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ABSTRACT

Phosphoinositides (PIs) are membrane lipids that function as signaling molecules. Pls
undergo phosphorylation and dephosphorylation at various positions to produce the seven known
PI molecules. PIKfyve is a phosphoinositide kinase that produces phosphoinositide-3,5-
bisphosphate (P1(3,5)P») and phosphoinositide-5-phosphate (PI5P). PI(3,5)P> and PISP have a
low abundance in the cell and their roles are not fully characterized. Evidence suggests
involvement in melanosome biogenesis, phagocytosis, endosomal trafficking, lysosomal
homeostasis, and autophagy. In humans, mutations in PIKFYVE are rare and have been
associated with Corneal Fleck Dystrophy and congenital cataracts. Dr. lan MacDonald at the
University of Alberta identified a patient with a novel heterozygous missense mutation in
PIKFYVE (c.5492A>G, p.(His1831Arg)). The patient does not present with corneal flecks nor
congenital cataracts, but rather exhibits a retinal dystrophy phenotype. Thus, phenotypes
associated with PIKFYVE mutations in humans are heterogeneous and present largely in the eye.
Little is known about PIKfyve in vivo due to the embryonic lethality of gene knockout in
common animal models. Here, I sought to characterize the roles of PIKfyve in vivo to elucidate
disease mechanism in the patient using zebrafish. I used CRISPR/Cas9 mutagenesis to introduce
loss of function mutations in pikfyve, and pharmacological inhibition to temporarily inhibit
Pikfyve. Moreover, I experimented with various precise gene editing technologies in zebrafish to
create a patient mimic mutant line. I found that Pikfyve inhibition/knockdown impaired retinal
electrical function, increased cell death, and introduced a variety of abnormalities to the retinal
pigment epithelium. Moreover, I determined that cytosine base editing is efficient in zebrafish

and established the technique in our lab.
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CHAPTER ONE: INTRODUCTION

1.1 Anatomy of the Human Eve

1.1.1 General Anatomy

Our eyes (Fig. 1.1) are complex organs that capture visual information from our
surroundings and relay it as an electrical impulse to the brain. The eye is located within the orbit
of the skull and is attached to six extraocular muscles that control its movement and rotation. The
first point of contact of light in the eye is the cornea, a transparent, modified mucous membrane
covering of the anterior eye that consists of six histologically distinct layers. Directly behind the
cornea is the anterior chamber, which is filled with a liquid called the aqueous humor. The iris is
a colored, opaque ring that controls the amount of light entering the eye through the pupil using a
set of opposing constrictor and dilator muscles. Behind the pupil is the lens, a transparent,
biconvex disc that focuses light onto the retina at the back of the eye. The lens is connected to a
ring of smooth muscle called the ciliary body through suspensory ligaments. Through
contracting and relaxing, the ciliary body changes the shape of the lens, thereby changing its
refractive index in a process known as accommodation. The ciliary body also produces aqueous
humor. The region between the iris and the lens is known as the posterior chamber while the
region between the lens and the back of the eye is known as the vitreous chamber and is filled
with a gel-like fluid called the vitreous humor. Both humors in the eye maintain its shape and
pressure. Forming the inner lining of the vitreous chamber is a thin layer of neural sensory tissue,
the retina, which will be discussed in detail in the next section. External to the retina lies the
choroid, a pigment-rich layer containing a dense network of blood vessels that nourish the retina
and absorb excess and stray light photons. The choroid is separated from the retina by the

extracellular matrix of the Bruch’s membrane and is loosely attached to the sclera. The sclera is a
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white, opaque layer of fibrous connective tissue that provides structural support and maintains

the shape of the eye.
Vitreous Chamber
Ciliary Body
Suspensory Sclera
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Anterior // N/ orot
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il
J g\ |\
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Figure 1.1 — Anatomy of the human eye. Key structures of the eye are labeled, and functions

are discussed in section 1.1.1.

1.1.2 Retinal Layers

During development, the neural tube gives rise to lateral extensions, the optic vesicles,
which collapse into the double-layered optic cups that give rise to the retina of each eye. The
inner layer will form the neurosensory retina, while the outer layer becomes the retinal pigment
epithelium (Casey et al., 2023). The primary role of the neurosensory retina, which will be
referred to as the retina from now on, is to capture and transduce light photons into a neural
signal that can be relayed and interpreted by the brain. Two main subtypes of cells exist in the

retina: neuronal cells, including the light-detecting photoreceptors, and glial cells. Furthermore,



the retina is divided into various layers (Fig. 1.2) each performing a specialized function. The
retina is the most metabolically active tissue, consuming more oxygen per cell than any other
tissue in the body. The following sections will focus on the neurosensory retina, composed of the

photoreceptors, amacrine cells, bipolar cells, horizontal cells, ganglion cells, and Miiller glia.
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Photoreceptors
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Cell Body
Outer Nuclear Layer

Miiller Glia

Outer Plexiform Layer
Horizontal Cell

Bipolar Cell
Inner Nuclear Layer
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Retinal Ganglion Cell

Optic Nerve

Figure 1.2 — Organization of the retina. The retina is made up of various cell types organized

in distinct layers.

1.1.2.1 Photoreceptors

Photoreceptors are in the posterior aspect of the retinal sublayers and are the primary

light-detecting cells of the eye. In vertebrates, there are two types of photoreceptor cells: rods



and cones. Rods are highly sensitive cells that primarily detect photons in dim conditions.
Approximately 95% of photoreceptors in humans are rods and they are located most densely in
the retinal periphery. Rods contain the light-sensitive pigment rhodopsin, responsible for photon
absorption. Cones, on the other hand, mediate daytime and color vision. In humans, there are
three subtypes of cones: tritans, deutans, and protans, which detect light of short, medium, and
long wavelengths, respectively. Cones are concentrated in the central retina and are the only
photoreceptors present within the fovea, the central-most region of the retina. While rods and
cones function in different light conditions, their structure and mechanism of light detection are

very similar.

Each photoreceptor, whether a rod or a cone, consists of an outer segment, an inner
segment, a cell body, and synaptic ending. The outer segment (OS) is a specialized cilium that
captures light photons and contains stacks of membranous discs. In cones, these discs are
continuous with each other and the plasma membrane, while in rods discs are distinct units.
Nevertheless, in both subtypes the OS discs house an enormous number of light-sensitive
integral membrane proteins called opsins, as well as other components of the phototransduction
machinery. Although photoreceptors cannot regenerate in humans, the photoreceptor OSs
undergo a continual process of shedding and renewal where every day discs are generated
proximally and shed distally as packets. The inner segment (IS) and OS are linked via a thin
connecting cilium that transports metabolites, lipids, and proteins between the two segments as
needed. The IS is further made up of two regions. First, the distal ellipsoid region which is
densely packed with mitochondria and houses the basal body of the connecting cilium. Second,
the proximal myoid region which contains various organelles including the smooth endoplasmic

reticulum, the Golgi apparatus, and microtubules. Photoreceptor cell bodies form the outer



nuclear layer (ONL) of the retina while the synaptic layer between the photoreceptors and

downstream cells in the inner nuclear layer (INL) is called the outer plexiform layer (OPL).

1.1.2.2 Retinal Interneurons

Bipolar cells are interneurons that receive neural input from photoreceptors and synapse
onto retinal ganglion cells. There are 13 different types of bipolar cells, and they can be divided
into rod bipolar cells and cone bipolar cells depending on which photoreceptor subtype they
receive information from. Each bipolar cell is further characterized by whether it depolarizes or
hyperpolarizes in response to light. Bipolar cells extend from the OPL through the INL and into

the inner plexiform layer (IPL).

Horizontal cells are GABAergic interneurons that receive information from
photoreceptors. They are located along the OPL and play a role in early visual processing.
Namely, they mediate the process of lateral inhibition, collecting information from
photoreceptors and providing feedback to surrounding bipolar cells (Chapot et al., 2017).
Horizontal cells thus fine-tune photoreceptor cell output, enhancing contrast in the visual field.

(Kramer et al., 2015).

Also functioning laterally in the retina are amacrine cells. Amacrine cells are extremely
diverse, but they generally receive input from bipolar cells and other amacrine cells and synapse
onto ganglion cells, amacrine cells, or bipolar cells. Amacrine cells release the inhibitory
neurotransmitters GABA and glycine although their function can be either inhibitory or
excitatory depending on their target neuron. The exact roles of amacrine cells are not clearly
defined. However, they are thought to contribute to modulating the light response signal

transmitted to retinal ganglion cells.



1.1.2.3 Retinal Ganglion Cells

Retinal ganglion cell (RGC) dendrites synapse with bipolar and amacrine cells in the IPL
and are the final path of transmission of the light response to the brain. There are approximately
20 different RGCs, 1-2% of which are intrinsically light sensitive. Like the photoreceptor
response, the signal from intrinsically photosensitive retinal ganglion cells (ipRGC) is
transmitted to the brain; however, the information functions to regulate physiological processes
such as circadian rhythm, melatonin release, and pupil size, and does not contribute to vision.
The axons of RGC bundle together at the optic disc and exit the eye as a single unit, the optic

nerve.

1.1.2.4 Miller Glia

The retina contains three types of glial cells: Miiller glia, astroglia, and microglia. Miiller
glia are the most abundant of the three; their cell bodies sit in the inner nuclear layer, but their
processes span the retinal layers. On one side, Miiller glial endfeet form the inner limiting
membrane (ILM), which separates the vitreous chamber from the retina. On the other side,
Miiller glia extend their apical processes through the ONL to form adherens junctions with
photoreceptor ISs. The appearance created in histology by the line of Miiller glia-photoreceptor
junctions gave rise to the term outer limiting membrane (OLM). Miiller glia provide structural
and metabolic support to retinal neurons. For example, they serve as a cushion for protection of
the retina from physical trauma, and they are involved in retinal neuronal plasticity (Kobat

2020).



1.1.2.5 Retinal Pigment Epithelium

The retinal pigment epithelium (RPE) is a monolayer of pigment-rich cells located
outside the neurosensory retina, between the photoreceptor OS and the choroid. It is a
neuroepithelium derived during embryogenesis from the outer layer of the optic cup. Overall, the
RPE supports photoreceptor function and maintains outer retinal homeostasis. It contributes to
visual spatial resolution as its pigment absorbs stray light photons, preventing the scattering of
light in the retina. Further, the RPE mediates the visual cycle by recycling the vitamin A
derivative all-trans-retinal to 11-cis-retinal and is therefore critical in phototransduction and
vision. The RPE also regulates the movement of solutes and nutrients as it forms the outer part of
the barrier between the neurosensory retina and systemic circulation known as the retinal-blood
barrier. RPE cells have processes that extend apically into the photoreceptor OS layer and in

humans, each RPE cell is in contact with ~30 photoreceptors (Lakkaraju et al., 2020).

RPE cells (along with Sertoli cells in the testis) are known as specialized phagocytes.
Unlike circulating phagocytic immune cells, specialized phagocytes are resident to a particular
tissue, form tissue-blood barriers, and facilitate transport (Penberthy et al., 2018). The RPE has
one of the highest phagocytic demands in the body. Each RPE cell is responsible for the
phagocytosis of shed OS discs from ~30 photoreceptors. Approximately 7-10% of the OS is shed
daily, meaning the RPE phagocytoses the entire OS every 2 weeks (Lakkaraju et al., 2020). The
complex process of OS disc engulfment and degradation is triggered by light onset or offset and
typically occurs within hours in a healthy RPE (Lakkaraju et al., 2020). Accumulation of
ingested OS in the RPE results in the formation of lipofuscin, an autofluorescent material that
accumulates with age, and is primarily made up of vitamin A aldehyde derivatives known as

bisretinoids (Sparrow et al., 2012). Although lipofuscin is found in normal RPE cells, its



production is accelerated in various retinal disorders and is thus often a hallmark of retinal
degeneration (Sparrow et al., 2012). Notably, the RPE and photoreceptors are not only spatially
close, but their function relies on one another and therefore, RPE dysfunction leads to
photoreceptor degeneration, and vice versa. The next section will focus on the process of OS

phagocytosis and degradation by the RPE.

1.1.2.5.1 Outer Segment Processing

The process of OS shedding, phagocytosis, and degradation by the RPE is complex and
involves numerous signaling molecules. A brief overview of key players is summarized here.
The first step of the process involves the recognition of OS discs by the RPE. Photoreceptor OSs
accumulate phosphatidylserine (PS) on their distal tips facing the RPE, especially following light
onset (Lakkaraju et al., 2020). The PS acts like an “eat me” signal when exposed to the
extracellular space. Milk fat globule E8 (MFGES) is a glycoprotein secreted by the RPE, and it
binds exposed PS on OS tips and serves as a ligand for avf5, an integrin receptor located on the
apical side of the RPE (Nandrot et al., 2007). Next, avB5 forms a complex with CD81, which
facilitates OS binding to the apical RPE (Kwon et al., 2020). Further, avB5 activates a signaling
cascade that triggers the ingestion of the OS by the RPE cell. MERTK, a member of the Tyro-
AxI-Mer ingestion receptor family, is the primary mediator of OS ingestion. RACI, a small
GTP-binding protein, facilitates actin remodeling and formation of an actin-rich phagocytic cup
around the ingested OS (Kwon et al., 2020). The process of phagocytic cup closure and
withdrawal of the ingest OS into the RPE cell is not clearly understood although it likely

involves myosin-2 (Umapathy et al., 2023).

Following ingestion, phagosomes undergo a complex series of maturation steps that

involve fusion with endosomes and finally lysosomes. As phagosomes mature, the RPE



microtubule cytoskeleton, with the motor proteins kinesin-1 and dynein-1, mediates their
migration from the apical to the basal side of the RPE (Kwon et al., 2020). The degradation of
phagosome contents is a multi-step process that includes the acquisition of V-ATPase for the
acidification of the phagosomes (Kwon et al., 2020). Moreover, the lysosomal protease

Cathepsin D and cysteine proteases are involved (Kwon et al., 2020).

Interestingly, a significant proportion of phagosomes in the RPE are processed by a
different mechanism. Approximately 30-45% of OS phagosomes acquire the microtubule-
associated protein 1 light chain 3B (LC3B) in a process known as LC3-associated phagocytosis
(LAP) (Kwon et al., 2020). The exact mechanism and role of LAP in the RPE remains enigmatic
although literature suggests it plays a neuroprotective role (Kwon et al., 2020). One class of
molecules known to be critical in LC3-independent phagocytosis (and likely LAP as well) is
phosphoinositides (PIs) (Lakkaraju et al., 2020). PIs are important signaling molecules involved
in various cellular pathways. The next section will focus on phosphoinositides, highlighting the

phosphoinositide kinase, PIKfyve.

1.2 Phosphoinositides

1.2.1 Overview

Cells and intracellular organelles such as lysosomes and mitochondria are surrounded by
membranes made up of proteins and lipids. Cholesterol, glycerophospholipids, and sphingolipids
are all examples of lipids that maintain the structural integrity of the cell and organelle
membranes. Additionally, some lipids function as signaling molecules. One such example is
phosphoinositides (PIs) (Hasegawa et al., 2017). PIs are derived from phosphatidylinositols,

which are similar in structure to other phospholipids and consist of a glycerol backbone, two



fatty acids, and a six-membered cyclic polyol myo-inositol head group (Falkenburger et al.,
2007). The inositol group can be variably phosphorylated at positions 3, 4, and 5 to generate the
seven known PIs (Fig. 1.3). PIs comprise <1% of total phospholipids in eukaryotic cells and their
regulation is achieved by various PI kinases, phosphatases, and phospholipases. Pls localize to
distinct membranes, as illustrated in Fig. 1.5, where they mediate intracellular signaling by
recruiting various proteins to the membrane (Hasegawa et al., 2017). PIs are also involved in
ciliogenesis, vesicular transport, cytoskeleton assembly, ion channel regulation, and membrane

dynamics (Rajala et al., 2022)
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Figure 1.3 — Relationship between the seven phosphoinositides. The actions of kinases are
represented by black arrows while the actions of phosphatases are represented by red arrows.
PIKfyve kinase primarily phosphorylates PI3P into PI(3,5)P, and can also produce PISP from PI.

Fig4 phosphatase dephosphorylates PI(3,5)P into PI3P.

1.2.2 Roles in the Retina

The retina contains several highly specialized membranes such as the photoreceptor OS
discs, apical RPE processes, and bipolar cell and photoreceptor ribbon synapses. As discussed,
PIs are critical in membrane dynamics and therefore it is plausible that PIs have a role in the
retina, likely through the formation, maintenance, and function of these specialized membranes
(Wensel et al., 2020). However, there have been few measurements of Pls in the retina due to
their low abundance and difficult detection. Nevertheless, more sensitive detection techniques,
such as freeze-fracture electron microscopy combined with the use of tagged proteins (Takatori
et al., 2016), are being developed and they support the presence of PIs in the retina (Wensel et
al., 2020). For instance, using ribosomal targeting and nuclear labeling, one study found that
phosphatidylinositol-3-phosphate (PI3P) was highly expressed in samples containing both rod IS
and OS (Rajala et al., 2022). Another recent study detected the presence of PIs to varying
degrees in mouse retinas, consistent with the expression of various phosphatidylinositol

phosphate kinases (PIPK) (Rajala et al., 2022).

The exact roles of PIs within the retina remain largely unexplored. However, evidence
suggests that PIs are important in multiple retinal cell subtypes including photoreceptors,
ipRGCs, and especially the RPE (Wensel et al., 2020). Processes mediated by PIs such as

phagocytosis, autophagy, endocytosis, and endosomal processing are critical to RPE function.
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Indeed, the RPE shows increased levels of PI3P in response to the addition of rod OS in isolated
mouse rat cells (Wensel et al., 2020). Moreover, genetic defects that alter the levels of Pls, for
instance mutations affecting the PI phosphatases INPPES and synaptojanin are associated with

retinal degeneration and severe cone defects, respectively (Wensel et al., 2020).

This thesis will focus on phosphatidylinositol-3,5-bisphosphate (PI(3,5)P>) and
phosphatidylinositol-5-phosphate (PISP) and their significance in the retina. P1(3,5)P> is one of
the least abundant and least studied PIs and it makes up 0.04% of total PIs in mouse embryonic
fibroblasts (MEF) (Rivero-Rios et al., 2022). PISP is present at higher levels, making up 0.5% in
MEF (Rivero-Rios et al., 2022). Our understanding of the involvement of PISP and PI(3,5)P> in
vesicular trafficking and maturation is incomplete, although literature suggests that both Pls play
an important role. The next section will focus on PIKfyve - the kinase responsible for the

production of PI(3,5)P> and PISP.

1.3 PIKfyve

1.3.1 Overview

PIKfyve, also called Fabl in yeast, is a phosphoinositide kinase encoded by the PIKfyve
gene. In the literature, PIKfyve/PIKfyve is used to refer to the gene/protein in general while
PIKFYVE/PIKFY VE refers specifically to the human gene/protein and pikfyve/Pikfyve refers to
the zebrafish gene/protein. In humans, PIKFYVE is located on chromosome 2 and is 42 exons
long. The human PIKFYVE protein is 2089 amino acids long, and it consists of six functional
domains. The zinc finger phosphoinositide kinase (FYVE) domain binds PI3P, the pleckstrin
homology (PH) domain binds PIs, the B-sheet winged helix DNA/RNA-binding motif binds

DNA and RNA, the cytosolic chaperone CCTy apical domain-like motif and spectrin repeats
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facilitate protein-protein interactions, and the C-terminal fragment phosphoinositol phosphate
(PIP) kinase domain underlies the protein’s catalytic activity (Gee et al., 2015, Mei et al., 2021).
PIKFYVE is ubiquitously expressed throughout all tissues, with particularly high expression in
ocular tissues and the pancreas (Fig. 1.4). PIKfyve is the only kinase that catalyzes the
production of PI(3,5)P,, which it produces through the phosphorylation of PI3P (Rivero-Rios et
al., 2022). Moreover, it catalyzed the production of PISP both directly through phosphorylating
PI at the 5™ position and indirectly through myotubularin-related (MTMR) phospholipid

phosphatase-mediated dephosphorylation of PI(3,5)P> (Wensel et al., 2022).

PIKfyve is tightly regulated in a complex pathway that involves the lipid phosphatase
Fig4 (Rivero-Rios et al., 2022). Using cryoelectron microscopy and negative-stain, Lees et al.,
resolved the structure of the PIKfyve complex and found that Vac14, a scaffolding protein,
pentamerizes into a star-shaped structure to which one copy each of PIKfyve and Fig4 bind
(Lees et al., 2020). More specifically, PIKfyve and Fig4 bind opposite legs of the Vac14
pentamer, which has significant implications for the complex’s function (Rivero-Rios et al.,
2022). PIKfyve is capable of autophosphorylation, inhibiting its own activity (Rivero-Rios et al.,
2022). Paradoxically, the phosphatase required for its activation, Fig4, also dephosphorylates its
product PI(3,5)P, back to PI3P (Rivero-Rios et al., 2022). Therefore, these two proteins have a
close interplay where initially the Fig4 catalytic site is in contact with the membrane giving it
access to PI(3,5)P, while the catalytic site of PIKfyve is oriented away from the membrane (Lees
et al., 2020). Upon activation, the complex undergoes a structural rearrangement so that the
PIKfyve catalytic site is in contact with the membrane not only giving it access to PI3P, but also

orienting it towards Fig4 for its dephosphorylation and activation (Lees et al., 2020).
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PIKfyve plays an essential role in multiple cellular pathways which may be mediated by

PI(3,5)P2, PISP, or both. Initially, PIKfyve was thought to only be involved with lysosomes

(Rivero-Rios et al., 2022). However, growing evidence suggests roles in autophagy,

phagocytosis, melanosome biogenesis, and endosomal trafficking (Hasegawa et al., 2017). A

summary of the various pathways in which PIKfyve 1s implicated is provided in the next section.
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Figure 1.4 — Expression of PIKFYVE across human tissues. Figure adapted from

eyelntegration, NEI and shows ubiquitous expression of PIKFYVE across human tissues, with

elevated levels in the pancreas and the eye (provided by Matt Benson, courtesy of NEI).
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1.3.2 Involvement in Cellular Pathways
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Figure 1.5 — Overview of phosphoinositides in multiple cellular pathways. Endosomal
trafficking, phagosome maturation, and autophagy are summarized and the various

phosphoinositides implicated in each step are shown. EE= early endosome, MVB=

multivesicular body.

1.3.2.1 Lysosomal Homeostasis

The role of PIKfyve in lysosomal function is the most-well studied, and it is primarily
mediated by PI(3,5)P,. PIKfyve maintains lysosomal homeostasis through three main processes:
ion homeostasis, lysosomal acidification, and lysosomal fission (Rivero-Rios et al., 2022).

PI(3,5)P; is the ligand that activates the lysosomal mucolipin TRP calcium channel, TRPMLI1

15



(Li et al., 2020). Moreover, PI(3,5)P; also directly binds to lysosomal sodium two-pore channels,
TRC1 and TRC2 (Li et al., 2020). Notably, the most observed result of PIKfyve inhibition in cell
culture is the formation of vacuoles (Rivero-Rios et al., 2022). One potential mechanism
underlying vacuolization is the buildup of fluid within lysosomes. Upon inhibition of PIKfyve,
PI1(3,5)P> production ceases and therefore, TRPML1, TRCI1, and TRC2 are inactivated, which
results in a buildup of calcium and sodium ions inside the lysosomes (Rivero-Rios et al., 2022).
An influx of water into lysosomes follows, leading to swelling and the formation of large
vacuoles (Rivero-Rios et al., 2022). PI(3,5)P; is also important in maintaining lysosomal pH.
Lysosomes are characterized by an acidic pH that activates lysosomal hydrolases. The addition
of the PIKfyve inhibitor apilimod to yeast and mammalian cells results in an increase in
lysosomal pH (Banerjee et al., 2020, Ponsford et al., 2020). Hence, it is likely that PI(3,5)P»is a
regulator of the v-ATPase responsible for lysosomal acidification (Rivero-Rios et al., 2022).
Finally, PI(3,5)P; drives lysosomal fission through a mechanism not fully understood (Rivero-
Rios et al., 2022). Many cellular pathways terminate by fusion with a lysosome (Fig. 1.5). After
degradation, it is important for lysosomes to reform to continue degrading other vesicles.
PIKfyve inhibition impairs lysosomal fission and leads to a steady-state increase in lysosomal

fusion and therefore, lysosomal enlargement (Rivero-Rios et al., 2022).

1.3.2.2 Endosomal Trafficking

Endosomes are intracellular vesicles formed by the endocytosis of macromolecules such
as proteins and lipids from the extracellular space into the cytoplasm through plasma membrane
invagination and remodeling. Immediately following endocytosis, vesicles are referred to as
early endosomes (EE). EE membranes are enriched in PI3P, which recruits protein complexes

that result in the invagination of the EE membrane into multiple intralumenal vesicles (Lartigue
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et al., 2009). This process results in the formation of multivesicular bodies (MVBs) or late
endosomes. Late endosomes then fuse with lysosomes to form endolysosomes, through which

cargo is degraded.

Three key Pls play an important role in endosomal trafficking: PI3P, PISP, and PI(3,5)P..
As mentioned, PI3P is enriched on EE where it mediates maturation into a MVB through
recruiting FYVE-containing effector proteins (Lartigue et al., 2009). Similarly, PISP localizes to
the EE membrane and its upregulation enhances endocytosis (Ramel et al., 2011, Viaud et al.,
2014). In contrast, PI(3,5)P> is primarily localized to late endosomes and lysosomes (Hasegawa
et al., 2017). Bissig et al., found that inhibition of PIKfyve resulted in the accumulation of
enlarged endolysosomes in HeLa cells, suggesting a role for PI(3,5)P> in reformation of
lysosomes from endolysosomes. Thus, PI3P and PISP are involved in early endosomal

trafficking while PI(3,5)P. is involved in the later steps of the endosomal pathway.

1.3.2.3 Phagocytosis

Phagocytosis and phagosome maturation were described in section 1.1.2.5.1. Much of the
knowledge about the role of PIKfyve in phagocytosis comes from studies done on macrophages,
which are professional phagocytes of the immune system that degrade pathogens and cellular
debris (Kim et al., 2014). Like other phagocytes, macrophages engulf target pathogens within a
membrane to form an intracellular phagosome. Through a series of fusions with endosomes and
lysosomes, the phagosome matures into a highly acid phagolysosome that is then able to break
down the engulfed pathogens (Kim et al., 2014). The level of PI(3,5)P> gradually increases as
phagosomes mature in macrophages (Hasegawa et al., 2017). Moreover, silencing of PIKfyve by
shRNA or pharmacological inhibition results in delayed phagosome maturation (Kim et al.,

2014). Kim et al., found that PIKfyve is crucial in trafficking phagosomes to lysosomes and
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maintaining both organelle’s degradative capacity. Of note, the authors were not able to
contribute this solely to PI(3,5)P, as PISP may also be involved. Another mechanism through
which PIKfyve is implicated in phagocytosis is through the TRPML1 lysosomal channel.
TRPMLI facilitates the movement of calcium out of lysosomes which mediates phagosome-
lysosome fusion. Indeed, Dayam et al., found that when TRMPL1 was silenced or PIKfyve

inhibited, lysosomes docked to phagosomes but did not fuse (Dayam et al., 2015).

1.3.2.4 Autophagy

Autophagy, or macroautophagy, is a conserved, complex intracellular degradation
pathway that removes damaged and unnecessary organelles and proteins (O’Connell et al., 2023).
Autophagy is triggered by cellular stress such as starvation and it involves the formation of a
double-membrane vesicle called an autophagosome around the target components (O’Connell et
al., 2023). Following the engulfment of degradation components, autophagosomes fuse with
lysosomes to create autolysosomes. Through enzymatic activity, contents are degraded into their
building blocks and recycled for energy and macromolecule synthesis (O’Connell et al., 2023).
Autophagy involves the activity of many different proteins including PIKfyve. In liver cancer
cells, PIKfyve inhibition results in the accumulation of autophagosomes (Hou et al., 2018). This
suggests that P1(3,5)P,, and/or PI5P, is involved in autophagosome-lysosome fusion. Moreover,
mutations in the autophagy protein Atgl8 that interfere with its binding to PI(3,5)P2 cause
defects in autophagy (Hasegawa et al., 2017). Our knowledge of the exact roles of PIKfyve in
autophagy is limited; however, evidence suggests that both PISP and PI(3,5)P> are important

mediators of the process.

18



1.3.2.5 Melanosome Biogenesis

Melanosomes are lysosome-related organelles that synthesize and store melanin.
Melanosome biogenesis and maturation occurs in four steps, beginning with stage I
melanosomes derived from specialized early endosomes (Liggins et al., 2018). Stage I
melanosomes are characterized by the presence of the transmembrane protein premelanosome
(PMEL), which undergoes cleavage and fibrillation during the transition into a stage II
melanosome (Bissig et al., 2019). Endosomes transport key melanogenesis enzymes including
tyrosinase from the Golgi to stage Il melanosomes (Theos et al., 2005). In stage 111
melanosomes, tyrosinase mediates the production of melanin, which is deposited onto PMEL
fibrils (Bissig et al., 2016). Maturation is complete within stage [V melanosomes, which are

opaque organelles that are densely packed with melanin (Liggins et al., 2018).

Mice with knockout of Fig4, one of the PIKfyve complex proteins, exhibit lack of
pigmentation. Nevertheless, the role of PIKfyve in pigment formation had been unexplored until
recently. Liggins et al., demonstrated that melanocyte-specific knockout of Pikfyve in mice
results in the accumulation of stage I and II melanosomes. The authors determined that PIKfyve
is important in trafficking of tyrosinase-containing endosomes from the Golgi to stage 11
melanosomes. Moreover, Bissig et al., found that PIKfyve is required for membrane remodeling
during the transition from stage I to Il melanosomes. Together, these findings demonstrate the

role of PI(3,5)P2 and potentially PISP in melanogenesis.

1.3.3 Clinical Relevance of PIKFYVE

Human mutations in PIKFYVE are ultrarare and mostly associated with Corneal Fleck

Dystrophy, an autosomal dominant, non-progressive disease with a prevalence of <1/1,000,000.
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Affected patients typically remain asymptomatic with white, opaque flecks that appear within the
stromal layer of the cornea (Gee et al., 2015). Corneal flecks consist of dilated keratocytes that
are filled with complex lipids and glycosaminoglycans in intracytoplasmic vesicles, and flecks
do not affect vision (Gee et al., 2015). Mutations associated with Corneal Fleck Dystrophy fall
within the cytosolic chaperone CCTy apical domain-like motif, FYVE domain, or SPEC domain
of PIKFY VE. Frameshift, nonsense, missense, splice-site, and copy number variants have been

identified (Gee et al., 2015)

A novel phenotype associated with PIKF'YVE mutations was recently reported by Mei et
al. The authors identified a Chinese Korean family with congenital cataracts. All affected
individuals that underwent whole exome sequencing carried a novel heterozygous missense
p-(G1943E) variant in PIKFYVE, while an unaffected family member did not (Mei et al., 2021).
Modeling in zebrafish revealed that the variant likely causes disease through haploinsufficiency
and not dominant-negative inhibition as overexpression of the mutation-containing gene did not
produce a cataract phenotype in fish, but gene knockdown did (Mei et al., 2021). Curiously, none
of the affected patients identified had corneal flecks. Unlike Corneal Fleck Dystrophy patients,
the variant identified by Mei et al. falls within the kinase domains of the PIKFY VE protein,
suggesting that the location of the mutation has a profound effect on the phenotypes displayed.
On the other hand, the researchers screened additional cataract patients unrelated to the original
family and discovered mutations in six more loci spread across the PIKFYVE gene. It is therefore
unclear why some mutations cause cataracts and others cause corneal fleck dystrophy. The next

section will report yet another novel PIKFYVE variant and associated phenotype.
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1.4 PIKFYVE Patient

1.4.1 Clinical Phenotype

Dr. Ian MacDonald, an ophthalmologist at the University of Alberta, previously
identified a mother-son patient duo with a unique retinal degeneration phenotype. The son
(proband) was first referred to Dr. MacDonald at the age of 39 with complaints of visual field
loss. The proband had also developed night blindness in early childhood. The patient underwent
ophthalmic examination including fundoscopy, which images the inside of the back of the eye.
The patient’s fundus images revealed evidence of retinal depigmentation and degeneration (Fig.
1.6A). The patient also underwent fundus autofluorescence (FAF) testing, which is a non-
invasive imaging technique to detect abnormal autofluorescent molecules in the retina indicative
of degeneration. As shown in Fig. 1.6B, a ring of hyperfluorescence was detected in the patient,
suggesting the presence of drusen deposits and/or lipofuscin in the RPE. There was no
significant thinning of retinal layers observed in the patient’s optical coherence tomography scan
(data not shown). Moreover, the patient underwent a slit-lamp examination where a light is shone
through the eye. Normally, iris pigmentation prevents light from reflecting back. However, in the
patient bilateral transillumination was observed (Fig. 1.6C), indicative of depigmentation of the
iris. The patient also underwent retinal functional testing by electroretinography and there was no
significant light response recorded in photopic (well-lit) or scotopic (dark) conditions (Fig.
1.6D). Beyond the visual phenotype, the patient also presented with hearing loss, progressive
complex migraines, and worsening neurodegeneration. The proband’s mother presented with a
similar phenotype of hearing and vision loss, transillumination defect, migraines, and
neurodegeneration. The proband’s mother eventually developed ischemic dementia, paranoid

psychosis, and hallucination and passed away at the age of 62.
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Figure 1.6 — PIKFYVE patient ophthalmic examination findings. (A) Fundoscopy showing
retinal depigmentation and degeneration (black arrows). (B) Fundus autofluorescence showing a
ring of hyperfluorescence (red arrow). (C) Slit-lamp examination showing transillumination of
the iris. (D) Electroretinography (ERQG) testing showing flat retinal electrical responses to light.

All data was obtained by Dr. Ian MacDonald.

1.4.2 Patient Genotype

Trio whole exome sequencing (WES) could not be performed due to the mother’s death.
However, the proband and his father underwent WES, and it revealed a novel heterozygous
missense variant in the PIKFYVE gene in the proband. The variant is a single base substitution
that falls within the kinase domain of the PIKFY VE protein (¢.5492A>G, p.(His1813Arg)). The

variant was not present in the father and has not been previously reported in the literature.
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Although the mother did not undergo genetic testing, we hypothesize that she carried the same
variant due to the similarity in phenotype between the son and mother. The prediction results by
three software Mutation Taster, Polyphen2 and SIFT were inconsistent, with the variant being
predicted as benign, possibly damaging, and tolerated, respectively. Based on the current
evidence, this variant is classified as a variant of unknown significance (VUS). Molecular
modeling of the variant by Yuri Sergeev revealed that it alters the kinase domain conformation

by shifting the first helix (Fig. 1.7).

Figure 1.7 — Molecular modeling of the p.(His1813Arg) PIKFYVE mutation. Wildtype
structure is shown in purple and mutant structure is shown in green. The patient mutation is
expected to shift the first helix (H1) of the kinase domain. Molecular modeling and the figure

were provided by Yuri Sergeev (National Eye Institute, USA).

1.4.3 Current Understanding

Our understanding of the mechanism of disease of PIKF'YVE mutations is limited, and
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genotype-phenotype associations are difficult to deduce due to the heterogeneity of phenotypes
observed in patients with PIKFYVE mutations. Although it is tempting to speculate that the
domain in which the mutation lies determines the phenotype, two variants of close proximity,
both in the kinase domain, produce vastly different phenotypes — one associated with congenital
cataracts and one with retinal dystrophy. Moreover, the nature of the mutation also seems to have
little correlation with phenotype; nonsense and frameshift mutations in the early domains of the
protein are tolerated and only produce a phenotype of corneal flecks while a missense mutation
in the kinase domain critically impairs vision. Nonetheless, heterozygous PIKFYVE mutations in
humans cause a largely ocular phenotype. Hence, an in vivo model is required to better
understand the roles of PIKfyve in the eye. Knockout of P/Kfyve is embryonic lethal in mice,
zebrafish, and C.elegans (Mei et al., 2021), and therefore studying the gene in vivo has been
difficult. Here, I utilized various precise gene editing technologies in an attempt to introduce the
specific patient mutation and overcome the lethality associated with gene knockout. I chose
Danio rerio (zebrafish) as a model organism for several advantages that will be discussed in the

next section.

1.5 Zebrafish as a Disease Model

Zebrafish have become a powerful model of human disease over recent years as they
provide many advantages for use in research. Zebrafish are characterized by high fecundity,
generating a large number of embryos from a single breeding (Lui et al., 2019). Fertilization is
external in zebrafish, allowing access to embryos as early as the one-cell stage (Lui et al., 2019).
This is particularly advantageous in genetics research since embryos can be genetically
manipulated at very early time points. Moreover, rapid drug screenings can be performed on

zebrafish at any time point during development. Transparency of the embryos allows for
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visualization of developing tissue and the monitoring of embryogenesis following genetic
manipulation or drug treatment. The human and zebrafish genomes are highly conserved with
70% of disease-causing genes in humans having an ortholog in zebrafish (Lui et al., 2019),
allowing for the use of zebrafish as disease models. Zebrafish are particularly advantageous for
the study of eye diseases as their retinal organization closely resembles that of the human (Fig.
1.8). Moreover, unlike the rod-dominated retinas of common rodent models, zebrafish retinas
consist of a 1:1 ratio of rods: cones and therefore, both rod and cone disorders may be studied in

fish (Richardson et al., 2017).

Human Zebrafish
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Figure 1.8 — Comparison of retinal organization in humans and zebrafish. Zebrafish retinal
architecture closely resembles that of humans. RPE= retinal pigment epithelium; OS= outer

segment; IS= inner segment; ONL= outer nuclear layer; OPL= outer plexiform layer; INL= inner
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nuclear layer; IPL= inner plexiform layer; GCL= ganglion cell layer. Figure adapted from

Richardson et al., 2017.

1.6 Precise Genome Editing

1.6.1 Homology Directed Repair

The development of Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR)/Cas9 as a gene editing tool by Emmanuelle Charpentier and Jennifer Doudna has
greatly advanced genetics research. Briefly, the CRISPR/Cas9 system allows for precise DNA
cutting through utilizing a Cas9 endonuclease that is guided to the sequence of interest by a
guide RNA (gRNA). The Cas9 binds the DNA at the protospacer adjacent motif (PAM)
sequence, which is typically a three-nucleotide sequence consisting of any base followed by two
guanines (NGG). The endonuclease then generates a double-stranded break (DSB) three bases
upstream of the PAM site. DSBs generated by the CRISPR/Cas9 system may be repaired by one
of three mechanisms: homology directed repair (HDR), non-homologous end joining (NHEJ), or
microhomology-mediated end joining (MMEJ). NHEJ is active throughout all stages of the
cellular cycle and its repair is fast, making it the prominent pathway in most cells (Yang et al.,
2020). In NHEJ, the broken DNA strands are ligated regardless of sequence homology.
Therefore, NHEJ results in random mutations that may include insertions or deletions at the site
of the DSB (Yang et al., 2020). In MMEJ, small homologous sequences on either side of the
break are annealed and ligated, resulting in a precise deletion (Yang et al., 2020). HDR, on the
other hand, is restricted to cells in the S and G2 phase and it relies on an undamaged sister
chromatid to repair the DSB. Repair may also be mediated by an exogenous DNA template that

is provided to the cell (Yang et al., 2020). Combining HDR and CRISPR/Cas9, precise edits can
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be introduced in the DNA by providing cells with a DNA template encoding the desired DNA

change.

1.6.2 Base Editing

The use of an exogenous DNA template encoding the desired edit can allow for the
introduction of specific mutations into the genome through HDR. However, since HDR relies on
the introduction of DSBs, DSB-associated byproducts such as indels, translocations, and
rearrangements are a constant concern (Rees et al., 2018a). Moreover, HDR is in competition
with NHEJ and MMEJ and unfortunately, in most cells (especially those that are not dividing),
NHE]J is the prominent DNA repair pathway, decreasing the efficiency of HDR (Rees et al.,
2018a). 64% of disease-causing genetic variants are linked to a single base substitution (Fig. 1.9)
and therefore precise introduction of a single point mutation to either mimic patient mutations in
animal models or correct them in the clinic is of utmost importance. In 2016, Komor et al.,
developed a technology termed base editing that allows for single base substitutions without the

use of an exogenous template, or creation of DSBs and DSB-associated byproducts.
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Figure 1.9 — Nature of pathogenic and likely pathogenic variants. Data pulled from ClinVar

April 2023.

1.6.2.1 Cytosine Base Editing

The original class of base editors (BE1) utilized a catalytically dead Cas9 (dCas9) that
does not cut the DNA but retains its DNA-binding ability (Komor et al., 2016). The dCas9 is
fused to a cytosine deaminase, an enzyme that catalyzes the conversion of cytosine into uracil,
which is analogous to thymine in base-pairing properties and is read by DNA polymerase as a
thymine (Komor et al., 2016). Upon hybridization of the gRNA to the complementary DNA
sequence, the opposite strand of the protospacer sequence is unpaired (the first 11 nucleotides),
forming a single-stranded region called the R-loop (Komor et al., 2016). Single-stranded DNA
within the R-loop makes cytosine residues accessible for deamination by the cytosine deaminase
(Komor et al., 2016). Unfortunately, uracil residues are rapidly marked by uracil glycosylases

and removed from the DNA by base excision repair (BER) (Komor et al., 2016). The second
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generation of base editors (BE2) addresses this limitation by fusing an uracil glycosylase
inhibitor (UGI) to the C-terminus of the BE1 fusion protein (Komor et al., 2016), ensuring that
uracil does not get excised rapidly from the DNA. The editing remains on one strand of the DNA
and therefore, Komor et al., developed the third generation of base editors (BE3) to increase
editing efficiency by aiming to mutate both strands of the DNA. BE3 utilizes Cas9 nickase
(nCas9) which only cuts one of the two DNA strands. DNA nicks are known to activate
mismatch repair, therefore increasing the chance of the unedited strand being mutated to match

the base edited strand (Komor et al., 2016).

1.6.2.2 Adenine Base Editing

Cytosine to thymine point mutations only make up a subset of disease-causing single
base substitutions and therefore Gaudelli et al., developed adenine base editing (ABE) to create
adenine to guanine single base substitutions (Gaudelli et al., 2017). The authors engineered a
heterodimeric protein that incorporates nCas9 and a mutated E. coli TadA deoxyadenosine
deaminase (Rees et al., 2018a). Directed to the sequence of interest by the gRNA, the
heterodimeric protein catalyzes the deamination of an adenine residue within the exposed,
single-stranded R-loop into an inosine (Rees et al., 2018). During DNA replication, inosine is
read by DNA polymerases as a guanine, allowing for adenine to guanine single base
substitutions with ABE (Gaudelli et al., 2017). Different versions of ABE carrying various
mutations in the TadA deoxyadenosine deaminase have been created to increase editing
efficiency and manipulate the location of the adenosine deaminated with respect to the PAM
(Rees et al., 2018a, Gaudelli et al., 2017, Carrington et al., 2020). Moreover, online tools such as
the ACEofBases have been created to simplify gRNA design and improve targeting and editing

efficiency of base editors (Cornean et al., 2022, Hwang et al., 2018).
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1.6.3 Prime Editing

While the development of base editing enables researchers to model and correct point
mutations without generating double stranded breaks in the DNA, the technology is
unfortunately limited by the four transition mutations previously described. Base editing cannot
generate transversion mutations in which a two-ring purine is changed into a one-ring pyrimidine
or vice versa. As a result, base editing is not applicable in the correction of some disease-causing
mutations such as the nucleotide change causing sickle cell anemia (GAG - GTG) (Anzalone et
al., 2019). Moreover, base editing only allows for single base substitutions and thus, correction
of disease-causing small insertions and deletions is not possible (Anzalone et al., 2019).
Therefore, a precise gene editing technology capable of introducing all 12 possible point
mutations as well as small insertions and deletions without the introduction of double-stranded

breaks is critical for enhancing the breadth of diseases that could be treated by gene therapy.

In 2019, Anzalone et al developed a “search and replace” technology termed prime
editing that significantly advances the field of genome editing by eliminating most of the
limitations and concerns associated with other gene editing technologies. By combining the
power of reverse transcription and catalytically inactive endonucleases, Anzalone et al created a
system that is capable of precisely copying genetic changes into DNA (Fig. 1.10). Consistent
between all versions of prime editors is the prime editing guide RNA (pegRNA), a specialized
gRNA that both directs an endonuclease/reverse transcriptase fusion protein to the sequence of
interest and encodes the desired sequence change. The pegRNA includes the spacer sequence,
which is complementary to the DNA target site and hybridizes with it, and the 3’ extension. The
3’ extension is made up of two sequences: first, the primer binding site (PBS) which hybridizes

to the nicked DNA strand and acts as a primer for the reverse transcriptase; and second, the
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reverse transcriptase template (RTT) which encodes the desired edit (Scholefield and Harrison,

2021). The spacer and 3’ extension sequences are joined by a scaffolding sequence.

The first generation of prime editors (PE1) consists of an M-MLV reverse transcriptase
(RT) fused to a mutated Cas9 nickase (H840A) through the C-terminus (Scholefield and
Harrison, 2021). In this technique, the spacer sequence of the pegRNA binds to the target strand,
opening the DNA into an R-loop. The mutated nickase then cuts the non-complementary DNA
strand three bases upstream of the PAM site. The exposed DNA flap (called a 3’ flap) binds to
the PBS of the pegRNA, forming a DNA-RNA hybrid. This serves as a primer for RT to start
reverse transcribing the pegRNA RTT and extending the 3’ DNA flap. The newly synthesized 3’
flap replaces the unedited 5° flap, which is degraded by the endogenous endonuclease FEN1,
resulting in the integration of the desired edit into the genome (Scholefield and Harrison, 2021).
The second generation of prime editors (PE2) consists of similar components and mechanisms,
but the M-MLV RT carries a series of mutations that increase its thermostability, substrate
affinity, and processivity (Anzalone et al., 2019). Because only one of the two DNA strands is
edited, both PE1 and PE2 generate a heteroduplex region in the DNA, creating a mismatch
between the two DNA strands (Scholefield and Harrison, 2021). Ideally, mismatch repair
enzymes would edit the wildtype DNA strand to match the desired edit, but it is also possible for
the edit to be reverted to wildtype. Therefore, the third generation of prime editors (PE3) was
created to address this limitation and increase editing efficiency. PE3 utilizes an additional
standard gRNA that nicks the complementary strand, promoting the editing of the wildtype
strand rather than the mutated strand during mismatch repair (Scholefield and Harrison, 2021).
While increased editing efficiency is observed with PE3, an increase in indel formation is also

common since both strands are nicked and therefore DSBs are generated (Scholefield and
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Harrison, 2021). A revised system, PE3b, addresses this limitation by creating a gRNA that only
recognizes the complementary DNA strand after prime editing has occurred, decreasing indel

formation (Scholefield and Harrison, 2021).

Since its development, prime editors have been rapidly employed by researchers to both
create and correct various patient mutations in models. Thus far, prime editing has been
successful in human cells (Anzalone et al., 2019, Petri et al., 2021), mice (Jang et al., 2021, Lin
et al., 2021, Liu et al., 2020), plants (Ren et al., 2021, Walton et al., 2020, Jiang et al., 2020), and
zebrafish (Petri et al., 2021). One limitation arising with prime editing is the restriction due to the
PAM site; not all disease-causing mutations have a PAM site that fits pegRNA design
guidelines. Walton et al., developed a near PAM-less Cas9 nickases (SpG and SpRY) that loosen
the restriction on the PAM site sequence (Walton et al., 2020). Another limitation of prime
editing is the complexity of pegRNA design. The success and efficiency of prime editing are
largely dependent on the pegRNA and thus, tools have been developed to aid in the pegRNA

design process (Standage-Beier et al., 2021, Hsu et al., 2020).
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Figure 1.10 — Prime editing overview. Figure from Scholefield and Harrison, 2021 showing the

five steps of prime editing. 1. The nCas9/reverse transcriptase fusion protein binds the target
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region and nicks the DNA three bases upstream of the PAM site creating a 3’ flap. 2. The 3’ flap
hybridizes with the primer binding site of the pegRNA and acts as a primer for reverse
transcription initiation which occurs using the reverse transcriptase template of the pegRNA. 3.
The edited 3’ flap replaces the unedited 5’ flap, which is excised by the cellular endonuclease
FENI. 4. Editing results in a mismatch between the edited and unedited DNA strands. 5.
Mismatch repair enzymes either mutate the unedited strand to match the edit or reverse the

sequence back to wildtype in which case, the process starts over.

1.7 Purpose

The primary goal of this thesis was to provide the first characterization of PIKfyve
function in the retina, particularly in the retinal pigment epithelium. As previously discussed,
phenotypes associated with PIKFYVE mutations in humans are heterogenous and typically
present in the eye. While in vitro work has highlighted a role of PIKfyve in various cellular
pathways including endocytosis, phagocytosis, autophagy, and melanogenesis, little is known
about its roles in vivo and the mechanism through which mutations in the gene result in an ocular
phenotype. The knockout of PIKfyve is embryonic lethal in zebrafish, mice, and C.elegans and
therefore elucidating ocular disease mechanisms has been difficult. Zebrafish possess one highly
conserved ortholog of the PIKfyve gene, and they are excellent models for genetic and ocular

research. Thus, I sought to characterize the roles of PIKfyve in the zebrafish retina.

Hypothesis: PIKfyve is essential in the RPE through involvement in phagocytosis,
lysosomal function, melanosome biogenesis, and autophagy, and therefore, its loss results in

disrupted retinal homeostasis which negatively affects photoreceptor function and health.
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My first aim was to use CRISPR/Cas9 mutagenesis to target the kinase domain of the
zebrafish Pikfyve protein. In the patient identified by Dr. MacDonald, the mutation falls within
the kinase domain and is associated with a retinal dystrophy phenotype. In the patients identified
by Mei et al, mutations in the kinase domain are associated with congenital cataracts. Thus, I
chose to target the kinase domain as it is associated with significant disease phenotypes in
humans that are poorly characterized mechanistically. I sought to introduce a loss of function
mutation to knockout or knockdown the gene in zebrafish and study the resultant effect on the
eye. I examined retinal electrical function and retinal structure of the CRISPR-injected fish to

elucidate a disease mechanism for Pikfyve loss.

My second aim was to study the effects of Pikfyve pharmacological inhibition on the
zebrafish retina. Apilimod is a potent and specific inhibitor of PIKfyve that has been in clinical
trials for cancer and neurodegeneration. Surprisingly, the effects of the drug on vision are
unexplored and the inhibitor has never been tested on zebrafish before. Thus, I sought to treat
zebrafish larvae and adults with apilimod and analyze retinal electrical function and structure. I
utilized electroretinography, electron microscopy, and confocal analysis to characterize

apilimod-treated zebrafish.

My third aim was to utilize precise gene editing technologies to introduce the variant
identified by Dr. MacDonald into the zebrafish pikfyve gene. Knockout of the gene is embryonic
lethal and therefore, I sought to create a patient mimic line that would survive to adulthood and
allow us to not only confirm the causative nature of the variant but also study its progressive
effect on the retina. I developed methods for using homology directed repair, prime editing, and
base editing, each of which could potentially create the analogous patient mutation into

zebrafish.
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CHAPTER TWO: MATERIALS AND METHODS

2.1 Animal Ethics

Approval for this study was obtained from the Animal Care and Use Committee:

Biosciences, under protocol AUP 1476.

2.2 Zebrafish Care

Zebratish were cared for by the Health Sciences Laboratory Animal Services (HSLAS) at
the University of Alberta. Stock embryonic media (EM) was prepared by combining 17.5 g
NacCl, 0.75 g KCl, 2.9 g CaCl-2H»0, 0.41 g KH>PO4, 0.142 g NaHPO4 anhydrous, 4.9 g
MgS0O4-7H20 in 1 liter of Milli-Q water, vacuum filtered, and stored at 4°C. Working EM
solution was prepared fresh every week by combining 50 mL stock EM, 2 mL 500X sodium
bicarbonate, and Milli-Q water to 1 liter, and stored at room temperature. Zebrafish larvae were
grown in working EM solution at 28.5°C until 5-days post fertilization (dpf) at which point they
were transferred to 3.5-liter tanks at a density of 30 fish/tank in the HSLAS aquatics facility.
Tank density was lowered to 15 fish/tank once fish reached adulthood to optimize living and
feeding conditions. Zebrafish were fed three times as larvae and juveniles and twice as adults
with a combination of rotifers and Ziegler dry food. Zebrafish were kept in a 14:10 hour
light/dark cycle. Zebrafish of the AB line were used in all experiments throughout this thesis.
Tricaine mesylate (TMS) was used to anesthetize and euthanize zebrafish. Stock TMS was
prepared by combining 400 g tricaine powder (3-amino benvoic acidethylester, MS222), 97.9
mL DD H>0, 2.1 mL 1M Tris pH 8 and stored at -20°C. A 4.2% working TMS solution was

prepared with Milli-Q water for zebrafish anesthesia.
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2.3 CRISPR/Cas9 Mutagenesis
The CHOPCHOP web tool (https://chopchop.cbu.uib.no) and the Integrated DNA

Technologies (IDT) Custom Alt-R CRISPR-Cas9 guide RNA tool were used to design CRISPR
RNAs (crRNAs). Two crRNAs targeting the third and fourth exons of the kinase domain of the
Danio rerio pikfyve gene were designed. The first crRNA targets the sense strand of exon 38
while the second crRNA targets the antisense strand of exon 39. Co-injection of the two crRNAs

generates two double stranded breaks that are ~268 nucleotides apart.

Alt-R ® CRISPR-Cas9 crRNAs (Table 2.1), Alt-R ® CRISPR-Cas9 tracrRNA, and Alt-
R™ S p. Cas9 Nuclease V3 were ordered from IDT. RNAs were resuspended in RNase-free 1X
Tris-EDTA buffer to a concentration of 100 uM. To anneal, 5 pL tracrRNA and 5 pL. crRNA
(100 uM ea.) were heated at 95°C for 5 minutes and then gradually cooled to room temperature
in a thermocycler at 0.1°C/second. Annealed RNA duplexes were stored at -20°C. Injection
mixtures consisted of 5 uM each RNA duplex (diluted in IDT duplex buffer) and 5 uM Cas9
(diluted in 1X RNase-free PBS). 100-200 zebrafish embryos were injected at the single-cell stage
with 2 nL of the injection mixture. To prepare injection needles, filamented borosilicate glass
capillary tubes (OD 1.20mm, ID 0.90 mm; Sutter Instruments, Novato, USA) were pulled on a
Sutter micropipette puller. Injections were performed under an Olympus stereo microscope using
a WPI micromanipulator and pneumatic pump (World Precision Instruments, Sarasota, USA).
Injected embryos and uninjected siblings were grown in a 28.5°C incubator in EM for 1-6 dpf

prior to genotyping and analysis or transfer to the fish facility.

Table 2.1 — Sequence of crRNAs used to target pikfyve, tyr, and slc45a2 genes.

crRNA Sequence (5’ 2 3)

PIKScrExon3 AGAGUUCCAUAAAAUGCGGGGUUUUAGAGCUAUGCU
(crispant, ABE)
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PIK5crExon4 UGUGAUGUACGUAAAGUAGUGUUUUAGAGCUAUGCU

(crispant)

PIKfyveExon38 | CUGAAGAGUUCCAUAAAAUGGUUUUAGAGCUAUGCU
(HDR)

Tyr(W273*)NAN | CCUUCCAGGAUGAGAACACAGUUUUAGAGCUAUGCU
(CBE)

Sle45a2(W121%) | GGCCCCAUGACGACCUACAGGUUUUAGAGCUAUGCU
(CBE)

2.4 Homology Directed Repair

Like CRISPR/Cas9, homology directed repair (HDR) involves a Cas9 protein that breaks
both strands of the DNA and a crRNA that directs the Cas9 to the sequence of interest. In
addition, HDR involves the co-injection of a nucleotide template that is complementary to the
DNA sequence, except for the desired edit. [ used HDR in an attempt to introduce the analogous

PIKFYVE patient mutation into zebrafish and create a patient mimic mutant line.

The human and zebrafish PIKfyve genes share a 70% sequence homology (Boisset et al.,
2008). The human PIKFYVE gene is located on chromosome 2 while the zebrafish pikfyve gene
is on chromosome 9. The histidine encoded by the CAT codon mutated to CGT in the human
patient is conserved between humans and zebrafish, and therefore I targeted the same residue. In
humans, the patient mutation is ¢.5942A or p.His1831, which correlates to ¢.5530A or p.His1833
in zebrafish. To design the HDR components, I used the IDT Alt-R HDR Design Tool
(https://www.idtdna.com/site/order/designtool/index’  HDRDESIGN) and incorporated
recommendations from Prill and Dawson 2020. The crRNA sequence is shown in Table 1 and
directs the Cas9 to cut the DNA five base pairs downstream of the adenine base of interest.
According to the Prill and Dawson 2020 recommendations, I designed the DNA template to be
single stranded and asymmetrical with homology arms of 18-400 nucleotides long. The single-

stranded oligonucleotide (ssODN) was 198 nucleotides long to align template ends with regions
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in the surrounding introns and prevent undesired changes in the exon sequence. The ssODN
carried three single base changes compared to the wildtype DNA sequence: an A>G to mimic the
patient mutation, and two silent mutations (G>A and C>T) to prevent rebinding of the crRNA
after editing has occurred and to introduce an Xmnl restriction enzyme cut site. The introduction
of the Xmnl cut site allows for easier detection of successful HDR as described in section 2.4.

The crRNA, Cas9, and ssODN were ordered from IDT.

crRNA and tracrRNA were annealed according to the protocol described in section 2.3. I
experimented with varying concentrations of the injected components as summarized in Table
2.2. I added the small molecule inhibitor NU7441 (Stem Cell Technologies, Catalog #74082) to
inhibit non-homologous end joining (NHEJ) and direct the cells to repair Cas9-induced DNA
damage through HDR. Injecting the inhibitor versus adding it to embryonic media produces
mixed results according to the literature (Prill and Dawson, 2020) and therefore I attempted both
approaches (Table 2.2). 2 nL of the final mixture Table 2.2 was injected into zebrafish embryos
at the single-cell stage according to the protocol described in section 2.3. Injected embryos were
either placed in embryonic media or embryonic media containing 2 uM NU7441. Embryonic
media was changed daily, and the inhibitor was removed after the first day following injections.
Injected and uninjected siblings were grown in a 28.5°C incubator until 5-6 dpf, at which point

surviving embryos were transferred to the fish facility.

Table 2.2 — HDR microinjection mixtures. Summary of injection mixture components and
their respective concentrations attempted for HDR. *NU7441 was added to the embryonic media

in treatment 2 and not injected.

Experiment A Cas9 mRNA gRNA duplex Template NU7441
Treatment 1 300 ng/ulL 50 ng/ul 30 ng/ul 20 ng/ul
Treatment 2* 300 ng/uLL 50 ng/ulL 30 ng/ul 0.80 ng/uL
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Treatment 3 300 ng/ul 50 ng/ul - -
Treatment 4 300 ng/uL 50 ng/ulL 30 ng/ulL -
Treatment 5 - - - -
Experiment B

Treatment 1 500 ng/ulL 75 ng/ul 25 ng/ulL 20 ng/ulL
Treatment 2* 500 ng/ulL 75 ng/ul 25 ng/ul 0.80 ng/uL
Treatment 3 500 ng/ulL 75 ng/ul - -
Treatment 4 500 ng/ulL 75 ng/ulL 25 ng/ulL -
Experiment C

Treatment 1 800 ng/ulL 170 ng/ul - -
Treatment 2 800 ng/ulL 170 ng/ul 60 ng/ul -
Treatment 3 800 ng/ulL 170 ng/ul 60 ng/ul 20 ng/ul

2.5 Prime Editing

2.5.1 pegRNA Design

Success of prime editing is largely based on the design of the pegRNA. Therefore, I
explored multiple tools to design and check the pegRNA sequence including PrimeDesign,
PINE-CONE, and pegFinder. Moreover, I incorporated suggestions from the Billon lab protocol
and the original prime editing paper (Billon et al., 2021, Anzalone et al., 2019). The length of
both the PBS and the RTT has a critical effect on prime editing efficiency and literature shows
that a PBS of 13-16 nucleotides and a RTT of 10-16 nucleotides provide the greatest editing
efficiency. However, the region of interest in the zebrafish pikfyve gene did not possess a PAM
site that satisfies pegRNA design requirements. To address this, I devised two solutions. First,
targeting the antisense strand, which has a PAM fitting pegRNA requirements, and second, using
an SpRY nCas9 prime editor, which is a near PAM-less nCas9 and gives more leeway in

pegRNA design.

The pegRNA sequences used are shown in Table 2.3. First, a PAM site was identified 14

nucleotides downstream of the base of interest. The 20 nucleotides upstream of the PAM site
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make up the spacer sequence. The nCas9 fusion protein nicks the DNA three bases upstream of
the PAM site. The 13 nucleotides upstream of the nicking site form the PBS and the 13
nucleotides downstream of the PAM site form the RTT. Next, the desired modification was
applied to the RTT so that the sequence carried the adenine to guanine single base substitution.
The 3’ extension sequence is therefore the RTT-PBS sequence. Cloning handles were added to
the fragments and DNA fragments and their reverse complements were ordered from IDT as

single-stranded DNA oligos.

2.5.2 Golden Gate Cloning

I used golden gate cloning to assemble the pegRNA DNA fragments in the correct order
and orientation in a BB10 vector plasmid, generously gifted by the Childs lab (University of
Calgary). BB10 is an assembly vector that contains a red fluorescent protein (RFP) gene, hence
the bacteria transfected with the plasmid appear pink if the RFP gene is uncut. I first digested the
BB10 plasmid with Bsal-HFv2 (New England Biolabs, Catalog #R3733) to linearize and excise
the RFP gene. 5 ulL 10X rCutSmart buffer, 1 pg BB10 plasmid, 0.5 uL Bsal-HFv2 enzyme and
water to 50 uL were combined. 1.0 uL shrimp alkaline phosphatase (rSAP, NEB, Catalog
#MO0371S) was added to dephosphorylate the plasmid and the reaction was incubated at 37°C for
1 hour in a thermocycler. The reaction was then run on a 1% low-melting point agarose gel in 1X
tris-acetate EDTA (TE) buffer and the 2.2 kb band was excised and purified using the GeneJet
Gel Extraction Kit (ThermoFisher, Catalog #K0691). The purified, linearized plasmid was

stored at -20°C until further use.

Next, the forward and reverse oligonucleotides were annealed to create double stranded
DNA fragments. Three separate reactions were set up, one for each of the spacer, scaffold, and 3’

extension sequences of the pegRNA. To anneal oligonucleotides, a 10 pL reaction containing 4
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uM forward and 4 uM reverse oligos for each pegRNA component was set up and heated at

95°C for 3 minutes, then gradually cooled to 22°C at 0.1°C/s in a thermocycler. The annealed

oligonucleotide duplexes were then phosphorylated to facilitate assembly in the BB10 plasmid

vector. A reaction mixture containing 6.25 pL oligonucleotide duplex (4 uM), 0.5 uL T4

polynucleotide kinase (PNK, ThermoFisher, Catalog #EK0031), 5 uL 5X T4 DNA Ligase

Buffer, and 13.25 puLL water was assembled for each duplex and incubated at 37°C for 1 hour.

Annealed and phosphorylated oligonucleotides (at a final concentration of 1 uM) were stored at -

20°C.

The final step was to ligate the annealed, phosphorylated oligonucleotides and assemble

into the linearized, pure BB10 plasmid. The assembly reaction contained 2 uLL 5X T4 Ligase

Buffer, 10-30 ng dephosphorylated, purified plasmid, 0.5 uL T4 DNA Ligase (ThermoFisher,

Catalog #EL0011), 1 puL annealed scaffold duplex (1 uM), 1 uL annealed spacer duplex (1 uM),

1 uL annealed 3’ extension duplex (1 uM), and water to 10 uL. A negative control assembly

reaction was prepared containing everything but the oligonucleotide duplexes. The assembly

reactions were incubated at room temperature for 10 minutes or in a thermocycler cycling 8

times between 16°C for 5 minutes and 37°C for 5 minutes. The ligated plasmids were stored at -

20°C.

Table 2.3 — Golden gate cloning DNA fragments and BB10 primers.

Fragment/Primer Sequence (5 = 3°) Tm (°C)
Name

SpacerTopA CACCGGATCTCCTCCCGCATTTTAGTTTT 62.1
SpacerBottomA CTCTAAACAAAATGCGGGAGGAGATCC 59.2
ExtensionTopA GTGCTTACGGAATTCTTCTCCTCCCGCATT 63.3
ExtensionBottomA | AAAAAATGCGGGAGGAGAAGAATTCCGTAA 60.2
5’PhosScaffoldTop | AGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTC | 67.9

CGTTATCAACTTGAAAAAGTGGCACCGAGTCG
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5’PhosScaffoldBott | GCACCGACTCGGTGCCACTTTTTCAAGTTGATAACG | 68.1

om GACTAGCCTTATTTTAACTTGCTATTTCTAG

601F GAGGGCCTATTTCCCATGATT 54.6

BB10 FWD A

602F GACTATCATATGCTTACCGT 48.9

BB10 FWD B

603F TAATACGACTCACTATAGGGGAGGGCCTATTTCCCA | 64.6

BB10 FWD A T7 | TGATT

P

604F TAATACGACTCACTATAGGGGACTATCATATGCTTA | 62.0

BB10 FWD B T7 | CCGT

P

601R GGGAAACGCCTGGTATCTTTA 54.6

BB10 REV

605F TAATACGACTCACTATAGGGCGATACAAGGCTGTT | 63.5

pegRNABBI10 T7 | AGAGAGATAA

606F CGATACAAGGCTGTTAGAGAGATAA 53.9

pegRNABBI10

FWD

606R GATTGAATGCGGGAGGAGAA 54.8

pegRNABB10

REV

607F TAATACGACTCACTATAGGG 47.5

T7Promoter FWD

Spacer+T7P Top CACCGTAATACGACTCACTATAGGATCTCCTCCCGC | 65.1
ATTTTAGTTTT

Spacer+T7 Bottom | CTCTAAAACTAAAATGCGGGAGGAGATCCTATAGT | 63.1
GAGTCGTATTAC

2.5.3 Bacterial Transfection

One Shot™ TOP10 Chemically Competent E. coli (Invitrogen, Catalog #C404010)

stored at -80°C were thawed on ice; then 16.5 pL bacterial cells and 2 pL ligated plasmid mix
were combined and incubated on ice for 30 minutes. The mixtures were next heat shocked at
42°C for 30 seconds in a water bath to facilitate uptake of the plasmid by creating pores in the
bacterial membranes and then placed back on ice for 2 minutes. Next, 250 pL of S.0.C Medium
(Invitrogen, Catalog #15544034) was added, and the reactions were incubated at 37°C for one

hour in a shaker at 300 rpm. 50-100 pL of the reaction mixture was plated on carbenicillin-
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containing (100 pg/mL) luria broth (LB) plates and incubated at 37 °C overnight. The next day,
individual colonies were picked from the plate using a sterile pipette tip and inoculated into
liquid LB broth containing 100 pg/mL carbenicillin in culture tubes. Culture tubes were
incubated at 37°C in a shaker overnight and then placed at 4°C for storage. I performed
minipreps to isolate the assembled plasmid from successfully transfected bacteria using the

QIAprep Spin Miniprep Kit (Qiagen, Catalog #27104).

2.5.4 in vitro Transcription

The BB10 plasmid does not contain a T7 promoter site and therefore, I added a T7
promoter to the assembled plasmid to allow for its in vitro transcription. I used a series of two
PCR amplification reactions - the first to amplify the pegRNA sequence and the second to add a
T7 promoter upstream of the pegRNA spacer sequence since attempting both steps in one PCR
reaction was not successful. The assembled BB10-pegRNA vector was digested with Bsal-HFv2
as described in section 2.5.3. Here, the smaller gel band containing the pegRNA sequence was
purified with the GenelJet Gel Extraction Kit (ThermoFisher, Catalog #K0691) and the purified
DNA was used as the template for the first PCR amplification. A 100 uL PCR reaction was
prepared by combining 20 pL. 1X GoTaq Green Buffer, 2 pL nucleotide mix (1 mM each), 8 pL.
#601F forward primer, 8 pL #601R reverse primer, 0.5 uL. GoTaq Polymerase, 2 pL purified
DNA, and water to 100 pL. The reaction was incubated in a thermocycler according to the
protocol shown in Figure 2.1. The PCR product was gel purified and the purified DNA was used
as the template for the second PCR amplification. Here, primers complementary to the pegRNA
spacer sequence with a T7 promoter site upstream of the pegRNA spacer sequence were used. A
100 pL PCR reaction was prepared by combining 20 pL 1X GoTaq Green Buffer, 2 pL.

nucleotide mix (1 mM each), 8 uL #603F forward primer, 0.5 pL. GoTaq Polymerase, 2 pL.
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purified DNA, and water to 100 pL and incubated according to the protocol shown in Figure 2.1.
The PCR product was gel purified and DNA was sent for Sanger Sequencing to confirm the

correct sequence was produced.

Following T7 pegRNA sequence confirmation, I used the MEGAshortscript T7
Transcription Kit (Thermofisher #AM1354) to transcribe the pegRNA. A reaction containing 2
pL T7 10X Reaction Buffer, 2 pL T7 ATP Solution (75 mM), 2 uL. T7 CTP Solution (75 mM), 2
pL GTP Solution (75 mM), 2 uLL T7 UTP Solution (75 mM), <8 pL template DNA (purified
PCR product), 2 L. T7 Enzyme Mix, and nuclease-free water to 20 pL was set up and incubated
at 37°C for 2 hours. Next, 1 uL. TURBO DNase was added to remove residual DNA template
and the reaction was incubated at 37°C for 15 minutes. To terminate transcription and recover
RNA, I first attempted alcohol precipitation. 115 pL nuclease-free water and 15 pL sodium
acetate (3 M) was added to the reaction and mixed thoroughly. To precipitate RNA, 2 volumes of
100% ethanol were added, and the mixture was chilled at -20°C for 30 minutes. The mixture was
then centrifuged at 4°C for 15 minutes at maximum speed (>10,000 x g) to pellet the RNA. A
clear pellet forms, which is then resuspended in nuclease-free water and stored at -20°C for
short-term use and -80°C for long-term storage. In some cases, RNA purification was carried out
with the Monarch RNA Cleanup Kit (NEB #T2040S). 100 pL. RNA Cleanup Binding Buffer was
added to the 50 pL transcription reaction. Next, 150 pL of 100% ethanol was added to the
sample and mixed by pipetting. The sample was loaded onto a column and spun for 1 minute at
16,000 x g. The flow-through was discarded and 500 uLL RNA Cleanup Wash Buffer was added.
The sample was spun for 1 minute and the flow-through discarded. This step was repeated before

the column was transferred to a clean, RNase-free 1.5 mL microfuge tube and RNA was eluted
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with 6-20 pL of nuclease-free water and spinning for 1 minute at 16,000 x g. RNA concentration

was measured with a Nanodrop and the remaining sample stored at -20°C.

Since the prime editor nCas9-RT protein is not sold commercially, I synthesized nCas9-
RT mRNA using in vitro transcription. BB11 — pCMV-PE2 and BB23 — pCMV-PE2 SpRY-
P2A-GFP plasmids were generously gifted by the Childs lab (University of Calgary). Both
plasmids encode the nCas9-RT sequence, but BB11 encodes an SpG-nCas9 which requires an
NGG PAM site while BB23 encodes a SpRY-nCas9 which is near-PAMless with a preference
for NAN and NGN PAM sites (Ren et al., 2021). Both plasmids contained a T7 promoter and
therefore I used the HiScribe T7 ARCA mRNA Kit (NEB #E2060S) to synthesize mRNA.
Plasmids were first linearized with EcoRI (ThermoFisher, Catalog #£ER0271) by combining 2 uL.
10X Buffer EcoRI, 1 pug plasmid DNA, 1 pL EcoRI restriction enzyme, and water to 20 pL. The
reaction was incubated at 37°C for a 1 hour then heat inactivated at 80°C for 15 minutes. The
linearized plasmid was gel purified. To synthesize the prime editor mRNA, 10 uL 2X
ARCA/NTP Mix, 1 ug template DNA (purified, linearized plasmid), 2 uL T7 RNA Polymerase
Mix, and nuclease-free water to 20 uLL were combined and incubated at 37°C for 30 minutes. 2
uL DNase I was added to remove residual DNA and incubated at 37°C for 15 minutes. Next, the
following Poly(A) tailing reaction was set up: 20 pL prime editor mRNA synthesis reaction, 5
puL 10X Poly(A) Polymerase Reaction Buffer, 5 uL Poly(A) Polymerase, and 20 pL nuclease-
free water. The reaction was incubated at 37°C for 30 minutes, then the mRNA was purified with
the NEB Monarch RNA Cleanup Kit as described above. mRNA concentration was measured

with a Nanodrop and RNA was stored at -20°C until use.
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2.5.5 Zebrafish Microinjections

Zebrafish were injected at the one-cell stage with the prime editing mRNA and pegRNA.
The injection mixture contained 300 ng/uL prime editor mRNA and 70 ng/uL pegRNA and 2 nL
was injected into each embryo. Injected and un-injected siblings were grown in EM at 28.5°C

until 1-6 dpf.

2.6 Base Editing

2.6.1 Base Editing Design

I used base editing in an attempt to introduce the specific patient mutation into the
zebrafish genome. I used the AceofBases Software to design a crRNA for adenine base editing
that placed the adenine base of interest in the position with the highest chance of editing (11
nucleotides from the PAM site). As proof of concept for base editing, I replicated the experiment
described by Rosello and colleagues where they use cytosine base editing to edit two zebrafish
pigment genes: tyr and slc45a2. I used the same two crRNA used by Rosello et al., (sequence
shown in Table 2.1). All crRNAs were ordered from IDT, resuspended in 1X TE Buffer to a

concentration of 100 uM and annealed to tracrRNA as described in section 2.3.

2.6.2 in vitro Transcription

The pCS2+ CBE4max-SpRY plasmid was generously gifted by the del Bene lab

(Institute de la Vision, Paris, France) and the ABE8e plasmid was ordered from Addgene
(#138489). The ABES8e plasmid contains a T7 promoter site and therefore was transcribed in
vitro using the HiScribe T7 ARCA mRNA Kit (NEB #E2060S) as described in section 2.5.4
after being linearized with EcoRI and gel purified. Transcribed ABES8e mRNA was purified with
the Monarch RNA Cleanup Kit (NEB, Catalog #T2040S) and its concentration measured with a

Nanodrop before being stored at -20°C. The pCS2+ CBE4max-SpRY plasmid contains a Sp6
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promoter site and was transcribed by combining reagents from the HiScribe T7 ARCA mRNA
Kit (NEB #E2060S) and MEGAscript Sp6 Transcription Kit (Thermo #AM1330). The plasmid
was first linearized by combining 1 pL Notl (Thermo #ER0591), 2 uLL 10X Buffer O, 1 pg
plasmid, and nuclease-free water to 40 pL.. The reaction was incubated at 37°C for 1 hour then
heat inactivated at 80°C for 20 minutes. The linearized plasmid was gel purified according to
section 2.5.4. The in vitro transcription was set up as follows: 10 pL 2X ARCA/NTP Mix, 2 uL
10X Sp6 Reaction Buffer, 2 uL. Sp6 Polymerase, 1 ug DNA, and nuclease-free water to 20 pL.
The transcription reaction was incubated at 37°C for 2 hours, then 1 pl. DNase I was added, and
the reaction was incubated at 37°C again for 15 minutes. To add a Poly(A) tail, 20 pL of the in
vitro transcription reaction was combined with 5 pL. 10X Poly(A) Polymerase Buffer, 5 uL
Poly(A) Polymerase, and 20 pL nuclease-free water and incubated at 37°C for 30 minutes.
mRNA was purified with the NEB Monarch RNA Cleanup Kit according to section 2.5.4. The

mRNA was stored at -20°C after its concentration was measured with a Nanodrop.

2.6.3 Reverse Transcription

Because reagents from two kits were combined to transcribe the pCS2+ CBE4max-
SpRY plasmid, I reverse transcribed the mRNA to confirm its sequence. I used the QIAGEN
OneStep RT-PCR Kit (#210210) and designed primers against two regions of the RNA to
reverse transcribe and amplify. The first region was 202 nucleotides long and amplified the
APOBECI sequence, which encodes the cytosine deaminase. The second region was 946
nucleotides long and was within the Cas9(N) region which encodes the Cas9 nickase. Two
reactions with each set of primers were set up containing 5 pL Qiagen OneStep RT-PCR Buffer,
1 uL ANTP Mix (1 mM each), 1 uL. Enzyme Mix, <2 pg mRNA, 3 uL forward primer, 3 pL

reverse primer, and nuclease-free water to 25 pL. The reaction was incubated at 50°C for 30
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minutes for reverse transcription then 95°C for 15 minutes to activate PCR reagents. The
reaction was then incubated in a thermocycler according to the protocol shown in Fig. 2.1. The
products of RT-PCR were run on a 2% sodium borate (SB) gel and the band sizes were analyzed

under a UV Lamp.

Table 2.4 — Cytosine base editor reverse transcription primers. List of primers used in the

reverse transcription of the CBE4max-SpRY mRNA.

Primer Name Sequence (5’ 2 3°) Tm (°C)

608F GTTTACCACAGAGCGGTACTT 54.6
APOBEC-1a FWD
Set 1

608R GCCTCGTTGCTAGGAGAATAAT 54.5
APOBEC-1a REV
Set 1

609F GCACACCTCTCAGAACACAA 55.1
APOBEC-1b FWD

609R CAGCCTGGCGATGTAGATAAA 54.7
APOBEC-1b REV

610F GAGAACCGCCAGAAGAAGATAC 55.1
nCas9-SpRYa
FWD Set 2

610R CAGGATGGGCTTGATGAACT 54.9
nCas9-SpRYa REV
Set 2

611F CACCATCTACCACCTGAGAAAG 54.9
nCas9-SpRYb
FWD Set 4

611R CAGGTCGAAGTTGCTCTTGA 54.8
nCas9-SpRYb REV
Set 4

2.6.4 Micronjections

Zebrafish were injected at the one-cell stage with either the cytosine base editor or
adenine base editor mRNA and the corresponding gRNA duplex(es). For adenine base editing, I

based the concentrations used for each injected component on recommendations from Rosello et
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al., 2021, Zhang et al., 2017, and Qin et al., 2018. The final base editing injection mix contained
300 ng/uL. ABE8e mRNA and 50 ng/uL pikfyve gRNA duplex. For cytosine base editing, the
injection mix was made according to Rosello et al., 2021 and contained 600 ng/uL. CBE mRNA,
8.6 uM tyr gRNA duplex, 8.6 uM slc45a2 gRNA. Injected and uninjected siblings were grown in
EM at 28.5°C until 1-6 dpf before being transferred to the fish facility as described in section

2.2.

2.7 Genotyping

2.7.1 Polymerase Chain Reaction

DNA was extracted from either pools of five to ten 2 dpf embryos or 5 dpf fin clips by
heating the tissue in 10 uL NaOH (50 mM) at 95°C for 20 minute before cooling to 4°C for 10
minutes and neutralizing with 1.2 pLL 1M Tris pH 8. 50 uL PCR reactions were prepared by
combining 10 pL 5X Green GoTaq Buffer, 1 pL nucleotide mix (1 mM each), 4 uLL forward
primer (5 uM), 4 uL reverse primer (5 uM), 0.25 uL GoTaq Polymerase, <0.5 ug/50 uLL DNA,
and water to 50 uL. The PCR amplification reaction followed the general protocol in Figure 2.1
and the annealing temperature varied depending on the primers used. Generally, the annealing
temperature was set to 2°C lower than the primer melting temperatures (provided by IDT). PCR
products were run on a 2% sodium borate (SB) buffer gel stained with Invitrogen 10,000X
SYBR Safe DNA Gel Stain at 170V for 30 minutes. Alternatively, if samples were to be gel
purified, then they were run on a 1% TAE low-melting point agarose gel at 80-100V for 1-1.5

hours.
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30 cycles

95°C 95°C

2 min 15 sec

72°C 72°C

15 sec 4 min
(Tm—2)°C

30 sec

Figure 2.1 — General polymerase chain reaction amplification protocol. Incubation was done

in a thermocycler. The annealing temperature was dependent on the primer melting temperatures

(Tm) provided by IDT. Generally, annealing temperatures were set to 2 °C lower than the

primer’s Tm.

Table 2.5 — List of primers used for pikfyve, tyr, and slc45a2 amplification.

Primer Name Sequence (5’ 2 3°) Tm (°C)
501F CAGACAGGGAACCCACATATT 54.4
Pikfyve E38 FWD

501R GGG CAT CTG CTT CAG AAT AAAC 54.1
Pikfyve E38 REV

502F AGTTCTACTGCCGGATCTACTA 543
pikfyve E38 HRMa FWD

502R AGTTGACACAGTGGGAAAGAG 54.7
pikfyve E38 HRMa REV

503F CGATGCAAATGCTAAGTTCTACTG 54.2
pikfyve E38 HRMb FWD

503R TCCTCTGTGCTCTCCATGAT 553
pikfyve E38 HRMb REV

504F CTCTCTAATCTCTCCCTTTCATTCC 54.3
pikfyve exon3&4 FWD

504R GCGGATGTTCTTCTGAGTAGTT 54.6
pikfyve exon3&4 REV

505F AGTTCTACTGCCGGATCTACTA 543

pikfyve E38 FWD M
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505R AGTGGTCAACGCTTACCTTTA 53.9
pikfyve E39 REV

506F TCAGGTTGTTGGATTCCTGTATG 54.8
pikfyve E39 FWDb

506R ACAGCCCTAGTTGGGACTAA 553
pikfyve E39 REVb

507F ATCGGGTGTATCTGCTGTTTTGG 57.4
tyr FWD

507R CCATACCGCCCCTAGAACTAACATT |58.2
tyr REV

508F AACCATGACTCTTCTTACTGAGGAC 56.0
slc45a2 FWD

508R GACCCTGAAACTCATCTACTTCCTT 56.1
slc45a2 REV

2.7.2 Restriction Fragment Length Polymorphism

The HDR template introduced an Xmnl restriction enzyme cut site. Therefore, I used
restriction fragment length polymorphism (RFLP) to assess incorporation of the edit. DNA from
injected embryos was extracted and amplified as described in section 2.7.1 and then the PCR
product was analyzed with RFLP. A reaction containing 1 ug PCR product, 5 uL 10X rCutSmart
Buffer, 1 uL Xmnl restriction enzyme (NEB, Catalog #R0194), and water to 50 uLL was set up
and incubated at 37 °C for 1 hour. Reaction products were analyzed on a 2% sodium borate gel.
The wildtype sequence does not contain an Xmnl cut site, and therefore one band at 454 bp was
expected. The mutated sequence carries an Xmnl cut site, and therefore two bands at 229 and

225 bp were expected (visible as one band).

2.7.3 Sanger Sequencing

PCR reactions were prepared according to section 2.7.1. PCR reactions were purified
using the Monarch® PCR & DNA Cleanup Kit (NEB, Catalog #T1030S). Sanger sequencing
samples were prepared by combining 150 ng purified PCR product and 0.25 uM forward (or

reverse) primer to a final volume of 10 pL. All sequencing was run by staff at the Molecular
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Biology Service Unit (MBSU) at the University of Alberta. Sequencing results were analyzed

with SnapGene View 6.0.2.

2.7.4 High Resolution Melt Analysis

High resolution melt (HRM) analysis was used to assess whether gene editing occurred
with CRISPR/Cas9, HDR, prime editing, and base editing. I used the QIAGEN Type-it HRM
PCR Kit (#206544) and the primers shown in Table 2.5 to analyze genetic sequence variations in
exon 38 of the pikfyve gene. All samples were run as three technical replicates. A master mix
containing 400 pL. QTAGEN Master Mix, 112 pL forward primer (5 uM), 112 pL reverse primer
(5 uM), and 16 pL nuclease-free water was prepared and divided across 80 PCR tubes. 2 puL
gDNA extracted from 5 dpf fin clips or pools of five 2 dpf embryos was added to each tube and
samples. Samples were heated to 95°C for 5 minutes followed by 40 denaturing, annealing, and
extension cycles of 95°C for 10 seconds and 55°C for 30 seconds. Samples were then heated
from 65°C to 95°C at a rate of 0.1°C/2 seconds. Fluorescence as a function of temperature was
recorded by the Rotor-Gene Q and HRM curves were generated and analyzed in the Rotor-Gene

Q software 2.3.5.

2.8 Drug Treatment

Apilimod was ordered from Sigma-Aldrich (#SML2974). The inhibitor was resuspended
in dimethyl sulfoxide (DMSO) to a concentration of 5 mM by gently heating. 1 mM aliquots
were stored at -20°C and stock inhibitor was stored at -80°C. Drug exposure occurred in 24-well
plates for 4 and 5 dpf zebrafish larvae (6 fish/well) and 100 mm x 15 mm petri dishes for 1 mpf
fish (5-10 fish/plate). Zebrafish larvae were exposed to apilimod at a concentration of 500 nM (in
1% DMSO/EM) from 4-6 dpf or 5-7 dpf. Control larvae were exposed to 1% DMSO/EM for the

same duration. 1 month-post fertilization (mpf) zebrafish were exposed to 500 nM or 1 uM
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apilimod (in 1% DMSO/EM) for 4-6 hours while controls were exposed to 1% DMSO/EM for
the same duration. The drug was removed through three EM washes at the termination of the

experiment and fish were euthanized in 4.2% TMS according to section 2.2.

2.9 Electroretinography

Electroretinography (ERG) is a non-invasive technique that measures retinal electrical
activity in response to light. Full-field ERG, which measures a response spanning the entire
retina, was used here. Reference and recording electrodes were prepared by removing 2 cm of
insulative housing from a platinum electrical lead wire and intertwining the exposed platinum
with 4 cm of 32-gauge silver wire. Both electrodes were placed into household bleach (5.25%)
for 5 minutes to increase electrode conductivity and then air dried for three minutes. The
reference electrode was positioned on top of a 35 mm petri dish, fitted with a sponge soaked in
anesthetic, and taped to a 3D printed testing platform. Zebrafish larvae were anaesthetized in
TMS until unresponsive and transferred to filter paper that was then placed on the soaked
sponge. The tip of the recording electrode was positioned on the centre of the cornea using a
micromanipulator. The platform was placed into the ColorDome Ganzfeld light stimulator for
ERG testing using the E3 Electrophysiology System. Anesthetized fish were flashed with 10
cd-s/m? light five times and the average response was calculated from the five individual ERG

traces. Waveform quantification was done through the system’s built-in algorithm.

2.10 Fluorescent Spectroscopy

Fluorescent spectroscopy was used to quantify melanin according to the protocol
described by Fernandes et al., 2016. I used fluorescent spectroscopy to analyze the efficiency of
tyr and slc45a2 CBE in inhibiting pigment formation in injected fish. 1-phenyl-2-thiourea (PTU)

is an inhibitor that suppresses pigment formation in zebrafish embryos. I treated zebrafish

54



embryos with 60 mg/L. PTU in EM as a negative control for the fluorescence assay. Embryos
were euthanized in 4.2% TMS at 3 dpf and samples (20 embryos/sample) were lysed in 1 mL
10% DMSO in 1M NaOH by centrifuging at 10,000 x g for 10 minutes. The supernatant was
discarded, and the pellet resuspended in 200 pL 10% DMSO in 1M NaOH. Samples were
incubated at 80°C for 1 hour and vortexed every 20 minutes. Samples were then centrifuged at
3000 x g for 5 minutes and 140 pL of the supernatant was added into a PCR strip tube (3
replicates per sample). 60 pL of 30% hydrogen peroxide was added to each sample before the
tubes were loosely covered with aluminum foil and incubated at room temperature for 4 hours.
Following incubation, samples were centrifuged at 3000 x g for 5 minutes and 150 puL of each
sample was loaded into a 96-well COSTAR black bottom microplate. Fluorescence was then
measured with a CLARIOstar plate reader at an excitation wavelength of 470 nm and an

emission wavelength of 550 nm.

2.11 Tissue Processing

2.11.1 Cryopreservation and Cryosectioning

Zebrafish larvae were euthanized in 4.2% TMS for 15 minutes then placed in 4%
paraformaldehyde (PFA) at 4°C for 1-3 days. 8% PFA was prepared by combining 70 mL Milli-
Q water with 8 g PFA and heating on a stir plate to 60°C. A few drops of 1 N NaOH were added
to clear the solution before cooling to room temperature. The volume of the solution was
adjusted to 100 mL with 0.3X PBS and the pH was adjusted to 7.4 with 1 N HCI. 4% PFA was
made by diluting 50 mL 8% PFA in 50 mL 1X PBS and stored at 4°C. After fixing, the samples
were washed 3 times with 1X PBS (5 min each) and placed in 17.5% sucrose at 4°C for cryo-
protection. Once the eyes sunk to the bottom of the tube, the solution was replaced with 35%

sucrose and stored at 4°C overnight on a shaker. Eyes were embedded in cryo-molds filled with
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Fisher Healthcare Tissue Plus O.C.T Compound Clear and stored at -80°C until sectioning. Eyes
were sectioned at 12 pum using a Leica cryostat and Fisherbrand Superfrost Plus slides were

stored at -20°C until staining.

2.11.2 Paraffin Embedding and Sectioning

Zebrafish 6 dpf larvae were euthanized in 4.2% TMS for 15 minutes and fixed in neutral
buffered formalin (NBF) for 1-3 days at 4°C on a shaker. Samples were washed 3x in PBS and
then embedded in agarose (3 fish/block) to aid in positioning and handling. The blocks were
allowed to solidify at room temperature before being placed back into NBF overnight. The next
day, samples were dehydrated through a graded ethanol series performed in a Leica Tissue
Processor 1020 (ethanol concentrations were 50%, 70%, 90%, and 100%). Samples were then
placed in a 1:1 toluene:ethanol (100%) solution before being submerged in toluene. Samples
were then placed in liquid paraffin wax overnight to allow for tissue penetration. The next day,
agarose blocks were mounted in paraffin blocks and allowed to solidify at room temperature. A
Leica microtome was used to cut 5 uM coronal sections of the central zebrafish eye that were
collected on Fisherbrand Plain Premium microscope slides. Slides were incubated at 37°C until

staining.

2.11.3 Transmission Electron Microscopy Fixation and Sectioning

Zebrafish 6 dpf larvae were euthanized in 4.2% TMS for 15 minutes. Euthanized larvae
were fixed in 2.5% glutaraldehyde, 2% paraformaldehyde in 0.1M phosphate buffer, pH 7.2-7.4
for 1-3 days in 4°C on a shaker. Tissue processing was carried out in a fume hood and occurred
over three days. On day one, fixative was removed with three 0.1M phosphate buffer washes (10
min each) and samples were stained with 1% osmium tetraoxide in 0.1M phosphate buffer for 1

hour. Samples were washed three times in 0.1M phosphate buffer (10 min each) and dehydrated

56



through a graded ethanol series (15 min each) as follows: 50% ethanol, 70% ethanol, 90%
ethanol, 100% ethanol (x3). A 1:1 mixture of 100% ethanol and Low Viscosity Embedding
Media Spurr Resin was used to infiltrate the dehydrated samples for 1-3 hours. Next, samples
were left in 100% Spurr resin overnight. On day two, the Spurr resin was changed twice in the
morning. Samples were embedded in flat molds with Spurr resin and sample ID paper labels
before being cured in a 70°C incubator overnight. On day three, samples were removed from the

oven following resin hardening and stored at room temperature until sectioning.

Samples were sectioned by Dr. Kacie Norton at the Biological Sciences Microscopy Unit
at the University of Alberta using a Reichert-Jung Ultracut E Ultramicrotome to generate
sections of 70 to 90 nm thickness. Sections were stained with uranyl acetate and lead citrate

stain.

2.12 Tissue Staining

2.12.1 Immunohistochemistry

Cryosections were stained with a variety of primary and secondary antibodies according
to the following protocol. If staining occurred immediately after sectioning, slides were allowed
to air-dry for at least 2 hours. If slides were frozen after sectioning, then they were allowed to
come to room temperature before staining. A lipid line was drawn around sections with a Cole-
Pramer Essentials Hydrophobic Barrier PAP Pen to keep liquid on slides. Slides were placed on
a rack in a tinfoil-wrapped petri dish lined by a moistened Kim wipe. If slides were to be
bleached, they were first fixed for 20 minutes with 4% PFA in a fumehood before being washed
three times in 1X PBS (10 minutes each). To bleach sections, 10% H>O- in 1X PBS was added
and slides were incubated at 60°C for 1 hour. Slides were then washed again three times with 1X

PBS (10 minutes each). The steps to follow were identical for both bleached and unbleached
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slides. Slides were washed three times (10 minutes each) with 1X PBTD (0.1% Tween-20, 1%
DMSO in 1X PBS) Next, 200 pL of block solution (2% goat serum in 1X PBTD) was added and
slides were incubated at room temperature for 30 minutes. The block solution was removed and
replaced with 200 pL of block containing the primary antibodies. A piece of Parafilm was gently
placed on top of each slide and the plates were covered and incubated at 4°C overnight. The next
day, slides were washed three times in 1X PBTD (10 minutes each), and 200 pL of block
solution containing secondary antibodies and/or stains was added. Slides were incubated for one
hour at room temperature before being washed three times with 1X PBTD (10 minutes each) and
coverslipped with Mowiol mounting media (made and kindly provided to us by Dr. Simmonds,
University of Alberta) and stored at 4°C until confocal imaging. The following primary
antibodies and concentrations were used: mouse monoclonal anti-rhodopsin 4D2 (Novus, US) at
1:500, mouse monoclonal anti-ZPR2 (Zebrafish International Resource Center, Oregon, US,
gifted from Waskiewicz Lab) at 1:100, rat monoclonal anti-LAMP1 (1D4B, Departmental
Studies Hybridoma Bank, University of lowa, US) at 1:200, rabbit anti-LC3A/B (Ref#4108S,
New England Biolabs, CA) at 1:100. The following secondary antibodies and concentrations
were used: goat anti-mouse IgG Alexa Fluor 680 (Ref#A21057, Invitrogen, US; provided by
Webber Lab) at 1:500, goat anti-rabbit IgG Alexa Fluor 488 (Ref#A 11008, Life Technologies,
US) at 1:500, donkey anti-rat IgG Alexa Fluor 488 (Ref#A21208, Invitrogen USA) at 1:500, and
donkey anti-mouse IgG Alexa Fluor 594 nm (Ref#R37115, Invitrogen USA, gifted by Simmonds
Lab) at 1:500. Peanut Agglutinin (PNA, Ref#L21409, Invitrogen, USA) was used to stain cone

outer segments and was added with secondary antibodies at a concentration of 1:500.
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2.11.2 Lysotracker Staining
Lysotracker Red DND99 (Ref#L.7528, Invitrogen, USA, gifted by the MacDonald Lab)

was used to stain lysosomes in live animals. The stain was added to a final concentration of 10
uM to 24-well plates containing six zebrafish larvae in EM. Zebrafish were incubated with the
stain at 28.5°C for 2 hours before being rinsed three times with EM to remove the excess stain.

Fish were then euthanized in 4.2% TMS and fixed according to section 2.11.1.

2.12.3 Hematoxylin and Eosin

All processing and staining steps were processed in a fumehood while wearing nitrile
gloves (except for the tap water wash step, which occurred in a sink with gloves). Slides were
first washed twice in toluene (5 minutes/wash) to deparaffinize. Samples were rehydrated
through a graded ethanol series (100%, 90%, 70%, 50%) and then washed in distilled water for 2
minutes. Slides were stained with Hematoxylin Gill III (Leica Biosystems) for 2 minutes and
then rinsed with cold tap water for 15 minutes to remove the stain. Slides were placed in 70%
ethanol for 2 minutes before being stained with eosin (Leica Biosystems) for 30 seconds. Slides
were washed twice in 100% ethanol to remove the eosin stain (2 minutes each) and kept in
toluene during coverslipping with DPX mounting media (Electron Microscopy Sciences,
Hatfield, USA). Slides were dried in a 37°C incubator overnight and stored at room temperature

until imaging.

2.12.4 TUNEL Assay

Cryosections on SuperFrost Plus slides were fixed in freshly prepared 4%
paraformaldehyde for 20 minutes at room temperature and then washed three times in 1X PBS
(10 min each). Slides were incubated for 2 minutes on ice in a permeabilization solution

consisting of 0.1% Triton X-100 in 0.1% sodium citrate. Slides were rinsed twice with PBS and
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then 50 pL of the TUNEL reaction mixture, consisting of 5 uL. TUNEL Enzyme
(MiliporeSigma, Catalog #11767305001) and 45 uL. TUNEL Label (MilliporeSigma, Catalog
#11767291910), was added to the sections. Slides were incubated for 60 minutes at 37°C in a
humid, dark environment before being rinsed three times in PBS and coverslipped with Mowiol

mounting media. Slides were stored at 4°C until imaging.

2.13 Image Acquisition and Analysis

2.13.1 Light Microscopy

I used a Zeiss Axioscope.Al and a SeBaCam camera (Laxco Inc., Mill Creek, WA) to
image histological retinal sections. Brightfield images were collected at varying magnifications
including 10X, 20X, 40X, 63X, and 100X. I used ImageJ to quantify retinal layer thickness and

figures were assembled in Inkscape 1.1.

2.13.2 Confocal Microscopy

A Zeiss LSM 510 Meta Confocal Microscope was used to image immunostained stained
tissue and TUNEL assay samples. Images were captured at 10X, 20X, 40X, and 63X. Staining
was quantified in ImagelJ by first creating a binary version of the image. The threshold was then
adjusted to highlight puncta and the watershed tool was used to automatically split puncta that
are too close together and merged as one. Puncta number and average size was then measured

using the “Analyze Particle” tool.

2.13.3 Transmission Electron Microscopy

Ultrathin sections were imaged with a Philips — FEI Morgagni 268 transmission electron
microscope operating at 80 kV. Images were captured with a Gatan Orius CCD Camera. Pigment

granule analysis was performed in ImageJ according to the steps described in section 2.12.2.
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2.14 Statistical Analysis

All statistical analysis was performed in GraphPad Prism Version 9.3.0. Where
comparisons were between two groups, an unpaired t-test was performed. Where comparisons
between more than two groups were performed, a one-way ANOVA followed by Tukey’s
posthoc test was performed. An outlier test was done to remove outliers from the data. All

measurements are reported as mean and standard deviation.
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CHAPTER THREE: CHARACTERIZATION OF pikfyve CRISPANT ZEBRAFISH

3.1 Introduction

Although PIKFYVE mutations in humans are largely associated with ocular phenotypes,
little is known about the protein’s roles in the eye outside of the cornea and the lens. Based on
the patient identified by Dr. MacDonald, I predicted that PIKFY VE plays an essential role in the
retina. In particular, the known functions of PIKFY VE align well with the physiology of the
RPE. The RPE contains melanosomes and maintains a massive phagocytic load for the
breakdown of OS discs. It is also highly metabolically active and subject to photooxidation,
suggesting a high dependence on autophagy. Given that phagocytosis, autophagy, and
melanosome biogenesis are all directly linked to PIKfyve, as demonstrated in other cell types, |
hypothesized that loss of PIKfyve would impair these pathways, lead to the buildup of vacuoles,
and impair RPE health. The photoreceptors would also be affected as a secondary consequence

of disrupted RPE function.

I chose to investigate the role of PIKfyve in the RPE using zebrafish. The complex
relationship between photoreceptors and RPE can only be properly studied in vivo and the
accessibility of the zebrafish embryos from the one-cell stage creates opportunity for genetic
manipulation and careful follow-up evaluation. The zebrafish genome contains one ortholog of
the PIKFYVE gene, pikfyve, which is located on chromosome 9. The gene is highly conserved
between humans and zebrafish and therefore, I targeted the same region mutated in the
congenital cataracts and retinal dystrophy patients for CRISPR/Cas9 mutagenesis. Two crRNAs
targeting the third and fourth exons making up the kinase domain which corresponds to exons 38
and 39 in zebrafish were designed. My goal was to use CRISPR/Cas9 mutagenesis to introduce

random mutations in exons 38 and 39, creating a loss of function model. Knockout of pikfyve in
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zebrafish is embryonic lethal by 7-9 dpf (Mei et al., 2021), and therefore I expected to find a
high mortality rate in CRISPR-injected (referred to as pikfyve crispant) fish if a high cutting
efficiency is achieved. I sought to analyze the retinas of pifyve crispants at 5 and 6 dpf to
characterize some of the roles of Pikfyve in the eye. As a first step, I needed to validate that the

crispant fish did indeed carry mutations in pikfyve.

3.2 Validation of CRISPR/Cas9 Editing

3.2.1 HRM Analysis

I used high resolution melt (HRM) analysis to detect gene editing in CRISPR-injected
zebrafish. Hydrogen bonding is variable between base pairs, with adenine-thymine (AT) base
pairs forming two hydrogen bonds and cytosine-guanine (CG) base pairs forming three hydrogen
bonds. Consequently, the energy required to break CG bonds is higher than the energy required
to break AT bonds. HRM takes advantage of this difference by introducing an intercalating dye
that fluoresces only when bound to double-stranded DNA. As samples are heated, double-
stranded DNA is denatured, and the dye loses its fluorescence as a result. The temperature at
which DNA denatures is dependent on the composition of the DNA. For instance, a higher GC
content will result in a higher melting temperature since more energy is required to break the
hydrogen bonds. Thus, by recording fluorescence as temperature increases, an HRM curve

unique to a particular DNA sequence is generated.

While HRM cannot determine the exact nature of DNA mutations, it is a quick and
effective method of analyzing general changes to a DNA sequence, especially following
CRISPR mutagenesis. As discussed in section 1.6.1, double-strand breaks introduced by Cas9

are repaired through NHEJ, which results in the introduction of random mutations. A shift in the
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HRM curve from wildtype indicates cutting and imprecise repair of DNA following
CRISPR/Cas9 mutagenesis. A shift to the left could be indicative of a deletion or a higher AT
content in the edited sequence while a shift to the right could be indicative of an insertion or a

higher GC content in the edited sequence.

I analyzed pools of five injected zebrafish embryos compared to pools of five uninjected
siblings. Samples were analyzed as technical triplicates and the HRM curves of the two groups
were compared. The region targeted by the crRNA in exon 38 was analyzed and as shown in Fig.
3.1, pikfyve crispants showed a shifted HRM curve indicative of efficient Cas9 cutting and the

introduction of mutations in pikfyve.
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Figure 3.1 — HRM analysis of pikfyve crispants. Pools of 5 pikfyve crispants and uninjected
siblings were analyzed as triplicates with HRM. Primers flanking the region targeted by

CRISPR/Cas9 mutagenesis (exon 38 of the pikfyve gene) were designed to analyze gene editing.
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The red curve (pikfyve crispant) is shifted to the left compared to the control (black), indicative

of gene editing in the region analyzed.

3.2.2 PCR Amplification

As further validation of cutting, I performed polymerase chain reaction (PCR) to amplify
the region targeted by the CRISPR/Cas9 crRNAs. DNA from pools of 5 injected or uninjected
embryos was extracted and amplified in a thermocycler. PCR products were run on a 2% SB gel
and the size of the bands were analyzed under a UV lamp and compared to a 1 kb DNA ladder.
The forward and reverse primers were designed to create a 454 bp amplicon in the controls. I
found that the uninjected band appeared between the 400 and 500 bp ladder bands, consistent
with the expected size. I observed variability in band size for pikfyve crispants, as shown in Fig.
3.2. However, the difference was too subtle to be fully characterized on the gel. Therefore, PCR

products were purified and sent for Sanger sequencing.

Ladder WT pikfyve Crispant Ladder
SRR S |
—

Figure 3.2 — pikyfve crispant PCR amplification products. DNA was extracted from pools of

5 uninjected embryos (WT) or CRISPR injected embryos (pikfyve crispant) and the region
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targeted by the CRISPR crRNA in exon 38 was amplified with PCR. PCR products were run on

2% sodium borate gel and band size was compared against a 1 kb DNA ladder.

3.2.3 Sanger Sequencing

While HRM and gel electrophoresis can provide qualitative insight into whether gene
editing has occurred, they do not reveal the exact type of editing. Therefore, I used Sanger
sequencing to reveal specific DNA changes following CRISPR/Cas9 mutagenesis. DNA was
extracted from pools of five injected embryos and amplified with primers targeting exon 38 of
the pikfyve gene. Purified, amplified DNA was sent for sequencing with the reverse primer and
therefore the sequence shown in Fig. 3.3 is the reverse complement of the sense strand. Upstream
of the PAM site, there were no changes in the DNA sequence from wildtype and the quality of
the sequence was clear. Although the peaks representing the wildtype sequence were still present
downstream of the PAM and cut sites, the reads became noisier, with multiple traces appearing. |
analyzed CRISPR/Cas9 injected zebrafish and therefore, the FO generation likely exhibits mosaic
editing. Thus, the multiple DNA sequences observed in Fig. 3.3 indicate efficient cutting by the

Cas9 and the introduction of random mutations in a mosaic fashion.
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Figure 3.3 — pikfyve crispant Sanger sequence. DNA from five CRISPR-Cas9 injected
zebrafish was extracted and the region surrounding the CRISPR target site in exon 38 was
sequenced. While the sequence appeared normal upstream of the PAM site, it became noisy and
multiple sequences are observed downstream of the cut site, indicative of mosaic DNA editing in

the FO generation.

3.3 pikfyve crispant survival and phenotypes

3.3.1 Knockout of pikfyve is embryonic lethal in zebrafish

Following CRISPR mutagenesis, injected embryos were kept in a 28.5°C incubator in
EM and then transferred to the fish facility at 5 dpf. I found that only ~10% of injected fish
transferred to the facility survived the first week. Therefore, fish were kept in the laboratory
incubator past 5 dpf to closely monitor and a large proportion (~70%) died between 6 and 7 dpf
as shown in Fig. 3.4. The high mortality rate was not due to the injection process itself as first,
zebrafish injected with two crRNAs targeting other genes (#yr and slc45a2) showed normal

survival compared to uninjected siblings (Fig. 3.4) and second, pikfyve crispant zebrafish did not
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die immediately following injections but rather at 6-7 dpf. Hence, these findings agree with other
work showing that pikfyve knockout is embryonic lethal in zebrafish and other species (Mei et

al., 2021).

I hypothesized that fish carrying heterozygous mutations in pikfyve would survive to
adulthood. To generate heterozygous fish, I would need to identify injected FO fish carrying
pikfyve mutations, outcross them to wildtype fish, and then screen for heterozygous offspring.
Unfortunately, of the 5-10% of CRISPR-injected zebrafish transferred to the facility that
survived, no editing in pikfyve could be detected with Sanger sequencing from adult fin clips. It
is possible that even heterozygous mutations in pikfyve are embryonic lethal in zebrafish or that
the CRISPR/Cas9 mutagenesis was highly efficient, knocking out the gene to the point of
lethality. Of note, the survival rate of larvae in our zebrafish aquatics facility was reduced at this
time, possibly because of elevated nitrates and/or reduced water hardness, which may have
impeded my ability to find fish carrying pikfyve mutations. Nonetheless, I used crispants (Crispr-

injected fish) for analysis rather than further attempting to isolate a stable line.
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Figure 3.4 — Knockdown of pikfyve is embryonic lethal. Zebrafish embryos were injected with
two crRNAs targeting exons 38 and 39 of the pikfyve gene (pikfyve crispant), two crRNAs
targeting the tyr and slc45a2 genes (tyr + slc45a2 crispant), or not injected (uninjected sib, AB).

Fish were grown in EM at 28.5°C and survival was monitored until 7 days post fertilization

(dpf).

3.3.2 pikfyve crispants exhibit abnormal morphology and swimming behavior

Along with increased mortality, pikfyve crispants also exhibited a range of morphological
and behavioral abnormalities. On average, pikfyve crispants were less physically active and
showed a decrease in swimming. Moreover, they were less responsive to physical stimuli
compared to uninjected siblings. 24-well plates with 6 fish/well were observed for
responsiveness of fish to the physical stimuli of a tap to the plate. In control fish, a tap would
reliably trigger swimming while in pikfyve crispants, ~70% of fish did not show a response to

physical stimuli. pikfyve crispants developed edema to varying degrees as shown in Fig. 3.5A-B.
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Body length was measured in ImagelJ from the mouth to the tip of the tail fin. I found that pikfyve
crispants were significantly smaller than uninjected siblings (Fig. 3.5C). Furthermore, pikfyve
crispant fish failed to develop a swim bladder, which is a gas filled organ that helps fish maintain
their buoyancy. It is possible that improper swim bladder inflation is a contributing factor to the
high mortality rate observed at 6-7 dpf. In summary, pikfyve crispants showed developmental
abnormalities including smaller body size, decreased movement, failure to inflate the swim

bladder, and edema.
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Figure 3.5 — Morphological abnormalities of pikfyve crispants. (A) Light microscopy images
of pikfyve crispants compared to uninjected siblings. (B) Quantification of percentage of fish

with no, moderate, or severe edema in pikfyve crispants compared to uninjected siblings. (C)
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Quantification of body length measured from the mouth to the tail fin in ImageJ. Uninjected

siblings n=16, pikfyve crispants n=18.

3.4 Impaired retinal electrical function in pikfyve crispants

I used electroretinography (ERG) to assess whether pikfyve CRISPR mutagenesis
influences visual function. Since knockout of pikfyve is embryonic lethal at 7 dpf, I performed
ERG testing at 5 dpf. Cone photoreceptors are fully developed and functional by 5 dpfin
zebrafish while rods are not functional until 15 dpf (Bilotta et al., 2001). Therefore, I only
performed photopic (light-adapted) testing to assess cone responses to light. Fish were
anesthetized for 30 seconds before ERG testing, which consisted of five 10 cd-s/m? light flashes.

Retinal electrical responses from each flash were recorded and averaged.

Eleven pikfyve crispant fish underwent ERG testing, and of those only two showed a
meaningful response. The remaining nine fish showed flat ERGs with no significant a-wave or b-
waves recorded as shown in Fig. 3.6A. The a-waves and b-waves in Fig 3.6B-E for pikfyve
crispants were quantified by the program’s built-in algorithm, which picks the lowest and highest
peaks within a predetermined timeframe and assigns them as the a-wave and b-wave,
respectively. Nevertheless, it is difficult to analyze a-wave and b-wave implicit time for the
Ppikfyve crispants as there is no significant wave recorded. An outlier test was performed on the b-
wave data and the two pikfyve crispant fish that showed a retinal electrical response were
removed. These two fish exhibited wildtype-like responses and therefore, it is likely they were
fish in which CRISPR mutagenesis was unsuccessful. All uninjected siblings showed significant

responses to light with little variation in implicit time of a-waves and b-waves and some
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variation in the amplitude of the two waves. These findings suggest that pikfyve plays a critical

role in cone photoreceptor functioning as its impairment results in flat ERGs.
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Figure 3.6 — Flat photopic ERG responses in pikfyve crispants. (A) Representative ERG trace
from pikfyve crispant (red) and uninjected sibling (black). The responses shown are the averages

of five individual responses. Quantification of (B) a-wave implicit time, (C) a-wave amplitude,
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(D) b-wave implicit time, and (D) b-wave amplitude for uninjected siblings (n=8) and pikfyve

crispants (n=9). **p<0.01; ****p<0.0001

3.5 pikfyve crispant zebrafish retinal architecture

3.5.1 Conserved retinal layer development in pikfyve crispants

To understand the mechanism underlying impaired cone electrical responses, I analyzed
retinal architecture in pikfyve crispants with histology. Hematoxylin stains nuclei and
endoplasmic reticuli blue, while eosin stains cell membranes and mitochondria pink. Together,
hematoxylin and eosin (H&E) can be used to localize individual cells and study their shape and
organelle distribution. Within the retina, H&E allows for the visualization of retinal architecture

and quantification of the thickness of retinal layers.

5 dpf pikfyve crispants and uninjected siblings underwent histological examination.
Overall, pikfyve crispants developed all retinal layers as shown in Fig. 3.7B although the
organization and thickness of these layers varied compared to controls. pikfyve crispant eyes
were significantly smaller than uninjected siblings, consistent with the smaller body size
observed in Fig 3.5. During sectioning, it was noted that pikfyve crispant eyes were more fragile
and showed a higher degree of tearing compared to controls, especially between the RPE and OS
and within the RPE. The thickness of the RPE, ONL, INL, IPL, and GCL for both groups was
measured. Notably, quantification was difficult in some pikfyve crispants as the distinction
between the layers, especially the ONL and INL, was sometimes vague (Fig. 3.7B). The
thickness of all retinal layers was comparable to control except for the IPL, which was
significantly smaller in pikfyve crispants. The GCL showed a large amount of variation in pikfyve

crispants (Fig. 3.7D). Moreover, although not statistically significant, the RPE of pikfyve
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crispants was thinner than that of controls. In three of the eight pikfyve crispant eyes analyzed,
there was an abnormal space between the RPE and photoreceptor OS (yellow arrow in Fig.
3.7B). The space showed eosin staining and therefore, it may be excess membranes between the
RPE and OSs. Furthermore, in five of the eight eyes, I observed holes in the retina, appearing
most frequently in the INL, IPL, and GCL. I hypothesized that these were areas of cell death.
Taken together, these observations suggest that while pikfyve may not be critical in overall

retinal development, there are clear differences in retinal architecture of pikfyve crispants

compared to controls including thinning of the IPL and disorganization of the retina (in particular

of the RPE, INL, and ONL).
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Figure 3.7 — Retinal architecture of pikfyve crispants. H&E staining from (A) uninjected

siblings and (B) pikfyve crispants was performed on retinal cross sections. Quantification of (C)
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whole eye diameter, (D) ganglion cell (GC) layer, (E) inner plexiform layer (IPL), inner nuclear
layer (INL), outer nuclear layer (ONL), and retinal pigment epithelium (RPE) thickness was
done in ImageJ from 9 control and 8 pikfyve crispant fish. *p<0.05; **p<0.01. Red arrows point
to holes within the retina while the yellow arrow highlights abnormal space between the

photoreceptor outer segments and the RPE.

3.5.2 Increased cell death in brain and eyes of pikfyve crispants

To confirm if the holes observed in retinal histology of pikfyve crispants were indeed
areas of cell death, I performed a terminal deoxynucleotidyl transferase-mediated dUTP nick end
labeling (TUNEL) assay. TUNEL assays detect DNA breaks and label the free 3’ hydroxyl
termini. Since DNA breakage is common in apoptosis, TUNEL assays are frequently used to
label apoptotic cells. Here, I performed a TUNEL assay on transverse cross sections of 5 dpf

zebrafish, which allows me to visualize both eyes and the brain.

As shown in Fig. 3.8C-D, the number of TUNEL positive cells was significantly higher
in the eyes and brains of pikfyve crispants compared to controls, indicative of increased cell
death. Interestingly, staining was largely observed in the retinal periphery and the anterior parts
of the eye. Particularly, TUNEL-positive cells were detected in the cornea, iris, and surrounding
the lens. TUNEL-positive cells were also detected in the ciliary marginal zone (CMZ), a ring of
proliferative cells surrounding the retinal periphery that contains retinal stem and progenitor cells
(Fischer et al., 2013). Within the brain, TUNEL-positive cells were mostly located in the dorsal
area. The significance of the location of the staining will be discussed later. Taken together, these
findings suggest that pikfyve is important in maintaining the health of various ocular and brain

cells and its loss results in increased cell death in those regions. I did not perform TUNEL assays
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on other tissues in pikfyve crispants; however, in the future it would be interesting to assess if cell

death is also increased in other tissues.
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Figure 3.8 — Increased cell death in brain and eyes of pikfyve crispants. A TUNEL assay was
performed on transverse sections of (A) uninjected controls (n=6) and (B) pikfyve crispants
(n=6). Quantification of number of TUNEL positive cells in the eyes (C) and brain (D) was

performed in ImageJ. **p<0.01; ****p<0.0001.
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3.6 Ultrastructural abnormalities in pikfyve crispant zebrafish retinas

3.6.1 Outer segment shortening and RPE hypertrophy

While analyses of retinal sections using widefield and confocal microscopy provide a
general understanding of retinal architecture, they have limited capacity to highlight
experimental differences at the cellular and subcellular levels. On the other hand, transmission
electron microscopy (TEM) provides high resolution images at large magnification. Therefore, |
utilized TEM to visualize retinal ultrastructure, specifically focusing on the RPE and

photoreceptor OSs of 5 dpf pikfyve crispants and age-matched controls.

Upon TEM examination, | observed drastic differences between pikfyve crispants and
controls. Firstly, the RPE of pikfyve crispants was inconsistent in thickness, with areas that
appeared hypertrophied (Fig. 3.9B, red arrow). This finding of RPE expansion could explain the
abnormal area observed between the photoreceptor OS and RPE in the retinal histology (section
3.5.1). While it appears that RPE cells are hypertrophied, it is also possible that their size is
normal but there is increased RPE cell proliferation. Either way, the expansion of the RPE into
the photoreceptor layer was associated with clear changes to the photoreceptor OSs. To quantify
this, I measured the length of the photoreceptor OSs and found that they were significantly
shorter in pikfyve crispants compared to uninjected siblings. The number of OSs per section was
comparable between pikfyve crispants and controls (Fig. 3.9D), consistent with my TUNEL
finding of cell death not being localized to the photoreceptors and RPE. Of note, rod and cone
photoreceptors were grouped during analysis and therefore, I cannot conclude a differential role

of pikfyve in rods versus cones from TEM data.

77



E 15+ 30+
£ ok % K c
= 2 o
k) 7]
S 104 \ @ 20-
- w
i (@]
@ G
5: 5 o 10
@Q 0
\ £
8 -
o 0 T T 0-
'5‘0 'bé' 2 ,}6‘
& & c"@b d\,,Q
< « &
& 4 & K\

Figure 3.9 — Outer segment shortening and RPE hypertrophy in pikfyve crispants. TEM
cross sections of (A) uninjected control and (B) pikfyve crispant. (C) Outer segment length and
(D) number of outer segments per section were quantified in ImagelJ. The red bracket shows
photoreceptor outer segments and the yellow arrow points to a region of RPE hypertrophy.

*#%%20.0001. pikfyve crispant n=3 fish; uninjected sibling n=2 fish.

3.6.2 Abnormal RPE pigmentation

Upon TEM examination at lower magnification, it was evident that RPE pigmentation

was different between pikfyve crispants and uninjected controls. To analyze this difference, I first
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quantified the amount of pigment in each group through analyzing the number of melanosomes
per section in ImageJ (Fig 3.10C). Of note, pigment associated with the choroid was also
included in these measurements and thus, the data represented in Fig. 3.10D-E groups pigment of
both the RPE and choroid. The number of melanosomes was comparable between pikfyve
crispants and controls (Fig. 3.10D). Moreover, the average size of the melanosomes was also

comparable between the two groups (Fig. 3.10E).

Since no clear difference could be quantified at a zoomed-out view, I imaged the
melanosomes at higher magnifications (Fig. 3.10A-B). In controls, melanosomes were fully
pigmented circular or ellipsoidal organelles (Fig. 3.10A). In contrast, pikfyve crispant
melanosomes were not fully pigmented but rather appeared as aggregates of scattered melanin
(Fig. 3.10B). As melanosomes mature, they transition from being circular to more ellipsoidal
(Lopes et al., 2007b). Therefore, I quantified the number of rod-shaped melanosomes per section
in pikfyve crispants and controls to assess melanosome maturation and found that pikfyve
crispants developed significantly fewer rod-shaped melanosomes (Fig. 3.10F). Taken together,
these observations suggest that while pikfyve may not be critical in the formation of pigment, it is

required for the proper development and maturation of melanosomes.
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Figure 3.10 — Analysis of retinal pigmentation in pikfyve crispants. Low magnification (left
panel) and high magnification (right panel) of retinal pigment in (A) control and (B) pikfyve
crispants. (C) Quantification of melanosomes was done in ImageJ by creating a binary version of
TEM images and measuring the number and size of black pixels. Graphs show (A) number of
melanosomes per section, (B) average size of melanosomes per section, and (C) number of rod-
shaped melanosomes per section. Data was collected from 3-5 sections from each of three

pikfyve crispant fish and two uninjected siblings. ***p<0.001.

3.6.3 Retinal vacuolization

One of the most observed cellular phenotypes following PIKfyve inhibition is
vacuolization (Hasegawa et al., 2017). Vacuoles can be detected with electron microscopy and
therefore I used TEM to analyze vacuoles within the retinas of pikfyve crispants. I examined

retinas from three 5 dpf pikfyve crispants and compared them to two uninjected siblings.

Two of the three crispants analyzed showed a significant amount of vacuolization in the
retina (Fig. 3.11A, right panel). The vacuoles appeared most in the RPE and the photoreceptor
inner segment region. The nature of the vacuoles (e.g., enlarged lysosome, phagosome etc.) was
difficult to characterize without the use of markers in the TEM images. Vacuoles differed in size
depending on their location, with those that appear in the inner segment region being larger than
those in the RPE. Moreover, vacuole shape and contents varied. Most vacuoles appeared empty
with no recognizable material within the vacuole. However, I detected the presence of some
material within other vacuoles. The number and size of the vacuoles was quantified in Imagel
(Fig. 3.11B-C) and I found that the number of vacuoles was significantly higher in pikfyve

crispants compared to controls. However, the difference in vacuole area was not significant due
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to the large variation in vacuole size depending on location in pikfyve crispants. Of note, analysis
of vacuoles was only done in the two pikfyve crispant fish that showed vacuolization. The third
fish was excluded from this analysis for two reasons. Firstly, the location of the section was
further anterior in the eye compared to the other two samples which were from the central
portion of the eye. Secondly, the excluded fish showed significant tearing between the RPE and
photoreceptor OS (Fig. 3.11D, asterisk) which may have been due to the buildup of vacuoles in
that region. Interestingly, the third pikfyve crispant fish showed a higher degree of OS
disorganization compared to the two other fish studied. Some OSs appeared globular rather than
cone or rod-shaped and others were abnormally overgrown into the RPE (Fig. 3.11D, red arrow).
Overall, the distinction between the RPE and photoreceptor OS layer was nebulous with some

areas of the RPE overgrowing into the OS layer and some OSs overgrowing into the RPE.
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Figure 3.11 — Vacuolization and abnormal retinal organization in pikfyve crispants. (A)
Retinal vacuoles were analyzed in two control (left panel) and two pikfyve crispant (right panel)
fish. Vacuole numbers (A) and area (B) were measured in ImagelJ. (D) cross section of pikfyve
crispant fish excluded from above analysis showing significant tearing in the RPE (asterisks) and

overgrowth of photoreceptor outer segments (red arrow). ***p<0.001.

3.6.4 Impaired phagosome degradation in RPE

Packets of photoreceptor discs are shed daily from the apical OS tips and engulfed by
cells of the RPE. Phagocytosed OSs are then degraded through phagosome maturation and fusion
with lysosomes. I hypothesized that pikfyve is involved in OSs phagocytosis and/or degradation
of phagosomes. Therefore, I used TEM to determine if pikfyve mutagenesis impairs the RPE’s
phagocytic and degradative capacity. Abnormal accumulation of discs at the distal tips of the OS
may indicate impaired RPE phagocytosis, while the presence of shed OS discs within the RPE

may indicate impaired RPE degradative capacity.

As shown in Fig. 3.12A, I detected the presence of photoreceptor OS discs within the
RPE of pikfyve crispants but not in the uninjected siblings. OS discs phagocytosed by the RPE
are typically degraded within hours, and therefore are not often found in RPE of control fish
(Lakkaraju et al., 2020). The amount and size of OS material in the RPE varied between fish, but
the finding was consistent in all three pikfyve crispants analyzed. The OSs appeared to have been
phagocytosed normally by the RPE; however, their accumulation indicates impaired RPE
degradative capacity. Taken together, my TEM findings provide valuable insight into the roles of

pikfyve in the retina. Specifically, I determined that pikfyve is important in maturation of
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melanosomes, degradation of phagosomes containing photoreceptor OS discs, and overall RPE

and photoreceptor health.

Figure 3.12 — Impaired RPE degradative capacity in pikfyve crispants. (A) Photoreceptor OS
material was detected in the RPEs of all three pikfyve crispants, but not in the controls. (B)
Higher magnification of the view of the engulfed OS material shown in the red box in panel A,

demonstrating normal phagocytosis of OS by the RPE but impaired degradation.

3.7 Characterization of retinal vacuoles in pikfyve crispant zebrafish

While TEM provides valuable insight into retinal ultrastructure, it is difficult to identify
the nature of vacuoles without the use of markers. Therefore, I used immunohistochemistry to
label retinal cryosections and examine the presence and nature of vacuoles in the RPE. I utilized
the anti-microtubule-associated protein light chain 3 (LC3) antibody as a marker of
autophagosomes and phagosomes. LC3-I is present in the cytoplasm and LC3-II is membrane-
bound and consists of LC3-I conjugated to phosphatidylethanolamine (Koukourakis et al., 2015).

LC3-II is commonly used as an autophagy marker since it is distributed across the
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autophagosome membrane. Moreover, LC3 can also be used as a phagosome marker for LC3-
associated phagocytosis (LAP) as discussed in section 1.1.2.5.1. Here, I used anti-LC3-II as a
marker of autophagosomes and LAP phagosomes within the RPE. I hypothesized that pikfyve
crispants would show differences in LC3 staining compared to controls. In particular, I looked
for the presence of enlarged, LC3-labeled puncta in the RPE, which would indicate impaired

maturation of phagosomes or autophagosomes.

Upon confocal examination of retinal cryosections, I observed that pikfyve crispant
retinas were more fragile than controls and showed significant tearing in the RPE as shown by
the red arrow in Fig. 3.13B (bright field panel). In contrast, control RPEs remained intact during
sectioning with little-to-no tearing observed. I suspect that RPE inflammation and/or
vacuolization may be contributing to the increased tearing observed in pikfyve crispants. Of note,
tissue damage because of tearing likely impeded my ability to fully characterize LC3-labeled
puncta in the RPE. Another challenge I encountered with immunohistochemistry was
background staining. As shown in the LC3 panels in Fig. 1.13A-B, LC3 stains the photoreceptor
OS. When combined with section tearing in the surrounding region, it became increasingly
difficult to differentiate background staining of photoreceptor OSs from LC3-labelled puncta
indicative of autophagosomes and/or phagosomes in the RPE. Nevertheless, I devised a protocol
to analyze number and size of puncta by first blinding the images and then individually editing
images in Paint 3D to black out photoreceptor OSs. Edited images were then analyzed in ImagelJ.
As shown in Fig. 1.13C, there was no statistically significant difference in the number of LC3-
labeled puncta in the RPE between the two groups although on average, pikfyve crispants showed
a slightly higher number. Moreover, the size of LC3-labeled puncta was comparable between

pikfyve crispants and controls (Fig. 1.13D). Of note, while editing the images individually
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eliminates the majority of photoreceptor OS background staining from quantification, the
distinction between OS and puncta in the RPE was not always clear and therefore, it is possible
that some of the puncta analyzed in either group were background-stained OSs. In pikfyve
crispants distinct LC3-puncta were observed more frequently in the more basal (outer) region of
the RPE, consistent with delayed processing of phagosomes (Fig. 3.13A-B, high mag panel). In
summary, these observations suggest that pikfyve crispants likely exhibit some impairment in
autophagy and phagosome maturation as demonstrated by the slightly higher number of LC3-
labeled puncta and their presence in the outer RPE. Nonetheless, it is difficult to conclude with

certainty due to the limitations of immunohistochemistry as discussed.

A Bright Field LC3 High Mag C

Uninjected
Sib

pikfyve f
Crispant |

Figure 3.13 — LC3 staining in pikfyve crispants retinas. I performed immunohistochemistry on
(A) control uninjected siblings and (B) pikfyve crispants at 5 dpf. I quantified (C) the number of
LC3-labelled puncta in the RPE and (D) the average size of the puncta. Quantification was done

on three pikfyve crispants and four uninjected controls. Three images were taken of the retina per
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fish using a 63X objective and thus, three measurements per fish were made. The red arrow
points to RPE tearing and the red box highlights the region magnified in the rightmost panel in

(A) and (B).

3. 8 Summary of findings

Taken together, my analysis of pikfyve crispants provides valuable insight into the roles
of pikfyve in vivo. 1 first showed that knockdown of pikfyve with CRISPR/Cas9 results in
morphological abnormalities such as edema, improper swim bladder development, and small
body length. I also confirmed that pikfyve knockout is embryonic lethal by 7 dpf in zebrafish. 1
then showed that pikfyve mutations have a detrimental effect on cone photoreceptor electrical
function in zebrafish. I observed normal development of all retinal layers in pikfyve crispants,
albeit with some differences compared to uninjected siblings. Moreover, I found that pikfyve
knockdown increased apoptotic cell death, particularly in proliferative cells, including those in
the CMZ and brain. My TEM analysis revealed a range of retinal ultrastructure abnormalities in
pikfyve crispants including OS shortening, RPE expansion, impaired melanosome formation,
retinal vacuolization, and impaired RPE degradative capacity as evident by the accumulation of
OS material. I attempted to utilize immunohistochemistry to characterize vacuoles within the
retina, but larger sample sizes and more reliable quantification techniques are needed in the

future.
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CHAPTER FOUR: Pikfyve INHIBITION IN ZEBRAFISH

4.1 Introduction

While CRISPR/Cas9 mutagenesis provides valuable insight into the importance of
Pikfyve in the zebrafish retina, there are some limitations associated with studying pikfyve
crispants. Firstly, I studied the FO generation due to the embryonic lethality of gene knockout
and inability to produce a stable heterozygous line. Therefore, the fish analyzed carried a variety
of different mutations, some of which may have been more severe than others. Further, the
percentage and type of cells lacking Pikfyve function would have been different for each fish.
Consequently, variation within pikfyve crispants is highly likely since the severity of the
phenotype is dependent on the nature and frequency of the mutations introduced. Nevertheless,
the high larval mortality rate suggests efficient mutagenesis. The second limitation to using the
pikfyve crispants is that the phenotypes observed are more severe than those observed in the
patient, who carries a heterozygous missense mutation. As a result, the ability to extend my
findings from pikfyve crispants to the human patient is limited. To address some of these
limitations, I utilized pharmacological inhibition of PIKfyve using the potent and specific
inhibitor, apilimod (Gayle et al., 2017). In contrast to CRISPR/Cas9 mutagenesis,
pharmacological inhibition is titratable, giving more control over the severity of the phenotype
observed through adjusting the concentration of inhibitor to which the fish are exposed. I can
also begin exposure after the embryonic period is complete, and thereby test the importance of
PIKfyve in cellular function rather than in early development. Moreover, pharmacological
inhibition decreases variability within the experimental group since all fish are exposed to the
same dose of the drug. Finally, apilimod is in clinical trials for cancer and neurodegeneration,

and therefore studying its effects on the retina in vivo is especially important.
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4.2 Apilimod delays and decreases photopic light responses in zebrafish larvae

Work done by Ifrah Anjum, an undergraduate student in our laboratory, to determine the
optimal concentration of apilimod treatment revealed that a concentration of 500 nM produced a
visible phenotype in zebrafish without being lethal to larvae over a two-day exposure period.
Interestingly, this is significantly lower than the concentrations commonly used in zebrafish drug
studies, which average around 10 uM (Wiley et al., 2017). In agreement with my CRISPR
findings, the lethality of low doses of apilimod in zebrafish embryos highlights its important role

in development.

Zebrafish embryos were initially treated with 500 nM apilimod from 4-6 dpf; however,
the timeline was shifted to 5-7 dpf following observations that later exposure is better tolerated
by zebrafish. Apilimod-treated zebrafish exhibited similar morphological and behavioral
abnormalities to pikfyve crispants, developing edema and showing decreased responses to
physical stimuli. I examined the retinal visual function of apilimod-treated zebrafish at 6 dpf to
determine if pikfyve inhibition impaired retinal electrical function. Fish were treated with 500 nM

apilimod for two days prior to photopic ERG testing to assess cone electrical function.

As shown in Fig. 4.1B, while electrical responses were recorded from both treated and
control fish, treated fish showed impaired responses to light. The a-wave of apilimod-treated fish
was significantly diminished and delayed compared to DMSO controls (Fig. 4.1E-F), indicating
delayed and reduced hyperpolarization of cone photoreceptors in response to light. Moreover, the
b-wave of apilimod-treated fish was also delayed and diminished compared to DMSO controls
(Fig. 4.1C-D). The b-wave represents depolarization of downstream bipolar cells, which is

delayed and reduced in apilimod-treated fish secondary to delayed and reduced photoreceptor
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hyperpolarization. Taken together, these findings demonstrate that inhibition of PIKfyve results

in impaired cone electrical responses to light.
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Figure 4.1 — Inhibition of PIKfyve impairs visual function in vive. (A) Schematic of apilimod
exposure. Zebrafish embryos were exposed to 1% DMSO or 500 nM apilimod in 1% DMSO
from 4 days post fertilization (dpf) until 6 dpf. The drug was removed at 6 dpf and retinal
electrical function was tested with electroretinography (ERG). (B) Representative apilimod-
treated and DMSO-treated ERG traces. (C) Delayed B-waves in apilimod-treated zebrafish. (D)
Reduced B-wave amplitude in apilimod-treated fish. (E) Reduced A-wave amplitude in
apilimod-treated fish. (F) Delayed A-waves in apilimod-treated fish. Apilimod-treated group

n=23, DMSO control group n=22. *p<0.05; **p<0.01; ***p<0.001.

4.3 Apilimod increases lysosomal staining in zebrafish larvae

The most common finding associated with inhibition of PIKfyve is enlarged lysosomes.
As discussed in section 1.3.2.1, PIKfyve plays an important role in maintaining lysosomal
homeostasis and therefore its inhibition impairs lysosomal function through mechanisms not
fully understood. I sought to analyze the effect of Pikfyve inhibition in vivo on lysosomes in
zebrafish larvae. LysoTracker is a fluorescent stain for acidic organelles that is commonly used
in live imaging to label and trace lysosomes. I stained apilimod-treated and untreated zebrafish
larvae with LysoTracker at 7 dpf for one hour prior to euthanasia. Sagittal cryosections were then

prepared and imaged to detect lysosomes across the zebrafish body.

I detected little staining in the tail and middle region of the body in both treated and
untreated zebrafish. Staining was detected in the brain, eye, pancreas, and liver of both treated
and untreated zebrafish (Fig. 4.2A). There was significantly more staining in apilimod-treated
zebrafish compared to DMSO controls as shown in Fig. 4.2B, particularly in the pancreas and

liver (Fig. 4.2A). The size of LysoTracker-stained puncta was not significantly different between
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the two groups, although it was slightly higher in apilimod-treated fish. Of note, only three fish
per group were analyzed and therefore, variation had a remarkable effect on the data. In the
future, a larger sample size would be useful in reducing the impact of variation on the data.
Moreover, tissue folding during sectioning may have also impacted the number and size of
puncta quantified. Since LysoTracker is added to live zebrafish, in the future imaging of live
zebrafish could be done using fluorescent stereoscopy and pigmentless fish to better analyze

lysosomes throughout the whole body.
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Figure 4.2 — Increased LysoTracker staining in apilimod-treated zebrafish. (A) Zebrafish
were treated with 500 nM apilimod or 1% DMSO from 5 to 7 dpf and stained with LysoTracker
for one hour prior to euthanasia. Sagittal cryosection were imaged with confocal microscopy and
(B) the number and (C) size of LysoTracked-labeled puncta in the region containing the brain,

eyes, pancreas, and liver was quantified in Image].

4.4 Apilimod increases cell death in brain and eves of zebrafish larvae

To further elucidate the mechanism underlying the impaired retinal electrical activity
observed in apilimod-treated zebrafish, I performed a TUNEL assay to assess if increased cell
death could be a contributing factor. Zebrafish treated with apilimod or DMSO from 5 to 7 dpf
were euthanized and a TUNEL assay was performed on transverse sections through the head to

visualize both eyes and brain.

I detected little staining in the brain and eyes of DMSO controls (Fig. 4.3A). Conversely,
apilimod-treated fish showed a significantly higher number of TUNEL-positive cells in both the
brain and eyes (Fig. 4.3B-C). The location of the staining was similar to that observed in pikfyve
crispants. With respect to the brain, staining was observed in the dorsal region. I detected
staining in the front of the eye particularly in the cornea, iris, and surrounding the lens. Staining
was also detected in the CMZ of the peripheral retina in apilimod-treated fish. In contrast to
pikfye crispants, some TUNEL labeling was detected in the central retina, particularly in the
RPE/OS layer (Fig. 4.3A). Taken together, these findings show that Pikfyve inhibition increases

cell death in the brain and various ocular tissues in zebrafish.
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Figure 4.3 —Apilimod increases cell death in eyes and brain of zebrafish larvae. (A) TUNEL
assay was performed on transverse sections from apilimod-treated and DMSO control fish. A

significantly higher number of TUNEL positive cells was observed in (B) the eye and (C) the
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brain of apilimod-treated zebrafish. 1% DMSO n=6 fish; 500 nM apilimod n=6 fish.

##%p<0,001; **+%p<0.0001.

4.5 Retinal ultrastructure of apilimod-treated zebrafish larvae

4.5.1 Vacuolization of RPE and photoreceptor layer

To get a better understanding of the effect of Pikfyve inhibition on retinal ultrastructure, I
performed TEM on zebrafish treated with apilimod from 5-7 dpf and DMSO controls. I detected
the presence of large vacuoles in the photoreceptor inner segment region and RPE of apilimod-
treated fish (Fig. 4.4B), but not in the DMSO control (Fig. 4.4A). Vacuoles were observed
throughout the retina of the apilimod-treated fish with no particular increase in the central versus
the peripheral retina. Quantification of vacuole area and number was not done as one fish per

group was analyzed.

Figure 4.4 — Pikfyve inhibition causes retinal vacuolization. Zebrafish were exposed from 5-7
dpfto (A) 1% DMSO or (B) 500 nM apilimod. Disruption in the RPE and photoreceptor layer
was observed in apilimod-treated fish TEM. Yellow circles highlight vacuoles in the RPE and

inner segments of apilimod-treated fish.
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4.5.2 RPE hypertrophy and impaired OS degradation

Beyond the formation of vacuoles in the retina, I found that Pikfyve inhibition caused a
range of abnormalities, particularly in the RPE and photoreceptor OS layer. RPE layer thickness
was inconsistent throughout the retina, with regions extending abnormally into the photoreceptor
OS layer. As a result, photoreceptor OS were less organized compared to DMSO controls.
Moreover, I observed significant accumulation of shed photoreceptor OSs in the RPE. OS
aggregates were observed in two locations: in the inner RPE near the photoreceptor OS (Fig.
4.5B) and in the outer RPE (Fig. 4.5C). The significance of the location of photoreceptor OS
within the RPE will be discussed later. Taken together, these observations suggest that PIKfyve

is critical to the RPE’s ability to degrade shed OS disks and maintain overall RPE and

photoreceptor health.
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Figure 4.5 — Pikfyve inhibition causes RPE hypertrophy and impaired OS degradation. (A)
Low magnification view of TEM retinal cross section from apilimod-treated zebrafish. (B) High
magnification view of aggregates of shed OS disks in the inner RPE. (C) High magnification
view of aggregates of shed OS disks in outer RPE. The red arrow points to an area of RPE

hypertrophy. Yellow and red boxes highlight areas magnified in B and C, respectively.
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4.6 Characterization of retinal vacuoles in apilimod-treated zebrafish larvae

4.6.1 Apilimod causes RPE degeneration

To get a better understanding of changes in RPE morphology because of PIKfyve
inhibition, I used anti-ZPR2 antibody to label RPE cells (Yazulla and Studholme, 2002). I treated
fish with apilimod (or DMSO) from 5 to 7 dpf and kept them in constant light for the duration of
exposure. Light induces the production of reactive oxygen species (ROS), which are typically
cleared by antioxidants such as glutathione in the RPE. In the case of persistent light exposure,
oxidative damage to organelles is accelerated due to increased production of ROS. In healthy
RPE cells, oxidatively damaged organelles are degraded through autophagy. Given the
involvement of PISP and PI(3,5)P, in autophagy, I hypothesized that in constant light, Pikfyve
inhibition will result in the accumulation of damaged organelles, which will decline RPE health
and potentially cause degeneration. Using ZPR2 staining and bright-field examination, I
analyzed differences in RPE architecture and integrity in DMSO and apilimod-treated zebrafish
larvae following two days of constant exposure to light. In addition, I dark-adapted zebrafish for
four hours prior to fixation. Light onset and offset both trigger OS disc shedding while constant
light inhibits this process (Moran et al., 2022). Thus, by taking advantage of the light-sensitive
nature of OS disc shedding, I utilized constant light to inhibit OS disc shedding and then

stimulated it through dark-adaptation.

In dark-adapted conditions, I found that thickness was inconsistent across the RPE layer
in apilimod-treated fish as shown in Fig. 4.6A, with areas of expansion consistent with findings
from pikfyve crispants. I observed a significant decrease in ZPR2-staining (Fig. 4.6B) in
apilimod-treated compared to control DMSO fish. Moreover, I observed holes in the RPE of

apilimod-treated zebrafish (Fig. 4.6A, red arrow) that corresponded with loss of ZPR2 staining in
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the area. Disrupted ZPR2 staining can be used as an indicator of RPE degeneration (Hanovice et
al., 2019), and therefore, decreased ZPR2 staining in apilimod-treated fish may be indicating
decreased health and/or RPE cell death, which is supported by the holes observed in the bright-
field images. Of note, as discussed in section 4.4, TUNEL staining was largely observed in the
retinal periphery and not in the RPE. Thus, it is possible that the holes observed here are areas of
non-apoptotic cell death (which would not be detected with the TUNEL assay). It is also possible
that the holes observed are neither areas of apoptotic nor non-apoptotic cell death, but rather
vacuoles in the RPE. My TEM observations (Fig. 4.4) support the latter hypothesis. Together,
these findings show that Pikfyve inhibition causes significant changes in the RPE layer when fish

are exposed to constant light followed by dark-adapted conditions.
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Figure 4.6 — Decreased ZPR2 staining in apilimod-treated zebrafish larvae. (A) Confocal
images of retinal cross sections from dark-adapted fish treated from 5-7 dpf with apilimod or
DMSO. ZPR2 is an RPE marker and (B) shows ZPR2 staining area quantified in ImageJ. Dark-
adapted 1% DMSO n=4, 3 measurements/fish; dark-adapted 500 nM apilimod n=6 fish, 3

measurements/fish. **p<0.01.
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4.6.2 Autophagosomes and phagosomes

PIKfyve inhibition in macrophages has been shown to impair phagocytosis and
phagosome maturation (Kim et al., 2014). Moreover, PIKfyve inhibition results in impaired
autophagy and the accumulation of autophagosomes, as shown in HeLa cells (de Lartigue et al.,
2009). I sought to study the effect of PIKfyve inhibition on autophagy and phagocytosis in the
RPE of zebrafish. Zebrafish were kept in constant light from 5-7 dpf followed by dark adaptation
for four hours to trigger OS shedding. One group was treated with 500 nM apilimod, and the
control group was kept in 1% DMSO from 5-7 dpf. As described above, constant light increases
autophagic demand due to increased photooxidative damage to organelles. I hypothesized that
apilimod-treated fish would show increased RPE damage because of Pikfyve inhibition
impairing autophagy. Moreover, as evident by the TEM findings (Fig. 4.5), I hypothesized that
degradation of phagosomes containing OS material would be impaired in the RPEs of apilimod-
treated fish. Thus, to assess these hypotheses, I used anti-LC3 antibody to label autophagosomes

and LAP phagosomes in the RPE.

Like observations made with pikfyve crispants, I detected background staining of
photoreceptor OSs with anti-LC3 antibody. Images were blinded and edited to manually remove
OS background staining. The remaining LC3 staining in the PRE was quantified in ImagelJ. I did
not find a significant difference in LC3-stained puncta number or size between apilimod-treated
and DMSO control fish in dark-adapted conditions, although on average, apilimod-treated fish
had slightly higher numbers and size of LC3-stained puncta. As shown in Fig. 4.7A-B, I detected
the presence of LC3-stained puncta in the outer RPE of apilimod-treated fish but not DMSO

controls. Together, these findings suggest that Pikfyve inhibition interferes to some extent with
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phagosome and/or autophagosome maturation in zebrafish RPEs. However, quantification of the

degree of interference is difficult due to the limitations of immunostaining.
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Figure 4.7 — Effect of Pikfyve inhibition on RPE autophagy and phagocytosis. Zebrafish
were kept in constant light from 5-7 dpf in (A) 1% DMSO or (B) 500 nM apilimod and dark-
adapted for four hours prior to fixation and analysis. Cryosections were stained with LC3 to label
autophagosomes and LAP phagosomes. (C) Number and (D) size of LC3-stained puncta in the
RPE was quantified in ImageJ. 1% DMSO n=1, 3 measurements/section; 500 nM apilimod n=3,

3 measurements/section.

4.6.3 Lysosomes

I previously showed that Pikfyve inhibition increased lysosomal staining in zebrafish

whole bodies using LysoTracker (Fig. 4.2). I found that the quality of LysoTracker staining in

101



retinal cross sections was low with a high level of background staining. Therefore, I sought to
use immunohistochemistry to analyze lysosomes in the RPE of apilimod-treated fish. Lysosome-
associated membrane protein-1 (LAMP1) is routinely used as a marker of lysosomes (Cheng et
al., 2018). Therefore, I utilized anti-LAMP1 antibody here to stain lysosomes in the RPE of

apilimod-treated and control DMSO fish.

A similar experimental outline to that described in the previous section was done here
where zebrafish larvae were exposed to 1% DMSO or 500 nM apilimod from 5 to 7 dpf in
constant light. Treated and untreated zebrafish retinas were analyzed following four hours of
dark adaptation (Fix. 4.8A, B) or light adaptation (Fig. 4.8C, D). I found a similar phenotype in
apilimod-treated fish as described above of an abnormal RPE layer, with inconsistent thickness,
the appearance of holes, and increased tissue tearing during sectioning (Fig. 4.8B, D, bright field
panel). Moreover, I also detected background staining of photoreceptor OS in all LAMP1-stained
sections. Therefore, images were blinded and edited to remove as much OS staining as possible
and the remaining RPE staining was quantified in ImagelJ. I did not find a statistically significant
difference between the number or size of LAMP1-stained punctae in the RPE of light- and dark-
adapted treated and untreated fish (Fig. 4.8E-H). The size of LAMP1 stained puncta was slightly
higher in apilimod-treated fish in both light conditions and the number was slightly higher only
in dark-adapted conditions (Fig. 4.8E). Moreover, in some apilimod-treated fish, I detected the
presence of enlarged, LAMP1-labeled puncta in the outer RPE (Fig. 4.8B, D, red box). Taken
together, these findings suggest that Pikfyve inhibition results in some lysosomal enlargement in
the outer RPE. However, quantification is difficult due to the challenges of RPE pigment,

background staining, and fragile nature of the treated sections.

102



Bright Field LAMP1 Merge

1% DMSO

LC3 Puncta Number

500 nM
Apilimod

LAMP1 Puncta Average Size (pm)

C

1% DMSO _

LAMP1 Puncta Number

500 nM
Apilimod

LAMP1 Puncta Average Size (um)

Figure 4.8 — Effect of Pikfyve inhibition on lysosomes in RPE of dark-adapted and light-
adapted zebrafish. Zebrafish were treated with apilimod or DMSO from 5-7 dpf and kept in

constant light for the duration of exposure. (A) One group was dark-adapted for four hours prior
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to fixation and (B) another group was fixed in light-adapted conditions. Retinal cryosections
were stained with the lysosomal marker LAMP1. (E, F) show number and size of LAMP1-
stained puncta in the RPE of dark-adapted fish while (G, H) show number and size of LAMP1-
stained puncta of light-adapted fish. Dark-adapted: 1% DMSO n=4 fish; 500 nM apilimod n=5;

light-adapted: 1% DMSO n=4; 500 nM apilimod n=6. 2-3 measurements per fish were made.

4.7 Short term Pikfyve inhibition in adult zebrafish

Studying the role of Pikfyve in the zebrafish retina through CRISPR mutagenesis is
limited to the first 7 days of life since gene knockout is embryonic lethal. On the other hand,
pharmacological inhibition allows for the study of the effect of short-term Pikfyve inhibition at
any time point. I took advantage of this and treated adult one month-post-fertilization (mpf)
zebrafish with apilimod for six hours. I sought to analyze if short-term Pikfyve inhibition
interfered with lysosomal homeostasis in the RPE. I hypothesized that older zebrafish would
tolerate higher concentrations of apilimod and therefore I exposed one group of fish to 500 nM,
the highest concentration used previously for larvae, and another to 1 uM apilimod. Further, one

set of fish from each group was dark-adapted for the last four hours of treatment to stimulate OS

shedding.

4.7.1 Lysosomes

Upon confocal examination of retinal cross sections, I found that the RPE of both 1%
DMSO and 500 nM apilimod treated fish were intact, while the RPE of 1 uM apilimod treated
zebrafish showed increased damage and tearing. I suspect that the increased tearing is due to
buildup of vacuoles within the RPE and/or inflammation due to Pikfyve inhibition. I utilized

anti-LAMPI1 antibody to stain for lysosomes and, similar to other experiments, I detected
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significant background staining of the photoreceptor OSs, which decreased the ability to
decipher LAMP1-stained puncta in the RPE. Nevertheless, images were blinded and edited as
described above, and the number and size of LAMP1 puncta in the RPE was quantified in
Imagel. I did not detect a significant difference in apilimod-treated compared to control fish in
both dark- and light-adapted conditions (Fig. 4.9D, E and Fig. 4.10C, D). There was a trend
towards an increased number and size of LAMP1 puncta in the dark-adapted 1 pM apilimod-
treated group, but the difference was not statistically significant. Moreover, as shown in Fig.
4.9B, C, I detected the presence of distinct LAMP1-stained puncta in the outer RPE of both 500
nM and 1 pM apilimod-treated fish. Similarly, 1 uM apilimod-treated light-adapted fish also
showed distinct LAMP1-stained puncta in the outer RPE although to a lesser extent than in dark-
adapted conditions. Although a statistically significant difference was not detected, there was a
trend of larger, more numerous LAMP1 puncta in the outer RPE of apilimod-treated fish. Future
experiments should focus on improving visualization of stained puncta using pigmentless fish,
and optimization of antibody concentrations to decrease background staining and improve

quantification.
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Figure 4.9 — Effect of short-term Pikfyve inhibition on lysosomes in 1 mpf zebrafish in
dark-adapted conditions. 1 mpf zebrafish were treated with (A) 1% DMSO, (B) 500 nM
apilimod, or (C) 1 uM apilimod for six hours. Fish were dark-adapted for four hours prior to
fixing and analysis. Retinal cryosections were stained with anti-LAMP1 antibody to label
lysosomes and RPE staining was quantified in ImageJ. (D) The number and (E) size of LAMP1-
labelled puncta in the RPE was compared across the groups. Red arrow points to RPE damage
and tearing, yellow arrow indicates distinct LAMP1-labelled puncta in the outer RPE, and the
red box indicates the area magnified in the leftmost panel. 1% DMSO, 500 nM, and 1 pM
apilimod n=2 for each condition; 3 measurements/fish. A one-way ANOVA test was performed

with post-hoc Tukey test.
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Figure 4.10 — Effect of short-term Pikfyve inhibition on lysosomes in 1 mpf zebrafish in
light-adapted conditions. 1 mpf zebrafish were treated with (A) 1% DMSO, (B) 500 nM
apilimod, or (C) 1 uM apilimod for six hours. Retinal cryosections were stained with anti-
LAMP1 antibody to label lysosomes and RPE staining was quantified in ImagelJ. Fish were kept
in lit conditions for the entire exposure period. (D) The number and (E) size of LAMP1-labelled
puncta in the RPE was compared across the groups. Red arrow points to RPE damage and
tearing, yellow arrow indicates distinct LAMP1-labelled puncta in the outer RPE, and the red
box indicates the area magnified in the leftmost panel. 1% DMSO n=2 fish; 1 pM apilimod n=3;

2-3 sections analyzed/fish.

4.8 Summary of Findings

Prior to this work, apilimod had never been previously tested in zebrafish. My findings
demonstrate that apilimod is highly potent in zebrafish, causing lethality with moderate doses.

By decreasing the dose, I characterized various effects of Pikfyve inhibition on the zebrafish
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retina. I found that photopic light responses were diminished and delayed in apilimod-treated
larvae. The TUNEL analysis demonstrates that apilimod increases cell death in the brain and
eyes of zebrafish larvae. Using electron microscopy, I found that short-term inhibition of Pikfyve
caused a range of retinal abnormalities. Namely, I detected the presence of vacuoles in the retina
and the accumulation of OS material in the RPE indicative of impaired degradative capacity. In
cryosections, I observed evidence of RPE degeneration in apilimod-treated zebrafish. I used LC3
and LAMP1 markers to study the effect of Pikfyve inhibition on autophagy, phagocytosis, and
lysosomal homeostasis in the RPE. Analysis was limited due to the difficulties associated with
quantification and visualization of staining. Nevertheless, the data suggests that Pikfyve
inhibition has an effect to some extent on phagosome degradation, autophagy, and lysosomal
homeostasis in the RPE. Future experiments should explore the use of transgenic zebrafish lines

for LAMP1 and LC3 to overcome the limitations associated with immunostaining.
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CHAPTER FIVE: PRECISE GENE EDITING IN ZEBRAFISH

5.1 Introduction

While CRISPR mutagenesis efficiently introduces random mutations in pikfyve, the
embryonic lethality of gene knockout limits studies to early development. Moreover, apilimod
exposure only inhibits PIKfyve for a short duration of time, limiting the ability to study the
progressive effect of PIKfyve loss. I was interested in creating a zebrafish model for the retinal
dystrophy PIKFYVE patient identified by Dr. MacDonald to elucidate the disease mechanism.
The patient carries a single base substitution in the PIKFYVE gene and therefore, random
mutations introduced by CRISPR/Cas9 mutagenesis are not an accurate model of the patient
variant. Moreover, while pharmacological inhibition is an efficient method of disruption
PIKfyve, it does not aid in understanding the patient variant and associated phenotype.
Consequently, I sought to create a patient mimic zebrafish mutant line using precise gene editing
technologies to overcome these limitations. I hypothesized that fish carrying the patient mutation
will survive into adulthood, at least as heterozygotes, allowing for the study of the progressive

effects of the mutation.

5.2 Homology-directed repair

5.2.1 Inefficient repair and random mutations

I first attempted homology-directed repair (HDR) to introduce the patient specific
mutation into zebrafish. WES revealed that the patient carried a single base substitution from
adenine to guanine that resulted in a missense amino acid change from histidine to arginine
p.(His1831Arg) in the first helix of the PIKFY VE kinase domain. The residue mutated in the

patient is conserved between human and zebrafish and thus, I sought to introduce the same
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adenine to guanine single base substitution with HDR. To simplify detection of the patient
mutation in injected zebrafish, I used an HDR template that contained two additional silent
mutations, which introduced an Xmnl restriction enzyme cut site. The silent mutations were in
the two amino acid residues upstream of the histidine mutated in the human patient. Thus, in
wildtype fish, the sequence is 5> GAG TTC CAT 3’°, which encodes glutamic acid,
phenylalanine, and histidine, while in HDR-repaired fish the sequence is expected to be 5> GAA
TTT CGT 3°, which encodes glutamic acid, phenylalanine, and arginine. Single-cell zebrafish
embryos were injected with Cas9 protein, a crRNA/trRNA complex that targets the 38th exon of
pikfyve, and the single-stranded DNA template. DNA was extracted from pools of five injected
or uninjected zebrafish embryos and amplified by PCR. The 454 bp PCR fragment was then
digested with Xmnl restriction enzyme. If HDR repair was successful, Xmnl should cut the PCR
fragment and generate two fragments of 229 and 225 bp. I used gel electrophoresis to visualize
band size relative to a 1 kb DNA ladder. As shown in Fig. 5.1A, I did not detect any fragments

around 200 bp in the fish analyzed, indicating no Xmnl cutting in HDR-injected zebrafish.

Since HDR efficiency is typically low in zebrafish, it is possible that some HDR repair
occurred but not enough to be detected on gel electrophoresis. Thus, I sequenced DNA from
individual injected fish to analyze the DNA sequence with higher resolution. As shown in Fig.
5.1B, sequences from HDR injected fish closely resembled those from pikfyve crispants, showing
a normal, clear sequence upstream of the PAM site, and multiple, noisy sequences downstream
of the cut site. This indicates efficient targeting and cutting of the DNA by the crRNA and Cas9

but unsuccessful HDR repair.
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Figure 5.1 — Unsuccessful repair with HDR in zebrafish. (A) RFLP from uninjected
(wildtype) and HDR-injected zebrafish. DNA was extracted from pools of five injected and
uninjected embryos and the region target by the crRNA was amplified. Samples were then
digested with Xmnl digest. HDR repair is expected to introduce an Xmnl cut site, resulting in
two bands at 229 and 225 bp while the uncut fragments are expected to be 454 bp long. (B)
Reverse complement Sanger sequencing from the antisense strand of one HDR-injected fish
showing scrambled sequence downstream of the cut site. DNA was sequenced with the reverse

primer and therefore the sequence shown is the reverse complement of the sense strand. The red
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box highlights the residue mutated in the patient while the two green boxes highlight the two

silent mutation residues.

5.2.2 Retinal architecture of HDR-injected zebrafish

Genotyping data showed cutting and random mutations in HDR-injected fish with no
clear evidence of HDR repair. Therefore, I analyzed HDR-injected fish as pikfyve knockdown
fish and compared them to uninjected controls to elucidate the importance of pikfyve in the eye. |

first analyzed retinal architecture with H&E staining.

Seven uninjected and six injected 6 dpf zebrafish were analyzed. Similar to histological
findings from pikfyve crispants, I found increased tearing, especially in the RPE, in HDR-
injected fish (Fig. 5.2A-C). Interestingly, I observed a cataract-like phenotype in two of the six
HDR-injected fish with the lens appearing cloudy and opaque (Fig. 5.2B, C). Moreover, injected
fish had significantly smaller eyes compared to uninjected siblings (Fig. 5.2D). I quantified the
thickness of the retinal layers and found that like pikfyve crispants, the IPL and ONL/RPE layer
were significantly thinner in injected fish compared to controls (Fig. 5.2F, H). Interestingly, the
GCL was significantly thicker in HDR-injected fish compared to uninjected controls (Fig. 5.2E).
Moreover, I observed holes in the retinas of HDR-injected fish (Fig. 5.21, black arrows) and
therefore performed a TUNEL assay to confirm if these holes were areas of cell death. Indeed, as
shown in Fig. 5.2J, I detected the presence of TUNEL-positive cells in the eyes and brains of

HDR-injected fish.
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Figure 5.2 — Retinal architecture and cell death in pikfyve HDR-injected zebrafish. (A)
H&E-stained retinal cross section from control fish with the various retinal layers labeled. (B,C)
H&E-stained retinal cross sections from HDR-injected zebrafish, asterisk indicates cataract-like
phenotype in lens. (D) Eye diameter was quantified in ImagelJ and the thickness of the (E) GCL,
(F) IPL, (F) INL, and (H) ONL-RPE was measured. (I) H&E-stained cross section from HDR-

injected fish. Black arrows highlight holes in the retina and magnified images are shown. (J)
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TUNEL assay from HDR-injected fish. GCL=ganglion cell layer, [IPL=inner nuclear layer, INL=
inner nuclear layer, ONL=outer nuclear layer, RPE=retinal pigment epithelium. *p<0.05;

*#p<0.01; ***p<0.001. Uninjected control siblings n=7; HDR-injected n=6.

5.2.3 Vacuole characterization

I performed immunohistochemistry on 5 dpf HDR-injected fish to further elucidate the
roles of pikfyve in the RPE. I stained retinal cryosections with LC3 as a label for
autophagosomes and LAP phagosomes. As shown in Fig. 5.3A, HDR-injected fish showed
significant tearing in the RPE while sections from uninjected siblings remained intact. I detected
the presence of LC3-labeled puncta in the outer RPE of HDR-injected zebrafish (Fig. 5.3A,
middle panel) and therefore, I quantified the number and size of staining in the RPE. As
previously discussed, LC3 stains the photoreceptor OS and therefore, images were blinded and
edited to remove as much background staining of OSs before quantification. I found that while
the number of LC3-stained puncta in the RPE was comparable between uninjected and injected
zebrafish, the average size of LC3-stained puncta was significantly larger in HDR-injected fish
(Fig. 5.3B, C). Taken together, these findings support the hypothesis of Pikfyve mediating

autophagy and phagocytosis in the RPE.
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Figure 5.3 — LC3 staining in HDR-injected zebrafish. (A) pikfyve HDR-injected and
uninjected zebrafish retinal cyrosections were stained with anti-LC3 antibody at 5 dpf and
analyzed with confocal microscopy. The rightmost panel shows representative quantification
done in ImageJ. The number (B) and size (C) of LC3-labelled puncta in the RPE was quantified
in ImagelJ. Uninjected siblings n=2 fish; HDR-injected n=2 fish; 2-3 measurements/section.

*p<0.05.
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5.3 Prime Editing

5.3.1 Golden gate assembly of pegaRNA

Since I could not detect evidence of HDR in injected zebrafish and DSBs introduced
random mutations in pikfyve, I attempted prime editing to introduce the patient mimic mutation
into zebrafish without the use of DSBs. Prime editing was discussed in detail in section 1.6.3,
and it is a newer technology that has only been reported successful once in zebrafish (Petri et al.,
2021). It relies on reverse transcription to insert precise edits into the sequence of interest. I first
used golden gate cloning to assemble the pegRNA components into a BB10 assembly vector
(Fig. 5.4A). The vector was digested with Bsal restriction enzyme, and the plasmid backbone
(Fig. 5.4B, yellow box) was purified and used in the assembly reaction demonstrated in Fig.
5.4C. The assembled plasmid was digested again with Bsal but the smaller fragment (Fig. 5.4B,
red box) containing the pegRNA sequence was purified and Sanger sequenced. As shown in Fig.
5.4D, sequencing revealed correct assembly of pegRNA components and successful golden gate

cloning.
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Figure 5.4 — pegRNA golden gate assembly. (A) BB10 assembly vector. The highlighted

region shows the region cut by Bsal restriction enzyme which contains the red fluorescence
protein (RFP) gene. (B) Gel electrophoresis of BB10 Bsal digestion. The yellow box indicates
the plasmid backbone and red box highlights the RFP gene in the uncut plasmid and the pegRNA
sequence in the assembled plasmid. (C) Schematic of pegRNA fragment sequences and assembly
in the BB10 plasmid. (D) Sanger sequencing of assembled pegRNA sequence (highlighted

region).
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5.3.2 No evidence of prime editing in zebrafish

Upwards of twenty 2 dpf prime editor injected zebrafish were analyzed with PCR and
Sanger sequencing. As shown in Fig. 5.5A, PCR fragments from both prime editor-injected and
uninjected fish appeared at the expected size of 454 bp. To further analyze editing, I extracted
DNA from individual prime editor injected zebrafish and analyzed the target DNA region by
Sanger sequencing. Two rounds of prime editing injections were done and as shown in Fig. 5.5B,
no evidence of editing was detected, and the adenine target base (highlighted in Fig. 5.5B) was
unchanged between injected and uninjected fish. I hypothesized that the purity of the in vitro
synthesized prime editor mRNA may have been low and therefore prime editing was
unsuccessful. Therefore, | analyzed mRNA quality using gel electrophoresis (Fig. 5.5C) and
found that no significant impurities were present as evident by the presence of only one band on

the gel.
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Figure 5.5 — Prime editing in zebrafish. (A) Gel electrophoresis from control (WT) and prime
editor injected zebrafish. DNA was extracted from individual 2 dpf embryos and the region
targeted by the pegRNA was amplified with PCR (B) Sanger sequencing from the region
targeted by the prime editor. The target adenine is highlighted. (C) Gel electrophoresis of the

prime editor mRNA compared to the 1 kb DNA ladder.

5.4 Adenine base editing

5.4.1 Inefficient adenine base editing in zebrafish

Since prime editing is a newer and less established technique in zebrafish, I changed my

focus to adenine base editing (ABE) as a method to introduce the patient mimic mutation. ABE
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was discussed in detail in section 1.6.2.2, and it utilizes an adenosine deaminase fused to a Cas9
nickase to introduce adenine to guanine (thymine to cytosine) mutations. The PIKFYVE patient
carries an adenine to guanine point mutation and thus, ABE can be used to introduce a patient
mimic mutation in fish. ABE mRNA was synthesized in vitro and microinjected into one-cell
stage fish along with ABE crRNA. Two separate rounds of injections were performed with ~100
embryos injected per round. As shown in Fig. 5.6, DNA extracted from individual injected
embryos (Fig. 5.6B) was identical to uninjected embryos (Fig. 5.6A) in the region targeted by the
crRNA. The target adenine residue was unchanged in injected zebrafish (Fig. 5.6B). Moreover,
the Sanger sequences showed no evidence of DNA cutting, indicating that gene editing was
unsuccessful. I hypothesized that the purity of the synthesized mRNA may be low and thus, ABE
did not occur. Therefore, I analyzed the ABE mRNA on a 2% SB gel. If the mRNA contains a
high degree of impurities, I expected to observe multiple bands of various lengths in gel
electrophoresis. However, as shown in Fig. 5.6C, I found that mRNA purity was relatively high

with one main band appearing on the gel.
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Figure 5.6 — Adenine base editing in zebrafish. (A) Sanger sequence from control uninjected
and (B) adenine base editor injected zebrafish from the region targeted by the crRNA. The target
adenine base is highlighted in both sequences. (C) adenine base editor mRNA was run on a 2%

sodium borate gel to analyze purity.
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5.5 Cytosine base editing

5.5.1 Validation of editing

Cytosine base editing (CBE) is an older technology that is well established in zebrafish.
CBE was discussed in detail in section 1.6.2.1, and it relies on a cytosine deaminase fused to a
Cas9 nickase to convert cytosine residues to thymine (and guanine to arginine). CBE cannot
introduce the patient-mimic mutation into zebrafish since the patient mutation is an adenine to
guanine substitution. Nevertheless, | attempted CBE as a proof of concept for base editing in
fish. I sought to replicate work done by Rosello et al where they edited the two zebrafish pigment
genes tyr and slc45a2 (Rosello et al., 2021). Targeting pigment genes allows for easy detection

of base edited fish as they appear less pigmented/ albino depending on editing efficiency.

I synthesized the CBE mRNA in vitro and then verified the sequence by reverse
transcription. I designed two sets of primers - one to amplify part of the APOBECI1 sequence
which encodes the cytosine deaminase, and one to amplify part of the nCas9 sequences which
encodes the Cas9 nickase. Reverse transcription products were then run on an electrophoresis gel
to analyze band size. If both sequences were correctly transcribed into mRNA, I expected to see
a 288 bp band for APOBECI1 and a 946 bp band for nCas9. Indeed, as shown in Fig. 5.7A (panel
1), both bands were observed at the expected size, indicating successful mRNA in vitro

transcription.

Next, I injected the CBE mRNA and the two pigment crRNAs into zebrafish embryos at
the one-cell stage. I monitored pigmentation until 3 dpf as an indicator of successful base editing.
At 3 dpf, pools of five embryos were euthanized and DNA was extracted for Sanger sequencing.

As shown in Fig. 5.7B, the two guanine residues targeted by CBE in the #yr gene were
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successfully edited in CBE-injected zebrafish. The first target guanine was completely changed
to adenine while the second was ~50% guanine and 50% adenine. In contrast, I did not detect

editing of the two guanine residues targeted in the slc45a2 gene in the five embryos analyzed

(Fig. 5.7C).
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Figure 5.7 — Cytosine base editing in zebrafish. (A) Left: cytosine base editor mRNA was
reverse transcribed and the part of the APOBEC]1 and nCas9 sequence amplified and run on a
2% sodium borate gel. The region targeted by the #yr crRNA (middle gel) and the slc45a2
crRNA (right gel) was PCR amplified and run on a 2% sodium borate gel. DNA Sanger
sequencing from the region targeted in the (B) the #yr gene and (C) the s/c45a2 gene compared to

control injected controls. The red boxes indicate the bases targeted by the cytosine base editor.

5.5.2 Pigment quantification

Along with sequencing, I monitored pigmentation in CBE-injected zebrafish as an
indicator of successful base editing. I scored CBE-injected zebrafish into three categories:
wildtype-like pigmentation, mild depigmentation, and severe depigmentation (Fig. 5.8A). |
found that the number of mildly and severely depigmented embryos was higher in CBE-injected
fish compared to control injected siblings (Fig. 5.8B). Of note, this analysis was done at 2 dpf in
Rosello et al’s study. However, I found that the injection process itself delayed pigment
formation and therefore I performed analysis at 3 dpf to allow for pigment development in both
control and CBE-injected fish. To quantify pigmentation, I performed fluorescence spectroscopy
which measures the amount of melanin in a sample. Samples contained twenty 3 dpf uninjected,
control injected, or CBE-injected fish. Moreover, groups were compared to a negative control
which consisted of twenty PTU-treated zebrafish. PTU is frequently used in zebrafish to inhibit
pigment formation and therefore I used it to inhibit pigmentation in the control group. I found
that the difference in amount of melanin between CBE-injected and other control groups was not
significantly different (Fig. 5.8C). Nonetheless, it is worth noting that the CBE-injected sample
contained zebrafish with all degrees of pigmentation and not just mildly/severely depigmented

ones. Further, even fish with successful CBE are mosaic and still produce a population of
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pigmented cells. I am confident that the lack of significance is owing to the variability in the
experimental group. Taken together, these findings suggest cytosine base editing is successful in
zebrafish and that the particular crRNA likely impacts editing efficiency as observed by the

differences in editing between #yr and slc45a2 crRNAs.
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Figure 5.8 — Pigment quantification in cytosine base edited zebrafish. (A) 3 dpf control and

cytosine base editor injected zebrafish were scored based on degree of pigmentation and (B)
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categories were compared. (C) Fluorescence spectroscopy was performed to analyze the amount
of melanin in CBE injected and control embryos. Each sample contained twenty zebrafish and a

one-way ANOVA test and post-hoc Tukey test were performed. *p<0.05; **p<0.01.
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CHAPTER SIX: DISCUSSION

6.1 Introduction

The goal of this work was to study the roles of Pikfyve in the zebrafish retina.
Phosphoinositide biology is an active area of research, but little is known about PIKfyve and its
products, PI(3,5)P2 and PISP, in vivo. In humans, mutations in PIKFYVE are ultra rare. The most
common disorder associated with PIKFYVE mutations is Corneal Fleck Dystrophy, where white
flecks appear within the stromal layer of the cornea in affected patients. Mei et al., identified one
family with PIKFYVE mutations that developed congenital cataracts. Moreover, the lan
MacDonald lab identified a patient with a novel heterozygous missense mutation in PIKFYVE
and a retinal dystrophy phenotype not previously reported. While the phenotypes associated with
PIKFYVE mutations in humans are largely ocular, the roles of PIKFYVE in the eye remain
unexplored which may be attributed to the difficulty of studying the gene in vivo due to the
embryonic lethality of its knockout. I hypothesized that Pikfyve plays an important role in the
zebrafish retina, and I sought to test my hypothesis through two aims. First, to characterize the
general roles of Pikfyve in the zebrafish retina by studying the effect of CRISPR/Cas9
knockdown and pharmacological inhibition. Second, to utilize precise gene editing technologies
in zebrafish to introduce the patient specific mutation and create a stable, mimic line that can not
only be used to elucidate the mechanism of disease of the specific patient mutation, but also

overcome the embryonic lethality of CRISPR/Cas9.
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6.2 Precise genome editing

6.2.1 Overview

The amino acid mutated in the PIKFYVE patient is conserved between humans and
zebrafish and therefore I sought to create a patient mimic mutant line through introducing the
analogous patient mutation into the zebrafish genome. In humans, PIKFYVE is located on
chromosome two and encodes a 2098 amino acid long protein. In zebrafish, pikfyve is located on
chromosome nine and encodes a 2075 amino acid long protein. The patient mutation is in exon
37 in humans which is analogous to exon 38 in zebrafish, and both mutations fall within the
kinase domain of the protein. The location of mutations within PIKFYVE seems to have a
profound impact on the severity of the phenotype. PIKFYVE variants associated with Corneal
Fleck Dystrophy all appear early in the protein, in the CCTy, FYVE, and SPEC domains (Mei et
al., 2021). On the other hand, variants in the kinase domain of PIKFYVE, namely the two
reported by Dr. Ian MacDonald and by Mei et al., result in a much more severe phenotype. In
2021, Mei et al reported a novel heterozygous missense variant (p.G1943E) in PIKFYVE in a
Chinese Korean family. 12 of 31 family members across four generations were affected with
congenital cataracts. Five family members underwent whole exome sequencing (WES) — four
members were affected with congenital cataracts, and one was not. WES revealed the
p-(G1943E) variant in those with congenital cataracts but not in the healthy control family
members. None of the affected patients presented with corneal flecks (Mei et al., 2021). The
authors created a zebrafish mutant carrying an 8-bp deletion and a 112-bp insertion in exon 40 of
pikfyve and found that mutants exhibited a cataract phenotype in addition to vacuolization of the
lens (Mei et al., 2021). Overexpression of the p.(G1943E) variant did not produce a cataract

phenotype and thus, the authors concluded that the variant was a loss of function and not a
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dominant negative (Mei et al., 2021). Interestingly, the patient identified by Dr. Ian MacDonald
carries a mutation in close proximity to the variant identified by Mei et al and yet exhibits a
vastly different phenotype. No flecks were present on the patient’s cornea and the patient’s
lenses were clear, indicating that the p.(His1831Arg) variant is associated with neither Corneal

Fleck Dystrophy nor congenital cataracts.

Since the location of the mutation, even within the same domain, appears to have a
profound effect on the phenotype observed, I sought to create a patient mimic mutant zebrafish
line to recapitulate the patient phenotype and dissect the underlying disease mechanism.
Zebrafish are particularly advantageous for this research as they are characterized by high
fecundity and ex vivo fertilization, giving us early access to a large number of embryos for
genetic manipulation. Moreover, zebrafish are excellent model organisms for studying ocular
disease as they possess large eyes that are similar in retinal organization to humans. Furthermore,

the zebrafish rod: cone ratio is high, allowing for analysis of both photoreceptor subtypes.

Zebrafish have been utilized in genetics research since the 1990s when they were
exposed to the mutagen N-ethyl-N-nitrosourea (ENU) and phenotypes in offspring were linked
to mutations through positional cloning (Rafferty & Quinn, 2018). Since then, advancements in
gene editing technologies have allowed for reverse genetics in zebrafish, where instead of
starting with an observable phenotype and subsequently identifying the mutation (forward
genetics), genes can be targeted directly. The first technique to achieve reverse genetics in
zebrafish was targeting induced local lesions in genomes or TILLING for short. Briefly,
TILLING utilized a chemical mutagen to introduce genetic mutations, which are then identified
with PCR. Another technique that significantly advanced zebrafish genetics was the 70/2

transposon system, where exogenous DNA is randomly inserted into the genome through the
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Tol2 transposase. Nevertheless, a targeted gene editing approach was still required, which led to
the development of zinc-finger nucleases (ZFNs). Briefly, ZFNs can be engineered to target and
cut specific three nucleotide sequences in the DNA. Cuts are then repaired by cellular machinery,
which is imprecise, leading to the introduction of random mutations at a target region of interest.
ZFNs have largely been replaced by the development of TALENs and the CRISPR/Cas9 system
as their design is difficult and they show limited success. In contrast to ZFNs which are based on
the zinc-finger nucleases, TALENs (short for transcription activator-like effector nucleases) are
proteins containing TALE DNA-binding domains and the catalytic domain of the FoklI nuclease.
Thus, TALENS can easily be designed to target and cut specific sequences of DNA. On the other
hand, CRISPR/Cas9 is an RNA-based gene editing technique that relies on a guide RNA to
direct the Cas9 nuclease to the sequence of interest. Similar to ZFNs and TALENS,
CRISRP/Cas9 relies on cellular DNA repair machinery, in particular NHEJ, to introduce random
mutations at the cut site. The CRISPR/Cas9 system is both simple and highly efficient and has

therefore become the major method in use.

6.2.2 Homology directed repair

CRISPR/Cas9 has been widely adopted and numerous developments have been made to
advance it towards precise genome editing. One such development is the combination of the
CRISPR/Cas9 system with homology directed repair (HDR). HDR was discussed in section
1.6.1, and it relies on an exogenous repair template that encodes the desired DNA change to
introduce specific mutations into the genome. [ used HDR in my first attempt to introduce the
patient mimic mutation into zebrafish. The design of the exogenous DNA template and the
microinjection protocol have a significant impact on the efficiency of precise gene editing.

Therefore, I performed a literature review on HDR in zebrafish and utilized the IDT HDR design
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tool to plan my experiment. Zebrafish mutagenesis occurs through microinjection of editing
machinery into the one- or two-cell stage embryo. Microinjection into the cytoplasm of the cell
produces a germline succession rate of 0 to 63.9% (Wierson et al., 2020) while microinjection
into the yolk produces a rate of 12.5% to 37.5% (Burg et al., 2016 and Burg et al., 2018).
Therefore, I performed microinjections into the cell to increase the probability of germline
transmission. Another factor that impacts editing efficiency is the concentration of the
components injected. Injection mixture concentrations vary considerably between studies;
however, in general the Cas9 concentration used is at least four times the guide RNA and six
times the template DNA concentration (Prill and Dawson, 2020). Therefore, I prepared injection
mixtures following these guidelines. Cas9 endonuclease may be injected as protein or mRNA.
The highest HDR success rates have been reported with Cas9 injected as mRNA (Prill and
Dawson, 2020). However, comparison of HDR efficiency with Cas9 mRNA versus protein in
zebrafish found higher repair efficiency with injections as protein (Zhang et al., 2018). Our lab
has had high success rates with Cas9 protein for general mutations. Additionally, the protein is
commercially available and therefore of reliable quality, and since I was aiming to create the
HDR repair as early as possible during embryogenesis, I injected Cas9 as a protein in my HDR
experiments. One of the key determinants of HDR success is the exogenous DNA template,
which may be in the form of a plasmid, a single-stranded oligonucleotide (ssODN), or a double-
stranded DNA (dsDNA) fragment. The highest HDR efficiencies have been reported with
ssODN and therefore, I utilized a ssODN in my experiment (Prill and Dawson, 2020). The length
and symmetry of the ssODN also impacts HDR efficiency. Literature is inconsistent regarding
the optimal length for HDR repair with one study reporting a 10% decrease in editing efficiency

when the length of the template is increased to 500 bp and a 59% decrease in efficiency when the
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template is shorter than 18 bp (Bai et al., 2020 and Burg Et al., 2018). In general, a template
longer than 400 bp or shorter than 18 bp results in inefficient repair (Prill and Dawson). The
sequence on either end of the desired edit is referred to as the homology arm and the symmetry
of the homology arms has mixed results on HDR efficiency (Prill and Dawson, 2020). My
ssODN was asymmetrical and 198 bp long to ensure that the ends of the template lined up with
intronic sequence, to prevent the introduction of mutations into exonic sequence at the site of
integration. Finally, NHEJ is the prominent repair pathway in most cells. Therefore, to increase
HDR efficiency, small molecule drugs that either inhibit NHEJ or enhance HDR are commonly
used. I used NU7441, which is a potent inhibitor of DNA-dependent protein kinases that are
recruited to the DSB during NHEJ, to direct the cells to using HDR as opposed to NHEJ to repair
Cas9-induced DSBs (Yang et al., 2020). Injection of inhibitors was reported to produce an HDR
efficiency of 53.7% while incubation with the drug in water increased efficiency to 74% in
zebrafish (Zhang et al., 2018, Boel et al., 2018, Aksoy et al., 2019). I attempted both injection
and incubation with NU7441 in my experiments. As shown in Fig. 5.1, I found that HDR-
injected zebrafish sequencing was comparable to fish injected with just CRISPR/Cas9. Hence,
DSBs were likely still repaired via NHEJ, which led to the introduction of random mutations. Of
note, while I did not detect the desired single base substitution through RFLP analysis, this does
not eliminate the possibility that some HDR occurred but with efficiency that was too low to be
detected on a gel. In the future, DNA from HDR-injected zebrafish should be extracted and
cloned into bacteria, then sequenced to increase the sensitivity of mutation detection. Moreover,
attempting different length and symmetry templates, and utilizing other inhibitors in addition to

NU7441 may increase HDR efficiency in future experiments. Finally, it would be worthwhile to
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attempt HDR in a gene that has been previously successfully modified such as #yr as a proof of

concept, and as an opportunity to optimize injection mixture components and concentrations.

6.2.3 Prime editing

While HDR repair may have occurred to some extent in my experiments, the nature of
mutations in pikfyve limits the utility of HDR for this project. In other words, because pikfyve
knockout is embryonic lethal, a high repair efficiency would be required to produce viable
embryos that survive past 7 dpf. And even if [ had complete HDR, the fish might not survive
with two altered alleles of pikfyve. While I did observe a slightly lower mortality rate with HDR-
injected fish compared to crispants, a significant proportion still died by 7 dpf and I could not
detect the desired sequence changes with RFLP analysis in the survivors. Therefore, I decided to
explore other precise gene editing technologies that do not involve the production of DSBs to
overcome the embryonic lethality of gene knockout. Prime editing is a novel technology that was
discussed in detail in section 1.6.3. It utilizes a catalytically impaired Cas9 endonuclease fused to
a reverse transcriptase. Unlike HDR, prime editing does not rely on an exogenous DNA
template, but rather the desired sequence change is encoded in the specialized guide RNA
(pegRNA). Prime editing is a versatile technique that opens the door to introducing any kind of
point mutation and small insertions and deletions into the genome. However, its use in animal
models is relatively limited due to its novelty. In fact, only one study reporting successful prime
editing in zebrafish has been published. While prime editing offers unmatched promise for
disease modeling and gene therapy in the future, I encountered several drawbacks from my
experience with the technology. First, the complexity of pegRNA design, which directly impacts
editing efficiency, was a major hurdle. I attempted to incorporate recommendations from various

protocols as discussed in section 2.5.1 to create a highly efficient pegRNA; however, in the
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future testing various lengths and sequences would be advisable. Second, the assembly of the
pegRNA components was another area for the potential introduction of errors; individual DNA
fragments needed to be organized in the correct order with the correct sequence in the assembly
vector. Third, the assembled vector was transcribed in vitro to synthesize the pegRNA, which is
another potential step for the introduction of errors. I was unable to detect the desired sequence
change in pikfyve with prime editing. There are a variety of factors that may be contributing to
this, including the hurdles with design and pegRNA synthesis previously discussed. In addition,
the prime editor was synthesized in vitro from a plasmid and injected as mRNA. I did not verify
the sequence of the mRNA with reverse transcription and therefore cannot eliminate the
possibility that either the RNA was not properly capped and tailed and was therefore degraded in
the cell or that it was not correctly transcribed. In the future, the prime editor mRNA should be
analyzed by reverse transcription to confirm its sequence. Of note, Petri et al., showed prime
editing efficiency as high as 30% and germline transmission in zebrafish with the injection of the
prime editor as a protein. Therefore, in the future it may be worthwhile to translate the prime
editor mRNA and attempt microinjection as protein. To avoid room for errors in the pegRNA
assembly and transcription process, pegRNAs could be directly ordered as synthesized RNA.
However, this will be an expensive alternative, particularly if multiple pegRNAs are to be tested.
Finally, I attempted PE2 here which, as discussed in section 1.6.3, only targets one of the two
DNA strands. In the future, attempting PE3b which utilizes an additional gRNA to target the

unedited strand, may increase editing efficiency.

6.2.4 Base Editing

I attempted two rounds of prime editing and detected no evidence of cutting or gene

editing. We discussed our findings with the del Bene lab who have expertise in the development
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of genetic tools in zebrafish and learnt that they also experienced very low success rates with
prime editing. They recommended base editing as a more efficient alternative in zebrafish. Both
prime and base editing could potentially introduce the patient mutation into the zebrafish genome
without the introduction of DSBs. Base editing is a slightly older technology and is therefore
better established in animal models. Moreover, the design process for base editors is significantly
less complicated than prime editing as it only involves the base editor protein (or mRNA) and a
gRNA, eliminating the errors associated with pegRNA assembly and transcription. The patient
mutation is an adenine to guanine single base substitution and therefore I attempted adenine base

editing (ABE) to mimic the patient point mutation.

Qin et al were first to report successful ABE of five genes in zebrafish with germline
transmission (Qin et al., 2018). Qin et al first tested ABE7.10, which contains an engineered
adenosine deaminase and has a reported editing efficiency of ~50% in human cells (Gaudelli et
al., 2017). The region on which the deaminase acts is referred to as the base editing window and
in ABE7.10, it falls within position -17 to -14 in the protospacer. Surprisingly, no base editing
was detected with ABE7.10 so the authors synthesized a zebrafish codon-optimized version of
the plasmid, termed zABE7.10. Editing efficiencies ranging from 7.14 to 22.20% were observed
with this modified ABE. The authors noted that species has an impact on target position since the
base editing window in zZABE7.10 was at position -16 to -14 in the protospacer. In 2020, Richtar
et al developed ABE8e, a new version carrying eight additional mutations in the adenosine
deaminase to increase its editing efficiency. ABE8e was tested in zebrafish by Cornean et al
where they showed successful ABE of the eye pigment gene oca2 with a remarkable editing
efficiency of 83.7 to 92.9% (Cornean et al., 2022). I therefore used ABES8e in my experiments to

edit the pikfyve gene. According to Cornean et al the ABE8e editing window is on position -3 to
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-11 of the protospacer. I utilized the ACEofBASEs design tool created by Cornean et al to design
a crRNA that placed the adenine of interest at position 9, within the editing window. Of note,
there was another adenine in the sequence at position 11 and thus editing it was a possibility. I
performed two rounds of ABE, following recommendations from Cornean et al., 2020, Qin et al.,
2018, and Zhang et al., 2017 with respect to injection mixture concentrations. However, I did not
detect evidence of ABE in Sanger sequencing. There are several potential explanations for
unsuccessful ABE, the main one being unsuccessful in vitro transcription of the ABE§e mRNA.
In the future, the sequence of mRNA should be confirmed by reverse transcription. Moreover,
the crRNA selected has a relatively low on-target score of 54 as predicted by the IDT CRISPR-
Cas9 guide RNA design checker tool. Liang et al., recently established a zZSpRY-ABES8e
plasmid, which is not only codon optimized for zebrafish but also utilizes the near PAM-less
Cas9 nickase, loosening the restriction on the PAM site (Liang et al., 2022). Future ABE
experiments should utilize the zSpRY-ABES8e plasmid and other crRNAs with higher targeting

scores to improve editing efficiency in zebrafish.

While experimenting with ABE, I also attempted to replicate work done by Rosello et al.,
where they used cytosine base editing (CBE) to introduce point mutations in the two pigment
genes tyr and slc45a2. CBE is more well-established in zebrafish, and I sought to utilize it as a
proof of concept for base editing rather than to introduce the PIKFYVE patient mutation. Rosello
et al utilized the CBE4max-SpRY variant which contains a near PAM-less Cas9 nickase and a
mutated cytosine deaminase to loosen PAM site restrictions and increase editing efficiency,
respectively. This experimental design simplifies detection of editing as successful CBE will
manifest as a decrease or lack of pigmentation in zebrafish. Therefore, I transcribed the

CBE4max-SpRY plasmid in vitro to synthesize mRNA and co-injected it with the two pigment
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crRNA/tracrRNA duplexes used by Rosello et al into one-cell zebrafish embryos. I detected
successful CBE in the #yr gene but not the slc45a2 gene in the samples analyzed. It is possible
that the crRNAs targeting scores contribute to the difference observed in editing efficiency, but it
is important to note that only one sample (containing genomic DNA from 5 embryos) was
sequenced. Nevertheless, differences in pigmentation in injected embryos were observed by 3
dpf compared to control-injected zebrafish. Of note, depigmentation occurred in a mosaic
fashion with some strongly pigmented cells still present but at lower numbers. Since I analyzed
the FO generation, it is expected that mosaic gene editing occurred and thus, variability in
pigmentation between cells is presumed. While CBE cannot introduce the specific adenine to
guanine patient mutation into the zebrafish genome, its success in editing the #yr gene shown
here is a step in advancing precise gene editing in our lab. Finally, ABE should be revisited, and

the same principles and concentrations used in CBE should be attempted in the future.

6.3 Characterization of roles for Pikfyve in the zebrafish eye

6.3.1 Pikfyve disruption approaches

I used apilimod to temporarily inhibit Pikfyve in zebrafish and study the effect on retinal
electrical function and retinal integrity. Apilimod (also known as STA5326) is a small molecule
drug that was initially tested as an inhibitor of interleukin (IL)-12 and IL-23 production
(Ikonomov et al., 2019). It progressed in clinical trials for Crohn’s disease and rheumatoid
arthritis until phase II but was terminated due to ineffectiveness compared to placebo (Ikonomov
et al., 2019). Since then, the molecular target of apilimod has been discovered as PIKfyve and
the drug has regained attention as an anti-cancer therapeutic. The effects of pharmacological
inhibition of PIKfyve on the eye have never been explored. Moreover, apilimod has not been

previously tested in zebrafish. Therefore, I sought to characterize the effects of Pikfyve
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inhibition on zebrafish, focusing on ocular phenotypes. Zebrafish are characterized by a high
fecundity, producing on average 200-300 embryos from a single breeding. Moreover, they
develop externally and are relatively low maintenance. Thus, zebrafish are excellent models for
drug screens as drugs can be simply added and removed from embryonic media. Drug screening
studies in zebrafish typically utilize concentrations ranging from 1 to 100 uM, with 10 uM being
the most common concentration (Wiley et al., 2017). We initially tested apilimod at
concentrations within the normal drug screening range and found 100% mortality rates within a
day of exposure. Apilimod is a highly potent drug and concentrations used in the literature range
from 3-5 uM in induced-pluripotent stem cell-derived motor neurons and astrocytes (Hung et al.,
2023, Kang et al., 2020) to 15-1000 nM in macrophages and B-cells (Gayle et al., 2017, Kim et
al., 2014). Ifrah Anjum from our lab developed an apilimod dose curve of 100, 250, and 500 nM
and determined that at these concentrations, the drug was not immediately lethal but still resulted
in formation of vacuoles in the tail with increasing doses. In line with these findings, I decreased
apilimod concentrations in my experiments in this thesis to 500 nM — 1 uM, depending on the

age of the fish.

I also utilized CRISPR/Cas9 mutagenesis to target the kinase domain of the Pikfyve
protein and generate random mutations in exons 38 and 39. Our lab has previously shown high
editing efficiency with CRISPR/Cas9, and therefore I aimed to utilize it to create pikfyve loss of
function mutants. Consistent with previous research (Mei et al., 2021), I found that fish injected
with CRISPR/Cas9 (pikfyve crispants) showed high mortality, with 71% of fish dying by 7 dpf in
the group I quantified. This time point coincided with transfer of zebrafish larvae to the fish
facility and therefore, I initially attributed death to failure to properly inflate the swim bladder.

However, I observed that even when kept in a Petri dish, pikfyve crispants still died by 7 dpf. The
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pikfyve gene is ubiquitously expressed and involved in cellular processes that are important
throughout the body. Therefore, it is unlikely that mortality can be attributed to a single factor,
but instead the accumulation of physiological defects likely results in death. I observed that
pikfyve crispants were less active and showed a reduced response to physical stimuli compared to
controls. PIKfyve is implicated in neuronal function (Huang et al., 2021, Zhang et al., 2008,
Martin et al., 2013) and as evident by the increased cell death in brains of pikfyve crispants, it is
likely that neuronal death underlies the reduced responsiveness and swimming behavior. Similar
to pikfyve crispant zebrafish, mice lacking PI(3,5)P> due to knockout of one of the PIKfyve-
complex proteins, Fig4, exhibit movement disorders (Ferguson et al., 2012) that were attributed
to impaired myelination in the central and peripheral nervous systems (Chow et al., 2017,
Winters et al., 2011). Additionally, work from Ifrah Anjum revealed poor muscles in the tails of

treated larvae suggesting that a direct role on muscles may also be a contributing factor.

Due to the embryonic lethality of gene knockout, my analysis of pikfyve crispants was
limited to the first few days of life. I recognize that the phenotypes observed in pikfyve crispants
are more severe than those observed in the human patients and therefore, the ability to extend
these findings to humans is limited. Nevertheless, my analysis of pikfyve crispants and apilimod-

treated fish shed light on the importance of pikfyve in the retina, an area previously unexplored.

6.3.2 Effects of Pikfyve disruption on the zebrafish retina

I used a variety of techniques to analyze the retinas of pikfyve crispant and apilimod-
treated zebrafish, including electroretinography, transmission electron microscopy, histology,
and immunohistochemistry. I found that pikfyve crispants developed all retinal layers although

some differences in layer thickness were observed. I hypothesized that the RPE would be most
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affected by Pikfyve disruptions given its functions discussed in section 1.1.2.5, and therefore
focused most of my analysis on the RPE layer. My work demonstrates that genetic and
pharmacological disruptions of Pikfyve in zebrafish result in significant changes in the RPE.
Firstly, I found a decrease in staining of the RPE marker ZPR2 in apilimod-treated zebrafish.
Secondly, the RPEs of apilimod-treated and pikfyve crispant fish looked remarkably different
from controls in brightfield images, with inconsistencies in layer thickness and increased tearing
(Fig. 4.6). Thirdly, I detected RPE vacuolization and abnormal pigmentation in apilimod-treated

and pikfyve crispant zebrafish.

The patient exhibits an ocular hypopigmentation phenotype in the iris and RPE. PIKfyve
forms a complex with Vacl4 and Fig4 and mutations in either of these proteins results in
hypopigmentation in mice (Chow et al., 2007, Zhang et al., 2007, Jin et al., 2008). I did not
observe a clear difference in whole larval pigmentation with light microscopy in pikfyve
crispants compared to controls. Nevertheless, my TEM data provided valuable insight into
alterations in RPE pigmentation as a result of pikfyve knockdown. Melanosomes are lysosome-
related organelles that undergo a multistep maturation process to produce and store melanin.
Melanin is produced through enzymatic activity of tyrosinase, which is delivered from the Golgi
to the maturing melanosome by endosomes. Melanin is deposited onto PMEL fibrils to create
opaque melanosomes and complete maturation. Two labs have studied the role of PIKfyve in
melanosome maturation. Liggins et al found that melanocyte-specific knockout of Pikfyve
resulted in greying of mice hair coats. The authors found that Pikfyve was required for
trafficking of Tyr and TYRP1 from endosomes to stage II melanosomes and thus, loss of Pikfyve
resulted in the accumulation of stage II melanosomes. In contrast, Bissig et al found that Pikfyve

loss resulted in the accumulation of stage I melanosomes and attributed this to impaired PMEL
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fibrillation due to compromised lysosomal protease delivery to stage I melanosomes in PIKfyve
mutant mice. In my TEM, I found that the number of melanosomes was unchanged in pikfyve
crispants, however, I observed a significant reduction in rod-shaped melanosomes similar to that
observed in Oal-" mice (Rachel et al., 2012). Moreover, I detected melanosomes with abnormal
melanin deposition. These findings suggest that melanosome maturation is impaired due to
pikfyve knockdown as evident by the reduction in elongated melanosomes and the abnormal
melanin deposition, potentially secondary to abnormal PMEL fibrillation. Nonetheless, I found
that highly pigmented melanosomes still formed in pikfyve crispants. It is possible that Tyr,
TYRP1, and lysosomal proteases are delivered to maturing melanosomes through an alternative
pathway. Previous work in our lab by Ifrah Anjum revealed that apilimod decreases
pigmentation of whole embryos at 2 dpf. Future work should analyze RPE pigmentation in
pikfyve crispants at earlier time points (e.g., 2 dpf) to determine if melanosome maturation is

delayed due to pikfyve knockdown.

I observed accumulation of photoreceptor OS discs in vesicles within the RPE of both
pikfyve crispant and apilimod-treated zebrafish at 6 and 7 dpf. The RPE phagocytoses OS tips in
a rhythmic fashion to prevent buildup of photo-oxidative damage in the non-regenerative
photoreceptors (Moran et al., 2022). The timing of OS shedding and number of peaks per day
varies between different species. In zebrafish, phagocytosis of OS peaks after light exposure and
following dark onset, with phagosomes degraded within hours (Moran et al., 2022). It is
important to note that while in my TEM experiments both control and crispant/treated fish were
fixed at the same time, I did not take into consideration the time-of-day fish were fixed. In the
future, the timing should be taken into consideration and fish fixed within hours of light onset or

offset to better analyze phagosome maturation and degradation. Nevertheless, I observed that in
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uninjected and DMSO controls, OS material was not present in the RPE, indicating efficient
phagosome degradation. In contrast, knocking down or inhibiting Pikfyve resulted in the buildup

of OS material in the RPE, indicative of impaired phagosome degradation.

To better understand the step at which phagosome maturation is impaired in pikfyve
crispants and apilimod-treated fish, an overview of the process of OS phagocytosis and
degradation by the RPE is helpful. The first step in the process involves the externalization of
phosphatidylserine on the photoreceptor OS tips followed by recruitment of MFG-E8 and
activation of the MerTK pathway, which results in binding of the OS tips to RPE cells (Moran et
al., 2022). RPE apical processes then extend into adjacent photoreceptors and through actin
reorganization, OS tips are engulfed within a phagocytic cup. These findings suggest that OS
marking for degradation, binding, and engulfment are all intact in the absence of Pikfyve.
Engulfed phagosomes migrate from the apical to the basal side of the RPE and become
increasingly acidic (Moran et al., 2022). Phagosomes fuse with lysosomes to form

phagolysosomes and OSs are degraded through enzymatic activity.

I detected the presence of OS material in both the apical and basal sides of the RPE,
indicating that phagosome migration which is mediated by kinesin, myosin, and microtubules is
intact. Nonetheless, the lingering presence of phagosomes containing obvious disc material
indicates impaired degradation. I suspect that impaired phagosome-lysosome fusion and/or
decrease phagolysosomal acidification underlie the impaired RPE degradative capacity. In a
study done by Kim et al on macrophages, silencing of PIKfyve through either RNA or protein
inhibition resulted in decreased LAMP1 staining on phagosomes, indicating defective
phagosome-lysosome fusion. One potential mechanism through which this occurs is inactivation

of TRPMLI due to decreased PI(3,5)P> production and therefore, decreased release of calcium,
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which facilitates the phagosome-lysosome fusion process (Kim et al., 2014, Dayam et al., 2015).
Another mechanism may involve impaired transport of proteins necessary for the fusion process
due to defects in the endosomal system because of PIKfyve loss (Kim et al., 2014). Moreover,
Kim et al showed that while phagosome acidification was intact in the absence of PIKfyve,
proteolytic activity was impaired with a significant reduction in the protease Cathepsin D
observed. While this may be due to failed fusion with lysosomes, the authors showed that
lysosomes also exhibited reduced proteolytic activity. Hence, PIKfyve underlies the proteolytic
activity of both phagosomes and lysosomes, likely through playing a role in trafficking and
recycling of proteases from the Golgi to lysosomes (Kim et al., 2014). Interestingly, these
findings contradict data from Michell et al where they demonstrated that genetic and
pharmacological disruption of PIKfyve in amoeba reduced delivery of the proton-pumping
vacuolar (V-ATPase), and therefore decreased phagosomal acidification. Of note, in the pikfyve
zebrafish mutant created by Mei et al., ectopic expression of Trpml1 did not rescue the
phenotype while treatment with bafilomycin Al (a V-ATPase inhibitor) alleviated vacuolization

in the lens. Thus, it is more likely that a mechanism involving V-ATPase is involved here.

Taken together, my findings demonstrate that like macrophages and amoeba, RPE cells
require PIKfyve for proper degradation of phagosomes. To further elucidate the mechanisms
through which PIKfyve mediates phagosome maturation in the RPE, LysoTracker Green staining
may be utilized. LysoTracker Green stains for acidic organelles and thus, it can be used to
determine if acidification of phagosomes occurs in the RPE. Additionally, treatment with
bafilomycin A1 could be used to determine if V-ATPase inhibition rescues phagosome

degradation in pikfyve crispant and apilimod-treated fish. Moreover, co-localization studies using
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the lysosomal marker LAMP1 and the phagosomal marker Rab7 would provide further insight

into the lysosome-phagosome fusion process.

I attempted to utilize immunohistochemistry in this study to label lysosomes with anti-
LAMP1 antibody and LysoTracker Red and autophagosomes/phagosomes with anti-LC3
antibody. Unfortunately, my results were inconclusive due to a number of limitations. First, both
antibodies significantly stained photoreceptor OSs, which made differentiating between labeled
vacuoles in the apical RPE and photoreceptor OS difficult, especially when combined with
sectioning artifacts. Second, RPE pigmentation hindered my ability to visualize staining in the
RPE. I attempted to bleach sections prior to immunostaining to remove RPE pigmentation but
unfortunately bleaching disrupted tissue integrity. Thirdly, as discussed in the results section, |
consistently observed increased tearing in the RPEs of apilimod-treated and pikfyve crispant fish.
It is likely that some vesicles in the RPE were lost during tearing and therefore not detected in
my experiments. The use of pigmentless zebrafish in future experiments would improve the
ability to visualize staining in the RPE without compromising tissue integrity with bleaching.
Indeed, work done by Ifrah Anjum on Crystal fish, which carry mutations in four genes to inhibit
pigment formation, revealed the presence of enlarged LC3-stained puncta in the RPE. In
addition, experimenting with various antibody concentrations could reduce background staining
of photoreceptor OSs although the use of transgenic zebrafish for LAMP1, Rab7, and/or LC3

would be a better alternative solution.

As mentioned, I found that the RPEs of pikfyve crispant and apilimod-treated fish were
significantly more fragile and tore more often during sectioning. The RPE is exposed to high
levels of photo-oxidation due to frequent bombardment with photons. Moreover, OS

phagocytosis is an additional source of oxidative stress on the RPE (Datta et al., 2017) and
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therefore, RPE cells must neutralize oxidative damage to retain their health. The RPE protects
itself from oxidative damage through antioxidants like glutathione and through daily autophagy
to remove damaged cellular components (Datta et al., 2017, Intartaglia et al., 2021). Oxidative
damage to the RPE is a hallmark of age-related macular degeneration (AMD), and in mice,
impaired autophagy creates an AMD-like phenotype (Yao et al., 2015). PIKfyve plays an
important role in autophagy and its inhibition results in the accumulation of autophagosomes
(Hasegawa et al., 2017). Therefore, I suspected that the RPE abnormalities observed in zebrafish
with Pikfyve disruptions are to an extent attributable to impaired autophagy and the resultant
buildup of oxidative damage in the RPE. Indeed, when I exposed zebrafish to apilimod and
constant light, I observed an increase in RPE damage compared to DMSO-treated fish kept in the
same constant light conditions. This demonstrates that Pikfyve is essential in the RPEs ability to
mitigate oxidative stress, likely through degradation of damaged organelles by autophagy.
Another factor contributing to the RPE abnormalities I observed, in particular the increased
tearing, may be inflammation. Persistent inflammation is thought to be an underlying cause of
AMD (Datta et al., 2017) and mice with oxidatively damaged lipids in the retina accumulate
macrophages in the subretinal space (Cruz-Guilloty et al., 2013). Thus, it is possible that RPE
inflammation secondary to increased oxidative damage caused by defective autophagy also plays
a role in the increased RPE fragility during sectioning. One way this could be tested is through
the analysis of the expression levels of immune-related genes in pikfyve crispant and apilimod-

treated fish.

The mechanisms discussed above likely all contribute to RPE degeneration in pikfyve
crispants and apilimod-treated zebrafish. Photoreceptor function and health is directly dependent

on the RPE and degeneration of the RPE is correlated with photoreceptor degeneration, and vice
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versa. | performed electroretinography on pikfyve crispants to assess cone electrical function and
could not record significant responses to light. Apilimod-treated fish showed some cone
responses to light although waveforms were significantly diminished and delayed. The difference
between results from the two experimental approaches can be attributed to the duration of
Pikfyve loss. In crispants, pikfyve is knocked down since birth while in apilimod-treated fish,
Pikfyve is inhibited only from 4-6 dpf. Hence, it is expected for apilimod-treated fish to retain
some visual function as Pikfyve was present during early stages of development. While I did not
study the effect of Pikfyve loss on photoreceptor cells themselves, except for the measurements
of OS length, it is an important area to explore in the future. Rajala et al showed that PIKfyve is
highly expressed in mouse rods. Moreover, knockout of the autophagy gene Azg5 in mice rod
photoreceptors resulted in their degeneration (Yao et al., 2016). Therefore, it is possible that
PIKfyve plays a role in maintaining the health of photoreceptors, potentially through autophagy,

and therefore its loss directly impairs photoreceptor electrical function.

Finally, I detected significant TUNEL labeling in the eyes and brains of apilimod-treated
and pikfyve crispant fish, indicative of increased apoptosis as a result of Pikfyve disruptions.
Apilimod inhibition has shown a selective anti-proliferative effect against most non-Hodgkin B-
cell lymphoma cell types tested (Ikonomov et al., 2019). The exact mechanism through which
apilimod causes death of cancer cells is not fully understood. One hypothesized mechanism is
that pre-existing abnormalities in cancer cells support excessive vacuolization which eventually
leads to cell death through methuosis, a nonapoptotic cell death triggered by extreme
vacuolization (Overmeyer et al., 2011). Interestingly, cell death was identified here by a TUNEL
assay, which labels apoptotic cells. This suggests that cell death in the brain and eye due to

Pikfyve inhibition in fish may not be occurring through methuosis as with cancer cells but rather
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by apoptosis. I detected apoptosis primarily in the ciliary marginal zone of the retina and the
brain, both of which are proliferative tissues. Therefore, my findings agree with previous work

showing that apilimod increases cell death in proliferative cells.

In conclusion, the purpose of this work was to study the previously unexplored roles of
PIKfyve in the retina in vivo and to establish precise gene editing technologies in zebrafish. I
utilized two approaches, pharmacological inhibition and CRISPR/Cas9 mutagenesis, to assess
the roles of pikfyve in the zebrafish retina. The mechanism underlying retinal dystrophy in the
PIKfyve patient is not understood. I hypothesized that given the roles of PIKFYVE in
phagocytosis, autophagy, melanogenesis, and lysosomal homeostasis and the importance of these
processes in the RPE, pathology is primarily mediated by abnormalities in RPE function. I found
that both approaches resulted in similar phenotypes of impaired retinal electrical function,
increased cell death, RPE degeneration, and impaired RPE degradative capacity. I attempted
HDR, prime editing, and base editing to introduce the analogous patient mutation into the
zebrafish pikfyve gene. I found that while HDR and prime editing efficiencies were low, cytosine
base editing is promising in zebrafish. Future work should focus on optimizing adenine base
editing in zebrafish to create a patient mimic mutant line that can then be characterized to
understand the disease mechanism of the specific patient variant. Comparison of the
p-(His1831Arg) variant to other variants reported in PIKFYVE would provide valuable insight

into genotype-phenotype correlations.
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