its efficacy an in vivo
model. Future in vitro assays involving neutrophil-conidia contact would be essential in further characterising

these mutants as suitable models.

INTRODUCTION

Chronic granulomatous disease (CGD) is an inherited primary immunodeficiency caused by
functional impairment of the NOX complex expressed on phagocytes, and characterised by
recurrent and severe bacterial and fungal infections, and dysregulated inflammation (Arnold
and Heimall 2017). The NOX complex is comprised of membrane-bound and cytosolic
proteins that function in concert to produce a burst of microbicidal ROS when professional
phagocytes, including neutrophils and macrophages, encounter microbial intruders. This
burst has been demonstrated in humans (Dahlgren and Karlsson 1999) and amphioxus
(Yang, Huang, and Xu 2016), among others. The earliest cases of CGD were all reported in
males and the first publication to describe the condition is known from 1954. It wasn’t until
another decade though that sex-linked inheritance of CGD was confirmed (Windhorst,
Holmes, and Good 1967). Eventual discovery of female patients then lined up the
constituent causes to both sex-linked and autosomal mutations. X-linked CGD (XCGD) is an

phox (cYBB), and accounts for the majority of diagnoses in the

outcome of mutations in GP91
US and Europe (Buvelot et al. 2016). Autosomal CGD (ACGD) derives from mutations in any
of the various subunits that partner with GP91°"* for it to acquire a stable and functional

configuration, including P22°" (encoded by CYBA). ACGD is predominant in Tunisia, Iran



(Movahedi et al. 2004) and Israel (Wolach et al. 2008), and at least one study attributes this
to consanguineous marriages (Fattahi et al. 2011). Staphylococcus aureus and Aspergillus
fumigatus are the most frequent pathogens inflicting CGD patients (Marciano et al. 2014;
Buvelot et al. 2016). Here, we present a new vertebrate model for CGD - the zebrafish. We
describe its generation via CRISPR/Cas9 and provide evidence supporting the effect of the
mutation on ROS production. Our observations are in sync with those published in WT
animals, and offer the potential to develop this into a full-fledged piscine model of CGD, the

first of its kind.

NADPH oxidases, Reactive oxygen intermediates (ROIs), and ROS - a synopsis

Reactive oxygen intermediates (ROI) comprise successive 1-electron reduction products of
0, en route to the production of water. These include superoxide anion (0;"), hydroxyl
radical (OH’), peroxyl (RO"), alkoxyl (RO’), and non-radicals such as hydrogen peroxide
(H20,) (Nathan and Ding 2010; Mailloux 2015). Reactive oxygen species (ROS) include ROI
plus ozone (Os) and singlet oxyradical (*O,). Both terms are sometimes used interchangeably
and may also be extended to include hypochlorous (HOCI), hypobromous (HOBr), and
hypoiodous acids (HOI), which arise by peroxidase-catalysed oxidation of halides (Nathan
and Ding 2010). While the mitochondrion is the major production centre of ROS (Moldovan
and Moldovan 2004), physiological production of H,0, is mainly mediated by the
transmembrane NOXes (Bedard and Krause 2007; Brandes, Weissmann, and Schroder

2014), a crucial enzymatic source of ROS.

Seven NOX isoforms are presently recognised. These are NOX1, NOX2, NOX3, NOX4, NOX5,
DUOX1 and DUOX2 (Bedard and Krause 2007). The zebrafish lacks Nox3 and has a single
Duox instead of DUOX1 and DUOX2 (B. T. Kawahara, Quinn, and Lambeth 2007). In line with
their preserved function, the NOXes feature common structural attributes. These include 1)
an NADPH-binding site at the COOH terminus, 2) a FAD-binding region in the proximity of
the most COOH-terminal transmembrane domain, 3) six conserved transmembrane
domains, and 4) four highly conserved heme-binding histidines (Lambeth 2004; Bedard and
Krause 2007; Brandes, Weissmann, and Schroder 2014). NOX2 is the prototype NOX and

was uncovered in CGD patients whose phagocytes either bore an abnormal variant or lacked



the NOX altogether. NOX2 has been synonymous with GP91P"" (CYBB) (Royer-Pokora et al.,
1986; Segal and Shatwell, 1997). Since later onwards though CYBB has precisely referred to
the heme-binding transmembrane portion of the protein (Yu et al. 1998) (Fig. 1). The closest
structural homologs of NOX2 are NOX1, 3 and 4. NOXes also feature additional subunits,
regulatory proteins and ions for their biochemical function (Lambeth 2004; Bedard and
Krause 2007). GP91P" (CYBB) and P22°"* (CYBA) form a heterodimer called cytochrome
bssg (Arnold and Heimall 2017). This association is reported to be a prerequisite for the
maturation and stabilisation of the heterodimer, and localisation of the heterodimer to
specific membrane compartments. Likewise, CYBA is essential to NOX1, 3 and 4 (Bedard and
Krause 2007). During phagocyte activation two cytosolic subunits are crucial as well. These
are the organiser subunit P47°" (NCF1) and the activator subunit P67°"™ (NCF2). Briefly,
using NOX2 as an example (Fig. 1), P67°"°* must interact with NOX2 in the presence of Rac,
to activate it, but on its own the interaction between the two is weak. It is reinforced by
P47°"* which in turn interacts with the C terminus of CYBA (Brandes, Weissmann, and
Schroder 2014; Stasia 2016). The resulting conformational change enables the cytosolic
NADPH to donate an electron, thus kickstarting ROS production. In transfected cell lines,
NOXes 1, 3 and 4 only produce ROS when co-expressed with CYBA (T. Kawahara et al. 2005),

once again demonstrating the importance of this association.

NADP*+ H' + &~ NADPH

Fig. 1. Activation of NOX2. As single electron transporters, NOX enzymes pass electrons from NADPH to the electron acceptor oxygen, on

the other side of the membrane. P22°" (CYBA) is an essential component for stabilisation and activation of NOX2 (Zeng et al. 2019).



The route of ROS production includes the oxidation of the cytosolic NADPH followed by the
reduction of oxygen across the membrane to generate superoxide. While Nox1-5 generate
superoxide that requires dismutation into H,0, by a separate SOD, DUOXes generate H,0,
without requiring a separate SOD (Ameziane-el-hassani et al. 2005). Superoxide itself is
weak, membrane impermeable and remains localised. H,O, reacts rapidly, is membrane
permeable, and owing to greater stability it can diffuse away from the site of production
(Rada and Leto 2008). As neutrophils encounter microorganisms or inflammatory mediators,
there is a burst in oxygen consumption and ROS generation. The first report of this

respiratory burst from NOXes dates back to over five decades (Rossi and Zatti 1964).

In terms of clinical relevance, only cybb, ncfl, ncf2, and cyba are implicit in CGD, and
account for 33% (cybb), 20% (ncf1), 5% (ncf2) and 5% (cyba) cases (Rada and Leto 2008;
Arnold and Heimall 2017). With CYBB being a distinct component of NOX2, NOXes 1, 3 and 4
are not implicated in CGD. Being independent of CYBA and cytosolic subunits for
stabilisation or activation, NOX5 (Banfi et al. 2001; T. Kawahara et al. 2005) and the DUOXes

(Wang et al. 2005) are not implicated in CGD either.

Infections and inflammatory complications in CGD

NOX2 expression has been regarded as being phagocyte-specific (Sumimoto, Miyano, and
Takeya 2005). While studies on neutrophils from CGD patients have shown that NOX2 is
dispensable for the killing of many types of bacteria (Winkelstein et al. 2000), catalase-
positive organisms can only be combated by NOX2-expressing neutrophils (Bedard and
Krause 2007). To this end, individuals with CGD experience recurrent infections, most
frequently brought on by Aspergillus spp., Burkholderia cepacia, Staphylococcus aureus,
Serratia marescens, Nocardia spp., Salmonella (Winkelstein et al. 2000; Jones et al. 2008;
Martire et al. 2008; Marciano et al. 2015) as well as Bacille Calmette-Guerin and
Mycobacterium tuberculosis (Lee et al. 2008; Conti et al. 2016; Wolach et al. 2017). Invasive
infections by filamentous fungi are especially important contributors to morbidity and
mortality in CGD (Blumental et al. 2011; Beauté et al. 2011; Falcone and Holland 2012). In
fact, microbiologic analyses restricted to Aspergillus, Burkholderia, Nocardia, Serratia and

Staphylococcus revealed Aspergillus to have the highest incidence, ranging from between



41-55%. Further, Aspergillus fumigatus is the most prevalent Aspergillus species (Marciano
et al. 2014). Pneumonia is the commonest outcome of invasive aspergillosis in CGD
(Winkelstein et al. 2000; B. H. Segal et al. 2011). Inflammatory complications often
accompany infections in CGD patients, affecting various organs (Alimchandani et al. 2013;
Damen et al. 2010; Magnani et al. 2014). Exclusively occurring in CGD, mulch pneumonitis is
a hyperinflammatory condition that can be aggressive if not treated early (Siddiqui et al.

2007).

A. fumigatus is an opportunistic fungal pathogen (Buchwalow 1995), and exposure typically
occurs via inhalation of conidia into the respiratory tract. Alveolar macrophages resident in
the pulmonary tract ingest and kill conidia, while neutrophils use oxygen-dependent
mechanisms to attack hyphae germinating from conidia that escape macrophage
surveillance. The importance of the phagocyte respiratory burst in combating aspergillosis is
evidenced by the frequent occurrence of infection in patients with CGD, which appears to
result from a failure to kill hyphae by monocytic (Espinosa et al. 2014) and neutrophilic
oxidative mechanisms. H,0, has potent antihyphal activity in vitro, while neutrophil-
mediated hyphal damage is strongly blocked by myeloperoxidase inhibitors, the hydrogen
peroxide scavenger, catalase, and to a lesser extent, superoxide dismutase (Morgenstern et

al. 1997; B. H. R. R. Segal 2010).

Current models of CGD

Three laboratory models of CGD have been reported to date. All are murine models, and
include two X-linked gp91°"* (CYBB) mutants (Pollock et al. 1995; Sweeney et al. 2017) and
the autosomal recessive p22phox (CYBA) mutant (Nakano et al. 2008). Both CYBB mutants
closely resemble patients with CGD in that the males lack a respiratory burst, thus exhibiting
enhanced susceptibility to infection with A. fumigatus, S. aureus, and Candida albicans,
among others (Pollock et al. 1995; Sweeney et al. 2017). Similarly, CYBA mutants lack
detectable superoxide production in their neutrophils, and are highly susceptible to

necrotising pneumonia (Nakano et al. 2008).

In following up the reported role of ROS in regeneration (Love et al. 2013; Gauron et al.
2013), we sought a candidate that would directly affect the NOXes it binds to. Overall, since

CYBA is implicit in both, structural integrity and activation of NOXes1-4, it indicates that any



mutations will likely cripple its membrane partner NOXes. Recently, morpholinos for cyba
were reported to model infection in zebrafish larvae (Wiemann et al. 2017). Here, we
targeted zebrafish cyba using CRISPR/Cas9, taking the modelling of CGD to a stable non-
mammalian mutant strain for the first time. We present a hitherto unexplored route of
infection for Aspergillus and show that cyba mutants are sensitive to infection compared to

wild type (WT) peers.

We have chosen the zebrafish larva based on its amenability to microinjection. The spores
(conidia) of A. fumigatus WT A1163 and RAG 29 (constitutively expressing fluorescent
protein TurboFP635) are injected into the yolk sac of the larvae. The A. fumigatus RAG 29 is
tagged with TURBOFP 635, a far-red protein from the sea anemone Entacmaea quardicolor.
TURBOFP 635 is characterised by fast maturation, a high pH-stability and photostability

(Evrogen 2007). Confocal microscopy is employed to visualise fungal growth.

Materials and methods

Zebrafish husbandry
Zebrafish (Danio rerio) husbandry was undertaken in a re-circulating system maintained at 28.5°C, with a 14h
photoperiod. Conditions were uniform for WT and all GM strains. Embryos are obtained by marbling tanks, or

by isolating pairs in breeding chambers. Larvae were staged as previously described (Kimmel et al., 1995).

sgRNA design and production of CRISPR mutants

Single guide RNAs (sgRNAs) were designed for targeting exon 1 of zebrafish cyba, using the online tool
CRISPRscan (Moreno-mateos et al. 2015). Entering the Ensemble ID for cyba in the CRISPRscan tool
automatically listed multiple gRNAs against coding exons of the genes, displaying them by rank. gRNAs were
then chosen based on rank, location within the first 50% of the ORF and distance from the initiation codon. A
sgRNA template requires a 52nt oligo (sgRNA primer) 5’ TAATACGACTCACTATAGG(N=18)GTTTTAGAGCTAGAA, containing
the T7 promoter, the 20nt specific DNA-binding sequence [GG(N=18)] and a constant 15nt tail. This was used
in combination with an 80nt reverse oligo AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTT
TAACTTGCTATTTCTAGCTCTAAAAC invariant 3’ end (tail primer) to generate a 117bp PCR product. Oligos were
obtained from Sigma-AIdrich®. The PCR cycler settings for this primer extension were 3 min at 95°C; 30 cycles
of 30s at 95°C, 30s at 45°C and 30s at 72°C; and a final step at 72°C for 7 min. PCR products were purified using
Qiaquick (Qiagen) columns, and approximately 120-150ng of DNA were used as a template for a T7 in vitro
transcription reaction. In vitro transcribed sgRNAs were treated with DNase and precipitated with sodium
acetate and ethanol (Moreno-mateos et al. 2015). Purified sgRNA and Cas9-NLS protein (New England Biolabs’

Inc.) were diluted to 300ng/ul. Equal volumes of Cas9-NLS protein, sgRNA and Phenol Red (Sigma-AIdrich®)



were mixed to obtain the final injection mix. Injection drop size was adjusted to 1nl using a graticule scale. All

embryos were injected at the one-cell stage.

Genomic Extraction
Individual larvae were added to individual PCR tubes containing lysis Buffer (10mM Tris-HCL, pH 8.0, 1mM
EDTA, 0.3% Tween-20, 0.3% NP40), proteinase K stock (20-25mg/ml), 1ul/50ul lysis buffer. This was incubated

in a thermal cycler programmed to 55°C (2hours), 95°C (10 minutes) and a 12°C hold.

Polymerase Chain Reaction

PCR was undertaken for genomic DNA using ExTag DNA Polymerase (TaKaRa). For CRISPR mutants, Initial
identification of indels was undertaken following Sanger sequencing. Subsequent identification of established
CRISPR mutants was undertaken using restriction digest with Hindlll. Genotyping and identification of sa11798
mutants was undertaken via Sanger sequencing (GATC Biotech). Primers used are listed in Table 1. Ty, for the

Cyba F1 and Cyba R1 pair was 51.1°C.

Cyba F1 AGTTTATTTGCCAGTGACAGCA Genomic PCR for CRISPR mutants
Cyba R1 CTCAAGCAGCCTACCAAACC Genomic PCR for CRISPR mutants
M13 Reverse GTAAAACGACGGCCAGTG For identifying indels

Table 1. List of primers
Aspergillus fumigatus strains and Spore Harvesting

Aspergillus fumigatus WT A1160 and RAG29 were used to inject the larvae. Strains were cultured in Aspergillus
complete media (ACM) in a 20ml flask and incubated at 37°C for at least 2 days prior to spore harvesting. ACM
(1L) was prepared using the following reagents: Adenine (0.075g), Glucose (10g), Yeast Extract (1g),
Bacteriological peptone (2g), Casamino acids (1g), Vitamin solution (10ml), Salt solution (20ml), Ammonium
Tartrate (10ml from 500mM stock), pH 6.5 with 10M NaOH and finally 1.5% of agar to solidify it
(G.Pontecorvol.A.RoperL.M.ChemmonsK.D.MacdonaldA.W.J.Bufton 1953). For spore harvesting, a 1X NaCl-
Tween (0.9 mg/ml NaCl + 0.002% Tween-20) was prepared using MiliQ water and 10X NaCl Tween. 10ml of the
1X Tween was added per flask and flasks were agitated to detach spores. This suspension was filtered using a
Mira cloth (Merck Milipore) followed by centrifugation at 4000RPM, for Sminutes. Pellet was resuspended in
10ml of 1X Tween, followed again by centrifugation at 400RPM for 5minutes. Pellet was resuspended 5ml of
the 1X Tween to make a master solution. To count the spores, 1/10 and 1/100 dilutions were made from the
master solution and 1X Tween. Spores were counted using a Neubauer counting chamber (haematocytometer)
(Marinfeld,Germany) on a Nikon Optiphot at a 40x magnification. The final concentration of the spores was

found using the following formula:

Concentration of spores = number of spores/7 (sections counted) x 25 x 10" x 100 (dilution factor).



Microinjection

From the spore concentration, various dilutions were prepared. These were 50 conidia/5nl, 50 conidia/2nl, 20
conidia/2nl, and 10 conidia/2nl. Freshly harvested spores were used for each trial. Prior to injection, larvae
were anaesthetised in MS-222, and positioned laterally on injection plates made of 3% agarose in E3 pre-
treated with 1ml filter-sterilised 2% bovine serum albumin (BSA) to prevent larval abrasion against the agarose
surface and facilitate handling (Brothers, Newman, and Wheeler 2011; Knox et al. 2014; E. E. Rosowski et al.
2018). Spore suspensions were directly injected into the yolk sac of 2dpf larvae, using a microinjection setup
consisting of a Picospritzer Il (General Valve Corporation) and a Leica MZ6 stereomicroscope. The injected

volume was 1nl, unless specified otherwise.
Survival Analysis

Viability of larvae was checked twice per day to monitor survival. Dead larvae were plated on Potato Dextrose
Agar (PDA). Plates were incubated at 37°C and appearance of hyphal masses was used as confirmation for
aspergillosis-led mortality. Survival was statistically assessed using the Log Rank Test, in Prism 8.1 (GraphPad

Software, Inc.)
Fluorescence microscopy

The 96 well glass bottom plate with cells/conidia were viewed using Nikon TE-2000 Workstation (Fluorescence
microscope. The plates were viewed under 10x, 20x and 40x and using the MetaMorph software the

cells/conidia were viewed under brightfield and using RFP laser.
Confocal Microscopy

Zebrafish Larvae were placed horizontally with the yolk sac facing up on an 8-well ibidi. Mounted larvae were
viewed using a Confocal Laser Scanning Microscope (Leica Microsystems), under 10x, 25x (wet) and 40x,
running LasX software. The lasers used were Argon (green to yellow) (GFP) and White (red to far red) (TURBO
FP635).

Results

Generation and description of cyba mutant zebrafish

Zebrafish cyba is mapped to chromosome 18: 31,094,846-31,097,287. It has 4 splice
variants, only one of which codes protein (Ensemble 84 Mar 2016). Similar to murine CYBA
(Nakano et al. 2008) the protein coding variant in zebrafish cyba also contains 6 exons and 5
introns. The proline-rich C-terminus of cyba renders its functional capability to bind to the
SH3 domains of ncfl (T. Kawahara et al. 2005). In anticipation of early protein truncation,

we targeted two sequences on exon 1. We obtained F; heterozygotes by crossing Fq adults
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to WTs. cyba+/' animals were identified via restriction digest with Hindlll. These were then
sequenced. We found a 12bp deletion leading to an in-frame mutation, and a 5bp deletion,
leading to a frameshift mutation. Incrossing F; heterozygotes carrying the latter led to the
establishment of a stable mutant line harbouring a 5bp deletion (Fig. 2A) hereafter referred
to as cyba®**"7", Mutants are viable, fertile and do not require antibiotic supplementation.
Outwardly, they appear healthy, and with the exception of their pigment patterns, there
were no other apparent differences between these and WT animals (Fig. 3). The different
pigment patterns themselves were not an outcome of the mutation. The Fo founder animal

/

ex1-560/" mutation was a nacre”” individual. The nacre”” mutation affects pigment

for the cyba
cell fate in the zebrafish neural crest. Mutants lack melanophores throughout development
but have increased numbers of iridophores (Lister et al. 1999). This was crossed to an animal
with WT pigmentation pattern. The resulting progeny was a mixture of various pigment
patterns, including the regular WT, leopard (mutants develop melanophore spots instead of
stripes) (Watanabe et al. 2006) and roy orbison (mutants lack iridiophores) (Ren et al. 2002;
D’Agati et al. 2017). Now, many labs have the latter two strains, among others, in the
background of various, supposedly WT stocks. This would explain why we obtained a variety
of pigment patterns. Fortuitously though, these pigment backgrounds are very effective at
assisting in experiments related to regeneration. While those experiments are outside the
scope of this piece of work, briefly, the lack of solid stripes help visualise the flux of ROS via

fluorescent reporter proteins such as HyPer (Belousov et al. 2006).

HindIII bp

1000

CAACGAGCAAGCTTTGGCTGCTGGACTC 3o\

e e e e
GTTGCTCGTTCGAAACCGACGACCTGAG

CAACGAGCAAGCTTTGGCTGCTGGACTC UD WT het hom

(AAACGAGCAACTGCTGGACTC S

Fig. 2. Confirmation of cyba mutations in zebrafish. A. CRISPR-meditated mutagenesis led to a 5bp deletion in exon 1. B. The 5bp deletion

removes the diagnostic Hindlll restriction enzyme site, enabling easy identification of genotype. CRISPR mutants were F, generation.
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Aspergillus fumigatus causes lethal infection in cyba mutant zebrafish larvae

We trialled several routes for infecting larvae. A simple immersion of zebrafish larvae in a
suspension containing high concentration of fungal conidia yielded no mortality among WTs
and mutants. Further, amputating the caudal fin fold followed by immersion had no effect
either. Next, we tried injecting conidia in the hindbrain ventricle (HBV), following a widely
used protocol (Knox et al. 2014). Given the transparent nature of the ventricle, spores were
co-injected with the dye phenol red, to confirm delivery. This revealed the disadvantage of
“kickback” of the injected volume. While accessing the HBV is straightforward, some
injected volume was always ejected out of the animal, thus leading to inconsistencies in
doses between individual larvae. Meanwhile, the yolk sac in zebrafish larvae is easily
accessible, large and actively used by the animals for sustenance. Injecting into the yolk can
be undertaken without any visual aid since delivery is easily observed in its fatty
environment. It has been used as a route of infection in modelling tuberculosis (Veneman et
al. 2014), Cronobacter turicensis (Fehr et al. 2015), Candida albicans (Seman et al. 2018) but

never for Aspergillus. Thus, the next step was to trial yolk injections.

Fig. 3. General comparison of
cyba mutants and WT zebrafish
siblings. Mutant animals are
healthy, grow into fertile adults
and do not require any
antibiotics for maintenance. A.
The native WT pigment pattern
consists of dark stripes
alternating with lighter
interstripes. B and C. Aside
from the WT, laboratory strains
of zebrafish come in a variety
of pigment patterns such as
leopard where animals have
clusters of  melanophores
instead of stripes (B), and roy
orbison where iridiophores are
missing (C). These pigment
patterns are recessive and may
often be in the background of
‘WT looking’ strains. As a
result, they will emerge during

incrossing. Scale bar = 5mm.

C , cyba ex1.5bp-/-
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Trial 1: A 10 conidia/nl concentration of A. fumigatus was used, to introduce the previously

ex1.5b+-/-
’

described dose of 50 conidia (Knox et al. 2014) per animal. We used WT, cyba and

Cybaexl.pr-/-

animals at 2dpf. However, 5nl was found to be a significantly high volume as it
exceeded the yolk sac volume, leading to bursting of the sac and rapid mortality. The
injected volume was therefore adjusted to 2nl. 12 of each type were injected, out of which 6
WT, 4 cyba® """ and 7 cyba®****"" larvae died by 3day post injection (dpi). Dead larvae
were plated on PDA plates. Most of the mortalities were due to fungal infection but some
appeared to have died due to bacterial infection. This trial confirmed the efficacy of the yolk

sac as suitable route for infection. Importantly, no “kickback” was observed, guaranteeing

consistency of dose delivery.

Trial 2: A second trial was run, using WT (n=15) and cybae"l‘pr'/' (n=16) animals, using 25
conidia/nl of A. fumigatus RAG29 (Table 2). The next day 2 of each type were found to be
immobile. By 3dpi all the animals except one WT were found to be dead. Survival curves for
both, mutants and WTs ran very close to each other (Fig. 6) and the difference between the
two was not significant (Log Rank test, P value 0.7537). The dead animals were plated on
PDA to confirm they indeed died due to fungal infection (Fig. 5). Compared to WT siblings of
X-CGD mice, who are resilient to A. fumigatus infection (Pollock et al. 1995; Morgenstern et
al. 1997), this was surprising. Since we were using a novel route of infection, we considered
the possibility that this concentration may have been too high, or the route too efficient,

and therefore adjusted the infection dose for the next experiment.

Trial 3: This trial employed WT larvae (n=31) and cybae"l‘pr'/' larvae (n=8). At 2dpf larvae

were injected with 10 conidia/nl of A. fumigatus RAG29 (Table 2). After 2 days 15 of the 31
larvae died and were plated on PDA plates. After 3 days, 7 more larvae had died and were
plated on PDA plates. All of the cybae"l'pr'/' died by 2 days after injection. In this trial, only 2
of the 31 WT larvae survived (Fig. 6). Difference in survivability between the groups was

significant this time (Log Rank test, ** P value 0.0026).

Trial 4: For this trial, WT (n =6) and cyba®***"7" (n =20) were used. It was intended to include

heterozygote animals as well but the matings of homozygous to WT animals were

unsuccessful and did not yield any offspring. Two concentrations were used, 10 conidia/nl

and 5 conidia/nl of A. fumigatus RAG29 (Table 2). For the first concentration, cybae"l‘pr'/'

ex1.5bp-/- (n -

larvae (n =10) were injected. For the second, WT (n =6) and cyba 10) were
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injected. By 3 dpi 4 of 10 cyba®*"/ larvae that were injected with 10 conidia/nl had
perished. From the lower concentration group, the mortality was WT = 1 and cyba®**%*7" =
4 (Fig. 6). Dead animals were plated on PDA to confirm fungal invasion. Difference in

survivability following the lower dose was significant (Log Rank test, ** P value 0.0052).

Trial 5: We repeated injection of WT (n=11) and Cybaexl~5bp-/-

(n=15) larvae with a 5
conidia/nl concentration (Table 2). By 3dpi, 3 of 11 WT and 13 of 15 cyba®****7 had
succumbed. This trial successfully reproduced the results of the previous trial, indicating
that 5 conidia/nl is the optimum concentration. Once again, difference in survivability was

significant (Log Rank test, ** P value 0.0019), thus confirming the result of the previous trial.

Regardless of the concentration of conidia injected, all larvae that developed infection
showed similar symptoms. During the initial stages of infection the swimming ability of the
larvae was affected wherein they could be seen moving their pectoral fins, but not achieving
any movement. As infection advances, it appears to affect the swim bladder (Fig. 5) and the
larvae are no longer able to remain upright. Terminal infection is characterised by extensive

necroses and feebly moving gill arches and heartbeat.

10 conidia/nl 5 conidia/nl

25 conidia/nl
wifl C WT

WT

M0 conidia/n ., 5 conidia/nl
“eyba ex1.5bp-/- . cybaex1.5bp-/-

25 conidia/nl
cyba ex1.5bp-/-

Fig. 5. Diagnostic test for fungus-associated mortality. Conidia were injected at indicated concentrations, and dead larvae were plated on
PDA plates. Plates were then incubated at 37°C, and hyphal projections from plated larvae were used for confirming aspergillosis.

Experimental end point was 3dpi, i.e. any larvae found dead beyond this were not plated.
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No. of conidia WT cyba®™ P cyba®™ "7
Trial | injected Total | Mortality at 3dpi | Total | Mortality at 3dpi | Total | Mortality at 3dpi
1 50 conidia/nl 12 6 12 4 12 7
2 25 conidia/nl 15 14 - - 16 16
3 10 conidia/nl 31 22 - - 8 8
4 5 conidia/nl 6 1 - - 10 4
5 5 conidia/nl 11 3 - - 15 13
Table 2. Outcomes of various conidial injection trials in zebrafish larvae, injected at 2dpf.
Trial 2, 25 conidia/nl Trial 3, 10 conidia/nl
1104 110+
100/ 100/ T
_ 904 _ 904 ® cyba™!.- B0t
2 80 S g0
% 704 % 704
o 60+ o 60+ )
5 501 S 501
© 40+ O 404
& 304 & 304
20 20
104 10+
0+ T T T T T 0+ T T - T T
0 1 2 3 0 1 2 3
Time (day) Time (day)
Trial 4, 5 conidia/ni Trial 5, 5 conidia/nl
1104 1104
100- 100- rexcT
90- 90- - Cybaextdbp-/-
S 80 S 80
% 704 % 701
2 60+ ﬁ 60+
S 907 £ 50
© 404 O 404
& 304 & 304
20 20 .
10+ 10+
0 T T T T T T T 0 T T T T T T
0 1 2 3 0 1 2 3
Time (day) Time (day)

Fig. 6. Survivability curves for WT and cyba mutant siblings. Higher doses overwhelm both, WT and mutants. However, WTs are able to

tolerate lower concentrations, while mutants succumb to these as well (Log Rank Test, ** P< 0.005)

DISCUSSION

Similarity to humans notwithstanding, traditional mammalian models only allow limited

visual access in vivo, are unsuitable for high-throughput studies, and come with a different

set of ethical considerations. In sharp contrast is the zebrafish with its high fecundity,

transparent larvae, and hardy keep. By 36hpf, they have functional circulation that includes

15




an innate immune system that shows conservation with mammalian innate immune
systems (Van Der Vaart, Spaink, and Meijer 2012) and a fully functional complement system
(Boshra, Li, and Sunyer 2006). Also, larvae do not have an adaptive immune system, thus
providing the chance to study innate immunity in isolation (E. Rosowski et al. 2018). An
interesting observation on both murine models of X-CGD (Pollock et al. 1995; Sweeney et al.
2017) is that they only appear to offer a sex-specific investigation of CGD. Meanwhile,
zebrafish demonstrate complex polygenic sex determination, with further understanding
still required (Liew and Orbdn 2013). This may very well mean that cybb might as well be
autosomal, thus allowing a broader pan-sex investigation. Within the realm of infectious
diseases, larval and adult zebrafish have effectively modelled for bacterial, viral, fungal and

parasitic infections, some of which are tabulated in Table 3.

ex1.5bp-/-

Fig. 7. cyba mutants show systemic infection following Aspergillus injection. Comparison of cyba mutants - uninjected animal (top)

and injected (below). Injected animals show necroses and the swim bladder (SB) is no longer distinguishable by 3dpi.
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TURBOFP635

Fig. 8. Confocal image of hyphal projections seen around the yolk sac. At 2dpi, cybae“'sb”'/' larvae injected with 10 conidia/nl show

extensive hyphal projections, which results in mortality. Image credits to CAM (Phenotyping Centre at Manchester) / MFIG

Infection
Bacterial
Viral
Bacterial
Fungal
Bacterial
Viral
Bacterial
Viral
Bacterial
Bacterial
Fungal
Fungal
Viral
Fungal

Protozoan

Pathogen
Staphylococcus aureus
Herpes Simplex virus Type 1
Pseudomonas aeruginosa
Candida albicans
Streptococcus agalactiae
Chikungunya virus
Mycobacterium marinum
Influenza A virus
Escherichia coli
Streptococcus pneumoniae
Aspergillus fumigatus
Mucor circinelloides
Hepatitis C virus
Cryptococcus neoformans

Trypanosoma cruzi

Table 2. List of zebrafish models of pathogenic agents.

Reference
(Prajsnar et al. 2008)
(Burgos et al. 2008)
(Brannon et al. 2009)
(Brothers, Newman, and Wheeler 2011)
(Patterson et al. 2012)
(Palha et al. 2013)
(Oksanen et al. 2013)
(Gabor et al. 2014)
(Nguyen-Chi et al. 2014)
(Saralahti et al. 2014)
(Knox et al. 2014)
(Voelz, Gratacap, and Wheeler 2015)
(Ding et al. 2015)
(Bojarczuk et al. 2016)

(Akle et al. 2017)

Some consider it unlikely that a comprehensive functional understanding of all human

protein-coding genes will be available in the near future (Kettleborough et al. 2013). An

advantage of modelling human disease in the zebrafish is the possibility of addressing

specific phenotypes resulting from gene disruption, in a short span of time and on a large

number of animals. In this regard, phenotypic screens can be performed for genes involved
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in different human pathologies. As an externally fertilising species, the zebrafish genome
can be altered easily by injecting fertilised eggs at the one-cell stage. The advent of newer
CRISPR tools such as CRISPRSCAN (Moreno-mateos et al. 2015) has enhanced the chances of
obtaining bi-allelic mutations as early as in Fo animals while minimising off-target effects.
This coupled with easy accessibility to genomic resources makes the process
straightforward. The decision to target cyba was informed by its role in the sustained
increase in ROS following caudal amputation in Xenopus tadpoles. Specifically, morpholinos
targeting cyba have been shown to reduce regeneration in the Xenopus tadpole tail by
~33%. This increase in ROS is essential for regeneration to occur, and in the Xenopus tadpole
continues until regeneration is complete. (Love et al. 2013). This makes cyba a promising

candidate for investigating ROS and regeneration.

While CRISPR-mediated mutants are now easy to generate, another consideration has
become relevant in relation to the mutants themselves, that of transcriptional adaptation.
Transcriptional adaptation occurs when a mutation leads to the increased expression of
related genes that are able to assume the function of the mutated gene. Latest evidence
suggests that transcriptional adaptation is encouraged by nonsense-mediated decay of
mutant mRNA, with increased expression of mRNA from paralogues buffering against the
effects of the mutation. Both, CRISPR and ENU mutations may lead to premature stops, and
thus to nonsense-mediated decay (El-Brolosy et al. 2019). Also, the common ancestor of
zebrafish and 22,000 other ray-finned fish likely underwent a complete genome duplication
(Taylor et al. 2003), thus making a case for possible paralogues to act as adapting genes.
Thus, we BLASTed PCR primers for cyba, as well as the protein sequence to check for
identity with any paralogues but did not find any. This coupled with the CGD phenotype

gave reasonable confidence to assume that the severity of the phenotype was not diluted.

Successful targeting of cyba would impair the function of Nox2. While NOX2 function is
impaired in CGD, the production of ROIs, which can be quantified (Kuhns et al. 2010), varies
from 0.1% to 27% of the normal range. This in turn is dependent on the type of mutation i.e.

nonsense, missense, deletion etc., and not necessarily on pattern of inheritance. Even so,
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rate of survival among CGD patients is lower among X-CGD cohorts than in A-CGD cohorts
(Kuhns et al. 2010; Marciano et al. 2014). Both, the X-CGD mouse model (Sweeney et al.

ex15b7- Jnimals

2017) and our cyba model result from a deletion. Yet, we found that cyba
thrive, even though they are maintained without any antibiotic assistance. This is in sharp
contrast to X-CGD mice that show increased morbidity in spite of receiving the antibiotic
Sulfatrim for maintenance (Sweeney et al. 2017). This raised concerns as to whether these
fish had any functional mutation. A recent analysis on ENU and CRISPR mutant zebrafish
lines revealed altered processing of mRNA transcripts that enable escaping nonsense-
mediated decay (Anderson et al. 2017). Additionally, a recent report has emerged that

discusses benign CYBA variants (Sun et al. 2017). Therefore, our concern was whether these

genetic mutants were functional mutants as well.

To test this, we tried to recapitulate the human scenario to check susceptibility. A.
fumigatus is pervasive but practically harmless in immunocompetent individuals. In CGD
though it insidiously leads to invasive aspergillosis. To achieve invasive infection, Aspergillus
conidia must sprout filamentous hyphae, a milestone considered to be vital to its pathology
(Fischer et al. 2017). Aspergillus models of infection have recently been developed in
zebrafish larvae (Knox et al. 2014; Herbst et al. 2015) and the transparency of the larva
affords observing sprouting hyphae over a multi-day infection progression. The preferred
site of injection for fungal infection has been the larval HBV via the otic vesicle (Brothers,
Newman, and Wheeler 2011; Knox et al. 2014; E. E. Rosowski et al. 2018). We attempted
direct injection into the HBV but the ejection of injected suspension rendered delivery as
inconsistent. Also, this method required some expertise, given the dimensions of the
ventricle. By contrast, yolk sac injection required minimal handling of the larvae and was
rapid, indicating high-throughput. Indeed, this route has been used for injecting Salmonella
typhimurium and Mycobacterium marinum (Benard et al. 2012), Staphylococcus epidermis
and Staphylococcus aureus (Veneman et al. 2013) and Candida albicans (Chao et al. 2010;
Seman et al. 2018). Besides technical considerations, both routes of infection have their
advantages and limitations. The HBV is devoid of phagocytes but these can migrate here,
allowing visualisation of microbe-phagocyte interactions, and herein lies the strength of this

route. However, HBV injections must be undertaken between 36-48hpf as after this window
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its volume decreases. The yolk sac too is an excellent location for imaging phagocyte-
microbe encounters (E. Rosowski et al. 2018), and remains amenable to injection for its
lifetime. Also, blood vessels in the vicinity of the yolk (Fishelson 1995) may be potential
routes for dissemination of infection. However, the yolk may be too efficient at delivering
systemic infection, as was evident by our initial trials where both, mutants and WTs were

decimated. We were able to overcome this limitation by adjusting the infection dose.

Relative susceptibility to A. fumigatus has been demonstrated in mice models of CGD.
Following intratracheal or intransal inoculation, WT littermates showed ~500-fold reduction
in the mean number of viable conidia cultured from lung tissue by 72 hours post-
inoculation. Phenotypically, only mild peribronchial pneumonia was observed, and by seven
days, fewer than 100 viable conidia remained in lung tissue. No mortality was observed. In
contrast, male X-CGD mice developed necrotising peribronchiolar and alveolar pneumonia,
and 70 times as many viable conidia were cultured. This led to a ~48% mortality (Pollock et
al. 1995). These observations were successfully reproduced when these X-CGD mice were
challenged with different conidial concentrations. The highest concentration resulted in
~87% mortality among mutants but none among the WTs. Phenotypically, higher doses
produced rapidly fatal bronchopneumonia in X-CGD mice, whereas the progression of
disease was slower at lower doses, with development of chronic inflammatory lesions
(Morgenstern et al. 1997). Of course, inoculum doses in mice are significantly large, and so,
a direct comparison for our cyba model can instead be made with previous studies on
zebrafish models of infection. WT larvae injected with morpholino for the transcription
factor pu.1 were highly susceptible to A. fumigatus, leading to 100% mortality brought on by
extensive hyphal growth. pu.1l mediates differentiation of myelo-erythroid progenitors into
the myeloid lineage, thus highlighting the importance of macrophages and neutrophils in
resisting infection. Morphants exposed to heat-inactivated conidia escaped unscathed (Knox
et al. 2014). In a separate study, larvae with defective neutrophil migration succumbed to A.
fumigatus, with a mortality rate of 80%. Taken together, we have observed comparable
rates of mortality in our cyba mutants and previously published models. This also serves as
verification of the consistency that can be achieved when using a stable mutant model.

Furthermore, we have established the yolk sac as a convenient and efficient route of
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infection for Aspergillus. While time constraints only afforded five trials for survivability
assays (three of these being for optimisation) reproducibility was achieved. This highlights
yet another advantage of zebrafish over mice in that adult zebrafish breed readily and
prolifically, allowing repeats. Mice, on the other hand, generally produce litters of 1 to 10

pups and can only bear approximately three litters in their lifetime.

The global burden of fungal disease remains of high concern in the wake of increasing
immunosuppression brought on by HIV and other post-operative medication regimes
(Vallabhaneni et al. 2016). This is further emphasised when contrasting the wide spectrum
of therapeutic options for treating bacterial infections with those for treating invasive fungal
infections (Roemer and Krysan 2014). Compounding this further still are the variable
prognoses for fungal infections, which are dependent on the patient’s underlying condition,
species of pathogen as well as drug availability (Sloan, Dedicoat, and Lalloo 2009; Pfaller et
al. 2012). Specifically, in the case of A. fumigatus, > 50% mortality (Gregg and Kauffman
2015) coupled with growing resistance to antifungals (Perlin, Shor, and Zhao 2015) calls for
in vivo approaches to better understand immune interactions. In conclusion, we have
demonstrated that cyba mutant zebrafish offer a suitable high-throughput approach to
model CGD. Pairing this in vivo approach with in vitro protocols, such as isolation of
phagocytes and their interactions with A. fumigatus, will further provide a more

comprehensive understanding.
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ABSTRACT

Thyroid dyshormonogenesis is a leading cause of congenital
hypothyroidism, a highly prevalent but treatable condition. Thyroid
hormone (TH) synthesis is dependent on the formation of reactive
oxygen species (ROS). In humans, the primary sources for ROS
production during thyroid hormone synthesis are the NADPH oxidases
DUOX1 and DUOX2. Indeed, mutations in DUOX71 and DUOX2 have
been linked with congenital hypothyroidism. Unlike humans, zebrafish
has a single orthologue for DUOX71 and DUOX2. In this study, we
investigated the phenotypes associated with two nonsense mutant
alleles, sa9892 and sa13017, of the single duox gene in zebrafish.
Both alleles gave rise to readily observable phenotypes reminiscent
of congenital hypothyroidism, from the larval stages through to
adulthood. By using various methods to examine external and
internal phenotypes, we discovered a strong correlation between TH
synthesis and duox function, beginning from an early larval stage,
when T4 levels are already noticeably absent in the mutants. Loss
of T4 production resulted in growth retardation, pigmentation defects,
ragged fins, thyroid hyperplasia/external goiter and infertility.
Remarkably, all of these defects associated with chronic congenital
hypothyroidism could be rescued with T, treatment, even when
initiated when the fish had already reached adulthood. Our work
suggests that these zebrafish duox mutants may provide a powerful
model to understand the aetiology of untreated and treated congenital
hypothyroidism even in advanced stages of development.

This article has an associated First Person interview with the first
author of the paper.

KEY WORDS: Congenital hypothyroidism, Growth retardation,
Infertility, Thyroid

INTRODUCTION

Congenital hypothyroidism (CH) is an endocrine disorder that may
result from disrupted thyroid hormone (TH) synthesis (15-20% of all
cases) or impaired development of the thyroid gland [thyroid
dysgenesis (TD)] (80% of all cases) (Kizys et al., 2017). CH is the
most prevalent congenital endocrine disorder and is believed to be
one of the most preventable causes of mental retardation (Chakera
etal., 2012; Olivieri, 2015; Roberts and Ladenson, 2004). Indeed, in
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infants younger than 3 months of age, neurological damage
progressively worsens with delay in starting treatment (Virtanen
et al., 1983). Mutations in the NADPH oxidase DUOX? and, to a
lesser extent, DUOX1I have been associated with dyshormonogenesis
in CH patients (Aycan et al., 2017; Moreno et al., 2002). DUOX1
and DUOX2 generate hydrogen peroxide (H,0,), which is a crucial
electron acceptor during thyroid peroxidase-catalysed iodination and
coupling reactions occurring while TH synthesis is underway (De
Deken et al., 2000; Dupuy et al., 1999). H,O, production is a limiting
step in TH biosynthesis. The main source of H,0, in the thyroid is
DUOX2 in conjunction with its maturation factor DUOX2A, both of
which are located at the apical surface of the thyroid follicular cells,
thyrocytes. DUOX2-mediated H,O, acts as a thyroperoxidase (TPO)
co-substrate, rapidly oxidising iodine and resulting in its covalent
binding to the tyrosine residues of thyroglobulin in the follicular
lumen. This produces monoiodotyrosine (MIT) and diiodotyrosine
(DIT), in the thyroglobulin molecule, which undergo coupling to
give the THs triiodothyronine (T3) and thyroxine (T,4) (Carvalho and
Dupuy, 2013; Muzza and Fugazzola, 2017; Sugawara, 2014). A
negative feedback loop is in charge of thyroid size and function.
Thyrocytes secrete T3 and T, and these inhibit the production of the
thyroid-stimulating hormone (TSH) via the anterior pituitary
thyrotropes (Dumont et al., 1992). Thyrocytes respond to limiting
physiological stimuli by way of hypertrophy and proliferation. This is
a direct response to compensate for diminishing THs in conditions
including, but not limited to, iodine deficiency, exposure to anti-
thyroid drugs and punctuated production of reactive oxygen species
(ROS). It has been shown that early initiation of TH treatment (within
3 weeks post-partum) leads to normal IQ and physical growth and
correlates with excellent prognoses (Aronson et al., 1990; Clause,
2013; Rahmani et al., 2016; Rovet et al., 1987). Expectedly then,
if treatment is delayed beyond 4 weeks, individuals become
increasingly prone to mental retardation and incomplete physical
growth (Gilbert et al., 2012; Zimmermann, 2011). To date, various
approaches have been adopted to induce hypothyroidism in animal
models, including surgical removal of the thyroid gland, thyroid
gland removal via radioactive iodine isotope ('3'I), dietary restriction
of'iodine, and goitrogen administration (Argumedo et al., 2012). We
present here a zebrafish model of CH, which exhibits several
phenotypes associated with CH in humans, including growth
retardation. Interestingly, while CH zebrafish display growth
retardation initially, they are able to reach normal size eventually
without the need for pharmacological intervention. The additional
external and internal phenotypes associated with hypothyroidism are
restored upon treatment with Ty, including restoration of reproductive
function, even when treatment is applied during adulthood.

RESULTS

Molecular characterisation of duox mutant alleles

Duox is a member of the NADPH oxidase (NOX) family of
enzymes. Seven NOX family members are present in the human
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genome: NOXI1, NOX2, NOX3, NOX4, NOX5, DUOX1 and
DUOX2, and their primary function is to produce reactive oxygen
species (ROS). All NOX enzymes are transmembrane proteins,
exhibiting structural and functional conservation. They participate
in electron transport across biological membranes, effecting the
reduction of molecular oxygen to superoxide (Bedard and Krause,
2007). All NOX enzymes share conserved structural domains,
including intracellular C-terminal tails containing NADPH and
FAD binding sites and six transmembrane domains anchoring four
highly conserved heme-binding histidines. DUOXes have an
additional transmembrane domain, an extracellular N-terminal
domain with peroxidase homology and two EF Ca?' binding
hands within their first intracellular loop (Fig. 1A) (Rada and Leto,
2008). The zebrafish genome encodes a single duox gene, rather
than two DUOX paralogues present in humans (DUOXI and
DUOX?) and lacks a NOX3 orthologue (Kawahara et al., 2007). In
zebrafish duox is located on chromosome 25 and encodes a 1528
amino acid protein. In order to investigate the function of duox in
zebrafish, we obtained two nonsense mutation alleles, which arose
from a large-scale ENU mutagenesis screen (Kettleborough et al.,
2013). One allele, duox sa9892, contains a nonsense mutation in
exon 21, resulting in a C>T change (Fig. 1B) and a premature stop
codon (TAG) after the 944th amino acid; the second allele, duox
sal3017, contains a nonsense mutation in exon 23, resulting in a
C>T change (Fig. 1C) creating a premature stop codon (TGA) after
the 997th amino acid. Since both these premature codons result in
truncations of the Duox protein, including the loss of the two critical
C-terminal NADPH and FAD binding sites, they would be expected
to be loss-of-function mutations. Genotyping of these alleles can be
performed via genomic PCR followed by sequencing of these
regions (Fig. 1B,C).

duox mutants are growth retarded

We in-crossed duox sa9892"~ and duox sal13017"~ sibling adults
and inter-crossed duox sa9892"~ with duox sal3017%~ adults to
produce a range of wild-type (WT), heterozygous, homozygous
mutant and compound heterozygous mutant animals containing
both alleles. While the WT, duox sa9892"~ and duox sal3017"~
animals were phenotypically indistinguishable, the homozygous
mutants of both alleles, and the compound mutants (i.e. duox
5a9892/sal3017) displayed a number of phenotypes that were
distinct from those seen in the WT and heterozygous siblings. The
first overtly apparent phenotype exhibited by the duox sa98927/~,
the duox sal3017~~ and the trans-heterozygous duox sa9892/
sal3017 mutants was that they were growth retarded. At 3 months
of age, the sa98927/~, sal3017~~ and sa9892/sal3017 mutant
fish were significantly shorter in terms of body length than their WT
and heterozygous siblings (Fig. 2A—G). At 6 months of age, the
duox sa9892~'~ and sa9892/sa13017 mutant animals caught up in
size with their WT and heterozygous siblings. However, the duox
sal3017~~ animals still remained stunted (Fig. 2H). Another
phenotype suggestive of slowed growth was apparent in the growth
and organogenesis of the swim bladder. The swim bladder is a
hydrostatic organ, which becomes bi-lobed by 21 dpf(Winata et al.,
2009). We found that the swim bladder in the duox sa9892~/~
animals remained unilobed even at 54 dpf (»=9) (Fig. 2LJ).
Homozygous duox mutants also exhibit a delay or absence of
development of barbels, which are a set of anterior sensory
appendages. Zebrafish develop a short pair of nasal barbels and
a long trailing pair of maxillary barbels (Fig. 2K,N). These
are normally visible by 1 month post-fertilisation and
sustained throughout life (LeClair and Topczewski, 2010). In all

cases, homozygous duox mutants lacked barbels at 3 months of age
(Fig. 2L,0,P). However, between 6 and 10 months of age, maxillary
barbels were seen in some older duox sa9892~/~ (five out of 11; see
Fig. 2M) and 5a9892/sa13017 (two out of 11) animals, but in none
of the sa13017~/~ animals (zero out of nine).

duox mutants have dark pigmentation, erythema and

ragged fins

Zebrafish are recognisable by their eponymous pattern of five dark
blue stripes alternating with four lighter yellow inter-stripes,
covering the lateral flanks, and anal and caudal fins (Singh and
Niisslein-Volhard, 2015). The stripes are comprised of black
melanophores with a few iridescent iridophores, while the inter-
stripes are comprised of yellow and orange xanthophores and
numerous iridophores (Hirata et al., 2003). We found that the
homozygous duox mutants were darker than their WT and
heterozygote siblings (Fig. 3A—C). The darker pigmentation was
associated with the presence of approximately twice the number of
melanophores in the homozygous duox mutants, relative to their
heterozygous and WT siblings (Fig. 3D). Conveniently, we also
found that the difference in pigmentation was sufficient to allow
for phenotypic identification of homozygous duox mutants from
their heterozygous and WT siblings, with 100% accuracy, as
confirmed retrospectively via genotyping. In addition, homozygous
duox mutants also showed stripe irregularities not seen in WT and
heterozygous siblings, such as wavy stripes and stripe discontinuities
(Fig. 3E,F). Thus, pigmentation differences can be used as a reliable
identification method for distinguishing homozygous duox mutants
from their heterozygous and WT siblings, as early as 60 dpf.

Less apparent but nevertheless significant were craniofacial
anomalies among adult mutants. In particular, we found a
significant shortening of the frontal height among the duox
5a989277, sal30177~ and s$a9892/sa13017 animals, when
compared to their WT and heterozygous siblings (Fig. 3G-I).
Adding further to the list of phenotypes, we noticed erythema
(redness) in the opercular region of mutants (Fig. 3J-O). This was
especially prominent in background strains that lack melanophores,
such as nacre and casper. The redness was most apparent in
juvenile fish.

Finally, the homozygous duox mutants often displayed misshapen
or damaged fins (Fig. 3P-U). We found that the duox sa98927~ (15
out of 15), sal3017~/~ (seven out of seven) and sa9892/sa13017 (19
out of 23) animals displayed damaged fins. In many cases this was
manifested as vertical (dorsal and anal fin) or horizontal (caudal fin)
tears in the fins. In other cases, there were spontaneous losses of
portions of fins or ragged fin margins (Fig. 3S—-U). Damaged fins
were noticeable as early as 42 dpf.

Homozygous duox mutants are viable but are unable to breed
While we found that duox sa9892~~ and sal3017~~ mutants
reached adulthood, unlike their heterozygous and WT siblings, they
were unable to breed. Females, although gravid, were found not to
lay eggs regardless of pairing with mutant, heterozygous or WT
males. Similarly, mutant males failed to cross with females,
regardless of genotype. Furthermore, we noticed that homozygous
duox mutant females seemed egg-bound, suggesting that they were
unable to lay eggs (Fig. 4A,B; left panels). We confirmed that
females do contain eggs internally via histological sectioning
(Fig. 4A,B; right panels) as well as via abdominal squeezing to
release eggs. Similarly, compound heterozygotes of the two alleles
were found to be viable but failed to breed, and the females also
became egg bound.
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Fig. 1. Molecular characterisation of duox mutant alleles. Duox is a transmembrane protein belonging to the NADPH oxidase family of enzymes. Duox
(A) consists of seven transmembrane domains (2), two EF hands (3), heme (4), FAD domain (5), an NADPH oxidase domain (6) at the C-terminus as well as
a peroxidase homology domain (1), thus named Dual oxidase. Characterisation of duox sa9892 (B) and duox sa13017 (C), via Sanger sequencing, shows

the single nucleotide change C>T in contrast to a WT reference sequence.

Homozygous duox mutants develop goitres

In addition to the phenotypes described above, we noted that some of
the homozygous duox mutant adult animals displayed external goitre-
like growths in the submandibular area (Fig. 5A,B). These external
goitre-like growths were observed among adults older than 3 months
of age, across all three mutant combinations — duox sa9892~~ (11 out
of 18), sal13017~/~ (six out of 11) and sa9892/sa13017 (three out of
22). These richly vascularised growths were variously sized.
Additionally, some of the animals also exhibited lateral flaring of
opercular flaps (Fig. 5C). To confirm whether these goitre-like
growths were indeed enlarged thyroids, we fixed and sectioned a
subset of 5a9892~/~ and sa9892/sa13017 duox mutants, along with
some of their WT and heterozygous mutant siblings, and performed
in situ hybridization (ISH) analysis for the expression of
thyroglobulin, a thyroid marker. The results confirmed that these
growths were indeed of thyroid origin (Fig. SD-L). Also, the thyroid
hyperplasia was in striking contrast to the size of the thyroids in the
WT and heterozygous siblings, where the extent of thyroglobulin
staining was much smaller and more distinct, presenting as discreet
rings confined to the ventral mid-pharyngeal region (Fig. 5E,F).
Importantly, all mutants had internal thyroid hyperplasias, regardless
of the presence or absence of external goiters (Fig. 5G-L).

duox mutants are in a state of hypothyroidism

The goitre-like growths, as well as the other phenotypes observed in the
homozygous duox mutants suggested that the mutants might be
exhibiting hypothyroidism. To test whether this might be the case, we
assessed the presence of thyroxine (T4) in the homozygous duox
mutants and in their heterozygous and WT siblings via wholemount
immunostaining. We found that, while the WT and heterozygous
siblings exhibited robust T, staining (Fig. 6A—C), duox sa9892~~ and
sal30177~ larvae had no detectable T, staining in their thyroids
(Fig. 6D,E). Consistent with the loss of T4 being due to lack of NADPH
oxidase activity in the homozygous duox mutants, we were able to
phenocopy the loss of T, staining in the larvae by treating them with the
NADPH oxidase inhibitor, diphenyleneiodonium (DPI) (Fig. 6F).

duox-mediated hypothyroidism is responsive to T, treatment
Among humans, CH responds very well to T4 treatment, especially
when treatment is initiated as soon as hypothyroidism is suspected

(Rahmani et al., 2016). Here, we decided to ask whether
supplementation of the aquarium water with T, could reverse
some or all of the phenotypes observed in the homozygous duox
mutants. We initiated T, (30 nM) treatment of the duox sa9892~/~
and sa9892"~ animals starting at 11 months of age, when all of the
phenotypes described previously were already apparent. We found
that most of the phenotypes associated with loss of duox function
could be reversed by treatment with T4. Body pigmentation was the
first phenotype to be reversed in the treated animals, such that by
2 weeks after the initiation of treatment the duox sa9892~'~ animals
became visibly paler than their untreated duox sa9892~/~ siblings
(Fig. 7A versus 7B). The difference in pigmentation was associated
with a significant decrease in melanophore density in Tj-treated
homozygous mutant animals when compared to the untreated
homozygous mutant animals (Fig. 7C—G). Indeed, the density of
melanophores in the treated mutants was similar to that seen in
untreated or treated heterozygous mutant animals, suggesting a
complete rescue (Fig. 7C—G). In addition, we found that fin quality
improved markedly, with treated mutants showing fuller, unbroken
fins compared to the ragged fins of the untreated controls (compare
Fig. 7A and B). Furthermore, after 8 weeks of T, treatment we were
able to rescue breeding behaviour in both sexes. Mutant males and
females were able to spawn with WT animals or with each other.
These mating episodes resulted in the production of four clutches of
eggs in four consecutive weeks. Rescue of fertility was perhaps the
most striking outcome of T4 treatment.

Having observed a rescue of most of the phenotypes associated
with the homozygous duox mutants, we wondered whether T,
treatment also diminished the size of the thyroid gland in the duox
mutants. Anecdotally, we had noted that one of the homozygous
duox sa9892~~ mutant animals in the treated group had a small
external goitre before treatment, but the goitre resorbed after
2 weeks of treatment. In comparison, a homozygous mutant sibling
in the untreated group, that also had an external goitre, showed an
increase in the size of the goitre during the course of the experiment
(data not shown). This suggested that T, treatment might lead to a
diminution in the size of the thyroid glands in the homozygous
mutant animals. To confirm whether this was the case, we sectioned
and performed ISH for thyroglobulin on some of the treated and
untreated homozygous mutant animals. We found that treatment led
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Fig. 2. duox mutants exhibit growth retardation. Mutants for both alleles as well as compound heterozygotes are shorter than their WT and heterozygous
siblings at 3 months (A—G) but catch up by 6 months (H). sa130717-/~ animals are trailing behind even at 6 months (H). Asterisks in G denote statistically
significant differences (Bonferroni’'s multiple comparisons test, ****P<0.0001) duox mutants also have a delay in the inflation of the anterior lobe of the swim
bladder (1,J) (white arrowheads indicate lobes). Adults at 3 months old also lack barbels (L—P), which are observed in heterozygous siblings (white
arrowheads; K,N). Barbels emerge in some older animals (6 months and older) (white arrowhead, M). External goitres are often visible in young adults (black

arrowheads; L,0). Scale bars: 1 mm.

to a dramatic decrease in the thyroid hyperplasia normally
associated with the duox homozygous mutants. However, some of
the treated animals did retain some small areas of ectopic
thyroglobulin staining in the head not seen in WT animals,
suggesting that these animals had extensive ectopic thyroid
follicular tissue prior to treatment (Fig. 7H-J).

Methimazole phenocopies duox mutant phenotypes

For final confirmation that the phenotypes found in the homozygous
duox mutants were due to hypothyroidism, we asked whether
exposure of WT fish to the goitrogen methimazole (1 mM)
phenocopied the homozygous mutant phenotypes. To counter the

influence of already circulating THs, we exposed the adult fish over
a 3-month period. Treated animals became darker, owing to an
increase in the number of melanophores (Fig. 8 A—C). In addition,
adult fish treated with methimazole failed to breed, as observed
among homozygous duox mutant animals. They also developed
external goitres (three out of seven) (Fig. 8F) and, internally, their
thyroid follicles spread dramatically in area (Fig. 8G,H). This was
reminiscent of the observations made in homozygous duox mutants
(Fig. 8I). Finally, WT larval zebrafish continuously treated with
methimazole from between 3 hpf and 5 hpf onwards showed
resistance to follicular T, immunostaining, similar to that found
in duox sa9892~'~ and duox sal3017~'~ mutant larvae (Fig. 8D,E).
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contrast to heterozygous siblings, shown here in a 2x magnification of the flank in sa9892 siblings (E,F). Craniofacial anomalies were evident among
mutants, with frontal height significantly shorter among mutants (G-I) (Bonferroni’s multiple comparisons test, *P<0.5, **P<0.01). Erythema in the thoracic
region was prominent among mutants. This was especially noticeable in nacre backgrounds (L,N,O). duox mutants also suffered from perpetual fin damage,
which manifest as ragged margins and tears (S—U). Scale bars: 1 mm.
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DISCUSSION
The zebrafish has recently emerged as a new, genetically tractable
model for investigating the molecular mechanisms underpinning
thyroid organogenesis and function (Alt et al., 2006; Elsalini and
Rohr, 2003; Guillot et al.,, 2016; McMenamin et al., 2014;
Trubiroha et al., 2018; Wendl et al., 2002). Although a recent
report described the larval phenotype associated with CRISPR
generated bi-allelic loss-of-function duox mutations in FO zebrafish
(Trubiroha et al., 2018), there have been no prior reports describing
the phenotypic consequences of fully characterised duox alleles in
adult zebrafish. This is despite the fact that mutations in DUOX2 and
DUOXI have been shown to be associated with congenital
hypothyroidism in humans for more than a decade (Aycan et al.,
2017; Donko¢ et al., 2014; Jin et al., 2014; Johnson et al., 2007;
Kizys et al., 2017; Tonacchera et al., 2009; Vigone et al., 2005).
Here, we describe a comprehensive assessment of the adult
phenotypes associated with homozygosity of two loss-of-function
alleles of zebrafish duox in adult fish. The additional round of
genome duplication in teleost fish (Taylor et al., 2003)
notwithstanding, there only exists a single orthologue of duox in
zebrafish, instead of the two orthologues present in tetrapods
(DUOXI and DUOX?2) (Kawahara et al., 2007). Remarkably then,
in this instance, zebrafish has less genetic redundancy for this gene
than is commonly found in this system. Thus, assessing phenotypes
associated with homozygosity of the single duox orthologue in
zebrafish has allowed us to model the effect of losing the function of
both duox orthologues in tetrapods. This is particularly important as
mutations in both DUOX! and DUOX2 in humans have been
associated with a more severe form of CH (Aycan et al., 2017),
suggesting that DUOX1, while normally playing a minor role in TH
synthesis in humans, does partially compensate for the loss of
DUOX2 in humans.

Amongst the various adult phenotypes displayed by the
homozygous duox mutants, most have been previously observed
following pharmacological disruptions in thyroid hormone

synthesis or in mutant strains where the hypothalamic—pituitary—
thyroid (HPT) axis in zebrafish is affected. For example, goitrogen
treatments, thyroid ablation and #shr mutant strains display
alterations in pigmentation (McMenamin et al., 2014), similar to
those we found in homozygous duox mutants. More specifically,
thyroid ablated zebrafish have a darker striped pattern due to an
increase in the density of melanophores within each stripe
(McMenamin et al., 2014), akin to our homozygous duox
mutants. Another notable phenotype in our homozygous mutants
reminiscent of prior findings in goitrogen-treated zebrafish was
erythema in the proximity of the operculum. Schmidt and
Braunbeck (2011) came across a striking histopathological
phenotype following treatment of WT zebrafish with the
goitrogen, phenylthiouracil (PTU) (Elsalini and Rohr, 2003),
wherein treatment resulted in excessive proliferation of blood
vessels surrounding the thyroid follicles. This proliferation is
attributed to hyperemia resulting from blood aggregation in
proximally swollen blood vessels surrounding the thyroid follicles
and is concentration-dependent, with the highest concentrations
leading to hyperemia (Schmidt and Braunbeck, 2011).
Macroscopically, this proliferation of vasculature manifests as
erythema, giving a red colour to the entire opercular region. While
we did not perform a histological examination of the vasculature,
our macroscopic observations are consistent with these reported
findings, with all our mutants displaying this conspicuous redness
of the opercular region. The colouration was most notable amongst
younger animals and especially apparent in backgrounds lacking
melanophores. Space constraints together with follicular expansion
and vascular proliferation in the pharyngeal region could also
explain for the flaring opercula observed in some mutants, although
this could also be due to thyroid hyperplasia, which was also noted
by Schmidt and Braunbeck (2011) in their PTU-treated fish.

We were also able to induce this chronic hypothyroid/goitrogenic
state in WT animals following treatment with methimazole, resulting
in similar phenotypic outcomes. In our reverse experiment, however,

Fig. 4. duox mutant females are unable to ovulate and become egg bound. H&E staining of abdominal sections reveals oocytes (A,B). Scale bars: 1 mm.
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Fig. 5. Homozygous duox mutations lead to goitre. Adult mutant animals exhibit an array of variably sized external goitres (arrowheads; A,B), as well as
lateral flaring of opercula (arrowheads; C). When sectioned along the length of the follicular region (dotted area, D) and subjected to ISH for thyroglobulin,
mutants reveal extensive spread of and ectopic thyroid follicular tissue (G—L), in contrast to the localised, discreet distribution in WT and heterozygous
siblings (arrowheads; E,F). Scale bars: 1 mm.

Braunbeck, 2011) and in frog tadpoles (Hsi et al., 1974). This is
regarded to be the first step in compensating for TH production via
TSH (Schmidt and Braunbeck, 2011). Concentration dependent
increases in the extent of follicular hypertrophy and hyperplasia
have also been reported in the fathead minnow (Pimephales
promelas), when exposed to the thyroid peroxidase inhibitor
2-mercaptobenzothiazole (Nelson et al., 2016). duox mutants and
methimazole-treated WTs presented with amplified thyroglobulin

it was very interesting to note that while T4 treatment of mutants
resolved the goitres, some follicular staining remained in ectopic
regions. Even so, the overall amount of thyroid tissue was largely
diminished. It has been reported that at concentrations >25 mg/l of
PTU, follicular encroachment is found in the gills of zebrafish,
suggesting ectopic follicular expansion (Schmidt and Braunbeck,
2011). Follicular expansion following exposure to methimazole is
attributed to thyroid hyperplasia, both, in zebrafish (Schmidt and
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Fig. 6. Hypothyroidism is evident among duox mutants. At 5 dpf, homozygous mutant larvae lack staining for bound T, in the thyroid follicles, based on
wholemount fluorescent immunohistochemistry (D,E). This is in sharp contrast to the robust staining observed in WT and heterozygous siblings (A-C). The
NADPH oxidase inhibitor DPI successfully phenocopies duox mutations in WT larvae, resulting in an absence of T, detection (F). Scale bar: 50 ym.

expression that showed follicular crowding in the pharyngeal
regions and invasion in other ectopic locations. Thyroid
dyshormonogeneis (TD) is among the leading causes of CH, and
ectopia (ectopic thyroid) is the commonest subtype of TD (De
Felice and Di Lauro, 2004). Ectopic thyroid glands have recently
been reported in human DUOX2 mutations wherein scintigraphy
revealed submandibular and sublingual thyroid ectopic locations
(Kizys et al., 2017).

Teleost fins have garnered interest within the scientific
community not only due to their extensive morphological
diversity, but also due to their remarkable regenerative capacities
(Johnson and Bennett, 1999; Nakatani et al., 2007). Fins are
composed of multiple branched and multi-segmented rays covered
in a thin layer of epidermal cells. Individual rays consist of a pair of
hemirays. Mature hemirays, known as lepidotrichia, are surrounded
by a monolayer of osteoblasts that synthesise the bone matrix. With
no musculature present, the remainder is made up of mesenchymal
cells with nerve fibres and vasculature running along and inside the
fin rays. Because of the constant growth, renewal and maintenance
of the fins, it is relatively uncommon to find animals in aquaria with
damaged fins (Wills et al., 2008). Thus, the ragged fins in the duox
mutants stand out. We have found that the presence of ragged fins is
ameliorated, however, by treatment of the mutants with T4. Our
observations are in line with those in the medaka (Oryzias latipes)
hypothyroidism mutant, kmi~~, which also frequently exhibit
damaged or ragged fins (Sekimizu et al., 2007). Furthermore, kmi~'~

animals have also been reported to show delayed regeneration, which
can be rescued via exogenous Tjy.

CH has been associated with cephalic and facial defects and
developmental neurological abnormalities (Gamborino et al.,
2001). Such defects have been attributed to improper
development of the cranial neural crest (CNC), which is a
transient population of migratory embryonic stem cells. Arising
from the neural ectoderm, these cells contribute to a long list of cell
types, including bone, cartilage, craniofacial connective tissue,
corneal stroma and endothelium, iris stroma, ciliary body stroma
and muscles, sclera and the trabecular meshwork of the eye
(Barembaum and Bronner-Fraser, 2005; Minoux and Rijli, 2010).
An investigation of craniofacial morphogenesis using rats exposed
to methimazole revealed a 25% reduction in the overall head size
throughout gestation (Gamborino et al., 2001). These findings are
consistent with observations on craniofacial shape in zebrafish
manet?">3¢! mutants as well as metronidazole-mediated thyroid
ablated transgenics Tg(tg:nVenus-2a-nfnB)*?"¢, which have
narrower heads than controls (McMenamin et al., 2014). Further
evidence on the role of THs has been gathered using
pharmacological and morpholino-based approaches in zebrafish
larvae. In one study, methimazole treatment resulted in reduced
head depth and shorter jaw length (Liu and Chan, 2002). In another
study, methimazole and PTU were found to inhibit pharyngeal
arches and ceratohyal cartilage development, while knockdown of
thraa (thyroid receptor o a) led to malformations in the Meckel’s

8

Downloaded from http://bio.biologists.org/ at Christie Hospital on October 3, 2019

c
@
o}

o
>
)

9

Q

[



http://bio.biologists.org/

RESEARCH ARTICLE Biology Open (2019) 8, bio037655. doi:10.1242/bio.037655

sa9892-/-

T4 treated

®
2

601 o=

40

20] = x*

Melanophore density/500um

0 T T T
N N 5\
O Q O O
x@ Qb xQ xQ
& > & &
& N & o
f],x ’ Q(I’X\ (e X q‘bqq,
Q Q) %)
> 9 >
& & & °
sa9892-/- J sa9892-/-
y e T / \_/71 / i \ i oy \ \ pe
p \ w \
g } ]
j /x\' & .\, ~= \\ )
/;6 L r..,: ! ~~,’
0 ¥
/h 4 ’\.:,’: d W
i
untreated T4 treated T4 treated

Fig. 7. T4 treatment alleviates phenotypic anomalies in duox mutants. T,-treated mutants show an improvement in fin health, compared to untreated
mutants (A,B). Pigment changes are evident among T,-treated mutants. C—F show a 5x magnification of the distribution of melanophores on the flank region
of $sa9892*~ and sa989~'~ siblings, with a significant reduction in melanophore number (G). Asterisks denote statistically significant differences (Bonferroni’s
multiple comparisons test, ****P<0.0001). Goitres resolve following T, administration, but small ectopic thyroids are still evident (black arrowheads) (1,J).
Scale bars: 1 mm.

and ceratohyal cartilages (Bohnsack and Kahana, 2013). Our Furthermore, duox mutants appear to experience several
observations of the shorter frontal height among duox sa9892~/~, phenotypes associated with retarded growth and development.
sal3017~~ and sa9892/sal3017 animals are yet another indicator ~ These include delayed growth rate, and delayed or incomplete swim
of TH deficiency. bladder morphogenesis and barbel emergence. As development is
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Fig. 8. The goitrogen methimazole (MMI) phenocopies duox mutations. A and B show a 5x magnification of the distribution of melanophores on the
flank region among MMI-treated and untreated WT fish. Treated animals have at least two distinct populations of melanophores, based on size (A,B).
Pigment change pertaining to melanophore numbers is significant following MMI treatment (C). (Bonferroni’s multiple comparisons **P<0.01). MMI leads to
loss of bound T4 in WT larvae (D,E) and induces external goitre (arrowhead; F). ISH for thyroglobulin reveals widespread follicular tissue, not limited to the

mid-ventral region (H), similar to duox mutants (I). Scale bars: 1 mm.

underway, fish standard length (SL) is subject to both genetic and
environmental factors, thus introducing variation amongst siblings.
Indeed, environmental influences on SL is clearly apparent as larvae
reared in groups show greater variation in SL than larvae raised
individually (Parichy et al., 2009). SL is, thus, regarded as a more
reliable measure of fish maturation than age (Parichy et al., 2009;
Singleman and Holtzman, 2014). Considering the mean values for
SL for our groups, it was clearly apparent that at 3 months of age all
mutant groups were significantly shorter (i.e. less mature) than their
heterozygous or WT siblings. Remarkably, by 6 months, however,
the homozygous duox mutant fish caught up with the WT and
heterozygotes siblings. This suggests that it is not growth per se, but
the state of maturation, which is dependent on thyroid hormones.
This finding is consistent with findings in non-metamorphosing
Xenopus laevis tadpoles, which become giants and can live for years
in an immature neotenic state (Rot-Nikcevic and Wassersug, 2004).
This arrested development, associated with continued growth, has
been attributed to a lack of thyroid glands in these animals (Rot-
Nikcevic and Wassersug, 2004). In fish, definitive evidence of TH
insufficiency causing metamorphic stasis is well appreciated from

studies on flatfish. Larvae of the summer flounder (Paralichthys
dentatus), when treated with thiourea, do not develop beyond early
metamorphic climax (Schreiber and Specker, 1998). Likewise, olive
flounder (Paralichthys olivaceus) larvae treated with the goitrogen,
thiourea, enter metamorphic stasis and become giant larvae (Inui
and Miwa, 1985). Although metamorphosis among the roundfish is
less dramatic, several examples illustrate the dependence of
metamorphosis on THs. Thiourea treatment was found to arrest
metamorphosis in the coral trout grouper (Plectropomus leopardus)
(Trijuno et al., 2002), orange-spotted grouper (Epinephelus
coioides) (de Jesus et al., 1998) and the red sea bream (Pagrus
major) (Hirata et al., 1989). Meanwhile, the pesticide chlorpyrifos,
reported to cause reductions in serum concentrations of T4 and T;
(Slotkin et al., 2013), was recently found to prevent metamorphic
completion in the convict surgeonfish (Acanthurus triostegus)
(Holzer et al., 2017). In zebrafish, a 1 mM concentration of
methimazole inhibited the larval to juvenile transition (Brown,
1997). However, larvae treated with a concentration of 0.3 mM
eventually escaped the inhibition and continued development.
While our duox mutants eventually reach normal adult size, this
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might be associated with an incomplete metamorphic or immature
state. Alternatively, there may be some genetic redundancy present
in zebrafish, whereby a different source of H,O, in the thyroid
follicles might be capable of partially compensating for the loss of
duox function. Indeed, another NOX isoform, NOX4, has been
described in human thyrocytes. Unlike Duox though, NOX4
generates H,O, in the intracellular compartment (Weyemi et al.,
2010). It may thus be important to generate double mutants for duox
and nox4 to determine the contribution of Nox4 in thyroid
hormonogenesis.

In the zebrafish, swim bladder inflation is dependent on THs
(Godfrey et al., 2017; Liu and Chan, 2002). The posterior chamber of
the swim bladder inflates around 4.5 dpf while the anterior chamber
inflates by 21 dpf (Winata et al., 2009). These events appear to
coincide with peaks in whole body T; at 5 dpf and 10 dpfand T, at
21 dpf (Chang et al., 2012). Previously, it was found that swim
bladder inflation was significantly delayed in thyroid-ablated
zebrafish, where the anterior chamber of the bladder inflated
~50 dpf, compared to ~20 days in controls (McMenamin et al.,
2014). Similar observations were also made in thyroid-ablated Danio
albolineatus (McMenamin et al., 2014). There also exists sufficient
evidence of how pharmacologically disrupted thyroid processes
affect swim bladder inflation. Ecological assessments of aquatic
pollutants often employ key morphological events during fish
development as predictive approaches. 2-Mercaptobenzothiazole
(MBT), commonly used for rubber vulcanization, is found to occur
in environmental water bodies. MBT is a potent TPO inhibitor and its
role was recently examined in swim bladder inflation in the fathead
minnow (Pimephales promelas) (Nelson et al., 2016) and zebrafish
(Stinckens et al., 2016). Among minnows, larvae continuously
exposed to MBT showed a concentration-dependent decrease in
anterior lobe size (Nelson et al., 2016). Meanwhile, MBT-treated
zebrafish larvae were reported to fare worse than minnows, where
22% of larvae exposed to the highest concentration failed to inflate
the anterior chamber (Stinckens et al., 2016). Interestingly, even
though both species belong to the order Cypriniformes, a
compensatory T4 response has been reported in the fathead
minnow at 21 dpf (Nelson et al., 2016) but not in the zebrafish
(Stinckens et al., 2016), suggesting species-specific differences. Our
homozygous duox mutant animals also displayed a significant delay
in anterior chamber inflation, suggesting that Duox is essential for
this process, likely through its role in thyroid hormone synthesis.

Barbels are yet another easily observable phenotypic trait
influenced by thyroid hormones. In zebrafish, both pairs develop
as epithelial buds around 30-40 dpf, following the emergence of
pelvic fin rays (Hansen et al., 2002; Parichy et al., 2009). Thus far,
only one study has reported barbel emergence to be influenced by
THs. Thyroid ablation via Mtz of Tg(tg.nVenus-2a-nfuB) of Danio
rerio and D. albolineatus resulted in the absence of sensory barbels
(McMenamin et al., 2014). Similarly, manet mutants were also
found to lack barbels (McMenamin et al., 2014). Our homozygous
duox mutants also show impairment of barbel emergence,
consistent with their hypothyroid state. However, it is notable that
a subset of the sa9892~~ mutants eventually did grow barbels,
similar to their body length catch-up phenotype.

In humans, thyroid dysfunction during pregnancy has been
positively associated with adverse maternal/foetal outcomes,
including infertility, miscarriage, pre-eclampsia, pre-term (before
37 weeks) birth and maternal thyroid dysfunction postpartum
(Hernandez et al., 2018; Stagnaro-Green et al., 2011; Velasco and
Taylor, 2018). TH is essential for early development and maturation
of'the foetal brain and maternal transfer of TH is especially important

during the first trimester (Cooper and Biondi, 2012) since the embryo
does not begin synthesising THs until 12—13 weeks into gestation
(Casey and Leveno, 2006). The British Thyroid Foundation suggests
prescribing levothyroxine to hypothyroid women trying to conceive
in order to address these negative consequences of hypothyroidism
on fertility and pregnancy. Intriguingly, we also noted significant
defects in fertility in both sexes in our homozygous duox mutants.
Although we do not currently know the reason for infertility in the
duox mutants, a potential cause may be due to failure in mating
behaviour as a consequence of the observed effects on pigmentation
in the mutants. It has previously been noted that, in zebrafish, both
sexes experience diurnal changes in their stripes and interstripe
colours, a process termed ephemeral sexual dichromatism, during
mating and spawning (Hutter et al., 2012). Another study reported
that females utilise yellow colouration for sex recognition (Hutter
etal., 2011). This ties in well with xanthophore deficiency reported in
thyroid ablated, hypothyroid zebrafish (McMenamin et al., 2014),
and by extension, the duox mutants. However, it is notable that casper
strains of zebrafish, which lack xanthophores altogether, can
successfully breed (White et al., 2008). Thus, there may be
additional factors that may be contributing to infertility in duox
mutants.

Associations between thyroid status and reproduction in teleosts
have been previously reviewed (Cyr and Eales, 1996). Four
physiological pre-requisites have been recognised as essential to
spawning behaviour and fertility in fish: (1) the completion of
vitellogenesis in the ovaries, (2) maturation and ovulation of oocytes
stimulated by pituitary luteinizing hormone (LH), (3) completion of
spermatogenesis, and (4) sufficient production and storage of milt
(seminal plasma and mature sperm) in the sperm duct. These are
largely regulated by the endocrine system (Kobayashi et al., 2002).
T; enhances the response of the ovarian follicles to gonadotropins,
thus facilitating secretion of 17 estradiol (Cyr and Eales, 1988).
This regulates the production of vitellogenin by the liver, and in
studies on Great Lakes salmonids it has been suggested that lowered
T; levels may impair oocyte production (Leatherland and Barrett,
1993). In the fathead minnow (Pimephales promelas), Methimazole
treatment led to a reduction of the cortical alveolus oocytes, relative
to control females. Meanwhile, in post-spawning males, control
animals showed an increase in the number of spermatozoa and a
decrease in the number of spermatogonia. This increase in
spermatozoa was not observed in methimazole-treated cohorts,
suggesting that hypothyroidism affects spermatogenesis (Lema
et al., 2009). Among the African sharptooth catfish (Clarias
gariepinus), pre-spawning males treated with thiourea were shown
to have narrower seminiferous tubules and fewer spermatozoa
(Swapna et al., 2006). Intriguingly, hypothyroidism in humans has
also been associated with impaired spermatogenesis and sperm
abnormalities (La Vignera and Vita, 2018). We have found that
fertility in our homozygous duox mutants can be restored in both
sexes and we can successfully raise offspring to adulthood from a
cross between a mutant male and WT female. This is in line with
previous observations on growth-retarded (grf) mice. grt mice have
autosomal recessive hypothyroidism, with females suffering lifelong
infertility and males gradually acquiring fertility. When treated with
THs, grt females showed an increase in the size of their uteri and
ovaries, which was comparable with heterozygous and WTs.
Furthermore, they engaged in copulatory behaviour and were able to
conceive and deliver pups (Hosoda et al., 2008). Zebrafish duox
mutants thus provide an excellent model to investigate the consequences
of human CH associated with mutations in DUOXI and DUOX2, and
the mechanisms by which treatment with THs, even in adults, can
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restore many of the defects caused by chronic hypothyroidism,
including restoration of fertility in both males and females.

Conclusion

Overall, we found that homozygous mutants display a number of
phenotypes, which can be ascribed to hypothyroidism, including
growth retardation, pigmentation defects, ragged fins, thyroid
hyperplasia and external goitre. By and large, the growth
retardation defect is not permanent, as fish continue to grow
despite being chronically hypothyroid, and ultimately catch up with
their euthyroid heterozygous and WT siblings. This contrasts with
findings in humans suffering from hypothyroidism, who remain
growth retarded unless T, treatment is initiated within weeks
after birth. Most other phenotypes associated with chronic
hypothyroidism in the duox mutant fish were rescued by T4
treatment, even if supplementation was not initiated until adulthood.
These include recovery of fertility, return to normal pigmentation,
improvement in fin morphology and return to normal size thyroid
glands. In summary, duox mutant zebrafish provide a new and
potentially powerful system to understand the consequences of
chronic congenital hypothyroidism on growth and maintenance of
body physiology, as well as the mechanisms of recovery of normal
physiology following thyroid hormone supplementation. Thus, our
duox mutant fish appear to be in a chronic hypothyroid/goitrogenic
state, as indicated by their external goitres as well as internal
expansion of thyroglobulin expressing tissue.

MATERIAL AND METHODS

Ethics statement

All experiments involving animals were approved by the local ethics
committee and the Home Office.

Animals and husbandry

Adults and larvae were used in this study. The zebrafish (D. rerio) WT line
used was AB. Mutant lines used were duox sa9892 and duox sal3017
(Kettleborough et al., 2013) and were obtained from the European
Zebrafish Resource Center (EZRC). Compound heterozygotes for these
mutant alleles were generated in-house. Both duox alleles were also
crossed into nacre (nac"?) (Lister et al., 1999) and casper (White et al.,
2008) strains for visualising larval thyroid follicles, swim bladder
and adult erythema. In all cases, embryos were raised in sea salts
(Sigma-Aldrich, S9883) medium containing 0.0001% Methylene Blue
until 5 days post-fertilisation (dpf) and then transferred to the system
where they were maintained at a temperature of 28°C, pH 7.4, constant
salinity and a 14:10 photoperiod.

PCR and genotyping

Genomic DNA was extracted from caudal fin clips or whole larvae using lysis
buffer, in a thermal cycler. The conditions for this procedure were 2 h at 55°C,
10 min at 95°C and a hold (if necessary) at 12°C. PCR was performed using
ExTaq DNA polymerase (TaKaRa RR001A) with the following primer pairs:
for the duox sa9892 allele, forward 5'-ACGAGGTACACAACTCAAGCTG-
3" and reverse 5'-GACGTTCAAAGCGAAACCTGAC-3'; for the duox
sal3017 allele, forward 5-TGGTACACCATTTGAGGATGTGA-3’ and
reverse 5'-ACACCCACCATAGAGGTCTCT-3'. PCR conditions were as
follows: 36 cycles at 94°C for 30 s, 55°C for 30 s and 72°C for 30 s. Samples
were subject to Sanger sequencing (GATC Biotech). Sequencing primers
used were 5'-CTTGGTCTGCCTTTGACGAAGT-3’ for the duox sa9892
allele and 5'-GTGACTCAAGTCAGAACAGGTC-3' for the duox sal3017
allele. Siblings were stage-matched, phenotypically WT, heterozygous and
homozygous animals obtained by crossing heterozygous carriers.

Whole mount immunofluorescence
Zebrafish larvae, at 5 dpf, were fixed overnight in 4% phosphate-buffered
paraformaldehyde (PFA) (Sigma-Aldrich), at 4°C. This was followed by

15 min of dehydration in 100% methanol. Larvae were then transferred to
fresh 100% methanol and stored at —20°C until usage. Larvae were gradually
rehydrated to PBST, treated with 10 pg/ml proteinase K (Roche) for 30 min,
briefly rinsed in PBST, and postfixed in 4% PFA for 20 min. Following
further rinsing in PBST, larvae were immersed in blocking buffer (PBST
containing 1% dimethylsulfoxide, 1% BSA, 5% horse serum and 0.8% Triton
X-100) for 2 h. This was followed by overnight incubation, at 4°C, in
blocking buffer containing the primary antibody (1:1000) against thyroxine
(T4) (Biorbyt orb11479). Overnight incubation was followed by several wash
steps in PBST containing 1% BSA. Larvae were then incubated overnight, at
4°C, in blocking buffer containing the secondary antibody (1:250) Alexa
Fluor 568 (Invitrogen A11057) (Opitz et al., 2011). Stained larvae were
washed in PBST, imaged and then subject to genotyping.

Histology and ISH

In situ hybridization on sections of adult zebrafish was performed essentially
as described (Paul et al., 2016). Briefly, adult zebrafish were fixed whole in
4% PFA for 1 week followed by a decalcification step in 20% EDTA, for
10 days. Animals were then cut at the operculum and mid trunk level and
processed in a Leica TP1050 tissue processor in preparation for paraffin
embedding. The embedding station used was a Leica EG1150H. The cut face
of the tissue was oriented towards the leading edge of the paraffin block and
sectioned at 5 um thicknesses on a LeicaRM2255 microtome. Sections were
arranged and held on Superfrost Plus™ slides (Thermo Fisher Scientific).
Alternating sections were then taken forward for Haematoxylin and Eosin
(H&E) staining and ISH. Sections were put through H&E staining via a
Varistain 24-4 carousel (Thermo Fisher Scientific, Shandon). Thyroglobulin
(tg) cDNA used for riboprobe synthesis was amplified using forward 5'-
AGGTGGAGAATGTTGGTGTG-3'" and reverse 5'-CTCCAACTCTGGC-
AATGACT-3" primers. Digoxigenin-labelled probes were synthesised
in vitro using a MEGAscript®T7 kit (Ambion).

Body length and melanophore counts

For measuring body length, all fish were briefly anaesthetised in 0.02% MS
222 (tricaine) (Sigma-Aldrich). They were then transferred onto an agarose
bed in a petri dish and imaged at 0.73x magnification. For each fish two or
three images were captured in order to include the entire length including the
caudal fin. These part images were stitched together in Adobe® Photoshop
to obtain a single image. The ‘ruler’ tool and ‘analyse measurement’
command in Photoshop CS5 were used on these images to calculate the
length from the tip of the mandible to the caudal peduncle.

For determining melanophore density, all fish were treated with
epinephrine to contract pigment granules. To obtain a 1 mg/ml working
solution, 0.1 g of epinephrine was dissolved into 100 ml of a 0.01% tricaine
solution. Epinephrine is only partially soluble in water and thus, the solution
was filtered to obtain a clear filtrate. The solution turns pink-orange during
filtration. Fish were treated for 5 min in this working solution. They were
then transferred onto an agarose bed in a petri dish and imaged at two
locations on the lowermost continuous stripe extending from the operculum
to the trunk. A 5x magnification was used. The ‘multi-point’ tool on FIJI
was used to manually count all melanophores contained within a stripe, in
the field of view, for each image. All images were acquired on a Leica
MZ16FA fluorescence stereomicroscope with a DC490 camera.

Pharmacological treatments

For rescuing mutant phenotypes, a 12-week treatment with T, (Sigma-
Aldrich) was sustained in a closed system that closely resembled aquarium
conditions. Four groups- sa9892 "/~ untreated, sa9892 "/~ treated, sa9892~/~
untreated and 598927/~ treated were subject to this regime, with each group
comprised of four adult fish. T4 was added tri-weekly, at a concentration of
30 nM. Water was changed three times each week.

For phenocopy experiments, a 12-week treatment with methimazole
(Sigma-Aldrich) was administered, once again, in a closed system
simulating aquarium conditions. This regime was applied to six WT adult
fish, while six untreated WT animals comprised the control group.
Methimazole was added tri-weekly, at a concentration of 1 mM. Water
was changed three times each week.
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For immunostaining, WT larvae were treated with methimazole (0.3 mM)
from 0 dpf. Animals were then fixed at 5 dpf and stained for T, as described
above.

Statistical analyses

GraphPad Prism 7 was used for statistical testing. Column statistics and
analyses of variance were implemented for all data sets. For column
statistics, we calculated median, s.d., s.e.m., confidence intervals and
Gaussian distribution. The D’ Agostino and Pearson test was used to check
for Gaussian distribution. One-way ordinary ANOVA was used to
analyse variance. Differences were considered significant at P<0.0001.
Bonferroni’s multiple comparisons test was used to compare means
between groups.
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Zebrafish nox5 mutations: A brief description of an anaesthesia-

resistance phenotype

A summary of ROS-producing enzymes

ROS include superoxide anion (0,"), hydrogen peroxide (H,0,), hydroxyl radicals and
an assortment of their reaction products (Lambeth 2004; Nathan and Ding 2010).
While, the mitochondrion is a major production centre of ROS (Moldovan and
Moldovan 2004), enzymatic production of ROS via the transmembrane NOXes has
been a major focus of investigations on pathologies (Buvelot et al. 2016; Muzza and

Fugazzola 2017) and regeneration (Gauron et al. 2013; Zhang et al. 2016).

Seven NOX isoforms are presently recognised, viz. NOX1, 2, 3, 4, 5, and DUOX1 and
2. Zebrafish, the model described in this essay, lacks Nox3 and has a single Duox
(Kawahara, Quinn, and Lambeth 2007). All NOXes produce H,0,, either via the
dismutation of superoxide (NOX 1-5) mediated by superoxide dismutase (SOD), or,
directly (DUOX1-2) (Ameziane-el-hassani et al. 2005). In line with this preserved
function, all NOXes share structural homology including an NADPH-binding site at
the intracellular C-terminus, a FAD-binding region in the proximity of the most C-
terminal transmembrane domain, six conserved transmembrane domains, and four
highly conserved heme-binding histidines (Bedard and Krause 2007). Their
biochemical function is tightly regulated by additional subunits, regulatory proteins
and ions. These include P22°" (CYBA), P47°"* and P67°"* (Bedard and Krause
2007). While NOX3 and 4 are believed to be constitutively active, NOX5, DUOX1, and
DUOX2 are activated by Ca** and do not appear to require subunits (Bedard and
Krause 2007). With the discovery of the NOXes and their regulated production of
ROS, the negative reputation of ROS has somewhat given way to an appreciation of

their functions in signalling, innate immunity but also possible roles in disease.

Having only being discovered in 2001 (Banfi et al. 2001; Cheng et al. 2001), Nox5 is

the most recently characterised NOX. Structural peculiarities of NOX5 include a



unique N-terminal extension called the EF hand, which features Ca®* binding
domains. NOX5 activation is entirely Ca®* dependent. It is unusual in that it is missing
in rodents, yet is found in other mammals and non-mammalian vertebrates (Touyz
et al. 2019). Clinical significance for NOX5 comes from its implications in
neurodegenerative disease (Tarafdar and Pula 2018) and pulmonary arterial
hypertension (Peng et al. 2017). Also, using mice expressing NOX5 in a muscle-
specific manner, and the triatomine bug Rhodnius prolixus, NOX5 has recently been
shown to regulate vascular contraction and smooth muscle contraction (Montezano

et al. 2018).

As an enzymatic source of ROS, Nox5 was one of our targets for investigating its role
in regeneration of the zebrafish caudal fin, post amputation. nox5 was successfully
targeted via CRISPR/Cas9, but adult animals did not display any noticeable
phenotypes. Thus, the question emerged as to whether the mutation led to a
functional defect. Indeed, a phenotype was uncovered when animals were exposed
to the anaesthetic MS-222. We hypothesised that nox5 mutants experience

increased resistance to anaesthesia.

Materials and Methods

Zebrafish husbandry

Zebrafish (Danio rerio) husbandry was undertaken in a re-circulating system maintained at 28.5°C,
with a 14h photoperiod. These conditions are uniform for wild type and all GM strains. Embryos were
obtained by marbling tanks, or by isolating pairs in breeding chambers. All animal work was

performed under a Home Office Licence.

Genomic Extraction

Fish were anaesthetised using 0.4 mg/mL (0.04%) MS-222 (Sigma Aldrich). Fin clips from caudal or
anal fins of individual adults were added to a mixture of lysis Buffer (10mM Tris-HCL, pH 8.0, 1mM
EDTA, 0.3% Tween-20, 0.3% NP40), and proteinase K (20-25mg/ml), 1ul/50ul lysis buffer. This was

incubated in a thermal cycler programmed to 55°C (2hours), 95°C (10 minutes) and a 12°C hold.

sgRNA design and production of CRISPR mutants
Single guide RNAs (sgRNAs) were designed for targeting exon exon 4 of nox5, using the online tool
CRISPRscan. Entering the Ensemble ID for each gene automatically listed multiple gRNAs against

coding exons. gRNAs were then chosen based on rank, location within the first 50% of the ORF, and



distance from the initiation codon. A sgRNA template requires a 52nt oligo (sgRNA primer) 5’
TAATACGACTCACTATAGG(N=18)GTTTTAGAGCTAGAA, containing the T7 promoter, the 20nt specific DNA-
binding sequence [GG(N=18)] and a constant 15nt tail annealing sequence. This was annealed to an
80nt reverse o0ligo AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTC
TAAAAC invariant 3’ end (tail primer) to generate a 117bp PCR product. Oligos were obtained from
Sigma-AIdrich®. The PCR cycler settings for this primer extension were 3 min at 95°C; 30 cycles of 30s
at 95°C, 30s at 45°C and 30s at 72°C; and a final step at 72°C for 7 min. PCR products were purified
using Qiaquick (Qiagen) columns, and approximately 120-150ng of DNA were used as a template for
a T7 in vitro transcription reaction. In vitro transcribed sgRNAs were treated with DNase and
precipitated using sodium acetate and ethanol (Moreno-mateos et al. 2015). Purified sgRNA and
Cas9-NLS protein (New England Biolabs’ Inc.) were diluted to 300ng/ul. Equal volumes of Cas9-NLS
protein, sgRNA and Phenol Red (Sigma-AIdrich®) were mixed to obtain the final injection mix. Injection
drop size was adjusted to 1nl using a graticule scale. All embryos were injected at the one-cell stage.
F, heterozygous animals were identified via restriction digest with Haelll, and indels were

characterised using Sanger sequencing.

Polymerase Chain Reaction
PCRs for were undertaken using ExTag DNA Polymerase (TaKaRa). Primers used are listed below. The

Tw for the primer pair was 55C.

nox5 F GCTCAAGGGCTTACATGATCC Genomic PCR for CRISPR mutants
nox 5R GCCTCAACATCAGCACCTAC Genomic PCR for CRISPR mutants
M13 Reverse GTAAAACGACGGCCAGTG For identifying indels

Statistical analyses
Comparisons were made via an unpaired t-test using Prism 8.1 (GraphPad Software, Inc.). Significance

was assumed at P<0.05.

Results

Generation and molecular characterisation of a nox5 mutant allele

Zebrafish nox5 is mapped to chromosome 25: 7,927,349-7,946,732, on the reverse
strand. It has 2 splice variants, both of which are protein coding (Ensemble 84 Mar
2016). In the zebrafish, nox5 has 16 exons. To achieve early protein truncation, we
targeted two sequences on exon 4 (which is shared by both variants). A single
mutation was identified among individual F; animals, which were obtained by

crossing Fo adults to WTs. This was found to be a 4bp indel (2novel BPs and 2 deleted




BPs) leading to a frameshift mutation. Incrossing F; heterozygotes led to the
establishment of a stable mutant line harbouring this indel (Fig. 1), hereafter
referred to as nox™****”". The CRISPR-targeted region of exon 4 includes a diagnostic
Haelll restriction site, which enabled easy identification of mutants from WT

animals. Mutants are viable and fertile.

Haelll

CTTTGCCTGTACGGCCTCCTGAACACCTT

e e e e L
GAAACGGACATGCCGGAGGACTTGTGGAA

exon 4
CTTTGCCTGTAC----TCCTGAACACCTT

CTTTGCCTGTAC----TCCTGAACACCTT UD W het hem

Restriction digested with Haelll

Fig. 1. CRISPR/Cas9-mediated mutation of exon 4 in zebrafish nox5. A. 4bp indel leads to the loss of a restriction site for Haelll.

B. Electrophoresis gel showing the identification of mutants via restriction digest.

nox5 mutants display resistance to MS-222

While anaesthetising animals for a caudal fin amputation experiment, most mutants
appeared to take longer than usual to respond to the anaesthetic tricaine
methanesulfonate (MS-222). After the animals had made a full recovery of the
amputated fin, we decided to investigate further the response to anaesthetic. As per
standard protocol, MS-222 was freshly prepared. nox®**"” adults (n=22) and WT
adults (n=23) were individually immersed in anaesthetic, in a beaker. Two attributes
were measured: 1) righting reflex, and 2) cessation of opercular movement. The
righting reflex serves to resume orientation when the body loses its upright
orientation. All WT animals lost the righting reflex in under 30s following immersion.
A simple tapping of the surface on which the beaker was placed elicited no response
from the WTs. Meanwhile, nox®*4**" took upto 360s to achieve loss of the righting
reflex (Fig. 2). Even though they stopped swimming, mutants remained responsive to
the tapping by responding with jerky, erratic movements. Loss of opercular

movement in WTs took upto 200s, while in the mutants this took as long as 382s



(Fig. 2). Interestingly, most mutants appeared to lose the righting reflex very close to
cessation of opercular movement. Overall, we found that nox5 mutants show a

prolonged resistance to a commonly used anaesthetic.
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Fig. 2. nox5 mutants show increased resistance to MS-222. Unpaired t test **** P< 0.0001, *** P 0.0001.

Discussion

In this brief correspondence we describe a phenotype for anaesthesia resistance in
nox5 mutant zebrafish. As the newest nox to be discovered, and being absent in
rodents, characterisation of nox5 mutations is still nascent. The idea for generating a
nox5 mutant came from a need to investigate whether nox5-mediated ROS
influences regeneration in the zebrafish caudal fin. A prior consideration to targeting
genome sequences in fish is the complete genome duplication event that occurred
after the divergence of the ray-finned and lobe-finned fishes, in the common
ancestor of zebrafish and 22,000 other ray-finned species (Taylor et al. 2003). A

nucleotide BLAST of PCR primers for nox5, as well as a protein BLAST for Nox5 did



not reveal any additional paralogues. Then, using CRISPR/Cas9, we successfully
targeted nox5 to establish a loss of function allele for the gene.

n OXex4.4bp—/—

mutants have no phenotypic distinctions from WT fish, and thus, the
revelation of a phenotype was serendipitous, yet inevitable given that anaesthesia is
applied to adults while performing fin amputation. MS-222 is by far the commonest
anaesthetic for fish (Harper and Lawrence 2011) and amphibians (Dodelet-devillers,
Roy, and Vachon 2016). It acts by depolarising Na* channels, leading to
unconsciousness, immobility, and ultimately vascular collapse. Death occurs due to
hypoxia (Matthews and Varga 2012). Studies on MS-222 tolerance have mainly
centred around identifying optimum anaesthetising (Dodelet-devillers, Roy, and
Vachon 2016), or euthanising concentrations (Collymore, Banks, and Turner 2016;
Wallace et al. 2018), rather than in the context of mutation-related resistance.
However, there are two pieces of work that focus on anaesthesia, ROS and
regeneration. According to one report, the inhibition of Na* channels achieved by
MS-222 application deters regeneration in Xenopus laevis tadpoles, thus highlighting
the importance of these channels during regeneration (Tseng et al. 2010). In a
second interesting example, anaesthetic preconditioning (APC) of rat
cardiomyocytes with the anaesthetics desflurane and sevoflurane has been shown to
correlate with the magnitude of mitochondrial ROS production (Sedlic et al. 2009).

APC is a method that can be used to elicit the innate defence cardiac mechanisms

that are only triggered during ischemic injury.

A very quick method of corroborating our findings would be treating WT fish with
Nox-specific inhibitors, such as VAS2870, which has previously been shown to
interfere with regeneration of the zebrafish caudal fin (Gauron et al. 2013). Equally,
to determine if the mutation specifically affects the effect of MS-222, it would be
interesting to look at the action of other anaesthetics. For zebrafish, evaluated
protocols exist for gradual cooling, lidocaine hydrochloride, metomidate
hydrochloride, and isoflurane (Collymore et al. 2014), and etomidate, propofol and
ketamine (Martins et al. 2018). From the perspective of animal licensing conditions,

any anaesthetic aside from MS-222 would require approval, given their chemical



natures. However, gradual cooling (Collymore et al. 2014) may be a straightforward
option as it only involves water. Gradual cooling slowed opercular movement at 10.3
°C. Average recovery time was also reported to be significantly (P < 0.001) less for
gradual cooling (0s), compared to that for MS222 (140s). Importantly, fish exposed
to gradual cooling achieved a surgical plane of anaesthesia, similar to the effects of

exposure to MS-222 (Collymore et al. 2014).

nox5 mutations have very recently been generated in zebrafish, and these were
examined in the context of optical tectum development. Mutants were observed to
suffer from decreased innervation of the tectum. However, these were reported to
be embryonic lethal (Weaver et al. 2018). Given that our mutants are not embryonic
lethal, it may be possible to investigate this further. Finally, cues may be taken from
other nox mutants for identifying other phenotypes. duox mutants exhibit

unmistakable external and physiological phenotypes (Chopra, Ishibashi, and Amaya

ex4.4bp-/-

2019) none of which were evident in nox animals. cyba mutants, however,

appear healthy unless exposed to Aspergillus sps., which produces significant

mortality in comparison to WT siblings. It would be interesting to expose nox®*4ep/-

animals and compare their susceptibility to infection.

While an in-depth knowledge of the pharmacodynamics of anaesthetics and the
workings of ion channels would be instrumental in further explaining our
observations, we find that a nox5 mutant of zebrafish demonstrates resistance to

anaesthesia, and maybe a useful model to uncover new interactions of the NOXes.
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Zebrafish nox mutations reveal an oscillatory pattern of ROS

production during regeneration

Abstract

A sustained increase in ROS is essential for regeneration to occur in various models systems ranging
from the fin in zebrafish, to the tail in frogs, salamanders and geckos. This effect of ROS has been, so
far, demonstrated using pharmacological compounds such as diphenyleneiodonium and apocynin,
which target various sources of ROS including the transmembrane NADPH oxidases (NOXes). We
wanted to focus on the role of NOXes in regeneration, and so we generated nox mutants by targeting
duox, nox5 and cyba (a key subunit of NOXes 1-4). Further, to estimate their individual contribution to
ROS production these mutants were generated in a transgenic background, HyPer, which specifically
helps visualise H,0, flux. We found that ROS levels remain elevated for up to two weeks post-
amputation in wild type animals, but only a week among nox mutants. While regeneration did not
cease, a consequence of this reduced ROS flux was a significantly reduced rate of caudal fin
regeneration among cyba and duox mutants. We also provide clues into the possible temporal
distribution of Nox activity post-amputation. Finally, we show that ROS levels, both in the amputated

and unamputated state, oscillate during the day.

INTRODUCTION

The presence of a H,0; gradient, akin to a paracrine signal, attracting leukocytes to a
wound was first demonstrated in the zebrafish larval tail (Niethammer et al. 2009).
Pioneering work then in Xenopus (Love et al. 2013) and zebrafish (Gauron et al.
2013) established that amputation-induced ROS were vital for caudal regeneration.
These reports collectively indicated that epidermal wounding prompted an increase
in the levels of intracellular H,0,, which were sustained until the completion of
healing. Post-wounding gene expression assays in Xenopus tropicalis revealed a
number of genes involved in the production of ROS to exhibit “significant

modulation” (Love et al. 2011).

ROS and its manufacturing enzymes
ROS are a family of chemically reactive, oxygen-containing biomolecules that

includes singlet oxyradical, superoxide anion (0,"), hydroxyl radical (OH"), peroxyl



(RO;"), & alkoxyl (RO’) and non-radicals such as hydrogen peroxide (H,0,) (Mailloux
2015). Exhaustive literature ascribes the production and roles of ROS varying from
being the by-products of aerobic respiration causing oxidative stress to regulated
products of enzymatic activity participating in signalling. A major source of
physiological H,0; is believed to be a series of enzymes, namely the NADPH oxidases
(NOXes). Seven NOX isoforms are presently recognised. These are NOX1, NOX2,
NOX3, NOX4, NOX5, DUOX1 and DUOX2. The zebrafish does not have Nox3 and has
a single Duox instead of DUOX1 and DUOX2 (Kawahara, Quinn, and Lambeth 2007).
While Nox1-5 generate superoxide, which requires dismutation into H,O, by a
separate superoxide dismutase (SOD), DUOXes generate H,0, without requiring a
separate SOD (Ameziane-el-hassani et al. 2005). In line with their preserved function,
all NOX enzymes exhibit structural and functional conservation. Common structural
attributes include 1) an NADPH-binding site at the COOH terminus, 2) a FAD-binding
region in the proximity of the most COOH-terminal transmembrane domain, 3) six
conserved transmembrane domains, and 4) four highly conserved heme-binding
histidines (Bedard and Krause 2007) (Fig. 1). Localisation of NOXes is reported on the
plasma membrane (Bedard and Krause 2007), nuclear membrane (Hilenski et al.
2004), and the mitochondria (Ameziane-el-hassani et al. 2005). For their biochemical
function the NOX enzymes feature additional subunits, regulatory proteins and ions.

PhoX (CYBA) plays an essential role in the maturation and structural

Among these, P22
integrity of NOXes 1-4 (Bedard and Krause 2007). For example, phagocytes from
cyba-deficient patients have no detectable NOX2 protein (Dinauer et al. 1990; Stasia
et al. 2002) and cyba mutant mice suffer from vestibular defects brought on by
NOX3 instability (Nakano et al. 2008). At least NOX3 and 4 are believed to be
constitutively active. NOX5, DUOX1, and DUOX2 are activated by Ca®* and do not
appear to require subunits. For their activity DUOX 1 and 2 require the maturation
factors DUOXA1 and DUOXA2, respectively (Bedard and Krause 2007) (Fig. 1).

Interestingly, in zebrafish, the maturation factor for Duox is perplexingly called

Duox2.



DUOX1/2

Fig. 1. The NOX enzymes. A. Consensus structure of a NOX enzyme. As single electron transporters, NOX enzymes pass
electrons from NADPH to the electron acceptor oxygen, on the other side of the membrane. B. Activation of NOX isoforms.
Regardless of their structural similarities, NOX enzymes differ in their activation, requiring various subunits, regulatory proteins

and ions (Adapted from Bedard and Krause, 2007).

The suitability of ROS as signalling molecules is contingent on their reactivity. ®OH is
believed to be the most toxic ROS since it indiscriminately reacts with most
biomolecules that it encounters. Meanwhile O,¢” and H,0; are less reactive and have
longer half-lives. H,0, acts as a signalling molecule via the oxidation of protein
cysteine thiols (Moldovan and Moldovan 2004). Relative chemical stability and

diffusibility across cell membranes qualify it as a paracrine signalling molecule.

Defining regeneration

Regeneration is defined as a process that permits organisms to regain the
functionality of organs or structures following injury or disease (Stoick-Cooper,
Moon, and Weidinger 2007), a process that likely involves common mechanistic
principles operating regardless of the extent of damage, tissue, age and maybe
conserved across species (Yoshinari et al. 2009). Caudal fin regeneration in the
zebrafish fin is described as epimorphic. In the words of T H Morgan (1901) this
refers to “the case of regeneration in which a proliferation of material precedes the
development of the new part”. The proliferative tissue that forms at the amputation
margin is the blastema, and in the zebrafish it is now established that blastema
formation results from migrating fibroblasts and dedifferentiating osteoblasts (Knopf

et al. 2011; Pfefferli and Jazwinska 2015).



Gene expression changes during regeneration

Gene expression changes during tadpole tail regeneration have been measured in
Xenopus tropicalis (Love et al. 2011) and Xenopus laevis (Tazaki et al. 2005). Data
were categorised into functional categories including inflammation response, wound
healing, cell proliferation, cell signalling, cell differentiation, cell structure and
unclassified. In Xenopus tropicalis, a surprising find of this microarray was that “H,0,
metabolic process”, “superoxide metabolic process”, “NADP metabolic process”,
“nicotinamide metabolic process” and “oxygen and ROS metabolic process” came up
amongst the top ten most upregulated processes in the first 24hpa, when compared
to levels immediately after amputation. The modulation of these NADP/H related
genes suggested a role for NADPH-dependent metabolic processes during tail
regeneration (Love et al. 2011). Similarly, the most abundantly modulated functional
groups during zebrafish larval fin fold and adult fin regeneration included molecules
related to metabolism (40%), followed by signalling proteins (16.0%), transcription

factors (15.2%), and cell cycle regulators (7.2%) (Yoshinari et al. 2009).

Early injury signals during regeneration

At the onset of injury, highly conserved immediate damage signals are triggered at
the cellular level. These signals mediate early, transcription-independent wound
responses and contribute to the activation of various ligands and receptors to
activate signalling pathways and gene transcription. Even though wound-healing
processes are multifactorial complex molecular mechanisms, consensus points to the
common importance of three inter-related diffusible molecular mechanisms as the
earliest responses to wounding (Cordeiro and Jacinto 2013). The first of these is Ca**,
which is kept at very low steady-state cytosolic levels (<100 nM) compared to mM
extracellular concentrations, thus creating a steep Ca** gradient across the plasma
membrane. Zebrafish models of tail fin injury have demonstrated that rapid Ca**
flashes in response to injury are directly responsible for early H,O, production
mediated by duox (Razzell et al. 2013). Purinergic molecules such as ATP are the
second highly conserved danger signal. These are abundant intracellularly in healthy
cells (estimated to be ~100mM in case of ATP) compared to dramatically lower

extracellular concentrations. For example, bronchial epithelial cells when subject to



wounding stimuli exhibit rapid wound-induced H,0; production due to the activation
of DUOX1, in response to ATP-dependent signalling through P2Y purinoceptors (Van
Der Vliet and Janssen-Heininger 2014). Thus, Ca** and ATP-dependent signalling
come together to mediate the cellular production of ROS, which can be regarded as

the third early damage signal.

ROS and appendage regeneration

The role of ROS in appendage regeneration was uncovered around the same time in
Xenopus tadpole tail regeneration (Love et al. 2013) and in the adult zebrafish caudal
fin (Gauron et al. 2013). The key observation was the sustained production of ROS up
until regeneration concluded. Additionally, the role of cyba attracted interest, as
cyba morphant Xenopus tadpoles showed a 33% reduction in amputation-induced
ROS (Love et al. 2013). Meanwhile, employing a pharmacological inhibitor of the
NOXes led to a reduction in the blastema size post caudal fin amputation, in the
zebrafish (Gauron et al. 2013). More recently, ROS was shown to be essential during
the regeneration of the gecko tail, with particular focus on NOX2 (Q. Zhang et al.
2016). The newest report is a description of how ROS initiates regeneration in the
axolotl tail (Al Haj Baddar, Chithrala, and Voss 2019). Also, the estimation of ROS
necessitates a suitable method, one that is not transient and can regulate itself
specifically in response to a dynamic H,O, flux. These criteria were met with the
generation of a genetically encoded, H,0,-specific, ratiometric sensor called HyPer.
HyPer derives its specificity from the regulatory domain of E. coli Oxy R, a protein
specifically sensitive to H,0,. Wild-type OxyR also contains a DNA-binding domain. In
the presence of H,0, the reduced form of OxyR converts into its oxidized, DNA-
binding form (Zheng, Aslund, and Storz 1998). HyPer features a YFP inserted into the
Oxy R, and two excitation peaks at 420 and 500 nm and one emission peak at 516
nm. Upon exposure to H,0,, the excitation peak at 420 nm decreases proportionally
to the increase in the peak at 500 nm. Upon encountering the antioxidant catalase,
HyPer is restored to the initial level several minutes after the H,0, burst. Thus, HyPer
reports H,0, as a spectral shift in fluorescence, and also has the added virtue of
being reversible in its action, allowing real time estimation of ROS flux (Fig. 2)

(Belousov et al. 2006).
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Fig. 2. HyPer is a specific reporter of H,0, flux. A. HyPer features two excitation and one emission peak. B. A proportional
increase of the 500nm peak in relation to the decrease in the 420nm peak occurs when H,0, is encountered. C. A schematic
showing the reversible property of HyPer. Adapted from Belousov et al. 2006.

ROS and thyroid hormone synthesis

The functional unit of the thyroid gland is the thyroid follicle. It is comprised of
thyrocytes, which are polarised cells responsible for TH biosynthesis, storage and
secretion. Follicles specialise in the production of thyroxine (T4) and 3,3',5-
triiodothyronine (T3). THs are synthesised while bound to thyroglobulin, a high
molecular weight, thyroid-specific protein. Fundamental chemical reactions for TH
synthesis include: (1) iodide oxidation, (2) tyrosyl radical oxidation, (3) iodine
organification, and (4) coupling of iodotyrosines to form the iodothyronines, mainly
T, and T3 (Carvalho and Dupuy 2013) (Fig. 3). Enzymatic reactions involving the
oxidation of substrates during this process depend on the presence of H,0, (the
oxidant substance) and a catalyst, thyroperoxidase (TPO). H,O, necessary for
hormone biosynthesis is generated at the apical surface of the thyrocyte, its main
source being DUOX2 (Carvalho and Dupuy 2013), and its usage is rate limited (Gillam
and Kopp 2001). Mutations in both, DUOX1 and DUOX2 have been reported in
human congenital hypothyroidism, indicating their importance for TH biosynthesis

(Moreno et al. 2002; Aycan et al. 2017; Kizys et al. 2017; Liu et al. 2019).

A lacuna still remains to be filled about how critical pan nox-mediated ROS really are
in the wake of appendage amputation. Specifically, the questions to ask are: 1) Do
they work in concert? 2) Is there a critical nox? 3) How long does the ROS flux sustain
post-amputation? When discussing regeneration, it is also essential to consider the
contribution of growth to the regenerating fin. We begin by showing that growth has

a non-significant addition to the regenerating tissue. Then, using CRISPR/Cas9 and



ENU mutants for the noxes generated in the lab, we report for the first time the
contribution of these NOXes during caudal fin regeneration. Previously, our lab
generated transgenic (HyPer) Xenopus laevis as a tool for investigating regeneration
(Love et al. 2013) and the cell cycle during early development (Han et al. 2018). Here,
we describe the successful establishment of a stable transgenic Tg(HyPEr) zebrafish
reporter line, which we use as a background strain for nox mutations. Using
Tg(HyPEr) animals we estimate the post-amputation ROS flux in various nox
mutants, while also observing how this flux follows an oscillatory trend. We have
recently shown how duox mutations in zebrafish recapitulate clinical phenotypes of
congenital hypothyroidism (Chopra, Ishibashi, and Amaya 2019), and here

arguments are presented for the role of thyroid hormones during regeneration.
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Fig. 3. Thyroid hormone synthesis requires ROS. DUOX generates H,0, at the apical surface. MIT- monoiodotyrosine, DIT-
diiodotyrosine, T,- thyroxine, Ts- triiodotyrosine, Tg- thyroglobulin, TPO- thyroid peroxidase, P- pendrin, NIS- natrium iodide

symporter, AM- apical membrane, BM- basal membrane

Materials and Methods

Zebrafish husbandry
Zebrafish (Danio rerio) husbandry was undertaken in a re-circulating system maintained at 28.5°C,

with a 14h photoperiod. These conditions are uniform for wild type and all GM strains. Embryos were



obtained by marbling tanks, or by isolating pairs in breeding chambers. All animal work was overseen

by a Home Office Licence.

Genomic Extraction

Fin clips from caudal or anal fins of individual adults were added to a mixture of lysis Buffer (10mM
Tris-HCL, pH 8.0, ImM EDTA, 0.3% Tween-20, 0.3% NP40), and proteinase K (20-25mg/ml), 1ul/50ul
lysis buffer. This was incubated in a thermal cycler programmed to 55°C (2hours), 95°C (10 minutes)

and a 12°C hold.

sgRNA design and production of CRISPR mutants

Single guide RNAs (sgRNAs) were designed for targeting exon 1 of cyba, and exon 4 of nox5, as
previously described (Moreno-mateos et al. 2015). Briefly, the Ensemble ID for each gene when
entered online on CRISPRscan generated multiple gRNAs. Exon-targeting gRNAs were then chosen
based on rank, location within the first 50% of the ORF, and distance from the initiation codon. A
sgRNA template requires a 52nt oligo (sgRNA primer) 5’ TAATACGACTCACTATAGG(N=18)GTTTTAGAGCTAGAA,
containing the T7 promoter, the 20nt specific DNA-binding sequence [GG(N=18)] and a constant 15nt
tail annealing sequence. This was annealed to an 80nt reverse oligo
AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC  invariant 3’
end (tail primer), generating a 117bp PCR product. Oligos were obtained from Sigma-AIdrich®. The
PCR cycler settings for this primer extension were 3 min at 95°C; 30 cycles of 30s at 95°C, 30s at 45°C
and 30s at 72°C; and a final step at 72°C for 7 min. PCR products were purified using Qiaquick
(Qiagen) columns. Approximately 120-150ng of DNA were used as a template for a T7 in vitro
transcription reaction. In vitro transcribed sgRNAs were treated with DNase and precipitated using
sodium acetate and ethanol. Purified sgRNA and Cas9-NLS protein (New England Biolabs’ Inc.) were
diluted to 300ng/ul. Equal volumes of Cas9-NLS protein, sgRNA and Phenol Red (Sigma-AIdrich®) were
mixed to obtain the final injection mix. Injection drop size was adjusted to 1nl using a graticule scale.
All embryos were injected at the one-cell stage. F; heterozygous animals were identified via

restriction digest, and indels were characterised using Sanger sequencing.

ENU mutant strains and transgenic strains

ENU mutants for cyba (sal11798) and duox (sa9892 and sal3717) were discovered during the
Zebrafish Mutation Project (Kettleborough et al., 2013). These fish were sourced from the European
Zebrafish Resource Centre (EZRC). manet mutants were sourced from laboratory of David Parichy
(McMenamin et al. 2014). cyba and duox mutants were identified via Sanger sequencing. manet
mutants were identified via restriction digest. The Tg(HyPer) reporter line was generated in the lab
using Tol2 transgenesis. The expression of HyPer was driven by the ubiquitous promoter ubb (Shoko

Ishibashi, unpublished).
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Polymerase Chain Reaction

PCRs for were undertaken using ExTaq DNA Polymerase (TaKaRa). Primers used are listed below.

cyba F1

AGTTTATTTGCCAGTGACAGCA

Genomic PCR for CRISPR mutants

cyba R1

CTCAAGCAGCCTACCAAACC

Genomic PCR for CRISPR mutants

duox sa9892 F

ACGAGGTACACAACTCAAGCTG

Genomic PCR for sa9892 mutants

duox sa9892 R

GACGTTCAAAGCGAAACCTGAC

Genomic PCR for sa9892 mutants

sa9892 seq

CTTGGTCTGCCTTTGACGAAGT

Sequencing of sa9892 mutants

duox sal3017 F

TGGTACACCATTTGAGGATGTGA

Genomic PCR for sa13017 mutants

duox sal3017 R

TCTCTCTGCACATGGTGATCAG

Genomic PCR for sa13017 mutants

sal3017 seq

GTGACTCAAGTCAGAACAGGTC

Sequencing of sa13017 mutants

manet F TGCAAATTTCGATAAATTGTAATAA | Genomic PCR for manet mutants
manet R GGTGAGGCTGCTTCATTTTC Genomic PCR for manet mutants
nox5 F GCTCAAGGGCTTACATGATCC Genomic PCR for CRISPR mutants
nox 5 R GCCTCAACATCAGCACCTAC Genomic PCR for CRISPR mutants
M13 Reverse GTAAAACGACGGCCAGTG For identifying indels

Caudal fin amputation and regeneration

Fish were anaesthetised using 0.4 mg/mL (0.04%) MS-222 (Sigma Aldrich). Animals were imaged prior
to amputation, TO, 1, 2, 3, and 4weeks amputation (wpa), on a Leica M165 FC (Leica Microsystems).
Using Photoshop CS5 (Adobe®), images were cropped at the level of the caudal peduncle, and fins
were outlined using the brush tool. The “Record Measurements” command was used to obtain the
total area of the outlined fin. Regeneration was calculated as a weekly increase, relative to the
unamputated state, where the unamputated state was regarded as 100%. This is formulated as:

weekly fin size X 100

unamputated fin size

H,0, detection

For visualising H,0, levels in the caudal fin, excitation wavelengths of 500nm and 420nm and an
emission wavelength of 530nm were used. Fish were imaged on a high-end widefield microscope
(Decon Vision) using a 4X objective. Animals were imaged before and after amputation, over a series
of time points. To calculate the HyPer ratio, YFP emission was divided by CFP emission, generating the
new image showing the ratio. The average H,0, over the area captured in the image was then

calculated and visualised using Prism 8.1 (GraphPad Software, Inc.).

Statistical analyses
Comparisons were made using ANOVA (repeated measures and one-way) or t-test. Linear regressions
were performed without interpolation, with a 95% significance level. The strength of the correlation

was assessed by the correlation coefficient, adjusted R square. Where applicable, Pearson’s
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correlation coefficient and Spearman’s rank correlation coefficient was reported. For the
unamputated fin, distribution was used for explaining the relationship between age and fin size. The
Wald—Wolfowitz run test was used to assess the correlation between age and fin size. Oscillations
were tested using power spectrum analysis based on Fourier transform as well as autocorrelation.
MATLAB (MathWorks) was used to perform power spectrum analysis and SSPS (IBM Corporation) was

used for autocorrelations.

Results

The zebrafish caudal fin is in a state of continuous growth

Zebrafish possibly retain a lifelong potential for growth, evidence for which is
glimpsed by the permanent patency of cranial sutures (Topczewska et al. 2016), as
well as observations on other teleosts (Dutta 1994). This may obscure the
contribution of regenerative growth following amputation. Therefore, to assess fin
growth trends during their adult lifespan, we compared the total caudal fin size
among adult WT animals. Adulthood is characterised by the attainment of sexual
maturity, and this usually correlates with a standard length (SL) of 17.5£0.6mm for
males and 18.30.7mm for females (Parichy et al. 2009). All adults used for this
experiment exceeded SL 20mm, and ranged from three months to twenty-two
months of age. For contrast, | also included juveniles, at one and two months of age.
All the animals came from tanks maintained at optimum stocking density and none
of these animals had ever experienced caudal fin amputation. Here, no significant
difference in fin size was apparent between any two consecutive months (except
between 1, 2 and 3 month old animals). Instead, significant differences in fin size
were only apparent among age groups 2 months apart, up until 18 months. From 18
through 22 months no significant difference in fin size was recorded. Interestingly
though, the preceding increase segues into a slight, non-significant decline. The
overall fin size correlated well with age across the entire age range (linear
regression, adjusted R square =0.83). The data fit a distribution curve well, with
Wald-Wolfowitz runs test insignificant for all time points. Even so, the there was

prominent intra-group variability in fin size across the entire age range (Fig. 4).
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Fig. 4. Zebrafish of different ages differ in their fin sizes. Fin sizes increase linearly with age up until 18 months of age. Wald—

Wolfowitz runs test is insignificant at all time points.

Post-amputation caudal fin outgrowth is due to regeneration

Given the observations above, it is reasonable to assume that growth-related
processes would be concurrent to regeneration. This would be especially noticeable
in younger animals. To examine the effect of growth, as well as age on regeneration,
WT animals at 3, 4, 5, 6, 8, 13, 16, 19 and 22 months of age were chosen for caudal
fin amputation. Images were recorded before, immediately after (t0), 1, 2, 3 and 4
weeks post amputation (wpa) (Fig. 5) to monitor the re-emergence of the lost
portion. The rate of regeneration was determined by calculating the slopes of linear
regressions. A linear model was applied to the raw as well as to the percentage data

(data was normalised and unamputated fin size was taken as a 100%).

To assess how much growth was occurring weekly, the size of the fin stump
immediately post-amputation was compared with its size (after subtracting area of
new fin) during successive weeks in the regenerative period. Growth of the stump
ranged from 0.9%-1.4%, over 4 weeks, across all examined age groups (Fig. 6). It is
interesting to note that the significant differences within this narrow range, between
young and older animals, align quite well with the data on overall fin growth. Thus,

only a minor percentage of the regenerated fin may be accounted for by growth.
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unamputated

Fig. 5. Left. Caudal fin regeneration in the WT adult zebrafish completes over 4 weeks post amputation. The plane of
amputation is evident for most of the process. Scale bar=5mm. Right. Schematic diagram of caudal fin showing the plane of
amputation (dashed vertical line). The entire fin proximal to the caudal peduncle (dashed margin) is treated as the reference

from which percentage values of the regenerating fin are derived weekly.
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Fig. 6. Percent growth over 4wpa, across various age groups. Even within a narrow range of 0-1.5%, significant differences are
evident across younger and older groups. The lack of significance between 3months and 13, 19 and 22 months is interesting,

and may possibly be extrapolated to suggest similar fin size, which in turn may suggest age-related reduction (Ordinary one-

way ANOVA **** p<0.0001).
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Caudal fin regeneration in zebrafish may be influenced by age

While zebrafish retain a lifelong ability for caudal fin regeneration (Itou et al. 2012),
the related cyprinid, killifish (Nothobranchius furzeri), is reported to show age-
related decline for the same. This led us to check for caudal fin regeneration across
the abovementioned age groups. With a maximum lifespan of 43.5 months (Carneiro
et al. 2016), zebrafish adults may be categorised into young (8-12 months), middle-
aged (15-20 months) and old (25-30 months) (Gilbert, Zerulla, and Tierney 2013).

Following amputation, increase in fin size negatively correlated with time (adjusted R
square values for different groups range from 0.88 to 0.98). Linear regression on raw
as well as normalised data yielded similar results. The average slopes of linear
regression were then compared across the age groups. Strikingly, it was observed
that younger animals regenerated their fins to their unamputated levels within 2
weeks whereas older animals achieved the same over 4 weeks, with some animals
falling short even at 4 weeks (Fig. 6, and 7). Even so, we found that while younger
animals have steeper slopes than older animals, mean slopes did not differ
significantly, suggesting a similar rate of increase over the 4-week regeneration
period (Fig. 8C). These findings indicate that zebrafish retain the ability to regenerate

their fins, at least until considered as old.

The rate of regeneration (normalised slopes) correlated well with the age of the fish
(Spearman’s r=-0.929; Pearson’s r=-0.731). The differential rate of regeneration
among young and older adults led us to estimate weekly rates of regeneration in this
4-week span. It was found that the rate of regeneration was proportional to time
elapsed since amputation, across all groups (p<0.0001, X*=43628, 150 d.f.). In all
cases, there was a significant difference between the rates of regeneration in
consecutive weeks (RM-ANOVA, p<0.0001). In other words, the amount of
regeneration significantly differed between 1 and 3, 1 and 4, 2 and 3, and 2 and
4wpa. Regeneration was the fastest during the first week post amputation (Fig. 8A).
Taken together, these results are indicative of the regenerative success that
zebrafish of all ages appear to demonstrate, with a statistically non-significant

decline revealed among older animals.
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Fig. 7. Regeneration of the caudal fin among adults of various ages is represented using linear regression modelling. Younger
animals exceed the original unamputated area by 4wpa, while 8months onwards groups trail short of 100% in the same time

span. Within each group, individual slopes were not significantly different.

16



*kok

150- 30+ :__ koK .
sFkxk
KKKk C
o
. skokskk \ “(G
' * ) @
3 I 2
2 T, L 5
P e
X 501 2 100 .
[)
(&)
=
O T T T T O
Lies 24p8 SWpa Hupa 1 wpa 2wpa 3wpa 4 wpa
A B
- Linear regression modelling average rate of regeneration
@ 3 months
1 4 months
-4 5 months
o
S 100
c ¥ 6 months
kel
©
5 8 months
&
(o) @ 13 months
Q
14 5
8 19 months
& 22 months
0+
C 0 1 2 3 4 5

Time (wpa)

Fig. 8. A. Percentage rate of regeneration. Data from animals across all age groups was pooled week-wise. Majority of the
recovery is indicated to occur within 1wpa (Ordinary one-way ANOVA. P value <0.0001). B. Rate of regeneration during
different weeks post amputation. Regeneration is fastest during the first week and significantly slows down by the third week
(t-test, p<0.0001). C. Linear regression models for the average normalised fin sizes of WTs of different ages. Within each age
group, shown in Fig. 5, individual slopes were not significantly different, and since the slopes are not significantly different, it is
possible to calculate one slope for all the data. These unified slopes from each group were then compared. (Ordinary one-way ANOVA.

P value <0.0001; t-test, p<0.0001).

cyba and duox mutations affect caudal fin regeneration
Having identified regeneration trends in WT animals, we proceeded to investigate
the rate of regeneration in the nox mutants. Previously described cybGpr'e’d'/' (n=13),

4bp.ex4-/-

duox (n=6) and nox5 (n=6) fish were subject to caudal fin amputation and
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followed to 4wpa. As earlier, the rate of regeneration was determined by calculating
the slopes of linear regression (Fig. 9). t-test indicated significant differences
between cyba’®” " and WT (P=0.0069), duox and WT (P=0.0048), cyba”****”" and
duox (P=0.0001), cyba”*”®*” and nox5**®*/" (P=0.0324), and nox5**®*’ and duox
(P=0.0274). Meanwhile, no significance was found between WT and nox5Pe4/
(P=0.8466). Comparison of the four groups via ANOVA confirmed the significance
between duox and the other three groups. A reflection of these differences is

evident among cyba and duox mutants, many of which did not reach the original fin

size by 4wpa (Fig. 9).
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Fig. 9. cyba and duox mutations slow down regeneration. Most cyba and all duox mutants failed to reach the original fin size by
4wpa. Using linear regression modelling, graphs show normalised change of fin size, with the unamputated fin being 100% (not
shown on graph). Within each group, individual slopes were not significantly different, and since the slopes are not significantly

different, it is possible to calculate one slope for all the data. These unified slopes from each group were then compared. (Ordinary

one-way ANOVA. P value <0.0001; t-test, p<0.0001).
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An important consideration among duox mutants was the hypothyroidism. We have
previously reported that mutants display ragged fins, and as we found, some
suffered from spontaneous loss of fin fragments at various stages of regeneration
(Chopra, Ishibashi, and Amaya 2019). Such animals were excluded from analysis, as

they would have required extrapolation of the missing fragments.

Thyroid hormones may affect the rate of regeneration

duox is very well documented to be implicit in thyroid hormone (TH) maturation
(Dupuy et al. 2002; Carvalho and Dupuy 2013; Muzza and Fugazzola 2017; Aycan et
al. 2017). Recently, we reported the first piscine model of congenital
hypothyroidism, including the resolution of phenotypes upon continued application
of T4 (Chopra, Ishibashi, and Amaya 2019). Since this TH deficient state affects fin
health, we were curious whether the reduced rate of regeneration among duox
mutants was influenced by hypothyroidism. We applied a two-pronged approach in
trying to determine the influence of THs. We continuously treated duox sa9892"
and WT siblings with 0.3nM of T4, for a period of three weeks (with the first week
reserved for conditioning), during which we performed caudal fin amputation and
allowed regeneration to continue concurrent to treatment. Untreated counterpart
groups served as controls. The second strategy saw WT animals being continuously
treated with the goitrogen methimazole (MMI), for a period of twelve weeks (with
the first four weeks reserved for conditioning. The concentration used was 1mM,
and untreated animals served as controls. No significant differences were found
between treated and untreated duox 509892'/'animals, over 2wpa. Also, MMI did
not decelerate regeneration as no significant difference was found between treated
and untreated WTs by 2wpa (Fig. 10). Both observations suggested that THs do not
affect regeneration. The effect of T, treatment on WTs could not be pursued owing

to technical challenges that caused mortality in the group.
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Fig. 10. Linear regression modelling regeneration upto 2wpa. T4 treatment had no effect on regeneration in duox mutants.
MMI did not appear to slow down regeneration among WTs. Surprisingly, no significant differences were found between

regenerating duox and manet mutants (Ordinary one-way ANOVA. P value <0.0001).

To arrive at a more definitive view of the role of THs in regeneration, we again
turned to a genetic model that did not have confounding duox mutations. The manet
strain of zebrafish harbours a nonsense mutation in exon 2 of tshr, which results in
congenital hypothyroidism. This strain has been characterised at length
(McMenamin et al. 2014), and we have reported phenotypic concordance between
manet and duox mutants (Chopra, Ishibashi, and Amaya 2019). Conveniently, the
mutation causes destruction of the HpyCH4V restriction site, providing a
straightforward diagnostic. The effect of the tshr mutation on body length has not
been reported, and so, WT, manet”” and manet” siblings were measured at 3
months of age, yet again mirroring duox mutants. Mutants were significantly shorter
(Fig. 11). We amputated the caudal fin in manet animals and intriguingly, found a
significant difference between regenerating mutants and WTs (Figs. 10 and 12).
Further, no significant difference was observed between regenerating duox”” and
manet”” animals, suggesting that THs may be playing a role during regeneration,

after all. The sample size for manet was small (n=3) and calls for further repeats to

derive a more meaningful conclusion.
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Mutants did not achieve full
regeneration by 4wpa.

Something that we did not observe previously was the fact that duox 5a98927

animals did not develop a blastema, even by 48hpa. This only became apparent
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while using mutants for HyPer imaging (described below). Thus, we initiated another
long-term T4 treatment regime. Amputation and regeneration in the midst of this
continuous treatment rescued blastema formation (n=13) (Fig. 13). Owing to time
constraints these animals were not followed for regeneration. Overall, the role of T,

calls for further investigation, with a possibility that it may be acting during

regeneration.

duox sa9892-/-, untreated 48hpa] duox sa9892-/-, T4-treated

Fig. 13. T,-treatment rescues blastema formation in duox mutants. Shown here is the same animal, following recovery from
amputation (left), and amputated again in the midst of continuous treatment (right). The blastema is distinctive following

treatment.

ubb:HyPer is an effective reporter of sustained, amputation-induced ROS

Amputation induces a ROS flux, and the next step was to visualise this ROS post-
amputation. Previously, the H,0,-specific reporter, HyPer (Belousov et al. 2006) has
been used for generating transgenic Xenopus laevis to visualise the sustained
production of ROS during tadpole tail regeneration (Love et al. 2013). We generated
zebrafish transgenic for ubb:HyPer and used 7month old F4 adults (n=8, Group A) for
analysing ROS dynamics post-amputation. Unlike transmitted light images that allow
easy identification of individual fish, HyPer imaging can obscure individual
recognition especially if the imaged area across the sample set is uniform. | devised a
simple strategy for following individual animals by using scale morphology. Scale
morphology is distinctive and amply apparent under fluorescent channels. Given

that the lowest optical zoom on our widefield microscope was 4X, the caudal fin was
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amputated closer to the caudal peduncle in anticipation of keeping the regenerating
portion as well as terminal scales in the frame of view for all image captures. Animals
were amputated a little after midday. Concurrently, we followed a set of
unamputated controls (n=7, Group B), which were recorded between the same time
intervals. At t0, H,0; levels were slightly elevated, followed by a significant increase
(paired t-test, p=0.0009) above the unamputated level, at 2hpa (3PM). By 6hpa and
10hpa, this increase was steadily sustaining. The most surprising observation though
was recorded between the early hours of the following day (between 7AM and
8AM), when we saw a peak in the ROS flux. The flux dipped to its lowest between
3PM and 4PM, although remaining significantly above the unamputated levels.
Between 10PM and 11PM, the flux was recorded as higher than that in the
afternoon but lower than early in the day. We continued to see this rise and fall of
ROS flux and recorded these three time points for three consecutive days. After
three days, recording was narrowed down to once daily, between 3PM and 4PM.
After another three consecutive days of doing this, imaging was further narrowed
down to once every two days, between 3PM and 4PM, while continuing to see ROS
flux still being sustained significantly above the baseline. The final recording was
made between 3PM and 4PM, at 2wpa. By this time the ROS levels had returned to
pre-amputation levels. Among unamputated controls, H,O, levels seemed to be
significantly higher between 7AM and 8AM before exposure to light compared to
between 3PM and 4PM (paired t-test, p=0.03). However, the set of recordings
between 7AM and 8AM were not significantly different from those between 3PM
and 4PM. Following these recordings, an oscillating trend line emerged with
distinctive peaks at 7AM for three subsequent days (18, 42 and 66 hpa). In summary,
we found that elevated ROS levels sustained up until 2wpa (Fig. 14). These findings
are especially exciting, seeing as 2wpa is the time point when we see the rate of

regeneration slowing down in WTs.

Amputation-induced ROS follows a daytime-dependent oscillatory trend
Having observed oscillating ROS in the wake of caudal fin resection, we were curious
whether the timing of these oscillations is set by the amputation itself, or whether

amputation exaggerates a naturally existing trend. Logically then, we decided to
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perform amputations at a different time of the day. 5 month old non-mutant

Tg(HyPer) animals (n=8, group C) were transported to the microscopy facility under
Tg(HyPer) unamputated controls

before light exposure !
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Fig. 14. ROS levels elevate and sustain in an elevated state for 2wpa in an amputated fin. A. Caudal fin in unamputated controls
(group B). H,0, levels oscillate by the time of day with highest levels at 7AM. B. Distinct oscillations ensure caudal fin
amputation (group A). C. Visual scale of ROS flux, with black being lowest and white being highest. D. H,0, levels rise sharply
immediately after amputation and continue to oscillate for at least 3 days. H,0, levels at 7AM for three consecutive days were
significantly higher than at 3PM and 11PM (repeated measures ANOVA, p=0.0008, 23 d.f.). Vertical dotted lines represent 7AM

values. Sinusoidal curve fitted to the data (RMSE=0.1455) E. Average H,0, levels in group A animals over 2wpa.
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Fig. 15. Top. H,0, levels in Tg(Hyper) group C animals amputated at 7AM follow the same oscillation trend as group A,
exhibiting highest H,0, levels at 7AM. Bottom H,0, levels before amputation are significantly higher in group C compared to
other groups (Bonferroni correction for multiple comparisons, one-way ANOVA, 0.04>p-value>0.0001). Shown here are H,0,
levels in Tg(HyPer) amputated at 1PM (A), Tg(HyPer) unamputated controls at 1PM (B), Tg(HyPer) animals amputated at 7AM
(C), cyba™*""" at 1PM (D), and nox5”***”" animals at 1PM (E). H,0, levels at 2hpa reach the same values in all fish regardless
of the time of amputation (group A, D and E amputated at 1PM, group C at 7AM). Unamputated Tg(HyPer) controls measured

at 3PM show the same H,0; levels as group D, but differ from Group A (p=0.0075), C (p=0.018) and E (p=0.017).

cloak. Their caudal fins were amputated under a halogen lamp at the lowest setting.
The idea was to resect fins while the animals had not yet perceived the first light of
day (between 7AM and 8AM). ROS flux was imaged at the same time intervals as

group A. In sharp contrast to afternoon amputations, these animals had significantly
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higher H,0, levels (t-test, p=0.0001) preceding amputation than at 2hpa i.e. ‘basal’

H,0, levels of these zebrafish were significantly higher than other groups (Fig. 15).

When further analysing results, it became clear that H,0, levels were dependent on
the time of day in all Tg(HyPer) animals observed (x* test, p<0.0001 for all groups; x*
=415.3 for group A, x* =299.4 for group B and x* =394.8 for group C). To confirm
oscillations weren’t noise, a power spectrum analysis based on Fourier transform
was performed. This showed a high peak in all ROS levels in all fish from group A at
frequency 0.04. Oscillations were ‘noisier’ in the unamputated group as only two fish
exhibited clear peaks indicating 24hour periods of oscillations. Periodicity in group C

was similar to that in group A (Fig. 16).

Post-amputation oscillations are affected by nox mutations
Having determined post-amputation ROS production trends in non-mutants, we
were keen to find out how these oscillations were affected by nox mutations.

CybGpr.exl-/-

animals (n=10) provided the first surprising result in this series of
experiments. There was an increase post-amputation (t-test, p=0.0004) only to
decrease later. It did not manifest as markedly dynamic until 24hpa. In other words,
H,0, levels did not peak at the first 7AM (18hpa) time point, but significant increases
were recorded at subsequent 7AM time points (42hpa, t-test, p=0.04; 66hpa, t-test,
p=0.01, and 90hpa, t-test, p=0.01). Most surprisingly, cyba mutants ‘baselined’ by
1wpa (Fig. 17A). Also, the oscillations exhibited peaks of smaller amplitudes and had

a lower H,0; increase overall. Interestingly, H,0, levels in cyba mutants were the

same as in WTs at 2hpa, but failed to match up with values at other times (Fig. 18A).

Difficulties were encountered while applying HyPer imaging to duox mutants. Very
early on, three animals died. Further on, one animal lost a significant portion of the
fin, reducing the ample size to 4. Statistically, the animals fell into 2 markedly distinct

and spaced out compartments, which is reflected in the wide error bars (Fig. 17B).
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Fig. 16. Estimating periodicity of ROS oscillations. H,0, oscillations follow a daytime-dependent trend. Periodograms for groups
A, B, and C reveal a periodicity around 0.4, indicative of a ~24 hour phase. While oscillations are distinctive post-amputation,
unamputated animals also show this trend, suggestive of ROS inherently oscillating. cyba and nox5 mutants showed a

periodicity around 0.06, indicative of a ~17 hours phase.



A quick analysis using these data revealed the ROS levels to be significantly low, to
the extent that it was even lower than those seen in unamputated controls. As
previously stated, another major revelation was the delayed blastema formation
(Fig. 13). While the disparity among individuals requires addressing via future
repeats, the indication is that duox mutations have a significant impact on ROS
production, post-amputation, perhaps explaining, in part, for the blastema delay and

the reduced rate of regeneration described earlier (Fig. 9).

Nox5 is the least physiologically characterised Nox. To examine its contribution,

nox5ex4.4bp—/—

animals (n=8) were taken through the same protocol. A significant
increase was observed at 2hpa (3PM) (t-test, p=0.04), which peaked at 7AM (18hpa)
the next day (t-test, p=0.036) (Fig. 17C), and rapidly ‘baselined’ thereafter, showing

no further significant increase.

Overall, the results suggest that nox5 might be responsible for producing H,0, later
during the post-amputation period, whereas partner NOXes of cyba predominantly
produce H,0, immediately post-amputation. Results from duox mutants though
inconclusive, suggest its requirement throughout the observed time period but the
extent remains to determined. Overall, H,0, levels in cyba and nox5 mutants
seemed to be dependent on time (x* test, p<0.0001 for both) based on the first three
days of observations. Despite that, periodograms highlight less clear oscillations and
noisier signal. Interestingly, after Fourier Transform, quite a few peaks can be
noticed at the frequency around 0.06 (equating to a periodicity of ~17 hours) in
group D and E animals (Fig. 16). Average H,0, levels recorded over 2wpa were
compared between different groups (Fig. 18). Significant differences were detected
between nox mutants and WTs (amputated), as well as between all amputated
groups and the unamputated group (ANOVA, p<0.0001, Bonferroni test correction

for multiple comparisons).
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Fig. 17. A. H,0; levels in cyba mutants begin oscillating later than those in WTs. H,0, levels also reach pre-amputation levels by
1wpa. Vertical dotted lines represent 7AM values. B. duox mutants yielded a distinct variation, making it challenging to arrive at
an average. C. nox5 mutants show typical H,0, oscillations initially with a significant peak at 7AM (18hpa) (t-test, p=0.036) but

decline rapidly.

Discussion

Here, we describe how ROS-producing enzymes affect caudal fin regeneration, in an
adult zebrafish model. We begin our investigation not by directly fast forwarding to
ROS, but by first observing growth trends in our model. Like most teleosts, zebrafish
continue to grow throughout their lifetime, a process known as indeterminate
growth (Dutta 1994; lovine and Johnson 2000). Further, the fin adheres to isometry
i.e. it grows in proportion to the animal’s body size, and it is synchronous i.e. all fin

rays grow simultaneously (lovine and Johnson 2000; Goldsmith et al. 2003). This
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coupled with the anatomical and histological simplicity of the fin makes it desirable

for investigating regeneration.
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Fig. 18. Average H,0, levels change over time in a different manner in different groups. A. When matched by the time post
amputation, both WT groups (early amputation and late amputation, A and C, respectively) exhibit oscillations. Unamputated
animals (group B) oscillate as well but their amplitudes are lower and oscillations less pronounced. The Y axes have been
altered to better visualise changes. Groups A and C match well in the manner of their oscillation manner suggesting H,0,
changes are daytime dependent. nox5 mutants appear to follow the same pattern as the WTs, but does not sustain the
oscillations for long. In contrast, cyba mutants attempt keeping up H,0, production after an initial hiatus. B. Average H,0,
levels over 2wpa in different groups. C. Patterns allow estimating the time of activation and the amount of H,0, produced by
different NADPH oxidases, as well as speculate about H,0, production by Duox. The representation of duox is only advisory as

more repeats are necessary.

Fin growth occurs by the addition of bone fragments to the distal end of the fin rays
(Santamaria and Becerra 1991; Goldsmith et al. 2006). This addition of segments is
followed by a period of stasis, thus giving rise to a saltatory mechanism of growth.
Proportionality is maintained by regulating segment addition with varying lengths of
stasis. Previously, in situ hybridisation (ISH) for the surrogate growth marker fa93e10
in the caudal fin revealed a decreasing trend with increasing age, with 100% fins
being fa93e10-positive in 8 week old fish to 0% in 35 week old animals (Goldsmith et
al. 2003). Our observations tend to be a reflection of this, as we find a significant

difference in size monthly, during the first three months. This is succeeded by a more
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steady increase wherein significance is spaced out. Of course, what is also apparent
is the variation in fin size within each age group. This variation among members of
the same cohort, however, has also been previously acknowledged as growth rate

varies markedly among larvae from the same clutch (Parichy et al. 2009).

Blastema formation in the adult zebrafish fin is complete by 48hpa (Gauron et al.
2013) and regeneration eventually lays out the original structure. It is interesting to
note here that the regenerative capacity of the fin is unaffected by repeated
amputation. Even after 10 consecutive episodes of resection, the fin has been shown
to retain its regenerative potential (Azevedo et al. 2011). The importance of the
blastema may be noted in runt animals that may occasionally be found alongside
their siblings. These animals are outcompeted for food and are smaller than their
peers. We have noticed on more than one occasion that these animals also fail to
regenerate. The amputation margin never develops a blastema (Fig. 19).
Supplementing these prior findings related to the blastema is our observation that
there is minimal fin growth taking place during the regenerative period, even among

the youngest adults (3months).

Fig. 19. Runt animals do not recover from caudal fin amputation. Scale bar=5mm.

The influence of advancing age on regenerative decline is known among fish. In a
zebrafish model of axonal regeneration, the latency between resection and
reinnervation increases with the age of the animals, even though regeneration is
achieved at all examined ages (Graciarena, Dambly-Chaudiére, and Ghysen 2014).

Caudal fin regeneration in the Kkillifish (Nothobranchius furzeri) also appears to
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strongly correlate with age. While 8week old killifish achieve complete regeneration,
animals over a year old were only found to achieve ~46% regeneration (Wendler et
al. 2015). A more direct comparison is available from previous work on zebrafish
caudal fin regeneration that revealed comparable results among young and old
zebrafish, up to 13dpa (Itou et al. 2012). Meanwhile, a longer monitoring of the
regenerative period revealed a significant difference between older and younger
animals, with the former showing ~90% regeneration and the latter achieving 90%-
98% regeneration by 30dpa. Our results on animals from different age groups appear
to reconcile with both these findings, translating into steeper slopes of linear
regression for younger animals and older animals just falling short of 100%
regeneration. However, our data did not report the shortfall as significant. It is
possible that older animals may need to be tracked for a longer length of time to
fully determine the extent of regeneration. Alternatively, it might mean that
regeneration is already complete, and the smaller fin is an outcome of age-related
senescence. The latter suggestion may be supported by a recent investigation on
telomere behaviour during aging in zebrafish. Here, a 58% telomerase upregulation
among 3month old animals contrasted with an 18% upregulation among 24month
old animals, at 5dpa (Anchelin et al. 2011). This study, however, broadly declared

I”

regeneration among older animals as not “normal”, based on irregular fin margins.
This is an excessive generalisation and is not universally applicable as is evident from

our data.

Pharmacological arrest of the noxes has been shown to be critical for blastema
formation during caudal fin regeneration, in zebrafish. Briefly, JNK signalling is
essential during early fin regeneration (Ishida et al. 2010). The MAP kinase
phosphatases (MKPs) that inactivate JNK are critical targets of ROS in that their
oxidation serves to sustain JNK activity. The nox-specific inhibitor, VAS2870, is able
to sustain the inactivity of JNK and cause a reduction in blastema size (Gauron et al.
2013). This pharmacological targeting of the noxes is highly indicative of verifying
their roles in mutant backgrounds. With the exception of duox mutants
characterised by us (Chopra, Ishibashi, and Amaya 2019), there are no accounts of

nox mutant teleost models, at the present time. After successfully targeting cyba and
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nox5 using CRISPR/Cas9, these mutants were characterised to varying extents, as
detailed in previous chapters. Briefly, we found that 1) cyba mutants do not display
any apparent phenotypes but succumb to aspergillosis while their WT siblings
successfully mount a defence; 2) duox mutants display a host of phenotypes in line
with their congenital hypothyroidism; 3) nox5 mutants also lack phenotypic

peculiarities but are significantly resistant to anaesthesia.

The rationale behind targeting cyba was its essential partnering with noxes 1, 2 and
4. This was further propped up by microarray data from Xenopus tropicalis, which
have shown that expression levels of cyba more than treble following amputation
and remain upregulated throughout regeneration (Love et al. 2011). Moreover, post-
amputation HyPer imaging showed cyba morphant Xenopus tadpoles had a ~33%
reduction in amputation-induced ROS (Love et al. 2013). Surprisingly, a reduction in

ex1.5bp-/- adults, who failed to

caudal fin regeneration was evident among our cyba
achieve 100% regeneration. These similar outcomes between cyba morphants in one
species and cyba mutants in another was especially remarkable, and might be
considered as a commentary on the functional conservation of cyba. In recent times,
concerns have been raised about the virtues of using morpholinos for simulating
loss-of-function. Equally, mutants have revealed mechanisms for countering
deleterious effects, which have not been observed following transcriptional or
translational knockdown, resulting in poor correlation between the two (Kok et al.
2015; Blum et al. 2015; Rossi et al. 2015; El-Brolosy and Stainier 2017). At least in

this regard, it would appear that our cyba mutants have failed to deploy a

compensatory mechanism to rescue regeneration.

nox5 mutations have very recently been generated in zebrafish, and examined in the
context of optical tectum development, where mutants were observed to suffer
from decreased innervation of the tectum. However, the mutants were reported to
be embryonic lethal (Weaver et al. 2018), which is in sharp contrast to our findings.
Thus, no other accounts exist of nox5 and its influence on regeneration, outside of

our findings.
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The duox mutations, however, are a different story. Its relevance for regeneration
may already be glimpsed from the animals’ behaviour. As a shoaling species,
zebrafish demonstrate social hierarchies, allied aggression and dominance
behaviours (Nunes et al. 2017). Biting is one such behaviour where animals dart
towards each other, attacking the gill region and fins (Zabegalov et al. 2019). Even
so, it is unusual to see adult WT zebrafish with missing fin fragments, a likely
outcome of continuous “microregeneration”. duox mutants, however, persistently
display ragged fins, an outcome of their underlying hypothyroidism (Chopra,
Ishibashi, and Amaya 2019). Now, T, treatment will resolve the ragged fin
phenotype. This observation is supported by findings in the medaka hypothyroid
mutant kamaitachi (kmi), where T4 treatment improves fin health. Also, the reduced
rate of regeneration in duox”” animals is similar to that in kmi”" animals, which show
a small but significant reduction. Further, induced hypothyroidism in WT medaka via
thiourea also slowed the rate of regeneration (Sekimizu, Tagawa, and Takeda 2007).
It came as no surprise then when zebrafish manet mutants also showed retardation
in regeneration. Intriguingly though, WT zebrafish with goitrogen-induced
hypothyroidism did not experience retardation in regeneration. This is, however, in
line with previous reports wherein MMI treatment did not alter regeneration of the
zebrafish fin (Bouzaffour et al. 2010). Further, while T, treatment rescues
hypothyroidism-related phenotypes (Chopra, Ishibashi, and Amaya 2019), it does not
rescue regeneration. An important revelation emerged while doing HyPer imaging
on duox mutants. The HyPer imaging protocol enables a daily monitoring of animals,
which revealed that the blastema was not forming in mutants even by 48hpa. We
had previously missed this since our regeneration protocol only calls for a weekly
observation. Furthermore, amputation in the midst of continuous long-term T,
treatment of duox mutants resulted in the blastema forming within the expected
time frame. While this may suggest, broadly, that T, treatment is able to rescue the
reduced rate of regeneration, this observation is in opposition to existing reports.
mRNA for deiodinase 3 (D3), the enzyme responsible for locally inactivating Ts, is
reported to be upregulated in the regenerating fin, indicating that THs are
dispensable for blastema formation. Furthermore, inhibiting D3 with iopanoic acid

led to a reduction in the size of the blastema (Bouzaffour et al. 2010). Therefore, In
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the midst of these conflicting observations, the role of THs in fin regeneration seems
murky. Our observations on manet mutants would suggest that there is some
importance of the THs, and manet mutants crossed into a Tg(HyPer) background

may shed further light in the future.

The use of dichlorofluorescein (DCF) derivatives remains a popular approach for
estimating post-amputation ROS production (Gauron et al. 2013; Q. Zhang et al.
2016; Al Haj Baddar, Chithrala, and Voss 2019). However, these are sensitive to more
than one type of ROS (Crow 1997), and can also produce ROS upon exposure to light,
thus resulting in artifact ROS (Rota, Fann, and Mason 1999). Using a stable Tg(Hyper)
strain allowed us to bypass these disadvantages, as well as record flux for an
extended length of time. Indeed, this is the USP of a transgenic reporter, and in this
instance it revealed the duration of sustained ROS following amputation, similar to
previous findings from our lab (Love et al. 2013). ROS ‘baselined’ prior to the
completion of regeneration, instead of sustaining throughout. The mutants were
worse off, experiencing an even briefer period. Nevertheless, the mutants gave us
clues as to the temporal contribution of each. The fact that ROS levels sustain,
regardless of length of time, reinforces the fact that regeneration proceeds in nox
mutants, instead of ceasing, thus suggesting compensation. Thus, a future direction
that we are planning to take is to use the mutations in combinations, hopefully

obtaining a strain with all noxes mutated.

The most surprising observation perhaps was the circadian trend of ROS oscillations.
From a biochemical point of view, it does make sense, as perpetually high ROS could
be injurious to tissues. In relation to circadian rhythms, a trend must meet the
following five criteria: (i) the ability to become entrained (synchronised), (ii) the
persistence of the cycle after the removal of external stimuli, (iii) the ability to shift
the phase of the cycle, (iv) a period of around 24 h, and (v) the ability to maintain its

period independent of temperature (Golombek and Rosenstein 2010).

The vertebrate circadian clock is a transcription-translation feedback loop repeating

every ~24h (Reppert and Weaver 2002). In a vertebrate system, products of the
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master regulator genes Clock and Bmall, heterodimerise and bind to enhancer E-box
regions, promoting the transcription of the negative master regulators, Period (Per)
and Cryptochrome (Cry). Per/Cry heterodimerise, translocate to the nucleus and
bind to the Clock/Bmall complex, inhibiting their own transcription, as well the
transcription of other Clock/Bmall targets (Lowrey and Takahashi 2011). Eventual
ubiquitination and degradation of the Per/Cry complex resets the cycle (Busino et al.
2007). Upto 43% protein encoding genes show circadian oscillation in their
expression in at least one organ (R. Zhang et al. 2014) and this cyclic expression
follows external cues (zeitgebers) such as light exposure and feeding (Golombek and

Rosenstein 2010; Refinetti 2015).

As it has done in other fields of enquiry, the zebrafish has established a presence in
the study of circadian rhythms. In the zebrafish, traditional views of the pineal gland
being a central pacemaker of circadian rhythm (Vatine et al. 2011) have been
demolished and given way to a decentralised model stating that independent, light-
sensitive pacemakers exist in all cells and tissues (Steindal and Whitmore 2019). This
view is applicable to other teleosts as well, including the Senegalese sole (Solea
senegalesnsis) (Martin-Robles et al. 2011, 2012), Mexican blind cavefish (Astyanax
mexicanus) (Beale et al. 2013), and medaka (Oryzia latipes) (Cuesta et al. 2014).
Zebrafish are receptive to light-dark cycles as early as the blastula stage, before any
classical photoreceptor organs have even come into inception (Ziv and Gothilf 2006).
Light exposure is essential to development, as embryos reared in dark incubators
experience developmental defects and lower survival rates (Tamai et al. 2004). We
found that even in an unamputated state, ROS undergoes oscillations, and that these
are more marked prior to exposure to the first light of day. Therefore, use of the

terms ‘basal’ or ‘baseline levels’ is very much context-dependent.

Evidence is now available for regenerative processes coordinating with circadian
rhythms during skin, intestinal and hematopoietic stem cell (HSC) regeneration.
Mouse skin explants heal faster when harvested and wounded nocturnally (active
phase for mice) (Hoyle et al. 2017). In another mouse model, Per knockout mice

showed decreased proliferation of the intestinal epithelium following the ingestion
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of dextran-sodium sulphate, a drug used for simulating gastrointestinal diseases
(Pagel et al. 2017). In the case of HSCs, regeneration has a different dynamic, that of
continuous replenishment. Differential expression of circadian regulators has been
reported in murine HSCs, depending on the state of differentiation. Perl mRNA
levels were three times higher and Cryl levels were lower among long-term HSCs
when compared to whole bone marrow cells, suggesting (Tsinkalovsky et al. 2005).
No studies have been documented in relation to regeneration among fish and
circadian rhythm. However, seeing as the role of ROS in regeneration is now
established, the preamble to ROS and circadian rhythm becomes pertinent. Cellular
defences, such as antioxidant mechanisms, which keep ROS in check appear to be
regulated in rhythmic fashion, suggesting that ROS and circadian rhythm are
intertwined (Martin et al. 2003; Wilking, Ndiaye, and Mukhtar 2013). In investigating
the role of Noxes, this work has also drawn a connection between circadian rhythms

and elevated ROS levels post-amputation as regeneration commences.
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Future Directions

Investigating the role of Nox-mediated ROS in caudal fin regeneration follows from
numerous pharmacological and knockdown studies (Al Haj Baddar, Chithrala, & Voss,
2019; Gauron et al., 2013; Love et al., 2013; Zhang et al., 2016). In the zebrafish, the
ease of generating CRISPR mutants, and the availability of a library of ENU mutations
for protein coding genes allow to apply a genetic approach to prior findings. Using
CRISPR, we targeted cyba and nox5, while for duox we used ENU mutants.
Regeneration was scored using two methods: increasing area of the regenerating fin,
and the underlying ROS flux. The latter was achieved using a transgenic reporter,
Tg(HyPer), and all mutants were either crossed into or generated in this transgenic
background. Now, both, cyba and duox mutations are well known to cause
pathologies, and so, exploring the role of nox mutations in fin regeneration led us to
concurrently characterising phenotypes associated with these mutations. To publish
these findings, further experimental enquiries are indicated. The following

descriptions refer to these future experiments.

Manuscript #1

We described a new piscine model for CGD, from its generation to its partial
functional characterisation. These findings will be deemed more roust if they can be
replicated in another cyba mutant. While it has not been reported in this work, we
have obtained a second mutant allele, known as cyba sa11798. This an ENU mutant,
with a nonsense mutation in exon 4 (Kettleborough et al., 2013). Like the CRISPR
mutants, we found that cyba sa11798”" larvae also succumb to aspergillosis. Fully
characterising the mutants will require determining whether they are knockouts or

not. This will be addressed via western blotting.

In the case of CGD, innate phagocytes extend differential responses during
infection, based on fungal morphology (Knox, Deng, Rood, Eickhoff, & Keller, 2014).
Macrophages pursue non-oxidative mechanisms, phagocytosing conidia (Sprenkeler,

Gresnigt, & van de Veerdonk, 2016). The hyphae are resistant to phagocytosis and
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are countered by neutrophils via ROS generation and neutrophil extracellular traps
(NETs). The latter are an assembly of a DNA scaffold and cytoplasmic and granular
proteins, which can trap and eliminate microbes (McCormick et al., 2010). In line
with this, investigating in vitro and in vivo interactions between neutrophils and A.
fumigatus is indicated. Previously, we crossed transgenic reporters for neutrophils
(mpx:GFP - myeloperoxidase promoter driving GFP expression) (Renshaw et al.,
2006) and macrophages (mpeg:mCherry- mpegl promoter driving mCherry) (Ellet et
al., 2011) to generate Tg(mpeg:mCherry)(mpx:GFP) (Fig. 1). This has now been
crossed with both cyba mutants. The aim will be to compare the killing activity of WT
neutrophils with those of cyba mutants. The fluorescent protein tags on these
leukocytes will enable FAC sorting, thus ruling out the need for cumbersome
techniques to isolate cells for in vitro assays. The combating efficiency of neutrophils
has recently been investigated using fast (CEA10) and slow (Af293) germinating
strains of Aspergillus fumigatus. In neutrophil-deficient animals CEA10 infection is
lethal (Rosowski et al., 2018). It would thus be interesting to note how variable
fungal strains fare in CGD hosts. Assuming that ROS generation confers hyphal killing
abilities on neutrophils, and the fact that neutrophils from CGD are deficient in NET
formation (Segal, Veys, Malech, & Cowan, 2011), would it encourage alternative
defence mechanisms? This is especially relevant given that our cyba mutants remain
healthy while murine models and patients develop clinically apparent symptoms. It
would also be interesting to note what phenotypes heterozygotes present with, if
any. At least, human female carriers of X-CGD have not been known to have a

predisposition to infection (Windhorst, Holmes, & Good, 1967).

Fig. 1. Tg(mpeg:mCherry)(mpx:GFP) larva, at 5dpf, showing GFP-tagged neutrophils and mCherry-tagged macrophages.
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Interestingly, oxidative mechanisms for countering catalase-positive pathogens are
still not fully understood. A case in point is Staphylococcus aureus infection, a
classical CGD complication. The hypothesis supporting oxidative killing suggests that
H,0, produced by catalase-negative pathogens accumulates in the phagosome and
antagonises the very pathogens that produced it. This removes dependency on NOX-
generated ROS. Thus, catalase-positive pathogens are able to counter their own
destruction by way of antioxidant production (Holmes and Good, 1972). Even so,
there is little evidence in support of the antioxidant enzymes contributing to defence
in Staphylococcus aureus (Buvelot, Posfay-Barbe, Linder, Schrenzel, & Krause, 2016).
While elevated ROS levels poison bacteria (Imlay, 2013), Staphylococcus aureus has
mechanisms for evading neutrophil-mediated collapse (Buvelot et al., 2016). By
employing cyba mutants, the extent to which ROS is important can be determined,
thus providing a CGD model for Staphylococcus aureus infection. This may also be
applied to Aspergillus and may help understand reasons for variable prognoses in

CGD patients.

Finally, rescue experiments are also indicated, and this may be achieved by co-

injecting mutant larvae with WT cyba mRNA and A. fumigatus.

Manuscript #3

Nox5 remains the most intriguing of the NOXes, and its observed role in anaesthesia
resistance is certainly the first report of a phenotype in an adult model organism. To
substantiate this we plan to employ a second mutant, nox5 sa10707. This mutation
affects an essential splice site on exon 10 (Kettleborough et al., 2013). Concordance
between the two mutants would then call for testing various anaesthetics to check
for specificity of nox5. Considering the ethical guidelines, cold water (Collymore,
Tolwani, Lieggi, & Rasmussen, 2014) would be a suitable choice as it excludes the

need to try different chemicals.
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Manuscript #4

In manuscript #4, we examined the roles of NOXes in an adult zebrafish model of
caudal fin regeneration. We found that zebrafish retain the ability to regenerate
their fins even among older animals, and this rate of regeneration is not affected by
age. Following this, we achieved our aim to successfully target/acquire nox mutants.
It was then essential to confirm that the effects of these mutations aligned with
described pathologies. Having functional mutants added confidence in reconciling
any effect on regeneration with the mutations, instead of being due to off-target
effects or idiosyncrasies. While all mutants were in the Tg(HyPer) background, we
were unable to suitably apply HyPer imaging on duox”” animals. This was partly due
to their solid stripes and partly due to the fish not doing well with repeated
anaesthesia demanded by the protocol. This will be mitigated by outcrossing these
into a nacre”” or casper'/' pigment background and then incrossing the progeny. We
would also need to start with a greater number of animals to balance out any
mortality occurring downstream during the procedure. Seeing as slowed caudal fin
regeneration was most apparent in duox”” animals, HyPer imaging on these would

be an especially exciting investigation.

Given that regeneration did not cease in any of the mutants, there remains the need
to further examine ROS signalling using combinatorial mutants. This may be a
challenge as animals that are mutants for all noxes may not be viable. Yet, we are
now attempting to rear double mutants, having already identified some double

homozygotes for cyba and duox.

Further, while it is evident that ROS oscillations depend on the time of day, we did
notice noise. This may be because we only recorded ROS at three times points
during the day. Therefore, recording additional time points, as well as considering a

larger sample size may be considered as reasonable measures to address this.

We were also left intrigued by the role of thyroid hormones in regeneration. While

35



untreated and Ts-treated duox”” animals showed no difference in the rate of
regeneration, the tshr mutant, manet'/', showed a reduction when compared to their
WT siblings. Following the experiments already attempted, the next step would be to
cross manet mutants into a Tg(HyPer) background and proceed with HyPer imaging

post amputation.

In conclusion, we have generated and characterised (to varying extents) zebrafish
nox mutants. Functional mutations in these animals appeared to have an effect on
caudal fin regeneration. In conjunction with their H,O, reporting transgenic
background, these strains are stable models that allow for studying regeneration and
visualising the underlying ROS flux, without the need for pharmacologically
demonstrating the same. Their fertility also means that in the future these could be
crossed with other mutants to study the impact of other genes involved in

regeneration.
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