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ABSTRACT

Phosphoinositide@PIs) aremembrane lipids that function as signaling molecules. Pls
undergo phosphorylation and dephosphorylation at various positions to produce the seven known
Pl moleculesPIKfyve isaphosphoinositide kinase thatoducegphosphoinositide,5
bisphosphate (PI(8)P:) andphosphoinositid&-phosphate (PISPRI(3,5)R and PI5Fhave a
low abundancén the celland their roles are not fullgharacterized. Hdence suggests
involvement in melanosome biogenesis, phagocytosis, endosomal trafficking, lysosomal
homeostais, and autophagy. In humans, mutationBIKFYVEarerare 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 phendtyp®,. fnenotypes
associated witfPIKFYVEmutations in humans are heterogaums and present largely in the eye.
Little is knownaboutPIKfyvein vivodue to the embryonic lethality geneknockout in
common animal models. Helesought to characterize the rolesRdKfyvein vivoto elucidate
disease mechanism in the patiasing zebrafishl. used CRISPR/Cas9 mutagenesisitooduce
loss of functiormutations inpikfyve and pharmacological inhibition to temporarily inhibit
Pikfyve. Moreover, experimented with various precise gene editing technolagizsbrafishto
create a patient mimic mutant linfoundthatPikfyve inhibition/knockdown impaired retinal
electrical function, increased cell death, and introduced a variety of abnormalities to the retinal
pigment epithelium. Moreover,determined that cytosine base editing is efficient in zebrafish

and establisteethe technique in our lab.
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CHAPTER ONE: INTRODUCTION

1.1 Anatomy of the Human Eye

1.11 General Anatomy

Our eyeqFig. 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.roketion
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 filledva 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 dis 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, thexeginghts
refractive index in a process known as accommodation. The ciliary bodgrathacesaqueous
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 knothe astreous chamber and is filled
with a getlike fluid called the vitreous humor. Both humors in the eye maintain its shape and
pressure. Forming the inner lining of thireouschamber is a thin layer of neural sensory tissue,
the retina, which will beliscussed in detail in the next section. External to the retina lies the
choroid,a pigmentrich layer containing a dense network of blood vessels that nourish the retina

and absorb excess and stray light photons. The choroid is separated from thwey ridtena

extracellular matrix otheBr uc hé6s membr ane and is | oosely at
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white, opaque layer of fibrous connective tissue that provides structural support and maintains

the shape of the eye.
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AN e
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Figure 1.17 Anatomy of the human eye Key structures of the eye are labeled, and functions

are discussed in section 1L1.

1.12 Retinal Layers

During development, the neural tube gives rise to lateral extensions, the optic vesicles,
which collapse into the doublayered optic cups that give rise to the retina of each eye. The
inner layer will form the neurosensory retina, while the outer lageoimes the retinal pigment
epithelium (Casegt al.,2023).The primary role of the neasensoryetina, 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 interprdigdhe brain. Two main subtypes of cells exist in the

retina: neuronal cells, including the ligti¢tecting 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 oxpayecellthan any other
tissue in the body. The following sections will focus on the neurosensory retina, composed of the

photoreceptors, amacrine cells, bipolar cells, horizontal cellgligarcells, and Mller glia.

Choroid
Retinal Pigment Epithelium

Outer Segment
Photoreceptors

Inner Segment

Cell Body

Outer Nuclear Layer

Miiller Glia

Outer Plexiform Layer
Horizontal Cell

ipolar Cell
Inner Nuclear Layer

Amacrine Cell

Inner Plexiform Layer

Retinal Ganglion Cell

Optic Nerve

Figure 1.21 Organization of the retina. The retina is made up of various cell types organized

in distinct layers.

1.12.1 Photoreceptors

Photoreceptorare inthe posterior aspect of the retisalblayers andre 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 ligbhsitive pigment rhodopsiresponsible fophoton
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 concentratbeé icentral retina and are the only
photoreceptors present within the fovea, the cenict region of the retina. While rods and

cones function in different light conditions, their structure and mechanism of light detection are

very similar.

Ead 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 conedistisegee
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 numbeirsehksghte
integral membrane proteins called opsins, as well as other contparig¢he 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 packefbe inner sgment (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 mitoohdria 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).

1.12.2 Retinal Interneurons

Bipolar cells are interneurons that reeneural 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 inform&on 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 interneurotigt 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 surroupbipolar cells (Chapait al.,2017).
Horizontal cells thus finrdune photoreceptor cell output, enhancing contrast in the visual field.

(Krameret 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 berdithibitory 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.



1.12.3 RetinalGanglion 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, -2% of which are intrinsally light sensitive. Like the photoreceptor
response, the signal from intrinsically photosensitive retinal ganglion cells (ipRGC)
transmittedo the brain; however, the information functions to regulate physiological processes
such as circadian rhyti, 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.

1.12.4 Miller Glia

The retina contains three types of glial cells: Mller glia, astroglia, and microglia. Muller
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, Milleregliiéet 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 creatéistology by the line of Miller gligphotoreceptor
junctions gave rise to the term outer limiting membrane (OLM). Muller glia provide structural
and metabolic support to retinal neurons. For example, they serve as a cushion for protection of
the retina fron physical trauma, and they are involved in retinal neuronal plasticity (Kobat

2020).



1.12.5 Retinal Pigment Epithelium

The retinal pigment epithelium (RPE) is a monolayer of pigmiehtcells located
outside the neurosensory retina, betweenptimotoreceptor 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 resation 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 alitransretinal to 11cisretinal and is therefore critical in phototrdaostion 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 théloetchal
barrier. RPE cells have processes that extermhtypinto the photoreceptor OS layer and in

humans, each RPE cell is in contact with ~30 photorecdptidkarajuet al.,2020).

RPE cells (along with Sertoli cells in the testis) are known as specialized phagocytes.
Unlike circulating phagocytic immuncells, specialized phagocytes are resident to a particular
tissue, form tissublood barriers, and facilitate transport (Penbedhsl.,2018). The RPE has
one of the highest phagocytic demands in the body. Each RPE cell is responsible for the
phagocybsis of shed OS discs from ~30 photoreceptors. Approximat&0p4a of the OS is shed
daily, meaning the RPE phagocytoses the entire OS every 2 (Ledkarajuet al.,2020) The
complex process of OS disc engulfment and degradation is triggered bonisgiitor offseaind
typically occurs within hours in a healthy RREakkarajuet 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 t@imwin A aldehyde derivatives known as

bisretinoids (Sparrowt 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 (Sparroet 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

phagocytos and degradation by the RPE.

1.12.5.1 Outer Segment Processing

The process of OS shedding, phagocytosis, and degradation by the RPE is complex and
involves numerous signaling molecules. A brief overview ofdayers 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(Lakkarajuet al.,2020). The PS acts | i ke an fieat meo sign
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 |
apical sde of the RPE (Nandratal.,2 0 0 7 ) . Next, Uvb5 forms a comp
facilitates OS binding to the apical RiPfwon et al.,2020) Further, Uvb5 actiyv
cascade that triggers the ingestion of the OS by the RPE cell. MERTK, laamefithe Tyre
AxI-Mer ingestion receptor family, is the primary mediator of OS ingestion. RAC1, a small
GTP-binding protein, facilitates actin remodeling and formation of an aicimphagocytic cup
around the ingested Q8won et al.,2020) The proces of phagocytic cup closure and
withdrawal of the ingest OS into the RPE cell is not clearly understood although it likely

involves myosir2 (Umapathyet 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 kingsend dyneirl, mediates their
migration from the apical to the basal side of the RREon et al.,2020) Thedegradation of
phagosome contents is a mugtep process that includes the acquisition @ MWase for the
acidification of the phagosomé@swon et al.,2020) Moreover, the lysosomal protease

Cathepsin D and cysteine proteases are invdkean et al.,2020).

Interestingly, a significant proportion of phagosomes in the RPE are processed by a
different mechanism. Approximately 3%% of OS phagosomes acquire the microtubule
associated protein 1 light chain 3B (LC3B) in a process known asak®8iated 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(iKslen et al.,2020) One class of
molecules known to be critical in L&Bdependenphagocytosis (and likely LAP as well) is
phosphoinositides (Plg)akkarajuet al.,2020. Pls are important signaling molecules involved
in various cellular pathway3he next section will focus on phosphoinositides, highlighting the

phosphoinositide kiase, 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, glycerophospholipidphamgblipids
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 (PlgHasegawaet al.,2017) Pls are deved from phosphatidylinositols,

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



fatty acids, and a simnembered cyclic polyol mymositol head grop (Falkenburgeet al.,

2007) The inositol group can be vally phosphorylated at positions 3, 4, and 5 to generate the
seven known Pls (Fid..3). Pls comprise <1% of total phospholipids in eukaryotic cells and their
regulation is achieved by various Pl kinases, phosphatases, and phospholipases. PIs localize to
distinct membranes, as illustrated in Figs, where they mediate intracellular signaling by
recruiting various proteins to the membrgHasegawat al.,2017) PlIs are also involved in
ciliogenesis, vesicular transport, cytoskeleton assembly, ion chagudhtion, and membrane

dynamic (Rajaleet al.,2022)
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Figure 1.31 Relationship between the seven phosphoinositideghe 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;3Rd can also produce PI5P from PI.

Fig4 phosphatase dephosphorylates P)E3,iito 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,
Pls are critical in membrane dymacs and therefore it is plausible that Pls have a role in the
retina, likely through the formation, maintenance, and function of these specialized membrane
(Wenselet al.,2020) However, there have been few measurements of PIs in the retina due to
their low abundance and difficult detection. Nevertheless, more sensitive detection techniques
such adreezefracture electron microscopy combined with the use of tagged proteins (Takatori
et al.,2016),are being developed and th&ypportthe presencef Pls in the retia (Wensekt
al., 2020) For instanceysingribosomal targeting and nuclear labelinge study found that
phosphatidylinositeB-phosphate (PI3P) was highly expressed in samples containing both rod IS
and 5 (Rajalaet al.,2022. Another recent study detected the presence of Pls to varying
degrees in mouse retinas, consistent with the expression of various phosphatidylinositol

phosphate kinases (PIPKRajalaet al.,2022)

The exact roles of Pls within the retina remain largely uroerpl However, evidence
suggests that Pls are important in multiple retinal cell subtypes including photoreceptors,
iIpPRGCs, and especially the ERWensekt al.,2020) Processes mediated by Pls such as

phagocytosis, autophagy, endocytosis, and endogmoegssing are critical to RPE fungtio
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Indeed, the RPE shows increased levels of PI3P in response to the addition of rod OS in isolated

mouse rat cedl (Wensekt al.,2020) Moreover, genetic defects that alter the levels of Pls, for

instance mutationaffecting the PI phosphatases INPPE5 and synaptojanin are associated with

retinal degeneration and severe cone defects, respgdiVehselet al.,2020)

This thesis will focu®n phosphatidylinositeB,5-bisphosphate (PI(3,5)Pand

phosphatidylinositeb-phosphate (PI5P) and their significance in the retina. PI(@i&)he of

the least abundant and least studied PIs and it makes up 0.04% of total Pls in mouse embryonic

fibroblasts (MEFR (RiveroRioset al.,2022).PI5P is presenttdigher levels, making up 0.5% in

MEF (RiveroRioset al.,2022) Our understanding of the involvement of PI5P and PI(3j8)P

vesicular trafficking and maturation is incomplete, although literature suggests that both Pls play

an important role. The negection will focus orPIKfyve - the kinase responsible for the

production of PI(3,5)Pand PI5P

1.3 PIKfyve

1.3.1 Overview

PIKfyve, also called Fabl in yeast, is a phosphoinositide kinase encodedRiKtine
gene.n the literaturePIKfyvePIKfyve is used to refer to the gene/protein in general while
PIKFYVEPIKFYVE refers specifically to the human gene/protein pikélvePikfyve refers to
the zebrafish gene/proteiim humansPIKFYVEis located on chromosome Bdais 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) d omai n b isimedt svinged helix DA/RNA-biriding motif binds

DNA and RNA, t he cyt os ol i-bkendtifapdspedrim epe@< T 2
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facilitate proteirprotein interactions, artie C-terminal fragment phosphoinositol phosphate
(PIP) kinase domainundex t h e p algit aetivity (Ceeet @l 22015, Meiet al.,2021).
PIKFYVEis ubiquitously expressed throughout all tissues, with particularly high expression in
ocular tissues and the pancreas (Eid). PIKfyve is the onlykinase thatatalyzes the

production ofPI(3,5),, which it produces through thghosphorylabn of PI3P (RivercRioset

al., 2022) Moreover, itcatalyzed the production &5P both directly through phosphorylating

Pl at the5™ position and indirectly through myotubulasielated (MTMR) phospholipid

phosphatasenediated dephosphostion of PI(3,5p. (Wenselet al.,2022).

PIKfyve is tightly regulated in a complex pathway that involves the lipid phosphatase
Fig4 (RiveraRioset al.,2022).Using cryoelectron microscopy and negatstain, Leest al.,
resolved the structure of tidKfyve complex and found that Vac14, a scaffolding protein,
pentamerizes into a stahaped structure to which one copy eacRIéffyve and Fig4 binl
(Leeset al, 2020) More specificallyPIKfyve and Fig4 bind opposite legs of the Vacl4
pentamer, which has significant implicatidost h e ¢ o mp | re(RiesRidsetal¢c t i o
2022) PIKfyve is capable of autophosphorylation, inhibiting its own agti{RiveroRioset al.,
2022) Paradoxically, the phosphatase required for its activation, Fig4, also dephosphorylates its
product PI(3,99. back to PI® (RivercRioset al.,2022).Therefore, these two proteins have a
close interplay where initially the ¢4 catalytic site is in contact with the membrane giving it
access to PI(3,B) while the catalytic site of PIKfyve is oriented away from the men(ares
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 accéd8®pbut also

orienting it towards Fig4 for its dephosphorylation and activafieeeset al.,2020).
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PIKfyve plays an essential role in multiple cellular pathways which meayediated by

PI1(3,5P,, PISP, or both. Initially, PIKfyve was thought to only be involved with lysosome

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

phagocytosis, melanosome biogenesis, and endosomal traffi¢kéeegaweet al.,2017) A

summary of the various pathways in which PIKfyve is implicated is provided in the next section.

Box Plot of Pan-Human Gene Expression

PIKFYVE
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Figure 141 Expression ofPIKFYVE across human tissuegrigure adapted from

eyelntegration, NEI and shows ubiquitous expressidPlldFYVEacross human tissues, with

elevated levels in the pancreas and the eye (provided by Matt Benson, courtesy of NEI).
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1.3.2Involvement in Cellular Pathways

Figure 157 Overview of phosphoinositides in multiple cellula pathways.Endosomal
trafficking, phagosome maturation, and autophagy are summarized and the various
phosphoinositides implicated in each step are sh&kr. early endosome, MVB=

multivesicular body.

1.3.2.1Lysosomal Homeostasis

The roleof PIKfyve in lysosomal function is the mestll studied, and it is primarily
mediated by PI(3,5PPIKfyve maintains lysosomal homeostasis through three main processes:
ion homeostasis, lysosomal acidification, and lysosomal figittvero-Rioset al.,2022).

PI1(3,5)R is the ligand that activates the lysosomal mucolipin TRP calcium channel, TRPML
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