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Résumé 

La vision est considérée comme un des sens les plus importants, prenant en charge environ 80% 

des perceptions que nous recevons dans notre vie quotidienne. Les photorécepteurs de type 

cônes sont responsables de la vision centrale de haute résolution et en couleurs, et leur 

dégénérescence est souvent la cause de la perte de vision dans les maladies dégénératives 

rétiniennes (RDs). Les RDs sont un groupe hétérogène de maladies affectant des millions de 

personnes dans le monde, qui pour le moment sont pour la plupart sans aucune option 

thérapeutique. 

Les modèles animaux sont extrêmement utiles pour étudier le développement ou la 

dégénérescence de la rétine, ainsi que pour comprendre les mécanismes moléculaires des 

maladies génétiques héréditaires affectant les photorécepteurs. La modélisation des maladies 

dégénératives et du développement peut être particulièrement difficile, spécialement dans le cas 

de maladies humaines rares et complexes pour lesquelles aucun modèle animal exhaustif n'est 

disponible. De nos jours, la génération et le maintien de modèles de maladies humaines 

permettant une analyse approfondie du mécanisme moléculaire représente un grand défis . La 

technologie des cellules souches possède un grand potentiel dans la modélisation des maladies 

et représente un outil puissant pour générer des modèles évolutifs, sans l’utilisation d’animaux 

qui peuvent illustrer plus précisément les phénotypes cliniques de maladies humaines complexes. 

Nous avons développé un protocole pour différencier les cellules souches pluripotentes (PSCs) en 

feuillets rétiniens (RSs), qui sont des tissus polarisés et multicouches contenant des 

photorécepteurs cône et exprimant les marqueurs spécifiques du segment externe (OS), du cilium 

connecteur (CC) et du noyau. 

En utilisant à la fois des modèles de souris et des modèles humanisés à base de cellules souches, 

nous avons étudié le rôle de BMI1 dans les photorécepteurs matures. La protéine du groupe 

Polycomb Bmi1 est connue pour ses fonctions neuroprotectrices en contrôlant la sénescence et 

l'apoptose, et est exprimée à la fois dans le progéniteur rétinien et les neurones, mais on en sait 

peu sur son rôle spécifique dans la rétine adulte. Elle a été récemment associée à des troubles 
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neurodégénératifs d'apparition tardive, et elle pourrait avoir un rôle dans la pathologie des RDs 

d'apparition tardive, comme la dégénérescence maculaire liée à l'âge (DMLA). 

Nous avons montré que les photorécepteurs cône et les neurones bipolaires sont générés 

normalement mais subissent ensuite une dégénérescence rapide chez les souris Bmi1-/- par 

nécroptose associée à Rip3. La dégénérescence était associée à des anomalies de compactage de 

la chromatine, à l'activation des répétitions en tandem et au stress oxydatif. De plus, nous 

montrons que BMI1 est préférentiellement exprimé dans les cônes au niveau des foyers 

hétérochromatiques dans la rétine humaine. Son inactivation dans les cellules souches 

embryonnaires humaines (hESCs) a altéré la différenciation terminale du cône et a entraîné des 

anomalies de compactage de la chromatine, l'activation des répétitions en tandem et l'induction 

de P53. Ces résultats fournissent un mécanisme expliquant comment une carence en Bmi1 

conduit à la dégénérescence des cônes et révèlent des fonctions biologiques conservées et des 

différences pour Bmi1 dans la biologie des photorécepteurs entre la souris et l'homme. 

En utilisant un modèle humain basé sur les cellules souches pluripotentes induites (iPSCs), nous 

avons ensuite étudié le processus dégénératif chez les patients atteints de ciliopathies, un groupe 

de maladies génétiques hétérogènes affectant les protéines impliquées dans la structure et la 

fonction du cil primaire, qui sont fréquemment accompagnée d'une dégénérescence rétinienne. 

Nous générons des feuillets rétiniens dérivés d'iPSCs à partir de patients atteints de deux 

ciliopathies, les syndromes de Meckel-Gruber (MKS) et de Bardet-Biedl (BBS). Les 

photorécepteurs ciliopathiques présentaient des altérations communes significatives dans 

l'expression de centaines de gènes de développement. De plus, ils ont montré plusieurs 

anomalies dans la formation et le maintien du cilium interne, le positionnement du centriole 

mère, l'activation d'une réponse au stress aux protéines mal repliées, instabilités génomiques et 

l'accumulation de dommages à l'ADN. 

Cette étude révèle comment la combinaison des technologies de reprogrammation cellulaire et 

d'organogenèse avec le séquençage de nouvelle génération permet d'élucider les mécanismes 

moléculaires et cellulaires impliqués dans les troubles dégénératifs et développementaux de la 

rétine humaine. La même approche, combinant la différenciation en RSs avec des techniques de 
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séquençage du génome à large spectre, pourrait être appliquée pour modéliser de nombreuses 

maladies génétiques, développementales et dégénératives affectant les photorécepteurs. Il peut 

également aider à élucider les mécanismes moléculaires sous-jacents à ces maladies, au criblage 

de médicaments de composés ayant des effets thérapeutiques potentiels et à prédire les effets 

secondaires des médicaments. 

Mots-clés : Cellules souches, rétine, photorécepteurs, cônes, ciliopathies, MKS, BBS, BMI1, iPSC, 

neurodégénérescence. 

 





 

Abstract 

Vision is considered the most important sense, taking on about 80% of the perceptions we receive 

in our everyday life. Cone-photoreceptors are responsible for high-resolution central vision and 

color discrimination, and their degeneration is frequently the cause of vision loss in retinal 

degenerative diseases (RDs). RDs are a heterogeneous group of diseases affecting millions of 

people worldwide, which at the moment are mostly without any therapeutic option. 

Animal models are extremely useful in studying the retina's development or degeneration and 

understanding the molecular mechanisms in inherited genetic disease affecting photoreceptors. 

Modeling human developmental and degenerative diseases can be particularly challenging, 

especially in the case of rare and complex diseases where no exhaustive animal models are 

available. Generation of sustainable human disease models that allow in-depth analysis of the 

molecular mechanism is one of the big challenges nowadays. Stem cell technology holds great 

potential in disease modeling and represents a new powerful tool for generating scalable and 

animal-free models that can more accurately illustrate clinical phenotypes of complex human 

diseases.  

We developed a protocol to differentiate pluripotent stem cells (PSCs) into retinal sheets (RSs), 

which are polarized, multi-layered tissues containing cone photoreceptors and expressing outer 

segment (OS), connecting cilium (CC), and nuclear specific markers. 

Using both mouse and stem cells-based humanized models, we first investigate the role of BMI1 

in mature photoreceptors. The Polycomb group protein Bmi1 is known for its neuroprotective 

functions by controlling senescence and apoptosis and is expressed in both retinal progenitor and 

neurons, but little is known about its specific role in the adult retina. It has been recently linked 

to late-onset neurodegenerative disorders, and it could have a role in the pathology of late-onset 

RDs, such as Age-related Macular Degeneration (AMD). 

We showed that cone photoreceptors and bipolar neurons are generated normally but then 

undergo rapid degeneration in Bmi1-/- mice through Rip3-associated necroptosis. Degeneration 

was associated with chromatin compaction anomalies, activation of tandem-repeats, and 
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oxidative stress. Furthermore, we show that BMI1 is preferentially expressed in cones at 

heterochromatic foci in the human retina. Its inactivation in human embryonic stem cells (hESCs) 

impaired cone terminal differentiation and resulted in chromatin compaction anomalies, 

activation of tandem-repeats, and P53 induction. These findings provide a mechanism explaining 

how Bmi1 deficiency leads to cone degeneration and reveal conserved biological functions and 

differences for Bmi1 in photoreceptor biology between mouse and man. 

Using an induced Pluripotent Stem Cells (iPSCs) based human model, we then investigate the 

degenerative process in patients with ciliopathies, a group of heterogeneous genetic diseases 

affecting proteins involved in primary cilium structure and function frequently accompanied by 

retinal degeneration.  

We generate iPSC-derived retinal sheets from patients affected by two ciliopathies, Meckel-

Gruber (MKS) and Bardet-Biedl syndromes (BBS). Ciliopathic photoreceptors displayed significant 

common alterations in the expression of hundreds of developmental genes. Moreover, they 

showed several anomalies in the formation and maintenance of cilia, the mother centriole's 

positioning, the activation of a stress response to misfolded proteins, genomic instabilities, and 

DNA damage accumulation. 

This study reveals how combining cell reprogramming and organogenesis technologies with next-

generation sequencing enables the elucidation of molecular and cellular mechanisms involved in 

human retinal degenerative and developmental disorders. The same approach, combining 

photoreceptor sheet differentiation and wide-genome expression profile, could be applied to 

model many genetic, developmental, and degenerative diseases affecting photoreceptors. It may 

help elucidate the molecular mechanisms underlining these diseases, drug screening of 

compounds with potential therapeutic effects, and predict drug side effects. 

Keywords: Stem cells, retina, photoreceptors, cones, ciliopathies, MKS, BBS, BMI1, iPSC, 

neurodegeneration. 
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List of acronyms and abbreviations

5mC: 5-methylcytosine 
9cRA: 9-cis retinal 
ABCA4: ATP-Binding Cassette transporter 4 
ALMS: Alström Syndrome 
AMD: Age-related Macular Degeneration 
ANRIL: Antisense Non-coding RNA in INK4 
locus 
ar: autosomal recessive 
arCRD: autosomal recessive Cone-Rod 
Dystrophy 
arRP: autosomal recessive RP 
ARS: Axenfeld-Rieger syndrome 
ASPM: Abnormal Spindle-like microcephaly-
associated protein 
ATG: autophagy-related 
AVSD: Atrioventricular Septal Defect 
BAB: Blood-Aqueous Barrier 
BB“s”: Basal Body“s” 
BBS: Bardet Biedl Syndrome 
BDNF: Brain Derived Neurotrophic Factor 
bFGF: basic Fibroblast Grow Factor 
BMI1: B lymphoma Mo-MLV insertion region 1 
homolog 
BMP“s”: Bone Morphogenetic Protein“s” 
BOR: Branchio-Oto-Renal 
BRB: Blood-Retinal Barrier 
Cas: CRISPR associated system 
CC“s”: Connecting Cilium“s” 
CCD“s”: Coiled-Coil Domain“s” 
CD“s”: Cone Dystrophie“s” 
CDKs: Cyclin-Dependent Kinases 
CEP290: Centrosomal Protein 290kDa 
CFAP: Cilia and Flagella Associate Proteins  
CFAP: Primary Ciliary Dyskinesia 
Chk2: Checkpoint kinase 2 
CIHR: Canadian Institute Health Research 
CNV: Copy Number Variation 
COMMD3: Copper Metabolism gene MURR1 
Domain 3 
Congenital Stationary Night Blindness 2A 
(CSNB2A)  
Cpfl1: Cone photoreceptor function loss 1 

Crb1: Crumbs homolog 1 
CRD“s”: Cone-Rod dystrophy“es” 
CRISPR: Clustered Regularly Interspace Short 
Palindromic Repeats 
CRISPRa: CRISPR-Cas9-based gene activation 
CRPT: Carpenter Syndrome 
Crx: Cone-rod homeobox 
CSRCS: Comité de Surveillance de la Recherche 
sur les Cellules Souches 
CSs: Centriolar Satellites 
CTM: chetomin 
DAI: DNA-dependent Activator of Interferon 
regulatory factors 
DDR: DNA Damage Response 
DHA: Docosahexaenoic Acid 
DIV: Days In vitro 
Dkk1: Dickkopf-related protein 1(Dickkopf-1) 
DNMTs: DNA methyltransferases 
DSBs: Double-Strand DNA Breaks 
EGFP: Enhanced Green Fluorescent Protein 
Elovl4: Very-long-chain fatty acids-like 4 
ER: Endoplasmic Reticulum 
ERG: Electroretinogram 
ESC: Extra Sex Comb 
ESCs: Embryonic Stem Cells 
ESCS: Enhanced S-cone Syndrome 
eSpCas9: Cas9 of Streptococcus Pyogenes 
ESRD: End-Stage Renal Disease 
EYA: Eyes Absent 
EZH1/2: Zest Enhancer 
FCS: Fetal Calf Serum 
FDR: False Discovery Rate 
FZD: Frizzled 
GABA: gamma-Aminobutyric acid 
GO: Gene Ontology 
GSK3: Glycogen Synthase Kinase 3 
H2Aub: ubiquitination of H2A 
H3K27me3: triple histone H3 methylation on 
lysine 27 
H3K4me3: triple methylation on lysine 4 of 
histone H3  
H3K9ac: acetylation on lysine 9 of histone H3 
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H3K9me3: triple methylation on lysine 9 
histone H3 
HDAC: Histone Deacetylases 
hESCs: human ESCs 
HLS: Hydrolethalus Syndrome 
HOTAIR: HOX transcript antisense intergenic 
RNA 
HSP“s”: Heat Shock Protein“s” 
IF: Immunofluorescence 
IFT: Intraflagellar Transport 
IGDS: Iridogoniodysgenesis Syndrome 
IGF1: Insulin Grow Factor  
IHC: immunohistochemistry 
INL: Inner Nuclear Layer 
IPL: Inner Plexiform Layer 
iPSC: induced Pluripotent Stem Cells 
IS“s”: Inner Segment“s” 
JBTS: Joubert Syndrome 
JNCL: Juvenile Neuronal Ceroid Lipofuscinosis 
JSRD: Joubert Syndrome and Related Disorders 
KLF4: Kruppel Like Factor-4 
KO: Knockout 
LC3/Atg8: Lipidation of microtubule-associated 
protein 1 light chain 3 
LC3: Lipidation of microtubule-associated 
protein 1 light Chain 3 
LCA: Leber’s Congenital Amaurosis 
LIF: Leukemia Inhibitory Factor 
LncRNA: long noncoding RNA  
lncRNA“s”: Long non-coding RNA“s” 
L-Opsin: Long-wave Opsin 
LRAT: Lecithin Retinol Acyltransferase 
LRFs: Luminance Response Functions 
LSFMP: Light-Sheet Fluorescence Microscopy 
LZTFL1: Leucine-Zipper Transcription Factor-
Like 1 
MAK: Male Germ Cell-Associated Kinase 
MD“s”: Macular Degeneration“s” 
MDM2: Mouse Double Minute 2 
mEpiSC“s”: mouse Epiblast Stem Cell“s” 
MERTK: MER Proto- Oncogene Tyrosine Kinase 
mESCs: mouse ESCs 
MIPE: Mechanism Interrogation Plate 
MKS: Meckel-Gruber Syndrome 

MMEJ: Microhomology-Mediated End Joining 
M-NS RDs: Monogenic Non-Syndromic RDs 
M-opsin: Medium-wave opsin 
M-S RDs: Monogenic Syndromic RDs 
MTT: Methyl Thiazol Tetrazolium 
NB“s”: Nuclear Bodie“s” 
Nec-1: Necrostatin 
Nesprin-2: Nuclear envelope spectrin repeat 
protein 2 
NHEJ: NonHomologous End-Joining 
NIC: Nicotinamide 
NPHP: Nephronophthisis 
Nrl: Neural retina leucine zipper 
NS: Non-Syndromic 
NSERC: Natural Science and Engineering 
Research Council of Canada 
OCT: Optimum Cutting Temperature 
OCRL: Oculocerebrorenal Syndrome of Lowe 
OFF: OFF-center 
OLM: Outer Limiting Membrane 
ON: ON-center 
ONL: Outer Nuclear Layer 
OPC“s”: Oligodendrocyte Progenitor Cell“s” 
OPL: Outer Plexiform Layer 
Opn1mw: Opsin 1 Medium-wave 
Opn1sw: Opsin 1 Short-wave 
OR: Ocular Retardation 
ORDs: Outer Retinal Dystrophies 
OS“s”: Outer Segment“s” 
Otx2: Orthodenticle Homeobox 2 
OV“s”: Optic Vesicle“s” 
PC: Polycomb 
PCD: Primary Ciliary Dyskinesia 
PcG: Polycomb Group 
PCM: Pericentriolar Material 
PDE: Phosphodiesterase 
PFA: Paraformaldehyde 
PH: Polyhomeotic 
PHS: Pallister-Hall syndrome 
PKD: Polycystic Kidney Disease 
PMC: Periciliary Membrane Complex 
PNA: Peanut Agglutinin 
polyUb-K48; Polyubiquitin chains at lysine 48 
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POU5F1/OTC4: Octamer binding Transcription 
Factor-4 
PR“s”: Photoreceptor“s” 
PRC: Polycomb Repressive Complex 
PRPF3: Pre-mRNA Processing Factor 3 
PRR: pattern recognizing receptors 
PSC: Posterior Sex Combs 
PSCs: Pluripotent Stem Cells 
PTMs: Post-Translational Modifications 
QC: Quality Control 
qPCR: quantitative RT-PCR 
RA: Retinoic Acid 
RCD“s”: Rod-Cone Disease“s” 
rd: retinal degeneration 
RD“s”: Retinal Degenerative diseases; 
Retinopathies; retinal dystrophies 
RDH5: Retinol Dehydrogenase 5 
rds: retinal degeneration slow 
RGC“s”: Retinal Ganglion Cell“s” 
RHIM: RIP Homotypic Interaction Motif 
RHO: Rhodopsin 
RIPK: Receptor-Interacting Protein Kinase 
RNAseq: RNA sequencing 
Rorb: RAR-related orphan receptor β 
ROS: Reactive Oxygen Species 
RP: Retinitis Pigmentosa 
RPC“s”: Retinal Progenitor Cell“s” 
RPE: Retinal Pigmented Epithelium 
RPE65: RPE-Specific Protein 65kDa; Retinoid 
Isomerohydrolase  
RPGR: Retinitis Pigmentosa GTPase Regulator 
RPGRIP: RPGR interacting protein 
RS“s”: Retinal Sheet“s” 
SAG: Smoothened Agonist 
SAM: Sterile Alpha Motif 
SFEB: Serum-Free Floating culture of Embryoid 
Bodies 
shBMI1: small hairpin RNA against BMI1 
Six3OS: Six3 Opposite Strand transcript 
SLSN: Senior-Løken Syndrome 
SMO: Smoothened 
SNVs: Single Nucleotide Variations 
S-opsin: Short-wave opsin 
SOX2: Sex Determining Region Y-box 2 

SUZ12: Zest Suppressor 12 
SVZ: Subventricular Zone 
T3: Rriiodothyronine 
TALEN“s”: Transcription Activator-Like Effector 
Nuclease“s” 
TBCC: Tubulin Specific Chaperone C 
TEM: Transmission Electron Microscopy 
TET: Translocation Methylcytosine 
Dioxygenases 
TF“s”: Transcription Factor“s” 
TGFβ: Transforming Growth Factor-β 
Thrβ2: Thyroid receptor β2 
TLRs: Toll-Like Receptors 
TR: T3 receptor 
TrxG: Trithorax 
TZ: Transition Zone 
USH: Usher Syndrome 
USH1: USH type I 
VEGF: Vascular Endothelial Growth Factor 
VIP: Vasoactive Intestinal Peptide 
WGS: Whole Genome Sequencing 
XLRS: X-linked Juvenile Retinoschises 
ZFN“s”: zinc-finger nuclease





 

 

 

 

“Above all, don't fear difficult 
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1. INTRODUCTION 

Many have wondered which of the five senses: sight, taste, smell, sound, or touch, is the most 

essential in humans, or rather, which sense we are most afraid of losing. To this question, most 

people answer vision. We can say that sight is considered by far the most important sense, taking 

on about 80% of the perceptions we receive in our everyday life (1). 

The eyes are the organ of the visual system that allows the detection of light. They also have some 

other vision-independent functions related to photoreception, such as the regulation of circadian 

rhythms (2,3). Photoreception seems to date back over 500 million years. The eye's common 

phylogenetic origin theory is widely accepted and considers the Pax6 gene one of the key factors 

(4–7). The simplest type of "eye," also found in unicellular microorganisms, is called eyespot and 

consists of photosensitive proteins capable of responding to light stimuli. The eyespots do not 

allow vision but only the presence or absence of light, which is sufficient to regulate circadian 

rhythms and light periods. During evolution, this type of primordial eye gradually changed to form 

a "cup" type of invagination that allowed to identify the direction of origin of the light by 

exploiting different impact angles (8,9). Finally, the eye has evolved by further invaginating and 

reducing the opening towards the surface and forming what we call pinhole camera eye, which 

can distinguish shapes, and which is the basis of complex visual systems (10,11).  

Further evolution was the lens, or crystalline lens, appearance, which is characteristic of what we 

call complex eyes, including human eyes. Complex eyes have continued to evolve and adapt to 

different species' needs but maintain universal operating principles and structures (9). 

Figure 1: The eye anatomy 
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Anatomically, a complex vertebrate eye consisting of the cornea, iris, pupil, vitreous, lens, retina, 

pigmented tissue, and optic nerve (Figure 1) (12,13). 

The principle of eye functioning is similar to that of a camera. The light hits the eye surface, called 

the cornea, which acts as the first focus and directs the light inside the eye. The iris, the colored 

part of the eye, automatically adjusts the pupil's opening, which is the hole in its center, 

controlling how much light penetrates the bottom of the eye, as a shutter controls the opening 

of a camera. Once past the pupil, the light immediately meets the lens, which is entirely 

transparent. Like camera autofocus, it automatically adjusts the focus on approaching objects, 

always concentrating the light on the right plane on the bottom of the retina (14). The vitreous is 

a dense solution that fills the eye cavity while maintaining constant intraocular pressure, thus 

preventing retinal detachment and the eye from collapsing (15). The retina is part of the nervous 

system; it consists of a thin layer covering the eye's inner surface, responsible to captures the 

light, which is converted into visual perception through a complex neuronal pathway in the 

Cerebral Cortex (16,17). Other essential parts of the vertebrate eye are the sclera, the white outer 

wall of the eye that borders and protects the eye, and the choroid, a layer rich in blood vessels 

between the retina and the sclera. The ciliary body located behind the iris contains the muscles 

responsible for the lens's movement that adjusts the focus (18). 

1.1 Overview of retinal composition, structure, and function 

The retina is an overturning of the nervous system organized as a multi-layered neuro-vascular 

tissue consisting of alternating layers of neurons and synapses (Figure 2). 

This system is nourished by retinal and choroidal circulation, which provides neuronal sustenance 

and waste elimination. The only avascular part of the retina is the outer nuclear layer (ONL), 

where the photoreceptors (PRs) reside (16). The light passes through the entire retina before 

being absorbed by the photosensitive pigments present in the PRs (Figure 2) (19). 

PRs can be considered the functional units of the retina. The pigments called opsins are stacked 

in hair-like structures to maximize their surface and respond to light by initiating a nerve impulse 

(13). There are two types of PRs, the cones and the rods (Figures 1, 6) (20). The rods express 
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rhodopsin, which is the most sensitive pigment and absorbs around 500 nm. Rods are responsible 

for night and achromatic vision and are the most numerous PRs in the retina, although their 

proportions vary from species to species. Cones are responsible for visual acuity, defined as the 

ability to distinguish precise details. Cones are divided into subclasses based on the type of opsin 

expressed, which differ in their sensitivity to photons of different wavelengths, which are 

therefore perceived as different colors. Short-wave opsin (S-opsin) absorbs light at a wavelength 

of 430 nm, which is perceived as a blue, medium-wave opsin (M-opsin) at 530 nm and 

Figure 2: Structure and cell types of the vertebrate retina 
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corresponds to the green color, 

while the long-wave Opsin (L-Opsin) 

absorb at 560 nm in the red 

spectrum (Figure 3) (19,20). It is no 

coincidence that the color system 

most used in graphics and monitors 

is based on the RedGreenBlue 

system, better known as RGB. 

The position and quantity of the 

cones and the proportions between 

the different types of cones are very 

variable in different species (21,22).  

 In humans and some other 

higher primates, cones are highly 

concentrated in a small high-

acuity area of about 5 mm in 

diameter called the macula 

(Figures 1, 4). 

The macula is further divided into 

the peri macula, perifovea, and 

fovea, a small point of the retina 

of about 1.5 mm (Figure 1) (23). 

The fovea's central region has an 

area free of rods of about 300-

600 μm, which is perfectly 

aligned with the lens's axis and 

has the maximum resolution (Figures 1, 4) (24). PRs convert the light into an electrochemical 

signal and pass it to the second order of neurons called bipolar cells since they possess two sets 

Figure 3: Cone types in the human and mice retina 

Figure 4: Photoreceptors density and distribution in the human retina (1201) 
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of synapses extending from the central body. The soma of bipolar cells, together with the 

horizontal cells and the amacrines, reside in the inner nuclear layer (INL). Bipolar cells and 

horizontal cells contact the PRs in the outer plexiform layer (OPL), and then the bipolar cells 

transfer the output signal to the ganglion cells via ribbon synapses contained in the inner 

plexiform layer (IPL) (Figure 2) (25). Bipolar cells can be divided into two classes: ON-center (ON) 

end OFF-center (OFF) based on the type of receptor possessed, either metabotropic or ionotropic. 

The first type is active when the light is on, and therefore when the set of PRs that define its 

reception field receive the light and are 

hyperpolarized and release less glutamate. Instead, 

the bipolar OFF-center cells are active when the light 

is off in the center of their receptive field, and the PRs 

are depolarized (Figure 6). 

There are 12 known types of bipolar cells. While 

there is only one type of bipolar cell for rods, of the 

ON type, cones have five types of OFF cells and six 

types of ON cells (26,27). While the receptor field of 

rod bipolar cells is relatively large to increase 

sensitivity to light and is ''insensitive to color", 

instead the field of cone bipolar cells is smaller and is 

sensitive to the colors, thus contributing to cones' 

high-resolution color-vision (Figure 6) (25,28).  

Horizontal cells from pre and postsynaptic 

connections with the PRs in the OPL. By modulating 

the response of the PRs in their "center of action" 

with the surrounding PRs. This way, they indirectly 

help bipolar cells to increase brightness and contrast, 

generating more detailed images (Figure5) (29,30). 

Figure 5: Receptive field in the retina 

ON and OFF-center signal transmission. Horizontal cells 
connects to PRs and bipolar cells in the visual field and in 
the surrounding  area to  help modulate their response 
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Figure 6: Visual signal transmission in human and mice retina 
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Amacrine cells regulate the signal transfer from bipolar to ganglion cells, providing a direct vertical 

link between the two and transferring information necessary to detect movement. They also have 

a function similar to horizontal cells by providing lateral connections between types of neurons 

of the same species. Instead of communicating with different PRs, amacrine cells connect 

different bipolar cells, thus increasing the center-background effect in the receptive fields of the 

ganglion cells and regulating the interaction between scotopic (night time) or photopic (daylight) 

response (Figure 6) (31,32). 

The signal then arrives at the third 

order of neurons, the ganglion 

cells, which receive the stimulus 

from the bipolar and amacrine 

cells, and then transfer it to the 

visual cortex (Figure 6).  

The axonal extensions of ganglion 

cells are collected in an area of the 

retina devoid of PRs called "blind 

spot" where they exit the Retinal 

Ganglion Cell (RGC) layer and form 

the optic nerve (Figure 1, 4) (33). 

The optic nerve transmits the 

signal in the form of action 

potential to various brain regions 

such as the thalamus, 

hypothalamus, and midbrain (34). 

RGCs can transmit visual information related to shape and movement to the brain and include 

other additional functions that contribute, for example, to the regulation of circadian rhythms 

and the pupil reflex to light. Unlike most other non-primate mammals, such as mice, where RGCs 

are arranged in a monolayer and uniformly distributed along the retina, the density of these cells 

in the human retina can vary by a factor of 100 (35). More than 50% of the ganglion cells are 

Figure 7: Cone signal transmission (inspired by (25)) 

How transient and sustained bipolar cells decompose the output of a cone. The 
resulting high- and low-frequency channels can contact narrowly stratified 
ganglion cells (left), in which case the two frequency bands are transmitted via 
separate, parallel channels to the brain. Broadly stratified ganglion cell (right) 
receives input from both types of bipolar cells and has a broadband response. 
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located in the macular and peri-macular region in the human retina, representing an average of 

6% of the retina's total surface (36). This massive concentration of ganglion cells in the macular 

area reflects the high proportion of the central nervous system dedicated to high-resolution 

central vision.  

Maintaining the retina's integrity depends on the non-neuronal support cells, including 

astrocytes, glial Muller cells, and cells of the Retinal Pigmented Epithelium (RPE) (Figure 2). 

The bodies of glial Muller cells reside in the INL, and from there, they can reach every part of the 

retina. Like the glia in the central nervous system, they offer nutritional and mechanical support 

for the retina's neurons. They also ensure the nerve tissues' isolation, protection, and proper 

functioning by recycling neurotransmitters such as glutamate and gamma-Aminobutyric acid 

(GABA) and eliminating debris and waste substances. They also reabsorb potassium from the 

extracellular environment and regulate exchanges between the vascular system and neurons, 

thus contributing to the brain-blood barrier (37,38). 

RPE is formed by a single layer of densely packed pigmented hexagonal cells covering the retina's 

external layer and divides the neural retina from the choroid (39). The microvilli of the apical part 

of the RPE cells welcome the PRs' outer segments, helping their function and survival by engulfing 

the outer part of the OSs, which are in continuous destruction due to the exposure to oxidative 

stress generated by the photoreception process (40,41). RPE has a broad spectrum of functions. 

First, it provides mechanical support by absorbing the scattered light thanks to its melanin 

granules, and then it provides a physical barrier between blood and the retina that contributes to 

the retina's immune privilege. Besides, RPE supplies nutrients to the PRs, eliminates water and 

metabolites and controls the ionic potassium homeostasis (39,42). Also, it contributes to the 

regulation of the visual cycle in various ways, including the release of signal molecules and various 

factors such as Insulin Grow Factor (IGF1), basic Fibroblast Grow Factor (bFGF), and Vascular 

Endothelial Growth Factor (VEGF) (43). Dysfunctions in the RPE are the cause of some cases of 

Retinitis Pigmentosa (RP) and Macular Degeneration (MD) (44–46). 
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1.2 Developmental genetics of the eye 

The vertebrate eye is generated from several embryonic sheets, including neuroepithelium, 

superficial ectoderm, and extracellular mesenchyme. The neuroepithelium generates the retina, 

the optic nerve, the iris, and the ciliary body, while the surface ectoderm gives rise to the lenses, 

the epithelium of the cornea, and the eyelids. Finally, the mesenchyme forms the cornea's 

endothelium, the stroma, the vitreous, the sclera, blood vessels, and muscles (13,16). 

In this chapter, we will describe the initial stages of the development of the eye (common to most 

of the eyes of the different species), and then we will focus on the retina and, more particularly, 

the human and mouse retina.  

The development of the eye starts from a single group of cells located centrally in the front part 

of the brain, which during the neurulation is divided into two parts, giving rise to two separate 

optic pits (Figure 8 Top). The optic pits then mature into optic vesicles during the closure of the 

neural tube (end of fourth weeks in the human, embryonic day 9.5 in the mouse) (13). Fine 

regulation between canonical and non-canonical WNT pathways and the FGF pathway plays an 

essential role in this initial stage. Loss- and gain-of-function experiments in model organisms have 

identified Transcription Factors (TFs), such as Pax6, Rax (also called Rx), Lhx2, Otx2, Sox2, Six6, 

and Six3, involved in early eye patterning and retinal developmental (Figure9) (47–55). Rax null 

mice do not form optic vesicles and, therefore, eyes (53). This condition is called anophthalmia 

and has also been observed in humans due to mutations in OTX2, PAX6, and SOX2 (56–60). The 

optic vesicles protrude from the brain towards the surface ectoderm, while from the opposite 

side, towards the lumen, it remains in contact with the frontal part of the brain through the optic 

stalk that will give life to the optic nerve (Figure 8 central part). When the optic vesicle comes into 

contact with the ectoderm, the optic vesicle gradually begins to invaginate, giving shape to the 

optic cup, the internal part of which will give rise to the retina while the most external one will 

generate the RPE (13). One of the key factors in the invagination process leading to the optic cup's 

formation seems to be the paracrine signaling generated by Retinoic Acid (RA) following the 

activation of Raldh2 (61,62). Also, LHX2 seems to be an essential factor in this invagination 

process and works in part by regulating the Bone Morphogenetic Protein (BMP) signaling 
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pathway. It seems to act in an autocrine manner in the optic neuroepithelium and in a paracrine 

way in the ectoderm, where it guides the lens's formation (55,63). In both Lhx2-/- and Raldh2-/- 

mice, the invagination process fails, and the eye's development remains incomplete without 

forming the optic cup. The optic cup's central part will generate the iris and the ciliary body while 

the ectoderm in the front part gradually thickens, giving rise to the lens placode. It then separates 

from the ectoderm to form the lens's vesicle at the optic cup's opening, which will later mature 

in the lens (9). After detachment of the lens vesicle, the surface ectoderm forms the cornea 

(Figure 8 bottom).  

Figure 8: Overview of eye and retina development 
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Dand5 (Coco), belongs to the Cerberus/DAN/Gremlin superfamily initially identified as BMPs’ 

antagonists responsible for the dorsal/ventral axis formation during development (64–67). As the 

Nodal/Activin pathway, the BMP signaling pathway is part of the Transforming Growth Factor-β 

(TGFβ) signaling network (68–71). Some members of the Cerberus/DAN/Gremlin superfamily are 

expressed in the endoderm and mesoderm and act as secreted inhibitors of both BMP and Nodal/ 

Activin ligands (Figure 9) (65,66). Coco functions as a TGFβ-ligand antagonist in the ectoderm and, 

supplied maternally, is one of the earliest expressed antagonists of TGFβ signaling (72). Coco 

physically associates with BMP and Activin/Nodal proteins, inhibiting signal transduction. The 

repression of COCO leads to expression in the left lateral plate mesoderm of PITX2, considered 

one of the most significant TFs controlling early eye development and a role in retinal cell type 

specialization (73,74). PTX2 is expressed in almost all retinal tissue during early eye development 

but is almost absent in the retina in later stages. Inversely, COCO is highly expressed in the neural 

retina until later when PRs are generated (Figure 10) (75).  

Subsequent differentiation and rearrangement of the cells in the optic cup according to a 

meticulously orchestrated sequence of events ultimately gives rise to the eye (Figure 8 bottom).  

The neural retina differentiation process is orchestrated by autonomous factors (76). As 

previously mentioned, the outer layer cells are committed to forming RPE during the optic cup 

formation. RPE formation is directed by the interaction of this outer layer of the optic cup with 

the periocular mesenchyme, which stimulates a signal cascade directed by activin A and TGFβ 

(Figure 8, 9) (77). FGF signaling inhibits this process, thus favoring the formation of the neural 

retina. In KO mice for Fgf9, the RPE expands at the retina's expense, while the ectopic expression 

of Fgf9 in the RPE progenitors causes the formation of a second neural retina instead of the RPE 

(78,79). 

The cells of the inner layer of the optic cup form the neural retina. In this stage, the retinal 

progenitor cells (RPCs) expand and differentiate into the five types of neurons and 1 type of glial 

cell (Figure 9) (13,54). 

In humans, neural retina differentiation starts at the end of week 6 of gestation, while cone and 

rod PRs are first observed at week 9 of gestation (Figure 9) (20). Retinal development continues 
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until the 8th month, and the macula becomes fully functional only after birth. In the mouse, the 

corresponding process starts at E12 and is finished two weeks after birth when the eyelids open 

(80). The peculiar ability of RPCs to generate the diverse class of neurons in sequential order 

during retinal development is thought to be modulated by an intrinsic transcription factor 

molecular program and by extrinsic cues. It seems to be well conserved among many species (81–

85). In this process, the ganglion cells are the first to be formed, followed by the amacrine cells, 

cone PRs, and horizontal cells. Bipolar cells and rod PRs form at later stages (Figure 9). Continuous 

support of RPCs is necessary for the proper formation of the retina; the progenitor cell renewal 

Figure 9: Cell types specification during retina development 
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process seems to be regulated by the basic helix–loop–helix TFs Hes1 a downstream target of the 

Notch signaling pathway (Figure9) (83). Hes1−/− embryos show a severely impaired cell 

proliferation of the RPCs in the neural retina with recessive ocular retardation (OR). 

OR is characterized by blindness associated with microphthalmia, cataractous lens, thin and 

poorly differentiated retina, and lack of the optic nerve. In both mice and humans, OR is observed 

in homozygous mutations in the homeobox transcription factor CHX10, also called VSX2 (86,87). 

Further analysis determined that Chx10 is required to maintain mammalian neural retinal identity 

through the repression of Mitf (Figure 9) (88). 

One of the master regulators of RGCs differentiation is Math5, a transcription factor induced 

through PAX6 (Figure 9) (89,90). RGCs are significantly reduced in Math5−/− mice while they are 

almost all lost, and accompanied by a severe loss of all other retinal cell types, in the 

Math5−/−/Brn3b−/− mice (91). 

Amacrine cell differentiation starts slightly earlier than horizontal cells, but they have many 

classes of TFs in common. Foxn4 induction is sufficient to induce amacrine cell differentiation, 

and the same results are obtained with simultaneous inhibition of Pax6 with Neurod1 or Math3. 

Math3−/−/ Neurod1−/− mice also show preferential loss of amacrine cells over horizontal ones, 

while total inhibition of Ptf1 or Foxn4 causes total loss of horizontal cells and reduction of 

amacrine (83,92,93). Prox1 is another crucial factor involved in generating horizontal cells (Figure 

9) (94).  

Bipolar cells are interneurons that relay information from PRs to RGCs, and probably for this 

reason, they appear later in mouse development. Nearly all bipolar cells are generated postnatally 

when both RGCs and PRs are completely developed (Figure 9) (95–97). Chx10 is expressed in RPCs 

and is essential in bipolar cell generation as they are almost absent in Chx10−/− retinas (86,98,99). 

The differentiation of bipolar cells is also dependent on Mash1 and Math3 since, in the 

corresponding double Knockout (KO) mice, bipolar cells are completely lost (26,100,101). Prox1 

is an early bipolar marker, but it also has a vital role in the functionality and survival of mature 

PRs (94,102). PRs and bipolar cells both express Otx2 (Figure 9). The generation and 
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differentiation of bipolar cells are complicated by different ON and OFF subtypes (103). Bhlhb4 

and Vsx1 are respectively ON- and OFF- bipolar cell TFs required for bipolar cell specification (31). 

1.2.1 Photoreceptor lineage specification 

PRs require a specific set of TFs to define their cell type identity and subtypes (104). PR 

progenitors and precursors express Orthodenticle Homeobox 2 (Otx2) and Cone-Rod Homeobox 

(Crx) genes. Conditional deletion of Otx2 or Crx in the developing mouse retina impairs PRs' fate, 

leading to PRs conversion into amacrine cells (83,105,106). Crx is indispensable for PRs terminal 

differentiation and maintenance, and if mutated, it causes severe human retinal diseases 

(104,107–109). PRs can be of two types: cones and rods. Rods are involved in achromatic night 

vision, and cones are involved in daylight color vision. 

 PRs follow an S-cone (cones 

containing S-opsin) default 

pathway during development, 

which is determined by Crx and 

thyroid receptor β2 (Thrβ2, 

encoded by Thrb) (Figure 10) (22). 

Crx induces expression of Opsin 1, 

Short Wave Sensitive (Opn1sw 

encoding S-opsin) by default, 

whereas Thrβ2 suppresses it and 

induces expression of Opsin 1, 

Medium Wave Sensitive 

(Opn1mw encoding M-opsin) 

(106,110,111). On the other hand, 

expression of neural retina 

leucine zipper (Nrl), RAR-related 

orphan receptor β (Rorb), and 

Notch1 inhibit cone formation Figure 10: Photoreceptors lineage specification 
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while promoting rod genesis (Figure 10) (112–116). The orphan nuclear receptors Nr2e3 is also a 

key regulator of rod fate by stimulating the expression of rod-specific genes (117,118).  

In mice, if one of these genes, Nrl, Rorb, or Nr2e3 is mutated, the resulting retinas contain no rods 

and instead show an abundance of PRs with cone-like features that mainly express S-opsin 

(114,115,118). Also, the nuclear hormone receptor RXRγ promotes the production of M/L-cones 

at the expense of the S-cone (Figure 10) (119–121). 

Many extrinsic factors have been shown to regulate PRs neurogenesis and differentiation, 

including Fgfs, Wnts, Shh, RA, and thyroid hormone (T3). Gradients of these signaling molecules 

are associated with differential expression of photoreceptor-specific opsins (121–123). While the 

patterns of rod and cone PRs vary among animal models, the use of these gradients seems to be 

broadly conserved between species (22). 

Onecut1 is a TF expressed in subsets of RPCs and Otx2-expressing cells early during development, 

while later is also present in horizontal and ganglion cells (Figure 10) (102,124). Onecut1 

overexpression results in the formation of excess cones at the expense of rods. In mice that 

lack Onecut1, cones are only modestly reduced by the end of development (125). Most of the 

cones in these mutants express high levels of S-opsin, and few cones express M-opsin, similar 

to Thrb2 null mice. Thus, the synergic action of Onecut1/2 and Otx2 is needed for physiological 

M-cone subtype development.  
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1.3 Introduction to the primary cilium 

Primary cilia were first described at the beginning of the '60s on fibroblasts and smooth muscle 

cells (126). Since then, these organelles have been observed on almost every cell type of the 

human body. Primary cilia are usually non-motile cytoplasmic appendages of a microtubule-based 

framework that extends from the cell surface and are essential for normal developmental and 

physiological functions (127,128). Cilia are present in approximately all cell types but were 

traditionally described in epithelial cells. The ciliary axoneme is anchored and develops from a 

specialized centriole called the basal body (BB) that operates as a microtubule-organizing center. 

The BB is composed of a symmetric and radial arrangement of nine triplets of microtubules, 

whence the external doublets of microtubules of the axoneme extend (Figure 11). The axoneme 

is a structure formed by aligned alpha and beta-tubulin microtubules arranged in a radial array of 

9 doublets. Primary cilia can be distinguished from motile cilia for the absence of a central pair of 

microtubules. While motile cilia have a "9+2" structure, non-motile primary cilia lack this central 

pair, so define as a "9+0" structure (129). The entire axoneme is covered by a membrane 

continuous with the plasma membrane of the cell. Cilia are generally formed during the G0/G1 

phases of the cell cycle, but they can also be observed during the S/G2 phases (130). Cilia 

formation, also called ciliogenesis, is restricted to these phases because, during mitosis, the BB 

generates one of the two centrosomes essential for mitotic spindle formation during cell division 

(131). 

1.3.1 Cilia, basal bodies, and centrosomes  

Primary cilia and mitotic spindle have a common origin, the centrosome. Although the term 

centrosomes are best known for their role in cell division, where it orchestrates microtubule 

arrays during mitosis, they are also responsible for the organization of microtubules responsible 

for polarity, shape, and cell motility in differentiated cells. 

Centrosome and cilia biogenesis, function, and maintenance are regulated by physiological stimuli 

and are largely influenced by the cell cycle (132,133). 
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In non-replicative cells, the centrosome forms the basal body that acts as a template for the cilium 

assembly, while during mitosis, the centrosome duplicates itself and generates the spindle poles, 

which orchestrate the formation of the mitotic spindle. The mitotic spindle is responsible for the 

segregation of chromosomes and the orientation of the cell division.  

Both cilia and mitotic spindle require for their assembly an efficient transport along the 

microtubules mediated by molecular motors and cargo proteins. More and more evidence shows 

that many ciliary proteins have a dual and independent role in these two systems. Indeed, many 

of them localize both to the basal body, centrosomes, and as well as to other organelles (134). 

The centrosomes constitute the Microtubule Organizing Center (MTOC) and are formed by one 

or two centrioles embedded in a protein matrix called Pericentriolar Material (PCM) in which the 

γ-tubulin ring complex (γ-TURC) and related γ-tubulin complexes provide temporal and spatial 

control over the growth of nascent microtubules (135). The minus (-) end of the microtubules are 

incorporated in the centrosome, while the Plus (+) ends, which can grow by adding new tubulin 

molecules, are free in the cytoplasm. 

Centrosomes duplicate when the cell enters into the cell cycle. Centrosome duplication starts 

with the separation of the two centrioles during the G1 phase of the interphase. Then in the S 

phase, the centrioles duplicate, generating two mother-daughter centriole pairs, which can be 

distinguished by the fact that only the mother carries appendages. Once formed during the early 

S phase, new centrioles elongate throughout the S and G2 phases. 

Figure 11 Schematic representation of centriole behavior during the cell cycle (1202)  
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The two pairs of centrioles remain together until the cell enters mitosis. When the mitosis starts, 

the two centriole pairs (or centrosomes) migrate in opposite directions. As centrosomes move 

apart, the mitotic spindle begins to form, and the microtubules grow as the centrosomes move 

farther away. At the middle of mitosis, the two centrosomes would have reached the opposite 

side of the cells taken the name of spindle poles (136). There are three types of spindle 

microtubules: astral microtubules, which radiate outward and contact the cell membrane, thus 

positioning the spindle in the cell. Interpolar microtubules originating from the two opposite 

poles overlap with their plus (+) ends in the midzone. The last type of microtubules are the 

kinetochore microtubules which have their plus ends attached to sister chromatids at the 

centromere region (kinetochore). The number of microtubules attached to a kinetochore varies 

between species, but at least one microtubule from each pole attaches to the kinetochore of each 

chromosome. During metaphase, the mitotic spindle is now complete, and the chromosomes 

align along the cell equator. The spindle assembly checkpoint (SAC) controls that chromosomes 

are correctly attached to the mitotic spindle before continuing with the anaphase (137). During 

the anaphase, each chromosome's sister chromatids separate and move to opposite poles of the 

cell, and each chromatid becomes an independent chromosome. Chromatid's separation and the 

movement of the chromosomes are driven by changes in the length of the kinetochore 

microtubules. Astral microtubules anchored to the cell membrane also contribute to the 

separation pulling the poles further apart. Finally, interpolar microtubules slide past each other, 

adding additional pulling force to the chromosomes. 

During telophase, the chromosomes arrive at the cell poles, and the mitotic spindle is 

disassembled. 

Finally, during cytokinesis, the cell membrane pinches in at the cell equator, forming a cleavage 

furrow until the parent cell completely splits into two identical daughter cells. The furrow 

direction depends on the position of the astral and interpolar microtubules during anaphase, 

which is controlled by the parent centrosome's positioning. After exiting the cell cycle, the 

centrosome acquires the competence for the initial process of ciliogenesis, where the mother 

centrioles become the basal body. The basal body can migrate and anchor to the cell surface or 

dock ciliary vesicles, which elongate and eventually fuse with the plasma membrane depending 
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on the cell/cilia type. Despite the great interest in the subject, the system that regulates the 

transition from the centrosome to the basal body remains to be fully understood. 

1.3.1.1 Control of centriole number 

Perturbations of the mitotic spindle or centrosomes number can generate several errors during 

mitosis leading to chromosome missegregation or failure in cytokinesis that can eventually trigger 

programmed cell death mainly driven by p53. P53 seems of central importance to prevent 

centrosome overduplication. Inactivation of p53 in human cells favors multipolar spindle 

formation and tetraploid cells while rarely generating aneuploidy (138). Centrosome 

amplification is frequently observed in human cancers, where it constitutes one of the primary 

causes of the chromosomal instability typical of tumor cells. 

Centrosome amplification can arise through several independent pathways. It can reflect 

deregulation of the centrosome cycle due to centriole overduplication generated by multiple 

rounds of duplication in the same S phase or excessive centriole multiplication (due to 

simultaneous formation of multiple centrioles from the pre-existing centriole pair). It could also 

reflect a failure of cell division, which can generate a tetraploid cell with four centrosomes. 

Centrosome amplification can also arise through cell fusion due to the action of fusogenic viruses. 

The evidence available so far indicates that deregulation of centrosome duplication and cell 

division failure represent the most common causes of centrosome amplification (138,139). 

The maintenance of a constant number of centrioles is regulated by numerous factors that 

guarantee two types of controls. The control over the cell cycle guarantees that the centriole 

duplication occurs only once for each division of division, while the control of the copies number 

ensures that only one new daughter centriole is formed alongside each mother (140). Many cell-

cycle regulatory proteins such as cyclins and cyclin-dependent kinases accumulate at 

centrosomes during the S phase (141). Both DNA  replication and centrosome duplication require 

the hyperphosphorylation of the retinoblastoma (RB) protein and the activation of cyclin-

dependent kinase 2 (CDK2) (142–144). Other kinases such as PLK1, PLK2, PLK3, TKK/MPS1, 

GMNC/Geminin are also central in this process (140,145–148). During G2 / M transition, the key 
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mitotic kinases Aurora-A, Cdk1 / Cyclin-B, and Polo family members accumulate at centrosomes. 

The mitotic activation of Cdk1 is first detected at centrosomes (149,150). 

The control of the number of copies is also strictly regulated. The new centrioles are kept tightly 

bound to the parent centriole from their formation during the S phase until late mitosis. This bond 

prevents reduplication, and the process of separating the new centrosomes, called 

disengagement, is a necessary step for a new duplication (151). Although the precise mechanism 

of the disengagement process is still to be clarified, ESPL1, PKL1, PKL4, and SASS6 have been 

shown to play a central role in this process (152–154).  

1.3.2 The photoreceptor primary cilium 

PRs are sensory neurons that generate electrical responses when stimulated by light. PRs have 

long served as an outstanding model for elucidating fundamental principles of neuron function 

and sensory transduction (155). Advances in ciliary biology and the realization that PRs are also 

an excellent model for studying targeting, trafficking, and ciliary protein dynamics have brought 

even more interest in these cells. How phototransduction proteins traffic from the inner segment 

(IS) to the OS is an area of active research (156–158).  

Figure 12: The photoreceptor’s Connecting Cilium 

Representation of the PR’s CC with the reference of a few of its major components treated in this thesis. On the right, 
representative TEM images of iPSC-derived PRs CC and BB at 60 Days of differentiation. 
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Defective ciliary trafficking can cause PRs cell death (159). The PRs' primary cilium is a modified 

and unique type of sensory cilium and has an intracellular location (Figure 12) (160). Its most 

outer part constitutes the OS which contains membranous discs arranged in a coin-stack-like 

configuration filled with pigments densely packed within the disc lamellae (161). The high density 

of photosensitive proteins and their ordered alignment regarding the light path enhance the 

probability of capturing an incident photon. This highly organized and complex structure captures 

photons and produces electrical responses (42). The PRs have a high energy demand, and the IS 

is where all metabolism, biosynthesis, and endocytosis occur. The IS is rich in mitochondria and 

other organelles, including the endoplasmic reticulum (ER) and Golgi, necessary to produce and 

transport the component to build and maintain the OS (162,163). The CC is a complex structure 

responsible for the interactions between OS and IS, and it is the only connection between these 

two components (160). PRs cilium is a structure with an extremely high flow of lipids and proteins. 

It has been estimated that every minute more than 2000 opsins are transported from the IS to 

the OS (164). In terms of molecular composition and morphology, the CC shares common features 

with primary cilia. The CC is essential in PRs physiology, and, therefore, its dysfunction contributes 

to retinal degeneration (165). 

1.3.2.1 Structure and functions 

PRs ciliogenesis starts when the BB reaches the plasma membrane and anchors to it. Fibrous 

structures cross-link each microtubule doublet to the overlying plasma membrane to stabilize the 

BB in its proper position. The axonemal microtubules are anchored at the BB located at the distal 

end of the IS. The axoneme extends from the BB and represents the "spine" of the OS, and it 

extends distally to about half of the OS length (Figure 12) (166).  

1.3.2.1.1 The axoneme and ciliary transport machinery 

Cilia lack the necessary apparatus for protein synthesis. For this reason, all proteins required for 

ciliary generation and function must first be transported to the base of the cilia in specific vesicles 

(165). Post-Golgi vesicles are delivered to the CC, then the proteins destined to the OS need to be 

sorted between axoneme, lamellar disc region, and the plasma membrane. 
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This cargo system's precise mechanism is still not fully understood but seems to involve specific 

trafficking motif recognized by complexes such as the Intraflagellar Transport (IFT) machinery 

(161). This complex was first identified in Chlamydomonas flagella for leading the building 

process of the rising cilia. The IFT is a bidirectional cargo transport system from the base to the 

tip of the cilia (anterograde) and back to the base (retrograde) (Figure 12) (167). The IFT supports 

the trafficking carried by the cargo proteins that are the molecular motors that actively move 

along the axoneme (168). Kinesin-II is responsible for the anterograde transport and is associated 

with IFT-B proteins, while cytoplasmic dynein 2, assisted by the IFT-A proteins, is in charge of the 

retrograde one (169). Conditional deletion of a kinesin-II subunit KIF3A disrupts OS formation and 

opsin trafficking (170,171). Several IFTs have been localized to the photoreceptor CC, including 

IFT88, IFT57, IFT52, IFT140, and IFT20 (166). IFT88 was the first of the family recognized as 

indispensable for the ciliogenesis and the cilia's correct function. Ift88-deficient mice showed a 

highly perturbed OS development and a complete absence of CC, which caused PRs death (164). 

Similarly, the Ift140 KO caused incorrect opsins trafficking that resulted in their accumulation in 

the IS. IFT20 is the only component of the family that is also found outside the cilium. It is 

associated with the Golgi and is responsible for transporting essential components to the cilium 

base (172). For this reason, Ift20-deficient mice show an accumulation of opsins around the Golgi 

(173).  

IFT components recognize specific motifs present in CC, OS, and integral membrane proteins. For 

this reason, defects in the transport of one protein do not generally affect the transport of others, 

suggesting that their transport occurs independently. The VxPx motif at the rhodopsin's carboxyl 

terminus is necessary for the correct sorting of rhodopsin into transport carriers from the Golgi 

towards the CC and then to the OS; when mutated, it causes autosomal dominant RP in human 

patients (157,174,175). This motif is also present in cone opsins and is recognized from transport 

proteins as the small GTPase Arf4, ASAP1, Rab11, and FIP3 (159).  

Actin and myosin are also an essential part of this system and are present in PRs IS, CC, and OS, 

and their malfunction causes PRs degeneration (169). For example, Actin depolymerization 

promotes PRs death, while myosin mutants show transport defects from the IS to the OS. Myosin 

defects cause numerous diseases, including the human Usher syndrome (USH) (176). The USH1G 
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protein acts as a scaffold of the ciliary/periciliary USH protein network in PRs. It is associated with 

microtubules representing the transport routes for protein delivery toward the cilium 

(17,177,178).  

1.3.2.1.2 Connecting Cilium and the Basal Body 

The CC-associated proteins are also crucial for the correct trafficking to the OS. One of the first 

described is RP1, responsible for 5–10% of all RP cases. RP1 is a large protein localized at the CC, 

mainly in the nascent OS, in both rods and cones (179). RP1 also seems to bind and stabilize 

microtubules in the axoneme. Rp1 KO mouse model shows swollen OS with abnormal formation 

and alignment of the discs (180–182). The Retinitis Pigmentosa GTPase regulator (RPGR) is 

important for PRs' physiology. Mutations in RPGR cause severe and progressive retinal dystrophy. 

RPGR and its related protein, RPGRIP (RPGR interacting protein), are found in amacrine cells and 

CC and OS of rods and cones. Rpgr KO mice have shown reduced quantities of rhodopsin in rods 

and mislocalization of opsin in cones preceding their degeneration, suggesting a role for RPGR in 

the trafficking of proteins through the CC from IS to the OS (183,184). 

The mother centriole, which is the oldest centriole inherited during mitosis, becomes the BB 

during ciliogenesis. The mother centriole is distinguished from the daughter centriole by 

appendages on its distal end and is required to initiate the primary cilium generation (185). The 

BB docking is the process that allows the mother centriole to bind the cell membrane, thus 

triggering ciliogenesis. This process requires the apical actin cytoskeleton web organization, a 

process involving the RhoA GTPase, an active signaling mechanism that regulates BB placement 

(186–188). Centriolin/CEP110/CNTRL is a protein associated with the mother centriole (189). In 

the centrosome, Centriolin is found at both ends of the centrosomal tube, including the site of 

centrosome duplication. However, in the daughter centrosome, it is present only at the closed 

end. Centriolin seems to interact with Rab11 to promote the mother centriole's correct 

localization and maintenance (190). Mutations in Centriolin in humans can cause ciliopathies as 

Atrioventricular Septal Defect (191). Centrins are calcium-binding proteins associated with the 

centrosome, that are present in both rods and cones. Mammalian PRs have four isoforms of 

centrins that localize at the CC and BB. These centrins seem to have a role in the alignment of the 

photoreceptor's OS. Centrins were shown to interact with Transducin, regulating its light-
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dependent translocation from the OS to the IS (192). In addition to the IFT machinery, four major 

complexes have been identified to take part in ciliary trafficking: the BBSome, the MKS complex, 

and two NPHP complexes, all located in the Transition Zone (TZ) (Figure 12) (193,194). 

1.3.2.1.3 Transition Zone 

The TZ is a specialized ciliary domain present at the cilium base that acts as a "ciliary gate" (160). 

The TZ represents a structural intermediate between the BB and the axoneme, responsible for 

regulating ciliary traffic. Diverse ciliary proteins accumulate at the TZ in wild-type cells, suggesting 

that the TZ is a waypoint for proteins entering and exiting the cilium. Electron micrographs of the 

TZ have identified Y-shaped structures, called Y-links, with the stem anchored at the microtubule 

doublets and the two arms attached to the ciliary membrane (195). TZ proteins generally show a 

long-term stable association at the ciliary base, whereas the BBSome appears to be more dynamic 

(193).  

Meckel-Gruber syndrome (MKS) and Nephronophthisis (NPHP) complexes are two of the several 

complexes that localize with TZ (194,196–198). Dysfunctions in TZ's function can modify the ciliary 

membrane's composition with delocalization of the transmembrane signal proteins, which cause 

in humans a subset of ciliopathies such as NPHP, Joubert syndrome (JBTS), and MKS 

(193,199,200). NPHP and MKS complex components form nested rings comprised of nine-fold 

doublets with a more proximal localization in the TZ than the BBSome.  

1.3.2.1.4 BBSome 

The BBSome is physically and functionally connected to the other complexes located in the TZ 

(Figures 12, 22) (201). The BBSome is a stable octameric protein complex with a central role in 

primary cilia function and homeostasis, and its malfunction causes severe ciliopathies such as 

Bardet-Biedl syndrome (BBS). BBSome plays a key role in mediating molecular/vesicular transport 

in and out from the primary cilium, regulating intraciliary trafficking, and interacting with the IFT 

machinery (202–204). It functions as a cargo adapter that recognizes a set of membrane-bound 

ciliary and signaling proteins and links them to the IFT machinery (202). The BBSome is also 

implicated in the assembly and stabilization of the IFT machinery, and its dysfunction has variable 

effects in different organisms (172,204–207). The BBSome was first discovered in 2007 through 
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biochemical purification of BBS4-containing complexes from mammalian cells. It comprises seven 

highly conserved BBS proteins (BBS1, BBS2, BBS4, BBS5, BBS7, BBS8, and BBS9) and a novel 

protein, BBIP10, each present in stoichiometric amounts. Additional BBS proteins have functions 

in the BBSome assembly, including cilia targeting of BBSome proteins, proper identification of 

BBSome cargoes, and some other extra-ciliary roles (Figure 22) (208). BBSome complex binds with 

pericentriolar material 1 (PCM1) and Rabin8, a guanosine exchange factor for RAB8A (203,209). 

BBSome assembly appears to be an orderly and sequential process initiated by a complex 

composed of BBS7, BBS chaperonins-like proteins (BBS6, BBS10, and BBS12), and the CCT/TRiC 

complex, which acts as a scaffold for the addiction of the further BBSome subunits (202,210,211). 

Apart from BBS5, which contains two pleckstrin homology domains and binds 

phosphatidylinositol 3-phosphate, the BBSome subunits do not contain any informative domains. 

It is not clear how the interplay between BBSome and membrane actually works. In the retina, it 

has been reported that BBS5 can be phosphorylated through light stimulation by protein kinase 

C, which causes the release of Arrestin1 into the OS membranes (212). Many BBS proteins that 

are not part of the BBSome have been shown to be indispensable for its correct function. Among 

these, BBS3/Arl6 is an Arf-like GTPase, and BBS11/TRIM32 functions as an E3 ubiquitin ligase 

(213,214). BBS3/ARL6 localizes to the BB and ciliary membrane. It interacts with BBS1 in its active 

GTP-bound form, allowing the transport of the BBSome to the cilium (215). Three BBS proteins, 

BBS6, BBS10, and BBS12, have similar motifs to type II chaperonins, and they localize to 

centrosomes and BBs (216,217). These chaperone-like proteins seem to be only required for the 

assembly of the BBSome (218). The chaperonin-like BBS proteins are structurally analogous to the 

CCT family of group II chaperonins. However, they seem to have lost both the ATP-dependent 

folding activity of canonical CCT chaperonins and the ability to make CCT-like oligomeric 

complexes. They play a pivotal role in the initial steps of the BBsome assembly (211). Recent work 

has demonstrated that BBS6, BBS10, and BBS12 are key factors in this process by stabilizing BBS7 

(the first protein to be incorporated) and driving its interaction with six canonical CCT chaperonins 

(CCT1-5 and CCT8), which are responsible for the folding process (219,220). Rather than having 

an active role of chaperonins, it would appear that BBS6, BBS10, and BBS12 act as a linker to 

promote the interaction of CCT proteins to their substrates as part of the transitory 
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BBS/CCT/TRiC-chaperonin complex (218). BBS10 seems to mediate the interaction of the BBS6-

BBS12-BBS7 pre-complex with the CCT proteins to finally form the BBS/CCT/TRiC-chaperonin 

complex (203,211). Mutations in the leucine-zipper transcription factor-like 1 (LZTFL1), encoded 

by BBS17, occasional cause BBS (219,221,222). It is found in the cytosol, and it is not enriched at 

the BB or the cilium. LZTFL1 interacts with the BBSome through the binding of its C-terminal to 

BBS9 (Figure 22) . When LZTFL1 expression is inhibited, there is no observable effect on cilia length 

or formation, while LZTFL1 deletion cause increasing translocation of BBSome proteins to the 

cilium. Surprisingly, LZTFL1 downregulation can rescue BBSome localization to the cilium also in 

cells depleted for BBS3 and BBS5 (223). More recently, have been reported few cases of BBS with 

hypomorphic mutations in two new genes, BBS13 and BBS14, also known as MKS1 and 

Centrosomal protein 290 kDa (CEP290) (224–227).  

CEP290 is part of the centriolar satellites (CSs), electron-dense granules that accumulate around 

centrosomes and centrioles in the pericentriolar material. CEP290 is required for BBS4 localization 

to the CSs necessary for the BBSome formation and its recruitment to the cilium (228,229). 

1.3.2.1.5 MKS complex 

MKS complex is restricted to the distal half of the TZ, where are situated the Y linkers, advancing 

the hypothesis that the MKS complex directly associates with them (193,230,231). Studies using 

murine epithelial cells and embryos indicate that the MKS complex delimits the ciliary membrane 

and acts as a diffusion barrier at the cilium base (194,196). B9D1, TCTN2, and TMEM231 are 

components of the MKS complex, and they all cause MKS phenotype when mutated (196–

198,232,233). B9d1 and Tmem231 are needed to localize part of MKS complex components to 

the TZ, in different cells and tissues. This process is required to maintain ciliary protein 

composition in vitro and in vivo (199). The MKS3/TMEM67 protein is not an integral part of the 

MKS complex, but it seems to interact with it (234,235). MSK3 localizes to the TZ at the primary 

cilium base and the cell membrane in ciliated cells (231). Human MKS3 has 995 amino acid 

residues containing four functional domains: a signal peptide, a cysteine-rich repeat region, three 

transmembrane domains, and a coiled-coil domain from N- to C-terminus (235,236). The 

extracellular cysteine-rich repeat region is similar to the cysteine-rich domain of the Frizzled (FZD) 

protein family, which is implicated in canonical and non-canonical Wnt signaling pathways, both 
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frequently perturbed in ciliopathies (237,238). The coiled-coil domain seems to interact with 

other proteins, such as nuclear envelope spectrin repeat protein 2 (Nesprin-2) (236). MKS3 has 

been linked with centrosome migration to the apical cell membrane during early ciliogenesis and 

with the control of centrosome organization (Figure 12) (239,240).  

1.3.2.1.6 NPHP complex 

Several proteins are part of the NPHP complex, and NPHP1, NPHP2, NPHP3, NPHP4, NPHP6, and 

NPHP8, have been found to interact with each other (241–244). NPHP complex localizes to the 

ciliary compartment border and seems to have a gatekeeper-like functional role controlling the 

entry and exit of proteins at the cilium (245). RPGRIP1L is also a part of the NPHP complex and 

has been demonstrated to interact with NPHP1 directly (246–248). In C. Elegans, a homolog of 

RPGRIP1L is required for the localization of both the NPHP and MKS complexes at the TZ 

(194,249). Mutations in RPGRIP1L disrupt Smoothened (SMO) accumulation at the TZ in both C. 

Elegans and vertebrates. SMO is an essential mediator of the vertebrate Hedgehog signaling 

pathway, and it requires the TZ proteins B9D1, TMEM231, and TCTN2 to accumulate within the 

ciliary membrane (196,197,199). Consequently, loss of any of these proteins leads to Hedgehog-

associated developmental defects (198,250). 

1.3.2.1.7 Cilia and flagella associate proteins 

Cilia and flagella associate proteins (CFAP) family is another class of proteins associated with the 

primary cilia, although they were first discovered in flagella and motile cilia (251–253). Mutations 

in these proteins are one of the leading causes of Primary Ciliary Dyskinesia (PCD) that cause 

sterility in men and affect women's fertilization capacity (254). These patients' symptoms are 

variable and are associated with various clinical manifestations, including RD (255). Mutations in 

DNAAF1, CFAP300, CFAP298/C21orf59 were shown to cause PCD, and cells with mutations in 

these genes, have immotile cilia that either lack the outer and inner dynein arms or have severe 

defects in these structures (256–259). Apart from the role of a few components of the CFAP 

family, little is known about their role in the primary cilium. Members of the CFAP family seem to 

be involved in microtubule/spindle formation in the meiotic cell cycle (260). CFAP54 and 

C21orf2/CFAP410 have a critical role in the proper assembly and function of mammalian cilia and 
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flagella. Reduced levels of functional CFAP410 induced abnormal cilia formation with subsequent 

PRs degeneration, leading to autosomal recessive RP (arRP) and autosomal recessive cone-rod 

dystrophy (arCRD) (261). 

In this thesis, we are interested in the role of CC components, such as the BBSome and MKS 

complex, in PRs development, function, and survival. More precisely, we confirm previous 

evidence on the functions of MKS3 and BBS10 and reveal new possible roles of these proteins 

during ciliogenesis and in the maintenance of genomic stability. 
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1.4 Retinal dystrophies 

Retinopathies, also called retinal dystrophies or Retinal Degenerative Diseases (RDs), are diseases 

causing retina degeneration. Visual impairment can arise from the loss of PRs, defects in synaptic 

transmission between PRs and bipolar cells, or loss of ganglion cells or other retinal cell types. RDs 

caused by loss of PRs are the most frequent and are called Outer Retinal Dystrophies (ORDs) (262). 

RDs can also be divided into two broad groups – stationary (congenital) and progressive 

(degenerative) (263,264). Stationary RDs are usually present during infancy or early childhood, 

and symptoms usually remain unchanged throughout life. In progressive RD, associated 

symptoms worsen over time. However, the age of onset and the progression rate can vary 

considerably from one person to another. Progressive RDs usually develop in late childhood or 

early adulthood. Affected people commonly experience gradual vision loss that may lead to 

blindness. Dystrophies caused by the progressive loss of PRs account for averaging half of the 

total blindness cases in the developed countries (262,265). These conditions can be caused 

genetically or acquired later in life. Simple inherited diseases affecting the retina are defined as 

monogenic non-syndromic RDs (M-NS RDs). Their phenotype is restricted to the eye since they 

are almost entirely linked to PRs and RPE-specific genes. M-NS RDs affect more than 2 million 

people worldwide, and the onset time and disease progression are mainly driven by genetic risks. 

RP is a congenital stationary night blindness, Leber's congenital amaurosis (LCA), and rod-cone 

disease (RCD) are all part of this class and are caused by inherited rare mutations (Figure 13) 

(262,266).  

Monogenic retinal dystrophies can also be a part of a syndromic condition where the ocular 

phenotype can be associated with symptoms affecting other tissues (267,268). These conditions, 

named monogenic syndromic RDs (M-S RDs), include USH and BBS syndromes (224,269,270). M-

S RDs are primarily associated with ciliary dysfunction and are characterized by pleiotropic effects 

on multiple organs and tissues. In addition to the retinal phenotype, the most common symptoms 

include obesity, polydactyly, mental retardation, deafness, renal abnormalities/deficiency, and 

metabolic disorders (Figure 21). Monogenic RDs' inheritance can be dominant, recessive, or X-

linked (266,271). 
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Complex retinopathies (complex RD), such as AMD, are caused by a combination of both genetic 

and environmental factors. Complex RDs, in comparison to simple monogenic RDs, are typically 

characterized by later onset and are caused by a combination of age-related variations, common 

or rare genetic mutations, and other risk factors such as gender, lifestyle, and smoking (266,271). 

Classical categorization of retinal dystrophies can be defined as a phenotype-centric classification 

that takes into account 

the type of PRs that 

are primarily affected. 

This classification can 

divide retinal 

dystrophies into three 

major groups: 

Generalized RD, rod-

dominant RD, and 

cone dominant RD 

(Figure 14-16). 

1.4.1 Phenotype-centric classification of RDs  

1.4.1.1 Generalized RDs  

Generalized photoreceptor diseases 

are characterized by the early loss of 

both cone and rod PRs (272,273). In 

this category, the best-known disease 

is LCA, a severe congenital RD with an 

incidence of about 1 for 40.000 

newborns (274,275). LCA is the most 

aggressive form of early-onset retinal 

blindness and typically becomes evident in the first year of life. It is characterized by reduced 

visual function with abolished or severely reduced rod and cone functions, photophobia, absent 

Figure 13: Schematic representation of phenotypic and genetic overlap among non-syndromic 
retinal ciliopathies (276) 

Figure 14: Generalized Retinal Degeneration 
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pupillary responses, and hyperopia (276). Currently, more than 16 genes have been identified 

mutated in LCA patients, with a mode of inheritance, mostly autosomal recessive (277). These 

causative genes mostly refer to retina-specific genes such as GUCY2D, RPGRIP1, RDH12, SPATA7, 

AIPL1, RD3, CRB1, CRX, IMPDH1, IQCB1, KCNJ13, and LCA5. Mutations in the CEP290 and the RPE-

Specific Protein 65kDa (RPE65) also cause LCA (274,278,279). Given the severity of the condition, 

it is one of the most extensively studied inherited retinal disorders. Gyrate atrophy (causal 

mutation in the OAT gene) and Choroideremia (causal mutation in CHM gene) are the two other 

major forms of non-syndromic generalized photoreceptor diseases with an estimated incidence 

rate of 1:50000 (275,280). CRD is generally classified in the generalized RDs group, but it can also 

be classified in the cone-dominant RD when rods degeneration starts later than cones, but the 

border between the two can be clouded (272,273). For example, in this context, patients carrying 

causal C8orf37 mutations vary from a classic RP phenotype with night blindness followed by 

concentric loss of visual field to a CRD with electroretinogram (ERG) responses of both cone-rod 

severely reduced or nonrecordable (281).  

1.4.1.2 Rod-dominant RDs 

RP is the most common form of rod-

dominant disease. It is also known as 

progressive pigmentary retinopathy 

and is sometimes considered a CRD 

when degeneration of cones is 

observed early in the disease 

progression (282,283). It is a class of 

genetically heterogeneous diseases 

with clinically similar phenotypes 

involving progressive degeneration of the retina. The onset and progression of the disease vary 

between patients (284). However, it typically starts with rod PRs dysfunction that arises into night 

blindness, followed by progressive mid-peripheral vision loss, which could eventually affect 

macular and foveal regions, resulting in complete blindness (282,285,286). RP incidence is 1 in 

4000, with about 1.2 million affected individuals worldwide (283). Disease-causing mutations can 

Figure 15: Rod-dominant Retinal Degeneration 
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be inherited in an autosomal recessive (50 to 60%), autosomal dominant (30 to 40%), and X-linked 

way (5 to 15%), and mutations in several genes can be either dominant or recessive (287–289).  

Recent advancement in Whole Genome Sequencing (WGS) techniques has enabled the discovery 

of many new mutations and genes responsible for RP, with now nearly 60 genes and more than 

3000 mutations involved in non-syndromic RP (280,282). Although the molecular function of a 

considerable number of RP-associated genes has been deeply investigated, the correlations 

between the phenotype and the genotype are not fully understood. Most causative mutations in 

non-syndromic RPs affect PRs-specific genes such as Rhodopsin (RHO), covering around 25% of 

the autosomal dominant cases and making it the most commonly mutated gene (174,284). Some 

RP cases are generated from mutations in RPE-specific genes, such as the Retinoid 

Isomerohydrolase (RPE65), the Lecithin Retinol Acyltransferase (LRAT), the Retinol 

Dehydrogenase 5 (RDH5), or the MER Proto- Oncogene Tyrosine Kinase (MERTK) (279,290–292). 

Mutations in one of these genes lead to a dysfunctional RPE, which causes reduced phagocytosis 

with an insufficient clearance of photoreceptor OS that causes degeneration and loss of PRs. 

Mutations in RPE65 can cause RP or LCA (279). RP is diagnosed to patients with PRs degeneration 

with good central vision within the first decade of life, whereas the diagnosis of LCA is reserved 

for patients born blind or who have lost vision during the first few months after birth. This 

variation and apparent overlap in their severity undermine the classic RDs' taxonomy, suggesting 

that some LCA cases represent one extreme of a spectrum of diseases, for the most part, 

categorized as RP.  

Interestingly, the genes coding for the pre-mRNA processing factor 3 (PRPF3), PRPF8, and PRPF31 

are implicated in around 10% of the autosomal dominant cases. These genes are ubiquitously 

expressed even though the phenotype observed in patients is restricted to the retina (293–295). 

Since the splicing activity is essential in almost all cell types, it is unclear why mutations in PRPF 

genes cause a retinal-specific disease and the specific retinal cell type(s) first affected by these 

mutations. 

Although RP is more commonly restricted to the retina, it can also be part of a syndromic disorder 

in 25% of its cases (283,296). Among the syndromic forms of RPs, we have USH and BBS (270,297). 
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On the other hand, some BBS cases show MD instead of RP, which makes the understanding and 

classification of these diseases even more elusive (298,299).  

1.4.1.3 Cone-dominant RDs 

Cone-dominant diseases, such as MDs, 

cone dystrophies (CDs), and CRDs, all 

lead to severe visual impairment. 

About 20 and 10 different genes are 

currently responsible for non-

syndromic progressive cone-rod 

dystrophies and monogenic macular 

dystrophies, respectively (275,280). 

The damage in MDs is restricted to the 

macula, whereas in CRDs, the progressive loss of cone PRs is followed by loss of rod PRs, which 

cause a diminution of the visual acuity, accompanied by successive loss of peripheral vision and 

night blindness, which eventually leads to complete vision loss (262,300). Perifoveal atrophy of 

the outer retina with the "bull’s eye” effect is typically observed in these cases (Figure 17) 

(265,272,273). Alternatively, cone function decreases gradually in CDs, while rod functions are 

initially normal but can slightly diminish over time. CDs are characterized by color vision 

disturbance and photophobia, which brings to legal blindness before the third or fourth decade 

of life (263). 

MDs can further include a broad set of diseases as Stargardt’s Disease, Sorsby Fundus Dystrophy, 

X-linked Juvenile Retinoschisis, BBS, and others. Stargardt disease has an autosomal recessive 

inheritance due to mutations in the ATP-binding cassette transporter (ABCA4) gene (301). It is the 

most common form of inherited juvenile MD, with about 1 in 9000 individuals affected (302,303). 

Rare cases of Stargardt-like disease inherited as a dominant trait are due to mutations in the 

Elongation Of Very Long Chain Fatty Acids 4 (ELOVL4) gene (304).  

AMD develops late in life and is considered a complex RD. It has a complex origin as it is caused 

by a combination of risk factors, including genetics, aging, environmental factors, and lifestyle 

Figure 16: Cone-dominant Retinal Degeneration 
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(305). AMD is considered one of the most relevant among hundreds of human retinal diseases, 

affecting more than 8% of the world population aged 45–85 years. AMD cases in 2020 have almost 

reached 2 million, and this number is predicted to increase to 2.8 million by 2040 (306,307). As 

most of the RDs, AMD is neither preventable nor curable, representing one of the major causes 

of irreversible blindness. The underlying processes leading to AMD are not entirely understood. 

However, it includes single-gene mutations, which represent risk factors, complemented with 

complex gene-metabolic-environment interaction, resulting in extracellular remodeling, 

abnormal angiogenesis, chronic inflammation, oxidative stress, and defective lipid metabolism, 

many of which are common age-induced physiological and anatomical changes (Figure 18) 

(305,308,309). 

Interestingly, while more than 66% of the genes implicated in monogenic and simple MDs forms 

are caused by mutations in genes involved in visual functions such as phototransduction, ciliary 

transport, and retinal recycling, only 7% of AMD risk genes are involved in vision-related 

functions, but rather tend to affect tissue homeostasis processes (Figure 19). These mechanisms 

play a role in many non-retinal tissues, suggesting that AMD-affected genes strongly correlate to 

non-retinal phenotypes (310). For example, many AMD risk genes are linked to the kidney, skin, 

coronary arteries, and heart dysfunctions. They have also been related to diabetes and neural 

and metabolic symptoms supporting the theory that AMD could be considered a systemic disease 

(268,311,312). 

 

Figure 17: Macular Degeneration in the human retina (adapted from (313)) 
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1.4.2 Molecular/anatomical classification of RD 

Due to frequent overlap of phenotype and high diagnostic variation, classical categorization of 

retinal dystrophies based on phenotype can be confusing in many cases. Another problem related 

to the classical system in understanding complex diseases, such as multisystemic and age-related 

diseases, is that genes related to these diseases are expressed in many tissues, and often their 

vision-related functions are unknown (268,308,311). Thanks to the advancing of next-generation 

sequencing that allows precise mapping of genomes in patients, the molecular basis of pure 

monogenic RDs has expanded, and nowadays, more than 200 genes have been linked to RDs 

(314,315). Interestingly, only half of these genes are mainly expressed in PRs, while the remaining 

50% of genes are, more or less, ubiquitously expressed (Figure 19) (266,308).  

Even though specific PR genes can be identified thanks to the linkage with known diseases, their 

specific function cannot be established by simple association. Basic research must be carried out 

to establish their function and localization, both in the physiological and physiopathological 

context. More recently, technological and bioinformatic advancements associated with 

sophisticated and innovative experimental approaches have allowed incredible progress in 

identifying photoreceptor components (20,158). Their function, modulation, interaction in and 

between different complexes, and their arrangement in signaling cascades have been amply 

described, although it is far to be complete (158). Furthermore, their physiological function in the 

retina and during pathogenesis has been described for most genes. Since proteins mutated in 

different diseases often interact or are part of the same complex, this has allowed a new 

classification based on their molecular, physiological, and anatomical characteristics. This 

classification could represent a significant advance in developing new and more effective 

therapies (316,317).  

Considering the sizeable phenotypic overlap caused by different mutations, it is evident that 

many different RDs are interconnected (Figure 21). When we divide RDs according to their genetic 

origin, they are included into three groups: M-NS RD, M-S RD, and complex RD (Figure 18 C). 

Interestingly these three groups have a slight overlap of the causal genes, suggesting that they 

are implicated in different biological mechanisms and pathways or are expressed in different cells 

or cell regions (Figure 18 C). If RDs associated genes are assigned to groups based on their 
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biological function and retinal compartments, this results in a protein process network arranged 

Figure 18: Principal differences between simple and complex retinal dystrophies (RD) and disease-gene network (266) 

(a) Monogenetic non-syndromic and syndromic RDs are mainly driven by rare genetic variation. The disease onset can be very early, 
if the infant is born blind or develops severe vision loss soon after birth. Vision loss can also develop later in life. Complex 
retinopathies, such as age-related macular degeneration (AMD) have a later onset in life and are caused by a combination of common 
genetic risk factors, ageing and environmental/ lifestyle factors. (b) Disease/phenotype-gene network of 208 genes related to RD. 
Boxes represent genes and triangles diseases or phenotypes. Monogenic non-syndromic RD are colored in yellow, monogenic 
syndromic RD are colored in orange, and AMD in red. Green triangles represent diseases or phenotypes that manifest in tissues 
outside the eye (non-vision related). (c) Percentage of genes with a non-retinal phenotype for M-NS RD, M-S RD, and AMD. 
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hierarchically in six main classes (266,308) (Figure 19). 

1) Visual homeostasis with processes such as phototransduction, ciliary trafficking, 

neurotransmission, phagocytosis of outer segment disks, retinal development, and the visual 

retinoid cycle.  

2) Tissue integrity (extracellular matrix turnover, angiogenesis, transepithelial transport, and 

apoptosis). 

3) DNA and protein homeostasis. 

4) Protection system, including the innate immune system (inflammatory and complement 

system processes) and biological systems such as the antioxidative system, which can counteract 

oxidative stress. 

5) Metabolism. 

6) A class with unknown proteins and those related to general signaling processes. 

Most of the M-NS RDs related proteins are included in few classes of retina-specific processes. 

Some other ubiquitous processes are implicated in these diseases, such as regulation of 

splicing/gene expression, extracellular matrix turnover, complement pathway, protein 

homeostasis, and lipid metabolism, which are in line with the involvement of RPE and choroid in 

some cases of retinal dystrophies, in particular in the context of RP (287,289,318).  

M-NS and M-S RDs overlap for different genes and processes, although most of the genes related 

to M-S RD are linked to proteins implicated in ciliary trafficking (Figure 19) (165,289,319). Even if 

cilia are present in most cells, this class of proteins is included in the retinal-specific processes 

because of their importance in PRs biology. However, primary cilia are present in more than 98% 

of the cells in our body, and for this reason, it is not strange to think that these PRs ciliary proteins 

have a role outside the retina, so causing syndromic manifestation (237). The functional and 

anatomical overlap between complex and Simple RDs is minimal, suggesting that these types of 

conditions have distant origins and must, therefore, be considered separately in particular when 

developing new therapeutic solutions. 
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As in M-NS RD, some complex RDs, such as AMD, are related to Choroidal/RPE genes, mainly 

implicated in extracellular matrix turnover and protein homeostasis (79). Few other common 

Figure 19: Functional classification of 208 RD genes and association to cell types or tissue compartments where this function 
contributes to vision-related tasks or to keeping the tissue integrity (266). 

(a) Boxes represent the 208 RD genes, which are coloured according to their RD disease classification. Genes are boxed according 
to their functional classification and assigned to either the retinal cell type where this process plays a role, or to functions affecting 
other retinal compartments and retinal tissue development and integrity, or to presumably cell general functions. (b) Statistic of 
proteins in the different disease classes and their association to retina- specific and cell and tissue general functions. 
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processes between complex and M-NS RDs are the spicing/gene expression group and other 

general signaling proteins, mostly a group of proteins with unknown functions (293,320).  

The vast majority of complex RDs proteins are not specific to the retina but are ubiquitously 

expressed and profoundly linked to processes with a role in homeostasis in multiple tissues. 

Regardless of their localizations, some of these diseases exclusively affect the eye, but the reasons 

are in most cases unknown, making them a hotly debated topic (311).  

These ubiquitous processes include general signaling, cytoskeleton, chaperones, Golgi function, 

DNA repair, apoptosis, and oxidative stress. 

1.4.2.1 Ubiquitous processes implicated in RDs 

1.4.2.1.1 The cytoskeleton 

The cytoskeleton is a cardinal component for both eukaryotic and prokaryotic cells. In addition to 

providing a structural scaffold for the cell, its modulation plays a fundamental role in many 

processes, including cell division, intracellular and vesicle transport, adhesion, migration, 

endocytosis, force transmission, response to external forces, and adaptation of cell shape and cell 

layer geometry to external and internal factors (296). A robust connection between the 

intracellular cytoskeleton and the extracellular matrix is indispensable for the polarization and 

function of RPE and other retinal cells (40,45,296,321). Among all the cells in the body, neurons 

are the type of cell more extensively studied in the cytoskeleton`s context. In the PRs, 

cytoskeleton and associated proteins are a fundamental part of the ciliary structure, which, as 

mentioned above, is indispensable for their function and survival. The cytoskeleton is also 

indispensable for the RPE cells to fulfill all their functions, including its daily phagocytosis of the 

shed photoreceptor OS’s tips and intracellular processing and recycling of their constituents. 

Impairments of these cytoskeletal structures that affect PRs or RPE architecture result in an 

unfunctional retina and are at the origin of different retinal diseases, including AMD (45,322). 

The retina is a metabolically active structure continuously targeted from the light and, therefore, 

also exposed to high levels of oxidative stress (41). In the retina's specific case, the most abundant 

type of stress is the photo-oxidative stress, which is continuously controlled by specific systems 
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in PRs and RPE cells (46,323). Defects in the RPE cause a decreased in its phagocytic and 

antioxidant properties, which trigged a reaction between cellular metabolites and free radicals, 

causing deposits of lipofuscin and ceroid. PRs are the major oxygen users in the retina; if the 

system responsible for the clearance fails and is unable to balance radicals' production, this 

triggers a mechanism that inevitably brings to PRs cell death. Furthermore, the degenerating PRs 

can release these oxygen reactants with a deleterious effect on the surrounding PRs, causing a 

"chain effect" (323). Oxidative stressors play an essential role in the pathogenesis of RDs and 

particularly in AMD and other age-related RDs (46,324). Oxidative stress represents a potential 

therapeutic target that is often poorly explored (325,326). 

1.4.2.1.2 Genomic instability and DNA repair system 

Photo-oxidative stress can trigger cell death in PRs. However, this process is usually preceded by 

genomic instability and activation of the DNA repair system (327–330). In PRs, excessive oxidative 

stress triggers waves of DNA fragmentation, causing elevated activation of DNA-repair 

mechanisms that tempt to rescue the damaged cells. If the damage is too severe or the DNA 

repair machinery is not functioning correctly, cells undergo apoptosis. The DNA-damage 

machinery's improper activity can be caused by mutations in its specific components or by a 

physiological decrease of the DNA repair system with age. So maintaining or activating the cell's 

endogenous system can, in some cases, be a possible therapeutic solution for rescue PRs and 

other neuronal cells. In other cases, hyperactivation of certain factors may be the cause of the 

degeneration (331,332). This is the case of the AAG gene implicated in some RP cases. AAG has 

an essential role in snipping DNA bases that toxic agents have damaged. Under certain conditions, 

this protein is "hyper-activated" and cuts too quickly for the rest of the repair system to keep up, 

then causing the cell to enter apoptosis (333,334). In this case, AAG inhibition has proven to 

prevent degeneration. 

1.4.2.1.3 Response to misfolded proteins 

Another critical process for PRs’ function and survival is the response to misfolded proteins. This 

function is operated by the family of molecular chaperones (335,336). PRs OSs need continuous 

maintenance, and for this reason, they need a particularly effective and active system of 
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specialized chaperones to respond to the peculiar requests of light-sensitive PRs (335). Some 

chaperones are implicated in opsin’s biogenesis and response to opsin misfolding (337,338). 

Some components of the crystalline family, initially discovered in the lens, have chaperone 

functions. More than 20 types of crystallin proteins are present in the retina (339–342). The α-

crystalline family has common motifs with the heat shock proteins (HSP) family of molecular 

chaperones and appears to be implicated in OS renewal (339,342). Other proteins of the HSP 

family, such as DNAJB1/HSP40 and DNAJB2/HSJ1b, are expressed at exceptionally high levels in 

the retina compared to other tissues, and DNAJB2 co-localizes with Rhodopsin at its production 

site (343,344). It is clear that the retina has specialized molecular chaperones that are essential 

for visual function, and they may be manipulated to combat protein misfolding diseases (345). 

The weight of chaperones in the retina is confirmed by the multiplicity of diseases caused by loss-

of-function of specific chaperones, emphasizing their importance in many aspects of 

photoreceptor biology. MKKS/BBS6, BBS10, and BBS12, if mutated, cause Bardet–Biedl 

syndrome. Since these ciliary proteins have homology with type II chaperonine, they have 

recently been included within the chaperonopathies (216,219,220,346–348).  

AIPL1 is a TPR protein causing LCA, with blindness at birth due to massive retinal degeneration. 

AIPL1 is an HSP70/HSP90 co-chaperone implicated in the modulation of the nuclear translocation 

of NUB1, in the facilitation of protein farnesylation, and the biogenesis and post-translational 

regulation of phosphodiesterase (PDE) subunits (345,349–351). 

Finally, RP2, one of the leading genes implicated in x-linked RP, also has homology to tubulin 

specific chaperone C (TBCC), which is involved in tubulin biogenesis (352–354) 

1.4.3 Ciliopathies: a broad spectrum of diseases 

Cilia are involved in a wide-ranging of biological processes; therefore, it is not surprising that the 

lack or loss of cilia or the production of shorter, fewer, or unfunctional cilia manifest as multi-

symptomatic disorders called ciliopathies. Ciliopathies are a heterogeneous group of genetic 

diseases caused by aberrations in ciliogenesis (cilia assembly and maintenance) and functional 

and structural cilium defects. Ciliopathies can be classified into two large groups, syndromic and 

non-syndromic (165,237). Since primary cilium is particularly vital in the developmental process, 

https://en.wikipedia.org/wiki/Bardet%E2%80%93Biedl_syndrome
https://en.wikipedia.org/wiki/Bardet%E2%80%93Biedl_syndrome
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ciliopathies often include complex multi-organ developmental defects, which result in a poor 

quality of life with early death for many patients. At the moment, there are no treatments that 

can improve the symptoms of these patients. Understanding the mechanisms underlying these 

diseases and identifying causal mutations are necessary to develop effective therapies (276). 

Recently clinical trials based on gene therapy for patients with LCA caused by mutations in the 

ciliary gene ABCA4 are under evaluation and have brought great hopes for the cure of monogenic 

RDs (355,356). 

Given their functional and structural diversity, immotile primary cilia or motile cilia/flagella 

dysfunction causes different pathologies. Since most of the known ciliopathies concern 

dysfunction of the primary cilium, the term ciliopathies is reserved for the cases where the 

primary cilium is affected. Defects in motile cilia, on the other hand, are defined as PCD (357). 

PCD is a genetically and clinically heterogeneous condition. At the moment, more than 40 motile 

cilia genes have been confirmed as the cause of PCD. The phenotype is variable with chronic 

respiratory infections from early in life, progressive upper respiratory problems with loss of lung 

function, conductive hearing problems, subfertility, and infrequent hydrocephalus. 50% of PCD 

patients also manifest left-right axis abnormalities, and in some cases, symptoms overlap with 

ciliopathies such as RP (358,359).  

Ciliopathies affecting primary cilium are much more abundant than PCD. Thanks to the increased 

efficiency of sequencing techniques and other technological advancements, the unveiling of 

previously unknown genes' molecular functions and localization have caused previously 

uncharacterized diseases to fall in this class. Nowadays, more than 190 genes have been identified 

as responsible for 35 different ciliopathies, and more than 240 other genes are considered 

potential candidates (360,361). Phenotypic and genetic heterogeneity is often observed in these 

diseases. The relation between ciliary genes and ciliopathies is way more complicated than what 

is illustrated by classical Mendelian genetics and has been recently at the center of numerous 

reviews (361–363). While PCD is generally associated with highly destructive mutations that cause 

null allele effects, ciliopathies are often caused by a combinational effect of lighter hypomorphic 

mutations. This probably contributes to these diseases' peculiar heterogeneity, creating further 

difficulties in identifying the causal mutations (237,360,364). For these reasons, genetic 
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diagnostic rates of severe primary ciliopathies remain around 44% using whole-exome 

sequencing (317,361) and reach 62% using targeted gene panel sequencing (365,366), with an 

average of 50% of cases that remain undiagnosed. In an attempt to further define the phenotypic 

and variant spectrum of ciliopathies, a group of researchers exploited the highly consanguineous 

nature of the Saudi population, which facilitates the occurrence of these recessive disorders and 

their mapping to the underlying variant. They found that splicing variants in that population 

accounted for 22.6% of all variants, consistent with the previous observation of a high percentage 

of splicing variants in ciliopathies, including noncanonical splicing variants (367). Some genes are 

associated with a specific ciliopathy. For example, USH1C and USH1F are associated exclusively 

with Usher Syndrome, and RP1 and PRPF6 mutations are associated only with RP. In other cases, 

a single gene can be associated with a broad spectrum of ciliopathies (234,368). For example, 

Figure 20: Genetic overlap between different forms of ciliopathy (319).  

BBS, Bardet–Biedl syndrome; CED, cranioectodermal dysplasia ; HL þ SRI, hearing loss and sinorespiratory infections; JBS, Joubert 
syndrome; MKS, Meckel–Gruber syn- drome; MORM, mental retardation, truncal obesity, retinal degeneration, and micropenis; 
OFD, oral-facial- digital syndrome; RD, retinal degeneration—nonsyndromic; SLS, Senior–Løken syndrome; SRTD, short-rib thoracic 
dysplasia; USH, Usher syndrome. 
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mutations in a subset of BBS genes have been identified in some MKS cases, and vice versa, 

mutations in MKS genes have been observed in some patients with BBS (234,369). CEP290 

probably represents the most striking example of genes that, when mutated, can cause multiple 

different phenotypes. CEP290 mutations in humans can cause perinatal lethal MKS, severe JBTS, 

BBS, and non-syndromic LCA or RP, which only affects the retina (Figure 20) (278,370,371). The 

extremely high variability of the phenotype caused by CEP290 mutation is still elusive. Another 

subset of TZ genes, including B9D1, TCTN2, TMEM231, and RPGRIP1L, are known to cause MKS, 

and mutations in most of these genes also cause JBTS (Figure 20) (372).  

Reduction of the costs and the advancement of new sequencing technologies has allowed more 

extensive access to these technologies, permitting the realization of projects such as the 100’000 

genomes project. The 100’000 Genomes Project offers an excellent opportunity to discover new 

ciliary genes and identify new orphan ciliopathies in those patients with mutations not yet 

identified (372). Individuals with a diagnosis of CRDs, MDs, and RPs have been recruited for this 

Figure 21: Phenotypic overlap between different forms of ciliopathies (361) 
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project. It can be estimated that around one-third of these patients have retinal dystrophy owing 

to a retinal photoreceptor cilium defect (361). Patients with other dysmorphic and congenital 

abnormalities with features overlapping ciliopathy phenotypes have been included in this large 

study and could be undiagnosed ciliopathies. A large proportion of patients with disease classified 

as unexplained monogenic fetal disorders, neurological or neurodevelopmental disorders, 

intellectual disabilities, ophthalmological disorders, which are all been included in the 100’000 

Genomes project, are also likely to be undiagnosed ciliopathies (266).  

The systematic analysis of such a large number of samples, with the inclusion of unaffected 

parents or close relatives, and detailed patient information, may in the future allow the 

identification of new pathogenic variants or additional gene modifiers. It has been proposed that 

genetic variants associated with primary causal mutations may be the basis of the high phenotypic 

and genetic variability (245). Some patients diagnosed with ciliopathies have already been 

associated with multiple genetic variants in ciliary and ciliopathy-associated genes, thus 

supporting the proposed implication of a complex additive or multiplicative genetic effect, which 

can contribute to this vast phenotypic variability (245). The high percentage of patients affected 

by ciliopathies with biallelic candidate variants shows that the non-Mendelian model needs to be 

invoked to cover most cases (367,373,374). Within the widely accepted Mendelian inheritance 

context, the role of modifiers has also drawn importance on the Non-Mendelian inheritance of 

these disorders (375–377). 

Understanding the mechanisms by which mutations, or sets of mutations, contribute to specific 

phenotypes is central to understanding pathological mechanisms and develop effective clinical 

strategies.  

1.4.3.1 Non-syndromic ciliopathies 

Non-syndromic (NS) ciliopathies can affect different organs, where the eye and the kidney are 

the most commonly touched. The most commonly known non-retinal NS ciliopathies are 

Polycystic kidney disease (PKD) and Nephronophthisis (NPHP).  

PKD is a group of monogenic disorders characterized by the presence of multiple cysts, primarily 

in the kidney and other organs such as the liver, pancreas, and seminal vesicles in a minority of 
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the cases (378,379). PKD is inherited in an autosomal dominant or recessive fashion (380). The 

dominant form of PKD is caused by a mutation in either of two genes, PKD1 or PKD2 (381). Late-

onset PKD is one of the most common genetic causes of chronic kidney disease, with an incidence 

of 1:400–1:1,000, while the recessive and neonatal form is rarer, with an incidence of 1 in 20,000 

(379).  

Caroli disease is a rare form of inherited NS ciliopathy. It is distinguished by cystic dilatation of 

the bile ducts within the liver (382). Isolated or simple Caroli disease affects an isolated portion 

of the liver and is transmitted as an autosomal dominant trait. Its complex form is more diffused, 

associated with polycystic kidney disease, portal hypertension, and congenital hepatic fibrosis. 

This form is transmitted as an autosomal recessive trait and is often called "Caroli syndrome" 

(383,384). 

NPHP is a cystic renal condition with an autosomal recessive inheritance caused by mutations in 

NPHP1–8 genes (244,385). It is characterized by corticomedullary clustering of cysts and 

tubulointerstitial fibrosis. Depends on the disease's onset, it can be classified as infantile, juvenile, 

and adolescent (386). It is the most frequent known genetic cause of end-stage renal 

disease (ESRD), or more simply kidney failure, in young patients. NPHP is more commonly 

associated exclusively with renal histopathology, while some patients have additional symptoms 

which overlap with other ciliopathies, which generally include PRs degeneration in the form of 

LCA or RP (380).  

1.4.3.1.1 Non-syndromic retinal ciliopathies 

RD is one of the most common phenotypes among ciliopathies. It ranges from cone and cone-rod 

dystrophies to global severe retinal dystrophy and congenital ocular disabilities (319,387). RP is 

frequently associated with other symptoms in syndromic ciliopathies such as USH (RP and 

deafness), BBS (RP, obesity, polydactyly, and developmental delay), and Alport syndrome (RP, 

deafness, and renal glomerular dysfunction) (Figure 21) (197,270,299,388). Although RD is 

frequently present as one of the clinical features of syndromic ciliopathies, it manifests more 

often as an isolated disease without additional features. 
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One-third of non-syndromic RDs cases involve a defect in a ciliary protein, emphasizing the 

importance of this small but indispensable structure in PRs’ function, development, and survival 

(Figure 19) (266). This number may be even more significant as a large part of RDs’ cases remain 

still undetermined, and it would not be surprising that many of these cases concern abnormalities 

in ciliary proteins. As far as 2012, almost 90% of autosomal recessive (ar) CD, 60% of arCRD, 50% 

arRP, and 30% of arLCA cases still need a genetic explanation. With the advancement of large-

scale sequencing techniques in the last decades, many other cases have been resolved, but we 

are still far from covering their totality (316).  

More than 30 ciliary genes have been confirmed to be the genetic cause of RP, and these explain 

almost 50% of the genetic causes in RP. Among the most frequent causes of RP are mutations in 

the USH2A, EYS, RPGR, and RP1 genes, and between them, the USH2A p.Cys759Phe mutation is 

the most common globally, while [p.(Ser1653fs) in EYS] is the most frequent in the Japanese 

population (389,390). Mutations in the RP2 gene account for around 15% of cases of X-linked RP 

(354). RP2 contributes to the PRs ciliary trafficking by regulating proteins' transport from their 

production site through the CC to the OS (166). Curiously, despite being ubiquitously expressed, 

patients with RP2 mutations exhibit no extra-retinal phenotypes (296). 

At present, little more than 25 genes are known to cause LCA, and at least 9 of them are ciliary 

genes. Some other genes identified mutated in these patients, such as CCT2 and CRB1, are not 

considered in these numbers since their mechanism is still poorly understood, but both proteins 

localize at the cilium and/or interacts with ciliary complexes, therefore, are most likely part of this 

group (391–394). Five ciliary genes (CEP290, IQCB1, LCA5, RPGRIP1, and TULP1) explain 23% of all 

solved LCA cases (277,278). An intronic mutation (c.2991+1655A→G) in CEP290, which creates a 

robust splice-donor site and inserts a cryptic exon into the mRNA, is the most frequent cause of 

LCA (395,396). 

In CDs and CRDs, only about 5% of the cases are due to mutations in ciliary genes (RPGR, RPGRIP1, 

RAB28). C8orf37 is another protein that may have a ciliary function, but it is not considered in this 

category due to its unknown mechanism of action. However, it localizes to the photoreceptors’ 

CC and, when mutated, gives rise to an early-onset autosomal recessive CRD or RP phenotype 
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with early macular atrophy that occasionally can be accompanied by other symptoms such as 

polydactyly (397). 

Furthermore, the relatively low number of ciliary genes in CD and CRD is probably also due to 

many cases still unresolved, which in the case of CD reaches almost 90% of the total cases 

(177,274,398,399). CDHR1 represents another excellent example of a potential ciliary protein 

with unknown function that can lead to retinitis RP, CD, and CRD (400,401). CDHR1 gene is part 

of the cadherin family, and its product is found in several tissues, with the highest abundance in 

the retina, where it predominantly localizes at the CC, at the junction between IS and OS of rod 

and cone PRs (402–404).  

CEP78 encodes a centrosomal protein that is required for the regulation of centrosome-related 

events during the cell cycle. If CEP78 is mutated, it can result in CRD associated with hearing loss 

or USH (405). 

The case of MDs is fascinating. Despite MD's recurrent presence between syndromic ciliopathies 

symptoms, very few ciliary genes have been associated with NS MD, but it may be due to the 

large proportion of unresolved cases. Recently a genetic variant of WDR19 has been found in 

three unrelated families, all presenting NS Stargardt disease (367). WDR19 represents the first 

ciliary gene linked to the Stargardt disease phenotype. Mutations in another ciliary gene, RP1L1, 

have been described in Japanese patients with occult MD, which is a particular form of MD 

characterized by deterioration of macular function with a healthy ophthalmoscopic appearance 

of the fundus (406,407). Abnormal spindle-like microcephaly-associated protein (ASPM) has been 

associated with some cases of AMD. ASPM is considered a member of a novel family of ASH 

(ASPM, SPD-2, Hydin) domains. These domains are present in proteins associated with cilia, 

flagella, and centrosomes. Currently, ASPM is under investigation to confirm its role as a ciliary 

protein (408,409).  

CD, CRD, LCA, MD, and RP are generally described as distinct clinical entities, but they are often 

difficult to distinguish because they often share common genetic origins. The first example in this 

way is RPGR which is responsible for 70–80% of X-linked RP cases where result in a severe 

phenotype with early visual loss (184,227,398). Although RPGR mutations cause mostly X-linked 



74 

RP, it has found mutated in other RDs, including CRD, CD, and atrophic MD. Several additional 

RPGR gene mutations have been confirmed in people with syndromic diseases, which display, in 

addition to the progressive vision loss, a combination of other symptoms such as hearing loss, 

chronic respiratory problems, sinus and ear infections (410). It is still unclear how mutations in 

RPGR can cause such an extreme variety of disorders and is a field of active research. Some studies 

have shown that some specific RPGR mutations affect the ciliary structure in non-retinal cells, 

including cells of the inner ear and the respiratory tract (410,411). 

Growing evidence shows that RPGR regulates actin turnover and rhodopsin trafficking, but the 

molecular mechanism remains to be fully elucidated (227,412,413). 

Furthermore, RPGR may regulate protein entry to the cilia since it is known to interact with the 

scaffold protein Whirlin, encoded by the DFNB31 gene, in the CC of PRs. Whirlin is a critical 

component of the periciliary membrane complex (PMC) that seems to facilitate the migration of 

rhodopsin and other ciliary and OS components to the CC. Whirlin, if mutated, causes USH Type 

2, a recessive syndromic form of RP with non-congenital sensorineural deafness (414,415). 

Another example is CRB1, a component of the Crumbs family, well-known regulators of 

apicobasal polarity. Mutations in CRB1 are a frequent cause of RP, LCA, and CRD (391,393). More 

than 200 different disease-causing mutations have been reported in CRB1, mainly affecting its 

extracellular domain (416). In the retina, CRB1 is expressed in both PRs and Muller glia; it is 

localized at the cilium base, where it is thought to participate in cell-cell adhesion at the retinal 

outer limiting membrane (OLM) through its extracellular domain (417). Its dysfunction disrupts 

cell-cell adhesions and the OLM leading to defects in retinal lamination. CRB1 precise function is 

not fully understood yet, and the broad spectrum of its phenotype is still obscure. 

FSCN2, locate at the IS and to the calyceal processes of PRs. In the Japanese population, mutations 

in FSCN2 have been shown to cause RP, AMD, and CD in an autosomal dominant manner 

(389,418,419). It has been demonstrated that the 208delG mutation, which causes a highly 

variable phenotype in humans, results in a classical RP phenotype with progressive retinal 

degeneration in mice. Interestingly the exact same mutation causing RP in most patients was 

found in Chinese families that did not present any phenotype, thus taking the concept of 
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phenotypic variability to the extreme. The cause of the resistance in these subjects remains 

obscure (420). 

PROM1 gene encodes the protein prominin (also known as CD133) that is expressed on the 

plasma membrane in most cells and localizes to cellular protrusions, including cilia and microvilli. 

In both rod and cone PRs, PROM1 localizes to the base of the OS where regulates disc 

morphogenesis (421). Loss of prominin provokes disorganization of the OS’s discs. Its dysfunction 

causes a wide range of retinal dystrophies, including early onset of severe autosomal recessive 

RP, Stargardt disease, macular dystrophy, and cone-rod dystrophy (422,423). 

These pieces of evidence show the recent advances in unraveling the mechanisms behind NS 

retinal ciliopathies, but it also demonstrates the long way to go to fully understand the complex 

relationships between genotype and phenotype in this rapidly expanding class of diseases. 

1.4.3.2 Syndromic ciliopathies  

Syndromic ciliopathies are multi-systemic and typically affect different organs as the brain, 

kidney, skeleton, and eyes. BBS, Carpenter syndrome (CRPT), Hydrolethalus syndrome (HLS), 

JBTS, Oculocerebrorenal syndrome of Lowe (OCRL), MKS, MORM syndrome, Pallister-Hall 

syndrome (PHS), Senior-Løken syndrome (SLSN) are included in this class (255,424). They are 

multi-allelic diseases with high phenotypic and genetic heterogeneity (255,374).  

JSRD and MKS are allelic at several loci (CEP290, TMEM216, TMEM67, RPGRIPL1, CC2D2A) but 

show remarkable differences in the outcomes (Figure 21) (361,425).  

BBS and MKS are rare developmental diseases defined by multiple developmental anomalies, 

retinal degeneration, polydactyly, genito-urinary defects, and cognitive impairment (426). 

Whereas MKS is fatal at birth, BBS is among the most severe ciliopathies compatible with life. 

MKS and BBS show a strictly different outcome; however, MKS master-genes such as MKS1 and 

MKS3/TMEM67 have also been found in some BBS patients, pointing out, once again, the 

interconnections between different ciliopathies (234,427). 
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1.4.3.2.1 Joubert syndrome 

JBTS is a rare genetic disorder that principally affects the cerebellum, an area of 

the brain responsible for balance and coordination, and it is frequently associated with RP (428). 

JBTS, like many other ciliopathies, is a very variable and heterogeneous syndrome with a known 

mutation in over 30 genes that frequently overlaps with other ciliopathies (165,429,430). The 

symptoms can vary enormously, even among members of the same family. A characteristic 

feature of the disease is the “molar tooth sign.” It results from the irregular development of 

structures in the back of the brain and got its name because, by MRI, the abnormality resembles 

the cross-section of a molar tooth (368). Most affected individuals have intellectual disabilities 

that can range from mild to severe. They present hypotonia, ataxia, respiratory problems, and 

abnormal eye movements and may include PRs degeneration with progressive vision loss. 

Additional symptoms are kidney and liver disease, skeletal abnormalities, polydactyly, endocrine 

problems, and facial morphogenetic abnormalities (Figure 21) (428). A combination of the 

characteristic features of JBTS in association with other supplementary symptoms represents a 

group of heterogeneous diseases that together are named Joubert Syndrome and Related 

Disorders (JSRD) (431). JBTS usually has an autosomal recessive pattern of inheritance, but some 

cases of JBTS are inherited in an X-linked recessive pattern (432). 

1.4.3.2.2 Bardet-Biedl syndrome 

BBS is a disorder associated with obesity, kidney disease, and RD. It is characterized by a mixture 

of morphogenetic and developmental defects combined with obesity and the degeneration of 

some organs (Figure 21) (269,297). Despite the presence of polydactyly at birth in most patients, 

the average age of diagnosis is nine years old. At this time, retinal degeneration becomes 

apparent, which is added to the diagnosis of obesity that generally occurs within the first five 

years of life. Some other common additional symptoms are renal, cardiovascular, and skeletal 

abnormalities, including a broad spectrum of craniofacial and dental deformations, often 

accompanied by loss of senses such as vision and taste (433). Just under 50% of the patients are 

considered mentally retarded.  

At present, 25 genes have been identified to cause this syndrome. BBS1 and BBS10 represent the 

most commonly mutated gene, with an incidence of about 25% and 20%, respectively, followed 

https://en.wikipedia.org/wiki/Genetic_disorder
https://en.wikipedia.org/wiki/Human_brain
https://ghr.nlm.nih.gov/art/large/autorecessive.jpeg
https://ghr.nlm.nih.gov/art/large/xlinkrecessive.jpeg
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by BBS12, responsible for about 10% of cases (220,434). The genetic cause of the disease remains 

to be determined in about 25% of cases.  

Figure 22: The BBSome (201)  

 (1) Remodeling of centriolar satellites. (2) The basal body is transported to the membrane. (3) Regulatory network of BBSome 
loading into the cilium. Abbreviations: BB, basal body; BBS, Bardet–Biedl syndrome; CSs, centriolar satellites; CT, centrosome; CV, 
ciliary vesicle; IFT, intraflagellar transport; MIB1, mindbomb E3 ubiquitin protein ligase 1; MKS, Meckel–Gruber syndrome; MT, 
microtubular; NPHP, nephronophthisis; OFD1, oral facial difital syndrome protein 1; PCM, pericentriolar material; TF, transition 
fibers; TZ, transition zone; UV, ultraviolet; TPR, tetratricopeptide 



78 

Mutated genes associated with BBS includes: BBS1 (434), BBS2 (435,436), ARL6/BBS3 (437), BBS4 

(438), BBS5 (439,440), MKKS/BBS6 (348,441), BBS7 (442), TTC8/ BBS8 (443), BBS9 (444), BBS10 

(211,218,220), TRIM32/BBS11 (445), BBS12 (211,219), MKS1/BBS13 (234), CEP290/BBS14 

(234,278), WDPCP/C2ORF86/BBS15 (446,447), SDCCAG8/BBS16 (448), LZTFL1/BBS17 (221,223), 

BBIP1/BBS18 (202,449), IFT27/BBS19 (450–452), IFT74/BBS20 (168,453,454), C8orf37/BBS21 

(397,455), IFT172 (456,457), CEP19 (458), TMEM67/MKS3 (234), and SCLT1 (459) (Figure 20). The 

genes found to be mutated in BBS patients are not all components of the BBSome complex. The 

full dynamic of how the BBSome and the other BBS proteins interact is still unclear. It is now 

known that some of these proteins can directly regulate the cellular localization of 

the BBSome. Three of the 25 genes currently linked to BBS encode chaperonin-like proteins 

(MKKS/BBS6, BBS10, and BBS12). Therefore, these BBS cases can also be considered 

as chaperonopathies (211,218). Remarkably, up to 50% of clinically diagnosed BBS cases can 

harbor disease-causing mutations in one of these three genes, highlighting the pathological 

impact of chaperone defects in genetically heterogeneous syndromes such as BBS. Interestingly, 

BBS families with deleterious variants in MKKS/BBS6, BBS10, or BBS12 genes generally display 

more severe phenotypes than families with mutations in the BBSome core components 

(211,460). 

Moreover, mutations in some BBS genes can cause NS retinal ciliopathies; for example, a splice-

site mutation in a retina-specific exon of BBS8 causes NS RP (320,461).  

“Gene modifiers” are defined as genes that do not represent the primarily causative mutation but 

instead can increase the disease penetrance. Modifiers' role seems important in BBS 

pathogenesis as they can cause an exacerbation of the phenotype, probably contributing to the 

high heterogeneity of the symptoms. Modifier genes include CCDC28B, MKS1, MKS3, C2ORF86, 

KIF7, AR, and PDE6B gene, most of which can also act as primary causal genes (433,462). In some 

patients, heterozygous BBS3 mutations have been shown to act as a modifier for BBS1 mutations 

(361). Some studies have proposed that the common RPGRIP1L (A229T) allele may function as a 

modifier gene affecting the retinal phenotype, which could explain the variability of symptoms 

ranging from MD and CRD to RP in ciliopathies such as BBS, JBTS, and MKS (463,464). 
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1.4.3.2.3 Meckel-Gruber syndrome (MKS) 

MKS is a lethal autosomal recessive congenital syndrome, probably the most severe among 

known ciliopathies, caused by primary cilia dysfunction during early embryogenesis. MKS has a 

worldwide incidence of 1:140000 live births, which is highly variable among different populations. 

It can reach 1:9000 in Tatars, Hutterites, and Finnish, with a peak of 1: 1300 registered in Gujarati 

Indians between 1976 to 1982 (465,466). Most individuals with MKS die before or shortly after 

birth, typically due to Kidney failure or respiratory problems. MKS displays a high clinical 

variability that can include central nervous system malformations (occipital encephalocele and 

other posterior fossa defects), cystic dysplastic kidneys, hepatic bile duct proliferation, pulmonary 

hypoplasia, polydactyly, and liver fibrosis. The ocular phenotype is highly variable, ranging from 

early PRs degeneration and abnormal eye development to clinically absent globes (464,467–469). 

Retinal dysplasia, cryptophthalmos, cataracts, and hypoplasia have also been reported. The retina 

has been described as dysplastic with foci of rosette-like structures and abundant glial cells (466). 

Other additional symptoms can vary widely between cases, usually affecting the development 

and morphogenesis of the face, heart, bones, urinary system, and genitalia. MKS cases have also 

been reported with neural tube defects in which the neural tube failed to close completely during 

early embryonic development (466,470).  

13 disease-associated genes has been identified: MKS1 (471,472), TMEM216/MKS2 (473), 

TMEM67/MKS3 (235,472), CEP290/MKS4/BBS14 (370), RPGRIP1L/MKS5 (242), CC2D2A/MKS6 

(432,474), NPHP3/MKS7 (241), TCTN2/MKS8 (475), B9D1/MKS9 (232,425), B9D2/MKS10 (250), 

TMEM231/MKS11 (476,477), KIF14/MKS12 (478–480) , and TMEM107/MKS13 (481).  

Some studies have found some BBS genes mutated in fetuses diagnosed with MKS. A more in-

depth study showed cleft lip/palate symptoms and pancreatic and epididymal cysts characteristic 

of MKS and generally absent in BBS. On the other hand, these cases did not present the typical 

liver ductal plate anomaly or encephalocele, considered a constant in MKS. The precise origin of 

the particular severity in these cases remains unknown (234,369). These cases have now been 

included in the MKS-like syndromes (369). It can be that mutations not yet identified in genes 

related to MKS, gene modifiers, or high-frequency pathogenic variants may be responsible for the 

additional features. Otherwise, this suggests a genetic interaction between BBS and MKS 
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(426,427). Some genes frequently mutated in MKS are also allelic in JSRD, with which it shares 

several features (Figures 21, 23) (366,369).  

In MKS, autosomal recessive inheritance is widely accepted, and locus heterogeneity has been 

proposed to be at the base of the highly variable clinical phenotype (482). Numerous examples 

support this transmission mode, including the concordance between homozygous twins, the 

frequency between siblings, indifference to sex, and increased incidence in consanguinity cases. 

Nevertheless, the tremendous phenotypic variability makes it presumable that, as in BBS, the 

presence of accessory mutations on gene modifiers may contribute to its broad phenotypic 

spectrum. 

This work investigates the molecular mechanism underlying retinal developmental abnormalities 

and PRs degeneration in patients with syndromic ciliopathies such as MKS and BBS. Through WGS 

analysis, we identify the causal mutations. Using a human in vitro model, which allows in-depth 

analysis of patient-specific PRs, we reveal similarities and differences between these two 

syndromes and their retinal transcriptional profile. 

Figure 23: Genetic overlap between MKS, BBS, and JSRD (366) 
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1.5 Aging and epigenetics in RDs 

A limitation of the classical molecular medicine approach to study complex RD diseases such as 

AMD is that the classical molecular medicine approach misses the contributions of normal aging 

processes, environmental factors, and lifestyle to the pathology. Many changes occur in the eye 

and all other tissues during aging from both anatomical and physiological prospects. In the retina 

have been observed changes in choroidal capillary diameter and density, RPE cell structure and 

composition, and Bruch’s membrane thickness. RPE cell defects include decreased number of 

cells in the posterior pole, decreased melanin content, decreased cytoplasm volume, and 

Figure 24: Interplay between aging and disease in the retina (1203). 

The environment influences photoreceptor homeostasis throughout life. The cell adaptive response helps maintain a balanced 
homeostasis. As the adaptive response becomes insufficient to overcome “insults” to the system, damage accumulates in aging 
photoreceptors. Major metabolic failure is observed for the ubiquitin-proteasome system and mitochondria. Epigenetic changes 
and stochastic changes in gene expression combined with the presence of susceptibility variants, eventually tilt the equilibrium 
towards the disease state. At which point, inflammation and angiogenesis become pathologic, further aggravating disease 
manifestations. 
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increased lipofuscin content (23,483). These changes can affect the different processes, including 

the transport of nutrients, metabolites, and waste products between compartments. Other aging-

related changes affect the extracellular matrix turnover and the release of pro-

inflammatory cytokines that cause a transition to a pro-inflammatory state (484,485). 

Peculiar features of complex RD diseases are their genetic heterogeneity and high variability in 

the onset, progression, and visual activity outcome. This heterogeneity can be observed even 

between monozygotic twins, denoting the impact of factors other than genetics on the 

pathogenesis of these diseases (Figure 24) (486–488). Some adult-onset disorders may also be 

linked to dysregulated embryonic development, but the mechanisms underlying this association 

remain poorly understood (489–491). 

Even though over the last decade, advances in sequencing technologies have tremendously 

enhanced our ability to identify genes that, when mutated, cause both syndromic and non-

syndromic RD, our understanding of the pathophysiology of photoreceptor loss is still incomplete, 

and the contribution of epigenetic changes in the context of late-onset RDs is unclear (492–494).  

Thus, to fully understand complex RDs, a functional-centric approach is insufficient as it does not 

consider the physiological variation necessary to identify new critical therapeutic targets. 

Likewise, merely focusing on the physiological/anatomical variation provides only limited 

information for components and molecular pathways underlying the pathology’s mechanism, 

particularly in AMD, where only a limited number of genes have a retina-specific expression (266).  

A combinatorial approach that considers the functional, anatomical, and physiological aspects 

allow viewing diseases as consequences of a disturbance in tissue homeostasis, highlighting the 

interdependence between different cells and tissues (Figure 24). 

1.5.1 The epigenome and its modulation 

As in the other tissues of the organism, during retinal neurogenesis, the RPCs respond to intrinsic 

and extrinsic signals that regulate critical processes such as proliferation and differentiation to 

precisely control cell fate determination (495). The same factors are also responsible for 

maintaining the cell identity of somatic cells. The postnatal and adult retina is susceptible to an 
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aberrant gene’s expression because of its minimal cellular regeneration and turnover capacity. 

These intrinsic factors consist of TFs and epigenetic regulators, including DNA methylation, 

histone modifications, and Long non-coding RNAs (LncRNAs) (494).  

TFs are proteins responsible for transcribing the genetic information from DNA into RNA by 

binding to a specific DNA sequence. TFs include a vast number of proteins that initiate and 

regulate genes transcription (496). TFs act alone or in complexes with other proteins to promote 

(as an activator) or block (as a repressor) the RNA polymerase recruitment to specific genes.  

In general, mutations of retinal-specific TFs give birth to striking phenotypes and malformations. 

The well-known phenotypes for loss of function of PAX6, CRX, and NRL, which respectively give 

absence or formation of small eyes, absence of PRs, and absence of rods (cone only retina), have 

been highly characterized, and their pathways demarcated (497). As described before, in most 

cases, RP is inherited as a Mendelian trait, with a transmission modality which is autosomal 

recessive in 30% of patients, autosomal dominant in 20%, X-linked in 10% of cases. More than 

40% of RP patients did not show a Mendelian inheritance. Interestingly, most of these cases are 

late-onset and sporadic cases, in most of which the origin is unknown (497–499). 

Some TFs have been linked to late-onset degenerations, thus advancing a more complex role of 

these TFs in maintaining healthy tissue in adulthood, and that germline mutation can cause adult-

onset diseases. The ZNF408 gene encodes a TF thought to be implicated in DNA binding (500). 

Homozygous mutations in this gene have been identified in different unrelated families as the 

cause of late-onset RP (498). Some other sporadic cases with late-onset RP have been linked to a 

homozygous nonsense mutation in SAMD11 and SAMD7. These proteins contain a Sterile alpha 

motif (or SAM) domain, which has a primary role in RNA binding and protein-protein interactions 

during signal transduction and transcriptional regulation (501,502). SAMD11 is predominantly 

expressed in developing PRs and the adult pineal gland (503). It has been shown that SAMD11 

interacts with CRX and is implicated in CRX-mediated transcriptional regulation in the retina, 

playing an essential role in promoting rod fate and maintenance. Smad7 is a nuclear protein 

expressed in many tissues and seems to interact with the polycomb protein complex 1 (PRC1) and 

with the E3 ubiquitin ligase SMURF2. SMAD7 has a DNA-binding transcription factor activity and 
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can block TGFβ1 and activin pathways and promote embryonic stem cells' (ESCs) self-renewal 

(504,505).  

DNA methylation is an essential transcriptional regulation mechanism that can control gene 

expression in time and tissue-specific manners by transferring a methyl group onto the C5 

position of the cytosine to form 5-methylcytosine (506). DNA methylation occurs at the level of 

cytosines when they precede a guanine in regions called CpG islands, which are G-rich sequences 

generally present at the promoter’s level. DNA methylation controls gene expression by inhibiting 

the binding of TFs to the DNA or by recruiting complexes involved in gene regulation (506,507). 

The DNA methylation pattern along the genome is variable and dynamic during development, 

thanks to DNA methylase and demethylase's ability to orchestrate the process. In a fully 

developed organism, differentiated cells develop a distinctive and stable methylation pattern that 

regulates the transcription of tissue-specific genes (507). DNA methyltransferases (DNMTs) are 

responsible for the methylation of cytosine into 5-methylcytosine (5mC). DNMT1 is responsible 

for preserve DNA methylation patterns during DNA replication, whereas DNMT3a and DNMT3b 

are involved in de novo methylation (506). In contrast, DNA demethylation is an active multistep 

process mediated by at least eleven Translocation Methylcytosine Dioxygenases (TET) (508). 

TET3 is a crucial factor for DNA demethylation and retina regeneration. It can reprogramming RPE 

cells to regenerate the chick’s retina after injury, revealing that active DNA demethylation could 

represent a potential epigenetic target to regenerate the retina in mammals (509,510). 

Histone modifications are covalent post-translational modifications (PTMs) of histone proteins, 

including methylation, phosphorylation, acetylation, ubiquitylation, and sumoylation. The 

PTMs made to histones can impact gene expression by altering chromatin structure or recruiting 

histone modifiers. Due to their impact on chromatin structure and DNA accessibility, histones are 

critical regulators of all major chromatin-related processes, including DNA transcription, 

replication, and repair (511). Histone modifications are a critical regulatory system at every stage 

of embryonic development and in adults, and they can be modulated by a large number of 

regulators that can activate or prevent transcription. Histone modifications are essential for 

regulating different pathways and processes during embryonic development, such as body 
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patterning, organogenesis, and differentiation (512). The maintenance of pluripotency in stem 

cells is also regulated in this way (513). Histone modifications are essential for the continuous 

maintenance of cell fate during adulthood, tissue homeostasis, and repair (514–516). In adults’ 

tissues, they act in a concerted manner to induce or stabilize cell-specific fate through inductive 

signals and tissue-specific TFs. Chromatin is defined by all the factors coating genomic DNA. DNA 

wraps over a length of 147 bases around an octamer of 4 histones (H2A, H2B, H3, and H4) (Figure 

25). Each histone has an N-terminal fragment that extrudes from the structure, which is 

permissive to various post-translational modifications, and these changes will dictate how the 

genome will be condensed (517–519). These enzymes capable of modifying histones are divided 

into two categories: the writers that add post-translational modifications and the erasers that 

remove them. The proteins that recognize specific histone modification(s) but do not edit them 

are named readers. The leading writers are methyltransferases and acetyltransferases, while 

demethylases and histone deacetylases (HDAC) are the major erasers (520). Polycomb group 

(PcG) and Trithorax (TrxG) proteins are also key players in maintaining these domains (521). These 

modifications allow the DNA to have a conformation, either relaxed to promote transcription or 

condensed to inhibit the transcription of specific genes or to replicate or repair its DNA. Because 

of their significant impact on the chromatin, the most studied histone modifications are the triple 

methylation on lysine 4 of histone H3 (H3K4me3), the triple histone H3 methylation on lysine 27 

(H3K27me3), triple methylation on lysine 9 histone H3 (H3K9me3), acetylation on lysine 9 of 

histone H3 (H3K9ac) and the ubiquitination of H2A (H2Aub). 

H3K4me3 and H3K9ac are activators because they are generally found at the promoter level and 

activate transcription. These marks constitute the open chromatin, also called euchromatin. The 

H3K27me3 mark is also found at the promoter level, but it suppresses gene transcription and 

constitutes the facultative heterochromatin. H3K9me3 marks the constitutive heterochromatin, 

a repressive mark mainly enriched in poor transcribed regions like the telomeric and peri-

centromeric regions (522,523). Finally, the role of H2Aub has been debated for a long time. It is 

highly dynamic and primarily responsible for gene silencing, although more recently, it has been 

shown to accumulate in areas of damaged DNA and on actively expressed genes (524). In ESCs, 

early mouse embryos, and adult cells, a subset of H3K27me3 marks are present together with the 
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active chromatin mark H3K4me3, and these regions are called bivalent chromatin domains (525–

527). These bivalent domains play a crucial role in maintaining pluripotency by keeping the 

expression of developmental genes repressed in the absence of differentiation signals and are 

capable of rapid activation following stimulation (521). 

Histone modification's importance in the retina’s context has been proven through 

pharmacological and genetic inactivation of key enzymes that participate in this process 

(494,495). Furthermore, changes in histone marks are observed during aging and age-

related retinal diseases suggesting their involvement in the disease pathogenesis. SIRT1 exhibits 

decreased expression during physiological aging and in age-related diseases, and maintaining its 

activity seems to protect retina and RPE cells against light or oxidative damage (528). Changes in 

histone acetylation through HDACs activity also seem to be involved in the early stages of retina 

degeneration in some age-related cases (529). 

The epigenome includes all of the epigenetic changes governing genome expression and 

maintenance. Consequently, epigenetics does not stop with the modification of DNA and 

histones. lncRNAs are an integral part of the epigenome and consist of various RNA species not 

translated into proteins. lncRNA are generally longer than 200 nucleotides and can even reach 

more than 100 kilobases (510,530). Several lncRNAs are also subject to specific post-

transcriptional modifications such as splicing, polyadenylation, and 5′ capping, similar to 

conventional mRNA processing. They are emerging as critical regulators in gene expression 

networks. They control chromatin architecture by promoting or preventing chromatin modifiers' 

recruitment and regulating inter-and intra-chromosomal interactions. LncRNAs can control 

nuclear architecture coordinating Nuclear Bodies (NBs) formation, which are dynamic 

membraneless RNA-protein complexes associated with the nuclear matrix. NBs included nucleoli, 

Cajal bodies, nuclear speckles, Polycomb bodies, and paraspeckles. LncRNA can control 

transcription in the nucleus by modulating mRNA stability, forming R-loops, interfering with the 

Pol II machinery, and regulating alternative gene splicing (531). Several lncRNAs are also exported 

to the cytoplasm, where they regulate mRNA turnover, modulate translation directly acting on 

the ribosome, and interfere with post-translational modifications (532,533). Many retinal 

homeodomain factors critical during retinal development have lncRNAs associated with their 
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transcriptional unit, including Six3, Pax6, Six6, Vax2, Otx2, Pax2, and Rx (510). For example, the 

Six3 opposite strand transcript (Six3OS) is expressed in the developing mouse retina, where it 

plays an essential role in retinal cell specification. Six3OS does not directly control Six3 expression 

levels, but instead, it regulates Six3 activity by recruiting histone modification enzymes to Six3 

target genes (530,533,534). Various lncRNAs have been shown to recruit Polycomb proteins to 

particular loci to modify chromatin states and repress gene expression. Some well-documented 

examples include XIST, the antisense non-coding RNA in INK4 locus (ANRIL), MALAT1, and the 

HOX transcript antisense intergenic RNA (HOTAIR) (535). 

1.5.2 The Polycomb Group (PcG) proteins and their role in the retina 

Polycomb repressive complexes (PRC) maintain transcriptional repression of genes encoding 

crucial developmental regulators through chromatin modification. TrxG and PcG proteins have a 

central role in maintaining bivalent domains (521). Most PcG proteins constitute two multimeric 

repressive complexes capable of binding DNA to specific regions and reshaping the chromatin 

locally. These complexes, called PRC1 and PRC2, are involved in the gene silencing of many 

developmental processes (Figure 25, 26) (536,537). PRC1 and PRC2 complex are recruited to their 

target sites by a set of DNA binding proteins, where they inhibit the activated form of RNA 

polymerase II preinitiation complex using repressive methylation marks.  

PRC1 core complex contains a quartet of PcG proteins: Polycomb (PC), Posterior sex Combs (PsC), 

Polyhomeotic (PH), and RING domain. PRC1 is responsible for the ubiquitination of H2A to lysine 

119 through B lymphoma Mo-MLV insertion region 1 homolog (BMI1) activity, which binds to 

DNA and RING1, so permitting the ubiquitination reaction (Figure 25) (538). While ubiquitination 

was initially identified as the key mechanism in marking misfolded or surplus protein molecules 

for degradation, it soon became clear that it is far more than just a general mechanism to mark 

obsolete proteins for degradation. Indeed, ubiquitination is now recognized as a highly regulated, 

flexible, and reversible process that can signal multiple responses, from degradation to changes 

in activity, re-localization, or changes in the histone code. This high bandwidth in signaling power 

is achieved by the complex nature of the ubiquitin signal itself, which reflects the ubiquitin mark 

on the substrate protein and the length and architecture of the ubiquitin chain (539). 
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Ubiquitin modifications are assembled by a hierarchical cascade comprising ubiquitin-activating 

enzymes (E1), ubiquitin-conjugating enzymes (E2), and ubiquitin-ligating enzymes (E3). The E3 

ligase is responsible for substrate and target lysine specificity and determines the linkage type 

within the poly-ubiquitination chain, aided by the E2 enzyme (539,540). 

The PRC2 complex target genes are 

different from those recognized by 

PRC1. PRC2 consists of three proteins 

that are Zest Enhancer (EZH1/2), Zest 

Suppressor 12 (SUZ12), and Extra Sex 

Comb (ESC). SUZ12 binds to the 

promoter of target genes, and EZH1/2 

is responsible for the tri-methylation of 

H3K27 thanks to its methyltransferase 

domain (537,541). The H2Aub and 

H3K27me3 marks have the effect of 

condensing the chromatin and 

suppress gene expression (542). 

Contrary to PcG, TrxG forms a complex 

that includes the methylase MLL1, which can catalyze H3K4me3 modifications in order to 

maintain transcriptionally active chromatin (543). H3K27 methylation is relatively stable, and it 

maintains long-term transcriptional repression. However, lysine demethylases such as JMJD3 and 

UTX specifically demethylate H3K27, resulting in activation of genes associated with animal body 

patterning, inflammation, and, ultimately, the resolution of bivalent domains (542). 

PRC1/2 colocalize almost perfectly in embryogenesis, and there is strong evidence that gene 

repression upon PcG is obtained by a synergistic interaction between PRC1 and PRC2 (543,544). 

PRC1-2 are essential for embryonic development via the repression of HOX genes. Their 

embryonic KO phenotypes are similar, with posterior homeotic transformations due to 

misexpression of this set of genes (545,546). This function of PcG was first described in Drosophila 

in 1978 (547). In addition to their role in development, PcGs have also been associated with 

Figure 25: Polycomb Repressive Complexes 
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cancer, indicating that PcG proteins may be dynamically recruited to new target genes 

(548,549). Since then, PcGs have been intensively studied for their involvement in the 

differentiation process, cellular identity determination, and pathologies such as cancer (550,551). 

Polycomb-dependent tumorigenesis has been linked to non-canonical pathways such as JAK/STAT 

and the CDKN2A locus, encoding two tumor-suppressor proteins p16INK4A and p14ARF that act on 

both pRb- and p53-dependent mechanisms (552–555).  

In the retina, perturbation PRC1 and PRC2 complexes affect retinal progenitors and seem to lead 

to disruption of postnatal homeostasis. Consequently, it could lead to postnatal retinal 

degeneration from aberrant de-repression of a subset of usually silenced genes (556). A good 

example concerning the role of polycomb proteins in RD is the PRC2 subunit Ezh2. Ezh2 

trimethylates H3K27me3, a repressive histone mark that is known to persist into adulthood 

(557,558). If EZH2 is removed or its function is compromised, it can no longer maintain the 

methylation of histone H3K27 on the promoter region of its target genes, including SIX1, causing 

their over-expression. SIX1 is vital for the eye’s formation during embryonic development, and its 

abnormal expression in the mature retina causes the aberrant gene expression that contributes 

to the degeneration and ultimately to PRs death (535,559). Moreover, Ezh2 KO in the mouse 

retina, using a Chx10-Cre construct that allows normal development of the retina to the perinatal 

period, still causes progressive photoreceptor degeneration postnatally, linking for the first time 

an in utero events to juvenile and adult-onset vision loss (535). 
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1.5.2.1 The PRC1 complex 

PRC1 is dynamically recruited to new target genes varying from its canonical embryonic ones 

during development and adulthood. This implies a wave of deployment during early and late 

embryogenesis and later in infancy and adulthood, where PRC1 components are recruits to novel 

target genes (546).  

During embryonic 

development, the PCR1 

component strongly 

colocalizes with RING1B 

and H3K27me3, silencing 

canonical target genes 

using a classic chromatin 

remodeling mechanism 

(Figure 26). Contrarily, in 

differentiated cells, PCR1 

seems to target non-

canonical target genes 

without the need for 

RING1B or H3K27me 

(560,561). Deletion of Ring1b in mice results in severe developmental defects and embryo 

lethality, whereas KO of Ring1b/Rnf2 in zebrafish led to developmental defects such as 

incomplete differentiation of cranial neural crest cells and severe craniofacial defects (562). 

Furthermore, recently has been reported a case of syndromic neurodevelopmental disabilities 

due to mutation on RING1 that affects its catalytic domain activity. PRC1 also binds with RING1B 

without H3K27me3 on non-canonical targets in both drosophila and mammals (563,564). This 

new set of target genes includes hundreds of genes in the eye discs. These new PRC1 targets are 

strongly enri-ched in genes regulating the cell cycle, DNA repair, cell polarity, and cytoskeletal 

organization. Many of these genes play key roles in cell signaling, signal transduction, and cell 

proliferation, and they are also involved in cancer-related pathways such as the Notch pathway. 

Figure 26: Canonical and non-canonical PRC1 complexes 
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Several PcG members can act as tumor suppressors, and PRC1 may be present at a large subset 

of sites in the absence of H3K27me3 (560,565). 

1.5.2.1.1 BMI1 

BMI1 is the core component of PRC1. BMI1 is a 37 kDa protein that contains 326 amino acids 

highly conserved in mammals (Figure 26) (566). It is encoded by a gene located on chromosome 

10 containing ten exons. Upstream BMI1 there is another gene called Copper Metabolism gene 

MURR1 Domain 3 (COMMD3), which can be transcribed with BMI1, but this fusion protein's 

function is mostly unknown.  

PRC1's primary activity is the monoubiquitination of H2A at Lys119, in which BMI1 plays an 

essential role as a catalyst, stimulating the E3 ligase activity of RING1B (567). It also mediates 

the compaction of chromatin, independently of its ubiquitylation activity (Figure 26) (568). 

BMI1 was first discovered in 1991 for its involvement in lymphoma in cooperation with MYC (569–

571). In 1999, the authors also demonstrated that BMI1 makes it possible to block senescence 

thanks to the repression of the INK4A / ARF locus (572). BMI1 is expressed in most tissues, but it 

is particularly enriched in hematopoietic and neural stem cells (573). It is also overexpressed in 

lung cancer, colorectal cancer, medulloblastoma, glioblastoma, and neuroblastoma 

(566,574,575). Defects in self-renewal and proliferation observed upon Bmi1 knockdown were 

found to be mediated by cell cycle inhibitors p16, p19, and p21 (550,572,576). p16Ink4a inhibits 

the CDK4/6, cyclin kinase responsible for phosphorylation of pRb during the cell cycle (577). The 

hypophosphorylated pRb can bind and repress the transcriptional activation of E2F, repressing its 

target genes responsible for S-phase entry, thus causing cell cycle arrest and senescence. 

BMI1 is a key factor for the control of p53 activation, which regulates a wide variety of stress 

responses, from apoptosis to senescence. More recently, new roles of p53 in the adaptation to 

metabolic and oxidative stress have also been described. P53 acts mainly as a transcription factor, 

repressing and activating many target genes (578). Another p53 function, independent from its 

transcriptional activities, is regulating apoptotic signals at the mitochondria (579). P53 activation 

leads to numerous responses such as cell cycle arrest, senescence, and apoptosis to prevent the 

cell from replicating. Key to p53 regulation is the control of the stability of the p53 protein, 
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orchestrated mainly through a network of ubiquitination reactions where BMI1 plays an essential 

role (580). 

MDM2 and its homolog MDMX are critical negative regulators of p53. In the absence of BMI1, 

p19ARF/p14ARF  binds the p53 ubiquitin ligase MDM2, preventing MDM2 from inducing p53 

proteasomal degradation. P53 then blocks cell cycle progression by inducing the expression of 

p21, which in turn binds and inhibits different cyclins such as CDK2, CDK1, and CDK4/6 and 

promotes apoptosis through various mechanisms. Thus the effect of BMI1 suppression of the 

INK4a/ARF locus results in the inhibition of apoptosis and promotion of cell cycle progression 

(580). Interestingly, inactivation of p16Ink4a and p19ARF   or directly of the  INK4a/ARF locus 

partially rescues the self-renewal and the ratio of the neural stem in the central and peripheral 

nervous systems in Bmi1-/- mice, showing that BMI1 repression of the Ink4a-ARF locus is critical 

to maintaining self-renewal of neural stem cells (573,581). 

However, the partial rescue of the Bmi1-/- phenotype through ablation of p16Ink4a and p19ARF 

suggests supplementary target genes and additional functions for BMI1. 

BMI1 is also able to regulate some cyclins directly. In fact, it has been proven that the oncogenic 

activity of BMI1 and MYCN in neuroblastoma pathogenesis and progression is largely due to their 

capacity in maintaining cyclin E1 levels (582).  

Overexpressing BMI1 in healthy cells does not allow transforming or immortalizing the cell but 

gives it a significantly longer lifespan (572). By inhibiting the INK4A / ARF locus expression, BMI1 

promotes proliferation and self-renewal of cells. Conversely, the loss of BMI1 induces senescence 

of cells via the p16INK4A and p53 pathways (583).  

BMI1 and RING1A also regulate the cell cycle through the ubiquitination of chromatin-associated 

proteins bound to promoters. This modification is necessary for the expression of marked genes 

once the cells enter G1. Their depletion, which causes the inactivation of mitotic bookmarking by 

ubiquitination, is deleterious to progression through G1, cell survival, and proliferation (584).  

The BMI1 protein contributes to stem cell pluripotency and oncogenesis via multiple functions, 

including its newly identified role in DNA damage response (DDR). BMI1 Ubiquitination of H2A at 
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lysine 119 is not only central as an epigenetic regulator during development, but it is also 

important during  DNA damage; in fact,  BMI1 also confers radio-resistance to glioblastoma cancer 

stem cells by recruiting DNA repair machinery to sites of double-strand breaks (DSBs) and UV  

lesions (585–587). BMI1 and RING1B are rapidly recruited to sites of DNA damage and contribute 

to the ubiquitination of H2A and γH2AX (588–590). Recruitment of γH2AX to DSBs (γH2AX foci) 

promotes the assembly of repair factors, thus facilitating DSB repair (591,592). Therefore, BMI1 

contributes to maintaining genome integrity and resistance to genotoxic therapeutic reagents by 

assisting the HR-mediated repair of DSBs (593,594).  

The sustained localization of BMI1 to damage sites is dependent on intact ATM and ATR and 

requires H2AX phosphorylation and recruitment of RNF8. RNF8 and RNF168 functions are also 

required for proper localization of 53BP1, although the exact mechanism is unclear (595–597). 

ATM activation cause also phosphorylation of ATM targets, including γH2AX, CHK2, and p53. In 

the absence of BMI1, several proteins dependent on ubiquitin signaling, including 53BP1, BRCA1, 

and RAP80, are impaired in recruitment to DSBs (588). 

It has been reported that BMI1 can also directly associate with NBS1, required for ATM activation, 

altering its binding capacity with ATM and causing decreases of the DNA damage-induced G2/M 

checkpoint (598). 

Recently, BMI1 has been found downregulated in late-onset Alzheimer patients, and BMI1 KO in 

human post-mitotic neurons resulted in amyloid-beta peptide secretion and deposition, p-Tau 

accumulation, and neurodegeneration. Mechanistically, BMI1 seems required to repress MAPT 

transcription and prevent GSK3beta and p53 stabilization, which otherwise resulted in 

neurodegeneration (599). 

1.5.2.2 BMI1 in the postnatal brain and retina 

Little is known about BMI1’s role in the adult human brain and retina, and most of the research 

in this field has been done in mouse models. Bmi1 null mice are viable but not healthy, and their 

lifespan is highly reduced. They show axial skeleton defects, reduced postnatal growth, reduced 

brain size, with decreased proliferation of cortex and subventricular zone (SVZ). The neuronal 

phenotype includes impaired cerebellar formation, loss of synapsis connections, axon 
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demyelination, as well as a deficit of glutamate transporters with a subsequent 

neurodegenerative process (600). Bmi1−/− mice are also characterized by lens cataracts, cortical 

neuron apoptosis, p53 activation, and accumulation of oxidative damage characteristic of a 

progeroid phenotype (601). Bmi1 reduces p53 protein levels by directly inducing its 

polyubiquitination and proteasomal degradation (602). This progeroid mouse model 

overexpresses p16, a canonical senescence biomarker, both in retinal neurons and retinal 

endothelial cells but not in neuroglial cells, and affected cells tend to undergo cellular senescence. 

BMI1’s direct target P16 has also been found highly overexpressed in old-age human retinas 

compared with middle-age retinas, supporting a correlation between cellular levels of p16, 

senescence, and retinal aging (603,604). Cellular senescence has been implicated in age-

dependent eye diseases, such as AMD and glaucoma (46,605–607). Heterozygous Bmi1 mutant 

mice (Bmi1+/−) develop normally; however, they have a reduced lifespan and present age 

cognitive deficits and neurodegeneration, sharing similarities with Alzheimer's disease (608). A 

meta-analysis of more than 300 genome-wide association studies identified the INK4a/ARF locus, 

which encodes p16, as the genomic locus that is genetically linked to the highest number of age-

associated pathologies, including type 2 diabetes (609). 

The eyes of Bmi1 null mice are smaller but develop all the retinal layer and eye structures with 

no major observable phenotype. Bmi1 does not seem to be required for the proliferation of the 

main RPC population in the developing retina. Instead, it seems required for the proliferation 

and postnatal maintenance of the most immature RPCs situated at the retinal ciliary margin. 

Bmi1 overexpression in RPCs induces chromatin remodeling, causing their conversion into long-

term RPCs with increase proliferative capacity and stem cell characteristics (610). Bmi1 

expression level thus discerns immature progenitor/stem cells from the predominant RPC 

population during retinal development (610). 

Interestingly, Bmi1 is also expressed in some mature retinal neurons, including PRs, introducing 

the concept that it might be relevant for their postnatal maturation or maintenance (601). On 

the other hand, it has been shown that genetic Bmi1 deletion significantly delays cell death, 

generating the most potent PRs rescue that was ever achieved for the rd1 mouse model (611). 

In this context, BMI1 retinal toxicity seems to be independent of the 
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classical Ink4a/Arf pathways and seems to be independent of its phosphorylation status, 

highlighting the complexity surrounding the Bmi1 biology in vivo (612). 

Much remains to be revealed on the role of BMI1 in retinal neuronal cells, particularly its role 

in the degeneration process in the adult and aging retina. 

Here we investigate BMI1’s role in the postnatal mouse retina and human PRs, focusing on 

postnatal cone maturation, maintenance, and survival. We show the implication of both the 

classical Ink4a/Arf pathway and alternative pathways independent from p16 and P53 activation 

during PRs degeneration. We then show partially conserved BMI1 function in the retina 

between mice and humans. 

1.5.3 Mechanisms of cell death in retinal neurons 

Cell death in neurons, retinal cells, and other specialized cells can have many faces. The cell death 

process in highly specialized cells has been at the center of constructive debates to understand 

the molecular mechanisms that guide this process. More recently, many apoptosis-independent 

cell death pathways have been described. These unconventional and alternative mechanisms are 

a “hot topic” and have been extensively reviewed (613–615). Understanding these mechanisms 

can be crucial to develop therapeutic strategies for RDs and other degenerative diseases. 

Investigating the mechanistic events orchestrating cell death in retinal neurons, especially PRs, is 

not only crucial for a better understanding of RDs, but it may be relevant to understand neuronal 

cell death mechanisms in other non-retinal diseases.  

Here, we will briefly discuss the most relevant types of cell death in the context of RDs: necrosis, 

apoptosis, necroptosis, and autophagy (Figure 27). 

Figure 27: Cell death modalities and their key features (modified from (615)) 
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1.5.3.1 Non-programmed necrosis 

Irreversible cell injury to cells 

invariably leads to cell death. Non-

programmed necrosis is aroused by 

several external factors: infection, 

toxins, oxygen deprivation or hypoxia, 

extreme environmental conditions 

such as heat, radiation, exposure to 

ultraviolet irradiation, and physical 

injury. It is generally considered a 

passive process that needs minimal 

energy and does not require de 

novo macromolecular synthesis (616). 

Necrosis begins with cytoplasmic 

swelling, digestion of the chromatin, 

disruption of the plasma and organelle membranes without severe chromatin condensation, and 

random degradation of the DNA. Then, the ER vacuolizes, and the membranes and organelles 

collapse entirely. Finally, the cell lyses, scattering its intracellular content, causing inflammation 

and activation of the immune response (Figure 28). 

Non-programmed necrosis is frequently observed in ischemia, trauma, and some forms of 

neurodegeneration (615).  

1.5.3.2 Apoptosis 

Apoptosis can represent a cell suicide or a murder. Cells can commit suicide when they are 

deprived of any incoming survival signal in the form of trophic factors or when they recognize 

extensive and unfixable DNA damage, which triggers an intrinsic cascade of signals leading to cell 

death. Cells murder other cells to clear out unneeded cells or eliminate potentially self-attacking 

immune cells; in this case, they generate extrinsic signals that affect the surrounding cells 

(617,618). 

Figure 28: Structural changes of cells undergoing necrosis or apoptosis 
(1204) 

http://en.wikipedia.org/wiki/Apoptosis
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Either of these processes constitutes programmed cell death. The highly regulated cooperation 

between the apoptotic process and the generation of new cells is a cardinal point for embryonic 

development. Apoptosis is also a physiological and continuous process in many tissues, such as 

the intestines, liver, and blood (619). 

Apoptosis includes a series of firmly controlled events. It is distinguished by cell shrinkage, 

membrane blebbing, positional organelle loss, collapsing of the cytoskeleton, nuclear envelope 

disassembling, and DNA condensation and fragmentation with the release of apoptotic bodies. 

Three different signaling pathways have been established to trigger apoptosis: The extrinsic 

(death receptors) pathway, the intrinsic (mitochondrial) pathway, and the perforin/granzyme 

pathway (Figure 28) (620). 

Apoptotic cells do not induce inflammation, but they release signaling proteins and apoptotic 

bodies to induce phagocytosis and remove the debris. Failure in the apoptotic process can lead 

to more damaging necrotic cell death or trigger neoplastic formation (615–617). 

Different proteins are essential for the apoptotic process, and they are divided into three principal 

categories. The ‘killer proteins’ are represented by the caspases, which have been extensively 

studied, and their cascade process characterized. The second category includes the ‘destruction 

proteins,’ which digest DNA, fragment the cell, and break down the cytoskeleton. Finally, we have 

the ‘engulfment proteins’ that elicit and promote phagocytosis by other cells (620). 

1.5.3.2.1 DNA damage and apoptosis 

Apoptosis is the preferred mechanism of cell death in 

case of DNA damage (621,622). Different proteins, such 

as the Polycomb protein BMI1, can activate P53 directly 

or through the INK4A locus (594). P53 is a master 

regulator of DNA damage response, and when activated, 

it binds to promoters of target genes to promote DNA 

repair, apoptosis, or cell cycle arrest (Figure 29) (623).  

Figure 29: DDR signaling cascade activated in 
response to SSBs and DSBs (1205) 
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DNA damage generally causes DNA breaks that activate the DNA damage response (DDR) and 

DNA repair pathways to repair the damage. If the damage is effectively repaired, the cell 

continues its cycle, while if the damage is insurmountable, this causes the activation of apoptosis 

or senescence (624). DNA repair pathway is essential for protecting the DNA from breaks and 

promoting long-range DNA end-joining via the nonhomologous end-joining (NHEJ) DNA repair 

mechanism. NHEJ is the primary DNA repair mechanism used during CSR. Microhomology-

mediated end joining (MMEJ) is an error-prone repair mechanism for DSBs, which relies on 

exposed microhomologous sequence flanking broken junction to repair the damage, and it can 

also contribute to repairing the DNA breaks (625). P53 counteracts the transcription of many G2-

specific genes to contribute to the maintenance of the G2 arrest. In contrast, Mdm2 and Wip1 

perform a negative regulation on p53 to maintain the reversibility of a G2 arrest (626–629).  

Mdm2 is the main E3 ubiquitin ligase that targets p53 for proteasomal degradation and inhibits 

its function as a transcription factor, whereas Wip1 dephosphorylates both p53 and Mdm2 to 

promote p53 degradation (630–632). P53 levels fluctuate in response to DNA damage, and during 

the reparation process, this oscillatory pattern of p53 expression results in distinct cell fate 

outcomes that can induce senescence, apoptosis, or reentering in the cell cycle if the damage is 

resolved. Besides, p53 itself is known to bind DNA double-strand breaks, advancing a possible role 

in DNA damage detection (633). Another transcription-independent proapoptotic function 

carried out by the cytoplasmic p53 fraction is to induce mitochondrial outer membrane 

permeabilization during p53-dependent apoptosis (634,635). When DNA damage could not be 

resolved, p53 is stabilized and activate its transcriptional function to promote the expression of 

pro-apoptotic genes, notably Puma and Noxa (623,636). Puma and Noxa inactivate the anti-

apoptotic Bcl2-family proteins and activate Bax or Bak to cause cytochrome C release from the 

mitochondria, leading to the activation of caspases (617,637). In addition to p53, the mammalian 

genome encodes two other related TFs, p63 and p73, which also appear to stimulate pro-

apoptotic gene expression (621,622). 

The DDR pathway includes proteins such as ATM, NBS1, γH2AX, MDC1, RNF8, RNF168, 53BP1, 

and RIF1. MDC1 cooperates with H2AX to promote cell cycle arrest and recruit DNA repair factors 

at the DNA break (638). The interaction between γH2AX and MDC1 is required to recruit different 
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factors at the DDR machinery, including 53BP1, BRCA, NBS1, and phosphorylated ATM, and for 

foci’s formation (638,639). Further deposition of the MRN–ATM complex surrounding the break 

can amplify the ATM-dependent γH2AX signal at the break. ATM is also required for the ATM-

dependent phosphorylation of downstream factors, including Chk1 and Chk2 (Figure 29) (624).  

DNA-damage Checkpoints proteins such as Chk1 and Chk2 play essential roles in the self-renewal, 

maintenance, and quiescence of somatic mammalian stem cells. They are also implicated in 

diseases such as cancer and aging (640). DNA-damage checkpoints generally help extend lifespan 

by controlling carcinogenesis, while in other situations, such as during aging, DNA-damage 

checkpoints proteins may participate in the degenerative process. Chk2 is a stable protein 

expressed throughout the cell cycle. It appears mostly inactive in the absence of DNA damage, 

but it is rapidly activated in response to double-strand DNA breaks (DSBs), mainly by ATM 

(641,642). In contrast, Chk1 protein is more liable, is generally activated by ATR, and is restricted 

mainly to S and G2 phases (642). 

1.5.3.3 Necroptosis 

Almost until the end of the twentieth century, only two types of cell death were known, apoptosis 

and necrosis, where their main difference was that the first is regulated by precise and defined 

molecular pathways, while the second results from chaotic and unregulated cell death. 

Nowadays, however, it is clear that even the necrotic process can be regulated by precise 

molecular pathways, which has been named necroptosis (643–646). Although initially there was 

a tendency to call all types of programmed necrosis with this term, in reality, the term necroptosis 

refers to programmed necrotic death dependent on receptor-interacting protein kinase-3 (RIPK3) 

considered the molecular switch of this process (613). Necroptosis seems to have evolved as a 

defense against intracellular infection (647,648). Recently, it has gained considerable importance 

from the pathophysiological point of view, having been associated with a variety of diseases such 

as myocardial infarction and stroke (649,650), atherosclerosis (651), ischemia-reperfusion injury 

(652,653), pancreatitis (644,646,654), inflammatory bowel disease (655,656) and some other 

clinically common disorders (657). Necroptosis can be triggered by various cytokine, death 

receptors, Pattern Recognizing Receptors (PRR), cell surface Toll-Like Receptors (TLRs) (658–660), 

DNA-dependent Activator of Interferon regulatory factors (DAI) (661,662), and other signals. It is 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/dna-damage-checkpoint
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trigged upon caspase-8 inhibition by pharmacological treatment and genetic manipulation (663). 

In the context of PRs degeneration upon retinal detachment, it has been shown that treatment 

with a pan-caspase inhibitor (such as z-vad-fmk) reduces the apoptotic process, while it induces 

necroptosis and, therefore it does not stop the degeneration (664). 

At the molecular level, necroptosis is operated through a highly regulated complex called the 

“necrosome”. Necroptosis induction promotes the recruitment of proteins containing a RIP 

Homotypic Interaction Motif (RHIM), which subsequently recruit and activate the receptor-

interacting protein kinase (RIPK) 3 also containing an RHIM domain (643,649,656,657). RIPK1 and 

RIPK3 are part of the necrosome complex and are activated by autophosphorylation. RIPK3 

subsequently phosphorylates MLKL, resulting in MLKL oligomerization through the interaction of 

its coiled-coil domains (CCD) (654,665–667). Oligomerized MLKL is transported to the plasma 

membrane, where it executes necroptosis by regulating ion channels and increasing membrane 

permeabilization (666,668). Beclin1 is a core protein of the autophagy process, and it is inhibited 

in apoptotic conditions by active caspases’ cleavage. In turn, Beclin1 acts as a switch between 

necroptosis and autophagy, inhibiting necroptosis when the autophagic process is activated. 

Beclin1 binds to the CCD of MLKL during autophagy, which prevents MLKL oligomerization and 

the plasma membrane's perforation, thus preventing necroptosis (669). 

1.5.3.4 Autophagy 

Autophagy is a form of regulated cell death, initially described as a Type II cell death, that 

mechanistically depends on the autophagic machinery (670). Are now known different subtypes 

of autophagy (671). It is a process by which damaged cells compartmentalize and digest themself, 

providing a more controlled elimination with less stress for the neighboring cells (670,672–675). 

An isolation membrane is generated during autophagy in the cytoplasm, which surrounds 

cytosolic cargos to create an autophagosome. Autophagosomes then fuse with lysosomes leading 

to the digestion of engulfed material, allowing macromolecules to be recycled. This complex 

process is carried out by dedicated proteins, including more than 30 autophagy-related (ATG) 

proteins, proteases such as cathepsins, and other proteasomal proteins (676,677). 
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Autophagy is indispensable to many processes at the physiological level, including development, 

immunity, and aging (678). Apoptotic and autophagic machinery are highly interconnected during 

developmental cell death and are required for proper embryonic development (675). Defects in 

autophagy have also been associated with embryonic lethality, developmental defects, and 

multiple pathological disorders, including neurodegeneration, cancer, and cardiovascular 

disorders (672,678–682). Autophagic cell death is frequently induced when apoptotic pathways 

are inhibited or if apoptosis is blocked (683,684). However, in most cases, autophagy appears to 

be associated with pro-survival processes more than the execution of cell death. It seems to act 

as a form of adaptation to stress, hence mediating cytoprotective, rather than cytotoxic, effects, 

thus reducing the impact during the activation of other cell death mechanisms. Autophagy seems 

indispensable under specific settings to carry out other cell death mechanisms (685–690). 

Blocking autophagy with pharmacological or genetic interventions usually has a nefarious effect, 

accelerating, rather than delaying, stress-induced cell death. For example, autophagy is observed 

in degenerating PRs exposed to oxidative stress where Lipidation of microtubule-associated 

Figure 30: Overview of cell death mechanisms (1206) 
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protein 1 light chain 3 (LC3/Atg8) seems to initiate apoptosis or generate apoptosis-independent 

cell death if apoptosis is blocked (323). In this context, blocking both apoptosis and autophagy 

does non rescue the phenotype and brings to a more aggressive degeneration by necrosis (691). 

In this thesis, we use mouse and human in vitro models to investigate the molecular mechanisms 

that drive PRs degeneration in the context of BMI1 deletion and in patients with RDs.  
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1.6 Modeling outer retinal degenerative diseases  

For thousands of years, "scientists and doctors” have used animal models to study anatomy, 

physiology, and pathology. The earliest documented animal studies date back to before 300 BC 

in Greece and Alexandria of Egypt (692). Aristotle's research of animals is collected in different 

manuals, which include detailed illustrations and descriptions that have been admired for their 

meticulous and illuminating characterization of more than 500 different kinds of mammals, birds, 

fish, amphibians, reptiles, insects, cephalopods, and many other invertebrates (693). Otherwise, 

the first publications about RD date back to the first half of the last century (694,695). After only 

a few years, the firsts natural mouse models of retinal degeneration, rd (retinal degeneration), 

and rds (retinal degeneration slow) were identified and published (696–698). These animals 

showed Mendelian hereditary transmission and have been extremely useful in understanding PRs 

degeneration mechanisms. Only in the 1980s, the causal mutations in these two models have 

been identified in Pde6b (rd mice) and Prph2 (rds mice) genes (696,698). Hundreds of mutations 

that cause retinal degeneration have been identified ever since (699). 

Unquestionably the discovery that exogenous DNA can be introduced by homologous 

recombination in mouse embryonic cells and the consequent development of recombination 

technologies that allow the insertion (knock-in) or deactivation (knock-out) of one or more genes 

has enormously increased the number of animal models available (700–703). The incredible 

technological advancement in the field of gene editing has led to the development of site-specific 

programmable nucleases such as zinc-finger nucleases (ZFNs), transcription activator-like 

effector nucleases (TALENs), and most recently Clustered regularly interspace short palindromic 

repeats (CRISPR)/CRISPR associated systems (Cas) has expanded even further the number of 

animal models for inherited RDs (703–707). 

While the first animal models were beginning to become available, the concomitant advancement 

of sequencing techniques developed in the 1970s by Frederick Sanger, Nobel price in chemistry 

along with Wally Gilbert and Paul Berg, as pioneers of the DNA sequencing technique, allowed 

the isolation of more and more causal mutations in patients suffering from genetic diseases, 

including RDs (708–710). This has allowed an enormous expansion in the availability of human 
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inherited RD models with the most disparate mutations. Of course, this does not exclusively 

include rodents, although they are the most commonly used. To date, an enormous variety of 

natural and transgenic vertebrate models are available to study retinal function and disease, such 

as macaque, dog, cat, pig, sheep, chicken, and zebrafish (711,712).  

Large animal models such as monkeys and pigs are preferable for preclinical and surgical studies 

for their more considerable resemblance to humans in the context of eye dimensions and 

anatomy. Some non-human primates, but not all, are of particular interest in studying MDs 

because they possess a macula similar to the human one (713). On the other hand, large animal 

models have numerous disadvantages, including high costs, handling difficulties, low 

reproductive capacity, and slower development. Zebrafish has been extensively used in research 

due to its high reproductive capacity, ex vivo development that allows easy genetic manipulation, 

and characteristic transparency that allows easy visualization of embryonic development. 

Otherwise, the eye’s structure, retina, and PRs’ anatomy and genetics differ significantly from the 

human one (711,712). 

Mouse models are undoubtedly the most extensively used and characterized and possess 

numerous advantages. Maintenance, housing, and breeding are cheap and well mastered. They 

have copious offspring with short generation time and fast development (714). Furthermore, the 

mouse genome is extensively sequenced and characterized (532,703). Compared to other 

species, mice have a higher number of natural mutations and are particularly prone to genetic 

manipulation. They are also evolutionarily close to humans, with a 79% identity in the aminoacidic 

sequence of proteins involved in inherited RD, even higher than larger species such as pigs (711). 

1.6.1 Mouse models of inherited RDs 

The use of mutant mouse models, either naturally occurring or generated by genetic modification, 

has significantly contributed to our knowledge of PRs components and functions, the 

physiological processes that regulate vision, and the pathophysiological mechanisms underlying 

RDs. Besides recapitulating human photoreceptor dystrophies, KO models have been valuable for 

dissecting gene products' role in phototransduction and development. Furthermore, they are 
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extremely useful in other applications such as drug screening and toxicity testing, and several of 

these models have allowed the development of novel treatments, such as gene augmentation 

therapies that are now in clinical trials (355,715). 

The current availability of mutant mice is impressive, and The Jackson Laboratory has the world's 

most extensive collection of mutant mouse models. This mice collection includes models with 

Figure 31: Genes associated with PR cell loss in monogenic mouse models of retinal degeneration (RD) (756) 

Genes identified by combined review of the Mouse Genome Informatics (MGI) database and articles from a PubMed query 
assigned to the indicated functional categories. Genes for which mutant alleles are available only in the conditional form are 
displayed in red. Conditional alleles were included only in instances where germline null alleles resulted in embryonic, prenatal 
or postnatal lethality. 
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variations and disorders affecting every portion of the eye, including the cornea, lid, iris, lens, and 

retina (716). Available mouse models of inherited RDs incorporate many different diseases such 

as RP, LCA, CRD, and CD (703,717). The term “MDs mouse models” is occasionally inappropriately 

used for mouse models with mutations in genes linked to MDs cases in humans. Since mice do 

not have a macula, we will primarily refer to them as CDs in this chapter. To date, 230 genes linked 

to RDs have been isolated or generated in mice, and they can be divided into 11 categories (Figure 

31): Ciliary Function and Trafficking; Visual Transduction; Metabolism; Visual Cycle and Retinoids; 

Synapse; Channels and Transporters; Adhesion and Cytoskeletal; Signaling; Transcription Factors; 

DNA Repair, RNA Biogenesis, and Protein Modification; Immune Response (699). 

Of the 273 human retinal degenerative disease genes in RetNet (718), which have mouse 

homologs, 110 are available in mouse models, including germline and conditional mutants. There 

are 120 additional genes in which mutations cause PRs degeneration in mice but are not yet been 

linked to human RDs (Figure 32). Since the cause of a large part of human RDs still needs to be 

genetically explained, these genes could represent not yet identified RD gene candidates.  

Two gene categories are particularly related to this study: Ciliary Function and Trafficking, and 

DNA Repair, RNA Biogenesis, and Protein Modification 

Ciliary genes are the biggest gene group causing RDs in humans (Figure 19), and it is not surprising 

that the largest group of genes causing RDs in mice are part of this same category (Figure 31). 

As described before, perturbation of BB-TZ-CC proteins and complexes such as MKS, NPHP, 

BBSome, PCM, and IFT machinery can cause syndromic and nonsyndromic manifestation, which 

often include retina degeneration. In most cases, the effects of the mutations in humans are 

phenocopied in the mouse.  

RDs mouse models with ciliary dysfunction include various genetically modified models and a 

good number of naturally occurrent models such as rd3 (Ush2a), rd5 (Tub), rd9 (Rpgr), rd16 

(cep290).  

Mice with mutations in components of the MKS and NPHP complexes such as 

Nphp1, Nphp4, Ahi1, Iqcb1, Tmem67, and Cep290 generally do form PRs, but they often display 
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abnormal OS morphogenesis (198,719,720). Retinas in these mutant mice quickly degenerate e, 

resulting in complete ONL disruption within one month of age. Interestingly, rd16 mice, caused 

by a deletion in the Cep290 c-terminal domain have a longer disease progression than the knock-

out mice (720,721). The use of these different mouse models can help understand the 

tremendous phenotypic variability in patients harboring mutations in these genes, which, in the 

case of CEP290, vary from LCA to BBS, MKS, and JBTS (225,722,723). 

BB and PCM proteins such as ALMS1, CC2D2A, and C8ORF37, which are known cause of 

ciliopathies, has been mutated in mice. ALMS1 encodes a protein that localizes at the BB, and 

when disrupted, it results in the Alström syndrome (ALMS) (724,725). Mice with frame-shift or 

nonsense mutations both recapitulate human ALMS disease features such as obesity, diabetes, 

and neurosensory deficits associated with normal vision at birth and postnatal slow PRs 

degeneration. This model has served to better understand Alms1 functions and its role in PRs' 

homeostasis and survival (726). 

Genetic mutations in CC2D2A, which encodes a component of the subdistal appendages of 

mother centrioles and basal bodies, have been observed in patients with MKS, JBTS, BBS, and M-

NS RDs (224,428,432). Knock-out of Cc2d2 in mice causes embryonic lethality, while drug-induced 

deletion in adult mice causes a slow PRs degeneration unveiling its role in PRs homeostasis (727). 

Targeted mutations of some genes causing USH in humans result, in mice, in a late-onset and 

prolonged progression of PRs degeneration and nonprogressive hearing impairment, mimicking 

the visual and hearing deficits in USH patients (177). Homozygous Ush2a knock-out mice have 

normal retinas at 10 months of age and lose 70% of their PRs by 20 months of age (414,728). In 

contrast, other USH gene mutations isolated in humans show no phenotype in mice. 

Mutations in the TZ-associated protein, RPGR, are the most frequent cause of x-linked RP, but 

they can also cause other RDs with variable phenotypic outcomes (265,359,729). The naturally 

occurring rd9 model and the Rpgr-/- mice have a similar late onset and slow PRs degeneration 

(730). These models and other Rpgr mutants harboring different hypomorphic mutations allowed 

major break-throws on the disease mechanism and the understanding of RPGR functions. These 
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models make it possible to develop therapeutic strategies such as RPGRORF15 gene replacement 

with AAV vectors to treat x-linked RP, actually in preclinical evaluation (731–733). 

Different components of the BBSome complex have been disrupted or modified in mice to 

understand their function and role in BBS and other associated ciliopathies characterized by a 

complex and heterogeneous phenotype (269,424). Disruption of any BBSome complex proteins 

such as Bbs1, Bbs2, Bbs4, Bbs7, Bbip1, Ttc8, and Arl6, and its regulators Lztfl1, Mkks, Bbs10, and 

Bbs12 partially recapitulates BBS syndrome. The phenotype is generally associated with selective 

cilia dysfunction, renal cysts, deficits in olfaction, and obesity that increases with age (436,734–

736). In the retina has been observed reduced ribbon synapses and a slow and moderate PRs’ 

degeneration (737–741). The absence of defects in ciliogenesis and the moderate degenerative 

process in PRs, observed in some mouse mutants, has suggested some functional redundancy 

amongst the BBSome components in mice, thus highlighting some of the mice models' limits in 

modeling human diseases. 

IFT component also has been extensively modified in mice. Most IFT proteins, such as Ift122, Ift88, 

Ttc21b, Ift172, Ift80, cause embryonic lethality when disrupted, attributable to ciliary-related 

disturbances in hedgehog signaling (742–749). These findings helped to understand the integral 

role of cilia and IFT machinery during embryogenesis (161,742). Hypomorphic and conditional 

alleles were needed for elucidating the roles of IFT components in retinal disease. Mice with a 

hypomorphic mutation in Ift88 are viable and exhibit disorganized OSs and early and progressive 

PRs degeneration, which cause complete ONL loss in 3 months (750). Rod-specific ablation 

of Ift172 causes an accumulation of rhodopsin in the cell soma and delocalization of other ciliary 

proteins, such as Rp1, leading to rapid PRs degeneration (751). Conditional depletion of Ift20 in 

M-cones also results in opsin mislocalization and cone degeneration. These mouse models have 

greatly supported the understanding of ciliary trafficking and IFT components' function in cone 

and rod PRs (752).  

DNA Repair, RNA Biogenesis, and Protein Modification are all processes that significantly impact 

every aspect of organisms' physiology, from the development to tissue specification and aging 

(753–755). Generally, when their components are not functioning correctly, it can affect many 
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other genes' functions, thus generating major abnormalities in several tissues. For this reason, 

mutations associated with these processes usually cause embryonic lethality in mice, and 

naturally occurring viable mutations are rare (756). For example, genes associated with PRs 

degeneration in humans, such as the RNA splicing genes Bnc2, Prpf3, Prpf8, and Prpf31, the DNA 

repair gene Ercc1, and the miRNA processing genes Dicers1 and Dgcr8 are all embryonic lethal in 

knock-out mice, and for this reason, the adult and age-related phenotypes are not easily 

accessible (699,757,758). The use of heterozygous mice or the generation of drug-induced, 

conditional, or hypomorphic mutations has been necessary to study their function in adult tissues 

and their age-related implication. In the retina, most mutations in these genes result in PRs 

degeneration. Some knock-out models for this class of genes, such as Msi1/Musashi1 and Bmi1, 

which play central roles in posttranscriptional gene regulation and DNA repair, are viable, 

although their lifespan is reduced and present different developmental abnormalities 

(566,610,759). They are, therefore, suitable for studying the role of these proteins in mature 

neurons, such as PRs, and during the aging process. On the other hand, the phenotype observed 

in these mice suggests a possible compensatory effect during embryonic development.  

To support the importance of the DNA repair machinery in non-dividing cells such as PRs, mutant 

mice for Top2b, responsible for creating DSBs during transcriptional activation, have shown to be 

indispensable during postnatal PRs development and maturation (760,761). These results 

suggested that the DNA repair system is needed to repair DNA damage that occurs during 

transcription of actively transcribed genes, which is necessary for PRs maintenance and survival. 

Mice harboring mutations in genes implicated in DNA repairs such as Sirt6, Cwc27, Ubb, Lmo7, 

Uchl3, Ercc1, and Ercc6 are characterized by a consistent accumulation of DNA damage and DSBs 

that correlate with a relative slow PRs degeneration progression (762–766). Atr gene product 

localizes at the cilia of PRs and is therefore included in the ciliary gene category (category 1, Figure 

31), and its human homolog has been associate with RDs (767). Atr has also been shown to have 

an essential role in the DNA damage response (630). Atrtm1Ofc mice have a faster disease 

progression compared to other mutant mice of the same class, probably related to the extra 

functions of Atr in ciliogenesis or cilia maintenance (351,767). 
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Since the retina is characterized by a high expression of splice variants, mutations of mRNA splice 

components greatly impact retinal neurons’ physiology (293,768–770). Mutations in PDAP1, 

PRPF3, PRPF6, PRPF8, and PRPF31 all-cause autonomous PRs degenerations in humans, and some 

of their mice models efficiently recapitulate the phenotype (293,771). Mice with hypomorphic 

mutation of the mRNA splicing gene, Cwc27, show reduced lifespan and present a moderate late-

onset photoreceptor degeneration similar to what was observed in human patients (772). On the 

other hand, Prpf3 and Prpf8 mice with a 

humanized heterozygous allele and Prpf31-/- 

mice do not display PRs degeneration, as 

observed in humans, but instead show late-

onset RPE degeneration (293,294,771). 

A substantial part of the available mouse 

models can recapitulate the human disease 

phenotype and permit mechanistic and 

therapeutic studies. 

1.6.1.1 Mouse models of cone degeneration 

Despite the massive number of RDs’ mouse models, the vast majority of them involve rods or 

generalized PRs degenerations, which are more representative for RPs and LCA cases (773). The 

number of cone-specific degeneration models are limited (774). With cone-specific 

degenerations, we consider models characterized by initial cone cell death, which may or may 

not be followed by rod cell death (775). 

Cone degeneration is usually driven by two different mechanisms: non-cell-autonomous and cell-

autonomous.  

Non-autonomous cone degeneration is caused by the secondary effect of mutations affecting 

neighboring cells such as rods, Müller, and RPE cells.  

In the Rpe65R91W knock‐in mouse, the wild-type murine codon is substituted with a humanized 

one harboring a mutation observed in patients with LCA with early-onset s-cone dysfunction and 

Figure 32: Overlap between gene implicated in mouse and human 
RDs (756) 
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rod desensitization (776,777). This mouse model displays a severe and rapid cone-specific 

degeneration and almost complete loss of cones at p30 that correlate to the human phenotype 

(778,779). Curiously this phenotype was even more severe than what was observed in the 

naturally occurring Rpe65rd12 or the full knock-out mice Rpe65−/− (778,780,781).  

In the Rpe65−/− mouse, RPE cells' inability to recyclate 11-cis retinal, while in the chromophore‐

deficient model, Lrat−/−, RPE cells do not produce 11-cis retinal. Both models show similar 

phenotypes with early and severe S-cone degeneration combined with a slow and moderate 

reduction of rods function (782,783).  

Cell-autonomous cone degeneration is generally due to mutations is in cone-specific genes. 

However, in some cases, distinguishing the cone-autonomous effect of mutations could be 

challenging, especially when the affected genes are expressed in both rods and cones. Naturally 

occurring cone-specific models are rare, but genetic editing has helped in this context (774). The 

use of alternative strategies such as conditional knock-out models offers a better understanding 

of cone physiology and disease. Below we present some examples of mouse models with cone-

specific degeneration and the strategies adopted to overcome limitations in this field. 

Cpfl3Gnat2 is a naturally occurring model of cone degeneration due to a single base missense 

mutation in Gnat2, which encodes the α-subunit of cone transducing (784). Cpfl3Gnat2 mice have 

a very early loss of cone functions without any visible cell death (785). These mouse models have 

served for the first cone-targeted gene therapy. AAV-mediated reintroduction of the healthy 

allele has proven to be sufficient to restore cone function and visual acuity, taking one step closer 

to a possible cure for achromatopsia (784,786). Gnat2tm1Erica harbors a different mutation in 

Gnat2; it has shown a similar but more severe phenotype with cone degeneration starting before 

the first year of life (787). 

The naturally occurring Cpfl5Cnga3 have the same phenotype as the Cnga3−/− (785). Cnga3 localizes 

to the plasma membrane of the cone’s OS, where it interacts with cones-specific CNG channels 

to regulate calcium homeostasis, which is indispensable for phototransduction. Both mice have 

no recordable photopic light response with progressive cone degeneration (785,788). As 

described in patients with achromatopsia due to CNGA3 and CNGB3 mutations, rods function is 
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unaltered initially but starts a slow and progressive degeneration later (around one year of age in 

the mice), when cones are almost entirely lost (789–791). Most of the mice with null mutations 

in other subunits of the CNG channels have a similar disease progression, but they can vary in the 

onset (789,792).  

Mouse models with mutations in the elongation of very-long-chain fatty acids-like 4 (Elovl4) gene 

show features resembling human Stargardt macular dystrophy with cone degeneration preceding 

rods (793–795). While homozygous knock-out mice die perinatally due to severe skin 

permeability defects, heterozygous mice show no apparent phenotype (794,796–798). 

Heterozygous mice expressing a truncated form of Elovl4 mimics several aspects of the human 

disease such as lipofuscin accumulation, RPE atrophy, accumulation of subretinal debris, and PRs 

degeneration (799). Surprisingly, rod- or cone-specific knock-out of Elovl4 does not result in 

retinal degeneration and only mildly influences function (800). These results have suggested that 

protein dysfunction, not its loss, is the cause of the retinal phenotype. 

ABCA4 is a PR-specific transmembrane protein participating in the clearance of all-trans-retinal 

from the OS. When mutated in humans, it causes RDs such as RP and Stargardt disease (302,303). 

Abca4−/− mice have a deficit in all-trans-retinal clearance with an accumulation of lipofuscin in the 

RPE, increased oxidative stress, and activation of the complement (801,802). However, no PRs 

degeneration is observed in these mice up to 1 year of age (802) 

Homozygous Guca1atm1.1Hunt mice, which have a Glu155Gly missense substitution identical to one 

found associated with severe dominant cone dystrophy, resulting in rapid loss of cones and 

subsequently rods (265,803). The cause of the disease seems to be due to a defect in calcium-

sensing and perturbed homeostasis, leading to constitutive activation of the guanylyl cyclase, 

which leads to cytotoxic accumulation of cGMP (804). 

Eye physiology is also influenced by the action of several hormones (805). Mouse models mutant 

for genes responsible for the metabolism of the T3, such as Dio3-/-, show a deleterious effect 

specifically on cone photoreceptors. These models have helped understand the role of 

triiodothyronine (T3) on cone cell fate determination, maintenance, and survival (806,807). 
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Congenital stationary night blindness 2A (CSNB2A) is an X-linked retinal disorder characterized by 

impaired vision with variable outcomes (808,809). It is caused by the absence or loss of function 

of the voltage-gated calcium channel protein CACNA1F (810). Cacna1f-/- mice have served to 

understand better the role of the Cacna1f in cone PRs' physiology and disease (811,812). 

Interestingly the effects of both knock-out and missense mutation have greater severity in mice 

than what was observed in patients. Both, Cacna1f-/- and Cacna1fG305X, show unregistrable 

photopic function, ONL degeneration, and disruption of cone PRs’ synaptic terminals (811,813). 

Recently, a new naturally occurring mouse model harboring a new mutation in Cacna1f, called 

Cacna1fnob9, has displayed an even more severe phenotype than the knock-out mice (814). 

A strategy to study cone-specific gene functions, which are also expressed in other retinal cells 

such as rods, is to generate conditional cone mutations (815). The Rp2MKO mouse allowed studying 

the cone-autonomous effect of Rp2 detection, which resulted in the abnormal extension of cones’ 

OSs with abnormal ultrastructure and disorganized disks (353,354,816,817). This model has 

shown to be a great tool for understanding cone morphological defects and cone-autonomous 

degeneration mechanisms during RP progression and has helped develop targeted gene therapies 

(818). 

We now have access to a large number of models for studying cone degeneration. A limitation of 

using nocturnal animal models such as mice in modeling cone physiology and disease is that mice 

have only about 3% of cones, thus causing particular difficulties in evaluating the cone-

autonomous mechanism of degeneration (711). The cone-only Nrl-/- mouse model has brought a 

significant advance in this regard (819). NRL is the rod-specific transcription factor responsible for 

repressing cone-specific genes to drive rod fate (104,115). Similar to the rd7nr2e3 mice, which 

naturally do not form any rods and instead form hybrid PRs, the absence of Nrl causes all 

photoreceptor precursors to differentiate into S-cones (115,820,821). However, the retina of 

Nrl−/− mice is not entirely healthy. It has lamination problems with the formation of rosettes and 

waves (819). Furthermore, partial and transient cone degeneration is generally observed 

between 1 and 4 months, followed by long‐term persistence of remaining cones (821).  
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Conversely, transgenic mice that express Nrl under the control of the Crx promoter give rise to a 

rod-only retina without lamination defects (822). Interestingly, introducing the T3 receptor (TR)-

β2 in Nrl-/- mice resulted in M-cones' generation instead of S-cones (820). This has advanced the 

hypothesis that S-cones follow a differentiation program “by default,” while NRL and TR-β2 are 

responsible for determining the alternative PRs fates (Figure 10) (104,820). 

The Nrl−/− model is therefore very attractive to study mutations causing cone degeneration in 

humans. Furthermore, it can be used to study cone degeneration mechanisms and facilitate the 

development of targeted therapies to rescue cone death (819). 

Indeed, it has been used for the generation of double mutants to study the role of specific genes 

in the context of cone degeneration. Nrl−/− /Grk1−/− have been served to study the involvement 

of cone degeneration in Oguchi disease, a rare form of congenital and stationary night blindness 

which may be accompanied by progressive later-onset central vision loss (823–825). The Nrl−/− 

/Grk1−/− mouse model has served to understand that Grk1 inactivation can effects cones 

autonomously, also in the absence of rods (826). 

A last interesting example is the Elovl4 mutation. ELOVL4 is found mutated in Stargardt disease 

3, a rare, early-onset, and aggressive form of MD (793,795). Several mouse models have been 

generated to investigate the role of the ELOVL4 disease-causing mutations, but all these models 

fail to recapitulate the early-onset cone degeneration observed in patients. These differences 

were supposed to be due to the reduced density of cones in the mouse retina. A group 

investigated the effect of ELOVL4 mutations in the Nrl-/- retina trying to overcome the limits given 

by the scarcity of cones in other models. Unfortunately, they were still unable to show any visible 

cone cell death, highlighting the differences between men and mice regarding PRs physiology and 

genetics (796). 

1.6.2 Limitation of mouse models in RDs modeling 

The current mouse models are very helpful in studying cone physiology and pathophysiology. 

However, mouse models do not always reflect what is observed in humans. Animal models' failure 

to recapitulate the human phenotype occurs, with a large part of mouse models that only partially 

mimic the human phenotype. Sometimes the phenotype is absent or widely differs from the 
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human one. For this reason, certain limitations have to be considered when using these mice for 

research.  

First, among mammals, trichromatic color vision is a privilege of some primates such as humans, 

macaque, and marmoset, which are also characterized by the presence of the macula in the 

temporal area (figure 33) (827–830). Most terrestrial mammals, including mice, are dichromatic 

(831–833).  

Mice lack L-cones, and they also 

possess bivalent cones expressing 

both M and S-opsin that have never 

been described in primates. 

Furthermore, ‘true S-Cones’ are only 

a minority of the total cones in the 

mouse retina, and they are localized 

in the naso-ventral part (figures 3, 6) 

(834,835).  

Although the retina's neuronal 

architecture is comparable among 

different vertebrates, PRs’ quantity and distributions vary considerably (80,713,836). PRs 

patterns, also called mosaicism, have been refined during evolution to fit the animal’s unique 

behavior (diurnal or nocturnal) and its lifestyle (prey or predator) in order to maximize the 

efficiency of the visual information to the specific needs of the species and their natural 

environment (21,22,828,837). Mouse's ability to distinguish color is restricted to the ventral 

retina (838). Furthermore, mice lack the macula, which is present only in humans and some other 

non-human primates (16,839,840). 

These differences can cause bias and difficulty when modeling retinal diseases, particularly when 

the primary affected cells are cones, such as MDs (774).  

Moreover, PR’s anatomy differs from the human one. The structures called calyceal processes 

located at the TZ of human PRs are not present in mice. Proteins such as USH1G, USH1C, MYO7A, 

Figure 33: Comparison of primate and rodent retinas (713) 

Images of retinal whole mount preparation from mouse, marmoset and 
human. The image of the mouse retina was kindly provided by Silke 
Haverkamp. The scale bar applies to all images. The macula (yellow) is located 
in temporal retina in marmoset and human. 
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CDH23, and PCDH15, which are mutated in USH, colocalize with caliceal processes at the base of 

the CC of human PRs (841). The mechanisms underlying PRs degeneration in USH type I (USH1) 

remain largely unknown because mutant mice lacking these proteins do not display any retinal 

degeneration. Several animal models of USH have been created after the spontaneous mutations 

in the mouse Ush1g have been identified (842). Each one of these mice, including Ush1C-/- and 

Ush1d-/- successfully recapitulates the deafness, vestibular dysfunction, and hearing loss 

observed in patients, but everyone fails to show RD even though some of them show signs of a 

mild perturbation of the visual function (843–846).  

Another interesting case refers to the eyes absent (EYA) gene family, which is a group of TFs 

involved in the development and DNA repair (559,847–849). Four known Eya genes exist in 

vertebrates (Eya1-Eya4). They have been initially discovered in D. Melanogaster to cause severe 

embryonic defects and absence of eyes (847–850). Only EYA1 has been linked to disease in 

humans, where it seems to interact with SIX1. It causes the branchio-oto-renal (BOR) syndrome, 

characterized by congenital cataracts and ocular anterior segment anomalies (851). Eya1ED mice 

contain a damaging deletion in Eye1 and show severe skeletal and craniofacial defects, absence 

of kidneys, parathyroid glands, thymus, and ears, but no sign of ocular defects (852). Similarly, 

Eya3-/- mice and zebrafish show no effect on ocular or brain development and morphogenesis 

(850). 

EYS is a ciliary gene frequently mutated in arRP in humans (389,853). It has a homologous in 

Drosophila, while in mice, and more in general in rodents, Eys is disrupted and has accumulated 

a large number of mutations causing multiple reading-frame shifts (854,855). It is one of the few 

human retinal genes completely absent in rodents, highlighting the genetic discrepancy between 

humans and mice in the retinal context. 

Finally, mice have a short life span and mostly live all life in a pathogen-free environment. These 

parameters cannot be underestimated, particularly in the context of those diseases, such as AMD, 

diabetic retinopathy, glaucoma, and other complex diseases, where aging, immune system, 

epigenetic and environmental factors are crucial (493,711). 
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On the other hand, work over many decades has overcome some limitations, improving 

laboratory mouse models for human aging (856,857). It has been shown that mice can develop 

impairments and diseases during aging, just like humans (741,858). Furthermore, this age-related 

phenotype is attributable to genetic factors, which are mostly conserved among vertebrates 

(859). This knowledge made it possible to manipulate these factors in mice (856,859). Now are 

available mouse models of premature aging diseases such as Progeria and Werner syndrome and 

age-related disorders such as Alzheimer’s disease, diabetes, and AMD (608,860–862). 

However, such research has focused chiefly on the genetic basis of aging, and we are still far from 

fully understand the aging process and the complex mechanisms involved (857). 

More work and better tools are necessary to unveil pathophysiological pathways underlying age-

related and complex diseases and overcome the difficulties associated with intrinsic species-

related differences (863). 

In this thesis, we use ko and heterozygous BMI1 mice, characterized by shortened life and age-

related neurodegeneration, to investigate its role in the postnatal retina as it has been found 

expressed in RPCs during embryonic retinal development. We also use double and triple KO mice 

where the BMI1 deficiency is accompanied by the inhibition of key factors of the apoptotic 

process and DNA damage response to determine the molecular mechanism leading to cone 

degeneration. 
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1.7 Modeling Retinal dystrophies using pluripotent Stem Cells 

1.7.1 Pluripotent stem cells: history and origins 

Understanding the underlying 

mechanisms of human disease is 

essential for developing effective 

therapies, but this process can be 

challenging due to the lack of relevant 

animal models. The concept that animal 

research is a poor predictor of humans' 

physiology is not new (864). More than 

a thousand years ago, Avicenna, a 

Persian philosopher and scientist, 

considered by many to be the father of 

modern medicine, had declared the 

need to study man instead of animals. 

Although more or less genetically similar 

to humans, species-specific differences 

are inevitable. These differences create 

difficulties in transposing the results 

obtained during research or preclinical 

tests on animals to their human 

application, often causing conflicts 

resulting in clinical trial failure (865–

872). Of course, replacing animal models has always been considered unthinkable for obvious 

ethical implications of human experimentation, at least until very recently (873).  

The term stem cell appears for the first time in the scientific literature in 1868 in the works of the 

renowned German biologist Ernst Haeckel (874,875). Haeckel, who was one of the major 

supporters of Darwin's theory of evolution, initially used the term "Stammzelle" (stem cell in 

Stem cell glossary 

Stem cell 

Undifferentiated cells or partially 
differentiated cells that can differentiate into 
various types of cells and proliferate 
indefinitely to produce more of the same stem 
cell. 

Cell fate 

A cellular state characterized by a unique 
combination of stable gene expression 
patterns and their downstream functional 
effects. Also referred to as ‘cell type', ‘identity' 
and ‘terminal differentiation'. 

Cell specification 

The process by which a cell acquires its fate. 
This process can have several steps, or 
intermediates, before reaching the final stable 
gene expression state that defines a given cell 
fate. 

Commitment 

The point during specification when a cell 
becomes constrained to execute a specific 
gene expression profile (often repressing 
alternative fates). This event may greatly 
precede the full gene expression state that 
characterizes a cell fate. 

Stem Cell Potential The range of fates available to a cell.  

Progenitor 
A proliferative cell that can give rise to one or 
more distinct cell fates. 

Precursor 

A non-proliferative (i.e. postmitotic) cell that 
does not yet express all the characteristics of a 
mature cell type. This includes cells that have 
not committed to a fate. 

Embryonic Stem 
Cell (ESC) 

pluripotent stem cell derived from the inner 
cell mass of a blastocyst, 

induced 
Pluripotent 

Stem Cell (iPSC) 

pluripotent stem cell generated from a somatic 
cell 

Reprogramming 
The process that involves the conversion of a 
somatic cell into an iPSC 

Table 1: Stem cell glossary 
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German) to indicate the ancestral single-celled organism from which all the more complex 

organisms evolved according to his theories (874,876). Later, focusing mainly on embryology, he 

used the same term "Stammzelle" to indicate the fertilized egg, which can generate all the mature 

organism cells (877).  

Subsequently, in 1892 Haeckel and Boveri independently define some cells originating from the 

zygote with the term stem cells. Boveri took up and expanded Haeckel's definition of stem cells 

as a fertilized egg, extending it to other cells generated later in the differentiation process (878). 

On the other hand, Haeckel describes for the first time the asymmetric division that characterizes 

stem cells (879).  

Doctors and scientists have always tried to understand the tissue generation process. Two 

discoveries that occurred in the early 1960s revolutionized the understanding of how the 

organism repairs and develops. Between 58 and 62, Gurdon successfully conducted the first 

nuclear transfer experiments in frogs by transferring a nucleus of an intestine epithelial cell in a 

denuclearized egg cell, thus proving that it could give life to a whole organism (880,881). He 

demonstrates for the first time that cellular specialization is reversible. Simultaneously, Till & 

McCulloch discover that the tissue repair process is carried out by a limited group of cells capable 

of self-renewal and differentiate into different types of more specialized cells (882). This was 

elegantly demonstrated by showing that a bone marrow transfer was sufficient to save mice 

treated with lethal doses of radiation and by observing that the injected cells were capable of 

clonal expansion in vivo and in vitro (882–884). These cells were later baptized with the name 

hematopoietic stem cells (885,886).  

Thomson and its colleagues have brought another significant advance in the field. They discover 

that hESCs can be isolated from the embryo, and these cells have an illimited self-renewal 

capacity, and therefore are not subject to senescence, besides being capable of generating any 

cell in the organism (887). This has led to the need to classify cells based on their potency, which 

refers to their varying ability to differentiate into specialized cell types (Figure 34). Cells with 

higher potency can generate more cell types than those with lower potency (888,889). Totipotent 

cells can differentiate into all adult organism tissues, including extraembryonic tissues such as the 
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placenta; this state is specific to the zygote (890,891). The state of totipotency is unstable, and it 

is already lost at the blastocyst stage. The blastocyst's inner cell mass cells are the ESC cells, which 

are pluripotent and can form all the organism cells (892). PSCs are also transient and restricted to 

the first part of embryonic development. These cells lose part of their replication and 

differentiation capacity along the developmental process and become progenitor cells. Both 

progenitors and adult stem cells, responsible for regenerating tissues in the adult organism, are 

considered multipotent (893,894). These often have specific names; hematopoietic, 

mesenchymal, and neural stem cells are some examples. These cells have a limited capacity of 

differentiation, which is specific to their niche (886,895,896). Finally, we have the unipotent cells, 

which have lost all proliferative and differentiation capacities. These include somatic cells, which 

are mature and fully differentiated, and precursor cells, which are not entirely differentiated but 

are already committed to a certain fate.  

Figure 34: Stem cells types and their differentiation potential 
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1.7.1.1 Induced Pluripotent stem cells 

For a long time, one of the dogmas of biology has been that these somatic cells have lost the 

information necessary to follow other fates, and the specialization process was irreversible. 

Cloning experiments made by Gurdon have been reproduced in other species, including 

mammalian, and altogether have paved the way for what is arguably the most significant medical 

discovery of our century. Yamanaka and Takahashi demonstrate that in both mice and humans, 

somatic cells can be reprogrammed back to a pluripotent state, similar to that of ESC, by 

reintroducing a limited number of TFs (897,898). These genes were named reprogramming 

factors, or Yamanaka factors, and were initially reduced to POU5F1/OTC4 (Octamer binding 

transcription factor-4), SOX2 (Sex determining region Y-box 2), KLF4 (Kruppel Like Factor-4), and 

MYC (Figure 35). This discovery introduced the concept of iPSCs. IPSC's use overcomes many 

ethical problems related to the use of ESC and human embryos, creates new opportunities to 

study diseases, and opens new frontiers for diagnostic procedures, drug screening, and clinical 

practice (899,900). The enormous impact of this discovery led to the re-writing of biology 

textbooks and the establishment of new research fields. Many advancements have been made 

since then on various fronts. New reprogramming factors capable of substituting the original ones 

have been discovered, reducing the number of factors required, or improving efficiency or safety 

(901–903). Reprogramming techniques were also ameliorated (900). Nowadays, we have the 

availability of small molecules able to replace some of the reprogramming factors or to improve 

the overall reprogramming efficiency (904–910), integration-free vectors (911–914), miRNA, and 

reprogramming factors in the form of mRNA or proteins (915–918), all of which reduce or 

eliminate the risks related to the introduction of exogenous DNA (Figure 35). More recently, the 

use of CRISPR-Cas9-based gene activation (CRISPRa), which offers direct targeting and expression 

of endogenous genes instead of introducing exogenous ones, has pushed the concept of 

integration-free gene expression modulation to the extreme (919).  

Some significant advancements in stem cell biology comes from analyzing the differences 

between mouse ESC (mESCs) and hESCs. mESC can form germline chimeras while hESC are not. 

The discovery that mouse epiblast stem cells (mEpiSCs), which can be isolated from the post-

implantation epiblast, have similar characteristics to hESc have lead to the proposal that exists 
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more than one pluripotent state in the epiblast (920,921). These two pluripotent states are called 

naïve (or ground) and primed states, representing the distinct cellular identities of pre-and post-

implantation epiblast cells, respectively (922). These two stem cell states possess distinct 

epigenetic signatures, and unlike primed SCs, naive SCs do not yet show the deactivation of the x 

chromosome and have a more pronounced relaxation of the chromatin. The factors required to 

maintain these two cell types in culture vary significantly. In vitro culture of Naïve SCs require 

serum / LIF or 2i / LIF medium (two inhibitors (i) for MEK and GSK3) along with leukemia inhibitory 

factor (LIF). Instead, primed SCs require Activin and FGF signaling (920,921). To date, we are able, 

by adapting the reprogramming process, to directly derive both these states starting from somatic 

cells of different species, just as we are able to pass from one state to another simply by varying 

the culture conditions and factors (small molecules and proteins recombinants) to which they are 

exposed (923,924). Reprogramming techniques have also been successfully used to drive a 

somatic cell's cell fate directly into a different one without passing through the pluripotent state, 

in a process called transdifferentiation or lineage reprogramming (925–927). 

Since their potential was revealed, iPSCs have been widely used in clinical and research studies, 

including regenerative medicine, drug discovery, drug cytotoxicity, and, last but not least, disease 

modeling (900). iPSCs have sparked new hope for hitherto incurable diseases and tissue 

regeneration. Stem cells first entered the clinical stage in 2016, and now in 2021, there are more 

than 5,000 registered clinical trials involving stem cell research, which are rapidly moving through 

the process (715,928). Among the organs involved in these trials, the eye is undoubtedly one of 

the most targeted due to a series of favorable characteristics that make it particularly fit for this 

purpose, especially in this initial proof-of-concept stage. Notably, they are immune-privileged and 

have a series of natural barriers, including the blood-retinal barrier (BRB) and the blood-aqueous 

barrier (BAB), which isolate them, limiting the possible spread of transplanted cells (929). 

Moreover, unlike the other organs, the eyes are easily accessible and can be monitored with non-

invasive techniques (930–932). 
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1.7.1.1.1 Generation, characterization, and application of iPSCs 

iPSC technology generates new means to investigate inherited diseases, such as diabetes, 

neurological diseases, and retinopathies, by directly looking to patient-specific cells generated in 

vitro (318,933–936).  

For this purpose, patients’ somatic cells, which carry the patient's genetic information, can be 

used to generate patient-specific iPSCs (933). These somatic cells can be obtained with minimally 

invasive techniques, as skin biopsy, blood, or even urine samples are sufficient as a starting 

material for iPSC generation (458,937).  

A typical pipeline requires several stages:  

1. isolation and expansion, of patient’s somatic cells (1-15 days),  

2. reprogramming in iPSCs (approximately 30 days),  

3. collection and quality control of clones (approximately 30 days), 

4. expansion of selected clones (variable according to the desired initial quantity of cells),  

5. differentiation (variable according to the protocol used and the level of maturation 

required). 

iPSC generation is conducted through the reprogramming process extensively summarized by 

numerous reviews (900,938,939). The clones are then selected through strict quality control, 

including morphology, expression of pluripotency genes, karyotype, and the ability to 

differentiate in all embryonic layers (888,892,940,941). iPSCs may harbor different types of 

Figure 35: Generation and applications of iPSCs 
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genetic variations such as single nucleotide variations (SNVs), subchromosomal copy number 

variation (CNV), and including aneuploidy (417,942–944). These variations can be introduced into 

the iPSCs from different sources during their generation and maintenance (944). WGS of the 

parental somatic line and the clones are generated and highly advisable to determine if any 

genetic abnormalities occur during these processes. It is also highly advisable to carry out periodic 

quality controls, including WGS, in long-term maintenance cultures and batches of differentiated 

cells (945). Rigid quality controls (QCs) are necessary for iPS cells intended for use in clinical 

practice to ensure their safety, and they are also essential to ensure the authenticity of the results 

and absence of bias in the context of disease modeling and drug screening (940,946). 

iPSCs are generally not used as they are, apart from rare cases such as studying their biology and 

pluripotency mechanisms (900,947). This is particularly true in the clinical context, where their 

residual presence represents a potentially life-threatening risk (936,943). Once the iPSCs are 

generated and verified, the next step is to differentiate them in the desired cell type.  

PSCs' fate needs to be driven into the desired cell types in order to exploit their potential. This 

process is generally achieved by mimicking the molecular signaling pathways identified by 

studying embryonic development of the tissue/cells of interest (948,949). Differentiation 

strategies and protocols are tailored on a case-by-case basis according to the desired cell type, 

their maturation level, and the required purity grade (936). It is, therefore, a highly variable 

process that is generally multistep and time-consuming. Today, hundreds of differentiation 

protocols have been published to generate the most diverse cell types in the body (512,950). 

1.7.2 Generation of retinal cells from Pluripotent Stem Cells 

As previously discussed, retinal degeneration arises from the loss of PRs or RPE, which is the 

leading cause of irreversible blindness with limited effective treatment options. iPSCs represent 

an excellent platform to investigate normal and pathological retinal development and mechanism 

of degeneration and are a valuable source of retinal cells for clinical applications and drug 

screening (951). The generation of specific somatic cells from pluripotent stem cells can be 

obtained with different strategies.  
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Somatic cells can be obtained by spontaneous differentiation of stem cells upon withdrawal of 

the factors necessary to maintain the pluripotent state. Spontaneous differentiation generates 

several different cell types belonging to the three embryonic sheets. These cells can be isolated, 

passed, and maintained in culture and purified by repeated manual isolation and passaging. RPE 

cells are the retinal cell most well-characterized and easiest to obtain by PSC differentiation. RPE 

cells were initially obtained with these techniques without adding particular factors to drive their 

fate. Of course, this type of strategy has numerous limitations, such as low efficiency and high 

variability. Furthermore, many cell types, such as PRs, cannot be obtained with these techniques.  

The design of protocols to correctly drive the stem cells’ fate in the wanted direction requires an 

excellent knowledge of embryonic development and of the developmental genetics of the cells 

and tissue of interest. 

Figure 36: Comparison between in vivo and in vitro retinal development in human and mice (1207) 
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The use of factors capable of stimulating the expression of specific genes or signaling pathways 

has vastly improved differentiation efficacy and permitted the generation of specific cell types 

otherwise impossible to obtain by spontaneous differentiation.  

RPE cells, retinal progenitors, PRs, and other retinal cells can now be generated from ESCs or iPSCs 

by mimicking developmental processes in a stepwise fashion in vitro (Figure 36) (952–954).  

1.7.2.1 RPE cells differentiation 

RPE cells have been first generated from PSCs by spontaneous differentiation consequent to the 

removal of bFGF from the culture medium. Protocols to differentiate human iPSC lines into RPE 

cells were successfully established by multiple groups (955–961), and similarity between RPE 

generated using this strategy, and human fetal RPE, was determined by gene expression profiling 

(935,958). With these basic protocols, the initial pigmentation typically appeared 25-30 days after 

the start of differentiation but can vary considerably between batches, and their quantity was not 

sufficient for their isolation and purification up to 60–90 days after bFGF depletion. Though these 

populations of RPE cells have hexagonal geometry, pigmentation and are positive for markers 

such as Best1, MITF, ZO-1, and PDF, and show phagocytosis potential comparable to fetal-derived 

RPEs, they begin to express hallmarks of terminally differentiated RPE, such as RPE65, only after 

eight months in culture (935,954,957). 

A significant improvement in the RPE cell generation was obtained by adding nicotinamide (NIC) 

and Activin A to the PSC culture (78,962). This method significantly increases the generation of 

RPE cells by enabling the formation of abundant clusters of pigmented cells only after 40 days in 

culture. Additional factors introduced as retinal-inducing factors are noggin, RA, and sonic 

hedgehog (963–966). More recently, emulating RPE development cues proved useful for 

generating rapid RPE-directed differentiation in as little as 14 days. Homogenous cultures of RPE 

cells can be produced in 20 days showing an accelerated differentiation and morphogenesis 

compared to their in vivo development (956,967,968). This was obtained by adding IGF1, 

Dickkopf-related protein 1 (Dkk1), Vasoactive Intestinal Peptide (VIP), and FGFR1 inhibitor 

(SU5402) to the previously used ingredients (noggin, bFGF, NIC, and Activin A). 
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Although easily obtainable, most efficient RPE differentiation protocols rely on complex, stepwise 

treatments and the addition of growth factors. The use of small molecules chetomin (CTM), an 

inhibitor of hypoxia-inducible factors, allowed upregulating RPE markers MITF, OTX2, and 

PMEL17. Its combination with NIC efficiently induces directed-RPE differentiation in multiple hESC 

and hiPSCs. Typical RPE morphology is achieved within two weeks, and pure monolayers of 

functional RPE can be obtained following a single passage (969). 

All these researches permit the in vitro generation and deep characterization of PSC-derived RPE, 

which have been efficiently applied in RDs modeling and drug screening. Furthermore, they laid 

the groundwork to develop new therapies for the treatment of MD due to RPE dysfunction, with 

more than 16 clinical trials between phase I-II at the end of 2020 (970,971). 

1.7.2.2 Neural retina and photoreceptors differentiation from PSCs 

Unlike RPE, neural retina cells are more difficult to obtain and generally require more complex 

protocols. Pure populations of a single retinal cell type are challenging to obtain since their 

differentiation process is more sensitive, finely regulated, and dependent on cell-cell interactions. 

Furthermore, neural retina cells, such as PRs, are post-mitotic and can only be amplified at early 

differentiation steps when their fate is not entirely determined yet. During the early development 

of the neural retina, RPCs proliferate, increasing the progenitor pool size. When they reach a 

certain maturation level, RPCs begin to divide asymmetrically, giving rise to different cell types, 

which can adopt several fates during development. Later, a highly coordinated differentiation 

process driven by intrinsic and extrinsic factors permits the generation of the seven different 

mature cell types of the neural retina and all their sub-types in the proper proportions (972,973).  

The generation of RPCs is mandatory in almost all protocols for generating neural retina cells and 

can be achieved by aggregating stem cells into spheroids, in adherence or suspension, or through 

highly packaged adherent single layer cultures. 

1.7.2.2.1 The origins of the retinal differentiation protocols 

One of the first successes in generating neural retina cells has been carried out from mouse ESCs 

in a mixed system starting from a serum-free floating culture of embryoid bodies (SFEB system), 

which are then plated on polylysine coated dishes during differentiation (952). Following a 
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multistep process starting with the anteriorization of neural fate through the inhibition of Wnt 

and Nodal signaling pathways using Dkk1 and Lefty-A recombinant proteins, they were able to 

generate RPCs. They are subsequently pushed to differentiate into Rax+ cells by treatment with 

activin-A and serum with an efficiency of around 16%. These cells did not efficiently differentiate 

into PR precursors unless they were co-cultured with cells derived from an embryonic mouse 

neural retina at E17.5. Interesting only Rod-specific markers were observed, and there was no 

evidence of cones' presence (952). 

One year later, another group successfully generated PRs from hESCs and hiPSCs using a similar 

strategy based on sequential specification and intermediate SFEB step (974). As forebrain 

development requires inhibition of both WNT and BMP pathways, this time, DKK1 has been 

associated with Noggin, a potent inhibitor of BMP, in the presence of IGF1, bFGF, and proneural 

medium supplements ( B27 and N2). Analysis of retinal markers revealed a preferential presence 

for ganglion and amacrine precursor cells, while immature PRs’ markers, CRX, and NRL were 

expressed in approximately 10% of cells (974). However, less than 0.01% of the cells expressed 

mature PRs’ markers, S-Opsin, and RHO (974). 

Also in this case, PRs generated from iPCS or ESC cells did not fully maturate in vitro. Their final 

differentiation could be facilitated through transplantation into the mouse retina subretinal 

space, where they could partially restore light response in a cone-free CRX-/- mouse (975).  

Subsequently, progressive improvements have been made to the protocol. Takahashi and Sasai 

Labs differentiated Mouse and monkey ES cells into Crx + photoreceptor precursors from Rx + 

retinal progenitors by treating with a Notch signal inhibitor (953,954).  

Further application of FGF, Shh, taurine, and RA allowed further maturation into rod and cone 

PRs. In these conditions, CRX+ cells were identifiable after 90 days in culture, and their number 

increase reaching about 10% and 20% after 120 and 170 days, respectively. Rod PRs (RHO+) begin 

to be observed at day 130 to reach about 9% after 200 days (953). Cone PRs (S-Opsin+ and L/M-

Opsin+) could also be found close to RHO+ cells. Although time-consuming and inefficient, they 

have brought significant progress towards the production of more mature cells and the use of 

xeno-free culture conditions (954). 
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Other groups have used the same principle to design a chemically defined culture medium with 

the intent of lower costs, increasing reproducibility by reducing variability from batch to batch, 

thus increasing the potential for a possible clinical application. Non-biological small-molecules Y-

27632, CKI-7, LDN193189, and SB-431542 have been efficiently used to inhibit Wnt, Nodal, and 

BMP4 downstream pathways SMAD and β-Catenin to promote retinal differentiation (954,976). 

Small molecules such as Dorsomorphin and XAV939 have been used instead of NOGGIN and DKK-

1 to differentiate human iPSCs into retinal progenitors (977,978). Although these protocols have 

brought great progress towards the formation of xenon-free chemical-defined media, they have 

generally given lower yields than the protocols based on DKK1, Leftly-A, and Noggin(979). 

Following the same basic principle, many other groups have developed differentiation protocols 

making essential changes that have made it possible to improve the original protocol, speed it up 

or enrich the desired subpopulations (960,980–985). 

A considerable improvement was made by the 3-stage differentiation protocol, which combines 

previously published strategies. With this protocol, hESCs and hiPSCs could be differentiated into 

about 16% of CRX + cells expressing late-stage differentiation markers (RHO, OPN1LW, and 

OPN1SW) already at day 45, which represents an enormous acceleration of the differentiation 

process (983). 

Interestingly, the control cells treated only with N2 and B27 showed retinal differentiation, 

although less effectively than the complete medium. This proves the importance of these two 

components in the differentiation and survival of retinal cells. N2 and B27 are chemically-defined 

blood serum substitutes containing growth factors that promote neuronal cell survival and 

multiple hormones, such as insulin and progesterone (986–988).  

Differentiation of retinal progenitors into PRs has been favored by adding specific factors such as 

FGF1 and FGF2, T3, and Shh, each one in a specific time window during the 2D step (985,989,990). 

These components were usually accompanied by the addition of taurine, RA, N2, and B27 

supplements. Yanai et al. have generated more than 80% of CRX + cells after 17 days of culture 

using a similar 3D / 2D stepwise protocol and focusing on EBs’ size variation in the 3D step. This 



130 

was obtained using EBs of an optimal starting size (200 μm composed of about 1000 cells) and 

their subsequent seeding on Matrigel with the addition of Taurine, FGF2, and T3 (985). 

A 3 step method was also adopted from David Gamm’s group, which added a third step of culture, 

allowing the selective sorting of self-forming neuroepithelial structures (977). Following 

differentiation of iPSC and ESC-derived EBs in cell suspension, retinal spheres were plated on 

laminin-coated plates. Forming neuroepithelial structures were manually picked to be cultured 

again in suspension. They observed that these neuroepithelial structures' gene and protein 

expression profiles reflect a differentiation state close to the optic vesicle (OV) stage of human 

retinal development (977). Authors also observed that in some, but not all, iPSC lines, early 

endogenous expression of DKK1 and NOGGIN was sufficient to induce the formation of OV-like 

structures without small molecules' addition antagonizing the BMP, TGFβ, and Wnt pathways. 

These results point out that cell lines' intrinsic characteristics may significantly affect the 

differentiation process. 

These floating OV-like structures continue to differentiate towards the PR lineage, showing 

expression of CRX and RECOVERIN between days 45-60 of culture and RHO or S-opsin after 100 

days (977,991). 

1.7.2.2.2 3D organoids 

In the same period, the Sasai Group published several articles that present an alternative protocol 

that removes the 2D step in adherence and focuses on a purely 3D and suspension culture 

(76,992). Sasai's laboratory is the pioneer in 3D retinal organoids, which were obtained primarily 

with mESCs but quickly reproduced with hESCs and then in hiPSCs (76,992,993). Under these 

conditions, starting from both mouse and human ES, they were able to replicate the first step of 

retinal morphogenes, including the evagination of the distal portion in the RAX-expressing areas, 

forming structures similar to optic placode. Consequently, the invagination of these structures 

leads to the generation of stratified neural retinal tissue reminiscent of the typical bilayered 

embryonic optic cup, with the inner part differentiating into the neural retina and the outer layer 

towards the RPE lineage. The process closely mimics the complex tissue interactions of in 

vivo retinogenesis. They elegantly demonstrate that optic-cup morphogenesis relies upon an 



131 

intrinsic self-organizing program that involves a stepwise and domain-specific regulation based 

on local epithelial properties. To generate retinal organoids, hESCs dissociated into single cells 

were reaggregated in low-cell-adhesion V-bottom 96-well plates at a density of 9,000–12,500 

cells/well in retinal defined differentiation medium containing ROCK inhibitor (Y-27632). Human 

ESC needs the addition of WNT inhibitor (iWR1e) to counteract the caudalising signals caused by 

the high KO serum level necessary for their differentiation. Following a few days of culture, 

Matrigel is added to the culture medium and acts as a basement membrane to stimulate epithelial 

fate and structural development.  

Stimulation of the SHH pathway by the smoothened agonist (SAG) in the presence of FBS 

improves the efficiency from 30-70% to more than 70% of total cells expressing early retinal 

marker, RAX at day 18 (992). These cells further differentiate into CHX10+/PAX6+ progenitors. 

Treatment with the glycogen synthase kinase 3 (GSK3) inhibitor CHIR99021, which acts as a WNT 

agonist, during days 18-21, when cells have already committed to a retinal fate, allows the 

generation of MITF+ RPE cells without disturbing CHX10 expression in the distal portion of the 

retinal epithelium. This process closely mimics the in vivo development of the optic cups. In these 

conditions, CRX+ PRs can be observed within neural rosettes by day 35, RECOVERIN expression is 

observable by day 60, while rods specific markers NRL and RHO start to be observed by day 120 

(992).  

The same group also published different modifications to the protocols to recapitulate complete 

eyecup morphogenesis or maximize PRs genesis. Interestingly, the step-wise induction-reversal 

method generates tissue aggregates with RPE at the margin of a central-peripherally polarized NR 

(994). They improve NR differentiation using timed BMP4 treatment at a low concentration 

between days 18 to 24. They also found that further inhibition of GSK3 and FGFR induced the 

transition from NR tissue to RPE and that removing this inhibition facilitated the reversion of this 

RPE-like tissue back to the NR fate (994).  

Further adaptation and combination of recently published differentiation protocol could generate 

a higher yield of 3D optic cups. In order to improve the protocol, initial SFEBs cultured in the 

presence of N2 were transferred in Matrigel-coated dishes instead of laminin-coated ones. 
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Treatment with serum, taurine, and RA in specific time windows during the floating cultures 

promoted cell survival and differentiation, allowing the formation of 3D retinal cups that seemed 

properly laminated. Besides showing that in these conditions, they were able to obtain advanced 

PRs maturation with OS formation in 180 days, they also conducted patch-clamp recording 

demonstrating, for the first time, that PSC-derived PRs were capable of responding to light (993). 
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Unfortunately, these retinal organoids are generated at very low efficiency and depend on their 

successful dissection, one of the key yield-limiting points. This operation requires highly 

specialized personnel and generates enormous variability between various manipulators. 

Emitting dissection compromises the retinal identity of organoids with the overtake of non-retinal 

structures (995,996).  
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Figure 37: Comparison between the main protocols to generate retinal cells from PSCs (1207) 
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Völkner et al. noticed that only a part of the neuroepithelium evaginated to form identifiable optic 

cups. He provides a protocol for unbiased trisection of the neuroepithelium early without 

affecting retinal cell differentiation (997,998). This protocol produced high numbers of large, 

stratified organoids committed to retinal fate (969,997,999).  

Transcriptional analysis has shown that at day 37, CRX+ PRs appear in the basal or middle part of 

the neural retina and migrate to the apical side by day 67 (1000). CRX+/RECOVERIN+ PRs are firstly 

observed around day 50 and increase at day 120. NRL is first observed at day 70 and is robustly 

express in many CRX nuclei at day 90. Minimal S-opsin and no RHO or L/M-opsin were present 

until day 125-150 (992,1001). Retinal organoids with healthy PRs could be maintained in long-

term culture. In these conditions, PRs’ OSs start to be observable around day 160 and reached 

complete maturation at day 300 (993,999).  

Retinal ganglion and amacrine cells start to be detected by day 37, while horizontal, ON-bipolar, 

and Müller glial cells appear in small numbers after 90 days in culture. The transcriptome profile, 

by RNA-seq, of developing human PRs was remarkably concordant with mRNA and 

immunohistochemistry data available for the human fetal retina, although the expression of 

many targets of CRX, including phototransduction genes, were exhibiting a significant delay 

(1000). 

1.7.2.2.3 Further advancement in retinal differentiation protocols 

With the idea of accelerating the differentiation process and reducing exogenous factors, 

Reichman et al. developed a retinal differentiation protocol that bypasses the EBs step. They have 

shown that human iPSCs in the absence of FGF2 allowed the endogenous production of DKK1 and 

NOGGIN, and the addition of N2 was sufficient to generate both RPE cells and self-forming NR-

like structures in less than 15 days. These structures contained retinal progenitors expressing 

PAX6 and RAX. The NR-like structure can be manually dissected, and the derived floating cultures 

can generate all retinal cell types. With these conditions, CRX + and RECOVERIN + cells start to be 

observed between days 30 and 40, while S-Opsin, M-Opsin, and RHO were seen only after 80 days 

of culture (1002). 
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Lanza’s Lab developed a four-step protocol able to induce a synchronized differentiation process 

to generate a homogeneous PR progenitor population for clinical use (1003). Adherent human 

PSCs cultured on Matrigel were directly induced to differentiate into retinal induction medium 

containing N2, B27, INSULIN, and NOGGIN. After four days, the medium changed to neural media, 

always in the presence of N2, B27, and noggin. After PSCs differentiation into eye field progenitors 

(PAX6+/RAX+) at day 19, cells were detached to form neural spheres in suspension culture to be 

then re-plated on Matrigel-coated surfaces to allow expansion and differentiation into RPCs. Cells 

continually expanded and formed neural rosettes, and after four passages (  9̴0 days) more than 

90% of cultured cells were positive for photoreceptor markers (CRX, NRL and NR2E3), with less 

than 10% of cells expressing the cell proliferation marker Ki67. Further maturation of these cells 

in the presence of RA, brain derived neurotrophic factor (BDNF), CNTF and DAPT, led to the 

generation of rod-like PRs, expressing RHO, RECOVERIN and PDE6α, but lacking OS. The extra-

ordinary use of CNTF in this protocol is interesting, as it is historically known to antagonize rod 

differentiation in rodents (1004,1005) 

Robin Ali group proposes a modified 2D/3D protocol (1006) based on previous publications, 

where densely packed PSCs are pushed towards a neuronal fate through brief removal of FGF 

(993,1002). Self-forming optic cups became visible between 2-4 weeks when they are detached 

and grown in suspension. The differentiation media used was the same as described by Zhong et 

al., but, differentially, the RA was maintained, at lower doses, even after the first induction period. 

This allowed generating a higher population of cônes (18%), showing the formation of OS and 

pre-synaptic structures (1006). 

Another protocol implementation was obtained by improving initial neural induction from SFEBs 

by replacing KO serum with E6 supplemented with B27 (without vitamin A) (999). 

Although extremely elegant and useful in many applications, retinal organoids have been shown 

to have numerous limitations on several fronts. The presence of the whole retinal cells pull, the 

inability to control fate towards a specific cell type, the extremely long culture times, the 

variability between cell lines, and finally, the requirement of highly trained technical personnel 

have limited their use. Many groups have been interested in developing more straightforward, 
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reliable, and robust protocols for producing large quantities of PRs which would have greater 

potential in various fields such as clinical applications and drug screening. In this sense, more 

simple 2D, 3D-adherent, or mixed systems bear several advantages. 

In 2015 we reported a protocol for a preferential differentiation of ESC toward S-cone PRs using 

the human recombinant protein COCO (Dand5), a member of the Cerberus gene family expressed 

in the developing and adult mouse retina (Annex 1) (1007). COCO has been shown to antagonize 

Wnt and ligands of the TGF-beta superfamily (which includes BMP and TGFβ) and acts in synergy 

with IGF1 (64,67,1008). In COCO's presence, the hESC line differentiates more effectively than 

with noggin and Dkk1, showing the expression of early retinal and PR genes SIX6 and CRX, and 

phototransduction gene OPN1SW after only 21 days of culture. Under these conditions, 60-80% 

of the cells corresponded to S-cone PRs, despite OS's absence. The addition of T3 resulted in a 

mixed M / S-cone population but an overall decrease in the differentiation efficiency. The role of 

T3 signaling as a molecular switch between S and L/M-Cones generation has been later confirmed 

by other groups (1009,1010). This protocol represents an excellent improvement towards the 

generation of pure cone PRs, and even today, it is the protocol that generates the highest amount 

of cone PRs in the shortest amount of time without resorting to genetic mutations. On day 60, 

the cells show 3D self-organization and generate a reasonably uniform sheet with a thickness of 

about 5-10 nuclei showing an apical polarization of OS / IS components. Despite this, the PRs do 

not reach the same maturation levels obtained in 3D floating systems at the observed time points. 

1.7.2.2.4 Improvements in photoreceptors generation 

Once the basis for the generation of retinal cells has been established, subsequent studies are 

focused on improving the efficacy and control of cell fate to generate the desired subpopulations 

of PRs or obtain more mature and functional cells from them. 

COCO was subsequently used to enhance PR precursor differentiation's efficiency in 3D retinal 

organoids (1011). COCO has also been used to induce preferential differentiation of cones in 

suspension cultures of primary mouse RPCs (1012). 

The addition of COCO in the medium used to generate 3D retinal organoids increases the total 

yield of PRs in the early stages of differentiation, which favors the generation of cones at rods' 
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expense (1013). Conversely, Taurine and RA have been shown to act in an instructive and lineage-

restricted manner early in the progenitor lineage hierarchy to produce rod-restricted progenitor 

(1014). On the other hand, RA treatment between 70-120 days has later been shown to stimulate 

PRs' final differentiation and maturation, generating all subtypes of PRs (1015). 

Treatment of retinal organoids with RA + T3 from day 90 to 120 enhanced the generation of rod 

and S-cone PRs formation, while adding DAPT from day 28 to 42 combined with RA from day 30 

to 120 enhanced the generation of L/M-cones at the expense of rods. RA associated with L-DOPA 

between days 90 and 120 also promoted S-cones' emergence at the expense of rod PRs (990). 

The use of 9-cis retinal (9cRA) instead of the more commonly used all-trans RA has recently 

accelerated PRs differentiation and improved morphogenesis (1016,1017).  

Currently, also treatment with docosahexaenoic acid (DHA), known to activate the MAPK pathway 

and prevents photoreceptor apoptosis (1018), has been shown to promote the generation of rods 

at the expense of cones (1019). 

Several groups have also demonstrated the usefulness of blocking Noch signaling to favor and 

accelerate PRs' generation. In the early stage, DAPT improves neuronal specification, while in the 

late stages of the differentiation protocol, it has been shown to force PRs precursors to commit 

to PRs cells (76,964,992,997,1020). However, it was observed that the use of DAPT preferentially 

favors the formation of cones to the detriment of rods, consistent with reports stating the 

necessity of Notch suppression for cone fate specification (113,116). Interestingly, a group 

reported preferential cone or rod differentiation in mouse retinal organoids by applying DAPT at 

specific stages early during differentiation, precisely day 12 for cones and day 16 for rods (1021). 

Another important parameter that made it possible to improve the differentiation protocol is the 

manipulation of oxygen levels. It has been observed that cells maintained under hypoxia 

conditions (2% O2) in the early stages are more favorable for efficient retinal differentiation 

(1022–1024). These conditions better mimic the physiological oxygen tension during embryonic 

development. Conversely, the long-term maintenance of these large three-dimensional 

structures, in the absence of a vascular system, requires higher oxygen levels reaching 40% O2 

and agitation systems such as micro-bioreactors (992,997,1025,1026). Bioreactors have been 
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shown to increase PRs generation yields compared to classic culture conditions. On the other 

hand, the stirring conditions are critical and must be finely controlled to promote oxygenation 

without damaging the cultures, particularly in the last phase of maturation, when OSs, which are 

extremely fragile, arises on the surface (1026). 

One of the problems in generating retinal cells is the great variability between different PSC lines, 

to the point that some PSC lines are not capable of 3D self-organization, and the reasons are 

mostly unknown. It has been observed that these cell lines express a low endogenous level of 

DKK1, and the addition of exogenous fibronectin and DKK-1 in these cultures has been shown to 

improve the 3D organization and the entire differentiation process (1027).  

Another group investigated the impact of the initial hPSC state for efficient retinal differentiation. 

The preconditioning of iPSC cultures by modulating TGF-beta and Shh signaling during the 

pluripotent state improved self-formation of 3D-neuroepithelium. This preconditioning method 

allows several feeder-free hPSC lines robustly differentiated into 3D-retinal organoids (1028).  

Recently much work has been done to identify markers that can be used to purify the PR 

populations. Thanks to single-cell RNAseq studies that compared various regions of the adult 

human retina, different stages of human retina development, and various stages of 

differentiation of PSC-derived organoids, it has been possible to identify several potential markers 

and their precise expression pattern (1021,1029–1033). CD73 seems a promising surface marker 

to identify and purify PRs precursors in the early stages to obtain an enriched PRs population 

(964). This strategy has already been used effectively to purify PRs used for preclinical studies in 

rodents, where they were able to partially restore visual functions in ONL-deficient mice (1034–

1036). 

Accelerated PRs differentiation of hiPSC-derived retinal organoids has been obtained by contact 

co-culture with RPE, which has been shown to promote retinogenesis and PRs maturation, 

boosting the expression of PR’s markers at different differentiation stages (1037) 

A recent protocol that uses a minimal media composition and conditions adapted for long-term 

culture maintenance has been used to produce cone-rich human retinal, which show incredibly 

advanced maturation levels (1031,1038). For long-term cultures on day 22, Fetal Calf Serum (FCS) 
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(8%) was added to the medium, and organoids were cultured in 24-well plates on an orbital 

shaker. Between 6.5 and 11 months, PRs expressed mature PRs marker (S-Opsin, L/M-opsin, RHO) 

and shows protruding hair-like structures with elongated IS e OS. Furthermore, the ratio of cones: 

rods was as high as 2.8:1, reminiscent of the human macula (1031). 

This year, NRL -/- gene-edited hESCs have allowed the generation of rod-deficient retinal 

organoids enriched in S-cone-like PRs (1039). Like the corresponding mouse model, these cultures 

hold enormous potential for screening for drugs with therapeutic potential and modeling specific 

cone diseases such as MDs. 

In this thesis, we use a COCO-based differentiation method in combination with IGF1, bFGF, N2, 

and B27 supplements to generate PSC-derived cultures enriched in cone PRs, to investigate the 

molecular mechanisms underlying their degeneration. 

1.7.3 Stem cell-based models of RDs 

One of Stem Cells research’s primary goals is to generate easily accessible human cells and tissues 

for their application in disease modeling and clinical practice. Human cell models offer significant 

advantages over animal ones, which occasionally fail to fully mimic human physiology. Many 

human primary cell lines, on the other hand, are not amplifiable or are only capable of a limited 

number of passages in vitro. PSCs can overcome these obstacles thanks to their self-renewal 

ability and their great differentiation potential. Patient-specific iPSCs have already been used to 

model various human diseases, from diabetes to neurodegenerative diseases such as Parkinson’s 

and Alzheimer’s (599,1040,1041).  

Recent advances in iPSC biology and differentiation techniques have made it achievable to 

develop full-scale platforms to generate large quantities of various cell types for disease 

modeling, drug screening, and regenerative therapies. 

As previously discussed, the retina and, more particularly, PRs’ structure and distribution vary 

significantly from species to species. Furthermore, patients’ retina biopsies are generally 

inaccessible or difficult to obtain, thus making studying the molecular mechanisms behind 
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inherited human RDs arduous. iPSCs have made this phytopathological and molecular 

investigation possible.  

Human stem cells have been used to study embryonic eye development and retinogenesis by 

using 3D retinal organoids that closely mimic human development with a similar timeline. They 

have also been helpful in studying the function and development of retinal cells such as ganglion, 

bipolar, RPE, cell of the lens, and PRs (967,1002,1025,1042,1043). Recently, iPSC has been used 

to model various diseases such as RP, LCA, USH, and glaucoma (1044–1047). 

While there are many publications for disease modeling using hiPSC-derived RPE cells, the 

number of publications involving PRs is more limited, reflecting the ease and challenges in their 

generation and maintenance. Among them, the great majority involve using 3D retinal organoids 

or 2D/3D mixed culture.  

The choice of the differentiation protocol, the number of patients and controls, the enrollment 

rules, and the strategies adopted for the analyses must be intelligently planned to ensure the 

validity of the results using these models. These include, but are not limited to, the disease of 

interest, the weight and magnitude of the expected phenotype, the sensitivity of the assay 

techniques, and the heterogeneity inherent in the iPS cell lines, the variability derived from 

cellular reprogramming and in vitro culture condition during differentiation and maintenance.  

Various strategies can be adopted to use iPSCs and ESCs to model RDs effectively; the main ones 

are summarized (Figure 38). There is no absolute best strategy, and each one offers its advantages 

and disadvantages. The choice of the most suitable strategy must be rationally planned after a 

careful case-by-case evaluation. Often two or more strategies can be used in combination to 

confirm or reinforce the results. 

Here we summarize the principals’ strategies for applying iPSCs in disease modeling, and we 

provide some examples for each group. 

1.7.3.1 Application of patient-specific iPSCs in disease modeling 

Patient-specific iPSCs offer a unique opportunity to directly investigate the molecular 

mechanisms behind human diseases in the patient’s cells.  
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The most popular strategy is comparing cells generated from patients’ iPSCs with those from 

healthy individuals. It requires using a “sufficient” number of samples from both controls and 

affected individuals to compensate for the genetic background variability. Generated cells have 

all the genetic and epigenetic signatures present in the patient, making them particularly 

representative of the individual and therefore suitable for studying rare genetic cases or 

developing personalized therapies. Patients’ iPSCs are the favorite, or only, option for modeling 

complex and polygenic diseases, cases with not yet identified causing mutations, or those of 

unknown origin. When the number of available patients is minimal, such as rare diseases or rare 

genetic variants, it is recommended to use multiple clones per patient.  

Recently, many high-rated journals have established guidelines for the number of patients and 

clones necessary for publication. Although they vary considerably depending on parameters such 

Figure 38: Strategies for disease modeling using PSCs 
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as the method of analysis, aspected outcome, biological effect studied, and experimental variability 

(1048), evidence arose from transcriptomic profiles of undifferentiated iPSCs point out that four 

to six individuals per group provided a reasonable balance of sensitivity and specificity 

(1048,1049). However, these numbers are rarely reached at present. These guidelines provide 

essential resources for the design, analysis, and interpretation of future iPSC-based studies. 

The first report on iPSC’s use for modeling RDs comes from Takahashi’s group at the RIKEN 

institute (1050). They obtained fibroblast cells from healthy individuals and five RP patients with 

distinct mutations in the RP1, RP9, PRPH2, and RHO genes and generated patient-specific iPSCs. 

They differentiated these iPSCs into rod PRs that express mature rod markers and exhibits 

electrophysiological properties. Similar to what happens in vivo, they observed a decrease in the 

number of rod cells in patient-derived cultures with distinct mutations. Furthermore, iPSC-

derived PRs express oxidative and ER stress markers and respond differently to vitamin E 

treatment as observed in patients. For the first time, they demonstrated that patient-derived 

iPSCs could be used to interrogate RDs’ pathophysiology, elucidate the underlying molecular 

mechanisms, and identify disease-causing mutations (1051).  

Simultaneously, Tucker et al. use exome sequencing to identify a novel mutation in exon 9 of the 

male germ cell-associated kinase (MAK) gene as the presumed cause of disease in an isolated RP 

patient. They successfully generated iPSCs from patient fibroblasts and a healthy control and 

differentiated them into retinal precursor cells using a mixed 2D/3D method. Unfortunately, their 

model failed to show the developmental switch that allows the expression of the isoform 

containing the exon 9, as it happens in vivo during NR development, thus preventing the expected 

phenotype’s appearance. This failure was mainly attributed to insufficient cell maturation. This 

study highlights current limitations in the applications of these models (1052). 

Subsequently, the same lab, using NGS and Sanger sequencing, was able to identify the causal 

mutation in USH2A, which causes a frameshift with a premature stop codon, in a patient with RP. 

They efficiently generate multilayered optic cups from this patient and age-matched control. To 

overcome the limitations encountered previously, in addition to using an improved protocol, they 

transplant the PRs precursors into immunosuppressed mice in order to reach a more advanced 
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level of maturation. The cells developed into mature PRs that expressed PRs-specific proteins. 

These conditions allowed them to discover that USH2A mutation translates into post-

developmental PRs degeneration triggered by protein misfolding and ER stress (984). This work 

sheds new light on the disease’s mechanisms and lays the groundwork for further studies to 

develop effective gene correction therapies (1046).  

Parfitt et al. effectively generate 3D optic cups from a patient with a homozygous mutation in 

CEP290 (c.2991 + 1665A> G), a frequent cause of LCA. In this way, they demonstrated that RPE 

and optic cup neuroepithelium develop normally despite the incorrect splicing of CEP290 and 

defects in ciliogenesis. These defects were more abundant in the optic cup than in RPE, thus 

explaining the preferred target for these structures in patients. They also showed a new antisense 

oligonucleotide's ability to block aberrant splicing, thus restoring the full-length CEP290 transcript 

and restoring normal ciliogenesis and cilia trafficking. In this way, they demonstrate the versatility 

of iPSC-derived retinal organoids to discover the molecular mechanisms involved in RDs and 

develop effective clinical strategies (1001). 

Another group uses iPSC-derived retinal organoids from four control individuals and six patients 

with RDs caused by CEP290 mutation, including three with LCA and three with JSRD, to investigate 

the differential penetrance of CEP290 mutations. They demonstrate that the reduction of CEP290 

production in LCA patients impact cilia maturation. In contrast, the complete lack of CEP290 in 

JSRD patients caused decreased ciliogenesis, aberrations in the cilia structure, and increased SHH 

signaling pathways. This work demonstrates the correlation between ciliogenesis defects 

observed in vitro and the severity of patients' pathologies. They helped understand CEP290 role 

as a ciliary gatekeeper for transporting molecules in and out from the OS in human PRs (1045). 

Stone’s laboratory generated iPSCs and differentiated them into retinal organoids from a control 

donor and three patients with early-onset RP due to a mutation in TRNT1, a gene recently linked 

to PRs degeneration (1053). They observe a defect in autophagy characterized by increased 

expression of LAMP1, production of LC3-II, and lipidation of LC3-1. Finally, they detect elevated 

levels of oxidative stress, which seems to be the ultimate cause of PRs cell death, thus confirming 

what was hypothesized to be the cause of degeneration in patients (1054).  
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Megaw et al. use both mouse and hiPSC-based models to investigate the role of RPGR in PRs 

degeneration. With this intent, they generate iPSCs from two siblings with X-linked RP due to a 

mutation in RPGR (g.ORF15 + 689−692del4) and one unaffected close relative as control. They 

show that the mutation in RPGR prevents its physiological interaction with Gelsolin, which causes 

increased actin polymerization, abnormal OS formation, and PRs death. Moreover, the same 

abnormalities were found in both RPGR and Gelsolin KO mouse models, thus confirming their 

evidence. This report brings new insights into RPGR interactors' identity and its role in X-linked 

RP pathogenesis (1055).  

Schwarz et al. generated iPSC-derived 3D optic cups from a patient with the RP2 mutation (p. 

R120X). They show that cultures, despite the absence of detectable RP2, develop normally, but 

the PRs in the optic cups displayed reduced Kif7 staining at their cilia tips, suggesting that RP2 

regulates specific trafficking kinesins to cilia tips. By screening active compounds, they found that 

PTC124 restored Kif7 levels at the tip of RP2 null cilia, thus representing an excellent candidate 

for future therapies. Overall, this work points out the utility of iPSC models in drug discovery 

(1056). 

Recently Guo et al. recapitulated some of the phenotypes observed in patients with USH2A 

mutations using patient-specific iPSCs. Using 3D organoids from a single patient and age and sex-

matched controls, they could show a range of defects, including abnormality in NR development 

and polarization, defects in ciliogenesis and PR’s morphology, aberrant expression of various PRs 

markers at both transcripts and protein level, and increased apoptosis. These data lead to a 

significant advance in the RP's molecular diagnosis and understanding the pathological role of 

USH2A mutations (1057). 

Only very recently, another group has been successful in generating a model of late-onset RD. 

They generated iPSCs from peripheral blood mononuclear cells from a patient with late-onset RD 

harboring a mutation in PDE6B, identified by exome sequencing, and a control patient. To partially 

compensate for the limited number of samples, they generated three clones for each iPSC line. 

They then generated 3D retinal organoids, identified transcriptomic signatures at various time 

points via RNAseq, and confirmed their primary evidence by IF. They show that the phenotype's 
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appearance requires an extended culture period exceeding 200 days in vitro in line with patients' 

late-onset appearance of symptoms. They observed upregulation of TFs that promote rod 

development (SAG, NR2E3, and NRL), reflecting preferential rod development defects in the 

patient organoids. They also observed significantly increased cGMP levels in patients' PRs 

compared to controls, which could be one of the causes of the aberrations observed in both CC 

and synaptic connections. This work advances new evidence in the function of PDE6B in mature 

PRs and has its most significant impact in being the first report of a late-onset RD model (1058). 

1.7.3.2 Disease modeling using human isogenic iPSCs 

Another strategy to model inherited genetic diseases is to induce the desired mutation in a 

healthy iPSC or ESC line to compare two isogenic cell lines that share the same genetic 

background. Opposite to patient-specific iPSC lines, isogenic iPSC lines, created through gene 

editing approaches from well-characterized healthy subjects, bypasses the problems related to 

variations between cell lines. These differences include residual epigenetic memory, genetic 

background, incomplete programming, variable proliferation and differentiation potentials, 

aberrant transcription, and DNA methylation patterns (1059–1061). The isogenic iPSC approach 

reduces the number of samples required due to its high reliability and efficiency compared to 

traditional methods. 

Thanks to the incredible technological advancement in cloning and site-directed mutagenesis 

techniques, such as TALENS and CRISPR-Cas9 systems and all their variants, theoretically, any 

genome locus can be changed with a single base precision (707,1062). At present, it is possible to 

induce complete gene KOs or generate a single site-specific point mutation, which can be either 

homozygous or heterozygous.  

However, there are several limitations in the use of the isogenic iPSC line. First, the mutation of 

interest must be known to be reproduced, and polygenic or multifactorial diseases are generally 

inaccessible with these techniques. Furthermore, although these techniques are now 

economically accessible for most laboratories, the required manipulation still involves substantial 

investments and highly specialized technical personnel. Another major limitation of gene-editing 

is potential unintended and "off-target" effects, requiring multiple NGS analyses as quality 
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controls. Due to technical and analytical limitations, the complete exclusion of off-target 

mutations cannot be archived; for this reason, the use of multiple clones as biological replicates 

is still recommended. Engineered isogenic lines are gaining popularity to confirm the 

genotype/phenotype relationship observed with patients' iPSCs. In combination with 3D 

organoids, this strategy is also precious for studying specific genes' impact during the human 

retina's embryonic development. 

Yoshida et al. used iPSCs derived from an RP patient to confirm a suspected RHO disease-causing 

mutation. They observed an increment of oxidative and ER stress in patients-derived organoids. 

Then they confirmed the pathogenicity of the patient’s E181K RHO mutation by introducing it in 

an isogenic wild-type cell line expressing GFP under the control of the NRL promoter to facilitate 

further purification and analysis. Furthermore, they rescued patient-derived cells using HDAdV-

mediated gene correction. Finally, they used their isogenic iPSC model to screen drugs capable of 

reducing ER stress, autophagy, and apoptotic markers, therefore suitable for therapeutic use 

(1063). This work provides exceptional guidance to compensate for a limited patients availability 

and the application of isogenic iPSCs to develop new treatments. 

Similarly, Lane et al. investigate the role of RP2 in the pathogenesis of XLRP. Mutations in RP2 

cause a severe form of RP, the mechanism of which remains somewhat obscure, and mouse KO 

models fail to recap the severity of the phenotype. With the intent to generate a representative 

model of the disease, they create an isogenic RP2 KO hiPSC line. Then they differentiated it 

together with the control and a patient iPSC harboring an RP2 mutation into 3D organoids. They 

clearly showed that both patient and RP2 KO line organoids displayed a decrease in RHO 

expression with a cell death peak around day 150, with a subsequent reduction in the thickness 

of the ONL already visible at day 180. They also demonstrated that the adenovirus-mediated 

reintroduction of RP2 could block apoptosis, rescue the degeneration, and re-establish the ONL 

thickness (1064). 

Takahashi's lab used an engineered Nrl-GFP iPSCs and 3D retinal organoids to develop a 

chemically induced PRs degeneration model through treatment with 4-hydroxytamoxifen (4-

OHT). The generative process recapitulates what was observed in organoids derived from RP 
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patients. Using this model, they develop a microscopy technique for real-time visualization of PRs 

degeneration using a GFP reporter. This drug evaluation system allows them to monitor the effect 

of drugs over extended periods in real-time, significantly reducing the number of samples 

required for this type of analysis, thus bringing significant advancement in drug screening 

platforms for RDs (1065). 

Recently a group succeeded in the generation of a human NRL KO model (1031,1066). Mutations 

in NRL can cause various manifestations, from RP to enhanced cone syndrome. While the Nrl KO 

mouse model has been highly characterized (819,821), NRL's role in human PRs is not fully 

understood. To investigate the impact of the absence of NRL during human NR development at 

the molecular level, they generate an NRL KO hiPSC line and differentiate it and the isogenic 

control into 3D organoids. Consistent with the role of NRL in rod specification, its deactivation in 

retinal organoids leads to an increase in the two distinct cone subpopulations. Combining RNAseq 

and epigenetics analysis, as previously used in the context of the Nrl null mice (1067), they identify 

MEF2C as a potential new regulator of cone development. Interestingly, MEF2C has been 

previously identified as a regulator of rod fate, highlighting possible differences between mice 

and humans.  

In addition to investigating the role of NRL in human PRs, this article represents an excellent 

alternative to increase cone generation during iPSC differentiation. This model could therefore 

be helpful to study cone dystrophies and to screen molecules with therapeutic potential for cone-

specific degenerations such as CDs and MDs (1066) 

1.7.3.3 Rescue patient-specific iPSCs using gene-editing 

A final strategy that could be adopted to investigate or confirm the diseases’ genetic origin is to 

correct the mutation directly in the patient’s iPSCs in a rescue experiment.  

It represents a mixture of the previous few strategies involving both patient-specific iPSCs and 

gene editing, thus bringing with it the advantages and disadvantages of both techniques. 

It frequently represents a final and elegant confirmation of the mutation's pathological role and 

simultaneously confirms the degenerative process's reversibility and the gene correction 
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therapeutic potential. The major limitation in this approach is the gene-editing step, which, as 

previously mentioned, tends to be very laborious, in particular in the case of point mutations. For 

these reasons, the number of available examples remains minimal. 

As anticipated previously, some groups have managed to restore PRs' physiological functions in 

different iPSC-based models by reintroducing the full-length gene via AAV or Lentiviral vectors. 

Burnight et al. investigate the role of CEP290 in retinal degeneration. With this intent, they 

generate iPSCs from three LCA patients with mutations in CEP290. They showed that introducing 

the WT version of CEP290 with a lentiviral vector was sufficient to restore the physiological length 

and number of cilia in two out of three patients’ fibroblasts. Although the authors effectively 

differentiate patient-specific iPSCs into OTX2-positive RPCs and reintroduce the full-length 

version of CEP290 in these cells, they fail to show mature PRs or defects in ciliogenesis, thus 

highlighting challenges in PRs maturation and the generation of the CC in these differentiated 

cells (1068). 

Wiley et al. generated iPSCs from two patients with confirmed mutations in CLN3 affected by 

Juvenile neuronal ceroid lipofuscinosis (JNCL), a childhood neurodegenerative disease 

characterized by severe early-onset central vision loss. This model shows that treatment with 

AAV2- CLN3 could restore full-length CLN production at both RNA and protein levels. Finally, they 

demonstrated that the injection of these cells in the subretinal space of immunosuppressed mice 

does not cause damage or toxicity, paving the road to future clinical trials using AAV gene therapy 

to treat JNCL and similar diseases. (1069) 

Deng et al. generated iPSC from urine samples from three male patients with childhood night 

blindness diagnosed with RP harboring different RPGR frameshift mutations. They differentiate 

them into RPE cells and retinal organoids and observed multiple defects regarding localization, 

morphology, electrophysiological activity, and transcriptional profiling in differentiated PRs. 

Interestingly they observed ciliogenesis defects and shorted cilium in all undifferentiated iPSCs, 

RPE, and retinal organoids. They finally show that correction of these RPGR mutations is possible, 

and it is sufficient to restore to normal levels ciliogenesis, PR’s structure and electrophysiological 

properties, and transcriptomic profile. This work successfully reproduces the phenotype observed 
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in patients harboring RPGR mutations using iPSC-derived 3D organoids and offers proof of 

concept that targeted gene therapy via CRISPR -Cas9 is feasible and could be helpful in the RP 

context (1070). 

Huang et al. generate iPSCs from two X-linked juvenile retinoschises (XLRS) patients with RP1 

mutations and two control donors. XLRS is characterized by retinoschisis, which is the separation 

of the retina layers, with consequent MD that can eventually affect peripheral vision. Using 3D 

retinal organoids, they could recapitulate the main features of XLRS, including retinoschisis, 

abnormality in OS, reduced transport between ER and Golgi, and deregulation in the expression 

of ciliary components. They also show that mutating RS1 in the control line mimics the XLRS 

phenotype. Therefore, using a single base resolution-editing approach, they demonstrate that the 

C625T mutation can be corrected effectively and precisely using CRISPR-Cas9, which can re-

stabilize all pathological phenotypes, including retinoschisis and OS defects (1071). 

To evaluate the therapeutic potential of gene-editing in USH and arRP with mutations in USH2A, 

Soriano et al. generate 3D organoids from two patients harboring the two most common 

mutations observed in these patients c.2276G> T and c.2299delG. Since the introduction of the 

full-length transcript is not possible due to its large size, gene correction for CRISPR-Cas9 is an 

attractive alternative. Using a Cas9 of Streptococcus Pyogenes (eSpCas9) with increased 

specificity, they could correct both mutations in the two patients' cells without detectable off-

target effect, and this was sufficient to reverse the phenotype in iPSC-induced retinal cells (1046).  

Similarly, Bohrer et al. use CRISPR-Cas9 to correct mutations in iPSC lines derived from two 

patients with Enhanced S-cone syndrome (ESCS) harboring mutations in NR2E3 (1072).  

Overall, these works show the incredible advances in iPSC disease modeling since their disclosure 

in 2006. Although iPSCs, as all in vitro models, lack the microenvironment and biochemical context 

that retinal cells have in vivo, they only provide an in-depth and controlled molecular analysis of 

retinal cells during embryonic development, in the early stages of the pathological process, and 

during PRs degeneration, otherwise impossible to obtain in any in vivo animal models or patients. 

They also offer an excellent platform for monitoring therapeutic compounds' efficacy and toxicity 

in drug discovery platforms and preclinical studies. Despite their young age, iPSCs, combined with 
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next-generation sequencing and gene editing techniques, have already demonstrated their 

enormous potential from modeling RDs to their applications in regenerative medicine. This 

relatively new field is now in its exponential growth, and it is reasonable to think that it will 

represent one of the pillars of the “next modern medicine. “ 

In this thesis, we use both iPSC and ESC-based models to investigate the degenerative process in 

human PRs. We first study the rôle of BMI1 during PRs development and maintenance using 

control hESC lines treated with an shRNA to silencing gene function. 

 We then use iPSCs from patients with syndromic ciliopathies to study the associated retinal 

phenotype and investigate the molecular mechanism underlying PRs degeneration. 
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2. HYPOTHESIS AND OBJECTIVES 

2.1 Hypothesis 

RDs are a great burden on our society and are mainly without any therapeutic option. 

This work's starting hypothesis is that the lack of treatment is partly due to the inadequacy of 

current animal models and interspecies differences that cause difficulties in studying the disease 

mechanisms, which is reflected in the failure of clinical trials. 

Retinal cells for research and clinical use are extremely limited or difficult, if not impossible, to 

obtain in sufficient quantities. For this reason, nowadays, there is still a great need for retinal 

cells. 

As valuable as animal models are, they could be flanked or partially replaced by humanized in 

vitro models, which can better recapitulate human physiology. PSCs technology now allows the 

generation of the desired population of human somatic cells in vitro and theoretically in unlimited 

quantities. 

The Bmi1 polycomb protein is necessary for the survival of neurons in the cortex and is expressed 

in RPCs in the mouse embryonic retina, but little is known about its precise role in the mature 

retina. Since it is implicated in aging and neurodegenerative diseases, it could play a role in the 

degenerative process in RDs, thus representing a potential target to modulate PRs death. 

The PRs CC is a very particular and indispensable structure for the continuous transport of 

molecules in and out of the PRs' OS. Diseases affecting the primary ciliary function end structure 

are called ciliopathies, a relatively recent and rapidly expanding class of heterogeneous 

conditions. Dysfunctions of ciliary proteins are now considered one of the most frequent causes 

of RDs. Delineate the components of the primary cilium and their specific functions, as well as 

understand the process of ciliogenesis and cilia maintenance, is essential to intervene effectively 

to find valid therapeutic solutions. 
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The PRs CC has been shown to have differences between humans and mice, and human models 

to study their dysfunction are limited to a few recent reports using iPSCs and 3D retinal organoids 

based on very technical and time-consuming protocols. 

2.2 Objectives 

In this thesis, we use mice and human PSC-based models to investigate the role of BMI1 in the 

postnatal retina and PRs survival. 

We also provide proof of principle that patients’ iPSC-derived retinal sheets can be used 

effectively to investigate the impact of mutations affecting CC components on PRs' development 

and survival. We finally show that this model can be used to evaluate compounds with potential 

therapeutic capabilities. 

Objectives: 

• Evaluation Of Bmi1's Role In The Mouse Postnatal Retina 

• Modeling BMI1 Inhibitor in Photoreceptors Derived From Human Embryonic Stem Cells 

• Improve protocol for Photoreceptors differentiation to generate 3D polarized sheets 

enriched in cones  

• Generation of retinal sheets from patient-specific iPSCs 

• Modeling human inherited retinal disease using patient-specific iPSCs 

• Application of iPSC-derived retinal sheet in drug screening and personalized medicine 
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3. RESULTS 

3.1 Retinal development anomalies and cone photoreceptors 
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3.1.1 Abstract 

Retinal development occurs through the sequential but overlapping generation of six neuronal 

and one glial cell type. Of these, rod and cone PRs represent the functional unit of light detection 

and phototransduction and are frequently affected in retinal degenerative diseases. During 

mouse development, the protein Bmi1 is expressed in the most immature RPCs and in 

differentiated retinal neurons, including cones. We show that Bmi1 is required to prevent cone 

PRs and bipolar neurons degeneration during post-natal eye development. Bmi1-/- mice's retinal 

phenotype was further characterized by loss of heterochromatin, activation of tandem-repeats, 

oxidative stress, and Rip3-associated necroptosis. Genetic inactivation of either Chk2 or p53 

improved cone numbers in Bmi1-/- mice but could not overcome the progressive degenerative 

process. In the human retina, BMI1 was preferentially expressed in cones at heterochromatic foci. 

BMI1 inactivation in human ESCs was compatible with retinal induction but impaired cones' 

terminal differentiation. Despite this developmental arrest, BMI1-deficient cones recapitulated 

several anomalies observed in Bmi1-/- PRs such as loss of heterochromatin, activation of tandem-

repeats, and p53 induction, revealing partly conserved biological functions during cone 

development between mouse and man. 
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3.1.2  Introduction 

The distinct competence of RPCs to generate in sequential order the diverse class of neurons and 

a single glial cell type during retinal development is thought to be modulated by an intrinsic TFs 

molecular program and by extrinsic clues (81,82,85,1073). Loss- and gain-of-function studies in 

model organisms have revealed that the transcription factors Pax6, Rax (also called Rx), Lhx2, 

Otx2, Sox2, Six6, and Six3 are involved in early eye patterning and retinal developmental 

processes (47,50–54,1074–1076). Later on, specific sets of TFs define retinal cell type identity, 

including PRs (104). Photoreceptor progenitor and precursor cells express Otx2 and Crx, and 

conditional deletion of Otx2 in the developing mouse retina impairs PRs fate BRCA1 tumor 

suppression occurs via heterochromatin-mediated silencing (105). In turn, Crx is required for 

terminal differentiation and maintenance of PRs and is mutated in human retinal degenerative 

diseases (107–109,1077–1079). PRs exist in two types, rods and cones. Rods are involved in low-

intensity night vision, and cones are involved in high-intensity color vision. During development, 

PRs follow an S-cone default pathway, which is determined by Crx and Thrß2; Crx induces the 

expression of Opn1sw by default while Thrß2 suppresses it and induces the expression of 

Opn1mw (111,807). In turn, expression of Nrl, RORbeta, and Notch1 inhibit cones formation, 

while both Nrl and RORbeta promote rod genesis at the expense of cones (113,114,116,1080). 

 Although the TFs dynamics during retinal development have been well described, the role 

of chromatin remodeling factors in retinal biology has been poorly explored (1081). PcG proteins 

form large multimeric complexes that silence specific target genes by modifying chromatin 

organization (1082). The PcG protein Bmi1 is a component of the PRC1, promoting chromatin 

compaction and gene repression through its mono-ubiquitin ligase activity on histone H2A at 

lysine 119 (567,1083,1084). Bmi1-/- mice show axial skeleton defects, reduced postnatal growth 

and lifespan, and progressive cerebellar degeneration (572,1085). Most Bmi1 functions in normal 

development and stem cell maintenance have been attributed to transcriptional repression of 

the Cdkn2a (also called Ink4a/Arf) locus, encoding for p16Ink4a and p19Arf (577,1082,1086). p16Ink4a 

is a cyclin-dependent kinase inhibitor that blocks the activity of Cdk4/6 by preventing its 

association to cyclin D, which results in Rb hypophosphorylation and cell cycle arrest or 

senescence. p19Arf binds and inhibits the activity of the E3-ubiquitin ligase mouse double minute 
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2 (Mdm2), which prevents p53 targeting for proteasomal degradation (577,1086). More recently, 

activation of the DNA damage protein checkpoint kinase 2 (Chk2) was found to contribute to 

several pathologies found in Bmi1-/- mice (1087). Bmi1-/- mice also develop a progeroid phenotype 

in the CNS characterized by lens cataracts, cortical neuron apoptosis, p53 activation, and 

oxidative damage accumulation (601). In the developing retina, it was found that Bmi1 is not 

required for the proliferation of the main RPC population but for proliferation and post-natal 

maintenance of most immature RPCs located at the retinal ciliary margin. Bmi1 overexpression in 

RPCs with short-term proliferating activity induces chromatin remodeling and conversion into 

long-term RPCs with stem cell characteristics (610). Bmi1 thus distinguishes most immature 

progenitor/stem cells from the main RPC population during retinal development (610). Notably, 

Bmi1 is also expressed in differentiated retinal neurons, including PRs, raising the possibility that 

it may be important for their post-natal development or maintenance (601,610). 

We report here that while retinal cell type genesis occurs relatively normally in Bmi1-/- mice, cone 

bipolar neurons and cone PRs rapidly degenerate during post-natal eye development through 

necroptosis. BMI1 was preferentially expressed in cones in the human retina, and BMI1 

inactivation in human ESCs impaired CRX expression and cone terminal differentiation. The 

cellular phenotype was also associated with chromatin compaction anomalies, activation of 

tandem-repeats, and p53 induction, similarly to what was found in the Bmi1-/- mice. These 

findings revealed new and partly conserved biological functions for Bmi1 during cone PRs 

development between mouse and man. 
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3.1.3  Results 

To investigate for a possible function of Bmi1 in retinal neuron differentiation, we performed 

immunohistochemistry (IHC) and immunofluorescence (IF) analyses on retinas from WT and 

Bmi1-/- littermates at postnatal day 30 (P30). This revealed that retinal organization and cell type 

genesis were possibly perturbed in Bmi1-/- mice (Figs. 1-2 and S1-S2). The distribution of syntaxin, 

which labels amacrine neurons, was abnormal, resulting in its focal accumulation in the inner 

nuclear layer (Figs. 1A and S2). The distribution of S-Opsin, which labels the cones' OS, was also 

perturbed (Figs. 1A and S1). In contrast, the overall intensity and distribution of Rhodopsin, which 

labels the outer segment of rods, was apparently normal. The total number of nuclei in the outer 

nuclear layer, which is a measure of the total number of PRs (mostly rods), was also comparable 

between the two genotypes (Figs. 1A-B and S2). We quantified the number of all major retinal 

cell types using specific antibodies (52,1088,1089). We found that the number of ganglion, 

amacrine, and horizontal cells was comparable between both genotypes (Figs. 1G-H and S2). On 

the other hand, the number of S-cones, as well as that of rod bipolar (Pkc+/Chx10+) and cone 

bipolar (Chx10+/Pkc−) neurons, was highly reduced in Bmi1-mutants (Figs. 1B and 2A-C). 

Amongst the two subcategories of cone bipolar neurons, T2 ON and T8 OFF neurons (labeled by 

Recoverin) were also nearly absent (Figs. 2G and S2). 

 To test if the observed reduction in cone numbers in Bmi1-/- mice resulted from a 

developmental defect or secondary to degeneration, we compared P12 and P30 mice. On retinal 

flat mounts, we found that S-Opsin+ and Peanut Agglutinin (PNA)+ cone cells were equally 

abundant in the ventro-nasal region between WT and Bmi1-/- mice at P12, but not at P30, where 

they were significantly reduced in Bmi1-mutants (Figs. 1C-F and S1). The apparent over-

representation of S-Opsin in the ventro-nasal region, in contrast to the dorso-temporal region, is 

due to the dual nature of mouse cone PRs, which frequently express both S-Opsin and M-Ospin 

(Fig. S4A) (1090). These analyses also highlighted a significant reduction in cone numbers in 

Bmi1+/- mice, revealing a gene-dosage effect (Fig. 1C-D). We performed labeling with an antibody 

against activated caspase-3 to test for apoptosis. However, positive cells were not observed in 

both WT and Bmi1-/- retinas at P30, suggesting that apoptosis is not the main mechanism of retinal 

cell death in Bmi1-/- mice (data not shown). 
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Figure 1: S-cones degenerate during postnatal eye development in Bmi1−/− mice. 

(A) Analyses of WT and Bmi1−/− retinas at P30. Abnormal distribution of syntaxin (arrowheads in A″) and cone photoreceptor 
outer segments breaks in Bmi1−/− mice (arrowheads in A‴′) as visualized by IHC. Cone photoreceptor outer segments break 
but rod photoreceptors appear normal in Bmi1−/− mice, as visualized by IF. (B) Quantification of total number of 
photoreceptors (top) and S-cones (bottom). (C,E) Representative microscopy images from retinal flat-mount of 
WT, Bmi1+/− and Bmi1−/− mice at P30 (C) and WT and Bmi1−/− at P12 (E). Images were taken in the ventro-nasal part of the 
retina. (D,F) Quantification of S-cone photoreceptors (S-opsin+) and total cone photoreceptors (PNA+) at P30 (D) and P12 (F). 
RPE, retinal pigment epithelium; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. Scale bars: 40 μm. 
All values are means±s.e.m. *P≤0.05; ***P≤0.001; ****P≤0.0001; Student's t-test (B,F), two-way ANOVA (D). 
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This is consistent with our previous findings, where differences in the number of caspase-3+ cells 

were not observed between WT and Bmi1-/- retinas at P6 (610). To test for an altered retinal 

differentiation program, we performed quantitative RT-PCR (qPCR) on retinal extracts. While 

expression of the Bmi1-repressed locus Cdkn2a (encoding for the p16Ink4a and p19Arf transcripts) 

was increased in Bmi1-/- retinas (Fig. 2I) (581), no differences in the expression level of several 

retinal determination genes were observed between both genotypes. 

 We also investigated Bmi1 expression in the WT mouse retina at P30. While Bmi1 was 

expressed in nearly all retinal cell types, it was most abundant in Chx10+ bipolar neurons (Fig. S5). 

In the outer nuclear layer, it was predominant in cones, not in rods, as further proved using the 

cone-only retina of Nrl-null mice (Fig. S3A) (1080). To test whether the cone degeneration 

phenotype was cell-autonomous, we performed dissociated retinal cultures from WT and Bmi1-/- 

mice at P1. Although the percentage of S-cones was comparable after 4 days in vitro (DIV) 

between both genotypes as revealed using Bmi1 and S-Opsin immunolabeling (Fig. S3B), it 

significantly decreased after 8 DIV and 12 DIV in the Bmi1-/- cultures, suggesting cell-autonomous 

degeneration of cones (Fig. S3C). Taken together, these observations revealed the predominant 

expression of Bmi1 in retinal neurons that degenerate in Bmi1-/- mice.  

3.1.3.1 Cone function is severely perturbed in Bmi1-/- mice 

To test the visual function, we performed ERG recordings of mouse retinal activity at P30. 

Examination of the ERG traces for the cone system revealed that cone activity was severely 

affected in Bmi1-/- mice when compared to WT (Fig. 3A-C). Notably, we observed a dose-

dependent effect as cone activity was also perturbed in Bmi1+/- mice. When tracing the Luminance 

Response Functions (LRFs), significant genotypes-dependent differences were observed between 

WT, Bmi1+/- and Bmi1-/- mice for all four ERG parameters in photopic condition, namely the a-

wave amplitude (F2, 7 = 6.195, p = 0.028) (Fig. 2B and Table S1), the b-wave amplitude (F2, 7 = 

18.970, p = 0.001) (Fig. 3C and Table S1), the a-wave implicit time (F2, 7 = 5.127, p = 0.043) (Table 
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S1), and the b-wave implicit time (F2, 7 = 20.852, P = 0.001) (Table S1). These results suggest that 

cone photoreceptor activity, as measured with the a-wave, and the cone bipolar cell activity, as  

Figure 2: Bipolar neurons degenerate during post natal eye development in Bmi1−/− mice. 

(A,D) Representative images of WT and Bmi1−/− retinas at P30 (A) and P12 (D) labeled with antibodies against PKCα and Chx10. (B,E) 
Cropped images indicated by the respective dashed rectangles indicated in A and D. White filled arrows: cone bipolar cells 
(Chx10+/PKCα−). White-edged arrows: rod bipolar cells (Chx10+/PKCα+). Note the decrease in Chx10+ cells in Bmi1−/− retinas at P30. 
(C,F) Quantification of data acquired in A and D. (G) Quantification of T2-OFF and T8-ON cone bipolar cells (Recoverin+), amacrine 
cells (Pax6+) and horizontal cells (Calbindin+) in the INL. (H) Quantification of ganglion cells (Pax6+) in the GCL. (I) Gene expression 
analysis of WT and Bmi1−/− retinas at P30, where p16INK4a and p19ARF were used as positive controls. RPE, retinal pigment 
epithelium; ONL, outer nuclear layer; INL, inner nuclear layer; GCL, ganglion cell layer. Scale bars: 40 μm. All values are means±s.e.m. 
*P≤0.05; **P≤0.01; Student's t-test 
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measured with the b-wave, were severely altered in Bmi1-/- mice. Also, rod activity was affected 

in Bmi1-/- mice, as observed by the lower b-wave amplitude when compared to WT mice, but the 

Figure 3: Cone and rod function is severely perturbed in Bmi1−/− mice. 

ERG recorded in photopic (A-C) and scotopic (D-F) conditions. (A,D) ERG waveforms for WT, Bmi1+/− and Bmi1−/− mice. Luminance 
response function curve of a-wave (B,E) and b-wave (C,F) representing the dynamic electrical response from the cone (B,C) and rod 
(E,F) systems. Note the significant decrease in the retinal responses of Bmi1+/− mice and Bmi1−/− mice in photopic conditions for 
both the a-wave and b-wave amplitude at the Vmax compared with WT mice and the decrease of the b-wave amplitude at 
the Vmax in scotopic conditions in Bmi1−/− mice only the b-wave amplitude was found to be significantly different between WT 
and Bmi1-/- mice (F2, 7 = 10.440, p = 0.008) (Fig. 3F and Table S1), suggesting that rod bipolar cell activity was affected in Bmi1-/- 
mice, but at a lower level in front of cones. 
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difference was not significant for Bmi1+/- mice (Fig. 3D-F and Table S1). When analyzing the LRFs, 

only the b-wave amplitude was found to be significantly different between WT and Bmi1-/- mice 

(F2, 7 = 10.440, p = 0.008) (Fig. 3F and Table S1), suggesting that rod bipolar cell activity was 

affected in Bmi1-/- mice, but at a lower level in front of cones. 

3.1.3.2 Loss of heterochromatin and necroptosis in Bmi1-/- cones  

We next analyzed the retina of Bmi1-/- mice by Transmission Electron Microscopy (TEM) to search 

for ultra-structural anomalies at P30. In WT mice, the electron-dense heterochromatin of rods 

was preeminent, located in the center of the nucleus, and generally organized as a single large 

Figure 4: Cone necrosis, loss of heterochromatin and activation of tandem repeats in Bmi1−/− mouse retinas. 

(A) TEM on WT and Bmi1−/− retinas at P30. White arrows, cone photoreceptors; gray arrows, rod photoreceptors characterized 
by electron-dense heterochromatin organized as a single chromocenter; black arrows, degenerative cone cell bodies; white-edged 
black arrows, swollen mitochondria in cones. (B) TEM analysis of WT and Bmi1−/− rod photoreceptors at P15. (C) Analysis of 
histone modifications in WT and Bmi1−/− retinas by IF on sections at P25. (D) Quantitative PCR analysis of expression of repetitive 
DNA sequences in WT and Bmi1−/− retinas at P30. Bmi1 is used as a negative control and values are expressed as fold of WT value. 
RPE, retinal pigment epithelium; ONL, outer nuclear layer; OS, outer segment; IS, inner segment. Scale bars: 10 µm (A, left, center 
and top-right images); 2 µm (A, bottom-right image); 5 μm in B; 25 μm in C. All values are means±s.e.m. *P≤0.05; **P≤0.01; 
Student's t-test. 
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chromocenter (Fig. 4A, grey arrows) (1091). In contrast, cone nuclei had 1-3 chromocenters that 

occupied a much-reduced nuclear surface (Fig. 4A, white arrows). Cone cell bodies were also 

located close to the junction with the inner segment in contrast to rod cell bodies, which were 

evenly distributed in the outer nuclear layer (Fig. 4A and S3A). In Bmi1-/- mice, the nucleus of rods 

appeared normal, but the chromocenter was slightly reduced in size and showed less 

condensation (see Fig. 4B for more details).  

The cell body, IS, and OS of rods were apparently normal. In contrast, cones' cell body and nucleus 

were swollen and highly degenerative (Fig. 4A, white arrows). Accumulation of swollen 

mitochondria and fibrous material in the cell body of cones was also observed, suggesting 

necrotic cell death (also referred to as necroptosis) (Fig. 4A, white/black arrows in the high 

magnification image) (1092).  

 To further investigate the observed chromatin phenotype, we analyzed mice at P15, when 

chromatin condensation of immature rods is not yet completed. Marked differences in rod’s 

heterochromatin condensation could be observed between WT and Bmi1-/- mice by TEM (Fig. 4B). 

By IF on retinal sections at P25, and using antibodies against “open” chromatin (H3K9ac), 

facultative heterochromatin (H3K27me3), and constitutive heterochromatin (H3K9me3), we 

found that the chromatin in the outer nuclear layer of Bmi1-/- mouse retinas was less condensed 

when compared to that of WT mice (Fig. 4B) (1093). The intergenic and pericentromeric 

constitutive heterochromatin contains numerous repetitive DNA sequences of retroviral origin 

that can be transcribed but generally silenced by heterochromatin formation (1093,1094). We 

thus compared the expression level of repetitive DNA sequences (IAP1, Line, Sine, Major satellite 

repeats, and Minor satellite repeats) between retinas from WT and Bmi1-/- mice by qPCR using 

RNA extracts first treated with DNaseI, since these transcripts are intron-less. We found increased 

expression of all tested repetitive sequences in Bmi1-/- retinas, consistently with the reduced 

heterochromatin compaction phenotype (Fig. 4C).  

 To investigate the mechanism of cell death, we measured the expression of genes known 

to mediate necroptosis (645,1095,1096). We found that the mRNA level of receptor-interacting 

protein kinase 3 (Ripk3) significantly increased in Bmi1-/- retinas compared to WT (Fig. 5A). Rip3 
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protein accumulation in Bmi1-/- and Bmi1+/- retinas was confirmed by Western blot analysis (Fig. 

5B). In these preparations, we noticed that Rip3 accumulation could be readily observed upon 

Ponceau staining of the nitrocellulose membrane. Furthermore, protein accumulation was 

present at ~20kDa in Bmi1-/- retinal extracts, suggesting “programmed” proteolytic cleavage (Fig. 

5B).  

To identify which retinal cell types were most affected, we performed IF analyses on sections. In 

both P12 and P30 Bmi1-/- retinas, we observed Rip3 immunolabeling in cones, but not in rods, and 

in neurons located in the inner nuclear layer, thus possibly corresponding to bipolar neurons (Fig. 

5C-G). Rip3 immunolabeling was observed in the cell body and outer segment of cones at P12 

Figure 5: Cone degeneration in Bmi1−/− mice operates through necroptosis. 

(A) RT-qPCR analysis of Bmi1−/− and WT retinal extracts at P30; Bmi1 and P16Ink4a were used as internal controls. Values are 
expressed as fold of WT. (B) Western blot analyses of retinal extracts from WT, Bmi1+/− and Bmi1−/− mice. Note the gene dosage-
dependent increase in Rip3 expression and the decrease in S-opsin expression in Bmi1−/− mice. Ponceau-red staining of the 
membrane is shown on the right. Histone H3 was used for protein normalization. (C-F) IF analyses on WT and Bmi1−/− retinas at 
P30 (C,D) and P12 (E,F). White-edged arrows, accumulation of Rip3 in S-cone outer segments; gray arrows, Rip3+ cells in the INL; 
white arrows, S-opsin+ cells with nuclear expression of Rip3 in Bmi1−/− mice at P12 not present at P30. (G) Control with secondary 
antibody only. INL, inner nuclear layer; ONL, outer nuclear layer; OS, outer segment; IS, inner segment. Scale bars: 40 μm. All values 
are means±s.e.m. **P≤0.01; ***P≤0.001; Student's t-test. 
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(Fig. 5E-F), but was predominant in the outer segment of cones at P30 (Fig. 5C-D). Morphological 

anomalies of the cone OS were also easily visible in Bmi1-/- retinas at P30 (Fig. 5D). Taken together, 

these results revealed that necroptosis is the main mechanism of cone PRs cell death in Bmi1-/- 

mice. 

3.1.3.3 Chk2 or p53 genetic deficiency can partially improve the Bmi1-/- retinal phenotype 

To investigate additional molecular mechanisms leading to cone degeneration, we generated 

double-null mutants for the Bmi1 and p16Ink4a/p19Arf, p19Arf, or Chk2 alleles. As previously 

reported, the p16Ink4a/p19Arf or p19Arf mutant alleles did not rescue size or lifespan defects in 

Figure 6: Chk2 genetic deficiency improves the Bmi1−/− cone degeneration phenotype. 

(A) Immunohistochemistry analyses of WT, Bmi1−/− and double mutant retinas at P30. (B) Quantification of the number of S-
opsin+ photoreceptors per section for the five genotypes at P30 (n=4 mice for each genotype). (C) IHC analyses of retinas at P150. 
(D) Quantification of the number of S-opsin+ cells per field at P30 and P150. Scale bars: 40 μm. Quantifications are made from ×25 
images. All values are means±s.e.m. *P≤0.05; Student's t-test. 
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Bmi1-null mice (581). In contrast, insertion of the Chk2 mutant allele improved size and lifespan 

in Bmi1-null mice, although Bmi1-/-/Chk2-/- mice remained smaller than normal (Fig. S6).  

Interestingly, the number of cones in Bmi1-null retinas at P30 was improved by the Chk2 mutant 

allele, but not significantly by the p16Ink4a/p19Arf or p19Arf mutant alleles (Fig. 6A-B). However, 

while the number of S-cones in Bmi1-/-/Chk2-/- mice was improved, the outer segment's 

morphology remained highly abnormal (Fig. 6A). Analysis of Bmi1-/-/Chk2-/- mice at P150 revealed 

severe depletion of S-cones, suggesting that Chk2 deletion only provided a transitory rescue (Fig. 

6C-D). 

 In cortical neurons of Bmi1-null mice, stabilization of p53 leads to accumulation of 

Reactive Oxygen Species (ROS) through repression of the Nqo1, Gst1 , and Sestrin2 anti-oxidant 

genes (601,1097). p53 also promotes neuronal cell death through activation of Apaf1, Fas/CD95, 

and Lpo (1098). Bmi1 was also proposed to blocks ROS accumulation in blood cells and thymus 

through direct transcriptional repression of the pro-oxidant genes Cyp241a and Duox2 (1087). By 

qPCR analysis on retinal extracts, we found that the expression of anti-oxidant genes in Bmi1-/- 

mice was unchanged or increased (Nqo1), while that of pro-oxidant genes Cyp241a and Duox2 

was increased (Fig. 7A). Notably, the expression of Apaf1 and Fas/CD95 was also increased in the 

retina of Bmi1-/- mice, consistently with the observed accumulation of p53 by Western blot (Fig. 

7B). Among 200 offspring, we obtained expected numbers of WT, Bmi1+/+/p53+/-, Bmi1+/+/p53-/-, 

Bmi1+/-/p53+/-, Bmi1+/-/p53+/+, Bmi1-/-/p53+/+, and Bmi1-/-/p53+/- mice, but a single Bmi1-/-/p53-/- 

mouse (expected n = 12), for which size and viability were not improved. To evaluate the 

contribution of p53 to the cone degeneration phenotype of Bmi1-/- mice, we performed double 

staining with S-Opsin and PNA, which labels the outer segment of all cones. By confocal 

microscopy, we reconstructed retinal sections in 3D to calculate the number of cones and 

evaluate their morphology. Interestingly, while the number of S-Opsin/PNA-positive cells was 

reduced in Bmi1-/-/p53+/- retinas when compared to WT, it was improved in the unique Bmi1-/-

/p53-/- retina sample (Fig. 7C-D). However, S-Opsin labeling in the Bmi1-/-/p53-/- retina remained 

fragmented and disorganized, suggesting improved survival but not morphology of S-cones (Fig. 

7C). We also analyzed the samples using the MitoSoxRed reagent, which reacts with 

mitochondrial ROS on unfixed tissue. In Bmi1-/-/p53+/- retinal sections, we observed robust 
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fluorescence when compared to WT, suggesting increased mitochondrial ROS. Notably, 

Figure 7: p53 genetic deficiency improves the Bmi1−/− cone degeneration phenotype. 

(A) Quantitative RT-PCR analysis of WT and Bmi1−/− retinal extracts at P30. Bmi1 was used as negative control and all values are 
expressed as fold of WT. (B) Western blot analysis of mouse retinas at P30 showing p53 accumulation in Bmi1 mutants. (C) 3D 
reconstruction by confocal microscopy analyses of WT, Bmi1−/−/p53+/− and Bmi1−/−/p53−/− retinas at P30. White box: detail of 
S-opsin in the outer segment in the dashed box. Note the lower immunoreactivity and the fragmentation of the S-opsin 
in Bmi1−/−/p53+/− mice and a rescue in the quantity of S-opsin in the Bmi1−/−/p53−/− even if it is still fragmented. (D) 
Quantification of S-opsin+ cells per section in WT, Bmi1−/−/p53+/− and Bmi1−/−/p53−/− mice. (E) IF analyses of WT 
and Bmi1−/− retinas at P30 stained with MitoSoxRed. Note the partial rescue in Bmi1−/−/p53−/− mice when compared with WT. 
RPE, retinal pigment epithelium; ONL, outer nuclear layer; INL, inner nuclear layer; OS, outer segment. Scale bar: 50 μm in C; 20 
μm in E. All values are means±s.e.m. *P≤0.05; **P≤0.01; Student's t-test. 
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fluorescence was highly reduced in the Bmi1-/-/p53-/- mutant retina but not completely restored 

to WT levels (Fig. 7E). These results revealed the partial contribution of Chk2 and p53 to the cone 

degeneration phenotype of Bmi1-/- mice. 

3.1.3.4 BMI1 is enriched at heterochromatic foci in human cones 

We previously reported on BMI1 expression in the human retina and down-regulation during 

aging (1099). Here we investigated BMI1 localization in human PRs. Using confocal IF analyses on 

adult human retinas, we observed punctuate BMI1 immunolabeling in the nucleus of PRs (Fig. 8A-

C). In some cells that co-labeled with S-Opsin or M-Opsin, BMI1 immunolabeling was even more 

robust and present as multiple foci/nucleus (Fig. 8A). To characterize the BMI1 

Figure 8: BMI1 is enriched at heterochromatic nuclear foci in human cones. 

(A-C) Confocal IF analysis of BMI1 expression in the adult human retina. (A) BMI1 is expressed in the nucleus of M-opsin+ and S-
opsin+ cones (arrows). (B) BMI1 is enriched at heterochromatic nuclear foci as shown by colocalization with H3K9me3 and 
H3K27me3 in cones (arrows). (C) Negative control with only the secondary antibody. Note the strong autofluorescence present in 
the IS and OS. ONL, outer nuclear layer; INL, inner nuclear layer; IS, inner segment; OS, outer segment; GCL, ganglion cell layer. 
Scale bars: 20 μm. 
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immunolocalization pattern on the chromatin of cones, we performed dual immunolabeling with 

antibodies directed against distinct histone modifications. While BMI1 did not co-localize with 

H3K9ac, it co-localized with H3K27me3 and H3K9me3, suggesting distribution at both facultative 

and constitutive heterochromatin in human cones (Fig. 8B).  

3.1.3.5 BMI1 is required for human cone differentiation and chromatin integrity 

To investigate BMI1 function during human cone development, we used a protocol allowing the 

differentiation of ~70% of hESC into cones (1100). This method results in the generation of 

immature S-cones expressing CRX, cone Arrestin (ARR3), and S-Opsin within 21 days (Fig. 9A, D, 

and E). Importantly, in vitro generated S-cones expressed BMI1, which also co-localized with 

H3K9me3 (Fig. 9A-B). We infected hESCs with a lentivirus expressing a small hairpin RNA against 

BMI1 (shBMI1) or scramble sequence (shScramble) and performed hygromycin selection for 10 

days (574). The hESCs were next differentiated into S-cones for 21 days. By Western blot analysis, 

we observed that BMI1 was not expressed at significant levels in naive hESCs, in contrast to in 

vitro differentiated cones (Fig. 9C). Histone H2Aub is the target of BMI1/RING1a/b biochemical 

activity (567,1083,1084,1101). Consistently, H2Aub was reduced in differentiated cones upon 

BMI1 knockdown (Fig. 9C). To confirm cone differentiation, we analyzed cells for S-Opsin and CRX 

expression (107–109,1077,1078). In control cells, S-Opsin and CRX expression was observed in 

greater than 70% of cells, as visualized by IF and Western blot (Fig. 9A and D). In contrast, S-Opsin 

and CRX expression was highly reduced in differentiated cones upon BMI1 knockdown (Fig. 9A 

and D). When using a hypomorphic construct against BMI1 that reduces BMI1 levels by ~50% 

(shBMI1 50%) (574), CRX expression in differentiated cones was reduced by ~25% when 

compared to control cells, suggesting a modest gene-dosage effect (Fig. 9D). Considering the role 

of p53 activation in the context of Bmi1 deficiency, we investigated p53 expression (601). Using 

a pan-antibody against p53 that recognizes all family members i.e., p73, p63, and p53, we 

observed predominant expression of p73 in shScramble and shBMI1 50% cones (Fig. 9D) (1102). 

In contrast, p73 was lost in shBMI1 95% cones and associated with induction of p63 and p53 (Fig. 

9D). It was previously proposed that one primary function of PcG proteins in mouse ES cells is to 

prevent differentiation through repression of lineage-specific homeobox genes such as PAX, SOX, 
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and LHX families (1103). To further characterize the cone differentiation phenotype, we analyzed 

Figure 9: BMI1 is required for terminal differentiation, heterochromatin compaction and genomic stability of human cones. 

(A,B) IF analysis of hESCs differentiated for 21 days toward the cone photoreceptor cell lineage. (A) In controls (shSrcamble), BMI1 
is expressed in the nucleus of S-opsin+ cells. In shBMI1 cells, BMI1, S-opsin and CRX expression were highly reduced when compared 
with controls. (B) Colocalization of BMI1 and H3K9me3 in cones (arrows). (C,D) Western blot analyses of hESCs and in 
vitro differentiated cones (+CI 21 days) infected with shScramble or shBMI1 viruses. Note that BMI1 knockdown affects histone 
H2Aub levels only in cones; BMI1 knockdown in human cones was accompanied by induction of p53. Quantification of CRX levels 
normalized to tubulin; note the dose-dependent reduction in CRX expression in BMI1 knockdown cells. (E,H) Quantitative RT-PCR 
analyses of in vitro differentiated cones for retinal markers (E) and repeat DNA sequences (H). BMI1 was used as negative control 
and values are expressed as fold of Scramble value. (F,G) IF analyses of hESC-derived cones (day 21). Scale bars: 20 μm in A,F,G; 2 
μm in B. All values are means±s.e.m. *P≤0.05; **P≤0.01; Student's t-test. 
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the cells by qPCR. We found that while the expression of cone-specific genes (ARR3 and OPN1SW) 

and retinal homeobox genes (RAX and SIX6) was reduced by 50-75% in shBMI1 cells, expression 

of SOX1 was increased by ~6 folds when compared to control cells (Fig. 9E).SOX1 and SOX2 are 

enriched in neural stem cells and retinal progenitors but are not expressed in PRs, thus providing 

a possible explanation for the defective terminal differentiation of cones upon BMI1 knockdown 

(54,1104–1107). 

 To investigate the effect of BMI1 knockdown on the chromatin of human cones, we 

performed IF analyses. BMI1 knockdown resulted in increased H3K9ac levels but reduced 

H3K27me3 and H3K9me3 levels when compared to control cells (Fig. 9F). BMI1 knockdown was 

also associated with the formation of H2Ax foci, a histone modification characteristic of DNA 

double-strand breaks and genomic instability (Fig. 9G) (589,594,1108,1109). We observed the 

induction of repeat-DNA sequences in BMI1 knockdown cones consistently with the chromatin 

relaxation phenotype, with a modest gene-dosage effect when using the hypomorphic shBMI1 

construct (Fig. 9H). These experiments revealed that BMI1 is required for terminal differentiation, 

heterochromatin compaction, repeat-DNA silencing, and genomic stability in human cones. 
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3.1.4 Discussion 

We showed here that cone PRs and bipolar neurons are normally generated but then undergo 

rapid degeneration in Bmi1-/- mice, and this through Rip3-associated necroptosis. Selective retinal 

cell degeneration in Bmi1-/- mice also correlated with predominant Bmi1 expression in bipolar 

neurons and cone PRs. Cone number but not morphology in Bmi1-/- mice was partially rescued by 

either Chk2 or p53 deletion, implicating these additional pathways in neurodegeneration. BMI1 

was expressed in human cones, where it localized at heterochromatic foci. BMI1 inactivation in 

hESC severely perturbed differentiation of cones, in contrast to the situation found in Bmi1-/- 

mice. However, BMI1-deficient human cones also presented common features with the Bmi1-/- 

mouse retinal phenotype, revealing partially conserved functions across species.  

In previous work, it was proposed that Bmi1 inactivation could prevent rod and cone PRs 

degeneration in Rd1 mice, a model of RP (611). Rd1 mice carry a mutation in Pde6b, which is only 

expressed in rods. Thus, cone degeneration in Rd1 mice is thought to be secondary to the loss of 

trophic support provided by rods. Since rod PRs apoptosis in Rd1 mice is preceded by cell cycle 

re-entry and cyclin-dependent kinase (CDKs) activation, it was suggested that loss of Bmi1 

provided neuroprotection by blocking CDKs activation and thus cell cycle re-entry of rods 

(611,1110,1111). Here we found that Bmi1 deficiency was associated with the activation of 

several cell cycle inhibitors in the retina such as p16Ink4a, p19Arf, Chk2, and p53, consistently with 

Bmi1 general function at inhibiting the p16Ink4a/CDK6/Rb and p19Arf/p53/p21Cip1 pathways (1112). 

Thus, and taken in the context of the Rd1 mutation, the proposed model is likely valid, but only 

in rods. Also, whether acute Bmi1 inhibition in Rd1 mice can prevent rod degeneration remains 

to be demonstrated, as this would be more relevant to a clinical context. Interestingly, the outer 

segment of cones is abnormal in Rd1/Bmi1-/- mice, as shown using anti-S-Opsin labeling, 

suggesting rod-independent cone degeneration (611). This is consistent with our overall findings 

suggesting cell-autonomous degeneration of cones in Bmi1-/- mice. 

Our genetic studies further revealed that Chk2 or p53 deletion could improve initial cone number 

in Bmi1-/- mice but not the outer segment morphology and progressive degeneration. This is 

consistent with previous work showing that in Bmi1-/- mice, Chk2 inactivation improved several 

pathologies and lifespan and that p53 inactivation prevented cortical neuron cell death 
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(601,1087). However, Bmi1 and p53 functions in the mouse retina, especially in cones, are 

apparently not identical to cortical neurons. For example, while p53-dependent apoptotic cell 

death was predominant in Bmi1-/- cortical neurons, it was not in Bmi1-/- cones, where we observed 

Rip3-associated necroptosis. At the molecular level, expression of the phase II anti-oxidant genes 

NQO1 and GST1  was also not reduced in Bmi1-/- retinas, in contrast to Bmi1-/- cortices. Since 

these are direct p53 targets, it suggests that p53 activity is distinct between the retina and brain 

in the context of Bmi1 deficiency. 

In recent years, necroptosis was revealed as an alternative cell death mechanism in many 

pathological contexts (645,1092). In the retina, it was found that cones, not rods, are especially 

vulnerable to necroptosis. For example, mutations in the cone-specific gene PDE6C result in 

Achromaptosis, a disease characterized by cone degeneration (1113). Using a zebrafish mutant 

for pde6c, it was shown that cone degeneration is mediated by rip1 and rip3, and that inhibition 

of necroptosis with necrostatin-1 can delay the disease process. Interestingly, necroptosis also 

operates in cones even when cone cell death is non-cell-autonomous, such as in  

rd10 mice carrying a mutation in the rod-specific gene pde6b (1095). Here again, treatment of 

rd10 mice with necrostatin-1 greatly improved the cone degeneration phenotype, bringing hope 

for possible pharmaceutical treatment of degenerative cone diseases.  

Using directed differentiation of hESCs as a retinal development model, we demonstrated that 

BMI1 is required for the terminal differentiation of human cones. In contrast, the expression of 

retinal homeobox genes and S-Opsin was not altered in Bmi1-/- mouse retinas, revealing possible 

inter-species differences. However, these differences may be explained by compensation 

mechanisms operating during development in Bmi1-/- mice but not in BMI1 knockdown cells or by 

the highly distinct experimental systems. For example, acute Bmi1 inactivation in embryonic 

mouse cortical progenitors was shown to induce massive apoptosis, in sharp contrast to the 

situation observed in Bmi1-/- mice (576). Taken into a broader context, it is interesting to note 

that mice conditionally deficient for Ezh2, the catalytic subunit of the PRC2, which tri-methylates 

histone H3 at lysine 27, show reduced RPCs proliferation and increased apoptosis, but not post-

natal degeneration of retinal neurons (1114). Likewise, mice deficient for G9a, which di-
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methylates histone H3 at lysine 9, show increased RPCs apoptosis and persistent cell proliferation 

(1115). In both cases, inefficient repression of non-retinal genes such as Six1 (Ezh2 KO) or RPCs 

genes such as Hes1, Chx10, and Lhx2 (G9a KO) perturbs the terminal differentiation of retinal 

cells. Thus, these two situations are similar to what we have observed in BMI1 deficient cones, 

where expression of SOX1 was abnormally upregulated. At the chromatin level, it was 

demonstrated that rod PRs of mice deficient for all 3 linker histone H1 genes have reduced 

chromatin condensation and increased nuclear diameter (1116), a phenotype also similar to the 

one found in Bmi1-/- mouse PRs and BMI1-deficient cones. BMI1 functions at preventing 

heterochromatin loss and tandem-repeats expression in PRs also represent novel findings. Since 

constitutive heterochromatin is the most unstable portion of the mammalian genome (1117–

1121), this could explain part of the genomic instability phenotype observed in BMI1 deficient 

cells (589,594,1108).  

In conclusion, we demonstrated that Bmi1 expression in the retina is not required for retinal cell 

type genesis but essential to prevent bipolar neurons and cone PRs degeneration during post-

natal development. Retinal cell death in Bmi1-/- mice was mediated by Chk2 and p53 on one hand 

and by Rip3-associated necroptosis on the other hand. Whether necroptosis is directly repressed 

by Bmi1 or indirectly mediated by the activity of p53 or Chk2 remains to be elucidated. Using an 

in vitro model of human cone development, we further demonstrated that BMI1 is required for 

the terminal differentiation of cones and maintenance of their genomic integrity. Further 

experiments, through BMI1 inactivation in terminally differentiated cones, should address 

whether BMI1 is important to prevent human cone PRs degeneration and/or cell type identity 

maintenance.  
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3.1.5 Materials And Methods 

3.1.5.1 Ethic statement 

The Animal Care Committee of the Maisonneuve-Rosemont Hospital Research Centre approved 

the use of the animals in this study. Post-mortem human eyes were provided by the Banque 

d’yeux du Québec du Centre Michel-Mathieu (http://www.maisonneuve-

rosemont.org/pages/h/hopital/HMRCentreMichelMathieu.aspx) and were used with 

approbation of the Comité d’Éthique à la Recherche de l’Hôpital Maisonneuve-Rosemont. Human 

ESCs were used in accordance to Canadian Institute Health Research (CIHR) guidelines and 

approved by the Comité de Surveillance de la Recherche sur les Cellules Souches (CSRCS) of the 

CIHR. 

3.1.5.2 Human specimens 

Fresh eyes were provided by the Eye’s Bank of Maisonneuve-Rosemont Hospital and used with 

permission of our institutes' ethical committee. Retinas were dissected and fixed in 4% 

paraformaldehyde, then cryopreserved in 30% sucrose and frozen until use. 

3.1.5.3 Animals 

Mice KO for p53, p16Ink4a, or p16Ink4a/p19Arf were obtained from the Jackson Laboratory, Bar 

Harbor, Ma, USA. Wild-type mice of the C57BL/6 genetic background were obtained from Charles 

River, St-Constant, Canada. 

3.1.5.4 Cell cultures 

Cultures of retinal cells were obtained by dissecting the mice eyes at P5 in 1X oxygenated HBSS 

(Life Technologies) in order to extract only the neural retina. Retinal cells were then re-suspended 

and incubated 10 minutes at 37 ° C in the enzyme solution composed of 10ml 1X HBSS, 9.3 mg of 

Papain (Worthington), 1.6 mg of N-acetyl L-cysteine (Sigma), 0.5 mg of DNaseI (Roche), and 10μl 

EDTA 500mM (Fisher Scientific). After centrifugation cells were dissociated into Neurobasaltm 

medium (Life Technologies) with 0.02μg/μl NGF (Invitrogen), 0.02 μg/μl BDNF (Invitrogen), 1% 

B27 (Invitrogen), 70μg/ml gentamycin (Invitrogen), 1% fetal bovine serum (Wisent), 0.5% glucose 
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(Sigma) and 10 μM Forskolin (Sigma). The cells were then spread and cultivated on coverslips 

treated with Poly-L-Lysine hydrobromide (Sigma) and BD Matrigel Matrix (BD Biosciences). 

The hESC line H9 (WiCell) was cultured on BD Matrigel-coated plate (BD bioscience) with a daily 

change of mTeSR medium according to the manufacturer's instruction (Stemcell Technologies) 

(887). The H9 hESC line was first established on mouse embryonic fibroblasts (MEFs) and then 

cultured on Matrigel in mTeSR media. For S-cones derivation, undifferentiated hESC colonies 

expanded at near confluence were next cultured in DMEM-F12 media supplemented with 2% 

B27, 1% N2, 1% NEAM (Life technologies), 10 ng/ml IGF1, 10 ng/ml FGF2 (Peprotech), 10g/ml 

Heparin (Sigma) and 30 ng/ml Coco (R&D Systems) for 21 days. 

3.1.5.5 ERG recording and analysis  

ERGs were recorded on mice (WT: n = 4; Bmi1+/-: n = 3; Bmi1-/-; n = 3) in photopic and scotopic 

conditions to assess the cone and rod systems activity, respectively, according to the procedure 

previously described (1122). A typical ERG trace is composed of the a-wave, which is a negative 

component originating from the PRs, and the b-wave, which is a positive component generated 

by the bipolar and Müller cells complex stimulation. Two major parameters can be derived from 

these waves: amplitude (µV) and implicit time (ms). By convention, the amplitude of the a-wave 

is measured from the baseline to trough, and the b-wave amplitude is measured from the trough 

of the a-wave to the peak of the b-wave. The implicit time of the waves represents the number 

of milliseconds at which the maximal amplitude is reached. For each of the four parameters, a 

photopic and scotopic LRF was generated, where the values of the parameters were plotted 

against flash luminance. Repeated measures analyses of variance with Bonferroni correction were 

performed to assess the difference between the three genotypes for each one of the parameters. 

All analyses were conducted using SPSS for Windows, version 22.0. 

3.1.5.6 Immunohistochemistry and immunofluorescence 

Tissues were fixed by immersion for 1 h at room temperature in 4% paraformaldehyde (PFA)/3% 

sucrose in PBS, pH 7.4. Samples were washed three times in PBS, cryoprotected in PBS/30% 

sucrose, and frozen in CRYOMATRIX embedding medium (CEM) (Thermo Shandon, Pittsburgh, 

PA) or in Tissue-Tek® optimum cutting temperature (O.C.T.) compound (Sakura Finetek, USA). 
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Otherwise, tissues were fixed in 10% buffered formalin and embedded in paraffin according to 

standard protocols. 5 to 12 µm thick sections were mounted on Super-Frost glass slides (Fisher 

Scientific) and processed for immunofluorescence or immunohistochemistry staining. For 

immunofluorescence labeling, sections were incubated overnight with primary antibody solutions 

at 4ºC in a humidified chamber. After three washes in PBS, sections were incubated with 

secondary antibodies for 1 h at room temperature. Slides were mounted on coverslips in DAPI-

containing mounting medium (Vector Laboratories, CA). According to the manufacturer's 

instructions for immunohistochemistry labeling, slices were analyzed using the Vectastain® ABC 

kit (Vector). Peroxidase substrates used are the Vector® VIP (Pink) (Vector) and DAB (brown) 

(Sigma). Observations were made under a fluorescence microscope (Leica DMRE, Leica 

Microsystems), and images were captured with a digital camera (Retiga EX; QIMAGING; with 

OpenLab, ver.3.1.1 software; Open-Lab, Canada). Confocal microscopy analyses were performed 

using 60x objectives with an IX81 confocal microscope (Olympus, Richmond Hill, Canada), and 

images were obtained with Fluoview software version 3.1 (Olympus). 3D reconstructions were 

obtained with Fluoview software version 3.1 from 18-25 z-stack images. Primary antibodies used 

in this study are: sheep anti-Chx10 (1:250, Exalpha Biologicals), rabbit anti-Pax6 (1:500, 

Chemicon), mouse anti-Bmi1 (1:200, US Biological), rabbit anti-Bmi1 (1:150, US Biological), mouse 

anti-Syntaxin (1:200, Sigma), mouse anti-4D2 (Rhodopsin) (1:100, R. Molday, UBC), mouse anti-

Gad65 (1:300, BD Pharmingen), rabbit anti-CORD2 (CRX) (1:300, Abcam), rabbit anti-S-Opsin 

(1:200, Invitrogen), rabbit anti-M-Opsin (1:100, Chemicon), Rip3 (1:250, Santa Cruz), rabbit anti-

H3K9me3 (1:500, Abcam), rabbit anti-H3K9ac (1:300, Cell Signaling), rabbit anti-H3K27me3 

(1:300, Cell Signaling), mouse anti-glutamine synthetase (GS) (1:100, Chemicon), rabbit anti-Pkcα 

(1:500, Sigma), rabbit anti-Calbidin (1:500, Chemicon), rabbit anti-Recoverin (1:1000, Millipore), 

mouse anti-γH2Ax (1:250, Millipore), rabbit anti-Cralbp (1:500, kindly given by Dr Saari’s lab). 

Secondary antibodies are: donkey AlexaFluor488-conjugated anti-mouse (1:1000, Life 

Technologies), donkey AlexaFluor488-conjugated anti-rabbit (1:1000, Life Technologies), goat 

AlexaFluor594-conjugated anti-mouse IgM  (1:1000, Invitrogen), donkey AlexaFluor633-

conjugated anti-sheep (1:1000, Molecular Probes), goat AlexaFluor647-conjugated anti-mouse 

(1:1000, Life Technologies) goat AlexaFluor texas red-conjugated anti-rabbit (1:1000, Life 
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Technologies), donkey FITC-conjugated anti-mouse (1:300, Chemicon), goat FITC-conjugated anti-

rat (1:300, Caltag Laboratories), donkey Rhodamine-conjugated anti-rabbit (1:300, Chemicon). 

Fluorescein labeled PNA (1:200, Vector laboratories) was used to stain the outer segment of PRs. 

Superoxide production was measured by red fluorescence intensity as described by standard 

protocol indicated by the manufacturer (MitoSoxRed mitochondrial superoxide indicator, 

Molecular Probes, U.S.). 

3.1.5.7 Retinal dissection and eyes orientation 

Eyes were labeled in the dorsal pole of the cornea by puncturing with a needle tip. Eyes were 

extracted, fixed in 4% PFA o/n, and stored in PBS. The retinas were marked by a small incision 

following the respective mark on the cornea. Retinas were then dissected as flattened whole-

mounts by four radial cuts and processed for IF using the standard procedure as described above. 

Retinas were mounted between two coverslips that were attached to a slide by scotch tape, 

allowing flip-flopping of the retinas for analysis by microscope. For the preparation of the blocks 

for cryosections, eyes were marked as described above and oriented in blocks to maintain eye 

polarity. 

3.1.5.8 Quantifications of retinal cell types   

To collect sections from the ventral retina, blocks were trimmed up to the optic nerve, and 

sections were collected. Three successive images were taken on the nasal side for quantification 

from a set distance from the optic nerve. At least three different mice were used for each 

genotype (1 eye/animal), except for the p53-/-/Bmi1-/- mouse, where only two eyes were available. 

Positive cells were counted manually using ImageJ software. For IF analysis, single analysis of the 

Green channel (488) and Red channel (568) were done to prevent filter overlap. To assess the 

general distribution of cones, whole-mounts were photographed with a 10x objective using a 

microscope Zeiss (Observer.Z1) equipped with a computer-driven motorized stage (VEXTA 

stepping motor), and individual frames were tiled to reconstruct the whole-mounts (about 36 

images/retina) using AxioVision 4.8 software. For quantification of IF images, photos were taken 

with a confocal microscope equipped with a 60x objective. Three images were taken/sample, 

where n = 4 eyes/condition, at the same distance from the optic nerve in the naso-ventral portion 
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of the retina. PRs labeled with PNA or with S-Opsin and PNA were counted manually using ImageJ 

software. Quantifications of IHC experiments were performed in the same way but using images 

were taken with a microscope Zeiss (Observer.Z1) equipped with a 25x objective. 

3.1.5.9 Quantitative RT-PCR 

All primers were designed to flank individual exons and tested by PCR in RT+ and RT- control 

extracts. Total RNA was isolated using TRIzol reagent (Invitrogen). Reverse transcription (RT) was 

performed using 1 µg of total RNA and the MML-V reverse transcriptase (Invitrogen). Quantitative 

real-time PCR (qPCR) was performed using the Platinum SYBRGreen SuperMix (Invitrogen) and a 

real-time PCR apparatus (ABI Prism 7000). GAPDH was used as an internal standard for data 

calibration. The 2-π π Ct formula was used for the calculation of differential gene expression. All 

experiments were performed at least in triplicates. Mouse primer sets used are: 

Tnf-alpha (F) 5' AAAATTCGAGTGACAAGCCTGTAG 3'; Tnf-alpha (R) 5' 

CCCTTGAAGAGAACCTGGGAGTAG 3'; Tnfrsf1a (F) 5' GCCGGATATGGGCATGAAGC 3'; Tnfrsf1a (R) 

5' TGTCTCAGCCCTCACTTGAC 3'; Ripk1 (F) 5' TGTCATCTAGCGGGAGGTTG 3'; Ripk1 (R) 5' 

TCACCACTCGACTGTGTCTCAG 3'; Ripk3 (F) 5' CTCCGTGCCTTGACCTACTG 3'; Ripk3 (R) 5' 

AACCATAGCCTTCACCTCCC3'; Bmi1 (F) 5’-GGAGACCAGCAAGTATTGTCCTATTTG-3’, Bmi1 (R) 5'-

CTTACGATGCCCAGCAGCAATG-3'; p16Ink4a (F) 5'-CAACGCCCCGAACTCTTTC-3', p16Ink4a (R) 5'-

GCAGAAGAGCTGCTACGTGAAC-3'; p19Arf (F) 5'-GGCTAGAGAGGATCTTGAGAAGAGG-3', p19Arf (R) 

5'-GCCCATCATCATCACCTGGTCCAGG-3'; Sox2 (F) 5’-TAAGGGTTCTTGCTGGGTTTT-3’, Sox2 (R) 5’-

AGACCACGAAAACGGTCTTG-3’; Lhx2 (F) 5’-GATCTCGCCTGGAAACAGAG -3’, Lhx2 (R) 5’-

TCGCTCAGTCCACAAAACTG -3’; Otx2 (F) 5'-AGAGGAGGTGGCACTGAAAA-3', Otx2 (R) 5'-

TGACCTCCATTCTGCTGTTG-3'; Lpo (F) 5'-AGGTCTGTTGGCCAAGAATG-3', Lpo (R) 5'-

ATGTTGATGGAAGCCAGGTC-3'; Apaf1 (F) 5'-TGCTCAGCGGATAAGAAGGT-3', Apaf1 (R) 

5'TCCCAGAGCTTGAGGAAGAA-3'; Fas/CD95 (F) 5'-AAACAAACTGCACCCTGACC-3',

 Fas/CD95 (R) 5'CAACCATAGGCGATTTCTGG-3'; Nqo1 (F) 5'-TTCTCTGGCCGATTCAGAGT-3', 

Nqo1 (R) 5'GAGTGTGGCCAATGCTGTAA-3'; Gstα1 (F) 5'-CGCCACCAAATATGACCTCT-3', Gstα1 (R) 

5'CCATGGCTCTTCAACACCTT-3'; Cyp241a (F) 5'-GGCGGAAGATGTGAGGAATA-3', Cyp241a (R) 

5'GTTGTGAATGGCACACTTGG-3'; Duox2 (F) 5'-ACAAGGGGTGTATGCCTTTG-3', Duox2 (R) 5'-

CACAGGTTGTGGTAGCGAAA-3'. Crx (F) 5'-CCTTCTGACAGCTCGGTGTT-3', Crx (R) 5'-
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CCACTTTCTGAAGCCTGGAG)-3'; Sestrin2 (F) 5’-CCTCCTTTGTGTTGTGCTGT-3’, Sestrin2 (R) 5’-

ACGGTTCTCCATTTCCTCCT-3’; Opn1sw (F) 5’-CAGCCTTCATGGGATTTGTCT-3’, Opn1sw (R) 5’-

CAAAGAGGAAGTATCCGTGAC-3’; Rax (F) 5′-TGGGCTTTACCAAGGAAGACG-3’, Rax (R) 5′-

GGTAGCAGGGCCTAGTAGCTT-3’; Six6 (F) 5′-GCAAGTAGCCGGGGTATGTG-3’, Six6 (R) 5′-

CGACTCATTCTTGTTAAGGGCTT-3’; Nrl (F) 5′-CCCAGTCCCTTGGCTATGGA-3’, Nrl (R) 5′-

ACCGAGCTGTATGGTGTGGA-3’; Notch1 (F) 5′-GATGGCCTCAATGGGTACAAG-3’, Notch1 (R) 5′-

TCGTTGTTGTTGATGTCACAGT-3’; Pax6 (F) 5′-TGGCAAACAACCTGCCTATG-3’, Pax6 (R) 5′-

TGCACGAGTATGAGGAGGTCT-3’; Gapdh (F) 5′-AGGTCGGTGTGAACGGATTTG-3′, Gapdh (R) 5′-

TGTAGACCATGTAGTTGAGGTCA-3’; 

Human primer sets used are:  

PAX6 (F) 5'-AGATTTCAGAGCCCCATATTCG-3', PAX6 (R) 5'-CCATTTGGCCCTTCGATTAG-3'; ARR3 (F) 

5'-CCCAGAGCTTTGCAGTAACC-3', ARR3 (R) 5'-CACAGGACACCATCAGGTTG-3'; SOX1 (F) 5'-

AAAGTCAAAACGAGGCGAGA-3', SOX1 (R) 5'-AAGTGCTTGGACCTGCCTTA-3'; RAX (F) 5'-

GGCAAGGTCAACCTACCAGA-3', RAX (R) 5'-GCTTCATGGAGGACACTTCC-3'; SIX6 (F) 5′- 

ACAGACTCCAGCAGCAGGTT-3′, SIX6 (R) 5′-AGATGTCGCACTCACTGTCG-3′; OPN1SW (F) 5′-

TGTGCCTCTCTCCCTCATCT-3′, OPN1SW (R) 5′-GGCACGTAGCAGACACAGAA-3′; P16INK4A (F) 5′-

GATCCAGGTGGGTAGAAGGTC-3′, P16INK4A (R) 5′-CCCCTGCAAACTTCGTCCT-3′; P21 (F) 5′-

CCGAAGTCAGTTCCTTGTGG-3′, P21 (R) 5′-GTCGAAGTTCCATCGCTCAC3′; SOX2 (F) 5′-

CACAACTCGGAGATCAGCAA-3′, SOX2 (R) 5′-CGGGGCCGGTATTTATAATC-3′; LHX2 (F) 5′-

CCAAGGACTTGAAGCAGCTC-3′, LHX2 (R) 5′-TAAGAGGTTGCGCCTGAACT-3′; BMI1 (F) 5-

AATCCCCACCTGATGTGTGT-3, BMI1 (R) 5-GCTGGTCTCCAGGTA ACGAA-3; GAPDH (F) 5′-(F) 5-

TCACCAGGGCTGCTTTTAAC-3′, GAPDH (R) 5′- ATCCACAGTCTTCTGGGTGG -3′; 

Primer sets for repetitive sequences were as described in (1123). 

3.1.5.10  Lentiviral infection 

The shRNA-expressing lentiviral plasmids were cotransfected with plasmids pCMVdR8.9 and 

pHCMVG into 293FT packaging cells using Lipofectamine (Invitrogen) according to the 

manufacturer’s instructions. Media containing viral particles were collected, filtered, and 

concentrated by ultracentrifugation. Viral titers were measured by serial dilution on 293T cells 
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followed by microscopic analysis 48 h later. For viral transduction, lentiviral vectors were added 

to dissociated cells before plating. Hygromycin selection (150 µg/ml) was added 48 h later.  

3.1.5.11  Western blot 

Total protein extracts were prepared in the Complete Mini protease inhibitor cocktail solution 

(Roche Diagnostics). Proteins contents were quantified using the Bradford reagent. Proteins were 

resolved in Laemmli buffer by SDS-PAGE and transferred to a 0.2μm Nitrocellulose Blotting 

Membrane (BioRad) that was exposed to the primary antibodies; mouse anti-Bmi1 (1:800, 

Millipore), mouse anti-H2Aub (1:1000, Millipore), mouse anti- βActin (1:1000, Abcam), p63, 

mouse anti-p73 (1:500, Abcam), mouse anti-p53 (1:500, Santa Cruz Biotechnology), goat anti-CRX 

(1:500, Santa Cruz Biotechnology), mouse anti--Tubulin (1:1000, Sigma), anti-Rip3 (1:1000, 

Santa Cruz Biotechnology), anti-Bmi1 (1:500, Abgent,), S-Opsin (1:400, Santa Cruz 

Biotechnology)., histone H3 (1:1000, upstate) Membranes were treated with corresponding 

horseradish peroxidase-conjugated secondary antibodies (Sigma) and developed using the 

Immobilon Western (Millipore). 

3.1.5.12  Statistical analyses 

Statistical differences were analyzed using Student’s t-test for unpaired samples with equal SD 

using two-tailed P.value. For ERG experiments, analyses of variance were made by one-way 

ANOVA followed by Bonferroni's multiple comparisons test. For PRs quantification of flat-mount 

retinas, the analysis of variance was performed by two-way ANOVA followed by Tukey’s multiple 

comparison test with 95% of confidence. Data are presented as mean ± standard deviation (error 

bars). Values are representative of at least 3 experiments. The criterion for significance (P-value) 

was set as mentioned in the figures. 
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3.1.7 Supplementary figures 

 

 

 

 

 

Figure S 1. Bmi1 is required for cone photoreceptor maintenance after birth 

(A) Representative images from S-Opsin/PNA double-stained retinal flat mounts from WT, Bmi1+/- and Bmi1-/- mice at 
P30. Dorso-nasal (DN), dorso-temporal (DT), ventro-nasal (VN), ventro-temporal (VT). Scale bars: 1 mm. 
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Figure S 2 Histological anomalies in Bmi1-/- mouse retinas  

(A, B, C, D) IHC and IF analyses of WT and Bmi1-/- retinas at P30 using specific markers for different retinal cell types. (A’, A’’) crop 
of the area indicated by the respective dashed rectangles. Amacrine cells’ membrane (Syntaxin), müller glial cells (Gs and Cralbp), 
rods bipolar cells (Pkcα), amacrine (white-edged arrows) and ganglion cells (black arrows) (Pax6), horizontal cells (Calbindin), c-
cones (S-Opsin), rod photoreceptors (4D2), T2 OFF and T8 ON cone bipolar cells (Recoverin), amacrine cells (white arrows) and 
horizontal cells (white-edged arrows) (Gad65). Retinal pigmented epithelium (RPE); outer nuclear layer (ONL); inner nuclear layer 
(INL); and ganglion cell layer (GCL). Scale bars: 40μm.  
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Figure S 3 Bmi1 is preferentially expressed in mouse cone photoreceptors 
(A) IF analysis of WT and Nrl-/- mouse retinal cryosections at P30. Arrows: Note the preferential expression of Bmi1 in neurons of 
the INL and in cone photoreceptors located in the ONL (white arrows). In contrast, Bmi1 is evenly distributed in the cone-only ONL 
of Nrl-/- mice. (B) IF analysis of dissociated retinal cultures from WT and Bmi1-/- mice at P1 after 4 days in vitro (DIV). Note the 
expression of Bmi1 in WT cones labeled with S-Opsin, and the absence of Bmi1 in S-Opsin positive cells of Bmi1-mutants. (C) 
Quantification of S-Opsin positive cones in dissociated WT and Bmi1-/- retinal cultures, expressed as percentage of the initial cone 
number evaluated at 1 DIV. Outer nuclear layer (ONL); inner nuclear layer (INL); outer segment (OS). Scale bar: 50μm (A) and 20μm 

(B). WT n=4; Bmi1-/- n= 5. All values are mean ±SEM. (*) P  0.05; (**)  0.01; Student t-test. 
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Figure S 4 Methodology for the quantification of photoreceptors and other retinal cells types 

(A) Representative mosaic reconstruction from 10x images from S-Opsin/PNA double-stained retinal flat mounts from P30 WT mice. 
(A’, A’’) 60x confocal microscopy images from retinal flat mount of the DT (A’) and from the VN (A’’) portion indicate with dashed 
rectangles in (A). (A’) Note the almost complete absence of S-cone (S-Opsin+ cells) in the DT portion where almost only M-pure 
cones are present. (A'') Note that in the VN portion approximately all cones express S-Opsin. The majority of these are dual-
photoreceptors expressing both S and M Opsin and a minority of pure S-cone (data not shown). For PRs quantification, 3 images 
from the VN portion were quantified and averaged as shown by the dashed rectangles in (A). (B) 20x Mosaic Image of the whole 
retinal section at the level of the optic nerve of an orientated block. The eyes are oriented in the blocks in order to always have VN 
and DT in opposite positions with respect to the optic nerve on sections. For quantification on retinal sections, 3 consecutive images 
for sample (as shown by the boxes 1, 2, 3) were taken in the VN side, then quantified and averaged. (B’) Representative 60x confocal 
microscopy image from retinal section used for quantification. Ventro-nasal (VN), dorso-temporal (TD). n= 3 to 6 retinas were used 
for genotype. Scale bars: (A) 1 mm, (B) 0,5mm. 
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Figure S 5 . Bmi1  is highly expressed in bipolar neurons 

IF analysis of a WT mouse retina (cryosections) using Chx10 and Bmi1 antibodies. Note Bmi1 expression in Chx10-positive cells 
of the INL. Retinal pigment epithelium (RPE); outer nuclear layer (ONL); inner nuclear layer (INL); ganglion cell layer (GCL). Scale 
bar: 20μm. 

Figure S 6 Chk2 deletion partially improves the Bmi1-/- phenotype   

Bmi1-/- /Chk2-/- and Chk2+/- mice at P30. Note: Bmi1-/- /Chk2-/- mice were healthier than Bmi1-/- mice but remained smaller 
than Chk2+/- control mice.  
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Table S 1 Statistical analysis of ERG parameters  

Global values from ERG experiment. Each parameter is analyzed by repeated measures ANOVA. The comparisons between the 

ERG parameters values at the Vmax are analyzed by one-way ANOVA. All values are mean ± SEM. N.S. = not significant; (*) P  

0.05; (**)  0.01; (***)  0.001; 
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3.2.1 Abstract 

Ciliopathies are heterogeneous genetic diseases affecting primary cilium structure and function. 

Meckel-Gruber (MKS) and Bardet-Biedl (BBS) syndromes are severe ciliopathies characterized by 

skeletal and neuro-development anomalies, including polydactyly, cognitive impairment, and 

retinal degeneration. We describe the generation and molecular characterization of human iPSC-

derived RSs from controls, MKS (TMEM67), and BBS (BBS10) cases. MKS and BBS RSs displayed 

significant common alterations in the expression of hundreds of developmental genes and 

members of the WNT and BMP pathways. Induction of crystallin molecular chaperones was 

prominent in MKS and BBS RSs, suggesting a stress response to misfolded proteins. Unique to 

MKS photoreceptors was the presence of supernumerary centrioles and cilia and the aggregation 

of ciliary proteins. Unique to BBS photoreceptors was the accumulation of DNA damage and 

activation of the mitotic spindle checkpoint. This study reveals how combining cell 

reprogramming, organogenesis, and next-generation sequencing enables the elucidation of 

mechanisms involved in human ciliopathies.  
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3.2.2 Introduction 

Primary cilia are typically non-motile cytoplasmic extensions of a microtubule-based structure 

that projects from the cell surface and are indispensable for normal developmental and 

physiological functions (127,128). The ciliary axoneme develops from and is anchored to a 

specialized centriole called the basal body (BB) that acts as a microtubule-organizing center. The 

BB is a symmetric radial arrangement of nine triplet microtubules from which the outer doublet 

of the axoneme's microtubules extends. Syndromic and non-syndromic ciliopathies represent a 

group of heterogeneous genetic diseases caused by mutations affecting the primary cilium's 

structure and function. Phenotypic and genetic heterogeneity is frequently observed in these 

diseases. The relationship between cilia genes and ciliopathies is far more complex than that 

described by classical Mendelian genetics and has recently been the focus of numerous reviews 

(362,363,1124). 

Meckel-Gruber (MKS) and Bardet-Biedl (BBS) syndromes are rare developmental diseases 

characterized by multiple developmental anomalies, including retinal degeneration, digits, and 

genito-urinary defects, as well as cognitive impairment (211,234). While MKS is fatal at birth, BBS 

is one of the most severe ciliopathies compatible with life. MKS is a lethal autosomal recessive 

ciliopathy, presenting polycystic kidneys and severe eye/brain malformations, with over 13 

disease-associated genes (235,242,471,1125). In contrast, BBS is a viable disorder associated with 

obesity and retinal degeneration (211,234) and with variants identified in over 22 genes, with 

BBS10 representing the most commonly mutated gene (436,1126). MKS and BBS were, in 

principle, considered as two distinct clinical entities. However, the identification of hypomorphic 

mutations in MKS1 and TMEM67 in some BBS patients introduced the concept that BBS may 

represent a milder form of MKS (234). The MKS3 protein (encoded by TMEM67) is apparently not 

an integral part of the MKS complex but more likely to interact with it (234,235). MSK3 localizes 

to the TZ at the primary cilium base and the plasma membrane in ciliated cells (231). MKS3 has 

been associated with centrosome migration to the apical cell surface during early ciliogenesis and 

with the regulation of centrosome organization (239,240). The BB derives from the mother 

centriole, which distinguishes it from the daughter centriole by the presence of appendages on 

its distal end, allowing the primary cilium formation (185). Centriolin (also known as CEP110 or 
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CNTRL) is associated with the mother centriole (1127). Mutations in Centriolin can cause 

ciliopathies as Atrioventricular Septal Defect (AVSD) (191). Although many BBS-associated 

proteins are an integral part of the BBSome complex, BBS10 most likely interacts with the BBSome 

and shows sequence similarities with chaperones (220). 

The vast majority of genes causing retinal degeneration involves a defect in a ciliary protein 

(RetNet). Molecular and cellular insights found in this work are potentially relevant to other 

ciliopathies and non-syndromic retinal disorders. Degeneration of PRs is often part of syndromic 

ciliopathies (387,1128). Retinal degeneration varies depending on the type of PRs that are 

primarily affected. Rods respond to dim light and are important for night and peripheral vision. 

Cones respond to intense light and are required for color, daylight, and high-resolution central 

vision (263). The inner segment and outer segment of PRs, which respectively represent the 

metabolic factory and the structure where phototransduction occurs, are connected by the CC, a 

modified intracellular version of the primary cilia (1129). The proteins synthesized in the inner 

segment are transported to the base of the CC in post-Golgi vesicles in an area also called the TZ, 

where they are associated with molecular transport complexes that allow bidirectional 

movement along the axoneme, called IFT (160,164). The IFT family and other BB-associated 

proteins, if mutated, may cause mislocalization and accumulation of outer segment proteins in 

the inner segment, causing PRs degeneration (164,1130). The RPGR, RP1, and RP2 proteins mainly 

localize at the CC's basal body, and mutations in these are a leading cause of RP (1131). 

Though valuable, animal models have shown limitations in modeling retinal ciliopathies, with 

patient-derived induced pluripotent stem cells (iPSCs) representing a new opportunity for 

modeling human diseases (873). Structures like the macula, responsible for high-resolution 

central vision, are not present in most commonly used animal models. Moreover, the PR's 

ultrastructure between mice and humans differs at the TZ, an area adjacent to the CC. Here we 

found structures called calyceal processes, which are present in humans but not in mice. Likewise, 

the USH1G/1C proteins, which are mutated in USH, localize to the CC of human PRs but have no 

equivalent in rodents (841). We report here on the generation of iPSCs from MKS and BBS cases 

and on their differentiation into RSs containing cone PRs (1007). We found that RSs from MKS 

and BBS cases displayed common alterations in hundreds of developmental genes, including 
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homeobox and HOX genes, as well as genes of the WNT, NOTCH, and BMP signaling pathways. 

MKS PRs showed supernumerary cilia and centrioles and mislocalization of ciliary proteins. BBS 

PRs presented mitotic spindle checkpoint activation, DNA damage, and genomic instability. Both 

MKS and BBS PRs accumulated chaperones of the crystallin gene family, suggesting a cellular 

response to misfolded proteins and/or proteasome dysfunction. This study brings new molecular 

and cell biological information on the neuro-developmental and retinal degeneration anomalies 

associated with human syndromic ciliopathies. 
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3.2.3 Results 

3.2.3.1 Generation and characterization of iPSC-derived retinal sheets 

We have generated iPSCs from skin fibroblasts of three healthy volunteers (Ctrl01, Ctrl02, and 

Ctrl03), two unrelated MKS cases (MKS01 and MKS02), and two unrelated BBS cases (BBS01 and 

BBS02). The iPSCs expressed pluripotency markers, were able to form teratomas, and could be 

differentiated into embryoid bodies containing retinal RPE cells upon exposure to nicotinamide 

(Figure S1A-D). An external cilium was also observed in iPSCs using scanning electron microscopy 

(Figure S1B). By whole-genome sequencing of the parental fibroblast cell lines, we found that 

both BBS cases carried different mutations in BBS10, with a homozygous mutation causing a 

frameshift stop in the first case (c.271dup), and a compound heterozygous mutation in the second 

case (c.909_912del; c.687del) (Figure S1E-G). The MKS01 case carried compound heterozygous 

permutations at the TMEM67 locus (c.233G>A; c.1046T>C) predicted to be pathogenic (Figure 

S1E-G). We could not, however, confirm the disease-causing mutation in the MKS02 case. 

Control, BBS01/02, and MKS01/02 iPSCs were differentiated for 60 DIV into RSs using the same 

methodology for hESCs (1007). Control RSs were analyzed by confocal immunofluorescence. 3D 

reconstruction imaging revealed the generation of a polarized, multi-layered tissue expressing OS 

(PNA and S-opsin), CC (acetylated α-tubulin and RPGR), and nuclear pan-photoreceptor (CRX) 

markers (Figure 1A), suggesting efficient differentiation into RSs. Using RNA sequencing (RNAseq), 

we compared the transcriptome of control RSs with that of the Human Retinal Development Atlas 

(16) and found that RSs clustered with human embryonic retinas at days 80 and 94. RNAseq data 

from control RSs were also compared with the top 50 most upregulated transcripts in adult 

human retina and the top 50 iPSC-specific transcripts (1132) (Figure 1B). Retinal and 

photoreceptor-specific transcripts, including NR2E1, GRK1, CRX, PDE6H, RXRG, ROM1, CRB1, 

RPE65, PRPH, RP1, RCVRN, ABCA4, and GNAT1, were significantly enriched in RSs. In contrast, 

iPSC-specific transcripts were lost in RSs, suggesting efficient cellular differentiation (Figure 1C). 

Despite the presence of rod-specific transcripts in RSs, we failed to detect rhodopsin protein 

expression using immunoblot or immunofluorescence. 
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When comparing the entire gene dataset of undifferentiated iPSCs with that of adult human 

retinas and RSs, we found that 1534 genes were commonly upregulated in human retinas and 

RSs. Gene Ontology (GO) analysis of the top 100 genes revealed that these were primarily 

implicated in the detection of light stimuli, photoreceptor OS organization, photoreceptor 

development, and visual perception (Figure 1D). We also performed a principal component 

analysis of RSs and iPSC/hESC lines. While iPSCs and hESCs were generally scattered, RSs from all 

samples were grouped together, suggesting cellular differentiation toward a common lineage 

(Figure 1E). We next used immunoblot to test if RSs expressed photoreceptor-specific proteins. 

We found that Ctrl01/02/03, MKS01/02, and BBS01/02 RSs were all expressing CRX (expressed in 

photoreceptor and in a subset of bipolar neurons) and S-opsin (expressed exclusively in cone PRs) 

(Figure 2A). Taken as a whole, these results suggested robust differentiation of iPSC lines into RSs.  

3.2.3.2 Deregulation of neurodevelopmental genes in MKS and BBS retinal sheets 

We compared RNAseq data from Ctrl01/02, MKS01/02, and BBS01 RSs and found thousands of genes 

commonly dysregulated in ciliopathies (Figure 2B-C). 1597 genes were dysregulated in both BBS01 

and MKS01/02 samples when compared to controls (661 up-regulated, 936 down-regulated) 

(Figures 2D and 3A). Among the 661 commonly up-regulated genes, most were related to 

neural/retinal development (DLX1, VSX1, and SIX6), differentiation (NEUROD4 and 

ASCL1/MASH1), and function (SLC32A1 and NTRK1), while others were associated with ganglion 

and amacrine cell fate, suggesting premature and/or increased neurogenesis and perturbed 

retinal cell fate specification in ciliopathies (Figures 2E-G and S2A-D). Different homeobox genes, 

Figure 1: Generation of iPSC-derived retinal sheets. 

(A) Representation of a cone PRs (left) and 3D reconstruction of a RS (right) with reference to the main compartments, Outer 
Segment (OS), CC (CC), Inner Segment (IS), and nucleus. For each compartment are indicated the main markers used in this paper: 
PNA and S-Opsin for the OS; Acetyl-α Tubulin and RPGR for the CC; CRX for the nucleus. Scale bars, 40 µm. (B) Volcano plot from 
RNAseq analyses between human retina (n=2 independent biological samples) and undifferentiated stem cells (n=4 iPSC; n=4 hESC, 
independent cell lines). The red points show the 50 most significantly downregulated genes (stem cell-related genes). The green 
points show the 50 most significantly upregulated genes (human retina-related genes). (C) Heatmap showing differential 
expression for stem cell and human retina related genes between undifferentiated stem cell lines (n=4 iPSC; n=4 hESC) and Ctrl RSs 
(n=8 from 3 independent iPSC and 1 hESC cell lines). Hierarchical clustering by Pearson’s correlation clearly distinguishes the two 
groups. (D) Venn diagrams showing the intersection of significant genes differentially upregulated in control RSs (Ctrl01, Ctrl02, 
Ctrl03, hESC-Ctrl) and in the human retina. Gene Ontology Enrichment Analysis of the 100 most upregulated genes in RSs compared 
to undifferentiated iPSC that are also upregulated in the human retina (P-value <0,05). For every GO group, we indicated their fold 
enrichment, P-Value, and few representative genes. For every gene is indicated Log2FC in Ctrl_RSs (light blue) and in the human 
retina (green). (E) PCA between stem cells (iPSC, ESC), and RSs from control iPSC and hESC, and RS from MKS (n=4 from 2 patients) 
and BBS (n=2 from 1 patient). Notice how all RSs cluster together while PSC are more dispersed. 
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including members of the HOX family, were also upregulated in both BBS01 and MKS01/02 RSs 
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(Figure S2A). Defective NOTCH and/or WNT signaling is frequently associated with premature 

neurogenesis and/or cell cycle exit of neural progenitors (1133,1134). Hence, we found altered 

expression of genes of the WNT and NOTCH signaling pathways in both MKS and BBS RSs (Figure 

S2B-C). Further analyses suggested major deregulation of WNT signaling in ciliopathies toward 

the canonical pathway at the expense of the non-canonical one, which is known to play a role in 

planar cell polarity and cilia formation (Figure S2B) (321). 

3.2.3.3 Alterations of genes involved in development, morphogenesis, and cilia formation 

When analyzing genes commonly down-regulated in BBS01 and MKS01/02 RSs, we found significant 

alteration of genes involved in development (112 genes) and/or morphogenesis (138 genes) 

(Figure 3A-C). We next grouped these genes among the most representative clusters and 

compared them by focusing on genes common to different organs/systems (Figure 3A-D). We 

found 5 developmental genes - Noggin (NOG), SIX1, BMP4, CDH19, OSR1 - all involved in kidney, 

heart, ear, skeletal, circulatory, and retinal development (559,1135). Three of them, NOG, SIX1, 

and OSR1, were also present in most of the morphogenetic groups. Other genes such as MSX1, 

TWIST1, SIX2, OSR2 were present in some of the morphogenetic and developmental groups 

(Figure 3B) (1136–1138). PITX2 was one of the most downregulated developmental genes in both 

MKS01/02 and BBS01 RSs (Figure 3D). Notably, a large number of genes involved in cilium 

assembly/organization and intraciliary transport were downregulated in MKS and BBS RSs (Figure 

S3A-C) (252). From these, 21 corresponded to the CFAP gene family (Figure S3B). We also found 

962 genes upregulated and 684 genes downregulated only in MKS01/02 RSs (Figure S3D-H). Among 

these, many were associated with the development and anterior-posterior pattern specification 

(Figure S3E, H). Several HOX family genes were also specifically upregulated only in MKS01/02 RSs, 

in agreement with MKS being the most severe form of syndromic ciliopathy (Figure S3F).  

Figure 2: Neuro-developmental anomalies in MKS and BBS retinal sheets. 

(A) Immunoblot on extracts from a human retina (positive ctrl), undifferentiated iPSC (negative ctrl), and RSs from Ctrl01/02, 
BBS01/02, and MKS01/02 patients. (B) Heatmap of gene expression profile for differentially expressed genes between Ctrl01/02 
(n=4 from 2 independent ctrl cell lines), MKS01/02 (n=4 from two independent MKS patients), and BBS01 (n=2 from one BBS 
patient) (P-value <0,0001, Up=log2FC>2; Down=log2FC<-2). Hierarchical clustering by average linkage with Kendall’s Tau 
correlation clearly distinguishes control and patients’ RSs. (C) Volcano plot from RNAseq analyses between Ctrl01/02 and all patient 
RSs. The red points show the most significantly dysregulated genes (log2FC>5 and p-value adjusted <0.001). (D) Venn diagrams 
showing the intersection of significant genes differentially upregulated in MKS01/02 (Blue, 1623 genes) and in BBS01 RSs (Red, 992 
genes) (log2FC>2; P-value <0,05). (E-G) Gene Ontology Enrichment analyses of common differentially up-regulated genes between 
the two groups. Some of the main GO groups and subgroups are shown with some indicative genes and the respective Log2FC in 
MKS01/02 (orange column) and BBS01 RSs (green column) (P-value <0,05). 
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3.2.3.4 Induction of the crystallin molecular chaperones in MKS and BBS retinal sheets 

From the top 10 most upregulated genes common to BBS and MKS RSs, we found that 6 encoded 

members of the crystallin gene family (Figure 4A-S4C) (7). In non-lens tissues, these proteins work 

as molecular chaperones against protein misfolding. Using immunoblot and 

immunofluorescence, we observed specific accumulation of CRYBB1, CRYBB2, CRYBB3 in both the 

nuclear and cytoplasmic cell compartments of BBS01 and MKS01 PRs at DIV45 (Figures 4A-C and 

S4A-B). Polyubiquitin chains at lysine 48 (polyUb-K48) mark proteins for proteasomal 

Figure 3: Reduced expression of genes involved in development and morphogenesis. 

(A) Venn diagrams showing the intersection of significant genes differentially down-regulated between MKS01/02 (Blue) and 
BBS01 RSs (Red). (B-C) Venn diagrams showing the intersection of significative downregulated genes belonging to GO groups 
involved in the morphogenesis (B) or in the development (C) of 5 organs/systems commonly affected in both MKS and BBS 
(log2FC>2; P-value <0,05). (D) Gene expression levels in BBS01 and MKS01/02 RSs at DIV60 of genes implicated in both 
development and morphogenesis. In red, the genes common to all 5 developmental groups with a role also in morphogenesis. All 
values are means ± SEM. * p<0.05, Student’s unpaired t-test. 
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degradation, and poly-ubiquitylated proteins frequently accumulate in neurodegenerative 
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diseases (336). When compared to control RSs, MKS01, and MKS02, but not BBS01 RSs, presented 

increased polyUb-K48 levels, suggesting perturbed proteostasis (Figure 4B). Accumulation of 

misfolded proteins is frequently associated with neuronal cell death (1139). Accordingly, we 

observed increased expression of apoptosis and cell death-related genes in MKS01/02 and BBS01 

RSs (Figure S4D). Induction of photoreceptor cell death in MKS and BBS RSs was also confirmed 

using the TUNEL assay and TEM (Figure 4D-I, S4E-H). These results suggested a cellular response 

to misfolded proteins and increased cell death in MKS01/02 and BBS01 PRs. 

3.2.3.5 MKS photoreceptors are characterized by the presence of supernumerary centrioles 

We performed cell biological analyses to study the structure of the cilium in MKS and BBS PRs. 

The centriole forms the primary cilium basement, and Centriolin marks the mother centriole and 

BB (185). Using an antibody against Centriolin, we found that when compared to controls, the 

number of centrioles per cell was higher in DIV60 MKS01/02 PRs, but not in BBS01/02 PRs (Figure 5A-

B). This was confirmed by TEM (Figure 5C-D), and where cilia also appeared to be shorter in MKS 

(Figure 5C-D). While the total number of cells tended to be higher in MKS and BBS cultures, the 

difference was not significant (not shown). Notably, supernumerary centrioles were not observed 

in undifferentiated MKS01 iPSCs (Figure S5A-C), suggesting that the defect was cell-type specific.  

We did not elucidate the pathogenic mutation in the MKS02 case. However, in the MKS01 case, the 

two identified mutations in TMEM67 were predicted to generate a pathogenic but full-length 

variant of MKS3 (Figure S1G-H). Hence, we could observe by immunoblot the presence of MKS3 

in Ctrl01, MKS01/02, and BBS01/02 RSs, and MKS3 levels were even slightly increased in MKS01 RSs 

Figure 4: Induction and accumulation of crystallins in MKS and BBS retinal sheets. 

(A) Venn diagrams showing the intersection of significant genes differentially upregulated between MKS01/02 (Blue) and BBS01 
RSs (Red) (log2FC>2; P-value <0,05), and the top 10 up-regulated genes common to the 2 groups with their respective Log2FC and 
p-value for each group. Genes members of the crystallin family are highlighted in red. (B) Immunoblot on extracts from 
undifferentiated iPSC and RSs. (C) Immunofluorescence (IF) representative images showing CRYBB1 and CRYBB3 accumulation in 
MKS01/02 and BBS01 CRX-positive cells at DIV45. Note the extracellular and intracellular accumulation of crystallin (white 
arrows). Scale bars: 10 µm. (D) TEM representative images of RSs at DIV60. BB (black arrowheads), dead cells (white arrowheads). 
For each condition at the bottom some high magnification images. In Ctrl04 we can observe IS structure with high density of 
mitochondria, BB near the apical surface, and marked gap junction. A beginning of OS with stack-like structures (black arrows) 
can be observed beyond the apical surface. Vesicles with laminar material are also observed near the surface. Large vesicles 
similar to lysosomes were particularly abundant in MKS RSs. M, mitochondria; A, apoptotic cells; N, necrotic cells. (E-G) 
Quantification of the percentage of total dead cells, apoptotic and necrotic cells observed by TEM at DIV60 (n = 3-4 fields for 
condition, an average of 24 cells for field. (H) IF representative images in dissociated cells culture at DIV20. Scale bar: 50 µm. (I) 
Quantification of the percentage of TUNEL-positive cells over total nuclei at DIV20 (n = 4-5 fields for condition, an average of 85 
cells for field). n = 3 independent biological replicates for all experiments. All values are means ± SEM. *p < 0.05; **p < 0.01, ***p 
< 0.001 by one-way ANOVA test. 
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(Figure 5H). Using antibodies against Centriolin and MKS3, we performed confocal 
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immunofluorescence imaging and 3D reconstruction on dissociated control PRs. We observed 

three different configurations between Centriolin and MKS3: BB and daughter centriole 

surrounding MKS3 (F’); MKS3 linked to the centriole (F’’); and unlinked MKS3 and Centriolin (F’’’) 

(Figure 5F). Notably, while we observed that MKS3 was often in close association with Centriolin 

in control and BBS01 PRs (Pearson’s coefficient correlation: 0.29 and 0.23), this association was 

near absent in MKS01 PRs (Pearson’s coefficient correlation: 0.06) (Figure 5E-G). These results 

suggested defective interaction of MKS3 with the centriole in MKS01 PRs, possibly leading to the 

production of supernumerary centrioles (see the model in Figure S6). 

3.2.3.6 MKS01 photoreceptors have smaller but supernumerary cilia and present abnormal 

accumulations of ciliary proteins 

Using an antibody against acetylated α-Tubulin, we found that supernumerary centrioles in MKS01 

PRs were also associated with an increasing number of cilia (Figure 6A-C). This phenotype was not 

observed in BBS01 PRs. We performed quantitative analyses of the images using IMARIS, which 

revealed that although more numerous, cilia in MKS01 PRs were shorter and thinner than normal 

(Figure 6D-E). Some rare giant cilia resembling a fusion of different cilia were also observed. The 

number of observed cilia was normal in undifferentiated iPSCs from MKS01 patients, suggesting 

cell-type specificity for this phenotype (Figure S5F-H). RPGR mostly labels the basal body of the 

CC (Figure 6F) (1140). Using confocal microscopy and 3D reconstruction, we observed that control 

RSs presented a relatively uniform immuno-labeling for RPGR proximal to the PNA-positive outer 

segment (Figure 6G). In contrast, MKS01 RSs were disorganized, as revealed by the unequal 

distribution of PNA. Furthermore, the signal for RPGR was mislocalized and tended to accumulate 

in aggregates. RPGR was also mislocalized in RSs from BBS01 patient (Figure 6G). These results 

Figure 5: Supernumerary centrioles in MKS photoreceptors. 

(A) IF images of PRs at DIV60. Composed image from two focal planes (DAPI and Centriolin). Scale bar: 50 µm (left), 10 µm (right). 
(B) Quantification of the number of centrioles (Centriolin) per cell at DIV60 (n = 4 fields for condition, an average of 113 cells for a 
field). (C) TEM representative images of cilia and BB and its section (bottom). (D) Quantification of the ratio of BB/cells per field by 
TEM. (N=3-4 images for condition an average of 24 cells for a field. (E) IF images of dissociated PRs at DIV60. The white channel 
represents colocalized volume between Centriolin and MKS3 with the respective Pearson correlation value quantified in (G). On 
the right, high magnification images of the respective dashed square in each condition. (F) Representative surface rendering from 
3D z-stack reconstruction of the three conformations observed between Centriolin and MKS3: BB and daughter centriole 
surrounding MKS3 (F’), MKS3 linked to Centriolin (F’’), MKS3 and Centriolin unbound (F’’’). Scale bar: 0,5 µm. (H) Immunoblot on 
extracts from iPSC and RSs. n = 3 independent biological replicates for all experiments. All values are means ± SEM. *p < 0.05; **p 
< 0.01, ***p < 0.001, ****p < 0.0001 by one-way ANOVA test. 
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suggested supernumerary cilia, abnormal retinal tissue morphogenesis, and aggregation of ciliary 

proteins in MKS PRs. 
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3.2.3.7 BBS photoreceptors display mitotic spindle checkpoint activation and genomic 

instability 

Significantly up-regulated genes in BBS01 RSs included markers of mitotic spindle checkpoint and 

microtubule cytoskeleton organization regulation (Figures 7A-B and S7B), suggesting possible 

genomic instability during mitosis. On the other hand, we observed the down-regulation of genes 

involved in extracellular matrix organization and tube development (Figure S7D). DIV15 

photoreceptor progenitors were analyzed using specific antibodies. We found that the number 

of cells expressing the DNA damage response markers γH2Ax and 53BP1, and the activated 

mitotic checkpoint protein pChk2, were increased in BBS01/02 samples, but not in control or 

MKS01/02 samples (Figures 7C-G and S7E-H). This phenotype was, however, generally more severe 

in the BBS01 case than in the BBS02 case. We also observed the presence of very large nuclei in 

BBS01/02 PRs that were also γH2Ax and pChk2-positive, suggesting possible arrest in the G2/M 

phase of the cell cycle. γH2Ax, a marker of DNA double-strand breaks, was also detected by 

immunoblot on whole-cell extracts in BBS01 RSs at DIV60 of differentiation, but not in control or 

MKS01 RSs (Figure 7H). Consistently, micronuclei, nuclear bridges, mitotic catastrophe, and nuclei 

having multipolar or monopolar spindles were more frequent in BBS01 PRs progenitors than in the 

MKS01 or control one. Nuclear bridges were detected in all conditions but tended to be more 

abundant in BBS01 PRs. Mitotic catastrophes were also significantly higher in BBS01 than in control 

cells, but they were also present in MKS01 cells (Figure 7I). We concluded that although MKS and 

BBS PRs shared a broad number of molecular and cellular alterations, they also displayed unique 

anomalies that may help explain the distinct phenotypes characterizing these disorders.  

 

Figure 6: Supernumerary cilia and aggregation of ciliary proteins in MKS01 photoreceptors.  

(A) IF of PRs at DIV60. Composed image from two focal planes (DAPI and Acetyl-α Tubulin). Scale bar: 10 µm. (B-C) Quantification 
of the number of cilia (Acetyl-α Tubulin) per cell (B) and the number of CRX positive cells per field (C) in cells at DIV60 (n = 4 fields 
for condition, an average of 53 cells for a field). (D) Surface rendering 3D reconstruction from confocal z-stack images of Ctrl01 
(green) and MKS01 (red) based on Acetyl-α Tubulin staining (left) Scale bar: 2 µm. A 3D plot of cilia (cilia from 3 images put together 
for each condition) based on area and volume (right). Notice how control cilia clustered together while MKS01 cilia are more 
heterogeneous, smaller, and more abundant (n = 2 independent experiments). (E) Quantification of area and volume of Ctrl01 and 
MKS01 cilia (ctrl n=20; MKS n=47). (F) Representation of a cone PR with reference to OS, CC, IS, and nucleus and the localization of 
the markers used in (G). (G) 3D z-stack reconstruction of RSs from IF images at DIV70. Dotted lines: intracellular aggregates of 
RPGR. White arrows: RPGR not polarized to the apical zone. n = 3 independent biological replicates for all experiments. Scale bars, 
20 µm. All values are means ± SEM. ** p<0.01, **** p<0.0001, Student’s unpaired t-test. 
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Figure 7: Activation of the mitotic spindle checkpoint and accumulation of DNA damage in BBS photoreceptors.  

(A) Venn diagrams showing the intersection of significant genes differentially upregulated in MKS01/02 (Blue) and BBS01 RSs 
(Red) (log2FC>2; P-value <0,05). (B) Gene Ontology Enrichment analyses of BBS01-specific differentially up-regulated genes. The 
main GO group and subgroups are shown. Some representative genes and the respective Log2FC (P-value <0,05) are indicated 
for each category. (C-D) IF images of PR progenitors at DIV15. The percentage of positive cells (more than 3 foci per cell) is 
indicated on the respective images (average n=253 cells for condition). Scale bar: 5 µm. (E-G) Quantification of the average 
number of foci per cell in PR progenitors at DIV15 (n>3 fields for condition, an average of 84 cells for a field). (H) Immunoblot on 
extracts from undifferentiated iPSC and RSs at DIV60. (I) Representative images for common mitotic abnormalities and the 
respective percentages of cells for each condition in PRs progenitors at DIV15. White arrows: giant nucleus; blue arrows: nuclear 
bridge; red arrows: micro-nuclei; Yellow arrows: multifocal spindle; green arrows: fragmented nuclei strongly marked by the 
anti-γH2Ax antibody. n = 3 independent biological replicates for all experiments. All values are means ± SEM. * p<0.05, ** 
p<0.01, *** p<0.001, **** p<0.0001, Student’s unpaired t-test. 
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3.2.4 Discussion  

We generated iPSCs from control and ciliopathy cases and differentiated them into polarized 3D-

adherent RSs that could recapitulate normal photoreceptor development and disease state, 

respectively. By whole-genome sequencing, we identified mutations in BBS10 (BBS01 and BBS02 

patients) and TMEM67 (MKS01 case). Using RNA-seq analyses and high-resolution fluorescence 

microscopy, we were able to identify and study retinal developmental anomalies and 

photoreceptor degeneration processes that characterized MKS and BBS. Importantly, we could 

also distinguish specific pathological features that were either common or unique to the two 

syndromes.  

Previous reports based on rare genetic cases suggested that BBS and MKS may represent a 

“unique disease” with two different degrees of severity (234,426). Using our in vitro model, we 

found that 60% of deregulated genes in BBS01 PRs and 49% of those in MKS01/02 PRs were common 

between both diseases, although BBS and MKS cases studied here carried mutations in unrelated 

genes. Brain, eye, and bone malformations and polydactyly are common to MKS and BBS. Hence, 

we found deregulation of hundreds of neuro-developmental genes, most of them common to 

both ciliopathies. WNT, NOTCH, and HOX signaling pathways were highly affected, consistent with 

WNT and Notch's essential function in neural development and with the role of the HOX gene 

cluster in axial skeleton development and digit formation (147,1141,1142). Unexpectedly, we 

observed significant down-regulation of NOG, BMP, SIX1, MSX1, TWIST, OSR1, and PITX2. NOG 

and BMP are important for the nervous system, muscles, and bone development. In contrast, the 

others are required for the differentiation of intermediate mesoderm-derivative (gonads and 

kidneys) and limb buds (OSR1), in epithelial-mesenchymal transition (TWIST), in the development 

of the neck, ears, and kidneys (SIX1), and of oral structures (MSX1). PITX2 is involved in the 

establishment of the left-right axis and morphogenesis of many organs (1143,1144). Mutations in 

PITX2 are associated with Axenfeld-Rieger syndrome (ARS), iridogoniodysgenesis syndrome 

(IGDS), and sporadic cases of Peters anomaly, revealing his essential role in the eye’s development 

(1145). Notably, polydactyly, craniofacial, neural, retinal, ocular, skeletal, and kidney anomalies 

are commonly observed in syndromic ciliopathies (426,1128). Thus, developmental defects 
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observed in peripheral organs and musculoskeletal structures of MKS and BBS patients were 

revealed in our gene expression profile analyses of RSs.  

We found up-regulation of several apoptotic genes and genes of the beta and gamma-crystallin 

families in both MKS and BBS RSs. Alpha-crystallins are known to operate as molecular 

chaperones for misfolded proteins and can be found in ubiquitin-associated inclusions in 

neurodegenerative diseases (1146,1147). In contrast, the function of beta and gamma-crystallins 

in non-lens tissue is not well understood. Some studies have linked the expression of beta and 

gamma-crystallins to retinal diseases. It has also been observed that gamma and beta-crystallin 

production increases before photoreceptor cell death in animal models of RP and light-induced 

retinal degeneration (1148–1151). βB2-crystallin (CRYBB2) was shown to be strongly expressed 

in regenerating ganglion cells, where it may promote axonal regrowth (1152). Thus, although 

crystallins' exact role in neurodegenerative contexts remains to be clarified, our findings reveal 

robust activation of this pathway in PRs from ciliopathy patients. 

In MKS01 PRs, we observed near absent co-localization of MKS3 with Centriolin, which may explain 

the presence of supernumerary centrioles. Cilia were also shorter and thinner than normal, 

suggesting cilia degeneration and/or abnormal formation and maintenance. Notably, it was 

shown that in mouse renal-tubule epithelial cells, reducing the level of MKS3 using siRNA 

impaired the number of cilia, whereas its complete loss caused elongated cilia (719). Multi-

ciliated cells were also observed in MKS patients and in a rat model of MKS3 (1153). We also 

found that MKS01 RSs were highly disorganized and that the signal for RPGR was mislocalized and 

tended to accumulate in aggregates. BBS01 cells also showed abnormal RPGR localization. Unlike 

MKS01 PRs, however, RPGR was generally mislocalized at the basement of BBS01 PRs, suggesting 

abnormal transport or docking to the BB. This reveals both similarities and differences between 

the two syndromes. 

Moreover, genes implicated in canonical WNT signaling were up-regulated, which was apparently 

at the expense of the noncanonical one. In polarized cells, the cilium grows at the apical side. 

During ciliogenesis, planar cell polarity and apical-basal polarity are necessary for docking of the 

centrioles at the plasma membrane and the correct formation and maintenance of PRs’ BB 
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(447,1154). Taken as a whole, these observations suggest that hallmarks of the MKS phenotype 

previously reported in MKS patients and animal models were recapitulated at the cellular and 

molecular levels in MKS01/02 RSs. Furthermore, we described for the first time the presence of 

supernumerary cilia and centrioles in MKS01/02 PRs, which was associated with reduced co-

localization of MKS3 with Centriolin in the MKS01 case, suggesting deficient interaction of the 

mutant MKS3 protein with centrioles. In the MKS02 case, which does not carry mutations in 

TMEM67, the number of centrioles/cells was about two folds higher than in controls and BBS01/02 

cases but was less severe than in MKS01. It is not surprising that despite carrying mutations in 

different genes, MKS cases show highly related phenotypes at the cellular and molecular levels. 

Previous reports have described cilia proteins with cilia‐independent functions, including mitotic 

spindle generation and mitotic process regulation (129,363,1155). Unexpectedly, we found 

genomic instability in BBS01/02 retinal progenitors and PRs, with the most prominent feature being 

the activation of the mitotic spindle checkpoint. This suggests a new and essential role of BBS10 

in microtubule cytoskeleton organization during mitosis. 

In summary, we have produced iPSCs from control, MKS, and BBS cases and differentiated them 

into RSs, allowing recapitulation of normal and pathological human retinal and PRs development 

in vitro. Molecular and cell biological analyses further revealed known and novel disease 

mechanisms associated with retinal ciliopathies, opening potentially new disease treatment 

avenues. 
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3.2.5 Methods 

3.2.5.1 Generation, Maintenance, and Characterization of iPS Cells 

Human PSc were used in accordance with the Canadian Institute Health Research (CIHR) 

guidelines and approved by the “Comité de Surveillance de la Recherche sur les Cellules Souches” 

(CSRCS) of the CIHR and Maisonneuve-Rosemont Hospital Ethic Committee. Fibroblasts MKS1, 

MKS2, BBS1, and BBS2 were obtained from clinically diagnosed individuals (Coriell Biorepository) 

(details of these cell lines and other cell lines used in this paper are in supplementary table) were 

reprogrammed by two rounds of overnight retroviral transduction with the four Yamanaka 

factors, OCT4, SOX2, KLF4, and c-MYC, using the pMIG vector set. Multiple clones from each 

patient were karyotyped (Cell Line Genetics) and frozen. A subset of these colonies was used for 

the study. Lines were established on mouse embryonic fibroblast feeders (Global Stem Cell GSC-

6001G) in 20% Knock Out Serum Replacement, 1× nonessential amino acids, 1× Glutamax, 1× 

penicillin-streptomycin, 55 µM β-mercaptoethanol, DMEM-F12, and 10 ng/ml human fibroblast 

growth factor 2 (FGF2; Invitrogen) and restarted every ∼30 passages. For expansion ESC and iPSC 

were cultured on a Matrigel-coated plate (Corning, Cat# 354277) with a daily change of StemFlex 

medium according to the manufacturer’s instruction (Gibco # A3349401). To generate teratomas, 

~ 3 x 106 undifferentiated iPS cells were resuspended in 150 µl of a cold 50/50 mix of DMEM-F12 

and Matrigel and implanted beneath the neck scruff of NOD-SCID immunodeficient mice. Tumors 

were harvested 12 weeks later and processed for histology analysis. 

3.2.5.2 Differentiation of human ESC and iPSC into retinal sheets  

The differentiation protocol was based on a previous study (Zhou et al., 2015). However, the 

recombinant COCO was used at 60ng/ml. iPSC and ES were dissociated using ReLeSR™ (Stem cell 

technologies, Cat# 05872) and platted on growth factor reduced Matrigel (Corning #356231) in 

StemFlex cell media (Gibco # A3349401) supplemented with ROCK inhibitor (Y-27632;10μM, 

Cayman Chemical #10005583). Upon 100% of confluency, the media was changed to CI60 Media 

[DMEM-F12 medium (Invitrogen) containing,1% N2, 2% B27, 10ng/ml IGF1 (peprotech, Cat#100-

11), and 5 ng/ml bFGF (peprotech, Cat#AF-100-18B), 60 ng/ml COCO (R&D System, Cat#3047-CC-

050), Heparin (Sigma, Cat#H3149]. The medium was changed every day. For single-cell IF 
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analyses, RSs were dissociated for 30min using Cell Dissociation Buffer (Gibco, Cat# 13151014) 

and resuspended in CI60 media supplemented with ROCK inhibitor (Y-27632; 10μM) and platted 

on growth factor reduced matrigel coated plates or chamber slides (Ibidi, Cat# 80826).  

3.2.5.3 Fluorescence and Electron Microscopy 

Cells were fixed with 4% PFA for 15 min and permeabilized with Triton X-100 for 10 min. 

Unspecific antigen blocking was performed using 2% BSA in PBST for 30 min. Cells were incubated 

with the primary antibody overnight at 4C in a humidified chamber (see dilutions in Table). 

Secondary antibodies were incubated 1h at room temperature. All secondary antibodies were 

tested alone or in combination to assay for possible non-specific background fluorescence. After 

incubation with the secondary antibody, slides were counterstained with DAPI. Pictures were 

taken using a confocal microscopy system (Olympus). Confocal microscopy analyses were 

performed using 60x objectives with an IX81 confocal microscope (Olympus, Richmond Hill, 

Canada), and images were obtained with Fluoview software version 3.1 (Olympus). 3D 

reconstructions were obtained with IMARIS station v8.4.1 (Bitplane). For electron microscopy, 

structures were scraped from the plate after 5 min of fixation, pelleted at 300g for 4 min, and the 

pellet was gently released by pipetting into 0.15 M sodium cacodylate trihydrate (Sigma) 

dissolved in water (pH 7.3) containing 4% formaldehyde and 2% glutaraldehyde (Electron 

Microscopy Sciences), post-fixed with osmium tetroxide solution (Sigma), dehydrated in serial 

ethanol dilutions (Sigma) and embedded in epoxy resin. Ultrathin sections (75 nm) were cut, 

mounted on 200 mesh copper grids, counterstained with uranyl acetate and lead citrate stains 

(Electron Microscopy Sciences), and examined in a JEOL JEM-1010 transmission electron 

microscope. 

3.2.5.4 Quantification of immunofluorescence images  

High magnification z-stack images of MKS3, Centriolin and acetylated α-Tubulin was used for 3D 

reconstruction. Using IMARIS station v8.4.1 (Bitplane) software with the Surpass optional module, 

volume and surface were rendered and quantified (Figure 6D-E). For Figure 5F the channel 

correlation in colocalized volume option was used to build the colocalization channel and then 

used for the Coloc Statistics.  
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3.2.5.5 RNA sequencing analyses 

Total RNA from two independent biological samples (two distinct differentiation) for each cell 

lines was extracted using the RNeasy Mini Kit (Qiagen, Cat# 74104) according to manufacturer 

instructions including DNase treatment. RNA integrity was controlled using Bioanalyzer (Agilent) 

and two samples from each group with a RIN>8 were sequenced. 1 g of total RNA was subjected 

to mRNA isolation using OligodT Dynabeads and libraries were prepared using Ion Total RNA-Seq 

Kit v2. Libraries were sequenced onto P1 chips from Ion torrent as unpaired to reach 40 million 

of reads for each sample. Raw sequencing files (FASTQ) were first trimmed to remove adapters 

and further validated using FASTQC v0.11.7. Reads were aligned onto hg19 using Hisat2 v2.1.0 

with default parameters and sorted using samtools v1.9. Gene level counts were determined 

using featureCounts from subread package. Differential expression analysis was performed using 

DEseq2 package in R and volcano plot were generated using Tmisc and Calibrate R packages. 

FPKM values for each sample were calculated using Cufflinks v2.2.1. Heatmaps were generated 

with FPKM values using Heatmapper2. Gene Ontology was performed using PANTHER (Mi et al., 

2010, 2012). Z-scores were computed for each row and clustered using average linkage and 

Pearson distance measurement method. For Gene-Set Enrichment Analysis (GSEA), differentially 

expressed genes were pre-ranked according to the log2 of fold change and a p-value < 0.05. 

Ranked lists were then subjected to GSEA with a classic scoring scheme, an enrichment score 

normalization and 1000 permutations. Publicly available RNA-seq used in this paper are found in 

the supplementary table. 

3.2.5.6 Western Blot  

Cell extracts were homogenized in the Complete Mini Protease inhibitor cocktail solution (Roche 

Diagnostics), followed by sonication. Protein material was quantified using the Bradford reagent. 

Proteins were resolved in 1x Laemelli reducing buffer by SDS-PAGE electrophoresis and 

transferred to a Nitrocellulose blotting membrane (Bio-Rad). Subsequently, membranes were 

blocked for 1h in 5% non-fat milk-1X TBS solution and incubated overnight with primary 

antibodies. Membranes were then washed 3 times in 1X TBS; 0.05% Tween solution and 

incubated for 1h with corresponding horseradish peroxidase-conjugated secondary antibodies. 
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Membranes were developed using the Immobilon Western (Millipore). Antibodies used are listed 

in supplemental experimental procedures.  

3.2.5.7 Whole-genome alignment and variant calling. 

Base calling was performed using Illumina HiSeq Analysis Software (HAS; version 2-2.5.55.1311). 

Reads were mapped to the b37 reference sequence using bwa-mem v0.7.12. Duplicate reads 

were removed using MarkDuplicates from Picard v2.5.0. Local read realignment around indels, 

base quality score recalibration (BQSR), variant calling with HaplotypeCaller, and variant quality 

score recalibration (VQSR), was accomplished using GATK v3.7.0. Resulting variant calls were 

annotated using a custom pipeline developed at TCAG based on ANNOVAR. Strategy for 

identification for pathogenic variant: 1. Filter out variants with read depth < 10; 2. Keep 

homozygous variant in more than 80% of the reads and heterozygous variant with 30%-70% of 

the reads with variants; 3. Keep variants with =< 1% population frequency; 4. Remove non-coding 

variants; 5. For coding variants: Keep Synonymous variants that can potentially affect splicing 

(spx_dpsi =<-4); Keep intronic variants that can potentially affect splicing (spx_dpsi =<-4); Keep 

loss of function mutation (frameshift substitution, frameshift insertion, non-frameshift 

substitution, non-frameshift deletion, non-frameshift insertion, stopgain, stoploss); Keep 

pathogenic missense mutation using pathogenicity scores; Sift =<0.05: Polyphen >=0.95; Ma >= 

2; PROVEN =<2.5; ploylopPMam >=1; phylopVert100 >=1.5; CADD phred >=15; 6. Identify variants 

in cilia-related genes; 7. Use gnomAD and 1000 genome population frequency to further 

eliminate common variants; 8. Binary alignment map (BAM) validation on IGV. 

3.2.5.8 Statistical Analysis  

Statistical analysis was performed using GraphPad software (Prism 6). Statistical differences were 

analyzed using the Student’s t-test for unpaired samples. Values are representative of at least 3 

experiments. When comparisons were made using independent samples of equal size and 

variance following a normal distribution, significance was assessed using an unpaired two-sided 

Student’s t-test. Where several groups were compared, significance was assessed by ANOVA and 

adjusted for multiple comparisons using the Bonferroni correction. Differential expression was 
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assayed using a log2 fold change statistical algorithm or one-way ANOVA with a p-value cutoff at 

0.05. For gene ontology, a false discovery rate (FDR) cutoff of 0.01 was applied. 

3.2.5.9 KEY RESOURCES TABLE 

REAGENT 

or 

RESOURCE 

SOURCE IDENTIFIER 
DILUTION 

WB 

DILUTION 

IF 
HOST 

Antibodies 

Fluorescein 

labeled 

Peanut 

Agglutinin 

(PNA) 

Vector 

laboratories 
Cat#FL-1071 N/A 1/250 N/A  

S-Opsin SCB Cat#sc-14363 1/250 1/200 Goat 

RPGR SCB Cat#sc-14672 N/A 1/100 Goat 

acetilated α-

Tubulin 
SCB Cat#sc-23950 N/A 1/500 Mouse 

Centriolin 

(C-9) 
SCB Cat#sc-365521 N/A 1/250 Mouse 

MKS3 

(EPR17187) 
abcam Cat#ab2020662 1/1000 1/500 Rabbit 

CRX 

(CORD2) 
abcam Cat#ab78662 1/1000 1/300 Rabbit 

CRYBB1 (A-

8) 
SCB Cat#sc-374496 1/500 1/250 Mouse 
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CRYBB2 

(B12) 
SCB Cat#sc-376006 1/500 N\A Mouse 

CRYBB3 (G-

3) 
SCB Cat#sc-374374 1/500 1/250 Mouse 

γH2Ax Millipore Cat#05-636 1/1000 1/250 Mouse 

pChk2 CellSignaling Cat#2661 N/A 1/100 Rabbit 

TKK SCB Cat#sc-376842 N/A 1/200 Mouse 

PCNA abcam Cat#ab18197 N/A 1/500 Rabbit 

NANOG abcam Cat#ab21624 N/A 1/1000 Rabbit 

OTC4 abcam Cat#ab184665 N/A 1/500 Mouse 

53BP1 Novus Cat#nb100-304 N/A 1/500 Rabbit 

GAPDH(D-

6) 
SCB Cat#sc-166545 1/500 N/A Mouse 

PolyUBk48 

(Apu2) 
Millipore Cat#05-1307 1/2000 N/A Rabbit 

MKS3 proteintech 
Cat#13975-1-

AP 
N/A 1/100 Rabbit 

 

REAGENT or 

RESOURCE 
SOURCE IDENTIFIER 

Biological Samples 
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Human eyes 

Banque de tissus oculaires pour la 

recherche en vision (Centre de recherche du 

CHU de Québec-Université Laval) 

NA 

Chemicals, Peptides, and Recombinant Proteins 

ROCKi (Y-27632) Cayman chem Cat#10005583 

Recombinant 

Human COCO 

Protein 

R&D system Cat#3047-CC-050 

Recombinant 

human IGF-1 
peprotec Cat#100-11 

Recombinant 

human FGF 

basic 

peprotec Cat#AF-100-18B 

heparin Sigma Cat#H3149 

Critical Commercial Assays 

TUNEL Alexa 

Fluor™ 488 

Imaging Assay 

Invitrogen Cat#C10245 

Deposited Data 

Indifferentiated 

IPS cells used in 

RNAseq analisys 

GSE87273(1156); 

GSM3239684(1157); 

GSE98288(934). 

 

SRX2186365; 

SRR7458274; 

SRR7458276; 

SRX2767163 
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Indifferentiated 

ESC cells used in 

RNAseq analisys 

GSM1715067(1158); 

GSM3195634(1159); 

GSM2734431(1160). 

SRR2069387; 

SRR7357230; 

SRR5905125; 

SRR5905126. 

Human 

Retina used in 

RNAseq analisys 

GSE94437(1132) GSM2475287. 

RNAseq Data 

of RSs (Ctrl1/2/3, 

Ctrl4(ES), MKS1/2, 

BBS1) 

(This paper) 

GSE133247 

GSM3903945; 

GSM3903946; 

GSM3903947; 

GSM3903948; 

GSM3903949; 

GSM3903950; 

GSM3903951; 

GSM3903952; 

GSM3903953; 

GSM3903954; 

GSM3903955; 

GSM3903956; 

GSM3903957; 

GSM3903958. 
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Whole genome 

Sequencing of 

MKS1 and BBS1 

patients 

(This paper) 

BioSample 

SAMN13656497; 

SAMN13656498. 

Experimental Models: Cell Lines 

Ctrl01_iPSC 
In house 

(https://doi.org/10.1016/j.celrep.2018.04.097) 
N/A 

Ctrl02_iPSC Lab. C. Beauséjour N/A 

Ctrl03_iPSC Lonza N/A 

Ctrl04_iPSC Coriell AICS-0016 

Ctrl_ESC (hESC 

line HUES9) 
HSCI iPS Cell Core Facility 

Cat#NIHhESC-09-

0022 

MKS01 (Fibroblast 

cell line used to 

make in house 

iPSC) 

Coriell Cat#GM07214 

MKS02 (Fibroblast 

cell line used to 

make in house 

iPSC) 

Coriell Cat#GM07817 

BBS01 (Fibroblast 

cell line used to 

Coriell Cat#GM05948 
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(Fibroblast cell 

line used to make 

in house iPSC) 

Coriell Cat#GM05950 

Software and Algorithms 

IMARIS station 

v8.4.1 
Bitplane N/A 
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3.2.7 Supplementary figures 

Figure S 1 Generation of iPSC cells and identification of the disease-causing mutations from patients affected by BBS and MKS 
(Related to Figure 1) 

(A) Pluripotency marker expression (NANOG, OCT4, and Alkaline Phosphatase Live Stain) in iPSC derived from BBS01 and MKS01 
patients. Nuclei stained with DAPI. (B) Representative images showing the surface of undifferentiated iPSC by scanning electron 
microscopy (SEM, arrows indicate cilia). (C) Teratoma sections obtained from BBS01 and MKS01 iPSC. (D) Dissecting microscope 
images of RPE organoids derived from control and ciliopathy iPS cell lines. (E-G) Schematics of the sequencing results for the four 
patients (BBS01/02 and MKS01/02). For each patient are indicated the schematic of the gene affected, the mutated loci with the exon 
number, the WT sequence in green and the mutated one in red. (H) Summary table of the mutations. For each patient are indicated 
the patient identifier, the Coriell ID of the fibroblasts of origin, Coriell family, gene name, NCBI Reference number, cChange, and 
pChange. Scale bars, 100 µm (A; C), 10 µm (B), 2 mm (D). 
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Figure S 2 Perturbed expression of Homeobox genes and WNT and NOTCH pathways in MKS and BBS RSs (Related to Figure 2) 

(A-D) Gene Ontology Enrichment analyses of common differentially up-regulated and downregulated in the two groups. Some 
selected significantly enrich GO groups and subgroups are shown with a few representative genes and the respective Log2FC in 
MKS01/02 and BBS01 vs Ctrl01/02 RSs (P-value <0,05). Log2FC is also represented in a colorimetric scale from red (downregulated) to 
green (upregulated). 
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 Figure S 3 Downregulation of genes responsible for cilia assembly, function and maintenance in BBS and MKS RSs and 
dysregulation of developmental genes in MKS RSs (Related to Figure 3) 

(A) Venn diagrams showing the intersection of significant genes differentially downregulated in MKS01/02 and BBS01 RSs (log2FC>2; 
P-value <0,05). (B-C) Some representative genes and the respective Log2FC (P-value <0,05) part of the cilia and flagella associated 
family (B), and other ciliary genes (C). The main GO group and subgroups are shown. Log2FC is also represented in a colorimetric 
scale from white (0) to red (-5,4). (D-H) Venn diagrams showing the intersection of significant genes differentially up-regulated (D) 
and down-regulated (G) between MKS01/02 and BBS01 RSs. (E; F; H) Gene Ontology Enrichment analyses of MKS01/02 specific 
differentially up-regulated (E-F) and down-regulated (H) genes. Selected GO group are shown. Some representative genes and the 
respective Log2FC (P-value <0,05) are indicated for each group. Log2FC is also represented in a colorimetric scale from white (0) 
to red (-11). 
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Figure S 5 Expression of Acetyl-α Tubulin and Centriolin in MKS and BBS undifferentiated iPSC (Related to Figure 5) 

(A) Expression of Acetyl-α Tubulin, CNTRL, and pluripotency marker NANOG in Ctrl01, MKS01 and BBS01 undifferentiated iPSC. (B-C) 
Quantification of the number of cilia (Acetyl α-Tubulin) per cells (B) and the number of centrioles (CNTRL) over NANOG positive 
cells per field (C) in Ctrl01, MKS01 and BBS01 iPSC (n = 5 fields for a condition, an average of 12 cells for a field). Scale bars: 20 µm 
(A), 5 µm (A’). White arrowhead indicates cilia and centrioles. Orange arrows indicated midbody during cytokinesis that is not 
considered in the cilia quantifications. All values are means ± SEM., n.s. not significant, by Student’s unpaired t-test. 

Figure S 4 Production of crystallin proteins and activation of apoptosis in MKS and BBS RSs (Related to Figure 4) 

(A; B; E) IF representative images used for quantification in figure 4 showing expression of CRX and CRYBB1 (A), CRYBB3 (B), at 
DIV45 and TUNNEL (E) at DIV60. Blue arrows, cells with strong nuclear expression of Crystallin proteins. Yellow arrows, CRX positive 
cells showing expression of Crystalline proteins. White arrows CRX negative cells with expression of Crystallin protein. Dotted 
square, a representative area used in high-resolution images in figure 4. (C) Gene expression levels of Crystallin family genes 
significantly upregulated in BBS01 and MKS01/02 RSs at DIV60. (D) GO group enriched in MKS01/02 and BBS01 RSs related to the 
apoptotic process.  GO group names and some representative genes and the respective Log2FC. Non-significative Log2FC (P-
value>0,05) are in red. (E, F) IF representative images in Ctrl01 and MKS01 dissociated PRs for CRX and TUNEL. (G, H) Quantification 
of the percentage of TUNEL-positive cells over total (G) or CRX+ (H) nuclei in Ctrl01 and MKS01 cells at DIV60 (n = 4 fields for 
condition, an average of 1057 cells for field). Scale bars: 50 µm (A, B, F), 250 µm (E). All values are means ± SEM. *p < 0.001, **p 
< 0.01, by Student’s unpaired t-test. 
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Figure S 6 Mutation in MKS3 protein causes the formation of small supernumerary cilia and aggregation of ciliary proteins 
(Related to Figures 5 and 6) 

Graphic representation of the proposed model for the formation of supernumerary cilia in MKS01 photoreceptors. 

Figure S 7 Activation of the mitotic checkpoint proteins and accumulation of DNA damage in BBS photoreceptor progenitors 
(Related to Figure 7) 

(A; C) Venn diagrams showing the intersection of significant genes differentially up-regulated (A) and down-regulated (C) 
between MKS01/02 and BBS01 RSs. (B; D) Gene Ontology Enrichment analyses of BBS01 specific differentially up-regulated (B) and 
down-regulated (D) genes. Selected GO group are shown. Some representative genes and the respective Log2FC (P-value <0,05) 
are indicated for each group. Log2FC is also represented in a colorimetric scale from white (0) to red (-6,3). (E) Expression of 
pCHK2 in Ctrl01/04, MKS01/02 and BBS01/02.2 photoreceptor progenitors at DIV15.  White arrows indicate positive cells. The 
percentage of positive cells (more than 3 foci per cell) for pCHK2 are indicated on the respective images (average n=159 cells for 
condition) Dotted squares represent representative area shown in upper images. Scale bar: 10 µm (Top); 50 µm (Bottom). 
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4. DISCUSSION AND PERSPECTIVE 

4.1 Discussion 

Retinal degenerative diseases are a significant burden in modern society, and nowadays, there 

are no available therapies to slow down, stop, or reverse these diseases. The only exceptions are 

a limited number of clinical trials based on gene therapies using adenoviral vectors and RPE 

transplantation therapies using iPSCs. In 2021, more than 190 million people worldwide suffer 

from MDs without any treatment options, and it is expected to increase to 288 million by 2040. 

Importantly, these data exclude other forms of retina degenerations, such as LCA and RP, and 

other congenital, inherited retinal diseases (1161–1163). 

Despite the great interest and capital invested in research and development in this domain, the 

large gaps in the comprehension of RDs and lack of available therapies reflect the complexity of 

the underlining molecular and physiopathological mechanisms, in addition to the inadequacy of 

the currently available models. Therefore, there is still a great need for eye and retinal cell sources 

for therapy and research applications. 

Although extremely useful, animal models do not always reflect patients' defects. At best, they 

require further confirmation in human models, the lack of which causes a high risk of failure 

during the transition to human clinical trials or misinterpretation of research results.  

As an alternative, hESCs and hiPSCs represent a theoretically unlimited source of retinal cells to 

be applied in disease modeling, drug screening, and regenerative therapies. iPSCs represent a 

very young and exponentially growing field with the potential to revolutionize various aspects of 

research and medicine (936). 

4.1.1 Evaluation of Bmi1's Role in The Mouse Postnatal Retina 

In the first part of this work, we investigate the role of BMI1 in the postnatal retina using a BMI1 

KO mouse model. We observed that retinal cell development in KO mice occurs normally and 

found that BMI1 is mainly expressed in cones PRs and bipolar cell subsets in the adult mouse 

retina. Therefore, we have observed that both cone PRs and some subclasses of bipolar cells begin 
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to degenerate postnatally starting at day 10 and rapidly decrease in number by day 30. We have 

not looked further than day 30 since Bmi1 KO mice rarely survive beyond one month (Figure 1, 2 

Chapter 3.1).  

BMI1 contributes to stem cell pluripotency and oncogenesis via multiple functions. It is expressed 

at high levels in various types of cancer such as carcinomas, prostate cancer, glioblastoma, where 

its presence is often associated with a negative prognosis. It has also been implicated in regulating 

several varieties of somatic stem cells (573,1164–1166). BMI1 is also expressed at high levels in 

particular adult tissues, such as heart tissue and the nervous system. BMI1 regulates self-renewal, 

proliferation, and survival of cancer-initiating cells in different ways, but its main mechanism is 

the epigenetic repression of the CDKN2A tumor suppressor locus, which encodes the tumor 

suppressor genes p16INK4A and p14ARF. More recently, the implication of BMI1 in the DNA damage 

response has been revealed, and it mostly relies on the ubiquitination of H2A and H2Ax at the 

damage site, promoting the repair of DSBs. Numerous BMI1 suppression and overexpression 

experiments have shown contrasting outcomes in different cell types. Therefore, BMI1’s role can 

vary in different tissues and upon different stimuli. BMI1 can have different and independent 

functions even in the same cell, making the interpretation of its role in different situations 

challenging. For these reasons, the role of BMI1 must be carefully evaluated case by case. 

We hypothesized that its role as a gene suppressor could mediate the effect of BMI1 on 

photoreceptors' survival. In its absence, ectopic gene expression could disrupt the postnatal 

maturation or maintenance of PRs and bipolar cells.  

Another hypothesis is that its role in the survival of adult photoreceptors is linked to its function 

in response to DNA damage. Since the photoreceptors are long-living cells and are particularly 

exposed to oxidative stress, it is legitimate to think that these cells require an additional defense 

mechanism against DSBs and other forms of DNA damage. BMI activity in response to DNA 

damage is mainly linked to the activation of the CDKN2A locus, which encodes for p16INK4A and 

p14ARF. These proteins activate downstream targets such as p53, p21, and Chk2, which play a 

critical role in the cell cycle progression, differentiation, senescence, and apoptosis. In our 

study, none of the double mutants mice Bm1-/-/p53-/-, Bm1-/-/Chk-/-, or Bm1-/-/p16-/-/p19-/- 
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showed complete rescue of PRs degeneration (Figures 6, 7 Chapter 3.1). Therefore the role of 

BMI1 in adult cone PRs is only partially linked to its traditional role as an inhibitor of the CDKN2A 

locus.  

Since we have observed a dose-response effect in heterozygous mice, which have a lifespan 

similar to WT mice, further long-term studies in heterozygous mice could distinguish between 

disparate roles of Bmi1during postnatal maturation versus its functions in PRs maintenance 

during aging. 

We also observed that Bmi1 KO PRs degenerate primarily through necroptosis, a relatively new 

cell death mechanism whose primary components are Ripk1, Ripk3, and Mlkl (Figure 5 Chapter 

3.1). Necroptosis seems confined to certain types of tissue that express Ripk3/Mlkl. In order to 

trigger apoptosis, caspase-8 blocks the necroptosis pathway by cleaving Ripk1 and Cyld 

(613,1167). It has been reported that retinal degeneration in different contexts can follow 

alternative pathways such as apoptosis, necroptosis, autophagy, pyrocytosis, and caspase-

independent apoptosis (614). Autophagy, initially regarded as a suicidal mechanism, is a crucial 

cytoprotective system (670). It is rapidly activated after multiple stimuli and participates in the 

crosstalk between various cell demise modes (1168).  

It has recently been shown that BMI1 can control autophagy in human cells (305,1169). 

Autophagy is an intracellular pathway where cytoplasmic constituents are delivered to the 

lysosomal pathway for degradation. It is not only a major pathway activated in response to 

cellular stress but is also essential for cytoplasmic turnover and to supply the structural and 

energy needs of cells (613). 

Loss of autophagy led to progressive degeneration of rod photoreceptors demonstrating that 

basal autophagy is essential to the long-term health of rod photoreceptors and is a critical process 

for maintaining optimal levels of phototransduction proteins (691). 

Recently BMI1 has also been shown to prevent the autophagic process in chronic myeloid 

leukemia (CML) cell lines, contributing to their clonogenic activity and proliferation. CCNG2/cyclin 

G2 has been identified as a direct BMI1 target responsible for activating the autophagic process 

(1170). Similarly, another group found that ovarian cancer cells deprived of BMI1 reduce their 



233 

proliferative capacity and induce autophagy. However, it was not mediated by  CDKN2A / INK4 / 

ARF or CCNG activity in this context but rather through ATM depletion. Furthermore, they showed 

that targeting BMI1 engages the PINK1-PARK2-dependent mitochondrial pathway, which 

stimulates necroptosis-mediated cell death by activating RIPK1, RIPK3, and MLKL. Importantly, 

inhibition of autophagy or RIPK3 by genetic manipulation or pharmacological treatment rescues 

clonal growth in BMI1 depleted cells (1170). These observations reveal how BMI1 can take 

on distinct and well-defined roles in different types of cells. 

However, the precise mechanism that links necroptosis and autophagy remains still unclear. 

Recently, it has been shown that autophagy can serve as a scaffold for the formation of the 

necrosome complex, which leads to Rip3 activation and Mlkl phosphorylation to cause cell 

necroptosis. However, autophagy may still promote caspase-dependent apoptosis when Rip3 

expression is lacking (687,1169). 

It seems that these pathways are linked together in a finely regulated process and do not act 

independently. We have observed a major necroptotic component and also activation of P53-

dependent apoptosis in our Bmi1 KO model (Figures 6, 7 Chapter 3.1).  

Ultimately, it seems legitimate to assume that combinatorial effects between these pathways 

determine the degeneration severity. It would be interesting to inhibit the different pathways, 

individually and in combination, to investigate their importance in more detail. The inhibition of 

necroptosis via small molecules such as Necrostatin (Nec-1), which blocks the activity of RIPK1, or 

using RNA-interference, could bring additional information on its importance in the degenerative 

process (649,653). Also, Rapamycin has been shown to inhibit necroptosis by an unknown 

mechanism. After induced retinal detachment, the treatment with caspase inhibitor z-vad-fmk (a 

pan-caspase inhibitor) could inhibit apoptosis but cause increased Ripk3 mediated necroptosis. 

Adding Rapamycin to the regimen allows inhibiting z-vad-fmk-induced necroptosis by inhibiting 

RIP-1 expression but finally promotes autophagy activation (664). 

Inhibition of Ripk3 mediated apoptosis alone may cause a shift towards apoptosis and other types 

of cell death. The combined inhibition of multiple pathways such as Necrostatin plus Pifithrin (p53 
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inhibitor) or Chk2 inhibition could represent a potential treatment strategy to slow or prevent 

PRs degeneration. 

4.1.2 Modeling BMI1 Inhibition in Photoreceptors Derived From Human 

Embryonic Stem Cells 

The anatomical structure of the human and mouse retina are not identical, and the nature and 

structure of the PRs also vary; for example, the calyceal processes surround the CC and base of 

the OS and are absent in mouse PRs. Furthermore, mouse retinas possess dual PRs expressing 

both S-Opsin and M-Opsin absent in humans (Figure 3 Chapter 1). To investigate the role of BMI1 

in adult human PRs, we first investigated its localization using postmortem human retinas. As 

observed in mice, we have confirmed a punctuate immunostaining that colocalizes with 

H3K9me3+ heterochromatin in both S and M cones PRs, and in some cells of the INL (Figure 8 

Chapter 3.1). To overcome the limits of experimentation on human tissues and study the role of 

BMI1 during the development of human cones, we used our previously developed protocol with 

minor improvements. This protocol is mainly based on COCO recombinant protein activity that 

can inhibit all BMP, TGFb, and WNT signaling pathways. With this protocol, in 3 weeks, we can 

generate cultures consisting of around 70% of cones precursors. These cells express cone markers 

as CRX, cone arrestin, S-opsin, and ABCA4 (1007). 

During the first ten days of differentiation, when cells start expressing early PR progenitor 

markers RAX and CHX10, we infected them with a lentivirus expressing an shRNA against BMI1, 

selected cells by hygromycin treatment then continued the differentiation until day 21. To 

evaluate the role of p53 activation in the context of BMI1 deficiency in human PRs, we used an 

antibody against p53 that also recognizes other family members, and we observed the induction 

of p53 and p63, while p73 was lost together with the PRs marker CRX (Figure 9 Chapter 3.1). 

As in human post-mortem samples, also in hESC derived PRs precursors BMI1 colocalized with 

H3K27me3 and H3K9me3, suggesting distribution at both facultative and constitutive 

heterochromatin. As we observed in mice, we found an increase in H3K9 acetylation, 

accompanied by reduced H3K27 and H3K9 trimethylation and a notable induction of repetitive 

sequences of the genome, thus suggesting a reduction of heterochromatin compaction with 
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genomic instability as indicated by H2Ax staining. Chromatin regulation abnormalities, observed 

in many diseases, lead to epigenetic gene regulation defects resulting in pathological gene 

expression programs (1171). Since one primary proposed function of the PRC complex in hESC is 

to prevent differentiation by repressing lineage-specific homeobox genes such as PAX, SOX, and 

LHX families, we looked at these genes' expression. SOX1, SOX2, and PAX6 were all increased, 

thus providing a possible explanation for the defective terminal differentiation of cones upon 

knockdown of BMI1 (Figure 9 Chapter 3.1). 

These findings revealed new and partly conserved biological functions for Bmi1 in cone PRs 

development and survival between mouse and human. On the other hand, our system failed to 

observe RIP3K expression and activation of necroptosis. These differences may arise from 

interspecies differences but are more likely due to the in vitro system's limitations.  

In vivo, cell death's fate is decided by a complex interaction of different autocrine, paracrine, and 

endocrine signaling and physical stimuli. In vitro systems lack many of these, probably causing a 

drift towards the predominant p53 dependent apoptotic process. Longer differentiation times 

reaching higher maturation levels, or the use of more complex systems such as 3D organoids 

containing a more varied cell population, could better reproduce these processes.  

Furthermore, further studies are needed to fully understand BMI1 function in the retina, which 

seems to vary depending on the context. 

It is interesting to note how the effect of BMI1 KO in mice causes postnatal death of cones, while 

in the context of Rd1 mice, knocking out Bmi1 significantly reduces and delays rod degeneration 

(2). Similar effects have been reported in other studies; inhibition of H3K27 trimethylation using 

DZNep has opposite effects on WT retinal progenitors and postnatal Rd1 PRs (3). Furthermore, 

silencing Ezh1/2 in MSNs and Purkinje cells causes progressive degeneration in WT mice while 

inhibiting Ezh2 in Atm -/- mice rescued Purkinje cell degeneration (4,5). Although their differential 

roles in various contexts remain somewhat elusive, it appears that polycomb proteins such Bmi1 

and Ezh2 are essential for the generation and survival of newborn PRs and have a role during 

neurodegeneration in pathological contexts. The regulation of chromatin compaction seems 

highly related to the survival of PRs and other neurons.  
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Regulation of chromatin is essential for maintaining cell identity and function. Aberrant chromatin 

regulation is observed in many diseases, leading to defects in epigenetic gene regulation resulting 

in pathological gene expression programs. Chromatin deregulation often results in 

neurodevelopmental disorders and intellectual disabilities, frequently linked to physical and 

developmental abnormalities, but can also cause neurodegenerative diseases such as 

Parkinson's, Alzheimer's, Huntington's, Fragile X syndrome, or muscle wasting syndromes such as 

ALS (608,1171–1173). Acting on chromatin compaction can represent a potential new therapeutic 

strategy in some cases of RDs.  

Little is known about the expression of BMI1 in human PRs in the context of late-onset retinal 

degeneration. Since BMI1 has been observed to have a neuroprotective role in cortical neurons, 

similar to what we observed in the retina, and its inhibition is sufficient to cause a phenotype that 

recapitulates Alzheimer's disease, acting on BMI1 could have a therapeutic potential to prevent 

degeneration in the context of late-onset RDs. While BMI1 overexpression is associated with 

some forms of cancer, no human disease is currently linked to mutations in BMI1. This is probably 

related to its essential role during development, which makes offspring with mutations in this 

gene inviable. On the other hand, epigenetic adjustments during aging can cause variability in its 

expression, thus taking part in the degenerative process. Small molecules able to modulate 

BMI1's expression and stability have recently been identified. It will be interesting to evaluate 

BMI1 activators and stabilizers' pharmacological potential in preventing PRs cell death, 

particularly in the context of late-onset RDs.  

Chromatin compaction anomalies, activation of tandem repeats, and splicing defects have 

recently been associated with G4 structure formation in various in vitro cell culture models upon 

BMI1 repression, including human fibroblast iPSC-derived cortical neurons (1174). G4s are an 

alternative tertiary structure of DNA or RNA that seems to stall transcription, inducing gene 

repression, alternative splicing, and causing DNA instability. It is legitimate to think that this 

process could also be valid in the context of RDs and could represent an interesting research path 

to follow. 
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This work shows the potential of stem cell-based in vitro systems to study PRs degeneration and 

highlights some of their limitations. As powerful as these in vitro systems are, they cannot 

completely replace animal models, but they could significantly reduce their use. Humanized PSC-

based models greatly expand the potential of in vitro modeling,  and in combination with the 

more commonly used animal models, they represent a powerful tool for studying allelic variants 

or the effect of specific human mutations.  

4.1.3 Modeling human inherited retinal disease using patient-specific induced 

pluripotent stem cells 

Ciliopathies are a heterogeneous group of genetic diseases affecting primary cilium structure and 

function. They can be syndromic or non-syndromic and are characterized by developmental and 

morphogenetic abnormalities and a degenerative component. BBS and MKS are two syndromic 

ciliopathies involving the retina, among other tissues and organs. While MKS is embryonically 

lethal, BBS is one of the most severe ciliopathies compatible with life. In principle, MKS and BBS 

were considered two distinct clinical entities, but the identification of hypomorphic mutations in 

MKS1 and TMEM67 in some BBS patients introduced the concept that BBS may represent a 

"milder" form of MKS. 

PRs possess a unique intracellular cilium, the CC, which originates from the centriolar structure 

called BB. It connects the OS, where phototransduction takes place, to the IS. The MKS complex 

and BBSome are two essential complexes associated with the BB and are necessary for the  proper 

functioning of cilia 

We first reported iPSCs generation from two patients with BBS and two cases with MKS, along 

with four healthy donors (Figure 2 Chapter 3.2). While there are only four previous reports of iPSC 

generation from BBS patients, three from the same group, for a total of 8 iPSC lines, none use 

these lines to investigate the retina's physiology (1175–1178). Furthermore, this is the first report, 

to our knowledge, of iPSCs generation from an MKS case. These numbers reflect the incidence of 

the two syndromes. The greater interest for BBS is justified as it is a viable but incurable disease 

that needs therapeutic options. On the other hand, the MKS complex has a central role in 

ciliogenesis and cilia maintenance, and the same genes mutated in MKS are responsible for viable 
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diseases, such as JSRD and BBS (Figure 22 Chapter 1). Studying these extreme cases, such as MKS, 

can help us better understand the functions of ciliary components, which is a key factor in 

developing more effective therapies.  

We identified the causative mutations via WGS in both BBS patients and one of the two patients 

with MKS (Figure S1 Annex 3). Despite the incredible power of WGS techniques, we have not been 

able to find significant hits in one of the patients. The integration of healthy donors from the 

patient’s close relatives could be a good way to help the identification of causative mutations in 

similar cases. Another possible strategy to overcome the unavailability of related controls is 

screening the potential hits obtained by WGS using the CRISPR-Cas9 system. Even if feasible, it 

currently remains a relatively inaccessible strategy for many laboratories, considering the 

resources necessary for generating multiple iPSC lines with single point mutations and the costs 

related to their CQ. On the other hand, the technologies and raw materials necessary for these 

applications become more accessible every year, allowing soon even wider access to this type of 

strategy, including academic laboratories with limited personnel and resources. 

We then generated retinal sheets (RS) from BBS, MKS, and controls cell lines. We show, by both 

IF and TEM, the expression of mature markers (S-Opsin, CRX), polarization and onset of CC 

formation (RPGR and alpha-acetyl tubulin), as well as OS (PNA-S-Opsin) formation (Figures 1A, 4D 

Chapter 3.2). We have observed that these cells can generate fully mature PRs with elongated OS 

in around 150 days of differentiation (Figure 1 Chapter 4). 

Transcriptome profiling of MKS and BBS retinal sheets allowed us to find common alterations in 

numerous genes related to ciliogenesis and ciliary components. We found alterations in the 

expression of hundreds of developmental genes, including several HOX genes as well as 

components of the WNT, NOTCH, and BMP signaling pathways (Figure S2, S3 Annex 3). Both 

diseases were also characterized by the accumulation of molecular chaperones from the crystallin 

family, suggesting a response to misfolded proteins and proteasome dysfunctions (Figure 4 

Chapter 3.2). 

To confirm degeneration in MKS and BBS RSs, we performed a TUNEL assay in both BBS and MKS 

PRs precursors. Using TEM, we showed that degeneration was still present in postmitotic PRs at 
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day 60 of differentiation. Moreover, we could also distinguish between necrotic and apoptotic 

cell death using TEM. Although there was both a necrotic and an apoptotic component in either 

disease, the former was predominant in MKS, while the latter was more prominent in the BBS 

RSs, thus highlighting the differences in the degenerative process between the two pathologies 

(Figure 4 Chapter 3.2; Figure S4 Annex 3). 

Furthermore, we described unique characteristics and specific phenotypes of each syndrome.  

Using antibodies against Centriolin and MKS3, we performed confocal immunofluorescence 

imaging and 3D reconstruction on control PRs to see the interplay between these two proteins. 

We observed three different configurations between Centriolin and MKS3. Notably, MKS3 was 

often found in close association with Centriolin in control and BBS PRs. This association was near 

absent in MKS, suggesting a defective interaction of MKS3 with the centriole in MKS PRs, possibly 

leading to the production of supernumerary centrioles (Figure 5 Chapter 3.2). We found that 

supernumerary centrioles in MKS PRs were also associated with an increasing number of cilia 

(Figure 6 Chapter 3.2). Using quantitative analyses of the 3D images, we observed that although 

more abundant, cilia in MKS PRs were shorter and thinner than normal. MKS RSs were 

disorganized, as revealed by the unequal distribution of PNA, and the signal for RPGR, which is 

frequently mutated in RDs, was mislocalized and tended to accumulate in aggregates (Figure 6 

Chapter 3.2). We think that the lack of interaction between MKS and Centriolin could cause 

abnormal migration of the daughter centriole to the BB, which would cause supernumerary cilia 

to form. Lack of maintenance can cause dysfunction of the primary cilium with consequent 

mislocalization of ciliary and OS components, leading to PRs' degeneration (Figure S6 Annex 3).  

Ciliogenesis and the cell cycle are intimately related, and the mechanisms of how these two 

phenomena are linked to each other have attracted considerable attention. Several cyclins, cyclin-

dependent kinases, centrosomal protein (CEP family), molecular motors (myosin, kinesin (KIF 

family), and dynein), proteins of the intraflagellar transport (IFT family) machinery, and other 

related proteins were shown to play a central role in the regulation of these processes.  

We found upregulation of many cell-cycle-related genes, such as cyclins and proteins contributing 

to centrosomes duplication during mitosis. These data suggest that basal bodies and 
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supernumerary cilia could also derive from mitotic abnormalities, failure in the cytokinesis, or 

centrosome overduplication. In our RNAseq results PKL1, PKL4, SASS6, and ESPL1 were all 

significantly upregulated in MKS. Although there are no known functions of MKS3 in the 

biogenesis and duplication of centrosomes, MKS3, like many other ciliary proteins, will likely 

adopt new functions during the cell cycle independent of those used during ciliogenesis. 

It has been shown that overactivation or overexpression of Plk4 kinase can lead to the 

simultaneous formation of multiple centrioles around a single parent. This suggests that Plk4 

overexpression creates multiple sites on “duplication-competent” parental centrioles (154). 

Similarly, overexpression of the centriole duplication protein SASS6 also induces the generation 

of extra centrioles (153). 

Although anomalies in centrosome duplication could underlie the multiciliary phenotype 

observed in MKS, we have not observed extra cilia or centrosomes in cultured iPSCs, which are 

fast proliferating cells. Nevertheless, it is possible that these events are limited to a precise 

moment during cell differentiation or development and limited to a specific type of cell. The 

participation of mitotic anomalies with centrosome overduplication in retinal progenitors must 

be taken into consideration as a possible explanation for the presence of multiple cilia in MKS 

photoreceptors and merit further investigations 

Although the precise molecular role of MKS remains unclear, these data bring new insights into 

its roles and functions, which largely remain unknown. 

Interestingly in the MKS case harboring TMEM67 mutations, the two identified heterozygous 

mutations were predicted to generate a pathogenic but full-length variant of MKS3. Hence, we 

could observe by immunoblot the presence of MKS3 in all RSs, and MKS3 levels were even slightly 

increased in MKS01 RSs (Figure 5 Chapter 3.2). 

These results suggest abnormal retinal tissue morphogenesis, mislocalization, and aggregation of 

ciliary proteins in MKS PRs.  

In BBS, we found mitotic spindle checkpoint activation, accumulation of DNA damage, and 

genomic instability. We notice an increase in DNA damage-response markers,  H2Ax and 53BP1, 
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and the mitotic checkpoint protein, p-CHK2, in PR progenitors at DIV15. Genomic abnormalities 

were present in both MKS and BBS RSs. However, they were more abundant in BBS. These 

included very large nuclei positive for gH2Ax and p-CHK2 that suggest possible arrest in the G2/M. 

Other abnormalities involve micronuclei, nuclear bridges, mitotic catastrophe, and nuclei having 

multipolar or monopolar spindles (Figure  Chapter 3.2). 

Control of centrosome number is essential for the fidelity of mitosis and maintenance of euploidy. 

Deregulation of centrosome numbers has long been proposed to contribute to genome instability 

and tumor formation, whereas mutations in centrosomal proteins have recently been genetically 

linked to microcephaly and other human diseases (131,1179). Contrary to MKS, BBS differentiated 

retinal cells did not show supernumerary cilia. Instead, they exhibit defects in the mitotic spindle, 

chromosomal aberrations with an accumulation of DNA damage, and a high frequency of 

tetrapolar/multipolar spindle and mitotic catastrophes, which are frequently due to aberrant 

centrosome duplication. In support of this hypothesis, we found numerous upregulated genes 

involved in mitotic spindle control and centrosome duplication, including several cyclins family 

members implicated in these processes, such as CCNA1, CCNA2, and essential kinases such as 

CDK1, CDKN1A/P21, CDKN2C, and CDKN2D. 

Although many of these genes were overexpressed in both BBS and MKS, many were unique or 

more affected in BBS. For example, PKL1 was expressed only 2 -fold in MKS compare to controls, 

while BBS had an expression more than 6-fold higher. PLK1 and CDK1 function both as regulators 

of centrosome activity and in their maintenance (150,151). 

Loss of centrosome integrity induces G1 — S arrest dependent on p38, p53, and p21 by a specific 

checkpoint that monitors the centrosome's functional integrity (1180). Accordingly, we observe 

induced apoptosis and activation of direct P53 targets, such as CDKN1A/P21. This effect can be a 

direct consequence of defects in centrosome maintenance and biogenesis. Otherwise, 

supernumerary centrosomes can contribute to the formation of multipolar spindles and thus to 

defective chromosome segregation. 

We found upregulation of different centromere proteins such as CENPA, CENPE, CENPM, CENPF, 

INCENP, CENPK, CENPO, CENPV, INCENP, MKLP1 / KIF23, and PRC1. These proteins act at the 
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central spindle and midbody, where they have a central role in cytokinesis (489). All these genes 

have a dual role in mitotic spindle regulation and cilia biogenesis and were upregulated in our 

analysis—their overexpression support stalling of the cells in the G2 phase. 

Interestingly, other proteins responsible for regulating centrosome replication in multiciliated 

cells, such as CCNO, Geminin (GMNC), MCIDAS, and DRC1, were expressed in control retinal 

sheets while highly downregulated in both MKS and BBS. 

These observations suggest specific genomic instability in BBS PRs progenitors and a possible new 

role of BBS10 during mitosis. 

To our knowledge, this is the first time that BBS10 is implicated in the mitotic process and thus 

merit further study. In normal cells, cilia are dynamically regulated during cell cycle progression. 

Cilia are present during G0 and G1 and are resorbed before mitotic entry to be reassembled after 

cytokinesis. It is logical to think that in a system as energetically efficient as the cell, some ciliary 

components, when not in use, are recycled during the mitotic process. Just as BB is converted 

into the centrosome, other ciliary components such as AURKA also play a different role during 

mitosis (1181,1182).  

Although the concept is not new, we provide for the first time evidence of a new extra-ciliary role 

of BBS10 during cell division. 

Interestingly, unlike all other known BBS proteins, including BBS6, another putative chaperonin, 

BBS10 is restricted to vertebrates. Within vertebrates, BBS10 is the fastest evolving BBS protein. 

In the BBS patients we analyzed, we found mutations in BBS10 predicted to be damaging, which 

other groups had previously identified. While these are likely to be the underlying mutations, no 

molecular proof has ever been reported. All mutations found in the BBS10 genes, the homozygous 

(c.271dup) in the first patient and the compound heterozygous (c.909_912del; c.687del) in the 

second one, are predicted to generate a premature stop codon and truncated transcripts (Figures 

S1E-G Annex 3). The c271dup variant has been reported in multiple affected homozygous and 

compound heterozygous individuals and has been classified as pathogenic by multiple clinical 

diagnostic laboratories. This pathogenic variant is predicted to cause the loss of normal protein 

function through protein truncation, as the last 633 amino acids of the BBS10 protein are lost and 
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replaced with four incorrect amino acids. The c.909_912del and c.687del mutations generate 

premature translational stop signals, p.Ser303Argfs*3 in the first and p.Val230Phefs*7 in the 

second case, which are not anticipated to result in nonsense-mediated decay. However, they are 

expected to disrupt the last 421 amino and 494 amino acids of the BBS10 protein, respectively. 

While some mutations in BBS10 seem to affect its ability to bind ATP and fold substrates, 

mutations in these regions have been shown to cause decreases in BBS10’s interactions with 

BBS7, BBS9, and BBS12, indicating that these protein regions may be required for overall protein 

conformation. However, there are no supporting results about the actual state of these mutated 

proteins (220). It would be of greater interest to investigate how the protein structure and state 

vary in relation to the various mutations to define better the specific functions of the different 

portions of BBS10. It would also be interesting to investigate how these interfere with the 

interactions with other BBS proteins. 

Furthermore, recent genetic studies argue that most of the patients with a BBS10 mutation had 

potentially damaging mutations in other BBS-related loci, most of which are missense variants 

(26) and could presumably take part in the onset and severity of the disease (433).  

Similarly, we found other variants in BBS-associated genes, such as BBS1, which could impact the 

disease, but based on bioinformatics analysis, they were inconclusive or not likely to be damaging. 

They would therefore require further investigation. 

Although we managed to identify MKS3 by both WB and IF, we could not find any antibody that 

properly identified BBS10, causing limitations in our study. Identification of an antibody that 

specifically targets BBS10 is imperative for additional investigations. 

A BBS10-specific antibody could provide new insight into the mutations' effect at the protein's 

transcriptional level, such as molecular weight and localization in physiological and pathological 

conditions. Furthermore, co-immunoprecipitation experiments would allow us to identify its 

interactors and variations in its complex’s stability and composition during disease. BBS10 does 

not seem to be an integral part of the BBSome but rather interacts with it, and its precise mode 

of action remains relatively obscure. 
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A limitation of our study is that, aside from the RNAseq, which was performed on day 60, the rest 

of the experiments to study mitotic spindle defects were conducted before day 20 of 

differentiation, when the cultures' predominant population are the proliferative PRs’ progenitors. 

Even at day 60, although most of the cells are postmitotic PRs and express markers of CC and OS, 

they do not correspond to a level of maturation comparable to that in patients. Although our data 

offer important insights into the role of BBS10 in the retina and, more precisely, in RPCs and 

immature PRs, further studies are needed to confirm its role in adult PRs. Longer differentiation 

times, exceeding 150 days, when PRs have fully matured and shown the formation of an 

elongated IS and OS similar to those seen in mature patient retinas (Figure 1 Chapter 4). This could 

offer us a better insight into the molecular mechanism behind the degeneration in adult 

individuals. 

On the other hand, our study reveals that BBS has a strong developmental component, and 

probably, cones degeneration, which occurs early during childhood, is an effect of anomalies that 

occurred earlier during the development. Our findings point out that early intervention could 

delay, if not prevent, blindness in these patients. Differentiating the role of BBS10 during 

development and later in mature PRs is required to fully understand the degeneration mechanism 

and find the right therapeutic strategy. With this purpose, an iPSC line with an integrated 

inducible CRISPR-Cas9 system would permit to inactivate BBS10 efficiently and rapidly at different 

stages of the differentiation process. 

The association of KO mice models for BBS10 could represent an excellent adjunct to confirm our 

results in vivo and more mature cells (Figure 4 Chapter 4) (1183). 

This study reveals new biological and molecular information in the development and 

degenerative process associated with human ciliopathies. Moreover, this work provides a proof 

of principle that retinal sheets generated from patient-specific iPSCs can effectively summarize 

defects observed in patients, thus representing an exceptional tool for investigating molecular 

mechanisms directly in human cells, otherwise difficult to access. The same methodology could 

be applied to other RDs affecting cones such as Stargardt disease and other MDs. The association 
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of WGS and gene-editing techniques, iPSC technology, and retinal differentiation methods 

creates a unique opportunity to build platforms for disease modeling and drug screening. 

4.1.4 Characterization of retinal sheets 

In this thesis, apart from modeling RDs, we present a deep characterization of retinal sheets using 

protein analysis, high-resolution confocal microscopy, 3D z-stack reconstructions, and 

transcriptomic analyses (Figure 1 Chapter 3.2).  

We show that by day 60, large portions of the cultures form a uniform 3D tissue-like sheet 

composed of 4-8 layers of CRX positive nuclei, showing apical polarization of CC and OS proteins 

and initiation of OS membrane formation ( PNA labeling). 

If these cells are grown in long-term suspension cultures, the PRs develop elongated CC and OS 

comparable to those seen in the adult human retina (Figure 1 Chapter 4). 

We also perform RNAseq transcriptomic analysis of differentiated retinal sheets from four control 

cell lines by comparing them to eight undifferentiated hPSCs (4 hiPSCs and 4 hESCs). This allows 

us to characterize their composition and level of differentiation better. iPSC-specific transcripts 

Figure 1: Polarization and long term maturation of iPSC-derived PRs 
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were lost in RSs; in contrast, retinal and PR-specific transcripts were significantly enriched. Gene 

Ontology analysis on these genes categorizes them as PRs cell differentiation, PRs cell outer 

segment organization, visual perception, and phototransduction, thus suggesting efficient cellular 

differentiation into a retinal lineage (Figure 1C Chapter 3.2).  

By comparing the transcriptomic profile of these differentiated cells from controls with the profile 

of various stages of human embryonic retinal development, we observed that day 60 retinal 

sheets correspond to 90-105 days of human embryonic development. 

Although bulk RNA is exceptionally informative to speculate on the tissues' composition, a more 

detailed characterization of the diverse cell populations present in the RSs and their proportions 

can be obtained through single-cell RNAseq analysis currently underway in our laboratory. 
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4.2 Additional results and future prospects 

Many questions remain to be answered or arise from this works, making this a valuable 

foundation for further studies. Furthermore, there are still many openings for further 

improvements in this young and fast-moving field.  

Below, we present the future perspectives linked to this study and the different directions we 

intend to take. While some are more short-term or ongoing projects, others represent more 

theoretical ideas for improving future research. We also call attention to some reflection points 

that may be useful for implementing the use of stem cells in research and in its translation to the 

clinic. 

4.2.1 Modeling retinal degenerative diseases using isogenic CRISPR-Cas9 edited 

iPSCs. 

One of the major limitations of using patient-derived iPSCs is, as previously anticipated, the 

possible presence of a polygenic component or the presence of unidentified gene modifiers, 

which can cause erroneous interpretation of data or conclusions. Non-genetic differences 

between cell lines, such as gender, age, ethnicity, environmental conditions of the donor, 

reprogramming process, and iPSCs maintenance conditions (culture conditions and the number 

of passages), may equally affect the results.  

Furthermore, the level of sensitivity of the techniques used and the parameters and databases 

applied in bioinformatics analyses can cause important data to go unnoticed, thus causing 

possible misinterpretations in identifying causing mutations. 

While it can often be difficult to pinpoint potential causal mutations, providing definitive proof of 

their responsibility can be an even more daunting task.  

While engineered animal models can often be helpful as further evidence, these transgenic or KO 

models can take a lot of time and resources to establish. They also have an inherent risk that 

protein function is not conserved between species, that the offspring is not viable, or that they 

do not reflect observations made in patients for other reasons. 
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Using a higher number of patients and controls can increase the results' sensitivity but remains 

prohibitive, when possible, causing most studies to be based on a limited number of patients. 

Using iPSC isogenic lines is an elegant and efficient way to confirm disease-causing mutations and 

reduce the number of samples. As indicated in chapter 1.5, two strategies can be used: rescue 

the mutation in the patient iPSC line or reproduce the causing mutation or its effect in a control 

line. While the first offers further implications for clinical applications, induction of damaging 

mutations in control lines is easier to obtain. 

Unlike site-specific correction, which can be very laborious and challenging to generate and 

require clonal isolations and multiple sequencing runs, gene KO or coarser destruction of specific 

domains by the CRISPR-Cas9 system can be induced at high efficiency so representing an 

attractive technique. It can be used to screen multiple mutations efficiently in shorter time 

frames. Mutations can be induced directly in iPSCs or in fibroblasts before being reprogrammed 

to facilitate the gene-editing process, as iPSCs are known to be particularly difficult to transfect 

with both episomal or viral construct (Figure 2 Chapter 4). In case it is desired to separate the 

gene/mutation’s developmental functions from its role in mature cells, CRISPR KO can also be 

efficiently used at different steps during the differentiation process, including fully differentiated 

cells such as mature PRs. 

Episomal Cas9 expression has numerous 

advantages and is often preferable in 

research in various applications. In general, 

it is faster, easier to implement, and 

requires less verification and QC. In some 

particular cases, the integration of the Cas9 

in the genome may be preferable, offering 

a superior editing efficiency, as RNA guides 

alone can be delivered easier than larger 

plasmids. 

Figure 2: Generation of an isogenic TMEM67 KO line using 
CRISPR/Cas9 system 

WB analisis of CRISPR/Cas9 edited 293 cells targeting 3 different loci 
on the MKS3 (TMEM67) gene. Edited cells can be reprogrammed into 
iPSC together with the non edited isogenic controls. 
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These cases include, for example, cells with low transfection efficiency (such as iPSCs), or hardly 

expandable (neuronal cells), or when a large number of guides need to be tested independently 

(CRISPR libraries). While constitutively Cas9 expression has shown to induce toxicity in iPSCs, 

integrating an inducible Cas9 in a safe harbor provides numerous advantages and represents an 

excellent strategy to adopt. 

In light of these observations, we conclude that, behind the use of genetically engineered animal 

models, reproducing causing mutations in a control iPSC line could represent an effective strategy 

to confirm observations made in patient-specific cells, such as our observations on BBS and MKS 

cases. However, particularly in cases such as the MKS1 one, which appears to express a defective 

but full-length version of MKS3, generating a KO mutation, although helpful and informative, is 

not the best strategy to investigate the mutation role.  

It is now clear that when we talk about mutations in components of the cilium, different 

mutations on the same gene can cause significantly different outcomes, which can vary from non-

syndromic MD to severe syndromic manifestation with developmental abnormalities and 

neonatal mortality. 

Therefore, it is likely that an MKS3 KO will show essential differences from what has been 

observed in the patient's cells. The generation or correction of SNPs, deletion, or insertion at a 

single base resolution, is now possible but requires more workload and resources.  

Since there is no clinical interest in treating MKS, to confirm the role of the mutation of interest 

using the CRISPR-Cas9 system, both precisely recreating the mutation in a control line and 

correcting the mutation in the patient-specific iPSC-line can be equally conclusive (Figure 38 

Chapter 1).  

Today new Cas9 variations are available, with increased specificity that offers better coverage 

and allows effective editing without recognizable off-target mutations. Despite this, not all areas 

of the genome are equally editable. Some areas remain particularly difficult to edit, and therefore, 

case by case, evaluations are required to define the editing's feasibility. 
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4.2.2 Application of Stem Cell-derived retinal tissue in drug discovery and HTS 

platforms  

Despite major scientific and technological advancements and increasing investments in the field, 

there is still a high failure rate during drug development. The approval rate of new compounds 

relative to those initially undertaking clinical trials remains extremely low. Failure to prove drug 

efficacy is one of the main reasons for the early termination of clinical trials. 

One of the contributing factors to this low success rate is partly due to inadequate animal models 

and over-simplistic 2D in vitro systems with limited predictive value. These systems often fail to 

be transferred to human trials because they poorly or partially recap human physiology and 

pathology. Immortalized human cell lines tend to be poor predictors, while primary human cell 

lines are often inaccessible or offer limited expansion in vitro. Furthermore, classical culture 

systems lack the dynamics present in a 3D environment, thus reducing their physiological 

relevance. 

Together, iPSCs technology, advances in differentiation protocols, and 3D cell cultures that mimic 

embryonic retinal development can revolutionize the concept of in vitro models to apply in drug 

screening and toxicity tests. They represent exceptional tools to investigate the diseases’ 

molecular mechanisms and evaluate potential treatments.  

Although there are several examples of using iPSC-derived cells in drug screening, including 

cardiomyocytes, neurons, pancreatic islets, intestinal and kidney organoids, examples involving 

the retina are very limited and almost exclusively circumscribed to RPE cells. 

Some pioneering studies have shown the potential of iPSC-based in vitro models to test 

compounds with therapeutic properties for RDs. 

Chang et al. reported a viability test using H2O2 treatment to induce oxidative stress using AMD-

patient iPSC-derived RPE, which exhibited reduced antioxidant activity compared to WT RPE cells. 

In an initial test-of-principle phase, they analyze a library of dietary supplements for retinal 

protection and natural compounds with an antioxidant effect and measure viability by methyl 
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thiazol tetrazolium (MTT) assay in 24-Well plate format. Thus, they determine that molecules like 

Curcumin can significantly reduce ROS in AMD-RPE cells (1184). 

Schwarz et al. generated iPSC-derived 3D optic cups from one patient with the mutation p. R120X 

in the ciliary gene RP2, resulting in KIF7 accumulation at PRs cilia tip. Then, through a screening 

of a small number of selected molecules, they found that PTC124 was capable of restoring 

physiological levels of KIF7 in RP2 KO 3D organoids (1056). 

Another group used rod PRs, generated from an RP patient with an E181K mutation in the 

Rhodopsin gene, and an isogenic control line where the same mutation was generated by gene 

editing. They used an adenoviral system to introduce NRL promoter-driven enhanced green 

fluorescent protein (EGFP) to purify the Rod population and bypass the poor differentiation 

efficiency. In this way, they observed a reduction in survival and increased ER stress and 

expression of apoptotic markers. Finally, they used this model to screen a small number of 

therapeutic reagents showing that Rapamycin, PP242, AICAR, NQDI-1, and Salubrinal could 

ameliorate the pathological effects of the mutation (1063). 

Takahashi's lab also uses mouse iPSC-derived 3D organoids to establish a scalable chemical 

induction model of PRs degeneration via 4-OH treatment. For this purpose, they generate an 

engineered Nrl-GFP iPSC line and a live imaging system that allows the evaluation of the effects 

of drugs to promote PRs survival (1065). 

Our experimental approach using retinal sheets generated from patient iPSCs, or isogenic mutant 

PSC lines, can be used to study specific mutations' roles during neural retina development or in 

adult PRs, and could be used for screening compounds with therapeutic properties.  

4.2.2.1 Drug screening to rescue DNA damage and PRs degeneration in a BBS model of MD.  

We have shown that retinal sheets from patients with ciliopathies efficiently recapitulate PRs 

degeneration and multiple genomic abnormalities as reflected in their transcriptomic profile.  

Since BBS patients still need therapeutic options, we use patient iPSCs and our retinal sheet 

system to screen a limited number of targeted molecules in the context of RDs. BBS patient's cells 
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have shown ciliary dysfunctions, mitotic spindle checkpoint activation, DNA damage, and 

increased cell death (Figure 7 Chapter 3.2). 

To evaluate the effect of different 

compounds on genomic stability 

during mitosis, we treated cells at 

early time points of the 

differentiation process when there 

is still a high percentage of dividing 

RPCs in the cell culture (Figure 3 

Chapter 4). The molecules were 

selected based on a thoughtful 

bibliographic search for compounds expected to interfere with the pathways resulted from our 

transcriptomic analyzes. Cells were treated with the drugs at different concentrations for 72h and 

then analyzed by microscopy to quantify apoptotic cells (TUNEL +) and the presence of H2Ax and 

p-CHK2 positive foci (Barabino et al. In preparation). 

In this way, we observed that two distinct compounds, MolA and MolB, were able to rescue 

apoptosis and the number of Chk2 and H2Ax foci in BBS PRs progenitors from both patients. 

To further confirm our results, we also used a Bbs10 KO mouse model in collaboration with Dr. 

Arlene Drack. In Bbs10 KO mice, we found accumulation of H2Ax and 53bp1 foci only in cones, 

pointing out to a previously unappreciated selectivity of the disease for cones (Figure 4 Chapter 

4) (Barabino et al. In preparation). Indeed, most BBS patients showed severe macular 

degeneration. This mouse model could be helpful to confirm our screening results in an 

independent in vivo model and for further toxicity studies in the context of a preclinical trial.  
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We have provided a new model to explore candidate therapeutic approaches in the context of 

PRs and, more specifically, cones degeneration. We thus provided proof of principle that these 

cells can be used to screen drugs with therapeutic properties and could eventually be adapted to 

HTS systems for screening thousands of molecules simultaneously. 

4.2.2.2 Application of iPSC retinal cells in HTS automated platforms 

Nowadays, tens of millions of different active compounds are available, with a few thousand 

already been approved by the FDA, with ever-growing numbers.  

Banks of FDA-approved molecules and a vast number of specialized panels of active compounds 

specially developed for drug discovery processes are now accessible from various companies at 

low cost and in different multiwell formats ready to be applied in drug screening. This guarantees 

easy access to these compounds even to academic research laboratories, while before, this type 

of approach was almost exclusively restricted to large pharmaceutical companies.  

This has generated an increasing tendency to choose the HTS system over traditional and targeted 

approaches. While a well-thought-out targeted approach is generally preferable and more likely 

to continue clinical development, it also has some risks and limitations. First, moving forward one 

target at a time is a time-consuming process, and a targeted approach assumes that a target is 

already known.  

Figure 4: Bbs10 KO mice display cone specific activation of DNA damage response proteins and their accumulation at the PRs’ 
CC 
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The advantage of an HTS is that it can be applied indiscriminately despite the knowledge or not 

of the biological process underlying the disease of interest. It also allows the generation of 

multiple hits at a time. For these reasons, HTS can be very useful in an early discovery phase, 

especially for diseases where the mechanism is still obscure and a targeted approach is difficult 

or impossible.  

From the point of view of drug discovery for clinical use, FDA-approved drug libraries also offer 

enormous advantages. These compounds have well-characterized biological activity, clear 

targets, safety, and bioavailability—these properties could dramatically accelerate drug 

development and optimization. Furthermore, in case of success and advancement towards 

commercialization, these drugs can be approved quickly and at lower costs. 

There are various examples of successes achieved using an HTS approach. HTS permitted the 

discovery of an FDA-approved drug as a new treatment against Staphylococcus aureus Small-

Colony Variants (1185). Another HTS of an FDA-approved drug library identifies inhibitors against 

Arenaviruses and SARS-CoV-2 (1186).  

To date, however, these HTS systems still have many limitations and low success rates, as shown 

by the minimal number of molecules currently arriving on the market. HTS systems have proven 

effective mostly in specific cases using simple models, such as testing candidate antibiotic drugs 

on bacterial cultures. Furthermore, these studies have high costs and require specialized 

platforms. 

In my opinion, another significant limitation of these systems is that they generally tend to use 

ultra-simplistic in vitro systems. These systems often do not reflect the complexity of the patients, 

such as immortalized human cell lines grown in standard 2d culture systems, and are far from 

mimicking human physiology. Therefore, it is not surprising if there is a very high percentage of 

failures in the transition from in vitro studies to in vivo models and human trials. 

The advancement of cell culture techniques combined with iPSCs and new technologies will soon 

allow us to apply complex and physiologically relevant in vitro models in HTS to reduce failures in 

the transition to the clinical phase. 



255 

With broad access to these extensive collections of compounds, the limiting point for the practical 

application of iPSC in vitro systems in HTS is to adapt differentiation techniques to large-scale 

automated systems without sacrificing stability, efficiency, reproducibility. Furthermore, it is 

necessary to establish strict automated quality controls integrated with this process.  

The application of multiwell plates implemented with automated steps using robotized systems 

allows the simultaneous screening of thousands of molecules. These permit to increase the 

throughput while reducing the cost of reagents and the waste related to material overproduction 

of the standard culture formats because of the smaller volumes used. 384-well and 1536-well 

microplates can accommodate at least 5000–20,000 cells and 1000–5000 cells per well, 

respectively. These are sufficient materials for analysis with new technologies and high sensitivity 

systems or single-cell analysis. 

Some studies have shown the scalability of these iPSC-based systems in HTS. 

Swaroop's group in 2016 reported the adaptation of their previous protocol to generate 3D retinal 

organoids into 1536-well multiwell format for application in drug screening. To identify chemical 

compounds that can accelerate differentiation in PRs, they used a CRXp-GFP H9 hESC line to 

visualize the endogenous expression of CRX in real-time to track retinal neurons that self-organize 

in a 3D retina-like tissue. 

They have screened three targeted libraries of active compounds: drug repurposing collection (~ 

3000 compounds), the library of pharmacologically active compounds (LOPAC, 1280 compounds), 

and an NIH mechanism interrogation plate (MIPE) collection of annotated compounds (1900). 

After the first screening with a fluorescent reporter-based approach, they confirm their primary 

hits by transcriptomic analysis. Overall, their work reveals the feasibility of HTS using iPSC-derived 

retinal cells and highlights the importance of establishing a reproductive process and using 

appropriate controls as critical steps for success (1187). 

Cai et al. used iPSC-derived RPE cells from patients with AMD and an induced stress model to 

identify active compounds that can protect RPE from oxidative stress. They used an HTS system 

to screen 5065 bioactive compounds of an FDA-approved library to identify potential hits that can 

prevent RPE degeneration in AMD (1188).  
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More recently, a group from the Max Planck Institute presented a scalable, HTS-compatible 

workflow for the automated generation, maintenance, and analysis of human midbrain organoids 

in standard 96-well-plates that could be applied to 3D retinal organoids or other 3D cultures. 

Through automation of the whole process, from iPSC generation and differentiation, up to the 

analysis, they generated highly homogeneous organoids regarding morphology, gene expression, 

cellular composition, and structure.  

This approach permitted to obtain results with more consistency and reproducibility. Integrating 

automated optical imaging, transcriptomic profiles, and electrophysiological analysis of single 

cells by patch-clamping, they were able to determine the effect of compounds at the single cells' 

level (1189).  

Another laboratory from Barkley University uses a miniaturized system that increased the 

throughput of 3D hPSC culture. They use special microculture chips and microwell format plates 

Figure 5: Microfluidic Devices for HTS Drug Assays (1208) 

Application of microfluidic chip in drug screening. (A) An illustration of a drug combination assay in the droplet array system in 
which the cells in the droplets were sequentially stimulated by two drugs (1209); (B) Human breast cancer-on-a-chip, left is a 
diagram of ductal carcinoma in situ(DCIS) embedded in a mammary duct and right is a microdevice reproduction of the 
microarchitecture of DCIS and the surrounding tissue layers (1210); (C) Different concentrations of sensitizer and drug are 
sequentially generated in the diffusive gradient mixers sequentially to perfuse cells cultured in downstream microchambers (1211); 
(D) Brain cancer chip design and preparation that contains a schematic of the layers, chip preparation time protocol, Christmas 
tree-shaped channel system and final hydrogel device with microchannels and microwells (1212).  
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with an automated platform to screen molecules capable of improving hPSCs differentiation in 

oligodendrocyte progenitor cells (OPCs). They demonstrated the usefulness of microculture 

platforms, which allowed them to investigate 1200 unique differentiation timelines, and a total 

of over 4800 independent samples using 0.2% of the reagent volumes required in a standard 96-

well plate format (1190). 

These works openly show the continuous and impressive advances in the field and highlight 

several limitations that need to be addressed for the successful future application of these 

technologies. Still, a few hurdles need to be overcome before a broader application of iPSCs in 

HTS. 

For example, the use of increasingly informative and complex systems requires developing new 

approaches to analyze the massive quantity of data from which it derives. Machine learning and 

AI interfaces have already shown great promises in this regard and will be needed to maximize 

the outcome of biological, chemical and bioinformatics assays. 

 Implementing these new systems will increase the effectiveness and decrease the time required 

to find new pharmacological targets, thus allowing the discovery of more effective compounds 

and find new therapies for currently incurable diseases. 

Continuous technological advancement and the use of state-of-the-art technologies are 

fundamental for the rapid and efficient application of iPSC-derived 3D tissues in HTS.  

4.2.3 Retinal sheet application in therapy 

RDs are retinal disorders affecting millions of people worldwide, and PRs degeneration is the 

leading cause of vision loss, and most RDs, such as MD, are considered as unmet medical needs. 

Transplantation of iPSC-induced PRs has been considered, a possible clinical approach. It has 

proven not to be an easy task, as demonstrated by the absence, of successful reports in restoring 

visual functions, despite the numerous research groups sharing this goal and the significant 

investments made in the sector. 

Multiple groups have recently reported transplantation of PRs progenitors, generated from iPSC, 

in rodent and non-human primate models (995,1036,1191–1193). Although their ability to 
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maturate, integrate, and form connections with the underlying bipolar cells, dissociated RPCs can 

not migrate and correctly polarize, which results in a non-functional tissue.  

A group has recently come to partially 

restore visual functions in a mouse model of 

severe retinal degeneration by 

transplanting iPSC-derived PRs. To 

overcome current problems that prevent 

PRs from being functional, they introduce 

optogenetic light sensors into PRs. These 

optogenetically-transformed PRs could not 

correctly localize and polarize as reported by other groups, but since their functions are based on 

microbial opsin activity, which does not require properly formed OS or RPE support, they were 

able to rescue visual functions partially. This study underlines the procedure's feasibility and 

highlights the central current limit, which is indubitably the incorrect localization and polarization 

of the PRs (1035). The work conducted in Dr. Roska's laboratory has led to the first success in 

restoring some visual abilities to a patient with RP and complete blindness (1194). GenSight's 

optogenetic therapy skips the damaged photoreceptor cells entirely by using a virus to deliver 

light-sensitive bacterial proteins into the RGCs, allowing them to detect images directly. Although 

it could be an effective strategy for restoring some visual perception in blind people, this strategy 

could hardly bring back "normal" vision. High definition vision is a result of a complex system 

given by the intercommunication of multiple cells in the retina. It is nowadays unthinkable to 

restore high-definition visual perception while bypassing the entire visual transmission system by 

starting the signal directly from the ganglion cells. The addition of a superior level of complexity, 

such as optogenetically modified photoreceptors, could instead be a more effective strategy. 

Optogenetically modified PRs could capture the signal even in the absence of a functional OS.and 

could be applied in diseases characterized by a loss/dysfunction of the OS but without PRs 

degeneration. 

Replacing the visual system with a bionic eye represents another option.  Currently, retinal 

implants are the only approved and commercially available therapy. Four have recently finished 

Figure 6: Retinal sheet patch 
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human trials, three have conducted multi- or single-center human trials, and three are in the 

preclinical animal testing stage. FDA has approved Argus II (FDA 2013, CE 2011); the Alpha-IMS 

(CE 2013) has been approved and obtained BCVA with Landolt-C test and has taken into a 

multicenter clinical research program (1195). The Argus II has been used to restore some level of 

visual perception to hundreds of individuals with severe retinitis pigmentosa and, in 2021, has 

also been applied to geographic atrophy in age-related macular degeneration (1196,1197). To 

date, the Argus II device has been implanted in the eyes of more than 350 individuals worldwide. 

4.2.3.1 Retinal sheet transplantation 

The transplantation of an already polarized ONL-like tissue, composed chiefly by PRs, could, in 

principle, overcome the limitations of migration and orientation observed previously using 

injections of dissociated cells, thus allowing the restoration of visual functions. Retinal sheets 

seem particularly suitable for this use. In fact, after 30-40 days in culture, polarized retinal sheets 

can be cut to the wanted size and shape, and the resulted patch is strong enough to be handled. 

It can then be loaded into an injector and released under the retina without using a scaffold or 

any kind of support. 

Figure 7: Graphic rappresentation subretinal injection of human iPS-derived retinal sheets 
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For this purpose, using an iPSC line carrying a fluorescent 

reporter could help subsequent analysis and trace the 

cells within the retina. Instead, the application of natural, 

non-toxic dyes, such as lutein and Zeaxanthin, can be used 

to color the patch to facilitate the surgical procedure 

while providing an antioxidant environment, with pro-

survival effects, on both transplanted tissue and resident 

retinal neurons in the site of insertion (1198–1200). 

Considering the difficulties of the highly experimental 

surgical techniques, porcine or non-human primate 

models are the most suitable for this purpose due to their 

size and anatomical similarity with the human eye. In 

these models, selective PRs degeneration can be induced by cobalt chloride injection in the 

subretinal space. This allows the complete disruption of the ONL, leaving intact all other retinal 

layers (1193). 

Subretinal transplantation of a correctly polarized retinal sheet's patch in the damaged site could 

restore visual function. This approach may allow the proper formation of connections between 

cells in the INL with the newly transplanted PRs, while maintaining their correct polarizations and 

architecture, thus overcoming the limitations encountered with other strategies. 

This would represent the first proof of principle that PRs replacement can be used effectively to 

treat advanced RDs. This approach could open new insights towards the cure of MDs and other 

PRs dystrophies. 

Figure 8: Graphic rappresentation of the treated 
eye in a non-human primate model of chemically 
induced macular degeneration  
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4.3 Final remarks 

RDs are a serious burden in our society, with hundreds of millions of cases worldwide having no 

treatment options and a continuous upward trend. Despite the enormous capital and effort 

invested, advances are slow, and the results remain inconclusive considering from a clinical point 

of view. This lack of effective therapies reflects the large gaps in understanding the mechanisms 

underlying these diseases, highlighting the inadequacy of current model systems. 

While animal models have shown their value on several fronts, they have also shown many 

limitations as it appears from the high ratio of failures during the transition to the human clinical 

stage. This emphasizes the need for new and improved human in-vitro models. Human iPSCs 

represent an almost unlimited source of cells that could be used from R&D to the clinic. 

Although they still concern a minimal number of cases, some advancements in the treatment of 

RDs have been recently made possible using iPSCs and new gene-editing techniques, thus giving 

hope in the battle of these still incurable diseases. iPSCs and tissue engineering techniques are 

growing enormously during the last few years and hold the potential to bridge the gaps between 

in vitro and in vivo models.  

A better understanding of the iPSCs biology, the differentiation and developmental process, and 

the continuous emergence of new experimental tools will help us better understand the disease's 

mechanisms and find new treatments. 

We used hiPSC-based models to study retinal degenerative disease and ciliary dysfunctions in PRs 

from patients with retinal ciliopathies. Considering that ciliopathies represent one of the largest 

classes of RDs, these results are relevant for other diseases, and the same approach could be 

applied to study other mutations. Finally, we demonstrated that retinal sheets could be used as 

a model for retinal pathologies and to screen for molecules with therapeutic properties. However, 

there are still many challenges in modeling retinal diseases and their application in drug 

screening. 
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The fight against blindness is a tough battle, and it cannot be done alone or on a single front. A 

productive and close collaboration of multiple research centers and active communication 

between researchers and physicians are indispensable to defeat these diseases once and for all. 

The support of national and international partnerships that support stem cell research, 

regenerative medicine, and specific sectors such as RDs is fundamental to scientific advancement 

and translates scientific discoveries from the bench to the clinic. Networks and consortiums that 

work in close collaborations with research, healthcare, industry representatives, health charities, 

government, and non-government organizations to finance research are also crucial to build the 

foundations for more effective scientific advancement in the sector. 

To accelerate scientific discovery, avoid wasting resources, and reduce results duplication, we 

need to enlarge freely accessible databases and develop new systems for depositing and sharing 

research data. Complete and standardize health data repositories to access for research purposes 

and better management of human tissues donated to the research could grant more manageable 

access to patient samples, thus favoring the advancement of research in RDs. 

Public datasets containing different data types ranging from ophthalmological imaging, genomic 

and transcriptomic analysis, and electrophysiological recordings are precious materials that can 

be reused in other studies when standardized and easily accessible. These large datasets can be 

extremely useful, especially when considering the concomitant advances in bioinformatics and 

machine learning, which will permit the application of these pieces of information in HTS and in-

depth analysis in a more efficient way. 

Improving metadata reporting would enable researchers to access the most appropriate datasets 

for their needs and maximize such resources' potential. 

Large collaborative projects such as the 1000 and 100,000 Genomes Projects or the NHLBI 

NextGen consortium, which analyzed the retina differentiation from more than 100 different iPSC 

lines, have contributed significantly to the knowledge of the heterogeneity and differentiation 

capacity of different iPSCs. They have also allowed the individuation of a multitude of new genetic 

variations, including rare genetic variants, thus allowing a better comprehension of the genetics 
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and mechanisms behind RDs. They now represent the reference for all genome-wide 

bioinformatics analyzes. 

To conclude, iPSCs and tissue engineering's potential is clear, and the excitement about it is 

undoubtedly justified. On the other hand, many obstacles still need to be overcome to generate 

and manipulate patient-derived iPSCs in a high-standard, reproducible and controlled 

environment so that they can finally be reliably introduced in both research and clinic. 
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