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ABSTRACT







Retinal degeneration (RD) is a progressive disorder wherein, there is a gradual loss of rod and
cone cells leading to disease manifestations like night blindness, which progresses to peripheral
vision loss and finally leading to loss of central vision and complete blindness. Pathogenic
mutations in over 260 genes associated with retinal development, maintenance and function are
linked to the disease. However, the underlying molecular mechanisms that result in retinal cell
loss remain elusive for most of the reported gene mutations. Studies based on limited patient
samples, retinal cell lines and knock out animal models has led to our current understanding of
the disease. However, the diverse disease phenotypes and severities observed among patients are
attributed to hundreds of different mutations reported within the same gene involved. Whole
gene knockout animal models are therefore insufficient to understand such diverse retinal
phenotypes. This study is aimed to establish relevant developmental model systems to evaluate
the effect of patient-specific mutations in two of the RD conditions — Autosomal recessive
retinal degeneration, ARRD and Leber congenital amaurosis, LCA12. The ARRD patient-
specific iPSC line (KR) carrying mutation in .4BCA4, showed abnormal eye field commitment
with defective optic cup formation and the retinal progenitors exhibited preferential fate
commitment towards RPE lineage. Also, the RPE cells derived from KR, displayed abnormal
tight junctions and microvilli projections that resulted in severely altered epithelial barrier
functions and ion transport functions. The LCA12 patient-specific iPSC line (VS) carrying a
mutation in RD3, showed normal eye field commitment and gave rise to three-dimensional
retinal organoids and RPE, upon retinal differentiation. While the RPE cells derived from VS
showed no significant difference in their morphology and function when compared to the
healthy control cells (F2), the retinal organoids indicated possible lamination defects. Similar
lamination defects was also observed in the homozygous zebrafish mutant model of 743 (rd3”),
created in this study. The patient specific iPSC models thus generated can serve as useful tools,
to understand the molecular mechanisms behind inherited retinal degenerative conditions; for
potential drug screening applications and to carry out proof-of-concept studies on mutation
correction. The zebrafish mutant models are ideal to understand disease manifestations at
various time points, right from early stages of retinal degeneration to its progression into late and
severe form of the disease, leading to complete blindness. Finally, a lentivirus-based vector
system, encoding the RD3 promoter driven RD3 transgene cassette with a GFP reporter, was

designed and constructed to evaluate its applications in future gene supplementation studies.
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1. Introduction

Retina is the light sensitive tissue at the back of a vertebrate eye that converts the light signals
into nerve impulses by a biochemical phenomenon known as photo-transduction. The light
sensitive cells of the retina are called the photoreceptors and are of two types namely, the
rods and the cones. The initial nerve impulse generated in the photoreceptors travel through
other cells of the retina, like the bipolar cells and ganglion cells and finally reaches the visual
cortex of the brain. The neurons in the brain decodes this message and help in image

perception and visual response (Hurley 2009).

Retinal degeneration (RD) is a progressive disorder wherein, there is a gradual loss of rod
and cone cells leading to disease manifestations like night blindness, which progresses to
peripheral vision loss and finally leading to loss of central vision and complete blindness.
Such degenerative changes occur as a result of aging (E.g. Age-related macular degeneration
(AMD)) or due to inherited genetic abnormalities (E.g. Retinitis Pigmentosa (RP), Leber

congenital amaurosis (LCA), Stargardt disease etc.).

Pathogenic mutations in over 260 genes associated with retinal development, photoreceptor
and retinal pigment epithelial cell functions such as photo-transduction, retina-specific
intracellular transport, vitamin A metabolism, energy metabolism, phagocytosis, pigment
biogenesis, retina-specific gene regulation etc., are linked to inherited retinal degeneration
(Daiger et al. 1998). However, the underlying molecular mechanisms that result in retinal cell
loss remain elusive in case of most mutations reported so far. Studies based on limited
patient samples, retinal cell lines and on knock out animal models had led to our current
understanding of the disease. However, the diverse disease phenotypes and severities
observed among patients can be attributed to hundreds of different mutations reported
within the same gene involved. Whole gene knockdown animal models are therefore
insufficient to understand such diverse retinal phenotypes. Therefore, it is important to
establish relevant 7z vitro and in vivo developmental model system to evaluate a multitude of

patient-specific mutations that result in various disease phenotypes.

A landmark report in 2007 showed that an adult human somatic cell can be reprogrammed
to an embryonic stem cell (ESC)-like state by ectopic expression of transcription factors such
as OCT4, SOX2, KLF4 and cMYC (OSKM) or collectively called as Yamanaka factors
(Takahashi ez a/. 2007). Like ESCs, these reprogrammed stem cells can differentiate into

tissue-specific cell types of all three lineages and are therefore termed as ‘induced pluripotent
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stem cells” or shortly 9PSCs’. Human iPSCs have been shown to differentiate efficiently into
retinal cells and are currently being evaluated for their applications in basic research, disease

modeling, drug screening and for regenerative applications (Link and Collery 2015).

Human iPSCs can be differentiated into retinal cells 7z witro, in a step-wise lineage
commitment strategy and can recapitulate most of the early developmental steps in a dish.
This is achieved by the addition of various growth factors, small molecules and other
supplements in culture medium, either to stimulate or to suppress the activities of various
signaling cascades, at different stages of differentiation. It is thus possible to direct the
differentiation of iPSCs, first towards an anterior, neuro-ectoderm fate and then towards eye
field specification; followed by RPE and neuro-retinal cup development (Bertacchi ez al.
2015; Ikeda ez al. 2005; Lupo et al. 2013; Mellough ef al. 2015; Osakada ef al. 2009). Retinal
dystrophic patient-specific iPSC-derived retinal tissues would then serve as ideal iz vitro
models to study the effects of patient-specific mutations during early stages of retinal

development, resulting in disease phenotypes.

Recent reports have also shown that iPSC-derived retinal cells could be maintained in culture
for longer durations to achieve morphological and functional maturation (Zhu e a/. 2018).
However, their gene expression signature mostly matches that of fetal stage retinal cells.
Incomplete maturation of iPSC-derived tissues zz witro is therefore a bottle neck in
considering them as disease models to understand mature cell-specific functions and disease
phenotypes. This requires a simpler iz vivo animal model that will allow us to carryout quick

validations of several disease-specific mutations, in fully developed adult retinal tissues.

Zebrafish models have various advantages owing to their small size, which enables easy
maintenance, short generation time, high breeding ability and relatively large clutch size,
external fertilization, rapid development, transparent embryos, efficient genetic
manipulations with simpler tools and easily testable developmental behaviors. With the
advent of CRISPR-Cas9 based genome editing systems (Doudna and Charpentier 2014; Jinek
et al. 2012; Mali et al. 2013; Wiedenheft, Sternberg, and Doudna 2012), zebrafishes have
proven to be useful models in forward genetic studies to understand the functions of various
genes and to elucidate the mechanisms behind inherited disease pathogenesis (Link and
Collery 2015). Further, the visual system of zebrafish is strikingly similar to that of humans
and 72% of the human genes have at least one ortholog in zebrafish. Few reports have
shown them to be useful models to study various ocular disease conditions such as,
retinoblastoma, glaucoma, retinitis pigmentosa (RP), ciliopathies and albinism (Link and

2
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Collery 2015). Therefore, mutant fishes with retinal dystrophy related gene-specific edits

would serve as valuable 7z »zv0 models to understand the development of disease.

Long-term genetic studies on hundreds of retinal dystrophic patients treated at our clinic
have identified novel and reported mutations in several genes linked to autosomal recessive
retinitis pigmentosa (ARRP), Leber congenital amaurosis (LCA) and age-related macular
degeneration (AMD) (Biswas e a/. 2016; Falk ez al. 2012; James S. Friedman ez al. 2000;
Kannabiran, H. Singh, e 2/ 2012; Kannabiran, Palavalli, and Jalali 2012; Kannabiran, H. P.
Singh, and Jalali 2012; Lalitha ef a/. 2002; Singh ez a/. 2006, 2009). Based on the available
patient-data and genetic information, two affected probands and a healthy individual were
chosen as candidates to generate patient-specific iPSCs as iz vitro disease models. The first
one with autosomal recessive retinal dystrophy (ARRD) (coded as KR), carried a
homozygous ¢.6088C>T variation in ABCA4 (Singh ez al. 2006) and the second one with
Leber congenital amaurosis 12 (LCA12) (coded as VS), carried a homozygous ¢.296+1G>A
variation in RD3 (Friedman e a/. 2006) and the healthy human control is coded as F2. Both
ABCA4 and RD3 play a very important role in mediating visual transduction cycles within
photoreceptor cells (S. Azadi, Molday, and Molday 2010; Quazi, Lenevich, and Molday
2012). RD3 being a small transcript encoded by 2 exons, a whole gene supplementation
strategy would be feasible in patient-specific iPSCs to enable mutation correction z vitro.
ABCA4 being a large transcript with 50 exons, an 7 sit# genome editing of patient-specific
mutations in iPSCs would be an ideal strategy to achieve disease reversal. Such patient-
specific iPSCs would therefore serve as ideal 7z vitro models to understand the disease and

also evaluate the proof-of-concept of different disease reversal strategies in future.

Based on the above rationale, this study was carried out to establish and characterize suitable
model systems for two of the inherited retinal degenerative disease conditions namely,

ARRD and LCA12, with the following aims.

1. To develop patient specific iPSC-derived retinal cultures as 7z vitro models of retinal

degeneration.

2. To develop zebrafish null mutants as 7 vive models of retinal degeneration.
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2. Review of literature

2.1. Human eye and visual perception

An eye is a major sensory organ that enables light perception and empowers us to see the
outside world and respond to visual cues (Fig 2.1.A). It functions like a camera, with a
transparent cornea in the front that allows light entry into the eye. The lens on the inside
helps to focus the light on to the retina, which is the sensory screen at the back of the eye.
The light sensing photoreceptor cells of the retina captures the photons and activates a series
of biochemical reactions that results in the generation of action potentials across membranes.
The electrical signals from both the eyes are then transmitted via the optic stalk to the visual
cortex of the brain, which decodes the signals and help in binocular vision, depth perception,
color perception and visual response. Abnormalities affecting any parts of the eye or the

visual cortex can lead to visual impairment.

2.2. Development of the eye

The human eye, like any vertebrate eye is derived from the tissues of ectodermal and
mesodermal origin in the head region of a developing embryo. The ocular surface ectoderm
develops into conjunctival and corneal epithelia, eye lids, the lens and the lachrymal
apparatus. The neural ectoderm develops into the optic cup, which develops into the
neuronal retina and RPE, epithelial linings of the ciliary body and iris, the optic nerve and a
portion of the vitreous humor. The rest of the eye tissues such as the orbital muscles, the iris
and eye lid sphincter muscles, choroidal and corneal stromal cells and the entire vasculatures

are derived from the mesenchyme and head surface neural crest cells.

2.2.1. Bilateral optic cups and lens vesicle

The initiation of eye development is marked by the appearance of shallow grooves, called
optic grooves or optic sulci, on each side of the invaginated forebrain at day 22 of embryonic
development (Warwick 1977). The neural tube is open at the anterior side. With the closing
of the neural tube, the optic grooves out pocket towards the surface ectoderm, through the
adjacent mesenchymal cells, to form the optic vesicles. During this process, the connection
of the optic vesicles with the forebrain forms the optic stalks, which further develop into
optic nerves. When the optic vesicles come in contact with the surface ectoderm, they induce
the surface ectoderm cells to proliferate and form the lens placodes (precursor of the lens).
The thickening lens placode further invaginates and in turn pushes the distal margins of the
optic vesicles simultaneously. The invaginated lens placode is now called the lens pit, which

soon becomes circular and detaches from the surface ectoderm and form the lens vesicle.
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Figure 2.1: Cross sectional view of an adult human eye and the retina. A. Cross sectional view
of a human eye, showing the presence of a transparent cornea on the front, the crystalline lens in
the middle and the light sensitive retina on the posterior side (image designed by
Freepik). B. Hematoxylin and eosin (H&E) stained section of the posterior segment of a human
eye ball. An adult retina comprises of ten distinct layers namely the inner limiting membrane
(ILM) (bottom upright arrow), which acts as the boundary between the retina and the vitreous
body and formed by the end feet of Muller glial cells. The neurofilament layer (NFL) (1) is made
of ascending axons from retinal ganglion cell layer (GCL) (2). Astrocytes can be seen populating
the NFL layer (yellow arrow heads). The inner plexiform layer (IPL) (3) is made of inter
connecting dendritic networks of inter neurons (horizontal cells, bipolars and amacrine cells) in
the inner nuclear layer (INL) (4). The outer plexiform layer (OPL) (5) is made of inter
connecting dendritic networks of photoreceptor (PR) cells (rods and cones) in the outer nuclear
layer (ONL) (6). The outer limiting membrane (OLM) (top inverted arrow) is made of tight
junction complexes between the plasma membranes of photoreceptor inner segments and the
apical processes of Miiller glial cells, thus establishing a natural barrier between the sub-retinal
space and the ONL. The photoreceptor outer segment (OSL) layer (7), carry photo pigments
(opsins) in their specialized disc like membrane structures, for capturing the incoming photons.
The retinal pigmented epithelial (RPE) cell layer (black arrow head) provides paracrine support
to PR cells, clear away the routinely shed PR outer segments in the sub-retinal space, participate
in visual cycle and establishes the blood-retinal barrier by way of tight intercellular junctions and
Bruch's membrane (basement membrane) adhesions. The choroid layer (8) beneath the RPE layer
is richly supplied with blood vessels for gas exchange and to nourish the retinal cells. The thick
and acellular sclera (9) forms the outermost covering of the eye.

The invagin