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UTILIZING RETINAL ORGANOIDS TO UNDERSTAND THE DEVELOPMENT, FUNCTION, AND
DISEASES OF THE HUMAN RETINA

Abstract

Retinal organoids are miniature 3D models of the retina routinely generated from
pluripotent stem cells. These structures mimic the complexity and functionality of the
retina, containing all cell types found in the retina, such as photoreceptors, ganglion
cells, and bipolar cells. Retinal organoids represents invaluable tools for studying ret-
inal development, function, and diseases, providing a platform to investigate the un-
derlying mechanisms of retinal disorders, test potential therapies, and develop per-
sonalized treatment strategies. This thesis explores their potential in understanding
retinal development, function, and disease modelling, highlighting key contributions

from my research group and collaborating researchers.
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INTRODUCTION

1 Introduction

The world around us is a kaleidoscope of colours, shapes, and movements. These
visuals, however fleeting or persistent, are captured and processed by our eyes, allow-
ing us to interact with our environment and navigate through life. The ability to per-
ceive visual stimuli is one of the most sophisticated and important senses that has
evolved in the majority of animal species.

Throughout evolutionary history, the ability to detect light has granted species a
crucial advantage, from escaping predators to locating food. The primitive light-sensi-
tive patches found in ancient organisms gradually evolved, leading to the formation of
complex ocular systems seen in high animals.

Situated deep within the eye, the retina acts as the primary stage where the vision
unfolds. This thin layer, densely packed with photoreceptor cells, captures incoming
photons of light and transmutes them into electrical signals. These signals are then
processed, refined, and relayed to the brain, resulting to the visual experiences we per-
ceive.

However, the retina is far more than just a passive screen. It is a dynamic struc-
ture, containing various cell types, each with a specialized role. From the rod and cone
photoreceptors that detect light and distinct colours, to the ganglion and bipolar cells
that process and transmit visual information, the retina represents a centre of cellular
activity and information integration.

Retinal organoids have significantly advanced the field of ophthalmology. Due to
the unavailability of human retinal tissues for experimental purposes, retinal organ-
oids have emerged as invaluable tools. They faithfully recapitulate human retinal de-
velopment, mimicking the structure and function of the human retina. Moreover, by
utilizing patient-specific human pluripotent stem cells (PSCs), researchers can model
retinal diseases, harnessing the inherent mutations carried by PSCs.

In this thesis, I explore the broad potential of retinal organoids to deepen our un-

derstanding of the human retina development, its functions, and disease modelling.
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INTRODUCTION

Additionally, here I summarize three publications, generated by my research group
and collaborators, which have significantly contributed to the exploration of human

retinal organoids and their application in research.
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THEORETICAL BACKGROUND

2 Theoretical Background

2.1 Human Retina

211 Development and structure of the retina

The genesis of the human retina starts as an outpouching from the forebrain
known as the optic vesicle around the fourth week of embryonic development. As the
adjacent ectoderm thickens to form the lens placode, the optic vesicle starts to invagi-
nate, giving rise to the optic cup, with its inner layer forming the neural retina and its
outer layer forming the retinal pigment epithelium (RPE). Once the optic cup is
formed, the neuroblastic layer of the inner optic cup, destined to become the neural
retina, undergoes differentiation and lamination (Fig. 1). This results in the for-
mation of three main layers: Ganglion cell layer (GCL), Inner nuclear layer (INL),
Outer nuclear layer (ONL). These layers are delineated by two plexiform layers,
where synaptic connections occur. (Fig. 4)1.

Rods and cones, the photoreceptors of the retina, arise from a common pool of
progenitor cells presented in the forming neural retina. Cones begin to develop first,
followed by the rods. By the 18th week of gestation, the differentiation of foveal

cones begins, and by the 27th week, rods begin to appear around the foveaZz.
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Figure 1: Illustrative overview of eye development. Stages spanning from day 22 to
the 8th week of embryogenesis (panels A-C). On the left side, the overall morphology of
the embryo during this timeframe is depicted. The diagram employs a color-coded
scheme to denote the germ layers, highlighting their origins and eventual roles in form-
ing the ocular and surrounding periocular structures.

Figure adopted and modified from: https://entokey.com/embryology-and-early-devel-
opment-of-the-eye-and-adnexa/3

The human retina contains several distinct cell types, each playing a crucial
role in the process of vision. Photoreceptor cells, encompassing rods and cones, are
critical in the absorption of light photons, initiating the conversion of light into elec-
trochemical signals. Rod cells, abundant in the peripheral retina, are highly sensitive

to low light levels (scotopic vision) and lack the capability to recognize chromatic
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stimuli, thus primarily contributing to achromatic vision. Cone cells, predominantly
located in the foveal region, are responsible for high acuity vision under photopic
conditions and enable chromatic discrimination through differential sensitivity to

distinct wavelengths, corresponding to red, green, and blue light (Fig. 2).
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Figure 2: Graph showing relative sensitivity of individual human visual opsins.

Rods, cylindrical cells, possess an elongated structure with various specialized
regions. Their outer segment, the site of phototransduction, comprises stacked mem-
branous discs filled with rhodopsin, the photopigment responsible for light absorp-
tion. Adjacent to the outer segment lies the inner segment, containing cellular orga-
nelles important for metabolic processes. The cell body, situated further inward, ac-
commodates the nucleus and other organelles essential for cellular maintenance. At
the synaptic terminal, rods form connections with bipolar cells through ribbon syn-

apses, facilitating the transmission of electrical signals (Fig. 3).
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Cones, cone-shaped photoreceptors concentrated primarily in the fovea, ex-
hibit similar structural components to rods, albeit with some distinctions. While
cones possess outer and inner segments, cell bodies, and synaptic terminals akin to
rods, their outer segments contain fewer membranous discs (Fig. 3). Additionally,
cones display specificity in their photopigments, with distinct types sensitive to
short-wavelength (S), medium-wavelength (M), or long-wavelength (L) light. This
specialization allows cones to contribute to colour vision. Like rods, cones establish
synaptic connections with bipolar cells through ribbon synapses at their synaptic ter-

minals.
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Figure 3: Schematic representation of morphology of human photoreceptors. Fig-
ure generated by BioRender software.

Bipolar cells represent the primary cells for signal transmission from photore-
ceptors to retinal ganglion cells (RGCs), effectively integrating synaptic input from
multiple photoreceptors. This integration is crucial for the spatial and temporal mod-
ulation of the visual signal, facilitating to perceive visual contrast and detail.

RGCs, the output neurons of the retina, aggregate inputs from multiple bipolar

cells. Their axons join to form the optic nerve, establishing the neural connection to
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visual cortex of the brain. Notably, certain RGCs exhibit intrinsic photosensitivity,
contributing to non-image-forming visual functions such as circadian rhythm syn-
chronization and pupillary light reflex modulation.

Horizontal cells and amacrine cells contribute to lateral inhibition and signal
refinement within the retinal circuitry. Horizontal cells modulate photoreceptor and
bipolar cell interactions, enhancing contrast through lateral inhibition, while ama-
crine cells, interfacing with bipolar and RGCs, are instrumental in the modulation of
signal transmission, particularly in the context of motion detection and adaptation to
varying luminance levels.

Miiller glial cells, traversing the full thickness of the retina, provide essential
structural and metabolic support to neuronal components. These cells facilitate the
homeostatic regulation of the retinal microenvironment, including neurotransmitter
recycling, ion balance maintenance, and light guidance to photoreceptors, ensuring
optimal conditions for phototransduction.

Retinal cells orchestrate highly specialized process of light signal conversion,
enabling the perception of the visual stimuli. Each cell type, with its distinct structure
and function, integrates into a network that underlies the capacity to perceive the vis-

ual environment with high precision and detail (Fig. 4).
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Figure 4: Schematic representation of the structure of the human retina.
Figure adopted from: Principles of Neural Science, Fourth Edition Eric R. Kandel, James
Harris Schwartz, Thomas Jessell* and BioRender software

21.2 Development and function of the Retinal Pigment Epithelium (RPE)

The RPE is a specialized layer that originates from the outermost portion of
the optic cup during embryonic development5. As the eye develops, the RPE differen-
tiates into a single layer of pigmented cells. These cells, which are densely packed,
perform several critical functions that are crucial for vision®.

One of the primary responsibilities of the RPE is to provide support to the pho-
toreceptors®. The RPE ensures that photoreceptor cells remain healthy and func-
tional. It supplies necessary nutrients, removes waste, and protects the photorecep-
tors from potential damage caused by excess lights.

Additionally, the RPE is actively involved in the process of phagocytosis”. As
part of the natural life cycle of photoreceptors, the outermost tips of their segments,
which are damaged or no longer functional, are periodically shed8. The RPE cells en-
velop and digest these shed tips, thereby ensuring that the photoreceptors can con-

tinue to function effectively without the accumulation of waste or damaged segments.
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Furthermore, the RPE plays a significant role in the visual cycle. The visual cy-
cle refers to a series of biochemical processes that regenerate visual pigments after
they have been exposed to light®. The RPE cells help in the regeneration of these vis-
ual pigments, specifically the conversion of all-trans retinal to 11-cis retinal, a key

step that allows the visual pigments to capture light10.

2.2 Human Retinal Organoids

Retinal organoids are three-dimensional structures closely resemble the hu-
man retina. They represent a tool in ophthalmological research, allowing for more in-
depth studies of retinal development, diseases, and potential treatments. These or-
ganoids are derived from PSCs, such as human embryonic stem cells (ESCs) or human
induced pluripotent stem cells (iPSCs), which have the remarkable ability to differen-
tiate into any cell type, including those found in the retinall.

The significance of retinal organoids lies in their ability to model the develop-
mental processes of the human retina, which was previously a challenging task due to
limited access to human retinal tissues and the ethical concerns surrounding the use
of such tissues. The application of retinal organoids in research allowed to study the
complex processes of human retinal development.

Moreover, retinal organoids have bridged a critical gap in vision research by
providing a more physiologically relevant and human-specific model. Prior to their
application, most retinal research depended on animal models or two-dimensional
human cell cultures, which often failed to fully replicate the human retinal environ-
ment. The three-dimensional nature of retinal organoids allows for a more accurate
representation of the structure of the human retina and its function, making them

critical tool for studying retinal diseases.
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221 Differentiation and Structure of Retinal Organoids

A pivotal study by Nakano et al. (2012)1%2 demonstrated the feasibility of creat-
ing self-organizing optic cups from human embryonic stem cells, a major milestone in
the field. Following this, several protocols have been developed to optimize the differ-
entiation process, aiming to produce organoids that closely resemble the human ret-
ina in structure and function13.

The generation of retinal organoids is a complex process that begins with the
differentiation of PSCs into retinal cells. This process mimics the natural development
of the retina in the human embryo. Numerous methods exist for this differentiation,
with three primary approaches being predominant: I) The most widely used tech-
nique involves the cultivation of 3D spheroids from PSCs. These spheroids are cul-
tured under conditions that simulate the embryonic development of the retinall.14
(Fig. 5). II) The second method entails the formation of embryonic bodies, which are
subsequently anchored to a culture dish. Following this, retinal organoids (optic
cups), are carefully separated and grown in non-adherent plastic environments 15.16,
[1I) In the third approach, PSCs are initially grown in a 2D format within differentia-
tion media. Upon the initiation of differentiation, clusters of ocular precursor cells are
selectively excised and then cultivated in non-adherent conditions1?. Each of these
methods reflects a unique strategy to replicate the process of retinal development, of-

fering diverse pathways for research and application in regenerative medicine.
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Figure 5: Schematic representation of the protocol for the generation of retinal
organoids from 3D spheroids.

The resulting organoids consist of all cell types commonly found in human ret-
ina, including photoreceptors, retinal ganglion cells, bipolar cells, Miiller glia, and ret-
inal pigment epithelium. These cells are arranged in layers, replicating the organiza-
tion of the retina. These stratified organoids are critical for studying retinal diseases
allowing to observe interactions between different cell types and layers, as well as to
investigate the progression of retinal disorders in a controlled environment (Fig. 6,

7).

Figure 6: Expression of NeuN (Ganglion cells), PKCalpha (Bipolar cells), Rhodop-
sin (Rhods), S-Opsin (Blue Cones), and CRALBP (Miiller glia) in retinal organoids
at day 180 of differentiation, as demonstrated using immunofluorescence staining. Scale
bars = 20 um. Figure adopted from Celiker et al., 202318
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Figure 7: Schematic representation of the structure of retinal organoid. Figure
generated using BioRender software

222 Retinal Organoids as a Tool to Study Development of the Human
Retina

The development of the human retina is a highly orchestrated process involv-
ing a complex network of molecular regulators and developmental cues. Key tran-
scription factors such as PAX6, SOX2, RAX and VSX2 play a pivotal role in the early
stages of eye development and retinal cell fate determination. The elucidation of
these developmental processes has been significantly advanced by the utilization of
retinal organoid models.

PAX®6, a highly conserved transcription factor, is crucial in the development of
the retinal?. It orchestrates the early differentiation steps and maintenance of various
ocular cells. The role of PAX6 extends beyond the initial phases of eye formation; it is
also involved in the maintenance of the adult eye, as its presence influences ocular
cell function. It functions at the top of a genetic hierarchy, influencing the expression
of genes like MITF, SOX2, and CRYAA, which are integral to eye and retinal develop-
ment20. The role of PAX6 in retinal development is also crucial, as it influences retinal
cell fate decisions and differentiation processes. It plays a role in the development of
retinal ganglion cells, amacrine cells, and horizontal cells21.

The findings from studies utilizing retinal organoids offer an explanation for the

master control function of PAX6. This understanding is crucial for understanding the
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homologous functions of PAX6 across the animal kingdom, where its misexpression
can lead to the development of ectopic eye structures22. Furthermore, these insights
into retinal self-organization and the role of PAX6 have profound implications for re-
generative medicine, disease modelling, and drug development.

The spatial and temporal roles of Pax6 in eye development were studied using
mouse retinal organoids. For example, the authors Hung et al. 23 investigated the roles
of Pax6 isoforms, Pax6a and Pax6b, in mouse eye development and organoid differen-
tiation. They found distinct spatial and temporal expression patterns for each isoform,
with Pax6a correlating strongly with neuroretina gene Sox2, and Pax6b correlating
with iris-component genes, such as Foxcl. During early development, Pax6b was ex-
pressed in the optic cup hinge and neighbouring mesenchymal cells, while Pax6a was
absent in these regions. Both isoforms were expressed in the prospective iris and cili-
ary body by E14.5. As development progressed, Pax6 isoforms showed distinct expres-
sion patterns as lineage genes became more restricted. Using ESC-derived retinal or-
ganoids, the authors validated their findings and observed impaired spatial expression
patterns of Foxc1 and Mitf in Pax6b-mutant organoids. This suggests the involvement
of Pax6b-positive local mesodermal cells in iris development.

A study utilizing human retinal organoids investigated the potential of transla-
tional readthrough-inducing drugs (TRIDs) in treating congenital aniridia, a severe
sight-loss condition often caused by heterozygous nonsense variants in the PAX6
gene?4, Utilizing iPSC-derived retinal organoids and 2D limbal epithelial stem cell
(LESC) models from aniridia patients, the study demonstrated reduced PAX6 protein
levels, mirroring the disease phenotype. Testing various TRIDs, including amlexanox
and 2,6-diaminopurine (DAP), the authors found amlexanox most efficacious in in-
creasing full-length PAX6 levels and rescuing the disease phenotype in both models.

The complexity of functions of PAX6 during eye development is enhanced by its
interaction with a network of genes and signalling pathways, including TGF(3 and Fol-
listatin (Fst), forming a putative Turing network. This network is capable of initiating

spontaneous pattern formation, a foundational process for the self-organization of the
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retinal organoid. The Turing model, known for explaining how reaction-diffusion sys-
tems can lead to the emergence of complex patterns, suggests that the PAX6 /Fst/TGF[3
network can polarize the developing retina, establishing the primary axis for further
development?s.

As the retina progresses in its development, transcription factors like CRX and
NRL become instrumental in the differentiation of photoreceptors. CRX is particularly
crucial for the development of cones and rods, and its mutations are associated with
several retinopathies26. Pan et al. 27 investigated the pathogenic mechanism of CRX-
associated autosomal dominant retinopathies, focusing on gene haploinsufficiency. Us-
ing human ESCs and retinal organoids, they created monoallelic CRX knockout models
to study phenotypic differences. Their findings demonstrated delayed differentiation
of the ONL, thinner ONL, and profound loss of photoreceptor outer segments, along
with downregulated expression of genes for phototransduction and segment for-
mation. Live-cell imaging revealed arrested translocation of monoallelic CRX* cells,
suggesting a role for CRX in regulating postmitotic photoreceptor precursor transloca-
tion during human retinal development. These results confirm gene haploinsufficiency
as the mechanism for CRX dominant pathogenicity and provide insights for the treat-
ment of CRX-associated retinopathies.

NRL, on the other hand, is a key gene in rod photoreceptor development, and its
absence can lead to an increased number of cone cells?8. The authors Cuevas et al. 29
utilized retinal organoids derived from human ESCs to investigate the role of NRL in
human retinal development. By engineering NRL-deficient human ESC lines using
CRISPR/Cas9 gene editing, they observed that NRL-deficient organoids lacked NRL ex-
pression and failed to express markers associated with rod photoreceptors. Instead,
they exhibited an abnormal number of S-opsin-positive cells, indicative of a default
pathway leading to S-cone-like cell development. Another study confirmed the func-
tion of NRL. Using iPSCs-derived retinal organoid models the authors Kallman et al. 30
examined the developmental alterations in a human model of NRL loss. Consistent with

its function in rod fate specification, they found that human retinal organoids lacking
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NRL developed populations dominated by S-opsin-expressing photoreceptors. Addi-
tionally, they identified MEF2C as a potential regulator of cone development. Both
studies provide the evidence in a human in vitro retinal organoid system that NRL is
essential for defining rod identity and highlights the potential of gene-edited retinal
organoids for studying photoreceptor specification in the context of retinal degenera-

tive diseases.

Our contribution to this topic

e Inour study3! “miR-183/96/182 cluster is an important morphogenetic
factor targeting PAX6 expression in differentiating human retinal organ-
oids”, we investigated the role of the miR-183/96/182 cluster in human reti-
nal development, focusing on its regulation of PAX6 expression in retinal or-
ganoids derived from human PSCs. We found that inhibition of this cluster
leads to increased expansion of the neural retina at early differentiation
stages. This suggests the miR-183/96/182 cluster plays a significant role in
the morphogenesis of the neural retina, highlighting its importance in retinal
tissue development and offering new insights into the mechanisms of retinal

differentiation and morphogenesis.

223 Retinal Organoids as a Tool to Study Function of the Human Retina

Besides containing all cell types typically found in the retina, retinal organoids
also possess the capacity to transduce light into an electrophysiological response.

Upon absorbing photons, a photoreceptor undergoes a biochemical cascade
known as phototransduction. This process alters the cell membrane potential, leading
to hyperpolarization and a change in neurotransmitter release at the synaptic termi-
nals. Rods and cones release less neurotransmitter when they are activated by light, a
signal that must be accurately interpreted downstream by bipolar cells.

Bipolar cells act as the intermediaries, conveying signals from the photorecep-

tors to the ganglion cells. They are distinguished into two main types based on their
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response to light: ON and OFF bipolar cells. This distinction is crucial for understand-
ing how the retina encodes and processes visual information.

ON bipolar cells respond to an increase in light intensity with depolarization.
This counterintuitive response is due to the glutamate released by photoreceptors in
the dark, which inhibits ON bipolar cells through a metabotropic glutamate receptor
mechanism. When light reduces the release of glutamate by a photoreceptor, the inhi-
bition of the ON bipolar cells is lifted, leading to their depolarization. As a result, ON
bipolar cells are primed to signal the presence of light32.

Conversely, OFF bipolar cells are hyperpolarized in response to an increase of
light intensity. They are directly inhibited by glutamate through ionotropic glutamate
receptors. In darkness, when photoreceptors release more glutamate, OFF bipolar
cells are depolarized. Thus, they are tuned to signal decreases in light intensity, effec-
tively encoding the absence of light or shadow edges in the visual field.

The signals from ON and OFF bipolar cells are then relayed to ganglion cells,
which further process the visual information before transmitting it to the brain
through the optic nerve. This layer of processing enriches the visual signal, enabling
the brain to detect contrasts, motion, and other complex features of the visual envi-
ronment33.

Retinal organoids must react to light in a manner that replicates this complex
cascade of events found in the human retina. Recent studies have demonstrated that
retinal organoids derived from human PSCs exhibit these crucial functional charac-
teristics, indicating their potential as models for studying retinal physiology and dis-
eases. These organoids have been shown to contain photoreceptors that undergo
phototransduction, changing their membrane potential in response to light and ad-

justing neurotransmitter release accordingly!834 (Fig. 8).
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Figure 8: Electrophysiological properties of human retinal organoids. In collabo-
ration with Evelyne Sernagor laboratory (Newcatle University, Newcastle upon Tyne,
UK) we measured electrophysiological properties of retinal organoids generated in my
research group. Raster plots (top panels), firing rate histograms (bottom panels, bin
size = 1 s) from RGCs which showed a 25% increase (ON responses) or decrease (OFF re-
sponses) in spiking activity in the presence of pulsed light or 100 uM 8-br-cGMP. In the
raster plot, each small vertical bar indicates the time stamp of a spike, where each row
represents a different RGC. The rate histogram illustrates the number of spikes per de-
fined time window (here 1 s) divided by the total number of RGCs. The left half illus-
trates the activity before stimulus onset and, separated by the red line, the right half the
activity when the organoids are exposed to pulsed light or 100 uM 8-br-cGMP. Figure
adopted from Celiker et al., 202318

In retinal organoids, cone photoreceptors, in particular, have displayed light-

evoked electrical responses that mirror those observed in the adult primate fo-

veal534, This includes the basic phototransduction mechanism and the ability to
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adapt to varying levels of background luminance, a feature critical for high-acuity vi-
sion in humans. Such findings suggest that cone photoreceptors in retinal organoids
can initiate the phototransduction cascade without the addition of external chromo-
phores, relying instead on endogenous components synthesized during differentia-
tion. Furthermore, the electrophysiological properties of these photoreceptors have
been extensively compared with those of ex vivo primate retinals. The similarities in
response kinetics, sensitivity, and adaptation to light between organoid-derived
cones and natural foveal cones demonstrate the capability of organoids to accurately
mimic human retinal function.

Beyond its primary function of processing visual stimuli, the retina plays a pivotal
role in synchronizing our internal clock with the external environment. This critical
function is largely attributed to a specialized type of retinal ganglion cell, known as
intrinsically photosensitive retinal ganglion cells (ipRGCs). ipRGCs are unique in their
ability to respond directly to light, independent of the photoreceptors traditionally in-
volved in vision. These cells are most sensitive to blue light, with a peak sensitivity
around 480 nm, which is prevalent in natural sunlight3>.

ipRGCs play a crucial role in regulating circadian rhythms, which are the physical,
mental, and behavioural changes that follow a 24-hour cycle, responding primarily to
light and darkness. They achieve this by directly projecting their axons to the supra-
chiasmatic nucleus (SCN) in the brain, the master clock that governs the circadian
rhythms of human body. The SCN processes the light signals it receives from the
ipRGCs to adjust the internal clock of the body, aligning sleep patterns, feeding behav-
iour, hormone production, and other important physiological processes with the day-
night cycle.

The sensitivity of ipRGCs to blue light has significant implications for how artifi-
cial light exposure, especially during the evening, can disrupt our circadian rhythms.
Exposure to blue-rich light sources like smartphones, tablets, and LED lighting at
night can trick our brains into thinking it is still daylight, leading to delayed sleep on-

set and a host of sleep-related issues. This understanding highlights the importance
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of managing light exposure to maintain healthy circadian rhythms and overall well-

being.

Our knowledge about how light, particularly specific wavelengths, influences
these retinal clocks is strikingly limited. This is a significant gap in our understanding,
as most research in this area has been conducted on animal models, whose visual sys-
tems are fundamentally different from humans3¢. These models fall short in accu-
rately depicting the features of human vision and its circadian regulation. Therefore,
human retinal organoids could provide an accurate model to study the response of

circadian system to light in humans.

Our contribution to this topic

e In our study!® entitled: “Light-responsive microRNA molecules in human
retinal organoids are differentially regulated by distinct wavelengths of
light”, we explored the complexity of light-responsive microRNA (miRNA)
molecules in human retinal organoids. Our findings revealed that certain miR-
NAs are differentially regulated by various wavelengths of light and exhibit a
rapid turnover, mirroring the dynamic response of the retina to fluctuating
light conditions. Using our in-house-developed photostimulation device Cell
LighteR, we identified 51 miRNAs that undergo significant expression changes
in response to light, pinpointing their critical roles in visual processing and
circadian rhythm modulation. Importantly, we demonstrated that these miR-
NAs are linked to the regulation of circadian rhythms, further emphasizing the
impact of light on physiological processes. Additionally, electrophysiological
recordings provided compelling evidence of responsiveness to light of human
retinal organoids, strengthening our understanding of retinal adaptation and

its underlying molecular mechanisms. This investigation provides an evidence
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of miRNAs role in the adaptation of the human retina to light and opens new

pathways for research into visual function of the human retina.

224 Applications in Disease Modelling and Drug Discovery

Retinal organoids have significantly advanced the field of disease modelling
and drug discovery for retinal diseases. These organoids serve as a powerful tool for
understanding the pathogenesis of complex retinal diseases including retinitis pig-
mentosa, Stargardt disease, and age-related macular degeneration3”. They provide a
more accurate and human-relevant model than previous tools, enabling the study of
disease progression and the efficacy of potential treatments in a controlled, labora-
tory settings. They have become instrumental in modelling various retinal diseases,
particularly those with genetic origins, as they can be generated from patient-specific
iPSCs. This allows for the exploration of the role of genetic variants or mutations on
retinal diseases.

Studies using retinal organoids derived from patients with retinitis pigmen-
tosa (RP) have uncovered cellular pathologies, such as disrupted cilia morphology
leading to photoreceptor degeneration38. Buskin et al. generated retinal organoids
and RPE from RP patients with PRFP31 mutations. Patient-derived RPE cells dis-
played significant decreases in the number of ciliated cells and cilia length. Photore-
ceptors appeared normal initially but exhibited a notable increase in apoptotic nuclei
over time. Disrupted splicing of cilia genes correlated with abnormal cilia microtu-
bule morphology and reduced cilia formation. In situ correction of specific mutations
resulted in restored cilia morphology and increased cilia incidence in mature RPE
and photoreceptors of derived retinal organoids.

In another study, the authors Leong et al. 32 investigated Usher syndrome-as-
sociated RP, particularly focusing on Usher type 1B (USH1B)-RP caused by MYO7A
mutation. Utilizing retinal organoids derived from iPSCs of USH1B patients, they ob-
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served increased differential gene expression over time without excessive photore-
ceptor cell death compared to controls. Dysregulated genes were initially associated
with mitochondrial functions, followed by proteasomal ubiquitin-dependent protein
catabolic processes and RNA splicing. Single-cell RNA sequencing revealed MYO7A ex-
pression in rod photoreceptor and Miiller glial cells, correlating with upregulation of
stress responses in NRL* rods and apoptotic signalling pathways in VIM* Miiller cells.
These findings suggest defensive mechanisms mitigating photoreceptor cell death in
USH1B organoids, providing a human model relevant for developing therapeutic
strategies against USH1B-RP.

Similarly, Huang et al. utilized retinal organoids to model X-linked juvenile ret-
inoschisis, a condition characterized by progressive central vision loss, retinal split-
ting (retinoschisis), and detachment#?. Retinal organoids derived from patient iPSCs
replicated disease phenotypes, including retinal splitting and defects in ER-Golgi
transportation, paxillin turnover, connecting cilium development, and outer segment
formation. Correction of disease-causing mutations in patient iPSCs led to the resto-
ration of normal phenotypes in retinal organoids, demonstrating the potential of gene
correction strategies in ameliorating disease phenotypes in vitro and potentially in
vivo40.

Furthermore, retinal organoids have been instrumental in studying autosomal
dominant mutations, demonstrating that knocking down mutant alleles can mitigate
retinal dystrophy phenotypes. Chirco et al. derived retinal organoids from patients
with autosomal dominant LCA7, showing photoreceptor dysfunction and decreased
expression of specific markers41. By eliminating mutant protein expression, they re-
stored normal phenotypes in differentiated photoreceptor cells. Similarly, Diakatou
et al. targeted an allele-specific mutation in NR2E3, resulting in autosomal dominant
retinitis pigmentosa*z. Knocking down the mutant allele led to the restoration of nor-
mal photoreceptor development in retinal organoids.

In case of Stargardt disease, where mutations in the ABCA4 gene affect cone

cells, retinal organoids provide a superior model over traditional animal models by
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allowing a focus on the affected cone cells#3. This specificity facilitates a deeper un-
derstanding of the disease pathophysiology. Organoids have also been pivotal in stud-
ying and correcting genetic defects, such as splicing errors in the ABCA4 gene, reveal-
ing their value beyond disease modelling to therapeutic applications#4.

Additionally, retinal organoids from retinoblastoma patients have revealed
mechanisms of RB1 mutations, demonstrating the fidelity of organoids to model na-
tive disease states#5. Children with germline mutations in RB1 are at a high risk of de-
veloping retinoblastoma and other cancers later in life. While genetically engineered
mouse models share some similarities with human retinoblastoma, they differ in cel-
lular differentiation. Noirrie et al.#5, generated iPSCs from 15 participants with
germline RB1 mutations and differentiated them into retinal organoids. After 45 days
in culture, the retinal organoids were dissociated and injected into the vitreous of im-
munocompromised mice to support tumor growth. The resulting retinoblastomas
had molecular, cellular, and genomic features indistinguishable from human reti-
noblastomas. They also conducted parallel experiments with targeted RB1 gene inac-
tivation using CRISPR-Cas9.

Genome editing in organoids reduces variability between individuals, allowing
for precise evaluation of disease mutations and the efficacy of genome editing tech-
nologies like CRISPR-Cas9. These technologies have successfully corrected mutations
in diseases such as retinitis pigmentosa and X-linked juvenile retinoschisis, offering
hope for future therapeutic applications40:46,

Research into ciliopathies like Leber congenital amaurosis and Joubert syn-
drome, caused by mutations in the CEP290 gene, have been validated using retinal or-
ganoid cultures*7:48, The study#8 has confirmed the role of CEP290 in retinal cell and
ciliary transport and biogenesis.

In conclusion, retinal organoids have emerged as indispensable tools in dis-
ease modelling and drug discovery for retinal diseases. They offer a more accurate

and human-relevant model than previous methods, enabling the study of disease pro-
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gression and treatment efficacy in a controlled laboratory setting. Using patient-spe-
cific iPSCs, they can provide insights into the cellular and molecular dynamics of vari-

ous retinal conditions, including those with genetic origins.

Our contribution to this topic

e In our study*? “Role of ciliopathy protein TMEM107 in eye development: in-
sights from a mouse model and retinal organoid”, we explored the role of
TMEM107 in eye development, focusing on its impact on the Sonic Hedgehog
(Shh) pathway. We found that TMEM107 deficiency leads to aberrant Shh sig-
nalling in retinal cells. This was evident from the up-regulation of GLI1 expres-
sion, indicating an abnormal activation of the Shh pathway in the absence of
TMEM107. Our findings suggest that TMEM107 plays a critical role in the reg-
ulation of the Shh pathway during eye development, influencing the formation

of primary cilia and ultimately affecting eye morphology and development.

2.2.5 Limitations of retinal organoid technology

Retinal organoids possess considerable potential for advancing screening
methods to assess the effects of therapeutic agents and toxicity, and for conducting
detailed assays. Using additional techniques from other 3D organoid systems in drug
screening can open new avenues for retinal organoid-based approaches and could
significantly enhance the bridge between laboratory and clinical applications in drug
development. However, challenges related to human PSC-derived retinal organoids,
including their use in studying retinal development, disease modelling, and as a plat-
form for drug screening, must be acknowledged.

Efforts to standardize organoid characterization and development stages are on-
going, yet reproducibility remains a major issue due to variability in the originating
human PSCs. The process of deriving organoids from human PSCs is critical in deter-

mining their composition, leading to diverse outcomes in their composition and ma-
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turity®>. Efforts are being made to address these challenges by improving culture con-
ditions, employing bioreactors, and utilizing microfluidic devices to mimic blood ves-
sels and rectify the absence of the RPE layer!>50. However, the inherent heterogeneity
among organoids, influenced by the epigenetic memory of the somatic cells from
which they are derived, presents a significant barrier3451. This variability affects the
efficiency of reprogramming somatic cells into iPSCs and their subsequent differenti-
ation into retinal cells. The differentiation efficiency varies significantly among cell
types, with some cell types forming organoids more readily than others. This hetero-
geneity, alongside the chromatin state and expression of pluripotent markers, plays a
crucial role in the reprogramming process and the ability of cells to differentiate into
retinal lineages>2. These considerations are vital when using retinal organoid for dis-
ease modelling and drug toxicity assessments.

The variable maturity of photoreceptors within organoids and their lack of inte-
gration with the RPE layer limit their functionality in light sensitivity>3. Current strat-
egies involve co-culturing organoids with RPE cells to improve connectivity and func-
tion. To model progressive retinal diseases, methods such as inducing cellular aging
or applying stressors have been explored. Nonetheless, the variability in develop-
ment time and stages of retinal organoids from human PSCs, alongside the need for
comprehensive proteomic analysis, neuronal activity assessments, and metabolomic
profiles, remains a challenge>4. These factors are crucial for evaluating the quality of

retinal organoids and their utility in disease modelling and drug development.
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3 Commentary to published work

3.1  Commentary to published work - Annex 1

miR-183/96/182 cluster is an important morphogenetic factor targeting PAX6
expression in differentiating human retinal organoids

Original article published in Stem Cells, 2020, Q1, IF (2020): 6.277

Lucie Peskova, Denisa Jurcikova, Tereza Vanova, Jan Krivanek, Michaela Capandova, Zu-
zana Sramkova, Jana Sebestikova, Magdalena Kolouskova, Hana Kotasova, Libor Streit,
Tomas Barta*

* - corresponding author

Different noncoding RNAs, including miRNAs, are crucial for development, act-
ing tissue-specifically and regulating various biological functions. MiRNAs are pivotal
in the timing of developmental events by modulating molecular networks. The miR-
183/96/182 cluster, comprising miR-183, miR-182, and miR-96, is a significant, con-
served group of miRNAs in bilaterians, expressing predominantly in pluripotent stem
cells and sensory organs, suggesting its vital role in differentiating these cells into
neural and sensory tissues.

Previous studies have suggested the involvement of miRNAs in various devel-
opmental processes; however, the specific mechanisms by which the miR-
183/96/182 cluster influences retinal development remained poorly understood
prior to our investigation. Our study demonstrates that the miR-183/96/182 cluster
plays a crucial role in the differentiation of human PSCs into retinal organoids by tar-
geting and regulating the expression of PAX6, a key gene involved in eye develop-
ment. By employing miRNA tough decoy (TuD) approach for miRNA inhibition, we
observed that inhibition of the miR-183/96/182 cluster resulted in significant mor-
phological changes and an increased expansion of the neuroepithelium in the devel-

oping retinal organoids. This was associated by upregulation of neural-specific and
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retinal-specific genes, highlighting the role of the miRNA cluster in retinal tissue mor-
phogenesis.

Our findings further establish PAX6 as a direct target of the miR-183/96/182
cluster. We utilized a PAX6 3'UTR reporter assay and demonstrated that inhibition of
the miRNA cluster leads to the upregulation of PAX6 expression. This interaction be-
tween the miR-183/96/182 cluster and PAX6 suggests a fine-tuned regulatory mech-
anism essential for the proper development of the retina.

Our investigation utilized a variety of analytical techniques to validate our find-
ings. Scanning electron microscopy provided detailed images of the retinal organoids,
revealing structural changes induced by the inhibition of the miRNA cluster. Flow cy-
tometry was used to assess the expression of stem cell markers, while Western blot
analysis and RT-qPCR allowed for the quantification of protein and mRNA levels, re-
spectively.

In summary, this, this work enhances our understanding of the regulatory net-
works involved in stem cell differentiation and highlights the critical role of the miR-
183/96/182 cluster in the morphogenesis of the neural retina, offering new insights

into the molecular mechanisms of retinal development.
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3.2 Commentary to published work - Annex 2

Light-responsive microRNA molecules in human retinal organoids are differen-
tially regulated by distinct wavelengths of light.

Original article published in iScience, 2023, Q1, IF (2021): 6.107

Canan Celiker, Kamila Weissova, Katerina Amruz Cerna, Jan Oppelt, Birthe Dorgau, Fran-
cisco Molina Gambin, Jana Sebestikova, Majlinda Lako, Evelyne Sernagor, Petra Liskova,
Tomas Barta*

* - corresponding author

In the human retina, the response to light plays a pivotal role in both vision
and circadian rhythm regulation. Here we provided significant insights into the miR-
NAs that modulate based on photostimulation in the human retina, using retinal or-
ganoids as a model system. Here we identified retina-specific miRNA families in these
organoids. With the deployment of the Cell LighteR photostimulation system, we dis-
covered that retinal organoids showed a remarkable ability to alter miRNA transcrip-
tion levels when exposed to different wavelengths of light. Notably, the response time
of this transcriptional change in the retina was found to be much faster than in other
tissues or cell types.

Interesting discovery was the differential miRNA responses to various light
wavelengths. For instance, while the exposure to red and green light prominently ele-
vated the expression of the miR-183/182/96 cluster, blue light exposure seemed to
be a stimulant for the miR-204 family. These responses offer valuable insights into
how diverse light stimuli might have unique influences on the miRNA-mediated regu-
latory mechanisms within the human retina.

When comparing these findings with previous research, particularly those in-
volving mice, we observed distinct differences in the number of identified light-re-
sponsive miRNAs. One plausible explanation for this discrepancy could be the more

advanced sequencing technique employed in this research. This technique led to the
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identification of a much broader and more comprehensive list of light-responsive
miRNAs in humans compared to previous studies.

Here we also focused on the miR-182/183/96 cluster. This cluster plays an in-
dispensable role in the retina and is involved in various stages of retinal develop-
ment. Given its enhanced responsiveness to light, we speculate that this cluster could
significantly influence the formation of the postnatal retina.

Furthermore, the connection of specific miRNAs to circadian rhythms was evi-
dent. For instance, nine miRNAs have a direct association with the regulation of circa-
dian rhythms. The miR-182/183/96 cluster, for instance, have a direct influence on
pivotal circadian genes. Similarly, the miR-194 /192 cluster targets genes that are in-
tegral to circadian rhythms, like PER1, PERZ2, and PER3.

Taken together, here we studied the role of miRNAs in modulating the re-
sponse of the human retina to light. These light-regulated miRNAs potentially have
profound implications for the formation and function of the retina and for the larger
framework of circadian timing. The findings here lay the groundwork for a deeper ex-
ploration of the complex interactions between light, miRNA regulation, visual func-

tion, and circadian rhythms in humans.
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3.3 Commentary to published work - Annex 3

Role of Ciliopathy Protein TMEM107 in Eye Development: Insights from Mouse
Model and Retinal Organoid

Original article published in Life Science Alliance, 2023, Q1, IF (2021): 5.781

Marija Dubaic, Lucie Peskova, Marek Hampl, Kamila Weissova, Canan Celiker, Natalia
A. Shylo, Eva Hrub4, Michaela Kavkova, Tomas Zikmund, Scott D. Weatherbee, Jozef
Kaiser, Tomas Barta*, Marcela Buchtova*

* - corresponding authors

The primary cilium is a cellular structure found on most cell types, responsible
for various sensory and signal processing functions. It plays a significant role in pro-
cesses like neurogenesis and kidney formation, and is crucial in eye development.
Disruptions in its biogenesis or function can lead to defects called ciliopathies, which
manifest as visual and other developmental abnormalities. A specific protein,
TMEM107, located at the base of the cilium, is critical in maintaining ciliary functions.

Mutations in TMEM107 have been linked to a number of syndromes that dis-
play altered ciliary morphology and function. Both human patients and mouse mod-
els with TMEM107 mutations show developmental defects, and while its involvement
in craniofacial defects is known, its role in eye development is still not understood.

In this work, we used various experimental models such as mice, retinal or-
ganoids, and retinal cell cultures to study the function of TMEM107. We found that
TMEM107 is highly expressed in the neural retina of the developing eye. When
TMEM107 is absent, distinct eye abnormalities such as anophthalmia (absence of the
eye) and microphthalmia (abnormally small eye) occur. This deficiency also alters ex-
pression of important genes involved in eye development. TMEM107 is critical for cil-
iogenesis and Shh signalling. Without it, primary cilia are disrupted, and Shh signal-
ling becomes aberrant, which leads to the development of cysts.

Tmem107-deficient mice displayed eye malformations resembling those ob-
served in humans. Patients with mutations in the TMEM107 gene have been diag-

nosed with various ciliopathies, all of which exhibit eye-related defects such as
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anophthalmia, microphthalmia, and other ocular anomalies. The severity of these
symptoms often relates to the type of mutations the patients have.

Interestingly, human embryos with TMEM107 mutations that result in the
complete absence of the protein might lead to more severe manifestations than those
that produce a truncated version of the protein. This is because a truncated protein
might still retain partial functionality. Furthermore, certain defects found in
Tmem107/- mice like optic nerve hypoplasia are also observed in humans with spe-
cific syndromes.

In the absence of Tmem107, there are profound differences in the expression
of SOX2, a transcription factor crucial for eye maturation. Additionally, another tran-
scription factor, SOX1, which is essential for eye development, is absent in the lens
area of these mutants. Previous findings also pointed to a reduced ciliogenesis in
Tmem107-deficient animals, although the length of the primary cilia in this research
was reduced, contradicting earlier studies. This suggests that the role of TMEM107 in
ciliogenesis may be tissue-specific, especially vital in areas of the eye with high
TMEM107 expression.

One significant observation was the formation of cysts in TMEM107~/- organ-
oids. These cysts often contain lipids and accumulated fluid, a phenomenon seen in
many ciliopathy patients. The SHH pathway, critical in ocular development, is found
to be aberrantly activated in the absence of TMEM107. For instance, upregulated SHH
levels in TMEM107-deficient animals lead to downregulated PAX6 in the optic cup re-
gions, contributing to the various eye defects observed.

Moreover, recent studies highlight the relationship between primary cilia and
early eye development. Without ciliary proteins, aberrant or non-existent primary
cilia can lead to abnormal eye patterns and morphologies, often due to incorrect Shh
signaling. In TMEM 107/~ cells, the Shh pathway is affected, suggesting that the impact
of Shh on eye development might be linked to the repression role of Gli transcription

factors.
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Finally, primary cilia play an essential role in regulating stemness. TMEM107
and another stem cell marker, Sox2, have been found to express similarly in neural
retina, crucial for the development of the eye. Both are predominantly present in plu-

ripotent cells and are reduced in differentiating cells.
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4 Conclusions

The utilization of retinal organoids has emerged as a transformative approach in
advancing our understanding of the complex processes underlying the development,
function, and diseases of the human retina. Experiments using the retinal organoid
technology uncovered deep insights into the cellular and molecular dynamics under-
lying retinal biology. These findings shed light on the complexities of retinal develop-
ment and function and offer promising potential for the development of novel thera-
peutic strategies for retinal diseases. Continued exploration and refinement of retinal
organoid technologies have the potential to study and treat a wide variety of retinal

disorders, ultimately improving outcomes for patients worldwide.

This thesis summarizes our work and work from other research groups that use
retinal organoid models to study the human retina. However, the essence of the work
still lies in harnessing the power of retinal organoid models to understand the retinal
development, function, and diseases. These models offer a unique opportunity to reca-
pitulate human retinal biology in vitro, providing a platform for investigating disease
mechanisms, testing potential therapeutics, and exploring personalized treatment ap-
proaches. Through collaborative efforts and ongoing refinement of organoid technolo-

gies, we will enhance our understanding and management of various retinal disorders.

44



BIBLIOGRAPHY

Bibliography

Hendrickson A. Development of Retinal Layers in Prenatal Human Retina. Am |

Ophthalmol. 2016;161:29-35.e1. d0i:10.1016/j.2jo.2015.09.023

Provis M, Hendrickson AE. The foveal avascular region of developing human ret-
ina. Arch Ophthalmol Chic 111 1960. 2008;126(4):507-511. do0i:10.1001 /ar-
chopht.126.4.507

Themes UFO. Embryology and early development of the eye and adnexa. Ento
Key. Published July 6, 2019. Accessed April 29, 2024. https://entokey.com/em-

bryology-and-early-development-of-the-eye-and-adnexa/

Kandel ER, Schwartz JH, Jessell T. Principles of Neural Science, Fourth Edition.

McGraw-Hill Companies,Incorporated; 2000.

Fuhrmann S. Eye morphogenesis and patterning of the optic vesicle. Curr Top Dev

Biol. 2010;93:61-84. d0i:10.1016/B978-0-12-385044-7.00003-5

Strauss O. The retinal pigment epithelium in visual function. Physiol Rev.

2005;85(3):845-881. doi:10.1152/physrev.00021.2004

Finnemann SC, Bonilha VL, Marmorstein AD, Rodriguez-Boulan E. Phagocytosis of
rod outer segments by retinal pigment epithelial cells requires alpha(v)beta5 in-
tegrin for binding but not for internalization. Proc Natl Acad Sci U S A.

1997;94(24):12932-12937. doi:10.1073 /pnas.94.24.12932

Kim JY, Zhao H, Martinez |, et al. Noncanonical autophagy promotes the visual cy-

cle. Cell. 2013;154(2):365-376.d0i:10.1016/j.cell.2013.06.012

Palczewski K. Chemistry and biology of vision. J Biol Chem. 2012;287(3):1612-
1619. d0i:10.1074/jbc.R111.301150

45



BIBLIOGRAPHY

10.

11.

12.

13.

14.

15.

16.

17.

46

Travis GH, Golczak M, Moise AR, Palczewski K. Diseases caused by defects in the
visual cycle: retinoids as potential therapeutic agents. Annu Rev Pharmacol Toxi-

col. 2007;47:469-512. doi:10.1146 /annurev.pharmtox.47.120505.105225

Kuwahara A, Nakano T, Eiraku M. Generation of a Three-Dimensional Retinal Tis-
sue from Self-Organizing Human ESC Culture. Methods Mol Biol Clifton NJ.
2017;1597:17-29. d0i:10.1007/978-1-4939-6949-4_2

Nakano T, Ando S, Takata N, et al. Self-formation of optic cups and storable strati-
fied neural retina from human ESCs. Cell Stem Cell. 2012;10(6):771-785.
d0i:10.1016/j.stem.2012.05.009

Zhong X, Gutierrez C, Xue T, et al. Generation of three-dimensional retinal tissue
with functional photoreceptors from human iPSCs. Nat Commun. 2014;5:4047.
d0i:10.1038/ncomms5047

Kuwahara A, Ozone C, Nakano T, Saito K, Eiraku M, Sasai Y. Generation of a ciliary
margin-like stem cell niche from self-organizing human retinal tissue. Nat Com-

mun. 2015;6:6286. doi:10.1038/ncomms7286

Capowski EE, Samimi K, Mayerl SJ, et al. Reproducibility and staging of 3D human
retinal organoids across multiple pluripotent stem cell lines. Dev Camb Engl.

2019;146(1):dev171686.d0i:10.1242/dev.171686

Sanjurjo-Soriano C, Erkilic N, Damodar K, et al. Retinoic acid delays initial photo-
receptor differentiation and results in a highly structured mature retinal organ-

oid. Stem Cell Res Ther. 2022;13(1):478.d0i:10.1186/s13287-022-03146-x

[sla-Magrané H, Veiga A, Garcia-Arumi ], Duarri A. Multiocular organoids from hu-
man induced pluripotent stem cells displayed retinal, corneal, and retinal pigment
epithelium lineages. Stem Cell Res Ther. 2021;12(1):581.d0i:10.1186/s13287-
021-02651-9



BIBLIOGRAPHY

18.

19.

20.

21.

22.

23.

24,

25.

Celiker C, Weissova K, Cerna KA, et al. Light-responsive microRNA molecules in
human retinal organoids are differentially regulated by distinct wavelengths of

light. iScience. 2023;26(7):107237. doi:10.1016 /j.isci.2023.107237

Tyas DA, Simpson TI, Carr CB, et al. Functional conservation of Pax6 regulatory
elements in humans and mice demonstrated with a novel transgenic reporter

mouse. BMC Dev Biol. 2006;6:21. doi:10.1186/1471-213X-6-21

Ashery-Padan R, Marquardt T, Zhou X, Gruss P. Pax6 activity in the lens primor-
dium is required for lens formation and for correct placement of a single retina in

the eye. Genes Dev. 2000;14(21):2701-2711.doi:10.1101/gad.184000

Marquardt T, Ashery-Padan R, Andrejewski N, Scardigli R, Guillemot F, Gruss P.
Pax6 is required for the multipotent state of retinal progenitor cells. Cell.

2001;105(1):43-55. doi:10.1016/s0092-8674(01)00295-1

Chow RL, Altmann CR, Lang RA, Hemmati-Brivanlou A. Pax6 induces ectopic eyes
in a vertebrate. Dev Camb Engl. 1999;126(19):4213-4222.
doi:10.1242/dev.126.19.4213

Hung SS, Tsai PS, Po CW, Hou PS. Pax6 isoforms shape eye development: Insights
from developmental stages and organoid models. Differ Res Biol Divers.

2024;137:100781.doi:10.1016/j.diff.2024.100781

Lima Cunha D, Sarkar H, Eintracht ], Harding P, Zhou JH, Moosajee M. Restoration
of functional PAX6 in aniridia patient iPSC-derived ocular tissue models using re-
purposed nonsense suppression drugs. Mol Ther Nucleic Acids. 2023;33:240-253.
doi:10.1016/j.omtn.2023.06.016

Grocott T, Lozano-Velasco E, Mok GF, Minsterberg AE. The Pax6 master control
gene initiates spontaneous retinal development via a self-organising Turing net-

work. Dev Camb Engl. 2020;147(24):dev185827. d0i:10.1242 /dev.185827

47



BIBLIOGRAPHY

26.

27.

28.

29.

30.

31.

32.

48

Furukawa T, Morrow EM, Cepko CL. Crx, a novel otx-like homeobox gene, shows
photoreceptor-specific expression and regulates photoreceptor differentiation.

Cell. 1997;91(4):531-541. d0i:10.1016/s0092-8674(00)80439-0

Pan D, Zhang X, Jin K, Jin ZB. CRX haploinsufficiency compromises photoreceptor
precursor translocation and differentiation in human retinal organoids. Stem Cell

Res Ther. 2023;14(1):346. doi:10.1186/s13287-023-03590-3

Mears AJ, Kondo M, Swain PK, et al. Nrl is required for rod photoreceptor develop-
ment. Nat Genet. 2001;29(4):447-452. doi:10.1038/ng774

Cuevas E, Holder DL, Alshehri AH, Tréguier ], Lakowski ], Sowden JC. NRL-/- gene
edited human embryonic stem cells generate rod-deficient retinal organoids en-
riched in S-cone-like photoreceptors. Stem Cells Dayt Ohio. 2021;39(4):414-428.
doi:10.1002/stem.3325

Kallman A, Capowski EE, Wang ], et al. Investigating cone photoreceptor develop-
ment using patient-derived NRL null retinal organoids. Commun Biol.

2020;3(1):82. d0i:10.1038/s42003-020-0808-5

Peskova L, Jurcikova D, Vanova T, et al. miR-183/96 /182 cluster is an important
morphogenetic factor targeting PAX6 expression in differentiating human retinal
organoids. Stem Cells Dayt Ohio. Published online September 1, 2020.
doi:10.1002/stem.3272

Famiglietti EV, Kolb H. Structural basis for ON-and OFF-center responses in reti-
nal ganglion cells. Science. 1976;194(4261):193-195. doi:10.1126 /sci-
ence.959847



BIBLIOGRAPHY

33.

34.

35.

36.

37.

38.

39.

40.

Farzad S, Kosta P, Iseri E, et al. Impact of Retinal Degeneration on Response of ON
and OFF Cone Bipolar Cells to Electrical Stimulation. IEEE Trans Neural Syst Re-
habil Eng Publ IEEE Eng Med Biol Soc. 2023;31:2424-2437.
doi:10.1109/TNSRE.2023.3276431

Hallam D, Hilgen G, Dorgau B, et al. Human-Induced Pluripotent Stem Cells Gener-
ate Light Responsive Retinal Organoids with Variable and Nutrient-Dependent Ef-
ficiency. Stem Cells Dayt Ohio. 2018;36(10):1535-1551. d0i:10.1002 /stem.2883

Mure LS, Rieux C, Hattar S, Cooper HM. Melanopsin-dependent nonvisual re-
sponses: evidence for photopigment bistability in vivo. ] Biol Rhythms.

2007;22(5):411-424. doi:10.1177/0748730407306043

Huberman AD, Niell CM. What can mice tell us about how vision works? Trends

Neurosci. 2011;34(9):464-473. do0i:10.1016/j.tins.2011.07.002

Chakrabarty K, Nayak D, Debnath |, Das D, Shetty R, Ghosh A. Retinal organoids in
disease modeling and drug discovery: Opportunities and challenges. Surv Oph-

thalmol. 2024;69(2):179-189. doi:10.1016 /j.survophthal.2023.09.003

Buskin A, Zhu L, Chichagova V, et al. Disrupted alternative splicing for genes im-
plicated in splicing and ciliogenesis causes PRPF31 retinitis pigmentosa. Nat Com-

mun. 2018;9(1):4234. d0i:10.1038/s41467-018-06448-y

Leong YC, Di Foggia V, Pramod H, Bitner-Glindzicz M, Patel A, Sowden ]C. Molecu-
lar pathology of Usher 1B patient-derived retinal organoids at single cell resolu-

tion. Stem Cell Rep. 2022;17(11):2421-2437. d0i:10.1016/j.stemcr.2022.09.006

Huang KC, Wang ML, Chen §], et al. Morphological and Molecular Defects in Hu-
man Three-Dimensional Retinal Organoid Model of X-Linked Juvenile Reti-

noschisis. Stem Cell Rep. 2019;13(5):906-923. d0i:10.1016/j.stemcr.2019.09.010

49



BIBLIOGRAPHY

41. Chirco KR, Chew S, Moore AT, Duncan JL, Lamba DA. Allele-specific gene editing to
rescue dominant CRX-associated LCA7 phenotypes in a retinal organoid model.

Stem Cell Rep. 2021;16(11):2690-2702. doi:10.1016/j.stemcr.2021.09.007

42. Diakatou M, Dubois G, Erkilic N, Sanjurjo-Soriano C, Meunier I, Kalatzis V. Allele-
Specific Knockout by CRISPR/Cas to Treat Autosomal Dominant Retinitis Pigmen-
tosa Caused by the G56R Mutation in NR2E3. Int ] Mol Sci. 2021;22(5):2607.
doi:10.3390/ijms22052607

43. Conley SM, Cai X, Makkia R, Wu Y, Sparrow JR, Naash MI. Increased cone sensitiv-
ity to ABCA4 deficiency provides insight into macular vision loss in Stargardt’s
dystrophy. Biochim Biophys Acta. 2012;1822(7):1169-1179.
doi:10.1016/j.bbadis.2011.10.007

44. Khan M, Arno G, Fakin A, et al. Detailed Phenotyping and Therapeutic Strategies
for Intronic ABCA4 Variants in Stargardt Disease. Mol Ther Nucleic Acids.
2020;21:412-427.d0i:10.1016/j.omtn.2020.06.007

45. Norrie JL, Nityanandam A, Lai K, et al. Retinoblastoma from human stem cell-de-
rived retinal organoids. Nat Commun. 2021;12(1):4535. d0i:10.1038/s41467-
021-24781-7

46. Deng WL, Gao ML, Lei XL, et al. Gene Correction Reverses Ciliopathy and Photore-
ceptor Loss in iPSC-Derived Retinal Organoids from Retinitis Pigmentosa Pa-

tients. Stem Cell Rep. 2018;10(4):1267-1281. doi:10.1016/j.stemcr.2018.02.003

47. Daiger SP, Bowne §J, Sullivan LS. Perspective on genes and mutations causing ret-
initis pigmentosa. Arch Ophthalmol Chic Il1 1960.2007;125(2):151-158.
do0i:10.1001/archopht.125.2.151

50



BIBLIOGRAPHY

48.

49,

50.

51.

52.

53.

54.

Shimada H, Lu Q, Insinna-Kettenhofen C, et al. In Vitro Modeling Using Ciliopathy-
Patient-Derived Cells Reveals Distinct Cilia Dysfunctions Caused by CEP290 Muta-
tions. Cell Rep. 2017;20(2):384-396.d0i:10.1016/j.celrep.2017.06.045

Dubaic M, Peskova L, Hampl M, et al. Role of ciliopathy protein TMEM107 in eye

development: insights from a mouse model and retinal organoid. Life Sci Alliance.

2023;6(12):e202302073. doi:10.26508/1sa.202302073

McMurtrey R]. Analytic Models of Oxygen and Nutrient Diffusion, Metabolism Dy-
namics, and Architecture Optimization in Three-Dimensional Tissue Constructs
with Applications and Insights in Cerebral Organoids. Tissue Eng Part C Methods.
2016;22(3):221-249. doi:10.1089/ten.TEC.2015.0375

Cowan CS, Renner M, De Gennaro M, et al. Cell Types of the Human Retina and Its
Organoids at Single-Cell Resolution. Cell. 2020;182(6):1623-1640.e34.
doi:10.1016/j.cell.2020.08.013

Wang L, Hiler D, Xu B, et al. Retinal Cell Type DNA Methylation and Histone Modi-
fications Predict Reprogramming Efficiency and Retinogenesis in 3D Organoid

Cultures. Cell Rep. 2018;22(10):2601-2614. doi:10.1016/j.celrep.2018.01.075

Kruczek K, Swaroop A. Pluripotent stem cell-derived retinal organoids for disease
modeling and development of therapies. Stem Cells Dayt Ohio. 2020;38(10):1206-
1215.d0i:10.1002/stem.3239

Chakrabarty K, Nayak D, Debnath |, Das D, Shetty R, Ghosh A. Retinal organoids in
disease modeling and drug discovery: Opportunities and challenges. Surv Oph-

thalmol. 2024;69(2):179-189. doi:10.1016/j.survophthal.2023.09.003

51



	main
	Annex 1
	1-paper
	miR-183/96/182 cluster is an important morphogenetic factor targeting PAX6 expression in differentiating human retinal orga...
	1  INTRODUCTION
	2  METHODS
	2.1  Cell culture and hiPSCs generation
	2.2  TuD design, generation, and cloning
	2.3  PAX6 3UTR reporter
	2.4  Ago2-immunoprecipitation (IP) and PCR
	2.5  Retinal organoids generation
	2.6  Scanning electron microscopy (SEM)
	2.7  Flow cytometry
	2.8  Western blot analysis
	2.9  RT-qPCR analysis
	2.10  miR-183/96/182 targets network analysis
	2.11  Analysis of organoid circularity
	2.12  Whole-mount analysis of organoids
	2.13  Immunohistochemistry

	3  RESULTS
	3.1  miR-183/96/182 cluster expression during differentiation of hiPSCs into retinal organoids
	3.2  Generation and testing of TuD for the inhibition of the miR-183/96/182 cluster
	3.3  Inhibition of the miR-183/96/182 during retinal organoid differentiation induces neuroepithelial expansion
	3.4  Inhibition of the miR-183/96/182 cluster leads to upregulation of neural and retinal markers in differentiating retina...
	3.5  Expanded neuroepithelium is positive for neuroectodermal and retinal markers
	3.6  miR-183/96/182 cluster targets PAX6

	4  DISCUSSION
	5  CONCLUSION
	ACKNOWLEDGMENTS
	  AUTHOR CONTRIBUTIONS
	  CONFLICT OF INTEREST
	  DATA AVAILABILITY STATEMENT

	REFERENCES


	Annex 2
	2-paper
	Light-responsive microRNA molecules in human retinal organoids are differentially regulated by distinct wavelengths of light
	Introduction
	Results
	Generation of light-responsive human retinal organoids
	Retinal organoids express retina-specific miRNAs
	Retinal organoids are responsive to photostimulation at miRNA transcriptional level
	Light-regulated miRNAs have rapid turnover and respond to different wavelengths of light

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and study participant details
	hiPS cell lines

	Method details
	Retinal organoids generation
	Photo-stimulation of retinal organoids
	Electrophysiological recordings
	RNA isolation
	RT-qPCR analysis
	Small RNA library preparation and sequencing
	miRNAScope assay and immunohistochemistry
	Flow cytometry analysis

	Quantification and statistical analysis
	RT-qPCR statistical analysis
	Small RNA-sequencing data processing




	Annex 3
	3-paper
	Role of ciliopathy protein TMEM107 in eye development: insights from a mouse model and retinal organoid
	Introduction
	Results
	Loss of Tmem107 leads to distinctive ocular phenotypes in mouse embryos
	Tmem107 is highly expressed in the retina during eye development
	Key factors in eye development are altered in Tmem107−/− animals
	TMEM107 deficiency leads to the failure of neural retina formation in human retinal organoids
	Tmem107−/− animals have primary cilia defects in pigment epithelium and neural retina
	Loss of TMEM107 leads to aberrant SHH signaling in retinal cells

	Discussion
	Materials and Methods
	Animals
	Immunofluorescent staining on paraffin-embedded sections of mice
	Immunofluorescent staining of organoids
	In situ gene expression analysis using RNAScope technique
	CRISPR/Cas9-mediated gene editing
	shRNA-mediated gene knockdown
	Analysis of primary cilia length
	Generation of retinal organoids
	Cell cultures and their treatments
	Gene expression analyses by RT–qPCR
	Micro-CT analyses
	SEM
	Statistical analysis

	Data Availability
	Supplementary Information
	Acknowledgements
	Author Contributions
	Conflict of Interest Statement
	Ahmad I, Tang L, Pham H (2000) Identification of neural progenitors in the adult mammalian eye. Biochem Biophys Res Commun  ...





